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Motile multiciliated cells (MCCs) have critical roles in respiratory health and disease and are essential for cleaning
inhaled pollutants and pathogens from airways. Despite their significance for human disease, the transcriptional
control that governs multiciliogenesis remains poorly understood. Here we identify TP73, a p53 homolog, as gov-
erning the program for airway multiciliogenesis. Mice with TP73 deficiency suffer from chronic respiratory tract
infections due to profound defects in ciliogenesis and complete loss of mucociliary clearance. Organotypic airway
cultures pinpoint TAp73 as necessary and sufficient for basal body docking, axonemal extension, and motility
during the differentiation of MCC progenitors. Mechanistically, cross-species genomic analyses and complete
ciliary rescue of knockout MCCs identify TAp73 as the conserved central transcriptional integrator of multicilio-
genesis. TAp73 directly activates the key regulators FoxJ1, Rfx2, Rfx3, and miR34bc plus nearly 50 structural and
functional ciliary genes, some of which are associated with human ciliopathies. Our results position TAp73 as a
novel central regulator of MCC differentiation.

[Keywords: TAp73; p73; TP73; motile multiciliogenesis; central transcriptional regulator; airways]

Supplemental material is available for this article.

Received February 21, 2016; revised version accepted May 2, 2016.

Cilia are highly conserved, microtubule-based surface
organelles with essential functions in animal cells. Most
vertebrate cells form a single, immotile cilium that sen-
ses mechanical or chemical stimuli. However, distinct
epithelia—those lining airways, ependyma, and the ovi-
duct—undergo multiciliogenesis by amplifying their
centrioles to nucleate hundreds of motile cilia per cell
that beat vigorously to generate directional fluid flow
across tissue surfaces. Each motile cilium, composed of
an axonemal 9+2 microtubular shaft with dynein arms
and nucleated from a basal body (BB), is a complex nano-
machine with >600 proteins required for assembly, struc-
ture, and function (Nigg andRaff 2009; Choksi et al. 2014).
Thus, multiciliated cells (MCCs) are key components

in respiration, neurogenesis, and fertility, and defective
MCCs underlie a diverse group of poorly understood hu-
man diseases.

Essential for respiratory health, MCCs clean inhaled
pollutants and pathogens from the airways (mucociliary
clearance). Defective MCCs, either acquired or due to ge-
netic ciliopathies like primary ciliary dyskinesia (PCD)
(Horani et al. 2016), impair mucociliary transport, result-
ing in chronic airway inflammation and secondary alveo-
lar destruction (Fliegauf et al. 2007).

Conducting airways are lined by polarized pseudostrati-
fied epithelium composed of ciliated, secretory, goblet,
and basal cells (Hogan et al. 2014). Previous studies have
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indicated that sustainedNotch activation inhibits ciliated
cell fate and enables differentiation into secretory cells
(Tsao et al. 2009; Morimoto et al. 2010). Conversely,
microRNAs of the miR-34/449 family initiate MCC dif-
ferentiation by repressing cell cycle regulatory genes and
the Notch pathway (Marcet et al. 2011). Beyond this ini-
tial step, miR-34/449 is also required for BB maturation
and docking to the apical plasma membrane (Song et al.
2014; Chevalier et al. 2015).
The motile ciliogenesis differentiation cascade is under

the control of the coiled-coil protein Mcidas (also known
as Multicilin) (Stubbs et al. 2012), a transcriptional coac-
tivator required for centriole biogenesis (Tan et al. 2013;
Ma et al. 2014). In frog skin MCCs, a model for mamma-
lian airway MCCs, Mcidas forms a complex with E2F4/
E2F5 to activate centriole amplification genes (Ma et al.
2014). Recessive MCIDAS mutations in humans result
in severe mucociliary clearance disorders (Boon et al.
2014). Myb and FoxJ1 function downstream from Mcidas
(Brooks and Wallingford 2014). Myb is transiently ex-
pressed in MCC fated progenitors for mouse airways and
ependyma, promoting centriole amplification and FoxJ1
induction, but switches off during MCC maturation
(Tan et al. 2013; Brooks and Wallingford 2014).
FoxJ1 is currently the most upstream key transcription

factor (TF) known that is essential for all motile cilia, a
role conserved across eukaryotes and required for apical
BB docking, axonemal extension, and ciliary motility
through broad gene network control (Brooks and Walling-
ford 2014; Choksi et al. 2014). FoxJ1 knockout mice lack
cilia in the airways, choroid plexus, and oviduct and lack
motile primary cilia in embryonic nodal cells, causing
body axis asymmetry defects (Chen et al. 1998; Brody
et al. 2000; You et al. 2004; Choksi et al. 2014).
Evolutionarily conserved Rfx2–4 TFs partner with

FoxJ1 in ciliogenesis (Choksi et al. 2014). They are broadly
required for expressing core components of immotile and
motile cilia (Kistler et al. 2015). Rfx2 knockdown causes
ciliogenic defects in frog skinMCCs and organs of lateral-
ity (Chung et al. 2014). Rfx3 is required for multiciliogen-
esis in mouse ependyma. Rfx3 loss causes hydrocephalus,
a hallmark of ciliary defects (Baas et al. 2006).
TP73 belongs to the TP53/TP63 TF family (Kaghad

et al. 1997). The TP73 locus encodes two classes of iso-
forms, each undergoing C-terminal exon splicing. The P1
promoter yields TAp73 isoforms containing the N-ter-
minal transactivation domain. The P2 promoter yields
N-terminally truncated isoforms (ΔNp73) that are domi-
nant-negative inhibitors of p53/TAp63/TAp73. TAp73
is a tumor suppressor (Flores et al. 2005; Nemajerova
et al. 2010; Alexandrova and Moll 2012). Notably, aging
TAp73-specific knockoutmice (TAp73 knockout) develop
lung cancer (Tomasini et al. 2008). In human small cell
lung cancer, TP73 undergoes recurrent oncogenic rear-
rangements (George et al. 2015).
In addition, TP73 has crucial developmental roles re-

flected in the diverse phenotype of global TP73 knockout
mice (p73 knockout, missing both isoform classes) with
brain defects, sterility, and rhinitis/otitis (Yang et al.
2000). The latter is thought to be caused by an unspecified

