Table I. Antibodies for flow cytometry.

Antigen Label Manufacturer Catalog number
CDl11b FITC Beckman Coulter IM1284
CD14 FITC Beckman Coulter IM0645
CD19 FITC Beckman Coulter IM1284
CD29 FITC Beckman Coulter 6604105
CD31 FITC BD 555445
CD34 PC7 Beckman Coulter A21691
CD34 PC5 Beckman Coulter A07TTT77
CD38 FITC  Beckman Coulter IMO0775
CD44 PE® Beckman Coulter IMO0845
CD45 FITC Beckman Coulter A07782
CD45 ECD Beckman Coulter AQ7784
CD73 Biotin® BD 550256
CD9%0 PE Beckman Coulter IM1840
CD105 PE Beckman Coulter A07414
CD117 PE Beckman Coulter IM2732
CD133 PE Miltenyi Biotec 130-080-901
GlycophorinA PE Beckman Coulter IM2211
HLA-DR FITC BD 555560
vWE FITC* Beckman Coulter IMO0150

2Antibody was labeled with a Zenon Mouse IgGl labeling kit
(Invitrogen).

bBiotin-labeled antibody was detected by strept avidin—PC5.
FITC, fluorescein isothiocyanate; PE, phycoerythrin; PC,
phycoerythrin-cyanin; ECD, phycoerythrin-TexasRED. BD, Becton
Dickinson, Franklin Lakes, NJ, USA, Mitenyi Biotec; Bergisch
Gladbach, Nordrhein-Westfalen, Germany

(Sigma-Aldrich), 2% FBS (StemCell Technologies,
Vancouver, Canada), 1 X insulin-transferrin-selenium-X
TS-X; Invitrogen), 1 X ALBU-Max I (Invitrogen),
1 X antibiotics-antimycotics (Invitrogen), 10 nm dex-
amethasone (Sigma-Aldrich), 50 um ascorbic acid
2-phosphate (Sigma-Aldrich), 1 ng/ml epidermal
growth factor (EGF; Peprotech, Rocky Hill, NJ,
USA) and 10 ng/mL platelet-derived growth fac-
tor-BB (PDGF-BB; (R&D Systems, Minneapolis,
MN, USA). After reaching 70-80% confluence, cells
were replated at 20% confluence.

After cell expansion (passage 2), 70% confluent
UCMS cells were differentiated into neuronal cells,
adipocytes, osteocytes, chondrocytes, myoblasts, and
pancreatic cells,asdescribed previously (33-36). Briefly,
prior to neuronal inducton, UCMS cells were grown
overnight in DMEM with 20% FBS (Invitrogen) and
10 ng/mL basic fibroblast growth factor (Peprotech).
Cells were rinsed twice with PBS and incubated in
DMEM with 100 um butylated hydroxyanisole (BHA;
Sigma-Aldrich), 10 pum forskolin (Sigma-Aldrich), 2%
dimethyl sulfoxide (DMSO; Sigma-Aldrich), 5 U/mL
heparin (Fuso Pharmaceutical Industries, Osaka,
Japan), 5 nm K252a (Sigma-Aldrich), 25 mm KCl
(Wako Pure Chemical Industries), 2 mM valproic acid
(Sigma-Aldrich) and 1XN2 supplement (Invitro-
gen). For differentiation into adipocytes, UCMS cells
were incubated m DMEM with 1 UM dexamethasone,
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0.5 mMm 3-isoburyl-1-methixanthine (Sigma-Aldrich),
1 pg/mL insulin (Sigma-Aldrich) and 100 um indo-
methacin (Sigma-Aldrich). Differentiated cells were
stained with Oil Red O (Sigma-Aldrich). For differen-
tiation into osteocytes, UCMS cells were incubated in
osteogenic differentiation medium in accordance with
the manufacturer’s protocol for 31 days (Invitrogen).
Differentiated cells were stained with Alizarin Red S
(Sigma-Aldrich).To investigate the potential formation
of a chondrogenic pellet, UCMS cells were incubated
in chondrogenic differentiation medium according to
the manufacturer’s protocol for 21 days (Invitrogen).
Differentiated cell pellets were stained with Alcian
Blue (Sigma-Aldrich) and cross-sections were stud-
ied. For differentiation into myoblasts, UCMS cells
were initially incubated in DMEM with 2% FBS,
10 ng/mL. EGF, 10 ng/mL PDGF-BB and 3 um 5-
azacytidine (Sigma-Aldrich) for 24 h. The medium
was then changed to DMEM with 2% FBS, 10 ng/mL
EGF and 10 ng/mL. PDGF-BB. For differentiation
into pancreatic cells, UCMS cells were cultured for
7 days in RPMI-1640 medium (Sigma-Aldrich) with
5% FBS and 10 mmol/L nicotinamide (Sigma-Aldrich).
Cells were then cultured for an additional 5 days in the
presence of 10 nM exendin 4 (Sigma-Aldrich).

Toral RNA extraction and reverse transcriprase—
polymerase chain reaction analysis

Total RNA was extracted from freshly isolated and in
vitro-differentiated UCMS cells using RNeasy purifi-
cation reagent (Qiagen, Hilden, Germany). Reverse
transcriptase—polymerase chain reaction (RT-PCR)
analysis was performed using a SuperScript One-
Step RT-PCR System (Invitrogen) with 100 ng of
tRNA. Sequences and annealing temperatures for
each primer are described in Table II. The amplified
cDNA was separated by electrophoresis through a
2% agarose gel, stained with ethidium bromide, and
photographed under ultraviolet light.

GuHD wmodel

Female B6C3F1 (recipient; C57BL/6 X C3H/He;
H-2"%) and BDF1 (donor; C57BL/6 X DBA/2;
H-2%%) mice between 8 and 12 weeks old were pur-
chased from Japan SL.C (Shizuoka, Japan). Mice were
housed in sterile micro-isolator cages in a pathogen-
free facility with ad lbirum access to autoclaved food
and hyperchlorinated drinking water. Donor bone
marrow cells were harvested from tibiae and femurs
by flushing with RPMI-1640 medium (Sigma-
Aldrich). Recipient mice were lethally irradiated with
13 Gy rotal body irradiation (TBI; X-ray) split into
two doses separated by 3 h. This amount of radiation
and dose of infused donor cells has been shown to
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Table II. Sequence of RT-PCR primers.

Gene 5'-primer 3'-primer Temp. (°C)
Osteopontin CTAGGCATCACCTGTGCCATACC CAGTGACCAGTTCATCAGATTCATC 60
ALP TCAGAAGCTCAACACCAACG GTCAGGGACCTGGGCATT 51
Sox-9 ACATCTCCCCCAACGCCATC TCGCTTCAGGTCAGCCTTGC 51
Aggrecan TGCGGGTCAACAGTGCCTATC CACGATGCCTTTCACCACGAC 51
PPARY2 GCATTATGAGACATCCCCACTGC CCTATTGACCCAGAAAGCGATTC 59
GFAP CTGGGCTCAAGCAGTCTACC AATTGCCTCCTCCTCCATCT 58
MAP-2 CTGCTTTACAGGGTAGCACAA TTGAGTATGGCAAACGGTCTG 58
MyoD GCTAGGTTCACGTTTCTCGC GCGCCTTTATTTTGATCACC 58
Glucagon GAGGGCTTGCTCTCTCTTCA GTGAATGTGCCCTGTGAATG 57

ALP, alkaline phosphatase; GFAP, glial fibrillary acidic protein; MAP, microtubule-associated protein PPAR, peroxisome proliferator-

activated receptor..

induce GvHD after hematopoietic stem cell trans-
plantation (37). On the following day, donor-derived
cells (1 X 107 bone marrow cells and 2 X 107 spleen
cells) were suspended in 0.2 mL. RPMI-1640 medium
and transplanted via the tail vein into post-irradiation
recipient mice. Soon after hematopoietic stem cell
transplantation, 1X 10° non-expanded and non-
selected UCMS cells in 0.2 mL. RPMI medium were
transplanted via the tail vein. In the control group,
the same amount of RPMI was infused via the tail
vein. On day 7 after transplantation, the same num-
ber of non-expanded UCMS cells or RPMI medium
alone was injected via the tail vein into treated mice
or control mice, respectively. The severity of GvHD
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was evaluated using a scoring system incorporat-
ing five clinical parameters, as described previously
(38): body weight; posture (hunching); mobility; fur
texture; and skin integrity. Mice were evaluated and
graded from 0 to 2 for each criterion. A clinical index
was subsequently generated by summation of the five
criteria scores (38). A score of 0-5 was defined as
mild GvHD and a score of 6-10 or dead was defined
as severe GvHD.

