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ABSTRACT

Stem cells in the olfactory epithelium (OE) can completely regenerate the entire
olfactory neuroepithelium in adult animals, representing a unique, robust system of adult
neurogenesis. These stem cells are classified into two populations: multipotent horizontal

basal cells (HBC — the quiescent, reserve stem population, and globose basal cells

vipps)
(GBCs) — the actively proliferating stem population. GBCs can be sub-classified into
stages of progenitor capacity and neuronal commitment from multipotent progenitors
(GBC

) to immediate neuronal precursors (GBC__ ). During the transition from

MPPs INPs

a GBC,, to a mature olfactory sensory neuron (OSN), each neuron selects a single
olfactory receptor (OR) allele for expression, out of over 1000 different OR genes.

Despite our knowledge of the basic cell-stage progression during neuronal
maturation in the OE, little is known about stem cell plasticity in respect to the process
of OSN diversification and OR gene selection. In this thesis work, through a series of
transplantation experiments, I found that GBC progenitors are spatially plastic in respect
to both olfactory receptors (ORs) and two regionally expressed neuronal markers,
NADPH:quinone oxidoreductase (NQO1) and olfactory cell adhesion molecule (OCAM).
These data demonstrate that spatial cues influence neuronal diversification in the OE.

To further describe OSN diversification, I characterized the effect of cell-stage
specific loss of lysine specific demethylase 1 (LSD1). LSDI1 is a prime candidate for OR
gene regulation as it demethylates at both histone 3, lysine 4 (H3K4) and histone 3, lysine
9 (H3KD9), each of which are found on the actively transcribed OR allele or the silenced
OR alleles, respectively. I found that LSD1 is required for neuronal maturation during a

distinct time window between activating HBC,,, and GBC .

P!
Taken together, this thesis work clarifies the processes of neuronal maturation
and diversification in the olfactory epithelium and advances our understanding of LSD1-

dependent neuronal maturation and stem cell plasticity within the OE.
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Chapter 1. Introduction

The Olfactory Epithelium

and its Neurons



1.1 Introduction to the olfactory system

Humans detect and discriminate thousands of chemical odorants, each providing
sensory information that can stimulate pleasing, aversive, and emotional responses
(Pichon et al., 2015). In lower mammals, olfaction plays critical roles in suckling,
scavenging, mating, and predator avoidance (Logan et al., 2012; Zou et al., 2015).
Phylogenetically the oldest sensory system (Hoover, 2010), olfaction is crucial to
nutrition and diet, and loss of smell has detrimental effects on both quality of life and
survival (Pinto et al., 2014; Rawal et al., 2016).

To achieve its function in odorant discrimination, the olfactory system possesses
two distinguishing properties: (1) its primary neurons are in direct contact with the
external environment and (2) it has over 1000 different olfactory receptors (ORs)
that distinctly bind different chemical odorants with varying affinities (Cuschieri and
Bannister, 1975a; Buck and Axel, 1991; Saito et al., 2009). These two unique aspects of
the olfactory system result in specific consequences and challenges:

(1) Because these neurons are exposed to the environment, they are
vulnerable to toxins and subject to high rates of turnover; for this
reason, the olfactory epithelium (OE) contains stem cells with the
ability to regenerate neurons throughout adulthood (Moulton, 1974;
Graziadei and Monti Graziadei, 1979).

(2) In a mastery of order, each olfactory sensory neuron (OSN) expresses
only one OR allele out of ~2000, allowing for activation of OSNs by
specific odorants (Buck and Axel, 1991; Shykind et al., 2004).

This thesis investigates the neurogenic potential of stem cells within the OE, and
the processes of neuronal maturation and diversification in the adult mouse OE. In the
following sections, I provide background on the cell types of the OE, take a closer look at
the regeneration process — paying special attention to spatial patterning within the OE —

and cover the research to-date on OR gene selection.



1.2 Structure and Cells of the Olfactory Epithelium

The olfactory epithelium (OE) lines the posterodorsal nasal septum and the tips,
shafts, and cul-de-sacs of the nasal turbinates, located on either side of the medial septum
(Figure 1). The winding structure of the turbinates allows for maximal exposure of the
olfactory receptors (ORs) to the air. The epithelium itself is pseudo-stratified with apical
supporting cells (sustentacular cells), a thick neuronal layer, and basal stem cells (Figure
2) (Cuschieri and Bannister, 1975a; Graziadei and Monti Graziadei, 1979).

To understand the olfactory sensory neurons (OSNs), we must understand the
cells that give rise to these neurons, and those that surround and support them. Here, I

will describe the cell types of the OE starting from the basal lamina and moving apically.

Turbinates

A
/\
OB

)

W/

Figure 1. Basic Olfactory Anatomy

(A) Diagram of a sagittal cross-section of the mouse head. The
olfactory epithelium (OE) is in the posterodorsal nasal cavity and
neurons from the OE project to the olfactory bulb (OB). Components
of the vomeronasal system are shown in red. (Adapted from
Mombaerts, 2004) (B) Coronal cross-section (black line in A); the
OE lines the two sets of turbinates and the medial septum. (Adapted
from Harkema, Carey, & Wagner, 2006)

Basal Cells: Horizontal Basal Cells (HBCs) and Globose Basal Cells (GBCs)

There are two basal cell populations in the OE that are differentiated from one
another based on morphological characteristics, cytokeratin and antibody staining, and
progenitor capacity (Graziadei and Monti Graziadei, 1979; Schwartz Levey et al., 1991;
Holbrook et al., 1995; Huard and Schwob, 1995). These basal cells are called horizontal

basal cells (HBCs) and globose basal cells (GBCs) after their morphological appearance.



HBCs were originally identified as flattened, dark, and electron dense cells that lie
directly atop the basal lamina (Figure 2A) (Cuschieri and Bannister, 1975a; Graziadei and
Monti Graziadei, 1979). Further structural characterization revealed that HBCs adhere
to the basal lamina via hemidesmosomes and that OSN axon bundles run between these
hemidesmosomes, providing a possible context for HBCs and OSNs to signal to one
another (Holbrook et al., 1995).

Early hypotheses posited that HBCs could be a stem cell population in the
OE based on their morphology and location (Graziadei and Monti Graziadei, 1979).
However, studies investigating the neurogenic potential of HBCs found that these cells
remained quiescent following the removal of the olfactory bulb (bulbectomy or, OBX),
whereas the adjacent globose basal cells (GBCs; discussed below) proliferated to replace
the neurons that die as a result of OBX (Schwartz Levey et al., 1991). Nonetheless, many
held on to the idea that HBCs could be a reserve stem cell population. The concept of

reserve and active stem cells coexisting together has recently received much attention in

the stem cell field and has proven to be the case in proliferative niches such as the hair
follicle, the intestinal crypts, and the endosteum (Li and Clevers, 2010).

In the OE, the hypothesis that HBCs are a reserve stem cell population was
eventually verified with the advent of genetic lineage tracing (Leung et al., 2007). Using
a beta-galactosidase genetic lineage trace, Randall Reed’s group demonstrated that HBCs
can generate both neuronal and non-neuronal cells after harsh lesion to the OE that
depletes both OSNs and non-neuronal cells (Leung et al., 2007). Further studies by our
group demonstrated that transplanted activated-HBCs give rise to all cell types of the OE
(Schnittke et al., 2015). It is now appreciated that HBCs are a quiescent, reserve stem-
cell population in the OE activated to divide only upon severe injury (injury models are
discussed in-depth in Section 1.3).

Immunohistochemically, HBCs express many typical basal cell markers including

cytokeratins 5 and 14 (K5 and K14), intercellular adhesion molecule 1 (ICAM-1 or



CD54), the epidermal growth factor receptor (EGFR), the sugar moieties recognized
by the lectin Bandeirea (Griffonia) simplicifolai-I (BS-1), and the transcription factors
Sox2, Pax6 and p63 (Calof and Chikaraishi, 1989; Mahanthappa and Schwarting, 1993;
Holbrook et al., 1995; Carter et al., 2004; Guo et al., 2010; Packard et al., 2011Db).

GBCs are immediately apical to the HBCs and reside below (basal to) the
immature neurons (Figure 2A). Generally, GBCs do not touch the basal lamina, although
occasional contacts have been observed (Holbrook et al., 1995). GBCs were quickly
characterized as stem/progenitor cells based on tritiated thymidine retention and mitotic
activity (Moulton, 1974; Graziadei and Monti Graziadei, 1979; Hinds et al., 1984).
Morphologically less complex than the HBCs, GBCs are small, electron-light, round cells
(Cuschieri and Bannister, 1975a; Graziadei and Monti Graziadei, 1979).

Despite their morphological simplicity, GBCs are extremely heterogeneous and
can be subdivided into distinct stages of multipotency and neuronal commitment based
on the transcription factors they express — specifically, basic helix-loop-helix (bHLH)

transcription factors. GBC-multipotent progenitors (GBC,, ) express Sox2 and Pax6,

MPP

GBC-transit-amplifying, neuronally fated progenitors (GBC., ) express Ascll (a.k.a.

TA-N

Mash1), and GBC-immediate neuronal precursors (GBC, ) express Neurogeninl

INP
(Neurogl) and NeuroD1 (Gordon et al., 1995; Cau et al., 1997, 2002; Manglapus et

al., 2004; Guo et al., 2010; Packard et al., 2011a). Additionally, the transcription factor
Hesl1 labels non-neuronally committed GBCs and may function against Ascll to form a
bi-directional fate switch (Manglapus et al., 2004). All of these stages of GBCs can be
mitotically active, labeling for Ki67 and PCNA. However, our lab recently characterized
a subpopulation of label-retaining (LR) GBCs that express p27%"!, a cell-cycle arrest gene
(Schwartz Levey et al., 1991; Guo et al., 2010; Jang et al., 2014). Following epithelial
injury, all GBCs are Ki67 (+) suggesting that the LR-GBCs are activated in response to

injury and that there is an additional quiescent stem cell population in addition to HBCs

in the OE (Jang et al., 2014).
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Figure 2. Cell types of the OE

(A) From basal to apical: Horizontal basal cells (HBCs), globose basal cells (GBCs),
immature olfactory sensory neurons (OSNs), mature OSNs, and sustentacular cells
(Sus). Microvillar cells are interspersed between Sus cells and Bowman’s duct/gland
units span the entire epithelium. Below the basal lamina, olfactory ensheathing cells
(OECs) insulate OSN axons. (B) Table of commonly used cell type markers.

Neurons: Immature and Mature Olfactory Sensory Neurons (OSNs)

The olfactory sensory neurons (OSNs) are the most populous cell type in the
OE making up ~80% of the epithelium. Immature OSNs are located directly above the
GBCs and mature OSNs are apical to the immature OSNs (Figure 2A). Morphologically,
both immature and mature OSNs are bipolar with single dendrites that traverse between
the apical sustentacular (Sus) cells (Figure 2A). Differentiating between the two,
mature OSNs have extensive cilia that spread atop the Sus cells, whereas the immature
neurons have not yet developed their cilia arborization (Cuschieri and Bannister, 1975a;
Graziadei and Monti Graziadei, 1979; Verhaagen et al., 1989). Mature OSN dendritic
cilia contain olfactory receptors (ORs) that are the functional site of odorant binding and
are responsible for the initiation of odorant perception (Cuschieri and Bannister, 1975a;
Firestein, 2001). To transmit this sensory information, OSN axons traverse the interstitial
spaces between other OSNs, GBCs, and HBCs, trek through the basal lamina into the
lamina propria where they coalesce with other axons and ultimately project through the

cribriform plate to synapse with mitral and tufted cells at glomeruli in olfactory bulb
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(Klenoff and Greer, 1998; Treloar et al., 2002; Mombaerts, 2006). From the olfactory
bulb, mitral and tufted cells enter the lateral olfactory tract and project to several brain
regions including the piriform cortex and the cortical amygdala (Haberly and Price, 1977;
Sosulski et al., 2011).

Immature and mature OSNs can be differentiated from one another based on
protein expression. Immature neurons express the growth associated protein-43 (GAP-
43), neuron-specific beta-III tubulin (Tujl, also known as TUBB3), protein gene product
9.5 (PGP9.5, also known as UCHLI1), and neural cell adhesion molecule (NCAM) (Calof
and Chikaraishi, 1989; Verhaagen et al., 1989; Roskams et al., 1998). Mature OSNs can
also express Tujl, NCAM, and PGP9.5 (albeit at lower levels) and exclusively express
the olfactory marker protein (OMP), adenylyl cyclase-III (AdCy3), the olfactory-specific
G-protein (G_,) and other G-protein associated signaling molecules (Farbman and
Marcolis, 1980; Jones and Reed, 1988; Bakalyar and Reed, 1990). In addition to these
common OSN markers, certain proteins are expressed in neurons located in specific
regions of the OE. For example, mature OSNs in the dorsomedial OE express the
enzyme NADPH:quinone oxidoreductase (NQO1) and both immature and mature OSNs
in the ventraolateral OE express the mammalian homologue of fasciclin II (mamFasII/
OCAM/RNCAM/NCAM?2) (Schwob and Gottlieb, 1986; Gussing and Bohm, 2004).
Furthermore, ORs are expressed in patterns across the OE, a subject that is discussed in
full detail in section 1.5 (Ressler et al., 1993; Vassar et al., 1993; Iwema et al., 2004).
Importantly, ORs are abundantly expressed in mature OSNs and can be present at low
levels in immature neurons (Iwema and Schwob, 2003; Magklara et al., 2011; Hanchate

etal., 2015; Tan et al., 2015).

Supporting cells: Sustentacular (Sus) Cells and Microvillar Cells (MVCs)

Both Sus and MVCs are microvillar-capped cells with nuclei at the most apical

cell layer of the epithelium (Figure 2A). These cells act as a buffer between the external



environment and the cell bodies of the OSNs, offering protection from harmful toxins.
Much more is known about Sus cells than MV Cs; however, characterizations of MVC
populations are beginning to emerge.

Sus Cells can be distinguished based on their morphology: they are tall columnar
epithelial cells with large nuclei at the apex of the OE, abundant smooth endoplasmic
reticulum, a flat brush border of cilia at their apex, and thin foot processes that extend to
the basal lamina, giving them an overall “goblet” shape (Morrison and Costanzo, 1990).
Sus cells make a tight border at the apex of the OE, using cadherin junctions to protect
OSNss, while still allowing dendrites to squeeze between the cells (Akins et al., 2007).

In addition to physical protection and support, Sus cells have several enzymes that act
to “detoxify” (metabolize) incoming toxins; these enzymes include members of the
cytochrome-P450 family and glutathione S-transferases (Dahl et al., 1982; Banger et al.,
1994; Thornton-Manning et al., 1997). Furthermore, Sus cells can be phagocytic during
periods of acute or prolonged neuronal death (Suzuki et al., 1996).

Immunological identifiers of Sus cells include the structural molecules
cytokeratins 8 and 18 (CK8/18) and E-cadherin, the transcription factors Sox2, Pax6,
and Hesl, and the enzymes glutathioine S-transferase and cytochrome p450 (Dahl et al.,
1982; Suzuki and Takeda, 1991; Banger et al., 1994; Thornton-Manning et al., 1997; Cau
et al., 2000; Manglapus et al., 2004; Akins et al., 2007; Guo et al., 2010).

MVCs make up the second class of supporting cells in the OE. These cells differ
structurally from Sus cells in that they (generally) have a microvillar “tuft” at their apex,
have less smooth endoplasmic reticulum, and can have thick or thin foot processes that
extend to the basal lamina. MV Cs are interspersed between Sus cells (not abundantly;
they make up ~5% of the cells in the OE) with slightly lower or higher nuclei than the
surrounding Sus nuclei and are described as “flask shaped” (Miller et al., 1995; Asan and
Drenckhahn, 2005; Hansen and Finger, 2008). There are no unifying markers of MVCs;

instead, there appear to be several different subsets of MVCs based on the proteins they



express and their potential for electrical activity (Asan and Drenckhahn, 2005). Different
subsets of MVCs have been found to express Ankyrin, CK18 and villin (Asan and
Drenckhahn, 2005), Na+ and K+-ATPase (Asan and Drenckhahn, 2005), IP3 receptor
type 3 (Hegg et al., 2010), and the TRPMS5 channel and the ErbB3 receptor (Hansen and
Finger, 2008; Gilbert et al., 2015). The function of varying MVC populations is an area

of active research and falls outside the scope of this thesis.

Bowman's Duct and Gland Cells (D/G)

The Bowman’s duct and gland cells are responsible for secreting
mucopolysaccarides (mucous) onto the surface of the OE and are scattered throughout
the epithelium. The gland is an acinar structure located beneath the basal membrane
in the lamina propria (Figure 2A). Extending from the acinus are duct units, generally
composed of 2-3 stacked cells connecting the gland to the apical surface of the OE;
mucous and serous secreting cells are found in both the acinus and duct (Cuschieri and
Bannister, 1974, 1975a). When secreted mucous reaches the surface of the OE via the
ducts, it facilitates odor diffusion and provides an additional barrier from environmental
toxins (Getchell and Getchell, 1991; Brittebo, 1997). In fact, the mucous contains several
antibacterial and antimicrobial immune defense factors such as immunoglobulins,
lactoferrin, and lysozymes (Getchell and Getchell, 1991).

It has been hypothesized that D/G cells have stem-cell characteristics; in harsh
lesions of the OE, the D/G units can be the only surviving cells and have been shown to
give rise to Sus cells (Schwob et al., 1995; Huard et al., 1998). Research into this topic is
ongoing and might provide insight into a potential third stem cell population in the OE.

Similar to Sus cells, D/G cells express cytochrome p-450, CK8, CK18, ECAD,
and the transcription factor Pax6 (Voigt et al., 1985; Getchell and Getchell, 1991;
Brittebo, 1997; Guo et al., 2010). A unique marker of D/G cells in the OE is the

transcription factor Sox9, a marker of several mesenchymal stem cell populations, again



pointing towards stem-like features of this cell type (Holbrook et al., 2011).

Cell types of the Lamina Propria (LP)

As previously mentioned, the acini of the Bowman’s gland are located beneath the
basal membrane of the OE in the lamina propria (LP), as are OSN axons that enter and
traverse through the LP. Surrounding OSN axon bundles are olfactory ensheathing cells
(OECs) that have a similar function to the peripheral Schwann cells in ensheathing non-
myelinated axons (Vincent et al., 2005; Mackay-Sim and St John, 2011). OECs have a
diverse molecular phenotype and can express GFAP, p75N® and BLBP at varying levels
along the olfactory tract (Vincent et al., 2005). Of most interest, OECs have long been
thought to be an ideal glial cell to assist in nerve regeneration in the spinal cord based on
their ability to support axon regeneration (Ramon-Cueto and Nieto-Sampedro, 1994; Li et
al., 1998; Mackay-Sim and St John, 2011).

Other cells types of the LP include macrophages, fibroblasts and the putative
meschenchymal stem cells (MSCs). Macrophages function to clear out cellular debris
and may play a role in neuronal survival (Borders et al., 2007; Vukovic et al., 2010) and
LP fibroblasts secrete growth factors that influence epithelial differentiation (Mumm et
al., 1996; LaMantia et al., 2000; Gilbert et al., 2015). OE MSCs are poorly characterized
to date, but may represent an additional stem cell of the olfactory system (Murrell et al.,
2005; Rui et al., 2015). Among the previously discussed cell types are blood vessels and
autonomic and trigeminal nerve endings thought to stimulate D/G secretion (Getchell and

Getchell, 1992).

Other olfactory structures

In addition to the OE, there are three other olfactory sensory structures involved

in olfactory chemosensation. The vomeronasal epithelium is structurally similar to the OE

and is located in the vomeronasal organ (VNO) at the base of the nasal septum (Figure

1) (Deving and Trotier, 1998). Neurons from the VNO project to the accessory olfactory
10



bulb (AOB) at the posterior dorsal side of the main olfactory bulb and are thought to

play a role in pheromone detection, influencing reproductive and social behaviors (Dulac
and Axel, 1995; Halpern and Martinez-Marcos, 2003; Tirindelli et al., 2009). The septal
organ (SO) is located on either side of the septum, posterior to the nasopalatine duct
(connecting the oral and nasal cavities), has similar cellular anatomy to the OE, and has
neurons that project to glomeruli in the posterior ventromedial main olfactory bulb (Ma et
al., 2003; Weiler and Farbman, 2003). Due to its close proximity to the nasopalatine duct
and its distribution in many mammalian species, the SO may play a role in early detection
of innate biological cues such as licking behavior (Tirindelli et al., 2009). Lastly, the
Grueneberg ganglion is found bilaterally in the anterodorsal area of the nasal cavity
(Griineberg, 1973). Only two cell types have been identified in the Grueneberg ganglion:
glial cells and ciliated neurons (Brechbiihl et al., 2008). The Grueneberg neurons project
to ~10 glomeruli in the main olfactory bulb called the “necklace glomeruli” (Fuss et

al., 2005). It is debated that Grueneberg neurons are involved in maternal pheromone
detection and alarm pheromone detection (Fuss et al., 2005; Brechbiihl et al., 2008;

Tirindelli et al., 2009).

1.3 Development and Regeneration of the Olfactory Epithelium
In order to understand the regeneration of the OE following injury, we must first
understand and appreciate the original generation of the epithelium, beginning with

embryonic development.

Embryonic Development

The first identifiable structures that give rise to the OE are the olfactory placodes.
These placodes are patches of thickened ectoderm on the rostrolateral aspects of the
head that can be detected in mice at embryonic day 9 (E9) (Figure 3) (Cuschieri and

Bannister, 1975b). Transcription factors thought to be involved in olfactory placode
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induction include DIx5, Oct-1, Sox2 and Pax6 (Donner et al., 2007; Bhattacharyya and

Bronner-Fraser, 2008). By E10, the olfactory placode sinks below the ectoderm to form

the olfactory pits, which will eventually become the nasal cavities; by E11, the pits form

secondary recesses and their rims unite, creating nostrils (Cuschieri and Bannister, 1975b;

Treloar et al., 2010).

Neural plate Placode
Ectoderm

Notochord

Neural crest Placode

Ectoderm

Neural groove

Notochord

Placode
Ectoderm

Figure 3. Embryonic development of the OE
The olfactory placodes are patches of thickened
ectoderm that emerge at embryonic day 9; these
placodes give rise to the olfactory pits which
eventually form the nasal cavities. (Adapated
from Feinberg & Mallatt, 2013)

Olfactory neurons can be
detected as early as E9; importantly,
OSN emergence depends on
mesenchymal/epithelial interactions.
Specifically, retinoic acid (RA), FGF8,
sonic hedgehog (SHH) and bone
morphogenic proteins (BMPs) secreted
from the mesenchyme play critical roles
in olfactory differentiation, patterning,
and morphogenesis (LaMantia et al.,
1993, 2000; Shou et al., 2000). By
E11.5, ORs are expressed in OSNS,

a time point preceding contact with

the olfactory bulb (Sullivan et al.,
1995). Beginning at E12, OSNs extend
axons that traverse through the basal
lamina of the OE, enter the underlying
mesenchyme, and join a population of

b

migratory cells in the “migratory mass’

(thought to be composed of OEC precursors and cells migrating to other brain regions)

in their journey to the rostral portion of the telencephalon where the olfactory bulb will

develop (Valverde et al., 1992). This “migratory mass” utilizes guidance cues in the



mesenchyme and chemotrophic cues from the telencephalon to find its way and is the
precursor of the olfactory nerve (Valverde et al., 1992).

As indicated above, the olfactory bulb (OB) develops later than the OE and from
a different structure completely. The OB can first be identified at E12.5 as an invagination
of the rostral telencephalon (Hinds, 1968). OB induction is stimulated by axonal contacts
(from OSN axons in the migratory mass) with the rostral tip of the telencephalon (Treloar
et al., 1999). OSN axons do not fully enter the bulb until E15 and instead remain in
the peripheral olfactory nerve; it is hypothesized that this delay is critical for axonal
sorting and aggregation in order for proper bulb targeting once glomerulogenesis begins
(Treloar et al., 1999, 2002). Finally, at E18, the axon enter the dendritic zone and form
protoglomeruli by E20, which become morphologically distinct as glomeruli by PO
(Treloar et al., 1999).

Returning to the development of the OE, it is important to understand the
emergence of the OE cell types (discussed in Section 1.2). In contrast to the mature
OE, the embryonic epithelium contains apical (as opposed to basal) GBC progenitors
that give rise to the OSNs around E11.5-E12.5 (Smart, 1971). During E14.5-E17, the
progenitor cells migrate to the basal lamina, and Sus and D/G cells develop (Cuschieri
and Bannister, 1975a). HBCs are the last cell type generated (similarly migrating from
apical to basal) appearing at E17.5 as characterized by p63 (+)/K14 (+) cells located atop
the basal lamina (Holbrook et al., 1995; Packard et al., 2011b).

Natural neuronal turnover in the adult

Pioneering work in the 1960s and 70s established that cells near the base of
the adult OE can incorporate thymidine analogues and differentiate into neurons;
furthermore, a portion of these traced neurons eventually disappear (Moulton et al., 1970;
Graziadei and Metcalf, 1971; Graziadei, 1973; Moulton, 1974; Graziadei and Monti

Graziadei, 1978, 1979). These observations laid the foundation for two important features
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of the adult OE: (1) basal cells have the capacity to generate OSNs in adulthood and

(2) OSNs naturally die, perhaps promoting generation of more neurons. Indeed, using
retrovirally derived vectors, investigators have demonstrated that the globose basal cells
(GBC:s) give rise to neurons in uninjured animals (Schwob et al., 1994).

In reference to the second feature — that OSNs naturally turn over — it was first
hypothesized that neurons in the OE have fixed, finite lifespans. Investigators surmised
that the rate of proliferation in the basal layers could be used to estimate the length of
neuronal life, which they posited to be about one month (Graziadei and Monti Graziadei,
1979). However, this interpretation has proven to be faulty. In fact, immature OSNs turn
over at much higher rates than mature OSNs, and the lifespan of mature OSNSs is still
unknown — although, some suggest that OSN lifespan could be up to one year (Hinds et
al., 1984; Carr and Farbman, 1993; Deckner et al., 1997). In an experiment attempting to
define OSN lifespan, it was found that OSNs labeled by retrograde transport of a stable
marker from the bulb persisted for longer than one month, suggesting that mature OSNs
making glomerular contacts survive for longer than a month (Mackay-Sim and Kittel,

1991).

Lesion models demonstrating the regenerative capacity of the OF

In addition to its ability to maintain homeostasis during slow OSN turnover, the
OE is also competent at recovering from more severe injury. In this vein, our laboratory
utilizes several rodent lesion models to study olfactory neurogenesis, primarily olfactory
bulbectomy (OBX) and exposure to the olfactotoxic gas Methylbromide (MeBr). These
two models have been used extensively in the olfactory field and have provided numerous
insights into the stages of adult neurogenesis in the OE. I will discuss each model
separately and mention similar lesion models as they pertain to each.

Olfactory bulbectomy (OBX) involves the surgical removal of one or both of

the olfactory bulbs. Because the OSNs rely on the bulb for trophic support via their
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axons, OBX causes the axons to degenerate and leads to mature OSN death (Schwob

et al., 1992). In attempt to restore the neuronal population, GBCs undergo massive
proliferation, producing an abundance of GAP-43 (+) immature OSNs (Schwartz Levey
et al., 1991; Carr and Farbman, 1993; Schwob et al., 1994). These neurons persist

until they reach the bulb, cannot form glomeruli, and degenerate. Thus, OBX results

in sustained proliferation, increased numbers of immature OSNs, and continual OSN
death. Importantly, removal of the olfactory bulb does not activate the second, quiescent
population of stem cells, the horizontal basal cells (HBCs) (Schwartz Levey et al., 1991;

Schwob et al., 1994). A similar lesion model, the olfactory nerve transection, also results

in stimulation of the GBCs, although new OSNs can eventually re-create the olfactory
nerve and contact the olfactory bulb (Costanzo, 1985; Caggiano et al., 1994). Thus, this
lesion model differs from the OBX in that massive proliferation and neuronal death is not
sustained.

