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Hydrocephalus is characterized by abnormal accumulation of cerebrospinal fluid (CSF) in the
ventricular cavity. The circulation of CSF in brain ventricles is controlled by the coordinated

beating of motile cilia at the surface of ependymal cells (ECs). Here, we show that MT1-MMP is
highly expressed in olfactory bulb, rostral migratory stream, and the ventricular system. Mice
deficient for membrane-type 1-MMP (MT1-MMP) developed typical phenotypes observed in
hydrocephalus, such as dome-shaped skulls, dilated ventricles, corpus callosum agenesis, and
astrocyte hypertrophy, during the first 2 weeks of postnatal development. MT1-MMP-deficient
mice exhibited reduced and disorganized motile cilia with the impaired maturation of ECs, leading
to abnormal CSF flow. Consistent with the defects in motile cilia morphogenesis, the expression

of promulticiliogenic genes was significantly decreased, with a concomitant hyperactivation of
Notch signaling in the walls of lateral ventricles in Mmp14-/- brains. Inhibition of Notch signaling by
v-secretase inhibitor restored ciliogenesis in Mmp14~/- ECs. Taken together, these data suggest that
MT1-MMP is required for ciliogenesis and EC maturation through suppression of Notch signaling
during early brain development. Our findings indicate that MT1-MMP is critical for early brain
development and loss of MT1-MMP activity gives rise to hydrocephalus.

Introduction

Hydrocephalus, a common birth defect with an estimated incidence of 1:1000 (1), is characterized by
enlarged intracerebral ventricles. It causes convulsions, mental disability, and even death in patients (2).
Hydrocephalus can result from either the outflow blockage of cerebrospinal fluid (CSF) in ventricles, or
CSF overproduction, or the impaired absorption of CSF. The identification of genetic risk factors is funda-
mental to our understanding of the molecular mechanisms underlying the pathogenesis of hydrocephalus
and serves as the key in the diagnosis and management (3, 4). Recent studies using genetically modified
mouse models revealed that Snx27, Ccdc39, and Ulk4 are disease genes for congenital hydrocephalus (5-7).

Ependymal cells (ECs) lining the cerebral ventricles are derived from the radial glia. They are fully dif-
ferentiated by the second week of postnatal life. ECs are essential for the maintenance of brain homeostasis
through the regulation of the neurogenic niche (8), establishing CSF flow (9), and forming a neuroprotec-
tive metabolic barrier over the ventricular surface (10). Defects in the generation, maturation, or integrity of
ECs lead to early hydrocephalus. ECs are covered by motile cilia whose coordinated beating facilitates the
directional flow of CSF. Therefore, defect in cilia is closely associated with hydrocephalus (11).

MMPs form a Zn**-dependent proteinase superfamily, capable of degrading pericellular and extracellular
proteins. In the CNS, MMPs have been implicated as involved in a variety of neurological disorders, such as
Alzheimer’s disease, Parkinson’s disease, Multiple sclerosis, glioma invasion, and neuroinflammation (12). In
experimental hydrocephalus, the elevated MMP9 and MMP7 were detected in CSF in adult rats after intraven-
tricular Kaolin injection (13, 14). However, the role of MMPs in congenital hydrocephalus remains unknown.

Membrane-type 1-MMP (MT1-MMP), a cell membrane-bound MMP encoded by MMPI14, is the
most important and extensively investigated member of the MMP family. It plays important roles in diverse
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physiological and pathological conditions through pericellular proteolysis and extracellular remodel-
ing (15). MT1-MMP-deficient mice exhibit dwarfism, skeletal abnormalities, and soft tissue defects and
die before adulthood, suggesting a crucial function of MT1-MMP in development and postnatal growth
(16-21). Recent studies proposed that MT1-MMP may be a potential therapeutic target in glioblastoma
(22-24). However, the role of MT1-MMP in the developing brain remains largely unexplored.

In this study, we examined the developmental abnormalities in the ventricular system in Mmp14-defi-
cient mice. We showed that MT1-MMP is highly expressed in EC linages lining the ventricles. MT1-MMP—
null mice exhibited reduced and disorganized motile cilia that likely give rise to abnormal CSF flow. Consis-
tent with this observation, loss of MT1-MMP resulted in the impaired EC maturation, reduced expression
of promulticiliogenic genes, and hyperactivated Notch signaling in the lateral ventricles (LVs). Inhibition of
Notch signaling restored the ciliogenesis in Mmpl4/~ ECs. Taken together, these results revealed a critical
role for MT1-MMP in EC ciliogenesis and maturation through suppression of Notch signaling, suggesting
that MT1-MMP is essential for postnatal brain development and brain homeostasis.

Results

Mmpl4~'~ mice developed communicating hydrocephalus after birth. We previously showed that Mmpl4 /'~ mice
exhibit severe growth retardation and die within approximately 2—-3 weeks after birth (16). Although obvi-
ous morphological abnormalities were hardly observed in the head at birth (Figure 1A), all Mmp147~ mice
developed a dome-shaped skull with a compressed volume of cerebellum at later stages, suggesting a pro-
gressive increase of intracranial pressure (Figure 1, B and C). Histological analyses revealed a mild dilata-
tion in the LVs and a more prominent dilatation in the third ventricle in MmpI4”~ mice (Figure 1C). Ven-
tricular dilatation was initially visible at P3 and became progressively worse from P3 onward, suggesting
that loss of MT1-MMP results in a postnatal hydrocephalus.

