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Loss of p73 in ependymal cells 
during the perinatal period leads to 
aqueductal stenosis
Masashi Fujitani1,2,3, Ryohei Sato1 & Toshihide Yamashita1,4,5

The p53 family member p73 plays a critical role in brain development. p73 knockout mice exhibit 
a number of deficits in the nervous system, such as neuronal death, hydrocephalus, hippocampal 
dysgenesis, and pheromonal defects. Among these phenotypes, the mechanisms of hydrocephalus 
remain unknown. In this study, we generated a p73 knock-in (KI) mutant mouse and a conditional 
p73 knockout mouse. The homozygous KI mutants showed aqueductal stenosis. p73 was expressed 
in the ependymal cell layer and several brain areas. Unexpectedly, when p73 was disrupted during 
the postnatal period, animals showed aqueductal stenosis at a later stage but not hydrocephalus. An 
assessment of the integrity of cilia and basal body (BB) patch formation suggests that p73 is required 
to establish translational polarity but not to establish rotational polarity or the planar polarization of 
BB patches. Deletion of p73 in adult ependymal cells did not affect the maintenance of translational 
polarity. These results suggest that the loss of p73 during the embryonic period is critical for 
hydrocephalus development.

The cerebrospinal fluid (CSF) ventricular system is a dynamic circulatory system that plays a critical role in mam-
malian brain homeostasis throughout life1. Abnormal accumulation of CSF leads to expansion of the ventricles, 
resulting in hydrocephalus. Ependymal cells are multiciliated epithelial cells that line the walls of the ventricles in 
the brain and generate directional CSF flow by beating their motile cilia2. Accumulating evidence suggests that 
abnormal development of these motile cilia results in hydrocephalus2–5. Impaired ciliary motility may disrupt 
CSF flow in the narrowest portion, inducing aqueductal collapse and subsequent hydrocephalus6. However, cilia 
dysfunction does not always lead to obstructive hydrocephalus4,7,8. In addition, whether a patent aqueduct, an 
aqueductal stenosis and an aqueductal occlusion are sequential phenotypes that occur during the pathogenesis of 
hydrocephalus remains a critical question9.

The p53 family member p73 plays a critical role in brain development10–14. Previous studies have shown that 
p73 null mutant mice present neuronal degeneration15,16, hydrocephalus17,18, pheromonal defects18, and hip-
pocampal dysgenesis13,14. Among these phenotypes, the mechanisms of ventricular dilation remain unknown15,19. 
Recent studies suggest that p73 regulates ependymal cell maturation and multiciliogenesis17,19,20. We intended to 
elucidate the precise molecular function of p73 in ependymal cell maturation and multiciliogenesis using spatio-
temporal genetic manipulation in developing ependymal cells.

In the present study, we generated a p73 knock-in (KI) mouse and a conditional p73 knockout mouse. As 
previously reported17, the p73 homozygous mutant mouse shows loss of ventricular integrity and aberrant trans-
lational polarity in adult ependymal cells of the p73 homozygous mutant brain. Conditional deletion of p73 in 
adult mice had no influence on the maintenance of translational polarity. Importantly, postnatal deletion of p73 
leads to aqueductal stenosis at a later stage.
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Results
p73 KI mouse shows hydrocephalus and aqueductal stenosis. We first established p73 KI mice 
using embryonic stem cells obtained from the KOMP Repository (www.komp.org) (Supplementary Fig. 1a). By 
generating the KI model, we intended to determine p73 mRNA expression by X-gal staining and to generate con-
ditional knockout animals. p73 has two promoters; one is for the full-length isoform TAp73, and another is for 
the N-terminal truncated isoform ΔNp73. To disrupt both isoforms, an ENGRAILED 2(EN2) splice acceptor and 
the Internal Ribosome Entry Site (IRES) LacZ cassette were inserted into intron 4 (Supplementary Fig. 1a). We 
confirmed complete loss of p73 mRNA expression in postnatal homozygous KI mutants, whereas 75% expression 
in heterozygous KI mutants were compared to wild-type mice (Supplementary Fig. 2a). We analyzed the survival 
curve. Consistent with observations in conventional knockout mouse18, approximately 90% of the homozygous 
KI mutants died postnatally (Supplementary Fig. 2c). We examined the brains of embryonic day (e) 18.5 homozy-
gous KI mutants. We observed no abnormality in the cortical development of the telencephalon in heterozygous 
or homozygous KI mutants (Supplementary Fig. 2b), consistent with a previous finding15,21. However, the sur-
viving adult homozygous KI mutants (n = 2) showed severe hydrocephalus, as previously reported18,19(Fig. 1a). 
Interestingly, we identified aqueductal stenosis in homozygous KI mutants (Fig. 1b), even though this phenotype 
has never been reported.

