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Summary

We report that p73 is expressed in multiciliated cells (MCCs), is required for MCC differentiation,
and directly regulates transcriptional modulators of multiciliogenesis. Loss of ciliary biogenesis
provides a unifying mechanism for many phenotypes observed in p73 knockout mice including
hydrocephalus, hippocampal dysgenesis, sterility and chronic inflammation/infection of lung,
middle ear and sinus. Through p73 and p63 ChlP-seq using murine tracheal cells, we identified
over 100 putative p73 target genes that regulate MCC differentiation and homeostasis. We
validated Foxj1, a transcriptional regulator of multiciliogenesis, and many other cilia-associated
genes as direct target genes of p73 and p63. We show p73 and p63 are co-expressed in a subset of
basal cells, and suggest that p73 ‘marks’ these cells for MCC differentiation. In sum, p73 is
essential for MCC differentiation, functions as a critical regulator of a transcriptome required for
MCC differentiation and, like p63, has an essential role in development of tissues.
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Introduction

The p53 family of proteins, including p53, p63 and p73, are sequence-specific transcription
factors required for cell cycle control, DNA repair, apoptosis and cell differentiation
(Kaghad et al., 1997; Osada et al., 1998; Schmale and Bamberger, 1997; Trink et al., 1998;
Yang et al., 1998). There are functional and physical interactions amongst the family,
including coordinate binding and regulation of target genes. p63 and p73 have two
promoters; isoforms transcribed from P1 contain a transactivation domain (TAp63 and
TAp73), whereas isoforms transcribed from P2 lack the TA domain (ANp63 and ANp73)
and have been shown to act in a dominant-negative manner to TA isoforms (Kaghad et al.,
1997; Yang et al., 1998).

p73 and p63 share 63% and 60% sequence identity, respectively, with the p53 DNA binding
domain, and the residues that contact DNA are identical. In contrast to the tumor-
suppressive role of p53, p63 is essential for maintaining the progenitor cell populations
required to sustain epithelial development and morphogenesis (Yang et al., 1999). p63-null
mice die shortly after birth and exhibit profound developmental defects in ectodermal-
derived tissues (Brunner et al., 2002; Mills et al., 1999; Yang et al., 1999).

Compared to p53 and p63, the physiological role of p73 is poorly understood. Mice lacking
p73 exhibit runting, sterility, hippocampal dysgenesis, hydrocephalus and chronic infection
and inflammation in the lungs, sinus and ears (Yang et al., 2000). To date, no unifying
mechanism has been identified to explain these diverse phenotypes. Through analysis of a
p73-deficient mouse model, we discovered that the affected tissues share in common a loss
of multiciliated cells (MCCs).

Motile cilia are located on the apical surface of epithelial cells lining tissues that require
fluid movement. Coordinated beating of cilia is essential for mucus/infiltrate clearance in the
airway, sinus and ears and the prevention of infections and inflammation in these tissues
(Wanner et al., 1996). In the reproductive tract, dysfunction of motile cilia lining the efferent
duct and oviduct has been implicated in the sterility of both males and females (Afzelius and
Eliasson, 1983; Munro et al., 1994). In the brain, lack of ependymal flow due to defective
motile cilia can cause closure of the cerebral aqueduct and result in hydrocephalus and
hippocampal dysgenesis (Banizs et al., 2005; Eley et al., 2005; Ibanez-Tallon et al., 2004).
In all of these tissues, transcription factor Forkhead box J1 (Foxj1) is required for the
transactivation of genes encoding proteins involved in ciliogenesis. In Foxjl-deficient mice,
multiple basal bodies are produced, however the basal bodies do not dock properly on the
apical surface of the cell to initiate the formation of cilia, leading to dysfunctional MCCs
(Gomperts et al., 2004).

We provide evidence that p73 is a direct regulator of Foxj1 and is required for proper MCC
differentiation. In addition, we found that p73 is expressed in terminally-differentiated
MCCs as well as a subset of basal cells in the tracheal epithelium. p73—/- mice exhibit
hyperplasia of epithelial cells followed by loss of the airway epithelium in older animals,
implying that p73 may also be required for airway homeostasis. Using ChlP-seq, we found
that p73 binds in close proximity to 105 cilia-associated genes, some of which have been
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previously described as regulators of MCC development. We identified three p73 binding
sites within 10,000 base pairs of the Foxj1 transcriptional start site (TSS) and discovered
that p73 regulates and is required for Foxj1 expression in primary cultures of tracheal
epithelial cells.

p73-/- mice lack MCCs, have areas of focal epithelial hyperplasia but overall loss of
airway epithelium

Our p73 knockout mouse model exhibits phenotypes previously reported in p73-deficient
animals (Yang et al., 2000), including runting; increased mortality; hippocampal dysgenesis;
hydrocephalus; sterility; chronic infections and inflammation of the lungs, middle ear and
sinus. After histological analysis, we noted an apparent absence of MCCs in p73-/- mice
and hypothesized that the loss of this cell type could provide a unifying mechanism for the
well documented, multi-organ defects occurring in these animals.

