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Abstract

The olfactory epithelium (OE) lines the nasal cavities and is responsible for smell
(odorant) sensation. Specialized neurons called olfactory sensory neurons (OSNSs) bind to
odorant molecules and transduce the smell signal to brain circuits for olfactory perception. Due
to the constant contact of the OE with the air, which contains environmental stressors and
pathogens, the cells of the OE must be constantly replenished. This makes the OE one of the few
sites of adult neurogenesis. Two presumed stem cell populations can proliferate and differentiate
into OE cells — the mitotically active globose basal cells (GBCs) and relatively quiescent
horizontal basal cells (HBCs). The signaling pathways that coordinate stem cell mediated
turnover, homeostasis, and regeneration of the OE remain understudied.

The Hedgehog (HH) signaling pathway is an attractive candidate for study in the context
of OE regeneration. Previous work from our lab demonstrated that HBCs have functional
primary cilia that are necessary for HBC-mediated regeneration of the OE. Importantly, primary
cilia are also necessary for proper HH signaling and processing of downstream HH transcription
factors called GLIs. Therefore, we hypothesized that GLI transcription factors could be
functioning in the OE. In this dissertation | investigate 1) the expression of GLI transcription
factors in the OE, 2) the consequence of driving GLI activator in HBCs, and 3) the consequence
of depletion of GLIs in HBCs on OE regeneration.

Furthermore, I describe a novel role for HH transcription factors GLI2 and GLI13 in OE

regeneration. Specifically, I demonstrate that driving overactive GLI2 in HBCs results in



aberrant cell identity and loss of OSN lineages following injury. Additionally, | show that loss of
both GLI2 and GLI3 in HBCs results in defects in OE regeneration following injury. My data
suggest that proper levels of both GLI12 and GLI3 in HBCs are necessary for the OE to be able to
recover from acute injury. My work can be a springboard for future studies in HH signaling in

the OE and further expand our understanding of this unique, neuroregenerative epithelium.

Xi



Chapter 1 The Olfactory Epithelium and Hedgehog Signaling

1.1 Abstract

The olfactory epithelium (OE) is a unique regenerative neuroepithelium that is necessary
for olfaction, the sensation and perception of smell. It is one of the few tissues that undergoes
continual neurogenesis throughout the lifespan of an organism. Ongoing neurogenesis is
necessary due to constant contact of the OE with air, which contains environmental toxins,
chemical agents, and pathogenic particles. These stressors can result in death of post-mitotic
olfactory sensory neurons (OSNSs). Fortuitously, two presumed stem cell populations, globose
basal cells (GBCs) and horizontal basal cells (HBCs), can proliferate and differentiate into OSNs
in the OE. Although previous work has examined how GBCs and HBCs function to replenish the
OE, the signaling pathways that govern HBC-specific regeneration of the OE remain
understudied.

Hedgehog (HH) signaling is an important evolutionarily conserved signaling pathway
necessary for early developmental patterning and organogenesis. HH signaling is also important
in the maintenance and regeneration of multiple epithelial tissues, including lingual epithelia,
skin, and respiratory epithelia. Notably, HH signaling relies on the primary cilium, a
microtubule-based signaling organelle, for proper signal transduction. Previous collaborative
work from our lab demonstrated that HBCs assemble primary cilia and that abrogation of
primary cilia formation in HBCs results in defective OE regeneration. This study makes the HH

pathway an attractive candidate for study in HBC-mediated OE regeneration.



In this chapter I will discuss the olfactory epithelium and how it functions, with a specific
focus on HBC-mediated OE regeneration. I will also summarize the mechanisms of HH
signaling, with an emphasis on GLI proteins, the transcriptional effectors of the HH pathway.
Further, 1 will provide an overview of HH signaling in regenerative epithelia, with a focus on the
the skin, respiratory epithelium, and lingual epithelium. Finally, I will discuss the rationale for

examining potential roles for HH signaling in the context of HBC-mediated OE regeneration.



1.2 Olfaction — An Ancient and Evolutionarily Conserved Sense

1.2.1 Evolution of Olfaction

The chemical senses are the oldest, most evolutionarily conserved senses amongst all
animals (Hoover, 2010; Young et al., 2002). These senses are taste, smell, and chemistheses
(touch and pain). Our sense of smell is especially key to our survival and function. Early
vertebrates relied on smell to find a food source that was unspoiled or attract mates with
pheromones (Hoover, 2010). Similarly, smell signaled danger, whether it was a toxicant, a scent
of a predator, or smoke from a nearby fire (Hoover, 2010). Prior to our evolution to land-
dwelling animals, our aquatic ancient ancestors were able to detect water soluble odorants.
Fishes, amphibians, and mammals all share ancestral olfactory genes though fish retain the most
(Hoover, 2010).

Mammals, unlike fish, detect smells through odorant molecules that are present in the air
using their nose (Shepherd, 2004). The nose contains specialized structures called turbinates
which help move odorant molecules into the nasal cavity (Shepherd, 2004). As humans
developed as a species, so did our sense of smell. Our eyes moved to the center of the face and as
a result our noses decreased in size and scope (Sarafoleanu et al., 2009; Shepherd, 2004).
Interestingly, the number of functional human olfactory receptor (OR) genes also decreased. In
fact, compared to mice which have 1,100 functional OR genes out of 1,300-1,500 total, humans
have approximately 350 functional OR genes out of 1,000 total (Mombaerts, 2004; Nei et al.,
2008). Despite this evolutionary decrease in ORs, humans are still able to discern complex odors
due to higher brain processing (Sarafoleanu et al., 2009). Our ability to smell is essential not
only for proper olfaction, but also for flavor perception when we eat. Our quality of life depends

on this chemical sense that we often take for granted. In the following sections, I will highlight



how the olfactory system functions, how it is maintained, how it can be impaired, and what the

current gaps in knowledge are in olfactory regeneration.

1.2.2 The Olfactory Epithelium

The olfactory epithelium (OE) resides at the turbinates of the nose and is responsible for
perception of odorant molecules (Graziadei, 1973). The OE is a pseudostratified neuroepithelium
with several distinct cell types (Figure 1.1). The olfactory sensory neurons (OSNSs) are the most
abundant cell type in the OE (Kawagishi et al., 2014; Moran et al., 1982b) (Figure 1.1). Mature
OSNs (mOSNSs) are responsible for transducing odorant signals and transmission to the olfactory
bulb (OB) (DeMaria and Ngai, 2010). They are bipolar neurons that project a single dendrite into
the nasal cavity and a single axon to the OB (DeMaria and Ngai, 2010). Due to continuous
contact with the air, OSNs are constantly exposed to environmental toxins and pathogens
(Graziadei and Graziadei, 1979). In the event of bacterial or viral infection, supporting glial-like
cells known as sustentacular cells (Sus) have enzymes that can break up these pathogens (Chen
etal., 1992) (Figure 1.1). If either Sus cells or OSNs die, two presumed stem cell populations
known as the Horizontal Basal Cells (HBCs) and Globose Basal Cells (GBCs) can differentiate
and replenish the OE (Schwob et al., 2017) (Figure 1.1). GBCs are more proliferative and
contribute to daily maintenance of the OE (Schwob et al., 2017). Opposingly, HBCs are more
quiescent and divide only in the presence of severe injury to the OE (Schwab et al., 2017). In the
following sub sections | will describe in detail the cell types in the OE and their individual roles
in transducing and maintaining olfaction.

OSNs
OSNss are the most abundant cell type in the adult mammalian OE, with approximately

5.2 million OSNs present in the mouse OE (Kawagishi et al., 2014) and 6 million in the human



OE (Moran et al., 1982b). OSNs are the primary transducers of olfactory signals to the brain.
The dendrites of OSNs project from the cell body to the nasal cavity. At the tip of each dendrite
is a knob that projects approximately 20-35 non-motile cilia into the nasal cavity (McClintock et
al., 2020). These cilia have a 9 + 2 microtubule structure but are non-motile due to the lack of
dynein arms necessary for movement, making OSNs an attractive cell type for study of ciliary
dynamics (Menco, 1984). Recent studies indicate the lengths of these cilia vary from 2 to 100
pum, making them longer than most primary cilia in the brain (Williams et al., 2014). The
multiciliated nature of OSNs makes them uniquely primed for their purpose: odorant reception,
smell transduction and transmission to the OB.

Olfactory receptors (ORs) are enriched at the primary cilia of OSNs. Fascinatingly, OSNs
express only one OR gene per neuron, and further only one OR allele per OSN (Chess et al.,
1994; Malnic et al., 1999). Of even greater interest, the axons of OSNs expressing the same ORs
converge also at the same glomerulus at the OB (Mombaerts et al., 1996). Upon binding of an
odorant molecule to an OR, a signaling cascade is initiated, leading to the depolarization of the
OSN membrane and change in action potential, eventually resulting in release of
neurotransmitters at the synaptic terminal in the OB (DeMaria and Ngai, 2010).

Sus Cells, MVCs, and Bowman’s Glands

Sustentacular (Sus) cells are the supporting glial-like cells in the OE. Apically, Sus cells
project microvilli into the air cavity, and basally they contact the basal lamina with structures
known as endfeet (Doyle et al., 2001). Sus cells are identifiable with cytokeratin 18 staining in
the cytoplasm (Holbrook et al., 2011). Apical expression of transcription factor SOX2 identifies
nuclei of Sus cells (Guo et al., 2010). Sus cells express cytochromes P450 (Chen et al., 1992;

Ding et al., 1991), enzymes that metabolize xenobiotic compounds, making Sus cells some of the



first cells to respond to respiratory infections (McDonnell and Dang, 2013). Sus cells also
provide structural support and enwrap OSNs and their dendritic knobs that project into the air
cavity (Liang, 2020). In addition to Sus cells, there are other supporting-cell types known as
microvillar cells (MVCs) and the Bowman’s Gland (BG). Microvillar cells are a heterogeneous
cell type and thought to function in regeneration (Asan and Drenckhahn, 2005; Jia et al., 2013;
Moran et al., 1982a). Bowman’s glands span the OE and rest in the lamina propria (Moran et al.,
1982b). They secrete mucus and their acinar and duct cells secrete xenobiotic compounds. Cells
of the Bowman’s glands can be labelled with SOX9 staining (Holbrook et al., 2011).
GBCs

Globose Basal Cells (GBCs) are a rapidly dividing stem cell population in the OE. They
regularly proliferate and differentiate to replenish all cell types in the OE (Graziadei, 1973;
Graziadei and Graziadei, 1979). GBCs are a heterogenous cell type, expressing various
transcription factors that indicate their lineage potential (Schwob et al., 2017). Notably, GBCs
ubiquitously express SEC8 which will be used in later chapters to identify GBCs (Joiner et al.,
2015). GBCs have the potential to differentiate either into neuronal or non-neuronal lineages, or
self-renew (Schwob et al., 2017). Several studies have described PAX6- and SOX2-expressing
GBCs as being the earliest in the differentiation cascade and thus with the most pluripotency
(Guo et al., 2010; Li et al., 2022; Lin et al., 2017). For GBCs to differentiate into neurons there is
downregulation of PAX6 and SOX2, and upregulation of Ascll/MASH1that specifies GBCs to a
neuronal cell fate (Cau et al., 1997; Gordon et al., 1995). Neuronal differentiating GBCs then
completely downregulate PAX6/SOX2, and upregulate expression of Neurogl and NeuroD1,

which cements their differentiation into OSNs (Cau et al., 2002) (Manglapus et al., 2004). The



rapidly dividing nature of GBCs allows for constant replenishment of OSNs that may die due to
age or environmental influences (Huard and Schwob, 1995).
HBCs

Horizontal basal cells (HBCs) are a quiescent, mitotically inactive stem cell population in
the OE (Carter et al., 2004; Holbrook et al., 1995). Unlike GBCs, HBCs are thought to be
homogenous and identifiable by positive cytokeratin 5 and 14, ICAM-1/CD54, and NP63
staining (Schwab et al., 2017). HBCs adhere to the basal lamina of the OE and are established
late in mouse OE development (Packard et al., 2011). HBC proliferation is directed by NP63,
where NP63 maintains the quiescence of HBCs and is transiently downregulated when HBCs are
active (Packard et al., 2011). Additionally, genetic ablation of NP63 from HBCs has resulted in
spontaneous differentiation of HBCs into OE cell types (Fletcher et al., 2011). Other signaling
pathways such as Notch have been implicated in HBCs which will be discussed in later sections
(Herrick et al., 2018; Herrick et al., 2017). Since HBCs are a quiescent stem cell population,
most informative studies use various OE lesion models in order to activate HBCs and examine
their effects on the OE (Iwai et al., 2008; Leung et al., 2007). In the following section, | will

highlight how the OE regenerates and what lesion models are used to study OE regeneration.

1.2.3 Regeneration of the Olfactory Epithelium

The OE undergoes continuous regeneration throughout the lifetime of an organism
(Graziadei and Graziadei, 1979; Morrison and Costanzo, 1989). In homeostatic conditions,
retroviral injections to the OE label only GBCs and OSNSs, illustrating that GBCs mainly
replenish OSNs as needed (Schwob et al., 1994) (Figure 1.2). To illustrate the regenerative
capacities of the OE, many in the field utilize various lesion models that injure the OE and then

examine the recovery of the OE post-injury (Figure 1.2). Several such models exist, the most



used being bulbectomies, surgical removal of one of the lobes of the olfactory bulb, and

chemical lesions, such as exposure to methyl bromide gas or injection of methimazole(Schwob et
al., 2017) (Figure 1.2). Coupled with genetic lineage tracing methods, these studies helped define
the stem cell populations of the OE and their roles in regeneration.

Removal of one of the olfactory bulbs (bulbectomy) results in severance of OSN axonal
projections and OSN cell death in the OE (Costanzo and Graziadei, 1983). Following
bulbectomy, retrovirally labelled GBCs were able to give rise to OSNs, but not HBCs or Sus
cells since those remained uninjured (Caggiano et al., 1994). Further studies used more severe
chemical lesion models that destroyed the majority of the OE— methyl bromide gas and
methimazole (Brittebo, 1995; Hurtt et al., 1987). Chemical lesions also have the advantage of
being temporary— most of the OE completely heals 8 weeks following injury (Schwaob et al.,
1995). Additional studies using methyl bromide lesions hinted at the existence HBCs and their
ability to give rise to both OSNs and Sus cells (Schwob et al., 1994).

Several lineage tracing studies using an HBC-specific Cre driver illustrated the
contribution of HBCs to the OE (lwai et al., 2008; Leung et al., 2007). HBCs were labelled using
a tamoxifen inducible Keratin5Cref? and crossed with a BGAL lineage tracing allele and
examined prior to and following injury (Iwai et al., 2008; Leung et al., 2007). Importantly, under
homeostatic conditions there were little to no HBC-derived cells in the OE, confirming that
HBCs are quiescent in the absence of injury (Iwai et al., 2008; Leung et al., 2007). These studies
also demonstrated that methyl bromide or methimazole were both sufficient to drive high levels
of HBC proliferation and differentiation, while bulbectomy was not (Leung et al., 2007). Thus,

many following studies used methimazole or methyl bromide to study the effects of HBCs on



OE regeneration. Furthering our understanding of OE regeneration can help further treatments
for patients suffering from olfactory dysfunction.

Olfactory dysfunction can result in either complete (anosmia) or partial (hyposmia) loss
of smell. Olfactory dysfunction can arise from physical injury, inflammation from infections,
aging, exposure to chemicals, and medical procedures (Doty, 1979). Aging is one of the most
common reasons for olfactory dysfunction, with increasing prevalence correlating with increase
in age (Murphy et al., 2002). Importantly, prior respiratory infections also increase the risk of
olfactory dysfunction in aged people (Murphy et al., 2002). Aging in the rodent model has also
shown a decrease in OSN number with an increase in age (Conley et al., 2003). Importantly,
aging has also shown a decrease in HBC and GBC proliferation, suggesting that depletion of
stem cells that can impair OE regeneration (Ducray et al., 2002). Understanding how the OE
regenerates can help treat patients suffering from age-related OE dysfunction.

The OE utilizes various enzymes for breakdown of xenobiotic compounds in order to
protect OSNs from cell death (Reed, 1993). However, sometimes these systems fail resulting in
OSN death and loss of smell. In fact, upper respiratory infections can cause smell dysfunction
(Potter et al., 2020). The recent onset of the COVID-19 pandemic has resulted in loss of smell in
patients (Aziz et al., 2021). COVID-19 infects and destroys Sus cells, resulting in major damage
to the OE in patients with anosmia (Butowt and von Bartheld, 2021). To more effectively treat
OE disorders from infection we need to understand the signaling mechanisms governing

regeneration.

