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Abstract

Despite lineage-tracing experiments demonstrating that horizontal basal cells
(HBCs) serve as resident stem cells capable of regenerating the olfactory epithelium
(OE), the intervening interval in which HBCs mount their response to severe tissue injury
remains a relative black box. Few mechanisms that govern HBCs and their ability to
mediate OE regeneration have been elucidated, especially those that hinge on cell-cell
interactions and spatiotemporally dynamic events.

This thesis, therefore, aims to make inroads into these unknowns. As Notch1, a
receptor capable of interacting with Notch ligands, Jagged1 and DII1, maintains HBC
quiescence during OE homeostasis, its potential role in specifying HBC fate during OE
regeneration was interrogated. Utilizing a mouse model that enables HBC-specific
conditional knock out (cKO) of Notch1, it was discovered that Notch1 transduces signals
critical to HBC proliferation and differentiation into neural progenitors during OE recovery
from tissue injury. Moreover, decreased neural progenitor differentiation within Notch1
cKO manifests as decreased density of HBC-derived olfactory sensory neurons within
morphologically regenerated OE.

Work from this thesis also reveals that during acute OE regeneration, HBCs
upregulate Rac1 to their apical domain. Multiple proteins that transduce stimuli via Rac1
also spatiotemporal synchronize with the small GTPase. These events correlate with
JNK pathway activation, a process that can depend on Rac1-mediated signaling.
Informed by in vivo observations, the cell autonomous influence that Rac1 has on HBCs
during tissue repair was interrogated in vitro. Following phorbol ester treatment to model
multiple molecular changes that occur in HBCs during acute tissue injury, primary HBCs

subjected to concurrent Rac1 inhibition demonstrated impaired differentiation.



In total, the data generated by this thesis identify Notch1 and Rac1 as regulators of HBC
biology as this resident stem cell population is called to action. By establishing these
footholds, this thesis also implicates myriad potential interactions and non-cell
autonomous events, thereby establishing bases from which future explorations can be

launched to further understand how HBCs facilitate OE regeneration.
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Chapter 1: Introduction
1.1 The olfactory epithelium

Located in the posterodorsal region of the nasal cavity' (Fig. 1.1A), the olfactory
epithelium (OE) is multicellular tissue that, as the name implies, enables the sense of
smell. This specialized neuroepithelium can be organized into apical and basal domains
encompassing regions nearest the nasal cavity and closest to the basal lamina (Fig.

1.1B).
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Figure 1.1. Anatomical position and multicellularity of the OE. The OE (area
demarcated in dashes) is located in the posterodorsal region of the nasal cavity (A) and
is composed of multiple cell types that are organized roughly in an apical (nearest naval
cavity) to basal (nearest basal lamina, represented in cartoon as solid black line just
below HBCs in blue) fashion (B). Adapted with permission from Schwob, JE, Jang W,
Holbrook EH, Lin B, Herrick DB, Peterson JN, Coleman JH (2017). Stem and progenitor
cells of the mammalian olfactory epithelium: Taking poietic license. J Comp Neurol.
1034-1054. Changes include text denoting superior, middle, and inferior turbinates (A),
and the nasal cavity (B).

Most apically reside Sustentacular (Sus) cells (Fig. 1.1B), from whose cell bodies
extend thin projections towards and through the basal lamina®®. Molecularly defined by
their expression of cytokeratins 8 and 18 (CK8 and CK18, respectively), Sus cells have
been thought of as the glial-like OE cell type given similar characteristics of glial cell
types in the central nervous system. Morphologically, Sus cells entwine olfactory

sensory neurons (OSNs)*, which resembles that of oligodendrocytes and Schwann cells




in the central and peripheral nervous systems, respectively>®. Furthermore, functional
resemblances also exist as Sus cells demonstrate metabolic, insulatory, phagocytic, and
ion regulatory abilities* ™.

In addition to Sus cell bodies, microvillar cells can be found within the OE’s apical
domain'®'" (Fig. 1.1B). These cells are not well understood, but emerging evidence
suggest that microvillar cells are morphologically, functionally, and molecularly diverse.
Generally pear-shaped, microvillar cells under microscopic analyses demonstrate apical
projections of varying complexity''. While some are thought to be epithelial-like because

1012 other microvillar cells exhibit

they lack features reminiscent of electrically active cells
axonal processes that contact the olfactory bulb'. Those that are CD73* cycle
intracellular Ca2+ when exposed to odorants'. Another distinct population of microvillar
cells that are TRPM5", a cation channel first implicated in taste transduction', express
choline acetyl transferase, which in turn may tune surrounding electrophysiological
processes within the OE'®,

Mature OSNs (MOSNSs) are the cell type that enables olfaction, and their cell
bodies are found just below those of Sus and microvillar cells 2 (Fig. 1.1B). Their single
dendritic process, however, extends through the apical domain and protrudes into the
nasal cavity, where it terminates as a multi-ciliated, dendritic knob '"'8. In the opposite
direction, mMOSNs extend an axon down towards and through the basal lamina that
ultimately establish glutaminergic synapses onto the olfactory bulb in a highly
stereotyped manner '*2'. In addition to molecularly defining mOSNs, Olfactory Marker
Protein (OMP) is functionally necessary for mOSN development as it facilitates
electrophysiological maturation #223. Another mOSN hallmark is the monoallelic

expression of only one of the approximately 1,000 olfactory receptors encoded by the

genome ?*%°. Not only is solitary olfactory receptor expression a unique molecular



characteristic, but mOSN failure to stabilize or maintain olfactory receptor expression via
Adcy3 or Lhx2, respectively, results in fewer mOSNs within the OE*?7,

mOSN development failure, conversely, leads to increased Gap43* immature
OSNs (iOSNs)?® that reside below mature counterparts®?®’ (Fig. 1.1B). During the

approximate seven days it takes to become a mOSN#°

, iIOSNs, unsurprisingly,
upregulate transcriptional signatures associated with dendrite morphogenesis and
axonogensis to achieve their mature form'3'. Accordingly, highly elaborate axons
emanating from iOSNs contact the olfactory bulb®?. As OSN maturation proceeds and all
but one olfactory receptor becomes downregulated®, these axons are pruned down to
their olfactory receptor-specific glomerulus within the olfactory bulb®.

Given the evolutionary importance of olfaction®, it stands to reason that the OE
possesses an ability to renew itself to buffer against homeostatic OSN turnover®>=’.
Indeed, this regenerative capacity is fulfilled by globose basal cells (GBCs)**° that can
become mOSNs and all differentiated OE cell types*°. Found below iOSN cell bodies
within the basal domain of the OE? (Fig. 1.1B), GBCs are morphologically distinguished
by their round nucleus within an overall round cellular profile?. Based on the molecular
expression of Sox2, Ascl1, and NeuroD1, this resident stem cell population can be
divided into multiple subpopulations (Fig. 1.2). Of those 3 transcription factors, the most
multipotent are exclusively Sox2*, from which emerge GBCs that become more and
more neurogenically biased*'**. From these arise GBCs expressing Ascl1, a
transcription factor that positively regulates neuronal determination and also drives
proliferation of these neuronal precursors***’. Appearance of Ascl1* GBCs is followed by
that of NeuroD1* GBCs***8. As NeuroD1 supports terminal neuronal differentiation, this

GBC subset functions as immediate neural precursors*.
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Figure 1.2. Progression of GBC subpopulations. Sox2+ GBCs are multipotent stem
cells. They can differentiate into Ascl1+ GBCs, which are transit amplifying (i.e.
proliferating) neuronal progenitors. These NeuroD1+ GBCs eventual become
determined neuronal progenitors awaiting differentiation into OSNs. GBCra.osn=transit
amplifying GBCs that will become OSNs, GBCnp=immediate neuronal precursor prior to
OSN differentiation. Adapted with permission from Krolewski RC, Packard A, Jang W,
Wildner H, Schwob JE (2012). Ascl1 (Mash1) knockout perturbs differentiation of
nonneuronal cells in olfactory epithelium. PLoS One, 7(12). Changes include erasure of
all images to the right of the intermediary line, the dividing line itself, and cartoon
representing an HBC and line indicating derivation from the Sox2 GBC. Furthermore,
“‘Normal Development” and “OPP” under the Sox2 GBC cartoon were erased, and
remaining cartoons were moved to achieve vertical alignment.

Because nearly all are engaged in the cell cycle®®, GBCs preside as the OE’s
active stem cell population. Given this, they also predominant as the most proliferative
cell type in the basal layer of the OE®°. Within this compartment, however, they are
accompanied by horizontal basal cells (HBCs)?® (Fig. 1.1B). Morphologically flattened
cells containing elongated nucleus and resting atop the basal lamina just below GBCs,
CK5*/CK14" HBCs are the OE’s second resident stem cell. In contrast to GBCs, most
HBCs remain quiescent®'?, rarely contribute to normal tissue homeostasis®', and thus,
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constitute the tissue’s reserve stem cell population. Their purpose is revealed when
reconsidering the OE’s function. To detect odors, the tissue is necessarily exposed to
the environment that, in addition to carrying aromatics, harbors compounds that can be
cytotoxic®**°. Therefore, HBCs, which can give rise to all OE cell types, mediate repair
following severe OE injury®"*®. Their ability to do so hinges on HBC expression of the
transcription factor, p63°2. Specifically, p63 expression must decrease following injury for
HBCs to activate and mount an adequate regenerative response®.

Within 24 hours after injury induction, a bifurcation that distinguishes self-
renewing and differentiating HBCs appears, and by day 4, p63* quiescent HBCs are re-
established*'. In addition to the cell autonomous mechanisms that promote HBC
activation within this temporal window, multiple extrinsic factors resulting from tissue
injury play a critical role in promoting HBC-mediated OE regeneration. These include
Sus cells, which mentioned previously, extend projections through the basal lamina. As
they pass through the basal compartment, these projections come into close proximity
with HBCs®. Perhaps unsurprisingly then, Sus cell-specific ablation leads to HBC
activation and differentiation, presumably due to interrupting interactions between
Jagged1 and Notch1 expressed by Sus cells and HBCs, respectively®’. In addition to
Jagged1, Sus cells express retinoic acid, which specifies HBC quiescence in
homeostatic OE®®. Therefore, compromised Sus cell integrity, can reshape the OE’s
environmental milieu, which in turn, alters the balance of HBC activity.

Following experimentally induced injury via intra-peritoneal methimazole (MTZ)
injection®, or of current relevance, SARS-CoV-2 infection that results in a grossly similar
epithelial desquamation®, numerous inflammatory markers are present within the OE®*
%2 Indeed, the inflammatory response promotes OE regeneration, and does so by
directly acting on HBCs®'. The idea that the post-injury environment influences HBC

biology is further strengthened by a demonstration that HBC-associated cilia positively
5



regulate OE repair®®. The signaling molecule(s) interacting with HBC cilia following OE
injury, however, currently remain unidentified, and thus, exemplify the motivation of this
thesis. To date, little is known about how HBC fate is specified during tissue repair,
especially the role that cell-cell interactions may play. Moreover, since the discovery of
p63 as a key regulator of HBC activity, only a handful of cell autonomous mechanisms
that promote HBC-mediated OE regeneration have been validated in situ®'%.

An appreciation for the need to develop a firm grasp on how HBCs facilitate
proper OE regeneration can be had by recognizing the pathological findings within aged
OE®>*®8 and their association with a decline in olfaction that affects nearly three-quarters
of Americans by age 80° and, of greatest concern, can negatively impact nutritional
status, physical safety, and overall quality of life’®. Olfactory impairment can be
attributed to the loss of OSNs (Fig. 1.3A-F) and GBCs (Fig. 1.3G), the latter of which
presumably disappear due to the lifelong demands of OE homeostasis. Interestingly, this
pathological deterioration of the OE occurs despite the enduring presence of HBCs that
remain quiescent atop the basal lamina (Fig. 1.3G).

Considering that the number of older individuals in our country is predicted to
double in the next three decades’" and younger individuals are experiencing olfactory-

related sequelae resulting from SARS-CoV-2 infection”>"3

, more and more may have to
contend with decreasing olfaction. Therefore, reversing smell loss, may become
increasingly important to an expanding population. Capitalizing on multipotent HBCs and
their perdurance to regenerate the OE could restore a sense of well-being to those
affected by olfactory impairments. Doing so, however, in a controlled manner will require
intimate understanding of HBC biology. Consequently, work from this thesis hopes to aid

the development of such clinical therapies that safely and appropriately restore the

sense of smell.
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Figure 1.3. Degradation of OE cellularity. Hematoxylin and eosin staining of OE from
a 7-month old fetus (A; NS = nasal septum; SC = superior concha) and adult (B)
depicting OE thinning in the latter due to decreased cellularity. C) Immunofluorescence
of human OE from a 75 year-old depicting decreased mOSNs (labeled by OMP);
PGP9.5 = pan-OSN marker, arrow = OMP+/PGP9.5+ OSN, arrowhead = basement
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membrane, scale bar = 25um). D-F) Compared to C, human OE illustrating increased
mOSN population; arrow = OMP-/PGP9.5+ OSN, arrowhead = basement membrane,
scale bar = 25um. G) A mouse model of aged OE demonstrating neurogenic exhaustion
represented by decreased cellularity within the OE’s intermediary region typically
dominated by OSNs (asterisk = DAPI- swaths) and absence of p63-/Sox2+ GBCs within
the basal compartment that typically regenerate OSNs during homeostasis.
Neurogenically exhausted OE, however, still harbors quiescent HBCs (arrow =
p63+/Sox2+ HBC) lying atop the basal lamina (arrowhead). Adapted with permission
from (A, B) Nakashima T, Kimmelman CP, Snow Jr. JB (1984). Structure of human fetal
and adult olfactory neuroepithelium. Arch Otolaryngol, 110:641-646; (C-F) Holbrook EH,
Wu E, Curry WT, Lin DT, Schwob JE (2011). Immunohistochemical characterization of
human olfactory tissue. Laryngoscope, Aug;121(8): 1687-1701; (G) Schwob, JE, Jang
W, Holbrook EH, Lin B, Herrick DB, Peterson JN, Coleman JH (2017). Stem and
progenitor cells of the mammalian olfactory epithelium: Taking poietic license. J Comp
Neurol. 1034-1054. Changes include applying alphabetical panel indicators, transposing
and color inverting the scale bar from the figure’s original panel A (D), transposing color-
coded protein indicators from the upper left to the upper right (C-F), transposing
“Neurogenic exhaustion” from the upper left corner and eliminating “B” from the lower left
corner (G). All erasures and transpositions were followed by clone healing the affected
regions (C-G).

