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Abstract 

Population and Individual Stem Cell Dynamics in the Olfactory Epithelium 

Levi Benjamin Gadye 

Doctor of Philosophy in Neuroscience 

University of California, Berkeley 

Professor John Ngai, Chair 

 
Unlike the majority of the nervous system, the olfactory epithelium (OE) continuously produces 
new neurons throughout adulthood. Under homeostatic conditions, OE neurogenesis is fueled by 
the ongoing divisions of globose basal cells (GBCs), but following severe injury that destroys all 
mature cell types, the normally quiescent horizontal basal cells (HBCs) regenerate the entire 
tissue, including GBCs, neurons, and sustentacular cells. Moreover, conditional knockout (cKO) 
of the transcription factor, p63, induces HBCs to differentiate at steady-state ​(Fletcher et al. 
2011)​. However, the cellular and transcriptional dynamics underlying HBC self-renewal and 
differentiation remain poorly characterized. To maintain tissue homeostasis, an appropriate 
balance of stem cell self-renewal and differentiation is achieved via invariantly asymmetric 
divisions in invertebrates ​(Doe and Bowerman 2001)​, and a mixture of symmetric and 
asymmetric divisions during vertebrate development ​(Lechler and Fuchs 2005; Morrison et al. 
1995)​. While regulators of these types of mitoses are conserved in adult tissues, adult stem cell 
divisions are often modulated by the surrounding tissue, a phenomenon known as population 
asymmetry ​(Simons and Clevers 2011)​. Lineage tracing of stem cells can provide insights into 
population asymmetry in adult tissues ​(Ritsma et al. 2015; Bonaguidi et al. 2011)​, and single-cell 
RNA sequencing has recently emerged as a powerful tool for probing the transcriptional changes 
that occur in cycling and regenerating tissues ​(Trapnell et al. 2014; Shin et al. 2015)​. This 
dissertation explores mechanisms of HBC self-renewal and differentiation at steady-state and 
during regeneration using lineage tracing and single-cell RNA-seq. The following was 
determined: (1) Symmetric HBC divisions are balanced by population asymmetry, independent 
of spindle orientation and cell polarity biases in dividing HBCs, producing activated HBCs; (2) 
At steady-state, p63cKO HBCs differentiate directly into sustentacular cells without dividing, 
and give rise to proliferative neural progenitors that generate numerous neurons; (3) During 
regeneration, all HBCs are recruited into an activated state and enter the cell cycle prior to 
renewing or differentiating; and (4) The sustentacular lineage develops prior to the neuronal 
lineage and via fewer changes in transcriptional state. These results provide novel insights into 
the dynamics that regulate HBC renewal and differentiation, as well as avenues for further 
exploration of OE stem cell subtypes, and provide a methodological model for investigating 
adult stem cells in other tissues. 
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Chapter 1:  
Population asymmetry and the olfactory epithelium 

 
Introduction 
 
Adult stem cells are fundamental to the resilience of long-lived animals, providing many tissues 
with newborn cells as older cells are lost due to aging or injury. The stem cell of a given tissue 
has historically been defined as a resident cell type that divides relatively rarely, self-renews, and 
demonstrates the capacity to produce differentiated daughter cells ​(Siminovitch, McCulloch, and 
Till 1963) ​. First characterized in the hematopoietic system ​(Till and McCulloch 1961)​, adult 
stem cells exhibiting these traits have since been described in both highly-cycling tissues, like 
epidermis ​(C. S. Potten 1974)​ and intestine ​(Cheng and Leblond 1974) ​, as well as in 
slower-cycling tissues, like brain ​(Altman and Das 1965)​. Across the many tissues that harbor 
adult stem cells, these hallmarks of stem cell character are typically present, though the 
mechanisms underlying their self-renewal and differentiation can vary. 
 
Simultaneous self-renewal and differentiation of adult stem cells can be accomplished via 
asymmetric divisions, which produce daughter cells with differential fates from single parental 
cells ​(Horvitz and Herskowitz 1992) ​. In some contexts, particularly early in development, stem 
cells only divide asymmetrically, a strategy known as invariant asymmetry ​(Inaba and Yamashita 
2012; Li 2013)​. Under this paradigm, the brunt of differentiated cell production is left to 
short-lived progenitor or transit-amplifying cells, which replicate only a few times before 
terminally maturing into the proper number of differentiated cells. Symmetric divisions, which 
generate progeny of equivalent stem or differentiated fates, can rapidly expand or deplete the 
stem cell pool, but a combination of renewing and differentiating symmetric divisions can still 
result in cellular diversity. This strategy is known as population asymmetry ​(Simons and Clevers 
2011)​. Studies across a diversity of cycling tissues have shown that stem cell mitoses are rarely 
invariant ​(Ritsma et al. 2015; Clayton et al. 2007; Doupé et al. 2012; Sun et al. 2014) ​, suggesting 
that adult stem cell divisions may be regulated by population asymmetry, rather than invariant 
asymmetry, even when both asymmetric and symmetric divisions are present ​(Tetteh, Farin, and 
Clevers 2014)​.  
 
The nervous system possesses relatively few adult neural stem cells, most of which are located 
deep inside the brain ​(Suh et al. 2007; Lois and Alvarez-Buylla 1993; Kempermann, Kuhn, and 
Gage 1998)​. The olfactory epithelium (OE), the peripheral neuroepithelium responsible for the 
sense of smell, presents a unique opportunity for the study of mammalian adult neural stem cells 
in vivo​ : olfactory sensory neurons are replaced every 30-60 days by newborn neurons arising 
from a lineage of immature precursors and multipotent progenitors ​(Mackay-Sim and Kittel 
1991)​. Moreover, like epidermis but unlike the brain and much of the nervous system, the OE 
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quickly regenerates following severe injury, due to differentiation of a normally quiescent stem 
cell, the horizontal basal cell (HBC) ​(Leung, Coulombe, and Reed 2007; Iwai et al. 2008) ​. Our 
lab has shown that HBC self-renewal is controlled by the transcription factor p63 ​(Fletcher et al. 
2011)​, which also plays a critical role in regulating basal stem cell self-renewal in the epidermis 
and lung ​(Lechler and Fuchs 2005; Zuo et al. 2014)​. Conditional knockout of p63 (p63-cKO 
releases HBCs from quiescence at steady-state, allowing for the study of HBC differentiation in 
the absence of injury. Thus, the OE provides a tractable system in which to study the renewal 
and differentiation of an adult neural stem cell both during regeneration and following 
steady-state release from quiescence. This dissertation explores the cellular, clonal, and 
transcriptional dynamics that underlie HBC renewal and differentiation following injury or 
conditional knockout of p63. 
 
1.1 Adult neurogenesis and regeneration in the olfactory epithelium 
 
The olfactory epithelium (OE) is the peripheral, pseudostratified neuroepithelium responsible for 
the sense of smell. Olfactory sensory neurons (OSNs) extend dendrites into the nasal lumen for 
detection of volatile odorants and project axons to the olfactory bulb. Individual OSNs are 
replaced in an ongoing process by immature neurons generated by the divisions of basal stem 
cells (Graziadei and Graziadei, 1979). One such stem cell, the globose basal cell (GBC), supports 
steady-state homeostasis by dividing daily, and can also regenerate OSNs following severing of 
the olfactory nerve ​(Caggiano, Kauer, and Hunter 1994) ​. The HBC lies between the GBC layer 
and the basement membrane and rarely divides under steady-state conditions; however, upon 
ablation of all other cell types, the HBC population rapidly enters the cell cycle and regenerates 
all cell types of the OE (Fig. 1.1) (Leung et al., 2007). 
 
Because of its relative quiescence and its ability to self-renew and differentiate, the HBC is 
thought to be an adult tissue stem cell of the OE. The HBC expresses skin-specific stem cell 
markers, and its progeny express factors known to regulate neuronal specification in the brain, 
allowing for facile identification of all cell types using immunohistochemistry (Carter et al., 
2004). Like epidermal progenitors, and unlike all other cells of the OE, HBCs express the 
cytokeratins Keratin5 and Keratin14 ​(Holbrook, Szumowski, and Schwob 1995)​; they display 
extracellular matrix (ECM) receptors on the cell membrane, such as ICAM1 and various 
integrins; and they modulate their mitoses in response to injury ​(Leung, Coulombe, and Reed 
2007)​. Our lab and others recently showed that the transcription factor p63 is highly expressed in 
the ICAM+ HBC population ​(Fletcher et al. 2011; Packard et al. 2011)​. Intriguingly, conditional 
loss of p63 in HBCs causes a defect in HBC self-renewal and maintenance of steady-state 
quiescence (Fletcher et al., 2011). This is similar to the phenotype of p63 loss-of-function in 
developing skin, in which stem cells fail to engage in a normal program of self-renewal and 
differentiation, leading to defects in epidermal stratification ​(Romano et al. 2012) ​. Moreover, the 
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transcription factor Sox2, a well-known regulator of stem cell function and adult neurogenesis 
(Sarkar and Hochedlinger 2013) ​, plays a specific role in the OE, where it is expressed by HBCs, 
GBCs, and sustentacular cells. Sox2 is not required for HBC self-renewal, nor the production of 
neurons from GBCs, but is necessary for proper neurogenesis following severe injury (Sanchez 
2014).  
 
While the HBC has been well-defined by its expression of canonical epithelial stem cell markers, 
the regulation of its mitotic behavior during regeneration, or during differentiation following 
p63cKO, remains poorly understood. This dissertation describes the characterization of cellular 
strategies of HBC self-renewal and differentiation across these two paradigms of HBC 
activation, and explores the transcriptional changes that underlie HBC fate determination upon 
exit from quiescence. 
 
1.2 Asymmetric and symmetric division from worm to mouse 
 
Adult stem cells are defined by their ability to self-renew rarely and nearly indefinitely, and to 
differentiate into at least one mature cell type. In cycling tissues, which constantly replace aging 
cells with newborn cells, hierarchies of longer- and shorter-lived stem cells are believed to 
underlie the production of transit-amplifying cells that multiply only a handful of times before 
maturing into an abundance of differentiated cells, a conceptual framework originating in the 
seminal work of Till and McCullough on hematopoiesis ​(Till and McCulloch 1961)​. Their early 
experiments demonstrated that individual bone marrow cells could both self-renew and give rise 
to at least four differentiated blood cell types each ​(Weissman 2011)​, albeit under transplantation 
conditions, laying the groundwork for understanding stem cells according to strict hierarchies of 
increasingly fate-committed progenitors. 
 
The mechanisms controlling stem cell renewal and differentiation have been most precisely 
characterized through the study of invertebrate stem cell mitosis ​(Doe and Bowerman 2001)​. In 
the ​C. elegans ​ zygote, fly neuroblast, and fly germline, invariant asymmetry ensures the 
maintenance of stemness in one daughter cell while the other daughter cell differentiates. In a 
handful of vertebrate tissues, such as developing neocortex and epidermis, conserved cell 
polarity and spindle orientation factors also promote asymmetric divisions, though symmetric 
divisions may also occur ​(Kriegstein and Alvarez-Buylla 2009; Lechler and Fuchs 2005)​. 
Findings from the study of asymmetric division in adult stem cells have been more equivocal, 
however, and the true symmetry or asymmetry of stem cell progeny is sometimes seen as a 
semantic distinction in the context of population-level stem cell dynamics ​(Simons and Clevers 
2011)​. Moreover, many adult tissues rely on stochasticity in stem cell mitotic programs to 
produce balanced proportions of renewed and differentiating progeny in the absence of invariant 
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asymmetry ​(Poulson and Lechler 2010; Snippert et al. 2010; Doupé et al. 2010; Bonaguidi et al. 
2011; Klein et al. 2010)​. 
 
To address whether invariant asymmetry or population asymmetry underlies HBC mitosis, it is 
informative to first consider examples of stem cell divisions in invertebrates, where stem cell 
mitosis is tightly regulated by conserved factors and mechanisms of asymmetric cell division. 
 
Asymmetric division and invariant asymmetry in ​C. elegans​  and ​D. melanogaster 
The regulatory mechanisms underlying asymmetric division have been most thoroughly studied 
in two genetically-tractable, invertebrate model organisms, the nematode worm, ​C. elegans​ , and 
the fruit fly, ​D. melanogaster​ . Embryos and adults of both organisms lend themselves to 
real-time imaging and genetic manipulation, allowing for stem cell mitoses to be directly tracked 
and perturbed. Crucially, the majority of genes known to regulate stem cell divisions in ​C. 
elegans​  are both conserved and functional not only in ​D. melanogaster​ , but also in mouse and 
human, implying that stem cells may share cellular strategies for self-renewal and differentiation 
across phyla. 
 
The earliest divisions of the nematode embryo are controlled by polarization of various factors 
that are asymmetrically inherited by its daughter cells, leading to establishment of an organized 
animal body plan ​(Munro, Nance, and Priess 2004; Goldstein and Hird 1996; Kemphues et al. 
1988)​. The first division of the ​C. elegans ​ zygote is particularly amenable to direct observation 
using differential image contrast (DIC) imaging, which allows for the sperm and egg pronuclei to 
be followed as the zygote reorganizes its cytosolic cargo in preparation for an asymmetric 
division ​(Gönczy and Rose 2005)​.  
 
Polarization of the ​C. elegans​  zygote is first established by the position of a donated centrosome, 
provided by a single spermatozoon ​(Albertson and Thomson 1993; Cowan and Hyman 2004)​; 
this centrosome defines the posterior axis of the zygote. Subsequently, the subcellular 
actomyosin network is rearranged towards the anterior pole while the maternal pronucleus 
migrates to meet the paternal pronucleus at the posterior pole. This dynamic movement of the 
cytoskeleton promotes the segregation of various Par proteins (Par3, Par6) and aPKC to the 
anterior pole ​(Cuenca et al. 2003) ​, which help drive regulators of spindle orientation, as well as 
fate-determinants, to either the anterior or posterior pole. Lastly, the spindle lines up with the 
anterior-posterior axis and shifts posteriorly. The zygote then divides asymmetrically, producing 
an anterior, larger AB cell, and a posterior, smaller P cell. Mutation of many of the 
aforementioned factors leads to aberrations in cellular polarization, spindle orientation, and/or 
fate determinant inheritance, leading to developmental defects and, eventually, death ​(Kemphues 
et al. 1988) ​. Invariant asymmetry is thus necessary for proper nematode development beginning 
with the first zygotic division. 
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Many of these same factors also ensure the polarization of ​D. melanogaster​  embryonic 
neuroblasts, leading to asymmetric cell divisions that invariantly produce one differentiated 
daughter cell while renewing the parental stem cell. Prior to division, these neuroblasts 
delaminate from the ventral ectoderm, inheriting the apical polarization of the Par complex 
(including Par3 and Par6) and aPKC ​(Knoblich 2008)​. Apical aPKC promotes the segregation of 
fate determinants Numb, Pros, and Brat to the basal cortex of the dividing neuroblast via 
phosphorylation of Lgl ​(Ohshiro et al. 2000; Peng et al. 2000) ​, and the apical protein complex 
then pulls the mitotic spindle into alignment with the apical-basal axis via a series of partner 
proteins, including Inscuteable, Pins, Mud, and Gɑi ​(Nipper et al. 2007)​. Numb, Pros, and Brat 
are inherited by the basal daughter cell, where Numb inhibits Notch signaling and promotes 
differentiation into a ganglion mother cell, a type of neural precursor cell; the apical cell retains 
its stemness.  
 
Both the nematode zygote and fly neuroblast establish their pre-mitotic cellular polarity 
intrinsically, following either fertilization or delamination from the ventral ectoderm, 
respectively. However, invariant asymmetry can also arise from extrinsic, asymmetric exposure 
of daughter cells to diffusible fate-determining signals. Adult ​Drosophila​  germline stem cells 
(GSCs) exhibit this type of extrinsically-enforced invariant asymmetry. In the ovarian 
germarium, site of egg production, a handful of GSCs each adhere to a cap cell via an adherens 
junction, and these cap cells continuously expose their partner GSCs to the BMP ligands, Dpp 
and Gbb ​(Fuller and Spradling 2007) ​, leading to the repression of the differentiation gene, ​Bam​ . 
Following mitosis, one of two GSC daughter cells loses contact with the cap cell niche, escapes 
BMP-mediated repression of ​Bam​ , and ​Bam ​ initiates a differentiation program that eventually 
produces an oocyte ​(Knoblich 2008)​. Notably, while adult GSCs normally divide 
asymmetrically, experimental ablation of a neighboring stem cell can induce GSCs to 
symmetrically self-renew, illustrating plasticity in the GSC mitotic program ​(Xie and Spradling 
2000)​. Thus, invariant asymmetry can arise via paracrine signaling from components of the stem 
cell niche, independently of intrinsic segregation of fate determinants. 
 
Asymmetric division in developing vertebrate tissues 
Observation and characterization of asymmetric division in vertebrates has proven to be less 
straightforward than in invertebrates, which are more amenable to transgenic manipulation and 
live imaging techniques, but examples of asymmetric division in a few vertebrate tissues, 
particularly during development, have shed light on vertebrate programs of mitosis over the last 
few decades. Notably, while cell polarity, spindle orientation, and asymmetric fate determinant 
inheritance do influence the outcomes of mitoses in these contexts, these asymmetric divisions 
are not strictly invariant, perhaps to allow for more dynamic, population-level regulation of 
proliferation and differentiation in growing tissues. 
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In embryonic mouse epidermis, early basal stem cell divisions are oriented parallel to the 
basement membrane, coinciding with the production of renewed stem cells, while later in 
development, these divisions are more likely to orient perpendicular to the basement membrane, 
coinciding with the production of differentiating progenitors ​(Lechler and Fuchs 2005) ​. These 
perpendicular divisions are not invariant, as 30% of divisions still occur parallel to the basement 
membrane, but perpendicular spindles still correlate with apical localization of the Par complex 
and the mouse homolog of Inscuteable, mInsc. Lineage tracing of these cells indeed shows that 
perpendicular spindle orientations result in asymmetric fates, while parallel spindle orientations 
result in symmetric, renewing fates ​(Poulson and Lechler 2010) ​. Moreover, individual stem cells 
may divide once asymmetrically, and then once symmetrically, alternating between either 
division type, perhaps based on external cues ​(Poulson and Lechler 2010) ​. Thus, while vertebrate 
epidermal divisions share some regulatory mechanisms with invertebrate invariant asymmetry, 
other (likely extrinsic) factors ultimately guide their outcomes.  
 
