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SUMMARY

While horizontal basal cells (HBCs) make minor contributions to olfactory epithelium (OE) regeneration during homeostatic conditions,
they possess a potent, latent capacity to activate and subsequently regenerate the OE following severe injury. Activation requires, and is
mediated by, the downregulation of the transcription factor (TF) TP63. In this paper, we describe the cellular processes that drive the
nascent stages of HBC activation. The compound phorbol 12-myristate 13-acetate (PMA) induces a rapid loss in TP63 protein and rapid
enrichment of HOPX and the nuclear translocation of RELA, previously identified as components of HBC activation. Using bulk RNA
sequencing (RNA-seq), we find that PMA-treated HBCs pass through various stages of activation identifiable by transcriptional regulatory
signatures that mimic stages identified in vivo. These temporal stages are associated with varying degrees of engraftment and differenti-
ation potential in transplantation assays. Together, these data show that our in vitro HBC activation system models physiologically rele-

vant features of in vivo HBC activation and identifies new candidates for mechanistic testing.

INTRODUCTION

The only neurons in the human body that directly inter-
face the external environment are housed in the olfactory
epithelium (OE), a specialized neuroepithelium lining a
portion of the nasal cavity (Carr et al., 2001). In response
to continuous exposure and injury, the OE has evolved a
remarkable and nearly life-long capacity to regenerate its
neuronal and non-neuronal constituents. The extent of
the regeneration makes it unique by comparison to the
few other sites in the nervous system where adult neuro-
genesis takes place (Schwob et al., 2017). Crucial to this
process is the activity of two stem cell populations, both
of which possess multipotent capacity within the context
of epithelial regeneration (Carter et al., 2004; Jang et al.,
2003; Schwob et al., 2017). Globose basal cells (GBCs) are
a constitutively proliferating and differentiating stem cell
pool (Schwob et al., 2017). Horizontal basal cells (HBCs),
on the other hand, are usually dormant in the uninjured
OE but activate in response to severe injury (Fletcher
et al., 2011, 2017; Gadye et al., 2017; Herrick et al., 2017;
Leung et al., 2007; Schnittke et al., 2015) with the rare
spontaneous differentiation in the absence of acute injury
(Herrick et al., 2017; Iwai et al., 2008; Packard et al., 2011).
In the anosmic, aged OE, focal sites of aneuronal OE, and
respiratory metaplasia can be observed (Child et al., 2018;
Fitzek et al., 2022; Holbrook et al., 2005). In both patholog-
ical tissue states, the GBC population is lost, while the HBC
population fails to activate and regenerate the neuronal
compartment (Child et al., 2018; Fitzek et al., 2022).Conse-
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quently, understanding the cohort of regulators that facili-
tate the HBC transition out of dormancy post-lesion would
facilitate the clinical use of HBCs for the treatment of
anosmia.

Previous studies have shown that the loss of the tran-
scription factor (TF) Tp63 is necessary and sufficient to
release HBCs from dormancy and into active multipotency
in vivo (Schnittke et al., 2015; Schwob, 2005, 2017; Fletcher
et al., 2011; Packard et al., 2011). TP63 loss and the subse-
quent activation of HBCs can be achieved in vivo with selec-
tive ablation of the sustentacular (Sus) cell population,
whereas the death of neurons following olfactory bulbec-
tomy is insufficient to release HBCs from dormancy on its
own although the threshold for HBC activation is lowered
(Herrick et al., 2017). In addition to mediating HBC differ-
entiation, TP63 is critical for their development, such that
HBC:s fail to form in TP63 knockout (KO) mice at postnatal
day O (Packard et al., 2011). Similarly, Notch1 KO lowers
the threshold for HBC activation in the uninjured OE
thus implicating Notch signaling in the maintenance of
HBC dormancy during homeostatic tissue states (Herrick
etal., 2017). Additionally, HBC-specific deletion of the nu-
clear factor kB (NF-«B) transcriptional effector Rela blunts
regeneration of the OE after methimazole (MTZ) lesion
(Chen et al., 2017). Lastly, while HBCs can return to
dormancy following injury, expression of Hopx is selec-
tively enriched in a subpopulation of differentiation-
committed HBCs (Gadye et al., 2017).

A common limitation in understanding HBC activation
is poor temporal resolution of TP63 loss in vivo, which in
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Figure 1. PMA treatment leads to TP63 degradation in vitro but is not deterministic

(A) Schematic illustration of MTZ injury time course.
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(B) An integrated violin and boxplot representing the Nuclear P63 integrated density/nuclear area quantification results of each time

point (n = 2).

(C) Bar plot showing proportional composition of HBC state at each time point.
(D) Schematic illustration of the PMA-mediated HBC activation assay (top). Representative sum projected z stack confocal 63x images of

vehicle-treated and 12h-long 50 nm-treated HBCs (below).

(E) Anintegrated violin and boxplot representing the Nuclear P63 integrated density/nuclear area quantification results of each time point

(n=3).

(F) An integrated violin and boxplot representing the Granularity I output from CellProfiler.

(G) Bar plot showing proportional composition of HBC state at each time point post-PMA treatment.
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turn confounds the characterization of subsequent tran-
scriptomic changes. Additionally, while lineage-tracing
studies have been performed on injury-activated HBCs
in vivo, these studies examine events occurring 24 h or
more after lesion (Gadye et al.,, 2017) or Tp63 KO by
HBC-specific genetic recombination (Fletcher et al.,,
2011). While previous studies from our lab found that sus-
tained treatment of cultured HBCs with retinoic acid (RA)
eventually induces the loss of Tp63, treatment times were
extensive (Peterson et al., 2019). Therefore, there is an ur-
gent need to develop an in vitro HBC system that facilitates
the temporal coupling of TP63 decline with changes in
gene expression to better understand the cellular processes
underlying nascent HBC activation. To that end, we pre-
sent a new in vitro platform for achieving physiologic and
reversible TP63 loss within 12 h, allowing us to probe
nascent HBC activation with fine temporal resolution.
This model recapitulates a myriad of acute molecular pro-
cesses and developmental programs that govern in vivo
HBC-mediated regeneration of the OE. Using this model,
we identify the precise window during which TP63 un-
dergoes precipitous decline. Additionally, we find a tran-
sient and robust nuclear translocation of the NF-«kB effector
RELA preceding precipitous TP63 loss. This activation
model unlocks engraftment potential and generates a het-
erogeneous HBC population that can either self-renew or
transition away from an HBC state, consistent with
post-lesion behavior of HBCs in situ following injury.
Finally, we study the transcriptional regulatory signatures
throughout the acute activation process and identify can-
didates that may be responsible for fate-determining events
in nascent HBCs.