immune defect (Yang et al. 2000). Interestingly, multicili-
ated ependymal cells that line ventricles and generate
cerebrospinal fluid flow express p73, and p73 knockout
ependyma displays impaired ciliogenesis (Medina-Bolivar
et al. 2014; Gonzalez-Cano et al. 2015). While p73 knock-
out mice have severe hydrocephalus, isoform-specific
knockout brains showmilder discrete cortical phenotypes
(Yang et al. 2000; Tomasini et al. 2008; Tissir et al. 2009).
Female TAp73 knockout mice are infertile, reportedly
from poor oocyte quality and ovarian egg release defects
(Tomasini et al. 2008). In testis, TAp73 regulates germ
cell maturation, and male TAp73 knockouts are strongly
subfertile (Holembowski et al. 2014).
Given the strong resemblance between p73 knockout

phenotypes (hydrocephalus, infertility, and rhinitis/otitis)
and mouse models of PCD ciliopathies, we hypothesized
that p73 regulates motile multiciliogenesis. Here, we
identify TAp73 as directing a broad ciliogenic network
topology, acting upstream of known central nodes like
FoxJ1, Rfx2, Rfx3, and miR34bc.

Results

TAp73 deficiency causes profound ciliogenesis defects
in airways

We compared global p73-deficient mice (p73 knockout)
with wild-type littermates to determine the effects of
p73 (TP73 gene) loss of function on airway ciliogenesis
(Fig. 1A). By 3 wk of age, all p73 knockout mice showed
severe respiratory distress characterized by constant
coughing and sneezing (Fig. 1B; Supplemental Fig. S1A;
Supplemental Movie S1). This distinct auditory pheno-
type predicted the knockout genotype with 100% accu-
racy (n = >120 mice). The underlying cause was chronic
upper and lower respiratory tract infections, including pu-
rulent sinusitis/rhinitis, chronic bronchitis, exacerbating
pneumonia, and inflammation-mediated alveolar destruc-
tion accompanied by secondary emphysema (Fig. 1C,D).
Isoform-specific TAp73 knockout mice developed simi-
lar impaired pulmonary function with chronic inflamma-
tion, macrophage infiltration, and emphysema (Fig. 1E–H;
Supplemental Fig. S1B–F).
Since p73 knockout mice have normal lymphoid (Nem-

ajerova et al. 2010) and granulocytic blood counts (Yang
et al. 2000), this phenotype suggested defective muco-
ciliary clearance rather than immune defects. Indeed,
wild-type airway epithelium showed strong nuclear p73
staining in suprabasal cells harboringMCCs, among other
cell types (Fig. 2A left). Colocalization studies with FoxJ1
identified these p73-positive cells as MCCs (Fig. 2A,
right). p73 knockout and TAp73 knockout MCCs exhi-
bited marked reduction in cilia number and length. The
defect encompassed upper and lower airways and consist-
ed of MCCs with far fewer and shorter cilia, indicated by
markedly decreased levels of axonemal marker Ac α-Tub
(Fig. 2B; Supplemental Fig. S2A–D). Ultrastructural analy-
ses further highlighted the severe ciliary defects in p73
knockout and TAp73 knockout airways. In contrast
to the abundant long wild-type cilia, knockout MCCs
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produced far fewer or almost no cilia. The cilia that did
form were short and stubby (Fig. 2C–E; Supplemental
Fig. S2E,F). The functional consequence was complete
loss of mucociliary transport activity in TAp73 knockout
and p73 knockout airway mucosa (Fig. 2F,G; Supple-
mental Fig. S2G,H; Supplemental Movie S2).

p73 is required for BB docking and axonemal extension

To exclude the possibility that the defective ciliary pheno-
type was secondary to inflammation, we triggered muco-
ciliary differentiation in isolated adult tracheal progenitor
cells through air–liquid interface (ALI) culture conditions
(You et al. 2002) that recapitulate the physiological pro-
cess in morphology and transcriptome (Dvorak et al.
2011). At day 14 (D14) after ALI, mouse tracheal epithelial
cells (MTECs) consist of ∼50% MCCs plus all assorted
nonciliated cells (You et al. 2002). Indeed, p73 knockout
MTECs displayed similar defects in cilia numbers and
length as previously observed in vivo. Specifically, the
abundant long cilia at the apical surface of wild-type
MCCs were almost absent in knockout cells (Fig. 3A–C;

Supplemental Fig. S3B–D). In contrast, the interspersed
short thin microvilli were preserved (Fig. 3A; Supplemen-
tal Fig. S3D). Thus, p73 is essential for ciliation.

We next determined the timing of p73 action during cil-
iogenesis. Both mouse and analogous human primary ALI
cultures induced TAp73 expression early after ciliogene-
sis initiation (Supplemental Fig. S3A). We then quantified
MCCs at sequential differentiation stages through Ac
α-Tub (axonemal marker) and Chibby (Cby; BB marker)
immunostaining (Fig. 3C,D; Tan et al. 2013). The early cil-
iary stages I and II in p73 knockout MCCs appeared rela-
tively intact. Instead, marked defects became apparent
by D4 and progressively worsened during stages III and
IV until D14 (Fig. 3C,D). Stage IV cells were strongly re-
duced, with a reciprocal increase in cells that were either
unciliated or early stage differentiation-arrested, implying
that multiciliogenesis-arrested cells are either dying, de-
differentiating to an unciliated state, or being outcom-
peted by unciliated cells in the culture (Fig. 3C,D). The
largest reduction occurred in “fully” ciliated cells, but
even these cells had fewer and shorter cilia than wild-
type controls (Fig. 3D).

