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p73 transcription factor belongs to one of the most important gene families in vertebrate
biology, the p53-family. Trp73 gene, like the other family members, generates multiple
isoforms named TA and DNp73, with different and, sometimes, antagonist functions.
Although p73 shares many biological functions with p53, it also plays distinct roles during
development. Trp73 null mice (p73KO from now on) show multiple phenotypes as
gastrointestinal and cranial hemorrhages, rhinitis and severe central nervous system
defects. Several groups, including ours, have revisited the apparently unrelated phenotypes
observed in total p73KO and revealed a novel p73 function in the organization of ciliated
epithelia in brain and trachea, but also an essential role as regulator of ependymal planar
cell polarity. Unlike p73KO or TAp73KO mice, tumor-prone Trp53—/— mice (p53KO) do
not present ependymal ciliary or planar cell polarity defects, indicating that regulation of
ciliogenesis and PCP is a p73-specific function. Thus, loss of ciliary biogenesis and
epithelial organization might be a common underlying cause of the diverse p73KO-
phenotypes, highlighting Trp73 role as an architect of the epithelial tissue. In this review
we would like to discuss the data regarding p73 role as regulator of ependymal cell
ciliogenesis and PCP, supporting the view of the Trp73-mutant mice as a model that
uncouples ciliogenesis from PCP and a possible model of human congenital hydrocephalus.

Keywords: TAp73, DNp73, ependymal cells, ciliogenesis, planar cell polarity, microtubules, actin cytoskeleton,
hydrocephalus

INTRODUCTION

The p53-family is constituted by the transcription factors p53, p63 and p73. The tumor
suppressive function of p53 largely resides in its capacity to sense potentially oncogenic and
genotoxic stress conditions, and to coordinate a complex set of molecular events leading to
growth restraining responses and, ultimately, to senescence and/or apoptosis. Thus, p53 is
a central node in the molecular network controlling cell proliferation and death in response
to pathological and physiological conditions, a network in which p73 and p63 are also
entangled (Pflaum et al, 2014). Emerging evidence reveals the role of the p53-family in
other biological processes like stem cell self-renewal, cell metabolism, fertility or inflammation
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(Gebel et al, 2017; Napoli and Flores, 2017; Nemajerova
et al, 2018). Despite its function in the maintenance of
genomic integrity, the initial analysis of p53KO mice suggested
that there were developmentally normal (Donehower et al,
1992). However, posterior in-depth analysis revealed that p53
was essential for normal development (reviewed by Donehower
et al., 1992; Shin et al., 2013; Jain and Barton, 2018). Trp63
and Trp73 gene targeting studies showed that both genes are
also required during embryogenesis (Mills et al., 1999; Yang
et al., 2000; Tomasini et al., 2009; Wang et al.,, 2017). Thus,
the emerging picture is that of an interconnected pathway,
in which p63 and p73 share many functional properties with
p53 but they also claim distinct and unique biological roles
(Van Nostrand et al., 2017; Wang et al., 2017).

Moreover, Trp73 generates functionally different TA and
DNp73 isoforms (Candi et al., 2014). Dependent upon the
presence of the N-terminal transcriptionally active TA-domain,
TAp73 variants exhibit p53-like transcriptional activities and
tumor suppressive functions. Conversely, N-terminally truncated
DN-isoforms act as dominant-negative inhibitor of p53 and
TAp73 and thus, have oncogenic properties (Engelmann and
Piitzer, 2014). It is noteworthy that the p53 family members
not only induce several common target-genes (Grob et al,
2001) but can also regulate each other’s expression and function
(Fatt et al, 2014). In agreement with all these complex
interactions, compensatory mechanisms in the p53 family
knockout models have been reported. Examples of this are
the elevated levels of DNp73 mRNA in the constitutive TAp73KO
and p63KO mice (Tomasini et al., 2008; Cancino et al.,, 2015).

Trp73 AND ITS ROLE IN CNS
DEVELOPMENT

p73 fundamental role in brain development and homeostasis
was highlighted by the central nervous system (CNS) defects
in the p73KO mice. These included third ventricle enlargement,
congenital hydrocephalus, hippocampal dysgenesis with
abnormalities in the CA1-CA3 pyramidal cell layers and the
dentate gyrus, loss of Cajal-Retzius neurons and abnormalities
of the pheromone sensory pathway (Killick et al., 2011).
Identification of the predominant p73-isoform in the brain
has proven complicated and the compiled data suggest a
differential regulation of p73-isoforms expression during
development that varies among cell types. Initial studies indicated
that DNp73-isoforms were the predominant isoforms detected
in sympathetic neurons in vivo, where they act as a survival
factor (Pozniak et al, 2000, 2002; Yang et al, 2000); they
were also expressed in Cajal-Retzius cells and in the choroid
plexus (Meyer et al., 2004; Tissir et al., 2009; Hernandez-Acosta
etal,, 2011). The analysis of DNp73-specific KO mice (DNp73KO)
(Tissir et al., 2009; Wilhelm et al., 2010) confirmed the neuro-
protective role of DNp73 and attributed most of the neurological
phenotypes to its loss. However, DNp73KO mice did not develop
striking hippocampal abnormalities like the p73KO, nor
hydrocephalus, indicating that TAp73-isoforms may contribute
to the development of the CNS. Nevertheless, in one of the

DNp73KO models (Wilhelm et al., 2010), mutant mice had
enlarged ventricles (Killick et al., 2011), suggesting a possible
role of DNp73.

Expression of TAp73 appears to be restricted to specific
brain areas. TAp73 was detected in the cortical hem, where
it has a role in brain cortical patterning and in mature
ependymal cells (ECs) of wild-type ventricles, which strongly
express p73 (Medina-Bolivar et al., 2014; Fujitani et al,,
2017). DNp73 has not been detected in these cells or in
in its precursors, the radial glial cells (RGC) (Tissir et al.,
2009). In addition, TAp73 is the predominant isoform
expressed in embryonic neural stem cells (NSCs) (Tissir
et al, 2009; Agostini et al., 2010; Medina-Bolivar et al,
2014) and has been shown to regulate NSCs stemness and
brain neurogenic niche maintenance and cytoarchitecture
(Agostini et al., 2010; Fujitani et al., 2010; Gonzalez-Cano
et al., 2010, 2016; Talos et al., 2010). In agreement, TAp73KO
mice show hippocampal dysgenesis with loss of the lower
blade of the dentate gyrus like that in p73KO, but do not
have ventricle enlargement or hydrocephalus (Tomasini et al.,
2008), altogether posing the possibility of compensatory
mechanisms in the absence of one of the isoforms.

Trp73 IS REQUIRED FOR RADIAL GLIAL
TO EPENDYMAL CELL FATE
DETERMINATION

The subventricular zone (SVZ) is one of the prominent regions
of neurogenesis in the adult rodent brain and is located along
the walls of the lateral ventricles next to the ependyma. The
adult SVZ is a highly organized microenvironment comprised
by multiciliated ECs that wrap around monociliated NSCs,
forming organized neurogenic structures denominated pinwheels,
which play a fundamental role in the maintenance of neurogenesis
(Mirzadeh et al., 2010). In rodents, the walls of the lateral
ventricles at birth maintain many similarities to the ventricular
zone of the immature neuroepithelium but will change
dramatically during postnatal development. The ECs that layer
the wall of the lateral ventricle are derived from monociliated
radial glial cells (RGCs) (Figure 1A). During perinatal
development, a special subset of RGCs will lose their morphology
and will give raise to multiciliated ECs (Spassky et al., 2005;
Kriegstein and Alvarez-Buylla, 2009). This transformation requires
RGC cell fate determination and EC differentiation (Merkle
et al., 2004; Guirao et al., 2010). While specification of RGCs
begins around E16, EC differentiation is initiated after birth
and completed by P20, following a multistep process that
includes multiciliogenesis and PCP (Ohata and Alvarez-Buylla,
2016; Kyrousi et al., 2017) (Figure 1A).