To confirm the absence of MCCs, we performed hematoxylin and eosin (H&E) staining and
immunofluorescence (IF) detection of p73 and acetylated alpha-tubulin (*a-tubulin), a well-
established marker of cilia (Chu and Klymkowsky, 1989). In contrast to p73+/+ control
animals, we observed a lack of cilia in the oviduct, middle ear and sinus mucosa, flagella of
sperm in the testis, and respiratory tract of p73—/— mice (Figure 1A). We also noted a lack of
MCC:s in the ependymal cells (data not shown). It was recently reported that p73 is strongly
expressed in murine ciliated ependymal cells and is required for their survival (Medina-
Bolivar et al., 2014). p73 protein expression appeared nuclear by IF and was detected in the
epithelium of *a-tubulin-positive tissues in p73+/+ animals (Figure 1A). To determine if
ciliated epithelium failed to develop in utero or was lost over time after birth, as well as to
determine if other members of the p53 family have roles in MCC development, we
performed IF for *a-tubulin on the respiratory tracts of E18.5 wild type mice and animals
deficient in p53 (Jacks et al., 1994), p63 (Mills et al., 2002), or p73. We found p73 knockout
animals lacked cilia in bronchioles in utero, p63—/— animals had increased cilia as
previously reported (Daniely et al., 2004) and p53-/- animals were similar to wild type
(Figure 1B).

The p73 mouse model characterized herein was generated by flanking exons 7 through 9 of
p73 with tandemly-oriented loxP sites by gene targeting in mouse ES cells (Figure S1A and
Experimental Procedures). Mice containing the p73f°XE7-9 allele were bred with CMV-Cre
mice to globally impair p73 in all tissues (p73—/-). Sanger sequencing of p73 cDNA
verified that p73-/- animals express an mRNA variant that encodes the amino-terminal
portion of the protein up to Q243 (in exon 6), which is then spliced to the codon for the first
amino acid in exon 10, V358 (Figure S1B). This truncated version of p73, which lacks part
of the DNA binding domain, nuclear localization signal, and oligomerization domain (Moll
and Slade, 2004), is functionally inactive as a transcription factor. qRT-PCR from p73—/-
animals confirmed loss of full-length p73 mRNA (Figure S1C). Western blot analysis of
lung tissue also showed loss of the full-length p73 protein and appearance of a faster-
migrating immunoreactive band in p73+/- and p73—/- animals, with a molecular weight
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consistent with expression of a truncated p73 protein (Figure S1D). By IF staining, the
truncated p73 protein is occasionally visible in the cytoplasm of p73-/- cells (Figure 1A).

To further validate the role of p73 in proper MCC differentiation, murine tracheal epithelial
cells (MTECSs) were isolated from p73+/+ and p73—/— mice as previously described and
grown as air liquid interface (ALI) or 2-D submerged cultures (Lam et al., 2011; Vladar and
Brody, 2013). Under either culture condition, MCCs were not evident until differentiation
was induced by transfer of confluent cultures to differentiation media (You et al., 2002).
After transfer to differentiation media in ALI or 2-D culture, *a-tubulin-positive MCCs
were observed in p73+/+ MTECs but not in p73—/- cells, recapitulating the phenotype we
observed in vivo (Figure 1 and S1E). To evaluate potential confounding effects of the
truncated, cytoplasmic protein generated in our p73 knockout model, we expressed two
shRNAs targeting exon 6 and the 3’-UTR of p73 in the p73+/+ and p73—-/- MTECSs. In
p73+/+ cells, we observed an acute loss of p73 expression and a concomitant loss of *a-
tubulin-positive MCCs (Figure S1E). In p73—-/- MTECs, shRNA expression resulted in loss
of the cytoplasmic, truncated p73 visible in control cells (Figure S1E, arrowheads); after
knockdown, these cells were still unable to differentiate into MCCs (Figure S1E). These
data confirm that both p73 mRNA knockdown and p73—/- exon 7-9 deletion led to an
absence of MCCs, ruling out confounding or dominant-negative effects of the truncated
protein observed in p73-/- cells.

To evaluate the long-term consequences of MCC loss in p73—/- mice, we necropsied 10
mice of each genotype at 18 months of age. In contrast to p73+/+ controls, all p73—-/- mice
evaluated had significant loss of epithelium in a majority of bronchioles with areas of focal
hyperplasia (Figure 2A) that were positive for expression of cytokeratins (Figure 2B). In the
areas of epithelial loss, there was hypertrophy and hyperplasia of underlying alpha smooth-
muscle actin (a-SMA)-positive cells (Figure 2B). The lack of MCCs led to retained debris,
mucus and inflammatory cells in the bronchioles, which resulted in crystalline pneumonia in
many animals (Figure S2A). This loss of bronchiole epithelium was exhibited as early as six
months of age (data not shown) and its severity increased in the older animals. We also
observed chronic mucopurulent otitis and rhinitis in our p73—/— animals of all ages (Figure
S2B), consistent with previous reports (Yang et al., 2000).

