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Calpain-Mediated N-Cadherin Proteolytic Processing in
Brain Injury
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Neural-cadherin (N-cadherin), amember of the classical cadherin family of transmembrane glycoproteins, mediates cellular recognition
and cell- cell adhesion through calcium-dependent homophilic interactions and plays important roles in the development and mainte-
nance of the nervous system. Metalloproteinase is known to cleave N-cadherin, which is further cleaved by y-secretase. The intracellular
domain of N-cadherin interacts with 3-catenin, and [3-catenin stability is critical for cell- cell adhesion and cell survival. In the present
study, we showed that N-cadherin is cleaved specifically by calpain, resulting in the generation of a novel 110 kDa fragment. The cleavage
occurred in ischemic brain lesions and in vitro neural cells in the presence of NMDA and ionomycin, and was restored by calpain
inhibitors but not matrix metalloproteinase or yy-secretase inhibitors. Calpain directly cleaved N-cadherin in in vitro calpain assays, and
calpain inhibitors prevented its cleavage in a dose-dependent manner. Using N-cadherin deletion mutants, we found that calpain
cleavage sites exist in at least four regions of the cytoplasmic domain. Treatment with NMDA induced neuronal death, and it suppressed
the expression of surface N-cadherin and the N-cadherin/B-catenin interaction, effects that were prevented by calpain inhibitor. Fur-
thermore, calpain-mediated N-cadherin cleavage significantly affected cell- cell adhesion, AKT signaling, the N-cadherin/B-catenin

interaction and the Wnt target gene expressions through the accumulation of nuclear 3-catenin.

Introduction

Cadherins play critical roles in the establishment of adherens-
type junctions by mediating calcium-dependent cell—cell adhe-
sion. Neural-cadherin (N-cadherin) is a member of the classical
cadherin family of transmembrane glycoproteins, which medi-
ates cellular recognition via a calcium-dependent homophilic
binding mechanism (Takeichi, 1990). In the nervous system,
N-cadherin has been implicated in several key events required for
cell migration, axonal guidance, and synaptic plasticity (Matsu-
naga et al., 1988; Inoue and Sanes, 1997). The cytoplasmic do-
main of cadherin interacts with B-catenin, a structural adaptor
linking to the cytoskeleton for cell-cell adhesion (Okabe et al.,
2003).

Recently, several reports have shown that the cleavage of
N-cadherin is regulated by several proteases. In particular, the
matrix metalloproteinase (MMP) ADAM 10 is responsible for
the initial proteolytic processing of N-cadherin, leading to the
generation of the approximate 40 kDa C-terminal fragment
termed CTF1 (Reiss et al., 2005). The fragment is further pro-
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cessed by y-secretase-like activity, producing the soluble 35 kDa
CTF2 (Marambaud et al., 2003). Accordingly, Uemura et al.
(2006a, 2006b) demonstrated that ADAM 10-mediated ectodo-
main shedding is a prerequisite for the subsequent PS1/vy-
secretase-mediated e-cleavage, which is a constitutive process.
The e-cleavage of N-cadherin activates the nuclear B-catenin
movement essential for cell survival, tissue repair, and transcrip-
tional activation, as shown in Alzheimer’s disease (Parisiadou et
al., 2004; Reiss et al., 2005; Uemura et al., 2006a).

Activation of the NMDA receptor, an ionotropic glutamate
receptor, results in a calcium influx into cells. This calcium influx
activates a variety of enzymes, including the calcium-dependent
protease calpain (Siman et al., 1989). Calpain is a ubiquitous
calcium-sensitive protease essential for normal neuronal func-
tion, such as long-term potentiation (Tomimatsu et al., 2002). In
addition, calpain is pathologically activated by Ca*" influx in
cerebral ischemia (Lankiewicz et al., 2000), traumatic brain in-
jury (Wang et al., 2006), and many neurological diseases, includ-
ing Alzheimer’s disease (Saito et al., 1993), Parkinson’s disease
(Crocker et al., 2003), and amyotrophic sclerosis (Strong et al.,
2001). Under these pathological conditions, calpain cleaves a
number of neuronal substrates essential for neuron survival. For
example, the neuron-specific activator of cyclin-dependent ki-
nase 5 (cdk5), p35, is a well known calpain substrate (Kusakawa et
al., 2000; M. S. Lee et al., 2000; Patzke and Tsai, 2002; Wang et al.,
2007). The calpain-mediated cleavage of p35 to p25 is involved in
the pathogenesis of Alzheimer’s disease, and the calpain-
mediated p35 cleavage pathway may serve as a target for pharma-
cological intervention (Patrick et al., 1999; M. S. Lee et al., 2000).
Thus, the exogenous regulation of calpain activity is of interest
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Figure 1. NMDA receptor-induced calcium influx increases N-cadherin cleavage. A, Schematic representation of N-cadherin (crude membrane) was collected. The superna-

cleavage sites and antibody binding domains. MMP and PS1/-y-secretase cleaves the extracellular and intracellular domains of
N-cadherin, respectively. We used two different anti-N-cadherin antibodies that recognized the NTF (residues 450 —512) and CTF
(residues 802—819) residues. B, lonomycin induced N-cadherin cleavage in cortical neurons in a dose-dependent manner. Cells
were treated with ionomycin for 30 min and further cultured with fresh media for 8 h. , The involvement of NMDA receptor-
mediated calcium influx in N-cadherin cleavage. NMDA receptor antagonist MK-801 (MK, 10 rum) reduced NMDA-induced cleav-
age. D, N-cadherin was cleaved in a time-dependent manner after NMDA stimulation. Lower panels show the quantitative
assessment of full-length N-cadherin (Ncad/FL) and the cleaved N-terminal fragment (Ncad/NTF). Values represent the mean =

SEM (*p << 0.05 vs control, **p << 0.01 vs control, #p << 0.05 vs 100 um NMDA treatment).

for the development of therapeutics to prevent pathological
diseases.

