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Abstract

Neurally regenerative adult tissues in mammalian model systems are difficult to pin down: the few known centers of adult neurogenesis are subject to caveats about how active and functional they truly are. There is one tissue, however,
which undergoes constant neuronal turnover while maintaining a functional neural
epithelium throughout adult life—the olfactory epithelium (OE). In this thesis, I use
the OE to study the effects of injury on lineage commitment and the regeneration
of olfactory sensory neurons.
In Chapters 2 and 3, I provide a basis for key experimental techniques and
optimize them to the OE for their use later on in the thesis. First, I explore the use
of single cell mRNAseq in identifying cell types of the OE de novo without applying any a priori knowledge. I conclude that either large numbers of cells or targeted
capture of a specific heterogeneous cell population is required to make it viable
and later apply it to identify heterogeneously regulated pathways in Chapter 4.
Next, I use Gibson Assembly and Taguchi Methods to generate a novel tri-cistronic
doublet fluorescent reporter construct, which is then knocked into the endogenous
Ascl1 gene locus in vivo at high efficiency using CRISPR/Cas9. This mouse is later
used in Chapter 4 for FACS isolation of the Ascl1+ neuronal progenitor population
for transplantation.
In Chapter 4, I demonstrate that neuronal lineage commitment is more a
guideline than a rule, as neuronally committed Ascl1+ progenitors or Neurog1+
immediate neuronal precursors are capable of generating significant numbers of
non-neuronal cells after injury. I show that this induced multipotency is partially
cell-autonomous using transplantation assays. Single cell mRNAseq revealed
significant heterogeneous cell populations within the tissue, as well as several
enriched pathways. I validated that the epigenetic regulator Ezh2 plays a significant role in modulating this induced plasticity, while canonical Notch signaling
i

does not—in stark contrast to other tissues. Furthermore, I demonstrate that this
induced plasticity is a form of reprogramming, mediated by some of the Yamanaka
factors (Sox2, KLF4, and MYC targets), involving stepping backwards developmentally. Finally, I show that this dedifferentiation initially requires Sox2 for its induction, but may not be necessary for maintaining the multipotent state afterwards.
In Chapter 5, I show that while canonical Notch signaling plays no role in
dedifferentiation to multipotency, it does play a role in neuronal maturation. Heterozygous knockout of RBPJ is sufficient to result in a severe neuronal maturation phenotype where cells fail to properly target the olfactory bulb and innervate
glomeruli. As in Chapter 4, injury induces significant differences in this population:
knockout neurons are capable of targeting and innervating the bulb, expressing
mature markers and olfactory receptors. Interestingly, after olfactory bulbectomy,
the loss of trophic support does not affect these neurons as they are eminently
able to mature and survive for months past their wildtype brethren. These data
support a hypothesis where RBPJ plays a role in regulating trophic dependence,
and the possible existence of an injury-related neuronal maturation program distinct from uninjured conditions.
Taken together, this thesis provides the tools for future deep molecular
interrogation of cell fate commitment. It characterizes a novel method of tissue
regeneration in the OE and identifies part of the mechanism mediating this dedifferentiation. Finally, it identifies a Notch-independent role of RBPJ in neuronal
maturation and suggests the existence of an injury-specific neuronal maturation
program.
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Chapter 1: Introduction
Adult Neural Stem Cells of the Olfactory Epithelium And
Exploring the Meaning of Stemness

1

Brief Overview of Stem Cells and Plasticity
All modern stem cell research owes its name to German biologist Ernst
Haeckel, who coined the term in 1868, as he used the German phrase “Stammzelle” to describe not only the original ancestor to all multicellular organisms, but
also the now more common usage of a multipotent cell that can generate other
cell types. Initially, this pertained only to the fertilized embryo, which is the ultimate
stem cell. Over a century and half of research has now added complexity and
subtlety to the term (Ramalho-Santos & Willenbring, 2007). A multitude of modifiers exist, ranging from “pluripotent” stem cell, of greatest differentiation potential,
to “progenitor” or “precursor” stem cell, which has one predetermined fate.
The first definitive evidence for a stem cell arose from the hematopoietic
field by Till and McCulloch’s ground-breaking work in 1961, when clonal analysis using radiation-induced markers finally allowed researchers to trace stem
cell activity (Becker, McCulloch, & Till, 1963). A mere 5 years later, Robert Good
was able to transplant bone marrow to rescue an immune deficiency, highlighting the potential of stem cell therapy early on (Ribatti, 2006). More importantly
for this thesis, the earliest demonstration of cell fate plasticity was performed
by Andrew Lassar, Bruce Paterson, and Harold Weintraub in 1986, when they
converted fibroblasts into myoblasts by transfection of a >150 kb DNA fragment
(Lassar Paterson, B.M., Weintraub, H., 1986). Future studies determined that a
single gene present in that fragment, MyoD, was sufficient to mediate this conversion (Weintraub et al., 1989). Amazingly, it was not until 2006 that converting cell
types across lineages would come to the forefront again, this time by the efforts
of Shinya Yamanaka and Kazutoshi Takahashi to convert fibroblasts to induced
pluripotent cells (Takahashi & Yamanaka, 2006; Takahashi et al., 2007). However, it
was a year later, in 2008, that the direct lineage conversion demonstrated in 1986
would be directly reapplied to adult somatic cells, when a group led by Douglas
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Melton converted pancreatic exocrine cells to functional β-cells with the belief that
if four factors could convert a cell to pluripotency, it should be possible convert one
somatic cell into another(Zhou, Brown, Kanarek, Rajagopal, & Melton, 2008).
All of these efforts, however, all revolve around manipulating cells artificially,
and do not demonstrate whether the machinery and mechanisms involved allow
fate changes as a byproduct of their existence, or if they are used in this way naturally. Indeed, early studies starting in 1998 report extreme cases of natural dedifferentiation or transdifferentiation, where transplanting labeled hematopoietic stem
cells yielded label detection in non-hematopoietic tissues, as far as central nervous system neurons (Wagers & Weissman, 2004). However, these studies were
crippled by several problems, not the least of which were irreproducibility and wide
variability in the percentage of contributions. Furthermore, a previously unappreciated phenomenon of cell fusion also confounded these early studies. Finally, very
few tested the simultaneous downregulation of parental markers and upregulation
of converted markers or functional integration. The hematopoietic system was not
the only one in which germline lineage conversion was reported—muscle cells
were reported to have hematopoietic potential, only to later be shown that migrant
hematopoietic stem cells actually resided in the muscle cell preparations, contaminating the results (Wagers & Weissman, 2004).
Despite these early red herrings in mammalian regeneration, work over the
course of many years on a multitude of different model organisms with varying
capabilities of regeneration has served primarily to provide a sense of how varied
the mechanisms can be. For the purposes of this thesis, I will focus on mammalian
adult regeneration and only mention that most, if not all of the mechanisms found
here have some kind of representation in lower organisms where regeneration is
standard.

Adult Dedifferentiation and Transdifferentiation
3

Recent reports of tissue regeneration in the intestine, liver, pancreas, and
trachea of the mouse have revealed a new face to the dedifferentiation and transdifferentiation described above—one where germline lineage boundaries are not
crossed, but rather that within-tissue lineages can be flexible. These new studies
have the benefit of well characterized in-situ genetic lineage tracing, single-cell
mRNAseq, and the overall ability to address shortcomings found in the older studies. To briefly summarize, it has been found that these tissues have functionally
mature, post-mitotic cells, which upon injury become capable of generating multiple cell types of that tissue (J. He, Lu, Zou, & Luo, 2013; Kopp, Grompe, & Sander,
2016; Puri, Folias, & Hebrok, 2014; Stange et al., 2013; Tata et al., 2013; Wang,
Zhao, Fish, Logan, & Nusse, 2015; Xu et al., 2008; Yanger et al., 2013b).
Intestinal Dedifferentiation
The intestine demonstrates robust regeneration both under normal homeostasis and severe injury. It has been shown that there are active Lgr5+ crypt stem
cells that generate precursors to regenerate an entire villus (Barker et al., 2007).
To clarify the early finding that Bmi1 marks a heterogeneous quiescent stem cell
population, there are more recent studies demonstrating that dedifferentiation of
committed, Dll1+ secretory cells and Alpi+ enterocyte progenitors drives regeneration when the Lgr5+ active stem cell is depleted (Tetteh et al., 2016; van Es
et al., 2012). Interestingly, in the intestine, mounting evidence supports the idea
that stemness is based on location, rather than a specific cell state, defined by the
availability of Notch, Wnt, and EGF signals, primarily released by the Paneth cells
which sets the stem cell niche (Sato et al., 2011).
Trachea Dedifferentiation
In a similar vein, dedifferentiation of trachea epithelial cells occurred after
ablation of the airway stem cells. A doxycycline inducible, KRT5 driven diphtheria
toxin model coupled with a secretory cell lineage trace demonstrated that secre4

tory cells increased proliferation rate and generated basal stem cells. Furthermore,
the ability for secretory cells to dedifferentiate was inversely proportional to the
maturity of the secretory cells, indicating that the most mature cells were the least
efficient at dedifferentiating (Tata et al., 2013).
Liver Transdifferentiation
Whereas the gut and airway epithelium undergo high levels of regeneration to maintain homeostasis, the liver experiences low cell turnover on the order
of years. Upon injury, however, the liver is highly regenerative. The existence of
hepatic stem cells such as the Axin2+ cells, along with facultative stem cells,
composed of both biliary epithelial cells and mature hepatocytes, help regenerate
the liver. In zebrafish, it has been shown that injury induces biliary epithelial cells
to directly transdifferentiate into hepatocytes (Choi, Ninov, Stainier, & Shin, 2013).
On the other hand, it has also been shown that Notch is required and can drive
hepatocytes to transdifferentiate into biliary epithelial cells (Yanger et al., 2013a).
Pancreas Plasticity
Similar to the liver, the pancreas does not undergo heavy cell turnover
during normal function. There are studies showing that existing β cells can generate other β cells normally or after pancreatectomy (Dor, Brown, Martinez, &
Melton, 2004; Teta, Rankin, Long, Stein, & Kushner, 2007). More recent studies
using specific drivers have shown that while β cell self-duplication does occur to
compensate for low homeostatic turnover, injury recruits a natural progenitor cell
population marked by Ngn3 expression (Xu et al., 2008). In sum, the pancreas
also utilizes both low levels of dedifferentiation in addition to preexisting progenitors for tissue regeneration.
Mechanisms for Cellular Fate Plasticity
Whereas the mechanisms that induce the cellular plasticity described
above have not been fully determined, Notch, FGF, PDGF, TGFβ, RB, INK4a/ARF
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all have been implicated to play a role (J. He, Lu, Zou, & Luo, 2013; Kopp, Grompe,
& Sander, 2016; Puri, Folias, & Hebrok, 2014; Stange et al., 2013; Tata et al., 2013;
Wang, Zhao, Fish, Logan, & Nusse, 2015; Xu et al., 2008; Yanger et al., 2013b).
Of note, it appears that Notch, an evolutionarily conserved cell-cell signaling pathway, is required for transdifferentiation in the liver (Yanger et al., 2013a)
and dedifferentiation of committed secretory progenitors in the gut (van Es et al.,
2012). During canonical Notch signaling, a ligand on a neighboring cell binds to
one of four Notch receptors, causing a two-step proteolytic cleavage that ultimately releases the ligand and causes the Notch extracellular domain to be endocytosed by the signaling cell, allowing the cleaved Notch intracellular domain (NICD)
to translocate to the nucleus to bind to RBPJ (CSL, CBF-1) and act either as a
repressor or co-activator of target genes. Importantly, RBPJ is the primary effector
of canonical downstream Notch signaling, but has been shown to signal in Notchindependent pathways (Guruharsha, Kankel, & Artavanis-tsakonas, 2012).

Reprogramming
Perhaps the most extreme case of both transdifferentiation and dedifferentiation is the complete reversion of a post-mitotic somatic cell into a pluripotent
embryonic stem cell, either by using somatic cell nuclear transfer (SCNT) or the
Yamanaka reprogramming factors Oct4, Sox2, KLF4, and Myc. Arguably, the
Yamanaka factors are a minimalistic approach compared to the more complete or
comprehensive SCNT, as only four genes are transferred to induce pluripotency,
compared to uncounted mRNA and protein. The mechanism of induced pluripotency has been under intense study since its discovery, and it appears that there
are four primary steps, each with high barriers that result in low efficiencies, which
must be sequentially completed.
First, the cells must downregulate somatic markers of their own lineage and
activate epithelial genes, reminiscent of a mesenchymal-to-epithelial transition.
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Only a subset of cells are capable of downregulating somatic markers, suggesting
that there is either a low percentage of competent cells, and/or a low stochastic
probability of doing so. There is evidence supporting both a competent (elite) model and a stochastic model—indeed these are not mutually exclusive (Polo, 2014).
Second, early pluripotency genes such as SSEA-1 are turned on, requiring extensive epigenetic changes that pose a second barrier to reprogramming.
Epigenetic inhibition of tumor suppressors such as Ink4a and Arf, is also required.
Thus, extensive DNA demethylation of pluripotency genes in addition to changes
in H3K4 and H3K27 methylation patterns must all be erased and rewritten, requiring the activation of many different epigenetic complexes, such as DNMT, Utx,
Polycomb, and Trithorax proteins (Muchkaeva, Dashinimaev, Terskikh, Sukhanov,
& Vasiliev, 2012).
Third, exogenous expression of reprogramming factors is shut down, and
endogenous copies are activated in a feedback loop to stabilize expression. This
is co-incident with the assumption of immortalization. Unfortunately, the precise
mechanism of this switch is currently unknown. Finally, the attained pluripotent
state must stabilize and become self-sustainable, which is often marked by the
reactivation of the silenced X chromosome (Cai, Dai, Zhang, & Dai, 2015; Morris,
2016; Muchkaeva et al., 2012; Polo, 2014).
A key question still unanswered is whether the act of reprogramming recapitulates normal development in reverse. The identification of intermediates
that are conserved regardless of starting cell type argues against this, however
the question has not been directly addressed (Reviewed in Buganim, Faddah, &
Jaenisch, 2013; Stadtfeld & Hochedlinger, 2010). It seems unlikely that reprogramming is a purely artificial mechanism that relies on the coincidental actions of hundreds of genes to achieve. A key aspect of this thesis work is to examine whether
or not reprogramming can occur naturally under regenerative conditions without
7

exogenous gene manipulation.

The Olfactory Epithelium
To address this question of endogenous reprogramming, I use the murine
olfactory epithelium (OE) as the model tissue of choice. As mentioned earlier,
there are several tissues which have reports of dedifferentiation or transdifferentiation, however, the OE, a pseudo stratified epithelium, combines several important
traits together to become arguable one of the best systems to study fate decisions
and dedifferentiation.
Cell Types of the OE
There are 4 major mature cell types belonging to significantly different
lineages (olfactory sensory neuron, glial-like Sus cell, secretory duct/gland, and
microvillar) accompanied by two stem cell populations, one quiescent and one
active (horizontal basal cell and globose basal cell, respectively). These cells can
not only be identified unambiguously simply by morphology and tissue position but
can also be characterized by well-known marker proteins.
Briefly, starting apically and moving basally, the Sustentacular (Sus) cells
act as support cells for the epithelium. Their primary soma is at the apical layer of
the epithelium, where they protect underlying cells, endocytose cellular debris,
and extend thin tendrils to contact the basal stem cells (Cuschieri & Bannister,
1975). These cells express cytokeratin 8/18, REEP6, Sox2, Pax6, and Hes1
(Holbrook, Wu, Curry, Lin, & Schwob, 2011, and unpublished data). Interspersed
with these Sus cells are the microvillar cells, a heterogeneous population that
have been implicated in tissue homeostasis as well as noxious chemical detection, expressing a variety of markers such as IP3R and TRPM5 (Hegg, Jia, Chick,
Restrepo, & Hansen, 2010; Jia et al., 2013; Lin et al., 2008). Below these cells are
the olfactory sensory neurons (OSNs), the primary functional unit of the tissue,
extending a dendrite to the apical surface of the tissue to directly contact the envi8

ronment to bind odorants while also extending an axon through the mesenchyme
to synapse at the olfactory bulb for sensory transduction. These neurons comprise
both a mature (apical) and immature (basal) compartment, which can be distinguished exclusively by OMP or Gap43/NCAM expression, respectively (Iwema &
Schwob, 2003; Ring, Mezza, & Schwob, 1997). There is a low basal rate of turnover necessitating constant adult neurogenesis that is facilitated by the active
stem cell population, the globose basal cell (GBC). This heterogeneous population
consists of a multipotent, Sox2+/Pax6+ label retaining stem cell, an Ascl1+ neuronal lineage committed stem cell, a Neurog1+/NeuroD1+ immediate neuronal precursor cell, and Hes1+ Sus lineage committed stem cell (Calof et al., 2002; Guo et
al., 2010; Jang, Chen, Flis, Harris, & Schwob, 2014; Packard, Giel-Moloney, Leiter,
& Schwob, 2011). Finally, basal to all of these, resting directly on the basal lamina,

Figure 1: Cells of
the OE.
(A) Representative immunohistochemistry
of the OE using
TRPM5(Magenta),
Sox2 (Teal), OMP
(Red), Tuj1(Green),
and AQP5 (Cyan)
to depict the major
cell types of the
OE.
(B) Schematic
representation of
the cell types in the
OE.
(C) Primary markers of each of the
cell types of the
OE, color coded
to the schematic
representation.
(Adapted from
Coleman, 2016)

A
TRPM5+
Microvillar

Sustentacular Cells

Mature Olfactory
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Neurons
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B

C

9

are the quiescent and reserve horizontal basal cells (HBCs) that activate and
promote into GBCs only after extensive tissue injury (Leung, Coulombe, & Reed,
2007; Packard, Schnittke, Romano, Sinha, & Schwob, 2011) (Figure 1).
Injury Conditions
The OE has a variety of injury models that allows targeting which cell types
of the OE are damaged. The most specific involves olfactory bulbectomy (OBX) or
nerve transection, in which either the synaptic target of the mature OSN is surgically removed or the axons themselves are cut (James E Schwob & Costanzo,
2007). Though both result in the loss of mature neurons, the latter recovers with
the next generation of OSNs, whereas the former results in constant elevated
neurogenesis until exhaustion of the active stem cell population. For the interests
of this thesis, I will focus on olfactory bulbectomy. Under those circumstances,
constant elevated neurogenesis results in the tissue becoming aneuronal before
succumbing to respiratory metaplasia—a phenomenon seen not only in accelerated aging mouse models, but also aged human patients (Holbrook et al., 2011;
Mobley, Rodriguez-Gil, Imamura, & Greer, 2013; and unpublished data). One benefit of the OBX surgical method is the specificity allowed by a physical intervention:
I can surgically ablate one hemisphere of the bulb while leaving the other intact,
resulting in uninjured epithelium on the contralateral side to serve as an in-animal
control (Figure 2).
In response to the loss of the mature neurons due to loss of trophic support
and synaptic target, there is an increase in neuronally committed progenitors, resulting in an initial surge of proliferation and neuronal commitment that yields more
mature neurons to attempt to synapse at the nonexistent olfactory bulb. Following
this initial surge in proliferation and death, the tissue settles down to a steady-state
of elevated neurogenesis. The two phases following OBX allow testing a response
to a massive wave of injury and neurogenesis compared to elevated constant
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Figure 2: Olfactory Bulbectomy.
(A) Representative tiled image of coronal sections of the OE, where a unilateral
bulbectomy has been performed, demonstrating unilateral degeneration of mature
neurons, marked by OMP staining. (B) IHC demonstrating the loss of mature neurons at higher magnification. (C) IHC demonstrating the enhanced number of Neurog1-eGFP+ progenitors generated in response to OBX.

neurogenesis (Getchell et al., 2005; Guo et al., 2010; Manglapus, Youngentob, &
Schwob, 2004).
To study full epitheliopoiesis, on the other hand, a variety of methods exist
to ablate all the mature cell types of the epithelium. They range from the inhalable
olfactotoxic gas methyl bromide (MeBr), to direct irrigation of cytotoxic zinc sulfate
or detergent, to a systemic injection of the drug methimazole. These methods vary
in their ease of use, accessibility, synchronicity, and most importantly, consistency
based on the background strain of mouse. To begin, MeBr exposure is a straightforward exposure to a gas for 8 hours, after which mice are removed from the
chamber and further lesion of the tissue is ended. Cytochrome p450 expressed in
the Sus and duct/gland cells of the OE convert MeBr to a toxic byproduct, causing the death of nearby mature cells. It is the most precise of the above mentioned
models, as injury starts and ends depending on exposure to the gas. As such, the
injury to the epithelium is in complete synchronicity and the tissue regenerates together, providing an excellently timed model (Guo et al., 2010; Huard, Youngentob,
Goldstein, Luskin, & Schwob, 1998; J E Schwob, Youngentob, & Mezza, 1995; J E
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Figure 3: Regeneration of the OE
after Injury
H&E staining of rat OE at uninjured,
1 day post MeBr injury, and 2 weeks
post injury, showing that ablation
of mature cell populations occurs
quickly, but can be fully regenerated
(Courtesy of Dr. Schwob).