We did not observe tumor formation in p73—/- animals (data not shown). Both our model
and the mice previously generated by the McKeon group (Yang et al., 2000) harbor
functional inactivation of both TA and AN isoforms of p73, and neither model exhibits an
increased susceptibility to lung tumors. TAp73 has been demonstrated to possess tumor
suppressive activity in vivo, as knockout of this isoform without removal of ANp73 in mice
led to spontaneous lung adenocarcinoma (Tamasini, et al 2008). We hypothesize that the
loss of all isoforms of p73 results in a reduction or an absence of lung tumor progenitor
cells.

The airways of p73—-/- mice have reduced numbers of basal cells in addition to MCC-
deficient phenotype

To determine the impact of MCC loss on the distribution of other cell types in the murine
airway, we performed IF with antibodies to well-established cell-type specific markers
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including: Scgblal (club), Foxjl (MCC), Pgp9.5 (neuroendocrine), Alcian blue (mucin) and
p63 (basal) (Figure 3; data are presented as percentage of total epithelial cells with
representative micrographs in Figure S3 and all raw reads can be found in Table S1). In
p73-/- mice, we observed a 90% loss of Foxj1-positive MCCs in the trachea and bronchiole
(p<0.0001), a 35% reduction of basal cells in the trachea (p<0.0001), and a significant
increase in mucin-producing, club, and neuroendocrine cells throughout the airway (Figure
3). In p73+/- mice, MCCs were reduced by 23% and 44% in the trachea and bronchiole,
respectively.

The airways of p63—-/- mice have reduced numbers of club and basal cells

p63 is commonly used as an airway basal cell marker (Rawlins et al., 2009; Rock et al.,
2009) and is implicated in regulation of the murine tracheal epithelium (Daniely et al., 2004)
and human bronchial cell differentiation (Arason et al., 2014). In p63—/- mice, we observed
an increase in MCCs, neuroendocrine and mucin cells and a reduction in basal and club cells
(Figure 3). These data suggest that the lack of p63-positive basal cells results in a shift in
cell fate specification away from the club cell lineage.

p73 is expressed in basal cells of the airway epithelium and co-expressed with Foxjl in

MCCs

To further assess cell types in which p73 is expressed, we performed dual IF for p73 and
Foxj1, a protein marker of MCCs that is required for motile ciliogenesis. In both bronchioles
and trachea, all Foxjl1-positive cells express p73 (Figure 4A, table). In the trachea, however,
not all p73-positive cells express Foxjl. We observed p73 single positivity in ~13% of total
p73-positive cells, and these cells appeared basally located (Figure 4B, table). Thus, p73 is
not solely expressed in terminally differentiated MCCs in the trachea.

Co-staining of p73 and p63 identified three populations of cells: p73 single-positive, p63
single-positive and p73/p63 dual-positive cells (Figure 4B). We found that p73 is expressed
in almost 50% of the tracheal epithelial cells and is co-expressed with p63 in a fraction of
basal cells (Figure 4B). Of the p63-positive basal cells, 50% were p63 single-positive and
50% were dual-positive for p63 and p73 (Figure 4B). Similar percentages were identified
using the alternative basal cell markers Krt5 and Krt14 (data not shown).

To assess the expression pattern of p73 in human airways, we conducted IF staining of
normal lung tissue from 10 individuals. The human lung epithelium is highly ciliated, with a
greater number of cells expressing p73 compared to mice (Figure 4 and S4). As in mice,
expression of p73 is localized proximally to *a-tubulin (Figure S4A), and Foxj1 co-localizes
with p73 in the nucleus of all ciliated cells (Figure S4B). Consistent with the murine lung,
we found dual expression of p73 and p63 in a subset of basal cells (Figure S4C), supporting
a model whereby p73 is an early marker for the MCC lineage and regulates the MCC
differentiation process through its activity as a sequence-specific transcriptional regulator
(Jost et al., 1997; Kaghad et al., 1997; Osada et al., 1998; Yang et al., 1998; Zhu et al.,
1998).
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In situ p73 and p63 ChiIP-seq in MTECs

To identify genomic loci to which p73 and p63 are bound in airway epithelium in vivo, we
performed in situ protein-DNA crosslinking in the murine tracheal epithelium at the time of
euthanasia. The tracheal epithelial cells from 50 p73+/+ mice were cross-linked in situ,
harvested, and processed in duplicate for p73, p63, and RNA polymerase I1 (Pol 11) ChIP-
seq as described in Experimental Procedures.

Twenty to fifty million single-end 50 bp reads were generated for each ChlP-seq library.
The resulting sequencing reads were aligned to the mouse genome and genomic binding
sites enriched in each condition were identified using input DNA as a control. When
comparing read coverage at identified binding sites, we found the replicates to be similar
(Pearson correlation of 0.85, 0.92 and 0.95 for p73, p63 and Pol I, respectively) (Figure
S5A); thus, each condition was pooled for further analyses (Table S2).

In total, we identified 1,767 (p73), 3,861 (p63) and 53,684 (Pol Il) genomic binding sites
(Figure S5B). The median distance from p73 and p63 binding sites to the nearest
transcriptional start site (TSS) was 9,531 and 12,810 bp, respectively (Figure S5B). We
observed a significant enrichment of p73, p63 and Pol 11 binding in transcriptionally active
areas of the genome such as promoters, 5 UTRs, and exons, with a lack of enrichment in
intergenic regions (Figure S5C).