1.2.4 Signaling Pathways in Olfactory Epithelium Regeneration

Several pathways of interest have been identified in the stem cells of the OE, and

implicated in OE regeneration (Schwob et al., 2017). One such pathway is Wnt signaling. LGR5,



a Wnt target gene that is present in stem cells, is expressed in GBCs in neonatal and adult OE
(Chen et al., 2014). Additionally, LGR5+ GBCs contributed to all cell types following
methimazole lesion (Chen et al., 2014). Administration of Wnt signaling inhibitors also resulted
in impaired OE regeneration following injury (Wang et al., 2011). While these studies
demonstrated how Whnt functions in the OE in vitro, more rigorous in vivo studies are necessary
to dissect how Wnt signaling drives GBC-mediated recovery of the OE in the context of
regeneration.

Another pathway that has been examined in OE regeneration is Notch signaling. First
discovered in Drosophila, Notch signaling was named after the distinct defects in neurogenesis
of Notch mutants (Lehmann et al., 1983). Mammalian Notch ligands consist of Delta-likel,
Delta-like2, Delta-like3, Jaggedl, and Jagged?2 (Lai, 2004). Through direct cell-cell interactions,
these ligands bind to Notch receptors, Notch1-4 which contain epidermal growth factor (EGF)
repeats (Rebay et al., 1991). Upon Notch receptor-ligand binding, the Notch receptor is
proteolyzed and releases a soluble intracellular fragment of Notch (NICD) into the cytoplasm
(Kopan et al., 1996; Schroeter et al., 1998; Struhl and Adachi, 1998). NICD cooperates with
other cofactors such as mastermind-like molecule (MAML) and DNA binding proteins in the C-
promoter binding factor (CSL) family of proteins (also known as RPB-J) (Jeffries et al., 2002;
Kato et al., 1997; Tamura et al., 1995; Wu et al., 2002). The NICD-MAML-RPB-J complex
translocates to the nucleus where RPB-J binds upstream of Hes promoters, the transcriptional
effectors of the Notch signaling pathway (de la Pompa et al., 1997; Ohtsuka et al., 1999).

In the OE, genetic ablation of Notch2 results in death of Sus cells in post-natal OE
(Rodriguez et al., 2008). Later studies further elucidated the expression of Notch signaling

pathway components (Herrick et al., 2017). Notch1, Notch2, and downstream Notch target Hes1

10



are all expressed in HBCs (Herrick et al., 2017). Additional studies examined the genetic effect
of overactive or inactive Notch signaling in the OE and consequences on regeneration (Herrick et
al., 2018). Overexpression of Notch1l intracellular domain resulted in HBCs giving rise to non-
neuronal lineages following injury (Herrick et al., 2018). Conversely, inactivation of Notch
signaling in HBCs resulted in more neuronal lineages following injury (Herrick et al., 2018).
Taken together, these studies indicate Notch signaling can modulate the fate of HBCs following
injury. It remains unclear what signals drive HBC-mediated regeneration of the OE and if they
are solely Notch mediated.

Recent work from our lab demonstrated that HBCs have functional primary cilia, an
organelle that is necessary for proper Hedgehog (HH) signal transduction (Joiner et al., 2015).
Importantly, abrogation of primary cilia in HBCs results in improper regeneration of the OE
(Joiner et al., 2015). HH signaling is an important early developmental pathway that has been
proven to be necessary in many adult neural and regenerative tissues (Petrova and Joyner, 2014).
Investigation of Hedgehog signaling in the OE could further elucidate what signals mediate OE
regeneration. In the following section I will describe the Hedgehog signaling pathway in detail

and how it pertains to adult tissue maintenance and regeneration.

1.3 Hedgehog Signaling in Adult Tissue Maintenance and Regeneration

The Hedgehog (HH) signaling pathway was initially described in a genetic screen of
Drosophila melanogaster (fruit fly) larvae (Nusslein-Volhard and Wieschaus, 1980). The name
“Hedgehog” was derived from the pattern of denticles spiking out of the HH mutant larvae,
resembling a hedgehog (Nusslein-Volhard and Wieschaus, 1980). Additional HH pathway
components were also discovered in Drosophila, such as the HH receptor Patched-1 (PTCH1)

and the core signal transduction component Smoothened (SMO) (Alcedo et al., 1996; Nakano et
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al., 1989). Since the initial discovery of HH in Drosophila, subsequent studies have shown that
HH is conserved in different vertebrates (Echelard et al., 1993; Goodrich et al., 1996; Krauss et
al., 1993; Riddle et al., 1993).

HH signaling has been studied extensively in the context of development and
embryology. As our understanding of HH signaling furthered, many adult tissues were also
shown to rely on HH signaling. Some such examples are the brain, the skin, the lung, and the
tongue. In the following sections, | will highlight the mechanisms of HH signaling, focusing on
HH transcription factors — the GLIs, and describe how adult tissues rely on HH signaling for

their maintenance and regeneration.

1.3.1 Mechanisms of Canonical Hedgehog Signaling

Hedgehog refers to the gene encoding the ligand of the HH signaling pathway. The HH
gene has three mammalian paralogues — Sonic hedgehog (SHH), Indian hedgehog (IHH), and
Desert hedgehog (DHH) (Echelard et al., 1993). The HH ligand is a secreted molecule, initially
synthesized at 45kDa and then post-translationally modified to a 19kDa form (Briscoe and
Therond, 2013). The modifications are as follows: cleavage of the C-terminal domain (Bumcrot
et al., 1995), followed by covalent attachment of a cholesterol molecule to the C-terminus (Porter
etal., 1996), and palmitoylation of the N-terminal domain (Chamoun et al., 2001). The secretion
of HH ligand from HH-producing cells is mediated by the transmembrane protein Dispatched
(DISP)(Burke et al., 1999) and the secreted protein Scube2 (Creanga et al., 2012). Secreted HH
is essential for proper neural tube patterning and development in mammals (Dessaud et al.,
2008).

Canonical HH signal transduction starts at the plasma membrane, where HH ligand binds

to the twelve pass transmembrane protein Patched 1 (PTCH1), and in the absence of HH
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signaling PTCHL1 inhibits further downstream HH signal transduction (Chen and Struhl, 1996;
Ingham et al., 1991; Marigo et al., 1996; Nakano et al., 1989; Stone et al., 1996). This process
can be mediated by several HH co-receptors, depending on the tissue and context. These are
Growth arrest-specific gene 1 (GAS1) (Allen et al., 2007; Lee et al., 2001; Martinelli and Fan,
2007), Cell Adhesion Associated, Oncogene Regulated (CDON) (Tenzen et al., 2006), and
Brother of CDON (BOC)(Tenzen et al., 2006). Upon binding of HH to PTCH1, the PTCH1/HH
complex is internalized and targeted for lysosomal degradation (Gallet and Therond, 2005).
Degradation of this complex results in the removal of PTCH1 repression on Smoothened (SMO)
(Chen and Struhl, 1996; Denef et al., 2000; Ingham et al., 2000) (Figure 1.3).

Following the removal of PTCH1 inhibition on SMO, SMO accumulates at the tip of the
primary cilium (Corbit et al., 2005; Rohatgi et al., 2007). The primary cilium is a microtubule-
based organelle that is essential for proper HH signaling (Huangfu et al., 2003). The primary
cilium is also necessary for the processing of glioma associated oncogene (GL1I) transcription
factors, the downstream effectors of HH signaling (Haycraft et al., 2005; Liu et al., 2005) (Figure
1.3). In the following section I will detail this process and how GLIs are post-translationally

modified in HH signaling.

1.3.2 Processing and Regulation of GLI Transcription Factors in HH Signaling

The GLI family of transcription factors are the primary effectors of downstream
Hedgehog signaling in vertebrates and are evolutionarily conserved amongst many species
(Wilson and Chuang, 2010). In Drosophila, the transcriptional transducer of HH signaling is
known as Ci and structurally similar to the mammalian GLIs (Ingham et al., 2011). The GLI
proteins in mammals are GLI1, GLI2, and GLI3. All GLIs share a Zinc-finger DNA-binding

domain and bind to a specific sequence in the human genome (5'-GACCACCCA-3") (Kinzler et
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al., 1988; Kinzler and Vogelstein, 1990). The three GLIs also share a C-terminal activator
domain which is necessary for downstream HH signaling (Hui and Angers, 2011). GLI2 and
GLI3 also contain an N-terminal repressor domain, which GLI1 lacks due to evolutionary
divergence (Dai et al., 1999; Sasaki et al., 1999). GLI1 and GLI2 act primarily as an activator of
HH signaling (GLI-A) while GLI3 acts primarily as a repressor (GLI-R) (Sasaki et al., 1997;
Sasaki et al., 1999). The GLI transcription factors are processed differently both in the absence
and presence of HH ligand, detailed below.

In the absence of HH signaling, GLI1 is not expressed and thus unable to activate HH
signaling (Bai et al., 2002). GLI2 and GLI3 are expressed but are post-translationally modified
into a truncated repressor form (GLI-R) (Figure 1.4). This is accomplished by several
biochemical processes. GLI2/GLI3 are bound in the cytoplasm by a kinesin-4 protein, KIF7,
which is necessary for the proper processing of GLIs to repressor form (Cheung et al., 2009;
Endoh-Yamagami et al., 2009; Liem et al., 2009). Additional binding to GLIs by Suppressor of
fused homolog (SUFU) further facilitates the processing of GLI2 and GLI3 into repressors
(Humke et al., 2010). Downstream of the GLI2 and GLI3 Zinc-finger binding domain are
phosphorylation clusters containing conserved PKA, GSK3R, and CK1 sites, which are
phosphorylated in the absence of HH ligand (Pan et al., 2006; Wang et al., 2000; Wang and L.,
2006). This phosphorylation leads to ubiquitination of GLI2 and subsequent degradation, though
some fraction of cleaved GLI2R remains (Pan et al., 2006). GLI3 phosphorylation leads to
proteolytic cleavage of the C-terminal activator domain, resulting in a truncated repressor form
of GLI3, GLI3R (Dai et al., 1999; Wang et al., 2000). Following this, GLI3R translocates to the

nucleus and suppresses HH target gene expression (Humke et al., 2010). GLIR is then able to
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modify HH-specific enhancers through deacetylation of Histone H3K27, and thereby turning
“off” HH target gene expression (Lex et al., 2020).

In the presence of HH ligand, GLIs are processed into full length transcriptional
activators (GLI-A) (Pan et al., 2006; Wang et al., 2000) (Figure 1.4). This process, like the
processing of GLI2 and GLI3 to repressors, is also dependent on primary cilia. Following the
removal of PTCHL1 inhibition on SMO, SMO translocates to the cilium where it accumulates
(Corbit et al., 2005; Rohatgi et al., 2007). Deletion of an important ciliary transport protein
IFT88 results in perturbed SMO translocation and GLI processing, resulting in distinct HH
phenotypes (Haycraft et al., 2005; Huangfu and Anderson, 2005; Huangfu et al., 2003). Also
necessary for the trafficking of GLIs to the cilium is KIF7, since loss of KIF7 impairs ciliary tip
accumulation of GLI2 and GLI3 (Endoh-Yamagami et al., 2009). GLIs are then trafficked out of
the cilium where they are phosphorylated in the cytoplasm at distinct activating cites, thus
becoming full length activators (GLI-A) (Humke et al., 2010; Niewiadomski et al., 2014).
Following phosphorylation, GLIs can translocate to the nucleus and turn on HH signaling target

gene expression (Humke et al., 2010; Niewiadomski et al., 2014).

1.3.3 HH Signaling in Adult Neurogenesis

HH signaling has been shown to be essential for proper neural tube development. A
morphogenic gradient of SHH from the notochord ventralizes the neural tube and specifies
various cell fates during embryonic development (Dessaud et al., 2008; Echelard et al., 1993;
Riddle et al., 1993). Similarly, GLlIs are also present in neural tube development and play
important roles. Glil is expressed in the ventral neural tube but is expendable since Glil”- mice
are viable and have no observable neural tube patterning defects (Bai et al., 2002; Hui et al.,

1994; Park et al., 2000; Sasaki et al., 1997). Gli2 expression, unlike Glil, is expressed
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throughout the neural tube; Gli2”- mice have neural tube patterning defects (Bai et al., 2002;
Ding et al., 1998; Matise et al., 1998; Sasaki et al., 1997). Gli3 is expressed is the dorsal neural
tube, opposite to the SHH morphogenic gradient, and Gli3” animals also display neural tube
patterning defects (Bai et al., 2004; Sasaki et al., 1997). In addition to neural tube development,
GLlIs are also important for adult neurogenesis and homeostasis.

There are several sites of adult neurogenesis in the brain (Petrova and Joyner, 2014). In
the mammalian brain there are two sources of new neurons — the subventricular zone (SVZ) of
the lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus
(Fuentealba et al., 2012). These sources are comprised of neural stem cells (NSCs), which rely
on HH signaling to be established. Genetic deletion of Shh, Smo, or Kif3a, a component
necessary for primary cilia, all result in depletion of NSC progenitors and defects in the olfactory
bulb and dentate gyrus (Balordi and Fishell, 2007a; Han et al., 2008; Machold et al., 2003).
These findings demonstrate that HH signaling is necessary for the establishment of regenerative
cells in the brain.

HH signaling is also necessary for proper maintenance and neurogenesis at the SVZ and
SGZ. Lineage tracing studies of Glil expressing cells indicated that a subset of neural stem cells
are able to self-renew and differentiate in the SVZ and SGZ (Ahn and Joyner, 2005).
Pharmacological studies using either HH agonists or inhibitors demonstrated that HH signaling
stimulates proliferation of NSC in the SVZ and SGZ (Lai et al., 2003; Machold et al., 2003;
Palma et al., 2005). Inhibition of the HH signaling pathway by genetic deletion of Smo in the
NSCs of the SVZ resulted in reduced neurogenesis in the SVZ (Balordi and Fishell, 2007b;
Petrova et al., 2013). Conversely, overactivation of the pathway using Ptchl deletion in NSCs

promoted self-renewal in NSCs and proliferation (Ferent et al., 2014). Interestingly, deletion of
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either Gli2 or Gli3 in the NSCs of the SVZ does not result in any significant phenotypes (Petrova
et al., 2013), though recent work suggests Gli3 is necessary for NSC differentiation to OLIG2+
progenitors (Embalabala et al., 2022). Taken together, these studies indicate that HH signaling is

necessary for adult neurogenesis and neural stem cells in the brain.

1.3.4 HH Signaling in Adult Tissue Regeneration and Homeostasis

HH signaling is important for maintenance of several adult tissues. Interestingly, HH
signaling has been shown to be crucial for maintenance of several regenerative epithelia: the
skin, the lung, and the tongue (Petrova and Joyner, 2014). In this section | will focus on
epithelial tissues and how HH signaling plays important functions in epithelial tissue

homeostasis and regeneration.

The Skin and Hair Follicles

HH signaling is necessary for hair follicle development and morphogenesis (Chiang et
al., 1999; St-Jacques et al., 1998). The skin continues to regenerate in adulthood and relies on a
stem cell niche for maintenance of hair follicles (Bickenbach and Mackenzie, 1984; Morris et al.,
1986). Similar to the brain, HH signaling also helps maintain stem cell populations in the dermis
as well. SHH ligand is present in the skin, specifically in the lower bulb of hair follicles during
the anagen phase of growth (Oro and Higgins, 2003). HH downstream targets Glil and Ptchl are
more broadly expressed in the hair follicle (Oro and Higgins, 2003). Conditional Shh deletion
from the stem cell niche resulted in defects in hair bulb proliferation (Hsu et al., 2014). HH
signaling is also sufficient to drive new hair follicle growth in adult skin (Sun et al., 2020).
Taken together, these data indicate that HH signaling is essential for the epidermal stem cell

niche and hair growth.

17



Mutations in the HH signaling pathway are common in basal cell carcinoma (BCC)
patients (Hahn et al., 1996; Johnson et al., 1996; Reifenberger et al., 1998). Overexpression of
Glil induced BCC tumors in frog embryos and tadpoles (Dahmane et al., 1997). The majority of
BCC mutations are attributed to PTCH1 or SMO, resulting in cancerous growths (Teglund and
Toftgard, 2010). Further work in rodents has elucidated the mechanisms of HH signaling in
BCC. Overexpression of GLI2 led to BCCs in mice and upregulation of HH target genes in
tumors (Grachtchouk et al., 2000). Additional work with mice overexpressing GLI2
demonstrated that HH signaling is required for BCC proliferation and growth (Hutchin et al.,
2005). Studies using a truncated form of GLI2 lacking the N-terminal repressor domain
(GLI2AN) indicated BCCs arise from hair follicle stem cells and require high HH activity
(Grachtchouk et al., 2011). These studies all demonstrate that HH signaling must be properly

regulated in order to prevent BCC formation.

