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Abstract

During the first postnatal week of mouse development, radial glial cells lining the ventricles of
the brain differentiate into ependymal cells, undergoing a morphological change from pseu-
dostratified cuboidal cells to a flattened monolayer. Concomitant with this change, multiple
motile cilia are generated and aligned on each nascent ependymal cell. Proper ependymal
cell development is crucial to forming the brain tissue:CSF barrier, and to the establishment
of ciliary CSF flow, but the mechanisms that regulate this differentiation event are poorly
understood. The Jhy°“ mouse line carries an insertional mutation in the Jhy gene (formerly
4931429111Rik), and homozygous Jhy'2°?a°Z mice develop a rapidly progressive juvenile
hydrocephalus, with defects in ependymal cilia morphology and ultrastructure. Here we show
that beyond just defective motile cilia, Jhy’2°%"@°Z mice display abnormal ependymal cell dif-
ferentiation. Ventricular ependyma in Jhy#°“’@°Z mice retain an unorganized and multi-lay-
ered morphology, representative of undifferentiated ependymal (radial glial) cells, and they
show altered expression of differentiation markers. Most Jhy/#°“"3°Z gpendymal cells do
eventually acquire some differentiated ependymal characteristics, suggesting a delay, rather
than a block, in the differentiation process, but ciliogenesis remains perturbed. Jhy/2°“%a=
ependymal cells also manifest disruptions in adherens junction formation, with altered N-cad-
herin localization, and have defects in the polarized organization of the apical motile cilia that
do form. Functional studies showed that cilia of Jhy#*“"#° mice have severely reduced motil-
ity, a potential cause for the development of hydrocephalus. This work shows that JHY does
not only control ciliogenesis, but is a crucial component of the ependymal differentiation pro-
cess, with ciliary defects likely a consequence of altered ependymal differentiation.

Introduction

The ependyma is a monolayer of multiciliated epithelial cells that lines the ventricles of the ver-
tebrate brain [1]. Ependymal cells serve as a protective barrier between the cerebrospinal fluid
(CSF) and the brain tissue, and they are believed to contribute to CSF flow through the ventric-
ular system by the coordinated beating of their apical motile cilia [2-4]. The ependyma pro-
duces a small amount of CSF (the majority of the CSF is secreted by the choroid plexus), but
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paradoxically also absorbs CSF, and provides metabolic support to developing neural stem
cells [5,6]. Mouse models with loss of ependymal ciliary motility often develop hydrocephalus,
a pathologic increase in ventricular CSF volume, presumably because ciliary stasis reduces
both CSF flow and its absorption [7-10]. Mutations in the Hydin gene, for example, cause the
production of ependymal cilia that are structurally normal, but are immotile due to microtu-
bule defects [11,12]. Hydin mutant animals develop outwardly visible hydrocephalus within
the first postnatal week, and die by 7 weeks of age [13].

Ependymal cells are postmitotic cells that develop from radial glia, a precursor that also
gives rise to neurons, astrocytes, and oligodendrocytes [6,14-16]. The terms maturation and
differentiation are often used interchangeably to refer to the transition from a radial glial cell
to a multiciliated ependymal cell. The Gene Ontology consortium defines differentiation as
“the process whereby a relatively unspecialized cell acquires specialized features of a specific
cell type”, and maturation as “a developmental process, independent of morphogenetic
(shape) change, that is required for a cell to attain its fully functional state”. As the ependymal
transition involves clear changes in cell morphology, we will use the term differentiation here
to describe this process [17]. The transition from radial glia to ependymal cells occurs during
the first postnatal week in the mouse, with the differentiation process moving as a wave across
the ventricular surfaces in a caudo-rostral/ventro-dorsal/latero-medial gradient [2,15]. As
radial glia differentiate to ependyma, they undergo a morphological change from pseudostrati-
fied cuboidal cells to a monolayer of flattened multiciliated cells, and become competent to
produce motile cilia. The factors that regulate the transition from radial glial cells to differenti-
ated ependymal cells are not well characterized, and many of the steps in motile ciliogenesis
are unknown. FOX]J1 is one protein required for ependymal differentiation and motile cilia
formation, and is thought to be at the top of a transcriptional hierarchy controlling these pro-
cesses. Mice lacking FoxJI have immature ependymal cells that lack cilia, and these animals die
in the early postnatal period from multiple abnormalities including hydrocephalus [18-20].
The homeobox gene Six3 is known to repress radial glial properties, therefore promoting dif-
ferentiation, and its disruption in mice results in ventricular walls lined with cells that display
a mixture of radial glial and ependymal characteristics [8].

As ependymal cells differentiate, they undergo massive replication of centrioles to generate
the basal bodies required for multiciliogenesis. Basal bodies arise centrally within the cell, but
migrate to one end through processes controlled by the planar cell polarity (PCP) pathway. This
basal body localization, termed translational polarity, is uniform in direction across the ventricu-
lar surface. Each basal body gives rise to a single cilium, with roughly 40 cilia formed per ependy-
mal cell [21]. These motile cilia are composed of microtubule polymers in a 9+2 arrangement,
with 9 outer doublets surrounding a central pair of singlet microtubules. The orientation of the
central pair determines the direction of bending of the cilia, and this orientation must be coordi-
nated across the tissue surface for proper CSF flow. Ciliogenesis progresses in a caudo-rostral/
ventro-dorsal/medio-lateral gradient as the ependymal cells differentiate, with caudoventral
regions of the lateral ventricles carrying abundant cilia by postnatal day 5 (P5), while rostral and
dorsal regions become ciliated later [15,22]. Ependymal differentiation and ciliogenesis is com-
pleted throughout the ventricular system by P21 [23,24]. Ciliary abnormalities in humans and
animal models range from a complete lack of cilia [19,25], malformation of the cilia [10,26], dis-
ruption of the axonemal structure [11,27], or the loss of ciliary motility, with or without mor-
phological abnormalities [28]. Loss of ciliary motility can result from altered microtubule
organization [29], defects in structural components such as radial spokes or dynein arms
[30,31], or changes in translational polarity that impact the direction of ciliary beating [32-34].

We reported previously that a loss of function mutation for the mouse Jhy gene (Jhy"*%)
causes congenital hydrocephalus that manifests by P1.5, and leads to death by 6-8 weeks of age
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[22]. Little is known about the Jhy gene, which was unstudied prior to our mapping of the Jhy-
la<Z integration. The Jhy sequence is conserved across vertebrates, but it has no identifiable
paralogs, nor does it contain any recognizable functional domains. As much effort has not
yielded an antibody that is competent for immunofluorescence, the cellular localization of the
JHY protein remains unknown. Homozygous Jhy"““"*“ mice develop fewer and shorter epen-
dymal cilia, and these cilia show loss of the central pair of microtubules. These data indicated
that JHY is required for proper ependymal ciliogenesis, but beyond this preliminary informa-
tion, how Jhy might regulate ciliogenesis was unknown. We now show that in addition to its
role in ciliary morphogenesis, Jhy is required for proper differentiation of radial glia to func-
tional ependymal cells. In this manuscript, we build on our previous work [22] to show that 1)
loss of Jhy causes defects not just in ciliary microtubule organization, but in the process of

ependymal differentiation itself—ependymal cells of Jhy'**/**

mice are delayed in their mor-
phological differentiation, with continued expression of a radial glial cell marker, 2) Jhy"*#/"**
ependyma have defects in ciliary translational and rotational polarity, aspects of epithelial
organization regulated by the planar cell polarity (PCP) pathway, 3) Jhy'**"** ependymal cells
display abnormal adherens junctions, with mislocalization of N-cadherin and p-catenin pro-
teins, and 4) Jhy'*#"*Z cilia are nearly entirely immotile (previously suggested but not proven),
providing a likely mechanism for the Jhy"*“* hydrocephalus. Jhy therefore plays a role in the
differentiation and functional specialization of ependymal cells, likely through structural (i.e.
adherens junctions) and gene expression changes that may be mediated by N-cadherin and B-
catenin.