Schwob, Youngentob, Ring, Iwema, & Mezza, 1999) (Figure 3). This model, however, is sensitive to the strain background and sex of the mouse being lesioned.
For example: the FVB background is highly resistant to the toxin for an unknown
reason. Therefore, this model is used on inbred strains for which dosages are
well known, such as the F1 generation of 129S1/SvImJ X C57/BL6 crosses, and
for when timing is of utmost importance. The primary use of MeBr in this thesis is
to prepare host mice for transplantation, as the synchronized lesion and efficient
clearing uniquely allow an environment amenable to engraftment.
Methimazole (Mtz) injection involves intraperitoneal injection of the antithyroid drug, which is similarly converted by the cytochrome p450 in the OE, resulting
in an injury comparable to MeBr exposure (Bergstrom, Giovanetti, Piras, & Brittebo, 2003). There are two major differences: first, because this is a systemic dosing,
there are systemic effects throughout the mouse and the kinetics are slower and
taper for longer than MeBr exposure. Second, there is significantly less strain-tostrain variation: instead of altering the degree of spared tissue, certain strains are
susceptible to immediate respiratory metaplasia, requiring optimization of Mtz
dosage. Overall, this simple injury model does not require special equipment and
is reproducible, especially when used within strain. Mtz is used widely in this thesis
as the most severe injury condition for testing fate choice and regeneration of the
OE.
Cellular Hierarchy of the Olfactory Epithelium
The cellular hierarchy of the stem cells and the mature cell types has been
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well charted due to the extensive efforts of many labs over time utilizing a wide
range of experimental techniques. Early descriptive as well as knockout studies
identified the basic helix-loop-helix transcription factor Ascl1 (previously known as
Mash1) as the earliest point of neuronal commitment in the adult tissue. Furthermore, the neuronal commitment cascade has been well characterized: the linear
progression of Sox2+ multipotent progenitor give rise to the Ascl1+/Sox2+ neuronally committed stem cell, which in turn transit-amplifies to become Neurog1+/
NeuroD1+ immediate neuronal precursors that undergo very limited proliferation
before becoming Gap43+/NCAM1+ immature neurons, which either synapses
at the bulb to become an OMP+ mature neuron or fails to find trophic support
and undergoes apoptosis (Cau, Gradwohl, Fode, & Guillemot, 1997; Krolewski,
Packard, Jang, Wildner, & Schwob, 2012; Krolewski, Packard, & Schwob, 2013;
Manglapus et al., 2004). The generation of Sus cells from the multipotent GBC is
less well characterized, having only one intermediate—a Hes1+ GBC (Manglapus
et al., 2004). Other than this initial step, however, little is known about any other
intermediates and what the proliferative capacity of this progenitor may be. Thus,
the hypothesis stands that the overall winner in Hes1 vs Ascl1 levels determines
Sus vs neuronal lineage, respectively. Indeed, such competition is characterized
in the CNS with both biochemical and knockout support (Kageyama, Shimojo, &
Imayoshi, 2014; Sugimori et al., 2007).
Unfortunately, very little is known of the genesis of duct/gland cells and microvillar (MV) cells. There are data that support limited progenitor potential of the
duct/gland cells themselves, but thus far, it is only known that multipotent GBCs
are capable of generating them. Microvillar cells can be roughly divided into two
classes, one sensory and the other not, marked by TRPM5 and IP3R3 expression,
respectively (Hegg et al., 2010; Jia et al., 2013; Kusumakshi et al., 2015; Lin et al.,
2008). Neither have direct evidence assigning them as progeny of either neuronal,
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Sus, or any other lineage. It would be logical to assign the sensory MV cell to the
neuronal lineage; however no direct link has been demonstrated. It appears that
these cells play a role in sensing noxious chemicals and interface with trigeminal
fibers to transduce these signals (Lin et al., 2008). On the other hand, the nonsensory MV cells have previously been shown to play a modulatory role in adult
OE tissue homeostasis and regeneration through the secretion of Neuropeptide Y
(NPY) (Jia & Hegg, 2010, 2014; Jia et al., 2013; Montani, Tonelli, Elsaesser, Paysan, & Tirindelli, 2006) (Figure 4).
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Figure 4: Cellular Hierarchy of the Olfactory Epithelium.
Schematic of stem cell relationships in the OE, showing quiescent/label retaining
stem cells at the top, converging on a multipotent GBC which can commit to Sus,
Duct/Gland, or neuronal lineage. A subset of molecular markers as well as known
transitions between cell types are described (Modified from Schwob et al., 2016).

Mechanisms of Regeneration
Regeneration of all the cell types mentioned above necessarily involves the
mobilization and commitment of several cell types, some of which are identified.
Under normal turnover, as mentioned previously, the active GBC stem cells participate to maintain homeostasis, modulated by NPY. On the other hand, extensive
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damage, as mediated by either MeBr or Mtz, results in not only the participation
of the GBCs, but the activation and promotion of the quiescent HBCs. These cells
normally express their master regulator TRP63, which we have previously shown
is necessary and sufficient for the formation of HBCs (Packard, Schnittke, et al.,
2011). The loss of p63 results in the immediate loss of quiescence and promotion
to multipotent GBC, which we term “activation.” This loss of p63 occurs after MeBr
or Mtz injury less than a day after injury, and constitutes the second major stem
cell compartment that participates in injury (Fletcher et al., 2011; Schnittke et al.,
2015).
Of great interest to our lab and the field is what signals induce the loss of
p63 and HBC activation. One likely suspect is the Notch pathway, as it is an evolutionarily conserved cell-cell signaling pathway that our lab has described to be
expressed in ideal places to serve as checkpoints for tissue integrity. The Sus
cells, which provide structural support and protection to the OSNs, express the
Notch ligand Jag1. Their tendrils terminate directly next to HBCs, which express
Notch1 receptor (Herrick, 2016). Indeed, it appears that Notch plays some, but not
the entire, role in determining the activation of HBCs, as both conditional ablation of Sus cells using a genetic diphtheria toxin model as well as double genetic
knockout of Notch1/Notch2 in HBCs results in moderate activation of the HBCs
(Herrick, 2016). In this way, two distinct stem populations are mobilized to rapidly
regenerate the OE after severe injury. However, many questions remain unanswered, ranging from what are the additional molecular mechanisms governing
activation of HBCs, what determines lineage commitment upstream of Hes1 and
Ascl1 interplay, and more broadly, what makes the OE particularly good at adult
neural regeneration?

Single Cell mRNAseq and CRISPR/Cas9 Tools
Single Cell mRNAseq
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In this thesis, I make use of the recently developed single cell mRNAseq
(scRNAseq) tool to investigate some of these questions posed earlier by looking
at cell fate determination and the general cellular architecture of the OE. This approach has the potential to change how we approach many biological questions: it
has taught us already that heterogeneity must be addressed in any biological system, be it a supposedly homogeneous monoculture in vitro or as complex a system as the brain (Handel et al., 2016; Hashimshony, Wagner, Sher, & Yanai, 2012).
Unfortunately, the technology is still new, with platforms still undergoing testing
and dissemination. Furthermore, downstream analysis is challenging, as the mathematics applied to bulk RNAseq are woefully unprepared for quality control, filtering noise, identifying true biological variance, and visualization of hundreds if not
thousands of noisy single cell data. In the past year, a large variety of algorithms
and pipelines have been published, all with pros and cons attached to them, often
times undecipherable for the non-bioinformatician. This is particularly worrying: I
will show later in Chapter 2, some algorithms can remove true biological variation
all in the name of removing noise and batch effect—a loss that would be hard to
detect if every processing step is not examined carefully for artifacts introduced by
a black-box algorithm. On the flip side, many visualization algorithms come with
little to no prior assumptions, and it is up to the user to determine the somewhat
arbitrary parameters and hope that the results are biologically reasonable (Fan et
al., 2015; Kharchenko, Silberstein, & Scadden, 2014; Korthauer, Chu, Newton, Li,
& Thomson, 2015; Trapnell et al., 2014). Once these challenges are surmounted,
however, scRNAseq becomes a powerful tool to investigate cell states and how
they transition between them.
CRISPR/Cas9
While scRNAseq is a powerful tool to describe single cell transcriptomes
and chart out the flow of cells in their state transitions, it is important to go back
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with the final processed data and ascertain biological significance. To synergize
with scRNAseq, I explored the use of CRISPR/Cas9 and advances in molecular
biology techniques. Since its contentious discovery and harnessing by the Doudna
and Zhang labs, CRISPR/Cas9 has promised to revolutionize therapeutic interventions and basic science research both by allowing broadly accessible, rapid, and
cost-effective genetic editing (Cong et al., 2013; O’Connell et al., 2014).
Briefly, the first generation technique revolved around using a single plasmid that coded for wild-type Cas9 protein as well as a U6 RNA promoter driving
the expression of the gRNA. This plasmid is co-delivered with accompanying
targeting vectors or homologous oligos capable of delivering single base-pair
changes or insertion of small sequences such as loxP sites (Yang et al., 2013;
Yang, Wang, & Jaenisch, 2014).
Second generation tools focused on improving the targeting specificity of
editing, either through mutating the Cas9 protein to induce only nicks, or by changing the targeting gRNA structures (Fu, Sander, Reyon, Cascio, & Joung, 2014;
Shen et al., 2014). Nicking Cas9 protein requires a pair of gRNAs to generate a
double strand break leading to the use of Csy4 nuclease to cleave a bi-cistronic
RNA message containing both gRNA fragments allowing for equimolar delivery
(Gao & Zhao, 2013; Haurwitz, Sternberg, & Doudna, 2012). Most recent improvements have focused around protein fusions, the first being a successful fusion of
obligate dimer fragments of the nuclease Fok1 to inactive Cas9 proteins. Similar
to the nicking system, the Fok1/Cas9 fusions have the added advantage that
nuclease activity is completely abolished even in partial binding, and is only active
when both proteins have bound on either side, effectively removing the possibility
of off-target indel formation (Guilinger, Thompson, & Liu, 2014; Tsai et al., 2014).
The second leverages the potential of a cytidine deaminase enzyme by fusing it
to Cas9, thus creating an engineered protein that can be targeted with gRNA to
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convert single basepair nucleotides from C to T, or G to A, without double strand
breaks or donor template recombination (Komor, Kim, Packer, Zuris, & Liu, 2016).

Chapter Summaries
Chapter 2 Summary
In Chapter 2 of this thesis, I worked with PREP scholar Daniel Mendez
to describe an amalgamation of previously existing techniques to form a pipeline starting from raw FASTq files for straightforward analysis of scRNAseq. This
method addresses low number batch effects using an empirical Bayes method
(ComBat), visualization using dimension reducing tool t-Distributed Stochastic
Neighbor Embedding (t-SNE), and clustering with differential gene expression
(Johnson, Li, & Rabinovic, 2007; Van Der Maaten & Hinton, 2008). Furthermore, I
show that though this model provides powerful batch correction, it is prone to overmanipulating single cell data. Instead, a minimalistic approach by only normalizing
for library depth is sufficient to remove major batch bias and even allows merging
of several different datasets. I apply these methods to an unbiased preparation of
whole OE tissue in an effort to identify novel cell populations, characterize previously identified ones, and provide novel markers for future study, with no prior
knowledge of the cell types being investigated. This is analogous to the titanic
effort currently being undertaken by the BRAIN Initiative to single cell sequence
cortical neurons in a high-throughput attempt to identify and classify, albeit it at a
much smaller scale (Tasic et al., 2016).
Chapter 3 Summary
The large number of available CRISPR tools makes for a difficult choice: either commit to an earlier, more proven method and accept potential inefficiencies,
or endlessly wait for the next improved tool. For the timing and scope of the work
done in Chapter 3 of this thesis, I used wildtype spCas9 to induce double strand
breaks around the Ascl1 locus and knock-in a complex TdTomato doublet reporter
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in-vivo to generate the Ascl1-TdTomato2 reporter mouse line. I generated the 9
kb knock-in reporter containing the Ascl1 coding sequence concatenated to two
copies of TdTomato using 2A peptide sequences to promote equimolar expression
of 2 TdTomato molecules to each Ascl1 molecule. The construct was generated
piecemeal using Taguchi Method optimized long range PCR, and stitched together
using scarless Gibson Assembly (Cobb & Clarkson, 1994; Gibson et al., 2009). I
confirmed that this Ascl1-TdTomato2 mouse line faithfully reported Ascl1 expression in the adult OE, where pre-existing reporters fail by FACS and IHC, showing
that it can be used to study adult neurogenesis and fate decisions in the adult OE.
Chapter 4 Summary
Using the tools I characterized in Chapters 2 and 3 of my thesis, I investigate a novel phenomenon of dedifferentiation in the adult mouse OE. Injury conditions induce neuronally committed Ascl1+ and Neurog1+ GBCs to dedifferentiate to a multipotent stem cell that then participates in tissue regeneration. Using
scRNAseq, genetic knockout, and small molecule inhibition, I characterize the
transcriptomes of these cells, and identify that this dedifferentiation ability is mediated through the epigenetic regulator Ezh2, involves a subset of Yamanaka OSKM
factors, and finally, requires Sox2 to initiate, but not maintain.
Chapter 5 Summary
While investigating the dedifferentiative phenotype described in Chapter 4,
I discovered with Dan Herrick that knockout of the Notch effector RBPJ in neuronally committed progenitors causes them to be trophic support independent and
unable to mature under normal homeostasis. Interestingly, injury causes some
cells to dedifferentiate (Chapter 4), but also allows these knockout neurons to mature and synapse properly at the olfactory bulb. I hypothesize that this is the result
of a subtle form of reprogramming in which injury activates a less stringent, RBPJ
independent neurogenic program to facilitate the generation of neurons.
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Chapter 2: Single Cell mRNAseq
Unbiased Identification of Olfactory Epithelium Cell Types
using Single Cell mRNAseq

To be submitted for publication:
Lin B*, Zunitch M*, Mendez D, Schwob JE.
2016. Unbiased single-cell mRNAseq faithfully identifies known and novel cell
populations without a priori knowledge. *Co-Authors
Wet-lab was performed by BL, initial bioinformatics framework established by DM
and improved/finished by BL and MZ
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ABSTRACT
Investigating tissue regeneration requires a priori knowledge of the cell
types mediating regeneration, and the cell types which are being regenerated. The
majority of this knowledge has usually been gathered manually through gross morphology, electron microscopy, and testing of protein markers. With over 30 years
of research investigating the regenerative capabilities of the mammalian olfactory
epithelium, cell types are still not definitively identifiable by unique combinations of
markers—some markers are still under debate. This problem is not confined to the
olfactory epithelium, new cell types are identified on a regular basis in many other
tissues. Here, we used an unbiased approach to identify cell types comprising
the OE without a priori knowledge, by performing Fluidigm C1 Autoprep mediated
single-cell mRNAseq. We first demonstrated a strong bioinformatics approach to
remove batch-to-batch variations which, while successful, only resolved regional
markers of cells while removing significant levels of biological variation separating
cell types. We then used a minimalistic bioinformatics approach that successfully
recapitulated known cell types. Furthermore, it allowed merger of several unrelated
single cell datasets of varying conditions into a coherent pool of data that provides
both significant insight into neurogenesis, and the framework to process additional
datasets to broaden the scope of analysis.

INTRODUCTION and RATIONALE
Single cell mRNA transcriptomic analysis promises to begin a revolution in how biology is fundamentally performed. Preliminary experiments show a
surprising amount of heterogeneity in cells, even in ones that are clonally generated in-vitro. Early single cell mRNA analysis utilized microarrays which were
groundbreaking in their approach, but hampered by low sensitivity, coverage, and
throughput (Roesch et al., 2008; Tietjen, Rihel, Cao, Koentges, & Zakhary, 2003;
Trimarchi, Stadler, & Cepko, 2008). Early single cell mRNAseq addressed some of
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these challenges, but they were performed laboriously by hand. Newer methodologies are far more powerful and address all three of these weaknesses, but have
their own—an enormous investment or expertise is required to either build the
instrumentation to generate the cDNA libraries or to actually perform the sequencing with adequate coverage.
We used single cell mRNAseq (scRNAseq) to perform an unbiased identification of cell types in the mammalian olfactory epithelium, a unique tissue capable
of unparalleled adult neurogenesis. Despite decades of research, the fundamental
identities and fate transitions of the stem cells responsible for life-long neurogenesis remain unclear. Here, we describe the three major steps to a scRNAseq pipeline applied to tissue with a focus on step-by-step bioinformatic analysis of processed data. First, single cells must be gently and dissociated without bias from
the tissue. Second, single cells must be isolated, lysed, and in-vitro transcribed to
generate cDNA libraries. Finally, after these libraries are sequenced, downstream
bioinformatics must be able to remove batch to batch variation and generate a biologically sound representation of the data. To do this last step, we used two different approaches: one focused on removing the most batch effects as possible using extensive machine learning and modeling, while the other used a minimalistic
approach to remove only the gross differences affecting the two different batches.

EXPERIMENTAL METHODOLOGY
Dissociation of Healthy Single Cells (Step 1)
We were specifically interested in identifying all the cell types in the neuronal epithelium of the olfactory mucosa that also includes an underlying mesenchyme. Accordingly, we developed a method to physically separate these two layers by incubating the tissue with dispase followed by gentle peeling. The resulting
epithelium was then incubated in Accutase enzyme until it completely dissociated
into single cells. This suspension was then washed and resuspended in a solution
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of HBSS, EDTA, and HEPES to prevent clumping. We then counted the cells on a
hematocytometer and imaged them measure average cell diameter, as the concentration and distribution of cell size after dissociation is critical to unbiased and
efficient capture of cells using microfluidic techniques.
We used the Fluidigm C1 Autoprep to perform single cell mRNAseq because of its relative straightforward use, unmatched consistency between batches,
and instrument availability. While Drop-seq or InDrop-seq are arguably far more
scalable, those techniques were in their infancy when the C1 Autoprep became
publically available. For the C1 Autoprep, three different sized capture integrated
fluidic circuit (IFC) chips exist, ranging from small (5-10 µm), medium (10-17 µm),
and large (17-25 µm). Selection of chip size is crucial to capturing target cells as
smaller cells will not be stopped by the larger wells, and larger cells will not properly stay captured in smaller wells. This is, however, not a hard and fast rule, as we
and others have seen much larger cells captured in small wells.
Single Cell Capture and cDNA Synthesis (Step 2)
While the majority of the protocol from cell capture to cDNA synthesis
is provided with the instrumentation, we determined several critical factors that
should be stressed. First, after single cell dissociation and prior to the first capture,
the buoyancy of the cells must be adjusted to allow for even flow and capture. To
do this, we used a linear dilution of the cell suspension reagent with the cells at the
target concentration in either empty C1 IFC wells or in a standard 96 well plate. We
diluted the cells ranging from 10:0 to 1:9 of cells to suspension reagent and pipetted each into an empty well. At 10x magnification, we focused on the bottom of
the well and scaned upwards through the liquid column to identify which dilutions
yielded an even distribution of cells from top to bottom. After 10 minutes of incubation at room temperature, we rechecked the wells to identify which dilutions had an
unchanged, even distribution. In our hands, un-calibrated samples yielded as low
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as 5% capture, while properly diluted samples yielded 60-80% occupancy on the
first capture.
Second, we chose to use only three ERCC RNA spike-ins instead of the
recommended full set. Several of the higher concentration spike-ins are orders
of magnitude higher than normal RNA expression in cells, and we did not want
to lose read depth to those spike-ins. While this reduces the robustness of SVM
learning to model single cell noise, we were able to compensate by using a much
simpler linear method, mostly because of how consistent the C1 Autoprep cDNA
synthesis appeared to be.
Third, we investigated the possibility of multiple capture cycles to increase
efficiency. While this is not explicitly described in the protocol, we determined that
multiple capture cycles are indeed possible, simply by refilling the cell input well
and making sure wash buffers were still present in the wells. Unfortunately, diminishing returns makes more than one extra capture cycle unhelpful, and sometimes
even detrimental as the chance of multiple cells in a single well increases.
Finally, we discovered that an insignificant change to the order of operations described in the protocol resulted in a significant reduction in reagent
cost—instead of premixing reagents for priming, loading, and cDNA synthesis all
at once, it is possible to prepare all reagents for mixing, but only commit reagents
when acceptable numbers of cells are captured. While this appears trivial, our success rate in acceptable capture and cDNA synthesis overall is only 60%, although
this is primarily due to early failures while learning the system.
cDNA isolated from the IFC was converted to Illumina sequencing libraries
according to manufacturer’s instructions without modification, although we note
that with the impending release of the 800 capture IFC based on 3’ end-counting
will significantly streamline this process. Libraries were submitted for 150 bp
paired end sequencing at approximately 3M paired reads per cell.
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Bioinformatic Processing (Step 3) (Stringent Batch Correction)
Raw reads yielded from Illumina sequencing were first quality controlled using FastQC, and trimmed using FASTx-Toolkit. Prepared reads were then mapped
to the UCSC NCBI37/mm9 mouse genome assembly using RSEM with standard
settings, and run on the Tufts High Performance Computing Cluster (Li & Dewey,
2011).

The average mapped percentage was 60.28% with 88,944 unique transcripts detected, filtered down to 20,955 transcripts based on the following filter
criteria: a transcript must be expressed at higher than 1 TPM in at least 3 cells, and
demonstrate variance of over 3 TPM across all cells. Alternatively, gene level TPM
was also used in parallel to facilitate downstream analysis, for which 14,084 genes
were detected, and 9,487 passed the same filters as described above.
Bioinformatic Analysis (Step 4)
Downstream analysis of the final gene expression table was done wholly in
R, using a multitude of packages. Individual runs were first analyzed separately,
and then combined, processed for batch effects, and then reanalyzed as a whole.
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Following log-transformation of the entire dataset, we notice significant
differences in the means between the two runs, visualized by the first and second
half of the graph (Figure 1). To address this first issue, we applied a simple mean
centering between the two runs separately.
Original			

Post-Mean Centering

Figure 1: Batch to Batch Variation of Means
Plots of log mean expression values show significant differences between run 1(
red) and run 2 (blue) without centering (Left). Centering the means is only partially
successful at removing this difference (Right).

Following centering, we see that the means are much closer, but that there
is still a visual difference in the distribution itself between the two different runs. We
used the package FactoMineR to generate Scree and PCA plots where the two
runs are identified in red and black (Lê, Josse, & Husson, 2008). The Scree plot
shows that the first two principle components accounts for the vast majority compared to all other dimensions, and inspecting the PCA plot for the first two components demonstrates that combined, these two dimensions clearly separate the two
batches apart (Figure 2).
Inspecting the variables factor map to deconstruct the two dimensions
reveals that the primary variables are several unrelated transcripts, all significantly
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Figure 2: Batch Effects Overwhelm Principle Component Analysis.
(A) The first two principle component dimensions account for the majority of variation in the dataset. (B) These two dimensions primarily separate the two batches
from each other.

affected by batch, suggesting
that a simple filter for these

genes is biologically untenable
(Figure 3). To proceed, we applied the R package ComBat
which independently identified
two batches within the pooled
data, standardized and fit the
Figure 3: PCA Dimensions 1 and 2 Decomposition
(Johnson, Li, & Rabinovic,
Plotting the variables which compose of PCA
dimensions 1 and 2 reveal a specific subset of
2007). Replotting the two prin- transcripts which are differentially reported between
batches.

data to adjust for batch effect
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cipal components after ComBat adjustment yielded a satisfactory spread across
batches, and a non-significant correlation between batch and the first two components (3.05E-13 and 1.12E-14 respectively) (Figure 4A).
Hierarchical clustering of the samples post-ComBat adjustment yields sig-

Figure 4: ComBat Removes Batch Effects in PCA and Hierarchical Clustering
Methods
(A) PCA of data post-ComBat shows significant improvement from non-processed
data with more intermingling of batches (Red is Run 1, Black is Run 2). (B) Hierarchical clustering reveals significant clustering as well as more consistent batch
effect removal. (Orange is Run 1, Teal is Run 2)

nificant overlap and mixing between batch—colored in orange and green—without
removing the significant differences in cell type as seen by the clustering. Using
this new data, we used Hartigans method to determine the optimum number of
clusters (6), and clustered cells using K-Means (Figure 5A). We then applied tDistributed Stochastic Neighbor Embedding (t-SNE) to dimension reduce the data
and visualize clustering of the cells without losing data, as PCA does (Van Der
Maaten & Hinton, 2008) (Figure 5B).
Once groups were identified, we investigated the transcript profile of each
of the groups, performed DESeq across each group individually, and binned them
into cell classifications based on known marker expression. An example is shown
of S100a5 and Cyp2g1, which are markers of OSNs and Sus cells, respectively
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Figure 5: t-SNE and K-Means Clustering
(A) Hartigan’s plot determining optimal
number of clusters in the data, suggesting 6, 10, 13, and 18. (B) t-SNE dimension reduction of the data overlaid with
K-Means determined clusters. Cell labels
were determined through manual inspection of known gene markers.