Aqueductal stenosis is frequently associated with congenital hydrocephalus through the blockage of
CSF flow in the narrow channel between the third and fourth ventricles (25). In addition, aqueductal occlu-
sion due to reactive astrogliosis can also give rise to hydrocephalus (26-28). To determine whether the
hydrocephalus in MmpI4”’~ mice is caused by the blockage of ventricular system, we injected Evans blue
into the left LV to examine whether the dye could reach the fourth ventricle. At P6, the dye was detected
at the aqueduct and the fourth ventricles in both WT and mutant mice (Figure 1D). To determine whether
there was a subsequent aqueductal obstruction, we examined the flow of CSF through the ventricular
system at a later stage (P15) by dye injection and histology analysis. Neither obstruction in the ventricular
channel (Figure 1E) nor malformation of the central aqueduct (Figure 1F) was found in Mmpi4’~ mouse
brain. These data suggest that MmpI4”~ mice present communicating hydrocephalus without occlusion.

Mmp14~~ mice exhibited agenesis in corpus callosum and astrocyte hypertrophy. The abnormal development of
corpus callosum and astrocytosis have been linked to hydrocephalus (26, 27, 29). Reactive gliosis has been
implicated as a response to the neonatal hydrocephalus. It frequently causes the formation of aqueductal
stenosis, which contributes to the development of hydrocephalus (27). To characterize the hydrocephalus in
Mmpl4~’~ mice, we examined different glia markers, including Olig2 (glial precursor marker), CC1 (mature
oligodendrocyte cell body marker), myelin basic protein (MBP), and GFAP (astrocytes marker) in serial brain
sections from WT and mutant mice (Figure 2). Quantification analyses showed no difference in Olig2* cells
in the corpus callosum between WT and Mmpl4~~ mice (Figure 2, A, B, and D). However, a significant
reduction (42.3%) in CC1* oligodendrocytes in the corpus callosum was observed in MT1-MMP—deficient
mice (Figure 2, A and C) compared with their littermate controls. The percentage of CC1*/0lig2* cells was
reduced by 31% in the corpus callosa of Mmpi4’~ mice (Figure 2E). Consistent with this observation, a
substantial reduction in MBP immune reactivity in the corpus callosum was found in mutant mice (Figure
2F), suggesting agenesis of the corpus callosum in the absence of MT1-MMP during postnatal development.

In addition, an increased number of GFAP* astrocytes with a hypertrophic morphology at later postnatal
stages (P10) (Figure 2, G-I, and Supplemental Figure 1D; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.132782DS1), as well as a transient activation of microglia at P4,
was observed in the forebrains of Mmp 14~ mice (Supplemental Figure 1, A-C), indicating a reactive gliosis in
response to hydrocephalus, though it was not sufficient to cause the blockage of CSF flow in mutant brains.

Expression of MTI1-MMP in the ventricular system. To understand how loss of MT1-MMP causes hydro-
cephalus, we examined the pattern of MT1-MMP expression using MT1-MMP/lacZ—knockin (Mmp14*
laZ) mice that are indistinguishable from their WT littermates. As shown in Figure 3A, LacZ staining was
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Figure 1. MT1-MMP-deficient mice

A

develop hydrocephalus. (A) A Mmp14~- mouse at PO was indistinguishable from a control littermate. (B) A Mmp14/-

mouse at P15 exhibits a dome-shaped skull, typically observed in progressive hydrocephalus. (C) Coronal sections of P15 mouse brain to examine the LV,

the third ventricle, and cerebellum.
through an anterior horn of the LV i
ventricular system in WT and Mmp

Scale bar: 500 pm. (D) Examination of Evans blue dye in the aqueduct and fourth ventricles 5 minutes after injection
n WT and Mmp14~- brains at P6. (E) Sagittal slices of brains to examine the distribution of Evans blue dye in the
147/~ brains at P15. (F) H&E staining of coronal sections of the aqueduct in mouse brain at P15. LV, lateral ventricle; Ag,

aqueduct; 4th V, fourth ventricle. Scale bar: 100 um.

observed in the ventricular zone (VZ), rostral migratory stream, olfactory bulb, and midbrain in the devel-
oping brain but not in the choroid plexus where the CSF is produced. Strong staining of LacZ was observed
at the walls of LVs at multiple stages (P3, P6, P10) (Figure 3, B and C), suggesting a potential function of
MT1-MMP in LVs. We therefore further investigated the LacZ-expressing cell types in the VZ and subven-
tricular zone (SVZ) in more detail (Figure 3D).

