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Fig. 1. Yeast two-hybrid screening with the extracellular domain of ADAM19. (A) Schematic of the domain structure and processing of ADAM19. ADAM19 is inactive in the
presence of the pro-domain (Pro). Proteolytic removal of the pro-domain by furin activates the metalloprotease domain (MP) and produces the active form of ADAM19,
followed by autolysis in the cysteine-rich domain (Cys) to produce a secreted form. (B) The binding of CRIP2 to various domain-deletion mutants of ADAM19 was compared
by 3AT-assay. The number of pluses (+) represents the degree of binding based on the highest concentration of 3AT (on plates lacking His, Leu, and Trp) that allowed cellular
growth: 1, 2, 3, 4, 5, and 6 pluses indicate 0, 1, 5, 10, 15, and 20 mM 3AT, respectively. A minus () indicates no cell growth on the plates.

CRIP2 increased in parallel with the autolytic processing of
ADAM19 stimulated by lipopolysaccharide (LPS). These findings
suggest that ADAM19 autolysis is activated by LPS and that
ADAM19 promotes non-classical secretion of CRIP2.

2. Materials and methods
2.1. Vectors and constructs

Human ADAM19 transcript variant 2, excluding the stop codon,
was inserted into pcDNA3.1/V5-HisA (Invitrogen), which had been
digested by EcoRV and Xbal, after the addition of GCCACC as a Ko-
zak sequence. The V5 epitope tag was fused at the C-terminus.

ADAM19EA-N, the N-terminus of ADAM19 containing catalyti-
cally inactive mutant E346A, from the MP domain to the EGF do-
main, was inserted into the pAS2-1C vector as bait. The following
domains were inserted into the pAS2-1C vector: WT-N (wild-type
ADAM19 N-terminus from the MP domain to the EGF domain),
WT-NADI (WT-N with the DI domain deleted), WT-NACys (WT-
N with the Cys domain deleted), WT-NAEGF (WT-N with the EGF
domain deleted), and WT-MP (the MP domain).

Human CRIP2 was amplified from a human fetal brain cDNA li-
brary (TaKaRa) and inserted into pBluescript SK+(Stratagene). The
coding region was reconstructed with pCMV-HA (TaKaRa) to fuse
the HA tag at the N-terminus, and with pcDNA3.1-Myc to fuse
the Myc tag at the N-terminus. The pcDNA3.1-Myc vector was
made by inserting six tandem repeats of the Myc tag into
pcDNA3.1(+) (Invitrogen), between the EcoRV and Xhol sites.

2.2. Antibodies and reagents

The following antibodies were purchased: anti-CRIP2 (sc-
30272) and HRP-conjugated donkey anti-goat IgG (sc-2020) (Santa
Cruz Biotechnology, Inc.); anti-V5 antibody (Invitrogen); anti-HA
antibody (Roche); and anti-Myc antibody, HRP-conjugated anti-
mouse IgG, and anti-rabbit IgG (Cell Signaling Technology). The
76-amino acid C-terminal fragment of ADAM19 was purified using
glutathione Sepharose (GE Healthcare Bio-Science Corp.), for use as
an antigen in rabbits. Approximately 1 mg of the antigen in com-
plete Freund’s adjuvant (Wako) was injected into a rabbit, and
after 1 month, the rabbit was boosted with an additional 1 mg.
Blood was collected from the rabbit, the serum was clarified with
ammonium sulfate, and the antibody was purified with antigen-
bound Affi-Gel 10 (Bio-Rad).

Lipopolysaccharides from Escherichia coli 055:B5 were pur-
chased from Sigma-Aldrich.

2.3. Cell culture

COS-7, human neuroglioma H4, and human glioblastoma A172
cells were cultured in DMEM (Sigma-Aldrich) supplemented with
10% fetal bovine serum (Gibco). The cells were maintained at 37 °C
in an atmosphere of 5% CO, in a tissue culture incubator. H4 cells
stably expressing human ADAM19-V5 or pcDNA3.1/V5-HisA
vector were cloned and cultured in medium containing G418 at
0.1 mg/mL.
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2.4. RNA interference

When 50% confluent, A172 cells were transfected with hAD-
AMT19 stealth RNA or control random RNA (100 pmol/6-cm dish)
using Lipofectamine 2000 (Invitrogen) and OPTI-MEM 1 (Gibco).
The following target sequences were used in this study: sense,
GGGCCAACACCUUAUUUACAGAUCU; and anti-sense, AGAUCUG
UAAAUAAGGUGUUGGCCC. Stealth RNAi Negative Control Low GC
Duplex (Invitrogen) was used as a negative control.

