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Alzheimer disease (AD) is characterized by senile plaques,
which are mainly composed of 8 amyloid (Af) peptides. A is
cleaved off from amyloid precursor protein (APP) with consec-
utive proteolytic processing: 3-secretase, followed by y-secre-
tase. Here, we show that BRI3, a member of the BRI gene family
that includes the familial British and Danish dementia gene
BRI2, interacts with APP and serves as an endogenous negative
regulator of A production. BRI3 colocalizes with APP along
neuritis in differentiated N2a cells; endogenous BRI3-APP com-
plexes are readily detectable in mouse brain extract; reducing
endogenous BRI3 levels by RNA interference results in
increased AP secretion. BRI3 resembles BRI2, because BRI3
overexpression reduces both a- and B-APP cleavage. We pro-
pose that BRI3 inhibits the various processing of APP by block-
ing the access of a- and f3-secretases to APP. However, unlike
BRI2, the binding of BRI3 to the 3-secretase cleaved APP C-ter-
minal fragment is negligible and BRI3 does not cause the mas-
sive accumulation of this APP fragment, suggesting that, unlike
BRI2, BRI3 is a poor y-cleavage inhibitor. Competitive inhibi-
tion of APP processing by BRI3 may provide a new approach to
AD therapy and prevention.

About 1% of humans aged 60 — 64 years have AD,? increasing
steadily to as many as 35— 40% after age 85 (1). AD progressively
leads to a severely impaired state and complete social depend-
ence. At autopsy, cerebral atrophy, neurofibrillary tangles,
and amyloid plaques are observed in the hippocampus, ento-
rhinal cortex, amygdala, and other areas. Tangles consist of
intraneuronal masses of helically wound filaments of the
hyperphosphorylated protein, Tau. Plaques are extracellular
deposits of AB, a peptide derived from cleavage of APP, sur-
rounded by dystrophic neurites. Most AD cases present A3
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deposits in cortical and/or meningeal microvessels. In a
minority of cases, this vascular cerebral amyloid angiopathy
is rather severe (2).

APP is a type I transmembrane protein that undergoes a
series of proteolytic cleavages (3). B-Secretase cleaves APP
into a soluble ectodomain (sAPPB) and a membrane-bound
C-terminal fragment of 99 amino acids (C99). C99 is cleaved
by the y-secretase, which consists of a multicomponent
complex composed of presenilins (PS1 and PS2), Nicastrin,
PEN2, and APH1 (4). The y-cleavage releases two peptides:
A peptide, consisting of 2 major species of 40 and 42 amino
acids (AB40 and AB42, respectively) and an intracellular
product APP intracellular domain (AID)/AICD. Several
findings point to the short AID/AICD as a biologically active
intracellular peptide, which may modulate cell death, Notch
signaling, gene transcription, and Ca®>* homeostasis (5-19).
In an alternative pathway, APP is processed by a-secretase
within the AB sequence, leading to the production of the
soluble sAPPa ectodomain and a membrane-bound C-ter-
minal fragment of 83 amino acids (C83). For aged patients, a
family history of dementia is a major risk factor for AD, and
10-15% of all AD subjects have a family history consistent
with an autosomal dominant trait. These familial cases are
due to mutations in APP and in presenilins, because they
alter the rate of APP processing and AB42 generation.

Given the role of APP processing by secretases to AD pathol-
ogy and APP-mediated functions, identifying the molecules
that regulate APP cleavage is physiologically relevant and of
therapeutic interest. A genetic screen aimed to the identifica-
tion of regulators of APP processing led to the identification of
BRI2 as an APP ligand that inhibits A formation both in vitro
(20) and in vivo (21). BRI2 is a type Il membrane protein of 266
amino acids of unknown function that is mutated in AD-like
familial British dementia (22) and familial Danish dementia
(23).

In the same screening (20), we found BRI3 as an APP-inter-
acting protein as well. The physiological functions of BRI3
remained largely unclear. Because BRI2, the homolog of BRI3,
interacts with APP and inhibits APP processing (20, 21, 24) we
investigated the role of BRI3 in regulating the processing of
APP.

MATERIALS AND METHODS

Split-ubiquitin Screening—The construction of APP as bait
and screening method were described elsewhere (20).
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Cell Culture, Transfection, Plasmids, and Antibodies—Cell
lines, transfection methods, mammalian expression constructs
of APP, FLAG-BRI2, APP-Ncas, GFP-AID, APP-GFP, and
BACE were described before (20, 25). BRI3 from the two-hybrid
screening and BRI1 ¢cDNA purchased from Open Biosystems
(GenBank™ accession number BC040437) were cloned into
pcDNA3.1 vector (Invitrogen) with an N-terminal FLAG tag.
London and Swedish mutations were introduced into APP by
QuikChange XL (Stratagene). FLAG-BRI3-Myc has an Myc tag
and a glycine insertion (GEQKLISEEDL) just before the stop
codon of FLAG-BRI3. Human APLP2 were cloned in
pcDNA3.1/Hygro. A mammalian expression construct of Fas
ligand was kindly provided by Dr. Lenardo. To make shRNA
vectors, oligonucleotides pairs were annealed and cloned into a
modified pSUPER (26), which is driven by an H1 promoter.
Oligonucleotide pairs used were: sh12 (5'-gatccccgtctacatctac-
agatactttcaagagaagtatctgtagatgtagacttttt-3' and 5'-agctaaaaag-
tctacatctacagatacttctcttgaaagtatctgtagatgtagacggg-3') and ml
(5'-gatcccegeacatgattattactgatttcaagagaatcagtaataatcatgtgett-
ttt-3’ and 5'-agctaaaaagcacatgattattactgattctcttgaaatcagtaataa-
tcatgtgeggg-3'). pcDNA6-Myc-BRI1 and pcDNA6-Myc-BRI3
used for stable transfectants were created by cloning BRI1 and
BRI3 fragments from FLAG-BRI1 and FLAG-BRI3 into
pcDNA6/Myc His C (Invitrogen) with an Myc tag linker, which
inserts MGEQKLISEEDLVPGSA at the N termini of both
genes. GFP-BRI3 was created by cloning BamHI/Xhol frag-
ment from FLAG-BRI3 into Bglll/Sall of pEGFP-C1, which
adds GFP to the N terminus of BRI3.