Radial glial cells (RGCs) are the only cell type in the VZ at birth (P0) (30) and the transition from
RGCs to ECs occurs between P2 and P6 (31). Loss of the RGCs markers corresponds to the maturation
of ECs, which occurs at P7 in mice (31). Thus, we examined the LacZ expression together with RGC and
EC markers by double-labeled immunofluorescence in coronal sections of the LV walls. We observed that
all LacZ* cells also expressed Sox2, the neural progenitor marker at the VZ regions of postnatal mouse
brain (32). At PO, LacZ* cells in the VZ were colabeled with the RGC marker brain lipid-binding protein
(BLBP). Consistent with a previous report, the EC markers (S100 and vimentin) were not observed at P0
(31). At P10, BLBP expression was reduced substantially, whereas LacZ" cells were still observed in the
majority of cells in lateral ventricular wall and were positive for S100 and vimentin. In addition, LacZ* cells
were also observed in the SVZ (Figure 3, C and D). Taken together, these data indicated that MT1-MMP is
predominantly expressed in the neural progenitors in developing mouse brain and highly expressed in the
radial glia and EC lineage lining the LV during postnatal development.
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Figure 2. MT1-MMP-deficient mice display corpus callosum agenesis and astrocytosis. (A) Confocal images of WT and Mmp14~/- brains in coronal
sections stained with antibodies against CC1 (green) and Olig2 (red). (B) The diagram depicts region in the corpus callosum (CC) where high-magnification
images were taken. (C and D) Quantification of CC1* cells (C) and Olig2* cells (D) in CC from WT and Mmp14~/- brain sections. Two-tailed Student’s t test,

*P < 0.05. (E) Quantification of the

percentage of CC1*/0lig2* cells in CC. Two-tailed Student’s t test, *P < 0.05, n = 3. (F) Immunofluorescence staining

of myelin basic protein (MBP) of the coronal sections in corpus callosum. (G) Detection of astrocytes by immunofluorescence staining of GFAP in the
forebrain at P10. (H) The diagram shows the region in the forebrain where high-magnification images were taken. (I) Quantification of GFAP* cells in G by
2-tailed Student’s t test, **P < 0.01, n = 4. Data represent mean + SEM. Scale bar: 100 pm.

Loss of MT1-MMP impairs ependymal ciliogenesis and ciliary function. As MT1-MMP is highly expressed in
the ependymal layer (Figure 3) and impaired cilia function in ECs has been shown to be a prevalent cause
of early postnatal hydrocephalus (33, 34), we wondered if hydrocephalus in MT1-MMP—deficient mice is
attributable to the defects in cilia on ECs. To test this, we first examined the P15 brains by immunofluo-
rescence staining of acetylated a-tubulin, a motile cilia marker, to depict the cilium bundles when the cilia
are fully developed and matured. In WT mice, acetylated o-tubulin distributed evenly on ECs lining the LV
wall (Figure 4A, arrows), whereas Mmp14”~ ECs exhibited flattened and discontinued staining of acetylated
a-tubulin (Figure 4A, arrowheads). We subsequently examined the primary and motile cilia on the lateral
ventricular surface at multiple stages by scanning electron microscopy. No obvious defect in primary cilia at
PO was observed in the absence of MT1-MMP (Figure 4B). However, the ciliary defects were clearly observed
in MT1-MMP-deficient mice by P7. Mutant ECs exhibited considerably shorter cilia and disrupted cilia
orientation (Figure 4B, arrowheads), whereas WT ECs displayed evenly distributed cilium bundles with a
uniform direction of cilia (Figure 4B, arrows). Quantification revealed that ECs from mutant mice exhibited
a significantly reduced number of cilia tufts at the apical surface of LVs (96.9 + 4.1/0.01 mm? in WT vs.
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Figure 3. MT1-MMP expression in the wall of the lateral ventricle in Mmp14*/**?~transgenic mice. (A) Representative
f-galactosidase staining in the developing brain at P3. (B) Diagram of a coronal section in the dorsal region of a mouse brain
showing the LV. High-magnification images of coronal sections with different staining are shown in C and D. (C) B-Galactosi-
dase staining (blue) in coronal sections of Mmp14*/*Z mouse brains at P3, P6, and P10. (D) Representative staining of LacZ,
BLBP, Sox2, vimentin, and 5100 in coronal sections of LVs from PO and P10 mouse brains. Scale bar: 50 um.

61.25 £ 2.2/0.01 mm? in mutant) (Figure 4C) and an increased percentage of cilia tufts with disrupted ori-
entation (7.9% * 2.1% in WT vs. 47.3% + 12.5% in mutant) (Figure 4, B and D) in comparison with those
of WT mice. Ciliary defects in the mutant mice progressed until they died at P15. The residual ependymal
motile cilia in MT1-MMP-deficient mice, however, retained a normal “9+2” architecture (35), as examined
by transmission electron microscopy (TEM) (Supplemental Figure 2). As the disturbed ependymal integrity
may impair the circulation of CSF and leads to hydrocephalus (26, 36), we then performed B-catenin and
TUNEL staining to assess the ependymal layer integrity (37). Neither gross alterations in -catenin pattern
nor significant change in apoptosis was observed in the VZ/SVZ (Supplemental Figure 3), indicating a prop-
er organization of the ependymal layer in the absence of MT1-MMP. These data raised the possibility that
hydrocephalus in Mmpl4~/~ brains may be attributable to the decreased and disorganized motile cilia in ECs.

