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Coupling between hydrodynamic forces and planar cell
polarity orients mammalian motile cilia

Boris Guirao'*?, Alice Meunier'’, Stéphane Mortaud', Andrea Aguilar’, Jean-Marc Corsi', Laetitia Strehl’,
Yuki Hirota®, Angélique Desoeuvre?, Camille Boutin®*, Young-Goo Han’, Zaman Mirzadeh’, Harold Cremer?,
Mireille Montcouquiol®®, Kazunobu Sawamoto*® and Nathalie Spassky"’

In mammals, motile cilia cover many organs, such as fallopian tubes, respiratory tracts and brain ventricles. The development and
function of these organs critically depend on efficient directional fluid flow ensured by the alignment of ciliary beating. To identify the
mechanisms involved in this process, we analysed motile cilia of mouse brain ventricles, using biophysical and molecular approaches.
Our results highlight an original orientation mechanism for ependymal cilia whereby basal bodies first dock apically with random
orientations, and then reorient in a common direction through a coupling between hydrodynamic forces and the planar cell polarity
(PCP) protein Vangl2, within a limited time-frame. This identifies a direct link between external hydrodynamic cues and intracellular
PCP signalling. Our findings extend known PCP mechanisms by integrating hydrodynamic forces as long-range polarity signals, argue
for a possible sensory role of ependymal cilia, and will be of interest for the study of fluid flow-mediated morphogenesis.

Motile cilia constitute a widespread and efficient tool that allow motion
of microorganisms such as Paramecium’, or that generate fluid flow
above ciliated epithelia. They cover organs such as fallopian tubes, res-
piratory tracts and brain ventricles. Ciliary dysfunction may result in
severe diseases, including situs inversus, infertility, bronchiectasis or
ectopic pregnancy®”. In the brain, motility defects in ependymal cilia
covering ventricular walls cause hydrocephalus*®” and alter migration
of neuroblasts toward the olfactory bulb®.

Generation of cilia-powered directional fluid flow at the tissue
level requires orientation of their beating in a common direction®°.
Mechanisms governing ciliary orientation during development sig-
nificantly differ between species. In Paramecium, ciliary orientation
of daughter cells is inherited from the mother cell'"". In quail oviduct
epithelium, graft experiments showed that cilia orientation is set before
differentiation'. In Xenopus laevi larvae skin, a two-step process has
been identified: first, patterning occurring after gastrulation biases ori-
entation of basal bodies within a window of 180° when they dock at the
membrane; second, basal bodies refine their orientation in response to
the fluid flow created by the oriented beating of their cilia'.

Polarization of cells in the apical plane is known to be instructed by
the PCP pathway"*. Accordingly, the patterning observed in Xenopus has
been shown to involve PCP proteins'® and to be driven by neighbouring

mucosal epithelial cells through a non-cell-autonomous PCP pathway 7.
In mammals, this pathway is involved in the planar orientation of sub-
cellular' and multicellular structures', with respect to the body axis.
Core proteins involved in this signalling pathway were first described
in Drosophila melanogaster, and seem to be conserved in mammals®.
However, the cues instructing the initial direction of polarization and
its long-range spreading over the tissue remain obscure?'.

In mammals, the mechanisms involved in the ciliary orientation proc-
ess are still entirely unknown despite the importance of proper cerebro-
spinal fluid (CSF) flow in brain development®-. Therefore, we studied
orientation of ciliary beating in ependymal cells during mouse brain
development. By combining biophysical and molecular approaches, we
show that mammalian cilia orientation requires an original mechanism
that couples fluid flow and the PCP protein Vangl2. Our findings thus
identify a direct link between hydrodynamic forces and intracellular PCP
signalling, and uncover a new type of PCP mechanism that integrates
external cues from hydrodynamic forces.

RESULTS

Progressive alignment of ependymal cilia during development

In the adult mouse brain, the direction of ciliary beating follows
the direction of local CSF flow, which they help propel® (Fig. le;
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Figure 1 Progressive orientation of ependymal cilia during development.

(a) Schematic sagittal view of a mouse lateral ventricular wall. Ciliary
beating directions at three caudo-rostral levels are indicated (arrows)®. The
red square indicates the region analysed in b-g (CC, corpus callosum; Cx,
cortex; LV, lateral ventricle; R, rostral; D, dorsal). (b, €) SEM of multiciliated
cells showing preferential direction at P21 (red arrows). (c, f) TEM of

cell transverse sections showing basal feet directions (arrows). (d, g)
Quantification of basal feet directions in P4 (305 basal bodies in 30 cells
from 2 mice, d) and P21 (563 basal bodies in 49 cells from 2 mice, g) mice.
Arrows point in the mean direction of basal feet in each cell; arrow length
quantifies their alignment. Red arrows represent cells with random

rCeII
Supplementary Information, Fig. S1). Multiciliated ependymal cells
are derived from radial glial cells during embryonic development?®.
Their maturation starts at early postnatal stages and is characterized
by growth of cilia from basal bodies docked at their apical mem-
brane. At postnatal day 4 (P4) these cells are widely distributed along
the ventricular walls; however, most of them are still immature, as
shown by their short cilia** (Fig. 1b). Using transmission electron
microscopy (TEM), we identified three stages of ependymal cell

Bead tracking TEM

ciliary beating direction) )

basal feet distribution (see Supplementary Information, Figs S2-4). (h-m)
Primary culture of multiciliated ependymal cells at 5 DIV (h-j) and 10 DIV
(k—m). (h, k) Cilia and cell borders are stained with detyrosinated a-tubulin
(1D5, green) and phalloidin (red) antibodies, respectively. One cluster of
cells is shown in k. (i, 1) Superposition of phase-contrast and fluorescent
microscopy images. (i) Bead trajectories (green) follow the flow generated
by ciliary beatings (yellow arrows) of each multiciliated cell (dashed circles).
(I) Bead trajectories follow the flow generated by ciliary beatings of a single
cluster of about 20 cells. (j, m) TEM of cell transverse sections showing
basal feet directions (arrows). Scale bars, 2.5 um (b), 5 um (e), 1.4 um

(c, f), 20 um (h, i, k, I) and 1 um (j, m).

maturation. Stage 1 cells show multiple deuterosomes assembling
basal bodies deep in the cytoplasm (Supplementary Information,
Fig. S2a). Stage 2 cells contain ‘old’ deuterosomes and young basal
bodies (Supplementary Information, Fig. S2b, d-f) docked at their
apical surface (Supplementary Information, Fig. S3a). Stage 3 cells
show ‘mature’ basal bodies and no deuterosome (Supplementary
Information, Fig. S2¢). We quantified ciliary orientation at P4 by scor-
ing orientations of putative or identified basal feet, which are basal
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Figure 2 External fluid flow applied over ependymal cells during
maturation orients subsequent ciliary beatings in its direction. (a)
Schematic representation of a cilium beating with an angle ¢ = O

with the flow (V). Hydrodynamic forces (f ") act all over the cilium
during its beating and create a torque (M, ") that tends to rotate the
cilium beating plane and its basal body and align it with the flow®°.

(b) Set-up made of 6 similar units used to apply a physiological-like
shear flow over cultures (see Supplementary Information, Fig. Sb).

(c) Each motor rotates a circular plate dragging the medium in its
rotation and creating a shear flow over cells. Both directions of rotation

body appendices known to point in effective stroke direction” (Fig. 1¢;
Supplementary Information, Figs S2-S4). We compared the results
with those obtained at a mature stage (P21, Fig. 1f). At P4, 53% of cells
showed random circular distribution of basal bodies, compared with

(clockwise and anticlockwise) were used equally in experiments. (d,

g, i) Flow patterns generated by ciliary beatings in cultures where
external flow was applied between 5-10 DIV (d), 10-15 DIV (j), and
control cultures (g). In g and j, flow patterns are generated by two
separate cell clusters. (e, h, k) Scoring of bead propelling directions
in each condition and comparison with the applied local flow direction
(grey arrow, Supplementary Information, Fig. S6). nis the number of
analysed zones. (f, i) Schematic of three separate clusters of aligned
multiciliated cells beating in a common (f) or independent directions
(i). Scale bars, 5 cm (b) and 20 um (d, g, j).

only 2% at P21 (according to Rayleigh’s test for uniformity, cells called
‘random cells’ in the following; Fig. 1d, g, red arrows). Overall, ciliary
alignment was significantly lower at P4, compared with P21, as shown
by longer arrows (<r_,>"= 0.56 + 0.05 and <r_,>"'= 0.93 + 0.01;
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Figure 3 Vangl|2 localizes asymmetrically at apical membrane and along
cilia of multiciliated ependymal cells. (a) Schematic sagittal view of a
mouse lateral ventricle wall. The red square indicates the region analysed
in b—d. (b) Triple immunostaining with Vangl2 (red), p-catenin (cell
borders, green) and CTR453 (basal bodies, green) antibodies at P4.