Spindle orientation also plays a role in fate determination during cortical neurogenesis, but 
cortical neural stem cells, like epidermal stem cells, show flexibility in their regulation of 
asymmetric division. These neural progenitors, known as radial glia, tend to renew 
symmetrically early in development before transitioning towards primarily asymmetric divisions 
that produce numerous differentiating cells ​(Noctor et al. 2004) ​. Conserved mechanisms of 
asymmetric division are also present in radial glia. Pioneering work by Chenn and McConnell 
showed, via time-lapse microscopy in embryonic cortical slices, that cleavage orientation of 
dividing neural progenitors was predictive of either asymmetric or symmetric daughter cell fate 
(Chenn and McConnell 1995)​. Asymmetric inheritance of Numb in dividing radial glia leads to 
asymmetric daughter cell fate via inhibition of Notch signaling ​(Shen et al. 2002; Mizutani et al. 
2007)​, and both Par3 and mInsc promote asymmetric divisions via regulation of spindle 
orientation ​(Bultje et al. 2009; Postiglione et al. 2011)​. Additionally, in the developing zebrafish 
neural tube, asymmetric inheritance of Par3 itself correlates strongly with neuronal fate 
following the asymmetric division of a neural stem cell ​(Alexandre et al. 2010) ​; this study 
remarkably made this observation by continuously visualizing Par3 in dividing radial glia ​in 
vivo​ , providing mechanistic backing for the observations of Chenn and McConnell. 
 
Though vertebrate stem cell divisions are influenced by spindle orientation, cellular polarity, and 
asymmetric segregation of fate determinants, it is clear that asymmetric divisions, if they are 
present, are rarely the exclusive strategy of a given stem cell population. Indeed, a recent study 
used the mathematical framework of optimal control theory to predict the most efficient 
development of the small intestine from a pool of progenitor cells capable of asymmetric and 
symmetric divisions ​(Itzkovitz et al. 2012)​. This approach identified the same mitotic strategy 
observed in developing skin and brain: early expansion of the stem cell pool via symmetric, 
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renewing divisions, followed by rapid differentiation via asymmetric divisions. Impressively, ​in 
vivo​  analysis of stem versus differentiated cell numbers in developing intestinal crypts over time 
corresponded with the group’s ​in silico​  solution ​(Itzkovitz et al. 2012) ​. Similarly, in the 
developing hematopoietic system, symmetric divisions are more likely to explain periods of 
rapid stem cell pool expansion ​(Morrison et al. 1995)​, even in the absence of ​in vivo​  data on the 
outcomes of individual stem cell divisions. For fast-growing vertebrate tissues to develop, then, 
it may be more efficient for individual stem cell divisions to be dynamically regulated than 
invariantly predetermined.  
 
Population asymmetry in adult tissues 
Compared to the study of asymmetric and symmetric division in developing tissues, mechanistic 
study of adult stem cell division is relatively young, precluded to a large degree by adult stem 
cell rarity and quiescence. Nevertheless, technical advancements in lineage tracing, imaging, and 
molecular characterization of adult stem cells have led to a greatly improved understanding of 
cycling tissue homeostasis, as well as regeneration ​(Fuchs and Horsley 2011)​. Though the 
concept of population asymmetry dates back to the earliest descriptions of adult stem cell ​(Till, 
Mcculloch, and Siminovitch 1964)​, strong evidence of both heterogeneity amongst stem and 
progenitor cell populations and also stochasticity in daughter cell fate determination has only 
recently become available, challenging the long-held dogma regarding strict, hierarchical 
progression of stem to differentiated cell.  
 
The small intestine exhibits one of the highest rates of cellular turnover of any adult tissue: 
mature cells persist for only 4-5 days, and must be continuously replaced throughout adulthood 
(Clevers 2013)​. However, the identity and behavior of the stem cell type driving the ongoing 
production of newborn intestinal cells has been the source of much controversy, despite the fact 
that the intestinal crypt was identified as the source of newborn cells over a century ago 
(Bizzozero 1893) ​. Cheng and Leblond first postulated that crypt base columnar (CBC) cells were 
the true intestinal stem cells, based on their uptake of tritiated thymidine (​3​H) during mitosis and 
subsequent differentiation into multiple cell types ​(Cheng and Leblond 1974) ​. A few years later, 
Potten and colleagues used the same technique to label dividing cells in the crypt, and observed 
that while CBCs lost their labels after a few days, neighboring cells, dubbed “+4” cells based on 
their position relative to the crypt base, retained these labels for five days, exhibiting short-term 
quiescence ​(C. S. Potten et al. 1978; Christopher S. Potten, Owen, and Booth 2002) ​. Thus, two 
fundamental characteristics of stem cells (ability to differentiate into multiple lineages or 
multipotency, and relative quiescence) were confirmed in the intestinal crypt, but in distinct cell 
types.  
 
The orphan G-protein-coupled receptor Lgr5 labels mitotic CBCs that give rise to all intestinal 
lineages ​(Barker et al. 2007)​. Clonal lineage tracing with Confetti, a modified Brainbow reporter, 

7

https://paperpile.com/c/aoAG3N/P6bA
https://paperpile.com/c/aoAG3N/xb6j
https://paperpile.com/c/aoAG3N/SGeG
https://paperpile.com/c/aoAG3N/xFcz
https://paperpile.com/c/aoAG3N/xFcz
https://paperpile.com/c/aoAG3N/hKLd
https://paperpile.com/c/aoAG3N/H5vO
https://paperpile.com/c/aoAG3N/tRLI
https://paperpile.com/c/aoAG3N/1fvL+DYkx
https://paperpile.com/c/aoAG3N/HQi7


has shown that cells arising from parental Lgr5+ CBCs compete with one another before a single 
clone dominates an entire crypt and associated villus ​(Ritsma et al. 2015; Snippert et al. 2010) ​. 
These results are indicative of population asymmetry amongst numerous equipotent, competing 
CBCs, rather than invariant asymmetry of small numbers of long-lived stem cells, but it remains 
unclear whether Lgr5+ CBCs are the “true” stem cells of the intestinal crypt, given that they 
constantly divide.  
 
It increasingly appears that, in the intestine, this distinction is moot. Both newly-differentiated 
cells and slow-cycling +4 cells can reconstitute Lgr5+ CBCs following injury ​(van Es et al. 
2012; Tian et al. 2013; Tetteh et al. 2016) ​, an example of dedifferentiation that is at odds with 
canonical models of stem cell hierarchies. Moreover, Paneth cells, which surround dividing 
CBCs at the crypt base and promote CBC stem-cell character, are themselves descendants of the 
Lgr5+ lineage, and Paneth cell precursors are capable of de-differentiating back into Lgr5+ 
CBCs following injury ​(Buczacki et al. 2014)​. Interconversion between all constituent cells of 
the intestinal crypt appears to be a feature of intestinal homeostasis, and even the quiescent 
reservoir of +4 stem cells is continuously lost and replaced, albeit at a slower rate than CBCs 
themselves ​(Clevers 2013)​.  
  
Plasticity and heterogeneity also exist amongst stem cells of the adult epidermis. In adult tail skin 
and ear skin (examples of interfollicular epidermis, or IFE), basal stem cells are free to divide 
either asymmetrically or symmetrically, and the ratio of self-renewal and differentiation is 
regulated via population asymmetry ​(Clayton et al. 2007; Doupé et al. 2010)​. Unlike in intestine, 
asymmetric divisions in the IFE are common, though not invariant, and cell-type specific Cre 
drivers have allowed for the tracing of discrete populations of quiescent, reserve stem cells and 
active, committed progenitors ​(Mascré et al. 2013) ​. Quiescent and active stem cells can also be 
discriminated in the adult hair follicle ​(Greco et al. 2009) ​, but are capable of interconversion 
following injury ​(Rompolas et al. 2013) ​, akin to the dedifferentiation of intestinal progenitors 
into long-lived CBCs. Notably, division orientations here are biased based on a stem cell’s 
position relative to the hair follicle ​(Rompolas et al. 2013) ​. Thus, skin and intestine exert 
population-level control over stem cell divisions, while individual stem cell divisions continue to 
be loosely regulated by conserved mechanisms of fate determination. 
 
Additional examples of plasticity and heterogeneity amongst adult stem cells continue to be 
uncovered as researchers probe the genetics and clonal dynamics of other cycling tissues, 
bolstering the notion that flexibility within stem cell populations may be more general than once 
presumed ​(Greulich and Simons 2016)​. Rates of asymmetric and symmetric division are 
regulated by population asymmetry in the esophagus ​(Doupé et al. 2012)​, and clonal tracing of 
blood progenitors and their progeny using genetic barcoding and PCR recently showed that 
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numerous long-lived cycling stem cells each contribute minimally to adult hematopoiesis, as 
opposed to an exclusive minority of quiescent stem cells ​(Sun et al. 2014)​.  
 
Nevertheless, it is likely that conserved mechanisms of asymmetric division continue to 
influence stem cell fate choice in adult tissues, even when population asymmetry ultimately 
balances self-renewal and differentiation. In the ​Drosophila​  midgut, asymmetric divisions of 
intestinal stem cells are guided by apical Par3 and perpendicular spindle orientation, even though 
symmetric divisions are also observed ​(Goulas, Conder, and Knoblich 2012)​. In the mouse 
intestine, Par3 is stereotypically localized to the apical portion of CBCs, even though these CBCs 
typically divide symmetrically ​(Quyn et al. 2010)​. In sum, adult tissue stem cells are capable of 
escaping invariant asymmetric divisions, but continue to utilize developmental mechanisms for 
ensuring asymmetric daughter fates when necessary.  
 
Lastly, the largely quiescent, non-cycling adult nervous system is now appreciated for harboring 
populations of neural stem cells which persist in producing newborn neurons throughout 
adulthood. Though adult neural stem cells were first identified fifty years ago ​(Altman and Das 
1965)​, mainstream scientific acceptance of bona fide adult neurogenesis only emerged in the last 
twenty years, particularly following confirmation of adult neurogenesis in the human brain 
(Eriksson et al. 1998; Gage 2000)​. Neural stem cells are present in both the dentate gyrus of the 
hippocampus as well as the subventricular zone of the adult brain, but are largely quiescent. 
Early study of the fate potential of these cells was often limited to ​in vitro ​ experimentation ​(Ming 
and Song 2011; Gage et al. 1995; Gensburger, Labourdette, and Sensenbrenner 1987) ​, while 
lineage tracing of neural precursor cells using cell-specific Cre lines has more recently confirmed 
the existence of self-renewing, multipotent adult neural progenitors ​(Suh et al. 2007)​.  
 
Despite their reduced rate of division compared to stem cells of fast-cycling tissues, adult neural 
stem cells are capable of numerous types of division, from symmetric and asymmetric 
self-renewal to symmetric differentiation into multiple classes of glia or neuron ​(Bonaguidi et al. 
2011)​. However, the mechanisms underlying population asymmetry amongst adult neural stem 
cells remain poorly understood, thanks in part to the technical limitations of observing rare 
mitoses deep in the brain, the complexity of cell types that constitute the adult neural stem cell 
niche, as well as the diversity of adult neural stem cell progeny ​(Bonaguidi et al. 2016)​. The 
morphology of adult neural stem cells, particularly those with apical and/or basal processes, 
exposes different regions of these cells to a wide variety of both diffusible factors and 
membrane-bound factors ​(Fuentealba, Obernier, and Alvarez-Buylla 2012)​. Some of these 
factors, like components of the Wnt signaling pathway and BMPs ​(Bielen and Houart 2014; 
Choe, Pleasure, and Mira 2015) ​, have well-characterized effects on adult tissue stem cells in 
addition to neural stem cells, while others, ranging from various neurotransmitters to the local 
firing activity of nearby neurons, are now recognized for their specific impact on the fates of 

9

https://paperpile.com/c/aoAG3N/x2xU
https://paperpile.com/c/aoAG3N/LxzC
https://paperpile.com/c/aoAG3N/UAOR
https://paperpile.com/c/aoAG3N/MYm2
https://paperpile.com/c/aoAG3N/MYm2
https://paperpile.com/c/aoAG3N/8kLF+Mvgf
https://paperpile.com/c/aoAG3N/kbXE+YHA4+T8j4
https://paperpile.com/c/aoAG3N/kbXE+YHA4+T8j4
https://paperpile.com/c/aoAG3N/2gAd
https://paperpile.com/c/aoAG3N/vb8V
https://paperpile.com/c/aoAG3N/vb8V
https://paperpile.com/c/aoAG3N/bsZN
https://paperpile.com/c/aoAG3N/Bqr1
https://paperpile.com/c/aoAG3N/mZxF+myV2
https://paperpile.com/c/aoAG3N/mZxF+myV2


adult neural stem cell progeny ​(Lledo, Alonso, and Grubb 2006; Song et al. 2012; Vivar et al. 
2012)​.  
 
The olfactory epithelium represents an ideal system in which to study the dynamics underlying 
self-renewal of an epithelial stem cell alongside differentiation into a known neuronal subtype, 
the olfactory sensory neuron. HBCs reside in the basal compartment of the OE, and their 
expression of p63, the keratins (K5, K14), ICAM1, and various integrins ​(Holbrook, Szumowski, 
and Schwob 1995)​ is more reminiscent of basal stem cells of the epidermis ​(Fuchs 2008)​ than 
radial glia of the dentate gyrus or the subventricular zone. However, HBC progeny progress 
through states that resemble stem and progenitor cells of cortical adult neurogenesis, 
characterized by sequential expression of Sox2, NeuroD, and Lhx2 ​(Zhao, Deng, and Gage 
2008)​. Investigation of clonal dynamics and regulation of asymmetric division in HBCs can shed 
light on mechanisms of HBC self-renewal, but understanding the transcriptional regulation of 
lineage specification in the regenerating OE, or following p63cKO, requires an analysis of gene 
expression during HBC differentiation. Single-cell sequencing techniques can illuminate 
subtleties of the transcriptional changes that occur amongst populations of differentiating stem 
cells, reveal novel cellular subtypes, and aid in the identification of bifurcation points in lineages 
arising from multipotent stem cells ​(Wagner, Regev, and Yosef 2016) ​. Thus, this dissertation 
utilizes both ​in vivo ​ lineage tracing as well as single-cell RNA sequencing to disentangle the 
dynamics underlying HBC self-renewal and differentiation. 
 
1.3 Single-cell RNA sequencing and statistical deconvolution of cell types in developing 
lineages 
 
Single-cell RNA sequencing (single-cell RNA-seq) techniques allow for the discrimination of 
transcriptional states of individual cells within a population, overcoming the weaknesses of 
relying on bulk RNA sequencing when studying heterogeneous cell populations. Early 
applications of single-cell RNA-seq to stem cells in development, or following reprogramming, 
revealed a higher degree of stem cell heterogeneity than expected ​(Guo et al. 2010; Buganim et 
al. 2012)​, illustrating that stem cell behaviors might be obscured by population-level averaging 
of gene expression incurred by bulk techniques. Considering that adult stem cells are often rare 
within a population, and that many adult stem cells are heterogeneous as a population and 
individually plastic ​(van Es et al. 2012; Greulich and Simons 2016) ​, there is utility in 
characterizing the transcriptomes of individual cells to better understand, for example, what 
distinguishes a more long-lived versus a more fate-committed progenitor. Moreover, applying 
single-cell transcriptional analysis to differentiating lineages can provide insights into how cells 
transition between stem, progenitor, and differentiated states.  
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In the last few years, various groups have devised statistical methods for analyzing single-cell 
gene expression profiles in the pursuit of better classification of diverse cell types as well as 
delineation of the lineages along which stem cells and their progeny develop. Trapnell and 
colleagues developed the ​Monocle​  algorithm to reorder single-cell transcriptomes according to 
their similarity, in a pairwise fashion, with the goal of defining the developmental relationships 
between cells independently of the time-point at which those cells were collected during a 
muscle progenitor differentiation assay ​(Trapnell et al. 2014)​. Others have used similar 
approaches to study differentiation in the human preimplantation embryo ​(Petropoulos et al. 
2016)​, adult hippocampus ​(Shin et al. 2015) ​, and adult subventricular zone ​(Llorens-Bobadilla et 
al. 2015)​. Moreover, such frameworks for using single-cell techniques in general to investigate 
heterogeneous cell populations have provided insights into immune cell development (via 
single-cell mass cytometry) ​(Bendall et al. 2014) ​ and intestinal stem cell transcriptional priming 
prior to division (via single-cell qRT-PCR) ​(Kim et al. 2016)​.  
 
Despite the recent wave of interest in using single-cell RNA-seq to analyze differentiation and 
development, there are few available statistical methods for identifying bifurcating lineages 
arising from common progenitors, as most published studies have focused on non-branching 
lineages ​(Shin et al. 2015; Trapnell et al. 2014)​. However, a handful of groups have begun to 
address this methodological gap ​(Setty et al. 2016; Marco et al. 2014)​, demonstrating that 
single-cell RNA-seq is amenable for distinguishing the transcriptional changes that occur as two 
lineages differentiate simultaneously from a common precursor population. This dissertation 
leverages a recently developed statistical framework, ​Slingshot​ , to illuminate the transcriptional 
changes that define HBC exit from quiescence and bifurcation of olfactory progenitors towards 
either the neuronal or sustentacular lineages. These data complement ​in vivo​  clonal analysis of 
HBC progeny, providing insight into and validation of the processes that regulate HBC 
self-renewal and differentiation. 
 
