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Abstract
Motile cilia serve vital functions in development, homeostasis, and regeneration. We recently demonstrated that TAp73 is an
essential transcriptional regulator of respiratory multiciliogenesis. Here, we show that TAp73 is expressed in multiciliated cells
(MCCs) of diverse tissues. Analysis of TAp73 mutant animals revealed that TAp73 regulates Foxj1, Rfx2, Rfx3, axonemal
dyneins Dnali1 and Dnai1, plays a pivotal role in the generation of MCCs in male and female reproductive ducts, and
contributes to fertility. However, the function of MCCs in the brain appears to be preserved despite the loss of TAp73, and robust
activity of cilia-related networks is maintained in the absence of TAp73. Notably, TAp73 loss leads to distinct changes in
ciliogenic microRNAs: miR34bc expression is reduced, whereas the miR449 cluster is induced in diverse multiciliated epithelia.
Among different MCCs, choroid plexus (CP) epithelial cells in the brain display prominent miR449 expression, whereas brain
ventricles exhibit significant increase in miR449 levels along with an increase in the activity of ciliogenic E2F4/MCIDAS circuit
in TAp73 mutant animals. Conversely, E2F4 induces robust transcriptional response from miR449 genomic regions. To address
whether increased miR449 levels in the brain maintain the multiciliogenesis program in the absence of TAp73, we deleted both
TAp73 and miR449 in mice. Although loss of miR449 alone led to a mild ciliary defect in the CP, more pronounced ciliary
defects and hydrocephalus were observed in the brain lacking both TAp73 and miR449. In contrast, miR449 loss in other MCCs
failed to enhance ciliary defects associated with TAp73 loss. Together, our study shows that, in addition to the airways, TAp73 is
essential for generation of MCCs in male and female reproductive ducts, whereas miR449 and TAp73 complement each other to
support multiciliogenesis and CP development in the brain.

Introduction

Cilia are hair-like appendages protruding from the cell
membrane into the surrounding environment. Solitary
immotile primary cilia are a common organelle in most

mammalian cells, whereas motile cilia are restricted to a
subset of cell types. This subset includes multiciliated cells
(MCCs) lining brain ventricles, tracheal, and bronchial
epithelium as well as the epithelium of male efferent ducts
(EDs) and fallopian tubes (FTs) in females [1].

Multiciliogenesis requires precise regulation of the pro-
duction, transport and assembly of a large number of different
structural components, a process critically dependent on a
hierarchical network of transcriptional and post-transcriptional
regulators [2]. Geminin coiled-coil domain containing 1
(GEMC1) [3–5] and multiciliate differentiation and DNA
synthesis associated cell cycle protein (MCIDAS or Multicilin)
[6–8], members of the Geminin family, are early regulators of
the MCC fate, downstream of the Notch pathway. MCC dif-
ferentiation is also regulated by post-transcriptional mechan-
isms including microRNAs (miRNAs). miR-34/449 constitutes
a conserved family that encodes six homologous miRNAs
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(miR34a, 34b, 34c, 449a, 449b, and 449c) from three genomic
loci in vertebrates. Inhibition of the Notch pathway e.g., by
miR449 is required for multiciliogenesis through derepression
of the transcriptional network of GEMC1, MCIDAS, E2F
transcription factors (E2F4, E2F5), forkhead box J1 (FOXJ1),
and v-myb avian myeloblastosis viral oncogene homolog
(MYB) [9–11]. Disturbance of the molecular circuit leads to
defective multiciliogenesis and ciliopathies in the airways,
reproductive tracts, and the brain [1].

Transformation-related protein 73 (Trp73) is a member
of the p53 family with distinct isoforms generated from two
alternative promoters: isoforms containing the N-terminal
transactivation domain (TAp73) and N-terminally truncated
dominant-negative isoforms (ΔNp73). Recently, we and
others showed that TAp73 is essential for airway multi-
ciliogenesis [12, 13]. Gene expression analysis and chro-
matin immunoprecipitation (ChIP) identified TAp73 as a
critical regulator of multiciliogenesis: TAp73 acts down-
stream of E2F4/MCIDAS and regulates the expression of
FOXJ1, RFX2, and RFX3 in pulmonary tissues [12, 14–17].

The FT of female reproductive tract consists of MCCs that
possess hundreds of motile cilia beating in a wave-like
manner which, along with musculature contraction, moves the
oocyte or zygote towards the uterus [18–20]. Defects in cili-
ary functions may lead to ectopic pregnancies or infertility
[19, 21]. In the male reproductive tract, MCCs in the EDs are
involved in the transport of spermatozoa from testis to epi-
didymis (Epi), their maturation and concentration [22–25].

MCCs in the brain can be found in a single layer of
ependymal cells facing the ventricles and choroid plexus (CP).
The CP epithelium, a specialized secretory epithelium that
secretes cerebrospinal fluid, arises from monociliated pro-
genitors in the roof plate around embryonic day (E) 12 and
undergoes multiciliate differentiation to form multiple primary
cilia [26, 27]. Ependymal cells in mice are specified around
E16 and form multiple motile cilia on the apical surface after
birth to facilitate cerebrospinal fluid movement [28, 29].
Defects in the ependymal and CP lineages are implicated in
aging, hydrocephalus, and brain tumors [30, 31].

