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Abstract 

Identification of Olfactory Stem Cell Lineage Trajectories and Cell State Transitions 

by 

Diya Das 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor John Ngai, Chair 

Adult stem cells maintain structure and function of tissues under widely varying conditions, but 
the molecular and cellular mechanisms that underlie the development of diverse cell types during 
either tissue maintenance or injury-induced regeneration remain incompletely understood.   This 
dissertation combines lineage tracing with single-cell RNA sequencing and assay for transposase-
accessible chromatin (ATAC) sequencing to address the regulation of these phenomena in the 
olfactory epithelium, one of only a few sites of ongoing adult neurogenesis.  

Olfactory stem cells, known as horizontal basal cells (HBCs), contribute to both maintenance and 
regeneration of the tissue. First, we consider the role of HBCs in homeostatic conditions. 
Classifying cells on the basis of gene expression, we identify three lineage trajectories arising from 
HBCs via two developmental bifurcations. We find that sustentacular cells arise by direct fate 
conversion of HBCs without cell division, as predicted by single-cell RNA-sequencing and 
validated by clonal lineage tracing. We also establish that multipotency of the HBC population 
arises from unipotent fate decisions of individual HBCs. Finally, single-cell RNA-sequencing 
indicates that canonical Wnt signaling promotes neuronal fate choices in HBCs, which we validate 
in vivo with gain-of-function and loss-of-function experiments. 

Second, we consider the contribution of HBCs to injury-induced regeneration of the olfactory 
epithelium, and whether the HBC injury response differs from homeostatic maintenance. We 
discovered activated olfactory stem cell states that are both transient and unique to regeneration. 
The activated stem cells express genes associated with epithelial wound repair in other stem cell 
niches. These cells are also heterogeneous, giving rise to multiple lineages, including renewed 
HBCs. Moreover, renewed HBCs are themselves competent to produce differentiated cell types, 
and do so in a second wave of differentiation several days after injury, bypassing the transient 
activated states associated with the earliest stages of regeneration. 
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Finally, we begin investigation of the priming of quiescent HBCs for rapid transcriptional response 
to injury, using ATAC sequencing to query chromatin accessibility. We find the HBCs to have 
broadly accessible chromatin at gene promoters corresponding to more differentiated cells in the 
olfactory lineage, but they maintain a closed conformation over the coding regions of genes that 
are not actively expressed. 

Taken together, these findings contribute to our understanding of how neurogenesis and 
regeneration are accomplished in a fully-developed, adult sensory tissue. Our integration of single-
cell genomics with in vivo lineage tracing lays the groundwork for investigating outstanding 
questions relating to the development, maintenance, and repair of other tissues. This work may 
ultimately aid in the development of stem-cell based therapies to replace specialized cell types and 
tissues lost to damage and disease. 
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Chapter 1:  Introduction 

Tissues that experience a high degree of environmental stress must be able to respond to both 
minor stresses and severe injury in order to maintain their structure and function throughout an 
organism’s life. This is particularly true for epithelial tissues, for which maintenance of physical 
barriers between different environments is a key function. Populations of adult stem cells enable 
some epithelia, including the sensory epithelium of the olfactory system, to replace lost cells over 
the lifespan of the organism. These adult stem cells are classified as such because of their ability 
either to differentiate into specialized cells of the tissue or to self-renew, retaining their stem cell 
identity throughout cell division. 

The properties of adult stem cells were first defined by Till and McCulloch, who identified 
hematopoietic stem cells of the blood (Till and McCulloch, 1961). Through the decades, it has 
been observed that stem cells contribute to the maintenance of differentiated cell populations not 
just in case of minor insult, but also following rarer, more severe injuries that require significant 
regeneration of tissues. Nonetheless, the means by which individual stem cells are primed to 
choose between self-renewal and differentiation, according to the needs of the tissue, are poorly 
characterized. The outcomes of these decisions can be found in the changing molecular identities 
of stem cells, and identifying changes in gene expression during these processes presents an 
opportunity to deconstruct the regulation of cell fate choice. 

Although the outcomes of differentiation and self-renewal are known, the precise paths that 
individual stem cells take as they change their identity - the lineage trajectories that are composed 
of successive transitions between cell states - are less well-characterized due to the technical 
challenges of tracking individual cells at scale over time. What patterns of gene expression define 
the intermediate cell types arising from single stem cells on the paths to differentiation or self-
renewal? How do these lineage trajectories differ between homeostatic maintenance, which 
requires integration of differentiating cells into an already functional tissue, and tissue 
regeneration, which requires the large-scale rebuilding of a tissue? Given the different demands, 
are there cell types or paths that are unique to either circumstance? Can transcriptomic 
characterization of these lineages point to mechanisms of gene regulation that prime stem cells to 
make particular cell fate decisions? The recent explosion in the development of single-cell 
technologies and algorithms for analysis has made it possible to begin answering these questions, 
starting with the identification of lineage trajectories arising from individual stem cells. 
Understanding these trajectories allows for the opportunity to investigate regulation of 
differentiation and self-renewal in terms of transitions between now-defined cell states 
(Kolodziejczyk et al., 2015). 



2 

This dissertation addresses the topic of lineages arising from stem cells in the olfactory epithelium, 
a tissue located in the peripheral nervous system which contains neurons that are the primary 
sensory cell in the olfactory processing pathway. The olfactory epithelium’s stem and progenitor 
cell populations maintain tissue structure and function in response to both regular damage from 
environmental exposure as well as more severe injury. Accordingly, differentiation of olfactory 
stem cells continues throughout the lifespan, making the tissue an excellent model for 
understanding the processes of differentiation and self-renewal in adult stem cells at a molecular 
level during both homeostasis and injury-induced regeneration. 

Homeostasis and Regeneration in Epithelial Stem Cell Niches 
Homeostatic maintenance and injury-induced regeneration both involve stem and progenitor 
populations balancing the production of mature cell types with the maintenance of progenitor cell 
capabilities over time. Homeostatic maintenance typically requires occasional replacement of 
terminally differentiated cells. In contrast, tissue regeneration requires the production of a larger 
number of diverse cell types. Epithelia fulfill the functions of homeostatic maintenance versus 
tissue regeneration by relying on a variety of mechanisms, but many signaling pathways are 
shared. 

Lung Epithelia 

The lung epithelia function as barriers between the external environment and the lower respiratory 
tract, a branching structure which includes the trachea, bronchioles, and alveoli. Each region 
contains a unique stem cell niche, including different types of progenitor and differentiated cell 
types as well as distinct epithelial architectures (Schilders et al., 2016). To date, no common stem 
cell has been found to contribute to the formation of all differentiated cell types in the lung epithelia 
in either homeostatic or regenerative conditions.  

The tracheal epithelium of mice is a pseudostratified epithelium with four types of differentiated 
cells: club (or Clara) cells and goblet cells (which are both secretory cell types), ciliated cells, and 
neuroendocrine cells. The tracheal basal stem cells (TBSCs) express both Trp63 and Krt5, markers 
shared with basal stem cells of several other epithelia. In homeostasis, TBSCs either self-renew or 
differentiate into basal luminal precursor cells. The basal luminal precursor cells, a subset of which 
are distinguished from TBSCs by expression of Krt8, differentiate further into neuroendocrine 
cells and secretory cells. Secretory cells can also give rise to ciliated cells (Watson et al., 2015). 
Following injury by silicon dioxide inhalation, the TBSCs proliferate and eventually produce both 
Clara and ciliated cells, and normal histology reappears after 2 weeks (Rock et al., 2009). 
Differentiation of basal luminal precursor cells into ciliated and secretory cells appears to be 
regulated by Notch3 signaling; Notch3-/- mice increase their production of basal cells (Schilders 
et al., 2016; Tsao et al., 2009). 
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In contrast to the trachea, the bronchioles and alveoli are lined by cuboidal 
epithelium.  Bronchioalveolar stem cells, which express secretory marker Scgb1a1 along with 
Sftpc, a marker of alveolar type 2 (AT2) cells, produce both AT2 and ciliated cell types in vitro. 
They also contribute to bronchiolar and alveolar regeneration following naphthalene injury (Kim 
et al., 2005). Beyond the bronchioalveolar junction, the "sac-like" alveoli contain two main types 
of cells: the flat alveolar type 1 (AT1) cells mediating gas exchange and the cuboidal alveolar type 
2 (AT2) cells, which are a secretory cell type. During development, both cells derive from a 
bipotent progenitor, identified via lineage tracing studies (Treutlein et al., 2014). However, in 
adults, this bipotent progenitor is absent, and AT2 cells are the adult stem cells that produce new 
cell types in cases of both homeostasis and severe injury. Lineage-traced AT2 cells give rise to 
AT1 cells at a low rate in homeostasis, but more frequently following hyperoxic stress that 
selectively destroys the AT1 cells. The AT2 cells are also capable of self-renewing cell divisions 
(Barkauskas et al., 2013; Desai et al., 2014). 

Stem cell activity of AT2 cells, and their ability to respond to the cell depletion caused by severe 
injury, appears to be regulated by Wnt signaling. A subpopulation of AT2 cells expresses Wnt 
target Axin2, and loss of constitutive Wnts expressed by neighboring fibroblasts increases 
differentiation of AT2 cells into AT1 cells. Following injury, Wnts are also expressed in AT2 cells, 
leading to autonomous Wnt signaling and inducing these cells to proliferate. Expression of Wnt 
family members is downregulated as AT2 cells differentiate into AT1 cells (Nabhan et al., 2018). 
Thus, Wnt signaling contributes to self-renewal of the AT2 stem cell population in the airway 
epithelium during both homeostatic conditions and following injury. 

Intestinal Epithelium 

The small intestine features protrusions known as villi that increase the absorptive surface area of 
the gut, and each is lined with mature, differentiated cells. Many of these cells are enterocytes, 
which secrete enzymes to aid in digestion and absorb nutrients, but they also include mucus-
secreting goblet cells and hormone-secreting enteroendocrine cells. Due to the physical stresses of 
the gut, the differentiated cells of the intestinal epithelium are susceptible to damage and must be 
replaced, a process that begins in the surrounding crypts, which contain the stem and progenitor 
cells of the intestinal epithelium (Beumer and Clevers, 2016). Dying cells are expelled from the 
tips of the villi every 4-5 days, and are replaced by differentiating progenitors that migrate upward 
from the crypt.  

Crypts originate during development from invaginations at the base of the villi, and are established 
by postnatal day 7. The intestinal crypt base is lined primarily with differentiated Paneth cells 
(secreting antimicrobial substances) and the stem cells of the epithelium, but occasional 
postmitotic cells are also observed. The Lgr5+ crypt base columnar cells (CBCs), first identified 
by Cheng and Leblond, are known as the resident stem cell population (Barker et al., 2007; Cheng 
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and Leblond, 1974a). In homeostatic conditions, they divide daily, forming proliferative 
progenitors that migrate upwards out of the crypt. They ultimately give rise to four major lineages, 
producing goblet cells, enteroendocrine cells, enterocytes, and Paneth cells (Barker, 2014; Cheng, 
1974a, 1974b; Cheng and Leblond, 1974a, 1974b, 1974c).  

Although the CBCs contribute to homeostatic maintenance of the intestinal epithelium, upon loss 
of CBCs, the epithelium is still capable of regeneration. The +4 cells, named as such for their 
position relative to the base of the intestinal crypt, have been proposed to be a quiescent, label-
retaining stem cell population (Potten, 1977; Potten et al., 2002; Sangiorgi and Capecchi, 2008). 
In accordance with this model, Bmi1+ cells at the +4 position can become activated to reconstitute 
the epithelium upon injury and loss of CBCs (Tian et al., 2011; Yan et al., 2012).  

The balance between self-renewal and differentiation of intestinal stem cells is known to be 
modulated by a number of signaling pathways (Beumer and Clevers, 2016). While BMP signaling 
promotes differentiation of CBCs, Wnt signaling promotes proliferation and is required for stem 
cell maintenance during homeostasis (He et al., 2004; van Es et al., 2012). Notch signaling is also 
required for stem cell maintenance; its loss corresponds to CBCs adopting a secretory cell fate 
(Ueo et al., 2012). Loss of Wnt signaling also impairs regeneration; Wnt ligands and effectors are 
normally induced following injury (Ashton et al., 2010; Miyoshi et al., 2012). The role of Hippo 
pathway signaling is somewhat contested but effector protein YAP is required for stem cell 
proliferation during both homeostasis and regeneration (Barry et al., 2013; Gregorieff et al., 2015; 
Imajo et al., 2015). 

Epidermis and Hair Follicle  

The skin is composed of various tissues, including the epidermis, hair follicles, and sebaceous 
glands, each of which contains their own stem cell population. During embryonic development, 
epidermal cells form from the ectoderm, while underlying mesenchymal cells send signals that 
cause stratification of the tissue. At intermittent sites where there is both high expression of Wnt 
and secreted BMP inhibitors from the mesenchyme, a hair follicle is formed (Blainpain and Fuchs, 
2009). The suprabasal layers of the stratifying epidermis temporarily include proliferating cells, 
but after development, proliferation is typically only found in the basal keratinocytes.  

The Krt5/Krt14-expressing basal progenitors are responsible for homeostatic maintenance of the 
skin after epidermal morphogenesis. Over as little as 7-10 days in mice, these proliferating basal 
keratinocytes of the epidermis can detach from the basement membrane and migrate upward 
through the tissue while undergoing terminal differentiation (Potten et al., 1987; Sada et al., 2016). 
This process includes intermediates known as spinous and granular cells and ultimately produces 
the flattened corneum cells that serve as the external barrier of the skin. The switch from a basal 
stem cell identity to a more differentiated cell is regulated by transcription factor p63, a member 
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of the p53 tumor suppressor family that promotes basal cell self-renewal, as well as Notch 
signaling, which promotes differentiation (Mills et al., 1999; Senoo et al., 2007; Truong et al., 
2006; Williams et al., 2011). Following epidermal injury, nearby keratinocytes of the basal and 
spinous layers can adopt an "activated" phenotype, expressing various cytokines and growth 
factors, proliferating and migrating to the site of injury to reconstitute the epithelial barrier 
(Morasso and Tomic-Canic, 2012; Tomic-Canic et al., 1998). 

In the hair follicle, hair germ stem cells (and, to a lesser extent, the bulge stem cells they are 
descended from) contribute to the growth phase of the hair cycle by producing a transit amplifying 
cell (TAC) population (Greco et al., 2009; Ito et al., 2004). These TACs divide asymmetrically, 
with the basal cell retaining expression of components of the Wnt signaling pathway and the 
suprabasal cell differentiating to form the inner root sheath (Yang et al., 2017). The growth phase 
parallels the initial development of the hair follicle, with high Wnt and low BMP signals inducing 
activation of the bulge stem cells (Lien et al., 2014, Plikus et al., 2008).  

Olfactory Epithelium 

The olfactory epithelium is a stratified neuroepithelium, with the differentiated cell types - the 
olfactory sensory neurons (OSNs) and sustentacular cells - residing at the apical side of the tissue. 
Because of their exposure to the environment, and subsequent vulnerability to both physical and 
chemical damage, the olfactory sensory neurons are replaced every 60-90 days in mice (Costanzo 
and Graziadei, 1987). Under steady-state conditions, the OSNs are replaced by differentiating 
globose basal cells (GBCs), a multipotent progenitor cell population. These actively proliferating 
cells divide approximately once every 15 hours (Huard and Schwob, 1995). This is in stark contrast 
to the quiescent horizontal basal cells (HBCs) located beneath them, which are the stem cell of the 
olfactory epithelium. The HBCs are largely quiescent but serve to replenish the GBC pool (Duggan 
and Ngai, 2007; Iwai et al., 2008; Leung et al., 2007; Mackay-Sim and Kittel, 1991). 

Following chemical injury that damages most other cells, the undamaged HBCs can regenerate the 
olfactory epithelium, producing both neurons and sustentacular cells (Gadye et al., 2017; Iwai et 
al., 2008; Leung et al., 2007). This is different from embryonic development, during which neurons 
and sustentacular cells form from non-HBC apical progenitors that express both HBC and GBC 
markers. The HBC layer arises later during postnatal development, becoming the basal stem cells 
that ultimately produce mature cell types throughout adulthood. 

Many of the transcription factors that regulate HBC differentiation are well-known. P63, encoded 
by Trp63, is required to maintain self-renewal of HBCs. A member of the p53 tumor suppressor 
family, p63 has been known to act as either a transcriptional activator or repressor in different 
contexts and is critical for maintenance of self-renewal in epithelial tissues (Perez and Pietenpol, 
2007; Viganò et al., 2006; Yang et al., 2006). In the olfactory epithelium, Trp63, and particularly 
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the ΔNp63 isoform, is highly enriched in HBCs (Fletcher et al., 2011; Packard et al., 2011). Trp63 
expression is downregulated as HBCs differentiate in response to injury, and Trp63 -/- HBCs are 
also unable to self-renew. In quiescent HBCs, knockout of Trp63 results in spontaneous 
differentiation, which allows for study of HBC potential under homeostatic conditions (Fletcher 
et al., 2011, 2017). 

Sox2 is a transcription factor with critical roles during both early embryonic development and in 
adult stem cells. Knockout of Sox2 leads to embryonic lethality (Avilion et al., 2003). It is also 
well-established as a critical factor for reprogramming of differentiated cells into induced 
pluripotent stem cells (Takahashi et al., 2007). Sox2 is expressed in neural stem cells of the 
subgranular zone as well as several epithelia, where it is required for maintenance and proliferation 
(Amador-Arjona et al., 2015; Arnold et al., 2011; Suh et al., 2007). In the olfactory epithelium, 
Sox2 is expressed in HBCs and GBCs, as well as sustentacular cells. Knockout of Sox2 in HBCs 
results in impaired neurogenesis and production of GBCs (Gadye et al., 2017; Packard et al., 2016), 
consistent with its effects in other neural stem cell niches. 

Neurogenesis in the olfactory epithelium is further regulated by a cascade of transcription factors 
of the basic helix loop helix (bHLH) family. Ascl1 (formerly known as Mash1) is expressed 
earliest in the lineage, and marks GBCs in the adult olfactory epithelium. During development, 
knockout of Ascl1 leads to failure to produce olfactory sensory neurons, but does not notably affect 
the production of sustentacular cells (Guillemot et al., 1993). Expression of Ascl1 precedes 
expression of bHLH family member Neurogenin 1 (Neurog1) in neurogenesis, which in turn 
precedes expression of NeuroD1 (Cau et al., 1997, 2002). The same sequential expression of 
bHLH family members is observed in neurogenesis following injury to the adult olfactory 
epithelium (Manglapus et al., 2004).  

Cellular Plasticity During Regeneration 
Distinct stem cell populations may contribute to cell replacement for homeostatic maintenance, 
but following injury, they are often aided in reconstitution of missing cell types by alternative 
progenitor populations and dedifferentiation of committed cell types. This cellular plasticity is 
observed across epithelial niches, suggesting that dedifferentiation commonly works in concert 
with stem cell proliferation to rapidly repair tissues in adverse conditions. 

In the lung epithelia, the distal airway stem cells replace lost alveolar cells after H1N1 infection 
and after bleomycin injury, independently of known lung epithelial lineages. These cells express 
both Trp63 and Krt5 but are distinct in their potential from the tracheal basal stem cells. Lineage 
tracing indicates they are capable of producing both type I and type II alveolar cells as well as 
secretory cells of the bronchioles (Kumar et al., 2011; Schilders et al., 2016; Vaughan et al., 2015; 
Zuo et al., 2015). Furthermore, the differentiated cell types of the lung are capable of 
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dedifferentiating in response to injury in order to replenish progenitor populations. Club cells give 
rise to Trp63+/Krt5+ basal cells, mediated by Hippo pathway signaling, and these basal cells can 
again differentiate into ciliated and secretory cells (Tata et al., 2013; Zhao et al., 2014; Zheng et 
al., 2013). In addition to the previously described differentiation of AT-2 cells into AT-1 cells 
during homeostatic maintenance and injury, Hopx+ AT-1 cells can give rise to AT-2 cells 
following pneumonectomy, a process that may be mediated by TGF-β signaling (Jain et al., 2015).  

Although the +4 cells were originally posited as an alternative intestinal stem cell population, a 
more recent lineage tracing study suggests that they are not truly a stem cell population but lineage-
committed cells that dedifferentiate upon injury (Buczacki et al. 2013). Under homeostatic 
conditions, label-retaining cells at the +4 position express markers of both secretory and stem cells, 
and differentiate into Paneth and enteroendocrine cells. Following injury, these label-retaining 
cells contribute to the regeneration of all differentiated lineages. In a similar vein, Dll1+ cells are 
secretory precursors and Alpi1+ cells are enterocyte precursors, but upon injury, both committed 
progenitor populations dedifferentiate to reform the CBC compartment (Tetteh et al., 2016; van 
Es et al., 2012). 

In homeostatic conditions, the stem cells of the epidermis and hair follicle contribute to 
maintenance in a tissue-specific manner, but this specificity is lost upon injury. Following 
epidermal injury, the bulge stem cells also contribute to regeneration of the epidermis by migrating 
to the wound site (site of cell depletion) and converting into keratinocytes. Although not required 
for epidermal regeneration, the bulge stem cells, normally restricted to production of hair follicle 
lineages, contribute to the early phase of epidermal wound healing (Ito et al., 2005). Another report 
suggests that they may even contribute to long-term maintenance of the epidermis (Levy et al., 
2007). Conversely, following ablation of bulge stem cells, non-follicular epithelial cells (from 
interfollicular epidermis, infundibulum and/or sebaceous glands) contribute to replacement of the 
bulge stem cells as well as new hair growth (Rompolas et al., 2013).  

Such a phenomenon exists in the olfactory epithelium as well, in which neuronal progenitors join 
HBCs in regenerating the tissue. Although these progenitors are committed to mainly neuronal 
fates under homeostatic conditions, in two injury models, surviving GBCs and immediate neuronal 
precursors acquire multipotency and contribute to non-neuronal lineages (Lin et al., 2017). 
Olfactory bulb ablation, which selectively destroys olfactory sensory neurons, induces both 
Ascl1+ GBCs and Neurog1+ immediate neuronal precursors (INP1) to produce sustentacular cells. 
Following more severe injury by methimazole, both classes of progenitors give rise to even more 
cell types, producing neurons, duct/gland cells, microvillous cells, and sustentacular cells. This 
acquisition of multipotency appears to be dependent on Sox2 expression in GBCs and INP1 cells. 
Loss of Sox2 prevents GBCs and INP1 cells from producing non-neuronal cells, but Sox2 loss in 



8 

HBCs does not prevent HBCs from producing sustentacular cells following injury (Gadye et al., 
2017; Lin et al., 2017).  

Altogether, these findings underscore the importance of contributions from both stem and 
committed progenitors to epithelial regeneration. While tissues may balance these contributions to 
carry out regeneration in different ways, most appear to build redundancy into their regenerative 
programs to ensure resilience in the face of severe tissue loss that may impact reserve cell 
populations themselves.  

Characterization of Stem Cell Lineage Trajectories 
Despite ample documentation of the molecular identities of the adult stem cells in various tissues 
and some characterization of regulators of gene expression, the exact developmental paths that 
stem cells traverse to meet the demands of homeostatic maintenance and regeneration are less well 
understood. This is largely attributable to the technical challenges of capturing differentiating cells 
along specific lineage trajectories, and inferring their past and future states.  

Lineage tracing refers to all of the methods of following a cell or group of cells and their 
descendants, and is a powerful tool for determining the developmental potential of progenitor cells 
(Kretzschmar and Watt, 2012). Beginning with direct observation of embryonic development in 
transparent specimens in the late 19th and early 20th centuries, methods of lineage tracing evolved 
to include labeling of cells and their descendants (Conklin, 1905; Stent and Weisblat, 1985; 
Whitman, 1887). This persistent label extended the application of lineage tracing to non-
transparent organisms and less readily manipulated tissues, allowing researchers to determine the 
ultimate cell fates of progenitor cells by labeling progenitors and waiting for developmental 
processes to occur (and the label to be transmitted) before analyzing the tissue. As labeling 
techniques have improved, lineage tracing has emerged as a powerful tool for assaying the 
outcomes of homeostatic differentiation and regeneration mediated by adult stem cells. It allows 
researchers to determine not only the cell types derived from a particular progenitor, but also their 
number and location in the tissue. 

Early methods of lineage tracing using labeled cells involved physically marking or injecting cells 
with dyes and tracers, but now labeling is primarily achieved via incorporation of genetic markers 
(Bałakier and Pedersen, 1982; Vogt, 1929; Weisblat et al., 1978). Genetic markers have a distinct 
advantage for labeling in that they do not spread to surrounding tissue and can be stably inherited 
by descendants of labeled cells. Lineage tracing with genetic markers has also shifted from using 
transfection or viral transduction to genetic recombination techniques, which have the additional 
advantage of not wounding the tissue during labeling and potentially altering cell behavior 
(Dymecki and Tomasiewicz, 1998; Soriano, 1999; Zinyk et al., 1998). Avoidance of wounding is 
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especially important in the study of adult stem cells, which can act quite differently in homeostatic 
maintenance versus injury-induced repair. 

Accordingly, lineage tracing with genetic recombination now ranks among the preferred 
approaches for assaying adult stem cell potential. Lineage tracing has been a key factor in the 
discovery of multipotency of hair follicle stem cells, which echoes their contributions to epidermal 
regeneration and contrasts with their behavior under homeostatic conditions (Blainpain et al., 
2004; Ito et al., 2005; Morris et al., 2004). In the intestinal lumen, genetic lineage tracing has been 
used to identify which of the progenitor cell populations serves as the adult stem cell of that tissue 
(Barker et al., 2007). A recent advancement in the development of multicolor genetic reporters 
allows for the tracking of individual stem cells with different fluorophores (Livet et al., 2007; 
Snippert et al., 2010). With sparse labeling, it is now possible to determine not just whether cells 
are derived from a particular class of stem cell, but also whether they are descended from a single, 
parent stem cell. The application of this technique, for example, has led to the discovery that while 
early regeneration of an intestinal crypt is initially mediated by multiple stem cells, over time, the 
crypt becomes populated by descendants of a single stem cell (Snippert et al., 2010). 

Clonal lineage tracing aided by genetically encoded fluorophores allows researchers to assay the 
fates of individual stem cells. However, the procedure in non-transparent tissues typically involves 
a waiting period between when stem cells are labeled and when progeny are identified (Woodworth 
et al., 2017). Thus, it becomes difficult to understand precisely how cells arrived at their particular 
fates due to failure to observe intermediate states. However, characterization of differentiating 
cells at various time points after induction offers an avenue for understanding the various lineages 
arising from adult stem cells. Combined with techniques to assay the molecular identities of these 
cellular intermediates, there is potential to reconstruct the paths along which stem cells travel as 
they obtain their terminal cell fate. 

Until recently, gene expression within differentiating cells was assayed at the level of populations, 
which are often assumed to be relatively homogeneous on the basis of sorting with known marker 
genes (Wagner et al., 2016). This approach of measuring average gene expression within a cell 
population masks heterogeneity which may occur as individual stem cells commit to different cell 
fates and begin expressing genes associated with distinct lineages. However, capturing this 
transcriptional heterogeneity is crucial for understanding the cell fate choices of stem cells. Single-
cell RNA-sequencing resolves the problem of masked heterogeneity, allowing for the 
deconvolution of the "average transcriptome" of bulk populations. With single-cell based 
approaches, it is no longer necessary to have prior knowledge of cell populations in order to 
molecularly characterize their constituent cell types.  

To date, single-cell RNA-sequencing has led to the discovery of previously unknown cell types 
and uncovered heterogeneity in gene expression in multiple stem cell niches, and across organisms. 
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In addition to the discovery of bipotent progenitors during development of the airway epithelium 
(Treutlein et al., 2014), it has been used to discover new cellular subpopulations in adult tissues. 
Kowalcyzk et al. (2015) identified changes in both gene expression and cell number in 
hematopoietic stem cell populations between young and aged mice. Grün et al. (2015) identified a 
new marker of a rare cell population of intestinal cells, which they also determined to be 
heterogeneous. Single-cell RNA-sequencing has also been used to identify expression of olfactory 
receptor genes in neuronal progenitors; each cell expresses only a few of >1000 receptors, causing 
their expression to go undetected by bulk RNA-sequencing (Hanchate et al., 2015). 

While single-cell RNA-sequencing does allow for transcriptomic characterization at high 
resolution, it alone does not allow for the tracking of cell fate of individual stem cells. However, 
in combination with lineage tracing approaches, it serves as a powerful tool for elucidating stem 
cell lineage trajectories. Genetic lineage tracing approaches can be used to label individual stem 
cells and all of their descendants. Isolating labeled cells at staggered time points allows researchers 
to collect cells in various stages of differentiation or self-renewal for single-cell RNA-sequencing, 
which can then be used to identify all cell types, including cellular intermediates, within the 
lineages arising from the stem cells.  

The process of identifying lineage trajectories from single-cell RNA-sequencing data presents an 
interesting, but resolvable, computational challenge. Because of the snapshot-like nature of these 
measurements, and the inability to directly observe previous or future states of each cell, a great 
deal of the lineage trajectory must be inferred. A number of algorithms exist to this end, relying 
on gene expression gradients to place cells along lineages in an order that reflects their path(s) 
towards differentiated cell types or self-renewal. Furthermore, these trajectories can be validated 
in vivo, using genetic lineage tracing to track the fates of intermediate cell types. The 
transcriptomic characterization can also be used to identify putative regulators of cell fate choice, 
whose role can be validated by experimental approaches. 

Building on previous work ordering samples in disease progression and differentiation on the basis 
of gene expression, Trapnell et al. (2014) developed a lineage trajectory analysis algorithm, 
Monocle, to order single-cell RNA-sequencing data by developmental stage, termed "pseudotime." 
Applying this technique to myoblast differentiation, known to be an asynchronous process, 
allowed them to "synchronize" differentiating cells without altering their in vivo behavior and 
place them in an order that recapitulates developmental processes.  

The combination of single-cell RNA-sequencing and lineage trajectory algorithms has also been 
applied to adult neural stem cell niches beyond the olfactory epithelium to identify distinct cell 
types and paths to differentiation. Llorens-Bobadilla et al. (2015) used Monocle to classify neural 
stem cells of the subventricular zone into distinct states and order them from most quiescent to 
most activated. Shin et al. (2015) similarly identified and ordered subgroups of neural stem cells 
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in the dentate gyrus of the hippocampus, pioneering the use of another lineage trajectory algorithm 
(Waterfall) that requires less prior knowledge of temporal markers of differentiation than Monocle. 
The systems above are defined by one main lineage trajectory, but these algorithms have also been 
extended to map branching lineage trajectories (Qiu et al., 2017). The successor to Waterfall, 
Wishbone is an algorithm applicable to both single-cell RNA-seq and mass cytometry used to 
identify bifurcating lineage trajectories in T cell development and differentiation of hematopoietic 
stem cells (Setty et al., 2016). Wanderlust, initially presented as an algorithm to order single cells 
on the basis of protein expression (via single-cell mass cytometry) during hematopoietic stem cell 
differentiation, is similarly applicable to single-cell RNA-seq experiments (Bendall et al., 2014). 

However, all of these algorithms face issues when applied to more complex datasets, such as 
branching lineage trajectories with more than two paths. They are also largely unsupervised, which 
can be a strength when little information is known about the system under consideration, but they 
also lack the ability to incorporate information about known starting and endpoints of 
developmental processes. To overcome these challenges in the olfactory epithelium, we have 
turned to Slingshot, a semi-supervised algorithm. Slingshot makes use of many of the same 
underlying principles, including dimensionality reduction and clustering of gene expression data 
followed by identification of a minimum spanning tree that relates cell types, but also retains 
adaptability to more complex systems and allows for the incorporation of lineage trajectory 
information such as known terminal cell states derived from other experimental approaches 
(Fletcher et al., 2017; Gadye et al., 2017; Street et al., 2017). 

Regulation of Cell State Transitions 
Characterizing intermediate cell types and defining lineage trajectories provides a framework 
describing the paths of individual stem cells, and single-cell RNA-sequencing data can be further 
leveraged to provide clues about mechanisms of transcriptional regulation. By examining changes 
in gene expression over lineages, it is possible to make hypotheses about regulators that may bias 
stem cells towards adopting particular fates. Shin et al. (2015) identified transcription factors 
correlating with pseudotime in the dentate gyrus and discovered regulators not previously known 
to have a role in neurogenesis (positive correlation) or stem cell self-renewal (negative 
correlation). From ordering cells by pseudotime in fibroblast to neuron reprogramming, Treutlein 
et al. (2016) identified two distinct stages in gene expression data as well as networks of 
transcription factors important for regulation of cell identity at each stage. 

While transcriptome-based analyses suggest specific molecular regulators and signaling pathways 
that bias cells towards particular lineage trajectories, in the case of injury, stem cells can activate 
transcriptional programs within 12-24 hours (Gonzales and Fuchs, 2017; Gadye et al. 2017). The 
speed of this response suggests global mechanisms of transcriptional control that allow adult stem 
cells to choose one of several cell fates based on environmental factors.  
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One such mechanism is accessibility of chromatin to transcription factors and RNA polymerase II 
at loci corresponding to lineage-specifying genes. DNA is compacted within cells by means of 
binding to histone proteins, and thus chromatin accessibility becomes a critical factor in 
transcriptional response.  

Chromatin accessibility has notably been shown to adopt different patterns between stem and 
differentiated cell types, with stem cells adopting a more "open" pattern, particularly at loci 
corresponding to key developmental regulators. Upon commitment to differentiation, it has been 
observed that stem cells adopt a more "closed" conformation, rendering regions corresponding to 
non-lineage genes inaccessible to transcriptional machinery (Gaspar-Maia et al., 2011; Marshall, 
2003; Meshorer and Misteli, 2006). Notably, chromatin has also been observed to be more 
accessible at heat shock genes in Drosophila, suggesting chromatin accessibility may also regulate 
expression of stress response genes in other systems (Wu, 1980). 

Changes in chromatin accessibility have been observed in adult mammalian systems during 
developmental processes as varied as stem cell differentiation in the hair follicle (Adam et al., 
2015, 2018), induced pluripotent stem cell reprogramming (Li et al., 2017), and dedifferentiation 
of intestinal cells (Jadhav et al., 2017). Thus, we explore the potential of chromatin accessibility 
to regulate HBC differentiation and response to injury in the adult olfactory epithelium. 

Chapter Overview 
This dissertation characterizes the lineage trajectories arising from olfactory stem cells during 
homeostatic maintenance and injury-induced repair and their regulation. 

Chapters 2 and 3 address the discovery of cellular intermediates and lineage trajectories arising 
from olfactory stem cells, and the subsequent identification of molecular regulators. Chapter 2 
focuses on homeostatic maintenance, while Chapter 3 compares injury-induced regeneration and 
homeostatic maintenance. 

Chapter 4 addresses the chromatin accessibility in olfactory stem cells, compared to other stem 
and differentiated cell populations. It also includes a proposal for assaying global mechanisms of 
transcriptional control. 
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Chapter 2:    Deconstructing Olfactory Stem Cell Trajectories at Single-
Cell Resolution 
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Chapter Summary 
A detailed understanding of the paths that stem cells traverse to generate mature progeny is vital 
for elucidating the mechanisms governing cell fate decisions and tissue homeostasis. Adult stem 
cells maintain and regenerate multiple mature cell lineages in the olfactory epithelium. Here we 
integrate single-cell RNA sequencing and robust statistical analyses with in vivo lineage tracing to 
define a detailed map of the postnatal olfactory epithelium, revealing cell fate potentials and 
branchpoints in olfactory stem cell lineage trajectories. Olfactory stem cells produce support cells 
via direct fate conversion in the absence of cell division, and their multipotency at the population 
level reflects collective unipotent cell fate decisions by single stem cells. We further demonstrate 
that Wnt signaling regulates stem cell fate by promoting neuronal fate choices. This integrated 
approach reveals the mechanisms guiding olfactory lineage trajectories and provides a model for 
deconstructing similar hierarchies in other stem cell niches. 

 

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 that govern 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 – has long been established as a powerful 
tool for elucidating the cell fate potential of progenitor cells (Dymecki and Tomasiewicz, 1998; 
Le Douarin and Teillet, 1974; Price et al., 1987; Weisblat et al., 1978; Zinyk et al., 1998). However, 
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 (Wagner et al., 2016). New statistical approaches have further 
enabled the ordering of cells along developmental lineages based on gradual changes in gene 
expression detected at the single-cell level (Trapnell et al., 2014). However, current 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 maintains a steady state population of mature olfactory sensory neurons 
via continual neurogenesis in the postnatal animal (Graziadei and Graziadei, 1979b; Mackay-Sim 
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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 (Graziadei and Graziadei, 1979a). 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 2.1A).   

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. 

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 olfactory 
sensory neurons, microvillous cells, and cells of the Bowman’s gland.  Olfactory neurogenesis 
involves an expansion of the progenitor pool via proliferative GBCs, but sustentacular cells instead 
can 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. Finally, we identified and validated canonical Wnt 
signaling as a regulator that drives HBCs from quiescence toward neuronal differentiation. Our 
combined approach serves more generally as a model for illuminating and deconstructing 
branching lineages that arise from multipotent stem cells.   
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Figure 2.1. 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) and asynchronous differentiation following Trp63 conditional knockout (cKO) (center 
and right). (C) YFP(+) cells were collected by FACS at the indicated times following tamoxifen 
administration from mice carrying the Krt5-CreER; Rosa26eYFP transgenes and either the Trp63+/+ (WT) or 
Trp63lox/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 μm. See also Supplementary Figure 2.1. 
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Results 

Experimental Strategy for Analyzing Olfactory Stem Cell Trajectories by Single-Cell 
RNA-Seq 

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. HBCs and their 
descendants were obtained using two complementary approaches (Figure 2.1). In the first, we used 
inducible Cre-lox lineage tracing to label HBCs and their progeny. To obtain resting HBCs 
(controls), we harvested cell samples 72 or 96 hours following tamoxifen-induced Cre activation 
in 3-week-old mice (Figure 2.1C). To obtain differentiating cells descended from HBCs, we used 
conditional knockout of Trp63 in HBCs to “release” HBCs from their quiescent state  (Figures 
2.1B and 2.1C; Fletcher et al., 2011). In the second approach, using a Sox2eGFP knock-in reporter 
gene (Arnold et al., 2011), we purified Sox2-eGFP-positive, ICAM1-negative, SCARB1/F3-
negative cells by fluorescence-activated cell sorting (FACS) to obtain a population of cells 
enriched for GBCs, later neuronal intermediates, and microvillous cells over sustentacular cells.   

Single-cell RNA-seq was carried out on FACS-purified cells using the Fluidigm C1 microfluidics 
cell capture platform followed by Illumina sequencing (see Methods for these and associated 
statistical methods). Single-cell data from yellow fluorescent protein (YFP) lineage tracing 
experiments and Sox2-eGFP experiments were combined into one dataset, a strategy designed to 
maximize the representation of cell states along the developmental trajectories. Sequencing data 
from a total of 687 cells (542 from YFP lineage-traced cells and 145 from Sox2-eGFP-expressing 
cells) remained after filtering based on various quality control metrics (Figure 2.1E). 