The following antibodies and antibody beads were used:
aFLAG (M2, Sigma F1804); « Myc (Cell Signaling, 2276); aAPP
(22C11, Chemicon MAB348); asAPP« (IBL 11088); asAPPS
(IBL 18957); aAPP C-terminal fragments (CTF) (aAPPct,
Invitrogen/Zymed Laboratories Inc. 36-6900); «APLP2 (EMD/
Calbiochem 171616); asAPLP2 (R&D Systems MAB4945); «
Fas ligand (BD Pharmingen 556387); FLAG M2 beads (Sigma
A2220). Rabbit aBRI2 was described before (21). Rabbit poly-
clonal antibody against BRI3 (a«BRI3) was raised against the
peptide LTPAREERPPRHRS (corresponding to amino acids
36 —49) and purified using the peptide. Rabbit polyclonal anti-
body and horseradish peroxidase-conjugated secondary anti-
bodies were from Southern Biotechnology.

Immunoprecipitation from HeLa Cells—HeLa cells were
transfected with indicated combinations of plasmids. The
transfected cells were lysed in the Hepes-Triton buffer (20 mm
Hepes/NaOH, pH 7.4, 1 mm EDTA, 150 mm NaCl, 0.5% Tri-
ton-X 100) on ice. The lysates were cleared by spinning at 20 kg
for 10 min. To precipitate the immune complex, the cleared
lysates were mixed with FLAG beads or with indicated antibod-
ies and protein A beads (Pierce). A rabbit polyclonal antibody
was used as a negative control of «APPct precipitation. After
being washed three times with the same buffer, the precipitated
beads were boiled in 2X SDS Buffer and analyzed by Western
blot.

Staining of Differentiated N2A—N2A cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
penicillin, streptomycin, and 10% fetal bovine serum in a 5%
CO, incubator. N2A cells were plated on coverslips coated with
poly L-lysine (Sigma) and were transfected with indicated plas-
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mids. The differentiation of N2A cells was induced by 0.1% fetal
bovine serum and 2 uM retinoic acid for 24—36 h (27). The cells
on coverslips were fixed, permeabilized with 0.2% Triton
X-100, stained as described (28), and analyzed by confocal
microscopy (Bio-Rad Radiance 2000). The images shown are
representative of the phenotypes observed in at least three
independent experiments.

Immunoprecipitation from Mouse Brain Extract—A whole
mouse brain was homogenized in 2 ml of the Hepes-sucrose
buffer (20 mm Hepes/NaOH, pH 7.4, 1 mMEDTA, 1 mMm EGTA,
0.25 M sucrose) supplemented with complete protease inhibitor
without EDTA (Roche Applied Science). Unbroken tissues and
nuclei were cleared by spinning at 1000 X g for 10 min. The
pellet was homogenized in the same buffer and cleared again.
This procedure was repeated three times in total. All the super-
natants were combined, and the brain membrane was collected
by spinning at 100 kg for 45 min. The membrane pellets were
extracted with Hepes-Triton buffer at 2 mg/ml and were
cleared by spinning at 100 kg for 45 min. The cleared extracts
were then pre-cleared by mixing with protein A beads. The
protein A beads were removed, and the extracts were mixed
with aBRI3 or a control antibody and fresh protein A beads.
After the incubation, beads were washed three times with the
Hepes-Triton buffer, boiled in 2X SDS buffer, and subjected to
Western blot.

Measurement of APP Fragments of HEK293APP Cells—
HEK293APP cells were transfected with pcDNA3 or with
FLAG-BRI3. One day after the transfection, the cells were con-
ditioned for 24 h. The conditioned media were collected and
cleared by spinning at 20 kg for 10 min. A in the media was
measured using the ELISA kit for AB40 and AB42 (IBL 17713
and 17711, respectively). Cells were lysed in the Hepes-Triton
buffer, and protein concentration was determined by Bradford
method using bovine serum albumin as a standard. Equal
amounts of total lysates and the cleared media were analyzed by
Western blot.

Analysis of shRNA-transfected HEK293APP Cells—The
cloned shRNA vectors were transfected into HEK293APP cells.
Two days after the transfection, total mRNA was prepared from
the transfected cells and untransfected cells by using an RNeasy
mini kit (Qiagen). The RNA was reverse transcribed with
Superscript III (Invitrogen) with random hexamers, and quan-
titative PCR analysis were performed with pairs of primers
(B-actin, 5'-aaggccaaccgegagaagat-3' and 5'-tatccctgtacgecte-
tgg-3'; BRI3, 5'-gcatggtegtgctgetcat-3’ and 5'-gcacaccacagegg-
aagaa-3’) using a SYBR Green PCR Master Mix (Applied Bio-
systems) and ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems).

Two days after the transfection, the cells were conditioned
for 24 h, and AP in the media or the cells were processed as
above. A comparable amount was loaded and analyzed by
Western blot.