In the present study, we elucidated the mechanism by which
calpain specifically cleaves N-cadherin after NMDA receptor ac-
tivation or ischemic injury. We also determined whether calpain-
mediated N-cadherin cleavage regulates cell-cell adhesion, cell
signaling, interactions with B-catenin, and cellular B-catenin
signaling.

Materials and Methods

Reagents and antibodies. We used rabbit polyclonal anti-N-cadherin an-
tibody (s.c.-7939) against the extracellular (NTF) domain of N-cadherin
(Santa Cruz Biotechnology), which was raised against human amino
acids 450-512 that map within the extracellular domain. We also used
mouse monoclonal anti-N-cadherin antibody (clone 32) against the in-
tracellular (CTF) domain of N-cadherin (BD Biosciences), which was
generated from mouse N-cadherin amino acids 802—-819. In addition,
mouse monoclonal B-catenin antibody (BD Biosciences), anti-green flu-
orescent protein (GFP; Invitrogen), anti-B-actin (Sigma), anti-f-
tubulin (BD Biosciences), and anti-histone H1 (Santa Cruz Biotechnol-
ogy) antibodies were obtained. Anti-p-AKT and anti-AKT antibodies
were purchased from Cell Signaling Technology. The NMDA and 1,
10-phenanthroline were purchased from Sigma. Ionomycin, calpeptin,
MDL 28170, GM 6001, DAPT (y-secretase inhibitor IX), and purified
human erythrocyte u-calpain (calpain I) were purchased from Calbio-

tant was incubated at 30°C with purified human
erythrocyte w-calpain (calpain I) in extraction
buffer, with or without 1 mm CaCl,. The SDS
sample buffer (62.5 mm Tris-HCI, pH 6.8, 4%
SDS, 10% glycerol, 50 mm DTT, and 0.1% bro-
mophenol blue) was added to stop the reaction,
and the sample was boiled at 100°C for 10 min.
Before the assay was carried out, we validated
the assay using the known substrates of calpain,
such as B-catenin cleavage (Benetti et al., 2005;
Rios-Doria and Day, 2005; Abe and Takeichi,
2007; Lee et al., 2008), p35 processing (Patrick
et al., 1999; Kusakawa et al., 2000; Lee et al., 2000), and clearance of the
full-length N-cadherin (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material).

DNA constructs. The p35-myc and Flag-tagged calpain were generous
gifts from Dr. Zhen-Ge Luo (Institute of Neuroscience, Shanghai Insti-
tutes of Biological Sciences, Chinese Academy of Sciences, Shanghai,
China) and Dr. Lisa M. Ellerby (Buck Institute for Age Research, Novato,
CA), respectively. The mouse N-cadherin clone was purchased from the
Korea Research Institute of Bioscience and Biotechnology. The full-
length N-cadherin (N-cad 906) was obtained by PCR and cloning into
the pEGFP-N1 vector. The sequence was verified by sequencing. To cre-
ate N-cadherin deletion mutants (N-cad 750, 760, 771, 790, 801, and
839), PCR-amplified N-cadherin fragments were digested with EcoRIl/
Xhol and inserted into the EcoRI/Xhol sites of the pEGFP-N1 vector.
Internal deletion mutants (A771-801, A771-839, A790-839, and
A801-839) were generated by sequential ligations at the Xhol, EcoRI, and
Smal sites of the 1-771/801-906, 1-771/839-906, 1-790/839-906, and
1-801/839-906 clones, respectively. The oligonucleotides used in PCR
were as follows: N-cad 750 forward, 5'-CAGAATTCGATCCCGC-
CGTTTCATCCATACCAC-3'; N-cad 760 forward, 5'-CAGAA-
TTCGAATTAAAAGCTGCTTGGCTTGGCG-3'; N-cad 771 forward,
5'-CAGAATTCGCAATATATTATCTCTTACATCATC-3'; N-cad 790
forward, 5'-CAGAATTCGGAGCTGGCTCAAGTCATAGTCCTG-3';
N-cad 801 forward, 5'-CAGAATTCGGATGGCATCAGGCTCCA-
CAGTATC-3'; N-cad 839 forward, 5'-CAGAATTCGGCCCTCATTA-
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Figure2. Calpainisresponsible for N-cadherin cleavage. 4, Calpain inhibitor, but not inhibitors of MMP or y-secretase, reduced N-cadherin NTF generation during NMDA treatment. The Western

blots are representative of four independent experiments. B, €, Calpain inhibitors reduced NMDA-dependent NTF cleavage. 10 wum MK-801 or calpain inhibitor (CAL) in B or MDL 28170 (MDL) in €
was added for 8 h. D, The requirement for calcium and calpain in N-cadherin cleavage in vitro. Mouse brain lysates were incubated with different concentrations of CaCl,for the indicated times in the
absence or presence of the calpaininhibitor CAL. E, Calpain was the main protease to cleave N-cadherin in brain lysates. Calpain, cysteine protease, and caspase cleaved 3-catenin. Brain lysates were
incubated with 1 mm CaCl, for 4 hin the presence of calpain inhibitor, the MMP inhibitor GM 6001 (GM), y-secretase inhibitor DAPT, cysteine protease inhibitor E 64, or caspase inhibitor Z-VAD-FMK.
F, The time-dependent cleavage of N-cadherin by purified j1-calpain in the brain membrane fraction. The 110 kDa (NTF) fragments of N-cadherin found in the brain membrane fraction were identical
to those in ionomycin-treated cortical neurons (IONO treated cell lysate). G, Calcium influx generated 110 kDa fragments of N-terminal HA-tagged N-cadherin, which was transfected into C0S-7 cells.
The cells were treated with or without 2 umionomycin (IONO) for 10 min and further cultured with fresh media for 2 h. The Western blots are representative of four independent experiments. CAL,

Calpeptin; GM, GM 6001.