  

11

https://paperpile.com/c/aoAG3N/O6ye
https://paperpile.com/c/aoAG3N/rwwr
https://paperpile.com/c/aoAG3N/rwwr
https://paperpile.com/c/aoAG3N/3esw
https://paperpile.com/c/aoAG3N/aCQT
https://paperpile.com/c/aoAG3N/aCQT
https://paperpile.com/c/aoAG3N/prDI
https://paperpile.com/c/aoAG3N/DPaa
https://paperpile.com/c/aoAG3N/3esw+O6ye
https://paperpile.com/c/aoAG3N/IE2u+I4yj


 

 
Figure 1.1 Schematic of cell types in the olfactory epithelium  
Globose basal cells (GBCs) produce new mature neurons (mOSNs) throughout adulthood via 
several cellular intermediates, including intermediate neuronal precursors (INPs) and immature 
olfactory sensory neurons (iOSNs). Microvillus cells are also derived from the neuronal lineage. 
Following severe injury that ablates all mature olfactory cell types, horizontal basal cells (HBCs) 
self-renew and give rise to sustentacular cells, Bowman’s glands, and cells in the neuronal 
lineage.  
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Chapter 2:  
The role of spindle orientation and cell polarity in HBC mitosis during regeneration 

 
Background 
 
The olfactory epithelium (OE) is the only vertebrate sensory organ capable of generating new 
neurons throughout adulthood, presumably due to the ongoing exposure of sensory neuron 
dendrites to environmental insults in the nasal cavity. Under homeostatic conditions, these 
sensory neurons live for a few months before being replaced by newborn neurons derived from 
pools of progenitor cells residing in the basal compartment of this pseudostratified epithelium ​(P. 
P. Graziadei and Graziadei 1979; Mackay-Sim and Kittel 1991)​. Moreover, the OE replenishes 
its neuronal population following targeted ablation of the olfactory nerve ​(G. A. Graziadei and 
Graziadei 1979) ​ or the olfactory bulb ​(Carr and Farbman 1992)​, and regenerates entirely upon 
severe injury that ablates its structural cells (sustentacular cells) as well as its neurons ​(Bergman 
and Brittebo 1999)​. Though both the stem and differentiated cell types in the OE have been 
broadly characterized by their expression of well-known markers of epithelial cells and 
developing neurons, the mechanisms underlying olfactory stem cell self-renewal and 
differentiation following their exit from quiescence remain unknown.  
 
The horizontal basal cell (HBC) of the OE is the quiescent stem cell responsible for the brunt of 
olfactory neurogenesis that occurs following severe injury ​(Leung, Coulombe, and Reed 2007) ​. 
HBCs are characterized by their expression of known epithelial stem cell markers, including 
transcription factors (Keratin 5, Keratin 14 and p63), and regulators of stem cell/extracellular 
matrix interactions, such as the integrins (B1, B4) and ICAM1. These markers are most 
reminiscent of markers of basal epidermal stem cells, which are long-lived and capable of 
orchestrating skin regeneration ​(Lavker and Sun 2000; Lechler and Fuchs 2005) ​. Work in our lab 
has shown that p63 is a key regulator of HBC quiescence and stem-cell character. HBCs 
transiently downregulate p63 upon activation following injury, and spontaneously differentiate 
upon conditional knockout of p63 at steady-state, presumably in conjunction with a loss of HBC 
self-renewal ​(Fletcher et al. 2011) ​. To better understand how HBCs exit quiescence following 
p63 knockout or injury to the OE, however, it is informative to look towards models of epithelial 
stem cell activation in other contexts. 
 
During development, when stem cells must rapidly multiply to provide differentiated cells for a 
growing tissue, stem cell divisions are highly regulated to ensure both stem cell self-renewal and 
robust production of differentiated daughter cells. In the ​C. elegans​  zygote, this process begins 
with the establishment of cellular polarity, which is determined by the donated centrosome of a 
single spermatzoon in the fertilized ovum ​(Cowan and Hyman 2004; Albertson and Thomson 
1993)​. Recruitment of cellular polarity factors, such as the Par complex, to the apical cortex of 
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the cell subsequently drives the sequestration of fate-determinants, such as MEX-5 and MEX-6, 
to either the apical or basal cortices ​(Kemphues et al. 1988; Schubert et al. 2000) ​, and orients the 
mitotic spindle such that each daughter cell inherits unique fate-determinants. This type of 
mitosis is known as an asymmetric division, reflecting the divergent fates of doublets of daughter 
cells arising from a single parental stem cell; implicit in this definition is the existence of 
symmetric divisions, which result in the production of daughter cells with identical fates.  
 
Like the early embryonic stem cells of ​C. elegans, Drosophila​  neural precursor cells 
(neuroblasts) are polarized by the neuroepithelium, from which they delaminate prior to division 
(Doe and Bowerman 2001)​. This results in the asymmetric sequestration of polarity factors, such 
as the Par complex, at either the apical or basal cortices. The mitotic spindle orients along the 
now-defined axis of polarity; and division ensures the asymmetric inheritance of fate 
determinants, such as Numb, that promote differentiation in the basal ganglion mother cell, 
precursor to neurons and glia, or self-renewal in the apical cell ​(Matsuzaki 2000)​. 
 
In the developing mouse embryo, epithelial polarity and spindle orientation play a key role in 
regulating rates of self-renewal and differentiation at various stages, first by promoting 
self-renewing, symmetric divisions that occur parallel to the basement membrane, and later by 
promoting both asymmetric divisions that produce differentiated keratinocytes, as well as a 
minority of symmetric, renewing divisions ​(Lechler and Fuchs 2005; Poulson and Lechler 2010) ​. 
However, in adult mouse tail skin, asymmetric and symmetric divisions both arise from mitoses 
oriented parallel to the basement membrane, perhaps due to differential exposure of daughter 
cells to Notch signaling factors independent of spindle orientation ​(Clayton et al. 2007)​.  
 
Mixed evidence regarding the role of spindle orientation in driving asymmetric divisions also has 
been uncovered in the adult intestine as well as in the developing neocortex. While 
Lgr5-expressing crypt base cells orient their spindles perpendicular to the stem cell niche ​(Quyn 
et al. 2010) ​, clonal tracing indicates that symmetric divisions predominate amongst these cells at 
steady-state ​(Ritsma et al. 2015; Snippert et al. 2010) ​. Moreover, in developing neocortex, neural 
progenitor divisions that occur parallel to the growing neuroepithelium often result in symmetric 
renewing fates for daughter cells, even though asymmetric fates can also result from unequal 
inheritance of the apical cortex in similarly parallel divisions ​(Kosodo et al. 2004; Belzil et al. 
2014)​. In sum, the relationship between cell polarity, spindle orientation, and fate determination 
varies across many contexts, even when the expression of conserved factors required for these 
phenomena is consistent.  
 
In spite of the OE’s tractability as an ​in vivo ​ model of adult neurogenesis, ​in vitro​  OE slice or 
culture assays are not available, restricting the observation of the movement of mitotic factors 
within HBCs to snapshots derived from fixed tissue sections. However, improvements in 
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single-cell transcriptomics have allowed various groups to probe the transcriptional changes 
occurring in individual stem cells in different tissues during differentiation, including blood ​(Sun 
et al. 2014) ​, intestine ​(Kim et al. 2016)​, and brain ​(Llorens-Bobadilla et al. 2015) ​. In these three 
cases in particular, differentiated cells arose from heterogeneous classes of stem cells, which 
stochastically became activated to seed the growth of particular downstream lineages. Thus, even 
though propensity to undergo asymmetric and symmetric division ​per se​  can not be teased out of 
the transcriptional state of single stem cells, these modern techniques allow us to investigate the 
changes in gene expression that may drive dividing stem cells to adopt differential fates.  
 
To address whether canonical regulators of stem cell division underlie HBC self-renewal during 
injury, this chapter explores the orientation of the mitotic spindle and localization of Par complex 
protein Par3 in mitotic HBCs early in regeneration both in the presence of wild-type p63 and in 
the absence of p63 following Cre-mediated gene knockout.  
 
Methods 
 
Transgenic Mice 
Mice bearing transgenic alleles for constitutive tracing of HBCs (Krt5-CrePR; ​(Zhou et al. 
2002)​), tamoxifen-inducible tracing of HBCs (Krt5-CreER(T2); ​(Indra et al. 1999) ​), conditional 
knockout of p63 (Trp63loxP/loxP allele; ​(Mills, Qi, and Bradley 2002)​), YFP lineage tracer 
(Rosa26eYFP; ​(Srinivas et al. 2001) ​), and Confetti lineage tracer (Rosa26-Confetti; ​(Snippert et 
al. 2010)​) were bred and maintained against a mixed B6;129;FVB background. Mice with the 
following genotypes were used for experiments described in this chapter: 
 
K5CrePR; p63wt/wt; Rosa-YFP ​ (spindle orientation and Par3 experiments; “p63wt”) 
K5CrePR; p63fl/wt; Rosa-YFP ​ (spindle orientation and Par3 experiments; “p63het”) 
K5CrePR; p63fl/fl; Rosa-YFP ​ (spindle orientation and Par3 experiments; “p63cKO”) 
 
Injury induction and lineage tracing for spindle orientation, Par3 analyses 
To determine the angle of the mitotic spindle and localization of cell polarity factor Par3 in 
HBCs early in regeneration, HBCs were lineage traced using the K5-CrePR driver, which 
becomes constitutively active in HBCs at postnatal day 5 (P5), in conjunction with the Rosa-YFP 
reporter. Injury was induced in mice at postnatal day 10 (P10) with an intraperitoneal injection of 
methimazole ​(Leung, Coulombe, and Reed 2007) ​, and dividing HBCs were analyzed at 24 hours 
post injury (hpi), 30hpi, and 39hpi. 
 
Tissue processing 
Whole OE tissue was fixed with 4% paraformaldehyde overnight at 4°C, washed with 
phosphate-buffered saline (PBS), decalcified with 10% ethylenediaminetetraacetic acid in PBS 
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for 4-5 days at 4°C. Tissue was then washed with distilled H2O for 5 hours at RT, equilibrated in 
30% sucrose overnight at 4°C, mounted in tissue-freezing medium (Triangle Biomedical 
Sciences), and stored at -80°C. Tissue was finally cryosectioned at 12µm thickness and mounted 
onto Superfrost Plus slides (Fisher Scientific) for immunohistochemical processing. 
 
Immunohistochemistry 
Slides were hydrated, washed three times for 20 minutes in PBS with 0.1% Triton-X100 (PBST), 
and blocked in PBST with 10% donkey serum before being stained overnight at 4°C with 
primary antibodies diluted in blocking solution. Primary antibody was removed with three 
five-minute PBST washes, and slides were then stained for 2 hours with secondary antibodies 
diluted in blocking solution. Processed slides were prepared for imaging using Vectashield 
hard-set mounting medium (Vector Labs) and coverslips.  
 
To identify dividing HBCs, the YFP lineage tracer was amplified with an anti-GFP antibody 
(Abcam), and mitotic histones were labeled with anti-phospho-histone-H3 (anti-PH3, Santa Cruz 
Biotechnology). For spindle orientation assessment, spindle poles were labeled with 
anti-pericentrin (Covance). For cell polarity assessment, Par3 was labeled with anti-Par3 
(Millipore) following antigen retrieval (10 minutes in a 90°C solution of 10mM Tris Base, 1mM 
EDTA, 0.05% Tween 20). Appropriate Alexa-Fluor secondary antibodies were used to visualize 
YFP and PH3 at 488 nm and Par3 or pericentrin at 594 nm. YFP and PH3 signals were 
distinguished in the same channel on the basis of their subcellular localization: YFP lineage 
tracer was distributed diffusely in the cytoplasm while PH3 localized to discrete, bright puncta 
corresponding to mitotic histones. 
 
Imaging and Quantitation 
Imaging of stained sections was performed via confocal scanning microscopy, and images were 
processed using ImageJ (NIH) and Photoshop (Adobe) to combine channels and examine 
z-stacks. For spindle orientation assessment, maximum projections of confocal z-stacks were 
analyzed. In lineage-traced, PH3-positive basal cells, the angle of the mitotic spindle was 
measured with respect to the basement membrane by drawing a line approximating the local 
basal plane.  
 
Results 
 
To assess the orientation of the mitotic spindle in dividing HBCs early in regeneration, injury to 
the OE was induced in K5CrePR; Rosa-YFP littermate animals bearing zero, one, or two alleles 
of floxed p63 (p63wt, p63het, p63cKO). Following IHC to label mitotic histones and spindle 
poles, the angle of the spindle was measured with relation to the basement membrane in basal, 
lineage-traced, dividing cells only (Fig. 2.1). At 24, 30, and 39 hours post-injury (hpi), spindles 
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in both wildtype and p63-heterozygous HBCs were predominantly oriented parallel (0°-30°) or 
perpendicular (60°-90°) to the basement membrane (Fig. 2.2). The paucity of oblique spindles 
(30°-60°) in these data was confirmed with a statistical test for unimodality, Hartigans’ dip test 
(Hartigan and Hartigan 1985) ​, demonstrating that the distribution of spindles was significantly 
bimodal at 24 hpi and 39 hpi  (24 hpi: p < 0.0001; 30 hpi: p < 0.242; 39 hpi: p < 0.004).  In 
p63-deficient HBCs, however, the mitotic spindle was less likely to orient perpendicular to the 
basement membrane (Fig. 2.2), and the distribution of spindles was not bimodal at any time 
point, according to Hartigans’ dip test (24 hpi: p < 0.1; 30 hpi: p < 0.766; 39 hpi: p < 0.437). 
 
To determine whether aberrations in cell polarity may underlie the observed deficit of 
perpendicular spindle orientations in p63-cKO HBCs, tissue from 30 hpi p63wt and p63cKO OE 
was stained for Par3, a key member of the Par complex, which helps drive the perpendicular 
orientation of the mitotic spindle during asymmetric division ​(Siller and Doe 2009)​. In dividing 
wild-type HBCs early in regeneration, a crescent of Par3 protein was consistently observed at the 
apical cortex; in contrast, Par3 not only failed to localize to a discrete, coherent region of the 
cellular cortex in p63cKO HBCs, but also was distributed around the entirety of the cortex (Fig. 
2.3). Thus, loss of cellular polarity in p63cKO HBCs may interfere with the ability of HBCs to 
orient the spindle perpendicularly to the basement membrane, precluding asymmetric 
self-renewal during regeneration. 
 
Conclusion/Discussion 
 
Stem cells are tasked with rapidly producing differentiating daughter cells without depleting their 
own long-lived population during embryonic development, adult homeostasis, and tissue 
regeneration. In invertebrate development, asymmetric divisions are orchestrated by the 
coordinated movement of cell polarity factors and the mitotic spindle to ensure that one daughter 
cell differentiates, while its sibling cell retains the stem-cell characteristics of the parental cell 
(Doe and Bowerman 2001)​. Some of these cell polarity factors also ensure asymmetric divisions 
in vertebrates, particularly in developing skin, but the role of cell polarity and spindle orientation 
is less clear in cycling adult tissues, where symmetric divisions sometimes predominate without 
exhausting the stem cell pool ​(Simons and Clevers 2011)​ .  
 
In this chapter, I explored whether the long-lived, quiescent olfactory stem cell, the HBC, 
potentially ensures its own self-renewal via bias in spindle orientation or cell polarization as it 
approaches its first division during regeneration. Particularly at 24 hpi, but also at 30 hpi and 39 
hpi, the HBC mitotic spindle rarely orients at oblique angles to the basement membrane, 
suggesting that spindle orientation may indeed drive the occurrence of both asymmetric 
divisions, perpendicular to the basal plane, and symmetric divisions, parallel to the basal plane. 
HBCs deficient in p63 fail to orient their spindles at high angles, between 60° and 90°, indirectly 
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implying a relationship between loss of asymmetric divisions and loss of self-renewal during 
p63cKO. Moreover, cell polarity factor Par3 is sequestered apically in wild type HBCs early in 
regeneration, while p63cKO HBCs display incoherent and unpolarized localization of Par3 
around the cell cortex. These results suggest that HBC self-renewal, and asymmetric cell 
division, may depend upon both proper apical localization of Par3 and the ability of the mitotic 
spindle to orient perpendicular to the basement membrane.  
 