FACS Analysis of shRNA-transfected HEK293APP Cells—
HEK293APP cells were transfected with the indicated combi-
nations of dsRed (Clontech), GFP-BRI3, m1, and sh12. Two
days after the transfection, the cells were collected in phos-
phate-buffered saline containing 2% fetal bovine serum and
analyzed with FACSCalibur (BD Biosciences). Live cells were
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noprecipitates were isolated and analyzed as in A.

gated and dsRed and GFP-BRI3 were detected in FL2 and FL1
channels with appropriate compensation to separate singly or
dually transfected cells. The geometric average of dsRed-posi-
tive cells was calculated with the cells gated as dsRed-positive
and cotransfected.

Metabolic Labeling of HEK293APP Cells and HeLa Cells—
HEK293APP cells were transfected with pcDNA3 or FLAG-
BRI3. One day after the transfection, the cells were starved
for 90 min by incubating in Dulbecco’s modified Eagle’s
medium without cysteine and methionine. The cells were
labeled at 500 uCi/ml of [**S]cysteine and methionine in the
same media and chased in the complete Dulbecco’s modified
Eagle’s medium for the indicated times. After the chase, the
cells were lysed and immunoprecipitated with «APPct as in

AV DN
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FIGURE 1. APP bind BRI2 and BRI3 but not BRI1. A, a schematic of FLAG-BRI3, two deletion constructs, a
FLAG-BRI2, and a FLAG-BRI1 construct. The locations of the FLAG tag, the site of furin cleavage, the
cytoplasmic and luminal domains, the BRICHOS domain (B), and the number of amino acids coded by the
constructs are indicated. B, the members of the BRI gene family (BRI1, BRI2, and BRI3) or pcDNA3 were
cotransfected with APP into Hela cells, and BRIs were precipitated. Total lysates (TL) and FLAG immuno-
precipitants (IP) were analyzed for full-length APP, APP CTFs, and BRI3 by Western blot with 22C11,
aAPPct, or aFLAG antibodies, respectively. Mature and immature APP, the APP CTFs of 99 or 83 amino
acids (C99 or C83) are indicated. The band marked with an asterisk was attributed to the FLAG antibody
used in the immunoprecipitation. C, FLAG-BRI3 (BRI3) was transfected into Hela cells together with APP.
Total lysates (TL), samples immunoprecipitated with either rabbit polyclonal antibody (RP) or with aAPPct
were probed for APP and BRI3 as in B. The N-terminal fragment of BRI3 (BRI3 NTF) is indicated. D, amino
acids 1-130 of BRI3 are sufficient for the BRI3-APP interaction. Two deletion constructs (BRI3-(1-242) or
BRI3-(1-130)) and indicated plasmids were cotransfected with APP into Hela cells, and the FLAG immu-

selected in complete Dulbecco’s
modified Eagle’s medium contain-
ing 200 pg/ml G418, 2.5 pg/ml
puromycin, 250 ug/ml Zeocin, and
250 wg/ml hygromycin. After limit-
ing dilution, each clone was ana-
lyzed for the expression of BRI pro-
teins by a-Myc Western blot.

The immunoprecipitation was
performed as in transfected HeLa
cells. APP fragments were analyzed as
in HEK293APP cells except that con-
ditioning started 1 day after plating
without further transfection.

Computer Analysis—The sequence alignment was done
using CLUSTAL 2.0.10 multiple sequence alignment (avail-
able on the web). The BRICHOS and the transmembrane
domains were determined using SMART (available on the
web).

RESULTS

BRI3 and BRI2 Bind APP but BRI1 Does Not—To identify
APP ligands, we screened human brain cDNA library with split-
ubiquitin system using APP as bait (20). One of the clones iso-
lated contained the entire BRI3 ¢cDNA. BRI3 was originally
cloned as a type II transmembrane protein of 267 amino acids
(30, 31). Similar to BRI2, BRI3 is also cleaved by furin or furin-
like convertases, and the C-terminal peptide is secreted (32).
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FIGURE 2. BRI3 binds the extracellular region of APP. GFP-AID, APP-Ncas,
APP, APP London mutant, APP Swedish mutant, APLP2, or Fas ligand (FasL)
was tested for their interaction with BRI3 as in Fig. 1A. The total lysates and
FLAG immunoprecipitants were analyzed by Western blot with FLAG (BRI3),
22C11 (APP, APP-Ncas, APP London, APP Swedish), «APPct (GFP-AID), or anti-
bodies against APLP2 or Fas ligand.
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The BRI3 ¢cDNA obtained in the two-hybrid screening was
cloned into a FLAG-tagged mammalian expression vector, and
cotransfected into HeLa cells together with APP. Immunopre-
cipitation with FLAG beads indicated that BRI3 indeed binds
APP (Fig. 1, Band C). This binding of BRI3 to APP is similar to
that of BRI2 (20), a dementia gene mutated in familial British
and familial Danish dementia (22, 23). Just like BRI2, BRI3 does
not bind C83 (the 83-amino acid APP CTF produced by the
a-secretase cleavage). However, in contrast to BRI2, BRI3
shows minimal or no binding to C99 (the 99-amino acid APP
CTF) (Fig. 1B). To confirm the interaction, FLAG-BRI3 was
cotransfected with APP into HeLa cells, and the lysates were
immunoprecipitated with the APP CTF antibody (¢APPct) or a
control rabbit polyclonal antibody (RP). The APP antibody spe-
cifically precipitated BRI3, confirming that BRI3 binds APP
(Fig. 1C).