RESULTS

While previous analyses of in vivo lesioned HBCs have re-
vealed near-absent expression of TP63 at 18 h post methyl
bromide (MeBr)(Schnittke et al.,, 2015), the kinetics of
acute TP63 loss following injury are unknown but critical
to the evaluation of any in vitro activation model. We map-
ped the in situ Kinetics of TP63 loss during the acute phase

of OE lesion following administration of MTZ in wild-type
mice. To do so, we coupled confocal microscopy with high-
throughput CellProfiler-mediated image analysis to quan-
tify nuclear TP63 immunofluorescence (IF) levels over
time in 18,557 HBCs (McQuin et al., 2018). TP63 levels
were assessed on a per-cell nucleus basis at 0, 6, 12, 24,
and 48 h post MTZ injection (hours post injection; HPI)
and 7 days post injection (DPI), at which time the OE has
partially regenerated (Figure 1A). We observed a high de-
gree of HBC heterogeneity during the acute activation
phase, with some HBCs demonstrating rapid responsive-
ness to injury (indicated by rapid TP63 loss) and others
demonstrating a degree of resistance (preservation of
near-baseline TP63 expression or minimal decline) (Fig-
ure 1B). This observed heterogeneity prompted us to clas-
sify our HBCs into three populations on the basis of TP63
IF labeling (Figure 1C; for IF thresholds see Table S2). These
results suggest HBCs distribute across a spectrum of TP63
expression across all OE states, including unlesioned tissue.
Injury induces compositional changes; at 12 HPI, 95% of
HBCs are in an activated or transitioning state, while re-
taining a small (5%) dormant fraction (see Table S2). Lastly,
analysis of recovering tissue (7DPI) indicates that HBC
composition has not returned to that of the unlesioned
condition, despite re-establishing a sizable resting popula-
tion (time point 0 = 74.9% resting, 14.3% transitioning,
10.6% activated vs. time point 168 HPT = 51.6% resting,
25.1% transitioning, 23.1% activated). Together, these
data show that HBC activation is not a synchronous pro-
cess and that multi-stage HBCs compose the OF across all
tissue contexts. Most importantly, we observe that overall
TP63 expression in vivo reaches a nadir at 12 h post MTZ
injection.

Treatment with PMA induces activation in vitro
through the rapid loss of TP63

We set out to develop an in vitro assay capable of modeling
and probing the underlying molecular mechanisms of
nascent HBC activation (Figure 1D, top). To induce activa-
tion, we utilized phorbol 12-myristate 13-acetate (PMA),
which is an activator of numerous signaling pathways pre-
viously implicated in HBC activation, such as the NF-«B

(H) Schematic illustration of the PMA-mediated HBC recovery assay (top). Representative sum projected z stack confocal 63x images of

vehicle-treated and 12h-long 50 nm-treated HBCs (bottom).

(I) Anintegrated violin and boxplot representing the Nuclear P63 integrated density/nuclear area quantification results of each time point

(n=3).

(J) Bar plot showing proportional composition of HBC state at each time point post-PMA treatment and recovery. For (B, E, and I), dashed
lines represent TP63 fluorescence expression level thresholds corresponding to HBC state. Right y axis color blocks on (B, E, and I)
correspond to these states, shown in (C, G, and J). Extreme outliers were removed utilizing the Tukey method (1.5 x IQR) (E and I).
For (E, F, and I) statistical significance was determined by one-way ANOVA followed by Dunnett’s test. For (E, F, and I):
*p<0.05,**p<0.001,***p <0.0001 (E and I). For (F), mean and standard deviation is reported. Scale bars: 20 um (D and H). See Table S2
for information about sample sizes and number of cells per condition.
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pathway (Holden et al., 2008). Following treatment of
in vitro HBCs with 50 nM PMA, we quantified nuclear
TP63 expression with previously described CellProfiler-
mediated approach. We quantified cells at 6 time points
over a 12-h period to assess the kinetics and extent of nu-
clear TP63 loss. Mirroring the heterogeneity demonstrated
by in vivo HBCs following OE injury, results from this
in vitro experiment showed triphasic change in nuclear
TP63 IF over the 12-h time course. Thirty minutes after
PMA treatment, we observed a 10% increase of nuclear
TP63 protein compared to vehicle, possibly reflecting ho-
meostatic mechanisms protecting TP63 pools (Figure 1E).
However, levels rapidly fall between 30 min and 1-h to
approximately 52% of vehicle-treated cells. Levels then ap-
peared to stabilize between 1 and 6 HPT before undergoing
a second phase of reduction between 6 and 12 HPT. At the
end of the 12-h treatment period, HBCs lost 78% of
their nuclear TP63 IF. Additionally, cytoplasmic TP63
does not increase as nuclear signal decreases; indeed,
PMA induces a whole-cell loss of TP63 (Figure S1). Visual in-
spection of high-magnification images (Figure 1D, bottom)
shows the emergence of a granular, punctate staining
pattern of TP63 in both the nucleus and cytoplasm,
likely representing sites of TP63 sequestration and degrada-
tion. This change in IF texture was quantified using the
MeasureGranularity module in CellProfiler, which revealed
linearly increasing levels of punctate TP63 protein (Fig-
ure 1F). While most cells rapidly responded to treatment,
a minor fraction of HBCs at 8 and 12 HPT maintained
near-baseline TP63 IF levels and thus appeared resistant
to PMA treatment (Figure 1G). Critically, we found that if
treated for 24 h, HBCs detached from the plate, thus
rendering extended incubation impractical.

In the acute post-injury environment in vivo, the HBC
population bifurcates into cells that are fated to either
differentiate or return to dormancy. Having established
that PMA induces TP63 loss, we assessed physiologic plas-
ticity in the HBCs activated in vitro by testing whether base-
line TP63 levels are restored after PMA treatment. Accord-
ingly, we treated HBCs with PMA for either 6 or 12 h
before washing out the drug and allowing cells to recover
in maintenance media for 36 h (Figure 1H, top). Results
from this experiment showed that HBCs can resynthesize
TP63 following acute PMA treatment, with HBCs experi-
encing a net loss of only 13% of TP63 protein after 12 h
of PMA treatment and recovery (Figure 1I). Interestingly,
we observed a bifurcation in the population when cells
were treated with PMA for 6 h and then transitioned back
to maintenance media. Under this paradigm, roughly
half of the cells re-established vehicle-treated TP63 levels
whereas the other half continued to lose TP63 in a manner
consistent with activation (Figure 1J). Additionally, we
observed a three-dimensional reorganization in the cul-

ture. Whereas vehicle-treated HBCs form a stereotyped
cobblestone monolayer, cultures that were transiently acti-
vated contained regions of piled-up HBCs (Figure 1H, bot-
tom). Together, these results suggest that a transient activa-
tion event in this system may be leveraged to study
physiologic subpopulations of HBCs with characteristics
that mirror those in the acute post-injury setting in vivo.

