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Secreted Metalloproteinase ADAMTS-3 Inactivates Reelin
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The secreted glycoprotein Reelin regulates embryonic brain development and adult brain functions. It has been suggested that reduced
Reelin activity contributes to the pathogenesis of several neuropsychiatric and neurodegenerative disorders, such as schizophrenia and
Alzheimer’s disease; however, noninvasive methods that can upregulate Reelin activity in vivo have yet to be developed. We previously
found that the proteolytic cleavage of Reelin within Reelin repeat 3 (N-t site) abolishes Reelin activity in vitro, but it remains controversial
as to whether this effect occurs in vivo. Here we partially purified the enzyme that mediates the N-t cleavage of Reelin from the culture
supernatant of cerebral cortical neurons. This enzyme was identified as a disintegrin and metalloproteinase with thrombospondin
motifs-3 (ADAMTS-3). Recombinant ADAMTS-3 cleaved Reelin at the N-t site. ADAMTS-3 was expressed in excitatory neurons in the
cerebral cortex and hippocampus. N-t cleavage of Reelin was markedly decreased in the embryonic cerebral cortex of ADAMTS-3
knock-out (KO) mice. Importantly, the amount of Dab1 and the phosphorylation level of Tau, which inversely correlate with Reelin
activity, were significantly decreased in the cerebral cortex of ADAMTS-3 KO mice. Conditional KO mice, in which ADAMTS-3 was
deficient only in the excitatory neurons of the forebrain, showed increased dendritic branching and elongation in the postnatal cerebral
cortex. Our study shows that ADAMTS-3 is the major enzyme that cleaves and inactivates Reelin in the cerebral cortex and hippocampus.
Therefore, inhibition of ADAMTS-3 may be an effective treatment for neuropsychiatric and neurodegenerative disorders.
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Introduction
Reelin is a secreted glycoprotein that is essential for the proper
organization of brain structures (D’Arcangelo et al., 1995; Sekine

et al., 2014). In the adult brain, Reelin modulates neuronal func-
tion and synaptic plasticity (Herz and Chen, 2006; Stranahan et
al., 2013). Reelin binds to very low-density lipoprotein receptor
and apolipoprotein E receptor 2 (D’Arcangelo et al., 1999; Hies-
berger et al., 1999) and induces phosphorylation of the intracel-
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Significance Statement

ADAMTS-3 was identified as the protease that cleaves and inactivates Reelin in the cerebral cortex and hippocampus. ADAMTS-3
was expressed in the excitatory neurons of the embryonic and postnatal cerebral cortex and hippocampus. Cleavage by ADAMTS-3
is the major contributor of Reelin inactivation in vivo. Tau phosphorylation was decreased and dendritic branching and elonga-
tion was increased in ADAMTS-3-deficient mice. Therefore, inhibition of ADAMTS-3 upregulates Reelin activity and may be a
potential therapeutic strategy for the prevention or treatment of neuropsychiatric and neurodegenerative disorders, such as
schizophrenia and Alzheimer’s disease.
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lular protein Dab1 (Howell et al., 1999), which leads to activation
or modulation of downstream pathways. Phosphorylated Dab1 is
quickly degraded by the ubiquitin–proteasome pathway (Feng et
al., 2007). Accordingly, the Dab1 concentration is used as an
indicator of the strength of Reelin signaling (Howell et al., 1997;
Kohno et al., 2015; Lane-Donovan et al., 2015).

Reduced Reelin activity has been implicated in the pathogen-
esis of several neuropsychiatric and neurodegenerative disorders,
including schizophrenia and Alzheimer’s disease (Folsom and
Fatemi, 2013; Krstic et al., 2013). Transgenic Reelin expression
prevents the manifestation of behavioral phenotypes related to
schizophrenia and bipolar disorder induced by chronic cortico-
sterone treatment or by an antagonist to N-methyl-D-aspartic
acid receptor (Teixeira et al., 2011). Reelin overexpression also
rescues the memory deficits observed in Alzheimer’s disease
model mice by delaying amyloid plaque formation (Pujadas et al.,
2014). The injection of Reelin protein into the lateral ventricle of
Reelin heterozygous mice rescues their cognitive impairment
(Rogers et al., 2013). Adult-specific Reelin knock-out (KO) mice
are more vulnerable to amyloid-induced synaptic dysfunction
than control mice (Lane-Donovan et al., 2015). Thus, upregula-
tion of Reelin activity may ameliorate certain neuropsychiatric
and neurodegenerative disorders.

Reelin protein is cleaved at three sites (Fig. 1A; Lambert de
Rouvroit et al., 1999; Kohno et al., 2015). Cleavage at the
N-terminal site (N-t cleavage) occurs between Pro1243 and
Ala1244 within Reelin repeat 3 (RR3; Koie et al., 2014). Two
theories have been proposed regarding the biological significance
of N-t cleavage. One theory suggests that N-t cleavage liberates
the active fragment from the inactive (or reservoir) full-length
Reelin (Jossin et al., 2007; Tinnes et al., 2013). The second theory
speculates that N-t cleavage results in inactivation. Notably, N-t
cleavage of Reelin attenuates its ability to induce Dab1 phosphor-
ylation in vitro (Kohno et al., 2009; Koie et al., 2014). Cleavage
between RR6 and RR7 (C-t cleavage) is mediated by serine pro-
teases and metalloproteinases (Lambert de Rouvroit et al., 1999;
Tinnes et al., 2013; Trotter et al., 2014; Sato et al., 2016). The third
cleavage occurs at six residues from the C terminus and modu-
lates the interaction between Reelin and the neuronal cell mem-
brane (Kohno et al., 2015).

The physiological significance of Reelin processing has been
investigated using in vitro systems and recombinant Reelin pro-
tein. The main obstacle that has hampered in vivo investigations
is the lack of an identification of the protease(s) that cleaves Ree-
lin. We and others showed that a disintegrin and metalloprotei-
nase with thrombospondin motifs 4 (ADAMTS-4) is able to
mediate N-t cleavage (Hisanaga et al., 2012; Krstic et al., 2012);
however, ADAMTS-4 is not the main protease that mediates N-t
cleavage in the culture supernatant (CS) of cerebral cortical neu-
rons (Hisanaga et al., 2012). ADAMTS-5 (Krstic et al., 2012),
matrix metalloproteinases (Tinnes et al., 2013), and tissue plas-
minogen activator (Trotter et al., 2014) are also candidates for
mediating N-t cleavage, but whether they cleave Reelin in vivo has
not been tested.