p73 expression in adult and postnatal brains. Although p73 expression in the embryonic and post-
natal mouse brain has been analyzed18,22,23, adult p73 expression remains to be determined. It was difficult to 
determine the expression of p73 in the adult nervous system due to the low level of p73 expression24 and the prob-
lem of antibodies that are cross-reactive to other members of the p53 family25,26. Thus, to resolve this problem, 
we determined that X-gal staining for p73 heterozygous KI mutant was highly specific and sensitive, as shown 
in Supplementary Fig. 3. Consistent with the previous observation27, this method was highly reproducible and 
revealed no non-specific staining in the CNS. As observed in Supplementary Fig. 3a–d, LacZ expression was 
mainly observed in the walls of the lateral ventricles (LV), the third ventricle (III), and the fourth ventricle (IV) 
of the brain and central canal of the spinal cord (black arrows). Higher-magnification micrographs show that p73 
was also expressed in hypothalamic cells (Supplementary Fig. 3i) (black arrowhead) but not in the choroid plexus 
(Supplementary Fig. 3j). The sections from wild-type animals show no X-gal staining (data not shown).

On postnatal day 5 (P5), p73 expression was observed in the ventricular walls, including those for LV, III, and 
IV; the aqueduct (black arrows); the choroid plexus (Supplementary Fig. 3p,q); (white arrowhead); hypothalamus 
cells (Supplementary Fig. 3u) (black arrowhead); cortical layer I (Supplementary Fig. 3s,u); and the hippocam-
pus (Supplementary Fig. 3q) (dotted arrows). These cortical and hippocampal cells might be Reelin-positive 
Cajal-Retzius cells22. These results prompted us to hypothesize that p73 maintains adult ependymal cells and 
controls multiciliogenesis during postnatal development.

Conditional ablation of p73 in postnatal ependymal cells causes aqueductal stenosis. To clar-
ify p73 function in the ependymal cells of the postnatal or adult brain, we generated a p73 conditional knockout 
mouse (Supplementary Fig. 1b). We crossed our p73 floxed mouse with a R26R tdTomato reporter mouse, which 

Figure 1. Morphological analysis of a p73 knock-in (p73 KI) mouse (a) Nissl staining of coronal sections 
of rostral, middle, and caudal parts of embryonic day (e) 18.5 brains of both heterozygous (p73 KI/+) and 
homozygous (p73KI/KI) mutants. Scale bars, 500 μm. (b) High magnification micrographs of squares illustrated 
in (a). Arrows indicate aqueducts in midbrain. Scale bars, 100 μm.
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was previously crossed with a FoxJ1Cre ERT2 mouse28. After injection of tamoxifen into this triple transgenic 
mouse, conditional genetic recombination occurs specifically in ependymal cells. The R26R-tdTomato reporter 
allele allows clear visualization of recombined cells. To confirm p73 conditional disruption, we administered 
tamoxifen to one-month-old mice, dissected tissues from ependymal and subventricular (E/SVZ) zones a week 
later, and analyzed p73 mRNA expression (Supplementary Fig. 4a). As expected, in E/SVZ samples from p73 flox 
homozygous mouse, we observed an approximate 90% loss of p73 mRNA compared to tamoxifen-injected het-
erozygous or non-injected wild-type mice (Supplementary Fig. 4a). Importantly, comparable expression of p73 
mRNA in SVZ for wild-type and heterozygous animals enabled us to analyze p73 heterozygous flox (p73 fl/+) 
animals as a control. Motile multiciliogenesis occurs during the postnatal period in developing brains6. Therefore, 
to examine p73 function in postnatally developing ependymal cells, tamoxifen was administered to pups through 
the mother’s milk29. From postnatal day 1 (P1) to day 5 (P5), tamoxifen was injected into lactating mothers 
following the experimental schedules shown in Fig. 2a,d. After perfusion and sectioning of the p73 floxed hete-
rozygous and homozygous mouse brains on postnatal day 14 (P14) and at 2 months, we performed Nissl staining 
(P14; Fig. 2b,c) or DAPI nuclear staining (2 months; Fig. 2e–g) after confirming tdTomato staining (data not 
shown). To confirm Cre recombination in FoxJ1-expressing ependymal cells, we examined tdTomato expression 
(Fig. 2f,g). The p73 floxed homozygous mutant brain showed no significant dilatation of the lateral ventricles and 
no significant aqueductal stenosis (Fig. 2b,c). We analyzed perinatal tamoxifen-administered homozygous and 
heterozygous mutant mouse brains at 2 months. The p73 floxed homozygous mutant brain showed no significant 
dilatation of the lateral ventricles at 2 months (Fig. 2e) but revealed aqueductal stenosis (Fig. 2f,g). These data sug-
gest that loss of p73 in the postnatal ependymal cells leads to subsequent aqueductal stenosis, although apparent 
hydrocephalus was not observed.