1.2 Notch signaling

Discovered in Drosophila, the Notch receptor is a single-pass transmembrane
protein (Fig. 1.4A), and due to its post-translational cleavage in the trans-Golgi by a
furin-like convertase at S1 that is necessary for receptor activity, inserts into the
membrane as a heterodimer7#76, The mammalian genome possess four homologs,
Notch1-47’, and has multiple well-studied domains. Given that this thesis work examines
Notch1, this receptor will be of particular focus. In its extracellular domain, Notch1
possesses 36 EGF-like domains, with EGF-like repeats 11-12 being both necessary and
sufficient to mediate receptor-ligand interaction”87°. This EGF-like domain is followed by
LNR (Lin-12-Notch) repeats and a heterodimerization domain. Together, they form a
negative regulatory region (NRR) that shields the S2 cleavage site to prevent ligand-
independent metalloprotease action8®8!, Within the transmembrane domain lies the S3
cleavage site, which is acted on by y-secretase (Fig. 1.4B). Cleavage at S3 by gamma-

secretase leads to the release of the Notch intracellular domain (NICD)77.
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Figure 1.4. Notch signaling basics. A) Schematic of Notch receptor. Green and blue
EGF-like repeats represent those that are and are not Ca2+ binding, respectively. LNR =
Lin-12-Notch repeats; HD = heterodimerization domain; RAM = RBPJ-associated
molecule (RAM); ANK = ankyrin repeats; TAD = transcription activation domain. B)
Cartoon depicting the sequence of events in Notch signaling: 1) Receptors and ligands
are post-translationally glycosylated by Fringe proteins, which tune the degree of
effective ligand-receptor interaction and are dynamically expressed during tissue
morphogenesis; 2a) Notch1 expressed by a HBC can potentially trans-interact with
Jagged1 localized to an adjacent Sus cell and 2b) DII1 expressed by a neighboring HBC;
3) Trans-interactions promote y-secretase-mediated cleavage of Notch1, which enables
4) Notch1-Intracellular Domain (NICD) translocation to the nucleus to facilitate gene
expression; 5a) Cis-interactions between Notch1 and DII1 expressed by the same HBC
can either attenuate or 5b) activate Notch signaling. Reprinted (A) and adapted (B) with
permission from Chillakuri CR, Sheppard D, Lea SM, Handford PA (2012). Notch
receptor-ligand binding and activation: Insights from molecular studies. Semin Cell Dev
Biol., Jun; 23(4). Changes include application of “Sus Cell,” “HBC,” “Hes1,” and
alphanumeric indicators, elimination of Notch cartoon elements in the blue cell, addition
of Notch cartoon elements in the green cell, and addition of the partially shown green
cell in the lower right corner.




Once free, NICD translocates to the nucleus and activates gene transcription. It
accomplishes this by complexing with and inducing a conformation change of the DNA-
binding protein, RBPJ. As a result, co-repressors dissociate from RBPJ and facilitate the
association of additional co-activators, including Mastermind-like (MAML)7”. NICD’s
capacity to engage in these interaction is due to its RBPJ-associated molecule (RAM)
and ANK domains that engage with RBPJ and MAML, respectively®28. Once formed,
this complex canonically promotes transcription of Hes and Hey family transcription
factors?7:84,

Among vertebrates, cleavage and activation of Notch receptors are initiated by
two ligand families, Jagged and Delta-like (DII), both of which are single-pass
transmembrane proteins. Within the Jagged family exist two ligands, Jagged1 and
Jagged2, while the DIl family encompasses DII-1, DII-3, and DII-4. They share similar
extracellular domains defined by N-terminal and DSL (Delta, Serrate, and Lag?2)
domains. Ligand interaction with Notch receptors has been shown to be dependent on
the DSL domain®. The extracellular region continues with EGF-like repeats8é87, which
exhibit slight variability. Jagged ligands contain 15-16 EGF-like repeats and a von
Willebrand (VWF) type C domain, whereas DIl ligands possess 6-8 EGF-like repeats and
are void of the vVWF domain®.

Intracellularly, Notch ligands exhibit low sequence homology, however, most
possess multiple lysine residues that act as ubiquitin ligase sites8”:8%.9°, Reports have
demonstrated that E3 ligases Mindbomb and Neuralized2 act on DII1, which results in
Notch signaling activity in target cells®'-%4. The subsequent ubiquitin-mediated

endocytosis of DIl is thought to exert deforming biophysical forces on the bound
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receptor, thereby exposing the receptor's S2 cleavage site and facilitating eventual NICD
nuclear translocation®.

Notch ligand-receptor interactions can be ascribed directionality. Those that
occur between the same cell are termed cis-interactions, while those that occur between

different cells are identified as trans-interactions. Cis-interactions are thought to typically

95-97 98-100

inhibit pathway activation and those occurring in trans serve to activate
However, Notch signaling complexity is, in part, derived from the fact that directionality is
an unreliable predictor of ligand-receptor response given that trans-interactions have

102

t'%" while cis-interactions can also activate'%?.

been shown to inhibi

Modulating Notch signaling pathway activity can also be accomplished with post-
translational glycosylation of Notch receptors. In Drosophila, Fringe, a
glycosyltransferase, can modify Notch receptor EGF-like repeats with the addition of a
N-acetylgucosamine””-103-106_ This results in enhanced binding with Delta, the Drosophila
homolog of DII, and concurrently decreases binding with Serrate, the Dorsophila
homolog of Jagged. The mammalian genome possesses three homologs of Fringe.
Manic fringe and Lunatic fringe can decrease the magnitude of productive interaction
between Jagged1 and Notch1'97, while increasing it for DII1198, Radical fringe, on the
other hand, increases interaction for both Jagged1 and DII110°,

Notch signaling can also occur in a ligand-independent manner. In Drosophila,

pathway activity follows receptor endocytosis mediated by the E3 ligase, Deltex''""",

Interestingly, receptor auto-activation can be attenuated by the Notch ligand, Delta'?.
Within resident stem cell niches, Notch signaling promotes proliferation and
differentiation of intestinal and hair follicle bulge stem cells®®'"*"'°_ This contrasts with

inhibition of spinal cord progenitor proliferation and differentiation mediated by Notch1'"®.

Furthermore, Notch signaling within the subventricular zone (SVZ) specifies neural stem
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cell quiescence'"’

. Adding to these apparent functional contradictions, skeletal muscle
satellite cells display differential responses depending on tissue status. Notch signaling
typically sustains satellite cell quiescence, however, the pathway inverts to promote
satellite cell proliferation and muscle repair after injury’'®'?°, In total, these findings
emphasize the need to study Notch signaling as it pertains to stem cells in a niche- and
context-dependent manner. Although this well-conserved stem cell regulatory pathway
maintains HBC quiescence via Notch1 during OE homeostasis®, how this receptor
regulates HBC-mediated OE regeneration remain unknown, thereby motivating the work
that follows.
1.3 Rac1

First described in 1989 in human promyeoloblasts, Rac1 is a member of the Rho-
GTPase family that resides within the larger Ras superfamily of small GTPases'?"'?,
Although Rac1 shares ~60% and ~30% homology with rho and ras proteins'®’,
respectively, its N-terminal domain comprised of 5 alpha-helices surrounding a six-
stranded beta-sheet that mediates binding of guanine nucleotides, GDP and GTP, are

highly conserved throughout the superfamily'?"123-123,

In its inactive and active states, Rac1 binds GDP and GTP, respectively'?®'?’
(Fig. 1.5). Although Rac1 can spontaneously exchange GDP, the large difference
between cytoplasmic GDP concentration (~10°M) and the GDP dissociation constant of
GTPases (~107-10"""M)'* suggests that exchanges occurring on an organismalcally-
relevant timescale require a catalyst. Indeed, guanine nucleotide exchange factors
(GEFs) serve this purpose by interacting with a domain just distal to the guanine
nucleotide-interacting region'?®. Throughout the ras superfamily, the GEF-interacting
domain demonstrates more variability and interfaces with family-specific GEFs'?.

Although GEFs specific to the Rho family of GTPases commonly contain a Dbl

homology and pleckstrin homology domains, the basic principles of GDP-GTP exchange
12



can be generalized'*'?8'2° Briefly, GEF interaction with GTPase-GDP catalyzes GDP
dissociation and stabilizes the now guanine nucleotide-free GTPase'® . Given that the
cytoplasmic concentration of GTP is ~10-fold greater than GDP'?®'3! GTP more readily
occupies the GTPase’s free guanine nucleotide binding site and displaces the GEF'%.
Bound to GTP, the now activated GTPase can influence various cellular processes such

as morphology, growth, proliferation, differentiation, and apoptosis'®'32-13¢,
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Figure 1.5. Generalized cartoon of a small GTPase (Rho) activation and
deactivation. 1a) In its inactive form, GTPases are bound to GDP. 1b) GTPase
inactivity can be enhanced by GDlIs that stabilizing the GDP-bound state. 2) Active
GTPase, which inserts into the plasma membrane, is formed by displacing bound GDP
for GTP. GEFs facilitate GDP-to-GTP exchange on a biologically relevant timescale. 3)
Active GTPases mediate myriad downstream functional effects. 4) GTPases are
inactivated by hydrolyzing bound GTP to GDP. Given GTPases' inherently slow kinetics
incompatible with proper biological function, GAPs catalyze GTP hydrolysis. Adapted
with permission from Olayioye MA, Noll B, Hausser A (2019). Spatiotemporal control of
intracellular membrane trafficking by Rho GTPases. Cells, Dec; 8(12). Changes include
addition of alphanumeric indicators.

Persistent GTPase activation, however, can lead to tumorigensis'®’. While
GTPases can perform the function that their name so implies, once again, the timescale
at which they hydrolyze GTP into GDP is incompatible with proper cellular function'?®.
Therefore, a GTPase interacting with its GTPase-activating proteins (GAPs) can
catalyze GTP hydrolysis nearly five times faster than on its own. In the case of the well-
studied Ras family of GTPases, p120°*" supplies an arginine side chain to H-Ras that

catalyzes inherent GTPase function'®. However, as with GEFs, there are five different
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families of GAPs'? with unidentical catalytic mechanisms'?'% GTPases can be further
inhibited from activating by GDP dissociation inhibitors (GDIs)"°. Once again disparate
between GTPase families and named quite literally™', GDIs prevent GDP-GTPase
dissociation'*?,

Rac1 inactivity, in particular, can be restored by GAPs within the ArhGAP
family'*3, or sustained by RhoGDI and D4GDI"*'° However, after binding with Rho-
GEFs, such as Tiam1'?°, activated Rac1 can participate in myriad biological functions. In
phagocytes, Rac1 was first described to help generate the superoxide burst that
functions to neutralize microorganisms'®. Found in the leading edge of cells anchored to
phosphatidylserine-rich plasma membrane via its C-terminal polybasic domain'*’, Rac1
can promote actin filament polymerization, lamellipodia formation, and cellular
migration'?"'*8_ Additionally, Rac1 at the plasma membrane can integrate signals
received from multiple upstream modalities, including hormones, G protein-coupled

receptors, receptor kinases, and adhesion proteins'*® (Fig. 1.6).
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Figure 1.6. Multiple upstream stimuli impinge on Rac1-mediated signaling. Plasma
membrane receptor interaction with cytokines, growth factors, hormones, or adhesion
molecule interaction with extracellular matrix can activate Rac1. Subsequent Rac1-
mediated signal transduction affects downstream intermediaries, and ultimately,
influences various cellular processes. Reprinted with permission from Bosco EE, Mulloy
JC, Zheng Y (2009). Rac1 GTPase: A “Rac” of all trades. Cell Mol Life Sci. Feb; 66(3).
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Given the latter’s relevancy to this thesis, specifically integrin beta 1 and 4 (ltgb1
and ltgbh4, respectively), a brief overview of their relationship with Rac1 will be provided.
The cytoplasmic tail of Itgb1, and integrin heterodimers comprised by ltgb4, positively
regulate Rac1 activity’®'%2. Rac1 activation by Itgb1 and ltgb4, however, occurs via
intermediary proteins, including focal adhesion kinase (FAK)'*3. Following integrin
stimulation, FAK auto-phosphorylates its tyrosine 397 residue (pFAKY397)"®, which
triggers additional phosphorylation at tyrosine residues 407, 576, 577, and 925"%%1%%,
Importantly, pFAKY925 facilitates eventual phosphorylation of Sos, a Rac1-GEF'%¢7,

