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Hydrocephalus is a brain disorder derived from CSF accumulation due to defects in CSF clearance. Although dysfunctional apical
cilia in the ependymal cell layer are causal to the onset of hydrocephalus, mechanisms underlying proper ependymal cell differ-
entiation are largely unclear. SNX27 is a trafficking component required for normal brain function and was shown previously to
suppress �-secretase-dependent amyloid precursor protein and Notch cleavage. However, it was unclear how SNX27-dependent
�-secretase inhibition could contribute to brain development and pathophysiology. Here, we describe and characterize an Snx27-
deleted mouse model for the ependymal layer defects of deciliation and hydrocephalus. SNX27 deficiency results in reductions in
ependymal cells and cilia density, as well as severe postnatal hydrocephalus. Inhibition of Notch intracellular domain signaling
with �-secretase inhibitors reversed ependymal cells/cilia loss and dilation of lateral ventricles in Snx27-deficient mice, giving
strong indication that Snx27 deletion triggers defects in ependymal layer formation and ciliogenesis through Notch hyperactiva-
tion. Together, these results suggest that SNX27 is essential for ependymal cell differentiation and ciliogenesis, and its deletion can
promote hydrocephalus pathogenesis.
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Introduction
As a prevalent birth defect, hydrocephalus affects approximately
one in every 500 newborns. It is primarily triggered by the ob-

struction of CSF flow by obstruction of CSF channels or by ex-
cessive CSF secretion or defects in CSF absorption. Cumulative
evidence suggests that genetic factors play an important role in
the development of hydrocephalus, but the underlying genetic
components and their associated molecular mechanisms remain
largely unknown (Zhang et al., 2006). Moreover, hydrocephalus-
associated mutations that may further define mechanisms under-
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Significance Statement

Down’s syndrome (DS) in humans and mouse models has been shown previously to confer a high risk for the development of
pathological hydrocephalus. Because we have previously described SNX27 as a component that is consistently downregulated in
DS, we present here a robust Snx27-deleted mouse model that produces hydrocephalus and associated ciliary defects with com-
plete penetrance. In addition, we find that �-secretase/Notch modulation may be a candidate drug target in SNX27-associated
hydrocephalus such as that observed in DS. Based on these findings, we anticipate that future study will determine whether
modulation of a SNX27/Notch/�-secretase pathway can also be of therapeutic interest to congenital hydrocephalus.
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lying its pathophysiological mechanisms
have yet to be identified in either humans
or model systems.

Cilia are organellar protrusions on
the apical surface of eukaryotic cells and
their dysfunction is associated with a va-
riety of human diseases such as kidney
cysts, hydrocephalus, and cystic fibrosis
(Oishi et al., 2006; Fliegauf et al., 2007;
Valente et al., 2014). Multiciliated ependy-
mal cells line cerebral ventricles, airways,
and reproductive tracts, comprising a cil-
ial layer that beats in a synchronized fash-
ion to drive fluid flow across ventricles.
During early stages of development in the
mammalian embryonic brain, radial glial
cells differentiate into ependymal cells to
form an ependymal monolayer lining the
ventricular lumen (Spassky et al., 2005).
Upon maturation of the ependymal layer,
cilia beat in a coordinated manner at the
apical ependymal cell surface to facilitate
CSF circulation (Del Bigio, 2010). Al-
though cilia and ependymal cell function
have been characterized previously, the

Figure 1. Severe postnatal hydrocephalus in Snx27 � / � mice. A, Brain weight of Snx27 �/� and Snx27 � / � mice at multiple postnatal time points. Data represent mean � SEM. n � 3. p-values were
calculated using a nonparametric t test, *p � 0.05. B, Comparison of Snx27 �/� and Snx27 � / � mice at P18. Note that Snx27 � / � animals display a dome-shaped skull typically observed in progressive
hydrocephalus. Scale bar, 2 cm. C, Coronal sections of P3 (top) and P14 (bottom) mouse brains were stained with Nissl. Quantitative analysis of P3 (top) and P14 (bottom) lateral ventricles (LV) and brain sections
from Snx27 �/� and Snx27 � / � mice. Data represent mean � SEM. n � 3. p-values were calculated using two-tailed Student’s t test, *p � 0.05. Scale bar, 1 mm.

Figure 2. Hydrocephalus is not caused by aqueductal stenosis in Snx27 � / � mice. H&E staining of Snx27 �/� and Snx27 � / �

mouse brains at P3 showing that no aqueductal stenosis was found. Scale bars: top, 1 mm; bottom, 100 �m.
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molecular mechanisms underlying cilium
growth and ependymal cell differentiation
and maturation are still not clear.

