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Abstract

Cerebrospinal fluid (CSF) continuously flows through the cerebral ventricles, a process essential
for brain homeostasis. Multiciliated ependymal (E1) cells line the walls of the ventricles and
contribute importantly to CSF flow through ciliary beating. Key to this function is E1 cells’
rotational and translational planar cell polarity (PCP). Defects in E1 cells’ PCP can result in
abnormal CSF accumulation and hydrocephalus. Here we integrate recent data on the roles of
early CSF flow in the embryonic ventricles, PCP regulators (e.g. Vangl2 and Dishevelled), and
cytoskeletal networks in the establishment, refinement, and maintenance of E1 cells” PCP. E1
cells’ planar organization mechanisms could explain how CSF flow contributes to brain function
and may help in the diagnosis and prevention of hydrocephalus.
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Introduction: ependymal cells and their planar cell polarity (PCP)

Cerebrospinal fluid (CSF) continuously flows through the cerebral ventricular system and is
important for brain metabolism, hemodynamics, intracranial pressure regulation, and
delivery of signaling molecules including those affecting neural stem cells [1-4]. Ependymal
cells, epithelial cells that line the walls of the brain ventricles, play a key role in the
propulsion of CSF along the ventricular system [5, 6]. Based on apical morphology, three
types of ependymal cells have been identified: E1 cells with about 50 motile cilia [7]; E2
cells with 2 motile cilia and very large basal bodies [7], and tanycytes, which are generally
considered unciliated [8, 9]. Here we focus on E1 cells’ planar cell polarity (PCP, see
GLOSSARY), which is important to effectively propel CSF flow [10, 11].

E1 cells display two types of PCP: 1) unidirectional orientation of their motile cilia
(rotational polarity); 2) asymmetric positioning of the cluster of their cilia in the apical area
(translational polarity) [12]. Interestingly, E1 cells’ PCP varies depending on their location
in the ventricular wall and is tightly correlated with the direction of the CSF flow (location-
specific PCP). Defects in E1 cells’ PCP can result in abnormal CSF circulation and
hydrocephalus (see GLOSSARY)[13-16], a severe and common neurological disorder [17].
A better understanding of the mechanisms determining E1 cells’ PCP could help in the
diagnosis and treatment of hydrocephalus and could help explain how the enigmatic CSF
flow contribute to the functions and homeostasis of the brain. Here we review recent studies
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that begin to reveal the mechanisms underlying this exquisite orientation of E1 cells
throughout the brain’s ventricular epithelia.

Primary and motile cilia

Cilia are slender cellular protrusions, in which the axoneme (the microtubule-based core) is
surrounded by cell-membrane [18]. Cilia have important functions in the development and
homeostasis of multiple organs [19-21]. Defects in the generation or function of cilia cause
wide variety of diseases called ciliopathies (see GLOSSARY) [22, 23]. There are two types
of cilia with differences in their ultrastructure and molecular composition, primary and
motile cilia [18].

The primary cilium in monociliated cells has 9 pairs of outer microtubule fibers as its
axoneme (9+0 structure), is typically non-motile, and functions in sensing and processing
various extracellular signals such as sonic hedgehog (Shh), Wnt and fluid flow [20, 24-26].
It has been suggested that the primary cilium can increase sensitivity to external stimuli by
the compartmentalization of Ca* signaling: various stimulations such as ATP and fluid flow
appear to increase the Ca2* level within the primary cilia [27-30]. The mechanosensory
function of primary cilia through the activation of Ca2* channels within the primary cilia,
however, has come into scrutiny recently [31]. In a transgenic mouse line that expresses a
ciliary localized genetically encoded Ca2* sensor, no changes in the ciliary CaZ* levels are
detected upon fluid flow. The monocilia in the early embryonic node (node cilia) have also
the 9+0 structure, but are motile and generate leftward flow (nodal flow) by the clockwise
rotations [32]. Nodal flow is key for establishing the left-right asymmetry; defects can result
in situs inversus, in which visceral organs position in a mirror image from their normal
positions [33].