Here we identified ADAMTS-3 as the protease that mediates
the N-t cleavage of Reelin from the CS of cerebral cortical neu-
rons. Utilizing genetically modified mice, we showed that N-t
cleavage by ADAMTS-3 is the major mechanism of Reelin inac-
tivation. ADAMTS-3 deficiency decreased Tau phosphorylation
and increased dendritic growth and branching. This is the first
molecular identification of the protease that negatively regulates
Reelin in vivo and may be the first step toward establishing a

method to treat neuropsychiatric and neurodegenerative disor-
ders influenced by reduced Reelin activity.

Materials and Methods
Reagents and antibodies. The following antibodies were purchased: anti-
Reelin G10 (catalog #MAB5364, RRID: AB_2179313) from Millipore;
anti-Reelin AF3820 (catalog #AF3820, RRID: AB_2253745) from R&D
Systems; anti-Myc (9E10; catalog #B7554, RRID: AB_439695) and anti-
actin (AC-15; catalog #A1978, RRID: AB_476692) from Sigma; rabbit
anti-Tbr1 (catalog #ab31940, RRID: AB_2200219) and rat anti-Ctip2
(catalog #ab18465, RRID: AB_2064130) from Abcam; goat anti-Brn1
(catalog #556319, RRID: AB_396358) and anti-phosphorylated Tau
(AT8; catalog #MN1020, RRID: AB_223647) from Thermo Fisher Scien-
tific; and anti-Tau (catalog #556319, RRID: AB_396358) from BD Bio-
sciences. Rabbit anti-Dab1 was made and affinity purified as described
previously (Uchida et al., 2009). The cDNA of mouse ADAMTS-3 was
purchased from the Kazusa DNA Research Institute. Anti-ADAMTS-3
antiserum was raised in our laboratory using the following procedure.
The cDNA encoding amino acid residues 419 – 699 of mouse ADAMTS-3
(containing a portion of the metalloproteinase domain, the disintegrin
domain, and a portion of the thrombospondin motif) was cloned into
pRSET-A (Life Technologies). The protein, which was C-terminally
tagged with His6-tag, was expressed in E. coli BL21CodonPlus (Agilent
Technologies) and purified with HisTrap FF (GE Healthcare) column
chromatography using the AKTA system (GE Healthcare) according to
the manufacturer’s instructions. The purified protein was used to immu-
nize Japanese white rabbits four times, and the serum was subsequently
recovered. For affinity purification, the above cDNA was subcloned into
pGEX-4T-1 (GE Healthcare), and the recombinant protein fused to glu-
tathione S-transferase (GST) was prepared from transformed E. coli
BL21CodonPlus. The GST-fused protein was then purified using GST-
Trap FF column chromatography using the AKTA system according to
the manufacturer’s instructions. The purified protein was coupled with
HiTrap NHS-activated HP (GE Healthcare) according to the manufac-
turer’s protocols. The serum was then applied to the column, and anti-
ADAMTS-3 was eluted with 0.1 M glycine, pH 2.7, and immediately
neutralized. A prestained molecular mass marker was purchased from
Bio-Rad.

Animals. All experimental protocols were approved by the Animal
Care and Use Committee of Nagoya City University and performed ac-
cording to the guidelines of the National Institutes of Health of Japan.
Jcl:ICR and C57BL/6N mice were obtained from Japan SLC. The Reelin-
deficient reeler mouse (B6C3Fe-a/a-rl) was purchased from The Jackson
Laboratory. Knockout-First ADAMTS3 heterozygous mice �Project ID
CSD50174: Adamts3 tm1a(KOMP)Wtsi; information is available at https://
www.komp.org/� were obtained from the Knockout Mouse Project
(KOMP) Repository/Welcome Trust Sanger Institute (Skarnes et al.,
2011; Bradley et al., 2012). ADAMTS-3 heterozygous mice were back-
crossed with Jcl:ICR mice and C57BL/6N mice for biochemical and im-
munohistochemical analyses, respectively. The results of our study were
indistinguishable between the two backgrounds, except for the survival
rate of ADAMTS-3 KO mice in postnatal stages. ADAMTS-3 heterozy-
gous mice were crossed with B6-Tg(CAG-FLPe)36 mice (number
RBRC01834; RIKEN BioResource Center) to excise the promoter-driven
selection cassette of the Knock-Out First allele, and the heterozygous off-
spring (ADAMTS-3 flox/�) were crossed to generate ADAMTS-3 flox/flox

mice. ADAMTS-3 flox/flox mice were crossed with Emx1-Cre�neo mice
(RBRC01345, purchased from the RIKEN BioResource Center; Iwasato et
al., 2004) to generate ADAMTS-3flox/�;Emx1-Cre/�mice, which were then
crossed with ADAMTS-3flox/flox mice to obtain the animals used in the ex-
periments. For all experiments using ADAMTS-3 conditional KO (cKO)
mice, the mice were back-crossed with C57BL/6N mice.