(c) Double immunostaining with Vangl2 (red) and CTR453 (basal bodies,
green) antibodies at P20 showing asymmetric localization of Vangl|2 at

mean + s.e.m, Fig. 1d, g; Supplementary Information, Fig. S4).
Moreover, it is important to note that at P4, basal body alignment cor-
related with cell maturation: 100% of young cells (stage 2) were found
to be random (Supplementary Information, Fig. S2g). Together, these
observations show that basal bodies first dock at the cell membrane
with random orientations spanning 360°, and progressively align in
the direction of CSF flow during development.

To further study ciliary orientation in ependymal cells, we devel-
oped an in vitro culture assay of pure neural stem cells (NSC), isolated
from neonatal mouse subventricular zone, that progressively differ-
entiate into multiciliated ependymal cells. At 0 day in vitro (DIV),

gy |
g '.,
e
. -
-

o-tubulin o-tubulin

the rear of multiciliated ependymal cells. (d) Double immunostaining with
Vangl2 (red) and TAP (a cilia marker, green) antibodies showing ciliary
localization of Vangl2 at P20 (see Supplementary Information, Movie 6).
(e, f) Double immunostaining with Vangl2 (red) and CTR453 (green) or
a-tubulin (cilia, green) in vitro at 10 DIV show asymmetric localization of
Vangl|2 at apical borders and along ependymal cilia in vitro. Scale bars, 5
um (b, €), 3 um (e) and 1.5 um (d, f).

all cells were nestin-positive NSC** and by 15 DIV, up to 80 + 6%
became CD24-positive (a marker of ependymal cells*) multiciliated
cells (Figs 1k, 4c, black curve). Most interestingly, by 10 DIV, 60% of
cultured cells appeared in clusters of multiciliated cells surrounded
by non-ciliated cells, suggesting that ependymal differentiation sig-
nal may be transduced through a cell-cell contact signalling path-
way (Fig. 11). At the cellular level, TEM analysis showed that 5 DIV
cells shared similar immaturity features with in vivo P4 cells, such as
electron dense aggregates® (red arrowhead in Fig. 1j; Supplementary
Information, Fig. $2), and showed a smaller degree of alignment when
compared with mature cells (>10 DIV; Figs 1j, m and 4f). We also used
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Figure 4 Vangl|2 is required for cilia orientation response to flow in vitro.
(a) Primary cultures of neural stem cells from Vangl2t»» E18.5 brains
differentiate into multiciliated ependymal cells after 10 DIV. Cilia are
stained with antibodies against detyrosinated a-tubulin (1D5, green) and
cell borders are stained with phalloidin (actin, red). (b) TEM of a cilium
transverse cut showing normal ciliary ultrastructure. (c) Increase in the
percentage of multiciliated ependymal cells over time in wild-type (WT)
and Vangl|2t* cultures. In both cultures, about 70% of neural stem cells
differentiated into multiciliated ependymal cells by 15 DIV. (d, g) Bead

video microscopy and fluorescent beads to monitor cilia-generated
flow in these cultures at different maturation times. Young cultures
(~5DIV) showed isolated multiciliated cells propelling beads slowly in
random directions (Figs 1h, i; Supplementary Information, Movie 1),
whereas older cultures (>10 DIV) had clusters of cells propelling beads
faster in a common direction (Figs 1k, I and 2g, i; Supplementary
Information, Movies 2-4). These observations show that single cells
are able to progressively align their cilia. In addition, individual clus-
ters of ciliated cells are able to align spontaneously their ciliary beating
and propel fluid efficiently in one preferred direction. Global tissue
polarization signals, as might be present in vivo, are not necessary
for this process.

trajectories in cultures from Vangl2t?t» mutants without (d) or with (g) flow
applied from 5-10 DIV. (e, f) TEM analysis and quantification of ciliary
alignment in 15 cells (121 basal feet) from WT cultures at 5 DIV, 41 cells
(352 basal feet) from WT cultures at 20 DIV and 32 cells (294 basal feet)
from Vangl2t°*e cultures at 20 DIV. Error bars represent s.d. (h) Quantitative
analysis of propelling directions confirmed no correlation with external

flow (n is the number of analysed zones). (i) Schematic representation of a
cluster made of multiciliated cells beating in every direction. Scale bars, 20
um (@), 0.1 um (b), 20 um (d, g) and 1 um (e).

Hydrodynamic forces instruct ciliary beating orientation

Many studies have reported a correlation between impaired ciliary beat-
ing and disruption of basal body alignment”'***%, but mechanisms of
ciliary orientation remain poorly understood. When the beating plane
of a cilium is not aligned with the external flow, hydrodynamic forces
acting all over the cilium during its beating tend to orient it in the direc-
tion of flow® (Fig. 2a). If its basal body can rotate within the cell cortex,
the flow can reorient the cilium beating plane in its direction. Our theo-
retical study® showed that hydrodynamic interactions between cilia can
lead to their spontaneous collective alignment in a positive-feedback
mechanism, provided that their beat frequency or amplitude are large
enough. This mechanism could explain the spontaneous alignment of
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Figure 5 Vangl|2 is required for in vivo cilia orientation. (a) At P20 (20 days
post-electroporation), GFP-Vangl2t? electroporated cells were observed lining
the lateral ventricular walls (GFP, green, white arrows; CD24, red). (b, c) Triple
immunostaining of P20 lateral ventricular walls with Vangl|2 (red), GFP (green)
and p-catenin (green) antibodies. In GFP-Vang|2t» electroporated cells, Vang|2
accumulated in cytoplasm aggregates but failed to accumulate at the caudal
membrane as compared with neighbouring cells (arrows) or cells electroporated
with GFP alone (arrowhead in c). Stars indicate electroporated cells. (d)
Schematic sagittal view of a mouse lateral ventricle wall. The red square
indicates the ventricular wall region analysed in e and g. (CC, Corpus Callosum;

ciliary beating at cluster level observed in our cultures (Supplementary
Information, Fig. Slc—e) and the lack of alignment of impaired cilia
described in previous studies”!***%".

To further address whether hydrodynamic forces may instruct ciliary
beating orientation in mouse ependymal cells, we developed an experi-
mental set-up to apply controlled shear flow over cell cultures during
several days of growth (Fig. 2b, ¢; Supplementary Information, Fig. S5).
This flow was approximately straight and uniform over each zone of
analysis (Supplementary Information, Fig. S5e-f) and the shear stress T
was comparable to physiological values (see Methods). We applied con-
tinuous flow over maturing cell cultures at 5 DIV for 5 days, and analysed
the direction of ciliary beating after the set-up was removed at 10 DIV.

Cx, cortex; LV, lateral ventricle; R, rostral; D, dorsal. (e, g) Bead trajectories at
P20 show global caudo-rostral-directed flow corresponding to aligned ciliary
beatings (red arrows), except in the vicinity of GFP-Vangl|2* electroporated
cells (arrowhead in e), showing random beating orientations (green arrow;
Supplementary Information, Movies 10-12). In contrast, GFP-electroporated
cells (arrowhead in g) propel beads in the same direction as their neighbours
(Supplementary Information, Movies 12-13). (f, h) Quantitative analysis
showing random propelling directions of GFP-Vangl2t* electroporated cells (f)
in contrast to GFP-electroporated cells, which propel beads in the caudo-rostral
direction (h). Scale bars, 15 um (a), 10 um (b, ¢) and 100 um (e, g).

We scored fluorescent bead-propelling directions and compared them
with the local direction of the applied flow (Supplementary Information,
Figs S5e, S6). We found that cilia-propelling directions are significantly
oriented towards the direction of the flow applied during growth (83%
lie within a 120° angle window centred on the direction of external flow,
which was set to 0°% Fig. 2d-f; Supplementary Information, Movie 3).
Control cultures without flow showed typical cell clusters (Fig. 2g—i;
Supplementary Information, Movie 4). This shows that hydrodynamic
forces exerted on cilia during the ependymal cell maturation period drive
their reorientation in the direction of flow. Interestingly, if the exter-
nal flow was applied over more mature cells (between 10 and 15 DIV),
no significant reorientation of ciliary beating directions was observed
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Figure 6 Kif3a®O ciliary mutant cells show proper apical asymmetric localization
of Vangl2 but random orientation of basal bodies. (a) SEM of Kif3a®© |ateral
ventricular wall at P20. (b, ¢) Confocal and TEM images showing basal bodies
(red) at the apical cell membrane in wild-type (b) and in Kif3a®° mutants (c);
green: cell junctions (B-catenin), blue: nucleus (DAPI). (d) Vangl2 shows proper
asymmetric localization at the rear of Kif3a®® mutant cells (white arrows). (e, f)
TEM of Kif3a®© mutant cells showing impaired orientation of basal feet pointing

(Fig. 2i-j; Supplementary Information, Movie 5), showing that cilia ori-
entation in response to external flow is limited in time. These results
thus reveal an orientation mechanism for motile cilia in mammals:
ependymal cells in maturation orient their ciliary beating in response
to hydrodynamic forces, and subsequently lock their ciliary orientation
as they become mature.