Following such protein interactions, active Rac1 initiates a signaling cascade
canonically involving the cJun N-terminal kinase (JNK) pathway'®® (Fig. 1.7). Briefly,
Rac1 via intermediary kinases activates JNK via phosphorylation at threonine 183 and
tyrosine 185"%'%" Subsequently, phospho-JNK (pJNK) phosphorylates cJun at serine
residues 73 and 74 (pcJun)'®®162183 thereby enabling pcJun to dimerize and form an
AP-1 transcriptional complex'®*'® that can positively regulate proliferation®®-168,

Accordingly, Rac1 promotes proliferation of mammary epithelial and intestinal
stem cells'*"3, Interestingly, the inverse is true within the interfollicular epidermis as
Rac1 supports stem cell quiescence in this context'®. In addition to this seeming

contradiction, Rac1 can also participate in hair follicle differentiation’*®

. Morever, Rac1
promotes migration of hematopoietic stem cells during embryogenesis and keratinocyte
stem cells during wound repair'’®'"2_ In light of its diverse array of functions within
various stem cell populations, Rac1 deserves tissue-specific attention. Therefore, this

thesis has aimed to begin revealing the regulatory function that Rac1 plays during HBC-

mediated OE regeneration following injury.
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Figure 1.7. Simplified cartoon of Rac1 activation by integrin receptors. Integrin
interaction with extracellular matrix can trigger subsequent phosphorylation of focal
adhesion kinase at multiple tyrosine residues. Via additional downstream intermediaries,
Rac1 is activated when bound to GTP. Active Rac1 can stimulate the JNK signaling
pathway, which involves phosphorylation of JNK and cJun proteins. Phosphorylated
cJun can contribute as a dimer in the homo- or heterodimeric transcription factor, AP-1.
Adapted with permission from Brakebusch C, Bouvard D, Stanchi F, Sakai T, Fassler R
(2002). Integrins in invasive growth. J Clin Invest. Apr 15; 109(8): 999-1006. Changes
include addition of text to delineate cellular landmarks and modification of proteins within
the signaling cascade, erasure of original text below “JNK” and replacement with “cJun,”
the proceeding arrow, the ellipse demarcating the nucleus, the DNA double helix within
the nucleus, and the symbol representing AP-1.

1.4 Contributions

| wrote this entire chapter. Figure images belong to those authors cited in their

respective figure legends.
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Chapter 2: Specification of horizontal basal cell fate during OE regeneration’

" Louie JD, Bromberg BH, Schwob JE. To be submitted to Proc Nat/ Acad Sci U S A.
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2.1 Introduction

The olfactory epithelium (OE) harbors a population of resident stem cells called
horizontal basal cells (HBCs) that contributes to OE regeneration following severe tissue
injury®'. In addition to discovering the various cell autonomous processes dictating HBC
cell fate during OE regeneration facilitated by computational analysis of high-throughput
transcriptomic sequencing data*'*>°"_ there have been advances in our understanding
that the local OE environment plays a critical role in supporting HBC contribution to OE
regeneration. For example, inflammatory cytokines within the OE post-injury have been
identified as a component that regulates HBC proliferation and contribution to tissue
repair®’. Moreover, HBC-specific ablation of cilia mitigates tissue repair®®, suggesting
that HBCs must integrate extrinsic cues to mediate OE regeneration.

An aspect of the post-injury environment that has yet to be fully considered is the
regenerating OE itself. Cell-cell interaction, especially via the Notch signaling pathway, is
a well-conserved motif that regenerative tissues utilize to specify stem cell fate. During
homeostasis, Notch signaling prompts intestinal stem cell progenitors to proliferate and
specifies enterocyte differentiation®®''*1°_Inversely, Notch signaling in neural stem cells
of subventricular zone (SVZ) and satellite cells within skeletal muscle specifies their
dormancy, thereby preventing proliferation and differentiation’"”''®, Similarly within the
homeostatic OE, Notch signaling via the Notch1 receptor specifies HBC dormancy®’.

Following abrupt injury to various tissues, Notch signaling continues to positively
regulate resident stem cells. Pathway activation is still critical to crypt base columnar
cells following intestinal injury by promoting their proliferation and balancing their
differentiation between secretory and absorptive cell fates'”. In contrast to its inhibition
of stem cell activity during homeostasis, Notch activity following injury to muscle
becomes critical for satellite cells to contribute to regeneration''®'?°, Within the OE,

however, little is known about how Notch signaling influences HBCs during regeneration.
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Moreover, the Notch ligands that specify HBC fate, and their spatiotemporal dynamics
during OE regeneration, remain unknown. Our data demonstrate that while they
maintain Notch1 expression following OE injury, HBCs surprisingly enhance Notch
pathway activation while concurrently downregulating their expression of the Notch
ligand, DII1. Soon thereafter when multiple cell layers emerge within the regenerating
OE, HBCs concomitantly enrich for both Notch1 and DII1. Conditional knockout (cKO)
studies suggest that following injury, Notch1 transduces specification cues that promote
HBCs to emerge from their niche by enhancing their entry into the cell cycle and
mediating neuronal differentiation. In total, these data identify Notch1 as a bifunctional
signal integrator that differentially specifies HBC identity depending on OE status.
2.2 Results
2.2.1 HBCs enhance Notch pathway activation during acute regeneration at 24hpi
Following intra-peritoneal injection of methimazole (MTZ), an agent known to

induce OE injury and HBC-mediated regeneration®'>°

, we analyzed Notch-related
protein dynamics of cytokeratin 5 (CK5") HBCs during acute regeneration. Analyses
were first performed at 24 hours post-MTZ injection (24hpi) when HBCs activate, defined
by their significant downregulation of the transcription factor, p63 (Fig. 2.1A-E), a critical
regulator of HBC quiescence and differentiation potential®*°®'"*. Because the Notch1
receptor specifies HBC quiescence in the unlesioned OE®’, we first assessed its
expression. While HBCs at 24hpi maintain Notch1 expression at similar levels to HBCs
in unlesioned OE (Fig. 2.1F-J), they interestingly enhance Notch pathway activation as
evidenced by a 60.6% increase in expression of Hes1 (Fig. 2.1K-O), a transcription
factor whose expression is predicated on Notch signaling’>'7. We were then curious as
to the expression of the two predominant Notch ligands found in the OE, Jagged1 and

DII1%. Given that MTZ-induced tissue destruction includes degeneration of Jagged1-

expressing Sus cells, thus significantly diminishing the availability of this Notch ligand at
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Fig. 2.1: HBC expression dynamics of Notch signaling pathway components at
24hpi. A-E: HBC nuclear p63 is significantly decreased (n=3 mice; 3,829 Vehicle HBCs
and 1,419 24hpi HBCs). F-J: HBC total Notch1 remains statistically unchanged (n=3
mice; 2,833 Vehicle HBCs and 1,126 24hpi HBCs). K-O: HBC nuclear Hes1 significantly
increases (n=3 mice; 2,201 Vehicle HBCs and 983 24hpi HBCs). P-T: HBC total DII1 is
significantly decreased (n=3 mice; 4,739 Vehicle HBCs and 2,688 24hpi HBCs). Solid
line indicates median, dashed lines indicate upper and lower quartiles, Brown-Mood
median test, ****p<0.0001 (E, J, O, T). Scale bar equals 10um (A, C).
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24hpi (Fig. 2.2A-D), we expected that DIl1 expressed by HBCs®' (Fig. 2.1R) facilitates
the observed Notch signaling enhancement. Surprisingly, HBCs at 24hpi downregulate
DIlI1 expression by nearly 40% (Fig. 2.1P-T). Therefore, these data suggest that Notch
pathway activation is critical to HBC-mediated OE regeneration and HBCs potentially

downregulate DII1 to promote their activation.
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Fig. 2.2: Jagged1 expression is negligible during early OE regeneration. Jagged1 is
highly expressed within the unlesioned OE and localizes to CK8" Sus cells (A, B). C-H:
As regeneration proceeds from 24hpi (C, D), 2dpi (E, F), and 3dpi (G, H), scant CK5*
and CK8" cells that compose the regenerating OE are Jagged1®. |: Quantification of A-H
(n=3 mice, 517 Vehicle CK8" cells across 29 regions, 583 24hpi CK8" or CK5" cells
across 26 regions, 988 2dpi CK8" or CK5" cells across 27 regions, 1,102 3dpi CK8" or
CK5" cells across 24 regions), error bars indicate mean + SEM, Kruskal-Wallis test with
post-hoc Dunn’s multiple comparisons test, ****p<0.0001.

2.2.2 Re-establishment of Notch signaling pathway component polarity occurs as
multiple cell layers become evident during OE regeneration

By 2 days post-MTZ injection (2dpi), the regenerating OE becomes multiple cell
layers wherein two different CK5" populations can be found. Relative to the p63/CK5*

cells that generally overlie them, p63*/CK5* HBCs enrich for Notch1 (Fig. 2.3A,B,1) and
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DIl (Fig. 2.3E,F,K), similar to unlesioned OE>’. As OE regeneration proceeds at 3dpi,
polarization of Notch1 (Fig. 2.3C,D,J) and DII1 (Fig. 2.3G,H,L) increases with expression
of these two Notch signaling pathway components continuing to segregate towards
p63*/CK5" HBCs.
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Fig. 2.3: Polarization of Notch1 and DII1 expression during OE regeneration. A-D:
dHBCs (p63+/CK5+) become increasingly enriched for Notch1 in the regenerating OE
(2dpi: 13.1% increase, n=3 mice, 1,481 p63*/CK5" dHBCs and 1,224 p63/CK5" cells;
3dpi: 39.3% increase, n=3 mice, 2,389 p63*/CK5" dHBCs and 2,485 p63/CK5" cells). E-
H: dHBCs become increasingly enriched for DII1 in the regenerating OE (2dpi: 8.5%
increase, n=3 mice, 1,470 p63*/CK5" dHBCs and 1,226 p63/CK5" cells; 3dpi: 37.4%
increase, n=3 mice, 2,143 p63*/CK5" dHBCs and 2,333 p63/CK5" cells). | and J:
quantification of B and D, respectively. K and L: quantification of F and H, respectively.
Solid line indicates median, dashed lines indicate upper and lower quartiles, Brown-
Mood median test, ****p<0.0001 (I-L). Scale bar equals 10um (A).
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2.2.3 In vivo HBC cKO of Notch1 diminishes Notch signaling pathway activation
within HBCs at 24hpi as the OE initiates regeneration

Given that HBCs maintain Notch1 receptor expression (Fig. 2.1J) and enhance
Notch pathway activation at 24hpi (Fig. 2.10), we interrogated whether HBC Hes1
expression is sensitive to Notch1-mediated signal transduction. Utilizing trigenic mice
expressing tamoxifen-inducible Cre recombinase under the HBC-specific CK5 promotor
and tdTomato downstream of a floxed stop codon within the Rosa26 locus that enables
HBC lineage tracing, conditional knockout (cKO) of Notch1 demonstrated that HBCs at
24hpi exhibited significantly diminished Notch signaling pathway activity as suggested by
nuclear Hes1 expression (Fig. 2.4A-E). Interestingly, this reduction was not
accompanied by a significant change in p63 expression (Fig. 2.4F-J). In sum, however,
these data demonstrate that HBCs engage in Notch1-mediated signaling at 24hpi, which
in turn, may encode specification cues that promote HBC contribution to OE
regeneration.

Therefore, to determine the functional impact of Notch1 cKO on OE regeneration,
we assessed whether HBC fate specification is first affected at 3dpi when multiple cell
layers become clearly evident. Suggested by enhanced p63 expression at 24hpi (Fig.
2.4F-J), there are significantly more quiescent, Ki67/p63* HBCs at 3dpi following Notch1
cKO (26.7%) compared to Notch1 WT control (15.1%) (Fig. 2.4K-S). Increased HBC
quiescence within the regenerating OE at 3dpi is corroborated by localization of Sec8, a
protein that exclusively marks all GBCs and excludes HBCs within the stem cell layer of
unlesioned OE®®. While regenerating Notch1 WT OE at 3dpi is comprised of 11.2%
Sec8/p63* HBCs, their frequency increases significantly to 23.7% within Notch1 cKO

OE (Fig. 2.5).
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Fig. 2.4: Abrogation of Notch1-mediated Notch signaling activity during OE
regeneration at 24hpi correlates with increased quiescent HBCs at 3dpi. A-D: At
24hpi, HBC cKO of Notch1 leads to decreased Notch signaling activity as indicated by
an ~16% decrease in HBC nuclear Hes1 expression. E: Quantification of A-D (n=3 mice,
1,229 Notch1 WT HBCs and 1,109 Notch1 fl/fl HBCs). F-I: No significant change in HBC
nuclear p63 expression at 24hpi following Notch1 cKO. J: Quantification of F-I (n=3
mice, 1,344 Notch1 WT HBCs and 1,049 Notch1 fl/fl HBCs). K-R: At 3dpi, HBC cKO of
Notch1 leads to increased quiescent HBCs (p63*/Ki67/tdTom*, cyan in N and R). S:
Quantification of K-R (n=3 mice, 34 Notch1 WT regions and 34 Notch1 fl/fl regions).
Solid line indicates median, dashed lines indicate upper and lower quartiles, Brown-
Mood median test, ****p<0.0001 (E, J). Error bars indicate mean + SEM, Mann-Whitney
test, ***p<0.001 (S). Scale bar equals 10um (A, C, K).
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3dpi. A-H: At 3dpi, HBC cKO of Notch1 leads to increased p63*/Sec8/tdTom™ quiescent
HBCs (cyan, D and H) as seen in the unlesioned OE |: Quantification of A-H (n=3 mice,
35 Notch1 WT regions and 46 Notch1 fl/fl regions), error bars indicate mean + SEM,
Holm-Sidak t-test, *p<0.05, **p<0.01, ****p<0.0001. Scale bar equals 10um (A).

