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Abstract 33 

Motile cilia serve vital functions in development, homeostasis and regeneration. We recently 34 

demonstrated that TAp73 is an essential transcriptional regulator of respiratory multiciliogenesis. 35 

Here, we show that TAp73 is expressed in multiciliated cells (MCCs) of diverse tissues. Analysis 36 

of TAp73 mutant animals revealed that TAp73 regulates Foxj1, Rfx2, Rfx3, axonemal dyneins 37 

Dnali1 and Dnai1, plays a pivotal role in the generation of MCCs in male and female reproductive 38 

ducts, and contributes to fertility. However, the function of MCCs in the brain appears to be 39 

preserved despite the loss of TAp73, and robust activity of cilia-related networks is maintained in 40 

the absence of TAp73. Notably, TAp73 loss leads to distinct changes in ciliogenic microRNAs: 41 

miR34bc expression is reduced, whereas the miR449 cluster is induced in diverse multiciliated 42 

epithelia. Among different MCCs, choroid plexus (CP) epithelial cells in the brain display prominent 43 

miR449 expression, whereas brain ventricles exhibit significant increase in miR449 levels along 44 

with an increase in the activity of ciliogenic E2F4/MCIDAS circuit in TAp73 mutant animals. 45 

Conversely, E2F4 induces robust transcriptional response from miR449 genomic regions. To 46 

address whether increased miR449 levels in the brain maintain the multiciliogenesis program in 47 

the absence of TAp73, we deleted both TAp73 and miR449 in mice. Although loss of miR449 48 

alone led to a mild ciliary defect in the CP, more pronounced ciliary defects and hydrocephalus 49 

were observed in the brain lacking both TAp73 and miR449. In contrast, miR449 loss in other 50 

MCCs failed to enhance ciliary defects associated with TAp73 loss. Together, our study shows 51 

that, in addition to the airways, TAp73 is essential for generation of MCCs in male and female 52 

reproductive ducts, whereas miR449 and TAp73 complement each other to support 53 

multiciliogenesis and CP development in the brain.  54 
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Introduction 55 

Cilia are hair-like appendages protruding from the cell membrane into the surrounding 56 

environment. Solitary immotile primary cilia are a common organelle in most mammalian cells, 57 

whereas motile cilia are restricted to a subset of cell types. This subset includes multiciliated cells 58 

(MCCs) lining brain ventricles, tracheal, and bronchial epithelium as well as the epithelium of male 59 

efferent ducts (EDs) and fallopian tubes (FTs) in females [1].  60 

Multiciliogenesis requires precise regulation of the production, transport and assembly of a large 61 

number of different structural components, a process critically dependent on a hierarchical 62 

network of transcriptional and post-transcriptional regulators [2]. Geminin Coiled-Coil Domain 63 

Containing 1 (GEMC1) [3–5] and multiciliate differentiation and DNA synthesis associated cell 64 

cycle protein (MCIDAS or Multicilin) [6–8], members of the Geminin family, are early regulators of 65 

the MCC fate, downstream of the NOTCH pathway. MCC differentiation is also regulated by post-66 

transcriptional mechanisms including microRNAs (miRNAs). miR-34/449 constitute a conserved 67 

family that encodes six homologous miRNAs (miR34a, 34b, 34c, 449a, 449b, and 449c) from 68 

three genomic loci in vertebrates. Inhibition of the NOTCH pathway e.g. by miR449 is required for 69 

multiciliogenesis through de-repression of the transcriptional network of GEMC1, MCIDAS, E2F 70 

transcription factors (E2F4, E2F5), forkhead box J1 (FOXJ1), and v-myb avian myeloblastosis 71 

viral oncogene homolog (MYB) [9–11]. Disturbance of the molecular circuit leads to defective 72 

multiciliogenesis and ciliopathies in the airways, reproductive tracts, and the brain [1].  73 

Transformation related protein 73 (Trp73) is a member of the p53 family with distinct isoforms 74 

generated from two alternative promoters: isoforms containing the N-terminal transactivation 75 

domain (TAp73), and N-terminally truncated dominant-negative isoforms (ΔNp73). Recently, we 76 

and others showed that TAp73 is essential for airway multiciliogenesis [12,13]. Gene expression 77 

analysis and chromatin immunoprecipitation (ChIP) identified TAp73 as a critical regulator of 78 

multiciliogenesis: TAp73 acts downstream of E2F4/MCIDAS and regulates the expression of 79 

FOXJ1, RFX2, and RFX3 in pulmonary tissues [12,14–17]. 80 
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The FT of female reproductive tract consists of MCCs that possess hundreds of motile cilia beating 81 

in a wave-like manner which, along with musculature contraction, moves the oocyte or zygote 82 

towards the uterus [18–20]. Defects in ciliary functions may lead to ectopic pregnancies or infertility 83 

[19,21]. In the male reproductive tract, MCCs in the EDs are involved in the transport of 84 

spermatozoa from testis to epididymis (Epi), their maturation and concentration [22–25]. 85 

MCCs in the brain can be found in a single layer of ependymal cells facing the ventricles and 86 

choroid plexus (CP). The CP epithelium, a specialized secretory epithelium that secretes 87 

cerebrospinal fluid, arises from monociliated progenitors in the roof plate around embryonic day 88 

(E) 12 and undergoes multi-ciliate differentiation to form multiple primary cilia [26,27]. Ependymal 89 

cells in mice are specified around day E16 and form multiple motile cilia on the apical surface after 90 

birth to facilitate cerebrospinal fluid movement [28,29]. Defects in the ependymal and CP lineages 91 

are implicated in aging, hydrocephalus, and brain tumors [30,31].  92 

In this study, we detected robust TAp73 expression in MCCs in diverse tissues. In reproductive 93 

ducts, TAp73 loss leads to a profound reduction of multiciliogenesis and suppression of TAp73-94 

dependent transcriptional network activity. However, MCCs in the brain maintain robust 95 

multiciliogenesis activity despite TAp73 loss. Molecular studies revealed alterations in miR-34/449 96 

family members in diverse MCCs from TAp73 mutant mice: decreased levels of TAp73 target 97 

miR34bc concurrent with increased expression of miR449. In the brain, miR449 is highly 98 

expressed in the CP and experiences significant upregulation following TAp73 deletion. In 99 

addition, brain ventricles but no other multiciliated tissues from TAp73 mutant animals exhibit 100 

increased expression of E2F4, which in turn is capable of eliciting robust transcriptional response 101 

from miR449 genomic loci, suggesting that miR449 plays a crucial role in brain multiciliogenesis 102 

in collaboration with TAp73. Indeed, miR449 loss alone results in ciliary reduction in the CP, 103 

whereas loss of both TAp73 and miR449 leads to a dramatic reduction of multiciliogenesis in the 104 

CP and severe hydrocephalus. Therefore, the molecular network governing MCC fate is subjected 105 

to tissue-specific feedback modulation by transcriptional and post-transcriptional mechanisms. 106 
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Materials and Methods 107 

Animals  108 

TAp73 mutant mice with a targeted deletion of exons 2 and 3 of the Trp73 gene were a generous 109 

gift from Dr. Tak Mak (Princess Margaret Cancer Centre, Toronto, Canada) [32]. miR449 mutants 110 

were previously described [33]. Both strains were maintained in C57Bl/6 background (n8) at the 111 

animal facility of the European Neuroscience Institute Goettingen, Germany in full compliance with 112 

institutional guidelines. The study was approved by the Animal Care Committee of the University 113 

Medical Centre Goettingen and the authorities of Lower-Saxony under the number 16/2069.  114 

Human samples 115 

Human epididymis samples were procured with informed consent from two patients (42 and 41 116 

years of age, respectively). All experimental procedures were approved and performed in 117 

accordance with the requirements set forth by Ethics Committee of the University Medical Centre 118 

Goettingen (application number: 18/2/16).  119 

Histology and immunostaining 120 

Paraformaldehyde-fixed, paraffin-embedded tissues were treated with heat-induced epitope 121 

retrieval using Rodent Decloaker (RD913 L, Biocare Medical, Pacheco, CA, USA). For 122 

immunohistochemistry, endogenous peroxidase activity was quenched with 3% H2O2 for 10 min. 123 

Tissue sections were blocked with 10% fetal calf serum (FCS) in phosphate-buffered saline (PBS) 124 

with 0.1% Triton X-100, and subsequently incubated with primary antibodies (List of antibodies is 125 

provided in Supplementary Table 1). Biotinylated secondary antibodies were applied for 1 h at 126 

room temperature (List of antibodies is provided in Supplementary Table 2), after which avidin 127 

enzyme complex and substrate/chromogen were used for color development (Vector laboratories, 128 

Burlingame, CA, USA). Stained tissue sections were counterstained with hematoxylin. For 129 

immunofluorescence, sections were stained with fluorescently labeled secondary antibodies (List 130 

of antibodies is provided in Supplementary Table 2) for 1 h at room temperature. Nuclei were 131 

counterstained with 4`, 6-Diamidin-2-phenylindol (DAPI). Histology of tissue sections was 132 
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assessed by using hematoxylin (Merck, Darmstadt, Germany) and eosin (Carl Roth, Karlsruhe, 133 