In this study, we detected robust TAp73 expression in
MCCs in diverse tissues. In reproductive ducts, TAp73 loss
leads to a profound reduction of multiciliogenesis and sup-
pression of TAp73-dependent transcriptional network activity.
However, MCCs in the brain maintain robust multi-
ciliogenesis activity despite TAp73 loss. Molecular studies
revealed alterations in miR-34/449 family members in diverse
MCCs from TAp73 mutant mice: decreased levels of TAp73
target miR34bc concurrent with increased expression of
miR449. In the brain, miR449 is highly expressed in the CP
and experiences significant upregulation following TAp73
deletion. In addition, brain ventricles but no other multi-
ciliated tissues from TAp73 mutant animals exhibit increased
expression of E2F4, which in turn is capable of eliciting

robust transcriptional response from miR449 genomic loci,
suggesting that miR449 plays a crucial role in brain multi-
ciliogenesis in collaboration with TAp73. Indeed, miR449 loss
alone results in ciliary reduction in the CP, whereas loss of
both TAp73 and miR449 leads to a dramatic reduction of
multiciliogenesis in the CP and severe hydrocephalus.
Therefore, the molecular network governing MCC fate is
subjected to tissue-specific feedback modulation by tran-
scriptional and post-transcriptional mechanisms.

Materials and methods

Animals

TAp73 mutant mice with a targeted deletion of exons 2 and 3
of the Trp73 gene were a generous gift from Dr. Tak Mak
(Princess Margaret Cancer Centre, Toronto, Canada) [32].
miR449 mutants were previously described [33]. Both strains
were maintained in C57Bl/6 background (n8) at the animal
facility of the European Neuroscience Institute Goettingen,
Germany in full compliance with institutional guidelines. The
study was approved by the Animal Care Committee of the
University Medical Centre Goettingen and the authorities of
Lower Saxony under the number 16/2069.

Human samples

Human Epi samples were procured with informed consent
from two patients. All experimental procedures were
approved and performed in accordance with the require-
ments set forth by the Ethics Committee of the University
Medical Centre Goettingen (application number: 18/2/16).

Histology and immunostaining

Paraformaldehyde-fixed, paraffin-embedded tissues were
treated with heat-induced epitope retrieval using Rodent
Decloaker (RD913 L, Biocare Medical, Pacheco, CA,
USA). For immunohistochemistry, endogenous peroxidase
activity was quenched with 3% H2O2 for 10 min. Tissue
sections were blocked with 10% fetal calf serum in
phosphate-buffered saline with 0.1% Triton X-100, and
subsequently incubated with primary antibodies (list of
antibodies is provided in Supplementary Table 1). Bioti-
nylated secondary antibodies were applied for 1 h at room
temperature (list of antibodies is provided in Supplementary
Table 2), after which avidin enzyme complex and substrate/
chromogen were used for color development (Vector
laboratories, Burlingame, CA, USA). Stained tissue sections
were counterstained with hematoxylin. For immuno-
fluorescence, sections were stained with fluorescently
labeled secondary antibodies (list of antibodies is provided
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in Supplementary Table 2) for 1 h at room temperature.
Nuclei were counterstained with 4′,6-diamidin-2-pheny-
lindol (DAPI). Histology of tissue sections was assessed by
using hematoxylin (Merck, Darmstadt, Germany) and eosin
(Carl Roth, Karlsruhe, Germany) staining.

Electron microscopy

Transmission electron microscopy (TEM) was performed as
previously described [12]. Briefly, murine tissue samples
were fixed by immersion using 2% glutaraldehyde in 0.1 M
cacodylate buffer (Science Services, München, Germany) at
pH 7.4 overnight at 4 °C. Postfixation was performed using
1% osmium tetroxide diluted in 0.1 M cacodylate buffer.
After pre-embedding staining with 1% uranyl acetate, tissue
samples were dehydrated and embedded in Agar 100
(Plano, Wetzler, Germany). Thin tissue sections (100 nm)
were examined using a Philips CM 120 BioTwin trans-
mission electron microscope (Philips Inc., Eindhoven, The
Netherlands) and images were taken with a TemCam F416
CMOS camera (TVIPS, Gauting, Germany).

Quantification of cilia markers

Cilia were quantified using the ImageJ software [34]. Briefly,
the region of interest was selected and a threshold was set to
exclude unspecific background signals. The Analyze Particles
tool was used to measure the area of the ciliary staining. Values
were normalized to the length of the epithelia measured.

Western blot

Samples were homogenized in RIPA buffer (20 mM Tris-
HCl pH 7.5, 150 mM NaCl, 9.5 mM EDTA, 1% Triton X-
100, 0.1% SDS, 1% sodium deoxycholate) supplemented
with urea (2.7 M) and protease inhibitors (Complete Mini
EDTA-free, Roche, Basel, Switzerland). Equal amounts of
protein extracts were separated by SDS-polyacrylamide gels
prior to transfer onto a nitrocellulose membrane and incu-
bated with primary antibodies (list of antibodies is provided
in Supplementary Table 1). The membrane was washed and
incubated for 1 h with horse radish peroxidase-conjugated
secondary antibodies (list of antibodies is provided in
Supplementary Table 2) followed by chemiluminescence
detection. β-Actin or heat shock cognate 71 kDa protein
(HSC70) was used as protein loading controls.

RNA extraction, quantitative PCR, small RNA
sequencing, and RNAscope

Tissue samples were snap-frozen in liquid nitrogen and total
RNA was isolated by Extrazol (7BioScience, Hartheim,
Germany)/Chloroform extraction followed by 80% ethanol

precipitation at −20 °C. For cDNA synthesis, 1 μg of total
RNA was incubated with the M-MuLV reverse transcriptase
and a mix of random nonameric and polyA tail primers at
42 °C for 1 h in a total volume of 50 µl. All reactions were
set up in triplicate with self-made SYBR Green quantitative
PCR (qPCR) Mix (Tris-HCl [75 mM], (NH4)2SO4 [20 mM],
Tween-20 [0.01% v/v], MgCl2 [3 mM], Triton X-100
[0.25% v/v], SYBR Green I (1:40 000), dNTPs [0.2 mM],
and Taq polymerase [20 U/ml]) using 250 nM of each gene-
specific primer (list of primers is provided in Supplementary
Table 3). Standard curve method was used to assess relative
transcript content. Transcript of interests was normalized to
the reference transcript of ribosomal phosphoprotein P0
(Rplp0 or 36b4) and normalized to the mean value of
control samples. The results for each sample were obtained
by averaging transcript levels of technical triplicates. No RT
controls and dilution curves as well as melting curves and
gel electrophoresis assessment of amplicons were per-
formed for all primer combinations. For miR449a, miR34b,
and miR34c quantification, the TaqMan miRNA Assay
(Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA, USA) was performed according to the manufacturer’s
instructions with U6 snRNA as internal control.