The Lung Epithelium

The respiratory epithelium is in constant contact with the air, and thus has mechanisms
for alveolar maintenance and regeneration (Mason and Williams, 1977). Injury of the respiratory
epithelium resulted in upregulation of Shh and Glil in club cells (Watkins et al., 2003). Mice
containing Gli1'2?* allele had more Glil fibroblasts in the airway following lung injury,
indicating that HH signaling may play a role in the fibrotic response in the lung (Liu et al.,
2013b). Further work indicated that SHH ligand is present in the airway and signals to the
surrounding GLI1+ mesenchyme (Peng et al., 2015). Genetic ablation of SHH ligand resulted in
proliferation of mesenchymal cells and increase in epithelial cells in the airway (Peng et al.,

2015). Additionally, genetic expansion of HH signaling in the lung mesenchyme results in
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emphysema- a chronic obstructive pulmonary disease (Wang et al., 2018). These data indicated
that HH signaling maintains quiescence in the lung.
The Lingual Epithelium

The lingual epithelium regenerates frequently in response to environmental and physical
stressors (Hamamichi et al., 2006; Perea-Martinez et al., 2013). Taste buds, the organs necessary
for the perception of taste, turn over and regenerate throughout an organism’s lifespan (Beidler
and Smallman, 1965; Farbman, 1980). HH signaling is important for taste bud formation and
development, making it an attractive candidate for investigation in adult tongue (Hall et al.,
2003; Liu et al., 2004; Mistretta et al., 2003).

In adult mice lineage tracing studies using a Glil reporter illustrated that SHH-
responding cells were present in the taste bud, and that SHH ligand is also present in
proliferative stem cells (Liu et al., 2013a). Overstimulation of the HH signaling pathway using a
constitutively active GLI2 transgene (GLI2AN) in K5+ resulted in loss of taste buds and
disrupted taste bud morphology (Liu et al., 2013a). Similar studies genetically disrupting GLI
expression in the taste epithelium also resulted in taste bud loss but some phenotypes were
reversed upon removal of inhibition (Ermilov et al., 2016). Conversely, overexpression of SHH
ligand in taste bud basal cells resulted in ectopic taste bud formation (Miura et al., 2014). These
data indicated that HH signaling carefully regulates taste organ maintenance in the tongue.

An important insight into HH signaling in the tongue came from patients taking
vismodegib, a potent HH inhibitor used to treat BCC. Importantly, many patients reported severe
loss of taste and loss of quality of life (Fife et al., 2017). This prompted further studies
examining HH signaling in the tongue with pharmacologic approaches. Pharmacologic inhibition

of the HH pathway using LDE225 (sonidegib) resulted in loss of taste buds and disrupted taste
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bud morphology (Kumari et al., 2015). Measurements of chorda tympani nerve responses to taste
stimuli were also disrupted in mice treated with LDE225 (Kumari et al., 2015). Interestingly,
taste buds eventually regain their ability to respond to taste stimuli following removal of
LDE225 (Kumari et al., 2017). Both genetic and pharmacologic data in the tongue support that

HH signaling is essential for taste bud maintenance, regeneration, and taste chemoreception.

1.3.5 Conclusion

Proper regeneration of the olfactory epithelium (OE) is necessary for our continued
ability to smell throughout our lifetime. This is due to the constant exposure of olfactory sensory
neurons (OSNs) with the air, where they can encounter environmental stressors such as viruses
and bacteria. Our ability to smell impacts our enjoyment of food and ability to smell dangers,
things we take for granted until they are no longer available to us. The recent onset of the
COVID19 pandemic illustrated how loss of smell was impacting the quality of life of those with
anosmia (Coelho et al., 2021). Understanding the signaling mechanisms governing OE
regeneration can provide therapeutic targets for patients with anosmia.

The Hedgehog (HH) signaling pathway, as detailed above, has been extensively studied
in regenerative epithelia. Importantly, studies in the tongue, another chemosensory organ,
illustrated that HH signaling is necessary for taste sensation and maintenance of proliferating
basal cells. HH signaling is also reliant on primary cilia, which are present in the HBCs of the
OE. Importantly, HBCs lacking primary cilia are unable to properly regenerate the OE (Joiner et
al., 2015). As | described above, primary cilia are necessary for the proper processing of the GLI
transcription factors. GLI12 and GLI3 are dependent on primary cilia in order to be processed into
transcriptional activators or repressors of the HH signaling pathway. This makes the GLI

transcription factors an attractive candidate of study in the OE, and specifically in HBCs. In
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Chapter 2, I will describe the expression of GLIs in the OE in homeostatic and injured
conditions. Additionally, I will demonstrate that GLI2 and GLI3 are necessary for proper HBC
mediated regeneration of the OE. In Chapter 3 | will summarize my findings and propose
potential future directions for this work. It is important to note that prior to this work the HH
signaling pathway was unexplored in the OE. Overall, my findings describe a novel role for

GLlIs in the OE and open many possible future studies for HH signaling in the OE.
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1.4 Figures
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Figure 1.1 Cell Types of the Olfactory Epithelium

Schematic displaying a sagittal section through a rodent brain (far left), coronal section through
the olfactory epithelium (middle), and cell types of the olfactory epithelium (far right). Cell types
include microvillar cells (MVCs), sustentacular cells (Sus), mature olfactory sensory neurons
(mOSNs), immature olfactory sensory neurons (iOSNs), globose basal cells (GBCs), and
horizontal basal cells (HBCs).
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Figure 1.2 Lesion Models in the Olfactory Epithelium

Cartoon displaying normal OE homeostasis where primarily globose basal cells (GBCs) mediate
recovery of olfactory sensory neurons (OSNs) (far left). Bulbectomy, removal of one of the
olfactory bulbs, results in OSN cell death and primarily GBC-mediated recovery of the OE
(middle).
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Figure 1.3 Schematic of Hedgehog Signaling

In the absence of HH ligand (No HH, left panel), PTCH1 inhibits SMO, SMO is unable to enter
the primary cilium, and GLIs are processed into transcriptional repressors (GLI-R), causing
repression of HH target genes Ptchl, Glil. In the presence of HH ligand, HH binds to PTCH1
which is then internalized and degraded, removing inhibition of PTCH1 on SMO. SMO can then
translocate to the cilium and accumulate at the tips along with full-length GLIs. GLIs are then
processed to transcriptional activators (GLI-A), and translocate to the nucleus to turn on HH
target genes Ptchl, Glil.
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Figure 1.4 Schematics of GLI1-3 Transcription Factors

All GLIs contain a SUFU binding site, conserved zinc finger DNA binding domains,
phosphorylation cluster, and a C-terminal transcriptional activation domain. GLI2 and GLI3 also
contain an N-terminal repressor domain, which GLI1 does not have. GLI2 and GLI3 can also be
post-translationally processed into truncated repressor forms following a proteolytic cleavage
before the phosphorylation cluster.
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Chapter 2 Gli2 and Gli3 Regulate Horizontal Basal Cell-Mediated Regeneration of the
Olfactory Epithelium

2.1 Abstract

The olfactory epithelium (OE) is a specialized neuroepithelium that is replenished by two
stem cell populations: globose basal cells (GBCs) and horizontal basal cells (HBCs). Previous
work indicated that HBCs contain primary cilia, organelles that mediate Hedgehog (HH)
pathway activity. However, a role for HH signaling in HBCs has not been investigated. We find
that GLI2 and GLI3, transcriptional effectors of the HH pathway, are expressed in HBCs in the
adult OE and that their expression expands following injury. Further, Gli2-expressing
descendants contribute to all major OE cell types during OE regeneration. HBC-specific
expression of constitutively active GLI2 drives inappropriate HBC proliferation, alters HBC
identity, and culminates in a failure of HBCs to differentiate into olfactory sensory neurons
(OSNs) following injury. HBC-specific deletion of endogenous Gli2 and Gli3 results in
decreased HBCs and OSNs following OE injury. These data identify GLI2 and GLI3 as key

regulators of HBC-mediated OE regeneration.

2.2 Introduction

Olfactory dysfunction affects approximately 13.3 million older Americans (Hoffman et
al., 2016). This can be due to factors that affect regeneration of the olfactory epithelium (OE),
including physical injuries or pathogenic infections. The recent COVID-19 pandemic has

resulted in loss of smell (anosmia) in patients (Aziz et al., 2021). To more effectively treat
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olfactory disorders, we need to better understand the signals that govern OE regeneration. The
OE is a highly specialized neuroepithelium that contains olfactory sensory neurons (OSNs),
which relay smell information (Graziadei and Graziadei, 1979). OSNs are vulnerable to the
environmental toxins and pathogens present in the air, making the OE one of the few adult sites
of neurogenesis (Graziadei and Graziadei, 1979; Morrison and Costanzo, 1989). Fortunately, two
presumed stem cell populations can replenish OSNs: rapidly dividing globose basal cells
(GBCs), and relatively quiescent horizontal basal cells (HBCs) (Schwaob et al., 2017). HBCs lie
in a monolayer along the OE basement membrane, with GBCs situated just above the HBC:s.
Both HBCs and GBCs can generate neuronal and non-neuronal progenitors, which give rise to
immature OSNs (iOSNs), supporting glial-like Sustentacular cells (Sus), Bowman’s gland, and
Microvillar cells (MVCs; (Schwab et al., 2017); Figure 1A). Although HBCs and GBCs mediate
OE regeneration, the signals governing their function in homeostasis and injury-mediated repair
are largely unexplored.

Hedgehog (HH) signaling is necessary for adult stem cell maintenance and function in
many tissues, including multiple different epithelia (Petrova and Joyner, 2014). Notably, HH
signaling is necessary for taste bud maintenance and renewal in the tongue, another
chemosensory organ (Mistretta and Kumari, 2019). Targeted deletion of the HH transcription
factor Gli2 in the lingual epithelium results in taste bud loss and formation of atypical taste
organs (Ermilov et al., 2016). Similar experiments with the HH pathway inhibitor LDE225
demonstrated a loss of taste buds and taste sensation in mice (Kumari et al., 2015; Kumari et al.,
2017). Given the importance of HH signaling in lingual epithelial regeneration, it is possible that
HH signaling is playing a similar role in another chemosensory epithelium — the olfactory

epithelium.
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HH signaling is mediated by the primary cilium, a microtubule-based signaling center
(Huangfu et al., 2003; Haycraft et al., 2005; Liu et al., 2005). In the absence of HH ligand, the
canonical HH receptor Patched 1 (PTCH1) inhibits the activity of the GPCR-like protein
Smoothened (SMO) resulting in phosphorylation and processing/degradation of GLI proteins,
the transcriptional effectors of the HH pathway (Humke et al., 2010; Niewiadomski et al., 2014).
In the presence of HH ligand, HH binding to PTCHZ1 results in de-repression of SMO, allowing
SMO to accumulate in the cilium, resulting in GLIs accumulating at tips of primary cilia, and
processing of GLIs into transcriptional activators that induce HH target gene expression (e.g.
Ptchl and Glil; (Briscoe and Therond, 2013)). GLI1 functions exclusively as a transcriptional
activator and is also a target of HH signaling; GLI2 is typically the major transcriptional
activator of the HH pathway; conversely GLI3 acts largely as a transcriptional repressor (Briscoe
and Therond, 2013). GLI2 and GLI3 contain an N-terminal repressor domain and a C-terminal
activator domain, and can be post-translationally processed into either their full length activator
form or truncated repressor form (Sasaki et al., 1997; Sasaki et al., 1999). Though GLI2 and
GLI13 are typically thought to have opposing roles, they can also play redundant roles depending
on the context of the tissue (Chang et al., 2016; McDermott et al., 2005).

Previous work demonstrated that HBCs possess primary cilia and that HBC-specific
ablation of primary cilia result in defective OE regeneration, indicating a functional role for
primary cilia in HBCs (Joiner et al., 2015). Given that 1) HH signaling is a key regulator of
tissue renewal across multiple epithelia, 2) HH signaling also is a key regulator of adult
neurogenesis, and that 3) HH/GLI signaling rely on the primary cilium, a structure that is
essential for HBC-mediated OE regeneration, we wondered whether HH signaling might play a

role in stem cell-mediated adult OE regeneration.
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Here, we show that the HH transcription factors Gli2 and Gli3 are expressed in HBCs and
a subset of Sus cells in the OE. Additionally, we show that Gli2+ HBCs can give rise to GBCs,
OSNs, and Sus cells following injury. Further, we show that expression of constitutively active
Gli2 (GLI2A) in HBCs results in abnormal HBC proliferation and altered cell identity. Further,
GLI2A-expressing HBCs fail to differentiate into OSNs following injury. Conditional Gli2 and
Gli3 deletion in HBCs results in loss of HBCs and OSNs following injury. Together, these data

suggest novel roles for GLI2 and GLI3 transcription factors in adult OE regeneration.

2.3 Results

To investigate the expression of GLI transcription factors in the adult OE we utilized
mice carrying lacZ reporter alleles for Gli1'2Z* (Bai et al., 2002), Gli2'2Z+ (Bai and Joyner,
2001), and Gli3'aZ* (Garcia et al., 2010). Specifically, we performed X-GAL staining on
coronal sections, focusing on two different regions, the dorsal septum, and a ventral turbinate
(Figure 2.1 A). Like Gli1, Gli2 is also expressed in the stroma underlying the OE; however, Gli2
is more broadly expressed in both the proximal and distal stroma of the OE compared to Glil
(Figure 2.1 F-F’). In contrast to Glil, Gli2 is also expressed in basal epithelial cells throughout
the OE (Figure 2.1 F-F’, H-H’). Further, Gli2 is expressed in a subset of apical epithelial cells in
the turbinates (Figure 2.1 H-H’; black arrowheads). Gli3 is also expressed broadly in the
underlying stroma, and in basal cells throughout the OE (Figure 2.1 G-G’, I-I’). Distinct from
Gli2, Gli3 is expressed in apical epithelial cells both at the septum (Figure 2.1 G-G’; black
arrowheads) and at turbinates (Figure 2.1 I-I’;black arrowheads).

To define the cell types that expressed Gli2 and Gli3 in the OE, we used
immunofluorescent antibody detection to mark Gli-expressing cells (BGAL*) and horizontal

basal cells (HBCs; p63*) (Packard et al., 2011). While no BGAL signal was detected in WT
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animals (Figure 2.1K inset), in Gli2'2Z* mice, BGAL co-localizes with NP63 (Figure 2.1K-K’”’;
yellow arrow). Likewise, in Gli3'2?* mice, BGAL also co-localizes with p63 (Figure 2.1L-L"’’;
yellow arrow), demonstrating that both Gli2 and Gli3 are expressed in HBCs of the adult OE.
Co-staining with BGAL and a sustentacular (Sus) cell marker, SOX2 (Guo et al., 2010), revealed
that BGAL co-localizes with apical SOX2* cells in the ventral turbinates in both Gli2'acZ/+
(Figure 2.2 B-B**") and Gli3'2?* mice (Figure 2.2 C-C*’"), indicating that Gli2 and Gli3 are
expressed in distinct subsets of Sus cells in the OE. Together, these data demonstrate that Gli2
and Gli3, but not Glil, are expressed in the adult OE, displaying similar, but not identical
expression patterns.