Germany) staining. 134 

Electron microscopy 135 

Transmission electron microscopy (TEM) was performed as previously described [12]. Briefly, 136 

murine tissue samples were fixed by immersion using 2% glutaraldehyde in 0.1 M cacodylate 137 

buffer (Science Services, München, Germany) at pH 7.4 overnight at 4°C. Post-fixation was 138 

performed using 1% osmium tetroxide diluted in 0.1 M cacodylate buffer. After pre-embedding 139 

staining with 1% uranyl acetate, tissue samples were dehydrated and embedded in Agar 100 140 

(Plano, Wetzler, Germany). Thin tissue sections (100 nm) were examined using a Philips CM 120 141 

BioTwin transmission electron microscope (Philips Inc., Eindhoven, The Netherlands) and images 142 

were taken with a TemCam F416 CMOS camera (TVIPS, Gauting, Germany).  143 

Quantification of cilia markers 144 

Cilia were quantified using the ImageJ software [34]. Briefly, the region of interest was selected 145 

and a threshold was set to exclude unspecific background signals. The Analyze Particles tool was 146 

used to measure the area of the ciliary staining. Values were normalized to the length of the 147 

epithelia measured. 148 

Western blot 149 

Samples were homogenized in RIPA buffer (20 mM TrisHCl pH 7.5, 150 mM NaCl, 9.5 mM EDTA, 150 

1% Triton X100, 0.1% SDS, 1% sodium deoxycholate) supplemented with urea (2.7 M) and 151 

protease inhibitors (Complete Mini EDTA-free, Roche, Basel, Switzerland). Equal amounts of 152 

protein extracts were separated by SDS-polyacrylamide gels prior to transfer onto a nitrocellulose 153 

membrane and incubated with primary antibodies (List of antibodies is provided in 154 

Supplementary Table 1). The membrane was washed and incubated for 1 h with horse radish 155 

peroxidase (HRP)-conjugated secondary antibodies (List of antibodies is provided in 156 

Supplementary Table 2) followed by chemiluminescence detection. β-ACTIN or heat shock 157 

cognate 71 kDa protein (HSC70) were used as protein loading controls.  158 
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RNA extraction, quantitative PCR, small RNA sequencing, and RNAscope  159 

Tissue samples were snap-frozen in liquid nitrogen and total RNA was isolated by Extrazol 160 

(7BioScience, Hartheim, Germany)/Chloroform extraction followed by 80% ethanol precipitation 161 

at -20°C. For cDNA synthesis, 1 μg of total RNA was incubated with the M-MuLV reverse 162 

transcriptase and a mix of random nonameric and polyA tail primers at 42°C for 1 h in a total 163 

volume of 50 µl. All reactions were set up in triplicate with self-made SYBR Green quantitative 164 

PCR (qPCR) Mix (Tris-HCl [75 mM], (NH4)2SO4 [20 mM], Tween-20 [0.01% v/v], MgCl2 [3 mM], 165 

Triton X-100 [0.25% v/v], SYBR Green I (1:40 000), dNTPs [0.2 mM] and Taq-polymerase [20 166 

U/ml]) using 250 nM of each gene-specific primer (List of primers is provided in Supplementary 167 

Table 3). Standard curve method was used to assess relative transcript content. Transcript of 168 

interests were normalized to the reference transcript of ribosomal phosphoprotein P0 (Rplp0, or 169 

36b4) and normalized to the mean value of control samples. The results for each sample were 170 

obtained by averaging transcript levels of technical triplicates. No RT controls and dilution curves 171 

as well as melting curves and gel electrophoresis assessment of amplicons were performed for 172 

all primer combinations. For miR449a, miR34b, and miR34c quantification, TaqMan MicroRNA 173 

Assay (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) was performed 174 

according to the manufacturer’s instructions with U6 snRNA as internal control. 175 

Copy number in RNA samples was determined by qPCR using a murine TAp73 plasmid 176 

(MC219984, Origene, Rockville, USA) with a known copy number as standard curve. Copy 177 

number of the TAp73 plasmid was determined using the following formula: number of copies = 178 

(plasmid amount [ng] * 6.022x1023 [molecules/mole]) / (plasmid length [bp] * 1x109 [ng/g] * 650 179 

[g/mol]) 180 

The libraries for small RNA samples were prepared using TruSeq Small RNA Library Prep Kit -181 

Set A (24 rxns) (Set A: indexes 1-12; Cat N°: RS-200-001, Illumina, San Diego, CA, USA) using 182 

1 µg of total RNA according to manufacturer’s recommendations. Samples were sequenced on 183 

the Illumina HiSeq 4000 using a 50 bp single-end approach. Mapping, prediction of novel miRNAs, 184 
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quality control, and differential expression (DE) analysis were carried out using Oasis2.0 (Oasis: 185 

online analysis of small RNA deep sequencing data) [35]. In brief, FASTQ files were trimmed with 186 

cutadapt 1.7.1 [36] removing Truseq adapter sequences (TGGAATTCTCGGGTGCCAAGG) 187 

followed by removing sequences smaller than 15 or larger than 32 nucleotides. Trimmed FASTQ 188 

sequences were aligned to mouse small RNAs using STAR version 2.4.1d [37] with a mismatch 189 

of 5% of the sequence length and by utilizing the following databases: Mirbase version 21 for 190 

miRNAs; piRNAbank V.2 for piwiRNA; and Ensembl v84 for small nuclear RNA, small nucleolar 191 

RNA, and ribosomal RNA. Counts per small RNA were calculated using featureCounts v1.4.6 [38]. 192 

Novel miRNAs were searched for using miRDeep2 version 2.0.0.5 [39]. Differential expression of 193 

small RNA was determined by DESeq2 [40], where small RNAs were considered differentially 194 

expressed with an adjusted p-value <0.05 and absolute log2 fold-change >1. The results of the 195 

DE analysis can be found in Supplementary Table S6, and the small RNA-seq data sets can be 196 

found in Gene Expression Omnibus (GEO) with accession number GSE108385. 197 

TAp73 (probe no. 475741), Mcidas (probe no. 510401-C2), Hes1 (probe no. 417701), and Hes5 198 

(probe no. 400991-C2) were visualized using RNAscope 2.5 HD Duplex Reagent Kit (#322430, 199 

Advanced Cell Diagnostics, Hayward, CA, USA) according to manufacturer’s instructions. 200 

Chromatin immuno-precipitation (ChIP) 201 

Chromatin was harvested from Saos2 cells transiently overexpressing TAp73α, TAp73β, and the 202 

control vector pcDNA3.1. Saos2 cells were routinely tested negative for Mycoplasma. ChIP and 203 

qPCR was performed as previously described using gene specific primers (sequence information 204 

is provided in Supplementary Table 4) [12]. Enrichment levels were determined as the number 205 

of PCR products for each gene relative to total input. 206 

Luciferase assay 207 

Luciferase assay was performed as previously described [12]. Briefly, Saos2 cells were 208 

transfected with pcDNA3.1 empty vector, or pcDNA3.1 vector carrying E2F4 or MCIDAS, or both 209 

E2F4 and MCIDAS vectors. Moreover, a firefly luciferase reporter construct containing the putative 210 
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three wild type E2F-binding sequences of miR449 genomic region (wild type, or “WT”), or the 211 

same sequences lacking the strongest predicted E2F-binding motif (mutant, or “Mut”) were 212 

transfected (sequence information is provided Supplementary Table 5). In addition, a Renilla TK 213 

luciferase vector was co-transfected. At 24 h after transfection, cells were harvested and the 214 

luciferase activities were measured using the dual luciferase assay. Firefly luciferase activities 215 

were determined relative to those of Renilla TK luciferase vector and normalized to the mean 216 

value of samples from the control vector. Luciferase assays were performed as technical triplicates 217 

on every biological replicate.  218 

Video microscopy 219 

Murine fallopian tube and testis connected to the epididymis were dissected and transferred to 220 

Dulbecco's Modified Eagle's Medium (DMEM, Gibco, Thermo Fisher Scientific, Waltham, MA, 221 

USA). To image spermatozoa, the epididymis was separated from testis and vas deferens and an 222 

incision was made at distal end to release the spermatozoa. Spermatozoa as well as the peristaltic 223 

contraction of the fallopian tube were imaged with an inverse microscope. 224 

Imaging of cilia-generated bead-flow and cilia beating in the brain ventricular system  225 

Mouse brains were dissected and transferred to DMEM 21063 (Gibco, Thermo Fisher Scientific). 226 

Coronal slices containing the lateral ventricle, ventral third ventricle, aqueduct, and fourth ventricle 227 

were prepared by using a coronal adult brain matrix (ASI Instruments, Warren, MI, USA). The 228 

ventral third ventricle was processed further as previously described [41]. Tissue explant was 229 

placed in DMEM containing fluorescent latex beads (Fluoresbrite Multifluorescent 1.0 micron 230 

Microspheres, Polysciences, Warrington, PA, USA). Movement of fluorescent beads along the 231 

ventricular wall and within ventricular lumen was observed by fluorescence microscopy using a 232 