p73 is required for translational polarity formation. A p73 deficiency may cause abnormal differen-
tiation of radial glia to ependymal cells and abnormal ciliogenesis, as previously suggested17. However, no infor-
mation is available regarding the morphology of cilia in the adult p73 knockout mouse. Thus, we immunostained 
whole-mount preparations of the lateral walls of the lateral ventricles with antibodies against β-catenin (purple) 
and γ-tubulin (green) in heterozygous and homozygous KI mutant brains to examine ependymal cell and basal 
body (BB) morphology30. Ependymal cell morphology, as determined by immunostaining for β-catenin, was 
disrupted in the homozygous mutant mouse (Fig. 3a,b). Additionally, we immunostained γ-tubulin and ana-
lyzed BB patch displacement from the center of the apical surface using the magnitude of the BB patch vector 
(Fig. 3c–e)7. The BB patch angle, which represents translational polarity, was disorganized in p73 homozygous 
mutants (Fig. 3c,d), whereas the BB patch displacement ratio was not affected (Fig. 3e). These results suggest that 
p73 is required for establishing translational polarity, but not for the planar polarization of BB patches on the 
apical surface of ependymal cells.

We examined cilia morphology and axons on the surface of lateral ventricles by immunostaining with an 
anti-acetylated tubulin antibody (Fig. 3f). The ependymal cells displayed straight parallel bundles of cilia in both 
the p73 heterozygous KI mutant and the homozygous mutant (Fig. 3f). Higher magnification micrographs con-
firmed that the bundles of cilia in both mutants were parallel (right panels of Fig. 3f). Therefore, p73 deficiency 
may delay cilia formation, and translational polarity was specifically disrupted in the ependymal cells of the 
homozygous KI mutants.

Conditional ablation of p73 in adult ependymal cells did not cause hydrocephalus or cilia defi-
ciency. We conditionally disrupted p73 in the ependymal cells of one month old brains, prepared whole 
mount lateral ventricles and performed morphological analysis of the ependymal cells and cilia at 2 months 
old (Fig. 4b). Ependymal cell morphology, as assessed by immunostaining for β-catenin, was not disturbed in 
the p73 floxed homozygous mouse (Fig. 4c). Additionally, we immunostained γ-tubulin and analyzed BB patch 
displacement and vector (Fig. 4c–d) but observed no significant differences between the p73 floxed heterozygous 
mouse and homozygous mouse. These results indicate that p73 is dispensable in the adult brain for maintenance 
of translational polarity and the planar polarization of BB patches on the apical surface of ependymal cells.

Discussion
In this study, we confirmed the previously reported function of p73 and identified a new function with newly 
established mutant mice. An examination of the integrity of cilia and BB patch formation led us to conclude 
that p73 regulates embryonic translational polarity formation, ependymal cell morphology and proper aqueduct 
formation.

Ependymal maturation occurs via 4 steps during the perinatal period6,31. (1) From e14 until birth, a subpop-
ulation of radial glia is specified to enter the ependymal cell lineage. (2) At birth, a radial glial cell begins the dif-
ferentiation process. (3) At postnatal day 4, in young ependymal cells, BBs are docked; the cilia have not reached 
their final length and are beating randomly. (4) At postnatal day 21, cilia have reached their final length and have 
oriented their beating in the caudorostral direction. Because we deleted p73 from P1-P5 to target motile multicil-
iogenesis, p73 was lacking in the ependymal cells during step 2 and step 3. However, hydrocephalus did not occur 
in these mice. As the mice show aqueductal stenosis without hydrocephalus, it is strongly suggested that aque-
ductal stenosis does not result in complete obstruction. In our p73 KI mouse, ciliogenesis was not perturbed at a 
later stage, and motile multiciliogenesis and elongation of cilia were likely to be delayed but intact, even though 
p73 was disrupted. Thus, p73 deletion is required at step 1 for the hydrocephalic phenotype.

We and others17 have observed that translational polarity is abnormal in p73 knockout and homozygous 
mutant mice (Fig. 3c,d). Translational polarity is dramatically affected when radial glial primary cilia are ablated 
earlier in development5. In the embryo, the radial glia have a translational polarity that predicts the orientation of 
the mature ependymal cells5. A recent study also suggests that planer cell polarity (PCP) genes (Celsr1, Fzd3, and 
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Vangl2) regulate cilia positioning in the apical domain (translational polarity) in radial progenitors and epend-
ymal cells32. Moreover, ablation of the embryonic primary cilia by conditional deletion of Kif3a and Ift88 also 
disrupts ependymal cilia, resulting in postnatal hydrocephalus.