Methyl bromide (MeBr) gas is olfactotoxic and destroys the entire epithelium,

sparing only the basal cells — both globose and horizontal (Figure 4) (Hurtt et al., 1987,
1988; Schwob et al., 1995). Specifically, MeBr gas is metabolized into toxic free radicals

by Sus cells which consequently destroy differentiated cells in the OE (Eustis et al.,

Figure 4. Methylbromide (MeBr) lesion model

MeBr lesion destroys the mature cell populations of the OE, leaving intact on
the basal stem cells; after weeks, the entire tissue is regenerated. Shown is H&E
staining of control, 1 day post MeBr, and 3 weeks post MeBr in rat OE.
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1988; Hurtt et al., 1988). In response to the concomitant loss of OSNs, Sus cells, and duct
cells, both GBCs and HBCs are activated to replace the mature cell population (Figure
4). Importantly, through many studies utilizing MeBr-lesion, genetic lineage-tracing,

and transplantation, it has been shown that both GBCs and HBCs can give rise to all
differentiated cell types of the OE upon severe injury to the epithelium (Jang et al., 2003;
Chen et al., 2004; Leung et al., 2007).

Proceeding systematically through the events in the OE after MeBr lesion,
rapid cell loss (95% of the neurons and supporting cells) occurs at 24 hours post MeBr
(Schwob et al., 1995). Within 2 days, there is massive proliferation of the basal cells,
and by 4 days neurons appear (Schwob et al., 1995; Leung et al., 2007). Around the
middle of the second week, OMP (+) OSNs are detectable, simultaneous with glomerular
reinnervation (Schwob et al., 1999). Similarly, Sus cells reappear by 2 days and form a
congruent layer by 10 days post lesion. By 8 weeks, the OE has stabilized and resembles
the state of the pre-injured epithelium, with remarkable regeneration of spatial patterning
within the epithelium (discussed further in section 1.5) (Schwob et al., 1995; Iwema et
al., 2004).

Of great importance, the MeBr lesion model allows for an almost complete,
temporally synchronized characterization of the maturation process of stem cells to
differentiated cells in the OE (Figure 5). As demonstrated by staining at different days
post MeBr lesion (and backed up by an array of studies), neuronal differentiation
proceeds from Sox2 (+)/Pax6 (+) multipotent progenitors (MPPs), to Ascll (+) transit
amplifying-neuronally committed cells (TA-N), to Neurogl (+) and NeuroD1 (+)
immediate neuronal progenitors (INP), to immature and mature OSNs (Cau et al.,

1997, 2002; Manglapus et al., 2004; Guo et al., 2010; Packard et al., 2011a). Sus cell
differentiation occurs with exclusive expression of Hes1 and suppression of Ascll
expression (Figure 5) (Cau et al., 2000; Manglapus et al., 2004).

As previously mentioned, the HBCs are activated to divide by MeBr lesion; this
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activation occurs through the down-regulation of p63, releasing HBCs from dormancy
(Packard et al., 2011b). At 3 days post lesion, HBCs expressing both CK14 and p63
appear at the most basal level and p63 (-)/CK14 (+) HBCs continue to differentiate into
the GBC lineage. By 5 days post lesion, p63 (-)/CK14 (+) are rare and the p63 (+)/CK14
(+) HBCs are restored (Packard et al., 2011b).
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Figure 5. Maturation from stem to differentiated cells in the OE
The regenerative capacity of HBCs, GBCs, and D/G cells is shown with cell type-specific
regeneration highlighted by TF expression/regulation.

Finally, it should be noted that Bowman’s duct cells have shown proliferative
capacity following MeBr lesion. This proliferation is apparent at 2 days post lesion; from
3-14 days post lesion, the ducts progenitors can produce CK18 (+) Sus cells (Schwob et
al., 1995).

There are several lesion models that mimic the MeBr paradigm including
chemical toxins such as methimazole, zinc sulfate, and dichlobenil. Methimazole is
administered intraperitoneally (IP) and, similar to MeBr lesion, results in cytochrome

p-450-mediated cell death, sparing the basal cells and destroying the differentiated
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cells of the OE (Bergman et al., 2002). Unlike MeBr lesion, methimazole-lesioned OE
regeneration takes significantly longer, with basal cells activation at 3-4 days (Brittebo,
1995; Bergman et al., 2002). Additionally, the regenerative pattern is non-uniform and
is thus slightly harder to rely upon for comparison across lesions (Brittebo, 1995). Zinc
sulfate is administered via nasal irrigation and is similarly delayed in regeneration and
impaired in reproducibility (Matulionis, 1975; Burd, 1993). A unique aspect of zinc
suflate OE destruction is that axons never reconnect with the bulb (Matulionis, 1975;
Burd, 1993). Dichlobenil is administered IP and results in necrosis throughout the
dorsomedial OE with very little recovery even up to 6 months post treatment and instead
results in respiratory metaplasia (Bergman et al., 2002). Respiratory metaplasia is
common in aging humans; therefore dichlobenil administration could be a useful tool in

studying olfactory sensory loss in humans (Holbrook et al., 2005).

1.4 Lineage Commitment

Olfactory lesion models combined with genetic tracing provide excellent tools to
investigate lineage commitment in the OE. In this section, I will revisit neuronal lineage
commitment in the OF and will review exceptions to lineage commitment in other

systems.

OFE neuronal lineage commitment

The detailed progression of GBCs expressing different transcription factors
along their way to neuronal commitment (Figure 5, Figure 6) was originally based on
genetic epistasis experiments and cell recovery following epithelial injury. The first
defined GBC population were the Ascll (+) (a.k.a. Mash1) GBCs. In mice lacking Ascl1,
olfactory neuronal progenitors were never formed and neurons never developed; however
supporting cells were present, suggesting that Ascll is specifically required for neuronal

differentiation (Guillemot et al., 1993; Gordon et al., 1995). Further studies utilizing
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Ascll knock out (KO) mice and Neurogl KO mice identified that Asc/! is required to
initiate neuronal differentiation and that it precedes Neurogl expression, which itself is
not required for olfactory progenitor survival, but is necessary for OSN differentiation
(Cauetal., 1997, 2002).

Following these epistasis experiments, our lab systematically characterized
the appearance of transcription factors following MeBr lesion and similarly described
the neurogenic progression from Ascll (+) GBCs to Neurogl (+)/NeuroD1 (+) GBCs
(Manglapus et al., 2004). Subsequent analysis of the transcription factors Sox2 and Pax6
found that these factors can be expressed in cells prior to Ascll (+) GBCs, although
they can also overlap with Ascll and a small portion of the Neurogl/NeuroD1 GBCs
(Figure 6) (Guo et al., 2010). Importantly, all the GBC stages contain actively cycling
cells as demonstrated by Ki67 staining, tritiated thymidine incorporation, and BrdU/EdU

incorporation (Moulton, 1974; Guo et al., 2010; Jang et al., 2014).
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Figure 6. The progressive expression of transcription factors from GBCs to OSNs.
Multipotent progenitors (MPPs) express Sox2 and Pax6, transit-amplifying neuronally committed
(TA-N) GBCs express Ascll, and immediate neuronal precursors (INPs) express Neurogeninl
(Neurogl). Immature OSNs express GAP43 while mature OSN express OMP.
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There are two experimental models to directly test progenitor capacity: 1) genetic
lineage tracing and 2) transplantation of isolated cell populations. Using genetic lineage
tracing, our lab has shown that all OSNs derive from NeuroD1 (+) GBC precursors (in
the OE, VNO, SO, and Grueneberg ganglion) and that NeuroD1 (+) cells only give rise
to OSNs (Packard et al., 2011a). Utilizing transplantation techniques, our lab verified that
bulk GBCs can give rise to all cells types of the OE (Chen et al., 2004). Recent studies in
our lab using both lineage tracing and transplantation have confirmed that Sox2 (+) GBCs
are multipotent in the OE and the Neurogl (+) GBCs give rise only to neurons (data

included in this thesis, Chapter 3).

Exceptions to lineage commitment in other systems

As with most biological phenomena, there are exceptions to “terminal”
differentiation. This fact was impressed upon the scientific community with the seminal
work of Shinya Yamanaka when his group published on the conversion of differentiated
human fibroblast cells into pluripotent stem cells (Takahashi et al., 2007). These
experiments opened the large and growing field of human and mammalian induced
pluripotent stem cells (iPSCs). Given our ability to reprogram terminally differentiated
cells ex vivo, the question has now become: is dedifferentiation possible in vivo? One
could hypothesize that there must be the potential of dedifferentiative capacity in
normal systems, otherwise how else would the machinery exist ex vivo? As such, several
researchers have begun digging for examples of in vivo dedifferentiation.

One of the first reports of apparent in vivo dedifferentiation came from two
studies investigating liver regeneration. Using transplantation and genetic lineage tracing,
two groups found that fully differentiated hepatocytes can give rise to differentiated
biliary epithelial cells upon liver injury (Michalopoulos et al., 2005; Yanger et al.,
2013). However, with a closer look at the conversion of hepatocytes to biliary epithelial

cells, no intermediate cell stages were identified; therefore hepatocytes are capable
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of transdifferentiation — the process by which cells are interconverted between two

terminally differentiated states — as opposed to dedifferenatiation — the process by which
a terminally differentiated cell acquires less differentiated properties (Stanger, 2015).

At the same time the liver lineage tracing experiments were performed, a different
group investigated the role of differentiated airway epithelial cells in tissue repair.
They found that upon airway injury, epithelial cells gave rise to basal stem cells, this
time demonstrating true in vivo dedifferentiation (Tata et al., 2013; Zhao et al., 2014).
Most recently, in vivo dedifferentiation has been shown in the intestinal crypts where

enterocyte progenitors can revert to stem cells upon Lgr5 (+) stem cell ablation (Tetteh et

al., 2016).

Potential for plasticity within the OF

Given the plasticity of terminally differentiated cells in the liver, airway
epithelium, and intestinal crypts, it is possible that lineage committed GBCs, or even
terminally differentiated OSNs could dedifferentiate or transdifferentiate upon epithelial
injury. This concept inadvertently became a topic in my dissertation work and will be

revisited in the results section.

1.5 Olfactory Receptors

Olfactory receptors (ORs) make up the largest gene family in mammals and are
arguably the most fascinating genes of the OE (Glusman et al., 2001; Zozulya et al.,
2001; Zhang and Firestein, 2002). In the following sections, I will touch upon several

aspects of ORs including their structure, functions, and expression patterns.

Structure and Genetics

The OR multigene family was discovered in 1991 in the Nobel Prize-winning

work of Linda Buck and Richard Axel (Buck and Axel, 1991). Prior to this discovery,
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seminal work in the OE established that ORs were located in OSN cilia and that adenylyl
cyclase (AdCy), cyclic AMP, G-proteins, and inositol trisphophate (IP3) signaling all
played a role in OR sensory transmission, suggesting that ORs were members of the
7-transmembrane receptor family (G-protein coupled receptors, GPCRs) (Pace et al.;
Bronshtein and Minor, 1977; Sklar et al., 1986; Jones and Reed, 1988; Boekhoff and
Breer, 1990; Breer et al., 1990). The notion that odor stimulation occurred through
GPCRs was a critical observation that enabled Buck and Axel to amplify hundreds of
ORs using degenerate GPCR PCR primers (Buck and Axel, 1991). Astoundingly, humans
have ~900 OR genes and mice have ~1500 OR genes (Lander et al., 2001; Zhang and
Firestein, 2002; Clowney et al., 2011). However, a large portion of these genes are non-
functional pseudogenes; in humans ~50% of ORs are pseudogenes and in mice ~25% are
pseudogenes (Zhang and Firestein, 2002; Malnic et al., 2004; Clowney et al., 2011). It is
unknown why OR pseudogenes have persisted at such high percentages.

The OR GPCR contains both conserved and variable regions: conserved regions
are found in transmembrane domains 1, 2, 3, 6, 7, and variable regions involved in ligand
binding include transmembrane domains 3,4, and 5 (domain 3 contains both conserved
and variable regions) (Buck and Axel, 1991; Kobilka, 1992). Olfactory GPCRs are
unique in containing an unusually long second extracellular loop that is hypothesized to
play a role in ligand binding (Mombaerts, 1999; Man et al., 2004).

OR genes are distributed in 17 clusters across all chromosomes except for 12
and Y in mice and 20 and Y in humans (Glusman et al., 2001; Zhang and Firestein,
2002). There are two distinct classes of vertebrate ORs: Class 1 ORs (~160) are more
evolutionarily ancient, are found in fish, and are located on Chromosome 7; Class 2 ORs
(~1300) make up 90% of mammalian ORs and are spread across the chromosomes with
a bias towards six chromosomes that make up 73% of the ORs: Chromosomes 1, 6, 9,
11, 14, and 19 (in humans) (Glusman et al., 2001; Alioto and Ngai, 2005; Zhang et al.,

2007a). Importantly, OR genes do not contain introns and are generally around 900 base
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pairs in length (Buck and Axel, 1991). OR sequences can be very similar to one another;
sequences sharing more than 40% protein sequence identity are classified as family
members and those with greater than 60% protein sequence identity make up subfamilies

(Lancet and Ben-Arie, 1993).

Signaling

As previously mentioned, ORs are G-protein coupled receptors (GPCRs) located
in OSN cilia that are in direct contact with the external environment. When chemical
odorants bind to the variable regions of the ORs, a conformation change in the receptor
induces the G protein, Ga, , to dissociate from Gf and Gy and activate adenylyl cyclase
3 (AdCy3) (Figure 7) (Jones and Reed, 1988; Belluscio et al., 1998; Wong et al., 2000).
Once activated, AdCy3 converts ATP into the second messenger cAMP, which then binds
to a cyclic nucleotide-gated channel (CNG) similar to those found in photoreceptors
(Brunet et al., 1996). The CNG facilitates an influx of sodium and calcium ions into the
pre-synaptic terminal, eventually depolarizing the neuron below threshold and stimulating

an action potential (Firestein et al., 1991). This action potential propagates through the
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Figure 7. Olfactory receptor signal transduction

Odorants bind to olfactory receptors (ORs) causing a conformation change
that allows Go, to dissociate from the G-protien complex and activate
adenylyl cyclase-3 (AdCy3). AdCy3 converts ATP to cAMP, which then
opens cyclic nucleotide-gated channels (CNG) allowing a depolarizing
influx of calcium and sodium into the neuron.
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neurons and ends in glutamate release onto mitral and tufted cells in glomeruli of the
olfactory bulb (Berkowicz et al., 1994). It should be noted that some ORs signal through
a PLC/IP3 mediated mechanism as opposed to cAMP (Boekhoff and Breer, 1990; Breer
et al., 1990).

Ligand Matching and the Combinatorial Code

The task of matching chemical odorants to specific receptors (ligand to receptor)
has been a daunting task in the olfactory field, with surprisingly slow progress. A
major hindrance to the de-orphanizing pursuit has been the difficulty of achieving
surface OR expression in heterologous systems. Side-stepping this issue, the first de-
orphaned receptor, OR 17, was endogenously overexpressed in mice using a recombinant
adenovirus. Electoolfactograms (EOGs) were recorded from dissected OE during
exposure to various odorants and it was found that I7 responds to heptanol, octanol,
nonanol, and decanol, all strong fruity odors (Zhao, 1998). Remarkably, the 17 receptor
discriminates between hexanol (C,) and heptanol (C,), giving no response to hexanol
(Zhao, 1998). Although this method of endogenous expression was successful in
identifying ligands for the 17 receptor, it is not a reasonable approach for de-ophanizing
thousands of ORs.

Working to develop more high-throughput screens for identifying OR-ligand
interactions, investigators discovered that fusing the first 20 residues of human rhodopsin
to the N-terminal end of an OR allows for surface expression of ORs in heterologous
cells (Krautwurst et al., 1998). Similarly, co-expression of ORs with olfactory chaperones
RTP1 and REEP results in surface OR expression (Matsunami et al., 2009). More
recently, a novel assay using S100a5-tauGFP mice, which express GFP in actively
stimulated OSNSs, has been used to de-orphan ORs and provides a promising high-
throughput technique to speed up the pursuit of receptor-ligand pairings (McClintock et
al., 2014).
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Using the methods described, OR receptive fields have been tested by many
groups and all have pointed to a “combinatorial code” model of olfactory perception
(Malnic et al., 1999; Araneda et al., 2000; Kajiya et al., 2001; Abafty et al., 2006;
Repicky and Luetje, 2009; Saito et al., 2009). The basis of this combinatorial code is that
each OR responds to a number of chemical odorants with varying magnitudes; therefore
the identity of a single odorant is determined by the subset of ORs it activates and the
degree to which is activates these ORs (Saito et al., 2009). This combinatorial code
allows for detection and discrimination between thousands of different odors and was
actually proposed early on in olfactory studies by E.D. Adrian based on his observations
that different odors produced different spatio-temporal activation in the olfactory bulb

(Adrian, 1950).

Singular OR Expression

Given the discussion above regarding the combinatorial code of olfactory
perception, one may postulate that each olfactory neuron expresses only one OR —
suggesting that the activation of one OSN relies on the receptive field of a single OR
(Bozza et al., 2002). This concept has been demonstrated, debated, re-established, and
revisited many times over.

Following the initial discovery of the OR gene family, OR in situ hybridization
experiments revealed that ORs are expressed in patterns across the epithelium and that no
one neuron was positive for two ORs in the RNA probe pool (Ressler et al., 1993; Vassar
et al., 1993). However, this did not rule out the case that OSNs could express multiple
ORs due to the sheer number of possible OR combinations. Nonetheless, researchers
favored the idea of singular OR expression and sought to validate the emerging “one-
neuron, one-receptor’ rule. In support of this idea, Richard Axel’s group demonstrated
that ORs are monoallelically expressed in OSNs (Chess et al., 1994). Building upon

this observation, it was found that non-allelic OR transgenes with identical coding
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regions were never expressed together in one OSN, suggesting that OR expression

is both monoallelic and mutually exclusive (Serizawa et al., 2000; Ishii et al., 2001).
Remarkably, if the f2-adrenergic receptor is placed as a transgene under control of an OR
promoter, it is also expressed monoallelically and ostensibly monogenically (Feinstein et
al., 2004). However, while these experiments demonstrate monoallelic OR expression,
they do not conclusively demonstrate monogenic OR expression.

The idea that OR expression is singular in each OSN raises the daunting question
as to how a monoallelic and monogenic state can be achieved. One attractive explanation
is that OR genes undergo DNA rearrangements similar to the generation of T-cell receptor
diversity (Hozumi et al., 1976). This hypothesis was disproven in two sets of experiments
taking the nuclei of post-mitotic OSNs, injecting them into oocytes, and demonstrating
that the resulting mice have the entire repertoire of ORs — thus refuting the idea that the
post-mitotic OSN had irreversible changes to its DNA during OR selection (Eggan et al.,
2004; Li et al., 2004).

At the same time that the DNA re-arrangement hypothesis was tested, other
groups started looking at the “one neuron, one receptor” rule from the opposite end:
feedback regulation. Many hypothesized that once a functional OR was expressed, it
inhibited the expression of additional ORs. To tackle this question, Sakano’s group
created a YAC-MOR28 transgene lacking the MOR28 coding sequence and found that
OSNs positive for the mutant construct (tagged with GFP) co-expressed other ORs,
suggesting that OR protein is necessary for singular OR expression (Serizawa et al.,
2003). Importantly, the mutant construct contained a specific locus control region (LCR)
named the “H region” that is necessary for MOR28 expression, allowing the MOR28
mutant to be expressed in identical fashion to endogenous MOR28 (Serizawa et al.,
2003). As a control, a functional MOR28 transgene expressed with the appropriate LCR
showed no overlap with the endogenous MOR28 allele or other ORs (Serizawa et al.,

2003).
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Building upon Sakano’s experiments, Randall Reed’s group showed that the
presence of untranslatable OR mRNA is insufficient to exclude expression of other ORs,
further demonstrating that presence of OR protein is essential in maintaining (or perhaps
even establishing) monogenic OR expression (Lewcock and Reed, 2004). Furthermore,
Axel’s group observed that immature OSNs can switch between ORs before settling on
one OR and that this switching is especially prevalent in OSNs that initially choose to
express an OR pseudogene, suggesting that functional ORs are necessary for singular OR
expression (Shykind et al., 2004). More recently, it was discovered that high levels of
OR transcription and translation are necessary to ensure singular OR expression (Abdus-
Saboor et al., 2016).

The fact that functional OR protein is necessary for maintenance of one OR per
neuron suggests that negative feedback could be activity dependent. However, in OSNs
with Go, . signaling deficiencies, only one receptor is expressed, and in OSNs with
hyperactive G-protein signaling, multiple OR can be expressed (Imai et al., 2006). It may
be the case that feedback from the G and Gy proteins are important for OR silencing;
this hypothesis has shown promise in zebrafish OE, but has yet to be verified in the
mammalian system (Ferreira et al., 2014).

The identification of the olfactory LCR, the “H region”, by Sakano’s group
(Serizawa et al., 2003) led many to believe that this enhancer could be involved in
singular OR expression. Further investigation into the H enhancer found that it could act
as both a cis- and trans-chromosomal regulator, increasing the number of OR genes the
enhancer interacts with and suggesting that it may act as a master regulator of all OR
genes (Lomvardas et al., 2006). However, subsequent studies revealed that H enhancer
deletion only affected the expression of the more proximal OR genes on chromosome 14
(MOR28, MOR10, MORS3, and MOR294) (Fuss et al., 2007).

Zooming in closer on the OR coding region, many have hypothesized that the OR

promoter region plays a role in singular OR expression. This is based on observations
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that the OR promoter sequence is required for OR transgene expression and that it can be
used to express non-OR transgenes (such as the f2-adrenergic receptor), influencing the
transgene to demonstrate monoallelic and monogenic expression (Vassalli et al., 2002;
Feinstein et al., 2004; Rothman et al., 2005). Thus, many groups have investigated the
exact components of OR promoter sequences in pursuit of conserved regions that may be
important for singular OR expression.

There are two conserved regulatory sequences found in OR promoters: Olf1/Early
B-cell factor sites (O/E sites), which are usually between 50-150 basepairs upstream of
the transcriptional start site, and homeodomain sites, which are found further upstream
(Vassalli et al., 2002; Hoppe et al., 2003; Michaloski et al., 2006; Clowney et al., 2011).
Deletion of these sites reduces the expression of OR transgenes and introducing multiple
copies of the domains increases the frequency of transgene expression (Rothman et al.,
2005; Vassalli et al., 2011). Two homeodomain transcription factors, Lhx2 and Emx2
have been heavily studied in the OE and each influence OR expression. In LAx2 knock-
out mice, the majority of maturing OSNs halt at the immature neuronal stage, however
a small portion of OSNs mature to express Class I ORs in the dorsal OE (Hirota and
Mombaerts, 2004; Hirota et al., 2007). Conversely, neurons reach full maturity in
Emx2 knock-out mice, but there is an overall decrease in both Class I and Class II OR
expression. The decreases in OR expression are due to fewer OSNs expressing each
OR; however, a handful of ORs are expressed in more OSNs than usual (perhaps as a
form of compensation) (Mclntyre et al., 2008). Ultimately both Lhx2 and Emx2 are
essential in stimulating OR transcription, but do not appear to play a role in monogenic
OR expression (Hirota et al., 2007; MclIntyre et al., 2008). Years of investigation have
demonstrated that OR promoters are bound by a small number of common transcription
factors (the most studied being Lhx2 and Emx2), a situation that does not lend itself to
transcription factors, or combinations of transcription factors, playing a determining role

in singular OR expression.

28



In considering the basic phenomenon of monogenic OR expression, one must
imagine a scenario where ~999 genes (as a low estimate) are silenced. With increasing
awareness of epigenetic silencing and activation in biological sciences, it is no surprise
that OE researchers began to hypothesize that chromatin silencing could play a role
in singular OR expression. In fact, many investigators (including our group) have
frustratingly observed that several transgenic reporters that work elsewhere in the mouse
are silenced in the OE, suggesting a more prevalent degree of silencing occurring in the
OE than in other tissues.

Using chromatin immunopreciptation (ChIP), Lomvardas’ group found
that OR clusters in the mouse OE are coated with tissue-specific heterochromatic
markers H3K9me3 and H4K20me3 (Magklara et al., 2011). Furthermore, this OR
heterochromatization is apparent in neurons, Sus cells, and Neurgo1-eGFP (+) GBCs,
but not HBCs, leading the group to hypothesize that widespread OR silencing occurs
early on in GBCs — before a GBC is even fated to become a neuron. Importantly, they
observed that expressed OR alleles are not marked with H3K9me3 and instead have the
transcriptional activating methylation marker, H3K4me3 (Magklara et al., 2011). Thus,
the model emerged where large scale epigenetic OR silencing is established early on,
followed by stochastic release of repression and concomitant activation of a single OR
allele.

Subsequent to the discovery of epigenetic OR silencing, it was found that Lamin
B Receptor (LBR)-dependent spatial sequestering of OR genes plays a role in monogenic
OR expression, that the unfolded protein response (UPR) may be a negative feedback
mechanism in singular OR expression, and that Lysine Specific Demethylasel (LSDI)
plays a crucial role in singular OR expression (Clowney et al., 2012; Krolewski et al.,
2013; Lyons et al., 2013, 2014). As LSD1 is highly pertinent to my thesis work, the
role of LSD1 in the OE is discussed in depth in a subsequent section of the introduction

(Section 1.7).
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Although there has been extensive research into how monogenic OR expression
could occur, ranging from epigenetics, promoter sequences, transcription factors,
feedback mechanisms, and DNA-rearrangements, the very fact that ORs are actually
singularly expressed in OSNs has still not been demonstrated conclusively. Recently,
four separate groups of researchers tackled this question using single-cell RNA-seq to
examine every OR mRNA expressed in single neurons (Hanchate et al., 2015; Saraiva
etal., 2015; Tan et al., 2015; Scholz et al., 2016). The studies all report that a dominant
OR is expressed in mature OSNs, that some mature OSNs express multiple ORs at low
levels, and that multiple ORs can be detected in immature OSNs. One study found that up
to 20 additional ORs (at very low levels) can be detected in mature OSNs predominantly
expressing Olfr73 (Scholz et al., 2016). Two of the other studies reported detection of
multiple ORs in mature OSNs: 6 out of 25 mature OSNs sequenced (24%) (Hanchate et
al., 2015), and 3 out of 68 mature OSNs (4.4%) (Tan et al., 2015). Based on this newly
published data, the dogma of “one neuron, one receptor” must be qualified: while many
mature OSNs predominantly express one OR, they may express multiple ORs at lower
levels; immature OSNs frequently express greater than one OR. Further investigation
into monogenic OR expression utilizing single-cell RNA-seq will be essential to clarify

percentages of mature OSNs expressing multiple ORs.

OR expression timing and patterning

Timing: OR mRNA can first be detected in the developing OE and the migratory
mass at embryonic day 11.5 (E11.5) by chromogenic in situ hybridization (Sullivan et
al., 1995; Schwarzenbacher et al., 2004); conversely, in the cribriform mesenchyme,
OR mRNA is detectable at E10 by isotopic in situ hybridization (Nef et al., 1992). A
recent study using gene-specific OR primers was able to amplify OR cDNA as early as
E9 (Rodriguez-Gil et al., 2010); to date, this is the earliest report of OR presence in the

developing olfactory system. Interestingly, at E9, OSN somata are present but have not
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yet developed axons, suggesting that OR transcription could begin as early as neuronal
birth and predate neuronal contact with olfactory bulb (Sullivan et al., 1995; Rodriguez-
Gil et al., 2010). In fact, ORs are expressed in mice lacking bulbs, demonstrating that OR
expression is independent of axonal contact with the bulb (Sullivan et al., 1995).

An additional metric to specify the timing of OR expression is to compare the
onset of OR expression to the timing of cell division using thymidine incorporation
assays. By this approach, OR mRNA and protein are first detectable around 4 days
after basal cell division, 24 hours after OSN axons have reached the bulb, but prior
to glomerularization (Rodriguez-Gil et al., 2015). Furthermore OR expression lags
behind the appearance of GAP-43 expression by 3 days, independent of OR class or
chromosome location (Rodriguez-Gil et al., 2015).

A third strategy for defining the onset of OR expression is comparing the
timing of OR expression to markers of neuronal maturation. In this respect, our lab
has demonstrated that OR mRNA and protein are present in both immature GAP-43
(+) OSNs and in mature OMP (+) OSNs in the adult OE (Iwema and Schwob, 2003).
Other groups have identified OR transcripts in Neurogl-eGFP (+) immediate neuronal
precursors (INPs) purified by FACS followed by microarray analysis; however, these
cells may be immature OSNs due to the perdurance of GFP after Neurogl transcription
ceases (Magklara et al., 2011). More recently, single-cell RNA-seq experiments have
further validated OR mRNA expression in immature OSNs (Hanchate et al., 2015;
Saraiva et al., 2015; Tan et al., 2015; Scholz et al., 2016).

