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SNAP23 deficiency causes severe brain dysplasia
through the loss of radial glial cell polarity

Masataka Kunii*?@®, Yuria Noguchit, Shin-ichiro Yoshimural@®, Satoshi Kanda!@®, Tomohiko Iwano?, Erda Avriyantiv*@, Nur Atik'>@®, Takashi Sato®,
Ken Sato?®, Masaharu Ogawa’, and Akihiro Harada2®

In the developing brain, the polarity of neural progenitor cells, termed radial glial cells (RGCs), is important for neurogenesis.
Intercellular adhesions, termed apical junctional complexes (AJCs), at the apical surface between RGCs are necessary for cell
polarization. However, the mechanism by which AJCs are established remains unclear. Here, we show that a SNARE complex
composed of SNAP23, VAMPS, and Syntaxin1B has crucial roles in AJC formation and RGC polarization. Central nervous system
(CNS)-specific ablation of SNAP23 (NcKO) results in mice with severe hypoplasia of the neocortex and no hippocampus or
cerebellum. In the developing NcKO brain, RGCs lose their polarity following the disruption of AJCs and exhibit reduced
proliferation, increased differentiation, and increased apoptosis. SNAP23 and its partner SNAREs, VAMP8 and SyntaxinlB, are

important for the localization of an AJC protein, N-cadherin, to the apical plasma membrane of RGCs. Altogether, SNARE-
mediated localization of N-cadherin is essential for AJC formation and RGC polarization during brain development.

Introduction

During the development of the mammalian brain, many types of
neurons and glial cells are generated from radial glial cells
(RGCs) and migrate to their appropriate positions to form the
brain structure (Butts et al., 2014; Gupta et al., 2002; Nadarajah
and Parnavelas, 2002). RGCs are highly polarized along their
apico-basal axis. This polarity contributes to RGC proliferation
and differentiation as well as to the migration of postmitotic
neurons (Goétz and Huttner, 2005). The polarity of RGCs is
established and maintained by intercellular adhesions, termed
apical junctional complexes (AJCs; Lehtinen and Walsh, 2011;
Taverna et al., 2014). The disruption of AJCs is associated with
the pathogenesis of several disorders in the human brain, such
as hydrocephalus and intraventricular hemorrhage (McAllister
et al., 2017; Rodriguez et al., 2012). Thus, AJCs have important
roles in the normal development of the mammalian brain.

A number of protein complexes, such as cadherin-catenin
complexes, Par-atypical PKC (aPKC) complexes, and Crumbs
(Crb)-Patj-Palsl complexes, are required for the organization of
AJCs (Singh and Solecki, 2015; Uzquiano et al., 2018). In par-
ticular, the localization of N-cadherin to the apical plasma
membrane (PM) is important for the formation of cadherin-
catenin complexes that initiate AJC formation (Chenn et al.,

1998; Gumbiner, 2005; Miyamoto et al., 2015). The localization
of cadherins is regulated by intracellular protein transport ma-
chinery (Bryant and Stow, 2004; Cadwell et al., 2016). A number
of proteins, such as a Notch regulator, Numb, and a Scribble
complex protein, Lgll, are involved in an endocytic or recycling
pathway of N-cadherin in RGCs (Jossin et al., 2017; Rasin et al.,
2007); however, it remains unclear how newly synthesized or
recycled N-cadherin is properly localized to the apical PM
of RGCs.

In polarized cells, such as RGCs, newly synthesized mem-
brane proteins are transported to distinct parts (apical or ba-
solateral) of the cell surfaces by polarized transport machinery
(Mellman and Nelson, 2008; Weisz and Rodriguez-Boulan,
2009). Transport vesicles containing membrane proteins fuse
with the PM via the facilitation of SNARE proteins. Vesicle-
associated membrane protein (VAMP) on the transport vesi-
cles, and Syntaxin (Stx) and synaptosomal-associated protein
(SNAP) on the PM form a ternary complex that fuses the
membranes (Hong, 2005; Jahn and Scheller, 2006; Siidhof and
Rothman, 2009). In the central nervous system (CNS), the
VAMP2-Stx1A-SNAP25 complex is a well-characterized neuro-
nal SNARE complex that is involved in the fusion of synaptic
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vesicles with presynaptic PMs (Pevsner et al., 1994; Sutton et al.,
1998). Knockout mice deficient in any of the proteins in this
complex show impairments in neurotransmission, but they
exhibit no abnormalities in brain morphology or AJC formation
(Fujiwara et al., 2006; Schoch et al., 2001; Washbourne et al.,
2002). Thus, additional SNARE complexes are likely involved in
these processes.

Here, we report that SNAP23 plays a crucial role in the lo-
calization of N-cadherin to the apical PM of RGCs. SNAP23 is a
ubiquitously expressed SNARE protein that belongs to the
SNAP25 family and is involved in exocytotic events in diverse
cell types (Kunii et al., 2016; Ravichandran et al., 1996; Ren et al.,
2015). SNAP23 participates in the transport of glutamate re-
ceptors to the postsynaptic region in mature neurons (Suh et al.,
2010), but the function of SNAP23 in brain development re-
mains unknown. In this study, we generated CNS-specific
SNAP23 knockout (NcKO) mice. NcKO mice exhibited severe
hypoplasia of the cerebral cortex and lacked a hippocampus and
cerebellum. In the developing brain of NcKO mice, the disrup-
tion of AJCs caused the loss of RGC polarity, which resulted in
abnormal proliferation and differentiation of RGCs, as well as
the death of postmitotic neurons. Using primary cultures of
RGCs, we found that SNAP23 is important for the localization of
N-cadherin to the PM. Additionally, other SNARE proteins,
VAMPS8 and Stx1B, interact with SNAP23 to promote the local-
ization of N-cadherin to the apical PM of RGCs. Based on these
findings, we conclude that a SNARE complex composed of SNAP23,
VAMPS, and Stx1B mediates the localization of N-cadherin to the
apical PM and is crucial for the polarization of RGCs in the
developing brain.

Results

NcKO mice result in severe hypoplasia of the cerebral cortex
and lack of a hippocampus and cerebellum

To elucidate the function of SNAP23 in the developing brain,
NcKO mice were generated by crossing Snap23/f mice (Kunii
et al.,, 2016) with Nestin-Cre mice, which drives Cre-mediated
recombination in RGCs (Tronche et al., 1999). The NcKO mice
were born at a typical Mendelian ratio but died within 3 wk of
birth. Perinatal (PO) NcKO mice exhibited internal hemorrhag-
ing in the hindbrain region (Fig. 1 A, arrowhead). 2-wk-old
NcKO mice showed growth retardation, severe spatial disori-
entation, and an ataxic gait (Video 1). At P14, the NcKO brains
showed severe hypoplasia of the cerebral cortex, and there was
no cerebellum (Fig. 1 B, arrow and arrowhead). The morpho-
logical abnormalities of the NcKO brain were already evident at
embryonic stages. On embryonic day (E) 16.5, the cerebral cor-
tex (Fig. 1 C, asterisks) and hippocampus (Fig. 1 C, arrows) of the
NcKO mice were reduced, and intraventricular hemorrhage was
observed in the third ventricle (Fig. 1 C, arrowhead). In the
caudal region, there was no middle part of the midbrain (Fig. 1D,
arrowheads) or cerebellar vermis (Fig. 1, D and E, arrows). At PO,
the NcKO brains exhibited additional severe malformations.
The size of the cerebral cortex was drastically reduced, and
the neuronal layers were disorganized (Fig. 1 F, asterisks). The
hippocampus was completely absent (Fig. 1 F, arrows). In
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contrast, the medial cortex and diencephalon were relatively
unaffected, but the third ventricles were enlarged (Fig. 1 F,
arrowheads). In the caudal region, most of the midbrain and
cerebellum were lost, and the aqueduct of the midbrain and the
fourth ventricle were markedly enlarged (Fig. 1, G and H,
asterisks).

To assess morphological abnormalities during development,
we observed earlier-stage embryos. Immunoblotting showed
that the expression of SNAP23 in the NcKO brain was retained at
E12.5 but was greatly reduced at E13.5 (Fig. 1I). Consistent with
these results, the cerebral cortex and cerebellum were still intact
at F12.5 in the NcKO mice; however, at E13.5, the smooth sur-
faces of the ventricular walls were disorganized (Fig. 1, ] and K,
arrows). SNAP23 was expressed in both RGCs and neurons in
the control cortex at E13.5. In RGCs, SNAP23 was localized to
both the apical and basal processes, but favored the apical side
(Fig. S1, A and B, arrows). In contrast, SNAP25 was expressed
mainly in postmitotic neurons (Fig. S1 B). SNAP23 was not ex-
pressed in the E13.5 NcKO brain, confirming the sufficient ex-
pression of Cre recombinase at this stage (Fig. 1, L and M). Thus,
SNAP23 is essential for the normal development of the cerebral
cortex and cerebellum.