DMR (Leica, Wetzlar, Germany) upright microscope with an epifluorescence lamp. Ciliary beating 233 

was observed by differential interference contrast microscopy using the same set-up. Bead 234 

movement was recorded using a high-speed camera (Cascade II-512, Photometrics, Tucson, AZ, 235 
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USA) operated by MultiRecorder Software (developed by Johannes Schröder_Schetlig) and 236 

analyzed using ImageJ software [34]. 237 

Statistical Analysis 238 

One-tailed, unpaired Student’s t-test assuming normal distribution and equal variances was used 239 

to calculate statistical significance for pairwise comparisons. Luciferase assay statistics were 240 

assessed using one-way ANOVA assuming normal distribution followed by Dunnett’s multiple 241 

comparison tests. The following indications of significance were used: *P<0.05, **P <0.01, ***P 242 

<0.001. N values represent biological replicates. Error bars indicate standard error of the mean 243 

(SEM). 244 

 245 

Results  246 

TAp73 is expressed in diverse multiciliated epithelia 247 

We and others previously showed that TAp73 expressed in respiratory epithelia controls 248 

multiciliogenesis [12,13]. However, little is known about the expression and function of TAp73 in 249 

other MCCs. To address this, we performed immunostaining and in situ hybridization and 250 

demonstrated that in addition to the testis [42,43], TAp73 is expressed in EDs, FTs, and 251 

ependymal and CP epithelial cells in the brain (Fig. 1a-f; Supplementary Fig. 1). qPCR and 252 

western blot analyses showed that, among different multiciliated epithelia, FTs and EDs exhibit 253 

higher levels of TAp73 expression than testis or brain (Fig. 1g-i). Taken together, these results 254 

demonstrate robust TAp73 expression in different MCC types. 255 

TAp73 is crucial for the molecular circuit of multiciliogenesis in efferent ducts 256 

Loss of TAp73 leads to male infertility that has been attributed to defective germ cell maintenance 257 

during spermatogenesis [42,43]. Interestingly, we detected spermatozoa in testis from TAp73 KO 258 

mice, although at a markedly reduced levels (Supplementary Fig. 2a, b). Despite normal 259 

morphology and mobility of these cells, no mature spermatozoa were detected in the epididymis 260 

(Epi) of these mice (Fig. 2a; Supplementary Video 1a-d), suggesting that additional defects may 261 
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contribute to infertility. The multiciliated epithelium of the EDs contributes to gamete transport by 262 

facilitating testicular fluid circulation, fluid reabsorption, and spermatozoa concentration 263 

[22,24,25], all essential aspects of male fertility [9,44,45]. Indeed, though no gross morphological 264 

difference was observed in EDs between control and TAp73 KO animals (Fig. 2a), 265 

immunofluorescent staining of the cilia components acetylated alpha-tubulin (Ac-α-TUB) and 266 

dynein axonemal intermediate chain 1 (DNAI1) showed a dramatic reduction in the number and 267 

length of cilia in the EDs from TAp73 KO mice (Fig. 2b, c). In contrast to the abundant long cilia 268 

of WT cells, mutant MCCs generated far fewer cilia as observed by transmission electron 269 

microscopy (TEM) (Fig. 2d; Supplementary Fig. 2c), resembling the loss of airway cilia in these 270 

animals [12]. Consistent with its role as transcriptional regulator, ChIP followed by qPCR revealed 271 

significant enrichment of TAp73 in genomic loci of FOXJ1 [12] and dynein axonemal light 272 

intermediate chain 1 (DNALI1) and DNAI1, both encoding axonemal dyneins (Fig. 2e; 273 

Supplementary Fig. 3). Accordingly, expression of Dnali1, Foxj1, Rfx2, and Rfx3 was reduced or 274 

almost completely lost in male reproductive ducts from TAp73 KO animals (Fig. 2f, g; 275 

Supplementary Fig. 2d). Together, our data indicate that TAp73 directs Dnali1 and Dnai1 in 276 

addition to known critical nodes including Foxj1, Rfx2, and Rfx3 to mediate multiciliogenesis in 277 

EDs (Fig. 7a, b). Thus, these additional defects in the multiciliated epithelium of the EDs may 278 

contribute to male infertility in TAp73 KO mice.  279 
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TAp73-driven transcriptional network regulates multiciliogenesis in fallopian tubes 280 

Though infertility in TAp73 KO females is thought to arise from defects of oocyte development and 281 

release from the ovary [32,46], it remains unclear whether TAp73 loss affects the multiciliated 282 

epithelium of the FT, thereby possibly influencing ova transport. Despite normal tubal morphology, 283 

analysis of Ac-α-TUB and DNAI1 expression showed reduced cilia coverage of the oviduct 284 

epithelium (Fig. 3a-c). Consistently, TEM demonstrated reduced cilia and mislocated basal bodies 285 

in FTs from TAp73 KO mice (Fig. 3d; Supplementary Fig. 4a). Transcript levels of Dnali1, Foxj1, 286 

and Rfx2, but not Rfx3 were reduced in TAp73 KO FTs (Fig. 3e), which was accompanied by 287 

declined protein expression of FOXJ1, DNAI1, DNALI1 (all expressed in the human FTs, 288 

Supplementary Fig. 4b), and gamma-tubulin (γ-TUB, basal body marker) (Fig. 3f), though to a 289 

lesser degree when compared to the decrease in multiciliogenesis activity observed in TAp73-290 

deficient EDs. Further, smooth muscle contraction pattern in FTs is similar between control and 291 

TAp73 KO animals (Supplementary Video 2a, b). Taken together, our data indicate that TAp73 292 

loss leads to reduced multiciliogenesis in the oviducts (Fig. 7a, c). 293 

 294 

Ciliary function in the brain is intact in the absence of TAp73 295 

Given TAp73 expression in ependymal and CP epithelial cells, we further evaluated TAp73 296 

expression during embryonic brain development. Immunofluorescent studies showed that 297 

proliferative progenitors (KI-67+) are present in hindbrain roof plate at day E14.5, whereas post-298 

mitotic cells expressing aquaporin 1 (AQP1) [31,47] are detected in CP epithelium (KI-67-/AQP1+) 299 

(Fig. 4a). Notably, a portion of the roof plate exists between the progenitors and CP epithelium 300 

that remains undifferentiated after cell cycle exit (KI-67-/AQP1-) (Fig. 4a). In contrast to progenitors 301 

with a solitary primary cilium, the “transition” zone is comprised of MCCs that exhibit TAp73 302 

expression (Fig. 4b).  303 

The expression of TAp73 in ependymal and CP epithelial cells, along with recent studies 304 

demonstrating the role of E2F4/MCIDAS in multiciliogenesis of ependymal cells [7,48,49], led us 305 
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to examine the role of TAp73 in MCCs in the brain. Immunostainings confirmed the loss of TAp73 306 

expression in ependymal cells and the CP from TAp73 KO mice (Fig. 4c), whereas morphological 307 

analysis revealed no apparent defect in these cells (Supplementary Fig. 5a). We performed 308 

immunostainings for the cilia markers ADP-ribosylation factor-like 13b (ARL13B) [50], Ac-α-TUB, 309 

and DNAI1 in the 4th and lateral ventricles. In contrast to FTs and EDs, MCCs in ependyma and 310 

CP from TAp73 KO animals are similar to those of WT mice (Fig. 4d, e; Supplementary Fig. 5b-311 

d). No significant difference was observed in the expression of markers for epithelial differentiation 312 

of CP between control and TAp73 KO animals (Supplementary Fig. 6a-d). RT-qPCR analysis 313 

demonstrated similar expression levels of Dnali1 and Foxj1, whereas increased Rfx2 and Rfx3 314 

mRNA levels were observed in brain ventricles from TAp73 KO mice (Fig. 4f). Consistently, ciliary 315 

beating and bead flow in the cerebrospinal fluid appeared unaffected by TAp73 loss (Fig. 4g; 316 

Supplementary Video 3a, b). Taken together, these results indicate that, unlike EDs, FTs, and 317 

the airways [12], the differentiation and function of MCCs in the brain remain intact despite TAp73 318 

loss. 319 

 320 

TAp73 regulates miR-34/449 family members in diverse MCCs  321 

Functional MCCs in the brain from TAp73 KO mice suggest that other ciliogenic factors may 322 

rescue brain multiciliogenesis in the absence of TAp73. TAp73 influences post-transcriptional 323 

mechanisms via regulation of miRNAs [12]. Analysis of small RNA species from brain ventricles 324 

in TAp73 KO mice revealed reduced miR34bc levels, along with a strong induction of the miR449 325 

cluster that works together with miR34bc to regulate multiciliogenesis in different tissues across 326 

species (Fig. 5a, c; Supplementary Table 6) [11,33,51–53]. In the brain, miR449 is 327 

predominantly detected in the CP [54], where its expression undergoes >10 fold increase upon 328 

TAp73 loss, whereas miR34bc levels strongly decline (Fig. 5b, c). Although miR34b levels were 329 

down-regulated as well in trachea from TAp73 KO (Supplementary Fig. 7a), miR449 induction 330 

was less pronounced and more variable in FTs and EDs (Fig. 5d). Altogether, these results reveal 331 
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a conserved reaction from the miR-34/449 family following TAp73 loss in diverse multiciliated 332 

epithelia.  333 

In an effort to understand miR449 upregulation we analyzed potential changes in the RB-E2F 334 

pathway known to regulate miR449 levels [55,56]. However, expression of E2f1, E2f3, Cdkn1a, 335 

and Cdkn1b in brain ventricles were comparable between WT and mutant animals, 336 