Although OR mRNA and protein expression occurs in immature OSNs, OR
choice (i.e., the selection of an OR allele) may occur at an earlier developmental
timepoint such as in GBC , . Potentially mitigating this idea is the fact that OR
switching occurs in immature OSNs and that mRNA from multiple ORs is present in
immature OSNs by single-cell RNA-seq, suggesting that if a choice has been made, it is

not permanent at this point (Lewcock and Reed, 2004; Shykind et al., 2004; Hanchate
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et al., 2015; Saraiva et al., 2015; Tan et al., 2015; Scholz et al., 2016). In fact, electo-
olfactograms (EOGs) have shown that immature OSNs have wide receptive fields
and become selective during the transition from immature to mature OMP (+) OSNs
(Gesteland et al., 1982). Taking this information together, it is possible that the final
choice of a single OR for high expression occurs close to the transition from immature to
mature OSN.

Patterning: In addition to their unique (almost) singular expression within
OSNs, ORs have distinct expression patterns across the OE that emerge as early as E13
(Sullivan et al., 1995; Rodriguez-Gil et al., 2010). OR patterning was originally described
as “zonal”, with ORs falling into 1 of 4 zones along the dorsal-ventral axis of the OE
(Ressler et al., 1993; Vassar et al., 1993). However, closer examination demonstrated
that many ORs straddle “zone” borders; thus, OR expression patterns are more accurately

described as stripes that shift and overlap along the dorsomedial/ventrolateral axis of

Figure 8. Olfactory receptors are expressed in stripes across the olfactory epithelium.

(A) Coronal section demonstrating regional location of three ORs: 17, 16, and 133 (Adapted from
Iwema et al., 2004). (B-D) Whole mount preparations demonstrating regional locations of three
ORs: M50, P2, and MOR23 (Adapted from Vassalli et al., 2002)

the OE (Figure 8) (Iwema et al., 2004; Miyamichi, 2005). One known exception to the
“stripes” is the MOR262 subfamily (OR37 subfamily), which is expressed in a “patch” in
the center of the turbinates (Strotmann et al., 1994; Iwema et al., 2004). Class I ORs are
restricted to the dorsal OE, while Class II ORs are expressed across the entire epithelium

(Miyamichi, 2005; Tsuboi et al., 2006).
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There have been many hypotheses as to how OR spatial patterning is established
and maintained. Early on, it was thought that promoter sequences played a role in spatial
OR expression. Indeed Class I ORs have more O/E sites within their promoter region
than Class I ORs, and the two atypical, ventrally expressed Class I ORs have similar
promoter sequences to Class I1 ORs (Hoppe et al., 2006). Additionally, the promoter
sequences of the MOR262 “patch” subfamily have six conserved promoter motifs that
differ from the rest of the Class II ORs, suggesting that their promoter sequence may play
a role in their unique expression pattern (Hoppe et al., 2003, 2006). However, if promoter
sequences influence the expression patterns of all Class II ORs, there would have to be
a wide variety of OR promoter sequences; in fact, Class II ORs promoters are highly
conserved (Michaloski et al., 2006; Clowney et al., 2011). Nonetheless, in experiments
specifically looking at the M71 promoter, it was found that mutations in either the O/E or
homeodomain sites resulted in the ventralization of OR expression again suggesting that
promoter regions play at least some role in OR patterning (Rothman et al., 2005). It has
also been proposed that locus control regions (LCRs) such as the H-region could play a
role in OR patterning; however, of the seven OR genes regulated by the H-region, three
are expressed in the ventral OE while four are expressed dorsally (Serizawa et al., 2003;
Fuss et al., 2007; Nishizumi et al., 2007).

Remarkably, reporter transgenes downstream of OR promoters demonstrate OR
spatial patterning across the epithelium (Lewcock and Reed, 2004; Rothman et al., 2005;
Zhang et al., 2007b). Furthermore, the B2-adrenergic transgene driven by an OR promoter
is spatially expressed across the OE, demonstrating that OR protein is not necessary for
spatial patterning (Feinstein et al., 2004), and OR minigenes (transgenes) as small as
2.2kb are patterned across the epithelium, demonstrating that local (as opposed to long-
range) genomic interactions can influence spatial OR expression (Vassalli et al., 2002).
However, researchers have also found that the genomic context of transgene integration

and copy numbers influences expression patterns (Qasba and Reed, 1998; Rothman et
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al., 2005; Zhang et al., 2007b). Despite these observations, it is still unclear whether
genomic sequences upstream of the OR coding region can account for OR gene choice
and patterning, though they do at least contribute.

A second hypothesis for OR pattern generation is that differential expression of
transcription factors influence OR distribution. While Lhx2 and Emx2 are uniformly
expressed across the OE, the transcription factor Msx1 shows graded expression across
the OE and may be involved in pattern generation (Norlin et al., 2001). Other regional
transcription factors have yet to be identified; however, several proteins are differentially
expressed across the OE — perhaps the most interesting being the retinoic acid (RA)
synthesizing enzymes, the RALDHs (Norlin et al., 2001; Peluso et al., 2012). Spatial
expression of the RALDHs suggests the RA gradients could influence OR spatial
patterning, an attractive model considering that graded RA expression controls spatially
determined cell fate choices in many developmental and regeneration settings. This topic
is given further attention in a following section (Section 1.6).

Finally, it should be
noted that OR expression
patterns can regenerate
appropriately in adulthood.

Specifically, in unilaterally-
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_Olfactory bulb __

lesioned rats, the regenerated g

side of the OE produces a

mirror image to OR patterning

on the contralateral, un-injured

side (Iwema et al., 2004).
Figure 9. OSNs expressing the same OR converge

Thus, while the regulation of together at glomeruli in the olfactory bulb in a
rhinotopic fashion.
OR pattern generation may differ (Adapted from DeMaria & Ngai, 2010)

embryonically, it is likely that
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factors involved during original pattern generation persist into adulthood.

OR axonal guidance

Following the discovery of OR patterning in the OE, it was shortly discovered
that these patterns are projected onto the olfactory bulb (OB); this OE-OB “zonal”
projection is referred to as rhinotopy (Figure 9) (Ressler et al., 1994; Vassar et al., 1994).
Specifically, OSNs expressing the same OR project to two glomeruli (one medial and
one lateral) in each bulb respectively, and each glomeruli contains projections from
OSN s all expressing the same OR (Figure 9) (Ressler et al., 1994; Vassar et al., 1994;
Mombeaerts et al., 1996). Furthermore, dorsal/ventral OE expression is directly reflected
by dorsal/ventral bulb projections (Mori et al., 1999; Miyamichi, 2005). The conservation
of a spatial map from the OE to the bulb fits into the combinatorial model of sensory
transmission whereby certain sets of glomeruli are activated based on odorant binding at
different ORs.

After OE/OB rhinotopy was observed, the question became: which came first?

— the OE patterning, or the OB patterning? It was quickly determined that OR patterns
develop before axonal targeting at the bulb, as early as E13 (Sullivan et al., 1995;
Rodriguez-Gil et al., 2010). Building upon these observations, it was found that ORs
themselves play a significant role in axonal anterior/posterior targeting and glomerular
convergence (Mombaerts et al., 1996; Bulfone et al., 1998; Wang et al., 1998; Rodriguez-
Gil et al., 2015). The OR promoters seem to play a critical role in this process as f2-
adrenergic transgenes expressed under an OR locus form glomeruli, and OR minigenes
(as small as 2.2kb) properly target specific glomeruli (Vassalli et al., 2002; Feinstein et
al., 2004). These observations suggest that neither OR protein nor OR-specific signaling
are necessary for axonal targeting at the bulb. Interestingly, odorant-independent second
messenger activity may play a role in anterior/posterior bulb targeting (Nakashima et

al., 2013). Furthermore, OR gene swap experiments have demonstrated the OR gene
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itself is not sufficient for precise glomerular targeting as OSNs expressing a mutant
OR coding sequence do not project onto the substitute OR glomerulus, but instead
converge at glomeruli between the substituted coding sequence and the original mutated
OR (Mombaerts et al., 1996; Wang et al., 1998). Thus, unsurprisingly, other signaling
molecules play a role in OSN axonal guidance and targeting such as Slitl, Semaphorin3F,
Robo2, Neuropilin2, and IGF signaling (Cho et al., 2007; Scolnick et al., 2008; Takeuchi
etal., 2010).

Recently, two studies demonstrated that OR transgene expression can

cause endogenous OSNSs to reroute if the transgene is expressed before axonal map

establishment, suggesting that there is a critical developmental time window for

proper glomerular targeting (Ma et al., 2014; Tsai and Barnea, 2014). In fact, precise
axon convergence at the bulb is not observed in adult mice after methylbromide

injury or following olfactory nerve transection (Schwob et al., 1999; Christensen et

al., 2001; Holbrook et al., 2014). Alternatively, it has also been shown that the bulb

may not be required for axonal convergence: OSN axons are able to converge in mice
developmentally lacking olfactory bulbs or following bulbectomy (St. John et al., 2003;
Chehrehasa et al., 2006). It is apparent that the further one tests the limits of the olfactory

system, far more exceptions than rules surface.

TAARs and VIRs

Outside of canonical ORs, there are three other types of olfactory chemosensory
GPCRs: the trace amine-associated receptors (TAARSs), type-1 and type-2 receptors
(VIRs and V2Rs), and formyl peptide receptors, the latter of which are found only in
rodents (Dulac and Axel, 1995; Liberles and Buck, 2006; Liberles et al., 2009). TAARs
have been indentified in human, mice, and fish; similar to ORs, TAARs are expressed
in unique subsets of OSNs patterned across the OE. The ligands identified for mouse

TAARSs include amines found in urine and are associated with social cues such as stress
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and male/female detection (Liberles and Buck, 2006). V1Rs and V2Rs are found in the
vomeronasal sensory neurons (VSNs) in the vomeronasal organ (VNO) (Dulac and Axel,
1995). These receptors detect pheromones — secreted, odorless substances recognized by
the opposite sex of the same species (Dulac and Axel, 1995). Finally, rodents have five
FPR genes expressed in the VNO, which are thought to recognize pathogen-associated

odorants such as bacterial flora (Liberles et al., 2009).

OR expression outside of the OF

While ORs are mainly expressed in the OE, OR transcripts have been found in
other tissues. The first place ectopic OR transcripts were identified was the human testis
(Parmentier et al., 1992; Vanderhaeghen et al., 1997). Further investigation found that
ORs are also found in mice testis, and that they most likely play a role in chemoreception
during sperm-egg communication, thereby assisting in fertilization (Fukuda et al., 2004).
Outside of the OE and testis, OR transcripts have been found in the heart, muscle,
embryo, spleen, pancreas, blood, lung, kidney, and brain at varying timepoints during
development (Kang and Koo, 2012). Further investigation into ectopic OR expression is

necessary for a better understanding of OR function outside of the OE.

1.6 Spatial patterning across the OE

In addition to OR spatial patterning across the OE, other proteins and transcription
factors show graded distribution across the epithelium. In this section, I will discuss
the most described spatially expressed proteins and consider their implications for

influencing OE patterning.

RB-8/MamFasll/RNCAM/NCAM2/OCAM

The first antibody that exhibited divided immunoreactivity in the OE was

discovered in 1986 and purified in 1988, predating the discovery of ORs (Schwob and
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Gottlieb, 1986, 1988; Yoshihara et al., 1997). This monoclonal antibody was originally
designated RB-8 and was later found to probe for an immunoglobulin superfamily cell
adhesion molecule referred to as the mammalian homologue of fasciclin I (mamFasII),
olfactory cell adhesion molecule (OCAM), RB-8 neural cell adhesion molecule
(RNCAM), and neural cell adhesion molecule 2 (NCAM2) (Schwob and Gottlieb, 1986;
Paoloni-Giacobino et al., 1997; Yoshihara et al., 1997; Hamlin et al., 2004). In this thesis,
I will refer to this molecule as OCAM for simplicity’s sake (however, “olfactory” cell
adhesion molecule is a misnomer as this protein is found abundantly outside of the OE
(Paoloni-Giacobino et al., 1997; Winther et al., 2012)).

Within the OE, ventrolateral OSNs are OCAM (+) and a sharp line demarcates the
OCAM (-) region of the dorsomedial OE (Schwob and Gottlieb, 1986; Yoshihara et al.,
1997; Alenius and Bohm, 2003; Treloar et al., 2003). OSNs stain for OCAM with mesh-
like, surface staining that can be rather faint; alternatively, the fascicles of the olfactory
nerve are densely stained by OCAM antibodies (Schwob and Gottlieb, 1986). OSNs
expressing OCAM send axons to the ventrolateral region of the bulb and non-expressing
axons project to the dorsomedial bulb, suggesting that OCAM could provide axonal
guidance to the ventrolateral OSNs and assist in rhinotopy establishment (Schwob and
Gottlieb, 1986; Yoshihara et al., 1997; Alenius and Bohm, 2003; Treloar et al., 2003).
However, using OCAM KO mice, it was found that OCAM is not essential for OE-OB
connectivity and is instead required for the compartmental organization and segregation
of axodendritic and dendrodendritic synapses within glomeruli (Walz et al., 2006).

Developmentally, OCAM is expressed prior to axonal contact with the bulb:
OCAM mRNA is evident by both RT-PCR and in situ hybridization at E12.5 and the
protein can be detected by immunohistochemistry at E13.5 (axons enter the bulb around
E15) (Treloar et al., 1999; Hamlin et al., 2004). Surprisingly, OCAM is also transiently
expressed in mitral/tufted cells in the dorsal olfactory bulb that inversely synapse with

OCAM (-)/NQOI1 (+) OSNs (Treloar et al., 2003). These OCAM (+) mitral/tufted cells
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first appear at E18 prior to glomerularization, and persist until at least PO, but are not

present in the adult OB (Treloar et al., 2003).

NADPH:quinone oxidoreductase (NOOI)

A second regionally expressed protein found in the OE is the NADPH:quinone
oxidoreductase (NQO1), an enzyme that catalyzes the reduction of quinones — a class
of organic compounds derived from aromatic compounds (Gussing and Bohm, 2004).
NQOI mRNA and protein are found in OSNs of the dorsomedial OE, with a striking
border defined by the NQO1/OCAM interface. Interestingly, the NQO1/OCAM border is
often respected by OR expression zones, suggesting that similar developmental cues may

instruct spatial gene expression in both OR choice and NQO1/OCAM choice (Figure 10)

Figure 10. ORs are expressed within NQO1/OCAM boundaries.
(A) NQOL1 (+) dorsomedial OE. (B) OCAM (+) ventrolateral OE. (C) An OR expressed in
the NQO1 (+) region. (Adapted from Gussing & Bohm, 2004)

(Gussing and Bohm, 2004). While the exact function of NQOI1 in the OE is unknown,

its role in the bioactivation of quinoidal compounds suggests a connection with observed
zone-specific toxicity of certain olfactory toxins (Gussing and Bohm, 2004). Conversely,
the NQO1 (+) region of the OE (dorsomedial) can also show a resistance to olfactotoxins
— often our lab observes “sparing” of the dorsal recess during MeBr exposure. While

this may be related to NQO1 activity, it also could be due to the physical location of the

dorsal recess and the process of airflow through the nasal cavity.
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RA synthetic enzymes (RALDHs)

One of the most interesting dispersed proteins across the OE are the retinoic acid
(RA) synthetic enzymes, the RALDHs. RALDHs and RA metabolizing enzymes control
graded RA concentrations (Wang et al., 1996; Zhao et al., 1996; Niederreither et al.,
2002), which have been shown to influence spatially determined cell fate choices in many
developing and regenerating settings including gastrulation, limb bud formation, motor
neuron differentiation, and epithelial differentiation in the intestine and trachea (Tickle
et al., 1982; Niederreither et al., 2002; Appel and Eisen, 2003; Rhinn and Doll¢, 2012).
Therefore, differential expression of RALDHs across the OE suggests that RA could be
an important signal for OSN pattern formation with respect to ORs and other spatially
expressed proteins, such as NQO1 and OCAM.

During OE development, mesenchymal-epithelial interactions are crucial for
morphogenesis and secreted factors from the mesenchyme play a critical role in neuronal
differentiation. These secreted factors include FGFS, sonic hedgehog (SHH), BMPs, and
RA (LaMantia et al., 1993, 2000; Shou et al., 2000). In the early embryo, RALDH-2 is
expressed in the frontonasal mesenchyme providing a key source of RA that initiates
expression of other RA-signaling molecules (such as retinoid receptors) and influences
the eventual expression of RALDH-3 (Bhasin et al., 2003). RALDH-3 itself is crucial
for development and survival; RALDH-3 knock-out mice die perinatally due to nasal
malformations resulting in respiratory failure (Dupé et al., 2003).

In addition to RA’s role in differentiation and morphogenesis, retinoic acid plays
a role in developmental OE patterning. This was first demonstrated in mesenchymal/
epithelial co-cultures where mesenchyme was taken from an RA-deficient animal
(Pax6°” mice) and placed in culture with wild-type OE. Under these circumstances, the
wild-type mucosa failed to organize and differentiate, but a portion of medial olfactory
characteristics did develop. This suggests that medial OE differentiation is less dependent

on RA signaling than the lateral OE (LaMantia et al., 2000). Furthermore, the RALDHs
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and RA-response genes are differentially expressed across the developing olfactory
mucosa (OM) shown by both in situ hybridization and RA-reporters: at E16, RALDHI,
2, and 3 are found in the ventrolateral OM and RA-responsive genes are found in a subset
of OSN’s in the dorsolateral OE (Whitesides et al., 1998; Niederreither et al., 2002).

In the adult OE, RALDHs continue to be differentially expressed in both the
mesenchyme and epithelium (Norlin et al., 2001; Peluso et al., 2012). RALDHI1 is
strongly expressed in the ventrolateral Sus cells and in stromal cells of the ventrolateral
lamina propria, RALDH2 shows similar, albeit lower expression in Sus cells as
RALDHI, and RALDH3 is limited to stromal cells of the ventrolateral lamina propria
that are adjacent to the basal lamia (Peluso et al., 2012). Additionally, the RA-binding
protein CRABII is similarly found in the ventrolateral OE. Conversely, the RA
metabolizing enzyme CYP26 is not differentially expressed in the OE as demonstrated
by qPCR in dissected dorsal vs. ventral OE (Peluso et al., 2012). Based on these
observations, the RALDHs could be important for maintaining RA gradients in the adult
OE and may set up borders that influence NQO1/OCAM and OR patterning. In fact, the
RALDH and OCAM borders are sharply aligned (Peluso et al., 2012).

To test the effect of RA secretion on spatial patterning, one would wish to
inhibit RA production in the adult OE under a regenerative setting — a challenging task.
To address this problem, our lab used a retrovirus to introduce a dominant negative
form of the RA receptor in basal cells after MeBr lesion. Unfortunately, under these
circumstances, OMP (+) mature OSNs do not develop, preventing any observations

regarding spatial patterning (Peluso et al., 2012).

Other regionally expressed transcription factors and proteins

Aside from ORs, OCAM, NQOI, and the RALDHs, there are a handful of
other identified spatially expressed proteins and transcription factors. Two regulators

of G-protein signaling, RGS9 and RGSZ1 have mutually exclusive expression in
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the dorsomedial and ventrolateral OE respectively (Norlin and Berghard, 2001).
Additionally, the Msx1 homebox transcription factor and Neuropilin-2 are expressed in
the ventrolateral OE and the BMP-type I receptor, Alk6, is found in the dorsomedial OE
(Norlin et al., 2001). It is likely that more transcription factors, proteins, and secreted

factors are dispersed across the OE — however, they have yet to be described.

1.7 The lysine specific demethylase 1 (LSD1)

As mentioned in section 1.5, the lysine specific demethylase 1 (LSD1) may play a
crucial role in singular OR expression. In this section, I will review what is known about
LSD1 function outside of the olfactory system and then will focus on what is known in

the OE, as well as what is left to be investigated.

Discovery and function

Histone modifications are a type of epigenetic modification that affect chromatin
structure and ultimately influence transcription (Strahl and Allis, 2000). Two types
of histone alterations have been most heavily studied (although others exist): histone

acetylation and histone methylation (Kouzarides, 2000, 2007; Rice and Allis, 2001;

Methyltransferases
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UTX
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Figure 11. Dynamic regulation of histone methylation on H3.
Lysines that promote transcription when methylated are in green,
and residues that inhibit transcription when methylated are in red.
Methytransferases are listed above and demethylases are listed
below (Adapted from Shi, 2007)
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Zhang and Reinberg, 2001). The fact that histones are substrates for methylation was
originally discovered in 1964; subsequent to this discovery, the work of many researchers
has shown that lysine residues 4, 9, 27, and 36 on histone 3 (H3) and lysine 20 on histone
4 (H4) are preferred sites for histone methylation (Murray, 1964; Strahl et al., 1999;
Kouzarides, 2007). Furthermore, histone methylation can be transcriptionally activating
or transcriptionally repressive (Strahl et al., 1999; Nakayama et al., 2001; Lee et al.,
2005a); therefore, enzymes that add or remove histone methylations (methyltransferases
and demethylases respectively) can be either activating or repressive (Figure 11).

This first histone methylation-modifying enzyme identified was the lysine specific
demethylase 1 (a.k.a. LSD1, KDM1A, BHC110, AOF2) (Hakimi et al., 2002; Shi et al.,
2004). LSD1 removes methyl groups from histone 3, lysine 4 (H3K4) — a transcriptional
activating methylation mark (Shi et al., 2004). Thus, LSD1 was originally described
as a transcriptional repressive histone-modifying enzyme. At the time of its discovery,
it was understood that LSD1 functions in a co-repressor complex that can include the
C-terminal binding protein (CtBP), histone deacetylase 1 or 2 (HDACI,2), and the REST
corepressor 1 (CoREST1), amongst other complex components (Hakimi et al., 2002;

Shi et al., 2005). Furthermore, it was found that LSD1 specifically removes mono- and
di- methylations at H3K4 (H3K4mel and H3K4me2), but cannot demethylate H3K4
trimethylation (H3K4me3), and that LSD1’s enzymatic activity at nucleosomes depends
on its association with CoREST1 (Shi et al., 2004; Lee et al., 2005b).

Although LSD1 mainly demethylates at H3K4 to repress transcription, it was
recently found to demethylate at H3K9me1/2, a transcriptionally repressive histone mark,
thereby making LSD1 also capable of transcriptional activation (Metzger et al., 2005;
Garcia-Bassets et al., 2007; Laurent et al., 2015). Binding partners necessary for LSD1
activity at H3K9 include the nuclear hormone receptors: the androgen receptor (AR)
and the estrogen receptor (ER) (Metzger et al., 2005; Garcia-Bassets et al., 2007; Nair

et al., 2010). Interestingly, a recent report found that a neuron-specific isoform of LSD1,
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LSD1+8a, is able to demethylate H3K9me2 when in complex with supervillin (SVIL)
(Laurent et al., 2015). Taking these data collectively, LSD1 substrate specificity is largely

mediated by its associated proteins.

LSDI1 in disease, development, and differentiation

The role of LSD1 in cancer progression has received much attention in the past
years and many LSD1 inhibitors have been proposed as therapeutic agents, though
they have yet to reach the clinic (Gale and Yan, 2015). LSD1 has oncogenic properties
in several cancers including prostate, bladder, breast, lung, leukemia, neuroblastomas,
sarcomas and hepato-carcinomas (Amente et al., 2013; Zhang et al., 2013; Phillips et al.,
2014). Expression of LSD1 mRNA and protein is high in cancerous tissue, inhibiting
LSD1 in cancer cells lines suppresses proliferation, migration, and invasion, and
overexpressing LSD1 in cancer cell lines enhances cell growth (Hayami et al., 2011; Lv
et al., 2012; Zhao et al., 2013). Similar to its normal activity, LSD1’s function in cancer
initiation depends on its association with other proteins and transcription factors. For
example, when associated with the transcription factor SLUG (SNAI2), LSD1 plays
a role in mammary cancer initiation by unlocking stem cell transitions — specifically
luminal differentiation (Phillips et al., 2014).

As suggested by its role in stem cell transitions in breast cancer, LSD1 is an
important player in stem cell maintenance. In fact, LSDI is a key histone modifier in
balancing self-renewal and differentiation in embryonic stem cells (ESCs) (Adamo et
al., 2011). Specifically, LSD1 regulates bivalent chromatin domains — regulatory regions
of developmental genes that contain both H3K4me?2/3 (activating) and H3K27me3
(repressive) marks that are “poised” for activation during development (Bernstein et al.,
2006; Adamo et al., 2011). Furthermore, LSD1 affects self-renewal and differentiation in
human iPSCs (Yan et al., 2016).

Developmentally, LSD1 first appears in the morula and is later found in the inner
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cell mass of blastocysts; in mice lacking LSD1, the egg cylinder fails to elongate and
undergo gastrulation leading to lethality around embryonic days 5-7 (Wang et al., 2007,
2009; Foster et al., 2010).The loss of LSD1 causes aberrant expression of 588 genes
including many transcription factors involved in anterior/posterior patterning and limb
development (Foster et al., 2010). Given this information, it is not surprising that loss of
LSDI1 is embryonic lethal (Wang et al., 2007, 2009; Foster et al., 2010).

Outside of its role in ESC differentiation, LSDI1 is necessary for terminal
differentiation (from precursor cells) in many cell types including pituitary cells,
adipocytes, photoreceptor cells, gastrointestinal endocrine cells, hematopoietic cells, and
neurons (Saleque et al., 2007; Wang et al., 2007; Musri et al., 2010; Sun et al., 2010; Ray
et al., 2014; Laurent et al., 2015; Popova et al., 2015). Again, LSD1 complex partners
are critical in orchestrating LSD1-induced differentiation; for example, supervillin is
necessary for LSD1 mediated activation of neuronal genes and CoREST?2 is necessary for
neuronal precursor (NPC) proliferation and differentiation in the cortex (Laurent et al.,
2015; Wang et al., 2016). Interestingly, LSD1/CoREST1 complexes inhibit neuronal gene
expression in non-neuronal cell types (Andrés et al., 1999; Ballas et al., 2001; Ceballos-
Chavez et al., 2012; Séez et al., 2015). The divergent functions of LSD1 promoting
neuronal differentiation in certain cell types and inhibiting it in others reflects the dual

activating/repressive capacity of the enzyme at H3K9 and H3K4 respectively.
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LSD1 expression and function in the OFE

LSD1 was first found in the OE via microarray analysis: LSDI transcript is
abundant in Sox2 (+) and Neurogl (+) GBCs and decreases in expression with neuronal
maturation (Figure 12) (Krolewski et al., 2013). Further investigation using mRNA-seq
and immunohistochemistry showed that LSD1 protein and mRNA are abundant in GBCs
(Krolewski et al., 2013; Lyons et al., 2013). More specifically, the cell population that
overlaps best with LSD1 (+) cells in the OE are the Neurogl-eGFP (+) GBCs (Krolewski
et al., 2013; Lyons et al., 2013; Kilinc et al., 2016).

Given the fact the LSDI is differentially expressed in the OE and that LSD1 can
act as either transcriptionally activating or repressing, several hypotheses of LSD1’s
role in the OE have emerged. Most inviting is the hypothesis that LSD1 plays a pivotal
role in singular OR gene choice, as LSD1 can demethylate at both H3K4mel/2 and
H3K9mel/2 — both of which are found on OR alleles (Magklara et al., 2011). In fact,
LSDI is expressed in neuronal precursors at a time before OR expression (Neurogl-
GBCs), and decreases in expression in mature OSNs that have chosen an OR. Therefore,
LSD1 may repress OR expression in precursor cells and its down regulation may be
associated with the release of an OR gene from its repressed state. Specifically, this
model imagines that LSD1 is in constant competition with H3K4 methyltransferases,
until the methyltransferases win at a specific OR allele, resulting in H3K4me3-dependent
transcription activation.