RGCs in NcKO mice lose their apico-basal polarity and exhibit
abnormal interkinetic nuclear migration (INM)

In the E13.5 WT brain, RGCs extend short apical processes to the
ventricular surface and long basal processes to the pial surface
from the soma localized in the ventricular zone (VZ; Miyata
et al., 2001; Noctor et al., 2001). The nucleus and soma mi-
grate up and down the VZ in a cell cycle-dependent manner—
this process is referred to as INM (Miyata et al., 2015). We
addressed whether the depletion of SNAP23 would influence
apico-basal polarization and INM. In the control cortex, apical
and basal processes positive for Nestin, the intermediate fila-
ments specifically expressed in RGCs, normally extend radially
through the cortex. In contrast, the processes in the NcKO ce-
rebral cortex were shortened or absent, and a number of round-
shaped cells were observed (Fig. 2 A). When the cerebral cortices
were stained with a Pericentrin antibody, a marker of the basal
body of primary cilium, the basal bodies were located just be-
neath the lateral ventricular surface of the control cortex;
however, they localized diffusely throughout the VZ of the NcKO
cortex (Fig. 2 B, arrows). These observations suggest the mis-
orientation of RGCs in the NcKO mice. Additionally, staining for
Pax6, a marker of neural progenitor cells, including RGCs, re-
vealed a significant decrease in the number of progenitors in the
NcKO cortex (Fig. 2, C and D). Similar to that in the cerebral
cortex, a loss of RGC polarity was observed in the NcKO cere-
bellum (Fig. 2, E and F). The number of Pax6-positive granule
cell progenitors in the rhombic lip area was markedly decreased
in the NcKO cerebellum (Fig. 2, G and H).

Mitotic RGCs were labeled with BrdU or a phospho-histone
H3 (PH3) antibody to investigate cell cycle-dependent INM. In
the control cortex, the nuclei of S-phase cells, which exhibited
BrdU incorporation, were in the upper region (pial side) of the
VZ. In contrast, S-phase cells in the NcKO cortex exhibited a
more apical (ventricle side) localization (Fig. 2, I and J). Moreover,
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Figure 1. NcKO mice show severe hypoplasia of the cerebral cortex and have no hippocampus or cerebellum. (A) The appearance of control (Ctrl) and
NcKO mice at PO. NcKO mice exhibited small eyes (arrow) and internal hemorrhaging (arrowhead). (B) Representative brains of the P14 Ctrl and NcKO mice.
The NcKO brain shows hypoplasia of the cerebral cortex (arrow) and has no cerebellum (arrowhead). Scale bar, 5 mm. (C-H) Hematoxylin-eosin staining of
coronal sections in the middle (C and F) and caudal region (D and G) and sagittal sections of the cerebellum (E and H) at E16.5 (C-E) and PO (F-H). Asterisks,
arrows, and arrowheads in C and F indicate the cerebral cortex, hippocampus, and third ventricle, respectively. Arrows and arrowheads in D and E indicate the
vermis of the cerebellum (Cb) and middle part of the midbrain (Mb), respectively. Asterisks in G and H indicate the enlarged aqueduct of the midbrain and the
fourth ventricle, respectively. Scale bars, 1 mm. (1) Immunoblots showing SNAP23 and SNAP25 in the brain. GAPDH blotting was used as a loading control.
() and K) Nissl staining in coronal sections of the cerebrum and sagittal sections of the cerebellum at E12.5 and E13.5. Arrows indicate the disorganization of the
ventricular walls. Scale bars, 200 pm (J), 100 pum (K). (L and M) Expression of SNAP23 in E13.5 brain sections. Scale bars, 50 um. 4th V, fourth ventricle; CP,

cortical plate; EGL, external granular layer; LV, lateral ventricle; RL, rhombic lip; VZ, ventricular zone.

the majority of M-phase cells, which were labeled with PH3, was
located at the ventricular surface in the control cortex. However,
PH3-positive cells were scattered throughout the NcKO cortex
(Fig. 2, K and L). Based on these data, we concluded that SNAP23
plays a significant role in the apico-basal polarization of RGCs and
is required for normal proliferation and INM of RGCs.

The NcKO brain exhibits enhanced differentiation, defective
migration, and increased apoptosis of newborn neurons

As the apico-basal polarity of RGCs is also necessary for their
differentiation into neurons (G&tz and Huttner, 2005; Lehtinen
and Walsh, 2011; Taverna et al., 2014), we analyzed neurons in
the NcKO brain. In the control cerebral cortex, Tujl- or Tbrl-
positive neurons were located at the cortical plate. In contrast, in
the NcKO cortex, neurons were also observed in the VZ and the
sub-VZ, suggesting migration defects (Fig. 3, A-C). Moreover,
the number of neurons was increased in the NcKO cortex
(Fig. 3 D). In the NcKO cerebellum, Tujl-positive neurons were
also ectopically located in the VZ (Fig. 3 E, arrows). The numbers
of calbindin-positive Purkinje cells and Thrl-positive cerebellar
nuclei neurons were also increased in the NcKO cerebellum
(Fig. 3, F-H, arrows). Thus, neural differentiation might be
promoted in the NcKO brain. To confirm this, we performed a
cell cycle exit analysis. We counted the number of cells that
exited the cell cycle 24 h after BrdU incorporation, and the
proportion of cells (BrdU*, Ki67~/total BrdU*) was significantly
increased in the NcKO cortex and cerebellum (Fig. 3, I-L,
arrows). These data suggest that, although the NcKO brain ul-
timately shows hypoplasia, premature neurogenesis is promoted
at the early stage of brain development.

As most of the cerebral cortex and cerebellum is lost in the
postnatal NcKO brain, the increasing number of neurons cannot
settle in neuronal layers. To address this, we observed apoptosis
by staining for cleaved Caspase-3. In the NcKO cerebral cortex
and cerebellum, the number of apoptotic cells was clearly in-
creased (Fig. 3, M-O, arrows). Double staining for TUNEL and
Pax6 or Tbrl showed that most TUNEL-positive cells were
stained with Tbrl, but not Pax6, suggesting that the apoptotic
cells were not RGCs but were neurons (Fig. 3, P and Q, arrows).
Thus, increased neuronal cell death seems to be the cause of the
reduced brain size in the NcKO mice.

Loss of SNAP23 disrupts the AJCs at the ventricular surface of
the RGCs

The formation of AJCs is required to establish and maintain the
polarity of RGCs. Protein complexes, such as cadherin-catenin,
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Par-aPKC, and Crb-Pat]J-Palsl complexes, are involved in the
formation of AJCs (Singh and Solecki, 2015; Uzquiano et al.,
2018). The phenotype of the NcKO mice is similar to that of
mice lacking a component of the AJC, such as N-cadherin,
B-catenin, aPKC, Crb2, or Palsl (Dudok et al., 2016; Imai et al.,
2006; Kadowaki et al., 2007; Kim et al., 2010; Machon et al.,
2003). Therefore, we investigated the localization of proteins
that compose AJCs in the NcKO brain. Sections of the cerebrum
and cerebellum were stained with different AJC markers, in-
cluding N-cadherin, B-catenin, Par3, ZO-1, Crb3, and Palsl. As
expected, the expression of all of these markers was substan-
tially decreased or lost at the ventricular surface in the NcKO
cerebral cortex and cerebellum, suggesting that the AJCs in the
NcKO brain were disorganized (Fig. 4, A-L, arrows). Electron-
dense AJCs were rarely observed at the apical region of RGCs in
the NcKO cerebral cortex, suggesting a reduction in the size and/
or number of AJCs (Fig. 4 M, arrowheads). Based on these re-
sults, we conclude that the loss of SNAP23 reduces the number
of AJCs, which results in the loss of RGC polarity.

SNAP23 participates in the localization of N-cadherin to the
apical PM

SNAP23 is involved in membrane fusion between transport
vesicles and the PM in various tissues (Kunii et al., 2016; Ren
et al,, 2015; Suh et al., 2010). Thus, we hypothesized that
SNAP23 might play a role in promoting the localization of AJC
proteins to the PM. To confirm this hypothesis, we compared the
localization of SNAP23 to N-cadherin or Crb in the WT RGCs.
SNAP23 colocalized with N-cadherin in the apical processes of
the RGCs (Fig. S1C). In contrast, Crb3 and its associated protein,
Palsl, were localized more apically than SNAP23 (Fig. S1, D and
E). Accordingly, SNAP23 might be involved in the localization of
N-cadherin to the apical PM. We cultured RGCs isolated from the
E13.5 cerebral cortex and depleted SNAP23 with an siRNA to
clarify the function of SNAP23 in the intracellular transport of
N-cadherin. Control RGCs grew in clumps, and most of the
N-cadherin was located at cell boundaries. However, SNAP23-
depleted RGCs appeared to be dissociated to a greater extent, and
the amount of N-cadherin localized at the PM was decreased
(Fig. 5 A). Using an antibody recognizing the ectodomain of
N-cadherin, N-cadherin was rarely detected at the PM in the
SNAP23-depleted RGCs (Fig. 5 B). Furthermore, a cell surface
biotinylation assay showed a marked reduction in the amount of
biotinylated N-cadherin at the cell surface of the SNAP23-
depleted RGCs (Fig. 5, C and D). Next, we performed cell ag-
gregation assays to determine the strength of RGC adhesion. The
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Figure 2. NcKO RGCs lose their apico-basal polarity. (A) Nestin stained in coronal sections of the cerebrum at E13.5. Right panels show magnified images of
the boxes surrounded by dashed lines in the left panels. Scale bars, 50 pm. (B) Pericentrin (Pcnt; red) and DAPI (blue) stained in coronal sections of the
cerebrum at E13.5. Arrows indicate abnormal localization of basal bodies in RGCs. Scale bar, 20 um. (C) Pax6 (red) and DAPI (blue) stained in coronal sections of
the cerebrum at E13.5. Scale bar, 50 um. (D) Density of the Pax6-positive cells in the E13.5 cerebral cortex (n = 12 sections from three mice of each genotype).
(E) Nestin stained in sagittal sections of the cerebellum at E13.5. Right panels show magnified images of the boxes surrounded by dashed lines in the left panels.
Scale bars, 50 um. (F) Pericentrin (red) and DAPI (blue) stained in sagittal sections of the cerebellum at E13.5. Arrows indicate the abnormal localization of the