The hydrocephalus phenotype of p73KO suggested a possible
p73 role in ependymal ciliary function that might be linked to
its regulation of the neurogenic environment. Indeed, RGCs
express p73 (Fujitani et al, 2017) and in its absence RGCs
transition to ECs is altered generating immature cells with
abnormal identities and morphology (Gonzalez-Cano et al., 2016).
The specification of RGCs towards NSCs or ECs is identified
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FIGURE 1 | Trp73 deficiency affects ciliogenesis and the planar polarization of microtubule and actin networks resulting in lack of PCP and cilia disarrangement in
ependymal cells. (A) Schematic representation of TAp73 regulation of PCP and ciliogenesis during the development from RGCs to ECs cells in rodent brain
ventricular epithelia. Translational PCP begins by embryonic day E16, when RGCs primary cilium is displaced towards the anterior apical surface instructed by
mechanosensory signaling. At this stage, TAp73 regulation of NMIl activation is required for proper actin cytoskeleton dynamics, essential for tPCP establishment.
Multiciliogenesis starts postnatally (P2) during the initial steps of ECs differentiation. TAp73 plays a central role activating transcriptional multiciliogenesis programs,
but it is possible that p73-regulation of actin networks impinge on basal body (BB) docking. Around P5 moatile cilia of immature ECs are randomly distributed on the
apical surface. TAp73 regulation of polarized microtubules dynamics is important for the asymmetric localization of PCP-core proteins at opposite sides of the apical
membrane at MT anchoring points at cell junctions. Asymetric PCP-core complexes instruct BBs to become aligned as the ependymal layer matures and rotational
polarity is established with the formation of signaling complexes at the BBs, including Dvl and Rac1. At later stages (P15) TAp73 function is required for the
establishment of tPCP in ECs which will be coordinated at tissular level. (B) Schematic representation of the subcellular localization of PCP-regulatory proteins and
the effects of p73 deficiency in ependymal cells. The polarized distribution of activated NMIl puncta at apical cell-junctions, and its association with the BBs (red) of
crescents-BB clusters, sustains the establishment of polarized actin lattices (light blue). Activated NMII is depicted by p-MLC (green). Polarized cortical MT networks

(dark blue) grew asymmetrically (EB3, red solid circle) from the center of the cell towards the anterior region contacting the plasma membrane at MT-anchoring
(Continued)
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FIGURE 1 | points. These actin and microtubule networks allow the junctional localization of PCP-core protein complexes [Vangl2 (pink) and Frizzled (orange)] and
the formation of signaling complexes at BB-clusters and at the base of cilia axoneme [DvI2 (purple), Rac1 (blue) and Fat4 (yellow)]. p73 deficiency results in severe
defects in ciliogenesis and the loss of apical cytoskeleton dynamics in ECs, which correlates with impaired BB docking, lack of asymmetric localization PCP-proteins
and the disassembly of the signaling complexes associated with the cilia BB, resulting in lack of translational and rotational polarity in these cells and disorganization
of cilia. (C) Representative scanning electron microscopy (SEM) images of WT and p73KO lateral ventricle wall (LW) whole-mounts (WMs) at P15. Scale bar 10 pm.
(D) Regulation of ciliogenesis and PCP is a p73-specific function. Representative confocal images of WT, p53KO, p73KO, TAp73KO and DNp73KO LWs stained
with a-tubulin to visualize the ciliary axoneme, or combined staining of FOP, which localized at the base of cilia, and y-tubulin for the basal feet, to delineate the
orientation of each cilium (rfPCP). BBs from WT, p53KO and DNp73KO ECs were aligned in parallel rows that contained similar numbers of regularly spaced BBs,
while in p73KO and TAp73KO cells the stereotypic arrangement of cilia (spacing and number of cilia per row) was severely impaired. The figure includes original
images that reflect previously demonstrated data (Fuertes-Alvarez et al., 2018). Scale bar 10 pm.

by either GFAP or GemCI and Mcidas expression, respectively
(Kyrousi et al., 2015). Interestingly, in the SVZ of p73KO brains,
aberrant S100P*-ECs that also expressed GFAP were detected
(Gonzalez-Cano et al,, 2016), indicating that lack of p73 results
in alterations in cell fate determination transcriptional program
of RGCs. Moreover, Fujitani and colleagues proposed that
embryonic primary ciliogenesis may be regulated by p73, since
they found that disruption of p73 (both TA and DNp73) during
early postnatal EC development (P1-P5) did not cause
hydrocephalus (Fujitani et al., 2017). The compiled data strongly
support the idea that p73 functions at several stages during
RGCs transformation into EC (Figure 1A), beginning at an
earlier developmental stage before activation of Mcidas and FoxJI,
master regulatory genes of multiciliogenesis.

p73 function in MCC fate specification in tracheal epithelium
is controversial. p73 fate specification function was proposed
in a subset of basal cells that co-express p73 and p63, where
p73 expression identified them to undergo MCC differentiation
(Marshall et al., 2016). However, a second research group,
using tracheal epithelium cultures (MTEC), concluded that p73
is downstream of Mcidas and functions mainly after MCC
fate specification (Nemajerova et al., 2016). Both groups identified
over 100 putative p73 target genes that regulate MCC
differentiation and homeostasis and demonstrated that Fox;jl
is a direct target of TAp73, supporting a model in which p73
acts as a regulator of multiciliogenesis through direct and
indirect regulation of key genes (Marshall et al., 2016; Nemajerova
et al, 2016). Altogether, it was confirmed that TAp73 is at
the center of the regulatory network of multiciliogenesis and
that it is necessary and sufficient to activate the multiciliogenesis
program in tracheal cells, and required in MCC from brain
ventricles, oviduct, middle ear, sinus mucosa and flagella of
sperm in the testis (Gonzalez-Cano et al., 2016; Marshall et al.,
2016; Nemajerova et al., 2016; Fujitani et al., 2017). However,
it is plausible that p73 acts, at least in brain, at more of one
stage of the MCC generation process.

Trp73 IS REQUIRED FOR
MULTICILIOGENESIS OF ECS

After birth, the initial steps of ECs differentiation imply a massive
production of Basal Bodies (BBs) and their migration and docking
to the apical membrane where they will nucleate motile cilia
(Spassky and Meunier, 2017). Centriolar amplification requires

the initial aggregation of immature centrioles into procentriole
organizers, named deuterosomes. At the last stages, the centrioles
will disengage from the deuterosome platforms, migrate to the
apical membrane and the deuterosomes will disappear (Spassky
and Meunier, 2017). In the absence of p73, BBs aggregate into
deuterosomes, but these structures do not completely disappear
and are detected in ECs from young (P15) and adult (P30)
p73KO mice, suggesting the process is halted or defective
(Gonzalez-Cano et al, 2016). Following their amplification,
centrioles migrate to the apical surface where they become BBs
(Figure 1A). p73KO ECs, as well as TAp73KO, have higher
number of BBs scattered and deep into the cytoplasm, confirming
the required role of TAp73 in centriolar amplification and docking
in ECs (Figure 1B) (Fuertes-Alvarez et al., 2018). These defects
might be due to TAp73 regulation of the MCC factors, FoxjI
and Myb, both downstream of TAp73 (Marshall et al., 2016;
Nemajerova et al, 2016), but also due to defects in actin-
cytoskeleton dynamics (Fuertes-Alvarez et al., 2018).