Clustering and Assignment of Differentiating Cells to Branching Cell Lineages  

Resampling-based ensemble clustering (RSEC) was applied to the first 50 principal components 
of the expression matrix to generate stable and tight clusters, yielding a final repertoire of 13 
clusters (Supplementary Figures 2.1 and 2.2; Methods). To visualize cellular heterogeneity, we 
projected the data onto two dimensions via t-distributed stochastic neighbor embedding (t-SNE; 
van der Maaten and Hinton, 2008), which confirms that our clustering procedure led to well-
defined, distinct groups (Figure 2.2A). Preliminary cell type assignments were made based on the 
expression of known and/or validated marker genes for HBCs, GBCs, immediate neuronal 
precursors (INP1-3), immature and mature olfactory sensory neurons (iOSNs and mOSNs), 
immature and mature sustentacular cells (iSus and mSus), and microvillous cells (MV1 and MV2) 
(Figure 2.2B; Supplementary Figure 2.2; see Methods for details). Interestingly, two clusters 
(ΔHBC1, ΔHBC2) contain cells in which the canonical HBC stem cell markers Trp63, Krt5, and 
Krt14 appear to be variably downregulated from cell to cell (Supplementary Figure 2.2), 
suggesting the existence of at least one transition state in which HBCs first begin to differentiate. 
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Mapping transcriptional changes as cells transition from stem cells to specialized cell types is 
essential for understanding the mechanisms regulating cell and tissue differentiation. In 
differentiating lineages, cells are thought to 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 
(Trapnell et al., 2014), can provide a basis for understanding how and when cell fate decisions are 
made. 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. To address this problem, we applied Slingshot, a statistical 
framework for inferring branching lineage assignments and developmental distances (Methods). 
Three distinct trajectories were identified, each starting from the resting HBC stage and leading to 
the three defined mature cell types (Figures 2.2D and 2.2E). 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 to 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. Slingshot 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 principal coordinates 
onto its respective curve (displayed as one dimensional plots in Figures 2.3A and 2.3C). From this 
analysis, 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 may represent major transcriptional changes in which distinct networks of genes are 
turned on or off.  
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Figure 2.2. Statistical Analysis of Single-Cell RNA-Seq Data Predicts Distinct Cell States and 
Branchpoints in the Olfactory Stem Cell Trajectory. 
(A and B) t-SNE plot (perplexity = 10) based on the 500 most variable genes showing the separation of the 
cells into discrete groups congruent with the clustering. In (A), each circle represents a cell. 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) t-SNEs as in (A) and (B) and colored by experimental condition. 
Differentiation is asynchronous, but cells from the later lineage tracing time points and the Sox2-eGFP+ 
cells contribute to more differentiated cell types.  (D and E) Three-dimensional representation of single-
cell gene expression profiles based on principal component analysis (D); 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 off later of the neuronal 
lineage from the GBCs (E). See also Supplementary Figure 2.2. 
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Figure 2.3. Patterns of Coordinated Gene Regulation in the Neuronal and Sustentacular Cell 
Lineages Reveal Different Strategies for Differentiation. 
(A and C) Developmental distance of cells within each lineage as inferred by Slingshot for the neuronal 
lineage (A) and the sustentacular lineage (C). Mean ± standard deviation of developmental distance is 
indicated for each cluster. (B and D) Heatmaps display the average scaled expression profile for each gene 
cluster (numbered at the left of each row) with cells (columns) ordered according to their developmental 
positions within 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-associated (CC) genes. See also Supplementary 
Figures 2.3 and 2.4. 
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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 and clustered the most 
differentially expressed genes within each lineage (Supplementary Figure 2.3; Table 2.1; 
Methods). The average scaled expression profiles for the gene clusters in the neuronal and 
sustentacular cell lineages are displayed using heatmaps in Figures 2.3B and 2.3D, 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. In the neuronal lineage many modules of genes 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 (Supplementary Figure 2.3; Table 2.2). 

Consistent with recent studies (Hanchate et al., 2015; Saraiva et al., 2015; Scholz et al., 2016; Tan 
et al., 2015), our analysis further reveals that low level expression of multiple odorant receptor 
(OR) genes per cell commences at the INP2/3 stage, culminating with high level expression of a 
single OR per cell in immature olfactory sensory neurons (Supplementary Figure 2.4). 

Proliferation Is Restricted to the GBC and Neuronal Lineage 

Numerous studies have demonstrated that GBCs represent the major proliferative progenitor cell 
in the 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; Supplementary Figure 2.3) 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 (Figure 2.3B; Supplementary Figure 
2.3). In striking contrast, cells progress through the sustentacular cell lineage without a concerted 
upregulation of cell proliferation markers (Figure 2.3D; Supplementary Figure 2.3). Thus, HBCs 
appear to transdifferentiate into sustentacular cells through a process that does not require cell 
division. 

Lineage Tracing In Vivo Validates Predicted Branchpoints 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 2.2 and 2.3. First, 
the initial branching of the sustentacular cell and neuronal lineages at the transitional HBC stage 
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 
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of the population of HBCs is 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 Figures 2.4A-2.4D. Consistent 
with Slingshot’s prediction that individual HBCs initially give rise to single lineages, at 14 days 
of differentiation, 90 of 99 clones contain cells representing either the combined 
neuronal/microvillous cell lineage (80, comprising 13 GBC-containing, 56 neuron only, 1 neuron 
+ Bowman’s gland, 9 neuron + microvillous cell only, and 1 microvillous cell only) or 
sustentacular cells (10), but not cells from both lineages (Figure 2.4E). Clones containing a mixture 
of sustentacular cells and neurons comprise the remaining nine clones. Only one labeled 
Bowman’s gland was detected among the 99 clones scored for this analysis; the scarcity of lineage-
traced Bowman’s glands mirrors their apparent absence in our analysis of the single-cell RNA-seq 
data, suggesting that these cells arise only rarely from HBCs in the normal, uninjured epithelium. 
Similar results were obtained from clones scored at 7 days of differentiation (Supplementary 
Figure 2.5). 

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) (Figure 2.4F), whereas sustentacular cells are present at one to two cells per clone (1.3 + 
0.1 cells; Figure 2.4G). The average number of neurons per clone increases from 7 days (8.8 + 1.0 
cells/clone) to 14 days, whereas the number of sustentacular cells per clone remains essentially 
unchanged over this interval (1.2 + 0.1 cells/clone at 7 days; compare Figures 2.4F and 2.4G with 
Supplementary Figure 2.5). Moreover, most sustentacular cell-containing clones contain only a 
single sustentacular cell, confirming the assignment of the first major branchpoint 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. Alternatively, the presence of a single cell 
per clone may reflect proliferation of a sustentacular cell progenitor followed by apoptotic cell 
death, leaving on average, a single mature daughter cell per differentiating stem cell. However, the 
very low frequency of activated caspase-3 expression in YFP lineage-traced cells (0%-0.6%; 
Figure 2.4I; Supplementary Figure 2.5) is inconsistent with apoptosis as a significant contributor  
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Figure 2.4. Clonal Lineage Tracing In Vivo Validates Branching Lineage Assignment Predictions. 
(A-D) Example images of clones from Krt5-CreER; Trp63lox/lox; Rosa26Confetti transgenic animals analyzed 
14 days following tamoxifen induction of the CreER driver: neuronal only (A), neuronal and sustentacular 
(arrow, B), sustentacular cell only (C), and neuronal and microvillous cell (arrowhead, 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 GBC/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. One out of 99 clones contained a labeled Bowman’s gland together with neurons. 
(F–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 (H). (I) Percentage of Krt5-CreER; Trp63lox/lox; RosaeYFP lineage-traced cells co-labeled with 
activated caspase-3 at 24, 48, and 96 hr and 7 days following tamoxifen injection. The low frequency of 
apoptosis (0%-0.6 %) in the HBC lineage is inconsistent with cell death as a mechanism to generate clones 
containing single cells. (J-L) Ascl1-CreER; Rosa26eYFP lineage tracing 21 days following tamoxifen 
induction shows that, although Ascl1-positive GBCs usually form neurons (~ 98%) (J), they occasionally 
form microvillous cells (K). The percentage (mean + SD) of each cell type formed from lineage-traced cells 
(1,072 cells from three animals) is summarized in (L). Scale bars, 25 µm. See also Supplementary Figure 
2.5.   
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in the differentiation of mature cell types from HBC stem cells (Fletcher et al., 2011). 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 (Figure 
2.3D). 

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 give 
rise to these two cell types. In support of this prediction, nine of ten clones containing microvillous 
cells also contain neurons (Figure 2.4E). Microvillous cells are rare in comparison with olfactory 
sensory neurons (Hansen and Finger, 2008; Jia et al., 2013; Ogura et al., 2011; Yamaguchi et al., 
2014); this difference is reflected by the small number of microvillous cell-containing clones 
detected (12% of neuron-containing clones) as well as the low number of microvillous cells present 
in any given microvillous-containing clone (1.2 + 0.1; Figure 2.4H). These clonal lineage tracing 
results are complemented by a similar, non-clonal lineage tracing analysis using a knockin Ascl1-
CreER driver (Kim et al., 2011), which recapitulates Ascl1’s expression in postnatal GBCs 
(Supplementary Figure 2.4) (Manglapus et al., 2004). Cells lineage-traced 3 weeks after tamoxifen 
activation of the Ascl1-CreER driver comprise mainly neurons (98% of ~1000 cells scored over 3 
animals) (Figures 2.4J and 2.4L), with microvillous cells representing ~1% of the labeled cells 
(Figures 2.4K and 2.4L). In addition, cells of the Bowman’s gland — identified by their expression 
of Sox9 and assembly into ducts contiguous with submucosal acini — were also lineage-traced by 
the Ascl1-CreER driver (Supplementary Figure 2.5), suggesting that cells of the Bowman’s gland 
arise from GBC progenitors (See Goss et al., 2015). We failed to detect any sustentacular cells 
labeled by the Ascl1-CreER driver, supporting the prediction that a second branching of the lineage 
occurs at the GBC stage to give rise to numerous olfactory sensory neurons and occasional 
microvillous cells, but not sustentacular cells. 

Coordinated Transcription Factor Networks Associated with Lineage Progression  

To gain a more comprehensive view of the combination of factors that drive HBCs to form the 
two major OE lineages, we identified the differentially expressed transcription factors in the 
neuronal and sustentacular cell lineages and displayed their expression profiles by developmental 
order in their respective lineages (Figures 2.5A and 2.5B; Table 2.3).  The dynamic, step-like 
changes in gene expression in the neuronal lineage (Figure 2.3; Supplementary Figure 2.3) are also 
observed in the expression of transcription factors. Fewer transcription factors show dynamic 
expression in the sustentacular lineage compared to the neuronal lineage (Figures 2.5A and 2.5B; 
Supplementary Figure 2.6). 
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We next constructed a co-expression network by correlating differentially expressed transcription 
factor genes and connecting those with high correlation (Figures 2.5C and 2.5D; Supplementary 
Figure 2.6). The neuronal lineage is composed of three main subnetworks of transcription factors 
whose expression is enriched either in resting and transitional HBCs, GBCs and INP1 cells, or 
later-stage neuronal precursors and neurons (Figures 2.5C and 2.5E). In contrast, only one network 
of transcription factors in the sustentacular cell lineage is identified using the same criteria (Figure 
2.5D), consistent with our observation that the sustentacular cells are closely related to the HBCs 
at the transcriptional level. Interestingly, the AP1 transcription factors (Karin et al., 1997) – 
previously demonstrated to regulate keratinocyte differentiation (Eckert et al., 2013) – are enriched 
in the resting and transitional HBCs (Figure 2.5; Table 2.3), suggesting that similar transcriptional 
networks may be used to control differentiation in these two divergent epithelial stem cell niches. 

Activation of Canonical Wnt Signaling Is Necessary and Sufficient to Drive HBC 
Differentiation into Olfactory Sensory Neurons 

Having identified discrete stages in the differentiating olfactory lineages, we next sought to 
identify specific genes and signaling networks that might govern critical cell state transitions that 
occur as HBCs differentiate. We applied gene set enrichment analysis (GSEA) with rotation tests 
(Ritchie et al., 2015) to identify pathways that are enriched in cell clusters based on single-cell 
RNA-seq data (Supplementary Figure 2.6; Table 2.4). Among the top hits found in resting HBCs 
is the canonical Wnt signaling pathway (Figure 2.6A; Supplementary Figure 2.6), which has been 
shown to regulate stem cell dynamics in other niches (Clevers et al., 2014). Two repressors of 
canonical Wnt signaling, Dkk3 and Sfrp1 (Kawano and Kypta, 2003), are enriched in resting HBCs 
and subsequently downregulated upon HBC differentiation (Supplementary Figure 2.6), 
suggesting that autocrine or paracrine inhibition of Wnt signaling may promote HBC quiescence. 
To test this hypothesis, we activated Wnt signaling in resting HBCs using the Krt5-CreER driver 
to conditionally express an activated form of β-catenin (Ctnnb1lox(ex3) allele) (Harada et al., 1999). 
Compared to controls (Figure 2.6B), activation from one copy of the β-cateninlox(ex3) allele resulted 
in the appearance of dysmorphic, globose-like basal cells reminiscent of activated HBCs (Fletcher 
et al., 2011) as well as occasional differentiated neurons (Figure 2.6C). Strikingly, a genetic 
interaction was observed between Trp63 and Wnt signaling in a sensitized trans-heterozygous β-
cateninlox(ex3)/+; Trp63lox/+ background, in which HBCs differentiated in a manner similar to 
conditional ablation of Trp63 alone (compare Figure 2.6D with Figure 2.6E). In this case, however, 
HBCs predominantly formed neurons and proliferative GBC progenitors and very rarely produced 
sustentacular or microvillous cells (Figures 2.6D and 2.6J). Furthermore, neurons derived from 
these Wnt-activated HBCs failed to fully migrate apically, consistent with the established role of 
Wnt signaling in stimulating GBCs to differentiate while impeding subsequent neuronal 
maturation (Chen et al., 2014; Wang et al., 2011). 
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Figure 2.5. Coordinated Transcription Factor Networks Associated with Lineage Progression. 
(A and B) Heatmaps of the top differentially expressed (DE) genes for the neuronal (A) and sustentacular 
cell (B) lineages. (C and D) Connectivity graphs of the most correlated DE transcription factors for the 
neuronal (C) and sustentacular cell (D) lineages, colored by the cluster in which expression is highest; the 
size of each node indicates magnitude of expression. (E) Connectivity graph for the neuronal lineage 
colored by rank across the clusters within the lineage. For each transcription factor, we computed the 
average expression in each cluster and color-coded the corresponding node to indicate the cluster with the 
highest average expression. See also Supplementary Figure 2.6 and Table 2.3. 
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To test whether Wnt signaling is necessary for activation of HBC differentiation, we conditionally 
ablated a floxed β-catenin allele (Ctnnb1lox/lox) in HBCs using the Krt5-CreER driver. Resting 
HBCs appeared normal in the absence of β-catenin (Figure 2.6F). Although knockout of Trp63 
alone resulted in HBC differentiation mostly into neurons (Figure 2.6G), in the Trp63 and β-
catenin double knockout, HBCs produce fewer differentiated cells and had a diminished capacity 
to produce neurons (Figures 2.6H, 2.6I and 2.6K; Supplementary Figure 2.6); most of the 
differentiated cells were sustentacular cells or non-neuronal SOX2+ cells. Taken together, these 
data indicate that activation of canonical Wnt signaling is both necessary and sufficient to drive 
the transition of HBCs from a resting to an activated neurogenic state in the uninjured epithelium. 

Discussion 
In this study, we developed an integrated approach using in silico analysis of single-cell RNA-seq 
data and in vivo lineage tracing to illuminate the cell fate potentials of individual olfactory stem 
cells and the locations of branchpoints in the olfactory lineage trajectory. Our combined analysis 
identified the trajectories that produce three out of the four major cell types in the olfactory 
epithelium: the olfactory sensory neurons, microvillous cells and sustentacular cells. Lineage 
tracing alone further revealed the origins of cells of the Bowman’s gland. One sub-lineage gives 
rise to the niche’s proliferative GBCs, which in turn, generate olfactory sensory neurons, 
microvillous cells and cells of the Bowman’s gland. 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. It is possible that 
additional and more subtle transitions in cell states exist but were not resolved by the present 
analysis, which was based on sequencing less than 1,000 cells. Nonetheless, our approach enabled 
an analysis of the olfactory HBC stem cell’s fate potential and the location of branchpoints 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.  
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Figure 2.6. Wnt Signaling Is Necessary and Sufficient for HBC Activation to Form Neurons.  
(A) Wnt signaling pathway gene expression in the resting HBC cluster, color-coded according to log2 fold-
change (log2FC) between the resting HBC cluster and the other neuronal lineage clusters (“one vs. all”, see 
Methods). (B-K) The indicated alleles were on a Krt5-CreER; Rosa26eYFP transgenic background. (B-E and 
J) Conditionally activating Wnt signaling via removal of exon 3 of �-catenin (C) results in HBCs that 
change shape and begin to differentiate (compare with cells from heterozygous Trp63lox/+ controls, shown 
in B). Coupled with the removal of one allele of Trp63 (D), activation of Wnt signaling in HBCs induces 
proliferation and differentiation into neurons, similar to the Trp63lox/lox phenotype (E). Also shown is 
quantitation of the effect of activating �-catenin in the Trp63lox/+ background (J). n = 4 (Trp63lox/+), n = 3 
(Trp63lox/+; �-cateninloxex3/+) at 14-21-days post tamoxifen (DPT); mean is shown in red; p = 0.01. (F-I and 
K) Quiescent HBCs (F) differentiate into neurons (assessed by suprabasal position, cell shape, and lack of 
SOX2 expression) and support cells after conditional knockout of Trp63 (G). Inhibition of Wnt signaling 
by conditional knockout of �-catenin in the Trp63lox/lox background decreases the capacity of HBCs to form 
neurons (H, I and K). There are fewer neurons (assessed by suprabasal position, cell shape, and lack of 
SOX2 expression) in the double knockout (14 DPT), n = 3 for each genotype, p = 0.04. See also 
Supplementary Figure 2.6. 

Transitional HBCs Represent a Discrete Cell State in Which Neuronal versus 
Sustentacular Cell Fates Are Specified 

Our analysis of single-cell RNA-seq data allowed for the identification of previously 
uncharacterized transitional or activated states that HBCs first enter upon differentiation, during 
which one of two cell fates is adopted. This first transition – comprising at least two states (ΔHBC1 
and ΔHBC2) – is manifested by a subtle shift in gene expression, underscoring the power of single-
cell RNA-seq to detect cell state changes that would otherwise elude detection by more 
conventional approaches based on the expression of a small number of known marker genes. 
Interestingly, the downregulation of the transcription factor Trp63 is both necessary (Schnittke et 
al., 2015) and sufficient (Fletcher et al., 2011) to stimulate HBCs to differentiate. However, 
transitional HBCs exhibit highly variable expression of Trp63 and other genes normally associated 
with resting HBCs (e.g., Krt5 and Krt14; Supplementary Figure 2.2), suggesting that minor 
perturbations in Trp63 expression are sufficient to elicit a change in cell state. Together, these 
observations are consistent with a model in which activated HBCs comprise a metastable state that 
allows for their transition towards a variety of cell fates. We posit that transitional HBCs represent 
a window along the developmental trajectory during which competing regulatory networks 
promote progression down one lineage versus another. What are the possible mechanisms 
underlying such a competition?  

We propose a model in which the default state of HBC stem cells is to form sustentacular cells. 
Accordingly, a signal would be required to repress the default state and drive the HBCs to 
differentiate into GBCs and subsequently into neurons. Previous studies have established the role 
of Wnt signaling in GBC proliferation and neurogenesis during injury-induced regeneration in the 
olfactory epithelium (Chen et al., 2004; Wang et al., 2011). Here we demonstrate that Wnt 
signaling is both necessary and sufficient earlier in the lineage for HBC activation and 
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specification of GBC neural progenitors under uninjured, steady state conditions. The ability of 
Wnt signaling to activate quiescent HBCs to differentiate into proliferative neuronal progenitors 
is consistent with its role in stem cell activation and cell fate specification in other stem cell niches 
(Choi et al., 2013; Clevers et al., 2014). Interestingly, HBCs are enriched for NF-"B signaling 
components (Table 2.4), whereas sustentacular cells strongly express interleukin-33 (Il33), which 
is localized to the nucleus of sustentacular cells (Supplementary Figure 2.5). In addition to its 
proposed role as an inflammatory cytokine, IL-33 has been shown to antagonize the transcription 
factor RelA/p65, a nuclear factor "B (NF-"B) effector (Ali et al., 2011). Future studies will be 
required to test the hypotheses that nuclear IL-33 promotes the sustentacular cell fate by 
antagonizing NF-"B signaling.  

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 (Figure 
2.4). 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 (Snippert et al., 2010).  

Although 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? 
Perhaps GBCs occasionally give rise to sustentacular cells in addition to neurons and microvillous 
cells. However, we failed to detect any sustentacular cells among ~1,000 cells lineage-traced using 
the GBC-specific Ascl1-CreER driver under steady-state conditions, although it is possible that a 
rare GBC earlier in the lineage may occasionally give rise to sustentacular cells. Alternatively, the 
occurrence of mixed neuronal/sustentacular cell clones in our analysis could reflect plasticity at 
the transitional HBC stage so that a given activated stem cell undergoes a self-renewing cell 
division, leaving its two daughter 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 (Figure 
2.3), in agreement with our previous observation that a small percentage of resting HBCs express 
the proliferative marker protein Ki67 (Fletcher et al., 2011). Whatever the case, our observations 
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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 Cells 

Our analysis also reveals direct conversion of quiescent HBCs to sustentacular support cells 
without cell division, an unusual 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 (Figure 2.3; Supplementary Figure 2.3). 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. Unlike many other adult stem cells, HBCs 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 (Trp63). That removing factors would be 
an effective strategy for reprogramming is also suggested by the conversion of fibroblasts to 
cardiomyocyte-like cells by miRNA expression (Jayawardena et al., 2012) and pancreatic  α-cells 
to β-like cells by inhibiting Arx (Courtney et al., 2013). Our findings provide an alternative way 
to view cell fate transformation in vivo and strategies for inducing transdifferentiation of cells for 
therapeutic applications.  
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Methods 

Experimental Model Details 

Transgenic Mice 

Mice containing the following transgenes or modified alleles were used in this study:  Krt5-
CreER(T2) driver (Indra et al., 1999), Ascl1-CreER knock-in allele (Kim et al., 2011), Trp63lox/lox 
conditional knockout allele (Mills et al., 2002), Sox2eGFP knock-in reporter allele (Arnold et al., 
2011), the conditional constitutively activated Ctnnb1loxEx3/+ allele (Harada et al., 1999), 
Ctnnb1lox/lox conditional knockout allele (Brault et al., 2001), Rosa26eYFP reporter (Srinivas et al., 
2001), and Rosa26Confetti reporter (Snippert et al., 2010). All experiments were begun on animals at 
3-4 weeks of age (P21-P28). We used both male and female mice in our studies; all mice were on 
a mixed C57BL/6 and 129 background and were assumed to be of normal immune status. 
Information about sex, age and genotype of animals used in RNA sequencing experiments is 
included as metadata in GEO: GSE95601. Animals were housed and maintained according to 
IACUC guidelines. 

Method Details 

Fluorescence-Activated Cell Sorting (FACS) 

We employed a two-pronged approach to label and isolate cells from the postnatal mouse olfactory 
epithelium. In one approach, the Krt5-CreER and the Rosa26eYFP transgenes were combined with 
either the wild-type Trp63 allele (Trp63+/+) or the conditional knockout of Trp63 (Trp63lox/lox).  This 
approach allowed us to label HBCs and lineage-trace their descendants. We collected HBCs that 
were wild-type for Trp63 and the HBC lineage following tamoxifen-induced conditional ablation 
of Trp63 after 24 hr, 48 hr, 96 hr, 7 days, and 14 days.  In the other approach, the Sox2eGFP 
transgenic was used. This transgene exhibits GFP expression in a pattern faithful to endogenous 
Sox2 expression in the OE (HBCs, GBCs, sustentacular and microvillous cells), but the GFP 
perdures in the immediate neuronal precursors and immature neurons.  

In the HBC lineage tracing experiments, Krt5-CreER; Rosa26eYFP/eYFP and Krt5-CreER; Trp63lox/lox; 
Rosa26eYFP/eYFP mice were injected once with tamoxifen (0.25 mg tamoxifen/g body weight) at P21-
23 days of age and sacrificed at the specified times after injection (Figure 2.1).  For each 
experimental time point, the olfactory epithelium 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), except that papain dissociation was for 25 min, and tissue from 
each animal was processed individually in approximately one mL volume. First, approximately 30 
units of papain were dissolved in 5 mL of Neurobasal medium with 1.5 mM cysteine and 1.5 mM 
ethylenediaminetetraacetic acid (EDTA) and incubated at 37oC for at least 30 min to activate the 
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papain. Then, after dissection of the olfactory epithelium into Neurobasal medium, the tissue 
samples were added to an equal volume of the activated papain solution along with DNase I (100 
units/mL) and allowed to incubate with gentle nutation for 25 min at 37oC. Following papain 
digestion and dissociation, the tissue was washed multiple times in phosphate buffered saline with 
10% fetal bovine serum (PBS-FBS). Prior to loading on the cell sorter, cells were kept in PBS-
FBS, and cells were sorted on a BD Influx sorter into PBS-FBS. A negative control (a littermate 
of the same genotype not injected with tamoxifen) was used to ensure proper gating. Propidium 
iodide was used to identify and select against dead or dying cells; only viable YFP+ cells were 
collected.  The same dissection and dissociation protocol was followed to purify the Sox2eGFP 
transgene-labeled cells, except that HBCs were depleted using a phycoerythrin (PE)-conjugated 
ICAM1 antibody. Upon sequencing several replicates, we noticed that we were collecting many 
sustentacular cells and few cells of the neuronal lineage from Sox2eGFP animals. We therefore 
identified two cell surface proteins expressed in the sustentacular cells (SCARB1 and F3) and used 
immunolabeling with antibodies directed against these proteins to deplete the population of 
sustentacular cells.  

In terms of representation, YFP lineage-traced cells contribute to clusters representing all predicted 
cell types. Sox2eGFP cells populate all clusters except those predicted to comprise the earliest HBC 
stages, immature sustentacular cells and mature olfactory sensory neurons (Figure 2.1; 
Supplementary Figure 2.2). These latter observations are consistent with the intentional depletion 
of HBCs by FACS, Sox2’s documented expression in proliferating neuronal progenitors and 
sustentacular cells (Guo et al., 2010), and the rarity of sustentacular cell differentiation from HBCs 
under normal conditions. The contribution of both YFP lineage-traced cells and Sox2eGFP cells to 
clusters representing mature and differentiating cells in all identified lineages suggests that these 
clusters reflect bona fide cell types and not technical artifacts (e.g., batch effects) or other 
anomalies caused by the different genetic strategies used for cell isolation. 

Cell Capture for Single-Cell RNA Sequencing 

Labeled cells from the olfactory epithelium were subjected to single-cell RNA-seq. 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 capture single 
cells, lyse them, and produce cDNA (Wu et al., 2013). For each replicate, a litter of animals were 
given the same treatment, and each transgenic animal was dissected and processed individually 
prior to loading on the cell sorter. When possible, all cells were obtained from one animal, but if 
one animal did not provide the minimum number of cells necessary to load the C1 chip 
(approximately 2000 cells), then cells from additional animals were sorted into the collection tube. 
Cells from no more than three animals were pooled in any given FACS purification. Each C1 run 
was considered a single batch. Upon loading of the C1 chip, each capture site was visually 
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inspected at 100× magnification for fluorescence, debris, and doublets or multiple cells. The 
following were excluded from future analysis: (1) any capture site scored as having two or more 
cells (doublets or multiplets), (2) any capture site that included additional debris, and (3) any 
capture site that did not have an apparently intact, fluorescent cell. The standard Fluidigm C1 
Single-Cell Auto Prep System protocol for cell lysis, cDNA synthesis, and amplification was 
followed. This incorporates the Clontech SMART-Seq Ultra Low Input RNA reagents (Clontech 
SMARTer Kit designed for the C1 System) to produce and amplify cDNA. After processing on 
the C1 chip, 7 mL cell harvest buffer (Fluidigm) was added to each sample, resulting in an 
approximate final volume of 10 mL. For quality control purposes, any cell with less than 1.8 ng 
cDNA in 10 μL final volume (quantified using a Qubit fluorometer) was excluded. Nextera 
tagmentation-based sequencing library synthesis (Nextera XT DNA Sample Preparation Kit) was 
performed using Nextera v2 index oligos (Nextera XT DNA Sample Preparation Index Kit). 
Library size was selected using AMPure XP (Beckman Coulter) beads and confirmed using an 
Agilent Bioanalyzer. Indexed, single-cell libraries were sequenced on Illumina HiSeq 2500 
sequencers to produce 50 nt single-end reads, except for two paired-end read runs (121 cells). Cells 
were sequenced in multiplex, with approximately 192 cells per lane for most runs. Prior to cell 
filtering, average sequencing depth was 1.36 million reads per cell (range 0.166 to 4.27 million). 

Clonal Lineage Tracing 

Krt5-CreER; Trp63lox/lox; Rosa26Confetti transgenic mice were used for clonal lineage tracing of the 
HBC lineage. A dose-response analysis 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. At this dose, at 14 days post tamoxifen, there were only eight occurrences 
among 127 (6.3%) clones that expressed different reporters (e.g. mCFP and cYFP) with an edge-
to-edge distance of 40 μm or less. Because the reporters localize to different compartments, we 
could distinguish close or overlapping clones expressing different reporters. We expect that the 
same percentage of clones were within 40 μm of a clone expressing the same reporter; therefore, 
we estimate that no more than 7% of our scored clones are contaminated by cells derived from 
multiple independent labeling events.  Three animals with the largest and most comparable number of 
clones were examined for each clonal lineage tracing time point (7 and 14 days post tamoxifen 
injection, Supplementary Figure 2.5). Tissue was fixed overnight (~16 hr), embedded in tissue 
freezing medium and frozen, and then sectioned on a cryostat at 40-μm thickness to allow sampling 
of the majority if not entirety of each clone. An antibody to GFP was used to visualize the 
membrane CFP (mCFP), cytosolic YFP (cYFP) and nuclear GFP (nGFP) reporters encoded by the 
Rosa26Confetti locus. Tissue was also labeled with an antibody to SOX2 to visualize the stem and 
progenitor cells, as well as the sustentacular and microvillous cells. We visualized SOX2 
immunolabeling with an Alexa-568 conjugated secondary antibody (Invitrogen). We did not 
visualize the RFP reporter signal; there was no interference because the antigen retrieval necessary 



44 

for optimal SOX2 visualization extinguished the RFP signal. We observed very few nGFP clones 
and could not judge cell morphology with its restricted localization; therefore, nGFP clones were 
excluded from our analysis. 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 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 organization into multicellular ducts and/or sub-mucosal acini, and 
absence of SOX2 expression. Any clone that contained an unidentifiable cell was excluded from 
the analysis (28/127 for 14DPT, 11/80 for 7DPT), although inclusion of all clones did not alter the 
overall conclusions. Confocal z-stacks were obtained using a Zeiss LSM 710 or 780 confocal 
microscope, and images were processed and quantified using ImageJ (NIH). For a breakdown of 
clones by animal and reporter, see Supplementary Figure 2.5. 

Histology  

Tissue was fixed at the indicated stages and time points with 4% paraformaldehyde for 16-18 hr 
at 4° C, washed with PBS, and decalcified in 10% ethylenediaminetetraacetic acid (EDTA) in PBS 
at 4° C for a minimum of 3-4 days, washed with distilled H2O, and equilibrated in 30% sucrose in 
PBS overnight at 4° C before mounting and freezing in tissue freezing medium (Fisher). Tissue 
was sectioned at 12-μm thickness on a cryostat.  For immunohistochemistry, tissue sections were 
incubated with PBS containing 0.1% Triton X-100 with primary antibodies diluted in 10% goat or 
donkey serum overnight at 4oC followed by at least three 20 min washes in PBS with 0.1% Triton X-
100. Detection was performed by incubating samples with Alexa 488, 555, 568, 594, or 647-
conjugated secondary antibodies at room temperature for 2 hr, followed by nuclear 
counterstaining. We used primary antibodies to the following antigens:  SOX2, GFP, P63, 
NEUROD1, NTUB/TuJ1, SOX9, ICAM1, cleaved CASPASE3, SCARB1, and F3. Nuclei were 
counterstained with either Hoechst 33342 or DAPI, or tissue was visualized with brightfield 
illumination. Fluorescent confocal slices and z stacks were obtained using Zeiss LSM 710 or 780 
microscopes. 

For RNA in situ hybridizations, tissue was fixed for a minimum of 24 hours at 4° C. Probes for 
RNA in situ hybridization were synthesized with either digoxygenin- or fluorescein-labeled UTP. 
Table 2.6 includes the oligonucleotides used for PCR amplification of templates for antisense RNA 
probes. The T7 primer sequence was on the 5-prime end of the reverse sequence oligonucleotide, 
and T7 RNA polymerase was used for in vitro transcription of probes. In brief, a standard RNA in 
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situ hybridization protocol was used: slides were incubated in a prehybridization buffer for 2 hr. 
Probes were hybridized overnight at 65oC followed by multiple stringent washes in low salt buffer 
at 65oC. Subsequently, alkaline phosphatase-conjugated anti-digoxygenin or anti-fluorescein 
antibodies and BCIP/NBT substrates were used to visualize the hybridized probes. For 
fluorescence detection, the Perkin-Elmer Tyramide Signal Amplification (TSA) kit was used with 
additional washes following antibody incubation and fluorophore amplification; both FITC and 
Cy3 conjugated fluorophores were used. Confocal slices and z-stacks were obtained using Zeiss 
LSM 710 or 780 microscopes. Brightfield images of colorimetric 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.  For RNA and 
protein expression profiles, a minimum of biological duplicates were analyzed. 

Genetic Mutant and Lineage Analysis  

To compare the effects of activating and inhibiting Wnt signaling via genetic manipulation of β-
catenin/Ctnnb1, we assessed at least 2 mm of olfactory epithelium and a minimum of 100 cells per 
animal from a minimum of three animals per experimental condition and quantified different cell-
types with the ImageJ cell counter plug-in. The number of animals (n) compared is included in the 
figure legend to Figure 2.6. Differences in the percentage of suprabasal, SOX2-negative lineage-
traced cells between genotypes was compared with the two-tailed Welch’s t-test assuming unequal 
variance between groups.  For quantitation of the number of HBC lineage traced cells (YFP-
positive) that were also positive for activated, cleaved CASPASE3 via immunohistochemistry, 
between 4.5-5.5 mm of OE was counted from each of nine animals (3 at 24 HPT, 2 each at 48H-, 
96H-, and 7 DPT). YFP-positive, CASPASE3-positive, and YFP and CASPASE3 double positive 
cells were counted using the ImageJ cell counter plug-in. The number of animals is displayed in 
Figure 2.4 and Supplementary Figure 2.5. For quantitation of the Ascl1 lineage using Ascl1CreER; 
Rosa26eYFP transgenic lineage tracing, a total of approximately 1000 lineage traced cells were 
scored from three biological replicates at three weeks following tamoxifen administration. We did 
not employ randomization or blinding in our analyses. 

Quantification of the clonal lineage tracing experiment was performed as described in the main 
text, the figure legend to Figure 2.4 and Supplementary Figure 2.5, and the methods section on 
clonal lineage tracing above. We excluded clones that had an undetermined cell type, leaving 99 
clones across three animals for the 14 DPT time-point and 69 clones across three animals for the 
7DPT time-point as presented in Figure 2.4 and Supplementary Figure 2.5. A breakdown of the 
number and types of clones scored by animal are included in Supplementary Figure 2.5. 
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RT-qPCR 

Olfactory epithelium was dissected and dissociated and cells were purified with fluorescence-
activated cell sorting (FACS).  RNA was extracted with Trizol according to the manufacturer’s 
(Invitrogen) instructions with an additional chloroform extraction and additional ethanol washes.  
cDNA was synthesized with SuperScript RTIII reverse transcriptase (Invitrogen) at 50 °C.  qPCR 
was performed on a BioRad CFX96 thermocycler.  Three technical replicates were averaged, and 
then ΔCt values were calculated. Gene expression was normalized to Gapdh, and the log2 fold 
difference in gene expression between conditions is presented. Table 2.6 includes the oligos used 
for primers. 

Wnt Pathway Visualization 

PathVisio (Version 3.2.4; http://www.pathvisio.org/; Kutmon et al., 2015) was used for pathway 
visualization.  The Mm_Wnt_Signaling_Pathway_and_Pluripotency_WP723_89312.gpml 
pathway from the Wikipathways Collection (Kutmon et al., 2016) was modified to only include 
genes that were included in our post-filtering dataset. Additionally, a few additional genes were 
added and removed to highlight the canonical aspects of Wnt signaling. Genes were colored by 
log2 fold-change values derived from one versus all differential expression (DE) (Table 2.1) 
performed using clusterExperiment, which uses limma. The modified pathway and the DE data are 
provided in our GitHub repository.  

Quantification and Statistical Analysis 

Single-Cell RNA Sequencing Alignment, Pre-processing and Filtering 

Reads were aligned to the GRCm38.3 (mm10, patch release 3) mouse genome assembly with 
Tophat2 (Version 2.1.1; Kim et al., 2013), and low quality reads were removed with Trimmomatic 
(Version 0.3.2; Bolger et al., 2014). We used RefSeq transcript annotations, which were modified 
to contain sequences of specific genes used in our analysis (e.g. CreER and eGFP), and we counted 
the number of reads aligning to every gene (defined as the union of all splice forms) with 
featureCounts (Version 1.5.0-p3; Liao et al., 2014). Reads that aligned to more than one gene as 
well as chimeric fragments were excluded.  We also removed the 37 genes that failed to be 
quantified in at least one sample by Cufflinks (Version 2.2.1; Trapnell et al., 2010). 

We implemented a quality control (QC) pipeline that computes an extensive set of quality metrics, 
relying in part on FastQC (Version 0.3.2) and the Picard suite of alignment metrics (Version 2.5.0 
with samtools 1.3.1).  We used the open-source R package SCONE (Cole et al., 2017; 
https://github.com/YosefLab/scone; Version 0.0.7) to perform data-adaptive quality metric-based 
cell filtering. This yielded the following filtering criteria: any cell with fewer than 100,000 aligned 
reads or a percentage of aligned reads below 88.9% was filtered out. We identified cells that were 
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non-sensory contaminants by expression of Reg3g (Supplementary Figure 2.1) and doublets by 
co-expression of known neuronal (Omp) and sustentacular cell markers (Cyp1a2 or Cyp2g1). After 
filtering low quality cells (76) and removing doublets (9) and non-sensory epithelial contaminants 
(78), 687 cells (out of 850) remained. Finally, we retained only those genes having at least 40 reads 
in at least 5 cells (12,781 genes).     

Normalization of Single-Cell RNA-Seq Data 

We performed and assessed several normalization schemes using SCONE, based on a set of 9 data-
driven performance metrics. These metrics aim to capture two main features of each normalization 
procedure: the ability to remove unwanted technical variation and the ability to preserve wanted 
biological variation of interest. The first group of performance metrics includes the correlation of 
expression measures with factors derived from validated markers of various OE cell types (positive 
control genes) and the average silhouette width (Rousseeuw, 1987) of the obtained clusters (cluster 
quality). Metrics in the second group include the correlation of expression measures with factors 
derived from “housekeeping” negative control genes (obtained from our earlier microarray 
experiments analyzing injury-induced regeneration of the olfactory epithelium) and the correlation 
between expression measures and quality control (QC) measures. See the scone package vignettes 
(available at https://github.com/YosefLab/scone) for more details. According to SCONE, the best 
performing normalization was full-quantile normalization (Bolstad et al., 2003; Bullard et al., 
2010), followed by regression-based adjustment for QC measures (see above). Specifically, 
principal component analysis (PCA) was applied to the matrix of QC measures, and the first PC 
was used as a quantitative factor of “unwanted” technical variation across cells. Then, the log-
transformed quantile-normalized expression measures (adding a pseudo count of 1 prior to the log 
transformation) for each gene were modeled as a linear function of this technical covariate. The 
normalized expression measures were defined as the residuals from the linear model fit, rescaled 
to have the same mean as the log-transformed quantile-normalized read counts.  

Clustering of Single-Cell RNA-Seq Data 

We used the clustering framework RSEC (Resampling-based Sequential Ensemble Clustering) to 
obtain stable and tight cell clusters. The method is implemented in the open-source 
clusterExperiment R package (Version 0.99.3-9001) available at Bioconductor Project 
(http://bioconductor.org/packages/clusterExperiment; Risso et al., 2018). Briefly, RSEC 
comprises the following steps. Given a base clustering algorithm, which we chose to be k-means, 
where the parameter k determines the number of clusters (Hartigan and Wong, 1979), RSEC 
creates ensemble clusters by the following steps: 1) repeatedly subsampling the observations (cells 
or genes, respectively), 2) clustering each set of subsampled observations with k-means, and then 
3) forming a final clustering determined by clustering samples based on the percentage of 
subsamples for which two observations were assigned to the same cluster. This procedure was 
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repeated for increasing k (the number of clusters), in order to find the cluster that changed the least; 
this cluster was deemed the most stable and removed, and then the entire clustering procedure was 
repeated on the remaining data. This sequential strategy follows that of Tseng and Wong (2005) 
and ensures that outlying clusters do not dominate the clustering; it also alleviates the dependence 
on the number of clusters k in lieu of other parameters that define required cluster similarity and 
stability. RSEC generates a large collection of such cluster sets by repeating the above procedure 
for different choices of the parameters defining similarity and stability; it then identifies a 
consensus over the different candidate sets based on the co-clustering of observations. This 
approach tends to result in a large number of small clusters that sometimes do not differ 
substantially in terms of gene expression. Hence, the last step of RSEC is to merge closely related 
clusters that do not exhibit differential expression. The vignette of the clusterExperiment package 
provides additional details on the RSEC algorithm (the vignette is available online at 
https://www.bioconductor.org/packages/clusterExperiment).  