Staustical analysis

Statistical comparisons were performed using a
Student’s z-test or ¥? test. For all experiments,
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Figure 1. Cell numbers and characteristics of isolated MSC. No significant difference in the length of the umbilical cord was seen between
groups (A). The total number of cells obtained with our modified method (216 X 105 cells) was more than 4-fold greater, compared with
the conventional method (52 X 105 cells) (B). A significant increase in the ratio of cells expressing an MSC marker (CD73) was observed
with the modified method (74.1%), compared with the conventional method (61.8%) (C). In contrast, no significant difference was
observed in CD117-positive cells between modified (56.9%) and conventional methods (54.1%) (D). Contamination by cells from the
hematopoietic lineage, expressing CD45 (E) and CD34 (F), was significantly decreased with the modified method (3.2% and 1.9%,
respectively), compared with the conventional method (12.8% and 30.1%, respectively). *P<0.05 versus conventional method.



values are reported as mean = standard error of the
mean. Values of P<<0.05 were considered statistically
significant.

Results
Characterization of isolated UCMS cells

MSC were isolated from umbilical cord using either
conventional methods (29) (z= 12) or our modified
methodology (n = 18). Although no significant differ-
ences in the length of umbilical cords were observed
(Figure 1A), more than four times as many cells were
obtained using our method (Figure 1B). To inves-
tigate the characteristics of these cells, surface cell
markers were analyzed by flow cytometry for CD73,
as an MSC marker (Figure 1C); a significant increase
in the ratio of CD73-positive MSC was observed
using our method, compared with the conventional
technique. In contrast, no significant difference in
the ratio of cells positive for the stem cell marker
CD117 was identified between groups (Figure 1D).
Umbilical cord contains a range of cell types, includ-
ing hemocytes and endothelial cells. To investigate
the level of these cells in our final cell population,
numbers of CD45- and CD34-positive cells were
investigated by flow cytometry (CD45, Figure 1E;
CD34, Figure 1F). We observed a significant reduc-
tion in contamination by endothelial cells using our
modified methodology compared with the conven-
tional technique.

To evaluate properties of freshly isolated umbili-
cal cord-derived cells, cell surface markers were
analyzed by multiple staining for cell-surface markers.

50
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As shown in Figure 2, only a small fraction of CD73-
positive cells displayed hemocyte/hematopoietic cell
markers, including anti-CD11b, CD14, CD19, CD34,
CD38, CD45, CD133, GlycophorinA and HLA-DR.
These results indicated that the CD73-positive cell
fraction contained a low level of hemocyte or hemato-
poietic cells. To evaluate the presence of endothelial
cells in the CD73-positive cell fraction, the expression
of various endothelial cell markers, including CD31,
CD34 and von Willebrand Factor (vWF), was investi-
gated; the majority of CD73-positive cells were nega-
tive for these endothelial cell markers. To confirm our
results, expression of CD90, a marker not present on
endothelial cells (39), was evaluated; more than 95%
of CD73-positive cells expressed CD90. These find-
ings indicated little contamination by endothelial cells
using our modified methodology and were consistent
with the visual impression that most vascular com-
ponents remained undigested after incubation with
hyaluronidase and collagenase for 2 h.

Changes in cell-surface markers of isolated umbilical
cord-derived cells after in vitro expansion

To evaluate further the character of the isolated cell
population, freshly prepared umbilical cord-derived
cells using our modified methodology were cultured
up to passage 4. Expanded cells showed a spindle-
shaped morphology (Figure 3A) that associated
with common MSC. Analysis of cell-surface mark-
ers revealed that expression of CD44 (Figure 3B; a
cell-surface glycoprotein involved in cell-cell inter-
actions expressed by mesenchymal cells), CD105
(Figure 3C; a membrane glycoprotein expressed

B7% |

-r»vm?; LR S R

itsed]

Figure 2. Multicolor analysis of freshly isolated MSC obtained by the modified protocol. To evaluate the presence of non-MSC, surface
markers of freshly isolated cells were investigated. The majority of CD73-positive cells were negative for markers of hemocyte (CD11b,
CD14, CD19, CD34, CD38, CD133, GlycophorinA, HLA-DR) and endothelial cell (CD31, vWF) lineages. It is notable that most of
the CD73-positive cells expressed CD90, the latter not expressed on endothelial cells.
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Figure 3. Changes in cell-surface markers associated with in vitro expansion. (A) Phase-contrast image of expanded UCMS cells. After in
vitro expansion, analysis of MSC markers revealed an increased expression of CD44 (B), CD105 (C) and CD73 (D). In contrast, no
change was observed in the expression of CD29 (E) and CD90 (F) because of i vitro expansion. Scale bar, 100 um (A).

in multiple cell types including mesenchymal cells)
and CD73 (Figure 3D; a nucleotidase expressed
by multiple cells including mesenchymal cells) was
increased in cells at passage 4. In contrast, expression
of CD29 (Figure 3E; an integrin expressed in MSC)
and CD90 (Figure 3F; a glycophosphatidylinositol-
anchored cell-surface protein expressed by multiple
cells including MSC) was similar to that observed
prior to ex vive expansion. These profiles were similar
to amniotic-derived MSC as reported by De Coppi
et al. (40).

Potential of UCMS cells

To investigate the potential of isolated UCMS cells to
form differentiated cell types, the cell population was
expanded under conditions conducive for osteocyte,
chondrocyte or adipogenic differentiation. Under
conditions conducive to the formation of osteocytes,
on day 31 in cell culture Alizarin Red S-positive min-
eralized matrix-like nodules were observed (Figure
4A) and analysis of RNA confirmed the expression
of osteocyte markers, osteopontin and alkaline phos-
phatase (ALP) (Figure 4B). Similarly, under condi-
tions conducive to formation of a chondrogenic
pellet, on day 21 in cell culture, Alcian Blue-positive
chondrogenic-like pellets were observed (Figure 4C)
and analysis of RNA confirmed the expression of
chondrocyte markers, Sox-9 and aggrecan (Figure
4D). Under conditions leading to the formation of
adipocytes, on day 20 of cell culture, Oil Red O-positive
cells with lipid droplets were observed (Figure 4E,
F) and analysis of RNA confirmed the expression of
adipocyte marker peroxisome proliferator-activated
receptor PPARY2 (Figure 4G). Similarly, isolated
cells incubated under conditions leading to neuronal

differentiation showed subsequent expression of
microtubule-associated protein 2 (MAP-2) and glial
fibrillary acidic protein (GFAP) (Figure 4H). Fur-
thermore, differentiated UCMS cells showed the
myocyte marker MyoD (Figure 4I) and glucagon as
a pancreatic cell marker (Figure 4]) when incubated
under conditions leading to the formation of myo-
cytes and pancreatic cells, respectively.

Suppression of GvHD by UCMS cells transplantation

In wvirro-expanded MSC have been shown to sup-
press GvHD in patients after hematopoietic stem
cell transplantation (41). To evaluate the potential
for non-expanded UCMS cells to suppress GvHD,
mice underwent allogeneic hematopoietic stem cell
transplantation and were treated with non-expanded
UCMS cells in RPMI. As a control, mice under-
went allogeneic hematopoietic stem cell transplanta-
tion and were treated with RPMI alone. Mice were
treated with non-expanded UCMS on days 0 and
6 after allogeneic stem cell transplantation, and the
survival rate and severity of GvHD were investigated
by 25 weeks after Bone Marrow Transplantation.
(BMT). The frequency of severe GvHD at 6 weeks
after allogeneic stem cell transplantation was signifi-
cantly reduced with concomitant transplantation of
non-expanded UCMS cells (Figure 4A). Although
all mice in the control group showed severe GvHD or
were already dead at 6 weeks, none of those treated
with non-expanded UCMS cells (after the second
treatment) were dead or showed severe GvHD. Rep-
resentative pictures at 6 weeks in control and UCMS
groups are shown in Figure 4B, C, respectively.
Figure 4D shows the survival curve after allogeneic
hematopoietic stem cell transplantation. Although no
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Figure 4. In vitro differentiation of freshly isolated UCMS cells. After expansion under conditions conducive to osteocyte or chondrocyte
differentiation, Alizarin Red S-positive mineralized matrix-like nodules (A) or Alcian Blue-positive chondrogenic-like pellets (the latter
displayed formation of layered structure at the surface) (C), respectively, were observed. UCMS cells cultured under conditions conductive
to differentiation of osteocyte (B) and chondrocyte (D) cells expressed specific markers for each lineage. After expansion under conditions
conducive to adipocyte differentiation, Oil Red O-positive adipocytes (E, phase-contrast image; F, Oil Red O staining) were observed and
expression of PPARY2 was observed (G). UCMS cells cultured under conditions conductive to differentiation of neuronal (H), myocyte
(I) and pancreas (J) cells expressed specific markers for each lineage. Each experiment was repeated five times using different umbilical
cord-derived cells. Scale bar, 40 um (A), 100 um (C, E, F). The arrow indicates Alizarin Red S-positive mineralized matrix-like nodules
(A), lipid droplet (E) and Oil Red O-positive cells (F). U, undifferentiated; D, differentiated (B, D, G-J).

significant difference was apparent between groups
at the 4-week assessment point, all of the mice in the
control group were dead in 25 weeks, whereas no
death was observed in mice with UCMS treatment
group after the second treatment (Figure 5D).