Copy number in RNA samples was determined by qPCR
using a murine TAp73 plasmid (MC219984, Origene,
Rockville, USA) with a known copy number as standard
curve. Copy number of the TAp73 plasmid was determined
using the following formula: number of copies= (plasmid
amount [ng] × 6.022 × 1023 [molecules/mole])/(plasmid
length [bp] × 1 × 109 [ng/g] × 650 [g/mol])

The libraries for small RNA samples were prepared using
the TruSeq Small RNA Library Prep Kit-Set A (24 rxns) (Set
A: indexes 1–12; Cat N°: RS-200-001, Illumina, San Diego,
CA, USA) using 1 µg of total RNA according to the manu-
facturer’s recommendations. Samples were sequenced on the
Illumina HiSeq 4000 using a 50 bp single-end approach.
Mapping, prediction of novel miRNAs, quality control, and
differential expression (DE) analysis were carried out using
Oasis2.0 (Oasis: online analysis of small RNA deep sequencing
data) [35]. In brief, FASTQ files were trimmed with cutadapt
1.7.1 [36] removing TruSeq adapter sequences
(TGGAATTCTCGGGTGCCAAGG) followed by removing
sequences smaller than 15 or larger than 32 nucleotides.
Trimmed FASTQ sequences were aligned to mouse small
RNAs using STAR version 2.4.1d [37] with a mismatch of 5%
of the sequence length and by utilizing the following databases:
Mirbase version 21 for miRNAs; piRNAbank V.2 for
piwiRNA; and Ensembl v84 for small nuclear RNA, small
nucleolar RNA, and ribosomal RNA. Counts per small RNA
were calculated using featureCounts v1.4.6 [38]. Novel miR-
NAs were searched using miRDeep2 version 2.0.0.5 [39]. DE
of small RNA was determined by DESeq2 [40], where small
RNAs were considered differentially expressed with an
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adjusted p-value < 0.05 and absolute log2 fold change > 1. The
results of the DE analysis can be found in Supplementary
Table S6, and the small RNA-seq data sets can be found in
Gene Expression Omnibus with accession number
GSE108385.

TAp73 (probe no. 475741), Mcidas (probe no. 510401-C2),
Hes1 (probe no. 417701), and Hes5 (probe no. 400991-C2)
were visualized using the RNAscope 2.5 HD Duplex Reagent
Kit (#322430, Advanced Cell Diagnostics, Hayward, CA,
USA) according to the manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP)

Chromatin was harvested from Saos2 cells transiently
overexpressing TAp73α, TAp73β, and the control vector
pcDNA3.1. Saos2 cells were routinely tested negative for
Mycoplasma. ChIP and qPCR were performed as pre-
viously described using gene-specific primers (sequence
information is provided in Supplementary Table 4) [12].
Enrichment levels were determined as the number of PCR
products for each gene relative to total input.

Luciferase assay

The luciferase assay was performed as previously described
[12]. Briefly, Saos2 cells were transfected with pcDNA3.1
empty vector, or pcDNA3.1 vector carrying E2F4 orMCIDAS,
or both E2F4 and MCIDAS vectors. Moreover, a firefly luci-
ferase reporter construct containing the putative three wild type
E2F-binding sequences of miR449 genomic region (wild type,
or “WT”), or the same sequences lacking the strongest pre-
dicted E2F-binding motif (mutant, or “Mut”) was transfected
(sequence information is provided in Supplementary Table 5).
In addition, a Renilla TK luciferase vector was co-transfected.
At 24 h after transfection, cells were harvested and the luci-
ferase activities were measured using the dual luciferase
assay. Firefly luciferase activities were determined relative to
those of Renilla TK luciferase vector and normalized to the
mean value of samples from the control vector. Luciferase
assays were performed as technical triplicates on every biolo-
gical replicate.

Video microscopy

Murine FT and testis connected to the Epi were dissected
and transferred to Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, Thermo Fisher Scientific, Waltham, MA,
USA). To image spermatozoa, the Epi was separated from
testis and vas deferens and an incision was made at distal
end to release the spermatozoa. Spermatozoa as well as the
peristaltic contraction of the FT were imaged with an
inverse microscope.

Imaging of cilia-generated bead flow and cilia
beating in the brain ventricular system

Mice brains were dissected and transferred to DMEM 21063
(Gibco, Thermo Fisher Scientific). Coronal slices containing
the lateral ventricle, ventral third ventricle, aqueduct, and fourth
ventricle were prepared by using a coronal adult brain matrix
(ASI Instruments, Warren, MI, USA). The ventral third ven-
tricle was processed further as previously described [41]. Tis-
sue explant was placed in DMEM containing fluorescent latex
beads (Fluoresbrite Multifluorescent 1.0 micron Microspheres,
Polysciences, Warrington, PA, USA). Movement of fluor-
escent beads along the ventricular wall and within ventricular
lumen was observed by fluorescence microscopy using a DMR
(Leica, Wetzlar, Germany) upright microscope with an epi-
fluorescence lamp. Ciliary beating was observed by differential
interference contrast microscopy using the same set-up. Bead
movement was recorded using a high-speed camera (Cascade
II-512, Photometrics, Tucson, AZ, USA) operated by Multi-
Recorder Software (developed by Johannes Schröder_Schetlig)
and analyzed using ImageJ software [34].

Statistical analysis

One-tailed, unpaired Student’s t-test assuming normal dis-
tribution, and equal variances were used to calculate sta-
tistical significance for pairwise comparisons. Luciferase
assay statistics were assessed using one-way ANOVA
assuming normal distribution followed by Dunnett’s mul-
tiple comparison tests. The following indications of sig-
nificance were used: *P < 0.05, **P < 0.01, ***P < 0.001. N
values represent biological replicates. Error bars indicate
standard error of the mean (SEM).

