Comparison of PS1 and PS2 y-Secretase Activities

APP homologs, and one can reconstitute pure human y-secre-
tase in yeast and estimate the activity. Using this system, we
compared the activity of PS1 and PS2 in y-secretase complexes.

Our data suggested that PS1-containing microsomes had much

higher activity than PS2-containing microsomes. However,
detailed analysis regarding the “active” +y-secretase complex
revealed that the PS1 and PS2 complex produced similar levels
of AB.

MATERIALS AND METHODS

Construction of y-Secretase and Substrates—To reconstitute
v-secretase in yeast, human PS1 or PS2, NCT, Aphla-L-HA,
FLAG-Pen2, and substrates were cloned into the following vec-
tors, as described previously (15). Briefly, PS1 or PS2 and NCT
were ligated into Kpnl and Xbal sites of the pBEVY-T vector
(16). Aphla-L-HA and FLAG-Pen2 were ligated into the Xbal
and Kpnl sites of pBEVY-L (16). C55-Galdp, NotchTM-Gal4p,
and C99 were fused to the SU/C2 signal sequence, facilitating
translocation to the endoplasmic reticulum, and ligated into
the BamHI and EcoRI sites of p426ADH (17). C55, C99, and
NotchTM indicate amino acids 672—726 of the human APP770
isoform, 672—-770 of the human APP770, 1703—-1754 of the
mouse Notch-1, respectively.

Myc-tagged PS1 and PS2 were PCR amplified and ligated
into the Kpnl site of pBEVY-T, using the following two pair of
primers, respectively: mycPS1S, 5'-GGGGTACCAAAAA-
TGGAACAAAAACTCATCTCAGAAGAGGATCTGATGA-
CAGAGTTACCTGCACCGTTG-3" and PS1AS, 5'-GATC-
CGCTTATTTAGAAGTGTCGAATTCGACCTCGGTACC-
ATGCTAGATATAAAATTGATGGAATGC-3'; mycPS2S,
5'-GGGGTACCAAAAATGGAACAAAAACTCATCTCAG-
AAGAGGATCTGATGCTCACATTCATGGCCTCTGAC-3’
and PS2AS, 5'-GGGGTACCTCAGATGTAGAGCTGA-
TGGGAGG-3'.

Yeast Transformation—Three plasmids were transformed
into Saccharomyces cerevisiae strain PJ69 —4A (MATa, trpl—
901, leu2-3, 112, wura3-52, his3-200, galdl\, gal80A,
LYS2:GALI-HIS3, GAL2-ADE2, met2:GAL7-lacZ) (18). The
transformants were selected on SD media plate lacking Leu,
Trp, and Ura (SD-LWU). In microsome assays, we used the
yeast strain PJ69—4ApepdAMATa, trpl-901, leu2-3, 112,
ura3-52, his3-200, gal4), gal8OA, LYS2:-GALI-HIS3, GAL2-
ADE2, met2:GAL7-lacZ, pep4::kanMX) (14) to avoid endoge-
nous protease activity.

Reporter Gene Expression—Expression of HIS3 (His) and
ADE2 (Ade) was estimated by transformant growth on
SD-LWHUAde. B-Galactosidase assays were performed as
described previously (15). Transformants were cultured in SD-
LWU media until they reached an Ay, of ~0.8. Cells were
collected after centrifugation and suspended in lysis buffer (20
mu Tris-Cl (pH 8.0), 10 mm MgCl,, 50 mm KCI, 1 mm EDTA,
5% glycerol, 1 mm dithiothreitol) including protease inhibitor
mixture (Sigma), and lysed by glass beads. Protein concentra-
tion and B-galactosidase activity of the cell lysates were
determined.

y-Secretase Assay and Immunoblotting—Using yeast micro-
somes, we detected AP using an in vitro y-secretase assay. In
vitro y-secretase assays were performed as described previ-
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ously, with minor modifications (14). Microsomes (80 ug) were
solubilized with y-buffer (50 mm MES (pH 5.5) or 50 mm PIPES
(pH 6.0, 6.5, 7.0, 7.5), or 50 mm HEPES (pH 8.0), 250 mm
sucrose, 1 mM EGTA) containing 1% CHAPSO on ice for
60 min. Inhibitor mixture, thiorphan, O-phenanthroline,
CHAPSO, and +y-buffer were added to the solubilized micro-
somes, as described previously (14). The mixture was incubated
at37 °Cfor 0 or 24 h. After incubation, the sample was extracted
with chloroform/methanol (2:1) followed by addition of sample
buffer, and boiled at 100 °C for 5 min. AB production was ana-
lyzed by Western blotting using the specific antibody, 82E1.
Band signal was quantified using an LAS-3000 luminescent
image analyzer (FujiFilm, Tokyo, Japan).

Immunoprecipitation of y-Secretase—Microsomes (400 ug)
were solubilized with IP buffer containing 1% CHAPSO and
protease inhibitor mixture, on ice, for 60 min. Solubilized mem-
branes were added to 40 ul of anti-FLAG affinity gel (50%
slurry) (Sigma) and rotated at 4 °C for 2 h. Beads were washed
with IP buffer and suspended in sample buffer containing 8 m
urea to prepare the “IP sample” from 400 ug of microsomes.
The “input sample” was prepared as follows: 100 ul of sample
buffer containing 8 M urea was added to 80 g of microsomes
and incubated at 65 °C for 10 min. Microsomes (8 ug, 1011 wl)
were loaded as input.

Antibodies—The following antibodies were used for immu-
noblotting: monoclonal antibodies against AB, 82E1 (IBL,
Fujioka, Japan), HA (12CAS5; Sigma), FLAG (M2; Sigma), and
polyclonal antibodies against NCT (AB5890; Chemicon,
Temecula, CA), Myc, 2272 (Cell Signaling Technology, Beverly,
MA), the PS1 loop region (G1L3) (19), and the PS2 loop region
(G2L) (20).

RESULTS

PS2 Was Less Active than PS1 in Growth and B-Galactosidase
Assays—We constructed recombinant plasmids for y-secretase
and APP-based (C55-Galdp) or Notch-based substrates
(NotchTM-Gal4dp) (15). We introduced the vectors into yeast
strain PJ69, which expresses HIS3, ADE2, and lacZ under Galdp
control, and generated yeast transformants expressing the
y-secretase subunits (PS1 or PS2, NCT, Aphla-L-HA, FLAG-
Pen2) and an artificial substrate (C55-Galdp or NotchTM-
Galdp). Galdp released from C55-Galdp or NotchTM-Gal4p by
reconstituted y-secretase activates HIS3 and ADE2 genes tran-
scription. Therefore, y-secretase activity was assessed by
growth on media lacking histidine and adenine. As a result,
yeast expressing PS1 y-secretase and C55-Galdp could repli-
cate on the selection media. Yeast expressing PS2 y-secretase
could also grow, but was much slower than that of PS1-express-
ing yeast (Fig. 14). PS1 L166P, G384A, and PS2 N141I are famil-
ial Alzheimer disease (FAD) mutations. Yeast carrying these
mutations were unable to grow on media lacking histidine and
adenine. After isolating these yeast cell lysates, we measured
B-galactosidase activity to estimate y-secretase activity. PS1
had ~24 times more B-galactosidase activity than PS2 (Fig. 1B).
The results of the B-galactosidase assay were well correlated
with the growth assay results (Fig. 1, A and B).

Next, we used NotchTM-Galdp as a substrate instead of C55-
Gal4p. The results were similar to those obtained when using
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FIGURE 1. Estimate of reconstituted PS1 or PS2 y-secretase activity in yeast. A and C, yeast cells were transformed with PSs (PS1 or PS2, or PS with FAD
mutations), NCT, FLAG-Pen2, Aph1a-L-HA, and C55-gal4p (A), or NotchTM-gal4p (C). Three independent clones were cultured on non-selection media (SD-
LWU) or selection media (SD-LWHUAde) at 30 °C for 3 days. Yeast cells not expressing PS did not grow on SD-LWHUAde. B and D, B-galactosidase activity was
measured for each yeast lysate. Lysates were prepared from yeast cells using glass beads. One unit of B-galactosidase activity corresponds to 1 nmol of
O-nitrophenyl B-d-galactopyranoside hydrolyzed per min, and activity was calculated as unit/(min X mg of protein in lysate). The activity was normalized by
subtracting the activity in the absence of PS, 65 unit/(min X mg protein). Data are presented as mean value = 5.D.,.n = 18 (A), n = 3 () *, p < 0.05; **, p < 0.01
(analyzed by one-way analysis of variance followed by Dunnett’s multiple comparison test). Statistical analyses were performed with PRISM software.

the C55-Galdp, with the following two exceptions. Notchl was
more likely to be cleaved by y-secretase than C55 (APP) (Fig. 1,
B versus D) and yeast cells expressing PS1 with FAD mutations
(L166P and G384A) were able to grow on SD-LWHUAde,
whereas cells expressing PS2 N141I were not (Fig. 1D). These
results suggested that PS1 with the FAD mutations cannot
cleave APP, whereas they can cleave Notch like wild-type
y-secretase.