Genotyping. Genomic DNA preparation (Kohno et al., 2015) and
genotyping for the reeler mouse (Koie et al., 2014) were performed as
described previously. ADAMTS-3 KO mice were genotyped by PCR (33
cycles at 94°C for 30 s, 53°C for 20 s, and 72°C for 15 s) using the following
primers: G5arm, GAATCCCAGTTTCCTATCAGTGG; G3arm, TTC
CCTATAGATAACTAGAGTCTC and CATAAAGTGACCCTCCCAA
CAGC. The sizes of the PCR products were 163 bp (WT allele) and 305 bp
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Figure 1. Identification of ADAMTS-3 as the protease that mediates the N-t cleavage of Reelin. A, Schematic drawing of the Reelin protein, its cleaved products, and the artificial substrate
NR3-MycHis. The full-length Reelin protein (Reelin FL) consists of the N-terminal region (NTR), eight tandem Reelin repeats (RR, ovals), and the C-terminal region (CTR, black box). The cleavage sites
are indicated by dotted lines. WC, Cleavage within the CTR (Kohno et al., 2015). NR3-MycHis has a Myc epitope and His6-Tag (gray box) at its C terminus. The epitopes of the G10 and R5A antibodies
are indicated. B, C, Purification of the protease that mediates N-t cleavage using HiTrap Heparin Sepharose column chromatography (B) and Mono Q column chromatography (C). The top
panels show the protein profile (bold line, OD280; broken line, NaCl concentration). The eluted fractions were used for the cleavage assay with NR3-MycHis as a substrate (bottom). NR3-MycHis was
incubated with vehicle only (cont.) or an applied fraction (input) for reference. F.T., Flow-through fraction. Positions of the molecular weight markers (in kilodaltons) are shown on the left of the
bottom panels. Arrows and arrowheads indicate NR3-MycHis and its cleaved product, respectively. D, SDS-PAGE and silver staining of the eluted fractions from the Mono Q column chromatography
shown in C. The asterisk indicates the band containing ADAMTS-3. E, ADAMTS-3 cleaves Reelin at the N-t site. Reelin was incubated with the CS of HEK293T cells transfected with a control vector (left)
or the expression vector for ADAMTS-3 (right) for 16 h at 37°C. The reaction mixtures were separated by SDS-PAGE and analyzed by Western blotting with the R5A antibody. Positions of full-length
Reelin (FL) and cleaved fragments are indicated by arrowheads. Positions of the molecular mass markers (in kilodaltons) are shown on the left. F, ADAMTS-3 did not cleave Reelin-PD. Wild-type
Reelin (lanes 1 and 2) or Reelin-PD (lanes 3 and 4) were incubated with the CS of HEK293T cells transfected with control vector (c, lanes 1 and 3) or the ADAMTS-3 expression vector (AD3, lanes 2 and
4) for 16 h at 37°C. The reaction mixtures were separated by SDS-PAGE and analyzed by Western blotting with the G10 antibody. Positions of Reelin FL and cleaved fragment are indicated by arrow
and arrowhead, respectively. Positions of molecular mass markers (in kilodaltons) are shown on the left. G, The elution profiles of N-t cleavage activity and ADAMTS-3 on HiTrap Heparin Sepharose
column chromatography matched well. The eluted fractions were used for the cleavage assay (top) or analyzed by Western blotting with the anti-ADAMTS-3 antibody (bottom). The arrow and
arrowhead in the top panel indicate NR3-MycHis and its cleaved product, respectively. The arrows and arrowhead in the bottom panel indicate the bands that matched major and minor peaks of N-t
cleavage activity, respectively. Asterisks indicate nonspecific bands. H, The CS of cerebral cortical neurons from ADAMTS-3 KO mice did not cleave Reelin at the N-t site. Primary cerebral cortical
neurons were obtained from WT (�/�), ADAMTS-3 heterozygous (�/�), or homozygous (�/�) mice. The CSs were collected 4 d later and used in the cleavage assay with NR3-MycHis as the
substrate. The arrow and arrowhead indicate NR3-MycHis and its cleaved product, respectively. Positions of the molecular mass markers (in kilodaltons) are shown on the left. WB, Western blotting.
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(mutant allele). ADAMTS-3-flox mice were genotyped by PCR (35 cycles
of 96°C for 30 s, 54°C for 20 s, and 72°C for 30 s) using the following
primers: G5arm, CCATAGTACAACAGAGAGAACGAG; G3arm, GAA
ATCTATCCTTGAGCTAGAGC. The sizes of the PCR products were 603
bp (WT allele) and 651 bp (floxed allele). Genotyping for Emx1-Cre
(RBRC01345) was performed as described on the RIKEN BioResource
Center website.

Partial purification of the protease that mediates N-t cleavage of Reelin.
The CS (total 880 ml) was filtered using a 0.4 �m filter (Millipore), and
150 ml of the filtrate was used for HiTrap Heparin Sepharose column
chromatography using the AKTA system (GE Healthcare). After washing
with 10 ml of Buffer A (10 mM Tris-HCl, pH 7.5), bound proteins were
eluted with a NaCl gradient (0 –1 M) in Buffer A. The flow rate was 0.5
ml/min during all procedures. The same experiment was repeated six
times. Fractions (0.5 ml) were collected, and an aliquot (20 �l) was used
for the cleavage assay (Hisanaga et al., 2012). Briefly, a sample was mixed
with the artificial substrate NR3-MycHis (Hisanaga et al., 2012), incu-
bated for the indicated times at 37°C, and analyzed with Western blotting
using an anti-Myc antibody. The active fractions were collected, dialyzed
against Buffer B (20 mM Tris, pH 8.0), and used for Mono Q column
chromatography. The column was washed with 10 ml of Buffer B, and
bound proteins were eluted with a gradient of NaCl (0 –1 M) in Buffer B.
The eluted fractions were separated using SDS-PAGE, and the gel
was stained with a silver staining kit for mass spectrometry (Wako). The
bands were excised and used for mass spectrometry.

Mass spectrometry. All protein bands observed in fractions 8 and 9 in
Figure 1D were excised from a silver-stained gel, reduced with dithiothreitol,
and alkylated with iodoacetamide. Band slices were digested with trypsin (12
�g/ml) at 37°C overnight and desalted with ZipTip C18 (Millipore). The
obtained peptides were then separated via nano-flow liquid chromatography
(Paradigm MS4; AMR) using a reverse-phase C18 column. The liquid chro-
matography eluent was coupled to a nanospray ion source attached to an
LCQ Advantage or Fleet mass spectrometer (Thermo Fisher Scientific). For
protein identification and semiquantification, we used the score of the
SEQUEST algorithm from BioWorks software (Thermo Fisher Scientific).