To further explore Gli2 and Gli3 expression in HBCs, a cell type that is quiescent during
homeostasis (Fletcher et al., 2011; Packard et al., 2011), we sought to activate HBCs with an
injury to the OE. Upon delivery of methimazole to the OE, Sus cells in the OE metabolize
methimazole into a toxicant that results in the destruction of most of the OE (Genter et al., 1995).
Notably, HBCs will be spared— they will proliferate and give rise to both neuronal and non-
neuronal lineages, and at 8 weeks will fully regenerate the OE (Leung et al., 2007). We delivered
75mg/kg of methimazole to Gli2'2Z* and Gli3'2?* via intraperitoneal (IP) injection, followed by
analysis at 4 days of recovery post-injury a time point when HBCs are most active during
regeneration (Packard et al., 2011). We performed in situ hybridization detection of lacZ
transcripts, followed by immunofluorescent antibody detection of NP63 to mark HBC nuclei.
Importantly, no lacZ expression is detected in wild-type uninjured and injured OE,
demonstrating specificity of the lacZ probe (Figure 2.3 A-C, D-F). Sparse lacZ+ puncta are
detected in NP63+ HBCs and stromal cells in uninjured Gli2'aZ* (Figure 2.3 G-I) and Gli3'az/*

(Figure 2.3 M-0) animals. At four days post injury, however, Gli2 expression is significantly
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increased throughout the OE (Figure 2.3 J-L, S) as well as specifically in NP63+ HBCs (Figure
2.3 U). Similarly, Gli3 expression is also significantly increased in the OE following injury
(Figure 2.3 P-R, T) and in HBCs (Figure 2.3 V). We confirmed these findings by performing X-
GAL staining on Gli2'2Z* and Gli3'a?* mice at 4 days and 8 weeks post methimazole injury
(Figure 2.3 A-L’). Notably, X-GAL staining was not detected in WT animals at either timepoint
(Figure 2.3 A-B’, G-H’). Similar to the in situ data, increased X-GAL staining was detected in
Gli2'aZ* mice at 4 days following injury, especially at ventral turbinates compared to the dorsal
septum region (Figure 2.4 C-D’). Since Glil is a transcriptional readout for active HH signaling,
we also used an endogenous Glil in situ probe to visualize Glil expression prior to and
following injury (Figure 2.2 C-K). Glil expression was not detected in the OE of uninjured mice,
similar to X-GAL staining of Gli1'2Z* animals (Figure 2.2 1). No Glil expression was detected
in the OE 4 days following injury (Figure 2.2 1), although stromal Glil levels are significantly
upregulated (Figure 2.2 J-K). Taken together, these data suggest Gli2 and Gli3, but not Glil, are
upregulated in the OE during early injury recovery.

Since Gli2 expression in HBCs expands following injury, we employed a genetic lineage
tracing approach to investigate the ability of Gli2-expressing cells and their descendants to
contribute to different OE cell types. To achieve this, we bred Gli2Cre=R mice with a ROSA26-
lox-STOP-lox-tdtomato reporter allele (Madisen et al., 2010; Wang et al., 2018). Coronal
sections from the heads of mice treated with vehicle (corn oil) or tamoxifen (Figure 2.5 A) were
immunolabelled with antibodies directed against NP63 (HBCs) and SEC8 (GBCs). After either
vehicle or tamoxifen treatment mice were rested for 72 hours then injected with methimazole to
injure the OE (Figure 2.5 A-G”*””). We analyzed Gli2-expressing descendants at 8 weeks (full

recovery) after injury by immunolabelling for different OE cell types- NP63/CD54 (HBCs),
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SEC8 (GBCs), SOX2 (Sus cells), and CBX8 (OSNs). Notably, no tdTomato+ progeny were
visible in vehicle treated Gli2Cre®R; tdTomato/+ mice (Figure 2.5 B-B>>>>, D-D>*>’, F-F>”’). We
detected tdTomato+ labelled HBCs (Figure 2.5 C*’, C*”*’; white arrowhead) and GBCs (Figure
2.5C”, C”’; yellow arrowhead) in fully recovered mice. Further, we detected tdTomato+ Sus
cells (Figure 2.5 E-E’”*’; blue arrowheads) and OSNs (Figure 2.5 G-G’”*’; green arrowheads).
These findings suggest that Gli2+ HBCs can give rise to all major cell types of adult OE, namely
GBCs, Sus cells, and OSNs.

Given that increased Gli2 expression correlates with HBC activation and that Gli2
descendants contribute to all major OE cell types, we wondered whether the primarily
transcriptional activator function ascribed to GLI2 in other systems (Bai et al., 2002) might drive
HBC activation in the OE. To test this notion, we utilized a doxycycline inducible system to
express a constitutively active form of GLI2 lacking the N-terminal repressor domain (GLI2AN)
in HBCs. We crossed mice that contain a reverse tetracycline transactivator driven by a Keratin 5
promoter (Krt5rtTA) (Diamond et al., 2000) to mice containing a tet operon inducible MY C-
tagged GLI2AN transgene (Grachtchouk et al., 2011) (Figure 2.6). Mice were fed a doxycycline
diet to induce GLI2AN expression in HBCs and analyzed at 1 day, 3 days, 5 days, and 8 days
following induction (Figure 2.6 B-G**”’, Figure 2.7 A-D). Due to the aggressive nature of driving
overactive HH signaling these mice do not survive past 7-8 days (Grachtchouk et al., 2011).
Coronal sections of heads from control and experimental mice were stained with antibodies
directed against MYC (GLI2AN), CD54 (HBCs), and Ki67 (actively cycling cells). While no
MY C expression was detected in vehicle-treated Krt5rtTA; GLI2AN mice (Figure 2.6 B”), MYC
immunostaining was detected in HBCs of Krt5rtTA;GLI2AN mice treated with doxycycline for 1

day (Figure 2.6 C’). Immunostaining for Ki67 (Figure 2.6 B’’, C*’), a marker for actively cycling
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cells, identifies GBCs lying apical to CD54+ HBCs (Figure 2.6 B**’, C**’; white arrowheads) but
not HBCs themselves, indicating that at 1 day post doxycycline induction HBCs are not actively
proliferating. In contrast, at 3 days post doxycycline induction MYC* HBCs (Figure 2.6 E’, E**’;
yellow arrowheads) express Ki67 (Figure 2.6 E’’; yellow arrowheads), while control HBCs do
not (Figure 2.6 D-D’’”*). At 5 days post doxycycline induction MYC* HBCs (Figure 2.6 G’,
G’’’; yellow arrowheads) continue expressing Ki67 (Figure 2.6 G’’; yellow arrowheads), while
control HBCs do not (Figure 2.6 G-G’”*”). Notably, GLI2AN protein is detected in HBC-
associated primary cilia, an important organelle for HH signal transduction, at 8 days following
doxycycline administration (Figure 2.9 F-J; white arrowhead). HBCs reach peak proliferation at
3 days post doxycycline induction (Figure 2.7 C-D), resulting in significantly increased HBC
number at 3, 5, and 8 days post doxycycline induction (Figure 2.7 A, D). These data suggest that
GLI activator can induce HBC proliferation.

To further analyze the effect of GLI2A on HBCs we performed immunostaining for GBC
markers. Strikingly, at 8 days post doxycycline induction HBCs begin to co-express SEC8, a pan
GBC marker (Joiner et al., 2015) (Figure 2.8 F-M), in contrast to control mice (Figure 2.8 A-E).
The total number of HBCs (Figure 2.8 K) is significantly increased while the total number of
GBCs remains unchanged (Figure 2.8 L). Further, we performed immunostaining for SOX2,
which labels a subset of HBCs and GBCs basally and Sus cells apically in control mice (Figure
2.8 N-Q). HBCs expressing GLI2A significantly upregulate SOX2 (Figure 2.8 R-V).
Immunolabelling for SOX9 (Bowmann’s glad cells) showed a significant increase of SOX9 in
HBCs of Krt5rtTA; GLI2AN mice (Figure S4E-1), compared to control mice (Figure 2.8 K-R, S).
Interestingly, Krt5rtTA; GLI2AN HBCs did not co-express neuronal marker CBX8 (Figure 2.9 T),

and there was no significant change in neurons in Krt5rtTA; GLI2AN OE (Figure 2.9 U). In
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contrast, there is a small but significant increase in Sus cell number in mice expressing GLI2A
(Figure 2.8 W). Taken together, these data suggest continuous active HH signaling results in a
hybrid HBC identity and increased Sus cells.

Next, we assessed the effect of GLI2A on HBC function. Since HBCs are primarily
quiescent in homeostatic conditions, we sought to activate them by injuring the OE. After
inducing control and Krt5rtTA; GLI2AN mice with doxycycline for 24 hours, we injured the OE
with an IP injection of methimazole at 75mg/kg (Figure 2.10 A-T, Figure 2.11 A-N). Mice were
maintained on a doxycycline diet following injury and allowed to recover for 7 days. We first
analyzed the basal cells in control and GLIA mice following methimazole injury (Figure 2.11 A-
N). Coronal sections of mice collected at 7 days following injury were stained with antibodies
for different OE markers in addition to Ki67 to mark actively cycling cells. While HBCs in
control OE were not very proliferative (Figure 2.11 A-E, K), GLI2A HBCs were significantly
more proliferative (Figure 2.11 F-K). HBC number in GLI2A OE was also significantly
upregulated (Figure 2.11 L). In contrast, GBC number was significantly downregulated in GLIA
OE (Figure 2.11 M). We also observed an upregulation in SOX9 progenitors in GLI2A OE
(Figure 2.11 N). We then wanted to investigate if the increase in proliferating HBCs in GLI2A
tissue had any effect on more differentiated OE cell types, such as early neurons and Sus cells.
To do this, we immunostained coronal sections of control and Krz5rtTA; GLI2AN mice with
SOX2 to mark Sus cell progenitors. We discovered that HBCs expressing GLI2A gave rise to a
significantly higher amount of total SOX2* progenitors, in comparison to control HBCs (Figure
2.10J). The OE in control HBCs also appeared more organized with a clear layer of early apical
Sus cells separate from basal cells (Figure 2.10 B-E), whereas GLI2A OE appeared much more

disorganized with diffuse SOX2 staining (Figure 2.10 F-I). Additionally, we immunolabelled for
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early neurons using TUJ1 (Figure 2.10 K-S). Surprisingly, there was a significant decrease in
TUJ1* progenitors in GLI2A OE compared to control OE (Figure 2.10 S). HBCs expressing
GLI2A gave rise to very few neurons (Figure 2.10 O-R) compared to control HBCs which had a
well-defined TUJ1" layer of cells (Figure 2.10 K-N). In short, while wild-type HBCs can give
rise to both neurons and Sus cells following injury, HBCs with overactive HH signaling
primarily give rise to Sus cells and not neurons (Figure 2.10 T). This suggests that HH signaling
plays a role in differentiation of HBCs into Sus cells, but must be eventually downregulated to
prevent over proliferation of HBCs into Sus cells.

We sought to further understand the function of GLIs in HBCs by utilizing a conditional
deletion mouse model to selectively delete Gli2 and Gli3 in HBCs. We crossed in an HBC-
specific tamoxifen inducible Krt5-Cre®R (Diamond et al., 2000) to Gli2™" (Corrales et al., 2006)
and Gli3" (Blaess et al., 2008) alleles containing loxP sites. A ROSA26-lox-STOP-LOX-
tdTomato (Madisen et al., 2010) allele was also crossed in to track HBC lineages following
methimazole injury. Mice were treated with 100mg/kg of tamoxifen for 5 consecutive days, thus
generating Gli2®%°, GIi3®KO, and GLI12/3°KO mice lacking either Gli2, Gli3, or both in their
HBCs. Since HBC:s are typically a quiescent cell type, we performed a methimazole injury at
75mg/kg to stimulate HBC proliferation and differentiation. We collected and analyzed HBC
progeny in Gli2®KO (Figure 2.12 A-J), Gli3®X° (Figure 2.12 F-J), and GLI12/3%K0 (Figure 2.13 A-
0O) mice 8 weeks following methimazole injury (full recovery). We used the tdTomato reporter to
track HBC-derived cells and performed immunolabeling for different OE markers to determine
the effect on conditional deletion of Glis on OE recovery. Gli2®<° OE appeared comparable to
control OE across all cell types. We observed no significant difference in HBCs (Figure 2.12 B),

GBCs (Figure 2.12 C), OSNs (Figure 2.12 D), and Sus cells (Figure 2.12 E). In contrast, GIi3¢<0
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OE had subtle but significant increase in HBCs (Figure 2.12 G), GBCs (Figure 2.12 H), and Sus
cells (Figure 2.12 J). The number of OSNs was slightly downregulated but not significantly
(Figure 2.12 1). Notably, the increase in basal and Sus cells in Gli3“%0 OE is similar to our
previous findings using the constitutively active GLI2 transgene (Figure 2.10).

Since Gli2 and Gli3 can have redundant functions (McDermott et al., 2005), we sought to
delete Gli2 and Gli3 simultaneously in HBCs (GLI2/3%K0) (Figure 2.13). We first confirmed
efficient deletion of Gli2 and Gli3 in our genetic mouse model using in situ hybridization prior to
methimazole injury (Figure 2.14 A-F). Gli2 was significantly downregulated in GLI2/3%K° OE
(Figure 2.14 C, E) compared to control mice (Figure 2.14 A, E). Gli3 was also significantly
downregulated in GL12/3%€C OE (Figure 2.14 D, F) compared to control mice (Figure 2.14 B, F).
GLI2/3%K0 OE displayed a range of severity following injury- while some regions looked
disturbed and thin (Figure 2.14 G, I) others looked normal (Figure 2.14 H, J). We looked more
closely at basal cells in GLI2/3°%° OE and discovered HBCs were significantly decreased
(Figure 2.13 E-G, H), compared to control OE (Figure 2.13 B-D, H). GBCs were also decreased,
but not significantly (Figure 2.13 E-G, Figure 2.13 R). Next, we co-immunolabelled for TUJ1
and CBX8 to mark OSNs (Figure 2.13 1-O). We discovered OSNs were significantly decreased
in GLI12/3%K0 OE (Figure 2.13 L-N, O), compared to control OE (Figure 2.13 I-K, O). These
findings suggest that HBCs are unable to properly regenerate the OE following injury in the
absence of Gli2 and Gli3. We observed no significant decrease in Sus cells (Figure 2.14 K-Q),
even in more significantly perturbed areas (Figure 2.14 N inset). To summarize, Gli2%%° results
in no significant change in OE cell composition, Gli3®<C results in a similar, but subtler, change
in OE cell composition, while GL12/3%O results in the most severe change in OE cell

composition (Figure 2.14 S). Taken together, these data illustrate that Gli2 and GIli3 have crucial
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and synergistic roles in OE regeneration by regulating the proliferation and differentiation of

HBCs following injury.

2.4 Discussion

2.4.1 Summary of results

Here, we explored the contribution of the HH pathway to OE regeneration. Specifically,
we found that Gli2 and Gli3, encoding two key transcriptional effectors of the HH pathway, are
expressed in HBCs and distinct subset of Sus cells in the OE. Further, we discovered that Gli2
and Gli3 expression expands following OE injury. Constitutive GLI2A expression in HBCs
results in HBC hyperproliferation and defective differentiation following OE injury. These data
suggest that transient GLI activation following OE injury allows for HBC activation and
proliferation, but that abrogation of GLI activator function is necessary for subsequent HBC
differentiation (Figure 2.15). HBC-specific conditional Gli2 deletion does not result in any
detectable phenotype, while HBC-specific conditional Gli3 deletion results in increased HBC,
GBC and Sus cell numbers. Simultaneous conditional Gli2 and Gli3 deletion in HBCs results in
improper OE regeneration and significantly decreased HBC, GBC, and OSN numbers. Together,
these data illustrate novel roles for GLI signaling in HBC function and demonstrate that GLI2

and GLI3 are necessary for OE regeneration post-injury.

2.4.2 Diversity of HH response across different types of epithelia.

HH signaling plays important but diverse roles in many adult regenerative epithelia. Two
such examples are the lingual and respiratory epithelium. HH signaling is essential for proper
maintenance and function of taste organs in the lingual epithelium (Mistretta and Kumari, 2019).

SHH ligand is present in the stem cells and nerves that innervate the taste bud (Ermilov et al.,
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2016; Liu et al., 2013). As in the OE, Gli2 is also expressed in basal cells of the lingual
epithelium as well as in the underlying stroma (Liu et al., 2013). Glil is also present in the
lingual stroma and epithelium, which differs from the OE where it is expressed exclusively in the
stroma (Ermilov et al., 2016). GLI2A expression in Keratin5+, Gli2+ cells in the tongue results
in aberrant proliferation of lingual epithelial cells (Liu et al., 2013). These findings are
remarkably like the OE, where GLI2A-expressing HBCs become hyperproliferative. Further, the
lingual epithelium is dependent on active HH signaling for maintenance. Chemical HH pathway
inhibition using a SMO antagonist LDE225 results in disrupted taste organs and taste sensation
(Kumari et al., 2015). Further studies in the OE with chemical HH pathway blockade can
elucidate if canonical HH signaling is necessary for OE maintenance and regeneration.

HH signaling is also a key component of adult lung regeneration and maintenance (Wang et al.,
2019). During lung homeostasis, SHH ligand in the epithelium signals to surrounding GLI1+
mesenchymal cells (Peng et al., 2015). Genetic ablation of Shh results in mesenchymal cell
proliferation and an increase in epithelial cells in the airway (Peng et al., 2015). Additionally,
genetic activation of HH signaling in the lung mesenchyme (through expression of oncogenic
Smo) results in an emphysema-like phenotype (Wang et al., 2018). Thus, HH signaling appears
to have a restrictive role and maintains quiescence in the lung. Conversely, HH signaling is
necessary for HBC proliferation and can drive proliferation in the olfactory epithelium. The adult
lingual, respiratory, and olfactory epithelia are all regenerative, diverse, and unique structures.
The differential deployment of HH/GLI signaling in each of these epithelial appears to be one
mechanism by which a single pathway can contribute to the maintenance and regeneration of

related, but distinct tissues.