Motile cilia in multiciliated epithelial cells have 2 pairs of inner microtubule fibers (9+2
structure) and generate fluid flow through whip-like ciliary beating [34, 35]. Motile cilia are
essential for the circulation of the cerebrospinal fluid (CSF) in the brain, clearance of mucus
in the trachea, and transportation of ova in the oviduct [21]. Abnormal ciliary flow in these
organs can result in hydrocephalus, infection, and infertility, respectively. Motile cilia can
also function as sensory organelles; various receptors, including those for bitter taste and for
progesterone, are expressed in motile cilia in respiratory epithelia and fallopian tube,
respectively [36-38].

PCP in E1 Cells’ Motile Cilia

To generate unidirectional flow of CSF (ependymal flow), E1 cells beat their matile cilia in a
coordinated manner and with a defined orientation [35, 39]. The basal foot (magenta cone in
Fig. 1) is an electron-dense structure unilaterally protruding from the basal body (BB, green
cylinder in Fig. 1) of motile cilium. The alignment of E1 cells’ motile cilia can be
determined by observing the relative positioning of the basal foot and BB [12]. The BBs are
aligned unidirectionally both within each E1 cell (rotational polarity)[12] and across
neighboring ependymal layers (tissue-level polarity)[13, 14](Fig. 1). Disruption of rotational
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and/or tissue-level polarity is associated with reduction in the speed of ependymal flow and
hydrocephalus [13-16].

E1 cells also display asymmetric localization of the cluster of cilia on their apical area
(translational polarity). BBs are positioned toward the downstream with respect to CSF flow
[12]. In multiciliated cells in the mouse trachea and embryonic frog skin, motile cilia are
distributed throughout most of the apical area, therefore these cells do not have translational
polarity [35]. In the node epithelial cells, their monocilium positions and tilts posteriorly and
this asymmetry contributes to generate unidirectional leftward nodal flow and establishing
the left-right asymmetry [32]. How translational polarity in E1 cells contributes to CSF flow
and/or functions of brain remains unknown. The open apical surface generated by the
displacement of motile cilia in E1 cells might provide cell-surface for the secretion of
chemokines such as Noggin that promotes adult neurogenesis in the ventricular-
subventricular zone (V-SVZ, see GLOSSARY) [40], absorption and transport of factors
from/to the CSF [41], and/or synapse-like contacts with supraepedymal axons from
serotonergic neurons in the raphe [42-46]. Administration of serotonin in rat brainstem
slices increases ciliary beating frequency on E1 cells [47].

Development of E1 cells and their PCP

E1 cells are derived from radial glial cells (RGCs), which in the embryo function as stem
cells [48]. Birthdating experiments in mice suggest that the majority of telencephalic E1
cells are produced between embryonic day (E) 14 and E16 [48]. This study suggests that a
subpopulation of RGCs (pre-E1 cells) become postmitotic at this time and begins ependymal
differentiation. This process appears to take several days, as significant numbers of
multiciliated E1 cells do not appear in the walls of the mouse caudal and ventral lateral
ventricles until postnatal day 2 (P2). Their number then rapidly increases in a wave of
differentiation that spreads from caudal to rostral and ventral to dorsal [48]. By P5 most of
the lateral wall of the lateral ventricle is covered with multiciliated E1 cells. Similarly in the
rat 3rd and 4th ventricles, pre-E1 cells are generated several days before birth, and
differentiate into E1 cells postnatally [49-51].