Kunii et al. Journal of Cell Biology 5 of 21
Role of SNAP23 in brain development https://doi.org/10.1083/jcb.201910080


https://doi.org/10.1083/jcb.201910080

TR
(: k(J
IV

basal bodies in RGCs. Scale bar, 20 um. (G) Pax6 (red) and DAPI (blue) stained in sagittal sections of the cerebellum at E13.5. Scale bar, 50 pm. (H) Number of
Pax6-positive cells in the rhombic lip (RL) area in cerebellar sections (n = 3 sections from three mice per genotype). () BrdU (red) and DAPI (blue) stained in
coronal sections of the cerebrum at E13.5. Scale bar, 50 um. (J) Distributions of BrdU-positive S-phase RGCs in cerebral sections (n = 5 sections from three mice
per genotype). (K) PH3 (red) and DAPI (blue) stained in coronal sections of the cerebrum at E13.5. Scale bar, 50 um. (L) Distributions of PH3-positive M-phase
RGCs in cerebral sections (n = 5 sections from three mice per genotype). The box plots represent the maximum and minimum values. The centerlines of the box
plots represent the medians of the data. The bar graphs represent the means + SEM. Significance was calculated by using two-tailed paired Student’s t tests.
Statistical significance is indicated by *P < 0.05, **P < 0.01, or ***P < 0.001. Ctrl, control.

number and size of the SNAP23-depleted RGC aggregates were
clearly decreased (Fig. S2, A-C). These data suggest that the
depletion of SNAP23 in RGCs results in a decrease in the local-
ization of N-cadherin at the PM and cell adhesion.

In our cell surface biotinylation study, the PM localization of
other membrane proteins, such as Bl-integrin and Ephrin-Bl,
was also decreased in the SNAP23-depleted RGCs (Fig. 5, C and
D). In contrast, the localization of low-density lipoprotein re-
ceptor (LDLR) and Na*/K*-ATPase was comparable in the con-
trol and SNAP23-depleted RGCs, suggesting the cargo selectivity
of SNAP23 (Fig. 5, C and D). To confirm whether the decreased
localization of N-cadherin to the PM is a major cause of severe
malformation, we performed a rescue experiment using in utero
electroporation (IUE). The transmembrane domain (TMD) and
the cytoplasmic region in cargo proteins are necessary for their
sorting in polarized transport (Mellman and Nelson, 2008).
We therefore constructed a chimeric protein in which the
TMD and part of the cytoplasmic region between the TMD
and the pl20-catenin binding region of N-cadherin were
replaced with the TMD and the cytoplasmic region of LDLR,
referred to as N-cadherin-LDLR (Fig. 5 E). We electro-
porated the N-cadherin-mCherry or N-cadherin-LDLR-mCherry
plasmid and Cas9 with the SNAP23 single-guide RNA (sgRNA)
plasmid into the cerebral cortex at E13.5. Two days after
electroporation of the control plasmid (empty pX330), apical
staining of ZO-1 was intact (Fig. 5 F). The staining of ZO-1 was
similarly unaffected in the nonelectroporated region (Fig. S4 A).
After electroporation of SNAP23 sgRNA and N-cadherin-mCherry,
apical ZO-1 staining became less intense and more irregular,
suggesting that AJCs were disrupted; furthermore, the bound-
ary of the ventricular surface became irregular in the depleted
regions (Fig. 5 F, right panels), which closely resembled the
NcKO brain. This result indicated that the disruption of AJCs by
SNAP23 depletion was not rescued by the expression of
N-cadherin, because it might not have been delivered to the
PM. In contrast, apical staining of ZO-1 was observed in the
RGCs in which N-cadherin-LDLR-mCherry was expressed (Fig. 5 G,
arrowheads) and the ventricular surface became relatively
smooth. This finding suggests that this chimeric protein
was transported to the PM and formed AJCs even in the absence
of SNAP23. Next, we analyzed whether rescued AJC formation
leads to RGC polarization, proliferation, and differentiation.
Similar to those of the NcKO cortex, the radial processes were
shortened or absent, and the basal bodies were diffusely
localized throughout the VZ after electroporation of SNAP23
sgRNA and N-cadherin-mCherry (Fig. 6 A, arrowheads). In con-
trast, these features appeared normal after the electroporation of
N-cadherin-LDLR-mCherry, suggesting that N-cadherin-LDLR
rescued RGC polarity (Fig. 6 B, arrowheads). Moreover, the number
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of Pax6-positive RGCs and Tujl-positive neurons in the VZ/sub-VZ
was re-established by the electroporation of N-cadherin-LDLR-
mCherry but not N-cadherin-mCherry (Fig. 6, C and D). Based
on these results, we conclude that the decreased localization of
N-cadherin to the apical PM is a primary cause of the severe
dysplasia of the NcKO brain.

B-Catenin and Notch signaling are downregulated in the NcKO
brain

Several components of AJCs are involved in regulating the signal
transduction pathways of RGCs. For example, the signaling
pathway mediated by B-catenin promotes RGC proliferation and
inhibits neuronal differentiation (Chenn and Walsh, 2002;
Zechner et al., 2003). In addition, Par3 regulates Notch signaling
by interacting with Numb to inhibit neuronal differentiation
(Bultje et al., 2009). Therefore, we speculated that the disruption
of AJCs might lead to the inactivation of B-catenin and/or Notch
signaling pathways. To confirm this, we investigated the levels
of the active form of B-catenin and Notchl intracellular domain
(NICD), which is the cleaved active form of Notchl, in the NcKO
brain at E13.5. The levels of active B-catenin and NICD were
significantly decreased in the NcKO brain, although the levels of
total B-catenin and full-length Notchl were comparable in the
control and NcKO brains (Fig. 7, A-D). In addition, mRNA ex-
pression of several target genes in each signaling pathway was
decreased (Fig. 7, E and F). Therefore, the disruption of AJCs in
the NcKO brain decreases the activities of the B-catenin and
Notch signaling pathways, resulting in the abnormal differen-
tiation of RGCs.

A previous report showed that the Notch pathway is also
necessary for cell survival (Mason et al., 2006). Thus, the
increased apoptosis in the NcKO brain is also likely caused by
the down-regulation of Notch signaling. To address this, we
attempted to rescue cells from apoptosis by increasing Notch
activity through IUE of a plasmid encoding NICD. When we
electroporated the mCherry plasmid, NICD plasmid, and re-
porter plasmid of Notch signaling, 12xCSL-d1EGFP, the number
of GFP-positive cells was clearly increased in the VZ (Fig. 7 G).
This result indicates that Notch signaling was upregulated
by the expression of NICD. Next, we electroporated the NICD
plasmid and Cas9 with the SNAP23 sgRNA plasmid to determine
whether the downregulation of Notch signaling causes apoptosis
in the NcKO brain. Similar to the results in the NcKO brain,
TUNEL-positive cells were increased in the SNAP23-depleted
region (Fig. 7, H and I). In contrast, the number of TUNEL-
positive cells was decreased to less than half after coelectropo-
ration of the NICD plasmid (Fig. 7, H and I). These results suggest
that the increased cell death in the NcKO brain was mostly
caused by the downregulation of Notch signaling.
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Figure 3.  SNAP23 deficiency enhances neural differentiation and apoptosis. (A and B) Tujl (A) or Tbrl (B) stained in coronal sections of the cerebrum at
E13.5. Scale bar, 50 um. (C) Distribution of Tbrl-positive neurons in cerebral sections (n = 6 sections from three mice per genotype). (D) Density of Tbrl-
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positive neurons in cerebral sections (n = 6 sections from three mice per genotype). (E-G) Tujl (green in E), Calbindin (red in F, arrows), or Tbrl (green in G,
arrows) and DAPI (blue) stained in sagittal sections of the cerebellum at E13.5. The dashed lines and arrows in E indicate the ventricular surface and the
abnormal localization of Tujl-positive cells, respectively. Scale bars, 50 um. (H) Number of Tbrl-positive neurons in cerebellar sections (n = 4 sections from
three mice per genotype). (1) Ki67 (green) and BrdU (red) stained in coronal sections of the cerebrum at E13.5. The arrows indicate cells that exited the cell cycle
(BrdU positive and Ki67 negative). Scale bar, 50 pm. (J) Quantification of the cell cycle exit rate in cerebral sections (n = 10 sections from three mice per
genotype). The number of BrdU-positive/Ki67-negative cells was divided by the total number of BrdU-positive cells. (K) Ki67 (green) and BrdU (red) stained in
sagittal sections of the cerebellum at E13.5. The arrows indicate cells that exited the cell cycle. Scale bar, 50 um. (L) Quantification of the cell cycle exit rate in
cerebellar sections (n = 3 sections from three mice per genotype). (M and N) Cleaved Caspase-3 stained in coronal sections of the cerebrum (M) and in sagittal
sections of the cerebellum (N) at E13.5. Arrows indicate cleaved Caspase-3-positive cells. Scale bars, 50 um. (0) Percentage of cleaved Caspase-3-positive
cells in cerebral and cerebellar sections (n = 3 sections from three mice per genotype). (P and Q) TUNEL and Pax6 (P) or Tbr1 (Q) stained in coronal sections of
the cerebrum at E14.5. Tbrl staining overlaps with TUNEL-positive dying cells (arrows). Scale bars, 50 pm. The box plots represent the maximum and minimum
values. The centerlines of the box plots represent the medians of the data. The bar graphs represent the means + SEM. Significance was calculated by using
two-tailed paired Student’s t tests. Statistical significance is indicated by *P < 0.05, **P < 0.01, or ***P < 0.001. Ctrl, control; EGL, external granular layer; NTZ,

nuclear transitory zone; RL, rhombic lip; VZ, ventricular zone.