Immunohistochemistry and RNA in situ hybridization. Embryonic
brains were immediately immersed in 4% paraformaldehyde (PFA) in
PBS for 6 h at 4°C. Postnatal mice were perfused transcardially with 4%
PFA in PBS. Fixed brains were cryoprotected by sequential immersion in
20 and 30% sucrose in PBS, embedded in OCT Compound (Sakura
Finetek), and quickly frozen on dry ice. The frozen sections were sagit-
tally or coronally sectioned with a thickness of 14 �m using a cryostat
(CM 1850; Leica Microsystems). Immunohistochemistry was performed
as described previously (Kohno et al., 2015). RNA in situ hybridization
was performed using digoxygenin (DIG)-labeled probes. The cDNA
fragment of nucleotides 270 –1028 (759 bp) for Reelin or 1281–2036 (756
bp) for ADAMTS-3 was cloned into pBluescript II SK(�) (Agilent Tech-
nologies), and the probes were synthesized using DIG Labeling Mix
(Roche). Hybridization was performed at 55°C in a buffer containing
50% formamide (Wako), 2� SSC (20� SSC � 3 M NaCl and 0.3 M

trisodium citrate dehydrate; Wako), 1� Denhardt’s solution, 1% poly-
vinylpyroridin K-30 (Wako), 1% Ficoll PM 400, 10 mM EDTA, 50 �g/ml
yeast tRNA (Roche), 0.01% polyoxyethylene (20) sorbitan monolaurate
(Tween20; Wako), and 5% dextran sulfate (Sigma). Sections were then
washed in 5� SSC/50% formamide and 2� SSC/50% formamide. Next,
sections were treated in a buffer containing 0.5 M NaCl, 1 mM Tris-HCl,
pH 8.0, 2 mM EDTA, 0.0005% Tween 20, and 10 �g/ml RNaseA at room
temperature for 1 h and washed in TBS containing 0.05% Tween
20 (TBS-T). After a 1 h incubation in 2.5% bovine serum albumin (Na-
calai Tesque) in TBS-T, the sections were incubated with an alkaline
phosphatase-conjugated goat anti-DIG Fab fragment (1:1000; Roche) in
2.5% bovine serum albumin overnight at 4°C. After washing with TBS-T
and NTMT buffer (0.1 M NaCl, 0.1 M Tris-HCl, pH 9.5, 0.05 M MgCl2, and
1% Tween 20), the hybridized probes were detected using 0.17 mg/ml
5-bromo-4-chloro-3-indolyl-phosphate and 0.33 mg/ml nitro blue
tetrazolium in NTMT buffer at room temperature.

Golgi–Cox staining. Golgi–Cox staining was essentially performed as
described previously (Datwani et al., 2002). P14 brains were immersed in
a Golgi–Cox solution for 3 d, followed by 7 d in 30% sucrose. Brains were

then sectioned on a VT1000S vibratome (Leica Microsystems) into 160
�m unfixed sections. Sections were incubated in 15% aqueous ammo-
nium hydroxide (Wako) for 30 min under the fume hood in the dark,
followed by 30 min in Kodafix solution (CosmoBio). After rinsing in
distilled water twice, sections were dehydrated with an ethanol series and
lemosol and mounted with Softmount (Wako). Layer V neurons with
cell bodies located in the lower part of each section were selected from the
somatosensory area using a light microscope and 60� oil-immersion
lens. Pictures were taken with a BZ-9000 (Keyence). The primary and
secondary dendrite lengths were measured using ImageJ with NeuronJ
plugin (National Institutes of Health; RRIDs: SCR_003070 and SCR_00
2074). We counted and measured the length of secondary dendrites that
branched from the primary dendrite within 80 �m of the soma. All
experiments were performed by researchers blinded to the genotypes of
the mice.

Skeletal analysis. Whole-mount Alcian blue and Alizarin red S staining
of the skeletons was performed as described previously (Miyaki et al.,
2010).

Cell culture and transfection. The culturing of human embryonic kid-
ney (HEK) 293T cells (RRID:CVCL_0063), preparation of mouse pri-
mary cerebral cortical neurons, transfection of plasmid DNA using
Lipofectoamine2000 (Life Technologies), and recovery and preservation
of CS were performed as described previously (Nakano et al., 2007). The
neurons were cultured in Neurobasal medium (NB) supplemented with
2% B27 supplement, 50 units/ml penicillin/streptomycin, and 2 mM

L-glutamine (all from Life Technologies). To obtain the starting material
for protease purification, the medium was changed to NB with 0.1% B27
supplement 16 h after plating and cultured for 3 more days.

Western blotting. Dissected cerebral cortices and hippocampi were ho-
mogenized in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM

EDTA, 1% Triton X-100, 0.1% H2O2, and 5 mM Na3VO4). Insoluble
debris was removed by centrifugation (10 min; 13,000 rpm), and the
supernatants were collected. Western blotting was performed as de-
scribed previously (Kohno et al., 2015). The amount of the NR6 fragment
was not quantitated in the postnatal stages because the very low level
prohibited reliable results. Images were analyzed with ImageJ and quan-
tified as described previously (Nakano et al., 2007).

Statistical analyses. The statistical data are shown as the mean 	 SEM.
To compare three different groups, Tukey’s multiple comparison test
was used. To compare two different groups, one sample t test was used to
compare the mean with the control value, and Student’s t test was used to
compare the means of two groups. Statistical analyses were performed
with Microsoft Excel and Prism (GraphPad Software). Statistical signif-
icance was represented as *p 
 0.05, **p 
 0.01, and ***p 
 0.001.

Results
Identification of ADAMTS-3 as the protease that mediates N-t
cleavage of Reelin
Primary cultures of cerebral cortical neurons secrete a protease
that mediates N-t cleavage of Reelin (Lambert de Rouvroit et al.,
1999; Kohno et al., 2009; Hisanaga et al., 2012). To determine the
identity of the protease, we purified the protein from the CS of
primary mouse cerebral cortical neuronal cultures. We opti-
mized the culture conditions to avoid contamination from pro-
teins in the B27 supplement without decreasing the total amount
of N-t cleavage activity. The key conditions included the cell con-
centration, the removal of most of the B27 supplement on the day
after plating the neurons, and the culture period. We also took
special care to complete the chromatography steps as fast as pos-
sible because we observed that the N-t cleavage activity was
quickly lost as the purification proceeded or when the protein
concentration became low. Therefore, we performed all the pu-
rification steps continuously and completed the purification
within 40 h.