In the absence of live-imaging methods for following regenerative HBC divisions, the 
consequences of a perpendicular spindle or apical Par3 must be inferred by analyzing stained 
tissue at fixed timepoints later in regeneration, when the fates of clonal daughter cells can be 
definitively scored, or by analyzing early changes in gene expression occurring as HBCs 
differentiate. To gain a better understanding of the population and transcriptional dynamics 
underlying HBC differentiation, a clonal analysis of lineage-traced, differentiating HBC progeny 
following p63cKO was undertaken, complemented by parallel single-cell RNA sequencing of 
these progeny during a differentiation time-course, in Chapter 3. In Chapter 4, the issue of 
population asymmetry and HBC self-renewal is addressed using a more detailed clonal analysis 
of lineage-traced HBC progeny during regeneration, and is again complemented by parallel 
single-cell RNA sequencing to gain insight into the transcriptional changes that underlie HBC 
differentiation into neurons, sustentacular cells, and renewed HBCs.  
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Figure 2.1​ ​Representative measurements of HBC spindle orientation at 30hpi  
YFP lineage tracer (cytoplasmic, diffuse) and phospho-histone H3 (PH3) (nuclear, punctate) are 
discriminated in the green channel on the basis of their subcellular localization and distribution. 
(A)​ Perpendicular spindle in a dividing HBC. ​(B)​ Parallel spindle in a dividing HBC. In both 
images, the basement membrane is indicated by the dotted line. 
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Figure 2.2​ ​Bimodal distributions of wild-type HBC spindle orientation early in 
regeneration  
Binned distributions, spindle angles by genotype, and spindle angles by animal are displayed 
from left to right for each timepoint. At least two animals were scored for either p63wt+p63het 
or p63cko. N refers to cells counted. ​(A)​ At 24hpi, the HBC spindle is heavily biased to orient 
either parallel or perpendicular to the basement membrane, with spindle angles displaying a 
bimodal distribution (n = 48; Hartigans’ diptest, p < 0.0001), while the spindle fails to orient 
perpendicularly in p63cKO HBCs, leading to a unimodal distribution (n = 50; Hartigans’ diptest, 
p = 0.1). ​(B)​ At 30hpi, spindle orientations appear to distribute bimodally, but the distribution is 
not significant (n = 84; Hartigans’ diptest, p = 0.24); p63cKO spindles also do not distribute 
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bimodally (n = 125; Hartigans’ diptest, p = 0.77). ​(C)​ At 39hpi, the HBC spindle is again biased 
to orient either parallel or perpendicular to the basement membrane, with angles distributed 
bimodally (n = 224; Hartigans’ diptest, p = 0.004), and p63cKO spindles continue to distribute 
unimodally (n = 84; Hartigans’ diptest, p = 0.437).  
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Figure 2.3​ ​Par3 localization in wild-type and p63cKO HBCs during regeneration. 
Par3 is restricted to a single crescent at the apical cortex in wild-type HBCs at 30hpi during 
regeneration ​(A)​, while it is less coherently organized throughout the p63cKO HBC cortex at the 
same timepoint ​(B)​. The basement membrane is indicated by the dotted line. In (B), mislocalized 
Par3 is denoted by white arrows. 
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Chapter 3:  
Steady-state dynamics of HBC differentiation following p63 knockout 

 
This chapter, excerpted from a manuscript that is currently under review,  represents a 
collaboration with members of the Ngai Lab (primarily Russell Fletcher and Diya Das) and 
members of the UC Berkeley Statistics department and Center for Computational Biology. I 
contributed to the overall experimental design; carried out FACS, single-cell RNA-seq from cells 
to library preparation for all p63cKO time-points with assistance from Russell Fletcher; clonal 
analysis methodology, and scoring and analysis at 7 dpi; and editing of the manuscript.  
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Background 
 
The horizontal basal cell (HBC) of the olfactory epithelium is capable of giving rise to all 
olfactory cell types (Leung et al., 2007; Fletcher et al., 2011). Although some of these cell types 
can be identified on the basis of marker gene expression, it is unclear how HBC differentiation is 
regulated either at steady-state, following p63cKO, or during regeneration. In this manuscript, 
we complemented a clonal analysis of the p63cKO differentiating HBC with single-cell 
RNA-seq of FACS-sorted HBC progeny. In collaboration with the members of the UC Berkeley 
Statistics Department, we developed ​Slingshot, ​ a novel statistical approach that allowed for the 
reordering of single-cell transcriptomes according to their developmental state, independent of 
the experiment in which they were collected. This provided a fine-grained view of the 
transcriptional changes that occur as HBC progeny move between cellular states during 
differentiation. Using these parallel approaches, we were able to identify novel mechanisms of 
direct fate conversion of HBCs to sustentacular cells, and proliferation of intermediate 
progenitors in the neuronal lineage following p63cKO, validating the utility of combining ​in vivo 
lineage tracing with single-cell transcriptional analysis.  
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Introduction 
 
A fundamental challenge in stem cell biology is to define both the cell fate potential of a given 
stem cell and where cell fates are specified along a developmental trajectory. Moreover, detailed 
lineage trajectory maps are necessary for identifying the regulatory networks governing the cell 
fate transitions underlying tissue maintenance and regeneration, and are essential for designing 
strategies to manipulate cells for therapeutic applications. Lineage tracing – a technique for 
permanently labeling the descendants of a targeted cell – is a powerful tool for elucidating the 
cell fate potential and specification of progenitor cells (Bałakier and Pedersen, 1982; Kimmel 
and Law, 1985; Moody, 1987; Price et al., 1987; Spemann and Mangold, 1924; Weisblat et al., 
1978; 1980; Zinyk et al., 1998). Lineage tracing using transgenic technologies has been applied 
to genetically defined adult stem cells in regenerative tissues, demonstrating that stem cell 
multipotency at the population level can reflect a spectrum of differentiation potentials 
manifested by individual stem cells (Bonaguidi et al., 2011; Clayton et al., 2007; Snippert et al., 
2010a; Sun et al., 2014). However, while lineage tracing has greatly advanced our understanding 
of development and stem cells, this approach alone cannot readily identify all intermediate stages 
in a lineage or pinpoint when in a branching lineage multiple cell fates arise. 
 
Whole transcriptome profiling of single cells by RNA sequencing (single-cell RNA-seq) has 
recently emerged as a powerful method for discriminating the heterogeneity of cell types and cell 
states in a complex population (Deng et al., 2013; Grün et al., 2016; Llorens-Bobadilla et al., 
2015; Olsson et al., 2016; Pollen et al., 2015; 2014; Shalek et al., 2014; Treutlein et al., 2014; 
2016; Usoskin et al., 2014). New statistical approaches have further enabled the assignment and 
ordering of cells to discrete stages in developmental lineages based on gradual changes in gene 
expression detected at the single cell level (Bendall et al., 2014; Haghverdi et al., 2015; 
Petropoulos et al., 2016; Shin et al., 2015; Trapnell et al., 2014). While powerful, these 
approaches struggle to overcome the challenge of identifying where lineages diverge in more 
complex branching trajectories of multipotent progenitors, a problem that is only beginning to be 
addressed (Setty et al., 2016). Importantly, even the most sophisticated analysis of single-cell 
RNA-seq data can only provide predictions that require independent experimental validation. 
 
The olfactory epithelium is a sensory neuroepithelium that maintains a steady state population of 
mature olfactory sensory neurons via continual neurogenesis in the postnatal animal (Graziadei 
and Graziadei, 1979b; Mackay-Sim and Kittel, 1991). Olfactory neurogenesis is normally 
sustained through differentiation of globose basal cells (GBCs), which are the actively 
proliferating neurogenic progenitor cells in the niche (Caggiano et al., 1994; Graziadei and 
Graziadei, 1979b; Schwob et al., 1994). Upon targeted destruction of the sensory neurons or 
more severe injury to the entire tissue, the olfactory epithelium can regenerate (Burd, 1993; 
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Graziadei and Graziadei, 1979a; Matulionis, 1975; 1976; Schultz, 1960; Schwob et al., 1995). 
Following such injury, the horizontal basal cells (HBCs) – the normally quiescent, reserve stem 
cells of the niche – become activated to differentiate and reconstitute all major cell types in the 
epithelium (Iwai et al., 2008; Leung et al., 2007) (Figure 1A).  
 
With its relative simplicity and experimental accessibility, the postnatal olfactory epithelium 
provides an attractive system for studying the activation and specification events that occur 
during the differentiation of multiple cell lineages from an adult stem cell. A number of 
questions relevant to other adult stem cell niches can also be addressed. For example, while 
lineage tracing suggests that cells arising from HBCs transition through proliferative GBC 
progenitors to generate olfactory sensory neurons (Leung et al., 2007), it remains unclear 
whether the epithelium’s other cell types arise via a common GBC intermediate. Similarly, 
characterizing the transitions in gene expression that occur throughout a developing lineage is a 
prerequisite to disentangling the gene regulatory networks that underlie cell fate decisions. Thus, 
we sought to determine when and where in the trajectory different sub-lineages diverge, quantify 
the gene expression changes that accompany these developmental transitions, and define the 
underlying gene networks that control them. 
 
In the present study, we combined a statistical approach for making branching lineage 
assignments from single-cell RNA-seq data with in vivo lineage tracing to map the 
developmental trajectories of the multiple cell lineages arising from the olfactory epithelium’s 
HBC stem cell. The first major bifurcation in the HBC lineage trajectory occurs prior to cell 
division, producing either sustentacular (support) cells or GBCs. The GBC lineage in turn 
branches to give rise to microvillous cells and olfactory sensory neurons. Whereas olfactory 
neurogenesis involves an expansion of the progenitor pool via proliferative GBCs, sustentacular 
cells instead arise via direct fate conversion of quiescent HBCs, a process that does not require 
cell division. Moreover, the multipotency of HBCs as a population reflects independent 
unipotent cell fate decisions made at the single cell level. Our combined approach serves more 
generally as a model for illuminating and deconstructing branching lineages that arise from 
multipotent stem cells. 
 
Methods 
 
Transgenic Mice 
Mice containing the following transgenes or modified alleles were used in this study: 
Krt5-CreER(T2) driver (Indra et al., 1999), Trp63lox/lox conditional knockout allele (Mills et 
al., 2002), Sox2eGFP knock-in reporter allele (Arnold et al., 2011), Rosa26eYFP reporter 
(Srinivas et al., 2001), and Rosa26Confetti reporter (Snippert et al., 2010a). 
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Fluorescence-Activated Cell Sorting (FACS) 
In the HBC lineage tracing experiments, Krt5-CreER; Rosa26eYFP and Krt5-CreER; 
Trp63lox/lox; Rosa26eYFP mice were injected with tamoxifen (0.25 mg tamoxifen/g body 
weight) once at P21-23 days of age and euthanized at the specified times post injection (Figure 
1).  For all experiments (HBC lineage tracing and Sox2eGFP cells), the OE was surgically 
removed, and the dorsal, sensory portion was dissected and dissociated.  The dissociation 
protocol was similar to that used previously (Fletcher et al., 2011). 
 
Single-Cell RNA-Seq Cell Capture, Library Preparation, Sequencing 
Each FACS collection was considered a biological replicate, and at least two biological 
replicates were collected for each experimental condition.  The Fluidigm C1 system was used to 
isolate single cells, lyse them, and produce cDNA. Nextera library synthesis was performed 
using Nextera v2 index oligos. Library size was selected using AMPure XP beads (Beckman 
Coulter). Indexed, single-cell libraries were sequenced on Illumina Hi-Seq 2000 or HiSeq 2500 
sequencers to produce 50 nt single-end reads (with one exception in which paired-end reads were 
included). Samples were sequenced in multiplex, and each lane typically contained 
approximately 192 samples.  
 
Single-Cell RNA-Seq Alignment, Pre-processing, Filtering, Normalization, Clustering 
Sequencing reads were aligned to the GRCm38.3 (mm10, patch release 3) genome assembly 
with RefSeq transcript annotations, which were modified to contain sequences of specific 
transgenic genes used in our analysis (such as CreER and eGFP).  We used the adaptive quality 
metric-based filtering and normalization methods from the open-source R package SCONE, 
available at https://github.com/YosefLab/scone. We applied a novel Resampling-Based 
Ensemble Clustering (RSEC) procedure with the aim of obtaining stable and tight clusters. The 
method is implemented in the open-source Bioconductor R package clusterExperiment, available 
at http://bioconductor.org/packages/clusterExperiment 
 
Lineage Trajectory and Branching Prediction 
A novel method – called Slingshot – was applied to infer lineage trajectories and bifurcations 
and to order the cells along the trajectory.  Slingshot is implemented in an open-source R 
package available at https://github.com/kstreet13/slingshot. 
 
Clonal Lineage Tracing 
Krt5-CreER; Trp63lox/lox; Rosa26Confetti transgenic mice were used for clonal lineage tracing 
of the HBC lineage. A dose-response was performed to determine an optimal dose of tamoxifen 
to achieve sparse labeling: 0.025 to 0.05 mg tamoxifen/g body weight administered by 
intraperitoneal injection. Confocal z-stacks were obtained using a Zeiss LSM 710 or 780 
microscope, and images were processed and quantified using ImageJ (NIH). For a breakdown of 

36



clones by animal and reporter, see Figure 3.5. 
 
Immunohistochemisty, RNA In Situ Hybridization, Imaging 
Protocols for immunohistochemistry and RNA in situ hybridization were similar to those 
previously published (Duggan et al., 2008; Fletcher et al., 2011). Fluorescent confocal slices and 
z-stacks were obtained using Zeiss LSM 710 or 780 microscopes. Brightfield images of RNA in 
situ hybridization were obtained on a Nikon Microphot compound scope and Leica DFC500 
camera. Images were processed with ImageJ (NIH) and Adobe Photoshop and quantified with 
ImageJ.  
 
Results 
 
We applied single-cell RNA-seq to identify the cell state transitions during differentiation of 
olfactory HBC stem cells into proliferating progenitors and mature cell types. Two 
complementary approaches were employed to obtain cells representing different stages in the 
olfactory lineages. In the first, we used inducible Cre-lox lineage tracing to label HBCs and their 
progeny. Within postnatal olfactory epithelium, Keratin 5 (Krt5) is expressed exclusively in 
HBCs ​(​Holbrook et al. 1995 ​)​. Accordingly, YFP-positive HBCs and their descendants were 
purified by fluorescence-activated cell sorting (FACS) from olfactory epithelia of Krt5-CreER; 
Rosa26eYFP mice following activation of Cre recombinase with tamoxifen. In the normal, 
uninjured olfactory epithelium, most HBCs are quiescent and rarely differentiate (Leung et al. 
2007) (Fig. 3.1B). To obtain resting HBCs (controls) we harvested cell samples 72 or 96 hours 
following tamoxifen-induced Cre activation in three week-old mice (Fig. 3.1C). 
 
The transcription factor Trp63 (also known as p63) is down-regulated upon HBC activation 
(Fletcher et al. 2011; Packard et al. 2011), and conditional knockout of Trp63 in HBCs leads to 
their spontaneous differentiation into fully mature olfactory sensory neurons and non-neuronal 
cells (Fig. 3.1B) (Fletcher et al. 2011). This allowed us to use conditional ablation of Trp63 as a 
tool to “release” HBCs from their quiescent state and capture differentiating HBCs in large 
numbers even though HBC differentiation is infrequent in the absence of injury. Thus, we 
induced the conditional knockout of Trp63 and activated the Rosa26eYFP reporter using 
tamoxifen. Differentiating YFP-positive lineage-traced cells were harvested and FACS-purified 
at different time points ranging from 24 hours to 14 days post-tamoxifen (14 dpt; Fig. 3.1C). We 
isolated a total of 729 YFP lineage-traced cells from both control and Trp63 conditional 
knockout animals. 
 
In the second approach for isolating olfactory progenitor and neuronal precursor cells, we 
FACS-purified cells from uninjured olfactory epithelium based on their expression of a 
Sox2eGFP knock-in reporter gene (Arnold et al. 2011). Sox2 is expressed in the olfactory 
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epithelium by HBCs, GBCs, microvillous cells, and sustentacular cells (Fig. 3.1 B,D) (Guo et al. 
2010). Because of perdurance of the eGFP reporter, the Sox2eGFP transgene also allows for 
purification of cells later in the neuronal lineage.  HBCs express the cell surface marker ICAM1 
(Carter et al. 2004), which can be used to deplete the Sox2-eGFP-positive cell population of 
HBCs by FACS; thus, a preparation containing GBCs (and later differentiating cells from the 
neuronal lineage), microvillous cells, and sustentacular cells was isolated by sorting for 
Sox2-eGFP-positive, ICAM-negative cells. Our initial analysis found this preparation to be 
dominated by sustentacular cells. We therefore identified transcripts for two cell surface markers 
–  Scarb1 and F3 –  that are enriched in sustentacular cells.  By sorting for Sox2-eGFP-positive, 
ICAM1-negative, SCARB1/F3-negative cells, we were able to obtain a population of cells that 
was enriched for GBCs, later neuronal intermediates and microvillous cells over sustentacular 
cells for a total of 175 cells (Fig. 3.1 D, E).  
 
Single-cell RNA-seq was carried out on FACS-purified cells using the Fluidigm C1 
microfluidics cell capture platform followed by Illumina sequencing. Single cell data from YFP 
lineage tracing experiments and Sox2-eGFP experiments were combined into one data set, a 
strategy designed to maximize the representation of cell states along the developmental 
trajectories. RNA-seq data were aligned, filtered to eliminate poor quality samples, and 
normalized to minimize sources of technical variation and facilitate comparison between 
single-cell RNA expression profiles. Sequencing data from a total of 687 cells (542 from YFP 
lineage-traced cells and 145 from Sox2-eGFP-expressing cells) remained after removing 
doublets, contaminants, and poor quality samples (Fig. 3.1 E). 
 
Clustering of Single-Cell RNA-Seq Data Identifies Distinct Cell Types and Stages of Olfactory 
Differentiation 
To group cells based on their similarities in gene expression profiles, we used our recently 
developed method RSEC (Resampling-Based Ensemble Clustering) to find stable clusters that 
are robust over a range of parameters; RSEC found 18 stable clusters. Individual clusters were 
then manually inspected for the presence of marker genes of known cell types, which were used 
to make preliminary assignments of cell type identities. Clusters containing fewer than 10 cells 
(each representing <1.5% of the total population studied) were deemed to be less reliable and 
therefore set aside to avoid confounding downstream analyses, yielding a final repertoire of 13 
clusters. 
 
To visualize cellular heterogeneity, we projected the data onto two dimensions via t-distributed 
Stochastic Neighbor Embedding (t-SNE; Fig. 3.2 A) (Maaten and Hinton 2008), which confirms 
that our clustering procedure led to well-defined, distinct groups. Figure 3.2 B shows the cluster 
medoids in the t-SNE projection, together with preliminary cell type assignments based on the 
expression of known and/or validated marker genes. For example, we annotated the resting HBC 
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cluster based on expression of HBC markers Trp63, Krt5, and Krt14 (Fletcher et al. 2011; 
Holbrook et al. 1995; Suzuki and Takeda 1991). Interestingly, two clusters (ΔHBC1, ΔHBC2) 
contain cells in which the canonical HBC stem cell markers Trp63, Krt5, and Krt14 appear to be 
variably down-regulated from cell to cell (Fig. S3.1), suggesting the existence of at least one 
transition state in which HBCs first begin to differentiate. Cells in the GBC cluster express Kit, 
Ascl1, and high levels of cell cycle genes, markers of GBC progenitors (Goldstein et al. 2014; 
Manglapus et al. 2004). Clusters representing immediate neuronal precursors (INP1,2,3) and 
immature neurons (iOSN) within the olfactory neuronal lineage were also identified based on the 
expression of genes such as Neurod1, Lhx2, Gap43, and the G protein subunit G8 (Gng8) (Hirota 
and Mombaerts 2004; Kolterud et al. 2004; Packard et al. 2011; Tirindelli and Ryba 1996; 
Verhaagen et al. 1989). The mature olfactory sensory neuron cluster (mOSN) was identified by 
expression of olfactory marker protein (Omp), the main subunit of the cyclic nucleotide-gate 
channel (Cnga2) and G13 (Gng13), hallmarks of mature olfactory sensory neurons (Huang et al., 
1999; Keller and Margolis, 1975; Sautter et al., 1998) . Cells in two clusters (immature and 
mature sustentacular cells, iSus and mSus, respectively) express increasing levels of Cyp2g1, a 
marker of sustentacular cells (Gu et al., 1998). We also identified a cluster of microvillous cells 
(MV2) based on their expression of Ascl3 and Cftr (Pfister et al., 2015). The identity of one 
small cluster of cells could not be readily classified due to the heterogeneous expression of a few 
identifying marker genes. Based on the expression of Trpm5, a marker of a subset of 
microvillous cells (Hansen and Finger, 2008), and Sox9, which we validated as being expressed 
not only in cells of the Bowman’s gland but also in a subset of microvillous cells (not shown), 
we provisionally assigned this cluster’s identity as microvillous cells (MV1), although we cannot 
exclude the possibility that it contains precursors of Bowman’s gland. Thus, clustering of our 
single-cell RNA-seq data successfully identified three of the major mature HBC-derived cell 
types in the olfactory epithelium (olfactory sensory neurons, sustentacular cells, microvillous 
cells) as well as intermediate progenitors and putative transition state stem cells. The absence of 
cells of the Bowman’s gland may reflect their low representation in the overall population and/or 
their lower survival in our cell isolation procedure.  
 