Vangl2 localizes asymmetrically at the apical membrane and
along cilia

To identify a molecular basis for this mechanism of ciliary orientation in
response to flow, we tested the possible involvement of PCP signalling.
We studied the expression pattern of the core PCP protein Van Gogh-like
2 (Vangl2)'® during development in mouse lateral ventricles (Fig. 3a-d).
At P4, all maturation stages of ependymal cells were present and Vangl2
protein was localized at the apicocaudal borders of nearly all cells with
multiple basal bodies (Fig. 3b, arrows), suggesting that its asymmetric
localization appears with ependymal cell differentiation. At P20, when
most ependymal cells were mature, asymmetric accumulation of Vangl2
was stronger (arrows in Fig. 3¢; Supplementary Information, Fig. S7a) and
was undetectable in fully mature cells (>P45; data not shown). In addition,
we found that Vangl2 also localized along cilia, from tip to base (Fig. 3d;
Supplementary Information, Movie 6), presumably at the membrane, as

ARTICLES
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in every direction (e) and quantification of basal feet orientation within 44 cells
(433 basal bodies) in 2 mice (f). (g) Quantification of ciliary alignment at single
cell level (dark grey) and cell alignment at ventricular level (light grey) in wild-
type (WT) mice at P4 (30 cells, 305 basal bodies, Fig. 1 data set), P21 (49
cells, 563 basal bodies, Fig. 1 data set) and in Kif3a®° mice at P21 (44 cells,
433 basal bodies). BF, basal feet. Error bars represent s.d. Scale bars, 6 um
(a,d), 5um (b, ¢), 1.1 ym (b and c insets) and 0.7 pum (e).

it is a 4-pass transmembrane protein. In vitro, Vangl2 localization along
ependymal cilia was also observed (Fig. 3f), as well as its spontaneous
asymmetric localization at all stages analysed (stage 10 DIV shown in
Fig. 3e and Supplementary Information, Fig. S7b; stages 5 and 15 DIV not
shown), including after the locking of cilia orientation. Together, these
results reveal a transient asymmetrical localization of a core PCP protein,
Vangl2 during the whole ciliary orientation process of ependymal cells.

Vangl2 is required for ependymal cilia orientation in response to
flow

To test whether Vangl2 is involved in ciliary orientation response to
flow, we used in vitro cell cultures from Vangl2”/? mutants express-
ing the non functional looptail (Lp) form of Vangl2 (ref. 28). These
cultures showed normal ciliogenesis, with normal axonemal ultrastruc-
ture and normal kinetics of development (Fig. 4a—c), suggesting that
Vangl2 is neither required for ciliogenesis, nor for differentiation.
Similarly to inner ear cells®, Vangl2 staining showed that the Vangl2'?
protein accumulates in aggregates in the cytoplasm but fails to accu-
mulate at the cell membrane (Supplementary Information, Fig. S7c, d).
Phase-contrast video microscopy analysis showed that the frequency
and amplitude of ciliary beating in Vangl2'?'# cultures are similar to
wild-type cells (Supplementary Information, Movies 7, 8). However,
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Figure 7 Motile cilia alignment reveals a new mechanism that couples
hydrodynamic forces and PCP signalling. During the ependymal maturation
period, because of secretion and absorption of CSF, flow is very likely to
exist in the neural tube before motile cilia. As cilia form and start beating,
hydrodynamic forces from the flow of CSF could orient their beating

and align them along the direction of flow °. The flow of CSF could thus
constitute an initial direction bias providing a long-range polarity signal
during cilia growth, which tends to orient them along the caudo-rostral axis.
As we have shown in this paper, the PCP core protein Vangl2 was found to
localize at cilia and is required in the ciliary alignment response to flow.
Vangl2 may either deliver a permissive response allowing the cilia (and
their basal bodies) to rotate within the cell cortex under the influence of
hydrodynamic forces, or be involved in an active response that would drive
their reorientation, possibly by acting on the cytoskeleton surrounding basal
bodies. As a result, ciliary alignment in the direction of flow increases and
reinforces the CSF flow, following a positive-feedback loop, consistent with
observations in Xenopus larvae'*. Following this mechanism, by the end

of maturation period, all cilia become aligned in the direction of flow. We
show that this alignment mechanism is only active within a limited ‘plastic’
time-frame during maturation. Cilia orientation becomes permanently set in
mature cells in which cilia no longer respond to flow. This plastic orientation
mechanism would provide good adaptive features to surface irregularities
and would ensure ciliary alignment at the tissue scale. Our work identifies a
direct link between hydrodynamic cues and the PCP signalling pathway.

we discovered that in the Vangl2"”"? cultures, ciliated cells propelled
beads in random directions with many swirls in each cluster, in con-
trast to the wild-type cell clusters (Fig. 4d; Supplementary Information,
Movie 9). Quantitative TEM analysis of basal feet orientation in culture
showed that ciliary alignment in a given cell was significantly smaller
in 20 DIV Vangl2"?"? mutants, compared with 20 DIV wild-type cells
(Fig. 4e, ): <y >=0.44£0.04 and 72% of random cells for Vangl2'7"?,
and <7, >=0.6 + 0.04 and 41% of random cells for wild-type cultures.
Hence, neighbouring cilia do not influence each other at the cluster or
cell level. Interestingly, these data show that Vangl2 is not required for
proper ciliation and ciliary beating, but seems to be involved in ciliary
orientation in response to hydrodynamic forces.

To further test this idea, we applied continuous fluid flow over matur-
ing Vangl2"”"7 at 5 DIV cell cultures for 5 days, and analysed beating

directions after removing the set-up at 10 DIV. Interestingly, Vangl2'#/?
cultures that were exposed to flow showed no preferential beating orien-
tation, as shown by the quantitative analysis of bead trajectories, which
did not correlate with the applied flow direction (Fig. 4g-1). These results
show that Vangl?2 is required for ciliary alignment response to flow during
ependymal cell maturation.

Vangl2t» overexpression in vivo disturbs Vangl2 localization and
ciliary beating orientation

Next, we investigated whether Vangl2 is also required for cilia orienta-
tion in vivo, where CSF circulates through the brain ventricles, using
postnatal in vivo electroporation®*. This method targets radial glia cells,
precursors of ependymocytes, in the walls of PO lateral ventricles®-".

Using this system we generated CD24-positive ependymocytes express-
ing a construct containing the coding sequence of the non-functional
Vangl2'# protein® in fusion with GFP (GFP-Vangl2™?). The construct we
used (see Methods) allowed strong and stable expression of GFP-Vangl2'#
at 20 days post-electroporation (P20, Fig. 5a). In this situation, mislocali-
zation of Vangl2 immunoreactivity was observed in 82% of GFP-positive
ependymal cells (9/11 analysed cells from 3 mice). Indeed, Vangl2 accu-
mulated in cytoplasm aggregates but failed to accumulate at the caudal
membrane (Fig. 5b), consistent with the observations in cultures derived
from Vangl2'? mice (Supplementary Information, Fig. S7c, d). By con-
trast, surrounding, non-transgenic cells (Fig. 5b, arrows) or cells express-
ing GFP only (Fig. 5¢; 10/10 analysed cells from 3 mice) showed normal
asymmetric distribution of Vangl2. These results show that expression
of Vangl2'? is functionally dominant and disturbs the normal Vangl2
pathway, as suggested in previous studies®*.

Then, we analysed the directionality of ciliary beating of isolated
transgenic cells expressing either GFP-Vangl2'f or GFP alone, by visu-
alizing fluorescent bead trajectories on whole-mount preparations
of lateral ventricles. GFP-Vangl2'#-expressing cells showed random
propelling directions, in contrast to their GFP-negative neighbours,
all of which propelled beads in a common caudo-rostral direction
(Fig. 5e, f; Supplementary Information, Movies 10-12). Cells express-
ing only the GFP protein propelled the beads in the same direction as
their GFP-negative neighbours (Fig. 5g, h; Supplementary Information,
Movies 13, 14). Vangl2 is thus required for ependymal ciliary alignment
response to flow in vivo in a cell autonomous manner. Together with
the in vitro results, this shows that the mammalian ciliary orientation
process couples hydronamic forces and the PCP protein Vangl2.