Based on our finding that p73 was bound to transcriptionally active areas of the genome, we
tested the hypothesis that genes bound proximally by p73 exhibit higher RNA expression.
At the time of tracheal ChlIP-seq, we performed parallel RNA-seq from tracheal epithelium
to determine expression levels of genes within the tissue (Table S3). ChlP-seq and RNA-seq
data were combined to generate a cumulative distribution function (CDF) of RNA
expression for genes with observed p73 binding within 25,000 bp of a TSS versus those
without. Analysis of the CDF indicates that genes with p73 binding within 25,000 bp of their
TSS are more likely to be expressed and have higher RNA expression than genes without
(Figure S5D).

Motif analysis showed enrichment of the p53 family binding motif (el-Deiry et al., 1992;
Lokshin et al., 2007; Perez et al., 2007; Rosenbluth et al., 2008; Smeenk et al., 2008; Yang
et al., 2006; Yang et al., 2010) within p73 and p63 genomic binding sites (1764 of 1767 and
3846 of 3861, respectively) (Figure S5E). Our ChlP-seq analysis identified well-validated
p73 and p63 target genes such as Mdm2, Cdknla, Bbc3, and Jagl; and, example genomic
binding profiles of Mdm2 and Cdknla (Barak et al., 1993; Espinosa and Emerson, 2001;
Juven et al., 1993) are presented in Figure S5F (Robinson et al., 2011; Thorvaldsdottir et al.,
2013).

p73 binds and regulates genes required for the development and function of MCCs

In order to identify a mechanism for the loss of MCCs in p73—/- mice, we analyzed the
nearest protein-coding genes whose TSS fell within 25,000 bp of p73 genomic binding sites.
We identified 1,011 such genes nearby 1,096 binding sites (Table S2). Many of these
putative target genes have documented roles in MCC formation and maintenance. To
formally test for overrepresentation of genes involved in multiociliogenesis, we obtained a

Cell Rep. Author manuscript; available in PMC 2016 March 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marshall et al.

Page 7

list of cilia-associated genes identified through previously published, single-cell RNA-seq
(Treutlein et al., 2014) (Table S4). Overall, we observed highly significant
overrepresentation of the cilia-associated gene set within our p73-proximal protein-coding
genes (p=4.53E-06). The 105 overlapping genes are listed in Figure S6.

To determine if the putative target genes could be transcriptionally regulated in a p73-
dependent manner, we infected p73+/+ and p73—-/- MTEC cultures with a lentivirus
containing a TAp73p expression construct or an empty vector control. We grew the cells as
ALI cultures, performed RNA-seq, and conducted differential gene expression analyses
comparing p73 overexpression to vector control for each genotype (Table S5). Of the 21,867
protein-coding genes queried, more than 3,300 were significantly differentially expressed
after ectopic expression of p73 in both p73+/+ and —/— MTECs. (Figure 5A). Importantly,
genes with p73 binding sites within 25 kb of their TSS were specifically enriched among
differentially expressed genes (Figure 5A). Among the 105 genes overlapping with the cilia-
associated gene set, 49 had significant, p73-dependent changes in gene expression in p73+/+
or p73—/- MTECs (Figure S6, highlighted in gray). Of immediate interest were 14 genes
that have been reported to have roles in MCC differentiation and homeostasis (Maeda et al.,
2007; Thomas et al., 2010; Tilley et al., 2014) (Figure 5B), including Foxj1, Traf3ipl, and
Foatal8 (Figure 5C). We found that greater than 25% of genes in the cilia-associated gene
set (397/1398) were differentially expressed after ectopic p73 expression, not just those with
p73 binding sites nearby (Figure 5A). These data support a model in which p73 acts as a
regulator of multiciliogenesis through both direct and indirect regulation of key genes.

The protein-coding gene with the most significant differential expression after rescue of
p73-/- MTECs by ectopic p73 expression was a key regulator of ciliary biogenesis, Foxj1.
We identified three dual p73/p63 genomic binding sites within 10,000 bp of the Foxj1 TSS
(Figure 5B and C). Traf3ipl (Figure 5B and C) had the most significant g-value from the
p73 ChlP-seq and has been previously shown to bind basal bodies and regulate the
acetylation of microtubules (Berbari et al., 2011). Also present in our p73 and p63 ChiPseq
datasets are Jagl, a known p73 and p63 target gene (Sasaki et al., 2002) and a regulator of
the Notch pathway implicated in ciliogenesis (Tsao et al., 2009). The Rfx family member,
Rfx3 was also in the p73 dataset. The Rfx family of transcription factors is implicated in
regulation of ciliary biogenesis (Chu et al., 2010). We additionally provide evidence that
Soatals, a target gene of both p53 and p63 (Bornstein et al., 2011), is regulated by p73
(Figure 5B and C).