Figure 2. Loss of p73 in postnatal ependymal cells leads to late-onset aqueductal stenosis without 
hydrocephalus. (a) Experimental schedule used in this study. (b) Nissl staining of coronal sections of the 
rostral brain at postnatal day 14 (P14) for both heterozygous (p73 fl/+) and homozygous (p73 fl/fl) conditional 
mutants. Scale bars, 500 μm. (c) Nissl staining of coronal sections of the aqueduct (AQ) at postnatal day 14 
(P14). Scale bars, 50 μm. (d) Experimental schedule used in this study. (e) DAPI staining of coronal sections of 
the rostral brain at 2 months old (2MO). Scale bars, 500 μm. (f) DAPI staining of coronal sections of the fourth 
ventricle (IV), AQ and third ventricle (III) of the brain at 2MO. Scale bars, 500 μm. (g) High magnification 
micrographs of squares illustrated in (f). Arrows indicate AQs in the midbrain. Scale bars, 100 μm.
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Taken together, our data indicate that embryonic primary ciliogenesis may be regulated by p73 and is critical 
for hydrocephalus. However, the FoxJ1 knockout mouse does not show abnormal primary cilia33, suggesting 
that FoxJ1 is dispensable for primary ciliogenesis. Therefore, using a FoxJ1CreERT2 mouse may be inappropriate 
for analyzing primary ciliogenesis in the radial glia. Further examination using another Cre line to investigate 
primary ciliogenesis is necessary to answer this question. As shown in Supplementary Fig. 3q, p73 is expressed 
not only in ependymal cells but also in choroid plexus epithelial cells at postnatal ages. FoxJ1 is expressed in 
choroid plexus at the postnatal age33. Therefore, our data suggest that postnatal p73 deficiency in choroid plexus 
did not contribute to hydrocephalus. In addition, p73 is expressed in the cortical hem at E13.5 (our unpublished 
observation). These results also suggest that embryonic p73 may have an important role in the development of 
hydrocephalus by regulating primary cilia formation, such as in differentiation of neuroepithelium. How can p73 
regulate primary cilia formation? In general, intraflagellar transport (IFT) is responsible: kinesin motors trans-
port ciliary components from the cell body to the primary cilia (anterograde transport), and cytoplasmic dyneins 
transport them back from the cilia (retrograde transport)34,35. As shown in a recent study36, IFT-associated 
proteins and motor proteins could be the p73 targets. These results suggest that p73 may regulate primary cil-
iogenesis. Importantly, we observed aqueductal stenosis. Cilia dysfunction does not always lead to obstructive 
hydrocephalus4,7,8. A possible cause of aqueductal stenosis is the hyperplasia of ependymal cells in the aqueductal 
wall37. Rho family guanosine triphosphatase (GTPase) 3 (Rnd3), a member of the small Rho GTPase family, 

Figure 3. Loss of p73 leads to abnormal cytoskeletal architecture and aberrant translational polarity. (a) Whole-
mount preparations of lateral walls of lateral ventricles stained with antibodies against β-catenin (purple) and 
γ-tubulin (green) in heterozygous (p73 KI/+) and homozygous (p73 KI/KI) mutant brains (scale bar, 10 μm). 
(b) Higher magnification pictures of (a) (scale bar, 5 μm). (c) Traces of intercellular junction, labeled with 
β-catenin, and basal body (BB), labeled with γ-tubulin, of ependymal cells are shown in (a). Red arrows show 
vectors drawn from center of the apical surface to BB patch. (d) Histogram of distribution of BB patch angles in 
heterozygous (p73 KI/+) (gray) and homozygous (p73 KI/KI) (pink) mutants. (***p < 0.001, Watson’s U2 test, 
n = 57 p73 KI/+mice, n = 73 p73 KI/KI mice). (e) Quantification of BB patch displacement. (n.s. not significant, 
mean ± SEM; n = 57 p73 KI/+mice, n = 73 p73 KI/KI mice). (f) Whole-mount preparations of lateral walls of 
lateral ventricles stained with antibodies against acetylated-tubulin (green) in heterozygous (p73 KI/+) and 
homozygous (p73 KI/KI) mutant brains. Left side panels show low magnification micrographs. Right side 
panels show high magnification micrographs. Scale bar, 10 μm (low) and 5 μm (high).
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controls cell cycle progression in a Notch-dependent manner. Rnd3 inhibits Notch signaling, and loss of Rnd3 
results in Notch hyperactivation and overproduction of ependymal cells37. However, postnatal deletion of p73 did 
not cause overproduction of ependymal cells (Fig. 2b). Lin et al.37 did not exclude the possibility that Rnd3 might 