Assignment of Differentiating Cells to Branching Cell Lineages 
Mapping transcriptional changes as cells transition from stem cells to specialized cell types is 
essential for understanding the mechanisms regulating cell and tissue differentiation. There may 
not always be clear distinctions between states, however, but rather a series of smooth transitions 
in which individual cells exist on a continuum between states. In this scenario, cells may undergo 
gradual transcriptional changes, where the relationship between states can be represented as a 
continuous lineage dependent on an underlying spatial or temporal variable. This representation, 
often referred to as pseudotemporal ordering, can provide a basis for understanding how and 
when cell fate decisions are made (Bendall et al., 2014; Campbell et al., 2015; Haghverdi et al., 
2015; Petropoulos et al., 2016; Shin et al., 2015; Trapnell et al., 2014).  Here, we seek to identify 
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the distinct stages through which cells pass as they differentiate from HBC stem cells into mature 
olfactory cell types, and further to identify when cell type-specific sub-lineages are specified 
during this process. Does the HBC give rise to a common, multipotent progenitor that in turn 
generates the different olfactory cell types? Alternatively, do cells adopt different fates during 
the initial activation of individual HBCs as they transition from a resting state? 
 
The task of assigning and ordering cells in a lineage in the olfactory HBC stem cell niche is 
complicated by the requirement to accommodate multiple, branching cell fate trajectories that 
give rise to the multiple cell types of the lineage. To address this problem, we applied Slingshot, 
a flexible and robust statistical framework for inferring branching lineage assignments and 
developmental ordering in a continuous differentiation process. Cells were assigned and ordered 
along multiple olfactory cell lineages and visualized in 3-dimensional PCA plots.  Three distinct 
trajectories were identified, each starting from the resting HBC stage and leading to the three 
defined mature cell types (Fig. 3.2 C, D). All three trajectories were predicted to pass together 
through the two transitional HBC stages, at which point the first branching in the lineage occurs. 
One path leads toward immature and then mature sustentacular cells (magenta). The other path 
connects transitional HBCs to GBCs, from which the remaining two lineages diverge: one to 
form microvillous cells (blue) and one to form olfactory sensory neurons (orange). The latter 
trajectory passes through GBCs, three discrete stages of immediate neuronal precursors 
(INP1-3), and immature olfactory sensory neurons (iOSN), before concluding in mature 
olfactory sensory neurons (mOSN).  
 
Developmental Ordering of Cells in the Neuronal and Sustentacular Cell Lineages 
We next sought to order all cells and analyze transitions in their transcriptional states as they 
differentiate to become sustentacular cells and olfactory sensory neurons, the two major mature 
cell types of the olfactory epithelium. Slingshot inferred three lineage trajectories using principal 
curves and assigned developmental positions of cells along the lineage trajectory (analogous to 
the concept of pseudotime (Trapnell et al., 2014) by orthogonal projection of each cell’s 
coordinates in PCA space onto its respective curve.  These are displayed as one-dimensional 
plots in which cells are labeled according to cell cluster (Fig. 3.3 A, C). The linear plots illustrate 
the developmental distance between cells as captured by dimensionality reduction (via PCA) of 
the gene expression values. It is evident that the transition from ΔHBC2 to GBCs entails a 
relatively large jump in gene expression space. Similarly, there is a larger gap between the INP1 
and INP2 stages compared to the other transitions following the GBC stage in this lineage. Such 
jumps in developmental distance represent major transcriptional changes in which distinct 
networks of genes are turned on or off.  
 
To gain insight into the coordinated patterns of gene expression that underlie the cell fate 
transitions in the neuronal and sustentacular cell lineages, we identified the most differentially 
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expressed genes within each lineage (not shown), yielding 2327 genes for the neuronal lineage 
and 1622 genes for the sustentacular cell lineage. We then clustered these genes using RSEC, 
identifying 17 clusters of differentially expressed genes in the neuronal lineage and 12 in the 
sustentacular lineage. The average scaled expression values of the gene clusters in the neuronal 
and sustentacular cell lineages are displayed in heatmaps in Figure 3.3 B, D, presented in 
developmental order according to the predictions made by Slingshot. This comparison highlights 
the dramatic difference in coordinated gene expression through developmental progression in the 
two lineages. The neuronal lineage contains many modules of genes that are transiently turned 
on and off, patterns that contrast with the more gradual wave-like changes in gene expression 
exhibited by the sustentacular lineage. Moreover, there is a longer distance traversed in the 
neuronal lineage both in terms of the number of distinct cell states and the number of genes 
showing significant changes at each transition.  
 
Interestingly, transitional HBCs exhibit variable levels of Trp63 mRNA, with some cells 
exhibiting undetectable levels of Trp63 mRNA and others showing levels comparable to resting 
HBCs (Fig. S3.1). Expression of mRNAs encoding the cytokeratins Krt5 and Krt14 – established 
markers of resting HBCs as well as other epithelial stem cells – is also highly variable in 
transitional HBCs (Fig. S3.1). Pairwise comparisons among Trp63, Krt5, and Krt14 reveal 
correlated expression of their mRNAs in resting but not transitional HBCs (not shown), 
suggesting that down-regulation of these genes upon HBC activation reflects a probabilistic 
process. 
 
Proliferation Is Restricted to the GBC/Neuronal Lineage 
Numerous studies have demonstrated that GBCs represent the major proliferative progenitor cell 
in the steady-state, uninjured olfactory epithelium (Caggiano et al., 1994; Graziadei and 
Graziadei, 1979b; Schwob et al., 1994). We therefore examined the expression of cell 
cycle-associated genes (Kowalczyk et al., 2015; Whitfield et al., 2002) in order to determine 
whether and where expansion occurs in the neuronal and sustentacular cell lineages. As judged 
by expression of cell proliferation markers, GBCs and INP1 cells comprise the two actively 
proliferating progenitor cell types in the neuronal lineage (Fig. 3.3 B). In striking contrast, cells 
progress through the sustentacular cell lineage without a concerted up-regulation of cell 
proliferation markers (Fig. 3.3 D). Thus, HBCs appear to transdifferentiate into sustentacular 
cells through a process that does not require cell division. 
 
Lineage Tracing In Vivo Validates Predicted Branch Points in the Olfactory Stem Cell 
Trajectory 
A number of testable predictions can be made from the in silico branching lineage assignments 
and developmental ordering of differentiating olfactory cells shown in Figures 3.2 and 3.3. First, 
the initial branching of the sustentacular cell and neuronal lineages at the transitional HBC stage 
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and in the absence of active cell proliferation suggests that when stimulated to differentiate, each 
HBC adopts a unique cell fate – i.e., GBC vs. sustentacular cell. In this scenario, the 
multipotency of the population of HBCs would be driven by independent unipotent 
differentiation events that occur at the single cell level. To test this prediction, we performed 
clonal lineage tracing in vivo. HBCs were labeled and stimulated to differentiate by induction of 
Cre recombinase activity with doses of tamoxifen adjusted to elicit sparse activation of HBCs in 
Krt5-CreER; Trp63lox/lox; Rosa26Confetti mice. Animals were sacrificed at 7 and 14 days after 
tamoxifen induction and expression of fluorescent protein reporters encoded by the 
Rosa26Confetti locus was assessed using an anti-GFP antibody. Representative examples of 
labeled clones are shown in Figure 3.4 A-D. Consistent with Slingshot’s prediction that 
individual HBCs initially give rise to single lineages, at 14 days of differentiation 91 of 99 
scored clones contain cells representing either the combined neuronal/microvillous cell lineage 
(80, comprising 13 GBCs, 57 neurons, 9 neurons + microvillous cells, and 1 microvillous cell) or 
sustentacular cells (10), but not cells from both lineages (Fig. 3.4 E). Clones containing a 
mixture of sustentacular cells and neurons comprise the remaining 9 clones. Labeled Bowman’s 
glands were not detected among the 99 clones scored for this analysis. Similar results were 
obtained from clones scored at 7 days of differentiation (Fig. 3.5). 
 
A second hypothesis based on our analysis with Slingshot is that sustentacular cells are formed 
through direct fate conversion from HBCs without cell division, whereas the neuronal lineage 
expands via proliferation of GBC and INP1 progenitors. Indeed, using our sparse lineage tracing 
strategy, we observed a marked disparity in the numbers of neurons and sustentacular cells per 
clone. At 14 days of differentiation, neuron-containing clones contained 13.5 +/- 1.0 neurons 
(mean +/- SEM) (Fig. 3.4 F), whereas sustentacular cells are present at one to two cells per clone 
(1.3 +/- 0.1 cells; Fig. 3.4 G). The average number of neurons per clone increases from 7 days 
(8.8 +/- 1.0 cells/clone) to 14 days, while the number of sustentacular cells per clone remains 
essentially unchanged over this interval (1.2 +/- 0.1 cells/clone at 7 days; compare Fig. 3.4 F, G 
to Fig. 3.5). Moreover, most sustentacular cell-containing clones contain only a single cell of this 
type, confirming the assignment of the first major branch point in the HBC-derived lineage to an 
early, non-proliferative transitional HBC stage. Complementing the predicted lineage 
trajectories, these observations provide strong evidence that HBCs differentiate directly into 
sustentacular cells in the absence of cell division. The presence of two sustentacular cells in a 
minority fraction of clones may reflect the proliferative capacity of the sustentacular cells 
themselves (Weiler and Farbman, 1998) and/or the occasional proliferation of resting HBCs 
(Fletcher et al., 2011) or transitional HBCs. Consistent with these possibilities, rare proliferating 
cells can be observed in both the HBC and late sustentacular cell stages (Fig. 3.3 D). 
 
The third major prediction of our branching lineage assignment is that microvillous cells and 
olfactory sensory neurons arise from a common sub-lineage that branches at the GBC stage to 
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give rise to these two cell types. In support of this prediction, nine of ten clones containing 
microvillous cells also contain neurons (Fig. 3.4 E). Microvillous cells are rare in comparison to 
olfactory sensory neurons (Hansen and Finger, 2008; Jia et al., 2013; Ogura et al., 2011; 
Yamaguchi et al., 2014) (Fig. S3.1); this difference is reflected by the small number of 
microvillous cell-containing clones detected (13% of neuron-containing clones), as well as the 
low number of microvillous cells present in any given microvillous-containing clone (1.2 +/- 0.1; 
Fig. 3.4 H).  
 
Discussion 
 
In the present study, we developed an integrated approach using in silico modeling of single-cell 
RNA-seq data and in vivo clonal lineage tracing to illuminate the cell fate potentials of 
individual olfactory stem cells and the locations of branch points in the olfactory lineage 
trajectory. One sub-lineage gives rise to the niche’s proliferative GBCs, which in turn generate 
olfactory sensory neurons and microvillous cells. The other sub-lineage generates sustentacular 
cells through a differentiation process characterized by fewer and more gradual transitions that 
occur in the absence of cell division. The differences in gene expression and cell state transitions 
in the neuronal and sustentacular cell lineages are likely the result of similarly divergent patterns 
of coordinated transcription factor expression in the respective lineages. Our approach enabled 
an analysis of the olfactory HBC stem cell’s fate potential and the location of branch points in 
the lineage at a level of detail not possible by either in vivo lineage tracing or single-cell 
RNA-seq alone, and serves as a model for elucidating complex lineage trajectories in other stem 
cell niches.  
 
Multipotency of HBCs at the Population Level Reflects Individual Unipotent Cell Fate Decisions 
How do multiple cell types arise from the population of olfactory stem cells? We found that 
individual HBCs mostly generate clones of cells of a single cell type, with approximately 80% 
consisting of only cells in the GBC lineage and 10% containing only sustentacular cells (Fig. 
3.4). These findings demonstrate a common thread with several other stem cell niches in which 
individual stem cells adopt singular cell fates that, in aggregate, underlie multipotency at the 
population level. For example, individual columnar basal cells in the intestine either differentiate 
or self-renew via symmetric cell divisions to maintain the tissue (Snippert et al., 2010b). The 
differentiation of HBCs predominantly into neurons is also reminiscent of the behavior of 
hippocampal stem cells, which usually produce clones exclusively containing neurons 
(Bonaguidi et al., 2011).  
 
While the majority of individual HBCs appear to restrict their cell fate choices to a single 
lineage, about 10% of HBC-derived clones contain a single sustentacular cell amid a group of 
neurons. What can account for the apparent multipotency of individual HBCs in these cases? 
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One possibility is that GBCs can occasionally give rise to sustentacular cells in addition to 
neurons and microvillous cells. However, lineage-tracing of GBCs and their descendants using a 
GBC-specific Ascl1-CreER driver do not support this explanation, since we failed to detect any 
sustentacular cells out of ~1000 cells lineage-traced under steady state conditions. Alternatively, 
the occurrence of mixed neuronal/sustentacular cell clones in our analysis could reflect plasticity 
at the transitional HBC stage, such that a given activated stem cell returns to the resting state and 
undergoes a self-renewing cell division, leaving its two daughter stem cells free to adopt either 
cell fate independently. This interpretation dovetails with the suggestion that transitional HBCs 
are metastable based on their variable expression of Trp63, which plays a critical role in 
maintaining HBCs in the resting, self-renewing state (Fletcher et al., 2011). It is also possible 
that the multipotent clones reflect symmetric self-renewing HBC mitoses prior to differentiation. 
Indeed, we observed elevated expression of cell cycle-associated genes in the occasional resting 
and transitional HBC (Fig. 3.3), in agreement with our previous observation that about five 
percent of resting HBCs express the proliferative marker protein Ki67 (Fletcher et al., 2011). 
Whatever the case, our observations are consistent with the idea that certain cell fate decisions 
may in fact remain reversible during a limited period early in the trajectory. 
 
Direct Conversion of HBC Stem Cells into Sustentacular Support Cells 
Our analysis also reveals direct conversion of quiescent HBCs to sustentacular support cells 
without cell division, a novel mode of stem cell differentiation. In contrast, olfactory 
neurogenesis involves an expansion through proliferative GBC and INP intermediates. Thus, 
HBCs generate cells of the two diverging lineages using dramatically different strategies. Our 
analysis of gene expression at the single-cell level further indicates that the developmental 
distance traversed in the sustentacular cell lineage is shorter than the distance covered in the 
generation of olfactory sensory neurons (Fig. 3.3). In addition to expanding the number of cells 
in this lineage, proliferation of GBCs and INP1 cells may also activate transcriptional networks 
by inducing larger scale, cell cycle-associated chromatin remodeling (Ma et al., 2015).  
 
Direct reprogramming of cells to replace damaged or diseased cells in a tissue has enormous 
therapeutic potential. Transdifferentiation, a process in which one differentiated cell type is 
converted into another, can be induced in a variety of cell types by expression of exogenous 
factors in vitro (Davis et al., 1987; Heinrich et al., 2010; Ieda et al., 2010; Vierbuchen et al., 
2010; Xie et al., 2004) and in vivo (Banga et al., 2012; Liu et al., 2015; Niu et al., 2013; Qian et 
al., 2012; Zhou et al., 2008). While HBCs are not differentiated cells per se, unlike many other 
adult tissue stem cells they are not actively dividing, a characteristic that allowed us to 
disentangle fate determination of HBC daughter cells from cell division. Moreover, the initiation 
of HBC differentiation into mature cell types is triggered not by overexpression of a factor but 
rather by removing one (in this case, Trp63). That removing factors would be an effective 
strategy for reprogramming is also suggested by the conversion of fibroblasts to 
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cardiomyocyte-like cells by miRNA expression (Jayawardena et al., 2012) and pancreatic alpha 
cells to beta-like cells by inhibiting Arx (Courtney et al., 2013). Our findings provide an 
alternative way to view cell fate transformation in vivo and open up new avenues for inducing 
transdifferentiation of cells for therapeutic applications.  
 
Conclusion 
 
In this manuscript, we explored how HBCs differentiate into neurons and sustentacular cells 
following p63cKO using clonal lineage tracing and single-cell RNA-seq, creating a 
methodological framework for studying adult tissue stem cells more generally. Neurons are 
produced in large numbers via proliferative intermediate progenitors, entailing large, abrupt 
changes in gene expression and activation of transcription factor networks, while sustentacular 
cells develop directly from HBCs in the absence of cell division via a more gradual 
transcriptional changes. We are now harnessing our transcriptional data to identify novel markers 
of olfactory cell subtypes, particularly amongst the transitional HBCs, which likely harbor the 
bifurcation point of the neuronal and sustentacular lineages.  
 