The results that two members of BRI family bind APP
prompted us to test whether this is also true for the other mem-
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FIGURE 3. BRI3 shows clear colocalization with APP along neurites of dif-
ferentiated N2A cells. N2A cells were transfected with FLAG-BRI3 and GFP-
APP. BRI staining (red), GFP-APP fluorescence (green), and merged photo-
graphs are displayed. Bar = 10 um.

ber of the family, BRI1. BRI1 is also a type II transmembrane
protein of 264 amino acids, which is primarily expressed in
chondrocytes (31). FLAG-BRI1 shares overall topology with
FLAG-BRI3 as depicted in Fig. 1A. Each member of the BRI
family was transfected into HeLa cells together with APP, and
BRIs were precipitated from the prepared lysates with FLAG
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FIGURE 4. A, BRI3 suppresses AR secretion. HEK293APP cells were transfected with pcDNA3 or FLAG-BRI3, and
the secreted AB in the media was measured. The averages and the standard deviations of the triplicates are
normalized by the protein concentration of the total lysates of the transfected cells. The probability of Stu-
dent’s t test was <0.001 (***). B, BRI3 suppresses AID production. HEK293T cells were transfected with or
without BRI3, together with APP-Gal4, pG5E1b-luc, and B-galactosidase. AID production was measured as
luciferase activity induced by AID-Gal4 fusion, which was cleaved from APP-Gal4. The average and standard
deviation values of the luciferase activity of the triplicate samples were normalized by B-galactosidase activity
measured simultaneously. The p value of Student’s t test was <0.001 (**¥). C, BRI3 decreases sSAPPa and sAPP.
Hela cells were transfected with pcDNA3 (—) or FLAG-BRI3 (+). sAPPa or sAPPB in the media, and APP,
a-tubulin, FLAG-BRI3, and APP CTF in the lysates were analyzed by Western blot. D, there is no clear difference
of APP maturation upon BRI3 transfection. HelLa cells were transfected with the combinations of APP, pcDNA3,
or FLAG-BRI3, as indicated. The cells were pulsed for 30 min with [**Slmethionine-cysteine and chased for
indicated times. APP was precipitated with «APPct and visualized by autoradiography. Coprecipitated BRI3 is
indicated. E, HEK293APP cells were transfected with pcDNA3 or FLAG-BRI3. Pulse chase was performed asin D,
except the cells were chased for indicated minutes. F, quantification of D. Changes of mAPP, imAPP, and BRI3
are indicated. G, quantification of E. Legends are the same asin F.

Inhibition of A by BRI3

released by furin cleavage (FLAG-
BRI3-(1-242)), another lacking the
entire BRICHOS domain (33)
(FLAG-BRI3-(1-130)), and another
BRI3 tagged with both FLAG and
Myc were tested for their interac-
tion. As shown in Fig. 1D, all tested
BRI3 constructs bound similarly to
APP. Expression of BRI3 results in
the appearance of a shorter N-ter-
minal fragment (BRI3-NTF, Fig.
1C). This fragment, which may per-
haps derive by ADAMs cleavage of
BRI3 in the ectodomain like for
BRI2 (34), does not interact with
APP (Fig. 1C). These data indicate
that the BRICHOS domain and the
secreted peptide are dispensable
for this interaction. These data,
together with the evidence that
BRI3-NTF does not bind APP (Fig.
1C), suggest that the APP-interact-
ing domain of BRI3 is NH,-terminal
to amino acid 130 and in the extra-
cellular/lumen region of BRI3 juxta-
posed to the membrane. However, it
is also possible that BRI3-NTF is
generated in different subcellular
compartments where it cannot
access APP.

BRI3 Specifically Interacts with
APPvia the Juxtamembrane Region—
To investigate the specificity of
BRI3-APP binding, a GFP fusion
construct of APP intracellular
domain (GFP-AID), an APP con-
struct lacking intracellular C-termi-
nal 31 amino acids (APP-Ncas), two
familial AD mutants of APP (APP
London and APP Swedish), an APP
homolog (APLP2), or unrelated
type II transmembrane protein (Fas
ligand) was cotransfected to HeLa
cells with or without FLAG-BRI3.
Isolated FLAG immunocomplex
showed that BRI3 binds APP, APP-
Ncas, and London and Swedish
mutants of APP but does not bind
GFP-AID (Fig. 2A). This indicates

beads. As shown in Fig. 1B, BRI1 did not bind APP, whereas
BRI2 and BRI3 did. As described above, BRI2 and BRI3 share
similar binding characteristics, because they both bind to APP
but not to C83 (Fig. 1B). However, there two clear distinctions:
the increase of C99 in total lysates was undetectable in BRI3-
transfected cells, and C99 bound to BRI3 was minimal when
compared with that bound to BRI2.

To determine the domain responsible for the BRI3-APP
interaction, a BRI3 construct lacking the C-terminal peptide
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that deleting 31 amino acids of APP-CTF or the two Alzhei-
mer mutations around the AB region does not affect BRI3-
APP binding, and that the intracellular domain of APP is not
sufficient for the binding. Although we cannot exclude that
C83 and BRI3 do not interact, because they are segregated in
distinct subcellular compartments, these data suggest that
the domain of APP required for the interaction should be at
least N-terminal to a-cleavage site, and probably N-terminal
to B-cleavage site. The lack of interaction with APLP2 or Fas
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~mjm|m mjmjm ~{mjm|m ~m|m|m shown in Fig. 4B, overexpression of
BRI3 dramatically reduced AID
0 release.
i BRI3  Overexpression  Reduces
& SAPPa and sAPPB—Next, we tested