ATGAAGTCCCCAAT-3'; N-cad 906 forward, 5'-GGCTCGAGATGT-
GCCGGATAGCGGGAGCGCCGCGGACC-3'; reverse for all deletion
mutants, 5'-GGCTCGAGATGTGCCGGATAGCGGGAGCGC CGCG-
GACC-3'; A771-801 forward, 5'-CAGAATTCGGATGGCATCAG-
GCTCCACAGTATC-3; A771-839 and A801-839 forward, 5'-CA-
GAATTCGGCCCTCATTAATGAAGTCCCCAAT-3'; and reverse for
internal deletion mutants, 5 -ATCCCGGGCGTCACCACCGCCG-
TACATGTC-3'. All mutants were verified by DNA sequencing.

Western blot analysis. Treated cells were washed twice with ice-cold
PBS and harvested in RIPA buffer (150 mm NaCl, 10 mm Na,HPO,, pH
7.2,0.5% sodium deoxycholate, and 1% Nonidet P-40) containing 5 mm
EDTA, 10 pg/ml leupeptin, 0.5 mm phenylmethylsulfonyl fluoride
(PMSF), 1 ug/ml pepstatin, and 10 ug/ml aprotinin. Cell lysates were
further homogenized by brief sonication. Cell lysates were centrifuged at
14,000 X g for 20 min at 4°C and the resulting supernatant collected.
Protein concentrations were determined using BCA reagent. For the
quantification of the chemiluminescent signals, PVDF membranes were
scanned with a Fuji Film LAS-1000 system and analyzed using Image
Gauge software (version 3.12). Brain tissues were prepared as previously
described (Jin et al., 2006). The brain was isolated and stored at —70°C
overnight, then homogenized in 1 ml of ice-cold buffer containing 50 mm
Tris-HCI, pH 7.4, 1 mm sodium orthovanadate, 150 mm NaCl, 1% Triton
X-100, 5 mm EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 1 mm MgCl,,
and protease inhibitors. Homogenates were centrifuged at 15,000 X g for
30 min at 4°C. Supernatants were collected and protein concentrations
determined using BCA reagent.

Subcellular fractionation. Nuclear fractions were prepared as previ-
ously described (Marambaud et al., 2003) with minor modifications.
Briefly, treated cells were washed twice with ice-cold PBS and placed in
buffer A (10 mm Tris-HCI, pH 7.5, 0.25 M sucrose, 1 mm EDTA) contain-
ing protease inhibitors. The cells were then passed through a 27-gauge
needle ~10-15 times. The cell lysates were centrifuged at 1000 X g for 10

min and the pellet washed with PBS containing 0.1% Triton X-100. The
pellet was then solubilized by brief sonication in RIPA buffer and used as
the nuclear fraction.

Biotinylation assay. The surface and internalized (endocytosis) bioti-
nylation assay was performed as previously described (Tai et al., 2007).
After NMDA treatment at 37°C for the indicated time, the cells were
rinsed twice with prechilled PBS. Surface biotin group was removed by
incubating with 50 mum glutathione solution (50 mm reduced glutathione,
75 mm NaCl, 10 mm EDTA, pH 7.5, 1% BSA, and 0.075 N NaOH) twice for
15 min on ice. For surface biotinylation, surface proteins were labeled with
sulfo-NHS-SS-biotin and then quenched. Cells were lysed with RIPA buffer
containing protease inhibitors. Biotinylated proteins were isolated by incu-
bation with streptavidin-agarose resin (Pierce) for 4 h at 4°C. The biotinyl-
ated proteins were separated and analyzed by SDS-PAGE.

Immunoprecipitation. Cells were lysed on ice in RIPA buffer contain-
ing protease inhibitors. After centrifugation for 20 min at 13,000 X g at
4°C, anti-N-cadherin antibody against the NTF (extracellular) was added
to the supernatant and incubated with protein A beads overnight at 4°C.
The beads were washed three times with RIPA buffer, and the immuno-
precipitated proteins were subjected to SDS-PAGE and Western blotting.

Immunofluorescence. Cells were washed three times with ice-cold PBS,
fixed with ice-cold 4% PFA for 30 min, and then blocked with 3% BSA in
PBS for 1 h. The cells were incubated with anti-N-cadherin-NTF (extra-
cellular) antibody overnight at 4°C and then sequentially permeabilized
with 0.1% Triton X-100 in PBS. Anti-B-catenin antibody was added and
the cells incubated overnight at 4°C. The cells were incubated for 2 h with
secondary antibodies and mounted on a glass slide with VECTASHIELD
(Vector Lab). Images were acquired with a Zeiss LSM 510 confocal mi-
croscope (Carl Zeiss).