Figure 4. Loss of p73 in adult ependymal cells did not affect cytoskeletal architecture and translational 
polarity. (a) Schema shows experimental schedule. (b) Whole-mount preparations of lateral walls of lateral 
ventricles stained with antibodies against β-catenin (purple) and g-tubulin (green) in heterozygous (p73fl/+; 
p73 flox/+::FoxJ1 CreERT2 Tg/+::R26R tdTomato KI (knock-in)/+) and homozygous (p73 fl/fl; p73 flox/
flox::FoxJ1 CreERT2 Tg/+::R26R tdTomato KI/+) mutant brains. Traces of intercellular junction were labeled 
with b-catenin, and BB were labeled with γ-tubulin of ependymal cells. Red arrows show vectors drawn from 
center of the apical surface to BB patch. Scale bar, 10 μm. (c) Quantification of BB patch displacement. (n.s. not 
significantly different, mean ± SEM; n = 55 p73 fl/+ mice, n = 58 p73 fl/fl mice). (d) Histogram of distribution 
of BB patch angles in heterozygous (het) (gray) and homozygous (ko) (pink) mutants (n.s. not significantly 
different, Watson’s U2 test, n = 55 p73 fl/+ mice, n = 58 p73 fl/fl mice).
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function through Rho-kinase signaling inhibition38. Therefore, Rnd3 might regulate the cytoskeletal structure of 
ependymal cells. Another possibility is the disorganization of the ependymal cell structure caused by abnormal 
adherens junctions. Afadin is required for the nectin-based cell–cell adhesion site to form adherens junctions. 
The Afadin knockout mouse shows aqueductal stenosis and hydrocephalus due to destruction of the adherens 
junctions in ependymal cells39. Moreover, Myo IXa (Myo9a), which is an actin-dependent motor molecule with 
a Rho GTPase–activating (GAP) domain, is expressed in maturing ependymal cells, and its absence leads to 
impaired maturation of ependymal cells40. These reports suggest that cytoskeletal disorganization by abnormal 
small GTPase signaling may be related to aqueductal stenosis via regulation of the cytoskeleton of ependymal 
cells. We conclude that p73 is a multifunctional protein that regulates 1) embryonic translational polarity, 2) 
proper aqueduct formation, and 3) ependymal cell morphology. Hydrocephalus might be caused by abnormal 
embryonic translation polarity. Therefore, p73 disruption in the embryonic period models human congenital 
hydrocephalus.

In addition to ependymal cell functions, cell death or hippocampal phenotype is also observed in p73 knock-
out mice13–16,18,41. Cell-specific conditional ablation of p73 will facilitate our understanding of the cellular and 
molecular mechanisms of the p73 regulatory system, not only in the brain but also in other tissues.

Materials and Methods
Transgenic animals. The ES cells used in this study were generated by trans-NIH KOMP and obtained 
from the KOMP Repository (www.komp.org). NIH grants to Velocigene at Regeneron, Inc. (U01HG004085) 
and the CSD Consortium (U01HG004080) funded the generation of gene-targeted ES cells for 8,500 genes in 
the KOMP Program, which were archived and distributed by the KOMP Repository at UC Davis and CHORI 
(U42RR024244). The ES cells obtained from KOMP (Clone number: EPD0851_4_D04 and E03; the targeting 
strategy is described in Supplementary Fig. 1a) were microinjected at the NPO Biotechnology Research and 
Development in Osaka University into ICR mouse blastocysts to establish germ-line transmission. The resulting 
chimeric offspring were bred with C57BL6/J mice to obtain germline transmission of the mutated trp73 allele and 
p73 KI mice. As illustrated in Supplementary Fig. 1b, to obtain a p73 floxed mouse, a p73 KI mouse was crossed 
with a FLPe Tg mouse obtained from NPO Biotechnology Research and Development in Osaka University 
with the permission of Dr. A. Francis Stewart. The p73 floxed mouse was crossed with a FoxJ1CreERT2::R26R-
tdTomato double transgenic mouse obtained from Dr. Jonas Frisen’s lab at the Karolinska Institute to obtain p73 
floxed:: FoxJ1CreERT2:: R26R-tdTomato triple transgenic mice (Supplementary Fig. 1b).

The mice were bred and maintained at the experimental animal facility of Osaka University Graduate School 
of Medicine. We euthanized the mice by injecting an overdose of a mixture of Vetorphale (0.5 mg/mL, Meiji), 
Dormicum (0.4 mg/mL, Roche) and Domitor (0.03 mg/mL, Orion Pharma) by peritoneal injection. The insti-
tutional committee of Osaka University approved this study, and all experiments were performed in accordance 
with the Guide for the Care and Use of Laboratory Animals of the Osaka University Medical School.