To determine whether the p73-dependent increase in Foxj1 mRNA required differentiation
cues from the culture medium or if p73 expression alone was sufficient to modulate Foxj1,
we analyzed expression of p73 and Foxj1 in parallel cultures of submerged p73+/+ and
p73-/- MTECSs under non-differentiating culture conditions, with and without ectopic
expression of p73. Infection of p73+/+ MTEC cultures with a control lentiviral vector
resulted in very few p73-positive cells and no Foxj1-positive cells. Under the same
conditions, no p73- or Foxjl-postitive cells were observed in p73—-/— MTECs cultures.
However, after ectopic TAp73p expression, we observed increased expression of Foxjl in
both p73+/+ and p73—/- MTEC cells (Figure 6A). These data indicate that p73 is sufficient
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to modulate Foxj1 expression in the absence of differentiation media and demonstrate the
ability of ectopic p73 expression to rescue Foxjl expression in p73—-/- MTECs.

In parallel experiments, MTEC cultures were transferred to differentiation media after
lentiviral infection. We observed an increase in p73 and Foxj1 expression in p73+/+ MTECs
under both expression conditions, consistent with a differentiation-induced elevation of p73
and Foxj1 expression. However, Foxjl expression was not detectable in the control p73-/-
MTEC cultures and only became apparent after ectopic expression of p73 (Figure 6B).
Twenty-four fields of view of IF staining from quadruplicate experiments of cells cultured in
differentiation media were quantified and showed tight concordance between p73 and Foxjl
expression (p< 0.001) (Figure 6B).

In summary, p73 binds to three sites within 10,000 bp of the Foxj1 TSS. Further, ectopic
p73 expression is sufficient to upregulate Foxj1 expression in MTEC cultures in the absence
of differentiation signaling and rescues Foxj1 expression in a p73—/— background.
Collectively, the data provide evidence that p73-dependent regulation of a cilia-associated
gene network plays a causative role in licensing cells to the MCC fate.

Discussion

Herein we report that p73 is required for the formation of MCCs in mice through binding
and regulation of a broad array of gene targets. Of importance is our finding that p73
directly modulates Foxj1 and a network of cilia-associated genes required for the
development of MCCs in the airway, choroid plexus, ependyma, oviducts and testis of mice
(Gomperts et al., 2004; Jacquet et al., 2009; Lim et al., 1997; Tichelaar et al., 1999). We
propose that like its family member p63, p73 is required for tissue-specific cell
differentiation through its role as a sequence-specific transcription factor. Given our finding
that p73 regulates a cilia-associated gene signaling network required for proper MCC
differentiation, it will be of interest to determine the interplay of p73 target genes with other
pathways involved in MCC lineage formation, including those controlled by E2f4
(Danielian et al., 2007), Myb (Tan et al., 2013), Mcidas (Stubbs et al., 2012), Ccno (Funk et
al., 2015), the Rfx family (Chu et al., 2010) and the Notch family (Tsao et al., 2009).

The observed co-expression of p73 with p63 in a subset of basal cells lining the tracheal
epithelium raises the possibility that similar to p63, p73 is involved in progenitor cell fate
determination and is required for MCC specification and differentiation. In the respiratory
epithelium, p63 expression is restricted to basal and progenitor cells(Rock et al., 2009).
Unlike in skin, where p63 is necessary for the development and maintenance of a stratified
epithelium (Mills et al., 1999; Yang et al., 1999), a subset of airway luminal cells forms in
the absence of p63 (Daniely et al., 2004). Because p63-null animals die at birth, the long-
term functionality of their airway epithelium cannot be determined; future studies are
needed to determine how targeted ablation of p63 and p73 in adult mouse tracheas affects
homeostasis and repair of the airway after damage. Greater understanding of the functional
interaction between p53 family members in the airway epithelium has implications for both
regenerative medicine and prevalent diseases such as COPD and asthma.
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p73 and p63 heteroligomerize when co-expressed; as such, it is difficult to study the
transcriptional activity of p73 in basal cells of the airway without considering the
contribution of p63 (Davison et al., 1999). ANp63 has the ability to bind TAp73 and act as a
transcriptional repressor of p73 (Zaika et al., 2002). To parse the individual functions of
these proteins, future transcriptional profiling experiments are needed in which cells are
separated into p73 and p63 single-and dual-positive populations. The engineering of mouse
models to enable p73-and p63-specific lineage tracing during development and in response
to damage would also be of significant value in defining the unique and overlapping roles of
these developmental regulators.

From analysis of our ChIP-seq data, we observed that p73 and p63 co-occupy 804 genomic
loci. We hypothesize that p63 represses the expression of many of these genes within dual-
positive, MCC-specified basal cells until a signal promotes differentiation. This might occur
by several mechanisms: p73 protein levels may increase, p73 binding and distribution on the
chromatin may shift, changes in the stoichiometry of TAp73 versus AN expression may
occur relative to p63 levels, or p63 levels or chromatin binding may be reduced. Future
studies investigating the mechanism by which the balance of p63 and p73 signaling is
regulated in the airway epithelium in response to developmental cues and cellular stress will
be of interest in both development and disease.