Bulk RNA sequencing of PMA-treated HBCs reveals
transcriptional networks involved in in vitro
activation

Having established a model system for nascent HBC acti-
vation, we assessed transcriptomic changes during this
process using bulk RNA-seq of vehicle-treated HBCs
and two populations of PMA-treated HBCs (6 HPT and
12 HPT). Principal-component analysis indicates that
92% of the variance in the data is explained by exposure
to PMA, while 6% of the variance is explained by PMA
treatment length (6 h vs. 12 h) (Figure S2A). Analysis of
differentially expressed genes (DEGs; treatment/vehicle)
in the PMA-treated conditions revealed a core PMA-
induced treatment signature, irrespective of length of
treatment (n = 6,458 DEGs) (Figure S2B). We evaluated
the gene ontology (GO) networks that were either up-
or downregulated in our 6 HPT/vehicle- and 12 HPT/
vehicle-specific signatures (6 HPT = 1,388 genes;
12 HPT =1,271 genes) as well as the GO networks induced
by PMA treatment alone (n = 6,458). We utilized Meta-
scape to identify significantly enriched pathways across
these six contexts (Zhou et al., 2019). At 6 HPT, the
ontology networks “transcriptional machinery,” “NF-«B
signaling,” and “mRNA modifications” are among those
upregulated (Figures S2C and S2D). In contrast, this anal-
ysis revealed that the networks for “membrane traf-
ficking,” “mitochondrial transport,” and “the regulation
of cell-matrix adhesion” were downregulated (Figures
S2C and S2D). At 12 HPT, “MAP2K signaling,” “cytoskel-
etal remodeling,” and “axon development” are a set of up-
regulated categories (Figures S1E and S1F). In contrast, we
found downregulated signatures involving “cell cycle,”
“ncRNA processing,” and “RNA polymerase III transcrip-
tion” (Figures S2E and S2F). In addition to the time
point-specific ontology analysis, we also interrogated the
ontology networks specifically induced by PMA, irrespec-
tive of length of treatment (Figures S2G and S2H). In sum,
we found that treating HBCs with PMA upregulated
various morphogenic, developmental, and differentiation
ontology categories, while simultaneously downregulat-
ing cell cycle, DNA replication, and cell division cate-
gories. These results, paired with the time point-specific
ontology changes, show that distinct metabolic and
signaling pathways are recruited as the transcriptome
shifts across the activation landscape.
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Figure 2. PMA-treated HBCs correspond to in vivo HBCs state

(A) Clustering of HBC subpopulations found in the regenerating olfactory epithelium (Gadye et al., 2017) as described in experimental

procedures.
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PMA treatment of cultured HBCs induces in vivo
activation genes

We next compared the gene expression of HBCs activated
via PMA in vitro and HBCs activating natively under injury
conditions in vivo. Given the potential wide-ranging effects
of PMA on cultured cells, we assessed transcriptomic
similarity using specific established marker genes and by
analyzing the expression of entire gene sets. For our in vivo
reference, we re-analyzed a single-cell dataset of resting and
activated HBCs from the injured, regenerating wild-type
mouse OE harvested at multiple time points after MTZ
injury (Gadye et al., 2017). We clustered Krt5(+) HBCs
from the Gadye dataset into three groups based on their
expression of three marker genes: dormancy regulator
Tp63, proliferation marker Mki67, and activation marker
Hopx. Hopx was additionally chosen in part because of its
known role in cellular differentiation in other tissues
(Hng et al., 2020; Palpant et al., 2017). These markers
identify three developmentally sequential HBC subpopula-
tions: Tp63(+) resting HBCs, Mki67(+) transitioning/
cycling HBCs, and Hopx(+) fully activated HBCs (Figure 2A).
A set of ten candidate genes that were highlighted by Ga-
dye as key during the regeneration process in vivo were
mapped onto the re-analyzed, native HBC UMAP (Uniform
Manifold Approximation and Projection) to highlight the
gene list’s correlation with HBC status in vivo, confirming
the clustering into three subpopulations (Figure 2B). In
keeping with the in vivo analysis, PMA-activated HBCs
demonstrated, by immunostaining, an inverse correlation
between increasing HOPX protein and decreasing TP63
protein at 12 HPT (Figure 2C). This result is corroborated
by prior work demonstrating enrichment of HOPX in hu-

man keratinocytes following PMA treatment (Yang et al.,
2010). In contrast with the results in vivo, HOPX labeled a
very high percentage of the PMA-activated HBCs. Nonethe-
less, PMA treatment does induce a specific state highly
analogous to in vivo injury-activated HBCs.

Using the module detection function of Seurat (Tirosh
et al., 2016), we plotted the collective expression of the
top 100 DEGs induced by PMA treatment, including both
6 HPT and 12 HPT sets given the high degree of concor-
dance between the sets (Figure S2). Expression of this signa-
ture was highly elevated in the same in vivo-activated HBC
cluster (Figure 2D), reaffirming transcriptomic similarity
between PMA-activated HBCs in vitro and injury-activated
HBCs in vivo. Importantly, while the PMA-induced gene
set was enriched for signaling, development, and differen-
tiation GO terms (Figure 2E), only one gene overlapped
with the previously published wound-response gene set
(Sprrla), thus indicating broader transcriptomic similarity
between the two activated HBC populations.

We examined the overrepresented ontology categories
across five distinct HBC populations to compare changes
between in vitro and in vivo activation more comprehen-
sively: PMA-treated HBCs in vitro (6 HPT and 12 HPT) and
in vivo post-injury HBCs (resting, HBC*1, and HBC*2, the
latter two representing the two stages of activated HBCs)
(Gadye et al., 2017). All five HBC populations show up-
regulation of various epithelial remodeling categories. In
addition, all five HBC populations show downregula-
tion of developmental, microtubule polymerization, and
neuron projection categories. PMA-treated HBCs, irrespec-
tive of length of treatment, could be defined by overlap-
ping upregulated and downregulated ontology categories.

(B) UMAP expression plot of marker genes differentiating the HBC subpopulations in vivo (from Gadye dataset): resting-HBC markers - Krt5,
Krt14; dormant-HBC marker - Tp63; cycling-HBC marker — Mki67; activated HBC - Hopx; wound response markers — Hbgef, Krt16, Dmskn,
Sbsn, Sprria.

(C) Representative immunostaining for TP63 and HOPX, an activated HBC marker previously identified. Cells were treated for 12 h with PMA
before staining. Scale bar: 20 um.

(D) Relative signature expression in HBCs. Quantity reflects the collective expression of the gene set relative to a randomized control set of
the same size (see Tirosh et al., 2016.). The “PMA signature” comprises the top 100 differentially upregulated genes from the highly
concordant combined 6 HPT and 12 HPT in vitro datasets (see Figure S2). Only Sprr1ais common between the PMA and in vivo (n =100) gene
sets. Cyan indicates low signature expression; red indicates high signature expression.

(E) Gene ontology network visualizing and summarizing the Biological Process terms that are enriched in the 100-gene PMA signature.
(F) clusterProfiler dotplot of GO Biological Process ontology comparing upregulated DEGs identified in the current manuscript to those
identified in Gadye et al. (2017).

(G) clusterProfiler dotplot of GO Biological Process ontology comparing downregulated DEGs identified in the current manuscript to those
identified in Gadye et al. (2017).

(H) Heatmap visualizing the expression of HBC markers and wound response genes detected in PMA-treated in vitro HBCs.