FIGURE 5. A, BRI3 binds only mature APP in BRI3 stable cells. Total lysates were prepared from BRI3 stable clones
and their parental cell line (y30), and immunoprecipitated with aMyc, aBRI3, or «APPct antibodies. APP and
BRI3 in the total lysates and precipitants were detected with 22C11 and aMyc Western blot. Precipitants
correspond to 8 volumes of total lysates. B, BRI3 stables secrete less sAPPs. The total lysates and the condi-
tioned media of indicated stables were analyzed as in Fig. 4C. APLP2 and sAPLP2 were detected with corre-
sponding antibodies. C, the average and standard deviation of the densitometry analysis of B. The average of
v30 cells was set to 100, except the amount of BRI3, in which case BRI3-2 was set to 100. The p values of
Student's t test against y30 cells were <0.05 (*) or 0.01 (**). D, Western blot with the aMyc antibody shows that
the levels of transgenic BRI1 expressed by the BRI1 stable clone (BRI1-3) are comparable to the levels of BRI3
expressed by the BRI3 stable clones BRI3-21 and BRI3-24. a-Tubulin was used as a loading control. £, BRI1 does
not interact with APP in the stable clone. The total lysates and immunoprecipitants of aMyc or «APPct anti-
bodies were probed with aMycand 22C11 asin A. F, arepresentative Western blot shows that BRI1 has no effect
on secretion of sSAPPs as compared with parental y30 cells. G, densitometry analysis of the experiment in F was
displayed as in C. There is no significant difference of APP fragments between the two clones. H, BRI3 stables
produce less AB.The AB 1-40and 1-42 in the conditioned media of BRI1 and BRI3 stables were measured by ELISA,
asin Fig. 4A. AB in the media of y30 cells was set to 100. The asterisks are as in C. Error bars represent S.D.

ligand further attests the specificity of the BRI3-APP
interaction.

BRI3 and APP Colocalize in Differentiated N2A Cells—
FLAG-tagged BRI3 and GFP-APP were cotransfected into N2A
cells. The transfected cells were differentiated with retinoic
acid, and the location of BRI3 and APP were visualized with
aFLAG antibody and GFP fluorescence, respectively. As shown
in Fig. 3, BRI3 and APP colocalize nicely as a dotted structure
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how other APP metabolites were
affected by the overexpression of
BRI3. HeLa cells were transfected
with APP together with pcDNA3 or
FLAG-BRI3, and 1 day later, the
cells were conditioned for 24-h. APP
fragments in the media and in the
cell were analyzed by Western blot.
As shown in Fig. 4C, BRI3 overex-
pression decreased the secretion of
both sAPPa and sAPPS. Full-length
APP is slightly increased, and there
is no noticeable change in APP
CTFs. Intracellular transport and localization of APP are criti-
cal components of AB production. In fact, a-secretase cleaves
mAPP en route to or on the plasma membrane. 3-Secretase
predominantly cleaves mAPP in early endosomes (35, 36),
whereas C99 and C83 are processed by the y-secretase in endo-
cytic compartments (36). Notably, pulse-chase experiments on
metabolically labeled BRI3 and control transfected cells shows
that BRI3 neither altered the imAPP/mAPP ratio nor changed
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sAPPa and sAPPp levels. Thus, like
BRI2 (21), BRI3 does not affect the
activity of secretases but only cleav-
age of APP by secretases.

As a further specificity control
and to rule out a possible nonspe-
cific effect of overexpressed BRI3,
we analyzed cells transfected with a
c¢DNA encoding another type II
membrane protein. We choose
BRII, because it belongs to the same
gene family as BRI3 but does not
bind APP (Fig. 1B). These features
make BRI1 the most stringent con-
trol we could use. We studied APP
processing in the BRI1 stable y30

none

SAPPp
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FIGURE 6. A, BRI3 shRNA reduces BRI3 mRNA. HEK293APP cells were transfected with BRI3 shRNA (sh12) or with
control (m1), and mRNA was measured by quantitative PCR. BRI3 mRNA was specifically reduced by the trans-
fection of sh12. B, FACS analysis shows sh12 reduces GFP-BRI3 protein expression. FACS analysis of HEK293APP
cells transfected with dsRed alone (a), GFP-BRI3 alone (b), the mixture of the two (c), or the cells cotransfected
with dsRed and GFP-BRI3 (d), dsRed, GFP-BRI3, and m1 (e), and dsRed, GFP-BRI3, and sh12 (f). The area repre-
senting cells singly transfected with dsRed or GFP-BRI3, or those cotransfected with both are indicated. C, the
geometric average of FL1 channel signals of all dsRed-positive cells of B (d-f). D, knockdown of BRI3 increases
the secretion of both AB40 and AB42. AB secreted from shRNA-transfected cells was measured by ELISA. The
pvalues of Student’s t test are <0.001 (***) or <0.01 (**). £, BRI3 knockdown increases sAPP 3. The Western blots
of the total lysates and the conditioned media of m1 or sh12 transfected HEK293APP. The samples were
analyzed as in Fig. 5B. F, the densitometry analysis of E. **, p value < 0.01. Error bars represent S.D.

the rate of maturation of APP (Fig. 4, D-G), indicating that
BRI3 does not alter APP maturation and trafficking.

