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FiG. 2. Localization of BACE and mLRP1 in transfected cells.
A, BACE-V5 (green) and mLRP1-Myc (red) co-transfected H4 cells were
immunostained with anti-V5 mAb (visualized by Cy5) and rabbit anti-
Myc Ab (visualized by Cy3) followed by a FITC-conjugated antibody to
the endosomal marker EEA1 (shown in blue). B, BACE-GFP (green) and
mLRP1-Myec (red) were co-transfected and then immunostained with
rabbit anti-Myec (visualized by Cy3) and an antibody to the Golgi marker
GM130 (visualized by Cy5, shown in blue). C, to demonstrate cell
surface localization, BACE-V5 (blue) and Myc-(N terminus)-LC (green)
were co-transfected and then immunostained with anti-Myc mAb
(visualized by FITC) and rabbit anti-BACE-NT Ab (visualized by Cy5)
without permeabilizing the cell membrane. Alexa-555-labeled cholera
toxin B (CTx-B), used to visualize lipid rafts, was added for 20 min after
thoroughly washing the primary and before adding the secondary Ab.
D, total plasma membrane (PM) fraction along with CM and NCM
membrane fractions immunoprecipitated with anti-LRP monoclonal
5A6 were separated on 4-12% SDS-PAGE and analyzed by immunoblot
analysis using '?*I-anti-LRP monoclonal 11H4.
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blocked in 5% nonfat dried milk. mLRP1-Myc was detected by rabbit
anti-Myc Ab. BACE was detected by rabbit anti-BACE-NT Ab. Second-
ary antibodies conjugated to horseradish peroxidase were applied and
visualized by chemiluminescence. The Massachusetts Alzheimer Dis-
ease Research Center Brain Bank provided temporal cortex. Qur pro-
tein solubilization procedure was adapted from previously reported
studies (35) with minor modifications. The tissue was homogenized at 1
ml/100 mg tissue in ice-cold TEVP-sucrose buffer (containing 10 mMm
Tris, pH 7.4, 5 mM NaF, 1 mMm Na,VO,, 1 mM EDTA, 1 mm EGTA, and
320 mM sucrose). The homogenates were centrifuged at 4 °C, and the
supernatants were removed. The pellets were resuspended in 800 ul of
TEVP with 1% SDS, sonicated for 10 s, and then boiled for 5 min. The
samples were centrifuged, and the supernatant was collected for im-
munoprecipitation after the protein concentration was determined by
protein assay (Bio-Rad). Co-immunoprecipitation in human brain tis-
sue was performed as described above with rabbit anti-BACE-CT as
pull-down Ab and probed with 11H4 mAb.

FRET Measurements using Fluorescence Lifetime Imaging Micros-
copy (FLIM)—FRET is observed when two fluorophores are in very
close proximity, i.e. <0 nm. FRET measurements using FLIM relies on
the observation that fluorescence lifetimes (the time of fluorophore
emission after brief excitation, measured in picoseconds) are shorter in
the presence of a FRET acceptor. We have utilized a new FLIM tech-
nique that can detect protein-protein proximity using multiphoton mi-
croscopy (36, 37). A mode-locked Ti-sapphire laser (Spectra Physics)
sends a ~100-fs pulse every ~12.5 ns to excite the fluorophore. Images
were acquired using a Bio-Rad Radiance 2000 multiphoton microscope.
We used a high speed Hamamatsu MCP detector (MCP5900;
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Fic. 3. LRP and BACE in human brain. A, extracts from mLRP1-
Myc and BACE-V5-transfected H4 cells were immunoprecipitated with
mouse anti-V5 Ab and probed with rabbit anti-Myc Ab. Anti-Myc rec-
ognizes precursor endoplasmic reticulum and Golgi forms (labeled p) as
well as B-chains of mature proteins (labeled b) (positive control, lane 5)
(29). Specific bands of all isoforms were found in pull-downs (lane 1)
from lysates of mLRP1-Myc- and BACE-V5-expressing cells. B, immu-
noprecipitates of mLRP1-Myc were probed with an anti-BACE Ab,
showing immunoreactive bands for BACE (~60 and 75kDa) in lane 1.
The 60-kDa band represents endogenous BACE and the 75-kDa band
transfected BACE-V5 (lane 5). C, human brain extracts were immuno-
precipitated with rabbit anti-BACE-CT Ab and probed with 11H4. LC is
recognized as an 85-kDa band brain homogenate (lane 5). A specific
band of the same size was found after co-immunoprecipitation with
anti-BACE-Ab (lane 1). Identical results were observed when probing
with 5A6, another LC-specific Ab (data not shown). Negative controls as
described above are shown in lanes 2 and 3. Supernatants are shown in
lane 4. D, BACE and LRP co-localization in human brain tissue is
shown by confocal microscopy.

Hamamatsu, Ichinocho, Japan) and hardware/software from Becker
and Hickl (SPC 830, Berlin, Germany) to measure fluorescence life-
times on a pixel-by-pixel basis. Excitation at 800 nm was empirically
determined to excite GFP, Alexa 488 and FITC, but not Cy3. Donor
fluorophore (GFP, Alexa 488, or FITC) lifetimes were fit to two expo-
nential decay curves to calculate the fraction of fluorophores within
each pixel that interact with an acceptor. As a negative control, GFP,
Alexa 488, or FITC lifetimes were measured in the absence of acceptor
(Cy3), which showed lifetimes equivalent to GFP, Alexa 488-IgG, or
FITC IgG alone, in solution or with co-transfection with an empty
vector (pEGFP) measured in the presence of Cy3-labeled BACE-V5 or
LC-Myec. No bleedthrough or mis-excitation of Cy3 was observed under
these conditions. Statistical testing was performed by Student’s ¢ test.

Internalization Assay—To quantitate BACE internalization we mod-
ified a previously reported protocol (38). CHO 13-5-1 (LRP-null cells)
were grown to 70% confluency in 6-well plates and transiently trans-
fected with Myc-BACE and either empty vector or LC-GFP. Cells were
then washed once with ice-cold PBS containing 1 mM CaCl, and 1 mMm
MgCl,, 0.2% bovine serum albumin, and 5 mM glucose (PBS++++) and
0.4 pg/ml Dbiotinylated Myc-mAb (Upstate Biotechnologies) in
PBS++++ was applied for 30 min on ice. After that the cells were
allowed to endocytose at 37 °C for the indicated times. Returning the
plates to ice stopped endocytosis. Surface biotin was masked with
streptavidin (Roche Applied Science) for 1 h on ice. Avidin was
quenched with 0.5 mg/ml biocytin (Sigma). Cells were harvested in
blocking buffer (1% Triton X-100, 0.1% SDS, 0.2% bovine serum albu-
min, 50 mM NaCl, 1 mMm Tris, pH 7.4) and incubated on IgG-coated
96-well plates at 4 °C overnight. After three washes in PBS, the plates
were incubated in streptavidin-peroxidase 1:5000 (Roche Applied Sci-
ence) in blocking buffer for 1 h. After another wash cycle 3X in PBS, the
plates were incubated with 200 ul of 10 mg of o-phenyldiamine HCI
(Sigma), 10 ul of 30% H,0, (Sigma) in 25 ml of 50 mm Na,HPO,, 27 mM
citrate, pH 5.0. The reaction was terminated by the addition of 50 pl of
H,SO, and the A4, was read. BACE internalization was then graphed
as the percentage of internalized Myc-BACE of total surface
Myc-BACE.

LRP Ectodomain Secretion Assay—HEK cells passaged into 12-well
plates were transfected with a B-galactosidase reporter, LRPg-fused
N-terminally to secreted alkaline phosphatase and either empty vector,
BACE, or a catalytically inactive BACE mutant. Each condition was
transfected in triplicate except for siRNA experiments, which were
transfected in duplicate. Media was changed 24 h later, and then
collected after another 24 h. Measurement of SEAP activity in the
conditioned media was carried out in triplicate by chemiluminescent
assay (Roche Applied Science) according to the manufacturer’s instruc-
tions. SEAP activity was normalized to 8- galactosidase activity, which
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TaBLE 1
FLIM assay data for proximity of various LRP and BACE-constructs in transfected H4 cells
If there is no interaction, lifetimes of the donor fluorophore are similar to the negative control (lacking the acceptor fluorophore). Statistically
shorter lifetimes between BACE and mLRP1 regardless of the combination of fluorophore at their C terminus indicate FRET between them. To
further determine the interaction site of BACE and LRP, FLIM hetween deletion constructs was performed.

Donor Acceptor Lifetime n Significance (compared to control)
ps mean £ S.D.

BACE-V5 (FITC) None 2334 =72 12 —
BACE-V5 (FITC) mLRP1-Myc (Cy3) 2153 = 55 11 p < 0.0001
mLRP1-Myec (FITC) None 2260 = 109 17 —
mLRP1-Myc (FITC) BACE-V5 (Cy3) 1703 =401 15 p < 0.0001
mLRP1-GFP None 2164 = 10 5 —
mLRP1-GFP BACE-V5 (Cy3) 1165 = 8 p < 0.0001
mLRP1-GFP Myec-BACE (Cy3) 2247 + 102 5 NS®
BACE-GFP None 2284 * 20 6 —
BACE-GFP mLRP1-Myc (Cy3) 1756 = 50 4 p = 0.0004
pEGFP-N1-vector None 2157 =71 5 —
pEGFP-N1-vector BACE-V5 (Cy3) 2106 = 37 5 NS
pEGFP-N1-vector mLRP1-Myc (Cy3) 2138 =101 5 NS
Myec-LC (11H4-FITC) None 2305 *+ 69 15 —
Myec-LC (11H4-FITC) BACE-V5 (Cy3) 2100 * 148 15 p < 0.0001
LRP165-Myc (11H4-FITC) None 2316 * 86 13 —
LRP165-Myc (11H4-FITC) BACE-V5 (Cy3) 1803 = 283 16 p < 0.0001

¢ —, signifies control condition.
® Not significant.

was measured by hydrolysis of o-nitrophenyl-g-p-galactopyranoside in
cells lysed with reporter lysis buffer (Promega). Pharmacologic inhibi-
tion of LRP cleavage was assessed after overnight treatment with
vehicle (Me,SO) or a cell-permeable, peptidomimetic inhibitor of BACE
(Calbiochem) (39).

Western Blotting—N2a cells co-transfected with LC-Myc and either
empty vector, BACE, or a catalytically inactive BACE mutant and
treated with 1 M y-secretase inhibitor DAPT (40) for 12 h (a generous
gift from M. Wolfe, Brigham and Women’s Hospital, Boston, MA) were
lysed in 1% Triton X-100 in TBS buffer and proteinase inhibitor tablets
(Roche Applied Science) and then loaded onto 4-20% Tris-glycine poly-
acrylamide gels (Novex) under denaturing and reducing conditions. The
proteins were transferred to polyvinylidene difluoride membrane and
LRP light chain was detected by rabbit anti-Myc Ab with Alexa 680
(Molecular Probes) goat anti-rabbit secondary and visualized on a Licor
Odyssey near-infrared gel reader (Lincoln, Nebraska).