(Supplementary Fig. 8a, b), indicative of a RB-E2F pathway unaffected by TAp73 loss in brain 337 

MCCs. Interestingly, transcript and protein levels of the other E2F family member E2F4, which is 338 

a potent inducer of multiciliogenesis [6–8,48,57,58], were markedly increased in TAp73 KO 339 

ventricles, despite only a mild increase of its cofactor Mcidas (Fig. 5e, f). In contrast, E2F4 levels 340 

in FTs and EDs were unaltered and even downregulated in tracheae (Supplementary Fig. 7b-e). 341 

Therefore, increased E2F4 levels concurrent with a miR449 increase are restricted to the brain in 342 

TAp73 KO mice. 343 

To assess potential E2F4 contribution to miR449 elevation, we used the genomic region of 344 

miR449 containing three putative E2F binding sites in a reporter-based assay. Indeed, E2F4 in 345 

combination with MCIDAS elicited a strong transcriptional response from the miR449 locus, a 346 

reaction almost abolished by mutating the strongest out of three E2F consensus motifs (Fig. 5g; 347 

Supplementary Table 5). Together, these results indicate that increased E2F4/MCIDAS activity 348 

may stimulate miR449 expression in TAp73 KO brains.  349 

 350 

TAp73 collaborates with miR449 in brain multiciliogenesis 351 

Our data suggest that miR449 upregulation may compensate at least partially for TAp73 loss to 352 

maintain brain multiciliogenesis. To address this, we generated mice with a deletion of the miR449 353 

cluster in addition to TAp73. Strikingly, TAp73-/-;miR449-/- (TAp73xmiR449 KO) mice developed 354 

severe hydrocephalus (Fig. 6a; Supplementary Fig. 9a). Since defective ependymal and CP cilia 355 

contribute to the development of hydrocephalus [59–61], we next assessed ciliation in the 356 

ventricles of TAp73xmiR449 KO mice. Analysis of the expression of ARL13B in CP epithelium 357 
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revealed a decrease in cilia number and length in the absence of miR449, whereas a more 358 

pronounced reduction in cilia was observed in TAp73xmiR449 KO mice (Fig. 6b, c; 359 

Supplementary Fig. 9b). TEM studies also revealed mildly disorganized apical docking of basal 360 

bodies in ependymal cells in TAp73 KO and TAp73xmiR449 KO mice (Fig. 6d; Supplementary 361 

Fig. 9c); however, Ac-α-TUB content was similar in ependymal cells among WT and 362 

TAp73xmiR449 KO animals (Supplementary Fig. 9d). Consistently, ciliary beating and bead flow 363 

over ventricles appeared unaffected in TAp73xmiR449 KO animals (Supplementary Fig. 9e; 364 

Supplementary Video 3a, c). Furthermore, expression of cytokeratins, AQP1, and OTX2 in CP 365 

epithelial cells was similar among WT, miR449 KO, and TAp73xmiR449 KO animals 366 

(Supplementary Fig. 10a-c). Despite the role of Notch signaling in CP development and 367 

tumorigenesis [31,62], RNAscope studies revealed similar expression of NOTCH targets Hes1 368 

and Hes5 in the roof plate of WT, miR449 KO, and TAp73xmiR449 KO embryos at day E14.5 369 

(Supplementary Fig. 11). In summary, additional loss of miR449 in TAp73 KO mice strongly 370 

impairs ciliogenesis in the CP, but only slightly affects ependymal cilia, which is consistent with its 371 

prominent expression in the CP [54] (Fig. 5b). Thus, our data indicate that miR449 collaborates 372 

with TAp73 to drive multiciliogenesis in the brain. 373 

As miR449 was induced upon TAp73 deletion in further multiciliated tissues, we analyzed tracheae 374 

and EDs in TAp73xmiR449 KO mice. Immunostainings and TEM consistently revealed a dramatic 375 

decrease in cilia coverage and an increase in defective basal body docking in trachea from 376 

TAp73xmiR449 KO animals compared to WT animals (Fig. 6e-g; Supplementary Fig. 12a), a 377 

phenotype bearing resemblance to our previous findings in the airways of TAp73 KO animals [12]. 378 

Likewise, loss of miR449 did not further enhance MCC reduction in TAp73-deficient EDs 379 

(Supplementary Fig. 12b, c). Thus, additional deletion of the miR449 cluster fails to exacerbate 380 

ciliary defects in trachea and EDs in the absence of TAp73.  381 
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Overall, our data indicate that TAp73 utilizes the unique topology of its transcriptional circuit to 382 

communicate with the miR-34/449 family and other crucial regulators of motile multiciliogenesis 383 

e.g. E2F4/MCIDAS to regulate brain multiciliogenesis (Fig. 7a, d, e).  384 

 385 

Discussion 386 

TAp73 activates a plethora of ciliogenic effectors to drive multiciliogenesis in the airways [12,13]. 387 

The current study examines the role of TAp73-driven molecular circuit in MCCs of reproductive 388 

tracts and the brain. Our results revealed a profound reduction of cilia in EDs and FTs from TAp73-389 

deficient mice, as well as diminished Foxj1, Rfx2, and Rfx3 expression. These molecular and 390 

cellular changes in MCCs are reminiscent of our previous findings in respiratory epithelia of these 391 

mice, suggesting that male and female infertility associated with TAp73 loss could be in part 392 

related to the observed cilia loss. The expression of the axonemal dyneins Dnai1 and Dnali1, both 393 

of which exhibit TAp73 binding in their genomic loci, was also significantly reduced in EDs and 394 

FTs from mutant animals, indicating that they are part of the TAp73-directed multiciliogenesis 395 

program in reproductive tracts.  396 

Consistent with previous reports, we found partial degradation of the germinal epithelium and 397 

reduced sperm cell production in TAp73 KO mice [42,43]. The EDs are comprised of MCCs, which 398 

are required for fluid circulation and reabsorption, thereby facilitating the transport of spermatozoa 399 

to their storage and maturation in the epididymis [22,24,25]. Despite the presence of flagellated 400 

spermatozoa in testis, lack of spermatozoa in epididymis of TAp73 KO mice indicates that 401 

defective multiciliogenesis may contribute to male sterility. Indeed, disruption of transcriptional 402 

regulators of multiciliogenesis has been shown to cause infertility in mice and humans [3,63], 403 

whereas fertility issues have been reported in female primary ciliary dyskinesia patients [20,21]. 404 

Importantly, TAp73 is downregulated as women age [64], and certain single nucleotide 405 

polymorphisms in TP73 are associated with female patients over 35 years of age seeking in vitro 406 

fertilization [65,66]. Hence, the integrity of MCCs is critical for reproductive health. Further studies 407 
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using tissue-specific deletion of TAp73 in MCCs of EDs and oviducts are necessary to delineate 408 

its role in reproductive motile cilia maintenance and fertility.  409 

In the brain, TAp73 expression is initiated at the onset of multiciliated differentiation of ependymal 410 

and CP epithelial cells. However, our data indicate that TAp73 is dispensable for the generation 411 

of cilia in the brain, although it is plausible that TAp73 loss results in more subtle defects such as 412 

polarity and cilia orientation [67,68]. In contrast to the dynamic TAp73-dependent program in the 413 

airways and reproductive tracts, expression of Foxj1, Rfx2, and Rfx3 in the brain remains mostly 414 

unaltered in the absence of TAp73, suggesting that other effectors maintain the activity of the 415 

molecular circuit to support MCC differentiation.  416 

Previous studies revealed robust expression of GemC1 and E2f/Mcidas, all of which are capable 417 

of transcriptional activation of Foxj1, TAp73 itself, and many other ciliogenic effectors e.g. Rfx2 418 

and Rfx3 in MCCs of the brain [4,6,8,48,69]. Indeed, E2F4/MCIDAS expression is upregulated in 419 

the brain but not in other multiciliated tissues upon TAp73 loss, and therefore may facilitate brain 420 

multiciliogenesis. In agreement, loss of either Mcidas or GemC1, both transcriptional activators of 421 

TAp73, leads to defect in MCC differentiation and hydrocephalus [3,6].  422 

Although it is less clear how TAp73 loss results in enhanced E2F/MCIDAS activity in the brain, a 423 

quick look downstream of TAp73 provides some clues: reduced expression of the TAp73 target 424 

miR34bc is concurrent with an induction of miR449 in the absence of TAp73. Interestingly, 425 

expression of Cdkn1a/p21, Cdkn1b/p27, E2f1, and E2f3 in brain ventricles remain unchanged 426 

following TAp73 loss, suggesting that TAp73 loss regulates E2F and miR449 activity 427 

independently of the conserved RB-E2F1 axis. miR449 induction is commonly observed in miR34-428 

deficient MCCs, whereas ablation of the entire miR-34/449 family severely impairs 429 

multiciliogenesis in diverse tissues [33,70]. miR449 is known to inhibit the NOTCH pathway to 430 

relieve the suppression of MCC fate determination; however, NOTCH pathway activity in the CP 431 

remains unchanged after miR449 loss. Given the diverse targets of the miR-34/449 family, it is 432 

plausible that miR449 may indirectly increase E2F/MCIDAS activity in MCCs of the brain 433 
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independent of NOTCH inhibition. Conversely, transcriptional activation of miR449 by 434 