To determine whether ciliary defects contribute to abnormal CSF flow in MT1-MMP—-deficient mice,
we analyzed the ciliary motility ex vivo by tracking microbead movement at the surface of brain ventricles
with high-speed video microscopy. As shown in Figure 4E and Supplemental Video 1, the WT ependymal
cilia generated a stronger forward force, which propelled a faster movement of the beads, whereas the
microbeads showed much slower movements, with a 70% reduction in mean velocity in mutant samples
(194.3 £ 6.977 um/s in WT vs. 55.90 + 2.903 um/s in mutant; Figure 4, E and F, and Supplemental Video
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Figure 4. Examination of ependymal cilia in WT and mutant LV. (A) Immunofluorescence staining of acetylated a-tubulin in LVs of P15 brains shows evenly
distributed cilium bundles in a WT animal (arrows) and flattened and discontinued cilium bundles in a Mmp14~- mouse (arrowheads). Scale bar: 50 pm. (B)
Scanning electron microscopy on the surface of LV walls from WT and Mmp74~/- mice at different postnatal stages. Note the evenly distributed cilium bundles
with a uniformed direction of cilia tufts across the LV wall in a WT mouse (arrows) and the sparsely distributed cilium bundles with shorter and fewer cilia in
disrupted orientation in a MT1-MMP-deficient mouse (arrowheads). Scale bar: 20 um. (€) Quantification of the number of cilia tufts at the surface of the LV in B.
Two-tailed Student'’s t test, **P < 0.01, n = 4. (D) Quantification of the percentage of cilia tufts with disrupted orientation at the surface of the LV wall in B. Two-
tailed Student’s t test, *P < 0.05, **P < 0.01, n = 4. (E) Images overlaid with the movement of the microbeads, as recorded by motion tracking (green lines). Scale
bar: 50 um. (F) Quantitative analyses of the mean velacity of the microbeads propelled by cilia at the surface of LV walls from WT and mutant brains. A total of
72 microbeads per genotype from 3 independent experiments were analyzed. Two-tailed Student’s t test, **P < 0.01. Data represent mean + SEM.
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2). These results demonstrated that loss of MT1-MMP impaired the ependymal ciliogenesis and disturbed
the normal CSF flow without affecting the ciliary structure and ependymal integrity.

Loss of MT1-MMP affects ciliary organization and basal body polarity in ECs. The coordinated ciliary beat-
ing is crucial for the directional CSF circulation. With the maturation of ECs, the area of apical surface
increases and acquires compacted cilia clusters that are initially scattered widely. The motile cilia are then
clustered into an off-centered patch at the apical surface of ECs to facilitate coordinated ciliary beating (38,
39). A correlation between defective ciliogenesis and disruption of planar polarity in ependymal motile
cilia has been previously described (40). As loss of MT1-MMP results in reduced and disorganized cilia
tufts in ECs, we asked whether ciliary defects are associated with disrupted polarity of ECs. The polarity of
ECs is normally established at P9 (41, 42). We therefore analyzed the morphology and polarity of ciliary
basal bodies at P10 by whole-mount staining of LVs with y-tubulin/p-catenin antibodies (43). In WT mice,
ECs exhibited tightly packed and round basal body clusters of cilia, whereas ECs in MT1-MMP—deficient
mice manifested irregular and abnormally elongated patches of cilia (Figure 5A), consistent with the scan-
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ning electron microscopy results. A higher length-to-width ratio of the patches was found in the MT1-
MMP-deficient ECs (Figure 5B). In addition, MT1-MMP-deficient ECs exhibited a significantly reduced
percentage of apical surface coverage by basal body (BB) patches (Figure 5C, 34.9% % 0.38% of total area
in mutant vs. 42.7% * 0.41% in WT). The BB patch displacement in MT1-MMP—deficient ECs was signifi-
cantly increased (Figure 5, D and E, 0.62 £ 0.005 in mutants vs. 0.48 + 0.006 in WT). In addition, BB patch
angle showed a slight but significantly diverse distribution in MT1-MMP-deficient ECs (Figure 5F). These
data clearly showed a defect in planar polarization of BB patches in the absence of MT1-MMP.

Taken together, these data suggest that loss of MT1-MMP affects the intrinsic organization of ciliary
basal body patches in ECs and disrupts ciliary patch planar polarity, which in turn disturbs the directional
CSF flow in Mmp14~'~ mice.

MTI1-MMP is essential for EC maturation. ECs are derived from radial glia cells at birth. Defects in either
differentiation or maturation of ECs can give rise to hydrocephalus (4, 5, 44—46). To investigate the poten-
tial defects in the differentiation and maturation of ECs, we first examined the density of RGCs at the api-
cal surface of LVs at PO by immunofluorescence staining using antibodies against the RGC marker, BLBP.
As shown in Figure 6, A and B, WT and mutant mice exhibited similar BLBP* cell densities (203.6 + 5.2
cells/mm vs. 187.1 £ 2.3 cells/mm). Vimentin and S100 label the ECs and mature ECs (44, 45, 47). No sig-
nificant difference in the number of vimentin* ECs was observed between WT and mutant brains at the LV
walls (36.4 = 5.1 x 10> mm? vs. 36.0 * 4.4 cells X 10> mm?). However, a significant reduction in the number
of S100* cells (23.4 £ 1.9 x 10> mm? in WT vs. 15.4 + 1.1 cells x 10> mm? in mutant) was observed in MT1-
MMP-deficient ECs. The percentage of S100*/vimentin* cells was remarkably decreased in mutant mice
at P10 (65.1% * 4.6% in WT vs. 41.0% = 3.5% in mutant) (Figure 6, C—F), suggesting that the maturation
of ECs is MT1-MMP dependent and the hydrocephalic phenotypes in MT1-MMP—deficient mice may be
attributable to the compromised maturation of ECs cells in the absence of MT1-MMP.