As the sole SNX family member com-
prising a PDZ domain, SNX27 is an endo-
somal sorting factor highly expressed in
brain. SNX27 has been reported to partic-
ipate in the trafficking of multiple trans-
membrane receptors. Our results showed
that cognitive impairment in Snx27-
deficient mice resemble similar cognitive
deficits found in Down’s syndrome (DS)
(Wang et al., 2013); which occurs at least
in part through SNX27 trafficking inter-
actions with ionotropic glutamate recep-
tors to maintain proper synaptic function.
In addition to its role in regulating protein
trafficking, we also found that SNX27 de-
letion enhances PS1/�-secretase complex
formation and �-secretase activity to ele-
vate �-amyloid and Notch intracellular
domain (NICD) generation (Wang et al.,
2014b).

Interestingly, an essential role for
Notch signaling has been established in
the differentiation of various multiciliated
cell types, including ependymal cells, in
brain ventricles (Liu et al., 2007; Carlén et
al., 2009; Zhao et al., 2009; Marcet et
al., 2011; Lin et al., 2013; Brooks and
Wallingford, 2014). In mammalian cells,
�-secretase-dependent cleavage of Notch
receptors generates a transcriptionally
active NICD, thereby activating down-
stream Notch signaling pathways to in-
hibit the differentiation of multiciliated
cells. To this point, upstream components
and mechanisms of the Notch pathway
that are physiologically involved in mod-
ulating multiciliated cell differentiation
have been poorly characterized and how
these mechanisms might be linked to devel-
opmental and pathological abnormalities
derived from these integrated mechanisms
remain largely unclear.

Here, we describe a pathophysiological
role for SNX27 in mediating ciliogenesis in
the brain ventricular ependymal layer
and demonstrate that SNX27 deletion in
mouse models impairs cilium develop-
ment, leading to defective CSF flow and
severe hydrocephalus. Defects in ependy-
mal cell layer formation with SNX27
deletion was found to be caused by severe
impairment of neural progenitor cell dif-
ferentiation to terminal ependymal cell
types, leading to pathological ventricle dysfunction and hydro-
cephalus. Given that abnormal Notch hyperactivation is linked
to the suppression of multiciliated cell differentiation, we ques-
tioned whether modulation of Notch activation could be
integrated into SNX27-dependent ependymal cell defects. Re-
markably, we find that �-secretase inhibitor treatment re-
verses aberrant dilation of lateral ventricles and partially

restores the ciliated ependymal cell layer in Snx27-null mice.
Together, these results implicate a pathophysiological role for
SNX27-mediated �-secretase inhibition in facilitating proper
ependymal cell differentiation through suppression of the
Notch pathway and aberrant Notch hyperactivation through
SNX27 deletion leads to improper ependymal cell differentia-
tion and hydrocephalus.

Figure 3. Loss of ependymal cells and cilia in Snx27 � / � mice. A, SNX27 expression in the ependymal cell layer. Lateral
ventricular surface from a frozen human brain section stained with anti-SNX27 (red), anti-S100� (green, ependymal cell marker),
and DAPI (blue, nuclear marker). Scale bar, 50 �m. B, P3 mouse brain sections were stained with anti-acetylated-tubulin (red,
cilium marker), anti-S100� (green, ependymal cell marker), and DAPI (blue, nuclear marker). Scale bar, 50 �m. C, P3 mouse brain
sections were stained with anti-GFAP (red, astrocyte marker) and DAPI (blue, nuclear marker). Scale bar, 50 �m.
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Materials and Methods
Antibodies. Antibodies used for immunohistochemistry were as follows:
mouse anti-SNX27 (1:200; Abcam), rabbit anti-S100� (1:100; Abcam),
mouse anti-acetylated-�-tubulin (1:1000; Sigma-Aldrich), mouse anti-
GFAP (1:50; Cell Signaling Technology), rabbit anti-BLBP (1:200; Abcam),
rabbit anti-DCX (1:400; Abcam), mouse anti-PAX6 (1:50; Developmental
Studies Hybridoma Bank), rabbit anti-CUX1 (1:100; pAb; Millipore), rat
anti-CTIP2 (1:500; Abcam), and mouse anti-NeuN (1:100; Millipore).