While injury-induced regeneration of the olfactory epithelium by the HBCs shares some features 
in common with differentiation induced via p63 cKO, regeneration requires that HBC 
self-renewal be balanced with robust differentiation, placing additional functional requirements 
on the divisions of activated HBCs. Analysis of spindle orientation and cell polarity in dividing 
HBCs suggests that population asymmetry may regulate rates of HBC symmetric and/or 
asymmetric division during regeneration (Chapter 2). In chapter 4, the immediate and long-term 
outcomes of such regenerative HBC divisions are explored using clonal analysis and single-cell 
RNA-seq.  
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Figure 3.1 Experimental Strategy for Olfactory Stem Cell Lineage Analysis with 
Single-Cell RNA-Seq 
(A)​ Schematic of the olfactory epithelium describing the constituent cells: horizontal basal cell 
(HBC, green), globose basal cell (GBC, blue), sustentacular cell (Sus, pink), olfactory sensory 
neuron (OSN, purple), microvillous cell (MV, dark blue), Bowman’s gland (yellow). ​(B) 
Immunohistochemistry for the HBC lineage tracer YFP (green) and SOX2 (magenta) shows 
basal resting HBCs in the wild type (WT) background (left panel), and asynchronous 
differentiation following ​Trp63​  conditional knockout (cKO) (center, right). ​(C)​ YFP(+) cells 
were collected by FACS at the indicated times following tamoxifen administration from mice 
carrying the ​Krt5-CreER; Rosa26​ eYFP​  transgenes and either the ​Trp63​ +/+​  (WT) or ​Trp63​ lox/lox 
(cKO) alleles. ​(D)​ Sox2-eGFP(+)/ICAM1(-)/SCARB1(-)/F3(-) cells were collected by FACS; 
this enriched for the GBC, INP, and MV fates over Sus cells. (E) Data from both experimental 
designs were combined, filtered, normalized, clustered, and used in downstream analyses.  
Scale-bars, 50 microns.  
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Figure 3.2 Statistical Modeling of Single-Cell RNA-Seq Data Predicts Distinct Cell States 
and Branch Points in the Olfactory Stem Cell Trajectory 
(A, B)​ t-SNE plot based on the 500 most variable genes shows the separation of the cells into 
discrete groups congruent with the clustering. Cluster medoids are displayed as larger circles 
with initial assignments of cluster identity based on the expression of a small number of marker 
genes (B). (​C, D)​ Projection of the cells according to the first three principal components of gene 
expression data; cells are colored by cluster. ​Slingshot​  predicts an early bifurcation in the lineage 
trajectories of the neuronal (orange) and sustentacular cell (magenta) lineages whereas the MV 
lineage (blue) is predicted to branch later off of the neuronal lineage from the GBCs (D).  
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Figure 3.3 Patterns of Coordinated Gene Regulation in the Neuronal and Sustentacular 
Cell Lineages Reveal Different Strategies for Differentiation 
(A, C) Developmental distance derived from the orthogonal projection of cells onto their 
respective lineage. Mean +/- standard deviation of each cluster position is indicated. (B, D) 
Heatmaps display the scaled, average expression for each gene cluster (numbered at the left of 
each row) with cells (columns) ordered in developmental time for the neuronal (B) and 
sustentacular cell (D) lineages. There are numerous step-like transitions in the neuronal lineage 
but fewer, wave-like changes in the sustentacular cell lineage. The lower row in each heatmap 
represents a set of 40 cell cycle (CC) genes.  
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Figure 3.4 Clonal Lineage Tracing In Vivo Validates Branching Lineage Assignment 
Predictions  
(A-D)​ Example images of clones from ​Krt5-CreER;​  ​Trp63​ lox/lox​ ; Rosa26​ Confetti​  transgenic animals 
analyzed 14 days following tamoxifen induction of the CreER driver: neuronal only ​(A)​, 
neuronal and sustentacular ​(B)​, sustentacular cell only ​(C)​, and neuronal and microvillous cell 
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(D)​. ​(E)​ Most clones represent unipotent differentiation events, supporting the prediction that the 
lineages bifurcate early: the majority of clones contain only cells in the neuronal lineage, and just 
over half of all sustentacular cell-containing clones are composed of only sustentacular cells. 
Almost all microvillous cells are found together with neurons. ​(F, G, H)​ Clone size distribution. 
The number of neurons in neuron-containing clones ​(F)​ is larger, validating that the neuronal 
lineage contains amplification stages whereas the sustentacular cells are usually present as single 
cells ​(G)​.  Microvillous cells are usually found as singlets and typically are found in clones 
together with neurons. ​(I, J, K)​ ​Ascl1-CreER; Rosa26​ eYFP​  lineage tracing at 21 days following 
tamoxifen induction shows that although Ascl1-positive GBCs usually form neurons (~ 98%) (I), 
they occasionally form microvillous cells​ (J)​. The percentage of each cell-type formed from 
lineage-traced cells (three animals and 1072 cells) is summarized in ​(K)​. Scale bar, 25 microns. 
See Figure 3.5. 
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Figure 3.5​ ​Clonal analysis at 7 dpt, and 14 dpt and 7 dpt clone parameters 
(A-D) ​Krt5-CreER​ ; ​Trp63​ lox/lox​ ; Rosa26​ Confetti​  clonal lineage tracing analysis at 7 days post 
tamoxifen.  A summary of the types of clones obtained is presented in (A).  Neuron-containing 
clones nearly always contain more than one neuron (mean = 8.76 +/- 0.96 SEM) whereas 
sustentacular cells (C) and microvillous cells (D) are almost always limited to one cell of that 
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type per clone (1.17 +/- 0.09, 1.17 +/- 0.17, respectively).  Note that the GBC category in (A) 
represents all GBC-containing clones that had any type of cell from the neuronal lineage, such as 
a neuron or microvillous cell. (E-H) Plots relating to the 14 dpt (E,F) or 7 dpt (G,H) clonal 
lineage tracing.  (E, G) The number of clones of each type from each animal in the analysis.  (F, 
H) The proportion of clones that were membrane CFP or cytosolic YFP for each animal.  No 
single animal skewed the results.  
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Supplemental Figure 3.1 Heatmap of marker gene expression by cluster 
Gene expression, of a curated cohort of OE-specific genes, by cell-type cluster in the p63cKO. 
ΔHBC1 and ΔHBC2 are transitional HBCs. Microvillus cells (MV1 and MV2), immature 
neuronal precursors (INP1, INP2, INP3) are separated into sub-clusters. Neurons and 
sustentacular cells are sub-clustered by immature precursors (iOSN and iSUS) and mature cells 
(mOSN and mSUS).  
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Chapter 4:  
Population asymmetry of activated HBCs underlies injury-induced regeneration of the 

olfactory epithelium 
 
In this chapter, the analysis of single-cell RNA sequencing data represents a collaboration with 
Russell Fletcher, Diya Das, and members of the UC Berkeley Statistics Department and Center 
for Computational Biology, and is part of a manuscript that is in preparation.  
 
Background 
 
The regenerating olfactory epithelium presents a unique opportunity for investigating the 
dynamics underlying adult neural stem cell renewal and differentiation. Globose basal cells 
(GBCs), which maintain the neuronal population at steady state, also fully reconstitute olfactory 
neurons upon injury-induced neuronal apoptosis ​(Graziadei and Graziadei 1979; Carr and 
Farbman 1992)​. Moreover, the typically quiescent stem cell of this tissue, the horizontal basal 
cell (HBC), gives rise to all differentiated cell types of the OE upon severe injury ​(Bergman and 
Brittebo 1999) ​. Though lineage-tracing experiments have confirmed that the HBC produces all 
olfactory cell types during regeneration ​(Leung, Coulombe, and Reed 2007; Fletcher et al. 2011) ​, 
it remains unclear how the HBC pool balances self-renewal and differentiation, and how HBCs 
coordinate the production of diverging lineages during regeneration.  
 
Since the descriptions of adult stem cells in blood, skin, intestine, and brain were first published 
(Till, Mcculloch, and Siminovitch 1964; Potten 1974; Cheng and Leblond 1974; Altman and Das 
1965)​, various frameworks for understanding the regulation of stem cell renewal and 
differentiation have been proposed. Asymmetric divisions accomplish simultaneous self-renewal 
and differentiation with every mitotic event, and in some tissues, stem cells only undergo 
asymmetric division, a phenomenon known as invariant asymmetry. On the other hand, 
symmetric divisions, producing either renewed or differentiated daughter cells of equivalent fate, 
can be balanced within a population to accomplish self-renewal and differentiation; this 
paradigm is known as population asymmetry, reflecting the maintenance of multiple cell fates at 
the population, but not necessarily single stem cell, level ​(Watt and Hogan 2000) ​. Broadly 
speaking, invariant asymmetry is more common early in development, and in single-celled 
organisms and invertebrates, while population asymmetry is more common in vertebrate tissues, 
particularly in adulthood ​(Simons and Clevers 2011)​. However, even amongst examples of 
invariant asymmetry or population asymmetry, the regulation of asymmetric versus symmetric 
divisions can vary ​(Siller and Doe 2009; Tetteh, Farin, and Clevers 2014) ​.  
 
In Chapter 2, analysis of spindle orientation in dividing HBCs following injury showed a bias 
towards mitoses oriented parallel or perpendicular to the basement membrane, and putative 
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apical sequestration of Par3, a key constituent of the Par complex, which promotes asymmetric 
divisions in the ​C. elegans​  embryo, fly neuroblasts, and developing mouse skin ​(Doe and 
Bowerman 2001; Lechler and Fuchs 2005)​. This bias suggests that HBCs may be free to divide 
both symmetrically and asymmetrically at the onset of regeneration. Furthermore, the loss of 
perpendicular divisions following conditional knockout of p63 suggests that asymmetric 
divisions may be required for HBC self-renewal. However, evidence from developing neocortex 
and adult intestine has shown that spindle orientation, the plane of cell division, and ultimately 
the fate(s) of stem cell progeny are not always correlated ​(Quyn et al. 2010; Ritsma et al. 2015; 
Kosodo et al. 2004; Belzil et al. 2014)​. Therefore, any relationship between these phenomena in 
a given stem cell must be empirically validated by tracing the fates of doublets of daughter cells 
arising from single parental stem cells. 
 
In this chapter, an approach similar to that taken in Chapter 3 was utilized to address whether 
population asymmetry drives the outcomes of early HBC divisions, and to further probe the 
population and individual cell level dynamics that underlie the production of differentiated cells 
throughout regeneration. Sparse lineage tracing of HBCs during regeneration facilitated 
assessment of the composition and size of clones derived from individual parental cells labeled 
either prior to injury, or in the days following injury. Additionally, HBCs and their progeny were 
FACS-sorted at parallel timepoints to the previously described clonal analyses, and individually 
analyzed for transcriptional changes using single-cell RNA-seq. Lastly, building on previous 
unpublished work by Michael Sanchez and Russell Fletcher in our lab, sparse lineage tracing and 
single-cell RNA-seq was applied to better understand differentiation of the neurogenesis- 
deficient Sox2cKO HBC during regeneration. 
 
Methods 
 
Transgenic mice 
Mice bearing transgenic alleles for tamoxifen-inducible tracing of HBCs (Krt5-CreER(T2); 
(Indra et al. 1999) ​), conditional knockout of Sox2 ​(Shaham et al. 2009) ​, YFP lineage tracer 
(Rosa26eYFP; ​(Srinivas et al. 2001) ​), and Confetti lineage tracer (Rosa26-Confetti; ​(Snippert et 
al. 2010)​) were bred and maintained against a mixed B6;129;FVB background. Mice with the 
following genotypes were used for experiments described in this chapter: 
 
K5CreER; Rosa-Confetti ​ (clonal analyses during regeneration) 
K5CreER; Sox2fl/fl; Rosa-Confetti ​ (Sox2cKO clonal analysis during regeneration) 
K5CreER; Rosa-YFP ​ (single-cell RNA-seq, regeneration time course) 
K5CreER; Sox2fl/fl; Rosa-YFP ​ (single-cell RNA-seq, Sox2cKO regeneration time course) 
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Lineage tracing and injury induction 
K5-CreER; Rosa-Confetti transgenic mice were used for clonal lineage tracing of HBCs and 
HBC progeny during regeneration, and K5-CreER; Sox2fl/fl; Rosa-Confetti ​ ​ mice were used for 
the parallel 14 dpi (days post-injury) Sox2cKO clonal lineage tracing experiment. A 
dose-response was performed to determine an optimal dose of tamoxifen to achieve sparse HBC 
labeling with Confetti: 0.025 to 0.05 mg tamoxifen/g body weight administered by 
intraperitoneal (IP) injection. Tamoxifen was administered to adult (P21) mice three days prior to 
injury for the 2 dpi, 7 dpi, 14 dpi, and 14 dpi-Sox2cKO experiments, or at 2 dpi or 4 dpi for the 
two late-tracing experiments (Fig.  4.1). Injury to the OE was induced with IP injection of 
methimazole for all experiments. For the 2 dpi and 14 dpi clonal analyses, five animals were 
assayed; for all other clonal analyses, three animals were assayed. 
 
Tissue processing 
Tissue samples were collected and processed as described in Chapter 2 Methods, but 
cryosectioned at 40µm thickness to capture large clones. 
 
Immunohistochemistry 
Slides were prepared as described in Chapter 2 Methods, with some modifications. Prior to 
incubation in primary antibody, mild antigen retrieval (incubation for 30 min in 0.01 M sodium 
citrate, pH 6.0, as the solution cooled from boiling) was applied to slides to expose the p63 
antigen without destroying the thick tissue sections. An antibody to GFP was used to visualize 
the membrane CFP (mCFP), cytosolic YFP (cYFP), and nuclear GFP (nGFP) reporters in just 
one channel.  Tissue was labeled with an antibody to Sox2 to visualize the stem and progenitor 
cells, as well as the sustentacular and microvillous cells, and was further labeled with an 
antibody to p63 to identify renewed HBCs. We independently visualized GFP, SOX2, and p63 
immunolabeling with Alexa-488, Alexa-568, and Alexa-647 conjugated secondary antibodies, 
respectively (Invitrogen).  
 
Imaging and Quantitation 
Confocal z-stacks of clones for all lineage-tracing experiments were obtained using a Zeiss LSM 
710 confocal microscope, and images were processed and quantified using ImageJ (NIH).  
Clones located within either 25µm (2 dpi) or 50µm (all other experiments) of another clone 
expressing the same fluorescent reporter were excluded to minimize the scoring of clusters of 
cells derived from more than one parental HBC.  
 
We did not visualize the RFP reporter signal: there was no interference because the antigen 
retrieval necessary for optimal Sox2 and p63 visualization extinguished the RFP signal. We 
observed very few nGFP clones and could not judge cell morphology with its restricted 
localization; therefore, we excluded nGFP clones from our analysis. At 2 dpi, tentative fates of 
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lineage traced cells were assigned on the basis of expression of p63 and Sox2: p63+SOX2+ cells 
were classified as renewed HBCs (H), p63-SOX2+ cells were classified as differentiating cells 
(D), and p63-SOX2- cells were classified as unknown (U). At later timepoints, identification of 
lineage-traced cell types was facilitated by cell morphology and position based on mCFP and 
cYFP expression. Olfactory sensory neurons were identified by their medially located somata 
and bipolar morphology, highlighted by a thin apical dendrite often terminating in a singular 
dendritic knob, and the absence of Sox2 expression. Basal progenitors were identified by 
position and Sox2 and p63 expression. Microvillous cells were assigned based on the more 
apical position of their cell bodies, tapered, brush-like apical tufts, and Sox2 expression. 
Sustentacular cells were identified by their apical localization, branched processes that span the 
epithelium, columnar apical shape, and Sox2 expression. Cells of the Bowman’s gland were 
identified by their position in bulbous clusters in the subepithelial mesenchyme. See Figure 4.4 
for examples of scored clones. 
 
For a summary of clones by animal and reporter, see Supplementary Figures 4.2 and 4.3.  
 
FACS sorting, single cell RNA-seq pipeline 
See methods in Chapter 3. 
 
Results 
 
Symmetric divisions drive population asymmetry in HBCs early in regeneration 
To assess early strategies of HBC self-renewal and differentiation during regeneration, rare 
HBCs were lineage traced ​in vivo​  and analyzed at 2 dpi. Immunohistochemistry for p63, which 
marks HBCs, and Sox2, which marks both HBCs and GBCs at steady state, was used to 
tentatively assign the early fates of lineage-traced cells (Fig. 4.2 A, B, C). Of 169 clones 
analyzed across 5 animals, 129 doublets were identified (Fig. 4.2 E). Pairs of cells arising from 
putative symmetric and asymmetric divisions of all types were observed (see examples in Fig. 
4.2), although symmetric divisions accounted for 83% of all doublets (51% self-renewing, 25% 
differentiating, 7% unknown; Fig. 4.2 D). Notably, while asymmetric divisions were 
occasionally observed, they accounted for just 16% of all doublets. Moreover, amongst clones of 
all sizes, renewed HBCs accounted for 56% of all scored cells at 2 dpi (Fig. 4.2 F). These results 
suggest that HBCs utilize population asymmetry, accomplished via a balance of primarily 
symmetric renewing and differentiating divisions, to both self-renew and provide the earliest 
differentiated progenitor cells for tissue regeneration. 
 
Regeneration of sustentacular cells precedes robust neurogenesis following OE injury 
To assess the fate of HBC-derived daughter cells in late regeneration, HBC lineage-traced clones 
were analyzed at 7 dpi and 14 dpi. Immunohistochemistry for p63 and SOX2, along with 
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morphology revealed by either the membrane-CFP or cytosolic YFP lineage tracer, allowed for 
discrimination of all known cell types of the OE (Fig. 4.3).  
 
At 7 dpi, sustentacular cells were the most commonly-traced cell type (46%), followed by 
renewed HBCs (23%), neurons (17%), and GBCs (11%) (Fig. 4.4 A, top). By 14 dpi, neurons 
had become the most abundant cell type (51%), followed by sustentacular cells (29%), and both 
classes of progenitor cell became proportionally depleted (HBC: 12%; GBC: 4%) (Fig. 4.4 B, 
top). In clones containing neurons, the mean number of neurons per clone increased significantly 
from 5.42 +/- 1.2 at 7 dpi to 9.4 +/- 0.83 at 14 dpi (mean +/- SEM; p = 0.04, unpaired t-test) (Fig. 
S4.1 A), suggestive of ongoing neural progenitor proliferation and neuronal maturation in the 
second week of regeneration. In clones containing sustentacular cells, the mean number of 
sustentacular cells per clone decreased slightly from 5.51 +/- 0.5 at 7 dpi to 4.4 +/- 0.4 at 14 dpi 
(Fig. S4.1 C), perhaps due to the ongoing generation of small numbers of additional 
sustentacular cells late in regeneration. In sum, sustentacular cell development precedes olfactory 
neurogenesis during regeneration, neuronal numbers increase rapidly in the second week of 
regeneration, and both GBCs and HBCs appear to continue to differentiate as late as one week 
post-injury. 
 