2.4.3 Regulation of GLI expression and function in the olfactory epithelium.

52



Our data indicate an increase in Gli2 and Gli3 expression following injury in the OE. In
contrast, there is no detectable expression of the HH target gene Glil in the OE with Glil
expression remains solely stromal even following OE injury. These data suggest potentially non-
canonical roles for GLI2 and GLI13 in the OE. While a definitive source of HH-producing cells in
the OE remains to be elucidated, one potential source includes SHH in nerves that innervate the
OE (Gong et al., 2009). SHH ligand is also present in the olfactory bulb (OB), particularly in the
glomeruli (Gong et al., 2009). Further, OSNs are able to respond to SHH ligand in vitro (Gong et
al., 2009). Since OSNs directly connect the OE with the OB, it is possible that SHH is delivered
to HBCs and the underlying stroma through OSN axonal projections. Another promising source
of ligand is IHH, which is expressed in bone and regulates proliferation and differentiation of
chondrocytes (Vortkamp et al., 1996). The OE and underlying stroma are directly in contact with
the bone in the turbinates, making the turbinates a potential source of IHH. Further careful
investigation into Shh and Ihh expression in the OE and surrounding tissues is necessary to
elucidate if canonical HH signaling is regulates Gli2 and Gli3 in the OE.

Since HH target gene expression is not detected in the OE, it is possible that GLI12 and
GLI3 function independently of HH ligands. A possible avenue of GLI regulation in the OE is
through the NP63 transcription factor. NP63 is an important regulator of stemness in HBCs as
illustrated in (Packard et al., 2011). NP63 maintains HBC quiescence and transiently turns off
following MeBr gas injury to the OE (Packard et al., 2011). Our data illustrate an upregulation of
Gli2 and Gli3 immediately following injury to the OE. It is possible that NP63 could negatively
regulate Gli2 and Gli3 during OE homeostasis, resulting in upregulation of Gli2 and Gli3 when
NP63 levels decrease following injury. Previous studies in mammary cancer stem cells

illustrated that NP63 can directly regulate HH pathway genes such as SHH and GLI2 by binding
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to upstream regulatory regions (Memmi et al., 2015). Additionally, our data indicates that
driving GLI2A results in significant upregulation of NP63. This suggests a possible feedback
loop between GLIs and NP63 expression. Careful investigation of whether NP63 can bind at

Gli2 and Gli3 loci in HBCs can further our understanding of GLI regulation in HBCs.

2.4.4 Crosstalk between Hedgehog and Notch signaling.

While the primary focus of this study is on HH signaling and GLI transcription factors,
other signaling pathways have been described in the adult OE. Specifically, Notch signaling has
been implicated in OE regeneration (Schwob et al., 2017). Importantly, Notch signaling pathway
components are present in HBCs, along with Sus cells and underlying stroma (Herrick et al.,
2018; Herrick et al., 2017). Previously work demonstrated that modulation of various Notch
signaling pathway components altered HBC cell fate following OE injury (Herrick et al., 2018).
These findings echo our observations in the OE following GLI2A overexpression in HBCs.
Similarly, in our HH overactivation model HBC cell fate is altered to Sus/non-neuronal
following injury. It is possible that HH and Notch signaling coordinate to dictate HBC cell fates
in response to injury. Along these lines, previous studies have demonstrated that Notch and HH
signaling can work in conjunction in the context of development. For example, Notch signaling
directs HH morphogen activity in the developing ventral spinal cord (Kong et al., 2015).
Additionally, the HH co-receptor GAS1 directly binds to NOTCHL in the developing forebrain,
and coordinates HH and Notch signaling in the neuroepithelium (Marczenke et al., 2021). Notch
has also been demonstrated to regulate HH pathway component SMO localization in the primary
cilium (Stasiulewicz et al., 2015). This is important to note since HBCs have primary cilia that

are functional and necessary for regeneration (Joiner et al., 2015). Future studies examining
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Notch signaling pathway components in our genetic models can elucidate cooperation between
HH and Notch signaling in HBCs.

While our data demonstrates that GL12/3K0 mice have defective OE regeneration, our
data slightly differs from the IFT88 HBC-specific deletion described in (Joiner et al., 2015).
Importantly, HBC number is unaffected in IFT88 HBC-specific deletion mice following injury
(Joiner et al., 2015), while we demonstrated a significant decrease of HBCs in GL12/3°%° mice.
Similar to our genetic model, GBC and OSN numbers were significantly downregulated in
IFT88 HBC-specific deletion mice following injury (Joiner et al., 2015). Importantly, there was
a decrease of tyrosine hydroxylase staining in the OB of IFT88 mice, indicating a decline in the
synaptic input of OSNs to the OB (Joiner et al., 2015). This implicated a loss of OSN function,
which can be explained by their lack of primary cilia which are necessary for odorant signal
transmission, due to their descendance from HBCs lacking primary cilia (Joiner et al., 2015).
Overall, the data described in (Joiner et al., 2015) indicated a more severe phenotype in OSNs
compared to our studies. Our data in GLI12/3°%° mice indicate a presence of a ciliary layer by
TUJ1 staining, implicating that OSNs derived from HBCs that lack GLI2 and GLI3 may still

have functional cilia.

2.4.5 Limitations of Study

This study used multiple gain-of-function and loss-of-function mouse genetic approaches
to investigate the roles of GLI2 and GLI3 in HBCs during OE regeneration. Nevertheless, we
could broaden our study by including human tissue in our analysis. Previous studies have
successfully isolated single cell transcripts from mOSNs of human patients (Durante et al.,

2020). A similar approach could be utilized by sorting HBCs and examining HH pathway
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transcripts in human patients. Understanding the role of HH signaling in human OE can also
open therapeutic avenues for patients with loss of smell.

Though our work focused primarily on HBCs and regeneration, we also discovered that
Gli2 and Gli3 are expressed in other cell types in the OE as well. For example, GLI12 and GLI3
are regionally expressed in Sus cells in the OE, opening a potential avenue of study of HH
signaling in Sus cells. There is a precedent for key developmental pathways playing a role in Sus
cell maintenance — for example genetic ablation of Notch2 results in Sus cell death in post-natal
OE (Rodriguez et al., 2008). It is possible that genetic ablation of Gli2 and Gli3 specifically in
Sus cells could affect Sus cell function. Additionally, it is possible that Sus cells and HBCs
directly communicate through HH signaling. Similar studies have shown expression of both
Notch ligand and receptors in HBCs and Sus cells, suggesting possible cell-cell communication
(Herrick et al., 2017). Using a similar approach, we could study the expression of additional HH
pathway components in Sus cells to assess the potential for juxtracrine signaling between HBCs
and Sus cells. Overall, a closer study of HH signaling in Sus cells would broaden our
understanding of Sus cell function in the adult OE.

The functional role of the underlying stroma, also known as the lamina propria, during
OE injury remains largely unexplored. The stroma is a highly vascularized tissue where
fibroblasts, dendritic bundles from OSNs, and blood vessels are all present. During infection, the
stroma is an important source of inflammatory cytokines and defense against invading parasites
(Imamura and Hasegawa-Ishii, 2016). Studies have examined the stroma in chronic
inflammatory rhinosinusitis models of mice and demonstrated that the immune system can
directly affect HBCs and the OE (Chen et al., 2019). Thus, the immune response could be

playing a role in OE regeneration following methimazole-induced injury. Notably, recent work
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from our lab indicate that GLIs regulate the immune response in the context of pancreatic cancer
(Scales et al., 2022). In this study we determined that all three Glis are expressed in the stroma
underlying the OE. These data raise the question of GLI-dependent stromal contributions to

maintenance and regeneration of the OE.

2.5 Materials and Methods

Animals and breeding

All mice were maintained on a mixed BL/6, 129, and CD1 genetic background. Gli1'2Z* (Bai et
al., 2002), Gli2'aZ* (Bai and Joyner, 2001), and Gli3'2?* (Garcia et al., 2010) mice have all
been described previously. Keratinb5rtTA;tetOGli2AN (Grachtchouk et al., 2011) mice were
provided by Dr. Andrzej Dlugosz (University of Michigan, Ann Arbor MI). Gli2Cre®R™2 mice
were provided by Dr. Tien Peng (University of California, San Francisco). HBC-specific Gli2
and Gli3 deletion was accomplished by breeding animals carrying a Keratin5CrefR™2 allele with
mice carrying Gli2 and GIi3 alleles flanked by loxP sites. To lineage trace progeny from HBCs
that underwent Cre-mediated recombination, we crossed in a ROSA26fl-STOP-fl-tdTomato allele
(JAX: 007908) into all conditional deletion mouse lines (Gli2 and Gli3"). For all experiments
male and female adult mice (6-8 weeks of age) were used. All animal procedures were reviewed
and approved by the Institutional Animal Care and Use Committee (IACUC) at the University of

Michigan.

Tamoxifen preparation and administration
Tamoxifen was dissolved in sterile corn oil at 55°C for approximately 2-3 h at 40mg/mL with
occasional agitation until in solution. For all experiments with conditional deletion mice

(ROSA26fl-STOP-fl-tdTomato, Gli2", and Gli3") mice were injected 100mg/kg of tamoxifen
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intraperitoneally (1.P.) for 5 consecutive days. Mice were allowed to rest for 72 h prior to

methimazole lesion (described below).

Doxycycline preparation and administration

Doxycycline powder was dissolved at 200ug/ml in 5% sucrose in autoclaved water and
administered to mice through drinking water. Keratin5rtTA;fetOGli2AN mice were given
doxycycline water during first three days of doxycycline chow treatment. Doxycycline chow
(1g9/kg, Bio-Serv #F3949) was administered to Keratin5rtTA;etOGli2AN mice at 6-8 weeks until

date of euthanasia.

Methimazole lesion
Methimazole (2-mercapto-1-methylimdazole) was dissolved in sterile 1X PBS and administered
to control and experimental mice through an intraperitoneal (IP) injection at 75mg/kg following

either tamoxifen or doxycycline treatment.

X-gal staining

Mice were anesthetized with 30% isoflurane, transcardially perfused with 2% PLP solution (2%
paraformaldehyde, 0.01M sodium periodate, 0.01M monobasic and dibasic phosphates, and
90mM L-lysine as described in (Packard et al., 2011), and decapitated. Heads were post-fixed in
2% PLP for 1hr at 4 °C. Tissue was then decalcified in 0.5 M EDTA overnight at 4°C;
cryoprotected in 10% (1h), 20% (1h), and 30% sucrose overnight at 4°C; and frozen in OCT
compound. Coronal sections of the olfactory epithelium and olfactory bulb (OB) were cut at

12pm thickness on a Epredia™ Microm HM525 NX Cryostat. Sections were stored at -80 °C
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until the day of staining. Beta-galactosidase activity was detected with X-gal staining solution
(5mM KsFe(CN)s, 5mM KaFe(CN)s, 2mM MgCl2, 0.01% Na deoxycholate, 0.02% NP-40,
1mg/mL X-gal). Sections were incubated with X-gal staining solution overnight in 37 °C. After
staining, sections were washed 3 x 5 min with 1x PBS, pH 7.4, counterstained with nuclear fast
red for 5 min and dehydrated in an ethanol series (70% ethanol, 95% ethanol, 100% ethanol and
100% Xylenes) followed by application of coverslips with permount mounting media. Sections

were visualized on a Nikon E-800 Upright Widefield Microscope.

Immunohistochemistry

Mice were anesthetized with 30% Fluriso (isoflurane, VetOne), transcardially perfused with 4%
paraformaldehyde (PFA), and decapitated. Heads were post-fixed in 4% PFA for 20-24 h at 4°C.
Tissue was then decalcified in 0.5 M EDTA overnight at 4°C; cryoprotected in 10% (1h), 20%
(1h), and 30% sucrose overnight at 4°C; and frozen in OCT compound. 12um thick coronal
sections of the olfactory epithelium and olfactory bulb (OB) were collected on a Epredia™
Microm HM525 NX Cryostat. Sections were stored at -80°C until day of staining. On the day of
staining, sections were baked at 70°C for 10 min, washed 3 x 5 min with 1X PBST (0.01%
Triton X), pH 7.4, then immediately placed in TRIS antigen retrieval solution for 15 minutes in a
92°C water bath. Sections were then blocked with 10% donkey serum for 1h at RT then
incubated with primary antibody overnight at 4°C. The next day sections were washed with 3 x 5
min with 1X PBST (0.01% Triton X), pH 7.4, then incubated with secondary antibody for 1h at
RT, For some antibodies (SEC8, CBX8) TSA amplification was used to detect signal. Nuclei

were labeled with DAPI for 10 min at room temperature (RT) and slides were mounted with
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coverslips using Immu-mount aqueous mounting medium. Sections were visualized on a Leica

upright SP5X confocal microscope.

In situ hybridization

Mice were anesthetized with 30% Fluriso (isoflurane, VetOne), transcardially perfused with 10%
neutral buffered formalin (10% NBF), and decapitated. Heads were post-fixed in 10% NBF for
24 h at RT. Tissue was then decalcified in 0.5 M EDTA overnight at 4°C; cryoprotected in 10%
(1h), 20% (1h), and 30% sucrose overnight at 4°C; and frozen in OCT compound. Coronal
sections of the olfactory epithelium and olfactory bulb (OB) were cut at 12um thickness on a
Epredia™ Microm HM525 NX Cryostat. Sections were stored at -80 °C until the day of staining
when sections were baked at 70°C for 10 min then washed 5 min in 1X PBST (0.01% Triton X),
pH 7.4. Fluorescent in situ hybridization was performed using ACD RNAscope Multiplex
Fluorescent Reagent Kit v2, according to manufacturer’s instructions (ACD 323100-USM).
Pretreatment conditions were optimized for the olfactory epithelium: antigen retrieval was
performed for 15 min, and protease treatment was performed for 1 min. Following the
RNAscope assay, slides were incubated in primary antibody and followed the
immunohistochemistry staining protocol described above. Sections were visualized on a Leica

upright SP5X confocal microscope.