Optimal pH for AB Production by the PS2 Complex—To
study y-secretase activity in vitro, we prepared yeast micro-
somes from yeast transformants expressing PS1 or PS2,
NCT, Aphla-L-HA, FLAG-Pen2, and C55 (14). Three previ-
ous reports showed that y-secretase with PS1 maximally
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produced AB at approximately pH 7.0 (14, 21, 22). The opti-
mum pH of AB production by y-secretase with PS2, how-
ever, remains unclear. Thus, we investigated the optimal pH
of the PS2 complex to produce AB. When yeast microsomes
prepared from three independent clones were incubated for
24 h at 37 °C with 0.25% CHAPSO and 0.1% PC, we found
that the PS2 complex also maximally produced AB at
approximately pH 7.0 in all three assays (Fig. 2, A and B),
suggesting that the PS1 and PS2 complex have similar pH
dependences for AB production.

Levels of AB Production by PS1 or PS2—We compared the
level of AB produced by PS1 or PS2 using yeast microsomes.
Each microsome was incubated at 37 °C for 24 h in the pres-
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FIGURE 2. Optimum pH of A production by PS2. A, microsomes (80 ug) prepared from three independent yeast cells transformed with PS2, NCT, Aph1a-
L-HA, FLAG-Pen2, and C55, and from yeast expressing C55 were incubated with 0.25% CHAPSO and 0.1% PC at 37 °C for 0 or 24 h. Incubation samples were
subjected to immunoblotting to compare A production activity, AB/C55. AB was detected by 82E1. Synthetic AB40 (20 pg) was used as a positive control.
Yeast expressing C55 and microsomes incubated for 0 h were loaded as a negative control. B, three independent assays were quantified using analyzing
software (LAS-3000 luminescent image analyzer, Fuji Film, Tokyo, Japan). The column represents the mean + S.D. (n = 3).
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FIGURE 3. Difference in AB production between PS1 and PS2. A, yeast
microsomes expressing PS1 or PS2, NCT, Aphla-L-HA, FLAG-Pen2, and C55
were subjected to in vitro y-secretase assays at pH 7.0. AB produced by PS1 or
PS2 y-secretase was detected. Synthetic AB40 (30 pg) was loaded as a marker.
B, the bands obtained in A were quantified to determine the ratio of AB to C55
using analyzing software (LAS-3000 luminescent image analyzer, Fuji Film,
Tokyo, Japan). The column represents the mean * S.D. (n = 5, **, p < 0.01).
Data were analyzed by Student’s t test.

ence of 0.25% CHAPSO and 0.1% PC. We found that the PS1
complex produced significantly more AB than PS2 (Fig. 34).
By quantifying the Western blotting signals, we calculated
that PS1 produced ~24 times more Af than PS2 (Fig. 3B).

PS1 Complexes Were More Abundant than PS2 Complexes—
To verify whether PS, NCT, Aphla-L, and Pen2 form the
y-secretase complex, we isolated membrane fractions from
yeast introduced with PS, NCT, Aphla-L-HA, FLAG-Pen2,and
C99, and performed co-immunoprecipitation experiments
with the anti-FLAG M2 affinity gel. Both PS1 and PS2 were
co-immunoprecipitated with FLAG-Pen2 (Fig. 4, B and C).
NCT and Aphla-L were also co-immunoprecipitated with
FLAG-Pen2 (Fig. 4A4), suggesting that PS1 and PS2 formed a
y-secretase complex. We also found that the PS2 complex pre-
dominantly included non-glycosylated immature NCT,
whereas the PS1 complex contained highly glycosylated mature
NCT (Fig. 44).

Comparison of the PS1 and PS2 contents in y-secretase is
difficult due to the variable affinity of their specific antibodies.
To estimate the amount of PS1 or PS2 in +y-secretase com-
plexes, we constructed Myc-tagged PS1 and PS2. We intro-
duced these constructs into yeast and reconstituted the
y-secretases. Preparing these microsomes, we immunoprecipi-
tated vy-secretase complexes with anti-FLAG affinity gel. The
immunoprecipitates were next subjected to immunoblotting.
Aphla-L levels in the PS1 or PS2 complex were similar (Fig.
5A). The Myc-tagged PS1 complex included mainly mature
NCT, while Myc-tagged PS2 complexes contained immature
NCT (Fig. 5A4). The level of PS1 NTF in -y-secretase complexes
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(associated with FLAG Pen2) was ~28 times higher than that of
PS2 NTF (Fig. 5B).

When calculating y-secretase activity per one y-secretase
complex from these data, a significant difference between PS1
and PS2 does not exist. However, the PS1 complex was 24.15
more active in the B-galactosidase assay. In vitro A8 production
assays indicated that PS1 was 24.61 more active than PS2. Com-
paring PS1 and PS2 contents in y-secretase in a co-immuno-
precipitation experiment, we found that the amount of
PSINTF in the vy-secretase complex was 28.14 times higher
than that of PS2NTF. These data suggested that the complete
PS2 complex was 1.142 or 1.143 times more active than the PS1
complex.

DISCUSSION

v-Secretase assays measuring released Af into conditioned
media from cultured cells have been previously performed.
These assays found that y-secretase with PS FAD mutations
increased the A 40/42 ratio. However, very few in vitro assays
have been reported. To accurately study y-secretase activity,
Yagishita et al. (14) established an in vitro assay system using
yeast, which possesses no y-secretase homologs. This system
enabled us to directly compare activities between the PS1 and
PS2 complex.

Yeast growth and B-galactosidase assays using C55-Galdp or
Notch-Gal4p as a substrate revealed that PS1 had a significantly
higher activity than PS2. We also found that FAD mutations in
PS abolished APP processing activity, and that PS1 L166P and
G384A cleaved Notch with reduced activity compared with
wild-type PS1. The assembly of PS1 FAD mutants (L166P or
G384A) into y-secretase complex was also assessed by immu-
noprecipitation (supplemental Fig. S1). The assembly of PS1
L166P mutant was similar to PS1 WT. On the other hand,
~36% of PS1 G384A (comparing to the WT) formed the
y-secretase complex. These results showed that PS1 L166P
assembled normally with defective protease activity and PS1
G384A was defective both in the assembly and the protease
activity, suggesting that loss of function of PS caused lower
cleavage activity. These reductions in processing activity
obtained in this report support PS loss of function hypothesis,
which is believed to cause FAD (23). We evaluated the activity
of other PS1 FAD mutations (A79V, M146L, A231V, M233T,
and AExon9) in Notch cleavage (data not shown). Our Notch
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FIGURE 4. Formation of PS1 and PS2 y-secretase complexes. Yeast microsomes expressing PS1 or PS2, NCT, Aphta-L-HA, FLAG-Pen2, and C99, and
microsomes expressing C99 were solubilized with IP buffer containing 1% CHAPSO and protease inhibitor mixture. y-Secretase complexes were immunopre-
cipitated with anti-FLAG affinity gel (Sigma). The immunoprecipitates and input fraction were subjected to immunoblotting. NCT, Aph1, Pen2, and PS were
detected by specific antibodies. The asterisks indicate nonspecific bands.
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FIGURE 5. Quantification of PS1and PS2 in y-secretase complexes. A, yeast expressing Myc-tagged PS1 or PS2, the other secretase subunits, and C99, were
incubated with anti-FLAG affinity gel. The immunoprecipitates were analyzed by immunoblotting. B, amount of Myc-tagged PSINTF and Myc-tagged PS2NTF
in the y-secretase complexes were quantified using LAS-3000 luminescent image analyzer (Fuji Film, Tokyo, Japan). Data were analyzed by Student’s t test.

Error bar shows the mean = S.D. n = 4, ** p < 0.01. The asterisks indicate nonspecific bands.

cleavage results with PS1 FAD mutations, PSIL166P and
G384A, corroborated the findings of earlier studies (24, 25).
Based on the in vitro y-secretase assay using yeast micro-
somes, we found that y-secretase with PS2 optimally produced
AP at approximately pH 7.0. Previous reports have shown that
PS1 also maximally produced ABat pH 7.0 (14, 21, 22), suggest-
ing that PS1 and PS2 make Af using a similar mechanism.
Our co-immunoprecipitation experiments using yeast
microsomes containing PS1 or PS2, NCT, Aphla-L-HA, and
FLAG-Pen2 showed that PS2 bound to immature NCT,
whereas PS1 bound to the mature NCT. Expression levels of
immature or mature NCTs in cells transformed with PS1 or PS2
were similar, but the anti-FLAG affinity gel immunoprecipi-
tates contained different levels of immature and mature NCT.
Franberg et al. (26) reported that Ps2 bound to immature NCT
in Psl-deficient (Ps1-(—/—), Ps2-(+/+)) MEF cells and Psl
bound to mature NCT in Ps2 deficient (Ps1-(+/+), Ps2-(—/—))
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MEF cells using affinity capture with an active site-directed
v-secretase inhibitor. This difference in NCT maturation in the
complex may affect substrate affinity.

In this study, we used Aphla-L as a y-secretase subunit,
which may facilitate PS2 binding to immature NCT. Also,
Aphla-S expression, or Aphlb as a y-secretase subunit, may
result in alternative binding patterns, such as PS2 binding to
mature NCT or PS1 binding with immature NCT. In fact, we
observed the PS1 complex with Aphla-S containing more
immature NCT than the PS1 complex with Aphla-L (data not
shown). To date, y-secretase is known to target many sub-
strates, but how <y-secretase selects its substrates is unclear.
These variable y-secretases may contribute to specific substrate
selection.