Before E1 cells become evident as multiciliated cells, the postmitotic RGCs/pre-E1 cells
have a single primary cilium that protrudes into the ventricle (Fig. 1)[12]. Interestingly,
translational polarity begins well in advance of the final differentiation of RGCs into E1
cells: by E16 the primary cilia in many RGCs/pre-E1 cells becomes asymmetrically
displaced within its apical surface [12, 13](Fig. 1). Recent works have suggested that the
primary cilia function as signaling organelle [19, 20, 24, 25]. Therefore, the initial
displacement of primary cilia in RGCs may be a key step in the subsequent refinement of
PCP in differentiating E1 cells [12-14]. During the differentiation of RGCs into E1 cells,
new centrioles (the core structure of BBs) are generated in the apical cytoplasm [52]. It has
been previously suggested in differentiating airway multiciliated cell that majority of new
centrioles for motile cilia are generated independent of the centrosome (consists of a mother
and daughter centrioles) of the precursor cell (i.e. de novo synthesis)[53]. Using
differentiating E1 cells, a recent study revised this model that more than 90% of the
centrioles are generated by daughter centrioles by repeated biogenesis of electron-dense
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deuterosomes [52], which serve as nucleation sites for procentrioles [54, 55]. The newly
generated centrioles then migrate to the apical area [56-58]. This process is called apical
docking and requires transcription factor FoxJ1 [57] and atypical cadherins Celsr2,3 [58].
Then the centrioles mature into BBs for the motile cilia [56]. Shortly after the docking and
maturation of these new BBs on the apical cytoplasm, the rotational alignment of each BB
and cilia is random making the beating of individual cilia disorganized [56]. The rotational
polarity of individual cilia within E1 cells becomes progressively unidirectional between P4
and P20 [56]. This is in contrast to the multiciliated cells in the frog larval skin or mouse
trachea, in which BBs are roughly aligned by the time they become docked, becoming
further refined during the maturation of these multiciliated cells [59, 60].

Initial induction of ventricular PCP: early passive flow hypothesis

What instructs the initial planar organization in RGCs (i.e. translational polarity) in the walls
of the lateral ventricle? Early hydrodynamic forces (e.g. passive CSF flow generated by
drainage through the foramen of Monro that connects the lateral and 3rd ventricles, blue
arrow in Fig. 1) on the ventricular apical surfaces of RGCs have been proposed to help guide
the initial planar polarization of RGCs [12, 15]. This model is based on the following
observations. 1) PCP in RGCs and EL1 cells is well correlated with the direction of CSF flow
(location-specific PCP)[12, 13]. 2) PCP in RGCs starts around E16.5 [12, 13] when the
choroid plexus, which secretes the majority of CSF, is just beginning to grow [3, 61]. 3)
RGCs’ primary cilia protrude into the ventricles directly exposed to CSF dynamics [12]. 4)
Ablation of RGC’s primary cilia severely affects PCP in RGCs and E1 cells [12, 15],
demonstrating that their primary cilia are required for the proper polarization of RGCs and
E1 cells. These observations led to the hypothesis that early passive CSF flow, based on
pressure differences due to the drainage of CSF through the Monroe canal, may provide the
initial cue for RGCs’ planar polarization (i.e. the upstream-downstream axis information of
the CSF flow) by activating mechanosensory proteins localized to RGCs’ primary cilia. The
ciliary transmembrane proteins Polycystic kidney disease 1 (Pkd1, also known as
Polycystin-1 and PC-1) and Pkd2 are mutated in the autosomal dominant polycystic kidney
diseases [62—64]. Pkd1l in the primary cilia of kidney epithelial cells is proposed to function
in mechanosensation of urinary flow and to subsequently activate its associating non-
selective Ca2* channel, Pkd2 [64]. The CaZ* signal in primary cilia of the kidney epithelial
cells is expected to regulate PCP-related cellular dynamics such as oriented cell-division and
convergent-extension-like cell migration. Consistently in RGCs, Pkd1 and Pkd2 co-localize
to the primary cilia and their genetic ablations affected PCP in RGCs and E1 cells [15].
These results suggest that the Pkd1-Pkd2 protein complex in RGCs’ primary cilia may help
sense the initial flow of CSF and contribute to planar polarization of RGCs. However,
removal of Pkdl or Pkd2 only partially disrupts PCP in RGCs and E1 cells. Other
mechanoreceptors, such as the family members of Pkd1 and Pkd2 (i.e. Pkd1-like1,2,3 and
Pkd2-like1,2), may function redundantly [64]. Further studies are required to evaluate the
early passive flow hypothesis and function of Pkd1 and Pkd2 in the development of location-
specific PCP in RGCs and E1 cells (see OUTSTANDING QUESTIONS).
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Positive feedback regulation of rotational polarity by hydrodynamic forces