Focal cerebral ischemia model. All animal protocols were done in ac-
cordance with the guidelines on the use and care of laboratory animals set
by the Animal Care Committee at Ajou University. Focal cerebral isch-
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Figure3. Calpainis responsible for N-cadherin cleavage in ischemic brain injury. A, B, MDL 28170 profoundly suppressed the ~ buffer (0.5 N HCI, 5% acetic acid, 50% DMF;

cleavage of the calpain specific substrate spectrin (4), and the generation of 110 kDa N-cadherin NTF (B) (n = 4). (, Effect of MDL
28170 on in vivo ischemia-induced cerebral infarct (n = 5). Ischemic brain injury was induced by middle cerebral artery occlusion
(MCAO) for Th followed by reperfusion for 24 h. The protocol for MDL injection was described in Materials and Methods. The NTF
of N-cadherin was detected with anti-N-cadherin-NTF antibody. L, Left; R, right; Contra, contralateral; Ipsilat, ipsilateral.

emia was induced by occlusion of the left middle cerebral artery (MCA)
using an intraluminal filament technique (Hara et al., 1997) based on
modifications of the original rat model (Longa et al., 1989). Through a
midline neck incision, the left common and external carotid arteries were
isolated and ligatured with a 5-0 silk suture (Ethicon). A microvascular
clip was temporarily placed across the internal carotid artery. An arteri-
otomy was fashioned in the common carotid artery just proximal to the
carotid bifurcation. A 6-0 nylon monofilament, blunted at the tip with an
open flame, was introduced through this incision into the internal ca-
rotid artery and advanced ~13 mm distal to the carotid bifurcation for
occlusion of the origin of the MCA. The thread was carefully withdrawn
60 min after MCA occlusion. After 24 h reperfusion, the animals were
reanesthetized and decapitated. The brains were coronally cut into five 2
mm slices using a brain matrix. These slices were immediately stained with
2% 2, 3, 5-triphenyltetrazolium chloride (TTC) for ~30 min. The regions
showing red-stained (noninfarcted), and unstained (infarcted) tissue were
outlined on each color image and measured using Photoshop and TINA
software (KAIST Biotech).

To show the calpain-specific cleavage of N-cadherin in the ischemic
brain, 20 mg/kg MDL 28170, a specific calpain inhibitor, was intrave-
nously administered via tail vein 30 min after the initiation of ischemia.
The MDL 28170 (3.33 mg/kg/hr) was further infused 6 h after initial
injection (Markgraf et al., 1998).

Cell dissociation assay. The cell dissociation assay was performed as
previously described (Nagafuchi et al., 1994; Fukata et al., 2002) with
minor modifications. Briefly, confluent cultures of astrocytes, C2C12
cells and SK-N-MC cells were incubated with 0.01% trypsin in HCMF
solution (137 mm NaCl, 5 mm KCl, 0.33 mm Na,HPO,, 5.6 mM glucose,
and 10 mm HEPES, pH 7.4) for 10 min at 37°C. Detached cells were
incubated with 2 mm CaCl, (TC treatment) or 2 mm EGTA, pH 7.5 (TE
treatment) for 15-30 min at 37°C and dissociated by pipetting 10 times.
The number of particles was counted as cell clusters and single cells. The

pH 7.4) overnight at 37°C. The optical density
of each well was measured at 540 nm.

Statistical analysis. All data were expressed as
mean * SEM from at least three different ex-
periments. The comparisons were made with
Student’s £ tests. A p value of <<0.05 was consid-
ered significant.

Results

NMDA receptor-induced calcium influx increases

N-cadherin cleavage

To identify the cleavage sites in the extracellular or intracellular
domains of N-cadherin, two different antibodies against
N-cadherin were used (Fig. 1A). N-cadherin is known to be
cleaved as a result of calcium influx (Reiss et al., 2005). As shown
in Figure 1B, activation of calcium influx by the calcium iono-
phore ionomycin significantly increased the generation of the
110 kDa fragment, the NTF of N-cadherin in a dose-dependent
manner. In general, NMDA is thought to activate ionotropic glu-
tamate receptors that induce excess Ca’* influx in neurons
(Boldyrev, 2000). To determine whether N-cadherin cleavage is
associated with NMDA-mediated Ca*" influx, cortical neurons
were incubated with NMDA. This treatment significantly in-
creased N-cadherin cleavage in time- and dose-dependent man-
ners (Fig. 1C,D). The N-cadherin cleavage induced by 100 um
NMDA was reversed by the NMDA receptor antagonist MK-801
(Fig. 1C), demonstrating that the NMDA receptor regulates
N-cadherin cleavage.

Calpain is responsible for N-cadherin cleavage

To identify the enzyme responsible for the cleavage of
N-cadherin NTF, we tested calpain, MMP and +y-secretase inhib-
itors. The 110 kDa N-cadherin fragment resulting from cleavage
by NMDA was significantly reduced in the presence of the calpain
inhibitor calpeptin (87.29 = 2.47 of control value compared with
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y-secretase inhibitor DAPT, cysteine pro-
tease inhibitor E 64, or caspase inhibitor
Z-VAD-FMK (Fig. 2E), indicating that
calpain acts as a dominant protease for
cleaving N-cadherin specifically in neu-
rons. To determine whether purified cal-
pain cut N-cadherin in vitro, we incubated
membrane lysates from mouse brain with
recombinant pu-calpain. The p-calpain
cleaved full-length N-cadherin into the 110
kDa fragment obtained in ionomycin-treated
cortical neurons (Fig. 2 F).

The fragment may come from either
extra- or intracellular cleavage of N-cadherin. To address this
uncertainty, we used COS-7 cells with N-terminal HA- and
C-terminal GFP-tagged N-cadherin. The 110 kDa fragment was
detected with anti-HA antibody (Fig. 2G) but not anti-GFP anti-
body (see Fig. 4 B) after calpain activation, providing strong evi-
dence that calpain cleaves the intracellular but not the extracel-
lular domain of N-cadherin. In addition, intracellular, but not
extracellular, calcium chelation reduced NMDA-mediated
N-cadherin cleavage, presumably because of a reduction in
calpain activity (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). Together, these data in-
dicate that calpain produces the 110 kDa NTF by cutting the
intracellular domain of N-cadherin.