VAMPS8 and Stx1B cooperate with SNAP23 to promote the
localization of N-cadherin to the PM

SNAP23 is a Qbc-SNARE protein that forms a ternary complex
with R- and Qa-SNARE proteins to promote membrane fusion
between transport vesicles and the PM (Hong, 2005; Jahn and
Scheller, 2006; Siidhof and Rothman, 2009). We attempted to
identify partner SNARE proteins of SNAP23 to determine the
molecular mechanism underlying the localization of N-cadherin
to the apical PM in RGCs. We performed an immunoprecipita-
tion assay with EI3.5 WT cerebral cortical lysates using a
SNAP23 antibody and identified coprecipitated proteins using
mass spectrometry. Seven SNARE proteins were detected as
candidate binding proteins (Table S1). Among these candidates,
we excluded Sec22b because it is localized at the ER (Hong,
2005). SNAP25 was also excluded because it does not bind
SNAP23 (Kunii et al., 2016). SNAP25 might have been precipi-
tated due to weak cross-reactivity with the SNAP23 antibody.
The other five SNARE proteins were analyzed by knocking down
each one with the respective siRNA (Fig. S2 A) to assess the
adhesion between RGCs. The cell aggregation assays revealed a
decreased number of VAMPS8- and Stx1B-depleted RGC ag-
gregates (Fig. S2, B and C). In the E13.5 WT cortex, VAMPS and
Stx1B are preferentially localized at the apical side of RGCs and
are colocalized with N-cadherin (Fig. S1, A and C). Thus, we
hypothesized that VAMP8 and Stx1B are the partner SNAREs for
SNAP23 for the PM delivery of N-cadherin. Similar to the
SNAP23-depleted RGCs, the VAMP8- or Stx1B-depleted RGCs
were more dissociated, and the amount of N-cadherin at cell-cell
contacts (Fig. 8, A-D) and at the cell surface (Fig. 8, E-G) was
reduced. In contrast, depletion of VAMP3, -4, or -5 did not affect
the PM localization of N-cadherin (Fig. S2 D).

Additional analyses were performed to confirm the functions
of VAMP8 and Stx1B. First, we observed intracellular
N-cadherin transport in living cells using a retention using se-
lective hooks (RUSH) system (Boncompain et al., 2012). Since
RGCs are too small and round to distinguish from vesicles in
transport, we used COS7 cells. N-cadherin is abundantly ex-
pressed in COS7 cells, but E-cadherin is not highly expressed
(Fig. 8 H). The amount of N-cadherin at cell-cell contacts was
reduced, and the COS7 cells were dissociated by SNAP23,
VAMPS, or Stx1B depletion, similar to the RGCs (Fig. 8, I-K). It
suggests that these SNARE proteins are also involved in the lo-
calization of N-cadherin to the PM in COS?7 cells.

Kunii et al.
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COS7 cells were cotransfected with a plasmid encoding
streptavidin-KDEL, an ER retention hook, and a plasmid en-
coding a streptavidin-binding peptide (SBP)-conjugated EGFP-
N-cadherin reporter. SBP-EGFP-N-cadherin was retained in
the ER in the absence of biotin. Fifteen minutes after the ad-
dition of biotin, SBP-EGFP-N-cadherin was observed in the
Golgi apparatus, indicating that it was transported from the
ER to the Golgi. It was further transported from the Golgi to
the PM, as indicated by the PM localization of N-cadherin
60 min after biotin treatment (Fig. 9 A, arrows). The PM lo-
calization of SBP-EGFP-N-cadherin was confirmed by cell
surface staining for EGFP (Fig. S3 A). The surface staining of
EGFP was reduced in SNAP23-, VAMP8-, or Stx1B-depleted COS7
cells, suggesting that exogenously expressed N-cadherin was also
delivered to the PM by these SNARE proteins (Fig. S3 A). We
cotransfected a RUSH plasmid and a plasmid encoding mCherry-
VAMPS8 or mCherry-VAMP2 into COS7 cells to investigate
whether the vesicles transporting N-cadherin from the Golgi to
the PM also contained VAMP8. 60 min after biotin treatment,
many of the SBP-EGFP-N-cadherin-positive vesicles were co-
localized with mCherry-VAMPS (Fig. 9, B and F). In contrast,
the colocalization rate of the SBP-EGFP-N-cadherin-positive
vesicles with mCherry-VAMP2 was significantly lower (Fig. 9,
C and F). Previously, VAMPS was shown to localize to lysosomes
and to be involved in the fusion between autophagosomes and
lysosomes (Itakura et al., 2012). However, the vesicles containing
both SBP-EGFP-N-cadherin and mCherry-VAMP8 were not
positive for LAMP2, a lysosome marker, suggesting that these
vesicles were not lysosomes (Fig. S3 B, arrowheads). To confirm
whether VAMPS8 was preferentially localized to the N-cadherin-
containing vesicles, we observed the colocalization of mCherry-
VAMPS8 or mCherry-VAMP2 with another type of transport
vesicle. We used SBP-EGFP-glycosylphosphatidylinositol (GPI)
because it is localized to the different vesicles from N-cadherin-
containing vesicles (Fig. S3 C). 60 min after biotin treatment,
many of the GPI-positive vesicles were colocalized with mCherry-
VAMP2, but few of them were colocalized with mCherry-VAMP8
(Fig. 9, D-F). This result suggests that VAMPS is preferentially
localized to transport vesicles containing N-cadherin. Live cell
imaging showed that EGFP-N-cadherin and mCherry-VAMPS8
double-positive vesicles migrated to the cell surface (Fig. 9 G,
arrows; and Video 2). Thus, N-cadherin was transported to the
cell surface by VAMP8-positive transport vesicles.
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Figure 4. SNAP23 deficiency disrupts AJCs in RGCs. (A-L) N-cadherin (A and G), B-catenin (B and H), Par3 (C and I), ZO-1 (D and J), Crb3 (E and K), and Pals1
(F and L) stained in coronal sections of the cerebrum (A-F) or in sagittal sections of the cerebellum (G-L) at E13.5. Scale bars, 20 um. Arrows in A and G indicate
the ventricular surface. The arrowhead in G indicates the surface of the choroid plexus. Staining revealed that each marker remained at the surface of the
choroid plexus in the NcKO mice because SNAP23 was not depleted in this region (see also Fig. 1 M). (M) Electron micrographs of the lateral ventricular (LV)
surface of the cerebral cortex at E13.5. The electron-dense lines indicate that AJCs (arrowheads) were rarely observed in the NcKO cortex. Scale bar, 5 um. Ctrl,

control.

Next, to determine whether VAMPS8 and Stx1B participate in
AJC formation in vivo, we knocked out VAMPS or Stx1B in the
E13.5 cerebral cortex through the IUE of Cas9 and sgRNA plas-
mids. After VAMPS or Stx1B sgRNA electroporation, apical ZO-1
staining became less intense, suggesting that the AJCs were
disrupted (Fig. 10, A and B; and Fig. S4, B and C). Similar to the
NcKO cortex, the boundary of the ventricular surface became
irregular in the depleted region of the cerebral cortex (Fig. 10, A
and B, arrows). These phenotypes were not observed when we
electroporated SNAP25 sgRNA (Fig. S5, A and B). Because the
expression of SNAP25 is low in RGCs (Fig. S1 B), SNAP25 may
not have a function in N-cadherin transport in RGCs.

In our immunoprecipitation assay, Stx1B was the only Qa-
SNARE protein that coprecipitated with SNAP23. Previous re-
ports showed that Stx1B KO mice did not present morphological
defects in their brain structure (Mishima et al., 2014; Wu et al.,
2015). A homologous protein, StxlA, may compensate for the
loss of Stx1B. Indeed, a recent study showed a wide range of
malformations in brain structures in mice lacking both Stx1A
and Stx1B, suggesting that Stx1A and/or Stx1B are involved in
brain development (Vardar et al., 2016). Therefore, we exam-
ined the function of StxlA in N-cadherin transport. Although
Stx1A was not detected by mass spectrometry among the pro-
teins that coprecipitated with SNAP23, it was detected by im-
munoblotting (Fig. S5 C). However, knocking out Stx1A through
IUE showed normal Par3 staining and a smooth ventricular
surface, suggesting that AJC formation was unaffected (Fig.
S5 D). These data suggest that StxIB is a major Qa-SNARE that
acts on N-cadherin transport in RGCs. Altogether, we conclude
that VAMP8 and Stx1B are involved in the delivery of N-cadherin
to the PM and in the subsequent AJC formation in RGCs.