ECs motile cilia directly emerge from the apical membrane
in mature tissues (Figures 1A,B) following the extracellular
ciliogenesis pathway (Mirzadeh et al., 2008). Thus, defects in
BB docking could result in defective axoneme elongation. As
expected, p73KO-ECs with total lack of p73 have severe ciliary
defects, with many cells lacking ciliary axoneme and others
displaying disorganized cilia of different lengths (Gonzalez-Cano
et al, 2016) (Figures 1B-D). It is noteworthy, that cells that
only lack the TAp73 isoform (TAp73KO) had defective BB
docking and showed ciliary defects like disorganized cilia with
a “disheveled” appearance (Fuertes-Alvarez et al., 2018). This
suggested defects in BB organization and phenocopied the
Celsr2/3 mutant mice where the unidirectional orientation of
the BB of their motile cilia, named rotational Planar Cell Polarity
(rPCP), was not established (Tissir et al., 2010). However, most
of the TAp73KO-ECs, although not all, have ciliary axoneme,
displaying a milder ciliary-phenotype than p73KO-ECs (Fuertes-
Alvarez et al., 2018) (Figure 1D). Nevertheless, additional studies
are required to determine the extent of the effect of these
alterations in ciliary function. On the other hand, and consistent
with the lack of DNp73 expression in ECs (Tissir et al., 2009),
DNp73KO-ECs do not display any cilia defects (Fuertes-Alvarez
et al,, 2018) indicating that, in the presence of TAp73, DNp73
is not necessary for ciliogenesis regulation. These data suggest
that compensatory and redundant ciliary programs are induced
in the absence of TAp73 when DNp73 is present, but not with
total p73 deficiency. Thus, one might speculate that, in this

Frontiers in Genetics | www.frontiersin.org

March 2019 | Volume 10 | Article 154


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Marques et al.

Trp73 Regulates Ciliogenesis and PCP

scenario, compensatory DNp73 upregulation could induce,
directly or indirectly, key ciliogenesis regulators, downstream
of TAp73 function, suggesting a requirement for DNp73.

Centriolar migration, docking and spacing require the
organization of the actin cytoskeleton. BBs are transported,
via an actin-myosin-based mechanism, to the apical surface
(Boisvieux-Ulrich et al., 1990; Meunier and Azimzadeh, 2016).
Trp73 deficiency profoundly affects actin cytoskeleton in ECs,
resulting in lack of the apical and subapical actin networks
and scattered disposition of the BBs in the apical surface
(Figure 1B). Subapical actin networks are required for BB
spacing, establishment of global coordination of cilia polarity
and metachronal synchrony (Werner et al., 2011). Our group
have recently discovered that TAp73, in addition of its regulation
of the ciliary programs, can regulate the activity and localization
of the actin-binding protein non-muscle myosin II (NMII)
(Vicente-Manzanares et al., 2009; Kishimoto and Sawamoto,
2012), via the transcriptional activation of its regulatory kinase
gene: the myosin light polypeptide kinase MLCK (Fuertes-
Alvarez et al., 2018). Thus, TAp73 regulation of MLCK directly
links p73 with actin microfilament dynamics, ciliogenesis and
the mechanisms that orchestrate cellular polarity.

p73 REGULATION OF PLANAR CELL
POLARITY

Cilia maturation during EC differentiation requires the
polarization and organization of the BBs for the cilia to beat
in a synchronized manner and create directional fluid flow.
This polarization, orthogonal to the apico-basal axis, is known
as Planar Cell Polarity (PCP) and is acquired by ECs during
their differentiation in a simultaneous process to multiciliogenesis
(Ohata and Alvarez-Buylla, 2016) (Figure 1A). ECs display
two types of PCP: the asymmetric localization of the cilia cluster
at the anterior apical surface following the cerebral spinal fluid
(CSF) flow, named translational polarity (tPCP), and rotational
polarity (rPCP) (Mirzadeh et al., 2010). Combined staining of
the centriolar satellite protein FOP (FGFR1 Oncogene Partner)
and y-tubulin is a frequently used indicator to delineate BB
orientation and rPCP (Boutin et al., 2014) (Figure 1D). Unlike
p73KO or TAp73KO mice, tumor-prone p53 KO mice do not
present ependymal ciliary PCP defects, indicating that regulation
of ciliogenesis and PCP is a p73-specific function (Figure 1D).

tPCP is first observed in RGCs as early as E16, when
primary cilia become asymmetrically displaced in their apical
surface (Mirzadeh et al, 2010). Trp73 is necessary for the
efficient establishment of tPCP in RGC and in immature ECs,
and in the absence of p73, or TAp73, tPCP fails to be established
(Gonzalez-Cano et al., 2016; Fujitani et al., 2017; Fuertes-
Alvarez et al., 2018). Actin microfilament remodeling and
NMII activity are essential to establish tPCP (Hirota et al,
2010). NMII is activated (p-MLC) by phosphorylation of its
associated regulatory light chain by MLCK and ROCK kinases,
but only MLCK activation regulates tPCP (Hirota et al., 2010).
NMII activation and its polarized membrane localization in

puncta at membrane junctions correlates with anterior migration
of the crescent-shaped BB clusters and tPCP establishment
(Figure 1B). TAp73 regulates tPCP through the modulation
of NMII activity and localization, which are impaired in the
absence of p73 (Fuertes-Alvarez et al., 2018).

PCP is regulated by asymmetric signaling through core and
global regulatory modules. PCP-core module includes Frizzled
(Fzd3-6), Van Gogh-like (Vangl1/2), cadherin epidermal growth
factor (EGF)-like laminin G-like seven-pass G-type receptor
(Celsr1-3), Dishevelled (Dvl1-3), and Prickle (Pk1-4). In ECs,
asymmetric localization of the PCP-core complexes at opposite
sides of the apical membrane is required for the rotational
and translational-PCP (Boutin et al., 2014; Ohata et al., 2014).
Adaptor proteins Dvl2, is detected in close association with
BBs following a polarized distribution, highlighting its role in
instructing polarization to the BBs and coupling BBs-associated
information with the rest of the cell (Ohata and Alvarez-Buylla,
2016; Fuertes-Alvarez et al., 2018) (Figure 1B). Molecular
complexes formed by Dvl and Daple at the base of the BBs
may regulate ependymal PCP by activating effectors like aPKC,
Racl, and RhoA, leading to reorganization of the actin
cytoskeleton (Ohata et al., 2014). Racl is localized on top of
the BBs, at the base of the axoneme (Fuertes-Alvarez et al.,
2018), which probably corresponds to the ciliary pocket, a
proposed interface with the actin cytoskeleton and a platform
for vesicle trafficking (Figure 1B) (Molla-Herman et al., 2010).

In ECs, mutations of the PCP-core genes Celsr2/3, Vangl2
and DvI2 affect BB-docking and rPCP (Guirao et al., 2010;
Hirota et al., 2010; Tissir et al., 2010), while alterations in
Celsrl, Fzd3 and Vangl2 impair tPCP (Boutin et al., 2014).
In this context, ablation of Trp73 or TAp73, results in
the absence of PCP-asymmetric complexes formation
(Figure 1B) and lack of both, translational and rotational
PCP (Figure 1D), suggesting that p73 might regulates early
up-stream events of PCP establishment. Microtubules crosstalk
with PCP at two stages: at the initial polarization establishment
and as the downstream-effector of PCP (Vladar et al., 2012;
Werner and Mitchell, 2012; Matis et al., 2014; Carvajal-
Gonzalez et al., 2016b). Polarized microtubules (MTs) lay
the tracks for PCP-core polarized trafficking and are required
for rPCP establishment prior to PCP-core-module dissymmetry
(Shimada et al., 2006; Harumoto et al., 2010).