Materials & methods
Animal maintenance

The generation of the Jhy"*““ mouse line has been previously described [22]. Briefly, /iy was

generated by a transgenic insertion on the FVB/N genetic background. The mice were main-
tained as heterozygotes by crossing to wild type FVB/N animals, then Jhy** mice were inter-
crossed to generate Jhy'*#/'**
sacrificed using carbon dioxide followed by cervical dislocation as directed by the Office of
Animal Care and Institutional Biosafety (OACIB). Genotyping of animals was performed as
previously described [22]. This study was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Office of Animal Care and Institutional Biosafety
(OACIB) within the Office of the Vice Chancellor for Research at the University of Illinois at
Chicago (Protocol #15-098).

and wild type littermate animals for analysis. Animals were

Histology

Mouse brains at P5, P10 and P14 were dissected and fixed in Bouin’s fixative for 18-24 hours
at room temperature (RT). Brains were rinsed in tap water followed by washes in 70% ethanol
with saturated lithium carbonate (Sigma-Aldrich, St. Louis, MO). Tissue was then dehydrated
in a graded series of ethanol washes, embedded in paraffin and sectioned into 8-10 pum sec-
tions using a Leica Microsystems RM2125 microtome (Leica, Wetzlar, Germany). All sections
shown are coronal unless stated otherwise. Paraftin was removed though xylene washes and
sections rehydrated in a series of ethanol washes. Brain sections were stained using Harris
hematoxylin and alcoholic eosin Y solution (Sigma-Aldrich, St. Louis, MO). Slides were subse-
quently dehydrated, washed in xylene and mounted using Cytoseal XYL (Fisher Scientific,
Pittsburgh, PA). Imaging was performed using a Leica MZFLIII dissecting microscope
equipped with a Leica DFC320 color camera (Leica, Wetzlar, Germany).
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Immunofluorescence

Mouse brains at P5 and P10 were dissected and processed as previously described [22]. Speci-
mens were paraffin embedded and cut into 8-10 um sections, and IF staining carried out fol-
lowing standard protocols. Heat antigen retrieval (0.3% sodium citrate, 0.05%, Tween-20 pH
6.0) was performed followed by tissue permeabilization (0.5% Triton X-100 in PBS) for 15
minutes at RT. Slides were blocked for 1 hour at RT (5% goat/donkey serum, 1% BSA, 0.75%
glycine, 0.5% Tween-20 in PBS), and incubated at 4°C O/N with primary antibody in a humid-
ifying chamber. Primary antibodies against the following antigens were used: FOXJ1 (mouse,
1:500; 14-9965, eBiosciences, San Diego, CA), Glast (guinea pig, 1:1000; AB1783, EMD Milli-
pore, Billerica, MA), Aca-Tub (mouse, 1:1000; T6793, Sigma-Aldrich, St. Louis, MO), Vimen-
tin (rabbit, 1:500; ab92547, Abcam, Cambridge, MA), S1008 (rabbit, 1:50; Z-0311, DAKO,
Carpinteria, CA), N-cadherin (rabbit, 1:50; sc-7939, Santa Cruz Biotechnology, Santa Cruz,
CA), B-catenin (mouse monoclonal, 1:250, 610153, BD Biosciences, San Jose, CA). The sec-
tions were incubated in secondary antibodies for 2 hours at RT: Alexa 488 goat anti-mouse
(1:250, Thermo-Fisher, Waltham, MA), Cy3 goat anti-mouse (1:250, Jackson ImmunoRe-
search, West Grove, PA), Alexa 647 donkey anti-rabbit (1:250, Jackson ImmunoResearch,
West Grove, PA), FITC goat anti-rabbit (1:250, Jackson ImmunoResearch, West Grove, PA).
Slides were DAPI stained (D1306; Thermo-Fisher, Waltham, MA) and mounted using Vecta-
shield mounting medium (Vector Laboratories, Burlingame, CA). Images were taken on a
Zeiss Axiovert 200M deconvolution microscope equipped with Axiocam 105 color and 503
monochrome cameras (Zeiss, Gottingen, Germany).

IF quantification

Quantification was carried out by examining slides in a blinded fashion, where an average of 5
animals per genotype and at least 3 sections per animal were prepared using numerical values
only. Pictures were taken from comparable ventricular areas, with 2-3 fields per slide photo-
graphed randomly. Images were taken with the Zeiss Axiovert 200M deconvolution micro-
scope, stored in tagged image file format and analyzed using FIJI Image]. At least 200 cells
were counted in each experiment and the data represents the percent of cells examined in
either ventral or dorsal ependyma. All images were taken with equivalent exposures across sec-
tions to allow for objective quantification. For the quantification of mislocalized proteins (i.e.
N-cadherin and B-catenin), significant displacement throughout the basolateral membranes
was required to score as mislocalized. Statistical analysis was performed with GraphPad
Prism®) 5.02 software (GraphPad Software, California, USA). Results are expressed as means +
standard deviation (SD). Statistical significance was calculated using a t-test and statistical sig-
nificance was set to p< 0.05 (* p<0.05, ** p<0.01, *** p<0.001).

Whole mount immunofluorescence

Medial and lateral ventricular walls from P10 mice were isolated in cold PBS and sectioned
using a Leica VT1000S vibratome (Leica, Wetzlar, Germany). Tissue was fixed in 4% PFA in
PBS O/N at 4°C, followed by blocking with 2.5% BSA, 0.2% Triton X-100 in PBS for 4 hours at
RT. Primary antibodies used: N-cadherin (rabbit, 1:50; sc-7939, Santa Cruz Biotechnology,
Santa Cruz, CA), y-tubulin (mouse 1:250; ab11316, Abcam, Cambridge, MA). Samples were
incubated with primary antibody for 24-48 hours at 4°C. Secondary antibody incubation was
performed at 4°C for 48 hours using Alexa 488 goat anti-mouse (1:250, Thermo-Fisher, Wal-
tham, MA) and Alexa 647 donkey anti-rabbit (1:250, Jackson ImmunoResearch, West Grove,
PA). Tissues were placed on glass slides, mounted and imaged using an Andor WD Spinning
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Disk confocal microscope system equipped with an Andor Neo sCMOS camera (Andor, Bel-
fast, UK).

Scanning electron microscopy (SEM)

Brains collected at P10 were fixed in Karnovsky’s fixative (2.5% glutaraldehyde, 2% parafor-
maldehyde, 0.1 M sodium cacodylate buffer pH 7.4) for 7 days at 4°C. Brain ventricles were
then split and fixed in Karnovsky’s for 4 additional days. Brains were washed in 0.1 M cacody-
late buffer and dehydrated through series of ethanol washes. Dehydrated tissue was immersed
in pure hexamethyldisilazane (HMDS) (EMS, Hatfield, PA) twice for 15 minutes at RT. Sam-
ples were covered in fresh HMDS and left under the hood until evaporated. Specimens were
mounted and sputter coated with gold/palladium using a Polaron E5100 coater (Polaron
Instruments, West Sussex, UK). Images were taken using a Hitachi S-3000N variable pressure
scanning electron microscope (Hitachi, Tokyo, Japan).