(Figure 6). Importantly, a significant portion of cells could not be unambiguously
identified, and we believe it to be an artifact of cell isolation. Sus cells and olfactory
sensory neurons have delicate projections which are threaded through a tightly
packed epithelium, and preliminary data (not shown) suggest that with the techniques used to isolate the single cells, small pieces of the cells are being torn off
and sequenced as part of another cell. While this is a confounding factor, it can be
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readily identified as a merger between
two distinct cell
populations.
We used
iterative DESeq within the
groups to de-

Figure 6: Single Cell Resolution Expression of Marker Genes
Plots of S100a5 and Cyp2g1 at single cell resolution. S100a5 is a
marker of mature olfactory sensory neurons, and Cyp2g1 marks
Sus and Duct/Gland cells.

termine sub-type specific markers which we tested using single-molecule RNA insitu hybridization, facilitated by ACDBio’s RNAScope methodology. Two examples,
Dnaja1 and Dnaja3 demonstrated striking regionalization differences, with Dnaja1
being quite ubiquitous, as expected from its single cell expression distribution, and
Dnaja3 exclusively restricted to the dorsal recess of the epithelium (Figure 7).
Finally, we looked for cell clusters that expressed known markers for the
stem cell compartment of the OE.
Unfortunately, these resided in a
large, heterogeneous population
which we labeled as GBCs/Unidentified in the graph. Single cells
could only be manually identified
based on the handful of previously
known markers. It appears that as a
Figure 7: Single Molecule mRNA ISH of
DNAJA1 and 3

(A) Single molecule mRNA ISH of Dnaja1 by
RNAScope showing regional expression specifically in the dorsal recess. Dorsal is up. (B)
Similar Dnaja3 detection showing ubiquitous
expression. Dorsal is to the left.

whole, the 19 cells grouped in this
cluster consist of at least 6 distinct
different stages of quiescent, active, transit amplifying, and immedi30

ate precursor cells. Due to the large number of unknowns regarding how different
the different groups are transcriptionally, standard power analyses are unhelpful in
identifying the number of cells required to resolve these groups. Empirically, however, the lowest number of cells used to identify distinct but within-tissue subtypes
of cells consisted of 65 single cells to resolve 4 populations (Pollen et al., 2014;
Tasic et al., 2016; Zeisel et al., 2015). It would follow that far more cells will be required to identify the stem cell compartment of the OE, as there are known to be at
least 6 distinct cell types. Given this challenge, either significantly higher numbers
of total cells will need to be sequenced to resolve the stem cell compartment, or
the major populations—OSNs and Sus cells—could be removed based on positive marker stains via FACS. While this second approach introduces some bias
into the analysis, it is by far the more feasible option, at least until higher throughput microfluidics such as the 800 capture IFC or DropSeq become more prevalent,
and sequencing costs decrease.
Bioinformatic Processing (Step 3) (Minimalistic Batch Correction)
We next used a much less extensive batch effect correction approach,
and also incorporated several other datasets generated after the initial analysis. These datasets consisted of FACS enriched OMP-eGFP+ mature neurons
from uninjured, 14 days post-OBX, and engrafted mature neurons in addition to
Neurog1-eGFP+ sorted GBCs isolated from uninjured, 5, and 14 days post-OBX.
Combined, this yielded a larger dataset of approximately 450 total single cells. To
process all of these in identical manner, we used the highly efficient STAR mapper instead of RSEM or Tophat for its better mapping accuracy and speed which is
achieved at the cost of higher RAM requirement (Dobin et al., 2013; Engström et
al., 2013).
Next, instead of combining the datasets ourselves through transcript ID
cross-referencing, we used the Cuffnorm tool provided in the Tuxedo toolset,
31

which also geometrically normalized each single cell based on library size and
depth (Trapnell et al., 2012).
We re-added identifying information for the samples for later identification
and then used the popular RaceID algorithms to process the single cell data with
and without outlier identification (Grün et al., 2015).
The minimal approach using only filtering and library depth normalization
yielded no obvious batch effects as seen by the intermingling of not only Runs 1
and 2 but also the integration of all the datasets, unlike what would be expected
from how extensively batch effects confounded earlier analysis (Figure 8A). RaceID clustered the cells into 10 distinct clusters prior to outlier identification, which
was subsequently analyzed and re-organized after considering outlier gene expression and outlier cells (Figure 8B and C). In addition, examining the T-SNE
32
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Figure 8: t-SNE Dimension Reduction of Minimally Processed Pooled Data
(A) t-SNE plot of 5 different datasets pooled together, overlaid by dataset identification. Run 1 and Run 2 consist of complete olfactory epithelium dissociated and
sequenced without bias. B1 and B2 represent Neurog1-eGFP+ sorted GBCs in
uninjured, and 5 and 14 days post-OBX tissue. J represent OMP+ sorted neurons
isolated from uninjured, post-OBX, as well as post-transplantation neurons. (B) Identical t-SNE plot, overlaid with K-Means determined clustering assuming 10 clusters.
(C) Identical t-SNE plot, overlaid with cluster numbers after gene and cell outlier
identification using the RaceID algorithm, which had the secondary effect of reassigning certain cells to different groups.
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plots and overlaying them with known gene markers yielded remarkably conserved cell type differences which have been extensively validated in literature.
Markers of neuronally commited progenitors, Neurog1 and NeuroD1 clustered at
the apex of one arm of the graph (Cluster 4). This cluster transitioned to clusters
bearing immature cell markers Gap43 and Cnga2 (Clusters 1,6), which finally terminated in a group of mature neurons, marked by Cnga4, Adcy3, and OMP (Clusters 3,5).Thus, the right side of the T-SNE plot successfully recapitulates the steps
of in vivo neurogenesis in the OE (Figure 9).
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Figure 9: Single Cell Resolution Expression Pattern of Neuronal Lineage Markers
Expression patterns of markers of neuronal precursors (NeuroD1 and Neurog1), immature neurons (Cnga2, Gap43, and Ncam2), and mature neurons (Adcy3, Cnga4,
and OMP) showing clear seggregation into clusters which aggregate into the expected linear commitment cascade.
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Figure 10: Single Cell Resolution Expression Pattern of Non-Neuronal Lineage
Markers
(Top) Expression patterns of Sus marker genes (Sox2, Cdh1, Krt18, and Cyp2g1)
localizing to one cluster, with some spillover into the neuronal cluster, potentially
due to attached cell debris. (Middle) Expression patterns of Duct/Gland markers
Aqp5 and Sox9, localizing to a single, small cluster. (Bottom) Expression patterns of
microvillar cell markers Itpr3 and Ascl3 localizing to a small, nearby cluster.
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Figure 11: Expression Patterns of
Novel Gene Markers
(Left) Single cell
expression patterns
of Grp and Myot,
localizing to the
neuronal progenitor
cluster with similar
expression patterns
to NeuroD1 and
Neurog1.
(Right) Single cell
expression pattern
of Malat1, a noncoding RNA localizing to a highly
heterogeneous
central cluster
which contains few
identifiable cells.

Furthermore, three distinct, non-neuronal clusters were identified bearing
previously validated markers: Sus cells (Cyp2g1, Krt18, and Sox2), Duct cells
(Aqp5, Sox9), and non-sensory microvillar cells (Itpr3 and Ascl3) (Figure 10). We
also identified two novel markers of neuronally committed GBCs, Grp and Myot.
Finally, the non-coding RNA MALAT1, known to regulate stemness and proliferation was highly expressed specifically in a heterogeneous cluster that contained
the small number of identified multipotent cells (Figure 11).
CONCLUSION and SUMMARY
We provide here a detailed methodology to isolate, sequence, and analyze single cells of the murine olfactory epithelium using two fundamentally different bioinformatic approaches. We show that in our hands, using the Fluidigm C1
Autoprep, batch to batch and even non-biologically relevent cell-to-cell variations
are primarily driven by library depth differences and that simple geometric normalization of this is sufficient to counteract this unwanted noise. Indeed, this approach
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allowed the successful merging of distinctly different cell isolation approaches
and conditions. On the other hand, we also show that extensive bioinformatic
manipulation of the data has the potential to remove batch effects but at the cost
of a significant reduction in biological relevance. We conclude that care should be
taken in the methodology taken to process single cell RNAseq data. Furthermore,
this dataset provides an extensive frame of cell types in the OE to which additional
datasets may be added to examine cell fate decisions and adult neurogenesis.
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Chapter 3: Exploring CRISPR/Cas9 and Modern
Molecular Biology

Generating a novel bright and faithful fluorescent Ascl1

reporter mouse for studying adult olfactory neurogenesis
using CRISPR/Cas9

To be submitted for publication:
Lin B.
2016. A Rapid and Simple Method to Generate High Signal Multi-Cistronic Knockin Reporter Animals using CRISPR/Cas9
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ABSTRACT
Generation of genetically modified mice has always been a laborious and
risky endeavor. Fortunately, recent advances in the transgenic field have reduced
many of the old thresholds barring accessible generation of high quality models. It
is now possible to introduce simple edits such as point mutations, deletions, and
basic insertions directly at the single cell oocyte stage with high efficiency. However, many models require the use of more complex reporters or drivers that adds
the hurdle of actually constructing the complex targeting vectors. For example,
many regulatory genes are expressed at low levels—especially in the adult—rendering standard drivers undetectable and useless. Here, we provide a novel approach along with detailed protocol to generate complex and high signal cassettes
complete with targeting arms in a single Gibson assembly step, addressing any
PCR difficulties with Taguchi array optimization. Furthermore, we demonstrate that
CRISPR methods are eminently applicable for knocking in these complex drivers with high efficiency by generating a “doublet” TdTomato reporter mouse for
the Achaete-scute homolog 1 (Ascl1/Mash1) gene that is finally bright enough for
studying adult neural regeneration in the olfactory epithelium. Using the amalgamation of these three technologies, we describe a generous timeline of generating
complex targeted knock-in reporter founders in less than 5 weeks, requiring little
prior experience.

INTRODUCTION
Genetically modified mice were first generated over 40 years ago by Rudolf
Jaenisch when he infected mouse embryos with SV40 virus and showed genetic
integration. Jon Gordon and Frank Ruddle were the first to microinject recombinant DNA into the single cell embryo and successfully screen positive recombinant animals by Southern blot. Out of 78 mice, only two were positive for the
thymidine kinase they inserted (Jones, 2011). The last 40 years have witnessed
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rapid improvements on generating genetically modified mice—ranging from the
randomly integrating BAC transgenic mice to targeted integrations into known loci
and finally to custom targeting of modifications to a single specific loci at will. While
efficiencies have generally improved along the way, the biggest improvement
awaited the discovery and engineering of nucleases such as zinc finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENs), and finally, clustered regularly interspaced short palindromic repeats (CRISPR) (Platt et al., 2014).
Early nucleases were difficult to generate and required arduous hands-on time to
generate, but the rapidly evolving CRISPR/Cas system is approaching the point of
a plug and play system with excellent efficiency. All of these engineered nucleases
operate under the same underlying principle: recruit DNA repair machinery to a
specific locus through double strand breaks, facilitating either destructive or homology directed repair at the location of interest. While greater efficiency naturally
driven costs down in both numbers and screening, it also opened up the possibility
of starting the process at a later stage. Instead of working at the ES cell level and
laboriously screening single cell clones from an electroporation, recombination
can now occur at the single cell embryo stage. Furthermore, with higher efficiencies comes the possibility of generating founders with homoallelic or even multiloci modifications, both resulting in significant time savings.
However, one step which has not been significantly improved on for years
is the step before recombination—targeting vector construction. When making
simple point mutants or small insertions, it has been shown that quick and cheap
oligonucleotides are sufficient. Indeed, for those projects, time to microinjection
is actually limited to how long it takes to super-ovulate donor females. However,
more complex projects require longer arms of homology and custom knock-in
cassettes which may be multi-cistronic and difficult to make. Thus far, the quickest and most robust method of generating knock-in cassettes is described by the
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Copeland group, which utilizes homologous recombination in E. coli to easily incorporate the large DNA arms required for targeting vectors (Warming, Costantino,
Court, Jenkins, & Copeland, 2005). While this was quite revolutionary at the time,
little has been done since then to improve on generating the entire targeting vector
including cassette and arms.
Furthermore, targeted reporters are usually either knock-in/knock-out or
bi-cistronic knock-ins involving internal ribosome entry sites (IRES). For knock-in/
knock-outs, breeding to homozygosity is often not desired or not possible, leading
to only a single copy site of transcription. IRES is known to yield extremely variable
amounts of the second message, varying all the way from faithful representation
of mRNA levels all the way down to single digit efficiencies (Chan et al., 2011). To
compound all of these issues, it is known that many regulatory genes, especially in
the adult, are expressed at a low and transient level that may be too low to be accurately reported through conventional reporter/driver systems. This has resulted
in a vacuum of effective reporters and drivers for important regulatory genes which
must then be studied without leveraging the power of current generation genetic
tools.
Here, we provide a straightforward methodology to generate high signal
reporters which are knocked-in directly downstream of the gene of interest using
modern molecular biology techniques and CRISPR/Cas9. We start from design of
the vector itself, comprehensive optimization techniques to isolate fragments using
Taguchi Arrays, assembly of the final vector using Gibson Assembly, and knock-in
using CRISPR/Cas9.

RATIONALE
One of the largest drawbacks of knock-in reporters has been the utilization
of IRES sequences. While revolutionary at the time, there are twofold challenges
when using them. First, they are large—at 600bp, nearly the size of a fluorescent
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protein, and simply to join two sequences together. Secondly, they range in efficiency from as low as single digits to nearly one-to-one stoichiometry. Combined,
they present a formidable challenge to generating high signal and faithful reporters
(Anderson, Voziyanova, & Voziyanov, 2012; Chan et al., 2011; Mizuguchi, Xu, IshiiWatabe, Uchida, & Hayakawa, 2000).
To overcome the challenges associated with IRES, we used 2A peptides
which are a family of 20 amino acid motifs derived from picornavirus. 2A peptides
mediate a ribosomal skip while forming the peptide backbone during translation of
a multi-cistronic mRNA, generating two distinct polypeptides. When compared to
the traditional IRES sequence (~600 bp), it is an entire order of magnitude smaller
and much more efficient at mediating the synthesis of following peptide as it uses
the very ribosome that began translation. Quad-cistronic messages mediated by
the 2A peptide have been used in vivo to rescue a multi-gene deficiency in the hematopoietic system with higher than 50% efficiencies for the fourth message—an
effect impossible for the IRES system that can barely reach 1% efficiency for the
second message (Mizuguchi et al., 2000; Szymczak, Workman, & Wang, 2004).
Unfortunately, that the 2A peptide system is a translated message is in
and of itself the primary drawback—the sequences must be cloned in-frame and
seamlessly. Conventional restriction enzyme-ligation methods would be tedious
and extremely difficult, requiring rare cutters and careful construction of the vector.
Newer methods such as splicing by overlap extension (SOE) using PCR are only
truly effective with products less than 1.5 kb, limiting the complexity and size of the
construct (Heckman & Pease, 2007). Here, we turn to synthetic biology for providing the Gibson Assembly method that allows the generation of constructs on the
order of hundreds of kilobases in a single isothermal reaction (Gibson et al., 2009).
This method is dependent on the coordinated action of three different enzymes
in a single mixture. Each DNA fragment to be concatenated is first PCR amplified
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with 25-40 basepair homologous ends. They are introduced into a single reaction
vessel containing T5 exonuclease, Phusion polymerase, and T4 ligase. First, the
exonuclease digests the double stranded homologous ends to produce 3’ overhangs in vitro. Second, when these overhangs anneal, they are filled in by Phusion
polymerase. Finally, T4 ligase seals the nicks that are left by the polymerase. This
technique capitalizes on the speed of Phusion polymerase which is capable of
overtaking and displacing the highly processive T5 exonuclease. In the absence of
a highly processive polymerase, T5 exonuclease quickly degrades the fragments
to completion and assembly is not possible. While the assembly reaction mix can
be generated in-house, the ratios of enzyme must be carefully optimized and since
the experiments described in this manuscript, mastermixes are commercially available.
While we have thus far described an approach for generating complex cassettes comprised of multiple motifs and genes, it is still a non-trivial task of generating a targeting vector complete with arms of homology as well as a cassette
for use in transgenic organism generation. The current gold standard of assembling the arms of homology, which by necessity must be several kilobases long,
is recombineering as mentioned previously. While this is much more efficient and
straightforward compared to previous techniques, it still requires fairly complex
design. Leveraging recent developments in next-generation polymerases that are
highly processive and proofreading, we show that by using a Taguchi based PCR
optimization array, it is possible to very quickly and reliably amplify homology arms
by high-fidelity PCR up to 14 kilo-bases within days and minimal effort (Cobb &
Clarkson, 1994).
Here, we targeted a challenge regarding the pro-neurogenic transcription
factor Ascl1 (Mash1) in the murine olfactory epithelium where neurogenesis occurs on a regular basis throughout adulthood. Ascl1 reporter mice, both eGFP
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and CreER, have been generated both through conventional BAC transgenesis as
well as targeted insertion by the Johnson group and others (Battiste et al., 2007;
Brzezinski, Kim, Johnson, & Reh, 2011; E. J. Kim, Ables, Dickel, Eisch, & Johnson,
2011; E. J. Kim, Battiste, Nakagawa, & Johnson, 2008; E. J. Kim, Leung, Reed, &
Johnson, 2007). While these mice have been invaluable in exploring neurogenesis
and neurogenic commitment during development, they have been unusable for
studying adult neurogenesis as levels of the driver are far too low to be of use (unpublished communication). To address this specifically, we designed a tri-cistronic
message mediated by 2A peptides encoding for a “doublet-reporter” consisting of
two Td-Tomato fluorescent proteins and the Ascl1 gene to yield a 2:1 stoichiometry
of the brightest available fluorescent protein to a single molecule of Ascl1. Alternatively, a doublet of CreER protein could also be used to generate a Cre driver line
usable for lineage traces. In the case of Ascl1, the existing CreER driver provides
sufficient enzymatic activity to allow effective lineage tracing without the need of a
doublet reporter.
Taken together, this allows for the generation of a complex high-signal
targeting construct ready for use in TALEN/CRISPR applications as well as conventional HDR within a weeks’ time. We report here that when this process is
combined with CRISPR, generation of a transgenic driver or reporter can be made
from design conception to birth of homozygote founder pup in as little as a single
month.

EXPERIMENTAL DESIGN
Design of Arms of Homology (Step 1)
To design the arms of homology and overhangs, we used either the UCSC
or Ensembl genome to locate and download a 20-40 kb region centered on the
gene of interest. Care was taken to ensure matching the strain of mice used for
cloning and the donor strain used for microinjection. The specific site for the
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knock-in manipulation was identified at base-pair resolution: immediately upstream of the stop codon encoded in Ascl1’s single protein coding exon region.
Using the NCBI PrimerBlast tool, two homologous arms of approximately 2 kb
were targeted with primers, each terminating precisely at the end of the Ascl1
protein coding sequence, skipping the stop codon. Additionally, to choose from the
generated primer sets, they were run through MFEPrimer 2.0 to check for off target
products that may be close in size to the fragment of interest (Qu et al., 2012) (Figure 1A).
Design of Knock-In Cassette (Step 2)
Figure 1: Ascl1 Targeting and Construct Design
A
(A) Schematic of the
5’
Ascl1 locus targeted
for insertion, along
with location of arms of
homology. (B) Design of
the knock-in construct,
B
5’
showing the cassette as
well as long range primers used for genotyping
5’
correct targeting.
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The knock-in cassette contains the Ascl1 protein coding exon fused to a
60 base pair 2A sequence separated by a 9 base pair “GSG” motif that increases
efficiency. It has previously been shown that the P2A sequence, isolated from the
porcine teschovirus-1 virus, yields the most consistent peptide separation, both in
vitro and in vivo in multiple tissues (J. H. Kim et al., 2011). Accordingly, P2A is followed in frame by the coding sequence of TdTomato, the brightest red fluorophore
currently available, with an excitation of 554 nm and emission of 581. It was chosen because the Ascl1-eGFP reporter is insufficient for detection in the adult animal and TdTomato is approximately six times brighter (E. J. Kim et al., 2008, 2007;
Shaner, Steinbach, & Tsien, 2005). To further increase signal, a second GSG-T2A
sequence and TdTomato was appended to the first. The choice to use the T2A
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sequence isolated from Thoseaasigna virus instead of the slightly higher efficiency
P2A sequence was to break up what would otherwise be a perfect tandem repeat
of repeats, as TdTomato is itself a tandem repeat of DsRed, in an effort to reduce
problems with self-recombination. The standard FRT flanked mPGK/EM7 Neomycin resistance cassette was not included in the vector as positive selection is not
necessary when using the CRISPR-Cas9 system, but would be required if using
conventional ES cell electroporation. Finally, this cassette is flanked by the previously designed arms of homology that are in turn joined by a minimal puc19 plasmid backbone containing a unique ScaI linearization site.
(Optional.) Doublet reporters have the added potential of unwanted recombination due to exact internal homology. We addressed this by using modern
codon-optimization methods provided by Invitrogen to generate a different nucleic
acid sequence for the first reporter.
Finally, to prevent Cas9 from targeting the donor construct and to drive the
kinetics towards completion, the binding sites of the gRNA in the Ascl1 locus were
silently mutated to remove the critical PAM sequences. These mutations can be
generated by incorporating them into a flanking primer, or by de-novo synthesis as
a larger DNA fragment depending on preference.
To summarize, the targeting vector contains 2 arms of homology, the coding sequence of Ascl1, and 2 distinct TdTomato sequences with their respective
2A sequences attached at the 3’ end. Each of these pieces can be generated
through PCR using primers which have 20 basepairs for binding amplification, and
30-40 basepairs of overhang. The exceptions are primers that contain the whole
69 basepairs of 2A sequence attached to the 20 basepairs of binding amplification, which are synthesized as megaprimers. These primers were HPLC purified to
ensure full length product, as failure to do so can result in a significant number of
single to double base pair frame shifts in the final product. The design of primers
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and their overhangs is depicted schematically in (Figure 1B).
Fragment Synthesis (Steps 3-7)
As a technique, PCR has evolved greatly in the past five years, resulting in
a significant number of competing polymerases, additives, and protocols. Often
times, the original Taq polymerase, paired with a hot-start antibody or aptamer is
sufficient for routine PCR. However, robust amplification of difficult templates with
long amplicons and acceptable error rates require the use of newer, improved
polymerases. Of particular note are three polymerases which were extensively
used in generating the PCR products in this manuscript: Accuprime Pfx, Phusion,
and Q5 polymerase were used to generate all products cleanly and robustly in µg
quantities. Invitrogen’s Accuprime Pfx is a mixture of “hot start” KOD polymerase
combined with proprietary Accuprime proteins in the buffer which enhances its
specificity, fidelity, and yield. Thermo Fisher Scientific’s Phusion is an engineered
fusion enzyme combining Pyrococcus-like enzyme and processivity enhancing
domain which was used for general amplicons. Finally, NEB’s Q5 is a polymerase
fused to a processivity enhancing Sso7d domain and was used for the high GC
containing homology arms and majority of long-range PCRs.
Step 3. The two arms of homology, puc19 vector backbone, and fragments
on the reporter cassette are PCR amplified using one of the three polymerases
described above. The homology of primers to the target were designed above, and
appended with 25bp non-homologous arms which target to the neighboring fragments as designed in Step 2 such that the pieces fit together as a plasmid (Figure
2A). Each PCR reaction must yield a target amplicon band that can be cleanly
separated after gel electrophoresis on a low (<1%) agarose gel, visualized on a
blue LED array or extremely short exposure to UV light (Figure 2B).
Step 4. Each product is then gel extracted using either silica-matrix beads
or stringent washing of guanidine column technology, as contaminating guanidine
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and between 20-150 ng/ul in
concentration.
Step 5 (Optional). PCR
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Figure 2: Targeting Construct Schematic and
amplification of fragments greater Component Fragments
than 2kb, high GC content, or low (A) Schematic of circular targeting plasmid and
sizes of corresponding fragments. (B) Agarose
complexity will often provide chal- gel of PCR reactions to generate each component of the targeting plasmid.

lenges to clean and robust am-

plification. Many different parameters can be changed to optimize PCR reactions
resulting in an impractical number of total combinations of potential reactions.
Here, we adapt Taguchi orthogonal array optimization methods, commonly used
in engineering, to optimize PCR quality efficiently. We modulate up to 13 different variables important in PCR effectiveness at 3 different levels: buffer strength,
primers, template, MgCl2, dNTP, Taq, 1,2 propanediol, ethylene glycol, DMSO,
Betaine, GC-rich additive/enhancer concentrations, Tannealing, and elongation time.
This is by no means an exhaustive list of optimization parameters, but all targeted
amplicons used to generate the Ascl1-TdTomato targeting vector could be significantly improved by using some combination of these additives and modifications. Conventional optimization grids used in biology would require an impossible
number of reactions—1594323 tubes—whereas Taguchi methods require a mere
27 reactions. Not all variable columns need to be used: they must simply be filled
in from left to right in terms of estimated magnitude of effect. Briefly, the Taguchi
array is an orthogonal array set in factorial designs to test for maximal effect differences, thus, not all conditions are tested, but conditions with maximal differences
between possibilities are. It is possible to do iterative arrays to further optimize the
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reaction—however one round of the array was sufficient to amplify a 14 kb fragment from total human genomic DNA when starting conditions failed to produce
any product (Data not shown). Table 1 and Figure 3 provide a template example of
modulating these variables in a hypothetical experiment, amplifying a 6 kb fragment from total mouse genomic DNA.
Step 7 (Optional). We codon optimized the first copy of TdTomato. If the
gene is small enough, single synthetic fragments such as gBlocks or GeneArt
Betaine
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Table 1: Taguchi Array Design
A sample Taguchi Array design modulating
13 different variables, each with three levels,
using 27 total reaction mixes.
Figure 3: Taguchi Array PCR Results
A sample agarose gel using the above Taguchi Array with the first 19 reaction conditions.
The red arrow marks the target amplicon,
which is amplified in two of the 19 conditions.
Note the wide variation of product amplicons
possible in only 19 conditions.

