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ABSTRACT
Adult stem cells are characterized by the ability to differentiate into various cell lineages,
while maintaining their own population. Recent advances indicate that multiple, distinct stem
cell populations can coexist in the same system in a variety of tissues including the skin,
intestine, central nervous system, hematopoietic system, and the olfactory epithelium.
Characterization of stem cells in these systems reveals that they can serve at least two, distinct
functional roles throughout adult life. The first type of stem cell functions as an active,
multipotent, progenitor cell that is nonetheless capable of long-term self-renewal. These cells
play a dominant role in the maintenance of tissues during normal adult life, and their activity
depends on the turnover needs of the tissue in question. The second type of stem cell remains
dormant, and rarely manifests a multipotent phenotype under normal conditions. However,
when a tissue is stressed, or directly injured, these cells can become activated and contribute to
the regeneration of the tissue.
The neurosensory olfactory epithelium (OE) provides an ideal model system to study the
dynamics between these two stem cell populations. The high homeostatic, neurogenic rate of the
OE is unprecedented in any other site of the adult nervous system. At the same time, the OE, by
its very nature, is exposed to the external environment, which can provide additional stress and
injury stimuli on top of the normal neuronal turnover. Two stem cell populations, which support
the dual-stem cell hypothesis presented above, have been identified in the OE. Based on their
morphology, the putative active stem cell is called the globose basal cell (GBC), while the
putative dormant stem cell is called the horizontal basal cell (HBC). GBCs are analogous to the
embryonic progenitor cells of the OE, persist throughout life, and can give rise to all of the cell
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types normally found in the OE. HBCs appear late in development, remain quiescent throughout
life, and can only robustly contribute to the tissue after it has sustained extensive injury.
Here, we go beyond the identification of putative stem cells in the OE, and explore the
mechanisms behind the stem cell dynamics observed above. We use a series of powerful
experimental tools developed for the study of OE stem cells to address two of the basic questions
facing the tissue stem cell field:
1) How are reserve stem cells generated during development?
2) How are reserve stem cells activated during regeneration?
We have identified the transcription factor p63, responsible for regulating active stem
cells in many epithelial tissues, as a master regulator of HBC reserveness. We show that during
the generation of HBCs p63 is necessary and partially sufficient for the differentiation of other
progenitors into HBCs. Conversely, p63 downregulation is necessary and sufficient for HBC
activation. Finally, we show that HBCs can give rise to long lived stem cells other than
themselves, indicating that there is a dynamic flux between active and reserve stem cells. Taken
together, the findings described in this dissertation identify a cell-autonomous transcriptional
mechanism that regulates stem cell transitions, self-renewal and differentiation. Such a
mechanism is likely to be relevant to our ability to utilize these populations therapeutically, as
well as to our understanding of stem cell dynamics in general.
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Chapter 1: Introduction

The Olfactory Epithelium and its Stem Cells

“…but a nose is something different altogether…”
-N.V. Gogol, “The Nose”
1

I. Introduction and general considerations of olfactory biology
Detection of the chemicals in an organism’s immediate external environment was one of
the earliest adaptations necessary to maintain life. Metazoan olfaction represents the evolution of
this primordial sensory modality to detect external air- and water-borne chemicals. The olfactory
sensory system is charged with a challenging problem: to detect the maximal repertoire of
possible chemicals and interpret them appropriately to alter survival-associated behaviors such
as suckling, feeding, mating, and self-preservation from predators (Farbman, 1992). To meet this
challenge metazoans developed a robust sensory organ – the Olfactory Epithelium (OE) – which
contains an astounding repertoire of olfactory sensory neurons (OSNs). Each OSN expresses a
single odorant receptor (OR) (out of >1000 possible OR genes) which can respond to a limited
repertoire of chemicals or chemical families (such as aldehydes, ketones, alcohols, etc.) (Buck
and Axel, 1991; Malnic et al., 1999; Zhang and Firestein, 2002). The perception of unique odors
is then interpreted by a higher order processing via a combinatorial code from activation of
subsets of OSNs (Firestein, 2001; 2004).
This organization of the OE presents two additional challenges:
1. Once a sensory neuron selects an OR from a family of over 1000 OR genes and matures,
it cannot easily switch to express a different OR (Serizawa et al., 2003; Shykind et al.,
2004). Thus, if an animal is exposed to a new environment which may require a different
repertoire of OSNs, new neurons must be generated.
2. By its very nature, the OE must be exposed to the outside environment in order to detect
odorants. This predisposes the tissue to both chronic and acute damage (Rawson, 2006).
In order to maintain a robust OE the tissue must have repair mechanisms in place both for
maintenance of sensory capacity throughout life, and for repair after traumatic damage
(Graziadei and Graziadei, 1979a; Graziadei and Graziadei, 1979b).
In order to meet these two challenges, the olfactory system has evolved a finely
controlled set of neurocompetent stem and progenitor cells (Chen et al., 2004; Leung et al.,

2

2007). As such, the OE is unique in its ability to maintain robust neurogenesis throughout adult
life, making it an attractive model to study neuronal regeneration as well as to exploit for use in
regenerative medicine.
Here, we will introduce the anatomy and histology of the OE, followed by a brief
overview of the putative stem cell populations and their regulatory mechanisms.

II. Cellular constituents of the peripheral olfactory system in the normal adult
In order to understand the regenerative process, one must first describe the anatomical,
histological, molecular, and cellular structure of the tissue. Here we deal primarily with the OE
of rodents (mice and rats), however human OE exhibits relatively minor differences (Holbrook
et al., 2011). The OE of mammals is located in the postero-dorsal part of the mucosa lining the
nasal cavity and consists of a variety of cell types, each of which has a discrete function in the
maintenance of the sense of smell (Figure 1) . Here we will describe the major features of each
cell type moving from the apical surface to the basal surface (summarized in Figure 2).

Figure 1. The main olfactory epithelium (OE) is located in the posterodorsal aspect of the nasal cavity. The OE and its CNS target, the olfactory
bulb are shown in green. OSNs pass from the OE to the OB through a perforated
bone structure called the cribriform plate. Components of the vomeronasal
system are shown here in orange. Adapted from Mombaerts, 2004.
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Figure 2. Schematic of the OE and the cell types present. Left: from apical-basal: Sus cells
and interspersed microvillar cells, mature OSNs, immature OSNs, HBCs, OECs, Bowman’s
Duct/Gland, and LP fibroblasts. Right: table of commonly used cell type specific markers.

Supporting cells: Sustentacular and Microvillar cells.
The apical layer of the OE consists of a heterogeneous population of supporting cells
that are the first line of defense and protection against external stressors. The majority of these
cells are called sustentacular (Sus) cells. These cells are goblet shaped with a large apical
cell body containing a microvillar brush border and a long, tapered process extending to the
basal lamina (Cuschieri and Bannister, 1975a; Weiler and Farbman, 1998). As a result of the
Sus cells’ attachment to the basal lamina, the OE is often designated as a “pseudostratified”
epithelium (Zielinski et al., 1988). Sustentacular cells form an apical barrier in the tissue via ECadherin(+) adherens junctions, and also express members of the cytochrome p450 family and
glutathione S-transferases (Akins et al., 2007; Dahl et al., 1982; Getchell et al., 1984; Hadley
and Dahl, 1982; Yu et al., 2005). These enzymes metabolize foreign chemical compounds and
provide protection against chemical irritants. In addition to these protective functions, Sus cells
can have phagocytic activity, engulfing debris produced by dead or dying neurons (Suzuki et al.,
1996). These protective and maintenance properties of Sus cells are reminiscent of glial cells
in other parts of the nervous system, which provides informative hypothetical insight into their
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molecular differentiation as will be described below.
For ease of study, a number of molecular markers have been characterized in Sus
cells. These markers comprise structural molecules (high levels of cytokeratins 8/18 (K8/18),
intermediate levels of E-cadherin) (Akins et al., 2007; Suzuki and Takeda, 1991), transcription
factors (high levels of Sox2, Pax6, Hes1) (Cau et al., 2000; Guo et al., 2010; Manglapus et al.,
2004), and enzymes (glutathione S-transferase, cytochrome p450 isoforms) (Hadley and Dahl,
1982; Yu et al., 2005).
In addition to these bona fide sustentacular cells, the apical stratum of the OE contains
interspersed microvillar cells of a variety of classes (Asan and Drenckhahn, 2005; Moran et al.,
1982). Instead of the flat brush border of microvilli present in Sus cells, these miscellaneous
microvillar cells generally have a tuft of microvilli, which extend into the apical air space
(Asan and Drenckhahn, 2005; Hansen and Finger, 2008; Miller et al., 1995). In addition,
some microvillar cells are attached to the basal lamina by a wider protrusion rather than a
thin extension. Some classes of microvillar cells display electrical activity, however the exact
mechanisms by which microvillar cells provide physiological support to the tissue remains an
area of active research (Asan and Drenckhahn, 2005; Lin et al., 2008b). Their heterogeneity,
and a lack of a general marker that might label all the microvillar cells makes the task of teasing
out their function especially challenging. So far, different subsets of microvillar cells express
distinct markers such as K8/18 and E-cadherin, the Trpm5 channel (Hansen and Finger, 2008;
Lin et al., 2008a), Na+, K+-ATPase, Ankyrin, villin (Asan and Drenckhahn, 2005), IP3 receptor
type 3 (Hegg et al., 2010), the ErbB3 receptor, and the Sox9 transcription factor (Melissa
Donovan and Adam Packard, unpublished). While elucidation of the function of microvillar cells
remains beyond the scope of this thesis, one must bear in mind the ability of progenitor cells to
differentiate into these highly specialized cells when assessing the extent of potency of a stem
cell.
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Olfactory Sensory Neurons (OSNs).
The sensory neurons of the OE comprise ~80% of the epithelium and are the principal
functional component of the tissue. OSNs are bipolar neurons that lie basal to the supporting
cell layer and are further stratified into mature OSNs (apically) and immature OSNs (basally)
(Graziadei and Graziadei, 1979a; Graziadei et al., 1980; Graziadei and Graziadei, 1979b). Each
OSN extends a single dendrite that intercalates between the supporting cells and forms a ciliary
dendritic knob that contacts the external environment (Cuschieri and Bannister, 1975a). Upon
stimulation by an odorant, OSNs relay the signal to glomeruli located on the olfactory bulb
located just behind the cribriform plate – the bone that separates the OE from the central nervous
system (CNS) (Klenoff and Greer, 1998; Mombaerts, 2006; Treloar et al., 2002). From there,
higher order connections are integrated through the olfactory bulb and relayed to a variety of
cortical regions including the anterior olfactory nucleus, the olfactory tubercle, the entorhinal and
piriform cortices, and the amygdala (Sosulski et al., 2011; Zou et al., 2001).
The notion that olfactory coding occurs in a combinatorial fashion was first proposed
by E.D. Adrian, who observed that different odors can produce different spatio-temporal
activation in the olfactory bulb (Adrian, 1950). Subsequent studies used single-unit recordings,
2-deoxyglucose uptake mapping techniques, and retrograde axonal tracing to support the idea
of a spatial, combinatorial olfactory map (Kauer, 1981; Kauer and Moulton, 1974; Leveteau and
MacLeod, 1966; Sharp et al., 1975). However, it was not until 1991, when the OR gene family
was cloned, that a molecular mechanism for combinatorial olfactory coding began to emerge. We
now know that each mature OSN undergoes a choice to express one and only one of >1000 OR
genes in a monoallelic fashion (Buck and Axel, 1991; Chess et al., 1994; Magklara et al., 2011;
Mombaerts, 2004; Shykind, 2005; Shykind et al., 2004). Once such a choice is made, all other
OR genes (including the second allele of the chosen gene) are epigenetically silenced making
choice change extremely unlikely if not impossible (Chess et al., 1994; Magklara et al., 2011;
Shykind, 2005; Shykind et al., 2004).
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Figure 3. General schema of olfactory coding. (A) Each color represents the expression pattern
of a set of OR genes in the OE (left) and their corresponding glomerular targets (right). The
expression patterns overlap and do not necessarily conform to the four zones of OR expression
traditionally identified. Adapted from (Miyamichi et al., 2005). (B) Each OSN expresses a single
OR gene. The individual colors represent the set of OSNs that express a single corresponding
OR. Each set of OR-expressing OSNs targets a glomerulus in the OB that receives inputs only
from OSNs expressing its corresponding OR. Adapted from Mombaerts, 2006.

The OR genes comprise a large superfamily of G-protein coupled receptors (GPCRs)
that can be further divided into subfamilies of genes (Bozza et al., 2009; Liberles and Buck,
2006). It is apparent that each OR is expressed in a banded zonal pattern, i.e. expression of
individual ORs is confined to OSNs in a particular part of the OE. These bands of expression
are identical bilaterally, are preserved from individual to individual, and are fully restored
following total ablation of the neuronal population (Iwema et al., 2004; Miyamichi et al., 2005;
Ressler et al., 1993) (Figure 3A). The ORs also aid in the fasciculation of OSNs and guide
targeting to the corresponding glomerulus in the OB in a poorly understood manner (Mombaerts,
2006). Each glomerulus receives input from OSNs expressing a single corresponding OR, and
OSNs expressing a given OR converge on just two glomeruli on each OB (Mombaerts, 2006;
Strotmann et al., 2000; Vassar et al., 1994) (Figure 3B). While certain aspects of glomerular
targeting are known, the initial events surrounding monoallelic OR gene expression and the
zonal differences influencing OR choice are very poorly understood. In particular, there are few
data to indicate if OR choice occurs in upstream progenitor cells, differentiating neurons, or
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maturing neurons. Alternatively, it is conceivable that OR gene choice is made sequentially, such
that well before terminal differentiation, upstream progenitor cells are locked into a certain broad
set of OR genes based on their zonal location, and that set of OR genes becomes progressively
narrowed to a single gene as differentiation and maturation proceed.
As mentioned earlier, OSNs stratify into mature and immature neuronal layers. This,
along with acute BrdU pulse-chase experiments, indicates that neurogenesis is an ongoing
process throughout adult life (Graziadei and Graziadei, 1979b; Mackay-Sim and Kittel,
1991a; Mackay-Sim and Kittel, 1991b). The process of OSN maturation can be visualized via
differential morphology and marker expression. The earliest immature neurons have poorly
elaborated dendrites and can be detected by strong expression of Tuj1 (aka neuron-specific
tubulin), PGP9.5, NCAM, and GAP43 (Kent and Rowe, 1992; Roskams et al., 1998; Verhaagen
et al., 1989). Perdurance of GFP in ngn1.GFP animals can aid in the identification of early,
terminally differentiated OSNs (Krolewski, 2010). As OSNs mature, they migrate apically and
elaborate dendritic and axonal processes (Schwob et al., 1992). At some, poorly defined, point
in the maturation stage that precedes full maturation, developing OSNs will become locked into

Figure 4. OSN maturation is a stereotyped process. Sox2(+) progenitors turn on the
neurogenic bHLH transcription factor cascade, which stimulates expression of the INP markers
Ngn1 and NeuroD1. As OSNs mature they express neuronal markers such as NCAM and GAP43
and elaborate a dendrite. Mature OSNs have a well elaborated dendritic knob with a web of cilia.
The axons of mature OSNs project to the olfactory bulb and are ensheathed by OECs expressing
markers such as p75NTR. Adapted from Balmer and LaMantia, 2005.
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their choice of OR (Iwema and Schwob, 2003). Mature OSNs still express the neuronal markers
above, albeit at lower levels, and can be identified by high levels of the Olfactory Marker Protein
(OMP) and components of the GPCR signal transduction pathway such as Golf (the olfactory
GTP-binding protein alpha subunit) and adenylyl cyclase III (Bakalyar and Reed, 1990; Farbman
and Margolis, 1980; Jones and Reed, 1989). Fully mature OSNs have a dendrite capped by a
dense web of OR rich cilia called the dendritic knob. The axons of mature OSNs project back to
the glomeruli of the OB and are surrounded by olfactory ensheathing cells (OECs) (Figure 4).

Bowman’s Duct and Gland Cells (D/G).
Acinar duct/gland units are scattered throughout the length of the OE and span the
apico-basal axis of the epithelium. The acinar portion of the gland resides in the lamina propria
of the olfactory mucosa, while the duct portion traverses the epithelium proper (Cuschieri and
Bannister, 1975a). Mucous and serrous secretory cells are present in both the acinus and the duct
and deliver secretions to the apical surface of the OE via the duct (Brittebo, 1997). Abundant
secretory granules contain glycoprotein mucous elements to keep the apical surface hydrated
and facilitate odorant diffusion, and antibacterial elements such as lactoferrin, lysozymes, and
immunoglobulins (Cuschieri and Bannister, 1974; Getchell and Getchell, 1991; Mellert et al.,
1992). Developmentally, the D/G units are derived from progenitor cells that undergo glandular
differentiation and protrude basally during the perinatal stages of development (Packard and
Schnittke, unpublished). D/G cells express cytochrome p450 genes, K8/18, the transcription
factors Sox9, Pax6, but not Sox2, and high levels of E-cadherin (Getchell and Getchell,
1992; Guo et al., 2010; Voigt et al., 1985). They are also marked by labeling with monoclonal
antibodies GLA-13 and SUS4 (Goldstein and Schwob, 1996; Hempstead and Morgan, 1985).
Bowman’s gland cells exhibit an intriguing phenotype when considering the stem
cell population of the OE. These cells retain thymidine-analog label for prolonged periods
and express Sox9, a marker of hair-follicle and several mesenchymal stem cell populations
(unpublished observations). Upon severe injury to the OE, D/G cells are often the only spared
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population in large areas of the OE, can become proliferative, and give rise to Sus cells
suggesting a stem-like capacity (Huard et al., 1998; Schwob et al., 1995). Nevertheless, an indepth analysis of D/G stemness potential has not been performed to date.

Basal cells: Globose Basal Cells (GBCs) and Horizontal Basal Cells (HBCs).
The basal levels of the OE contain a heterogeneous population of cells that were
originally distinguished by their ultrastructural characteristics:
GBCs are round cells with a light appearance on electron micrographs (Cuschieri and
Bannister, 1975a; Graziadei and Graziadei, 1979a). These cells reside immediately basal to the
immature neurons and occasionally make a single contact with the basal lamina (Holbrook et
al., 1995). GBCs themselves comprise a heterogeneous population that contains both mitotically
active and quiescent, label-retaining cells (LRCs) (Jang et al., 2012; Mackay-Sim and Kittel,
1991b; Schwartz Levey et al., 1991). The mitotically active cells express the cell cycle markers
Ki67 and PCNA, while the quiescent LRCs retain thymidine label over time and express the cellcycle arrest gene p27Kip (Guo et al., 2010; Jang et al., 2012).
GBC heterogeneity is reflected in the functional expression of different genes – and
particularly transcription factors – that indicate varying degrees of lineage commitment. Thus,
Ascl1 (aka Mash1) is thought to mark neuronally committed transit amplifying cells, while
NeuroD1 and Neurogenin1 (Ngn1) mark more downstream immediate neuronal progenitor
cells (INPs) (Gordon et al., 1995; Manglapus et al., 2004; Packard et al., 2011a). In addition,
the transcription factor Hes1 marks non-neuronally committed GBCs and appears to act
antagonistically with Mash1 (Cau et al., 2000; Manglapus et al., 2004). Most GBCs co-express
the transcription factors Sox2 and Pax6, however the function of these factors appears to be
diverse and not GBC-specific, as they are also co-expressed in HBCs and Sus cells (Guo et al.,
2010). Most GBCs are also immuno-reactive against the monoclonal antibodies GBC1, 2 and 3
which recognize the immature laminin receptor precursor protein (iLRP) (Goldstein and Schwob,
1996; Goldstein et al., 1997; Jang et al., 2003).

10

HBCs are flattened (horizontal) cells with a dark (electron dense) appearance on
electron micrographs (Cuschieri and Bannister, 1975b; Graziadei and Graziadei, 1979a).
These cells also have scant cytoplasm, but exhibit more morphological differentiation than
GBCs. HBCs comprise the basalmost population of the OE and attach to the basal lamina with
hemidesmosomes (Holbrook et al., 1995). The regions between the hemidesmosomes form
arches over bundles of OSN axons, which may represent a first step in OSN axon organization
and egress from the epithelium (Holbrook et al., 1995). Unlike the GBCs, HBCs appear to
be a relatively homogeneous population of slow-cycling LRCs (Huard and Schwob, 1995;
Leung et al., 2007; Schwartz Levey et al., 1991). Immunohistochemically, HBCs express
markers associated with stratified epithelial stem cells: Cytokeratins 5 and 14 (K5/14),
Intercellular Cell Adhesion Molecule (ICAM1 or CD54), Epidermal Growth Factor Receptor
(EGFR), the transcription factors Sox2 and Pax6, and the Iβ4 lectin produced by Bandaierea
simplicifolia (BS-1) (Carter et al., 2004; Guo et al., 2010; Holbrook et al., 1995; Suzuki and
Takeda, 1991). Here we also present evidence that the transcription factor p63 is a specific
marker of HBCs and has essential function for the regulation of HBC establishment and
stemness.

Other Miscellaneous Cell Types.
In addition to the above constituents of the olfactory epithelium proper there are a number
of associated cell types with diverse but poorly elucidated functions. Olfactory Ensheathing
Cells (OECs) are the olfactory nerve-associated glial cells. These cells surround the OSN axons
on their way to the olfactory bulb, and resemble a hybrid between peripheral Schwann cells and
central oligodendrocytes (Mackay-Sim and St John, 2011). Their heterogeneity is reflected in
their molecular and immunohistochemical profile. At different points along the olfactory tract
from the OE to the OB OECs can express varying levels of GFAP, p75NTR, and BLBP (Vincent
et al., 2005). This hybrid phenotype between central and peripheral axonal ensheathing cells
has shown great promise for the use of OECs as a cell-based therapy for promoting axonal
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nerve regeneration following CNS (particularly spinal cord) injury (Mackay-Sim and St John,
2011; Vincent et al., 2005). In addition, resident macrophages are also present in the OE, and
appear to function as debris clearing cells (Blomster et al., 2011; Borders et al., 2007a; Borders
et al., 2007b; Vukovic et al., 2010). Finally, the lamina propria (LP) deep to the OE contains
a heterogeneous melange of cells including fibroblasts (which provide inductive cues to the
OE), putative mesenchymal stem cells with broad, but poorly defined potency, autonomic and
trigeminal nerve endings (thought to stimulate D/G cell secretion and function), and blood
vessels, which generally regress in mature animals (Getchell and Getchell, 1992; Murrell et al.,
2005).

III. Embryonic and postnatal
development of the OE.
In order to fully appreciate
the nuances of tissue maintenance
and regeneration it is often useful
to understand how a tissue forms
and assembles during embryonic
development. De novo development
of a tissue is often recapitulated
during regeneration, however, a
Figure 5. Olfactory placode specification. Early
olfactory development begins with the induction of
the ectoderm to form a sensory olfactory placode
at E9. This induction is mediated by mesenchymederived signals such as retinoic acid (RA), FGF8, shh, and BMP-4 signaling. The placode then
invaginates to form the olfactory pit – the precursor
of the nasal cavity. Adapted from LaMantia et al.,
2000.

regenerating tissue faces different
environmental stresses and needs
during the course of regeneration.
Understanding the adaptations a
system makes during regeneration
while appreciating the conservation
of developmental mechanisms is
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essential to our understanding of the regenerative process, and to our ability to harness these
adaptations in translational/clinical applications.
The olfactory epithelium is first specified as round ectodermal thickenings that form
on each side of the head called the olfactory placodes (OP) (Cuschieri and Bannister, 1975a;
b). In mice OP formation and early axonal growth are induced at E8.5-9.5 by signals from the
underlying mesenchyme. These signals include the retinoic acid, BMP, Shh, and FGF8 signaling
pathways (Kawauchi et al., 2009; Kawauchi et al., 2005; LaMantia et al., 2000; LaMantia et
al., 1993; Shou et al., 2000). The OP is a mitotically active structure with progenitor cells in the
middle and differentiating cells in the periphery (Cau et al., 1997; Smart, 1971). During the next
2 days the OP invaginates to form the olfactory pit and eventually folds in on itself to generate
the septal-turbinate organization of the mature OE (Cuschieri and Bannister, 1975b) (Figure 5).
The first neurons can be observed at E9, but do not make contact with the developing forebrain
until E11.5. Around this time, OR expression can be detected in some OSNs (Sullivan et al.,
1995).
Baso-apical lamination is an important feature of OE development. As mentioned above,
the early OP contains progenitors centrally and more differentiated cells peripherally. By E11.5E12.5 the apico-basal axis is more defined: OSNs are present in the middle of the tissue, however
sustentacular cells, HBCs and D/G units are absent at this stage. Instead, proliferating progenitor
cells are concentrated in the apical aspect of the OE (Smart, 1971). Differentiated Sus cells
begin to appear apically at E14.5 (Cuschieri and Bannister, 1975a; Weiler and Farbman, 1998).
At this point the previously apical olfactory placode progenitor cells (OPPs) begin to migrate
to the basal strata of the tissue. This apical to basal migration helps set up the final step in the
lamination of the OE: the establishment of a heterogeneous basal progenitor cell population.
HBCs are the last cell type to appear in the OE. The first indication of placodal progenitor
cell differentiation into HBCs occurs at E16 in rats when sparse expression of the HBC
markers K5/14 is first observed in cells near the border with respiratory epithelium (RE). K5/14
immunoreactivity increases until a mature monolayer of HBCs forms between 2-3 weeks after
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birth. It is important to note that K5/14 expression anticipates the appearance of the mature
HBC phenotype. That is, cells that express K5/14 are at a remove from the basal lamina, and
morphologically resemble the apico-basally migrating GBCs/OPPs, rather than the flattened
basal lamina-adherent HBCs of the adult OE (Holbrook et al., 1995).
To summarize, the development of the OE can be grouped into 5 controlled stages:
1. Specification of the peripheral olfactory placode from the ectoderm. This also sets up the
progenitor cell pool (E8.5-9.5)
2. Invagination of the OP and differentiation of the first neurons (E9.5-11.5)
3. Lamination 1: differentiation of supporting cells and duct/gland components. (E13.517.5)
4. Lamination 2: Apico-basal migration of OPPs to form the mature progenitor pool.
(E14.5-E19.5)
5. Differentiation of mature HBCs (E16.5-P14)
The events of steps 4 and 5 are critical to the establishment of the tissue stem cell pool that
persists throughout adult life, and is responsible for the robust maintenance and regeneration of
the OE. The subsequent sections will review current evidence for such a stem cell population, the
developmental and differentiative hierarchy of adult OE stem cells, and the molecular events at
play in these cells during regeneration.