Results

TAp73 is expressed in diverse multiciliated epithelia

We and others previously showed that TAp73 expressed in
respiratory epithelia controls multiciliogenesis [12, 13].
However, little is known about the expression and function
of TAp73 in other MCCs. To address this, we performed
immunostaining and in situ hybridization and demonstrated
that in addition to the testis [42, 43], TAp73 is expressed in
EDs, FTs, and ependymal and CP epithelial cells in the
brain (Fig. 1a–f; Supplementary Fig. 1). qPCR and western
blot analyses showed that, among different multiciliated
epithelia, FTs and EDs exhibit higher levels of TAp73
expression than testis or brain (Fig. 1g–i). Taken together,
these results demonstrate robust TAp73 expression in dif-
ferent MCC types.
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TAp73 is crucial for the molecular circuit of
multiciliogenesis in efferent ducts

Loss of TAp73 leads to male infertility that has been
attributed to defective germ cell maintenance during

spermatogenesis [42, 43]. Interestingly, we detected sper-
matozoa in testis from TAp73 knockout (KO) mice,
although at a markedly reduced level (Supplementary
Fig. 2a, b). Despite normal morphology and mobility of
these cells, no mature spermatozoa were detected in the Epi
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of these mice (Fig. 2a; Supplementary Video 1a–d), sug-
gesting that additional defects may contribute to infertility.
The multiciliated epithelium of the EDs contributes to

gamete transport by facilitating testicular fluid circulation,
fluid reabsorption, and spermatozoa concentration
[22, 24, 25], all essential aspects of male fertility
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[9, 44, 45]. Indeed, though no gross morphological dif-
ference was observed in EDs between control and TAp73
KO animals (Fig. 2a), immunofluorescent staining of the
cilia components acetylated alpha-tubulin (Ac-α-TUB) and
dynein axonemal intermediate chain 1 (DNAI1) showed a
dramatic reduction in the number and length of cilia in the
EDs from TAp73 KO mice (Fig. 2b, c). In contrast to the
abundant long cilia of WT cells, mutant MCCs generated
far fewer cilia as observed by TEM (Fig. 2d; Supplemen-
tary Fig. 2c), resembling the loss of airway cilia in these
animals [12]. Consistent with its role as transcriptional
regulator, ChIP followed by qPCR revealed significant
enrichment of TAp73 in genomic loci of FOXJ1 [12] and
dynein axonemal light intermediate chain 1 (DNALI1) and
DNAI1, both encoding axonemal dyneins (Fig. 2e; Sup-
plementary Fig. 3). Accordingly, expression of Dnali1,
Foxj1, Rfx2, and Rfx3 was reduced or almost completely
lost in male reproductive ducts from TAp73 KO animals
(Fig. 2f, g; Supplementary Fig. 2d). Together, our data
indicate that TAp73 directs Dnali1 and Dnai1 in addition
to known critical nodes including Foxj1, Rfx2, and Rfx3 to
mediate multiciliogenesis in EDs (Fig. 7a, b). Thus, these
additional defects in the multiciliated epithelium of the EDs
may contribute to male infertility in TAp73 KO mice.

TAp73-driven transcriptional network regulates
multiciliogenesis in fallopian tubes

Though infertility in TAp73 KO females is thought to arise
from defects of oocyte development and release from the
ovary [32, 46], it remains unclear whether TAp73 loss
affects the multiciliated epithelium of the FT, thereby pos-
sibly influencing ova transport. Despite normal tubal mor-
phology, analysis of Ac-α-TUB and DNAI1 expression
showed reduced cilia coverage of the oviduct epithelium
(Fig. 3a–c). Consistently, TEM demonstrated reduced cilia
and mislocated basal bodies in FTs from TAp73 KO mice
(Fig. 3d; Supplementary Fig. 4a). Transcript levels of
Dnali1, Foxj1, and Rfx2, but not Rfx3, were reduced in
TAp73 KO FTs (Fig. 3e), which were accompanied by
declined protein expression of FOXJ1, DNAI1, DNALI1
(all expressed in the human FTs, Supplementary Fig. 4b),
and gamma-tubulin (γ-TUB, basal body marker) (Fig. 3f),
though to a lesser degree when compared to the decrease in
multiciliogenesis activity observed in TAp73-deficient EDs.
Further, smooth muscle contraction pattern in FTs is similar
between control and TAp73 KO animals (Supplementary
Video 2a, b). Taken together, our data indicate that TAp73
loss leads to reduced multiciliogenesis in the oviducts
(Fig. 7a, c).

Ciliary function in the brain is intact in the absence
of TAp73

Given TAp73 expression in ependymal and CP epithelial
cells, we further evaluated TAp73 expression during
embryonic brain development. Immunofluorescent studies
showed that proliferative progenitors (KI-67+) are present in
hindbrain roof plate at E14.5, whereas post-mitotic cells
expressing aquaporin 1 (AQP1) [31, 47] are detected in CP
epithelium (KI-67−/AQP1+) (Fig. 4a). Notably, a portion of
the roof plate exists between the progenitors and CP epithe-
lium that remains undifferentiated after cell cycle exit (KI-67
−/AQP1−) (Fig. 4a). In contrast to progenitors with a solitary
primary cilium, the “transition” zone is comprised of MCCs
that exhibit TAp73 expression (Fig. 4b).