Figure 1. TP73 deficiency causes chronic upper and
lower respiratory tract infections eventually leading
to secondary emphysema. (A) Postnatal day 10 (P10)
wild-type (WT) and p73 knockout (p73KO) litter-
mates. While 20% of p73 knockout mice die young
from severe hydrocephalus, 80% survive long-term
when pups are separated from littermate competition
(Nemajerova et al. 2010). (B) Coughing/sneezing phe-
notype of p73 knockout mice. Audiograms of knock-
out and wild-type mice at P42. Wild-type mice are
silent (minor amplitudes in the wild-type track are
due to rustling sounds from bedding material). See
also Supplemental Figure S1A and Supplemental
Movie S1. (C,D) p73 knockout mice suffer from
chronic upper and lower respiratory tract infections
since a young age. This includes purulent sinusitis,
macrophage infiltration of bronchi and lung paren-
chyma, chronic bronchitis with mucus plugs, and ex-
acerbating pneumonia. Over time, this leads to
inflammation-mediated alveolar destruction with
secondary emphysema. An asterisk denotes purulent
exudate. (E–H) TAp73 knockout (TAp73KO) mice
have a similar phenotype. (E) Macrophage invasion
in TAp73 knockout lungs stained with H&E, CD68
(red), and DAPI (blue). (F ) Quantification of CD68
immunostaining. n = 3 mice per genotype at 6 mo;
12 images permouse. (G,H) Emphysemawith quanti-
fication of mean chord length at 13 mo. n = 4 per
genotype.
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Consistent with largely unperturbed early stages I and
II, p73 deficiency did not cause major reductions in BB
numbers, which maintained Cby expression in lateral
views of airway mucosa (Fig. 2B; Supplemental Fig.
S2A). However, although BB numbers were similar, top-
down cell surface views revealed a marked loss of BB
signal, indicating a severe docking defect at the apical
membrane (Fig. 3B,C; Supplemental Fig. S3C). Moreover,
p73 knockout BBs showed perturbed polarity (Fig. 3E).
Transmission electron microscopy (TEM) analysis of p73
knockout MTECs confirmed that BBs were not properly
aligned along the apical surface and had no extended axo-
nemes (Fig. 3F; Supplemental Fig. S3E). Similarly, BB
docking defects were apparent in p73 knockout and
TAp73 knockout tracheal as well as bronchial MCCs in
vivo (Fig. 2C,E; Supplemental Fig. S2E). Together, these
results suggest that p73 acts after MCC fate specification
and centriolemultiplication as amajor upstream ciliogen-
esis regulator, required for BB docking and axonemal
extension.

TP73 deficiency broadly attenuates cilium gene
expression

To determine the mechanistic role of p73 in multicilio-
genesis, we compared RNA and small RNA (sRNA) ex-
pression profiles of wild-type and p73 knockout MTECs
at ALI D0, D4, D7, and D14 of differentiation. Raw data
showed good clustering by genotype and differentiation
stage (Supplemental Fig. S4A,B; Supplemental Table S1).
We detected 435 differentially expressed genes (DEGs) at
ALI D0, 437 DEGs at D4, 1064 DEGs at D7, and 1236
DEGs at D14 by RNA sequencing (RNA-seq) analysis
and no DEGs at ALI D0, one DEG at D4, three DEGs at
D7, and 43 DEGs at D14 by sRNA-seq analysis (Fig. 4A;
Supplemental Fig. S4C,D; Supplemental Table S2).
The RNA-seq DEGs showed mostly increased expres-

sion during early differentiation and mostly decreased
expression during later differentiation (Fig. 4B; Supple-
mental Fig. S4C). Marked differential expression at D7
and D14 coincided with TP73 induction in wild-type

Figure 2. TAp73 deficiency causes profound cilio-
genesis defects in airway ciliated cells in vivo.
(A, left) The pseudostratified airway epithelium of
wild-type (WT) bronchus shows nuclear p73 immu-
nostaining in many suprabasal cells where MCCs re-
side. The tracheal and bronchial epithelium from p73
knockout mice was devoid of staining, indicating an-
tibody specificity (data not shown). (Right) The supra-
basal p73-positive cells coexpress FoxJ1, a marker of
MCC cells. Immunofluorescence. Lungs were from
2-mo-old mice. (B–E) Airway epithelia of p73 knock-
out (p73KO) and TAp73 knockout (TAp73KO) mice
exhibit severe defects in ciliogenesis. (B) The p73
knockout trachea exhibits marked loss of cilia. H&E
and immunofluorescence staining for axonemal
marker Ac α-Tub and BB marker Chibby (Cby).
DAPI counterstain. Bar, 10 µm. (C–E) Photomicro-
graphs of transmission electron microscopy (TEM)
(C,E) and scanning electron microscopy (SEM) (D) of
the trachea (C,D) and bronchus (E) from 8-wk-old
p73 knockout and TAp73 knockout mice and their
wild-type littermates. In contrast to the abundant,
long broom-like cilia of wild-type cells, knockout
MCCs have far fewer and shorter cilia (ciliary stumps;
arrowhead). Interspersed microvilli are preserved (as-
terisk). (F,G) TAp73 depletion causes severe muco-
ciliary clearance defects. Fluorescent microspheres
were applied to tracheal explants and tracked by
high-speed confocal microscopy. (F ) Bead trajectories
aggregated from 2000 images over 32 sec. Particles in
wild-type tracheae have long, directed trajectories
along a flow field (arrow). In contrast, directional
movement in the knockout trachea is strongly re-
duced, similar to the deadwild-type diffusion control.
(G) Particle velocity histograms from all measure-
ments. n = 13,683 tracks for wild-type; n = 15,951
tracks for knockout; n = 19,096, tracks for control.
See also Supplemental Movie S2 and Supplemental
Figure S2, G and H.
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MTECs (Fig. 4B, bottom; Supplemental Table S2) and
was enriched for genes involved in ciliogenesis (Fig. 4A;
Supplemental Fig. S5A,B). Most differentially expressed
sRNAs appeared at later stages (Supplemental Fig. S4D).
Thus, TP73 mainly activates transcription either directly
or indirectly during later differentiation (D7 and D14).

To determine howTP73 activates ciliogenesis, we com-
piled ciliogenesis-related genes from SysCilia (van Dam
et al. 2013), gene ontology (GO), and several publications
(Supplemental Table S2). Of the 620 annotated cilium
genes, 155 were differentially expressed (eight up-regulat-
ed and 147 down-regulated), encompassing various struc-

tural and functional components of the ciliary machinery
(Fig. 4B; Supplemental Table S2). Whereas, at D0, five of
eight cilium genes in p73 knockout MTECs were up-
regulated, at D14, 143 of 147 cilium genes (97%) were
down-regulated, indicating a transcriptional activating
role for TP73 (Fig. 4B). Importantly, down-regulated cili-
um genes included key ciliogenesis regulators FoxJ1,
Rfx2, Rfx3, and miR34bc (Fig. 4B,C; Supplemental Figs.
S4C,D, S6A,B; Supplemental Table S2). In addition to
the known ciliogenic roles of Rfx2 in embryonic frog
skin and Rfx3 in mouse ependyma, our data now also
implicate Rfx2 and Rfx3 in airway multiciliogenesis.