Effect of BRI3 on APP Processing Is Specific—Because overex-
pression artifacts inherent in transient transfection system
could cause potential problems for coimmunoprecipitation
experiments and for determining functional effects on APP
processing, we have established 30 cell lines (29) stably
expressing BRI3. Three representative clones, expressing dis-
tinct levels of Myc-tagged BRI3, are shown in Fig. 5A. Immu-
noprecipitation with aMyc and aBRI3 antibodies shows that
BRI3 specifically interacts with mature APP, just like BRI2 (20,
21, 24). The reverse immunoprecipitation shows that an
aAPPct antibody copurifies BRI3 (Fig. 54). Analysis of APP
processing in these clones shows reduction in sAPPa and
sAPPB (Fig. 5, B and C), and AB40 and AB42 (Fig. 5H) in all
three BRI3-expressing clones as compared with the parental
v30 cell line. Notably, the levels of APP are similar in all four cell
types studied (Fig. 5, B and C).

Next, we tested whether BRI3 affects activity of secretases by
studying processing of another substrates of secretases. We
selected APLP2, because it is structurally similar to APP and is
processed by -, a-, and B-secretases in the same way (37, 38).
Analysis of fragments derived from either a- or B-secretase
cleavage of ALPL2 (soluble APLP2s (sAPLP2s)) shows that
BRI3 does not alter APLP2 processing, because the levels of
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clone that expressed the highest lev-
els of Myc-BRI1 protein (BRI1-3,
data not shown). These levels are
comprised between the levels of
Myc-BRI3 expressed by clones
BRI3-21 and BRI3-24 (Fig. 5D).
The stable clone confirms that BRI1
does not bind APP (Fig. 5E) and
does not affect APP processing
by either a- or B-secretase, be-
cause the levels of sAPPa and
sAPPB were unchanged as com-
pared with the parental y30 cell (Fig. 5, F and G). As shown in
Fig. 5H, unlike BRI3, AB40 was increased in the conditioned
media of BRI1-3 cells. The increase in AB42 was not statisti-
cally significant. In conclusion, the decrease of AB40 and -42 in
BRI3 transfectants was not a nonspecific phenomenon caused
by exogenous expression of membrane proteins.

Thus, BRI3 specifically interferes with APP processing. This
effect is not dependent on inhibition of secretase activity but,
rather, it correlates with binding to mature APP.

Reducing Endogenous BRI3 Increases the Secretion of AB—To
determine whether inhibition of APP processing by BRI3 over-
expression represented an artifact of overexpression rather
than reflecting the physiological function of BRI3, we knocked
down endogenous BRI3 by RNA interference using a shRNAs
corresponding to human BRI3 (sh12) or a point mutant of sh12
(m1). HEK293APP cells were transfected with BRI3 shRNA
construct (sh12) or control (m1l). Quantitative PCR showed
BRI2 mRNA are comparable in both shRNA-transfected cells,
but BRI3 mRNA level was reduced to ~5% of the control, indi-
cating that the reduction was specific (Fig. 64). To determine
whether the levels of BRI3 proteins were also reduced, we trans-
fected cells with a construct coding for a BRI3-GFP fusion pro-
tein, because we do not posses an antibody that can detect
endogenous BRI3 in Western blot analysis. As shown in Fig. 6
(B and C), sh12 efficiently reduced BRI3-GFP levels 48 h post-
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FIGURE 7. BRI3 does not bind mature BACE. Hela cells were transfected
with Myc-tagged BACE and FLAG-BRI3. The total lysates (TL) were precipi-
tated by FLAG antibody (aFlag) and probed for the presence of BACE (amyc)
and BRI3 (aFlag). Bands marked with an asterisk are attributed to FLAG anti-
body used in the precipitation. Mature (mBACE) and immature BACE (imBACE)
are also indicated.

transfection. Thus, from these two experiments we infer that
the levels of endogenous BRI3 protein are reduced by the
shRNA transfection. Next, we determined whether lowering
BRI3 expression has any impact on APP processing; we meas-
ured the levels of AB peptides, SAPP« and sAPPp, in the con-
ditioned media of HEK293APP cells and found that BRI3
down-regulation significantly augmented A40 and AB42 (Fig.
6D) as well as sAPPf levels (Fig. 6, E and F). Notably sAPP« did
not significantly change upon BRI3 down-regulation, suggest-
ing perhaps that amyloidogenic APP processing is more sensi-
tive to endogenous BRI3 levels. Thus, although BRI3 overex-
pression reduces A, suppressing endogenous BRI3 levels has
the opposite effect and increases levels of A peptides. These
data suggest that BRI3 is a physiological inhibitor of Af
production.

BRI3 Binds Immature BACE, but Not Mature BACE—The
B-secretase has been identified as BACE (39), and it has been
reported that BRI3 and BACE interact (32). Thus the inhibitory
effect of BRI3 on B-cleavage of APP could be explained by the
BRI3-BACE interaction rather than the BRI3-APP interaction.
As shown in Fig. 7, HeLa cells were transfected with BACE,
pcDNA3, or FLAG-BRI3, and the total lysates were prepared
from the transfected cells. FLAG immunoprecipitation showed
that traces of immature BACE were precipitated by BRI3. How-
ever, the mature form of BACE was not detected in the precip-
itants. We could not detect endogenous BACE-BRI3 complexes
in mouse brain lysate (data not shown). Considering that BACE
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FIGURE 8. A, the rabbit polyclonal antibody raised against BRI3 can precipitate
BRI3. Hela cells were transfected with FLAG-BRI2, FLAG-BRI3, or APP as indi-
cated. Total lysates (TL) were immunoprecipitated (/P) with the BRI3 antibody
(aBRI3) or the control antibody (RP). The total lysates and immunoprecipi-
tants were probed for the presence of APP and BRIs by Western blot using
22C11 and aFlag, respectively. B, endogenous BRI3 binds APP regardless of
the presence or absence of BRI2. Membrane extract was prepared from
Bri2~/~ or wild-type (wt) mouse brain. The extracts were precipitated with a
control antibody (RP), the BRI2 (aBRI2), or BRI3 (aBRI3) antibodies. Precipi-
tated APP was detected as in A.

is supposed to work on APP on the raft-mediated endocytotic
pathway (36), these suggest that BRI3 does not form a complex
with BACE where BACE acts on APP.