Discussion

In this study, we show that SNAP23 and its partner SNAREs,
VAMP8 and Stx1B, are essential for the development of the
mouse brain.

SNAP23 depletion resulted in decreased localization of sev-
eral proteins, including N-cadherin, to the PM (Fig. 5), sug-
gesting that SNAP23 is necessary for the PM localization of these
proteins in RGCs. The perturbed localization of many PM pro-
teins might be involved in the dysplasia of the NcKO brain;
however, the results of rescue experiments using N-cadherin-
LDLR (Figs. 5 and 6) indicated that the decreased localization
of N-cadherin at the PM was likely a primary cause of the severe
dysplasia. Decreased localization of N-cadherin at the apical PM
would lead to AJC formation failure, which would be followed
by perturbed apico-basal polarization. The loss of AJCs and RGC
polarity leads to the abnormal proliferation and differentiation of

Kunii et al.
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RGCs and to the apoptosis of neurons through the downregulation
of B-catenin and Notch signaling.

In addition to that of N-cadherin, the PM localization of B1-
integrin and Ephrin-Bl was reduced in the SNAP23-depleted
RGCs (Fig. 5, C and D). These proteins are important for the
contacts established between the RGC basal process and the
basement membrane and for the progenitor state of the RGCs,
respectively (Graus-Porta et al., 2001; Qiu et al., 2008). Thus,
decreased localization of these proteins may exacerbate the
dysplasia of the NcKO brain, as indicated by the extent of dys-
plasia appearing to be more severe in the NcKO mice than in the
N-cadherin-depleted mice (Kadowaki et al., 2007).

In contrast to Bl-integrin or Ephrin-Bl, the PM localization of
LDLR and Na*/K*-ATPase was relatively unaffected (Fig. 5, C
and D). These molecules may be delivered by the other
SNAP25 family proteins, such as SNAP29 or SNAP47 (Kddkova
et al., 2019). The mechanism of cargo selectivity of SNARE
proteins remains unknown; however, the results of our rescue
experiments by N-cadherin-LDLR suggest that differences in
the sequence of the TMD or sorting motifs in the cytoplasmic
region, such as the di-leucine motif in N-cadherin (Miranda
et al., 2001) or tyrosine-containing motifs and NPxY motif in
LDLR (Burden et al., 2004; Matter et al., 1992), may be required
for selectivity.

We found that VAMP8 and StxIB are also important for
N-cadherin transport in RGCs. VAMPS is involved in zymogen
granule exocytosis in exocrine cells (Wang et al., 2004, 2007);
however, its function in the CNS remains unknown. We found that
VAMPS8 was preferentially localized to N-cadherin-transporting
vesicles and moved to the cell surface (Fig. 9 and Video 2). More-
over, CRISPR/Cas9 KO of VAMP8 caused AJC disruption in the
cerebral cortex (Fig. 10 A). These results indicate that VAMPS is
necessary for the trafficking of N-cadherin and AJC formation
in RGCs.

Previously, the loss of DIg5, a component of the Scribble
polarity complex (Assémat et al., 2008), was reported to induce
hydrocephalus through the disruption of AJCs and the loss of
RGC polarity in the developing cortex (Nechiporuk et al., 2007).
A Qa-SNARE protein, Stx4, interacts with DIg5 in the brain and
mouse embryonic fibroblasts. The amount of N-cadherin at the
cell surface was decreased in Dlg5-null mouse embryonic fi-
broblasts, suggesting that Dlg5 and Stx4 promote the localization
of N-cadherin to the PM (Nechiporuk et al., 2007). In our study,
another Qa-SNARE protein, Stx1B, coprecipitated with SNAP23.
Furthermore, the amount of N-cadherin at the PM was markedly
decreased in the Stx1B-depleted RGCs (Fig. 8). Thus, Stx1B is also
important for promoting the localization of N-cadherin to the
apical PM by forming a SNARE complex with SNAP23 and
VAMPS.
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Figure 5. Knockdown of SNAP23 decreases the PM localization of N-cadherin in cultured RGCs. (A) N-cadherin (Ncad; green) and SNAP23 (red) stained
with DAPI (blue) in the control (Ctrl; siLuciferase) and SNAP23-depleted RGCs. Scale bar, 10 um. (B) N-cadherin ectodomain stained in the Ctrl and SNAP23-depleted
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RGCs. Scale bar, 10 um. (C and D) Immunoblots showing the levels of total and cell surface N-cadherin, B1-integrin, Ephrin-B1, LDLR, and Na*/K*-ATPase in the Ctrl
and SNAP23-depleted RGCs. Relative expression was calculated from three independent experiments. (E) Diagrams of N-cadherin-mCherry and
N-cadherin-LDLR-mCherry. (F and G) SNAP23 and ZO-1 stained in the SNAP23 sgRNA and N-cadherin-mCherry (F) or N-cadherin-LDLR-mCherry (G) electro-
porated region of the cerebral cortex. An empty pX330 plasmid was electroporated as a control. mCherry staining shows the electroporated region. Lower panels (F’,
F"’, G',and G'') show magnified images of the boxes surrounded by dashed lines in the upper panels. Arrowheads in G’" indicate staining of recovered ZO-1. Scale
bars, 100 pm. The bar graphs represent the means + SEM. Significance was calculated using two-tailed paired Student’s t tests. Statistical significance is indicated by

*P < 0.05 or **P < 0.0L

In summary, we revealed a function for a SNARE complex
composed of SNAP23, VAMPS, and Stx1B in promoting the lo-
calization of N-cadherin to the apical PM in RGCs. This complex
is necessary for the polarization of RGCs and subsequent normal
brain development (Fig. 10 C). However, the detailed mecha-
nisms of the SNARE-mediated organization of AJCs are not yet
understood; therefore, additional investigations should be per-
formed to elucidate the functions of other SNAREs during brain
development.

Materials and methods

Mice

Snap23f/f mice (Kunii et al., 2016) were crossed with Nestin-Cre
mice (Tronche et al., 1999; The Jackson Laboratory) to obtain
CNS-specific Snap23 KO mice (Nestin-Cre; Snap23foxed/~ or
floxed/floxed ghhreviated as NcKO). Snap23floxed/~ or floxed/floxed mjce
were used as controls. All animal experiments were performed
in accordance with the guidelines of the Animal Care and Ex-
perimentation Committees of Gunma University and Osaka
University. The genotypes of the mice were identified by PCR
using the following primers: primer 1 (5'-CTGGGGAATGTGCGT
TTGGATGATG-3'); primer 2 (5-CCCCTTTCATCATGCTTCAAA
TGCAACC-3'); primer 3 (5'-TGTTCCTGGATTGAGCTCAGGTGG
T-3'); primer 4 (5'-AGGTTCGTTCTCTCATGGA-3'); and primer 5
(5'-TCGACCAGTTTAGTTACCC-3'). Primers 1 and 2, primers
2 and 3, and primers 4 and 5 were used for the floxed allele, the
null allele, and the cre gene, respectively.

Histology

Most of the procedures used for histological experiments were
described previously (Kunii et al., 2016). For hematoxylin-eosin
staining, E16.5 and PO mice were intracardially perfused with
3% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The
heads were subjected to additional fixation in the same fixative
for 2 h. After fixation, each head was dehydrated in ethanol and
embedded in paraffin. The skull bone was not removed to pro-
tect the abnormal structure of the NcKO brain. Paraffin-
embedded tissue sections (4 um) were stained with a solution
of hematoxylin-eosin. For Nissl staining of the brain sections,
embryos were fixed with 3% paraformaldehyde in 0.1 M phos-
phate buffer. Heads were embedded in 0.C.T. Compound (Sa-
kura Finetek) and frozen in liquid nitrogen-chilled isopentane.
Frozen sections were cut using a cryostat (Leica) and stained
with a toluidine blue solution. For immunofluorescence stain-
ing, frozen sections were labeled with primary and secondary
antibodies as described below. TUNEL staining was performed
using a DeadEnd Fluorometric TUNEL system (Promega) ac-
cording to the manufacturer’s instructions. Confocal images

Kunii et al.
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were obtained using an Olympus FV1000D laser-scanning mi-
croscope (Olympus) with UPLSAPO 10x, 20x, 60x, and 100x
objective lenses (NA 0.40, 0.75, 1.35, and 1.40, respectively;
Olympus). For EM, E13.5 control and NcKO embryos were in-
tracardially perfused with 2.5% glutaraldehyde and 2% para-
formaldehyde in 0.1 M cacodylate buffer (pH 7.4). The brains
were fixed in the same fixative and then placed in 1% OsO,. The
tissues were then incubated with 0.5% uranyl acetate in H,O,
dehydrated, and embedded in Quetol-812 (Nisshin EM). Ultra-
thin sections were cut using an ultramicrotome (Reichert-Jung).
Electron micrographs were captured using a JEM1010 instru-
ment (JEOL).