Luciferase Assay—HEK293 cells were transfected with LRP-Gal4-
VP16 (LRP-GV) in the absence or presence of BACE and relative lucif-
erase activity determined (28). Activity relative to B-galactosidase is
shown and averaged for triplicate transfection. In all cases transfection
was confirmed by immunoblotting.

RESULTS

Localization of BACE and LRP Constructs—We first tested
the localization of BACE and LRP in co-expressing H4 cells.
When expressed individually, both mLRP1 and BACE were lo-
calized mainly in punctate structures in the cells. mLRP1-posi-
tive structures largely overlapped with BACE-positive structures
when they were co-expressed. To determine the subcellular dis-
tribution we immunostained co-expressing H4 cells with or-
ganelle markers or, in cell surface stained without Triton X-100
treatment, Alexab55-labeled CTx-B as a raft marker. mLRP1
and BACE co-localized in the endosomal compartments stained
by EEA1 (Fig. 2A). To a lesser extent, the Golgi marker GM130
also overlapped with mLRP1 and BACE (Fig. 2B). On the cell
surface Myc-LLC and BACE are partly co-localized with one an-
other in lipid rafts. The results of the immunocytochemistry
suggest that LC and BACE are co-localized in distinct compart-
ments of the cell including lipid rafts (Fig. 2C), Golgi and prom-
inently in the endosomal compartment.

To confirm that LRP localizes to lipid rafts we prepared total
membrane and separated CM and NCM fractions using an
optiprep gradient. LRP was present in caveolae as well as in
noncaveolae fractions (Fig. 2D), which is in accordance with our
confocal data showing partial overlap with the lipid raft
marker CTx-B. We then looked for co-localization under phys-
iological conditions. By staining human brain sections, includ-

ing the hippocampal formation, we were able to observe similar
results in neurons expressing endogenous levels of LRP and
BACE (Fig. 3D).

Co-immunoprecipitation of BACE and LRP in Human Brain
Tissue—From the immunohistochemical experiments that
showed robust co-localization in both transfected cells and hu-
man brain tissue (Fig. 3D), we hypothesized that there may be
a close interaction between LRP .and BACE. To test whether
LRP interacts with BACE, we immunoprecipitated BACE from
co-transfected H4 cells and probed for mLRP1 (lane 1), control-
ling for nonspecific interactions by assessing lysates incubated
without the pull-down antibody (lane 2) or pure lysis buffer
(lane 4). Immunoreactive bands of ~100 kDa (resembling ma-
ture furin-cleaved mLRP1-Myc) and ~140 kDa (resembling
unprocessed Golgi and ER forms of mLRP1-Myc) (29) were
detected in the immunoprecipitated sample and the whole cell
lysate (Fig. 3A, lane 4). To confirm this interaction, the com-
plementary pull-down experiment was performed. mLRP1 im-
munoprecipitates were probed by an anti-BACE Ab with the
same controls. The doublet bands of ~60 and 75 kDa were
detected only in lane I and in the control lysate lane (Fig. 3B),
suggesting that BACE is present in the mLRP1 immunopre-
cipitates. The 60-kDa band represents endogenous BACE,
whereas the 75-kDa band represents transfected BACE con-
taining a V5-His tag.

To demonstrate a direct interaction of LRP and BACE under
physiological conditions in brain, where BACE function is pre-
sumed to be important in the pathogenesis of Alzheimer dis-
ease, we immunoprecipitated BACE from human brain tissue
and probed with an antibody to the LRP light chain. A strong
immunoreactive band of ~85 kDa (the expected size of the
mature endogenous light chain of LRP, i.e. furin-cleaved form)
(29) was detected in the sample lane (Fig. 3C, lane 1). Control
precipitate from samples lacking anti-BACE Ab (lane 2)
showed only a weak immunoreactive band, and samples lack-
ing cell extract (lane 3) did not contain this band. Thus, endog-
enous LRP and BACE co-immunoprecipitate.

Interaction of LRP and BACE by FLIM Analysis—We next
used an alternative technique to probe protein-protein proxim-
ity to test the idea that the LRP-BACE interaction detected by
co-immunoprecipitation occurs in specific cell compartments,
and to further evaluate the biochemical parameters of this
interaction. We utilized FLIM, a morphology-based FRET tech-
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nique that can reveal close protein-protein proximity in intact
cells. Fluorescence lifetime is influenced by the surrounding
microenvironment and is shortened in the immediate vicinity
of a FRET acceptor molecule. The degree of lifetime shortening
can be displayed with very high spatial resolution in a pseudo-
color-coded image. As shown in Fig. 2, double immunostaining
showed subcellular compartment co-localization of BACE and
LRP predominantly in endosomal compartments, but this does
not necessarily imply a close interaction. We measured changes
in the lifetime of the donor fluorophore (either FITC, Alexa 488,
or GFP) under different experimental conditions. In the ab-
sence of an acceptor fluorophore, the lifetime of FITC conju-
gated to IgG (hereafter referred to simply as FITC) is ~2300 ps,
GFP ~2200 ps, and Alexa 488 is ~1900 ps. If an acceptor
fluorophore is present but remains too distant from the donor
(i.e. there is no interaction), donor lifetimes remain in this
range. The lifetime of FITC attached to the C terminus of
BACE-V5 alone (2334 = 72 ps) was significantly shortened
when co-expressed mLRP1-Myc was C-terminally labeled by
Cy3 (2153 = 55 ps, p < 0.0001), indicating FRET between the
two fluorophores (Table I). Equivalent results were obtained
when BACE was tagged with GFP and when the acceptor and
donor fluorophores were exchanged (Table I). In order to test
the idea that the decrease in lifetime observed in the mLRP1-
GFP/BACE-V5 FLIM assay was because of FRET, we per-
formed an additional control. mLRP1-GFP and Myc-BACE co-
transfected cells were stained with anti-Myc Ab, then labeled
with Cy3. In this experiment, the Myc tag was at the N termi-
nus of BACE, across the membrane and, therefore, too distant
from the C-terminal GFP on mLRP1-GFP to be detected by
FRET. Although there was striking co-localization, no lifetime
change was observed. This experiment demonstrates the spec-
ificity of the proximity assay in this FLIM-based method of
measuring FRET.

FLIM allows analysis of FRET localization by recording the
distribution of donor lifetimes on a pixel-by-pixel basis. FITC
bound to BACE-V5 in the absence of acceptor has a uniform
lifetime and a single lifetime peak (Fig. 44); in the presence of
mLRP1-Cy3 acceptor, FITC has two distinct lifetimes and is
faster, representing “FRETting” molecules (Fig. 4B). Examina-
tion of the FLIM images of transfected cells suggests that LRP
and BACE interact (red pseudocolor) at the cell surface and in
endosomal compartments. Because LRP and BACE co-localize
in lipid rafts at the cell surface, we suggest that the interaction
detected by FLIM also is lipid raft-associated.

Indeed, additional experiments in which only cell surface
Myec-LC (N-terminal Myc) and BACE-NT are immunostained
demonstrate FRET (Table II) between BACE and LRP specif-
ically in punctuate structures at the cell surface (Fig. 5B). To
test the hypothesis that this interaction occurs in rafts we
cholesterol depleted the cells and repeated the cell surface
FLIM experiment. Cholesterol depletion weakened the inter-
action of BACE and LRP at the cell surface (Fig. 5C). This
result strongly suggests that BACE and LRP interact on the
cell surface distinctively in lipid rafts.

To further confirm the physiologic interaction of LRP and
BACE we performed FLIM in untransfected N2a cells as well as
primary cortical neurons, which have relatively abundant BACE
and LRP; Alexa 488 was chosen as donor fluorophore because it
is somewhat brighter than FITC under the conditions utilized.
Statistically shorter lifetimes of the donor in N2a cells (Alexa
488) attached to the C terminus of BACE in the presence of
C-terminally Cy3-labeled LRP (1492 = 293 ps, p < 0.0001) com-
pared with only Alexa 488-labeled BACE (1868 = 116 ps) as well
as in FITC-labeled primary neurons attached to the C terminus
of BACE in the presence of C-terminally Cy3-labeled LRP

17781

1500 2000
{psec)

Fic. 4. FLIM analysis of the proximity between LRP and BACE
within cells. H4 cells were co-transfected with mLRP1-Myec (A, unla-
beled; B, labeled by Cy3) and BACE-V5 (labeled by FITC). N2a cells
were stained for endogenous LRP with 11H4 (labeled by Cy3) and
anti-BACE CT Ab (labeled by Alexa 488) for the analysis (D) or only
with the donor fluorophore in the negative control (C). Primary neurons
were stained for endogenous LRP with 11H4 (Cy3) and Anti-BACE CT
Ab (FITC) for the analysis (¥) or only with the donor fluorophore (E).
The intensity of the images shows the standard immunostaining pat-
tern for BACE. The color-coded FLIM image shows the lifetimes (ps) of
FITC in the presence or absence of donor Cy3.

(2055 = 103 ps, p = 0.005) compared with only FITC-labeled
BACE (2193 * 105 ps) indicate FRET between endogenously
expressed proteins (Table III). In the absence of acceptor, Alexa
488 has a uniform lifetime; in the presence of acceptor a second
peak appears, reflecting an interaction (Fig. 4, C-F). The inter-
action, pseudocolored red, also appears to be stronger in the
distal compartments at or near the cell surface. This result dem-
onstrates close protein-protein interaction between endogenous
LRP and endogenous BACE at the cell surface in a neuronal cell
type, paralleling the co-immunoprecipitation results.
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TasLE II
FLIM assay data
FLIM assay data showing the proximity of LC and BACE and strong weakening of this proximity by cholesterol depletion (Chol. depl.) and
substitution of the LRP intracellular domain by LDLR in cell surface staining. H4 cells were co-transfected with Myc-(N terminus)-LC or an
LRP-LDLR chimera (labeled by FITC) and BACE-V5 (labeled by Cy3). Cholesterol depletion was performed with lovastatin/mevalonate for 24 h

and MBCD for 10 min.

Chol.

Donor Acceptor depl@ Lifetime n Significance
ps mean * S.D.
Myec-LC (FITC) None - 2317 * 109 21 = d —d
Myec-LC (FITC) BACE-NT (Cy3) = 2023 = 173 23 p < 0.0001° p < 0.0001°
Myec-LC (FITC) BACE-NT (Cy3) + 2203 *+ 83 21 p <0.001° —d
Myc-LC-LDLR None = 2335 * 111 8 Ld p < 0.005°
Myc-LC-LDLR BACE-NT (Cy3) = 2243 + 143 8 NS° —d

@ Presence (+) or absence (—) of cholesterol depletion.
® Significance as compared with control.

¢ Significance as compared with cholesterol depletion.
9 Signifies control condition.

¢ Not significant.