The expression of TAp73 in ependymal and CP epithelial
cells, along with recent studies demonstrating the role of
E2F4/MCIDAS in multiciliogenesis of ependymal cells
[7, 48, 49], led us to examine the role of TAp73 in MCCs in
the brain. Immunostainings confirmed the loss of TAp73
expression in ependymal cells and the CP from TAp73 KO
mice (Fig. 4c), whereas morphological analysis revealed no
apparent defect in these cells (Supplementary Fig. 5a). We
performed immunostainings for the cilia markers ADP-
ribosylation factor-like 13b (ARL13B) [50], Ac-α-TUB, and
DNAI1 in the fourth and lateral ventricles. In contrast to FTs
and EDs, MCCs in ependyma and CP from TAp73 KO

Fig. 2 TAp73 controls multiciliogenesis in the male reproductive tract.
a Representative images of hematoxylin and eosin (H&E) staining of
Epi sections from WT and TAp73 knockout (KO) animals. Bracket
lines demarcate the border of EDs and Epi. Notice the lack of mature
spermatozoa in cauda Epi from TAp73 KO mice (arrowheads).
b Representative images of the expression of Ac-α-TUB (green) and
axonemal dynein DNAI1 (red) in EDs from WT and TAp73 KO mice.
DAPI staining (blue) labels nuclei. Boxed regions are magnified in the
bottom panel. Note that TAp73 KO mice have less cilia that also
exhibit reduced length (white bars). c Quantitation of Ac-α-TUB and
DNAI1 signals normalized to epithelial length. Data from a single
experiment are shown (WT, n= 6 images from 3 animals; TAp73 KO,
n= 11 images from 4 animals). d Representative photomicrographs of
transmission electron microscopy (TEM) in EDs from WT and TAp73
KO mice. Dotted lines mark apical region of the cells. Notice the
abundant cilia (white arrows) and clustered basal bodies (white
arrowhead) docked to the apical surface of WT cells, whereas mutant
cells exhibit fewer cilia (red arrow). Interspersed microvilli are marked
with asterisks. e Chromatin immunoprecipitation was performed for
Saos2 cells transfected with TAp73α, TAp73β, and empty vector.
Binding of TAp73α and TAp73β to genomic regions of FOXJ1,
axonemal dyneins DNALI1 and DNAI1 was evaluated by quantitative
PCR and compared to vector control (n= 3 for each antibody/gene
pair, except for DNALI1 [n= 4], genomic regions examined are
illustrated in Supplementary Fig. 3; [78]). f Semiquantitative PCR
analysis of Dnali1, Foxj1, Rfx2, and Rfx3 expression in EDs from WT
and TAp73 KO mice. Data from a single experiment are shown (WT,
n= 4 for Dnali1, Foxj1, and Rfx3, n= 3 for Rfx2; TAp73 KO, n= 3).
g Immunoblot analysis of the expression of TAp73, ΔNp73, DNAI1,
and DNALI1 in Epi from WT and TAp73 KO animals. HSC70 serves
as a loading control. Representative result of three independent
experiments is displayed. All data are presented as mean ± SEM and
relative to the WT group with *P < 0.05, **P < 0.01, ***P < 0.001
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animals are similar to those of WT mice (Fig. 4d, e; Sup-
plementary Fig. 5b–d). No significant difference was
observed in the expression of markers for epithelial differ-
entiation of CP between control and TAp73 KO animals

(Supplementary Fig. 6a–d). RT-qPCR analysis demonstrated
similar expression levels of Dnali1 and Foxj1, whereas
increased Rfx2 and Rfx3 mRNA levels were observed in brain
ventricles from TAp73 KOmice (Fig. 4f). Consistently, ciliary
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WT and TAp73 KO mice. DAPI staining (blue) labels nuclei. Boxed
regions are magnified in the bottom panel. In contrast to multiciliated
epithelia in WT mice, TAp73 KO mice exhibit FT segments devoid of
cilia (arrowheads). c Quantitation of Ac-α-TUB and DNAI1 signals
normalized to epithelial length. Data from a single experiment are
shown (WT, n= 6 images from 4 mice; TAp73 KO, n= 6 images from
3 mice). d Representative TEM photomicrographs of FTs from WT
and TAp73 KO animals. Dotted lines mark apical region of the cells.
Notice the presence of abundant cilia (black arrows) and basal bodies

(white arrowhead) docked at the apical surface of WT cells, whereas
mutant cells display fewer cilia (red arrows). Interspersed microvilli
are marked with asterisks. e Semiquantitative PCR analysis of Dnali1,
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beating and bead flow in the cerebrospinal fluid appeared
unaffected by TAp73 loss (Fig. 4g; Supplementary Video 3a,
b). Taken together, these results indicate that, unlike EDs,
FTs, and the airways [12], the differentiation and function of
MCCs in the brain remain intact despite TAp73 loss.

TAp73 regulates miR-34/449 family members in
diverse MCCs

Functional MCCs in the brain from TAp73 KO mice sug-
gest that other ciliogenic factors may rescue brain
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multiciliogenesis in the absence of TAp73. TAp73 influ-
ences post-transcriptional mechanisms via regulation of
miRNAs [12]. Analysis of small RNA species from brain
ventricles in TAp73 KO mice revealed reduced miR34bc
levels, along with a strong induction of the miR449a and
miR449c that work together with the miR-34 cluster to
regulate multiciliogenesis in different tissues across species
(Fig. 5a, c; Supplementary Table 6) [11, 33, 51–53]. In the
brain, miR449a is predominantly detected in the CP
[54, 55], where its expression undergoes greater than ten-
fold increase upon TAp73 loss, whereas miR34bc levels
strongly decline (Fig. 5b, c). Although miR34b levels were
downregulated also in the trachea from TAp73 KO (Sup-
plementary Fig. 7a), miR449a induction was less pro-
nounced and more variable in FTs and EDs (Fig. 5d).
Altogether, these results reveal a conserved reaction from
the miR-34/449 family following TAp73 loss in diverse
multiciliated epithelia.