When applied to the first 50 principal components of the expression matrix RSEC found 18 stable 
clusters, which were then manually inspected for the presence of marker genes of known cell types 
in order 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 (Supplementary Figures 2.1 and 2.2). 

Preliminary assignment of cluster identities were made as follows. The resting HBC cluster was 
annotated 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 downregulated from cell to cell (Supplementary Figure 2.2), 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., 2015; Manglapus et al., 2004). Clusters representing immediate neuronal precursors (INP1-3) 
and immature olfactory sensory neurons within the olfactory neuronal lineage were also identified 
based on the expression of genes such as Neurod1, Lhx2, Gap43, and the G protein subunit G#8 
(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-gated channel (Cnga2) and G#13 (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 
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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 (Figure 
S2), 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. 

t-Distributed Stochastic Neighbor Embedding 

To display the relative distances between cells in a lower-dimensional representation of gene 
expression space, we employed t-distributed stochastic neighbor embedding (t-SNE; van der 
Maaten, 2014; van der Maaten and Hinton, 2008). t-SNE is a method of dimensionality reduction 
that excels at representing distances on multiple scales. We use it here to visualize our data 
independently from how we generated the cell clusters (for clustering, see RSEC above). We use 
the Barnes-Hut implementation, as available in the Rtsne R package. We chose as input expression 
data corresponding to the 500 most variable genes, and we set perplexity to 10 with 1000 iterations; 
varying the perplexity to 30 or 50 and increasing iterations does not alter our conclusions about 
the congruence between the t-SNE visualization and our clustering results (data not shown).  

Cell Lineages and Developmental Distance 

We used a recently developed cell lineage inference algorithm, Slingshot (Version 0.0.0.9005; 
available as an open-source R package slingshot at https://github.com/kstreet13/slingshot; Street et 
al., 2017), to identify lineage trajectories and bifurcations and to order cells along trajectories. 
Slingshot takes as input a matrix of reduced dimension normalized expression measures (e.g., 
PCA) and cell clustering assignments. It infers lineage trajectories and branchpoints by connecting 
the cluster medoids using a minimum spanning tree (MST) and identifying the starting cluster or 
root node. Lineages are defined by ordered sets of clusters beginning with the root node and 
terminating in the most distal cluster(s) with only one connection. Next, principal curves (Hastie 
and Stuetzle, 1989) are fit to the subsets of cells making up each lineage, providing a smooth, 
nonlinear summary of each trajectory. Individual cells are then orthogonally projected to each 
curve and thereby ordered in a space reflecting developmental distance. The ordering provided by 
Slingshot, analogous to pseudotime, is referred to herein as developmental order. 
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Any cluster with fewer than 10 cells was removed prior to applying slingshot. The cluster 
representing resting HBCs was chosen as the root node. In addition to assignment of the starting 
point, slingshot allows for the user to specify known end points of the developmental lineage to 
better guide its identification. Using this feature, we assigned mature sustentacular cells as an 
endpoint. Note that this assignment only constrains that cluster; all other clusters are allowed to be 
placed anywhere on a lineage, and additional endpoints can be found beyond this one, as was the 
case in our data. slingshot then generated principal curves and cell developmental distances for 
each lineage. slingshot was applied to the first five principal components of the normalized 
expression matrix.  Five components were chosen based on examining the separation of cells along 
individual PCs (Supplementary Figure 2.2E), although the MST was stable beyond the first 10 
PCs (data not shown).  

Differential Expression and Gene Clustering 

We used limma for differential expression (DE) analysis between clusters within each lineage, 
applying a one-versus-all approach (i.e., comparing the average of one cluster to the average of all 
the other clusters in that lineage) (Table 2.1). For each lineage, genes being among the top 500 DE 
genes (lowest adjusted p-value) for each one-versus-all comparison were retained for clustering. 
The expression profiles of these genes were centered and scaled (subtracting the mean and dividing 
by the standard deviation across all cells in a given lineage) and then clustered using 
clusterExperiment. Partitioning Around Medoids (PAM) (Kaufman and Rousseeuw, 1987) was 
used as base algorithm for a range of numbers of clusters k, and a consensus clustering was 
identified for each lineage. Expression profiles for the 40 cell cycle genes were also centered and 
scaled as described above, but across cells from both lineages. 

Gene Set Enrichment Analysis  

After clustering the cells, we used limma (Version 3.28.19; Smyth, 2004) for DE analysis as 
implemented in the clusterExperiment package. We applied limma’s implementation of the romer 
rotation test to perform gene set enrichment analysis (GSEA) (Ritchie et al., 2015) with 107 
rotations contrasting each cluster.  Gene sets were taken from the Molecular Signatures Database 
(MSigDB) at the Broad Institute and included all Hallmark gene sets (H) in addition to the 
Canonical pathways, KEGG, and Reactome gene sets from the curated (C2) gene sets. 

Volcano Plots 

We used clusterExperiment’s wrapper around limma for DE analysis across all lineages applying 
a pairwise approach (i.e., comparing the average of one cluster to the average of each other cluster) 
(Table 2.2). We plotted the –log10 adjusted p-value (Benjamini-Hochberg correction) vs. log2 
fold-change in expression for each pairwise comparison corresponding to a transition predicted by 
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Slingshot. Volcano plots highlight genes that are downregulated or upregulated with a fold-change 
greater than two (log2 > 1) and an adjusted p-value less than 0.01. 

Transcription Factor Co-Expression Networks 

Transcription factor network diagrams were based upon transcription factor genes that were among 
the 500 most differentially expressed genes within each lineage, using the previously mentioned 
one-versus-all approach (Table 2.3). A list of transcription factors was obtained from the Animal 
Transcription Factor Database and can be found at https://github.com/rufletch/p63-HBC-diff. 
Only transcription factors that had a correlation of at least 0.3 with at least 5 other differentially 
expressed transcription factors along the lineage were included in the correlation network. This 
correlation threshold was chosen to be greater than the maximum pairwise correlation after random 
permutation, as previously done in Treutlein et al. (2016).  

Odorant Receptor Expression Analysis 

Since odorant receptors (ORs) are typically expressed at one allele per mature olfactory sensory 
neuron, we chose to investigate transcripts per million (TPM) output from RSEM (Version 1.2.31; 
Li and Dewey, 2011) to assess OR expression in the neuronal lineage instead of filtered counts 
because most olfactory receptors would have been filtered out. For this analysis, we aligned reads 
to the transcriptome with Bowtie2 (Version 2.2.9; Langmead and Salzberg, 2012) and quantified 
gene expression with RSEM, while setting the alignment parameters to the ones recommended by 
RSEM’s authors. Analysis of OR expression using Kallisto (Version 0.43.0; Bray et al., 2016) 
TPMs gave similar results (data not shown). 

Data and Software Availability 

Accession Numbers 

The accession number for the RNA-seq data reported in this paper is GEO: GSE95601. 

Software 

Analysis scripts for this dataset can be found at https://github.com/rufletch/p63-HBC-diff. The R 
software packages scone, clusterExperiment, and slingshot are available on GitHub and 
Bioconductor as described above. 
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Resources Table 

Reagent or Resource Source Catalog ID / URL 
 
Antibodies 

Armenian Hamster: 
phycoerythrin (PE)-conjugated 
ICAM1 

BD PharMingen Catalog No. 565615 

Rabbit: phycoerythrin (PE)-
conjugated SCARB1 Novus Biologicals Catalog No. NB400-104PE 

Rabbit: F3 Bioss Antibodies Catalog No. BS-4690R 
Chicken: GFP/YFP Abcam Catalog No. ab13970 

Goat: SOX2 Santa Cruz 
Biotechnology Catalog No. SC17320 

Donkey anti-Goat: Alexa-594 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-11058 

Donkey anti-Chicken: Alexa 488 
conjugated secondary antibody 

Jackson 
ImmunoResearch Catalog No. 703-545-155 

Donkey anti-Rabbit: Alexa-555 
conjugated secondary antibody 

Thermo Fisher 
Scientific 

Catalog No. A-31572 

Donkey anti-Rabbit: Alexa-568 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-21207 

Donkey anti-Mouse IgG: Alexa-
568 conjugated secondary 
antibody 

Thermo Fisher 
Scientific 

Catalog No. A-10037 

Donkey anti-Mouse IgG: Alexa-
647 conjugated secondary 
antibody 

Thermo Fisher 
Scientific Catalog No. A-31571 

Donkey anti-Goat: Alexa-647 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-21447 

Goat anti-Chicken: Alexa 488 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-11039 

Goat anti-Mouse IgG: Alexa-633 
conjugated secondary antibody 

Thermo Fisher 
Scientific 

Catalog No. A-21050 

Goat anti-Rabbit: Alexa-568 
conjugated secondary antibody 

Thermo Fisher 
Scientific 

Catalog No. A-11011 

Goat anti-Armenian Hamster: 
Dylight 594 conjugated 
secondary antibody 

Jackson 
ImmunoResearch 

Catalog No. 127-515-099 
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Mouse: P63 (4A4) BioCare Catalog No. CM163B 

Goat: NEUROD1 Santa Cruz 
Biotechnology Catalog No. SC1084 

Mouse: NTUB/TuJ1 Neuromics Catalog No. MO-15013 
Rabbit: SOX9 Milipore Catalog No. AB5535 
Armenian Hamster: 
CD54/ICAM1 BD PharMingen Catalog No. 550287 

Alkaline phosphatase-conjugated 
anti-digoxygenin Sigma Catalog No. 11093274910 

Alkaline phosphatase-conjugated 
anti-fluorescein 

Sigma Catalog No. 11426338910 

  
Chemicals, Peptides, and Recombinant Proteins 

tamoxifen Sigma T5648 

Neurobasal medium 
Thermo Fisher 
Scientific 21103049 

papain 
Worthington 
Biochemical 
Corporation 

LS003119 

fetal bovine serum Thermo Fisher 
Scientific 26140-087 

propidium iodide Sigma 81845 
tissue freezing medium Fisher 15-183-13 

goat serum 
Jackson 
ImmunoResearch 005000121 

donkey serum 
Jackson 
ImmunoResearch 017000121 

Hoechst 33342 Thermo Fisher 
Scientific 

H3570 

DAPI in Vectashield Vector Laboratories H-1500 

5-ethynyl-2ʹ-deoxyuridine (EdU) 
Thermo Fisher 
Scientific A10044 

Dig RNA labeling mix 
Roche (sold by 
Sigma) 1277073 

RNA Labeling Mix, Fluorescein 
Roche (sold by 
Sigma) 11685619910 

BCIP/NBT color development 
substrate 

Promega s3771 
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SuperScript RTIII reverse 
transcriptase 

Invitrogen (Thermo 
Fisher Scientific) 18080093 

Trizol Invitrogen (Thermo 
Fisher Scientific) 10296-010 

DNase I Roche 03539121103 
  
Critical Commercial Assays 

C1 IFC for mRNA-seq (5-10 μM) Fluidigm 1005759 
C1 IFC for mRNA-seq (10-17 μM) Fluidigm 1005760 
C1 Single-Cell Auto Prep Kit for 
mRNA Seq 

Fluidigm 100-6209 

C1 Single-Cell Auto Prep 
Reagent Kit for mRNA Seq Fluidigm 100-6201 

SMARTer Ultra Low RNA Kit 
for the Fluidigm C1 System Clontech 634833 

Advantage 2 PCR Kit Clontech 639207 
Agilent High Sensitivity DNA 
Kit Reagents Agilent 5067-4626 

Nextera XT DNA Sample 
Preparation Kit 

Illumina FC-131-1096 

Nextera XT DNA Sample 
Preparation Index Kits A-D Illumina FC-131-2001-4 

Agencourt AMPure XP beads Beckman Coulter A63880 
Qubit dsDNA High Sensitivity 
Assay Kit 

Life Technologies 
Molecular Probes Q32854 

Tyramide Signal Amplification 
kit cy3 Perkin-Elmer NEL744001KT 

Tyramide Signal Amplification 
kit FITC 

Perkin-Elmer NEL741001KT 

Click-iT EdU Imaging Kit, Alex 
Fluor 647 

Thermo Fisher 
Scientific 

C10340 

  
Deposited Data and Scripts 

Raw data, normalized counts 
matrix GEO GEO: GSE95601 

Scripts for analysis GitHub https://github.com/rufletch/p63-HBC-
diff 
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Experimental Models: Organisms/Strains 

Mus musculus: CD-1 Charles River Strain code 022 

Mus musculus: C57BL/6 
JAX mouse 
services Stock no. 000664 

Mus musculus: B6.129-Krt5-
CreER(T2) Indra et al., 1999 N/A 

Mus musculus: B6.129-Ascl1-
CreER(T2) 

JAX mouse services;         
Kim et al., 2011 

Stock no. 012882 

Mus musculus: B6.129-Trp63lox/lox Mills et al., 2002 N/A 

Mus musculus: B6.129-Sox2eGFP JAX mouse services;     
Arnold et al., 2011 Stock no. 017592 

Mus musculus: B6.129-
Ctnnb1lxEx3/+ Harada et al., 1999 N/A 

Mus musculus: B6.129-
Ctnnb1lox/lox 

JAX mouse services;     
Brault et al., 2001 Stock no. 004152 

Mus musculus: B6.129-Rosa26eYFP JAX mouse services;   
Srinivas et al., 2001 

Stock no. 006148 

Mus musculus: B6.129-
Rosa26Confetti 

JAX mouse services;  
Snippert et al., 2010 

Stock no. 013731 

  
Oligonucleotides 

See Table 2.6.   
  

Software and Algorithms 

ImageJ (Version 1.48v) Schneider et al., 
2012 

https://imagej.nih.gov 

Bowtie2 (Version 2.2.9) 
Langmead and 
Salzberg, 2012 

http://bowtie-
bio.sourceforge.net/bowtie2/index.sht
ml 

Cufflinks (Version 2.2.1) Trapnell et al., 2010 cole-trapnell-lab.github.io/cufflinks/ 

Trimmomatic (Version 0.3.2) Bolger et al., 2014 http://www.usadellab.org/cms/index.
php?page=trimmomatic 

Tophat2 (Version 2.1.1) Kim et al., 2013 http://ccb.jhu.edu/software/tophat/ 

RSEM (Version 1.2.31) Li and Dewey, 
2011 

https://deweylab.github.io/RSEM/ 

Kallisto (0.43.0) Bray et al., 2016 https://pachterlab.github.io/kallisto/ 
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featureCounts (Version 1.5.0-p3) Liao et al., 2014 http://bioinf.wehi.edu.au/featureCoun
ts/ 

FastQC (Version 0.3.2) N/A http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/ 

Picard Tools (Version 2.5.0) N/A https://broadinstitute.github.io/picard/ 
samtools (Version 1.3.1) Li et al., 2009 http://www.htslib.org/ 
R (Version 3.3.0) N/A https://www.R-project.org/ 
SCONE (Version 0.0.7) Cole et al., 2017  https://github.com/YosefLab/scone 
clusterExperiment (Version 
0.99.3-9001) Risso et al., 2018 http://bioconductor.org/packages/clus

terExperiment 
Slingshot (Version 0.0.0.9005) Street et al., 2017 https://github.com/kstreet13/slingshot 

limma (Version 3.28.19) Smyth, 2004 https://bioconductor.org/packages/lim
ma 

PathVisio (Version 3.2.4) 
Kutmon et al., 2015, 
van Iersel et al., 
2008 

https://www.pathvisio.org/ 
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Supplementary Figures and Tables 

 

Supplementary Figure 2.1. Related to Figure 2.2. 
(A) Sox2eGFP co-labels with neuronal tubulin (NT); overexposure reveals expression in the sub-mucosal 
axon fascicles (arrows). (B and C) Both Scarb1 and F3 RNA (B) and protein (C) localize to sustentacular 
cells. (D) RT-qPCR of FACS-purified Sox2-eGFP-positive cells demonstrates that cell depletion with 
SCARB1 or F3 antibodies enriches for neural progenitors (Hes6, Rbm24, and the cell cycle gene Top2a) 
and microvillous cells (Ascl3) (n=1 for each; table with oligonucleotide sequences in Table 2.6). (E) Reg3g 
is expressed in the non- sensory regions of the epithelium, with no detectable expression in the Krt5-CreER; 
Trp63lox/lox; Rosa26eYFP lineage-traced tissue at any stage examined (96 hr post tamoxifen (HPT), 14 days 
post tamoxifen (DPT) or 48HPT (not shown)); solid lines mark the boundary between sensory and non-
sensory epithelium. Dashed lines mark the boundary between the epithelium and submucosa; scale bar = 
50 μm. (F) All HBCs express p63, Icam1, and Sox2: immunohistochemistry for the Sox2eGFP transgene, 
P63, and ICAM1 shows co-labeling. Scale bars, 50 μm.  
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Supplementary Figure 2.3. Related to Figure 2.2. 
(A) The heatmap shows expression of selected marker genes (rows) in cells (columns) organized by cluster 
(indicated by color-coded bars across the top, as in Supplementary Figure 2.1). Experimental condition and 
batch are indicated by the middle and bottom color bars. Experimental condition colors correspond to the 
time-points indicated in panel (D). (B) At 24 hr post tamoxifen (HPT), some HBCs still express Trp63 
(P63) while others no longer express detectable levels (arrow). By 48 HPT, Trp63 is no longer detectable 
by immunohistochemistry. There is asynchrony in the differentiation of HBCs upon conditional knockout 
(cKO) of Trp63, as the three examples demonstrate. (C) Ascl3, Coch, Cftr, Cd24a, Hepacam2 label one 
type of microvillous cell. We also observe that Sox9 is expressed in a different class of microvillous cells 
(arrow) in addition to the Bowman’s gland (arrowheads). Trpm5 is also expressed in this MV cell sub-type 
(arrow). (D) Differentiation is asynchronous, as evidenced by the partial overlap of experimental condition 
and cell cluster identity. In the top plot, the percentage of cells from each experimental condition that 
contribute to each cluster is indicated by the size of the circle. Note that most experimental conditions 
contribute to multiple clusters, while the Trp63+/+ HBCs predominantly populate the resting HBC cluster. 
In the bottom plot, the size of the circles reflects the proportion of cells from each cluster derived from each 
experimental condition. These plots reveal that clusters defined by more differentiated cell types are 
populated by cells with later experimental time points. HBCs from Trp63 wild-type animals constitute most 
of the resting HBCs. Sox2eGFP-positive cells comprise mostly mature sustentacular cells and neuronal 
precursors. Persistence of GFP expression late in the neuronal lineage is due to perdurance of GFP 
following its initial expression in GBCs. (E) The first five principal components of the expression matrix 
of all detected genes effectively separate the clusters and serve as input for slingshot. (F) Expression of 
Trp63, Krt5, and Krt14, established markers of resting HBCs (green), in the neuronal lineage and organized 
by developmental order. (G) Pairwise comparisons of Trp63, Krt5, and Krt14 gene expression in the resting 
(green) and transitional HBCs (ΔHBC1, gold; ΔHBC2, light blue). All three are highly correlated in resting 
HBCs, but their expression is no longer tightly coordinated in the transition states.  
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Supplementary Figure 2.4. Related to Figure 2.3. 
(A) Expression (log2 normalized counts) of all 2327 differentially expressed genes used in the gene 
clustering for the neuronal lineage, ordered by gene cluster (vertical axis) and neuronal lineage 
developmental order (horizontal axis). (B) Expression of all 1622 differentially expressed genes used in the 
gene clustering for the sustentacular cell lineage, ordered by gene cluster (vertical axis) and sustentacular 
cell lineage developmental order (horizontal axis). (C) Expression of the genes used in the sustentacular 
cell lineage gene clustering, as they are expressed in the neuronal lineage. (D) Expression of the genes used 
in the neuronal lineage gene clustering, as they are expressed in the sustentacular cell lineage. Note that the 
heatmap shows genes that are enriched in both resting and transitional HBCs as well as immature and 
mature sustentacular cells, highlighting the similarity of sustentacular cells and their HBC precursors.         
(E and F) Expression of the cell cycle genes used in the cell cycle gene set heatmap in Figure 2.3, in the 
neuronal (E) and sustentacular cell lineages (F). (G) Volcano plots of –log10 adjusted p-value (adj. p-value) 
versus log2 fold change (log2FC) between clusters. The plots are arranged to represent the lineage trajectory 
map and display the number of differentially expressed genes between the clusters at each transition in the 
lineage (genes with adj. p-value < 0.01 and log2FC > 1 are shown in black). Upregulated genes are shown 
in red text and downregulated in blue. Limma was used for differential expression, and the p-values were 
adjusted for multiplicity using the Benjamini-Hochberg procedure (see Methods). See Table 2.2.  
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Supplementary Figure 2.5. Related to Figure 2.3. 
(A) Double fluorescent RNA in situ hybridizations for the indicated genes in each panel. The plots are best-
fit curves to the single-cell RNA-seq data from cells in the neuronal lineage, sorted by their developmental 
order in the lineage. Cells labeled with both probes appear white in these pseudo-colored images. The 
expression patterns of these selected genes demonstrate the progression of cells through multiple immediate 
neuronal precursor stages that were inferred by our single-cell RNA-seq analysis. (B) Colorimetric RNA in 
situ hybridizations for known and novel genes of the different olfactory cell types. We identified and 
validated many novel genes along the neuronal lineage (Ezh2, Hmgb2, Hmga1, Tead2, Elavl4, Scg2, Baz1a, 
Cdyl2, Tex15, Crabp1, Arghdig, Ell3, Nrn1l) and sustentacular cell lineage (Pon1, Sec14l3, Elf5, Il33). 
Scale bars = 50 μm. (C) Expression of odorant receptors (ORs) in the neuronal lineage, sorted by their 
developmental order in the lineage. The top panel reveals significant upregulation of OR expression in 
mature olfactory sensory neurons (mOSN; orange). The second and third panels show the number of OR 
genes expressed per cell at different thresholds of expression. Multiple ORs are detected at the INP3 stage 
(purple); as cells mature, the pattern shifts to high level expression of one OR per cell, starting in the 
immature olfactory sensory neuron (iOSN) stage (yellow). (D) The remaining panels display selected 
transcription factors, chromatin modifiers and other signaling molecules relevant to OR gene expression.  
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Supplementary Figure 2.6. Related to Figure 2.4. 
(A-D) Krt5-CreER; Trp63lox/lox; Rosa26Confetti clonal lineage tracing analysis at 7-days post tamoxifen (DPT) 
induction. A summary of the types of clones obtained is presented in (A). Neuron-containing clones usually 
contain more than one neuron (mean = 8.8 + 1.0 standard error of the mean) (B), whereas sustentacular 
cells (C) and microvillous cells (D) are almost always limited to one cell of that type per clone (1.2 + 0.1 
and 1.2 + 0.2, 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 14DPT (E, F) or 7DPT (G, H) clonal lineage tracing. The number of clones of each type from each 
animal in the analysis (E, G). The proportion of clones that were labeled by membrane CFP or cytosolic 
YFP for each animal (F, H). These data demonstrate the consistency of our observations across multiple 
animals; no single animal skewed the results. G = GBC; GMV = GBC, microvillous cell; GN = GBC, 
neuron; MV = microvillous cell; N = neuron; NBG = neuron, Bowman’s gland; NMV = neuron, 
microvillous cell; NS = neuron, sustentacular cell; S = sustentacular cell; BNMV = Bowman’s gland, 
neuron, microvillous cell; GI = GBC, neural precursor; GIN = GBC, neural precursor, neuron; GMVS = 
GBC, microvillous cell, sustentacular cell; GS = GBC, sustentacular cell; HN = HBC, neuron. (I) 
Immunohistochemistry for YFP and IL33 in a Krt5-CreER; Trp63lox/lox; Rosa26Confetti clone demonstrates co-
labeling of a sustentacular cell with nuclear IL33 (arrow), consistent with our classification. Scale bar, 25 
μm. (J) Table of the quantification of the immunohistochemistry of the Trp63lox/lox; Rosa26eYFP samples 
presented in Figure 2.4. The table displays the animals/samples at each time-point (24-hr, 48-hr, 96-hr, and 
7-days) post tamoxifen injection, the length of OE counted in μm, the number of YFP+ lineage traced cells, 
the number of activated CASPASE3+ cells, and the number of co-labeled cells in each sample (K) This 
micrograph shows a rare Bowman’s gland labeled by Ascl1-CreER; Rosa26eYFP lineage tracing at 21 DPT. 
Scale bar, 50 μm.  
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Supplementary Figure 2.7. Related to Figure 2.5. 
(A and B) Correlation heatmap of the most highly differentially expressed (DE) transcription factors of the 
neuronal (A) and sustentacular cell (B) lineages. (C) Gene Set Enrichment Analysis (GSEA) for the resting 
HBC cluster, sorted by the –log10 p-value; the top 100 gene sets are displayed. The Wnt signaling pathway 
and the P63 (Trp63) pathway are highlighted in magenta. See also Table 2.4. (D) Gene expression plots for 
the secreted Wnt signaling antagonists (Sfrp1, Dkk3) and key transcription factors involved in Wnt signaling 
(Tcf7l2, Sp8). (E) Consistent with our contention that HBCs form more sustentacular support cells relative 
to neurons in the p63lox/lox; β-cateninlox/lox double knockout, many of the HBC derived cells in the middle 
and apical regions of the epithelium express IL33, a gene we validated as being expressed in sustentacular 
cells and Bowman’s gland, and not neurons (see Supplementary Figure 2.4).   
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Table 2.1 Differentially Expressed Genes in the Neuronal and Sustentacular Cell Lineages. 
Full table available as Table S1 in the published manuscript. 
Top 5 differentially expressed genes in each cell type versus the neuronal lineage: 

Enriched in Feature logFC AveExp t P.Value adj.P.Val B 
HBC Krt5 7.15 2.14 33.69 6.43E-126 1.48E-121 276.63 
HBC Aqp3 6.13 5.22 30.57 1.40E-112 1.15E-108 246.16 
HBC Krt14 7.73 2.39 28.61 6.67E-104 3.33E-100 226.32 
HBC Krt17 8.40 3.05 28.50 2.02E-103 8.92E-100 225.23 
HBC Cbr2 7.04 6.34 28.01 2.96E-101 1.18E-97 220.27 
ΔHBC1 Tsku 5.73 2.50 18.56 9.77E-58 5.43E-55 120.18 
ΔHBC1 Aqp3 6.06 5.22 18.45 3.43E-57 1.86E-54 118.94 
ΔHBC1 Ugt2a1 6.72 5.24 18.29 1.81E-56 9.32E-54 117.31 
ΔHBC1 Scgb1c1 6.77 4.95 17.70 8.74E-54 4.00E-51 111.23 
ΔHBC1 Notch2 5.69 3.51 17.26 9.37E-52 3.90E-49 106.63 
ΔHBC2 Gstm2 7.02 5.27 32.03 7.07E-119 1.02E-114 260.48 
ΔHBC2 Cyp2f2 7.66 5.91 31.17 3.66E-115 4.21E-111 252.00 
ΔHBC2 Gstm1 7.94 7.19 30.58 1.38E-112 1.15E-108 246.12 
ΔHBC2 Zfp36 6.21 4.64 29.47 9.73E-108 6.99E-104 235.04 
ΔHBC2 Ugt2a1 6.48 5.24 29.45 1.24E-107 8.41E-104 234.80 
GBC Top2a 6.62 1.85 25.34 4.13E-89 8.34E-86 192.02 
GBC Kit 5.52 1.02 24.16 1.04E-83 1.71E-80 179.73 
GBC Pbk 5.10 1.29 21.93 2.23E-73 2.40E-70 156.20 
GBC Ascl1 3.81 0.62 20.59 4.17E-67 3.43E-64 141.91 
GBC Cdca3 4.30 1.04 19.95 3.72E-64 2.68E-61 135.19 
INP1 Neurod1 9.47 0.93 42.27 5.07E-160 5.83E-155 350.48 
INP1 Rbm24 7.60 1.46 24.53 2.13E-85 3.78E-82 183.00 
INP1 Top2a 8.08 1.85 21.73 1.88E-72 1.92E-69 153.69 
INP1 Stil 7.40 1.14 20.98 5.82E-69 5.19E-66 145.78 
INP1 Scg2 7.27 1.04 20.31 8.18E-66 6.32E-63 138.64 
INP2 Grp 5.31 0.43 28.56 1.07E-103 4.94E-100 223.58 
INP2 Crabp1 7.61 1.60 20.49 1.12E-66 8.98E-64 140.26 
INP2 Mss51 4.34 0.37 18.83 5.71E-59 3.35E-56 122.85 
INP2 Neurod1 3.99 0.93 18.15 7.74E-56 3.91E-53 115.77 
INP2 Cxcr4 3.90 0.98 17.63 1.90E-53 8.45E-51 110.36 
INP3 Crabp1 7.14 1.60 19.24 7.59E-61 4.77E-58 127.01 
INP3 Tex15 7.77 1.52 18.38 6.82E-57 3.63E-54 118.08 
INP3 LOC102634850 3.39 0.31 16.86 5.89E-50 2.30E-47 102.41 
INP3 Myt1l 6.31 2.57 16.53 1.84E-48 6.55E-46 99.03 
INP3 Ncam1 5.21 4.50 15.14 2.96E-42 7.74E-40 85.00 
iOSN Gap43 8.22 2.96 35.37 6.31E-133 2.42E-128 292.27 
iOSN Cntn4 6.46 2.62 32.13 2.56E-119 4.21E-115 261.28 
iOSN Scn9a 5.97 3.08 29.07 6.06E-106 3.67E-102 230.79 
iOSN Fstl5 6.42 4.27 28.60 7.32E-104 3.51E-100 226.04 
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iOSN Ncam1 6.06 4.50 28.25 2.53E-102 1.08E-98 222.53 
mOSN Stoml3 11.29 1.40 42.09 2.41E-159 1.38E-154 351.24 
mOSN Nrn1l 6.64 0.61 34.93 4.38E-131 1.26E-126 287.42 
mOSN Umodl1 7.26 0.68 32.18 1.63E-119 3.13E-115 261.20 
mOSN Jakmip1 7.54 1.00 31.44 2.42E-116 3.09E-112 254.00 
mOSN Ctxn3 8.05 0.98 31.04 1.27E-114 1.32E-110 250.10 

 
Top 5 differentially expressed genes in each cell type versus the sustentacular cell lineage: 

Enriched in Feature logFC AveExpr t P.Value adj.P.Val B 
HBC Krt5 6.59 3.06 26.17 1.07E-80 6.83E-76 172.20 
HBC Krt14 7.24 3.34 22.03 1.55E-65 4.96E-61 137.98 
HBC Car12 5.93 3.37 20.33 4.05E-59 6.46E-55 123.46 
HBC Apoe 5.79 4.95 17.91 7.58E-50 6.92E-46 102.45 
HBC Dst 6.31 4.54 17.41 6.33E-48 4.50E-44 98.09 
ΔHBC1 Apoe 4.73 4.95 9.43 9.72E-19 4.14E-16 31.39 
ΔHBC1 Rps27 1.05 7.92 8.03 2.01E-14 4.72E-12 21.98 
ΔHBC1 Cenpl 3.46 2.40 7.46 8.56E-13 1.60E-10 18.44 
ΔHBC1 Ddx11 2.63 1.78 7.10 8.42E-12 1.32E-09 16.28 
ΔHBC1 Vit 3.22 2.70 6.84 4.16E-11 5.80E-09 14.77 
ΔHBC2 Ptn 2.54 6.68 9.98 1.55E-20 8.18E-18 35.42 
ΔHBC2 Gstm1 2.28 11.45 8.69 2.07E-16 6.42E-14 26.39 
ΔHBC2 Irf1 3.33 6.47 8.00 2.38E-14 5.56E-12 21.88 
ΔHBC2 Aox3 2.90 2.74 7.94 3.61E-14 8.20E-12 21.49 
ΔHBC2 Bhlhe40 3.03 6.41 7.65 2.49E-13 5.09E-11 19.65 
iSus Rgs5 6.64 4.11 15.57 7.30E-41 2.48E-37 81.34 
iSus Cyp2g1 6.56 5.27 15.56 8.31E-41 2.65E-37 81.21 
iSus Pdlim4 4.23 1.62 15.25 1.23E-39 3.56E-36 78.60 
iSus Fgf20 3.77 0.99 14.24 8.27E-36 1.76E-32 70.05 
iSus Gldn 4.05 2.41 13.62 1.80E-33 3.12E-30 64.82 
mSus Cyp1a2 7.74 1.77 21.36 5.07E-63 1.08E-58 131.50 
mSus Pcp4l1 4.71 0.90 16.65 5.22E-45 2.57E-41 91.08 
mSus Gldn 5.74 2.41 16.55 1.31E-44 5.57E-41 90.18 
mSus Cyp2g1 7.68 5.27 15.63 4.31E-41 1.62E-37 82.27 
mSus Il33 6.92 2.66 15.57 7.37E-41 2.48E-37 81.74 
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Table 2.2 Differentially Expressed Genes Between Clusters in Both Lineages. 
Full table available as Table S2 in the published manuscript. 

Contrast Feature logFC AveExpr t P.Value adj.P.Val B 
HBC-∆HBC1 Krt14 6.04 1.81 13.58 4.66E-37 1.71E-34 72.79 
HBC-∆HBC1 Krt5 4.72 1.61 13.56 5.89E-37 2.15E-34 72.56 
HBC-∆HBC1 TrnD 3.51 0.70 13.29 1.05E-35 3.60E-33 69.76 
HBC-∆HBC1 Gm9385 3.25 0.66 13.23 1.85E-35 6.26E-33 69.21 
HBC-∆HBC1 LOC102637068 -2.63 5.56 -10.90 1.85E-25 3.53E-23 46.82 
∆HBC2-∆HBC1 Apoe -4.42 2.69 -9.91 1.29E-21 1.89E-19 37.37 
∆HBC2-∆HBC1 Sec14l3 4.76 4.81 8.17 1.67E-15 1.47E-13 24.14 
∆HBC2-∆HBC1 Elf3 5.27 3.17 8.10 2.79E-15 2.41E-13 23.66 
∆HBC2-∆HBC1 Vit -2.67 1.38 -7.16 2.19E-12 1.40E-10 17.41 
∆HBC2-∆HBC1 Aldoc 4.43 3.02 7.15 2.49E-12 1.58E-10 17.29 
GBC-∆HBC2 Top2a 7.82 1.49 26.43 3.37E-104 1.67E-100 226.43 
GBC-∆HBC2 Cyp2f2 -8.87 6.37 -25.51 3.26E-99 1.37E-95 215.08 
GBC-∆HBC2 Cbr2 -8.09 6.77 -24.16 7.90E-92 2.57E-88 198.25 
GBC-∆HBC2 Pbk 5.88 1.00 23.81 6.16E-90 1.84E-86 193.94 
GBC-∆HBC2 Aqp3 -6.06 5.53 -21.62 5.04E-78 9.80E-75 166.78 
INP1-GBC Neurod1 10.17 0.73 39.07 1.17E-170 7.64E-166 371.74 
INP1-GBC Scg2 7.65 0.80 20.53 3.91E-72 6.15E-69 152.11 
INP1-GBC Lhx2 6.85 2.05 18.22 6.28E-60 6.38E-57 124.63 
INP1-GBC Tubb3 8.56 3.87 17.91 2.55E-58 2.41E-55 121.01 
INP1-GBC St18 4.33 0.34 17.14 2.40E-54 1.92E-51 112.05 
INP2-INP1 Grp 4.84 0.32 21.80 5.90E-79 1.18E-75 167.39 
INP2-INP1 Top2a -8.27 1.49 -16.77 1.76E-52 1.31E-49 107.82 
INP2-INP1 Neurod1 -4.87 0.73 -16.06 6.40E-49 4.07E-46 99.80 
INP2-INP1 Pbk -6.58 1.00 -15.99 1.41E-48 8.80E-46 99.03 
INP2-INP1 Crabp1 8.21 1.55 15.11 2.94E-44 1.51E-41 89.29 
INP3-INP2 Grp -4.91 0.32 -22.29 1.24E-81 2.76E-78 171.66 
INP3-INP2 Neurod1 -5.22 0.73 -17.41 9.36E-56 7.98E-53 114.22 
INP3-INP2 Mss51 -4.57 0.32 -15.23 7.71E-45 4.08E-42 89.91 
INP3-INP2 LOC102634850 3.35 0.27 13.70 1.43E-37 5.41E-35 73.70 
INP3-INP2 Gap43 5.93 2.45 11.88 1.55E-29 3.78E-27 55.79 
INP3-iOSN Tex15 8.92 1.71 17.21 1.05E-54 8.50E-52 112.71 
INP3-iOSN Crabp1 7.48 1.55 17.05 6.46E-54 5.06E-51 110.94 
INP3-iOSN Cxcr4 4.46 0.84 16.99 1.40E-53 1.09E-50 110.18 
INP3-iOSN LOC102634850 3.15 0.27 15.78 1.48E-47 8.86E-45 96.63 
INP3-iOSN Mef2b -5.72 1.09 -14.72 2.11E-42 9.98E-40 85.03 
mOSN-iOSN Stoml3 10.70 1.19 33.85 5.40E-144 1.41E-139 316.27 
mOSN-iOSN Nrn1l 6.34 0.45 33.06 7.09E-140 1.52E-135 306.95 
mOSN-iOSN Umodl1 7.13 0.52 31.25 2.80E-130 3.70E-126 285.23 
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mOSN-iOSN Tusc5 7.24 0.59 28.03 6.20E-113 4.12E-109 245.90 
mOSN-iOSN Kcnc4 6.18 0.51 27.06 1.16E-107 6.27E-104 233.94 
MV1-GBC Top2a -7.24 1.49 -16.36 2.15E-50 1.46E-47 103.07 
MV1-GBC Cdca8 -5.98 1.04 -15.43 8.47E-46 4.69E-43 92.72 
MV1-GBC Pbk -5.52 1.00 -14.95 1.69E-43 8.41E-41 87.55 
MV1-GBC Cdca3 -5.13 0.81 -14.56 1.33E-41 6.06E-39 83.28 
MV1-GBC Ccnb1 -4.99 0.74 -13.01 1.90E-34 6.07E-32 67.16 
MV1-MV2 Gm933 -7.56 0.67 -29.09 1.15E-118 9.09E-115 256.87 
MV1-MV2 Dmrt2 -6.81 0.45 -27.01 2.33E-107 1.25E-103 231.53 
MV1-MV2 Galnt13 -8.27 0.74 -26.74 6.77E-106 3.52E-102 228.25 
MV1-MV2 LOC102640638 -5.85 0.41 -25.92 1.88E-101 8.67E-98 218.27 
MV1-MV2 Rcan2 -6.62 0.60 -25.90 2.44E-101 1.11E-97 218.02 
∆HBC2-iSUS Gldn -5.51 1.42 -21.37 1.17E-76 2.18E-73 162.22 
∆HBC2-iSUS Fgf20 -4.07 0.51 -18.84 3.79E-63 4.36E-60 131.84 
∆HBC2-iSUS Rgs5 -7.95 2.98 -17.12 2.83E-54 2.25E-51 111.86 
∆HBC2-iSUS Abca13 -5.40 2.01 -16.96 1.91E-53 1.48E-50 109.99 
∆HBC2-iSUS Cyp2g1 -7.12 3.80 -16.63 8.62E-52 6.24E-49 106.26 
mSUS-iSUS Cyp1a2 6.17 1.16 17.76 1.63E-57 1.50E-54 117.97 
mSUS-iSUS Cd36 5.97 1.32 14.54 1.57E-41 7.13E-39 82.43 
mSUS-iSUS Dab2 4.52 0.74 12.99 2.34E-34 7.43E-32 66.46 
mSUS-iSUS Muc2 2.87 0.44 12.21 6.25E-31 1.66E-28 58.83 
mSUS-iSUS Muc2.1 4.91 1.39 11.92 1.14E-29 2.79E-27 56.03 

 

Table 2.3 Differentially Expressed Transcription Factors in the Neuronal and Sustentacular Cell 
Lineages. 
Expression of transcription factors in the neuronal lineage. 

