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Reelin plays versatile roles in neocortical development. The C-terminal region (CTR) of Reelin is required for the correct formation of
the superficial structure of the neocortex; however, the mechanisms by which this position-specific effect occurs remain largely
unknown. In this study, we demonstrate that Reelin with an intact CTR binds to neuropilin-1 (Nrp1), a transmembrane protein.
Both male and female mice were used. Nrp1 is localized with very-low-density lipoprotein receptor (VLDLR), a canonical Reelin recep-
tor, in the superficial layers of the developing neocortex. It forms a complex with VLDLR, and this interaction is modulated by the al-
ternative splicing of VLDLR. Reelin with an intact CTR binds more strongly to the VLDLR/Nrp1 complex than to VLDLR alone.
Knockdown of Nrp1 in neurons leads to the accumulation of Dab1 protein. Since the degradation of Dab1 is induced by Reelin sig-
naling, it is suggested that Nrp1 augments Reelin signaling. The interaction between Reelin and Nrp1 is required for normal dendritic
development in superficial-layer neurons. All of these characteristics of Reelin are abrogated by proteolytic processing of the six C-ter-
minal amino acid residues of Reelin (0.17% of the whole protein). Therefore, Nrp1 is a coreceptor molecule for Reelin and, together
with the proteolytic processing of Reelin, can account for context-specific Reelin function in brain development.
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Significance Statement

Reelin often exhibits a context-dependent function during brain development; however, its underlying mechanism is not well
understood. We found that neuropilin-1 (Nrp1) specifically binds to the CTR of Reelin and acts as a coreceptor for very-low-
density lipoprotein receptor (VLDLR). The Nrp1/VLDLR complex is localized in the superficial layers of the neocortex, and
its interaction with Reelin is essential for proper dendritic development in superficial-layer neurons. This study provides the
first mechanistic evidence of the context-specific function of Reelin (.3400 residues) regulated by the C-terminal residues
and Nrp1, a component of the canonical Reelin receptor complex.

Introduction
The mammalian neocortex has a highly organized six-layered
structure that is distinguished by its morphological and func-
tional features. Abnormality of neocortical formation is a risk
factor for neuropsychiatric disorders (Ishii et al., 2016; Wasser
and Herz, 2017). Projection neurons in the mouse neocortex are
generated in either the ventricular or subventricular zone and
migrate radially toward the pial surface (Hirota and Nakajima,
2017). Neurons dynamically change their morphology during
migration. In the intermediate zone, neurons temporarily adopt
multipolar shapes (Tabata and Nakajima, 2003). They then take
a bipolar shape and migrate to the cortical plate (CP) (Noctor et
al., 2004; Tabata et al., 2009). Once neurons are close to the mar-
ginal zone (MZ), they attach their leading process to the MZ and
then move to their final position (Nadarajah et al., 2001; Sekine
et al., 2011). The leading process transforms into highly
branched apical dendrites (Chai et al., 2015; O’Dell et al., 2015).
Regulated by several secreted proteins (Cooper, 2014; Valnegri et
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al., 2015), the morphological development of neurons is impor-
tant not only for neuronal layer formation but also for neuronal
circuit formation. However, the mechanisms that regulate the
spatiotemporal events in a migrating neuron remain unclear.

Reelin is a large glycoprotein that plays essential and versatile
roles in the formation and the function of the brain (Ishii et al.,
2016; Hirota and Nakajima, 2017; Wasser and Herz, 2017). In
the developing neocortex, Reelin is mainly secreted from Cajal-
Retzius cells in the MZ and binds to the apolipoprotein E recep-
tor 2 (ApoER2) and the very-low-density lipoprotein receptor
(VLDLR), which are expressed by migrating neurons (Santana
and Marzolo, 2017; Wasser and Herz, 2017). Reelin is also
secreted by other types of cells, which may be relevant in neuro-
nal layer formation (Yoshida et al., 2006; Uchida et al., 2009).
Reelin induces the tyrosyl phosphorylation of the intracellular
protein Dab1, and phosphorylated Dab1 is quickly degraded via
the ubiquitin-proteasome pathway (Arnaud et al., 2003). Reelin-
Dab1 signaling controls multiple events during neocortical for-
mation, suggesting context-dependent regulatory mechanisms
(Hirota and Nakajima, 2017). One function of Reelin is to con-
trol neuronal polarization and dendritic growth (Niu et al., 2004;
Jossin and Goffinet, 2007; Matsuki et al., 2010). Recently, it was
demonstrated that Reelin concentrated in the MZ regulates the
orientation and branching of apical dendrites in superficial-layer
neurons (Chai et al., 2015; O’Dell et al., 2015); however, the mo-
lecular mechanism by which Reelin controls dendritic develop-
ment in the MZ has yet to be elucidated (Chai and Frotscher,
2016).

The efficient induction of Dab1 phosphorylation in cultured
neurons requires the C-terminal region (CTR) of Reelin
(Nakano et al., 2007). In our previous study with knock-in mice,
we demonstrated that the CTR of Reelin is required for the apical
dendritic development of superficial-layer neurons (Kohno et al.,
2015). Also, we have shown that Reelin is proteolytically cleaved
within the CTR (WC cleavage) (Kohno et al., 2015). During WC
cleavage, Reelin with intact CTRs (Reelin-FL, 3461 amino acid
residues) is converted to Reelin missing the last six amino acid
residues (Reelin-D6, 3455 amino acid residues) (Kohno et al.,
2015). Reelin-FL, but not Reelin-D6, strongly binds to the neuro-
nal cell membrane (Kohno et al., 2015). These results suggested
that these six terminal amino acid residues play an important
role in the interaction between Reelin-FL and an as yet unidenti-
fied molecule and that this interaction is required for the apical
dendritic development of superficial-layer neurons.

In this study, we show that Reelin-FL binds to neuropilin-1
(Nrp1) on the neuronal cell membrane. Nrp1 is colocalized with
VLDLR in superficial-layer neurons and forms a complex with
VLDLR. Reelin-FL strongly binds to the VLDLR/Nrp1 complex.
Furthermore, the interaction of Reelin-FL with Nrp1 is required
for the proper development of apical dendrites in superficial-
layer neurons. This study demonstrates a novel model regarding
the context-specific functions of Reelin.

Materials and Methods
Animals. All experimental protocols used in this study were

approved by the Animal Care and Use Committees of Nagoya City
University and Keio University and were performed according to the
Institutional Guidelines on Animal Experimentation of Nagoya City
University and Keio University. The mice were housed under a 12 h
light/dark cycle with lights on between 6:00 A.M. and 6:00 P.M. with
standard diets and water ad libitum. Slc:ICR mice were obtained from
Japan SLC. For timed mating, noon of the day of vaginal plug detection

was designated as E0.5 and the day of birth was designated as P0. Both
male and female pups were used for all experiments.