As HBCs can give rise to GBCs®' and transcriptome-based modeling suggests
that this transition can happen directly*!, we interrogated whether HBC bias towards
quiescence following HBC-specific Notch1 cKO also interrupts GBC formation. To do so,
we utilized a constellation of molecular markers to identify HBC-derived GBCs centered
on the transcription factor, Sox2. Because HBCs and Sus cells are also Sox2*""" and
present within the acutely regenerating OE*"'"’, we excluded HBCs and Sus cells by
their expression of p63 and CK18, respectively. Following negative selection of
p63*/Sox2*/tdTom" HBCs and CK18*/Sox2*/tdTom" Sus cells, quantification of p63
/CK18/Sox2*/tdTom* GBCs at 3dpi demonstrated that Notch1 cKO significantly

diminishes the degree of GBCs arising from HBCs (13.0% v. 28.8% in Notch1 WT OE)
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(Fig. 2.6A-1). In total, these data indicate that Notch1 specifies quiescent HBCs towards

GBC differentiation during acute injury-induced regeneration.

Notch1 WT Notch1 fiff

=}
S
]

801

Percent Sox2*/p63/CK18/tdTom* Cells

tdTom HBC-derived GBCs Wt Y™
(Sox2*/p63/CK18 ftdTom* Notcht

40+

(per tdTom* Cells)
N w
T T

Percent NeuroD1*/CK8tdTom* Cells JJ
>
1
% 000 o}

WT firfl
Notch1

<’ o3

£ R A "
tdTom HBC-derived Neural Progenitors tdTom HBC-derived Neural Progenitors
(NeuroD1*/CK8/tdTom*) (NeuroD1*/CK87/tdTom"*)

Fig. 2.6: Notch1 cKO decreases HBC differentiation towards GBCs and neuronal
progenitors. A-l: At 3dpi, Sox2*/p63/CK18/tdTom" GBCs derived from HBCs (green, D
and H) decreases following HBC-specific Notch1 cKO. I: Quantification of A-H (n=3
mice, 30 Notch1 WT regions and 30 Notch1 fl/fl regions). J-Q: At 3dpi, NeuroD1*/CK8"
/tdTom" neural progenitors derived from HBCs decreases (green, M and Q) following
HBC-specific Notch1 cKO. R: Quantification of J-Q (n=3 mice, 24 Notch1 WT regions
and 24 Notch1 fl/fl regions). Error bars indicate mean + SEM, Mann-Whitney test,
**p<0.01, ***p<0.001 (I, R). Scale bar equals 10um (A).
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2.2.4 Notch1 transduces specification cues during acute OE regeneration that
biases HBCs towards neuronal progenitor differentiation

As Notch1 cKO within the acutely regenerating OE significantly compromises the
effective pool of the two OE stem cell populations by increasing quiescent HBC (Fig.
2.4K-S) and decreasing GBC tissue compositions (Fig. 2.6A-l), we investigated what
effect this may have on the differentiation of two major cell types within the OE, OSNs
and Sus cells. While it has been demonstrated that HBCs can differentiate directly to
Sus cells*', OSNs are commonly derived from determined, NeuroD1* progenitors*?. At
3dpi when multiple HBC-derived cell layers are present, HBC Notch1 cKO resulted in no
significant change in NeuroD1/CK8*/ tdTom" HBC-derived Sus cells (54.7% v. 51.1% in
Notch1 WT OE) (Fig. 2.7). Interestingly, however, there was a significant decrease in
NeuroD1*/CK8/ tdTom" HBC-derived neural progenitors (5.6% v. 14.1% in Notch1 WT
OE) (Fig. 2.6J-R).
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2

Fig. 2.7: Notch1 cKO has no appreciable effect on HBC differentiation towards Sus
cells. A-I: At 3dpi, there is no appreciable change in the percentage of NeuroD1"
/CK8*/tdTom" Sus cells derived from HBCs (yellow, D and H) following HBC-specific
Notch1 cKO. I: Quantification of A-H (n=3 mice, 24 Notch1 WT regions and 24 Notch1
fl/fl regions). Error bars indicate mean + SEM, Unpaired t-test. Scale bar equals 10um
(A).
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Fig. 2.8: HBC-mediated neurogenesis following OE injury is diminished by Notch1
cKO. A-D: At 28dpi, PGP9.5'/tdTom" OSNs derived from HBCs (magenta) decreases
following HBC-specific Notch1 cKO. E: Quantification of A-D (n=3 mice, 20 Notch1 WT
regions and 20 Notch1 fl/fl regions). F-I: At 28dpi, CK8*/apically localized IL33*/tdTom*
Sus cells derived from HBCs (magenta) demonstrates no significant change following
HBC-specific Notch1 cKO. J: Quantification of F-I (n=3 mice, 18 Notch1 WT regions and
18 Notch1 fl/fl regions). Error bars indicate mean + SEM, Unpaired t-test, **p<0.01,
****p<0.0001 (E, J). Scale bar equals 10um (A).
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2.2.5 Notch1-mediated enhancement of HBC neuronal progenitor differentiation
correlates with decreased HBC neurogenesis

To investigate whether these relative cell type compositions persist beyond acute
OE regeneration, we assessed cellular density for Sus cells and OSNs at 28dpi when
gross unlesioned OE morphology has regenerated. At this time point, Sus cell bodies
are morphologically identifiable by their apical localization within the OE? and molecularly
defined by CK8 and IL33*"'78 while both immature and mature OSNs express
PGP9.5%. Within HBC Notch1 cKO OE, HBC-derived PGP9.5*/tdTom* OSN density
within mutant OE decreased by nearly half (2,053 OSNs per mm2 v. 4,261 OSNs per
mm2 in Notch1 WT OE) (Fig. 2.8A-E). On the other hand, HBC-derived
CK8"/IL33*/tdTom" Sus cell linear density remained relatively unchanged (193 Sus cells
per mmv. 195 Sus cells per mm in Notch1 WT OE) (Fig. 2.8F-J). Collectively, these
data demonstrate that Notch1 contributes to normal OE regeneration by specifying
adequate HBC neuronal differentiation. Furthermore, they suggest that HBC neuronal
specification mediated by Notch1 occurs during acute OE regeneration and depends on
HBC differentiation towards determined neural progenitors.
2.3 Discussion

While it is known that HBCs can give rise to all OE cell types, mechanisms
governing HBC biology following tissue injury that ultimately enable HBC-mediated OE
regeneration remain a relative black box. In recent years, HBC-specific genetic
manipulations have revealed p63 as a critical cell autonomous regulator of HBC
quiescence versus activation®®, Similar experiments in vivo have also demonstrated
that TNFR1 plays a central role in facilitating HBC-mediated OE regeneration®', thereby
implicating environmental cytokines as an HBC specification cue during injury repair.
However, rigorous interrogation of the role that the injured tissue itself plays in promoting

OE regeneration is lacking. Because Notch1 appears to positively regulate HBC
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quiescence in uninjured OE, we therefore investigated this receptor’s influence on HBC
activity during OE regeneration elicited by tissue injury.

Exemplified by the disparate role that Notch signaling plays in skeletal muscle
wherein the pathway specifies satellite cell quiescence during homeostasis''® but
functionally inverts following muscle injury to promote satellite cell proliferation and
contribution to tissue regeneration'®?°, the Notch signaling pathway is an inherently
complex pathway. As such, we could not assume that Notch1 influences HBC activity
following OE injury in the same way as in uninjured OE. Indeed, rather than continue to
promote HBC quiescence, Notch1 transduces cues that specify HBCs to proliferate and
differentiate into neural progenitors during OE regeneration. Contrasted with spinal cord
regeneration during which Notch1 inhibits spinal progenitor proliferation and motor
neuron differentiation’'®, our data further underscores the importance of studying this
well-conserved stem cell regulatory pathway in a niche-specific manner.

The halving of HBC-derived OSNs within morphologically regenerated OE
highlights the fundamental influence of Notch1 on HBC specification during
regeneration. Considering that this is preceded by attenuated neural progenitor
differentiation at 3dpi, this decreased neurogenesis suggests that a critical period for
HBC fate determination occurs sometime during acute OE injury. Efforts to further
narrow down this window when HBCs are receptive to Notch ligands would potentially
enable more precise HBC manipulation towards one lineage or another.

While our study cannot definitively establish which Notch ligand specifies HBC
fate during OE regeneration, we identify DII1 as a promising candidate. Jagged1 and
DII1 are the predominant ligands detected within the uninjured OE*’, however following
injury, the former becomes nearly absent while the latter is dynamically expressed
during early regeneration. At 24hpi when HBCs are molecularly poised to contribute to

tissue repair, HBC enhancement of nuclear Hes1 indicates that Notch signaling begins
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to play an integral role soon after OE injury. Furthermore, it suggests that HBCs
downregulate DII1 to diminish a quiescence cue. Indeed, within the subventricular zone
and interfollicular epidermis, DII1 promotes quiescence of their respective resident stem
cells"”17°Additionally, DIl1 has been shown to attenuate Notch-ligand independent
signaling’'?. Therefore, it remains to be determined whether HBCs employ a similar
process as OE regeneration initiates.

When multiple, molecularly heterogenous cell layers reappear during OE
regeneration, DII1 and Notch1 enrichment among HBCs suggest that the ligand
continues to specify HBC quiescence, thus intimating that HBCs act as a niche element
to regulate themselves. In drawing back and considering the regenerating tissue as a
whole during this stage, it will be worthwhile to discern if HBCs variably express DIl1 to
meter HBC differentiation and quiescence via lateral inhibition. Additionally, whether this
balancing act occurs alongside of or instead due to precise temporal expression of
Fringe proteins that tune Notch receptor-ligand interactions'®’-'%° deserves further
attention.

In stark contrast to previous studies®”'®

, we used high-throughput image
analysis to determine the molecular identity of HBCs across multiple time points
following OE injury. After quantifying thousands of HBCs and their progeny, we
demonstrate that Notch1 enhances HBC proliferation and neuronal differentiation during
OE regeneration. Our data also strongly implicates DII1 as a specification cue that
moderates these HBC functions. In total, these data provide previously unknown insight
into HBC biology during tissue regeneration, thereby serving as a fundamental building

block towards leveraging these resident stem cells in the treatment of olfactory diseases

due to anatomic OE pathologies.
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2.4 Materials and Methods
2.4.1 Mice

All mice were maintained on ad libitum chow and water in a heat and humidity
controlled, AALAC-accredited vivarium. All protocols for the use of vertebrate animal
were approved by the Committee for the Humane Use of Animals at Tufts University
School of Medicine. Wild-type mice were F2 generation mice from an initial cross of
C57BL/6J (Jax Stock #000664) and 129S1/SvimJ (Jax Stock #002448) mice performed
in-house. K5CreER™ mice were generously provided by Dr. Pierre Chambon'®' (Jax
Stock #018394). Rosa26R(tdTomato) (Jax Stock #007909) and B6.129X1-
Notch1™2*|GridJ (Jax Stock #007181) mice were obtained from Jackson Labs. Bi-genic
K5CreER™; Rosa26R(tdTomato) enabling HBC-specific inducible lineage tracing and tri-
genic K5CreER'?; Notch1™2Rk|GridJ; Rosa26R(td Tomato) enabling HBC-specific
inducible Notch1 KO and lineage tracing were generated in-house. All experiments used
sex- and age-matched mice between 8-12 weeks old when initiated.
2.4.2 Tamoxifen induction of Cre-mediated recombination

Tamoxifen (Sigma-Aldrich, Cat. T5648) was dissolved in corn oil (Spectrum
Chemical, Cat. CO136) at a stock concentration of 30mg/mL. For HBC lineage tracing
only, the tamoxifen stock was intraperitoneally injected into K5CreER'?;
Rosa26R(tdTomato) mice at 150mg/kg for two consecutive days prior to subsequent
experimentation. For combination HBC Notch1 cKO and lineage tracing, K5CreER'?;
Notch1™2*|GridJ; Rosa26R(tdTomato) mice and their wild-type controls mice were
intraperitoneally injected at 300mg/kg for two consecutive days prior to subsequent
experimentation.
2.4.3 Methimazole-induced OE injury

Methimazole (Sigma-Aldrich Cat. M8506) was dissolved in PBS (Gibco, Cat.

