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The ependymal multiciliated epithelium in the brain restricts the cerebrospinal fluid to the cerebral ventricles and
regulates its flow. We report here that mice deficient for myosin IXa (Myo9a), an actin-dependent motor molecule with a
Rho GTPase-activating (GAP) domain, develop severe hydrocephalus with stenosis and closure of the ventral caudal 3rd
ventricle and the aqueduct. Myo9a is expressed in maturing ependymal epithelial cells, and its absence leads to impaired
maturation of ependymal cells. The Myo9a deficiency further resulted in a distorted ependyma due to irregular epithelial
cell morphology and altered organization of intercellular junctions. Ependymal cells occasionally delaminated, forming
multilayered structures that bridged the CSF-filled ventricular space. Hydrocephalus formation could be significantly
attenuated by the inhibition of the Rho-effector Rho-kinase (ROCK). Administration of ROCK-inhibitor restored
maturation of ependymal cells, but not the morphological distortions of the ependyma. Similarly, down-regulation
of Myo9a by siRNA in Caco-2 adenocarcinoma cells increased Rho-signaling and induced alterations in differenti-
ation, cell morphology, junction assembly, junctional signaling, and gene expression. Our results demonstrate that
Myo9a is a critical regulator of Rho-dependent and -independent signaling mechanisms that guide epithelial
differentiation. Moreover, Rho-kinases may represent a new target for therapeutic intervention in some forms of

hydrocephalus.

INTRODUCTION

The development and homeostasis of multicellular organ-
isms depends on coordinated cell shape changes that are
coupled with alterations in intracellular organization. The
dynamic organization of the actin cytoskeleton accounts for
many cell shape changes. A multitude of proteins can di-
rectly or indirectly modify the dynamics and organization of
the actin cytoskeleton. Among these proteins are monomeric
GTPases and the superfamily of myosin molecules. The
myosin superfamily of actin-based molecular motors is sub-
divided into more than 30 classes (Odronitz and Kollmar,
2007). The class IX of myosin molecules includes in mam-
mals two members, Myo9a (myr 7) and Myo9b (myr 5), that
are both expressed in a number of differentially spliced
variants (Bahler, 2008). The Myo9a protein, previously also
called myr 7, is expressed during development and in many
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adult tissues, most abundantly in brain and testis (Chiere-
gatti et al., 1998; Gorman ef al., 1999). Class IX myosins
comprise in addition to their myosin head domain a tail
region that encompasses a C1 domain and a Rho GTPase-
activating protein (RhoGAP) domain (Reinhard ef al., 1995;
Chieregatti et al., 1998). The RhoGAP domain negatively
regulates the monomeric Rho GTPase by accelerating its rate
of GTP-hydrolysis, switching it from the active GTP-bound
form to the inactive GDP-bound form. The RhoGTPases are
known to be important regulators of cell morphogenesis, cell
migration, and cell proliferation (Jaffe and Hall, 2005). They are
inactivated under spatial and temporal control by roughly 70
mammalian RhoGAP family members (Bernards, 2003). To
understand the in vivo importance of limiting Rho activity by
RhoGAPs, it is necessary to delete individual RhoGAPs.

The RhoGAP domain of Myo9a inactivates in vitro Rho A,
B, C and the overexpression of Myo9a in cells causes mor-
phological alterations characteristic for Rho A inactivation
(Chieregatti et al., 1998). However, nothing is currently
known about the physiological function of the Myo9a-
RhoGAP.

A major tissue type of vertebrates constitutes the epithe-
lium. The formation of epithelia depends on the develop-
ment of specific cell-cell adhesion structures between neigh-
boring cells and the establishment of cell polarity. An
intricate spatial regulation of Rho activity and its down-
stream effectors Rho-kinase (ROCK) and diaphanous (Dia)
was implicated in the stabilization and maintenance of tight
junctions and adherens junctions (Sahai and Marshall, 2002;
Aijaz et al., 2005; Ozdamar et al., 2005; Samarin et al., 2007;
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Yamada and Nelson, 2007; Fang et al., 2008; Homem and Peifer,
2008). These junctional complexes are not only important for
the barrier function of epithelia, but they also regulate cell
proliferation and differentiation (Balda and Matter, 2003).

The ventricular system in the vertebrate brain is lined by
a single-layered, isoprismatic to columnar, multiciliated ep-
ithelium, called the ependyma. The cilia on the lumenal
surface propel the cerebrospinal fluid (CSF) through the
ventricular system from the two symmetrical lateral ventri-
cles to the third ventricle and on through the aqueduct to the
fourth ventricle. From there the CSF enters the spinal canal
and subarachnoid space where it gets resorbed. It has been
shown that mutations in ciliary components that affect the
proper generation or beating of cilia cause an enlargement of
ventricles and hydrocephalus (Sapiro et al., 2002; Ibafiez-
Tallon et al., 2004; Banizs et al., 2005; Lechtreck et al., 2008).
Similarly, the loss of a number of proteins thought to affect
adhesion and polarity such as Dlg5, Numb/Numbl, myosin
IIB, PKCA, and oligophrenin was implicated in inducing
hydrocephalus by affecting the integrity of the ependyma
(Imai et al., 2006; Kuo et al., 2006; Khelfaoui et al., 2007; Ma et
al., 2007; Nechiporuk et al., 2007).

In this study we thought to determine the function of the
RhoGAP Myo9a in mammalian development and homeosta-
sis. To this end, we generated mice deficient for Myo9a
protein and down-regulated Myo9a in Caco-2 cells. The
mice developed a severe hydrocephalus with enlarged lateral
and third ventricles and stenosis of the ventral part of the third
ventricle and the aqueduct. The ependymal epithelial cells in
the ventral 3rd ventricle and in the aqueduct revealed alter-
ations in cell morphology, tight and adherens junctions, and
cell differentiation. Similar effects were noted in Caco-2 cells
after down-regulation of MyoYa expression. Reducing the ac-
tivity of Rho-kinase, a downstream effector of Rho, but not of
RhoB, attenuated the development of hydrocephalus.

MATERIALS AND METHODS
Targeted disruption of Myo9a

The generation of Myo9a deficient mice is described in Supplemental Material.