Ciliary mutant cells show proper Vangl2 asymmetric localization

but randomized basal body orientation

To study cilia involvement and to further analyse how the core PCP
protein Vangl2 is involved in ciliary alignment, we used a conditional
mutant mouse deprived of ependymal cilia because of the absence of
the protein Kif3a, which is involved in ciliogenesis (Kif3a®*, Fig. 6a)*.
Basal bodies are normally docked at the apical membrane of Kif3a“<°
mutant cells and Vangl2 keeps its proper apicocaudal localization
(Fig. 6b-d), showing that this asymmetry does not involve cilia-related
information, and suggesting that Kif3a“*° ventricles maintain normal
polarization. However, at P21, basal feet were randomly oriented in
Kif3a®*® mutant cells (<1’CEH>K“3@‘CKO =0.45 + 0.03; 80% random cells;
Fig. 6e, f, g dark grey). At the tissue level, analysis of cell direction
(arrows in polar diagrams) allows quantification of cell alignment
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in ventricles (Supplementary Information, Fig. S4). Although wild-
type ventricles showed increasing cell alignment during development
(<P > =042 0,135 <y P =0.67 £ 0.03), P21 Kif3a% ven-

>Kif3aCKO — () 14
+0.05; Fig. 6g light grey), showing complete absence of cell alignment.
We reproduced this experiment with the Ift88°%° ciliary mutant™ (Ift88
is also a protein required for ciliogenesis) and, similarly, we observed

tricles had cells pointing in random directions (<r,

Ventricle

ependymal cells with disorganized basal body orientation, despite
proper Vangl2 apicocaudal localization (Supplementary Information,
Fig. S8a—c). This confirms the involvement of cilia rather than Kif3a in
the orientation process. Interestingly, our results show that the asym-
metric localization of Vangl2 is not sufficient to orient, or even bias,
basal bodies at the tissue and cell levels, as could have been suggested by
a previous study'”. Together with the random orientation of basal bodies
found in young ependymal cells (Fig. 1; Supplementary Information,
Fig. S2), this shows the absence of a cilia-independent pre-patterning
that would bias basal body docking orientation in the ventricular walls,
as opposed to what was described in Xenopus'*'”.

DISCUSSION

Our results support an original orientation mechanism for ependymal
cilia, whereby basal bodies first dock apically with random orienta-
tions, and then reorient in a common direction in response to coupling
between hydrodynamic forces and the PCP pathway, within a definite
time-frame (Fig. 7). Interestingly, we have shown that none of these
signals can act on its own, as could have been hypothesized on the basis
of other studies”'*5.

Such a mechanism is different from the two-step process described in
Xenopus larvae skin. There, outer non-ciliated epithelial cells instruct the
orientation of intercalating ciliated cells through a non-cell autonomous
PCP pathway, biasing the orientation of basal bodies docking along the
embryonic axis, independently of ciliary function. This bias enables the
creation of a directed fluid flow that allows subsequent refinement of
ciliary alignment'*". Instead, in the brain ventricles, we found no bias
in the orientation of basal body docking, either in young wild-type cells
(Fig. 1c, d, S2g) or in mature cells from our ciliary mutants (Fig. 6e-g;
Supplementary Information, Fig. S8a-c), indicating the absence of pre-
patterning in basal body docking. Moreover, our in vivo Vangl2"? electro-
poration experiments argue in favour of a cell-autonomous polarization
of basal bodies, as isolated electroporated cells beat in random orien-
tation and were not rescued by their non-electroporated neighbours
(Fig. 5e, f; Supplementary Information, Movies 10-12). Thus, the CSF
flow would provide the initial long-range polarization bias leading to cili-
ary alignment at the tissue level. Indeed, in mammalian lateral ventricles,
a pressure gradient arising from CSF secretion in the choroid plexus
(developing from embryonic day 14) and absorption in the foramen of
Monroe is very likely to initiate CSF flow in the caudo-rostral direction
before cilia growth?*. Hydrodynamic forces would thus align young
randomly oriented cilia in the direction of flow when they start beating,
enhancing CSF flow by a positive-feedback mechanism®'* (Fig. 7).

The major feature of the mechanism highlighted here is the interplay
between hydrodynamic forces and a PCP pathway mediated by Vangl2.
How might this coupling be achieved? The requirement of cilia in basal
body polarization, and the localization of Vangl2 along them, suggest
that this coupling could involve ciliary Vangl2. Located from cilium tip
to base, Vangl2 lies in a central position between ‘sensor’ proteins such
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as polycystins, mutants of which develop hydrocephalus®, and basal
body localized Vangl2 effectors such as Dishevelled*, which is involved
in Xenopus basal body pre-patterning'®, and that localizes at ependymal
basal bodies (Supplementary Information, Fig. S8d, e). Vangl2 could
therefore be involved in a sensing signalling pathway that could either
lead to a permissive response where cilia would rotate in the cell cortex
under the influence of hydrodynamic forces and align with the flow; and/
or amore active response that would polarize the cytoskeleton and reori-
ent basal bodies in the flow direction. The genetic interaction between
Bardet Biedl Syndrome (BBS) proteins and Vangl2, reported in mouse
cochlea, is consistent with this second hypothesis**2. Given the spotty
Vangl2 staining that resembles that of intraflagellar transport proteins
(IFT)*, and the fact that BBS4 is present in the cochlear cell cilium*
and was shown to be involved in the targeting of cargos toward the
pericentriolar region®, it would be interesting to test whether ‘activation’
of Vangl2 in response to flow could be its loading on IFTs and targeting
to the basis of the cilium?**, where it could interact with Dishevelled
localized in the vicinity of basal bodies. Vangl2 was previously described
along human respiratory cilia, which were recently found to have sen-
sory functions®, suggesting that similar mechanisms may exist in other
organs’'. Ependymal cilia also express receptors for EGF**, PDGFA™ and
P2X7 (ref. 51): this argues for their sensory function and is consistent
with the major role of ependymal cells in neuroblast migration?®, and as
primary cells generating neurons and glial cells after stroke™.

This ciliary alignment mechanism uncovers a direct link between fluid-
mediated orientation and the PCP pathway, adding hydrodynamic forces
to the signalling cues influencing PCP. According to this mechanism, the
CSF flow could constitute the initial polarization cue that biases ciliary
orientation, replacing the pre-patterning observed in other epithelia'”". It
also provides a long-range polarity signal that extends beyond cell neigh-
bours, adapts to surface irregularities and ensures ciliary polarization
throughout the tissue. In addition, this coupling provides flow-induced
ciliary orientation with a pathway specialized in cytoskeleton asymmetric
reorganization. The molecular deciphering of this coupling, which could
be relevant in polarization of other type of mammalian cilia, is of prime
interest to better understand ciliary dysfunctions involved in human dis-
eases and to study morphogenesis mediated by fluid flow™. O

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturecellbiology/

Note: Supplementary Information is available on the Nature Cell Biology website.
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METHODS

Transgenic mice. All animal care was in accordance with the guidelines of the
National Institutes of Health and European law. The Vangl2'#"'* mutant mice bear-
ing the Lp mutation of Vangl2 gene were described previously's**. The hGFAP-Cre
mouse line containing 2.2 kb of the hGFAP promoter linked to the coding region
of Cre recombinase, Kif3a" mice containing loxP sites flanking exon 2 of the Kif3a
gene, Kif3a™* mice and Ift88"/ mice were described previously?>36:54%,

Electroporation. Plasmid: we used a Vangl2 fluorescent construct containing the
Lp mutation. GFP-Vangl2'? expression cassette from the pGFP-C3-Vangl2'#*
was inserted into a eukaryotic expression vector based on the chicken B-actin
promoter and the CMV enhancer (pCX-MCS2, a derivative of pPCAAGS®) to
increase gene expression. Plasmids were prepared by using an EndoFree Plasmid
Kit (Quiagen Maxiprep Kit, cat. no. 12362) and resuspended in PBS (final con-
centration 5 pg pl™).

Postnatal electroporation protocol: electroporations were performed as
described previously”. Ciliary beating of GFP-Vangl2'? electroporated ependymal
cells (GFP*) were analysed by visualization of red fluorescent beads trajectories on
whole-mount preparation immediately after dissection between P14 and P20.

Cultures. Cells from the subventricular zone of newborn mice were dissociated,
resuspended in fresh medium, plated at high density in 10% FCS containing
medium, and allowed to grow to confluence. Pure confluent astroglial monolayers
were plated at a density of 7x10* cells/cm* and maintained in serum-free medium
for ependymal differentiation.