On the flip side, several groups have hypothesized that LSD1 activates OR
transcription by removing H3K9me/me?2 at a specific OR allele (Lyons et al., 2013).
Importantly, in this scenario, an initial demethylase is necessary to remove the first
methyl group from H3K9me3 as LSD1 only demethylates at mono- and di-methylated
lysines (Shi et al., 2004). This model seems unlikely given the abundance of LSD1
expression in precursor cells (as in, if LSD1 were activating only one allele, it would

likely be very hard to detect in OE). However, a recent report found that LSD1
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compartmentalizes in early post-mitotic cells (immature OSNs) and co-localizes with
1-3 OR loci during this timeframe, suggesting that LSD1 may in fact modify specific
OR alleles at the time of OR gene choice (Kilinc et al., 2016). As LSD1-dependent OR
activation has been given the most attention in the OE field, I will review the literature
supporting this model.

The seminal paper on LSD1 function in the OE was published in 2013 shortly
after OR gene heterochromatinization was characterized (Magklara et al., 2011). To
analyze LSD1 function, Lomvardas’ group knocked-out LSD1 using a floxed-Lsd1
transgenic mouse and three cell-specific drivers (separately): Foxgl-Cre, MORZ2S8-Cre,
and OMP-Cre (Wang et al., 2007; Lyons et al., 2013). Foxg] is a transcription factor
expressed in ventrolateral embryonic OE that is required for OE development as well as
survival (Duggan et al., 2008). Not surprisingly, LSD1 knock out under the Foxgl-Cre
driver resulted in embryonic lethality at E18.5, thereby limiting the study to embryonic
development. Despite this limitation, it was clear that the loss of LSD1 in Foxgl (+) cells
aborted terminal OSN differentiation (Lyons et al., 2013). When LSD1 was knocked out
with the OR driver, MOR28-Cre, or the OMP-Cre driver, there was no phenotype, which
was not surprising given that LSD1 is not highly expressed in mature OSNs (Lyons et al.,
2013).

In looking at OR expression, the investigators found that Foxg!-Cre/Lsd 1"
mice did not express any ORs by in situ hybridization. This result formed the basis of
their hypothesis: LSD1 is necessary for OR activation. While this may be true, it is hard
to prove decisively given that mature OSNs do not develop in these animals. Despite
this confound, one could argue that the OSNs are not maturing because they are never
turning on OR expression. In support of this argument, the group demonstrated that
overexpression of a specific OR in the FoxgI-Cre/Lsd " mice rescued OSN maturation
as assayed by Adenylyl cyclase 3 (AdCy3) immunoreactivity. Interestingly, when they

overexpressed LSD1 in mature OSNs, they found that LSD1 inhibited OR expression
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(Lyons et al., 2013). Therefore, LSD1 may activate or repress OR expression depending
on its timing of expression.

Building upon this paper, Xie’s group modeled LSD1 gene activation and found
that OR singularity can be achieved by slow stepwise H3K9me3 demethylation followed
by fast feedback to turn off LSD1 expression (Tan et al., 2013). Importantly, the model
requires an original H3K9me3 demethylase and the presence of H3K9 methyltransferases
that opposes the action of LSD1. In regard to the former, an H3K9me3 demethylase
that removes the initial methyl group at OR loci has yet to be described. In regard to the
latter, further work has identified that knocking out the G9a histone methyltransferase
and the G9a-like protein (GLP) (both of which methylate H3K9) result in increased
expression of some OR genes (and a decrease in others), as well as a loss of singular OR
expression (Ferreira et al., 2014; Lyons et al., 2014). Therefore G9a and GLP may be the
methyltransferases that lay down the original repressive H3K9 methylation and oppose
LSD1 activity.

Taking the data collectively, it is clear that OR genes are marked with repressive
heterochromatin and that LSD1 KO results in a lack of neuronal maturation in the OE. It
is likely that G9a and GLP are involved in OR heterochromatinization, and it may be the
case that LSDI1 plays a role in releasing OR repression at specific OR alleles by removing
methyl groups from H3K9. However, it could also be the case that LSD1 is involved
in OSN differentiation through a mechanism that does not involve OR gene selection.
Further investigation into LSD1 binding partners in the OE and functional studies of
LSDI1 in the adult animal will help clarify its role in both OR selection and OSN terminal

differentiation.
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1.8 Summary and Hypotheses

This thesis investigates the processes of OSN maturation and diversification in the
adult mouse OE. It is specifically focused on spatial influences on neuronal diversification
and the role of LSD1 in OSN maturation. The thesis is broken into three results chapters

addressing the following questions:

Chapter 3: Do transplanted progenitors mimic neuronal differentiation in
situ? In this section, I describe the transplantation methods used throughout this thesis
and lay the groundwork that the transplantation model can recapitulate the differentiative
capacity of specific cell types as previously described in the literature. Remarkably, these
control experiments led to the discovery that injury to the OE can induce dedifferentiation

in the OSN lineage.

Chapter 4: Do spatial cues influence OSN diversification? Through a series
of transplantation experiments, I demonstrate that the location of a neuronal progenitor
within the OE influences gene choices that direct neuronal diversification. These
experiments investigate expression of the regional markers NQO1 and OCAM and the

olfactory receptors.

Chapter 5: Is LSD1 involved in OR gene choice? To address the role of
LSD1 in OR gene choice, I conditionally knocked out LSD1 in three progenitor
cell populations. In this section, I show that LSDI is essential for terminal OSN

differentiation during a specific time window during OSN maturation.

Chapter 6: Discussion and Future Directions. In the final chapter, I synthesize
the data from this thesis and propose next steps to further clarify the complex processes

of neuronal maturation and diversification within the OE.
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Chapter 2.

Materials and Methods
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2.1 Animals and breeding

“Wildtype” F1 mice used for transplantation, western blotting, and reference
tissue for immunohistochemistry and in situ hybridization were bred from C57/BJ6
and 129S1/SvIMJ mice in house or were ordered from Jackson Laboratories (stock
#101043). Olfactory receptor reporter mice, M72-IRES-tauGFP and P2-IRES-taulacZ,
were generously gifted by Dr. Peter Mombaerts and bred together in house (Mombaerts
et al., 1996; Feinstein and Mombaerts, 2004). Sox2-eGFP generously provided by
Dr. Mahendra Rao (Ellis et al., 2004), Neurogl-eGFP BAC mice generated through
the GENSAT Project (Gong et al., 2003), and OMP-GFP mice generously provided
by Dr. Peter Mombaerts (Potter et al., 2001) were each were separately bred to
constitutive CAG-TdTomoto mice generated in house by breeding the 4i9 R26Rfl(stop)
TdTomato strain with the germ line constitutive Sox2-Cre driver (stock #008454). K5-
CreER™ generously provided by Dr. Pierre Chambon and Dr. Randall Reed (Indra et
al., 1999), Ascll-CreER™ from Jackson Laboratories (stock #012882), and NeurogI-
CreER™ generously provided by Dr. Lisa Goodrich (Koundakjian et al., 2007), were
each bred in house to the Cre reporter strain 419 R26Rfl(stop) TdTomato from Jackson
Laboratories (stock #007909) and — for the LSD1 knockout experiments — to floxed
LSD1 mice generously provided by Dr. Michael Rosenfeld (Wang et al., 2007). All mice
were maintained on ad libitum rodent chow and water and were housed in a heat- and
humidity-controlled, AALAC-accredited vivarium operating under a 12:12-h light:dark
cycle. All protocols for the use of vertebrate animals were approved by the Committee for

the Humane Use of Animals at Tufts University School of Medicine.

2.2 Methyl bromide lesion
Eight-week old mice were passively exposed to MeBr gas (Matheson Gas
Products, East Rutherford, NJ) for 8 hours at a concentration of 170 ppm in purified air

at a rate of 10L/min. Unilateral exposures were performed by plugging the left naris with
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a 5-mm piece of PE10 tubing and the lumen of the tube was obstructed with a knotted
5.0 suture thread. Following lesion, mice were kept on the same feeding and housing

schedule and were sacrificed at the indicated timepoints post lesion.

2.3 Olfactory bulbectomy

Mice were anesthetized with 50 pl double cocktail of 0.05 mg/ml ketamine and
0.1 mg/ml xylazine; one booster of 30 pl was given when necessary. Once animals were
unresponsive to toe pinches, they were immobilized in a stereotactic head mount above
a 37°C heating pad for homeostasis. A single incision was made on shaved, disinfected
skin to expose the overlying frontal bone and a bone drill was used to expose the right
olfactory bulb; the bulb was removed by aspiration and oxycel was placed into the empty
cavity to achieve hemostasis. Lastly, the overlying skin was sutured, mice were given 1

ml of sterile saline subcutaneously, and were placed on a warm pad for recovery.

2.4 Drug preparation and administration

EdU (ThermoFisher catalog #A10044) dissolved in sterile PBS was injected
subcutaneously in 10-week old mice at 50 mg/kg body weight. Animals were sacrificed
at 1,2,3,5,7, and 9 days post EdU injection and EdU was detected in processed
tissue (described below) via Click-iT chemistry as described by the manufacturer
(ThermoFisher catalog #C10339).

Tamoxifen (Tam) purchased from Sigma (#T5648) was dissolved in sterile USP-

grade corn oil at 30 mg/ml by gentle inversion at 60°C for 10 minutes; the dissolved Tam
was injected intraperitoneally at 150 mg/kg into 6 week-old mice once a day for two
days.

Methimazole lesion was performed with a single intraperitoneal injection of 50
mg/g methimazole in saline solution at 10 mg/ml. Following injection, mice were kept on

the same feeding and housing schedule and were sacrificed at 2 weeks post lesion.
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2.5 Tissue Processing

Mice were anaesthetized by intra-muscular injection of a triple cocktail
of ketamine (37.5 mg/kg), xylazine (7.5 mg/kg), and acepromazine (1.25 mg/kg).
Anaesthetized animals were transcardially flushed with PBS and perfused with 4% PFA
(1M mono- and dibasic phosphates, ph7.4) or with 1% PLP (1% PFA, 0.1M mono- and
dibasic phosphates, 90mM lysine, 0.1M sodium periodate). Following perfusion, the
cranium and bones overlying the nose were removed; the remaining nasal tissue was
post-fixed under vacuum for 1 hour, rinsed in PBS and decalcified in saturated EDTA
overnight. Tissue was transferred to 30% sucrose overnight for cryoprotection and then
embedded in OCT compound (Miles Inc., Elkhart, IN) and frozen in liquid nitrogen. 10
or 20 pm coronal sections were generated on a Leica cryostat and mounted on Ultraclear

Plus charged slides (Denville Scientific) and stored at -20°C until needed.

2.6 Tissue Dissociation

Animals were anaesthetized with intra-muscular injection of triple cocktail (see
above) and perfused with cold Low-Ca*" Ringers solution (140mM NaCl, SmM KCl,
10mM HEPES, 1mM EDTA, 10mM glucose, 1mM sodium pyruvate, pH7.2). The OE
was dissected and placed in 3ml Low-Ca** on ice. After mincing the tissue, 3ml of 0.05%
Trypsin-EDTA was added to the slurry followed by a 10-minute incubation at 37°C.
The tissue was pelleted at 2000xg and the Trypsin-EDTA was discarded and replaced by
an enzyme cocktail (100 U/ml collagenase, 250 U/ml hyaluronidase, 75 U/ml DNase I,
0.1 mg/ml trypsin inhibitor, 5U/ml papain; from Worthington Biochemical, Roche, and
Sigma) in Regular Ringer solution (140 mM NaCl, 5SmM KCI, 10mM HEPES, 1mM
EDTA, 10mM glucose, 1 mM sodium pyruvate, ImM CaCl,, ImM MgCl,, pH7.2). The
tissue was incubated in enzyme cocktail for 30 minutes followed by filtration through
a 35um mesh, centrifugation, and resuspension in DMEM for transplantation with 50

ul suspended cells per host animal. For experiments with the HDAC inhibitor: 10 pM
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Oxamflatin (Santa Cruz cat #205960) was spiked into the cell suspension and incubated

at 37°C for 1.5 hours.

2.7 Fluorescence activated cell sorting (FACS)

Olfactory epithelium was dissociated as described above except the cells were
resuspended in 1X HBSS containing 25 mM HEPES, 10 mM EDTA, and 0.5% BSA.
Cells were sorted on a Legacy MoFlo (ne. Cytomation, now owned by Beckman Coulter)
on the clonal setting. Cells were collected into 1.5 ml tubes for bulk sorts or in PCR tubes

for single cell analysis.

2.8 Transplantation

Transplantation was performed as previously described (Schnittke et al. 2015).
In brief: Host animals were exposed to MeBr gas 24 hours prior to transplantation;
on the day of transplantation, host animals were anaesthetized with 50 pl 0.05 mg/ml
ketamine and 0.1 mg/ml xylazine double cocktail and maintained with 10 pl Ketamine/
Acepromazine double cocktail: 13.33 mg/ml ketamine and .66 mg/ml Acepromazine.
Once under full anesthesia, the anterior neck was shaved and disinfected and a
tracheotomy was performed. The palate was raised with a 3cm piece of PE-100 tubing to
close the nasopharyngeal passage and 50ul of resuspended cells (dissociated from donor
animals as described above) were flushed into the naris through PE-10 tubing. Mice were
positioned at a 45° angle, alternating sides every 30 minutes for 3 hours. After this time,
the solution was removed from the nasal cavity, the tracheotomy was sutured, the mice
were given subcutaneous saline injections and were placed on a recovery warm pad.

Three or four weeks later the animals were sacrificed.

2.9 Single-cell RT-PCR and OR identification
Single OMP-GFP (+)/CAG-TdT (+) cells were isolated from transplant host
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animals by FACS. Cells were sorted directly into 50ul lysis buffer (DNase/RNase-

free water [Invitrogen cat #10977], 0.005% NP-40 [Roche cat #1332473, 0.02%

RNase Inhibitor [ThermoFisher cat #10777019]) in 0.5ul tubes and placed into a 65°C
incubator for 2 minutes. In no-RT control experiments, the cell lysis was split into 2, 25ul
aliquots, which were brought back to 50ul with water. From this point, I used Clontech’s
SMARTer Pico PCR ¢cDNA Synthesis Kit (cat #634928) for single-cell RT-PCR (for the
no-RT experiments, | added water instead of the reverse transcriptase). The resulting
cDNA was used for many PCR experiments, including PCR for -actin, TdTomato, OMP,
Tujl, GAP43, Sox2, and olfactory receptors (ORs). In this study I used the degenerate
OR primer pair P26/P27 (Malnic et al., 1999). OR PCR products were TOPO cloned
(Invitrogen TOPO TA cloning kit, cat #450640) into TOP10 cells (Invitrogen cat #C4040-
03) and plated on LB-ampicillin plates for blue/white screening. White colonies were

selected for minipreps and sequencing.

2.10 Quantitative RT-PCR

RNA was made from dissociated, FACS isolated cells using the Quick-RNA
MicroPrep Kit from Zymo Research as described by the manufacturer (catalog #R1050);
cDNA was generated using PrimeScript RT Master Mix from Clontech as described by
the manufacturer (catalog #RR036A). SYBR Green qPCR mastermix (Qiagen, catalog
#330529) was used for qPCR amplification on a BioRad CFX96 Real Time System with
a C1000 Thermal Cycler.

2.11 RNA-sequencing

Two fluorescent reporter mouse lines were used for FACS isolation of single
cells of interest: OMP-GFP/pan-TdT (from dorsal to ventral transplant experiments) and
OMP-GFP (3 weeks post bulbectomy). FACS isolated cells were captured on a 5-10 um

mRNA Seq [FC (Fluidigm, 100-5759) and visually inspected to positively identify single
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cell capture prior to lysis and cDNA synthesis according to manufacturer’s instructions.
Three RNA spike-ins were added to the lysis buffer for further batch effect correction.
cDNA was quantified using Invitrogen’s Quant-iT high sensitivity DNA Assay kit
(Q33120) prior to library construction using Illumina Nextera XT Library Prep Kit (FC-
131-1024), following manufacturer’s instructions and Fluidigm modifications. Single

cell libraries were tagged with unique barcodes using Nextera XT Index Kit V2 B,C,D
(FC-131-2002, FC-131-2003, FC-131-2004), and pooled prior to Agencourt AMPure XP
Bead cleanup. The library was quantified using Quant-iT and size distribution determined
using a Fragment Analyzer (Advanced Analytical Technologies, Inc) prior to sequencing
at ~3M 100bp paired end reads per cell on an [llumina HiSeq2500 running in High
Output v4 mode. Demultiplexed reads were FASTQC trimmed prior to mapping using
RSEM on the Tufts High Performance Computing Cluster. Batch effects were removed
using Bayesian methods implemented in the R package ComBat. This was followed

by hierarchical clustering and visualization of clusters using the dimension reducing
algorithm t-SNE, implemented in the R package Rtsne. Determination of the cutoff points
for OMP and GAP43 expression was performed using the R package OptimalCutpoints,
using the Youden Index Method (Youden, 1950; Schisterman et al., 2005; Lopez-Raton et
al., 2014). The results of these calculations matched the results from visual and K-means
clustering methods. For OR expression cutoffs, a similar method was used, however the
multinomial logistic regression was used instead as multiple cutoffs were calculated, one
of baseline noise as an initial filter, and the other for true high expression of a specific
OR. The final result of this is a cutoff of 1139 transcripts per million (TPM) for OMP, 47

for GAP43, and 357 for ORs to be counted as “positive.”

2.12 Western blotting and immunoprecipitation
Dissected whole-OE was flash frozen in liquid nitrogen, suspended in lysis buffer

(1M Tris pH 7.5, 0.5M EDTA, 1X protease and phosphatase inhibitors [ThermoFisher
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cat #79440], 20% Triton X-100, 0.5M NA,VO,, 2M NaCl) at 60 pl/mg of tissue, and
sonicated until the tissue was homogenized. Membranes were removed by spinning at
14,000 rpm and a bicinchoninic acid assay (BCA) protein assay was used to determine
protein concentrations; stocks of 2 mg/ml were made up in 1X LDS sample buffer
(ThermoFisher cat #B0008) and 1X reducing agent (ThermoFisher cat #B0009) and
frozen at -80°C until used for Western blotting. Samples were denatured at 95°C for 5
minutes and loaded at 40pg/lane for gel electrophoresis and PVDF transfer using the
Bolt Mini Blot Module (ThermoFisher cat #B1000). The membranes were blocked in
IX TBST (20mM Tris, 0.15 NaCl, 0.1% Tween-20) with 5% Carnation Instant Non-
fat Dry Milk for one hour at room temperature. Primary antibodies were incubated
overnight at 4°C at the following concentrations: CoOREST, 1:500 (NeuroMab cat #75-
039); LSDI1, 1:20,000 (Abcam cat #ab62582); NQO1, 1:1000 (Abcam 80588); OCAM,
1:6,000 [Rabbit RB-8 antiserum(Schwob and Gottlieb, 1988)]; beta-actin 1:1,000
(ThermoFisher cat #MA5-15739). The following day, membranes were washed in 1X
TBST/5% milk 6 times for 5 minutes and secondary HRP conjugated antibodies (Jackson
ImmunoResearch) were incubated at 1:1000 for 1 hour at room temperature. After two,
30 minutes washes, the membrane was incubated in ECL substrate (ThermoFisher cat
#34080) and developed.

For immunoprecipitation, I used RIPA bufter for lysis (150 mM NaCl, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% SDS< 50 mM Tris, pH 8.0). Following sonication
and BCA protein quantification, the protein was diluted to 1mg/300ul and LSD1 primary
antibody was incubated in the lysate at 1:100 overnight at 4°C with rotation. The NAb
Protein G spin kit was used for immunoprecipitation as described by the manufacturer
(ThermoFisher cat#89949). During Western blotting, primary antibodies were used
at 1:5,000 and 1:500 for LSD1 and CoREST respectively; secondary HRP conjugates
were used at 1:2,000. Gel electrophoresis, transfer, and development were performed as

described above.
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2.13 Horizontal Basal Cell Cultures

Olfactory epithelium was dissected in a clean hood and placed in culture
dissociation media (Pneumacult Ex, Stemcell Tech cat #05008; 1X Gem21, Gemini
Bio cat #400-161; 1X N2 Neuroplex Supplement, Gemini Bio cat #400-163; 1X
collagenase/hyaluronidase, Stemcell Tech cat #07912). The tissue was minced, vortexed,
and placed on a rotator at 37°C for 1 hour. Cells were pelleted and resuspended in 5
ml 0.25% Trypsin-EDTA (Stemcell Tech cat #07901) with trituration, followed by the
addition of 10 ml 1X HBSS containing 25 mM HEPES, 10 mM EDTA, and trypsin
inhibitor (MP Biomedicals cat #101113). After a second round of pelleting, 1 ml Dispase
(StemCell Tech cat #07912) and 100uL DNasel (StemCell Tech cat #07900) were
added to the pellet with tituration. Again, 10 ml HBSS was added and the cells were
filtered through a 40 micron mesh. Cells were pelleted a final time and resuspended
in plating media (Pneumacult Ex, 1X Gem21, 1X N2 Neuroplex Supplement, 100ng/
ml RSPO-1 [Sinobiological, human recombinant]; 50 ng/ml Noggin [Sinobiological,
human recombinant]; 10 mm ROCK inhibitor [Sigma cat #Y27632]). A more detailed
description of the HBC culture model is in preparation for publication (Peterson et. al,
in preparation). Cultured HBCs were treated with 10 uM HDAC inhibitor Oxamflation
(Santa Cruz cat #205960) for 6 hours followed by a brief wash in PBS, fixation, and

staining for acetyl-Histone 3 Lysine 9 (H3K9ac) (Millipore cat #07-352).

2.14 In situ hybridization

Probe preparation: Probe templates were PCR products of OR gene-specific
containing T3/T7 overhangs. In vitro transcription was performed using either T3 RNA
Polymerase (Sigma, cat# 110311; protocol as described by manufacturer) or T7 RNA
polymerase (NEB, cat # E2040; protocol as described by manufacturer).

Hybridization protocol. Slides were removed from storage at -80°C and air-dried

at room temperature for 30 minutes. Tissue was rehydrated in DEPC-PBS for 4 minutes,
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incubated in 1% Triton X-100 for 4 minutes, permeabilized with 0.05 mg/ml Proteinase
K (Thermofisher, cat #AM2546) in 0.5M Tris-HC1/0.1M NaCl/0.1M EDTA pHS for 4
minutes, rinsed twice with DEPC-PBS followed by DEPC-water, and air-dried at room
temperature for at least 1 hour. 150 pl DIG-RNA probe was applied to each slide at 2 mg/
ml in 50:50 formamide/hybridization solution (Sigma, cat #H7782) and was sealed with
a parafilm coverslip. Hybridization occurred overnight in a sealed humid box (containing
50:50 formamide/5X SSC) at 55°C. The following day, slides were washed twice in 2X
SSC at room temperature for 30 minutes and twice in 0.1X SSC at 70°C for 30 minutes.
Prior to signal detection, slides were equilibrated in Tris Buffer (0.1M Tris-HCL, 0.15M
NaCl pH7.5) for 2 minutes at room temperature and blocked in TNB (made as described
by the manufacturer, PerkinElmer cat #FP1012) for 30 minutes at 37°C. Anti-DIG-AP
(Jackson ImmunoResearch, cat# 200-052-156) diluted at 1:1000 in TNB was incubated
on the slides for 3 hours at room temperature. Finally, following three washes in Tris
Buffer (10 minutes each), slides were rinsed in predevelopment buffer (100mM Tris,
100mM NaCl, 50 mM MgCl, pH9.8) and developed in 1:1 predevelopment buffer
(adjusted to have the same final concentrations listed above)/10% PVA, 0.1X BCIP (50
mg/ml in DMF), 0.1X NBT (100 mg/ml in 70% DMF) overnight at 37°C.

2.15 Immunohistochemistry

Prior to immunostaining, rubber cement was applied around each section and
dried onto the slide for 15 minutes on a hot plate; slides were then rinsed in PBS to
remove OCT. Sections were subjected to antibody-specific pretreatments including:
5 minute incubation in 0.005% Trypsin-EDTA, 5 minute incubation in 3% hydrogen
peroxide in methanol, 10 minute incubation in 0.01M citrate buffer (pH 6.0) in a
commercial food steamer, and 30 minute incubation in 0.01M citrate buffer at 84°C.
Sections were blocked with 10% donkey serum/5% non-fat dry milk/4% BSA/0.1%

TritonX-100 in PBS and incubated overnight at 4°C in primary antibody. The next
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day, staining was visualized using an array of methods as indicated in Table 1 and as
described: (1) Secondary amplification (directly conjugated): Primary antibodies were
washed off with 3x5 minute PBS rinses and secondary antibodies were incubated for one
hour at room temperature at 1:100. (2) Tertiary amplification: Primary antibodies were
washed off and biotinylated secondaries were incubated for one hour at room temperature
at 1:100, followed by 3x5 minute PBS washes. Flour-conjugated streptavidin was
incubated at 1:100 for one hour at room temperature. (3) Tyramide signal amplification
(TSA): Biotinylated secondaries were used as described above; however after washing,
horseradish peroxidase conjugated streptavidin (HRP-SA from Jackson ImmunoResearch
#016-030-084) diluted in 1% casein in Tris buffer was used at 1:400 for one hour at room
temperature. After washing, FITC-teramide diluted in 0.1M Borate, 0.003% hydrogen
peroxide, was applied for 9 minutes at room temperature.

Following amplification, slides were placed in DAPI for 10 minutes, mounted
in N-propyl gallate, and coverslipped. Slide edges were sealed with a thin layer of
commercial-grade nail polish and stored at -20°C until imaging.

Primary antibodies used and specific detections methods are described in Table
1. The following secondary antibodies were used: AlexaFlour 488-donkey antichicken
IgG, Cy3-donkey antichicken IgG, Cy3-donkey antigoat IgG, Cy3-donkey antimouse
IgG, Cy3-donkey antirabbit IgG, AlexaFlour 647-donkey antigoat IgG, AlexaFlour
647-donkey antimouse IgG, AlexaFlour 647-donkey antirabbit IgG, Biotin-donkey
antichicken IgG, Biotin-donkey antigoat IgG, Biotin-donkey antimouse IgG, and
Biotin-donkey antirabbit IgG, HRP-donkey antimouse IgG, HRP-donkey antirabbit
IgG; all were used at 1:100 for immunohistochemistry or 1:1000 for Western blotting.
Additionally, Cy3 conjugated streptavidin was used at 1:100. All secondary and tertiary
antibodies were obtained from Jackson ImmunoReasearch where they were tested for

minimal crossreactivity.
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2.16 Imaging and Quantification

Images were taken with a Spot RT2 color digital camera attached to a Nikon
800E epiflourescent microscope, a Zeiss 510 confocal microscope, a Zeiss LSM 800,
and a Keyence BZ-E710 fluorescence microscope for mosaic images. Images were first
processed using Fiji software to adjust color palette, balance and contrast applied to the
entire image prior to figure assembly in Adobe Photoshop CS5.1 where images were
cropped and set.

For Sox2/Neurogl transplants, quantification was done on the Nikon 800E
epifluorescent microscope with a dual red/green filter set to allow direct observation and
simultaneous counting of Tdtomato (red) lineage traced cells with markers of choice
stained to green. Consecutive 20 um sections from the anterior to posterior OE were
stained and counted systematically to identify all clones where a clone is defined as being
a tight group of cells which do not have other labeled cells within ten cell bodies in any
of the x, y, or z (consecutive slides) directions. Statistical analysis and graphs were done
using either Sigmaplot or R software with a minimum cutoff of p<<0.05 for statistical
significance. In graphs, mean values and standard deviation are reported.

For the NQO1/OCAM transplantation experiments, quantification was done
on the Zeiss 510 confocal microscope in multi-track mode to allow for simultaneous
scanning of TdT, NQO1, and OCAM. All TdT (+) OSNs were counted for each host
animal from 20 micron sections across the entire anterior to posterior OE. TdT (+) OSNs
counted were either NQO1 (+) or OCAM (+) and the % of each was calculated from
the total OSNs (TdT/NQO1 + TdT/OCAM cells). Results were graphed using Prism
software; %NQO1 (+) and %OCAM (+) cells were averaged across animals and error
bars represent standard error of the mean. For HDAC:i transplant experiments: Chi-square
with Yate’s correction was performed to determine significance between groups using
Prism software.