2000 2500 (psec)

Fic. 5. FLIM analysis of LC and BACE proximity on cell sur-
face. H4 cells were co-transfected with Myc-LC (labeled by FITC) and
BACE-V5 (4, unlabeled; B and C, labeled by Cy3). Cholesterol depletion
was performed with lovastatin/mevalonate for 24 h and MBCD for 10
min (C). The intensity image shows a typical immunostaining pattern
for surface LRP. The color-coded FLIM image shows the lifetimes (ps) of
FITC in the absence (A) or presence of the acceptor Cy3 (B and C). The
shorter FITC lifetimes, represented by red-yellow pseudocolor, appear
in distinct spots on the cell surface (B), and can be abolished by choles-
terol depletion (C).

To identify the domain of LRP interacting with BACE, we
utilized LRP deletion constructs. LC, which contains the
B-chain of LRP, and LRP165, a construct that contains only the
100 amino acid intracellular domain, the transmembrane do-
main and a very small extension beyond the membrane, both
interacted strongly with BACE (Table I). This result implicates
the intracellular or the transmembrane domain of LRP as the
site of interaction. To further test this hypothesis, we utilized a
chimeric protein in which the extracellular and transmem-
brane domains of LC are fused to the intracellular domain of
the low density lipoprotein receptor (LDLR) (Fig. 1) and per-
formed FLIM on the cell surface as described above. This con-
struct did not FRET with BACE (Table II), further supporting
the importance of the intracellular domain of LRP for
this interaction.

There are several scaffold/adaptor proteins known to interact

with LRP including Fe65 (22, 23, 41) and mammalian disabled
1 mDabl) (23). If the intracellular domain is responsible for
the interaction between LRP and BACE, these adaptor pro-
teins may play a role in the interaction. We have demonstrated
previously that LRP and Fe65 interact using a FRET based cell
assay (22), and that Fe65 is responsible for mediating an LRP-
Fe65-APP heterotrimeric complex. We therefore examined the
possibility that these molecules may interact with BACE by the
FRET assay. However, under the conditions utilized we did not
detect any FRET between BACE and Fe65 or between BACE
and mDabl (data not shown). Recent data also suggest that
phosphorylation of BACE at Ser*®8 changes its trafficking pos-
sibly by altering its interactions with GGA by its C-terminal
dileucine motif (30, 42). We generated the S498D, S498A, and
L499A/L500A mutants of BACE to evaluate if these mutants,
which mimic or block phosphorylation of Ser*®® (15), alter in-
teraction with LRP. No changes in FRET measures were ob-
served with these manipulations (data not shown).

BACE Internalization Assay—Because we observed LRP-
BACE interactions dependent on a domain of LRP that medi-
ates APP endocytosis, we hypothesized that LRP might also
influence BACE endocytosis and thereby regulate APP cleav-
age. In order to assess the effect of LRP on BACE endocytosis
we assessed internalization of BACE after biotinylation of its
N-terminal Myc tag at the cell surface and assayed internalized
versus cell surface BACE over time (Fig. 6). Co-transfection
with LC did not enhance BACE internalization from the cell
surface in LRP-null CHO cells (13-5-1) in contrast to known
enhancement of APP endocytosis with LC (20). The same re-
sults were obtained using PEA13 (LRP~—/-) fibroblasts (data
not shown). Thus it appears that BACE internalization is not
mediated by LRP under these conditions.

LRP Shedding—Because LRP is a known y-substrate, we
hypothesized that it might also be cleaved by B-secretase. In
order to assess the effect of BACE and LRP interaction on LRP
processing, we measured shedding of the extracellular domain
of LRP with the cDNA of SEAP fused to the N terminus of the
LRP B-chain. An analogous construct has been used to study
BACE cleavage of APP (43). After co-transfection of the SEAP-
LRP construct with a B-galactosidase reporter construct and
either empty vector, WT-BACE or BACE D93/289A, SEAP
activity was measured in the medium and normalized to B-ga-
lactosidase activity. WT-BACE led to a significant increase in
LRP ectodomain shedding compared with baseline, whereas, as
expected, catalytically inactive BACE D93/289A exhibited no
effect (Fig. 7A). To confirm that LRP is cleaved by BACE, we
used two additional approaches. Overnight treatment with a
cell-permeable BACE inhibitor (39) reduced LRP cleavage
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TasLe IIT
FLIM assay data showing the proximity of endogenous LRP and BACE in N2a cells and in primary neurons.

Donor Acceptor Lifetime n Significance (compared to control)

ps mean * S.D.

N2a cells BACE-CT (Alexa 488) None 1868 = 116 20 —a
BACE-CT (Alexa 488) 11H4 (Cy3) 1492 % 293 20 p <0.0001

Primary neurons BACE-CT (FITC) None 2193 = 105 15 —a
BACE-CT (FITC) 11H4 (Cy3) 2055 £ 108 10 p =0.005

@ — Signifies control condition.

80.0 7
70.0 7
60.0 1
50.0 1
40.0 7
30.0 1
20.0 1
10.0 7

0.0 v T : ;
5 min. 10 min, 20 min, 30 min. 40 min,

Fic. 6. BACE internalization assay. Internalization of biotinylated Myc-BACE was monitored over 40 min in LRP-null CHO (13-5-1) cells
co-transfected with either empty vector (pEGFP ¢) or LC-GFP (#). No change of the basic endocytosis rate of BACE with LRP co-transfection was
observed. Given are the means and S.D. of one of three independent assays. Both transfection and measurement were carried out in triplicate.
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Fic. 7. LRP shedding assay. A, HEK cells were transfected with SEAP-LRP, B-galactosidase, and empty vector or with a plasmid encoding
WT-BACE or a catalytically inactive BACE mutant (BACE D93/289A). B, HEK cells were transfected with SEAP-LRP, B-galactosidase, and empty
vector and treated overnight with either Me,SO (DMSO) or 12.5 um BACE-inhibitor II. C, HEK cells were transfected with SEAP-LRP,
B-galactosidase, and WT-BACE, and BACE-siRNA. Shown is the alkaline phosphatase activity in the conditioned medium normalized to
B-galactosidase activity. Given are the means and S.D. of one of three independent assays. Both transfection and measurement were carried out
in duplicate or triplicate.

when treating cells that expressed BACE at endogenous levels,
indicating that the observed effect has physiologic relevance
and is not restricted to cells overexpressing BACE (Fig. 7B).
The second approach to inactivating BACE utilized siRNA-
mediated silencing. Knocking down overexpressed BACE by
co-transfection of BACE1-specific siRNA reduced processing of
LRP by BACE (Fig. 7C).

LRP C-terminal Fragment (CTF) Production after BACE Co-
transfection—After treatment with DAPT for 12 h we observed
an increase of the LRP-CTF 25-kDa band consistent with the
observations of (28) suggesting y-cleavage of LRP. We hypoth-
esized that, like APP, the direct substrate of y-secretase activ-

ity would be an N-terminally cleaved form of LRP. To deter-
mine if BACE activity would produce an LRP-derived
y-secretase substrate, we co-transfected LC with BACE. This
led to an increase of LRP-CTF detected by Western blot as a
25-kDa band. To confirm that this band is the substrate of
y-secretase activity, we repeated this experiment in the pres-
ence of the y-secretase inhibitor DAPT, and detected an in-
creased amount of the 25-kDa product. The presence of BACE
further increased and co-transfection with catalytically inac-
tive BACE mutant did not increase this band intensity (Fig. 8).
These results are consistent with a BACE-mediated cleavage of
LRP, generating a CTF for y-cleavage.
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Luciferase Assay—LRP interaction with B-secretase leads to
LRP cleavage and generation of a truncated form. By analogy
to APP, it may then undergo further proteolysis and release the
LRP-ICD fragment. Evidence that LRP is itself a y-substrate
has been presented using an LRP-Gal4/VP16 construct utiliz-
ing a luciferase reporter assay for LRP C-terminal cleavage
(28). We used this same assay to determine if co-transfection
with BACE would alter generation of this putative signaling
domain. Co-transfection with BACE led to a substantial in-
crease in luciferase activity suggesting that LRP undergoes
BACE cleavage, leading ultimately to release of the cytoplas-
mic domain and translocation to the nucleus (Fig. 9).

DISCUSSION

In the present study, we have demonstrated that BACE
interacts with the intracellular domain of LRP, a multifunc-
tional endocytic receptor. The interaction was demonstrated by
co-immunoprecipitation of BACE and LRP from overexpressing
cells and from endogenous BACE and LRP in human brain
samples and primary neurons. Co-localization and close prox-
imity in both H4 and N2a cells was shown by confocal micros-
copy and FRET-based proximity assays, suggesting co-localiza-
tion primarily in endosomes and at the cell surface. Cholesterol
depletion disrupted the cell surface LRP interaction, suggest-
ing that the interaction occurs in lipid rafts.

The FRET technique used here, FLIM, is advantageous be-
cause it provides quantitative data on protein-protein proxim-
ity with exquisite subcellular localization. The two fluoro-

F1c. 9. BACE increases release of
LRP-ICD. HEK293 cells were trans-
fected with LRP-Gal4/VP16 (28) in the
absence or presence of BACE, and lucifer-
ase activity determined. Activity relative
to B-galactosidase is shown as the aver-
age of triplicate analyses. The addition of
BACE led to a statistically significant in-
crease in luciferase activity, suggesting
that LRP undergoes BACE cleavage, and
leading to subsequent release of the cyto-
plasmic domain and translocation to the
nucleus to activate the Gal4 assay.

phores must be quite close (<10 nm) to support FRET; tagging
LRP and BACE molecules “across the membrane” from one
another or after cholesterol depletion abolishes FRET despite
continued co-localization at the light level. Analogous results
were obtained using three different fluorophores, multiple dif-
ferent antibody pairs, endogenous or transfected LRP and
BACE, and two different cell types. Taken together with the
co-immunoprecipitation data, our results strongly support the
conclusion that LRP and BACE interact at the cell surface in
raft compartments.

In contrast to y-secretase, where at least 15 substrates have
been described (44), BACE has so far appeared to be relatively
specific. Sialyltransferase and PSGL-1, in addition to APP and
its homologues APLP1 and 2 are the only other reported sub-
strates of BACE (6, 43). A family of GGA adaptor proteins and
the phospholipid scramblase 1 (PLSCR1) have been shown to
directly interact with the BACE tail (42, 45). Interestingly,
both BACE and PLSCR1 were localized in a low buoyant lipid
microdomain, a potential site of interaction with APP and LRP.