Rotational polarity analysis

Existing TEM micrographs of P5 ependymal cilia cross sections were reexamined to determine
basal foot orientation. The right-most basal body in each image was randomly chosen to act as the
reference. Using Fiji software (http://fiji.sc/Fiji), a line was drawn along the center of the basal
body, terminating at the tip of the basal foot. This line was copied without varying the angle to
each other basal body in the image. Independent lines were then drawn along the central length
of each of the non-reference basal bodies in the cluster. If all basal feet were perfectly aligned, each
pair of lines should be completely overlapping and the angle between them should be zero. If the
lines were not fully overlapping, the Fiji angle tool was used to calculate the angle between them.
To represent the full range of rotation from the reference, angles located to the right from a pre-
dominantly vertical reference line or above a predominantly horizontal reference line were labeled
as positive, while those to the left or below the reference were labeled as negative.

Recording and analysis of ependymal-generated flow

In vivo ciliary flow recordings were performed on P10 mouse ventricles. Lateral ventricles
were isolated and immediately dissected in cold DMEM supplemented with 25 mM HEPES,
followed by sectioning using a Leica VT'1000S vibratome (Leica, Wetzlar, Germany) to a final
thickness of 500 um. Sections were maintained in DMEM containing 25 mM HEPES at RT
during the recording period. FluoSpheres Carboxylate-Modified microspheres (0.5 um yellow-
green; F8813, Thermo-Fisher, Waltham, MA) were used to track the flow generated by epen-
dymal cilia. Live images were recorded at 300 frames per second using an Ultima In Vivo mul-
tiphoton laser scanning microscope (Bruker Nano Fluorescence Microscopy, Billerica, MA)
equipped with a 10X immersion objective and an optical zoom of 80X. Video rate image acqui-
sition was achieved by using the Ultima system resonant scanners. Imaris software was used to
analyze the tracked fluorescent particles and calculate the average speed of the beads (Bitplane
AG, Zurich, Switzerland).

Results

Ventricular ependymal cells are morphologically abnormal in Jh
mice

lacZ/lacZ

Ependymal differentiation and motile ciliogenesis are coordinated, with cilia formation initiat-
ing as ependymal cells undergo morphological differentiation. Proper ependymal differentia-
tion is likely required for ciliogenesis, as in mice lacking Foxjl, where the ependymal cells do
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not differentiate, they also do not undergo ciliogenesis. We considered that the morphological
defects observed in the cilia of Jhy"*“***# mice might be a result of altered ependymal cell dif-
ferentiation, with changes in ciliogenesis secondary to a differentiation block. To assess the dif-
ferentiation of Jhy'*** radial glial cells to ependyma, we examined the expression patterns
of cellular markers of undifferentiated radial glia and differentiated ependyma [7,8,35,36]. The
gradient of normal ependymal differentiation means that the cells of the medial wall are
noticeably advanced compared to cells of the lateral wall during the first postnatal week [6,15].
To be able to observe ependymal differentiation as early as possible during postnatal develop-
ment, while brain deformation from the hydrocephalus remains limited, our studies were per-
formed primarily on medial wall tissues from the lateral ventricles, the earliest-differentiating
region. When it has been possible to analyze lateral wall tissues, i.e. once lateral ependymal dif-
ferentiation has begun but before significant hydrocephalic changes occur, these data are pre-
sented as well.

The ependymal cell marker S100p is an EF-hand calcium binding protein expressed in
a variety of brain cell types, including all ventricular ependyma [37]. S100p protein was local-
ized by immunofluorescence (IF) to examine the ependymal cell morphology of Jhy™* and
Jhy"*#"%Z animals as these cells undergo the differentiation process (Fig 1A and 1B). S1006

*/* mice at P5 highlights the flattened appear-
lacZ/lacZ

expression in medial wall ependymal cells of Jhy
ance characteristic of differentiated ependymal cells (Fig 1A, bracket in inset). In Jhy
mice, however, medial wall ependymal cells retain a pseudostratified morphology, representa-
tive of undifferentiated radial glia (Fig 1B, bracket in inset). At this age, the later-differentiating
lateral walls of both ]hy” *and ]hyl“CZ/ lacZ entricles show a pseudostratified layer of radial glial
cells, indicating that differentiation has not yet begun in this region (Fig 1A and 1B). To more
clearly examine ependymal cell morphology, histological analysis was performed on both the
later differentiating dorsal, and earlier differentiating ventral, regions of the lateral ventricle at
P5 (Fig 1C-1G). In Jhy*"* brains, the medial wall displays a single layer of flattened ependymal
cells both dorsally (Fig 1D) and ventrally (Fig 1E), indicating that morphological differentia-
tion is complete by P5 in these animals. In Jhy"*#"*“ brains, however, dorsal cells display a
pseudostratified appearance resembling radial glia (Fig 1F), while ventral cells have taken on a
more differentiated morphology (Fig 1G). These marked differences in differentiation were
consistently observed in independent experiments using different animals (S1A-S1H Fig).
These results suggest that ependymal cell differentiation is altered in the medial ventricular
walls of Jhy"*“#/"*% mice, particularly in the dorsal region. As expected at P5, the lateral wall
cells appear undifferentiated by histological analysis in both dorsal and ventral regions of both
Jhy*'* and Jhy"*“"*% similar to what was seen with S100B (S2A-S2D Fig).

Jhy#°“"2¢Z mice show delayed ependymal cell differentiation

lacZ/lacZ - . .
acZ/lacZ ice, a time course of his-

To better track the delay in ependymal differentiation in Jhy
tology was performed. Sections were prepared from Jhy"* and Jhy"** "% animals at P5, P10
and P14, and examined for medial wall ependymal cell differentiation. It was not possible to
extend the time course beyond P14, as the overall morphology of Jhy"***“ brains became sig-
nificantly altered by the worsening hydrocephalus. As expected, Jhy*’* brains display a mono-
layer of differentiated ependymal cells both dorsally and ventrally by P5, which persists at P10
and P14 (Fig 2A, 2C and 2E, insets 2B, 2D and 2F). (Note the choroid plexus tissue that lies
between the closely opposed medial and lateral walls of Jiy** mice at P10 and P14, which
floats freely in the enlarged ventricle in Jhy" %) In Jhy'****Z mice, a small region of the
ventral-most cells appear to be differentiated at P5 (Fig 2G, bracket), but the cells are increas-
ingly undifferentiated in more dorsal regions (inset H). At P10, the region of differentiated
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Fig 1. Delayed differentiation of medial ventricular wall ependymal cells in Jhy'#°?'3°Z mice. (A, B) IF detection of S-100B in P5 coronal
sections from Jhy** (A) and Jhy#°?"2°Z (B) brains. The boxed region in each large image shows the region of the inset, and the white bracket
denotes the width of the cell layers marked by S-100B expression. A) Jhy** medial wall cells display a flattened, single cell-layered
differentiated ependyma, while B) Jh acZ/2eZ medial wall cells retain a pseudostratified undifferentiated appearance. (C) Schematic of lateral
ventricle showing regions designated as medial wall and lateral wall, dorsal and ventral. (D-G) H&E staining of sections of P5 Jhy** (D, E)
and Jhy#°?"a°Z (F G) lateral ventricle medial ependymal walls. Jhy*”* ependyma has a differentiated appearance in both dorsal and ventral
regions (D, E), while Jhy'#°?"3°Z remains undifferentiated dorsally, but is largely differentiated ventrally (F, G). MW, medial wall; LW, lateral
wall; LV, lateral ventricle; D, dorsal; V, ventral; L, lateral. Scale bars: 50um (A-B); 20um (D-G).

https://doi.org/10.1371/journal.pone.0184957.9001

cells has lengthened dorsally (Fig 21, bracket, inset 2]), moving as a wave-like transition to-
wards the roof of the ventricle. At P14, the differentiated ventral region has further lengthened
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P10