Antibodies

The following primary and secondary antibodies were used:
anti-SNAP23 (rabbit; Kunii et al., 2016), anti-SNAP25 (mouse;
Covance, SMI-81R), anti-Nestin (mouse; BD Pharmingen,
556309), anti-Pax6 (rabbit; COVANCE, PRB-278P), anti-
Pericentrin (rabbit; Covance, PRB-432C), anti-PH3 (rabbit;
Upstate, 06-570), anti-Tujl (mouse; Covance, MMS-435P),
anti-Tbrl (rabbit; Millipore, AB10554), anti-Calbindin (goat;
Santa Cruz Biotechnology, sc-7691), anti-Ki67 (rabbit; Novo
Castra, NCL-Ki67p), anti-BrdU (mouse; BD Pharmingen, 555627),
anti-cleaved caspase-3 (rabbit; Cell Signaling Technology, 9661),
anti-N-cadherin (mouse; BD Transduction, 610920), anti-N-cadherin
ectodomain (mouse; Sigma-Aldrich, C3865), anti-E-cadherin
(mouse; BD Transduction, 610181), anti-total B-catenin (mouse;
BD Transduction, 610153), anti-active B-catenin (mouse; Upstate,
05-665), anti-Par3 (rabbit; Upstate, 07-330), anti-ZO-1 (mouse;
Zymed, 33-9100), anti-Crb3 (rabbit; a kind gift from Dr. Domi-
nique Massey-Harroche, Aix-Marseille University, Marseille,
France), anti-Palsl (mouse; Santa Cruz Biotechnology, sc-365411),
anti-Pl-integrin (rat; Chemicon, MAB1997), anti-ephrin-Bl
(goat; R&D Systems, AF473), anti-LDLR (goat; R&D Sys-
tems, AF2255), anti-Na*/K*-ATPase B subunit (rabbit anti-
sera; a kind gift from Dr. Haruo Homareda, Kyorin University,
Mitaka, Tokyo, Japan), anti-mCherry (rat; Invitrogen, M11217),
anti-Notchl (rabbit; Cell Signaling Technology, 3608), anti-
cleaved Notchl (rabbit; Cell Signaling Technology, 2421),
anti-VAMP3 (rabbit; Synaptic Systems, 104102), anti-VAMP4
(rabbit; Invitrogen, PA1-768), anti-VAMPS5 (rabbit; Synaptic
Systems, 176003), anti-VAMPS8 (rabbit; Synaptic Systems,
104302), anti-SyntaxinlA (mouse; Sigma-Aldrich, S0664),
anti-SyntaxinlB (rabbit; Synaptic Systems, 110402), anti-Lamp2
(mouse; Developmental Studies Hybridoma Bank, H4B4), anti-
GAPDH (mouse; Calbiochem, CB1001), anti-Lamin B (mouse;
Santa Cruz Biotechnology, sc-374015), Alexa 488-, 568-, and
Cy5-labeled donkey anti-rabbit, anti-mouse, and anti-rat
IgG (Molecular Probes), and HRP-labeled donkey anti-rabbit,
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Figure 6. N-cadherin-LDLR rescues abnormal polarity, proliferation, and differentiation of RGCs in the SNAP23-depleted cortex. (A and B) Nestin and
Pericentrin (Pcnt) stained in the SNAP23 sgRNA and N-cadherin (Ncad)-mCherry (A) or Ncad-LDLR-mCherry (B) electroporated region of the cerebral cortex.
pX330 was electroporated as a control. mCherry staining shows the electroporated region. Lower panels (A’, A", B’, and B'’) show magnified images of the
boxes surrounded by dashed lines in the upper panels. Arrowheads in A’ and B'’ indicate the localization of basal bodies. Scale bars, 100 um. (C and D) Pax6
and Tujl stained in the SNAP23 sgRNA and Ncad-mCherry (C) or Ncad-LDLR-mCherry (D) electroporated region of the cerebral cortex. pX330 was elec-
troporated as a control. mCherry staining shows the electroporated region. Lower panels show magnified images of the boxes surrounded by dashed lines in
the upper panels. The area between two blue dashed lines indicates the VZ/sub-VZ. Scale bars, 100 pm.

anti-mouse, anti-rat, and anti-goat IgG (Jackson ImmunoResearch
Laboratories).

Immunoblotting

E12.5 and E13.5 embryonic brains, primary RGCs, or COS7 cells
were homogenized in lysis buffer (80 mM Tris-HC, pH 6.8, and
2% SDS) containing a protease inhibitor cocktail (Wako Chem-
icals). The lysates were subsequently boiled and centrifuged at
20,000x g for 10 min. The supernatants were then used for
immunoblotting using the specific antibodies noted above. The
procedures for SDS-PAGE and immunoblotting were described
previously (Kunii et al., 2016). Chemiluminescent images were
obtained using LAS4000 (GE Healthcare). For the immuno-
blotting of VAMPS5 and VAMPS8, NOVEX 10-20% Tricine gels
(Invitrogen) and Immobilon PSQ membranes (Millipore) were
used.

Quantitative real-time PCR

Total RNA was extracted from the embryonic brain using Nu-
cleoSpin RNA kit (Macherey-Nagel) according to the manu-
facturer’s instructions. First-strand cDNA was synthesized by
random primers (émers) and reverse transcription (Takara).
Quantitative real-time PCR was performed using a ViiA7 in-
strument (Applied Biosystems). Universal Probes #50, #22, and
#78 (Roche) were used for Axin2, Hes5, and glucose-6-phosphate
dehydrogenase X-linked (Gépdx), respectively. The following
primers were used for PCR: Axin2 sense (5'-CCATGACGGACA
GTAGCGTA-3'); Axin2 antisense (5'-GCCATTGGCCTTCACACT-
3'); Hes5 sense (5'-CCCAAGGAGAAAAACCGACT-3'); Hes5 anti-
sense (5'-TGCTCTATGCTGCTGTTGATG-3'); Gépdx sense (5'-GA
AAGCAGAGTGAGCCCTTC-3'); and G6pdx antisense (5'-CATAG
GAATTACGGGCAAGA-3').

Immunoprecipitation and mass spectrometry analysis

Immunoprecipitation was performed as previously described
(Kunii et al., 2016). Briefly, the neocortical tissues from E13.5 WT
mice were dissociated with 0.25% trypsin in PBS and incubated
with 1 mM N-ethylmaleimide in PBS for 30 min at 37°C. Cells
were lysed in NP-40 lysis buffer (1% NP-40, 25 mM Hepes, pH
7.4, 10% glycerol, 137 mM NaCl, and a protease inhibitor cock-
tail). 2 mg cleared lysate was mixed with protein G Sepharose
beads (GE Healthcare), which bind the anti-SNAP23 antibody or
the control rabbit IgG, and was rotated for 2 h at 4°C. The Se-
pharose beads were washed three times with lysis buffer. The
precipitated products were eluted with 0.2 M glycine-HCl, pH
2.0, and neutralized with Tris-HCl, pH 9.5. The eluted samples
were analyzed by immunoblotting or mass spectrometry using a
Q-Exactive mass spectrometer (Thermo Fisher Scientific) at
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Osaka University Center for Medical Innovation and Transla-
tional Research. A database search was performed using Mascot
Distiller v2.4 and Mascot Server v2.4 (Matrix Science).

Culture of primary RGCs

Neocortical RGCs were collected from E13.5 embryos using
previously described methods (Sakakibara et al., 1996). Briefly,
the neocortex was isolated from E13.5 WT mouse using tungsten
needles and dissociated with trypsin (0.25% in PBS for 10 min at
37°C). The isolated RGCs were cultured in DMEM/Ham’s F-12
containing N2 supplement (Gibco), 5% horse serum, 5% FCS, FGF
(1 pg/ml; PeproTech), and EGF (1 pg/ml; PeproTech), with as-
trocytes from the E18.5 neocortex serving as feeder cells. For the
knockdown of each SNARE protein, the following siRNAs
(Sigma-Aldrich) were transfected into cells with Lipofectamine
RNAIMAX (Invitrogen): Luciferase siRNA: 5'-AAACAUGCAGAA
AAUGCUGHtt-3'; SNAP23 siRNA#1l: 5'-GGCAUGGACCAAAUAA
AUAtt-3'; SNAP23 siRNA#2: 5'-CAUUAAACGUAUAACUAAUGALt
t-3’; VAMP3 siRNA#l: 5'-GCUCAUGCUCUUAUGUUAGtt-3';
VAMP3 siRNA#2: predesigned MISSION siRNA oligo (SA-
SI_MmO02_00316256); VAMP4 siRNA#1: 5'-CGUACGUUUGAG
CUUAUAALt-3'; VAMP4 siRNA#2: predesigned MISSION siRNA
oligo (SASI_MmO1_00172967); VAMP5 siRNA#1: 5'-GGGAAG
GCUGAAUGACUGC-3'; VAMPS5 siRNA#2: predesigned MISSION
siRNA oligo (SASI_MmO02_00293595); VAMPS siRNA#1: 5'-GCC
ACGUCUGAACACUUCALt-3'; VAMP8 siRNA#2: predesigned
MISSION siRNA oligo (SASI_MmO1_00101527); Stx1B siRNA#1:
mixture of three different predesigned MISSION siRNA oligos
(SASI_MmO2_00327730, SASI_MmO1_00025452, and SASI_MmO]l_
00025454); and Stx1B siRNA#2: predesigned MISSION siRNA oligo
(SASI_MmO2_00327729).