In an effort to understand miR449 upregulation, we
analyzed potential changes in the RB-E2F pathway known
to regulate miR449 levels [56, 57]. However, expression of
E2f1, E2f3, Cdkn1a, and Cdkn1b in brain ventricles were
comparable between WT and mutant animals (Supplemen-
tary Fig. 8a, b), indicative of a RB-E2F pathway unaffected
by TAp73 loss in brain MCCs. Interestingly, transcript and
protein levels of the other E2F family member E2F4, which
is a potent inducer of multiciliogenesis [6–8, 48, 58, 59],
were markedly increased in TAp73 KO ventricles, despite
only a mild increase of its cofactor Mcidas (Fig. 5e, f). In
contrast, E2F4 levels in FTs and EDs were unaltered and
even downregulated in tracheae (Supplementary Fig. 7b–e).
Therefore, increased E2F4 levels concurrent with a miR449
increase are restricted to the brain in TAp73 KO mice.

To assess potential E2F4 contribution to miR449 eleva-
tion, we used the genomic region of miR449 containing
three putative E2F-binding sites in a reporter-based assay.
Indeed, E2F4 in combination with MCIDAS elicited a
strong transcriptional response from the miR449 locus, a
reaction almost abolished by mutating the strongest out of
three E2F consensus motifs (Fig. 5g; Supplementary
Table 5). Together, these results indicate that increased
E2F4/MCIDAS activity may stimulate miR449 expression
in TAp73 KO brains.

TAp73 collaborates with miR449 in brain
multiciliogenesis

Our data suggest that miR449 upregulation may compensate
at least partially for TAp73 loss to maintain brain multi-
ciliogenesis. To address this, we generated mice with a
deletion of the miR449 cluster in addition to TAp73.
Strikingly, TAp73−/−;miR449−/− (TAp73xmiR449 KO)
mice developed severe hydrocephalus, a defect not present
in TAp73 KO or miR449 KO mice (Fig. 6a; Supplementary
Fig. 9a). Since defective ependymal and CP cilia contribute
to the development of hydrocephalus [60–62], we next
assessed ciliation in the ventricles of TAp73xmiR449 KO
mice. Analysis of the expression of ARL13B in CP epi-
thelium revealed a decrease in cilia number and length in
the absence of miR449, whereas a more pronounced
reduction in cilia was observed in TAp73xmiR449 KO mice
(Fig. 6b, c; Supplementary Fig. 9b). TEM studies also
revealed mildly disorganized apical docking of basal bodies
in ependymal cells in TAp73 KO and TAp73xmiR449 KO
mice (Fig. 6d; Supplementary Fig. 9c); however, Ac-α-TUB
content was similar in ependymal cells among WT and
TAp73xmiR449 KO animals (Supplementary Fig. 9d).
Consistently, ciliary beating and bead flow over ventricles
appeared unaffected in TAp73xmiR449 KO animals (Sup-
plementary Fig. 9e; Supplementary Video 3a, c). Further-
more, expression of cytokeratins, AQP1, and OTX2 in CP

Fig. 4 TAp73 is dispensable for brain multiciliogenesis. a The
expression of KI-67, Aquaporin 1 (AQP1, green), and ADP-
ribosylation factor-like 13b (ARL13B, red) in WT hindbrain roof
plate/CP at E14.5. Notice that KI-67+ roof plate progenitors, and
AQP1+ CP epithelial cells are spatially separated. ARL13B labels
monociliated roof pate progenitors and multiciliated CP epithelial
cells. White lines demarcate roof pate epithelium (KI-67+/AQP1−,
arrows), CP epithelium (KI-67−/AQP1+, asterisks), and “transition
zone” (KI-67−/AQP1−, arrowheads) in which MCCs appear. Dotted
lines mark apical cell surface with cilia. DAPI staining (blue) labels
nuclei. b Expression of TAp73 (green, red), AQP1 (green), and
ARL13B (red) in WT hindbrain roof plate/CP at E14.5. Dotted lines
mark apical cell surface of roof plate (TAp73−, arrow) and transition
zone (TAp73+, arrowhead). White lines mark transition zone (TAp73
+/AQP1−, arrowhead) and CP epithelium (TAp73+/AQP1+, asterisk).
DAPI staining (blue) labels nuclei. c Representative images of TAp73
expression of ependymal and CP epithelial cells in hindbrain and
lateral ventricle from WT and TAp73 KO. Red dotted lines mark
ventricles lined with ependymal cells. Note that p73 expression is lost
in TAp73 KO mice. d Expression of the cilia marker ARL13B (red) in
CP epithelial cells from WT and TAp73 KO. White arrowheads mark
cilia on cell surface. DAPI staining (blue) labels nuclei. Quantitation of
average cilia length is shown in the lower panel. Data from a single
experiment are shown (WT, n= 12 cells [hindbrain] and 9 cells [lat-
eral ventricle] from 2 mice; TAp73 KO, n= 17 cells [hindbrain] and 15
cells [lateral ventricle] from 3 mice). e Immunoblot analysis of Ac-α-
TUB in brain ventricles from WT and TAp73 KO animals. β-Actin
serves as a loading control. Data are representative of two independent
experiments. f Semiquantitative PCR of Dnali1, Foxj1, Rfx2, and Rfx3
in brain ventricles from WT and TAp73 KO. Data from a single
experiment are shown (WT, n= 3; TAp73 KO, n= 4). g Movement of
fluorescent beads along the ventricular system in WT and TAp73 KO
mice. Images of maximum intensity projections of representative
movies of the lateral and the ventral third ventricles are shown (WT,
n= 2; TAp73 KO, n= 3; TAp73 heterozygous, n= 1). Red arrows
mark the direction of bead flow. Bracket lines depict ependymal layer
lining the lateral ventricles. Refer to Supplementary Video S3a, b for
examples of recording of ciliary beating. All data are presented as
mean ± SEM and relative to the WT group with *P < 0.05, **P < 0.01
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SEM and relative to the WT group with *P < 0.05, **P < 0.01

2750 M. Wildung et al.

http://www.eurexpress.org/ee/
http://jaspar.binf.ku.dk/


epithelial cells was similar among WT, miR449 KO, and
TAp73xmiR449 KO animals (Supplementary Fig. 10a–c).
Despite the role of Notch signaling in CP development and

tumorigenesis [31, 63], RNAscope studies revealed
similar expression of Notch targets Hes1 and Hes5, multi-
ciliogenesis regulators Mcidas and Foxj1 in the roof plate
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of WT, miR449 KO, and TAp73xmiR449 KO embryos
at E14.5 (Supplementary Fig. 11). In summary, additio-
nal loss of miR449 in TAp73 KO mice strongly
impairs ciliogenesis in the CP, and slightly affects epen-
dymal cilia, which is consistent with its prominent expres-
sion in the CP [54] (Fig. 5b). Thus, our data indicate that
miR449 collaborates with TAp73 to drive multiciliogenesis
in the brain.