Figure 3. TP73 deficiency in primary organotypic
airway cultures recapitulates the profound ciliogene-
sis defects present in vivo. (A) SEMphotomicrographs
of MTECs from wild-type (WT) and p73 knockout
(p73KO) tracheae at ALI D14. The abundant, long cil-
ia of wild-type MCCs are severely decreased in num-
ber and length in p73 knockout MCCs. Only rare
normal-length cilia are formed (arrow). Boxed areas
are shown as magnifications. Microvilli are preserved
(asterisk). (B) Superresolution structured illumination
microscopy (SIM). Surface view SIM photomicro-
graphs of wild-type and p73 knockout MTECs at
D14, immunostained for ZO-1 marking cell borders
(red), axonemal marker Ac α-tub (magenta), and BB
marker γ-tub (green). Two different representative
MTEC cultures derived from independent animals
are shown. (C,D) Quantitation of ciliogenesis stages.
MTECs from wild-type and p73 knockout trachea at
ALI D2, D4, D7, and D14. The percentages of uncili-
ated cells, cells partially ciliated in stages I–IV of cilio-
genesis, and fully ciliated cells were quantified based
on immunostained confocal images for axonemal
marker Ac α-tub (red) and BB marker Cby (green).
Stages are defined as unciliated; stage I, appearance
of centrosomal protein foci; stage II, centriole replica-
tion; stage III, centriole dispersion/migration; and
stage IV, cilium elongation (Tan et al. 2013). (C ) Rep-
resentative surface view. SIM images. (D) Quantita-
tion of stages. “Fully,” as defined in this assay, is at
least 20 cilia per cell. Notably, even fully differentiat-
ed knockout cells had far fewer cilia per cell thanwild
type (which typically have >100 cilia), and any cilia
still formed were much shorter. Over 250 cells per
genotype per ALI day were counted from three inde-
pendent MTEC preparations (>750 total cells for
each condition). Error bars represent standard error
of the mean. P-values show a comparison of wild
type versus knockout for each differentiation stage.
(∗) P < 0.05; (∗∗) P < 0.02; (∗∗∗) P < 0.001. (E,F ) TP73 defi-
ciency causes docking defects at the apicalmembrane
ofMCCs. (E) p73 knockoutMCCs showperturbed po-
larity of the ring-shaped Cby-positive distal append-
age structures that facilitate BB docking to the
apical membrane via ciliary vesicle formation (Burke
et al. 2014). Wild-type and p73 knockout MTECs at
D14 and SIM images immunostained for Cby (green)
and Ac α-tub (red). (F ) Many BBs fail to properly

dock along the apical surface and hence do not give rise to axonemal outgrowth. TEM images of wild-type and p73 knockout MTECs
atD14. For TAp73 knockout bronchus, see also Figure 2E and Supplemental Fig. S2E.A, B,C, E, and F are representative images of at least
five independent biological replicas of MTEC cultures.
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TAp73 is a central transcriptional activator of airway
MCC differentiation
Analysis of wild-type MTECs confirmed that p73 is al-
ready coexpressed in suprabasal (p63-negative) FoxJ1-

positive cells at D2 and maintained in FoxJ1/Rfx2/Rfx3-
positive cells until D14 (Fig. 5A,B; Supplemental Fig.
S7A,B). Moreover, p73/TAp73 knockout airways showed
significantly reduced levels of FoxJ1, Rfx2, Rfx3, and

Figure 4. TAp73 is a central regulator of
ciliogenesis. RNA-seq gene expression of
differentiating wild-type versus p73 knock-
out MTECs (at ALI D0, D4, D7, and D14)
was compared with human TAp73 ChIP-
seq (chromatin immunoprecipitation [ChIP]
combined with high-throughput sequenc-
ing) data (peaks and TP73 DNA-binding
motifs). (A) Overview of DEGs, DEGs that
contain TP73-binding sites (& Peak), and
DEGs that are bound and contain a TP73
motif (& Motif). DEGs are further split
into the categories “cilium” for genes with
known ciliogenesis function and “nonci-
lium” for all others. Significant enrichment
of overlap with gene ontology (GO) terms
was tested using a two-sided Fisher’s exact
test (red outline, enriched). Ciliogenesis
genes show significant enrichment starting
atALID7.AtD14, 12%of all 1236DEGsare
ciliogenic, many of which are bound by
TP73 (5%) and contain a motif (4%). The
total number of DEGs for each differentia-
tion stage is shown in parentheses. (B, left
panel) Hierarchical clustering of the 155
ciliogenesis DEG s during differentiation
(ALI D0, D4, D7, and D14) with individual
samples ([green] wild-type [WT]; [blue] p73
knockout [KO]). Expression differences
are shown as color-coded Z-scores (blue to
red). (Bottom plot) Z-score-normalized ex-
pression values of TP73 (blue), FoxJ1 (red),
Rfx2 (olive), and Rfx3 (cyan) in wild-type
MTECs during differentiation stages at
ALI D0, D4, D7, and D14. (Right panel)
Bar plot displaying the maximum log2 ex-
pression differences (estimated across all
time points) between wild-type and p73
knockout samples. DEGs are shown in
gray (DE) (e.g., Cep290, Odf2, Bbs4, Ift27,
Ift43, Ift88, Ift122, Dnahc1, Dnahc2, and
Dnahc12). DEGs that contain a TP73 peak
are shown in yellow (& Peak), and DEGs
that contain a TP73 peak plus a TP73 con-

