4776 - The Journal of Neuroscience, March 18, 2015 - 35(11):4776 — 4787

Cellular/Molecular

Importance of Reelin C-Terminal Region in the Development
and Maintenance of the Postnatal Cerebral Cortex and Its
Regulation by Specific Proteolysis

Takao Kohno,'* Takao Honda,* Ken-ichiro Kubo,* Yoshimi Nakano,' Ayaka Tsuchiya,' Tatsuro Murakami,'
Hideyuki Banno,' Kazunori Nakajima,?t and Mitsuharu Hattori'{

Department of Biomedical Science, Graduate School of Pharmaceutical Sciences, Nagoya City University, Aichi 467-8603, Japan, and ?Department of
Anatomy, Keio University School of Medicine, Tokyo 160-8582, Japan

During brain development, Reelin exerts a variety of effects in a context-dependent manner, whereas its underlying molecular mecha-
nisms remain poorly understood. We previously showed that the C-terminal region (CTR) of Reelin is required for efficient induction of
phosphorylation of Dabl, an essential adaptor protein for canonical Reelin signaling. However, the physiological significance of the
Reelin CTR in vivo remains unexplored. To dissect out Reelin functions, we made a knock-in (KI) mouse in which the Reelin CTR is
deleted. The amount of Dab1, an indication of canonical Reelin signaling strength, is increased in the KI mouse, indicating that the CTR
is necessary for efficient induction of Dab1 phosphorylation in vivo. Formation of layer structures during embryonic development is
normal in the KI mouse. Intriguingly, the marginal zone (MZ) of the cerebral cortex becomes narrower at postnatal stages because
upper-layer neurons invade the MZ and their apical dendrites are misoriented and poorly branched. Furthermore, Reelin undergoes
proteolytic cleavage by proprotein convertases at a site located 6 residues from the C terminus, and it was suggested that this cleavage
abrogates the Reelin binding to the neuronal cell membrane. Results from ectopic expression of mutant Reelin proteins in utero suggest
that the dendrite development and maintenance of the MZ require Reelin protein with an intact CTR. These results provide a novel model
regarding Reelin functions involving its CTR, which is not required for neuronal migration during embryonic stages but is required for

the development and maintenance of the MZ in the postnatal cerebral cortex.
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Introduction

Reelin is a large secreted glycoprotein (D’Arcangelo et al., 1995;
Ogawa et al., 1995) essential for the correct formation of multiple
regions of the nervous system (Tissir and Goffinet, 2003). Defects
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in Reelin function have been proposed to play a role in the patho-
genesis of several neuropsychiatric diseases (Verbrugghe et al.,
2012; Folsom and Fatemi, 2013). However, the mechanisms of
action of Reelin at the biochemical and cell biological levels re-
main unresolved.

In the developing neocortex, Reelin is predominantly expressed
in Cajal-Retzius cells in the marginal zone (MZ) (D’Arcangelo et al.,
1995; Ogawa etal., 1995). Reelin binds to “canonical” Reelin recep-
tors (apolipoprotein E receptor 2 [ApoER2] and very low density
lipoprotein receptor [VLDLR]) (D’Arcangelo et al., 1999; Hies-
berger et al., 1999; Trommsdorff et al., 1999) and induces phos-
phorylation of the intracellular protein Dabl (Howell et al., 1999;
Howell et al., 2000). Phosphorylated Dab1 is quickly degraded
(Arnaud et al., 2003); thus, Dab1 protein accumulates in Reelin-
deficient reeler mice (Rice et al., 1998; Howell et al., 1999, 2000).
Reelin-Dabl signaling is necessary for the terminal translocation of
migrating projection neurons by regulating cell orientation via
Rap1/N-cadherin (Franco et al., 2011; Jossin and Cooper, 2011) and
neuronal adhesion to the extracellular matrix via Rapl/integrin
a5B1 (Sekine et al., 2012).

Reelin consists of an F-spondin-like region, eight Reelin re-
peats (RRs), and a carboxy-terminal region (CTR) (D’Arcangelo
et al., 1995; Ichihara et al., 2001). The central part of the RR
region binds to the canonical Reelin receptors (Jossin et al., 2004;
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Yasui et al., 2007). The presence of the CTR is regulated by alter-
native splicing, with CTR-bearing Reelin being the major isoform
(Lambert de Rouvroit et al., 1999). Early studies proposed that
the CTR was important for Reelin secretion (D’Arcangelo et al.,
1997; de Bergeyck et al., 1997). However, we have shown that the
CTR sequence is replaceable with an unrelated sequence for se-
cretion and is necessary for efficient induction of Dabl phos-
phorylation in vitro (Nakano et al., 2007), presumably by
affecting the tertiary structure of RR8 (Kohno et al., 2009b). The
role of the Reelin CTR has not been investigated in vivo.

Reelin is regulated by two kinds of specific proteolysis. Cleav-
age within RR3 abolishes Reelin’s ability to induce Dab1 phos-
phorylation (Kohno et al., 2009a; Koie et al., 2014). Cleavage
between RR6 and RR7 may be involved in regulating synaptic
plasticity (Trotter et al., 2014). Other than these, the mechanisms
for regulating Reelin function are largely uncharacterized.

Here we generated a knock-in (KI) mouse in which the Reelin
CTR was deleted to clarify its role in vivo. We found that Reelin is
proteolytically cleaved within the CTR by proprotein convertase
(PC) family proteases and that such cleavage reduces Reelin’s
ability to induce a dendrite-rich MZ-like structure. Our data
demonstrate a novel role and regulatory mechanism for Reelin in
postnatal brain development, which clarifies the underlying
mechanisms by which Reelin plays distinct location-dependent
functional roles in neural development.

Materials and Methods

Animals. All of the experimental protocols used in this study were ap-
proved by the Animal Care and Use Committees of Nagoya City Univer-
sity and Keio University and were performed according to the Guidelines
for the Care and Use Laboratory Animals of the National Institutes of
Health of Japan and the Institutional Guidelines on Animal Experimen-
tation at Keio University. ICR mice were obtained from Charles River or
from Japan SLC. Reeler mice (B6C3Fe-a/a-rl) were purchased from The
Jackson Laboratory. GAD67-GFP KI mice (Tamamaki et al., 2003) were
kindly provided by Prof. Y. Yanagawa (Gunma University, Japan). The
KI mice in which the Reelin CTR was deleted (AC-KI mice) were gener-
ated as follows. Mutations were introduced into the mouse reelin gene by
homologous recombination in mouse ES cells (C57BL/6). ES clones were
screened for homologous recombination by PCR analysis using primer:
forward, CGTTCTAAGTTGCAATGAGATAACTG; and neo-cassette
specific primer: reverse, CTTCCTCGTGCTTTACGGTATC. Genomic
DNA from the PCR-positive clones was digested with EcoR I or HindIIT
and screened for correct homologous recombination by Southern blot-
ting. The chimeric mouse line was generated by injecting the selected ES
cells into the blastocysts of BALB/c mice. The contribution of the selected
ES cells to the germline of chimeric mice was assessed by breeding with
C57BL/6 females and screening for black offspring. The modified region
of the Reelin gene was PCR amplified, confirming the presence of
the intended modifications, using the primers: AGAATAAATCAT-
ACGTTCATTGGTG and CGTGAAGACATTTACTTATGTGCAG. The
targeted Reelin gene had a loxP-flanked selection marker (a neomycin
resistance gene with PGK promoter and polyA signal) inserted in intron
64 of the mouse Reelin gene. The selection marker was removed by
crossing with CAG-Cre mice. After backcrosses for at least eight genera-
tions to C57BL/6N (Japan SLC), heterozygotes were intercrossed to ob-
tain wild-type, heterozygote, and AC-KI mice.