Figure 4.

Calpain is responsible for N-cadherin cleavage in ischemic
brain injury

In response of ischemic insult, glutamate is released into the ex-
tracellular space, increases in neuronal intercellular Ca**

IB : N-cadherin-CTF

IB : N-cadherin-CTF

Identification of the N-cadherin cleavage sites. A, Schematic representation of N-cadherin mutants lacking various
amino acid residues (750, 760, 771, 790, 801, 839, A771-801, A771-839, A790-839, and A801-839) and wild-type
N-cadherin (906). The open arrowhead indicates the MMP cleavage site and filled arrowheads denote calpain cleavage sites. TM,
Transmembrane domain; G, GFP. B, €, The mutated deletion constructs were cotransfected with calpain 5 construct into C0S-7
cells. Cleavage sites were examined by Western blotting using GFP antibody. The MMP cleavage product is indicated by asterisks.
B, Residues 760771 (arrows) and 790 — 801 (arrowheads) are cleavage sites in N-cadherin. €, Two additional cleavage sites were
localized between residues 801— 839 (arrowhead) and 839 —906 (&). D, The presence of calpain inhibitor led to the accumulation
of N-cad/CTF during N-cadherin processing. £, The proteasome system was involved in calpain-induced CTF degradation. Primary
cortical neurons were treated with NMDA (300 um) and ionomycin (IONO, 1 wm) for 30 min, and then further incubated for 4 h
with or without the proteasome inhibitor MG 115. The CTF of N-cadherin was detected with anti-N-cadherin-CTF antibody.

through NMDA receptor activation, and finally triggers deleteri-
ous cytotoxic cascades in neurons (J. M. Lee et al., 2000). Accord-
ingly, we examined N-cadherin cleavage in vivo using ischemic-
reperfused mouse brain. In the ipsilateral hemisphere of a brain
with focal cerebral ischemia, we observed the cleavage of spectrin
(a-fordin) well known as calpain substrate, as previously re-
ported (Kawamura et al., 2005). In addition, the NTF cleavage of
N-cadherin was clearly detectable. The cleavages of N-cadherin
and spectrin appeared prominent in the ischemic hemisphere,
but not in the contralateral side of the brain or in the control
brain (Fig. 3A,B).

To verify whether the cleavage of N-cadherin is mediated by
calpain in the ischemic brain, we examined the effect of the cal-
pain inhibitor MDL 28170 in the ischemic brain. A potent calpain
inhibitor, MDL 28170 rapidly penetrates the brain and inhibits
calpain activity following its systemic administration, and it has
been shown to reduce ischemic lesions in the rat brain (Markgraf
et al., 1998). We also examined the protective effect of MDL
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Figure 5.  Alteration of surface N-cadherin expression and N-cadherin/3-catenin interaction by calpain after NMDA stimulation. 4, Endocytosis and surface expression of N-cadherin in the

treatment of 20 and 300 pum NMDA. Treatment with 20 um NMDA was for 3 min; treatment of 300 um NMDA was for 30 min. Four hours after NMDA treatment, surface proteins were analyzed by
biotinylation. GTH, Glutathione. B, Calpain inhibitor prolonged cell surface expression of N-cadherin and 3-catenin. The immunostaining was performed 1 h after NMDA (100 ruu) treatment. For
detection of N-cadherin expression, N-cadherin-NTF antibody was used. Scale bar, 10 wm. €, Calpain inhibitor (CAL) potentiated the association between [3-catenin and N-cadherin in cortical
neurons. 3-catenin was immunoprecipitated with N-cadherin-NTF antibody, followed by Western blot analysis. Values represent the mean == SEM (*p << 0.05 vs NMDA treatment).

28170 on ischemia-induced neuronal death. As shown in Figure
3C, administration of MDL 28170 significantly reduced infarct
size, suggesting that calpain inhibition prevents ischemia-induced
neuronal death. These data strongly supported that N-cadherin
cleavage by calpain is associated with neuronal death; therefore cal-
pain is a major target of prevention of neuronal death.

Identification of the N-cadherin cleavage sites

To identify the calpain cleavage sites on N-cadherin, we gener-
ated various C-terminal deletion mutants (Fig. 4A). First, we
isolated membrane fractions from COS-7 cells expressing N-cad
750, 760, 771, 801, 839, or 906 (wild type) with calpain 5 con-
struct. As previously reported (Reiss et al., 2005), MMP produced
fragments indicated with asterisks and increased their molecular
weight with increasing N-cadherin intracellular domain, because
they included the transmembrane and intracellular domain (Fig.
4B,QC).

Calpain digested N-cadherin mutant >771 (Fig. 4 B), indicat-
ing that the region between residue 760 and 771 is a cleavage site.
In line with this observation, calpain produced one GFP-tagged
fragment from N-cad 771 (Fig. 4B, arrow in lane 3), indicating
that region between residues 760 and 771 is a cleavage site. This
cleaved 28 kDa GFP-tagged cleaved fragment from the N-cad 771
mutant was shifted to 34 kDa in the N-cad 790 mutant (Fig. 4B,
arrow in lane 4), and these fragments increased the length of the
N-cadherin constructs (Fig. 4B, arrows in lane 5 and 6). The
different fragment was obtained from the N-cad 801 and 839
mutants (Fig. 4B, arrowheads lane 5 and 6), implicating that

another cleavage site exists between residues 790 and 801 in
N-cadherin.