After ectopic expression of p73 in MTEC cultures, we observed a significant increase in the
expression of many cytokeratins, including Krt5 and Krt14; however, our ChiP-seq data did
not indicate a TSS-proximal p73 binding profile for these genes in adult mouse trachea.
Further studies are needed to determine the direct or indirect mechanisms by which p73 and
p63 regulate the expression of genes required for basal cell maintenance.

There is a significant reduction in the proportion of basal cells in the tracheal epithelium of
p73-/- mice. This reduction implies that p73 is required for the maintenance of a subset of
basal cells, or that increased differentiation of basal cells is required to compensate for a
lack of the MCCs due to inflammatory stress in the p73—/— mice. We did observe an
eventual loss of epithelial cells in older p73-/- mice, and we hypothesize that the progenitor
cell population is eventually depleted through constant damage, inflammation and infections
from impaired clearance of foreign particles and toxins.

As early as seven days postnatally, we observed an increased proportion of mucin-producing
cells in p73-/- mice, perhaps indicating that their airways were already challenged due to a
lack of MCCs. The McKeon group reported the presence of p63-positive cells in the
bronchiolar epithelium of mice that had been challenged with HIN1 infection (Kumar et al.,
2011), and demonstrated that these distal stem cells are required for alveolar regeneration
within damaged lungs(Vaughan et al., 2015; Zuo et al., 2015). In support of this model, we
found p63-expressing cells in the bronchiolar epithelium of our p73—-/— mice, with increased
concentration in areas of increased inflammation and mucus retention (data not shown).
Additionally, Foxj1 has been previously reported to regulate T cell activation through
modulation of the NF-xB pathway, with Foxj1 deficiency leading to systemic inflammation
and autoimmunity defects (Lin et al., 2004). Given our finding that p73 is a direct regulator
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of Foxj1, future studies are needed to evaluate the mechanistic importance of Foxjl
deficiency in the inflammatory defects observed in the p73 —/- setting.

Numerous human diseases and conditions have been linked to dysfunctional ciliogenesis,
including hydrocephalus; hippocampal dysgenesis; primary ciliary dyskinesia; Bardet-Biedl
syndrome; asthma; anosmia; COPD and sterility (Kulaga et al., 2004; Tilley et al., 2014).
Pointing to a potential link between p53 family members and inflammatory stress response
in the airway, Li and colleagues observed increased levels of p73 and p63 in the hyperplastic
regions of patients with nasal polyps (Li et al., 2011), as well as increased cilia density and
length (Li et al., 2014). Given the findings of our study, it would be of interest to investigate
the activity of p73 within patient samples or mouse models of cilia-related diseases. With
the increased availability and depth of GWAS and SNP data, it may also be possible to
associate polymorphic variants in the p73 gene with altered expression or activity and
disease susceptibility.

In summary, we discovered that p73 deficiency leads to an organism-wide absence of
MCC:s, providing a unifying mechanism to explain the multiple-organ defects observed in
p73-/- mice. Through in situ ChlP-seq of the murine trachea, we identified p73 genomic
binding sites in proximity to genes that regulate the spectrum of events required for MCC
differentiation, from cell cycle arrest (Cdknla (Mikule et al., 2007)) and amplification of
centrioles (Myb (Tan et al., 2013)) to apical docking of centrioles with components that
make up the axoneme [Foxj1 (Gomperts et al., 2004), Traf3ipl (Berbari et al., 2011)]. By
combining our ChIP-seq data with RNA-seq of primary murine tracheal epithelial cultures,
we found evidence for p73-dependent, direct and indirect transcriptional regulation of a
broad network of cilia-associated genes. We propose a model found in the graphical abstract
in which p73 is implicated not only in the differentiation of MCCs, but also in MCC
homeostasis and thus airway-protective function. We propose that p73 acts as a critical
regulator of multiciliogenesis in its capacity as a sequence-specific transcription factor,
through genomic binding and regulation of genes that are required along the continuum of
MCC development and maintenance.

Experimental Procedures

Animal Model

The strategy for generation of a mouse model with a conditional p73 allele is shown in
Figure S1B. A vector targeting p73 exons 7, 8, and 9 was made using BAC recombineering
vectors and methods (Liu et al., 2003). The targeting vector was electroporated in 129S6
mouse ES cells and neomycin-resistant clones were screened by Southern blot hybridization
(Figure S1A). Male chimeric mice made by the microinjection of clone 2A7 into blastocysts
isolated from C57BI6 mice were bred to C57/BI6 females mice for detection of germline
transmission of the p73 allele referred to as p73f9E7-9N, The FRT-flanked neomycin
resistance gene was removed by crossing to a global FIpE “‘deleter” mouse line to derive
mice with p73f9%E7-9 gllele. We globally deleted exons 7-9 by crossing p73f1oXE7-9t0 a
BALB/c-Tg (CMV-Cre)1Cgn/J then interbreeding to obtain p73+/+, p73+/- and p73-/-
animals. All procedures were in compliance with NIH guidelines and following IACUC
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approved protocols. The experiments presented used a mixed strain mice, however we
confirmed the lack of ciliated cells in BALB/c congenic p73—/- mice (data not shown).