10010-023) at a stock concentration of 5mg/mL. K5CreER™; Rosa26R(tdTomato) mice
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were injected intra-peritoneally at 10uL of MTZ stock/g of mouse XX days after the initial
tamoxifen injection. Because of OE over-lesioning seen at 24hpi as suggested by
absence of tdTomato® HBC presumably due to increased metabolic load of the
300mg/kg tamoxifen required to induce Notch1 recombination, K5CreER'?;
Notch1™2*|GridJ; Rosa26R(tdTomato) mice were injected intra-peritoneally at 5uL of
MTZ stock/g of mouse 13 days after the initial tamoxifen injection.
2.4.4 Tissue processing

At indicated time points, mice were euthanized with an intra-muscular injection of
ketamine (37.5mg/kg), xylazine (7.5mg/kg), and acepromazine (1.25mg/kg) triple
cocktail. Following trans-cardial perfusion with 20mL PBS (Gibco Cat. 10010-023), mice
were subsequently trans-cardially perfused with 40mL 1% PLP fixative (1%
paraformaldehyde, 0.1M monobasic and dibasic phosphates, 90mM lysine, and 0.1M
meta-sodium periodate). After dissecting away the surrounding cranial structures, the
isolated OE was post-fixed in 1% PLP under vacuum for 1.5 hours. Following post-
fixation, the OE was briefly rinsed three times in PBS to wash away residual fixative and
allowed to incubate in decalcification buffer (0.35M EDTA [Sigma-Aldrich, Cat. ED2SS]
and 0.35M NaOH) overnight at 4°C. To cryopreserve the tissue, OE was equilibrated
overnight in 30% sucrose at 4°C, embedded and frozen in OCT (Sakura, Cat. 4583),
and then stored at -80°C until cryosectioning. A Leica cryostat was used to collect 10um
coronal sections on positively-charged glass slides.
2.4.5 Immunofluorescence

Specific antibodies and conditions to detect the various antigens can be found in
Table 2.1. All primary antibodies were diluted in Normal Donkey Block (NDB) (10%
normal donkey serum v/v, 5% non-fat powdered milk w/v, 4% bovine serum albumin

[BSA] w/v, and 0.1% Triton X-100 v/v in 1X PBS). Species-specific fluorophore- and
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biotin-conjugated donkey secondary antibodies (Jackson ImmunoResearch) were
diluted in NDB at 1:150 and 1:100, respectively. Streptavidin-conjugated horseradish
peroxidase (SA-HRP) was diluted in TNB (0.5% blocking reagent w/v [Akoya
Biosciences, Cat. FP1020], 0.15M NacCl, and 0.1M Tris-HCI pH 7.5) at 1:400. All washes
performed on day 1 and day 2 were in 1X PBS and 3X PBS, respectively, with those
following antibody incubation performed 3x5min. Slides were dried on a slide warmer at
~37C for 45-60min. after application of rubber cement (Elmer’s) to isolate each section.
Following a 10-15min. wash to remove OCT, sections used to detect antigens requiring
antigen retrieval were incubated in antigen retrieval buffer (0.1M sodium citrate, pH 6)
and placed in a pre-heated commercial steamer for 10min. After slides were washed for
10min., sections were incubated in 3% H20: diluted in MeOH or 90% MeOH depending
on whether antigen detection required tyramide signal amplication (TSA), washed
3x5min., and blocked for 1hr. at room temperature with NDB. If a mouse primary
antibody were to be used, those sections underwent additional blocking of promiscuous
endogenous mouse antigens per manufacturer’s protocol (Invitrogen, Cat. R37621).
Following overnight primary antibody incubation at 4C, sections were incubated in
secondary antibodies for 1hr. at room temperature in the dark. If antigen detection
required TSA, appropriate sections were blocked for 30min. in TNB prior to incubation in
SA-HRP for 1hr. at room temperature in the dark. TSA was achieved by incubating
appropriate sections for 15min. in a solution consisting of 98% TSA Buffer (0.1M boric
acid pH 8.5, 0.003% H2032), 1% 10% BSA w/v in 1X PBS, and 1% FITC-tyramide. Nuclei
were counterstained with DAPI. Sections were coverslipped in NPG (0.5% N-propyl
gallate in 90% glycerol) mounting media and slides were stored at 4C in the dark until

imaging.
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Antibody Source Identifier Dilution | Antigen Signal
Retrieval Detection
Required
Ms p63 ATCC Clone 4A4 1:100 | Yes Secondary
fluorophore
Rb Notch1 Cell Signaling | 3608 1:75 Yes TSA
Technology
Rb Hes1 Cell Signaling | 11988 1:50 Yes TSA
Technology
Shp DI R&D Systems | AF3970 1:20 No TSA
Ck CK5 Biolegend Clone 1:200 No Secondary
Poly9059 fluorophore
Ck mCherry | Novus NBP2-25158 1:100 No Secondary
fluorophore
Gt mCherry | Sicgen AB0040-200 1:50 No Secondary
fluorophore
Rb Ki67 Abcam ab15580 1:250 | Yes Secondary
fluorophore
Gt NeuroD1 | R&D Systems | AF2746 1:40 Yes TSA
Rat CK8 Developmental | TROMA-I 1:100 No Secondary
Studies fluorophore
Hybridoma
Bank
Rb CK18 Proteintech 10830-1-AP 1:400 No Secondary
fluorophore
Rat Sox2 Invitrogen 14-9811-82 1:200 | Yes Secondary
fluorophore
Rb PGP9.5 | Proteintech 14730-1-AP 1:200 | Yes Secondary
fluorophore
Gt IL33 R&D Systems | AF3626 1:10 Yes Secondary
fluorophore

Table 2.1: Antibodies used and associated antigen labeling conditions

2.4.6 Image analyses

Imaged was used to process all uncompressed, 16bit tiff files obtained from

confocal imaging. Z-planes were sum projected to maximize bit depth of captured

fluorescence. The Imaged Rolling ball background subtraction function was applied to

every channel. CellProfiler (Version 3.1.9) was used to quantify total fluorescence

intensity and generate images containing object overlays. Images of channels in which

captured fluorescence was not intended for quantification were converted to 16bit so that

CellProfiler could process those images, demarcate relevant cellular landmarks, and
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quantify the area that those landmarks occupied to calculate total fluorescence densities.
Templates for each CellProfiler pipeline used have been deposited on GitHub.
2.4.7 Statistical analyses and data presentation

All statistical analyses were performed within GraphPad Prism Version 8. Only
brightness and contrast were adjusted for each representative image within ImagedJ and
Adobe Photoshop CS6, and these parameters were applied globally throughout the
image. All graphs were generated using GraphPad Prism Version 8. All figures were
constructed in Adobe Photoshop CS6.
2.5 Contributions

| wrote this entire chapter. Immunofluorescence labeling of Jagged1 was
performed by Benjamin H. Bromberg. | performed all other experimentation. | performed

all imaging, data analysis, and figure construction.
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Chapter 3: Spatiotemporal dynamics of horizontal basal cells during olfactory
epithelium regeneration informs a mechanism of primary horizontal basal cell

differentiation in vitro®

T Louie JD, Bromberg BH, Schwob JE. To be submitted to Stem Cell Reports.
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3.1 Introduction

Horizontal basal cells (HBCs) are a population of resident stem cells found within
the olfactory epithelium (OE), an epithelium necessarily in contact with the external
environment to fulfill its responsibility of enabling olfaction. Lying in reserve atop the
basal lamina, HBCs are typically recruited for OE regeneration following severe tissue
injury®'. Such specific context can be explained by a number of mechanisms
demonstrating that the tissue environment within the OE regulates HBC-mediated OE
regeneration. Targeted ablation of Sustentacular cells, a glial-like cell whose cell body
located at the top of the OE extends processes down towards HBCs?, leads to HBC
differentiation®”. This consequence has been postulated to result from decreased cell-
cell interactions between the Sus cell-expressed Notch ligand, Jagged1, and Notch1
receptor co-labeling with HBCs®’. Additionally, Sus cell destruction is thought to cause a
localized reduction of retinoic acid, a cytokine synthesized by Sus cells that specifies
HBC dormancy®®. Severe injury also elicits a tissue-wide inflammatory response®’.
Diminution of this response or impairing the ability of HBCs to respond to such
environmental cues negatively impacts HBC proliferation and subsequent OE
regeneration®’ Moreover, discovery that HBC-specific ablation of cilia compromises OE
regeneration further underscores the importance of extrinsic, environmental cues®?.

Complementing these non-cell autonomous processes, high-throughput
transcriptomic profiling identified the transcription factor, p63, as a positive regulator of
HBC dormancy®. Subsequent investigation demonstrated that OE injury resulting in
HBC-mediated regeneration begins with HBC activation as defined by decreased p63
expression. This critical event is corroborated by HBC-specific p63 conditional knockout
(cKO), which leads to HBC differentiation within uninjured OE>>*. Advancements in
RNA sequencing technologies and their continued omnipresence have been a boon for

computationally modeling HBCs and their highly dynamic nature following p63
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downregulation*"'82, To date, however, little is known about HBCs in situ and the
spatiotemporally dynamic cell autonomous processes that occur soon after injury to
promote their contribution to OE regeneration.

Despite prior evidence that p63 positively regulates expression of integrin 1 and
B4 (Itgb1 and Itgb4)'®®, HBCs interestingly do not downregulate these mediators of
cellular adherence to the basal lamina following injury when p63 concurrently decreases.
Instead, HBCs surprisingly increase their apical expression of Itgb1 and Itgb4. This
spatiotemporal dynamicity occurs concomitant with increased apical Rac1, a member of
the Rho family of small GTPases'?"'?2 that can be activated by ltgb1'°%'*or Itgb41°2184,

Notably, Rac1 signaling activity can regulate stem cell functiong'33-13%.169-172

, and indeed,
spatiotemporal localization of additional molecular components further intimates that
HBCs enact Rac1-mediated signaling during acute regeneration. These data gleaned
during HBC activation in vivo implicating Rac1 as a mechanistic component of HBC-
mediated OE regeneration were further interrogated in vitro to capitalize on the ease
with which HBCs can be leveraged for future autologous stem cell therapies. In addition
to diminishing phosphorylation of downstream molecular constituents, Rac1 inhibition
functionally attenuates HBC differentiation, and importantly, does so without perturbing
HBC activation. In total, keen observation that HBCs likely channel their regenerative
response in part through Rac1 ultimately contributes to refining the ability to deftly
manipulate a population of readily obtainable stem cells in order to broaden the
therapeutic options intended to alleviate olfactory deficits.

3.2 Results

3.2.1 During acute regeneration, HBCs increase their apical expression of Itgb1
and Itgb4 at 24 hours post-OE injury (24hpi)

Within the OE, p63 is a critical regulator of HBC cell fate, with its decline a

marker of HBC activation. Indeed, 24 hours after intra-peritoneal injection of
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Fig. 3.1: HBCs at 24hpi increase apical expression of Itgb1 and Itgb4. A-D: Example
of a region of 24hpi OE containing activated HBCs (aHBCs). E: Each point represents a
CK5" nucleus from A-D. F-J: Adjacent section of region matched with A-D demonstrates
aHBCs increase apical ltgb1 (n = 3 mice across 19 regions). K-O: Adjacent section of
region matched with F-I demonstrates aHBCs increase apical Itgb4 (n = 3 mice across
17 regions). Error bars indicate mean + SEM, Mann-Whitney test, ***p<0.001,
****p<0.0001 (E, J, O). Scale bar equals 10um (A).

methimazole (MTZ), an agent known for its induction of OE injury and HBC-mediated
regeneration®">°, cytokeratin 5* (CK5*) HBCs significantly downregulate p63 expression
(Fig. 3.1A-E). Given that p63 has been shown to positively regulate expression of ltgb1

and Itgb4'® it was surprising that HBCs neither concomitantly decrease total nor basal
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Itgb1 (Fig. 3.2A-D) and ltgb4 (Fig. 3.2E-H) coincident with CK5" or CK5*/laminin*
labeling, respectively. Instead at 24hpi, HBCs increase expression of ltgb1 and ltgb4 by
91.2% (Fig. 3.1F-J) and 131.9% (Fig. 3.1K-0), respectively, within CK5" domains
exclusively co-labeled with ezrin (Fig. 3.1F-O), an apically-oriented protein that regulator
of apical domain integrity by linking apically localized proteins and the cytoskeleton'®.
Therefore, these data demonstrate that at 24hpi, HBCs spatially modulate intracellular
protein expression in part by enhancing apical expression of ltgb1

and ltgb4.
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Fig. 3.2: HBCs at 24hpi do not downregulate Itgb1 and Itgb4 despite p63
downregulation. A-D: Identical image to Fig.1G (A) and Fig.1l (B) more clearly
delineating total HBC area (CK5* Obj.) and HBC basal domain area (CK5" Laminin
Obj.). HBCs at 24hpi upregulate both total and basal Itgb1 (C, D) (n=3 mice across 19
regions). E-H: Identical image to Fig.1L (E) and Fig.1N (F) more clearly delineating total
HBC area (CK5" Obj.) and HBC basal domain area (CK5* Laminin Obj.). HBCs at 24hpi
do not significantly alter their expression of both total and basal ltgh4 (G, H) (n=3 mice
across 17 regions). Error bars indicate mean £ SEM, Mann-Whitney test, *p<0.05,

*p<0.01 (C, D, G, H).
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3.2.2 At 24hpi, HBCs spatiotemporally synchronize intracellular focal adhesion
components concomitant with increased Rac1-mediated signaling pathway
activation