sensus motif are shown in red (& Motif). All 51 “red” genes and all 16 “yellow” genes as well as select “gray” genes are listed. This
list also comprises eight human PCD-associated genes (HYDIN, DNAIC1, DRC1, ARMC4, DNAHC11, DNAIC2, CCDC39, and
RSPH9 in red). Another 17 human PCD-associated DEGs contain TP73 peaks but no motif, suggesting indirect DNA binding
(CCDC40, CCDC114, RSPH3a, and DYX1C1, in yellow), or are “simple” DEGs (RSPH1, RSPH4a, DNAHC5, DNAAF1, DNAAF2,
DNAAF3, LRRC6, CCDC65, CCDC103, ZMYND10, SPAG1, RPGR, andHEATR2 in gray) (Supplemental Table S2). (C ) RNA-seq tracks
of average FoxJ1 expression duringMTEC differentiation (ALI D0, D4, D7, and D14) for wild-type (green) and p73 knockout (purple) sam-
ples. Of note, the predicted TP73-binding motifs in the murine FoxJ1 gene (shown in red) lie in a region similar to that in the human
gene downstream from the 3′ end of FOXJ1, suggesting conserved TP73-dependent gene regulation between humans and mice.
(D) TAp73 ChIP-seq genome tracks of the human FOXJ1 locus (GSE15780). Merged ChIP-seq tracks of TAp73α (green) and TAp73β
(purple) are shown. (C,D) The transcriptional start site is marked with an arrow. (E) TP73-centric gene regulatory network of multicilio-
genesis. Solid lines show direct binding of TFs to target genes (based on ChIP-seq) with differential target gene expression (based on RNA-
seq). Dotted lines signify bindingwithout evidence for differential target gene expression. A checkmark indicates that LUC reporter assays
validated the TP73-mediated increase in gene expression for a given binding site and gene. The green background denotes ChIP-seq and
RNA-seq data from experiments in Xenopus laevis, and the gray background indicates human ChIP-seq and murine RNA-seq data. See
also Supplemental Figures S4–S6.
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Dnali1 proteins (Fig. 5C; Supplemental Fig. S7C,E,F). In
confirmation, TAp73 knockout lungs showed reduced
mRNA expression of FoxJ1 and Rfx2 as well as ciliary
structural and motility genes (Supplemental Fig. S7D).

Hence, the decrease in cilliogenesis regulators and effec-
tors mirrors the cellular phenotype, suggesting causality.

Wenextdeterminedwhether thecellular phenotypeand
RNA expression changes resulted from direct TAp73

Figure 5. Validation of direct TAp73 target genes. (A,B) p73 is coexpressed in FoxJ1-positive, Rfx2-positive, and Rfx3-positive (A) as well
as p63-negative (B) suprabasal cells. Confocal immunofluorescence images of wild-type (WT)MTECs at D14 grown as three-dimensional
(3D) tracheospheres in Matrigel. Lateral views. (C ) p73-deficient airways show marked loss of FoxJ1, Rfx2, and Rfx3 protein expression.
Representative bronchi fromwild-type versus p73 knockout (p73KO) mice analyzed by immunohistochemistry. n = 3 each. See also Sup-
plemental Figure S7. (D) Endogenous p73 directly binds to regulatory regions of core ciliogenesis genes. Targeted ChIP assays from 60
mouse tracheae. Immunoprecipitations with pan-p73-specifc antibody versus IgG control. (E) TAp73-dependent direct responsiveness
of human ciliogenesis genes. Luciferase reporter assays in Saos2 cells transfected with empty plasmid, TAp73α, or TAp73β. Wild-type re-
porters contain the putative TP73-bindingmotifs within the cognate DNA regions.Mutant (Mut) control reporters contain the same cog-
nate DNA regions but lack the TP73-binding motifs. Data derived from at least three independent experiments per gene. Error bars
represent standard error of the mean. See also Supplemental Table S5.
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binding to DEG promoter or enhancer regions. To this
end, we analyzed our previously published TAp73α
and TAp73β ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) data
from human Saos cells (Koeppel et al. 2011). Of note,
TAp73α is by far the most abundant splice variant in
mice and humans, while TAp73β is the most active splice
variant in humans, although it is not detectable in many
mouse tissues, including the lung (Grespi et al. 2012).
Isoform-specific peaks were annotated to their potential
target mouse genes, which resulted in 5017 TAp73α,
6100 TAp73β, and 6899 merged TP73 murine peak-con-
taining genes (mPCGs) (Supplemental Tables S2, S3). We
used de novo motif analysis to differentiate between
motif-containing and motif-noncontaining peaks, since
peaks with consensus motifs likely bind directly to
TAp73’s DNA-binding domain (Supplemental Table S3).
We observed that 65%ofmerged peaks contained a highly
conserved TP73 consensus motif that resembles TP53
andTP63motifs (Supplemental Fig. S5C,D; Supplemental
Table S3). We next overlapped TP73 mPCGs with our
MTEC DEG list. This revealed that 40% (775 of 1930) of
all DEGs are TP73-bound, and 69% of those also contain
a consensus motif (Supplemental Fig. S4C; Supplemental
Tables S2, S3). However, of all mouse genes, only 18%
have TP73-bound peaks, indicating that DEGs are enri-
ched for peaks (Supplemental Tables S2, S3). GO analysis
of peak-containing DEGs showed cilium term enrich-
ment at later stages of differentiation (Supplemental Fig.
S5E). Forty-three percent of cilium-annotated DEGs con-
tained TP73 peaks. Seventy-six percent of those also con-
tained TP73 consensus motifs (Fig. 4B; Supplemental
Table S3).
The 51 ciliumDEGs that are bound and contain consen-

sus motifs include key transcriptional regulators FoxJ1,
Rfx2, and Rfx3 (Fig. 4B–D; Supplemental Figs. S4D, S6A,
B). Both TAp73α and TAp73β directly bind to a putative
FOXJ1 enhancer element immediately downstream from
the coding region (Fig. 4D) and to intron 1 of human
RFX2 and RFX3 (Supplemental Fig. S6A,B). The binding
of TAp73 to FOXJ1, RFX2, and RFX3 enhancers/introns
seems conserved between humans and mice, given TP73-
binding motifs in corresponding mouse genes (Fig. 4C,D;
Supplemental Fig. S6A,B). Of the 45 sRNA DEGs, three
are TP73-bound and contain a motif, including MCC
regulatory miR34bc (Supplemental Fig. S4D; Song et al.
2014). Key structural and functional ciliary genes associat-
ed with intraflagellar transport, transition fibers, BBs, pla-
nar cell polarity, and motility are differentially expressed
and bound and contain a TP73 motif, including eight hu-
man PCD-associated genes (Fig. 4B, “red” genes). Another
17humanPCD-associatedDEGscontainonlyTP73peaks,
suggesting indirect DNA binding (Fig. 4B “yellow” genes)
or represent “simple” DEGs (Supplemental Table S2).
Cilium DEGs are mostly down-regulated at D7 and D14,
coinciding with TAp73 induction (Fig. 4B, bottom; Sup-
plemental Fig. S3A). These results imply that TAp73 acts
as central transcriptional ciliogenesis activator through
both direct and indirect binding to regulatory elements of
cilium genes (Fig. 4E; Supplemental Table S4).