IV. Tissue stem cells: general considerations
Before proceeding to identify the specific mechanisms regulating OE tissue stem cells,
it is important to first define the etiology of tissue stem cells in general (What is a tissue stem
cell? What are tissue stem cells for?), and the problems facing the study of these cells specifically
(How does one identify a tissue stem cell? how does one study the dynamics of these cells? What
can we do with tissue stem cells both biologically and therapeutically?).
14

What is a tissue stem cell and what is it for?
The vicissitudes of extraembryonic life entail damage to many of the tissues present in an
organism and a need to replenish cells lost due to normal turnover or senescence. Most tissues
are composed of multiple distinct cell types or variants. Thus, adult stem cells are classically
defined as those cells that can accomplish the task of renewing all the cellular elements of a
tissue (a property termed multipotency) without depleting their own population (a property
termed self-renewal). A failure of either of these properties is associated with aging, tissue
degeneration, and/or impaired response to external challenge (Bellantuono et al., 2012; Sahin and
Depinho, 2010). At the same time both multipotency and self-renewal are regulated processes
whose dysregulation can result in neoplasm (Finkel et al., 2007; Merlos-Suarez et al., 2011;
Srivastava, 2012).

How does one study tissue stem cells?
The first and most obvious hurdle in studying tissue stem cells is their identification.
Such identification is usually based on satisfying the two broad criteria for stemness indicated
above: multipotency and self-renewal (Snippert and Clevers, 2011). The tools for establishing
a progenitor cell as multipotent can be fit into two categories: (a) prospective isolation of the
putative cell population followed by differentiation of the isolated cells into multiple downstream
cell types in vitro, and (b) in vivo lineage tracing, whereby a cell population is genetically tagged
with a label that can be traced to all progeny to demonstrate multipotent differentiation. In (a)
cells are isolated (for example by FACS) through a set of markers and then grown in culture
(Beckervordersandforth et al., 2010; Doetsch et al., 2002; Pastrana et al., 2009). In (b) cells
and their progeny can be marked either with a genomically incorporating viral vector or with a
transgenically specified marker (Indra et al., 1999; Price et al., 1987; Soriano, 1999). The most
commonly used transgenic system involves the use of a Cre recombinase spatially driven by a
promoter specific to the putative stem cell population. Expression of a reporter transgene (such
as a fluorescent protein) can then be driven by the Cre-mediated excision of a stop cassette
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upstream of the reporter (Madisen et al., 2010; Soriano, 1999). Temporal control can be achieved
by using a Cre-Estrogen Receptor (Cre-ER) fusion construct, which is excluded from the
nucleus until the desired time point when the Estrogen Receptor modulator drug, tamoxifen or
4-hydroxytamoxifen is administered (Indra et al., 1999; Kretzschmar and Watt, 2012) (Figure
6). Finally, the two strategies can be combined in a transplantation assay, where putative stem
cells are prospectively isolated, genetically marked, and then transplanted into a receptive host
environment (Abramson et al., 1977; Chen et al., 2004). The multipotency of the putative stem
cells can then be assessed at various time points after transplant.
Unlike multipotency, self-renewal is a much more difficult criterion to satisfy when
identifying “true” stem cells. One of the earliest strategies has been to exploit the observation
that many putative stem cell populations have a long cell cycle time (Potten, 1986).
Teleologically, this is explained by the notion that stem cells serve as the primary backup, and as
such must be protected from the accumulation of genomic errors during the cell cycle. This slowcycling property can be assayed by retention of a thymidine label over long periods of time. In

Figure 6. Outline of CreER-mediated lineage tracing. The CreER transgene is expressed
downstream of a promoter specific to the cell of interest. After tamoxifen or 4-hydroxytamoxifen
(4-OHT) administration, the STOP cassette flanked by loxP sites is excised. The reporter
is usually located in a constitutively express locus such as the Rosa26 locus. Adapted from
Kretzschmar and Watt, 2012.
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this assay, cells or animals are treated with a thymidine label (such as tritiated thymidine, BrdU,
or EdU) which is incorporated into the DNA of all dividing cells during the “pulse” period. This
is followed by a “chase” period during which rapidly cycling cells will dilute out the thymidine
label, while slow-cycling cells will retain the label (hence their designation as “label-retaining
cells” or LRCs) (Potten et al., 1974). Identification of LRCs has been useful in the process of
nominating candidate stem cell populations in many tissues including gut, skin, hair follicle,
brain, and OE, however the assay is fraught with pitfalls (Cotsarelis et al., 1990; Doetsch et al.,
1999; Johansson et al., 1999; Mackay-Sim and Kittel, 1991a; Potten et al., 1974). How long of a
chase period is long enough? How does one differentiate between true label-retaining stem cells
and terminally differentiated cells such as neurons, which have exited the cell cycle? Is labelretention truly necessary for self-renewal? In assessing self-renewal, it is important to recognize
that label-retention is a surrogate assay useful in narrowing a certain class of putative stem cells,
rather than an end in and of itself (Grompe, 2012; Snippert and Clevers, 2011).
A functional test of self-renewal requires a certain level of synchronization of labeled
putative stem cells that would allow one to determine how long after the synchronization the
stem cells can retain their own population while remaining functionally multipotent. To date this
has been best achieved in the hematopoietic system (Abramson et al., 1977; Iscove and Nawa,
1997). To achieve synchronization, prospectively-isolated and genetically labelled hematopoietic
stem cells (HSCs) are transplanted into a host animal whose own HSCs have been destroyed
by irradiation. This process can then be repeated from host to host a number of times (serial
transplantation) to demonstrate the ability of the same population to both maintain itself (selfrenewal) and reconstitute the new host’s hematopoietic system (multipotency) (Iscove and Nawa,
1997). Serial transplantation is the gold standard of self-renewal assays, however it requires a
system amenable to total ablation and repopulation. In the specific case of the OE (as well as
most other stem cell systems) a harsh enough lesion is either incompatible with life or results in
preferential metaplasia, and ablation of the original tissue-specific cell-types. Thus, weaker but
still functionally relevant methods must be developed in these systems.
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Figure 7. Alternate stem cell hierarchy models. (A) The canonical stem cell hierarchy
model assumes a single “true”, quiescent, stem cell, which can give rise to proliferating and
differentiating transit amplifying cells. (B) The revised stem cell hierarchy models posits the
existence of a quiescent stem cell population that exists as a reserve, and an active stem cell
population that actively proliferates, and differentiates, but still maintains its own population by
a poorly understood process of self-renewal. (C) An elaboration of the two-stem cell hierarchy
as it manifests in the full differentiative potential of the two populations. (A) and (B) adapted Li
and Clevers, 2010, (C) adapted from Grompe, 2012.

It is clear that identification of stem cells is not a trivial task. As a result, many tissues
have more than one distinct population that satisfies the stem cell criteria based on all or most of
the above assays. Originally, this was seen as a paradox and became an area of controversy and
strife between competing groups seeking to define “the” stem cell of a given tissue. However a
more unified view is developing. In this view distinct stem cell populations coexist in a contextdependent manner. The context depends on the needs of the tissue: for example one stem cell
type might proliferate rapidly and support the maintenance of a frequently renewing tissue, while
another stem cell type might be activated in response to injury or other specific external stimuli
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(Grompe, 2012; Li and Clevers, 2010) (Figure 7). This view of stemness not only reconciles the
efforts of many groups involved in stem cell identification, but also opens an intriguing set of
biological questions. How are different classes of stem cells determined during development?
What are the intrinsic, cell-autonomous mechanisms that determine stem cell class. How do
external stimuli affect different classes of stem cells? Are adult tissue stem cells able to transition
from one class to another, or are they locked into their original class? Do different classes of
stem cells have different utility in regenerative medicine and disease modeling? These questions
are the dominant focus of the work presented in this thesis.
In light of the above discussion it is useful here to define terms that will be used in
subsequent discussions.
Stem Cell – A cell that can exhibit multipotency under a given set of conditions while
maintaining its own population. This property will be referred to as Stemness.
Reserve Stem Cell – A stem cell that remains intrinsically dormant under normal,
homeostatic conditions, but can become activated to exhibit multipotency by external cues such
as injury or tissue need. This property will be referred to as Reserveness.
Active Stem Cell – A stem cell that contributes to a given tissue at the observed time
point.
Activation – The process of turning a reserve stem cell into an active stem cell.

V. Olfactory epithelium tissue stem cells

Lesion models used to study OE regeneration.
In order to study the stem cells of the adult OE, a number of animal lesion models have
been developed. These lesion models allow the investigator to synchronize the stem cells of the
tissue to follow a stereotyped program of regeneration. The two best characterized lesion models
are: olfactory bulbectomy (OBX) and methyl bromide (MeBr) gas treatment.
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Olfactory bulbectomy is a surgical procedure, which ablates one or both olfactory bulbs.
This results in the dying back degeneration of mature OSN axons and depletion of the neurons
of the tissue. The stem cells of the peripheral OE respond to this injury by becoming mitotically
active and upregulating neurogenesis (Carr and Farbman, 1992; Schwartz Levey et al., 1991).
This neurogenic upregulation persists permanently, as newly born OSNs cannot make contact
with their OB target and continuously degenerate (Carr and Farbman, 1992; Holcomb et al.,
1995). Interestingly, OSNs are able to express ORs on the lesioned side indicating that OR
choice is independent of the OB (Iwema and Schwob, 2003). Thus, OBX is a valuable tool for
the study of neurogenesis, expansion of neural progenitor cells, and to a lesser extent the ability
of neural progenitor cells to maintain their own population. However, OBX does not provide
insight into the multipotency of the progenitor cells involved: only neurons need to be replaced
and are continuously regenerated, while the other cell types of the OE remain intact.
In methyl bromide gas exposure, animals (mice or rats) passively inhale a low dose
of MeBr gas over an empirically determined length of time (Schwob et al., 1995). The
biotransformation system of the Sus cells metabolizeo the gas into toxic bromide free radicals
which destroy the differentiated cells in the olfactory epithelium (Eustis et al., 1988; Hurtt et
al., 1988). The severity of the lesion can be experimentally controlled by using higher or lower
concentrations of the gas. In most cases the dose is optimized to ablate the Sus cells, OSNs,
Bowman’s ducts (but not glands), and a variable proportion of the GBC population (Schwob et
al., 1995) (Figure 8). The recovery after such a lesion has been well characterized and can be
divided into 5 remarkably stereotyped steps:
1) Differentiated cells undergo cell death and are passively cleared out of the nasal cavity
(0-1 days post lesion - dpl) (Schwob et al., 1995).
2) Basal cells begin accelerated proliferation (1-2 dpl) (Leung et al., 2007; Schwob et al.,
1995).
3) Apical layer of K18(+) cells forms and differentiates into mature Sus cells (3-7 dpl)
(Schwob et al., 1995).
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4) OSNs begin to differentiate and mature (4-21 dpl) (Schwob et al., 1995).
5) Functional connection are made between OSNs and the OB (14-30 dpl) (Schwob et
al., 1999). Complete restoration of the sense of smell is functionally restored 1-3 months after
exposure (Youngentob et al., 1997).
Steps 1-4 indicate the time window at which stem cells are recruited and activated
to participate in regeneration. A number of studies have analyzed the events leading to
differentiation into the various OE lineages, and found conservation of embryonic processes
with respect to the transcription factor machinery that supervises the differentiation cascade
(Guo et al., 2010; Manglapus et al., 2004). Thus neuronal differentiation proceeds from Ascl1(+)
(formerly known as Mash1) transit amplifying cells, to Ngn1(+) and NeuroD1(+) immediate
neuronal progenitors, and finally to immature and mature OSNs (Cau et al., 2002; Cau et al.,
1997; Manglapus et al., 2004; Packard et al., 2011a). Sus cell differentiation is regulated by the
expression of the transcription factor Hes1, which is known to inhibit Ascl1 expression as well as

Figure 8. Regenerative capacity of the rat OE following MeBr injury. The left panel shows
H&E staining of the normal OE before MeBr exposure. The center panel demonstrates the full
extent of lesion 1 day after exposure. The lesion destroys Sus, OSNs, and Bowman’s ducts. The
right panel illustrates the robust regenerative capacity of the OE as soon as 2 weeks after MeBr
exposure. Adapted from Schwob et al., 1995.
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neuronal differentiation (Cau et al., 2000; Manglapus et al., 2004).
Other lesion models. A number of other lesion models have been developed that involve
administration of olfactotoxic drugs or irrigation of the nasal cavity with noxious, coagulative
chemicals (Bahrami et al., 2000; Bergman et al., 2002; Burd, 1993; Eriksson et al., 1996). For
example, intraperitoneal (IP) administration of the drug methimazole result in a wide spread
dose-dependent lesion that resembles MeBr lesion (Bergstrom et al., 2003; Brittebo, 1995;
Wang et al., 2011). Methimazole administration is a facile lesion model that does not involve
the set-up of a controlled gas exposure system. However, the lesion caused by methimazole
injection evolves over 2-3 days due to the need for its peripheral absorption and subsequent Sus
CYP450 metabolism. This delay results in inconsistent stereotypy of the early steps of stem cell
recruitment and activation making it a poor system to study these processes (Brittebo, 1995).
Another drug, dichlobenil, produces a more severe lesion that results in respiratory
metaplasia of the lesioned tissue. In this process, originally olfactory tissue can no longer sustain
and/or generate its neuronal population and acquires the appearance and marker expression of
respiratory epithelium (Bergman et al., 2002). Respiratory metaplasia is common in aging human
OE and may contribute to the progressive hyposmia observed in many older patients (Holbrook
et al., 2005), however it is not useful in the study of the initial steps of stem cell recruitment and
activation during olfactory epitheliopoiesis .

Two populations of putative stem cells have been identified by analyzing the normal maintenance
and the regenerative processes in the OE.
GBCs: GBCs emerge directly via the apico-basal migration of heterogeneous OPPs
in embryonic OE (Smart, 1971). As a result, GBCs retain many of the same markers that
characterize the OP and indicate both lineage commitment and multipotency. These include
the lineage commitment bHLH transcription factors Ascl1, Neurog1, NeuroD1, and Hes1 as
described earlier and the markers Sox2 and Pax6, which imply multipotency in the absence of
lineage commitment markers (Guo et al., 2010; Manglapus et al., 2004; Packard et al., 2011a). In
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addition to this developmental and molecular link, evidence that adult GBCs contain a stem cell
population fall into three categories: retroviral lineage tracing in vivo, transplantation of FACSpurified GBCs, and identification of label-retaining GBCs.
In retroviral lineage analysis, a retrovirus containing a reporter such as alkaline
phosphatase or beta-galactosidase is infused into the nasal cavity one day after MeBr exposure
of the rat, at which point the population exposed to the air space is predominantly composed of
GBCs. The retrovirus infects the dividing cells in the OE, and expression of the reporter is passed
on to all the daughter cells in a clonal manner. In an alternate approach, GBCs can be labeled
with retroviral vectors ex vivo and transplanted into a lesioned host (Goldstein et al., 1998).
Analysis of the resulting clones from both experimental paradigms reveals both simple (having
just one differentiated cell type) and complex clones (defined as containing more than one
differentiated cell type) indicative of multipotency. Complex clones (especially ones containing
OSNs and Sus cells) often contain GBCs even at 1-2 months after infection suggestive of selfrenewal (Caggiano et al., 1994; Huard et al., 1998; Schwob et al., 1994).
The key limitation of retroviral lineage analysis is that it is difficult to prove that the
originally infected cells are exclusively GBCs. In order to unequivocally demonstrate the
multipotency of GBCs, one must first obtain a pure population of lineage traceable GBCs. This
was done by flow cytometry sorting of a pure population of GBCs using the GBC-specific GBC2
antibody. These donor cells were obtained from a ubiquitous GFP-expressing transgenic mouse
and transplanted into a wild-type host 24 hours after MeBr lesion. Analysis of the GFP(+) clones
reveals simple and complex clones with a broad multipotency with respect to all the cell types of
the OE (Sus cells, OSNs, D/G, and even respiratory epithelium) (Chen et al., 2004) (Figure 9).
Finally, GBCs contain a population of cells that retain EdU label over long periods
of time. Two EdU-labeling strategies reveal the existence of these cells. In the first, EdU was
administered to neonatal mice or rats for the first 3 days of life. 28 days later, EdU(+) GBCs can
be identified. In the second strategy, EdU was administered at various time points after MeBr
lesion to assess the re-establishment of LRC GBCs after a round of activation. Administration
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Figure 9. Transplantation of GBCs reveals their multipotency. GFP-marked GBCs and their
progeny can be traced after transplantation into a lesioned host. Labeled cells include D/G units,
vertical arrow (A), Tuj1(+) OSNs, diagonal arrows (B), Sus cells, horizontal, open arrow (B),
and basal cells, vertical arrow (B). Horizontal arrow heads mark the basal lamina. Adapted from
Chen et al., 2004; Krolewski, 2010.

of EdU 4-7 dpl reveals that LRC GBCs are re-established during this time window after MeBrinduced activation (Jang et al., 2012).
The data presented above strongly implicate the existence of a sub-population of GBCs
that is multipotent under both normal and injury-induced conditions. Moreover, some GBCs
are established at birth and re-established after injury to be slow-cycling and maintain their
own numbers. Further analysis of this sub-population has been hampered by an inability to find
identifying and functional markers that would allow elucidation of the mechanisms of upstream
GBC maintenance and differentiation. The search for such markers and mechanisms is ongoing
in the Schwob lab.
HBCs. Unlike GBCs, the first HBCs are not observed until after the OE emerges, its other
cell types become recognizable, and its architecture assembles. This late emergence indicates that
HBCs are not necessary for the de novo formation of the tissue (Holbrook et al., 1995). However,
HBCs express many of the same markers as basal stem/progenitor cells in other epithelial tissues
such as epidermis, prostate, upper respiratory airway, and thymus. These markers include the
basal keratins K5/14, basal integrins (α1, α3, α6 and β4, β6), and CD54 (ICAM1) as discussed
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earlier (Carter et al., 2004; Holbrook et al., 1995). In addition, HBCs are also slow cycling and
contain label-retaining cells (Huard and Schwob, 1995; Schwartz Levey et al., 1991). However,
when HBCs are transplanted into lesioned OE they engraft at very low efficiency, and do not
form any multipotent clones (Chen et al., 2004).
Definitive evidence that HBCs contain multipotent progenitor cells that appear to be selfrenewing came when Reed’s lab performed a genetic lineage trace in 2007 (Leung et al., 2007).
In this experiment, a transgenic mouse encoding the inducible CreER transgene driven by the
HBC specific K5 promoter was crossed to a reporter transgenic mouse in which LacZ expression
was driven from the ubiquitous ROSA locus only in response to nuclear CreER accumulation
(Leung et al., 2007). Administration of the CreER agonist drug tamoxifen postnatally resulted
in excision of the STOP signal upstream of the LacZ gene, and expression of β-galactosidase in
the targeted cells and all of the progeny of those cells. With this setup Reed’s group discovered
that HBCs have a minimal contribution to the maintenance of the OE, consistent with past

Figure 10. Lineage tracing of HBCs reveals their multipotency after
MeBr lesion. Left: K5.CreER-mediated lineage tracing of HBCs in normal
OE results in labeling of HBCs only. Right: K5.CreER-mediated lineage
tracing of HBCs following exposure to MeBr gas results in labeling of Sus,
OSNs, basal cells, and D/G units (red asterisk). Adapted from Leung et al.,
2007.
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transplantation experiments (Chen et al., 2004). However, if animals are exposed to MeBr or
methimazole after tamoxifen-induced labeling, then HBCs can contribute to all the cell types
of the regenerating OE. In these lesion systems all the differentiated cells in the OE are ablated
(Figure 10). Interestingly, if OBX is performed and only the OSNs are ablated, then HBCs
remain dormant, and do not significantly contribute to the OE (Leung et al., 2007). These data
were subsequently replicated by Iwai et al in an experimental paradigm where the progesterone
responsive CrePR transgene was driven by the K5 promoter. However, the K5.CrePR transgene
was active in the absence of progesterone from a very early age (P3), perhaps as a consequence
of very high levels of Cre expression driven by this construct. As a result, the majority of K5(+)
cells are labeled at an age when the HBC population is still emerging, and there appears to be
considerable flux between the GBC and HBC populations. Under these circumstances Iwai
et al observed a slightly higher rate of HBC contribution to the OE in both normal and postOBX mice, however even in the CrePR experimental model, the contribution of HBCs, at <20
activation events per animal, is significantly less than the global cellular output necessary for the
overall maintenance of the normal or post-OBX OE (Iwai et al., 2008).

Problems facing the field of adult tissue stem cells.
The evidence presented above strongly implicates the existence of two molecularly,
morphologically, and functionally distinct stem cell populations in the adult OE. The GBCs act
as the dominant active stem cells during normal epithelial maintenance, while the HBCs
function as a reserve stem cell population that can be activated by injury. As mentioned
above, the notion of dual stem cell populations has recently emerged in several other adult
tissues. For example, in the intestinal villus, label-retaining, Bmi-1(+) cells at the +4 position
were identified as a putative stem cell population as early as the 1970s by Potten et al (Potten
et al., 1974; Sangiorgi and Capecchi, 2008). However, in the last 10 years Hans Clevers’ group
has identified a different set of rapidly cycling, non-LRC stem cells at the base of the crypts
that express the GPCR Lgr5 (Barker et al., 2008; Barker et al., 2007). More recently it has been
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shown that Lgr5(+) cells contribute to an entire villus, and that each villus drifts toward clonality
from a single Lgr5(+) stem cell (Snippert et al., 2010). On the other hand, damage of Lgr5(+)
cells by irradiation or by diphtheria toxin genetic ablation results in the activation of the Bmi1(+)
cells that contribute to the entire villus including Lgr5(+) cells (Tian et al., 2011; Yan et al.,
2012). Similar phenomena are seen in the interaction between hair follicle and interfollicular
epidermis, between subventricular zone astrocytic stem cells and ependymal cells, and between
quiescent and primed hematopoietic stem cell (Carlen et al., 2009; Greco et al., 2009; Haug et
al., 2008; Ito et al., 2007; Jaks et al., 2008; Wilson et al., 2008). In all of these cases, an active
“workhorse” population contributes to normal homeostasis of the adult tissue, while a quiescent
“reserve” population is maintained for cases of emergency (Li and Clevers, 2010).
This notion that stem cell identity and function are context-dependent was proven
in its strongest form when Shinya Yamanaka et al were able to generate induced pluripotent
cells similar to embryonic stem cells from terminally differentiated fibroblasts (Takahashi and
Yamanaka, 2006). This advance, along with the recent characterizations of multiple facultative
stem cell populations in many adult tissues as described above, requires a fundamental change in
the questions posed by tissue stem cell investigators. Instead of asking “what is the true stem cell
of a given tissue?” we must ask “what is the context-dependency of any given cell to become a
stem cell?” When the question is rephrased in this context, one can assess stemness as both a cell
autonomous and non-autonomous phenomenon. Not only is this approach more representative
of biological scenarios (as demonstrated above), it is also essential for our understanding of stem
cell related pathologies. After all, stem cell pathologies such as ageing and cancer often feature
disruption of the environment which may prevent activation of necessary stem cell phenotypes
(ageing) or augment activation of deleterious stem cell phenotypes (cancer) (Morrison and
Spradling, 2008). An understanding of the normal environmental signals and the cell autonomous
mechanisms that interpret these signals is essential to our understanding of related pathological
processes and our ability to utilize any stem cells as therapeutics.
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VI. Cell Specification in the OE: a brief review of transcriptional and signaling networks.

Biological networks and their readouts
During development and regeneration, cells (and especially stem cells) must undergo fate
decisions in order to change identity and/or maintain their population. To make these decisions
in an informed manner, cells use signal transduction modules which receive external stimuli,
and regulatory modules which interpret those signals into final cell states (Chen et al., 2008).
Traditionally these modules are genetically dissected to implicate certain molecular components
in a given biological process. As a result we now have a wealth of information about different
genes that participate in receiving, transducing, and interpreting signals into cell fates. As more
and more candidate factors and pathways have emerged, it has become clear that each factor
and each pathway operates within the milieu of all the other factors and pathways expressed in a
given cell. The notion that molecular components do not act in linear isolation, but rather interact
with each other to enact the appropriate cell fate is known as the “network” or “systems” model
in biology (Barabasi and Oltvai, 2004; Friedman and Perrimon, 2007).
This revised model does not invalidate the findings of conventional genetic
manipulations. Instead, it provides a more realistic, if complex, framework for the interpretation
of such manipulations. This framework emphasizes the context-dependency of a particular
phenotype. For example, activation of the same signaling pathway may have different effects
on different cells even within the same tissue. Integration of signaling pathways into networks
changes the relevant question from “what is factor x doing?” to “what context causes factor x
to do y?” Of course, identification of x and y are prerequisites for this question, but the final
interpretation must place results in the context of the broader network in order to be biologically
relevant. The forthcoming is a general review of the factors (the x’s and y’s) known in the OE,
and an attempt to place them into the broader network of OE development and regeneration.
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bHLH transcription factors (TFs)
Basic helix-loop-helix transcription factors consist of a DNA-binding domain, which
binds E-box consensus sequences of promoter regions, and the protein interacting bHLH
domain. bHLH TFs form heterodimers in order to function either as transcriptional activators or
repressors that act in fate determination of neural, muscle, pancreatic and other tissues (Jan and
Jan, 1994; Molkentin and Olson, 1996; Powell and Jarman, 2008). In the OE, bHLH TFs were
among the first molecular players identified in cell fate determination. Genetic loss-of-function
analysis has putatively identified the bHLH transcriptional activators Ascl1 (formerly known
as Mash1), Neurog1 (or ngn1), and NeuroD1 in a progression of neural commitment within the
OE (Cau et al., 2002; Cau et al., 1997; Madisen et al., 2010; Packard et al., 2011a). Conversely,
the bHLH transcriptional repressors Hes1, and, to a lesser extent Hes5, act as inhibitors of
neural differentiation (Cau et al., 2000). In other settings Hes1 is known to act not only by
active repression of neural differentiation genes including Ascl1, but also by disrupting the
ability of Ascl1 to heterodimerize and act as an activator (Akazawa et al., 1992; Cau et al., 2000;
Sasai et al., 1992). This early work identified an important transcriptional network of lineage
commitment (Figure 11). Further work focused on the integration of this network into other
transcriptional and signaling networks will be discussed below.

Stem cell TFs Sox2 and Pax6
The transcription factors Sox2 and Pax6 have been implicated in the maintenance and
differentiation of a number of stem cell types including embryonic, neural, epithelial, and
sensory (Arnold et al., 2011). In the OE these two TFs are co-expressed in basal cells and Sus
cells where they appear to serve pleiotropic roles (Guo et al., 2010). While the function of
Sox2 and Pax6 in Sus cells remains unknown, they appear to act in a dose-dependent manner
to regulate basal stem cell proliferation. Overexpression of Sox2 increases proliferation and
neurogenesis (possibly by positive regulation of Ascl1 expression), while overexpression of Pax6
decreases proliferation and accelerates neural differentiation without expanding progenitor cell
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Figure 11. Schematic of the differentiation network in OE progenitor
cells. Multipotent, quiescent GBCSTEM cells or dormant HBCs can give rise to
lineage unrestricted GBCMPP progenitor cells. High levels of Notch signaling can
induce expression of the inhibitory bHLH TF Hes1 and drive Sus commitment
in transit amplifying GBCTA-SUS cells. Low/absent levels of Notch signaling
allow for expression of Mash1 (aka Ascl1), which drives OSN-commitment in
transit amplifying GBCTA-OSN cells, which will progress to Ngn1(+)/NeuroD1(+)
immediate neuronal progenitors (GBCINP) and terminally differentiated OSNs.
Adapted from Krolewski, 2010.
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numbers. The working model is that the proper balance of Sox2 and Pax6 is necessary to
regulate the maintenance of OE stem and progenitor cells (Packard, 2010). This model implies
that the action of these transcription factors is dose-dependent, a notion supported by studies in
ES cells, retinal progenitors, and foregut endoderm where gene dosage of Sox2 directly affects
cell fate (Adachi et al., 2010; Kopp et al., 2008; Que et al., 2007; Taranova et al., 2006). Such
dose-dependence increases the dynamic range of responses available to a given transcriptional
mechanism.