In Situ Hybridization

In situ hybridizations were essentially performed according to the protocol
described on http://wmc.rodentia.com/docs/Big_In_Situ.html. Brains of
mice at embryonic day 17.5 and postnatal day 0.5 (P0.5) and P3.5 were
flash-frozen in liquid nitrogen and embedded in tissue-freezing medium
(Jung, Leica Microsystems, Nussloch, Germany). Frozen sections of 10 um
thickness were prepared in a refrigerated microtome (Leica CM 1900) and
mounted on Superfrost plus glass slides (Thermo Scientific, Braunschweig,
Germany). Slides were dried at 50°C, and tissue sections were fixed with 4%
PFA in phosphate-buffered saline (PBS). Tissue was permeabilized with 1
ug/ml proteinase K (AppliChem, Darmstadt, Germany) for 5 min at room
temperature (RT). Specimens were then fixed again in 4% PFA. To block
unspecific binding, tissue was treated with 0.25% (vol/vol) acetic anhydride
in triethanolamine buffer. Sections were prehybridized in hybridization buffer
(50% [vol/vol] formamide, 5X SSC, 1 mg/ml yeast tRNA, 100 ug/ml heparin,
1X Denhardt’s solution, 0.1% Tween 20, 0.1% CHAPS, and 5 mM EDTA) for
4 h, drained, and hybridized overnight at 60°C in a humid chamber with 1.5
png/ml labeled sense or antisense probe in hybridization buffer. The slides
were covered with parafilm to reduce evaporation. After hybridization, slides
were washed once with 1X SSC and 1.5X SSC at 60°C and twice in 2X SSC at
37°C. After washing stringently, tissue was treated with 0.2 ug/ml RNAse A
(Diagonal, Miinster, Germany) in 2X SSC for 30 min at 37°C. Thereafter, the
sections were washed in the following solutions: 2X SSC (10 min at RT), 0.2X
SSC (twice for 30 min each at 60°C), and PTw (1X PBS, 0.1% Tween 20; twice
for 10 min at 60°C and 10 min at RT), followed by PBT (1X PBS, 2 mg/ml BSA,
0.1% Triton X-100) for 15 min at RT. Unspecific antibody binding sites were
blocked by incubation with 20% heat-inactivated sheep serum (PAA Labora-
tories, Pasching, Austria) in PBT for 3 h at RT. Subsequently, specimens were
incubated with sheep anti-digoxigenin Fab-fragments (Roche Diagnostics,
Mannheim, Germany) conjugated with alkaline phosphatase (1:2000 in 20%
sheep serum in PBT) overnight at 4°C. After washing with PBT and inhibition
of endogenous alkaline phosphatase activity with 5 mM tetramisole (Sigma-
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Aldrich, Steinheim, Germany), bound alkaline phosphatase was visualized by
incubation with 6 ul/ml NBT (nitroblue tetrazolium)/BCIP (5-bromo-4-
chloro-3-indolyl phosphate) substrate in alkaline buffer for several hours.
Tissue then was fixed and mounted for analysis under a stereomicroscope
(Leica MZ 125) equipped with a camera (Leica DFC 280).

As a probe, a 3'-UTR Myo9a fragment of 744 base pairs (Allen Brain Atlas,
specimen ID 05-0849; http:/ /www.brain-map.org/) was amplified by PCR
using primers 5'-TGATCTGATAGAGACGAAGCCA-3' and 5'-TAACTCT-
CAGCGTCACACACCT-3" and cloned into pGEM-T easy (Promega, Madi-
son, WI). Antisense and sense cRNA probes were transcribed in vitro using
the linearized plasmid (Ncol or Sall) and the DIG RNA labeling kit (Roche
Diagnostics, Mannheim, Germany) according to manufacturer’s instructions.
Concentrations of probes were determined with dot-blot analysis and the DIG
nucleic acid detection kit (Roche Diagnostics).

Histochemistry and Immunohistochemistry

Embryos and brains from newborn or young mice were fixed in Bouin’s
fixative (Sigma-Aldrich) for 18-30 h and then cleared and conserved in 70%
(vol/vol) ethanol. They were then dehydrated, embedded in paraffin, sec-
tioned at 8-15 um, and stained with hematoxylin and eosin (H&E) for
histological analysis or with antibodies for immunofluorescence and immu-
nohistochemistry.

For staining with the antibodies against S100, B-catenin, E-cadherin, acety-
lated a-tubulin, Myo9a, proliferating cell nuclear antigen (PCNA), and JamA,
sodium citrate (0.3% sodium citrate 0.05% Tween 20, pH 6.0) heat antigen
retrieval was performed. For the staining of occludin, protease type XIV from
Streptomyces griseus (1 pug/ ul; Sigma-Aldrich) enzymatic antigen retrieval was
required for 20 min at 37°C. Sections were subsequently permeabilized with
1% Triton X-100 (15 min, RT) and blocked by incubation in blocking buffer
(5% normal goat serum, 1% BSA, 0.05% Tween-20, 0.1% Triton X-100, and
0.75% glycine in PBS) for 1 h at RT. Sections were incubated at 4°C over night
with primary antibodies against B-catenin and occludin (all 1:400; Zymed,
South San Francisco, CA), S100 (1:500; Dako, Glostrup, Denmark), E-cadherin
(1:400; Upstate Biotechnology, Lake Placid, NY), PCNA (1:1000; Abcam, Cam-
bridge, MA), Myo9a (1:1000, Tii78 affinity-purified; Chieregatti et al., 1998),
acetylated a-tubulin (1:50; Woods et al., 1989), and Jam A (1:100; a generous
gift from K. Ebnet, Zentrum fiir Molekularbiologie der Entziindung, Miinster,
Germany). After washing, Myo9a was visualized using horseradish peroxi-
dase-conjugated secondary antibodies (1:500; Jackson ImmunoResearch Lab-
oratories, West Grove, PA) and 3,3'diamino-benzidine-tetrahydrochloride
(DAB) substrate (Sigma-Aldrich). For indirect immunofluorescence labeling,
we used either Cy3-conjugated secondary antibodies (all 1:250; Jackson Im-
munoResearch Laboratories) and/or Alexa488-conjugated secondary anti-
bodies (1:300; Molecular Probes, Eugene, OR). Nuclei were stained with DAPI
(4 pg/ml; Sigma-Aldrich). Finally, all sections were rinsed in PBS and
mounted in Mowiol. Stainings were visualized using either an Axiophot
fluorescence microscope (Carl Zeiss, Jena, Germany) equipped with an
ORCA-285 digital camera (Hamamatsu Photonics, Herrsching, Germany)
controlled by Wasabi software (version 1.4; Hamamatsu) or the LSM 510
confocal microscope (Carl Zeiss) with LSM Release 4.2 software.