Tamoxifen injection. Tamoxifen (Sigma-Aldrich) was dissolved in corn oil at a concentration of 20 mg/ml 
by shaking overnight at 37 °C. For adult mice, 100 µL tamoxifen/corn oil was administered once a day for 5 days28. 
For postnatal mice, 100 µL tamoxifen/corn oil was administered to lactating mothers once a day for 5 days29.

RT-PCR. Tissues were homogenized in TRIzol reagent (Thermo Fisher Scientific). Isolated total RNA was 
purified with an RNeasy Micro kit (QIAGEN). The complementary DNA (cDNA) was synthesized with a High 
Capacity cDNA Reverse Transcription kit (Applied Biosystems). A reaction without template was used as a neg-
ative control.

Real-time PCR analysis. TaqMan real-time PCR analysis was conducted using TaqMan Universal Master 
Mix II (Thermo Fisher Scientific) with specific probe mixtures for each gene (p73: Mm01263882_m1 (which tar-
gets the boundary of exon 3’ and 4) and glyceraldehyde-3-phosphate dehydrogenase (Gapdh): Mm99999915_g1). 
The expression of each gene was normalized to Gapdh. The reaction and subsequent quantification were con-
ducted using a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems).

Nissl staining. Mice were euthanized and transcardially perfused with PBS followed by 4% paraformalde-
hyde. After post fixation at 4 °C overnight, brains were cryoprotected and sectioned at 40 μm for adults and 20 μm 
for e18.5 embryos. After placing floating sections on the slides and drying the slides, Nissl staining was performed 
using a previously described method13. Images were acquired with a BZ-9000 fluorescence microscope (Keyence).

X-gal staining. Brains were prepared as described above. After postfixation for 1 hour at 4 °C, brains were 
washed with PBS, cryoprotected overnight and sectioned at 40 μm for adults and 20 μm for pups at postnatal 
day 5. Sections were immersed in a detergent rinse (0.1 M PB, 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% 
NP-40) for 20 min and stained with X-gal staining buffer (0.1 M PB, 2 mM MgCl2, 0.01% sodium deoxycholate, 
0.02% NP-40, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 20 mM Tris) at 37 °C for 48 hours. Images were acquired with 
a BZ-9000 fluorescence microscope (Keyence).

Whole mount preparation of lateral ventricle wall and immunostaining. Whole mounts of the 
lateral ventricle walls were prepared as previously described5,7,30,42. The exposed walls were fixed in 4% PFA at 
4 °C overnight. After blocking, whole mounts were incubated with primary antibodies in the blocking solution 
overnight at 4 °C, washed, and incubated with secondary antibodies in the blocking solution overnight at 4 °C.
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Antibodies. The primary antibodies were mouse anti-β-catenin (1:1000, BD Transduction Laboratories 
610153), rabbit anti-β-catenin (1:1000, Sigma C2206), mouse anti-acetylated tubulin (1:1000, Sigma T6793), and 
rabbit anti-γ-tubulin (1:1000, Sigma T5192). Secondary antibodies were conjugated to Alexa Fluor dyes (goat 
polyclonal, 1:500, Invitrogen).

BB analysis. Confocal images were taken on an FV-1200 (Olympus). To analyze BB patch angle and BB 
rotational orientation, vectors were drawn using ImageJ (National Institutes of Health) software as previously 
described5. The angles of the vectors were normalized such that the average of the angle of the vectors was 180° 
in each E cell. The percentage of vectors was plotted on a histogram in 15° bins. BB displacement was quantified 
using ImageJ software (National Institutes of Health). To normalize the magnitude of the vector for the size and 
shape of the apical surface in each E cell, we divided it by the length of a line drawn from the center of the apical 
surface to the edge of the apical surface, passing through the center of the BB patch.

References
 1. Miyan, J. A., Nabiyouni, M. & Zendah, M. Development of the brain: a vital role for cerebrospinal fluid. Can J Physiol Pharmacol 81, 

317–328 (2003).
 2. Del Bigio, M. R. Ependymal cells: biology and pathology. Acta Neuropathol 119, 55–73 (2010).
 3. Tissir, F. & Goffinet, A. M. Shaping the nervous system: role of the core planar cell polarity genes. Nat Rev Neurosci 14, 525–535 

(2013).
 4. Tissir, F. et al. Lack of cadherins Celsr2 and Celsr3 impairs ependymal ciliogenesis, leading to fatal hydrocephalus. Nat Neurosci 13, 

700–707 (2010).
 5. Mirzadeh, Z., Han, Y. G., Soriano-Navarro, M., Garcia-Verdugo, J. M. & Alvarez-Buylla, A. Cilia organize ependymal planar polarity. 