To investigate how loss of MT1-MMP affects ciliogenesis and the ependymal maturation program, we fur-
ther assessed the expression of FoxJ1, a transcription factor essential for EC maturation and motile cilia genesis
in multiciliated cells, along with its upstream regulator Mcidas (MCI) and downstream targets Centrin2 (Cetn2)
and WD repeat domain 78 (Wdr78) (48, 49). In line with the defective cilia, we observed that the mRINA of
MCI, FoxJ1, Cetn2, and Wrd78 was significantly decreased in the LV walls in the mutant mice at P10 (0.52 *
0.06-fold, 0.59 £ 0.03—fold, 0.63 £ 0.06—fold, 0.70 £ 0.04—fold of control) (Figure 6G). A transient reduction in
Myb, the gene responsible for centriole amplification at the early postnatal stage, was observed in the LV walls
from mutant mice at P3 (0.45 + 0.08—fold of control) (Supplemental Figure 4). These results further support the
notion that MT1-MMP facilitates maturation of ECs and ciliogenesis at the LV walls in the mouse brain.

MTI1-MMP facilitates ciliogenesis of ECs by suppressing Notch signaling. It has been shown that Notch activi-
ty suppresses the acquisition of a multiciliated phenotype (50, 51). The inhibition of MCI by Notch signal-
ing promotes centriole assembly and motile cilia extension in ECs (52, 53). Our previous work showed that
MT1-MMP cleaves DIl1 and negatively regulates Notch signaling to maintain normal B cell development
(17). We therefore asked whether MT1-MMP regulates ciliogenesis and EC development in the brain by
affecting Notch signaling. As expected, an increased expression of NICD and DLL1 was observed on the
mutant ventricular wall (Figure 7A). Consistent with the increased NICD level, elevated expression of
Hes5 and Heyl (1.41 + 0.01-fold and 1.47 + 0.14—fold of control at P7; 1.39 + 0.05—fold and 1.92 £ 0.17—
fold of control at P10) (Figure 7B), the downstream targets of Notch signaling, was observed in the mutant
LV, suggesting that loss of MT1-MMP results in a hyperactivation of Notch signaling in the LV walls. To
further determine whether defective ciliogenesis in MT1-MMP—deficient ECs is attributable to the exces-
sive Notch signal, we tested if inhibiting Notch signaling will restore the ciliogenesis in MT1-MMP—defi-
cient ECs. ECs isolated from the LVs from both WT and Mmpl4”’~ brains were taken into culture in the
presence and absence of the y-secretase inhibitor DAPT. Ciliogenesis was evaluated by the staining of
y-tubulin, which labels ciliary basal bodies, and acetylated o-tubulin, which represents ciliary axoneme
when motile cilia are fully developed and matured. Similar to the in vivo observations, defective ciliogene-
sis was also found in MT1-MMP—-deficient ECs. As shown in Figure 7, MT1-MMP deficiency resulted in
a significant increase in the number of single ciliated ECs (labeled by y-tubulin) (8.8% * 0.9% in WT vs.
22.1% % 2.0% in mutant) (Figure 7, C and D) and fewer multiciliated ECs (57.8% *+ 4.4% in WT vs. 25.2%
+ 2.2% in mutant) (Figure 7, C and E). Mmp14’'~ ECs exhibited a remarkable increase in the percentage
of multiciliated cells with DAPT treatment (25.2% * 2.2% in mutant ECs treated with DMSO vs. 49.4%
+ 4.4% in mutant ECs treated with DAPT) and a decreased the percentage of monociliated cells (22.1% +
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at P10. Unpaired Student’s t test, **P < 0.0001. (D) Diagram showing the calculation of basal body displacement. The
distance between the centroid of the cell and the centroid of the basal body cluster (d, black line) was normalized to
the distance (D, broken line) of the line extended to the cell membrane. (E) Histogram of basal body patch displace-
ment in WT (blue) and Mmp14~/- (red) ependymal cells. Unpaired Student’s t test, **P < 0.0001. (F) Histogram of the
distribution of BB patch angles in ependymal cells between WT (blue) and Mmp14~/- (red). Watson's 2-sample U? test,
**P < 0.01,n =269 (WT) or n = 300 (KO) cells from 3 mice per genotype.

2.0% in mutant ECs treated with DMSO vs. 9.3% * 1.4% in mutant ECs treated with DAPT) (Figure 7, C
and D). In addition, while DAPT treatment did not significantly increase the cilia length in WT ECs (7.20
um * 0.07 um in DMSO treatment vs. 7.39 um * 0.06 um in DAPT treatment), the cilia length was restored
remarkably in mutant ECs treated with DAPT (3.29 um + 0.07 um in DMSO treatment vs. 6.60 pm + 0.07
um in DAPT treatment) (Figure 7, C and F). These results demonstrated that hyperactivated Notch signal-
ing in the absence of MT1-MMP is responsible for the defective ciliogenesis in ECs.