(I) Marker-based deconvolution of the bulk RNA-seq samples based on the single-cell gene expression patterns of resting, cycling, and
activated HBCs in vivo. This approach relies on the raw single-cell data to generate markers segregating HBC states and then estimating
their respective proportion in PMA-treated HBCs. The y axis defines the proportion of PMA-treated HBCs estimated to be either “resting,”
“cycling,” or “activated.” For (F) and (G) FDR-adjusted p value <0.01. See NIHMS917517-supplement-5 for Gadye et al., gene lists. Please
note that in vitro DEGs were converted to their mouse orthologs before enrichment analysis. Ontology categories were simplified utilizing
the Wang method, with a similarity cutoff of 0.7.
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Figure 3. Regulon analysis of PMA-treated HBCs reveals distinct networks underlying activation

(A) A heatmap representing the regulon activity profiles exported from RTN. Each vertical line represents an individual regulon (TF + target
genes). Clustering is generated using Ward’'s minimum variance method with Pearson correlations used as the distance used for clustering.
(B) Metascape enrichment of regulon clusters.

(legend continued on next page)
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Interestingly, only three categories differed between the
length of PMA treatment: “regulation of chromosome orga-
nization,” “vesicle localization”, and “axonogenesis.” In
contrast, in vivo HBCs could be defined by discrete patterns
of upregulated, but not downregulated, ontology categories.
HBC*1, for example, show uniquely upregulated cell-cycle
gene categories justifying their identification as prolifer-
ating HBCs, as we have done in this manuscript. Lastly, we
found that both in vitro and in vivo HBCs depleted roughly
equivalent categories. Interestingly, we found that only
resting HBCs induced the ERK1/ERK2 cascade (Figure 2F).

In light of our comparison of in vivo data and the
in vitro activation signature, we performed the reciprocal
approach, analyzing bulk RNA-seq data from the in vitro
HBCs to determine whether known gene expression
changes in the post-lesion environment were recapitu-
lated by PMA activation. We observed that PMA treatment
caused a decrease in Tp63, Krt5, and Krt14 expression con-
current with unanimous upregulation of wound-response
signature genes and Hopx in vitro (Figure 2H). Next, we
wanted to predict the abundances of these in vivo HBC
subtypes within our bulk transcriptomes. Using the
BisqueRNA R package (Jew et al., 2020) and Gadye refer-
ence dataset, we observed a decrease in the predicted pro-
portions of resting HBCs after PMA activation, along with
an increase in the predicted proportion of cycling and acti-
vated HBCs (Figure 2I). Collectively, these analyses indi-
cate that there is a bidirectional association between the
gene expressions of in vitro- and in vivo-activated HBCs
with regards to individual marker genes and activation-
associated gene sets. In sum, the similarities between
PMA activation in vitro and injury-induced activation
in vivo are substantial, though not absolute.

Activating HBC:s in vitro with PMA induces stage-
specific developmental regulons

Having demonstrated a correspondence between activa-
tion by injury in vivo and activation by PMA treatment
in vitro, we examined the transcriptional networks that
are differentially regulated as activation proceeds in
response to PMA. Previous analyses of the stages of
HBC activation in vivo have identified TFs that regulate
aspects of HBC dormancy, activation, and differentia-
tion. To wit, TP63 is known to regulate HBC dormancy

(Schwob et al., 2017), RELA seems to participate in the
activation process (Chen et al., 2017), and HOPX is sug-
gested to play a role in the regulation of HBC differenti-
ation (Gadye et al.,, 2017). To investigate the roles of
these and other TFs in the regulation of PMA-activated
HBCs, we performed differential expression analysis
with DESeq2 to identify TFs (n = 249) that are differen-
tially expressed across the activation time points. As re-
ported by the authors, TFs alone could not distinguish
between HBC states in their single-cell RNA-seq dataset
(Gadye et al., 2017). Consequently, we looked instead
at the target genes induced by the TFs in our regulon
analysis to determine if these could serve as a proxy for
the activation process in vivo.

Accordingly, we analyzed the sets of TFs and their pro-
posed targets (collectively “regulons”) according to gene
co-expression analysis utilizing the R package RTN (version
1.2.1) (Castro et al., 2016; Corces et al., 2018; Fletcher et al.,
2013) (Figure 3A). Our analysis revealed that the 249
TFs were associated with 4,736 proposed target genes (Fig-
ure 3A). The collective expression of the TFs and their
proposed target genes (regulon activity profiles, RAPs)
clustered into 5 distinct signatures which changed dynam-
ically across PMA treatment. The three most prominent
regulon clusters corresponded to the vehicle-treated state,
early activation (6 HPT), and extended activation (12 HPT).

We queried each cluster for TFs previously characterized
in HBCs (Figure 3A). As expected, we identified Tp63
among the resting-state regulons, which suggests a tran-
scriptional network important for the maintenance of in-
activated HBCs and serves as an important positive
control for our analytic approach. The 6 HPT regulons
included RelA, which participates in the process of activa-
tion (Chen et al., 2017). The 12 HPT regulons included
Hopx (Gadye et al.,, 2017) suggesting that this cluster
may represent gene expression changes important for
HBC differentiation. A role in differentiation was sup-
ported by ontology analysis of the TFs and their target
genes (Figure 3B): the vehicle-treated regulons were associ-
ated with tissue and embryonic morphogenesis, growth
factor response, and actin reorganization; the early-activa-
tion regulons were associated with DNA repair, protein
ubiquitination, and morphogenesis; and the extended-
activation regulons were associated with developmental

(C) Regulon target gene abundances from Figure 3A mapped onto the single-cell HBC data from Figure 2A for both vehicle-treated and PMA-
treated transcription factors. Red indicates high expression and cyan indicates low expression.

(D) Representative immunofluorescence detailing RelA translocation 30" after PMA treatment. Scale bar: 20 um.

(E) Anintegrated violin and boxplot representing the nuclear-cytoplasmic index of RelA fluorescence over a 12-h long PMA time course (n =

3). One-way ANOVA followed by Dunnett’s Test.

(F) The top 30 bottleneck genes identified per requlon cluster. Upper left legend indicates rank of genes, as well as whether a gene is a
transcription factor (circle) or a transcription factor target (square). The arrows at vehicle and at 12 HPT indicate Tp63 and Hopx,

respectively.

Stem Cell Reports | Vol. 19 | 1156—1171 | August 13,2024 1163

'O‘
©



;0‘
(&

A B Engraftment Site Cell Type
Transplant HBC
MeBr of donor Sacrifice y =
lesion host cells into an]dI (00, =iliE))
WT rat lesioned harvest )
p host Regeneration  tissue Apical Basal
| ) (87%,n=939)  (13%, n=138) - (2%%2"1559)
Day 1 Day 2 Days 3-13 Day 14 ~ :
Treat donor GFP cells:
50nM PMA (6h or 12h); .
D e o1l [12HPT PMA-treated cells (n=3 host animals)|

Vehicle (0.1% DMSO)

Donor HBCs engraft in either apical and/or basal compartments

Figure 4. PMA treatment unlocks engraftment potential in 12 HPT-HBCs

(A) Schematic illustration of transplantation assay.
(B) Quantification of 12 HPT PMA-treated GFP+ HBCs (n=1077) based on engraftment location: apical (n =939 total cells) or basal (n =138

total cells). n = 3 host rats. Quantification of 12H PMA-treated basal cells (n = 138) based on progeny outcome (HBC or non-HBC).
(C1-C4) Representative clones highlighting GFP engraftment sites (apical and/or basal). Scale bars: 20 pum.