Flow set-up. Rotating units and shear stress: each unit is made of one circular
rotating plate in Plexiglas (3.2 cm diameter, manufactured at The Curie Institute,
Paris, France), which is fixed to a motor rotating continuously (1271 series, gear
ratio 188:1, 12V dc, McLennan). Each rotating plate is in contact with the culture
medium in each well and drags it in its rotation thus creating a shear flow over
cells. With such a set up, the shear stress T applied upon cells depends on the
circular plate rotation speed €, the distance from the axis  and the height of
the plate h (Fig. 2b and Supplementary Information, Fig. S5d) and is given by:
T=1Q r/h, n being the medium viscosity. All units are held together by a 6-hole
Plexiglas plate which is fixed to a micrometric displacement set up that allows to
settle precisely the height at which circular plates rotate, and therefore the shear
stress applied. Everything is fixed on a duraluminium plate and connected to
a power supply (Supplementary Information, Fig. S5¢). It is worth noting that
ciliated cell cultures did not differentiate in ‘classic’ flow chambers.

Power supply (Supplementary Information, Fig. S5c¢, inset) was designed and
manufactured in The Curie Institute (Paris, France). It is connected to the set-up
described above and converts the 220V AC from the mains into 15V DC and
delivers a maximal intensity of 1A. Six sources of controlled tension are in paral-
lel on this 15V generator providing each motor with power independently. Each
source contains a potentiometer to adjust the tension at each motor between 2V
and 12V, allowing tuning of each motor rotation speed and thus controlling the
shear stress generated by each rotating plate in each culture.

We chose the parameters of the experimental study so that the shear stress
applied during growth at distance r = 1 cm from the rotation axis, where culture
will be subsequently analysed (Supplementary Information, Fig. S5e), remains
comparable to physiological values for mature cells. We estimated the physiologi-
cal shear stress T_ that cells experience in vivo by measuring bead mean velocity
V above mature lateral ventricle walls (>P20), estimating the height h at which
measurements were made. T, is then given by T ~n V/h, (n =8 10-* Pa.s for DMEM
at 37°C”). We found V = 45.6 + 2.5 um s (n = 83 beads) measured at h = 20 um
leading to T ~ 1.8 10 Pa = 0.018 dyn/cm?”. Therefore, we applied a range of shear
stress T =1.0-1.8 10~ Pa over cells in cultures. We generated this range of shear
stress by setting the rotating plates at height 1 = 4 mm and by settling the rotation
speed Q) in the range Q) = 5-8.6 rounds min™'. Both directions of rotation (clockwise
and anticlockwise) were equally used in our experiments.

Immunostaining. Brain ventricles and cell cultures were fixed in 4% para-
formaldehyde (for F-actin, acetylated a-tubulin and CD24) or in methanol at
-20°C (for B-catenin, CTR453, Vangl2, TAP, y-tubulin, ZO1, Dvl1, GFP and
acetylated a-tubulin). Tissues and cells were pre-blocked in PBS with 0.1%
Triton X-100 and 10% fetal calf serum (FCS) and incubated overnight with the

METHODS

primary antibodies. The following antibodies were used: mouse IgG1 anti-f-
catenin (1:500; Chemicon), mouse IgG2b anti-CTR453 (1:10; ref. 58), rabbit
pADb anti-Vangl2 (1:500; ref. 32), mouse IgG1 anti-acetylated a-tubulin (1:1000,
Synaptic Systems), rat anti-CD24 (1:100; BD Pharmingen), rabbit pAb anti-y-
tubulin (1:500, Sigma), rabbit pAb anti-dvll (1:200, Santa Cruz), rabbit pAb
anti-GFP (1:200, Molecular Probes), rabbit anti-ZO1 (1:100, Zymed), rhodamin
and fluorescein phalloidin anti-F-actin (1:1000; Invitrogen) and species-spe-
cific secondary antibodies (Molecular Probes or Jackson ImmunoResearch).
Tissues and cells were counterstained with DAPI (10 pg ml™, Sigma), mounted
in Fluoromount and examined with a fluorescent upright microscope or a fluo-
rescent confocal microscope (DM IRBE and SP2 Leica). For acetylated a-tubulin
and TAP immunostainings under methanol fixation, samples were pretreated
with 0.1% Triton X-100 in PBS for 5 min before fixation to preserve cilia struc-
ture. For CD24 immunostaining, no Triton was used.

Microscopy. For scanning electron microscopy, brains ventricles were dissected
as described previously® and viewed using a JEOL (Akishima, Japan) scanning
electron microscope. For transmission electron microscopy, brains from P4 and
P21 mice were sectioned into 200 um slices using a vibratome (VT 12008, Leica).
Sections of the rostral lateral and dorsal walls of the lateral ventricle were taken
apartin PBS under a dissecting microscope. Cultured cells or ventricle slices were
fixed in 2.5% glutaraldehyde and 4% paraformaldehyde. Tissues were treated with
1% OsO4. Fixed specimens were washed and progressively dehydrated. Samples
were then incubated in 1% uranyl acetate in 70% methanol. Final dehydratations
were made. Samples were pre-impregnated with ethanol/epon mix (2/1, 1/1, 1/2
ratios subsequently), and impregnated into epon. Samples were then mounted
into epon blocks for 48 h at 60°C to ensure polymerization. Ultrathin sections of
70 nm were cut using an ultramicrotome (Ultracut E, Reichert-Jung) and analysed
using a Jeol 10-11 transmission electron microscope.

In vitro phase-contrast and fluorescent videomicroscopy were performed on a
Zeiss inverted microscope (Axiovert 200M) fitted for immunofluorescence in a
room with the temperature controlled at 27°C. Images were acquired with a CCD
camera (ORCA-ER, Hammamatsu) operating in streaming mode. Time-lapse
sequences were acquired to analyse 0.75 um diameter fluorescent bead move-
ments (fluoresbrite carboxylate microspheres, Polyscience). Time between two
frames was 1 s; exposure time was 470 ms per frame; binning was 2 x 2 pixels.
Z projection of the maximum intensity of a stack of 100 slices represent beads
trajectory. In vivo videomicroscopy was performed on a Leica DM IRB inverted
microscope. Time-lapse sequences were acquired with a CCD camera (C4742-95,
Hammamatsu) using OpenLab™ software. Time between two frames was 273 ms;
exposure time was 11 ms per frame; binning was 1 x 1 pixels.

Data analysis. For analysis of basal body orientation: basal bodies scoring, meas-
urement of mean polar orientation of ciliated cells and average circular standard
deviation (CSD) calculation is described in Supplementary Information, Fig. S4.
Circular data were plotted on circular diagram: arrow angle (a,,) represents
the mean ciliary direction of cells and arrow length (r ) represents 1-circular
variance of cilia within the cell. Circular distribution of basal bodies in each
cell was compared to a uniform distribution using the Rayleigh test (P <0.05).
Values for vector lengths were compared using a two-tailed unpaired Student’s
t-test when distributions were found to be normal, otherwise two-tailed Mann-
Whitney test was used. Circular and linear statistics were done with StatistXL
software (Broadway). Circular plots were done with Matlab (The Mathworks).
All averaged data are given as mean + s.e.m.

For analysis of bead-propelling directions, fluorescent video-microscopy images
were first reoriented according to their location in the culture so that the applied
flow direction always points horizontally toward the right. From the stacks of
images, two-dimensional bead trajectories were obtained by single-particle track-
ing using the Metamorph software. Single-particle tracking was performed on one
bead at a time in 10 zones covering each 80 x 80 um? microscope field analysed.
The position of a given bead (x, y coordinates) on each frame was defined as the
centroid (geometric centre) of the fluorescent spot corresponding to that bead. To
minimize positioning error, image background from the centroid calculation was
excluded by setting a brightness threshold. Single bead instantaneous velocities and
directions are inferred from 2 consecutive frames. Each bead was tracked during
seven frames. The mean bead velocity direction was then calculated for each bead.
This operation was repeated in five 80 x 80 pm* microscope fields in each of the
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SUPPLEMENTARY INFORMATION

Figure S1 Cilia generated flows. (a, b) Ciliary driven ependymal flow emerges
postnatally. Fluid flow visualized by movement of India ink drop onto the
lateral wall of the lateral ventricle. (a) In P1 samples, no directional flow
was observed and the stain expands due to ink diffusion in the liquid. (b)

In P7 samples, ependymal flow becomes clearly directed towards rostral
regions (red arrow). Scale bar: 2 mm. (c-e) Flow patterns generated by
ependymal cells resemble the one created by a single stationary force in

the fluid. (c) Fluorescent bead trajectories generated by a single ependymal
cell observed with a video microscope in a plane ~20 pm above the cell
monolayer. Observed bead pathlines are consistent with the flow pattern
calculated in (b). This suggests ependymal cell generated flow ~20 um
above cell monolayer is steady and can be described by a steady force acting
in the fluid with good approximation as carried out in Ref.°. (d) Velocity

field generated in the (x, y) plane (parallel to the surface) by a single steady
force fin the fluid (green arrows) pointing along the x axis at height h.