In summary, our data demonstrate a close interaction of LRP
and BACE in specific subcellular compartments. Although
BACE and LRP are mostly co-localized in the endosomal com-
partments and to a lesser extent in the Golgi and on the cell
surface as shown by conventional immunostaining, our FLIM
data suggest that they come into closest proximity at the cell
surface in lipid rafts, where it has been shown that amyloido-
genic processing seems to occur in raft associated compart-
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ments (13). This is in good accordance with a recent article
showing that ApoE, a LRP ligand, is co-localized with APP and
BACE in lipid rafts (46). Moreover, our SEAP-LC assay dem-
onstrates that BACE-mediated cleavage of the LRP extracellu-
lar domain leads to secretion of the shed domain into the
extracellular milieu. Because even the LRP165 construct
(which lacks ligand binding domains and most of the extracel-
lular part of LRP) interacts with the BACE intracellular do-
main and the LC-LDLR-chimera lacking the LRP intracellular
domain did not interact with BACE, we postulate that the
major interaction site is the intracellular domain of LRP.
Whereas two candidate adaptor proteins, Fe65 and mDab, did
not appear to mediate the interaction, multiple other potential
adaptor proteins might either mediate or impact this interac-
tion. Surprisingly we did not find enhancement of BACE endo-
cytosis in LRP-null cells co-transfected with LRP. Thus, al-
though LRP co-traffics with BACE to the cell surface, it does
not appear to be critical for BACE recycling from the cell
surface to endosomes. Our current data, showing an interac-
tion between LRP and BACE, when viewed in the context of
previous studies of APP-LRP interactions, suggest that LRP
has a complex role in modulating APP processing. The LRP
C-terminal domain also mediates an interaction with APP in
similar cell compartments (22). Thus, LRP, which is highly
enriched in rafts, potentially acts as a scaffolding complex in
rafts for APP and for BACE; such an interaction may help
explain the observations that directing APP to rafts enhances
B-cleavage and A generation (13).

We found that BACE activity at endogenous levels leads to
an increase of secreted LRP in the medium as well as LRP-
CTF, analogous to APP processing. Thus we now show that
LRP is a substrate for both BACE and y-secretase, identified as
APP-processing enzymes. Whether this processing leads to a
stable LRP equivalent of AB is unknown. Moreover BACE
overexpression leads to an increase of y-secretase-like cleavage
to release LRP-ICD. Although LRP-ICD has been shown to
translocate to the nucleus and interact with Fe65 and Tip60
(28, 47), whether or not it has a transcriptional role under
physiological conditions remains unknown. However, both LRP
(48, 49) and other members of the LDL receptor-related family
(50) have been implicated as having signaling roles in neurons,
and it seems likely that the cleavage of LRP we observe could
modulate such signaling. Further studies will be needed to
elucidate if APP and LRP act co-operatively or competitively for
access to these secretases and how interactions of LRP with
other ligands impact these processes.
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Abstract

N-cadherin is essential for excitatory synaptic contact in the hippocampus. At the sites of synaptic contact, it forms a complex with Presenilin
1(PS1) and B-catenin. N-cadherin is cleaved by ADAM10 in response to NMDA receptor stimulation, producing a membrane fragment Ncad/CTF1
in neurons. NMDA receptor stimulation also enhances PS 1/y-secretase-mediated cleavage of N-cadherin. To characterize the regulatory mechanisms
of the ADAMI10 and PS1-mediated cleavages, we first identified the precise cleavage sites of N-cadherin by ADAMI0 and PS1/y-secretase by
producing cleavage-deficient N-cadherin mutants. Next, we found that ectodomain shedding of N-cadherin by ADAMIO is a primary regulatory
step in response to calcium influx, and that it is required for the subsequent PS1/y-secretase-mediated e-cleavage of N-cadherin, which is a
constitutive process to yield a cytoplasmic fragment, Ncad/CTF2. Since N-cadherin is essential for the structure and function of synapses including
the long-term potentiation, those proteolytic events of N-cadherin should affect the adhesive behavior of the synapses, thereby taking part in

leaming and memory.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Presenilin 1; N-cadherin; ADAMI10; Synapse; Alzheimer’s disease

Dysfunction in the synapse, especially alterations of hippocam-
pal synaptic efficacy leads to the impairment of memory, a major
symptom of Alzheimer’s disease (AD) [18]. In AD, synaptic
loss correlates with the severity of cognitive impairment bet-
ter than senile plaques or neurofibrillary tangles [19]. In fact,
loss of hippocampal synaptophysin immunoreactivity is an early
pathological marker in AD [8]. Thus, investigating the regulatory
mechanism of synaptic contact is important for the elucidation
of AD pathogenesis.

N-cadherin, an essential molecule for synaptic contact, is
abundantly localized in hippocampal synapses [2]. The cyto-
plasmic domain of cadherin associates with the actin cytoskele-
ton via B-catenin and regulates synaptic contact, synaptogen-
esis and dendritic spine morphology [14,20]. Recently, it was
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shown that the cleavage of N-cadherin by ADAM10 occurs after
NMDA stimulation of neuronal cells. This cleavage results in a
redistribution of (3-catenin from the cell surface to the nucleus
[16], indicating that cadherin-based cell-cell contact might reg-
ulate (3-catenin signaling. However, the exact mechanism how
ADAMI10-mediated cleavage of N-cadherin affects nuclear (3-
catenin signaling is not known yet.

PS1, a causative gene of familial AD, is a component of ~y-
secretase, which cleaves B-amyloid precursor protein to generate
AP peptides [4]. Interestingly, PS1 is located at the synapse and
forms complexes with N-cadherin[5]. N-cadherin is also cleaved
by PS1/vy-secretase after NMDA receptor stimulation, although
the precise cleavage site has never been determined [12]. Both
ADAMI10- and PS1-mediated cleavages are triggered by NMDA
receptor stimulation in neuron, however, whether N-cadherin
cleavage by ADAM10 and PS1/y-secretase occur ‘sequentially’
or ‘independently’ have never been clarified. Since N-cadherin
is essential for the synapse structure and function, the precise
mechanism of N-cadherin metabolism after neuronal excitation
should be elucidated.
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In this study, we have identified the precise cleavage sites
of N-cadherin by ADAM10 and PS 1/y-secretase. Moreover, we
revealed that the ADAMI10-mediated ectodomain shedding of
N-cadherin, which would disrupt cell-cell (synaptic) contact,
is a prerequisite for the secondary PS1/y-secretase cleavage.
Further, we have proven that the ADAM10-mediated shedding
is a regulated process in response to calcium influx via NMDA-
type glutamate receptor, whereas PS1/y-secretase cleavage is a
constitutive one.

Initially, we constructed several N-cadherin mutants to
identify the precise cleavage sites. A cDNA copy of human N-
cadherin (Genbank no.: M34064) gene was amplified from the
first strand cDNA Human fetal brain (Stratagene, CA) by a for-
ward primer 5-TTTTTTGCTAGCACCATGGATAAAGAA-
CGCCAGGCC-3', and a reverse primer, 5'-TTTTTGGGCCC-

Extraceliular Cytoplasmic
N-cadherin
N
o N
HEK293 cells
Biot: Anti-N cadherin antibody
150kDa- -
F7kDa-[ iy |cTF
100kD2- | gy e ey | aDAm10
lonomycin - + + +
GMB001 (10pg / mi)- - *
ADAM10KD - - - *
(B)  DFK(25 M) L S ®)

(C) Extracellular

TCAGCTATCACCTCCACCATA-3' and cloned into
pcDNA3.1 (+) (Invitrogen, Carlsbad, CA). For C-terminal HA
tagging, a reverse primer 5'-TTTTTGGGCCCTCAGGCGTA-
ATCTGGGACGTCGTATGGGTAGTCATCACCTCCACCA-

TACATGTCAGCA-3 was used. The cleavage-defective
cadherin mutants (GD mutant, IRD mutant, GG mutant and ED
mutant) were produced by the site-directed mutagenesis method
[9]. To obtain a plasmid construct expressing Ncad(FL)-GFP,
the N-cadherin was cloned into pcDNA3.1/CT-GFP-TOPO
(Invitrogen). Deletion mutants of N-cadherin, having an
endogenous signal peptide tagged with Flag sequence at the
N-terminus were produced as follows. For Ncad(AN)-GFP,
PCR products, amplified by two different primer sets from
wild-type N-cadherin construct (5'-TTTTTTGGTACCGAGCT-
CGGATCCA-3' and 5'-TTTTGGGCCCGTCCTTGTAGTCA-

Wild-type-HA
" < DCTOVDRIVGAGLGTGA c
GD mutant-HA
*DCTDVDEDVGAGLGTGAY c
N
IRD mutant-HA
c

y " DCTDVBRVGAGLGTG

Membrane

HEK293 celis
Blot: Anti-HA antibody
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37kDa- |/ s CTF1
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Fig. 1. ADAMIO-mediated ectodomain shedding of N-cadherin. (A) A schema of N-cadherin cleavage. The N-cadherin cytoplasmic domain is linked to B-catenin.
Ectodomain shedding of full-length (FL) N-cadherin by ADAMIQ yields N-cadherin C-terminal fragment 1 (CTF1), N-cadherin is also cleaved at the membrane-
cytosol interface by PS1/y-secretase, leading to the release of the N-cadherin C-terminal fragment (CTF2) in the cytoplasm. Amino acids 802819 are recognized by
the anti-N-cadherin antibody, used in the present study. (B) Involvement of ADAM10 in ectodomain shedding of N-cadherin, HEK293 cells were treated by ionomycin
(5 M) for 30 min in the presence of DFK (25 uM). Total cell lysate was subjected to Western blot using anti-N-cadherin antibody. Tonomycin treatment induced
ectodomain shedding, resulting in Ncad/CTFI production, which was blocked by the presence of the metalloproteinase inhibitor, GM6001 (10 pg/ml). ADAMI10
knock down (KD) also inhibited the production of Ncad/CTF1. (C) A scheme of N-cadherin mutants. Putative cleavage site was located between R71# and I’'5 in the
extracellular domain in wild-type N-cadherin (arrow, underlined). GD mutant was created by substituting both R74 5 G714 and 1715 — D715 (underlined), whereas
IRD mutant was made by substituting D''? — I7'3 and 1"'5 — D"!5 (underlined). All constructs were tagged with HA at their C-terminus. (D) Both wild-type and
mutant N-cadherins tagged with HA were transfected into HEK293 cells. Cells were then treated by ionomycin (5 wM) for 30 min in the presence of DFK (25 uM).
Membrane fraction (M) was obtained and subjected to Western blot using anti-HA antibody. Ncad/CTF1 production was observed only in wild-type-HA transfected

cells.
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ACATCTTCAGGAAATCC-3: 5-TTTTTTGGGCCCTGCC-
AGTGTGACTCCAA-3 and 5'-TTTTTCTAGACTCGAGCG-
GCCGCCA-3") were excised by Apa I and cloned into
Kpn I-Xba I sites of pcDNA 3.1(+). For Ncad(AEC)-GFP,
different primer sets (5-TTTTTTGGTACCGAGCTCGGAT-
CCA-3' and 5-TTTTGGGCCCGTCCTTGTAGTCAACATC-
TTCAGGAAATCC-3': 5-TTTTGGGCCCATCATTGCCATC-
CTGCTCTGCATC-3"y were used. Then the constructs were
subcloned into pcDNA3.1/CT-GFP-TOPO (Invitrogen) for
C-terminal GFP-fusion. Precise cloning of all reading frame
was verified by sequencing.

We used HEK?293 cells for the transient transfection of the
N-cadherin constructs in order to analyze the mutation and cleav-
age. HEK293 cells were maintained in DMEM containing 10%
fetal bovine serum. The transfection was done by Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.