Cell culture and transfection. HEK293T cells, COS-7 cells, and corti-
cal neurons were cultured as previously described (Nakano et al., 2007;
Kohno et al., 2015). Transfection was performed using either Lipofectamine
2000 (Thermo Fisher Scientific) or Polyethylenimine “Max” (Polysciences),
according to the manufacturer’s instructions. To obtain recombinant-
Reelin-containing supernatant, the culture medium was replaced with
Opti-MEM (Thermo Fisher Scientific) 5 h after transfection and was
then cultured for 72 h. For nucleofection, cortical neurons (3� 106 cells/
transfection) were resuspended with 100ml of a supplemented nucleo-
fector solution (VPG-1001, Lonza Walkersville), 50mg of short hairpin
RNA (shRNA) plasmid, and 5mg of pCAGGS-EGFP. The suspension
was transferred to a cuvette and electroporated using Nucleofector II
(Lonza Walkersville). After nucleofection, the cells were transferred into
a 2 ml neurobasal medium (Thermo Fisher Scientific) containing 10%
FBS using a plastic pipette. The cell suspension was plated on a 0.01%
poly-L-lysine-coated 12-well plate (600ml/well). Two hours after plating,
the culture medium was replaced with neurobasal medium supple-
mented with 2% B-27 (Thermo Fisher Scientific) and 2 mM Glutamax
(Thermo Fisher Scientific).

Antibodies. The antibodies used for Western blotting (WB), immu-
noprecipitation (IP), immunocytochemistry (ICC), or immunohisto-
chemistry (IHC) were as follows: mouse monoclonal anti-Reelin G10
(MAB5364, Merck Millipore, RRID:AB_2179313; WB 1:2000 and
ICC 1:500), mouse monoclonal anti-Reelin E5 (sc-25346, Santa Cruz
Biotechnology, RRID:AB_628210; WB 1:1000), rabbit polyclonal
anti-GFP (598, MBL, RRID:AB_591819; WB 1:3000, IP 1:1000, IHC
1:1000), rat monoclonal anti-GFP (04404-26, Nacalai Tesque; IHC
1:500), rabbit polyclonal anti-placental alkaline phosphatase (AP,
GTX72989, GeneTex, RRID:AB_374630; WB 1:1000), rabbit mono-
clonal anti-placental AP (ab133602, Abcam; ICC 1:500), rat monoclo-
nal anti-HA 3F10 (11867423001, Roche Diagnostics, RRID:AB_
390918; WB 50 ng/ml), mouse monoclonal anti-b -actin (013-24553,
Wako; WB 1:8000), rat monoclonal anti-Dab1 antibody 4E12 (D355-
3, MBL; WB 1:1000) (Onoue et al., 2014), rat monoclonal anti-Dab1
antibody 4H11 (D354-3, MBL; WB 1:1000) (Onoue et al., 2014),
mouse monoclonal anti-CTR 12C10 (MABN2428, Merck Millipore,
WB 1:500) (Kohno et al., 2015), rabbit monoclonal anti-Nrp1
(ab81321, Abcam, RRID:AB_1640739; WB 1:1000, IHC 1:500), goat
anti-VLDLR (AF2258, R&D Systems, RRID:AB_2288612; WB 1:1000,
IHC 1:500, IP 1:300), rabbit monoclonal anti-ApoER2 (ab108208,
Abcam, RRID:AB_10862841; WB 1:1000), mouse monoclonal anti-
phosphotyrosine 4G10 (05-321, Merck Millipore, RRID:AB_309678;
WB 1:2000), and goat polyclonal TLE (sc-13373, Santa Cruz
Biotechnology, RRID:AB_2203721; IP 1:300).

Plasmids. The expression plasmids for Reelin-D6 and AP-RR78C
(Kohno et al., 2015); for AP-RR38C, VLDLR-II-GFP, and ApoER2-GFP
(Hibi et al., 2009); and for AP-RR36 (Uchida et al., 2009) have been pre-
viously described. The Reelin cDNA construct, pCrl (kindly gifted from
Prof. T. Curran) (D’Arcangelo et al., 1997), was used to express WT
mouse Reelin and as a template for PCR amplification. For site-directed
mutagenesis, point mutations were introduced into the CTR coding
sequence by standard PCR. To construct the expression plasmid for pre-
prosegment of furin (ppFurin), the cDNA coding for the preprosegment
of the mouse furin (Met1-Val109) was amplified from pCMV-mFurin
(kindly gifted from Prof. K. Nakayama), and the PCR product was
cloned into a pCAGGS vector (kindly gifted from Prof. J. Miyazaki)
(Niwa et al., 1991). The expression plasmids of HA-tagged Nrp1 and
Nrp2 have been previously described (Kanatani et al., 2015). The dele-
tion mutants of HA-tagged Nrp1 were constructed into a pCAGGS vec-
tor, and all mutants lacked the following domains: Da1, Asp25-Glu146;
Da2, Cys147-Lys274; Db1, Cys275-Pro430; Db2, Cys431-Thr589; DAB,
Asp25-Thr589; and DABC, Asp25-Asp796. For the construction of both
Fc-tagged Nrp1 and Nrp2, the cDNA coding for the extracellular do-
main of either mouse Nrp1 (Met1-Pro856) or mouse Nrp2 (Met1-
Glu802) was cloned into the Igtag vector (kindly provided by Prof. J. G.
Flanagan). Both pCAGGS-EGFP and pCAGGS-Reelin have been previ-
ously described (Kubo et al., 2010). pK031.TRE-Cre (Addgene, plasmid
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#69136, RRID:Addgene_69136) and pK038.CAG-loxP-stop-loxP-EGFP-
ires-tTA-WPRE (Addgene, plasmid #85006, RRID:Addgene_85006)
were both kindly gifted from Prof. T. Iwasato (Mizuno et al., 2014). To
construct pCAG-loxP-stop-loxP-mGFP-ires-tTA-WPRE, the cDNA of
membrane GFP was excised from pCAG-mGFP (kindly gifted from
Prof. C. Cepko; Matsuda and Cepko, 2007; Addgene, plasmid #14757,
RRID:Addgene_14757), and the cDNA was subcloned into pK038 by
SalI/EcoRV digestion. pSilencer 3.0H-1 (Thermo Fisher Scientific) was
used for the construction of the knockdown (KD) vector. The shRNA
target for Nrp1 was 59-GGTGAAATCGGAAAAGGAA-39. The shRNA-
resistant HA-Nrp1 was generated using a PrimeSTAR Mutagenesis
Basal Kit (Takara) with the primers 59-AGATTGGTAAGGGTAAC
CTTGGTGGAA-39 and 59-TACCCTTACCAATCTCACCTTCAAA
AA-39 (mutated nucleotides are underlined). The expression plasmid of
Myc-DDK-tagged VLDLR-I (MR226657) was obtained from Origene,
and the insert was subcloned into pEGFP-N1 (Clontech/Takara). The
expression plasmid of pcDNA3.1-APP was kindly gifted by K. Shirotani,
and the expression plasmid of Robo1 was kindly gifted by C. Hanashima
(Gonda et al., 2013). The expression plasmids of Ephrin-A5, Ephrin-B1,
EphA3, EphB2, and AP-VEGF164 were kindly gifted by Prof. J. G.
Flanagan, and the EphA3 cDNA was subcloned into pEF-BOS
(Mizushima and Nagata, 1990), while the cDNA of EphB2 and AP-
VEGF164 was subcloned into pcDNA3.1/zeo(1) (Thermo Fisher
Scientific). pCAGGS-AP-Sema3A has been previously described (Suto et
al., 2005).