In Drosophila the global module formed by the protocadherin
Fat and its ligand Dachsous (Fat/Ds), acts by controlling the
alignment and asymmetry of MT dynamics, promoting an
initial polarization of the apical junctional MT which induces
the asymmetric distribution of PCP-core complexes (Harumoto
et al., 2010; Matis et al., 2014). As described in MTEC (Dau
et al, 2016; Ohata and Alvarez-Buylla, 2016), in ECs Fat4
is located at the base of the cilia associated with the BBs
(Figure 1B) (Fuertes-Alvarez et al., 2018). p73 deficiency
blunts the formation of polarized MT-anchoring points at
cell junctions, marked by EB3 staining (Boutin et al., 2014;
Takagishi et al., 2017) (Figure 1B), suggesting that MT-dynamics
impairment is at the root of the defect in p73-deficient cells
(Boutin et al., 2014; Takagishi et al., 2017).
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CAUSAL RELATIONSHIP BETWEEN OF
PCP AND CILIOGENESIS AND p73
REGULATION

The causal relationship between ciliogenesis and PCP signaling
is not fully deciphered (Wallingford, 2010). In ECs, PCP
coordinately orients the cilia within cells and across the tissue
and disruption in PCP establishment results in dysfunctions
of ependymal cilia, implicating PCP signaling upstream of
ciliogenesis (Boutin et al., 2014). However, elimination of motile
cilia by conditional ablation of the ciliogenesis gene Kif3a
(Kozminski et al.,, 1995) disrupted rotational orientation, but
not tPCP (Mirzadeh et al., 2010). Moreover, in airway epithelia
PCP depends on multiciliated cell differentiation and ciliogenesis
(Vladar et al,, 2016), indicating that cilia may regulate PCP.
Another point of discrepancy is whether PCP-proteins play
a role orienting ciliary positioning or if there is also a crosstalk
with ciliogenesis. Compiled data on Vangl mutants in mice
and zebrafish strongly argue for a role of PCP-signaling upstream
of ciliary positioning, but not in ciliogenesis per se [reviewed
in (Carvajal-Gonzalez et al, 2016a)]. However, several
PCP-mutants, like Celsr2/3-mutant mice, display ciliogenesis
defects, linking the PCP-core factors to the ciliogenesis process
(Tissir et al., 2010). New studies in Drosophila in non-ciliated
epithelium establish that PCP-core signaling is an evolutionary
conserved module, that acts upstream of centriole positioning
independently of ciliogenesis (Carvajal-Gonzalez et al., 2016b).
The results regarding Trp73 function in ciliogenesis and
PCP situates this gene at the epicenter of this conundrum.
TAp73 is a master regulator of ciliogenesis and Trp73 total
loss results in dramatic ciliary defects in oviduct, middle ear,
respiratory tract and ECs, among others (Gonzalez-Cano et al.,
2016; Marshall et al, 2016; Nemajerova et al., 2016; Fujitani
etal., 2017). Trp73 also regulates PCP through TAp73-regulation
of actin and MT cytoskeleton dynamics (Fuertes-Alvarez et al.,
2018). Moreover, TAp73 is necessary and suflicient for PCP-core
protein membrane localization in a non-ciliated cellular model,
indicating that p73-regulation of PCP is independent of its
function in multiciliogenesis (Figure 1A). Interestingly, lack
of TAp73 in ECs results in defective actin and MT networks
and loss of PCP, but has mild effect on axonemal growth
(Fuertes-Alvarez et al., 2018) (Figure 1D). Therefore, we propose
that the Trp73-mutant mice (p73KO, TAp73KO and DNp73KO)
represent a model that uncouples ciliogenesis from PCP.

Trp73 MUTANT MICE AS
A MODEL OF HUMAN CONGENITAL
HYDROCEPHALUS

p73KO mice exhibit congenital hydrocephalus that, in some
cases, can progress to a severe communicating form (Yang et al,
2000). Considering the profound ependymal defects observed
in the absence of p73, it feasible to hypothesize that the constitutive
and inducible Trp73 mutant mice could be useful models to

increase our understanding of certain ciliopathies, in particular
the ones that are accompanied by hydrocephalus (Fujitani et al.,
2017). Hydrocephalus is a condition that can be caused by a
variety of factors; thus, it is possible that the lack of total Trp73
generates more that one of these situations. As proposed by
Pozniak et al. (2002), cellular loss due to p53-induced apoptosis
in the absence of DNp73 is probably one of the reasons of the
hydrocephalus observed in p73KO mice. However, it is unlikely
that this would be the only cause, since the double mutant
p53KO/p73KO (DKO) mice, which lacks both apoptotic inducers,
p53 and TAp73, developed ventriculomegaly shortly after birth
(Gonzalez-Cano et al,, 2016). Thus, other p73-dependent functions,
different from DNp73-cell survival, should also be implicated
in the development of p73KO-hydrocephalus. Both mutant mice,
p73KO and DKO, have defects in PCP establishment and an
abnormal ependymal layer with ECs that does not establish
appropriate cell-cell contacts (Gonzalez-Cano et al, 2016).
Interestingly, previous work had reported that loss of cell adhesion
due to defective Non muscle myosin II, a tPCP regulator, can
cause hydrocephalus (Ma et al., 2007). Other groups have shown
that defects in tPCP in radial glia progenitors and in tissue
polarity result in hydrocephalus (Hirota et al, 2010; Boutin
et al, 2014; Takagishi et al, 2017). In that regard, our group
and others have demonstrated that TAp73 is required for the
establishment of tPCP (Gonzalez-Cano et al., 2016; Fujitani et al.,
2017; Fuertes-Alvarez et al., 2018), a process that begins during
late embryonic stages and determines primary cilia displacement
and future positioning of mature ependymal cilia-tufts. Thus,
it is feasible to hypothesize that embryonic p73-function in the
establishment of tPCP in RGCs is crucial for hydrocephalus.
In agreement with this, Fujitani and colleagues, using a conditional
mutant, found that disruption of Trp73 (both TA and DNp73)
during early postnatal ependymal cells development (P1-P5) did
not cause hydrocephalus and proposed that embryonic primary
ciliogenesis may be regulated by p73 and this would be critical
for hydrocephalus (Fujitani et al, 2017). Nevertheless, it is
important to keep in mind that TAp73 central and required
role for multiciliogenesis and Foxjl expression may also
be fundamental for hydrocephalus (Marshall et al, 2016;
Nemajerova et al., 2016), since disruption of Foxjl expression
in ECs induces EC transformation, ventricular breakdown, and
hydrocephalus (Abdi et al., 2018).

Congenital hydrocephalus (CH) is a major cause of childhood
morbidity and mortality, affecting 4.65 per 10,000 births (Shaheen
et al,, 2017). Despite its prevalence, the etiology of this abnormal
accumulation of CSF in the brain remains largely uncharacterized.
Although it is known that the genetic component plays an important
role in the development of the disease, only few genes have been
identified as the primary cause of CH including: LICAM, APIS2,
MPDZ, CCDC88C, EMLI, and WDRSI (Tully and Dobyns, 2014;
Kousi and Katsanis, 2016; Shaheen et al., 2017). Recently, four
neurogenesis-associated genes: TRIM71, SMARCCI, PTCHI, and
SHH, have been added to this list, attracting attention to the
fact that some communicating forms of CH may be related to
impaired neurogenesis (Furey et al, 2018). Under this
scenario, p73 mutant mice could also be a relevant model,
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since p73 deficient mice display a defective neurogenic capacity
(Gonzalez-Cano et al., 2010, 2016).