Discussion

This study demonstrates that more than 2 X107
MSC can be obtained safely from human umbili-

cal cord without % virro expansion and that these
non-expanded MSC have the potential to suppress
GvHD. '

As a source of MSC, the umbilical cord has major
advantages, including little contamination by cells
of maternal origin, easy sterilization and few ethi-
cal problems. Compared with the method described
by Weiss er al. (29), our modified method omits
removal of blood vessels from the umbilical cord
before treatment with collagenase and hyaluronidase.
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Figure 5. Suppression of GvHD by UCMS cells transplantation. Although all mice in the control group died or showed severe GVHD at
6 weeks (score 6; 1 mouse, dead; 4 mice), treatment with non-expanded UCMS cells significantly reduced the severity of GvHD (score
3; 1 mouse, score 45 2 mice, dead; 2 mice) (A). Representative pictures of animals from the control group (B) and non-expanded UCMS
cell-treated group (C) are shown. (D) Survival curve after radiation and allogeneic hematopoietic stem cell transplantation (z =5, in each
group). All of the mice in the control group were dead by 25 weeks after allogeneic hematopoietic stem cell transplantation. In contrast,
no mice in the UCMS group were dead after the second infusion of non-expanded UCMS cells. *P<<0.05 versus control. Scale bar, 1 cm

(B, C).

Removal of the umbilical artery results in the loss of
Wharton’s jelly, which contains significant. numbers
of MSC. Preservation of the blood vessels before
digestion with collagenase and hyaluronidase also
significantly reduced contamination by endothelial
cells. This finding may be attributed to removal of
intact vascular structures from the cell suspension
before digestion with trypsin, as vasculature was not
considerably degraded in the presence of collage-
nase and hyaluronidase according to our protocol.
Furthermore, our method has a significant advan-

tage in that no in vigro cell culture is required for

isolation of MSC from umbilical cord. In contrast,
recently published methods described by Capelli
et al. (11) and Lu ez al. (10) involve cell culture over
several days for isolation of MSC. The advantage of
protocols using i virro expansion is that non-adhesive
cells can be removed, resulting in an enriched adhe-
sive cell population. However, our results indicate
that freshly isolated and non-selected umbilical cord-
derived cells obtained by our method suppressed

GvHD in an animal model. In vitro expansion of
MSC carries a risk of tumorigenesis (42) and clinical
use of the expanded cells requires strict monitoring
to ensure safety. Our modified method has signifi-
cant advantages in the reduced time required for the
isolation procedure and its safety, both of which are
important for cell banking. For the studies reported
here, we used only the umbilical cords obtained
at full-term Cesarean sections. It is likely that the
properties and number of MSC in umbilical cord
are similar comparing Cesarean section and vaginal
delivery. Although caution should be taken regarding
cleanliness/sterility after vaginal delivery, we expect
that the same procedure can be used for umbilical
cords obtained at full-term vaginal delivery.

In addition to offering a cell source for regenera-
tive medicine, MSC have the potential to suppress
GvHD after hematopoietic stem cell transplantation.
Although the mechanisms and actual cell fraction
underlying suppression of GvHD by MSC transplan-
tation remains contentious (43), our results indicate



that human umbilical cord-derived non-expanded
MSC suppressed GvHD in a murine model. The
optimal type of MSC for suppression of GvHD, in
terms of source, level of maturity and HLA-matching
to the donor, is unclear. However, our results indi-
cate that non-expanded UCMS cells represent a
potential candidate cell source, particularly when
co-banked with cord blood-derived hematopoietic
cells (provided there is also strict control for con-
tamination with infectious agents with HLA-typing).
Furthermore, co-transplantation of HILA-matched
hematopoietic stem cells and MSC may be advan-
tageous to reduce clearance of transplanted MSC
via immunologic recognition of HILA-matched
hematopoietic cells.

In conclusion, our results indicate that umbili-
cal cord-derived non-expanded MSC represent a
potential cell source for cell banking and subsequent
therapeutic use. Our results indicate that the com-
bination of banking UCMS cells with identical cord
blood-derived hematopoietic stem cells could be an
important source for cell-based therapies in a range
of settings.
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The CNS synapse is an adhesive junction differentiated for chemical neurotransmission and is equipped
with presynaptic vesicles and postsynaptic neurotransmitter receptors. Cell adhesion molecule cadherins
not only maintain connections between pre- and postsynaptic membranes but also modulate the efficacy
of synaptic transmission. Although the components of the cadherin-mediated adhesive apparatus have
been studied extensively in various cell systems, the complete picture of these components, particularly
at the synaptic junction, remains elusive. Here, we describe the proteomic assortment of the N-cadherin-

g;i:’ [;)SI'gS.' mediated synaptic adhesion apparatus in cultured hippocampal neurons. N-cadherin immunoprecipi-
Plasticity tated from Triton X-~100-solubilized neuronal extract contained equal amounts of B- and a-catenins, as
Adhesion well as F-actin-related membrane anchor proteins such as integrins bridged with o-actinin-4, and Na*/
Cadherin K'-ATPase bridged with spectrins. A close relative of p-catenin, plakoglobin, and its binding partner, des-
Cytoskeleton moplakin, were also found, suggesting that a subset of the N-cadherin-mediated adhesive apparatus also
Hippocampus anchors intermediate filaments. Moreover, dynein heavy chain and LEK1/CENPF/mitosin were found. This

suggests that internalized pools of N-cadherin in trafficking vesicles are conveyed by dynein motors on
microtubules. In addition, ARVCF and NPRAP/neurojungin/§2-catenin, but not p120ctn/&1-catenin or pla-
kophilins-1, -2, -3, -4 (p0071), were found, suggesting other possible bridges to microtubules. Finaily,
synaptic stimulation by membrane depolarization resulted in an increased 93-kDa band, which corre-
sponded to proteolytically truncated B-catenin. The integration of three different classes of cytoskeletal
systems found in the synaptic N-cadherin complex may imply a dynamic switching of adhesive scaffolds
in response to synaptic activity.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The CNS synapse is an adhesive junction differentiated for
chemical transmission and is equipped with presynaptic vesicles
and postsynaptic neurotransmitter receptors. Cell adhesion mole-
cules that link pre- and postsynaptic membranes not only maintain
specific synaptic connections but also regulate the efficacy of
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synaptic transmission and plasticity (Bozdagi et al., 2004; Jungling
et al., 2006; Okamura et al., 2004; Tanaka et al., 2000). Proteins
assembled for the cadherin-mediated adherens junction have been
extensively studied in various cell systems. However, different cad-
herins have been studied in distinct cell system models, Hence, it is
unclear which proteins are genuinely assembled in synaptic
junctions.

Cadherins are large superfamily of transmembrane cell adhe-
sion proteins with characteristic extracellular repeats of about
110 amino acids. The cadherin superfamily comprises the classic
cadherin and protocadherin subfamilies. Classic cadherins share
conserved cytoplasmic domains that bind to B-catenin, whereas
protocadherins have diversiform cytoplasmic domains connected
to a wide variety of intracellular signaling molecules (Yagi and
Takeichi, 2000). Classic cadherins are expressed in synaptic
junctions (Benson and Tanaka, 1998; Fannon and Colman, 1996;
Manabe et al., 2000; Uchida et al., 1996). Among them, N-cadherin
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has been intensively investigated in hippocampal neurons and has
been proven to play various roles in synaptic transmission and
plasticity (Bozdagi et al.,, 2000; Jungling et al,, 2006; Tang et al,,
1998). The involvement of N-cadherin in synaptic activity is also
supported by studies on cadherin-interacting proteins such as B-
catenin (Okuda et al., 2007), §-catenin (Israely et al., 2004), and 1Q-
GAP/ERK (Schrick et al., 2007).