Strings are sufficient. Often times, as in this case, the product is too large for a
cost-effective single synthesis. Multiple fragments may be generated with 25bp
microhomology ends to each other and simply treated as additional fragments for
Gibson Assembly. In this way, we have fused up to 6 different fragments together
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to generate a 9 kb plasmid.
Gibson Assembly (Step 8)
Once all of the fragments were generated, we calculated the volumes of
each fragment needed, assuming a target of .065 ng per basepair size of the
fragment and normalized them proportionally to a final total volume of 10 uL. The
target range is .05 pmol for assemblies consisting of 2-3 fragments, and .1-.2 pmol
for assemblies consisting of more. Overloading more than 4 pmol of total DNA
requires additional volume of Gibson Assembly and is unnecessary unless more
than 10 fragments are being assembled. An example setup used to generate the
Ascl1-TdTomato targeting vector is shown in Table 2.
We split the final mixture into 5 uL of control sample and added 5uL of 2x
MTD Targeting Construct
Fragment
bp
ng/ul
A1L
1745
A2L
1658
Ascl1 gRNA Site
308
pUC19
2719
TdTOpt
1558
TdT2
1278
Total bp
9266
Target
.065 ng/bp

45
100
50
90
100
80

load ng vol
113.43
107.77
20.02
176.74
101.27
83.07
Total Vol

2.52
1.08
0.40
1.96
1.01
1.04
8.01

Max Vol Max Ng Max pMol 1:2 Dilution 1:4 Dilution 1:2 Dilution 1:4 Dilution
3.15
141.54
0.12
1.57
0.79
70.77
35.39
1.34
134.49
0.12
0.67
0.34
67.24
33.62
0.50
24.98
0.12
0.25
0.12
12.49
6.25
2.45
220.55
0.12
1.23
0.61
110.27
55.14
1.26
126.37
0.12
0.63
0.32
63.19
31.59
1.30
103.66
0.12
0.65
0.32
51.83
25.92
10.00
751.60
0.75
5.00
2.50
375.80
187.90
uL
uL
ng
ng

Table 2: Gibson Assembly Setup
Sample setup for a 6 fragment Gibson Assembly using length of fragment and concentration to determine optimal loading of the reaction. Optional dilutions to the right
can be useful in troubleshooting inefficient joining.

Gibson Assembly mix to the remaining 5. We incubated both samples at 50C for 1
hour. Optimization studies showed that while the bulk of the reaction occurs within
the first 5 minutes, the reaction continues with increasing amounts of product by 1
hour, decreasing by 2 hours (Figure 4).
To remove minute traces of contaminating uncut plasmid, we digested both
samples with DpnI after adding Dpn1 buffer and incubated the samples at 37C for
1 hour. The samples were then stored frozen until used in transformations.
Plasmids smaller than 8 kb can be effectively transformed using chemically
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Figure 4: Gibson Assembly Timecourse
Agarose gel of DNA input into Gibson Assembly enzyme mix without enzyme and a timecourse of enzymatic product. Red arrow points
at the target product which appears as early
as 5 minutes after incubation, but increases
in amount until it peaks at 60 minutes. At 120
minutes, the product begins to drop in intensity.

competent methods, but larger plasmids require electro-competent cells for acceptable
efficiencies. Gibson reaction product was
diluted 1:3 for electro-competent transformation to prevent arcing and cytotoxicity. It is
important to note that using One-Shot TOP10
electro-competent cells will result in a heavy
reduction in transformation efficiencies due to proprietary carrier products within
the cell formulation that is incompatible with Gibson Assembly mix buffer.
gRNA Design and RNA Synthesis (Step 9)
gRNA targeting the Ascl1 locus were designed using the MIT CRISPR Design tool by the Zhang lab using default settings for pairs of nickase gRNA (Figure
5A). We designed pairs to minimize steric hindrance in case of multiple binding
events, as gRNA were mixed together prior to microinjection. Of note, while gRNA
score is important, it is not a measure of efficiency, but of the number of off-target
effects, which can be effectively removed with outbreeding the founders.
Six gRNA were first cloned into px335 following previously described protocols and then in vitro transcribed using NEB HiScribe T7 High Yield RNA Synthesis Kit (Sanjana, Shalem, & Zhang, 2014). Each gRNA was purified and then
denatured at 70°C for 2 minutes immediately before being run on a Bioanalyzer for
size verification and accurate quantification. Denaturing gRNA immediately prior
to Bioanalyzer run is critical, as without it, significant secondary structure exists,
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causing inaccurate sizing and quantification (Figure 5B,C). Six independent gRNA
were synthesized, as data suggests that statistically, 1/3rd of current algorithm-designed targets are functional. Wild-type Cas9 mRNA was purchased from TriLink.
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Figure 5: gRNA Design and Synthesis.
(A) gRNA design using the MIT Crispr Design tool from the Zhang Lab. Nickase
format was chosen to align 3 gRNA on each strand. (B) Bioanalyzer run of either
non-denatured at 70° for 2 minutes prior to loading showing the collapse of several
folded forms of the gRNA into a single band after heat denature. (C) Electrophrerograms of the same samples.
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The targeting vector was first digested to linearize, gel extracted and double
purified using sodium acetate ethanol precipitation. It was delivered in linear form
instead of circular to facilitate higher rates of homologous recombination. While
there is an increased amount of spontaneous integration, it is thought that having
both genomic and plasmid double strand breaks highly up-regulate the recruitment
of HDR machinery. Cas9 mRNA, gRNA, and donor molecule (50 ng/ul, 20 ng/ul,
200 ng/ul respectively) were microinjected into the pronucleus of fertilized oocytes
instead of the cytoplasm. While it has been shown that cytoplasmic microinjections result in higher survival rates and better efficiencies of Cas9 mediated deletions, it is not the case for knock-ins using plasmid donors, ostensibly because of
plasmid DNA trafficking issues (Horii et al., 2014; Shen et al., 2014).
Mouse Validation (Step 12)
Once pups were born after microinjection, toe clips were genotyped for the
correct insertion. First, a PCR screen of the cassette was done to filter out pups
which did not have any integration of the knock-in. This was followed by the more
stringent 2+kb long-range PCR of both upstream and downstream arms of homology to determine correct integration into the genome which was first optimized using Taguchi Methods on a positive control. A Southern blot is not necessary if both
fragments yield clear answers, but can be helpful in identifying multiple insertion
mis-targeting. The founder animals were then bred out to FVB parental lines before
in-vivo characterization. In our hands, the knock-in success rate was 50% (30/61),
with 30% (18/61) having a homozygous knock-in allele, demonstrating the high
efficiency of this technique (Figure 6).
To biologically validate the reporter, we localized TdTomato signal using immunohistochemistry on fixed frozen sections of the olfactory epithelium with an antibody raised against Ascl1, demonstrating co-localization of bright TdTomato label
with the target cell of interest. In addition, we bred the Ascl1-TdTomato reporter
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Figure 6:
A
CRISPR/Cas9
Efficiency and
Genotyping of
Founders
(A) DNA agarose gel showing genotyping results of
the founders
B Total CRISPR Knock-In Efficiencies
after CRISPR/
Homozygous
18
30%
Cas9 microHeterozygous
12
20%
WildType
31
50%
injection. Red
arrow denotes
the mutant band. Red dot signifies homozygous knock-in, while green dot signifies
heterozygous knock-in.
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Figure 7: In-vivo validation of the Ascl1-TdTomato2 knock-in reporter.
(A) Immunohistochemistry of a coronol section of a reporter animal also stained for
Ascl1 protein using tyramide signal amplification, showing co-localization of Ascl1
protein with the TdTomato-high population. (B) Analytical flow cytometry showing
detection of TdTomato signal. (C) Cartoon and accompanying FACS plot depicting three primary species which can be detected by crossing the Ascl1-TdTomato2
reporter with the Neurog1-eGFP reporter: true Ascl1+ GBCs, true Neurog1+ GBCs,
and newly generated immature neurons. (D) qRT-PCR of the FACS isolated cell
populations in (C) for known marker genes, validating that the separation shown in C
is biologically relevant.
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with a Neurog1-eGFP one to address problems with fluorescent protein perdurance. When we dissociated cells from the olfactory epithelium, sorted live cells for
TdTomato and eGFP signal, and performed qRT-PCR on a variety of markers, we
saw that using both reporters allowed specific enrichment of true Ascl1+ GBCs,
Neurog1+ GBCs, and newly formed immature neurons (Figure 7).

SUMMARY and CONCLUSION
To summarize, this protocol describes the generation of a novel TdTomato
doublet reporter knocked into the endogenous locus which is bright enough to be
visualized both by immunohistochemistry and FACS. The protocol is straightforward, requires no particular molecular biology expertise, and can be performed in
under a month with extraordinarily high efficiency.
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Chapter 4: Dedifferentiation of the OE

Endogenous Reprogramming and Dedifferentiation to

Multipotency of Neuronally Committed Cells after Injury
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SUMMARY
Neurogenesis is often depicted as a unidirectional pathway starting from a
multipotent stem cell that gives rise to a characteristic cell lineage with decreasing potency at each step, prior to generating a neuron. Using lineage tracing and
transplantation in the murine olfactory epithelium, we challenge the unidirectionality of this model by showing that injury naturally unlocks the potential for Ascl1+
progenitors and Neurog1+ immediate neuronal precursors to dedifferentiate
into multipotent stem cells that contribute significantly to tissue regeneration. We
characterized these dedifferentiating cells using single-cell mRNAseq, and demonstrate that Ezh2 but not canonical Notch plays a role in this process. Finally, we
show that Sox2 is required for initiating this dedifferentiation. Taken together, these
results demonstrate that the apparent hierarchy of neuronal differentiation merely
implies differentiative preference—not commitment. They also provide a system to
study dedifferentiation, and suggest an etiological basis for the existence of induced pluripotency.