Units: x/L, y/L, L being the cilium length. Assuming a single cell exerts an
average force fin the fluid, the flow generated by this cell at distance d > L
decreases rapidly as f/d° (see Ref.? for further details). Hydrodynamic forces
upon cilia tend to orient each of them in the flow direction, and can lead to
their spontaneous collective alignment or alignment with an external flow,
provided that their beat frequency or amplitude are large enough®. However,
when the distance between cells is too large, hydrodynamic interactions
could be too weak to lead to their alignment. This could explain why separate
clusters of cells displayed no coherence in their propelling directions as
observed here (Fig. 2e and Movie S4). (e) 3D velocity field showing the flow
generated by this single force. Units: x/L, y/L. Scale bar: 6 ym.
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Formation, docking and orientation of basal bodies

stage 1

Orientation of immature

rresondence eteen matuity stages and basal body alignment

g Mean Vector Length (rcen)
(BB alignment within single cells)

0.79

0.19

100% 18%

random cells|

stage 3

stage 2

random cells

Figure S2 Analysis of young BB orientation. In a P4 ventricle, all ependymal
cell maturation stages are observable. We determined three stages of
maturation. (a) Stage 1 ependymal cells display deuterosomes building BB
deep inside the cytoplasm. (b) Stage 2 ependymal cells display electron-
dense deuterosomes, apically localized, and immature BB docked at the
cell surface. At this stage, immature BB exhibit the first sign of asymmetry
characterized by electron-dense dots flanking two microtubule triplets (black
arrowheads) and some also display a young, faint BF (arrows; see higher
magnification in d). (c) Stage 3 ependymal cells display mature BB with
dark BF (dashed arrows). At this stage, immaturity features (deuterosomes
and dots) have disappeared. In allstages, electron dense aggregates are
observable in BB vicinity (red arrowheads in a, b, c) as described in Ref.17.
They are fewer at stage 3 and disappear in mature cells. (d, e) Analysis

of stage 2 BB with electron-dense dots and faint BF allows us to number

microtubule triplets and to show that the position of the electron-dense
dots is reproducible (n=35): they flank triplet 4 and 5. The axis that passes
through the right dot and between triplet 1 and 9 (thus passing by the

BB center ; arrow in €) is at 16,5° +/- 0,5° (n=35) from the axis passing
between triplet 5 and 6 and the BF tip (dashed arrow in e), which is the
ciliary beating axis. (f) We therefore used these asymmetrically positioned
dots in order to orient immature BB without BF. By this way we managed

to analyze stage 2 cells with more than 20 BB. (g) Stage 2 cells display
poor BB alignment <rgg> = 0.19 + 0.05 as compared to stage 3 <rgg> =
0.79 + 0.06. Moreover, 100% of stage 2 cells display random BB circular
distribution as compared to only 18% in stage 3 cells (see Fig. S4 for r¢g
definition and random circular distribution criterion). This confirms the
progressive ordering of BB throughout development. Scale bar: 0.3 pmin a,
0.7 pminb,c, 0.25 pmind, 0.08 ymine, f.
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Figure S3 BB docking and orientation in a cell at stage 2. (a) TEM transverse
serial sections of a cell at stage 2 of maturation in a P4 ventricular wall. The
numbered BB are the ones for which the transition zone (3 to 18) and/or the
growing axoneme (1, 2, 4, 6) appear in one of the section, confirming their

SUPPLEMENTARY INFORMATION

: BB number a dots +16,5° =
H oBF
: 1 176 192,5
: 2 231 247,5
: 3 66 82,5
: 4 128 144,5
: 5 217 233,5
: 6 257 273,5
: 7 232 248,5
: 8 113 129,5
: 9 97 113,5
10 122 138,5
1 149 165,5
12 136 152,5
13 348 4,5
14 36 52,5
15 84 100,5
16 255 271,5
17 74 90,5
18 313 329,5

Rayleigh's test: p=0.385
13 >>> Random distribution

Mean vector length=0.24

docking at the apical cell membrane. (b) Example of BB orientation scoring
in this cell. These docked BB are then used to assess the level of alignment
within young ependymal cells. In this example, 18 docked BB were oriented
thanks to the 2 electron dots, as explained in Fig. S2. Scale bar: 1 pm.
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% eCtIOFl 2= 210 nm above

e —b->1o aBF’§
'y ¥

Resultant vector

CSDventricle =
180/11 [2(1-rventricle)]°* = 54°

Alignment along o,enyige-> 0°
Red arrows: Rayleigh test p<0.05

Figure S4 Quantitative analysis of basal foot orientation. Determination of
ciliary beating direction within cells was assessed by scoring putative (see Fig.
S2) or identified BF polar orientation (pointing toward effective stroke), in TEM
sections of ependymal cells from ventricular walls or from in vitro cultures.

(a) For a given cell, BF from 2 to 3 sections (separated from 210 nm) were
analyzed. For each sample (ventricular wall or cultured ependymal cells), all
section orientations were conserved and systematically aligned before analysis.
Therefore, all BF observed in one sample could be oriented relatively to the
others. For each cell, the orientation of 6 to 30 BF (agf) was determined with
a mean of 10 BF/cell in vivoand 9 BF/cell in vitro. (b) The angle ac and

the length e, of the resultant mean vector were calculated using ©statistXL
software (Broadway, Western Australia) for circular data and plotted on a circular
graphic using ©Matlab (The Mathworks, Inc., USA). Arrows point in the BF

Qcell

QVentricle

=275°

N7

13 cells from this mouse
<CSDcell > = 47°+/- 5°

mean direction within each single cell. Circular standard deviation (CSDg,) of
BF directions within single cells was calculated (CSDggy = 180/ [2(1-rgey)1H2)
for each cell. Hence, when BF alignment increases, r¢, increases and CSDcg
decreases. BF circular distributions within each cell were compared to a random
distribution using Rayleigh’s test and represented with red arrows when found
similar. (c) 13 vectors corresponding to the 13 cells analyzed in this mouse
ventricular wall were represented on the same graphic. (d) Using acg angles,
we calculated the mean ventricular angle ayenicre- (€) In order to represent

cell vectors of two animals from each analysis on the same graphics, we reset
Qyentricle ONt0 O° for each animal. (f) Vector length Ajenticle @nd ventricular CSD
(CSDyeptricle) representing the dispersion of “cell directions” (agg) within the
ventricle were calculated. Likewise, when cell alignment within the ventricle
increases, Rntricle iNCreases and CSDygyicle decreases. Scale bar: 0.7 pm.

WWW.NATURE.COM/NATURECELLBIOLOGY

© 2010 Macmillan Publishers Limited. All rights reserved.



Figure S5 Experimental set up and method of comparative analysis of

external flow and bead propelling directions. (a) Side view schematic of the
experimental set up. Each of the six circular Plexiglas plates is fixed to a
rotating motor. The height of the six unit set can vary to adjust the shear stress
applied over cells. (b) This set up is directly applicable onto classic 6-well
plates. (c) Picture of the set up used with four motors. Motors are connected to
a power supply controlling the rotation speed of each unit independently (inset).
This allows the control of the shear stress applied over cells in each well. (d)
Schematic illustrating the shear flow generated in the culture. The fluid in
contact with the rotating plate is dragged at the same speed by its rotation: the
generated flow decreases towards the bottom (pink arrows). Velocity and shear
stress also vary in the radial direction (increase with r): a definite distance from
the rotation axis must therefore be chosen to ensure that a similar shear stress