Discussion

Hydrocephalus, a common defect frequently occurring in infants, is characterized by the increased head
size, impaired vision, poor coordination, seizures, poor appetite, and urinary incontinence. Hydrocephalus
is usually accompanied by disrupted neural cell determination in the SVZ, reduced subcommissural organ,
shrunken corticospinal tract, or deficiency in corpus callosum (54). In mice, the most prominent pheno-
types are dome-shaped skull and enlarged ventricles caused by the accumulation of CSF, due to either the
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iogenic genes (MCl, FoxJ1, Cetn2, and Wdr78) at the LV walls at P10. Levels of gene expression in WT samples were designated as 1. Two-tailed Student’s t
test, **P < 0.01, n = 6. Data represent mean + SEM,
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obstruction of the ventricular system or defects in the ECs. For example, mutations in genes encoding for
structural and functional proteins of cilia, including TMEM67, MKS1, SNX27, and CC2D2A, result in
congenital hydrocephalus (5, 55, 56).

Loss of MT1-MMP results in a dome-shaped skull. In this study, we showed that loss of MT1-MMP
gives rise to congenital hydrocephalus. Mmpl4’'~ mice exhibited enlarged ventricular cavities, agenesis of
the corpus callosum, and astrocyte hypertrophy. Mutant mice manifested a communicating hydrocephalus
without obvious obstruction in the ventricular channels demonstrated by H&E staining and Evans blue dye
injection (Figure 1). We observed that MT1-MMP is predominantly expressed in the radial glia at birth,
which is the only cell type in the LV wall at PO, and in the EC lineage lining the LV during postnatal devel-
opment but not in the choroid plexus where the CSF is produced. We therefore suspected that MT1-MMP
affects ECs whose functional defect is closely associated with the pathogenesis of hydrocephalus. Indeed,
Mmp14”- ECs exhibited reduced and disorganized motile cilia, though the inner structure was not affected.
The ciliary defects generated an impaired CSF flow at the surface of LV (Figure 4 and Supplemental Video
2) that is likely the major contributor to the hydrocephalus in MT1-MMP-deficient mice (57, 58). These
data suggest that MT1-MMP is critical for the control of ciliogenesis in ECs.

The planar polarity of ECs controls the coordinated ciliary beating and the directional CSF flow,
therefore making the polarity essential for brain function (40). Several studies have shown that planar cell
polarity (PCP) genes (Celsrl, Fzd3, Vangl2, and Dvl) regulate cilia positioning in the ependymal apical
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domain and deletion of PCP genes leads to severe hydrocephalic phenotypes (4, 38, 44). To investigate how
MT1-MMP affects the development of ECs and whether the ciliary disorganization in Mmpl4~~ mice is a
consequence of disrupted PCP, we characterized the basal bodies of motile cilia. The BB patch displace-
ment was significantly increased in the ECs in MmpI4~~ mice. The BB patch angles, a readout of transla-
tional polarity, was disturbed, suggesting that MT1-MMP is indispensable in the planar polarization of BB
patches. Previous reports showed that MT1-MMP can cleave PCP protein PTK7 and directly regulate the
directional cell migration and tumor invasion (59, 60). It is unclear whether a defect in PTK7 cleavage may
also contribute to the disrupted cilia orientation in ECs in Mmp4~'~ mice.

On the other hand, many mutant ECs manifested dispersed and abnormally elongated BB patches as
well as a lower percentage of apical surface coverage by basal bodies, a phenomenon frequently found to
correspond to the immature multiciliated ECs (39, 46). Indeed, we observed a decreased expression of
Myb, the gene responsible for the centriole amplification during early multiciliogenesis (61), in the LV walls
from mutant brains, which may contribute to the abnormal BB patches in mutant mice. To substantiate the
findings of impaired differentiation or maturation in MT1-MMP—deficient ECs, we examined the expres-
sion of RGC marker BLBP at the LV walls at birth, followed by the examination of vimentin and S100 by
whole-mount staining of LV at different postnatal stages. ECs lining the LV during the first week of post-
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natal life are differentiated from the radial glia and acquire their final characteristics by the second week
(31). Vimentin immunoreactivity is mainly detected in ECs at the LV walls,whereas S100 is considered as a
marker for mature multiciliated ECs (47, 62). Interestingly, MT1-MMP deletion did not result in decreased
BLBP* cells or vimentin* ECs, suggesting that the differentiation of RGCs to EC lineage was not disturbed
in MT1-MMP-null mice. These data also indicate that the integrity of the ependymal layer is maintained
in LVs of Mmpl4’~ mice, a finding that is also supported by the normal p-catenin and TUNEL staining.
However, a significant reduction in S100* cells was found in the LV walls in mutant mice compared with
that in WT mice at P10, suggesting that MT1-MMP is required for the maturation of ECs.

FoxJ1 is a key transcriptional factor required for centriole assembly during ciliogenesis; it controls the
differentiation and maturation of ECs (48, 49). FoxJ1 can be activated directly by MCI, a key regulator for
genesis of multiciliated ECs, which is inhibited by Notch signaling (53, 63). Consistent with the decreased
number of S1007 cells in the LV walls in the mutant brains, we observed a reduced expression of MCI and
FoxJ1, along with their downstream targets (Cetn2 and Wdr78), in the mutant LVs, further supporting the
notion that MT1-MMP is required for ciliogenesis and ECs development.