SDS-PAGE, WB, and Dab1 phosphorylation assay. SDS-PAGE, WB,
and Dab1 phosphorylation assay were performed as previously described
(Nakano et al., 2007; Kohno et al., 2015).

Immunostaining. For the IHC experiment, mice were perfusion-
fixed with 4% PFA in PBS. The brains were postfixed with 4% PFA in
PBS overnight and cryoprotected in 30% sucrose in PBS. The fixed
brains were frozen in a Tissue-Tek OCT compound (Sakura Finetek)
using dry ice and stored at �80°C until further use. The frozen brains
were coronally sectioned at 20-30mm using a cryostat (CM 1850; Leica
Microsystems). The sections were incubated with a 2% BSA in PBS con-
taining 0.1% Triton X-100 at room temperature for 30min and incu-
bated with the primary antibodies diluted with PBS containing 0.1%
Triton X-100 and 2% BSA at 4°C overnight. The sections were then
washed with PBS containing 0.05% Tween 20 (PBS-T) and incubated
with Alexa-488- and Alexa-568-conjugated secondary antibodies (1:500;
Thermo Fisher Scientific) at room temperature for 1 h. The sections
were then counterstained with Hoechst 33342 (2mg/ml; Thermo Fisher
Scientific) and mounted in fluorescence mounting medium (Dako).

COS-7 cells expressing Nrp1 were incubated with AP-fused Reelin
for 90min and washed with HBAH buffer (HBSS containing 0.5mg/ml
BSA, 20 mM HEPES, and 0.1% NaN3) 6 times and fixed with 4% PFA in
PBS for 10min. Cells were incubated with the primary antibodies diluted
with PBS containing 2% BSA without membrane permeabilization at 4°
C overnight. The cells were then washed with PBS-T and incubated with
Alexa-488- and Alexa-568-conjugated secondary antibodies (1:500) at
room temperature for 2 h. The cells were then counterstained with
Hoechst 33342 and mounted in fluorescence mounting medium.

Fluorescence images were captured using either Biorevo BZ-9000
(Keyence) or LSM 800 (Carl Zeiss). For the quantitative analysis of
Reelin binding to cells, the mean intensity of the cell was measured using
ImageJ software (National Institutes of Health, RRID:SCR_003070). For
the quantification of the relative position of GFP-labeled neurons, corti-
cal thickness was divided into 10 equal bins from the top of the CP to
the ventricular zone (VZ). The number of cells in each bin was counted
and divided by the number of total GFP-labeled cells. For the quantifica-
tion of dendrite length and branching points, confocal images were flat-
tened using the maximum intensity projection method from Zen
software (Carl Zeiss, RRID:SCR_013672). The total length of apical den-
drites and the number of branching points were measured using ImageJ
software.

Cell-surface AP-fused Reelin-binding analysis. COS-7 cells express-
ing transmembrane receptors were incubated with AP-fused Reelin pro-
teins for 90min and washed with HBAH buffer 6 times. Cells were fixed
with 1% PFA in PBS for 1min and washed 3 times with HBS (150 mM

NaCl and 20 mM HEPES, pH 7.0). Cells were then heated for 90min at
68°C to inactivate the endogenous AP and washed twice with AP buffer
(100 mM Tris, pH 9.5, 5 mM MgCl2, and 100 mM NaCl). AP-fused Reelin
on the cell surface was detected by NBT/BCIP solution (AP buffer con-
taining 0.33mg/ml NBT and 0.17mg/ml BCIP) on ice. Images were cap-
tured using an SZX7 microscope (Olympus) equipped with a DP27
digital camera (Olympus). For the quantitative analysis of Reelin binding
to cells, the mean intensity of cell surface-bound AP-fused Reelin was
measured using ImageJ software.

IP. Transfected COS-7 cells were lysed with radioimmunoprecipita-
tion assay (RIPA) buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1%
SDS, 1% NP-40, and 0.5% sodium deoxycholate). Cell lysates were then
centrifuged at 17,800 � g for 10min at 4°C, and the supernatants were
mixed with anti-GFP antibody and protein G Sepharose (GE
Healthcare) for 2 h at 4°C. The reaction mixture was centrifuged, and
the precipitate was washed with RIPA buffer 4 times and dissolved with
a 1� SDS sample buffer.

The neocortex was excised from P0 mice brains and collected in
HBSS. The tissue was triturated with a 27-gauge needle on ice, and
the suspension was centrifuged at 700 � g for 5min at 4°C. The su-
pernatant was collected and centrifuged at 17,800 � g for 10min at 4°
C. The precipitate was lysed with N-PER Neuronal Protein Extraction
Reagent (Thermo Fisher Scientific), and the lysates were incubated
with anti-VLDLR antibody and protein G Sepharose for 2 h at 4°C.
The precipitate was washed with RIPA buffer 4 times and dissolved
with 1 � SDS sample buffer. Anti-TLE antibodies were used as a neg-
ative control.

Pull-down experiment. The supernatants containing the Fc-fused
protein were incubated with protein G Sepharose for 2 h at 4°C. Beads
were washed with 20 mM phosphate buffer, pH 7.0, 4 times, followed by
elution using 100 mM glycine-HCl, pH 2.7. The concentrations of Fc-
fused protein were quantified using Protein Assay Bradford Reagent
(Wako), according to the manufacturer’s instructions. Next, 10mg Fc-
fused proteins were incubated with AP-fused proteins and protein G
Sepharose for 2 h at 4°C. Beads were washed with RIPA buffer 3 times
and then dissolved with 1� SDS sample buffer.

Cell-surface biotinylation. Cultured cells were washed twice with ice-
cold PBS containing 0.33 mM MgCl2 and 0.9 mM CaCl2 (PBS1) and
incubated with 1mg/ml Sulfo-NHS-Biotin (Thermo Fisher Scientific) in
PBS1 for 40min on ice. To quench the nonreacting NHS-biotin, cells
were washed with 100 mM glycine in PBS for 5min. Cells were lysed
with RIPA buffer, and the lysates were centrifuged at 17,800 � g for
10min at 4°C. The supernatants were incubated with avidin agarose
(Thermo Fisher Scientific) for 1 h at 4°C. Beads were then washed with
RIPA buffer 3 times and dissolved with 1� SDS sample buffer.

In utero electroporation. In utero electroporation was performed as
previously described (Tabata and Nakajima, 2001, 2008). Time-pregnant
mice were anesthetized using pentobarbital sodium (Tokyo Chemical
Industry, 0.06mg/g body weight) by intraperitoneal administration. A 1-
2ml of DNA plasmid solution containing 0.01% fast green was then
injected into the lateral ventricle of embryos using a mouth-controlled
micropipette (Drummond). Square electric pulses (31 V, 50ms, 4 times)
were applied using an electroporator (CUY21EDIT, Bex) with a forceps
electrode (LF650P5, Bex). For sparse labeling, we used the Supernova
System as previously described (Mizuno et al., 2014). The final concen-
tration of plasmid DNAs is described in Table 1.