Hydrocephalus can also be linked to primary ciliary
dyskinesia (PCD), an autosomal recessive disorder of cilia
ultrastructure and function. Although this clinical manifestation
of PCD is not frequently diagnosed in humans, it is highly
prevalent in mice and therefore, mouse models could help
to understand the differences in susceptibility to this pathology
(Norris and Grimes, 2012; Lee, 2013). Mutations in five genes
(DNAH5, DNAHI11, DNAII, CCDC39, CCDC40) encoding
proteins necessary for motile cilia function are the most
common in PCD (Knowles et al., 2016), some of which
were identified as direct TAp73-transcriptional targets by
Nemajerova et al. (2016) in MTEC cultures.

Using a compiled list of human cilium-related genes linked
to ciliopathies (Reiter and Leroux, 2017), we performed a
cross-analysis with potential p73 target genes (Figure 2) identified
in TAp73p-expressing Saos-2 cells (Koeppel et al, 2011).
Supporting our hypothesis, the comparison uncovered some
of the above mentioned genes as putative p73 transcriptional
targets. These include genes encoding the adaptor protein
complex 1- AP1S2, the primary receptor for Hedgehog ligands-
PTCHI, the dynein axonemal heavy chain DNAHI1I, or the
trafficking component SNX27. Of particular interest is the
emergence of CCDC88C (encoding DAPLE) as candidate target
for p73 regulation, since Daple-KO mice not only have
hydrocephalus but also show defects in cell polarity and
microtubule dynamics (Takagishi et al.,, 2017).

Considering the recent body of work regarding p73 role
in ciliogenesis and the growing interest in ciliopathies, p73

mutant mice could become a prominent model system for
studying the molecular genetics of cilia-associated disorders
and, in particular, the possible crosstalk with PCP deregulation
in the pathogenesis of these diseases.

DATA AVAILABILITY

Publicly available datasets were analyzed in this study. This
data can be found here: https://academic.oup.com/nar/article/
39/14/6069/1369723#supplementary-data.

AUTHOR CONTRIBUTIONS

MMM and MCM took the lead in writing and editing the
review. JV-F and SF-A obtained data, crafted figures and drafted
the work and LM-A performed data analysis. All authors
provided critical feedback and revised the manuscript.

FUNDING

This work was supported by Grants SAF2015-71381-R from
Spanish Ministerio de Economia y Competitividad co-financed
by FEDER funds (to MCM) and LE021P17 from Junta de
Castilla y Leon. JV-F and SF-A are holders of predoctoral
fellowships from the Junta de Castilla y Leon. LM-A is supported
by a pre-doctoral scholarship from the Asociacién Espafiola
contra el Céncer (AECCQC).

Frontiers in Genetics | www.frontiersin.org

March 2019 | Volume 10 | Article 154


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://academic.oup.com/nar/article/39/14/6069/1369723#supplementary-data

Marques et al.

Trp73 Regulates Ciliogenesis and PCP

REFERENCES

Abdi, K., Lai, C. -H., Paez-Gonzalez, P, Lay, M., Pyun, J., and Kuo, C. T.
(2018). Uncovering inherent cellular plasticity of multiciliated ependyma
leading to ventricular wall transformation and hydrocephalus. Nat. Commun.
9:1655. doi: 10.1038/s41467-018-03812-w

Agostini, M., Tucci, P, Chen, H., Knight, R. A., Bano, D., Nicotera, P, et al.
(2010). p73 regulates maintenance of neural stem cell. Biochem. Biophys.
Res. Commun. 403, 13-17. doi: 10.1016/j.bbrc.2010.10.087

Boisvieux-Ulrich, E., Laine, M. C., and Sandoz, D. (1990). Cytochalasin D
inhibits basal body migration and ciliary elongation in quail oviduct epithelium.
Cell Tissue Res. 259, 443-454. doi: 10.1007/BF01740770

Boutin, C., Labedan, P, Dimidschstein, J., Richard, F, Cremer, H., Andre, P,
et al. (2014). A dual role for planar cell polarity genes in ciliated cells.
Proc. Natl. Acad. Sci. U. S. A. 111, E3129-E3138. doi: 10.1073/pnas.1404988111

Cancino, G. I, Fatt, M. P, Miller, E D., and Kaplan, D. R. (2015). Conditional
ablation of p63 indicates that it is essential for embryonic development
of the central nervous system. Cell Cycle 14, 3270-3281. doi:
10.1080/15384101.2015.1087618

Candi, E.,, Agostini, M., Melino, G., and Bernassola, E (2014). How the TP53
family proteins TP63 and TP73 contribute to tumorigenesis: regulators and
effectors. Hum. Mutat. 35, 702-714. doi: 10.1002/humu.22523

Carvajal-Gonzalez, . M., Mulero-Navarro, S., and Mlodzik, M. (2016a). Centriole
positioning in epithelial cells and its intimate relationship with planar cell
polarity. BioEssays 38, 1234-1245. doi: 10.1002/bies.201600154

Carvajal-Gonzalez, J. M., Roman, A. -C., and Mlodzik, M. (2016b). Positioning
of centrioles is a conserved readout of Frizzled planar cell polarity signalling.
Nat. Commun. 7:11135. doi: 10.1038/ncomms11135

Dau, C., Fliegauf, M., Omran, H., Schlensog, M., Dahl, E., Van Roeyen, C. R,,
et al. (2016). The atypical cadherin Dachsousl localizes to the base of the
ciliary apparatus in airway epithelia. Biochem. Biophys. Res. Commun. 473,
1177-1184. doi: 10.1016/j.bbrc.2016.04.036

Donehower, L. A, Harvey, M., Slagle, B. L., Mcarthur, M. J., Montgomery,
C. A.Jr, Butel, J. S., et al. (1992). Mice deficient for p53 are developmentally
normal but susceptible to spontaneous tumours. Nature 356, 215-221. doi:
10.1038/356215a0

Engelmann, D., and Pitzer, B. M. (2014). Emerging from the shade of p53
mutants: N-terminally truncated variants of the p53 family in EMT signaling
and cancer progression. Sci. Signal. 7:re9. doi: 10.1126/scisignal.2005699

Fatt, M. P, Cancino, G. L, Miller, E D., and Kaplan, D. R. (2014). p63 and
p73 coordinate p53 function to determine the balance between survival,
cell death, and senescence in adult neural precursor cells. Cell Death Differ.
21, 1546-1559. doi: 10.1038/cdd.2014.61

Fuertes-Alvarez, S., Maeso-Alonso, L., Villoch-Fernandez, J., Wildung, M.,
Martin-Lopez, M., Marshall, C., et al. (2018). p73 regulates ependymal planar
cell polarity by modulating actin and microtubule cytoskeleton. Cell Death
Dis. 9:1183. doi: 10.1038/s41419-018-1205-6

Fujitani, M., Cancino, G. I, Dugani, C. B., Weaver, I. C., Gauthier-Fisher, A,,
Paquin, A., et al. (2010). TAp73 acts via the bHLH Hey2 to promote long-
term maintenance of neural precursors. Curr. Biol. 20, 2058-2065. doi:
10.1016/j.cub.2010.10.029

Fujitani, M., Sato, R., and Yamashita, T. (2017). Loss of p73 in ependymal cells
during the perinatal period leads to aqueductal stenosis. Sci. Rep. 7:12007.
doi: 10.1038/s41598-017-12105-z

Furey, C. G., Choi, J, Jin, S. C,, Zeng, X., Timberlake, A. T., Nelson-Williams, C.,
et al. (2018). De novo mutation in genes regulating neural stem cell fate
in human congenital hydrocephalus. Neuron 99, 302-314.e304. doi: 10.1016/j.
neuron.2018.06.019