Cell aggregation assay

The ability of RGCs to aggregate was assessed using a previously
described method (Thoreson et al., 2000). Briefly, control RGCs
and all SNARE-depleted RGCs were trypsinized and resuspended
at a density of 5 x 10° cells/ml in the culture medium described
above. 30 pl of medium was suspended as hanging drops from
the lid of a 24-well plate, with or without 5 mM EGTA, and in-
cubated at 37°C for 18 h. After incubation, the density of the
aggregates was calculated.

Cell surface biotinylation assay

Biotinylation of RGC surface proteins was performed as previ-
ously described (Atik et al., 2014). Briefly, the control and
SNAP23-, VAMP8-, or Stx1B-depleted RGCs were washed with
ice-cold PBS and incubated with PBS containing 0.5 mg/ml
sulfo-NHS-LC-biotin (Thermo Fisher Scientific) at 4°C for
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Figure 7. SNAP23 deficiency decreases B-catenin and Notch signaling. (A and B) Immunoblots showing the levels of total and active B-catenin in the
control (Ctrl) and NcKO brains at E13.5. Lamin B blotting was used as a loading control. (C and D) Immunoblots showing the full-length (FL) and cleaved Notch1
(NICD) levels in the Ctrl and NcKO brains at E13.5. Lamin B blotting was used as a loading control. (E and F) Relative expression of Axin2 and Hes5 mRNA in the
Ctrl and NcKO brains at E13.5, as measured with real-time PCR (n = 5 mice per genotype). (G) d1EGFP expression in the cerebral cortex with or without NICD
plasmid. Scale bar, 200 um. (H) TUNEL stained in the electroporated region of the cerebral cortex. pX330 was electroporated as a control. The mCherry
plasmid was electroporated to show the electroporated region. The blue arrowheads indicate TUNEL-positive cells. Scale bar, 50 pm. (1) Density of TUNEL-
positive cells in the electroporated region of the cerebral cortex (n = 5 sections from three mice per genotype).

30 min. The cells were washed twice with cold PBS and Time-lapse imaging of N-cadherin transport

quenched with 50 mM NH,CI in PBS for 15 min at 4°C. Cells COS?7 cells were cultured in DMEM containing 10% FCS. For the
were washed again and lysed with 0.5% Triton X-100 in PBS. knockdown of each SNARE protein, the following siRNAs
The cleared lysate was incubated with 10 ul of streptavidin beads ~ (Sigma-Aldrich) were transfected into the cells with Lipofect-
(SoluLINK) for 1 h at 4°C. The beads were washed three times amine RNAiMAX (Invitrogen): Luciferase siRNA: 5'-AAACAU
with 0.1% Triton X-100 in PBS, and the bound proteins were GCAGAAAAUGCUGtt-3'; SNAP23 siRNA: predesigned MIS-
analyzed by immunoblotting with the specific antibodies SION siRNA oligo (SASI_Hs02_00362830); VAMPS8 siRNA:
noted above. predesigned MISSION siRNA oligo (SASI_Hs01_00159297);
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Figure 8. Knockdown of VAMPS or Stx1B decreases the localization of N-cadherin at the PM in cultured RGCs and COS7 cells. (A) N-cadherin (Ncad;
green) and VAMPS (red) stained with DAPI (blue) in the control (siLuciferase) and VAMP8-depleted RGCs. Scale bar, 10 um. (B) N-cadherin ectodomain stained
in the control and VAMP8-depleted RGCs. Scale bar, 10 um. (C) N-cadherin (green) and Stx1B (red) stained with DAPI (blue) in the control and Stx1B-depleted
RGCs. Scale bar, 10 um. (D) N-cadherin ectodomain stained in the control and Stx1B-depleted RGCs. Scale bar, 10 um. (E-G) Immunoblots showing the levels
of total and cell surface N-cadherin in control and VAMPS- (E) or Stx1B-depleted (F) RGCs. Relative levels of N-cadherin were calculated from three inde-
pendent experiments. (H) Immunoblots showing N-cadherin and E-cadherin in the WT RGCs, COS7 cells, and mouse small intestines. GAPDH blotting was used
as a loading control. (I-K) Ncad and SNAP23 (1), VAMPS (), or Stx1B (K) stained in the control and SNAP23-, VAMPS-, or Stx1B-depleted COS7 cells. Scale bars,
10 pm. The bar graphs represent the means + SEM. Significance was calculated using two-tailed paired Student’s t tests. Statistical significance is indicated by

*P < 0.05 or **P < 0.01.

and Stx1B siRNA: predesigned MISSION siRNA oligo (SASI_Hs01_
00179361).

RUSH plasmids (streptavidin-KDEL_SBP-EGFP-E-cadherin
and streptavidin-KDEL_SBP-EGFP/mCherry-GPI; Boncompain
et al., 2012) were kind gifts from Dr. Franck Perez (Curie In-
stitute, Paris, France). We replaced the E-cadherin coding se-
quence with the N-cadherin sequence. COS7 cells were seeded
on 35-mm glass-bottom dishes. A RUSH plasmid (streptavidin-
KDEL_SBP-EGFP-N-cadherin or streptavidin-KDEL_SBP-EGFP/
mCherry-GPI) and the mCherry-VAMP8 or mCherry-VAMP2
plasmid were cotransfected into COS?7 cells, which were subse-
quently incubated for 20 h at 37°C. The cells were treated with
40 pM D-biotin (Sigma-Aldrich) and 0.1 mM cycloheximide.
Live-cell imaging was performed using an SD-OSR microscope
(Olympus) with a UPLSAPO 100XS objective lens (NA 1.35;
Olympus). Time-lapse images were obtained every 10 s for
60 min at 37°C. 60 min after the biotin treatment, the cells were
fixed with 3% PFA. Colocalization of the RUSH reporter (SBP-
EGFP-N-cadherin or SBP-EGFP-GPI) and the mCherry-VAMP2
or mCherry-VAMP8 was observed using an Olympus FV1000D
laser-scanning microscope (Olympus) with UPLSAPO 60x and
100x objective lenses (NA 1.35 and 1.40, respectively; Olympus).

IUE

The following sgRNA target sequences used to knockout
SNAP23, VAMPS, Stx1B, SNAP25, or Stx1A were cloned into the
BbsI site of a pX330 plasmid (Addgene #42230): SNAP23: 5'-AGT
TCAGCTGCGGGCTCACCAGG-3" or b5'-GGCTCACCAGGTTAC
TGATGAGG-3'; VAMPS: 5'-AGTCCTCTGTCTTGTTTCGGAGG-3’;
Stx1B: 5'-TAAAGTGGTCTCGATCCACGTGG-3' or 5'-TATGGA
TGAGTTCTTCGAGCAGG-3’; SNAP25: 5'-CATGTCTGCGTCTTC
GGCCATGG-3'; and Stx1A: 5'-CCGAACCCAGGAGCTCCGCACGG-
3’ or 5'-ATTCATCCATGAAGCGGTCTCGG-3'.

IUE was performed using previously described methods
(Kalebic et al., 2016; Shinmyo et al., 2016). Briefly, pregnant ICR
mice were anesthetized and the uterus was exposed at E13.5. The
pX330 plasmid, with or without the sgRNA target sequence, and
mCherry plasmid were injected with a glass micropipette into
the lateral ventricle of each embryo. For the rescue experiment,
the N-cadherin-LDLR-mCherry plasmid was made by a modi-
fication of an N-cadherin-mCherry plasmid (Fig. 5 E). The
N-cadherin-mCherry or N-cadherin-LDLR-mCherry plasmid
was coelectroporated with SNAP23 sgRNA plasmid. For the
upregulation of the Notch signaling pathway, an NICD plasmid
(a gift from Dr. Raphael Kopan, University of Cincinnati, Cin-
cinnati, Ohio; Addgene, #41730) and a 12xCSL-d1EGFP plasmid
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(a gift from Dr. Urban Lendahl, Karolinska Institute, Stockholm,
Sweden; Addgene, #47684) were used. Electroporation was per-
formed five times with 40-V pulses for 50 ms at 1-s intervals using a
BEX CUT-21 electroporator. Embryos were fixed with 3% PFA at
E15.5, and histological analyses were performed as described above.

Statistics

The data were analyzed using Excel (Microsoft) and JMP Pro 14
(SAS Institute) software. Significance was calculated using a
two-tailed paired Student’s t test. A P value of <0.05 was con-
sidered statistically significant. Data distribution was assumed
to be normal, but this was not formally tested.