Quantitation and Statistical analysis
All the data are represented as mean + standard deviation. All statistical analyses were performed
using GraphPad statistic calculator (GraphPad Software, La Jolla California USA,

www.graphpad.com). Statistical significance was determined using two-tailed Student’s t-test.
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Significance was defined according GraphPad Prism style: non-significant (p>0.05) and
significant (p<0.05). For all the experimental analyses a minimum of 3 mice of each genotype
were examined; each n represents a mouse. To quantify cell counts all images were blinded and
four separate areas of the OE (dorsal septum, dorsal turbinate, ventral septum, and ventral
turbinate) were averaged per n. All the statistical details (statistical tests used, statistical

significance and exact value of each n) for each experiment are specified in the figure legends.
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2.6 Tables

Table 2.1 Antibodies

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Rabbit anti-p63-alpha (D2K8X) (1:500) Cell Signaling 13109T
Goat anti-CD54 (ICAM1) (1:100) R&D Systems AF796
Mouse anti-SEC8 (1:100) BD Biosciences 610659
Mouse anti-Tujl (1:2500) Promega G7121
Mouse anti-MY C Epitope (1:500) DSHB 9E 10
Rabbit anti-Ki67 (1:500) Abcam ab15580
Rabbit anti-CBX8 (1:500) Cell Signaling 14696
Chicken anti-Beta-Galactosidase (1:2500) Abcam ab134435
Rabbit anti-SOX2 (1:2000) Seven Hills Bio WRAB-1236
Rabbit anti-SOX9 (1:500) Millipore AB5535
Rabbit anti-ARL13B (1:2000) Proteintech 17711-1-AP
Biotin-Donkey anti-Rabbit (1:500) Jackson Immuno 711-065-152
Biotin-Donkey anti-Mouse (1:500) Jackson Immuno 715-065-150
Alexa488-Donkey anti-Chicken (1:500) Jackson Immuno 703-545-155
Alexa488-Donkeyanti-Goat (1:500) Invitrogen A11055
Alexa488-Donkeyanti-Mouse (1:500) Invitrogen A21202
Alexa555-Donkey anti-Goat (1:500) Invitrogen A21432
Alexa555-Donkey anti-Mouse (1:500) Invitrogen A31570
Alexa647-Donkey anti-Rabbit (1:500) Invitrogen A31573
Alexab47-Donkey anti-Goat (1:500) Invitrogen A11055
Table 2.2 Chemicals, peptides, and recombinant proteins
Chemicals, peptides, and recombinant proteins | SOURCE IDENTIFIER
Tamoxifen Sigma T5648
2-mercapto-1-methylimdazole (Methimazole) Sigma 301507
Normal Donkey Serum Jackson Immuno NC9624464
Doxycycline Thermo Fisher BP26535
Doxycycline Chow (1g/kg) Bio-Serv F3949
EDTA EMD/VWR 4005
Sucrose EMD/VWR 8550
Paraformaldehyde Thermo Fisher 50980489
DAPI Thermo Fisher D1306
BSA Sigma A7906
L-lysine Sigma W384720
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Sodium Periodate Sigma 311448
Sodium Monobasic phosphate (Na2zHPO4) Sigma SX0709
Sodium Dibasic phosphate (Na2HPQO4) Sigma 8210-OP
Igepal (NP-40) Sigma 18896
KsFe(CN)s Sigma PX1455
K4Fe(CN)e Sigma P9387
MgCl; VWR 0288
NaCl Sigma SX0420-3
Na deoxycholate VWR SX0480-2
Permount Thermo Fisher SP15100
Triton X-100 VWR 9410
Tween-20 VWR 9480
X-gal Goldbio X4281C
Xylenes VWR XX00555
EtOH Thermo Fisher 04355222
OCT Thermo Fisher 23730571
Antigen Unmasking Solution, Tris-Based Vector H-3301-250
Table 2.3 Critical commercial assays
Critical commercial assays SOURCE IDENTIFIER
Alexa-488 Tyramide SuperBoost Kit, streptavidin Thermo Fisher NC1439037
RNAscope Multiplex Fluorescent Reagent Kit v2 ACD 323100
Table 2.4 Experimental models: Organisms/strains
Experimental models: Organisms/strains SOURCE IDENTIFIER
Mouse: Keratin5CreERT2 (Indraetal., 1999) | JAX: 018394
Mouse: Gli2CrgCreErT? (Wang et al., 2018)
Mouse: Gli1lac/+ (Bai et al., 2002) JAX: 008211
Mouse: Gli2'acz/+ (Bai and Joyner, JAX: 007922
2001)
Mouse: Gli3acZ/* (Garcia et al., 2010) | MGI: 4838603
Mouse: Gli2 (Corrales et al., JAX: 007926
2006)
Mouse: Gli3" (Blaess et al., 2008) | JAX: 008873
Mouse: Smo" (Long etal., 2001) | JAX: 004526
Mouse: ROSA26fl-STOP-fl-tdTomato (Madisen et al., JAX: 007908
2010)
Mouse: Keratin5rtTA (Diamond et al., MGI: 4867436
2000)
Mouse: tetOGli2AN (Grachtchouk et al.,
2011)
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Table 2.5 Software and algorithms

Software and algorithms SOURCE IDENTIFIER

Prism 9 Graph Pad https://www.graph
pad.com/scientific-
software/prism/

FIJI FIJI https://imagej.net/s
oftware/fiji/

Table 2.6 In Situ Hybridization Probes

In Situ Hybridization Probes SOURCE IDENTIFIER

RNAscope Ecoli-lacZ probe ACD 313451

RNAscope Probe Ms-Glil ACD 311001

RNAscope Probe Ms-Gli2E7ES8 ACD 412101

RNAscope Probe Ms-Gli3 ACD 445511
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2.7 Figures
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Figure 2.1 Gli2 and Gli3 are expressed in horizontal basal cells of the adult olfactory
epithelium.
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(A) Cartoon of a sagittal view of the adult mouse head (left). Coronal view of a section through
the adult mouse olfactory epithelium (middle). Schematic of OE cell types (right), including
horizontal basal cells (HBCs; blue), globose basal cells (GBCs; orange), immature olfactory
sensory neurons (IOSNs; green), mature olfactory sensory neurons (mOSNSs; red), sustentacular
cells (Sus; purple), and microvillar cells (MVCs; magenta). (B-I) X-gal staining of coronal
sections from adult wildtype (B, B’, D, D), Gli1'®?* (C, C’, E, E*), Gli2'*?* (F, F’, H, H’), and
Gli3'a?* (G, G’, I, I) reporter mice. Images are taken from both the dorsal septum (B-C’, F-G”)
and a ventral turbinate (D-E’, H-I"). Black arrowheads indicate BGAL* apical cells in Gli2'aZ/+
(H’) and Gli3"®?* (G’. I’) mice. (J-M) Antibody detection of B-galactosidase (BGAL, green; J’,
K’, L’, M"), the HBC nuclear marker NP63 (magenta; J”, K”, L). DAPI denotes nuclei (gray; J,
K, L, M). NP63 (magenta) and BGAL co-localization (green) in Gli2'2?* animals (K’*’; yellow
arrowhead) and Gli3'2Z* (L">’; yellow arrowhead). Note that Gli3, but not Gli2, is expressed in
apical cells at the septum of the adult OE (L’; L”’’; white arrowhead). Scale bars, B, B’, J =
S50um.
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(A-B) Coronal sections of adult WT, Gli2'&Z* and Gli3'2%* mice were stained with antibodies
against f-galactosidase (green; A’-C”) and a marker for Sus cells, SOX2 (red; A’’-C’’). DAPI
denotes nuclei (gray; A-C). Scale bar= 50um. (D-K) Adult mice were either collected at 6-8
weeks of age or injured with a 75mg/kg IP injection of methimazole. Coronal sections of either
uninjured OE or OE 4 days following injury were processed for in situ hybridization with a
probe to detect endogenous mouse Glil (yellow; E, G). Antibodies directed against NP63
demarcate HBCs (blue; E, G). Inverted images of the mGlil probe in OE (black; H, J) and
stroma (black; I, J). DAPI denotes nuclei (D, F), scale bars, 50um (A, D), 25um (H).
Quantitation of mGlil puncta in the stroma underlying the OE, n=4 uninjured, n=4 injured (K).
Data are mean * standard deviation. P-values were determined by a two-tailed unpaired t-test;
n.s.= not significant (p>0.05).
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Figure 2.3 Selective upregulation of Gli2 and Gli3 expression in mice following
methimazole-induced OE injury.

(A-V) Adult WT, Gli2'aZ* and Gli3'2?* reporter mice were either collected at 6-8 weeks of age
or injured with a 75mg/kg IP injection of methimazole. Coronal sections were collected from the
heads of either uninjured (A-C, G-1, M-O) or 4 days post methimazole injury mice (D-F, J-L, P-
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R). In situ hybridization detection of lacZ transcripts in sections from WT, Gli2'2?* and
Gli3'aZ* reporter mice prior to and following injury (yellow; B, H, N, E, K, Q). Inverted images
of lacZ transcripts (black; C, I, O, F, L, R). Co-immunostaining with NP63 (blue; B, H, E, K, Q)
demarcates HBCs. DAPI denotes nuclei (A, D, G, J, M, P), scale bar 50pum (A) and 25um (B).
Quantitation of lacZ puncta in the OE in Gli2'a?* (S) and Gli3'2Z* (T) reporter mice prior and
following methimazole injury. Quantitation of lacZ+ puncta in HBCs from Gli2'2?* (U) and
Gli3'az* (V) reporter mice prior and following methimazole injury. N=2 uninjured Gli2'a?/+,
n=3 injured Gli2'2?* n=3 uninjured Gli3'¥%* n=3 injured Gli3'a?*  Data are mean + standard
deviation. P-values were determined by a two-tailed unpaired t-test; n.s.= not significant
(p>0.05). Scale Bar=50um (A), 25um (B).
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Figure 2.4 Gli2 expression is up-regulated in ventral turbinate-associated OE at 4 days
following methimazole injury.

'~

Adult wild type, Gli2'2?* and Gli3'2Z*mice were injured with 75mg/kg methimazole and
allowed to recover for either 4 days (A-F’) or 8 weeks for full recovery (G-L’). X-GAL staining
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of coronal sections from adult wildtype (A-B’, G-H’), Gli2'&Z* (C-D’, I-I’), and Gli3'2?* (E-F,
K-L) reporter mice. Images are taken from both the dorsal septum (A, A’,C,C’,E, E’, G, G’, I,
I’, K, K’) and a ventral turbinate (B, B>, D, D’, F, F’, H,H’, ], J’, L, L’).
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Figure 2. 5 GI|2 descendants give rise to GBCs, Sus cells, and neurons followmg injury.

(A) Cartoon of Gli2 lineage tracing model using a tamoxifen inducible Gli2CreE? mouse to mark
Gli2-expressing cells. Mice carrying Gli2CreER; tdTomato alleles were given an IP injection with
either vehicle (corn oil) or tamoxifen for 5 consecutive days at 100mg/kg. Upon tamoxifen
administration, Cre recombinase excised the stop codon preceding the tdTomato gene, labelling
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Gli2-expressing cells and their descendants red. Mice were then injured with 75mg/kg
methimazole and collected 8 weeks following injury (B-G’’’’). Coronal sections of vehicle- and
tamoxifen-treated mice were stained with antibodies directed against NP63 label HBCs
(magenta; B’, C’; white arrowheads) and SEC8 mark GBCs (cyan; B’”’, C*”’; yellow
arrowheads). Antibodies directed against SOX2 label Sus cells apically (magenta; D’, E’; blue
arrowheads) while antibodies directed against CD54 label HBCs (cyan; D*”°, E*”’, F*”°, G*”’).
Antibodies directed against CBX8 denote neurons (magenta; F’, G’; green arrowheads). Cells
originating from a Gli2 lineage are labelled with tdTomato (red; B’’, C’’. D*’, E”’, F>, G”").
Merged images of NP63, tdTomato and SEC8 (B”*”’, C*”*’), SOX2, tdTomato, CD54 (D*’”’,
E’’’"), and CBX8, tdTomato, and CD54 (F’**’, G’>*”). DAPI denotes nuclei (gray; B, C, D, E, F,
G), scale bar (B, D, F) = 50um.
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(A) Cartoon of GLI2AN transgene activation using a doxycycline-inducible mouse model. Upon
doxycycline (DOX, green) administration, mice carrying a Keratin 5 reverse tetracycline
transactivator (Krt5rtTA, blue) transgene and a tet-regulated MY C-tagged GLI2AN transgene
(pink) express constitutively active GLI2AN specifically in HBCs of the OE by the rtTA (brown)
protein binding at the tet operon (oragnge). (B-G’’*’) Antibody detection of MYC (magenta, B’-
G’), Ki67 (red, B’’-G’’), and CD54 (cyan, B’’’-G’”’) at 1 Day Vehicle treatment (B-B”*”*), 1
Day DOX treatment (C-C’*”’), 3 days DOX treatment (D-D’*’, E-E’*”’), and 5 days DOX
treatment (F-F’*’, G-G’”*”). DAPI denotes nuclei (gray; B-G). Merged MYC, Ki67, and CD54
images (B”’”’-G”*””). MYC::GLI2AN protein is detectable at 1 day following DOX treatment
(magenta, C’, C**”’; white arrowheads). Following 3 days of DOX administration HBCs express
Ki67 (red, E’’, E’”*’; yellow arrowheads). Ki67 expression in HBCs persists following 5 days of
DOX administration (red, G*’, G’*”’; yellow arrowheads). Scale bar (B), 50um.
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Figure 2.7 Quantitation of GLI2A-mediated HBC proliferation.

(A) Quantitation of HBC number per millimeter (mm) of olfactory epithelium at 1 Day, 3 Days,
5 Days, and 8 Days following doxycycline induction. (B) Quantitation of the percentage of
Ki67* HBCs of total HBCs in the olfactory epithelium at 1 Day, 3 Days, 5 Days, and 8 Days
following doxycycline induction. n=3 control, 3 Krt5rtTA; GLI2AN animals analyzed for 1 Day
DOX. (C) Quantitation of Ki67* HBCs per mm of olfactory epithelium at 1 Day, 3 Days, 5 Days,
and 8 Days following doxycycline induction. n=4 control, n=5 Krt5rtTA; GLI2AN animals
analyzed for 3 Days DOX. n=3 control, 4 Krt5rtTA; GLI2AN animals analyzed for 5 Days DOX.
n=6 control, 7 Krt5rtTA; GLI2AN animals analyzed for 8 Days DOX. Control refers to mice
containing either the Krt5rtTA transgene or GLI2AN transgene. Data are represented as the mean
+ standard deviation. P-values were determined by a two-tailed unpaired t-test; n.s.= not
significant. (D) Summary graph of HBC dynamics in Krt5rtTA; GLI2AN animals, red indicates
the number of HBCs per mm OE, green indicates the number of Ki67* HBCs per mm OE, and
blue indicates the percentage of Ki67* HBCs from total HBCs in the OE.
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Figure 2.8 Constitutively active GLI12 alters HBC identity.

(A-J) Coronal sections from adult mice treated with DOX for 8 days were analyzed with
immunostaining using different OE markers. Antibodies directed against SEC8 (red; B, G)
identify GBCs, while antibody detection of CD54 (cyan; C,H) and NP63 (magenta; D,l) denotes
HBCs. DAPI indicates nuclei (gray; A, F). Merged SEC8, CD54, and NP63 images (E, J).
Quantitation of HBCs (NP63*, SEC8-; K), GBCs (NP63",SEC8*; L), and mixed identity HBCs
(NP63*, SEC8*; M). n=8 control and n=8 Krt5rtTA;GLI2AN animals analyzed (K-M). (N-U)
Coronal sections from adult mice treated with DOX for 8 days were analyzed with
immunostaining using different OE markers. Antibody detection of CD54 (cyan; O,S) and apical
SOX2 (Sus cell marker, magenta; P,T). DAPI indicates nuclei (N, R). Merged CD54 and SOX2
images (Q,U). Quantitation of SOX2* HBCs (SOX2*, CD54*; V) and SOX2* Sus cells (Apical
SOX2* cells; W). n=6 control and n=7 Krt5rtTA; GLI2AN animals analyzed (V-W). Scale bars
(A, N) =50um. Control refers to mice containing either the Krt5rtTA or GLI2AN transgene. Data
are mean = standard deviation. P-values were determined by a two-tailed unpaired t-test; n.s.=
not significant (p>0.05).
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Figure 2.9 Constitutively Active GLI2 localizes to primary cilia in HBCs and increases
SOX9 expression.

(A-U) Mice containing the Krt5rtTA and GLI2AN transgenes were treated with doxycycline for
8 days. Coronal sections from adult mice were treated with antibodies directed against MYC
(magenta; B, G; white arrowhead) which detects GLI2AN, Arl13b (red; C, H; white arrowhead)
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which labels primary cilia, and CD54 (cyan; D, 1) which denotes HBCs. Merged MYC, Arl13b,
CD54 images (E, J). DAPI denotes nuclei (A, F), scale bar (A) 50um. (K-R) Coronal sections
from adult mice treated with DOX for 8 days were analyzed with immunostaining using different
OE markers. Antibodies directed against CD54 (cyan; L, P) denote HBCs, while antibody
detection of SOX9 (magenta; M, Q) identifies Bowman’s gland cells. DAPI indicates nuclei
(gray; K, O). Scale bar (A), 50um. Merged CD54 and SOX9 images (N, R). Quantitation of the
percentage SOX9* HBCs, n=3 control and n=3 Krt5rtTA; GLI2AN animals analyzed (S).
Quantitation of the percentage of CBX8* HBCs, n=5 control and n=5 Krt5rtTA; GLI2AN animals
analyzed (T). Quantitation of mMOSNSs, n=5 control and n=5 Krt5rtTA; GLI2AN animals analyzed
(V). Control refers to mice containing either the Krt5rtTA or GLI2AN transgene. Data are mean +
standard deviation. P-values were determined by a two-tailed unpaired t-test; n.s.= not significant
(p>0.05).
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Figure 2.10 GLI2A-expressing HBCs fail to contribute to neuronal lineages following
injury.