Oral Administration of ROCK-Inhibitor Y-27632

The protocol was adapted from that described by Nagatoya et al. (2002).
Timed pregnant mice were obtained by overnight breeding Myo9a*/~ mice
and checking for vaginal plugs the next morning. The presence of a vaginal
plug was defined as gestational day E0.5 (embryonic day 0.5). Pregnant mice
(E12.5) were divided into two groups: a vehicle control group (n = 14) that was
maintained on tap water with 30% sucrose (wt/vol) and standard chow and a
Y-27632 group (n = 10) that was maintained on tap water with ROCK-
inhibitor Y-27632, (200 mg/1; Tocris Cookson, Bristol, United Kingdom), 30%
sucrose (wt/vol), and standard chow. The two groups were treated from
E12.5 until P3.5. Then paraffin sections were prepared from the brains of the
pups. They were stained with H&E for morphometric analysis. The areas of
the lateral ventricle at the position of the anterior commissure and the areas
of the total brain section were measured using MetaMorph software (version
3.5; Universal Imaging, West Chester, PA).

Maintenance of Caco-2 Cells and Depletion of Myo9a by
RNAi

Caco-2 cells were cultured as described and plated in 48- or 96-well plates for
experiments (Matter et al., 1989). Control and Myo9a siRNAs were obtained
from Dharmacon (Lafayette, CO)/Thermo Fisher Scientific, using siGenome
smart pools for a first set of experiments and ON-TARGETplus smart pools
for all experiments shown in this article. Both sets of siRNAs gave similar
results. Cells were transfected with DharmaFECT-4 according to the manufac-
turer’s instructions. Protein expression was analyzed after 72 h (Balda et al., 1996).

Analysis of Caco-2 Cells by Immunofluorescence and
Reporter assays

For immunofluorescence, the cells were cultured on glass coverslips in 48-
well plates. Seventy-two hours after the siRNA transfection, the cells were
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fixed in methanol and labeled by indirect immunofluorescence (Balda et al.,
2003). Antibodies against DPPIV, NaK-ATPase, a-tubulin, ZO-1, and ZONAB
were previously described (Balda ef al., 2003; Benais-Pont et al., 2003; Hauri et
al., 1985; Kreis, 1987). Goat anti-B-catenin was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA); mouse anti-ZO-2, mouse anti-occludin, and
rabbit anti-claudin-1 were from Invitrogen (Carlsbad, CA); and mouse anti-
E-cadherin was from BD Biosciences (Heidelberg, Germany). All secondary
antibodies were from Jackson ImmunoResearch Laboratories. Images were
obtained with a Leica DM1 RB microscope equipped with a 63X /1.4 NA oil
immersion objective and a Hamamatsu ORCA285 camera or a Leica SP2
confocal microscope also with a 63X /1.4 NA oil immersion objective. Image
brightness and contrast were adjusted with Adobe Photoshop (San Jose, CA).
For reporter assays, the cells were plated in 96-well plates. Twenty-four hours
after the small interfering RNA (siRNA) transfection, firefly luciferase re-
porter plasmids for B-catenin/T-cell factor (TCF), ZONAB, nuclear factor kB
(NF-kB), and serum response element (SRE) were transfected along with a
control promoter lacking such regulatory elements driving renilla luciferase
expression (van de Wetering ef al., 1997; Balda and Matter, 2000; Aijaz et al.,
2005; Frankel et al., 2005). After another 48 h, the cells were lysed and
expression of the two luciferases was assayed (Tsapara et al., 2006). Expres-
sion of renilla luciferase was used as a transfection control.

Statistical Analysis

Representative data or means = SEM are shown. Statistical analysis using
unpaired Student’s t test was carried out with OriginPro 07. For more than
two groups one-way ANOVA with Tukey post hoc test was used. Results
with p = 0.05 were considered to be statistically significant.

RESULTS

Generation of Myo9a Knockout Mice

To characterize the functional role of the RhoGAP Myo9a
in vertebrates, we generated mice deficient in Myo9a pro-
tein (Supplementary Figure S1). Exon 2 of Myo9a, includ-
ing part of the 5'UTR and coding for the N-terminal 280 of
2542 amino acids of the protein, was flanked by Cre/LoxP
recombination sequences and a neomycin selection cassette
flanked by FRT recombination sites in embryonic stem cells
by homologous recombination. Breeding of resulting trans-
genic mice with FLPe transgenic mice (Rodriguez et al., 2000)
resulted in the removal of the neomycin cassette and breed-
ing with ZP3-Cre mice (De Vries ef al., 2000) in the genera-
tion of Myo9a systemic (type I) mutant mice. Deletion of
exon 2 resulted in completely abolished Myo9a protein ex-
pression as confirmed by Western blot analysis of protein
extracts derived from homozygous mutant mice using poly-
clonal anti-Myo9a antisera (Supplementary Figure S1D). We
thus concluded that we have generated mice with the null
allele of Myo9a.

Myo9a-deficient Mice Develop Severe Postnatal
Hydrocephalus and Stenosis of the Ventral Caudal
3rd Ventricle and the Aqueduct

In contrast to wild-type (WT) and heterozygous mice,
Myo9a-deficient mice displayed a retarded growth and de-
veloped a dome-shaped skull characteristic for hydroceph-
alus within the first 2 wk of life (Figures 1, A and B).
Surviving adult mice also showed a hopping/trembling gait
similar to hydrocephalic (hyh) and Dlg5~/~ mice (Chae et
al., 2004; Nechiporuk et al., 2007). Gross examination and
histological analysis of Myo9a-deficient brains indeed re-
vealed fully penetrant hydrocephalus (n = 53) with massive
dilation of the lateral ventricles and the 3rd ventricle, but
never of the 4th ventricle (Figure 1, C-H). Such alterations
were never observed in WT or heterozygous mice.

To determine the cellular defect resulting in the forma-
tion of hydrocephalus, we analyzed serial sections of P0.5,
P3.5, and P14.5 WT and Myo9a~/~ brains histologically.
In brains of WT mice the ventral caudal 3rd ventricle formed
a continuous elongated duct that was lined by a smooth
ependyma (Figure 1, H and I). On the contrary, in all Myo9a-
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deficient brains investigated (n = 16) the ventral caudal 3rd
ventricle was distorted and closed (Figure 1, G and I).
Ependymal cells lining the ventral caudal 3rd ventricle were
disorganized and absent in areas of ventricle closure. Be-
tween P0.5 and P14.5 the aqueduct connecting the 3d and
4th ventricle also became progressively narrower and ulti-
mately closed in mutant mice (Figure 1J). The symmetrically
bilobed canal at the dorsal side of the rostral aqueduct was
generally asymmetric and distorted in the mutant mice (Fig-
ure 1]). Similarly to the situation in the ventral caudal 3rd
ventricle, the aqueduct was partially closed forming two
separate small lumens lined by ependymal epithelial cells
instead of a single elongated continuous connection. In the
median aqueduct, especially in vaults, discontinuities with
denudations of the ependymal epithelial layer were noted
(Figure 1, J-L). Irregularities in the ependymal lining were
frequently seen in the two affected regions of the ventricular
system. We conclude that CSF flow is impaired by progres-
sive closure of the ventral caudal 3rd ventricle and the
aqueduct. Notably, lateral ventricles and the 3rd ventricle
rostral to the closed region were highly dilated, whereas the
4th ventricle and subarachnoid space were normal in all
mutant mice. Therefore, the stenosis and closure of the ven-
tricular system already observed in newborn mice are the
likely cause for the concomitant accumulation of CSF in the
lateral ventricles and part of the 3rd ventricle.