Jh ylacZ/IacZ Jh ylacZ/IacZ

Fig 2. Ventromedial ependymal cells progressively acquire differentiated ependymal characteristics. H&E staining of coronal sections of P5 (A, G),
P10 (C, I) and P14 (E, K) Jhy** and Jhy@°?"a°Z |ateral ventricles. Jhy*”* medial wall ependymal cells at P5 (A, inset B), P10 (C, inset D) and P14 (E, inset F)
display differentiated characteristics in both dorsal and ventral regions. The boxed region in each large image shows the area of the inset, the dotted line in
F indicates the medial ependymal cell layer. Jhy2°?"3°Z dorsal cells remain undifferentiated at P5 (G, inset H), P10 (1), and P14 (K, inset M). Jhy/2°#aZ
ventral cells progressively acquire a differentiated appearance (inset J, L), with the differentiated (bracketed) region advancing dorsally (G, I, K). CP,
choroid plexus; MW, medial wall; LW, lateral wall; LV, lateral ventricle. Scale bars: 100um (A-M).

https://doi.org/10.1371/journal.pone.0184957.9002

(Fig 2K, bracket, inset 2L), but the most dorsal cells remain undifferentiated at all ages that
could be examined (Fig 2K, inset 2M). Jhy"*#1% ependymal cell differentiation is therefore
delayed at least 9 days beyond the time point at which the last Jhy*"* dorsal cells are differenti-
ated. These results indicate that Jhy"*?*# medial wall ependymal cells do continue to differ-
entiate in the expected pattern, although we were unable to assay if the process is ever fully
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completed. Lateral wall ependymal cells, in both Jhy** and Jhy"*“* mice, appear largely dif-
ferentiated at P10, at least by morphological criteria.

Jhya°?"2°Z epnendymal cells retain expression of a radial glial marker

The delay in radial glial to ependymal differentiation was further characterized by IF using
stage-specific markers. Glast is a glutamate transporter that is highly expressed in radial glial
cells, but downregulated upon ependymal differentiation [6,8,38]. The intermediate filament
protein Vimentin is a marker of differentiated ependymal cells, and acetylated a-Tubulin (Aca-
Tub) can be used to visualize the ependymal cilia once they emerge [8,10]. These markers were
used to analyze Jhy"* (Fig 3A and 3E) and Jhy"*# (Fig 31 and 3M) medial ventricular wall at
P10. Quantification of visible gene expression in differentiated and undifferentiated ependymal
cells was performed on Jhy™* and Jhy"*““"*“ brains (Fig 3Q and 3R). Jhy*"* dorsal (Fig 3A-3D
and 3Q) and ventral (Fig 3E-3H and 3R) cells are Glast(-)Vimentin(+)Aco-Tub(+), indicative
of fully differentiated ependymal cells. In Jhy"“““"** mice, however, some dorsal cells retain
expression of the radial glial cell marker Glast, while also expressing the ependymal-specific
markers Vimentin and Aco-Tub (Glast(+)Vimentin(+)Aca-Tub(+), compare C to K and D to
L), a pattern not seen in wild type cells (Fig 31-3L and 3Q). These cells appear to be neither
undifferentiated radial glia, nor differentiated ependyma, but stalled at an intermediate stage
that ]hy+/ * cells rapidly transit. ]hyl“CZ/ lacZ vventral cells are Glast(-)Vimentin(+)Aco-Tub(+),
confirming the histological data that shows these cells are differentiated (Fig 3M-3P and 3R).
These data indicate that ventral cells, which appear morphologically differentiated at P10, are
also differentiated on the basis of their gene expression (Fig 3M-3P). Dorsal cells, however,
which remain morphologically undifferentiated, retain the expression of the undifferentiated
marker Glast (Fig 31-3L). These Glast(+)Vimentin(+)Aco-Tub(+) cells account for a small, but
statistically significant, percentage of dorsal ependyma in Jhy" " (Fig 3Q)). Nevertheless, the
Glast(+) regions of the Jhy"*““%* medial wall ependyma appeared to be too few in number to
account for the near complete failure of differentiation by morphological criteria. The failure to
silence Glast is therefore unlikely to be the primary cause of the differentiation delay, but rather
one consequence of a broader defect in ependymal differentiation, and further examination of
ependymal markers is warranted. We also analyzed the expression of differentiation markers in
the later-differentiating lateral ependymal wall at P5. Lateral wall of both Jhy*'* and Jhy'*#/%*
mice have ependymal cells that are Glast(-)Vimentin(+), in both dorsal and ventral regions
(S2E-S2H Fig). At this developmental stage it appears that the lateral walls in Jhy™* and
Jhy"*#1%% mice are equivalent in their differentiation status based on gene expression criteria.

FOXJ1 expression is unaltered in Jhy@°“"#°< mice

The transcription factor FOX]1 is upregulated as radial glia differentiate to ependymal cells,
and is required for proper ependymal development and ciliogenesis [39]. Altered expression
of FOXJ1 might underlie the defects in Jhy'**"'*# ependymal differentiation, with the reten-
tion of Glast expression a consequence of an altered developmental program. To determine
if FOXJ1 is involved in the Jhy"*?"*“ ependymal defects, FOXJ1 expression was examined by
IF in P5 lateral ventricle medial wall (Fig 4). In Jhy** mice, ependymal cells are positive for
FOXJ1 in both dorsal (Fig 4A-4C) and ventral (Fig 4D-4F) regions. Vimentin was used as a
marker for differentiated ependymal cells, and colocalizes with FOXJ1 in all cells. iy
ependymal cells are also positive for FOX]1, in both undifferentiated-appearing dorsal (Fig
4G-41I), and differentiated-appearing ventral (Fig 4]-4L), regions of the medial wall. There
was no significant difference in the number of Fox]1 positive cells in both dorsal (Fig 4M) and
ventral (Fig 4N) ependymal cells of Jhy"*“**# brains. These results indicate that while P5
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Fig 3. Jhy'2°#"3°Z mice exhibit delayed radial glial to ependymal cell differentiation. IF analysis of P10 lateral ventricle coronal sections
from Jhy** (A, E) and Jhy#°Z"2°Z (] M) mice for expression of Vimentin (pink), Glast (green) and Aca-Tub (orange) in dorsal (A-D, I-L) and
ventral (E-H, M-P) brain regions. Lower right panels (D, L, H, P) represent a higher magnification view of the merged image. In Jhy**, medial
wall dorsal and ventral cells express the differentiated ependymal markers Vimentin (A, B, E, F) and Aca-Tub (A, D, E, H), but are negative for
the radial glial marker Glast (A, C, E, G). In Jhy/3°#'2°Z prains, some dorsal cells remain positive for the undifferentiated marker Glast (1, K),
while also expressing the differentiated markers Vimentin and Aca-Tub (1, J, L). Jhy’“z""’czventral cells express only Vimentin and Aca-Tub
(M-P). The dotted line indicates the medial wall ependymal cells in (C, G, K, O). (Q-R) Graphical representation of the percentage of Glast(-)
Vimentin(+)Aca-Tub(+) (black bar) and Glast(+)Vimentin(+)Aca-Tub(+) (grey bar) cells in dorsal (Q) and ventral (R) ependymal cells. MW,
medial wall; LW, lateral wall; LV, lateral ventricle; * denotes p<0.05. Scale bars: 50um (A-P).

https://doi.org/10.1371/journal.pone.0184957.9003

Jhy'*#/1% ependymal cells retain an undifferentiated morphology, and continue to express a

radial glial marker, they do activate the ependymal differentiation protein FOXJ1. The cause of
the differentiation delay in Jhy*#'*# ependyma appears to lie downstream of FOX]J1, but
upstream of Glast.

acZ/lacZ

N-cadherin is mislocalized from Jh adherens junctions

The integrity of the radial glial cell layer, and the later ependyma, is maintained by junctional
complexes that bind cells at their adjacent membranes, and tether these membranes to the
internal cytoskeleton [40-42]. Adherens junctions (AJs) are one form of junctional complex,
and in addition to their structural roles AJs function as signaling centers through interactions
with cellular proteins such as the - and B-catenins [43-45]. The AJ complex is defined by the
presence of one of several cadherins, transmembrane proteins that interact with the homolo-
gous domains of cadherins on adjacent cells, and N-cadherin is the primary AJ protein
expressed in the developing brain [14,46]. The N-cadherin dimer is bound intracellularly by
P120 and B-catenin, and then by a-catenin, which links the complex to the actin filaments of
the cytoskeleton, either alone or through the protein Vinculin [40]. AJs are strictly required in
ependymal cells, and alterations in the expression or localization of cadherins, or other AJ-
associated proteins, cause disruptions in the ependymal cell layer [14].