INTRODUCTION
The adult stem cell field has been strongly influenced by groundbreaking experiments in the hematopoietic system in the mid-20th century. From these
experiments emerged a model in which a resident multipotent stem cell, , differentiates through a characteristic, unidirectional lineage to produce all hematopoietic
stem cell types(Sabin et al. 1932; Becker et al. 1963) (reviewed in (RamalhoSantos & Willenbring 2007)). This sequential lineage model has long been the
archetype of all stem cell systems, however, it appears with an increased understanding of development and regeneration this traditional model of a single multipotent stem cell generating all downstream progeny may be a flawed metaphor
particularly in the case of solid tissues. We now observe in multiple organ systems
such as the lung, intestine, pancreas, mammary gland, and liver the existence of
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more than a single truly multipotent stem cell, scattered across the tissue, with
heterogeneous mitotic or somatic status (Tata et al. 2013; Zuo et al. 2014; Peng
et al. 2015; Kumar et al. 2011; Asfaha et al. 2015; Barker et al. 2010; Tetteh et al.
2016; Kopp et al. 2016; Prater et al. 2014; Van Keymeulen et al. 2011; Chakrabarti
et al. 2014; Rios et al. 2014). Recent studies have identified mammalian dedifferentiation in cells previously thought to be terminally differentiated. These cells are
able to take on the property of “stemness” maintain tissue homeostasis following
injury. Contrary to prediction, the tissues that harbor these terminally differentiated
but plastic cells often also have a full repertoire of conventional stem cell populations—an active pool of stem cells for normal tissue homeostasis in addition to a
quiescent population that activates only in response to severe tissue damage (Tata
et al. 2013; Tetteh et al. 2016; Mills & Sansom 2015).
The mammalian olfactory epithelium (OE) is one such tissue containing a
full complement of conventional stem cells. There is a quiescent reserve population of horizontal basal cells (HBCs) that are relatively homogeneous and uniquely
identified by expression of Trp63, which serves as the master regulator of HBC
differentiation (Schnittke et al. 2015; Fletcher et al. 2011; Goss et al. 2015; Jang et
al. 2014). There is also a population of broadly defined globose basal cells (GBCs)
that facilitates the continual neurogenesis of the tissue throughout adult life, maintaining homeostasis challenged by constant turnover of olfactory sensory neurons
(OSNs), the major sensory cell type within the epithelium (Jang et al. 2003).
Large numbers of these OSNs as well as other, non-neuronal cell types
can be generated in the adult from both the GBCs and HBCs after injury, demonstrating an unparalleled degree of adult mammalian neurogenesis. Results from
genetic knockouts, injury models, and transplantation experiments have contributed to a working model of the OE cell hierarchy that is reminiscent of the hematopoietic system (Iwema et al. 2004; Joiner et al. 2015; Jang et al. 2003; Goldstein
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et al. 2014; Chen et al. 2014; Leung et al. 2007; Huard et al. 1998). As mentioned
previously, GBCs are a heterogeneous population and include Sox2/Pax6(+) multipotent cells, Sustentacular (Sus)-fated Hes1+ cells, Microvillar (MV)/Duct/Gland
(D/G)-fated Ascl3+ cells, neuron-fated Ascl1(+) (aka Mash1) cells and immediate
neuronal precursor Neurogenin1/NeuroD1(+) cells(Krolewski et al. 2013; Manglapus et al. 2004; Packard et al. 2016; Shaker et al. 2012; Packard, Giel-Moloney,
et al. 2011; Weng et al. 2016). Importantly, knockout studies have demonstrated
that Ascl1 and NeuroD1 are, for the most part, required to generate neurons in the
OE, suggesting they indicate neuronal specification as has been seen in the CNS.
Similarly, it is believed that Hes1 instead of Ascl1 expression indicates Sus specification, leading to the bifurcating hierarchy model as shown in Figure 1B (Guillemot & Joyner 1993; Cau et al. 1997; Packard, Giel-Moloney, et al. 2011; Krolewski
et al. 2012). Both of these oscillating transcription factors have been reported to
play similar antagonistic roles in the CNS, with Ascl1 promoting neurogenesis and
Hes1 repressing it as directed by Notch signaling (Somasundaram et al. 2005;
Kageyama et al. 2014; Imayoshi et al. 2013).
The OE facilitates the study of cell fate decisions by the characteristic morphological, spatial, and immunohistochemical differences between the major cell
types (Figures 1A and B). Furthermore, injury models of differing severity are available to allow a detailed examination of OE regeneration. Surgical olfactory bulbectomy (OBX) is the most precise of these models—resulting in the continual death
of only mature neurons that synapse to and depend on the olfactory bulb for trophic support. Alternatively, to study the mechanisms of epitheliopoiesis, inhalation
of the olfactotoxic gas methyl bromide (MeBr) or intraperitoneal (IP) injection of the
thyroid drug methimazole (Mtz) results in the death of all mature cell types of the
epithelium, while sparing the GBCs and HBCs in the basal compartment(Schwob
et al. 1995; Bergstrom et al. 2003). Under these circumstances, both stem cell
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pools are utilized for regeneration, with the quiescent HBCs losing their p63 expression as they activate and promote into a multipotent GBC state for repair,
which returns to baseline approximately 2 weeks after injury (Leung et al. 2007;
Packard, Schnittke, et al. 2011; Fletcher et al. 2011).
The ability of the OE to regenerate in response to these diverse injury
models highlights its unique level of plasticity, which is perhaps not surprising
considering that it is a critical and ancient sensory system that has undergone
only modest changes during evolution (Eisthen 1997). As more evidence surfaces
that organ systems have complex mechanisms of tissue regeneration, elucidating
these mechanisms in the OE will provide insight into the processes which can be
exploited to enhance neurogenesis elsewhere. To that end, we use in-situ genetic
lineage tracing, transplantation assays, and single-cell RNAseq transcriptomics
to demonstrate that at least in the OE, the current hierarchy of fate specification is
merely a preference which can be overridden in times of need, such as following
severe injury to the tissue. In general, our results suggest that while dedifferentiative processes in different tissues may be initiated differently, they may go through
a semi-conserved Yamanaka factor-like reprogramming.
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MATERIALS and METHODS
Animals and breeding
Wildtype mice used as hosts in transplantation studies were the F1 generation from C57/B6J and 129S1/Sv1MJ bred in house or ordered from Jackson Labs
(Bar Harbor, ME, Stock #101043). Neurog1-eGFP BAC transgenic mice generated
through the GENSAT Project were obtained from Jackson Labs. ΔSox2-eGFP mice
were generously provided by Dr Mahendra Rao (Ellis et al., 2004). ΔOMP-eGFP mice
were generously provided by Dr. Peter Mombaerts (Potter et al., 2001). Neurog1-CreER
driver mice were generously provided by Dr. Lisa Goodrich (insert citation here). Ascl1-CreER driver mice; stock #012882, Cre reporter strain R26R(TdTomato)(B6.CgGt(ROSA)26Sortm9(CAG-TdTomato)Hez/J; stock #007909, and fl(Sox2); stock #013093
were obtained from Jackson Labs. The constitutive CAG-TdTomato animal was generated
in-house by breeding the R26R(TdTomato) strain with the germ line constitutive (insert
driver here). For transplant studies, the Sox2, Neurog1, OMP eGFP drivers were breed
to the constitutive CAG-TdTomato strain for in-vivo tracing. The Ascl1-TdTomato2 mouse
was generated in-house, described below. For genetic lineage tracing, Neurog1 and
Ascl1-CreER driver mice were bred to the R26R(TdTomato) strain. Finally, for all genetic
excision studies, these bi-genic animals were bred to fl(Sox2) animals to yield tri-genic
lineage traced knockouts.
To generate the TdTomato line, we generated a knock-in vector using 2 kb
homologous arms flanking the cassette. The 5’ arm contains a portion of the Ascl1 promoter sequence, as well as the protein coding sequence, while the 3’ end begins immediately following the stop codon of the native Ascl1 coding sequence. To generate a high
signal reporter, we fused the Ascl1 protein coding exon to a 60 bp 2A skip peptide identified from the procine teschovirus-1 (P2A), preceeded by a 9 bp “GSG” motif to increase
skip efficiency. This peptide sequence was chosen for consistent 1:1 stoichiometry in-vitro and in-vivo in multiple tissues. The P2A sequence is followed by the coding sequence
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of an optimized TdTomato, a second GSG-T2A, and a second, original sequence TdTomato, flanked by the 3’ homology arm. TdTomato was chosen as the fluorescent protein
as the Ascl1-eGFP reporter mouse is insufficient for signal detection in the adult OE
tissue, and TdTomato is approximately six times brighter. Significant effort was invested
to reduce the chance of self-mediated recombination, as TdTomato is itself a tandem repeat. To that end, a different 2A skip peptide, isolated from Thoseaasigna virus was chosen, in addition to sequence optimizing the first TdTomato for murine tRNA preference,
while keeping the second TdTomato at the standard sequence. In summary, alterations
to the coding sequence was able to reduce sequence similarity by 22%. To construct the
targeting vector, the codon optimized TdTomato was synthesized de novo from IDT as
gBlocks with 35 bp mini-homology overhangs to its neighbors. The remaining homology
arms, and unmodified TdTomato sequences were PCR generated from template or genomic DNA with similar mini-homology overhangs, except these also incorporated the 2A
peptides. These 100 bp megaprimers were synthesized from IDT with HPLC purification.
These primers also included silent point-mutations to remove gRNA binding sites for later
downstream CRISPR application. PCRs was done using NEB Q5 hot-start polymerase,
and significantly optimized using Taguchi array design, modulating dNTP, primer, template, MgCl2, Q5 polymerase, 1,2 propanol, and betaine additives. Amplicons were then
gel extracted on a blue/green LED light to prevent UV damage, and then extracted using
silica-matrix bead technology for stringent removal of contaminants (Macherey-Nagel
NucleoSpin Gel and PCR Clean-up Kit, 740609.50). Finally, individual pieces along with
a minimal puc19 backbone were ligated together using Gibson assembly (NEB Gibson
Assembly Master Mix, E2611S) following kit instructions with the following modifications:
reaction size was 5 ul, .15 pmol per fragment was added, and a 1 hour Dpn1 digest was
included at the end of the incubation to remove contaminating plasmid. For CRISPR/
Cas9 editing, we used the pX330 plasmid (Addgene, 42230) to in-vitro transcribe gRNA
targeted for the Ascl1 locus, designed through the CRISPR Design tool (crispr.mit.edu).
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Top three gRNA designs were generated, and used in a mix. Microinjections into FVB
background embryos were performed in the Maine Medical Center Research Institute,
Mouse Transgenic & In Vivo Imaging Core Facility under the directorship of Dr. Lucy Liaw.
60 founders were generated, 23% were homozygotes and 25% were heterozygotes for
positive insertion using long-range PCR and southern blot, demonstrating the efficacy of
knocking in an 8 kb cassette using CRISPR/Cas9.
All mice were maintained on ad libitum rodent chow and water. All animals were
housed in a heat and humidity controlled, AALAC-accredited vivarium operating under a
12:12-hour light-dark cycle. All protocols of the use of vertebrate animals are approved
by the Committee for the Humane Use of Animals at Tufts University School of Medicine,
where the animals were housed and the experimented conducted.
Transplantation procedure
Transplantations were performed as previously described (Schnittke, et al. 2015).
Donor cells for transplantation and infection were dissociated from donor animals anaesthetized with IP injection of a triple cocktail of ketamine (37.5 mg/kg), xylazine (7.5 mg/
kg), and acepromazine (1.25 mg/kg) and perfused with cold Low Ca2+ Ringers solution (140mM NaCl, 5mM KCl, 10mM HEPES, 1mM EDTA, 10mM glucose, 1mM sodium
pyruvate, pH7.2). The olfactory epithelium is isolated away from respiratory tissue, finely
minced, and incubated in 0.05% Trypsin-EDTA for 10 minutes on an orbital shaker at
37°C where it forms a stick ball. The supernatant was replaced with an enzyme cocktail
containing (100 U/ml collagenase, 250 U/ml hyaluronidase, 75 U/ml DNase I, 0.1 mg/ml
trypsin inhibitor, 2.5 U/ml Dispase II, 350 U/ml Collagenase Type I, 5U/ml papain; from
Worthington Biochemical, Roche, and Sigma) in Regular Ringers solution (140mM NaCl,
5mM KCl, 10mM HEPES, 1mM EDTA, 10mM glucose, 1mM sodium pyruvate, 1mM
CaCl2, 1mM MgCl2, pH7.2). The tissue was incubated in the enzyme cocktail on an orbital shaker at 37°C for 15 minutes, after which the supernatant was replaced with fresh enzyme cocktail and incubated once again for 15 minutes. The supernatant is stored on ice
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in the meantime. After the second incubation, the pooled supernatant is filtered through
30 µm filter and centrifuged at <500g on a swinging bucket rotor for 5 minutes. The pellet
is resuspended in 1x HBSS containing 25 mM HEPES, 10 mM EDTA for FACS purification based on eGFP positivity. The resulting cells are pelleted at <500g on a swinging
bucket rotor for 5 minutes and resuspended in DMEM for transplantation.
Host mice for transplantation assays are first lesioned to prepare the olfactory
epithelium through passive exposure to methyl bromide gas (MeBr) at 180 ppm for 8
hours. 24 hours later, the mice are anaesthetized with a double cocktail containing (insert
concentration of xylazine and ketamine), neck shaved and disinfected with iodine and
ethanol. A tracheotomy was then performed to maintain a patent airway while the palate was raised with a 3 cm piece of PE-100 tubing to close to nasopharyngeal passage.
Approximately 50 µl of cells prepared earlier are infused into one naris through a cannula
made from PE-10 tubing until seen exiting the contralateral naris. The mice were then
positioned at a 45° angle with alternating sides every 45 minutes to allow drainage of
cells to both lateral turbinates. Mice were supplemented as necessary with maintenance
cocktail (47.5 mg/kg ketamine, .9 mg/kg acepromazine) After 3 hours, the solution was
removed from the nasal cavity, trachea sutured with 10-0 suture, and skin sutured with
5-0 suture. Mice were given 1 ml of sterile saline subcutaneously and placed on a warm
pad overnight.
Olfactory bulbectomy and Methimazole lesion
Olfactory bulbectomy was performed as described previously (insert citation here).
Mice were anesthetized and maintained with double cocktail as described above while
immobilized in a stereotactic mount above a 37°C heating pad for homeostasis. A single
incision is made on shaved, disinfected skin to expose the overlying frontal bone. A bone
drill exposes the bulb on each hemisphere which is removed by aspiration. Oxycel is
placed within the cavity to achieve hemostasis and the overlying skin is sutured. Mice are
allowed to recover as described above.
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Methimazole lesion was performed as described previously (insert citation here).
Briefly, mice are injected I.P. with a single dose of 10 mg/ml methimazole in saline solution at 75 mg/kg. Mice are placed on a heat pad overnight to accelerate recovery.
Tamoxifen preparation and administration
Tamoxifen was purchased from Sigma (#T5648), dissolved in sterile USP grade
corn oil at 30 mg/ml by gentle inversion at 60°C for 10 minutes. This solution was injected
I.P. at 150 mg/kg once a day for two days.
Tissue processing
At indicated time points, mice were anaesthetized with triple cocktail as described
earlier. Animals were transcardially flushed with 10 ml of PBS, then perfused slowly with
40 ml of ice cold 1% PLP (1% PFA, 0.1M monobasic and dibasic phosphates, 90 mM
lysine, 0.1M meta-sodium periodate). The tissue was dissected and then post-fixed in 10
ml of 1% PLP under vacuum for 1 hour and decalcified in saturated EDTA overnight at
4°C. They were then cryoprotected in 30% sucrose in PBS overnight at 4°C, embedded
in OCT compound (Miles Inc., Elkhard, IN), and snap frozen in liquid nitrogen. Depending on the application, either 9 µm or 20µm coronal sections were cut on a Leica cryostat,
mounted on Ultraclear Plus charged slides (Denville Scientific) and stored at -20°C until
needed.
Immunohistochemistry
The primary antibody dilutions and details of their working conditions and detection methodologies are listed in Table 1. Before immunostaining, tissue sections were
first rinsed in PBS to remove OCT and then subjected to antibody-specific pretreatments
which consist of all combinations of no pretreatment, 5 minute incubation in 3% H2O2 in
MeOH, or 10 minutes of steaming overlaid with 0.01M pH 6.0 citrate buffer in a commercial food steamer. Sections were incubated with primary antibody diluted in 10% donkey
serum, 5% non-fat dry milk, 4% BSA, 0.1% TritonX-100 in PBS for 1 hour at room temperature. Detection of each antibody is specified in Table 1 and described below.
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Secondary amplification: A variety of fluorophores conjugated to secondary antibodies were obtained from Jackson Immunological and resuspended according to manufacturer’s specifications. These are: Alexa 405, 488, 594, 657, Cy3. After primary antibodies were washed off, these secondary antibodies were then incubated for one hour at
room temperature at 1:150.
Tertiary amplification: Biotinylated secondary antibodies were obtained from
Jackson Immunological and resuspended according to manufacturer’s specifications.
After primary antibodies were washed off, biotinylated secondaries were then incubated
for one hour at room temperature at 1:150, followed by washing. Finally, fluor conjugated
streptavidin were then used at 1:400 for one hour at room temperature.
Tyramide signal amplification: Biotinylated secondaries were used as described
above, however after washing, horseradish peroxidase conjugated streptavidin (HRP-SA)
diluted in 1% casein in Tris buffer is used at 1:400 for one hour at room temperature. After
washing, FITC, Cy3, Cy5-tyramide diluted in 0.1M Borate, 0.003% H2O2, is applied for
15-30 minutes at room temperature.
After staining and nuclear counterstain, slides are coverslipped in 0.5% N-propyl
gallate suspended in 90% glycerol, sealed with nail polish and stored at -20°C prior to
imaging or counting.
Imaging and quantification
Stained sections were imaged on either a Zeiss LSM510 or LSM800 confocal
microscope in multi-track mode, with the exception of the 6 channel image in Figure 1,
which was imaged in Lambda Mode spectral scanning followed by linear unmixing. Image
preparation was first processed using Fiji software only to adjust color palette, balance
and contrast, which were applied to the entire image prior to figure assembly in Adobe
Illustrator CS5.1 where images were cropped and set.
Quantification was done on a Nikon 800E epifluorescent microscope with a dual
red/green filter set to allow direct observation and simultaneous counting of Tdtomato
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(red) lineage traced cells with markers of choice stained to green. For transplantation
experiments, consecutive 20 μm sections of the olfactory epithelium from level three to
five, anterior to posterior, were stained and counted systematically to identify all clones
where a clone is defined as being a tight group of cells which do not have other labeled
cells within ten cell bodies in any of the x, y, or z (consecutive slides) directions. For
lineage trace experiments and all other quantifications, all cells of interest in a minimum
of 9 evenly spaced 9 μm sections from each level 3-6 were counted in their entirety. For
all experiments at least three animals were counted per transplant or condition. Statistical analysis and graphs were done using either Sigmaplot or R software with a minimum
cutoff of p<0.05 for statistical significance. In all graphs, mean values and standard deviation are reported.
Single Cell mRNAseq
Two fluorescent reporter mouse lines were used to isolate single cells of interest: Neurog1-eGFP, and Neurog1-eGFP;pan-TdTomato. The presence of TdTomato as a
genetic marker allowed for the mixture of two conditions into a single Fluidigm C1 Autoprep IFC chip, and effective elimination of batch effects through two runs. Uninjured, 5
days post-OBX, and 14 days post-OBX animals were dissociated according to protocols
described above, and FACS isolated for either double or single positive cells. Isolated
cells were then captured on a 5-10 um mRNA Seq IFC (Fluidigm, 100-5759) and visually
inspected to positively identify single cell capture prior to lysis and cDNA synthesis according to manufacturer’s instructions. Three RNA spike-ins were added to the lysis buffer
for further batch effect correction. cDNA was quantified using Invitrogen’s Quant-iT high
sensitivity DNA Assay kit (Q33120) prior to library construction using Illumina Nextera XT
Library Prep Kit (FC-131-1024), following manufacturer’s instructions and Fluidigm modifications. Single cell libraries were tagged with unique barcodes using Nextera XT Index
Kit V2 B,C,D (FC-131-2002, FC-131-2003, FC-131-2004), and pooled prior to Agencourt
AMPure XP Bead cleanup. The library was quantified using Quant-iT and size distribution
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determined using a Fragment Analyzer (Advanced Analytical Technologies, Inc) prior to
sequencing at ~3M 100bp paired end reads per cell on an Illumina HiSeq2500 running in
High Output v4 mode. Demultiplexed reads were FASTQC trimmed prior to mapping using RSEM on the Tufts High Performance Computing Cluster. Batch effects were removed
using Bayesian methods implemented in the R package ComBat. Single cell samples
which expressed an outlying level of either beta-actin or GAPDH were excluded from further analysis. Genes were modeled using a combination of DESeq and SCDE algorithms
for feature selection, followed by hierarchical clustering and visualization of clusters using
the dimension reducing algorithm t-SNE. The Destiny diffusion plot was generated in R
using standard options, and FASTProject loaded with MSigDB Hallmark gene sets generated enriched molecular signatures. WebGestalt was used using default settings to generate “Transcription Factor Target Analysis” and “Wikipathways Analysis.” All visualizations
were generated in R.
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RESULTS
Ascl1+ and Neurog1+ Progenitors are Neuronally Specified until Injury
Unlocks a Multipotent State
To study the differentiative capacity of neuronally specified progenitors in
the OE, we utilized a Tamoxifen (Tam) inducible genetic lineage trace by generating Ascl1-CreER; Ai9 flox(Stop)TdTomato mice (hereafter referred to as Ascl1CreER). Three days after Tam induction, labeled cells began to express immature
neuronal markers and had extended processes (Figure S1A). We adopted a labeling paradigm of a single Tam injection each day for two consecutive days, followed
by a 2-week chase period.
As expected, Ascl1+ GBCs gave rise to OSNs that were capable of maturing and expressing olfactory marker protein (OMP), a mature OSN marker. The
presence of a small but not insignificant number of Bowman’s duct/gland cells
marked by Sox9 positivity was not predicted though it may have been expected as
Ascl1 has been associated with neuroendocrine as well as secretory cell development (Figure 1C, Uninjured)(Kokubu et al. 2008; Roach & Wallace 2013). More
surprising, however, were the cell types generated by Ascl1+ GBCs after injury.
Two weeks after OBX, identifiable by a striking decrease in OMP staining, we detected non-neuronal Sus cells, marked by their distinctive morphology and by the
absence of Tuj1/OMP expression—suggesting that injury is capable of unlocking
an increase in the repertoire of Ascl1+ GBCs (Figure 1C, Post-OBX).
Furthermore, after Mtz injection, a harsher injury model that ablates all the
mature cell types of the OE, this induction of multipotency significantly increased.
Neurons, duct/gland units, microvillar cells, and Sus cells were generated, marked
by OMP, Sox9, TRPM5, and apical Sox2 staining, respectively. Of note, clones
were usually accompanied by OSNs. Finally, they were also able to self-renew—
which they cannot do normally—as shown by the generation of other GBCs within
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a large complex clone identified by exclusion of neurons by PGP9.5 and HBCs by
KRT14 (Figure 1C, Post-Methimazole).
Quantification of the cell types generated revealed significant increases in
generation of non-neuronal cell types as the injury becomes more severe. Furthermore, a small but significant amount of GBCs and respiratory cells were generated
only after the harsher methimazole injury (Figure 1D).
To examine the kinetics of this plasticity, we modulated the time of methimazole injection in relation to the Tamoxifen labeling (Figure S1C). We saw a tight,
under 48-hour window during which labeled cells are capable of multipotency
(Figure S1D).
To determine if this phenomenon was restricted to the early neurogenic
Ascl1+ cells, we tested the far more downstream Neurog1+ GBC population by
generating Neurog1-CreER; Ai9 flox(Stop)TdTomato mice (hereafter referred to
as Neurog1-CreER) and performed similar experiments as described above. First,
the kinetics were tested: cells in the Neurog1+ stage rapidly finished steps to become immature OSNs—most of the cells labeled at this stage are already Tuj1+,
showing processes extending both apically and basally by 1 day post-Tam. Over
the course of 3 days, surviving cells became OMP+ mature neurons. We altered
the paradigm such that the last dose of Tam coincides with Mtz administration in
accordance to the observation that these cells are more advanced in the path to
becoming neurons, and later labeling times would instead label bona fide neurons
(Figure S1B).
As expected, in uninjured tissue, Neurog1+ GBCs generated only neurons, this time with a distinct lack of D/G cells (Figure 1E, Uninjured). Similar to
the Ascl1 lineage trace, OBX injury unlocked the potential of Neurog1+ GBCs to
generate non-neuronal cell types such as Sus cells while Mtz injury induced a
significantly higher percentage of non-neuronal cells (Figure 1E, Post-OBX and
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Methimazole). Quantification showed that the absolute percentages of unlocked
multipotent Neurog1+ GBCs post-injury were far less than that seen from Ascl1+
GBCs. Nevertheless, they demonstrated a large amount of lineage plasticity, given
that they were immediate neural precursors (Figure 1F). Interestingly, we observed
a similar two day window of labeling as seen with the Ascl1+ lineage trace (Figure
S1D). Finally, we tested the possibility that multipotent HBCs were being labeled
and spuriously contributing to the lineage trace. Using a Keratin5-CreER lineage
trace to label HBCs at saturating levels, we saw that no labeled HBCs expressed
either Ascl1 or NeuroD1 until at least 5 days post-methimazole injury (Figure
S1E,F). As the metabolic half-life clearance of the active metabolite is 6 hours invivo, it is unlikely that HBCs could be contributing to the increased potency seen
with lineage tracing (Robinson et al. 1991). Thus, in aggregate, these previously
neuronally specified cells were capable of generating all of the cell types of the OE
except for the quiescent HBC stem cells.
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Figure 1. Ascl1+ and Neurog1+ Progenitors are Neuronally Specified until Injury
Unlocks a Multipotent State
(A) Representative immunohistochemistry marking major cell types of the OE. OMP
(Red) Mature OSN; Tuj1 (Green) Immature OSN; TRPM5 (White) Microvillar cell;
Sox2 (Purple) Sus and basal cells; Sox9/Aqp5 (Cyan) D/G cells; CK14 (Gold) HBCs.
(B)Stem cell hierarchy model of the OE.
(C) IHC of clones generated by Ascl1-CreER GBCs in uninjured, 14 days post-OBX,
and 14 days post-Methimazole injury conditions.
(D) Count quantification of total cells of each type found under each Ascl1 lineage
trace condition, depicted as a percentage of total, summed traced cells (n=6).
(E) IHC of clones generated by Neurog1-CreER GBCs in uninjured, 14 days postOBX, and 14 days post-Methimazole injury conditions.
(F) Count quantification of total cells of each type found under each Neurog1 lineage trace condition, depicted as a percentage of total, summed traced cells (n=6).
* p<0.05, Kruskal Wallis ANOVA on Ranks.

Induced Multipotent Progenitors can Transplant and Engraft While
Maintaining Multipotency
We next asked whether or not this multipotent state would be retained
through transplantation, or if it strictly requires the precise milieu and timing of
in-situ injury, in other words, we tested whether the induction of multipotency was
cell-intrinsic or extrinsic. To do so, we generated a Neurog1-eGFP; ubiquitous-TdTomato line for post-transplantation tracing.
We tested both uninjured as well as cells isolated 5 and 14 days after OBX
injury and challenged them to engraft into host animals, which were first MeBrlesioned one day prior to allow for engraftment. We chose 5 days post OBX injury
as it is the time of maximal GBC proliferation, while 14 days post OBX is the beginning of stability between cell populations (Sultan-Styne et al. 2009; Schwob et al.
1992). The transplanted cells were given two weeks to engraft, recover, and generate progeny prior to tissue harvesting (Figure 2A). We transplanted Sox2+ bona
fide stem cells FACS isolated from Sox2-eGFP/pan-TdTomato animals to serve as
positive controls. FACS purification strategies for both Sox2-eGFP and Neurog1eGFP were developed to remove potential contaminating HBCs (Figures S2A and
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Supplemental Figure 1: Neuronal Progenitors are Normally Committed until Injury Unlocks a Multipotent State.
(A-B) Timecourse IHC staining of TdTomato (red), OMP (green), and Tuj1 (cyan) on
uninjured Ascl1-CreER (A) or Neurog1-CreER (B) lineage trace tissue showing the
kinetics of neuronal maturation starting from an Ascl1+ GBC. (C) Graphic depiction
of Tam and Mtz dosing strategy to determine the window of labeling that yields maximal labeling of multipotent progenitors. (D) Count percentages of non-neuronal cells
generated by labeled Neurog1 and Ascl1-CreER lineage tracing using the schedule
shown in C. (E-F) IHC staining of Ascl1 (E) or NeuroD1 (F) on KRT5-CreER lineage
trace tissue at various timepoints post-Mtz injury. Arrowheads indicate Ascl1+ only
cells, while asterisks indicate Ascl1/TdTomato double positive cells.

2B). We tested for enrichment of each target population using qRT-PCR for mRNA
levels of either Sox2 or Neurog1, respectively. For Sox2, Sus cells had to be depleted prior to qRT-PCR analysis as they express high levels of Sox2. Unexpectedly, we identified a significant increase of Sox2 mRNA in the 5 days post-OBX
Neurog1+ population, which was not present in either uninjured or 14 days post75

OBX (Figure S2C).
Uninjured Neurog1-eGFP+ cells transplanted to generate small, neurononly clones, marked by OMP and Tuj1 positivity (Figure 2B). Transplanting 5 days
post-OBX Neurog1-eGFP+ cells recapitulates induction of a multipotent state that
survives transplantation. Surprisingly, in addition to the extra lineages seen after
in-situ lineage trace, HBC stem cells and respiratory cells were also generated,
albeit at low numbers. Sus cells were identified by morphology and apical Sox2
positivity, while stem GBCs were identified through basal Sox2 positivity. Respiratory cells were identified when residing in OSN negative regions marked by panneuronal marker PGP9.5 as well as wide brush border protrusions on the apical
surface. Microvillar cells were positively identified through their teardrop morphology and TRPM5 positivity. Finally, D/G cells were identified by Sox9 expression
(Figure 2C). Transplantation of cells isolated 14 days post-OBX injury resulted in
a diminished but still multi-lineage repertoire (Figure 2D). The positive control of
transplanting bona fide Sox2+ stem cells yielded a full breadth of lineages, often
times in more complete units than seen previously (Figure 2E).
Quantification of cell types generated after transplantation revealed a
correlation between stemness (defined as potential to generate multiple cell
types), and immediacy of injury. Neurog1+ GBCs transplanted 5 days post-injury
were able to generate the whole spectrum of cell types. On the other hand, while
Neurog1+GBCs transplanted 14 days post injury are still capable of generating
Sus cells, they have become deficient in several other cell types, especially the
stem cell populations. Of note, there were significantly increased levels of plasticity
seen after transplantation compared to in-situ lineage trace in the Neurog1 population (Figures 1F and 2F).
We also compared sizes of engrafted clones as a measure of proliferative
capacity, and found that uninjured Neurog1+ GBCs were very limited in their pro76
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Figure 2: Induced Multipotent Progenitors Transplant And Maintain Their Multipotent State
(A) Experimental paradigm of transplantation experiments into lesioned hosts and
reporter mice used.
B) IHC of clones generated 14 days post engraftment of uninjured Neurog1+ GBCs.
C) IHC of clones generated 14 days post engraftment of 5 days post-OBX Neurog1+
GBCs.
(D) IHC of clones generated 14 days post engraftment of 14 days post-OBX Neurog1+ GBCs.
(E) IHC of clones generated 14 days post engraftment from the positive control
Sox2+ GBCs.
(F) Count quantification of total cells of each type that engrafted, depicted as a percentage of all engrafted cells (n=3).

(G) Clonal size quantification of engrafted cells (n=3). * p<0.05, Kruskal Wallis
ANOVA on Ranks.

liferative capacity, while 5 days post-OBX cells were able proliferate to a degree
undistinguishable from the Sox2+ control cells. Interestingly, even though 14 days
post-OBX injury cells were still multipotent, this clonal analysis revealed that they
had significantly diminished proliferative capacity, more similar to the uninjured
condition than to injured, suggesting that multipotency and proliferative capacity
may not be linked (Figure 2G).
We strove to transplant Ascl1+ GBCs; however, previously existing Ascl1
reporter mice do not show any appreciable fluorescence in the adult normal OE,
attributable to either the nature of BAC transgenic mice operating under the heavily silenced epigenetic landscape of the OE, or the extremely low copy number of
Ascl1 in adult OE neural progenitors (Data not shown). To address this problem,
we used CRISPR/Cas9 to knock-in a high signal multi-cistronic reporter—the
first of its kind—into the native Ascl1 locus. We concatenated two copies of the
extremely bright TdTomato fluorescent protein with a 2A peptide sequence and
knocked it in downstream of the Ascl1 protein coding sequence, also fused using
a 2A sequence (Figure S2D). A more detailed description of the genesis of this
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line is included in Supplemental Materials and Methods. This Ascl1-TdTomato2
line was then verified with IHC and FACS to correctly label the Ascl1+ GBC population and bred to a pan-eGFP line to allow for transplantation (Figures S2E-S2G).
Transplantation of the Ascl1+ GBCs showed, surprisingly, that even uninjured cells were capable of generating non-neuronal cell types, unlike what was
seen during in-situ lineage tracing (Figure S2H). However, while we could not detect an increase in potency after injury, there was still a significant effect on clonal
size (Figure S2I).