EdU incorporation quantifications were done on a Nikon 800E epifluorescent
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microscope with a dual red/green filter set to allow direct observation and simultaneous
counting of single- and double-labeled cells. For P2/EdU co-labeling experiments, eight
evenly spaced sections through the anterior to posterior epithelium were counted; for
the rest of the EAU co-staining experiments, four evenly spaced sections were analyzed.
All cell counts were made in the P2-expressing regions of the OE excluding counts of
OR28 (+) and M72 (+) cells which were taken in OR28 and M72 expressing regions
respectively. All double positive cells were normalized to the total number of EAU (+)
cells counted per region and in the case of the ORs, we normalized to both EdU (+) and
OR (+) cells counted per region. For graphical representation, we summed the total cells
counted within each animal and averaged counts from three animals, shown as a line
graph with a standard error based on biological replicates at each timepoint.

For quantifying neuronal maturation following LSD1 knockout, I again counted
four evenly spaced sections from the anterior to posterior OE. Due to a reduced
efficiency of recombination, TdT-positivity did not always signify LSD1 knockout in
these animals, in other words, some TdT (+) cells in Lsd /! animals stained positive
for LSD1 protein, but the extent of incomplete recombination varied from region
of the epithelium to region. Consistently, the dorsolateral OE was characterized by
efficient knockout of LSD1. As a consequence, we selected this area for purposes of
quantification. Counts of OMP (+)/TdT (+) cells were normalized to the total number of
OMP (+)/TdT (+) and Tuj (+)/TdT (+) cells (total neurons) for all animals. For graphical
representation, I summed counts within animals and plotted the average and SEM of the
three animals. Prism software was used to perform one-way ANOVAs and if significant,
a post-hoc Tukey’s multiple comparison was performed to determine p-values between

groups.
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Table 1. Antibodies and staining protocols used in this thesis

Primary Source/vendor Protocol Cell types(s)
Antibody (catalog #) Marked
Ch a-beta-gal Abcam Pre-Tx: 5 min All beta-gal (+)
(ab9361) 0.005% trypsin-ED- | cells
TA (1:750) DC
Rb a-CK14 Proteintech (10143- | Pre-Tx: 5 min 3% | HBCs
1-AP) H202 in methanol
+ 10 min steam
(1:1000) DC
Ms a-CoREST NeuroMab Pre-Tx: 5min 3% | GBCs and immature
(75-039) H202 in methanol | OSNs
+ 10 min steam
(1:500) FITC-TSA
Rb a-GAP-43 Abcam Pre-Tx: 5 min 3% Immature OSNs
(ab75810) H202 in methanol
(1:1000) FITC-TSA
Ch o-GFP Abcam (ab13970) | (1:250) DC All GFP (+) cells
Rb a-H3K9ac Millipore (07-352) | (1:5000) Tertiary Acetyl-histone H3
Ms a-HDAC2 Abcam Pre-Tx: 5 min 3% GBCs and immature
(12169) H202 in methanol | OSNs
+ 10 min steam
(1:100) DC
Ms a-Ki67 Becton Dickinson Pre-Tx: 5 min 3% Proliferating cells
(556003) H202 in methanol
+ 10 min steam
(1:100) Tertiary
Rb a-LSD1 Abcam Pre-Tx: 5 min 3% GBCs and immature
(ab62582) H202 in methanol | OSNs
+ 10 min steam
(1:20,000) FITC-
TSA
Gt a-mCherry Sicgen Pre-Tx: Smin 3% | All TdT (+) cells
(AB0040-500) H202 in methanol +
10 min steam
Rb a-MOR28 Gilad Barnea PhD, | Pre-Tx: 5 min 3% OSNSs expressing
Brown University | H202 in methanol | MOR28
+ 10 min steam
(1:5,000) Tertiary
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Rb a-NQO1 Abcam Pre-Tx: 5 min 3% Mature OSNSs in the
(ab80588) H202 in methanol | dorsal OF
+ 30 mins 84°C
(1:200) DC
Gt a-OCAM R&D Systems Pre-Tx: 5min 3% | OSNs in the ventral
(AF778) H202 in methanol | OE
+ 30 mins 84°C
(1:200) FITC-TSA
Gt a-OMP SantaCruz Pre-Tx: 5 min 3% Mature OSNs
(sc-49070) H202 in methanol
for + 10 min steam
(1:200) DC
Ms a-Pax6 DSHB Pre-Tx: 5min 3% | GBCs and Sus Cells
(AB-528427) H202 in methanol
for + 10 min steam
(1:25) TSA
Rb a-PGP9.5 Proteintech (11064- | Pre-Tx: 5 min 3% Immature and ma-
1-AP) H202 in methanol | ture OSNs
for + 10 min steam
(1:200) DC
Rb a-RFP Rockland Pre-Tx: Smin 3% | All TdT (+) cells
(600-401-379) H202 in methanol
+ 10 min steam
(1:200) DC
Ch o-RFP Rockland Pre-Tx: Smin 3% [ All TdT (+) cells
(600-901-379) H202 in methanol
+ 30 mins 84°C
(1:200) DC
Gt a-Sox2 SantaCruz Pre-Tx: 5 min 3% GBCs and Sus Cells
(sc-17320) H202 in methanol
+ 10 min steam
(1:200) TSA
RDb a-Sox9 Millipore (AB5535) | Pre-Tx: 5 min 3% | Duct/Gland Cells
H202 in methanol
+ 10 min steam
(1:100) DC
Rb a-TRPM5 Alomone Labs Pre-Tx: 5 min 3% Microvillar Cells

(ACC-045)

H202 in methanol
+ 10 min steam
(1:400) TSA
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Ms a-Tujl Biolegend (801202) [ Pre-Tx: 5 min 3% | Immature OSNs
H202 in methanol
+ 10 min steam

(1:100) DC

Rb a-V-Glut Synaptic Systems Pre-Tx: 5min 3% | Post-synaptic Mitral
(135-402) H202 in methanol | cells
(1:8,000) Tertiary

Table Key: Antibody hosts: Ch, Chicken; D, donkey; Gt, goat; Ms, mouse; Rb, rabbit.
Antibody visualization: a variety of secondary fluorophores were used at 1:100 for
direct conjugation (DC), including Cy3, 488, and 647 (Jackson ImmunoReaseach);

for Tertiary amplification: biotinylated secondary antibody (bDa-x) was followed by
incubation in fluor-stratavidin (fluor-SA); for FITC teramide signal amplification (FITC-
TSA): biotinylated secondaries were followed by incubation in horseradish peroxidase
conjugated streptavidin (SA-HRP, Jackson ImmunoResearch) followed by incubation in
FITC-teramide diluted in 0.1M borate, 0.003% hydrogen peroxide. Pretreatments (Pre-
Tx): 30 mins 84°C: slides were incubated in 0.01M citrate, pH6 at 84°C for 30 min;
steam: sections were covered with 0.01M citrate, pH6 and steamed in a commercial food
steamer for 10 min.
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Chapter 3. Results

The Dedifferentiative Capacity of
Neuronally Committed

Globose Basal Cells

Adapted from:
Lin B, Coleman JH, Herrick DB, Peterson J, Schwob JE. Endogenous

Reprogramming of Neuronally Committed Cells After Injury.
Manuscript in preparation.
Contributions:
Immunohistochemistry quantifications and qPCR were performed by Brian Lin;

all other data were a combined effort between Lin & Coleman.
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Rationale:

The first half of my thesis work relies on an OE stem cell transplantation assay
used previously in our lab (Chen et al., 2004; Schnittke et al., 2015). Prior to beginning
these experiments, I sought to optimize this assay and to demonstrate that transplanted

progenitors recapitulate the differentiative capacities seen in situ.

3.1 Olfactory bulbectomy results in an expansion of Ki67 proliferative cells, Sox2-
eGFP (+) GBC,,,,, and Neurogl-eGFP (+) GBC , .

Previous studies in our lab demonstrated that isolated GBCs are capable of
engrafting into a lesioned host epithelium and can generate all cell types of the OE
including neurons, Sus cells, and duct/gland cells (Chen et al., 2004). Conversely,
differentiated Sus and duct cells were incapable of generating other cells types following
transplantation and HBCs did not engraft (Chen et al., 2004). More recently, Nikolai
Schnittke demonstrated that activated HBCs can engraft and give rise to all OE cells
types under the transplantation paradigm (Schnittke et al., 2015). Thus, actively
proliferating cells are capable of engraftment whereas quiescent or differentiated cells are
not.

In order to increase the total numbers of proliferative cells for harvesting and
transplantation, we performed olfactory bulbectomies (OBX) on donor animals (Schwartz
Levey et al., 1991). To begin, we characterized proliferative cell expansion at distinct
timepoints following bulbectomy (without transplantation). As demonstrated by Ki67
staining at 4-8 days post unilateral OBX, the proliferative cell population expands
following bulb ablation (Fig. 1). Similarly, Neurog1-eGFP (+) GBC immediate neuronal
precursors (GBC,, ) expand beginning as early as 5 days post OBX (Fig. 2).

As an additional measure of OBX-induced GBC expansion, we used flow

cytometry to quantify proportions of Neurogl-eGFP (+) GBC, and Sox2-eGFP (+)

P

GBC multipotent progenitors (GBC, ) under unlesioned and OBX conditions. At five

MPPs
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days post OBX, the Sox2 and Neurog] cell populations increased by ~4 fold and ~5 fold
respectively (Fig. 3). Given this information, we harvested cells from donor animals at 5
days post OBX to increase the number of proliferative cells capable of engrafting into the

host epithelium.

OBX

Contralateral

Figure 1. Ki67 (+) cells expand following OBX.
Ki67 (+) cells from 4 days post OBX to 8 days post OBX. Top: OBX side. Bottom: Contralateral
unlesioned side. Dotted white line indicates the basal lamina (bottom) and apical surface (top).

OBX

Contralateral

Figure 2. Neurogl (+) GBCs expand following OBX.

Neurogl (+) cells from 4 days post OBX to 8 days post OBX. Top: OBX side. Bottom:
Contralateral unlesioned side. Dotted white line indicates the basal lamina (bottom) and apical
surface (top).

68



Figure 3. OBX increases total numbers of
both Sox2-eGFP (+) and Neurogl-eGFP
(+) GBCs.

(A) OBX increases GFP (+)/TdT (+) cells in
Sox2-eGFP/Pan-TdT animals from 5.63%
to 22.88% of total OF cells. (B) OBX
increases GFP (+)/TdT (+) cells percentages
in Neurogl-eGFP/Pan-TdT animals from

RN 2.71% to 16.13% of total OF cells.
Sox2-eGFP

>

Control OBX
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3.2 Transplanted Sox2-eGFP (+) and Neurogl-eGFP (+) GBCs from OBX donors
give rise to all OE cell types

To test the differentiative capacity of progenitor cells, we transplanted sorted
Sox2-eGFP (+)/pan-Tdtomato (+) (TdT) and Neurogl-eGFP (+)/pan-TdT GBCs into
regenerating host epithelia (separately). The constitutive TdT was used to trace graft-
derived cells in the host epithelium. Transplanted Sox2-eGFP (+) GBC,,, isolated from
donor animals at 5 days post OBX gave rise to all OE cell types (Figure 4, Figure 6A),
including Sus cells (Fig. 4B,C,D), neurons (Fig. 4C), microvillar cells (Fig. 4D), duct/
gland cells (Fig, 4E), and GBCs (Fig. 4E). Sus cells were identified by morphology and
apical Sox2 positivity, OSNs were identified by morphology and PGP9.5 positivity,
microvillar cells were identified through their teardrop morphology and TRPMS
positivity, duct/gland cells were identified by Sox9 expression, and GBCs were identified
through basal Sox2 positivity. These results correlate with the multipotent progenitor

capacity of Sox2-GBCs as previously described (Chen et al., 2004; Guo et al., 2010).
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Complex] sox9

Sox2-eGFP/
pan-TdT

Microvillar

Figure 4. Transplanted Sox2-eGFP (+) GBCs from OBX donor animals give rise to all OE
cell types in a host epithelium.

(A) OE from donor Sox2-eGFP/pan-TdT animals was FACS sorted for eGFP and transplanted
into lesioned host OE. Engrafted cells gave rise to complex clones containing (B) Sus cells (C)
OSNs and Sus cells (D) Sus cells and microvillar cells and (E) Duct/gland units and GBCs.
Arrows point to Sus cells and double arrow points to a GBC. Dotted white line indicates the basal
lamina.

Surprisingly, transplanted Neurog1-eGFP (+)/pan-TdT (+) GBC ,,_ isolated

P
from donor animals at 5 days post OBX also gave rise to all OE cell types (Fig. 5, Fig.
6A) including Sus cells (Fig. 5C,E), neurons (Fig. 5C,G), respiratory cells (Fig. 5D),
GBCs (Fig. SE), microvillar cells (Fig. 5F,G), and gland cells (Fig. 5G). This was an
unexpected result as Neurogl (+) GBCs are generally considered to be immediate
neuronal precursors (INPs) that directly give rise to OSNs (Cau et al., 2002; Manglapus
et al., 2004; Packard et al., 2011). To clarify whether our results reflected an artifact of
the transplantation procedure itself, or if bulbectomy induced a dedifferentiative capacity
of Neurogl (+) GBCs, we performed transplants with uninjured Neurog1-eGFP donor
animals. In this case, we found that transplanted Neurogl-eGFP (+) GBCs largely gave
rise to OSNs (Fig. 5B, Fig. 6A), suggesting that OBX injury unlocks a dedifferentiative
capacity in previously neuronally committed progenitors.

In our quantification of the cell types made by each transplant condition, we

found that while OBX Neurog1-eGFP (+) GBCs have the capacity to generate all OE

cell types, they are biased towards neuronal differentiation as compared to the Sox2
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Uninjured Neurog1-eGFP Transplant

DL Qg g 1o er i S MOSNE
Neurog1-eGFP/ el iamalivss ’

pan-TdT DA;

FACS for eGFP
A —>Transplant

OSN/MV/Gland

Figure 5. Transplanted Neurogl-eGFP (+) GBCs from uninjured animals give rise to
neurons; transplanted Neurogl-eGFP (+) GBCs from OBX animals give rise to all OE cell

types.
(A) OE from donor Neurogl-eGFP/pan-TdT animals was FACS sorted for eGFP and transplanted

into lesioned host OE. (B) Uninjured donor cells gave rise to OSNs. (C) Injured donor cells gave
rise to complex clones containing Sus and OSNs (D) Respiratory cells (E) Sus cells and GBCs
(F) Microvillar cells and (G) OSNs, microvillar cells, and gland cells. Arrows point to Sus cells
and double arrow points to a GBC. Dotted white line indicates the basal lamina.

transplants (Fig. 6A). In assessing the clone sizes of the three transplanted populations

as a readout for proliferative capacity, we found that bulbectomy increased Neurog] -
eGFP (+) GBC proliferation to statistically indistinguishable levels compared to the Sox2
transplants (Fig. 6B).

To ensure that our FACS specifically isolated Sox2 (+) and Neurogl (+) GBCs
(respectively), we performed post-hoc qPCR analysis on each sorted population. Figure
7A-B represents the sorting strategy used for each cell population. In each case, we
selected for single cells via pulse width and side scatter, sorted out HBCs with CD54

antibody staining, and specifically selected the middle (Mid) population of TdT (+)/GFP
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(+) cells (Fig. 7A,B). We collected the middle population to avoid Sox2 (+) Sus cells
that express high levels of GFP (Fig. 7A), and to avoid CD54 (+) cells in the Neurogl
sort (Fig. 7B). qPCR showed that while Sox2 levels were not enriched in the Sox2-eGFP
(+) basal cells when compared to the remaining cells, it becomes significantly enriched
when we first removed GFP(high) Sus cells (Fig. 7C). Surprisingly, Sox2 was highly
upregulated in Neurogl-eGFP (+) GBCs at 5 days post OBX (Fig. 7C). In reference

to Neurogl mRNA levels, we found no Neurog! in sorted Sox2 (+) GBCs, and an
enrichment for Neurog! in both the OBX and uninjured Neurog1-eGFP (+) sorted GBCs
(Fig. 7D).

100 - 50 N.S
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*
80 A 40 4 @
A
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? 60 30 4
i *
2 I Uninjured Neurog1-eGFP
8 s I 5dp OBX Neurog1-eGFP
T 401 " I Sox2-eGFP Control 20 ..
5
k)
g ®
s T 10 o
20 4 4
* * ‘.
“3 ﬂ o | 42 a
: L | 8 ,
OSN Sus GBC HBC D/G MV Non-Int RE Uninjured 5 dpOBX Sox2+ GBCs

Ngn1+ GBCs Ngn1+ GBCs

Figure 6. Quantification of graft-derived cells from Sox2-eGFP and Neurogl-eGFP
transplants.

(A) Cell types produced from each transplant condition as a percentage of total cells engrafted:
Sox2-eGFP (+) GBCs produce all cell types, control Neurogl-eGFP (+) GBCs primarily produce
OSNs, and OBX Neurogl-eGFP (+) GBCs produce all OE cell types with a bias towards OSNs.
Error bars represent SD between three animals. (B) Clone size for each transplant condition to
assay proliferative capacity: OBX increases the proliferation of Neurogl-eGFP (+) GBCs to
indistinguishable levels to those of Sox2-eGFP (+) GBCs. For both analyses, data were first
tested for normality using the Shapiro-Wilk Normality test; if the data passed normality, a
standard parametric ANOVA test was performed to determine the validity of performing pairwise
post-hoc Holm-Sidak tests; if the data failed the normality test, a non-parametric Kruskal-Wallis
One-Way ANOVA on Ranks was used instead, followed by Dunn’s Method. Error bars represent
SEM and asterisks indicate statisitical difference from the uninjured condition unless indicated
otherwise.
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Figure 7. FACS strategy and post-hoc qPCR validation of sorted cell populations.

(A) Sox2-eGFP/Pan-TdT sorting strategy: single cells were selected via pulse width and side
scatter, HBCs were removed via CD54, and the middle (Mid) population of GFP (+)/TdT (+)
cells were collected (B) Neurogl-eGFP/Pan-TdT sorting strategy: single cells were selected
via pulse width and side scatter, HBCs were removed via CD54, and and the middle (Mid)
population of GFP (+)/TdT (+) cells were collected (C) FACS post-hoc Sox2 expression levels
in each sorted population by qPCR: Sox2 is enriched in Sox2 (+) GBCs when Sus cells are
removed; Sox2 is upregulated in Neurogl (+) GBCs at 5 days post OBX. (D) FACS post-hoc
Neurogl expression levels in each sorted population by qPCR: Neurogl is enriched in both OBX
and uninjured Neurogl (+) GBCs. Error bars represent SEM and asterisks indicate statistical
difference from Sox2 GBCs via a predetermined t-test.

3.3 A portion of Neurogl-eGFP (+) GBCs express Sox2 following OBX
Given our observation of increased Sox2 mRNA in Neurogl-eGFP (+) GBCs
following OBX, we assessed Sox2 — and its co-expressed transcription factor Pax6

(Guo et al., 2010) — expression patterns in Neurogl-eGFP (+) precursors in sifu via
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immunohistochemistry. Under basal conditions, Neurogl-eGFP (+) GBCs do not
co-express Sox2 or Pax6 (Fig. 8A,B,C). However, both transcription factors appear

in Neurogl-eGFP (+) cells by 4 days post OBX and continue to co-localize up to 8

days post OBX (Fig. 8A,B). In our quantification of Sox2 (+)/Neurogl-eGFP (+)
colocalization, we found that double positive cells peak around 4 days post OBX and
begin to taper by 6 days post OBX (Fig. 8C). As Sox2 is involved in progenitor capacity
in many adult epithelial populations (Arnold et al., 2011), we hypothesize that the

upregulation of Sox2 in Neurogl-eGFP (+) GBCs following OBX may account for their
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Figure 8. Neurogl-eGFP (+) GBCs express Sox2 and Pax6 following OBX.
(A) Neurogl-eGFP/Sox2 co-staining timecourse from 4-8 days post OBX.

(B) Neurogl-eGFP/Pax6 co-staining timecourse from 4-8 days post OBX. (C)
Quantification of the % Neurogl-eGFP (+)/Sox2 (+) cells out of total Neurogl-
eGFP (+) cells from 0-3 weeks post OBX. Four sections from the anterior to the
posterior OE were counted for each timepoint; all cells were counted.
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dedifferentiative and regenerative capacity. This line of research became the focus for

Brian Lin and will be reported in full in his dissertation work.

Summary

OBX increases the number of proliferative cells for transplantation and unlocks a
previously uncharacterized dedifferentiative capacity in Neurogl-eGFP (+) GBCs (Fig.
1-6); this capacity may depend on upregulation of Sox2 in Neurogl-eGFP (+) GBCs
(Fig. 7,8). While this line of research is of high interest to our lab and the olfactory
and stem cell fields, dedifferentiation complicates analysis of the transplantation assay.
Thus, in the remainder of my experiments, I isolated cells from uninjured animals for
transplantation. Under normal conditions, we demonstrated that transplanted progenitors

mimic differentiation as described in situ (Fig. 4, Fig. 5B).
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Chapter 4. Results

Spatial determination of neuronal

diversification in the olfactory epithelium

Adapted from:
Coleman JH, Lin B, Peterson J, Lane RP, Schwob JE. Location Matters: Spatial

determination of neuronal diversification in the olfactory epithelium. Manuscript

in preparation.
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Rationale:

Neurons in the olfactory epithelium (OE) differ from one another in the olfactory
receptor (OR) they express and in the neuronal markers they express — such as the
enzyme NADPH:quinone oxidoreductase (NQO1) and the olfactory cell adhesion
molecule (OCAM) (Schwob and Gottlieb, 1986; Buck and Axel, 1991; Ressler et al.,
1993; Vassar et al., 1993; Gussing and Bohm, 2004). Importantly, both ORs and NQO1/
OCAM are regionally expressed within the OE and these patterns can be precisely
regenerated following epithelial injury (Schwob and Gottlieb, 1986; Gussing and Bohm,
2004; Iwema et al., 2004; Miyamichi, 2005). These observations suggest that spatial cues
within the OE may direct both OR and NQO1/OCAM gene expression and ultimately
play a significant role in neuronal diversification. Nonetheless, many believe that OE
stem cells are hardwired upon cell birth to become a distinct neuronal type irrespective of
external factors. Thus, to directly test whether spatial cues drive neuronal diversification,
I performed a series of transplantation experiments assessing stem cell spatial plasticity

with respect to both NQO1/OCAM and OR expression.

4.1 Spatial cues direct neuronal diversification in respect to NQO1/OCAM
expression

To determine whether spatial cues direct neuronal diversification, I transplanted
stem cells from the dorsal, NQO1 (+) epithelium of TdTomato (+) (TdT) donor mice to
the ventral, OCAM (+) epithelium of methyl bromide (MeBr)-lesioned host mice (Fig.
1). MeBr lesion destroys the mature cell populations of the OE, leaving intact only the
proliferative stem cells (Schwob et al., 1995) and provides a regenerative setting for
transplanted stem cells to engraft into (Chen et al., 2004). In mice, MeBr lesion leaves
the dorsal OE largely intact, limiting engraftment to the ventral region. After allowing
the host epithelium to regenerate for three weeks (Fig. 1B), providing sufficient time for

neuronal maturation (Schwob et al., 1995) and pattern regeneration (Fig. 2), I stained the
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A Donor Dorsal: Host
P ®— Transplant A
——>0
Ventral:
B Age of Donor Mice Age of Host Mice
6-7 weeks 12 week§ 1.2 weeks, 1 day 15 yveeks
pan-TdT ‘l' l l
Sacrifice and dissociate MeBr || Transplant Sacrifice and Stain

Figure 1. NQO1/OCAM transplant experimental design and animal timeline

(A) Experimental design: The dorsal epithelium was harvested from pan-TdT (+) mice and
transplanted into methylbromide-lesioned host epithelium. After 3 weeks, host epithelium was
harvested and stained for NQO1 and OCAM. A= Anterior; P= Posterior. (B) Animal timeline:
Donor mice were sacrificed at 6-7 weeks; Host animals were lesioned at 12 weeks, transplanted
the next day and sacrificed three weeks later.

host epithelium for OCAM and NQO1

to determine if the neuronal progeny of
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Figure 2. NQO1/OCAM borders are proliferative stem cells are capable of

regenerated at 3 weeks and 3 months post
MeBr lesion.

(A) NQO1/OCAM patterns are restored at three making OSNs (Chen et al., 2004). To
weeks post MeBr-lesion as shown by unilateral

engrafting into a regenerating OE and

lesion. (B) NQO1/OCAM patterns are restored be certain that I was not transplanting
at 3 months post MeBr-lesion as shown by

unilateral lesion. D= Dorsal; V= Ventral; L= mature OSNs, I performed control
lateral.

transplant experiments with sorted
OMP-GFP (+) mature OSNs and demonstrated that these cells are incapable of
engraftment (Fig. 3A-D). Importantly, both NQO1 and OCAM are expressed in mature
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OSNs and not transplantable progenitors, the most downstream of which is marked by

Neurogl-eGFP (Fig. 3E-J).

A OMP-GFP/
TdT-control pan-Td

Bm C Tompere T T

Type of Cell Number of Cells
Transplanted Engrafted

OMP-GFP [
All Else 367

Figure 3. OSNs do not engraft; NQO1 (+) and OCAM (+) cells are
OSN:s.

(A) FACS strategy to isolate OMP-GFP/pan-TdT cells and “All Else”
cells. (B) Quantification of number of cells engrafted from OMP-GFP
sorted and “All Else” cells. (C) Host epithelium of sorted OMP-GFP
transplants contain no graft-derived cells. (D) Host epithelium of “All
Else” transplants contains graft-derived OSNs. (E) NQO1 (+) cells do not
overlap with Neurog1-eGFP (+) cells or (F) Tujl (+) immature OSNs, but
do costain for the mature neuronal maker (G) OMP. (H) OCAM (+) cells
slightly overlap with Neurog1-eGFP (+) cells and (I) Tuj1 (+) immature
OSNs, but largely costain for the mature neuronal maker (J) OMP. Dotted
white line indicates the basal lamina.

In the dorsal to ventral transplants, an average of 85% of all graft-derived
OSNs expressed the neuronal marker of the host region (OCAM) (Fig. 4A,F) and 15%

expressed the neuronal marker of the donor region (NQO1) (Fig. 4B,F). As a control,
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Figure 4. Spatial cues direct neuronal diversification in respect to NQO1 and OCAM
expression.

(A) Example of stem cells harvested from the dorsal NQO1 (+) OE and engrafted into the
OCAM (+) OE that express the ventral marker OCAM. (B) Example of a large, neuron-only
cluster containing graft-derived OSNs expressing NQO1 and OCAM (separately). (C) Control
transplant: ventral donor stem cells engraft into the ventral OE and mature to express OCAM.
(D) Every section counted had robust NQO1 staining in the dorsal epithelium. (E) Western
blot demonstrating region-specific expression in dissected tissues. (F) Quantification of the

% of OCAM (+) or NQO1 (+) graft-derived neurons out of the total number of graft-derived
neurons. Ventral to ventral: graphed is the mean of two animals (total 1534 graft-derived
OSNs). Dorsal to ventral: graphed is the mean of three animals (total 1473 graft-derived
OSNG); error bars represent SEM. Dotted white line indicates the basal lamina.

97% of all ventral to ventral transplants expressed OCAM after transplantation (Fig.

4C,F). In all sections quantified, I verified robust NQO1 staining in the dorsal recess
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(Fig. 4D) to be certain that a lack of NQO/1 staining was never due to antigen destruction
or immunostaining errors. As a direct measure of the purity of my dorsal and ventral
dissections, I blotted my preparations for OCAM and NQO1 (Fig. 4E). The dorsal
dissections had robust NQOI1 positivity and no OCAM protein; conversely, the ventral
dissections were robust for OCAM positivity and had minimal NQO1 protein (Fig. 4E).
Because I observed an 85:15 ratio of plastic vs. non-plastic (Fig. 4F), I assessed whether
cluster location, size, or type influenced the plasticity of transplanted stem cells. I found
that almost all engraftment locations contained a portion of NQOI1 (+) graft-derived cells
(Fig. 5A) and that both neuron-only and complex clusters from small to massive size

contained NQOI1 (+) cells (Fig. 5B).

100 2/2
Il OSN

Il Complex

% of clusters containing NQO1
in the OCAM region
(3]
o

small (2-10) medium (10-20) large (20-50) massive (50+)

Cluster Size

Figure 5. Engrafted clusters containing NQO1 (+) cells in the OCAM region are spread
across the OE, are both neuron only and complex, and range from small to massive.