Experimental design and statistical analysis. All quantitative data
were expressed as mean 6 SEM, and individual data points are plotted.
The statistical methods and their detail descriptions are described in the
figure legends. The normality of the dataset was analyzed by Shapiro–
Wilk normality test. For datasets with small sample size, which thus is
not subject to Shapiro–Wilk normality test, we assume that it might
show normality because the experimental datasets from the same kind of
experimental population showed normality, and we planned the experi-
ments on this assumption. All of the data are two-tailed. For direct com-
parisons, the data were analyzed using a one-sample t test or Mann–
Whitney U test. For multiple comparisons, one-way ANOVA was per-
formed, followed by Tukey’s post hoc test. All statistical analyses were
performed using Prism (GraphPad Software, RRID:SCR_002798).
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Results
Reelin with an intact CTR binds to Nrp1
WC cleavage occurs between the Arg3455 and Ser3456 of the
Reelin CTR and releases a six-amino acid peptide, which con-
tains two Arg residues (R3458 and R3459; Fig. 1A) (Kohno et al.,
2015). Since extracellular signaling proteins frequently interact
with the basic domains of negatively charged molecules, we pre-
pared culture supernatants containing AP-fused protein that
comprises Reelin repeats 7 and 8 plus CTR (AP-RR78C-FL) or
its mutants (Fig. 1A). AP-RR78C-D6 lacked the last six residues.
AP-RR78C-RA contained one mutation (R3455A), which pro-
vides resistance to WC cleavage (Kohno et al., 2015). In AP-
RR78C-mut3, three Arg residues were replaced with Ala (R3455/
3458/3459A) to test the importance of the basic residues. We
then tested the interaction between these AP-fusion proteins and
cultured cortical neurons. AP-RR78C-RA bound strongly to the
neurons, as previously demonstrated (Fig. 1B) (Kohno et al.,
2015). AP-RR78C-mut3 interacted with the neurons much less
strongly than AP-RR78C-RA (Fig. 1B,C), suggesting that R3458
and R3459 contribute to the interaction between Reelin and the
neuronal cell membrane.

To identify a protein that specifically binds to Reelin-FL,
we adopted a candidate approach. We expressed various trans-
membrane proteins in COS-7 cells and examined their binding
to AP-RR78C-RA. Amyloid precursor protein (APP), Ephrin-
B1, and EphB2 (Fig. 1D) have been previously reported as
Reelin-binding molecules (Hoe et al., 2009; Senturk et al.,
2011; Bouche et al., 2013); however, they did not bind to AP-
RR78C-D6 or AP-RR78C-RA (Fig. 1D). We also examined
the binding activity of AP-RR78C-RA to Robo1, Ephrin-A5,
and EphA3, but we could not detect any specific binding
(Fig. 1D). Conversely, AP-RR78C-RA bound strongly to
Nrp1-expressing COS-7 cells, while AP-RR78C-D6 bound
only weakly to Nrp1-expressing COS-7 cells (Fig. 1D), sug-
gesting that Nrp1 is a molecule that binds to Reelin-FL.

Nrp1 is a receptor for semaphorin 3A (Sema3A) and vascular
endothelial growth factor A (VEGF-A) (He and Tessier-Lavigne,
1997; Kolodkin et al., 1997; Soker et al., 1998). It also binds to
synthetic peptides that contain consecutive Arg residues (Hong
et al., 2007). AP-RR78C-RA bound weakly to Nrp-2-expressing

COS-7 cells (Fig. 1D). The binding of AP-RR78C-mut3 to Nrp1
was markedly lower than that of AP-RR78C-RA (Fig. 1E,F). To
determine whether AP-RR78C-RA directly binds to Nrp, a pull-
down assay using Fc-fused Nrp was performed (Fig. 1G), and we
found that AP-RR78C-RA, but not AP-RR78C-D6, coprecipi-
tated with Nrp1-Fc (Fig. 1H, lanes 5 and 6). In contrast, binding
to Nrp2-Fc was very weak with little difference between AP-
RR78C-D6 and AP-RR78C-RA (Fig. 1H, lanes 7 and 8). These
results suggest that AP-RR78C-RA directly interacts with Nrp1
and that the basic residues of the CTR contribute to this
interaction.

We next confirmed that Reelin-FL binds to Nrp1. To inhibit
the endogenous proprotein convertase family proteases that
mediate WC cleavage, the expression vector for Reelin was
cotransfected with that for the ppFurin, which strongly inhibits
the activity of the proprotein convertase family in the secretory
pathway (Zhong et al., 1999). Reelin-FL obtained by this method
was detected by the 12C10 antibody, which reacts only with
intact CTR (Fig. 2A) (Kohno et al., 2015). Reelin-FL, but not
Reelin-D6, bound to Nrp-1-expressing COS-7 cells (Fig. 2D),
indicating that Reelin-FL interacts with Nrp1 and that WC cleav-
age abrogates this interaction.

Nrp1 has two CUB domains (a1 and a2), two coagulation fac-
tor V and VIII domains (b1 and b2), and a MAM domain in its
extracellular region (Fig. 2B) (He and Tessier-Lavigne, 1997;
Kolodkin et al., 1997). To identify the Reelin-binding domain of
Nrp1, each of the deletion mutants of Nrp1 shown in Figure 2B
was expressed in COS-7 cells. Their expression levels on the cell
surface, assessed by the surface biotinylation technique, were
comparable, except for Nrp1Da1 (Fig. 2C). Reelin-FL bound to
Nrp1Da1, Nrp1Da2, and Nrp1Db2, but not to Nrp1Db1 (Fig.
2D). Therefore, the b1 domain of Nrp1 is required for the bind-
ing to Reelin-FL. This property of Reelin-FL is similar to that of
VEGF-A but different to that of Sema3A (Fig. 2E) (Gu et al.,
2002).

To examine the contribution of Nrp1 in the interaction
between Reelin and neurons, we performed KD experiments by
introducing the shRNA vector into primary cultured cortical
neurons. The expression of Nrp1 decreased in the neurons in
which the shRNA vector for Nrp1 was introduced (Nrp1KD
neurons) (Fig. 3A,B). We incubated the neurons with either AP-

Table 1. Final concentrations of plasmid DNAsa

pCAGGS-EGFP pSilencer-control pSilencer-Nrp1 pCAGGS1 pCAGGS-Nrp1WT* pCAGGS-Nrp1Da2*

Conventional labeling
control 1.5 2.0 — 1.5 — —
Nrp1KD 1.5 — 2.0 1.5 — —
Nrp1KD1Nrp1WT* 1.5 — 2.0 — 1.5 —
Nrp1KD1Nrp1Da2* 1.5 — 2.0 — — 1.5

pSilencer-control pSilencer-Nrp1 pCAGGS1 pCAGGS-Nrp1WT* pCAGGS-Nrp1Da2* pCAG-lsl-mGFP-Ires-tTA-WPRE TRE-Cre

Sparse labeling
control 2.0 — 1.5 — — 2.0 0.005
Nrp1KD — 2.0 1.5 — — 2.0 0.005
Nrp1KD1Nrp1WT* — 2.0 — 1.5 — 2.0 0.005
Nrp1KD1Nrp1Da2* — 2.0 — — 1.5 2.0 0.005

pCAGGS-EGFP pCAGGS-Reelin pSilencer-control pSilencer-Nrp1

Ectopic expression of Reelin
Reelin1control 0.8 6.0 2.0 —
Reelin1Nrp1KD 0.8 6.0 — 2.0

aThe concentrations are shown in mg/ml.
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RR78C-D6 or AP-RR78C-RA, and their binding was evaluated.
It was revealed that the binding of AP-RR78C-RA to Nrp1KD
neurons was significantly lower than that to control neurons
(Fig. 3C,D). AP-RR78C-D6 did not bind to either the Nrp1KD
or control neurons (Fig. 3C). These results suggest that Nrp1 is a
major binding molecule of Reelin-FL in cultured cortical
neurons.