We investigated the structural integrity of AJs in Jhy"*“*"** mice by localization of their
components. In Jhy*"* dorsal and ventral ependymal cells at P10, N-cadherin expression is
localized to the most apical part of the lateral cell membranes, referred to as the apicolateral
cell border, which is the site of the AJs (Fig 5A and 5E). In ]hyl“CZ/ lacZ qorsal cells, however,
which are morphologically undifferentiated, N-cadherin localization is disrupted, with protein
found throughout the basal and lateral membranes (Fig 5B). In cells with N-cadherin misloca-
lization, this protein is also retained intracellularly, in large aggregates or inclusions (Fig 5B).
N-cadherin localization is disrupted in the differentiated-appearing ventral Jhy' /"
well, though less significantly so, with smaller amounts of basolateral signal and more protein
localizing to AJs (Fig 5F and 5I). Quantification of N-cadherin localization showed a signifi-
cant decrease in apicolateral protein, and an increase in basal/lateral protein, in both dorsal
and ventral Jhy"*“#/"* cells as compared to Jhy™*
restricted to the medial ventricular wall, as basolateral accumulation of the protein is also
found in the lateral wall of ]hyl“CZ/ lacZ ventricles at P10 (S21-S2J Fig). These data indicate that
the ventromedial Jhy"*“/"** cells, which are delayed but do eventually appear morphologically
differentiated, are still abnormal by other parameters. The same appears to be true for the lat-
eral wall ependyma of Jhy'*#/a<

Cadherin levels at the AJs are regulated by balancing membrane transport with endocytosis,
recycling and degradation, and these structures undergo dynamic reorganization as cells dif-
ferentiate [47]. We asked whether the N-cadherin mislocalization of ]hyl“‘Z/ lacz
first apparent in differentiating ependymal cells, or if it precedes this event. Radial glial cells
also carry AJs, and these were analyzed in Jhy™'* and Jhy"*“"** mice at P0.5, the onset of

cells as

(Fig 5I). N-cadherin mislocalization was not

animals.

animals was
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Fig 4. Delayed Jhy'2°?"2°Z gpendymal cells express FOXJ1 normally. IF analysis of P5 lateral ventricle
medial wall sections from Jhy** (A-F) and Jhy'#°“"a°Z (G-L) mice for expression of Vimentin (pink) and FOXJ1
(green). Jhy** dorsal (A-C) and ventral (D-F) cells express the differentiated ependymal markers Vimentin
and FOXJ1. In Jhy/2°#"2°Z prains, both undifferentiated-appearing dorsal (G-1) and differentiated-appearing
ventral (J-L) cells express Vimentin and FOXJ1. (M-N) Quantification of the percentage of cells positive for
FoxJ1 dorsally (M) and ventrally (N) in Jhy*”* (black bar) and Jhy2°?"a°Z (grey bar) mice. The boxed region in
each large image shows the region of the inset. CP, choroid plexus; MW, medial wall; LW, lateral wall; LV,
lateral ventricle. Scale bars: 50um (A-L).

https://doi.org/10.1371/journal.pone.0184957.9004

+/+

ependymal differentiation. All radial glial cells, in Jhy™" ventricle and in both dorsal and ven-

facZ/1acZ medial wall, show proper apicolateral localization of N-cadherin

tral regions of the Jhy
(S3 Fig). This data provides a temporal reference for the onset of N-cadherin mislocalization,

suggesting the impairment arises with the beginning of ependymal differentiation.

lacZ/lacZ

B-catenin localization to AJs is also disrupted in Jh mice

The mislocalization of N-cadherin in Jhy**"*# ependyma prompted us to examine the distri-

bution of B-catenin, a core A] component that mediates adhesion as well as signaling [48,49].
B-catenin is an effector of the WNT pathway, but cytoplasmic -catenin is usually ubiquiti-
nated and degraded. Activation of WNT signaling stabilizes B-catenin, allowing it to translo-
cate to the nucleus where it functions in transcriptional activation [50,51]. B-catenin binding
to N-cadherin sequesters it at the AJ, preventing both its degradation and its nuclear transloca-
tion. In Jhy*'* ependyma at P10, B-catenin is concentrated at the apicolateral AJs, with only
minor signal at the basolateral membranes (Fig 5C and 5G). In Jhy'**/*“ ependyma, B-catenin
is still found at the AJs, but increased protein is also present throughout the basolateral mem-
brane (Fig 5D and 5H). Quantification showed that the number of cells with aberrant localiza-
tion of B-catenin was significantly increased in Jhy"*“*“ medial wall ependymal cells when
compared to Jhy""* mice (Fig 5]). The disruption of Jhy"*“**“ A] components is therefore not
limited to N-cadherin localization, but involves the B-catenin signaling molecule as well.

Dorsal and ventral ependymal motile cilia are abnormal in Jhy/2#"a%

mice

Delayed ependymal cell differentiation could underlie the abnormal ciliogenesis of Jhy"*#/"<*
animals [22]. As the onset of ciliogenesis is poorly understood, it may be that if the delayed
Jhy'*#1% ependymal cells do not initiate ciliogenesis within a certain developmental window,
proper ciliary morphogenesis and patterning may be impossible. In this case, we might expect
the ciliary defects to be more severe in the dorsal region of the ventricle, where the differen-
tiation delay is most pronounced, and less so in the ventral region. Our previous electron
microscopy studies did not compare different regions of the ventricle, so scanning electron
microscopy (SEM) was carried out focusing specifically on dorsal and ventral regions of the
medial wall. In P10 Jhy*"*mice, both dorsal and ventral ependymal cells carry abundant long
cilia with a consistent directional orientation (Fig 6A and 6B). The cilia of Jhy"**"*“ mice

are less abundant than in Jhy*’*, as we have shown previously, and individual ciliary bundles
are disorganized and randomly oriented (Fig 6C and 6D). While both dorsal and ventral
Jhy'*“%Z (ilia are abnormal, extensive imaging suggests a more severe effect in dorsal cells
that have the greatest differentiation delay. Specifically, dorsal ependyma has a greater percent-
age of cells that carry no cilia at all (Fig 6C). These may be the Glast-expressing undifferenti-
ated ependymal cells that were identified by IF, which are most severely affected and never
progress to ciliogenesis.
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Fig 5. Abnormal N-cadherin and B-catenin localization in Jhy'2°%'2°Z gpendymal cells. In P10 Jhy** medial wall
ependymal cells, N-cadherin (A, E) and 3-catenin (C, G) expression in dorsal (A, C) and ventral (E, G) regions localize to the
adherens junctions at the apicolateral cell borders (inset in A, C). A schematic of a typical cell in panel A (marked by an orange
star) is provided for orientation. In this schematic, the apical cell membrane is indicated by a dotted red line, the basal
membrane by a blue line, and the lateral membranes by yellow lines. In Jhy/#°?"a°Z ependyma, dorsal cells showed
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mislocalization of N-cadherin and B-catenin (B, D), with both proteins found throughout the basolateral cell membrane (inset in
B, D). Some Jhy'3°?"aZ dorsal cells also contained large cytoplasmic inclusions that were positive for N-cadherin (inset in B).
Some Jhy2°?"4°Z yentral cells display proper apicolateral N-cadherin localization (inset in F, asterisk), while other cells
mislocalize N-cadherin throughout the lateral walls (inset in F, arrowhead). All ventral cells in Jh}/‘“Z/ 'acZ showed mislocalization
of B-catenin throughout the basolateral membranes (H). (I-J) Quantification of the percentage of cells displaying normal (black
bar) and aberrant (grey bar) localization of N-cadherin (I) and B—catenin (J) in Jhy™* and Jhy#?"3°Z medial wall ependymal
cells. **,p<0.01; ***, p<0.001. DAPI is depicted in blue, the boxed region in each large image shows the region of the inset.
CP, choroid plexus; MW, medial wall; LW, lateral wall; LV, lateral ventricle. Scale bars: 20um barin F (A, B, E, F); 10um barin H
(C,D, G, H).