Hydrodynamic forces can also instruct rotational polarity, as observed in cultured
developing E1 cells and multiciliated cells in the Xenopus larval skin [56, 59, 65]. In the
immature E1 cells, the direction of BBs is initially random but gradually align along the
direction of fluid flow (Fig. 1)[56]. As this refinement of rotational polarity instructed by the
fluid flow results in more effective generation of CSF flow by E1 cells, this process forms a
positive feedback loop. Interestingly, this feedback mechanism requires the PCP regulator
Vangl2 (see below), linking the hydrodynamics of CSF and molecular PCP regulating
pathway. Exciting questions remain as to how these immature multiciliated cells sense the
fluid flow to align their motile cilia and how this information is conveyed to the PCP
pathway components.

Regulation of E1 cells’ PCP by PCP regulators

Genetic screening in Drosophila melanogaster has identified two major PCP-regulating
pathways, the Fat-Dachsous pathway (also known as global PCP pathway) and core PCP
pathway [10, 66, 67]. These pathways act upstream of the PCP effectors that generate
morphological asymmetry within the tissue. It remains under dispute whether the Fat-
Dachsous pathway acts upstream of the core PCP pathway [66, 68, 69].

The Fat-Dachsous pathway involves the protocadherin family proteins Fat and Dachsous,
and the Golgi-retained protein kinase Four-jointed, which phosphorylates Fat and Dachsous
[68]. In Drosophila, Fat and Dachsous are expressed on the intercellular junctions
asymmetrically and form heterophilic protein complex. These proteins are expressed in a
complementary gradient along the tissues. This gradient expression pattern can contribute to
define PCP across multiple cells in a tissue-wide manner. In the mammalian ventricular
epithelium, the expression patterns of the Fat-Dachsous pathway components or their role in
the establishment of PCP have not been elucidated. As Dachsous1 localizes near the base of
cilia in cultured human respiratory epithelial cells [70], the Fat-Dachsous pathway could be
involved in regulating PCP in mammalian multiciliated cells.

The core PCP pathway consists of transmembrane components [Wnt receptor Frizzled
(Fzd), four-pass transmembrane protein van Gogh (Vang; van Gogh-like or Vangl in
mammal), atypical cadherin Flamingo (cadherin, EGF LAG seven-pass G-type receptor or
Celsr in mammal)], and cytosolic proteins [adaptor protein Dishevelled (DvI1-3 in mammal,
hereafter collectively referred to as Dvls), LIM domain protein Prickle, and ankyrin repeat
protein Diego (Inversin or Ankrd6 in mammal)] [67]. These proteins form two protein
complexes at the opposite side of the plasma membrane in the apical compartment;
Flamingo, Prickle, and Vang localize to the proximal side, and Flamingo, Fzd, Dvl, and
Diego to the distal side, and mutually regulate their asymmetric localization. Celsrl, Vangl2,
and Fzd3 are similarly accumulated asymmetrically in the apical compartment of RGCs and
E1 cells, next to the intercellular junctions (Fig. 1)[13, 15, 56, 58, 71]. Ablation of Vangl2 or
Fzd3 affects the establishments of both rotational and translational polarity in E1 cells [13,
14, 56]. Interestingly, Celsr1-3 regulate different aspects of PCP in E1 cells: Celsr2 and 3
regulate rotational and translational polarity within each E1 cell, while Celsrl appears to be
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involved in intercellular coordination of PCP (tissue-wide polarity) [13]. It is noteworthy
that ablation of Ce/srZ in multiciliated cells in the mouse oviduct results in aberrant
intracellular rotational polarity, suggesting that Celsr1’s functions may be tissue dependent
[72]. In contrast to other core PCP proteins that localize asymmetrically in the apical
compartment, DvI1 and DvI2 have been shown to be associated with the BBs in E1 cells [14,
56, 73]. This subcellular localization of DvI1 and DvI2 suggest that these proteins, in
contrast to other core PCP components, could help couple information associated with the
BBs with the rest of the cell and/or instruct the BBs in planar polarization. The subcellular
localization of DvI3 in E1 cells remains to be determined. Conditional knock-out
experiments of Dvk (both copies of Dv/Zand Dv/2, and one copy of Dv/3) at different
developmental stages revealed that Dvls are involved in not only the establishment but also
the refinement of E1 cells’ PCP [14]. For example, tamoxifen induced ablation of Dvls in
the adult mice affects both rotational and translational polarity.