SUPPLEMENTARY INFORMATION

"0~1.5%

was applied in each zone of analysis. (e) Zones of analysis and local direction of
applied flow. In each culture (pink disc, symbolizing one well) we analyzed six
zones (red circles) equally spaced at six different times around the clock and all
laying on a r = 1 cm circle centered on the rotation axis (centered black point).
In each analyzed region, the flow applied during culture is tangential to the 1
cm circle (grey arrows). (f) Variations of shear stress (blue arrows) over a zone of
analysis (red circle) which is typically ~ 400pm wide. Because of the circular
flow generated by the set up, the applied stress T varies of +£1.5° in direction
and £2% in amplitude as compared to the zone center value. At this scale, the
flow can therefore be considered as straight and uniform over the whole zone

of analysis. /n vivo, cilia-powered flow is approximately straight over regions of
similar sizes (~ 500pm), but not at the ventricle scale (Fig. 1a, S1 and Ref.8),
which justifies the relevance of our study.
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Figure S6 Analysis of beads propelling directions. (a) Superposition of
phase contrast and fluorescent microscopy images displaying ciliary tufts
and one fluorescent bead (green spot circled in yellow). The bright white
spots are lipidic droplets. (b-g) Single bead tracking technique. Time-lapse
sequences of images were acquired using video microscopy to analyze 0.75
pum diameter fluorescent beads movements. Images were first reoriented
according to their location in the culture so that the applied flow direction
always points horizontally toward the right (thick grey arrow in h). Image
background was removed from each frame. The position of a given bead (x,
y coordinates) on each frame was defined as the centroid (geometric center)
of the fluorescent spot corresponding to that bead using single-particle

tracking tool in Metamorph software (yellow targets and blue spots). Bead
instantaneous velocity and direction are inferred from two consecutive
frames from bead positions in each frame. Single beads were tracked during
seven frames. The mean bead velocity direction was then calculated (yellow
arrow in h). Time between two frames: 1 s; exposure time: 470 ms per frame.
(h) The mean velocity direction of the tracked bead is plotted on a polar
diagram (yellow arrow). The applied external flow direction in this location of
the culture is indicated (thick grey arrow) and compared to the bead mean
direction. Same procedure is performed in every analyzed zone leading to
statistics on bead propelling direction displayed on polar diagrams in Figs.
2e, h, k, 4h, 5f, and 5h. Scale bar: 10 ym.
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In vivo (P20)

Dorsal

L» Rostral

VangI2Lp/Lp

Figure S7 Vangl2 localization at apical cell membrane. (a, b) Vangl|2 cell-cell borders at 10 DIV. Scale bar: 3 um. (c, d) Vangl2 is mislocalized
localizes asymmetrically at apical membrane both in vivo and in vitro. (a) in cultured cells from Vang|2LP'LP mice. Triple immunostaining with Vangl2
Double immunostaining with p—catenin (cell borders, green) and Vangl2 (red), p—catenin (cell borders, green) and CTR 453 (BB, green) antibodies
(red) antibodies staining at P20 shows that Vangl2 asymmetric localization of WT (c) and Vangl2LPLp mutant (d) multiciliated cells at 10 DIV shows
colocalizes with caudal cell-cell borders of ependymal cells. (b) Triple Vangl2 accumulation in cytoplasm aggregates in Vangl2LPtP mutant cells
immunostaining with p—catenin (cell borders, green), CTR453 (BB, green) without asymmetric localization at cell-cell borders compared to WT. Scale
and Vangl2 (red) shows asymmetric localization of Vangl2 at ependymal bar: 7 pm.
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Figure S8 Mutant 1ft88°K0 phenotype and Dvl1 localization in WT cells.
(a-c) 11t88CKO ciliary mutant cells display proper apical asymmetric
localization of Vangl2 but randomized orientation of basal bodies. (a) Double
immunostaining with Vangl2 (red), and CTR 453 (BB, green) antibodies
shows that [ft88°K0 mutant cells display proper Vang|2 asymmetric
localization at P20. (b, ¢) TEM of Ift88CKO mutant cells shows impaired

orientation of BF pointing in every direction (b) quantified within 28 cells
(260 BB) (c). Scale bar: 5 pmin a; 1 ym in b. (d, e) The PCP protein Dvl1

is localized in the vicinity of BB in multiciliated ependymal cells at 10 DIV.
Triple immunostaining with ZO1 (tight junctions, red), y-tubulin (BB, red) and
Dvl1 (green) antibodies of multiciliated ependymal cells at 10 DIV shows that
DvlI1 is localized in the vicinity of BB. Scale bar: 3 um in d; 0.5 ym ine.
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Supplementary Movie Legends

Movie S1 Fluorescent bead movements in a 5 DIV wild type ependymal cell culture. Multiciliated cells are sparsely distributed and propel green fluorescent
beads coming nearby mildly and in every direction. White dashed circles indicate beating ciliary tufts. Yellow arrows indicate local propelling directions.
Time-lapse series of superposed phase contrast and fluorescent video-microscopy images is first shown, followed by progressive sum of 100 fluorescent video-
microscopy images allowing to visualize bead trajectories. Each movie is played twice for visualization convenience. Motionless beads were removed. The
white spots are lipidic droplets.

Movie S2 Fluorescent bead movements in a 10 DIV wild type ependymal cell culture. By 10 DIV, cultures display many more ciliated cells that propel beads
more powerfully as compared to 5 DIV cultures. Cells are arranged in clusters (group of adjacent white dashed circles) propelling beads in a common direction
(yellow arrows). These propelling patterns suggest spontaneous alignment of cell propelling direction at cluster scale due to hydrodynamic interactions
between cells as proposed in Ref. 9. See Movie S1.

Movie S3 Fluorescent bead movements in a 10 DIV culture where external flow was applied during 5-10 DIV. Cells clearly propel fluorescent beads toward
the left coinciding with the direction of the flow applied during growth. Quantitative analysis of beads propelling directions confirms this effect (Fig. 2d)
showing that cilia of immature cells have the ability to respond to hydrodynamic forces by orienting in the applied flow direction. See Movie S1.

Movie S4 Fluorescent bead movements in a 10 DIV control culture. In contrast to cultures shown in movie S3, no external flow was applied during growth
here. Cultures display typical clusters of cells propelling beads roughly in the same direction at cluster scale, but without correlation between two separate
clusters (compare arrow directions in upper and lower groups). Note that conditions of culture are similar to movie S2. See Movie S1.

Movie S5 Fluorescent bead movements in a 15 DIV where external flow was applied during 10-15 DIV. Observed flow patterns look very similar to control
cultures where no flow was applied (see movie S4): clusters of cells propel beads in one common direction at cluster scale but with no correlation between
clusters, as confirmed by quantitative analysis (Fig. 2h). This shows that mature cells have lost their ability to respond to hydrodynamic forces and orient with
the external flow. See Movie S1.

Movie S6 Vangl2 immuno-localization in P20 ventricular wall. Z-stack (15 pm) of a double immunostaining with Vangl2 (red) and a cilia marker (TAP, green)
antibodies showing ciliary and apico-caudal localization of Vangl2 in P20 ventricular wall. Upper left panel shows Vangl|2 staining and Lower left panel shows
cilia staining.

Movie S7 Ciliary beatings in mature wild type cultures. The flow direction is indicated by fluorescent bead movement. Time-lapse series of superposed phase
contrast and fluorescent video-microscopy images. The white spots are lipidic droplets.

Movie S8 Ciliary beatings in mature Vangl2LPtP cultures. Ciliary beatings and bead propulsion appear very similar to wild type cultures suggesting Vangl2 is
not involved in ciliary beating. This is confirmed by measures of bead mean velocities in wild type and Vangl2LPLP cultures that are found very similar as well
(<Vyyr> =83+ 03 um/s (n = 166) and <Vypg100 > = 7.8 = 0.3 ym/s (n = 278) ; mean = s.d.). This strongly suggests Vangl|2LPLP single cilia have normal
beating pattern. See movie S6.

Movie S9 Fluorescent bead movements in a 10 DIV culture of Vangl2LPLP cells where external flow was applied during 5-10 DIV. Despite the directed flow
applied during growth, Vangl2LPLP cells propel beads in every directions, similarly to controls. Unlike wild type cultures, even adjacent cells propel beads in
random directions and no clusters of cell propelling beads coherently can be observed. These results shows Vangl2LPLP cells cannot respond to hydrodynamic
forces and orient with the flow. See Movie S1.

Movie S10-S12 Fluorescent bead movements in a P20 lateral ventricle wall electroporated with GFP-Vangl2LP. Cells successfully electroporated with the
GFP-Vangl2LP construct appear in green. Red beads display a smooth directed flow in the caudo-rostral direction except in the vicinity of electroporated cells
where propulsion occurs in every direction. Green beating cilia can be observed showing presence of GFP-Vangl2LP at cilia, consistently with WT Vangl?2 ciliary
localization. Time-lapse series of fluorescence video-microscopy images is shown, followed by progressive sum of 100 images enabling to visualize bead
trajectories. Each movie is played twice for visualization convenience. White arrows indicate normal caudo-rostral flow direction while yellow arrows point in
every direction illustrating the random beating directions of cells electroporated with GFP-Vangl2LP. Each movie was performed in a different animal.