To further verify the results of HEK293 cells, primary cul-
tured cells were also used. They were obtained from the cerebral
cortex of fetal mice (1416 days gestation). Cultures were incu-
bated in Neurobasal medium supplemented with B27 (Invitro-
gen).

In order to analyze the effect of ADAMIO on the
cleavage, we undertook ADAMI0 knock down experiments.
siRNA duplexes (Stealth RNAI) were synthesized by Invitro-
gen.: 5-UUUGACCCAAAUUCUUAGAUUCUCC-3/ (sense);
5-GGAGAAUCUAAGAAUUUGGGUCAAA-3' (antisense).
Control cells were transfected with Block-it™ Fluorescent
Oligo (Invitrogen). Plasmids encoding N-cadherin and its
mutants as well as siRNA constructs were transfected into
HEK?293 cells using Lipofectamine 2000 (Invitrogen). Twenty-
four hours after the transfection of siRNA, the effect of the
ADAM10-knock down on the N-cadherin cleavage was ana-
lyzed.

To analyze the effect of inomycin (Calbiochem), NMDA
and AMPA treatment on N-cadherin cleavage, the medium was
changedto Opti-MEM I (Invitrogen) containing designated con-
centrations of stimulatory reagents. For the inhibition assay of
N-cadherin cleavage, cells were pre-incubated with Opti-MEM
I containing one of the inhibitors; difluoroketone (DFK, from
Sigma) for 2h, GM6001 (Calbiochem) for 1h, MK801 for
30min and then exchanged into OPTI-MEM I containing both
a stimulatory and an appropriate inhibitory reagent. All of the
control cells were treated by the sham medium exchange by
OPTI-MEM L

Preparation of protein samples, cell fractionation, the West-
ern blot and immunoprecipitation analysis were carried out
as described elsewhere [21]. For probing N-cadherin and
ADAMI10, anti-N-cadherin antibody was obtained from Trans-
duction Laboratories, anti-ADAM10 from Chemicon. Anti-
mouse and rabbit horseradish peroxidase-conjugated secondary
antibodies were obtained from Amersham Biosciences. In vitro
cleavage of N-cadherin was performed according to the previous
report [6].

Mass spectrometric identification of proteins was performed
as previously described [10]. Molecular mass analyses of triptic
peptides were performed using an ultraflex TOF/TOF (Bruker
Daltonics).

As shown in Fig. 1A, PS1, N-cadherin and B-catenin form a
complex at the plasma membrane to stabilize synaptic contact
[5]. E- and N-cadherin are cleaved by ADAMI10 at the extracel-
lular domain, yielding CTF1 at the membrane fraction [13,16].
E-cadherin is either directly, or following the metalloproteinase
(ADAM10)-mediated ectodomain shedding, cleaved by PS1/y-
sécretase at the membrane-cytosol interface (e-cleavage), yield-
ing cytoplasmic fragment Ecad/CTF2 [11]. PS1/y-secretase-
mediated cleavage of N-cadherin was subsequently reported [12]
although the precise cleavage site has never been determined.

HEK293 cells
incubated at 37°C, &0min
in Buffer H, pH7 .4
Blot: Anti-N-cadherin antibody
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Fig. 2. PS1/y-secretase cleaves N-cadherin at the membrane-cytosol interface.
(A) The membrane fraction prepared from HEK293 cells was incubated in
the presence or absence of y-secretase inhibitor (DFK), at 37°C, 1h. Both
membrane (M) and soluble (S) fractions were probed with anti-N-cadherin anti-
body. Note that the degradation of the FL N-cadherin and the production of
Ncad/CTF2 are inhibited in the presence of 25 uM DFK. (B) A schema of a wt
and two mutant N-cadherin constructs. GG mutant was produced by substitu-
tion of V743 — G7*3 and V* » g7 (underlined). ED mutant was produced
by substitution of K7 — E7 and R — D™8 (underlined). Underline in
wild-type-HA indicates the peptide sequences obtained by the MAS analysis
of Ncad/CTF2. (C) The membrane fraction of transfected cells were collected
and incubated in Buffer H at 37 “C for 1 h. Wild-type-HA was cleaved to yield
Ncad/CTF2, as demonstrated by the Western blot using anti-HA antibody (left).
The production of Ncad/CTF2 was reduced in the presence of GG mutation
(middle), and completely abolished by ED mutation (right).



K. Uemura et al. / Neuroscience Letters 402 (2006) 278-283 281

We first analyzed the mechanism of Ncad/CTF1 produc-
tion in the presence of DFK, a ~y-secretase inhibitor, to min-
imize the effect of PS1/y-secretase (Fig. 1B). As reportedly,
Ncad/CTF1 was produced from full-length (FL) N-cadherin
in response to ionomycin treatment in the presence of DFK.
Ncad/CTF1 production was inhibited by the metalloproteinase
inhibitor, GM6001, or by ADAM10 knockdown, confirming that
ADAM10-mediated cleavage is involved in Ncad/CTF1 produc-
tion. From the homology to the cleavage sites of other ADAM10
substrates, we speculated ADAM10-mediated cleavage of N-

stituting both R”!4 — G7!* and I7'% — D75, (2) IRD mutant by
substituting D713 — 1’13 and I’ — D715 (Fig, 1C). Both GD
and IRD mutations completely abolished Ncad/CTF1 produc-
tion after ionomycin treatment (Fig. 1D), indicating that calcium
influx triggers ADAMI10-mediated ectodomain shedding of N-
cadherin between R71* and I715.

Next we wished to determine the precise cleavage mecha-
nism of N-cadherin by PS1/y-secretase. As reportedly, in vitro
cleavage assay revealed that Ncad/CTF2 was produced by -
secretase (Fig. 2A). In order to determine the precise cleavage

cadherin to occur between R7!4 and I’!5 in the extracellular
domain. Thus, we created two mutants: (1) GD mutant by sub-

site, human N-cadherin tagged with HA was transfected into
HEK?293 cells and subjected to in vitro cleavage. Ncad/CTF2

(A HEK293 D)
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Fig. 3. ADAMI0-mediated ectodomain shedding is the primary regulatory step of Ncad/CTF2 production. (A) HEK293 cells were treated by ionomycin (5 pM,
30 min) in the presence of designated concentration of GM6001. Cells were fractionated and both membrane and cytoplasmic fractions were subjected to Western
blot. Nead/CTF! production was almost completely inhibited in the presence of 50 wg/ml GM6001 in the membrane fraction (M). Ncad/CTF2 production was
observed only in the absence of GM6001 in the cytoplasmic fraction (C). (B) ADAMIO0 in HEK293 cells were knocked down (KD) by siRNA for 24 h. Both
wild-type and ADAM10KD HEK293 cells were treated by jonomycin (5 uM, 30 min). Cells were fractionated and subjected to Western blot. Both Ncad/CTF1 and
Ncad/CTF2 productions were significantly inhibited in the ADAM10 KD background. (C) N-cadherin mutants deficient in ADAM10-mediated ectodomain shedding
were transfected into HEK293 cells (see Fig. 1C). Cells were treated by ionomycin (5 1M, 30 min), and both (M) and (C) fractions were subjected to Westemn blot
using anti-HA antibody. Ncad/CTF2 production was observed only in wild-type-HA transfected cells in which abundant Ncad/CTF1 was produced. (D) A scheme of
N-cadherin deletion mutants tagged with GFP. In Nead(FL)-GFP, GFP was fused to the C-terminus of wild-type N-cadherin. In Ncad(AN)-GFP, the signal peptide
from the wild-type N-cadherin and the Flag sequence were added to the N-terminus of putative ADAM10-mediated cleavage site of N-cadherin with GEP fusion to the
C-terminus. In Ncad(AEC)-GFP, the signal peptide and the Flag sequence were added just N-terminus of intramembrane domain of N-cadherin, thus, Ncad(AEC)-
GFP has no recognition site for ADAM10-mediated ectodomain shedding. (E) Effects of N-cadherin deletion on PS1/y-secretase-mediated cleavage. N-cadherin
deletion mutants were transfected into HEK293 cells. Cells were treated by ionomycin (5 uM, 30 min), in the presence or absence of GM6001 (10 pg/ml), and
(M) and (C) fractions were subjected to Western blot, using anti-GFP antibody. Ionomycin treatment enhanced Ncad/CTF2 production in HEK293 cells transfected
with N-cad(FL)-GFP (top) and Ncad(AN)-GFP plasmids (middle). Production of Ncad/CTF2 was inhibited by GM6001. In Ncad(AEC)-GFP transfected cells, the
robust amount of Ncad/CTF2 production was seen even in the absence of ionomycin treatment. Ncad/CTF2 production was neither stimulated by ionomyein nor
inhibited by GM6001 (bottom). The increase of Ncad/CTF1 production after ionomycin treatment was not clear in this experiment, possibly due to subsequent
PS1/y-secretase-mediated cleavage of Ncad/CTF1.
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produced in vitro was immunoprecipitated using polyclonal
anti-HA antibody (Sigma) and subjected to MAS analysis.
We obtained signals from peptide sequence, ‘DKERQAKQL-
LIDP’ (indicated in Fig, 2B, wild-type-HA), which was derived
from the cytoplasmic domain of N-cadherin, adjacent to the
membrane-cytosol interface (data not shown). To define the
cleavage sequence more precisely, we created two kinds of N-
cadherin mutants (Fig. 2B). (1) GG mutant by substitution of
V73 5 G73 and V'** — G'** (located inside the transmem-
brane domain, an analogous mutant to a processing-deficient
V1744K Notch mutant [17]). (2) ED mutant by substitution
of K¥7 — E’¥7 and R7*8 — D7*? (located at the membrane-
cytosol interface). In contrast to wtN-cadherin (Fig. 2C, left),
Ncad/CTF2 production was compromised in the presence of
GG mutation (Fig. 2C, middle) and abolished by ED muta-
tion (Fig. 2C, right), indicating that human N-cadherin is
cleaved by PS1/vy-secretase at the membrane-cytosol interface
(e-cleavage).

Then, we wished to determine how those two N-cadherin
cleavages by ADAMI10 and PS1/y-secretase are regulated.
Ncad/CTF1 production after calcium influx was inhibited by
GM6001 in a dose-dependent manner (Fig. 3A, top). However,
Ncad/CTF2 in the cytoplasmic fraction was observed only in
the absence of GM6001, suggesting that the ectodomain shed-
ding by ADAMI10 is required for the production of Ncad/CTF2
(Fig. 3A, bottom). ADAMI10 knockdown also significantly
inhibited Ncad/CTF2, as well as Ncad/CTF1 production, sup-
porting the importance of ectodomain shedding (Fig. 3B). Fur-
thermore, it was revealed that Ncad/CTF2 was not produced
in ADAMI10-cleavage-deficient N-cadherin mutants (GD, IRD
mutants) (Fig. 3C). Since GD and IRD mutants have intact
intramembrane and cytoplasmic domains, these results confirm
the requirement of precedent ectodomain shedding for PS1/y-
secretase-mediated cleavage.