To compare the y-secretase activity of PS1 and PS2 precisely,
we employed two different approaches. First, we used
C55(-Galdp) or C99 as a substrate instead of C100Flag. NCT
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plays a role in binding to the substrate by recognizing N termi-
nus of C99 (27). So, natural N terminus of C99 or C55 is impor-
tant to assess y-secretase activity correctly. Using C100Flag as a
substrate may result in inaccurate evaluation, because
C100Flag possesses one extra amino acid, methionine, on the N
terminus. Second, we estimated the amount of PS1 or PS2 in the
y-secretase complex. Lai et al. (13) reported Psl and Ps2
y-secretase activity as a function of total protein concentration,
but not all PS localizes to the y-secretase complex. Therefore,
y-secretase activity should be calculated as follows: y-secretase
activity/concentration of PS in y-secretase complex. y-Secretase
assembly is not a random process, but occurs sequentially. NCT
and Aphl form the NCT-Aphl subcomplex in the initial step of
complex formation. Two hypotheses have been proposed regard-
ing the subsequent steps in y-secretase complex assembly. One
hypothesis is that PS binds to the NCT-Aph1 subcomplex, fol-
lowed by Pen2, creating a y-secretase complex (28, 29). Alterna-
tively, the PS-Pen2 intermediate may bind to the preexisting NCT-
Aphl subcomplex to form the y-secretase complex (30). To
evaluate the construction process of the y-secretase complex, we
compared PS1 or PS2 in the y-secretase complex by co-immuno-
precipitating Myc-tagged PS1 or PS2 with anti-FLAG antibody
(FLAG tag is on Pen2). Co-immunoprecipitation with other anti-
bodies detecting NCT, Aphl, or PS could lead to inaccurate esti-
mates regarding the amount of Myc-PS in the vy-secretase com-
plex. We found that the concentration of PS2 in the y-secretase
complex was much lower than that of PS1. Because we applied a
minimal reconstitution system in yeast, unknown protein(s) may
stabilize PS2. This possibility is currently being explored.

In this study, we reconstituted human PS1 and PS2
y-secretase complexes and compared their Af production
(per y-secretase complex). PS1 had 24.65 times and 24.61
times higher activity than PS2 in the B-galactosidase and in
vitro AP production assay, respectively. Based on Co-IP
experiments, the amount of PS1 in the y-secretase complex
was 28.14 times higher than that of PS2. Thus, our data sug-
gest that PS1 did not have significantly higher activity than
PS2, as has been reported (13). PS1 and PS2 were 67% iden-
tical at the amino acid level, suggesting that these two pro-
teins have related functions in the y-secretase complex. Our
results suggest that the difference between PS1 and PS2 is
their affinity to the other y-secretase subunits. The contri-
bution of PS1 on y-secretase activity is more important than
that of PS2 because PS1 knock-out mice exhibit severe phe-
notypes, whereas PS2 knock-out mice do not. We hypothe-
size that the differences in PS1 and PS2 knock-out mice phe-
notypes may result from different amounts of PS1 and PS2
v-secretases, but not differences in their activity.

Currently, PS1 is believed to have a higher activity than PS2
in y-secretases, while we showed that they have similar activi-
ties. In corroboration of our findings, recent reports have
shown that PS2 vy-secretase cleaved more APP than PS1
v-secretase in microglia cells, regardless of the presence of PS1
(31). Thus, when studying vy-secretase activity, we should con-
sider the concentration of PS in the active y-secretase complex,
which may aid in clarifying the pathogenesis of FAD caused by
PS loss-of-function FAD mutations.
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Cell adhesion molecule 1 (CADMT1) is a type [ transmembrane glycoprotein expressed in various tissues.
CADM1 is a cell adhesion molecule with many functions, including roles in tumor suppression, apoptosis,
mast cell survival, synapse formation, and spermatogenesis. CADM1 undergoes membrane-proximal
cleavage called shedding, but the sheddase and mechanisms of CADM1 proteolysis have not been

Keywords: reported. We determined the cleavage site involved in CADM1 shedding by LC/MS/MS and showed that
CADMI CADM1 shedding occurred in the membrane fraction and was inhibited by tumor necrosis factor-o pro-
ADSAM]tO tease inhibitor-1 (TAPI-1). An siRNA experiment revealed that ADAM10 mediates endogenous CADM1
;;;g;;se shedding. In addition, the membrane-bound fragment generated by shedding was further cleaved by
RIP y-secretase and generated CADM1-intracellular domain (ICD) in a mechanism called regulated intra-

Tumor suppressor gene

membrane proteolysis (RIP). These results clarify the detailed mechanism of membrane-proximal cleav-

age of CADM1, suggesting the possibility of RIP-mediated CADM1 signaling.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Cell adhesion molecule 1 (CADM1) is a 100-120-kDa multifunc-
tional cell adhesion molecule. CADM1 is a member of the immuno-
globulin superfamily and is a type I transmembrane glycoprotein.
The extracellular domain of CADM1 undergoes homophilic or het-
erophilic interaction with necl-1, nectin-3, and CRTAM (class-I
MHC-restricted T cell-associated molecule) [1], whereas the intra-
cellular domain interacts with DAL-1 via its band 4.1 binding do-
main [2] and with pals2 [3] and MPP3 [4] via its PDZ binding
domain. CADM1 is expressed in various tissues and organs, includ-
ing the brain, mast cells, testis, and lung [5].

Recently, Tanabe et al. reported that CADM1 undergoes juxta-
membrane cleavage in neurons [6]. We reported previously that
shedding fragments were found from mast cells [7] and human
mesothelioma samples [8]. These observations suggest that CADM1

* Corresponding author at: Department of Pathology, Faculty of Medicine, Kinki
University, 377-2 Ohno-Higashi, Osaka-Sayama, Osaka 589-8511, Japan. Fax: +81
72 360 2028.

E-mail address: aito@med.kindai.ac.jp (A. Ito).

! Present address: Department of Molecular Cell Science, Graduate School of
Agricultural Science, Tohoku University, 1-1 Tsutsumidori Amamiya-machi, Aoba-ku,
Sendai, Miyagi 981-8555, Japan.

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.11.140

shedding is a common event. CADM1 shedding seems to regulate
adhesion between mesothelial and mesothelioma cells by down-
regulating full-length CADM1, thereby regulating the growth and
scattering of mesothelioma cells [8]. Tanabe et al. reported that
certain isoforms of CADM1 produce a 20-kDa C-terminal fragment
and that production of this fragment is inhibited by the broad-
spectrum metalloprotease inhibitor TAPI-1. They concluded that
CADM1 is shed by an ADAM17-like protease [6]. The ADAM family
metalloproteases are the major membrane-bound sheddases,
which are responsible for shedding of many membrane protein
substrates. Among the family members, ADAM10 and ADAM17
are the major sheddases and have large numbers of known
substrates. After shedding, some membrane proteins undergo a
secondary cleavage within the membrane mediated by y-secretase.
For example, Notch, ErbB4, and amyloid precursor protein (APP) are
cleaved by y-secretase [9]. The y-cleavage product, the intracellular
domain (ICD) of the substrate, often acts as a transcriptional
regulator. ICDs of Notch and other y-secretase substrates, such as
CD44 [10] and APP [11], act as nuclear signaling molecules that
regulate gene expression.

In this study, we focused on CADM1 proteolysis. The aim of this
study was to characterize the sheddase of CADM1 and to examine
proteolysis events occurring on the CADM1 molecule. Our results
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indicated that CADM1 shedding is catalyzed by a protease
associated with the cell membrane, and ADAM10 endogenously
sheds CADM1. Furthermore, we discovered y-cleavage of CADM1,
which is catalyzed by y-secretase. These results provide a possible
signal-transduction mechanism involving regulated intramem-
brane proteolysis (RIP).

2. Materials and methods
2.1. Reagents and antibodies

TAPI-1, N-[N-(3,5-difluorophenacetyl-t-alanyl)]-(S)-phenylgly-
cine t-butyl ester (DAPT), and L-685,458 were purchased from Cal-
biochem (San Diego, CA). Phorbol-12-myristate-13-acetate (PMA)
was purchased from Wako (Osaka, Japan). Phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitor cocktail (cat.# P8340) were
purchased from Sigma (St. Louis, MO).

Anti-CADM1-cyto antibody was generated according to the
method described by Wakayama et al. [12]. This antibody recog-
nizes the C-terminal 20 amino acids of CADM1. Anti-CADM1-ecto
antibody (3E1) is our original as described previously [13]. This
antibody recognizes 2nd Ig domain in the ectodomain. Peroxi-
dase-conjugated secondary antibodies were purchased from Cell
Signaling Technology (Danvers, MA).

2.2. In vitro assay of CADM1 shedding

Confluent HEK293 cells were harvested and homogenized in
buffer P (20 mM PIPES-KOH pH 7.0, 140 mM KCl, 250 mM sucrose)
at 4 °C. The homogenized cells were centrifuged at 800g for 10 min
to remove the nuclei and cell debris. The supernatant was then
ultracentrifuged at 100,000g for 1 h, and the resulting pellet was
washed with buffer P and ultracentrifuged again at 100,000g for
1 h. The resulting pellet (the membrane fraction) was resuspended
in buffer P and stored at —80 °C until use.