The antibodies used for Western blot analysis were as follows: SNX27
polyclonal antibodies and SNX27 monoclonal antibodies (described pre-

viously; Balana et al., 2011; Cai et al., 2011), rabbit anti-S100� (1:1000;
Abcam), mouse anti-GFAP (1:500; Cell Signaling Technology), mouse
anti-PAX6 (1:500; Developmental Studies Hybridoma Bank), rabbit
anti-BLBP (1:1000; Abcam), rabbit anti-DCX (1:1000; Abcam), rabbit anti-
HES1 (1:500; Abcam), mouse anti-NeuN (1:1000; Millipore), rabbit anti-
Vangl1 (1:1000; Abcam), rabbit anti-Vangl2 (1 �g/ml; Millipore), goat
anti-Fizzled 3 (1:1000; R&D Systems), goat anti-Celsr2 (1:200; R&D Sys-
tems), mouse anti-GFAP (1:1000; Cell Signaling Technology), rabbit
anti-N-Cadherin (1:1000; Millipore), mouse anti-�-tubulin (1:5000; Sigma-
Aldrich), and mouse anti-�-actin (1:5000; Sigma-Aldrich).

Figure 4. Ciliogenesis is altered in Snx27-deficient mice. A, SEM micrographs of ependymal cilia lining the surface of lateral ventricles in P7 mouse brains. Scale bars: top: 5 �m; bottom: 2 �m.
B, TEM analysis of tangential sections of ependymal cilia from P7 Snx27 �/� and Snx27 � / � mouse brain. Scale bar, 100 nm.

Wang et al. • SNX27 Deletion Causes Hydrocephalus J. Neurosci., December 14, 2016 • 36(50):12586 –12597 • 12589



Constructs. pCI-neo (Promega) and pDMyc-SNX27 used in this study
have been described previously (Wang et al., 2013). SNX27 and
SNX27�PDZ were inserted into the pRK5mGST vector (Huang et al.,
2013) to generate GST-tagged constructs.

Mouse strains. Snx27 �/�, Snx27 �/ �, and Snx27 � / � mice (Cai et al.,
2011) were generated by crossing heterozygotes on C57BL/6 and 129SV
mixed backgrounds to produce F1 hybrid background animals. Both
males and females were used for biochemical experiments; only male
mice were used for EM and histological experiments.

All procedures involving animals were performed under the guidelines
of Xiamen University and the Sanford-Burnham Medical Research Insti-
tute Institutional Animal Care and Use Committee.

Immunoprecipitation. 293T cells transfected with different expression
constructs were lysed in NP-40 buffer (20 mM Tris-HCl, pH 8.0, 100 mM

NaCl, 1 mM EDTA, 1% NP-40, supplemented with protease inhibitors).
Lysates were immunoprecipitated using mouse IgG; antibodies against
Snx27, Vangl1, Vangl2, and Celsr2; and Trueblot IP beads (eBioscience),
followed by Western blotting.

GST pull-down assay. GST-SNX27 and SNX27 deletion constructs
were transfected into HEK293T cells and lysates were probed with gluta-
thione Sepharose. Precipitates were washed three times in lysis buffer and
boiled in SDS-PAGE loading buffer. Eluates and lysate inputs were im-
munoblotted for either Vangl1 or Vangl2.

Electron microscopy. Mice were perfused initially with saline, followed
by 4% paraformaldehyde and 1.5% glutaraldehyde in 0.1 M Na cacody-
late buffer. Cortical tissues were dissected to reveal the desired ventricles
and fixed by immersion overnight at 4°C. The tissues were washed in

buffer, postfixed in 1% osmium tetroxide, and subsequently dehydrated
in a graded ethanol series.

For transmission electron microscopy (TEM) examination,
the brain tissues were treated in propylene oxide and embedded in
EMbed 812/Araldite resin (Electron Microscopy Sciences). Thick sec-
tions (2 �m) were cut, mounted on glass slides, and stained in tolu-
idine blue for general assessment by light microscopy. Subsequently,
70 nm thin transverse sections were prepared, mounted on copper
slot grids precoated with Parlodion, and stained with uranyl acetate
and lead citrate before examination on a Philips CM100 electron
microscope at 80 kV. Images were documented on a Megaview III
CCD camera (Olympus).

For SEM examination, dehydrated tissue pieces were treated with hex-
amethyldisilazane (Electron Microscopy Sciences), desiccated, and
mounted onto SEM stubs with carbon tape. Samples were then sputter
coated with iridium (EMS model 150T S) at 10 �A to a thickness of 6 –7
nm for subsequent examination and documentation using a Hitachi
S-4800 SEM operating at 5 kV.

Compound E rescue experiment. Compound E (Adipogen) was dis-
solved in 5% DMSO � 95% corn oil. Pregnant Snx27 �/ � mice at em-
bryonic day 15.5 (E15.5) were intraperitoneally injected with compound
E (10 nmol/g/d) until birth and elimination of hydrocephalus was as-
sessed in postnatal day 3 (P3) mice. An equivalent amount of DMSO �
corn oil was administered to the control group.