The Wntch signaling axis.
The Wnt and Notch signaling pathways routinely pop up in the study of stem cell
maintenance and differentiation. In the canonical Wnt pathway, β-catenin is continually degraded
through phosphorylation by the GSK3β-APC complex. Binding of one of the soluble Wnt
ligands to a transmembrane frizzled (fzd) receptor inhibits the GSK3β-APC complex, allowing
β-catenin to escape degradation, translocate into the nucleus and act as a transcriptional coactivator with transcription factors of the TCF/LEF family (Angers and Moon, 2009; Logan and
Nusse, 2004). Wnt-mediated transcriptional changes affect stem cell amplification, self-renewal
and differentiation in many adult tissues and cancers (Clevers, 2006; Reya and Clevers, 2005).
In the canonical Notch signaling pathway the signal receiving cell expresses one of the Notch
receptors on its surface. The pathway is activated when a neighboring cell expresses one of the
transmembrane Notch ligands such as Delta or Jagged1&2. Ligand-receptor interactions set
off a series of proteolytic cleavages that release the intracellular domain of the Notch receptor
(NICD). NICD can then act as a transcriptional activator or repressor by interacting with its
cofactor RBPJ (aka CBF1) (Kopan, 2002). This juxtacrine nature of Notch signaling facilitates
progenitor cells’ ability to communicate with neighboring cells.
Because the Wnt and Notch signaling pathways interact in a wide variety of tissues,
they are commonly grouped into a common signaling axis dubbed Wntch signaling (Hayward
et al., 2008). For example, in tissue stem cells as diverse as those found in the CNS, intestine,
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and epidermis, Wnt signaling acts to maintain the stem cell population, while Notch signaling
promotes the transition from stem cell to transit amplifying cell or differentiated cell (Hayward
et al., 2008). The pathways can also act antagonistically in more downstream differentiation
processes. For example Wnt signaling promotes expansion of neurocompetent stem cells and
neurogenesis (Chenn and Walsh, 2002; Lie et al., 2005). However, once a progenitor cell adopts
a neuronal fate it expresses Notch ligands that signal to their surrounding Notch1(+) progenitor
cells to suppress neurogenesis and promote a glial fate (Louvi and Artavanis-Tsakonas, 2006).
The bHLH TFs discussed above are among the key effectors of the Wntch signaling axis: Wnt
signaling can promote Ascl1 expression (Yu et al., 2008), while Notch signaling promotes Hes
expression (Ishibashi et al., 1994; Kageyama and Ohtsuka, 1999).
In the OE, both the Wnt and Notch pathways function to control progenitor cell
maintenance and differentiation (Schwarting et al., 2007; Wang et al., 2011). Wnt activity can
be detected in the basal cells of the OE, and is essential for stem/progenitor cell proliferation,
neural differentiation, and timely regeneration after injury (Wang et al., 2011). Notch activity
also appears to have pleiotropic roles: Notch activation in all progenitor cells inhibits neural
differentiation and promotes differentiation of cytokeratin(+) cells such as Sus cells. This effect
is likely mediated by the activation of Hes1 expression, a known target of Notch (Figure 11).
Conversely inhibition of Notch signaling inhibits non-neural differentiation but also blocks
progenitor cell expansion (Guo, 2008). Thus Wnt and Notch signaling function together to
promote upstream progenitor cell expansion, but act antagonistically in cell fate determination.
The mechanisms of these interactions in the OE and other stem cell systems remain to be
elucidated. They are likely linked to the heterogeneity of signaling components (both ligands and
receptors) present within both systems, and to the downstream effector factors such as the bHLH
TF players described above.

ErbB signaling
ErbB receptors constitute a family of four receptor tyrosine kinases (RTKs) that can
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transmit signals from a variety of ligands following ligand-induced hetero- or homo-dimerization
(Yarden and Sliwkowski, 2001). The best studied receptor is ErbB1 (also known as epidermal
growth factor receptor – EGFR) which is essential for proper maintenance, proliferation, and
differentiation of a variety of stem cell types such as epidermal and neural stem cells. The ErbB
receptors bind many different ligands including EGF, TGF-α, and the neuregulins, which can
trigger a variety of signaling cascades such as the MAP kinase, PI3 kinase, and JNK pathways
(Yarden and Sliwkowski, 2001). The signal readout depends on the combinatorial integration of
ligand, receptor and downstream effector pathways activated by the given signal. For example,
activation of the PI3 kinase-Akt axis seems to require heterodimerization of ErbB3 with one of
the other ErbB receptors (Schoeberl et al., 2009).
As expected, the pleiotropic effects of the ErbB system are likely preserved in the OE.
ErbB receptor expression can be detected in basal stem cells and is enhanced during recovery
from MeBr lesion (Donovan and Schwob, 2012; Ezeh and Farbman, 1998; Krishna et al., 1996).
Conversely, analysis of olfactory mucosa lysates reveals the presence of the ErbB ligands
EGF, TGF-α, and neuregulin (Farbman and Buchholz, 1996; Mahanthappa and Schwarting,
1993). Sorting out how these signals and receptors integrate with each other and other signaling
pathways to orchestrate OE maintenance and regeneration is an ongoing area of active research,
however some work has shed light on the role of this signaling axis in the homeostasis of HBCs.
HBCs are the predominant EGFR expressing cell in the OE . Moreover, phosphotyrosine specific antibodies heavily stain HBCs, suggesting that EGFR activation is associated
with the maintenance of this reserve population (Holbrook et al., 1995). To assess the role of
EGFR activation, Getchell et al analyzed a transgenic mouse where TGF-α is overexpressed
downstream of the HBC-specific K14 promoter. HBC proliferation was elevated 5.8 times
in the K14-TGFα transgenic mice compared to wildtype controls (Getchell et al., 2000). It is
still unclear how this overexpression affected HBC differentiation, activation, and survival.
Moreover, while TGF-α is present in normal OE, it is possible that a balance between TGF- α
and the other ErbB ligands such as EGF is necessary to maintain HBC homeostasis, and that
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these ligands act through different downstream pathways. For example, rats injected with TGFα, but not EGF show an increase in MAPK phosphorylation (Ezeh and Farbman, 1998). Thus,
while it is clear that TGF-α can function to augment HBC proliferation and possibly activation,
the endogenous EGFR ligand that maintains constitutive EGFR phosphorylation remains
undetermined. Identification of the mechanisms of this activation and the downstream effector
pathways, might prove essential to our understanding of the activation of this reserve stem
population.

VII. p63: master epithelial regulator.

Introduction to p63 and review of functional roles.
One aspect of cellular networks is the existence of nodes or hubs that serve as a
convergence point for a complex signaling environment. Such hubs are able to execute a
program of cellular differentiation and tissue homeostasis (Barabasi and Oltvai, 2004; Friedman
and Perrimon, 2007). Over the past decade, the transcription factor p63 has emerged as such a
hub in the regulation of epithelial stem cell and tissue homeostasis. p63 was originally cloned
as a member of the p53 family of transcription factors, which also includes p73 (Yang et al.,
1998). The p63 locus is controlled by two alternate promoters which drive the expression of two
alternate N-terminal isoforms: the longer TAp63 contains a full length N-terminal transactivation
domain while the truncated ΔNp63 has a shorter transactivation domain (Figure 12). Despite
the lack of an N-terminal transactivation domain, ΔNp63 does have both transcriptional
repressor and activator functions (King et al., 2003). In addition, three C-terminal isoforms can
be generated by alternative splicing at the C-terminus, bringing the total number of possible
isoforms to 6 (Yang et al., 1998) (Figure 12). Because numerous studies have implicated ΔNp63
as the most relevant isoform in the context of epithelial stem cell maintenance and differentiation
we will use p63 to denote the ΔNp63 isoform unless specifically indicated in the text (Candi et
al., 2006; Laurikkala et al., 2006; Romano et al., 2012).
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Figure 12. The Tp63 locus encodes 6 different p63 isoforms. Expression of
the Tp63 locus can be driven by two alternate promoters. The TAp63 isoforms
contains a longer transactivating domain (orange), while the ΔNp63 isoforms
starts in exon 3’ and contains a shorter transactivating domain (black). The
DNA binding domain (light blue) and the oligomerizaton domains are common
between all isoforms and span exons 4-8 and exons 8-9 respectively. In addition
to the 2 N-terminal isoforms, p63 can have 3 alternatively spliced C-terminal
isoforms, α, β, and γ, which can code for additional protein-protein interactions
through the sterile-alpha motif (SAM) and Post-SAM domains. Adapted from
Crum and McKeon, 2010.

The expression of p63 is confined to the basal strata of a variety of epithelial tissues
including the epidermis, thymus, prostate, urothelium, mammary glands, and vagina (Crum
and McKeon, 2010). Two independently generated p63 knockout (KO) mice revealed a
dramatic phenotype: the pups were born with no intact epidermis, no limbs, and craniofacial
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abnormalities, and died within an hour of birth due to dehydration (Mills et al., 1999; Yang
et al., 1999). A subtle difference between the two phenotypes prompted two fundamentally
different conclusions: unlike Mills et al, Yang et al found that while the epidermis was largely
absent in the mutants, there were still sparse islands of differentiated epidermis devoid of K5(+)
basal cells. As a result of these findings, Mills et al concluded that p63 is necessary for the
establishment of an epithelial stem cell population, while Yang et al argued that p63 is necessary
for the self-renewal or maintenance of an epithelial stem cell population, but not necessarily for
the original establishment of such a population (Mills et al., 1999; Yang et al., 1999) (Figure
13A).
The discrepancy between the two phenotypes remains controversial, but a number of
factors have provided some insight into those differences. First, the two knockout mice were
generated in different ways. Yang et al generated a targeted deletion of exons 6-8 (Yang et al.,
1999), while Mills et al used a pre-made library of targeting vectors to screen for ones which
would land in the Tp63 locus. The vector identified by Mills et al recombined into exon 10
of Tp63, which is just downstream of the 3’ gamma isoform splice site, and also resulted in a
partial gene duplication (Mills et al., 1999). The two disparate gene targeting strategies could
have differentially affected intergenic control regions or intergenic non-coding RNAs resulting
in different phenotypes. In addition, in a study that prompted a windfall of controversial “letters
to the editor”, Wolff et al found that the knockout generated by Mills et al did express some
p63-γ. They also looked at embryonic development of these knockouts and observed areas of
differentiation as late as E15, which were reminiscent of those seen by Yang et al (Mikkola et al.,
2010; Talos et al., 2010; Wolff et al., 2009) Thus, the notion that p63 controls maintenance of a
stem cell population seems to be dominant in the interpretation of the knockout phenotypes.
In order to prove their point that p63 is necessary for the self-renewal of epithelial stem
cells, McKeon’s group conducted a series of in vivo transplantation and in vitro assays in thymic
and epidermal tissues of p63 KO mice. These studies demonstrated that p63 is dispensable
for differentiation of early progenitor cells into the necessary tissue constituents, but that the
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proliferative potential of the stem cell population is gradually depleted resulting in thymic
hypoplasia and epidermal defects. These proliferation and differentiative dynamics were fit to a
mathematical model that was consistent with a loss of stem cell self-renewal in the p63 KO mice.
Thus, at least in the thymus and epidermis p63 is necessary for the self-renewal and proliferative
potential of the stem cells responsible for the maintenance and repair of those tissues (Senoo et
al., 2007). Interestingly, while ΔNp63-specific knockout animals almost completely phenocopy
the general p63 KO phenotypes, the TAp63-specific KO animals display a defect in stem cell
maintenance, quiescence, and survival. TAp63 KO mice survive to adulthood, but exhibit
ulcerated wounds, hair follicle depletion, cellular senescence and decreased survival. Thus, the
two N-terminal isoforms of p63 act in concert and likely in a dose-dependent manner to control
stem cell renewal, maintenance, and proliferation (Romano et al., 2010; Su et al., 2009).

Figure 13. Mechanisms of p63-mediated stem cell control. (A) The p63 KO mice generated
by Mills et al demonstrated a failure to differentiate normal stratified epithelia, while the p63
KO mice generated by Mckeon’s group had small islands of differentiated epidermal cells
in the absence of basal stem cells. Adapted from Candi et al., 2007. (B) Detailed analysis of
p63 siRNA-mediated knockdown demonstrates that p63 controls both a myc-dependent cell
proliferation network, and an adhesion-dependent keratinocyte fate (KCF) and differentiation
network. These results may be a partial link to the variable phenotypes observed in the different
p63 KO mice. Adapted from Wu et al., 2012.

37

The repertoire of p63 target genes further solidifies its role as a master regulator of
epithelial stem cell control. ChIP-on-Chip studies in ME-180 cervical carcinoma cells reveal
over 5000 p63-bound genes (Yang et al., 2006). Similarly, large numbers of putative target genes
have been identified in p63 shRNA depletion studies and p63 overexpresson studies. Many
of these targets were subsequently validated by RT-PCR, ChIP, and/or functional experiments
(Barbieri et al., 2006; Hibi et al., 2003; Testoni et al., 2006). These genes fall into a number of
categories that provide clues about the function of p63 and its role as a master regulator.

Cell Adhesion
The affinity of a stem cell to its niche is largely determined by cell adhesion molecules
that preferentially bind molecular features of the niche (Li and Xie, 2005). In the case of
epithelial stem cells, components of the basal lamina are a major constituent of the niche. It is
not surprising then, that many of the p63 target genes uncovered by genomic and molecular
studies have revealed cell adhesion genes that were previously well-characterized in basement
membrane associated basal cells. Among these are K5/14, ICAM1, and the basal integrins α3,
α5, α6 and β1, β4 (Carroll et al., 2006; Kikuchi et al., 2004; Romano et al., 2009). Depletion
of p63 reveals cell-type specific cell adhesion phenotypes. In the human keratinocyte-derived
HaCaT cells and squamous cell carcinoma (SCC) lines shRNA-mediated p63 depletion results
in downregulation of squamous epithelial markers, and upregulation of mesenchymal/migratory
cell markers (Barbieri et al., 2006). On the other hand knockout of p63 in mammary epithelial
cells (mouse and human) results in anoikis (cell death caused by loss of adhesion). Interestingly,
anoikis can be partially rescued by overexpression of one of the p63 target genes, integrin β4
(Carroll et al., 2006). Taken together these studies indicate that p63 regulates cell adhesion
components that are required for the proper function of p63-expressing basal cells.
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Cell Cycle and Cancer
Because of its relationship to p53 much attention has focused on defining the role of
p63 in cell cycle regulation and cancer. The complexity of the emerging picture once again
highlights the high degree of context dependence in the function of p63. As expected of a
quiescent stem cell regulator, p63 can repress transcription of cell cycle genes such as cyclin
B2, cdc2, and topoisomerase II, and activate transcription of the cdk inhibitor p57kip2 in HaCaT
(Beretta et al., 2005; Testoni and Mantovani, 2006). At the same time p63 is necessary to
maintain the proliferative potential of epidermal and thymic basal stem cells both in vivo
and in vitro as discussed above (Senoo et al., 2007; Truong et al., 2006). Moreover, the basal
cells of many rapid turnover epithelia such as epidermis have a relatively high mitotic index,
indicating that p63 regulates, but does not in and of itself completely inhibit the cell cycle. This
complexity is reflected in the cancer literature where TAp63 can act as a tumor suppressor in
some tissues (Flores et al., 2005; Park et al., 2000; Park et al., 2004). On the other hand, many
tumors including squamous cell carcinoma, olfactory neuroblastoma, breast ductal carcinomas
and others overexpress p63 broadly, or ΔNp63 specifically (Bourne et al., 2008; Candi et al.,
2007; Hibi et al., 2000; Ribeiro-Silva et al., 2003). Recently, at least two mechanisms have been
characterized that can explain the role of ΔNp63 as an oncogene:
(1) ΔNp63 directly activates transcription of the oncogene c-myc to influence not only
proliferation and neoplasia, but also keratinocyte cell fate in HaCaT cells and primary human
keratinocytes (Wu et al., 2012) (Figure 13B).
(2) ΔNp63 directly inhibits Ras oncogene-induced senescence by positively regulating
the chromatin remodeling enzyme Lsh in primary mouse keratinocytes and a human head and
neck squamous cell carcinoma (HNSCC) cell line (Keyes et al., 2011).
Taken together, these studies clearly demonstrate that p63 regulates cell cycle progression
and tumorigenesis, but that this regulation is highly context dependent. Understanding the
cellular, molecular, and signaling environment of p63(+) populations remains critical in our
ability to elucidate the function of this key epithelial regulator.
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Interactions with Signaling Pathways.
A profusion of studies over the past 5-10 years have focused on the interactions between
p63 and various signaling pathways. The complexity of the emerging connections further
solidifies the role of p63 as a network hub.
Wntch signaling: A number of reports have placed p63 in the middle of the Wntch signaling
axis. In epidermis and mammary glands p63 and Notch signaling interact antagonistically. Notch
activation downregulates p63 expression and stimulates differentiation while p63 represses
transcription of key Notch effector genes such as Notch1 itself and the Hes transcription factors
(Blanpain et al., 2006; Nguyen et al., 2006; Yalcin-Ozuysal et al., 2010; Yugawa et al., 2010).
On the other hand the interaction of p63 with Wnt signaling is more controversial. While p63
can positively regulate β-catenin accumulation and upregulate Wnt target genes in human
keratinocytes, Saos-2 osteosarcoma cells, and HNSCC in vitro (Patturajan et al., 2002; Wu et
al., 2012), these functions do not appear to be relevant to p63-dependent tumors (Reis-Filho et
al., 2003). Indeed, under some conditions p63 endogenous expression as well as experimental
overexpression can suppress canonical Wnt signaling (Drewelus et al., 2010; Romano et al.,
2010).
ErbB signaling: p63 is intimately linked with the EGFR, MAPK, and PI(3)K signaling
pathways. ΔNp63 positively regulates EGFR expression, while TAp63 negatively regulates
EGFR expression (Candi et al., 2007; Carroll et al., 2006; Nishi et al., 2001). Conversely, the
main downstream effectors of ErbB signaling, the MAPK and the PI(3)K-AKT cascades are
important regulators of p63 levels. Degradation of p63 might be mediated by phosphorylation
and subsequent ubiquitination at a canonical Erk site (Suzuki and Senoo, 2012; Westfall et al.,
2005). In contrast to the negative effects of MAPK signaling, PI(3)K-AKT signaling functions in
a positive feedback loop to maintain p63 expression in a wide range of contexts (Barbieri et al.,
2003; Leonard et al., 2011; Ogawa et al., 2008; Segrelles et al., 2006).
In addition to these pathways, p63 interactions with other pathways including Bmp,
FGF, NF-κB, and mTOR, further demonstrate the extensiveness of the p63-regulated network
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Figure 14. Notch signaling and p63 activity are mutually antagonistic. (A) Notch activity and
p63 expression operate on a reverse gradient, wherein Notch activity is highest in differentiating
cells and wanes basally, while p63 expression is highest in upstream basal cells and wanes
apically. (B) Notch signaling stimulates the transition from stem cell (SC) to transit amplifying
cell (TA) and differentiation (D) in part by inhibiting p63 expression. Conversely, p63 inhibits
expression of Notch components and effector genes. Adapted from Nguyen et al., 2006.

(Bakkers et al., 2002; Chatterjee et al., 2010; Laurikkala et al., 2006; Ma et al., 2010; Sen et al.,
2010).

Discrepancies and problems facing the field of p63 investigation
It is clear from the brief analysis provided here that p63 is an extremely well connected
hub in the regulation of epithelial stem cells. Many of the discrepancies indicated here in the
function of p63, control of downstream processes, and interactions with signaling pathways, stem
directly from the complexity of the p63 network. As the picture of this complexity has emerged,
it has become clear that the corresponding analysis of the role of p63 in a given cell population
is dependent first and foremost on the rigorous definition of the environmental context under
investigation. Thus, defining the contextome (i.e. the set of environmental contexts that can
induce a specific action of a genetic factor) of p63 function should be the predominant focus of
stem cell and p63-related research.
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VIII. Summary and hypotheses.
This thesis is concerned with defining the temporal, morphological, and molecular
context of HBC differentiation, regulation, and function. Two questions that are essential to
understanding this reserve stem cell population will be explored.
Chapter 2: What are the temporal molecular, and morphological determinants of
HBC generation in the perinatal stages of development? We will show that HBCs originate
from the embryonic OPP/GBCs that are present in the developing OE around E14. These
progenitor cells can be identified by p63 expression, which anticipates the establishment of the
mature HBC morphology. Moreover the extent of lineage commitment of these progenitors will
be explored.
Chapter 3: What are the temporal, molecular, and morphological determinants
of HBC activation by injury? What are the stem cell dynamics that result from HBC
activation? We will explore the time-scale of HBC activation by isolating HBCs at specific
time-points and transplanting them into receptive hosts. This will establish the temporal window
and allow us to dissect the molecular milieu of the HBCs during the critical time-frame. We
will then demonstrate the correlation between this activation and p63 expression. Finally, we
will demonstrate that p63 functions to maintain the reserveness of the HBC population, but that
stemness in the olfactory epithelium does not necessarily depend on the presence of p63.
Chapter 4: Summary of the thesis and future directions. We will first summarize the
findings of Chapters 2 and 3 and their implications. We will then provide analysis of the literature
and preliminary data that might inform a more complete elucidation of the p63-regulating
contextome, as well as the p63-regulated programs in HBCs.
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Chapter 2: Recruiting the Reserves

Control of reserve HBC generation by p63

Adapted from:
Packard A, Schnittke N, Romano RA, Sinha S, Schwob JE.
2011. DeltaNp63 regulates stem cell dynamics in the mammalian
olfactory epithelium. J Neurosci 31(24):8748-8759.
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ABSTRACT
The ability of the olfactory epithelium (OE) to regenerate after injury is mediated by
at least two populations of presumed stem cells – globose basal cells (GBCs) and horizontal
basal cells (HBCs). Of the two, GBCs are molecularly and phenotypically analogous to the
olfactory progenitors of the embryonic placode (OPPs). In contrast, HBCs are a reserve stem cell
population that appears later in development and requires activation by severe epithelial damage
before contributing to epithelial reconstitution. Neither HBC emergence nor the mechanism
of their activation after injury are understood. Here we show that the transcription factor p63
(Trp63), which is expressed selectively by adult HBCs, is required for HBC differentiation.
The first evidence of HBC differentiation is the expression of p63 by cells that closely resemble
embryonic OPPs and adult GBCs by morphology and expression of the transcription factors
Sox2, Ascl1, and Hes1. HBC formation is delayed in Ascl1 knockout OE and is completely
abrogated in p63-null mice. Strikingly, other cell types of the OE form normally in the p63
knockout OE. The role of p63 in HBC differentiation appears to be conserved in the regenerating
rat OE, where HBCs disappear and then reappear after tissue lesion. Finally, p63 protein is
down-regulated in HBCs activated by lesion to become multipotent progenitor cells. Taken
together, our data identify a novel mechanism for the generation of a reserve stem cell population
and suggest a p63-dependent molecular switch is responsible for activating reserve stem cells
when they are needed.
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INTRODUCTION
Adult stem cells are responsible for the maintenance and repair of self-renewing tissues
throughout life. In some tissues, several progenitor populations are set aside during development
to contribute to tissue maintenance and/or repair (Carlen et al., 2009; Ito et al., 2007; Leung et
al., 2007). Stem cells that contribute to repair as opposed to maintenance often appear dormant
in adult tissues, but can be activated by injury to generate multiple cell types (Carlen et al., 2009;
Ito et al., 2007). Here we examine the dynamics of such a reserve stem cell population in the
mammalian olfactory epithelium (OE).
Two broad basal cell populations with characteristics of stem cells have been identified in
the adult OE.
1) Globose basal cells (GBCs) are situated just basal to olfactory sensory neurons
(OSNs) and constitute a functionally heterogeneous population. GBCs in the maturing and
adult OE resemble the olfactory placode progenitor cells (OPPs) that give rise to the OE during
embryogenesis with respect to transcription factor profile (Cau et al., 2002; Cau et al., 2000;
Guo et al., 2010; Manglapus et al., 2004). Accordingly, clonal analysis following retroviral
lineage tracing and transplantation after FACS purification show that GBCs encompass lineagecommitted progenitors as well as lineage-uncommitted multipotent stem and/or progenitor cells
(Chen et al., 2004; Goldstein et al., 1998; Huard et al., 1998; Jang et al., 2003).
2) Horizontal basal cells (HBCs) are arranged as a monolayer of flattened cells directly
apposed and tightly adherent to the basal lamina. In contrast to GBCs, HBCs do not appear
until late embryogenesis and do not form a complete differentiated monolayer until the second
week after birth (Holbrook et al., 1995). This suggests that HBCs are not involved in embryonic
generation of the OE, and likely have a limited contribution to the growing perinatal OE.
However, genetic lineage tracing demonstrates that some HBCs are multipotent cells capable
of giving rise to all cellular constituents of the adult epithelium. This activation to multipotency
only occurs after injury, which ablates the differentiated OSNs and supporting cells. Ablation
of the olfactory bulb, a lesion that destroys only the mature neurons, does not produce an
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appreciable amount of HBC activation, suggesting that HBCs are a reserve stem cell population,
which contribute to tissue repair only under conditions of severe stress (Leung et al., 2007).
In skin and other stratified epithelia the transcription factor p63 (a member of the p53
family) is highly expressed in the basal cell layer. Homozygous p63 mutant mice fail to form
stratified epithelia due to a defect in progenitor cell generation and maintenance (Candi et al.,
2007; McKeon and Melino, 2007; Mills et al., 1999; Yang et al., 1999). Among the genes directly
regulated by p63 are the prototypic basal cell cytokeratins K5/K14 (Romano et al., 2009),
molecules which mediate adhesion to the basal lamina, such as integrins (Carroll et al., 2006),
components of signaling pathways including the Notch and Wnt pathways (Laurikkala et al.,
2006; Romano et al., 2010; Yalcin-Ozuysal et al., 2010), and chromatin remodeling components
(Keyes et al., 2011).
Here, we report that p63 is expressed in differentiating and mature HBCs and is required
for their generation during development. We also identify a cycle of down-regulation and reexpression of p63 during recovery of the adult epithelium from injury that substantiates a role for
p63 in the cycle of HBC activation and return to dormancy.
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MATERIALS AND METHODS

Animal Strains
Adult SD (Sprague-Dawley) rats were purchased from Taconic. Wildtype C57/B6 mice
from Jackson Labs were used to analyze embryonic expression of p63. C57/B6 mice were
mated to 129S1/Sv1MJ (Jackson) to produce the F1 progeny used in MeBr lesion experiments.
Generation of ∆Mash1-GFP (Ascl1 KO) knock-in mice and B6.129S7-Trp63tm2Brd/J (Brdm2
p63 KO) mice has been previously described (Mills et al., 1999; Wildner et al., 2006). To
generate ∆Np63GFP knock-in animals, we engineered a targeting construct containing genomic
sequences located 5′ and 3′ to the ∆Np63-specific exon in order to facilitate homologous
recombination. The EGFP gene was fused in-frame to the codon that is specific for the ∆N
isoform of the p63 gene to preserve as closely as possible the endogenous regulation of ∆Np63
at the transcriptional level. Additionally, a neomycin resistance gene (PGK-neo) flanked by
FRT sites and the diphtheria toxin gene was used for selection in 129Sv embryonic stem
(ES) cells. Two correctly targeted ES clones were identified by southern blotting and PCR.
The selection and expansion of the ES cell clones were performed by the Gene Targeting and
Transgenic Core Facility at Roswell Park Cancer Institute (RPCI). We used ∆Np63GFP ES cells
to generate chimeras that were then bred to C57/BL6 mice to obtain germline transmission.
The heterozygous ∆Np63GFP offspring were subsequently crossed to generate homozygous
∆Np63GFP/GFP, ∆Np63GFP, and wild-type mice for analysis. Details about the generation of the
∆Np63GFP knock-in animals and their detailed phenotypic characterization are described in a
separate manuscript (Romano et al., 2012). All protocols governing the use of vertebrate animals
were approved by the Committee for the Humane Use of Animals at Tufts University School of
Medicine, where the animals were housed and experiments were conducted.