For genotyping, the tip of the tail was excised, placed in a solution
containing 25 mm NaOH and 1 mm EDTA, and incubated at 98°C for 1 h.
The solution was then neutralized with the equal amount of 40 mm Tris,
pH 5.5. An aliquot was used as a PCR template. PCR was performed with
primers AGAATAAATCATACGTTCATTG and CGTGAAGACATT-
TACTTATGTG, which produced products of 380 bp (WT band) and 320
bp (mutant band).

Antibodies. The following antibodies were used for Western blotting
(WB), immunoprecipitation, or immunohistochemistry (IHC): mouse
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anti-Reelin G10 (MAB5364, Millipore, WB 1:2000), mouse anti-Reelin
E5 (sc-25346, Santa Cruz Biotechnology, WB 1:1000), goat anti-Reelin
(AF3820, R&D Systems, IHC 1:2000), mouse anti-Reelin CR-50
(D223-3, MBL, immunoprecipitation 1:300), mouse anti-FLAG M2
(F3165, Sigma-Aldrich, WB 1:1000), rabbit anti-DDDDK-tag (PM020,
MBL, WB 1:500), rabbit anti-green fluorescent protein (GFP) (598,
MBL, WB 1:3000), mouse anti-phosphotyrosine 4G10 (05-321, Milli-
pore, WB 1:1000); rabbit anti-placental alkaline phosphatase (AP)
(GTX72989, Gene Tex, WB 1:1000), mouse anti-a-tubulin DMI1A
(T6199, Sigma-Aldrich, WB 1:6000), rabbit anti-Cux1 M-222 (sc-13024,
Santa Cruz Biotechnology, IHC 1:500), rabbit anti-Tbr1 (ab31940, Ab-
cam, THC 1:500), rat anti-Ctip2 (ab18465, Abcam, IHC 1:500), and
mouse anti-NeuN (MAB377, Millipore, IHC 1:500). Anti-Dab1 rabbit
polyclonal antibody was previously described (Uchida et al., 2009). Anti-
CTR antibodies, 12C10 and 1D4, were obtained as follows. A peptide
(CGLRHFYNRRRRSLRRYP) was coupled to keyhole limpet hemocya-
nin (Wako). Peptide-keyhole limpet hemocyanin conjugates were used
to immunize GANP mice (Sakaguchi et al., 2005) or homozygous reeler
mice. Monoclonal antibodies were generated by lymphocyte fusion
(Sado et al., 2006). Hybridomas were screened by ELISA and WB. The
antibody in the hybridoma supernatants was purified using a Hitrap
Protein-G Sepharose HP column (GE Healthcare) on an AKTAexplorer
10S (GE Healthcare). Protein concentrations were measured using the
Quick Start Bradford 1X Dye Reagent (Bio-Rad).

Vector construction. Expression vectors for ReelinFLAG+C and
ReelinAC-FLAG were described previously (Nakano et al., 2007). The
Reelin ¢cDNA construct, pCrl (D’Arcangelo et al., 1997), was used to
express mouse wild-type Reelin (ReelinWT) and as a template for PCR
amplification. ReelinC-FLAG, ReelinC-Venus, and ReelinA6 were con-
structed in pcDNA3.1Zeo+ (Invitrogen). AP-RR78C was constructed in
pAPtag5 (Flanagan et al., 2000). For site-directed mutagenesis, point
mutations were introduced into the CTR coding sequence by PCR. The
expression vector for furin was kindly provided by Prof. K. Nakayama
(Kyoto University). For in utero electroporation studies, the coding re-
gion of ReelinC-FLAG, ReelinA6, or ReelinAC-FLAG was subcloned
into a pCAGGS vector (Niwa et al., 1991). pCAGGS-EGFP was described
previously (Kubo et al., 2010). pCAGGS-RG was constructed by Dr. S.
Sasaki (manuscript in preparation). To construct pDCX-Cre, the dou-
blecortin (DCX) promoter, Cre cDNA, and rabbit 3-globin poly A ad-
enylation signal were obtained from Dcx4kb-EGFP (Wang et al., 2007),
kindly provided by Dr. Q. Lu (Beckman Research Institute of the City of
Hope); pCXN-Cre (Koresawa et al., 2000), kindly provided by Dr. S.
Miyagawa (Osaka University); and pCAGGS, respectively, and the frag-
ments were introduced into pBluescript IT KS (—). To construct tdTo-
mato/pCAG, the BamH I/Notl fragment of the ptdTomato vector
(Clontech) was introduced into the CAG-MCS2 vector (Kawauchi et al.,
2005).

Cell culture and transfection. HEK293T and COS-7 cells were cultured
as described previously (Kohno et al., 2009b). LoVo cells (JCRB9083)
were cultured in Ham’s F12 medium containing 10% FCS. Transfection
was performed with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Culture medium was replaced with Opti-
MEM (Invitrogen) to collect recombinant Reelin. To inhibit the activity
of the PC family proteases, cells or neurons were cultured in the presence
of 50 um decanoly-RVKR-cmk (furin inhibitor I, Millipore), 50 um hexa-
p-arginine (furin inhibitor II, Millipore), or 0.25% DMSO as vehicle for
48-72 h.

Quantitation of the amount of Dab1. Cortical lobes were excised from
mice at postnatal day 3 (P3) and homogenized in lysis buffer (50 mm
Tris-HCI, pH 8.0, 150 mm NaCl, 5 mm EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 10 mm Na;VO,). The total protein concentration
was determined using the BCA Protein Assay Kit (Thermo Fisher Scien-
tific). Equal aliquots of protein (10 ug) were analyzed by SDS-PAGE,
followed by WB using anti-Dab1 and anti-a-tubulin antibodies.

WB. WB was performed as described previously (Nakano et al., 2007).
Immunoprecipitation from mouse brain extracts was performed as de-
scribed previously (Kohno et al., 2009b).

Primary neuron culture and Dabl phosphorylation assay. Primary cor-
tical neurons were prepared from mice as described previously (Kohno et
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al., 2009b). Induced phosphorylation of Dabl was performed as de-
scribed previously (Kohno et al., 2009b; Koie et al., 2014).

Nissl staining. Cryostat sections were immersed in 0.1% cresyl violet
for 10 min, dehydrated in increasing concentrations of ethanol, and
mounted with Softmount (Wako).