Myo9a Is Expressed in the Ependymal Cell Layer of the
Ventral Caudal 3rd Ventricle and Aqueduct

In situ hybridization was performed to elucidate the expres-
sion of Myo9a during embryonic and postnatal develop-
ment of the mouse brain. At E17.5, Myo9a expression was
not detectable in the ventral median 3rd ventricle, but it was
expressed in a spotty pattern in the developing aqueduct
(Figure 2A, top). At P0.5, Myo9a expression was clearly
detectable in ependymal cells lining the ventral 3rd ventricle
and the aqueduct, as well as in surrounding tissue (Figure
2A, middle). Myo9a continued to be expressed in ependy-
mal cells of both the 3rd ventricle and the aqueduct at P3.5.
We also investigated Myo9a expression immunohistochemi-
cally in P3.5 brain tissue sections using an affinity-purified
Myo9a antibody. Prominent Myo9a staining was observed
in ependymal cells lining the ventral 3rd ventricle and aq-
ueduct in WT mice (Figure 2, B and C), but not in Myo9a~/~
mutants, confirming Myo9a expression in ependymal cells.
Myo9a was observed in the cytosol and was enriched at the
junctional complexes (Figure 2, B and C). These results dem-
onstrate that Myo9a is expressed in the ependymal cells at
the developmental time during which alterations were ob-
served in mice deficient for Myo9a.

Myo9a Deficiency Perturbs Cell Shape and Cell Contacts
in the Ependymal Epithelium of the Ventral Caudal 3rd
Ventricle and the Aqueduct

A close inspection of the ventricular surface of the ventral
caudal 3rd ventricle and the aqueduct using junctional
markers (E-cadherin, B-catenin) revealed that it was consid-
erably undulated in Myo9a~/~, but linear in brains from
WT mice (Figure 3, A-D). Sections along the plane of the
ependymal epithelium confirmed that the undulated ap-
pearance was due to changes in cell shape (Figure 3, E and
F). The overall outline of the cells marked by adherens
junctions was distorted. The cell-cell boundaries were bent
and strained compared with those in WT ependyma, sug-
gesting that these junctions experienced unequal tension.
We quantified this difference by measuring the ratio of junc-
tion length to the distance between vertices, defining a “lin-
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Figure 1. Myo9a-deficient mice develop hy-
drocephalus and stenosis of the ventral cau-
dal 3rd ventricle and the aqueduct. (A and B)
Comparison of lateral views of 21.5-d-old
Myo9a /~ and WT mice. All mutant mice
(>P7.5, n = 23) display a domed skull char-
acteristic of hydrocephalus. (C and D) Global
brain analysis shows enlarged hemispheres
and compressed olfactory bulbs/cerebellum
in the mutant mice (C) compared with WT
(D). Hydrocephalus was never detected in
any of the WT or heterozygous mice (n = 63)
as well as homozygous type II (floxed) control
animals (n = 98), demonstrating that the
transgene did not result in hydrocephalus for-
mation per se. (E and F) H&E-stained hori-
zontal sections through identical areas of the
brain demonstrate extreme dilation of the lat-
eral ventricles in P14.5 mutant animals (E)
compared with the WT littermate controls (F).
(G and H) H&E-stained sagittal brain sections
demonstrate dilation of the lateral ventricles
(Iv) and the ventral 3rd ventricle (arrow-
heads), but not of the fourth ventricle (arrow),
in P3.5 Myo9a /~ (G) compared with WT
animals (H). The ventral caudal 3rd ventricle
(*) and the rostral aqueduct (double arrow-
heads) are stenosed. ra, rostral aqueduct; ma,
median aqueduct; ca, caudal aqueduct. Scale

bars, 1 mm. (I) Coronal H&E-stained sections | . )

from P1.5 Myo9a /~ mutant brains show di- "~ r
lation of the ventral 3rd ventricle (arrowhead) e PP
due to partial stenosis of the ventral caudal

3rd ventricle (arrows) compared with the WT

littermate control. Scale bar, 200 um. (J) Ste- H
nosis of the aqueduct and denudation of the
ependymal epithelial layer at restricted sites

in P0.5 Myo9a~/~ brains but not in the WT ¢
littermate control. Notably, closure of the third Py
ventricle often precedes closure of the aque-

duct, which becomes detectable at P0.5-P14.5.

Scale bar, 100 um. Quadrangles indicate en- ;

larged areas in K and L showing denudation of | =« & :

the ependyma in Myo9a~/~ brains. Scale bar, Ry — :‘\s‘;v .
20 pm. B e .

earity index” (Otani et al., 2006). These measurements con-
firmed that the cell boundaries depicting cell shape were less
linear (Figure 3G). These differences were noted starting
from PO.5. The single layer of ependymal epithelial cells was
transformed at multiple sites along the ventral caudal 3rd
ventricle and the aqueduct into a multilayer configuration
(Figure 3, H-O). Cells that expressed the 5100 marker pro-
tein for mature ependymal epithelial cells became disor-
dered and part of amorphous accumulations of cells that
obstructed the narrow ventricular passage (Figure 3M). Cell
proliferation was not enhanced and could be excluded as a
cause for the observed stenosis and closure of the ventricular
system (Supplementary Figure S2).

Analysis of the tight junctions in morphologically still
intact ependyma of the ventral caudal 3rd ventricle and the
aqueduct of P0.5 Myo9a~/~ mice revealed that staining for
the protein occludin, a component of tight junctions, was
reduced in the ventral caudal 3rd ventricle, was not detect-
able in large areas of the aqueduct, but was present in these
regions in WT mice (Figure 4, A-D). The occludin staining
was still preserved in the dorsal part of the aqueduct (Figure
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4C). No alterations in the occludin staining were observed
between Myo9a~/~ and WT mice in ventricular regions that
fully differentiate not till later in development. Also in the
epithelium of the choroid plexus and the endothelium of
blood vessels the occludin staining was similar in Myo9a~=/~
compared with WT tissue (Figure 4, E-H). The differences
that were noted in the staining for occludin were not ob-
served for the protein JAM-A, another component associ-
ated with tight junctions (data not shown). These results
indicate that in the ependyma of Myo9a RhoGAP-deficient
mice the molecular composition of tight junctions is altered
sequentially in specific regions of the ventricular system.
These specific regions coincide with the first ones to exhibit
mature ependymal epithelial cells.