E2F/MCIDAS complexes may complete the feedback loop to keep the molecular circuit fully 435 

engaged in the absence of TAp73.   436 

This interpretation posits that the crosstalk between miR449 and E2F/MCIDAS serves as a crucial 437 

backup circuit for TAp73-driven multiciliogenesis network in the brain. Indeed, combined deletion 438 

of TAp73 and miR449 results in disruption of multiciliogenesis in the brain and hydrocephalus, 439 

defects distinct from those associated with complete loss of the miR-34/449 family [33,71]. In 440 

TAp73-deficient MCCs outside the brain that exhibit less prominent increase in miR449 and no 441 

increase in E2F4 levels, further deletion of miR449 cluster fails to exacerbate multiciliogenesis 442 

defects caused by TAp73 loss, indicating that TAp73 functions at least partially through miR449 443 

to support MCCs in the brain. Recent studies also demonstrated the role of TAp73-driven miR34a 444 

expression in neuronal development [72]. Therefore, interaction of TAp73 with miR-34/449 family 445 

members is crucial for normal brain functions.  446 

Nonetheless, detailed studies are necessary to clarify the interaction between miR449 and 447 

E2F4/MCIDAS pathway in MCCs in the brain, but also to address miR449 regulation in TAp73-448 

deficient MCCs outside the brain.  449 

Unlike TAp73 mutant animals, p73 KO mice lacking both TAp73 and ΔNp73 exhibit 450 

hydrocephalus, defective ependymal cell maturation and aqueduct stenosis, suggesting a 451 

potential role for ΔNp73 in ependymal cells [73,74]. Given the abnormal apical localization of basal 452 

bodies in ependymal cells along with ciliary defects in the CP from TAp73xmiR449 KO mice, it is 453 

conceivable that ΔNp73 may regulate miR449 expression indirectly in these cells. In support of 454 

this notion, miR449 is highly expressed in the CP whereby its loss alone leads to ciliary defects, 455 

whereas ΔNp73 deletion also results in defects in the CP [75]. Further analysis of the 456 

multiciliogenesis network and miR449 expression in MCCs in the brains of p73 KO and ΔNp73 457 

KO animals are necessary to resolve these questions.   458 
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Figure Legends 683 

Fig. 1. TAp73 is expressed in diverse multiciliated epithelia. (a) Schematic illustration of 684 

efferent ducts (EDs, red arrows) that connect testis and epididymis (Epi). Blue dotted lines indicate 685 

regions used for histological, protein, and RNA analyses. (b) Representative images of the 686 

expression of P73 (green) and the axonemal marker acetylated-alpha tubulin (Ac-α-TUB, red) in 687 

the human ED. White bracket circles delineate P73 nuclear staining. DAPI staining (blue) marks 688 

nuclei. (c) Schematic illustration of the fallopian tube (FT) that connects ovary and uterus. Blue 689 

dotted line illustrates the region used for immunofluorescence analysis including fimbriae (red 690 

arrow). (d) Expression of P73 in human FT. Upper panel depicts a magnification of the boxed 691 

region in the lower panel. Arrowheads mark P73+ cells. Images were retrieved from Human Protein 692 

Atlas (https://www.proteinatlas.org/ENSG00000078900-TP73/tissue/fallopian+tube). (e) 693 

Schematic illustration of murine brain ventricles (red arrows). Blue dotted lines indicate the position 694 

of coronal brain slices used in protein and RNA analyses. (f) Expression of TAp73 in lateral and 695 

4th ventricles of wild type (WT) adult mice. Red dotted lines demarcate ependymal cells lining brain 696 

ventricles. Notice that both ependymal and choroid plexus (CP) epithelial cells express TAp73. (g) 697 

Quantitative PCR analysis of TAp73 expression in the testis, EDs, FTs, and brain ventricles from 698 

WT adult mice. Expression levels are shown in copy number. Data from a single experiment are 699 

shown (testis, n=3; FT and ventricle, n=4; ED, n=6). (h) Western blot analysis of the expression 700 

of TAp73 and ΔNp73 in testis, Epi, FT, and brain ventricle from WT adult mice. Heat shock cognate 701 

71 kDa protein (HSC70) serves as a loading control. Data are representative of two independent 702 

experiments. (i) Quantitation of the signal intensity of TAp73 bands relative to that of HSC70 (h) 703 

is shown. All data are presented as mean ± SEM with *P<0.05.  704 
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Fig. 2. TAp73 controls multiciliogenesis in the male reproductive tract. (a) Representative 705 

images of hematoxylin and eosin (H&E) staining of Epi sections from WT and TAp73 knockout 706 

(KO) animals. Bracket lines demarcate the border of EDs and Epi. Notice the lack of mature 707 

spermatozoa in cauda Epi from TAp73 KO mice (arrowheads). (b) Representative images of the 708 

expression of Ac-α-TUB (green) and axonemal dynein DNAI1 (red) in EDs from WT and TAp73 709 

KO mice. DAPI staining (blue) labels nuclei. Boxed regions are magnified in the bottom panel. 710 

Note that TAp73 KO mice have less cilia that also exhibit reduced length (white bars). (c) 711 

Quantitation of Ac-α-TUB and DNAI1 signals normalized to epithelial length. Data from a single 712 

experiment are shown (WT, n=6 images from 3 animals; TAp73 KO, n=11 images from 4 animals). 713 

(d) Representative photomicrographs of transmission electron microscopy (TEM) in EDs from WT 714 

and TAp73 KO mice. Dotted lines mark apical region of the cells. Notice the abundant cilia (white 715 

arrows) and clustered basal bodies (white arrowhead) docked to the apical surface of WT cells, 716 

whereas mutant cells exhibit fewer cilia (red arrow). Interspersed microvilli are marked with 717 

asterisks. (e) Chromatin immunoprecipitation was performed for Saos2 cells transfected with 718 

TAp73α, TAp73β, and empty vector. Binding of TAp73α and TAp73β to genomic regions of 719 

FOXJ1, axonemal dyneins DNALI1 and DNAI1 was evaluated by quantitative PCR and compared 720 

to vector control (n=3 for each antibody/gene pair, except for DNALI1 [n=4],  genomic regions 721 

examined are illustrated in Supplementary Fig. 3; [76]). (f) Semi-quantitative PCR analysis of 722 

Dnali1, Foxj1, Rfx2, and Rfx3 expression in EDs from WT and TAp73 KO mice. Data from a single 723 

experiment are shown (WT, n=4 for Dnali1, Foxj1, and Rfx3, n=3 for Rfx2; TAp73 KO, n=3). (g) 724 

Immunoblot analysis of the expression of TAp73, ΔNp73, DNAI1, and DNALI1 in Epi from WT and 725 

TAp73 KO animals. HSC70 serves as a loading control. Representative result of three 726 

independent experiments is displayed. All data are presented as mean ± SEM and relative to the 727 

WT group with *P<0.05, ** P <0.01, *** P <0.001.  728 
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Fig. 3. TAp73 controls multiciliogenesis in the oviducts. (a) Representative H&E staining of 729 

FTs from WT and TAp73 KO animals. (b) The expression of Ac-α-TUB (green) and DNAI1 (red) 730 

in FTs from WT and TAp73 KO mice. DAPI staining (blue) labels nuclei. Boxed regions are 731 

magnified in the bottom panel. In contrast to multiciliated epithelia in WT mice, TAp73 KO mice 732 

exhibit FT segments devoid of cilia (arrowheads). (c) Quantitation of Ac-α-TUB and DNAI1 signals 733 

normalized to epithelial length. Data from a single experiment are shown (WT, n=6 images from 734 

4 mice; TAp73 KO, n=6 images from 3 mice). (d) Representative TEM photomicrographs of FTs 735 

from WT and TAp73 KO animals. Dotted lines mark apical region of the cells. Notice the presence 736 

of abundant cilia (black arrows) and basal bodies (white arrowhead) docked at the apical surface 737 

of WT cells, whereas mutant cells display fewer cilia (red arrows). Interspersed microvilli are 738 

marked with asterisks. (e) Semi-quantitative PCR analysis of Dnali1, Foxj1, Rfx2, and Rfx3 739 

expression in oviducts from WT and TAp73 KO mice. Data from a single experiment are shown 740 

(n=3). (f) Immunoblot analysis of the expression of TAp73, ΔNp73, FOXJ1, DNAI1, DNALI1, and 741 

gamma tubulin (γ-TUB) in oviducts from WT and TAp73 KO animals. HSC70 serves as a loading 742 

control. Data are representative of three independent experiments. All data are presented as mean 743 

± SEM and relative to the WT group with *P<0.05, ** P <0.01. 744 

 745 

Fig. 4. TAp73 is dispensable for brain multiciliogenesis. (a) The expression of KI-67, 746 