Gebel, J., Tuppi, M., Krauskopf, K., Coutandin, D., Pitzius, S., Kehrloesser, S.,
et al. (2017). Control mechanisms in germ cells mediated by p53 family
proteins. J. Cell Sci. 130, 2663-2671. doi: 10.1242/jcs.204859

Gonzalez-Cano, L., Fuertes-Alvarez, S., Robledinos-Anton, N., Bizy, A,
Villena-Cortes, A., Farinas, I, et al. (2016). p73 is required for ependymal
cell maturation and neurogenic SVZ cytoarchitecture. Dev. Neurobiol. 76,
730-747. doi: 10.1002/dneu.22356

Gonzalez-Cano, L., Herreros-Villanueva, M., Fernandez-Alonso, R., Ayuso-Sacido,
A., Meyer, G., Garcia-Verdugo, J. M., et al. (2010). p73 deficiency results

in impaired self renewal and premature neuronal differentiation of mouse
neural progenitors independently of p53. Cell Death Dis. 1:¢109. doi: 10.1038/
cddis.2010.87

Grob, T. J., Novak, U., Maisse, C., Barcaroli, D., Liithi, A. U.,, Pirnia, E, et al.
(2001). Human ANp73 regulates a dominant negative feedback loop for
TAp73 and p53. Cell Death Differ. 8, 1213-1223. doi: 10.1038/sj.cdd.4400962

Guirao, B., Meunier, A., Mortaud, S., Aguilar, A., Corsi, J. -M., Strehl, L., et al.
(2010). Coupling between hydrodynamic forces and planar cell polarity orients
mammalian motile cilia. Nat. Cell Biol. 12, 341-350. doi: 10.1038/ncb2040

Harumoto, T., Ito, M., Shimada, Y., Kobayashi, T. J., Ueda, H. R., Lu, B,
et al. (2010). Atypical cadherins Dachsous and Fat control dynamics of
noncentrosomal microtubules in planar cell polarity. Dev. Cell 19, 389-401.
doi: 10.1016/j.devcel.2010.08.004

Hernandez-Acosta, N. C., Cabrera-Socorro, A., Morlans, M. P, Delgado, F. J.
G., Sudrez-Sold, M. L., Sottocornola, R., et al. (2011). 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. doi: 10.1016/j.
brainres.2010.11.041

Hirota, Y., Meunier, A., Huang, S., Shimozawa, T., Yamada, O., Kida, Y. S., et al.
(2010). Planar polarity of multiciliated ependymal cells involves the anterior
migration of basal bodies regulated by non-muscle myosin II. Development
137, 3037-3046. doi: 10.1242/dev.050120

Jain, A. K., and Barton, M. C. (2018). p53: emerging roles in stem cells,
development and beyond. Development 145:dev158360. doi: 10.1242/dev.158360

Killick, R., Niklison-Chirou, M., Tomasini, R., Bano, D., Rufini, A., Grespi, F,
et al. (2011). p73: a multifunctional protein in neurobiology. Mol. Neurobiol.
43, 139-146. doi: 10.1007/s12035-011-8172-6

Kishimoto, N., and Sawamoto, K. (2012). Planar polarity of ependymal cilia.
Differentiation 83, S86-S90. doi: 10.1016/j.diff.2011.10.007

Knowles, M. R., Zariwala, M., and Leigh, M. (2016). Primary ciliary dyskinesia.
Clin. Chest Med. 37, 449-461. doi: 10.1016/j.ccm.2016.04.008

Koeppel, M., Van Heeringen, S. J., Kramer, D., Smeenk, L., Janssen-Megens,
E., Hartmann, M., et al. (2011). Crosstalk between c-Jun and TAp73alpha/
beta contributes to the apoptosis-survival balance. Nucleic Acids Res. 39,
6069-6085. doi: 10.1093/nar/gkr028

Kousi, M., and Katsanis, N. (2016). The genetic basis of hydrocephalus. Annu.
Rev. Neurosci. 39, 409-435. doi: 10.1146/annurev-neuro-070815-014023

Kozminski, K. G., Beech, P. L., and Rosenbaum, J. L. (1995). The Chlamydomonas
kinesin-like protein FLA10 is involved in motility associated with the flagellar
membrane. J. Cell Biol. 131, 1517-1527. doi: 10.1083/jcb.131.6.1517

Kriegstein, A., and Alvarez-Buylla, A. (2009). The glial nature of embryonic
and adult neural stem cells. Annu. Rev. Neurosci. 32, 149-184. doi: 10.1146/
annurev.neuro.051508.135600

Kyrousi, C., Arbi, M., Pilz, G. -A., Pefani, D. -E., Lalioti, M. -E., Ninkovic, .,
et al. (2015). Mcidas and GemCl1 are key regulators for the generation of
multiciliated ependymal cells in the adult neurogenic niche. Development
142, 3661-3674. doi: 10.1242/dev.126342

Kyrousi, C., Lygerou, Z., and Taraviras, S. (2017). How a radial glial cell decides
to become a multiciliated ependymal cell. Glia 65, 1032-1042. doi: 10.1002/
glia.23118

Lee, L. (2013). Riding the wave of ependymal cilia: genetic susceptibility to
hydrocephalus in primary ciliary dyskinesia. J. Neurosci. Res. 91, 1117-1132.
doi: 10.1002/jnr.23238,

Ma, X., Bao, J., and Adelstein, R. S. (2007). Loss of cell adhesion causes
hydrocephalus in nonmuscle myosin II-B-ablated and mutated mice. Mol.
Biol. Cell 18, 2305-2312. doi: 10.1091/mbc.e07-01-0073

Marshall, C. B., Mays, D. J., Beeler, J. S., Rosenbluth, J. M., Boyd, K. L., Santos
Guasch, G. L., et al. (2016). p73 is required for multiciliogenesis and regulates
the Foxjl-associated gene network. Cell Rep. 14, 2289-2300. doi: 10.1016/j.
celrep.2016.02.035

Matis, M., Russler-Germain, D. A., Hu, Q., Tomlin, C. J., and Axelrod, J. D.
(2014). Microtubules provide directional information for core PCP function.
elife 3:¢02893. doi: 10.7554/eLife.02893

Medina-Bolivar, C., Gonzélez-Arnay, E., Talos, E, Gonzilez-Gémez, M., Moll,
U. M., and Meyer, G. (2014). Cortical hypoplasia and ventriculomegaly of
p73-deficient mice: developmental and adult analysis. . Comp. Neurol. 522,
2663-2679. doi: 10.1002/cne.23556