47

Tissue Processing for Immunohistochemistry
Pregnant dams were euthanized by cervical dislocation. Embryos were harvested and
staged based on crown-rump length and Theiler criteria. The embryos were immersion-fixed
in 4% paraformaldehyde (PFA) overnight. Neonates (up to P3) were euthanized by rapid
decapitation and immersion-fixed in 4% PFA overnight. All rats and mice P10 and older were
anaesthetized with an IP injection of 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. After dissection the tissue was post-fixed in 4% PFA
under vacuum and decalcified in saturated EDTA overnight. All tissue was cryoprotected in 30%
sucrose in PBS, embedded in OCT compound (Miles Inc., Elkhart, IN), and frozen in liquid
nitrogen. 8 µm coronal sections were generated on a Leica cryostat, mounted on “Plus” slides
(Fischer Scientific) and stored at -20°C until needed.

RT-PCR
Cells of the olfactory mucosa were dissociated and FACS-sorted for viability on the basis
of propidium iodide exclusion (Chen et al., 2004). RNA was isolated from 106 viable cells using
the ZymoResearch DNA-free RNA purification kit. To generate cDNA, 50 ng of RNA were
reverse transcribed using SuperScript III reverse transcriptase (Invitrogen). A no-RT control was
also performed with 50 ng RNA. cDNA was subjected to PCR using primers and conditions as
described (Nakamuta and Kobayashi, 2007).

Immunohistochemistry
Primary antibody dilutions and the details of their working conditions and detection are
listed in Table 1. Tissue sections were rinsed in PBS to remove OCT, puddled with citrate buffer,
and steamed for 10 minutes in a commercial food steamer. Sections were blocked with 10%
donkey serum/5% non-fat dry milk/4% BSA/0.1% TritonX-100 in PBS and incubated overnight
in primary antibody. The following day the staining was visualized using an array of methods as
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indicated in the table. Unless otherwise indicated, blue represents the nuclear counterstain DAPI.

Image processing and quantification
Stained sections were imaged on a Zeiss 510 Confocal microscope in multi-tracking
mode or on a Nikon 800E epifluorescent microscope with a Spot RT2 digital camera. Image
preparation, assembly and analysis were performed in Photoshop CS2. In the vast majority of
photos, only balance, contrast and evenness of the illumination were altered. In cases where
tyramide signal amplification was used to visualize bound antibody (Ascl1 and Hes1 staining),
a median noise filter of 2 pixels or less was applied to images. This filter reduces nonspecific
background speckling smaller than the filter setting and does not alter those features (nuclear
and cytoplasmic) specific to the antibody staining. For Fig. 2B low magnification images were
taken with the Spot RT2 camera and assembled to encompass the entire tissue. The staining was
highlighted using standard Photoshop tools.
Cell types were counted by direct observation with the epifluorescent microscope. A low
magnification image was used to measure the length of OE counted. Three animals (at least 3
sections/animal) were counted per time point examined, and the data were analyzed by 2-way
ANOVA using Graphpad Prism software. Mean values and standard error of the mean (s.e.m.)
are reported.

EdU administration and processing
80 mg/g EdU (Invitrogen) was administered by subcutaneous injection to animals or
pregnant dams. Two hours after injection tissue was processed as above. For visualization of
EdU incorporation, sections were permeabilized with 0.5% Triton X-100 in PBS, and treated
with azide-594 containing Click-iT reaction cocktail (Invitrogen) for 30 minutes. After 3 washes
in 3% BSA in PBS, sections were steamed and stained for p63 as above.
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Electron Microscopy
The heads from P0 p63+/+ and p63-/- pups were immersion-fixed overnight in EM fix
(4% PFA + 3% gluteraldehyde in 0.1 M cacodylate buffer, pH 7.3). The olfactory tissue was
then sectioned at 1 mm using a vibratome (Leica) and collected in cacodylate buffer. Sections
were processed according to previously published protocols (Holbrook et al., 1995; Kubilus and
Linsenmayer, 2010) and viewed on a Philips CM-10 transmission-electron microscope at 80 kV.

MeBr lesion
Twelve-week old F1 (C57x129) male mice were exposed to 180 ppm MeBr gas in pure
air for 8 hours (Chen et al., 2004). SD Rats at 300 grams body weight were exposed to 330 ppm
MeBr gas in pure air for 6 hours (Schwob et al., 1995).
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RESULTS

p63 marks phenotypically differentiated HBCs.
The OE is a pseudostratified neuroepithelium that consists of olfactory sensory
neurons (OSNs), sustentacular (Sus) cells, duct/gland assemblies, microvillar cells, and a set
of morphologically and functionally heterogeneous basal cells including HBCs and GBCs
(Graziadei and Graziadei, 1979b). The lamina propria of the olfactory mucosa contains
olfactory ensheathing cells (OECs) that surround the axon fascicles of the OSNs as well as a
heterogeneous population of fibroblasts some of which might function as mesenchymal stem cell
(MSCs) (Delorme et al., 2010; Tome et al., 2009) (Fig. 1A). In adult mouse and rat OE we find
that anti-p63 antibodies label the nuclei of basal cells that are immediately apposed to the basal
lamina; the p63(+) cells are flat, have scant cytoplasm, and co-label with the HBC markers K14
and CD54 (I-CAM) (Fig. 1B,D,E and not shown). Rarely, some of the K14(+) HBCs do not
contain detectable p63 (Fig. 1C). Such p63(-)/K14(+) cells represent ~4% (8/201) of the total
K14(+) cells in the rat and <1% (2/235) in the mouse.
The p63 gene encodes two sets of N-terminal isoforms driven by alternate promoters and
3 different C-terminal isoforms (α, β, and γ) generated by alternative splicing (Candi et al., 2007;
Ghioni et al., 2002; Yang et al., 1998). The prevalent N-terminal isoforms present in the basal
cells of most stratified epithelia are the ΔNp63 forms, which lack a transcriptional transactivation
domain at the 5’ end of the gene (Candi et al., 2006). The TAp63 isoforms, which contain the
transactivation domain, control CNS development (playing a role in neuronal apoptosis) and
female germline maintenance (Jacobs et al., 2005; Suh et al., 2006). Semi-quantitative RT-PCR
of RNA isolated from murine whole olfactory mucosa indicates that ΔNp63α and -β are the
prevalent isoforms of p63 expressed in the OE; under the same conditions no TA- or γ-isoforms
were detected. Immunolabeling with a ΔNp63-specific antibody (Romano et al., 2006) is
completely coextensive with pan-p63 antibody staining in the HBCs (Fig. 1F), while a TAp63specific antibody did not generate any nuclear signal in the OE (Romano et al., 2009)
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Figure 1. ΔNp63 is expressed by HBCs of the adult OE of rat (B,C) and mouse (D-F). Boxed
areas are shown at higher magnification in the insets. (A) Schematic of the cell types present in
the rodent OE. (B,E) All p63(+) cells co-label with the HBC marker K14 (C) An occasional cell
that is K14(+), but p63(-) (white arrow) is displaced apically from the layer of mature K14(+)/
p63(+) HBCs (black arrow). (D) All p63(+) cells co-label with CD54, another HBC marker. (F)
Semiquantitative RT-PCR (top panel) reveals that ΔNp63 is the only detectable 5’ isoform of
p63 expressed in the OE. The α and, to a lesser extent, β isoforms, but not the γ isoform are the
primary 3’ isoforms. Immunohistochemistry (bottom panels) of anti-ΔNp63 colocalization with
anti-pan-p63. Dotted line represents the basal lamina. Scale bars: (A, B, D-F) 50 µm, and 10 µm
for inset; (C) 5 µm.

p63 expression anticipates differentiation of HBCs during embryonic development
Given that HBCs do not appear until the perinatal period when all other cell types of
the OE have already emerged, we assayed for the expression of p63 in the embryonic and early
postnatal epithelium (Fig. 2A, B). At E12, no p63 labeling is observed in OE. At E14, p63(+)
cells are concentrated in the apical reaches of the epithelium; none of them contact the basal
lamina. At this stage K14- or K5-labeled cells (Fig. 2A and not shown) have yet to appear in
the OE. For purposes of classification we designated p63(+)/K14(-) cells as “HBC progenitors”
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(Fig. 2B). At E16.5 the density of “HBC progenitors” is slightly increased compared to E14.
In addition, some p63(+) cells are weakly labeled by anti-K14 and K5 (not shown). The nuclei
of the p63(+)/K14(+) cells are elongated and parallel the apico-basal axis. Some of these cells
abut the basal lamina, but they are not flattened and lack the high level of K14 expression that is
characteristic of mature HBCs. We classified these cells “nascent HBCs” (Fig. 2B). At E17.5 the
density of “HBC progenitors” and “nascent HBCs” remains constant relative to E16.5. At E17.5
we observe a few “mature HBCs” (defined as flattened cells with abundant K14, adjacent to the
basal lamina). At P0 the density of “HBC progenitors” decreases sharply, while the populations
of “nascent HBCs” and “mature HBCs” expand. At P3, the number of “mature HBCs” continues
to increase until P10. By P10 the OE approaches the adult state and contains a monolayer of
flattened, K14(+) HBCs at the basal lamina with few if any “HBC progenitors” and rare “nascent
HBCs”. The time course described above suggests that p63 marks progenitor cells (as indicated
in Fig. 2B) that will come to express K14 and acquire mature HBC morphology. The appearance
in the middle of the apicobasal axis followed by their accumulation at the basal lamina suggests
that the p63(+) cells are in transit toward the epithelial base. As the cells that initiate p63
expression are neither at the apex of the developing epithelium, where the dividing OPPs are
found, nor yet at the base, where the GBCs reside, we call them OPP/GBCs for convenience.
A mapping of p63 and K14 expression as they accumulate across the whole OE
demonstrates that the aforementioned pattern is representative of HBC development overall (Fig.
2C). Interestingly, the ventral OE displays higher numbers of p63 and K14 expressing cells at
earlier time points than the dorsal OE. This is consistent with earlier reports which show that
HBC development is delayed in the dorsal vs. ventral OE in rats as well as other accounts of OE
embryogenesis (Holbrook et al., 1995; Suzuki and Takeda, 1991).
In sum, the expression of p63 anticipates both molecular (e.g., K5/14 expression) and
morphological differentiation of HBCs. The sequence of expression (combined with the role of
p63 in maintaining basal cell populations in other epithelia) implicates p63 as a linchpin in the
differentiation of this important population of reserve stem cells in the OE.
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p63 is expressed along with various molecular markers of GBCs and OPPs.
We sought to classify the p63(+) cells of the embryonic OE by comparing p63 expression
with other transcription factors characteristic of the progenitor cell types of the OE. We first
examined Sox2, a marker common to OPPs and adult basal cells; all of the p63(+) progenitors
also label for Sox2 protein (Fig. 3A,D). Other markers that co-label with p63 are characteristic
of what are believed to be more committed subsets of progenitor cells. For example, a low
percentage of p63(+) cells express Ascl1, a bHLH transcription factor usually thought to convey
a commitment to neuronal differentiation (Cau et al., 2002). The p63(+)/Ascl1(+) cells are
most prominent at E14, becoming scant at E16.5 (Fig. 3B, E). In contrast, p63(+) cells that
co-label with anti-Hes1 antibodies increase during the same time period (Fig. 3C,F). Hes1 is
a bHLH transcription factor that is thought to oppose the action of Ascl1 and is characteristic
of Sus cells or GBCs differentiating into Sus cells in the normal and regenerating epithelium,
respectively. The p63(+)/Hes1(+) cells are a different population from the p63(+)/Ascl1(+) cells
– double-labeling with Ascl1 and Hes1 antibodies stain non-overlapping sets of cells at all stages
(data not shown). Nascent and mature HBCs continue to express Hes1 during early postnatal
development. While many p63(+) cells still stain for Hes1 at P10, the intensity of this staining is

Figure 2. p63 expression anticipates HBC differentiation (previous page). (A)
Developmental expression of immunopositive p63 in the mouse OE. Apical p63(+)/K14(-)
cells (HBC progenitors, white arrows) are first seen at E14 and persist into the early postnatal
period. By E16.5 some p63(+) cells stain for K14 (nascent HBCs, black arrows). Mature, p63(+)/
K14(+) HBCs, tightly adherent to the basal lamina (mature HBCs, curved arrows), first appear
at E17.5 and increase through the first two weeks of post-natal life to form a flattened monolayer
by P10. (B) Quantification of the three stages of HBC development indicates a statistically
significant difference as a function of time and cell type (Two-way ANOVA). Asterisks indicate
a statistically significant difference (* p<0.05, **p<0.01) by comparison with the previous
time-point for the cell type indicated. (C) Illustration of immunostaining for p63 and K14 in
the whole OE at E14, E16.5, P0 and P3. The pattern described in (A) is conserved throughout
the developing OE, however the dorsal recess lags behind the ventral OE in terms of HBC
development. [N.b., examples of K14 staining without apparent association with p63 – signified
as black only – correspond to HBCs in which the nucleus is out of the plane of section.] Scale
bars: (A) 50 µm, and 10 µm for inset. (C) 100 µm.
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reduced by comparison with earlier time points and is completely absent by the time the animal
reaches adulthood (Manglapus et al., 2004). The co-expression of incipient p63 and heretofore
lineage-restricted transcription factors is unexpected and lays the foundation for potential
dynamic interactions within the transcriptional network during lineage commitment.

p63 marks slowly dividing progenitor cells.
HBCs in the adult OE are slow cycling cells with ~2 dividing HBCs/mm OE dividing
under homeostatic conditions (Leung et al., 2007). We labeled proliferating cells acutely with the
thymidine analog EdU at E16, P0, and P10 (Fig. 3H-J). Throughout the perinatal time-course of

Figure 3. p63(+) HBC precursors are slow-cycling and express markers of OPPs and GBCs.
Embryos were analyzed at E14 (A-C) and E16.5 (D-F) for co-expression of p63 with the OPP
and GBC transcription factors Sox2 (A, D), Ascl1 (B, E), and Hes1 (C,F). Black arrows indicate
co-expression while white arrows indicate exclusive expression of p63. (G) Quantification of
p63(+) cells that are also Hes1(+) or Ascl1(+). For Hes1 asterisks indicates p<0.01 compared
to previous time point by ANOVA analysis. For Ascl1 one-way ANOVA analysis indicates a
statistically significant trend over time. (H-J) Acute pulse EdU incorporation was compared to
p63 expression at E16 (H), P0 (I), and P10 (J). Analysis of the number of EdU(+) and p63(+)
cells/mm of OE (K) and the percentage of p63(+) that incorporate EdU (L) reveal no significant
differences during development by ANOVA analysis. Scale bars: 10 µm.
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HBC development, there is no significant difference in the number of p63(+)/EdU(+) cells/mm
OE (~2 cells/mm OE) (Fig. 3K). Since there are fewer p63(+) cells early in development we
also analyzed the percentage of the total number of p63(+) cells that are EdU(+). The percent of
EdU(+)/p63(+) cells trends downward during development, approaching statistical significance
(p = 0.06, One-way ANOVA, Kruskal-Wallis statistic = 5.600) (Fig. 3L). The apparent trend may
be due to a higher number of cells with newly-acquired expression of p63. Such cells may have
incorporated EdU before they expressed p63. These data suggest that p63(+) HBC progenitor
cells become slow cycling before their full differentiation into mature HBCs.

Ascl1 knock-out causes a delay in the OE in p63 expression and HBC differentiation.
To test the hypothesis that p63(+) HBC progenitors might pass through a phase of Ascl1
expression we analyzed the embryonic development of Ascl1(-/-) OE using a ∆Mash1-GFP
knock-in line (Wildner et al., 2006). We have recently observed a lag in HBC differentiation in
the OE of Ascl1 knockout (KO) embryos, but no delay in Ascl1 heterozygous (Het) as compared
to wildtype (WT) mice (Krolewski, Packard, Jang, and Schwob, manuscript in preparation).
Here we show that p63 expression in the KO also lags by comparison with the Ascl1 WT or
Het epithelium (Fig. 4). At E14.5, p63(+) cells cannot be detected in the Ascl1 knockout OE
in contrast to the sizeable population of p63(+) cells in the Ascl1 Het littermates (Fig. 4A,B).
At E18.5, the KO OE still contains very few p63(+) cells, while the Het OE has robust p63 and
K14 expression, which parallels the developmental increase seen in the C57/B6 strain described
earlier (Fig. 4C,D). At P0, there are only a few p63(+)/K14(+) cells in the KO, as opposed to
the large population of fully differentiated and differentiating HBCs in the Het OE (Fig. 4E,F).
Thus, while HBCs do eventually form in Ascl1 KO animals, there is a substantial delay in their
appearance, suggesting an alternate, Ascl1-independent, pathway to HBC development.
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Figure 4. p63 expression and HBC differentiation are delayed in Ascl1 KO OE.
Arrowheads represent the borders between OE and respiratory epithelium, where p63
expression is unchanged from normal. (A, B) At E14.5, p63(+)/K14(-) HBC progenitors
are present in Ascl1 Het (A), but not KO (B) OE. (C, D) At E18.5, many p63(+)/K14(+)
nascent and mature HBCs are present in the Het (C), but not KO OE where some p63(+)/
K14(-) HBC progenitors are just beginning to appear (D). (E, F) At P0, many mature
HBCs are present in the Het (E), but not KO OE (F). Scale bars: 25 µm, and 10 µm for
insets.
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p63 is required for timely morphological and molecular differentiation of HBCs.
To test whether p63 is an essential factor regulating HBC differentiation we next
analyzed p63 KO mice in which the p63 gene was disrupted via retroviral insertion into the
coding sequence of the gene (Mills et al., 1999). Because the KO mice die soon after birth due to
severely compromised skin development, we analyzed KO, Het, and WT animals as they were

Figure 5. p63 KO prevents the development of HBCs at P0. (A) p63 wild-type
OE displays normal development of p63(+)/K14(+) HBCs, comparable to the
parent C57/B6 line used in Figure 1. (B) p63 heterozygous OE displays reduction
in p63(+) cells and a delay in HBC formation. (C) p63 knockout OE contains no
p63(+)/K14(+) HBCs. (D, D’) In WT OE, CD54, another marker of HBCs, is
expressed by K14(+) cells, i.e. cells above the basal lamina (marked by type IV
collagen). (E, E’) No CD54 staining is observed in the knockout OE above the
basal lamina. Cells within the lamina propria accompanying capillary loops as
they traverse the epithelium (asterisks) are CD54(+). Scale bars: (A-C) 50 µm.
(D, E) 10 µm.
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born. At this time point, K14
expression in the OE of p63 KO mice
is not readily detectable. p63(+) HBCs
are evident in the OE of the p63 Het
littermates, but are reduced in number
to 41% (± 9%) of WT, suggesting
that HBC development is delayed due
to haploinsufficiency (Fig. 5A-C).
The OE of p63 KO mice also lacks
detectable levels of another early HBC
Figure 6. Electron microscopy confirms the
absence of morphologically distinct HBCs in
p63 KO OE. (A) WT OE contains cells with
flattened HBC morphology and focal attachments
to the basal lamina (dotted line). These cells arch
over bundles of olfactory axons (Ax). A primary
cilium (PC) is visible on a dividing GBC. (B) In
p63 KO OE no HBCs are evident, in contrast to
WT (A). Instead, GBCs are directly apposed to,
but do not form focal attachments onto, the basal
lamina. GBCs do not arch over axon bundles.
Dashed line – basal lamina. Scale bar: 5 µm.

marker, CD54 (ICAM). The absence
of p63 in the KO animals does not
prevent expression of K14 and CD54
in other cell types: CD54-labeled cells
are evident within the lamina propria
and basal lamina-delimited capillary
loops that extend into the OE (Fig.
5D-E). K14 is expressed by patches of
cells within the tongue epithelium of

the knockout mice (not shown). Taken together the data suggest that timely morphological and
molecular HBC differentiation is absent in the OE of the p63-null mice.
To confirm that the lack of marker expression indicates an absence of morphologically
distinct HBCs we assessed the basal population of the p63 WT vs. KO OE by transmission
electron microscopy. WT OE contains flat cells with scant cytoplasm and foot processes that
contact the basal lamina, consistent with past ultra-structural analysis of HBCs (Graziadei and
Graziadei, 1979b; Holbrook et al., 1995). In keeping with past reports (ibid), these HBCs arch
over bundles of axons (Fig. 6A). Cells with these morphological characteristics are not found in
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the p63 KO. Instead, we see round cells, some of which touch the basal lamina, but do not form
foot processes. Furthermore, axon bundles in the OE of p63 KO mice are not covered over by
the arching processes of basal cells as they are in the WT (Fig. 6B). Taken together the above
data demonstrate that p63 is necessary for differentiation of HBCs from a placodally-derived
progenitor population.
Strikingly, the other cellular constituents of the OE are grossly normal in the p63 KO,
including neurons (expressing neuron-specific tubulin and labeled with Tuj1), cells of Bowman’s
glands and ducts (expressing Sox9 and K18), and Sus cells (expressing Sox2 and K18) (Fig.
7A-D). The neuronal population in the KO OE can be subdivided into mature, OMP(+), and
immature, GAP43(+), groups in roughly the same number and proportion as WT OE, indicating
that neurogenesis is not disrupted by p63 knockout (Fig. 7E, F). Moreover OMP(+) olfactory
axons fill the glomeruli of the olfactory bulb in the KO mice, suggesting that the bulb is also
innervated more or less appropriately in the absence of p63 (data not shown). We did observe
a subtle abnormality in the development of Bowman’s glands and ducts. Whereas the glands/
ducts project well into the lamina propria of the WT OE at birth (Fig. 7A, C, white arrows),
their extension below the basal lamina is stunted in the KO mucosa. In the KO mice, some
glands push into the lamina propria, but Sox9(+)/K18(+) cells with gland morphology are often
clustered in the OE superficial to the basal lamina (marked by Type IV collagen) (Fig. 7B,D,
black arrows). Clusters like this are rarely if ever seen in the WT OE. Since p63 can regulate
production of components of the basal lamina in the epidermis, it is possible that the absence of
HBCs may cause defects in the olfactory basal lamina that may inhibit proper extension of gland
cells into the lamina propria during development (Koster et al., 2007).
We also assayed for the presence of progenitor cell populations in the knockout OE using
the markers described earlier. Sox2 protein is expressed in the Sus and basal cells of p63 KO OE,
however the number of Sox2(+) cells is diminished in the KO compared to WT. Since HBCs are
Sox2(+), this decrease can be accounted for by the absence of HBCs in the KO described above
(Fig. 7G,H). Similarly, fewer basal cells in the p63 KO OE express Hes1, which is still expressed
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Figure 7. With the exception of the HBCs, the cell types and epithelial architecture emerge
normally in the p63 KO OE. (A, B) Both WT and KO OE contain Tuj1(+) neurons and K18(+)
Sus cells. K18 also marks Bowman’s ducts/glands. In the WT these cells extend into the lamina
propria as mature glands (white arrows). In the KO, K18(+) cells are frequently bunched above
the basal lamina (black arrows). (C, D) Sox9, another marker of duct/gland cells, is expressed
in normal glands in the lamina propriat of the WT mucosa. In the KO, piles of Sox9(+) cells
accumulate above the basal lamina in the epithelium proper. (E, F) Neurons in WT and KO OE
are roughly equivalent in the proportion of immature OSNs (GAP43[+] and basally situated) vs.
mature OSNs (OMP[+] and apically placed). (G, H) Sox2 is expressed in Sus cells of WT and
KO OE. In the basal cell compartment, fewer Sox2(+) cells can be seen in the KO than in the
WT. (I, J) Fewer Hes1(+) cells are present in the basal OE of p63 KO OE. (K, L) Ascl1(+) cells
are equally abundant in WT and KO OE. Type IV collagen marks the basal lamina in (C, D, GL). Scale bars: 50 µm, and 10 µm for insets.
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in developing HBCs at this stage (Fig. 7I,J). Expression of Ascl1 and of NeuroD1, markers of
early and late neural precursor cells, respectively, does not significantly differ between knockout
and wild-type animals (Fig. 7K,L and data not shown). In addition, we examined the expression
of the olfactory ensheathing cell marker, brain lipid-binding protein (BLBP), to assess presence
of OECs (Fig. 8A,B), and of the fibroblast marker Thy1 to assess the status of the fibroblastic
cells of the lamina propria (Fig. 8C,D). Our examination of the latter was motivated by recent
demonstrations that a stem-like cell is present within the mesenchymal elements deep to the
OE. However, no differences were observed between the KO and wild-type with regard to the
distribution of these cell types, nor to the rate of their proliferation as assessed by Ki67 staining.