The proper asymmetric localization of the core PCP components appears to be important to
establish PCP in various tissues and organisms. However, the molecular mechanisms that
initiate this process are not fully understood. Interestingly in RGCs, the asymmetric
localization of Vangl2 (around P0) occurs after translational polarity in RGCs is established
(around E16) [13]. As discussed above the primary cilia, with its capabilities as a sensor and
signaling center [20], could provide initial instructions for the asymmetric accumulation and
subsequent precise placement of PCP proteins. We have recently reported that ablation of
primary cilia, Pkd1, or Pkd2 in RGCs affects the asymmetric localization of Vangl2 in E1
cells [15]. In addition, Pkd1 and Vangl2 function in the same pathway for E1 cells’ PCP.
Pkd1 and Pkd2 in RGCs’ primary cilia may act upstream of core PCP pathway components
in regulating their asymmetric localization, but this hypothesis needs further investigation
(see OUTSTANDING QUESTIONS).

In Drosophila, the PCP effectors (including Inturned, Fuzzy, and Fritz) also localize
asymmetrically in the apical compartment of epithelial cells and function downstream of the
Fat-Dachsous and core PCP pathways to generate morphological asymmetry [10, 66—69].
Their expression pattern and function in mammalian brain ventricular epithelium have not
been investigated.

Involvement of cytoskeletal networks in the establishment of ependymal

PCP

Both actin and microtubule networks are key for establishing PCP in multiciliated cells
including E1 cells [13, 60, 73, 74]. There are two pools of actins in the apical and subapical
area of multiciliated cells in the frog embryonic skin and mouse trachea [74, 75]. The apical
actin networks localize in the same plane as BBs and surround them. The subapical actin
network is associated with the ciliary rootlets [striated cytoskeletal structures extending from
the proximal (basal) end of BBs] and the neighboring BBs [13, 74, 76-78], linking multiple
BBs within each cell. At low doses, the actin-polymerization inhibitor Cytochalasin D
affects only the subapical actin network in frog multiciliated larval skin cell [74]; this results
in the disorganized distributions of BBs and their rotational polarity. Interestingly, this
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treatment also affects metachronal ciliary beating, suggesting that the subapical actin
network is essential, not only for the correct positioning of cilia, but also for coordinating
the timing of ciliary beating. Non-muscle myosin Il (NMII) is an actin-based motor protein
complex that includes two heavy chains. Injection of NMlII-inhibitors (blebbistatin or ML-9)
or triple knock-down of NMII heavy chain subunits (Myh9, 10, and 14) disperse the cluster
of BBs disturbing translational polarity in E1 cells [73]. In the Celsr2mutant E1 cells, the
subapical actin network and distance between BBs are significantly affected [13]. These
results suggest that Celsr2 is likely involved in the organization of subapical actin networks
in E1 cells.

Moatile cilia are also connected to the microtubule networks via their basal foot [76-79].
Treatment of the embryonic frog skin with nocodazole, a microtubule polymerization
inhibitor, disrupts rotational polarity in multiciliated cells [74]. Consistently, ablation of the
basal foot in Odf2 mutant mice disorganizes rotational polarity in the multiciliated cells in
the trachea [80]. These reports suggest that the microtubule network is key for the
establishment of rotational polarity. In RGCs, microtubules extend from the BBs of RGCs’
primary cilia to the periphery of the apical area [13]. Injection of nocodazole into neonatal
mouse ventricles at PO disrupts asymmetric localization of Celsrl and Vangl2 in the apical
area of P2 RGCs/pre-E1 cells [13]. Similarly, nocodazole treatment affects the asymmetric
localization of Vangl1 or Prickle2 in cultured tracheal epithelial cells [60]. Microtubule
networks may play a key role in the asymmetric localization of core PCP proteins possibly
by regulating their sorting. In the developing fly wings, GFP-tagged Fzd and Dvl are
preferentially sorted toward the distal side of the intercellular boundaries along microtubule
[81-83].