Single Cell Transcriptional Profiling and Validation of Functional Pathways
Given this surprising phenomenon of induced multipotency, we performed
single-cell mRNAseq (scRNAseq) analysis of Neurog1-eGFP cells FACS isolated from uninjured control, 5 days, and 14 days post-OBX using the Fluidigm C1
Autoprep. In summary, we captured and sequenced 140 Neurog1-eGFP+ cells
with 120 that passed QC filtering for high quality single cells (Figure S3A). T-SNE
dimension reduction plotting of these cells revealed three distinct populations,
which were identified de-novo without prior classification of condition, demonstrating that the three conditions are transcriptionally distinct (Figure S3B). We compared this unbiased de-novo assignment with identification using TdTomato and
eGFP markers, and found high concordance between the de novo assignment
and marker assignment (Figure S3C). To place these cells into cellular context, we
captured 210 additional single cells, randomly sampled from uninjured, whole olfactory epithelium. Each cluster was then identified as a known cell cluster based
on published and validated cell markers. For example, Sustentacular cells were
identified based on their KRT18, Pax6, Cyp2g1 expression, while mature and immature neurons were marked by OMP and GAP43, respectively (Data not shown).
We overlaid the identities of the Neurog1-eGFP+ sorted cells and saw that while a
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Supplemental Figure 2: Induced Multipotent Progenitors Transplant And Maintain Their Multipotent State
(A-B) FACS isolation strategy to purify either Sox2-eGFP;pan-TD (A) or Neurog1eGFP;pan-TD (B) cells involving single cell gating on forward scatter and side scatter, followed by HBC removal using a CD54 exclusion gate, and finally gating for
eGFP-mid expressing cells. (C) qRT-PCR of FACS isolated cells for enrichment
of Sox2 or Neurog1 mRNA. (D) Graphical schematic of the targeting construct to
generate the Ascl1-TdTomato2 mouse, showing the knock-in location immediately
downstream of the Ascl1 coding sequence, fused to two concatenated TdTomato
sequences using 2A peptide sequences. Genotyping primers used to confirm successful knock-in are marked on the targeting vector. (E) gRNA designed using the
Zhang lab CRISPR tool that were pooled for microinjection with their sequence and
quality scores. (F) DNA agrose gel showing genotyping results of the first generation
founders. Red arrow marked the positive mutant band. Red dots mark homozygous
knock-ins, while green dots mark heterozygous ones. Table summarizes the final
results of CRISPR knock-in efficiency. (G) IHC confirmation that bright TdTomato co-
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Supplemental Figure 2 Continued
localizes with Ascl1 protein, with faint TdTomato found in the immature neurons due
to protein perdurance. FACS plot shows successful separation of TdTomato+ cells.
(H) IHC of clones that were formed after transplantation into a lesioned host animal,
showing neurons, D/G cells, Sus, and GBCs. (I) Clonal size analysis showing that 5
dpOBX injured Ascl1-TdTomato+ cells are more proliferative than uninjured cells. **
p<0.001 Mann-Whitney Rank Sum.

small set of these cells are indeed on a trajectory following normal neurogenesis,

a large portion were transcriptionally similar to a cluster containing heterogeneous,
stem-like cells (Figure 3A). Finally, we checked for proper batch-to-batch variation
normalization, and saw overlaying run identities on top of the t-SNE plot validates
that batch to batch variation were properly normalized, as there is no overt batch
clustering occurring. (Figure S3D).
FASTProject algorithms and WebGestalt analysis using Broad Institute
Molecular Signatures identified pathways that were significantly enriched over
baseline expectations in both injury conditions (Figure S3E). We also identified
transcription factor hubs that were highly enriched in each condition, such as MYC
and Sox family transcription factors at 5 days post OBX, validating previous qRTPCR results (Figures S2C and S3H).
scRNAseq analysis not only identified Ezh2 has a potential epigenetic
regulator of induced multipotency, but also that canonical Notch signaling was not
differentially regulated—surprising, as it is known to play a critical role in transdifferentiation in several tissues (Yimlamai et al. 2014; Lafkas et al. 2015; Smith et al.
2016). Accordingly, we next set out to experimentally validate not only these two
but also SHH, IGF, and TGFβ signaling using available mouse models and small
molecule intervention.
Ezh2 is an important druggable target in cancer treatment and immunomodulation so there are several well characterized Ezh2 small molecule inhibitors
of varying affinities (Campbell et al. 2015; Zhang et al. 2015; Xu et al. 2014). We
used the same labeling and injury paradigm described in Figure 1 for Neurog181

CreER in-situ lineage tracing, and added 4 sequential days of intranasal delivery
of saline vehicle, UNC1999, EPZ005687, or DZNep, starting the day after Mtz
administration (Figure 3B). We confirmed efficacy of intranasal delivery by staining
for global H3K27me3 levels immediately after the last day of drug dosing, and also
saw a concomitant increase in general Sox2 levels compared to saline (Figure
3C). After two weeks of recovery, we analyzed the composition of lineage traced
progeny by IHC and observed a significant increase in non-neuronal cell types
generated after Ezh2 inhibition across all three inhibitors (Figures 3D-E).
We next tested the effect of knocking out RBPJ, the main effector for canonical Notch signaling, as well as intranasal delivery of DAPT, a common Notch
inhibitor. Recapitulating the scRNAseq observation, both genetic and small molecule inhibitor approaches demonstrated that Notch signaling does not modulate
induced multipotency, in stark contrast to other tissue systems (Figure 3F).
Finally, we tested the effects of SHH, IGF1R, and TGFβ inhibition using a
similar intranasal delivery described above and saw small, non-significant variations in clonal composition and efficiency of induced multipotency (Figures S4A
and S4B).

Expression Profiling of OSKM Yamanaka Factors and “Usual Suspects”
The induction of Sox2 mRNA described earlier and the presence of pluripotency genes in the scRNAseq prompted us to investigate the Yamanaka pluripotency genes in the OE. We found that Neurog1-eGFP+ cells, which do not
normally express OSKM factors, induce Sox2 and KLF4 mRNA after injury. They
also induce Pax6 expression, a transcription factor that can directly reprogram
astrocytes to neurons and is also expressed in some of the multipotent stem cells
inherent to the OE (Figure 4A). Finally, we profiled major known factors involved
in OE neurogenesis and observed a sharp down-regulation of the late neurogenic
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factors NeuroD1 and Neurog1, and a brief upregulation of Ascl1 (Figure 4B).
We characterized the protein expression of KLF4 in both uninjured and
post-injury tissue, and found that a small subset of Sox2+ GBCs expressed KLF4
under uninjured conditions with its expression greatly expanding upon injury, such
that it became expressed in not only the basal stem cells, but also in a subset of
apical cells (Figure S4A).
We chose to focus on Sox2 and Pax6 instead of KLF4, as their expression
and roles are far better characterized in the OE. We confirmed that the mRNA induction of Sox2 correlated with protein expression using IHC at various time points
post-OBX using the perdurance of eGFP in the Neurog1-eGFP reporter mouse as
a short-term lineage trace (Figure 4C). Quantification of Neurog1-eGFP and Sox2
double positive cells revealed a rapid induction of Sox2 in those cells that lasted
approximately 2 days, after which it dropped slowly to baseline levels by 14 days
post-injury (Figure 4D). We also observed a similar but slightly lagging kinetic of
Pax6 expression post injury (Figure 45B). To address concerns of cross-reactivity
and specificity of Sox2 staining, we confirmed the co-localization studies with a
second, distinct Sox2 antibody (Figure S4C).
To facilitate a longer-term trace following total epithelial regeneration, we
used the Neurog1-CreER lineage trace mouse after Mtz injection, and saw that
Sox2 upregulation was nearly universal for as long as 7 days post-Mtz, but still
dropped back to baseline by 14 days post-methimazole (Figure 4E). This level of
robust Sox2 induction correlates with the higher level of plasticity observed after
in-vivo genetic lineage trace (Figure 1F).
We wondered if the induction of Sox2 in Neurog1-eGFP+ cells was reminiscent of early development of the OE. At 3 days postnatal, there was a significant
number of Sox2 and Neurog1-eGFP double positive cells, but by 5 days postnatal,
levels of co-localization drop significantly to levels similar to adult (Figure S4D-E).
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Figure 3. Single Cell Transcriptional Profiling and Validation of Functional Pathways
(A) T-SNE dimension reduction plot of single cell transcriptomes. Gray cells were
cells sampled from uninjured OE, while green cells are Neurog1-eGFP+ FACS isolated cells from uninjured, 5 dpOBX and 14 dpOBX tissue. Colored ovals and labels
represent generalized, manually identified cell groups.
(B) Experimental paradigm of dosing with interventional small molecules.
(C) IHC of H3K27me3 and Sox2 with saline control or Ezh2 inhibitor UNC1999, 5
days after methimazole administration.
(D) Quantification of the effect Ezh2 inhibition using three distinct small molecule
inhibitors on progeny after injury (n=3).
(E) Low magnification image of saline treated vs UNC1999 treated Neurog1 lineage
trace. Arrows mark locations of dedifferentiation resulting in Sus cells.
(F) Quantification of Notch inhibition using DAPT or RBPJ genetic knockout (n=3). *
p<0.05, Kruskal Wallis ANOVA on Ranks.
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Supplemental Figure 3: Single Cell Transcriptional Profiling of Neurog1+ Precursors.
(A) Quality control statistics of single cell capture and RNAseq filtering. (B) T-SNE dimension reduction of Neurog1-eGFP+ cells isolated from uninjured, 5 and 14 dpOBX. Three clusters were de-novo identified without a priori knowledge of cell identity.
(C) A matrix showing concordance between de-novo identities from unsupervised
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Supplemental Figure 3 Continued
clustering compared to identities determined from genetic markers of TdTomato
and eGFP. (D) A t-SNE plot overlaid with batch run identities, showing heavy batchto-batch mixing. (E) Bar graph of significantly enriched molecular signatures over
uninjured as determined by WebGestalt on Broad Institute Gene Signatures. (F) Bar
graph of transcription factor networks that had significant enrichment of downstream
targets. (G) Quantification of cell types generated from Ascl1-CreER lineage traced
cells after signaling inhibition using intranasal exposure to saline vehicle, LY364947
(TGFβ inhibitor), SANT-1 (Hedgehog inhibitor), and PQ401 (IGF inhibitor) (n=3) *
p<0.05, Kruskal Wallis ANOVA on Ranks. (H) Quantification of the number of multipotent cell clusters per section, as a proxy for measuring efficiency of multipotency
induction (n=3) * p<0.05, Kruskal Wallis ANOVA on Ranks.

Sox2 is Required for Induced Multipotency

Given the striking upregulation of Sox2 in neuronally specified progenitors,
which do not express it normally, and its known role in induced pluripotency, we
wanted to test whether this upregulation was required for the induction of multipotency in these cells. We generated two conditional Sox2 knockout mice with
genetic lineage trace driven by Neurog1-CreER or Ascl1-CreER, and used the
same labeling and injury paradigms as before. Neurog1-CreER driven genetic
excision of Sox2 in uninjured conditions had no detectable effect (Figure S5B). On
the other hand, Ascl1-CreER driven genetic excision of Sox2 reduced proliferation,
resulting in a lower absolute number of progeny generated per clone, though they
were still capable of generating neurons and D/G cells (Figures S6B and S6C). We
examined the normal expression patterns and found that without injury, Neurog1eGFP label almost never co-expresses with Sox2 and direct immunodetection of
NeuroD1—a stage-equivalent transcription factor—also shows no co-labeling with
Sox2, in agreement with the fact that Sox2 excision in these cells has no phenotype (Figures 4C and S5A). On the other hand, Ascl1 almost always co-stains with
Sox2, especially when accounting for ambiguity due to the oscillating nature of
Ascl1 (Figure S5A).
We verified successful knockout by collecting tissue at an early time point
post-methimazole injury, showing a high degree of Sox2 knockout in homozygotes
compared to heterozygotes (Figure 5A). We also found that Sox2 knockout cor86

related with high expression of Ezh2—something not found in neighboring cells
that still express Sox2 or in heterozygous knockouts (Figure S5D). Two weeks after
injury, homozygous knockout of Sox2 abolished the ability for both Neurog1+ and
Ascl1+ GBCs to become multipotent (Figure 5B). The small number of Sus cells
that were generated still expressed Sox2, indicating that they originated from a
progenitor that failed to fully recombine and knockout Sox2 (Figure 5C). Quantifying the consequence of deleting Sox2 from these cells after filtering for true Sox2
knockout confirmed that it is required for dedifferentiation (Figure 5D). In addition,
removing the ability to dedifferentiate decreased the tissues ability to regenerate
after injury (Figure 5E).
Finally, we tested whether or not Sox2 is required to generate Sus cells
outright by using an HBC specific Krt5-CreER driver to knockout Sox2 in the
quiescent stem cell population followed by injury to force HBC activation. HBCs
are capable of generating Sus cells without dedifferentiation, and we found that
the lack of Sox2 under these circumstances had no effect on the ability to generate Sus cells, with Sox2 deficient Sus cells being otherwise indistinguishable from
wildtype ones (Figure 5F).

Working Model
Previous observations by our lab and others demonstrate a clear linear
progression of transcription factors and markers that support a unidirectional flow
of neurogenesis. Under severe injury to the tissue, we see HBCs lose their master
transcription factor p63, and promote to a multipotent GBC stem cell (Packard,
Schnittke, et al. 2011). These multipotent GBCs make a fate choice, some upregulating Ascl1, which in turn upregulates Neurog1 and NeuroD1, become Gap43+
immature neurons, and finally OMP+ mature neurons(Cau et al. 2002). On the
other side, multipotent GBCs can upregulate Hes1 instead, and become speci87

***

5

4

Fold Change to Uninjured

***

Sox2
Pax6
KLF4
Oct4: ND
cMyc: ND

***

4
3
2

***
***

1

3

Uninjured

C

*

*

7
5
Days Post OBX Lesion

Sox2 eGFP CK14 DAPI

*

0

***

D

NeuroD1
Ngn1
Ascl1

***

***

***

-2

***

***

-4
***

-6
Uninjured

14

Neurog1-eGFP Timecouse Post-OBX

*

2

3

14

5
7
Days Post OBX Lesion

% Double Positive Neurog1-eGFP/Sox2 Cells

30

% of Double Positive Cells
compared to all Neurog1-eGFP+ Cells

25
20

Uninjured

15
10
5
0

0

2 3 4 5

E

7

14
Days post OBX

21

Neurog1 Lineage Trace Post-MTZ

7D pOBX
8D pOBX

* *
*

*

*

2D pMTZ

* *
* * ** * * ** * *

3D pMTZ

*

5D pMTZ

*

7D pMTZ

*

5D pOBX

4D pOBX

TdTomato Sox2 CK14

14D pMTZ

Fold Change to Uninjured

6

mRNA Expression of Neurogenic TFs in
Post-Injury Neurog1-eGFP+ Cells

B

mRNA Expression of Stem TF in
Post-Injury Neurog1-eGFP+ Cells

A

88

Figure 4: Expression Profiling of OSKM Yamanaka Factors and “Usual Suspects”
(A) qRT-PCR of OSKM factors and Pax6 in FACS isolated Neurog1+ GBCs in
a post-OBX timecourse. (B) qRT-PCR of neurogenic transcription factors in the
same samples. (C) Timecourse IHC of Sox2, Neurog1-eGFP and CK14 in uninjured, 4,5,7,8 days post-OBX. Stars mark eGFP+/Sox2+ cells. (D) Quantification of
double positive Sox2+, Neurog1-eGFP+ cells by IHC, depicted as a percentage of
all Neurog1-eGFP+ cells through an OBX timecourse. (E) Timecourse IHC of Sox2
and Neurog1-CreER lineage trace in uninjured, 2, 3, 5, 7, 14 days post methimazole injury. (F) Timecourse IHC of Neurod1, Ascl1, and Sox2 in the same post-OBX
timecourse.
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fied to generate Sus cells, followed by upregulation of Sus markers REEP6 and
CYP2G1(Cau et al. 2000). This model is an overarching view of the net result of all
that occurs in the tissue.
Given the data presented above, we append two observations to the existing hierarchy: firstly, duct/gland units can be formed directly from Ascl1+ GBCs,
and secondly, non-neuronal TRPM5+ microvillar cells are generated from Sox2+
multipotent GBCs—not neuronally specified GBCs. We further propose a revised
model that contains not only the net result, but also the steps that the OE takes to
ensure robust regeneration after catastrophic injury. In aggregate, our data show
that injury is able to induce signaling differences in a number of pathways, which
may feed into Ezh2 to epigenetically modulate Sox2 in the spared Neurog1+ and
Ascl1+ GBCs. The combination of these signals appear to push these neuronally
specified cells—in reverse—back to a multipotent GBC state. This state, however,
only lasts briefly, allowing these cells to then participate in tissue regeneration with
increased stem cell capacity (Figure 7).

DISCUSSION
The mammalian olfactory epithelium is a self-renewing neural epithelium
that contains easily characterized cell types, several distinct injury models, and
clear readouts for testing differentiative capacity. Here, we use this model of adult
neurogenesis to demonstrate that neuronally specified progenitors have the potential to induce multipotency when faced with epithelial damage. We first leveraged clearly defined genetic drivers to lineage trace Ascl1+ and Neurog1+ progenitors, finding that they normally make neurons in-situ, but can have a greater
potential unlocked upon injury, which is modulated by the severity of the injury.
We then found that this unlocked potential is at least partially cell-intrinsic,
as transplantation of uninjured Neurog1-eGFP+ GBCs into an injured environment
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Figure 5. Sox2 is Required for Induced Multipotency
(A) IHC of Sox2 protein expression in either heterozygous or homozygous Sox2
knockout 5 days post-methimazole. (B) Low magnification image of heterozygous vs
homozygous lineage trace. (C) High mag IHC of clones generated in the homozygous animals co-stained with Sox2 showing occasional evidence of incomplete recombination. (D) Summed count quantification of cell types generated after lineage
trace with heterozygous vs homozygous Sox2 knockout (n=3). (E) Quantification of
average thickness of tissue 2 weeks after injury (n=3). (F) IHC of K5-CreER mediated Sox2 knockout post-injury, with lineage trace in phase contrast X-gal (blue)
overlaid with Sox2 (green) and CK14 (red).

failed to induce multipotency at all, while 5 days post-OBX injured GBCs retained
their multipotency. We were particularly interested that both 5 and 14 days postOBX samples retained their multipotency, even though Sox2 expression is at their
highest at 5 days and baseline by 14 days post-OBX. Combined with the finding
that Sox2 knockout abolishes multipotency completely, our data suggest that Sox2
induction is required for the initiation, but not the maintenance of multipotency in
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Supplemental Figure 5: Sox2 is Required for Induced Multipotency
(A) IHC staining of transcriptional factors Sox2, Pax6, Ascl1, NeuroD1, and Sox9 in
uninjured OE tissue. (B) IHC staining of clones generated from Neurog1-CreER or
Ascl1-CreER mediated Sox2 knockouts. (C) Quantification of clonal sizes comparing heterozygous vs homozygous Sox2 knockout using Neurog1 or Ascl1-CreER
under normal conditions. (D) Co-staining of Sox2 and Ezh2 in heterozygous and
homozygous Sox2 knockouts 5 days post-methimazole.

these cells. Interestingly, it has been reported that embryonic OE tissue demonstrates lineage plasticity, where Ascl1+ GBCs are able to generate non-neuronal,
Sus cells. These data along with our own observation that Sox2 is expressed in
Neurog1-eGFP+ cells at post-natal day 3 suggest that the dedifferentiation seen
after injury in the adult is mirroring developmental plasticity (Gokoffski et al. 2011).
scRNAseq characterization showed that a multitude of signaling pathways
and signatures were differentially regulated. In particular, mRNA processing and
the genes found under this pathway suggest that there were significant changes in
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pathways modulating mRNA capping, stability and degradation. We also identified
significant differences in metabolic processes between 5 and 14 days post-OBX,
which is unsurprising given the recent increased attention on stem cell-specific
metabolic differences and in line with studies showing that metabolic change is required and even plays an active role in cell fate conversion (Ryall et al. 2015; Gascón et al. 2015; Folmes et al. 2012). In addition, the upregulation of several noncoding RNAs, such as MALAT1, in a process involving Ezh2 and cell fate changes
heavily suggest a targeting role for non-coding RNAs in specifying epigenetic
targets(Holoch & Moazed 2015). It is important to note that existing transcriptome
data comparing Neurog1-eGFP cells 3 weeks post-OBX show basically no differences compared to uninjured. It is known, however, that at 2 weeks post-OBX, the
tissue is still in flux and not yet stable (Krolewski et al. 2013; Schwartz Levey et al.
1991).
We tested Ezh2 in-vivo using small molecule inhibition and showed that
inhibition results in an increase in multipotency. It is unsurprising that an epigenetic
regulator plays a significant role modulating cell fate change. We observed that
Ezh2 activity inhibition results in higher Sox2 protein, while Sox2 knockout results
in upregulation of Ezh2 and an increase in globally detectable H3K27me3. This is
in accordance with earlier studies that correlated preexisting hypomethylation status of quiescent Muller glia with responsiveness to injury, and that early demethylation is required for dedifferentiation(Goldman 2014; Reyes-Aguirre & Lamas
2016). Given the conventionally opposing roles of Polycomb- and Trithorax-group
proteins, it suggests that inhibition of Trithorax-group proteins may inhibit dedifferentiation (Smith et al. 2016).
Testing upstream signals with small molecule inhibition yielded mixed
results. It is surprising that TGF-β inhibition had such a subtle effect—intuitively, tissue damage almost always elicits an inflammatory response. Furthermore, almost
93

all chemically mediated reprogramming paradigms contain some kind of TGF-β or
downstream SMAD inhibition and can partially replace c-MYC or Sox2 reprogramming function(Smith et al. 2016; Masserdotti et al. 2016).
We were also surprised to find that Notch signaling did not play a role in
regulating dedifferentiation in this tissue as it is required in pancreas, liver, or lung.
The differences between the mechanisms inducing dedifferentiation raise several
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Figure 6. Working Model
Compiled working model with black arrows representing the bulk flow of cell fate
during regeneration, and red arrows representing the proposed path of dedifferentiating cells initially after injury.

questions regarding the process itself. It appears that initiation signals may be different, but that perhaps the underlying fundamental mechanisms are conserved.
There have been numerous reports in the retina of fish and chick where Pax6
induction is a well-documented step in dedifferentiation of Müller glia after retinal
damage(Karl et al. 2008; Marquardt et al. 2001). Here, we show not only the upregulation of Pax6, KLF4, and Sox2, but also that Sox2 is required for this dediffer94

entiation, suggesting that this Yamanaka-like dedifferentiation may be conserved
across tissue types.
Our findings demonstrate a previously unappreciated pathway for tissue
regeneration naturally utilized by a highly regenerative neuroepithelium. While “dedifferentiation” has been widely used to describe mature, quiescent cells entering
the cell cycle to generate more cells of the same type, we believe it also describes
the phenomenon shown here, with lineage specified cells moving backwards developmentally to become multipotent stem cells that actively participate in tissue
regeneration. The term “trans-differentiation” also describes this phenomenon,
as a neuronally fated cell is converting to other cell lineages; however the phrase
lacks emphasis on the existence of a developmentally similar stem cell state. Finally, “reprogramming” has been almost exclusively used for converting cell types
from a mature somatic cell to a pluripotent state, but is highly relevant in this case,
as these cells are utilizing a subset of Yamanaka reprogramming factors. Indeed,
given reports that POU transcription factor family members can adequately substitute for canonical members, and the fact that c-MYC downstream targets were
differentially regulated in the scRNAseq, it is reasonable to suggest that a natural,
controlled form of Yamanaka reprogramming is occurring in these cells (Sarkar &
Hochedlinger 2013; Soufi 2014). Reports of in-vivo reprogramming via transient
combinations of OSKM factors may yield important insight on natural modulatory
mechanisms at play. It will be critical to investigate not only what triggers this dedifferentiation and reprogramming to multipotency, but also what restrains it from
becoming tumorigenic.
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Chapter 5: RBPJ in Neurogenesis and Regeneration

Notch-independent RBPJ function is required for

maturation of olfactory sensory neurons but not after injury
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ABSTRACT
Notch, especially canonical RBPJ-mediated signaling, is known to both induce neurogenesis as well as inhibit downstream neural differentiation. Neurog1+/
NeuroD1+ late neuronal precursor cells in the olfactory epithelium do not express
Notch receptors or Hes1 and have high levels of the downstream effector RBPJ.
We demonstrate that exogenous NICD cannot force Hes1 expression, but delays
maturation of olfactory sensory neurons. RBPJ haploinsufficiency results in a more
severe phenotype—neurons are completely unable to mature or innervate the olfactory bulb properly and are also inhibited from the cell death. We determined that
this is not resultant from Olig2 deregulation by RBPJ, as has been reported in the
CNS. Most strikingly, two different injury conditions both allowed these neurons to
mature, express olfactory receptors, and in one model, properly innervate the bulb,
suggesting that either an RBPJ independent maturation program may be invoked
as an injury response or that loss of RBPJ makes these neurons less likely to accomplish innervation due to trophic independence.