The CS obtained under these conditions was separated by Hi-
Trap Heparin Sepharose chromatography. The majority of N-t
cleavage activity was eluted with �600 mM NaCl (Fig. 1B, lanes
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7–10), and minor activity was eluted with �400 mM NaCl (Fig. 1B,
lanes 2–4). The main active fractions were collected, dialyzed, and
further separated using Mono Q ion exchange column chromatog-
raphy (Fig. 1C). The N-t cleavage activity was eluted with �400 mM

NaCl (Fig. 1C, lanes 7–12). Proteins in the active fractions were sep-
arated using SDS-PAGE and stained with silver. All bands that cor-
responded to the N-t cleavage activity were analyzed by mass
spectrometry. We found that the 80 kDa band mainly consisted of
ADAMTS-3 (Fig. 1D, asterisk). The reported characteristics of
ADAMTS-3 (Fernandes et al., 2001; Apte, 2009), including zinc de-
pendency, a requirement for proprotein convertase activity for mat-
uration, molecular weight, and heparin binding, were consistent
with those of the protease that mediates N-t cleavage (Hisanaga et al.,

2012). ADAMTS-3 is expressed in the brain
(Le Goff et al., 2006). Recombinant
ADAMTS-3 secreted from transfected
HEK293T cells mediated N-t cleavage but
not C-t cleavage (Fig. 1E), and it did not
cleave mutant Reelin protein in which
Pro1243 was replaced with Asp (Reelin-PD;
Koie et al., 2014; Fig. 1F ). Therefore,
ADAMTS-3 and the protease that mediates
N-t cleavage in the CS shared similar sub-
strate specificities. The main active fractions
from HiTrap Heparin Sepharose column
chromatography contained an 80 kDa iso-
form of ADAMTS-3 (Fig. 1G, lanes 10–12),
whereas the minor fractions contained a 70
kDa isoform (Fig. 1G, lanes 4–7). These iso-
forms were also found with recombinant
ADAMTS-3 (Fig. 1G, lane R). Furthermore,
the CS of cerebral cortical neurons from
ADAMTS-3 KO mice did not mediate N-t
cleavage (Fig. 1H). These results indicated
that the N-t cleavage activity in the CS of
cerebral cortical neurons was mediated ex-
clusively by ADAMTS-3.

ADAMTS-3 is expressed in neurons
that are targets of Reelin
ADAMTS-3 was strongly expressed in
the cerebral cortex and the vertebrae at
E13.5 (Fig. 2B). In the brain at E15.5,
ADAMTS-3 was strongly expressed in the
cortical plate and weakly in the hip-
pocampus and cerebellum (Fig. 2C). This
staining distribution was roughly comple-
mentary to that of Reelin (Fig. 2D). Little
signal was observed for the sense probe
(Fig. 2A,E) or sections from ADAMTS-3
KO mice (Fig. 2F), thus confirming the
specificity of the obtained signals. Immu-
nostaining of adjacent sections revealed
that ADAMTS-3 was expressed mainly
in Tbr1-positive neurons at E16.5 (Fig.
2G,H) and E18.5 (Fig. 2 I, J). In addition,
ADAMTS-3 was expressed in the upper
layers of the medial part of the cerebral
cortex at E18.5 (Fig. 2I). In the adult
brain, ADAMTS-3 was expressed in many
regions (Fig. 2K), including cerebellar
Purkinje cells (Fig. 2O). In the adult
cerebral cortex, ADAMTS-3 was most

strongly expressed in the upper layers of the cortical plate and
in the deep layers (Fig. 2 K, N ) where Reelin expression was
also observed (Fig. 2L). Thus, cells expressing ADAMTS-3
significantly overlap with neurons that are targets of Reelin in
the brain.

ADAMTS-3 is the major protease that cleaves and thereby
downregulates Reelin in the embryonic cerebral cortex
The concentration of NR2 fragments in the cerebral cortex of
ADAMTS-3 KO mice was markedly lower than that of the
heterozygous or WT mice at E15.5 (Fig. 3A,C) and E18.5 (Fig.
3B,D). Concomitantly, the concentration of the NR6 fragments
was increased at both stages (Fig. 3C,D). The amount of full-

Figure 2. Expression patterns of ADAMTS-3 in the developing and adult brains. A, B, In situ hybridization of ADAMTS-3 in the
E13.5 whole embryo. Sense (A) and antisense (B) probes were used. Expression of ADAMTS-3 in the cerebral cortex is indicated by
arrowheads. C–F, In situ hybridization of E13.5 brain sagittal sections. Antisense probes for ADAMTS-3 (C, F ) or Reelin (D) were
used. In C, the hippocampus and cerebellum are indicated by the arrow and arrowheads, respectively. E, The sense probe for
ADAMTS-3 was used. F, The brain from an ADAMTS-3 KO mouse was used. G–J, Coronal sections from E16.5 (G, H ) or E18.5 (I, J )
were used for in situ hybridization of ADAMTS-3 (G, I ) or for immunostaining (H, J ) with antibodies against Ctip2 (green) and Tbr1
(red). Nuclei were stained using Hoechst 33342 (blue). Ctip2 and Tbr1 were used as markers for layers V/VI and VI, respectively. In
I, the upper layers of the medial part of the cerebral cortex are indicated by yellow brackets. K–O, In situ hybridization of the P42
brain. Antisense probes for ADAMTS-3 (K, N, O) or Reelin (L) were used. M, The sense probe for ADAMTS-3 was used. The magnified
images of boxed areas in K are shown in N and O. In N, the upper layers of the cerebral cortex and hippocampus are indicated by the
yellow bracket and arrowheads, respectively. In O, the Purkinje cell layer is indicated by arrowheads. The asterisks indicate
nonspecific signals. Scale bars: A, B, F, M, 1 mm; G, I, N, O, 300 �m.
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length Reelin protein (Reelin FL) was in-
creased at E15.5 (Fig. 3C) but not at E18.5
(Fig. 3D). Most Reelin FL was present in-
tracellularly (i.e., in the presecretion frac-
tion), and thus the intensity of the band
does not reflect the amount of Reelin FL
in the extracellular milieu. Importantly,
Dab1 levels were significantly decreased in
ADAMTS-3 KO mice both at E15.5 (Fig.
3A,E) and E18.5 (Fig. 3B,F), indicating
that Reelin activity was augmented in the
cerebral cortex of embryonic ADAMTS-3
KO mice. Therefore, ADAMTS-3 is the
major protease that cleaves and down-
regulates Reelin in the embryonic cerebral
cortex.

One of the important pathological out-
comes of Reelin–Dab1 signaling is suppres-
sion of Tau phosphorylation (Hiesberger et
al., 1999). Thus, we investigated the phos-
phorylation level of Tau in the cerebral
cortex of ADAMTS-3 KO mice. Ant-
iphosphorylated Tau antibody AT8 de-
tected two major bands in WT mice (Fig.
3G, top, lanes 1 and 2). In ADAMTS-3 KO
mice, these two bands were markedly de-
creased (Fig. 3G, top, lanes 3 and 4, H,I) with
little effect on total Tau (Fig. 3G, middle).
Therefore, ADAMTS-3 deficiency is sufficient
to decrease Tau phosphorylation.