In light of the observation that the sustentacular cell lineage often arises from the direct fate 
conversion of transitional HBCs following p63cKO, while the cells in the neuronal lineage 
proliferate prior to maturation (Chapter 3), the distribution of the number of sustentacular cells 
and neurons in regenerating clones was examined further. At 7 dpi, 4 of 19 neuron-containing 
clones possessed a single neuron, and 6 of 51 sustentacular cell-containing clones possessed a 
single sustentacular cell (Fig. S4.1 A, B; Supp. Table 4.1). At 14 dpi, while single sustentacular 
cells were still present in 11 of 69 sustentacular cell-containing clones (Fig. S4.1 B) and 
sometimes in the absence of any clonal siblings (5 of 69 clones), single neurons were rare, 
occurring in just 1 of 56 neuron-containing clones (Fig. S4.1 A). These data imply that HBCs 
sometimes produce just one cell in the sustentacular cell lineage during regeneration, perhaps via 
direct fate conversion, while HBCs typically produce more than one neuron from progeny fated 
for neurogenesis by 14 dpi. 
 
To assess the potency of individual HBCs during regeneration, the composition of HBC-derived 
clones was scored for the presence of at least one cell from each of the three primary olfactory 
lineages (HBCs; GBCs, INPs, MV cells, and neurons in the neuronal lineage; and sustentacular 
cells in the sustentacular cell lineage). At both timepoints, observed clones reflected the divisions 
of unipotent, bipotent, and tripotent stem cells. While 61% of 7 dpi clones contained at least one 
renewed HBC, only 41% of 14 dpi clones contained at least one renewed HBC, implying that a 
subset of renewed HBCs differentiated in the second week of regeneration (Fig. 4.4, A vs. B, 
bottom). The percentage of clones possessing at least one neuronal-fated cell or one sustentacular 
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cell varied little between 7 dpi and 14 dpi (7 dpi: 56% neuronal, 65% sustentacular; 14 dpi: 57% 
neuronal, 59% sustentacular) (Supp. Table 4.1). However, the composition of clones possessing 
neuronal-fated cells shifted away from renewing, multipotent clones at 7 dpi towards 
neuronal-only and bipotent neuronal/sustentacular cell clones at 14 dpi (Fig. 4.4, A vs. B, 
bottom). Thus, renewed HBCs present in clones at 7 dpi may go on to differentiate into neurons 
or sustentacular cells late in regeneration, while the balance of differentiating progenitor fates is 
held constant between 7 dpi and 14 dpi.  
 
Renewed HBCs continue to differentiate days into regeneration 
To confirm whether renewed HBCs continue to differentiate throughout regeneration, the 
Confetti lineage tracer was induced at either 2 or 4 dpi, and clones were analyzed at 14 dpi. 14 
dpi clones derived from 2 dpi late-traced HBCs resembled 14 dpi clones derived from HBCs 
traced prior to injury, both in terms of overall cell type numbers and in terms of clone 
compositions (Fig. 4.4, B vs C). On the other hand, 14 dpi clones derived from 4 dpi late-traced 
HBCs exhibited a stronger tendency to produce renewed HBCs than 14 dpi clones derived from 
2 dpi late-traced HBCs (27% vs. 13% of all cells, and 54% vs. 41% of clones) (Fig. 4.4 C, D; 
Supp. Table 4.1). Clones traced from 4 dpi were also less likely to contain either neuronal or 
sustentacular cells compared to clones traced at 2 dpi (35% vs. 56% neuronal-containing clones; 
43% vs. 58% sustentacular cell-containing clones). Renewed HBCs continued to differentiate 
when traced at either 2 dpi or 4 dpi, although the lineages to which they committed differed.  
 
Renewed HBCs traced at 4 dpi also produced fewer neurons than renewed HBCs traced at 2 dpi. 
An average of 7.2 +/- 1.8 neurons were present in 14 dpi clones traced at 4 dpi that contained 
neurons, compared to an average of 9.56 +/- 0.91 neurons in similar 14 dpi clones traced at 2 dpi 
(Fig. S4.1 A, Supp. Table 4.1). Thus, as early as 4 dpi, olfactory neurogenesis may be throttled to 
avoid overproduction of neurons by the completion of regeneration. Notably, the average number 
of sustentacular cells per clone did not vary depending on whether HBCs were traced at 2 dpi or 
4 dpi (2.84 +/- 0.28 vs 2.8 +/- 0.4), though sustentacular cell-containing clones traced prior to 
injury contained, on average, more sustentacular cells (14 dpi, 4.4 +/- 0.3) (Fig. S4.1 B, Supp. 
Table 4.1). This may reflect early proliferation of progenitors fated for the sustentacular cell 
lineage, which could ensure that an adequate supraepithelial barrier is in place prior to 
neurogenesis during regeneration. Alternatively, it is possible that mature sustentacular cells may 
themselves divide and produce additional sustentacular cells over the two-week time-course. 
 
Conditional knockout of Sox2 in HBCs impedes neurogenesis alone during regeneration 
Unpublished work by Michael Sanchez and Russell Fletcher in our lab has demonstrated that 
Sox2​  is necessary for robust neurogenesis following injury in the OE (Sanchez 2014). These 
lineage-tracing experiments showed that Sox2cKO strongly impedes regenerative neurogenesis, 
assayed via population-level cell counts. In collaboration with Russell Fletcher, I supplemented 
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these findings by tracing sparsely-labeled Sox2cKO HBCs with the Confetti reporter and scoring 
the compositions of clones at 14 dpi. As expected, neurons were rare, but not absent, from 
Sox2cKO HBC-derived clones at 14 dpi, accounting for just 7% of all counted cells, compared 
to 51% in wild-type HBC-derived clones at 14 dpi (Figs. 4.4 B, E, top). Moreover, 46% of all 
wild-type clones contained at least one neuron, compared to just 10% of Sox2cKO clones, 
confirming the deficiency of neurogenesis in the Sox2cKO (p = 0.0021, Welch’s t-test). The few 
Sox2cKO clones possessing neurons may have escaped Sox2 knockout while being lineage 
traced, or alternatively reflect a lack of full penetrance of the Sox2cKO phenotype. Renewed 
HBCs and sustentacular cells were both overabundant in Sox2cKO clones compared to wild-type 
clones at 14 dpi; in fact, 91% of all clones contained either exclusively HBCs, sustentacular 
cells, or HBCs and sustentacular cells, in the Sox2cKO experiment (Fig. 4.4 B, E, bottom; Supp. 
Table 4.1). Thus, at the level of single HBCs, regenerative neurogenesis is impeded in the 
Sox2cKO, while HBC self-renewal and production of sustentacular cells is retained.  
 
Single-cell RNA sequencing of HBC-derived cells during regeneration  
To complement the above analyses of ​in vivo ​ HBC lineage-tracing during regeneration, HBCs 
from K5CreER; Rosa-YFP animals were FACS sorted at six time points following injury, as 
well as just prior to injury, and individually characterized on the basis of gene expression using 
single-cell RNA sequencing. A similar analysis pipeline to that used in Chapter 3 was employed 
to align, filter, and normalize reads, cluster cells, and reorder cells by developmental state using 
Slingshot ​ (see Chapter 3 Methods). At least 75 cells were analyzed at each time-point, including 
steady-state, for a total of 672 cells during wild-type regeneration (Fig. 4.5 A).  
 
Following clustering with RSEC and annotation using marker genes of known cell types (see 
Chapter 3), 11 clusters of cells were identified (Fig. 4.6). The data was projected onto two 
dimensions via t-distributed Stochastic Neighbor Embedding (Fig. 4.7 A), confirming that 
clustering led to well-defined, distinct groups. ​Slingshot​  was applied to this dataset to discern 
lineage trajectories in the regenerating OE. Cells were assigned and ordered along multiple 
olfactory cell lineages and visualized in 3-dimensional PCA space (Fig. 4.7 B). Three distinct 
trajectories were identified, each starting from two novel activated HBC states (HBC*1 [green], 
HBC*2 [gold]) and leading, respectively, to mature neurons (mOSN [orange]), mature 
sustentacular cells (SUS [pink]), and renewed HBCs [brown]. The regenerating neuronal lineage 
resembled the steady-state p63cKO neuronal lineage (Chapter 3), progressing through the 
GBC/MV [teal], immature neuronal precursors 1-3 (INP1-3 [grey, purple]), and immature 
neuron (iOSN [yellow]) states before terminating at mOSN. Similarly, the sustentacular lineage 
progressed directly from the activated HBC states. The renewed HBC lineage, absent in the 
p63cKO, progressed through two intermediate renewing HBC states [light purple, brown] before 
terminating at the renewed HBC state. 
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Finally, to order all cells and analyze transitions in their transcriptional states as they 
differentiate or renew, ​Slingshot​  inferred three lineage trajectories using principal curves and 
assigned developmental positions of cells along the lineage trajectory (analogous to the concept 
of pseudotime, Trapnell et al., 2014) by orthogonal projection of each cell’s coordinates in PCA 
space onto its respective curve.  The three lineages were displayed as one-dimensional plots in 
which cells are labeled according to cell cluster, illustrating the developmental distance between 
cells as captured by dimensionality reduction (via PCA) of the gene expression values (Fig. 4.7 
C, D, E). The experimental time-point at which each cell was collected is plotted in parallel 
below the plot showing cell cluster, with lighter colors indicating early time-points and darker 
colors indicating late time-points (Fig. 4.7 C, D, E). 
 
Preliminary analyses of these results complement earlier observations of steady-state 
differentiation following p63cKO, as well as some of the findings of the ​in vivo​  clonal analysis 
of regeneration. Both the transitional HBCs in the steady-state p63cKO (ΔHBC1 and ΔHBC2) 
and activated HBCs in regeneration (HBC*1 and HBC*2) lose constitutive expression of p63, 
with individual cells expressing variable levels of p63 compared to resting HBCs (Figs. S3.1, 
4.7). However, unlike transitional HBCs, HBC*1 and HBC*2 continue to express Keratin5 and 
Keratin14, and begin to express a cohort of wound-response genes, including Sprr1a, Krtdap, 
and Krt6a (Vermeij and Backendorf 2010; Bazzi et al. 2007) (Fig. 4.7). Furthermore, HBC*2 
was uniquely characterized by its expression of cell-cycle genes (Fig. 4.8 B), while neither 
transitional HBC cluster from steady-state p63cKO entered the cell cycle. These data show that 
injury and p63cKO induce HBCs to exit quiescence in differential fashions, and suggest that 
transcriptional wound response programs may spur activated HBCs to proliferate during 
regeneration as a mechanism of accelerating the production of new cells to repopulate ablated 
tissue.  
 
As was observed during p63cKO, the developmental distance between the activated HBC 
clusters and the GBC/MV cluster, evidenced by the relative distance between these clusters in 
the linear plots in Figure 4.7, is greater than the developmental distance lying between activated 
HBCs and sustentacular cells, which is relatively small. This difference is indicative of more 
major changes in transcriptional state that may occur as progenitors progress towards the 
neuronal lineage compared to the sustentacular cell lineage. Neuronal-fated cells also traverse 
further distance in developmental space between INP subclusters 1/2 and 3 than between other 
clusters in this lineage. Thus, the dynamics of the lineages leading from HBCs to both neurons 
and sustentacular cells in regeneration broadly resemble the same lineage dynamics observed 
during steady-state p63cKO, both in terms of the magnitude of transcriptional changes and the 
number of intermediate stages between stem and differentiated cell. 
 

71



Furthermore, the emergence of each cell-type cluster over the 14 dpi time-course broadly lines 
up with the emergence of the relevant cell type in the regeneration clonal analysis. By plotting 
the proportion of cells in each cluster collected at each time point, the developmental timing of 
each lineage can be qualitatively inferred (Fig. 4.8 A). Clonal analysis shows that the maturation 
of sustentacular cells precedes the maturation of neurons by a week (Fig. 4.4), and similarly, 
sustentacular cells represent a large proportion of collected cells at both 4 dpi (96 hpi) and 7 dpi 
in the single-cell RNA-seq dataset, while mOSNs only become abundant at 14 dpi (Fig. 4.8 A).  
 
The late tracing of HBCs in the regeneration clonal analyses suggests that HBCs continue to 
differentiate days into regeneration, presumably due to expression of HBC-specific K5-CreER in 
differentiating HBCs at 2 dpi and 4 dpi (Fig. 4.4 C, D). Both classes of activated HBC (HBC*1, 
HBC*2) maintain expression of Keratin5 following injury, while p63 expression flickers (Fig. 
4.6), implying that tamoxifen administration at 2 dpi and 4 dpi is capable of lineage tracing 
activated HBCs. Moreover, HBC*2 exhibits high expression of cell-cycle genes (Fig. 4.8 B), 
suggesting that lineage tracing at late time points may label actively-cycling HBCs as opposed to 
quiescent HBCs. In support of this interpretation of the late-tracing clonal analysis, HBC*2 is 
most prominently represented at 48 hpi, and this cluster persists at 96 hpi, 7 dpi, and even 14 dpi 
(Fig. 4.8 A). Thus, activated HBCs may be responsible for the generation of differentiating 
clones late in regeneration. 
 
The cycling of HBC*2 cells also may influence the expansion of both neuronal-fated and 
sustentacular-fated progenitors, explaining the presence of large sustentacular and large neuronal 
clones in regeneration (Fig. 4.8 B, Fig. S4.1). Notably, transitional HBCs, which arise at 
steady-state following p63cKO, do not themselves cycle, leading to direct fate conversion of 
HBCs into sustentacular cells (Chapter 3). 
 
Comparison of wild-type and Sox2cKO regeneration using single-cell RNA-seq 
Single-cell RNA-seq was applied to lineage-traced cells following injury in K5CreER; 
Sox2cKO; Rosa-YFP animals at the same time-points used in the wild-type regeneration 
single-cell RNA-seq time-course. Single cell transcriptomes from both wild-type and Sox2cKO 
regeneration were normalized and clustered together in the same manner as described for 
analysis of wild-type regeneration alone, but in a separate analysis. At least 55 cells were 
collected in the Sox2cKO at each time point except for 24 hpi (36 cells), resulting in a total of 
413 cells analyzed for this genotype; 672 cells were analyzed at the same time points in the 
wild-type, as previously described. Wild-type and Sox2cKO cells were clustered (Fig. 4.9 A), 
lineage trajectories were inferred by ​Slingshot ​ (Fig. 4.9 B), and cells were reordered by 
developmental time and plotted linearly for each predicted lineage (Fig. 4.9 C, D, E), all as 
previously described. Though Sox2cKO HBCs differentiated into sustentacular cells along the 
same lineage trajectory as wild-type HBCs, and similarly renewed back into HBCs, they were 
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unable to progress along the neuronal lineage, stalling at a novel cell type we have termed 
immature GBC (iGBC, Fig. 4.9 C, D, E). Further analysis of the iGBC cluster will be necessary 
to determine how loss of Sox2 leads to an interruption of neuronal differentiation, especially 
given that a subset of wild-type cells are also clustered into this group. 
 
Conclusion/ Discussion 
 
Unlike stem cells of development, adult tissue stem cells often exhibit variability in the outcomes 
of their mitoses. Even when asymmetric divisions are strongly favored over symmetric divisions, 
such as in adult epidermis and esophagus ​(Clayton et al. 2007; Mascré et al. 2013; Doupé et al. 
2012)​, individual stem cells are capable of dividing symmetrically, indicating that overall rates 
of self-renewal and differentiation are coordinated at the population, rather than individual stem 
cell, level. Different types of population asymmetry have been documented as well, ranging from 
neutral competition amongst fast cycling, symmetrically-dividing intestinal crypt base columnar 
cells ​(Ritsma et al. 2015; Snippert et al. 2010)​ to a variety of asymmetric and symmetric 
divisions that produce a diversity of cell types in the dentate gyrus of the hippocampus 
(Bonaguidi et al. 2011)​. The various stem cells underlying these examples of population 
asymmetry sometimes utilize conserved mechanisms of developmental and invertebrate 
asymmetric cell division, such as biased spindle orientation and asymmetric localization of cell 
polarity factors, to generate cellular diversity ​(Quyn et al. 2010; Clayton et al. 2007) ​; 
nevertheless, the fates of stem cell progeny are ultimately regulated by the surrounding tissue.  
 
Adult stem cells therefore exhibit more heterogeneity and plasticity in their mitotic behavior than 
previously appreciated ​(Simons and Clevers 2011; Greulich and Simons 2016)​. The olfactory 
epithelium provides a tractable context in which to study the dynamics of a quiescent, 
multipotent progenitor, the horizontal basal cell. The HBC population gives rise to all olfactory 
cell types following severe injury to the OE, and can be induced to differentiate under 
homeostatic conditions via genetic knockout of the transcription factor, p63 ​(Fletcher et al. 2011; 
Leung, Coulombe, and Reed 2007) ​. However, little is known about the either the types of HBC 
divisions or the dynamics of mature cell production that ensure rapid, controlled regeneration of 
the OE following injury. In this chapter, ​in vivo​  clonal analysis was paired with single-cell 
RNA-seq to address these issues. 
 
In chapter 2, the HBC spindle was biased to orient either perpendicular or parallel to the 
basement membrane during regeneration, suggestive of a fairly equitable balance of asymmetric 
and symmetric divisions. However, doublet analysis of HBC progeny using sparse lineage 
tracing showed that symmetric divisions predominate in the HBC pool during regeneration: 83% 
of all doublets comprised two daughter cells of equivalent fate  (Fig. 4.2 D). Moreover, half of 
all doublets produced two cells that regained expression of p63, indicative of symmetric self 
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renewal. Although asymmetric divisions were observed, the high proportion of perpendicular 
spindles (44%, Fig. 2.2) cannot explain the preponderance of symmetric doublets. Thus, spindle 
orientation may not be a primary regulator of HBC daughter cell fate during regeneration. This 
resembles the contradiction documented in the adult intestine in which apical Par3, and 
perpendicular divisions, cannot account for the preponderance of symmetric divisions that 
underlie intestinal homeostasis ​(Quyn et al. 2010; Snippert et al. 2010)​.  
 