As Itgb1 and ltgb4 can activate Rac1'°%"%2% g member of a family of small Rho
GTPases'?"'? that has been implicated in mediating various stem cell functions'*-13%16¢-

72 we interrogated whether HBCs concurrently upregulate Rac1 in a spatially similar

manner. Indeed, HBCs at 24hpi increase apical Rac1 by 81.6% (Fig. 3.3A-E)
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Fig. 3.3: Downstream effector of Rac1-mediated signaling occurs concomitant
with HBC spatiotemporal synchronization of intracellular focal adhesion
components at 24hpi. A-E: HBCs at 24hpi upregulate apical Rac1 (n=3 mice across 30
regions). F-J: HBCs at 24hpi upregulate apical pFAKY925 (n=3 mice across 17 regions.)
K-O: HBCs at 24hpi upregulate nuclear pcJun (n=3 mice, 234 Vehicle HBCs and 258
24hpi HBCs). Error bars indicate mean + SEM, Mann-Whitney test, **p<0.01,
****p<0.0001 (E, J, O). Scale bar equals 10um (A).
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concomitant with the increased spatial localization of ltgb1 and ltgb4 (Fig. 3.1 F-O).
Furthermore, focal adhesion kinase phosphorylated at tyrosine 925 (pFAKY925), a
critical intermediary that facilitates integrin-mediated Rac1 activation'®, is similarly
increased by 91.7% in the apical domain at this time point during OE regeneration (Fig.
3.3F-J). Interestingly, the spatiotemporal synchronicity that HBCs demonstrate with
enhanced ltgb1 and ltgb4, pFAKY925, and Rac1 apical localization juxtaposes an over
8-fold increase in HBC expression of phosphorylated cJun (pcJun) (Fig. 3.3K-O). As
pcJun lies downstream of Rac1 activation, these data in sum suggest that HBCs at
24hpi activate Rac1-mediated signaling pathways.
3.2.3 Inhibiting Rac1 activity during activation of primary HBCs in vitro attenuates
Rac1-mediated signaling

Rac1 activation most immediately leads to phosphorylation of cJun N-terminal

kinase (JNK)™*1®"_Subsequently, phosphorylated JNK (pJNK) facilitates expression of
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Fig. 3.4: Enhancement of Rac1-mediated signaling during primary HBC activation
in vitro. A: Representative western blots depicting abundance of p63, Rac1, pcJun, total
cJun, and GAPDH (n=3 independent trials). B-D: Quantification of densitometric
measurements for p63 (B), Rac1 (C), and normalized pcJun per normalized total cJun
(D) abundances, error bar indicates mean + SEM, one-way ANOVA with post-hoc
Tukey’s multiple comparisons test, *<0.05, **p<0.01, ***p<0.001.

158,162,163

pcdun , a transcription factor subunit that can regulate proliferation and tissue

morphognesis'®*168187.18 Therefore, we utilized our primary HBC culture system that

189(

can model HBC activation'™" (Camila Barrios-Camacho, unpublished data) to begin
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interrogating the potential relationship between HBC and Rac1 activation. Treating
HBCs with 50nM phorbol 12-myristate 13-acetate (PMA) induces their activation as
evidenced by decreased p63 abundance (Fig. 3.4A,B), and HBC activation occurs
concurrently with increased pcJun abundance (Fig. 3.4A,D). To determine whether this
increase was a result of Rac1 activation, PMA-induced HBC activation was coupled with
50uM EHT1864, an inhibitor of Rac1 activation'®. PMA and EHT1864 treatment
together attenuated pcJun abundance by nearly 40% (Fig. 3.4A,D). The same treatment
paradigm similarly decreased pJNK abundance (Fig. 3.5), thereby underscoring
involvement of Rac1-mediated signaling. Importantly, these effects were not due to any
significant change in total Rac1 abundance following EHT1864 treatment (Fig. 3.4A,C).
Notably, HBC activation was not curtailed by inhibition of Rac1 activation, as treatment
with both small molecules together did not significantly affect the magnitude of
decreased p63 abundance (Fig. 3.4B). Collectively, these data demonstrate that primary
HBCs initiate Rac1-mediated signaling following their activation, and furthermore,
suggest that HBCs do so to regulate a currently undefined process independent of their

activation.
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Fig. 3.5: Inhibition of Rac1 in vitro concomitant with primary HBC activation
perturbs multiple components of Rac1-mediated signaling. A: Representative
western blots depicting abundance of pJNK, JNK, and GAPDH (n=3 independent trials).
C: Quantification of densitometric measurements for normalized pJNK per normalized
total JNK abundance, error bar indicates mean + SEM, one-way ANOVA with post-hoc
Tukey’s multiple comparisons test, *<0.05, **p<0.01, ****p<0.0001.
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Fig. 3.6: Rac1 facilitates primary HBC differentiation. A-D: Representative images of
Hopx expression after treating primary HBCs with vehicle (A; 4,927 cells analyzed), PMA
(B; 8,065 cells analyzed), PMA+EHT1864 (C, 7,235 cells analyzed), or EHT1864 (D,
5,358 cells analyzed). E: Quantification of Hopx fluorescence density for conditions
represented by A-D. F-I: Representative images of Ki67 expression after treating primary
HBCs with vehicle (F; 4,716 cells analyzed), PMA (G; 7,325 cells analyzed),
PMA+EHT1864 (H; 7,297 cells analyzed), or EHT1864 (l; 5,228 cells analyzed). J:
Quantification of Ki67 fluorescence density for conditions represented by F-l. n=4
independent trials. Error bars indicate mean + SEM, Kruskal-Wallis test with post-hoc
Dunn’s multiple comparisons test, ***p<0.001, ****p<0.0001 (E, J). Scale bar equals
50um (A).
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3.2.4 Rac1-mediated signaling functionally impacts primary HBC differentiation

Shortly following their activation in vivo, HBCs become increasingly proliferative®
and upregulate Hopx, an HBC differentiation marker*'. Therefore, to begin elucidating
whether Rac1-mediated signaling governs either HBC proliferation or differentiation, we
again utilized our primary HBC culture activation model (Fig. 3.6A-J). PMA treatment
alone more than doubled overall Hopx expression (Fig. 3.6A,B,E). Surprisingly, in vitro
HBCs following pharmacological activation attenuated Ki67 expression by nearly 25%
(Fig. 3.6F,G,J). When concurrently treated with PMA and EHT1864, primary HBC
expression of Hopx was significantly abrogated Fig. 3.6B,C,E). Interestingly, treatment
with both small molecules also resulted in a small, but statistically significant, decrease
in overall Ki67 expression relative to PMA treatment alone (Fig. 3.6G,H,J). Together,
these data demonstrate that inhibition of Rac1-mediated signaling in vitro functionally
disrupts HBCs following their activation.
3.3 Discussion

While it has been known for more than a decade that HBCs can help repair the
OE following tissue injury®', only relatively recently have mechanisms that enable HBCs
to contribute to OE regeneration, such as transcription downregulation and integration of
environmental cues, been uncovered®®'%, However, it remains unknown whether
HBCs undergo any spatiotemporally dynamic processes during OE regeneration. For the
first time, we demonstrate that HBCs reorganize Rac1 apically following OE injury and
establish that Rac1 regulates the molecular and functional identity of primary HBCs in
culture.

The ability to harvest, expand, activate, and differentiate HBCs, especially those

from human patients'®®

, represents a powerful tool in developing a potential therapy to
treat hyposmia or anosmia. These pathologies of olfaction can be attributed to aneuronal

regions within the OE that are exhausted of the active stem cell population comprised by
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globose basal cells® and contain persistently dormant HBCs that do not facilitate OE
regeneration despite the apparent need®®'®'. One strategy to ameliorate these diseases
includes activating the endogenous HBC population. A complementary or parallel
approach involves culturing HBCs harvested from a patient and infusing these activated
autologous stem cells back into the nasal cavity. Notably, however, a rodent model of
stem cell infusion into the auditory cochlea demonstrated an inverse relationship

between cell survival and degree of cellular differentiation’?

. As primary HBCs
upregulate the differentiation marker, Hopx, following PMA treatment (Fig. 3.4A-l), this
may explain why PMA-activated HBCs infused into the nasal cavity of multiple rodent
models also demonstrate low engraftment efficiency within injured OE (Camila Barrios-
Camacho, personal communication). Therefore, our work identifying Rac1 as a positive
regulator of in vitro HBC differentiation offers insight into strategies that could increase
HBC engraftment efficiency in vivo. Additionally, reversible Rac1 inhibition that
temporarily attenuates HBC differentiation (Fig. 3.4E) but does not significantly affect
HBC activation (Fig. 3.3B) intimates that enhanced HBC engraftment would be
accompanied by those HBCs remaining receptive to critical endogenous specification
and differentiation cues within the injured OE.

Multiple considerations suggest that PMA activation of HBCs occurs in a
physiologically relevant manner. HBCs activated by OE injury downregulate p63 (Fig.
3.3.1A-E)*® and upregulate Hopx*', which is recapitulated by PMA-treated primary HBCs
in vitro (Fig. 3.4B,E). Additionally, HBC-mediated regeneration in vivo is positively
regulated by NF-kB pathway activation®', and this is mirrored in vitro as HBCs increase
nuclear RelA following PMA treatment (Camila Barrios-Camacho, personal
communication). Furthermore, Itgb1- and Rac1-mediated signaling pathways promote
appropriate proliferation of mammary epithelial stem cells during mammary

morphogenesis'® and keratinocyte stem cells following skin wounding'""'72,
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respectively. PMA is known to also activate these pathways'%*'%°

, and the in vivo data
presented here following injury demonstrating that HBCs mobilize the molecular
machinery integral to both Itgb1- and Rac1-mediated signaling (Fig. 3.3.1 and Fig. 3.3.2)
suggest that further mechanistic interrogation of these pathways within the OE will bear
fruit.

PMA treatment of HBCs, however, did not recapitulate the increase in Ki67 seen
during in vivo HBC activation®?. Therefore, the decrease in Ki67 following PMA-induced
HBC activation (Fig. 3.4F,G,J) simultaneously exemplifies the inherent limitations with
studying HBCs as an isolated population and heightens the potential for environmental
cues influencing HBCs following OE injury. Considering that skin wounding can prompt
increased fibronectin deposition'®® and skeletal muscle damage is followed by changes
in laminin expression'”’, the extracellular matrix (ECM) represents a promising
candidate. Hematopoietic stem cell proliferation within bone marrow is dependent on
interaction with tenascin-C'®®, while collagen VI in skeletal muscle acts as an instructive
cue for satellite cells to proliferate’®. In addition to positively regulating proliferation,
chondroitin sulfate proteoglycans specify embryonic neural stem cell differentiation

towards neuronal rather than glial fates®®

. Moreover, stem cell function dependent on
ECM interactions can be mediated by Itgb1%°2%, Therefore, our demonstration that in
vivo HBCs spatiotemporally synchronize components of a signaling axis known to occur
following Itgb1-ECM interactions?®*2%, further intensifies the need for additional inquiry
into the role that ECM proteins play in regulating HBC biology following OE injury.

Our novel observation that HBCs redistribute various proteins following OE injury
provides a launching point from which myriad additional inquires can be made into
mechanisms that govern HBCs during OE regeneration. Importantly, this discovery in

vivo led to our identification that Rac1 regulates primary HBC differentiation in vitro

without impinging on their activation. Although harvesting HBCs from and reintroducing
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them back into the same patient remains a promising personalized strategy to treat
diseases of pathologic OE deterioration, data from current animal models suggest the
differentiation process that accompanies the necessary activation of primary HBCs to
achieve any engraftment®®'®® is what also accounts for their sparse engraftment.
Therefore, the ability to reversibly uncouple HBC differentiation from activation with
commercially available small molecules that target Rac1 represents a potential strategy
to overcome the pitfalls of therapeutic primary stem cell infusion.
3.4 Materials and Methods
3.4.1 Animals

All animals were maintained on ad libitum chow and water in a heat and humidity
controlled, AALAC-accredited vivarium. All protocols for the use of vertebrate animal
were approved by the Committee for the Humane Use of Animals at Tufts University
School of Medicine. Wild-type (WT) mice were F2 generation mice from an initial cross
of C57BL/6J (Jax Stock #000664) and 129S1/SvimJ (Jax Stock #002448) mice
performed in-house. In vivo experiments used sex- and age-matched mice that were 8-
12 weeks old when initiated. In vitro primary HBCs were harvested from Sprague-
Dawley rats (Taconic Biosciences).
3.4.2 Methimazole-induced OE injury

Methimazole (MTZ) (Sigma-Aldrich, Cat. M8506) was dissolved in 1X PBS
(Gibco, Cat. 10010-023) at a stock concentration of 5mg/mL. WT mice were injected
intra-peritoneally at 10uL of MTZ stock/g of mouse.
3.4.3 Tissue processing