Endogenous BRI3 Binds Endogenous APP in Mouse Brain
Lysate—This interaction is independent of BRI2. We raised a
rabbit antibody against BRI3 and tested whether the antibody
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hBRI2 MVKVTFNSALA-QKEAKKDEPKSGEEALIIPPDAVAVDCKD---PDDVVPVGQRRAWCWC 56 (20). Mouse BRI3 was originally
hBRI3 MVKISFQPAVAGIKGDKADKASASAPAPASATEILLTPAREEQPPQHRSKRGGSVGGVCY 60 Cloned as E25 by CDNA subtraction
hBRI1  MVKIAFNTPTAVQKEEARQDVEALLSRTVRTQILTGKELRV-—-—— ATQEKEGSSGRCML 55
P R . : . (31) but was not further character-
ized. Human BRI3 was cloned and
hBRI2 MCFGLAFMLAGVILGGAYLYKYFALQ-—--PDDVYYCGIKYIKDDVILNEPSADAPAALYQ 113 mapped to chromosome 2q37 (30),
hBRI3  LSMGMVVLLMGLVFASVYIYRYFFLAQLARDNFFRCG-——————— VLYEDSLSSQVRTOM 112 . T
hBRI1  TLLGLSFILAGLIVGGACIYKYFMPK----STIYRGEMCFFDS--EDPANSLRGGEPNFL 109 and there is no known genetic dis-
phroLak kri... skpE .. B * ease caused by BRI3.

J«] We had previously shown that
hBRI2 TIEENIKIFEEEEVEFISVPVPHFADSDPANIVHDFNKKLTAYLDLNLDKCYVIPLNTSI| 173 the dementia gene BRI2 is an
hBRI3  ELEEDVKIYLDENYERINVPVPQFGGGDPADIIHDFQRGLTAYHDISLDKCYVIELNTTI| 172 o 3
hBRI1 PVTEEADIREDDNIAIIDVPVPSFSDSDPAAIIHDFEKGMTAYLDLLLGNCYLMPLNTSI| 169 inhibitor of APP processing (20,

ok L% K Kkkk K _KKR Kpkkkpg ghARE kg Kk skkgpp Kkkgk 21). Here, we have established that
BRI3, a member of the same gene

hBRI2 VMPPRNLLELLINIKAGTYLPQSYLIHEHMVITDRIENIDHLGFFIYRLCHDEKETYKLDR 233 . . . .
hBRI3 |VLPPRNFWELLMNVKRGTYLPQTYIIQEEMVVTEHVSDKEALGSFIYHLCNGKDTYRLRR 232 family, binds APP and inhibits the
hBRI1 |VMPPKNLVELFGKLASGRYLPQTYVVREDLVAVEEIRDVSNLGIFIYOLCNNRKSFRLRR 229 production of AB. Like the other
Hpkkaky KRy gp K Rkkkgwgpak sk _p a3 | KK KRkRpkkgy s paakgw two members oftheBR]gene fam-
hBRIZ RETIKGIQKREASNCFAIRHFENKFAVETLICS-- 266 lly’ WhICh Comprlses also BRII, BR13
hBRI3  RATRRRINKRGAKNCNAIRHFENTFVVETLICGVV 267 is type II transmembrane proteins
hBRI1 RDLLLGFNKRAIDKCWKIRHFPNEFIVETKICQE- 263 and contains a BRICHOS domain

* HE .t E kkkk * * K*hkk KKk

FIGURE 9. Amino acid sequence comparison of human BRI family proteins. Gaps (-), identical amino acids
(*), conserved substitutions (:), and semi-conserved substitutions (.) are indicated. The predicted transmem-
brane sequence is in bold. The BRICHOS domain is boxed. The end of BRI3-(1-130) is indicated by an arrow.

Amino acid numbers are indicated at the right side.

can specifically immunoprecipitate BRI3. HeLa cells were
transfected with APP and FLAG-BRI2 or FLAG-BRI3 as indi-
cated in Fig. 8A. The transfected cells were lysed 1 day later, and
the lysates were precipitated with a rabbit control antibody, or
with the BRI3 antibody. The BRI3 antibody precipitated the
BRI3-APP complex, but did not precipitate the BRI2-APP com-
plex, indicating that the antibody can specifically precipitate
BRI3. Unfortunately, the antibody was not strong enough to
detect endogenous BRI3 in mouse brain extract by Western
blot (data not shown).

Next, we tested whether the endogenous BRI3-APP in-
teraction is detectable, and, if so, whether it depends on
BRI2-APP interaction. Membrane extracts were prepared
from Bri2~’~ (21) and wild-type mouse brains, and the
extracts were precipitated with a control rabbit polyclonal
antibody, and with antibodies against BRI2 or BRI3 as shown
in Fig. 6B. The BRI3 antibody precipitated APP from both
Bri2~'~ and wild-type brain extracts, indicating that the
BRI3-APP interaction exists at an endogenous level, and it is
independent of BRI2-APP interaction (Fig. 8B). Of rele-
vance, only mature APP binds BRI3 endogenously. This
resembles what we observed in BRI3-stable transfected
clones (Fig. 54) and what we have previously described for
BRI2 (20, 21, 29). As expected, the BRI2 antibody precipi-
tated APP from wild-type mouse brain extract but did not
precipitate APP from Bri2 /'~ brain extracts. The control
antibody did not precipitate APP from any extracts. This
finding, together with the evidence that down-regulation of
endogenous BRI3 expression increases A, further stresses
the biological relevance and the physiological consequences
of the BRI3-APP interaction.