Immunohistochemistry and data analyses. Snx27 � / � or Snx27 �/ �

mice and Snx27 �/� littermate controls were anesthetized and fixed by
intracardial perfusion with 4% PFA. Whole brains were excised and post-

Figure 5. Apoptosis likely does not contribute to the loss of ventricular ependymal cells in Snx27 �/� mouse brain. A, No apoptotic ependymal cells were detected in P3 Snx27 � / � mouse brain
using TUNEL staining. Scale bar, 50 �m. B, H&E staining showing loss of ependymal cell layer in P10 Snx27 � / � mouse brain. Scale bar, 200 �m.
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fixed in 4% PFA overnight. Tissue blocks were embedded in paraffin and
5 �m sections were cut and stained with Nissl (cresyl violet). Immuno-
stained sections were scanned on the Aperio ScanScope slide scanner
(Leica) and analyzed using ImageScope software.

Primary murine embryonic fibroblast (MEF) cell culture. Primary MEFs
were isolated from E13.5 mouse embryos as described previously (Diril et
al., 2012). Briefly, the head and the visceral organs were removed, the
embryonic tissue was chopped into fine pieces with a razor blade and
trypsinized for 15 min at 37°C, and tissue/cell clumps were dissociated by
pipetting. Cells were plated in a 10 cm culture dish and grown in DMEM
(Invitrogen) supplemented with 10% FBS (Sigma-Aldrich) and 1% pen-
icillin/streptomycin (Invitrogen). Primary MEFs were cultured in a hu-
midified incubator with 5% CO2 and 3% O2.

Cell surface biotinylation assay. Surface biotinylation was performed
following a previously described protocol (Liu et al., 2009).

Human brain specimens. Human brain samples used in this project was
provided by University of California–San Diego and were analyzed with
institutional permission under California and National Institutes of
Health guidelines.

TUNEL staining. An in situ cell death detection kit was purchased from
Roche and labeling reactions were performed according to the manufac-
turer’s instructions. TUNEL staining was performed on cryosections.

Statistical analyses. Statistical analyses were determined using Graph-
Pad Prism. Data distribution was assessed by a Kolmogorov–Smirnoff
nonparametric test of equality. Differences between two means were
assessed by paired or unpaired t test. Differences among multiple means
were assessed, as indicated, by one-way ANOVA, followed by Tukey’s
post hoc test. Error bars represent SEM. Null hypotheses were rejected at
the 0.05 level.

Results
Snx27 � / � mice develop progressive hydrocephalus
We have observed previously that Snx27� / � mice demonstrate a
slower growth rate at which most pups are viable �2–3 weeks
after birth (Cai et al., 2011). Snx27� / � mouse brains are notably
smaller compared with brains from Snx27�/� pups at weaning.
To characterize the temporal aspects of developmental dysfunc-
tion with Snx27 deletion, we compared developing brain mass
between P0 and P14 in wild-type and Snx27 knock-out murine
pups (Fig. 1A). Snx27� / � mouse brain was comparatively re-
duced in mass compared with Snx27�/� at P3, P7, and P14, with
marginal differences at P0. This indicates that SNX27-dependent
developmental dysfunction occurs primarily during postnatal
development. At P18, all Snx27� / � mice develop a dome-shaped
skull typically observed in hydrocephalus (Fig. 1B). Histological
examination of Snx27� / � mice at varying postnatal stages dis-
play enlarged lateral ventricles and abnormal brain morphology
(Fig. 1C). Interestingly, Snx27� / � mouse brains are slightly
smaller than those of Snx27�/� at birth (P0) with no noticeable
morphological abnormalities (data not shown). However, pro-
gressive ventricular dilation in Snx27� / � brain became apparent
at P3 and increased in width with progressive severity during
postnatal development (Fig. 1C). Together, these results suggest
that Snx27 deletion results in developmental brain dysfunction
and distinct hydrocephalus characteristics during postnatal
development.