This membrane fraction was incubated at 37 °C for 1.5 h with
the indicated concentrations of protease inhibitors or vehicle
only (DMSO, 0.2% for TAPI-1, 1% for PMSF and protease inhibitor
cocktail), and the reaction was stopped by addition of 2x sample
buffer and boiling for 5 min. These samples were subjected to
Western blotting analysis using anti-CADM1-cyto antibody.

2.3. Western blotting analysis

SDS-PAGE and Western blotting were performed according to
the standard reducing SDS-PAGE and Western blotting protocols.
For detection of CADM1-ICD, samples were separated by Tris-tri-
cine SDS-PAGE and transferred onto Immobilon-P membranes
(Millipore, Billerica, MA). The membranes were boiled in PBS for
5 min after transfer and then subjected to blocking, antibody treat-
ments, and subsequent procedures.

2.4. Transfection of siRNA and expression vectors

siRNA (Stealth Select RNAi) specific for human ADAM10
(HSS100167), ADAM17 (HSS110435), and control siRNA (Stealth
RNAI negative control-low GC duplex, 12935-200) were purchased
from Invitrogen (Carlsbad, CA). Saos-2 cells at 40-50% confluence
were transfected with siRNAs using Lipofectamine RNAiMax Trans-
fection Reagent (Invitrogen) according to the manufacturer’s
instructions. After 96 h of incubation, cells were harvested, and
the cell lysates were analyzed by Western blotting.

2.5. Cell culture

cDNA encoding mouse-CADM1 (GenBank ID: AB052293) was
cloned into the expression vector pCX4-bsr and confirmed by
DNA sequencing (pCX4bsr-CADM1) [7]. COS7 cells and NIH3T3
cells were transfected with the pCX4bsr-CADM1 vector, and blas-
ticidin-resistant cells were selected by continuing the culture in
the presence of blasticidin (3 pg/mL) for 4 weeks (COS7-mCADM1
and NIH3T3-mCADM1). MEF and nicastrin™/~ MEF cells were kind
gifts from Dr. Philip C. Wong (The Johns Hopkins University), and
presenilin 1/2 double knockout MEF was a kind gift from Dr. Bart
De Strooper (Vlaams Instituut voor Biotechnologie). These cells,
HEK293, and human osteosarcoma Saos-2 were maintained in
DMEM supplemented with 10% fetal bovine serum and penicillin/
streptomycin. In y-secretase inhibitor assay, confluent COS7-
mCADMT1 cells were treated with 200 ng/mL PMA for 2 h, and then
v-secretase inhibitor (1 uM DAPT or 1 uM L-685,458) or vehicle
(DMSO) was added. After incubation for the indicated times, cells
were harvested, and the cell lysates were analyzed by Western
blotting.

2.6. Mass spectrometric analysis

NIH3T3-mCADM1 cells were harvested, and the membrane
fraction extract was prepared using Subcellular Proteome Extrac-
tion Kit (Merck, Whitehouse Station, NJ). The membrane fraction
extract was concentrated using Amicon Ultra 15 (Millipore) and
then immunoprecipitated using anti-CADM1cyto antibody. The
precipitate was mixed with sample buffer and subjected to SDS-
PAGE. The gel was stained with EZ-Blue (Sigma), and the alphaCTF
band was cut out. In-gel digestion with chymotrypsin was per-
formed according to the published methods [14,15]. The digested
peptides were subjected to liquid chromatography (LC)/MS/MS
analysis on a Q-Tof2 quadrupole/time-of-flight (TOF) hybrid mass
spectrometer (Micromass, Manchester, UK) interfaced with a cap-
illary reversed-phase liquid chromatography system (Micromass
CapLC system) as described previously [14]. The MS/MS data were
analyzed with Mascot MS/MS lon Search (version 2.1.6; Matrix Sci-
ence Ltd., London, UK) to assign the obtained peptides to the NCBI
non-redundant database (NCBInr 20060718; 3784285 sequences)
as described previously [14].

3. Results
3.1. CADM1 shedding is promoted by phorbol ester

To study shedding of CADM1, we first generated a stable COS7
cell line expressing murine CADM1 (COS7-mCADM1). Several
CADM1-derived bands, including bands of approximately 15 and
35 kDa, were detected from COS7-mCADM1 lysate by Western
blotting with an antibody that recognizes the C-terminal of
CADM1. We refer to the 15- and 35-kDa fragments as alphaCTF
(C-terminal fragment) and betaCTF, respectively. AlphaCTF is likely
to be the same shedding fragment of CADM1 reported previously
[6], and betaCTF is another fragment of CADM1. As shedding of
some other membrane proteins is promoted by phorbol esters such
as PMA, we examined the effects of PMA treatment on CADM1
shedding (Fig. 1A) and found that alphaCTF was increased after
PMA treatment. On the other hand, no apparent changes were ob-
served in the 35-kDa band, which was thought to be another
cleaved fragment of CADM1.

We next concentrated CADM1 alphaCTF by immunoprecipita-
tion and determined the cleavage site by LC/MS/MS. Following
SDS-PAGE, the gel slice containing the alphaCTF band was excised
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Fig. 1. Ectodomain shedding of CADM1, (A) COS7-mCADM1 cells were treated with 200 ng/mL PMA or vehicle alone for 30 min and then harvested. Cell lysates were
analyzed by Western blotting using anti-CADM 1-cyto antibody. (B) Determination of the cleavage site of CADM1 shedding. The peptide detected by LC/MS/MS is indicated in
red, and the transmembrane region is underlined. (C) Culture medium of subconfluent COS7-mCADM1 cells was changed to serum-free medium and incubated for the
indicated times (duplicate results are shown). To evaluate PMA-dependent secretion, 200 ng/mL PMA or vehicle (DMSO) was added to the serum-free medium and incubated
for 2 h. The medium was then harvested and concentrated by TCA precipitation. The precipitate was analyzed by Western blotting using anti-CADM1-ecto antibody 3E1. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and cleaved with chymotrypsin in the gel. LC/MS/MS detected a
peptide fragment with an N-terminus generated by proteases
other than chymotrypsin (Fig. 1B). This observation suggested that
the N-terminus of the detected peptide was generated by shed-
ding. The cleavage site was between R365 and A366, nine amino
acid residues from the predicted transmembrane region in the
extracellular domain. This result predicted that alphaCTF is an 80
amino acids fragment. Larger apparent molecular weight of this
fragment on Western blotting is probably due to O-linked glycosyl-
ation. This result also predicted that N-terminal fragments are re-
leased into the culture medium after shedding and that PMA
treatment would increase this release. Therefore, we analyzed
the culture media by Western blotting and found that there was in-
deed a CADM1 fragment corresponding in size to NTF after cleav-
age that produces alphaCTF. As expected, we also found that
PMA treatment increased the amount of CADM1 fragments in the
culture medium (Fig. 1C).

Taken together, these results suggest that CADM1 shedding
produces alphaCTF and a corresponding extracellular fragment,
that cleavage occurs in the membrane-proximal region of CADM1
extracellular domain, and that shedding is promoted by PMA.

3.2. CADM1 shedding was detected in an in vitro membrane-fraction
incubation assay

CADM1 shedding was previously shown to be inhibited by
TAPI-1, a broad-spectrum inhibitor that targets many metallopro-
teases such as ADAMs and MMPs. Among them, those with trans-
membrane domains are known to shed a large number of
transmembrane substrates.

To obtain further information about CADM1 sheddase, we per-
formed an in vitro assay using total cell membrane fraction and
focusing on membrane-bound proteases.

To avoid artifacts due to overexpression of CADM1, we prepared
total membrane fraction from HEK293 cells, which constitutively
express endogenous CADM1. The total membrane fraction pre-
pared by ultracentrifugation was incubated. The level of alphaCTF
increased after incubation, whereas that of full-length CADM1 de-
creased (Fig. 2A). BetaCTF was barely detectable in this prepara-

tion. The increase in the 15-kDa band was inhibited by addition
of TAPI-1 (Fig. 2A and B), as reported previously by Tanabe et al.
[6], who added TAPI-1 to neuronal cells. Serine, cysteine, and
aspartic protease inhibitors showed no inhibitory effect on CADM1
shedding (Fig. 2C). Thus, we could reconstitute shedding of CADM1
in vitro by incubation of the membrane fraction and could charac-
terize the sensitivity to protease inhibitors using this method.
These results indicated that a membrane-associated metallopro-
tease possesses CADM1 shedding activity.

3.3. CADM1 Shedding is mediated by the metalloprotease ADAM10

Many membrane molecules undergo shedding, and ADAM10
and ADAM17 were reported to be two major membrane-associated
sheddases. An siRNA approach was employed here to investigate
whether ADAM10 and/or ADAM17 cleaved CADM1. The Saos-2 hu-
man osteosarcoma cell line, which shows high-level expression of
endogenous ADAM10, was used in this assay. The siRNAs used
downregulated the mature form of targeted ADAMs as well as
the proform (Fig. 3A). Knockdown of ADAM10 expression de-
creased the amount of alphaCTF, whereas the knockdown of
ADAM17 had no effect on the amount of alphaCTF. Furthermore,
ADAM10 knockdown abolished PMA-dependent accumulation of
alphaCTF (Fig. 3B). These observations indicated that CADM1 is
cleaved endogenously by the metalloprotease ADAM10, and
PMA-dependent cleavage of CADM1 is also mainly mediated by
ADAM10.