Accumulating evidence indicates the involvement of N-cad-
herin as a dynamic feature of synaptic physiology. For example,
N-cadherin mediates an activity-induced enlargement of the den-
dritic spine, which is dependent on rearrangement of the actin
cytoskeleton (Okamura et al, 2004). Concomitantly, N-cadherin
can undergo conformational change, e.g. dimerization, with ac-
quired resistance to trypsin (Tanaka et al., 2000). At the same time,
N-cadherin shows enhanced binding to B-catenin (Murase et al.,
2002) and stabilization on the cell surface (Tai et al., 2007). The
immobilization of N-cadherin/B-catenin parallels with the stabil-
ization of actin filaments by synaptic stimulation (Fischer et al,,
2000; Fukazawa et al, 2003; Lin et al, 2005; Okamoto et al,
2004; Star et al., 2002). There are also suggestions that the N-cad~-
herin—-catenin complex is more directly linked to presynaptic
vesicular physiology (Bamji et al., 2003, 2006; Bozdagi et al.,
2004; Jungling et al., 2006) as well as postsynaptic neurotransmit-
ter receptors (Saglietti et al., 2007). Furthermore, there are path-
ways that force N-cadherin into intracellular compartments. One
pathway involves steady-state endocytosis, which is inhibited by
the activation of the NMDA receptor (Tai et al,, 2007). Another is
an activity-regulated endocytic pathway, in which arcadlin (proto-
cadherin-8), induces endocytosis of N-cadherin as a downstream
event of p38 MAP kinase activation (Yasuda et al., 2007).

Thus, N-cadherin plays multiple, dynamic roles in synaptic
remodeling and plasticity. Synaptic N-cadherin should therefore
be linked to distinct cellular mechanisms that are specialized for
separate, specific tasks. Here, we focus on the rodent hippocampal
synapse to directly depict the cadherin-mediated adhesion com-
plex. We describe the proteomic assortment of the synaptic adhe-
sion apparatus assisted by N-cadherin in cultured hippocampal
neurons. The protein complexes assembled with N-cadherin were
consistent with the N-cadherin linkages to F-actins, intermediate
filaments, and microtubules. In addition, synaptic stimulation by
membrane depolarization resulted in the increase of a 93-kDa
band, which corresponded to proteolytically truncated B-catenin.
The integration of three different cytoskeletal systems takes place
in N-cadherin-mediated adhesive machinery, providing a dynamic
scaffold underlying synaptic plasticity.

2. Materials and methods
2.1. Neuron culture

Hippocampal neurons were cultured from E18 rat embryos as
previously described (Tanaka et al., 2000). Neurons were plated
at a density of 1.4-2.1 x 10* cells/cm? onto poly-i-lysine-coated
dishes (& = 35 mm). Neurons were maintained in Neurobasal med-
ium supplemented with B27 (Life Technologies) and 5 pM cytosine
arabinoside.

2.2. Protein extraction, immunoprecipitation, and immunoblotting

Hippocampi were dissected from adult C57BL/6 mice, homoge-
nized in Ca-Pl-lysis buffer (10 mM HEPES-NaOH (pH 7.4), 1% Tri-
ton X-100, 120 mM NadCl, 2 mM Ca(l,, 10 pg/ml leupeptin, 10 pg/
ml pepstatin A, 1 pg/ml aprotinin, 0.2 mM phenylmethylsulfonyl
fluoride, 20 mM NaF, 20 mM B-glycerophosphate, and 1 mM
NasVO,) with a Teflon-glass homogenizer, and centrifuged for 1h

to obtain clear protein extracts. Mature neurons cultured for 4-
5 weeks were depolarized with 50 mM KCl for 15 min. Neurons
were washed twice with chilled PBS, harvested with 80 ul (for a
@ =35 mm dish) of Ca-Pl-lysis buffer, sonicated, and centrifuged.
N-cadherin-associated protein complex was immunoprecipitated
from these samples with 0.5-2.5 pg of murine anti-N-cadherin
(BD Transduction Laboratories). The precipitated protein complex
was separated in 4-15% gradient SDS-PAGE followed by either sil-
ver staining, Sypro Ruby (Molecular Probes) staining, or immuno-
blotting. Immunoblots were probed with murine anti-o-catenin
(BD Transduction Laboratories, 1:5000), murine anti-p120 (BD
Transduction Laboratories, 1:2500), murine anti-plakoglobin (BD
Transduction Laboratories, 1:2000), rabbit anti-syntaxin 1 (Sig-
ma-Aldrich, 1:10000), rabbit anti-JLP (SPAG9) (Abcam, 1:10000),
rabbit anti-pan-14-3-3 (Millipore, 1:5000), murine anti-TRAP1
(BD Transduction Laboratories 1:5000), rabbit anti-DDB1 (Abcam,
1:5000), and rabbit anti-TRIM33 (Bethyl Laboratories, 1:2000)
antibodies.

2.3. Sequential extraction of synaptosome fractions

Hippocampi isolated from two mice were homogenized (Dounce
homogenizer, 30 strokes) in buffered sucrose (0.32 M sucrose in
hypotonic A buffer). Hypotonic A buffer contained 4 mM HEPES-
NaOH (pH 7.4), 1 mM MgCl,, 0.5 mM Ca(l,, and 0.0025% butylated
hydroxy toluene. The homogenate was centrifuged (800g x 10 min)
and the supernatant (S1) was centrifuged again (9200g x 15 min)
to collect the precipitate (P2). The P2 pellet was resuspended in buf-
fered sucrose and overlaid on stepwise sucrose gradients (0.85, 1.0,
and 1.2 M) and ultracentrifuged at 82,500g for 120 min. The crude
synaptosome fraction accumulated between 1.0 and 1.2 M cushions
was collected, diluted with 3 x volume of hypotonic A buffer, and
ultracentrifuged (32,800g x 20 min). The resultant synaptosome
pellet was resuspended in 120 pl of isotonic buffer B (10 mM
HEPES-NaOH (pH 7.4), 120 mM NaCl, 1 mM MgCl,, 0.5 mM CaCl,,
0.0025% butylated hydroxy toluene, 10 ug/ml leupeptin, 10 pg/ml
pepstatin A, 1 pg/ml aprotinin, and 0.2 mM phenylmethylsulfonyl
fluoride), mixed with 30 pl of 0.1 M methyl-B-cyclodextrin, and
incubated at 37°C for 15min followed by centrifugation
(15,000 rpm x 15 min at 23 °C). After removing the supernatant
as a methyl-B-cyclodextrin extract, the pellet was resuspended in
150 ul of stripping buffer (5 M urea dissolved in isotonic buffer B)
and centrifuged as previously to obtain a urea extract and
stripped-membrane pellet. The urea-stripped membrane pellet
was resuspended in 150 pl of solubilizing buffer (1% Triton X-100
dissolved in isotonic buffer B) and centrifuged to obtain a Triton
extract and an insoluble pellet.

2.4. In-gel digestion

Gel pieces were excised from Sypro Ruby-stained gels and
washed with 50% (v/v) acetonitrile and 50 mM NH4HCOs, pH 8.0,
for 30 min to remove the fluorescence dye. Gel pieces were then
soaked in acetonitrile for 5 min, acetonitrile was removed, and
the gel pieces were dried for 20 min in a vacuum. Prior to enzy-
matic digestion, gel pieces were reduced with 10 mM dithiothrei-
tol in 50 mM NH4HCO; at 37 °C for 30 min, then alkylated with
55 mM iodoacetamide in 50 mM NH4HCO; for 30 min, and dehy-
drated by addition of acetonitrile. The reduced and alkylated gel
pieces were rehydrated in 50 mM Tris-HCl, pH 9.0, and 0.5 pg/ml
sequencing grade modified trypsin (Roche Diagnostics). Once this
solution was fully absorbed by the gel pieces, enzyme-free Tris—
HCl buffer was added until the gel pieces were covered. The sam-
ples were digested for 16 h at 37 °C, extracted with acetonitrile
and 5% formic acid for 20 min, and acetonitrile was evaporated
using a Speed-Vac centrifuge. The tryptic digests were desalted
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with C18-StageTips, concentrated using the Speed-Vac centrifuge,
and reconstituted in 0.1% formic acid and 3% acetonitrile.

2.5. In-solution digestion for shotgun analyses

Immunoprecipitated samples were added to 50 mM Tris-HCl,
pH 9.0, reduced with 10 mM dithiothreitol at 37 °C for 30 min,
alkylated with 55 mM iodoacetamide in the dark at room temper-
ature for 30 min, and digested with 0.5 pg/ml sequencing grade
modified trypsin at 37 °C for 16 h. The digests were desalted and
reconstituted as above.