Figure 6. Disrupted cell fate in the Snx27 � / � SVZ. A, At E15.5, the cortex of Snx27 � / � mouse embryos contain markedly fewer BLBP-positive cells (radial glial marker, red color) compared
with Snx27 �/� mice. Nuclei are visualized by DAPI staining (blue). Scale bar, 200 �m. B, Magnified view of BLBP-positive cells in the cortex of E15.5 Snx27 �/� and Snx27 � / � mice. Note that
BLBP-positive cells are primarily localized within the ependymal cell layer and are largely absent in Snx27 � / � mouse embryonic cortex. Scale bar, 50 �m. C, Western blot analysis of PAX6, BLBP,
NeuN, HES1, and SNX27 in the cortex of E15.5 Snx27 �/� and Snx27 � / � mice. Signal intensities from the immunoblots indicated were determined and normalized to �-tubulin. n � 3. p-values
were calculated using a nonparametric t test, *p�0.05. D, Lateral ventricular wall whole-mount IHC staining in P7 Snx27 �/� and Snx27 � / � mice. The whole mounts were stained with anti-BLBP
(red, radial glial marker) and S100� (green, ependymal cell marker). Scale bar, 20 �m.
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Hydrocephalus in Snx27 � / � brains is accompanied by loss of
ependymal cells and impaired ciliogenesis
Because the obstruction of CSF aqueduct channels could be a
causative factor in SNX27-dependent hydrocephalus, we ex-
amined a series of sections of Snx27 � / � mouse brains and
failed to observe stenosis or constriction within aqueduct
channels (Fig. 2). The obstruction of CSF channels is not in-
volved in Snx27 null-induced hydrocephalus, so we examined
other physiological irregularities that could contribute to the
hydrocephalus phenotype observed. Because denudation or
ependymal cell loss can accompany hydrocephalus of various
etiologies (Sarnat, 1995), we next investigated whether SNX27
expression coincides with the ependymal cell layer. Using a
SNX27 monoclonal antibody, we observed that SNX27 is en-
riched in S100�-expressing cells lining lateral ventricles in
human brain tissue (Fig. 3A), indicating that SNX27 is highly
expressed in ependymal cells.

Given that SNX27-enrichment in ependymal cells may impli-
cate its importance in the ependyma, we examined the ventricu-
lar surface of P3 Snx27�/� and Snx27� / � mice by histological
analysis and compared differences in distribution of ependymal
cells (S100�) and cilia (acetylated �-tubulin). Interestingly, both
ependymal cell and cilia density are markedly reduced in ventric-
ular regions in Snx27� / � brains compared with Snx27�/� brain
ventricles (Fig. 3B). However, the density of GFAP-positive cells
remained unchanged in Snx27� / � mouse brain, suggesting that
astrocytogenesis was unaffected by Snx27 deletion (Fig. 3C).

Western blot analysis consistently showed reductions in S100�
expression with Snx27 deletion, with little or no change in GFAP
levels (see Fig. 8B). This indicates that SNX27 may be important
in establishing and/or maintaining the ependyma and its associ-
ated ciliary elements.

The ependymal apical layer comprises a motile surface mobi-
lized by a confluent ciliary bed that promotes the flow of CSF
through brain ventricles. Because Snx27 deletion affects ependy-
mal and ciliary structure, we analyzed the ultrastructure of the
lateral ventricle wall in wild-type and Snx27� / � mouse brain
using SEM. At P7, the lateral ventricle wall in Snx27�/� mice
comprised a confluent ependymal cilia layer, whereas cilium cov-
erage in lateral ventricles derived from Snx27� / � mouse brain
was comparatively sparse (Fig. 4A). In addition, cilia derived
from Snx27� / � brain ventricles were found to be comparatively
shorter than those observed in Snx27�/� mice (Figs. 3B, 4A).

We also performed TEM analysis to determine potential
substructural differences in cilia derived from wild-type and
Snx27� /� ependyma. The ultrastructure of residual Snx27� /�

ependymal cilia retained a normal 9 � 2 structure of motile cilia,
suggesting that Snx27 deletion has no direct influence on inner
cilia structure (Fig. 4B). Rather, given the marked impairment of
ciliogenesis in Snx27� / � brain, Snx27 may be required for
proper ependymal cell layer formation and the lack of ependymal
cilia with Snx27 deletion may perturb normal CSF flow, leading
to hydrocephalus.