 HBC ∆HBC1 ∆HBC2 GBC INP1 INP2 INP3 iOSN mOSN 
Egr1 11.46 9.38 11.01 8.87 7.69 3.98 2.56 6.56 7.60 
Fos 11.41 9.54 11.34 9.41 5.64 4.08 2.68 6.20 7.27 
Klf6 10.30 8.55 9.92 7.75 5.57 5.76 5.33 4.56 5.01 
Atf3 9.85 8.42 10.18 6.25 1.14 1.52 1.53 2.33 2.53 
Tsc22d1 9.44 8.19 9.31 7.37 4.79 7.27 7.80 7.97 8.66 
Jun 9.11 7.74 8.92 6.65 5.15 6.10 6.80 5.66 6.32 
Klf4 9.03 6.59 7.88 4.96 2.20 1.65 0.71 1.28 1.23 
Fosb 9.02 7.03 9.00 5.36 2.02 0.76 0.47 2.14 2.16 
Nfib 8.99 9.11 8.88 9.20 9.56 6.25 7.86 4.79 5.43 
Sp8 8.39 8.16 8.47 9.13 10.46 5.39 2.19 2.32 0.92 
Trp63 8.25 5.96 3.75 0.88 0.22 -0.05 -0.12 0.21 0.25 
Nfia 7.70 7.56 8.16 6.28 4.65 5.49 5.63 2.52 2.69 
Irf1 7.69 5.88 8.50 2.61 1.41 0.57 0.33 0.75 0.81 
Nr4a1 7.60 5.40 7.62 5.24 2.30 0.85 1.15 1.04 0.62 
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Tcf7l2 7.58 7.82 7.64 6.24 2.35 1.71 1.47 1.17 1.03 
Zfhx3 7.53 6.82 7.39 8.17 6.38 7.54 4.01 4.42 3.48 
Junb 7.51 5.27 6.84 2.57 1.08 1.00 0.60 0.76 1.38 
Hmgb1 7.50 7.71 7.61 9.43 9.31 7.07 5.81 6.66 6.72 
Runx1 7.48 5.93 7.42 7.60 4.54 1.16 0.35 0.37 0.23 
Tcf4 7.12 7.28 7.86 9.05 8.99 5.83 5.93 4.70 4.32 
Sox9 6.94 5.38 5.62 2.29 0.32 1.28 0.35 0.32 0.18 
Hes1 6.66 6.53 6.17 1.62 0.40 0.11 0.08 0.25 0.20 
Nfe2l2 6.50 3.53 6.25 2.82 0.90 1.67 1.60 1.71 5.33 
Bhlhe40 6.40 4.78 8.24 2.12 0.55 0.37 0.19 0.37 0.35 
Sox11 6.08 4.76 5.25 11.55 13.65 13.74 13.27 12.26 6.74 
Sub1 5.89 5.07 6.83 5.91 5.17 7.74 7.39 8.85 8.32 
Tsc22d3 5.62 5.28 4.25 2.29 0.81 0.76 0.38 1.26 0.87 
Egr2 5.46 3.44 5.58 2.40 2.18 0.35 0.47 0.70 0.94 
Nr4a2 5.43 3.65 5.24 3.41 1.04 0.76 0.53 0.63 0.37 
Mecom 5.18 5.42 5.86 4.03 2.72 1.43 0.47 0.43 0.26 
Otx2 5.07 4.91 4.45 5.06 5.71 2.16 0.62 0.22 0.08 
Nr1d1 5.04 4.38 4.55 0.49 0.28 0.53 0.34 0.37 0.19 
Id2 5.00 3.95 3.61 8.32 7.62 2.72 2.10 4.09 0.80 
Nfil3 4.66 3.66 4.61 1.31 0.52 0.19 0.25 1.62 2.50 
Irf6 4.60 2.79 3.01 1.26 0.44 0.54 0.73 0.95 1.07 
Foxo1 4.59 6.06 5.45 1.25 0.11 0.97 0.70 0.75 1.02 
Nr3c1 4.40 4.87 4.29 0.78 0.28 0.25 -0.03 0.22 0.56 
Six1 4.31 3.63 4.23 2.52 4.94 3.37 0.17 0.14 0.00 
Pax6 4.28 3.50 4.63 4.44 3.87 0.90 0.23 0.27 0.20 
Snai2 4.17 1.44 1.09 0.78 0.95 0.41 0.50 0.43 0.49 
Hey1 4.11 4.57 5.18 0.79 1.24 0.03 0.27 0.23 -0.02 
Fosl2 3.94 1.90 4.96 1.67 0.70 0.52 0.17 0.30 0.04 
Kdm5b 3.92 2.62 4.45 5.27 6.70 7.92 7.14 6.76 6.21 
Esr1 3.87 4.98 4.15 0.49 0.24 -0.02 0.56 0.24 0.07 
Egr3 3.86 0.77 4.36 3.40 1.71 0.15 0.26 0.39 0.13 
Jund 3.82 4.70 3.96 1.36 1.87 1.27 1.56 2.24 1.99 
Tshz1 3.78 3.33 3.60 4.19 7.06 9.39 9.36 5.79 3.65 
Hlf 3.77 3.16 5.02 0.45 0.08 0.00 0.03 0.10 0.03 
Xbp1 3.56 3.61 5.01 1.69 0.26 1.15 0.76 2.12 1.07 
Smarce1 3.54 2.57 3.75 7.25 7.67 8.39 8.31 7.15 4.66 
Grhl2 3.48 4.26 3.84 2.71 1.38 1.35 1.30 0.97 0.71 
Tcf7l1 3.28 1.63 1.67 0.39 0.54 0.21 -0.02 0.01 0.04 
Cebpb 3.23 3.57 3.00 0.36 0.28 0.57 -0.04 0.48 0.73 
Sox2 3.21 3.47 3.31 2.54 0.47 0.76 0.26 0.09 -0.01 
Klf2 3.17 2.23 3.64 1.07 0.02 0.08 0.29 0.07 0.45 
Zfp644 3.15 2.53 2.62 3.71 4.38 8.46 7.98 4.66 4.37 
Bcl6 3.12 2.51 3.16 0.38 0.03 0.21 0.66 0.19 1.63 
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Hmgb2 3.12 2.23 3.05 7.31 7.88 4.27 4.03 4.05 3.11 
Six3 2.78 1.91 3.28 1.38 1.52 0.77 0.00 0.10 0.04 
Tshz2 2.49 3.32 2.71 1.52 1.01 2.74 4.69 5.66 6.69 
Trp53 2.46 1.95 3.44 7.53 5.63 3.21 1.51 0.89 0.39 
Hsf2 2.44 2.47 2.29 4.30 5.43 5.56 6.00 5.37 5.04 
Jarid2 2.34 3.15 1.79 1.94 4.44 5.01 4.48 7.98 6.79 
Smarcc1 2.25 2.62 2.22 6.37 7.73 5.51 5.39 5.30 3.31 
Id1 2.24 3.32 5.32 5.33 5.31 0.96 1.03 0.29 -0.11 
Zmiz1 2.19 0.92 1.29 2.60 6.13 7.10 6.62 6.19 6.71 
Foxg1 2.17 1.90 2.32 2.65 4.22 1.10 0.07 0.06 0.21 
Arid5a 2.14 1.04 3.34 2.20 0.45 0.47 0.18 0.46 0.36 
Elf3 2.12 1.14 6.41 3.20 1.50 0.99 0.68 0.24 0.13 
Nr4a3 1.96 1.27 2.78 0.93 0.31 -0.04 0.74 0.15 0.20 
Cebpg 1.92 2.06 1.98 2.05 2.95 8.12 8.34 8.48 5.81 
Smad7 1.71 1.36 2.71 0.62 0.65 0.41 0.08 0.14 0.02 
Zfp467 1.71 2.12 3.36 0.94 1.21 0.03 0.52 0.08 0.03 
Rfx3 1.53 1.77 1.18 2.00 3.30 3.19 3.50 7.12 7.51 
Npas2 1.45 2.56 1.11 0.04 0.00 0.00 0.32 0.08 0.00 
Rcor1 1.26 1.26 0.90 2.57 2.57 6.02 9.23 2.74 4.04 
Zfp386 1.23 1.13 1.27 3.34 6.64 7.67 4.06 3.00 3.09 
Aff3 0.89 -0.04 0.29 0.88 1.01 3.74 5.57 2.08 2.53 
Id4 0.80 0.60 0.49 0.44 0.66 3.25 4.81 1.12 2.75 
Bcl11b 0.76 1.16 0.77 1.75 5.58 7.42 5.07 4.58 3.23 
Emx2 0.72 1.02 0.62 0.51 2.05 5.02 5.12 3.88 2.47 
Klf7 0.69 0.04 1.09 0.97 0.60 3.37 5.49 4.63 3.42 
Id3 0.63 1.02 1.69 4.67 4.20 0.93 0.40 1.68 -0.10 
Hes6 0.60 0.52 1.10 8.27 7.16 5.86 4.18 1.43 0.22 
Zfp423 0.56 -0.04 0.70 1.02 0.99 3.46 4.68 2.07 1.29 
Ebf1 0.49 0.41 0.82 4.63 6.85 9.21 11.77 9.98 9.04 
Arid3a 0.49 0.04 0.29 0.22 -0.02 0.65 1.79 2.50 3.75 
Mybl1 0.35 0.64 0.47 5.76 7.06 1.10 1.00 0.44 0.12 
Ebf3 0.30 0.19 0.20 0.24 2.96 6.87 7.38 5.67 5.85 
Myt1l 0.26 0.21 0.10 0.34 0.26 7.14 8.96 5.73 7.16 
Tead2 0.23 0.23 0.41 3.33 2.78 1.46 0.55 0.25 -0.08 
Lhx2 0.23 0.19 0.23 0.29 7.14 9.06 6.88 4.65 4.70 
Pknox2 0.22 0.21 0.14 0.06 0.04 1.12 2.64 1.62 1.78 
Atf5 0.22 0.23 0.18 0.37 1.16 3.31 4.82 5.59 5.31 
Dlx3 0.18 0.02 0.11 1.54 3.59 0.96 0.04 0.05 -0.02 
Ebf4 0.16 0.30 0.17 0.14 0.01 0.61 3.92 3.35 5.07 
Tox3 0.14 0.49 0.06 0.99 3.33 3.59 0.70 1.39 0.64 
Uncx 0.14 0.09 0.25 0.08 0.46 3.41 3.10 2.30 2.45 
Setdb2 0.12 0.23 0.16 0.42 0.13 1.01 3.63 2.09 1.19 
Nhlh2 0.11 0.44 0.07 0.14 3.79 5.94 3.14 2.21 0.33 
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E2f2 0.10 0.04 0.08 1.72 2.99 0.20 0.54 0.56 0.06 
Insm1 0.08 0.17 0.38 2.21 5.54 3.20 3.36 4.17 1.52 
Foxo6 0.04 0.02 0.06 0.11 1.96 2.41 1.02 1.73 1.05 
Tub 0.04 0.00 0.04 0.03 0.00 1.09 3.38 2.37 2.21 
Fezf1 0.04 0.14 0.14 0.25 6.37 7.39 6.45 2.95 2.94 
St18 0.03 -0.02 -0.01 0.11 4.44 2.32 -0.03 0.18 0.02 
Ascl1 0.03 0.06 0.06 4.05 0.69 0.67 0.33 0.09 -0.07 
Mef2b 0.03 0.38 0.08 -0.11 0.06 0.67 0.26 5.98 3.39 
E2f8 0.02 0.03 0.05 1.86 2.12 0.28 0.06 0.05 -0.03 
Olig2 0.01 0.14 0.03 0.11 0.87 4.30 2.78 2.68 1.53 
Neurog1 0.00 0.01 0.00 0.13 2.76 1.01 0.15 0.04 -0.01 
Neurod1 0.00 0.32 0.10 0.06 10.23 5.36 0.14 0.07 0.03 
Olig1 0.00 0.09 0.09 0.17 0.72 3.65 4.05 1.94 1.19 
Nhlh1 -0.02 -0.03 -0.01 0.22 3.07 5.89 1.75 5.32 0.18 

 
Expression of transcription factors in the sustentacular cell lineage. 

 HBC ∆HBC1 ∆HBC2 iSUS mSUS 
Egr1 11.46 9.38 11.01 9.73 7.46 
Fos 11.41 9.54 11.34 10.69 8.68 
Klf6 10.30 8.55 9.92 9.77 6.89 
Atf3 9.85 8.42 10.18 9.70 6.30 
Tsc22d1 9.44 8.19 9.31 7.51 7.63 
Jun 9.11 7.74 8.92 9.29 6.90 
Klf4 9.03 6.59 7.88 7.78 5.80 
Fosb 9.02 7.03 9.00 8.40 5.42 
Irf1 7.69 5.88 8.50 3.66 3.45 
Nr4a1 7.60 5.40 7.62 6.26 4.34 
Junb 7.51 5.27 6.84 6.09 3.49 
Sox9 6.94 5.38 5.62 3.24 1.54 
Bhlhe40 6.40 4.78 8.24 6.27 3.38 
Egr2 5.46 3.44 5.58 4.47 1.76 
Nr4a2 5.43 3.65 5.24 1.88 2.25 
Fosl2 3.94 1.90 4.96 3.52 1.75 
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Table 2.4 Gene Set Enrichment Analysis Results for Resting HBCs. 
Full table available as Table S4 in the published manuscript. 

Pathway 
# 

Genes 
Down Up Mixed 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 225 1.000 1.00E-07 1.00E-07 
HALLMARK_ESTROGEN_RESPONSE_EARLY 231 1.000 0.0002214 1.00E-07 
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANS
ITION 

185 1.000 1.00E-07 1.00E-07 

HALLMARK_P53_PATHWAY 233 1.000 2.00E-07 1.00E-07 
KEGG_ECM_RECEPTOR_INTERACTION 54 1.000 1.00E-07 1.00E-07 
HALLMARK_HYPOXIA 245 1.000 1.00E-07 2.00E-07 
HALLMARK_APICAL_JUNCTION 218 1.000 2.21E-05 2.00E-07 
PID_INTEGRIN4_PATHWAY 9 1.000 1.00E-07 7.00E-07 
PID_DELTA_NP63_PATHWAY 59 1.000 6.80E-05 8.00E-07 
REACTOME_CELL_CELL_COMMUNICATION 109 0.994 0.0063897 8.00E-07 
HALLMARK_UV_RESPONSE_UP 197 1.000 2.00E-07 9.00E-07 
HALLMARK_INFLAMMATORY_RESPONSE 163 1.000 6.00E-07 1.00E-06 
KEGG_CELL_ADHESION_MOLECULES_CAMS 65 0.537 0.4625372 1.00E-06 
REACTOME_PASSIVE_TRANSPORT_BY_AQUAPOR
INS 

3 1.000 2.90E-06 1.60E-06 

KEGG_RIBOSOME 81 1.000 1.00E-07 2.50E-06 
KEGG_DRUG_METABOLISM_CYTOCHROME_P450 52 0.999 0.0009953 3.70E-06 
REACTOME_HEMOSTASIS 354 0.910 0.0900089 3.70E-06 
REACTOME_PEPTIDE_CHAIN_ELONGATION 83 1.000 8.00E-07 3.80E-06 
PID_AP1_PATHWAY 90 1.000 4.00E-07 5.50E-06 
REACTOME_CELL_JUNCTION_ORGANIZATION 62 1.000 4.31E-05 5.90E-06 
REACTOME_3_UTR_MEDIATED_TRANSLATIONAL
_REGULATION 

107 1.000 4.10E-06 6.10E-06 

KEGG_ARRHYTHMOGENIC_RIGHT_VENTRICULAR
_CARDIOMYOPATHY_ARVC 

57 1.000 1.62E-05 7.50E-06 

HALLMARK_IL2_STAT5_SIGNALING 239 1.000 1.38E-05 7.70E-06 
REACTOME_NONSENSE_MEDIATED_DECAY_ENH
ANCED_BY_THE_EXON_JUNCTION_COMPLEX 

110 1.000 6.00E-06 8.20E-06 

HALLMARK_MYOGENESIS 202 1.000 3.55E-05 8.50E-06 
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Table 2.5 SCONE Performance Metrics. 

  BIO 
SIL 

BATCH 
SIL 

PAM 
SIL 

EXP 
QC 

COR 

EXP 
UV 

COR 

EXP 
WV 

COR 
RLE 
MED 

RLE 
IQR 

Mean 
score 

Metrics for Top 10 Ranked Normalizations  
none,fq,qc_k=1, 
no_bio,no_batch 

-0.0177 -0.2063 0.3642 0.1716 0.3176 0.8566 0.0003 0.4062 0.064 

none,fq,no_uv, 
no_bio,no_batch 

-0.0896 -0.2294 0.3487 0.2103 0.3173 0.8572 0.0000 0.3452 0.059 

none,fq,qc_k=2, 
no_bio,no_batch 

-0.0035 -0.1606 0.3300 0.1697 0.2157 0.8128 0.0011 0.4547 0.057 

none,fq,qc_k=3, 
bio,no_batch 

0.0305 -0.1645 0.3499 0.1561 0.2510 0.7748 0.0010 0.4853 0.053 

none,fq,qc_k=1, 
bio,no_batch 

-0.0139 -0.1926 0.3536 0.1627 0.3341 0.7960 0.0003 0.4144 0.052 

none,fq,qc_k=2, 
bio,no_batch 

0.0041 -0.1476 0.3346 0.1514 0.2441 0.7867 0.0009 0.4630 0.052 

none,fq,ruv_k=1, 
bio,no_batch 

-0.0204 -0.1861 0.3448 0.1619 0.2471 0.7133 0.0009 0.4269 0.048 

none,fq,qc_k=3, 
no_bio,no_batch 

0.0076 -0.1692 0.3405 0.1684 0.2317 0.7350 0.0012 0.4807 0.046 

none,none,ruv_k=
1,bio,no_batch 

-0.0112 -0.1782 0.3640 0.1775 0.2008 0.7718 0.0090 0.5478 0.046 

none,tmm,ruv_k=
1,bio,no_batch 

-0.0166 -0.1756 0.3664 0.1728 0.1993 0.7833 0.0116 0.5712 0.044 
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Table 2.6 Oligos Used to Synthesize RNA In Situ Hybridization Probes and for RT-qPCR. 
In Situ Hybridization 

Gene/Probe Forward Oligo Reverse Oligo 

Arghdig TGGTCAAGTACAAGCAGGCG GGTTCAGCCTGTCGTCATCA 

Ascl1 CCCCCAACTACTCCAACGAC CCCATCTGTGATTCGGGCTT 
Ascl3 CCCACTTACCACTGTCCAGG GGCTGTTCGAGGGTTCTTCT 
Baz1a GGAGGCTTTGTCTCCACAGTA GAGGCATCTTCTACCCAGACA 
Calb2 CTCTTGACACTCCTTCCCAGAC AACAAGAAGACAGGGGAAGCC 
Ccnb1 ACATCCTTCACTGTGTGTCCT CACACCCCTGGAAGAGCTAC 
Ccnd1 TGTGAGGAGCAGAAGTGCGAAG TCCTTCTCAAGACTTCCCCTGTG 

Ccp110 GAAGCCTTCACAGAGCAGAGT GGACATGGGATTCTGGGTGT 
Cd24a AAGTCCAGCCACCACTGAAT ACAGTAGCTTCGGGTCTGTG 
Cdyl2 CAGAAGGGGGAAGACCAACC GACACAGAGCAGAGTCCACC 
Cftr AAAGAAGGGTGAAGCCTGCG TCCAGGCCACTTTATGGGAC 

Coch AAGGAATACGTGCAAGGGGA AGTCCTCGGAGTACATGCCT 
Crabp1 AAATGCAGGAGTTTACCCACG GCAGCCAACCAGTTTAATGAC 
Cyp1a2 GTGGTGGAATCGGTGGCTAA TACAGCGCTCCTTGGGAATG 
Cyp2g1 CTTCCGCTACCCAGATGCTT CCAGACACCTCTCTTGACCC 

Ebf1 TGAAACAGAAGAGTGCTTTCGCAC TTAACCAACACCCTGCTCTGGCAG 
Elavl4 ACCAACTACGATGAGGCAGC TTTCCCCGTCCCCTAACAGA 
Elf5 CTTGATCCACGGCCAATCCT GTTAGGGTTCAGGGCACTCC 
Ell3 AACTGTCCCACATTAAAGGTCTCA TCAGAAGTTCTCATTTTATCCCTGC 
Ezh2 ACTGCTTCCTACATCCCTTCC CAGCCCACAACCGATGTTTC 
F3 TGGTACATTCCTCACCCTGC GTGCAAAAGGCGCTGTAGTG 

Gap43 CACCAGCTGCTGAGGCCGAG TCAGGTGGGGGCAACGTGGA 
Hepacam2 GGTTTTCTGACGTGCGCAAT ATCAGTGCAATGTAAAAAGGCA 

Hes6 TACCGAGGTGCAGGCCAA CACCCGGTTTAGTTCAGCCT 
Hmga1 GGTCGGGAGTCAGAAAGAGCC ACCCACCCGGTGATACTTTG 
Hmgb2 TACGCCTTCTTCGTGCAGAC TTTTGCCCTTGGCACGGTAT 

Il33 TCACTGCAGGAAAGTACAGCAT ACGTCACCCCTTTGAAGCTC 
Kit TAACAACAAAGAGCAAATCCAGGC TGTGATTGCCCAGGTAGCTC 

Lhx2 ACGGGGTCATCGACGAGAT GAGCCCAATCCTGCACTCTT 
Neurod1 GCTGCGAGATCCCCATAGAC AGAAGTGCTAAGGCAACGCA 

Nrn1l TGAATGTCTCATCCGCCTGG TACTGCAGAGCTCACATGGC 
Omp GCCTGAAGCAGCGTGGGGAG GCTGCTGCCGACACTGGGAG 
Pbk TGGAAACCCAAGGAAGCGTT GTGTAGAGAGGCAAGACACCC 



78 

Plk4 GGAGCTGTGTGGGTTCAGTT AGGAGCACAAACTTTGAAGGA 
Pon1 TTGCTGGCTCACAAGATTCA CTGTGGTAGGCACCTTACAGT 

Rbm24 TCAATCCCAAAGAGCCCGAG GCTCCTCCCACGAGTACAAG 
Reg3g ATGCTCCTTTCTCAGGTGCAA GGTCAGATTTCGATTGTGGGG 
Rgs11 TTATGCCCTGCTGCACAAGA GCATTCATGGCCCAGTAGGT 
Rrm1 CCCCAATGCCTACTGCTTCA CTGTAAGTCGTGGCTCCCTG 

Scarb1 TGACGATCCCTTCGTGCATT GGTCGGCGTTGTAAAAGTGG 
Scg2 GGTTAGTGAATGCTGTGGGC CTTCAGGGATCCTACGGGGA 

Sec14l3 TTTGCACTTGAGTCCCTCCC TGAGGATGGCATGAGCCTAC 
Stoml3 GAATCTACAGCGCCGTCTCA GCCACCAATGCCCTCAAGTA 
Tead2 TCTCCACCAGTGAACGAGGA CATAGCCCAGCTCCCTTTCC 
Tex15 ATTTATGTTTCCACAGAAAGAGCA AACAGCAATGCTACTGGATGC 
Top2a CAAAAAGAGAGCTGCGCCAA ATCACGTCAGAGGTTGAGCAC 
Top2a CAAAAAGAGAGCTGCGCCAA ATCACGTCAGAGGTTGAGCAC 
Trpm5 TTGGCATCTATTCGGGAGCC AGCTAGACCTGCTAAGACCCA 

    
T7 sequence:  
TAATACGACTCACTATAGG  

 
RT-qPCR 

Gene Forward Oligonucleotide Reverse Oligonucleotide 
Product 

Size 
Gapdh TTGATGGCAACAATCTCCAC CGTCCCGTAGACAAAATGGT 110 
Trp63 GAAAAGAGGAGAGCAGCCTTGAC TGTGCGTGGTCTGTGTTGTAGG 176 
Scarb1 TTTGGAGTGGTAGTAAAAAGGGC TGACATCAGGGACTCAGAGTAG 71 
F3 AACCCACCAACTATACCTACACT GTCTGTGAGGTCGCACTCG 101 
Top2a TGAAGACCCAGGGAAGCTC AGTGGAGACTGAAGACTGGC 182 
Hes6 ACCACCTGCTAGAATCCATGC GCACCCGGTTTAGTTCAGC 210 
Rbm24 TTTTGCCTTTGGCGTTCAACA GCTGCACATGGGGAATGAC 122 
Ascl3 GACAGGCTCTCGGTCTTCG CATCTGTGTAAGAGGCCGGTA 121  
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Chapter 3:    Injury Activates Transient Olfactory Stem Cell States with 
Diverse Lineage Capacities 
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Chapter Summary 
Tissue homeostasis and regeneration are mediated by programs of adult stem cell renewal and 
differentiation. However, the mechanisms that regulate stem cell fates under such widely varying 
conditions are not fully understood. Using single-cell techniques, we assessed the transcriptional 
changes associated with stem cell self-renewal and differentiation and followed the maturation of 
stem cell-derived clones using sparse lineage tracing in the regenerating mouse olfactory 
epithelium. Following injury, quiescent olfactory stem cells rapidly shift to activated, transient 
states unique to regeneration and tailored to meet the demands of injury-induced repair, including 
barrier formation and proliferation. Multiple cell fates, including renewed stem cells and 
committed differentiating progenitors, are specified during this early window of activation. We 
further show that Sox2 is essential for cells to transition from the activated to neuronal progenitor 
states. Our study highlights strategies for stem cell-mediated regeneration that may be conserved 
in other adult stem cell niches.  

 

Introduction 
Tissues that undergo cellular turnover are often capable of robust regeneration, requiring adult 
stem cell populations to modulate self-renewal and differentiation after the loss of mature cell 
types both under homeostatic conditions and following injury. In many tissues, a division of labor 
exists in which actively dividing stem cells support tissue maintenance under normal conditions 
of tissue homeostasis, whereas normally quiescent stem cells are recruited to regenerate the tissue 
following injury (Ito et al., 2005; Wilson et al., 2008; Yan et al., 2012). However, the mechanisms 
underlying such dynamic regulation of stem cell proliferation and differentiation remain poorly 
understood.  

The mouse olfactory epithelium provides a tractable model system for illuminating the different 
strategies underlying stem cell-mediated injury-induced repair and homeostatic tissue 
maintenance. Olfactory neurogenesis is normally sustained over the lifespan of the animal through 
the differentiation of globose basal cells (GBCs), which are the actively proliferating neurogenic 
progenitor cells in the niche (Caggiano et al., 1994; Schwob et al., 1994). Unlike the rest of the 
nervous system, upon targeted destruction of the sensory neurons or more severe tissue injury, the 
olfactory epithelium regenerates (Schwob et al., 1995) due mainly to the self-renewal and 
differentiation of a normally quiescent stem cell, the horizontal basal cell (HBC) (Iwai et al., 2008; 
Leung et al., 2007).  

Recent studies using single-cell RNA sequencing (RNA-seq) and in vivo lineage tracing identified 
early transition states during which cell fates are specified (Fletcher et al., 2017). Although these 
studies revealed the paths that HBCs take when differentiating into olfactory neurons and 
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sustentacular (support) cells under conditions of tissue homeostasis, the cellular and transcriptional 
mechanisms underlying stem cell fate choice and expansion during regeneration – a coordinated 
process requiring the rapid production of multiple cell types to reconstitute the epithelium 
following injury – have yet to be characterized. Using complementary single-cell approaches, we 
trace individual HBC stem cells and their derivatives during injury-induced regeneration and find 
differences in the mechanisms underlying their activation and specification for tissue repair as 
compared to homeostatic maintenance. 

Results 

Cell Fate Determination during Injury-Induced Regeneration in the Olfactory 
Epithelium  

HBCs are usually quiescent under resting conditions but are activated by injury to differentiate 
and repopulate the epithelium (Figure 3.1A). We employed clonal lineage tracing of HBCs to 
determine when different cell fates are acquired during regeneration. After activation of Cre 
recombinase, severe injury to the olfactory epithelium was induced by administering methimazole 
(Leung et al., 2007), and animals were sacrificed at 7 and 14 days post-injury (DPI). HBC-derived 
clones were discriminated by P63 and SOX2 expression coupled with cellular morphology 
revealed by either the membrane CFP or cytosolic YFP lineage tracer (Figures 3.1A and 3.1B; 
Methods).  

At 7 DPI, sustentacular cells were the predominant cell type formed (46%), followed by renewed 
HBCs (23%) and neurons (17%) (Figure 3.1C). At 14 DPI relative to 7 DPI, neurons comprised a 
significantly higher fraction of labeled cells (51% vs. 17%; p = 0.03), whereas the percentage 
comprising sustentacular cells was significantly reduced (29% vs. 46%; p = 0.05) (Figure 3.1C). 
Accordingly, in clones containing neurons, the mean number of neurons per clone increased from 
5.4 + 1.2 at 7 DPI to 9.4 + 0.83 at 14 DPI (mean + SEM) (Figure 3.1D and Supplementary Figure 
3.1), consistent with ongoing neuronal progenitor proliferation and 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 (Figure 3.1D and 
Supplementary Figure 3.1), perhaps due to the ongoing generation of small numbers of 
sustentacular cell clones later in regeneration.  

In the absence of injury, HBCs are mostly quiescent and differentiate only infrequently (Iwai et 
al., 2008; Leung et al., 2007), a state maintained by the transcription factor p63 (encoded by Trp63) 
(Fletcher et al., 2011). In previous studies, we used conditional knockout of Trp63 in HBCs to 
stimulate their differentiation under homeostatic, non-injury conditions (Fletcher et al., 2017).  
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Figure 3.1. Clonal Analysis of HBC-Derived Cells During Regeneration. 
(A) Schematic of olfactory cell types produced by HBCs during regeneration: horizontal basal cell (HBC; 
green), globose basal cell (GBC; cyan), sustentacular cell (Sus; magenta), and olfactory sensory neuron 
(OSN; orange). (B) Maximum projection of a 40-μm tissue section of regenerating olfactory epithelium at 
14 DPI from a Krt5-CreER; Rosa26Confetti animal in which Cre was sparsely activated. Reporter localization 
detected using a GFP antibody coupled with antibodies to SOX2 (expressed by HBCs, GBCs, and 
sustentacular cells; magenta) and P63 (expressed by HBCs alone; white) were used along with cellular 
morphology to discriminate cell types and clonal relationships in YFP- and CFP-positive cells. Scale bar, 
50 μm. (C) Distributions of ratios of HBCs, OSNs, and sustentacular cells with respect to total cells counted 
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across all clones, by animal and by experimental time point (7 DPI and 14 DPI); the mean, across animals, 
is indicated by a dash in each condition. P-values were calculated using a negative binomial regression 
model, and the Benjamini-Hochberg method was used to adjust for multiple testing (Methods). (D) 
Distributions of neurons (top) and sustentacular cells (bottom) per clone in clones possessing at least one 
of each cell type, respectively, at 14 DPI. (E) Ratios of clones scored by lineage representation at 7 DPI 
and 14 DPI. Clones were binned on the basis of containing at least one cell of one of the three major lineages 
(HBC, green; neuron, magenta; and sustentacular cell, purple). Multi-lineage clones are indicated by 
different colored rectangles from left to right, while uni-lineage clones are represented by a single colored 
rectangle. (F-H) HBCs were lineage-traced in Krt5-CreER; Rosa26Confetti animals; tissue was collected at 48 
HPI to assess the fates of HBC-derived doublets. Representative maximum projections of 40 μm confocal 
z-stacks show the three most commonly observed doublet compositions (F; top, symmetric renewing; 
middle, symmetric differentiating; bottom, asymmetric) based on expression of marker genes. Basement 
membrane, dotted line; scale bar, 10 μm. Percent of doublet cells that are renewed HBCs, differentiating 
HBCs, and unknown cells at 48 HPI (G). Doublet compositions at 48 HPI (H). See Supplementary Figure 
3.1. 

Under these conditions, individual HBCs can transdifferentiate into sustentacular cells without cell 
division, often giving rise to just a single sustentacular cell (Fletcher et al., 2017). By contrast, 
multiple sustentacular cells are found in clones from injury-induced regeneration (58 of 69 
sustentacular cell-containing clones at 14 DPI), but only a small number of these clones (5 of 69) 
are composed of a single sustentacular cell and no other cell type (Table 3.1). Thus, in contrast to 
the transdifferentiation of HBCs into sustentacular cells observed in the Trp63 knockout under 
homeostatic conditions (Fletcher et al., 2017), the generation of sustentacular cells during injury-
induced regeneration involves cell proliferation. 

Upon conditional knockout of Trp63 under homeostatic conditions, individual HBCs are typically 
unipotent, giving rise to a single cell type (Fletcher et al., 2017). To assess the potency of individual 
HBCs during regeneration, the compositions of HBC-derived clones arising after injury were 
scored for the presence of at least one cell from each of the three primary olfactory lineages: HBCs 
(self-renewal); GBCs, immediate neuronal precursors, microvillous cells, and neurons comprising 
the neuronal lineage; and sustentacular cells (Figure 3.1E). At both 7 DPI and 14 DPI, clones 
reflect both unipotent and multipotent stem cell fate choices. The percentage of clones possessing 
at least one neuronal-lineage-fated cell or one sustentacular cell varied little between 7 DPI and 14 
DPI (7 DPI: 56% neuronal, 65% sustentacular; 14 DPI: 57% neuronal, 59% sustentacular) (Table 
3.1). However, the composition of clones possessing neuronal-lineage-fated cells shifted away 
from renewing, multipotent clones at 7 DPI toward clones lacking an HBC at 14 DPI (Figure 3.1E), 
suggesting that renewed HBCs present in clones at 7 DPI may later differentiate into neurons or 
sustentacular cells. Consistent with this notion, we observed that the percentage of clones 
containing renewed HBCs dropped from 61% at 7 DPI to 41% at 14 DPI (Figure 3.1E). Over 30% 
of clones contain cells representing both neuronal and sustentacular lineages during regeneration 
(Figure 3.1E) compared to ~10% of HBC-derived clones in the absence of injury (Fletcher et al., 
2017). Thus, at face value, it appears that individual HBCs exhibit multipotency in response to 
injury, unlike their behavior under homeostatic conditions in the Trp63 knockout. 
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Injury Stimulates Symmetric and Asymmetric HBC Cell Divisions Early in 
Regeneration 

To what extent do symmetric and asymmetric cell divisions underlie replenishment of the stem 
cell pool and production of differentiated progenitors? To address this question, clonal lineage 
tracing of HBCs was performed and clones were analyzed at 48 hr post-injury (HPI) (Methods). 
Immunohistochemistry for P63, which marks HBCs, and SOX2, which marks almost all cells in 
the olfactory epithelium at 48 HPI, was used to assign either self-renewal or differentiation cell 
fates of lineage-traced cells (Figure 3.1F). Of 169 clones analyzed across five animals, 129 cell 
doublets (corresponding to cells that underwent a single cell division) were identified            
(Figures 3.1G and 3.1H). Pairs of cells arising from putative symmetric and asymmetric divisions 
of all types were observed; based on expression of P63 and SOX2, symmetric divisions accounted 
for 83% of all doublets (51% self-renewing, 25% differentiating, 7% unknown), while asymmetric 
divisions accounted for just 16% of all doublets (Figure 3.1H). Moreover, among clones of all 
sizes, renewed HBCs accounted for 56% of all scored cells at 48 HPI (Figure 3.1G). These results 
suggest that HBCs utilize a balance of primarily, but not exclusively, symmetric renewing and 
differentiating divisions during regeneration. Moreover, the observation that most doublets appear 
to be the result of either self-renewing or differentiating symmetric cell divisions led us to 
hypothesize that cell fates are chosen by 48 HPI and manifest at or during the time of the first HBC 
cell division.  

Single-Cell RNA Sequencing Identifies Cell States and Lineage Trajectories Specific 
to Injury-Induced Regeneration 

We applied single-cell RNA-seq to HBCs and their descendants to complement the clonal lineage 
studies described in Figure 3.1. We wished to test the hypothesis that cell fates are chosen within 
the first 48 hr following injury by identifying the cell states arising from the activation of HBC 
stem cells during injury-induced regeneration. HBCs were lineage traced, olfactory epithelium was 
harvested, and YFP(+) cells were isolated by fluorescence-activated cell sorting (FACS) in the 
uninjured state and at time points between 24 HPI and 14 DPI to capture cells in multiple phases 
of regeneration (Figures 3.2A and 3.2B). We captured and sequenced a total of 831 YFP lineage-
traced cells across all conditions; following sequencing, 672 cells subsequently passed quality 
filters and were included in downstream analyses (Methods, Table 3.2). The data were then 
clustered to identify the distinct cell types that arise during injury-induced regeneration (Methods). 
Clusters were assigned preliminary identities based on known marker gene expression (Figure 
3.2C). To visualize heterogeneity in gene expression, we produced a two-dimensional 
representation using t-distributed stochastic neighbor embedding (t-SNE; van der Maaten and 
Hinton, 2008), labeled according to resampling-based sequential clustering (RSEC) cluster 
assignment (Figures 3.2D and 3.2E; Methods). All clusters segregate in the t-SNE plot, confirming 
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the cluster assignments made independently by RSEC, which identified many cell types also found 
in our previous analysis of differentiating HBCs (Fletcher et al., 2017). Regeneration is unique, 
however, in the appearance of two novel classes of HBCs that were tentatively assigned as 
activated HBCs (HBC*1, HBC*2) based on their variable expression of the HBC markers Trp63, 
Krt5, and Krt14, and high-level expression of genes associated with epidermal differentiation, 
epithelial stress, and wound response, and the cell cycle (see below and Figure 3.3). 

To gain additional insight into the relative contributions of each experimental time point to each 
cluster, we labeled the t-SNE plot to highlight the time at which cells were collected for analysis 
(Figure 3.2F). By 24 HPI, all cells have shifted to an activated HBC state, with the majority in 
HBC*1 and a few having progressed to HBC*2. Quite strikingly, few if any cells past 48 HPI 
contribute to HBC*1 and HBC*2, indicating that these two clusters comprise a transient state. We 
observe two clusters of cells (HBC1, HBC2) that express the HBC markers Krt5 and Krt14 but 
have slightly lower and more variable expression of the HBC gene Trp63. These two clusters are 
almost exclusively populated by regenerating cells, whereas the resting HBC cluster is populated 
by both uninjured and regenerating cells. Although resting HBCs reappear by 96 HPI, the 
preceding shift of all HBCs to the activated state indicates that this is a requisite intermediate 
through which all cells pass prior to self-renewing or differentiating. We also note that most 
sustentacular cells have formed by 96 HPI, and there are more cells at more differentiated neuronal 
stages at later time points post-injury, consistent with observations from the clonal lineage tracing 
(Figure 3.1). 

To map the routes by which activated HBCs contribute to regeneration of the olfactory epithelium 
following injury, we employed Slingshot, a lineage analysis algorithm that can predict branching 
lineage trajectories from single-cell RNA-seq data (Fletcher et al., 2017; Street et al., 2017). 
Because almost all HBCs have transitioned to the HBC*1 stage and none remain in the resting 
HBC cluster at 24 HPI (Figure 3.2F), we removed the uninjured HBCs contributing to the resting 
HBC cluster from our input to Slingshot and selected the activated HBC cluster (HBC*1) as the 
root of the trajectories. Starting from HBC*1, Slingshot predicts four distinct lineage trajectories 
(Figures 3.2G and 3.2H), all of which pass through HBC*2 (largely cells from the 48 HPI time 
point; Figures 3.2E-3.2H). Importantly, this prediction implies that all lineages, including the 
sustentacular cell lineage, transit through an actively proliferating phase, consistent with the results 
of clonal lineage tracing (Figure 3.1). The lineages branch following this proliferative phase. The 
neuronal lineage (Figure 3.2G, orange) progresses through GBCs and microvillous cells 
(GBC/MV), the immediate neuronal precursors (INP1/2,3), and then immature olfactory sensory 
neurons (iOSN), before terminating in mature neurons (mOSN). The sustentacular cells (SUS, 
magenta lineage) mature directly from the HBC*2 cluster, consistent with our previous 
observation of the close relationship in gene expression between HBCs and sustentacular cells 
(Fletcher et al., 2017). Two apparently self-renewing lineages extend through HBC1 and terminate 
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either in the resting HBC cluster (HBC) or in HBC2 (Figures 3.2G and 3.2H). Curiously, the HBC2 
cluster is heavily populated by cells from the 7 and 14 DPI time points, while resting HBCs have 
already been regenerated by 96 HPI. It is therefore difficult to distinguish from in silico lineage 
reconstruction alone whether HBC2 represents an actual endpoint or rather regenerated HBCs that 
have begun another cycle of differentiation. This issue is addressed through additional clonal 
lineage tracing in vivo, as described below and in Figure 3.5. 