As miR449 was induced upon TAp73 deletion in further
multiciliated tissues, we analyzed tracheae and EDs in
TAp73xmiR449 KO mice. Immunostainings and TEM
consistently revealed a dramatic decrease in cilia coverage
and an increase in defective basal body docking in trachea
from TAp73xmiR449 KO animals compared to WT animals
(Fig. 6e–g; Supplementary Fig. 12a), a phenotype bearing
resemblance to our previous findings in the airways of
TAp73 KO animals [12]. Likewise, loss of miR449 did not
further enhance MCC reduction in TAp73-deficient EDs
(Supplementary Fig. 12b, c). Thus, additional deletion of
the miR449 cluster fails to exacerbate ciliary defects in
trachea and EDs in the absence of TAp73.

Overall, our data indicate that TAp73 utilizes the unique
topology of its transcriptional circuit to communicate with
the miR-34/449 family and other crucial regulators of
multiciliogenesis e.g., E2F4/MCIDAS to regulate brain
multiciliogenesis (Fig. 7a, d, e).

Discussion

TAp73 activates a plethora of ciliogenic effectors to drive
multiciliogenesis in the airways [12, 13]. The current study
examines the role of TAp73-driven molecular circuit in
MCCs of reproductive tracts and the brain. Our results
revealed a profound reduction of cilia in EDs and FTs from
TAp73-deficient mice, as well as diminished Foxj1, Rfx2,
and Rfx3 expression. These molecular and cellular changes
in MCCs are reminiscent of our previous findings in
respiratory epithelia of these mice, suggesting that male and
female infertility associated with TAp73 loss could be in
part related to the observed cilia loss. The expression of the
axonemal dyneins Dnai1 and Dnali1, both of which exhibit
TAp73 binding in their genomic loci, was also significantly
reduced in EDs and FTs from mutant animals, indicating
that they are part of the TAp73-directed multiciliogenesis
program in reproductive tracts.

Consistent with previous reports, we found partial
degradation of the germinal epithelium and reduced sperm
cell production in TAp73 KO mice [42, 43]. The EDs are
comprised of MCCs, which are required for fluid circulation
and reabsorption, thereby, facilitating the transport of
spermatozoa to their storage and maturation in the Epi
[22, 24, 25]. Despite the presence of flagellated spermato-
zoa in testis, lack of spermatozoa in Epi of TAp73 KO mice
indicates that defective multiciliogenesis may contribute to
male sterility. Indeed, disruption of transcriptional and post-
transcriptional regulators of multiciliogenesis has been
shown to cause infertility in mice and humans [3, 64, 65],
whereas fertility issues have been reported in female pri-
mary ciliary dyskinesia patients [20, 21]. Importantly,
TAp73 is downregulated as women age [66], and certain
single nucleotide polymorphisms in TP73 are associated
with female patients over 35 years of age seeking in vitro
fertilization [67, 68]. Hence, the integrity of MCCs is cri-
tical for reproductive health. Further studies using tissue-
specific deletion of TAp73 in MCCs of EDs and oviducts
are necessary to delineate its role in reproductive motile
cilia maintenance and fertility.

In the brain, TAp73 expression is initiated at the onset of
multiciliated differentiation of ependymal and CP epithelial
cells. However, our data indicate that TAp73 is dispensable
for the generation of cilia in the brain, although it is plau-
sible that TAp73 loss results in more subtle defects such as
polarity and cilia orientation [69, 70]. In contrast to the
dynamic TAp73-dependent program in the airways and
reproductive tracts, expression of Foxj1, Rfx2, and Rfx3 in
the brain remains mostly unaltered in the absence of TAp73,
suggesting that other effectors maintain the activity of the
molecular circuit to support MCC differentiation.

Previous studies revealed robust expression of GemC1
and E2f/Mcidas, all of which are capable of transcriptional

Fig. 6 TAp73 functions through miR449 in brain multiciliogenesis.
a Coronal brain slices from WT, TAp73 KO, miR449 KO, and
TAp73xmiR449 KO mice. Note that TAp73xmiR449 KO mice display
enlarged lateral ventricles. b ARL13B (red) expression in CP epithelial
cells of the fourth and lateral ventricles from WT, miR449 KO, and
TAp73xmiR449 KO animals. White arrowheads mark cilia on cell
surface. DAPI staining (blue) labels nuclei. c Quantitation of average
cilia length of CP epithelial cells shown in (b). Data from a single
experiment are shown (WT, n= 4 cells [hindbrain, lateral ventricle]
from 2 mice; miR449 KO, n= 18 cells [hindbrain] and 14 cells [lateral
ventricle] from 4 mice; TAp73xmiR449 KO, n= 8 cells [hindbrain,
lateral ventricle] from 3 mice). d Representative TEM photo-
micrographs of ependymal cells in WT, TAp73 KO, and TAp73x-
miR449 KO mice. Dotted lines mark apical region of the cells. Notice
that WT cells possess cilia (white arrow) and basal bodies (white
arrowhead) docked to the apical surface, whereas mutant cells have a
similar number of cilia (red arrows) but disorganized basal bodies (red
arrowheads) located further away from the apical surface. Interspersed
microvilli are marked with asterisks. e Representative staining of Ac-
α-TUB (green) in tracheae from WT and TAp73xmiR449 KO mice.
DAPI staining (blue) labels nuclei. Note that mutants harbor less and
shorter cilia (arrowhead) than WTs. f Quantitation of Ac-α-TUB sig-
nals normalized to epithelial length is shown. Data from a single
experiment are shown (n= 4 samples/genotype). g Representative
TEM photomicrographs of tracheae from WT and TAp73xmiR449 KO
mice. Dotted lines mark apical region of the cells. Notice the abundant
cilia (black arrows) and clustered basal bodies (white arrowhead)
docked to apical surface in WT cells, whereas mutant cells exhibit
fewer cilia (red arrow). Interspersed microvilli are marked with
asterisks. All data are presented as mean ± SEM and relative to the WT
group with **P < 0.01, ***P < 0.001
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activation of Foxj1, TAp73 itself, and many other ciliogenic
effectors e.g., Rfx2 and Rfx3, in MCCs of the brain
[4, 6, 8, 48, 71]. Indeed, E2F4/MCIDAS expression is