These data were corroborated by targeted ChIP of
endogenousmouse p73 protein fromwild-typemouse tra-
cheae using a pan-p73-specific antibody that we validated.
It confirmed the enrichment of p73 binding to regulatory
regions of the gamut of ciliogenic target genes identi-
fied above (Fig. 5D; Supplemental Fig. S7G,H). Notably,
particularly strong binding was seen at the FoxJ1 gene
(Fig. 5D). Moreover, we performed targeted ChIP of
human TAp73α and TAp73β in Saos2 cells using a
TAp73 isoform-specific antibody, which confirmed that
the TAp73 isoforms indeed bind to these genes (Supple-
mental Fig. S7I). Luciferase reporter assays confirmed
direct TAp73 responsiveness of cognateDNA regions con-
tainingTP73-bindingmotifs in FOXJ1,RFX2,RFX3,MYB,
miR34bc, and SPATA18 gene loci. The corresponding
controls lacking the TP73-binding motif showed no re-
porter gene induction (Fig. 5E; Supplemental Table S5).
We also asked howTAp73 itself might be regulated dur-

ingmulticiliogenesis. Previous work identifiedMulticilin
(also known asMcidas), a small coiled-coil transcriptional
coregulator, as necessary in early stage MCC differentia-
tion. Multicilin binds to E2F4/5 to promote transcription
in centriole biogenesis (Stubbs et al. 2012; Ma et al. 2014).
We reanalyzed published ChIP-seq/RNA-seq data of the
ectoderm (animal caps) of Xenopus laevis embryos ex-
pressing transgenic Multicilin in the presence or absence
of E2F4 (Ma et al. 2014). Of 92 X. laevis DEGs bound
by the Multicilin/E2F4 complex, seven are TFs, and one
is the X. laevis TP73 homolog (Supplemental Fig. S6C).
In our wild-type differentiation system, Mcidas expres-
sion increased by D4 and peaked by D7, mirroring TP73,
FoxJ1, Rfx2, and Rfx3 induction (Supplemental Fig. S4C,
bottom). Importantly, ectopic expression of Mcidas in
wild-type MTECs (ALI D0) induced TAp73 expression
(Supplemental Fig. S6). Moreover, luciferase assays con-
firmed direct MCIDAS/E2F4 responsiveness of a p73 pro-
moter region (Supplemental Fig. S6E).
Together, our results place TP73 at the center of a gene

regulatory network controllingmulticiliogenesis (Fig. 4E).
Our data further show that Mcidas directly regulates
TP73. This network is conserved between mice and hu-
mans, given the concerted temporal expression patterns
between our MTECs and human airway epithelium (Sup-
plemental Fig. S6F,G; Supplemental Table S2; Marcet
et al. 2011).

TAp73 is necessary and sufficient to drive
multiciliogenesis

Finally, since TAp73 contains the transactivation domain
and binds to cilium genes (Figs. 4D, 5D,E; Supplemental
Figs. S5C,D, S6A,B), we wished to independently confirm
that the TP73 isoform class TAp73 controls these cellular
and molecular phenotypes. Further implicating TAp73,
knockout airways were severely ciliogenesis-defective
and showed reduced mRNA of FoxJ1, Rfx2, and motility
genes and reduced FoxJ1 and Dnali1 protein (Supplemen-
tal Fig. S7C,D,F).
To this end, we performed rescue experiments in global

p73 knockout MTECs (missing both isoform classes).
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Indeed, using lentiviral mouse TAp73α restricted toMCC
fated cells, we were able to fully rescue cilia biogenesis.
TAp73α reconstituted p73 knockout MCCs produced
the full set of long motile cilia indistinguishable from
wild-type cilia (Fig. 6A,B). Thus, TAp73 is necessary and
sufficient to engage the full ciliogenic program.Moreover,
when we compared p73 knockout control versus p73
knockout rescued by TAp73α, we saw the percentage of
FoxJ1-positive cells rise to essentially wild-type levels
(Fig. 6C,D). Furthermore, up to 88% of the TAp73 re-
constituted p73 knockout MCCs now turn on FoxJ1 (Sup-
plemental Fig. S8A,B). In addition, TAp73α is capable of
inducing mRNA of FoxJ1, Rfx2, and other ciliary genes
(Supplemental Fig. S8C). These data confirm that TAp73
acts through FoxJ1.

Next, we performed epistasis analyses to establish that
TAp73 lies upstream of motile multiciliogenesis tran-
scriptional activators. We selected FoxJ1, given its crucial
role in the ciliogenesis axis. Indeed, the severe ciliogenesis
defect of p73 knockout MTECs, which express reduced

levels of endogenous FoxJ1 (Fig. 5C; Supplemental Fig.
S7E), was completely rescued by lentiviral mouse FoxJ1
restricted to MCCs (Fig. 6E–G). Phenotypic rescue of
p73 knockout MCCs at D14 was 100% compared with
control and FoxJ1-infected wild-type MCCs. Rescued
p73 knockout MCCs exhibit long and motile cilia indis-
tinguishable from control wild-type MCCs, confirming
that TAp73 lies upstream of FoxJ1 in the transcriptional
hierarchy. These data suggest that suppressed residual
FoxJ1 levels present in p73 knockout MCCs (Fig. 5C;
Supplemental Fig. S7C,E) are insufficient and require
induction by TAp73 to drive productive ciliogenesis. We
saw no rescue of p73 knockout ciliogenesis in MCCs
targeted with lentiviral Rfx2 or Rfx3, indicating that ec-
topic Rfx2 or Rfx3 overexpression alone cannot compen-
sate for TAp73 loss to activate or bypass FoxJ1. Taken
together, these data identify TAp73 as a central transcrip-
tional regulator of multiciliogenesis upstream of FoxJ1,
Rfx2, Rfx3, miR34bc, Myb, and other structural ciliary
genes and downstream from Mcidas (Fig. 7).