Activated HBCs Are Unique to Injury-Induced Regeneration 

Having identified an activated, transient stem cell state following injury, we next sought to 
establish more definitively that this state is specific to injury-induced regeneration and not present 
during differentiation of HBCs in the absence of injury. To compare the HBC states found in these 
two biological contexts, we used a normalized dataset comprising cells from the present study and 
cells from a prior analysis of HBC differentiation during homeostatic tissue maintenance (Fletcher 
et al., 2017). This latter dataset includes cells lineage-traced following conditional knockout of 
Trp63 plus olfactory progenitors and sustentacular cells expressing a Sox2eGFP reporter gene in a 
Trp63 wild-type background. We plotted these 1232 cells in two dimensions using t-SNE and 
colored the HBCs by cluster identity and by experiment (Figures 3.3A and 3.3B). Interestingly, 
the HBCs segregate by their original cluster assignments, confirming that the transitional HBCs 
from homeostatic differentiation and the activated HBCs induced by injury represent distinct cell 
states. Unlike either of the transitional HBC clusters, one cluster of activated HBCs (HBC*2) 
expresses high levels of cell-cycle-associated genes, comparable to the levels observed in GBCs 
and immediate neuronal precursor cells (Figure 3.3C). Clusters representing more mature cells in 
the neuronal and sustentacular cell lineages are populated by cells from both conditions (Figure 
3.3B). 

A closer examination of differential gene expression across HBC cell types reveals some notable 
differences between resting HBCs, activated HBCs in regeneration, and transitional HBCs from 
differentiation under homeostatic conditions (Table 3.3; Supplementary Figure 3.3). Resting 
HBCs express high levels of Krt5 and Krt14, which are also maintained in activated HBCs but 
largely downregulated in transitional HBCs. Transitional HBCs specifically express high levels of 
Sec14l3, also a marker of sustentacular cells. RNA in situ hybridizations of representative genes 
enriched in the HBC*1 and HBC*2 clusters validate their transient, regeneration-specific 
expression as these genes are downregulated by 96 HPI and not detectable in uninjured tissue 
(Supplementary Figure 3.3). These data provide additional evidence that the activated HBC state 
is specific to injury-induced regeneration and is distinct from the transitional HBCs found during 
differentiation in the absence of injury.  
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Figure 3.2. Single-Cell RNA Sequencing Identifies Distinct Cell States in the Olfactory Stem Cell 
Trajectory Following Injury.  
(A) Immunohistochemistry for the HBC lineage tracer YFP (green), SOX2 (magenta) and P63 (blue), 
shows basal uninjured HBCs and differentiation of HBCs during injury-induced regeneration. Scale bar, 50 
μm. (B) YFP(+) cells were collected by FACS at the indicated times following methimazole administration 
from mice carrying the Krt5-CreER; Rosa26eYFP transgenes. (C) Heatmap of 32 marker genes for various 
cell types in the adult olfactory epithelium. The 11 cell clusters and experimental time points (expt) are 
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indicated across the top. Batch refers to each biological replicate or FACS run (see Methods). (D and E) t-
SNE plots of cells, colored by cluster assignments (D). Cluster medoids and the marker genes used to 
provisionally assign cluster identity are visualized in (E). (F) t-SNE plots as in (D), colored by cluster 
assignment for each experimental time point. (G) Three-dimensional PCA plot of single cell gene 
expression with branching lineage trajectories inferred by Slingshot, using the HBC*1 stage as a starting 
point. Neuronal (orange), sustentacular cell (magenta) and renewing HBC (green) lineages are predicted. 
(H) Projection of cells onto their respective lineage trajectories reflects the developmental order and 
distance. See also Supplementary Figure 3.2. 

Several genes associated with wound response in other epithelial tissues are expressed in the 
activated HBCs, but not in the early transitional HBCs observed in the Trp63 knockout under 
conditions of homeostatic tissue maintenance. To assess the degree of their enrichment in the 
activated HBCs, we constructed a wound-response gene set (Krt6a, Krt16, Sprr1a, Sprr2a3, 
Krtdap, Dmkn, Sbsn, and Hbegf). Collectively, these genes are important for cell shape changes 
and migration, barrier formation, buffering environmental stressors, and inducing proliferation 
(Bazzi et al., 2007; Henry et al., 2012; Shirakata et al., 2005; Wojcik et al., 2000). This gene set is 
highly enriched in the HBC*1 and HBC*2 cells (Figure 3.3D and Supplementary Figure 3.4; see 
also Table 3.3 and Supplementary Figure 3.3), suggesting that the activated HBCs upregulate these 
genes in response to injury to mitigate direct exposure to the environment, migrate, elongate, and 
proliferate to initiate the process of regeneration. One might expect that the cells would also 
express genes associated with more general cellular stress. Indeed, a set of genes related to the 
unfolded protein response shows enrichment in the activated HBCs by gene set enrichment 
analysis (GSEA) (Table 3.4). However, these genes show only a moderate enrichment in the 
activated cells (Supplementary Figure 3.3), suggesting that transcriptional changes in the activated 
HBCs represent more than just a response to cellular stress. Rather, activated HBCs engage a 
specific genetic program associated with the wound response that is both transient and specific to 
injury. 

We employed GSEA to define the functional differences between the different HBC states during 
regeneration (Table 3.4). The first activated HBC cluster, HBC*1, expresses high levels of genes 
associated with mTOR signaling and protein translation (Supplementary Figure 3.3). We validated 
this observation using an antibody to the phosphorylated form of S6 (phospho-S6), an indirect 
downstream target of mTOR signaling that reflects translational activity (Ma and Blenis, 2009). 
At 24 HPI, phospho-S6 and P63 co-localize, but by 48 HPI, phospho-S6 begins to show 
enrichment in the apical layers (Figure 3.3E). GSEA also predicts that the activated HBCs are 
proliferative, as several of the most enriched gene sets in HBC*2 correspond to active cell cycling 
(Supplementary Figure 3.3). In accord with this prediction, the cell cycle marker Ki67 is detectable 
at 24 HPI in the regenerating olfactory epithelium, and almost all cells are Ki67(+) at 48 HPI 
(Figure 3.3F).  
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Figure 3.3. Activated HBCs Are Distinct Cell States Unique to Injury-Induced Regeneration. 
(A) Normalized data from both the regeneration experiment (described in Figure 3.2B) and a separate time-
course for differentiation induced by conditional knockout of Trp63 under homeostatic conditions (Fletcher 
et al. 2017) are plotted in two dimensions using t-SNE, with HBC-specific clusters highlighted. (B) The 
same t-SNE plot as in (A) but colored by experimental origin of the cells; wild-type (WT) uninjured cells 
are shared between the experiments. (C) Visualization of normalized expression of 40 cell-cycle-associated 
genes (see Table 3.7). (D) Visualization of normalized expression of 8 wound response genes (Krt6a, Krt16, 
Sprr1a, Sprr2a3, Krtdap, Dmkn, Sbsn, and Hbegf). (E) Immunohistochemistry for phospho-S6 (a readout 
of protein translation) and P63 in the uninjured olfactory epithelium and at 24 and 48 hr following injury. 
(F) Immunohistrochemistry for Ki67 (a marker of cell proliferation), P63 and SOX2 in the uninjured 
epithelium and at 24 and 48 hr following injury. Scale bar, 50 µm (applies to both E and F). 



97 

Variability in Gene Expression Reveals Heterogeneity of Activated Stem Cell States 
Poised for Differentiation 

We next sought to determine the extent to which the activated HBCs are heterogeneous and 
therefore might represent a stage during which multiple cell fates are initially manifested, as 
initially suggested by the clonal lineage tracing experiments shown in Figure 3.1. Although the 
activated HBCs (HBC*1 and HBC*2) are distinguished by several genes at the population level, 
the expression of these genes is highly variable, indicating heterogeneity at the single-cell level. 
For example, all HBCs express Krt5 at relatively high levels, but expression of Trp63 is less 
consistent. Similarly, genes enriched in HBC*1 cells, such as Krt6a, Sprr1a (wound-response 
genes), and Il33 (a gene expressed in sustentacular cells and also upregulated following epidermal 
injury (Oshio et al., 2017), are expressed in many, but not all, activated HBCs (Figure 3.4B). This 
heterogeneity was corroborated using double RNA in situ hybridizations for Krt5 and Krt6a, Trp63 
and Sprr1a, and Lgals1 and Sprr1a at 24 and 48 HPI (Figure 3.4C and Supplementary Figure 3.4). 
Furthermore, IL33 protein, a marker of the sustentacular cell lineage, is detectable as early as 24 
HPI but becomes restricted to apical P63(-) cells at 48 HPI (Figure 3.4D), suggesting an early 
bifurcation between HBC self-renewal and differentiation. Taken together, the heterogeneity in 
activated HBCs that manifests in more spatially restricted expression domains at 48 HPI suggests 
that lineage commitment occurs as HBCs transit through the activated state during regeneration. 

Approximately 2,000 genes are either up- or downregulated as cells transition from resting HBCs 
to the HBC*1 stage (Supplementary Figure 3.5). Surprisingly, an analysis of the transcription 
factor networks between cell clusters in the neuronal and sustentacular lineages reveals that 
activated HBCs express many of the same transcription factors as the resting HBCs (Figures 3.4E 
and 3.4F, and Supplementary Figure 3.5), which form a common node of the network. Resting 
HBCs therefore appear poised to transition to the activated state without a major change in their 
expression of transcription factors. As in differentiation in the absence of injury (Fletcher et al., 
2017), the sustentacular cells also share many of the same transcription factors with HBCs (Figure 
3.4F). Conversely, during regeneration, the neuronal precursors and neurons occupy a node or 
subnetwork distinct from HBCs in a manner similar to that observed during differentiation under 
homeostatic conditions (Fletcher et al., 2017). 
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Figure 3.4. Activated HBCs Are Heterogeneous.  
(A) Developmental ordering of cells in the lineages inferred by Slingshot. Uninjured HBCs that comprise 
the resting HBC cluster, which were not given as input to Slingshot, were appended to the beginning of 
each lineages as they are the de facto starting point prior to injury. (B) Selected genes associated with resting 
and activated HBCs are plotted for each cell in the lineage order. (C) Localization of Krt5 and Krt6a in 
uninjured olfactory epithelium and at 24 and 48 HPI by RNA in situ hybridization. Cells lineage-traced by 
the Krt5-CreER; Rosa26eYFP transgene were localized using an anti-GFP antibody. (D) 
Immunohistochemical localization of IL33, a marker of a subset of activated HBCs, and P63 in olfactory 
epithelium of Krt5-CreER; Rosa26eYFP mice in uninjured tissue and at 24 and 48 HPI. (E and F) 
Connectivity graphs of the most differentially expressed transcription factors for the neuronal (E) and 
sustentacular cell (F) lineages. The lines connecting transcription factors represent correlated expression 
throughout the lineage and the transcription factor nodes are colored by the cluster in which average 
expression is highest; the size of each node indicates magnitude of expression. See Table 3.3 for a list of 
the transcription factors displayed in each lineage graph.  

To investigate potential links between the signaling pathways and transcription factors present in 
HBCs and the robust transcription of genes in the HBC*1 state, we analyzed the promoters of the 
1,000 genes that showed the highest enrichment in the HBC*1 state relative to the resting HBCs 
(Table 3.5). Ets-domain-containing transcription-factor-binding sites (from Ets, Elk and Elf 
transcription factors) were highly represented (9 of the top 30 motifs). Ets-domain-containing 
transcription factors are established mediators of growth factor signaling, including Egfr signaling 
(Shwartz et al., 2013), dovetailing with our finding that the ligand Hbegf is highly enriched and 
Egfr signaling activated in HBC activated states (HBC*1 and HBC*2). Furthermore, AP-1 binding 
sites are also among the sites most enriched in the promoters of genes that are expressed highly in 
HBC*1 cells (Table 3.5). Accordingly, some of the most enriched transcription factors in both 
resting (HBC) and activated (HBC*1 and HBC*2) clusters are the AP-1 transcription factors, 
which are associated with epidermal wound response and regeneration (Yates and Rayner, 2002; 
Supplementary Figure 3.5).	

Olfactory Cell Fates Are Chosen in the Early Activated HBC State 

We analyzed the gene expression profiles of the activated HBC clusters to identify putative 
markers of subsets of activated HBCs. Through this analysis, we found Hopx, a transcriptional 
regulator implicated in intestinal and hair follicle stem cell identity (Takeda et al., 2011), to be 
expressed in a subset of activated HBCs (Supplementary Figure 3.5). We confirmed by RNA in 
situ hybridization that Hopx is expressed in a subset of activated HBCs at 24 HPI, but not in resting 
HBCs in uninjured olfactory epithelium (Supplementary Figure 3.5), making it a good candidate 
for lineage tracing a subpopulation of activated HBCs.  

To test the prediction that cell fate commitment occurs early during the activated HBC state, we 
carried out a series of lineage tracing experiments in HopxCreER; Rosa26eYFP animals in which Cre 
recombinase activity was induced with tamoxifen either prior to injury or at 24 HPI. Activation of 
Cre recombinase driven from the Hopx locus prior to injury did not result in the labeling of any 
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cells by 14 DPI (data not shown), reflecting the narrow temporal window in which HBCs express 
Hopx and consistent with the absence of Hopx expression in resting HBCs (Supplementary Figure 
3.5). However, induction of HopxCreER at 24 HPI led to the labeling of differentiated clones at 14 
DPI (Supplementary Figure 3.5A). Clones traced with HopxCreER at 24 HPI consisted solely of 
differentiated cells; there were no renewed HBCs (Figures 3.5B and 3.5C). Although all clones 
consisted of cells from either the neuronal or sustentacular lineages, 26% of clones contained cells 
from both lineages, in accordance with our analysis of clonal cell doublets indicating that a 
minority of clones are derived from some type of asymmetric cell fate choice (Figures 3.1F-3.1H). 
Importantly, the lack of renewed HBCs in HopxCreER-derived clones during regeneration 
demonstrates that the cell fate potential of a subset of activated HBCs is restricted to the neuronal 
and sustentacular cell lineages as early as 24 HPI. These observations dovetail with analysis of 
clonal cell doublets (Figures 3.1F-3.1H) and single-cell RNA-seq data (Figure 3.2), both of which 
indicate that the decision to self-renew or differentiate manifests during the activated HBC state.    

Renewed HBCs Are Competent for Self-Renewal and Differentiation 

Our results from both clonal lineage tracing and single-cell RNA-seq confirm that HBCs are 
renewed during injury-induced regeneration but raise the question of whether these renewed HBCs 
are themselves capable of additional rounds of self-renewal and differentiation. HBCs were “late-
traced” in Krt5-CreER; Rosa26Confetti mice 96 hr following injury, a time by which renewed HBCs 
appear in the regenerating tissue (Figure 3.2F). Clones derived from late-traced (renewed) HBCs 
exhibited a stronger tendency to produce renewed HBCs than clones derived from HBCs traced 
prior to injury (27% versus 12% of all cells, and 54% versus 41% of clones for clones traced at 96 
HPI versus prior to injury) (Figure 3.5C and Supplementary Figure 3.5). Renewed HBCs traced at 
96 HPI produced significantly fewer neurons than resting HBCs traced prior to injury (Figure 
3.5D), a difference that could be due in part to the shorter time period of differentiation allowed in 
these late-tracing experiments compared to our conventional labeling and injury scheme (10 versus 
14 days). Clones traced from 96 HPI were also less likely to contain either neuronal or 
sustentacular cells compared to clones traced prior to injury (35% versus 57% neuron-containing 
clones and 43% versus 59% sustentacular cell-containing clones; Figure 3.5C). Thus, renewed 
HBCs continued to differentiate when traced at 96 HPI, although their relative rates of fate 
commitment differed based on the time at which they were lineage traced. 
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Figure 3.5. Cell Fate Choice Occurs Early During the Activated Injury-Response State.  
(A) Representative maximum projections of 40-μm confocal z-stacks containing lineage-traced clones 
derived from Hopx(+) HBC*1 cells. Lineage tracing was induced in HopxCreER; Rosa26eYFP animals at 24 
HPI, and tissue was collected at 14 DPI for analysis. SOX2 antibody was used to identify sustentacular 
cells, HBCs, and GBCs. Scale bar, 25 μm. (B) Composition of HopxCreER-derived clones, traced at 24 HPI 
and scored at 14 DPI (red) compared to clones derived from Krt5(+) HBCs traced prior to injury and scored 
at 14 DPI (blue). (C) Ratios of clones scored by lineage representation: Krt5-CreER; Rosa26-derived clones 
traced prior to injury (left), 24 HPI traced HopxCreER derived clones at 14 DPI (middle), and Krt5-CreER; 
Rosa26-derived clones traced at 96 HPI (right). Multi-lineage clones are indicated by different colored 
rectangles in the horizontal direction, while uni-lineage clones are represented by a single colored rectangle. 
(D) Composition of Krt5-CreER; Rosa26eYFP-derived clones, traced at 96 HPI and scored at 14 DPI (red), 
compared to clones derived from Krt5(+) HBCs traced prior to injury and scored at 14 DPI (blue). P-values 
were calculated using a negative binomial regression model, and the Benjamini-Hochberg method was used 
to adjust for multiple testing (see Methods). 

Our inference of lineage trajectories from single-cell RNA-seq data (Figure 3.2) revealed some 
ambiguities in the renewing HBC lineage, which we attribute in part to the multiple rounds of HBC 
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self-renewal and differentiation demonstrated by clonal lineage tracing (Figures 3.5C and 3.5D). 
Further, the observation that activated HBCs (HBC*1 and HBC*2) derived exclusively from cells 
collected by 48 HPI (Figure 3.2) implies that renewed HBCs do not transit through the injury-
specific activated state when they differentiate later during regeneration (i.e. beginning at 96 HPI). 
It remains to be determined whether the HBC2 cluster, mainly comprising cells collected later at 
7 DPI and 14 DPI (Figure 3.2), represents renewed HBCs, intermediate stages in a later wave of 
differentiation, or both. Whatever the case, there appear to be two successive phases of 
regeneration during the first 2 weeks following injury: an initial phase that involves the activated 
state in which the sustentacular cell fate is prioritized and a second wave that produces relatively 
fewer differentiated cells and bypasses the activated state specific to the initial response to injury.  

Sox2 Is Required for Olfactory Neurogenesis Following Injury 

Having demonstrated that HBCs quickly transition to an activated state upon injury and then 
branch to self-renew or differentiate, we wished to gain insight into the mechanisms driving 
differentiation in the neuronal lineage. Sox2 is a well-established stem cell transcription factor 
associated most commonly with proliferative cells (Arnold et al., 2011; Suh et al., 2007). Sox2 is 
also expressed in HBCs and GBCs in the uninjured olfactory epithelium and in the activated HBCs 
(HBC*1 and HBC*2) during regeneration (Figure 3.2A), suggesting that it would be a good 
candidate for regulating olfactory neurogenesis. Lineage tracing of Sox2(+) cells using a Sox2CreER 
driver demonstrates the presence of a long-term self-renewing Sox2(+) GBC in the uninjured 
olfactory epithelium (Supplementary Figure 3.6). Under homeostatic conditions, conditional 
knockout of Sox2 in these cells resulted in a dramatic reduction in the formation of neurons and 
the number of detectable GBCs (Supplementary Figure 3.6).  

We next examined Sox2’s role in regeneration. In the absence of Sox2, HBCs are still able to self-
renew during regeneration (Figures 3.6B and 3.6D). Quite strikingly, however, the mutant HBCs 
produced fewer Ki67(+) progenitor cells (p = 0.02) and neurons; most lineage-traced differentiated 
cells were sustentacular cells (Figures 3.6C and 3.6D). There was an increase in the number of     
5-ethynyl-2ʹ-deoxyuridine (EdU)-label-retaining cells (Figures 3.6C and 3.6D), suggesting a halt of 
proliferation of the basal progenitors, which include both GBCs and immediate neuronal precursor 
cells (Figure 3.3B). A recent report by Packard et al. (2016) also found defects in olfactory 
neurogenesis in a similar Sox2 conditional knockout, although the number of GBCs appeared to 
be unaltered in that study.   
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Figure 3.6. Sox2 Is Required for Neurogenesis Following Injury to the Olfactory Epithelium.   
(A) Timeline of experimental treatments described in (B-D). (B) Re-formed HBCs (lineage-traced YFP(+), 
EdU(+), P63(+) cells), in both control and Sox2-conditional-knockout samples, are indicated with arrows. 
(C) Proliferative progenitors (top panels, arrowheads) or neurons (bottom panels) following injury 
identified in control or Sox2-conditional-knockout tissue. (D) In the mutant, there is a modest but significant 
increase in the percentage of lineage-traced self-renewed HBCs (EdU(+), P63(+) cells, p = 0.04; left panel); 
the percentage of lineage-traced suprabasal cells that retain the EdU label is significantly increased (right 
panel, p = 0.02), whereas the percentage of proliferative [Ki67(+)] cells is significantly decreased (p = 
0.002; n = 3 for each genotype). (E) Representative maximum projection of a 40-µm confocal z stack 
containing lineage-traced clones derived from Sox2-conditional-knockout HBCs. Lineage tracing was 
induced in Krt5CreER; Sox2lox/lox; Rosa26Confetti HBCs 3 days prior to injury, and tissue was collected at 14 
DPI. Tissue was stained and analyzed as in Figure 3.1. (F) Total cell-type ratios in Sox2 knockout HBC-
derived clones (43 clones across three animals) at 14 DPI, compared to wild-type (121 clones, five animals). 
Self-renewal of HBCs increases in the Sox2 mutant (p = 0.04), but the production of neurons is significantly 
reduced (p < 0.001). (G) Composition of Sox2 knockout HBC-derived clones at 14 DPI, compared to the 
wild-type clones. P-values were calculated using a negative binomial regression model, and the Benjamini-
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Hochberg method was used to adjust for multiple testing (see Methods). Scale bars, 50 μm. See also 
Supplementary Figure 3.6. 

 
Clonal lineage tracing experiments confirmed that conditional ablation of Sox2 in the HBCs 
strongly impedes regenerative neurogenesis. As expected, in the Sox2 conditional knockout, the 
number of neurons was dramatically reduced in HBC-derived clones, accounting for just 7% of all 
counted cells, compared to 51% in wild-type HBC-derived clones (Figures 3.6E-3.6G). Moreover, 
46% of all wild-type clones contained at least one neuron, compared to just 10% of clones in the 
Sox2 mutant (p < 0.001), confirming the deficiency of neurogenesis in the absence of Sox2. The 
numbers of renewed HBCs and sustentacular cells were both increased in Sox2-conditional-
knockout clones, and 91% of mutant clones contained exclusively HBCs, exclusively sustentacular 
cells, or both HBCs and sustentacular cells (Figure 3.6G). Thus, in the absence of Sox2, HBCs are 
defective for olfactory neurogenesis but retain their capacity to self-renew and produce 
sustentacular cells. The persistence of HBC renewal in the absence of Sox2 contrasts with Sox2’s 
demonstrated role in stem cell maintenance and multipotency in other niches (Pevny and Nicolis, 
2010). 

Single-Cell RNA-Sequencing Pinpoints the Requirement of Sox2 to the Formation of 
GBC Progenitors 

The lineage tracing studies described in Figure 3.6 are insufficient to define precisely where in the 
HBC-derived lineage Sox2 is acting, because the identities of cells that either accumulate or are 
depleted in the mutant cannot be unequivocally ascertained using a few immunohistochemical 
markers. We therefore turned to single-cell RNA-seq to more precisely localize the stage at which 
the Sox2 mutant defect manifests. Sox2 was conditionally knocked out in HBCs, and HBCs and 
their descendants were isolated following injury and sequenced (Figure 3.7A). The normalized 
data from regeneration in the wild-type (Figure 3.2) and knockout backgrounds were together 
subjected to cluster analysis. All three major lineages (renewing HBCs, sustentacular cells, and 
neurons) were predicted from this analysis, which also identified three small clusters of activated 
HBCs (collectively labeled as HBC*) that were placed after HBC*2 and prior to the divergence of 
the three lineages (Figures 3.7B-3.7E). The de novo appearance of the HBC* clusters in the 
combined wild-type and Sox2 mutant analysis may be due to the greater statistical power inherent 
in analyzing data from a larger number of cells than the wild-type time course alone. 
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Figure 3.7. Single-Cell RNA Sequencing Pinpoints the Sox2-Conditional-Knockout Defect to the 
Transition from Activated HBCs to GBCs.  
(A) YFP(+) cells were collected by FACS at the indicated times following methimazole administration 
from mice carrying the Krt5-CreER; Rosa26eYFP transgenes and either the Sox2+/+ (WT) or Sox2lox/lox (cKO) 
alleles. (B) Three-dimensional representation of single cell gene expression with branching lineage 
trajectories inferred by Slingshot starting with the HBC*1 cluster (neuronal, orange; sustentacular cell, 
magenta; renewing HBC, green). (C-E) Projection of cells onto their respective lineages reflects 
developmental order and distance for the sustentacular cell lineage (C), renewing HBC lineage (D), and 
neuronal lineage (E). Cells are colored by experimental time point below each line plot, with darker colors 
representing later time points. 

Cells derived from Sox2-conditional-knockout HBCs contributed to the sustentacular cell and 
HBC lineages at levels comparable to wild-type (Figures 3.7C-3.7D). In striking contrast, few 
mutant cells were found in the neuronal lineage past the HBC* stage, indicating an arrest prior to 
the formation of GBCs (Figure 3.7E). The sustentacular cells formed relatively early, with the 
majority arising by the 96 HPI time point, as did the renewing HBCs, which develop from the 
activated state. Thus, Sox2 is not necessary for the earlier cell fate choice between self-renewal 
and differentiation. Differential gene expression analysis comparing wild-type and Sox2-
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knockout-cells in each early HBC cluster showed that Sox2-knockout-HBCs are enriched for 
markers associated with sustentacular cells, including Il33 and Pon1 (Supplementary Figure 3.7; 
Table 3.6). Although it is possible that GBCs form but subsequently fail to proliferate in the Sox2 
mutant, the apparent bias of HBCs toward the sustentacular cell fate suggests that the mutant 
neurogenic phenotype is due to a failure of activated HBCs to transition into GBCs. 

Discussion 

Regeneration-Specific Activated Stem Cell States Mediate Tissue Repair Following 
Injury 

Severe injury places demands on a tissue that are not observed under normal conditions of tissue 
homeostasis. Stem cells must not only respond to the environmental stressors specific to the injury 
itself but must also rapidly rebuild the entire structure, a process requiring robust proliferation and 
differentiation. Upon injury to the olfactory epithelium, HBCs shift en masse to an activated, 
transient state characterized by the rapid initiation of the wound-response transcriptional program, 
which includes upregulation of differentiation-associated intermediate filament keratins (Krt6a 
and Krt16), members of the Sprr gene family (Sprr1a and Sprr2a3), and the stratified epithelium 
secreted peptides complex (Krtdap, Dmkn, and Sbsn) in activated HBCs. These genes are 
associated with epidermal differentiation and are involved in mitigating environmental stressors, 
promoting cell migration and shape changes, and establishing the barrier function of the epidermis 
(Bazzi et al., 2007; Henry et al., 2012; Wojcik et al., 2000). Expression of these genes may be 
important for establishing an initial barrier following destruction of the overlying tissue, given that 
the olfactory epithelium is directly exposed to the environment. Accordingly, the clonal expansion 
of HBCs following injury is strongly biased toward reconstituting the population of apical, 
sustentacular cells prior to establishing the neuronal lineage. 

Self-Renewal and Other Cell Fates Are Determined in the Activated HBC State 

Although two classes of activated HBCs can be clearly distinguished from resting HBCs by their 
transcriptomes, cell-to-cell heterogeneity in gene expression exists within each activated HBC 
class. For example, we found that the transcription factor Hopx is expressed in a small subset of 
activated HBCs by 24 hr following injury. We further demonstrated that activated HBCs lineage 
traced with a HopxCreER driver 24 hr following injury give rise to differentiated cells, but not self-
renewed HBCs. Because HBC self-renewal occurs within this time frame, these observations 
indicate that the activated HBC state represents a window during which specific and restricted cell 
fates are determined. Significantly, the shift of all HBCs by 24 hr following injury to an activated 
state prior to the later appearance of renewed HBCs at 96 hr (Figure 3.2) indicates that self-renewal 
of HBCs during regeneration requires passage through this transient intermediate state. Thus, the 
apparently symmetric self-renewing cell divisions undertaken by HBCs during the injury response 
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appear to reflect a “round trip” to and from the activated state, during which the decision is made 
to self-renew or differentiate. It will be interesting to determine whether self-renewing and 
differentiating divisions in other stem cell niches similarly proceed through an activated 
intermediate. 

While Hopx is expressed in a subset of activated HBCs and is associated with differentiating cell 
fates, the transcription factor Sox2 is expressed in both resting and activated HBCs but plays an 
essential role only in the genesis of the neuronal lineage. A previous report (Packard et al., 2016) 
and the present study demonstrate that Sox2 is required for the formation of olfactory sensory 
neurons during injury-induced regeneration. We further show that in the absence of Sox2, activated 
HBCs fail to transition to neuronally restricted GBCs and instead express genes specific to 
sustentacular cells, which develop in spite of Sox2’s absence.  

Cellular Mechanisms of Multipotency in the Regenerating Olfactory Epithelium 

HBCs are multipotent and give rise to multiple cell types of the olfactory epithelium under both 
homeostatic and regenerative conditions. In the absence of injury, multipotency of HBCs at the 
population level largely arises from unipotent fate choices made by individual HBCs upon genetic 
ablation of Trp63 (Fletcher et al., 2017). During injury-induced regeneration, however, nearly half 
of all clones derived from individual HBCs comprise cells from more than one lineage compared 
to only 10% of HBC-derived clones exhibiting similar multipotency under homeostatic conditions 
(Fletcher et al., 2017). What, then, are the mechanisms underlying stem cell multipotency in the 
regenerating olfactory epithelium?  

The presence of renewed HBCs alongside differentiated cells in regenerating clones raises the 
possibility that HBC multipotency arises from successive rounds of HBC self-renewal, such that 
self-renewed HBCs are competent to adopt different cell fates, including self-renewal. Indeed, late 
tracing of renewed HBCs confirms the sustained multipotency of these cells. This situation is 
reminiscent of regenerating muscle, in which renewed satellite cells retain both their stemness and 
multipotency (Collins et al., 2005) and are also known to arise from a heterogeneous pool of 
activated stem cells (Kuang et al., 2007). Likewise, Lgr5(+) stem cells persist as multipotent stem 
cells following injury to the intestine (Tetteh et al., 2016). Lineage tracing of Hopx-expressing 
cells further reveals that a subset of individual activated HBCs are multipotent, producing clones 
containing sibling sustentacular cells and neurons, but not HBCs. These observations indicate that 
at least some activated HBCs are capable of giving rise to multiple differentiated cell types. The 
present study suggests that multipotency of HBCs may arise through multiple and conserved 
cellular mechanisms that together ensure the repair and complete reconstitution of the olfactory 
epithelium following injury.  



108 

Methods 

Experimental Model Details 

Transgenic Mice 

Mice containing the following transgenes or modified alleles were used in this study: Krt5-
CreER(T2) driver (Indra et al., 1999), Krt5-CrePR driver (Zhou et al., 2002), Trp63lox conditional 
knockout allele (Mills et al., 2002), Sox2lox conditional knockout allele (Shaham et al., 2009), 
Sox2CreER driver (Arnold et al., 2011), HopxCreER driver (Takeda et al., 2011), Rosa26eYFP reporter 
(Srinivas et al., 2001), and Rosa26Confetti reporter (Snippert et al., 2010). All experiments were 
begun on animals at 3-4 weeks of age (P21-P28). We used both male and female mice in our 
studies; all mice were on a mixed C57BL/6 and 129 background and were assumed to be of normal 
immune status. We did not employ blinding in our studies. Information about sex, age and 
genotype of animals used in RNA sequencing experiments is included as metadata in GEO record 
GSE99251. Animals were housed and maintained according to IACUC guidelines. 

Method Details 

Fluorescence-Activated Cell Sorting (FACS) 

We labeled and isolated cells from the postnatal mouse olfactory epithelium. The Krt5-CreER and 
the Rosa26eYFP transgenes were combined with either the wild-type Sox2 allele (Sox2+/+) or the 
conditional knockout of Sox2 (Sox2lox/lox). This approach allowed us to label HBCs and lineage-
trace their descendants. We collected HBCs that were wild-type for Sox2 and the HBC lineage 
following tamoxifen-induced conditional ablation of Sox2 after 24 hr, 48 hr, 96 hr, 7 days, and 14 
days.   

In the HBC lineage tracing experiments, Krt5-CreER; Rosa26eYFP/eYFP and Krt5-CreER; Sox2lox/lox; 
Rosa26eYFP/eYFP mice were injected once with tamoxifen (0.25 mg tamoxifen/g body weight) at P21-
23 days of age and sacrificed at the specified times after injection (Figure 3.2).  For each 
experimental time point, the olfactory epithelium was surgically removed, and the dorsal, sensory 
portion was dissected and dissociated. The dissociation protocol was identical to that used 
previously (Fletcher et al., 2017). Tissue from each animal was processed individually in 
approximately one mL volume. First, approximately 150 units of papain was dissolved in 5 mL of 
Neurobasal medium with 2.5 mM Cysteine and 2.5 mM ethylenediaminetetraacetic acid (EDTA) 
and incubated at 37° C for at least 30 minutes to activate the papain. Then, after dissection into 
Neurobasal medium, the tissue samples were added to an equal volume of the activated papain 
solution along with DNAase I (100 units/mL) and allowed to incubate with gentle nutation for 25 
minutes at 37° C. Following papain digestion and dissociation, the tissue was washed multiple 
times in phosphate buffered saline containing 10% fetal bovine serum (PBS-FBS). Prior to loading 
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on the cell sorter, cells were kept in PBS-FBS, and cells were sorted on a BD Influx sorter into 
PBS-FBS. A negative control (a littermate of the same genotype not injected with tamoxifen) was 
used to ensure proper gating. Propidium iodide was used to identify and select against dead or 
dying cells; only viable YFP(+) cells were collected.   

Cell Capture and Single-Cell RNA Sequencing 

Labeled cells from the olfactory epithelium were subjected to single-cell RNA-seq. 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 capture single 
cells, lyse them, and produce cDNA (Wu et al., 2014). For each replicate, a litter of animals were 
given the same treatment, and each transgenic animal was dissected and processed individually 
prior to loading on the cell sorter. When possible, all cells were obtained from one animal, but if 
one animal did not provide the minimum number of cells necessary to load the C1 chip 
(approximately 2,000 cells), then cells from additional animals were sorted into the collection tube. 
Cells from no more than three animals were pooled in any given FACS purification. Each C1 run 
was considered a single batch. Upon loading of the C1 chip, each capture site was visually 
inspected at 100× magnification for fluorescence, debris, and doublets or multiple cells. The 
following were excluded from future analysis: (1) any capture site scored as having two or more 
cells (doublets or multiplets), (2) any capture site that included additional debris, and (3) any 
capture site that did not have an apparently intact, fluorescent cell. The standard Fluidigm C1 
Single-Cell auto prep system protocol for cell lysis, cDNA synthesis, and amplification was 
followed. This incorporates the Clontech SMART-Seq Ultra Low Input RNA reagents (Clontech 
SMARTer Kit designed for the C1 System) to produce and amplify cDNA. After processing on 
the C1 chip, 7 μL cell harvest buffer (Fluidigm) was added to each sample, resulting in an 
approximate final volume of 10 μL. For quality control purposes, any cell with less than 1.7 ng 
cDNA in 10 μL final volume (quantified using a Qubit fluorometer) was excluded. Illumina 
Nextera tagmentation-based sequencing library synthesis (Nextera XT DNA Sample Preparation 
Kit) was performed using Nextera v2 index oligos (Nextera XT DNA Sample Preparation Index 
Kit). Library size was selected using AMPure XP (Beckman Coulter) beads and confirmed using 
an Agilent Bioanalyzer. Indexed, single-cell libraries were sequenced on Illumina HiSeq 2500 
sequencers to produce 50 nt single-end reads, except for two paired-end read runs (331 cells). Cells 
were sequenced in multiplex, with approximately 192 cells per lane for most runs. Prior to cell 
filtering, average sequencing depth was 1.318 million reads per cell (range 0.000622 to 4.657 
million). 

Clonal Lineage Tracing 

Krt5-CreER; Rosa26Confetti, Krt5-CreER; Sox2lox/lox; Rosa26Confetti , and HopxCreER; Rosa26eYFP 
transgenic mice were used for clonal lineage tracing of the HBC lineage during regeneration. A 
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dose-response analysis was performed to determine an optimal dose of tamoxifen to achieve sparse 
labeling with Krt5-CreER: 0.025 to 0.05 mg tamoxifen/g body weight administered by 
intraperitoneal injection, followed 3 days later by induction of injury to the olfactory epithelium 
via IP injection of methimazole (50 µg/g body weight). At this dose of tamoxifen, at 14 days post 
methimazole administration there were 40 occurrences among 151 (26.5%) clones that expressed 
different reporters (e.g. mCFP and cYFP) with an edge-to-edge distance of 50 μm or less. Because 
the reporters localize to different compartments, we could distinguish close or overlapping clones 
expressing different reporters; we excluded clones that possessed a neighboring clone less than   
50 μm away that also expressed the same reporter. We expect that the same percentage of clones 
were within 50 μm of a clone expressing the same reporter; therefore, we estimate that no more 
than 27% of our scored clones are contaminated by cells derived from multiple independent 
labeling events. For all experiments, at least three animals were assayed per time point 
(Supplementary Figures 3.1, 3.5, 3.6, and 3.7).  

Tissue was fixed overnight (~16 hours), embedded in tissue freezing medium and frozen, and then 
sectioned on a cryostat at 40-μm thickness to allow sampling of the majority if not entirety of each 
clone. 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 
encoded by Rosa26Confetti. Tissue was also labeled with an antibody to SOX2 to visualize the stem 
and progenitor cells, as well as the sustentacular and microvillous cells, and an antibody directed 
against P63 was used to visualize the HBC stem cells specifically. We visualized SOX2 
immunolabeling with an Alexa-568 conjugated secondary antibody (Invitrogen) and P63 
immunolabeling with an Alexa-647 conjugated secondary antibody (Invitrogen). 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, nGFP clones 
were excluded from our analysis. 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 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 organization into multicellular ducts and/or sub-mucosal acini, and 
absence of SOX2 expression. Clones derived from HBCs that had a conditional knockout of Sox2 
were performed as described above for the Krt5-CreER; Rosa26Confetti lineage tracing, except that 
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SOX2 was no longer present in the clones because it was knocked out. Morphology was used in 
conjunction with P63 expression to define cell identity. For all Krt5-CreER clones, confocal z 
stacks were obtained using a Zeiss LSM 710 or 780 confocal microscope, and images were 
processed and quantified using ImageJ (Schneider et al., 2012). For a breakdown of clones by 
animal and reporter, see Supplementary Figures 3.1, 3.5, and 3.7. 

The HopxCreER lineage tracing was performed in a similar manner to the Krt5-CreER; Rosa26Confetti 
lineage tracing described above; however, the Rosa26eYFP reporter was used. But despite using a 
standard dose of tamoxifen (0.25 mg tamoxifen/g body weight), there were so few clones and they 
were so sparsely spaced, it was clear that mostly (if not exclusively) clonal events were observed. 
Because Hopx is transiently expressed after injury in a subset of activated HBCs (predominantly 
HBC*1), to trace Hopx(+) cells, animals were injured first with methimazole, and injected with 
tamoxifen at 24 HPI. Tissue was fixed at two weeks following injury (14 DPI). Clones were 
visualized as described above, and immunohistochemistry for SOX2 was used to help identify cell 
types within clones. Five animals were analyzed for Hopx clones. Epifluorescence microscopy 
was used to score clones. As controls, five animals were injected with tamoxifen prior to injury, 
then injured, and fixed at two weeks following injury (14 DPI), and no clones were observed in 
any animal (data not shown). For a breakdown of clones by animal, see Supplementary Figure 
3.5). Clone quantitation is reported in Table 3.1. 