(legend continued on next page)
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processes and morphogenesis (Figure 3B). We also mapped
the target genes in our regulon analysis onto the reana-
lyzed single-cell analysis (see Figure 2A for the reanalyzed
clusters) to determine if the target gene sets track the acti-
vation process in vivo (Figure 3C). The target genes regu-
lated by vehicle-treated TFs were enriched in the partially
activated/cycling in vivo population (Krt5+/Tp63MEP/
Mki67+/Hopx-) (Figure 3C, left). The correspondence
with cell-cycle progression is consistent with our previous
report that primary HBC cultures allow expansion of HBCs
by proliferation without differentiation (Peterson et al.,
2019), and thus HBCs in the absence of PMA are closer
to the partially activated/cycling in vivo population. In
contrast, we found that that our collapsed PMA target
genes were most strongly enriched in the more fully acti-
vated in vivo HBC population (Krt5+/Tp637°"¢/MKi67-)
encompassing those HBCs in vivo that express Hopx (Fig-
ure 3C, right). Given the in vivo findings implicating
RelA as a crucial effector of HBC activation (Chen et al.,
2017) and the present findings in our study which map-
ped RelA regulon activity to early stages of activation (Fig-
ure 3A), we sought to determine whether PMA treatment
also induced RelA nuclear translocation during the 12-h
long PMA-treatment protocol (Figures 3D and 3E). We
observed robust nuclear translocation of RELA as soon as
30 min after PMA treatment (Figures 3D and 3E) which
slowly tapered toward baseline levels nuclear-transloca-
tion index (NCI) over the remaining protocol time (Fig-
ure 3E). Notably, RELA translocation precedes the decline
in nuclear TP63 staining (Figure 1B).

Topology analyses of regulon communities reveal
bottleneck genes relevant for HBC activation
Transcriptional networks, like those identified in the regu-
lon analysis, exist to shape cell states. Our regulon clusters
highlight orchestrated sets of genes that mold a cell’s tran-
scriptional potential for differentiation. To extend our
analysis, we were interested in assessing the topological fea-
tures of our regulon networks. Assessing the topology of
biological networks offers the possibility of identifying in-
dividual genes whose presence in the network is important
for maintaining other biological relationships. We utilized
Cytoscape’s (3.8.2) cytoHubba (Chin et al., 2014) plug-in to
identify the top 30 bottleneck genes in our regulon clusters
(Figure 3F).

Inspection of the top 30 bottleneck genes identified pre-
viously validated regulators. As expected, we identified
Tp63 as a bottleneck gene in our vehicle-treated HBC clus-

ter, whose RAP decreases dramatically following PMA acti-
vation (Figure 3A). Given the master regulator role of Tp63
in HBC activation, its identification as a bottleneck gene
(Figure 3F, left) suggests that the other 29 genes are relevant
for inhibiting activation or promoting dormancy. Other
bottleneck genes found in this group include Stat1, Gli3,
and Nfe2i2 (Figure 3F, left). Analysis of our 12 HPT cluster
identified Hopx as a top 30 bottleneck gene (Figure 3F,
right). Hopx steadily increases as a function of PMA-medi-
ated activation (Figure 3A), reaching a maximum at
12 HPT, implying that the regulon clusters observed at
12 HPT are important for sustaining activation and/or dif-
ferentiation. Other genes in this group include Zeb1, Jun,
Sox9, and Egr2 (Figure 3F, right). Our 6 HPT cluster repre-
sents RAPs which reach maxima at 6 HPT but then return
to baseline at 12 HPT (Figure 3A). The phasic nature of
the 6 HPT RAPs suggests that these genes might be func-
tioning analogously to immediate-early genes (IEGs) (Kim
et al.,, 2018; Minatohara et al., 2015; Okuno, 2011). Genes
in this list include Tox4, Tead3, KIf3, and Tef (Figure 3F,
middle).

Transplantation of PMA-activated HBCs into the OE of
lesioned host mice
The results from our PMA recovery assay prompted us to
consider whether PMA activation resulted in a determin-
istic commitment to differentiation, or whether the recov-
ery we observed reflected a resistance to activation. To spe-
cifically test this question, we carried out transplantation
assays of HBCs at the same two stages of activation
(6 HPT and 12 HPT) (Figure 4A). Utilizing HBCs derived
from pan-GFP-expressing transgenic rats, we transplanted
vehicle-, 6 HPT-, and 12 HPT-HBCs into MeBr-lesioned
host rats. The OE was harvested 12 days after transplanta-
tion to assess engraftment and the composition of GFP-
positive clones (Figures 4A and 4B).

Vehicle-treated HBCs failed to engraft and differentiate,
a result consistent with previous results showing that
donor HBCs need to be activated to successfully engraft
(Chen et al., 2004; Peterson et al., 2019; Schnittke et al.,
2015). Likewise, we found that 6 HPT failed to engraft—
a transplantation outcome indistinguishable from
vehicle-treated cells. In contrast, we found that 12 h of
PMA treatment induced engraftment but led to outcomes
that differed from previous transplants of in vivo-activated
HBCs (Schnittke et al., 2015) or prolonged RA-treated
cultured HBCs (Peterson et al., 2019). After 12 h of PMA
treatment, HBC transplantation led to two distinct

(D1-D5) Representative complex clone comprising HBCs (GFP+/S0X2+/CK5+) and GBCs (GFP+, SOX2+, CK5-). Note representative un-

engrafted HBC atop the apical cell layer. Scale bar: 20 pum.

(E1-E5) Representative simple clone comprising non-HBCs (GFP+, SOX2+, CK5-). Scale bar: 20 pum.
(F1-F3) Representative oversized simple clone highlighting a swathe of engrafted HBCs. Note missing apical structures. Scale bar: 20 um.
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outcomes: first, 87% of GFP + cells (n = 1,077 total) were
seen resting at the apex of the regenerated tissue (Fig-
ure 4C3). These apical GFP + cells were often found as sin-
gle cells but sometimes appeared as doublets (Figure 4C3).
The remaining 13% of GFP + cells (n = 138) engrafted
deeper in the basal compartment of the OE, a location nor-
mally populated by HBCs and GBCs (Figure 4C1). To iden-
tify these cells, we immunostained sections containing
GFP + clones for CK5 and SOX2. Cells expressing CKS
and SOX2 were classified as HBCs, while cells expressing
SOX2 without CKS were classified as non-HBCs. Engrafted
HBC:s also display the elongated lens-like morphology and
appear tightly adherent to the basal lamina both of which
are highly typical of HBCs in situ. Based on this marker
panel, 80% of the engrafted basal cells expressed
SOX2(+)/CK5(+) and thus were classified as HBCs whereas
20% were SOX2(+)/CKS5(—) and thus phenotypically not
HBCs (Figure 4D). Additional features of the engrafted
cells are worthy of note. The GFP+ cells tended to form
pits near the base of the epithelium, identified by the
lack of DAPI+ cells and interruptions in the dense cellu-
larity of the epithelium (Figures 4C1, 4D1, and 4F1). Addi-
tionally, although most of the clones were simple, we did
identify scattered complex clones, some of which con-
tained both SOX2(+)/CK5(+) and SOX2(+)/CK5(—) cells
(Figures 4D1-DS5). Collectively, the transcriptional regula-
tory signatures and in vivo engraftment data suggest that
treatment of cultured HBCs with PMA for 12 h unlocks
developmental programs sufficient to drive engraftment
and differentiation when transplanted into the regenerat-
ing OE, although the usual behavior of activated HBCs is
not fully actuated.