DISCUSSION

We isolated BRI3, together with the family member BRI2,
during a genetic screening for membrane-bound APP ligands

AV DN

JUNE 5, 2009+ VOLUME 284+NUMBER 23

(Figs. 1A and 7) whose functions are
unknown. BRI3 can immunopre-
cipitate APP (Fig. 1A). Reciprocal
immunoprecipitation shows APP
can precipitate BRI3 (Fig. 1C). The
N-terminal 130 amino acids of BRI3 are enough for the inter-
action (Fig. 1D). On the APP side, the smallest region of APP
required for the BRI3-APP interaction seems to be equal to or
larger than C99, because the BRI3-C99 interaction is much
weaker than the BRI2-C99 interaction (Fig. 14). C83 and AID
do not interact with BRI3, and the last 31 amino acids of APP
intracellular region, which consists of 47 amino acids, are dis-
pensable for the interaction (Fig. 2). The regions required for
the BRI3-APP interaction are largely similar to those mediating
the BRI2-APP interaction: 1) the juxtamembrane region of BRIs
is required, but the C-terminal fragment, including the entire
BRICHOS, is dispensable; 2) the short segment of extracellular
domain of APP is required.

Itis noteworthy that the highest amino acid sequence homol-
ogy among the BRIs is found in the BRICHOS domain and the
COOH-terminal peptide region, but not the region responsible
for the binding (Fig. 9).

BRI3 colocalizes with APP in dotted structure in the neurites
of differentiated N2A cells. APP in neurons is transported by
fast forward axonal flow (40). Our observation that BRI3 colo-
calizes with APP in the vesicular structures along the neurites
suggests the possibility that BRI3 can regulate APP processing
during APP transport through the neurites.

Numerous lines of evidence shown here indicate that BRI3
plays a physiological role in APP processing. BRI3 physically
associates with APP, and this interaction serves to suppress
APP processing by secretases thereby reducing sAPP«, sAPP3,
A, and AID production. Increasing BRI3 levels by overexpres-
sion reduces APP cleavage by a- and B-secretase (Figs. 4 and 5).
On the contrary, reducing BRI3 levels in cell lines by shRNA
increases APP processing. In fact, sSAPPB, AB40, and AB42 lev-
els are increased in BRI3 knockdown cells (Fig. 6). Moreover,
endogenous BRI3-APP complexes are found in vivo in the
mouse brain. Altogether, these data demonstrate that BRI3 is
an important physiological regulator of a- and B-cleavage of
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APP and hint to the possibility that factors interfering with the
regulation of APP processing by BRI3 may contribute to AD
pathogenesis. To this end, it is noteworthy that BRI2 is ubiqui-
tous, but BRI3 is predominantly neuronal (30).

Is the anti-amyloidogenic mechanism of BRI3 similar to that
of BRI2? We have shown that BRI2 masks the cleavage sites of
B- and a-secretase on APP and the y-secretase docking site on
C99 (21). A previous report showed that BRI3 binds BACE in an
overexpression context (32), thus is it possible that BRI3
reduces sAPPB and AB by inhibiting B-secretase? We think this
is unlikely because of the following reasons. First, BRI3 does not
bind the mature form of BACE (Fig. 5) and BACE cleaves APP
mainly inside raft clusters and endocytic vesicles (35). More-
over, BACE-mediated inhibition does not explain why BRI3
reduces the secretion of sAPPa. Second, in y30 cells stably
expressing BRI3, sAPLP2 was not changed while both sAPP«
and sAPPS were reduced.

Thus we propose that, like BRI2, BRI3 is directly working
on APP, not on secretases, but in different processes: the BRI3-
APP interaction masks the access of a- and B-secretases to
APP, thereby inhibiting the processing of APP by the secretase;
the BRI3-C99 interaction is minimal making BRI3 a poor inhib-
itor of y-processing of C99. This hypothesis can explain all
aspects of our observations: 1) BRI3 decreases sAPP«, SAPPS,
A, and AID, because BRI3 binds full-length APP and limits the
access of a- and B-secretase to APP; 2) BRI3 does not cause
the accumulation of C99 or C83, because BRI3 binds C99
poorly, and it does not bind C83; therefore, it has no effect on
the processing of C99 and C83.

BRI2 may influence both AP formation and deposition.
Recent findings indicate that the Bri2—23 peptide released from
the BRI2 protein by furin/furin-like protease cleavage can
inhibit A3 aggregation in vitro (41). Whether the furin-derived
BRI3-soluble peptide has a similar function remains to be
determined.

The mechanism of inhibition of amyloid formation by BRI3
and BRI2 suggests that is should be possible to inhibit access of
secretases to APP rather than secretases activity. This method
would represent an alternative therapeutic approach to AD,
which would avoid toxic effects due to inhibiting processing of
other substrates of secretases (42) or even a direct pathogenic
effect of y-secretase inhibitors, as postulated by others (43, 44).
Evidence that the transgenic expression of BRI2 reduces APP
processing (21) and amyloid pathology in mouse models of AD
(21, 41) supports this notion.

Our results, that BRI3 can bind APP in the absence of BRI2
(Fig. 6B), indicate that, if the therapeutic intervention exploit-
ing this substrate-oriented inhibition is possible, in addition to
BRI2, BRI3 provides an independent route to modulate APP
processing.
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the manuscript.
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