Notch signaling is important for both survival and maintenance of stem cell quiescence in the neural
lineage. ECs express the Notchl receptor as well as its preferred ligand delta-likel (DII1) (64). It has been
reported in several hydrocephalic models that Notch signaling activation suppresses the acquisition of a
multiciliated phenotype and inhibition of excessive Notch signal results in the upregulation of MCI and
FoxJ1, promoting ciliogenesis and maturation of ECs (5, 39). Given that MT1-MMP negatively regulates
Notch signaling by cleaving D111 to maintain normal B cell development (17), it is plausible to speculate
that MT1-MMP likely affects ciliogenesis and EC development through modulating Notch signaling. In
line with the downregulated Foxjl expression in LVs in mutant brains, we observed hyperactivation of
Notch signaling represented by increased levels of NICD, DIl1, and their downstream targets (Hes5 and
Heyl), further supporting that MT1-MMP affects the maturation of ECs and ciliogenesis through sup-
pressing Notch signaling by processing DI11. Indeed, the specific Notch signaling inhibitor, DAPT (y-secre-
tase inhibitor), drastically rescued the ciliary defects in the mutant ECs in terms of the number of multicil-
iated cells and ciliary length, demonstrating that MT1-MMP regulates ciliogenesis and maturation of ECs,
at least in part, if not entirely, by suppressing Notch hyperactivation. Our data identified a potentially novel
function for MT1-MMP in regulating ciliogenesis in ECs during brain development and provided insights
into the molecular pathogenesis of congenital hydrocephalus.

Methods

Mouse strains. Mmpl4**, Mmpl4*-, and Mmpl4’~ mice on a C57BL6 background have been previously
described (18, 21). MT1-MMP***Z mice were provided by Takeharu Sakamoto from the University of
Tokyo (Tokyo, Japan) (65). Both male and female animals were used in experiments. The age at which mice
were used for experiments is shown in the figure legends.

Ventricular dye injections. The CSF circulation was assessed as described previously (6, 7). Briefly, P6 and
P15 Mmp14*'- and Mmp14”’~ mice were deeply anesthetized by intraperitoneal injection of ketamine and xyla-
zine. Evans blue dye (5 pul, 4% in PBS) was injected into the LV using a 0.1-ml syringe. Mice were then sacri-
ficed 5 minutes after the injection. Brains were fixed in 4% PFA overnight and then cut into 2-mm-thick slices.

p-Galactosidase staining. Dissected brains were postfixed for 1 hour at room temperature and sectioned
using a vibratome. The X-gal solution was freshly prepared by dissolving X-gal powder into dimethyforma-
mide and added into the staining solution containing 1 mg/mL X-gal, 5 mM K,Fe[CN],, 5 mM K Fe[CN],
and 2 mM MgCl, in PBS. The samples were incubated for approximately 12—-16 hours in the dark at 37°C.
The tissues were washed and fixed on next day and then dehydrated and embedded for sectioning. The
sections were counterstained in Eosin Y (MilliporeSigma, HT110216) for imaging.

Histology and immunofluorescence. Mouse brain samples were fixed in 4% PFA overnight at 4°C, embed-
ded in gelatin or dehydrated, and embedded in wax. Paraffin and cryosections were generated at 8 um and
20 pm, respectively. Paraffin sections were used in H&E staining and imaged under a bright-field micro-
scope (BX51, Olympus) equipped with a camera. The sections were immunostained using primary anti-
bodies against the following proteins: p-catenin (BD Transduction, 610154); acetylated-o-tubulin (Milli-
poreSigma, T7451); LacZ (Abcam, ab134435); Vimentin (Santa Cruz, sc-7557); BLBP (MilliporeSigma,
ABN14); Olig2 (MilliporeSigma, AB9610), CC1 (Abcam, Ab16794), MBP (MilliporeSigma, AB5864),
Sox2 (Neuromics, GT15098), and GFAP (DAKO, Z0334). Secondary antibodies coupled to Alexa Fluor
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488 or 568 of donkey anti-mouse, rabbit, or goat (Invitrogen) were diluted at 1:500 and incubated at room
temperature for 1 hour. Sections were mounted with mounting medium containing DAPI (MilliporeSig-
ma). Confocal images were acquired by a Zeiss LSM780 microscope.

Whole-mount immunostaining. After cervical dislocation, the brain was removed from the skull and
whole mounts of the LV walls were freshly dissected as described previously (43). The exposed walls
were then fixed overnight at 4°C in 4% paraformaldehyde in 0.1% Triton X-100/PBS. The whole-mount
samples were incubated in primary antibodies in 0.5% Triton X-100/PBS, including anti—y-tubulin (Milli-
poreSigma, T5192); anti—f-catenin (BD Transduction, 610154); anti-Vimentin (Santa Cruz, Sc-7557); and
anti-S100 (MilliporeSigma, S2644), for 24 hours at 4°C. Secondary antibodies coupled to Alexa Fluor 488
or 568 of donkey anti-mouse, -rabbit, or -goat (Invitrogen) were diluted at 1:600 and incubated at room
temperature for 1.5 hours. Confocal images were acquired by a Zeiss LSM780 microscope.

Electron microscopy. Mouse LV walls were fixed overnight at 4°C in 2.5% glutaraldehyde in 0.1 M phos-
phate buffer pH 7.4. For scanning electron microscopy, LV walls were dehydrated through a series of grad-
ed ethanol (30%, 50%, 75%, 95%, and 100%) and dried with a critical-point dryer (Praeparation, CPD
030). Samples were mounted and coated with platinum with sputter coater, and images were captured
with a Leo 1530 FEG scanning electron microscope. Blocks for TEM were rinsed, postfixed in osmium
tetroxide, dehydrated by a series of ethanol and propylene oxide, and then embedded in epoxy resin. After
polymerization, blocks were sectioned at 100 nm and stained with uranyl acetate and lead citrate. Finally,
sections were dried and observed with a Philips CM 100 transmission electron microscope.