Online supplemental material

Fig. S1 shows immunostaining of SNAP23, VAMPS8, Stx1B, Nes-
tin, SNAP25, N-cadherin, Palsl, and Crb3 in the WT cerebral
cortex. Fig. S2 shows immunoblot and cell aggregation assays
and immunostaining that was performed with control RGCs and
SNAP23-, VAMP3-, VAMP4-, VAMP-5-, VAMPS8-, or Stx1B-
depleted RGCs. Fig. S3 shows fluorescence images of SBP-EGFP-
N-cadherin, mCherry-VAMPS8, and SBP-mCherry-GPI 60 min
after biotin treatment in the COS7 cells. Fig. S4 shows im-
munostaining of SNAP23, VAMPS, Stx1B, and ZO-1 in the non-
electroporated region of the cerebral cortex. Fig. S5 shows
immunostaining of SNAP25, Stxl1A, and Par3 in the sgRNA
electroporated region of the cerebral cortex. Video 1 shows the
ataxic gait of a P14 NcKO mouse. Video 2 shows live-cell imaging
of the intracellular trafficking of SBP-EGFP-N-cadherin and
mCherry-VAMPS8 in COS7 cells. Table S1 lists the SNARE pro-
teins that coimmunoprecipitated with SNAP23, as detected by
mass spectrometry.
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Figure 9. N-cadherin is transported by VAMP8-positive transport vesicles. (A) Fluorescence images of SBP-EGFP-N-cadherin (Ncad) in the COS7 cells
after biotin treatment. The arrowheads in the image at 30 min indicate vesicular structures transported from the Golgi to the PM. The arrows in the image at
60 min indicate PM-localized N-cadherin. Scale bar, 5 um. (B-E) Fluorescence images of SBP-EGFP-Ncad (B and C) or SBP-EGFP-GPI (D and E) and
mCherry-VAMPS8 (B and D) or mCherry-VAMP2 (C and F) in the COS7 cells 60 min after biotin treatment. Blue arrowheads indicate EGFP and mCherry double-
positive vesicular structures. Lower panels show magnified images of the boxes surrounded by dashed lines in the upper panels. Scale bars, 5 um. (F) The rate
of colocalization of SBP-EGFP-Ncad or SBP-EGFP-GPI and mCherry-VAMP8 or mCherry-VAMP2 (n = 5 images from each pair). (G) Time-lapse imaging of
SBP-EGFP-Ncad and mCherry-VAMP8 after biotin treatment of the COS7 cells. The blue, red, white arrows indicate the same transported double-positive
vesicular structures (see also Video 2). The box plots represent the maximum and minimum values. The centerlines of the box plots represent the medians of
the data. Significance was calculated using two-tailed paired Student’s t tests. Statistical significance is indicated by ***P < 0.001.
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Figure 10. VAMPS or Stx1B deficiency disrupts AJCs in vivo. (A and B) VAMPS (A) or Stx1B (B) and ZO-1 stained in the electroporated region of the cerebral
cortex. pX330 was electroporated as a control. mCherry staining shows the electroporated region. Lower panels (A’, A, B’, and B'’) show magnified images of
the boxes surrounded by dashed lines in the upper panels. The arrows indicate the disruption of AJCs and the loss of the clear boundary of the ventricular
surface. Scale bars, 100 um. (C) A hypothetical model showing the cause of malformation in NcKO mice. Ncad, N-cadherin; NPC, neural progenitor cell.
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N-cad

Figure S1. Localization of SNAP23, VAMPS, and Stx1B in the cerebral cortex of WT mice at E13.5. (A) Nestin (green) and SNAP23 (upper, red), VAMP8
(middle, red), or Stx1B (lower, red) stained in the cerebral cortex of the WT mice at E13.5. Arrows indicate the apical side of the RGCs. Scale bars, 50 um.
(B) SNAP23 (green) and SNAP25 (red) stained in the cerebral cortex of the WT mice at E13.5. SNAP23 preferentially localizes to the apical side of the RGCs
(arrows), whereas SNAP25 localizes to the pial side. Scale bar, 50 um. (C) N-cadherin (N-cad; green) and SNAP23 (upper, red), VAMP8 (middle, red), or Stx1B
(lower, red) stained in the cerebral cortex of the WT mice at E13.5. Scale bars, 20 um. These SNARE components and N-cadherin are partially colocalized to the
apical side in RGCs. (D) Pals1 (green) and SNAP23 (red) stained in the cerebral cortex of the WT mice at E13.5. Scale bars, 20 um. More Palsl than SNAP23
localize to the apical side of the RGCs. (E) Pals1 (green) and Crb3 (red) stained in the cerebral cortex of the WT mice at E13.5. Scale bars, 20 um. Crb3 and Palsl
are colocalized at the apical surface of the RGCs.
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Figure S2. Knockdown of SNARE proteins in cultured RGCs. (A) Immunoblots showing each SNARE protein in the control (Ctrl) RGCs and RGCs with each
SNARE protein depleted. (B and C) Cell aggregation assay of control RGCs and RGCs with each SNARE protein depleted and treated with or without 5 mM
EGTA. The density of the aggregates was determined based on three independent experiments (C). Scale bar, 100 um. (D) N-cadherin (Ncad; green) and
VAMP3 (upper, red), VAMP4 (middle, red), or VAMPS (lower, red) stained with DAPI (blue) in the control and VAMP3-, VAMP4-, or VAMPS5-depleted RGCs. Scale
bar, 10 um. The bar graph represents the means + SEM. Significance was calculated using two-tailed paired Student’s t tests. Statistical significance is indicated
by *P < 0.05 or **P < 0.01.

Kunii et al. Journal of Cell Biology
Role of SNAP23 in brain development https://doi.org/10.1083/jcb.201910080

S3


https://doi.org/10.1083/jcb.201910080

c 3 »
IV

60 min after biotin addition
SBP-EGFP-Ncad Surface EGFP Merge SBP-EGFP-Ncad Surface EGFP Merge

siLuciferase

©
o
Z
=

®

siSNAP23

B
60 min after biotin addition
SBP-EGFP-Ncad

mCherry-VAMP8 Merge LAMP2 Merge+LAMP2
. TP n . s e e ¥

60 min after biotin addition
SBP-EGFP-Ncad ____SBP-mCherry-GPI

Figure S3. SBP-EGFP-N-cadherin is delivered to the PM by SNAP23, VAMPS, and Stx1B in the COS7 cells. (A) Fluorescence images of total
SBP-EGFP-N-cadherin (Ncad; green) and cell surface SBP-EGFP-Ncad labeled by GFP antibody (red) in the control (siLuciferase) and SNAP23-, VAMPS-, or
Stx1B-depleted COS7 cells 60 min after biotin treatment. The cells were stained under nonpermeabilized conditions. Scale bars, 5 um. (B) Fluorescence images
of SBP-EGFP-Ncad, mCherry-VAMPS, and LAMP2 (a lysosome marker) in the COS7 cells 60 min after biotin treatment. The depicted cell is the same cell
shown in Fig. 9 B. EGFP and mCherry double-positive vesicular structures (blue arrowheads) are not colocalized with LAMP2 (white puncta in the right panels).
Lower panels show magnified images of the boxes surrounded by dashed lines in the upper panels. Scale bars, 5 pm. (C) Fluorescence images of SBP-
EGFP-Ncad and SBP-mCherry-GPI in the COS7 cells 60 min after biotin treatment. Lower panels show magnified images of the boxes surrounded by dashed
lines in the upper panels. Scale bars, 5 pm.
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Figure S4. AJCs are intact in the nonelectroporated region. (A) SNAP23 and ZO-1 stained in the nonelectroporated region of the cerebral cortex. The
sections are the same sections shown in Fig. 5 F (right) and Fig. 5 G (right). mCherry staining shows the electroporated region. The lower panels (A" and A"")
show magnified images of the boxes surrounded by dashed lines in the upper panels. Scale bars, 100 um. (B and C) VAMPS (B) or Stx1B (C) and ZO-1 stained in
the nonelectroporated region of the cerebral cortex. The sections are same sections shown in Fig. 10, A and B. pX330 was electroporated as a control. mCherry
staining shows the electroporated region. The lower panels (B’, B", C’, and C'") show magnified images of the boxes surrounded by dashed lines in the upper
panels. Scale bars, 100 pm. Ncad, N-cadherin.
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Figure S5. AJCs are intact in the SNAP25 or Stx1A sgRNA electroporated region. (A) SNAP25 and Par3 stained in the electroporated region of the cerebral
cortex. pX330 was electroporated as a control. mCherry staining shows the electroporated region. Lower panels (A" and A’") show magnified images of the
boxes surrounded by dashed lines in the upper panels. Scale bars, 100 um. (B) Magnified images of the neuronal layer in the boxes surrounded by dashed lines
in the upper panel of A. SNAP25 staining was decreased in the electroporated region of the neuronal layer, indicating that Cas9 and sgRNA efficiently knocked
out SNAP25. Scale bar, 100 um. (C) Coimmunoprecipitation of Stx1A and Stx1B in the SNAP23 immunoprecipitates (IP) from the WT E13.5 brain lysate.
(D) Stx1A and Par3 stained in the electroporated region of the cerebral cortex. pX330 was electroporated as a control. mCherry staining shows the elec-
troporated region. Lower panels (D’ and D'’) show magnified images of the boxes surrounded by dashed lines in the upper panels. Scale bars, 100 pm. Ctrl,
control.
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Video 1. The ataxic gait of a P14 NcKO mouse.

Video 2. Live-cell imaging of the intracellular trafficking of SBP-EGFP-N-cadherin and mCherry-VAMPS in the COS7 cells. COS7 cells were trans-
fected with vectors carrying SBP-EGFP-N-cadherin (green) and mCherry-VAMPS8 (red). The release of SBP-EGFP-N-cadherin was induced by biotin
treatment. Images were captured every 10 s from 15 min to 75 min after biotin addition. The video is displayed at 30 frames/s.

Table S1, which is provided online, lists the SNARE proteins that coimmunoprecipitated with SNAP23, as detected by
mass spectrometry.
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