To further investigate the N-cadherin cleavage sites, we gen-
erated internal deletion mutants. We found possibilities for other
cleavage sites. The band marked by a filled arrowhead in Figure
4C was only present for the A771-801 mutant and undetectable
with the A771-839 mutant, suggesting that a third cleavage site
may reside between residues 801 and 839 in N-cadherin. In ad-
dition, a band of ~34 kDa was present for all deletion constructs
(Fig. 4C, &), indicating that a fourth cleavage site may be located
between residues 839 and 906. Together, our results demonstrate
that calpain-recognized cleavage sites on N-cadherin exist in at
least four regions, residues 760-771, 790—801, 801-839, and
839-906.

The intracellular fragment of N-cadherin (CTF) is also known
to be generated after the activation of MMP by ionomycin or
NMDA treatment (Marambaud et al., 2003; Reiss et al., 2005;
Uemura et al., 2006b). To identify which proteases are involved
in NMDA-mediated CTF generation, we examined CTF produc-
tion after NMDA treatment in the presence of specific inhibitors
using the anti-intracellular N-cadherin antibody. As expected,
the MMP inhibitor 1, 10-phenanthroline reduced CTF genera-
tion in a dose-dependent manner (Fig. 4D, lanes 4 and 5). How-
ever, calpeptin markedly increased CTF generation compared
with NMDA alone (Fig. 4D, lane 3). These results suggest that
calpain inhibition protects further degradation of the CTF pro-
duced by the activation of MMP.

Degradation of cadherins is known to be dependent on the
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Figure6. Nuclear 3-catenin accumulation after calpain inhibition induces the expression of Wnt target genes. 4, Calpain inhibition resulted in nuclear 3-catenin accumulation. Four hours after

stimulation, the nucleus fraction was isolated. Histone H1 was used as the loading control for nuclear fractions. B, Calpeptin (CAL) restored the expression of cyclin D1 and L1 mRNA reduced by 300
1M NMDA. €, The patterns of cyclin D1 protein expression in cortical neurons 8 h after NMDA treatment. The bottom panels show the quantitative assessment of cyclin D1, c-myc, and L1 mRNA (B)
and cyclin D1 protein (C). Values represent the mean == SEM (*p << 0.05 vs control, **p << 0.01 vs control).

ubiquitin/proteasome system (UPS) (Steinhusen et al., 2001;
Vincent et al., 2004; Monea et al., 2006). Therefore, we tested
whether calpain-mediated N-cadherin cleavage is connected
with the UPS. To investigate this idea, the proteasome inhibitor
MG 115 was used to treat cortical neurons with NMDA or iono-
mycin (Fig. 4E). Treatment with MG 115 resulted in the accumu-
lation of intracellular 29 kDa and 27 kDa fragments (Fig. 4E,
asterisks), indicating that CTF degradation is dependent on the
UPS. Together, these observations imply that the CTF of
N-cadherin is produced by MMP, and the resulting CTF is fur-
ther cleaved by calpain and the proteasome system.

Alterations of surface N-cadherin expression and N-cadherin/
B-catenin interaction by calpain after NMDA stimulation

Activation of the NMDA receptor alters the rate of N-cadherin
endocytosis, resulting in the accumulation of N-cadherin in the
plasma membrane (Tai et al., 2007). To further investigate the
above observations, we performed the surface biotinylation assay
to detect N-cadherin expression in the cell membrane. Treatment
with 20 uM NMDA decreased the endocytosis of N-cadherin and
resulted in increased N-cadherin surface expression (Fig. 5A4), in
agreement with previous reports (Tai et al., 2007). However,
treatment with 300 um NMDA evoked profound neuronal death
and did not reduce the internalization rate (Fig. 5A). Neuronal
death was not observed with 20 um NMDA and was shown from 50
M NMDA (supplemental Fig. S3, available at www.jneurosci.org as
supplemental material). The decrease in the surface expression of
N-cadherin after treatment with 300 umv NMDA was accompanied
by increased NTF generation, which was completely blocked by the
calpain inhibitor calpeptin (Fig. 5A). In addition, the surface expres-
sion of B-catenin also was reduced by 300 um NMDA treatment but
not 20 um NMDA (Fig. 5A). The calpain inhibitor calpeptin restored

completely the decreased surface expression of 3-catenin by 300 um
NMDA (Fig. 5A). In line with this result, the immunostaining of
N-cadherin and 3-catenin was reduced by NMDA treatment and
recovered by calpeptin (Fig. 5B), indicating that calpain modulates
the surface expression of N-cadherin together with 3-catenin during
NMDA excitotoxicity.

Next, we examined whether calpain influenced the formation
of the N-cadherin/B-catenin complex. The B-catenin interaction
with N-cadherin was significantly increased in the presence of
calpeptin (Fig. 5C). Together, these observations imply that cal-
pain activation results in N-cadherin cleavage, simultaneously
cleaving 3-catenin and subsequently disrupting the N-cadherin/
B-catenin complex in the membrane.

Nuclear B-catenin accumulation after calpain inhibition
induces the expression of Wnt target genes

To elucidate the physiological relevance of calpain-mediated
N-cadherin cleavage, we tested whether calpain modulates
B-catenin signaling. The B-catenin protein has been known to
bind T cell transcription factor/lymphocyte enhancer-binding
factors (TCF/LEFs). Thus, the complex activates the expression
of Wnt target genes for cell survival (Nelson and Nusse, 2004).
Accordingly, we measured the amount of nuclear 3-catenin us-
ing the subcellular fractionation method. We found that the
amount of nuclear 3-catenin was markedly reduced after 300 um
NMDA treatment, but it was recovered by calpeptin treatment
(Fig. 6A). This observation implicates that calpeptin protected
cytoplasmic B-catenin from its degradation, and then increased
nuclear B-catenin translocation. Therefore, we analyzed the
mRNA expression of Wnt target genes such as cyclin D1 (Tetsu
and McCormick, 1999), c-myc (He et al., 1998), and neuron-
specific L1 (Gavert et al., 2005). The calpeptin-induced nuclear
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B-catenin movement led to sustained levels of mRNA and pro-
tein expression for Wnt target genes for neuron survival (Fig.
6B, (), demonstrating that calpain-mediated N-cadherin cleav-
age modulates -catenin signaling.