The Journal of neuroscience: the official journal of the Society for Neuroscience 30, 2600–2610 (2010).
 6. Meunier, A., Sawamoto, K. & Spassky, N. Chapter 42 – Ependyma, Choroid. Patterning and Cell Type Specification in the Developing 

CNS and PNS Comprehensive Developmental Neuroscience 1, 819–833 (2013).
 7. Ohata, S. et al. Loss of Dishevelleds disrupts planar polarity in ependymal motile cilia and results in hydrocephalus. Neuron 83, 

558–571 (2014).
 8. Fransen, E. et al. L1 knockout mice show dilated ventricles, vermis hypoplasia and impaired exploration patterns. Hum Mol Genet 

7, 999–1009 (1998).
 9. Wagner, C. et al. Cellular mechanisms involved in the stenosis and obliteration of the cerebral aqueduct of hyh mutant mice 

developing congenital hydrocephalus. J Neuropathol Exp Neurol 62, 1019–1040 (2003).
 10. Killick, R. et al. p73: a multifunctional protein in neurobiology. Mol. Neurobiol. 43, 139–146 (2011).
 11. Jacobs, W. B., Walsh, G. S. & Miller, F. D. Neuronal survival and p73/p63/p53: a family affair. Neuroscientist 10, 443–455 (2004).
 12. Irwin, M. S. & Miller, F. D. p73: regulator in cancer and neural development. Cell Death Differ. 11(Suppl 1), S17–22 (2004).
 13. Fujitani, M. et al. TAp73 acts via the bHLH Hey2 to promote long-term maintenance of neural precursors. Curr. Biol. 20, 2058–2065 

(2010).
 14. Tomasini, R. et al. TAp73 knockout shows genomic instability with infertility and tumor suppressor functions. Genes Dev. 22, 

2677–2691 (2008).
 15. Pozniak, C. D. et al. p73 is required for survival and maintenance of CNS neurons. The Journal of neuroscience: the official journal of 

the Society for Neuroscience 22, 9800–9809 (2002).
 16. Tissir, F. et al. DeltaNp73 regulates neuronal survival in vivo. Proceedings of the National Academy of Sciences of the United States of 

America 106, 16871–16876 (2009).
 17. Gonzalez-Cano, L. et al. p73 is required for ependymal cell maturation and neurogenic SVZ cytoarchitecture. Dev. Neurobiol. 

(2015).
 18. Yang, A. et al. p73-deficient mice have neurological, pheromonal and inflammatory defects but lack spontaneous tumours. Nature 

404, 99–103 (2000).
 19. Medina-Bolivar, C. et al. Cortical hypoplasia and ventriculomegaly of p73-deficient mice: Developmental and adult analysis. J. 

Comp. Neurol. 522, 2663–2679 (2014).
 20. Marshall, C. B. et al. J.A. p73 Is Required for Multiciliogenesis and Regulates the Foxj1-Associated Gene Network. Cell Reports 14, 

1–12 (2016).
 21. Wetzel, M. K. et al. p73 regulates neurodegeneration and phospho-tau accumulation during aging and Alzheimer’s disease. Neuron 

59, 708–721 (2008).
 22. Meyer, G. et al. Developmental roles of p73 in Cajal-Retzius cells and cortical patterning. J. Neurosci. 24, 9878–9887 (2004).
 23. Hernandez-Acosta, N. C. et al. Dynamic expression of the p53 family members p63 and p73 in the mouse and human telencephalon 

during development and in adulthood. Brain Res. 1372, 29–40 (2011).
 24. Pozniak, C. D. et al. p73 is required for survival and maintenance of CNS neurons. J. Neurosci. 22, 9800–9809 (2002).
 25. Sayan, A. E. et al. New antibodies recognizing p73: comparison with commercial antibodies. Biochem. Biophys. Res. Commun. 330, 

186–193 (2005).
 26. Rosenbluth, J. M., Johnson, K., Tang, L., Triplett, T. & Pietenpol, J. A. Evaluation of p63 and p73 antibodies for cross-reactivity. Cell 

Cycle 8, 3702–3706 (2009).
 27. West, D. B. et al. A lacZ reporter gene expression atlas for 313 adult KOMP mutant mouse lines. Genome Res. 25, 598–607 (2015).
 28. Sabelstrom, H. et al. Resident neural stem cells restrict tissue damage and neuronal loss after spinal cord injury in mice. Science 342, 

637–640 (2013).
 29. Chen, J., Kwon, C. H., Lin, L., Li, Y. & Parada, L. F. Inducible site-specific recombination in neural stem/progenitor cells. Genesis 47, 