At 24 hours post-MTZ injection, mice were euthanized with an intra-muscular
injection of ketamine (37.5mg/kg), xylazine (7.5mg/kg), and acepromazine (1.25mg/kg)
triple cocktail. Following trans-cardial perfusion with 20mL PBS (Gibco Cat. 10010-023),

mice were trans-cardially fixed with 40mL 1% PLP (1% paraformaldehyde, 0.1M
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monobasic and dibasic phosphates, 90mM lysine, and 0.1M meta-sodium periodate).
After dissecting away the surrounding cranial structures, the isolated OE was post-fixed
in 1% PLP under vacuum for 1.5hrs. Following post-fixation, the OE was briefly rinsed
three times in 1X PBS to wash away residual fixative and then incubated in
decalcification buffer (0.35M EDTA [Sigma-Aldrich, Cat. ED2SS] and 0.35M NaOH)
overnight at 4°C. To cryopreserve the tissue, OE was equilibrated overnight in 30%
sucrose (w/v in 1X PBS) at 4°C, embedded and frozen in OCT (Sakura, Cat. 4583), and
then stored at -80°C until cryosectioning. To capture the approximate diameter of one
cell per section, a Leica cryostat was used to collect three 10um coronal sections per
positively-charged glass slides.
3.4.4 Immunofluorescence

Specific antibodies and conditions to detect the various antigens can be found in
Table 3.1. All primary antibodies were diluted in Normal Donkey Block (NDB) (10%
normal donkey serum v/v, 5% non-fat powdered milk w/v, 4% bovine serum albumin
[BSA] w/v, and 0.1% Triton X-100 v/v in 1X PBS). Species-specific fluorophore- and
biotin-conjugated donkey secondary antibodies (Jackson ImmunoResearch) were
diluted in NDB at 1:150 and 1:100, respectively. Streptavidin-conjugated horseradish
peroxidase (SA-HRP) was diluted in TNB (0.5% blocking reagent w/v [Akoya
Biosciences, Cat. FP1020], 0.15M NacCl, and 0.1M Tris-HCI pH 7.5) at 1:400. All washes
performed on day 1 and day 2 were in 1X PBS and 3X PBS, respectively, with those
following antibody incubation performed 3x5min. Slides were dried on a slide warmer at
~37C for 45-60min. after application of rubber cement (Elmer’s) to isolate each section.
Following a 10-15min. wash to remove OCT, sections used to detect antigens requiring
antigen retrieval were incubated in antigen retrieval buffer (0.1M sodium citrate, pH 6)

and placed in a pre-heated commercial steamer for 10min. After slides were washed for
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10min., sections were incubated in 3% H20: diluted in MeOH or 90% MeOH depending

on whether antigen detection required tyramide signal amplication (TSA), washed

3x5min., and blocked for 1hr. at room temperature with NDB. Following overnight

primary antibody incubation at 4C, sections were incubated in secondary antibodies for

1hr. at room temperature in the dark. If antigen detection required TSA, appropriate

sections were blocked for 30min. in TNB prior to incubation in SA-HRP for 1hr. at room

temperature in the dark. TSA was achieved by incubating appropriate sections for

15min. in a solution consisting of 98% TSA Buffer (0.1M boric acid pH 8.5, 0.003%

H202), 1% 10% BSA w/v in 1X PBS, and 1% FITC-tyramide. Nuclei were counterstained

with DAPI. Sections were coverslipped in NPG (0.5% N-propyl gallate in 90% glycerol)

mounting media and slides were stored at 4C in the dark until imaging.

Antibody Source Identifier Dilution | Antigen Signal
Retrieval Detection
Required
Ms p63 ATCC Clone 4A4 1:100 Yes Secondary
fluorophore
Ms Ezrin Developmental | CPTC-Ezrin-1 1:25 No Secondary
Studies fluorophore
Hybridoma
Bank
Rb Laminin | Novus NB300-144 1:100 No Secondary
Biologicals fluorophore
Gt Itgb1 R&D Systems | AF2405 1:13 No Secondary
fluorophore
Rat Iltgb4 R&D Systems | MAB4054 1:20 No Secondary
fluorophore
Ck CK5 BioLegend Clone 1:200 No Secondary
Poly9059 fluorophore
Rb Rac1 Proteintech 24072-1-AP 1:200 Yes TSA
Rb Cell Signaling | 3284 1:100 Yes TSA
pFAKY925 | Technology
Rb pcJun Cell Signaling | 3270 1:40 Yes TSA
Technology

Table 3.1: Antibodies used and associated antigen labeling conditions
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3.4.5 Primary HBC culture

Isolation, maintenance, and passaging of primary HBCs have been previously
described in detail'®. Passage 10 HBCs were used for experimentation. HBCs cultured
for immediate western blot analyses were grown on 6-well plates coated with poly-D-
lysine/laminin (Corning, Cat. 354595). HBCs cultured for immediate
immunocytochemical analyses were grown on 8-well culture slides coated with poly-D-
lysine/laminin (Corning, Cat. 354688). PMA (Sellekchem, Cat. S7791) and EHT1864
(SellekChem, Cat. S7482) were dissolved in DMSO. HBCs determined to undergo Rac1
inhibition during the 12hr. treatment paradigm were pre-incubated in EHT1864 for 1hr,
and DMSO concentration for all conditions was identical at all times.
3.4.6 Western blot of primary HBCs

Primary HBCs were lysed by applying 200uL Lysis Buffer (RIPA buffer [Thermo
Scientific, Cat. 89901] supplemented with a protease and phosphatase inhibitor cocktail
[Thermo Scientific, Cat. 78442]) per well and freezing the 6-well plate at -80C overnight.
All subsequent steps were performed on ice. Immediately after thawing, an additional
100uL Lysis Buffer was applied to each well and mechanical cell lysis was performed
with a cell scraper. The entire volume of lysate from each well was transferred to a pre-
chilled 2mL microcentrifuge tube, and debris pelleted via centrifugation at maximum rpm
for 10min. at 4C. Supernatant from each experimental condition was transferred to a
new pre-chilled 2mL microcentrifuge tube and total protein abundance was determined
by BCA protein assay per manufacturer’s protocol (Thermo Scientific, Cat. 23227).
Working protein stocks were prepared by diluting supernatant with 4X LDS Sample
Buffer (Invitrogen, Cat. BO007), 10X Sample Reducing Agent (Invitrogen, Cat. B0O009),
and Lysis Buffer. These stocks were placed in a heating block set at 70C for 10min and

then stored at -80C.
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Protein from working stocks were loaded at ~5ug in 4-12% Bis-Tris gels
(Invitrogen, Cat. NW04120BOX) and bracketed by a protein ladder standard
(Proteintech, Cat. PL0O0002). Gels were run per manufacturer’s protocol (Invitrogen, Cat.
A25977) in MES SDS running buffer (Invitrogen, Cat. B0002). Protein was transferred to
a 0.2um PVDF membrane (Invitrogen, Cat. LC2002) at 20V per manufacturer’s protocol
(Invitrogen, Cat. BT00061).

Following protein transfer, membranes were rinsed in 1X TBST (Tris-buffered
saline with 1% Tween 20) and blocked for 1hr at room temperature in Blocking Buffer
(5% BSA w/v in 1X TBST). Primary antibodies against ANp63 (BioLegend, Cat. 619002;
1:500), cJun (Cell Signaling Technology, Cat. 9165; 1:1000), pcJun (Cell Signaling
Technology, Cat. 3270; 1:1000), JNK (Cell Signaling Technology, Cat. 9252; 1:1000),
pJNK (Cell Signaling Technology, Cat. 4668; 1:1000), Rac1 (Proteintech, Cat. 66122-I-
Ig; 1:2000), and GAPDH (Cell Signaling Technology, Cat. 97166; 1:1000) were diluted in
Block Buffer and incubated with membranes overnight at 4C. The following day,
membranes were washed 6x7min in 1X TBST, incubated in the appropriate HRP-
conjugated donkey secondary antibodies (Jackson ImmunoResearch) diluted 1:5000 in
Blocking Buffer, and washed 6x5min in 1X TBST. Proteins were visualized in a gel dock
system (Bio-Rad, Universal Hood Il) after membranes were incubated in SuperSignal
West Pico Plus Chemiluminescent substrate (Thermo Scientific, Cat. 34577). Bio-Rad
Image Lab software was used to export TIFF files that were subsequently imported into
Imaged to perform densitometric analyses.

3.4.7 Immunocytochemistry

Primary HBCs were fixed with 10% buffered formalin (Fisher, Cat. SF100) for
15min. at room temperature, washed 3x5min in 1X PBS, then stored at 4C in fresh 1X
PBS until further processing. To note, all washes prior to primary antibody incubation

and during day 2 were in 1X PBS and 3X PBS, respectively, with those following
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antibody incubation performed 3x5min. HBCs were subsequently permeabilized on ice
with ice-cold 100% MeOH for 10min. and washed 3x5min. After 1hr. of blocking in NDB
at room temperature, HBCs were incubated overnight at 4C in antibodies against Hopx
(1:150; Proteintech, Cat. 11419-1-AP), Ki67 (1:75; BD Biosciences, Cat. 556003), and
CK5 (1:400; BioLegend, Clone Poly9059) in NDB diluent. The next day, HBCs were
incubated in the dark with species-specific fluorophore-conjugated donkey secondary
antibodies (Jackson ImmunoResearch) at 1:250 in NDB diluent. Nuclei were
counterstained with DAPI and chamber slide walls removed per manufacturer’s protocol.
Slides were coverslipped with NPG mounting media and stored at 4C in the dark until
imaging.
3.4.8 Imaging

All sections and cells were imaged on a Zeiss LSM800 confocal microscope.
Zeiss Zen 2.6 software was used to set imaging parameters to eliminate spectral overlap
between channels, which included capturing fluorescence in multi-track mode, adjusting
the variable secondary dichroics, and enabling appropriate emission filters. For proteins
quantified by relative fluorescence intensity, all excitation and emission capture settings
were identical between control and experimental conditions. Imaging OE included
capturing multiple z-planes stepped at 2um intervals to sample from a minimum of
approximately 5 cellular cross-sections. First and last z-planes were established when
the maximum fluorescence intensity of the channel to be quantified fell within lowest
quartile of a 16bit display range. Because primary HBCs can pile on top of each another
in culture, imaging HBC islands in vitro involved capturing the z-plane in which CK5*
HBCs appeared most confluent.
3.4.9 Image analyses

Imaged was used to process all uncompressed, 16bit tiff files obtained from

confocal imaging. Z-planes were sum projected to maximize bit depth of captured
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fluorescence. The Imaged Rolling ball background subtraction function was applied to
every channel. CellProfiler (Version 3.1.9) was used to quantify total fluorescence
intensity. Images of channels in which captured fluorescence was not intended for
quantification were converted to 16bit so that CellProfiler could process those images,
demarcate relevant cellular landmarks, and quantify the area that those landmarks
occupied to calculate total fluorescence densities. Templates for each CellProfiler
pipeline used have been deposited on GitHub.
3.4.10 Statistical analyses and data presentation

All statistical analyses were performed within GraphPad Prism Version 8. Only
brightness and contrast were adjusted for each representative image within ImagedJ and
Adobe Photoshop CS6, and these parameters were applied globally throughout the
image. All graphs were generated using GraphPad Prism Version 8. All figures were
constructed in Adobe Photoshop CS6.
3.5 Contributions

| wrote this entire chapter. Immunofluorescence labeling of pFAKY925 was
performed by Benjamin H. Bromberg. | performed all other experimentation. | performed

all imaging, data analysis, and figure construction.

55



Chapter 4: Discussion
4.1 Notch1

During OE regeneration following severe tissue injury, Notch1 enables HBCs to
contribute to OE regeneration by appropriately promoting this resident stem cell
population’s ability to proliferate and differentiate (Fig. 4.1). This contradicts the
receptor’s function during OE homeostasis when Notch1 specifies HBC quiescence®’.
The functional inversion could be explained by chromatin remodeling, a biological
process observed during pluripotency induction®® and embryonic stem cell
differentiation®®”?°®, Chromatin remodeling has also been demonstrated during

209210 rasident within skeletal

differentiation of adult stem cells, namely satellite cells
muscle in which Notch1 demonstrates a similar functional inversion''®'2°. Moreover,
satellite cell chromatin remodeling is critical to proper skeletal muscle regeneration®'".
This functional finding mirrors that previously described in the regenerating OE, wherein
inhibition of the epigenetic regulator, Ezh2, perturbs chromatin methylation, cellular
multipotency, and progenitor differentiation**. HBCs during early OE regeneration,
therefore, may warrant interrogation via methods such as methylation sequencing and
ATAC-seq that, in combination, can provide deeper insight into their chromatin
dynamics.

Although spontaneous HBC differentiation following HBC-specific Notch1 cKO
within uninjured OE can be explained molecularly by decreased p63 transcription, p63
protein expression was, interestingly, never assessed®’. Therefore, no significant change
in p63 expression by HBCs at 24hpi despite Notch1 cKO may not be as counterintuitive
as it seems. Indeed, precedence is found via HBC-expressed DII1, which demonstrates

an inverse relationship between mRNA®" and protein abundance soon after OE injury.

Alternatively, p63 expression during acute regeneration may become independent of
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Fig. 4.1: Notch1 specifies HBC proliferation and neuronal differentiation during OE
regeneration. Cartoon depicting the working model that following HBC-specific Notch1
cKO, more HBCs are quiescent during OE regeneration. As a consequence, fewer
HBCs differentiate into multipotent and neuronally-determined GBCs. In turn, this leads
to fewer HBC-derived OSNs in morphologically regenerated OE.

Notch1-transduced signaling, especially considering the functional inversion mediated by
the receptor during OE regeneration and possibility of HBC epigenomic alterations.

Profiling the p63 promoter region for protein interaction partners at 24hpi may reveal
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alternative upstream signaling cascades critical for differential p63 regulation depending
on OE integrity.