IHC. Embryonic brains were immediately immersed in 4% PFA in PBS
for 1-16 h at 4°C. Neonates were transcardially perfused with 4% PFA in
PBS. Fixed brains were cryoprotected by immersion in 30% sucrose in
PBS, embedded in OCT Compound (Sakura Finetek), and quickly frozen
in liquid nitrogen. Next, the frozen brains were coronally sectioned at 14
um using a cryostat (CM 1850; Leica Microsystems). The sections were
incubated with 2% BSA in PBS containing 0.05% Tween 20 at room
temperature for 30 min, and incubated with the primary antibodies at
4°C overnight. The sections were then washed with PBS containing
0.05% Tween 20 and incubated with Alexa488- and Alexa594-
conjugated secondary antibodies (1:400, Invitrogen) at room tempera-
ture for 1 h. For nuclear staining, Hoechst 33342 (2 ug/ml; Invitrogen)
was used. Fluorescence images were captured using Biorevo BZ-9000
(Keyence).

AP staining. Primary cultured neurons were incubated with AP fusion
proteins with the indicated antibody (50 wg/ml) for 2 h, and AP staining
was performed as described previously (Flanagan et al., 2000).

In utero electroporation. To introduce vector DNA into cerebral corti-
cal neurons, in utero electroporation was performed on E14.5 mice as
described previously (Tabata and Nakajima, 2001). For cohort neuron
labeling, a DNA solution containing 2.5 mg/ml pCAGGS-EGFP was
used. For sparse neuron labeling, a DNA solution containing 2.5 mg/ml
PCAGGS-RG and 5 pg/ml pDCX-Cre was used. The DNA solutions were
injected into the lateral ventricle using a glass capillary and 50 ms 34 V
electronic pulses were applied 4 times at intervals of 950 ms using an
electroporator (CUY21; Nepa Gene) with a forceps-type electrode
(CUY650P5; Nepa Gene). At P7, mice were anesthetized and transcardi-
ally fixed with 4% PFA in PBS. Single focal plane images were taken with
aFV1000 laser scanning confocal microscope (LSM; Olympus). The dis-
tance from the ventricular surface to the cell bodies of DsRed2- and
GFP-labeled cells (D1), and the distance from the ventricular surface to
the top of the cortex (D2) were measured using Image] software
(http://imagej.nih.gov/ij/); bin positions were calculated by dividing D1
by D2 and multiplying by 20. To quantify the ratio of the cortical
plate-MZ border crossing cells, single focal plane images were acquired
and GFP-positive apical dendrites were traced. To quantify the total
length and branching points of apical dendrites, the GFP signal in the
entire thickness of the sections was obtained by z-scan using the LSM; the
stacked images were flattened, the apical dendrite lengths were measured
using Image], and the branching points were counted.

Analysis of neuronal aggregates. To induce neuronal aggregates, a DNA
solution containing 1 mg/ml tdTomato/pCAG and 5 mg/ml ReelinC-
FLAG, ReelinAC-FLAG, or ReelinA6 was transfected at E14.5 and ana-
lyzed 7 d later. The nuclei in brain sections were labeled with DAPI
(Invitrogen). To analyze cell distribution in induced neuronal aggre-
gates, 100 um sections were selected for analysis where the aggregates
were isolated (not fused with other aggregates), and the aggregate diam-
eters were larger than those in adjacent serial sections. Single confocal
images were acquired using a confocal microscope (FV1000, Olympus).
The margins of the neuronal aggregates and central cell-sparse regions
were delineated with lines, and the areas within the lines were measured
using Image]. Relative areas of central cell-body-sparse regions (centers)
were quantitatively evaluated by dividing the areas of centers by the areas
of aggregates in seven aggregates from seven different brains.

To quantify cell density, cellular nuclei were marked with dots and
counted using Image]J. The peripheral areas were acquired by subtracting
the areas of centers from the areas of aggregates. Next, cell densities were
calculated by dividing the number of dots by the peripheral areas in seven
aggregates from seven different brains.

To quantify the angles of neuronal processes in the aggregates, the
centers of the aggregates were calculated as follows. The nuclei were
marked with dots, and the barycentric coordinates of the dots were cal-
culated by averaging the x- and y-coordinates of all dots measured using
Image]. The barycentric coordinates calculated were assumed to be the
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centers of the aggregates. The angle formed between the line that con-
nected the center of the aggregate and the center of each cellular nucleus
and a second line that connected the origin of the apical dendrite and the
center of each cellular nucleus was measured using ImageJ. The number
of tdTomato-positive cells counted in aggregates transfected with
ReelinC-FLAG, ReelinA6, and ReelinAC-FLAG were 59, 62, and 83, re-
spectively, in seven aggregates from seven different brains.

Statistical analysis. All quantitative data were expressed as the mean *=
SEM. For direct comparisons, the data were analyzed using the Mann—
Whitney U test, one sample ¢ test, or unpaired ¢ test. For multiple com-
parisons, ANOVA was performed, followed by Tukey’s test. p values
<0.05 were considered to denote significance.

Results

Reelin-Dab1 signaling is attenuated in mice lacking

Reelin CTR

We generated a KI mouse in which the Reelin CTR was replaced
with a FLAG epitope (DYKDDDDK) by homologous recombi-
nation, followed by removal of a neo-cassette by Cre recombinase
(AC-KI mouse; Fig. 1A-C). The FLAG-tag was inserted because
Reelin secretion efficiency without the CTR is lower than with the
CTR or FLAG-tag in cultured cell lines (Fig. 1D) (Nakano et al.,
2007). The AC-KI mouse is viable and does not exhibit ataxic
behavior, unlike the reeler mouse. The expression pattern of Ree-
lin and density of Cajal-Retzius cells in MZ were not affected in
AC-KI mice (Fig. 1E), although accumulation of Reelin protein
was observed in some Cajal-Retzius cells (Fig. 1E, arrows), as was
observed in cultured cell lines (Nakano et al., 2007). The amount
of Reelin in the cerebral cortex was increased in AC-KI mice
compared with wild-type mice (Fig. 1F). Secretion of Reelin,
assessed by using primary cultured neurons, was almost compa-
rable between wild-type and AC-KI mice, whereas Reelin tended
to accumulate within the AC-KI neurons (Fig. 1G). The amount
of Dabl protein in the homogenate prepared form whole cerebral
cortex, an indication of overall Reelin activity, was significantly
increased in AC-KI mice compared with wild-type mice (Fig. 1H,
lane 3), suggesting that the Reelin-Dab1 pathway is partially im-
paired in AC-KI mice. These results suggested that Reelin CTR
has important functions in vivo.