ADAMTS-3 is not required for
neuronal layer formation in the
cerebral cortex
At E18.5, ADAMTS-3 KO mice exhibited
the expected Mendelian ratio (57:219).
Most ADAMTS-3 KO mice died shortly
after birth from an apparent inability
to breathe (Fig. 4A). Indeed, ADAMTS-3
KO mice exhibited abnormal rib develop-
ment, and their rib cages were narrow
(Fig. 4B). The anteroposterior axis of the
skull of ADAMTS-3 KO mice was shorter
when compared with WT mice (data not
shown). Some ADAMTS-3 KO mice sur-
vived into adulthood and were fertile, but
the shape of their head remained abnormal
(Fig. 4C). Therefore, ADAMTS-3 plays an
important role in skeletal development dur-
ing embryonic stages, whereas this protein is
dispensable in developed mice.

We immunostained sections of the ce-
rebral cortex of WT and ADAMTS-3 KO
mice at E16.5 with the anti-Reelin anti-
bodies AF3820 and 2F3. AF3820 recog-
nizes the N-terminal region of Reelin, and 2F3 only recognizes
Reelin protein that is not cleaved at the N-t site (Koie et al.,
2014). The signals obtained by these antibodies were indistin-
guishable between WT and ADAMTS-3 KO mice (Fig. 4D).
The localization of Dab1 protein was also very similar between
WT and ADAMTS-3 KO mice (Fig. 4E). These results indicate
that ADAMTS-3 deficiency does not greatly affect the local-

ization of Reelin and Dab1 at the protein level. The localiza-
tion of Tbr1- or Ctip2-positive neurons was normal in
ADAMTS-3 KO mice at E16.5 (Fig. 4F ). The localization of
Brn1-positive neurons was indistinguishable between WT and
ADAMTS-3 KO mice (Fig. 4G). Therefore, ADAMTS-3 is dis-
pensable for neuronal migration and layer formation in the
embryonic stages.

Figure 3. Reelin NR2 fragment, Dab1, and Tau phosphorylation levels are decreased in ADAMTS-3 KO mice. A, B, Western
blotting analysis of the cerebral cortex of WT (�/�), ADAMTS-3 heterozygous (�/�), or homozygous (�/�) mice at
E15.5 (A) or E18.5 (B) using anti-Reelin (top), anti-Dab1 (middle), and anti-actin (bottom) antibodies. C, D, Quantification
of Reelin FL and its cleaved products at E15.5 (C, n � 6) and E18.5 (D, n � 5). The data are shown as the mean 	 SEM. and
were analyzed using Tukey’s multiple comparison test. *p 
 0.05; **p 
 0.01; ***p 
 0.001. E, F, Quantification of Dab1
at E15.5 (E, n � 6) and E18.5 (F, n � 5). The data are shown as the mean 	 SEM and were analyzed using Tukey’s multiple
comparison test. **p 
 0.01; ***p 
 0.001. G, Western blotting analysis of the cerebral cortex of WT (�/�) or
homozygous (�/�) mice at E18.5 using antiphosphorylated Tau AT8 (top), anti-Tau (middle), and anti-actin (bottom)
antibodies. H, I, Quantification of phosphorylated Tau. The data are shown as the mean 	 SEM and were analyzed using
one sample t test (n � 3). ***p 
 0.001.
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ADAMTS-3 contributes to the N-t cleavage and
downregulation of Reelin in the postnatal cerebral cortex
and hippocampus
To investigate the role of ADAMTS-3 in the postnatal forebrain,
we had to circumvent the perinatal death. For this purpose, we
thus established cKO mice in which ADAMTS-3 was deficient
only in excitatory neurons of the forebrain (Fig. 5A) by using
Emx1-Cre mice (Iwasato et al., 2004). In the ADAMTS-3 cKO
mice, very little ADAMTS-3 mRNA was detected in the cerebral
cortex and hippocampus (Fig. 5D), whereas a larger amount of
ADAMTS-3 mRNA was detected in cerebellar Purkinje cells (Fig.
5E). ADAMTS-3 cKO mice survived to adulthood without obvi-
ous abnormalities. The level of the NR2 fragments was decreased
in the cerebral cortex of ADAMTS-3 cKO mice at P7 (Fig. 5F;
Table 1) and P28 (Fig. 5H; Table 1). The amount of Dab1 was
decreased in the cerebral cortex of the ADAMTS-3 cKO mice at
P7 (Fig. 5F; Table 1). At P28, the amount of Dab1 tended to be
decreased, but the difference was not statistically significant (Fig.
5H; Table 1). In the postnatal hippocampus, NR2 fragment and
Dab1 levels were decreased at P7 (Fig. 5G; Table 1) and at P28

(Fig. 5I; Table 1). Therefore, ADAMTS-3 is mainly secreted from
excitatory neurons and contributes to Reelin downregulation in
the postnatal cerebral cortex and hippocampus.

ADAMTS-3 deficiency in excitatory neurons increases
dendritic growth and branching in the postnatal cerebral
cortex
Reelin positively regulates the dendritic growth and branching in
excitatory neurons (Niu et al., 2004; Jossin and Goffinet, 2007; Mat-
suki et al., 2010; Kohno et al., 2015; O’Dell et al., 2015). Thus,
we investigated neuronal morphology in the cerebral cortex of
ADAMTS-3 cKO mice using Golgi–Cox staining (Fig. 6A–D). We
focused on the layer V neurons because both ADAMTS-3 and Reelin
were expressed in the deep layers of the cerebral cortex and their
characteristic morphology made quantification relatively easy. The
number (Fig. 6E) and total length (Fig. 6F) of the secondary den-
drites of layer V neurons were augmented in ADAMTS-3 cKO mice.
These observations suggest that ADAMTS-3 deficiency enhances
Reelin activity and thereby induces dendritic growth and branching
in the postnatal cerebral cortex.