(A) Location of graft-derived neurons in the dorsal to ventral transplants. Each dot represents
1-10 cells; white dots = OCAM (+) OSNs and red dots = NQO1 (+) OSNs. Data is summed
across sections from anterior to posterior of 3 host animals. (B) Quantification of the % of
clusters containing NQO1 (+) cells in the OCAM (+) region, binned by both cluster type (neuron
only and complex) and cluster size. D= Dorsal; V= Ventral; M= Medial; L = Lateral.

Given that the majority of graft-derived neurons adapted to the ventral OCAM
(+) host region, I speculated that their axons projected to the OCAM (+) region of the

olfactory bulb. By looking at TdT (+) axonal projections in the olfactory bulb, I found
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that the graft-derived neurons project to the bulb, entered glomeruli, and co-localized
with the pre-synaptic marker, vesicular glutamate transporter 2 (V-GLUT?2) (Fig. 6).
Furthermore, these TdT (+) projections were found in the OCAM (+) region of the
olfactory bulb (Fig. 6), again demonstrating the spatial plasticity of the transplanted
stem cells. Interestingly, axons had not yet entered glomeruli in posterior sections of
the olfactory bulb (Fig. 6C), suggesting that there was incomplete reinnervation across

differing regions of the bulb at 3 weeks post MeBr-lesion.

TdT VGLUT2 DAPI TdT OCAM DAPI

B

Figure 6. Graft-derived OSNs target the bulb and form glomerular
synapses.

(A-B, D-E, G-H) TdT (+) graft-derived neuronal axons project to the
olfactory bulb, enter glomeruli, and co-localize with the pre-synaptic
marker V-GLUT2 (C, F, I) TdT (+) graft-derived neuronal axons
project to the OCAM (+) region of the olfactory bulb. In (C) OCAM (+)
axons have not entered into the glomeruli at this posterior level in the
olfactory bulb, suggesting the complete re-innervation has not yet been
achieved across the bulb.
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4.2 NQO1/OCAM spatial plasticity is decreased by HDAC inhibition

After determining that 85% of transplanted stem cells adapt to the host region,
I sought to pursue the mechanisms of stem cell spatial plasticity. To identify non-
genetic mechanisms of cellular memory, I manipulated epigenetic modifications during
the transplantation procedure. In fact, there is a growing literature on the importance
of epigenetic modifications in OSN diversification (Magklara et al., 2011; Lyons et
al., 2014). In choosing an epigenetic modification to manipulate, I settled on histone
deacetylases (HDACs) for the three following reasons: (1) HDACs have been shown to
play critical roles in stem cell pluripotency and differentiation (Foti et al., 2013; Yang et
al., 2014, 2015; Qiao et al., 2015), (2) HDAC?2 is present in globose basal cells (Coleman
et al., manuscript in preparation), and (3) I was able to verify activity of a pan-histone
deactylase inhibitor (HDAC1), Oxamflatin, in culture; specifically, incubation with
this molecule in a horizontal basal cell (HBC) culture system results in accumulation

of H3K9 acetylation (Fig. 7). HDACs remove transcriptionally activating acetylation

(Rodd et al., 2012); thus, HDAC
A1 A2
inhibition has the effect of
leaving “open” chromatin in an
open state. For the transplant
B1 B2 experiments, I incubated dorsally
isolated cells with Oxamflatin
prior to transplantation into the
ventral OE of host animals. This

Figure 7. Treatment with the HDAC inhibitor
Oxamflatin results in acetyl accumulation at H3K9.
(A) An HBC culture treated with the HDACi
Oxamflatin has robust staining for H3K9ac. (B)

HDAC.i treated

Vehicle

treatment resulted in a significant

decrease in spatial plasticity; i.e.,

Vehicle-treated HBC cultures have lower H3K9ac a larger portion of graft-derived
staining. All images were taken with the same settings
and adjusted equally during photo processing. OSNs expressed the marker of

the donor region (NQO1) in the
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OCAM (+) host OE (40%) than in vehicle control experiments (10%) (Fig. 8). Thus, stem
cell spatial plasticity depends at least in part on removal of acetyl groups from histone
tails. Notably, this treatment did not completely reverse stem cell spatial plasticity,

suggesting that other mechanisms are involved.
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Figure 8. NQO1/OCAM stem cell spatial plasticity is decreased by HDAC inhibition.

(A) Stem cells isolated from the dorsal OE, treated with a pan HDAC inhibitor (Oxamflatin)
and transplanted into the ventral OE had a large portion of non-adaptive graft-derived OSNs
expressing NQOI1 in the OCAM region. (B) Vehicle control dorsal to ventral transplants
showed adaptive OCAM (+) neurons in the OCAM region. (C) Quantification of the % of
NQOI1 (+) graft-derived neurons out of the total number of graft-derived neurons for both
vehicle and HDAC:i-treated dorsal to ventral transplants. Vehicle: graphed is the mean of two
animals (total 254 graft-derived OSNs). Dorsal to ventral: graphed is the mean of three animals
(total 934 graft-derived OSNs); error bars represent SEM. Statistics: Chi-square with Yates’
correction; p<0.0001. Dotted white line indicates the basal lamina.
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Importantly, transplants of control vehicle-treated cells closely matched the
adaptive rates of those found in the original dorsal to ventral transplant experiments (85%
of graft-derived OSNs expressed the marker of the host region (OCAM) in the original
experiments vs. 90% in the vehicle treated experiments). Lastly, incubating cells in
HDAC:I did not impair global regeneration in the host OE as demonstrated by equivalent

OMP and Tujl staining in the vehicle-treated and HDACi-treated transplant (Fig. 9).

Figure 9. Incubation of donor cells in HDAC inhibitor does not disrupt neuronal
maturation in the host OE.

(A) OMP and Tujl staining in vehicle treated transplants. (B) OMP and Tuj1 staining in HDACi
treated transplants. Dotted white line indicates the basal lamina.

4.3 Young animal and Neurogl-eGFP transplants

To assess whether the age of the donor animal influences stem cell spatial
plasticity, I isolated cells from the dorsal OE of three-week old donor pan-TdT animals
and transplanted into the ventral OE of host animals (Fig. 10A,D). Under these
circumstances, I observed that an average of 40% of graft-derived OSNs expressed the
marker of the host region (OCAM) and 60% expressed the marker of the donor region
(NQO1) (Fig. 9A,D). Thus, donor cells isolated from 3-week old animals demonstrate

less spatial plasticity than those isolated from 6-7 week olds animals (Fig. 10).
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Figure 10. Transplants from 3 week old animals demonstrate decreased NQO1/OCAM stem
cell spatial plasticity and transplants from Neurogl-eGFP GBCs demonstrate average stem
cell spatial plasticity.
(A) Stem cells isolated from the dorsal OE of 3 week old animals and transplanted in the ventral
OE show a high percentage of NQO1 (+) neuronal progeny. (B) Sorted Neurogl-eGFP GBCs
from a whole OE preparation show a number of OCAM (+) cells in the ventral OE. (C) Neurogl-
eGFP FACS strategy: (C1) TdT only control (C2) Neurogl-eGFP/panTdT. (D) Quantification of
the % of NQOI1 (+) graft-derived neurons out of the total number of graft-derived neurons for
both 3 week old and Neurog1-eGFP transplants. 3 week old: graphed is the mean of four animals
(total 568 graft-derived OSNs). Neurogl-eGFP: graphed is the mean of two animals (total 92
graft-derived OSNs); error bars represent SEM. Dotted white line indicates the basal lamina.

It may be the case that progenitors closest to terminal neuronal differentiation
make up the non-plastic portion of cells expressing the donor marker (NQO1) in the host
region. To assess this, I transplanted sorted Neurogl-eGFP (+) GBCs (the immediate
neuronal precursors) into the ventral region of a host animal (Fig. 10B-D). Due to low

numbers of isolatable Neurog1-eGFP cells, these data represent donor cells isolated

from the entire OE, not specifically the dorsal, NOQ1 (+) OE. With this experimental
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paradigm, I found that an average of 88% of graft-derived OSNs expressed the marker
of the host region (OCAM) and 12% expressed the marker of the donor region (NQO1).
While a concrete conclusion is confounded by the fact that I isolated the entire OE (by
necessity), it is highly suggestive that cell stage does not account for the non-adaptive

cells, as I did not see a significantly larger portion of non-plastic cells mis-expressing

NQOI1 in the host OE.

4.4 Spatial cues direct neuronal diversification in respect of OR gene selection

The olfactory receptors (ORs) are expressed in stripes across the epithelium
(Iwema et al., 2004; Miyamichi, 2005) and most of these ORs fall into either the
NQO1 or OCAM region exclusively (Fig. 11). Given that stem cells can be spatially
plastic in respect to NQO1/OCAM expression (Fig. 4), I asked whether the same is true
with respect to spatial OR expression. To address this question, I performed similar
transplantation experiments — this time using OMP-GFP/pan-TdT donor animals,
allowing for FACS isolation of graft-derived OSNs (via single cell sorting) from host
animals followed by RT-PCR mediated OR identification and localization (via in situ
hybridization) (Fig. 12, Fig. 13). As previously mentioned, all donor cells were isolated

from the dorsal OE and engrafted into the ventral OE (Fig. 13A-C).

Figure 11. Olfactory receptor expression patterns respect the NQO1/OCAM
division.

(A) The OR M72 is expressed in the dorsal, NQO1 (+) OE. (B) The OR P2 is
expressed in the ventral, OCAM (+) OE.

87



A

Donor Host Le My |
D | ®_NQo1 ' * D
\$/OCAM 1-Transpiant " 2.FACS ;@ 3. RT—PC? $
* \%
Pe— >A 4.ISH
B 1. Donor Region 2. Host Region
Possible ISH = Spatiall
Oiffcomes: = Pre-determined aetgfmli?\g |

Age of Donor Mice

6-7 weeks

OMP-GFP/pan-TdT

Sacrifice

Age of Host Mice

12 weeks 12 weeks, 1 day 15 weeks
\AJ v
MeBr || Transplant || Sacrifice and FACS

Figure 12. Experimental design to determine OR plasticity upon transplantation

(A) The dorsal OF of OMP-GFP/pan-TdT animals was dissected and transplanted into
lesioned host animals. Single graft-derived neuronal progeny were FACS isolated and ORs
were amplified by single-cell RT-PCR. Normal expression patterns of the identified ORs were
assessed by in situ hybridization and literature data-mining. (B) Possible ISH outcomes and
interpretations. (C) Animal timeline: Donor mice were sacrificed at 6-7 weeks; Host animals
were lesioned at 12 weeks, transplanted the next day and sacrificed three weeks later.

To validate my single-cell RT-PCR technique, I first isolated single OMP-GFP and

Sox2-eGFP positive cells from normal (untransplanted) animals (Fig. 14A). I found that

the OMP-GFP (+) cells expressed mRNA for both actin and OMP by PCR amplification

and that the Sox2-eGFP (+) cell was positive for actin but not OMP (Fig. 14A). It should

be noted that there is a faint OMP band in the Sox2-eGFP (+) cell; this is likely due to

genomic contamination as OMP does not contain introns and thus the primers cannot be

designed to span introns as the actin primers do. ORs were amplified from the OMP-GFP

(+) single cells using the degenerate OR primer pair P26/P27 (Malnic et al., 1999); these

OR products were restriction enzyme digested. The digest products summed to the weight
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Figure 13. Engrafted neurons are isolated from the ventral OE, express TdT and
GFP, and are FACS isolated via GFP/TdT expression.

(A) Whole mount septum preparation showing the OE/RE delineation. The black box
corresponds to the zoomed in area in (B) where the NQO1/OCAM boundary is depicted
via NQOI and Tujl CLARITY staining. (C) Engrafted TdT (+) cells are located in the
NQOL1 (-) region in a host septum. (D) Neuronal progeny of engrafted cells express both
TdT and GFP. (E) Dissociated OMP-GFP/pan-TdT cells show a mixture of TdT (+) and
TdT (+)/GFP (+) cells. (F) FACS isolation of graft-derived TdT (+)/GFP (+) OSNs: (Left)
No flour control (Middle Left) TdT only control (Middle Right) OMP-GFP/pan-TdT
control (Right) Transplant dissociation. Dotted white line indicates the basal lamina.

of the original uncut band, demonstrating isolation of an OSN with a single, unique OR

gene (Fig. 14B). Furthermore, upon sequencing the OR products, the digest patterns

match those of the predicted digest based on the OR sequences (Fig. 14B). Notably, the

regions amplified by the degenerate OR primers are transmembrane regions 4 and 5, just

as P26/P27 primers are designed (Malnic et al., 1999) (Fig. 14C). Lastly, but importantly,

no-RT controls contained no PCR products from either actin or ORs in either pooled or
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Figure 14. Single-cell RT-PCR controls.

(A) Single sorted OMP-GFP cell express both actin and OMP; a sorted Sox2-eGFP cell
expresses actin and not OMP. (B1) Single sorted OMP-GFP cells contain ORs that digest to
(B2) match the sequenced results. (C) Amplified OR regions span transmembrane domains 4
and 5. (D) No RT and sheath fluid controls show that actin and ORs are not amplified in the
sheath fluid or without RT.

single OSNs (Fig. 14D). A FACS sheath fluid control also showed no PCR products from
actin or OR PCR reactions (Fig 14D). Given my single cell control experiments, I have
demonstrated that this protocol has the sensitivity and specificity to identify OR genes
expressed in single, OMP (+) OSNs.

In my first cohort of transplants, I verified cDNA isolation of graft-derived OSNs
by PCR for OMP (to assure isolation of OSNs), TdTomato (to assure graft-derivation),
and actin (to assure cDNA quality as these primers span introns) (Fig. 15). Cells that

met these criteria were used for degenerate OR PCR using primers P26/P27 (Malnic et
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Figure 15. Individual, graft-derived
neurons express mRNAs for ORs, OMP,
TdT, and actin.

(A) PCR amplification was performed on
cDNA created from each single cell. Dorsal
1-5 are from dorsal to ventral transplants,
Ventral 1 is from a ventral to ventral
transplant, TdT is whole OE from a pan-TdT
animals and no flour OE is from whole OE
of a control animal. (B) Digests of amplified
OR products suggest that multiple ORs are
present in the single graft-derived OSNs.

al., 1999) (Fig. 15). Surprisingly, digests
of the degenerate OR products produced
multiple bands which, in several cases,
summed to higher than the uncut 400 bp
band, suggesting that the cells express
mRNA for greater than one OR gene;
furthermore, digests were not 100%
complete, again suggesting multiple
ORs per cell (Fig. 15B). Based on this
observation that the graft-derived OSNs
likely expressed multiple ORs, the fact
that not all graft-derived OSNs have
reinnervated glomeruli (Fig. 6), and the
fact that immature OSNs can express
more than one OR (Hanchate et al., 2015;
Tan et al., 2015), I hypothesized that

the graft-derived OSNs could be cells
transitioning to maturity. Accordingly, in
my second cohort of graft-derived OSNs,
I performed additional PCR reactions for
the immature neuronal markers 7uj/ and
GAP43, and the GBC/Sus marker Sox2
(as a negative control) (Fig. 16). I found

that most of the graft-derived OSNs were

positive for OMP, Tujl, and GAP43, while not positive for the GBC/Sus marker Sox2,

suggesting that these cells are not fully mature OSNs. Again, digest patterns of these ORs

suggests amplification of multiple OR genes per cell (Fig. 16D). In sequencing the OR
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Figure 16. Most graft-derived neurons express mRNA for
immature neuronal markers Tujl and GAP43.

(A) Single graft-derived neurons express ORs, OMP, TdT, and

actin. *Note: Dorsal 6 is not positive for 7dT and therefore was not
included in any analysis. (B) Almost all graft-derived neurons also
express mRNA for immature neuronal markers Tujl and GAP43, but
not the GBC marker (C) Sox2. (D) Digests of amplified OR products
suggest that multiple OR mRNAs are present in the single graft-
derived OSNs.

products from each cell, I found that more than half of the cells contained greater than

one OR (Table 1).

Out of the single cells expressing ORs, OMP, TdT, and actin, 1 found that 100%

of the ventral to ventral control transplants expressed ventrally-located ORs, and of the

dorsal to ventral transplants, 50% expressed ORs of the host region (ventral), 37.5%

expressed ORs from both the host and donor region, and 12.5% expressed ORs of the
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donor region (dorsal) (Fig. 17, Table 1). This data was collected by both my own in
situ hybridization data (Fig. 17A-C) and by literature references (Table 1). Based on
my finding that many of these cells are transitioning from immature to mature OSNss,

I performed a third set of dorsal to ventral transplants, this time waiting 4 weeks post
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Figure 17. Spatial cues direct neuronal diversification in respect
to OR gene selection.
(A-C) Location of ORs amplified from graft-derived OSNs by in
situ hybridization. (D) Quantification of OR expression region
from graft derived OSNs. All ventral-to-ventral transplants are
expressed in the ventral OE; 50% of dorsal-to-ventral transplants
express ventral ORs at 3-weeks post transplantation; 80% of
dorsal-to-ventral transplants express ventral ORs at 4-weeks post
transplantation from single-cell RNA-seq experiments.
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transplantation to isolate graft-derived OSNS. In this experiment, | isolated single cells by
FACS (as before) and subsequently used a Fluidigm C1 Autoprep IFC to capture single
cells for Illumina deep sequencing. Under these circumstances, 80% of graft-derived
OSNs expressed ORs of the host region, 10% expressed both host and donor ORs, and
10% expressed ORs of the donor region (Fig. 17D, Table 1).

Table 1. ORs identified in graft-derived OSNs and their location in the OE

Cell Designation Olfr (dominant Alternative gene Region in the OE

(Single-cell RT- OR) names - Zone (reference)

PCR) [family member]

Dorsal 1 1507 (dominant) MOR244-1, Ventral — Z4 (Ser-

MOR28 izawa et al., 2000) +
(my in situs)
1026 MOR196-4

Dorsal 2 1046 (dominant) MOR194-1 Dorsal — Z1 (my in
situs)

61 MOR253-1 Ventral — Z3 (Miya-
michi, 2005) [fam-
ily]

Dorsal 3 1406 MOR267-5 Dorsal — Z1 (Ko-
bayakawa et al.,
2007) [family]

Dorsal 4 1348 (dominant) MOR235-2 Ventral — Z4 (Miya-
michi, 2005) + (my
in situs)

1231 MOR103-9 Ventral — Z3/74
(Miyamichi, 2005)
[family]

Dorsal 5 391 MOR135-24 Ventral — Z4 (my in
situs)

Dorsal 7 99 (dominant) MOR156-1 Dorsal — Z1 (my in
situs)

235 MOR214-3

16 MOR267-13, Dorsal — Z1 (Gros-

MOR23 maitre et al., 2006)
+ (my in situs)
1420 MOR266-4 Ventral (my in situs)
Dorsal 8 582 (dominant) MOR30-3 Dorsal — Z1 (Tsuboi
et al., 2006)
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16 MOR267-13, Dorsal — Z1 (Gros-
MOR23 maitre et al., 2006)
466 MOR209-1 Ventral — Z2.8 (Mi-
yamichi, 2005)
Dorsal 9 1241 MOR231-14 Ventral — Z3-Z4
(Miyamichi, 2005)
[family]
Ventral 1 481 (dominant) MOR204-2
1123 MOR264-17
541 MOR253-3 Ventral — Z3.5 (Mi-
yamichi, 2005)
862 MOR146-1
Ventral 2 1420 (domiant) MOR266-4 Ventral (my in situs)
391 MOR135-24 Ventral — Z4 (my in
situs)
Ventral 3 317 MOR256-47 Ventral (Zhao et al.,
2013) [family]
Ventral 4 539 (dominant) MOR253-9 Ventral — Z3.2 (Mi-
yamichi, 2005)
1507 MOR244-1, Ventral — Z4 (Ser-
MOR28 izawa et al., 2000) +
(my in situs)
Cell Designation Olfr (dominant Alternative gene Region in the OE
(RNA-seq) OR; counts) names — Zone (reference)
[family member]
1 524 (3211) MOR103-14 Ventral — Z3/4
(Miyamichi, 2005)
[family]
2 667 (7553) MOR34-2 Dorsal (Tsuboi et
al., 2006)
3 733 (9883) MOR241-2 Dorsal - Z1.7
(Miyamichi, 2005)
[family]
4 1347 (7723) MOR103-11 Ventral — Z3/4
(Ressler et al., 1993;
Miyamichi, 2005)
[family]
5 1364 (11522) MOR256-13 Ventral — Z2/3

(Ressler et al., 1993;
Zhao et al., 2013)
[family]
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6 1226 (7201) MOR233-2 Ventral — Z4.4 (Mi-
yamichi, 2005)

7 393 (dominant; MOR125-7 Dorsal (Kobaya-

1726) kawa et al., 2007)
[family]

132 (206) MOR256-49 Ventral — Z2/3
(Ressler et al., 1993;
Zhao et al., 2013)
[family]

8 1098 (dominant; MOR206-1

16523)

1097 (113) MOR206-2

140 (289) MOR235-1 Ventral — Z4 (Miya-
michi, 2005)

9 168 (2488) MOR271-1 Ventral —Z4 (Zhao
etal., 2013) [family]

10 190 (dominant; MOR183-4

13926)

1372-ps1 (455) MOR256-54P Ventral — Z2/3
(Ressler et al., 1993;
Zhao et al., 2013)
[family]

57 (1319) MOR139-3 Ventral — Z3 (Miya-
michi, 2005) [fam-
ily]

192 (202)

11 1274-ps (896) MOR228-4,5 Ventral Z2.2 (Miya-
michi, 2005) [fam-
ily]

12 220 (dominant; 894) [ MOR103-17,13P Ventral — Z3/4
(Miyamichi, 2005)
[family]

1030 (90) MOR196-2

1080 (165) MOR192-1

120 (90) MOR263-3

691 (46) MOR31-6 Dorsal — Z1 (Tsuboi
et al., 2006)

13 140 (771) MOR235-1 Ventral — Z4 (Miya-
michi, 2005)

14 1212 (14087) MOR233-17,20 Ventral — 72-4

(Miyamichi, 2005)
[family]
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15 140 (2259) MOR235-1 Ventral — Z4 (Miya-
michi, 2005)

16 15 (27) MOR256-17 Ventral — Z2/3
(Ressler et al., 1993;
Zhao et al., 2013)
[family]

17 179 (279) MOR256-64 Ventral — Z2/3
(Ressler et al., 1993;
Zhao et al., 2013)

[family]
18 168 (329) MOR271-1 Ventral — Z4 (Zhao
etal., 2013) [family]
19 168 (dominant; 487) [ MOR271-1 Ventral — Z4 (Zhao
etal., 2013)
911-ps1 (66) MOR165-1/
MOR166-1
20 1372 (dominant; MOR256-54P Ventral — Z2/3
197) (Zhao et al., 2013)
[family]
984 (94) MOR239-6
1346 (10) MOR103-6 Ventral — Z3/4
(Miyamichi, 2005)
[family]

Table Key: Dorsal 1-9 are graft-derived OSNs from dorsal to ventral transplants
sequenced via single-cell RT-PCR; Ventral 1-4 are graft-derived OSNs from ventral to
ventral transplants sequenced via single-cell RT-PCR; 1-20 are graft-derived OSNs from
dorsal to ventral transplants sequenced via RNA-seq. Zones are reported as classified by
Miyamichi et al., 2005. OR locations identified by association with OR family members
are indicated by [family].

4.5 Expression of multiple ORs in OMP (+) OSNs

In the experiments reported in section 4.4, I found that many graft-derived OSNs
contained multiple ORs (Table 1). To be precise, 66% of the 3-week post-transplant cells
expressed multiple ORs and 30% of the 4-week post-transplant cells expressed multiple
ORs. It is not unprecedented that mature OSNs express multiple ORs; several recent
studies reported multiple OR expression in OMP (+) OSNs (Hanchate et al., 2015; Tan

et al., 2015; Scholz et al., 2016). These same studies found that the frequency of multiple
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OR expression is higher in immature OSNs (Hanchate et al., 2015; Tan et al., 2015).
Given my finding that many of the graft-derived OSNs contain immature markers GAP43
and Tujl along with OMP (Fig. 16), and the fact that not all graft-derived OSNs have
entered glomeruli (Fig. 6), I sought to characterize OR multiplicity in OMP (+) OSNs
that have not yet reached the bulb, and are likely in a transitory stage from immature

to mature OSNs. To do so, I FACS isolated OMP-GFP (+) OSNs from bulbectomized
animals (such that OMP-GFP (+) cells do not synapse in the bulb), captured cells on

a Fluidigm IFC and performed RNA-seq on the single isolated cells as before. Cells
were counted as OMP (+) if they had above 1139 OMP transcripts per million (TPM),

a cutoff determined using the R package OptimalCutpoints implementing the Youden
Index Method (Youden, 1950; Schisterman et al., 2005; Lopez-Raton et al., 2014). Using
this strategy, I found that 54% of the sequenced cells contained multiple ORs (21/39)
and 46% contained a single OR (18/39) (Fig. 18). Comparing these results to those
previously reported, I found that these percentages are significantly different from OMP

(+) cells isolated from intact, normal OE, and are not statistically different from immature
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Figure 18. OMP (+) OSNs from 3-week post bulbectomized animals have a tendency to
express multiple ORs.

(A) Image of unilateral bulbectomy used in this experiment. OE from the OBX side (top right)
was collected and dissociated and OMP cells were collected via FACS for OMP-GFP (B)
Quantification of the % of sequenced OSNs expressing single or multiple ORs. OBX data is
compared to that in the literature (Hanchate et al., 2015; Tan et al., 2015). The ratio of cells
containing single or multiple ORs is significantly different between OMP (+) cells from OBX
animals as compared to OMP (+) cells from normal animals in reports by Buck and Xie (Chi-
square with Yates correction; p = 0.01 and p < 0.0001 respectively). (C) OMP (+) cells from OBX
animals contained 1-4 ORs; OMP (+) cells from normal animals contained 1-3 ORs.
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OSNs from normal OE (Fig. 18). Thus, I have identified an additional stage in neuronal
maturation when ~50% of OSNs express multiple ORs: the time when OMP is expressed,
but OSNs have yet to enter the olfactory bulb. These data suggest that contact with the

bulb may assist in singular OR expression/stabilization.

4.6 RALDHI1 borders correspond to OCAM/NQO1 boundaries and shift together
with improper regeneration

Previous studies have implicated retinoic acid (RA) as a spatially secreted factor
that could influence pattern generation in the OE (LaMantia et al., 2000; Norlin et al.,
2001; Peluso et al., 2012). In support of this hypothesis, the RA synthetic enzymes, the
RALDHs are spatially expressed across the OE (Norlin et al., 2001; Peluso et al., 2012).
In fact, RALDHI is expressed in Sus cells of the OE strictly in the NQO1 (-) region of
the OE (Fig. 19A). Furthermore, NQO1 borders shift along with RALDH1 borders in
a harsh epithelial lesion that disrupted pattern regeneration in a unilateral MeBr-lesion
(Fig. 19B). These results suggest that RA could be one of the spatial cues that play an

instructional role in neuronal diversification in the OE.

RALDH1B3

RALDH1

Unlesion

Figure 19. RALDH borders align with OCAM/NQO1 boundaries and shift together with
improper regeneration.