Histology 

Tissue was fixed at the indicated stages and time points with 4% paraformaldehyde for 16-18 hours 
at 4° C, washed with PBS, and decalcified in 10% ethylenediaminetetraacetic acid (EDTA) in PBS 
at 4° C for a minimum of 3-4 days, washed with distilled H2O, and equilibrated in 30% sucrose in 
PBS overnight at 4° C before mounting and freezing in tissue freezing medium (Fisher). Tissue 
was sectioned at 12-μm thickness on a cryostat.  For immunohistochemistry, tissue sections were 
incubated with PBS containing 0.1% Triton X-100 with primary antibodies diluted in 10% goat or 
donkey serum overnight at 4° C followed by at least three 20 minute washes in PBS with 0.1% 
Triton X-100. For the SOX2, NTUB/TuJ1, IL33, and P63 antibodies, we performed antigen 
retrieval by steaming slides for 15 minutes in 0.01 M sodium citrate followed by a PBS wash prior 
to the PBS with 0.1% Triton X-100 washes. Detection was performed by incubating samples with 
Alexa 488, 555, 568, 594, or 647-conjugated secondary antibodies at room temperature for 2 hr, 
followed by nuclear counterstaining. We used primary antibodies to the following 
antigens:  SOX2, GFP, P63, Ki67, NTUB/TuJ1, Phospho-S6, IL33, NEUROD1, and CASPASE-
3. Nuclei were counterstained with either Hoechst 33342 or DAPI, and/or tissue was visualized 
with brightfield illumination. Fluorescent confocal slices and z stacks were obtained using Zeiss 
LSM 710 or 780 confocal microscopes. To label cells in S-phase of mitosis, 5-ethynyl-2ʹ-
deoxyuridine (EdU) was administered by intraperitoneal injection of animals (0.05 mg EdU/g of 
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body weight). To detect EdU labeling, standard copper Click-iT chemistry was performed after 
antibody detection using standard manufacturer recommended protocols with Alexa Fluor 
conjugated azides (Thermo Fisher Scientific). 

For RNA in situ hybridizations, tissue was fixed for a minimum of 24 hr at 4° C. Probes for RNA 
in situ hybridization were synthesized with either digoxygenin- or fluorescein-labeled UTP. Table 
3.7 includes the oligonucleotides used for PCR amplification of templates for antisense RNA 
probes. The T7 primer sequence was on the 5-prime end of the reverse sequence oligonucleotide, 
and T7 RNA polymerase was used for in vitro transcription of probes. In brief, a standard RNA in 
situ hybridization protocol was used: slides were incubated in a prehybridization buffer for 2 hr. 
Probes were hybridized overnight at 65° C followed by multiple stringent washes in low salt buffer 
at 65° C. Subsequently, alkaline phosphatase-conjugated anti-digoxygenin or anti-fluorescein 
antibodies and BCIP/NBT substrates were used to visualize the hybridized probes. For 
fluorescence detection, the Perkin-Elmer Tyramide Signal Amplification (TSA) kit was used with 
additional washes following antibody incubation and fluorophore amplification; both FITC and 
Cy3 conjugated fluorophores were used. We used the RNAscope (Advanced Cell Diagnostics, 
Inc.) assay, using RNAscope probes and reagent kits, to detect Trp63 and Hopx mRNA following 
the manufacturer’s instructions on fresh frozen tissue. Confocal slices and z stacks of fluorescent 
labeling were obtained using Zeiss LSM 710 or 780 confocal microscopes or by epifluorescence 
on a Nikon compound scope with a Leica DC500 or DFC500 camera. Brightfield images of 
colorimetric RNA in situ hybridization were obtained on a Nikon Microphot compound scope and 
Leica DFC500 camera. For RNA and protein expression profiles, a minimum of biological 
duplicates were analyzed. 

Genetic Mutant Analysis 

The Sox2CreER; Rosa26eYFP transgenic was used to lineage trace the Sox2(+) cells in the uninjured 
olfactory epithelium and tissue was fixed and examined at the indicated hours or days post 
tamoxifen (HPT, DPT) (Supplementary Figures 3.6A and 3.6B).  Transgenic animals were injected 
with tamoxifen at P21 to activate CreER and then fixed at the indicated times. At least three 
biological replicates were examined for each time-point. These time-course images were acquired 
using epifluorescence on a Nikon Microphot compound microscope and a Leica DFC500 camera 
and processed and quantified in Adobe Photoshop. The Sox2CreER knock-in transgene was used in 
conjunction with the conditional Sox2lox allele to ablate the Sox2 gene to assess the role of Sox2 in 
the uninjured olfactory epithelium (Supplementary Figures 3.6C-3.6F).  P21 animals were injected 
with tamoxifen and examined at 3-weeks post tamoxifen by immunohistochemistry for the lineage 
tracer and indicated markers. Four biological replicates were analyzed for each genotype, and a 
total of 4-5 mm of olfactory epithelium was examined for each biological replicate. To assess the 
impact of Sox2 on HBCs under homeostatic conditions, we used the Krt5-CrePR driver to 
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conditionally knockout Sox2 in the HBCs and examined three biological replicates for each 
condition at three weeks and nine weeks of age (Supplementary Figures 3.6G and 3.6H). The Krt5-
CrePR transgene does not require activation in the olfactory epithelium and is constitutively 
expressed after birth, commencing at approximately P3 (Fletcher et al., 2011). As a second 
approach, to assess the role of Sox2 in stem cell maintenance and differentiation in the uninjured 
olfactory epithelium, we used the Krt5-CrePR transgene in conjunction with the Trp63 and Sox2 
conditional KO alleles. Three biological replicates were examined for each of three genotypes      
(1. Sox2lox/lox; Trp63lox/+; 2. Sox2lox/+; Trp63lox/lox; 3. Sox2lox/lox; Trp63lox/lox) with the indicated markers 
(Supplementary Figures 3.6I and 3.6J). A minimum of 2 mm of olfactory epithelium was examined 
for each biological replicate. To assess the role of Sox2 during regeneration, the Krt5-CreER, 
Sox2lox, Rosa26eYFP transgenic alleles were used. P21 animals were injected with tamoxifen (0.25 
mg tamoxifen/g body weight), and injury was induced with methimazole (0.05 mg methimazole/g 
body weight) three days later. To label cells in S-phase of the cell cycle,              5-ethynyl-2ʹ-
deoxyuridine (EdU) (0.05 mg EdU/g of body weight) was injected once per day for three 
consecutive days at 24, 48, and 72 HPI. Tissue was collected and fixed at 14 DPI. 
Immunohistochemistry was performed for the indicated markers, and EdU was visualized as 
described above. Three biological replicates (n = 3) were analyzed for each of Sox2lox/+ and 
Sox2lox/lox, and a minimum of 2 mm of olfactory epithelium were counted for each replicate. All 
images related to the comparison of controls and Sox2 conditional knockouts were obtained on 
confocal microscopes, either Zeiss LSM 710 or 780 models; images were processed and counted 
in either Adobe Photoshop or NIH ImageJ. 

Quantification and Statistical Analysis 

Statistical Analysis of Genetic Mutants and Clonal Lineage Tracing 

To test for differences in the number of YFP-positive and/or specific marker positive cells between 
the wild-type or heterozygous and conditional knockout samples, we implemented a negative 
binomial regression model with the glm function in R. We applied the same approach to different 
tracing strategies in the clonal analysis. Additionally, to compare percentages of marked cells 
between genotypes or tracing strategies, we fit the model to the marker-specific or cell-type counts 
and included the total YFP-positive cell counts as an offset term. This allowed us to account for 
differences in the number of YFP-positive cells while still modeling the data as counts and 
allowing for possible overdispersion. All p-values were adjusted for multiple testing using the 
Benjamini-Hochberg method implemented by the p.adjust function in R and are presented in the 
text and appropriate figure legends. To be conservative, p-values less than 10E-3 were presented 
as p < 0.001. 
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Single-Cell RNA-Seq Alignment and Filtering 

Reads were aligned to the GRCm38.3 (mm10, patch release 3) mouse genome assembly with 
Tophat2 (Version 2.1.1; Kim et al., 2013), and low quality reads were removed with Trimmomatic 
(Version 0.3.2; Bolger et al., 2014). We used RefSeq transcript annotations, which were modified 
to contain sequences of specific genes used in our analysis (e.g. CreER and eGFP), and we counted 
the number of reads aligning to every gene (defined as the union of all splice forms) with 
featureCounts (Version 1.5.0-p3; Liao et al., 2014). Reads that aligned to more than one gene as 
well as chimeric fragments were excluded.  We also removed the 37 genes that failed to be 
quantified in at least one sample by Cufflinks (Trapnell et al., 2010). 

We implemented a quality control (QC) pipeline that computes an extensive set of quality metrics, 
relying in part on FastQC (Version 0.3.2) and the Picard suite of alignment metrics (Version 2.5.0 
with samtools 1.3.1; Li et al., 2009).  We used the open-source R package scone (Cole et al., 2017; 
https://bioconductor.org/packages/scone; Version 0.0.7) to perform data-adaptive quality metric-
based cell filtering. This yielded the following filtering criteria: any cell with fewer than 100,000 
aligned reads or a percentage of aligned reads below 88.8% was filtered out. We identified cells 
that were non-sensory contaminants by expression of Reg3g in uninjured cells and high expression 
of Csf1r combined with low expression of eGFP. We also eliminated doublets by co-expression 
of known neuronal (Omp) and sustentacular cell markers (Cyp1a2 or Cyp2g1). After filtering out 
low quality cells and removing doublets and non-sensory epithelial contaminants, 672 cells (out 
of 849) remained. Finally, to ensure stability in subsequent cluster analysis, we retained only those 
genes having at least 40 reads in at least 5 cells (12,781 genes).     

Normalization of Single-Cell RNA-Seq Data 

We performed and assessed several normalization schemes using the SCONE algorithm, based on 
a set of 9 data-driven performance metrics. These metrics aim to capture two main features of each 
normalization procedure: the ability to remove unwanted technical variation and the ability to 
preserve wanted biological variation of interest. The first group of performance metrics includes 
the correlation of expression measures with factors derived from validated markers of various 
olfactory epithelium cell types (positive control genes) and the average silhouette width 
(Rousseeuw, 1987) of the obtained clusters (cluster quality). Metrics in the second group include 
the correlation of expression measures with factors derived from “housekeeping” negative control 
genes (obtained from our earlier microarray experiments analyzing injury-induced regeneration of 
the olfactory epithelium) and the correlation between expression measures and quality control 
(QC) measures. See the scone package vignettes (available at https://github.com/YosefLab/scone) 
for more details. According to SCONE, full-quantile normalization (Bolstad et al., 2003; Bullard 
et al., 2010), followed by regression-based adjustment for housekeeping genes, was among the 
best performing normalizations. We specifically chose one factor of adjustment, as previous 
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experience had demonstrated that removing additional factors removed known biological variation 
(data not shown); the selected normalization was the top ranked method once this criterion was 
taken into account. Specifically, principal component analysis (PCA) was applied to the matrix of 
housekeeping genes, and the first PC was used as a quantitative factor of “unwanted” technical 
variation across cells. Then, the log-transformed quantile-normalized expression measures (adding 
a pseudocount of 1 prior to the log transformation) for each gene were modeled as a linear function 
of this technical covariate. The normalized expression measures were defined as the residuals from 
the linear model fit, rescaled to have the same mean as the log-transformed quantile-normalized 
read counts.  

Clustering of Single-Cell RNA-Seq Data 

We used the clustering framework Resampling-based Sequential Ensemble Clustering (RSEC) to 
obtain stable and tight cell clusters. The method is implemented in the open-source 
clusterExperiment R package (Risso et al., 2018; Version 0.99.3-9001) available at Bioconductor 
Project (http://bioconductor.org/packages/clusterExperiment). Briefly, RSEC comprises the 
following steps. Given a base clustering algorithm, which we chose to be k-means, where the 
parameter k determines the number of clusters (Hartigan and Wong, 1979), RSEC creates 
ensemble clusters by the following steps: 1) repeatedly subsampling the observations (cells or 
genes, respectively), 2) clustering each set of subsampled observations with k-means, and then 3) 
forming a final clustering determined by clustering samples based on the percentage of subsamples 
for which two observations were assigned to the same cluster. This procedure was repeated for 
increasing k (the number of clusters), in order to find the cluster that changed the least; this cluster 
was deemed the most stable and removed, and then the entire clustering procedure was repeated 
on the remaining data. This sequential strategy follows that of Tseng and Wong (2005) and ensures 
that outlying clusters do not dominate the clustering; it also alleviates the dependence on the 
number of clusters k in lieu of other parameters that define required cluster similarity and stability. 
RSEC generates a large collection of such cluster sets by repeating the above procedure for 
different choices of the parameters defining similarity and stability; it then identifies a consensus 
over the different candidate sets based on the co-clustering of observations. This approach tends 
to result in a large number of small clusters that sometimes do not differ substantially in terms of 
gene expression. Hence, the last step of RSEC is to merge closely related clusters that do not 
exhibit differential expression. The vignette of the clusterExperiment package provides additional 
details on the RSEC algorithm. 

When applied to the first 50 principal components of the entire expression matrix; RSEC found 12 
(wild-type) and 16 (combined wild-type and Sox2 conditional knockout) stable clusters, which 
were then manually inspected for the presence of marker genes of known cell types to make 
preliminary assignments of cell type identities. A final repertoire of 11 (wild-type) and 14 (wild-
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type and Sox2 conditional knockout) clusters was obtained after removing additional contaminants 
marked by Fabp5 and low quality samples marked by extremely poor alignment to coding regions 
(data not shown).  

Preliminary assignment of cluster identities were determined as follows, as in our previous 
characterization of olfactory epithelial clusters (Fletcher et al., 2017). Resting HBCs are 
characterized by expression of HBC markers Trp63, Krt5, and Krt14. GBCs are marked by 
expression of Kit, Ascl1, and cell cycle genes and microvillous cells by Ascl3 and Cftr; these 
distinct cell types, validated experimentally, were represented by one combined cluster. 
Intermediate neuronal precursors were represented by two clusters, one cluster containing cells 
expressing high levels of Neurod1, cell cycle genes, and Lhx2 (denoted INP1/2, to reflect the 
presence of both INP1 and INP2 cell types), and another expressing lower levels of Lhx2 but also 
expressing Gap43 (INP3). Gap43 expression is highest in the immature neurons, and the mature 
neurons express not only high levels of Omp but also the cyclic nucleotide-gated channel subunit 
Cnga2 and Gγ13. The sustentacular cell cluster is a combined cluster of both immature (Reg3g) 
and mature sustentacular cells (Cyp2g1 and Cyp1a2). 

t-Distributed Stochastic Neighbor Embedding 

To display the relative distances between cells in a lower-dimensional representation of gene 
expression space, we employed t-distributed stochastic neighbor embedding (t-SNE; van der 
Maaten, 2014; van der Maaten and Hinton, 2008). t-SNE is a method of dimensionality reduction 
that excels at representing distances on multiple scales. We use it here to visualize our data 
independently from how we generated the cell clusters (for clustering, see RSEC above). We use 
the Barnes-Hut implementation, as available in the Rtsne R package. We set perplexity to 30 with 
1,000 iterations; varying the perplexity and increasing iterations does not alter our conclusions 
about the congruence between the t-SNE visualization and our clustering results (data not shown).  

Cell Lineages and Developmental Distance 

We used a recently developed cell lineage inference algorithm, Slingshot (Street et al., 2017; 
Version 0.0.3-4, available as an open-source R package slingshot at 
https://github.com/kstreet13/slingshot), to identify lineage trajectories and bifurcations and to 
order cells along trajectories. Slingshot takes as input a matrix of reduced dimension normalized 
expression measures (e.g., PCA) and cell clustering assignments. It infers lineage trajectories and 
branchpoints by connecting the cluster medoids using a minimum spanning tree (MST) and 
identifying the starting cluster or root node. Lineages are defined by ordered sets of clusters 
beginning with the root node and terminating in the most distal cluster(s) with only one connection. 
Next, principal curves (Hastie and Stuetzle, 1989) are fit to the subsets of cells making up each 
lineage, providing a smooth, nonlinear summary of each trajectory. Individual cells are then 
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orthogonally projected to each curve and thereby ordered in a space reflecting developmental 
distance. The ordering provided by Slingshot, analogous to pseudotime, is referred to herein as 
developmental order. 

After an additional merging step, a single cluster containing fewer than 10 cells (<1% of the total 
population studied) was deemed to be less reliable and not included in the input to Slingshot for 
the combined wild-type and Sox2 conditional knockout dataset. The wild-type dataset produced 
no clusters with fewer than 10 cells. The cluster representing the earliest activated HBCs (24 hr 
cells) was chosen as the root node. In addition to assignment of the starting point, slingshot allows 
for the user to specify known end points of the developmental lineage to better guide its 
identification. Using this feature, we assigned mature sustentacular cells as an endpoint. Note that 
this assignment only constrains that cluster; all other clusters are allowed to be placed anywhere 
on a lineage, and additional endpoints can be found beyond this one, as was the case in our data. 
slingshot then generated simultaneous principal curves and cell developmental distances for each 
lineage. slingshot was applied to the first six principal components of the normalized expression 
matrix. Six components were chosen based on examining the separation of cells along individual 
PCs (Supplementary Figure 3.2E), although the MST was stable across a range of PCs, lending 
credence to this model (data not shown). 

Differential Expression 

We used limma for differential expression (DE) analysis between clusters within each lineage, 
applying a one-versus-all approach (i.e., comparing the average of one cluster to the average of all 
the other clusters in that lineage, Table 3.3). For each lineage, the top 500 DE genes (lowest 
adjusted p-value) for each one-versus-all comparison were retained. For the DE analysis between 
activated and transitional HBCs presented in Figure 3.3C and Table 3.3, we used limma voom, 
applying a pair-wise comparison between a combined cluster of activated HBCs and a combined 
cluster of transitional HBCs (Table 3.3). To identify genes enriched in the HBC*1 cluster relative 
to resting HBCs for binding site motif enrichment analysis, we performed pair-wise DE analysis 
between HBC*1 and HBC cell clusters and selected the 1,000 genes with the highest log-fold 
enrichment in HBC*1, using an adjusted p-value cutoff of 0.05 (Table 3.3, sheet 6). 

Gene Set Enrichment Analysis 

After clustering the cells, we used limma (Version 3.28.19; Smyth, 2004) for DE analysis as 
implemented in the clusterExperiment package. We applied limma’s implementation of the 
ROMER rotation test to perform gene set enrichment analysis (GSEA) (Ritchie et al., 2015) with 
107 rotations contrasting each cluster.  Gene sets were taken from the Molecular Signatures 
Database (MSigDB) at the Broad Institute and included all Hallmark gene sets (H) in addition to 
the Canonical pathways, KEGG, and Reactome gene sets from the curated (C2) gene sets. 
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Volcano Plots 

We used clusterExperiment’s wrapper around limma for DE analysis across all lineages applying 
a pairwise approach (i.e., comparing the average of one cluster to the average of each other cluster, 
Table 3.2). We plotted the –log10 adjusted p-value (Benjamini-Hochberg correction) versus log2 
fold-change in expression for each pairwise comparison corresponding to a transition predicted by 
Slingshot. Volcano plots highlight genes that are downregulated or upregulated with a fold-change 
greater than two (logFC > 1) and an adjusted p-value less than 0.01. 

Transcription Factor Co-Expression Networks 

Transcription factor network diagrams were based upon transcription factor genes that were among 
the 500 most differentially expressed genes within each lineage, using the previously mentioned 
one-versus-all approach (Table 3.3). A list of transcription factors was obtained from the Animal 
Transcription Factor Database. Only transcription factors that had a correlation of at least 0.3 with 
at least 5 other differentially expressed transcription factors along the lineage were included in the 
correlation network. This correlation threshold was chosen to be greater than the maximum 
pairwise correlation after random permutation, as previously done in Treutlein et al. (2016).  

Transcription Factor Binding Site Motif Analysis 

We used Homer’s findMotifs function (Heinz et al., 2010) to identify known transcription factor 
binding site enrichment for the genes that were the most enriched in HBC*1 relative to resting 
HBCs. This list of differentially expressed genes was derived from pairwise DE as described above 
(Table 3.3). The top 1,000 genes ranked by log-fold change (all with adjusted p-values < 0.05) 
were used as input into Homer’s findMotifs function. Nine hundred fifty genes were recognized 
by Homer. We analyzed the sequence from 1,000 bp upstream of the transcriptional start site to 
100 bp downstream. We modified the findMotifs.pl script to calculate adjusted p-values (q-values) 
to three significant digits. The top 30 conserved known binding sites are presented in Table 3.5. 

Odorant Receptor Expression Analysis 

Since odorant receptors (ORs) are typically expressed at one allele per mature olfactory sensory 
neuron, we chose to investigate transcripts per million (TPM) output from RSEM (Version 1.2.31; 
Li and Dewey, 2011) to assess OR expression in the neuronal lineage instead of filtered counts 
because most olfactory receptors would have been filtered out. For this analysis, we aligned reads 
to the transcriptome with Bowtie2 (Version 2.2.9; Langmead and Salzberg, 2012) and quantified 
gene expression with RSEM, while setting the alignment parameters to the ones recommended by 
RSEM’s authors. Analysis of OR expression using Kallisto (Bray et al., 2016) TPMs gave similar 
results (data not shown). 
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Data and Software Availability 

Accession Numbers 

The accession numbers for the RNA-seq data reported in this paper are Gene Expression Omnibus 
GEO: GSE99251 and GEO: GSE95601. 

Software 

Analysis scripts for this dataset can be found at https://github.com/diyadas/HBC-regen. The R 
software packages scone, clusterExperiment, and slingshot are available on GitHub and 
Bioconductor as described above. 
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Resources Table 

Reagent or Resource Source Catalog ID / URL 
Antibodies 
Chicken: GFP/YFP Abcam Catalog No. ab13970 

Goat: SOX2 Santa Cruz 
Biotechnology Catalog No. SC17320 

Donkey anti-Goat: Alexa-594 
conjugated secondary antibody  

Thermo Fisher 
Scientific Catalog No. A-11058 

Donkey anti-Chicken: Alexa 488 
conjugated secondary antibody 

Jackson 
ImmunoResearch Catalog No. 703-545-155 

Donkey anti-Rabbit: Alexa 488 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-21206 

Donkey anti-Rabbit: Alexa-555 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-31572 

Donkey anti-Rabbit: Alexa-568 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-21207 

Donkey anti-Mouse IgG: Alexa-
568 conjugated secondary 
antibody 

Thermo Fisher 
Scientific Catalog No. A-10037 

Donkey anti-Mouse IgG: Alexa-
647 conjugated secondary 
antibody 

Thermo Fisher 
Scientific Catalog No. A-31571 

Donkey anti-Goat: Alexa-647 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-21447 

Goat anti-Chicken: Alexa 488 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-11039 

Goat anti-Chicken: Alexa-647 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-21449 

Goat anti-Mouse IgG: Alexa-647 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-21235 

Goat anti-Rabbit: Alexa-568 
conjugated secondary antibody 

Thermo Fisher 
Scientific Catalog No. A-11011 

Mouse: P63 (4A4) BioCare Catalog No. CM163B 

Goat: NEUROD1 Santa Cruz 
Biotechnology Catalog No. SC1084 

Mouse: NTUB/TuJ1 Neuromics Catalog No. MO-15013 

Rabbit: Phospho-S6 Cell Signaling 
Technology Catalog No. 5364(P) 

Rabbit: Ki67 Abcam Catalog No. ab15580 
Goat: IL33 R&D Systems Catalog No. AF-3626 

Rabbit: Caspase-3 Cell Signaling 
Technology Catalog No. 9661 

Alkaline phosphatase-conjugated 
anti-digoxygenin Sigma Catalog No. 11093274910 
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Alkaline phosphatase-conjugated 
anti-fluorescein Sigma Catalog No. 11426338910 

Chemicals, Peptides, and Recombinant Proteins 

tamoxifen Sigma T5648 
methimazole Sigma M8506 

Neurobasal medium Thermo Fisher 
Scientific 21103049 

papain 
Worthington 
Biochemical 
Corporation 

LS003119 

fetal bovine serum Thermo Fisher 
Scientific 26140-087 

propidium iodide Sigma 81845 
tissue freezing medium Fisher 15-183-13 

goat serum Jackson 
ImmunoResearch 005000121 

donkey serum Jackson 
ImmunoResearch 017000121 

Hoechst 33342 Thermo Fisher 
Scientific H3570 

DAPI in Vectashield Vector Laboratories H-1500 
5-ethynyl-2ʹ -deoxyuridine 
(EdU) 

Thermo Fisher 
Scientific A10044 

Dig RNA labeling mix Roche (sold by 
Sigma) 1277073 

RNA Labeling Mix, Fluorescein Roche (sold by 
Sigma) 11685619910 

BCIP/NBT color development 
substrate Promega s3771 

DNase I Roche 03539121103 

Critical Commercial Assays 

C1 IFC for mRNA-seq (5-10 μM) Fluidigm 1005759 
C1 IFC for mRNA-seq (10-17 μM) Fluidigm 1005760 
C1 Single-Cell Auto Prep Kit for 
mRNA Seq Fluidigm 100-6209 

C1 Single-Cell Auto Prep 
Reagent Kit for mRNA Seq Fluidigm 100-6201 

SMARTer Ultra Low RNA Kit 
for the Fluidigm C1 System Clontech 634833 

Advantage 2 PCR Kit Clontech 639207 
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Agilent High Sensitivity DNA 
Kit Reagents Agilent 5067-4626 

Nextera XT DNA Sample 
Preparation Kit Illumina FC-131-1096 

Nextera XT DNA Sample 
Preparation Index Kits A-D Illumina FC-131-2001-4 

Agencourt AMPure XP beads Beckman Coulter A63880 
Qubit dsDNA High Sensitivity 
Assay Kit 

Life Technologies 
Molecular Probes Q32854 

Tyramide Signal Amplification 
kit cy3 Perkin-Elmer NEL744001KT 

Tyramide Signal Amplification 
kit FITC Perkin-Elmer NEL741001KT 

Click-iT EdU Imaging Kit, Alex 
Fluor 647 

Thermo Fisher 
Scientific C10340 

RNAscope Reagent Kit Advanced Cell 
Diagnostics 320513 

Deposited Data and Scripts 

Raw data, normalized counts 
matrix GEO GEO: GSE99251, GSE95601 

Scripts for analysis GitHub https://github.com/diyadas/HBC-
regen 

Experimental Models: Organisms/Strains 

Mus musculus: C57BL/6 JAX mouse services Stock no. 000664 
Mus musculus: B6.129-Krt5-
CreER(T2) Indra et al., 1999 N/A 

Mus musculus: B6.129-Krt5-
CrePR Zhou et al., 2002 N/A 

Mus musculus: B6.129-Trp63lox/lox Mills et al., 2002 N/A 

Mus musculus: B6.129-Sox2eGFP JAX mouse services;       
Arnold et al., 2011 Stock no. 017592 

Mus musculus: B6.129-Sox2lox/lox JAX mouse services;      
Shaham et al., 2009 Stock no. 013093 

Mus musculus: B6.129-Hopx-
CreER 

JAX mouse services;      
Takeda et al., 2011 Stock no. 017606 

Mus musculus: B6.129-Sox2-
CreER 

JAX mouse services;      
Arnold et al., 2011 Stock no. 017593 

Mus musculus: B6.129-Rosa26eYFP JAX mouse services;      
Srinivas et al., 2001 Stock no. 006148 

Mus musculus: B6.129-
Rosa26Confetti 

JAX mouse services;      
Snippert et al., 2010 Stock no. 013731 
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Oligonucleotides 

See Table 3.7. N/A N/A 

Software and Algorithms 

ImageJ (Version 1.48v) Schneider et al., 
2012 https://imagej.nih.gov 

Bowtie2 (Version 2.2.9) Langmead and 
Salzberg, 2012 

http://bowtie-
bio.sourceforge.net/bowtie2/index.sht
ml 

Cufflinks (Version 2.2.1) Trapnell et al., 2010 cole-trapnell-lab.github.io/cufflinks/ 

Trimmomatic (Version 0.3.2) Bolger et al., 2014 http://www.usadellab.org/cms/index.
php?page=trimmomatic 

Tophat2 (Version 2.1.1) Kim et al., 2013 http://ccb.jhu.edu/software/tophat/ 
RSEM (Version 1.2.31) Li and Dewey, 2011 https://deweylab.github.io/RSEM/ 
Kallisto (0.43.0) Bray et al., 2016 https://pachterlab.github.io/kallisto/ 

featureCounts (Version 1.5.0-p3) Liao et al., 2014 http://bioinf.wehi.edu.au/featureCoun
ts/ 

FastQC (Version 0.3.2) N/A http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/ 

Picard Tools (Version 2.5.0) N/A https://broadinstitute.github.io/picard/ 
samtools (Version 1.3.1) Li et al., 2009 http://www.htslib.org/ 
R (Version 3.3.0) N/A https://www.R-project.org/ 

SCONE (Version 0.0.7) Cole et al., 2017 https://bioconductor.org/packages/rel
ease/bioc/html/scone.html 

clusterExperiment (Version 
0.99.3-9001) Risso et al., 2018 http://bioconductor.org/packages/rele

ase/bioc/html/clusterExperiment.html 
Slingshot (Version 0.0.0.9005-3) Street et al., 2017 https://github.com/kstreet13/slingshot 

limma (Version 3.28.19) Smyth, 2004 https://bioconductor.org/packages/rel
ease/bioc/html/limma.html 

HOMER (Version 4.9.1) Heinz et al., 2010 http://homer.ucsd.edu/homer/ 
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Supplementary Figures and Tables 

 

Supplementary Figure 3.1. Related to Figure 3.1. 
(A) Distributions of neurons per clone (top) and sustentacular cells per clone (bottom) in clones possessing 
at least one of each cell type, respectively, at 7 DPI. (B) Histogram of clone compositions at 7 DPI (top) 
and 14 DPI (bottom), according to the presence of at least one cell of a given cell type. Key for cell types: 
H, HBC; G, GBC; I, immediate neuronal precursor; N, neuron; M, microvillous cell; S, sustentacular cell; 
B, Bowman’s gland. (C) Prevalence of clones lineage-traced by membrane CFP (blue) or cytoplasmic YFP 
(yellow), by animal, at 7 DPI (top) and 14 DPI (bottom).  
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Supplementary Figure 3.2. Related to Figure 3.2. 
(A) The first five principal components of the expression matrix of all detected genes effectively separate 
the clusters and serve as input for Slingshot. (B and C) Like steady-state differentiation (Fletcher et al. 
2017), regeneration is generally asynchronous, as demonstrated by the partial overlap of experimental 
condition and cell cluster identity, but cells from early time-points populate the activated HBC clusters. In 
(B), the size of the circles reflects the proportion of cells from each cluster derived from each experimental 
condition. In (C), the size of the circles reflects the proportion of cells from each experimental condition 
that contribute to each cluster. Most experimental conditions contribute to multiple clusters, while the 
uninjured HBCs predominantly populate the resting HBC cluster. (D) Expression of odorant receptors 
(ORs) in the neuronal lineage, with cells sorted by their developmental order. On the left, the top plot 
reveals significant upregulation of OR expression in mature olfactory sensory neurons (mOSN; orange); 
the second and third plots show the number of OR genes expressed per cell at different thresholds of 
expression. Multiple ORs are detected at the third immediate neuronal precursor stage (INP3; purple); as 
cells mature, the pattern shifts to high level expression of one OR per cell, starting in the immature olfactory 
sensory neuron (iOSN) stage (yellow). The remaining plots display selected transcription factors, chromatin 
modifiers and other signaling molecules relevant to OR gene expression.  
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Supplementary Figure 3.3. Related to Figures 3.3 and 3.4. 
(A) RNA in situ hybridizations for selected marker genes in uninjured olfactory epithelium (UI) and at 24 
hr, 48 hr, 96 hr and 7 days following injury with methimazole. Beginning at 24 HPI, activated HBCs express 
markers associated with wound response and proliferation, which become more apically restricted after 48 
HPI. (B) Heatmap of the top 50 differentially expressed genes between the activated HBCs from 
regeneration and the transitional HBCs from uninjured differentiation. The top color bar indicates the type 
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of HBC cluster/celltype. The experimental condition/timepoint for each cell is indicated in by the color bar 
labeled “expt”. Batch is discussed in the Methods and refers to the biological replicate FACS run for each 
experiment. (C) Examples of enriched gene sets for the resting HBCs, HBC*1, and HBC*2, identified by 
gene set enrichment analysis (GSEA) of the wildtype regeneration data. (D) This t-SNE plot indicates the 
enrichment of the UPR gene set identified by GSEA in the cells of the wildtype regeneration experiment.  
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Supplementary Figure 3.4. Related to Figure 3.4. 
(A) Co-expression of selected marker genes in resting and activated HBCs. Although Krt5 expression 
remains high through all HBC stages, there is heterogeneity in expression of other stem cell markers and 
wound response genes. (B) Cell cycle-associated genes show more coordinated expression in the HBC*2 
cluster (grey), in comparison to other HBC clusters. (C) Krt16, Lgals1, and Hopx are enriched in a subset 
of activated HBCs. Color scheme of cluster assignments in panels A-C as in Figure 3.2. (D) Heterogeneity 
of activated HBCs demonstrated by partial overlap of markers at 24 and 48 HPI. YFP was detected by 
immunohistochemistry using an anti-GFP antibody and marker genes were detected by RNA in situ 
hybridization. (E) Krt6a and Krt16 mark a subset of Krt5+ HBCs, which have variable levels of P63 
expression. P63 was detected by immunohistochemistry using an anti-P63 antibody and other marker genes 
were detected by RNA in situ hybridization. (F) Connectivity graph for differentially expressed 
transcription factors in the neuronal lineage, colored by ranked average expression with respect to other 
clusters in the lineage. See also Table 3.5.  
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Supplementary Figure 3.5.  Related to Figures 3.4 and 3.5. 
(A and B) Differentially expressed transcription factors in the neuronal (A) and sustentacular cell (B) 
lineages. As in steady state differentiation, the neuronal lineage during regeneration exhibits step-like 
transitions in between cell types. (C) Volcano plots of –log10 adjusted p-value (-log10(adj. p-value)) versus 
log2 fold-change (logFC) between early HBC clusters. The plots display the number of differentially 
expressed genes between the clusters at each transition in the lineage (genes with adj. p-value < 0.01 and 
logFC > 1 are shown in black). Upregulated genes are shown in red text and downregulated in blue. Limma 
was used for differential expression, and the p-values were adjusted for multiple testing using the 
Benjamini-Hochberg procedure (see Methods). The step from resting HBCs to activated HBCs is marked 
by both downregulation and upregulation of many genes, while fewer changes occur between the HBC*1 
and HBC*2 states. In both cases, relatively few of these differentially expressed genes are transcription 
factors. See Table 3.3. (D and E) Expression of AP-1 transcription factors in the neuronal (D) and 
sustentacular cell (E) lineages. (F) Distributions of neurons per clone (top) and sustentacular cells per clone 
(middle) in clones possessing at least one of each cell type, respectively, in the HopxCreER and Krt5-CreER 
late-tracing experiments. Data for the number of CFP and YFP clones in each animal for the latter 
experiment are presented (bottom). (G) Histogram of clone compositions in the HopxCreER (top) and Krt5-
CreER late-tracing (bottom) experiments, according to the presence of at least one cell of a given cell type. 
Key for cell types: H, HBC; G, GBC; I, immediate neuronal precursor; N, neuron; M, microvillous cell; S, 
sustentacular cell; B, Bowman’s gland. (H) This t-SNE plot shows expression of Hopx in the combined 
dataset that includes cells from uninjured differentiation and regeneration. Clusters are labeled as in Figure 
3.3. (I) RNAscope in situ hybridization was used to detect Hopx and Trp63 mRNA. Hopx is expressed at 
24 HPI in a subset of activated HBCs but is essentially undetectable in resting HBCs prior to injury.  
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Supplementary Figure 3.6. Related to Figure 3.6. 
(A) Sox2 CreER/+ ; Rosa26eYFP lineage-traced cells were labeled at P21 by tamoxifen injection and analyzed at 
60 or 21 DPT. Even at 60 days post labeling, the Sox2(+) lineage contains actively cycling suprabasal 
progenitors (arrows). (B) The number of lineage-traced proliferating progenitors over time is plotted; at 
least three animals were examined per time-point. (C and D) Sox2 CreER/+ ; Rosa26eYFP and Sox2 CreER/lox ; 
Rosa26eYFP lineage-traced cells were analyzed at 21 DPT. There is a marked reduction in the number of 
GBCs and neurons in the Sox2-conditional-knockout in the steady state uninjured olfactory epithelium 
(compare region of epithelium demarcated by bracket in C); four replicates were examined per genotype. 
(E and F) Sox2 CreER/+ ; Rosa26eYFP and Sox2 CreER/lox ; Rosa26eYFP animals were injected with tamoxifen at 
P21, then injected with EdU at 44 and 52 HPT to label proliferating cells, and fixed at 72 HPT. The cells 
from the conditional knockout fail to continue to proliferate and maintain progenitor cells (indicated with 
arrows in the Sox2 CreER/+ background); three replicates were examined per genotype. (G) The Krt5-CrePR 
transgene, which is constitutively active in HBCs from approximately P3 onward, was used to conditionally 
ablate Sox2 in HBCs; this has little, if any effect on homeostatic maintenance in the OE. (H) The number 
of lineage-traced HBCs in the Sox2 conditional knockout is not significantly different from the 
heterozygote. (I and J) Knockout of p63 in HBCs in a Sox2 heterozygous background causes HBCs to 
differentiate and produce both sustentacular cells and neurons. Knockout of both Sox2 and p63 in HBCs 
causes HBCs to differentiate but produce only sustentacular cells; few proliferative progenitors are 
observed; three replicates per genotype. Lineage-traced cells comprising a Bowman’s Gland is indicated 
with an arrowhead. P-values were calculated using a negative binomial regression model, and the 
Benjamini-Hochberg method was used to adjust for multiple testing; see Methods. Scale bars, 50 μm.  
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Supplementary Figure 3.7. Related to Figures 3.6 and  3.7. 
(A) Distributions of neurons per clone (top) and sustentacular cells per clone (bottom) in clones possessing 
at least one of each cell type, respectively, in the Sox2 conditional knockout. (B) (top) Histogram of clone 
compositions in the Sox2 conditional knockout, according to the presence of at least one cell of a given cell 
type. Key for cell types: H, HBC; G, GBC; I, immediate neuronal precursor; N, neuron; M, microvillous 
cell; S, sustentacular cell; B, Bowman’s gland. Data for the number of CFP and YFP clones in each animal 
in the Sox2 conditional knockout (bottom). (C and D) Overlap of experimental condition and cell cluster 
identity. In (C), the size of the circles reflects the proportion of cells from a given experimental condition 
that contribute to each cluster. In (D), the size of the circles reflects the proportion of cells in each cluster 
that are derived from each experimental condition. Most of the neuronal lineage is derived from wild-type 
cells. (E and F) Differences between wild-type and Sox2 knockout HBCs are apparent when examining 
gene expression within each cluster. Wild-type and knockout resting HBCs exhibit clear differences in gene 
expression prior to injury (E); following injury, the activated HBCs continue to differentially express some 
genes according to genotype (F).  
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Table 3.1 Clonal Lineage Tracing Data. 