2.6. LC-MS/MS and data analysis

LC-MS/MS analysis was performed by a Paradigm MS4 nano-
HPLC system (Michrom BioResources, Inc., Auburn, CA) coupled
to an LTQ linear ion trap mass spectrometer (Thermo Electron
Corp., Waltham, MA) with a nanoelectrospray ionization source
(AMR Inc., Tokyo, Japan). Tryptic peptides were injected by an
HTC-PAL autosampler (CTC Analytics AG, Zwingen, Switzerland)
and enriched on a C18 trap column (300 pm 1.D. x 5 mm length,
CERI, Tokyo, Japan) at a flow rate of 6 pl/min. The samples were
subsequently separated by a C18 reverse phase column (100 pm
L.D. x 150 mm length, Nikkyo Technos Co., Ltd., Tokyo, Japan) at a
flow rate of 1 pl/min with a linear gradient from 2% to 65% mobile
phase B, i.e. from 98% to 35% of mobile phase A. Mobile phase B
consisted of 95% acetonitrile with 0.1% formic acid, whereas maobile
phase A consisted of 2% acetonitrile with 0.1% formic acid. LC-MS/
MS analysis was carried out using data-dependent triple-play
mode. Automated gain control values were set at 1.5 x 104,
1.5 x 10%, and 5.0 x 103 for Full-MS, Zoom-MS, and MS/MS, respec-
tively. A spray voltage of 1.6 kV was applied. The MS scan range
was m/z 300-2000. Peptides and proteins were identified by
Mascot v2.2 (Matrix Science, London, UK) with a maximum toler-
ance of 1.2 Da for MS data, 0.5 Da for MS/MS data, and strict trypsin
specificity allowing for up to one missed cleavage. Carbamidome-
thylation of cysteine and oxidation of methionine were allowed
as a variable modification.

2.7. Trypsin treatment of living neurons

Modification of N-cadherin in response to synaptic stimulation
was demonstrated by the acquired resistance to trypsin as re-
ported (Tanaka et al., 2000). Stimulated and control neurons, main-
tained in 35 mm dishes (14,400 cells/cm?), were washed briefly
with prewarmed (37 °C) HEPES-buffered (10 mM, pH 7.4) HBSS
and covered with 0.1% trypsin (Life Technologies) diluted with
HBSS. The excess trypsin solution was removed immediately, fol-
lowed by incubation for 10 min at 37 °C. The digested neurons
were directly harvested in SDS-PAGE sample buffer (80 ul), or
40 wl of Ca-lysis buffer supplemented with soybean trypsin inhib-
itor (10 mM HEPES-NaOH (pH 7.4), 1% Triton X-100, 120 mM Nadl,
2mM CaCl,, 10 pg/ml leupeptin, 10 pg/ml pepstatin A, 1 pg/ml
aprotinin, 0.2 mM phenylmethylsulfonyl fluoride, and 0.01% tryp-
sin inhibitor) followed by centrifugation (15,000 rpm x 5 min at
4 °C) to obtain the Triton-soluble supernatant and the Triton-insol-
uble pellet. The supernatant was mixed with 5 x SDS-PAGE sam-
ple buffer (10 ul), and the pellet was resuspended in SDS~PAGE
sample buffer containing 4 M urea (40 pl).

3. Results and discussion
3.1. Strategy

N-cadherin is expressed in synaptic membranes of hippocampal
neurons (Benson and Tanaka, 1998; Tanaka et al., 2000). Synaptic

N-cadherin appears to comprise: a surface pool in the endocytic
zone located in the periphery of the synapse (Tanaka et al., 2000;
Uchida et al.,, 1996), an intracellular pool such as endosomes (Tai
et al., 2007; Yasuda et al.,, 2007), and an active zone pool associated
with the presynaptic particle web (PPW) and postsynaptic density
(PSD) (Fig. 1A) (Phillips et al., 2001).

The active =zone-associated electron-dense  structures
(PPW + PSD), which correspond to so-called synaptic junctions,
are biochemically characterized by the insolubility in 1% Triton
X-100 (Phillips et al, 2001). Approximately 60% of N-cadherin
was collected in the Triton-soluble fraction and 40% in the Tri-
ton-insoluble fraction (Fig. 1B,C). In the epithelial cells, the Tri-
ton-insoluble fraction is comprised of cytoskeleton-associated
scaffolding protein complexes and cholesterol-rich lipid rafts
(Brown and Rose, 1992). N-cadherin was not extracted from the
crude synaptosome fraction with methyl-p-cyclodextrin, a choles-
terol-extracting agent, suggesting that the Triton-insoluble N-cad-
herin is largely integrated into the synaptic junctional complex
(Fig. 1B,C). Usually, biochemical analyses of the synaptic junctions
utilize these Triton-insoluble PSD fractions (Cotman et al., 1974).
For example, in immunoprecipitation experiments, the PSD is sol-
ubilized with high concentration of ionic detergent (e.g., 10% so-
dium deoxycholate), and then the detergent is diluted, so that
the disrupted proteins may reassemble, allowing the reassembled
protein complexes to be co-immunoprecipitated (Luo et al., 1997).

The surface endocytic zone and endosome pools of N-cadherin
(Fig. 1A (1) and (2)) are also supposed to be involved in the plastic-
ity of synaptic structures, and are largely soluble in 1% Triton X~
100 by several reasons. First, the surface pools undergo vigorous
redistributions by synaptic acitivity (Okamura et al.,, 2004; Tanaka
et al., 2000). These mobile pools were extractable with 1% Triton X-
100 in our unpublished observations. Second, the endocytosed N-
cadherin is shown to be extracted with 1% Triton X-100/0.1% SDS
as detected in western blotting (Tai et al., 2007). Third, the synaptic
stimulation-induced trypsin-resistance of N-cadherin was readily
detectable in the Triton-soluble fraction as well as in the Triton-
insoluble fraction (Fig. 1D). The acquired trypsin-resistance of N-
cadherin is a sign of conformational change in response to synaptic
activity, and this implies rearrangements of protein-protein inter-
actions (Tanaka et al., 2000).

Thus we reasoned that the determination of protein-protein
interactions within the Triton-soluble fraction from synapse-
enriched neuronal lysate provides insight into the mechanisms in-
volved in the dynamism of the synaptic structure. There are several
advantages by focusing on the Triton-soluble fraction. First, we are
able to avoid artificial disruption/reassembly of protein complexes
with ionic detergent and its dilution. The intrinsic interactions are
directly captured by one-step lysis with Triton X-100. Second, Triton
X-100 is a non-ionic detergent and expected to maintain relatively
weak protein-protein interactions. The expected disadvantage is
that this approach fails to detect the strong protein-protein interac-
tions that involve scaffolding proteins within the PSD.

We used rat hippocampal neurons cultured for 5-6 weeks. Neu-
rons at this stage develop enormous numbers of mature synaptic
junctions that are positive for N-cadherin with little contamination
by glial cells (Tanaka et al., 2000). Most N-cadherin-positive synap-
tic puncta cluster at PSD-95-containing postsynaptic densities, a
marker of excitatory synapses, but not at GABAergic termini (Ben-
son and Tanaka, 1998). After solubilizing the neurons with 1% Tri-
ton X-100, N-cadherin was immunoprecipitated and subjected to
SDS~PAGE (Fig. 2A). The bands in the gel specific for anti-N-cad-
herin antibody but not for control IgG were excised and subjected
to in-gel digestion followed by LC-MS/MS analysis (Fig. 2B,
Table 1).

We also performed shotgun LC-MS/MS analysis of murine
hippocampal extracts in the same buffer conditions. In these
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Fig. 1. Solubilization of synaptic membranes with Triton X-100. (A) Schematic
representation of synaptic membrane compartments: (1) endocytic zone, (2)
intracellular pool, and (3) active zone. Blue bars, N-cadherin; squares (green,
orange, purple), N-cadherin-binding proteins. (B) Crude synaptosome fraction
isolated from murine hippocampus was sequentially extracted with 20 mM
methyl-B-cyclodextrin (CD), 5M urea (U), 1% Triton X-100 (T), and SDS-sample
buffer (P), followed by SDS-PAGE and Coomassie Brilliant Blue staining (C)
Western blot of the sequentially extracted synaptosome fractions probed with anti-
N-cadherin antibody. (D) N-cadherin acquires resistance to trypsin upon synaptic
stimulation both in Triton-soluble and -insoluble fractions. Unstimulated (lanes C)
and stimulated (lanes K) neuron cultures were treated with trypsin (0.1%, 10 min)
first and then harvested directly in SDS-PAGE sample buffer (Total), or in 1% Triton
X~-100-containing buffer for extraction (TX-sol). The Triton-insoluble pellet was
resuspended in urea-containing SDS-PAGE sample buffer at room temperature (TX-
ins) or at 96 °C (TX-ins + heat), and subjected to western blot. The protected
cytoplasmically disposed fragments of partially digested molecules (fragment 1 and
2) as well as intact molecules (full-length) were detected with an antibody
recognizing the intracellular domain of N-cadherin. In total neuronal lysates,
stimulation (K) induced the increment of the protected full-length N-cadherin and
the partially protected fragment 1. In Triton-treated lysates, full-length molecule
was not detectable, but the partially protected fragment 1 was increased after the
synaptic stimulation.

experiments, specific binding proteins were identified by subtract-
ing control IgG-bound items from N-cadherin-bound items
(Table 2).