Nrp1 forms a functional complex with Reelin receptors
Nrp1 is a multifunctional coreceptor molecule that forms a
complex with various receptors, including plexin, the VEGF
receptor, and L1CAM (Pellet-Many et al., 2008). To examine
whether Nrp1 forms a complex with canonical Reelin recep-
tors, HA-Nrp1 was coexpressed with ApoER2-GFP, VLDLR-

GFP, or GFP, and IP was performed using anti-GFP antibod-
ies. ApoER2-GFP and VLDLR-GFP, but not GFP alone, were
coprecipitated with HA-Nrp1 (Fig. 4A), indicating that canon-
ical Reelin receptors can form a complex with Nrp1. Since
CTR truncation attenuates Reelin signaling via VLDLR (Ha et
al., 2017), we focused on the relationship between Nrp1 and
VLDLR in the subsequent experiments. To determine which
domain of Nrp1 is required for its interaction with VLDLR,
deletion mutants of Nrp1 were prepared, as shown in Figure
4B. The IP experiments revealed that Nrp1DAB, but not
Nrp1DABC, formed a complex with VLDLR-GFP (Fig. 4C),
suggesting that Nrp1 interacts with VLDLR via its MAM do-
main. Finally, we confirmed that Nrp1 and VLDLR formed a
complex in brain lysates. Endogenous Nrp1 was coimmuno-

Figure 1. Reelin interacts with Nrp1. A, Schematic diagram of AP-fused Reelin proteins. Underlining indicates the consensus sequence of the proprotein convertase family proteases. Bold
indicates mutated amino acid residues. RR, Reelin repeat. B, AP staining of primary cultured cortical neurons. The affinity of AP-RR78C-mut3 to cultured cortical neurons was decreased com-
pared with that of AP-RR78C-RA. Scale bar, 100mm. C, Quantification of the binding of AP-RR78C-RA and AP-RR78C-mut3 to cultured cortical neurons. t(2) = 43.30, p= 0.0005 (one-sample t
test). n= 3 experiments. ***p, 0.001. D, AP staining of COS-7 cells expressing various transmembrane proteins. AP-RR78C-RA, but not AP-RR78C-D6, strongly bound to Nrp1-expressing cells.
Scale bar, 200mm. E, Immunofluorescence staining of cell surface-bound AP-fused Reelin on COS-7 cells expressing HA-Nrp1WT. AP-RR78C-RA bound to Nrp1-transfected cells, but not to non-
transfected cells. The affinity of AP-RR78C-mut3 was decreased compared with that of AP-RR78C-RA. Scale bar, 50mm. F, Quantification of the binding of AP-RR78C proteins to COS-7 cells
expressing Nrp1WT. F(2,78) = 18.12 (one-way ANOVA). ***p, 0.001 (Tukey’s post hoc test). n= 27 cells from three independent experiments. G, Schematic drawing of the pull-down assay.
AP-fused Reelin was mixed with Fc-fused Nrp, and the protein complex was precipitated using Protein G beads. H, Pull-down assay using Fc-fused Nrp1 or Nrp2. AP-RR78C-RA strongly bound
to Nrp1-Fc, but not to Nrp2-Fc. Molecular mass markers (kDa) are shown on the left of the panels.
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precipitated with VLDLR (Fig. 4D), indicating that a Nrp1/VLDLR
complex exists in vivo.

The localization of VLDLR and Nrp1 in the developing
mouse neocortex was carefully compared. At embryonic

day 14.5 (E14.5) and E16.5, Nrp1 was localized in the inter-
mediate zone, while VLDLR was mainly localized in the MZ
and in the upper region of the CP (Fig. 4E). At postnatal
day 0 (P0), Nrp1 was colocalized with VLDLR in superficial

Figure 2. The b1 domain of Nrp1 is required for its binding with Reelin. A, WB analysis of Reelin-D6 and Reelin-FL. Reelin was coexpressed with an empty vector or ppFurin in HEK293T cells
and detected using either anti-Reelin (G10) or anti-intact CTR (12C10) antibodies, respectively. The WC cleavage of Reelin was inhibited by coexpression of ppFurin. Molecular mass markers
(kDa) are shown on the left of the panels. B, Schematic diagram of HA-tagged Nrp1WT and its deletion mutants. C, Biotinylation assay to quantitate cell-surface expression of Nrp1 and its
mutants. COS-7 cells expressing the proteins indicated above each lane were incubated with Sulfo-NHS-Biotin, washed, and lysed. Biotinylated proteins were precipitated with avidin beads.
Precipitated proteins (top) or cell lysates (middle, bottom) were analyzed with WB with anti-HA (top, middle) or anti-b -actin (bottom) antibodies, respectively. Molecular mass markers (kDa)
are shown on the left of the panels. D, Immunofluorescence staining of cell surface-bound Reelin-D6 or Reelin-FL on COS-7 cells expressing Nrp1WT or its mutants. The b1 domain of Nrp1 is
required for binding with Reelin-FL. Scale bar, 20mm. E, AP staining of COS-7 cells. Either AP-RR78C-RA, AP-Sema3A, or AP-VEGF164 was incubated with COS-7 cells expressing the indicated
Nrp1 mutants, and cell surface-bound AP proteins were detected. The b1 domain is required for binding with Reelin, Sema3A, and VEGF164. Scale bar, 200mm.
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layers (Fig. 4E,F). These results suggest that
the expression of Nrp1 is spatially controlled
during development and that neurons in the
superficial layers are able to receive Reelin-
FL-dependent signals.

Reelin-FL preferentially binds to the VLDLR/
Nrp1 complex
The expression levels of Nrp1, VLDLR, ApoER2,
and Dab1 in the developing neocortex were
investigated by WB analysis. The expression lev-
els of Nrp1 and ApoER2 were slightly decreased
at P0 than at the embryonic stages (Fig. 5A).
Interestingly, there were two bands on the
VLDLR blot at E16.5 and P0, but the upper band
was faint at E14.5 (Fig. 5A). Presumably, these
bands were derived from alternative splicing that
generates two major variants, VLDLR-I and
VLDLR-II (Sakai et al., 2009). VLDLR-II does
not have an O-linked sugar domain encoded in
exon 16 (Sakai et al., 2009). Both VLDLR-I and
VLDLR-II expressed in COS-7 cells bound to the
receptor-binding fragment of Reelin (Fig. 5B,C).
VLDLR-I interacted with Nrp1 more strongly than
VLDLR-II (Fig. 5D). Therefore, it is plausible that
the O-linked sugar domain of VLDLR-I plays a
role in its interaction with Nrp1.