DISCUSSION

We describe a robust primary in vitro system that allows us
to characterize and experimentally manipulate HBCs
across various stages of activation. PMA treatment induces
the rapid loss of TP63 protein in most HBCs, while also
revealing treatment-resistant HBCs. PMA recovery assays
demonstrate that TP63 loss does not irreversibly drive
HBCs toward differentiation, as evidenced by the robust
re-synthesis of TP63 after removal of PMA. Complemen-
tary bioinformatic analysis of bulk RNA-seq data demon-
strates that PMA-treated HBCs share many transcriptomic
features with published single-cell RNA-seq of in vivo
HBC:s following lesion (Gadye et al., 2017). Furthermore,
topology analysis of regulon networks reveals novel candi-
date regulators of HBC activation for future study. Lastly,
in vivo transplantation experiments demonstrate that
only sustained activated (12 HPT) can engraft and partially
differentiate, albeit in a manner that is atypical by compar-
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ison with previous transplant HBC experiments (Chen
et al., 2004; Peterson et al., 2019; Schnittke et al., 2015).
Taken together, these data support the robustness of this
PMA-mediated activation paradigm, while also revealing
novel features of HBC activation.

PMA treatment leads to the robust, rapid loss of TP63
protein

HBC activation is predicated on the loss of TP63 protein.
While TP63 regulation in other systems has been widely
explored (Gu et al., 2006; Shen et al., 2023) and engages
the ubiquitin-proteasome system (for complete review: Li
and Xiao, 2014), the mechanisms by which TP63 is regu-
lated in HBCs are largely unknown. However, we do
know that neuronal depletion is insufficient cause for dimi-
nution of TP63 levels (Herrick et al., 2017). Thus, under-
standing mechanisms regulating TP63 stability is of critical
clinical relevance, as directing TP63 loss in HBCs is a poten-
tial first step toward OE reconstitution after pathological
regression of the tissue (Schwob et al., 2017).

Our data also reveal the presence of treatment- and
injury-resistant HBCs as has also been reported in other
publications from our lab and others (Haglin et al.,
2020; Schnittke et al., 2015). These cells either retain or
resynthesize TP63 rapidly. Additionally, our work reveals
that the kinetics of TP63 loss in HBCs are not entirely
uniform either in situ or in our culture system, suggesting
that HBCs collapse these signals asynchronously.
Whether there is a correlation between TP63 loss and
fate determination, that is, whether HBCs that are more
susceptible to TP63 loss execute a particular lineage
outcome, is unknown. However, other papers from the
lab have shown that lineage outcomes are influenced
by the status of the Notch pathways and of RAC1
signaling in HBCs (Louie et al., 2023; 2024). Our data
corroborate the idea that HBCs might need additional
inputs to enact an expansive differentiation response
following TP63 loss.

PMA-treated HBCs possess limited ability to
differentiate after transplantation

OE transplantation experiments can be used to probe pro-
genitor cell capacity experimentally. However, they are
inefficient, with very low rates of analyzable cells (in this
study: 1,077 analyzed cells/3 million infused cells), in no
small part because the nasal cavity remains a voluminous
open space from which infusates drain quickly. Despite
this technical limitation, results obtained here following
HBC transplantation suggest that PMA stimulation capac-
itated HBCs toward engraftment. However, by itself PMA
treatment was unable to accomplish full activation to a
truly pluripotent state since even after 12 h PMA treat-
ment HBCs demonstrated only limited differentiation.



This response to PMA stands in stark contrast to the
behavior of uninjured HBCs observed in other HBC-trans-
plantation assays. Our lab previously demonstrated that
uninjured HBCs do not engraft (Chen et al., 2004; Peter-
son etal., 2019; Schnittke et al., 2015) and HBCs subjected
to sustained RA treatment (14 days in vitro; Peterson et al.,
2019) or harvested 18 h post-MeBr lesion (Schnittke et al.,
2015) were collectively capable of forming all OE cell
types. Thus, cells treated with PMA for 12 h are function-
ally distinct from uninjured HBCs when assayed by trans-
plantation. However, the results also indicate that any
additional contextual cues in the lesioned OE are insuffi-
cient to release the full potential of HBCs activated in
this manner to generate Sus cells, neurons, or Bowman'’s
glands. The inability to drive large-scale regeneration ef-
forts implies that PMA-induced signals instead cast HBCs
into a plastic state and that more robust differentiation re-
quires additional signals that we have not yet been able to
replicate completely. Interestingly, our lab has shown
that, while uninjured GBCs exhibit multipotency after
transplantation, injury engenders them with even greater
plasticity (Lin et al., 2017). That both cell types exhibit a
similar property—plasticity acquired after injury—em-
phasizes the robustness of the PMA paradigm as it allows
this property to be experimentally accessible in a rapid,
robust fashion.

Topological analysis of regulons
Our work also presents a pipeline that pairs regulon anal-
ysis with topological analyses of these networks to
comprehensively characterize and identify regulators for
further mechanistic testing. Previous analyses of TF net-
works have highlighted the notion that the relationship
between a TF and its targets provide a better tissue/cell-
specific signature than the expression of TFs alone(Sona-
wane et al., 2017). We applied this perspective to our tran-
scriptomic datasets and, to identify novel regulators, used
topological analyses prioritizing bottleneck genes, which
are thought to be essential for determining cell state
(Gibney et al., 2013; Yu et al., 2007). Not only did this
complementary analysis reveal novel candidates but it
also encompassed candidates that had been previously
identified in other experimental systems, emphasizing
the robustness of this approach. For example, Nfe2l2,
identified in the dormancy cluster, has been shown to syn-
ergistically cooperate with Tp63 in proliferating keratino-
cytes to sustain proliferation and promote differentiation
(Kurinna et al., 2021), suggesting that Tp63 likely coordi-
nates HBC dormancy through engagement with other TFs.
In summary, we have leveraged our previously estab-
lished primary in vitro HBC culture model (Peterson et al.,
2019) to establish a physiologically relevant platform to
study nascent HBC activation.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, James
Schwob (jim.schwob@tufts.edu).

Materials availability

This study did not generate any unique reagents.

Data and code availability

Raw files, counts, and normalized counts from our bulk RNA-seq
can be accessed under GEO: GSE215797. Single-cell RNA-seq data
used in this analysis were accessed from GEO, GEO: GSE99251.
All code used to generate the data in this manuscript can be ac-
cessed at https://github.com/barriosc. The accession number for
the PMA time course dataset reported in this paper is Mendeley
Data V1: https://doi.org/10.17632/54tkpr2zdv.1.