3.4. y-Secretase-like cleavage is abrogated in the presence of
y-secretase inhibitors and in y-secretase KO cells

Following membrane-proximal cleavage, similar to CADM1
shedding, some membrane proteins undergo a second cleavage
mediated by y-secretase. To determine whether CADM1 is cleaved
by y-secretase, we examined the effects of y-secretase inhibition
on the amounts of cleaved CADM1 fragments after induction of
shedding by PMA. COS7-mCADM1 cells were treated with PMA or
vehicle alone and then treated with y-secretase inhibitor (DAPT or
L-685,458) or vehicle alone. The amount of alphaCTF increased in
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Fig. 2. In vitro CADM1 shedding assay. (A-C) Membrane fraction was obtained from HEK293 cells as described in Section 2. The membrane fraction was incubated with the
indicated concentration of protease inhibitors and subjected to Western blotting analysis using anti-CADM1-cyto antibody. The results of densitometric analysis of CADM1-
CTF generation in (A) are shown in (B). CTF generation was calculated as CTF/full-length ratio by densitometric analysis. Results were obtained from three independent
experiments and are expressed as means + SEM. Data were analyzed by one-way analysis of variance followed by Dunnett's multiple comparison test. **Statistically
significant compared with “1.5 h, 0 pM TAPI-1" (p < 0.01). The inhibitor cocktail in (C) was from Sigma (P8340).
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Fig. 3. Knockdown of ADAM10 decreases CADM1-CTF level. (A) Saos-2 cells were transfected with siRNAs against ADAM10 or ADAM17 or with control siRNA. Cells were
harvested after 96 h of incubation. Cell lysates were subjected to Western blotting analysis using anti-CADM1-cyto antibody (duplicate results are shown). In (B), cells were

treated with 200 ng/mL PMA or vehicle only (DMSO) for 4 h and then harvested.

the presence of y-secretase inhibitor (Fig. 4A), indicating y-secre-
tase-dependent degradation of alphaCTF. This finding suggested
that alphaCTF was cleaved by y-secretase into a cytosolic fragment,
CICD (CADM1 intracellular domain). With membrane boiling and
prolonged exposure,a CADM1-derived band of nearly 6 kDawas de-~
tected (Fig. 4A). Membrane boiling contributes to the detection of
this 6 kDa fragment, and it is necessary to boil the membrane for
the detection of obvious CICD band. The amount of this fragment
was decreased with y-secretase inhibitor treatment, consistent
with alphaCTF accumulation (Fig. 4A). y-Secretase cleaves its sub-

strates within the cell membrane at around three amino acids from
the cytosolic end of the transmembrane region of the substrate and
generates a fragment with an intact cytoplasmic domain. The
theoretical molecular weight of CADM1 cytoplasmic domain is
5.3 kDa. This fragment is the cleavage product of CADM1 generated
by y-secretase. These results suggest that alphaCTF is cleaved by
y-secretase and generates CICD fragments.

We employed another approach to further confirm this possibil-
ity. y-Secretase consists of four proteins, presenilin, nicastrin, Aph-
1, and Pen-2, all of which are indispensable for its activity. We used



466 Y. Nagara et al./Biochemical and Biophysical Research Communications 417 (2012) 462-467

WB: anti-CADM1-cyto

_{
o TR
Z 2 k

15
kDa WB: anti-CADM 1-cyto

Fig. 4. CADM1-ICD generation is dependent on y-secretase. (A) COS7-mCADM1 cells were pretreated with 200 ng/mL PMA or vehicle alone (-P: DMSO) for 2 h, and
subsequently treated with y-secretase inhibitors (D: 1 uM DAPT or L: 1 uM L-685,458) or vehicle alone (-: DMSO) and incubated for the indicated times. (B) Cultured cells of
two mouse embryonic fibroblast (MEF) cell lines lacking y-secretase activity and a wild-type MEF cell line were harvested. Cell lysates were analyzed by Western blotting

using anti-CADM1-cyto antibody.

two MEF cell lines with no y-secretase activity, one lacking prese-
nilin-1 and presenilin-2 (PSDKO) and another lacking nicastrin
(NCT~/~) [16,17]. On Western blotting analysis, the alphaCTF level
was increased in y-secretase KO MEFs but not in wild-type MEFs
(Fig. 4B). These results were consistent with those of y-secretase
inhibitor assay, indicating that alphaCTF is processed into CICD
by y-secretase.

4. Discussion

Many previous studies have addressed the various functions of
CADM1. Genetic analyses of human cancer suggest that CADM1
has potent tumor-suppressor activity. CADM1 was also shown to
suppress tumorigenicity in mouse models, to induce apoptosis,
and to suppress cell proliferation in vitro [ 18]. However, the molec-
ular mechanisms underlying these and other functions are largely
unknown. In the present study, we focused on membrane protein
proteolysis, which may modulate or mediate the functions of such
proteins. A previous study indicated that certain CADM1 isoforms
are shed due to the action of a ADAM17-like protease [6]. We
examined CADM1 proteolysis in more detail, and here we demon-
strated the two-step mechanism of CADM1 proteolysis including
shedding and RIP with identification of the cleavage site of shed-
ding, sheddase, and subsequent y-cleavage.

We first demonstrated enhancement of CADM1 shedding by
PMA and accumulation of the cleaved extracellular fragment in
the medium. A soluble CADM1 isoform was shown to elicit direc-
tional neurite extension up a CADM1 concentration gradient [19].
According to the cleavage site determined here, the whole se-
quence of the soluble isoform was contained within the shed
fragment with the exception of two amino acids near the iso-
form-specific C-terminus. These observations suggest that CADM1
extracellular fragment may also serve as a neurite attractant with a
regulated mechanism of secretion. Unexpectedly, although be-
taCTF was abundant in several cell lines, betaNTF was much less
abundant than alphaNTF in the culture medium of the same cells.
An as-yet-unknown cellular system may retain and degrade the
“extracellular” fragment within the cells.

We developed an in vitro shedding assay and demonstrated that
CADMT1 shedding could occur not only in the intact cell but also in
the isolated membrane fraction. This method can be used as a no-
vel in vitro assay for ectodomain shedding. To date, in vitro shed-
ding assays have mostly been performed by the addition of

purified protease to the membrane fraction, which contains the
substrate. Our method is closer to physiological conditions because
the endogenous localization of a protease and its substrate should
be intact. Using this method, we showed here that shedding of
CADM1 was directly mediated by a membrane-bound metallopro-
tease. TAPI-1 was also shown to have an inhibitory effect on
CADM1 shedding, consistent with previous findings [6]. Further-
more, the results of siRNA experiments indicated that ADAM10,
but not ADAM17, is a potent endogenous sheddase of CADM1. In
contrast, previous studies showed that nectin-1 and nectin-4, both
of which are adhesion molecules related to CADM1, are cleaved by
ADAM10 and ADAM17, respectively [20,21]. ADAM10 is a well-
known sheddase that cleaves many other adhesion molecules.
Although no consensus cleavage sequence is known for ADAM10,
this molecule cleaves its substrate at a site 8-20 amino acids from
the transmembrane region in its ectodomain [22]. In the present
study, the cleavage site for CADM1 shedding was determined to
be nine amino acids from the transmembrane region by MS analy-
sis, indicating that shedding of CADM1 is similar to that of other
known cell-surface molecules mediated by ADAM10.

We next showed that CADM1 undergoes y-secretase-mediated
cleavage and generates CADM1-ICD using inhibitors or y-secre-
tase-deficient cell lines. A previous study indicated that nectin-
To is also cleaved by fy-secretase-like activity to generate ICD
[23]. This process is known to involve proteolytic cleavage called
RIP, in which removal of the ectodomain by shedding is necessary
for the second cleavage catalyzed by y-secretase [9]. Our data sug-
gested that the substrate of y-cleavage is the membrane-bound
shedding product alphaCTF, consistent with the known mechanism
of RIP. Compared with alphaCTF, the amount of CICD fragment is
very small, and the difference between the amount of the fragment
with and without inhibitor treatment was small. This is probably
because of the rapid degradation of CICD, as many other ICD frag-
ments generated by y-secretase, including Notch ICD, are known to
be rapidly degraded in a proteasome-dependent manner [23].

ICD often acts as a signal transducer. Nuclear staining for
CADM1 was observed on microscopic analysis using C-terminal
GFP-tagged CADM1 or antibody against CADM1 cytosolic domain
([1] and unpublished data). CASK, a protein that binds to CADM1
cytoplasmic domain, is partially localized to the nucleus and
interacts with the T-box transcription factor Tbr-1, inducing tran-
scription of genes including NR2b [24]. CADM1-ICD may be trans-
ported into the nucleus together with CASK and may modulate
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target genes of the Tbr-1-CASK complex. These observations
suggest that CADM1 may function in the nucleus as a signal trans-
ducer via RIP.