Hydrocephalus in human

Hydrocephalus in human can results from multiple causes such as central canal stenosis or
abnormal reabsorption of CSF in the arachnoid granulation [17]. Certain forms of
hydrocephalus in the humans appear to be linked to ciliopathies [21, 23]. Based on the
discussion above, this is not surprising; defects in E1 cells’ ciliogenesis or PCP likely
contributes to the pathogenesis of hydrocephalus. However, the precise contributions of E1
cells’ ciliary beating to the overall circulation of CSF in humans remain unknown. In
addition, motile cilia’s proper motility and possibly chemoreceptor functions (see above)
could contribute to homeostasis of CSF components within the ventricular system.
Mutations in cofled-coil domain containing 88C (CCDC88C) that encodes Dvl-associating
protein with a high frequency of leucine residues (DAPLE) have been found in patients with
non-syndromic human autosomal recessive congenital hydrocephalus [84, 85]. The mutated
DAPLE in these patients lacks the Dvl-associating domain at its C-terminus [84-87]. As
Dvk knock-out mice exhibit disruption in E1 cells’ PCP and develop hydrocephalus [14],
the mutations in CCDC88C might have similar effect on E1 cells’ PCP and pathogenesis of
hydrocephalus. Further studies are required to link the phenotypes in mice to the clinical
condition in humans (see OUTSTANDING QUESTIONS).
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CONCLUDING REMARKS

PCP in E1 cells is essential for the proper circulation of CSF, and in turn for brain
homeostasis, e.g. ionic and metabolic balances. In addition, the CSF carries key signaling
molecules such as insulin-like growth factor-2 and brain derived neurotrophic factor [2, 4].
Defects in E1 cells’ PCP could result in, not only hydrocephalus, but also the dis-regulation
of other key signals. How E1 cells properly establish, refine, and maintain PCP is a
fundamental question in biology and medicine. Based mostly on recent progresses, we have
discussed how passive CSF flow on the apical surface of RGCs, primary cilia, the proper
localization and signaling of core PCP pathway components, and the cytoskeletal networks
orchestrate E1 cells’ PCP. Hopefully this review will stimulate further studies, as significant
challenges remain ahead to understand how all these processes integrally produce the
exquisite planar orientation of E1 cells within the brain ventricular system (see
OUTSTANDING QUESTIONS). A better understanding of the mechanisms underlying the
regulation of PCP in RGCs and E1 cells may help improve the diagnosis and prevention of
hydrocephalus.
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GLOSSARY

Ciliopathies

genetic disorders caused by structural and/or functional defects of cilia [22, 23]. As cilia
play critical roles in the function and homeostasis of a wide variety of tissues, ciliopathies
can result in mental retardation, hydrocephalus, blindness, obesity, and/or polycystic kidney
disease

Hydrocephalus
a common and polygenic neurological disorder with abnormal CSF accumulation [17]. The
estimated incidence of hydrocephalus is 1 to 3 in 1000 children at birth [88]

Planar cell polarity (PCP)
intracellular and tissue-wide asymmetry within the sheet of epithelial tissue perpendicular to
the apico-basal axis

Ventricular-subventricular zone (V-SVZ)

A major adult neural stem cell niche in the walls of the lateral ventricles [89]. In the apical
area of the V-SVZ, E1 cells surround the adult neural stem cells (type B1 cells) forming
pinwheel or rosette structures [7] and support adult neurogenesis [90]
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BOX 1
OUTSTANDING QUESTIONS

. Does the initial passive flow of CSF instruct translational polarization in
RGCs?