Animals

Animals were maintained on ad libitum standard rodent chow and
water in an AALAC (Association for Assessment and Accreditation
of Laboratory Animal Care)-accredited vivarium operating under a
12-h light/dark cycle. All procedures used on animals were approved
by the Committee for the Humane Use of Animals at Tufts Univer-
sity School of Medicine. Eight 10-week-old Sprague-Dawley
(Taconic NTac:SD) rats were used to generate primary wild-type
HBC lines; these were maintained from a founder breeder
pair. Pan-GFP-expressing transgenic rats (SD-Tg(ACT-EGFP)
CZ-00400sb strain) were bred and maintained in-house and used
to generate pan-GFP HBC lines (Jang et al., 2008; Sasaki et al., 2001).

Tissue harvest and preparation for cryosectioning
Animals were deeply anesthetized with single, lethal intraperito-
neal (i.p.) injection of triple cocktail of acepromazine (1.25 mg/
kg), ketamine (37.5 mg/kg), and xylazine (7.5 mg/kg). Animals
were perfused intracardially with 10 mL of 1X PBS followed by
35 mL of ice-cold formalin. The OE was dissected and then incu-
bated with 30 mL of formalin for 2 h at room temperature (RT)
and under vacuum. Tissue was immersed in a decalcifying solu-
tion of saturated EDTA for 48 h at 4°C, before being cryopro-
tected in 30% sucrose-PBS solution for 24 h. Tissue was
embedded in OCT (Optimal Cutteing Temperature) compound,
snap frozen in liquid nitrogen, and stored at —80°C before being
sectioned on a Leica cryostat. OE samples were sectioned coro-
nally at 10-20 pm of thickness, mounted on Superfrost Plus glass
slides (Fisher Scientific, #12-550-150), and stored at —20°C. Rat
OE was similarly processed, apart from the formalin perfusion
volume (200 mL).

OE injury assays

Mice were subject to a single i.p. injection of 75 mg/kg MTZ
(Sigma-Aldrich, #046KO705) dissolved in 1X sterile PBS (Gibco,
#10010-023) (Haglin et al., 2020; Lin et al., 2017). 7-to-8-week-
old rats were subjected to MeBr exposure via passive inhalation
of 330-345 ppm MeBr mixed with pure air for 6 h (Schwob et al.,
1995).
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Transplantation

Passage 12-14 rat GFP cells were utilized as donor cells. Host rats
were subjected to 330-345 ppm MeBr lesion for 6 h, with the trans-
plants taking place 20 h after the termination of the MeBr expo-
sure. Donor cells were treated with 50 nM PMA (6 h or 12 h) or
0.1% DMSO for vehicle control. Cells were grown to 90% conflu-
ency on 100 mm dishes in triplicate. 8-to-9-week-old littermate
male rats were used as host animals. At the time of transplantation,
cells were washed 3X with PBS and treated with Accutase at RT un-
til detaching from the plate. After detachment, cells were spun
down and resuspended in 150 uL DMEM/F12 and kept on ice. A
tracheotomy was performed, and cells were infused into one naris.
Animals were injected with 2 mL of saline and allowed to recover
overnight. For detailed information, please see the supplemental
experimental procedures.

Immunohistochemistry

Slides were washed with 1X PBS before baking on a plate warmer
(65°C) for 1 h. All pre-treatments and staining conditions took place
in a humidified chamber. Tissue sections were pretreated with a
5-min incubation of 3% H,O, in MeOH and 10 min of antigen
retrieval (0.01 M pH 6.0 citrate buffer) in a commercial food steamer.
Sections were then subjected to blocking with block buffer (10%
normal donkey serum, 5% nonfat dry milk, 4% BSA, 0.1% Triton
X-100in 1X PBS) for one 1 h at RT. Primary antibodies were prepared
in block buffer and incubated for either 1 h at RT or 16 h overnightat
4°C. Antibody concentrations can be found in Table S1.

In vitro model of HBCs and PMA activation

HBCs were cultured using our established primary culture HBC sys-
tem (Peterson et al.,, 2019) with slight modifications to the
antibiotic regimen. Instead of utilizing penicillin-streptomycin,
we used Primocin (100 pg/mL final concentration) and anti-
mycotic/antibiotic (1X final concentration, Gibco #15240062).
For PMA-mediated activation, HBCs were treated with 50 nM
PMA (Sigma-Aldrich #P8139) resuspended in their maintenance
media for up to 12 h. Furthermore, all cells were grown on 35
mm poly-d-lysine/laminin-coated plasticware or glass chamber
slides.

Immunocytochemistry

Upon the end of indicated treatment lengths, cells were washed
with 1X PBS three times for 5 min. Cells were then fixed with
10% formalin for 15 min at RT. After three 1X PBS, 5-min washes,
cells were permeabilized with ice-cold methanol on ice. Cells were
then blocked for 1 h at RT utilizing blocking buffer. Primary anti-
bodies were prepared in blocking buffer and incubated for either
1 h at RT or 16 h overnight at 4°C. Antibody concentrations can
be found in Table S1.

Confocal microscopy

All samples, either tissue sections or in vitro HBCs, were imagined
on a Zeiss LSM800 confocal microscope utilizing the multi-track
mode. For the PMA-induced TP63 loss time course, the highest
TP63 fluorescence Z-level was manually selected for each sample
before creatinga 5 X 5 mosaic imaging grid. All other in vitro exper-
iments were imaged by creating a 2 X 2 mosaic grid with a multi-
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step (5-8 step) z stack, before being maximally projected in Fiji
prior to analysis. All representative image samples underwent a z
stack imaging approach utilizing Zeiss software recommendations
before being maximally projected in Fiji. Images were background
corrected utilizing the rolling ball algorithm in Image]. Representa-
tive images were prepared in Fiji before being assembled in Affinity
Designer. Figure schemas were created with BioRender.com.

CellProfiler for quantitative image analysis

CellProfiler was used to quantify fluorescent images following pre-
processing of images as described in these methods. CellProfiler
pipelines for all quantitative imaging experiments can be retrieved
from the aforementioned GitHub account link.

Bulk RNA-seq

Following indicated treatment lengths, cultured HBCs were pre-
pared for bulk RNA paired-end (150 base pair) sequencing on an Il-
lumina NovaSeq 6000 sequencer. For detailed information, please
see the supplemental experimental procedures.

Single-cell RNA-seq analysis

Single-cell RNA-seq count data from Gadye et al. (2017) was ac-
cessed at GSE99251. Pre-processed and filtered expression data
were analyzed with Seurat according to their vignette (Satija
et al., 2015). Activated, resting, and cycling HBC subpopulations
were identified. Iterated subclustering was used to isolate HBC pop-
ulations from other cell types in the dataset including GBCs, Sus
cells, and neuronal populations. To refine our HBC subpopula-
tions, we used the following marker conditions: resting state,
Tp63(+)/Mki67(—)/Hopx(—); partially activated, proliferating
state, Tp63™EP/Mki67(+)/Hopx(—); activated state, Tp63-OW/NEG/
Mki67(—)/Hopx(+). For detailed methods on iterated subcluster-
ing, please see supplemental experimental procedures.

Preprocessing and quality control of bulk RNA-seq
samples and differential gene expression (DGE)

Samples were aligned to the rat genome (rn6, version 2.7.4a) utiliz-
ing STAR(Dobin et al., 2013) (version 2.7.5b) with the following
settings: “—quantMode GeneCounts.” Samples were normalized
by using the estimateSIzeFactors function from DEseq2(Love
et al., 2014). DGE analysis was carried out utilizing the “results”
function of DESeq2. The alpha was set to 0.05.