In situ tracheal ChiP-seq

Following IACUC approved guidelines, murine tracheas were surgically removed and the
epithelium was exposed to formaldehyde (1%) within 60 sec of sacrifice (immediate ex vivo
processing). After cross-linking, the tracheas were scraped in PBS with protease inhibitors
(cOmplete-Mini -Roche) to remove the epithelial cell layer. Each ChlP replicate experiment
was from 50 tracheas, which yielded ~50 million cells. After sonication and
immunoprecipitation of cell lysates with antibodies specific to p63 (H129; Santa Cruz), p73
(EP436Y; Abcam), and Pol 11 (sc-899; Santa Cruz), cross-linked DNA was isolated and
sonicated using a Bioruptor to ~300 bp in length. Libraries for each ChIP were prepared by
ligating Illumina adapter sequences to the sheared DNA fragments and sequencing at the
Vanderbilt Technologies for Advanced Genomics core. All three ChIP-seq experiments
were conducted in duplicate. Input DNA was harvested from the pooled, cross-linked, and
sonicated trachea samples that did not undergo immunoprecipitation, as a comparison
control for systematic bias.

Protocols for MTEC harvest and cell culture, protein harvest, Western blotting, histology,

IF, shRNA gene targeting and lentiviral overexpression, RNA harvest from tissue and cell
culture, RNAseq generation and analysis, as well as ChlP-seq data analysis are included in
supplemental experimental procedures.

Sequencing data have been deposited at the NCBI Sequence Read Archive under BioProject
ID: PRINA310161.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Global Ablation of p73 Eliminates MCCs
(A) Representative H&E and IF micrographs of the indicated tissues from p73+/+ and —/-

mice. Arrowheads mark cilia and flagella (testis). IF was performed using antibodies
recognizing the cilia marker *a-tubulin (green) and p73 (red). (B) Representative
micrographs of *a-tubulin in embryonic day 18.5 tracheas and lungs from p53—/-, p63—/-
and p73-/- animals. (scale bars = 25 um).

See also Figure S1.
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Figure 2. p73-/- Mice Exhibit Severe Airway Phenotypes Including Hyperplasia and Epithelial
Loss

(A) Representative H&E images of the terminal airways in 18 month old p73+/+ and p73—/-
mice. The p73—/- mice exhibit areas of epithelial loss (arrow) and small nodules of
hyperplastic epithelium (+). (B) Immunohistochemistry (IHC) staining of pan-cytokeratin
and a-SMA of above mice. Arrows in panel B indicate areas of epithelial loss as well as
hypertrophy and hyperplasia of the smooth muscle (scale bar= 50 pm).

See also Figure S2.
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Figure 3. Loss of p73 and p63 in the Respiratory Epithelium Leads to Significant Changes in

Cellular Composition
Respiratory epithelium from murine tracheas and bronchioles with the indicated genotypes

were analyzed for cell type as percent of total DAPI nuclear marker. Due to the perinatal

to the total number of epithelial cells

lethality of p63-/- mice, E18.5 mice were assessed for this genotype. Both E18.5 and post-

pubertal mice were assessed for p73 genotypes. Manual quantification was performed on

micrographs from at least eight animals with four fields of view per animal. Representative

images can be found in Figure S3. p-values are annotated in the table under the bar graphs in
panels A and B as <0.0001 (¢*¢), <0.001 (*¢), and <0.01 (e).
See also Figure S3 and Table S1.
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DAPI

Bronchiole

Trachea

Co-localization of p73 and Foxj1
Category Bronchiole|Trachea
p73 single positive 0% 13%
Foxj1 single positive 0% 0%
p73/Foxj1 dual positive 29% 36%
p73 and Foxj1 negative 71% 51%

Numbers indicate percentage of positive cells relative to
the total number of epithelial cells and represent the
average of 32 fields of view quantified

DAPI

Overlay

Co-localization of p73 and p63
Category Trachea
p73 single positive 34%
p63 single positive 13%
p73/p63 dual positive| 13%
p73 and p63 negative| 40%

Numbers indicate percentage of positive cells relative to
the total number of epithelial cells and represent the
average of 32 fields of view quantified

P73 +/+
Trachea

Figure 4. p73 is Expressed in a Subset of Basal Cells in the Murine Trachea as well as in MCCs
Representative IF staining of murine tracheas and bronchioles. (A) p73 (red) is 100% co-

localized with Foxj (green) in MCCs in the bronchioles (upper panel). p73 (red) co-localizes
with Foxj1 (green) in a subset of cells in the trachea (lower panel). (B) IF staining of p73
(red) and p63 (green) shows co-localization of p63 and p73 in a subset of basal tracheal
epithelial cells (scale bars = 25 pm). Tables provide the percentage of cells that have single
or dual expression of p73, p63 or Foxj1. Values represent the average of 32 fields of view
that were quantified (four views from eight animals).