Movie S13-S14 Fluorescent bead movements in a P20 lateral ventricle wall electroporated with GFP. As opposed to GFP-Vang|2LP electroporated cells, GFP
electroporated cells (in green) propel beads in the same caudo-rostral direction as their neigbhoring cells (white arrows). Each movie was performed in a
different animal

WWW.NATURE.COM/NATURECELLBIOLOGY 9
© 2010 Macmillan Publishers Limited. All rights reserved.



	Coupling between hydrodynamic forces and planar cell polarity orients mammalian motile cilia
	RESULTS
	DISCUSSION
	References
	METHODS
	Figure 1 Progressive orientation of ependymal cilia during development. (a) Schematic sagittal view of a mouse lateral ventricular wall. Ciliary beating directions at three caudo-rostral levels are indicated (arrows)8. The red square indicates the region analysed in b–g (CC, corpus callosum; Cx, cortex; LV, lateral ventricle; R, rostral; D, dorsal). (b, e) SEM of multiciliated cells showing preferential direction at P21 (red arrows). (c, f) TEM of cell transverse sections showing basal feet directions (arrows). (d, g) Quantification of basal feet directions in P4 (305 basal bodies in 30 cells from 2 mice, d) and P21 (563 basal bodies in 49 cells from 2 mice, g) mice. Arrows point in the mean direction of basal feet in each cell; arrow length rCell quantifies their alignment. Red arrows represent cells with random basal feet distribution (see Supplementary Information, Figs S2–4). (h–m) Primary culture of multiciliated ependymal cells at 5 div (h–j) and 10 div (k–m). (h, k) Cilia and cell borders are stained with detyrosinated α‑tubulin (1D5, green) and phalloidin (red) antibodies, respectively. One cluster of cells is shown in k. (i, l) Superposition of phase-contrast and fluorescent microscopy images. (i) Bead trajectories (green) follow the flow generated by ciliary beatings (yellow arrows) of each multiciliated cell (dashed circles). (l) Bead trajectories follow the flow generated by ciliary beatings of a single cluster of about 20 cells. (j, m) TEM of cell transverse sections showing basal feet directions (arrows). Scale bars, 2.5 μm (b), 5 μm (e), 1.4 μm (c, f), 20 μm (h, i, k, l) and 1 μm (j, m).
	Figure 2 External fluid flow applied over ependymal cells during maturation orients subsequent ciliary beatings in its direction. (a) Schematic representation of a cilium beating with an angle ϕ ≠ 0 with the flow (V). Hydrodynamic forces (f flow) act all over the cilium during its beating and create a torque (Mz flow) that tends to rotate the cilium beating plane and its basal body and align it with the flow9. (b) Set-up made of 6 similar units used to apply a physiological-like shear flow over cultures (see Supplementary Information, Fig. S5). (c) Each motor rotates a circular plate dragging the medium in its rotation and creating a shear flow over cells. Both directions of rotation (clockwise and anticlockwise) were used equally in experiments. (d, g, j) Flow patterns generated by ciliary beatings in cultures where external flow was applied between 5–10 DIV (d), 10–15 DIV (j), and control cultures (g). In g and j, flow patterns are generated by two separate cell clusters. (e, h, k) Scoring of bead propelling directions in each condition and comparison with the applied local flow direction (grey arrow, Supplementary Information, Fig. S6). n is the number of analysed zones. (f, i) Schematic of three separate clusters of aligned multiciliated cells beating in a common (f) or independent directions (i). Scale bars, 5 cm (b) and 20 μm (d, g, j).
	Figure 3 Vangl2 localizes asymmetrically at apical membrane and along cilia of multiciliated ependymal cells. (a) Schematic sagittal view of a mouse lateral ventricle wall. The red square indicates the region analysed in b–d. (b) Triple immunostaining with Vangl2 (red), β-catenin (cell borders, green) and CTR453 (basal bodies, green) antibodies at P4. (c) Double immunostaining with Vangl2 (red) and CTR453 (basal bodies, green) antibodies at P20 showing asymmetric localization of Vangl2 at the rear of multiciliated ependymal cells. (d) Double immunostaining with Vangl2 (red) and TAP (a cilia marker, green) antibodies showing ciliary localization of Vangl2 at P20 (see Supplementary Information, Movie 6). (e, f) Double immunostaining with Vangl2 (red) and CTR453 (green) or α‑tubulin (cilia, green) in vitro at 10 DIV show asymmetric localization of Vangl2 at apical borders and along ependymal cilia in vitro. Scale bars, 5 μm (b, c), 3 μm (e) and 1.5 μm (d, f).
	Figure 4 Vangl2 is required for cilia orientation response to flow in vitro. (a) Primary cultures of neural stem cells from Vangl2Lp/Lp E18.5 brains differentiate into multiciliated ependymal cells after 10 DIV. Cilia are stained with antibodies against detyrosinated α‑tubulin (1D5, green) and cell borders are stained with phalloidin (actin, red). (b) TEM of a cilium transverse cut showing normal ciliary ultrastructure. (c) Increase in the percentage of multiciliated ependymal cells over time in wild-type (WT) and Vangl2Lp/Lp cultures. In both cultures, about 70% of neural stem cells differentiated into multiciliated ependymal cells by 15 DIV. (d, g) Bead trajectories in cultures from Vangl2Lp/Lp mutants without (d) or with (g) flow applied from 5–10 DIV. (e, f) TEM analysis and quantification of ciliary alignment in 15 cells (121  basal feet) from WT cultures at 5 DIV, 41 cells (352  basal feet) from WT cultures at 20 DIV and 32 cells (294  basal feet) from Vangl2Lp/Lp cultures at 20 DIV. Error bars represent s.d. (h) Quantitative analysis of propelling directions confirmed no correlation with external flow (n is the number of analysed zones). (i) Schematic representation of a cluster made of multiciliated cells beating in every direction. Scale bars, 20 μm (a), 0.1 μm (b), 20 μm (d, g) and 1 μm (e).
	Figure 5 Vangl2 is required for in vivo cilia orientation. (a) At P20 (20 days post-electroporation), GFP–Vangl2Lp electroporated cells were observed lining the lateral ventricular walls (GFP, green, white arrows; CD24, red). (b, c) Triple immunostaining of P20 lateral ventricular walls with Vangl2 (red), GFP (green) and β‑catenin (green) antibodies. In GFP–Vangl2Lp electroporated cells, Vangl2 accumulated in cytoplasm aggregates but failed to accumulate at the caudal membrane as compared with neighbouring cells (arrows) or cells electroporated with GFP alone (arrowhead in c). Stars indicate electroporated cells. (d) Schematic sagittal view of a mouse lateral ventricle wall. The red square indicates the ventricular wall region analysed in e and g. (CC, Corpus Callosum; Cx, cortex; LV, lateral ventricle; R, rostral; D, dorsal. (e, g) Bead trajectories at P20 show global caudo-rostral-directed flow corresponding to aligned ciliary beatings (red arrows), except in the vicinity of GFP–Vangl2Lp electroporated cells (arrowhead in e), showing random beating orientations (green arrow; Supplementary Information, Movies 10–12). In contrast, GFP-electroporated cells (arrowhead in g) propel beads in the same direction as their neighbours (Supplementary Information, Movies 12–13). (f, h) Quantitative analysis showing random propelling directions of GFP–Vangl2Lp electroporated cells (f) in contrast to GFP-electroporated cells, which propel beads in the caudo-rostral direction (h). Scale bars, 15 μm (a), 10 μm (b, c) and 100 μm (e, g).
	Figure 6 Kif3aCKO ciliary mutant cells show proper apical asymmetric localization of Vangl2 but random orientation of basal bodies. (a) SEM of Kif3aCKO lateral ventricular wall at P20. (b, c) Confocal and TEM images showing basal bodies (red) at the apical cell membrane in wild-type (b) and in Kif3aCKO mutants (c); green: cell junctions (β-catenin), blue: nucleus (DAPI). (d) Vangl2 shows proper asymmetric localization at the rear of Kif3aCKO mutant cells (white arrows). (e, f) TEM of Kif3aCKO mutant cells showing impaired orientation of basal feet pointing in every direction (e) and quantification of basal feet orientation within 44 cells (433 basal bodies) in 2 mice (f). (g) Quantification of ciliary alignment at single cell level (dark grey) and cell alignment at ventricular level (light grey) in wild-type (WT) mice at P4 (30 cells, 305  basal bodies, Fig. 1 data set), P21 (49 cells, 563  basal bodies, Fig. 1 data set) and in Kif3aCKO mice at P21 (44 cells, 433  basal bodies). BF, basal feet. Error bars represent s.d. Scale bars, 6 μm (a, d), 5 μm (b, c), 1.1 μm (b and c insets) and 0.7 μm (e).
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