The layer structure of cerebral cortex is largely normal but the
MZ is narrower and hippocampal structure is disturbed in
AC-KI mice

The brains of AC-KI mice appeared grossly normal (Fig. 2A, B).
However, we noted that the MZ or layer I of the cerebral cortex
became narrower in postnatal AC-KI mice compared with nor-
mal littermates (Fig. 2B, arrowheads). The narrowness varied
among cortical regions. For example, the MZ was narrower in the
presumptive somatosensory cortex (Fig. 2A"",B"’) than in the
motor cortex (Fig. 2A’,B"). In the hippocampus of AC-KI mice,
the CA1 pyramidal cell layer was split into two layers (Fig. 2B,
arrows, C), and the dentate granule cell layer was less packed (Fig.
2B, surrounded by broken line) compared with normal litter-
mates. The narrowness of the MZ in AC-KI mice was not ob-
served during the embryonic stages (Fig. 2D, top) and was
apparent at postnatal day 5 (P5) (Fig. 2D, bottom). We then
found that the structural defects in the cerebral cortex were first
evident around P3. Staining of layer-specific markers of P3 cere-
bral cortical slices revealed that the distribution of Cux1-positive
neurons extended into the MZ in AC-KI mice (Fig. 2E,G). On the
other hand, the localization of neurons in deeper layers (Tbr1- or
Ctip2-positive) was largely normal (Fig. 2F,H,I). The MZ and
densely packed NeuN-negative zone beneath the MZ (primitive
cortical zone [PCZ]) (Sekine et al., 2011) were observed in the
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Figure 1. Generation of a KI mouse with deletion of the Reelin CTR. 4, Schematic of the wild-type allele, targeting vector, Neo-ACallele, and ACallele. Neo-AC mice were bred with CAG-Cre
transgenic mice to eliminate the neomycin-resistance cassette. the FLAG-epitope coding exon is highlighted in yellow. E, S, and X indicate recognition sites for EcoR |, Spel, and Xbal, respectively. B,
The genotypes were confirmed by Southern blotting. Genomic DNA from the tail of the wild-type (+/+), heterozygote (+/AC), or AC-KI (AC/AC) mice was digested with Xbal or EcoR | and
hybridized with 5’- or 3"-probes (shown in 4), respectively. €, Genotype analysis using PCR. Using the P1 and P2 primers (shown in 4), 380 and 320 bp fragments were (Figure legend continues.)
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wild-type cortex at P2, whereas both zones were disorganized
with ablurred border in AC-KI mice (Fig. 2] ). The distribution of
GAD67-positive interneurons was normal in AC-KI mice (Fig.
2K). These results indicate that Reelin CTR is required for correct
formation and/or maintenance of the MZ in the cerebral cortex.

Dendritic orientation and branching are affected in mice
lacking Reelin CTR

Reelin is required for the orientation and branching of dendrites
near the MZ (Sekine et al., 2011, 2012; Chai et al., 2014), which
may play a role in the correct formation and/or maintenance of
the MZ. We thus investigated the morphology of individual neu-
rons near the MZ in AC-KI mice, to understand the importance
of the CTR-dependent pathway. For this purpose, a GFP-
expression vector was introduced by in utero electroporation at
E14.5 and the brains were analyzed at P7. As shown in Figure 3A,
GFP-expressing cells were more scattered in the superficial layers
in AC-KI mice than in wild-type mice. To quantitatively analyze
the neuronal morphology, pPCAGGS-RG and pDCX-Cre were
cointroduced at E14.5 and the brains were analyzed at P7 (Fig.
3B). With this technique, only neurons that had been transfected
by both vectors are labeled with GFP. This “sparse-labeling” en-
abled us to observe the morphology and position of a single neu-
ron (Sekine et al., 2012). We found that apical dendrites were
often misoriented or poorly branched near or in the MZ of the
AC-KI mice (Fig. 3C). The total apical dendrite length (Fig.
3D,E), the number of apical dendrite branching points (Fig.
3F,G), and the percentage of cells that have apical dendrites
crossing the CP-MZ border (Fig. 3H ) were significantly reduced
in AC-KI mice compared with normal littermates. Interestingly,
the GFP-labeled neurons did not form a packed layer in AC-KI
mice, and a downward shift in relative bin position was observed
(Fig. 3I). This may have been caused secondarily by the preexist-
ing disordered structure or by abnormal migration of a subset of
neurons. Together, these data indicate that Reelin CTR is re-
quired for proper orientation and branching of apical dendrites
and positioning of neurons in the postnatal cerebral cortex.

<«

(Figure legend continued.) — amplified from wild-type and AC alleles, respectively. D, Sche-
matic of wild-type Reelin (ReelinWT) and ReelinAC-FLAG proteins. Solid black box indicates a
FLAG epitope. E, The expression pattern of Reelin and density of Cajal—Retzius cells in MZ were
not affected in AC-KI mice. Brain sections from the indicated mice at P7 were immunostained
with anti-Reelin antibody. Nuclei were stained with Hoechst 33342. Arrows indicate Cajal—
Retzius cells in which accumulation of Reelin is observed. Scale bar, 200 m. Quantification of
the density of Cajal—Retzius cells in the MZ is shown at the right side of the panels. Error bars
indicate mean = SEM (n = 3). F, The amount of Reelin was increased in AC-KI mice. The
homogenates of P3 mouse cerebral cortices from Reelin-deficient reeler mouse (r//rf), wild-type
(+/+), or AC-KI (AC/AC) mice were analyzed by WB using the antibody indicated on the left
of the panel. Asterisks indicate full-length Reelin. Arrowhead indicates the N-terminal fragment
generated by N-t cleavage (NR2). Molecular mass markers (kDa) are shown on the right of the
panels. Arrows indicate nonspecific bands. Quantification of the amount of full-length Reelin
and NR2 is shown below the panels. Error bars indicate mean == SEM. *p << 0.05 (one-sample
t test). N.S., Not significant. n = 4. G, The amount of Reelin secretion was approximately
equivalent in wild-type and AC-KI mice. The supernatants and cell lysates from primary cul-
tured cortical neurons of wild-type (+/+), or AC-KI (AC/AC) mice were analyzed by WB.
Asterisk indicates full-length Reelin. Arrowhead indicates NR2. Quantification of the amount of
full-length Reelin and NR2 is shown below the panels. Error bars indicate mean == SEM. *p <<
0.05 (one-sample ¢ test). N.S., not significant. n = 3. H, The amount of Dab1 was increased in
AC-KI mice. Homogenates of P3 mouse cerebral cortices were analyzed by WB. Anti-c-tubulin
was used as the loading control. Quantification of the amount of Dab1 is shown below the
panels. Error bars indicate mean == SEM. F, o) = 10.66. **p << 0.01 (Tukey's test). *p << 0.05
(Tukey's test). N.S., Not significant. n = 4.
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Reelin is proteolytically cleaved by proprotein convertases
within its CTR

During the course of studying the CTR, we observed that proteo-
lytic cleavage might occur within the CTR in the following exper-
iments. We expressed full-length Reelin with a FLAG-tag added
to the CTR (ReelinC-FLAG), a Reelin mutant with a FLAG-tag
inserted between RR8 and the CTR (ReelinFLAG+C), and a Ree-
lin mutant without a CTR with a FLAG-tag on RR8 (ReelinAC-
FLAG) (Fig. 4A, B) in HEK293T cells. While each of the proteins
was detected in the culture supernatant by the antibody against
RR8 (Fig. 4C, lanes 1-3), only ReelinFLAG+C and Reelin AC-
FLAG were detected using the anti-FLAG antibody (Fig. 4C, lanes
5 and 6). ReelinC-FLAG in the cell lysate was recognized by the
anti-FLAG antibody (Fig. 4D, lane 4). These results suggest that
proteolytic cleavage occurs within the CTR of Reelin; thus, the
FLAG-tag is lost from the ReelinC-FLA. This is the third specific
cleavage site reported for Reelin and is henceforth called the WC
(i.e., within the CTR) site.