Figure 4. Phenotypes of ADAMTS-3 KO mice. A, Typical appearance of WT (left), ADAMTS-3 heterozygote (middle), and ADAMTS-3 KO (right) mice after cesarean section at E18.5. Most neonatal
ADAMTS-3 KO mice exhibited cyanosis and died within 30 min after cesarean section. B, Alcian blue/Alizarin red staining of WT and ADAMTS-3-KO mice at E18.5. ADAMTS-3 KO mice (right) show
narrow rib arrangements that probably resulted in an abnormal respiratory system. C, The head shape of surviving ADAMTS-3 KO mice was abnormal. The surviving ratio of ADAMTS-3 KO mice was
�10% on the ICR background, and even lower (
5%) on the C57BL6 background. Calculating the exact percentages was impossible because dead neonates were often cannibalized. D–G, The
brain structure of ADAMTS-3 KO mice is normal. D, E, Immunohistochemical analysis for 2F3 and AF3820 (D) and Dab1 (E) at E16.5. Localization of these proteins did not differ between WT and
ADAMTS-3 KO mice. 2F3, Reelin protein without N-t cleavage (Koie et al., 2014); AF3820, N-terminal region of Reelin protein. F, G, Immunohistochemical analysis for layer markers Ctip2 and Tbr1
(F ) and Brn1 (G) at E16.5. Scale bars, 100 �m.
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Discussion
In the present study, we have identified ADAMTS-3 as the major
enzyme that cleaves the N-t site of Reelin in the cerebral cortex
and hippocampus. This is the first molecular identification of the
enzyme that negatively regulates Reelin in vivo.

We used a classic approach to identify the protease that me-
diates the N-t cleavage of Reelin: protein purification from the CS
of cerebral cortical neurons (Fig. 1B–D). We first investigated the
optimal culture conditions for the use of CS as the starting mate-
rial. Notably, separating certain proteins in the B27 supplement
from N-t cleavage activity can be difficult with column chroma-
tography. Therefore, we replaced the culture medium with a me-
dium containing very low B27 supplement concentrations the
day after plating. These methods enabled the identification of
ADAMTS-3.

The ADAMTS family consists of 19 secreted zinc metallopro-
teinases and shares several distinct modules, including a prodo-
main, a metalloproteinase domain, a disintegrin-like domain,
and a thrombospondin type 1 motif (Apte, 2009; Dubail and
Apte, 2015). ADAMTS-3 can cleave procollagen II, pro-vascular
endothelial cell growth factor-C, fibronectin, and others (Bek-
houche et al., 2016). ADAMTS-3 preferably cleaves Pro-Gly and
Pro-Ala bonds (Bekhouche et al., 2016), and the sequence of the
Reelin N-t site is Pro-Ala (Koie et al., 2014). These facts strongly
support the hypothesis that ADAMTS-3 directly mediates N-t
cleavage. The domain structure of ADAMTS-3 is almost identical
to that of ADAMTS-2 and -14, and these three molecules com-
pose the subfamily of ADAMTS family members called procolla-
gen N-proteinases (Bekhouche et al., 2016). The NR2 fragment
level in the brain of ADAMTS-3 KO or cKO mice was greatly
decreased when compared with control mice (Figs. 3, 5), but the
fragment was still present at low levels, indicating the presence of
other proteases that can mediate N-t cleavage. In addition to
ADAMTS-4 (Hisanaga et al., 2012; Krstic et al., 2012) and
ADAMTS-5 (Krstic et al., 2012), ADAMTS-2 and -14 are likely
candidate proteases. Thus, their contributions to N-t cleavage
should be investigated; however, the substrate specificity of these
molecules differs from that of ADAMTS-3 (Bekhouche et al.,
2016). Notably, the culture supernatant of primary cultured neu-
rons from ADAMTS-3 KO mice had no Reelin-cleaving activity
(Fig. 1H); therefore, the residual activity may be mediated by a
protease(s) secreted from non-neuronal cells or by intracellular
proteases (Koie et al., 2014).

ADAMTS-3 KO mice were born, but the majority died peri-
natally (Fig. 4). Inconsistent with our results, Janssen et al.
(2016)reported the lethality of ADAMTS-3 KO embryos at ap-
proximately E15. The reason for this discrepancy is unknown but
may be attributable to the difference in the introduced mutation.
Janssen’s group removed exons 8 –10, which encode the metallo-
proteinase domain. ADAMTS-3 mRNA lacking this region was
detected in their KO mice (Janssen et al., 2016). However,
whether the corresponding protein is present in their KO mice
remains unknown. Our mice harbor a large insertion between
exons 2 and 3 (Fig. 5A), and no ADAMTS-3 mRNA was detected
(Fig. 2F). Thus, a truncated ADAMTS-3 protein may be ex-
pressed in their KO mice and exert a harmful effect on embryonic
development. It should be mentioned that the defects of lym-
phatic development reported by Janssen’s group was reproduced
in an independent study (Bui et al., 2016) that used the same
mouse line as our study. We also noted the skin edema of embry-
onic ADAMTS-3 mice, as shown in the previous studies (Bui et
al., 2016; Janssen et al., 2016). Therefore, at least the phenotype of

Figure 5. Reelin NR2 fragment and Dab1 levels are decreased in ADAMTS-3 cKO mice.
A, Diagram of ADAMTS-3-targeted alleles and production of ADAMTS-3 cKO mice. B–E, Expres-
sion of ADAMTS-3 in ADAMTS-3 cKO mice. In situ hybridization was performed using sections
from ADAMTS-3 flox/flox (B, C) or ADAMTS-3 cKO (D, E) mice at P7. Please note that signals were
greatly diminished in the forebrain of ADAMTS-3 cKO mice (D), whereas they were maintained
in the cerebellum of the same mice (E). Scale bars, 1 mm. F–I, Western blotting analysis of the
cerebral cortex (F, H ) and hippocampus (G, I ) from ADAMTS-3 flox/flox (fl/fl) and ADAMTS-3 cKO
(fl/fl; Cre) mice at P7 (F, G) and P28 (H, I ) using anti-Reelin (top), anti-Dab1 (middle), and
anti-actin (bottom) antibodies.
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the lymphatic development is not dependent on the KO strategy
or genetic background of the mice. Neither the lethality nor post-
natal phenotype was described by Bui et al. (2016).