3.2. Actin cytoskeleton-associated proteins

In addition to immunoglobulin and N-cadherin, two major
bands of about 102 and 97 kDa were co-immunoprecipitated and
these were identified as aN- and B-catenins, respectively (Table 1,
band 7-8). The carboxyl-terminus of N-cadherin is known to be
linked to actin cytoskeleton bridged with B- and o-catenins as well
as through interactions with various actin-binding proteins such as
spectrins (Nelson et al.,, 1990; Pradhan et al., 2001) and actinins
(Knudsen et al,, 1995; Nieset et al., 1997). Our results confirmed
this as band 2 contained abundant o- and B-spectrins and band 7
contained o-actinin-4 (Table 1). It should be noted that spectrins
showed some non-specific binding to the control IgG. However,
the intensity of band 2, which mainly contained spectrins, was
much higher for N-cadherin than the control IgG (Fig. 2), suggest-
ing that the binding was at least in part specific.

In the shotgun analyses, we identified o~ and B-subunits of Na*/
K*-ATPase (Table 2). In epithelial cells Na*/K*-ATPase is known to
link plasma membrane to the cortical actin filament network
through ankyrin and spectrins (Koob et al.,, 1988; Morrow et al,,
1989; Nelson and Veshnock, 1987). More directly, McNeill and col-
leagues have demonstrated that uvomorulin (E-cadherin) recruits
Na*/K*-ATPase and spectrin to the basolateral membrane in a cyto-
plasmic domain-dependent manner (McNeill et al, 1990). We
could not determine whether the linkage of N-cadherin to Na*/
K*-ATPase exists in neurons or only in glial cells because Na*/K*-
ATPase was only found in hippocampal extracts and not in cultured
neuronal extracts. We also found a-integrin in band 5 (Table 1). A
transmembrane cell adhesion molecule, a-integrin, forms a hetero-
dimer with B-integrin, which in turn binds to o-actinin (Otey et al.,
1990). Taken together, N-cadherin anchors the cortical actin-asso-
ciated network involving o-actinin and spectrins, which bridge to
other membrane anchor molecules such as integrins and Na*/K*-
ATPase (Fig. 3A).

3.3. Intermediate filament-associated proteins

Plakoglobin (also known as junction plakoglobin or y-catenin)
was originally identified as a desmosome component, where it
can bind to the cadherin family member, desmoglein I (Mathur
et al,, 1994). The primary structure of plakoglobin shows a close
relationship with B-catenin and, in fact, plakoglobin associates
with classic cadherins such as N-cadherin (Sacco et al,, 1995).
Although plakoglobin can anchor classic cadherins via o-catenin
to actin in adherens junctions, it loses this ability when incorpo-
rated into desmosomes. This specificity is achieved by mutually
exclusive interactions of plakoglobin with c~catenin and desmo-
somal cadherins (Chitaev et al., 1998). On the other hand, the bind-
ing of B-catenin and plakoglobin to the common N-cadherin
cytoplasmic domain in a mutually exclusive manner (Nathke
et al,, 1994) raises the possibility of competition between these
proteins for N-cadherin. For example, high expression of exoge-
nous plakoglobin can efficiently displace endogenous B-catenin
from adherens junctions (Sacco et al, 1995; Salomon et al,
1997). Similarly, in plakoglobin-knockout mice, p-catenin is incor-
porated into desmosomes, which are normally devoid of this pro-
tein (Bierkamp et al., 1999).

In the present study, in addition to B-catenin (band 8), plakoglo-
bin was simultaneously bound to N-cadherin (band 10) (Table 1).
This finding was confirmed in hippocampal shotgun analysis
(Table 2). Furthermore, desmoplakin, which serves as a bridge
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Table 1

Proteins identified in SDS-gel bands with applied N-cadherin-immunoprecipitate.
Description Mascot score Accession® Confirm”
Band 1
DYHC1; cytoplasmic dynein 1 heavy chain 1 98.26 729378 Ref.
Band 2
SPTAZ2; spectrin alpha chain, brain 190.27 17380501 Ref.
Non-erythrocyte beta-spectrin 10.15 13430206 Ref.
Sptbn1 protein 10.14 60422766 Ref.
Band 3
Protein for IMAGE:9026960; sperm-associated antigen 9 28.20 197245955 CR
Sperm-associated antigen 9 10.16 157819127 CR
Band 4
Clathrin, heavy chain (Hc) 180.28 9506497 NS
CADH2; cadherin-2; neural cadherin; N-cadherin; CD325 50.26 13431334 -
Protein for IMAGE:9026960; sperm-associated antigen 9 10.23 197245955 CR
Similar to tripartite motif protein 33 20.22 62644337 CR
Band 5
rCG36779; ARVCF 50.27 149019791 Ref.
CADH2; cadherin-2; neural cadherin; N-cadherin; CD325 30.24 13431334 -
Amphiphysin 10.18 11560002 ND
Integrin alpha chain 10.12 56393 ND
Catenin (cadherin-associated protein), alpha 2 10.07 157817081 Ref.
Pumilio homolog 1 10.10 157822487 ND
Band 6
DDB1; DNA damage-binding protein 1 50.32 81868411 NS
Catenin (cadherin-associated protein), alpha 2 140.28 157817081 Ref.
Catenin (cadherin-associated protein), alpha 1, 102 kDa 34.23 55742755 Ref.
Damage-specific DNA-binding protein 1 10.17 149062405 NS
Phosphorylase kinase, beta 10.16 62079039 ND
Band 7
Catenin (cadherin-associated protein), alpha 1, 102 kDa 32035 55742755 Ref.
Catenin (cadherin-associated protein), alpha 2 200.29 157817081 Ref.
B39529 cadherin-associated protein, 102 K - rat (fragments) 10.24 92036 Ref.
Similar to catenin delta-2 (NPRAP) (neurojungin) 10.24 109464562 Ref.
rCG38081 (tRNA-binding, unknown function) 8.12 149055468 ND
Alpha-actinin 4 10.16 6636119 Ref.
Beta-catenin 10.16 46048609 Ref.
Band 8
Beta-catenin 338.34 46048609 Ref.
Catenin {cadherin-associated protein), alpha 1, 102 kDa 30.22 55742755 Ref.
Catenin (cadherin-associated protein), alpha 2 22.15 157817081 Ref.
Cadherin-associated protein, 102 K (fragments) 10.24 92036 Ref.
Valosin-containing protein 10.20 17865351 ND
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 2 10.23 72255509 ND
Band 9
Beta-catenin 148.29 46048609 Ref.
Catenin (cadherin-associated protein), alpha 1, 102 kDa 20.20 55742755 Ref.
Cadherin-associated protein, 102 K (fragments) 10.22 92036 Ref.
Catenin (cadherin-associated protein), alpha 2 30.18 157817081 Ref.
Band 10
Heat shock protein 90, alpha (cytosolic), class A member 1 30.26 28467005 ND
Junction plakoglobin 50,28 41529837 Ref.
Beta-catenin 50.25 46048609 Ref.
TNF-receptor-associated protein 1 10.22 84781723 DN
Annexin A2 10.17 ) 9845234 ND
Dsp protein; desmoplakin 10.15 67678070 Ref.
Band 11
Grp75 (DnaK, HSP9) 30.19 1000439 ND
HNRPM; heterogeneous nuclear ribonucleoprotein M 40.21 71152132 ND
DnaK-type molecular chaperone hsp72-ps1 50.19 347019 ND
Beta-catenin 10.21 46048609 Ref.
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Table 1 {continued)

Description Mascot score Accession® Confirm®
Band 13

Actin, beta-like 2 12.18 157823033 ND
PREDICTED: similar to cellular repressor of E1A-stimulated genes 2 8.07 109485991 ND
Band 14

Syntaxin 1B2 20.20 6981600 DN
Glyceraldehyde-3-phosphate dehydrogenase 40.20 8393418 DN
Apolipoprotein E 10.15 162287337 ND
PREDICTED: similar to glyceraldehyde-3-phosphate dehydrogenase 10.13 62657298 DN
Hypothetical protein LOC301563 (mitochondrial fission factor) 10.11 84781650 ND
Band 15

G chain G, rat liver F1-Atpase 30.20 6729936 ND
Vacuolar H + ATPase E1 10.16 38454230 ND
14-3-3 epsilon 4021 5803225 DN
Band 16

AF370442_1 LEK1 14.14 14091667 Ref.

? Genbank Accession Number.

b NS, found non-specific in further experiments; CR, cross reactivity by anti-N-cadherin antibody; DN, binding was denied in further experiments; Ref, confirmed literally;

ND, not determined.