TUNEL staining. An In Situ Cell Death Detection Kit (11684795910, Fluorescein, Roche) was used to
detect cells under apoptosis. The experiment was performed on paraffin sections according to the manufac-
turer’s instructions. Apoptotic cells were counted blind on 3 comparable sections per mouse brain (n = 4).

Video microscopy analysis of ependymal ciliary function. Fresh brains were dissected from 12-day-old
animals. One-mm-thick coronal sections from LV walls were obtained and transferred to a 35-mm
glass microwell dish in DMEM at 37°C. Before video microscopy analysis, a small amount polystyrene
beads (Invitrogen, 2 um) was added and mixed with the medium. Bead movement was recorded by a
high-speed video camera (Nikon Ti2-E wide-field microscope) with a x100 oil immersion objective.
Images were captured at 30 frames per second, and the mean velocity of each tracked microbead was
calculated using MetaMorph software.

EC culture. LVs were dissected from PO or P1 mice in pro-cold PBS and digested with papain (Milli-
poreSigma, P4762) with DNAse I (Stemcell Technologies, 07469) in DPBS at 37°C for 15 minutes followed
by centrifugation. The cells were resuspended in DMEM with 10% FBS and 1% Penicillin/Streptomycin
(Gibco, 151400) and plated on Poly-L-Ornithine—coated (MilliporeSigma, P4957) coverslips in 24-well plate.
The cells isolated from a single brain were seeded into 2 wells of a 24-well plate. After 24 hours to 5 days.
when the cells reach 100% confluence, the medium was changed to DMEM without serum to induce EC
differentiation. For the ciliogenesis rescue experiment, DAPT (Adipogen) was used at 20 pM in DMSO, and
control cells were treated with equivalent volume of vehicle (DMSO). The medium was changed every 3 days.

Quantitative PCR. Total RNA was extracted from mouse LV walls using Trizol reagent (Invitrogen)
and reversed transcribed into cDNA using M-MLV reverse transcriptase (Promega). Real-time PCR reac-
tions were performed in StepOnePlus Real-time PCR System (Applied Biosystems) with the SYBR Green
PCR master mix (Takara). Triple qRT-PCRs were performed for each primer pair. The primer sequenc-
es were as follows: MCI (forward, 5'-GGCCTCAGTGCTGGATAAGC-3', reverse, 5" TAGGGTCAC-
GATTGTGCAGG-3"); Foxjl (forward, 5-CTTCCGCCATGCAGACCCCA-3', reverse, 5-CGGG-
CAAAGGCAGGGTGGAT-3'); Cetn2 (forward, 5-ACCAGAAACAGGAAATCCGGG-3', reverse,
5-CCTCATTGCCACCTTCAGTTC-3"); Wdr78 (forward, 5-ACTAGCCGGGGAGACGTAAT-3,
reverse, 5-TGATGTTGGTCCCTTTCCGT-3"); Hes5 (forward, 5-CAAGGAGAAAAACCGACT-
GCG-3', reverse, 5-GCGAAGGCTTTGCTGTGTTT-3'); Heyl (forward, 5-TACCCAGTGCCTTT-
GAGAAG-3', reverse, 5-AACCCCAAACTCCGATAGTC-3) (39); Myb (forward, 5-AGCAGG-
CATTACCAACACAGA-3', reverse, 5'-CTGCTGAGATCACACCACGA-3'); and GAPDH (forward,
5'-GAGCCAAAAGGGTCATC-3, reverse, 5-GTGGTCATGAGTCCTTC-3"). Gene expression was
normalized with GAPDH mRNA levels.

Immunoblot analysis. LVs isolated from WT and MmpI14 '~ mouse brains were lysed in lysis buffer con-
tains 50 mM Tris-HCL (pH 7.5), 150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, and protease
inhibitor cocktail (Roche). Protein lysate was mixed with loading buffer and electrophoresed in SDS-PAGE
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and transferred onto nitrocellulose membranes. Membranes were incubated with primary antibody (anti—f-
actin [MilliporeSigma, A5316], anti-NICD [Cell Signaling, 4147], and anti-DI11 [Santa Cruz, H265]) after
blocking and then analyzed by immunoblot analysis.

Statistics. All data are expressed as mean * SEM. Student’s unpaired 2-tailed ¢ test was used for com-
parisons between 2 groups, and 1-way ANOVA followed by post hoc comparisons with Tukey’s correction
was used for multiple comparisons. Statistical significance was defined as P < 0.05. The BB displacement
was calculated as the distance between the cell center and the BB patch center divided by the distance from
the cell center to the membrane (38). To examine a cell’s BB patch angle, a vector was drawn from the cell
center to the BB patch center in images aligned with the anterior side to the left, and the angle was com-
pared between WT and mutant mice using Watson’s 2-sample U? test. The distance and vector angles were
measured using ImagelJ software (NIH) (66).

Study approval. All animal experiments were approved by the Committee on the Use of Live Ani-
mals for Teaching and Research of the University of Hong Kong and carried out according to its
guidelines and regulations.
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