ADAMTS-3 is expressed in the developing brain (Le Goff et
al., 2006), but a detailed analysis regarding the localization of

ADAMTS-3 has not been performed. In this
study, we found that ADAMTS-3 was
mainly expressed in neurons that are
considered a target of Reelin (Fig. 2C,D).
ADAMTS-3 was mainly expressed by
Tbr1-positive excitatory neurons in the de-
veloping cerebral cortex (Fig. 2G–J ),
whereas Reelin was expressed in Cajal-
Retzius cells located in the most superficial
layer. Thus, ADAMTS-3-expressing cells in
the cerebral cortex gradually became distant
from the Reelin-expressing Cajal-Retzius
cells as the cerebral cortex developed. This
may explain why the difference in NR2 frag-
ment levels between WT and ADAMTS-3
KO mice was less apparent in the later stages
of development.

A few studies have suggested that N-t
cleavage liberates the active central fragment
(R36) from inactive (or reservoir) full-
length Reelin. For example, the addition of a
matrix metalloproteinase inhibitor to cere-
bral cortical slice cultures inhibits N-t cleav-
age and neuronal cell migration, suggesting
that N-t cleavage is necessary for neuronal
cell migration (Jossin et al., 2007). Tinnes et
al. (2013) reported that maintenance of the
granule cell layer of the dentate gyrus re-
quires Reelin fragments generated by N-t
cleavage and that blocking N-t cleavage
leads to the dispersion of granule cells. They
also speculated that N-t cleavage activates
Reelin. In this study, we showed that
ADAMTS-3 deficiency led to a decrease in
Dab1 protein, indicating that Reelin signal-
ing was globally augmented. We also found
that ADAMTS-3 deficiency did not lead to
abnormal neuronal migration (Fig. 4).
Therefore, N-t cleavage by ADAMTS-3 neg-
atively regulates Reelin but is not required
for the regulation of neuronal movement.
We emphasize that these questions require
further study because N-t cleavage is not
completely abolished in ADAMTS-3 KO
mice. The identification of other enzymes
that mediate N-t cleavage is necessary.

ADAMTS-3 is continuously expressed and contributes to
Reelin downregulation in the cerebral cortex and hippocampus
in postnatal stages (Fig. 5). Several previous reports indicated that
Reelin has positive effects on dendrite formation and growth

Table 1. Quantification of the amount of full-length Reelin, NR2 fragment, and Dab1 in postnatal ADAMTS-3 cKO mice

P7 P28

Average 	 SEM p value Significance Average 	 SEM p value Significance

Cerebral cortex
FL 1.098 	 0.0721 0.407 N.S. 1.08 	 0.249 0.752 N.S.
NR2 0.390 	 0.0617 0.0008 *** 0.683 	 0.0928 0.0189 *
Dab1 0.704 	 0.0681 0.0058 ** 0.791 	 0.148 0.217 N.S.

Hippocampus
FL 1.258 	 0.181 0.228 N.S. 0.972 	 0.122 0.5573 N.S.
NR2 0.485 	 0.0614 0.0011 ** 0.736 	 0.0906 0.0341 *
Dab1 0.666 	 0.0632 0.0062 ** 0.728 	 0.110 0.0405 *

Averages are the mean of the amounts of the indicated protein compared with those of WT mice. Significance was analyzed using one sample t test (P7, n � 5; P28, n � 6). *p 
 0.05; **p 
 0.01; ***p 
 0.001.

Figure 6. The dendrites of layer V neurons in ADAMTS-3 cKO mice showed increased branching and elongation. A–D, Golgi-
stained layer V neurons in the somatosensory cortex of control (A, B) and ADAMTS-3 cKO (C, D) mice at P14. Scale bar, 50 �m. E, The
number of the secondary dendrites that were branched from the primary dendrite within 80 �m of the soma. F, The total length
of the secondary dendrites. The cell numbers analyzed were 186 and 140 for ADAMTS-3 flox/flox and ADAMTS-3 cKO mice from four
independent littermates, respectively. The data are shown as the mean 	 SEM and were analyzed using Student’s t test. *p 

0.05; ***p 
 0.001.
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(Niu et al., 2004; Jossin and Goffinet, 2007; Matsuki et al., 2010;
Kohno et al., 2015; O’Dell et al., 2015). Particularly, we recently
reported that Reelin protein with an intact C-terminal region is
required for proper orientation and branching of apical dendrites
in the postnatal cerebral cortex by inducing Dab1 phosphoryla-
tion (Kohno et al., 2015). This phenomenon was evident in the
marginal zone and superficial layers near Cajal-Retzius cells
(Kohno et al., 2015). Our data in the present study suggested that
N-t cleavage by ADAMTS-3 negatively regulates the formation of
dendrites, at least in the deep layer neurons of the cerebral cortex
(Fig. 6). We thus hypothesize that Reelin–Dab1 signaling was
strengthened by ADAMTS-3 deficiency, which then directly af-
fected dendritic morphology. However, the N-terminal fragment
of Reelin has a negative effect on dendritic branching (Chameau
et al., 2009). Thus, a decrease in the NR2 fragment, rather than an
increase in Reelin–Dab1 signaling, may contribute to the aug-
mented branching and growth of dendrites in ADAMTS-3 cKO
mice. Other substrates of ADAMTS-3 may also be involved in the
regulation of dendrite morphology. We are currently working to
clarify these mechanistic issues using both genetic and biochem-
ical techniques.

Our observations also raise the possibility that an inhibitor of
ADAMTS-3 may be a novel drug for treating neuropsychiatric
and neurodegenerative disorders with reduced Reelin activity. It
has been proposed that Reelin ameliorates Alzheimer’s disease by
antagonizing the toxicity of amyloid �-peptide (Pujadas et al.,
2014; Lane-Donovan et al., 2015). ADAMTS-3 deficiency greatly
reduces Tau phosphorylation (Fig. 3G), which is also involved in
deterioration of Alzheimer’s disease. Therefore, an inhibitor of
ADAMTS-3 may delay the appearance of symptoms of Alzhei-
mer’s disease via more than one mechanism. These points are
currently being investigated in our laboratories. Reduced Reelin
activity is also involved in the pathogenesis of schizophrenia (Fol-
som and Fatemi, 2013). Particularly, we recently reported that
knock-in mice with a deletion of the C-terminal region of Reelin
showed reduced Reelin activity and schizophrenia-like symp-
toms, such as hyperactivity, reduced social behavior, and im-
paired working memory (Sakai et al., 2016). We are currently
testing whether a deficiency in ADAMTS-3 improves these symp-
toms. These studies may provide the molecular basis to under-
stand the contribution of Reelin and ADAMTS-3 to normal and
pathological functions of the mammalian brain.
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