A preliminary comparison of HBC subtypes identified using single-cell RNA-seq in the 
immediate days following exit from quiescence shows that regeneration creates unique 
requirements of the surviving HBC pool to quickly enter the cell cycle and proliferate, while 
steady-state differentiation following p63cKO merely spurs HBCs to exit quiescence. Given that 
the mitotic spindle of HBCs early in regeneration exhibits a bimodal bias towards perpendicular 
and parallel, but not oblique, divisions, it is possible that HBC self-renewal during regeneration 
is contingent on cell-cycle entry and asymmetric division, while HBC activation at steady-state 
in the p63cKO impedes self-renewal due to failure to divide during differentiation. The loss of 
perpendicular spindle orientation in the p63cKO following injury may reflect the recruitment of 
mitotic basal progenitors for regeneration, while self-renewal remains impeded. Further 
investigation of how basal progenitors manage to perdure, let alone orchestrate regeneration, in 
the p63cKO is necessary to resolve the necessity of either the cell cycle or asymmetric division 
during HBC renewal.  
 
At later time-points, sparse lineage tracing of HBCs lent itself to a more detailed analysis of 
differentiating clones. Sustentacular cells are more numerous than neurons at 7 dpi, but by 14 
dpi, neurons constitute approximately half of all counted cells across all clones (Fig. 4.4 A, B). 
Indeed, single-cell RNA-seq of HBC-derived cells at various time-points during regeneration 
showed that sustentacular cells form earlier than neurons (Fig. 4.8 A). Both HBCs and GBCs 
were more abundant at 7 dpi compared to 14 dpi, and it is likely that many of these progenitors 
differentiated into neurons in the second week of regeneration (Fig. 4.4 A, B).  
 
Additionally, sustentacular cells were occasionally observed in the absence of sibling 
sustentacular cells, suggesting that, like in the p63cKO, HBCs or their immediate progeny are 
capable of direct fate conversion to sustentacular cell in the absence of cell division (Supp. Table 
4.1, Fig. 3.4). However, most sustentacular cell-containing clones contained numerous 
sustentacular cells during regeneration (Fig. S4.1 B). Unlike the transitional HBCs that arise just 
after steady-state p63cKO, one class of activated HBCs that emerges following injury, HBC*2, 
begins to express cell-cycle genes indicative of mitosis (Fig. 4.7 B), and the sustentacular lineage 
is derived from these cells. Thus, during regeneration, numerous sustentacular cells are rapidly 
produced via the proliferation of their HBC*2 progenitors, presumably to establish an epithelial 
barrier prior to neurogenesis. 
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Clone compositions at 7 and 14 dpi show that all three lineages can be present in clones derived 
from a single labeled HBC (Fig. 4.4 A, B). The cycling of the HBC*2 cluster, which defines the 
early stages of all three lineages, may allow a single parental HBC to produce two HBC*2 
progeny, particularly in the first few days of regeneration, a hypothesis that is supported by the 
large number of symmetric renewing clones at 2 dpi (Fig. 4.2 D) and presence of this cluster at 
all time-points in the single-cell RNA seq experiment (Fig. 4.8). These renewed progeny might 
then go on to assume different fates, in spite of renewing after the first division. Are the HBCs 
truly multipotent?  
 
Late lineage tracing of HBCs during regeneration may shed some light on this question. These 
experiments show that HBCs continue to differentiate at both 2 dpi and 4 dpi (Fig. 4.4 C, D). At 
2 dpi, the cycling HBC*2 cluster makes up the majority of all analyzed cells, and the expression 
of Keratin5 gives these cells the ability to be lineage-traced via activation of K5-CreER (Figs. 
4.6, 4.8 A). At 4 dpi, there are fewer cells in the HBC*2 cluster, but renewed HBCs have now 
formed (Fig. 4.8A). These renewed HBCs may be able to re-enter the cell cycle due to their 
inconsistent expression of p63, which must be strongly expressed to maintain HBC quiescence 
(Chapter 3). Alternatively, activated HBCs may linger before differentiating at 4dpi. Regardless, 
either of these Keratin5-expressing cell types may be lineage traced with K5-CreER at 4 dpi. 
Thus it is likely that some of the apparent multipotency observed in HBC-derived clones stems 
from the unipotent divisions of sibling renewed and/or activated HBCs, though the existence of a 
“true” multipotent progenitor that produces two types of differentiated progeny after one division 
cannot be ruled out.  
 
Clonal lineage tracing and single-cell RNA-seq confirms that neurogenesis is all but eliminated 
in the Sox2cKO. Analysis of Sox2cKO clones at 14 dpi shows that only a small fraction of 
Sox2cKO HBCs go on to form neurons, and lineage trajectory analysis using Slingshot identifies 
a novel cell cluster, the immature GBC, as the developmental stage in the neuronal lineage at 
which Sox2cKO progenitors stall (Fig. 4.4, 4.9). Previous work in our lab has shown that Sox2 is 
required neurogenesis during OE regeneration at the population level (Sanchez 2014). With the 
identification of the iGBC cluster, a closer analysis of the impact of Sox2 loss on the 
transcriptional programs underlying neuronal differentiation in the OE is now possible.  
 
Final Conclusions and Future Directions 
 
This dissertation has explored mechanisms of cellular and transcriptional regulation of HBC 
self-renewal and differentiation in the OE, both during regeneration and during steady-state 
p63cKO differentiation, using sparse lineage tracing of HBCs combined with single-cell RNA 
sequencing of lineage-traced HBC progeny at parallel time-points. The major contributions of 
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this dissertation are: (1) Population asymmetry amongst primarily symmetrically-dividing HBCs, 
largely independent of spindle orientation, produces renewed HBCs early in regeneration, some 
of which likely go on to differentiate later in regeneration; (2) HBC differentiation at steady state 
in the p63cKO gives rise to a proliferative neuronal lineage, and direct fate conversion into 
sustentacular cells in the absence of cell division; (3) HBC self-renewal and differentiation 
during regeneration both entail progression of all quiescent HBCs through a proliferative, 
activated state prior to fate commitment; and (4) the sustentacular lineage matures prior to the 
neuronal lineage during regeneration, potentially creating a safe microenvironment for 
regenerative neurogenesis to subsequently occur. The two-pronged methodology established here 
provides a model for the study of adult stem cells in other niches, and furthermore lays the 
groundwork for targeted investigation of novel OE cell types. We are particularly interested in 
subclasses of activated and transitional HBCs, which may prove to be more amenable to ​in vitro 
propagation and experimentation. 
 
A more detailed analysis of the transcriptional changes occurring across the renewing, neuronal, 
and sustentacular lineages during development is ongoing. Our hope is to identify key regulators 
of the activated HBC state, as well as genes that may prime activated HBCs to adopt committed 
mature cell fates. Genome editing with CRISPR/Cas9 will allow for more rapid generation of 
transgenic mice bearing alleles for the lineage tracing of activated HBCs and committed 
progenitors. Open questions remain relating to mechanisms of gene activation by coordinated 
changes in transcriptional regulation, particularly in the Sox2cKO, where GBC formation is 
abrogated. 
 
Stem cells were long considered to sit on top of a strict hierarchy of adult cell development, but 
the advent of genetic lineage tracing, genomics, and single-cell analyses have increasingly 
demonstrated that stem cell divisions are sensitive to the real-time needs of given tissues rather 
than hardwired mitotic strategies. Today, it is appreciated that even hematopoietic stem cells, 
long assumed to depend on the rare divisions of privileged, long-lived, rarely-dividing stem cells, 
exist in heterogeneous pools that contribute renewing or differentiating progeny on an as-needed 
basis ​(Sun et al. 2014)​. The resident stem cells of numerous cycling tissues continue to be 
more-precisely identified and characterized ​(Doupé et al. 2012; Desai, Brownfield, and Krasnow 
2015; Clevers 2013)​, expanding our understanding of how tissue homeostasis and regeneration is 
carried out in the adult. Combined with the advent of methods for inducing pluripotency in 
somatic tissues ​(Takahashi and Yamanaka 2006)​ and genome editing ​(Jinek et al. 2012)​, these 
advances are rapidly dovetailing not only with more precise investigation of specific stem cell 
populations, but also with the development of translational stem cell applications. Regenerating 
the damaged brain has always been a long shot, but the study of neural regeneration, now a 
worldwide endeavor, is bringing us closer to that promise than ever before. 
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Figure 4.1​ ​Experimental strategy for probing HBC renewal and differentiation following 
injury 
For the 2 dpi, 7 dpi, 14 dpi, and 14 dpi-Sox2cKO clonal lineage tracing experiments, HBCs were 
sparsely labeled with a low dose of tamoxifen 3 days prior to injury; for all single-cell RNA-seq 
time points in regeneration, HBCs were labeled with a normal dose of tamoxifen at the same 
time point prior to injury. For the two late-tracing regeneration experiments, a low dose of 
tamoxifen was administered at either 2 dpi or 4 dpi. Tissue or cells were collected at the 
appropriate timepoints for subsequent immunohistochemistry or single-cell RNA-seq, 
respectively. 
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Figure 4.2​ ​Analysis of HBC-derived doublets at 2 dpi 
(A, B, C) ​Example maximum projections of confocal z-stacks of 2 dpi HBC-derived doublets, 
showing the three most commonly observed doublet compositions ( ​A​: symmetric renewing; ​B​: 
symmetric differentiating; ​C​: asymmetric). P63 and Sox2 were used as proxies for self-renewal 
(p63+Sox2+) or differentiation into a GBC-like progenitor (p63-Sox2+). Basement membrane, 
dotted line. ​(D) ​Doublet composition at 2 dpi. Symmetric divisions producing two renewed 
HBCs (‘HH’) were most common, followed by symmetric differentiating divisions (‘DD’) and 
asymmetric renewing/differentiating divisions (‘HD’). ​(E) ​Histogram of clone sizes at 2 dpi. The 
majority of clones assessed at 2 dpi were doublets, containing two cells. ​(F)​ Total counts of 
HBCs, differentiating progenitors, and unknown (double negative p63- Sox2-) cells. At 2 dpi, the 
HBC pool is fully renewed, as more than half of all counted cells have recommenced expression 
of p63. 
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Figure 4.3 Representative morphology and marker expression of OE cell types  
Example maximum projections of confocal z-stacks of 7 dpi and 14 dpi HBC-derived clones, 
illustrating the cell scoring methodology that was applied during clonal analyses late in 
regeneration. Application of a GFP antibody and Alexa 488 secondary allowed for simultaneous 
visualization of membrane CFP and cytosolic YFP in the same channel. ​(A)​ An example clone 
collected at 7 dpi, consisting exclusively of YFP-labeled sustentacular cells (‘S’, apical, 
columnar, Sox2+). ​(B)​ Example YFP-labeled clones at 14 dpi, highlighting the morphologies of 
neurons (‘N’, apical, with dendritic knobs), microvillus cells (‘M’, apical, with apical process, 
Sox2+), and Bowman’s gland (mesenchymal location, bulbous structure). ​(C)​ Example 
CFP-labeled clones at 14 dpi, highlighting HBCs (‘H’, basal, p63+, Sox2+), GBCs (‘G’, basal, 
p63-, Sox2+), and immature neuronal precursors (INP, ‘I’, basal, p63-, Sox2-) on the left. Also 
note the neuronal clone on the right.  
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Figure 4.4​ ​Cell type and clone composition breakdowns in clonal analysis experiments. 
Visualization of cell type distributions (top) and clonal lineage compositions (bottom) from five 
lineage tracing experiments: 7 dpi ​(A)​, 14 dpi ​(B)​, 14 dpi, traced at 2 dpi ​(C)​, 14 dpi, traced at  
4 dpi ​(D)​, and 14 dpi, Sox2cKO ​(E)​. For cell type distributions, the total number of cells counted 
for each cell type was summed and compared in each experiment. For clonal lineage 
compositions, clones were scored on the basis of possessing at least one cell of a given major 
lineage (HBC, neuronal, sustentacular) and binned to produce the five linear treemaps on the 
bottom. In each treemap row, columnar divisions indicate the binary presence of a lineage rather 
than relative abundance of a given cell type. See Supplementary Figure 4.2 for breakdowns of 
clone compositions by animal. 
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Figure 4.5 Regeneration time-course and collection of lineage-traced cells for single-cell 
RNA-seq  
(A)​ Schematic of transgenic alleles (left) and regeneration time-course (right) used for single-cell 
RNA sequencing in both wild-type and Sox2cKO OE, with number of FACS-sorted cells that 
ultimately contributed transcriptional data to the final analyses.  
(B)​ Representative images of lineage-traced cells at time-points corresponding to the single-cell 
RNA-seq pipeline for wild-type regeneration (top) and Sox2cKO regeneration (bottom). In the 
uninjured OE (UI), lineage tracing with K5CreER; RosaYFP labels a monolayer of quiescent 
HBCs. Following injury, HBCs differentiate into all known OE cell types, from 24 hours 
post-injury (hpi) to 14 dpi.  
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Figure 4.6 Heatmap of single cell gene expression by cluster, using curated OE gene list 
Clustering recapitulates known cell identities via expression of canonical OE cell type markers.  
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Figure 4.7 Cell clustering using t-SNE, lineage trajectory prediction with ​Slingshot​ , and 
reordering of cells by developmental time during regeneration  
(A)​ Projection of clustered single cells into PCA space using t-distributed stochastic neighbor 
embedding (t-SNE), based on the 500 most variable genes. Cluster medoids are displayed as 
larger circles, with initial assignments of cluster identity based on the expression of a small 
number of marker genes.​ (B)​ ​Slingshot​  infers three lineages using principal curves and 
dimensionality reduction. Cells are projected into 3D PCA space; cluster medoids are indicated 
with larger circles. Three lineages, all beginning with activated HBCs (HBC*1, HBC*2), diverge 
to form mature neurons (mOSN), renewed HBCs, and sustentacular cells (SUS). ​(C, D, E) 
Developmental distance derived from the orthogonal projection of cells onto their respective 
lineage during regeneration. Mean +/- standard deviation of each cluster position is indicated 
below cluster assignment. The timepoint at which each ordered cell was collected is indicated on 
the lower plot of each lineage in blue; lighter shading indicates early time-points, darker shading 
indicates late time-points. 
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Figure 4.8 Cluster proportions by experiment and cell-cycle gene expression by lineage  
(A)​ Breakdown of proportions of cell clusters collected at each time-point during regeneration. 
(B, C, D) ​Changes in expression of cell-cycle genes for the three olfactory lineages over 
developmental time. Scaled expression of 40 cell cycle genes (20 G1/S, 20 G2/M) is plotted 
across the ordered clusters making up the HBC, neuronal, and sustentacular lineages. HBC*1 
and HBC*2 (green, gold) are the only cycling clusters common to the three lineages. GBCs and 
INPs of the neuronal lineage (teal, grey) are the only clusters of committed cells that exhibit high 
levels of cycling across the three lineages. 
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Figure 4.9​ ​Clustering, lineage trajectories, and developmental reordering of cells during 
regeneration in combined wild-type and Sox2cKO  
Wild-type and Sox2cKO single-cell RNA-seq data were analyzed together in this experiment, 
independently from the previously-described regeneration analysis. ​(A)​ Projection of clustered 
single cells into PCA space using t-SNE, as in Figure 4.7. Note the addition of the immature 
GBC cluster (iGBC, light green)​ ​in this dataset. ​(B)​ ​Slingshot​  infers three lineages using 
principal curves and dimensionality reduction, as in Figure 4.7. ​(C, D, E)​ Developmental 
distance derived from the orthogonal projection of cells onto their respective lineage during 
regeneration, as in Figure 4.7. The contribution of each genotype to each cluster is indicated in 
the two bottom plots for each lineage, with light colors signifying early time points and dark 
colors signifying late time points. Wild-type cells are plotted in blue and Sox2cKO cells are 
plotted in red.  
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Supplemental Figure 4.1​ ​Parameters of clonal analyses 
Violin plots of distributions of four clonal parameters across the five lineage tracing experiments 
carried out late in regeneration. The width of each violin plot is scaled by the number of counts 
in each experiment. Individual data points are plotted with transparent white points, and a 
simplified boxplot (minimum, first quartile, median, third quartile, maximum) is overlaid in 
black, with a white dot signifying the median. ​(A)​ Distribution of the number of neurons per 
clone. ​(B)​ Distribution of the number of sustentacular cells per clone. ​(C)​ Distribution of the 
number of cells per clone. ​(D)​ Distribution of clone widths in microns.  
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Supplementary Figure 4.2​ ​Clone compositions by animal and experiment 
Breakdowns of clone compositions by individual cell type and animal. Clones were scored based 
on possession of at least one cell of a given cell type. For the 2 dpi experiment ​(A)​, when 
developing cell types are still ambiguous, three tentative fate assignments were used: HBC (H), 
differentiating progenitor (D), and unknown (U). For all other experiments ​(B, C, D, E, F)​, cell 
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types were scored as follows: HBC (H), GBC (G), immature neuronal precursor (I), microvillus 
cell (M), neuron (N), sustentacular cell (S), and Bowman’s gland (B). Each animal’s contribution 
to a given category of clone is depicted by color. See Figures 4.2 and 4.3 for representative 
images of the morphology, location, and marker expression of all cell types. 
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Supplementary Figure 4.3​ ​Confetti reporter representation by animal 
Breakdowns of Confetti reporter for each animal. All six lineage tracing experiments are shown 
(A, B, C, D, E, F)​. CFP-labeled clones were more common across all experiments compared to 
YFP-labeled clones. GFP-labeled clones were rare, and were excluded because their nuclear 
localization precluded assignment of cell type by morphology. 
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Supplementary Table 4.1​ ​Clonal analysis counts, percentages, and statistics  
Cell counts, clone composition counts, and percentages for all clonal analyses late in 
regeneration.  
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