Myo9a Deficiency Reduces Ependymal Cell Maturation in
the Ventral Caudal 3rd Ventricle and the Aqueduct
Ependymal cells mature at different times during develop-
ment depending on where they are located in the ventricular
system. They mature first in the very narrow regions such as
the ventral part of the rostral aqueduct and the ventral

5077



M. Abouhamed et al.

A | v 3rd ventricle [ | aqueduct |
Myo9a || Myo9a H&E Myo9a [|Myo9a H&E
as s as s
0
N~
-
w
i

ml
n
o too
a
a

e | Y,

| Myoga-/- | Myoga+/+] [ Myo9a-/- Myo9a+/+

[
o

Figure 2. MyoYa is expressed in the maturing and fully differen-
tiated ependyma. (A) In situ RNA hybridizations in E17.5, P0.5, and
P3.5 WT brains showed strong Myo9a expression; as, Myo9a anti-
sense (blue stain) in the ependymal cell layer lining the 3rd ventricle
(left) and the aqueduct (right) connecting the 3rd and 4th ventricles
in P0.5 and P3.5 mice. Myo9a expression was also detectable in the
aqueduct of E17.5 embryos but not in the ventral 3rd ventricle.
Corresponding WT brain tissue probed with a sense riboprobe
(Myo9a s) never showed reactivity. Scale bars, 50 um. (B) Immuno-
histochemical detection of Myo9a expression in P3.5 ependymal cell
layer and aqueduct using an affinity-purified rabbit-anti-Myo9a
antibody (T1i78). Myo9a protein is strongly expressed (brown color)
in the ependymal cell layer and more weakly expressed in sur-
rounding brain tissue of the 3rd ventricle (right, bottom) and aque-
duct (right, top) of P3.5 mice. In the Myo9a~/~ mutant little unspe-
cific staining is observed in ependymal cells. Bar, 100 um. (C)
Confocal images of the ependyma in the aqueduct at P3.5 stained for
Myo9a using an affinity-purified rabbit anti-Myo9a antibody (Tti78).
Fluorescence images and corresponding DIC images overlaid with
fluorescence image (red) are shown. Scale bar, 10 um.

caudal 3rd ventricle at about E18 till birth (Silva-Alvarez et
al., 2005). Development of multiple cilia on the apical surface
and proper ciliary beating are important to prevent hydro-
cephalus and stenosis (Ibafez-Tallon et al., 2004; Lechtreck et
al., 2008). Using the marker protein S100 and a marker for
cilia to identify mature ependymal cells, we found that at
P0.5 the number of mature ependymal cells in the ventral
caudal 3rd ventricle and the rostral aqueduct was reduced in
Myo9a~/~ cells compared with WT cells (Figure 5; Supple-
mentary Figure S3A). We quantified the total number of
ependymal cells and the number of cells that were multicili-
ated and positive for S100 in the ventral part of the rostral
aqueduct. Although the total number of ependymal cells
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was slightly reduced in Myo%9a~/~ ependyma compared
with WT (72 = 104, n = 4 and 88.5 = 11.9, n = 5, respec-
tively), the number of S100-positive (34.7 = 5.6 and 68.9 =
17.8%, respectively) and multiciliated ependymal cells
(344 = 7.4 and 62 = 15.4%, respectively) was significantly
reduced (p < 0.05; Figure 5C). Independent of the genotype,
~95% of all ependymal cells positive for 5100 were also
multiciliated (Supplementary Figure S3B). The ~50% re-
duced number of multiciliated ependymal cells in the rostral
aqueduct of Myo9a~/~ compared with WT mice may re-
duce the flow of CSF. The number of multiciliated and
S100-positive ependymal cells was similarly reduced in the
caudal ventral 3rd ventricle of Myo9a~/~ mice (Supplemen-
tary Figure S3A).

Oral Administration of the ROCK-Inhibitor Y-27632
Diminishes Lateral Ventricle Enlargement in Myo9a-deficient
Mice and Restores Ependymal Cell Maturation

The RhoGAP domain of Myo9a specifically inactivates Rho
A, B, and C (Chieregatti et al., 1998). An important effector of
the Rho proteins is ROCK. To test for a potential role of
increased Rho-ROCK signaling in hydrocephalus formation
in Myo9%a-deficient mice, we administered the ROCK-inhib-
itor Y-27632 orally in the drinking water during late embry-
onic and early postnatal development. The area occupied by
the lateral ventricles in comparison to the total brain section
area was determined in mice at age P3.5 (Figure 6). The ratio
determined for the WT mice treated with vehicle was set to
100 = 14.3% (n = 18). The size of the lateral ventricles of WT
mice treated with ROCK-inhibitor did not differ significantly
from mice treated with vehicle (93.5 = 17.7%, n = 18).
Myo9a~/~ mice exhibited significantly enlarged lateral ven-
tricles when treated with vehicle (401.5 = 57.9%, n = 18, p <
0.01), but no longer when treated with ROCK-inhibitor
(220 = 36.7%, n = 20; Figure 6).

To test for a genetic interaction of Myo9a with Rho pro-
teins in hydrocephalus formation, we were only able to
obtain mice deficient for RhoB. Mice deficient for RhoB are
fertile and exhibit no obvious phenotype (Liu et al., 2001). To
investigate a possible genetic interaction between the
RhoGAP Myo9a and RhoB, we generated compound mutant
mice deficient in the functions of both proteins. Compound
mutant Myo9a~/~;RhoB~/~ mice were born at Mendelian
ratio but failed to show rescue of aqueduct stenosis by P21.5
(Supplementary Figure S4), indicating that deletion of RhoB
does not attenuate hydrocephalus formation in Myo9a-defi-
cient mice.

To address the molecular mechanism by which ROCK-
inhibitor attenuates lateral ventricle enlargement, we deter-
mined the number of mature S100-protein—positive cells in
the ventral part of the rostral aqueduct at P3 in WT and
Myo9a-deficient mice that were treated with Y-27632. No
differences were observed in the number of ependymal cells
that express the S100 protein (Figure 7, A and B). This is
unlike in mice not treated with Y-27632, which showed a
significantly reduced number of S100-positive cells when
deficient for Myo9a. Therefore, the administration of ROCK-
inhibitor rescues the maturation of ependymal cells in
Myo9a-deficient mice. However, it did not rescue the altered
cell morphology (Figure 7C). The distribution of occludin in
tight junctions could not be assessed reliably as treatment
with ROCK-inhibitor impaired the localization of occludin
in WT mice.