To determine whether ‘ectodomain shedding’ is the ‘primary’
regulatory mechanism of Ncad/CTF2 production or, alterna-
tively, calcium influx can also affect PS1/y-secretase activity
to promote Ncad/CTF2 production, three N-cadherin constructs
were created: (1) N-cad (FL)-GFP in which GFP is fused to
C-terminus of wild-type FL. N-cadherin, (2) Ncad(AN)-GFP
in which the signal peptide and Flag sequence were added to
N-terminus of putative ADAM10-mediated cleavage site with
GFP fusion to C-terminus, (3) Ncad(AEC)-GFP in which the
signal peptide and Flag sequence were added just N-terminus
of the intramembrane domain, thus has no recognition site
for ADAMI10-mediated ectodomain shedding (Fig. 3D). As
expected, calcium influx enhanced Ncad/CTF2 production in
both conditions transfected with either N-cadherin(FL)-GFP or
Ncad(AN)-GFP. The production was inhibited by GM6001,
thus, indicating that the amount of Ncad/CTF2 was primar-
ily regulated at the level of ectodomain shedding, regardless
of the deletion of N-terminal domain of N-cadherin (Fig. 3E,
top, middle). Strikingly, in Ncad(AEC)-GFP transfected cells,
robust amount of Ncad/CTF2 production was observed with-
out stimulation by ionomycin, suggesting that it was constitu-
tively produced from this construct (Fig. 3E; bottom). Collec-
tively, these results indicate that calcium influx triggers primarily

ADAM10-mediated ectodomain shedding, which then activates
PS1/y-secretase to produce Ncad/CTF2.

Previous studies demonstrated that Ncad/CTF2 was pro-
duced after the stimulation of NMDA receptor [12], and that
Ncad/CTF1 production is linked to NMDA receptor stimulation
[16]. Therefore, we wished to address whether the sequential
cleavage is critically involved in the physiological processing
of N-cadherin using primary neuronal cells (Fig. 4). The result
obtained from the primary neurons confirmed that excitatory
neurotransmission via NMDA receptor triggers sequential pro-
teolysis of N-cadherin in neuronal cells (Fig. 4A and B).
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Fig. 4. NMDA-type glutamate receptor stimulation is linked to sequential pro-
teolysis of N-cadherin in neurons. (A) Primary neurons obtained from the
mouse cortex were treated by either NMDA (50 uM) or AMPA (1 pM) for
1 hin the presence of DFK (25 M) and (M) fraction was subjected to Western
blot. NMDA, but not AMPA treatment yielded Ncad/CTF1. Ncad/CTF1 pro-
duction after NMDA treatment was completely inhibited by the simultaneous
administration of NMDA receptor antagonist, MK801 (10 uM). (B) Primary
neurons obtained from the mouse cortex were treated by NMDA (50 uM). Cells
were fractionated and both (M) and (C) fractions were subjected to Western
blot. NMDA treatment yielded Ncad/CTF1 in (M) fraction and Ncad/CTE2 in
(C) traction. Both Ncad/CTF1 and Ncad/CTF2 productions were inhibited by
GM6001 (10 pg/ml), whereas DFK (25 M) inhibited only Ncad/CTF2 pro-
duction, confirming that the secondary cleavage of N-cadherin is mediated by
PS1/y-secretase.
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Previous studies demonstrated that N-cadherin undergoes
the proteolytic cleavages by ADAMI10 and PS1/y-secretase
in response to NMDA-type receptor-mediated calcium influx
[12,16]. However, it still remains unknown how these two cleav-
ages are regulated in the neuronal cells and the precise cleav-
age sites of N-cadherin were not identified yet. In the present
study, we have revealed: (1) both the precise cleavage sites
of human N-cadherin by ADAMI0 and PS1/vy-secretase, (2)
the ADAM10-mediated ectodomain shedding is a prerequisite
for the subsequent PS1/y-secretase-mediated e-cleavage, (3)
ADAMI10-mediated cleavage is a regulated process in response
to calcium influx, whereas PS1/vy-secretase-mediated secondary
cleavageis constitutive. Thus, these sequential proteolytic events
of N-cadherin should constitute a molecular switch which links
neurotransmission to cell-cell adhesion.

Recent report demonstrated that ADAM10-mediated cleav-
age of N-cadherin enhances (3-catenin nuclear signaling [16].
Developmentally, nuclear 3-catenin signaling promotes the pro-
liferation of neuronal stem cells, neuronal differentiation, axonal
remodeling and synaptogenesis [3,7,15]. Moreover, [B-catenin
actively and flexibly modifies synaptic function [1,22]. Taken
together, the activity-dependent modulation of B-catenin level
via N-cadherin cleavage might be an essential molecular mech-
anism for the synaptic plasticity.

In AD, synaptic loss correlates with the severity of cognitive
impairment better than senile plaques or neurofibrillary tangles
[19]. In fact, loss of hippocampal synaptophysin immunoreac-
tivity is an early pathological marker in AD [8]. Given the accu-
mulating evidence that N-cadherin and/or B-catenin is essential
for synaptic function [1,14,20,22], the impairment in N-cadherin
cleavage should be causally associated with synaptic dysfunc-
tion in the brain. The impact of perturbed N-cadherin cleavage
on cognitive function should be analyzed in future.
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Abstract

N-cadherin is essential for excitatory synaptic contact in the hippocampus. Presenilin 1 (PS1) is located at sites of synaptic contact,
forming a complex with N-cadherin and B-catenin. Here, we report that human N-cadherin is cleaved by PS1/y-secretase in response to
physiological concentration of glutamate (Glu) stimulation, yielding a fragment Ncad/CTF2. The expression of Ncad/CTF2 in neuronal
cells led to its translocation to the nucleus, and caused a prominent enhancement of cytoplasmic and nuclear f-catenin levels in a cell-cell
contact dependent manner, via following mechanisms: 1, inhibition of B-catenin phosphorylation; 2, transactivation of B-catenin; and 3,
inhibition of N-cadherin transcription, and finally enhanced B-catenin nuclear signaling. Since the regulation of cellular B-catenin level is
essential for synaptic function, disruption in the cleavage of N-cadherin may be causally linked to the synaptic dysfunction associated

with Alzheimer’s disease (AD).
© 2006 Elsevier Inc. All rights reserved.

Keywords: Alzheimer’s disease; N-cadherin; Presenilin 1; Synapse; p-Catenin

Synapses are the structures for the contacts that enable
neurons to interact. N-cadherin, an essential adhesion mol-
ecule for synaptic contact, is abundantly localized in hippo-
campal glutamatergic synapses [1,2]. The cytoplasmic
domain of cadherins associates with B-catenin and regu-
lates cell-cell adhesion, synaptogenesis, and dendritic spine
morphology [3,4].

On the other hand, B-catenin is a mediator of -catenin
nuclear signaling which regulates axonal remodeling and
synaptogenesis in neurons [5]. In the absence of Wnt
ligands, B-catenin is rapidly phosphorylated by glycogen
synthase kinase-3f (GSK-3p) which targets f-catenin for
degradation [6]. The presence of Wnt ligands inhibits

* Corresponding author. Fax: +81 75 751 3969.
E-mail address: akinoshita@hs.med.kyoto-u.ac.jp (A. Kinoshita).
! These authors equally contributed to this work.

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2006.04.157

GSK-38, leading to increased cytoplasmic B-catenin levels.
The accumulated B-catenin forms nuclear complexes with
TCF family of transcription factors [7] and regulates
expression of various genes such as cyclin D1 [8]. B-Catenin
is important for synapse function [9,10]. However, we have
limited information as to the mechanism through which
neuronal cells control the cellular B-catenin level.
Presenilin 1 (PS1), a causative gene of familial AD
(FAD), is a component of y-secretase complex. The y-se-
cretase complex is essential for the cleavage of B-amyloid
precursor protein to generate AP peptides [11]. PS1/y-se-
cretase complex is also involved in the e-cleavage of several
other type-I membrane proteins [12-15]. e-Cleavage of
membranous proteins releases their intracellular domains
(ICDs) into the cytoplasm, most of which translocate to
the nucleus and modify cellular signaling processes [16,17].
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In fact, PS1 is located at the synapse and forms com-
plexes with N-cadherin in the brain [18]. N-cadherin is
cleaved by PS1/y-secretase complex after NMDA receptor
stimulation [19]. The ICDs, N-cadherin C-terminal frag-
ment 2 (Ncad/CTF2), inhibit CBP-mediated transcription
[19]. Given that cognitive decline in AD is correlated to
the degree of synaptic loss [20], it is plausible that dysregu-
lation of PS1-dependent synaptic proteins may be the ear-
liest pathological event in AD.

Here, we report that human N-cadherin cleavage product
by PS1/y-secretase, Ncad/CTF2, translocates to the nucleus
and promotes accumulation of cellular B-catenin, leading to
the enhancement of B-catenin nuclear signaling. This model
suggests that activity-dependent cleavage of N-cadherin by
y-secretase may modify the synaptic junctions in the neuro-
nal system, thus playing a role in the remodeling of synapses.

Materials and methods

Plasmid constructs. For tetracycline-inducible expression of Ncad/
CTF2, the cytoplasmic region (from amino acids No. 747 to No. 906
(Swiss-Prot: P19022)) of human N-cadherin was amplified from first
strand cDNA Human fetal brain (Stratagene) by PCR, using a forward
primer plus Kozak sequence with additional methionine in the beginning,
5-TTTTTGGTACCATGAAACGCCGGGATAAAG-3', and a reverse
primer, 5-TTTTTGGGCCCTCAGCTATCACCTCCACCATA-3'. The
PCR product was cloned into Kpnl-Apal sites of pcDNA 4/TO
(Invitrogen).

Cell culture and transfection. SH-SY5Y cells were maintained in
DMEM containing 10% fetal bovine serum. SH-SYSY cell lines, stably
expressing wild-type (wt), P117L, and D385A PSI1, were described previ-
ously [21]. For the establishment of cell lines in which Ncad/CTF2
expression can be induced by tetracycline (CTF2-tet cells), SH-SY5Y cells
were first transfected with pcDNAG6/TR (Invitrogen), using Lipofectamine
2000 (Invitrogen). After selection of cells by 5 pg/ml blasticidin, stably
transfected clones were then transfected with Ncad/CTF2/pcDNA4/TO,
and selected by 100 pg/ml zeocin. For the induction of Ncad/CTF2
expression, the medium was exchanged into DMEM, containing 1 pg/ml
tetracycline (Invitrogen).

Primary cultured cells were obtained from the cerebral cortex or hip-
pocampus of fetal rats (17-19 days gestation). Cultures were incubated in
EMEM supplemented with 10% fetal calf serum or 10% horse serum.