Table 2

Proteins identified in shotgun analyses by subtracting IgG-bound items from anti-N-cadherin antibody-bound items.
Description Mascot score Accession® Confirm®
Cadherins
Cdh2 cadherin-2 140.28 12558 -
Cdh2 cadherin 2 precursor 20.21 12558 -
Cdh4 cadherin-4 1012 12561 Ref.
Catenins
Ctnnb1 catenin beta-1 21035 12387 Ref.
Ctnna2 isoform 1 of catenin alpha-2 110.30 12386 Ref.
Ctnna?2 isoform 2 of catenin alpha-2 1022 12386 Ref.
Ctnnd2 isoform 1 of catenin delta-2 50.21 18163 Ref.
Jup junction plakoglobin 20.25 16480 Ref.
Cytoskeletal/membranous
Actr3 actin-related protein 3 10.16 74117 Ref.
Spna2 spectrin alpha 2 10.18 20740 Ref.
Atp1b1 sodium/potassium-transporting ATPase subunit beta-1 10.19 11931 Ref.
Atpla3 sodium/potassium-transporting ATPase subunit alpha-3 10.16 232975 Ref.
Unknown
BC005561 cDNA sequence BC005561 10.12 100042165 ND
Non-specific
Spag9 isoform 2 of C-jun-amino-terminal kinase-interacting protein 4 50.24 70834 CR
Trim33 isoform alpha of E3 ubiquitin-protein ligase TRIM33 10.18 94093 CR

2 Genbank Accession Number.

b CR, cross-reactivity with anti-N-cadherin antibody; Ref, confirmed literally; ND, not determined.

between plakoglobin and intermediate filaments in desmosomes
(Kowalczyk et al, 1997; Schmidt et al, 1994; Smith and Fuchs,
1998), was also found in band 10 (Table 1). In the case of chick op-
tic tectum, B-catenin and plakoglobin are enriched at synapses and
assaociated with N-cadherin, but they are differentially distributed
forming mutually exclusive complexes (Miskevich et al., 1998).
Taking this into account, we speculate that plakoglobin/desmopla-
kin complex might tether intermediate filaments to a certain sub-
set of synaptic junctions whose adhesion is mediated by N-
cadherin (Fig. 3B).

3.4. Proteins tethering microtubules

In our immunoprecipitate, there was abundant cytoplasmic dy-
nein heavy chain 1 in band 1 (Table 1). In addition, band 16 in-

cluded LEK1/CENPF/mitosin, which is known to associate with
dynein bridged with NudE1/LIS1 (Soukoulis et al, 2005). It has
been reported that cytoplasmic dynein binds to p-catenin at the
cell cortex where E-cadherin forms adherens junction with the
neighboring cell (Ligon et al., 2001). Microtubules (MT) are teth-
ered by this cadherin-p-catenin-dynein complex at the adherens
junction and facilitate junction assembly (Ligon and Holzbaur,
2007). It has also been proposed that LIS1 interacts with IQGAP1,
a B-catenin-binding partner, and a Rho-family GTPase Cdc42 in a
calcium-dependent manner (Kholmanskikh et al., 2006).
Transportation of N-cadherin to plasma membrane is consis-
tently dependent on MT networks as well as MT-based motors
(Mary et al., 2002; Teng et al., 2005). Recent studies have shown
that MT plus-ends terminate at the adherens junctions of
mamrmary tumor cells and that MT depolymerization causes
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Fig. 2. Immunoprecipitation from the Triton X-100 extracts of cultured rat
hippocampal neurons. (A) Silver staining. (B) Sypro Ruby staining. Numbers
correspond to the bands excised and subjected to in-gel digestion-LC-MS/MS
(Table 1).

disorganized accumulation of E-cadherin in these cells (Stehbens
et al,, 2006), as observed earlier with other cells (Waterman-Storer
et al,, 2000). The M-cadherin—-catenin complex also interacts with
MTs (Kaufmann et al., 1999). Although most of these studies sug-
gest that MT plus-ends interact with cell junctions, one study re-
ported that N-cadherin-mediated adhesion stabilizes the minus-
ends (Chausovsky et al., 2000). There is another study which
showed that adherens junction is tethered via PLEKHA7/Nezha to
MT minus-ends (Meng et al., 2008). Our data suggest that, in hip-
pocampal neurons, N-cadherin is more dominantly tethered to MT
plus-ends via B-catenin-dynein than to minus-ends.

MTs have not been considered as being able to enter dendritic
spines or to play a role in spine development or dynamics, proba-
bly because of dynamic instability at the plus-end within spines.
Recent advances in imaging techniques for visualizing MTs in liv-

ing neurons, however, have revealed that MTs transiently invade

into and, therein, are involved in activity-induced spine dynamism
and spine development (Gu et al, 2008; Hu et al, 2008). These
transient invasions of MTs are correlated with the transient emer-
gence of protrusions on spine heads (transient spine head protru-
sion: tSHP) (Hu et al, 2008). Interestingly, inactivation of
N-cadherin activity in dendritic spines drastically enhances the
protrusions of activity-induced tSHPs, as we have previously ob-
served (Okamura et al., 2004). This seems to be consistent with
the idea that the N-cadherin-p-catenin-dynein complex tether
MT plus-ends and regulate the growth of MTs in the close proxim-
ity to synaptic junctions. Taken together, the co-ordination of

NaK~ATPase

Intermediate
filament

Microtubule

Fig. 3. Models of N-cadherin-associated cell machineries connected to cytoskeletal
elements.

F-actin and MT at the N-cadherin-mediated synaptic junction is
important for activity-induced remodeling of synaptic junctions
(Fig. 3C) (Okamura et al., 2004).

3.5. p120ctn family at the juxta-membrane domain

p120ctn family proteins, which bind to the juxta-membrane
cytoplasmic domain of classic cadherins, serve as another path-
way connected to MTs in non-neuronal tissues (Chen et al,
2003; Franz and Ridley, 2004; Ichii and Takeichi, 2007; Yanagisa-~
wa et al, 2004). Among various p120ctn family members,
p120ctn/s1-catenin is involved in synapse development (Elia
et al, 2006) and is expressed in cultured hippocampal neurons
(Fig. 4). However, N-cadherin-immunoprecipitate did not include
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Fig. 4. Immunoprecipitation of p120ctn. Neuronal lysate was immunoprecipitated
with anti-p120ctn antibedy (p120) or control IgG (C). Ten percent of the lysate (Ly)
and flow through (Sup) were also electrophoresed. The transferred membrane was
probed with both anti-N-cadherin and anti-p120ctn antibodies.
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p120ctn also failed to detect N-cadherin (Fig. 4). On the other
hand, ARVCF and NPRAP (neurojungin, 82-catenin) were found
in bands 5 and 7, and in the results of shotgun analysis (Tables
1 and 2). Other family members, plakophilins 1-3 and p0071
(plakophilin 4) were not found. These results are reasonable in
that 82-catenin has been shown to be important for cognitive
and synaptic function (Israely et al., 2004) and that learning dis-
abilities are evident in velo-cardio-facial syndrome (Shprintzen
et al.,, 1978, Sirotkin et al,, 1997). It has also been suggested that
NPRAP is responsible for the synaptic anchorage of AMPA recep-
tor to N-cadherin (Silverman et al., 2007). An actin polymeriza-
tion protein, actin-related protein 3 (Actr3) was found in the
shotgun analysis (Table 2). It has also been reported that the
p120ctn family binds to cortactin, which in turn binds to Arp3
(Boguslavsky et al., 2007). In the Xenopus system there is an

alternative pathway that links ARVCF with spectrin via kazrin
(Cho et al., 2010). Taken together, ARVCF and NPRAP are the dom-
inant p120ctn family members that form complexes with N-cad-
herin in hippocampal neurons (Fig. 3C).

p120ctn in either in-gel digestion or shotgun analyses (Tables 1
and 2). Western blot following the immunoprecipitation of

A P B Immunoprecipitation  Total Supernatant
NOC oLy N-cad Myc IgG S8 "Necad Myc  IgG
SPAGY~ . N L NLNLWNTLINTLNTLN.L
«178
Necad - =& s
SPAGY = ki s el B
-175
«-100
N-cad = s e b - s =175
C limmunoprecipitation
RIPA NP40 DOC SDS Lysate
N C N CNICNC RIPA NP DOG S0S
TRIM33 = : S =175
D Immunoprécip.  Sup Sup E Immunhoprecipitation
Ca-Pl  NP40  Ca-Phi NPA0 Necad Myc igG Ly