Expression and cleavage of N-cadherin regulates directly

AKT signaling

Cadherin-directed cell adhesion plays a key role in the mainte-
nance of membrane cell signaling, including PI3K/AKT (Tran et
al., 2002). We examined whether AKT signaling was correlated
with the calpain-mediated cleavage of N-cadherin. As shown in
Figure 7A, NMDA treatment reduced AKT phosphorylation, and
calpeptin treatment potentiated these effects. This observation
implies that NMDA-mediated N-cadherin cleavage might affect
the activation of AKT.

To further demonstrate the direct effect of N-cadherin on
AKT signaling, we observed AKT phosphorylation by trans-
fection of N-cadherin constructs into SK-N-MC cells. SK-
N-MC neuroblastoma cells expressed no endogenous
N-cadherin (Fig. 7B). As shown in Figure 7B, cells over-
expressing wild-type N-cadherin significantly increased
p-AKT expression compared with mock transfected cells, but
the N-cad 760 mutant did not (Fig. 7B). These data indicate
that N-cadherin cleavage regulates AKT phosphorylation in
calpain-dependent manner.

the presence (TC treatment) or absence
(TE treatment) of Ca®", astrocytes were
completely dissociated by NMDA treat-
ment (Fig. 8C). As shown in Figure 8C, the
index value was significantly lower after
calpeptin  treatment compared with
NMDA alone, indicating that calpain inhibition increases adhe-
sion activity. In addition, to confirm the effect of calpain on
N-cadherin-dependent adhesion, we used SK-N-MC neuroblas-
toma cells expressed no endogenous N-cadherin. The cells ex-
pressing wild type N-cadherin N-cad 906 had more adhesiveness
than mock-transfected cells (Fig. 8 D). In contrast, cells express-
ing N-cad 760 mutant, which has no calpain target sites, were
easier dissociated (Fig. 8 D). Therefore, this mutant mightactasa
dominant negative mutant to preserve cell association. Together,
our findings demonstrate that N-cadherin cleavage by calpain
suppressed N-cadhein-mediated cell-cell adhesion.

Together, we found that calpain generates a novel 110 kDa
N-terminal fragment (NTF) and several intracellular N-cadherin
fragments in during NMDA- and ionomycin-induced cortical
neurons and cerebral ischemic brain. These cleavages affected the
N-cadherin/B-catenin interaction and, in turn, inhibited cell-
cell adhesion, AKT signaling, and nuclear -catenin signaling.
The results are summarized in Figure 9.

Discussion

Calpains, a well conserved family of calcium-dependent cysteine
proteases, have been detected in the soma and synaptic terminal
of neurons (Czogalla and Sikorski, 2005; Katsube et al., 2008).
During synaptic activity, calpains are activated by calcium entry
through NMDA receptors (Vanderklish et al., 1995). A number
of calpain substrates have been identified, including cytoskeletal
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proteins, membrane proteins, adhesion
molecules, kinases, and phosphatases
(Rami, 2003). It has been reported that
N-cadherin is a substrate for a calcium-
activated protease in chick brain homoge-
nate (Covault et al., 1991). Our study pro-
vides direct evidence that N-cadherin is a
neuronal calpain substrate. The in vitro
and in wvivo «calpain assays using
N-cadherin deletion mutants demon-
strated that calpain is a specific protease
for N-cadherin cleavage, cutting in at least
four regions of the cytoplasmic domain.
Moreover, we suggest that calpain-
mediated cleavage may follow MMP- and
v-secretase-mediated N-cadherin cleav-
age, and the resulting CTF is further de-
graded through the proteasome system.
According to previous reports (Reiss et al.,
2005; Uemura et al., 2006a), N-cad/CTF
generated by ADAM 10 and +y-secretase
translocates to the nucleus. However, in
our immunostaining experiments, frag-
ments of N-cadherin were not detectable
in the nucleus. Our result indicates that
intracellular fragments of N-cadherin pro-
duced by ADAM 10 and y-secretase are
not translocated to the nucleus because
they are further degraded by calpain and
the proteasome system.

The calpain system is known to be in-
volved in B-catenin signaling regulation
(Benetti et al., 2005; Abe and Takeichi,
2007). Calpain cleaves N-cadherin in the
cytosolic domain, which is the site of
B-catenin binding. Therefore, calpain ac-
tivation during pathologic neurodegen-
eration decreases the expression of
B-catenin, especially in the surface mem-
brane. The instability of B-catenin is regu-
lated by calpain rather than MMP and
y-secretase (Benetti et al., 2005; Abe and
Takeichi, 2007). A decrease in [3-catenin
may not activate the expression of Wnt
target genes, leading to diminished neuro-
nal survival in Alzheimer’s disease (De
Ferrari et al., 2003).