Antibodies and chemical reagents. Anti-N-cadherin, anti-cyclin D1, and
anti-total B-catenin are from Transduction Laboratories. Anti-B-tubulin is
from Sigma. Anti-Phospho-B-catenin (Ser 33/37/Thr 41) is from Cell
Signaling Technology. Anti-PS1 is from Santa Cruz. Alexa Fluor 546 goat
anti-mouse IgG, Alexa Fluor 488 goat anti-rabbit IgG, and Alexa Fluor
430 goat anti-rabbit IgG, Alexa Fluor 514 goat anti-mouse IgG are
obtained from Molecular Probe. Anti-mouse and rabbit horseradish per-
oxidase-conjugated secondary antibodies are from Amersham Biosciences.
y-Secretase inhibitor, difluoroketone (DFK) is from Sigma. Blasticidin,
tetracycline, and zeocin, from Invitrogen. L-Glutamic acid monosodium
salt, DAPI, and MK801 maleate from Nakalai tesque, Japan. Ionomycin
and BAPTA-AM from Calbiochem.

Western blot and immunoprecipitation. Preparation of protein samples,
the Western blot, and immunoprecipitation analysis were carried out as
described elsewhere [22]. For some experiments, cells were fractionated as
previously described [22].

Immunostaining. The samples for immunostaining were prepared as
described elsewhere [22]. The samples were examined using a laser scan-
ning confocal microscopy, LSM 510 META (Zeiss) or a fluorescence
microscopy, Axiovert 200 (Zeiss). FRET measurement was done by a
photobleaching method, which was described previously [23] (See also
Supplementary Materials and methods).

Results and discussion

N-cadherin is cleaved by y-secretase activity in SY-SY5Y
cells

PS1, N-cadherin, and B-catenin form a complex at the
plasma membrane to stabilize synaptic contact [18]. N-cad-
herin is cleaved by ADAMI0 and PS1/y-secretase in
response to NMDA receptor-mediated calcium influx
[19,24]. We have previously demonstrated that ADAMI0
and PS1/y-secretase ‘sequentially cleave’ human N-cadher-
in to yield a fragment, Ncad/CTF2 [25] (Fig. 1A). First, we
wished to determine the relevance of Ncad/CTF2 produc-
tion in our experimental system. Native SH-SY5Y cells
treated with physiological concentration of Glu (10 uM)
were fractionated into membrane and cytoplasmic frac-
tions. Ncad/CTF?2 in the cytoplasmic fraction progressively
increased with time (Fig. 1B, 1st). Treatment of cells with
10 pM ionomyecin, an agent that stimulates calcium influx,
also increased Ncad/CTF2 production (Fig. 1B, 2nd).
Ncad/CTF2 production was completely blocked by BAP-
TA-AM, an intracellular calcium chelator (Fig. 1B, 3rd).
In the presence of 1 pM MK801, a NMDA receptor antag-
onist, Ncad/CTF2 (Fig. 1B, 4th) was hardly detectable,
indicating NMDA receptor stimulation was required for
the cleavage. Collectively, Ncad/CTF2 production was
stimulated by NMDA receptor-mediated calcium influx
in our system as well. Next, we examined the effect of
PS1/y-secretase activity on this cleavage. SH-SY5Y cells
stably transfected with either wild-type PS1 (wtPS1) or
dominant-negative PS1 (D385A) were treated by 10 pM
Glu (Fig. 1C). D385A PS1 mutation has no y-secretase
activity [26]. After Glu treatment of wtPS1 cells, the release
of Ncad/CTF2 was enhanced, compared to the native cells
(Fig. 1C, 1st and 2nd). Conversely, in D385A cells, the
Ncad/CTF2 production was blocked (Fig. 1C, 3rd). Simi-
larly, y-secretase inhibitor DFK (25 pM) reduced Ncad/
CTF2 (Fig. 1C, 4th). Finally, we tested the effect of PSI
mutation linked to FAD [27] on N-cadherin cleavage. Sta-
ble expression of P117L PS1 prevented Glu-induced cleav-
age of N-cadherin (Fig. 1C, 5th), which is in line with the
previous report [19].

Ncad/ CTF? translocates to the nucleus, and then leads to the
nuclear translocation of f-catenin

We previously defined the precise cleavage site of N-cad-
herin by PS1/y-secretase to be located at the membrane—
cytosol interface [25]. To examine the effect of Ncad/
CTF2 production in neuronal cells, we constructed a cell
line (CTF2-tet cells), in which expression of N-cadherin
cytoplasmic fragment (Ncad/CTF2) can be induced by tet-
racycline treatment (tet-on). The expression of Ncad/CTF2
after 1 pg/ml tetracycline treatment was verified by Wes-
tern blot (Fig. 2A). In the absence of tetracycline, endoge-
nous N-cadherin was observed only at the sites of cell—cell
contact (Fig. 2B, left arrows). Strikingly, Ncad/CTF2
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Fig. 1. N-cadherin is cleaved by y-secretase activity in SY-SY5Y cells. (A) A schema of N-cadherin cleavage. N-cadherin cytoplasmic domain is linked to
B-catenin. Ectodomain shedding by ADAM10 produces N-cadherin C-terminal fragment 1 (CTF1). CTF1 is cleaved at the membrane-cytosol interface by
PS1/y-secretase, leading to the release of the N-cadherin C-terminal fragment 2 (CTF2) in the cytoplasm. Amino acids 802-819 are the immunogenic
region recognized by the anti-N-cadherin antibody. (B) Native SH-SY5Y cells were treated by Glu (10 pM) or ionomycin (10 pM). Treatment of cells by
Glu (1st) or ionomycin (2nd) led to increase of Ncad/CTF2 in the cytoplasmic fraction after treatment. The production of Ncad/CTF2 after Glu treatment
was diminished in the presence of 20 M BAPTA-AM (3rd). Stimulation of cells by Glu in the presence of MKS801 led to the inhibition of Ncad/CTF2
production (4th). (C) Release of Ncad/CTF2 was increased in wtPS1 cells (2nd), compared to control cells (1st). In D385A cells, production of Ncad/
CTF2 was abolished (3rd). Combined treatment of native cells with Glu and DFK led to the inhibition of Ncad/CTF2 production (4th). P117L cells failed

to produce Ncad/CTF2 after Glu treatment (5th).

signal was observed predominantly in the nucleus 12h
after tet-on (Fig. 2B, right arrowheads), which is in line
with the localization of the other y-secretase cleavage prod-
ucts [16]. Next, we examined the impact of Ncad/CTF2
expression on subcellular distribution of B-catenin. In the
absence of Ncad/CTF2 expression, B-catenin was confined
to cell—cell contact sites (Fig. 2C, top arrows). Twenty-four
hours after tet-on, there was a striking increase in the cyto-
plasmic and nuclear B-catenin (Fig. 2C, bottom arrow-
heads). To examine the interactions between Ncad/CTF2
and B-catenin in the nuclei of the CTF2-tet cells, we utilized
fluorescence resonance energy transfer (FRET) technique
(Fig. 2D). FRET ratio increase after photobleaching of
acceptor molecule  (B-catenin) was  22.3 +4.0%
(mean + SD, n = 10), which was significantly higher than
that of the control samples (between histone H1 and
Ncad/CTF2; 1 4+ 1.5%, n =10, p < 0.0001). PS1-dependent
cleavage of membrane proteins releases their ICDs, which
translocate to the nucleus [16,28]. FRET data showed a
close interaction between Ncad/CTF2 and PB-catenin in
the nucleus, indicating that Ncad/CTF2 may directly
mediate the nuclear translocation of P-catenin. Indeed,
recent report demonstrated that the ectodomain shedding

of N-cadherin by ADAMI10 resulted in a redistribution
of B-catenin from the cell surface to the nucleus [24], sup-
porting our observation. We verified the nuclear localiza-
tion of Ncad/CTF2 and p-catenin by transient
transfection of Ncad/CTF2 into HEK293 cells, obtaining
the same results (Supplementary Fig. 1A and C).

Cellular [-catenin level increases after Ncadl CTF2
expression

To examine the changes in B-catenin metabolism after
Ncad/CTF2 expression, CTF2-tet cells, before and 24 h
after tet-on, were fractionated into the cytoplasmic and
the nuclear fractions, and subjected to the immunoblot
analysis, using anti-total-f-catenin and anti-phospho-spe-
cific (Ser33/37/Thr4l) B-catenin antibodies. Strikingly,
both the cytoplasmic and the nuclear p-catenin level
increased after tet-on. Conversely, p-catenin phosphoryla-
tion was suppressed following tet-on (Fig. 3A). Since
Ser33/37/Thr41 phosphorylation by GSK3p subjects B-ca-
tenin to degradation, this result suggests that the inhibition
of GSK3p may be involved in the accumulation of B-cate-
nin. The accumulation of B-catenin after Ncad/CTF2
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Fig. 2. Overexpression of CTF2 leads to the nuclear translocation of B-catenin. (A) CTF2-tet cells were treated by tetracycline for 24 h. Total cell lysates
were subjected to Western blots using anti-N-cadherin antibody. Note that robust expression of Ncad/CTF2 was induced by tetracycline. (B) In the
absence of tetracycline, N-cadherin signal was detected only at the sites of cell-cell contact with anti-N-cadherin antibody (left top arrows), thus showed
no co-localization with DAPI signals (left bottom). Twelve hours after tet-on, Ncad/CTF2 immunoreactivity became prominent in the nuclei (right
arrowheads), showing co-localization with DAPI signals (right bottom). Scale bar, 20 um. (C) In the absence of tetracycline (top), p-catenin signal was
localized to the sites of cell—cell contact (top arrows). 24 h after tet-on, a robust upregulation of the B-catenin level was seen, with its signals localized to the
nucleus (bottom arrowheads). Scale bar, 20 pm. (D) The results of FRET. FRET ratio increase between Ncad/CTF2 and B-catenin after photobleaching
was 22.3 +4.0% (mean & SD, n = 10), which was significantly higher than that of the control samples (between histone HI and Ncad/CTF2; 1 =+ 1.5%,

n=10, p <0.0001).

expression was verified by the experiments using HEK 293
cells (Supplementary Fig. 1B).

We examined the time course of N-cadherin and B-cate-
nin transcription both in the mRNA and protein levels.
Ncad/CTF2 transcription occurred as early as 6 h after
tet-on (Fig. 3B, left top), and was followed by the increase
in the amount of protein (Fig. 3B, right top). Interestingly,
the transcription of full-length (FL) N-cadherin (Fig. 3B,
left 2nd lane) was inhibited after 12 h, which is reflected
by the level of the FL protein (Fig. 3B, right 2nd lane).
In contrast to N-cadherin, [-catenin transcription
increased 24 h after tet-on (Fig. 3B, left 3rd lane), whereas
the enhancement of protein level was observed as early as
6 h after tet-on (Fig. 3B, right 3rd lane), indicating that
mechanisms other than the transactivation were involved
in the increase of B-catenin protein level in the early phase.
Indeed, the inhibition of phosphorylation occurred as early
as 6 h after tet-on (Fig. 3B, right 4th lane). Furthermore,
the protein level of cyclin DI, a representative target
protein of B-catenin nuclear signaling, increased 6 h after

tet-on (Fig. 3B, right 5th lane), suggesting the activation
of B-catenin nuclear signaling pathway. The upregulation
of B-catenin mRNA (Fig. 3D, left) and downregulation
of FL N-cadherin mRNA (Fig. 3D, right) were statistically
significant. (paired z-test, p = 0.014 for B-catenin, n =3,
p =0.002 for N-cadherin, n = 3).