Figure 7. Snx27 deficiency disrupts cortical development. A, Nissl staining revealing the reduction in the thickness of the cortex of P3 Snx27 � / � mouse cortex. Scale bar, 100 �m. B, NeuN
staining revealing the reduction in the thickness of the cortex of P3 Snx27 � / � mouse cortex. Scale bar, 100 �m. C, CUX1 staining revealing the reduction in the thickness of P3 Snx27 � / � mouse
cortical layers II–IV. Scale bar, 100 �m. D, CTIP2 staining revealing the reduction in the thickness of P3 Snx27 � / � mouse cortical layers V–VI. Scale bar, 100 �m.
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SNX27 is required for ependymal cell
differentiation from radial glia
Reduction of the ependymal cell layer in
Snx27� / � ventricles could be caused ei-
ther by decreased ependymal cell genera-
tion or increased cell death. To determine
whether Snx27 deficiency can trigger apo-
ptosis in the ependymal layer, we per-
formed costaining with TUNEL and
S100� and observed comparable levels
of apoptotic cells in Snx27� / � and
Snx27�/� ependyma (Fig. 5), indicating
that loss of ventricular ependymal cells in
Snx27� / � mouse brain is not caused by
cell death. We then investigated whether
progenitor and differentiated cell popula-
tions differed in ventricular regions with
Snx27 deletion. Interestingly, we observed
depletion of neural progenitor cells in
Snx27� / � mouse cortex at E15.5 com-
pared with Snx27�/� mice. The density of
BLBP-expressing radial glial cells was
markedly reduced in Snx27� / � cortex
(Fig. 6A,B). Western blot analysis consis-
tently revealed reduced expression of
PAX6 and BLBP in E15.5 Snx27� / � cor-
tex (Fig. 6C). These results demonstrate a
role for SNX27 in regulating cell fate in the
developing brain.

Immunohistochemical (IHC) staining
of ventricular wall whole mounts from P7
mice showed that cells derived from the
ventricular zone (VZ) in Snx27� /� brain
remained BLBP-positive, whereas those
from Snx27�/� mice comprised mostly
S100�-positive ependymal cells. This sug-
gests that, in Snx27� /� mice, radial glial
cells for the most part fail to mature and
properly differentiate into ependymal cells
(Fig. 6D). Interestingly, IHC staining
showed abnormal cortical development in
Snx27� /� mouse brains (Fig. 7A–D) be-
cause the thickness of the Snx27� /� mouse
cortex at P3 was markedly reduced. How-
ever, the number of mature neurons was not
significantly reduced by Snx27 deletion (Fig.
7B). Together, these results implicate
SNX27 in early cell fate determination to es-
tablish the ventricular ependyma during
postnatal brain development.

Snx27 deletion leads to the
disorganization of ependymal
adherens junctions
The brain ventricle epithelium is stratified
in a polar fashion and laterally sealed via

Figure 8. Disruption of adherens junctions in the Snx27 � / �SVZ. A, TEM of P7 ventricular wall lateral junctions between
ependymal cells. Note the shorter length of adherens junction in Snx27 � / � mouse brain tissue. Scale bar, 500 nm. B, Western
blot analysis of Vangl2, Celsr2, S100�, GFAP, and SNX27 in the cortex of P1 and P18 Snx27 �/� and Snx27 � / � mice. Signal
intensities derived from immunoblotting were determined and normalized to �-actin. n � 3. p-values were calculated using a
nonparametric t test, *p � 0.05. C, Decreased cell surface expression of Vangl2 and Frizzled-3 in Snx27 � / � MEF cells. Data
represent mean � SEM. n � 3. p-values were calculated using two-tailed Student’s t test, *p � 0.05. D, Coimmunoprecipitation
showing that myc-SNX27 interacts with Vangl2, but not Vangl1 and Celsr2. Cell lysates were immunoprecipitated with mouse IgG
(mIgG) or Myc antibody and Western blotted with the indicated antibodies. E, The PDZ domain is required for interaction

4

between SNX27 and Vangl2. GST-SNX27, GST-SNX27-PDZ, or
GST-SNX27 lacking the PDZ domain (SNX27-�PDZ) expressed
in HEK293T cells were precipitated with glutathione Sephar-
ose beads and endogenous Vangl2 was detected by immuno-
blot as indicated.
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adherens junctions, where cilia are distributed on the apical sur-
face (Chenn et al., 1998). Because we have established that Snx27
deletion results in impaired ciliogenesis and malformation of the
ependymal layer, we wished to further characterize the structural
and molecular nature of ependymal misorganization in
Snx27� / � brain to induce hydrocephalus. To this end, we
searched for abnormalities within the ultrastructure of
Snx27� / � P7 ependyma at by TEM analysis. We observed that
the lining of ependymal cells in Snx27�/� mice was highly polar-
ized with characteristic adherens junctions. Although adher-
ens junctions were present in Snx27 � / � mice, the distance
spanning these junctions appeared to be reduced with Snx27
deletion (Fig. 8A).