(A) Cartoon of GLI2AN transgene activation using a doxycycline-inducible mouse model. Upon
doxycycline (DOX, green) administration, mice carrying a Keratin 5 reverse tetracycline
transactivator (Krt5-rtTA, blue) transgene and a tet-regulated MY C-tagged GLI2AN transgene
(pink) express constitutively active GLI2AN specifically in HBCs of the OE. 1 day following
doxycycline induction, mice are injured with a 75mg/kg intraperitoneal (IP) injection of
methimazole. Following methimazole injury, mice are kept on doxycycline and collected 7 days
following injury. (B-S) Coronal sections from adult mice treated with DOX for 8 days, 7 days
following methimazole injury, were analyzed with immunostaining using different OE markers.
Antibodies directed against SOX2 (magenta; C, G) denote apical lying Sus cells and a subset of
basal HBCs and GBCs, while antibody detection of CD54 (cyan; D, H, M, Q) exclusively
identifies HBCs. Merged SOX2 and CD54 images (E, I). DAPI indicates nuclei (gray; B, F, K,
0). Quantitation of the percentage of SOX2* cells in the OE (J). Antibodies directed against
TUJ1 (red; L, P) denote neurons. Merged TUJ1 and CD54 images (N, R). Quantitation of the
percentage of TUJ1* cells in the OE (S). Scale bar (B, K), 50um. n=3 control and n=5 Krt5rtTA;
GLI2AN animals analyzed. Control refers to mice containing either the Krt5rtTA or GLI2ZAN
transgene. Data are mean + standard deviation. P-values were determined by a two-tailed
unpaired t-test; n.s.= not significant (p>0.05). (T) Summary of HBC-mediated OE reconstitution
at 7 days following injury in wild type (left) and Krt5rtTA;GLI2AN mice (right).
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Figure 2.11 Constitutively Active GLI2 drives HBC proliferation following injury.

(A-J) Coronal sections from adult mice treated with DOX for 8 days, 7 days following
methimazole injury, were analyzed with immunostaining using different OE markers. Antibodies
directed against MY C (magenta; B, G) denote MY C tagged GLI2AN, while antibodies directed
against CD54 (cyan; C, H) stain HBCs. Actively cycling cells are stained with Ki67 (red; D, 1),
DAPI denotes nuclei (gray; A, F), MYC, CD54, Ki67 merged images (E, J). Scale bar (A),
50um. Quantitation of the percentage of Ki67* HBCs (K). Quantitation of the number of NP63+
HBCs (L), SEC8+ GBCs (M), and SOX9+ Sus cells (N) per mm of OE. n=3 control and n=5
Krt5rtTA; GLI2AN animals analyzed. Control refers to mice containing either the Krt5rtTA or
GLI2AN transgene. Data are mean + standard deviation. P-values were determined by a two-
tailed unpaired t-test; n.s.= not significant (p>0.05).
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Figure 2.12 HBC-specific individual Gli3, but not Gli2 deletion results in improper OE
regeneration.

(A, F) Cartoon of HBC-specific individual deletion of either Gli2 or Gli3. Mice containing a
Krt5-CrefR Cre allele were crossed with mice carrying either Gli2"! (A) or Gli3"" (F), alleles in
addition to a tdTomato reporter allele. Upon tamoxifen administration (1.P., 100mg/kg for 5
consecutive days), mice were rested for 72 hours, then injured with methimazole (1.P., 75mg/kg)
and allowed to recover for 8 weeks. Quantitation of HBCs (B), GBCs (C), OSNs (D), and Sus
Cells (E) per mm of OE. n=5 control and n=6 Krt5-Cre®R; tdTomato/+; Gli2"! animals analyzed.
Control refers to Krt5-CrefR; tdTomato/+; Gli2"* mice or mice lacking the Krt5-Cre®R allele.
Quantitation of HBCs (G), GBCs (H), OSNs (1), and Sus Cells (J) per mm of OE. n=7 control
and n=6 Krt5-CrefR; tdTomato/+; Gli3"" animals analyzed. Control refers to Krt5-Cre®R;
tdTomato/+; Gli3"* mice or mice lacking the Krt5-CreR allele. Data are mean + standard
deviation. P-values were determined by a two-tailed unpaired t-test; n.s.= not significant
(p>0.05).
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Figure 2.13 Simultaneous HBC-specific Gli2 and Gli3 deletion results in defective OE
regeneration.

(A) Cartoon of tamoxifen-inducible HBC-specific Gli2 and Gli3 deletion. Mice carrying a Krt5-
Cre®R allele were crossed with mice containing Gli2" and Gli3"M alleles as well as a tdTomato
reporter allele. Tamoxifen administration induces Keratin 5 (Krt5)-expressing cells to drive Gli2
and Gli3 deletion and tdTomato expression. After tamoxifen administration (I.P., 100mg/kg for
5 consecutive days), mice were rested for 72 hours, then injured with methimazole (I.P.,
75mg/kg) and allowed to recover for 8 weeks. (B-O) Coronal sections from adult mice collected
8 weeks following injury were analyzed with immunostaining for various OE markers.
Antibodies directed against NP63 (magenta; D, G) mark HBCs, while antibodies directed
against SEC8 (cyan; D, G) denote GBCs. Antibodies directed against Tujl (magenta; K, N) and
CBX8 (cyan; K, N) mark OSNs. DAPI denotes nuclei (gray; B, E, I, L), scale bar (B, I), 50pum.
Quantitation of HBC (H) and OSN (O) number per mm of OE. n=4 control and n=5 Krt5-CretR;
tdTomato/+; Gli2™"f: Gli3"! animals analyzed. Endogenous tdTomato reporter
immunofluorescence (red; C, F, J, M) demarcates HBCs and their lineages. Control animals
refers to Krt5-Cre®R;tdTomato/+;Gli2*+;Gli3"* mice or mice lacking the Krt5-Cre®R allele. Data
are mean = standard deviation. P-values were determined by a two-tailed unpaired t-test; n.s.=
not significant (p>0.05).
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Figure 2.14 Simultaneous HBC-specific Gli2 and Gli3 deletion results in defective OE

regeneration.
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(A-E) Coronal sections from adult Krt5-Cre®R; tdTomato/+; Gli2f; G1i3%f mice collected after
5 days of consecutive tamoxifen injections (I.P., 100mg/kg). Sections were treated with mRNA
probes directed against endogenous Gli2 (yellow; A, C) and Gli3 (yellow; B, D). Antibodies
directed against NP63 demarcate HBCs (blue; A-D). Quantitation of Gli2 (E) puncta and Gli3
(F) puncta adjacent to NP63+ nuclei. Scale bar (A), 25um. Data are mean + standard deviation.
P-values were determined by a two-tailed unpaired t-test; n.s.= not significant (p>0.05). (G-P)
Coronal sections from adult Krt5-CrefR; tdTomato/+; Gli2™f; Gli3%f mice collected 8 weeks
following injury were analyzed with immunostaining for various OE markers. Mice lacking both
Gli2 and Gli3 display a range of morphological phenotypes (G-J). Antibodies directed against
SOX2 (magenta; M, P, inset in N) denote Sus cells apically, whereas antibodies directed against
CD54 (cyan, M, P, inset in N) demarcate HBCs. DAPI denotes nuclei (gray; G-J, K, N),
tdTomato marks HBCs and their progeny following injury (red; G-J, L, O), scale bar (G, K),
50um. Quantitation of Sus cells (Q) and GBCs (R) per mm of OE. n=4 control and n=5 Krt5-
CrefR; tdTomato/+; Gli2"f: Gli3"" animals analyzed. Control refers to Krt5-CrefR; tdTomato/+;
Gli2"*; Gli3"* mice or mice lacking the Krt5-CrefRallele. Data are mean + standard deviation.
P-values were determined by a two-tailed unpaired t-test; n.s.= not significant (p>0.05). (S)
Table summarizing OE cell composition in Gli2®K®, Gli3®K®, and Gli2/3°K° mice compared to
control mice. Green indicates increase in cell number, red indicates decrease, light gray indicates
no change.
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Figure 2.15 Gli2 and Gli3 play key roles in olfactory epithelium regeneration following
injury.

Cartoon demonstrating the proposed role of Glis at homeostasis and following injury. (1) GLI2
and GLI3 are processed into transcriptional repressors (GLIR) in quiescent HBCs at
homeostasis. (2) Following injury, Gli2 and Gli3 transcript is upregulated and GLI2 and GLI3
are processed into transcriptional activators (GLIA) as HBCs proliferate. (3) In order for HBCs
to properly differentiate into mature OE cell types (OSNs and Sus cells) GLI12 and GLI3 are
processed back to GLIR, which is maintained as the OE returns back to its normal state at full

recovery (4).
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Chapter 3 Summary and Future Directions

3.1 Summary of Key Findings

The data presented in Chapter 2 demonstrate a novel role for the HH transcription factors
GLI2 and GLI3 in OE regeneration. Using gain-of-function and loss-of-function genetic
approaches, | demonstrated that GL12 and GLI3 regulate HBC proliferation and differentiation
following OE injury.

| employed lacZ reporter mice and in situ hybridization to demonstrate that GLI
transcription factors are expressed in the adult OE, specifically within HBCs and distinct subsets
of Sus cells. Further, Gli2 and Gli3 expression is upregulated following methimazole injury to
the OE. To extend these expression studies, | used a constitutively active form of GLI2 lacking
the N-terminal repressor domain (GLI2AN) to activate HH signaling in HBCs. GLI2AN drives
proliferation and alters cell identity in HBCs; GLI2AN-expressing HBCs are also defective in
OSN differentiation following OE injury. These data suggest that GLI activator drives HBC
proliferation and HBC differentiation to supporting cell types, but not OSNs. HBC-specific Gli2
deletion does not result in any detectable phenotypes, although HBC-specific Gli3 deletion only
in HBCs results in increased numbers of HBCs, GBCs and Sus cells. Strikingly, combined Gli2
and Gli3 deletion in HBCs results in perturbed OE regeneration, including decreased HBCs,
GBCs, and OSN numbers. These data suggest that GL12 and GLI3 are necessary for HBC-
mediated regeneration of the OE.

While my work primarily focused on GLI2 and GLI3 - the downstream effectors of the

HH signaling pathway — in adult OE regeneration, a number of important questions remain
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unexplored. Below I discuss a series of key outstanding questions, present preliminary data that
informs the answers to these questions, and outline approaches to rigorously address these

questions in the future.
3.2 Future Directions

3.2.1 Potential Roles for HH Ligands and Receptors in the Adult OE

While the data in Chapter 2 indicate that HH transcription factors are present and
functional in HBCs, the roles for HH signaling pathway components upstream of GLIs in the OE
remain unexplored. HH ligands have three mammalian paralogues — Sonic hedgehog (SHH),
Indian hedgehog (IHH), and Desert hedgehog (DHH) (Echelard et al., 1993). Importantly, SHH
expression has been defined in the olfactory bulb glomeruli, where axons from OSNs project to
(Gong et al., 2009). To investigate if these ligands are present in the OE | used an in situ
hybridization approach in adult uninjured OE, due to lack of reliable HH ligand antibodies
(Figure 3.1). Since my data in Chapter 2 indicated that GL12 and GLI3 are expanded 4 days
following methimazole injury, | also examined Shh expression in injured mice (Figure 3.1). |
was unable to detect Shh transcript in either uninjured or 4 day post-injury OE or stroma (Figure
3.1 A-H). I confirmed the specificity of the Shh probe by detection of Shh transcript in the
glomeruli of the olfactory bulb (Figure 3.1 I-K). To corroborate these findings, | also examined
Shh'acz’+ reporter mice both in uninjured and 4 days-post methimazole injury (Figure 3.1 L-O).
Notably, most of the OE is BGAL negative except for a very rare BGAL™ cell of unknown type
(Figure 3.1 L-O). My preliminary data indicate there is no obvious source of Shh-producing cells
in the OE or the stroma, though further studies are necessary to confirm these findings.

IHH is another potential HH ligand in the OE. The OE lies on top of bony turbinates, and

bones express Ihh (St-Jacques et al., 1999). | used the same in situ hybridization approach to
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examine Ihh transcript in uninjured OE and 4 days post-injury (Figure 3.1 P-S). Similar to the
Shh in situ data, | did not detect Ihh in the OE in either uninjured or injured mice (Figure 3.1 P-
S). I confirmed the specificity of the Ihh probe by positive detection of Ihh in the septum bone
(Figure 3.1 T). In short, my data indicates that Ihh transcript is not expressed in the OE at
homeostasis and at 4 days post-injury.

Another HH paralog is Desert Hedgehog (DHH), which has not been explored in the OE.
Dhh is expressed in Schwann cells and is important for nerve sheath formation (Mirsky et al.,
1999; Parmantier et al., 1999). Importantly, the OE contains olfactory ensheathing cells (OECs)
that wrap OSNs and are necessary for proper regeneration of OSNs (Barber and Lindsay, 1982;
Field et al., 2003; Schwob et al., 1992). Using the same in situ hybridization approach as
described above, | can examine Dhh expression in the OE, paying close attention to the OECs.
Given Dhh’s previously described function in sheathing cells, it is possible that Dhh could be
playing a similar role in the OE.

The lack of either Shh or Ihh transcript in the OE could have several explanations. It is
possible that they are never expressed in the adult OE and that GLI2 and GLI3 function
independently of canonical HH signaling. One way to confirm this would be to examine the
function of Smo in GLI-expressing cells, since HH ligand is necessary for the de-repression of
Smo. To do this, | can breed Keratin5CreER and Smo™f mice together to generate mice lacking
Smo in their HBCs (Smo®©). Following tamoxifen treatment, | can injure Smo®<® mice with
methimazole and investigate the impact of Smo conditional deletion on HBC-mediated
regeneration of the OE. Given that | have yet to find a source of HH ligand in the OE, | predict
that GLIs are most likely working independently of canonical HH signaling. If there are no

significant phenotypes, then it would stand to reason that GLI2 and GLI3 in HBCs may work
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independently of canonical HH ligands. Then, it is possible that other upstream signaling
pathways modulate GLI2 and GLI3 in HBCs. In this case, investigating other signaling pathways
in GLI2AN and Gli2/3%%° animals could be helpful. Notch signaling would be a good candidate
of study since Notch signaling pathway components are expressed in HBCs and play important
roles in OE regeneration (Herrick et al., 2018; Herrick et al., 2017). Additionally, Notch
signaling has been demonstrated to direct HH morphogen activity in the developing ventral
spinal cord (Kong et al., 2015), indicating that crosstalk between these two pathways is possible.
Investigating Notch pathway components in GLI2AN and Gli2/3%K® mice can elucidate this
possible interaction further.

While Shh and Ihh transcripts are not expressed by cells in the adult OE, it is possible that
HH ligands are being delivered to the OE from another source. One way | attempted to address
this was analyzing ShhEGFPCre; tdTomato/+ mice (Harfe et al., 2004)(Figure 3.2). This allele
labels all Shh expressing cells and their progeny starting at embryonic development at E10
(Harfe et al., 2004). I discovered that Shh lineages are present in the OE, and colocalize with
HBC and Sus cell markers (Figure 3.2). Additionally, there are CD54 and SOX2 negative
lineages present in the OE as well, which could be GBCs or OSNs (Figure 3.2). There are also
Shh lineages present in the underlying stroma (Figure 3.2). While this data is certainly
interesting, it is hard to conclude when exactly Shh was expressed in these cells, or if these cells
are distant progeny of other Shh expressing cells. To better address this question, I can use a
tamoxifen inducible ShhCretR crossed into a tdTomato reporter and induce expression in adult
mice (Harfe et al., 2004). This would also allow for temporal control of labeling Shh-expressing
cells and follow up with methimazole injury to examine if there is expansion of Shh+ cells

afterwards.
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Another HH signaling pathway component of interest is Ptchl — a HH signaling pathway
receptor. PTCHL1 is a negative regulator of the HH signaling pathway, and a downstream target
(Briscoe and Therond, 2013). To investigate if Ptchl is expressed in adult OE, | utilized
Ptch1'2Z* reporter mice and examined expression with XGAL. Unlike Gli2 and Gli3 expression,
Ptchl expression in adult uninjured OE is quite broad (Figure 3.3 A-B). Particularly, there is
heavy XGAL expression in the middle regions of the OE, where the OSNs reside (Figure 3.3 A-
B). Also of note, expression of Ptchl appears heavier dorsally, and is also present in the
underlying stroma like Glil (Figure 3.3 A-B). Even more interesting is that Glil, also a HH
target gene, is exclusively stromal (see Chapter 2), while Ptchl has a much broader expression in
the OE (Figure 3.3 A-B). One potential interpretation of this data is that Ptchl is acting as a
repressor of the HH signaling pathway in homeostatic conditions. To examine this, I injured
Ptch1'2Z* reporter mice with methimazole and examined Ptch1 expression by XGAL staining 4
days post-injury (Figure 3.3 C-D). Interestingly, no Ptchl expression was detected in the OE
following methimazole injury (Figure 3.3 C-D). This is the opposite of Gli2 and Gli3 expression
following methimazole injury, which is expanded (see Chapter 2). This result would fit with the
notion that GLI2 and GLI3 function independently of HH signaling, since typically high HH
signaling results in higher expression of HH targets Glil and Ptchl (Briscoe and Therond, 2013),
but both are notably absent from the OE following injury (see Chapter 2 and Figure 3.3C-D). To
follow up on these studies, looking at later injury recovery time points, such as 8 weeks, would
be informative to see if Ptchl levels return to baseline as HBCs become more quiescent. | predict
that as the OE recovers from methimazole injury, Ptchl expression will return to normal as
OSNs mature. Overall, my preliminary data suggests that Ptchl could have interesting and

important roles in OE regeneration.
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One way to examine Ptchl function in the OE would be to use a Ptch conditional
deletion allele, Ptch1™ (Uhmann et al., 2007). Since Ptch1 is most strongly expressed in OSNs,
| can achieve OSN-specific Ptchl deletion using an OMPCrefR allele which is tamoxifen
inducible and can target mature OSNs in adult mice (Holl, 2018). Then, I can examine the
consequences of OSN-specific Ptchl deletion on OSNs both in homeostatic and in injury
conditions (Figure 3.3 E). Prior to injury, | can examine if Ptchl deletion has any effect on OSN
function by utilizing electroolfactograms (EOGSs) (Scott and Scott-Johnson, 2002) (Figure 3.3 F).
EOGs measure the electrical output from mOSNSs in response to smell stimuli (Scott and Scott-
Johnson, 2002) (Figure 3.3 F). If Ptchl plays a functional role in mOSN smell signal
transduction, then | can expect aberrant EOG results. | can also examine the effect of Ptchl
deletion on OE regeneration of OSNs following methimazole injury. Since Ptchl is expressed in
discrete regions of the OE, | predict that dorsal areas of the OE will be adversely affected by this
conditional deletion, where there is the strongest XGAL staining (Figure 3.3 A-B). It would be
interesting to compare these results with my Gli2/3°K° data, which indicated that GLI2 and GLI3
are necessary for proper OE regeneration.