upregulated in the brain but not in other multiciliated tissues
upon TAp73 loss, and therefore may facilitate brain multi-
ciliogenesis. In agreement, loss of either Mcidas or GemC1,

Fig. 7 Schematic diagram of the molecular circuits of TAp73-driven
multiciliogenesis in diverse tissues. a TAp73-dependent transcriptional
network, including dyneins, miR34bc, Foxj1, Rfx2, and Rfx3 factors,
critically regulates multiciliogenesis in various ciliated epithelia
downstream of E2f4/Mcidas. In the EDs (b) and FTs (c) TAp73 KO
impairs multiciliogenesis concurrent with male and female infertility.

d TAp73 is not essential for multiciliogenesis in the brain; however,
TAp73 loss leads to upregulation of pro-ciliogenic E2f4 and its target
miR449. e Further removal of miR449 in TAp73 KO animals leads to
reduced number and length of CP cilia and severe hydrocephalus,
indicating that miR449 and TAp73 complement each other to support
brain ciliogenesis
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both transcriptional activators of TAp73, leads to defect in
MCC differentiation and hydrocephalus [3, 6].

Although it is less clear how TAp73 loss results in
enhanced E2F/MCIDAS activity in the brain, a quick look
downstream of TAp73 provides some clues: reduced
expression of the TAp73 targetmiR34bc is concurrent with an
induction of miR449 in the absence of TAp73. Interestingly,
expression of Cdkn1a/p21, Cdkn1b/p27, E2f1, and E2f3 in
brain ventricles remain unchanged following TAp73 loss,
suggesting that TAp73 loss regulates E2F and miR449 activity
independently of the conserved RB-E2F1 axis. miR449
induction is commonly observed in miR-34-deficient MCCs,
whereas ablation of the entire miR-34/449 family severely
impairs multiciliogenesis in diverse tissues [33, 65, 72]. The
redundancy might explain why a loss of the miR449 cluster
failed to worsen ciliary defects outside the brain in TAp73 KO
animals. In contrast, miR449 cluster is prominently expressed
in MCCs in the brain, where its loss alone is sufficient to
impact multiciliogenesis, indicating a unique role for miR449
in brain MCCs. miR449 is known to inhibit the Notch path-
way to relieve the suppression of MCC fate determination;
however, Notch pathway activity as well as the expression of
Mcidas and Foxj1 in the roof plate and the CP remains
unchanged after miR449 loss. Thus, it is plausible that
miR449 may indirectly increase E2F/MCIDAS activity in
MCCs of the brain independent of Notch inhibition and
Mcidas derepression. Conversely, transcriptional activation of
miR449 by E2F/MCIDAS complexes may complete the
feedback loop to keep the molecular circuit fully engaged in
the absence of TAp73.

This interpretation posits that the crosstalk between
miR449 and E2F/MCIDAS serves as a crucial backup circuit
for TAp73-driven multiciliogenesis network in the brain.
Indeed, combined deletion of TAp73 and miR449 results in
disruption of multiciliogenesis in the brain and hydro-
cephalus, defects distinct from those associated with loss of
either TAp73 or miR449 alone, or complete loss of the miR-
34/449 family [33, 73]. Strikingly, in TAp73-deficient MCCs
outside the brain that exhibit less prominent increase in
miR449 and no increase in E2F4 levels, further deletion of
miR449 cluster fails to exacerbate multiciliogenesis defects
caused by TAp73 loss, indicating that TAp73 functions at
least partially through miR449 to support MCCs in the brain.
Recent studies also demonstrated the role of TAp73-driven
miR34a expression in neuronal development [74]. Therefore,
interaction of TAp73 with miR-34/449 family members is
crucial for normal brain functions.

Nonetheless, detailed studies are necessary to clarify the
interaction between miR449 and E2F4/MCIDAS pathway
in MCCs in the brain, but also to address miR449 regulation
in TAp73-deficient MCCs outside the brain.

Unlike TAp73 mutant animals, p73 KO mice lacking
both TAp73 and ΔNp73 exhibit hydrocephalus, defective

ependymal cell maturation and aqueduct stenosis, suggest-
ing a potential role for ΔNp73 in ependymal cells [75, 76].
Given the abnormal apical localization of basal bodies in
ependymal cells along with ciliary defects in the CP from
TAp73xmiR449 KO mice, it is conceivable that ΔNp73 may
regulate miR449 expression indirectly in these cells. In
support of this notion, miR449 is highly expressed in the CP
whereby its loss alone leads to ciliary defects, whereas
ΔNp73 deletion also results in defects in the CP [77]. Fur-
ther analysis of the multiciliogenesis network and miR449
expression in MCCs in the brains of p73 KO and ΔNp73
KO animals are necessary to resolve these questions.
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