See also Figure S4.
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Differentially Expressed Genes in Indicated MTECs (Ectopic p73 Relative to Control)
All Genes p73 Proximal Genes Cilia-Associated Gene Set I p73 Proximal Cilia-Associated
Total Differential Total Differential Enrichment Total Differential Enrichment Total Differential Enrichment
Queried Expression Queried Expression __|vs. All Genesf§l Queried Expression |vs. All Genesfl Queried Expression__|vs. All Genes|
| p73-- MTEC | 21867 3768 (17.2%) 1011 348 (34.4%) <2.22e-16 1398 397 (28.4%) <222¢-16 M 105 38 (36.2%) 8.56E-07
|p73+/+ MTEC| 21867 3380 (15.5%) 1011 268 (26.5%) <2.22e-16 1398 309 (22.1%) 451E-12 | 105 23 (21.9%) 0.029
B C Input|(©-50)
(0-50)
p73|_ — A_A_‘.k*w“&
- . . . (0-30)
p73 Binding and Regulation of Cilia-Associated Genes
Tracheal RNA-seq p73-/- MTECs + P63W“~——AAAA e
ChIP-seq Ectopic p73 Relative to Control
Distance (bp) | Overlapping Log2Fold Adjusted ‘ shah ‘
Gene Symbol q-value From TSS p63 Binding Change p-value Polll =
Traf3ip1 7.9433E-123 -4,151 v 0.51 3.10E-10 Foxij1 |
1.5849E-103 8,146 v Input[©50
Foxj1 5.01187E-37 5,006 v 1.75 3.69E-246 |(o-50)
1.25893E-09 5,828 v
Spata18 3.16228E-84 1,498 0.40 0.073670357 p73 i -
Lztfl1 1.99526E-75 5,409 0.32 0.000853662
1.58489E-64 -8,719 v p63
Trp73** 3.70 1.47E-112 550 el -
1.25893E-39 -161
Ccdc113 1.58489E-47 13,738 0.55 0.00598734
Stk33 3.98107E-45 3,531 .06 2 10E-04 Pol i = ——
Fam161a 6.30957E-40 -16 v 0.51 0.001629407 Traf3ip1 e
Tubb4b 3.98107E-37 -767 v 0.11 0.062603826 input[es0
Sec24b 1E-16 6,221 v 017 0.011794592 050 o T B
Dnaic1 6.30957E-12 -3,120 0.63 0.000583349 .
Rfx3 2.51189E-09 -13,813 0.31 0.027932355 Pl ———e
Jag1 6.30957E-09 8,416 v 1.1 4.27E-81
Dpcd 1.58489E-06 5,594 0.25 0.028175318 p63 0507 -
Pollll___dhA
-,
Spatal8 =

Figure 5. p73 Binds and Regulates Target Genes Found in Cilia-Associated Gene Set
(A) Table showing differentially expressed genes in indicated MTECs after ectopic p73

expression (results shown are relative to control). Cells were infected with a lentivirus
containing a TAp73p expression construct or an empty vector control. Cultures were
maintained for 5 days in basal growth media and 1 day in differentiation media, followed by
RNA harvest and sequencing. Differential gene expression analysis between duplicate p73
overexpression and control samples was performed for each genotype. The number of
differentially expressed genes (adjusted p-value <0.1) was quantified for 4 different
categories: all protein-coding genes (All Genes), genes with p73 binding sites within 25 kb
of their transcriptional start sites (TSS) (p73 Proximal Genes), a Cilia-Associated Gene Set,
and the overlap of the previous two categories (p73 Proximal Cilia-Associated) For the three
latter categories, the p-value for category-specific enrichment versus all protein-coding
genes was calculated using the hypergeometric test. (B) Table listing cilia-associated genes
bound and regulated by p73. For each binding site, the g-value significance and distance to
the respective TSS are indicated along with notation for whether a corresponding p63
binding site was found at the same location. For each gene, the log2 fold change and
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adjusted p-value from the differential gene expression analysis performed in A are
presented. p73 (**) is included as a reference for expression change and genes are ordered
based upon increasing g-value. (C) Integrative Genomics Viewer screenshots for select
genes from panel B in which the four tracks show ChlIP-seq data normalized to 1x depth of
coverage and presented with identical scales. The bottom three tracks represent DNA reads
that were obtained after ChIP with the antibodies listed to the left, and the top track is the
input sample for comparison. At the bottom of each panel is an annotated exon/intron gene
structure displayed on the same scale as the ChlP-seq tracks, and the arrow in the bottom left
annotates the gene orientation.

See also Figures S5 and S6, as well as Table S2, Table S3, Table S4 and Table S5.
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MTEC Cultures (Basal Growth Conditions)
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Figure 6. p73 Regulates the Expression of Foxj1
(A) MTECs were infected with a lentivirus containing a TAp73p overexpression construct

(Ectopic p73) or an empty vector control (Control) and grown in basal growth media for 3
days, after which IF was performed for the indicated proteins. (B) After growth in basal
media, parallel cultures were transferred to differentiation media for 3 days and stained
identically. For both panels A and B, DAPI counterstaining (blue) was performed to
determine the percentage of cells expressing the indicated proteins. The bottom graph
presents quantification of p73- and Foxj1-positive cells averaged from quadruplicate
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experiments with six fields of view per condition (= represents p-value <0.001, e¢
represents p-value <0.0001) with error bars representing standard deviation.
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