The model suggest that early passive flow of CSF in the embryonic ventricles may
instruct RGCs to translationally polarize their primary cilia by activation of
mechanosensory proteins in RGCs’ primary cilia (see above). However, there is no direct
evidence that these proteins sense small fluid flow perturbations and how this may
instruct translational polarity in RGCs. The function of Pkd1 and Pkd2 in the ciliary Ca2*
signaling and mechanosensory function of primary cilia has been questioned by recent
studies [27, 31]. Investigating the function of Pkd1 and Pkd2 in ciliary Ca?* signaling
upon fluid flow, as well as the potential sensing of fluid flow by these and other
mechanoreceptors remains an important next challenge. In addition, it will be important
to measure and directly disrupt the early passive flow in the embryonic ventricles to see
how this affects PCP in RGCs and E1 cells. In addition to passive flow, gradients of
soluble factors might help establish PCP possibly independent of Ca2* signaling.

. How is the asymmetric localization of the core PCP factors established?

Asymmetric accumulation of the core PCP proteins along the apical intercellular
boundary is fundamental for the establishment of PCP. It remains unknown how these
proteins are asymmetrically sorted in RGCs and what molecular signals direct this
transportation. Live imaging of the core PCP proteins’ intracellular transport would help
resolve this question.

. What is the function of translational polarity in E1 cells?

E1 cells PCP is unique in that clusters of cilia are asymmetrically positioned in the apical
surface. The functional implications for this translational polarity in E1 cells remain
unknown. The major obstruction for addressing this question is the lack of experimental
methods to disrupt only translational polarity while leaving rotational polarity intact.
Further work could identify molecules involved only in the establishment of translational
polarity.

. Is disruption in E1 cells” PCP involved in the pathogenesis of hydrocephalus
in humans?

Although recent studies in mice have shown how aberrant PCP in E1 cells can result in
hydrocephalus, it remains unclear whether abnormal PCP in E1 cells is also involved in
the pathogenesis of hydrocephalus in human. Studies of E1 cells’ PCP in ccdc88c KO
mice could provide significant advances.
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TRENDS BOX

. Multiciliated ependymal (E1) cells lining the walls of the brain ventricles
display location-specific planar cell polarity (PCP) in the orientation and
asymmetric positioning of their motile cilia.

. Defects in E1 cells” PCP can result in abnormal accumulation of CSF and
hydrocephalus.

. Hydrodynamic forces generated by the flow of CSF might instruct PCP in E1
cells and their embryonic progenitors.

. PCP regulators and cytoskeletal networks are key for E1 cells’ PCP both at
the single cell and tissue-wide levels.
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Figti]rel_l. Steps in the development in PCP from RGCs to E1 cells, in the brain ventricular
epithelia

AF\)t embryonic day (E) 14, primary cilia in RGCs are located near the center on the apical
surface. By E16, the primary cilia become asymmetrically displaced towards the
downstream of the CSF flow. Initial passive CSF flow in the embryonic ventricles (blue
arrow) could instruct this asymmetric localization of RGCs’ primary cilia via the
mechanosensory proteins. Pkd1 and Pkd2 have been found in RGCs’ primary cilia and
partially contribute to PCP. Ablation of celsri, vangl2, or fzd3also affects this translational
polarity in RGCs. Myosins are likely involved in the translational polarization in RGCs. The
core PCP proteins Celsrl and Vangl2 start to localize asymmetrically in the apical area of
RGCs by PO0. Fzd3 also localizes asymmetrically in immature E1 cells at P5 but its
localization in PO RGCs has not been reported. Microtubules are important for the
asymmetric localization of Vangl2 and Celsrl in P2 RGCs. Newly generated BBs dock to
the apical area of immature E1 cells and motile cilia are formed around P2-5. At this stage,
rotational polarity indicated by the positioning of basal feet (magenta triangles) is random
and the ependymal flow is weak (smaller red arrow). Rotational polarity becomes aligned
with the direction of CSF flow as the ependymal layer matures; the rotational polarity is
further refined and reinforced (bigger red arrow). The model suggests that CSF flow,
together with DvI1-3, Celsr1-3, Fzd3, Vangl2, and Cent2, are involved in the establishment
of rotational polarity.
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