Figure 8. LP cells and OECs develop normally in p63 knockout animals. The LP of both WT
(A) and p63 KO (B) OE contains morphologically differentiated OECs that stain for the marker
BLBP, and envelop mature, OMP(+) OSNs. In addition, the LP of both WT (C) and p63 KO (D)
OE contains Thy1(+) fibroblasts. In addition, the proliferation rates between WT (C) and p63 KO
(D) in LP and OE are equivalent as assayed by the proliferation marker Ki67.
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p63 is required specifically for HBC differentiation and not for release of OPP/GBCs from an
immature phenotype.
There are two likely interpretations of the data thus far: (1) p63 is required to actively
drive the differentiation of HBCs from a subset of OPP/GBCs induced to express p63 by unkown
mechanism(s). (2) p63 is required to release a subclass of OPP/GBCs from an immature state,
and allow them to differentiate. In the first case, OPP/GBCs induced to express the p63 locus in
the knock-out would simply adopt an alternate cell fate. In the second case, any OPP that might
be induced to express the p63 locus in the knockout would not differentiate and would instead
remain immature. To distinguish between these possibilities we analyzed a ∆Np63 knock-in
mouse model in which the ∆Np63 specific exon has been replaced by the Green Fluorescent
Protein (∆Np63GFP). Homozygous mice are thus null for the ΔNp63 gene product, but retain
expression of TAp63 (Romano et al., manuscript in preparation). In the OE, skin, and limbs,
among other tissues, the ΔNp63GFP–/– mice phenocopy the mutant mouse strain presented above,
in which both forms are eliminated, once again validating the criticality of the ΔNp63 isoform vs.
TAp63 in the OE.
To determine the cell fate of OPP/GBCs that are pushed to express ΔNp63, but cannot
do so as a result of gene deletion, we analyzed GFP perdurance in the ΔNp63GFP-/- OE at E18.5.
We find that the majority of GFP(+) cells at this age are CK18(+) and have the morphology
of either Sus or Bowman’s gland cells (Fig. 9A-A’’). The GFP(+) Sus cells are Sox2(+), while
the GFP(+) gland cells are Sox2(-), which are their marker profiles in the normal OE (Fig. 9BB’’). Interestingly, none of the GFP(+) cells stained for PGP9.5 or Tuj1, suggesting that these
OPP/GBCs are committed to a non-neuronal lineage (Fig. 9C-C’’). Some GFP(+) cells did not
resemble Sus or gland cells and did not express the neuronal markers PGP9.5 or Tuj1, suggesting
that a subset of OPP/GBCs is still driven to express the ΔNp63 locus at this age (Fig. 9A, C, and
not shown). Taken together, our data strongly suggest that p63 functions actively to drive HBC
differentiation of a progenitor committed to making non-neuronal cells, rather than passively to
release OPP/GBCs from an uncommitted, immature state.
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Figure 9. OPP/GBCs differentiate into non-neuronal subtypes in the absence of p63.
(A) The OE of the ΔNp63-GFP–/– contains GFP(+)/CK18(+) cells that resemble Sus, duct
and Bowman’s gland cells (black arrows). However, some of the GFP(+) cells lack CK18
and are situated basal to the layer of Sus cells and most likely correspond to OPP/GBCs that
have more recently attempted to express the null ∆Np63GFP locus and have not yet had the
time to differentiate further to Sus or duct/gland cells (white arrows). (B) GFP(+) cells with
Sus morphology are Sox2(+), while GFP(+) cells with the flattened shape of duct cells or
the acinar arrangement of gland cells are Sox2(-), just like the mature cell types. (C) GFP(+)
cells are PGP9.5(-), suggesting that the GFP-marked OPPs are committed to a non-neuronal
lineage. Another example of a GFP(+) OPP/GBC is indicated (white arrow). Black arrows
– colocalization. White arrows – no colocalization. Scale bars: 50 µm (A), and 20 µm (B, C).

Recovery of ventral rat OE recapitulates the developmental sequence of HBC formation.
The rodent OE is lesioned by passive inhalation of the olfactotoxic gas methyl bromide
(MeBr) (Schwob et al., 1995). MeBr destroys the differentiated cells (neurons, Sus cells,
microvillar cells) of the OE, but spares a heterogeneous population of basal progenitor cells,
truncated ducts and damaged Bowman’s glands. The remaining cells are able to reconstitute the
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epithelium fully in 2-3 weeks. However, the response of HBCs to the toxin is subtly different
in rat vs. mouse OE, which provides an analytic advantage. We have previously shown that the
ventral domain of the MeBr-lesioned rat OE becomes almost completely devoid of K5/14(+)
HBCs by 1-3 days after exposure (Schwob et al., 1995). The HBCs then reappear progressively
between 3-14 days post-lesion (dpl). As such, regeneration of the ventral rat OE after lesion

Figure 10. p63 expression anticipates HBC differentiation in the regenerating ventral rat
OE. (A) Normal rat OE contains p63(+)/K14(+) HBCs (Fig. 1A). (B) At 1 day post MeBr
lesion (dpl) few if any p63(+) or K14(+) cells remain evident in the ventral part of the OE. (C)
As early as 3 dpl p63(+) cells can be observed at a remove from the basal lamina. (D) At 5 dpl
the population of HBC precursors expands. These precursors are rarely void of K14 protein, but
frequently express K14 at a lower level than mature HBCs. (E) At 7 dpl HBC precursors are still
settling down on the basal lamina. (F) Counts of differentiating HBCs during regeneration of the
ventral rat OE are significantly different as a function of time and cell type (Two-way ANOVA).
Asterisks indicate a statistically significant difference (**p<0.01) by comparison with the
previous time-point for the cell type indicated. Daggers indicate that normal OE is significantly
different from 1-2 dpl OE (†† p<0.01). Scale bars: 50 µm and 10 µm for insets.
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recapitulates development.
As expected, the number of p63(+)/K14(+) cells (HBCs) in the ventral OE drops off at
1 and 3 dpl as compared to normal OE (Fig. 10A,B). As regeneration proceeds from 3 to 5 dpl,
p63(+)/K14(-) cells (HBC progenitors) appear, although they are less numerous than during
embryonic development (Fig. 10C,D). Instead, most nascent p63(+) cells express low levels of
K14, suggesting that these cells are much quicker to express HBC cytokeratins than embryonic
HBC progenitors. Because it is difficult to discriminate cells that lack K14 expression from
those with very low levels of K14-labeling, we grouped p63(+)/K14(-) and p63(+)/K14(weak)
cells into a single category for purposes of the quantitative analysis (Fig. 10F). These “HBC
precursors” increase in number during the first 1.5 weeks of regeneration until a nearly mature
HBC layer is re-established by 2 weeks post-lesion (Fig. 10E,F). These data further validate a
role for p63 in maintaining a reserve stem cell population within the cellular dynamics of the OE.

p63 is transiently down-regulated in the regenerating OE
In contrast to the ventral OE of the rat, the mouse OE retains K14(+) basal cells after
MeBr lesion. However, we find that at 1 dpl many of these K14(+) cells are more lightly stained
for p63 as compared with normal OE (Fig. 11A,B). Because downregulation of p63 levels
appears to be a direct consequence of MeBr lesion we categorized the p63(-)/K14(+) cells in our
quantification as “activated HBCs”, while the p63(+)/K14(+) cells were classified as “quiescent
HBCs” (Fig. 11F). At 2 dpl K14(+) cells no longer form a monolayer but have accumulated to
several cell layers thick. At this time, some K14(+) basal cells have regained expression of p63,
but many more apically situated K14(+) cells are p63(-) (Fig. 11C). At 3 dpl all of the basal-most
cells of the regenerating OE strongly express p63, while the more apical p63(-)/K14(+) layer
continues to expands (Fig. 11D). The population of p63(-)/K14(+) cells remains prominent until
5 dpl, when their number begins to drop off. This drop-off continues 7-14 dpl until there are few
if any p63(-)/K14(+) cells present in the tissue (Fig. 11E,F).
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Figure 11. p63 protein levels are transiently down-regulated after MeBr lesion in the
mouse. (A) p63 and K14 staining in normal mouse HBCs (black arrows). (B) At 1 dpl K14(+)
cells are flat and directly apposed to the basal lamina, but have lower levels of p63 staining
(activated HBCs, white arrows). (C) At 2 dpl, a second layer of K14(+) cells is found apical to
the usual HBC layer. The apical cells are p63(-) (white arrows), while many of the basal-most
K14(+) cells have regained p63 protein expression (black arrows). (D) At 3 dpl the apical layer
of K14(+)/p63(-) cells has expanded, while all of the basal-most K14(+) cells now express high
levels of p63 protein. (E) By 7 dpl there are fewer activated HBCs. Most of the K14(+) cells
now sit directly on the basal lamina and express high levels of p63 protein. (F) Counts of normal
(p63+/K14+) and activated (p63-/K14+) HBCs in the recovering mouse OE. Asterisks indicate a
statistically significant difference (*p<0.01, **p<0.01, Two-way ANOVA) by comparison with
the previous time-point for the cell type indicated. Likewise, normal OE is significantly different
from 1-2 dpl OE (†† p<0.01). Scale bars: 50 µm and 10 µm for insets.
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DISCUSSION
Our results demonstrate that p63 is a key player in the emergence of HBCs during
development. The first definitive HBCs – p63(+)/K14(+) cells apposed to the basal lamina
– appear in the mouse OE at E17.5. Their formation accelerates after birth and the HBC layer
reaches confluency by P10. These data closely match prior descriptions in the rat (Holbrook
et al., 1995). Expression of p63 anticipates the appearance of definitive HBCs in the embryo;
p63(+) cells at this stage are slow-cycling, Sox2(+), GBC-like, HBC progenitors some of
which are marked by Ascl1 at an early stage and many of which express Hes1 later (Fig. 12A).
Moreover, HBCs do not form in the absence of p63. We also show that p63’s role in driving
HBC differentiation in the OE appears to be conserved well into adult life. In the regenerating
ventral rat OE, p63 expression recapitulates development by anticipating the re-appearance of
dormant HBCs. Conversely, we provide evidence suggesting that down-regulation of p63 protein
by mature HBCs is a hallmark of their activation to multipotency (Fig. 12B).

Figure 12. Schematic of HBC
development and activation
after injury. (A) HBCs develop
from OPPs/GBCs in the embryo.
OPPs/GBCs may transiently
express Ascl1 in some cases
before turning on p63 and Hes1
to become HBC progenitors.
HBC progenitors then turn
on expression of K5/K14 and
flatten against the basal lamina.
(B) After severe injury to the
OE, such as caused by MeBr
expression, HBCs down-regulate
p63 as they become multipotent
progenitor cells.
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p63 is not necessary for development of a definitive olfactory epithelium.
To the best of our knowledge, our results are the first in which p63 is expressed by and
required for basal cells of a tissue, but is dispensable for the generation of all other cell types. In
contrast, loss of p63 expression elsewhere (specifically the ΔNp63 form, as in the OE) prevents
the formation of normal epithelia. For example, in addition to the disruption of the epidermis,
the prostatic bud, the thymic anlage, and the breast buds do not form in p63-null mice, nor is
there squamous differentiation of the utero-vaginal junction (Crum and McKeon, 2010; Mills et
al., 1999; Yang et al., 1999). These developmental abnormalities are commonly attributed to a
failure to form and/or maintain the basal cells of these tissues (Candi et al., 2007; McKeon and
Melino, 2007; Su et al., 2009). Our results in the OE suggest that p63 is a prerequisite for the
differentiation of a typical basal cell phenotype (flat cells directly apposed to the basal lamina
with strong K5/14 and CD54 expression), but does not direct the generation of the entire tissue.
In settings where cytokeratin-positive basal cells are obligate progenitors from which the tissue
forms, loss of p63 aborts tissue development. However, the cytokeratin-positive HBCs of the
OE (a pseudostratified epithelium) emerge later in development, after most of the architecture
of the mature tissue has been assembled. While our data indicate that HBCs are not necessary
for generating the OE de novo we cannot exclude an essential contributory role for HBCs to the
maintenance of the epithelium. It remains to be seen how loss of p63 and concurrent absence of
HBCs affects the OE later in life. Do HBCs eventually form via an alternate pathway, as they do
in the Ascl1 knockout (see below)? Is the OE less stable in the absence of a backup progenitor
population? Will the system exhibit functional/behavioral defects? Answers to these questions
will require the creation of an OE-specific knockout of the p63 gene.

HBCs develop from GBC-like progenitor cells.
We further characterized the p63(+) HBC progenitors using a wide array of markers
associated with OPPs and GBCs. In addition to a marker of multipotent GBCs and OPPs (Sox2)
we found that HBC progenitor cells also express factors that are usually associated with lineage
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commitment, Ascl1 (commitment to neuronal lineage) in small number and Hes1 (commitment
to Sus cell lineage) in a greater proportion. Moreover, the p63(+) cells may be transitioning
from Ascl1 expression to Hes1 expression (which persists in association with p63 and K14
during the first days of life). The substantial delay in p63 expression and HBC differentiation
in Ascl1 KO OE might reflect a lineage whereby most HBCs develop from Ascl1(+) precursor
cells that transition to express p63 and Hes1. However, HBCs do emerge to some extent in
Ascl1 KO OE, indicating that passage through an Ascl1(+) progenitor is not an obligatory step
in the differentiation of HBCs. We cannot rule out alternative pathways for HBC differentiation
at present. First, p63(+) progenitors may encompass distinct populations expressing Ascl1 vs.
Hes1 independently, rather than sequentially. Second, Ascl1(+)/p63(+) progenitors may give rise
to cells other than HBCs. Extensive lineage tracing of Ascl1(+), Hes1(+), and p63(+) cells will
be essential to clarify the significance of the marker co-localization observed here. However, the
data strongly indicate, that HBCs arise from cells that closely resemble adult GBCs, consistent
with past results (Chen et al., 2004; Schwob et al., 1995). Combined with our observations in
the lesioned-recovering rat OE, these data suggest a substantial flux amongst the basal stem/
progenitor cell compartments.

p63 regulates the cycling of progenitor cells from establishment to activation and the return to
dormancy.
Past work suggests that HBCs function as a reserve progenitor/stem cell population
capable of replenishing all the cell types of the epithelium throughout post-natal life (Carter
et al., 2004; Holbrook et al., 1995; Leung et al., 2007). However, their multipotency remains
largely dormant, i.e. they are incapable of engraftment following transplantation and give rise
only to themselves, for the most part, unless activated by severe epithelial injury (Chen et al.,
2004). Here we show that the sequential down- and then up-regulation of p63 expression is
tightly linked to the cycle of HBC activation and return to dormancy. Our findings in the MeBr
lesioned-recovering OE parallel observations in skin demonstrating that the transition from basal
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to suprabasal compartments is mediated by down-regulation of p63 via miR-203 expression
(Lena et al., 2008; Yi et al., 2008). Likewise, wound healing in humans is accompanied by a
transient down-regulation of p63 expression at the leading edge of the wound (Noszczyk and
Majewski, 2001).
While the molecular mechanisms of the basal to suprabasal phenotypic shift are not
fully understood, even in epidermis, p63 down-regulation appears to be required (Yi et al.,
2008). Direct targets of p63 in other epithelial tissues regulate cell adhesion, signal transduction
components, and cell cycle regulators. Loss of expression of these molecules would allow basal
cells to detach, migrate, and participate vigorously in regeneration and wound healing (Carroll
et al., 2006; Thepot et al., 2010; Yalcin-Ozuysal et al., 2010; Yang et al., 2006). While the genes
regulated by p63 in developing and adult HBCs are currently unknown, the potential downstream
targets identified in other systems may be relevant to HBC dynamics as well. In this study we
have looked at a number of genes already known to be direct targets of p63 including K5/14,
CD54 (ICAM), and Hes1(Kikuchi et al., 2004; Nguyen et al., 2006; Romano et al., 2009). The
initial expression of Hes1 (a gene that is directly repressed by p63 in keratinocytes; (Nguyen et
al., 2006) followed by its down-regulation during HBC maturation, illustrates that p63 targets
can be dynamic even within a single tissue. Interestingly, we have found that another p63 target,
Notch1, is expressed in adult HBCs (manuscript in preparation). Thus, identifying novel p63dependent transcription programs throughout OE development and regeneration is a natural next
step. An understanding of the mechanisms of HBC activation and return to quiescence will open
a promising avenue for regulating the flow between the various stem/multipotent progenitor
populations of the OE.

Concluding Remarks
The OE is unique in the vigor with which epithelial progenitor cells repopulate neurons
and non-neuronal cells for both tissue maintenance and regeneration. At least two multipotent
progenitor cell populations underlie this ability. As such, the OE is an ideal system for
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uncovering dynamics of stem cell transitions that may apply elsewhere. We have identified
p63 as a key transcription factor that may control the transition between stem cell types: p63
expression anticipates formation of the HBC reserve stem cell population, and p63 downregulation anticipates the activation of HBCs, seemingly back to GBCs. This pattern of p63
expression combined with our knockout analysis suggests that p63 is playing a linchpin role
in stem cell transitions and implicates it as a potential therapeutic target for inducing stem
cell activation. The OE of anosmic humans is characterized by swathes of aneuronal OE that
apparently lack GBCs but still retain HBCs (Holbrook et al., 2005). Similarly aneuronal OE is
observed in a transgenic mouse model where OMP-driven misexpression of the SV40 T-antigen
oncogene likely causes accelerated turnover (Largent et al., 1993). In these settings HBCs have
not been activated, and apparently cannot contribute to normal repair of the aneuronal tissue.
Such activation might be accomplished by down-regulating p63 in the OE of these patients.
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Table 1. Antibodies and staining protocols used in this study.
Primary
Antibody
Rb α-CK14
Rb α-CK18
Gt α-mouse

Source/Vendor
Labvision (Fremont,
CA)
Abcam (Cambridge,
MA)
R&D (Minneapolis,

MN)
CD54
Gt α-Collagen Southern Biotech
Type IV
Rb α-GAP43
Rb α-GFP
Rb α-Hes1

(Birmingham, AL)
Epitomics
(Burlingame, CA)
Abcam (Cambridge,
MA)
T. Sudo (Ito et al.,

Protocol

Cell Type(s) Marked

(1:500)  fluor-DαRb

HBCs

(1:300)  fluor-DαRb

Sus and Duct/Gland cells

(1:100)  fluor-DαGt

HBCs

(1:25)  fluor-DαGt

Basal lamina

(1:100)  fluor-DaRb

GFP

(1:10,000)  TSA 

GBCs (Sus progenitors),
Sus, Duct/Gland cells

2000) (gift)
BD Pharmingen (San

fluor-SA
(1:2000)  TSA 

(Ascl1)

Jose, CA)
Wako (from Frank

fluor-SA

Gt α-OMP

Margolis) (Richmond, (1:120)  fluor-DαGt
VA)

Mo α-p63

Cruz, CA)

Rb α-ΔNp63

S. Sinha (Romano et

(RR14)

al., 2006)

Rb α-PGP9.5
Gt α-Sox2

Ultraclone
(Burlington, NC)
Santa Cruz
Cell Signaling

Rb α-Sox2

Neurons

(1:1,000)  fluor-DaRb

Mo α-Mash1

Santa Cruz (Santa

Immature >> Mature

GBCs (neuronal progenitors)
Mature OSNs
HBCs, HBC progenitors,

(1:200)  fluor-DαMo

nascent HBCs. All p63
isoforms.
HBCs, HBC progenitors,

(1:50)  fluor-DαRb

nascent HBCs. Specific for
ΔNp63.

(1:1200)  fluor-DαRb
(1:80)  b DαGt 
fluor-SA

Technology (Danvers, (1:100)  fluor-DαRb
MA)
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All neurons
Sus cells, HBCs, GBCs
Sus cells, HBCs, GBCs.
Same pattern as Gt α-Sox2

Rb α-Sox9
Mo α-TuJ1

Millipore (Billerica,
MA)
Covance (Princeton,
NJ)

(1:500)  fluor-DαRb
(1:100)  fluor-DαMo

Duct/Gland, Microvillar
cells
Neuron-specific tubulin

A variety of fluorophores (fluors) were used. Green: Alexa-488. Red: Alexa-594
(epifluorescence) or Cy3 (confocal). Blue: AMCA. Alexa conjugated secondary Abs were used at
1:250. Cy3 conjugated reagents were used at 1:150 for directly conjugated secondary antibodies
or 1:750 for TSA. AMCA was used at 1:100. Rb – Rabbit. Mo – Mouse. Gt – Goat. TSA –
Tyramide Signal Amplification Kit from Perkin Elmer. b – Biotinylated secondary antibody.
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Chapter 3: Activating the Reserves
Temporal and mechanistic dynamics
of HBC activation
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ABSTRACT
Adult tissue stem cells can serve two general functions. They can be active and contribute
to the maintenance and regeneration of a tissue at the observed time point. Or they can lie in
reserve and contribute to the tissue only when activated, for example by injury, from their
dormancy. In the olfactory epithelium (OE) both of these functional stem cell types have been
reported. Globose Basal Cells (GBCs) act as the putative active stem cell population that can
give rise to all of the differentiated cells found in the normal tissue. Horizontal Basal Cells
(HBCs) act as the putative reserve stem cell population that remains dormant unless activated
by tissue injury to give rise to all of the differentiated cells of the OE. The appearance and
maintenance of the HBC population requires the presence of the transcription factor p63. Here
we demonstrate that HBC activation is an early event following injury by the olfactotoxic gas
methyl bromide (MeBr). This activation is coincident with the downregulation of p63, but
anticipates HBC proliferation. We also use gain- and loss-of-functions approaches to show that
this downregulation of p63 is necessary and sufficient for HBC activation. Finally, we analyzed
the dynamics and potency of the progeny derived from activated HBCs. Our analysis indicates
that activated HBCs can give rise to self-renewing, multipotent active stem cells, and suggests
that p63 regulates the reserveness, but not the stemness of HBCs.
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INTRODUCTION
While the existence of adult tissue stem cells has been suspected for over a century
(Maximow, 2009), identification of such stem cells has been complicated by low abundance,
inaccessibility, and cellular heterogeneity. In the 1960s Till and McCulloch used transplantation
of bone marrow-derived cells to demonstrate the two key features of stem cells: multipotency
and self-renewal (Becker et al., 1963; Siminovitch et al., 1963; Siminovitch et al., 1964). More
recently, transplantation assays have been combined with prospective FACS purification, in vitro
culture systems, retroviral lineage tracing, and genetic lineage tracing to identify specific stem
cell populations in a wide range of tissues including the hematopoietic system, gastrointestinal
tract, CNS, epidermis, and olfactory epithelium (Barker and Clevers, 2007; Barker et al., 2008;
Chen et al., 2004; Doetsch et al., 1999; Iscove and Nawa, 1997; Leung et al., 2007; Price et al.,
1987).
The success of these and other studies has yielded a somewhat unexpected result:
tissue stem cells are not only common, but also very heterogeneous. Multiple molecularly and
morphologically distinct cell types within a given tissue may satisfy even the most stringent
criteria of stemness. At least two functional classes of adult stem cells can be discerned in a
variety of tissues. The first class is mitotically active and is essential for the normal maintenance
of many adult tissues. The second class is characterized by quiescence that can be assayed by
retention of histone or thymidine analogue labels. In contrast to the active cells this class does
not always constitutively contribute to the tissue, but can be activated (for example by injury)
to aid in tissue regeneration and maintenance (Goritz and Frisen, 2012; Grompe, 2012; Li and
Clevers, 2010).
The dynamics between reserve (also referred to as facultative or latent) and active or
constitutive stem cells have been well characterized in the villi of the small intestine and in the
CNS (Barker et al., 2008; Carlen et al., 2009; Goritz and Frisen, 2012; Tian et al., 2011; Yan et
al., 2012). For example in the small intestine, quiescent stem cells at the +4 position have been
reported by Potten et al since the 1970s (Potten et al., 1974). Recent studies have indicated that
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an alternate, actively cycling Lgr5(+) stem cell population is present at the base of the crypt
(Barker et al., 2007). Lgr5(+) cells give rise to full villi (including +4 cells) under homeostatic
conditions, but when Lgr5(+) cells are depleted by irradiation or by expression of a Diphtheria
Toxin Receptor transgene, the +4, Bmi1(+) stem cells can regenerate the villi and give rise
to new Lgr5(+) cells (Tian et al., 2011; Yan et al., 2012). Thus, at least in the intestine, there
is a dynamic, functionally significant flux between active and reserve stem cell populations.
However, the molecular mechanisms that regulate such dynamics remain poorly understood.
The olfactory epithelium (OE) provides a unique system to study the dynamics between
active and reserve stem cells. The extensive neurogenic and regenerative capacity of the OE
persists throughout adult life and is unmatched by any other site in the body (Graziadei and
Graziadei, 1979a; Graziadei and Graziadei, 1979b). The OE is also much more accessible than
other sites of adult neurogenesis such as the subventricular or subgranular zones of the CNS.
This accessibility is not only promising for downstream clinical applications (OE biopsy is
a simple, outpatient procedure that can yield an expandable source of neurocompetent stem
cells) (Lovell et al., 1982), but is also an enormous experimental boon: stem cell assays such
as transplantation and retroviral manipulation can be performed with relative ease in the OE.
Finally, there are well-characterized lesion models that preferentially ablate certain differentiated
or even stem cell populations in the OE (Carr and Farbman, 1992; Schwob et al., 1995). These
lesion models and techniques have been successfully exploited in the identification of OE tissue
stem cells.
Two populations of putative stem cells are present in the OE. The active population,
Globose Basal Cells (GBCs), constitutes a heterogeneous set of lineage-committed and
uncommitted progenitor cells that persists throughout adult life (Caggiano et al., 1994; Chen
et al., 2004; Goldstein et al., 1998). GBCs are present at very early stages of embryonic
development and are morphologically, functionally, and molecularly analogous to the embryonic
olfactory placode progenitor cells (OPPs) (Guo et al., 2010; Manglapus et al., 2004). The
dormant population, Horizontal Basal Cells (HBCs), first appears perinatally at a time when the
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architecture and cellular constituents of the OE are fully formed (Holbrook et al., 1995; Packard
et al., 2011b). As expected from their quiescent status, HBCs are a reserve population that does
not contribute to the tissue under normal circumstances, but can become activated by severe
injury to give rise to all of the cellular components of the OE during regeneration (Leung et al.,
2007).
What are the stem cell dynamics in the OE? We have previously shown that HBCs
originate from an OPP/GBC type of progenitor cell. These nascent HBCs express the
transcription factor p63 prior to acquiring the mature, flattened morphology and position of
adult HBCs. We also showed that p63 is necessary for the establishment of the reserve HBC
population, but is dispensable for the establishment of a normal OE. Finally, we demonstrated
that p63 protein is transiently downregulated during HBC activation following injury (Packard
et al., 2011b). More recently, Fletcher et al replicated some of our results and showed that
conditional knockout (cKO) of p63 in HBCs results in spontaneous activation and differentiation
(Fletcher et al., 2011). However, the precise role of p63 in dormant HBCs remains unclear. Does
p63 maintain HBC tissue totipotency, self-renewal, reserveness, or some combination of the
above?
In stratified epithelia such as epidermis, p63 is expressed in the basal stem cells. Mice
that have p63 knockout mutations fail to form stratified epithelia altogether (Mills et al., 1999;
Yang et al., 1999). Cell autonomous, induced ablation of p63 causes cell death, senescence, or
spontaneous differentiation depending on the cell type (Carroll et al., 2006; Keyes et al., 2005;
King et al., 2003). Based on these and other reports, a wide array of functions has been attributed
to p63 in basal stem cells including generation, maintenance, self-renewal, proliferation, and
differentiation. In most of the tissues under investigation p63 is essential for the existence of the
dominant stem cell population. In the absence of p63 the tissue simply does not form. As a result,
p63 is generally associated with a role in maintaining stemness by controlling the processes
described above.
Here, we build on our past findings that p63 is necessary for the establishment of a
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specific kind of stem cell (the HBC), but not other stem cells of the OE, by looking at HBC
activation. We first show that HBC activation in situ is one of the earliest events following injury.
Next we use gain- and loss-of-function studies to demonstrate that HBC activation depends on
the downregulation of p63 protein levels, while maintenance of HBCs depends on persistent
p63 expression. Finally, we explore the stem cell dynamics of activated HBCs to reveal that loss
of p63 is still consistent with long-lived multipotent cells. Our data validate the notion that p63
maintains HBC reserveness, but not stemness. The results provide important insight into the
molecular mechanisms of reserve stem cell activation, and demonstrate that a transcriptional
network that maintains active stem cells can also maintain reserve stem cells in a different tissue
context.
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MATERIALS AND METHODS

Animals and breeding
Wildtype F1 mice used in lesion, transplantation, and viral infection studies were bred
from C57/B6J and 129S1/Sv1MJ mice in house or ordered from Jackson Labs when necessary
(#101043). B6.GFP mice were purchased from Jackson Labs (C57BL/6-Tg(ACTB-EGFP)1Osb/
J; # 003291). K5CreERT2 mice were described elsewhere (Indra et al., 1999), and were
generously provided by P. Chambon and R. Reed. These mice were generated by a conventional
transgenic strategy, so we were unable to assess if the transgenic animals were homozygous or
heterozygous at the target locus. Therefore, we used any animals that had a positive genotype
for the CreER transgene. The floxed p63 mice (p63fl/fl) were kindly provided by A. Mills (Mills
et al., 2002). The Cre reporter strains R26R(LacZ) (B6.129S4-Gt(Rosa)26Sortm1Sor/J; #003474)
and R26R(TdTomato) (B6.Cg-Gt(ROSA)26Sortm9(CAG-TdTomato)Hze/J; #007909) were purchased
from Jackson Labs and then bred in house (Soriano, 1999). We used both homozygote and
heterozygous animals at the reporter loci in the experiments as we saw no qualitative difference
in the outcome. The cKO animals were bred as follows:
F1 generation: K5.CreERT2 x R26(LacZ)  K5.CreER;R26R(LacZ)
and

K5.CreERT2 x p63fl/fl 

K5.CreER;p63fl/+

F2 generation: K5.CreER;R26R(LacZ) x K5.CreER;p63fl/+  K5.CreER;p63fl/+;R26R(LacZ)
F3 generation: K5.CreER;p63fl/+;R26R(LacZ) x K5.CreER;p63fl/+;R26R(LacZ) 
K5.CreER;p63fl/+;R26R(LacZ) and K5.CreER;p63fl/fl;R26R(LacZ)
F4 generation and maintenance: K5.CreER;p63fl/+;R26R(LacZ) x K5.CreER;p63fl/fl;R26R(LacZ)

cKO animals with the R26R(TdTomato) reporter were then derived:
F1 generation: K5.CreER;p63fl/fl;R26R(LacZ) x K5.CreER;R26R(TdTomato) [from a K5.CreERT2
x R26(TdTomato)]  K5.CreER;p63fl/+;R26R(LacZ)/(TdTomato)
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F2 generation:
K5.CreER;p63fl/+;R26R(LacZ)/(TdTomato) x K5.CreER;p63fl/+;R26R(LacZ)/(TdTomato) 
K5.CreER;p63fl/+;R26R(TdTomato) and K5.CreER;p63fl/fl;R26R(TdTomato)
F3 generation and maintenance:
K5.CreER;p63fl/+;R26R(TdTomato) x K5.CreER;p63fl/fl;R26R(TdTomato)
All mice were maintained on ad libitum rodent chow and water. All animals were housed
in a heat- and humidity-controlled, AALAC-accredited vivarium operating under a 12:12-hour
light-dark cycle. All protocols of the use of vertebrate animals are approved by the Committee
for the Humane Use of Animals at Tufts University School of Medicine, where the animals were
housed and the experiments were conducted.