CADM1 is known to act as a tumor suppressor in nude mice, and
its expression is reduced in many types of human tumor. ADAM10
is overexpressed in colorectal cancer [25]. The hypermethylation of
CADMT1 and the reduced expression of CADM1 protein in colorectal
cancer have also been reported [26]. ADAM10-mediated shedding
may be a mechanism involved in the downregulation of CADM1 in
colorectal cancer, which leads to disruption of CADM1-mediated
tumor suppression. On the other hand, the functional significance
of y-cleavage is rather complicated. CADM1-ICD has two protein-
binding domains, band 4.1 binding domain and PDZ binding
domain [1]. These domains are indispensable for the tumor-sup-
pressive functions of CADM1, including tumor suppression in mice,
the induction of apoptosis, and the suppression of epithelial-
mesenchymal transition [27-29], suggesting the functional signif-
icance of the CADM1 cytoplasmic domain.

In conclusion, our data demonstrated that CADM1 cleavage is
mediated by ADAM10 and 7y-secretase. This mechanism may be
important for the downregulation of CADM1 by proteolytic degra-
dation or for tumor-suppressive activity and other functions of
CADM1, probably through the activation of CADM1-ICD and reduc-
tion of cell-cell adhesion.
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The main signs of Alzheimer’s disease (AD) are
cognitive impairment and senile plaques composed of
amyloid beta (ApS) observed in patients’ brains. There-
fore, therapy for AD focuses on the removal of A8. We
developed an “edible vaccine” that employs intestinal
immunity with little to no side effects. Rice was utilized
as an edible vaccine. It expressed GFP-ApB42. AB rice
was administered orally to wild-type (WT) mice causing
production of anti-AS antibodies. Since Af rice was
mixed with the cholera toxin B subunit (CTB), antibody
against the rice seed protein was also produced. Then,
mice were caused to develop immune tolerance against
the rice seed protein by oral administration of Ag rice
mixed with CTB. The results indicated that only anti-Ag
antibodies were produced.

Key words: Alzheimer’s disease; amyloid beta; an
edible vaccine; immune tolerance

The main signs of Alzheimer’s discase (AD) are
cognitive impairment, amyloid beta (Ap)-containing
senile plaques, and neurofibrillary tangles composed of

tau observed in a patient’s brain.!» AB is generated by .

proteolytic processing of the amyloid precursor protein
(APP) by B- and y-secretases. The main species of AS
are AB40 and Ap42. The longer AB42 has a greater
propensity to aggregate than the shorter Ap40.2

In AD model mice, cognitive impairment was
improved by inhibiting senile plaque formation by
means of antibody production stimulated by vaccina-
tion,3> Vaccination is an antibody therapy that works
by timely production of antibodies against the proper
antigen. However, in a clinical trial in which Ap42
peptide was administered to humans, meningoencepha-
litis was seen as a side effect and the clinical trial was
discontinued.® Therefore, a therapy focusing on a mild
antigen—antibody reaction is needed. We developed an
edible vaccine that induced mild antigen—antibody
reaction by oral administration of genetically modified
plant-integrated AB.

Edible vaccines expressing various antigens have
been developed. One benefit of edible vaccines is that
they can be maintained at room temperature, whereas
peptide vaccines must be preserved at cold temperatures.

Furthermore, edible vaccines can eliminate the injection
pain associated with traditional vaccines.” They act
by stimulating the lymphatic immune system located
in the intestines and suppressing the inflammatory Th1
response and enhancing the non-inflammatory Th2
response.

Previously, we expressed GFP-A 42 on green pepper
leaves. A8 antibodies were produced when the leaves
were administered orally to AD model mice, Tg2576,
successfully reducing the AB accumulating in their
brains®? However, new edible vaccines must be
developed because green pepper leaves are not easy to
digest, and mass production of the antigen is limited.

Rice (cultivar Hayayuki) was chosen as the edible
vaccine and, AB was expressed as a GFP-fusion protein.
GFP-AB42 was introduced into the rice by the Agro-
bacterium method (Yoshida, submitted). We performed
SDS-PAGE and Western blotting on transgenic rice
extracts in urea buffer to detect AS expression in the
rice. Rice seeds were ground to a fine powder with a
IFM-650D Millser (Iwatani International, Tokyo), and
total proteins were extracted in urea—SDS buffer (50 mm
Tris—HCI, pH 6.8, 8 M urea, 2% SDS, 5% 2-mercaptoe-
thanol, and 20% glycerol) and centrifuged. We used
mouse monoclonal antibody 6E10 as the primary anti-
body to detect AB.Y Then we quantified the expression
of AB using synthesized mouse IgG as the protein
standard. The AP concentration was calculated as
120 ug for 1 g of transgenic rice.

To study antibody production after vaccination and
the precise immunological response, subcutaneous and
oral immunization of wild-type (WT) B6 mice was
performed starting at 6 weeks of age, and was continued
for 6 weeks. All the animal experiments followed the
guidelines for the regulation of animal experiments of
The University of Tokyo. For subcutaneous immuniza-
tion, each mouse was anesthetized with diethyl ether and
injected with 100-200 pL. of an emulsion of rice powder
dissolved in PBS mixed with Freund’s adjuvant (Wako
Pure Chemical Industries, Osaka) at several points using
a 21-gauge needle. For oral immunization, the mixture
of ApB rice powder and CTB (Sigma-Aldrich, Tokyo)
in 5% sucrose was delivered orally by syringe. We
examined four groups of WT B6 mice. Five WT mice
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Fig. 1. Detection of Anti-A8 Antibody in Mice.
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A, GFP-AB42 was expressed in COS-7 cells and its lysate was separated by SDS-PAGE. Serum was applied to detect anti-A S antibody. GFP-
AB42 was detected in serum from mice fed A rice (1.0 g/d) and injected with the lysate of Ap rice. For controls, 6E10 and anti-GFP antibody
were used. These antibodies also detected GFP-AB. B, The amount of anti-Af antibody in the serum was calculated ELISA. Serum samples were

diluted 100x in this assay. Mean & SE. *p < 0.05.

vaccinated orally with non-transgenic, rice served as
negative controls. The rest of the WT mice were
immunized with GFP-Ap42 either subcutaneously
(n = 6) or orally (0.5g/d (n=15) or 1.0g/d (n=4).
The mice in the orally administered group received an
edible antigen once every week from 6 to 12 weeks of
age, and the subcutaneous-injected mice received doses
of vaccine biweekly. Two weeks after an Af booster
given at 12 weeks, whole blood was collected from the
heart. GFP-A 842 expressed in COS-7 cells was detected
in serum from the mice immunized orally (1.0 g/d) and
subcutaneously (Fig. 1A). We quantified by ELISA and
calculated the amounts of serum anti-Af antibody
(Fig. 1B).Y Compared to the WT rice control, the
amount of serum anti-AS antibody was significantly
elevated in the groups receiving GFP-AB.

Antibodies against rice seed protein can also be
produced by intestinal immunity. That means that food
allergy can occur in oral vaccination. We found that an
antibody against rice seed protein, possibly prolamin or
glutelin, was produced by induction with CTB (Fig. 2A,
B). To detect the antibody against rice seed protéin in
the serum, the serum was diluted 50 times from mice
orally administrated AB, and was diluted 100 times from
mice subcutaneously injected. Rice seed protein-specific
IgG responses were measured by ELISA with 20 ug/mL
the rice storage protein extracted with 0.01% Triton
X-100.19 Verhasselt et al. reported that an antigen can
be transferred from lactating mice to their progeny

through breast milk.!"? We assumed that the B6 mice -

acquired immune tolerance through breast milk from
lactating mice to which WT rice was administrated
orally. In addition, we thought it more efficient to induce
immune tolerance through breast-feeding rather than
direct administration of WT rice to young mice. Per one

lactating mother, six progeny (three male, three female)
were prepared. We used two mother mice from the oral
administration group and one from the subcutaneously
injected group. The WT mice received an edible vaccine
orally every week from 6 to 15 weeks of age, and other
WT mice received doses of vaccine subcutaneously
every 2 weeks. Two weeks after an Af booster was
given at 15 weeks, whole blood was collected from the
heart. The experimental details are schematically shown
in Fig. 2C. We found that the amount of antibody
against rice proteins tends to be suppressed by oral
administration of WT rice to lactating mothers (Fig. 2D,
E). The T cell response could be tolerated because the
production of the antibody against the rice seed protein
is suppressed, but rice seed protein antibody production
was not suppressed in mice without pretreatment.
Though we tried to quantify the amount of rice
protein-induced release of IL-4, -5, and -10 from spleen
cells, we were not able to detect these by sandwich
ELISA (data not shown).

After inducing immune tolerance by oral administra-
tion of WT rice to lactating mice, we investigated the
production of anti-Af antibodies. We found that they
were significantly elevated in the group receiving AB
rice orally as compared to the group given WT rice
(Fig. 3A). Next we investigated which sites of Ap42
peptide were recognized. Using ApBI1-16 (Peptide
Institute, Osaka, Japan), AB11-28 (Immuno-Biological
Laboratories, Takasaki, Japan) and AfS25-35 peptide
(Peptide Institute), epitope mapping of anti-A S antibody
was done by ELISA (Fig. 3B). The results suggested
that the antibodies produced by oral administration or
subcutaneous injection recognized a wide variety of A8
epitopes, because no differences were observed among
AB1-16, AB11-28, AB25-35, and AB1-42.
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A, The difference in the production of the antibody against the rice seed protein before and after immunization was investigated SDS-PAGE.
After immunization, anti-rice seed proteins were observed in both oral (left) and subcutaneous injection (right). B, The amount of the antibody
against the whole rice seed protein was calculated ELISA. C, Experimental protocol. Lactating mothers were orally administrated wild rice
(0.2 g) every other day from delivery until weaning. D, Rice extract in urea—SDS buffer was applied to SDS gels, and the various sera was used to
detect anti-rice seed protein antibody. The rice storage protein (15-19 kDa) was not detected in the serum from progeny of oral administration of
WT rice to lactating mice (left). High antibody production was observed in the mice without prior administration of rice (right). Serum samples
were diluted to 50x in this assay. E, Amount of antibody against rice whole protein. The value of the newly developed anti-rice protein antibody
due to Ap-rice is shown. Production against the rice protein was suppressed in mice whose mothers were orally administrated rice at the lactating

stage. Mean =+ SE. *p < 0.05.