The Reelin CTR contains a consensus sequence for the PC
family of proteases (Thomas, 2002) (boxed in Fig. 4A). When
ReelinC-FLAG was expressed in HEK293T or COS-7 cells in
the presence of decanoyl-RVKR-chloromethylketone (furin
inhibitor-1, FI-1) or hexa-D-arginine (furin inhibitor-2, FI-2),
secreted ReelinC-FLAG was detected using the anti-FLAG anti-
body (Fig. 4E, lanes 2, 3, 5, and 6), although the sensitivity to each
inhibitor differs between the cell types. The necessity of PC family
proteases in WC cleavage was further verified using a cell line
(LoVo cells) (Takahashi et al., 1993) that bears no endogenous
PC protease activity (Fig. 4F ). These results indicate that PC fam-
ily proteases cleave Reelin at the WC site. To examine whether
WC cleavage occurs at a consensus sequence within the CTR, we
prepared an AP-fusion protein of RR7, RR8, and the CTR of
Reelin (RR78C) with a FLAG-tag on the CTR (AP-RR78CF), as
well as two mutants in which single point mutations (R3455A or
R3458A) were introduced (Fig. 4G). Each of the AP-fusion pro-
teins was equally secreted into culture supernatants (Fig. 4H,
top), whereas only AP-RR78CF-R3455A was detected by the
anti-FLAG antibody in the absence of FI-1 (Fig. 4H, bottom, lane
3), indicating that this mutant is resistant to cleavage by the PC
family proteases. Together, these results indicate that WC cleav-
age occurs between R3455 and $3456 and liberates a peptide
made up of the last 6 amino acids of Reelin.

To investigate whether WC cleavage occurs in endogenous
Reelin, we established monoclonal antibodies that specifically
recognize full-length Reelin with an intact CTR (ReelinFL). The
antibodies we obtained, 12C10 and 1D4, recognized Reelin pro-
tein only when collected in the presence of FI-1 (Fig. 41, lanes 2
and 4). They recognized neither Reelin protein that underwent
WC cleavage (Fig. 41, lanes 1 and 3) nor Reelin protein lacking the
last 6 amino acids (ReelinA6; Fig. 41, lanes 5 and 6). Reelin pro-
tein secreted from cerebellar granule neurons (CGNs) barely re-
acted with the 1D4 antibody (Fig. 4/, lane 3). When CGN’s were
cultured in the presence of FI-1, ReelinFL was clearly detected in
their culture supernatant (Fig. 4], lane 4). Therefore, most of the
Reelin protein secreted by CGNs is cleaved at the WC site. FI-2,
which does not inhibit all PC family members, blocked WC cleav-
age to a much lesser degree (Fig. 4], lane 5), suggesting that a
specific type of PC family protease catalyzes WC cleavage in
CGNs. In the developing cerebral cortex, the ratio of ReelinFL
was higher at embryonic day 15 (E15) than at P1 or P8 (Fig. 4K),
suggesting that endogenous Reelin is also regulated by WC cleav-
age and that cleavage activity increases during late developmental
stages. We found no difference between ReelinFL and ReelinA6
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Figure2. Formation of the MZ and upper layers is abnormal in mice lacking the Reelin CTR. A-C, Niss| staining of sections of the wild-type (+/+, A) and AC-KI (AC/AG, B) mice brain at P7.In
AC-KImice, the MZ was narrow (B, arrowheads), the CA1 pyramidal cell layer was splitinto two layers (B, arrows; €), and the dentate granule cell layer (B, surrounded by broken line) was less packed
compared with wild-type mice. Scale bars: B, 400 wm; B”, €, 100 wm. D, The MZ is narrower in AC-KI mice than in wild-type mice at P5, but not at E18. Scale bars: top, 50 m; bottom, 100 m.
E, F, Brain sections from the indicated mice at P3 were immunostained with the indicated antibodies. Nuclei were stained with Hoechst 33342 (E, middle column). Scale bar, 200 wm. G-,
Quantification of the indicated layer markers demonstrates that Cux1 * cells are affected in AC-KI mice. Graphs represent the percentage of cells in each of the 11 equal-size vertical bins. Error bars
indicate mean == SEM. **p << 0.01 (unpaired ¢ test). n = 3.J, Formation of PCZ is abnormal in AC-KI mice. Brain sections from indicated mice at P2 were immunostained with anti-NeuN (green),
and nuclei were stained with Hoechst 33342 (magenta). The MZ/P(Z border and PCZ/cortical plate border are clear in wild-type mice, and both are blurred in AC-KI mice. Scale bar, 100 wm. K, The
distribution of GAD67-GFP * interneurons was normal in AC-KI mice. Brain sections from indicated mice bearing GAD67-GFP allele at P3 were immunostained with anti-GFP (green), and nuclei were
stained with Hoechst 33342 (magenta). Scale bar, 100 m. Graph represents the percentage of GFP * cells in each of the 10 equal-size vertical bins. Error bars indicate mean = SEM (n = 3).
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upper region of cerebral cortical slices is shown. II/1ll, Layer II/1Il. In AC-KI mice, the border between MZ and layer II/Ill is blurred. Scale bar, 100 wm. B, Schematic drawing represents the two
plasmids used for sparse labeling of neurons (pDCX-Cre and pCAGGS-RG, left), and the plasmid resulting from Cre-mediated recombination (right). In the absence of pDCX-Cre, pCAGGS-RG expresses
DsRed because of the presence of an SV40 polyadenylation sequence (Stop) after the DsRed, whereas in the presence of pDCX-Cre, Cre-mediated recombination excises the DsRed expression cassette
and the Stop sequence through two loxP sites, and the resulting plasmid expresses GFP. To reduce the probability of recombination, the concentration of pDCX-Cre was reduced to one-five-
hundredth compared with that of pCAGGS-RG, resulting in a small number of GFP-positive cells being observed. C, Sparse labeling by pCAGGS-RG/pDCX-Cre coelectroporation clearly shows the
misorientation and hypertrophy of apical dendrites in AC-KI mice. Three representative images are shown. Scale bar, 50 wm. D, Quantification of the total apical dendrite length (p = 3.729 X
10 %, >30 neurons from each of three different brains per group were analyzed). E, Line graph of the percentage of GFP ™ cells versus total apical dendrite length. F, Quantification of branching
points of apical dendrites (p = 5.949 X 10 7, >30 neurons from each of three different brains per group were analyzed). G, Line graph of the percentage of GFP * cells versus branching points
of apical dendrites. H, Quantification of the percentage of GFP ™ cells with apical dendrites that cross the border between the cortical plate and MZ (p = 5.307 X 10 ~ '3, >50 neurons from each
of three different brains per group were analyzed). /, Relative bin position of labeled neurons. Bin positions were calculated by measuring the distance from the ventricular surface to labeled cells and
from the ventricular surface to the top of the cortical plate (>100 neurons from each of three different brains per group were analyzed). D, F, H, Error bars indicate mean == SEM. ***p << 0.001
(Mann—Whitney U test).