(A) NQO1 and RALDH are inversely expressed in the OE with a sharp border corresponding to
the NQO1/OCAM line. (B) NQO1 expression patterns shift with RALDH1 borders in a harsh
unilateral lesion with improper spatial regeneration.
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Summary

In this chapter of my thesis work, I determined that spatial cues direct neuronal
diversification in respect to both NQO1/OCAM and ORs (Fig. 1-6; Fig. 11-17), and that
this spatial plasticity relies at least in part on HDAC activity, is decreased in cells isolated
from 3 week old donor animals, and may rely in part on retinoic acid signaling (Fig. 7-10,
19). Lastly, ~50% of cells that express OMP, but have not yet reached the olfactory bulb

express multiple ORs (Fig. 18).
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Chapter 5. Results

LSD1-dependent neuronal maturation in

the olfactory epithelium

Adapted from:

Coleman JH, Lin B, Schwob JE. Dissecting LSD1-dependent neuronal maturation

in the olfactory epithelium. Manuscript in preparation.
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Rationale

Neurons in the olfactory epithelium (OE) each express a single dominant
olfactory receptor (OR) allele from among roughly 1000 different OR genes (Buck
and Axel, 1991). While (near) monogenic and monoallelic OR expression has been
appreciated for over two decades, regulators of this process are still being described;
most recently, epigenetic modifiers have been of high interest as silent OR genes are
decorated with transcriptionally repressive histone 3, lysine 9 (H3K9) methylation
whereas active OR genes are decorated with transcriptionally activating histone 3, lysine
4 (H3K4) methylation (Magklara et al., 2011). Lysine specific demethylase 1 (LSD1)
demethylates at both of these lysine residues and has been shown to disrupt neuronal
maturation and OR expression in the developing embryonic OE (Shi et al., 2004; Metzger
et al., 2005; Garcia-Bassets et al., 2007; Lyons et al., 2013; Laurent et al., 2015). Despite
the growing literature on LSD1 expression in the OE, a complete characterization of the
timing of LSD1 expression in relation to neuronal maturation and the function of LSD1
in neuronal diversification in the adult OE have yet to be reported. To fill this gap, in this
chapter of my thesis work, I investigated (1) The timing of LSD1 expression in relation
to OSN maturation and OR expression; (2) The presence of LSD1 binding partners in
LSDI (+) cells in the mouse OE, which necessarily direct LSD1 susbstrate specificity
(Lee et al, 2005; Laurent et al., 2015); and (3) The effect of inducible Lsd/ knockout in 3
basal cell populations: HBCs, Ascll (+) transit-amplifying, neuronally committed GBCs

(GBC,, ), and Neurog] (+) immediate neuronal precursor GBCs (GBC,, ) (Fig. 1).

TA-Ns
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Figure 1. Stem and progenitor progression in the neuronal lineage

Horizontal basal cells (HBCs) are K5 (+) multipotent progenitors (MPPs) able to give rise to all
cell types of the OE following activation. GBCs can be broken down into stages of progenitor
capacity: GBC MPPs express Sox2 and Pax6; GBC transit-amplifying neuronally-committed
(TA-N) cells express Ascll; GBC immediate neuronal precursors (INP) express Neurogl.
Immature OSNs express GAP43 and mature OSNs express OMP. Asterisks mark progenitor
stages where [ used CreER™ drivers to conditionally delete Lsd|.

5.1 OR expression during OSN maturation

To contextualize the timing of OR and LSD1 expression, I first characterized the
timing of OSN maturation using EdU pulse-chase experiments — looking specifically for
EdU co-labeling with GAP-43, to mark immature OSNs, and with OMP, to mark mature
OSNs (Fig. 2). GBCs are the predominant cycling cell within the OE, representing over
90% of the cells that incorporate thymidine analogues (such as EdU) during S phase
and retain them (Salic and Mitchison, 2008). In the normal unlesioned OE, GBCs give
rise exclusively to neurons (Schwartz Levey et al., 1991; Caggiano et al., 1994; Schwob
et al., 1994; Huard and Schwob, 1995) and incorporated EdU label can be chased from
the labeled progenitors into the neuronal population. Because cells among the GBC
population may divide more than once, the time at which the leading edge of the double-

labeled cells appears represents the shortest interval to that stage in differentiation.

103



out of total Edu+ cells
N
o

%Marker+/Edu+ cells

o
1

2 4 6 8 10
Days Post EdU Injection

o

Figure 2. A transition from immature to mature OSNs begins at 7 days post basal cell
division.

(A) GAP-43 and EdU costaining at 1, 5, 7 and 9 days post EdU injection (DPI). Double positive
cells are rare at 1 DPI, abundant at 3, 5, and 7 DPI, and decrease by 9 DPI. (B) OMP and EdU
costaining. Double positive cells are most abundant at 9 DPI. (C) Quantification of Marker (+)/
EdU (+) cells out of the total number of EAU (+) cells; data points represent the mean of three
animals and error bars = SEM. Dotted white line indicates the basal lamina (bottom) and the
apical surface (top).

For EdU pulse chase experiments, I gave a single dose of EdU to 8 week-old
wild-type mice and sacrificed the animals at 1, 3, 5, 7 and 9 days post injection (DPI).
EdU (+)/GAP-43 (+) cells were found as early as 1 DPI at low numbers when an average
of 2.5% of total EdU (+) were GAP-43 (+)/EdU (+) (Fig. 2C). At 2 DPI, this percent

increased to 8%, and a drastic jump occurred at 3 DPI with 40% of EdU (+) cells being
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double positive for GAP-43 and EdU (Fig. 2C). GAP-43 (+)/EdU (+) cells peaked at 7
DPI to ~60% and decreased by 9 DPI back to the 40% seen at 3 DPI, likely reflecting
the timeframe when GAP-43 (+) OSNs transition to OMP (+) OSNs (Fig. 2A,C). By
comparison, OMP (+)/Edu (+) cells were rare for the first few days post injection, and
then gradually increased to 11% at 5 DPI and 34% at 9 DPI, again demonstrating that the
emergence of OMP (+) OSNss is beginning to accelerate at the end of that period (Fig.
2B,C).

Similarly, the timing of OR expression following basal cell division was
determined by analyzing numbers of OR (+)/EdU (+) cells following EdU incorporation
(Fig. 3). In these experiments, I assayed three different ORs: (1) the P2 receptor, a
Class II OR located on Chromosome 7 and expressed in the ventral to ventrolateral
swath of OE (Mombaerts et al., 1996) (Fig. 3A) (2) MOR28, a Class II OR located on
Chromosome 14 and concentrated in the dorsolateral OE (Serizawa et al., 2003) (Fig. 3B)
and (3) M72 a Class II OR located on Chromosome 9 and expressed in the dorsomedial
OE (Feinstein and Mombaerts, 2004) (Fig. 3C). In these experiments, | compared the
number of OR (+)/Edu (+) cells to both total OR (+) and EdU (+) cells respectively.

P2 (+)/Edu (+) cells were found as early as 2 DPI at an average of 0.04% of total
EdU (+) cells and an average of 0.15% of total P2 (+) cells (Fig. 3D,E). P2 (+)/EdU (+)
cells peaked at 5-7 DPI to 0.48% of total EAU (+) cells and to 1.74% of total P2 (+) cells
(Fig. 3D,E). At 9 DPI, P2 (+)/EdU (+) cells decreased, potentially reflecting an OR switch
at the time of full OSN maturation or cell death (Fig. 3D,E). The first MOR28 (+)/EdU
(+) cells were found as early as 1 DPI at 0.06% of total EAU (+) cells and 0.03% of total
MOR28 (+) cells. Following this rare sighting, another MOR28 (+)/EdU (+) cell was
not apparent until 5 DPI at 2.44% of total EdU (+) cells and 1.23% of total MOR28 (+)
cells (Fig. 3B,F). After this timepoint, the number of MOR28 (+)/EdU (+) cells increased
out of the total EAU (+) cells but remained constant out of total MOR28 (+) cells (Fig

3. B,F). Thus, it appears that MOR28 (+) cells appear in a burst around 5 days post cell
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division and remain constant as OSNs shift from immature to mature OSNs. Similarly,
M?72 (+)/EdU (+) cells were found as early as 5 DPI at 1% of total EQU (+) cells and 4%
of total M72 (+) cells (Fig. 3C and data not shown). The number of M72 (+)/EdU (+)
cells remained consistent from 5-9 DPI again suggesting that this OR also turns on at 5
days post cell division. Of the three ORs assessed, M72 was the least expressed, with an
average of ~10 ORs counted per section (unilaterally) making my analysis quite variable,

but nonetheless consistent with an onset of OR expression at 5 DPI.
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Figure 3. ORs become prominent at 5 days post basal cell division.

(A) P2 and EdU co-staining at 1, 5, 7, and 9 days post EdU injection. Double positive cells can
be found at 5 days post injection (DPI). P2 was detected via beta-galactosidase staining in P2-
IRES-taulacZ transgenic mice. (B) MOR28 and EdU co-staining. MOR28 was detected using an
antibody made by Dr. Gilad Barnea. (C) M72 and EdU co-staining. M72 was detected via GFP
staining in M72-IRES-tauGFP transgenic mice. (D) Quantification of OR (+)/EdU (+) cells out
of total EAU (+) cells. P2 double positive cells increase prior to MOR28 double positive cell and
begin to decrease starting at 7 DPI whereas MOR28 double positive cells trend toward increases
(or remain constant) from 5 days post injection (DPI) to 9 DPI. (E) Quantification of P2 (+)/EdU
(+) cells out of total P2 (+) cells. (F) Quantification of MOR28 (+)/EdU (+) cells out of total
MOR2S (+) cells. (D-F) Data points represent the mean of three animals and error bars = SEM.
Dotted white line indicates the basal lamina (bottom) and the apical surface (top).

107



5.2 LSD1 expression during OSN maturation

A hypothesized role for LSD1 in epigenetic regulation of OR gene transcription
requires its expression with a timing that coincides with or precedes receptor expression.
LSD1 immunostaining patterns in the OE have been published with several different
anti-LSD1 antibodies (Krolewski et al., 2013; Lyons et al., 2013; Kilinc et al., 2016).
The described staining patterns are overlapping, though not completely concordant.
Moreover, the distribution of tissue staining with the rabbit polyclonal antibody used
here for immunoprecipitation (Abcam ab#62582) has not been described. The antibody

has been validated in my hands as specific for LSD1 as shown by the lack of staining

on LSD1 knock-out tissue (see below). Herein, I determined when and where LSD1 is
expressed during OSN maturation using EAU pulse-chase experiments, and whether
LSD1 is associated with its binding partner, CoOREST, by immunostaining and co-
immunoprecipitation.

With respect to the timing of LSD1 expression, EAU pulse-chase experiments
demonstrate that LSD1 (+)/EdU (+) cells are abundant at 1 DPI encompassing 74% of
the EAU (+) cells (Fig. 4A,C). With respect to subsequent stages, LSD1 (+)/EdU (+) cells
remain high until 9 DPI at the time of OSN maturation to OMP (+) neurons (Fig. 4A,C
and Fig. 2C). I also looked at the timing of expression of the LSD1 corepressor, COREST,
as LSD1 binding partners play a signifacant role in LSD1 substrate specificity (Lee et al.,
2005). CoREST expression as a function of time after injection of EAU mimics that of
LSD1 suggesting that the two proteins are likely expressed in the same cell populations
(Fig. 4B,C). Indeed, by immunostaining both proteins are co-expressed in the vast
majority of labeled cells in the normal OE, which are situated immediately superficial
to the CK14 (+)/LSDI1 (-)/CoREST (-) HBCs (Fig. 5G). The immunostaining results are
supported by the detection of both proteins in homogenized OE via Western blot (Fig.
5H). By comparison with my data on the timing of OR expression, LSD1 and CoREST

are detectable prior to OR expression (as defined by either co-expression of a marker
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Figure 4. LSD1 and CoREST are prevalent in early dividing cells and begin to decrease
starting at 7 days post basal cell division.

(A) LSD1 and EdU costaining at 1, 5, 7, and 9 days post EAU injection. Double positive cells are
abundant until 9 days post injection (DPI). (B) CoREST and EdU costaining. Double positive
cells are abundant until 9 days post injection (DPI). (C) Quantification of Marker (+)/Edu (+) cells
out of total Edu (+) cells. Data points represent the mean of three animals and error bars = SEM.
Dotted white line indicates the basal lamina (bottom) and the apical surface (top).

protein or immunostaining for the OR) and full neuronal maturity, i.e., OMP expression
(cf. Figs 3,4).

Classification of the cells that co-express LSD1 and CoREST was accomplished
using several markers for the different types of GBCs and for the maturation of OSNs
(Fig. 5). Both LSD1 and CoREST are found in Neurogl-eGFP (+) GBC , and Tujl
(+) immature OSNs (Fig. 5A, B, D, E). By immunohistochemistry, neither LSD1 nor

CoREST is highly expressed in OMP (+) mature OSNs (Fig. 5C,F).
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Finally, I demonstrated directly that LSD1 and CoREST can interact and bind in
vivo as revealed by co-immunoprecipation of COREST when immunoprecipitating LSD1
from the OE (Fig. 5I). To further characterize the LSD1/CoREST complex that is present

in GBC , , I immunostained for another member of this epigenetic silencing complex,

INPs®

CoREST

H Normal OE

| LSD1 IP: Blot COREST

LSD1 CoREST S @
eo\/%'bé (%‘\(b(\ '\\Q
98 kD - NP -
118 kD T,
Non- specific
55 kD Land
98 kD -
42 kD= = LSD1
(actin) 55 kD
10um G1.3 CoREST

Figure 5. LSD1 and CoREST are expressed in the same population of cells and
complex together in the mouse OE.

(A-C) LSD1 costains with Neurogenin 1 (stained for GFP in Neurogl-eGFP
animals), Tuj1, and OMP. High LSD1 expression if found in Neurogl (+) and Tujl
(+) cells but not in OMP (+) OSNs. (D-E) CoREST costains with Neurogl, Tujl
and OMP in the same tissue imaged in A-C. (G) LSD1 and CoREST are expressed
in overlapping cells and are not found in CK14 (+) HBCs. (H) LSD1 and CoREST
are abundantly expressed in the mouse OE with molecular weights of 98 kD and
55 kD, respectively. (I) LSD1 immunoprecipitate blots positive for COREST,
demonstrating that the two proteins are in complex together in the OE. Dotted
white line indicates the basal lamina.
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Figure 6. LSD1 and HDAC?2 are co-expressed in the mouse OE.
(A-C) LSD1 (+) and HDAC (+) cells overlap in expression in the basal layers of the adult OE.
Dotted white line indicates the basal lamina.

HDAC?2 and found that HDAC2 expression is almost completely overlapping with that of
LSDI (Fig. 6) (Lee et al., 2005).

Previous descriptions suggested that LSD1 expression patterns change following
OE lesion (Krolewski et al., 2013); therefore, I assessed LSD1 and CoREST patterns
in two injury models: olfactory bulbectomy (OBX) and methylbromide (MeBr)-lesion
(Fig. 7). As expected, LSD1 (+) and CoREST (+) cells increased post OBX (Fig. 7A-D),

in line with the increase in Neurogl-eGFP (+) GBC,, and immature OSNs following

P
bulbectomy (Iwema and Schwob, 2003; Krolewski et al., 2013). LSD1 and CoREST
appear in CK14 (+) HBCs following MeBr lesion (Fig. 7E-H), a finding previously
reported by our lab using a different LSD1 antibody (Krolewski et al., 2013). Thus,
activating HBCs represent the earliest cell type expressing LSD1 and CoREST in the

adult mouse OE.

111



CoREST

Contralateral OBX

2 dp MeBr

Contralateral MeBr

112

Figure 7. LSD1 and
CoREST populations
expand following
bulbectomy and appear in
activating HBCs at 2 days
post MeBr lesion.

(A,B) LSD1 and CoREST
populations expand on the
ablated side at 10 days post
OBX as compared to the
(C,D) contralateral control
sides respectively. (E,F)
LSD1 and CoREST appear
in CK14 (+) HBCs at 2
days post unilateral MeBr
lesion whereas on the (G,H)
contralateral, unlesionsed
side, LSD1 and CoREST
are not found in CK14 (+)
HBCs. Dotted white line
indicates the basal lamina.



5.3 LSD1 knockout in activating K5 (+) HBC, ,, and Ascll (+) GBC,, . aborts OSN

P N

maturation while knockout in Neurogl (+) GBC,, does not.

Previous studies of LSD1 function in the OE used a Foxg/-Cre driver to knock
out Lsd! as early as E10.5 in the olfactory placode (Duggan et al., 2008; Lyons et al.,
2013). Because elimination of Lsd/ precedes all but the very earliest stage in GBC and
neuronal differentiation, one cannot draw any conclusion regarding the specific cell types
in which the gene is functioning and how Foxgl expression relates to the timing of OR
expression and OR choice. Here, I take advantage of CreER™ drivers in order to excise
Lsdl at defined, distinct, stages in the emergence of OSNs from the stem and progenitor
populations. Specifically, I used a K5-CreER™ driver to excise Lsd! in the population of
reserve stem cells, i.e., the HBCs, prior to the activation by injury. Additionally I used an
Ascll-CreER™ driver to accomplish recombination at the GBC,,  stage and a Neurogl-
CreER™ to do the same at the GBC , stage.

For the first set of experiments, mice with the following genotype K5-CreER™;
R26Rfl(stop) TdTomato (TdT), Lsd " were given tamoxifen (TAM) at 6 weeks of age
to excise Exon 6 of Lsd! and induce heritable expression of the TdT reporter (Fig. 8A)
(Wang et al., 2007). Two weeks later, the K5 (+) HBCs were activated by MeBr lesion
followed by tissue harvest 3 weeks post-injury, allowing adequate time for large numbers
of traced HBCs to mature into OMP (+) OSNs (Fig. 8B,C) (Schwob et al., 1995). For
animals that are either wild-type (Lsd"") or heterozygous (Lsd ') at the Lsd 1 locus,
an average of ~60% of the total number of TdT (+) neurons (OMP (+) and Tuj1 (+) cells
inclusive) were OMP (+) at 3 weeks post lesion (Fig. 8C-F, I). In strong contrast, in the
homozygous conditional knockout animals (Lsd /"#), only ~6% of total TdT (+) neurons
were OMP (+) (Fig. 8G-I). That a small percentage TdT (+) cells reach full maturation
and OMP expression in the Lsd "/ mice most likely reflects a relative inefficiency for
recombination of both alleles at the Lsd! locus, by comparison with excision of the stop

motif at the ROSA26 locus, such that the small minority of the TdT (+) cells that achieve
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Figure 8. Neuronal maturation is halted in activated HBCs lacking LSD1.

(A,B) Transgenic mice and experimental design. (C-F) Activated HBCs from Lsd** and Lsd "’
mice mature into OMP (+) OSNs by 3 weeks post MeBr lesion. (G-H) Activated HBCs from
Lsd ™" mice are unable to mature into OMP (+) OSNs and instead halt in maturation as Tuj (+)
immature OSNs. (I) Quantification of the percent of activated HBCs that are OMP (+) cells out
of the total number of lineage traced neurons (both OMP (+) and Tuj (+) OSNs). Bar graphs
represent the mean counts of 3 animals per phenotype and error bars = SEM. Dotted white line
indicates the basal lamina.
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OMP expression in the homozygous mice are not null for Lsd/. Indeed, some of the TdT
(+) cells in the homozygote are labeled by immunostaining for LSD1, demonstrating
variability in Cre recombination at the two loci. Incomplete recombination has been
demonstrated immunohistochemically for several other gene targets (unpublished
observations), underscoring the necessity of verifying knockout of the gene of interest
whenever possible to avoid confounding variables. Importantly, staining for LSD1 in
the homozygous knockout mice demonstrated also that the efficiency of recombination
varied across the plane of the epithelium; in areas with a greater overall degree of
recombination, indicated by a higher percentage of TdT (+) HBCs, fewer TdT (+)

cells retained LSD1 immunoreactivity (data not shown). In order to minimize the
consequences of incomplete recombination, I screened first for loss of LSD1 expression
via immunostaining; in regions where the knockout appeared to be complete, TdT
(+)/OMP (+) and TdT (+)/Tujl (+) neurons were counted in the matching area on the
adjacent sections (screening TdT/LSD1/OMP/Tuj1 together was not possible due to
antibody incompatibility). Despite these precautions, it remains possible that I counted a
portion of TdT (+) cells that retained one or more copies of the non-recombined floxed-
Lsd1 allele; these cells likely account for the TdT (+) cells with the ability to mature into
OMP (+) OSN:s.

My results demonstrate that LSD1 is required for the progression from activated
HBC,,,,, to fully mature, OMP (+) OSNs. These findings phenocopy the results obtained
with Foxgl-driven excision of Lsd! in early development (Lyons et al., 2013).

To rule out any contribution that MeBr lesion might make to the failure to mature,
I took advantage of the very low, but noticeable activation of HBCs following ablation
of the olfactory bulb. Thus, I bulbectomized K5-CreER™,; R26Rfl(stop) TdTomato (TdT),
Lsd " mice (Fig. 9). Once again, in the homozygous Lsd "/ animals, neurons failed to

mature to express OMP (+) while adjacent cells were able to express OMP (Fig. 9C-F).
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Figure 9. Rare HBCs activated by OBX and lacking LSD1 do not mature into
OMP (+) OSNs.

(A,B) Transgenic mice and experimental design. (C-D) Rare HBCs activated by
OBX and lacking LSD1 do not mature into OMP (+) OSNs. (E) Control TdT
reporter tissue (Lsd1™") showing no activation upon bulbectomy. (F) LSD1
conditional knockout tissue shows rare HBC activation upon bulbectomy in regions
highlight by the 3 white arrows. Dotted white line indicates the basal lamina.
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For the second set of experiments investigating cell-stage specific deletion of
Lsdl, mice with the following genotype Ascll-CreER™; R26Rfl(stop) TdTomato (TdT),
Lsd 1" were given TAM at 6 weeks of age to excise Exon 6 of Lsd! and induce heritable
expression of the TdT reporter, in order to interrogate LSD1 function at the Ascll (+)
GBC,, | stage (Figs. 10,11). In these experiments, I assessed neuronal maturation
in the unlesioned OE (Fig. 10) and following direct epithelial injury by injection of
methimazole (Bergman et al., 2002) (Fig. 11); methimazole was used because the strain
background of these transgenic mice is resistant to the olfactotoxic effects of MeBr.
As with the K5-driver, I observed incomplete recombination at the Lsd locus in the
Ascl-CreER™ mice despite robust recombination at the ROSA locus (Fig. 10G2, Fig.
11G2). Nonetheless, there were large swaths of TdT (+)/LSD1 (-) cells, particularly in
methimazole-lesioned animals (Fig. 10G2, Fig. 11G2). While the variable efficiency of
Cre-mediated recombination made cell counting more complicated (as described above),
the intermingling of TdT (+)/LSD1 (+) and TdT (+)/LSDI1 (-) cells in the same section
presented a within-animal control demonstrating that cells that lack LSD1 expression
fail to mature and do not express OMP, whereas cells that retain LSD1 immunoreactivity
do mature (Figure 10G). Again, for cell counts, I screened for TdT (+)/LSD1 (-) regions
and counted adjacent sections for TdT, OMP, and Tuj1 and found a significant decrease
in TdT (+)/OMP (+) cells out of total OSNs (OMP (+) and Tuj (+) cells) in the Lsd1
homozygous knock out animals under both unlesioned and lesioned conditions (Fig. 101,
Fig. 111). Specifically, for animals that were either wild-type (Lsd!**) or heterozygous
(Lsd1"*) at the Lsd1 locus, an average of ~85% (under non-lesioned conditions) and
~70% (under lesioned conditions) of the total number of TdT (+) neurons (OMP (+) and
Tuj1 (+) cells inclusive) were OMP (+) at 2 weeks post TAM/lesion (Fig. 101, Fig. 111).
In contrast, in the homozygous conditional knockout animals (Lsd /"), only ~25% of
total TdT (+) neurons were OMP (+) under both unlesioned and lesioned conditions (Fig.

101, Fig. 111).
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Figure 10. Neuronal maturation is halted in maturing transit-amplifying Ascll (+)
GBCs that lack LSD1.

(A,B) Transgenic mice and experimental design. (C-F) Ascl1-GBCs from Lsd** and
Lsd '* mice mature into OMP (+) OSNs by 2 weeks post Tamoxifen administration. (G-
H) Ascl1-GBCs from Lsd "/ mice are unable to mature into OMP (+) OSNs and instead
halt in maturation as Tuj (+) immature OSNs. (I) Quantification of the percent of Ascl1-
GBC progeny that are OMP (+) cells out of the total number of lineage traced neurons
(both OMP (+) and Tuj (+) OSNs). Bar graphs represent the mean counts of 3 animals
per phenotype and error bars = SEM. Dotted white line indicates the basal lamina.
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Figure 11. Neuronal maturation is halted in maturing transit-amplifying Ascll (+)
GBC:s that lack LSD1 following olfactory lesion.

(A,B) Transgenic mice and experimental design. (C-F) A portion of Ascl1-GBCs from
LsdI1"* and Lsd """ mice mature into OMP (+) OSNs by 2 weeks post methimazole
lesion. (G-H) Ascl1-GBCs from Lsd "/ mice are unable to mature into OMP (+)
OSNs and instead halt in maturation as Tuj (+) immature OSNs. (I) Quantification

of the percent of Ascl1-GBC progeny that are OMP (+) cells out of the total number
of lineage traced neurons (both OMP (+) and Tuj (+) OSNs). Bar graphs represent

the mean counts of 3 animals per phenotype and error bars = SEM. Dotted white line
indicates the basal lamina.
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For the third set of experiments, mice with the genotype Neurogl-CreER™;
R26Rfl(stop) TdTomato (TdT), Lsd " were given tamoxifen (TAM) at 6 weeks of age
to excise Exon 6 of Lsd] and induce heritable expression of the TdT reporter in order
to interrogate LSD1 function at the Neurogl (+) GBC,, stage (Fig. 12). Conditional

knockout of Lsd1 from Neurogl (+) GBC,, under both basal and lesioned conditions did

P
not interfere with the maturation of the OSNs that were progeny of the targeted GBCs.
Unlike conditional deletion of Lsd! at either the K5 (+) HBC,,, or Ascll (+) GBC_,
stage in the progression, Neurogl (+) GBC,, lacking LSDI were capable of maturing
into OMP (+) OSNs during the same timeframe in both Lsd/** and Lsd I''* control
animals (Fig 12C-J). Once again, I observed evidence of differential Cre recombination
at Lsdl and the TdT reporter loci, for which I compensated as described above. Thus, I
was able to demonstrate numerous TdT (+) cells that co-expressed OMP, despite their
complete lack of detectable LSD1 expression (Fig. 12G, H). Thus, LSD1 is not required

for neuronal maturation during the progression from Neurogl (+) GBC,, to mature

OSNs (Results summarized in Fig. 13).
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Figure 12. Neurogl-GBC,, lacking LSD1 are capable of maturing into OMP
(+) OSNs under both basal and lesioned conditions.

(A,B) Transgenic mice and experimental design. (C,E,G) Neurogl-GBCs from
from Lsd1"*, LsdI"*, and Lsd "/ mice mature into OMP (+) OSNs by 2 weeks post
tamoxifen administration. (D,F,H) Lsd1"", Lsd """, and Lsd " mice mature into
OMP (+) OSNs by 2 weeks post methimazole lesion. (I,J) Quantification of the
percent of Neurog1-GBC progeny that are OMP (+) cells out of the total number

of lineage traced neurons (both OMP (+) and Tuj (+) OSNs) under both tamoxifen
only and lesioned conditions. Bar graphs represent the mean counts of 3 animals per
phenotype and error bars = SEM. Dotted white line indicates the basal lamina.
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Summary

The present study determined that LSD1 (1) is expressed in early dividing
cells before OR expression and neuronal maturation and decreases at the time of OR
stabilization (Fig. 2-4); (2) colocalizes with CoOREST and HDAC?2 in these early dividing
cells (Fig. 5-7); and (3) is required for neuronal maturation during a distinct time
window between activating reserve, multipotent stem cells (horizontal basal cells) and
Neurogeninl (+) (Neurogl) immediate neuronal precursors (Fig. 8-13). Thus, this study

clarifies the role of LSD1 in olfactory neuronal maturation (Fig. 13).

LSD1-dependent
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Figure 13. LSD1 in neuronal maturation: Results Summary

LSD1 is expressed in early dividing cells before OR expression and neuronal maturation and
decreases at the time of OR stabilization. LSD1 colocalizes with COREST and HDAC?2 and is
required for neuronal maturation during a distinct time window between activating reserve stem
cells (HBCs) and Neurogl (+) GBC immediate neuronal precursors (INPs).
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Chapter 6.

Discussion and Future Directions
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6.1 Dedifferentiation in the OE

In the Chapter 3 of my thesis work, I sought to optimize and validate olfactory
transplants as a reliable model to assay biologically relevant stem cell potencies. Through
these control experiments, in close collaboration with a fellow graduate student in the
lab, Brian Lin, we discovered a previously un-described plasticity in the immediate
neuronal precursor (INP) population, the Neurogl (+) GBC, .. Specifically, we found that
injury to the OE via bulb ablation allows previously neuronally committed progenitors to
dedifferentiate and give rise to all OE cells types under the transplantation experimental
paradigm. Furthermore, this in vivo reprogramming correlated with an up-regulation of
the transcription factor Sox2, a Yamanaka factor that plays a pivotal role in progenitor
potency in many adult epithelial populations including the testes, stomach, and lens
(Arnold et al., 2011), as well as during embryonic development (Ellis et al., 2004; Hutton
and Pevny, 2011).