Thus, Ncad/CTF2 expression leads to the accumulation
of cytoplasmic B-catenin via three distinct mechanisms.
The first mechanism was the inhibitory effect on the
GSK3p-mediated phosphorylation of B-catenin. The sec-
ond mechanism was the enhancement of B-catenin tran-
scription. The third mechanism was the suppression of
N-cadherin transcription. A reduction in the level of FL
N-cadherin would decrease the membrane-tethered pool
of B-catenin, which in turn would lead to the cytoplasmic
accumulation of B-catenin. From the viewpoint of ‘effective
activation of f-catenin nuclear signaling’, these three mech-
anisms act synergistically, enhancing the accumulation of
free cytoplasmic B-catenin which can enter the nucleus as
an active molecule.
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Fig. 3. Both inhibition of B-catenin phosphorylation and transcriptional activation of B-catenin are induced by N-cadherin/CTF2. (A) CTF2-tet cells were
treated with tetracycline for 24 h, fractionated into cytoplasm and nucleus, and probed with anibodies against total or phospho-B-catenin (Ser33/37/
Thr41). The protein level of total B-catenin increased after tet-on, both in the cytoplasmic and nuclear fractions (top). In contrast, phosphorylation of
B-catenin (Ser33/37/Thr41) was inhibited in the cytoplasmic as well as in the nuclear fraction after tet-on (bottom). (B) Ncad/CTF2 transcription was
observed 6 h after tet-on (left top), and was followed by an increase in the amount of protein (right top). Transcription of FL N-cadherin (left 2nd) was
inhibited 12 h after tet-on, which is reflected by the reduction of protein (right 2nd). p-Catenin transcription became enhanced 24 h after tet-on (left 3rd),
whereas the increase in the level of protein occurred as early as 6 h after tet-on (right 3rd). Inhibition of phosphorylation occurred 6 h after tet-on (right
4th). The protein level of cyclin D1 increased 6 h after tet-on (right 5th). The bottom lanes show the controls, the amplification of GAPDH mRNA (left
bottom) and protein level of B-tubulin (right bottom), remaining unchanged. (C) The mRNA amount of B-catenin or N-cadherin was normalized by that
of the control gene (GAPDH). The amount of B-catenin mRNA was significantly increased 24 h after tet-on (n = 3, p = 0.014). The N-cadherin mRNA

was significantly decreased 24 h after tet-on (n =3, p = 0.002). Data were means £ SD of three independent experiments.

Nuclear translocation and upregulation of [-catenin after
Ncad/CTF2 expression is dependent on the state of cell-cell
contact

Since B-catenin is an essential component of cadherin-
based cell-cell contact we next asked whether the state of
cell—cell contact affects the upregulation and nuclear trans-
location of B-catenin after Ncad/CTF2 expression. CTF2-
tet cells were cultured in low or high confluency (LC or HC
cells) and Ncad/CTF2 expression was induced by tet-on for
24 h. The magnitude of B-catenin and cyclin D1 upregula-
tion was higher in LC cells, whereas the level of Ncad/
CTF2 expression was comparable between LC and HC
cells (Fig. 4A). Immunostaining revealed that in aggregated
cells, in which extensive cell-cell adhesion was observed,
nuclear translocation of p-catenin was not induced
(Fig. 4B, arrow), whereas in isolated cells, Ncad/CTF2

and P-catenin were co-localized to the nucleus (Fig. 4B,
arrowhead), indicating that cell-cell contact is a strong
‘membrane-tethering signal’ of B-catenin [24,29]. We fur-
ther verified these findings by culturing CTF2-tet cells in
an environment in which cells are prone to make aggrega-
tions (Supplementary Fig. 2). Thus, it is assumed that
cleavage of N-cadherin would loosen cell-cell contact,
and reduce contact-mediated ‘tethering signal.” Interesting-
ly, our result showed that the N-cadherin gene itself is one
of the targets for transcriptional suppression by Ncad/
CTF2 (Fig. 3), suggesting that Ncad/CTF2 promotes the
efficient cell-cell dissociation, which could enhance B-cate-
nin signaling by decreasing the ‘tethering signal’. Collec-
tively, the magnitude of B-catenin nuclear signaling may
be determined by the balance between cellcell contact
(membrane tethering signal for B-catenin) and the produc-
tion of Ncad/CTF2 (a ‘mediator’ of nuclear translocation).
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Fig. 4. Nuclear translocation of B-catenin after Ncad/CTF2 expression is affected by the state of cell-cell contact. (A) CTF2-tet cells were cultured in low
(0.5 x 10°cells/$6 cm dish) or high (2 x 10%ells/¢6 cm dish) confluency (LC or HC cells) and Ncad/CTF2 expression was induced for 24 h. Cellular
B-catenin and cyclin D1 level was lower in HC cells, whereas Ncad/CTF2 and B-tubulin levels were comparable between LC and HC cells. (B) HC cells
were examined by immunostaining 24 h after tet-on. In an isolated cell, NcadCTF2 (green) and B-catenin (red) were co-localized to the nucleus
(arrowhead). In clusterized cells, B-catenin immunoreactivity remained located at the sites of cell-cell contact (arrow) in spite of nuclear Ncad/CTF2

induction. Scale bar, 20 pm.

p-Catenin is released from PS1/N-cadherinl B-catenin
complex after Glu stimulation of primary neurons

To verify above findings in physiologically relevant sys-
tem, we analyzed the effect of Glu treatment on primary
neuron obtained from rat cortex. By fractionating neurons
after Glu treatment, we observed reduction of FL amount
(Fig. 5A, top) and Ncad/CTF2 production (Fig. 5A, bot-
tom), indicating that N-cadherin was cleaved to produce
Ncad/CTF?2 in the mature neurons. Ncad/CTF2 produc-
tion was inhibited in the presence of DFK (Fig. 5B).

Consistently, Glu treatment caused increased B-catenin
level in the primary neurons, and this phenomenon was
blocked by DFK (Fig. 5C, top), indicating that Ncad/
CTF2 production after Glu treatment may lead to B-cate-
nin accumulation in the neurons as well. Glu treatment
reduced the level of Ser33/37/Thr4l phosphorylation
(Fig. 5C, bottom, DFK(—)). After the combined treat-
ment of Glu and DFK for 6h, the level of phosphory-
lated p-catenin was higher (Fig. 5C, bottom,
50 uMDFK)) when compared to Glu treatment only
(Fig. 5C, bottom, DFK(—)). These results indicate that
Ncad/CTF2-mediated inhibition of GSK3B was involved
in the accumulation of B-catenin. The phosphorylated/to-
tal B-catenin ratio was significantly higher in the presence
of DFK 6h after Glu treatment (Fig. 5D). Finally, we
examined the impact of N-cadherin cleavage on PS1/N-
cadherin/B-catenin complex in neurons. In the total cell
lysates, cellular N-cadherin level decreased, whereas [-ca-
tenin level increased after Glu treatment (Fig. 5E, left). In
contrast, both the bindings of N-cadherin and B-catenin
to PS1 decreased after Glu treatment (Fig. 5E, right),
indicating that N-cadherin and PB-catenin were released
from PS1 after Glu treatment.

B-Catenin has been considered to be a player with two
faces; supporting cytoskeletal architecture by linking cad-
herins to the actin cytoskeleton, and as a central player
of the B-catenin nuclear signaling pathway. Although, the
dual roles of B-catenin have largely been studied in isola-
tion [30], our results provide evidence that these pathways
are interconnected via g-cleavage of N-cadherin. Mem-
brane-bound B-catenin is released from the cadherin—cate-
nin complex into the cytoplasm following e-cleavage of
zN-cadherin. Once released from the membrane complex,
B-catenin becomes a transcriptionally active molecule.
Developmentally, p-catenin nuclear signaling promotes
the proliferation of neuronal stem cells, axonal remodeling,
and synaptogenesis [5,31]. Moreover, B-catenin actively
and flexibly modifies synaptic function [9,10]. Taken
together, the activity-dependent modulation of B-catenin
level might be an essential molecular mechanism for the
synaptic plasticity.

Partial loss of PSI function may cause impaired synaptic
efficacy

Recently, conditional double knockout mice for PS1/2 in
the adult brain were developed. Interestingly, these mice
exhibit progressive synaptic dysfunction and neurodegener-
ation accompanied by hyperphosphorylated tau [32]. More-
over, a family with Pick-type dementia lacking amyloid
deposits in the brain carried a PS1 mutation, which affects
the splice signal of PS1[33]. These findings suggest that par-
tial loss of function in the PS1/y-secretase complex could
lead to neurodegeneration regardless of AP deposition.
Indeed, we demonstrated in the present study that the
FAD-linked mutation (P117L) results in an impaired pro-
duction of Ncad/CTF2, which is in line with the previous
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Fig. 5. B-Catenin is released from PS1/N-cadherin/B-catenin complex after Glu treatment of primary neuron. (A) Primary neurons from the rat cortex
were fractionated into membrane and cytoplasmic fractions and subjected to Western blots. Ncad/CTF2 production increased with time, which is in
contrast to the decrease in the levels of FL N-cadherin. (B) Primary neurons from the rat cortex were treated with 10 uM Glu in the presence or absence of
25 pM DFK. DFK inhibited the Ncad/CTF2 production. (C) B-Catenin levels were examined after Glu treatment in the absence or presence of DFK
(50 uM). The accumulation of total B-catenin 6 h after Glu treatment was blocked by DFK (top). Conversely, the level of Ser33/37/Thr41 phosphorylated
B-catenin was higher in the presence of DFK 6 h after Glu treatment (bottom). (D) The immunoblotting band of total and phosphorylated B-catenin 6 h
after Glu treatment was quantified. The phosphorylated/total B-catenin ratio was compared between Glu treatment and Glu+ DFX. The ratio was
significantly higher in the presence of DFK (1= 3, p = 0.007). Data were means £ SD of three-independent experiments. (E) Primary neurons obtained
from rat cortex were treated by 10 pM Glu for 120 min. Both cell lysates and immunoprecipitates by anti-PS1 antibody were subjected to Western blots. In

the cell lysate, N-cadherin was decreased, whereas
N-cadherin and B-catenin to PS1 decreased after Glu treatment (right).

report [19]. AD begins with an impairment of memory,
which is caused by a disturbance of hippocampal synaptic
function [34]. Cognitive decline in AD is correlated to
degree of synaptic loss [20], suggesting that partial loss of
PS1 function with respect to the synaptic efficacy may be
linked to AD pathogenesis. Given the accumulating evi-
dence that B-catenin is essential for synaptic function, the
dysregulation of PSl-mediated N-cadherin/B-catenin
metabolism should be involved in synaptic degeneration.
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