Alternatively, HBC-expressed Notch1 and its functional inversion following OE
injury could potentially be an artifact in that the receptor consistently functions to
promote HBC activation regardless of tissue status. This possibility would reconcile with
the receptor’s role in basal stem cells of the interfollicular epidermis where Notch1

promotes p63 downregulation and stem cell differentiation®'?

. Moreover, this scenario
also intimates that the Notch ligands closely approximated to HBCs function to inhibit
Notch pathway activity. Indeed, Jagged1 can negatively regulate Notch signaling, and its
potential inhibitory role correlates well with the interpretation that HBC activation
following Sus cell ablation is secondary to destruction of these Jagged1-expressing
cells®’. Additionally, DII1 expression dynamics exhibited by HBCs, namely
downregulation at 24hpi when HBCs are activating and enrichment at 3dpi when
surrounded by non-HBCs, suggest that DII1 also inhibits Notch pathway activation to
specify HBC quiescence. Determining whether these ligands do indeed inhibit Notch
signaling could include assessing HBC expression of Hes1 in the face of simultaneous
HBC-specific DII1 and Sus cell-specific Jagged1 recombination, and whether this
functionally results in enhanced spontaneous HBC differentiation. If validated, the role of
non-canonical or ligand-independent Notch signaling pathway activity could initially be
investigated via conditional expression of Notch1 resistant to proteolytic cleavage or
HBC-specific gamma-secretase defect.

In addition to Notch1 playing a consistent but functionally marginalized role due
to inhibitory ligand expression, apparent Notch1 functional inversion may also result if
the receptor has no direct impact on HBC function within homeostatic OE. This could be
possible when considering that prior to injury, HBC-specific cKO of Rbpj, a critical

intermediary during Notch pathway transduction’”*"

58

, yields no observable HBC



differentiation®’. Moreover, HBC-specific Notch1 cKO results in only sparse spontaneous
HBC differentiation even at 3 months following initial genetic recombination®’. In
contrast, Sus cell ablation more rapidly results in HBC differentiation®’, thereby raising
the potential that rather than specifying HBC status directly, Notch1 may indirectly
influence HBCs by regulating Sus cell biology. This hypothesis comes into clearer focus
in light of the fact that retinoic acid expressed by Sus cells helps maintain HBC
quiescence®®. Additionally, retinoic acid production has been shown to be sensitive to
Notch signaling pathway activity?*. In concert with the potential for increased availability
of HBC-expressed DII1 to interact with Sus cell-expressed Notch2 due to Notch1
recombination, these data prompt investigation into a HBC-Sus cell feedback circuit.
Initial interrogation could include quantifying relative magnitude of RALDH2 in Sus cells
following Notch1 cKO in HBCs.

Given how DII1 is dynamically expressed by HBCs — downregulated at 24hpi
concurrent with HBC activation and enriched at 3dpi as HBCs reside in a regenerating
OE also composed of non-HBCs — this ligand may instruct HBC quiescence. Because
HBCs express both Notch1 and DII1, however, whether these stem cells engage in both
cis- and trans-interactions remains unknown. As such, the functional impact of cis and
trans Notch1-DII1 interactions on HBC biology is murkier still. Therefore, it would be
worthwhile to discover the directionality and effect of DIl1-Notch1 interactions. To begin
interrogating these questions, sparsely culturing WT HBCs could establish the effect of
cis-interactions on Notch signaling activity and HBC molecular status. Additionally,
growing Notch1 and DIl1 cKO HBCs together and focusing on adjacent cells expressing
unique fluorescent tags associated with each genotype could help establish the
influence of trans-interactions on pathway activity and HBC response. In turn, these
findings in vitro would provide insight into how in vivo HBCs might respond following

HBC-specific DII1 cKO. By achieving sparse and mosaic recombination within uninjured
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and injured OE, this would ideally place a single WT HBC in between two recombined
HBCs. In such a case, the WT and recombined HBCs may reveal whether DII1-Notch1
interactions in cis and trans, respectively, promote activity that recapitulates those
observed in vitro.

If DII1 does indeed interact with Notch1 in both cis and trans, with each
producing functionally divergent responses, another question arises of how does DII1
achieve its net effect within an HBC population enriched for both ligand and receptor.
Depending on the assays investigating which interaction, cis or trans, promotes which
HBC activity, quiescence or activation, HBCs may upregulate DIlI1 such that interactions
with Notch1 that specify quiescence outnumber those promoting activation. As this
thesis demonstrates that overlying non-HBCs still express DII1, it may be the case that
DII1-Notch1 trans-interactions specify HBC quiescence. The sparse recombination
strategy mentioned previously along with cKO of D/I7 in non-HBCs during acute OE
regeneration could more definitively identify the functional import of each interaction.

The differential impact of DII1-Notch1 interactions if the functional outcome
depends on the ligand’s origin can also be modified by Fringe proteins. Given that
Radical fringe increases receptor interaction with both Jagged1 and DII1, HBCs may
enrich for this glycosyltransferase within homeostatic OE to ensure their quiescence. At
24hpi, HBCs may downregulate Radical fringe to minimize quiescence cues from
downregulated, but still present, DII1. As regeneration proceeds, HBCs could again
upregulate Radical fringe to re-establish cues that instruct HBCs to re-quiesce. However,
as this thesis demonstrated, HBC-expressed Notch1 promotes HBC proliferation and
differentiation, thereby implying that DII1-Notch1 interactions specifying HBC quiescence
are not uniformly distributed, but rather spatially regulated. Consequently, any analysis
to determine the role of the various mammalian Fringe proteins during OE regeneration

should pay close attention to their spatiotemporal distribution.
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4.2 Rac1

This thesis demonstrates that in vitro primary HBCs depend, in part, on Rac1-
mediated signaling to differentiate (Fig. 4.2). Whether Rac1 plays a similar role in vivo
remains open to interrogation. Regardless, however, increased and decreased Ki67
expression of HBCs following activation in vivo and in vitro, respectively, indicate that
neither Rac1 activation nor p63 downregulation cell autonomously promote HBC
proliferation. Instead, these data derived from differing environments suggest that this
process is driven, in part, by non-cell autonomous factors. Indeed, acute exposure to
inflammatory cytokines is a critical factor that supports HBC proliferation and HBC-
mediated OE regeneration. A high-throughput proteomics screen of the OE at 24hpi may
facilitate identification of additional cytokines central to HBC function following OE injury.
Prospective hits may include bFGF, EGF, and TGFa as they have been previously
implicated in enhancing OSN regeneration®'°.

The discrepancy in pcJun expression between control HBCs in vivo and in vitro,
highlighted by the latter’s decrease in fold-change relative to activated HBCs (Fig. 3.20
and Fig. 3.3D), opens another potential avenue of inquiry. Just recently, it was
discovered that Yap positively regulates HBC proliferation and proper OE regeneration

216217 and can activate

following injury®*. Additionally, Yap is sensitive to cellular density
the JNK signaling pathway?'®. In sum, these findings suggest that increased pcJun
abundance in cultured HBCs at baseline may result from HBC sensitivity to cellular
density. Moreover, this introduces the possibility that physical displacement of OE alone
after tissue injury initiates HBC proliferation and prepares these stem cells to facilitate
regeneration. Alternatively, given that ltgb1-dependent Rac1 activity has been shown to

regulate Yap?'®, HBC expression of Yap triggered by a sudden decrease in cellular

density may also reside downstream of HBC Rac1 activation.
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Fig. 4.2: Following activation, Rac1 promotes primary HBC differentiation in vitro.
Following OE injury, HBCs upregulate multiple proteins that can activate Rac1-mediated
signaling. These data informed in vitro investigations demonstrating that activated HBCs
are molecularly and functionally dependent on Rac1.

Spatial reorganization of integrin expression density following OE injury may
imply that dynamic ECM deposition occurs during tissue regeneration. Following

damage to other tissues, including skin and skeletal muscle, the wounded environment

196

alters composition of fibronectin'®® and laminin'®’, respectively. Additionally, ECM

proteins such tenascin-C and collagen VI instruct hematopoietic stem cells and skeletal

198,199

muscle satellite cells, respectively, to proliferate , while chondroitin sulfate

proteoglycans specify embryonic neural stem cells to preferentially differentiate into

200

neurons rather than glia=™. Given these precedents, it would be worthwhile to survey the
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OFE’s ECM landscape following injury. Expression and distribution of collagen could be
assessed via second harmonic imaging®®, with subsequent antibody probing to identify
the subtypes if imaging yields positive results. Additional antibody probing for various
other ECM proteins would provide a richer perspective, however, the fullest view could
be achieved by an unbiased proteomics screen.

In addition to potentially identifying most ECM proteins relevant to the OE’s post-
injury environment, a proteomics screen may also highlight wound-associated cytokines,
including EGF and TGFa. These two cytokines in particular are found in wounds of burn
patients and animal models?'??*, EGF receptor (EGFR), which binds with both EGF and

225 and indeed,

TGFaq, is also localized to undifferentiated keratinocytes in burn wounds
wound repair is attenuated with EGFR KO?%. Within the OE, HBCs express EGFR>?%"
and are responsive to EGF and TGFa?®. Interestingly, EGFR within the OE’s basal
compartment decreases with age?°, which correlates with the tissue’s decreasing
regenerative capacity. Moreover, reduced EGFR signaling has been implicated in

impaired olfactory neurogenesis®°

. As EGFR is also able to activate Rac1 during signal
transduction®*'-23® HBC-specific EGFR cKO may significantly impair OE regeneration
following injury in part by dysregulating Rac1 apical localization.

Given that Rac1 can promote actin reorganization and filopodia
formation'?"148.234.235 this small GTPase may also support HBC-mediated regeneration
by facilitating detection of environmental cytokines like EGF and TGFa. As Rac1 has
been implicated in lamellipodia formation as well**%%’ HBCs may very well adopt a
migratory phenotype following OE injury. This possibility is supported by observations
that HBCs may decrease contacts with the basal lamina based on their morphological
changes following OE injury. Following development of techniques that enable OE live

imaging, it would be intriguing to see if HBCs extend protrusions into their environment

and whether Rac? cKO abrogates these membrane dynamics.
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4.3 Crosstalk between Notch signaling and Rac1

Interestingly, HBC-mediated OE regeneration may also rely on crosstalk between
Rac1 and Notch signaling. Notch1-mediated signaling positively regulates Rac1 activity
in cells derived from human hepatic cholangiocarcinoma®®. This molecular mechanism
supports these cells’ ability to migrate and adopt of morphology reminiscent of cells
undergoing epithelial-to-mesenchymal transition (EMT). While comparing a cancer cell
line to HBCs can be tenuous, both cell types demonstrate sensitivity Notch1 and Rac1
perturbations. Moreover, following p63 downregulation, HBCs in vivo and in vitro
respectively exhibit morphological and molecular hallmarks of EMT*® (Louie,
unpublished data). To determine whether Notch1 does in fact function upstream of Rac1
to specify HBC fate, active Rac1 abundance within Notch1 cKO HBCs isolated at 24hpi
would be revealing. A decrease, however, would not clarify whether Notch1 transduces
signals that run in parallel with or converge solely on Rac1. To elucidate this, one
possibility includes quantifying HBC fates following HBC-specific Rac1 cKO and
comparing these values to those after HBC-specific Notch1 cKO. Similar results would
suggest that Rac1 resides at a centralized signaling junction while no change or an
intermediary phenotype could indicate that Notch1 mediates additional parallel or
compensatory signals.

Inversely, Rac1 has been implicated to lie upstream of Notch signaling positively
regulates transcription of pathway-dependent genes'®. To determine whether this
scenario is relevant to HBCs, the converse cKO experiment proposed above could be
performed to assess Hes1 downregulation follows HBC-specific Rac1 recombination. If
Rac1 indeed mediates Notch pathway activity in the OE, one potential mechanism may
relate to Rac1’s ability to remodel actin filament organization and the changing
biophysical forces that HBCs experience as a result. As applying a mechanical load onto

murine tibial osteocytes and subjecting bone marrow-derived mesenchymal stromal cells
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to cyclic stretching in vitro results in increased Notch signaling pathway activity?®, it
would be interesting to observe whether HBCs engage in a similar
mechanotransduction.

Interestingly, Rac1 can also negatively regulate Notch signaling as seen during

24 and T cell leukemia pathogenesis®*'. This antagonistic

thymus developmen
relationship may result from Rac1 activity attenuating presenilin-1, a catalytic component
of gamma-secretase®®?, and the enzymatic subunit’s affinity for Notch1. While increased
Rac1 activation correlating with decreased Notch pathway activity runs counter to this
thesis’ results within acutely regenerating OE, this axis furthers the idea that Notch1 may
be engaged in non-canonical signal transduction in uninjured OE when Rac1 is relatively
inactive based on its decreased apical localization in HBCs. Moreover, this hypothesis
continues to intimate that the Notch ligands, Jagged1 and DII1, serve to abate pathway
activity and specify HBC quiescence. These possibilities could be interrogated by
constitutively expressing active Rac1 during OE homeostasis to see if HBC
differentiation increases. In addition, concurrent HBC-specific DII1 cKO and Sus cell-
specific Jagged1 cKO could examine the proposed inhibitory role played by Notch
ligands to abrogate Rac1-mediated, non-canonical Notch pathway activity.

4.4 Contributions

| wrote this entire chapter.
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