INTRODUCTION
Life-long neurogenesis and the uniquely robust regenerative capacity of the
olfactory epithelium after severe injury make the OE a powerful tool for studying
neural stem cell dynamics and adult neurogenesis. The olfactory epithelium is a
pseudostratified neuroepithelium that is primarily composed of two differentiated
cell types, the apical sustentacular support cells and olfactory sensory neurons
(OSN). The epithelium also has microvillar cells and Bowman’s glands with associated ducts that extend into the nasal cavity to secrete mucous (Schwob, 2002).
There are two resident neurocompetent stem cells in the stem cell compartment,
a heterogeneous, actively dividing globose basal cell (GBC) population, and a
quiescent horizontal basal cell (HBC) population (Carter et al., 2004; Chen et al.,
2004). The HBCs make up the most basal cell layer in the OE, and lineage tracing
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studies using HBC-specific K5-CreER demonstrate that, upon severe tissue injury,
HBCs can regenerate all cell types of the OE including GBCs (Leung et al., 2007).
Thus, HBCs serve as a reserve stem cell population that becomes activated to
multipotency in the setting of severe injury to the OE.
GBCs reside between the basal HBC layer and the immature olfactory
sensory neuron layer (OSNs). They are a heterogeneous, proliferative population of multipotent progenitors that can give rise to neurons, sustentacular cells,
or duct/gland cells (Huard et al., 1998; Chen et al., 2004). During neurogenesis,
GBCs of the OSN lineage have a well-defined expression pattern where they first
express the upstream transcription factor Ascl1 (Mash1) followed by Neurog1 and
NeuroD1 before giving rise to immature neurons (Cau et al., 2002; Manglapus et
al., 2004; Packard et al., 2011). Nascent immature neurons express Gap43 (McIntyre et al., 2010) and subsequently mature to a selectively OMP+ state (Margolis, 1972). In the mature OSN, a single odorant receptor (OR) of more than 1,000
possible OR genes is selected and expressed (Buck and Axel, 1991; Malnic et
al., 1999; Mombaerts, 1999a, 1999b). Mature OR-expressing OSNs then project
their axons to a few specific glomeruli of about 1,800 choices in the olfactory bulb
(OB) (Royet et al., 1988; Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al.,
1996) to establish a functional chemical sensory unit.
Maturation of both OSNs of the OE and neurons in the mammalian CNS is
a carefully regulated process. The Notch signaling pathway, an evolutionarily conserved cell-cell signaling pathway, has been implicated in the maturation of both
neural stem cell progenitors (Komine et al., 2011) and immature neurons (Fujimoto
et al., 2009) in the CNS. During Notch/RBPJ signaling, a Notch ligand binds to
the Notch receptor, which causes proteolytic cleavage of the Notch-intracellullar
domain (NICD) followed by its translocation to the nucleus where it complexes
with DNA-binding protein RBPJ to relieve the repressive effects of RBPJ (Tamura
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et al., 1995). In the CNS, Notch signaling maintains neural stem cells and inhibits
neuronal differentiation of neural stem cells (de la Pompa et al., 1997; Ohtsuka et
al., 2001; Androutsellis-Theotokis et al., 2006). Once a neuronal lineage is determined, Notch signaling and Notch-independent RBPJ activity can affect neuronal
maturation and migration.
Previous studies show that the Notch modulator Numb can regulate granule cell maturation in the cerebellum (Klein et al., 2004). In Drosophila, canonical
Notch signaling by Delta ligand is required for neuronal survival and axon guidance. More recently, Neurogenin2, a neuronal differentiation transcription factor,
was shown to be a direct target of a Notch-independent RBPJ-Ptf1a transcriptional complex (Henke et al., 2009), where Ptf1a competes with NICD for binding to RBPJ in a mutually exclusive fashion suggesting that Notch-independent
roles of RBPJ can contribute to the early stages of neuronal maturation (Beres et
al., 2006). In the OE, it has recently been found that Apaf-1/caspase-9-mediated
non-apoptotic Caspase signaling is required for OSN maturation and axon guidance during development (Ohsawa et al., 2010). However, molecular mechanisms
responsible for maturation of newly born OSNs in the adult OE are poorly understood.
We demonstrate through conditional RBPJ knockout in Ascl1+ neuronal
progenitors and Neurog1+ neuronal precursor cells that Notch-independent RBPJ
activity is required for OSN maturation in the resting adult epithelium. We find,
surprisingly, that RBPJ haploinsufficiency alone causes this phenotype and that
homozygous loss is a rare event, suggesting that total loss of RBPJ may be lethal
to these cells. RBPJ knockout OSNs are unable to innervate the olfactory bulb
properly, fail to express the mature marker OMP or express an OR, but do not undergo apoptosis—the normal response to OSNs which cannot innervate the bulb.
In contrast to studies in the CNS, we find that loss of RBPJ does not alter Olig2
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expression. Unexpectedly, injury causes RBPJ knockout neurons to mature, even
resulting in proper innervation. These results suggest that two different molecular
mechanisms dictate neuronal maturation in the resting and injured adult OE.
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RESULTS
Neuronally committed progenitors and immature neurons express high
levels of RBPJ.
Previous studies in other organ systems have demonstrated that RBPJ
plays a role in stem cell maintenance and neuronal maturation. We first sought to
characterize the expression pattern of RBPJ relative to the neuronally committed
progenitors and immature neurons in the OE. We confirm, as previously demonstrated (Herrick et al. 2016), that RBPJ labels all cells of the OE at some level.
When RBPJ is co-labeled with Tuj1, a marker of immature neurons, RBPJ-high
cells predominate. Furthermore, we used the Neurog1-eGFP BAC reporter mouse
to co-label for late-neuronal precursors and saw co-label again with RBPJ-high
cells (Figure 1A). In other words, RBPJ protein expression is highest during the
time when neuronally committed progenitors are transitioning to immature neurons.
To better understand how RBPJ responds to increased neurogenesis in
the OE, we challenged the OE by unilateral surgical removal of the olfactory bulb
(olfactory bulbectomy, OBX) where the mature OSNs synapse. This ablates the
source of trophic support resulting in retrograde death of mature OSNs as well as
a large induction of neurogenesis. Under these conditions, the Neurog1(+) and
Tuj1(+) populations are greatly increased (Figure 1A). Co-staining of RBPJ with
these markers after OBX again show a direct correlation, suggesting RBPJ is important in neurogenesis. The number of RBPJ-high(+)/Tuj1(+)/GFP(+) triple-positive cells is greatly increased compared to the uninjured side (Figure 1B), although
the quantity of RBPJ protein is not increased compared to the controlled side by
IHC quantification (Figure 1C).
We wanted to know whether canonical Notch signaling was playing a role
in either GBC proliferation or the transition from neuronal progenitor to immature
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Figure 1: Neuronally committed progenitors and immature neurons express high
levels of RBPJ.
(A) Representative IHC of RBPJ co-expression with Neurog1-eGFP and Tuj1 in both
uninjured and OBX injury conditions.
(B) Quantification of RBPJ and Tuj1 double positive cells between conditions.
(C) Densitometry quantifying total fluorescence of RBPJ comparing uninjured and
post-OBX conditions in the same tissue section.
(D) IHC demonstrating lack of Hes1 immunoreactivity in the Tuj1+, RBPJ+ GBC
population.
(E)Low mag IHC of a turbinate in wildtype and exogenous NICD animals showing
delay in maturation. (E’,E’’) Higher mag of marked regions with Tuj1 to highlight the
immature population.
(F) Quantification of the delay in maturation between NICD and wildtype conditions
depicted as a significant decrease in labeled OMP+ staining.
(G) IHC showing the lack Hes1 staining even in the presence of exogenous NICD.

neuron. In the canonical Notch pathway, RBPJ is the major transcriptional effector activating Hes1 expression, but only in the presence of active Notch signaling.
Given the high abundance of RBPJ in both Neurog1(+) GBCs and immature neurons, we were unable to detect Hes1 by IHC on either the spared side or OBX side
of the OE, suggesting that these cells are not receiving active Notch signal (Figure
1D).
To investigate whether or not canonical Notch signaling could play any role
at all, we bred a flox(stop) NICD-IRES-eGFP transgene under the endogenous
ROSA26 locus promoter with a Neurog1-CreER driver and Ai9 flox(stop)TdTomato
reporter animal to allow lineage tracing after induction of exogenous NICD expression.
We found that exogenous expression of NICD delays but does not prevent
OSN maturation, as seen by comparison to wild-type 7 days post Tamoxifen with
4 weeks post Tamoxifen (Figure 1E,F). All NICD-expressing neurons are able to
mature by 4 weeks post Tamoxifen (data not shown).
Contrary to expectation, overexpression of NICD, the constitutively active
canonical Notch signal, was unable to induce OSNs to transduce downstream
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canonical Notch targets such as Hes1, suggesting that the delay in maturation is
not due to aberrant canonical Notch signaling, and also that immature OSNs are
extremely resistant to active Notch signal (Figure 1G).

RBPJ is required for neuronal maturation but not for its Olig2 regulation
We next investigated whether or not the maturation phenotype from exogenous NICD expression was due to a NICD-RBPJ interaction or a non-canonical
NICD mechanism. We bred a conditional RBPJ knockout under control of the
Neurog1-CreER driver with an Ai9 flox(stop)TdTomato reporter. We found that
merely heterozygous conditional knockout of RBPJ in Neurog1(+) progenitors
results in a more severe phenotype compared to NICD overexpression—neurons
were completely unable to mature even after three months. Instead of transitioning to mature marker OMP(+) and moving apically, knockout cells are consistently
immature marker Tuj1(+) and sit basally under the mature cell layer (Figure 2A).
Furthermore, we were unable to detect a significant amount of true homozygous
RBPJ knockout neurons even with saturating doses of Tamoxifan, suggesting that
total loss of RBPJ is deleterious to these cells (Data not shown).
As immature neurons generally do not persist for as long as three months
without either maturing or undergoing apoptosis, we tested to see if this retention
was due to persistent labeled progenitors which were generating immature neurons. Co-stains using NeuroD1, a GBC marker, and Ki67 show no co-labeled cells,
supporting the idea that these immature neurons were generated from the initial
labeling, and do in fact perdure far past their expected lifetime (Figure 2B, C).
To address concerns of specificity and effectiveness of knockout, we performed identical experiments using the more upstream Ascl1-CreER driver, and
saw that the maturation phenotype was recapitulated (Data not shown).
It has been demonstrated in the CNS that C-type cell specific RBPJ knock104

Figure 2. RBPJ is required for neuronal maturation.
(A) Representative low mag tiled images of wildtype and RBPJ cKO tissue stained
for mature marker OMP and TdTomato. (A’,A’’) High mag images from the marked
regions to demonstrate lack of maturity in the RBPJ cKO compared to wildtype tissue. (B) IHC of wildtype and cKO neurons with NeuroD1, a marker of a proliferative
late neuronal precursor. (C) IHC of wildtype and cKO neurons with the proliferative
marked Ki67. (D-E) IHC of wildtype and cKO neurons with Olig2 and densitometry of
Olig2 immunofluorescence.

out prevents neuronal maturation and the phenotype could be rescued through
knockdown of Olig2, a bHLH transcription factor (Fujimoto et al., 2009). Considering the previous report that RBPJ represses Olig2 in C-cells, the active proliferating intermediate cells of the CNS, we looked at Olig2 expression in the adult OE.
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Immunohistochemistry of Olig2 reveals that it is specifically present in immature
Tuj(+) neurons in the normal OE where RBPJ labels most intensely (Figure 2D).
We next examined the Olig2 expression state of the immature neurons resulting
from Neurog1-CreER RBPJ knockout. We found that RBPJ knockout had no visible
effect on Olig2 levels in Tuj1+ immature neurons, though the absolute number of
Olig2+ cells increased due to the buildup of immature neurons (Figure 3E). Furthermore, quantification of staining intensity shows that RBPJ knockout neurons
possess a wide range of Olig2 expression levels which are not detectably different
from wildtype neurons, suggesting that neither Olig2 repression by RBPJ nor Olig2
presence itself are responsible for the inability of RBPJ knockout OSNs to mature
(Figure 2F).
Olfactory bulbectomy allows RBPJ cKO neurons to mature and survive,
despite lack of neurotrophic support or synapse target
Given that RBPJ knockout neurons were surviving far longer than their wildtype counterparts without maturing, we examined if anything would happen if we
removed what kept wildtype neurons alive. The well-characterized olfactory bulbectomy (OBX) surgical technique ablates the synaptic target of the mature OSNs
and destroys the source of trophic support, resulting in the continuous death of
mature neurons. We performed OBX on RBPJ cKO animals and administered
tamoxifen two weeks after OBX to delete the RBPJ allele only after the initial injury
was passed, and the tissue at a steady state of neuronal turnover. Surprisingly,
we discovered that a large percentage of RBPJ knockout neurons which normally
cannot mature were actually doing so (Figure 3A). Given the three month survival
after Tamoxifen, these mature RBPJ cKO neurons were actually surviving for a remarkably long time without a synaptic target—it appears that unlike their wild-type
counterparts, RBPJ cKO neurons do not require neurotrophic support from the
bulb for survival (Figure 3 B, C).
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Figure 3: Olfactory bulbectomy allows RBPJ fl/fl neurons to mature and survive.
(A) Tiled image of OBX injured RBPJ fl/fl tissue 3 months after Tam labeling showing
significant numbers of labeled, mature neurons existing in a thin OMP layer. (B) Tiled
image of OBX injured RBPJ +/+ tissue 3 months after Tam labeling showing the
complete absence of labeled neurons, and scattered non-neuronal cells on the OBX
side, and presence of labeled neurons on the spared side indicating successful
recombination. (A’-B”) High mag inset of marked areas. (C) Quantification of labeled
cells remaining in the tissue 3 months after labeling. * p<0.05, Z-test on proportions.

Full regeneration of the epithelium allows RBPJ cKO neurons to mature
and synapse properly

While OBX is well characterized and allows study at constant neurogenesis, the bulb itself is removed, and no fully recovered epithelium ever emerges.
We wished to test whether it was the injury condition itself which allowed RBPJ
cKO neurons to mature. To do this, we used the Methimazole injury model, where
a single IP injection of this drug ablates all mature cell types from the olfactory epithelium, sparing only the progenitors. Under these circumstances, we are able to
track not only the status of the RBPJ cKO neurons in the epithelium, but also their
path to the olfactory bulb and their status there.
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Regenerating neurons after epithelial lesion by Methimazole renders these
knockout neurons capable of maturing, characterized by OMP expression as well
as apical movement. Representative IHC images of RBPJ knockout tissue without
injury compared to two weeks post-Methimazole injury shows a dramatic rescue of
the maturation phenotype (Figure 4A). Quantitatively, we see a significant rescue
of the maturation phenotype after injury, with over 90.8% of RBPJ cKO cells becoming capable of expressing OMP compared to 6.9% in the uninjured knockout
(P<0.001;Figure 4C).
While it is unequivocally clear that RBPJ cKO neurons do not express OMP
or migrate apically in the absence of injury, we sought to determine whether RBPJ
hindered olfactory receptor selection in the immature neurons. We utilized immunohistochemistry to determine whether mouse olfactory receptor 28 (mOR-28) expression was different between wild-type and RBPJ cKO lineage traced neurons.
We found that mOR-28 was expressed in a significant number (13.8%) of wildtype lineage traced neurons located in the natural mOR-28 expression zone. When
compared to wild-type lineage traced neurons, the number of mOR-28-expressing
RBPJ cKO neurons is significantly reduced (2.1%, P<0.001) (Figure 4 B, D). The
rescue of the maturation phenotype in RBPJ cKO animals after injury correspondingly also rescues mOR-28 expression. After injury, a nearly identical percentage
of wild type and RBPJ cKO neurons express mOR-28 (14.7% vs. 14.7%, P=0.64)
(Figure 4 B,D).
We next looked at the innervation of the olfactory bulb, comparing wildtype
to RBPJ cKO neurons with and without injury in two different ways. First, we used
IHC of coronal and sagittal sections of the olfactory bulb to test whether or not individual glomeruli were innervated with TdTomato label. Second, we dissected the
entire olfactory bulb with the main nerve layer and performed CLARITY with 3D
confocal image reconstruction to visualize the actual path of innervating neurons.
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Figure 4. Epithelial ablation allows RBPJ cKO neurons to mature and synapse
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We saw that while wildtype neurons are perfectly capable of traversing to the bulb,
separating to target and innervate individual glomeruli, RBPJ knockout neurons
are deficient in targeting properly (Figure 4 E-F). They instead project erroneously
to and collect in the posterior-ventral area of the bulb, without innervating the majority of glomeruli. On the other hand, after Methimazole injury, we see a complete
rescue, with the bulk of glomeruli becoming innervated (Figure 4 G).