122–131 (2009).
 30. Mirzadeh, Z., Doetsch, F., Sawamoto, K., Wichterle, H. & Alvarez-Buylla, A. The subventricular zone en-face: wholemount staining 

and ependymal flow. Journal of visualized experiments: JoVE, (2010).
 31. Kishimoto, N. & Sawamoto, K. Planar polarity of ependymal cilia. Differentiation 83, S86–90 (2012).
 32. Boutin, C. et al. A dual role for planar cell polarity genes in ciliated cells. Proceedings of the National Academy of Sciences of the United 

States of America 111, E3129–3138 (2014).
 33. Jacquet, B. V. et al. FoxJ1-dependent gene expression is required for differentiation of radial glia into ependymal cells and a subset of 

astrocytes in the postnatal brain. Development 136, 4021–4031 (2009).
 34. Han, Y. G. & Alvarez-Buylla, A. Role of primary cilia in brain development and cancer. Curr. Opin. Neurobiol. 20, 58–67 (2010).
 35. Guemez-Gamboa, A., Coufal, N. G. & Gleeson, J. G. Primary cilia in the developing and mature brain. Neuron 82, 511–521 (2014).
 36. Nemajerova, A. et al. TAp73 is a central transcriptional regulator of airway multiciliogenesis. Genes Dev. 30, 1300–1312 (2016).
 37. Lin, X. et al. Genetic deletion of Rnd3 results in aqueductal stenosis leading to hydrocephalus through up-regulation of Notch 

signaling. Proceedings of the National Academy of Sciences of the United States of America 110, 8236–8241 (2013).



www.nature.com/scientificreports/

9SCientifiC REPORts | 7: 12007  | DOI:10.1038/s41598-017-12105-z

 38. Riento, K., Guasch, R. M., Garg, R., Jin, B. & Ridley, A. J. RhoE binds to ROCK I and inhibits downstream signaling. Molecular and 
cellular biology 23, 4219–4229 (2003).

 39. Yamamoto, H. et al. Genetic deletion of afadin causes hydrocephalus by destruction of adherens junctions in radial glial and 
ependymal cells in the midbrain. PLoS One 8, e80356 (2013).

 40. Abouhamed, M. et al. Myosin IXa regulates epithelial differentiation and its deficiency results in hydrocephalus. Mol Biol Cell 20, 
5074–5085 (2009).

 41. Abraham, H., Perez-Garcia, C. G. & Meyer, G. p73 and Reelin in Cajal-Retzius cells of the developing human hippocampal 
formation. Cereb. Cortex 14, 484–495 (2004).

 42. Mirzadeh, Z., Merkle, F. T., Soriano-Navarro, M., Garcia-Verdugo, J. M. & Alvarez-Buylla, A. Neural stem cells confer unique 
pinwheel architecture to the ventricular surface in neurogenic regions of the adult brain. Cell stem cell 3, 265–278 (2008).

Acknowledgements
This work was supported by a Grant-in-Aid for Scientific Research (S) from the Japan Society for the Promotion 
of Science (25221309) to T.Y., and a Grant-in-Aid for Scientific Research (C) to M.F.

Author Contributions
R.S. and M.F. performed the experiments and analyzed the data. M.F., R.S. and T.Y. co-wrote the manuscript. 
T.Y. coordinated and directed the project. All authors discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12105-z.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-12105-z
http://creativecommons.org/licenses/by/4.0/

	Loss of p73 in ependymal cells during the perinatal period leads to aqueductal stenosis
	Results
	p73 KI mouse shows hydrocephalus and aqueductal stenosis. 
	p73 expression in adult and postnatal brains. 
	Conditional ablation of p73 in postnatal ependymal cells causes aqueductal stenosis. 
	p73 is required for translational polarity formation. 
	Conditional ablation of p73 in adult ependymal cells did not cause hydrocephalus or cilia deficiency. 

	Discussion
	Materials and Methods
	Transgenic animals. 
	Tamoxifen injection. 
	RT-PCR. 
	Real-time PCR analysis. 
	Nissl staining. 
	X-gal staining. 
	Whole mount preparation of lateral ventricle wall and immunostaining. 
	Antibodies. 
	BB analysis. 

	Acknowledgements
	Figure 1 Morphological analysis of a p73 knock-in (p73 KI) mouse (a) Nissl staining of coronal sections of rostral, middle, and caudal parts of embryonic day (e) 18.
	Figure 2 Loss of p73 in postnatal ependymal cells leads to late-onset aqueductal stenosis without hydrocephalus.
	Figure 3 Loss of p73 leads to abnormal cytoskeletal architecture and aberrant translational polarity.
	Figure 4 Loss of p73 in adult ependymal cells did not affect cytoskeletal architecture and translational polarity.