It has been demonstrated that
NMDA-dependent calpain activation
results in the N-terminal cleavage of
B-catenin in hippocampal neurons (Abe
and Takeichi, 2007). The pB-catenin
cleavage fragments accumulate in the
nucleus and activate TCF-dependent
gene transcription (Abe and Takeichi,
2007). This activity allows neurons to
use [-catenin signaling for activity-
dependent gene expression (Staal et al.,
2002). We also provide another role of
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Figure9. Amodel of N-cadherin cleavage. The MMP (ADAM 10) and PS1/-y-secretase cleaved N-cadherin and resulted in CTF
generation, previously reported (Marambaud et al., 2003; Reiss et al., 2005). In pathological conditions such as ischemia or NMDA
excitotoxicity, excess influx of Ca™ through NMDA receptor activates calcium-dependent protease, calpain. Activation of calpain
induces cleavage of N-cadherin in the cytoplasmic domain, resulting in generation of N-cadherin NTF, and disruption of
N-cadherin/3-catenin complex. The cleaved fragments are further degraded by proteasome, which prevents nuclear translocation of CTF,
AKT phosphorylation, and cell adhesion. According to our results, roles of calpain-mediated N-cadherin cleavage during neurodegenera-
tion were represented with thick arrows and line in this figure. PT, Proteasome; FL, full length; 3C, 3-catenin.

calpain, neuronal activity-dependent and calpain-mediated  cluding Alzheimer’s disease, Parkinson’s disease, and Hun-
N-cadherin cleavage. Treatment with NMDA and ischemic  tington’s disease (Liu et al., 2008). Our in vivo ischemic study
insult cause the hyperactivation of calpain, which is impli-  also showed that calpain-mediated N-cadherin cleavage and
cated in several chronic neurodegenerative conditions, in-  loss of B-catenin was associated with neuronal death.
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In the present study, NMDA receptor hyperactivation by
NMDA treatment and ischemic insult also induced prominent
B-catenin cleavage. Accordingly, it is possible that pathological
injuries induce the degradation of N-cadherin and B-catenin in
the cytoplasm, weaken nuclear 3-catenin translocation, and ulti-
mately reduce TCF/LEFs-dependent gene expression for neuro-
nal survival (Fig. 6). Consequently, the stability of B-catenin,
which is also regulated by calpain, is necessary for neuronal sur-
vival. Actually, we investigated neuronal death under different
concentrations of NMDA using MTT assay. The neuronal death
did not occur in 20 umM NMDA but began from 50 um NMDA
(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material). The B-catenin also acted differently in high
dose of NMDA inducing cell death, compared with activity-
dependent physiological NMDA dosage (20 uM). Therefore, the
activation of calpain by calcium influx through NMDA receptor
might determine whether neuronal survival or death through
modulation of N-cadherin and $-catenin cleavages.

The surface expression of N-cadherin is important for cellular
maintenance and survival including normal synaptic function,
and is regulated by endocytosis (Yap et al., 2007). Activation of
NMDA receptor plays roles in the regulation of gene expression
in activity-dependent manner. NMDA also regulates the surface
expression of N-cadherin by modulation of the internalization
rate (Tai et al., 2007). Treatment with 20 uM NMDA reduced the
internalization rate of N-cadherin and slightly increased the sur-
face expression of N-cadherin; in contrast with 300 um NMDA,
the surface expression of N-cadherin decreased because of in-
creased cleavage by calpain, not change in endocytosis as inter-
nalization did not decrease. This discrepancy might be caused by
different activities of calpain in different dose of NMDA. In
pathological condition such as NMDA excitotoxicity, excessive
Ca*" influx induces hyperactivation of calpain and finally deter-
mines the neuronal fate associated with N-cadherin cleavage.

The adhesive function of cadherins depends on a stable con-
nection with the actin cytoskeleton via B-catenin (Chu et al,,
2006; Siu et al., 2007). The cytoplasmic tail in the juxtamembrane
region of the cadherin is known as a functionally active adaptor
supporting cadherin clustering and adhesive strength (Yap et al.,
1998). The stability of B-catenin can also cause resistance against
apoptosis (Fiorentino et al., 2008). In the present study, calpain
activated by NMDA cleaved N-cadherin and also reduced the
interaction with N-cadherin and B-catenin. Decreased interac-
tion leads to a loss of cell-cell adhesion in cortical neurons
(Kwon et al., 2000). Similar to this report, we elucidated the role
of N-cadherin and calpain in cell-cell adhesion. Because the
structure of the extracellular domain of N-cadherin is highly
Ca’*-dependent, reductions in Ca®" levels might destabilize
cadherin bonds (Murase and Schuman, 1999). The adhesion ac-
tivity of cells transfected with the N-cad 760 mutant was signifi-
cantly reduced. These findings reflect that amino acid residues
760—771 are an important cleavage site in N-cadherin; thus,
calpain-mediated N-cadherin proteolysis prevents [-catenin
from binding to N-cadherin. Our data suggest that calpain-
mediated N-cadherin cleavage represents a potent mechanism
for the regulation of cell-cell adhesion.

Expression and stabilization of N-cadherin is important
for cell adhesion, which promotes cell survival via
phosphoinositide-3 kinase (PI3K)/AKT signaling (Li et al., 2001;
Tran et al., 2002). N-cadherin forms a complex with PI3K be-
neath the plasma membrane; therefore, their complex activates
AKT (Tran et al., 2002). Presenilin (PS) 1, a causative gene prod-
uct of familial Alzheimer’s disease also interacts with N-cadherin/
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B-catenin complex, and the complex modulates PI3K/AKT sig-
naling (Baki et al., 2004; Uemura et al., 2007). Our observations
also showed that AKT signaling is regulated by N-cadherin ex-
pression or cleavage, which might be involved in cell survival.

In summary, we present direct evidence that calpain mediates
N-cadherin cleavage in ischemic or excitotoxic neurodegenera-
tion. N-cadherin expression can regulate cell-cell adhesion and
AKT, which is regulated by calpain-mediated cleavage. In addi-
tion, calpain-mediated cleavage of N-cadherin and 3-catenin af-
fects their complex and nuclear B-catenin signaling.
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