Figure 6. TAp73 is necessary and sufficient to drive
motile multiciliogenesis and functions upstream of
FoxJ1 in the transcriptional network. Functional
rescue. (A)MCC-specificTAp73α isnecessaryandsuf-
ficient to fully rescue ciliogenesis in p73knockout air-
ways. TAp73α reconstituted p73 knockout (p73KO)
MCCs produced large numbers of longmotile cilia in-
distinguishable from wild-type (WT) cilia. Wild-type
and p73 knockout MTECs uninfected (Control) or in-
fected at seeding with lentivirus targeting mouse
TAp73α expression to MCC fated cells. Representa-
tive SIM images on ALI D14 stained for Ac α-tub.
(B) Quantitation of phenotypic rescue in various per-
centages of fully ciliated cells at ALI D4 and D14.
Data were derived from five wild-type and five p73
knockout mice. (C,D) Reintroduction of TAp73α in-
duces expression of FoxJ1 in p73 knockout MTEC
cultures to wild-type levels. Wild-type and p73
knockout MTECs uninfected (Control) or infected
at seeding with lentivirus targeting mouse TAp73α
expression to MCC fated cells. (C ) Representative
confocal images on ALI D14 stained for FoxJ1.
(D) Quantitation of FoxJ1-positive cells at ALI D4
and D14. Data were derived from five wild-type and
five p73 knockout mice. (E–G) Epistasis analysis.
p73 knockout MCCs are 100% rescued by FoxJ1.
Wild-type and p73 knockout MTECs uninfected
(Control) or infected at seeding with lentivirus target-
ing mouse FoxJ1 expression to MCC fated cells. (E)
Representative SIM images on ALI D14 stained for
Ac α-tub. (F ) Quantitation of rescue in various per-
centages of fully ciliated cells at ALI D4 and D14.
(G) Representative SEM images of p73 knockout
MTECs on ALI D14 uninfected or infected with
FoxJ1. See also Supplemental Figure S8D for represen-
tative confocal images used for F.
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Discussion
Here we established TAp73, a homolog of the p53 tumor
suppressor, as a key transcriptional regulator of airway
multiciliogenesis. We propose that TAp73 acts as the
central integrator of the complex MCC differentiation
program, positioned downstream from Mcidas and up-
stream of FoxJ1, Rfx2, Rfx3, miR34bc, and Myb (Fig.
7A). Phenotypic characterization in two different TP73-
deficient mouse strains and organotypic cultures, coupled
with cross-species RNA-seq/ChIP-seq analyses and com-
plete rescue of ciliogenesis by TAp73 reconstitution in
p73 knockout cells, reveal that TAp73 is essential for BB
docking, axonemal extension, and motility.
TP73’s function in airway epithelium was unknown. In

contrast, its homolog, TP63, is essential for tracheobron-
chial epithelium development and homeostasis through
maintaining a self-renewing stem cell pool (Hogan et al.
2014). Lung regeneration in response to viral and chemical

damage depends on pre-existing, intrinsically committed
p63+Krt5+ distal airway stem cells that undergo proli-
ferative expansion and assemble into nascent alveoli to
replace damaged parenchyma (Kumar et al. 2011; Zuo
et al. 2015).
TAp73 governsmulticiliogenesis by controlling key cil-

iogenic TFs (notably, FoxJ1, Rfx2, and Rfx3) and by post-
transcriptional processes via a key regulatory microRNA,
miR34bc. Moreover, nearly 50 additional genes involved
in ciliary assembly, structure, and motility are direct
TAp73 targets (Fig. 7B). Eight of these genes, when mu-
tated, are associated with human ciliopathies (HYDIN,
DNAIC1, DRC1, ARMC4, DNAHC11, DNAIC2,
CCDC39, andRSPH9). These data explain why TP73 defi-
ciency in mice causes a PCD-like airway phenotype of
chronic inflammation and impaired pulmonary function.
By governing mucociliary clearance, TAp73 has a major
role in protecting lung health.

Figure 7. Summary of results and a pro-
posedmodel of TAp73 as a central regulator
of motile multiciliogenesis. (A) Regulatory
transcriptional cascade of airway multici-
liogenesis based on data generated here,
mapping TAp73 as the proximal node (ma-
genta). Asterisks indicates direct targets of
TAp73. Grhl2 was recently mapped (Gao
et al. 2015). (B) Direct target genes of
TAp73 involved in the regulation, forma-
tion, and function of cilia (also indicated
in red text in Fig. 4B and Supplemental
Fig. S4D).
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One key TAp73 target is FoxJ1. FoxJ1 is considered a
central ciliogenesis regulator, since FoxJ1-deficient mice
do not develop any motile cilia (Brody et al. 2000). Nota-
bly, TAp73 depletion phenocopies FoxJ1 depletion, except
for left–right asymmetry defects, implicating TAp73 func-
tions in motile multiciliogenesis rather than nodal cilio-
genesis. We found no overt defects in primary immotile
and nodal cilia in p73 knockout cells. Since cilia produc-
tion is completely rescued by FoxJ1 in p73 knockout
MCCs, we propose that TAp73 regulates multiciliogene-
sis largely through FoxJ1.

Rfx2 and Rfx3 are also TAp73 targets. In motile cilia,
FoxJ1 and Rfx3 mutually cross-regulate their expression
and regulate an overlapping subset of genes involved in
ciliary motility (Yu et al. 2008; El Zein et al. 2009; Alten
et al. 2012; Didon et al. 2013; Choksi et al. 2014). Interest-
ingly, we failed to observe a rescue of ciliogenesis in p73
knockout cells with MCC-directed reconstitution of
Rfx2 or Rfx3, suggesting that ectopic expression of Rfx2
and Rfx3 alone is unable to compensate for TAp73 loss
or reduced FoxJ1 levels. This implies that Rfx2 and Rfx3
require TAp73 and/or FoxJ1 formulticiliogenesis program
activation despite regulating common targets.

We also found direct TAp73α andTAp73β binding to the
MYB gene. Its regulatory region contains a TP73-binding
motif and exhibits TAp73α/β-dependent responsiveness
in luciferase assays (Fig. 5D,E). However, Myb was only
marginally down-regulated in p73 knockout MTECs and
thus is not classified as a DEG, likely due to its direct re-
sponsiveness to Mcidas/E2F4, which remained unaltered
in knockouts (Tan et al. 2013). This suggests thatMyb reg-
ulation involves several control mechanisms, one being
TAp73.