in the strength of induction of Dab1 phosphorylation in cultured ~ RR78 with intact CTR binds to neuronal cell membrane

primary cortical neurons (Fig. 4L). Immunohistochemical anal- ~ We next investigated whether the WC cleavage affects the inter-
ysis using 12C10 antibody revealed that ReelinFL was present  action between Reelin and a molecule(s) expressed on the neu-
only in the direct vicinity of Cajal-Retzius cells in the MZ (Fig.  ronal cell membrane. To exclude the effect of binding to
4M), raising the possibility that WC cleavage might playarolein  canonical Reelin receptors, we used the AP-RR78C (Fig. 5A).
regulating the localization or diffusion of Reelin protein. Culturing in the presence of FI-I, AP-RR78C with an intact CTR



Kohno et al. @ Role of Reelin C-Terminal Region

J. Neurosci., March 18, 2015 - 35(11):4776 — 4787 « 4783

A B G iag C we: E5 anti-FLAG
G10, CR50 1 g 9 e Q g
CFLAG )T Sé7 Séa
-@@@@@@@ EEREE
--------------------- ‘. FLAG+C —_——— —-—
pe==mm=m==T" s
3430 3461 250—
STRKQNYMMNFSRQHGLRHFYN|RRRR|SLRRYP* AC-FLAG RRrs
150 —

kbay 1 2 3 4 5 6

D E HEK293T COSs-7 F
C-FLAG C-FLAG LoVo
WB: G10  anti-FLAG FHl = & = = i C-FLAG C-Venus
2 — — + — — +
sup_cell sup cell - mock furin mock furin
— — s BRER |. -. ‘lWBCﬂO
250 —
- WB:G10 = WB:
20 g anti-FLAG
|-
150 = | WB:
150 — — -_ e | anti-GFP
1 2 3 4
(kDa) 1 2 3 4 »
250 = WB:
anti-
150 — FLAG
FlaGmg (0O 1 2 3 4 5 6
AP- J
RR78CF ' HEK293T
--------- WI_GFLAG_J6 WT A6 CGNssup.
T 3461’ o e M el « it 4+ + — + —
FYNRRRRSLRRYP - ) == B8 & 88| vscio e - - - - 1
R3455A: FYNRRRASLRRYP
R3458A: FYNRRRRSLARYP — i - 5 05 e o o
AP- AP- . = WB:G10
H AP: o BRTBOF RR78CF - - WB:12C10 250 — =
3458 v
-1 — + — + — + Lo — WB:1D4 {
WB: 1 2 3 4 5 6 WB:1D4
150_'— - - e o o —l anti-AP ifga—) 1' ? 3 y 5
WB:
501 1 "2'"3"4- - '6"|ami-FLAG
(kD) M | AFss20 | || Nuclei | merged |
K _ L :
HEK293T: IP from brain
w/Fl-1 i with CR-50 +mock +FL_ +A6

WT A6 !E15 P1 P8 :stage
[o== === &1 &= &<]wB.G10

s 75—
E ‘m "".-‘—-O|WB.1D4 (kDa) 1 > 3

1 2 3 4 5

1.5+
* %
[ —
= *%
o |
€ 1.0
a N.S.
c (|
[0}
(o))
£ 05
©
o
e}
°
0.0 -
E15 P1 P8

Figure4.

75_'! " m WB4G10
e ] PR

++

*%
—~ 49
= *% N.S. L
3 —= —
o
T 31
&2
e S
S
58 21 =
kfa) =
K=l =~
s 14
7}
o
e
=
o4
mock FL A6 |

Reelinis cleaved within its CTR by PC family proteases. A, Schematic of Reelin protein and amino acid sequence of the CTR. Boxed region highlights the consensus sequence for PC family

proteases. Arrows indicate two known cleavage sites. Arrowheads indicate epitopes of anti-Reelin antibodies. B, Schematic of Reelin mutants with a FLAG-tag. Solid black boxes represent FLAG-tags.
C, Secreted ReelinC-FLAG did not retain its FLAG-tag. The culture supernatants of HEK293T cells expressing the above Reelin mutants were analyzed by WB with the indicated antibodies. The
reactivity of ReelinFLAG+C to anti-FLAG antibody is weaker than Reelin AC-FLAG for unknown reason (Kohno et al., 2009b). D, Intracellular ReelinC-FLAG retained the FLAG-tag. The culture
supernatants and whole-cell lysates of ReelinC-FLAG-expressing HEK293T cells were analyzed by WB. E, Reelin is cleaved by a PC family protease(s). The culture supernatants from ReelinC-FLAG-
expressing HEK293T cells (Ianes 1-3) or COS-7 cells (lanes 4 — 6) cultured without inhibitors (lanes 1and 4), with FI-1 (Ianes 2 and 5), or FI-2 (lanes 3 and 6) were analyzed by WB with G10 (top) or
anti-FLAG (bottom). Asterisks indicate full-length Reelin. Arrowheads indicate Reelin fragments generated by cleavage within RR3 and cleavage between RR6 and RR7, respectively. FI-1 inhibits
cleavage at both sites (Kohno et al., 2009a). Secreted ReelinC-FLAG protein retained the FLAG-tag in the presence of the PCinhibitors (lanes 2, 3, 5, and 6). F, LoVo cells, which bear no endogenous
PCactivity, do not cleave Reelin at the WCsite. The expression vector for ReelinC-FLAG or ReelinC-Venus was transfected into LoVo cells with or without a furin vector. The culture supernatant was
collected and analyzed by WB with the indicated antibodies. G, Schematic of AP-RR78CF and its mutants. The consensus sequence of PC family proteases is underlined. (Figure legend continues.)
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was obtained (Fig. 5B). Primary cultured A S o o
cerebral cortical neurons were incubated EAP AP-RR78C-A6 || AP-RR78C-FL
with control AP (SEAP; Fig. 5C, F,I), AP- SEAR —
RR78C collected in the absence of FI-1 A6 s|[C D
(AP-RR78C-AG; Fig. 5D,GJ), or AP-  Rovo G el |2
RR78C collected in the presence of FI-1 §
(AP-RR78C-FL; Fig. 5E,H,K), followed +
by washes and detection using AP sub- QPR-78C-FL @@ RRE)] ||
strate. Only AP-RR78C-FL strongly F G
bound to the neuronal cell membrane B o o o ole
(Fig. 5E), which was inhibited by the Q Qgi\q’ Qgi\q’ Q <2\<2i\‘b Qgi\q’ Q
12C10 or 1D4 antibody (Fig. 5H and Fig. KL LR & =
5K, respectively). These results suggest the Fii = = 4+ = = +
presence of a molecule(s) that binds only ~ 250— —
to the ReelinFL. w-f PR . | J K
<
Presence of an intact CTR is important 100= =
for formation of the MZ-like structure 75 — | e— +
driven by ectopic Reelin expression 2 23 4 5 6 | —
Ectopic expression of Reelin by in utero WB:ant-AP - WB:1D4
electroporation leads to the formation of  Figure 5. RR78 with intact CTR binds to neuronal cell membrane. 4, Schematic of the secreted AP (SEAP), AP-RR78C protein