To summarize, the role of HH ligands and receptors remains to be explored in the OE.
My work in Chapter 2 details the function of GLI12 and GLI3 in HBCs but if these GLIs are
working in a ligand dependent or independent manner remains to be answered. Fortunately, we
have many genetic tools at our disposal to ask interesting and directed questions about upstream

HH signaling in the OE, as detailed above.

3.2.2 Roles for HH Signaling in the Stroma Underlying the Adult OE

A relatively unexplored part of the OE is the stroma underneath the basement membrane,

also known as the lamina propria. The stroma is highly vascularized, allowing for quick drug
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delivery to the nasal epithelium (Stott et al., 1983). Additionally, the stroma is an important
source of inflammatory cytokines and defense against invading parasites (Imamura and
Hasegawa-Ishii, 2016). Inflammation from severe infections, and other factors, can result in
conditions like chronic sinusitis, which can lead to anosmia (loss of smell) (Kern, 2000). Studies
have examined the stroma in chronic inflammatory rhinosinusitis models of mice and
demonstrated that the immune system can directly affect HBCs and the OE (Chen et al., 2017;
2019). This leads to a plethora of questions about the stroma, the immune system, and how they
function together to maintain and support the OE.

The nature of the fibroblasts in the stroma is a matter of debate. Some studies have
described them as “ectomesenchymal” and having stem cell like properties (Delorme et al.,
2010; Rui et al., 2016). Whether or not the fibroblasts in the stroma are stem cells, it is certainly
possible that they could play important roles in OE maintenance. Particularly, it is possible that
stromal fibroblasts function in immune infiltration as well. Recent work from our lab showed
that Gli-expressing fibroblasts promote immune infiltration and macrophage migration in the
context of pancreatic cancer (Scales et al., 2022). It is important to note that my data in Chapter 2
indicated that Glil, Gli2, and Gli3 are expressed in the stroma underlying the OE, suggesting that
fibroblasts in the stroma underlying the OE could function in a similar way.

To test this, | can utilize a PdgfraCre®R mouse line to target the fibroblasts in the stroma
(Chung et al., 2018). I have done some preliminary characterization of this allele and
demonstrated its expression with a tdTomato reporter allele (Figure 3.4). In vehicle treated mice,
there was very little leakiness of the Cre (Figure 3.4 A-E), whereas in tamoxifen treated mice,
there was robust tdTomato expression in the stroma (Figure 3.4 F-J). | can then cross in this

allele to Gli2""and Gli3"" mice to conditionally delete Gli2 and Gli3 from stromal fibroblasts
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and examine their effect on the OE both prior and following injury (Figure 3.4 K). Similarly, |
can target Smo using Smo™" mice and examine the effect of loss of Smo in the context of
homeostasis and regeneration (Figure 3.4 L). To examine potential roles for stromal fibroblasts
in inflammation and immune infiltration, | can cross these Gli- or Smo-deficient mice to the
chronic rhinosinusitis mouse model described in (Chen et al., 2019). I can then examine the
impact on immune populations using a combination of immunofluorescence and FLOW
cytometry. Based on work published from our lab showing that Gli2 and Gli3 deletion results in
increased T cell infiltration in the pancreas (Scales et al., 2022), | predict a similar phenotype in

the proposed experiments above.

3.2.3 HH Signaling in Regenerative Epithelia — Not a Straightforward Tale

The olfactory epithelium is a regenerative epithelium, and one of only a few sites of adult
neurogenesis (Graziadei, 1973; Graziadei and Graziadei, 1979). The specialized stem cells in the
OE make this possible and are the reason why we retain our sense of smell throughout our
lifetime (Schwaob et al., 2017). These characteristics make the OE truly a unique system to study
not only olfaction but also stem cell biology and regeneration. Similarly, the lingual epithelium
also contains basal cells that are necessary for taste bud regeneration (Miura and Barlow, 2010).
Like the OE, the tongue is a sensory epithelium that is responsible our sense of taste. Taste and
smell together, combined with higher processing in the brain, join to create our perception of
flavor (Spence, 2015).

The lingual epithelium also heavily relies on HH signaling for proper taste bud
regeneration and maintenance (see Chapter 1). What remains interesting about the taste and
smell epithelia is how differently HH signaling appears to function in both. In the taste

epithelium, expressing a dominant-negative GLI2AC4 transgene, a truncated form of GLI2
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lacking the activator domain, in basal cells results in loss of taste buds and loss of proliferation
(Ermilov et al., 2016). Since activating the HH signaling pathway with GLI2AN caused
increased proliferation in the OE (see Chapter 2), | was curious if using the opposite transgenic
model (GLI12AC4) would result in loss of proliferation, like in the taste epithelium. Using the
same transgenic mouse line, | expressed GLI2AC4 in HBCs and challenged the HBCs with a
methimazole injury 24 hours after doxycycline induction (Figure 3.5 A). | collected the OE from
control and experimental GLI2AC4 mice 7 days following methimazole injury (Figure 3.5 A).
Interestingly, there were no significant phenotypes at 7 days post-injury (Figure 3.5 B-E). HBC,
GBC, Sus cell, and OSN numbers were all slightly down but not significantly (Figure 3.5 B-E).
This suggests that HBCs expressing GLI2AC4 are still able to properly proliferate and
differentiate into different OE cell types following methimazole injury. The observed phenotypes
in GLI2AC4 mice were very minor, if not nonexistent, compared to what was observed in the
taste epithelium. This suggests that repressing HH signaling using GLI2AC4 is not sufficient to
abrogate HBC function at early regeneration.

Several follow-up studies can be conducted to validate the findings in Figure 3.5. Perhaps
most important is the validation of GLI24C4 transgene induction in the OE. Fortunately, | was
able to confirm that the GLI24C4 transgene in my mouse colony was induced in the tongue
through a collaboration with Dr. Archana Kumari in the Mistretta lab (Figure 3.5 F). She was
able to detect atypical taste buds in K5rtTA; GLI24C4 mice following 3 weeks of DOX
induction in tongues of mice that I collected (Figure 3.5 F), echoing already published studies
(Ermilov et al., 2016). What remains to be resolved is if this transgene is working just as robustly

in the OE. One way to confirm this would be to detect the GLI24C4 transgene with FLAG
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antibody staining or FLAG gPCR primers, since this transgene has a FLAG epitope tag (Figure
3.5A).

Another approach would be to express GLI2AC4 for 8 weeks following injury and
examine the effect of dominant-negative GLI2 on full OE recovery. Since combinatorial loss of
GLI2 and GLI3 in HBCs shows significant phenotypes at 8 weeks — it is possible that this is the
time point at which GLI2AC4 mice will display defects in OE regeneration. If no phenotypes are
observed, then it is possible that GLIs in the OE function primarily in the repressor state. This
would fit with the data I collected in Chapter 2 which suggest GLIs are only transiently in their
activator form, since overexpression of GLI2A (GLI2AN) results in hyperproliferation and
abrogated cell identities. To follow up, | can use several different approaches to test whether
GLlIs are endogenously in their repressor or activator form in the OE.

To examine the post-translational processing of GLIs in the OE, I can collect OE lysates
from uninjured, acutely injured (4 days-post methimazole injury), and fully recovered (8 weeks
post-methimazole injury) mice. Then I can run the lysates out on a Western gel and blot for
endogenous GLI2 and GLI3 levels. If my prediction is correct, then both GLI2 and GLI3 will be
primarily in their smaller, truncated repressor form when the OE is uninjured and when fully
recovered. Opposingly, during acute regeneration (4 days-post methimazole injury) they will be
primarily in their full-length activator forms. Some technical hurdles apply with this experiment
1) it is difficult to find reliable endogenous antibodies for GLI12 and GLI3 and 2) possible
contamination from the stroma underlying the OE which also contains GLI2 and GLI3. To
address point 1, I can utilize epitope tagged Gli2"AHA and Gli3F-AG/FLAG mice that we have

generated in the lab, allowing me to use HA and FLAG antibodies to detect GL12 and GLI3
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respectively. To address point 2, | can purify out stromal cells that also express GLI12 and GLI3
by using anti-PDGFRa-conjugated magnetic beads, which can bind to stromal cells.

The Gli2HAMA and GIi3FLAG/FLAG epitope tagged experimental system can be taken even
further in the context of OE regeneration. For example, in my GLI2AN experiments | observed
an increase of NP63* cells and conversely in Gli2/3%X° experiments | observed a decrease in
NP63* cells (Chapter 2). This suggested to me that GLI2, and possibly GLI3, could potentially
modulate NP63 gene transcription. My hypothesis is that GLI2 and GLI3 can modulate NP63
gene transcription by binding to regions upstream of the NP63 gene during OE regeneration in
order to stimulate HBC proliferation. To test this, | can purify OE from Gli2HAHA and
GIi3FLAGIFLAG yninjured and methimazole lesioned mice and proceed with ChIP sequencing.
Using ChIP-seq, | can examine where GLI2 and GLI3 are binding both in the context of
regeneration and during homeostasis. Even if my prediction is incorrect, data from these
experiments can elucidate where GLI12 and GLI3 are binding in HBCs, furthering our
understanding of what GLI transcription factors are doing on a molecular level in HBCs.

To summarize, my preliminary data using GLI2AC4 to drive GLI2R is drastically
different to what has been described in the tongue using the same mouse model. Additional
studies in the tongue utilized a pharmacological inhibitor of the HH signaling pathway, LDE225
and also saw loss of taste buds, in addition to loss of taste sensation (Kumari et al., 2015; Kumari
et al., 2017). LDE225 inhibits the HH signaling pathway by antagonizing SMO (Pan et al.,
2010). Using LDE225 in the OE can help elucidate if canonical SMO-mediated HH signaling is
necessary in the OE. The benefit of using pharmacological inhibition of SMO, rather than the
genetic experiments using Smo™ mice that were outlined above, is that LDE225 would target the

entire OE. I can then examine the impact of SMO inhibition during maintenance and
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regeneration. Since LDE225 will target the whole OE, | can use both methimazole to examine
HBC-mediated regeneration and bulbectomy to target GBC-mediated regenerated. Given that
this is a global inhibition of HH signaling, | expect to see defects in regeneration using either

lesion model in the OE.

The OE is not the only regenerative epithelium that relies on basal stem cells. For
example, the respiratory epithelium also contains basal NP63* cells that have stem cell
capabilities, like the HBCs in the OE (Wang et al., 2002). Despite this similarity, HH signaling
plays an entirely different role in the respiratory epithelium and maintains quiescence in the lung
(see Chapter 1), whereas HH signaling promotes proliferation in the OE (see Chapter 2).
Perhaps these differences can be attributed to the fact that the OE is a sensory epithelium
designed to optimally suss out odors in the air, while the respiratory epithelium is designed for
maximum oxygen absorption by the blood. Regardless of the mechanism, HH signaling is
important for both of these regenerative epithelia.

In summary, the data presented in this thesis describe functional roles for GLI proteins in
OE regeneration and highlight the diverse employment of HH/GLI signaling across multiple
epithelia. This work also has implications for therapeutic approaches to treat patients suffering

from olfactory disorders.
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3.3 Figures
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Figure 3.1 Shh and Ihh RNA are not Expressed in the Olfactory Epithelium

(A-T) Adult wildtype or Shh'aZ* mice were either collected at 6-8 weeks of age or injured with a
75mg/kg IP injection of methimazole. Coronal sections were collected from the heads of either
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uninjured (A-D, I-M, P-Q, T) or 4 days post methimazole injury mice (E-H, N-O, R-S).
Antibodies directed against NP63 demarcate HBCs (B, F; magenta, Q, S, blue), TUJ1 mark
OSNs (C, G; cyan), and tyrosine hydroxylase marks glomeruli (J; blue). In situ hybridization
detection of HH ligand transcripts using a mouse Shh probe (D, H, K; yellow) and a mouse Ihh
probe (Q, S, T; yellow). X-GAL staining of Shh'2Z* mice (L-O). DAPI denotes nuclei (A, E, I,
P, R; gray, T; blue). Scale bars=50um (A, I, L, M, P, T).
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Figure 3.2 Shh+ Lineages are Present in the Adult Olfactory Epithelium

Adult ShhECFPCre; tdTomato/+ mice were collected at 6-8 weeks of age. Coronal sections were
treated with antibodies directed against SOX2 (green) demarcating Sus cells apically or CD54
(magenta) marking HBCs. Merged image of tdTomato, SOX2, and CD54 staining on the far
right. DAPI (gray) denotes nuclei.
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Figure 3.3 Ptch Expression in the Adult Olfactory Epithelium

(A-D) Adult Ptch1'2Z* mice were either collected at 6-8 weeks of age (A-B) or injured with a
75mg/kg IP injection of methimazole (C-D). Coronal sections were treated with XGAL
overnight at 37 °C. Blue staining indicates XGAL" cells (A-D). Proposed scheme for conditional
deletion of Ptch in OSNs (E). Example electroolfactogram (EOG), collected in collaboration
with Dr. Robert Bradely and Dr. Hajime Sato in the Bradley lab (F).
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Figure 3.4 Using PdgfraCretR to Target Stromal Cells in the Nose.

Adult PdgfraCre®R; tdTomato/+ mice were collected at 6-8 weeks of age after 5 days of either
corn oil injections (A-E, vehicle) or 100mg/kg tamoxifen injections (P-J). Coronal sections were
treated with antibodies against PDGFRa (B, G; green) marking fibroblasts and CD54 (D, I;
magenta) marking HBCs. Scale bar=50um. Cartoon depicting experimental scheme for targeted

GLI2 and GLI3 deletion in stroma (K) and SMO deletion in stroma (L).
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Figure 3.5 Expression of a Constitutive GLI repressor in HBCs does not alter OE
regeneration.

A) Cartoon of Gli24C4 transgene activation using a doxycycline-inducible mouse model. Upon
doxycycline (DOX, green) administration, mice carrying a Keratin 5 reverse tetracycline
transactivator (Krt5-rtTA, blue) transgene and a tet-regulated FLAG-tagged GLI2AC4 transgene
(pink) express constitutively active GLI2AC4 specifically in HBCs of the OE. 1 day following
doxycycline induction, mice are injured with a 75mg/kg intraperitoneal (IP) injection of
methimazole. Following methimazole injury, mice are kept on doxycycline and collected 7 days
following injury. Quantitation of HBCs (B), GBCs (C), Sus cells (D), and OSNs (E) in mice at 7
days following injury. n=3 control and n=3 Krt5rtTA; Gli24C4 animals analyzed. Control
animals refers to mice containing either the Krt5rtTA or Gli24C4 transgene. Data are mean +
standard deviation. P-values were determined by a two-tailed unpaired t-test; n.s.= not significant
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(p>0.05). Tongues collected from Krt5rtTA; GLI2AC4 mice treated with DOX for 3 weeks were
analyzed by Dr. Archana Kumari (F).
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