https://doi.org/10.1371/journal.pone.0184957.9005

o ‘\*{ Jh ylacZ/IacZ

N

Fig 6. Ciliary abnormalities are more severe in the delayed Jhy’a"z”a"z dorsal ependymal cells. Scanning electron
microscopy of lateral ventricle medial wall at P10 in Jhy** (A, B) and Jhy2°?"a°Z(C, D). Jhy*’* dorsal (A) and ventral (B)
ependymal cells carry apical tufts of elongated cilia with a consistent orientation. In Jhy/2°?"#°Z mice, both dorsal (C) and
ventral (D) cells have fewer, disorganized cilia, with areas where cells have no cilia at all (C, asterisk). Dorsal cells were
typically more severely affected than were ventral cells in Jhy/#°?"@°Z brains. Scale bars: 20um (A-D).

https://doi.org/10.1371/journal.pone.0184957.9006
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Impaired ciliary-generated flow in Jh mice

Previously we suggested that the morphologically abnormal ependymal cilia of Jhy"*#/'**

mice, and particularly the loss of the central microtubule pair, mean that these cilia will not
exhibit normal movement, but this had not been proven. To examine the flow produced by
Jhy'*#"%Z (ilia, we performed high-speed video imaging of ventricular wall sections. Ventricu-
lar tissues were removed from Jhy*’* and Jhy'**"'*% P10 animals, and ependymal vibratome
sections quickly prepared. Fluorescent microbeads were applied to one end of the section
under microscopic imaging and bead speed and directionality were recorded. In Jhy*’* sam-
ples, beads moved quickly across the ventricular surface, with strong linear vectors and an
average speed of 114 um/second (Fig 7A and 7C, S1 Video). Jhy'*** cilia were able to gener-
ate only minimal flow, with beads displaying irregular short tracks, and moving at speeds aver-
aging 16 um/second (Fig 7B and 7C, S2 Video). The morphologically abnormal Jhy" /" cilia
therefore cannot generate significant fluid flow, likely causing or contributing to the hydro-
cephalus of Jhy'a#/1a<%

mice.

Compromised translational and rotational polarity in Jhy/@°“%@<

ependyma

The noncanonical WNT/planar cell polarity (PCP) signaling pathway directs the unified polar-
ization of epithelial cells across a tissue surface [52]. PCP pathway factors localize asymmetri-
cally within individual cells, and then act to translate that asymmetry into a reorganization of
cell polarity. PCP mechanisms underlie numerous events during embryonic development,
including the orientation of the motile cilia of the ependyma [53]. During ciliogenesis, PCP
controls the asymmetric clustering of the basal bodies to one end of each ependymal cell
(translational polarity), the maintenance of this polarity across a tissue surface (tissue polarity),
and the unidirectional orientation of individual basal bodies within each ciliary bundle (rota-
tional polarity) [54-56].

To evaluate the translational polarity of Jhy
performed on P10 ventricular walls. An antibody against y-tubulin was used to label the ciliary

lacZ/lacZ eendymal cilia, whole mount IF was

basal bodies, and an antibody against N-cadherin was used to highlight the cell membranes.
Jhy*'* medial and lateral wall tissues show the presence of elongated ependymal cells express-
ing abundant N-cadherin at their lateral borders (Fig 8A and 8C). Although ciliogenesis is not
complete at P10, medial wall ependymal cells of Jhy™*
clustering of basal bodies towards one end of most cells, and this was largely maintained across

mice already display an asymmetrical

the ependymal surface (Fig 8A). Lateral wall cells are larger in size than medial wall cells, and
display the typical “rosette” appearance of ependymal cells organized around a central neural
stem cell (Fig 8C) [57]. These cells have inconsistent basal body polarization, perhaps reflecting
lacZ/lacZ tissues, both medial and
lateral wall ependymal cells have membranes that appeared thickened, with a more irregular
shape than those of Jhy™'* cells (Fig 8B and 8D). This likely reflects the broadened distribution
of N-cadherin protein already described (Fig 5, S2 Fig). Jhy"*?"*“ lateral wall cells also appear
smaller in size and rounder in shape than the elongated cells seen in Jhy** lateral walls, and
show fewer rosette structures (Fig 8C and 8D). In Jhy'***# medial and lateral walls, y-tubulin
showed that the basal bodies are distributed across the apical cell surface with little polarization
(Fig 8B and 8D). This loss of translational polarity means that tissue polarity, an extension of
translational polarity, cannot be assessed.

To investigate the maintenance of rotational polarity in Jhy ependymal cells, lateral
ventricle TEM sections generated previously were reexamined for orientation of the ciliary
basal feet [22]. The basal foot is an anchoring structure found at the base of each cilia, which

the earlier stage of their differentiation process (Fig 8C). In Jhy

lacZ/lacZ
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Fig 7. Impaired cilia-generated flow in Jhy'2°?"3°Z mice. (A, B) High-speed video imaging of fluorescent bead movement on
Jhy*™* (A) and Jhy2°Z"a°Z (B) ventricular wall explants to measure speed and directionality of ciliary flow. Vectors indicating bead
tracks from Jhy*"* mice were long and strongly directional (A), while vectors from Jhy/2°#"#°Z mice were much shorter with
disorganized movement and poor directionality (B). (C) Graphical representation of average bead speed in Jhy“/* (black bar) and
Jhy/3°?"a°Z (grey bar) explants shows the greatly reduced flow generated by Jhy'#°?"#°Z cilia. Red circles represent fluorescent
beads; **** denotes p<0.0001. Scale bars: 15um (A-B).

https://doi.org/10.1371/journal.pone.0184957.g007

determines the direction of ciliary motion. Basal foot rotation reflects the orientation of the
microtubule central pair, also an indicator of the direction of motility, but exactly how these
two structures are linked is unknown. During early ciliogenesis, cilia arise without rotational
polarity, and the basal feet point in random directions. As the planar cell polarity pathway
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Fig 8. Translational polarity is disrupted in Jhy2°?"3°Z ependymal cells. Whole mount IF of P10 medial (A, B) and lateral (C, D) wall of
lateral ventricle ependyma. N-cadherin (red) delineates the cell boundaries, while y-tubulin (green) marks basal body patches on the apical
cell surface. Medial wall ependymal cells in Jhy** display basal body polarization to one end of the cell, while lateral wall basal bodies are
only partly polarized at this stage (A, C). In Jh}/"’CZ/’“Z medial wall, basal body patches are located centrally within the cells, and display little
evidence of polarization (B). In Jhy/2°"3°Z |ateral walls, some cells display a degree of polarization, while others have centrally located basal
bodies (D). Both the medial and lateral walls of Jhy2°#"2°Z gpendyma display morphological changes as well, with thickened cell membranes

that may reflect the altered distribution of N-cadherin (B, D). Jh}/"’CZ/""‘CZIateraI wall cells are also much smaller and rounder in shape than
their Jhy*”* counterparts (D). Scale bars: 10um (A-D).