Following up on our transplantation experiments, Brian Lin has now

demonstrated that Neurog1-eGFP (+) GBC,, can dedifferentiate following epithelial

P
injury in situ via genetic lineage tracing. Furthermore, the progenitor capacity of the

Neurogl (+) GBC,, is titratable by the extent of injury: bulb ablation initiates minimal

P
but detectable dedifferentiation as assayed by non-neuronal lineage traced cells, whereas
methimazole lesion initiates larger scale dedifferentiation and production of abundant
non-neuronal progeny (data not shown). Based on our observation of Sox2 appearing in
Neurogl (+) cells following bulb ablation, Brian knocked out Sox2 from Neurogl (+)
cells via genetic excision. Under these circumstances, the Neurogl (+) cells were no
longer capable of injury-induced dedifferentiation, definitively demonstrating that Sox2
is required for injury-induced Neurogl (+) GBC,, plasticity. Importantly, OE lacking
Sox2 in the Neurogl (+) cells did not regenerate to full capacity as compared to control

animals, suggesting that dedifferentiation plays an important role in the regenerative

process, contributing significantly to cell replacement.
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Dedifferentiation has now been described in several in vivo settings including
the liver, airway, and intestine (Michalopoulos et al., 2005; Tata et al., 2013; Yanger
et al., 2013; Zhao et al., 2014; Tetteh et al., 2016). In each case, the differentiative
capacity of “terminally differentiated” cells was altered following injury to the tissue
and/or removal of the defined stem cell population. Similarly, in our model, we find that
neuronally committed cells are capable of dedifferentiation upon severe epithelial injury.
Importantly, our description is the first example of dedifferentiation in a neuronal lineage;
furthermore, our work describes a mechanism involving Sox2 up-regulation. The question
thus arises, why do several systems have the capacity for cells to dedifferentiate? We
posit a simple answer: to assist in tissue regeneration. In fact, we observed that tissue
impaired in dedifferentiation did not regenerate to the same extent as control tissue. This
suggests that dedifferentiation plays a significant role in tissue repair, assisting the bona
fide stem cells to replace cells lost during injury.

Given the growing literature on induced pluripotent stem cells (iPSCs), whereby
differentiated cells can be induced into stem cells ex vivo, it is not surprising that
machinery for dedifferentiation exists in vivo. But, can this unlocked in vivo plasticity
be utilized similarly to iPSCs for regenerative medicine? Some propose that in vivo
dedifferentiation should actually replace (or, more so—overstep) iPSCs for use in
regenerative medicine (Lazaro and Kostarelos, 2014; Lazaro et al., 2014). If mature cells
can be induced to dedifferentiate in sifu and assist in tissue repair, many of the concerns
involved with iPSCs diminish — most notably tumorigenesis, as this type of regeneration
assists in tissue repair without altering the integrity of the tissue. Advancements of this
type of clinically-initiated in situ dedifferentiation will depend on our understanding of

the mechanisms and factors driving this process.
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Future Directions

We are currently working to elucidate more effectors of Neurogl (+) GBC ,
injury-induced dedifferentiation. Of immediate relevance are the three other Yamanaka
factors (aside from Sox2): Oct3/4, c-Myc, and KIf4. In fact, we found that both c-Myc
and KIf4 increase in expression in Neurogl (+) GBC,, following bulb ablation by
single-cell RNA-seq. Aside from the Yamanaka factors, we also hypothesize that
epigenetic factors play a significant role in differentiation in the OE. We are specifically
interested in following up on a role for Polycomb repressive complex components in the
dedifferentiative process.

Outside of currently pursued future directions, it will be interesting to determine
if further differentiated cells can be pushed to dedifferentiate — such as the Sus cells or
OSN . Lineage tracing experiments with OMP-CreER™ and CK18-CreER™ genetic mice
could be utilized to address this question. If these cells are incapable of dedifferentiating
in situ, they may still be able to be pushed in culture via addition of Yamanaka factors or
epigenetic inhibitors.

Another intriguing avenue to follow up on are the upstream factors that play
arole in “unlocking” the differentiative capacity of previously committed cells. What
signals, induced by injury, are responsible for recruiting differentiated cells to assist in
tissue repair? What roles do inflammation, apoptosis, and necrosis play in this pathway?
Answers to these questions will provide the most important clues for harnessing these
cells for regenerative medicine.

Outside of the OE, dedifferentiation is likely to work via similar mechanisms,
especially given that all the reported incidences are injury-induced. Thus, insights from
the OE will inform the dedifferentiative processes in other systems. On that note, it will
be of high interest to determine if dedifferentiation in the gut and airway epithelium
depend on Sox2 expression — or expression of other Yamanaka factors. Intriguingly, liver

regeneration has been shown to partially rely on transdifferentiation, a slightly different
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process involving the direct conversion of one cell type to another—in this case relying
on Notch signaling, while it appears that Notch signaling does not play such a role in
unlocking dedifferentiation (Yanger et al., 2013). Gaining a global understanding of these
processes across multiple tissue types will determine whether there are tissue specific
factors in this process, or whether the same mechanisms apply across systems. On a
related note, can injury-induced plasticity push cells from the OE to a potency that allows
them to differentiate appropriately in an ectopic location, such as the airway epithelium —

or even the brain or spinal cord?

General Conclusions

Overall, this study elucidated a previously uncharacterized capacity for immediate
neuronal precursors to dedifferentiate and assist in tissue repair. Future studies aim
to clarify the mechanisms upstream and downstream of this process and to inform

unforeseen plasticity in other systems.
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6.2 Spatial cues direct neuronal diversification in the OE

In Chapter 4 of my thesis work, I demonstrated that spatial cues instruct neuronal
diversification in respect to both NQO1/OCAM and OR expression. Transplantation
experiments revealed that stem cells isolated from one region of the OE and engrafted
into another are capable of maturing into neurons characteristic of the host region —
proving that these stem cells can be spatially plastic and are influenced by local spatial
cues. Furthermore, this spatial plasticity depends, at least in part, on HDAC activity,
as incubation with an HDAC inhibitor decreased the number of graft-derived neurons
adapting to the host OE region. Surprisingly, spatial plasticity is also decreased when
cells are isolated from young (3 week old) animals. Finally, as a follow-up to an
observation of OR multiplicity in graft-derived OSNs, I determined that “mature”

OMP (+) OSNs that have not yet innervated the olfactory bulb are capable of expressing
multiple ORs.

The hypothesis that spatial cues drive neuronal diversification in the OE has been
proposed many times (Norlin et al., 2001; McClintock, 2010; Peluso et al., 2012), largely
based on the fact that ORs and other neuronal markers are expressed in patterns across
the OE (Schwob and Gottlieb, 1986; Ressler et al., 1993; Vassar et al., 1993; Gussing and
Bohm, 2004). Furthermore, OR patterns can be identically regenerated after epithelial
lesion and recovery, suggesting that spatial cues involved in original pattern formation
persist into adulthood (Iwema et al., 2004). Alternatively, it could be the case that residual
stem cells left over after lesion are already “hardwired” to develop into region-specific

OSNis. As one review states:

The continuous turnover of [OSNs], which appears to happen without altering OR
zonality, argues either that [a] gradient is permanent or that a transient gradient
laid down instructions that are permanent. If the latter is correct, then basal
progenitor cells may be inherently biased to produce sensory neurons that will
select from a zonal subset of OR genes. Experiments that test this idea, such as
basal cell transplantation studies, have not yet been reported. (McClintock, 2010)
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Here, I report that the former is correct — that a gradient is permanent. However, I did not
find that 100% of the transplanted stem cells were influenced by spatial cues; with respect
to both NQO1/OCAM and OR expression, ~80% of the graft-derived OSNs adapted to
the host region while the remaining ~20% did not. Why were some stem cells influenced
by spatial cues while others were not? One explanation is that the progenitor-stage is a
critical determinant of whether spatial cues can instruct neuronal diversification—as in,
early progenitors may be more malleable to spatial cues while later progenitors, such

as the immediate neuronal precursors (INPs) may be less plastic. Importantly, in the
majority of my transplantation experiments, I transplanted a mélange of proliferative
cells ranging from multipotent progenitors (MPPs) to INPs. To directly address this
hypothesis, I isolated Neurogl-eGFP (+) GBC , for transplantation experiments. Under
these circumstances, unfortunately, I was not able to isolate enough GBC , from only the
dorsal OE, and so I isolated INPs from the entire OE of the donor animals. Here, I found
that 11% of graft-derived OSNs did not adapt to the host region (the ventral, OCAM

(+) region). While is it difficult to make an absolute conclusion based on this data, it

is suggestive that the GBC , do not account for the non-adaptive cells. It has been
estimated that the Dorsal:Ventral (NQO1:0CAM) epithelial sheet ratio is ~1:3 (Schwob
and Gottlieb, 1986); thus if all the INPs were not adapting to the host OE, I would expect
to see ~33% of the graft-derived OSNs expressing the dorsal marker (NQO1) in the host
OE (the ventral, OCAM(+) OE). However, this 1:3 ratio may be too simplistic, as it does
not take into account the varying thickness of the OE; therefore, experiments isolating the

dorsal OE and sorting numbers of Neurogl (+) GBC,,_ suitable for transplantation will

P:
be necessary to make definitive conclusions.

To tackle the hypothesis that progenitor stage is critical for spatial plasticity from
a different angle, I transplanted dorsal OE from 3-week old animals into the ventral OE

of host animals (outside of this experiment, all of my donor animals were 6-7 weeks old).

Younger animals have a larger ratio of multipotent progenitors (MPPs) to mature OSNs
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as compared to more mature mice (Manglapus et al., 2004); therefore I hypothesized that
OE from young animals would be more spatially plastic than that from older animals.
Surprisingly, I found that 60% of the graft-derived OSNs expressed the marker of the
donor region and only 40% adapted to the host region. Why are stem cells isolated

from 3-week old mice less influenced by spatial cues than stem cells isolated from 6-7
week old mice? While my original hypothesis was that increased MPPs would result

in increased plasticity, it may be the case that the MPP markers, such as Pax6 decrease
stem cell spatial plasticity. If this is the case, spatial plasticity should also be decreased
following OBX and MeBr injury as these transcription factors are increased following
injury (Manglapus et al., 2004). Indeed, in pilot dorsal to ventral transplant from 7 days
post OBX animals, I found that 50% of the graft-derived OSNs expressed the marker of
the donor region (NQO1) (data not shown).

As another means to determine important factors in stem cell spatial plasticity, I
incubated dorsally isolated donor cells in a pan-histone deacetylase inhibitor (HDACH).
In these experiments, I found that incubation with the HDACi decreased stem cell
spatial plasticity. Because only proliferative cells engraft into the regenerating OE
(Chen et al., 2004; Schnittke et al., 2015), these data demonstrate that inhibiting HDAC
activity in actively proliferating cells impairs their ability to respond to spatial cues
that instruct appropriate neuronal diversification. As HDACs remove transcriptionally
activating acetyl groups from histone tails (Rodd et al., 2012), inhibiting HDACs allows
for accumulation of activating acetylation. Thus, poising alleles for activation (at least
in respect to histone acetylation) in basal cells of the OE disrupts normal responses to
instructional spatial cues. It may be that spatial cues are interpreted through a silencing
mechanism that is no longer functional with HDAC inhibition, or it may be that the
original regional choice (from the donor OE) is simply “locked” in an activated state that
is no longer flexible due to HDAC inhibition. While the second explanation is the most

practical and straightforward, further experiments investigating HDAC-regulated spatial
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plasticity will be necessary to determine the exact mechanism of this effect. Interestingly,
in other systems, HDAC inhibition has been shown to play a role in neuronal
differentiation, either by promoting or inhibiting differentiation depending on the setting
(Yang et al., 2014, 2015; Qiao et al., 2015). Notably, I did not see any obvious effects on
neuronal differentiation in the HDACi-treated transplantation experiments.

If spatial cues drive neuronal diversification in the OE, what are these spatial
cues? One likely candidate is retinoic acid (RA), as it is involved in pattern generation in
many developing and regenerating settings including gastrulation, limb bud formation,
motor neuron differentiation, and epithelial differentiation in the intestine and trachea
(Tickle et al., 1982; Niederreither et al., 2002; Appel and Eisen, 2003; Rhinn and
Doll¢, 2012). Furthermore, the RA synthetic enzymes (the RALDHs) are regionally
expressed across the OE, with RALDH (-)/RALDH (+) borders directly aligning with
the NQO1/OCAM border (Norlin et al., 2001; Peluso et al., 2012). In this thesis, |
showed that RALDHI1 borders shift with NQO1 borders in a harsh unilateral lesion
where the OE does not regenerate appropriate regional patterns. This data further
provides correlative evidence that secreted RA influences pattern generation in the OE.
Experiments manipulating RA levels in specific regions of the OE will be necessary to
draw a causative line between RA secretion and pattern generation and/or disruption.
Unfortunately, this type of experiment has many technical challenges and has yet to be
definitively tackled.

Aside from RA, other secreted factors that could be involved in pattern generation
in the OE (and have been proposed by others) include fibroblast growth factors (FGFs),
sonic hedgehog (SHH), epidermal growth factors (EGFs), bone morphogenic proteins
(BMPs), and semaphorins. To date, the only reported instances of regionally expressed
proteins involved in these pathways are the semaphorin receptor, Neuropilin-2, expressed
in the ventrolateral OE, and the BMP-type 1 receptor, Alk6, expressed in the dorsomedial

OE (Norlin et al., 2001). Further studies investigating regionally secreted factors within
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the developing and adult OE will be necessary to tease out which spatial cues direct
neuronal diversification.

In the second half of my transplantation experiments, I found that many OMP (+)
graft-derived OSNs expressed multiple ORs. Recent studies have reported that mature,
OMP (+) cells can express multiple ORs, albeit at lower levels to a single dominant OR
allele (Hanchate et al., 2015; Tan et al., 2015; Scholz et al., 2016). Furthermore, GAP-
43 (+) immature OSNs commonly express multiple ORs, with up to 12 ORs found in a
single immature OSN (Hanchate et al., 2015). Interestingly, many of the graft-derived
OSNSs expressed GAP43 in addition to OMP and not all graft-derived OSNs reinnnervate
glomeruli in the olfactory bulb. Based on these observations, I tested for OR multiplicity
in OMP (+) cells that have not synapsed at the bulb, by sorting for OMP-GFP (+) cells
following OBX. Remarkably, I found that 54% of OMP (+) cells expressed multiple
ORs as compared to the 20% and 4.5% found in OMP (+) cells under normal, non-

OBX conditions in two separate studies (Hanchate et al., 2015; Tan et al., 2015). The
approximate 50% rate of OR multiplicity matches the frequency reported in immature
OSNs (Hanchate et al., 2015; Tan et al., 2015), suggesting the contact with the bulb may
play an unappreciated role in singular OR stabilization and/or maintenance. Furthermore,
in regard to my transplant data, these results indicate that the OMP (+) cells expressing
multiple ORs are likely still transitioning to full maturity and have not yet innervated the
olfactory bulb.

Although the work in Chapter 4 focuses on spatial cues directing neuronal
diversification, it is certainly the case that multiple factors play a role in OR gene
selection. In fact, many ORs are expressed in almost identical regions/stripes of the OE,
calling for further, intra-stripe regulation of OR gene selection. In this regard, several
studies have demonstrated that stochastic epigenetic modifications play a crucial role in
OR gene selection (Magklara et al., 2011; Lyons et al., 2013, 2014). It will be of high

interest to determine whether spatial cues influence these epigenetic modifications.
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Future Directions

There are many future directions to pursue in light of this work, many of which
have been previously mentioned in the discussion above. First and foremost is to continue
to manipulate the dorsal to ventral transplants in pursuit of pushing all the graft-derived
neurons to adapt to the host environment. This will be necessary if olfactory transplants
are to serve as a therapeutic for anosmic patients, as transplanted cells will need to
recapitulate olfactory function without distorting sensory information.

Transplanting sorted multipotent progenitors (MPPs) may decrease the number
of non-adaptive, graft-derived OSNs; Sox2-eGFP/pan-TdT mice could be used for this
purpose. While it will be important to know if MPPs demonstrate increased spatial
plasticity, it may be more informative to continue to manipulate dissociated OE during
the transplantation procedure (similar to the HDAC inhibitor treatment) as a way to
understand the mechanisms underlying spatial plasticity. In this vein, one could treat with
more epigenetic inhibitors, or signaling pathway inhibitors. The process of incubating
donor cells prior to transplantation can also be used to screen potential secreted factors
that may drive neuronal diversification. For instance, incubating dorsal donor cells in RA
could increase adaptability in the ventral OE (where RALDH1 expressed). I have piloted
this experiment and did not find effect of RA incubation; however, a thorough analysis
of RA concentrations and timings will be necessary to determine if this treatment can
increase spatial plasticity in the ventral OE.

In addition to manipulating the transplantation experiments, it will be essential
to identify more signaling factors in the OE that contribute to OSN patterning. This can
simply begin by screening candidates for regional expression via in situ hybridization
or immunohistochemistry. Candidates proposed already by the field, but without any
verification include FGF, EGF, and SHH.

Lastly, the fact that OMP (+) OSNs in OBX animals express multiple ORs

opens a field of questions regarding OR multiplicity in regenerative settings. It will be
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informative to assess OR multiplicity in OMP (+) cells at multiple timepoints following
MeBr lesion to continue to pinpoint the timeframe of singular OR stabilization in
maturing OSNSs.

Expanding my focus outside of the OE, this research has implications for
transplantation therapeutics in other systems. It is always necessary that transplanted cells
adapt appropriately and develop into not only the cell type of the engrafted region (e.g.
neuron), but also the specific cell sub-type (e.g. dopinergic neuron, in the case of cell
replacement therapy for Pakinson’s Disease). Mechanisms and manipulations in the OE

will inform mechanisms that could influence stem cell plasticity in other systems.

General Conclusions

This study determined that spatial cues direct neuronal diversification in the OE
and that this spatial plasticity depends at least in part on HDAC activity. In a separate
but related set of experiments, it was determined that OMP (+) OSNs that have not
yet contacted the olfactory bulb express multiple ORs. Future studies aim to clarify
the mechanisms and spatial cues involved in neuronal diversification and to further

characterize the timing of OR singularity in maturing OSNss.
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6.3 LSD1-dependent neuronal maturation

The results presented in Chapter 5 begin with a characterization of the timing of
critical events in the maturation of OSNs in the adult OE relative to the incorporation of
EdU by proliferating progenitor cells. These critical events include the onset of neuronal
differentiation as marked by the expression of GAP-43, neuronal maturation as marked
by OMP, and the emergence of immunodetectable or marker-associated OR expression.
For each stage, there tends to be a gradual increase and then a relatively abrupt inflection
in the labeling index as a function of time. For example, although a few differentiating
neurons are seen 1 day after the EAU pulse, their numbers sharply increase between 2
and 3 days after injection. Likewise, mature OSNs are evident, though sparse, by 3 days
before the major accumulation between 7 and 9 days of pulse-chase. As expected from
previous work from our lab and others (Iwema and Schwob, 2003; Rodriguez-Gil et al.,
2015), OR (+) neurons become evident between those two time points, offset by about
2 days relative to the curve mapping GAP-43 (+) neurons as a function of time. These
data present a higher resolution time course of neuronal maturation than available from
previous studies of the adult OE (Iwema and Schwob, 2003), and their concordance with
data obtained in the context of early development (Rodriguez-Gil et al., 2015) suggests
that neuronal differentiation progresses similarly in both settings. Also important is the
opportunity to compare the timing of these events to the expression of LSD1, given the
suggestion that it acts as a key regulator of OR expression and singularity (Lyons et al.,
2013).

Within the context of neuronal maturation and OR expression, both LSD1 and
one of its binding partners, CoREST, are highly expressed in dividing GBCs, reach peak
expression 5 days post EAU pulse and then begin to decline by 7 days — around the time
immature, GAP-43 (+) OSNss transition to mature, OMP (+) OSNs. Thus, both proteins
anticipate terminal mitosis and singular OR gene expression and decrease when OR

numbers stabilize (Hanchate et al., 2015; Tan et al., 2015). Thus, on temporal grounds,
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LSDI could play a role prior to, at the time of, or shortly following OR gene expression.
However, LSD1 is not likely to play a role achieving or maintaining OR singularity, since
its expression declines precipitously when neurons express OMP, which precedes the
expression of a single OR (Shykind et al., 2004; Hanchate et al., 2015; Tan et al., 2015).
That LSD1 and CoREST anticipate OR expression by several days is consistent
with a hypothesized role in suppressing OR transcription prior to OR gene choice.
Additionally, the physical association of LSD1 and CoREST demonstrated by co-
immunoprecipitation and, putatively, of HDAC2, is most consistent with a suppressive
effect given the established role for this particular complex in other settings (Lee et al.,
2005; Shi et al., 2005). Furthermore, the appearance of LSD1 and CoREST in HBCs
that are undergoing activation in response to epithelial injury is suggestive that some
type of suppression is underway as early as the HBC-to-GBC transition. Consistent with
that notion is the absence of H3K9me3 at OR loci in HBCs, which contrasts with their

deposition in GBC , and immature OSNs (Magklara et al., 2011). Unfortunately, the

P
methylation status of OR-associated H3K4s has not been defined in HBCs.

LSDI is not exclusively associated with gene repression. Indeed, LSD1/CoREST
complexes which replace HDAC2 with C-terminal binding protein (CtBP) have been
found to activate transcription at select genes (Ray et al., 2014). Thus, a second role for
LSDI in activating the OR locus eventually selected for singular expression has also
been posited (Lyons et al., 2013; Tan et al., 2013). Furthermore, LSD1 compartmentalizes
in early post-mitotic cells (immature OSNs) and co-localizes with 1-3 OR loci during
this timeframe, suggesting that LSD1 may in fact modify specific OR alleles around
the time of OR gene choice (Kilinc et al., 2016). Given the duality of LSD1 function at
both H3K4 and H3KD9, it is very possible that LSD1 plays a role in both repression and
activation of OR genes at different timepoints during OSN maturation. A similar idea was

recognized by Lomvardas’ group in their observation that LSD1 overexpression in mature

OSNs decreased OR expression (Lyons et al., 2013); however, the concept of LSD1 OR
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repression prior to OR gene choice has received little attention.

In light of the complexities of LSD1 and CoREST expression in the OE and in
other tissues, I knocked out Lsd! in three different adult progenitor cell populations:
HBCs, the reserve stem cells (Leung et al., 2007; Packard et al., 2011; Fletcher et al.,

2011; Schnittke et al., 2015), Ascll (+) GBC (Cau et al., 1997), and Neurogl (+)

TA-Ns
GBC,;, (Cau et al., 2002; Manglapus et al., 2004). I found that Lsd/ deletion in HBCs
and Ascll (+) GBC,, | prevented OSN maturation at the immature neuronal stage, which
complements my observation that LSD1 and CoREST expression remained high through
the period of neuronal immaturity. Thus LSD1 is playing an important role in gene
regulation during neurogenesis in the adult OE, as in the embryo (Lyons et al., 2013).

Lsd1 deletion in Neurogl (+) GBC__ , on the other hand, did not disrupt OSN

INPs’
maturation, as cells with Lsd/ deletion at this stage make the transition into OMP

(+) OSN:Ss. It is surprising that conditional Lsd/ knock out in the immediate neuronal
precursors does not share the maturation phenotype given the abundant expression

of LSD1 in this cell type (Krolewski et al., 2013; Lyons et al., 2013; Kilinc et al.,

2016). However, as previously discussed, LSD1 may be playing different roles in gene
regulation at different stages, with later roles not as critical for neuronal maturation.
Taken together, my data demonstrate a critical time window for LSD1-dependent
neuronal maturation that begins as HBCs activate to GBCs and ends short of the Neurogl
(+) GBC,, stage.

It seems unlikely that the disruption in neuronal maturation caused by Lsd/ KO at
an early stage in the progenitor cell hierarchy is due exclusively to abnormalities of OR
gene expression, based on the fact that ORs are not expressed (and are likely not selected)
before the Neurogl (+) GBC , stage when the maturational phenotypes arises (Iwema
and Schwob, 2003; Shykind et al., 2004). Given that the inception of the phenotype

anticipates OR expression, these data are more consistent with a lack of proper repression

rather than a failure to select an OR. For example, if LSDI1 is inhibiting OR expression
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in neuronal precursors by removing methyl groups at H3K4me1/2, the halt in maturation

may be due to the overexpression of multiple OR genes. This multiplicity, in turn, might
have consequences for the transition to OMP expression and/or for axon targeting to and
at the olfactory bulb. Further investigation into OR multiplicity under the background of
LSD1 knockout will be needed to clarify the nature of the defect.

The effect of Lsd/ knockout on neuronal maturation may be completely
independent of an OR phenotype. In fact, LSD1 has been shown to be required for
terminal differentiation (from precursor cells) in several cell types including pituitary
cells, adipocytes, photoreceptor cells, gastrointestinal endocrine cells, hematopoietic
cells, and neurons (Saleque et al., 2007; Wang et al., 2007; Musri et al., 2010; Sun et al.,
2010; Ray et al., 2014; Laurent et al., 2015; Popova et al., 2015). Thus, future studies
are necessary to further clarify the link between LSD1 removal and inability of OSNs to

mature.

Future Directions

This study focused on the timing of LSD1 expression during neuronal maturation
and the effect of Lsd1 KO at specific stages in neuronal maturation. Follow-up studies
will necessarily investigate the mechanisms of LSD1-dependent neuronal maturation
and the effect of Lsd/ KO on OR singularity/multiplicity. Of immediate interest are the
specific OR phenotypes in each stage-specific Lsd/ ablation experiment. Do immature

OSNs generated from HBCs and GBC lacking LSD1 turn on OR expression? Do

TA-Ns
these immature OSNs express multiple ORs? Conversely do the OMP (+) mature OSNs
generated from Neurogl (+) GBC, lacking LSD1 express ORs; and if they do, are the
ORs singular in expression?

Outside of potential OR phenotypes, it will be necessary to characterize the

mechanism of LSD1-dependent neuronal maturation. If the phenotype is not OR

dependent, what LSD1-regulated genes are essential for neuronal maturation? Chromatin
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immunoprecipitation experiments, cross comparing LSD1-associated genes at differing
progenitors stages will provide insight into essential genes in this process.

In light of the fact that Lsd/ deletion aborts neuronal maturation at the immature
OSN stage, it will also be important to determine how long these immature OSNs persist.
Are they trophic-independent, surviving far longer than normal, or do they simply die
off at a later point having made the switch to trophic-dependence? I would hypothesize
that these immature OSNs would eventually die off if they never stabilize at the olfactory
bulb; it will be of high importance to investigate bulb innervation in each of the LSD1
conditional KO animals.

With regard to LSD1 binding partners, this study focused on co-repressor
complex components; investigation into LSD1 co-activator complex components will be
necessary to make further insights into LSD1 function in specific cell types of the OE. In
this regard, it will also be important to identify if the LSD1 isoform LSD1-8a, thought to

be largely involved in gene activation (Laurent et al., 2015), is present in cells of the OE.

General Conclusions

These studies determined that LSD1 and its COREST complex components are
abundantly expressed before OR expression and OSN maturation, and that LSD1 is
required for terminal differentiation during a distinct developmental timeframe from
activating reserve stem cells to immediate neuronal precursors. Future studies will reveal

whether this maturational phenotype in the adult OE is dependent on OR gene regulation.
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THESIS CONCLUSION

This thesis work investigated the processes of neuronal maturation and
diversification in the olfactory epithelium (OE). Through transplantation and genetic
excision experiments, I demonstrated that spatial cues can direct neuronal diversification
and that LSDI1 is necessary for terminal neuronal differentiation during a distinct
developmental time-window. Overall, I conclude that both the nature of proliferative
cells —whether or not they contain LSD1—and their nurturing environment play critical
roles in the progression of stem cells to diversified neurons in the OE. Thus, it is not
necessarily “Nature vs. Nurture”, but more likely “Nature & Nurture” that direct the

complex process of neuronal diversification in the olfactory epithelium.
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