Experiment or  
Type of clone 7 DPI 14 DPI 

14 DPI, 
traced at 96 

HPI 

HopxCreER, 
14 DPI, 

traced at 24H 

Sox2lox/lox, 
14 DPI 

  # % # % # % # % # % 
Total cell counts 
HBC 141 23.3 125 12.1 102 26.5 0 0 93 38 
GBC 68 11.2 38 3.7 22 5.7 8 1.6 0 0 
INP 8 1.3 17 1.6 3 0.8 1 0.2 0 0 
MV 5 0.8 7 0.7 3 0.8 5 1 3 1.2 
Neuron 103 17 525 50.9 108 28.1 298 60.1 17 6.9 
Sustentacular cell 281 46.4 301 29.2 99 25.7 184 37.1 132 53.9 
Bowman's gland 0 0 19 1.8 48 12.5     0 0 
total cells 606   1032   385   496   245   
Lineage composition (H = HBC, N = neuronal lineage, S = sustentacular lineage) 
H 11 14 20 17 25 29 0 0 15 35 
HN 16 20 8 7 10 12 0 0 0 0 
HS 4 5 8 7 11 13 0 0 15 35 
HNS 17 22 12 10 0 0 0 0 1 2 
N 1 1 23 19 13 15 12 18 2 5 
S 20 25 25 21 19 22 37 56 9 21 
NS 10 13 25 21 7 8 17 26 1 2 
total clones 79   121   85   66   43   
HBC-containing clones 48 61 48 41 46 54 0 0 31 70 
Neuronal lineage-
containing clones 44 56 68 57 30 35 29 44 4 11 

Sustentacular lineage-
containing clones 51 65 70 59 37 43 54 82 26 59 

Unipotent 32 40 68 57 57 66 49 74 26 64 
mOSN containing clones 19 24 56 46 15 18 27 41 4 9 
Single mOSN containing 
clones 4   1   5   3   1   

Sus containing clones 51 65 69 57 36 42 54 82 26 60 
Single Sus containing 
clones 6   11   10   7   3   

Clones comprised of just 1 
Sus cell 1   5   4   6   0   

Mean N/clone (among N-
containing clones) 

5.42 +/- 1.18 
cells 

9.4 +/- 0.83 
cells 

7.2 +/- 1.8 
cells 

11.0 +/- 1.31 
cells 

4.25 +/- 2.02 
cells 

Mean S/clone (among S-
containing clones) 

5.51 +/- 0.5 
cells 

4.4 +/- 0.43 
cells 

2.8 +/- 0.4 
cells 

3.41 +/- 0.26 
cells 

5.08 +/- 0.75 
cells 

Mean cells/clone 7.67 +/- 0.6 8.5 +/- 0.67 4.5 +/- 0.6 7.52 +/- 0.96 5.7 +/- 0.64 
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Table 3.2 SCONE Performance Metrics. 
  BIO 

SIL 
BATCH 

SIL 
PAM 
SIL 

EXP 
QC 

COR 

EXP 
UV 

COR 

EXP 
WV 

COR 

RLE 
MED 

RLE 
IQR 

Mean 
score 
rank 

Metrics for Top 10 Ranked Normalizations  
none,fq,qc_k=2, 
bio,batch 

-0.1863 -0.2941 0.3520 0.3982 0.0644 0.6507 0.0010 0.0116   

none,fq,qc_k=3, 
bio,batch 

-0.1923 -0.2930 0.3574 0.3965 0.0792 0.6411 0.0010 0.0114   

none,fq,ruv_k=3, 
bio,no_batch 

-0.1822 -0.2567 0.3094 0.1987 0.0633 0.5514 0.0009 0.0216   

none,fq,qc_k=2, 
bio,no_batch 

-0.2465 -0.3537 0.3636 0.4169 0.0713 0.6933 0.0010 0.0262   

none,fq,ruv_k=2, 
bio,batch 

-0.1813 -0.2592 0.2974 0.2053 0.1356 0.7333 0.0008 0.0115   

none,fq,ruv_k=2, 
no_bio,no_batch 

-0.2030 -0.2843 0.3262 0.1332 0.1549 0.7853 0.0013 0.0269   

none,fq,qc_k=3, 
bio,no_batch 

-0.2508 -0.3538 0.3747 0.4205 0.0892 0.6882 0.0010 0.0246   

none,fq,ruv_k=1, 
no_bio,no_batch 

-0.2345 -0.3248 0.4099 0.1992 0.1949 0.6736 0.0009 0.0329   

none,fq,ruv_k=3, 
bio,batch 

-0.1629 -0.2418 0.2953 0.2120 0.0865 0.5244 0.0008 0.0107   

none,fq,ruv_k=2, 
bio,no_batch 

-0.2121 -0.2934 0.3322 0.1698 0.1750 0.8122 0.0010 0.0273   

Scores for Top 10 Ranked Normalizations 
none,fq,qc_k=2, 
bio,batch 

-0.1863 0.2941 0.3520 -0.3982 -0.0644 0.6507 -0.0010 -0.0116 56.5 

none,fq,qc_k=3, 
bio,batch 

-0.1923 0.2930 0.3574 -0.3965 -0.0792 0.6411 -0.0010 -0.0114 55.0 

none,fq,ruv_k=3, 
bio,no_batch 

-0.1822 0.2567 0.3094 -0.1987 -0.0633 0.5514 -0.0009 -0.0216 54.8 

none,fq,qc_k=2, 
bio,no_batch 

-0.2465 0.3537 0.3636 -0.4169 -0.0713 0.6933 -0.0010 -0.0262 53.5 

none,fq,ruv_k=2, 
bio,batch 

-0.1813 0.2592 0.2974 -0.2053 -0.1356 0.7333 -0.0008 -0.0115 53.1 

none,fq,ruv_k=2, 
no_bio,no_batch 

-0.2030 0.2843 0.3262 -0.1332 -0.1549 0.7853 -0.0013 -0.0269 52.5 

none,fq,qc_k=3, 
bio,no_batch 

-0.2508 0.3538 0.3747 -0.4205 -0.0892 0.6882 -0.0010 -0.0246 52.3 

none,fq,ruv_k=1, 
no_bio,no_batch 

-0.2345 0.3248 0.4099 -0.1992 -0.1949 0.6736 -0.0009 -0.0329 52.0 

none,fq,ruv_k=3, 
bio,batch 

-0.1629 0.2418 0.2953 -0.2120 -0.0865 0.5244 -0.0008 -0.0107 52.0 

none,fq,ruv_k=2, 
bio,no_batch  

-0.2121 0.2934 0.3322 -0.1698 -0.1750 0.8122 -0.0010 -0.0273 51.9 
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Table 3.3 Differential Gene Expression Between Transitional and Activated HBCs, WT Regeneration 
Clusters, TFs, HBC1 DE. 
Full table available as Table S3 in the published manuscript. 
Differential Gene Expression Between Transitional and Activated HBCs (Enriched in Transitional HBCs) 

Feature logFC AveExpr t P.Value adj.P.Val B 
Krtdap -6.32 2.13 -38.21 1.19E-209 5.29E-205 467.51 
Krt5 -8.62 4.72 -32.47 1.54E-166 2.42E-162 367.23 
Tpm2 -6.73 2.55 -31.74 5.02E-161 6.76E-157 356.53 
Ecm1 -6.54 2.37 -30.09 1.04E-148 1.04E-144 328.24 
Krt6a -6.14 2.08 -28.95 3.61E-140 3.04E-136 308.82 
S100a6 -8.65 4.57 -26.02 1.07E-118 4.66E-115 258.38 
Upk3bl -5.67 2.21 -25.32 1.20E-113 4.47E-110 248.11 
Krt14 -8.63 5.18 -24.47 1.25E-107 3.93E-104 232.98 
Lgals3 -5.44 2.46 -23.59 2.23E-101 5.95E-98 220.02 
Plaur -4.44 1.83 -23.12 4.04E-98 9.97E-95 212.74 
Anxa8 -7.28 3.40 -22.73 2.25E-95 5.19E-92 205.71 
Igfbp3 -4.98 2.43 -22.64 8.75E-95 1.98E-91 205.07 
Krt17 -8.42 6.16 -22.41 3.51E-93 7.58E-90 200.05 
Ugt2a1 6.73 6.32 21.59 1.23E-87 2.29E-84 187.83 
Aox2 6.14 4.24 19.64 1.03E-74 1.31E-71 158.67 
Gpx2 -6.30 3.27 -19.61 1.67E-74 2.11E-71 158.64 
Anxa1 -8.72 6.31 -19.62 1.49E-74 1.89E-71 158.01 
Serpinb5 -4.42 1.95 -19.32 1.26E-72 1.51E-69 154.47 
Emp1 -5.45 2.58 -19.28 2.43E-72 2.88E-69 153.56 
Ces1d 6.79 5.41 18.99 1.65E-70 1.85E-67 149.03 
Tubb6 -6.52 2.60 -18.84 1.36E-69 1.49E-66 147.39 
Sec14l3 6.73 4.24 18.74 5.76E-69 6.19E-66 145.73 
Ly6d -4.83 2.35 -18.71 1.02E-68 1.08E-65 145.48 
Ly6a -4.54 2.48 -18.58 6.61E-68 6.87E-65 143.67 
Krt19 -6.32 3.90 -18.60 4.76E-68 4.97E-65 143.40 
Msn -4.70 2.66 -17.47 4.47E-61 3.79E-58 128.05 
Il1rn -3.81 1.87 -17.06 1.34E-58 1.05E-55 122.43 
Lypd3 -2.75 1.48 -16.98 4.29E-58 3.33E-55 121.31 
Capg -5.03 2.86 -16.81 4.06E-57 3.07E-54 118.89 
2200002D01Rik -3.73 2.14 -16.35 1.97E-54 1.37E-51 112.85 
Cst6 -2.90 1.57 -15.81 2.63E-51 1.66E-48 105.81 
Lrrc25 -0.48 1.00 -15.83 1.98E-51 1.26E-48 105.69 
Cyp2f2 5.62 7.40 15.80 3.18E-51 2.00E-48 105.34 
Galm 6.25 5.13 15.69 1.35E-50 8.33E-48 103.87 
Tlr13 -0.43 1.01 -15.42 4.50E-49 2.64E-46 100.29 
Slc26a7 5.21 3.48 15.41 5.31E-49 3.11E-46 100.28 
Krt7 -5.63 3.11 -15.24 4.36E-48 2.48E-45 98.29 
Itgax -0.43 1.00 -15.14 1.64E-47 9.18E-45 96.71 
Fabp5 -4.31 3.25 -15.08 3.25E-47 1.79E-44 96.40 
Lair1 -0.47 1.01 -15.04 5.51E-47 3.01E-44 95.51 
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Adap2 -0.41 1.01 -14.98 1.24E-46 6.68E-44 94.70 
Cav1 -2.45 1.46 -14.88 4.38E-46 2.32E-43 93.88 
Apoc2 -0.41 1.01 -14.89 3.81E-46 2.02E-43 93.59 
Osm -0.44 1.00 -14.77 1.69E-45 8.75E-43 92.10 
Sfn -4.62 4.77 -14.74 2.50E-45 1.29E-42 91.77 
Nckap1l -0.47 1.05 -14.59 1.56E-44 7.78E-42 89.89 
Fcgr1 -0.44 1.00 -14.54 2.91E-44 1.44E-41 89.27 
Sprr1a -4.92 2.65 -14.47 7.58E-44 3.68E-41 88.67 
Sprr2a3 -1.56 1.20 -14.46 7.91E-44 3.84E-41 88.67 
Uhrf1 -5.19 3.13 -14.40 1.77E-43 8.49E-41 87.87 

 
Differential Gene Expression Between Neuronal Lineage Clusters During Wild-Type (WT) Regeneration 

Enriched (logFC > 
0) / Deenriched in Feature logFC AveExpr t P.Value adj.P.Val B 

HBC Gstm2-ps1 4.78 1.39 31.13 1.76E-102 1.29E-98 222.73 
HBC Rtn1 -4.54 1.93 -28.63 2.09E-93 1.11E-89 202.09 
HBC TrnD 3.83 1.02 26.17 4.08E-84 1.14E-80 180.92 
HBC Fstl5 -4.96 2.09 -25.93 3.40E-83 8.84E-80 178.82 
HBC Slc26a7 6.67 1.80 25.21 1.94E-80 4.45E-77 172.54 
HBC*1 Anxa2 8.04 7.80 40.93 7.34E-135 8.60E-130 296.80 
HBC*1 Krt5 7.26 6.68 39.10 3.22E-129 1.26E-124 283.98 
HBC*1 Krt14 7.75 7.46 37.92 1.91E-125 5.59E-121 275.40 
HBC*1 Rtn1 -4.92 1.93 -37.51 3.77E-124 7.35E-120 272.45 
HBC*1 Krt17 8.00 8.25 36.31 3.15E-120 5.27E-116 263.53 
HBC*2 Rtn1 -4.82 1.93 -35.05 4.88E-116 5.72E-112 253.65 
HBC*2 Anxa2 7.03 7.80 34.10 7.77E-113 8.28E-109 246.38 
HBC*2 S100a11 5.71 6.37 33.61 3.73E-111 3.64E-107 242.56 
HBC*2 Krt14 6.54 7.46 30.50 3.23E-100 2.22E-96 217.68 
HBC*2 Krt5 5.83 6.68 29.99 2.34E-98 1.44E-94 213.45 
GBC/MV Rtn1 -4.91 1.93 -17.36 4.78E-49 2.54E-46 99.78 
GBC/MV Espn 2.29 0.12 16.08 6.97E-44 2.84E-41 88.23 
GBC/MV Kit 5.05 0.29 15.86 5.59E-43 2.16E-40 86.20 
GBC/MV Pou2f3 2.91 0.16 13.76 1.13E-34 2.81E-32 67.59 
GBC/MV Hepacam2 3.61 0.12 13.75 1.24E-34 3.08E-32 67.50 
INP1/2 Neurod1 7.96 0.48 32.09 6.89E-106 5.76E-102 227.20 
INP1/2 Mfng 5.07 0.28 22.98 1.08E-71 1.89E-68 151.14 
INP1/2 Miat 3.87 0.27 16.85 5.55E-47 2.64E-44 95.60 
INP1/2 Scg2 5.65 0.45 16.73 1.77E-46 8.18E-44 94.46 
INP1/2 Cep152 7.03 1.06 16.14 3.96E-44 1.63E-41 89.17 
INP3 Crabp1 8.99 0.93 24.37 3.64E-77 7.35E-74 164.16 
INP3 Tex15 9.61 1.06 21.62 3.01E-66 3.88E-63 139.51 
INP3 Cxcr4 4.52 0.47 20.62 2.94E-62 3.19E-59 130.49 
INP3 Ebf1 7.84 2.20 20.58 4.42E-62 4.70E-59 130.09 
INP3 Fstl5 5.99 2.09 19.55 6.47E-58 5.87E-55 120.66 
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iOSN Calb2 6.93 1.19 28.46 9.24E-93 4.70E-89 198.96 
iOSN Rtn1 5.98 1.93 24.07 5.70E-76 1.13E-72 161.27 
iOSN Fstl5 6.85 2.09 22.88 2.83E-71 4.81E-68 150.70 
iOSN Gap43 8.05 1.65 22.82 4.81E-71 8.04E-68 150.18 
iOSN Dcx 6.78 1.46 22.40 2.14E-69 3.26E-66 146.46 
mOSN Cnga2 9.16 0.77 40.12 2.19E-132 1.28E-127 290.17 
mOSN Tusc5 7.91 0.53 37.82 3.89E-125 9.11E-121 273.82 
mOSN Stoml3 10.56 0.87 36.25 4.89E-120 7.16E-116 262.31 
mOSN Clgn 7.39 0.90 30.04 1.45E-98 9.41E-95 213.66 
mOSN Omp 9.80 1.05 28.88 2.57E-94 1.44E-90 204.00 

 
Differential Gene Expression Between Sustentacular Cell Lineage Clusters During WT Regeneration 

Enriched / 
Deenriched in Feature logFC AveExpr t P.Value adj.P.Val B 

HBC Anxa1 -7.40 9.44 -21.58 5.11E-66 5.74E-62 139.06 
HBC Gm9385 3.25 1.35 18.01 1.30E-51 5.87E-48 106.42 
HBC Rps27rt 3.40 2.33 17.97 1.96E-51 7.66E-48 106.02 
HBC Gstm2-ps1 3.67 2.07 17.84 6.48E-51 2.23E-47 104.85 
HBC Apoe 6.66 3.87 17.59 6.49E-50 1.90E-46 102.57 
HBC*1 Ugt2a1 -4.67 5.54 -15.89 4.84E-43 1.01E-39 86.90 
HBC*1 Krtdap 5.03 3.33 15.48 2.02E-41 3.20E-38 83.23 
HBC*1 Krt5 3.67 7.23 14.87 5.39E-39 6.57E-36 77.73 
HBC*1 Krt14 3.71 8.06 14.66 3.58E-38 3.88E-35 75.87 
HBC*1 Tpm2 4.10 4.01 14.59 6.92E-38 7.11E-35 75.22 
HBC*2 Cdca3 5.26 1.63 21.57 5.88E-66 5.74E-62 138.98 
HBC*2 Ccnb2 4.95 1.41 19.47 1.65E-57 1.38E-53 119.84 
HBC*2 Birc5 5.04 2.81 18.96 1.89E-55 1.23E-51 115.17 
HBC*2 Mki67 5.91 2.51 17.97 1.91E-51 7.66E-48 106.08 
HBC*2 Cenpa 4.03 1.14 17.86 5.15E-51 1.88E-47 105.10 
Sus Krt14 -7.43 8.06 -28.00 7.17E-91 4.20E-86 195.28 
Sus Cyp2a5 8.00 3.17 26.41 6.99E-85 2.05E-80 181.78 
Sus Agr2 6.63 2.83 26.13 7.95E-84 1.55E-79 179.40 
Sus Krt5 -6.58 7.23 -25.43 3.77E-81 5.52E-77 173.36 
Sus Sftpd 5.84 2.61 19.35 4.81E-57 3.52E-53 118.80 

 
  



142 

Transcription Factors in Neuronal Lineage Network Plot 

Gene Cell Type of 
Highest Expression Gene Cell Type of 

Highest Expression Gene Cell Type of 
Highest Expression 

Klf4 HBC Egr3 GBC/MV Hsf2 INP3 
Junb HBC Foxi1 GBC/MV Kdm5b INP3 
Hes1 HBC Myb GBC/MV Zfp9 INP3 
Trp63 HBC Gata6 GBC/MV Aff3 INP3 
Fosb HBC Ascl3 GBC/MV Rcor1 INP3 
Sox9 HBC Insm1 INP1/2 Id4 INP3 
Irf1 HBC Hes6 INP1/2 Olig1 INP3 
Egr2 HBC Dlx3 INP1/2 Olig2 INP3 
Nr4a1 HBC Mybl1 INP1/2 Tshz1 INP3 
Atf3 HBC Neurod1 INP1/2 Bach2 INP3 
Egr1 HBC Neurog1 INP1/2 Zfp687 INP3 
Runx1 HBC St18 INP1/2 Zfp423 INP3 
Tcf7l2 HBC Tead2 INP1/2 Setdb2 INP3 
Klf6 HBC Nhlh2 INP1/2 Zfp202 INP3 
Fos HBC Tox3 INP1/2 Zfp300 INP3 
Cebpb HBC Lcorl INP1/2 Zfp644 INP3 
Nr1d1 HBC Id3 INP1/2 Foxr1 INP3 
Bhlhe40 HBC Bcl11b INP1/2 Zmiz1 INP3 
Nfil3 HBC Zfp386 INP1/2 Nhlh1 iOSN 
Foxo1 HBC E2f2 INP1/2 Mef2b iOSN 
Sp8 HBC Foxp1 INP1/2 Rfx3 iOSN 
Nr2e1 HBC Ebf1 INP3 Jarid2 iOSN 
Nr4a2 HBC Ebf2 INP3 Zfp940 iOSN 
Tsc22d3 HBC Myt1l INP3 Cebpg iOSN 
Foxn3 HBC Ebf3 INP3 Sub1 iOSN 
Tcf7l1 HBC Atf5 INP3 Zfp316 iOSN 
Nfe2l2 HBC Lhx2 INP3 Ebf4 mOSN 
Jun HBC Fezf1 INP3 Tshz2 mOSN 
Nr3c1 HBC Uncx INP3 Tub mOSN 
Hey1 HBC Emx2 INP3 Arid3a mOSN 
Tsc22d1 HBC Sox11 INP3   
Esr1 HBC*1 Foxo6 INP3   
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Transcription Factors in Sustentacular Cell Lineage Network Plot 

Gene Cell Type of Highest Expression Gene Cell Type of Highest Expression 
Egr2 HBC Irf1 HBC 
Junb HBC Nr4a1 HBC 
Egr1 HBC Jun HBC 
Klf4 HBC Fosb HBC 

 
Differential Gene Expression Between Resting HBC and HBC*1 Clusters 

Feature logFC AveExpr t P.Value adj.P.Val B 
TrnD 4.38 1.20 23.37 2.53E-87 4.58E-84 187.80 
Gm9385 4.01 1.14 21.56 1.55E-77 2.00E-74 165.53 
Rps19-ps6 3.95 1.38 20.20 2.84E-70 2.83E-67 148.99 
Rpl3-ps1 4.13 1.83 18.87 3.09E-63 2.26E-60 132.97 
Rps27rt 3.89 2.46 18.84 4.48E-63 3.25E-60 132.60 
Gm14586 3.52 1.10 18.80 7.71E-63 5.55E-60 132.06 
Gstm2-ps1 4.08 1.90 18.72 1.92E-62 1.37E-59 131.16 
Krtdap -6.49 2.18 -18.65 4.45E-62 3.13E-59 130.33 
Oaz1-ps 3.91 1.27 18.57 1.11E-61 7.66E-59 129.43 
Plaur -5.33 1.53 -18.07 4.74E-59 2.98E-56 123.44 
Rpl9-ps6 3.72 1.54 18.03 7.49E-59 4.67E-56 122.98 
Ugt2a1 6.18 5.54 17.13 3.13E-54 1.64E-51 112.46 
Krt6a -6.55 2.04 -16.93 3.07E-53 1.53E-50 110.20 
Upk3bl -5.99 2.30 -16.77 2.07E-52 9.93E-50 108.32 
Gm13363 3.56 1.43 16.18 1.83E-49 7.82E-47 101.60 
Tpm2 -5.58 2.90 -16.09 5.50E-49 2.30E-46 100.52 
S100a6 -6.23 6.00 -16.07 6.35E-49 2.65E-46 100.37 
Gm7338 3.30 1.28 16.07 6.72E-49 2.80E-46 100.32 
Gm13456 3.72 2.04 16.05 8.12E-49 3.37E-46 100.13 
Dapl1 5.36 4.12 15.91 4.00E-48 1.61E-45 98.55 
Slc26a7 5.86 2.77 15.75 2.59E-47 1.01E-44 96.71 
Pdcd4 4.02 6.13 15.59 1.56E-46 5.93E-44 94.93 
Ecm1 -6.18 2.58 -15.39 1.43E-45 5.26E-43 92.74 
Ces1d 6.28 4.52 15.28 4.98E-45 1.79E-42 91.51 
2200002D01Rik -4.02 1.94 -15.27 5.80E-45 2.08E-42 91.36 
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Table 3.4 Gene Set Enrichment Analysis Results for HBC*1. 
Full table available as Table S4 in the published manuscript. 

Gene Set # 
genes 

P.val 
upregulated 

P.val 
downregulated P.val DE 

HALLMARK_MYC_TARGETS_V1 246 1.00E-07 1 1.00E-07 
HALLMARK_MYC_TARGETS_V2 97 1.00E-07 1 1.00E-07 
KEGG_RIBOSOME 81 1.00E-07 1 1.00E-07 
PID_MYC_ACTIV_PATHWAY 100 1.00E-07 1 1.00E-07 
REACTOME_TRANSLATION 155 1.00E-07 1 1.00E-07 
REACTOME_FORMATION_OF_THE_TERN
ARY_COMPLEX_AND_SUBSEQUENTLY_T
HE_43S_COMPLEX 

48 1.00E-07 1 1.00E-07 

REACTOME_ACTIVATION_OF_THE_MRNA
_UPON_BINDING_OF_THE_CAP_BINDING_
COMPLEX_AND_EIFS_AND_SUBSEQUENT
_BINDING_TO_43S 

60 1.00E-07 1 1.00E-07 

REACTOME_PEPTIDE_CHAIN_ELONGATI
ON 83 1.00E-07 1 1.00E-07 

REACTOME_3_UTR_MEDIATED_TRANSLA
TIONAL_REGULATION 107 1.00E-07 1 1.00E-07 

REACTOME_G1_S_TRANSITION 105 1.00E-07 1 1.00E-07 
REACTOME_MITOTIC_G1_G1_S_PHASES 133 1.00E-07 1 1.00E-07 
REACTOME_INFLUENZA_VIRAL_RNA_TR
ANSCRIPTION_AND_REPLICATION 101 1.00E-07 1 1.00E-07 

REACTOME_NONSENSE_MEDIATED_DEC
AY_ENHANCED_BY_THE_EXON_JUNCTIO
N_COMPLEX 

111 1.00E-07 1 1.00E-07 

REACTOME_S_PHASE 104 1.00E-07 1 1.00E-07 
HALLMARK_MTORC1_SIGNALING 286 1.00E-07 1 2.00E-07 
REACTOME_SRP_DEPENDENT_COTRANS
LATIONAL_PROTEIN_TARGETING_TO_ME
MBRANE 

106 1.00E-07 1 2.00E-07 

REACTOME_M_G1_TRANSITION 75 1.00E-07 1 2.00E-07 
REACTOME_SYNTHESIS_OF_DNA 86 1.00E-07 1 2.00E-07 
REACTOME_METABOLISM_OF_MRNA 220 1.00E-07 1 2.00E-07 
REACTOME_INFLUENZA_LIFE_CYCLE 142 1.00E-07 1 2.00E-07 
REACTOME_METABOLISM_OF_RNA 260 1.00E-07 1 5.00E-07 
REACTOME_METABOLISM_OF_PROTEINS 444 1.00E-07 1 6.00E-07 
REACTOME_ORC1_REMOVAL_FROM_CHR
OMATIN 63 1.00E-07 1 1.60E-06 

REACTOME_DESTABILIZATION_OF_MRN
A_BY_AUF1_HNRNP_D0 51 1.00E-07 1 3.70E-06 

REACTOME_ASSEMBLY_OF_THE_PRE_RE
PLICATIVE_COMPLEX 61 1.00E-07 1 1.26E-05 
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Table 3.5 Transcription Factor Binding Motif Analysis of the Promoters of Genes Enriched in 
HBC*1. 

Motif Name Consensus P-value q-value 
# Target 

Sequences 
with Motif 

# Background 
Sequences 
with Motif 

Elk1(ETS)/Hela-Elk1-
ChIP-
Seq(GSE31477)/Homer 

HACTTCCGGY 1.00E-08 5.01E-07 503 11613.5 

ELF1(ETS)/Jurkat-ELF1-
ChIP-
Seq(SRA014231)/Homer 

AVCCGGAAGT 1.00E-08 7.89E-07 468 10724 

ETS(ETS)/Promoter/Ho
mer AACCGGAAGT 1.00E-07 4.52E-06 349 7667.9 

Elk4(ETS)/Hela-Elk4-
ChIP-
Seq(GSE31477)/Homer 

NRYTTCCGGY 1.00E-07 4.52E-06 504 11902.3 

GABPA(ETS)/Jurkat-
GABPa-ChIP-
Seq(GSE17954)/Homer 

RACCGGAAGT 1.00E-06 2.63E-05 530 12811.4 

ETV1(ETS)/GIST48-
ETV1-ChIP-
Seq(GSE22441)/Homer 

AACCGGAAGT 1.00E-05 1.65E-04 634 15998.7 

Fli1(ETS)/CD8-FLI-
ChIP-
Seq(GSE20898)/Homer 

NRYTTCCGGH 1.00E-05 1.65E-04 612 15358 

E2F1(E2F)/Hela-E2F1-
ChIP-
Seq(GSE22478)/Homer 

CWGGCGGGA
A 1.00E-05 1.65E-04 251 5433.3 

ETS1(ETS)/Jurkat-ETS1-
ChIP-
Seq(GSE17954)/Homer 

ACAGGAAGTG 1.00E-04 7.39E-04 522 12951.1 

E2F7(E2F)/Hela-E2F7-
ChIP-
Seq(GSE32673)/Homer 

VDTTTCCCGC
CA 1.00E-04 9.72E-04 151 3068.7 

E2F4(E2F)/K562-E2F4-
ChIP-
Seq(GSE31477)/Homer 

GGCGGGAAAH 1.00E-04 9.87E-04 410 9872.4 

c-Myc(bHLH)/LNCAP-
cMyc-ChIP-
Seq(Unpublished)/Homer 

VCCACGTG 1.00E-04 1.23E-03 300 6926.7 

GFX(?)/Promoter/Homer ATTCTCGCGA
GA 1.00E-04 2.37E-03 44 657.3 

E2F(E2F)/Hela-
CellCycle-
Expression/Homer 

TTSGCGCGAA
AA 1.00E-03 4.81E-03 77 1412.8 

GFY-
Staf(?,Zf)/Promoter/Hom
er 

RACTACAATT
CCCAGAAKGC 1.00E-03 7.40E-03 94 1837.9 
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NRF1(NRF)/MCF7-
NRF1-ChIP-
Seq(Unpublished)/Homer 

CTGCGCATGC
GC 1.00E-03 7.40E-03 234 5376.5 

YY1(Zf)/Promoter/Home
r 

CAAGATGGCG
GC 1.00E-03 8.45E-03 99 1972.2 

Klf4(Zf)/mES-Klf4-
ChIP-
Seq(GSE11431)/Homer 

GCCACACCCA 1.00E-03 8.88E-03 307 7350.8 

E2F6(E2F)/Hela-E2F6-
ChIP-
Seq(GSE31477)/Homer 

GGCGGGAARN 1.00E-03 1.74E-02 385 9562.9 

E2F3(E2F)/MEF-E2F3-
ChIP-
Seq(GSE71376)/Homer 

BTKGGCGGGA
AA 1.00E-02 1.84E-02 435 10963.3 

AP-1(bZIP)/ThioMac-
PU.1-ChIP-
Seq(GSE21512)/Homer 

VTGACTCATC 1.00E-02 2.06E-02 216 5031.2 

NRF(NRF)/Promoter/Ho
mer 

STGCGCATGC
GC 1.00E-02 2.46E-02 235 5557.6 

EKLF(Zf)/Erythrocyte-
Klf1-ChIP-
Seq(GSE20478)/Homer 

NWGGGTGTG
GCY 1.00E-02 2.92E-02 125 2722.4 

KLF3(Zf)/MEF-Klf3-
ChIP-
Seq(GSE44748)/Homer 

NRGCCCCRCC
CHBNN 1.00E-02 2.98E-02 476 12202.3 

Sp1(Zf)/Promoter/Homer GGCCCCGCCC
CC 1.00E-02 3.26E-02 431 10958.9 

CLOCK(bHLH)/Liver-
Clock-ChIP-
Seq(GSE39860)/Homer 

GHCACGTG 1.00E-02 3.26E-02 259 6246.7 

GFY(?)/Promoter/Homer ACTACAATTC
CC 1.00E-02 3.61E-02 92 1927.3 

c-Myc(bHLH)/mES-
cMyc-ChIP-
Seq(GSE11431)/Homer 

VVCCACGTGG 1.00E-02 3.73E-02 197 4623.1 

ELF5(ETS)/T47D-ELF5-
ChIP-
Seq(GSE30407)/Homer 

ACVAGGAAGT 1.00E-02 4.21E-02 362 9099.7 

ZBTB33(Zf)/GM12878-
ZBTB33-ChIP-
Seq(GSE32465)/Homer 

GGVTCTCGCG
AGAAC 1.00E-02 4.72E-02 69 1391.3 
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Table 3.6 Differential Gene Expression Analysis of Wild-Type vs. Sox2 Conditional Knockout HBCs. 
Full table available as Table S6 in the published manuscript. 
Contrast  Feature logFC AveExpr t P.Value adj.P.Val B 
WT – KO HBC Negr1 -2.28 0.47 10.76 7.90E-24 6.36E-21 42.49 
WT – KO HBC Ugt2a2 3.26 1.43 -9.97 4.98E-21 3.00E-18 36.38 
WT – KO HBC Sox2ot -3.16 1.39 9.76 2.73E-20 1.52E-17 34.77 
WT – KO HBC Hmgn2-ps1 1.74 0.48 -9.73 3.44E-20 1.90E-17 34.55 
WT – KO HBC 1500009L16Rik 2.85 0.90 -9.37 5.98E-19 2.89E-16 31.84 
WT – KO HBC 4932438A13Rik 1.90 0.65 -8.84 3.35E-17 1.34E-14 28.02 
WT – KO HBC Adamdec1 3.21 1.35 -8.65 1.36E-16 5.01E-14 26.70 
WT – KO HBC Ermn 3.82 2.51 -8.51 3.70E-16 1.28E-13 25.75 
WT – KO HBC Pla2g7 -3.38 1.93 8.50 4.02E-16 1.38E-13 25.67 
WT – KO HBC Pon1 -3.57 1.90 8.07 8.68E-15 2.54E-12 22.76 
WT – KO HBC*1 Ptp4a2.1 3.74 3.69 -8.55 2.84E-16 9.96E-14 25.59 
WT – KO HBC*1 Gm10036 2.71 2.68 -8.07 9.03E-15 2.63E-12 22.38 
WT – KO HBC*1 Plcd1 -1.28 0.13 7.89 2.98E-14 8.04E-12 21.28 
WT – KO HBC*1 Il33 -4.45 1.37 7.68 1.27E-13 3.15E-11 19.93 
WT – KO HBC*1 LOC102639448 1.56 4.93 -6.62 1.18E-10 1.83E-08 13.61 
WT – KO HBC*1 Top2a -3.99 3.14 6.62 1.19E-10 1.85E-08 13.60 
WT – KO HBC*1 Dmkn -2.48 0.58 6.46 3.18E-10 4.58E-08 12.69 
WT – KO HBC*1 Cbr2 2.70 10.03 -6.33 6.67E-10 9.01E-08 12.01 
WT – KO HBC*1 Ctsh -3.55 1.74 6.08 2.79E-09 3.34E-07 10.69 
WT – KO HBC*1 Mad2l1 -3.26 2.13 5.81 1.27E-08 1.32E-06 9.29 
WT – KO HBC*2 Rps3a3 -5.26 4.22 9.36 6.28E-19 3.03E-16 30.48 
WT – KO HBC*2 Gm11223 3.68 1.97 -7.78 6.38E-14 1.65E-11 20.08 
WT – KO HBC*2 Ptp4a2.1 3.43 3.69 -7.17 3.86E-12 7.65E-10 16.38 
WT – KO HBC*2 Sdc4 2.48 10.28 -7.01 1.03E-11 1.93E-09 15.49 
WT – KO HBC*2 Myh9 1.31 8.16 -5.49 7.36E-08 6.37E-06 7.52 
WT – KO HBC*2 Gnb1 1.33 9.80 -5.48 7.56E-08 6.51E-06 7.50 
WT – KO HBC*2 Cnbd2 -2.03 6.74 5.45 8.87E-08 7.50E-06 7.35 
WT – KO HBC*2 Sod1 1.51 9.14 -5.37 1.32E-07 1.07E-05 7.00 
WT – KO HBC*2 Cit 2.72 1.98 -5.33 1.66E-07 1.31E-05 6.79 
WT – KO HBC*2 Smad3 -3.06 1.08 5.15 4.14E-07 2.94E-05 5.98 
WT – KO HBC* Cidea -1.82 0.06 8.54 3.11E-16 1.09E-13 25.20 
WT – KO HBC* Fam20a 2.53 0.12 -6.90 2.07E-11 3.66E-09 15.05 
WT – KO HBC* Gng2 1.41 0.00 -6.36 5.68E-10 7.80E-08 12.03 
WT – KO HBC* Muc5ac -1.50 0.08 6.21 1.37E-09 1.74E-07 11.22 
WT – KO HBC* Elf5 5.05 1.11 -5.67 2.83E-08 2.72E-06 8.47 
WT – KO HBC* Rps3a3 -5.88 4.22 5.65 3.10E-08 2.95E-06 8.39 
WT – KO HBC* Zfp456 -1.08 0.04 5.55 5.41E-08 4.85E-06 7.89 
WT – KO HBC* LOC102633972 1.78 0.19 -5.24 2.62E-07 1.96E-05 6.46 
WT – KO HBC* AU021092 -1.21 0.05 5.03 7.58E-07 5.01E-05 5.50 
WT – KO HBC* Muc16 2.62 0.24 -4.98 9.68E-07 6.22E-05 5.28 
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Table 3.7 Oligos Used to Synthesize RNA In Situ Hybridization Probes and Cell Cycle Gene Set.  

In Situ Hybridization 
Gene/Probe  Forward Oligo Reverse Oligo 

Trp63 AGCCGTGAGTTCAATGAGGG GTCATCTGGATTCCGTGTGT 
Krt5 AGGCTGAGTGGGGAAGGAGTTGG AGGCCAGAGGTTGGGATTCGT 

Krt14 TGATCGGCAGTGTGGAGGA CTTGCCAGGAAGGACAAGGG 
Krt6a CTCTGCTCCCTTCTTGGGAC GCCAAGAGCATCAAGGAAAGC 
Krt16 ATCTAATCCAGAGCAACCGCA CTCTGGCTGAAGCTGGTTGAA 
Sprr1a ATGAGTTCCCACCAGCAGAAG TAGCACAAGGCAATGGGACT 

Krtdap TTACCCTACCGCAACAGAGG CAGATTCCATGCTTGCCTCC 
Lgals1 AGCAACAACCTGTGCCTACA GGCCTGGAAAGCACAAGAGA 
Hbegf CCAGCAGCCATGAAAACGTC GAGCAAATAGGACCCAGCGT 
Gpx2 GACGTGTCCTGGAACTTTGAGA GCTCTGGACCCTTCACAACTT 
Il33 TCACTGCAGGAAAGTACAGCAT ACGTCACCCCTTTGAAGCTC 

Cyp2g1 CTTCCGCTACCCAGATGCTT CCAGACACCTCTCTTGACCC 
Rbm24 TCAATCCCAAAGAGCCCGAG GCTCCTCCCACGAGTACAAG 
Top2a CAAAAAGAGAGCTGCGCCAA ATCACGTCAGAGGTTGAGCAC 
Ccnd1 TGTGAGGAGCAGAAGTGCGAAG TCCTTCTCAAGACTTCCCCTGTG 

    
T7 sequence:  
TAATACGACTCACTATAGG  

 
Cell Cycle Gene List 

Gene Phase Gene Phase Gene Phase 
Mcm2 G1/S Usp1 G1/S Cdca3 G2/M 
Mcm6 G1/S Hells G1/S Aurka G2/M 
Ccne2 G1/S Rad51 G1/S Bub1b G2/M 
Cdc25a G1/S Gins2 G1/S Ccnb2 G2/M 
Cdc6 G1/S Atad2 G1/S Mki67 G2/M 
Dtl G1/S Uhrf1 G1/S Ndc80 G2/M 
Rrm1 S Ccnb1 G2/M Nuf2 G2/M 
Rrm2 S Cenpa G2/M Cdca2 G2/M 
Brca1 S Bub1 G2/M Tacc3 G2/M 
Exo1 G1/S Cdk1 G2 Cdc25c G2/M 
Gmnn G1/S Nusap1 G2/M Cdca8 G2/M 
Rpa2 G1/S Top2a G2 Cks1b G2/M 
Pola1 G1/S Cdc20 G2/M   
Rad51ap1 G1/S Aurkb G2/M   

  



149 

References 
Arnold, K., Sarkar, A., Yram, M.A., Polo, J.M., Bronson, R., Sengupta, S., Seandel, M., Geijsen, 

N., and Hochedlinger, K. (2011). Sox2(+) adult stem and progenitor cells are important for 
tissue regeneration and survival of mice. Cell Stem Cell 9, 317–329. 

Bazzi, H., Fantauzzo, K.A., Richardson, G.D., Jahoda, C.A.B., and Christiano, A.M. (2007). 
Transcriptional profiling of developing mouse epidermis reveals novel patterns of coordinated 
gene expression. Dev. Dyn. 236, 961–970. 

Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics 30, 2114–2120. 

Bolstad, B.M., Irizarry, R.A., Astrand, M., and Speed, T.P. (2003). A comparison of normalization 
methods for high density oligonucleotide array data based on variance and bias. Bioinforma. 
Oxf. Engl. 19, 185–193. 

Bray, N.L., Pimentel, H., Melsted, P., and Pachter, L. (2016). Near-optimal probabilistic RNA-seq 
quantification. Nat. Biotechnol. 34, 525–527. 

Bullard, J.H., Purdom, E., Hansen, K.D., and Dudoit, S. (2010). Evaluation of statistical methods 
for normalization and differential expression in mRNA-Seq experiments. BMC Bioinformatics 
11, 94. 

Caggiano, M., Kauer, J.S., and Hunter, D.D. (1994). Globose basal cells are neuronal progenitors 
in the olfactory epithelium: A lineage analysis using a replication-incompetent retrovirus. 
Neuron 13, 339–352. 