Aquaporin 1 (AQP1, green), and ADP-ribosylation factor-like 13b (ARL13B, red) in WT hindbrain 747 

roof plate/CP at embryonic (E) day 14.5. Notice that KI-67+ roof plate progenitors, and AQP1+ CP 748 

epithelial cells are spatially separated. ARL13B labels monociliated roof pate progenitors and 749 

multiciliated CP epithelial cells. White lines demarcate roof pate epithelium (KI-67+/AQP1-, 750 

arrows), CP epithelium (KI-67-/AQP1+, asterisks), and “transition zone” (KI-67-/AQP1-, 751 

arrowheads) in which MCCs appear. Dotted lines mark apical cell surface with cilia. DAPI staining 752 

(blue) labels nuclei. (b) Expression of TAp73 (green, red), AQP1 (green), and ARL13B (red) in 753 

WT hindbrain roof plate/CP at E14.5. Dotted lines mark apical cell surface of roof plate (TAp73-, 754 
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arrow) and transition zone (TAp73+, arrowhead). White lines mark transition zone (TAp73+/AQP1-755 

, arrowhead) and CP epithelium (TAp73+/AQP1+, asterisk). DAPI staining (blue) labels nuclei. (c) 756 

Representative images of TAp73 expression of ependymal and CP epithelial cells in hindbrain 757 

and lateral ventricle from WT and TAp73 KO. Red dotted lines mark ventricles lined with 758 

ependymal cells. Note that p73 expression is lost in TAp73 KO mice. (d) Expression of the cilia 759 

marker ARL13B (red) in CP epithelial cells from WT and TAp73 KO. White arrowheads mark cilia 760 

on cell surface. DAPI staining (blue) labels nuclei. Quantitation of average cilia length is shown in 761 

the lower panel. Data from a single experiment are shown (WT, n=12 cells [hindbrain] and 9 cells 762 

[lateral ventricle] from 2 mice; TAp73 KO, n=17 cells [hindbrain] and 15 cells [lateral ventricle] from 763 

3 mice). (e) Immunoblot analysis of Ac-α-TUB in brain ventricles from WT and TAp73 KO animals. 764 

β-ACTIN serves as a loading control. Data are representative of two independent experiments. (f) 765 

Semi-quantitative PCR of Dnali1, Foxj1, Rfx2, and Rfx3 in brain ventricles from WT and TAp73 766 

KO. Data from a single experiment are shown (WT, n=3; TAp73 KO, n=4). (g) Movement of 767 

fluorescent beads along the ventricular system in WT and TAp73 KO mice. Images of maximum 768 

intensity projections of representative movies of the lateral and the ventral 3rd ventricles are shown 769 

(WT, n=2; TAp73 KO, n=3; TAp73 heterozygous, n=1). Red arrows mark the direction of bead 770 

flow. Bracket lines depict ependymal layer lining the lateral ventricles. Refer to Supplementary 771 

Video S3a, b for examples of recording of ciliary beating. All data are presented as mean ± SEM 772 

and relative to the WT group with *P<0.05, ** P <0.01. 773 

 774 

Fig. 5. TAp73 loss leads to changes in miR-34/449 family and E2F4/MCIDAS circuit in the 775 

brain. (a) Hierarchical clustering of differentially expressed miRNAs in brain ventricles from WT 776 

and TAp73 KO mice (WT, n=3; TAp73 KO, n=4, one-way ANOVA, FDR < 0.05, fold change is 777 

shown). log2 values for miRNAs are plotted on the right. (b) In situ hybridization analysis of the 778 

expression of miR449 in WT roof plate/CP at E14.5 (http://www.eurexpress.org/ee/) [77]). Semi-779 

quantitative PCR analysis of miR449a, miR34b, and miR34c in brain ventricles (c), miR449a 780 
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expression in EDs, FTs, and trachea (d), and E2f4 and Mcidas levels in brain ventricles (e) from 781 

WT and TAp73 KO mice. Data from a single experiment are shown (WT: ED, n=3; FT, n=7; 782 

trachea, n=4; ventricle, n=3.  TAp73 KO: ED, n=4; FT, n=8; trachea, n=4; ventricle, n=4). (f) 783 

Immunoblot of E2F4 in WT and TAp73 KO ventricles. β-ACTIN serves as a loading control. 784 

Representative result of three independent experiments. (g) Luciferase assay of miR449 785 

regulatory regions containing E2F binding motifs. Three consensus E2F binding sites in miR449 786 

locus (http://jaspar.binf.ku.dk/) were placed in front of a luciferase cassette. A deletion mutant 787 

(Mut) that lacks the strongest consensus site was also created (Supplementary Table 5). WT or 788 

Mut luciferase vector was then co-transfected with empty vector (control), or vectors expressing 789 

E2F4, MCIDAS, or both. Fold changes in luciferase activities relative to those of control vector are 790 

shown. Date from 5 independent experiments are shown. All data are presented as mean ± SEM 791 

and relative to the WT group with *P<0.05, ** P <0.01. 792 

 793 

Fig. 6 TAp73 functions through miR449 in brain multiciliogenesis. (a) Coronal brain slices 794 

from WT, TAp73 KO, miR449 KO and TAp73xmiR449 KO mice. Note that TAp73xmiR449 KO 795 

mice display enlarged lateral ventricles. (b) ARL13B (red) expression in CP epithelial cells of the 796 

4th and lateral ventricles from WT, miR449 KO, and TAp73xmiR449 KO animals. White 797 

arrowheads mark cilia on cell surface. DAPI staining (blue) labels nuclei. (c) Quantitation of 798 

average cilia length of CP epithelial cells shown in (b). Data from a single experiment are shown 799 

(WT, n=4 cells [hindbrain, lateral ventricle] from 2 mice; miR449 KO, n=18 cells [hindbrain] and 800 

14 cells [lateral ventricle] from 4 mice; TAp73xmiR449 KO, n=8 cells [hindbrain, lateral ventricle] 801 

from 3 mice). (d) Representative TEM photomicrographs of ependymal cells in WT, TAp73 KO, 802 

and TAp73xmiR449 KO mice. Dotted lines mark apical region of the cells. Notice that WT cells 803 

possess cilia (white arrow) and basal bodies (white arrowhead) docked to the apical surface, 804 

whereas mutant cells have a similar number of cilia (red arrows) but disorganized basal bodies 805 

(red arrowheads) located further away from the apical surface. Interspersed microvilli are marked 806 
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with asterisks. (e) Representative staining of Ac-α-TUB (green) in tracheae from WT and 807 

TAp73xmiR449 KO mice. DAPI staining (blue) labels nuclei. Note that mutants harbor less and 808 

shorter cilia (arrowhead) than WTs. (f) Quantitation of Ac-α-TUB signals normalized to epithelial 809 

length is shown. Data from a single experiment are shown (n=4 samples/genotype). (g) 810 

Representative TEM photomicrographs of tracheae from WT and TAp73xmiR449 KO mice. Dotted 811 

lines mark apical region of the cells. Notice the abundant cilia (black arrows) and clustered basal 812 

bodies (white arrowhead) docked to apical surface in WT cells, whereas mutant cells exhibit fewer 813 

cilia (red arrow). Interspersed microvilli are marked with asterisks. All data are presented as mean 814 

± SEM and relative to the WT group with ** P <0.01, *** P <0.001. 815 

 816 

Fig. 7. Schematic diagram of the molecular circuits of TAp73-driven multiciliogenesis in 817 

diverse tissues. (a) TAp73-dependent transcriptional network, including dyneins, miR34bc, 818 

Foxj1, Rfx2, and Rfx3 factors, critically regulates multiciliogenesis in various ciliated epithelia 819 

downstream of E2f4/Mcidas. In the EDs (b) and FTs (c) TAp73 KO impairs multiciliogenesis 820 

concurrent with male and female fertility. (d) TAp73 is not essential for multiciliogenesis in the 821 

brain; however, TAp73 loss leads to upregulation of pro-ciliogenic E2f4 and its target miR449. (e) 822 

Further removal of miR449 in TAp73 KO animals leads to reduced number and length of CP cilia 823 

and severe hydrocephalus, indicating that miR449 and TAp73 complement each other to support 824 

brain ciliogenesis. 825 
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multiciliogenesis 

 

Running title: TAp73 and miR449 cooperate in multiciliogenesis 
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Content: 

Supplementary Figures 1-12 are shown on pages 2-14. 

Supplementary tables 1-6, including the list of antibody, primers, and luciferase constructs, 

are shown on pages 15-18. 

Supplementary video legends and reference from the figure legend are shown on page 19. 
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Supplementary Figures 

 

 

Supplementary Fig. 1. TAp73 is expressed in diverse multiciliated tissues. RNAscope 

analysis of TAp73 (blue) and Mcidas (red) expression in testis, efferent ducts, fallopian tube, 

trachea, lung, ependymal and choroid plexus epithelial cells in hindbrain and lateral ventricle 

from adult wild type (WT) and TAp73 knockout (KO) mice (3 months of age). Arrowheads 

mark cells in boxed regions that are also shown in higher magnification. Notice that TAp73 is 

absent in TAp73 KO tissues. 
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Supplementary Fig. 2. Loss of TAp73 impairs multiciliogenesis in the male 

reproductive duct. (a) Representative images of the expression of acetylated alpha-tubulin 

(Ac-α-TUB, green) in testes from WT and TAp73 KO mice. DAPI staining (blue) labels nuclei. 