To investigate whether Nrp1 affects the inter-
action between Reelin and VLDLR, we prepared
culture supernatants containing AP-RR38C pro-
tein (Fig. 5B) by transfecting the expression vec-
tor for AP-RR38C with either a control (i.e.,
AP-RR38C-D6) or a ppFurin expression vector
(i.e., AP-RR38C-FL). WB with 12C10 antibodies
confirmed that AP-RR38C coexpressed with
ppFurin retained the intact CTR (Fig. 5E). AP-
RR38C-FL bound more strongly to Nrp1-
expressing COS-7 cells than AP-RR38C-D6 (Fig.
5M,P,S). The affinity of AP-RR38C-FL to VLDLR-I was weaker
than that of AP-RR38C-D6 to VLDLR-I (Fig. 5H,K,T), but the
affinity to VLDLR-I/Nrp1 was comparable between AP-RR38C-
FL and AP-RR38C-D6 (Fig. 5I,L,T). Similar results were obtained
when VLDLR-II was expressed with or without Nrp1 (Fig. 5N,O,
Q,R,U). Surface biotinylation experiments showed that the
expression levels of cell-surface VLDLR-I were approximately
the same, regardless of Nrp1 (Fig. 5F). These results suggest that
Nrp1 augments the binding of VLDLR to Reelin-FL, but not to
Reelin-D6. It is important to note that the affinity of AP-RR38C-
FL to Nrp1 alone is lower than to VLDLR/Nrp1, indicated by the
color developing time, which was much longer for Nrp1 (24 h)
than for VLDLR/Nrp1 (5 h).

Nrp1 participates in the degradation of Dab1
To investigate whether Nrp1 contributes to
the Reelin-induced phosphorylation of Dab1, Nrp1KD neurons
were incubated with either Reelin-FL or Reelin-D6. Consistent
with our previous work (Kohno et al., 2015), in control neurons,
Reelin-FL and Reelin-D6 induced Dab1 phosphorylation at the
same levels (Fig. 6A,B). Similarly, in Nrp1KD neurons, the phos-
phorylation levels of Dab1 induced by Reelin-FL and Reelin-D6
were approximately equal (Fig. 6A,B), suggesting that Nrp1 does
not greatly contribute to the acute induction of Dab1 phospho-
rylation. However, the level of Dab1 in Nrp1KD neurons was

significantly higher than that in the control neurons (Fig. 6A,C).
This result suggests that Nrp1 is involved in the degradation of
the phosphorylated Dab1 protein.

The interaction between Reelin and Nrp1 is required for the
dendritic development of superficial-layer neurons
Signaling by Reelin-FL is required for dendritic development
and the precise positioning of the superficial-layer neurons in the
postnatal neocortex (Kohno et al., 2015; Ha et al., 2017). We ana-
lyzed whether Nrp1 is necessary for this event. Since total dele-
tion of Nrp1 in the developing brain halts neuronal migration
(Chen et al., 2008), we reduced the expression of Nrp1 by intro-
ducing an shRNA vector using in utero electroporation (Tabata
and Nakajima, 2001, 2008) at E15.5. At P1, nearly all control
neurons had developed beneath the MZ (Fig. 7A), as did the ma-
jority of Nrp1KD neurons (Fig. 7B). At P7, the Nrp1KD neurons
were positioned beneath the MZ, but their positions were slightly
shifted downward compared with the control neurons (Fig. 7G,
H,K). Nrp1 immunoreactivity was confirmed to be weaker in the
Nrp1KD neurons than in the control neurons (Fig. 7L).
Compared with the control neurons (Fig. 7M,M9), the Nrp1KD
neurons did not appropriately extend their apical dendrites to
the MZ (Fig. 7N,N9). Positional and morphologic defects of the
Nrp1KD neurons were rescued by the expression of shRNA-re-
sistant Nrp1 (Nrp1WT*; Fig. 7I,K,O,O9). For quantitative analy-
sis of the apical dendrite morphology, sparse labeling of the

Figure 3. Nrp1 is a binding molecule for Reelin-FL in cultured neurons. A, Nrp1KD in primary cultured cortical
neurons. Cortical neurons were transfected with either the control (con.) or the Nrp1KD vector. The KD efficiency
was verified by WB using anti-Nrp1 and anti-b -actin antibodies. Molecular mass markers (kDa) are shown on the
left of the panels. B, Quantification of the Nrp1KD efficiency. t(3) = 38.09, ***p, 0.001 (one-sample t test).
n= 4 experiments. C, Assessment of cell surface-bound AP-fused Reelin in control or Nrp1KD neurons. The affinity
of AP-RR78C-RA to Nrp1KD neurons was decreased compared with that of the control. Scale bar, 100mm. D,
Quantification of the binding of AP-RR78C-RA to cultured neurons. t(2) = 4.849, p= 0.0400 (one-sample t test);
n= 3 experiments. *p, 0.05.
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superficial-layer neurons was performed (Mizuno et al., 2014).
The total length and branching number of apical dendrites in the
Nrp1KD neurons were significantly reduced than that of control
neurons (Fig. 7Q,R,U,V); however, these abnormalities were
rescued by the expression of Nrp1WT* (Fig. 7S,U,V). The
shRNA-resistant Nrp1Da2 mutant (Nrp1Da2*) that binds to

Reelin-FL, but not to Sema3A, was used to exclude the possi-
bility that Sema3A was involved in this event. The expression
of Nrp1Da2* rescued the positional (Fig. 7J,K) and morpho-
logic (Fig. 7P,P9,T-V) defects of the Nrp1KD neurons.
Together, these results provide evidence that the interaction
between Reelin-FL and Nrp1 is required for normal apical

Figure 4. Nrp1 forms a complex with canonical Reelin receptors. A, Co-IP from COS-7 cells expressing ApoER2-GFP or VLDLR-GFP with HA-Nrp1WT. HA-Nrp1WT was coimmuno-
precipitated with ApoER2-GFP or VLDLR-GFP. *Nonspecific IgG bands. Molecular mass markers (kDa) are shown on the left of the panels. B, Schematic diagram of HA-tagged
Nrp1WT and its mutants. Nrp1DAB does not have a1, a2, b1, and b2 domains. Nrp1DABC does not have most of the extracellular domains. C, Co-IP from COS-7 cells expressing
VLDLR-GFP with Nrp1WT or Nrp1 mutants. HA-Nrp1DAB, but not HA-Nrp1DABC, was coimmunoprecipitated with VLDLR-GFP. *Nonspecific IgG bands. Molecular mass markers
(kDa) are shown on the left of the panels. D, Co-IP from the lysate of neonatal mouse neocortices. Nrp1 was immunoprecipitated with VLDLR. Molecular mass markers (kDa) are
shown on the left of the panels. E, Immunostaining of Nrp1 and VLDLR in the developing neocortex. IZ, Intermediate zone. Scale bar, 100 mm. F, Higher-magnification images of
the yellow-boxed area in E. Arrow indicates the blood vessel. Scale bar, 50 mm.
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Figure 5. Nrp1 enhances the binding affinity of Reelin-FL to VLDLR. A, WB analysis of Nrp1, VLDLR, ApoER2, Dab1, and b -actin in the neocortices of E14.5, E16.5, and P0 mice. Molecular
mass markers (kDa) are shown on the left of the panels. B, Schematic diagram of AP-RR36 and AP-RR38C. C, AP staining of COS-7 cells. Either secreted AP (SEAP) or AP-RR36 was incubated
with COS-7 cells expressing either VLDLR-I or VLDLR-II, and cell surface-bound AP proteins were detected. Scale bar, 200mm. D, Co-IP from COS-7 cells expressing HA-Nrp1 with either VLDLR-
I-GFP or VLDLR-II-GFP. Nrp1 interacts with both VLDLR variants. *Nonspecific IgG bands. Molecular mass markers (kDa) are shown on the left of the panels. E, WB analysis of AP-RR38C
expressed in HEK293T cells using either anti-AP or anti-intact CTR (12C10) antibodies. The WC cleavage of AP-RR38C was inhibited by the coexpression of ppFurin. Molecular mass markers
(kDa) are shown on the left of the panels. F, WB analysis of HA-Nrp1 and VLDLR-I-GFP on the surface of COS-7 cells. The expression levels of cell-surface VLDLR-I were approximately identical,
regardless of Nrp1. Molecular mass markers (kDa) are shown on the right of the panels. G-R, Assessment of the binding of AP-fused Reelin to COS-7 cells expressing VLDLR and/or Nrp1. AP-
RR38C-FL bound more strongly to VLDLR/Nrp1-expressing cells than to VLDLR-expressing cells. Scale bar, 200mm. S, Quantification of the binding of AP-RR38C to COS-7 cells expressing Nrp1.
***p, 0.001 (Mann–Whitney U test). n= 36 cells from three independent experiments. T, Quantification of the binding of AP-RR38C to COS-7 cells expressing either VLDLR-I alone or VLDLR-
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dendritic development and the positioning of superficial-layer
neurons.