Topological analyses of dynamically changing

regulon networks and bottleneck gene identification
Regulon analysis was carried out with the R package RTN (v. 2.12.1).
A list of rat TFs was accessed from the Animal Transcription Factor
Database (Hu et al., 2019) (v. 3.0), cross-referenced with our normal-
ized matrix counts for each sample, and 249 TFs were inputted.
Standard package recommendations were followed, except for the
deletion of the bootstrapping step due to limited sample size. Iden-
tified RAPs were exported directly into Cytoscape (Shannon et al.,
2003) (v. 3.8.2) utilizing the R package RCy3 (v. 2.8.1) for further
analysis. The five RAP clusters underwent further topological anal-
ysis to identify bottleneck genes utilizing the Cytoscape (v. 3.0)
package CytoHubba (Chin et al., 2014) (v. 0.1).


http://BioRender.com

Statistics and data visualization

Statistical analyses were carried out in R/RStudio (R version 4.0.2-
4.3.2, RStudio version 1.3.1056-2023.09.0+463). Visualization
was performed in ggplot2 (versions 3.3.3-3.5.1), unless otherwise
indicated in the figure legends. For groups with multiple compari-
sons, a one-way ANOVA followed by Dunnett’s test was calculated,
relative to untreated or vehicle condition. Information about sam-
ple sizes and other statistical tests can be found in their respective
figure legends. Sample size information for the in vitro model can
be found in Table S2. Significance levels are demarcated by aster-
isks, which are as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2024.06.011.
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Supplemental Figure 1. PMA treatment does not lead to cytoplasmic translocation and
leads do TP63 losses in the cytoplasm.

A) An integrated violin and boxplot representing the P63 Nuclear CytoplasmicRatio (NCR)
quantification results at each time point (n=3).

B) An integrated violin and boxplot representing the Cytoplasmic P63 Integrated Density/
Nuclear Area quantification results each time point (n=3).

For A) and B) Extreme outliers were removed utilizing the Tukey method (1.5 x IQR) (A, B).
For (A, B) statistical significance was determined by one-way ANOVA followed by
Dunnett’s test. For (A, B): *p< 0.05,**p< 0.001,***p< 0.0001.
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Supplemental Figure 2. Transcriptomic characterization of PMA-treated HBCs

A) Principal component analysis (PCA) plot of 12h-, 6h- and vehicle- PMA treated
HBCs (n=3).

B) Venn diagram of differentially expressed genes (DEGs) of 12h- and 6h-PMA
treated HBCs relative to vehicle. DEGs were identified with a false discovery rate
(FDR) adjusted p-value of < 0.05.

C) Metascape enrichment of 6HPT/Vehicle DEGs genes

D) Accompanying ontology dotplot of significantly regulated ontological categories
from (C)

E) Metascape enrichment of 6HPT/Vehicle DEGs genes

F) Accompanying ontology dotplot of significantly regulated ontological categories
from (E)

G) ClusterProfiler dotplot of GO Biological Process ontology for shared, upregulated
6HPT and 12HPT genes, relative to vehicle.

H) ClusterProfiler dotplot of GO Biological Process ontology for shared,
downregulated 6HPT and 12HPT genes, relative to vehicle.

For (C) and (F) Significance testing determined by Metascape. For (G) and (H) FDR
adjusted p-value < 0.05 and g-value < 0.10. Ontology categories were simplified
utilizing the Wang method, with a similarity cutoff of 0.7.



Supplemental Tables

Table S1. Primary antibodies, their source, and concentration

Target Source and vendor Concentration
Ms a-P63 ATCC 1:100
Ch a-KERATIN 5 Biolegend (905904) 1:500
Rb a-HOPX Proteintech (11419-1-AP) 1:250
Rb a-RELA CST (D14E12) 1:250
Rat a-SOX2 Invitrogen (14-9811-92) 1:200

Table S2. Excel file. Quantitative image analysis: sample sizes and immunofluorescent
thresholds (if applicable). Related to Figure 1B; 1C; 1E; 1G; 1F; 11; 1J; 3E; S1A; S1B. Each tab
refers to the specific Figure and panel. Listed are the timepoints after PMA and/or MTZ
injection.

Supplementary experimental procedures

Bulk RNA sequencing of PMA-treated HBCs

Cultured HBCs were washed 3x with PBS and incubated with Accutase at RT for 15
minutes. Suspended cells were spun and washed with 1X PBS before being flash frozen in
liquid nitrogen and kept at -80°C overnight. Total RNA was harvested from frozen cell pellets
utilizing the PureLink RNA Mini Kit per manufacturer’s instructions. Residual DNA was removed
utilizing the PureLink DNAse Set, according to manufacturer’s instructions, before being
subjected to NanoDrop analysis. RNA QC, cDNA synthesis, and library preparation was carried
out by Novogene Corporation Inc. Samples underwent robust quality control (QC) assessment
by Novogene Corporation, which included an assessment of RNA quality (RNA Integrity
Number [RIN], all samples = 9.7), cDNA library QC, which included library quantification and
insert size assessment, as well as sequencing quality control. Samples were loaded onto an
lllumina NovaSeq 6000 sequencer and samples were underwent paired end 150bp sequencing
(PE150). Following demultiplexing, samples were delivered via FTP.

Transplantation of PMA-treated HBCs

The anterior neck of the host animals was shaved to permit access to the trachea. The
skin was sanitized and disinfected with prep pads pre-soaked with iodine and then 70%
isopropyl alcohol (Covidien, Catalogue #57520). A tracheotomy was performed, and the palate
was elevated with a 3 cm piece of PE-100 tubing to appose the wall of the nasopharynx,
preventing the infusion mixture from reaching the rest of the respiratory tree. Cells were gently
resuspended and aspirated into a 1 ml plastic syringe (Fisher Scientific, Catalogue #14955456).
Cells were then slowly infused into one naris until liquid could be seen starting to exit the other
naris. The tracheotomy was then sutured, rats were injected with 2 ml of saline, and rats were
placed onto a warm heat pad singly housed and allowed to recover overnight.

Single-cell RNA seq analysis — iterated subclustering




Principal components for dimensionality reduction were chosen at each stage of
subclustering according to visual inspection of the Elbow Plot. Clustering was performed in
Seurat using the Louvain algorithm; coarse-versus-fine-grained clustering was optimized at
each stage of subclustering according to the concordance between cluster assignment and the
expression of established cell type markers. Kit, NeuroD1, Sox2, and Ascl1 were used to
identify and remove GBC populations. Cyp2g1 was used to identify and remove Sus cells. Omp
and Gap43 were used to identify and remove populations of olfactory sensory neurons. HBCs
were identified based on Krt5, Krt14, and Tp63 expression. Cycling HBCs were identified by
expression of HBC markers plus expression of Top2a, Mki67, and Ccnb1. Activated HBCs were
positively identified by expression of HBC markers plus Hopx, Krt6a, Sprria, Sbsn, and Gpx2
expression. For pipeline to reproduce this data, please see our GitHub repository.
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