Notice, although at a reduced level, spermatozoa (Ac-α-TUB+) are present in mutant testis 

(arrowheads). (b) Expression of TAp73 in testes from WT and TAp73 KO mice at 3 months 

of age, respectively. Notice that TAp73 is expressed in testes from WT mice, but absent in 

mutant testes. (c) Representative photomicrographs of transmission electron microscopy 

(TEM) of efferent ducts from WT and TAp73 KO mice. Dotted lines mark apical region of the 

cells. Notice the abundant cilia (white arrow) and clustered basal bodies (white arrowheads) 

on WT cells, whereas mutant cells exhibit disorganized basal bodies (red arrowheads) 

located away from apical surface. Interspersed microvilli are marked with asterisks.  (d) 

Immunoblot analysis of the expression of DNAI1 and DNALI1 in testes from WT and TAp73 

KO animals. β-ACTIN serves as a loading control. DNAI1 and DNALI1 levels are reduced in 

mutant testis compared to WT animals. Representative results of three independent 

experiments are shown. 
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Supplementary Fig. 3. TAp73 is associated with ciliary genes. TAp73 binding at FOXJ1, 

DNALI1, and DNAI1 genomic loci is shown in results from ChIP-seq [1], Geo accession no. 

GSE15780). Boxed regions mark genomic loci enriched with TAp73 binding and validated by 

ChIP-qPCR (Fig. 2e).  
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Supplementary Fig. 4. TAp73 KO mice show defective motile cilia in the fallopian tube. 

(a) Representative photomicrographs of transmission electron microscopy (TEM) of fallopian 

tubes from WT and TAp73 KO mice. Dotted lines mark apical region of the cells. Notice the 

presence of abundant cilia (white arrow) and clustered basal bodies (white arrowhead) 

docked to apical surface of the WT cell, whereas the mutant cell displays fewer cilia (red 

arrow) and disorganized basal bodies (red arrowheads) located away from apical surface. 

Interspersed microvilli are marked with asterisks. (b) Expression of DNALI1, FOXJ1, and 

DNAI1 in human FT epithelia. Images were retrieved from the Human Protein Atlas 

(DNALI1: http://www.proteinatlas.org/ENSG00000163879-DNALI1/tissue/fallopian+tube, 

FOXJ1: http://www.proteinatlas.org/ENSG00000129654-FOXJ1/tissue/fallopian+tube, 

DNAI1: http://www.proteinatlas.org/ENSG00000122735-DNAI1/tissue/fallopian+tube).  
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Supplementary Fig. 5. TAp73 loss does not affect multiciliogenesis in the brain. (a) 

Representative images of H&E staining of choroid plexus (CP) in the 4th and lateral ventricle 

from WT and TAp73 KO animals. (b) Representative images of the expression of ARL13B in 

CP of the 4th and lateral ventricle from WT and TAp73 KO animals. Arrowheads mark cilia on 

CP epithelial cells. Red dotted lines delineate the boundary of lateral ventricles lined with 

ependymal cells. Expression of Ac-α-TUB (green) and DNAI1 (red) in ependymal cells of 

lateral ventricle (c) and the 4th ventricle (d) from WT and TAp73 KO animals. Boxed regions 

are magnified in bottom panels. DAPI staining (blue) labels nuclei. 
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Supplementary Fig. 6. TAp73 loss does not affect epithelial differentiation of choroid 

plexus cells.  Representative images of the expression of cytokeratins (a), aquaporin 1 

(AQP1, b), transthyretin (TTR, c), and orthodenticle homeobox 2 (OTX2, d) in CP epithelium 

of the 4th and lateral ventricles from WT and TAp73 KO animals.  
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Supplementary Fig. 7. Analysis of gene expression in multiciliated tissues of TAp73 

KO animals. (a) Semi-quantitative PCR analysis of miR34b expression in trachea from WT 

and TAp73 KO mice. Data from a single experiment are shown (WT: n=3; TAp73 KO: n=4). 

(b) Semi-quantitative PCR analysis of E2f4 expression in brain ventricles, efferent ducts 

(ED), fallopian tubes (FT), and tracheae from WT and TAp73 KO mice. Data from a single 

experiment are shown (WT: ED, n=5; FT, n=7; trachea, n=4; TAp73 KO: ED, n=4; FT, n=8; 

trachea, n=4). Immunoblot analysis of the expression of E2F4 in FTs (c), EDs (d), and 

tracheae (e) from WT and TAp73 KO animals. β-ACTIN or HSC70 serve as loading controls. 

Quantitation of the signal intensity of E2F4 bands normalized to that of the loading control is 

shown below each immunoblot (n.s. non-significant). Representative results from three 

independent experiments are shown. All data are presented as mean ± SEM and relative to 

the WT group with *P<0.05, ** P <0.01. 

 

 

 

 

 

 

 

Supplementary Fig. 8. pRb/E2F pathway activity is not deregulated in TAp73 KO 

ventricles.  (a) Semi-quantitative PCR analysis of Cdkn1a, Cdkn1b, E2f1, and E2f3 in brain 

ventricles from WT and TAp73 KO animals. Data from a single experiment are shown (n=4). 

(b) Immunoblot analysis of P21 expression in brain ventricles from WT and TAp73 KO 

animals. Data are representative of three independent experiments. Quantitation of the 

signal intensity of P21 bands relative to that of β-ACTIN is shown (n=3). All data are 

presented as mean ± SEM and relative to the WT group.  
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Supplementary Fig. 9. miR449 collaborates with TAp73 in brain multiciliogenesis. (a) 

Representative images of H&E staining of brain sections from WT, TAp73 KO, miR449 KO, 

and TAp73xmiR449 KO animals. Notice that TAp73xmiR449 KO mice display enlarged 

lateral ventricles (arrows). (b) Representative images of the expression of ARL13B in cilia 

(arrowheads) of CP in the 4th and lateral ventricle from WT, TAp73 KO, miR449 KO, and 

TAp73xmiR449 KO animals. (c) Representative photomicrographs of transmission electron 

microscopy (TEM) of ependymal cells from WT, TAp73 KO, and TAp73xmiR449 KO mice. 

Dotted lines mark apical region of the cells. Notice that the WT and TAp73 KO cell 

possesses abundant cilia (arrows) and basal bodies (arrowhead) docked to the apical 

surface, whereas the TAp73xmiR449 KO cell has disorganized basal bodies (red 

arrowheads) located further away from the apical surface. Interspersed microvilli are marked 

with asterisks. (d) Expression of Ac-α-TUB (green) in ependymal cells of the lateral ventricle 

from WT and TAp73xmiR449 KO mice. Boxed regions are magnified on the right. DAPI 

staining (blue) labels nuclei. (e) Analysis of the movement of fluorescent beads along the 

ventricular system from WT and TAp73xmiR449 KO mice. Images of maximum intensity 

projections of representative movies of the 4th and lateral ventricle, and aqueduct are shown 

(n=2). Red arrows mark the direction of bead flow. Bracket lines delineate ependymal layer 

lining the ventricles. Refer to Supplementary Video 3c for examples of recording of ciliary 

beating.  
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Supplementary Fig. 10. Combined loss of TAp73 and miR449 does not affect epithelial 

differentiation of choroid plexus cells. Representative images of the expression of 

cytokeratins (a), aquaporin 1 (AQP1, b), and orthodenticle homeobox 2 (OTX2, c) in CP 

epithelium of the 4th and lateral ventricles from WT, miR449 KO, and TAp73xmiR449 KO 

mice.  
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Supplementary Fig. 11. NOTCH signaling is unaltered in miR449 KO and 

TAp73xmiR449 KO brains. RNAscope analysis of the expression of NOTCH targets Hes1 

(blue) and Hes5 (red) in roof plate of hindbrain and lateral ventricles from WT, miR449 KO, 

and TAp73xmiR449 KO mice.   
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Supplementary Fig. 12. Additional loss of miR449 does not exacerbate ciliary defects 

in the airways and efferent ducts in TAp73 KO animals. (a) Representative 

photomicrographs of transmission electron microscopy (TEM) of trachea from WT and 

TAp73xmiR449 KO mice. Dotted lines mark apical region of the cells. Notice the abundant 

cilia (white arrow) and clustered basal bodies (white arrowhead) docked to apical surface in 

the WT cell, whereas the mutant cell exhibits disorganized basal bodies (red arrowheads) 

located away from apical surface. Interspersed microvilli are marked with asterisks. (b) 

Representative images of the expression of Ac-α-TUB (green) in ED from WT and 

TAp73xmiR449 KO mice. DAPI staining (blue) labels nuclei. Notice that mutant cells have 

less and shorter cilia (white bars) compared to WT mice. (c) Quantitation of Ac-α-TUB 

signals normalized to epithelial length (n=7 images from 4 WT mice; n=6 images from 3 

TAp73xmiR449 KO mice). Data are presented as mean ± SEM and relative to the WT group 

with *P<0.05. 
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Supplementary Tables 

 

Supplementary Table 1. Primary antibody information. 