Frontiers in Genetics | www.frontiersin.org

March 2019 | Volume 10 | Article 154


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1038/s41467-018-03812-w
https://doi.org/10.1016/j.bbrc.2010.10.087
https://doi.org/10.1007/BF01740770
https://doi.org/10.1073/pnas.1404988111
https://doi.org/10.1080/15384101.2015.1087618
https://doi.org/10.1002/humu.22523
https://doi.org/10.1002/bies.201600154
https://doi.org/10.1038/ncomms11135
https://doi.org/10.1016/j.bbrc.2016.04.036
https://doi.org/10.1038/356215a0
https://doi.org/10.1126/scisignal.2005699
https://doi.org/10.1038/cdd.2014.61
https://doi.org/10.1038/s41419-018-1205-6
https://doi.org/10.1016/j.cub.2010.10.029
https://doi.org/10.1038/s41598-017-12105-z
https://doi.org/10.1016/j.neuron.2018.06.019
https://doi.org/10.1016/j.neuron.2018.06.019
https://doi.org/10.1242/jcs.204859
https://doi.org/10.1002/dneu.22356
https://doi.org/10.1038/cddis.2010.87
https://doi.org/10.1038/cddis.2010.87
https://doi.org/10.1038/sj.cdd.4400962
https://doi.org/10.1038/ncb2040
https://doi.org/10.1016/j.devcel.2010.08.004
https://doi.org/10.1016/j.brainres.2010.11.041
https://doi.org/10.1016/j.brainres.2010.11.041
https://doi.org/10.1242/dev.050120
https://doi.org/10.1242/dev.158360
https://doi.org/10.1007/s12035-011-8172-6
https://doi.org/10.1016/j.diff.2011.10.007
https://doi.org/10.1016/j.ccm.2016.04.008
https://doi.org/10.1093/nar/gkr028
https://doi.org/10.1146/annurev-neuro-070815-014023
https://doi.org/10.1083/jcb.131.6.1517
https://doi.org/10.1146/annurev.neuro.051508.135600
https://doi.org/10.1146/annurev.neuro.051508.135600
https://doi.org/10.1242/dev.126342
https://doi.org/10.1002/glia.23118
https://doi.org/10.1002/glia.23118
https://doi.org/10.1002/jnr.23238
https://doi.org/10.1091/mbc.e07-01-0073
https://doi.org/10.1016/j.celrep.2016.02.035
https://doi.org/10.1016/j.celrep.2016.02.035
https://doi.org/10.7554/eLife.02893
https://doi.org/10.1002/cne.23556

Marques et al.

Trp73 Regulates Ciliogenesis and PCP

Merkle, E T., Tramontin, A. D., Garcia-Verdugo, J. M., and Alvarez-Buylla, A.
(2004). Radial glia give rise to adult neural stem cells in the subventricular
zone. Proc. Natl. Acad. Sci. U. S. A. 101, 17528-17532. doi: 10.1073/pnas.0407893101

Meunier, A., and Azimzadeh, J. (2016). Multiciliated cells in animals. Cold
Spring Harb. Perspect. Biol. 8:a028233. doi: 10.1101/cshperspect.a028233

Meyer, G., Socorro, A. C, Garcia, C. G. P, Millan, L. M., Walker, N., and
Caput, D. (2004). Developmental roles of p73 in Cajal-Retzius cells and cortical
patterning. J. Neurosci. 24, 9878-9887. doi: 10.1523/JNEUROSCI.3060-04.2004

Mills, A. A., Zheng, B, Wang, X. -J., Vogel, H., Roop, D. R., and Bradley, A.
(1999). p63 is a p53 homologue required for limb and epidermal morphogenesis.
Nature 398, 708-713. doi: 10.1038/19531

Mirzadeh, Z., Han, Y. G., Soriano-Navarro, M., Garcia-Verdugo, J. M., and
Alvarez-Buylla, A. (2010). Cilia organize ependymal planar polarity. J. Neurosci.
30, 2600-2610. doi: 10.1523/JNEUROSCI.3744-09.2010

Mirzadeh, Z., Merkle, E T., Soriano-Navarro, M., Garcia-Verdugo, J. M., and
Alvarez-Buylla, A. (2008). Neural stem cells confer unique pinwheel architecture
to the ventricular surface in neurogenic regions of the adult brain. Cell
Stem Cell 3, 265-278. doi: 10.1016/j.stem.2008.07.004

Molla-Herman, A., Ghossoub, R, Blisnick, T., Meunier, A., Serres, C., Silbermann, E,
et al. (2010). The ciliary pocket: an endocytic membrane domain at the base
of primary and motile cilia. J. Cell Sci. 123, 1785-1795. doi: 10.1242/jcs.059519

Napoli, M., and Flores, E. R. (2017). The p53 family orchestrates the regulation
of metabolism: physiological regulation and implications for cancer therapy.
Br. J. Cancer 116, 149-155. doi: 10.1038/bjc.2016.384

Nemajerova, A., Amelio, L, Gebel, J., Détsch, V., Melino, G., and Moll, U. M.
(2018). Non-oncogenic roles of TAp73: from multiciliogenesis to metabolism.
Cell Death Differ. 25, 144-153. doi: 10.1038/cdd.2017.178

Nemajerova, A., Kramer, D,, Siller, S. S., Herr, C., Shomroni, O., Pena, T., et al.
(2016). TAp73 is a central transcriptional regulator of airway multiciliogenesis.
Genes Dev. 30, 1300-1312. doi: 10.1101/gad.279836.116

Norris, D. P, and Grimes, D. T. (2012). Mouse models of ciliopathies: the
state of the art. Dis. Model. Mech. 5, 299-312. doi: 10.1242/dmm.009340

Ohata, S., and Alvarez-Buylla, A. (2016). Planar organization of multiciliated
ependymal (E1) cells in the brain ventricular epithelium. Trends Neurosci.
39, 543-551. doi: 10.1016/j.tins.2016.05.004

Ohata, S., Nakatani, J., Herranz-Perez, V., Cheng, J., Belinson, H., Inubushi, T.,
et al. (2014). Loss of Dishevelleds disrupts planar polarity in ependymal
motile cilia and results in hydrocephalus. Neuron 83, 558-571. doi: 10.1016/j.
neuron.2014.06.022

Pflaum, J., Schlosser, S., and Miiller, M. (2014). p53 family and cellular stress
responses in cancer. Front. Oncol. 4:285. doi: 10.3389/fonc.2014.00285

Pozniak, C. D., Barnabé-Heider, E, Rymar, V. V,, Lee, A. E, Sadikot, A. E, and
Miller, E. D. (2002). p73 is required for survival and maintenance of CNS
neurons. J. Neurosci. 22, 9800-9809. doi: 10.1523/JNEUROSCI.22-22-09800.2002

Pozniak, C. D., Radinovic, S., Yang, A., Mckeon, E, Kaplan, D. R., and Miller, E D.
(2000). An anti-apoptotic role for the p53 family member, p73, during developmental
neuron death. Science 289, 304-306. doi: 10.1126/science.289.5477.304

Reiter, J. E, and Leroux, M. R. (2017). Genes and molecular pathways underpinning
ciliopathies. Nat. Rev. Mol. Cell Biol. 18, 533-547. doi: 10.1038/nrm.2017.60

Shaheen, R., Sebai, M. A., Patel, N., Ewida, N., Kurdi, W., Altweijri, L, et al.
(2017). The genetic landscape of familial congenital hydrocephalus. Ann.
Neurol. 81, 890-897. doi: 10.1002/ana.24964

Shimada, Y., Yonemura, S., Ohkura, H., Strutt, D., and Uemura, T. (2006).
Polarized transport of Frizzled along the planar microtubule arrays in Drosophila
wing epithelium. Dev. Cell 10, 209-222. doi: 10.1016/j.devcel.2005.11.016

Shin, M. H.,, He, Y., and Huang, J. (2013). Embryonic stem cells shed new light
on the developmental roles of p53. Cell Biosci. 3:42. doi: 10.1186/2045-3701-3-42

Spassky, N., Merkle, E. T., Flames, N., Tramontin, A. D., Garcia-Verdugo, J. M.,
and Alvarez-Buylla, A. (2005). Adult ependymal cells are postmitotic and
are derived from radial glial cells during embryogenesis. J. Neurosci. 25,
10-18. doi: 10.1523/J]NEUROSCI.1108-04.2005

Spassky, N., and Meunier, A. (2017). The development and functions of multiciliated
epithelia. Nat. Rev. Mol. Cell Biol. 18, 423-436. doi: 10.1038/nrm.2017.21

Takagishi, M., Sawada, M., Ohata, S., Asai, N., Enomoto, A., Takahashi, K.,
et al. (2017). Daple coordinates planar polarized microtubule dynamics in

ependymal cells and contributes to hydrocephalus. Cell Rep. 20, 960-972.
doi: 10.1016/j.celrep.2017.06.089