To identify upstream regulators of TAp73, we perfor-
med a bioinformatics analysis of existing ChIP-seq/
RNA-seq data sets from Xenopus embryos that probed
the role of transcriptional coactivator Mcidas in MCCs
(Ma et al. 2014). It predicted direct transcriptional control
of the TAp73 gene by the Mcidas/E2F4 complex, which
we confirmed in murine MTECs and human reporter
assays. Mcidas functions in motile multicilia but not
motile monocilia or kinocilia formation (Choksi et al.
2014). Previous studies suggest that the Mcidas/E2F4/
E2F5 complex acts in a temporal window in early ciliation
to drive centriole biogenesis (Stubbs et al. 2012; Ma et al.
2014). However, it remains unclearwhich upstream signal
induces the switch for BB docking and axonemal exten-
sion during later stages. We propose TAp73 as this switch
and speculate that Mcidas might function throughout
all stages by first inducing TAp73 and then switching
DNA-binding partners from E2F4/E2F5 to TAp73 to
form a functional transcriptional complex that in turn ac-
tivates Foxj1 and other target genes to complete ciliogen-
esis. This is worth exploring in future experiments.

In summary, the discovery of “nuts and bolts” struc-
ture/function components of the complex motile ciliary
apparatus has progressed rapidly and now encompasses
an extensive list. However, the transcriptional program
that controls these ciliary effectors remains largely unde-
termined. Here, we show that TAp73 acts upstream to

govern known central transcriptional nodes—notably,
FoxJ1, Rfx2/3, miR34bc, andMyb (Fig. 7A)—and also con-
trols a plethora of multiciliogenic effectors (Fig. 7B). Our
findings could have profound implications for unders-
tanding the underlying mechanism disrupted in patients
with ciliopathy-associated chronic respiratory diseases.

Materials and methods

Mice

p73 knockout mice with a deletion of Ex5/6 were a gift from
Dr. Frank McKeon (Yang et al. 2000). TAp73 knockout mice
with a deletion of Ex2/3 of the TP73 gene were a gift from
Dr. Tak Mak (Tomasini et al. 2008). All animal experiments
were performedwith approval of the animal care and use commit-
tees at the University of Stony Brook and the University of
Göttingen.

Mucociliary transport

The flow of fluorescent beads across the mucosal surface of
tracheae was recorded by high-speed video camera on a confocal
microscope at 61Hz over 2000 frames. For details, see the Supple-
mental Material.

Histology, immunostaining, superresolution structured
illumination microscopy (SIM), TEM, and scanning
electron microscopy (SEM)

For histology, immunostaining, superresolution SIM, TEM, and
SEM, see the Supplemental Material.

MTEC cultures and lentiviral infection

Primary MTECs were established as described (You et al. 2002).
Upon confluence, the ALI condition was created by removing
the apical chamber medium and switching the bottom chamber
to differentiation medium. For viral infection of MTECs, isolated
epithelial cells were mixed with lentiviral supernatants from
HEK293T cells at the time of seeding, repeated once 24 h later.
For quantitation of ciliary stages, the percentages of unciliated
MCCs, partly ciliated MCCs (stages I–IV), and fully ciliated
MCCs were determined from MTECs of wild-type and p73
knockout trachea at ALI D2, D4, D7, and D14 immunostained
for Ac α-Tub and Cby. Confocal images of >250 cells per genotype
per ALI day from each of three independent MTEC preparations
were counted. For quantitating functional rescue, wild-type and
p73 knockout MTECs infected with lentiviral FoxJ1-driven
mouse TAp73α or -FoxJ1 at seeding or uninfected were stained
for Ac α-Tub and scored at ALI D4 and D14. Scored cells (number
of fully differentiated cells; i.e., at least 20 fully extended Ac
α-tub-positive cilia per cell) were determined as the percentage
of total cells. At least 750 cells per genotype per ALI day were
counted.

TAp73 ChIP-seq and targeted ChIP

For ChIP-seq, we used our published genome-wide TAp73-bind-
ing sites (Gene Expression Omnibus [GEO] data set GSE15780)
(Koeppel et al. 2011). The TAp73 ChIP-seq samples were aligned
to the Homo sapiens hg19 genome using Bowtie 2 (version
2.0.2). For targeted ChIP on mouse tissue, freshly harvested tra-
cheae were surgically removed. The respiratory epithelium was
cross-linked by 1% formaldehyde for 15 min and scraped into
PBS buffer with protease inhibitors (Roche). Two independent
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experiments were done—one from 30 tracheae and another from
60 tracheae of wild-type mice. Cells were sonicated, and chroma-
tin was harvested, split into two equal aliquots, and immunopre-
cipitated with an antibody specific to p73 (Abcam, EP436Y) or
IgG control. For additional targetedChIP, chromatinwas harvest-
ed fromSaos2 cells expressing TAp73α, TAp73β, or empty vector;
cross-linked; and incubated overnight with protein A/G plus aga-
rose beads and 2 μg of TAp73 antibody or IgG (Abcam, ab14430
or ab2410). ChIP samples were extensively washed and decross-
linked, and purified DNA was analyzed by quantitative RT–
PCR. Myoglobin D promoter served as a negative control. Fold
enrichment was calculated over the recovery from IgG-ChIP,
and significancewas determined by unpaired one-tailed Student’s
t-test.

RNA-seq and sRNA-seq

Gene expression for wild-type and p73 knockout MTECs at ALI
D0, D4, D7, and D14 was measured. RNA was isolated with
RNeasy kit (Qiagen). RNA-seq and sRNA-seq libraries were pre-
pared by TruSeq kits (Illumina). Library quality and sample con-
centration were checked before sequencing (50-base-pair single
end) on a HiSeq 2000 (Illumina) using TruSeq SR cluster kit ver-
sion 3-cBot-HS and TruSeq SBS kit version 3-HS. All experiments
ran in triplicate, sequencing three biological replicates per condi-
tion. Murine RNA-seq data were aligned to the Mus musculus
mm10 genome using STAR aligner (version 2.3.0e_r291) with de-
fault options. Read counts for all genes and all exons (Ensembl an-
notation version 72) were obtained using FeaturesCount (version
1.4.6) (Liao et al. 2014). To identify enriched GO categories, the
Web service WebGestalt was used. GO category enrichment
was assessed by calculating the fold change between observed
and expected numbers of genes of a given GO category, where
terms were scored enriched if they had an adjusted P-value of
<0.1 (GEO no. GSE75717).
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