Finally, the importance of Nrp1 was confirmed by Reelin-
induced neuronal aggregation assay (Kubo et al., 2010). The
overexpression of Reelin in the VZ caused densely packed neuro-
nal aggregates above the VZ and caused GFP-labeled neurons to
extend their leading processes to the cell-sparse central region of
the aggregate (Fig. 7W) (Kubo et al., 2010). When Nrp1 was
knocked down, the neuronal aggregates loosened and the leading
processes of the GFP-labeled neurons were markedly misor-
iented (Fig. 7W). These results further support the notion that
Nrp1 is an essential component of Reelin-induced dendritic
development.

Discussion
Nrp1 as a receptor for Reelin with an intact CTR
During neural development, the functions of secreted proteins
should be appropriately regulated. In the spinal cord, various pro-
teins (e.g., Netrin, Slit, Sonic Hedgehog) control the cell type- and
developmental stage-specific axonal responses using different
combinations of receptors (Chedotal, 2019). However, the con-
text-specific regulatory mechanisms involved in neocortical devel-
opment remain largely unknown. Reelin plays pivotal roles in
neurogenesis, radial migration, dendritic development, and
synapse formation mainly via its canonical receptors,
ApoER2 and VLDLR (Santana and Marzolo, 2017). Some
coreceptor candidates for Reelin have been proposed (Bock
and May, 2016), but there have been no reports of a mem-
brane protein that augments the interaction between Reelin
and its canonical receptors (Bock and May, 2016). In this
study, we identified Nrp1 as a coreceptor for Reelin and
found that the terminal six amino acids (only 0.17% of the
whole Reelin protein) (Kohno et al., 2015) were required for

the Reelin-Nrp1 interaction. It is
surprising that such a tiny difference
can contribute to the function of a
gigantic protein. Nrp1 is known to
be a coreceptor for semaphorins and
VEGFs (He and Tessier-Lavigne,
1997; Kolodkin et al., 1997; Soker et
al., 1998). The binding properties of
Reelin-FL to Nrp1 are similar to
those of VEGF-A (Fig. 2E), suggest-
ing that the electronegative surface
of the b1 domain (Gelfand et al.,
2014) might be involved in the inter-
action. The binding of Reelin-FL to
Nrp1KD neurons was significantly
lower than the binding to control
neurons but was not fully eliminated
(Fig. 3C). It is thus suggested that
Reelin-FL can bind to other neuronal
proteins in addition to Nrp1. Recently, it
was reported that the extracellular Reelin
gradient is stabilized by heparan sulfate
proteoglycans in the zebrafish tectum

(Di Donato et al., 2018). Reelin-FL localizes near the MZ, and
seemingly, Reelin-FL does not diffuse well (Jossin et al., 2007;
Kohno et al., 2015). The MZ is enriched in chondroitin sulfate
proteoglycan (Sheppard et al., 1991); therefore, it is plausible
that Reelin-FL binds to some proteoglycans and that this bind-
ing controls the localization of Reelin-FL. Nrp1 is a proteogly-
can that contains heparan or chondroitin sulfate (Shintani et
al., 2006) and is conserved in vertebrates (Bovenkamp et al.,
2004). The sequence of the CTR is highly conserved, and the
fish CTR also has a putative WC cleavage site (Nakano et al.,
2007). These results suggest that proteoglycans, including
Nrp1, may be important for the regulation of Reelin functions
across species.

Nrp1 locally forms a complex with VLDLR and acts as a
coreceptor for Reelin-FL
Ha et al. (2017) showed that VLDLR, but not ApoER2, contrib-
utes to the CTR-dependent signal. VLDLR is highly localized in
the apical dendrites of the superficial-layer neurons (Hirota et al.,
2015), and VLDLR KO mice show an abnormality of superficial
layers that resembles the phenotype of the knock-in mice that
lack the CTR of Reelin (Hack et al., 2007; Kohno et al., 2015;
Hirota and Nakajima, 2020). Our results indicate that Nrp1
forms a complex with VLDLR (Fig. 4A–D) and that they are
colocalized in the superficial layers (Fig. 4E,F). These results all
point to the idea that the CTR-dependent signal via VLDLR/
Nrp1 acts locally in superficial-layer neurons. It is worth noting
that VLDLR-I containing an O-linked sugar domain is highly
expressed in the postnatal neocortex and is more robustly coim-
munoprecipitated with Nrp1 than with VLDLR-II (Fig. 5A,D),
raising the possibility that the alternative splicing of VLDLR reg-
ulates the responsiveness to Reelin. This point should be investi-
gated in future studies. Importantly, Reelin-FL bound weakly to
VLDLR alone but bound strongly to the VLDLR/Nrp1 complex
(Fig. 5G–R), indicating that Nrp1 acts as a coreceptor to augment
the binding between Reelin-FL and VLDLR. Moreover, the level
of Dab1 protein in Nrp1KD neurons was significantly increased
compared with that in control neurons (Fig. 6A). Nrp1 interacts,
either directly (Song et al., 2018) or indirectly (Sasaki et al.,
2002), with Fyn, which mediates Reelin-dependent Dab1

/

I and Nrp1. F(3,140) = 31.49 (one-way ANOVA). ***p, 0.001 (Tukey’s post hoc test). n= 36
cells from three independent experiments. U, Quantification of the binding of AP-RR38C to
COS-7 cells expressing VLDLR-II alone or VLDLR-II and Nrp1. F(3,140) = 22.54 (one-way
ANOVA). ***p, 0.001 (Tukey’s post hoc test). n= 36 cells from three independent
experiments.