To check the safety of the edible vaccine, we
examined the isotype of anti-seed protein antibody in
the serum and looked for inflammatory reactions in mice
vaccinated orally and subcutaneously. IgG1 is known to
be the non-inflammatory Th2 isotype IgG, and IgG2a is
the inflammatory Th1 isotype IgG. If the ratio of IgG1/
1gG2a exceeds 1, the humoral immune responses of
the non-inflammatory Th2 act dominantly. Therefore, to
quantify rice .seed protein specific immunoglobulin
subclasses produced by intestinal immunity (orally
administration) and systemic immunity (subcutaneous
injection), ELISA with IgG1 and IgG2a was done. The
ratio of IgG1 to IgG2a (IgG1/IgG2a) was calculated.
In all the groups, the ratio of IgG1/1gG2a exceeded 1,
suggesting that feeding of AB rice induced the Th2
response (data not shown).

The number of patients with AD continues to increase
and this is predicted to become a major problem, but no
effective therapy exists.!>!3 According to the amyloid
hypothesis, AD is triggered by an accumulation of AS,

and peculiar pathogenic changes, such as neurologic
deficit, are seen in AD brains.! Therefore, the focus for
therapy of AD is to suppress the production of A or to
inhibit the deposition of AB in the brain.!¥ To remove
Ap from the brain, antibody therapy via injection of A8
into the body was performed at the beginning of 2000,
but meningoencephalitis appeared as a side effect.9
Therefore, the conclusion was drawn that the therapy
needs a mild antigen-antibody reaction with a non-
inflammatory response toward Th2.

Hence we started a study of edible vaccines.®? Because
edible vaccines work through intestinal immunity, which
induces the Th2 reaction and produces antibodies, it was
thought to have few side effects. We expressed GFP-
ApBA2 in green pepper leaves with Tobamovirus, and
these lysates mixed with CTB were orally administrated
to AD model mice, Tg2576. We succeeded in producing
anti-Af antibodies and decreased AB in the mouse
brains. We also observed that the edible vaccine induced
a noninflammatory response toward Th2.”
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A, The Ag-antibody titers of the mice are shown (*p < 0.05, **p < 0.01). B, The epitope mapping of AS. The peptides of AB1-16, AS11-28,
and AB25-35 were used as antigens. Sera from mice fed AB rice or injected with the lysate of A rice were used in the assay.

We investigated to determine whether the antibody
against A would be produced by oral administration of
ApB rice to B6 mice, as in the case of green pepper
leaves. Compared to the group with oral administration
of WT rice, the amount of anti-Ag antibody increased
significantly in the group subjected to oral administra-
tion of AB rice and in that receiving subcutaneous
injections (Fig. 1A, B), but the antibody titer against AS
did not increase greatly. We found that the anti-Af
antibody titer was inversely correlated with the level of
soluble intracerebral AB42 in Tg2576 mice in the green
pepper experiment.” The frequency of immunization
was different in this rice experiment, and the possibility
exists that the effect of CTB attenuates it, because the
amounts of proteins in rice are larger than in green
pepper leaves. In the case of transgenic rice expressing
Chlamydophila psittaci (Cp. Psittaci) antigen (MOMP)-
fused LTB, mice were fed large amounts of rice in order
to produce an antibody against MOMP.!» Additionally,

immunizing the AD model mice for a long time is
important to decrease senile plaques, so one can remove
ABin Tg2576 mice even if an antibody is produced in
modest amounts.'®
Because we administered CTB orally, antibody
against rice seed protein was produced. However, as
* for humans, some believe that one can suppress antibody
production due to immune tolerance against rice seed
proteins by eating rice frequently. Since it has been
reported to induce immune tolerance through lacta-
tion,'") we tried to produce an antibody against AB by
suppressing antibody production against rice seed
proteins by administering lactating mice WT rice. Even
if humans use an edible vaccine with CTB, the antibody
against the rice seed proteins may be suppressed.
However, because IgE rather than IgG is the main
immunoglobulin produced in food allergy, the produc-
tion of IgE must also be also investigated in the future.
Although the antibody against CTB was reportedly
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produced by the rice that expressed CTB, the antibody
against the rice seed protein was not produced.'®
Therefore, rice expressing Af with CTB might not
produce antibody against rice seed protein, when
immune tolerance is induced.

We performed epitope mapping and found that
various antibodies were produced. The antibodies
recognizing the N-terminus, such as AB1-6, are efficient
at inhibiting the formation of senile plaques, and the
antibody used in the clinical trials has tandem repeats
recognizing the N-terminus.!”"!® This food vaccine
must improve a DNA construct to produce the antibody
recognizing the N-terminus effectively and to fuse oral
adjuvants such as CTB, instead of GFP for clinical use.
Furthermore, we examined the T-cell response by
calculating IgG1/IgG2a. In our system, intestinal im-
munity is thought to act dominantly on the Th2 immune
response.

In this study, we were able to confirm the possibility
of a vaccine treatment for AD. Rice is valuable as
an edible vaccine because the effect of the vaccine
reportedly is not lost even if the rice is preserved at room
temperature for more than 1 year.!” However, we must
use AD model mice in future studies and examine the
utility of the vaccine in AD therapy.
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Abstract

Various vaccine therapies for Alzheimer’s disease (AD) have been investigated. Here we
report transgenic rice expressing amyloid 3-peptide (AB). The AB42 gene fused with a green
fluorescent protein gene was introduced into rice using the Agrobacterium method. When
transgenic brown rice expressing AP was orally administered to mice, serum anti-Ap antibody
titers were elevated. The same results were observed when mice were fed boiled, transgenic
brown rice. The results indicate that an edible vaccine against AD using rice may be feasible. A
vaccine derived from rice would be far cheaper than existing medical vaccines.

Key words: Alzheimer’s disease, amyloid B-peptide, edible vaccine, Oryza sativa, brown rice

Introduction

Alzheimer’s disease (AD) causes cognitive im-
pairment and while symptomatic therapies such as
donepezil hydrochloride are available, no existing
therapeutic medication offers complete recovery from
AD. The development of new AD therapies would
lessen the social and economic burden of the disease.

The onset of AD is thought to be due to amyloid
B-peptide (AP) deposition in the cerebral cortex [1,2].
As AP is a protein, vaccines for AD are potential
means of therapy or prevention [3-5]. In trials using
mouse models of AD, injection with AP as an antigen
reduced the level of AB accumulation in the brain
notably, reduced memory defects and improved be-
havioral disorders [6,7]. A phase I clinical trial of vac-
cine therapy by intramuscular injection of A was
completed without problems but the phase II clinical
trial was terminated because some patients developed
meningoencephalitis [8]. In a 6-year follow-up of pa-

tients in the trial of AD immunization [9], cortical AP
loads were lower in immunized patients compared to
the control group. Patients with higher antibody re-
sponses had more extensive Af removal. However,
this study did not find survival or time to severe de-
mentia improved in immunized patients versus the
control group.

A vaccine therapy with no side effects is needed.
Oral or other mucosal vaccinations appear to have
fewer side effects than vaccines administered by in-
jection [10,11]. A potential method of oral vaccination
is to express a target protein in an edible plant. In-
creased serum anti-Ap antibody titer and suppressed
AP deposition in the brain were observed when green
pepper or potato containing AP was fed to a mouse
model of AD [11,12,13,14]. Edible vaccine might also
be produced in genetically modified food plants such
as rice or soybeans that accumulate Af in seeds. Ce-
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real seeds are better suited for edible vaccines than
fruit or vegetables as many have high protein content
and can be stored for long periods at room tempera-
ture.

In the present study, we introduced the AP gene
conjugated with green fluorescent protein (GFP) into
rice, and orally administered modified rice to mice in
order to investigate the effects of AP on serum anti-Ap
antibody titer.

Materials and Methods
Plant materials

Oryza sativa L. cultivar Hayayuki (Japonica rice
in Japan) was used in this study. Mature seeds (brown
rice) were sterilized in 70% ethanol for 10 s and 1%
sodium hypochlorite for 15 min, and rinsed in sterile
distilled water. Seeds were placed on N6D medium
[15,16] for callus formation. Cultures were incubated
at 25°C under a 16-h photoperiod using cool-white
fluorescent light at 40 pumol/m?/s. Calli were isolated
from seed scutella 10-30 days later, and used for AP
gene induction.

Plasmid construction

The nucleoside sequence coding AP42 was am-
plified by PCR wusing primers Ap-5-Xhol
(5-GAAGTCTCGAGTGATGCAGAAT-3) and
AB-3-HindIll (5-GAACGAAGCTTTTACGCTATGA
CA-3’). The gene for the APP695 protein was used as a
template. The product was digested with Xhol and
HindIll, and inserted into pEGFP-C2 (Clontech) at
restriction sites resulting in pEGFP-AB-C2.