Molecular Biology of the Cell
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Figure 3. Loss of Myo%a causes altered |

ventral caudal 3rd ventricle

| | aqueduct I

ependymal cell shape and distorts the

ependymal epithelium in the ventral caudal | Myo9a /-

| I Myo9a =/- | |

Myo9a +/+ Myo9a +/+ |

3rd ventricle and the aqueduct. (A and B)
Double immunofluorescence staining of
coronal sections from P0.5 Myo%9a~/~ (A) and
WT littermate mice (B) with anti-E-cadherin
(green; adherens junction marker), anti-acety-
lated tubulin (red; cilia marker), and DAPI
showing distortion of the ependymal layer of
the ventral caudal 3rd ventricle in Myo9a~/~
mice compared with WT mice. Note the pres-
ence of apical cilia despite a distorted struc-
ture of the ependyma in Myo9a~/~ mice (A).
(C and D) Enlargement of selected areas from
A and B, respectively, stained for E-cadherin,
highlighting the distortion of the ependyma.
(E and F) Immunofluorescence staining of
sagittal sections from P3.5 Myo9a~/~ and WT
littermate mice with anti-B-catenin (adherens
junction marker) showing the irregular cell
shape of the ependymal cells and the distor-
tion of the ependymal cell layer in Myo9a~/~
mice. (G) Quantification of junction linearity
in the ependymal epithelium. In sections
stained for B-catenin junction length and the
distance between vertices were measured to
determine the linearity index that is defined
by the ratio of junction length to the distance
between vertices. This index is significantly
increased in Myo9a~/~ mice. *p < 0.05,n = 2
mice of each genotype. Several areas of
100 um X 100 wm were analyzed with more
than 100 cells in total from each genotype. (H
and I) Staining of sagittal sections of the aq-
ueduct from P3.5 Myo9a~/~ (H) and WT lit-
termate mice (I) with anti-B-catenin (green)
and anti-S100 (red, marker of mature ependy-
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linearity index

1.02

1.00

ventral caudal 3rd ventricle |

Myo9a -/~ | | Myo9a +/+ |

mal cells) showing stenosis, distortion, and
multilayer formation of the ependyma in the
aqueduct in Myo9a~/~ mice. (J and K) En-
largements of selected areas in H and I, re-

spectively, stained for B-catenin. (L-O) Coronal sections of partially fused ventral caudal 3rd ventricle stained for p-catenin

(L and N) and S100 protein (M and O). Scale bars, 20 um.

Myo9a Regulates Epithelial Differentiation of Caco-2
Cells and Junction-associated Signaling

We next used a tissue culture model to analyze the role of
Myo9a in epithelial differentiation with the aims to deter-
mine whether the protein is also of functional relevance in
nonependymal epithelia and to start to analyze its functional
role on a cellular level. We used the human adenocarcinoma
cell line Caco-2, a well-established model to analyze epithe-
lial differentiation (Pinto ef al., 1983; Hauri et al., 1985).
Transient transfection of siRNA was used to knockdown
Myo9a expression in Caco-2 cells. Figure 8A shows that
Myo9a was efficiently depleted by specific siRNAs but not
by nontargeting or control siRNAs. We have used two
different pools of Myo9a-specific siRNAs that gave similar
results (see Materials and Methods; only results with ON-
TARGETplus siRNAs are shown). To test if depletion of
Myo9a induces an increase in Rho-signaling, we monitored
the amount of phosphorylated myosin light-chain phospha-
tase, a substrate of ROCK, by immunoblotting with antibod-
ies specific for the phosphorylated form (Figure 8B). The
amount of phosphorylated myosin light-chain phosphatase
was increased in Caco-2 cells depleted for Myo9a to 1.45 (SD
011, n = 4, p = 0.001; t test) of the value determined in
Caco-2 cells treated with control siRNA, indicating that Rho-
activity was up-regulated.
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Myo9a-deficiency caused ependymal cells to fail to differ-
entiate normally and led to irregular cell shapes and an
apparent reduction in junctional association of occludin.
Hence, we first tested expression of various tight junction
proteins as well as B-catenin in Caco-2 cells with reduced
expression of Myo9a. However, no differences between con-
trol and Myo9a-depleted cells were observed, indicating that
depletion of Myo9a does not lead to a general reduction in
tight junction protein expression (Supplementary Figure S5).

To determine where in Caco-2 cells Myo9a is localized and
might act, we studied its distribution by immunofluores-
cence microscopy (Figure 8, C and D). Myo9a antibody
staining was observed along cell-cell junctions and in the
cytosol. Depletion of Myo9a abolished junctional staining
and only slightly reduced cytosolic staining. This vali-
dated the specificity of the junctional staining. The junc-
tional staining for Myo9a neither showed a perfect colocaliza-
tion with adherens junctions nor with tight junctions
(Figure 8D), suggesting a broader distribution over the
junctional complex.

We next used immunofluorescence to analyze effects on
differentiation and junction formation. Figure 8E shows that
Myo9a depletion led to reduced staining of the apical
marker DPPIV, a protein whose expression levels are differ-
entiation dependent (Hauri ef al., 1985). Moreover, staining
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| Myo9a-/- J |

Myo9a+/+ |

ventral caudal 3rd ventricle

aqueduct

choroid plexus

| endothel vessel | I

Figure 4. Occludin staining is decreased in tight junctions of
ependymal epithelium of the ventral caudal 3rd ventricle and the
aqueduct, but not in the epithelium of the choroid plexus or the
endothelium lining the blood vessels. Immunofluorescence staining
of coronal sections from P0.5 Myo9a~/~ (A, C, E, and G) and WT
littermate mice (B, D, F, and H) for occludin showing that it is
reduced in tight junctions of the ependyma in the ventral caudal 3rd
ventricle (A) and the aqueduct (C, red) from Myo9a~/~ mouse
brains. No difference in occludin staining was observed in the
epithelium of the choroid plexus (E and F) and the endothelium
lining the blood vessels (G and H) in Myo9a~/~ compared with
control tissue. Scale bars, (A and B) 20 um; (C-H) 30 um.

for NaK-ATPase, a basolateral membrane protein, revealed
that the cells had lost their regular shape and appearance.
Staining for tight (ZO-1, occludin, ZO-2, claudin-1) and
adherens (B-catenin, E-cadherin) junction proteins further
supported this conclusion because the cells appeared more
flattened and, hence, larger. Nevertheless, junctional accu-
mulation of all tested proteins still occurred, suggesting that
intercellular junctions could still assemble. Nevertheless, the
junctional staining appeared weaker in Myo9%a-depleted
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Figure 5. Myo9a deficiency decreases the number of S100 protein
positive, multiciliated ependymal cells in the aqueduct. (A and B)
Immunofluorescence staining of coronal sections from P0.5 Myo9a ™/~
(A) and WT mice (B) for S100 protein (green), acetylated tubulin (red),
and DNA (blue). (C) Statistical analysis of S100-positive and multi-
ciliated ependymal cells. The number of S100-positive ependymal
cells was reduced in Myo9a~/~ mice (34.7 * 5.6%; n = 4) compared
with Myo9a™/* mice (68.9 * 17.8%; n = 5; *p < 0.05). The number
of multiciliated ependymal cells was similarly reduced (34.4 = 7.4
vs. 62 * 15.4%). Scale bar, 50 wm.

cells and, in some cases, there was considerable cytosolic
staining (e.g., ZO-2; B-catenin). Although these observations
suggest that junction formation is compromised in Myo9a-
depleted cells, a more detailed analysis will require stable
knockdown cell lines.