Cole, M.B., Risso, D., Wagner, A., DeTomaso, D., Ngai, J., Purdom, E., Dudoit, S., and Yosef, N. 
(2017). Performance Assessment and Selection of Normalization Procedures for Single-Cell 
RNA-Seq. bioRxiv 235382. 

Collins, C.A., Olsen, I., Zammit, P.S., Heslop, L., Petrie, A., Partridge, T.A., and Morgan, J.E. 
(2005). Stem Cell Function, Self-Renewal, and Behavioral Heterogeneity of Cells from the 
Adult Muscle Satellite Cell Niche. Cell 122, 289–301. 

Fletcher, R.B., Prasol, M.S., Estrada, J., Baudhuin, A., Vranizan, K., Choi, Y.G., and Ngai, J. 
(2011). p63 Regulates Olfactory Stem Cell Self-Renewal and Differentiation. Neuron 72, 748–
759. 

Fletcher, R.B., Das, D., Gadye, L., Street, K.N., Baudhuin, A., Wagner, A., Cole, M.B., Flores, 
Q., Choi, Y.G., Yosef, N., et al. (2017). Deconstructing Olfactory Stem Cell Trajectories at 
Single-Cell Resolution. Cell Stem Cell 20, 817–830.e8. 

Hartigan, J.A., and Wong, M.A. (1979). Algorithm AS 136: A K-Means Clustering Algorithm. 
Appl. Stat. 28, 100. 

Hastie, T., and Stuetzle, W. (1989). Principal Curves. J. Am. Stat. Assoc. 84, 502–516. 



150 

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y.C., Laslo, P., Cheng, J.X., Murre, C., Singh, 
H., and Glass, C.K. (2010). Simple Combinations of Lineage-Determining Transcription 
Factors Prime cis-Regulatory Elements Required for Macrophage and B Cell Identities. Mol. 
Cell 38, 576–589. 

Henry, J., Toulza, E., Hsu, C.-Y., Pellerin, L., Balica, S., Mazereeuw-Hautier, J., Serre, G., Jonca, 
N., and Simon, M. (2012). Update on the epidermal differentiation complex. Front. Biosci. 17, 
1517–1532. 

Indra, A.K., Warot, X., Brocard, J., Bornert, J.M., Xiao, J.H., Chambon, P., and Metzger, D. 
(1999). Temporally-controlled site-specific mutagenesis in the basal layer of the epidermis: 
comparison of the recombinase activity of the tamoxifen-inducible Cre-ER(T) and Cre-ER(T2) 
recombinases. Nucleic Acids Res. 27, 4324–4327. 

Ito, M., Liu, Y., Yang, Z., Nguyen, J., Liang, F., Morris, R.J., and Cotsarelis, G. (2005). Stem cells 
in the hair follicle bulge contribute to wound repair but not to homeostasis of the epidermis. 
Nat Med 11, 1351–1354. 

Iwai, N., Zhou, Z., Roop, D.R., and Behringer, R.R. (2008). Horizontal Basal Cells Are 
Multipotent Progenitors in Normal and Injured Adult Olfactory Epithelium. STEM CELLS 26, 
1298–1306. 

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.L. (2013). TopHat2: 
accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. 
Genome Biol. 14, R36. 

Kuang, S., Kuroda, K., Le Grand, F., and Rudnicki, M.A. (2007). Asymmetric self-renewal and 
commitment of satellite stem cells in muscle. Cell 129, 999–1010. 

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with Bowtie 2. Nat. 
Methods 9, 357–359. 

Leung, C.T., Coulombe, P.A., and Reed, R.R. (2007). Contribution of olfactory neural stem cells 
to tissue maintenance and regeneration. Nat. Neurosci. 10, 720–726. 

Li, B., and Dewey, C.N. (2011). RSEM: accurate transcript quantification from RNA-Seq data 
with or without a reference genome. BMC Bioinformatics 12, 323. 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, G., 
Durbin, R., and 1000 Genome Project Data Processing Subgroup (2009). The Sequence 
Alignment/Map format and SAMtools. Bioinformatics 25, 2078–2079. 

Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient general purpose program 
for assigning sequence reads to genomic features. Bioinformatics 30, 923–930. 

Ma, X.M., and Blenis, J. (2009). Molecular mechanisms of mTOR-mediated translational control. 
Nat Rev Mol Cell Biol 10, 307–318. 

Mills, A.A., Qi, Y., and Bradley, A. (2002). Conditional inactivation of p63 by Cre-mediated 
excision. Genesis 32, 138–141. 



151 

Oshio, T., Komine, M., Tsuda, H., Tominaga, S.-I., Saito, H., Nakae, S., and Ohtsuki, M. (2017). 
Nuclear expression of IL-33 in epidermal keratinocytes promotes wound healing in mice. J 
Dermatol Sci 85, 106–114. 

Packard, A.I., Lin, B., and Schwob, J.E. (2016). Sox2 and Pax6 Play Counteracting Roles in 
Regulating Neurogenesis within the Murine Olfactory Epithelium. PLoS ONE 11(5), 
e0155167. 

Pevny, L.H., and Nicolis, S.K. (2010). Sox2 roles in neural stem cells. Int. J. Biochem. Cell Biol. 
42, 421–424. 

Risso, D., Purvis, L., Fletcher, R., Das, D., Ngai, J., Dudoit, S., and Purdom, E. (2018). 
clusterExperiment and RSEC: A Bioconductor package and framework for clustering of 
single-cell and other large gene expression datasets. bioRxiv 280545. 

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). limma 
powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic 
Acids Res. 43, e47–e47. 

Rousseeuw, P.J. (1987). Silhouettes: A graphical aid to the interpretation and validation of cluster 
analysis. J. Comput. Appl. Math. 20, 53–65. 

Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to ImageJ: 25 years of 
image analysis. Nat. Methods 9, 671–675. 

Schwob, J.E., Huard, J.M., Luskin, M.B., and Youngentob, S.L. (1994). Retroviral lineage studies 
of the rat olfactory epithelium. Chem. Senses 19, 671–682. 

Schwob, J.E., Youngentob, S.L., and Mezza, R.C. (1995). Reconstitution of the rat olfactory 
epithelium after methyl bromide-induced lesion. J. Comp. Neurol. 359, 15–37. 

Shaham, O., Smith, A.N., Robinson, M.L., Taketo, M.M., Lang, R.A., and Ashery-Padan, R. 
(2009). Pax6 is essential for lens fiber cell differentiation. Development 136, 2567–2578. 

Shirakata, Y., Kimura, R., Nanba, D., Iwamoto, R., Tokumaru, S., Morimoto, C., Yokota, K., 
Nakamura, M., Sayama, K., Mekada, E., et al. (2005). Heparin-binding EGF-like growth factor 
accelerates keratinocyte migration and skin wound healing. J. Cell Sci. 118, 2363–2370. 

Shwartz, A., Yogev, S., Schejter, E.D., and Shilo, B.-Z. (2013). Sequential activation of ETS 
proteins provides a sustained transcriptional response to EGFR signaling. Development 140, 
2746–2754. 

Smyth, G.K. (2004). Linear Models and Empirical Bayes Methods for Assessing Differential 
Expression in Microarray Experiments. Stat. Appl. Genet. Mol. Biol. 3, 1–25. 

Snippert, H.J., van der Flier, L.G., Sato, T., van Es, J.H., van den Born, M., Kroon-Veenboer, C., 
Barker, N., Klein, A.M., van Rheenen, J., Simons, B.D., et al. (2010). Intestinal Crypt 
Homeostasis Results from Neutral Competition between Symmetrically Dividing Lgr5 Stem 
Cells. Cell 143, 134–144. 



152 

Srinivas, S., Watanabe, T., Lin, C.S., William, C.M., Tanabe, Y., Jessell, T.M., and Costantini, F. 
(2001). Cre reporter strains produced by targeted insertion of EYFP and ECFP into the 
ROSA26 locus. BMC Dev. Biol. 1, 4. 

Street, K., Risso, D., Fletcher, R.B., Das, D., Ngai, J., Yosef, N., Purdom, E., and Dudoit, S. (2017). 
Slingshot: Cell lineage and pseudotime inference for single-cell transcriptomics. bioRxiv 
128843. 

Suh, H., Consiglio, A., Ray, J., Sawai, T., D’Amour, K.A., and Gage, F.H. (2007). In vivo fate 
analysis reveals the multipotent and self-renewal capacities of Sox2+ neural stem cells in the 
adult hippocampus. Cell Stem Cell 1, 515–528. 

Takeda, N., Jain, R., LeBoeuf, M.R., Wang, Q., Lu, M.M., and Epstein, J.A. (2011). 
Interconversion between intestinal stem cell populations in distinct niches. Science 334, 1420–
1424. 

Tetteh, P.W., Basak, O., Farin, H.F., Wiebrands, K., Kretzschmar, K., Begthel, H., van den Born, 
M., Korving, J., de Sauvage, F., van Es, J.H., et al. (2016). Replacement of Lost Lgr5-Positive 
Stem Cells through Plasticity of Their Enterocyte-Lineage Daughters. Cell Stem Cell 18, 203–
213. 

Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M.J., Salzberg, S.L., 
Wold, B.J., and Pachter, L. (2010). Transcript assembly and quantification by RNA-Seq 
reveals unannotated transcripts and isoform switching during cell differentiation. Nat. 
Biotechnol. 28, 511–515. 

Treutlein, B., Lee, Q.Y., Camp, J.G., Mall, M., Koh, W., Shariati, S.A.M., Sim, S., Neff, N.F., 
Skotheim, J.M., Wernig, M., et al. (2016). Dissecting direct reprogramming from fibroblast to 
neuron using single-cell RNA-seq. Nature 534, 391–395. 

Tseng, G.C., and Wong, W.H. (2005). Tight Clustering: A Resampling-Based Approach for 
Identifying Stable and Tight Patterns in Data. Biometrics 61, 10–16. 

van der Maaten, L. (2014). Accelerating t-SNE using tree-based algorithms. J. Mach. Learn. Res. 
15, 3221–3245. 

van der Maaten, L., and Hinton, G. (2008). Visualizing Data using t-SNE. J Mach Learn Res 9, 
2579–2605. 

Wilson, A., Laurenti, E., Oser, G., van der Wath, R.C., Blanco-Bose, W., Jaworski, M., Offner, 
S., Dunant, C.F., Eshkind, L., Bockamp, E., et al. (2008). Hematopoietic Stem Cells Reversibly 
Switch from Dormancy to Self-Renewal during Homeostasis and Repair. Cell 135, 1118–1129. 

Wojcik, S.M., Bundman, D.S., and Roop, D.R. (2000). Delayed wound healing in keratin 6a 
knockout mice. Mol. Cell. Biol. 20, 5248–5255. 

Wu, A.R., Neff, N.F., Kalisky, T., Dalerba, P., Treutlein, B., Rothenberg, M.E., Mburu, F.M., 
Mantalas, G.L., Sim, S., Clarke, M.F., et al. (2014). Quantitative assessment of single-cell 
RNA-sequencing methods. Nat. Methods 11, 41–46. 



153 

Yan, K.S., Chia, L.A., Li, X., Ootani, A., Su, J., Lee, J.Y., Su, N., Luo, Y., Heilshorn, S.C., and 
Amieva, M.R. (2012). The intestinal stem cell markers Bmi1 and Lgr5 identify two 
functionally distinct populations. Proc Natl Acad Sci U A 109, 466–471. 

Yates, S., and Rayner, T.E. (2002). Transcription factor activation in response to cutaneous injury: 
role of AP-1 in reepithelialization. Wound Repair Regen 10, 5–15. 

Zhou, Z., Wang, D., Wang, X.-J., and Roop, D.R. (2002). In utero activation of K5.CrePR1 induces 
gene deletion. Genesis 32, 191–192. 

 

  



154 

Chapter 4:    Chromatin Accessibility in Olfactory Stem Cells Primes for 
Expression of Olfactory Lineage Genes 
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Chapter Summary 
Upon injury, formerly quiescent olfactory stem cells transition to an activated state within 24 
hours, upregulating expression of 1140 genes and downregulating 912 others. These large and 
rapid changes in transcriptional output suggest that the horizontal basal cells (HBCs) are globally 
primed for transcription, allowing the cells to respond quickly to environmental stress. Here, we 
investigate the chromatin accessibility of resting HBCs. We find that resting HBCs maintain an 
open chromatin signature at transcription start sites of all olfactory lineage genes. 

 

Introduction 
As described in Chapter 3, horizontal basal cells (HBCs) become activated upon severe injury to 
the olfactory epithelium in order to regenerate the tissue. Within 24 hours of injury, HBCs undergo 
significant changes in transcriptional output to become activated HBCs, upregulating 1140 genes 
and downregulating 912 others with a two-fold change or greater. This is the largest change in 
gene expression between successive cell states in any of the HBC lineages (Supplementary Figure 
2.3G and Figure 4.1; Gadye et al., 2017). How is gene expression regulated in resting HBCs, such 
that they are poised to rapidly and drastically change their molecular identity upon activation by 
injury? 

Chromatin accessibility to DNA-binding factors is a global mechanism of transcriptional 
regulation used by both embryonic and adult stem cell populations. Chromatin state can shape cell 
identity by regulating the ability of transcription factors and RNA polymerase II to access and bind 
DNA. Transcription begins with the sequence-specific binding of activator proteins near promoters 
and recruitment of adaptor complexes. These, in turn, recruit the RNA polymerase II pre-initiation 
complex, which includes Pol II and general transcription factors TFIIA, TFIIB, TFIID, TFIIE, 
TFIIF, and TFIIH (Flores et al., 1989, 1992; Ge et al., 1996; Matsui et al., 1980; Reinberg and 
Roeder, 1987; Samuels et al., 1982; Sawadogo and Roeder, 1985; Thomas and Chiang, 2006). 
Transcriptional elongation begins when TFIIH separates 20 bp of DNA and a single strand of DNA 
is placed in the cleft of Pol II (Goodrich and Tjian, 1994; Grünberg et al., 2012). For all of these 
interactions to occur, the DNA near the transcription start site must be relatively accessible to the 
large pre-initiation complex.  
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Figure 4.1. Volcano Plots of -log10 Adjusted P-value (adj. p-value) Versus log2 Fold Change (log2FC) 
Between Cell Types.  
The plots are arranged to represent the lineage trajectory map during regeneration and display the number 
of differentially expressed genes for each cell type transition (genes with adj. P-value < 0.01 and log2FC > 
1). Number of downregulated genes are shown in blue text (upper left) and number of upregulated genes 
are shown in red text (upper right).  

Although much has been made of the relationship between DNA sequence and transcription factor 
binding in gene regulation, on the whole, DNA is highly compacted within cells and inaccessible 
to many DNA binding proteins. In the uncompressed, naked DNA form, the genome of a 
eukaryotic cell would be approximately 2 meters long, orders of magnitude above the size of the 
cell nucleus (Osheroff et al., 1991). Accordingly, DNA is folded and compressed by winding about 
assemblies of 8 histone proteins; these complexes of proteins and DNA are known as nucleosomes. 
Nucleosomes provide a regular structure to DNA compaction: each is typically composed of 146 
base pairs of DNA wrapped around two copies of histone proteins H2A, H2B, H3 and H4. DNA 
binds the histone octamer at 14 DNA binding sites within conserved histone fold domains, 
adopting a superhelix conformation (Finch et al. 1977; Kornberg and Lorch, 1999). These 
interactions are specifically with the face of the ribose sugars, rendering them non-sequence-
specific. Extending from the histones are chains of amino acids known as histone tails. 
Posttranslational modifications of histone tails alter strengths of contacts between nucleosomes 
and DNA (Wolffe and Guschin, 2000). Interactions between nucleosomes, in part mediated by the 
histone tails, dictate the packing of the chromatin within a cell. 

Chromatin accessibility has been shown to correspond to transcriptional output in numerous 
developmental contexts, ranging from embryonic development to adult stem cell differentiation. 
Pluripotent stem cells actively support a globally "open chromatin" state that is critical for the 
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maintenance of pluripotency. As they commit to particular lineages and differentiate, regions of 
open chromatin become more restricted (Gaspar-Maia et al., 2011; Marshall, 2003; Meshorer and 
Misteli, 2006). Among adult stem cells, stem cells of the hair follicle contain large domains of 
accessible chromatin at genes enriched in this cell type. As the cells differentiate, super-enhancers 
relocate from hair follicle stem cell genes to markers of transit amplifying cells. This remodeling 
also extends to the epidermal injury response, during which stem cells downregulate hair follicle 
lineage genes and convert into keratinocytes (Adam et al., 2015). In contrast to the cell type 
specificity of the hair follicle, secretory and enterocyte progenitors of the intestinal epithelium are 
thought to exhibit a broadly permissive chromatin structure at many of the same loci, suggesting 
that genes expressed anywhere in the intestinal stem cell lineage might remain accessible even 
after fates are specified (Kim et al., 2014). 

Chromatin accessibility can be assayed directly by a variety of experimental methods involving 
purification of regions of either compacted or nucleosome-free DNA from the whole genome 
(Tsompana and Buck, 2014). It was first discovered that regions of actively transcribed, 
nucleosome-depleted, DNA exhibited nuclease sensitivity in the 1970s and 1980s (Levy and Noll, 
1981; Wu et al., 1979; Keene and Elgin, 1981; Weintraub and Groudine, 1976). Following this 
discovery, DNase hypersensitive sites were mapped in a variety of organisms (Gross and Garrard, 
1988). With the advent of whole-genome sequencing, the possibilities for assaying chromatin 
accessibility were extended to the entire genome as well, with the development of DNase-seq and 
MNase-seq (Cui and Zhao, 2012; John et al., 2013; Rizzo and Sinha, 2014; Song and Crawford, 
2010). Both techniques involve nuclease digestion to fragment regions of open chromatin, which 
are then sequenced; they differ in that DNase-seq identifies nucleosome-free regions and MNase-
seq specifically identifies nucleosome occupancy. FAIRE-seq (Formaldehyde-Assisted Isolation 
of Regulatory Elements), which relies on the fact that compacted chromatin is more easily 
crosslinked, has also been used to measure chromatin accessibility (Giresi et al., 2007; Nagy et al., 
2003). 

These methods have largely been supplanted by the development of ATAC-seq (assay for 
transposase-accessible chromatin), which features both a simpler, shorter protocol and a lower 
amount of input material, making it more feasible to perform on rare cell populations. ATAC-seq 
can be performed with as little as 500 cells in bulk populations, and protocols for performing 
ATAC-seq in single cells have also been developed (Buenrostro et al., 2013, 2015a, 2015b; 
Cusanovich et al., 2015; Preissl et al., 2018). ATAC-seq takes advantage of a hyperactive Tn5 
transposase, using its activity to integrate sequencing adapters into regions of open chromatin. 
Closed chromatin is less likely to have integrated both adapters due to steric hindrance. After the 
transposition reaction, the regions of integration (open chromatin) can be directly amplified and 
sequenced for a picture of chromatin accessibility across the genome (Buenrostro et al., 2013). 
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ATAC-seq has been used to probe accessibility and infer mechanisms of transcriptional regulation 
in a number of adult cell types, including olfactory sensory neurons. ATAC-seq on olfactory 
sensory neuron populations has revealed that olfactory receptor enhancer islands contain open 
chromatin domains that overlap with Lhx2 and Ebf binding sites. Knockout of just Lhx2 and 
displacement of Lhx2 and Ebfs by a fusion protein results in decreased chromatin accessibility at 
these enhancers, suggesting that co-binding of these transcription factors might coordinate 
unsilencing of olfactory receptors in mature olfactory sensory neurons (Monahan et al., 2017). 
ATAC-seq has also been extensively applied to identify changes in chromatin accessibility in adult 
stem cell niches. In the hair follicle, the different progenitor cell and transit amplifying cell types 
contain accessible domains corresponding to cell type specific gene expression, including 
expression of key transcription factors and active signaling pathways. Changes in chromatin 
accessibility between cell types also correspond to larger changes in gene expression (Adam et al., 
2018). Building on previous work in the intestinal epithelium, Jadhav et al. (2017) identify 
differences in chromatin accessibility signatures between secretory progenitors (lacking strong 
signals of histone modification that were used to determine accessibility in the previous study, 
leading to the conclusion of similar chromatin profiles) and intestinal stem cells and enterocyte 
precursors. Upon loss of intestinal stem cells due to injury, these secretory cells dedifferentiate, 
and in the process, adopt an accessibility profile more similar to that of intestinal stem cells. Thus, 
ATAC-seq has the potential to illuminate mechanisms of gene regulation during conversion 
between distinct cellular identities.  

In this chapter, ATAC-seq is used to assay chromatin accessibility in HBCs, to address the question 
of how they might be primed for expression of lineage-specific genes. We find that resting HBCs 
exhibit a globally open chromatin structure near transcription start sites, but open chromatin over 
the gene body is generally found only for expressed genes. 

Results 

ATAC-Seq Reliably Distinguishes Accessible and Inaccessible Chromatin in HBCs 

In order to understand how the patterns of gene expression we observed in HBCs might be carried 
out mechanistically, we directly queried whether chromatin would be open or closed around the 
transcription start site of genes that are highly expressed in resting HBCs. To do this, we performed 
ATAC-seq - in which the Tn5 transposase preferentially integrates adapters into regions of open 
chromatin, allowing them to be amplified and sequenced - on populations of HBCs isolated from 
the olfactory epithelium to understand how they might be primed for rapid transcription upon 
injury. We predict that for genes that we found to be actively transcribed in resting HBCs, the 
genomic loci would be located in regions of open chromatin, thereby allowing for access by 
transcriptional machinery. More specifically, we expected actively transcribed genes should have 
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accessible promoters that allow the RNA polymerase II complex and transcriptional activators to 
bind to the DNA, a process known to gate transcription. 

To identify highly expressed genes in HBCs, we returned to our previous transcriptomic 
characterization of lineages arising from HBCs to establish the transcriptional profile of each 
olfactory cell type (Gadye et al., 2017). We chose the mean expression of the cells in each cluster 
to be representative of each gene’s expression pattern within a given cell type. Of the 500 genes 
with the highest mean expression in HBCs, most feature regions, centered on the transcription start 
site, having very accessible chromatin as detected by ATAC-seq (Figure 4.2A). 

 

Figure 4.2. Chromatin Accessibility at Transcription Start Sites (TSSs) in Resting HBCs.  
The regions 5 kb upstream and 5 kb downstream of the transcription start site in resting HBCs for the 500 
genes with highest expression in resting HBCs (A) and olfactory receptor loci (B). Chromatin accessibility 
is represented by the z-score of the counts at each base pair, averaged across samples and in 10 base pair 
windows (see Methods; Table 4.1 for sample information). 

To confirm whether our experiment could reliably differentiate between heterochromatin 
(condensed or closed) and euchromatin (open and capable of being transcribed), we examined 
accessibility of the olfactory receptor loci; a low number of sequencing reads at any given locus 
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would indicate the chromatin was in a condensed state and therefore not tagged with adapters 
destining the region for sequencing, resulting in an absent or lower frequency of reads. Olfactory 
receptor loci are known to be located in constitutive heterochromatin in non-neuronal cell types, 
rendering them inaccessible to transcriptional activators (Magklara et al., 2011). Consistent with 
this finding, we observe little to no accessibility near the transcription start sites of ~1400 olfactory 
receptor genes and pseudogenes (Figure 4.2B). Thus, we conclude that ATAC-seq can reliably 
differentiate between accessible and inaccessible chromatin in HBCs.  

HBCs Contain Open Chromatin at the Promoters of Marker Genes in the Olfactory 
Lineage 

We next sought to address the question of whether chromatin accessibility "primes" stem cells for 
the expression of genes that mark later stages in the olfactory lineage. If open chromatin primes 
resting HBCs for rapid activation of transcription, they should maintain open chromatin at the 
promoters of genes induced in activated HBCs, even if these genes are not expressed in resting 
HBCs. For these genes, we expected to observe patterns of ATAC-seq signal around the 
transcription start site similar to the patterns observed for genes highly expressed in resting HBCs. 

To select genes which might be primed for expression in activated HBCs, we identified the most 
differentially expressed genes between the first activated HBC type (HBC*1) and resting HBCs, 
and further selected for genes not expressed in resting HBCs (mean expression of < 1 normalized 
count in resting HBCs). These genes represent a set of genes that experience an "off-on switch" in 
transcription in the HBC to activated HBC state. Nine-hundred twelve genes met these criteria, 
and after sorting for highest mean expression in the first activated HBC cluster, we chose to 
examine the first 500 of these genes. 

Consistent with the hypothesis of lineage priming, regions of open chromatin were found around 
the transcription start sites for these activated HBC marker genes (Figure 4.3A). We next selected 
enriched genes for each of the more differentiated cell types in the olfactory lineage using a 
procedure similar to that used to find the HBC*1 marker genes. Surprisingly, we found regions of 
accessible chromatin around the transcription start sites of genes enriched in each cell type of the 
olfactory epithelium, from GBCs/MVs to neurons (Figures 4.3B and 4.3C; data not shown). 
Altogether, this indicates that HBCs maintain a globally open chromatin structure around the 
transcription start sites of genes expressed anywhere in the olfactory lineage, priming for 
expression of not just activated HBC genes, but also genes whose expression defines much later 
stages in differentiation. 
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Figure 4.3. Chromatin Accessibility at the Transcription Start Sites of Olfactory Lineage Genes in 
Resting HBCs.  
These maps for the top 500 genes expressed in activated HBCs (A), expressed in GBCs/MVs (B), and 
expressed in neurons (C), and also downregulated in resting HBCs. In each panel, 5 kb upstream and 5 kb 
downstream of the TSS is plotted, of the averaged z-scores, as in Figure 4.2. 

HBCs Retain a Closed Chromatin Structure Over Non-Expressed Genes, Suggesting 
Priming is Restricted to the Promoter Region 

HBCs appear to maintain relatively open chromatin around the transcription start site of all genes 
expressed in the olfactory lineage, but this finding does not resolve whether chromatin accessibility 
distinguishes between expressed genes and genes with potential to be expressed upon 
differentiation. Alternatively, HBCs could maintain a globally open chromatin structure, similar 
to that observed in embryonic stem cells - in this situation, we would expect to find broadly 
accessible chromatin (and high ATAC-seq signal) throughout the genome. To address whether 
chromatin accessibility patterns differ between genes expressed in HBCs and genes expressed in 
differentiated cell types, we examined ATAC-seq signal over coding regions for each of the marker 
gene classes described above.  
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Genes highly expressed in resting HBCs maintain open chromatin across all or most of the gene 
body within the HBC samples, indicative of their accessibility to elongating transcription 
complexes (Figure 4.4A). However, unlike the pattern of open chromatin around the transcription 
start site, the same chromatin accessibility profile is not found over genes expressed during later 
stages of differentiation but not expressed in HBCs. Aside from the region immediately 
downstream of the transcription start site, genes expressed exclusively in later stages of 
differentiation seem to be in mostly regions of closed chromatin (Figures 4.4B and 4.4C; data not 
shown). Accordingly, we conclude that lineage priming in the olfactory epithelium via chromatin 
accessibility is restricted to promoters, and that for the most part, entire genes are not accessible 
in resting HBCs unless they are actively expressed. 

 
Figure 4.4. Chromatin Accessibility Over the Gene Body.  
Plotted are genes enriched in resting HBCs (A), enriched in activated HBCs but not expressed in resting 
HBCs (B), and enriched in GBCs/MVs but not expressed in resting HBCs (C). Each row is scaled to the 
length of the gene. 
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Discussion 
Although chromatin accessibility is a key factor in transcriptional activation, and changes in 
chromatin accessibility are often associated with cell type conversion, embryonic and adult stem 
cells are not necessarily alike in their chromatin signatures. Here we show that like embryonic 
stem cells, resting HBCs may have an "open" chromatin structure with regard to the transcription 
start site of lineage-specific genes. This finding suggests that many genes may be poised for rapid 
activation upon injury, as they are accessible to both transcriptional activators and the large RNA 
polymerase II complex. Future experiments will extend these studies of chromatin accessibility to 
the lineages arising from resting HBCs, to identify whether changes in conformation may dictate 
transcriptional activity in descendant cell types, especially in the context of injury response. From 
our previous characterization by single-cell RNA-sequencing, we know that resting HBCs are a 
homogeneous population, allowing us to apply ATAC-seq to a bulk sample. However, since 
differentiation is not a synchronized process during either homeostatic maintenance or injury-
induced regeneration, studies along the differentiation axes will require the application of single-
cell chromatin accessibility assays, as described by Buenrostro et al. (2015b), Cusanovich et al. 
(2015) and Preissl et al. (2018).  

While chromatin accessibility is a mechanism by which gene expression can be regulated, the 
exact means by which chromatin is rendered accessible in different tissues and conditions remains 
to be understood. A number of factors that alter chromatin structure, and thereby affect 
transcription, have been identified in various cell populations. The most well-characterized of 
these are histone modifications, modifications to the residues of histone tails that are thought to 
alter contacts with DNA and/or interact with other proteins involved in regulation of chromatin 
structure. These post-translational modifications include acetylation, phosphorylation, 
ubiquitination, methylation, and ADP ribosylation of various residues (Kouzarides, 2007). Of 
these, a few are associated with a relatively open chromatin landscape and transcriptional 
activation, including trimethylation of lysine 4 of histone H3 (H3K4me3) and acetylation of lysine 
9 of histone H3 (H3K9ac) (Bernstein et al., 2005; Gates et al., 2017; Karmodiya et al., 2012; 
Ruthenburg et al., 2007). In contrast, trimethylation of lysine 27 of histone H3 (H3K27me3) is 
associated with repression of transcription (Boyer et al., 2006; Lee et al., 2006). Surprisingly, a 
number of stem cell populations contain overlapping regions of H3K4 trimethylation, an activating 
mark, and H3K27 trimethylation, a repressive mark, that resolve to a single mark upon 
differentiation, resulting in either chromatin compaction or opening. These domains are known as 
bivalent chromatin, reflecting their "poised" state for either rapid activation or rapid repression of 
transcription. First noted in embryonic stem cells, bivalent have also been identified in neural 
progenitor cells and embryonic fibroblasts, opening the door to the possibility that they may 
regulate transcription in adult stem cell niches as well (Azuara et al., 2006; Bernstein et al., 2006; 
Mikkelsen et al., 2007). 



164 

Aside from chromatin accessibility, another factor in the speed of the transcriptional response is 
the assembly of the large RNA polymerase II complex. While it can be a rate-limiting step in 
transcription, Pol II complexes have been found to preassemble at the promoters of non-expressed 
genes. Known as "paused Pol II" because of their position, these complexes transcribe < 50 base 
pairs, while waiting for the phosphorylation by pTEF-b, which triggers a release of Pol II into 
elongation and production of full-length transcripts (Zhou et al., 2012). First discovered in 
Drosophila at genes associated with stress and immune response, paused Pol II is also found at 
genes with regulatory function during development in human and mouse embryonic stem cells 
(Bentley and Groudine, 1986; Gilmour and Lis, 1986; Guenther et al., 2007; Min et al., 2011). In 
one adult stem cell population, paused Pol II also regulates quiescence (Gala et al., 2018). Given 
its role in regulating transcription of not only differentiation-associated genes, but also genes 
involved in stress response and quiescence, paused Pol II is another excellent candidate for 
regulating the quiescent to activated HBC transition. 
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Methods 

Experimental Models 

Transgenic Mice 

Mice containing the Krt5-CrePR driver (Zhou et al., 2002) and Rosa26eYFP reporter (Srinivas et 
al., 2001) on a mixed C57BL/6 and 129 background were used in this study, in addition to CD-1s. 
Animals were housed and maintained according to IACUC guidelines. 

Method Details 

Fluorescence-Activated Cell Sorting (FACS) 

Mice were sacrificed after reaching adulthood, from P20 onward (as described in Table 4.1). Each 
sample included multiple littermates. The dorsal, sensory portion of the olfactory epithelium was 
dissected and dissociated as described in Gadye et al., 2018. Dissociated cells were kept in 
phosphate buffered saline with 10% fetal bovine serum (PBS-FBS) and then sorted on a BD Influx 
sorter into PBS-FBS, using an ICAM-1 antibody (Armenian Hamster) conjugated to phycoerythrin 
(PE) for CD-1s or YFP fluorescence for animals expressing the Krt5-CrePR driver and 
Rosa26eYFP reporter. Propidium iodide was used to exclude dead or dying cells in all cases.  

Table 4.1 Sample Information for ATAC-Seq Experiments. 

Sample Number of cells Genotype, 
Age, Sex 

PCR  
Primer 2 

Number of 
additional 
cycles PCR  

Sequencing 
depth 

1 

50,000 cells 
Processed as 25,000-cell 
aliquots through PCR 
steps; combined during 
library size selection 

CD-1 
P20, M/F 
mixed 

Ad2.2 
CGTACTAG 

7  
(12 total) for 
each aliquot 

44,256,651 
reads 

2 6,475 cells 
Krt5-CrePR; 
Rosa26eYFP 
P37, F 

Ad2.6 
TAGGCATG  6 (11 total) 44,718,839 

reads 

3 14,578 cells 
Krt5-CrePR; 
Rosa26eYFP 
P37, F 

Ad2.7 
CTCTCTAC 6 (11 total) 43,078,896 

reads 

4 25,000 cells CD-1 
4 months, F 

Ad2.5 
GGACTCCT 8 (13 total) 17,389,927 

reads 
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Assay for Transposase-Accessible Chromatin (ATAC) 

The assay for transposase-accessible chromatin was performed as described in Buenrostro et al. 
(2015a), with slight modifications. The nuclei preparation was performed as described, but for 
varying numbers of cells (described in Table 4.1). In brief, cells were centrifuged at 500g at 4℃ 
for 5 min and washed with cold PBS, before resuspension in 50 µL of a lysis buffer: 

●  10 mM TrisCl pH 7.4 
●  10 mM NaCl 
●  3mM MgCl2 
●  0.1% (v/v) Igepal CA-630 

 
The cells were then centrifuged at 500g at 4℃ for 10 min. The transposition reaction was 
performed at 2x concentration: 

●  12.5 µL TD reaction buffer from Nextera DNA library preparation kit  
●  2.5 µL Nextera Tn5 Transposase 
●  10 µL nuclease-free water 

The sample was incubated at 37℃ for 30 min during transposition, followed by purification with 
a Qiagen MinElute PCR Purification Kit. Samples were eluted in 20 µL of elution buffer. 

PCR Amplification, Library Preparation and Sequencing 

PCR amplification was performed as described with the following components: 

●  10 µL of the transposed DNA,  
●  10 µL nuclease-free water 
●  2.5 µL 25 µM PCR Primer 1 (Ad1) 
●  2.5 µL 25 µM PCR Primer 2 (one of Ad2.2, Ad2.5, Ad2.6, and Ad2.7; Table 4.1) 
●  25 µL NEBNext High-Fidelity 2x PCR Master Mix 

Thermal cycling involved an initial extension cycle followed by 5 additional cycles: 

1 cycle of extension: 5 min at 72°C, 30 sec at 98°C 
5 cycles of amplification: 10 sec at 98°C, 30 sec at 63°C, 1 min at 72°C 

qPCR was performed with 5 µL of the PCR-amplified DNA, to identify how many additional 
amplification cycles were needed for adequate signal without over-amplification and introduction 
of PCR bias. Reaction components include: 

●  5 µL of the PCR-amplified DNA  
●  4.41 µL nuclease-free water 
●  0.25 µL 25µM PCR Primer 1 (Ad1) 
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●  0.25 µL 25µM PCR Primer 2 (one of Ad2.2, Ad2.5, Ad2.6, and Ad2.7; as above) 
●  0.09 µL 100× SYBR Green I 
●  5 µL NEBNext High-Fidelity 2× PCR Master Mix 

 
The qPCR reaction included 30 sec at 98°C, followed by amplification (as described above) for 
20 additional cycles. The number of additional PCR cycles for the remainder of the transposed 
DNA was chosen to be the number of cycles required to reach one-third of the maximum 
fluorescence in the qPCR reaction. The remainder of the transposed DNA (45 µL) was PCR 
amplified for this requisite number of cycles, preceded by 30 sec at 98°C. 

Library size was selected using AMPure XP (Beckman Coulter) beads to eliminate most fragments 
longer than 2000 base pairs and less than 100 base pairs. Samples were first purified using 0.4 µL 
of beads per µL of sample, with a 5 min incubation period, followed by separation with a magnetic 
rack for 5 min, and removal of supernatant. The process was repeated with 1.4 µL of beads per µL 
of sample. Samples were then washed with 70% ethanol, and eluted in 13 µL of nuclease-free 
water. The quality of each sample was assessed by Bioanalyzer High-Sensitivity Analysis prior to 
sequencing. 

Samples were sequenced on an Illumina HiSeq 2500 sequencer to produce 100 bp paired-end 
reads. Sequencing depth is given in Table 4.1.  

Quantification and Statistical Analysis 

Pre-processing, Quality Control and Alignment 

Adapters were removed from raw sequencing data with cutadapt, discarding any paired reads of 
which one mate was less than 18 base pairs in length after trimming. Samples were then assessed 
on quality metrics with FastQC (Version 0.11.5); one sample had significantly fewer reads and 
was dropped in further analyses. The remaining three samples were aligned to the mouse genome 
(mm10) with Bowtie2 (Version 2.2.8), with a maximum fragment length cutoff of 1000 base pairs. 
SAM files were converted to BAM files and mitochondrial alignments removed using samtools 
(Version 1.3; Li et al., 2009).  Duplicate reads identified using Picard Tools MarkDuplicates 
(Version 2.9.4) were also removed using samtools, as well as any reads with quality scores less 
than 30.  

Visualization 

BAM files were converted to bedGraph file format using the bedtools suite’s genomecov function 
with the flag set to include regions of zero coverage (Version 2.25.0; Quinlan and Hall, 2010). The 
coverage in each sample was transformed to z-scores, after excluding chromosome Y.  Normalized 
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bedGraph files were converted to bigWig using UCSC Genome Browser tools 
(bedGraphToBigWig). 

Heatmaps of the transcription start sites and gene bodies of selected gene lists were produced using 
deeptools’ computeMatrix function (Ramírez et al., 2016). 

For transcription start site heatmaps, genes of interest were intersected with a list of start sites 
within the mouse genome (mm10). Given multiple start sites for a gene, the first annotation was 
chosen. The coverage in the 5 kb upstream and 5 kb downstream regions of the start site was 
calculated using computeMatrix reference-point, with the normalized bigWig as input, using a bin 
size of 10 and removing mm10 blacklisted regions reported by Anshul Kundaje (due to 
artifactually high signal in functional genomics experiments; list available at 
https://sites.google.com/site/anshulkundaje/projects/blacklists). 

For gene body heatmaps, genes of interest were intersected with a list of coding sequences within 
the mouse genome (mm10). Given multiple transcripts, the maximal region corresponding to the 
5’ most and 3’ most endpoints was used. The coverage was calculated using computeMatrix scale-
regions, using a bin size of 10 and mm10 blacklisted regions.  

Inspection of the bigWig data indicated a high degree of concordance between samples, and 
matrices were averaged across samples. Heatmaps were plotted in R using the clusterExperiment 
package’s plotHeatmap function (Risso et al., 2018; Version 0.99.3-9001; 
http://bioconductor.org/packages/clusterExperiment). 
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Concluding Remarks 

This dissertation has characterized the lineages arising from the olfactory stem cell at single-cell 
resolution, during both homeostasis and injury-induced regeneration. We molecularly characterize 
several previously undefined cell types, including an activated stem cell state unique to the early 
stages of injury-induced regeneration expressing epithelial wound response genes and cell cycle 
markers in sequence. We identify direct fate conversion of HBCs to sustentacular cells and the 
unipotent fate decisions of resting HBCs in homeostasis, in contrast to the proliferative activated 
HBCs that give rise to multiple lineages during regeneration.  

We also determine the mechanisms regulating differentiation of HBCs. We establish the roles of 
Wnt signaling and the transcription factor Sox2 in promoting neurogenesis, and begin investigation 
into the priming of quiescent HBCs for rapid transcription. 

Together, these studies have established a framework for understanding adult neurogenesis in the 
olfactory system. By integrating single-cell based approaches with traditional molecular biology 
techniques, we are able to uncover the fate decisions of individual stem cells. These discoveries, 
along with experiments proposed above, promise to speed along efforts to understand how stem 
cells can be primed to choose particular cell fates and offer hopes for improving outcomes in 
regenerative medicine. 

 

 

 

 