Several studies have shown that several planar cell polarity (PCP)
signaling components such as Vangl2, Frizzled-3, and Celsr1/2/3 are
essential for the maintenance of adherens junctions and ciliogenesis
(Wang et al., 2013; Boutin et al., 2014). We investigated whether the
abundance of these components was perturbed by Snx27 deletion
and found that protein expression of Vangl2 was markedly down-
regulated in both P1 and P18 Snx27� /� cortex (Fig. 8B). Moreover,
cell surface biotinylation assays showed reduced cell surface levels of
Vangl2 and Frizzled-3 in Snx27� /� MEF cells compared with those
in Snx27�/� MEF cells (Fig. 8C). Interestingly, we also observed a
reduction in total Vangl2 in Snx27� /� MEF cells (Fig. 8C).

To determine whether SNX27 regulates Vangl2 cell surface
delivery through physical interactions, we transfected myc-

Figure 9. Inhibition of Notch signaling blocks the development of hydrocephalus in Snx27 � / � mice. A, Enlarged lateral ventricles caused by Snx27 deficiency were partially rescued by treatment
with compound E. Data represent mean � SEM. n � 3. p-values were calculated using a nonparametric t test, *p � 0.01, **p � 0.001, ***p � 0.0001. Scale bar, 500 �m. B, Snx27 deficiency
induced loss of lateral ventricular (LV) ependymal cells and cilia was reversed by compound E treatment. Scale bar, 50 �m.
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tagged SNX27 into HEK293T cells and assayed for interactions
between myc-SNX27 and Vangl1/2 by coimmunoprecipitation.
We detected an interaction between SNX27 and Vangl2, but not
Vangl1 (Fig. 8D). Interestingly, both Vangl2 and Vangl1 com-
prise canonical E-T-S-V class I PDZ-interacting tail motifs, sug-
gesting that other factors may contribute to binding specificity
with SNX27. To confirm whether SNX27 binds to Vangl2
through PDZ-dependent interactions, we performed in vitro
binding assays using GST-SNX27, GST-SNX27-PDZ, and GST-
SNX27-�PDZ immobilized on glutathione Sepharose and found
that both GST-SNX27-PDZ domain and full-length GST-SNX27
coprecipitated with Vangl2, whereas no interaction was observed
between GST-SNX27-�PDZ and Vangl2. These results suggest
that SNX27 regulates the cell surface transport of Vangl2 through
a PDZ-dependent interaction between SNX27 and Vangl2. To-
gether, these results indicate that Snx27 deletion can reduce ad-
herens tight junctions and PCP components required for
ciliogenesis and tight junction formation. Because SNX27 has
been well characterized as a transport component, we also show
that SNX27 can facilitate cell surface distribution of PCP compo-
nents such as Vangl2.

Inhibition of Notch signaling blocks Snx27 deletion-
associated ependymal cell loss and partially rescues
hydrocephalus in Snx27 � / � mice
It has been reported that overexpression of the NICD leads to a
reduced number of ciliated cells and, conversely, that repression
of Notch signaling results in an increased number of precursor
cells adopting a multiciliated cell fate (Deblandre et al., 1999;
Tsao et al., 2009; Marcet et al., 2011). Although our previous
findings indicate that SNX27 deficiency upregulates �-secretase
cleavage of Notch and generation of NICD (Wang et al., 2014b),
it was unclear how SNX27-mediated �-secretase suppression
could influence pathophysiological brain development. Because
we observed increased expression of the Notch signaling target
Hes1 in Snx27� / � brain by immunoblot analysis (Fig. 6C), it
appears likely that the absence of SNX27 could aberrantly elevate
�-secretase activity to hyperactivate Notch signaling pathways.
We therefore determined whether inhibiting excessive Notch sig-
naling could rescue aberrations in ciliogenesis, ependymal cell
developmental dysfunction, and hydrocephalus observed in
Snx27� / � mice. Because ependymal cells are established primar-

ily between E14 and E16, we delivered a �-secretase inhibitor
compound E into pregnant Snx27-null mice at E14.5 through
intraperitoneal injection daily until birth. We found that
�-secretase inhibitor injection partially reversed the dilation of
lateral ventricles (Fig. 9A) and restored the loss of ependymal cells
and cilia (Fig. 9B) in Snx27-null mice. Therefore, inhibition of
Notch signaling by compound E-mediated �-secretase inhibition
ameliorates the development of hydrocephalus in mice caused by
Snx27 deficiency.