DISCUSSION
Our results indicate that while RBPJ is required for neuronal maturation in
the uninjured OE, it is dispensable during regenerative conditions. In addition, loss
of RBPJ appears to make these neurons resistant to loss of trophic or synaptic
support.
RBPJ is expressed highly in GBCs
We examine the differential expression of RBPJ across all cell types of the
OE. RBPJ intensely labels all Neurog1(+) GBCs and Tuj1(+) immature neurons,
suggesting a role in OE neurogenesis. We find that cells labeled most intensely for
RBPJ do not express the canonical downstream Notch target Hes1. It has been
shown that immature neurons do not express a Notch receptor (Notch1-4), further supporting the notion that immature neurons are not actively participating in
Notch signaling (Herrick et al. in preparation). It is possible that RBPJ is involved in
Notch-independent transcription, as there are distinct sites of RBPJ binding which
are NICD or P300 independent (Castel et al., 2013), or as when RBPJ complexes
with Ptf1a independently of NICD in the pancreas (Obata et al., 2001) to induce
target gene transcription.
Exogenous NICD delays maturation of OSNs
On the other hand, there are reports where RBPJ lacking an NICD binding
partner acts as a repressor at the Hes1 locus. We tested whether this was true in
the olfactory epithelium. We would expect that the exogenous expression of NICD
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would therefore associate with RBPJ, switch to an activating complex, and together drive Hes1 expression. Surprisingly, no Hes1 expression could be detected,
suggesting that Hes1 expression is more intricately regulated than previously appreciated. This data supports the first mechanism, where RBPJ is participating in a
Notch independent transcriptional program. Furthermore, an intriguing and unexpected phenotype arose where OSN maturation was delayed, but not prevented.
RBPJ is required for OSN maturation in the uninjured OE
To examine this Notch independent RBPJ transcriptional program, we
conditionally deleted RBPJ from Neurog1(+) neural progenitors immediately prior
to their terminal differentiation to immature neurons. Interestingly, deletion of RBPJ
in Neurog1(+) progenitor cells resulted in a stronger phenotype than exogenous
NICD expression: it prevented their progeny completely from fully maturing into
OMP(+) neurons and stunted their maturation at the Tuj(+)/OMP(-) stage. These
two phenotypes together support a hypothesis that RBPJ plays a Notch-independent role in neuronal maturation and suggest that the NICD expression was diverting RBPJ from its normal function in these cells.
As mentioned above, the only non-Notch pathway transcriptional activator
that has been shown to complex with RBPJ in mammals to date is Ptf1a (Sellick
et al., 2004). In the CNS, Ptf1a complexes with RBPJ to determine GABAergic
neuron specification (Hori et al., 2008a). It is possible that Ptf1a is binding RBPJ in
immature neurons to prime them genetically for neuronal maturation. However, our
attempts to demonstrate Ptf1a protein is present in the OE by a variety of techniques have not been successful, suggesting another, unidentified binding partner
is at play.
RBPJ is not required for full maturation of sensory neurons born in the
setting of OE injury
We next determined that RBPJ is not required for OSN maturation in the
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context of injured and regenerating OE. This suggests that the RBPJ requirement
for maturation is context-dependent and different signaling pathways and molecular cues are at play in the uninjured versus injured epithelium. In zebrafish, perineurial glia also require Notch signaling during motor nerve development but not
during regeneration, implying that these glia are formed by two different signaling
mechanisms which are context-dependent (Binari et al., 2013). Our data, along
with other studies of Notch in regeneration, support the idea that mechanisms
which regulate neuronal homeostasis are not always same as those that mediate
regeneration. RBPJ is required for the tight control of neurogenesis throughout
adult life in the OE, but alternate signaling mechanisms may be responsible for
neurogenesis in the setting of complete tissue regeneration.
Several possible mechanisms could regulate the different requirements for
RBPJ in different tissue states (injury versus no injury). The most obvious mechanisms at play involve changes to the local niche. First, an injured environment
could change cell-cell ligands and soluble factors available for signaling to the
Neurog1(+) progenitor population. Second, it is possible that injury changes the
Neurog1(+) progenitor cells epigenetically and unlocks a regenerative program
that is RBPJ-independent. We have previously shown not only that a subset of
Neurog1(+) progenitors dedifferentiate to a multipotent stem cell after injury, but
that Ezh2 plays a significant role, suggesting that epigenetic reprogramming occurs in these cells after injury (Lin et al., In Preparation).
Alternatively, our OBX studies also suggest that the ability of RBPJ cKO
neurons to mature in the setting of massive neuron loss and increased neurogenesis in the OE may be due to a difference in fitness. It is possible that RBPJ cKO
makes them less competitive than wild-type neurons in capturing post-synaptic
territory when challenged to synapse at the olfactory bulb or enter an axonal bundle when an already present layer exists already, but concomitantly, able to survive
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without accomplishing innervation in contrast to wildtype neurons. It is well established that competition is a fundamental property of nearly all biological systems
and promotes selection of the fittest competitors. In the CNS, eligible neurons are
selected to participate in memory formation as a function of their relative CREB
(adenosine 3’,5’-monophosphate response element-binding protein) activity (Han
et al., 2007). It is possible that RBPJ cKO makes neurons unfit when other better
biologically suited neurons are present to synapse the olfactory bulb. In the absence of mature neurons, RBPJ cKO neurons could be next in line to mature and
attempt to synapse at the olfactory bulb.
In addition to this role in regulating maturation after neurogenesis, it appears that RBPJ also plays an integral role in either trophic support dependence
and/or neuronal cell death. It has previously been shown that after OBX, nearly
90% of newly formed neurons die within two weeks of their birth and the mature
OSN population is shortly depleted altogether (Carr and Farbman, 1992; Schwob
et al., 1992). Through studies of mice with altered expression of pro- or antiapoptotic proteins in OSNs, it has been suggested that trophic factor deprivation
mechanisms limit the survival of OSNs in the setting of OBX (Allsopp et al., 1993;
Cowan et al., 2001; Robinson et al., 2003; Hayward et al., 2004). Surprisingly, after
OBX, RBPJ cKO neurons mature and perdure well beyond the two weeks when
nearly all newly born neurons have died. We examined the tissue at three months
following OBX injury and found a substantial layer of TdTomato(+)/OMP(+) RBPJ
cKO neurons.
In summary, there appears to be two major phenotypes as a result of RBPJ
fl/fl neurons. First, they mistarget the bulb, and instead of innervating glomeruli,
they coalesce into neuroma at the periphery of nerve layer. Second, in the absence of the bulb, they do not appear to be trophic dependent by surviving for
months at the OMP(+) stage.
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OSNs target their axons to coalesce upon specific glomeruli together with
other axons bearing the same olfactory receptor mRNA. The mechanism for such
sorting is unclear, it involves not only the specific receptor being expressed but
also other guidance cues such as semaphorin and ephrin family members. These
guidance cues regulate the general pattern of innervation, while refinement occurs through activity dependent methods (reviewed in Goodman and Shatz 1993;
Treloar, Miller, Ray, and Greer 2010).
Regarding OSN survival, there are reports in the field that demonstrate
that the olfactory bulb environment itself is what is required for mature olfactory
sensory neurons, and not specifically interactions with the mitral and tufts cells of
the bulb: ablation of these cell types has little effect on the OMP(+) neurons in the
OE (Sultan-Styne et al., 2009). On the other hand, it has been shown that relative
odorant-evoked activity can determine OSN survival by using the mosaic Cnga2
allele, whch has deficient activity compared to Cnga2 wild-type cells, and rescuing active depletion of Cnga2 deficient neurons through naris occlusion (Zhao and
Reed, 2001). It is possible that in the case of uninjured tissue, the RBPJ fl/fl neuron survives because it has successfully reached the olfactory bulb, regardless of
innervation status. This is apparently contradicted by the fact that they are inherently not dependent on any trophic effects, as they mature and survive for months
without the entire bulb.
In short, the RBPJ fl/fl phenotype in the OSNs of the OE are multi-faceted,
and we do not have sufficient information regarding the molecular changes that
might be mediated through RBPJ. One caveat to all of this, however, is the nature
of the RBPJ allele that is being genetically excised. Exons 6 and 7 are flanked
by LoxP sites, to remove the DNA as well as NICD binding domains, which was
tested to be sufficient to abrogate binding in EMSA studies (Han et al., 2002; Tanigaki et al., 2002). However, a complete knockout is not achieved, and many com
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mercial antibodies useful in IHC cannot detect any appreciable difference between
the truncation and full length, signifying that this truncation is being signaled for immediate destruction. Thus, in moving forward with studying the role RBPJ plays in
neuronal maturation, it will be important to generate a “functional” complete knockout in some way to differentiate from potential confounding effects of a truncated
but stable RBPJ protein.
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MATERIALS and METHODS
Animals
All animals were housed in a heat- and humidity-controlled AALACaccredited vivarium operating under a 12:12-hour light:dark cycle, and animals
were maintained on an ad libitum rodent chow and water. The Committee for the
Humane Use of Animals at Tufts University School of Medicine, where the animals
were housed and the experiments conducted, approved all protocols using vertebrate animals.
K5-CreERT2 mice have been described elsewhere (Indra et al., 1999)
and were provided by P. Chambon via R. Reed. The floxed-stop Notch1-ICD
[Gt(ROSA)26Sortm1(Notch1)Dam/J, Stock #008159] mice were purchased
from Jackson Laboratories. The floxed RBPJ mouse was provided by W. Cardoso and has been described elsewhere(Han et al., 2002). The Cre reporter
mice R26R(TdTomato)[B6.Cg-Gt(ROSA)26Sortm9(CAG-TdTomato)Hze/J, stock
#007909] were purchased from Jackson Laboratories and have been described
elsewhere(Madisen et al., 2010).
Olfactory Bulb Ablation (OBX): OBX was performed as previously
described(Schwob et al., 1992). Eight-week-old F1 and transgenic animals were
anesthetized with an induction cocktail (37.5 mg/kg ketamine, 7.5 mg/kg xylazine,
and 1.25 mg/kg acepromazine) and supplemented with maintenance cocktail
(47.5 mg/kg ketamine, 0.9 mg/kg acepromazine) as needed to maintain an anesthetic plane. In brief, the surgery is performed unilaterally, where a hole is drilled
directly above one of the hemispheres of the olfactory bulb. A vacuum removes the
tissue, which is replaced with Oxycell, and the incision closed by sutures.
Tamxoifen (Sigma, T5648) was dissolved in sterile corn oil at 30mg/ml at
37 degrees C for 20 minutes. This solution was injected i.p. at 150-300mg/kg as
indicated.
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Immunohistochemistry
Animals were anesthetized using induction cocktail and transcardially
flushed with PBS and perfused with 40 ml 1% PLP (1% paraformaldehyde, 0.01M
monobasic and dibasic phosphates, 90 mM lysine, 0.1 M sodium periodate). After
dissection of the OE turbinates and olfactory bulb, tissue was post-fixed in 1%
PLP for one hour under vacuum. Tissue was washed with PBS and decalcified
with saturated EDTA overnight. Tissue was cryoprotected in 30% (wt/vol) sucrose
in PBS overnight, embedded in optimal cutting temperature (OCT) compound
(Miles Inc.), and frozen in liquid nitrogen. Coronal sections (10 μm) were cut using
a Leica cryostat, mounted on “Plus” slides (Fischer Scientific), and stored at -20
degrees C until used for immunohistochemistry.
Before immunostaining, tissue sections were rinsed in PBS to remove OCT
and subjected to antibody-specific pretreatments. The pretreatments include:
steaming in 0.01M citrate buffer (pH 6.0) for 10 minutes in a commercial food
steamer and/or incubation in 3% hydrogen peroxide in MeOH for 5 minutes. Sections were blocked with 10% donkey serum/5% non-fat dry milk/4% BSA/0.1%
TritonX-100 in PBS and incubated for one hour at room temperature in primary
antibody. Subsequently, staining was visualized using an array of methods as indicated in the table. Unless otherwise indicated, blue represents the nuclear counterstain 4’,6-diamidino-2-phenylindole (DAPI).
Imaging and Quantification
All images were taken on either a Zeiss LSM510 or LSM800 using sequential frame scanning. All pseudo-coloring, and linearly adjusted levels per channel
were done in ImageJ and applied to the entire image. Figure assembly was done
in Adobe Photoshop CS5.1 or Illustrator CS5.1.
The corrected total cell fluorescence (CTCF) for Olig2 was calculated on
tissue sections co-stained for Olig2, TdTomato, and OMP using ImageJ software.
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Olig2 CTCF values were standardized by conversion to a Z-score. Z-scores were
compared using the two-sample Kolmogorov-Smirnov test.

Primary Antibody
RbαCK14
GtαCK14
RbαmCherry
GtαmCherry
RbαPGP9.5/UCHl1
GtαSox2
RbαSox2
MαTuj1
GtαCD54
ChkαGFP
RbαGFP
GtαOMP
RbαSox9
RbαTRPM5
RbαCK18
RbαCK18
MαPax6
RbαAq5

Source/Catalog#/Antibody ID
Proteintech/10143-1-AP/ AB_2134831
SantaCruz/ sc-17104/ AB_10181889
Rockland/ 600-401-379/ AB_2209751
Sicgen/AB0040-500/ AB_2333093
Proteintech/14730-1-AP/AB_2210497
SantaCruz/ sc-17320/ AB_2286684
Proteintech/11064-1-AP/AB_2195801
Covance/ 801202/ AB_10063408
R&D Systems/AF796/ AB_2248703
Abcam/ab13970/ AB_300798
Invitrogen/A11122/ AB_10073917
SantaCruz/ sc-49070/ AB_2158008
Millipore/ AB5535/ AB_2239761
Alomone Labs/ ACC-045/ AB_2040252
Proteintech/10830-1-AP/AB_2133164
Abcam/ ab668/ AB_305647
DSHB/Pax6/ AB_528427
Millipore/178615-50UG/ AB_10682759

Protocol
1:400 2°
1:50 2°
1:100 2°
1:150 2°
1:300 2°
1:150 FITC-TSA
1:300 FITC-TSA
1:800 2°
1:50 2°
1:300 2°
1:200 2°
1:50 2°
1:250 2°
1:400 FITC TSA
1:150 2°
1:150 2°
1:100 FITC TSA
1:200 2°

Cell Type(s) marked
HBCs
HBCs
TdTomato+
TdTomato+
All OSNs
Sus, multipotent GBCs, HBCs
Sus, multipotent GBCs, HBCs
Immature neurons
HBCs
GFP+
GFP+
Mature neurons
Duct/Gland
Microvillar
Sus
Sus
Sus, duct/gland, multipotent GBC/HBCs
Duct/Gland, HBCs

Table 1: Table of Antibodies
List of antibodies used with their vendor, catalog number, Antibody Registry ID, detection method, and the cell types they mark.
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Chapter 6: Discussion, Conclusions, and Future
Directions

scRNAseq, CRISPR/Cas9, and Modern Molecular Biology
The first two chapters of this thesis explored the potential of modern techniques when applied to study adult neurogenesis and fate commitment in the
mammalian olfactory epithelium. I demonstrate that scRNAseq is a powerful tool
which promises to change the way cell dynamics are studied but still has challenges to be surmounted before it can be used as a shotgun discovery tool. I show
that while powerful, intensive bioinformatic processing of scRNAseq data is effective at removing batch effect, it can have detrimental effects on the overall biologic
relevance of the final data. Using a minimalistic approach of normalizing only
library depth through CuffNorm and RaceID, not only can two biological replicate
runs recapitulate the cell types found in vivo, it is also possible to pool experimentally distinct datasets together with high biological relevance. Despite mixing
five different datasets, cells cluster into recognizably relevant groups where there
are significantly enriched groups of GBCs and OSNs that clearly separate into a
progression from neuronally committed stem cell to immature to mature neuron.
Furthermore, the data recapitulate a multipotent group of cells arising from both
dedifferentiating and endogenous cells based on marker expression. In summary,
I provide the beginning framework of cell progression in the OE at the single cell
level which is capable of accepting other datasets to explore the different aspects
of tissue regeneration in the OE.
In Chapter 3, I use modern molecular biology to generate an Ascl1-TdTomato2 reporter line generated by knock-in of a novel tri-cistronic doublet reporter
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using CRISPR/Cas9. I report a methodology of generating large reporter constructs and constructs in general which cuts down on both time and expertise
required. Furthermore, I report the largest targeted homologous recombination
(9kb) without drug selection, at 50% efficiency, using microinjection of a mixture of
gRNA pairs and wildtype Cas9 mRNA (X. He et al., 2016; Ruan et al., 2015; Yoshimi et al., 2016). Pre-existing reporters were only detectable in either the CNS
or embryonic OE, and even reliable immunohistochemistry was hampered by the
lack of acceptable reagents (Brzezinski, Kim, Johnson, & Reh, 2011; Leung et al.,
2007). This reporter mouse finally provides a way of sorting Ascl1+ neuronal precursors in the adult OE, where constant neurogenesis occurs.

Dedifferentiation of Neuronally Committed Cells
In Chapter 4 of my thesis, I characterized the assumption of multipotency
in neuronally committed progenitors of the OE after injury using in vivo genetic
lineage trace and transplantation assays. I used the Ascl1-TdTomato2 mouse to
show that the transplantation assay itself can cause an increase in multipotency
even without injury, suggesting that the stress of removing cells from their native
environment can modulate their plasticity. I also used scRNAseq to characterize these cells after injury, concluding that it is at least partially modulated by the
epigenetic regulator EZH2 and not through canonical Notch pathways. I identify
that this multipotency is a form of Yamanaka Factor reprogramming, involving the
induction of Sox2 and KLF4 along with the induction of downstream MYC targets.
Interestingly, this endogenous process appears to involve development in reverse,
as Neurog1-eGFP+ cells lose NeuroD1 expression while gaining Ascl1 expression, before losing all neuronally committed transcription factors and becoming
a Sox2+/Pax6+ stem cell. Finally, I showed that Sox2 is required for initiating this
dedifferentiation process, but may not be required for maintaining the multipotency
afterwards.
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The finding that canonical Notch signaling does not play an instructive role
in dedifferentiation of the OE when it plays an integral role in other tissues raises
the troubling possibility that different tissues have significantly different mechanisms for initiating dedifferentiation. On the other hand, it is perhaps not surprising
that the initial signaling pathways are different, as long as the fundamental core
mechanism is conserved. However, it remains to be seen if Ezh2 and subsets of
Yamanaka factors are upregulated in tissues where dedifferentiation has been
demonstrated.
These findings altogether provide intriguing insight into the regenerative capabilities of the OE, but also adds fuel to the debate of what lineage commitment
means when post-mitotic or committed cells can dedifferentiate. Previously, it has
been suggested that such a cell can be termed as being a “facultative” stem cell.
This has been seen in the trachea, lung, gut, liver, and now the olfactory epithelium (J. He et al., 2013; Kopp et al., 2016; Puri et al., 2014; Stange et al., 2013; Tata
et al., 2013; Yanger et al., 2013). Most of these tissues have resident reserve stem
cells—is it their only purpose to be a quiescent stem cell? It is generally accepted
that a stem cell must be label retaining, self-renewing, and unspecialized but
capable of giving rise to specialized cells. Given recent results, are quiescent stem
cells simply mature cells that are better at dedifferentiating then their neighbors?
Of broader and more practical interest is the impact on tissue regeneration.
In general, organisms with more stem cells regenerate better. Similarly, tissues
containing more stem cells generally possess higher regenerative capacity. On
the other hand, some organisms use dedifferentiation to achieve the same level
of regenerative capacity without the large numbers of resident stem cells (Zhao,
Qin, & Fu, 2016). It is known that the OE is home to both a quiescent and active
stem cell population, capable of significant levels of tissue regeneration. I show
here evidence that in addition to this, the OE also takes advantage of dedifferen121

tiation, bringing three large pools of stem cells to bear when tissue regeneration is
required—why has such a robust mobilization not been seen in other tissues? One
potential but not very satisfying explanation is that it is a more primordial tissue
compared to others, having experienced relatively little evolutionary drift (Eisthen,
1997).

Dedifferentiation Future Directions
The results shown in Chapter 3 suggest several avenues of research necessary to extend our understanding of this dedifferentiation mechanism. First and
foremost, a higher resolution map of scRNAseq data containing significant numbers of uninjured Sox2+ stem cells as well as Ascl1+ GBCs co-mapped with this
existing dataset of Neurog1+ GBCs pre and post injury will allow a transcriptomic
classification along a pseudotemporal axis to definitively demonstrate whether or
not these cells dedifferentiate along developmental steps or if they go through an
independent pathway. I have already shown in Chapter 2 that the current existing dataset is amenable to such pooling, and can even accept cells isolated from
drastically different procedures.
Second, the mRNA processing and stability pathway was the highest and
most significant pathway to be enriched post-injury. Preliminary data suggests that
there are several long non-coding RNAs (lncRNA) that are highly expressed postinjury. Given the heavy involvement of Ezh2, it would not be surprising if lncRNA
played a role in targeting epigenetic complexes to control dedifferentiation. Thus,
looking both at the actual pathways involved in mRNA processing and characterization of the lncRNA identified may be key to understanding how epigenetic
changes can occur with such specificity.
More downstream, I would like to investigate exactly what epigenetic
changes actually are occurring. The readout of global H3K27me3 is a crude one,
but moving towards actual ChIPseq is challenging, as total cell number yields are
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low and confounded by heterogeneity. Indeed, only a single protocol exists for
single-cell ChIPseq, and it must work with exceedingly low reads per cell (~1000)
thus requiring thousands of cells to be profiled to allow proper analysis to occur
(Rotem et al., 2015). Thus, while this particular avenue of research may need to
wait for the technology to fully mature, it is of key importance. Given that a subset
of Yamanaka factors are expressed, is the epigenetic level of reprogramming complete or are specific regions targeted to allow for tissue specificity? At the same
time, single cell western blotting has now matured to a commercially available
device, allowing blotting of up to 4 different proteins simultaneously (Hughes et al.,
2014). While the processing of lncRNA was briefly mentioned above, it is highly
likely that mRNA stability and processing also has a significant effect on mRNA to
translated protein ratios. There are a large number of heterogeneous transcripts
identified using scRNAseq which could be profiled at their protein levels to see if
this is another level of control.
Finally, while I tested a handful of small molecule inhibitors and pathways in
vivo, testing a broader spectrum either using small molecules or via CRISPR/Cas9
screening in our in-vitro culture system would identify pathways that could be modulated to increase dedifferentiation efficiency to therapeutic levels. Furthermore,
the WNT, TNF-alpha, TGF-beta, IL-6 and IL-3 signaling pathways were identified
as being significantly enriched and more in-depth in-vivo studies are justified.

RBPJ is required for Neuronal Maturation, Except after
Injury
During the course of testing pathways involved in the dedifferentiative phenotype, I discovered that while the canonical Notch signaling pathway mediated
through RBPJ does not modulate dedifferentiation to multipotency, it does play a
role in neuronal maturation. Exogenous NICD expressed in the Neurog1+ neuronal
precursors delayed but did not prevent their maturation. Conditional, heterozygous
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knockout of RBPJ resulted in the complete inability of neurons to mature, regardless of whether it was knocked out in the more upstream Ascl1+ progenitors or
the downstream Neurog1+ precursors. In accordance with the theme of this thesis, injury—both OBX and Mtz—induced a change in these cells, allowing them
to mature, and demonstrated two interesting aspects of RBPJ haploinsufficiency.
First, OBX allows these neurons to mature, and survive for far longer than wildtype
neurons in the lack of trophic support and synaptic target, suggesting that they are
trophic-independent. Second, using CLARITY and 3D optical sectioning, we identify that these neurons are unable to properly navigate to the bulb and synapse at
glomeruli; instead, they grossly mistarget the bulb. However, upon Mtz injury, these
neurons can mature, navigate and innervate the bulb properly after injury.
I believe there are several potential explanations for these observations.
These neurons may be less fit than their wildtype counterparts, and cannot compete with pre-existing axons under normal circumstances. Upon injury, those
axons are gone, but their paths still exist for these less fit axons to follow and properly innervate. Alternatively, injury could elicit a programmatic change from normal
neurogenic maturation to a less stringent, RBPJ-independent path in an attempt
to regenerate as many neurons as possible. Under both conditions, however, it
appears that RBPJ haploinsufficiency results in their ability to survive without trophic support from the bulb, as they exist as immature neurons far longer than their
normal counterparts would. This could be due to never switching from the immature phenotype of trophic independence to the mature, dependent one, or a more
fundamental lack of requirement altogether.

RBPJ Future Directions
To address the first possibility of alternate programs, I propose two parallel
approaches. First, if the mechanism is through a subtle reprogramming, it is possible this is mediated through Sox2, as I have shown in Chapter 3. Thus, a double
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knockout of Sox2 with RBPJ followed by injury would test this directly. Unfortunately, this does not rule out a Sox2-independent pathway—likely as this is a much
more subtle form of it. For this, two epigenetic regulators, KDM1a (LSD1) and
Ezh2 both are highly upregulated following injury in these cells normally and could
be targets to modulate using small molecule inhibitors as we have previously done.
Finally, as an unbiased approach to determine if there is an alternate program being activated post-injury, I propose single cell mRNAseq of both RBPJ knockout as
well as wildtype immature neurons in uninjured as well as post-injury conditions.
To address the second, possibility, I propose early neonate/post-natal RBPJ
knockout to see if neurons formed early on without extensive nerve bundles preexisting are capable of traversing to the bulb and innervating properly. While a
more robust test of both possibilities would be through transplanting injured knockout neurons into an intact epithelium, it is not yet possible to transplant into uninjured tissue due to the protective apical layer of Sus cells blocking engraftment.
One last experiment involves culturing RBPJ knockout cells using Jesse Peterson’s in vitro HBC culture model to test whether or not the trophic independence
phenotype carries over in vitro, allowing mature OMP+ OSNs to grow.

Conclusions
The body of work presented here provides significant insight into what
allows such robust regeneration of the murine olfactory epithelium—when challenged with drastic tissue damage, not only are quiescent and active stem cells
are recruited, but even lineage committed progenitors are dragged back to a multipotent, proliferative state to aid the tissue in need. At the same time, it is possible
that a more subtle plasticity is also at play in the progenitors which do not fully
dedifferentiate. Indeed, the method the OE goes about both of these suggests that
mechanisms we scientists discover and clumsily manipulate may actually exist for
a separate, endogenous purpose.
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