The interference of Myo9a depletion with Caco-2 cell dif-
ferentiation was suggestive of changes in gene expression.
Therefore, we analyzed transcriptional activities regulated
by different signaling pathways using reporter assays. Rho-
signaling activates the transcription factor SRF that binds

Molecular Biology of the Cell
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Figure 6. Hydrocephalus formation in Myo9a-deficient mice is
attenuated by the inhibition of Rho-dependent kinase. (A and B)
Oral administration of ROCK-inhibitor Y-27632 to pregnant mice
attenuates hydrocephalus formation in newborns. (A) Representa-
tive H&E-stained coronal brain sections from vehicle control groups
(Myo9a*/*, n =18, Myo9a /", n = 18) that were maintained on tap
water with sucrose (30% vol/wt) and from Y-27632 groups
(Myo9a*/*, n =18, Myo9a /", n = 20) that were maintained on tap
water with Y-27632 (200 mg/1) and sucrose (30% vol/wt). The two
groups were treated from E12.5 until P3.5. Bars, 1 mm. (B) Morpho-
metric analysis. The ratio of the area covered by the lateral ventricle
in a defined brain area (at the anterior commissure) to the total brain
section area was determined and set to 100% in the control groups.
Treatment of Myo9a~/~ mice with Y-27632 ROCK-inhibitor signif-
icantly (*p < 0.01) attenuates LV enlargement.

SREs. Compared with cells treated with control siRNA, the
SRE-mediated transcription was increased in cells depleted
of Myo9a (Figure 8F). This result is indicative of increased
Rho-signaling. Rho-signaling has also been reported to acti-
vate transcription by NF-«B. Depletion of Myo9%a also in-
creased the activity of NF-«B (Figure 8G). When cells were
treated simultaneously with the Rho-inhibitor C3 trans-
ferase, the transcriptional activity of NF-«B did not differ
between cells that were or were not depleted of Myo%a
(Figure 8G), suggesting that NF-«B activation was at least
partially mediated by increased Rho signaling.

Myo9a depletion resulted in reduced junction assembly and
the appearance of nuclear B-catenin staining; hence, we next
measured the effect on gene expression pathways regulated by
cell-cell junctions. We first measured signaling by B-catenin
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Figure 7. Administration of ROCK-inhibitor Y-27632 rescues
ependymal cell maturation, but not ependyma morphology. (A and
B) Ependymal cells in the aqueduct of P3.5 Myo%a /"~ and WT
(Myo9a*/*) mice treated with ROCK inhibitor Y-27632 were
stained for S100 protein (red), a marker of mature ependymal cells
(A). Cell nuclei were stained with DAPI (blue). Scale bar, 20 um. (B)
Statistical analysis of S100-positive ependymal cells in the aqueduct
of P3.5 Myo9a~/~ and WT mice treated with Y-27632. No difference
in numbers of mature ependymal cells could be detected. Five mice
of each genotype were analyzed. (C) Cross sections of the ependyma
in the aqueduct of P3.5 Myo9a~/~ and WT (Myo9a™/*) mice treated
with Y-27632. Sections were stained for S-catenin to visualize cell-
cell junctions. Scale bar, 20 um.

using a luciferase reporter assay to measure the transcrip-
tional coactivation activity of B-catenin (van de Wetering et
al., 1997). Figure 8H shows that knockdown of Myo9%a in-
deed stimulated expression of luciferase driven by a reporter
with functional TCF-binding sites but not if expression of
the reporter was driven by a control promoter lacking such
binding sites. Depletion of Myo9a thus resulted in the acti-
vation of B-catenin/TCF-driven transcription, suggesting
that the observed defects in differentiation might at least in
part be caused by aberrant B-catenin signaling.

Epithelial tight junctions also influence transcription.
They regulate the activity of the Y-box factor ZONAB whose
activity can also be analyzed with a luciferase-based assay
(Balda and Matter, 2000; Frankel et al., 2005). Figure 8I shows
that ZONAB'’s transcriptional activity was reduced by
Myo9a depletion, suggesting that Myo9a depletion differen-
tially affects signaling pathways that are regulated by inter-
cellular junctions. As ZONAB is normally activated by in-
creased Rho signaling (Nie et al., 2009), this suggests that
Myo9a depletion also exerts Rho-independent effects. This is
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Figure 8. Depletion of Myo9a in Caco-2 cells alters cell morphology, differentiation, Rho-signaling and junctional signaling. (A) Caco-2 cells
were transfected with control and Myo9a-targeting siRNAs. After 72 h, the cells were lysed, and expression of Myo9a was analyzed by
immunoblotting total cell extacts. a-Tubulin was used as a loading control. (B) Samples of cells treated either with control or Myo9a-targeting
siRNAs were analyzed by immunoblotting for the amount of phosphorylated (p-MYPT) and total myosin light chain phosphatase (MYPT).
a-Tubulin served as a loading control. (C) Indirect immunofluorescence staining for Myo9a in cells treated with control or Myo9a-targeting
siRNAs. Note the disappearance of the junctional staining in cells treated with Myo9a-targeting siRNA. Epifluorescence images; scale bar,
10 pwm. (D) The junctional staining of Myo9a does not discriminate between tight and adherence junctions. Confocal sections were taken at
the level of the junctions. Caco-2 cells were simultaneously stained for Myo9a, B-catenin, and occludin. Individual stainings and an overlay
of the three stainings are shown. Scale bar, 10 um. (E) Caco-2 cells were transfected with siRNAs as in A and were then fixed and processed
for immunofluorescence. Shown are images for the apical marker DPPIV, the basolateral marker NaK-ATPase as well as a set of tight and
adherens junction proteins. (F) Transcriptional activity of a reporter plasmid with SRE-dependent luciferase expression. Values obtained with
nontargeting siRNAs were set to 100%. (G) Transcriptional activity of NF-«B as measured with a reporter plasmid harboring functional
NF-«B-binding sites. Activities were determined in the absence and presence of the Rho-inhibitor C3 transferase (C3). (H and I) Transcrip-
tional activities of B-catenin/TCF and ZONAB, respectively, were measured using luciferase reporter assays. For B-catenin/TCF, results
obtained with a reporter plasmid with functional TCF-binding sites as well as with one lacking such sites are shown. For ZONAB, plasmids
harboring a promoter with a ZONAB-binding site driving firefly luciferase expression and a promoter with an inactivated binding site but
otherwise identical sequence driving renilla luciferase were cotransfected, and the resulting ratios were used to calculate ZONAB activity.
Values obtained with nontargeting siRNAs were set to 100%. Values are means * SD derived from three experiments performed in triplicates.