Discussion
In this study, we observed that Snx27� / � mice develop progres-
sive hydrocephalus during early postnatal development. Al-
though we excluded the possibility of aqueduct stenosis, which is
one possible cause for hydrocephalus (Fig. 2), we present evi-
dence that malformation of the ependymal cilium layer with
Snx27 deletion is likely causal to the physiological aberrations in
the hydrocephalus pathology observed. Together, these results
present a model in which SNX27 normally maintains proper dif-
ferentiation of neural progenitors into ependymal cells through
suppression of �-secretase/Notch and loss of Snx27 results in the
aberrant accumulation of premature neurons, impaired ciliogen-
esis, and hydrocephalus (Fig. 10).

Several cilium-related genes have been implicated in hydro-
cephalus, suggesting that loss of cilia contributes to the develop-
ment of hydrocephalus. Genetic deficiency of genes such as
Mdnah5 (Ibanez-Tallon et al., 2004), Tg737 (Banizs et al., 2005),
Hy3 (Davy and Robinson, 2003), Celsr2/3 (Tissir et al., 2010),
Foxj1 (Jacquet et al., 2009), Six3 (Lavado and Oliver, 2011),
c-Myb (Malaterre et al., 2008), and Snx27 results in impaired
ciliogenesis and hydrocephalus. Interestingly, we observed that
Snx27 deletion results in deficiencies in proper ependymal cell
differentiation to ependymal cell types with a compensatory in-
crease in differentiation to nonciliated cells (Páez et al., 2007).

The Notch receptor is a single-pass transmembrane protein
involved in multiple important biological processes and is espe-
cially critical for embryonic development. More specifically,
Notch signaling controls the differentiation of neural progenitor
cells to terminal ependymal cells in the VZ during embryonic and
postnatal development. Activation of Notch signaling requires
cleavage of the Notch receptor by �-secretase and release of an
active NICD, which acts as a transcription factor through trans-

Figure 10. A working model of Snx27 deficiency and the onset of hydrocephalus. In Snx27 � / � mouse brains, radial glial cells cannot differentiate into ependymal cells (S100��) and the
density of ependymal cilia is markedly decreased, resulting in hydrocephalus.
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location to the nucleus. Several studies have demonstrated that
functional Notch signaling is crucial for ependymal cell differen-
tiation and ciliogenesis. Genetic deletion of either Lgl1 or Numb,
negative Notch regulators, leads to severe hydrocephalus (Klezo-
vitch et al., 2004; Kuo et al., 2006). Although genetic Notch sup-
pressors such as Lgl1 or Numb have been implicated in
hydrocephalus, how inhibitors of the �-secretase complex are
integrated in suppressing hydrocephalus has been unclear. Our
results described here provide evidence that SNX27 is a suppres-
sor of Notch signaling and that deletion of Snx27 triggers an
aberrant hydrocephalus pathophysiology derived at least in
part from abnormal Notch hyperactivation (Wang et al.,
2014b). This likely occurs through SNX27-dependent sup-
pression of Notch activity through homeostatic inhibition of
Notch cleavage and activation by the �-secretase complex
(Wang et al., 2014b). Because we previously described a mech-
anism for SNX27 disassembly of the �-secretase complex
through interactions with Presenilin 1, it is likely that exces-
sive generation of the transcriptionally active NICD fragment
is key in inhibiting ependymal cell differentiation to promote
ciliogenesis deficits and hydrocephalus.

The mechanistic link between SNX27 and Notch signaling
described here provides a novel targeting pathway for hydro-
cephalus and other neurological disorders involving SVZ forma-
tion and CSF clearance. For example, recent evidence indicates
that sleep promotes CSF exchange to facilitate clearance of the
proteotoxic Alzheimer’s disease-associated A� peptide (Xie et al.,
2013). This suggests that perturbations in SNX27/Notch signal-
ing may impede clearance of certain toxicity factors cleared by the
CSF. The overabundant differentiation of radial glial cells into
premature neurons with Snx27 deletion also indicates an imbal-
ance in differentiated cell types that may result from perturba-
tions of SNX27/Notch pathway.

Because specific pharmacological treatments for hydrocepha-
lus are currently scarce, drug-targeting strategies that may restore
CSF balance in affected individuals would be extremely benefi-
cial. In severe cases in which hydrocephalus is induced patholog-
ically through defects in ciliogenesis, it may be possible that
specific inhibition of Notch signaling or upstream activation of
SNX27-mediated �-secretase inhibitory mechanisms may be vi-
able molecular nodes for future targeting strategies. We previ-
ously reported an important role of Snx27 deficiency in the
pathogenesis of DS (Wang et al., 2013). Moreover, researchers
found that both individuals with DS (Torfs and Christianson,
1998) and a DS mouse model (Yu et al., 2010) had a higher risk of
developing hydrocephalus. Therefore, SNX27 deficiency may
also contribute to the onset of hydrocephalus in DS.
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