The nucleoside sequence coding sGFP(S65T) [17]
was amplified by PCR using primers sGFP-5'-Agel
(5'-ATACCGGTCGCCACCATGGTGAGCAAGGGC
GAG-3) and sGFP-3'-Bglll (5'-TCAGATCTGAGT
CCGGCCGGACTTGTACAGCTCGTCCAA-3’). The
product was digested with Agel and BglIl, and ligated
to the pEGFP-AB-C2 at the restriction sites to produce
psGFP-AB-C2. The GFP-AP fused gene was produced
by amplifying psGFP-AB-C2 by PCR using primers
sGFP-5'-Xbal  (5-TTTCTAGAATGGTGAGCAAGG
GCGAGGAG-3) and Ap-3'-Sacll (5'-TTGAGCT
CGACTGCAGAATTCGAAGCTT-3"), followed by
digestion with Xbal and SaclIl.

The binary vector pIG121-Hm [18] was digested
with Xbal and Sacll to remove the Intron-Gus gene.
The GFP-AP fused gene was then ligated to
pIG121-Hm to produce pIG121-Hm (sGFP+Ap).

The binary vector pIG121-Hm (sGFP+Ap) was
electroporated into Agrobacterium tumefaciens strain
EHA101 using an Escherichia coli pulser (Bio-Rad).
Transformants EHA101 (pIG121-Hm (sGFP+AR))

were selected on LB medium containing 50 mg/L
kanamycin, 50 mg/L hygromycin B and 1.2% Bac-
to-agar.

Transformation

EHA101 (pIG121-Hm (sGFP+Ap)) was grown
overnight on LB medium with 50 mg/L kanamycin,
50 mg/L hygromycin, and 1.2 % Bacto-agar at 25°C.
Bacteria were suspended in AAM medium [19]. Rice
calli were immersed in AAM medium containing the
bacteria for 15 min.

Calli were transferred to N6D medium, modified
to pH 5.2, containing 100 pM acetosyringone, and
incubated in the dark at 22°C for 3 days. After
co-cultivation, calli were washed with the medium
(N6 salts, N6 vitamins, 2 mg/L 2,4-D, 30 g/L sucrose,
400 mg/L carbenicillin, pH 5.8).

Washed calli were cultured on selective media
(N6D medium with 50 mg/L hygromycin B and 400
mg/L carbenicillin) at 25°C under a 16-h photoperiod.
White or yellow calli were transferred every 10 days
to the same medium.

Calli were transferred to plant regeneration me-
dium [20] modified with 100 mg/L carbenicillin.
Cultures were incubated at 25°C under a 16-h photo-
period. Calli with green spots or plantlets were
transferred every 5-10 days, until the plantlets grew to
more than 1 cm in height. Plantlets were transferred
into hormone-free MS medium, and fully grown
plantlets were planted in soil.

Southern blot analysis

Extracted leaf DNA was digested with Xbal.
Electrophoresis was performed on 1.0% agarose gels,
and DNAs were blotted onto a Hybond-N+ mem-
brane (GE Healthcare) and were subjected to Southern
hybridization. GFP sequence containing the whole
coding region was used as a probe. Probe labeling and
southern hybridization procedures were performed
using the AlkPhos direct labeling and detection sys-
tem with CDP-Star (GE Healthcare).

Quantification of expression levels in seeds

Frozen seeds were crushed. Total protein in one
seed (approximately 20 mg) was extracted for 1 h with
400 pL protein extraction buffer (20 mM Tris-HCl (pH
6.5), 8 M urea, 5% 2-mercaptoethanol, 20% glycerol,
4% SDS), and was centrifuged for 10 min at 20,000 x g.
Three microliters of each supernatant was applied to
Tris-Tricine SDS-PAGE (12% T, 3% C) together with
Ap (human, 1-42) (Peptide Institute) as standards, and
the separated protein were transferred to a Hybond-P
PVDF membrane (GE Healthcare). The membrane
was first incubated in blocking buffer (5% skim milk,
T-PBS), and treated with anti-Ap antibody 6E10 (Sig-
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net). The GFP-A fusion protein bound to the mem-
brane was detected using the HRP-conjugated sec-
ondary antibody (GE Healthcare) and the ECL plus
Western blotting detection system (GE Healthcare).

Mouse immunization

The quantity of brown rice administered to each
mouse was adjusted to deliver 10 ug of AP. Crushed
brown rice was mixed with cholera toxin B (CTB, List
Biological Laboratories) (5 pg per mouse) in PBS.
C57BL/6] mice (Charles River) were divided into
three groups (eight mice per group) and were orally
fed with a feeding needle (non-transgenic brown rice,
Ap-containing brown rice (A rice), or boiled A rice).
Mice received doses of rice once a week from 8 to 11
weeks of age. As a booster, 0.5 ug of Ap mixed with
Freund’s incomplete adjuvant was injected subcuta-
neously into all mice at 14 weeks of age. Blood serum
was collected at 8, 12, 14, and 16 weeks of age. Mice
were housed at 25°C with a 12-h light/dark cycle. All
animal procedures were approved by the Animal
Care and Use Committee of the National Agricultural
Research Center for the Tohoku Region.

Quantification of the anti-Af antibody titer with
ELISA

Micro plate wells were coated with AP42 dis-
solved in 0.15 M ammonium. After washing with
PBS-T, wells were blocked with blocking buffer (3%
skim milk, PBS), and were washed. Blood serum
samples were diluted 10-50 times. Anti-Ap antibody
6E10 (1 mg/mL) was diluted 10,000-160,000 times as a
positive control. Each sample was applied to a well
and incubated at 37°C for 1 h. After washing, each
well was blocked at room temperature for 30 min with
3% skim milk and was washed again. Wells were in-
cubated with HRP-conjugated secondary antibody at
37°C for 1 h and were washed. Wells were incubated
with a TMB kit (Pierce) at room temperature in the
dark. The reaction was stopped with 2 M sulfuric acid.
Absorbance at 450 nm was measured with a spectro-
photometer (Infinite F300, Tecan), and antibody titers
were calculated (0.1 pg/mL 6E10 = 100 units/mL an-
tibody titer).

Detection of the anti-Ap antibody production by
Western blot analysis

AP (240 ng) was applied to 12% polyacrylamide
gels containing 0.1% SDS; separated proteins were
transferred to a Hybond-P PVDF membrane. The
membrane was first incubated in blocking buffer (ECL
Advance blocking agent, GE Healthcare), and treated
with serum samples (10 times dilution). Anti-Ap
production was detected by HRP-conjugated second-
ary antibody and the ECL advance Western blotting

detection kit (GE Healthcare).

Results and Discussion

Initially, the luminescence of transgenic rice ex-
pressing the EGFP-AP fusion gene was weak. The
sGFP(S65T) gene is designed for plant use and gives
brighter light in the plant than the original GFP [17].
We therefore expressed sGFP instead of EGFP in rice,
and the resulting transgenic rice seeds exhibited
stronger luminescence with many fluorescent spots
(Fig. 1A, B). Fluorescence was localized mainly in the
aleurone layer of brown rice (Fig. 1C). Polished rice
had a little fluorescence (Fig. 1D).

These results show that AP accumulates in al-
eurone layer, and if brown rice is polished, a propor-
tion of AP is removed from the rice. Most rice eaten in
Japan is polished, and brown (non-polished) rice must
be eaten for AD vaccination to succeed.

The presence of the AB-GFP gene in the leaves of
primary transgenic rice plants (Ro rice plants) was
investigated by PCR analysis using primers
sGFP-5-Xbal and Ap-3'-Sacll (data not shown). In
samples where PCR analysis indicated the presence of
the AB-GFP gene, Southern blot analysis was used to
confirm transformation in individual plants (Fig. 2).
The AP-GFP gene was introduced into Ro plants ex-
cept line No. 32. The positive PCR result in the Line
No. 32 plant may have been due to residual Agrobac-
terium in plant tissue.

Western blotting was used to investigate the
accumulation of the AB-GFP fusion protein in Ap
transgenic rice (Fig. 3). The signal intensity of the
band was compared against the signal intensity of
ApP42 as a control, and differences were observed
among lines. The highest concentration, 8 ug of A in
a single grain of brown rice (400 pg/ g brown rice) was
found in samples from line 29, compared with 18-50
pg AP [13] and 77 pg AP [14] per gram of soluble
protein found in potato in previous studies.

Immunogenicity of AP rice was assessed by
feeding brown AP rice to C57BL/6] mice, from 8 to 11
weeks of age, and assessing serum anti-Afp antibody
titer by ELISA (Fig. 4). At 12 weeks age, we observed a
significant increase in serum anti-Ap antibody titer in
mice fed boiled AP rice; the increase was not signifi-
cant in mice fed uncooked Ap rice. Anti-Ap antibody
was also detected by Western blot analysis in mice fed
AP rice (Fig. 4B). No increase of anti-Af} antibody titer
was detected in mice at 14 weeks of age, three weeks
after the last oral administration (Fig. 4C); but the
anti-Ap antibody titer significantly increased again at
16 weeks of age, after a subcutaneous booster injection
(Fig. 4D).
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