neuronal aggregates in vivo with a cell-
body-sparse and dendrite-rich central
area that resembles the MZ (Fig. 6A, left
column) (Kubo et al., 2010). ReelinAC-
FLAG induced aggregation of neurons
similar to full-length Reelin (ReelinC-
FLAG); however, the migrating neurons
in the ReelinAC-FLAG-induced aggre-
gates tended to invade the central MZ-like area (Fig. 6A, right
column, B). In particular, the same phenomenon was observed
when ReelinA6 was expressed (Fig. 6A, middle column, B). In addi-
tion, aggregate cell density was highest with expression of ReelinC-
FLAG and was significantly lower when ReelinA6 or ReelinAC-
FLAG was expressed (Fig. 6C,D). Furthermore, ReelinC-FLAG-
expressing neurons extended their leading processes to the center of
the neuronal aggregates, whereas neurons expressing ReelinA6 or

bar, 100 m.

<«

(Figure legend continued.)  Mutated amino acids are shown in bold. H, R3455 is necessary for
cleavage by PC family proteases. The culture supernatants of HEK293T cells expressing the
indicated proteins with or without FI-1 were analyzed by WB. I, Monoclonal antibodies 12C10
and 1D4 specifically recognize ReelinFL. Wild-type Reelin (WT), ReelinC-FLAG, or a mutant
Reelinlacking the last 6 residues (A6) were expressed in HEK293T cells cultured with or without
FI-1. The culture supernatants were analyzed by WB with the indicated antibodies. J, FI-1
inhibits WC cleavage by CGNs. CGNs were cultured with the indicated inhibitors, and the culture
supernatants were analyzed by WB. ReelinWT and ReelinA6 from HEK293T cells were run as
references. K, The ratio of endogenous Reelin protein cleaved at the WCsite is dependent on
developmental stage. Reelin proteins were immunoprecipitated using anti-Reelin CR-50 anti-
body from the brain homogenate at the indicated stages, analyzed by WB, and quantified. Error
barsindicate mean = SEM.F, 5 = 19.42.%*p < 0.01 (Tukey's test). N.S., Not significant.n =
3. L, WC cleavage had little effect on the ability of Reelin to induce Dab1 phosphorylation in
cultured cerebral cortical neurons in the standard assay. Cerebral cortical neurons were incu-
bated for 20 min at 37°C with conditioned medium containing ReelinWT collected from
HEK293T cells in the presence of FI-1 (ReelinFL) or ReelinA6 collected in the presence of FI-1.
Whole-cell lysates were separated by SDS-PAGE followed by WB using anti-phosphotyrosine
4G10 (top) and anti-Dab1 (bottom) antibodies. Molecular mass markers (kDa) are shown on the
left of the panel. Error bars indicate mean = SEM. f, ) = 50.21. **p < 0.01 (Tukey's test).
N.S., Not significant. n = 3. M, ReelinFL localizes to the MZ. Sections of the cerebral cortices of
wild-type (+/+, top) or reeler (rl/rl, bottom) mice at P1 were immunostained with AF3820
(antibody against the N-terminal region of Reelin, red) and 12C10 (green). Nuclei were stained
with Hoechst 33342 (blue). In sections from wild-type mice, the 12C10 antibody stained Cajal—
Retzius cells in the MZ. Arrowheads indicate signals positive for AF3820 only. Scale bar, 50 m.
F, 1, K, Only the bands of full-length Reelin protein (430 kDa) are shown.

collected in the presence of DMSO (as a vehicle, AP-RR78C-A6), and AP-RR78C collected in the presence of FI-1 (AP-RR78C-FL). B,
SEAP or AP-RR78C was expressed in HEK293T cells in the presence of DMSO or 50 wum FI-1. Culture supernatants were analyzed by
WB using anti-AP and 1D4 antibodies. Molecular mass markers (kDa) are shown on the left of the panel. C—K, AP staining of primary
cultured cortical neurons. Primary cultured cerebral cortical neurons were incubated with SEAP (C, F, ), AP-RR78C-A6 (D, G, J), or
AP-RR78C-FL (E, H, K) in the presence of anti-myc antibody as the control IgG (C-E), 1210 (F-H), or 1D4 (I-K). The interaction
between AP-RR78C-FL and the neuronal cell membrane was inhibited by 12C10 or 104 antibodies (H and K, respectively). Scale

ReelinAC-FLAG had misoriented leading processes (Fig. 6E,F).
Therefore, the presence of the last 6 amino acids of Reelin is required
to prevent neuronal invasion into the central MZ-like area of aggre-
gates, suggesting the possibility that ReelinFL is important for the
development of the cell-body-sparse and dendrite-rich features of
the MZ.

Discussion

Reelin is essential for the development of various regions of the
nervous system (Tissir and Goffinet, 2003; Folsom and Fatemi,
2013) and plays important roles in the adult brain (Herz and
Chen, 2006; Forster et al., 2010; Rogers et al., 2011). For one
molecule to fulfill these versatile roles, multiple mechanisms
must be involved in its spatiotemporal regulation. Here we report
that the intact CTR of Reelin is necessary for the formation and
maintenance of the MZ and dendrite development (Figs. 2 and
3). We also found that Reelin is subject to proteolytic cleavage by
PC family proteases at a site proximal to the C terminus (Fig. 4).
The function of this cleavage is likely to abrogate the interaction
between Reelin and the neuronal cell membrane (Fig. 5). The
presence of intact CTR is required for prevention of neuronal cell
body invasion into the Reelin-concentrated area (Fig. 6). These
findings provide novel conceptual and mechanistic insight for
Reelin functions in neural development. Finally, we provide an in
vivo demonstration that the CTR sequence is not essential for
Reelin secretion and is replaceable with a FLAG sequence, which
had first been suggested by Goffinet and colleagues (Lambert de
Rouvroitetal., 1999) and subsequently detailed by ourselves (Na-
kano et al., 2007).