Antibodies Dilution 

(Application) 

Company Catalog # 

[clone] 

Mouse monoclonal 

anti-Ac-α-TUB 

1:1 000 (IF) Merck 

(Darmstadt, Germany) 

T6793 [6-11B-1] 

Mouse monoclonal 

anti-ARL13B 

1:500 (IF) UC Davis/NIH NeuroMab 

Facility (Davis, CA, USA) 

75-287 

[N295B/66] 

Rabbit polyclonal  

anti-ARL13B 

1:500 (IHC) Proteintech  

(Rosemont, IL, USA) 

17711-1-AP 

Mouse monoclonal 

anti-AQP1 

1:1 000 (IHC, IF) Abcam  

(Cambridge, UK) 

ab9566 [1/22] 

Rabbit polyclonal  

anti-AQP1  

1:1 000 (IF) Merck AB2219 

Rabbit polyclonal  

anti-β-ACTIN 

1:10 000 (WB) Abcam  

 

ab8227 

Rabbit polyclonal  

anti-Cytokeratins 

1:100 (IHC) Agilent Technologies 

(Santa Clara, CA, USA) 

Z0622 

Rabbit polyclonal  

anti-DNAI1 

1:500 (IF); 1:700 

(WB) 

Merck HPA021649 

Goat polyclonal  

anti-DNALI1 

1:300 (WB) Santa Cruz Biotechnology 

(Dallas, TX, USA) 

sc-160296 

Mouse monoclonal 

anti-E2F4 

1:300 (WB) Santa Cruz Biotechnology 

 

sc-6851 [D-3] 

Rabbit polyclonal  

anti-FOXJ1 

1:500 (WB) Merck HPA005714 

Mouse monoclonal 

anti-HSC70 

1:20 000 (WB) Santa Cruz Biotechnology 

 

sc-7298 [B-6] 

Rabbit monoclonal 

anti-KI-67 

1:100 (IF) Abcam  

 

ab16667 [SP6] 

Rabbit polyclonal  

anti-OTX2 

1:500 (IHC) Merck AB9566 

Rabbit monoclonal 

anti-p21 

1:300 (WB) Abcam  

 

ab188224 

[EPR18021] 

Rabbit monoclonal 

anti-P73 

1:100 (IF, IHC);  

1:300 (WB) 

Abcam ab40658 

[EP436Y] 

Rabbit polyclonal  

anti-TTR 

1:100 (IHC) Proteintech  

 

1189-1-AP 

Rabbit polyclonal  

anti-γ-Tubulin 

1:400 (WB) Merck T5192 

IF= Immunofluorescence, IHC= Immunohistochemistry, WB= Western blot 
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Supplementary Table 2. Secondary antibody information. 

Antibodies Dilution 

(Application) 

Company Catalog # 

Alexa Fluor 488 donkey 

anti-mouse 

1:500 (IF) Invitrogen, Thermo Fisher 

Scientific (Waltham, MA, 

USA) 

A21202 

 

Alexa Fluor 594  

goat anti-rabbit 

1:500 (IF) Invitrogen, Thermo Fisher 

Scientific  

A11012 

 

Peroxidase-conjugated 

donkey anti-mouse 

1:10 000 

(WB) 

Jackson ImmunoResearch 

(West Grove, PA, USA) 

715-036-150 

 

Peroxidase-conjugated 

donkey anti-goat 

1:10 000 

(WB) 

Jackson ImmunoResearch 705-036-147 

 

Peroxidase-conjugated 

donkey anti-rabbit 

1:10 000 

(WB) 

Jackson ImmunoResearch 711-036-152 

 

Biotin-SP-conjugated 

AffiniPure Goat  

anti-Rabbit IgG 

1:1 000 (IHC) 

 

Jackson ImmunoResearch 111-065-144 

Biotin-SP-conjugated 

AffiniPure Donkey anti-

Mouse 

1:1 000 (IHC) Jackson ImmunoResearch 111-065-144 

IF= Immunofluorescence, IHC= Immunohistochemistry, WB= Western blot 
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Supplementary Table 3. Sequence information for primers used in semi-quantitative PCR. 

 

 

 

Supplementary Table 4. Sequence information for primers used in ChIP-qPCR. 

 

  

Gene 
Accession 

number 

Ampli

con 

(bp) 

Exons Forward primer 

(5´- 3´) 

Reverse primer 

(5´- 3´) 

TAp73 NM_011642 163 Ex2-Ex3 AGCAGAATGAGCGGC

AGCGTT 

TGTTGGACTCCTC

GCTGCCTGA 

Foxj1 NM_008240 200 Ex2-Ex3 CCATGCAGACCCCA

CCTGGCA 

GGGCAAAGGCAGG

GTGGATGT 

Dnali1 NM_175223 213 Ex4-Ex5 TTTGGCATGAGGAAG

GCACT 

CTGGTTGGTCCGT

TTCAGGA 

Mcidas NM_001037914 137 Ex7 AACAACGAAAAGGAG

CCTGGA 

GCCGCTTAGGGTC

ACGATTG 

E2f4 NM_148952 199 Ex7-Ex9 GCACTGGACACTCG

GCCT 

TGCACTCTCTCGTG

GGGTCG 

E2f1 NM_007891.5 151 Ex3-Ex4 AACTGGGCAGCTGA

GGTGC 

CAAGCCGCTTACC

AATCCC 

E2f3 NM_001359994.1 73 Ex3 AAACGCGGTATGATA

CGTCCC 

CCATCAGGAGACT

GGCTCAG 

Cdkn1a NM_007669.5 126 Ex2-Ex3 GTGGCCTTGTCGCT

GTCTT 

GCGCTTGGAGTGA

TAGAAATCTG 

Cdkn1b NM_009875.4 130 Ex1-Ex2 AGTGTCCAGGGATG

AGGAAGCGAC 

TTCTTGGGCGTCT

GCTCCACAGTG 

Rfx2 NM_027787 74 Ex5-Ex6 GACGGCACAAGACA

CTCTCTG 

AGAGTCTCAATCG

CCATTTCAAG 

Rfx3 NM_001360357 107 Ex3 ATGCAGACTTCAGAG

ACGGGT 

ACTGGCACTTGCT

GTACCAC 

36b4 NM_007475 155 Ex6-Ex7 GCAGATCGGGTACC

CAAC 

CAGCAGCCGCAAA

TGCAG 

Gene Forward primer (5´- 3´) Reverse primer (5´- 3´) 

FOXJ1 down CAGCATGCCCAGAAGCTTTG TCAGGGGCTGCATTCTTCC 

FOXJ1 end AGGGCACACTTAGCCTTTG AGGAGACAAAGGGAGGAGG 

DNAI1 CCCAAGCGGGGTAATCTCT CTTGAGGTTGTGGGACTTCAC 

DNALI1 CACGCCCGGCAAATTTCTG CAAGGTGGGCAGATCATGTG 
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Supplementary Table 5. Luciferase constructs for E2F4/MCIDAS luciferase reporter assay.  

RS: Restriction site 

Construct name DNA sequence of inserts  

The strongest E2F binding site is depicted 

in grey and the removed sequence in bold 

underlined. Two consensus sequences 

with lower score were retained in the 

mutant (pink and red).  

Vector 

 

5' RS  3' RS 

miR449/Cdc20b 

WT E2F 

binding site = WT 

GCCAGAAAGCTGAGCACACTGGGGACT

CCGTGATAAAGGGGGAGAGGAAGATAT

TGAGGGTTGAGGAAGAGGTCTGGCGGG

AAATGACAGGGAACCAGATGGGCTGTG

CAGCCTTAGCTGCCCATCTGAGCTGCC

AAGAGAGCCGAGTTGTGCCATATGGCA

GGAG 

pGL4.23 NheI EcoRV 

miR449/Cdc20b 

Mut E2F 

binding site = Mut 

GCCAGAAAGCTGAGCACACTGGGGACT

CCGTGATAAAGGGGGAGAGGAAGATAT

TGAGGGTTGAGGAAGAGGTCTGGACAG

GGAACCAGATGGGCTGTGCAGCCTTAG

CTGCCCATCTGAGCTGCCAAGAGAGCC

GAGTTGTGCCATATGGCAGGAG 

pGL4.23 NheI EcoRV 

 

 

Supplementary Table 6. Summary of small RNA-seq data from WT (n=3) and TAp73 KO 

(n=4) brains. GEO accession number: GSE108385.   

• small RNA-seq read counts from WT and TAp73 KO ventricles 

• small RNA-seq differential gene expression results from WT vs. TAp73 KO ventricles. 
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Supplementary Video legends 

 

Supplementary Video 1. Movement of spermatozoa from TAp73+/- (a, b) and TAp73 KO 

mice (c, d). 

 

Supplementary Video 2. Smooth muscle contraction in fallopian tubes from WT (a) and 

TAp73 KO (b) mice. 

 

Supplementary Video 3. Ciliary beating in WT (a, 3rd ventricle), TAp73 KO (b, lateral 

ventricle), and TAp73xmiR449 KO (c, lateral ventricle) mice. 
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