https://doi.org/10.1371/journal.pone.0184957.g008

begins to organize each ciliary cluster, individual basal bodies rotate to align all basal feet
within the cluster. Although the brains examined in these experiments were P5, younger than
the tissues examined for translational polarity, Jhy*™* animals already showed significant polar-
ization of the basal feet (Fig 9A and 9C). Within each cilia cluster, the majority of basal feet
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Fig 9. Impaired rotational polarity in Jhy'2°#2°Z mice. (A, B) TEM images of P5 ependyma from Jhy** (A) and Jhy/2°#2°Z (B) mice. The rightmost basal
foot was chosen as the reference (white asterisk) in each image, and a line (red) was drawn from the outer edge of the basal body through the center of the
basal foot. This line was copied unchanged to other basal bodies in the cluster, then a second line (yellow) was drawn indicating the actual orientation of
each basal foot, and the angle of offset between each line pair was calculated. By way of example, the insets in panels A and B show the angle calculation
for the basal foot that is boxed in the larger panel. Even at P5, rotational polarity is well established in Jhy”* (A), with only small angles of deviation (C). In
Jhy/3°#1a°Z however, basal foot alignment is far more variable (B, D). (C, D) Histogram showing the rotational angles of basal feet in Jhy** (C) (n = 68) and

Jhy3°#12°Z (D) ependyma (n = 49). Scale bars: 0.5um (A-B).
https://doi.org/10.1371/journal.pone.0184957.9g009

Basal foot angle

were aligned along a single plane (Fig 9A), and the angle of deviation from a randomly selected
reference basal foot was small (Fig 9C). In equivalent sections of Jhy"*“**# mice, however,
basal feet remained randomly positioned (Fig 9B), with a far greater range of deviation across
a single cluster (Fig 9D). These data indicate a disruption of the PCP signals controlling multi-

ple aspects of cell polarity in Jhy*"*# ependymal cells.
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Discussion

Mice lacking the JHY protein product of the Jhy gene (Jhy'**"*%) develop juvenile hydroceph-
alus as early as postnatal day 1.5, and rarely survive past 6 weeks of age [22]. We showed previ-
ously that these mice have sparser and shorter ependymal motile cilia, and most lack the
central pair of microtubules that is required for ciliary motility. We have now determined that
these abnormal cilia are nearly immotile, and incapable of generating significant fluid flow, the
likely cause of Jhy*#"%“ hydrocephalus (Fig 7 and S1 and S2 Videos). We show that in addi-
tion to controlling the generation, patterning and organization of motile cilia, Jhy plays a larger
role in regulating ependymal cell differentiation in the mouse. The Jhy gene is also implicated
in the development and function of cilia in other species, and is under the control of the cilio-
genesis program initiated by FOX]J1 and other factors. The human Jhy ortholog (c110rf63) was
identified in a proteomic study of ciliated tissues, with expression in epithelia of the lung and
oviduct [58]. Choksi et al found that the zebrafish Jhy ortholog (C10h110rf63)is upregulated in
transgenic zebrafish overexpressing the ciliogenesis regulator FoxJI [59].

The ciliary defects of Jhy"*#/ <%
the postnatal differentiation period. We find that Jhy
delayed in their differentiation by at least 9 days when compared to Jhy** mice (Fig 2). Jhy*'*
cells have acquired the monolayer typical of differentiated ependyma by P5, while Jhy'*#/*%
cells are not fully differentiated even by P14. This phenotype is most severe in the dorsal
regions of the lateral ventricles, which are the last cells to differentiate in wild type animals.
Some ]hylacZ/lacZ
the time at which this gene is silenced in Jhy™™* cells (Fig 3). Jhy'**/'*# cells do express the
ependymal marker FOXJ1, however, indicating that they are capable of initiating the differ-
entiation program. The coexpression of Glast and FOXJ1 in some Jhy"*“#"* cells suggests
they are stalled in a transitional state between undifferentiated radial glia and differentiated
ependyma, a stage quickly transitioned in wild type ependymal cells. Detailed SEM imaging
showed that while both ventrally- and dorsally-located ependymal cells make abnormal cilia in
Jhy'*#/"%Z mice, the more significantly delayed dorsal cells more often lack cilia entirely (Fig
6C). These may represent the cells that coexpress Glast/Vim/Aca-Tub, and remain stalled in
the differentiation process. How are delayed ependymal differentiation and abnormal ciliogen-
esis correlated? For a process that is highly temporally regulated, we speculate that there may

mice led us to more closely examine ependymal cells during
lacZ/lacZ

medial wall ependymal cells are

ependymal cells also retain expression of the radial glial marker Glast, beyond

be a window in which differentiating ependymal cells are competent for ciliogenesis. Beyond
such time, the activators and/or components required for ciliogenesis may be unavailable. The
increasing differentiation delay from ventral to dorsal ependyma might therefore cause a pro-
gressive defect in ciliary number and morphology.

Jhy'*#"%Z ependymal cells show altered localization of the adherens junction proteins
N-cadherin and B-catenin, with reduced protein at the apicolateral adherens junctions, and
more distributed throughout the basolateral membranes (Fig 5B and 5F). The undifferentiated
dorsal cells often have intracellular inclusions of N-cadherin, suggesting a defect in the process
of AJ remodeling that accompanies many developmental transitions. The pattern seen in
Jhy'*#"%Z ependymal cells could result from reduced N-cadherin transport to the apicolateral
AJs, increased removal from the AJs, and/or an inability recycle the protein. The presence of
normal N-cadherin localization in Jhy'*#"*“ radial glial cells at P0.5 indicates a defect that
begins only with the onset of ependymal differentiation (S3 Fig). Despite the AJ alterations,
Jhy'*#"%Z ependymal cells remain a discrete epithelial monolayer and do not detach from the
underlying tissue, i.e. there is no ependymal denudation as is seen in some models of cadherin
depletion [14,60-62]. The Jhy"*#““ phenotype therefore manifests less severely than a com-
plete loss of cadherin function.
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In addition to their structural role, AJs have signaling functions that are mediated through
interactions with a diverse array of proteins [44,63,64]. N-cadherin binding of B-catenin
retains this protein at the AJs, preventing its translocation and downregulating the WNT
response [65]. AJ localization of B-catenin also prevents its degradation, providing a pool of
inactive but quickly releasable protein if WNT signaling is activated. N-cadherin and B-catenin
do not first associate at the AJ, but form a complex in the cytoplasm prior to their transport to
the membrane [66]. It is not surprising then that B-catenin is also mislocalized in Jhy"*#"<*
ependymal cells (Fig 5D and 5H). Altered recycling and/or redelivery of A] components to the
plasma membrane may underlie the mislocalization of both N-cadherin and B-catenin.

The direction of motile cilia bending is determined by the orientation of the basal bodies
that organize each cilium, and the positioning of the central microtubule pair. The transla-
tional and rotational polarity of the basal bodies are under the control of the WNT/PCP path-
way, which shares components with canonical WNT signaling [53,55,67]. Jhy**"*# animals
show a loss of translational polarity of the ependymal cilia, with basal bodies remaining dis-
persed across the apical cell surface (Fig 8B and 8D). The lack of a consistent basal foot orienta-
tion in Jhy"*“#"*Z ciliary bundles indicates loss of rotational polarity in these animals as well,
which may be correlated with the missing central pairs (Fig 9B and 9D). There is precedent for
defects in PCP signaling altering ependymal cilia number, morphology and polarity, and these
defects often result in hydrocephalus in animal models [10,54,56].