also supported by the observation that neither the effect on
ZONAB nor on B-catenin-regulated transcription could be
blocked with C3 transferase (unpublished observations).

velop hydrocephalus. The caudal region of the ventral 3rd
ventricle and the aqueduct show stenosis or closures that
block the flow of CSF. It is precisely in these two narrow
ducts that the ependymal epithelial cells mature first during

DISCUSSION

Congenital hydrocephalus affects one to three humans per
1000 live births. In the present study, we report that mice
deficient for the Myo9a exhibit alterations in morphology
and differentiation of the ependymal epithelium and de-
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development and become multiciliated (Silva-Alvarez et al.,
2005; Spassky et al., 2005). This might be related to the fact
that the flow of CSF in narrow regions of the ventricular
system has to be faster than in wider regions. Ciliary beating
might provide for a faster flow of CSF. Indeed, compro-
mised ciliary beating has been shown to cause hydroceph-
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alus (Ibanez-Tallon et al., 2004; Marshall and Nonaka, 2006;
Lechtreck et al., 2008; Town et al., 2008). Therefore, the re-
duced numbers of mature multiciliated ependymal cells
could be causally related to the development of hydroceph-
alus in mice deficient for Myo9a. This notion is supported by
the finding that ventricular enlargement was significantly
attenuated in MyoYa-deficient mice that had been treated
with ROCK-inhibitor Y-27632. Administration of ROCK-in-
hibitor Y-27632 restored ependymal cell maturation result-
ing in a normal number of multiciliated cells. Furthermore,
this result implies that the down-regulation of Rho-ROCK
signaling by the RhoGAP MyoYa is important for ependy-
mal cell differentiation. Cell maturation or differentiation is
regulated by gene expression. In epithelial Caco-2 cells that
were depleted of Myo9a defects in differentiation and
alterations in various transcriptional activities could be
demonstrated. These cells exhibited among others in-
creased SRE and NF-«B activities due to enhanced Rho-
signaling. Both SRF and NF-«B signaling have been im-
plicated in differentiation.

Myo9a was located at cell junctions where it might sub-
serve its functions. Epithelial cell junctions are critical regu-
lators of gene expression (Matter et al., 2005; Matter and
Balda 2007). They control the activity of transcription factors
that can interact with junctional components. We noted that
tight junctions in the ependyma were modified in the ab-
sence of Myo9a and contained a reduced amount of the
transmembrane protein occludin. Alterations in junctional
assembly were also noted in Caco-2 cells with a knockdown
of Myo9a. The observed differences in transcriptional activ-
ity of B-catenin and ZONAB in Caco-2 Myo9a knockdown
cells were likely due to alterations in junctional assembly.
These two proteins can interact with junctional components,
which inhibits their nuclear functions.

B-Catenin is a component of the adherens junctions and
the canonical Wnt signaling pathway (Grigoryan et al., 2008;
Schlessinger et al., 2009). It has been shown together with Lef-1
to interact with PITX2 and synergistically regulate the pro-
moter of the transcription factor Fox]1 (HFH-4; Venugopalan
et al., 2008). Fox]1 is regulating the differentiation of epithelia
with motile cilia and its absence induces hydrocephalus
(Chen et al., 1998; Brody et al., 2000). Further evidence that
increased B-catenin signaling might contribute to hydro-
cephalus formation in Myo9%a-deficient mice is provided by
the finding of a genetic interaction between the adenoma-
tous polyposis coli (APC) protein and Lisl. APC inhibits
B-catenin activity, whereas Lisl is an effector in the reelin
signaling pathway (Assadi et al., 2003). The presence of a
mutant APC allele increased the incidence of hydrocephalus
in Lis+/— mice (Hebbar et al., 2008).

Likewise, changes in the transcriptional activity of ZONAB
might contribute to hydrocephalus formation in Myo9a-
deficient mice. ZONAB interacts with the RNA-processing
factor symplekin (Kavanagh ef al., 2006). The down-regula-
tion of symplekin expression reduces transcriptional activity
of ZONAB. Symplekin has also been shown to interact with
the transcription factor HSF-1 in response to heat shock
(Xing ef al., 2004). Interestingly, HSF-1 null mice were re-
ported to exhibit a mild hydrocephalus (Takaki ef al., 2007).
These findings demonstrate that the deficiency of Myo9a aside
from Rho-signaling impinges on several other signaling path-
ways that might contribute to hydrocephalus formation. How
these different signaling pathways are connected with
Myo9a, and the determination of their individual contribu-
tions to hydrocephalus formation are interesting topics for
further studies.
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Tight and adherens junctions are intimately linked with
the actin cytoskeleton. Rho-signaling is known to regulate
the actin cytoskeleton and cell contractility (Jaffe and Hall
2005). Therefore, it was not unanticipated to find that the
deficiency in Myo9a perturbed ependymal cell morpholo-
gies. Acto-myosin II contraction can lead to increased epi-
thelial permeability and endocytosis of occludin (Hecht et
al., 1996; Turner et al., 1997; Utech et al., 2005; Shen et al.,
2006). Interestingly, administration of ROCK-inhibitor that
is expected to down-regulate acto-myosin II contraction did
not modify the altered ependymal cell morphologies. This
observation suggests that possibly additional Rho-effectors
or potential Rho-independent functions of Myo9a control
ependymal cell morphology.

The demonstration that hydrocephalus formation in
mice can be attenuated by a ROCK-inhibitor suggests that
a similar therapeutic intervention might also be promising
for some of the human cases of hydrocephalus. The inhi-
bition of ROCK with the ROCK-inhibitor Y-27632 had no
obvious adverse effects in mice. Administration of the
ROCK-inhibitor fasudil to humans with subarachnoid
hemorrhage was well tolerated (Suzuki et al., 2007, 2008),
indicating that treatment of humans with ROCK-inhibi-
tors might be feasible.
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