MeBr lesion
Animals were passively exposed to MeBr gas for 8 hours as previously described
(Schwob et al., 1995). Optimal lesion conditions in terms of extent of injury and regenerative
capacity were empirically determined for each strain individually. C57/B6.129 F1 mice were
exposed to 180 ppm MeBr in pure air at 12 weeks of age. The C57/B6-derived strains (i.e.
K5.CreER, p63fl/+, R26R(LacZ), R26R(TdTomato) mice) were exposed to 175 ppm MeBr in
pure air at 8 weeks of age. Unilateral lesions were performed by plugging the right naris with a 5
mm piece of PE10 tubing where the lumen of the tube was obstructed with a surgical knot of 7-0
suture thread and superglue.

Drug preparation and administration
Tamoxifen purchased from Sigma (#T5648) was dissolved in sterile corn oil at 30 mg/ml
by vortexing for 20 mins at 37°C. This solution was injected intraperitoneally (IP) at 50-300 mg/
kg as indicated. 4-hydroxytamoxifen purchased from Sigma (#H7904) was diluted to 20 mg/ml
in DMSO to make a stock solution. Immediately before IP injection, the stock was emulsified in
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corn oil to make a 5 mg/ml working solution. 5-Ethynyl-2’-deoxyuridine (EdU) purchased from
Invitrogen (#A10044) was dissolved in sterile PBS at 5 mg/ml and injected subcutaneously (SQ)
under the back skin at 25-50 mg/kg as indicated.

Tissue processing
At the indicated time points mice were anaesthetized by an IP injection of 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 1% PLP (1% PFA, 0.01M
monobasic and dibasic phosphates, 90mM Lysine, 0.1M Sodium periodate). After dissection
the tissue was post-fixed in 1% PLP under vacuum for 1 hour followed by decalcification in
saturated EDTA overnight. All tissue was cryoprotected in 30% sucrose in PBS, embedded in
OCT compound (Miles Inc., Elkhart, IN), and frozen in liquid nitrogen. 10 µm coronal sections
were generated on a Leica cryostat, mounted on “Plus” slides (Fischer Scientific) and stored at
-20°C until needed.

Tissue Dissociation
Donor animals were anaesthetized with IP injection of a triple cocktail of ketamine (37.5
mg/kg), xylazine (7.5 mg/kg), and acepromazine (1.25 mg/kg) and perfused with cold Low Ca2+
Ringer solution (140mM NaCl, 5mM KCl, 10mM HEPES, 1mM EDTA, 10mM glucose, 1mM
sodium pyruvate, pH7.2). The nose was dissected and placed in cold Low Ca2+ Ringer on ice.
After fine mincing the tissue was incubated in 0.05% Trypsin-EDTA for 15 minutes at 37°C until
it formed a sticky ball. The Trypsin-EDTA solution was discarded and replaced with an enzyme
cocktail containing (100 U/ml collagenase, 250 U/ml hyaluronidase, 75 U/ml DNase I, 0.1 mg/
ml trypsin inhibitor, 2.5 U/ml Dispase II, 5U/ml papain; from Worthington Biochemical, Roche,
and Sigma) in Ringer (140mM NaCl, 5mM KCl, 10mM HEPES, 1mM EDTA, 10mM glucose,
1mM sodium pyruvate, 1mM CaCl2, 1mM MgCl2, pH7.2). The tissue was incubated in enzyme
cocktail at 37°C for 30 minutes with light vortexing every 10 minutes followed by filtration
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through a 125 µm mesh, pelleting the cells, and filtration through a 35 µm mesh. The cells were
resuspended in DMEM + 2% FBS + 1% penicillin/streptomycin for transplantation or FACS.
Transplantation and retroviral infection
Host and infected animals were anaesthetized with a triple cocktail of ketamine (21.5
mg/kg), xylazine (4.3 mg/kg), acepromazine (0.7 mg/kg). The anterior neck was disinfected with
iodine and ethanol. A tracheotomy was then performed inferior to the thyroid gland in order to
maintain a patent airway. The palate was raised with a 3 cm piece of PE-100 tubing to close the
nasopharyngeal passage. 75 µl of resuspended cells or concentrated virus were introduced into
one nostril through a cannula made from PE-10 tubing until the solution could be seen exiting
the contralateral nostril. The mice were positioned at a lateral 45° angle, alternating sides every
45 minutes, to allow drainage of cells or virus into both lateral turbinates. After 3 hours the
solution was removed from the nasal cavity, the tracheotomy was sutured, and the mice were
placed on a warm pad overnight. After two weeks the animals were sacrificed as described
above.

Retroviral constructs and production
The murine stem cell virus (MSCV from Clontech) was used as a backbone to generate
the constructs (Grez et al., 1990). MSCV-IRES-GFP (MIG) was generated by replacing the PGK.
puro selection cassette with an IRES-GFP cassette. The IRES-GFP template was obtained from
pLIA-IRES-GFP provided by C. Cepko. The template was amplified using the following primers
that contained homology to the sequences flanking the EcoRI and ClaI restriction sites in MSCV.
puro: F: 5’-CGAGGTTAACGAATTCCTAACGTTACTGGCCGAAGC-3’ and
R: 5’- TCTTTTATTTTATCGATACTGTGCTGGCGCTTTACTT-3’. The amplified fragment was
inserted into MSCV.puro using Infusion Advantage enzyme from Clontech to generate the MIG
backbone. MIG-p63 was generated from this MIG backbone by cloning ΔNp63α into the BglII
and XhoI restriction sites upstream of the IRES-GFP sequence. Full length, murine ΔNp63α

85

cDNA was provided in the pCMV-HA plasmid by S. Sinha. The cDNA was amplified using
primers that contained homology to sequences flanking the BglII and XhoI restriction sites of
MIG:
F: 5’- CGCCGGAATTAGATCTCGCTCTTATGGCCATGGAGG-3’ and
R: 5’-ATTCGTTAACCTCGAGATCATGTCTGGATCCCCGC-3’.
Viral particles were produced by co-transfecting HEK293T cells with the retroviral
plasmid and the packaging vector pCL-Eco bearing the gag/pol/env genes (Addgene, #12371).
48 hours after transfection the supernatant was collected and concentrated 100 fold using the
Retro-Concentin reagent according to the manufacturer’s instructions (Systems Biosciences).

Histochemistry and immunohistochemistry
In order to visualize β-galactosidase expression, tissue sections were incubated in
a staining solution containing 5- bromo-4-chloro-3-indolyl-d-D-galactopyranoside (X-gal,
Sigma) overnight as described previously (Huard et al., 1998). After X-gal staining the slides
were subjected to the appropriate pretreatments and processed for immunostaining with 3,3’Diaminobenzidene (DAB).
The primary antibody dilutions and the details of their working conditions and detection
are listed in Table 1. Before immunostaining, tissue sections were rinsed in PBS to remove OCT
and subjected to antibody-specific pretreatments. The pretreatments include: dehydration and
rehydration in ethanol (70% > 95% > 100% > 95% > 70%, 1 minute each), steaming in 0.01M
citrate buffer (pH 6.0) for 10 minutes in a commercial food steamer, incubation in 0.005%
Trypsin-EDTA for five minutes, and/or incubation in 3% hydrogen peroxide in MeOH for 5
minutes. Sections were blocked with 10% donkey serum/5% non-fat dry milk/4% BSA/0.1%
TritonX-100 in PBS and incubated overnight in primary antibody. The following day the staining
was visualized using an array of methods as indicated in the table. Unless otherwise indicated,
blue represents the nuclear counterstain 4’,6-diamidino-2-phenylindole (DAPI).
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Imaging and quantification
Stained sections were imaged on a Zeiss 510 Confocal microscope in multi-tracking
mode or on a Nikon 800E epifluorescent microscope with a Spot RT2 digital camera. Image
preparation, assembly and analysis were performed in Photoshop CS2. In all photos, only
balance, contrast and evenness of the illumination were altered.
In order to quantify fluorescence coronal sections were sampled through the anteroposterior axis at each time point and stained for p63, K14, and DAPI. A single image that
contained both the lesioned and unlesioned sides was taken using the 40x objective. All of the
DAPI-stained nuclei in an image that were surrounded by K14 staining were outlined in ImageJ
for pixel intensity measurements. The average value on the lesioned side was then normalized to
the average value on the normal side of each section to correct for staining quality and exposure
time. These normalized values were averaged across all the sections in each animal and analyzed
in Graphpad Prism.
Cluster size, composition, and cell types were counted by direct observation with the
epifluorescent microscope. At least three animals were counted per condition examined, and
the data were analyzed by using Graphpad Prism software, with the appropriate statistical test
as indicated in the text. In all graphs mean values and standard error of the mean (s.e.m.) are
reported.
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RESULTS

Activated HBCs can be identified by their transplantation potential
We have previously demonstrated that, in contrast to GBCs, HBCs isolated from normal,
intact OE do not engraft and do not participate in epitheliopoiesis after transplantation into
MeBr-lesioned OE (Chen et al., 2004). Recent data have shown that HBCs remain unipotent,
and largely quiescent, unless they are first activated by severe tissue injury. After activation
by injury HBCs are able to contribute to the reconstitution of the various cell populations of
the OE (Leung et al., 2007). The process of HBC activation is accompanied by an increase in
proliferation that begins at 1 day post lesion (dpl), peaks at 3 dpl, and returns to normal by 57 dpl. However, the exact timeframe of the transition from reserve stem cell to active tissue
contributor remains unclear.

Figure 1. Diagram of transplantation paradigm. The donor HBCs are labeled in transgenic
K5.CreER;R26R(TdTomato) mice by administration of 300 mg/kg tamoxifen 3 weeks prior to
the transplant. The wildtype host mice and the 18hpl donor mice are exposed to MeBr 24 hours
before the transplant. The donor cells are dissociated from three K5.CreER;R26R(TdTomato)
hosts and a single B6.GFP mouse as a positive control, followed by intranasal infusion into the
tracheotomized host.
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In accordance with the expectation that activation will be manifest as a capacity to
engraft and participate in regeneration after transplantation, we used a transplantation assay
that allowed us to isolate HBCs at specific time points after MeBr injury to ask if and when
HBCs reach active multipotency after lesion. To label HBC donors, we administered 300
mg/kg tamoxifen to 5 week old K5.CreER;R26(TdTomato) animals. This approach resulted
in TdTomato expression in ~75±17% of HBCs and their progeny (in older animals tamoxifen
treatment is markedly less effective at labeling a high percentage of HBCs). Three weeks later, at
8 weeks of age, the tamoxifen-treated, experimental animals were exposed to MeBr as described
in the Materials and Methods, while the control animals were left unlesioned. We transplanted
dissociated olfactory mucosa from 3 donor K5.CreER;R26(TdTomato) animals/MeBr-lesioned
host. This high donor:host ratio was chosen to identify rare instances of activation in normal
OE that may have been missed in the past (Chen et al., 2004). As a positive technical control,
we mixed the K5.CreER;R26(TdTomato) donor cells with cells from the olfactory mucosa of
one, unlesioned B6.GFP mouse since the intact OE contains one or more multipotent stem cell
populations capable of engrafting and participating in epithelial regeneration (Chen et al., 2004)
(Figure 1). Each condition was repeated in three different B6.129 F1 hosts, which were lesioned
24 hours before the transplant.
Consistent with past HBC transplantation experiments, we observed only 17±4 engrafted
clusters of normal, TdTomato-labeled HBCs per host animal, two weeks after intranasal infusion.
A total of 52 engrafted clusters were found in the three transplantation host animals (Figure 2A).
These clusters were relatively small with an average of 2.2±0.5 cells/cluster (Figure 2B). Of
the 52 clusters, 23 clusters (44%) contained HBCs only, as assayed by morphology and K14 or
CD54 staining (Figure 2E), 15 clusters (29%) contained apical supporting cells only, as assayed
by morphology and Sox2 staining (Figure 2F), and 6 clusters (12%) contained basal cells and
supporting cells. Only 3 clusters (6%) contained neurons, and of those only 1 cluster (2%) was
found to contain OSNs and supporting cells (Figure 2C,D). This was in marked contrast to the
B6.GFP control cells, which engrafted and gave rise to many simple clusters (ones that consist of
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Figure 2. HBCs from 18 hpl, but not from normal OE can engraft and participate in
regeneration robustly. (A) The number of normal HBC-derived clusters/host is significantly
reduced compared to 18 hpl HBC-derived clusters, indicating poor engraftability. (B) The
normal HBC-derived clusters have significantly fewer cells/cluster as compared to 18 hpl
HBC-derived clusters. (C) Normal HBCs give rise to predominantly basal cells and Sus cells,
while 18 hpl HBCs have a significantly increased neurogenic potential while maintaining the
ability to regenerate basal and Sus cells. (D) Both normal and 18 hpl HBCs give rise to simple
clusters, (consisting of just one differentiated cell type), but only 18 hpl HBCs produce complex
(consisting of more than one differentiated cell type) clusters. (Cont. on next page)		
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Figure 3. Whole mucosa donors do not necessarily produce clonal clusters. An example of
mixing between a GFP-derived cluster (A), and an TdTomato(+) HBC-derived cluster (B). The
merged image (C), demonstrates that individual clusters are not necessarily clonal in origin.
Scale bar: 20 µm
one differentiated cell type), and complex clusters (ones that contain more than one differentiated
cell type) indicating that the transplantation was technically sound.
The relative paucity of graft-derived clusters from HBCs of intact mice stands in marked
contrast to the results obtained when labeled HBCs were isolated 18 hours post lesion (hpl). In
this case, engraftment is exceedingly robust with 527 TdTomato(+) clusters observed per host
animal (Figure 2A). The size of these clusters is dramatically increased compared to the normal
HBC grafts (27.4±8.3 cells/cluster vs 2.2±0.5 cells/cluster) (Figure 2B). The 18 hpl-derived
clusters included unipotent colonies consisting of OSNs only or supporting cells only, as well
as more complex colonies, which included combinations of OSNs, HBCs, GBCs, supporting
cells, and/or Bowman’s Duct/Glands (D/Gs) (Figure 2C, D, G-I). Thus, activated HBCs can be
identified by their engraftability and potency at a time that anticipates the proliferative burst
previously identified as a hallmark of activation. Unfortunately, the engrafted clusters often
contain both TdTomato(+) and GFP(+) cells indicating that the clusters are not clonal (Figure 3).
Figure 2. (from previous page) (E) Example of a simple, CD54(+), HBC-only cluster produced
by a normal HBC, and costained with CD54 (green) and PGP9.5 (blue). (F) Example of a
simple, Sox2(+), Sus-only cluster produced by normal HBCs, and costained with Sox2 (green)
and DAPI (blue). (G) Example of an 18 hpl HBC-derived, complex cluster, which contains
apical Sus cells and PGP9.5(+) OSNs, costained with CD54 and PGP9.5. (H) Example of an 18
hpl HBC-derived, complex cluster, which contains Sox2(+) Sus cells, morphologically distinct
neurons, and Sox2(+) basal cells, costained with Sox2 and DAPI. (I) Example of an 18 hpl HBCderived complex cluster, which contains morphologically distinct Sus cells and OSNs, as well as
a Sox9(+) D/G unit. Scale bar: 20 µm.
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Thus, we are unable to make any conclusion about the potency of individual engrafted HBCs,
but we can say that as a population HBCs can give rise to the full gamut of OE cell types.
HBC activation is coincident with p63 downregulation, but anticipates proliferation
We and others have demonstrated that p63 is transiently downregulated in HBCs after
injury (Fletcher et al., 2011; Packard et al., 2011b). In order to resolve the significance of this
downregulation with respect to HBC activation, we assayed the expression of p63 at 6 hour

Figure 4. HBC transplantability is correlated with p63 downregulation in situ. K14 and p63
staining in an acute time course after unilateral MeBr exposure. The lesioned side is on the top
of each panel, while the spared side is on the bottom. (A) At 12 hpl the OE is intact and there is
no difference between the lesion and spared sides. (B) At 18 hpl the lesion has evolved and p63
immunostaining is low on the lesioned side compared to the spared side. (C) At 24 hpl there are
still some HBCs with low p63 immunoreactivity, but there are also HBCs that have regained
increased expression of p63. (D) Quantification of p63 fluorescent intensity on the lesioned side
normalized to the normal (spared) side (*p<0.05, ANOVA). Scale bar: 20 µm.
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Figure 5. During regeneration, HBC activation anticipates HBC proliferation. At 18 hpl
there are virtually no proliferating, CD54(+) HBCs as assessed by the cell cycle marker Ki67
(A) or the mitotic marker pH3 (D). At 24 hpl CD54(+) HBCs begin to enter the cell cycle and
express Ki67 (B), but are not actively undergoing mitosis yet (E). At 3 dpl nearly the entire OE
is composed of CD54(+) cells that are in the cell cycle and express Ki67 (C). There are also
numerous cells, which are in mitosis at any given time and express pH3 (F). Scale bar: 20 µm.

intervals after unilateral MeBr lesion up to 24 hours. At 6 and 12 hours post lesion (hpl) the
lesioned epithelium remains attached, and we see no significant difference in p63 expression in
the lesioned side compared to the unlesioned side (Figure 4A,D, and not shown). At 18 hpl the
dead cells on the lesioned side have been shed, leaving a row or two of cells in contact with the
basal lamina. The remaining K14(+) HBCs have very low levels of p63 expression compared
to the unlesioned side (Figure 4B, D). At this time there are virtually no HBCs that stain for the
cell cycle marker Ki67 and the mitotic marker phosphorylated Histone3 (pH3) (Figure 5A,D).
At 24 hpl p63 expression in HBCs is highly variable: while in some K5/K14/CD54(+) cells p63
immunostaining remains low or undetectable, many others have regained strong expression
of p63 (Figure 4C, D). At this time many K5/K14/CD54(+) cells stain positively for Ki67,
but pH3(+) cells are still rare (Figure 5B, E). At 3 dpl, p63 expression returns to normal in the
basalmost K5/K14/CD54(+) cells, but is absent in the more apical layers as was previously
reported (Packard et al., 2011b). At this time nearly all K5/K14/CD54(+) cells stain for Ki67,
and pH3(+) HBCs can be commonly observed (Figure 5C, F). Interestingly, Ki67 and pH3
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expression as well as the incorporation of the thymidine analog EdU do not correlate with p63
expression at 2-3 dpl (Figure 6, and not shown). Thus, functional HBC activation, as assayed
by transplantation, strongly correlates with a downregulation of p63, but anticipates the high
proliferative potential of activated HBC that has been previously reported (Fletcher et al., 2011;
Leung et al., 2007).

Conditional knockout of p63
The p63 expression data and their
correlation with HBC activation as
manifest by transplantation, suggest that
p63 downregulation plays an important
Figure 6. Proliferation of HBCs does
not correlate with p63 expression. Acute
incorporation of EdU (right) demonstrates that
there are p63(+) cells that are actively cycling
and incorporate EdU (white), as well as p63(+)
cells that are not actively in the cell cycle and
are EdU(-) (magenta nuclei). Scale bar: 20 µm.

role in activation. In order to determine
whether p63 downregulation is sufficient
for HBC activation we used a p63fl/fl
allele to drive conditional knockout
(cKO) of p63 in normal (unlesioned)
K5.CreERT2 cells. Recombination events

were traced using either LacZ or TdTomato reporter transgenic strains, as was convenient for
technical, immunostaining purposes. All of the transgenic lines were maintained on a C57/B6
background, and no phenotypic differences were detected between the two reporter strains. In
these experiments, in order to approximate individual recombination events we administered a
low dose of 4-hydroxytamoxifen (~25 mg/kg) as was previously reported (Leung et al., 2007).
Animals were sacrificed 4, 7, 14, and 28 days after tamoxifen administration.
In accordance with the findings of Fletcher et al, we found that p63 cKO causes
spontaneous differentiation and a loss of HBC identity in affected HBCs, consistent with HBC
activation (Fletcher et al., 2011) (Figure 7A-C). As reported in that study the HBC-derived cells
following tamoxifen administration include differentiated OSNs, rare Sus cells, and basal cells
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(Figure 7D, E, F). We also observed other HBC-derived cells that have not been previously
reported. A significant proportion of X-gal(+) cells (2.7±0.9%) are morphologically distinct
Bowman’s D/G units, indicating that HBCs can readily differentiate along this lineage to give
rise to entire D/G units de novo (Figure 7G). We also investigated the identity of the apical, nonOSN, X-gal(+) cells, and found that many of them stain positive for the microvillar cell marker
TrpM5 (Figure 7H). While comparison of the overall proportions of microvillar cells to Sus
cells is complicated by technical considerations, we have observed that most of the apical cells
are likely to be microvillar cells, suggesting that the differentiation of these cells may be more
favorable in the context of the normal OE than was previously thought. The ready differentiation
of HBCs into microvillar cells also expands on the previously reported potency of HBCs, and
suggests that microvillar cells play an integral role in the maintenance of the intact OE.
The data thus far indicate that dormant HBCs can be experimentally activated in a normal
context by downregulating p63. Upon closer inspection we observed that many HBC-derived
cells were located at a remove from the basement layer and stained for the neuronal marker
PGP9.5 (Figure 7D), but are unable to progress past the immature neuronal stage as indicated
by the absence of dendrites and OMP immunopositivity, which are normally elaborated within a
few days after neuronal birth (Figure 7F). These neurons do not conform to the normal pathway
of OSN maturation seen in the intact OE or in the OE after OSN-depleting lesions such as MeBr
exposure or olfactory bulbectomy (Iwema and Schwob, 2003; Schwob et al., 1992; Schwob
et al., 1995). Such cells persist as late as 28 days after tamoxifen induction, indicating that the
differentiation of experimentally activated HBCs in intact tissue does not completely recapitulate
that observed in HBCs activated by injury (Leung et al., 2007) (Figure 7F). The presence and
persistence of OSNs that cannot progress to maturity, supports the notion that the differentiation
of progenitor cells is regulated by the needs of the tissue. In the intact OE there is no need for
additional HBC-derived neurons, therefore ectopic activation produces a sort of progenitor
overload that inhibits complete differentiation and functional maturation of all of the HBCderived progeny.
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Figure 7. Conditional knockout of p63 in normal HBCs results in dose dependent
spontaneous activation. (A) Wildtype, K5.CreER; R26R(LacZ), lineage tracing of HBCs
results in labeling of HBCs only. (B) Lineage tracing in p63 cKO animals results in labeling of
mostly non-HBC cell types. (C) Quantification of HBC activation as % of X-gal(+) cells that are
K14(-), non-HBCs. Note that the K5.CreER;p63fl/+;R26R(LacZ) animals have significantly more
activation than the wildtype K5.CreER;R26R(LacZ) animals (*p<0.01, ANOVA, Bonferonni
correction). Four weeks after tamoxifen injection X-gal(+) cells include K14(-)/PGP9.5(-) GBCs
(D, arrows) (Cont. on next page) 									
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In addition to the findings in the homozygote, K5.CreER;p63fl/fl;R26R(LacZ) animals,
we found that heterozygote, K5.CreER;p63fl/+;R26R(LacZ) animals had a significantly higher
incidence of labeled non-HBC cells compared to wildtype, K5.CreER;R26R(LacZ) mice
(Figure 7C). In the OE of wildtype mice only 0.88±0.5% of the labeled cells lack HBC identity
(assayed by K14 staining), as is expected from past reports (Iwai et al., 2008; Leung et al., 2007).
By contrast, in the OE of heterozygote mice 14.3±3.6% of labeled cells lack HBC identity,
indicating that HBCs are sensitive to p63 gene dosage in their fate decisions. As expected, the
heterozygote activation rate is still much lower than the homozygote activation rate of 91±2.1%
non-HBCs, yet this leaves the homozygote OE with 9% HBCs among the labeled cells (Figure
7C). Upon closer inspection we found that all of these residual K14(+) cells retain expression of
p63 protein. This might indicate high protein stability or incomplete Cre recombination. Because
such cells are present even at 28 days after tamoxifen administration we suspect that these
K14(+) cells retain their HBC identity due to incomplete recombination rather than p63 protein
stability (Figure 7I). These data are consistent with our developmental studies, which showed
that genetic p63 knockout was not compatible with HBC cell fate (Packard et al., 2011b).