In this and earlier work we have shown that inactivation of Jhy causes defects in 1) ependy-
mal cell differentiation, 2) ciliary length and number, 3) microtubule organization, 4) polarity
of ependymal cilia, and 5) N-cadherin transport and AJ establishment. What function(s)
might Jhy have that its loss causes such varied effects? We propose that most aspects of the
Jhy"*#"%Z bhenotype can be attributed to the failure to establish N-cadherin complexes at
adherens junctions in differentiating ependymal cells. AJs contribute structure and tensile
strength to an epithelial cell layer, and constrain the shape and movement of cells through
organization of the cytoskeleton [68]. Remodeling of AJs accompanies morphological changes
during development, including those of the neuroepithelium as it differentiates to radial glia,
and then to neurons and ependyma [68-70]. Defects in AJ structure in Jhy"*“"*** mice may
affect the ability of radial glia to transform from cuboidal cells to the flattened ependymal
shape, and/or to undergo the movements necessary to refine into a single cell layer. This
would be reflected as altered tissue morphology in histological cross-sections, and altered cell
shape in whole mount analyses, as we have demonstrated.

The signaling functions of AJs intersect numerous cell differentiation cascades, including
the WNT, Epidermal Growth Factor (EGF), and TGF-f pathways, and changes in AJ structure
have been found to alter developmental signaling [71,72]. N-cadherin recruitment of B-catenin
to the plasma membrane decreases the signaling-competent pool of this transactivator, and
cells with reduced levels of N-cadherin show increased LEF-mediated transcriptional activa-
tion through B-catenin [73,74]. Changes in N-cadherin/B-catenin localization at Jhy"*?““ AJs
could function through two possible mechanisms to affect WNT signaling pathways. Reduc-
tion in the levels of N-cadherin at AJs might result in less B-catenin recruited to these sites,
with a concomitant increase in signaling-competent B-catenin in the cytoplasm that can
potentiate WNT-driven effects. Alternatively, ectopically localized N-cadherin in the basolat-
eral membranes could titrate activated B-catenin and reduce its nuclear function. To our
knowledge canonical WNT signaling thru B-catenin has not been characterized in ependymal
cells, so the functions of this pathway, or the potential ligands involved, are unknown. Dis-
criminating between these possibilities could be accomplished by the construction of a WNT-
responsive signaling system in ependymal cells, in which JHY and N-cadherin levels can be
manipulated.
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Lastly, altered interactions between cadherins and components of the PCP pathway may
underlie the defects in polarity seen in Jhy'**"*# ependymal cells. The PCP pathway has been
suggested to control the cytoskeletal reorganization that regulates basal body positioning and
ciliogenesis during ependymal cell differentiation [10,56]. For example, loss of Celsr2, a PCP
component, perturbs the actin cytoskeleton network, impairing proper basal body arrange-
ment [54]. Recent work has shown direct interactions between cell adhesion molecules and
PCP proteins, for example the core PCP protein Vangl2 binds to N-cadherin in developing
neurons [75]. Both deletion and overexpression of Vangl2 cause adhesion defects in these
cells, with altered distribution of N-cadherin and B-catenin, suggesting dosage of Vangl2/N-
cadherin is critical [76]. There is cross-talk between the canonical (-catenin) and noncanoni-
cal (PCP) WNT pathways that converge at the AJ. B-catenin and Vangl2 bind to the same
domain of N-cadherin, and these interactions are mutually exclusive. B-catenin binding stabi-
lizes N-cadherin at the membrane, while Vangl2 binding promotes its removal, so these factors
may compete to control N-cadherin localization and abundance [75]. We propose that the
JHY protein acts during ependymal cell differentiation to accomplish N-cadherin targeting to,
or stabilization at, the apicolateral membrane. Loss of this function not only upsets the distri-
bution of N-cadherin, but also impacts the many developmental signaling pathways with AJ
components.

It is less clear how loss of JHY results in the lack of the ciliary microtubule central pair; par-
ticularly since the factors that position the central pair are not known. It is possible that this
defect is a consequence of the overall delay in ciliary development. Alternatively, it may be that
the PCP pathway has an unacknowledged role in microtubule positioning that is affected in
Jhy'*#/"%Z ependyma. Basal foot rotation parallels the orientation of the central pair [67], sug-
gesting coordinated processes may position these two structures. The loss of rotational polarity
lacZ/lacZ g nimals may reflect a broader inability to polarize individual
cilia in the absence of Jhy. Lastly, although not explored in this work, we cannot rule out a role
la<Z bhenotype.

and the central pair in Jhy

for defects in primary cilia structure and/or function being involved in the Jhy

Supporting information

S1 Fig. Loss of Jhy expression in Jhy mice delays ependymal cell differentiation.
H&E staining of P5 medial wall ependyma in Jhy*’* (A-D) and ]hyl“CZ/ lacZ (E-H). Dorsomedial
(A, C) and ventromedial (B, D) ependyma in Jhy™* display a flattened differentiated ap-
pearance. Similar morphological characteristics are observed in ventral ependymal cells in
Jhy'“c#/1a% (E, H), yet undifferentiated ependymal cells are still observed in dorsally located
regions (E, G). Scale bars: 20um (A-H).

(TIF)

lacZ/lacZ

S2 Fig. Altered lateral wall ependymal cell morphology, with aberrant N- cadherin
localization, in Jhy"*“""** mice. H&E staining of P5 lateral walls in both Jhy*’* (A, C) and
]hyl”CZ/ lacZ (B, D) animals show undifferentiated cuboidal ependyma in both dorsal (A, B) and
ventral (C, D) regions of the lateral wall. Lateral wall sections were used for IF for Vimentin
(pink) and Glast (green) from Jhy*’* (E, G) and ]hyl“CZ/ lacZ (F, H) brains. In both Jhy*'* (E, G)
and ]hyl“”Z/ lacZ (F, H), both dorsal (E, F) and ventral (G, H) cells were Glast(-)Vimentin(+).
N-cadherin IF (green) in P10 brain shows normal apicolateral localization in ]hy” * (1, inset),
while Jhy'*#/4Z |ateral wall ependyma display abnormal basolateral N-cadherin localization (J,
inset). CP, choroid plexus; MW, medial wall; LW, lateral wall; LV, lateral ventricle. Scale bars:
50um (A-D); 20um (E-H); 20pm (I-]).

(TIF)
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$3 Fig. Jhy'*“#"%°Z radial glia progenitors show normal N-cadherin localization. N-cadherin
(green) IF in P0.5 medial wall of Jiy*"* (A, C) and ]hyl“CZ/ lacZ (B, D). Jhy*™"* dorsal (A) and ven-
tral (C) ependyma display normal apicolateral N-cadherin localization. Jhy"*#"* dorsal (B)
and ventral (D) ependyma also show N-cadherin localized to the expected apicolateral posi-
tion. CP, choroid plexus; MW, medial wall; LW, lateral wall; LV, lateral ventricle. Scale bars:
50pm (A-D).

(TIF)

+/+

S1 Video. High-speed video imaging of fluorescent bead movement on Jhy™™ ventricular

wall explants to measure speed and directionality of ciliary flow. Jhy™'" cilia produced rapid
and highly directional movement of the labeled beads across the ventricular surface.
(MP4)

$2 Video. High-speed video imaging of fluorescent bead movement on Jhy"*““""*Z yentricu-

lar wall explants to measure speed and directionality of ciliary flow. Jhy"*“*"** cilia pro-
duced minimal bead movement, i.e. minimal flow, with no consistent directionality.
(MP4)
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