Figure 6. Nrp1 accelerates the degradation of Dab1 protein in neurons. A, Nrp1KD had little effect on the Dab1 phosphoryla-
tion induced by Reelin but increased the expression level of the Dab1 protein in cultured cortical neurons. The cultured cortical
neurons were transfected with either the control or the Nrp1KD vector and were then incubated with Reelin-D6 or Reelin-FL.
Whole-cell lysates were analyzed by WB using the indicated antibodies. Molecular mass markers (kDa) are shown on the left of
the panels. B, Quantification of the ratio of phosphorylated Dab1 to total Dab1. Control; t(3) = 1.881, p= 0.1566 (one-sample t
test); Nrp1KD; t(3) = 1.634, p= 0.2008 (one-sample t test). n= 4 experiments. C, Quantification of the ratio of Dab1/b -actin.
t(3) = 3.787, p= 0.0323 (one-sample t test). n= 4 experiments. *p, 0.05.
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Figure 7. Interaction between Reelin-FL and Nrp1 is required for normal migration and apical dendritic development near the MZ. A, In utero electroporation analysis of Nrp1KD neurons.
The indicated plasmids were electroporated with pCAGGS-EGFP at E15.5, and brains were fixed at P1. Brain sections were immunostained using anti-GFP antibodies. Nuclei were stained with
Hoechst 33342. Dashed line indicates the border between the MZ and the CP. The neuronal position was impaired in Nrp1KD neurons. Scale bar, 100mm. B, Quantification of the neuronal posi-
tion of GFP-positive cells within the CP. The data were analyzed by Mann–Whitney U test. n= 5 (control) and 4 brains (Nrp1KD), p= 0.0159 (BIN1), p= 0.0159 (BIN8). C, WB analysis of
Nrp1WT expressed in COS-7 cells using either anti-HA or anti-b -actin antibodies. The Nrp1KD vector did not decrease the expression of shRNA-resistant Nrp1WT (Nrp1WT*). Molecular mass
markers (kDa) are shown on the right of the panels. D, Quantification of the expression level of Nrp1WT. The data were analyzed using a one-way ANOVA (F(2,6) = 74.95) followed by Tukey’s
post hoc test. n= 3 experiments. E, WB analysis of Nrp1Da2 expressed in COS-7 cells using either anti-HA or anti-b -actin antibodies. The Nrp1KD vector did not decrease the expression of
shRNA-resistant Nrp1Da2 (Nrp1Da2*). Molecular mass markers (kDa) are shown on the right of the panels. F, Quantification of the expression levels of Nrp1Da2. The data were analyzed by
one-way ANOVA (F(2,6) = 52.59) followed by Tukey’s post hoc test. n= 3 experiments. G-J, In utero electroporation analysis of Nrp1KD in superficial-layer neurons. Indicated plasmids were elec-
troporated with pCAGGS-EGFP at E15.5, and brains were fixed at P7. The brain sections were immunostained using anti-GFP antibodies. Nuclei were stained with Hoechst 33342. Neuronal
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phosphorylation (Arnaud et al., 2003). Phosphorylated Dab1 is
degraded by the proteasome pathway (Arnaud et al., 2003).
These findings suggest that the VLDLR/Nrp1 complex may con-
trol the activity of Fyn and the phosphorylation of Dab1.

The role of the Reelin-Nrp1 signal in neocortical
development
Nrp1 regulates the locomotion stage of neuronal migration
(Chen et al., 2008). We observed a migration delay in the
Nrp1KD neurons, but the extent of the delay was mild compared
with a previous study (Chen et al., 2008). This difference may be
because of the difference in the KD efficiency. We also found
that, at P7, Nrp1KD neurons showed defects in apical dendrite
branching, which were completely rescued by the expression of
the Nrp1 mutant that binds to Reelin-FL, but not to Sema3A
(Fig. 7N,P). Furthermore, the Reelin-induced neuronal aggrega-
tion assay in vivo (Fig. 7W) indicated that the effect of Nrp1KD
was very close to that of VLDLR KO (Hirota and Nakajima,
2020) or expression of Reelin-D6 (Kohno et al., 2015), but not to
that of ApoER2 KO (Hirota et al., 2018). It was thus indicated
that Reelin-FL signaling through Nrp1/VLDLR regulates apical
dendrite branching after the neurons reach below the MZ. It was
previously reported that Sema3A controls basal dendrite branch-
ing in superficial-layer neurons via the Nrp1-TAOK2 signal (de
Anda et al., 2012) and controls apical dendrite orientation with-
out affecting its branching (Polleux et al., 2000). Therefore, Nrp1
regulates both the apical and basal dendrite development of neo-
cortical neurons by using different ligands.

The Reelin-VLDLR/ApoER2-Dab1 signal prevents neuronal
invasion into the MZ (Herrick and Cooper, 2002; Hack et al.,
2007; Kohno et al., 2015; Hirota et al., 2018; Hirota and
Nakajima, 2020). Before the cessation of neuronal migration, ap-
ical dendrite branching on the neurons in the superficial layers is
induced by Reelin (Chai et al., 2015), suggesting that Reelin near
the MZ acts as both a “stop” and a “dendrite-branching” signal.
We showed that Nrp1KD caused abnormalities in apical dendrite
development without the invasion of neurons into the MZ (Fig.
7N). It is therefore suggested that the “stop” and the “dendrite-

branching” signals are regulated by different mechanisms, with
the latter involving Reelin-FL signaling through Nrp1. This sig-
nal may not only induce Dab1 phosphorylation but also activate
a Dab1-independent signaling pathway. Reelin and Sema3A
share some common signaling molecules, such as Fyn, Cdk5
(Sasaki et al., 2002), CRMP1 (Yamashita et al., 2006, 2007), and
n-cofilin (Aizawa et al., 2001; Chai et al., 2009). These molecules
are known to be involved in the regulation of neuronal migration
and morphology, suggesting that the Reelin signaling pathway
may partially overlap with that of Sema3A.

Nrp1 is expressed in the hippocampus, the olfactory bulb,
and the spinal cord (Kawakami et al., 1996). Reelin is also
expressed in these tissues (Nakajima et al., 1997; Schiffmann et
al., 1997; Yip et al., 2000), suggesting that the Reelin-Nrp1 signal
may work in various cells beyond just neocortical neurons.
Interestingly, the Reelin signal is required for angiogenesis in the
developing neocortex and is closely related to the VEGF signal
(Segarra et al., 2018). Nrp1 modulates the VEGF-dependent sig-
nal as a coreceptor of VEGF receptor 2 (Pellet-Many et al., 2008).
The interaction between Reelin and Nrp1 may also be involved
in the regulation of endothelial cell functions.

Reelin-Nrp1 signal and neuropsychiatric disorders
The hypofunction of Reelin is involved in the onset of neuro-
psychiatric disorders (Ishii et al., 2016). Furthermore, the loss of
CTR-dependent signals induces abnormal behaviors (Sakai et al.,
2016). Reelin signaling via Nrp1 thus may be important for brain
functions that are impaired in autistic and schizophrenic patients
(Moyer et al., 2015; Phillips and Pozzo-Miller, 2015), and its up-
regulation may help ameliorate the symptoms of these disorders.
Further research is required to clarify the significance of Reelin-
Nrp1 signaling in the pathogenesis of neuropsychiatric disorders.
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