Overexpression of p63 inhibits HBC activation
So far, the data strongly indicate that downregulation of p63 causes HBC activation,
as manifested by their potency following transplantation or following p63 cKO in situ in an
otherwise normal OE (i.e. the sufficiency criterion for p63 downregulation is satisfied). However
the data, as they stand, are insufficient to conclude that p63 is the master regulator responsible
for the transitions of HBCs between quiescence, activation, and back again. Thus, it is possible
that p63 downregulation is just one mechanism downstream of a more upstream regulatory

Figure 7. (from previous page) Sox2(+), apical Sus cells (E, arrow), OMP(-) immature OSNs
(F, arrow), full Bowman’s duct and gland units (G, arrow), and TrpM5(+) microvillar cells (H,
arrow). (I) All of the X-gal(+) basal cells with HBC morphology still stain for p63 (arrows),
indicating that, despite their X-gal label, they did not lose p63. Scale bars: (A), (B): 50 µm;
(A’),(B’): 20 µm; (D-F): 20 µm; (G-I): 20 µm.
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mechanism. A more rigorous proof is required to determine if p63 downregulation is required for
activation, inhibition of self-renewal, or both (i.e. the necessity criterion for p63 downregulation
must be satisfied). For example, if p63 is necessary to prevent HBC activation then the
proliferating p63(+) HBCs are not necessarily activated, but are able to divide symmetrically to
produce more HBCs. This may still represent a response to lesion, as HBC proliferation rates are
very low even as they emerge perinatally (Packard et al., 2011b).
In order to test the full functional significance of p63 downregulation after injury we
overexpressed ΔNp63α in the dividing cells of the OE 24 hpl using a retroviral vector marked
with IRES-GFP to label infected cells and their progeny (Figure 8A). Previous studies indicate
that this approach will result in scattered groups of labeled cells, and that each group of cells
arose clonally from a single progenitor (Huard et al., 1998). The dividing target cells 24 hpl are
heterogeneous and include K14(+) HBCs, K14(-)/Sox2(+) GBCs, and K14(-)/Sox9(+) D/Gs
(Packard, 2010). Thus, this experiment tests the role of p63 overexpression both in preventing
activation of HBCs, and in its capacity to direct the fate of HBCs from non-HBC progenitor
cells. Animals infected with the experimental vector, MIG-p63, or the empty vector, MIG, were
sacrificed two weeks after infection and analyzed for clone size and composition (Figure 8A).

Figure 8. (from previous page). Retroviral overexpression of p63 suppresses activation.
(A) Diagram of the viral constructs (the empty vector, MIG; and the experimental vector, MIGp63) and experimental timeline. (B) MIG-p63 significantly suppresses amplification of infected
progenitors, as evidenced by the final clone size (p<0.0001, two-tailed t-test). (C) Representative
OSN and basal cell clone derived from a MIG-infected progenitor and stained with K14. (D)
Representative complex clone with OSNs, Sus cells, and basal cells derived from a MIG-infected
progenitor and stained with PGP9.5. (E,F) Representative HBC-only clones derived from MIGp63-infected progenitors, and stained with K14 (E), and PGP9.5 (F). (G) Quantification of the
cell type distribution as a function of contribution to individual clones (left) or total cell type
distribution observed in all clones (right) (*p<0.05; ***p<0.0001, Kruskal-Wallis test). Scale
bar: 10 µm
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We found that MIG-p63 infected progenitor cells gave rise to much smaller clones
compared to the MIG control (9.3±2.6 vs. 77±8.3 cells/clone, p<0.0001, two-tailed t-test)
(Figure 8B). This suggests that p63 expression attenuates, but does not completely inhibit, the
proliferative potential of OE progenitor cells in a cell-autonomous manner. While it is formally
possible, that p63-infected cells have a higher rate of cell death compared to MIG-infected
cells this is unlikely, since p63 has been shown to inhibit senescence, anoikis, and apoptosis
in a variety of settings (Carroll et al., 2006; Hibi et al., 2000; Keyes et al., 2011). We further
analyzed the composition of the clones. We found that 74% of the characterized MIG-p63 clones
are composed of basal cells only. Upon closer examination, we found that all of the analyzed
basal cells are immunopositive for HBC markers such as K14 and CD54, and are PGP9.5(-)
(Figure 8E,F). On the other hand, MIG derived clones are heterogeneous and can be categorized
as differentiated/unipotent (composed of only OSNs or only Sus) or differentiated/multipotent
(composed of more than one differentiated cell), but only 1 out of the 50 characterized clones
(2%) was composed of basal cells alone (Figure 8C,D,G). When all of the cell types are grouped
independent of clone of origin, a similar pattern emerges: MIG-p63 infected clones rarely
differentiate into OSNs (11% of progeny compared to 65% in MIG-derived cells) or Sus cells
(4% vs 11%), while MIG infected clones reflect the full plastic heterogeneity of proliferating
cells at 24 hpl, which closely matches the data obtained previously using retroviral lineage
tracing after MeBr lesion in rats (Huard et al., 1998) (Figure 8G). These findings demonstrate
that p63 overexpression inhibits HBC activation, and promotes adoption or maintenance of an
HBC phenotype in most, but not all progenitor cells. Thus, p63 downregulation is necessary for
proper HBC activation, and p63 protein is necessary for the maintenance and/or self-renewal
of the HBC population, however it is unclear from these data what effect p63 cKO has on the
stemness of the HBC-derived progeny.
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Figure 9. Dynamics of HBC-derived progenitor cells. (A) There is no statistically significant
difference in activated HBC-derived progeny between 4 days and 4 weeks post-tamoxifen
injection (4 dp and 4 wp, respectively) (2 way ANOVA). (B) Timeline of EdU pulse-chase
experiment. EdU was administered to K5.CreER;p63fl/fl;R26R(TdTomato) animals 3-4 weeks of
age. Daily 25 mg/kg EdU doses were administered SQ for the first 4 days following tamoxifen
injection. The OE was analyzed 7 days after the last EdU injection (11 days post tamoxifen). (CC’’) Different pseudocoloring schemes of the same section of OE. EdU(+) OSNs were generated
in the first four days following tamoxifen injection (C), however they do not trace their lineage
from TdTomato(+), HBC-derived cells (C’). Instead, the TdTomato(+) cells, maintain a robust
CD54(-)/PGP9.5(-) GBC population that can continue to generate immature neurons during the
time frame of the experiment (C’’).

Analysis of the dynamics of epithelial cell generation following p63 cKO reveals persistence of
multipotent stem cells for an extended period of time.
As previously mentioned, we analyzed the results of p63 cKO up to 28 days after
tamoxifen induction. We found that there is no statistically significant difference in the
proportion of HBCs, GBCs, OSNs, supporting cells, and D/G cells among labeled, cKOderived cells between 4 days and 28 days (Figure 9A). In particular, GBCs persist throughout
this timeframe with no significant increase in the proportion of marked OSNs, which would be
expected if the newly generated neurons persisted for any length of time. In order to understand
the dynamics of in situ activated HBCs, we performed EdU pulse-chase experiments. Daily EdU
doses administered to homozygote, K5.CreER;p63fl/fl;R26R(TdTomato), cKO animals in the
first four days after tamoxifen induction were followed by a 7 day chase period before sacrifice
(Figure 9B).
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We found that the labelled cKO cells retain EdU(+) OSNs, but that these cells do not
express TdTomato indicating that they were not derived from the labeled HBCs (Figure 9C,D).
On the other hand, most TdTomato(+) differentiated cells (OSNs, Sus, D/G) do not stain for
EdU indicating that they were generated after the labeling pulse phase (Figure 9D,E). The
TdTomato(+) OSNs that did not retain EdU label correspond to the immature PGP9.5(+) cells
described above (Figure 7F), and do not appear to progress down the normal OSN maturation
pathway. In contrast, the EdU(+) OSNs have well-elaborated dendrites and progress to the more
apical/mature strata of the OE. We also found that the TdTomato(+) GBCs rarely retain the EdU
label after the chase phase, and that those GBCs that do retain EdU staining do so at highly
diluted levels, indicating that they have undergone a number of cell divisions (Figure 9D, E, and
not shown). The data suggest that experimentally activated HBCs produce dividing progenitor
cells that maintain their population and their potency. However, the differentiated cells produced
by HBCs activated in situ rarely incorporate into the tissue, perhaps because the needs of the
tissue are not sufficient to incorporate new neurons from an alternate progenitor source.

Transplantation of HBC-derived multipotent cells
The persistent neurogenesis by labeled progenitor cells suggests that HBC-derived
cells remain alive and multipotent for an extended period. However, the presence of intact
OE limits our ability to assess the full functional capacity of HBC-derived multipotent cells.
As a consequence, and given the ability of GBCs from normal OE to function as multipotent
progenitors after transplantation, we transplanted these labelled cells from homozygote
K5.CreER;p63fl/fl;R26R(TdTomato) animals into lesioned B6.129 F1 hosts. Homozygote, donor
animals were treated with 300 mg/kg tamoxifen 28 days before transplantation at 4-5 weeks
old. In these experiments we used a donor:host ratio of 2:1, since we were not concerned with
the low frequency engraftment of dormant HBCs (Figure 10A). As in previous transplantation
experiments, each host also received the olfactory mucosa of a B6.GFP animal as a positive
control. Analysis was performed two weeks after transplantation.
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Figure 10. HBC-derived cells persist and can give rise to multipotent lineages following
transplantation. (A) Timeline of tamoxifen and 4 week chase followed by transplantation of
olfactory mucosa from two K5.CreER;p63fl/fl;R26R(TdTomato) donor animals per host. (B)
Multipotent cluster with many Sus cells (white arrows), a few OSNs and a K14(-)/PGP9.5(-)
GBC (black arrow). (C) Multipotent cluster with many Sox2(+) Sus cells (white arrows) and
OSNs (white arrowheads). Scale bar: 20 µm.

As expected from our analysis of HBC-derived cell dynamics, the KpT (Homo) cells
were able to engraft into wildtype hosts. The resultant clusters varied in size and included
unipotent clusters with only OSNs or Sus cells as well as multipotent clusters with OSNs,
Sus, and sometimes basal cells (Figure 10B, C). Moreover, the OSNs that were derived from
p63 cKO cells elaborated dendrites and were present in more apical/mature layers of the OE,
demonstrating a commitment to neuronal maturation (Figure 10C). As before, we were unable
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to determine single-cell potency, due to the presence of GFP(+)/TdTomato(+) double-positive
clusters. However, the data do indicate that the cells derived from p63 cKO HBCs are able to
maintain stemness and engraftability for at least 4 weeks.

Figure 11. HBC-derived cells persist and can give rise to multipotent lineages following
MeBr lesion. (A) Timeline of tamoxifen and 4 week chase followed by MeBr exposure. The
animals were allowed to recover from MeBr lesion for two weeks. (B) β-gal(+) cells derived
from the K5.CreER;p63fl/+;R26R(LacZ) animals include PGP9.5(+) OSNs and Sus cells.
Labeled, CD54(+) HBCs persist in the activated clusters. (C) β-gal(+) cells derived from the
K5.CreER;p63fl/fl;R26R(LacZ) animals also include PGP9.5(+) OSNs and Sus cells, however
CD54(+) HBCs are lacking, as expected from past analysis of the cKO. The regenerating βgal(+) OE in the homozygote is much thinner than in the heterozygote. Possible reasons for this
are discussed in the text. Scale bar: 20 µm.

Functional analysis of HBC-derived multipotent cells after MeBr
Another means of testing the multipotency of HBC-derived cells, is to assess the capacity
of such cells to contribute to the reconstitution of the OE following MeBr lesion. To this end,
we administered 300 mg/kg cKO animals 4 weeks before MeBr exposure, and allowed the
animals to recover from the lesion for two weeks before being sacrificed (Figure 11A). As
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expected, the control, heterozygote, K5.CreER;p63fl/+;R26R(LacZ) derived cells were activated
by MeBr and gave rise to multipotent clusters that contain Sus, OSNs, HBCs, GBCs, and D/
Gs as reported previously (Leung et al., 2007) (Figure 11B). The homozygote, K5.CreER;
p63fl/fl;R26R(LacZ) cells also gave rise to multipotent clusters that contain Sus cells, OSNs,
and GBCs. In order to ensure that these multipotent clusters were not derived from residual,
reporter-marked, but p63(+), unrecombined HBCs (Figure 7I), we focused on clusters that were
completely free of CD54 staining (Figure 11C). These multipotent clusters were widespread
throughout the OE and retained GBCs, but were not as well integrated into the OE as the
heterozygote-derived cells. Specifically, they gave rise to thinner, but still neuronal areas of the
OE, and were often present as differentiated islands in otherwise aneuronal, LacZ(-), areas that
were not able to recover from the lesion in this time frame (Figure 11C). These data indicate that
HBC-derived multipotent stem cells are able to self-renew for up to 4 weeks after activation, and
can contribute, albeit in a limited degree, to regeneration of the OE.
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DISCUSSION
Our findings illustrate the contextual requirements of activation vs return to quiescience
of a population of reserve stem cells in the intact and regenerating OE. We have shown that
activation of HBCs can be efficiently assayed by isolating selectively labeled HBCs at specific
time points and transplanting them into normal hosts. Using this approach we were able to
demonstrate that HBC activation occurs early in the regenerative process. The earliest time of
HBC activation measured here, correlates with the downregulation of p63, but anticipates the
burst in proliferation that was previously suggested to be the hallmark of activation (Fletcher
et al., 2011; Leung et al., 2007). We have shown that p63 downregulation is necessary and
sufficient for the activation of dormant HBCs. However activation of this reserve stem cell
population does not necessarily lead to a global loss of stem cell capacity in the activated cells.
Taken together the data indicate that p63 is a master regulator of HBC reserveness, but is not
responsible for stemness in the OE.

The role of p63 in activation vs proliferation
Our finding that HBC activation is an early process that anticipates proliferation raises
the question of the role of p63 in proliferation. Previous studies have associated p63 with
maintaining the proliferative potential of thymic and epidermal stem cells (Parsa et al., 1999;
Senoo et al., 2007). For example, in the absence of p63 the thymus forms, but undergoes atrophy
by E19.5 due to the exhaustion and loss of proliferative capacity of the stem cell population
(Senoo et al., 2007). Other studies have found that, in HaCaT cells, p63 can promote quiescence
by binding and repressesing the transcription of a number of positive cell cycle regulators such as
cyclin B2, cdc2, and topoisomerase II, and activating the transcription of the negative cell cycle
regulator p57kip2 (Beretta et al., 2005; Testoni and Mantovani, 2006). On the other hand, p63 can
positively regulate expression of the oncogene c-myc to promote proliferation and neoplasia
in human keratinocytes (Wu et al., 2012). These data show that p63 regulates proliferation in a
complex and, most likely, context-dependent manner.
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While proliferation is a hallmark of active tissue stem cells (Li and Clevers, 2010),
our data indicate that functional activation is completed before the onset of entry into the cell
cycle and active mitosis. Past reports showed that nascent HBCs in the developing OE and
adult p63(+) HBCs are mostly non-proliferative (Leung et al., 2007; Packard et al., 2011b). Our
findings that retroviral overexpression of p63 attenuates clone size extend those observations
to indicate that p63 acts to reduce the rate of proliferation in HBCs, but does not block mitotic
progression in toto. For example, we see many proliferating, p63(+) cells at 2-5 dpl. Taken
together the results suggest that p63-mediated cell cycle control is context-dependent. While
normally suppressive to active cell cycling, p63 expression is compatible with a high rate of
proliferation in the mitogenic context of the regenerating OE. It remains to be seen whether p63
target genes change between these two environments. Thus, our results dissociate the causative
mechanism of reserve, HBC activation from the effect of upregulated proliferation seen in active
stem cells of the OE and other tissues.
It is important to mention that the proliferating CD54(+) cells are still activated, since
the high level of engraftability and multipotency persists as long as 2 days after lesion. In order
to demonstrate this, Adam Packard had used FACS-sorted CD54(+) cells (KT cells would
have differentiated into CD54(-) cells by this time) from B6.GFP animals 2 days after MeBr
exposure as transplantation donors. With this experimental paradigm, Adam observed a ~20
fold enhancement of engraftability, a ~50 fold increase in cluster size, and a dramatic increase
in clone complexity compared to unlesioned CD54(+) donor cells. Thus, proliferation is a
consequence of activation, and persists in active progenitor cells, but the activation process itself
is completed before the onset of proliferation.

The HBC reserve phenotype and p63 overexpression
We assessed the role of p63 overexpression in preventing HBC activation and directing
the HBC phenotype. Our data clearly indicate that there are significantly more HBCs and
significantly fewer differentiated cells of other types in clones derived from MIG-p63 infected
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cells compared to MIG-infected controls. However, we did see some clones that escaped this
effect of p63. There are two, not mutually exclusive, explanations for this observation. The
first explanation is that the pool of target cells at the time of infection is heterogeneous and
includes HBCs, GBCs, and D/G cells. Some of the GBC and D/G target cells may have had a
differentiation program in place by the time the viral transgene became expressed. These cells are
likely to be refractory to the effect of p63 if the native transcriptional context is strong enough.
The second explanation is that the effect of p63 expression is likely dose dependent (see below)
and depends on the overall transcriptional context of the infected cell. These interpretations
are relevant if we consider that p63 overexpression will not reach maximum levels until ~2448 hours after infection or 2-3 dpl, when most of the dividing cells in the regenerating OE will
have certain transcriptional differentiative programs in place. For example, Ascl1-dependent
neurogenesis and Hes1-dependent epitheliopoiesis reach maximal levels in this time frame
(Manglapus et al., 2004). In light of these confounding factors the magnitude of the effect of p63
in preventing HBC activation and promoting the HBC phenotype is especially striking.

Dose dependence of p63
We have previously reported that p63 heterozygotes have a developmental lag in the
appearance of HBCs (Packard et al., 2011b). Here we show that heterozygote, K5.CreER;
p63fl/+;R26R animals have a higher rate of HBC activation, compared to wildtype,
K5.CreER;R26R controls. Together these data indicate that HBC activation operates on a
context and gene-dosage dependent balance. A certain threshold level of p63 must be maintained
in order to generate and maintain HBCs. In this view, a set of maintenance signals stimulates
p63 expression under normal conditions when other cells can handle the needs of the tissue,
while another set of activating signals inhibits p63 expression under stress or injury conditions.
The decreased gene dosage in the HBCs of the heterozygote animals might effectively lower
the concentration of p63 closer to the threshold level in some cells, and lead to increased
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responsiveness to the activating signals that inhibit p63 expression. It is unclear whether the
haploinsufficiency phenotype is due to a global decrease in p63, or to reduced control over p63
levels that might lead to local variations in concentration. However, similar dose dependence can
be seen in the response of stem cells to other transcription factors such as Sox2, where subtle
experimental changes in expression levels due to genetic hypomorph alleles or doxycyclineinducible transgenes, can serve to maintain stemness or drive various lineages of differentiation
depending on the magnitude and direction of the expression change (Kopp et al., 2008; Que et
al., 2007; Taranova et al., 2006).
Identification of the signals that direct HBC maintenance and differentiation will be
critical to our understanding of HBC activation and consequent ability to utilize this reserve
stem cell population for its full neurogenic potential. For example, aging human OE can be
characterized by aneuronal swathes that lack GBCs, but maintain intact HBCs (Holbrook et
al., 2005). Elucidating the nature and contribution of upstream signals may reveal druggable
mechanisms for activating these reserve stem cells in vivo. Furthermore, HBCs provide a source
of neurocompetent stem cells that is present throughout adult life and is accessible by a simple
outpatient biopsy performed under local anesthesia (Lovell et al., 1982). The ability to use this
population by targeting activating mechanisms can provide a valuable tool in the modeling and
treatment of neurodegenerative diseases.

Activated HBCs can persist as multipotent stem cells for extended periods
By analyzing the differentiation dynamics of p63 cKO-derived cells and assaying their
potency by transplantation and regeneration we have shown that activated HBCs can give rise
to multipotent, long-lived cells even in the absence of p63. Together with our past report, which
showed that HBCs arise de novo from OPP/GBCs, the data indicate that the two putative stem
cell populations in the OE are dynamically linked in that one can give rise to the other. This
observation is important in considering the environmental mechanisms that mediate the changes
in stem cell identity in the OE and other tissues.
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Our results also suggest that the two stem cell populations of the OE may not be
equivalent, despite their ability to shift from reserve to active and back to reserve. This is seen
most clearly in the ability of HBC-derived, p63(-) progenitor cells to respond to injury. There are
several, not mutually exclusive, potential explanations for the altered morphology of the progeny
of these cells after lesion. One possibility is that there may be subtle differences in lesion
responsiveness as a consequence of homozygosity at the floxed p63 allele. We have previously
observed a strong strain-dependence in MeBr sensitivity, presumably due to the properties
of multiple genetic loci. It is formally possible that the altered DNA sequences at the floxed
transgene alter the MeBr sensitivity of the animals. Alternatively, it is possible that activation
of normal HBCs does not produce as many healthy non-HBC progenitors simply because they
are not necessary in the healthy tissue. This may be the same reason that so many HBC-derived
OSNs fail to mature. Finally, Leung et al have reported that the GBC population is likely to be
affected by MeBr lesion, such that they alone are insufficient to regenerate the injured tissue
(Leung et al., 2007). A third possibility, under these circumstances, is that the HBC-derived
GBCs are affected, but not destroyed, by the lesion in a way that limits their potency. The results
of the transplantation assay, support the notion that the HBC-derived progenitor cells remain
relatively healthy putative stem cells that are likely harmed by MeBr lesion. Whatever the
differences between active and dormant OE stem cells might be, the results of this study strongly
support the conclusion that, in the absence of p63, HBCs can give rise to multipotent progenitor
cells that can persist for an extended time.

HBCs as a model for understanding reserve stem cell activation
In addition to the OE, reserve stem cells have been identified and/or characterized in
diverse tissue types such as intestine, skin, hematopoietic system, and CNS (Carlen et al., 2009;
Li and Clevers, 2010; Tian et al., 2011; Yan et al., 2012). In the majority of cases it is known that
injury can serve to activate the stem cells. For example, irradiation of mice with a Bmi-1 lineage
tracing transgene demonstrates that Bmi-1(+) reserve cells in the crypts of the small intestine can
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regenerate entire villi including the active Lgr5(+) stem cell population. However, in this and
other cases it is unclear what cell autonomous and non-autonomous mechanisms maintain the
reserve phenotype or activate reserve stem cells.
Here we demonstrated that p63 serves as a cell-autonomous mechanism that regulates
HBC dormancy. Our data indicate that p63 is a central hub in the HBC maintenance and
activation networks, such that even partial downregulation of p63, as seen in the heterozygote,
K5.CreER;p63fl/+;R26R animals is sufficient to stimulate activation. Therefore, the reserve status
of dormant HBCs is maintained by the same cell autonomous mechanism that maintains active
stem cells in other epithelia such as epidermis, where p63 knockout animals fail to form an intact
tissue due to a defect in the generation of the K5/14(+) basal cells, which are the necessary stem
cell population for the formation of the tissue. However, in the OE, stem cells other than HBCs
(i.e. GBCs) are sufficient to generate and maintain the tissue, and p63 is necessary only for the
formation and maintenance of the reserve HBC population. On the other hand downregulation of
p63 is central to the differentiation of both epidermal stem cells and HBCs.
How is it possible that the same mechanism can control an active stem cell population
in one tissue and a reserve population in another? The answer likely lies in the context
dependency of p63. While it is hypothetically possible that the critical p63 level necessary for
stem cell maintenance is lower in epidermal basal cells compared to HBCs, this is unlikely
since epidermal basal cells express very high levels of p63 while maintaining rapid turnover
and differentiation levels. It is more likely that the balance of exogenous signals that stimulate
basal cell differentation is higher in the epidermis than in the OE. A number of such candidate
signaling pathways has emerged through the study of p63’s role in the skin including Notch
(Nguyen et al., 2006), Wnt (Romano et al., 2010), EGFR-PI(3)K (Barbieri et al., 2003), and NFκB (Sen et al., 2010). The balance of some or all of these pathways is likely to play a role in the
downregulation of p63 and HBC activation. Interestingly, Notch signaling plays a role in the
activation of ependymal reserve progenitor cells of the CNS after injury by stroke (Carlen et al.,
2009), however these cells are unable to self-renew after they contribute to regeneration so it is
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unclear how this mechanism might translate to activation in other reserve stem cell systems.
The notion that the same cell autonomous molecular mechanisms can maintain active
and reserve stem cells in a tissue context-dependent manner will be intriguing in looking at other
tisue stem cell systems. It will be interesting to see if the stem cells of the gastrointestinal tract
demonstrate a similar mechanistic conservation. Finally, while it is well accepted that exogenous
cell signaling pathways can have diverse actions depending on the cellular environment
due to dose-dependency and modularity, our study stresses the importance of defining the
environmental context of cell-autonomous molecular mechanisms. Identifying the set of
environmental cues that act on p63-expressing cells and elucidating their overall contribution to
maintaining active stem cells vs reserve stem cells will be the next step in understanding stem
cell transitions and utilizing them in a therapeutic context.
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Table 1. Antibodies and staining protocols used in this study.

Primary
Antibody
Ch α-β-gal

Source/Vendor

Protocol

Cell Type(s) Marked

Abcam (Cambridge, Pre-tx: Trypsin only.

MA)
(1:750) fluor-DαCh
Labvision (Fremont,
Rb α-CK14
(1:500)  fluor-DαRb
CA)
Gt α-mouse R&D (Minneapolis, (1:100)  fluor-DαGt or
CD54
Gt α-GFP
Rb α-Ki67
Gt α-OMP

Mo α-p63

MN)
(1:400)  bDαGt  fluor-SA
Abcam (Cambridge,
(1:100)  fluor-DαGt
MA)
Epitomics
(1:100)  fluor- DaRb
(Burlingame, CA)
Wako (from

LacZ(+) cells from Cremediated recombination.
HBCs.
HBCs.
MIG or MIG-p63-derived
cells.
Cells in the cell cycle.

Frank Margolis)

(1:400)  DAB

Mature OSNs.

(Richmond, VA)
Santa Cruz (Santa

Pre-Tx: Steam

All HBCs, except early

Cruz, CA)
(1:150)  bDαMo fluor-SA
Millipore (Billerica,
(1:300) fluor-DαRb
pH3(Ser10) MA)
(1:1200)  fluor-DαRb
Ultraclone
Rb αRb α-

PGP9.5

(Burlington, NC)

Gt α-Sox2

Santa Cruz

or (1:5000)  DAB
Pre-Tx: DNaseI + Steam or 30
mins 65°C
(1:25)  bDαGt  fluor-SA or

activated HBCs.
Cells in mitosis.
All neurons.