The large size of the mouse reelin gene, which spans >450 kbp
and is composed of 65 exons, makes the creation of KI or condi-
tional knock-out mice difficult. Fortunately, the CTR is encoded
in a single exon, and we succeeded in generating a Reelin AC-KI
mouse. Recently, Ha et al. (2015) performed a mutagenesis
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type migration (Hack et al., 2007; Uchida

0254 — = ' et al., 2009; Sim¢ et al., 2010; Jossin and
S Cooper, 2011; Pérez-Martinez et al,
g 4201 2012). This process is mainly dependent
2 0154 on ApoER2 (Hack et al., 2007; Pérez-
'g Martinez et al., 2012), which comprises
< 0.10 the majority of the Reelin receptors in the
£ developing cerebral cortex (Uchida et al.,
a 8 0.057 2009). Second, Reelin operates in superfi-
£ 166 cial positions (around the PCZ and MZ)
E "7 C-FLAG A6 AC-FLAG to induce the transition to, and/or com-
T pletion of, terminal translocation (Franco
D et al.,, 2011; Sekine et al., 2011; Chai et al.,
I 0087 x| 2014). This process is dependent on
Ng __I'__L' VLDLR (Hack et al., 2007) and operates
" 0.06 through the Dabl/integrin pathway
E (Sekine et al., 2012). The mRNA (Uchida
:>.o_o4— et al.,, 2009) and protein (Hirota et al,,
100 um ‘a 2015) expression patterns of VLDLR and
E| CFLAG | A6 | ac-Fac 3 0.024 ApoER?2 also support these models. Here
@ ; 3 we found that the CTR-dependent path-
.00 way is only required for the latter event,
C-FLAG A6 AC-FLAG and intact CTR is necessary for the Reelin
F s0- - binding to neuronal cell membrane (Fig.
Ex 5). It is thus possible that the specific in-
“ooum 5 - teraction between ReelinFL and an un-
E | CELAG " "% " ACFLAG | E,\ 204 identified receptor molecule ensures .the
— 59 events that only occur at the appropriate
- Y o 5 stages during brain development. In ac-
Q 23 104 cordance with this model, MZ narrowing

o (4] . .
‘g g was also observed in Dabl hypomorphic
o s mice (Herrick and Cooper, 2004). One
=] OC-FLAG 6 ~CELAG likely scenario would be that, near the
40 um MZ, ReelinFL binds to VLDLR as well as
an unidentified coreceptor, which effi-

Figure 6.  Reelin with an intact (TR is required for formation of the MZ structure. A, Neuronal aggregates induced by ectopic

expression of Reelin. Mouse embryos were electroporated with the indicated vector and tdTomato vector (magenta) at E14.5 and
fixed at P3. Nuclei were stained with DAPI (cyan). Scale bar, 100 wm. B, Quantification of relative areas of cell-body-sparse regions
evaluated by the ratio of center to aggregate area (n = 7). (, Magnified images of the boxed areas in A. Scale bar, 20 um. D,
Quantification of cell density of neuronal aggregates (n = 7). E, Magnified images of a neuronal aggregate in A. Arrowhead and
arrows indicate neurons that have processes oriented to the center of the neuronal aggregates and misoriented processes, respec-
tively. Scale bar, 40 wm. F, Quantification of neuronal process angles in neuronal aggregates (n = 7). B, D, F, Error bars indicate
mean =+ SEM. Tukey's test was used to test for statistical significance: B, F, 1 = 10.73; D, F5 15) = 15.71; F, F 5 507y = 10.30.

) < 0,001, %% < 0,01,

screening study and obtained a mouse in which a mutation in the
splicing site of the Reelin gene results in the appearance of unre-
lated amino acid sequence of five residues and a stop codon. In
this mouse, the CTR of Reelin is totally absent and thus is pre-
sumed to be essentially equivalent to the model in the present
study. Ha et al. (2015) reported that there are no gross abnormal-
ities in the CNS of their mouse (Ha et al., 2015), although a
detailed analysis was not performed. Interestingly, the amount of
Reelin in the brain homogenate seemed to be increased in their
mouse (Ha et al., 2015), which is consistent with our AC-KI
mouse (Fig. 1F). It is thus suggested that neither the FLAG-tag in
our mouse nor the abnormal sequence derived from aberrant
splicing in their mouse affects the observed phenotypes, with the
lack of the CTR solely accounting for the phenotype.

In the cerebral cortex of AC-KI mouse, the MZ becomes nar-
row after P3 because the upper-layer neurons invade the MZ and
their apical dendrites are misoriented and poorly branched. The
function of Reelin in cortical lamination can be classified into at
least two classes. First, Reelin initiates or facilitates locomotion-

ciently induces Dabl phosphorylation.
This “reinforced Dabl signaling” leads to
the correct orientation, growth, and
branching of apical dendrites and, thus,
maintenance of cell sparseness in the MZ.
Cleavage at the WC site by PC family pro-
teases may prohibit this specific pathway
from operating in unwanted (i.e., deeper)
regions. Another possibility is that Reel-
inFL specifically activates or induces a Dabl-independent path-
way that plays an important role in the formation of the MZ.
Identification of CTR-interacting molecules will be necessary to
test this hypothesis.

From a biochemical point of view, the present findings pro-
vide two conceptually unique points. First, Reelin is one of the
largest secreted signaling proteins with >3400 amino acid resi-
dues and its function is regulated by the presence or absence of a
6 amino acid peptide (0.17% of whole polypeptide). Together
with the fact that the primary sequence of CTR is 100% con-
served in mammals (Nakano et al., 2007), this indicates that
fine regulation of Reelin function in and around the CTR
would be critically important for mammalian brains. Addi-
tionally, the difference in molecular weight between ReelinFL
and ReelinA6 is too small to discern with SDS-PAGE. Therefore,
it is not surprising that WC cleavage had not been discovered
before this study. We presume that all recombinant Reelin pro-
teins used in previous studies were likely ReelinA6, rather than
ReelinFL, because almost all Reelin protein in supernatants of
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cultured cell lines was found to have undergone WC cleavage.
This possibility should be considered in future studies using re-
combinant Reelin. Second, PC family proteases cleave Reelin at a
site very close to the C terminus. As its name indicates, the PC
family is well known for its role in the maturation of secreted
proteins; and in most cases, it cleaves proteins at sites close to
their N terminus (Thomas, 2002). However, a few previous stud-
ies have reported that the PC family proteases function in roles
other than the conversion of proproteins (Adams et al., 1997; Liu
et al., 2010). Therefore, the cleavage of extracellular signaling
proteins by PC family proteases may be a rather general
phenomenon.

In this study, we focused on the superficial structures of the
cerebral cortex at early postnatal stages. Reelin plays important
roles in many other systems at a variety of developmental stages.
Furthermore, the AC-KI mouse is the first hypomorphic mutant
of the reelin gene and could be used to investigate the role of
Reelin in many systems. For example, it would be interesting to
determine whether AC-KI mice have learning deficits because
Reelin is involved in synapse formation and modulation of syn-
aptic plasticity (Herz and Chen, 2006; Rogers et al., 2011). Finally,
the observations, models, and tools presented in this study are
also of clinical importance because reduced Reelin function has
been suggested to be involved in the pathogenesis and/or deteri-
oration observed in neuropsychiatric diseases (Folsom and
Fatemi, 2013; Ishii etal., 2015). We anticipate that understanding
how the versatile Reelin functions can be regulated will represent
a significant advancement in our understanding of neuropsychi-
atric disorders.
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