T33 C T33 C TIB C Ly T3 C Ly N L NLNLNL

TRIM3S = o s TRIM33 = e s

N-cad =

Necad - 8 ik

Fig. 5. False positive cases due to the cross-reactivity of anti-N-cadherin antibody were ruled out by rigorous examination. (A) N-cadherin was immunoprecipitated from
neuronal lysate and immunoblotted for SPAGY (top) and N-cadherin (bottom). Immunoprecipitate with anti-N-cadherin antibody (N), with control IgG (C), and 10% of lysate
(Ly) were applied. (B) L929 fibroblast cells (L) and those stably transfected with myc-tagged N-cadherin (N) were extracted and immunoprecipitated with anti-N-cadherin (N-
cad), anti-myc-tag (myc) antibodies, and control 1gG (IgG). The immunoprecipitates, total cell lysates and flow through (supernatant) were immunoblotted with anti-SPAGS
(top) and anti-N-cadherin (bottom) antibodies. (C) Neurons were extracted and immunoprecipitated in the indicated buffer conditions: RIPA (20 mM Tris~HCl (pH 8.0),
150mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 pg/ml leupeptin, 10 pug/ml pepstatin A, 1 pg/ml aprotinin, and 0.2 mM
phenylmethylsulfonyl fluoride); NP40 (same without sodium deoxycholate or SDS); DOC (without SDS); SDS (without sodium deoxycholate). The immuneprecipitate
with anti-N-cadherin antibody (N), with control IgG (C), and 10% of total lysate were immunoblotted with anti-TRIM33 antibody. (D) Neurons were extracted and
immunoprecipitated with anti-TRIM33 antibody in Ca-PI-lysis buffer or NP40 buffer. The immunoprecipitate with anti-TRIM33 antibody (T33), with control IgG (C), flow
through (Sup), and 10% of total lysate (Ly) were immunoblotted with anti-TRIM33 antibody (top) and anti-N-cadherin antibody (bottom). E, 1928 fibroblast cells (L) and those
stably transfected with myc-tagged N-cadherin {N) were extracted and immunoprecipitated with anti-N-cadherin (N-cad), anti-myc-tag (myc) antibodies, and control IgG
(IgG). The immunoprecipitates and total cell lysates (Ly) were immunoblotted with anti~-TRIM33 antibody (top) and anti-N-cadherin antibody (bottom).
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Fig. 6. Non-specific binding cases revealed by immunoblotting. Neurons were
extracted and immunoprecipitated in the indicated buffer conditions. The immu-
noprecipitate with anti-N-cadherin antibody (N), with control IgG (C), and 10% of
total lysate were immunoblotted with anti-clathrin heavy chain (A) and anti-DDB1
(B) antibodies.

3.6. Implications for the interactions with specific membrane
compartments

Band 10 contained annexin A2, a calcium-dependent membrane-
associated protein complexed with p11 (Table 1). In HUVEC cells, the
annexin A2/p11 heterotetramer complex, which accumulates
underneath the plasma membrane at cholesterol raft sites, is associ-
ated with VE-cadherin, although there was no association with N-
cadherin (Heyraud et al,, 2008). This interaction is probably involved
in the stabilization of cadherin-catenin complex at the forming
adherens junction. The binding of annexin A2 to N-cadherin found
in the present setting therefore suggests that synaptic dynamism
involves the stabilization and destabilization of the synaptic junc-
tion via interaction with the lipid raft-associated cell machinery.

Furthermore, the inclusion of amphiphysin, a BAR domain pro-
tein to form membrane curvature, may reflect the involvement of
N-cadherin in the curved membrane such as that of the endosome
(Table 1, band 5). A Caenorhabditis elegans F-BAR domain protein
SRGP-1 is also reported to co-localize with cadherin-catenin com-
plex {(HMR-1 and HMP-1) in the adherens junction and SRGP-1
loss-of-function results in a compromised cadherin—-catenin com-
plex (Zaidel-Bar et al., 2010).

3.7. Assessment of unreported proteins

In addition to the previously reported N-cadherin-binding part-
ners, there were several proteins that were apparently specific for

TRAP1.
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N-cadherin compared to IgG control (Fig. ZA). For example, band 3
showed highly specific affinity for N-cadherin and included sperm
associated antigen 9 (SPAGY) (Table 1). SPAG9 were also found in
band 4 (Table 1) and in shotgun analysis (Table 2). This apparently
specific binding of SPAG9 to N-cadherin was reproduced by immuno-
blotting following immunoprecipitation (Fig. 5A). However, immu-
noprecipitation of SPAG9 was observed from 1929 cells with or
without the expression of N-cadherin. Moreover, anti-myc tag anti-
body did not precipitate SPAG9 from the cells transfected with re-
combinant N-cadherin fused with myc-tag (Fig. 5B). These data
indicate that the anti-N-cadherin antibody directly cross-reacts with
SPAGS, so there is no intrinsic association of SPAGY with N-cadherin.

Cross-reactivity was also the case for tripartite motif protein 33
(TRIM33) found in band 4 and in shotgun analysis (Tables 1 and 2).
In immunoblot analyses, the apparent binding of TRIM33 was spe-
cific and sensitive to ionic detergent treatment, such as sodium
deoxycholate and SDS (Fig. 5C and D). Immunoprecipitation of
1929 cells with or without N-cadherin-myc revealed that the
anti-N-cadherin antibody was directly bound to TRIM33 (Fig. 5E).

Clathrin heavy chain was abundant in band 3 (Table 1). In the
immunoblot analysis, this binding was found to be non-specific
(Fig. 6A). Similarly, DNA damage-binding protein 1 (DDB1)/dam-
age-specific DNA-binding protein 1 found in band 6 turned out
to be non-specific (Fig. 6B). These non-specific signals were suc-
cessfully ruled out in shotgun analysis by subtracting the non-spe-
cific binders (control IgG) from the specific binders.

Band 14 included syntaxin 1B2 and glyceraldehyde-3-phosphate
dehydrogenase, and band 10 included TNF receptor associated pro-
tein 1 (TRAP1) (Table 1). The co-immunoprecipitation of these pro-
teins has not been detectable in our immunoblottings so far (Fig. 7).

3.8. Dynamism of the adhesion complex upon synaptic stimulation

N-cadherin expressed in developed brain is distributed to spe-
cific synaptic contacts and has been implicated in the formation
and maintenance of the CNS synaptic junction (Benson and Tanaka,
1998; Fannon and Colman, 1996; Togashi et al., 2002). However, N-
cadherin in CNS is now appreciated as a dynamic regulator of syn-
aptic structure and function, responding instantly to synaptic
activity (Bozdagi et al., 2004, 2010; Jungling et al., 2006; Mendez
et al.,, 2010; Okamura et al., 2004; Tanaka et al., 2000). The activa-
tion of the NMDA receptor results in the dephosphorylation of p-
catenin at Tyr-654. The dephosphorylated B-catenin is recruited
to the cytoplasmic domain of N-cadherin and stabilizes it on the
cell surface (Murase et al,, 2002; Tai et al., 2007). At the same time,
N-cadherin itself shows stabilized conformation as demonstrated
by its super-resistance to extracellular trypsin and its stable dimer
in SDS-gels (Tanaka et al., 2000). We reasoned that such a change

Fig. 7. Non-reproducible cases in immunoblotting. Neurons were extracted and immunoprecipitated with anti-N-cadherin antibody. The immunoprecipitate with anti-N-
cadherin antibedy (N), with control 1gG (C), 10% of total lysate (Ly), and flow through (Sup), were immunoblotted with anti-syntaxin 1 (A, top), anti-N-cadherin (A, middle),

anti-GAPDH (A, bottom), and anti-TRAP1 (B) antibodies.
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Fig. 8. Synaptic stimulation induces a change in the profile of N-cadherin
immunoprecipitates. Control (left) or depolarized (50 mM K*, 15 min; right) rat
hippocampal neurons were extracted with Ca-PI lysis buffer and immunoprecip-
itated with anti-N-cadherin antibody. IgH: Immunoglobulin heavy chain. Arrow-
head indicates a band specifically intensified in the stimulated neurons.

in N-cadherin conformation accompanies alterations of N-cad-
herin-binding proteins.

The immunoprecipitation of N-cadherin from neurons depolar-
ized for 15 min showed a stronger 93-kDa band than from non-stim-
ulated neurons (Fig. 8). This band corresponded to band 9, which
included a shorter variant of «2-catenin and a fragment of B-catenin
(Table 1). It has been reported that NMDA-receptor activation yields
an increase in shorter B-catenin immunoreactivity around this
molecular size (85 kDa) via the cleavage of full-length B-catenin
by activated calpain (Abe and Takeichi, 2007). Although the cal-
pain-cleaved B-catenin fragment is released from N-cadherin, the
93-kD B-catenin maintained its association with N-cadherin under
our experimental conditions, probably because it maintains the
binding domain to N-cadherin. Our immunoprecipitation buffer
contained 1% Triton X-100, but without any ionic detergent, and
was mild enough to maintain relatively weak protein-protein inter-
actions. N-cadherin-binding domain is consistently preserved in the
N-terminal-truncated fragment (Kemler, 1993; Sacco et al., 1995);
calpain cleaves the N-terminal 28-30 amino acid fragment of
B-catenin (Abe and Takeichi, 2007). The significant enhancement
of truncated B-catenin observed in silver-stained gel suggests that
the regulation of N-cadherin adhesivity by this modification of
B-catenin is a major mechanism underlying synaptic remodeling.
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