Talos, E, Abraham, A., Vaseva, A. V., Holembowski, L., Tsirka, S. E., Scheel,
A., et al. (2010). p73 is an essential regulator of neural stem cell maintenance
in embryonal and adult CNS neurogenesis. Cell Death Differ. 17, 1816-1829.
doi: 10.1038/cdd.2010.131

Tissir, E, Qu, Y., Montcouquiol, M., Zhou, L., Komatsu, K., Shi, D., et al. (2010).
Lack of cadherins Celsr2 and Celsr3 impairs ependymal ciliogenesis, leading
to fatal hydrocephalus. Nat. Neurosci. 13, 700-707. doi: 10.1038/nn.2555

Tissir, F, Ravni, A., Achouri, Y., Riethmacher, D., Meyer, G., and Goffinet, A. M.
(2009). DeltaNp73 regulates neuronal survival in vivo. Proc. Natl. Acad. Sci.
U. S. A. 106, 16871-16876. doi: 10.1073/pnas.0903191106

Tomasini, R., Tsuchihara, K., Tsuda, C,, Lau, S. K., Wilhelm, M., Rufini, A., et al.
(2009). TAp73 regulates the spindle assembly checkpoint by modulating BubR1
activity. Proc. Natl. Acad. Sci. U. S. A. 106, 797-802. doi: 10.1073/pnas.0812096106

Tomasini, R., Tsuchihara, K., Wilhelm, M., Fujitani, M., Rufini, A., Cheung,
C. C, et al. (2008). TAp73 knockout shows genomic instability with infertility
and tumor suppressor functions. Genes Dev. 22, 2677-2691. doi: 10.1101/
gad. 1695308

Tully, H. M., and Dobyns, W. B. (2014). Infantile hydrocephalus: a review of
epidemiology, classification and causes. Eur. J. Med. Genet. 57, 359-368.
doi: 10.1016/j.¢jmg.2014.06.002

Van Nostrand, J. L, Bowen, M. E,, Vogel, H., Barna, M., and Attardi, L. D.
(2017). The p53 family members have distinct roles during mammalian
embryonic development. Cell Death Differ. 24, 575-579. doi: 10.1038/cdd.2016.128

Vicente-Manzanares, M., Ma, X., Adelstein, R. S., and Horwitz, A. R. (2009).
Non-muscle myosin II takes centre stage in cell adhesion and migration.
Nat. Rev. Mol. Cell Biol. 10, 778-790. doi: 10.1038/nrm2786

Vladar, E. K., Bayly, R. D., Sangoram, A. M., Scott, M. P,, and Axelrod, J. D.
(2012). Microtubules enable the planar cell polarity of airway cilia. Curr.
Biol. 22, 2203-2212. doi: 10.1016/j.cub.2012.09.046

Vladar, E. K., Nayak, J. V,, Milla, C. E.,, and Axelrod, J. D. (2016). Airway
epithelial homeostasis and planar cell polarity signaling depend on multiciliated
cell differentiation. JCI Insight 1:e88027. doi: 10.1172/jci.insight.88027

Wallingford, J. B. (2010). Planar cell polarity signaling, cilia and polarized
ciliary beating. Curr. Opin. Cell Biol. 22, 597-604. doi: 10.1016/j.ceb.2010.07.011

Wang, Q., Zou, Y., Nowotschin, S., Kim, S. Y., Li, Q. V,, Soh, C. -L., et al.
(2017). The p53 family coordinates wnt and nodal inputs in mesendodermal
differentiation of embryonic stem cells. Cell Stem Cell 20, 70-86. doi: 10.1016/j.
stem.2016.10.002

Werner, M. E., Hwang, P,, Huisman, E, Taborek, P, Yu, C. C., and Mitchell,
B. J. (2011). Actin and microtubules drive differential aspects of planar cell
polarity in multiciliated cells. J. Cell Biol. 195, 19-26. doi: 10.1083/jcb.201106110

Werner, M. E., and Mitchell, B. J. (2012). Understanding ciliated epithelia: the
power of Xenopus. Genesis 2000, 176-185. doi: 10.1002/dvg.20824

Wilhelm, M. T., Rufini, A., Wetzel, M. K., Tsuchihara, K., Inoue, S., Tomasini,
R., et al. (2010). Isoform-specific p73 knockout mice reveal a novel role
for delta Np73 in the DNA damage response pathway. Genes Dev. 24,
549-560. doi: 10.1101/gad.1873910

Yang, A., Walker, N., Bronson, R., Kaghad, M., Oosterwegel, M., Bonnin, J.,
et al. (2000). p73-deficient mice have neurological, pheromonal and
inflammatory defects but lack spontaneous tumours. Nature 404, 99-103.
doi: 10.1038/35003607

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Marques, Villoch-Fernandez, Maeso-Alonso, Fuertes-Alvarez and
Marin. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

March 2019 | Volume 10 | Article 154


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1073/pnas.0407893101
https://doi.org/10.1101/cshperspect.a028233
https://doi.org/10.1523/JNEUROSCI.3060-04.2004
https://doi.org/10.1038/19531
https://doi.org/10.1523/JNEUROSCI.3744-09.2010
https://doi.org/10.1016/j.stem.2008.07.004
https://doi.org/10.1242/jcs.059519
https://doi.org/10.1038/bjc.2016.384
https://doi.org/10.1038/cdd.2017.178
https://doi.org/10.1101/gad.279836.116
https://doi.org/10.1242/dmm.009340
https://doi.org/10.1016/j.tins.2016.05.004
https://doi.org/10.1016/j.neuron.2014.06.022
https://doi.org/10.1016/j.neuron.2014.06.022
https://doi.org/10.3389/fonc.2014.00285
https://doi.org/10.1523/JNEUROSCI.22-22-09800.2002
https://doi.org/10.1126/science.289.5477.304
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.1002/ana.24964
https://doi.org/10.1016/j.devcel.2005.11.016
https://doi.org/10.1186/2045-3701-3-42
https://doi.org/10.1523/JNEUROSCI.1108-04.2005
https://doi.org/10.1038/nrm.2017.21
https://doi.org/10.1016/j.celrep.2017.06.089
https://doi.org/10.1038/cdd.2010.131
https://doi.org/10.1038/nn.2555
https://doi.org/10.1073/pnas.0903191106
https://doi.org/10.1073/pnas.0812096106
https://doi.org/10.1101/gad.1695308
https://doi.org/10.1101/gad.1695308
https://doi.org/10.1016/j.ejmg.2014.06.002
https://doi.org/10.1038/cdd.2016.128
https://doi.org/10.1038/nrm2786
https://doi.org/10.1016/j.cub.2012.09.046
https://doi.org/10.1172/jci.insight.88027
https://doi.org/10.1016/j.ceb.2010.07.011
https://doi.org/10.1016/j.stem.2016.10.002
https://doi.org/10.1016/j.stem.2016.10.002
https://doi.org/10.1083/jcb.201106110
https://doi.org/10.1002/dvg.20824
https://doi.org/10.1101/gad.1873910
https://doi.org/10.1038/35003607
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The ﻿Trp73﻿ Mutant Mice: A Ciliopathy Model That Uncouples Ciliogenesis From Planar Cell Polarity
	Introduction
	﻿Trp73﻿ and Its Role in CNS Development
	﻿Trp73﻿ is Required for Radial Glial to Ependymal Cell Fate Determination
	﻿Trp73﻿ is Required for Multiciliogenesis of ECs
	p73 Regulation of Planar Cell Polarity
	Causal Relationship Between of PCP and Ciliogenesis and p73 Regulation
	Trp73 Mutant Mice as 
a Model of Human Congenital Hydrocephalus
	Data Availability
	Author Contributions

	References