Sus cells, HBCs, GBCs.

DAB
Millipore (Billerica, Pre-Tx: Steam+EtOH

Duct/Gland, Microvillar

GP α-

MA)
Gift from E. Liman

(1:300)  bDαGt  fluor-SA

cells.

TrpM5

(USC, CA)

(1:400)  DAB

Microvillar cells

Rb α-Sox9
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KEY:
Antibody hosts:
Ch: Chicken
D: Donkey
GP: Guinea pig
Gt: Goat
Mo: Mouse
Rb: Rabbit
Antibody visualization:
Fluor: A variety of Alexa fluorophores were used from Jackson Immunologicals at 1:100.
These included Alexa 405,488, 546, 594, and 647.
DAB: The horseradish-peroxidase substrate diaminobenzidine was used for chromogenic
staining.
Tertiary reagent amplification: biotinylated secondary antibody (bDαX) was followed by
incubation in fluor-streptavidin (fluor-SA)
Pre-tx: Pretreatments
Trypsin – Pre-incubation of sections in 0.005% Trypsin-EDTA in PBS for 5 minutes,
followed by 3x 5 minute washes.
Steam – Cover sections with 0.01M Citrate, pH6, and Steam in a commercial food
steamer for 10 minutes.
30 mins 65°C – Put slides in Coplin jar with 0.01M Citrate, pH6, and put in 65°C
hybridization oven for 30 mins.
DNaseI – Treat sections with 500U/ml DNaseI in buffer (40 mM Tris–HCl, 10 mM
NaCl, 6 mM MgCl2, 10 mM CaCl2, pH 7.9) for 10 minutes. Wash 3x 5 minutes.
EtOH – Dehydrate and rehydrate slides through graded EtOH (70% 95% 100%
95%  70%), one minute each.
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Chapter 4: General Conclusions
and Future Directions
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GENERAL CONCLUSIONS AND DISCUSSION
The neurogenic capacity of the olfactory epithelium is unique in the extent to which its
neuronal population can be restored to function, a capacity necessitated by its vulnerability to
injury. In order to harness the full neurogenic potential of the OE one must first understand the
regulation of the stem cells responsible for the turnover and repair of the tissue. Until recently,
most of the research in the field has focused on identifying the stem cell populations involved. As
described earlier, these studies have identified two distinct populations of long-lived multipotent
progenitor cells: GBCs are an active population of stem cells, while HBCs are retained in reserve
until they are activated by injury.
In the introduction to this dissertation I posed two burning questions facing the study of
HBCs, the reserve stem cells in the OE. These two questions are broadly applicable to the study
of reserve tissue stem cells in general, and have informed the work described here:
1) What are the temporal, molecular, and morphological determinants of HBC generation
in the perinatal stages of development?
2) What are the temporal, molecular, and morphological determinants of HBC activation
by injury?
In Chapter 2 we addressed the first question. We showed that HBCs arise from OPP/
GBCs that induce expression of p63 by an, as yet, undetermined mechanism. These OPP/
GBCs can express Ascl1 early in development, then switch to express Hes1, and finally lose
Hes1 expression only after HBC development is completed at about 10-14 days of age. We
also showed that p63 is absolutely necessary for the establishment of HBCs, since the OE
of p63-/- mice completely lacks HBCs on the basis of morphological, ultrastructural, and
immunohistochemical assessment. Finally, we looked at the MeBr-lesioned/recovering OE to
compare and contrast our findings. In the ventral rat OE, where HBCs transiently disappear
after lesion, we found that HBCs re-emerge by a mechanism conserved from development
whereby GBCs express p63 before settling down to become mature HBCs again. In the mouse
OE, where HBCs persist throughout the recovery period, we found that p63 protein levels
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transiently decrease during the first day after lesion, but recover in the basal-most cells, which
retain their identity as HBCs for the remainder of the recovery period. Thus, p63 is necessary
for the formation of HBCs from upstream embryonic and adult progenitors. In addition to this
conclusion, a number of interesting points arise from these results.
First, the notion that HBCs, a reserve olfactory stem cell population, arise later in
development from a non-HBC embryonic or perinatal progenitor is likely to be conserved
among various reserve stem cell populations. Indeed, in the skin, the active basal stem cells of
the perifollicular epidermis form at E9 (Koster et al., 2007), while the first dermal signals for
development of hair follicles, a potential reserve site for epidermal regeneration, are not specified
until E14.5 (Ito et al., 2005; Millar, 2002). Similarly, in the CNS, the type B stem cells of the
SVZ, which are constitutive in the adult, are direct descendants of the ventricular zone radial
glia, and are specified at E12 (Hartfuss et al., 2001), while the ependymal reserve progenitor
cells do not appear until E14, but remain proliferative during development, before switching
to quiescence postnatally (Bruni, 1998). Finally, in the intestine, Lgr5(+) cells can be detected
as early as E15.5, however the embryonic appearance of Bmi1(+) cells or +4 position LRCs is
incompletely characterized. Given that the intestinal villi are still poorly defined at E15.5, it is
unlikely that a +4 position could be established this early in development (Garcia et al., 2009).
Our findings provide a mechanistic understanding of how HBCs can arise from early active
progenitors through the expression of a transcription network hub. Given that the late appearance
of reserve stem cells from earlier active progenitors is conserved between tissues, it will be
interesting to compare the mechanisms by which reserve stem cells arise in other tissues with our
model of HBC generation.
Second, while the role of p63 in OPP/GBC progenitors is similar to its role in other
epithelia, p63 expression in nascent HBCs results in a functionally different stem cell population.
As discussed above, epidermal expression of p63 first specifies the K5/14 basal cells at E9.5
from the K8/18(+) primitive ectoderm (Koster et al., 2004). However, in the epidermis p63
marks an active, proliferative population from the beginning, while in the OE, p63 is associated
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with a relatively quiescent, reserve population at the onset of its expression. How is it that the
same factor specifies and controls two functionally different populations of stem cells? In the
introduction we introduced the concept of a contextome: a set of different environmental contexts
that can act on a given molecular mechanism to produce varying effects. When comparing our
results to those reported in stratified epithelia such as the skin, it becomes apparent that the
contextome of p63 includes both active and quiescent environments. It is unclear whether these
environments use fundamentally different signals, or if the activity signals are simply present at
different concentrations. Various approaches to analyzing these signals will be described in this
chapter.
In Chapter 3, we addressed the second question: What are the temporal, molecular, and
morphological determinants of HBC activation by injury? We showed that HBC activation
takes place early in recovery after injury, which is coincident with a downregulation of
p63, but anticipates the increase in HBC proliferation. We then analyzed the significance of
p63 downregulation by performing gain- and loss-of-function experiments using retroviral
overexpression and conditional knockout transgenic animals. Where past results have
demonstrated a downregulation of p63 after injury and a necessity for p63 in the self-renewal
of HBCs (Fletcher et al., 2011; Packard et al., 2011), the current findings represent a significant
expansion of our understanding of the relationship between p63 and activation. We showed
that overexpression of p63 suppresses HBC activation and apparently drives HBC fate in other
progenitor cells. On the other hand conditional knockout of p63 is sufficient to activate HBCs.
Finally, we analyzed the progeny of activated HBCs and showed that they include multipotent
progenitor cells that persist for up to a month after p63 cKO. Thus, our results support the
conclusion that p63 controls the reserveness, but not the stemness of HBCs. In addition to this
conclusion, a number of interesting points arise from our findings.
First, our overexpression study indicates that p63 maintains the HBC phenotype by
preventing their differentiation into downstream cells. Conversely, downregulation of p63
is sufficient to stimulate HBC activation and results in a loss of the HBC phenotype. The
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complementarity of our approach can help shed light on past overexpression results in the
epidermis. In one such study, Candi et al generated transgenic mice that overexpressed individual
isoforms ΔNp63 or TAp63 downstream of the K5 promoter. They found that overexpression of
the ΔNp63 isoform maintained the proliferative potential of basal cells, while overexpression of
the TAp63 isoform allowed differentiation and stratification. Overexpression of both isoforms
resulted in a partial rescue of the p63-/- phenotype. On this basis the authors concluded that the
two isoforms serve distinct functions in maintenance of proliferation vs differentiation (Candi et
al., 2006). However, Romano et al used ΔNp63.GFP knockin/knockout animals to demonstrate
that ΔNp63 is the only necessary isoform for recapitulation of the p63-/- phenotype in the
epidermis, indicating that ΔNp63 is necessary for both stem cell maintenance and differentiation
(Romano et al., 2012).
Our findings serve to reconcile these two, seemingly conflicting, results. Consistent
with Candi et al, we show that constitutive overexpression of ΔNp63 does serve to maintain the
basal cell population (albeit not necessarily as a proliferative one), however, unless there is a
mechanism to downregulate p63 the cells will not progress to differentiation. On the other hand,
consistent with Romano et al, if p63 is absent altogether, then HBCs will not be generated at
all, or will differentiate if p63 is removed after their generation. In the context of the OE, where
HBCs are not the only stem cell population, p63 is essential for keeeping HBCs in a reserve, but
activatable state. Since the ΔNp63 isoform is the only N-terminal isoform observed in HBCs,
it must be the one controlling HBC differentiation. In the context of the epidermis, however,
the absence of a ΔNp63(+) population will result in no basal stem cell compartment, and
consequently no differentiation, thus any argument against a role for ΔNp63 in differentiation
becomes moot in the absence of this isoform. Finally, the partial rescue of differentiation
observed in the TAp63 overexpressor, suggests that TAp63 is unable to direct and/or maintain the
basal cell fate as efficiently as ΔNp63. Indeed a closer look suggests that the K5(+) population
in the TAp63 transgenic overexpressor is much less organized than that in the ΔNp63 transgenic
overexpressor (Candi et al., 2006).
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Second, the results in Chapter 3 reinforce the importance of the influence of cellular
context on the function of p63. As discussed above, there are likely to be sets of signals that
serve to maintain p63 expression and HBC reserveness on the one hand, and to downregulate
p63 expression and stimulate HBC activation on the other. In Chapter 3 we presented a set
of powerful assays including transgenic lineage tracing, HBC-specific conditional knockout,
and transplantation, which can be used to further dissect these upstream exogenous signals,
the downstream p63-mediated HBC program, and other HBC-endogenous mechanisms. The
remainder of this chapter will feature ways of using these assays for validating putative HBCand p63-regulating molecular mechanisms, and provide some preliminary data demonstrating the
power of this approach.
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FUTURE DIRECTIONS
We have shown that p63 is a cell-autonomous, master regulator of HBC reserveness,
however based on the functional differences between the reserve HBC population and the
active basal stem cells of other tissues where p63 is normally expressed, it is clear that there are
functional and contextual differences. There are two broad directions to pursue with respect to
these differences: upstream of p63 and downstream of p63.

Exploring the HBC-specific reserveness program downstream of p63.
As discussed in the introduction, p63 controls a broad range of stem cell relevant
processes such as cell adhesion, cell cycle progression, cell survival, and cell signaling
components. One approach to untangling this web of vital cell processes and extracting the
HBC-relevant targets is to transcriptionally profile the different states of a cellular population. To
this end we have previously generated Illumina bead array data of the transcriptome of FACSpurified CD54(+) HBCs from normal OE compared to 2 dpl. The 2 dpl time point was selected
because, at the time the experiment was designed, the best indicator of HBC activation was an
elevated proliferative index, and 2 dpl exhibited
a high degree of CD54(+) cell proliferation.
The data presented here, challenge the view that
2 dpl CD54(+) cells represent a functionally
homogeneous population of activated HBCs.
Indeed, analysis of normal vs 2 dpl data
revealed few relevant differences. This is likely
due to the high degree of heterogeneity in this
Figure 1. Efficient FACS-purification
of TdTomato-labeled HBCs. The
TdTomato(+) population exhibits a clean
separation in FL6 and can be rapidly
purified due to the lack of antibody staining
required.

population, since p63 is already expressed in
HBCs at this time point. In addition, it is likely
that many of the CD54(+) cells are no longer
HBCs, but rather maintain expression of CD54

121

through perdurance of the protein.
Two advances made in this study will allow us to obtain a more pure, functionally
relevant, activated HBC population. First, we identified a time frame for HBC activation (18
hpl), that is much more homogeneous than the previously used 2 dpl time point. Second, we
have developed an efficient method of labeling the HBCs of transgenic mice with TdTomato,
which obviates the need for staining prior to FACS-purification, and eliminates the CD54(+)
contaminant cell types present in the LP. This may be important since it is possible that HBC
activation is at least partly stimulated by the absence of surrounding differentiated tissue
structure. By eliminating the staining steps, we are effectively limiting the exposure of HBCs to a
potentially activating environment. To this end we have begun FACS-purification of HBCs from
both normal and 18 hpl OE. The profile of the sort provides an extremely clean separation of
TdTomato(+) cells, which represent a pure population of HBCs (Figure 1). Once the appropriate
amount of RNA is harvested we will submit the material to the Illumina sequencing core at Tufts
for mRNA-seq. Analysis of the results will be
carried out by Daniel Herrick and Brian Lin.
Putative targets will need to be validated by
qPCR and/or ChIP, and subsequent functional
experiments will depend on these results of the
transcriptional profiling experiment.
One intriguing downstream target process
has emerged recently. Through wholemount
analysis of individual TdTomato(+) HBCs we
have found that normal HBCs have a complex
Figure 2. Dormant HBCs have a
complex morphology. Wholemounts of
TdTomato(+) HBCs 1 week after low dose
tamoxifen administration reveals cells
with branching processes extending from
the soma.

morphology with many foot processes and
branches that presumably surround bundles of
axons (Figure 2). While we have previously
seen similar structures by electron microscopy
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of HBCs (Holbrook et al., 1995), this was the first time we have been able to see the entire
outline of these cells. This morphology is reminiscent of our earlier observation of dissociated
FACS-purified CD54(+) cells. In these studies we found that the processes and branches were
diminished in 2 dpl CD54(+) cells (Packard, 2010). Given the role of p63 in cell adhesion, it
will be interesting to see if the wholemounts at 18 hpl will exhibit simpler morphology, and if
targets uncovered by the mRNA-seq data can provide insight into the mechanisms behind these
morphological changes.

Exploring the stimulatory and inhibitory mechanisms upstream of p63.
Our identification of the transcriptional mechanism responsible for the generation,
activation, and return to quiescence of HBCs raises the question: How does the HBC know
when to express or inhibit p63? The search for mechanisms that regulate p63 can look either for
exogenous signals that serve to maintain or inhibit p63 levels within the cell, or for additional
cell-autonomous processes regulating HBC-specific biological processes.

microRNAs
The recent emergence of
noncoding RNAs as subtle, yet
efficient, modulators of gene
expression and cell function,
make them an intriguing potential
mechanism targeting p63
downregulation. The smallest
Figure 3. miR-203 expression relative to sno- 202.
In normal OE, CD54(+) HBCs have a slightly lower
level of miR-203 expression compared to CD54(-)
cells. In post-MeBr OE mir203 shows no difference in
expression between CD54(+) HBCs and CD54(-) cells.
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of these noncoding RNAs are
microRNAs, which are expressed
by the action of bona fide
promoters, and undergo a process

of post-transcriptional maturation. Mature microRNAs can have a variety of effects on large
sets of target genes, which are generally considered to be mediated by translational repression
(Winter et al., 2009). A number of microRNAs, which target p63 have been identified (Lena
et al., 2008; Rivetti di Val Cervo et al., 2012; Yi et al., 2008). Of these, the most extensively
studied, miR-203, stimulates epidermal basal cell differentiation by repressing p63 (Lena et al.,
2008; Yi et al., 2008).
I used miR-203-specific taqman probes to perform qPCR on CD54-sorted cells from
normal and post-MeBr OE, and found that miR-203 is expressed at high levels in CD54(-)
cells of the normal OE, but not in normal CD54(+) cells, or any of the populations following
MeBr exposure. These data suggest that miR-203 is active downstream of HBC activation,
by repressing a return to HBC reserve status. It is also possible that I did not assay the correct
time point. The experiment was done before we had identified 18 hpl as time of maximal,
homogeneous p63 downregulation. Repeating the qPCR at 18 hpl may be more relevant to
exploring the role of this miR in HBC activation. Alternatively, it may be informative to explore
the role of miR-203 in the normal, differentiated cells of the OE.

Degradation of p63
Another unknown regarding cell-autonomous mechanisms of p63 downregulation, is the
mechanism for eliminating p63 protein. A number of studies have identified phosphorylation
sites and E3 ligases that can target p63 for degradation via posttranslational modifications
(Bakkers et al., 2005; Liefer et al., 2000; Rossi et al., 2006; Westfall et al., 2005). A recent study
has explored the phosphorylation of ΔNp63 at Ser66/68 (corresponding to Ser160/162 of TAp63)
in the epidermis (Suzuki and Senoo, 2012). This modification has previously been associated
with priming for ubiquitin-mediated degradation (Westfall et al., 2005). Suzuki and Senoo used
immunohistochemistry with an antibody specific to this modification to demonstrate that the
ratio of phosphorylated p63 (p-p63) to total p63 is increased is suprabasal p63(+) epidermal cells
compared to the basalmost p63(+) cells. This suggests, that p-p63 is targeted for degradation, but
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persists for some time in the transit amplifying
cells of the epidermis.
In order to test the role of Ser60/68
phosphorylation in HBCs, I obtained the
same (S60/68) phospho-specific antibody.
Surprisingly, this antibody efficiently stained
almost all of the HBC in normal, intact OE
(Figure 4). It is premature, at this time, to make
any definitive conclusions from this staining
pattern, however analysis of the p63 gene using
Figure 4. Ser60/68 phosphorylation of
p63. Top: HBCs in the normal OE appear
to have constitutively phosphorylated
p63 at Ser60/68. Bottom: Scansite, a
phosphorylation consensus site analyzer
recognizes a strong Erk1 phosphorylation
site at Serine 60/68 of ΔNp63.

Scansite, a kinase-identification algorithm,
reveals that these serine residues provide a
strong consensus site for Erk1. Thus, it is
possible that growth factor receptors and the
MAPK cascade are involved in regulating p63
levels and HBC activation.


EGFR signaling
One putative growth factor signaling system that is likely to have an effect on p63 is the
Epidermal Growth Factor Receptor (EGFR) pathway. EGFR is a p63 target gene and a known
marker of HBCs (Danilov et al., 2011; Holbrook et al., 1995). Previous analysis revealed that
HBCs stain for a phospho-tyrosine antibody, however this antibody is not EGFR specific, so it
was unclear what the role of EGFR in HBCs was. Recently we have acquired a pEGFR(Y1068)specific antibody. This phosphorylation site is thought to be common to all EGFR effector
pathways. Immunostaining of normal and acute post-lesion OE reveals that pEGFR(Y1068) is
expressed in a similar pattern as was observed for the phospho-tyrosine antibody used previously
(Holbrook et al., 1995) (Figure 5). This antibody still has a more extensive staining pattern than
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total EGFR-specific antibodies, since it labels microvillar cells, but it is likely that a tyrosine
kinase receptor that is constitutively active in the normal, but not immediately post-lesion OE
keeps HBCs in a reserve state.
Two of the most prominent downstream EGFR effector pathways are the MAPK and
PI(3)K-AKT cascades (Yarden and Sliwkowski, 2001). The interactions between MAPK and p63
are unclear, although the high level of p63 phosphorylated at a canonical Erk1 site (Ser 66/68)
suggests that such interactions exist. By contrast, the PI(3)K-AKT cascade appears to play a
prominent role in the maintenance of p63 expression levels. Treatment of HaCaT cells with EGF
maintains p63 expression in a PI(3)K dependent, but MAPK independent manner (Barbieri et
al., 2003). The signaling appears
to work in a positive feedback
loop, as p63 can repress PTEN
expression (also in HaCaT cells),
which permits higher levels of
PI(3)K activity (Leonard et al.,
2011). Finally, in head and neck
cancer-derived cell lines, p63
can stimulate AKT1 expression
levels directly, as well as increase
amounts of p-AKT(Sen et al.,
2011).
In the OE, TGF-α is the
best characterized EGFR ligand.
Figure 5. A pEGFR(Y1068) antibody stains
normal HBCs, but not activated HBCs. While the
pEGFR(Y1068) antibody has a more extensive pattern
than total EGFR antibodies (note the microvillar cell
staining in the normal OE, it suggests that a tyrosine
kinase receptor is maintaining HBCs in a reserve state.
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In vivo and in vitro treatment
with TGF-α boosts both MAPK
phosphorylation and the overall
proliferation index in the OE

(Ezeh and Farbman, 1998; Farbman and Buchholz, 1996; Farbman and Ezeh, 2000). In addition,
transgenic animals that overexpress TGF-α from the K14 promoter exhibit an upregulation
in HBC-specific proliferation (Getchell et al., 2000). However, it is not clear what effect this
manipulation has on HBC dormancy, activation, survival, or differentiation. To evaluate these
questions the transplantation, retroviral infection, and lineage tracing paradigms developed and
presented in this thesis, can be used as efficient assays of HBC activation. The use of signaling
pathway-specific genetic and pharmacological agents can be combined with these assays to
probe the contribution of growth factor treatment, pharmacological inhibition, ex vivo activation
of normal HBCs, and ex vivo suppression of activated HBCs.

Notch signaling and p63
Notch signaling appears to be antagonistic with p63 in that it inhibits p63 expression
and drives differentiation. Conversely, p63 inhibits expression of Notch receptors and effector
genes. Interestingly, however, p63 drives expression of Notch ligands such as Jag1, Jag2, and
Dll (Laurikkala et al., 2006; Ma et al., 2010; Nguyen et al., 2006; Sasaki et al., 2002; YalcinOzuysal et al., 2010). In our lab, we have explored the role of Notch in transit amplifying cell
proliferation and neuronal vs epithelial cell choice (Guo, 2008), however the precise role of
Notch1 expression in HBC maintenance and activation remains to be determined. In this thesis
we have presented an elegant model for genetic manipulation in an HBC-specific manner by
targeting K5.CreER-expressing cells exclusively.
Daniel Herrick will be pursuing this avenue by importing mouse strains with Notch
signaling-related conditional alleles. Among these are a gain-of-function R26R(STOP)NICDIRES-GFP mouse which overexpresses NICD-IRES-GFP in response to Cre-mediated excision
of the STOP cassette (Murtaugh et al., 2003), and loss-of function mice that have floxed alleles
of the Notch1 receptor (Yang et al., 2004), or of the common Notch effector, Rbpj (Han et al.,
2002). We have already begun analysis on the gain-of-function mouse, but unfortunately the
labeled cells do not appear to survive at the time points after tamoxifen delivery that we have
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analyzed. It is possible that a shorter chase period is necessary, since constitutively active NICD
expression may be harmful to the cells. An alternative explanation is that constitutive NICD is
driving Sus cell differentiation. However, in the normal OE, the Sus cells are intact and there is
no need for HBC-derived Sus cells. As a result, there is no impetus for these cells to survive. It
will be interesting to administer tamoxifen to a lesioned NICD overexpressor mouse, since in
this environment, Sus cells need to be replenished.

Wnt signaling
In collaboration with Chengji Zhou, we have previously demonstrated that Wnt signaling
is active in the basal progenitor cells in the OE, using novel TOP-GFP reporter mice, which
express GFP downstream of the Wnt effector transcription factors TCF/LEF (Wang et al., 2011).
In this study, GFP as a marker of canonical Wnt pathway activation, was expressed both in
proliferating GBCs at high levels, and in some HBCs at lower levels. Treatment of animals with
the Wnt stimulator LiCl accelerated recovery following methimazole lesion, while treatment
with the Wnt inhibitor quercetin, inhibited this recovery. Thus, it appears that Wnt signaling
stimulates active OE stem cells, however its effect on the reserve HBC stem cell population
remains undetermined. Given the role of the Wnt pathway in controlling stem cell populations in
diverse tissues such as intestine, hair follicle, and CNS, it will be important to identify its role in
the reserve HBC.
In order to assess the effects of canonical Wnt pathway activity on HBCs, Daniel Herrick
is going to utilize the same transgenic approach that he is using for Notch pathway manipulation.
Specifically, he will be performing conditional knockout experiments using the K5.CreER
driver animals and the TdTomato reporter animals. Currently, he is breeding mice to perform
conditional knockout of a floxed APC allele. APC is part of the β-catenin destruction complex,
the inhibition of which is at the hub of β-catenin accumulation and Wnt activation. Thus, APC
cKO in K5.CreER(+) HBCs should result in accumulation of β-catenin and exogenous Wnt
activation. In addition, to this experiment Dan is also going to be bringing in lines that have
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exons of the β-catenin gene floxed. Conditional deletion of floxed exon 3 of β-catenin results in
the removal of the β-catenin degradation sequence and constitutive accumulation of β-catenin
mimicking Wnt activation (Harada et al., 1999) . Conversely, deletion of floxed exons 1-6,
results in a loss-of-function mutant of β-catenin (Brault et al., 2001). Analysis of these three
mouse models at various time points in HBC generation, dormancy, and activation should
provide a definitive picture of the role of Wnt signaling in HBC reserveness.

Open-ended screen
In order to pursue an unbiased screen of factors that downregulate p63, one can
monitor the regulation of p63 by a large library of chemical compounds. To this end we plan
to use the ΔNp63.GFP knockin/knockout mice described in Chapter 2 (Romano et al., 2012).
Dissociated, GFP(+) HBC can be grown using a cell culture model developed by Chris Matson,
a very talented Masters student in the lab, and the effect of a small molecule library on GFP
fluorescence intensity can be used to screen for pharmacologic agents, which upregulate or
downregulate expression of the ΔNp63 locus. To this end we have been in communication with
Lee Rubin, the director of the Harvard Stem Cell Institute’s Therapeutic Screening Center, which
will be providing the pharmacological library as well as the technical equipment and support
necessary to peform this study. This open-ended approach will provide a powerful opportunity to
screen, validate, and expand our understanding of the p63 contextome.

Pseudotyping HBCs for cell-specific retroviral infection
In this dissertation we used RV infection to broadly overexpress p63 in a progenitor pool
during MeBr recovery. We also described the limitations of this approach, namely the inability
to assess the infected cell type from our readout. A genetic manipulation system that could target
HBCs specifically will aid in parsing out the specific effects of pleiotropic signaling pathways
(such as the ones described above) on HBC activation. One potential approach is to use retroviral
pseudotyping to label HBCs with an RV receptor transgene, which can only be infected by a
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heterologous virus.
The RCAS virus system recognizes the chicken-specific glycoprotein TVA (Rong and
Bates, 1995). Past approaches have used this system in mammalian cells by expressing the TVA
glycoprotein downstream of cell-type specific promoters (Fisher et al., 1999). Recently, mice
with a flox(STOP)TVA receptor transgene have been developed in Connie Cepko’s lab (Beier et
al., 2011). These mice enable the investigator to target RCAS-specific infection to any cell type
that can be induced to express TVA by a Cre or CreER transgenic construct. This will allow us to
use the K5.CreER mice to pseudotype HBCs with the TVA receptor, and enable cheap and rapid
validation of molecular regulators of HBC activation.
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