2.5. Cell lysis and protein concentration

Cells were collected and lysed on ice in TNE lysis buffer (25 mM
Tris-HCl, pH 7.5, 150 mM NacCl, 5 mM EDTA, 1% NP-40) containing
a protease inhibitor mixture. Cell disruption was completed by
three freeze-thaw cycles. Following centrifugation at 16,000g for
10 min at 4 °C, the protein concentration in the supernatant was
quantified using a DC protein assay kit (Bio-Rad). The protein
was concentrated by precipitation with 10% trichloroacetic acid.

2.6. Western blot analysis

Protein samples were separated by 10% SDS-PAGE and trans-
ferred to PVDF membranes (Immobilon-P; Millipore). The mem-
branes were soaked in 5% nonfat dried milk in PBS with 0.05%
Tween for 1 h and then incubated with primary antibodies in PBS
containing 0.05% Tween, 0.1% BSA, and 1 mM NaNj3 overnight at
4 °C. After washing, the membranes were incubated with HRP-con-
jugated secondary antibody for 1 h. The antigen-antibody complex
was detected by enhanced chemiluminescence using a Lumines-
cent image analyzer LAS-3000 (Fujifilm). The magnitude of the sig-
nal was digitized using Multi Gauge Ver. 2.3 software (Fujifilm).

2.7. Immunoprecipitation

COS-7 cells overexpressing human ADAM19-V5 or Myc-human
CRIP2 were solubilized in HEPES lysis buffer (20 mM HEPES, pH
7.5, 150 mM Nacl, 0.1% CHAPS) containing 1 mM PMSF and a pro-
tease inhibitor mixture (Sigma-Aldrich). The homogenate was
passed through a 27-gauge needle (10 times) and rotated for
15 min, followed by centrifugation at 100,000g for 30 min at 4 °C.
Supernatant samples containing equal amounts of protein were
transferred to new tubes and pre-cleared by incubation with Pro-
tein A Sepharose beads (GE Healthcare Bio-Science Corp.) for 1h
at 4 °C. Proteins were immunoprecipitated overnight using anti-
V5 antibody (Invitrogen) and anti-mouse IgG. The antibody-bound
complexes were isolated by incubation with Protein A Sepharose
beads for 2 h and then washed three times in HEPES lysis buffer.
The protein complexes were eluted in 2x SDS sample buffer and
analyzed by Western blotting with a polyclonal anti-Myc antibody.

2.8. Immunocytochemistry

A172 cells overexpressing HA-CRIP2 were fixed with 4% para-
formaldehyde in PBS, blocked with 5% BSA, and immunostained
with anti-HA antibody and an Alexa 488-conjugated secondary
antibody without membrane permeabilization. The cells were ob-
served under a fluorescence microscope (Model X171; Olympus).

2.9. Yeast two-hybrid screening

Yeast two-hybrid screening was performed with a MATCH-
MAKER GAL4 Two-Hybrid System (Clontech). AH109 yeast cells
were transformed with ADAM19EA-N in pAS using the LiAc meth-
od, followed by transformation with a human fetal brain cDNA
library in pACT2 vector. The transformation efficiency was about

1,872,000 cfu/pg. We obtained 1179 positive colonies by selection
on —LWHA plates and —LWH + 5 mM 3-aminotriazole (3AT) plates,
and by B-galactosidase assay. The binding intensity was evaluated
by 3AT assay.

3. Results

3.1. Yeast two-hybrid screening with extracellular domains of
ADAM19

To identify a new physiological function of ADAM19, we
screened for proteins that associate with ADAM19 using a yeast
two-hybrid system. We constructed a bait, EA-N, that consisted
of extracellular domains from the metalloprotease domain to the
EGF-like domain, including a catalytically inactive mutant of the
metalloprotease domain (E346A), and found several candidate
binding molecules, in addition to the known ADAM inhibitor
TIMP-3. The cDNAs were extracted from the yeast cells and puri-
fied. Yeast cells were re-transformed with bait, and the binding
intensity was examined by 3-AT assay. To confirm the binding,
the bait and prey were switched. As a result, cysteine-rich protein
2 (CRIP2) [GenBank: NM_001312] was identified as a candidate
protein.

We analyzed determined the domains of ADAM19 that were
recognized by CRIP2. The binding of CRIP2 was independent of
the catalytic activity of ADAM. Therefore, we transformed WT-N
and deletion mutants into yeast cells and compared CRIP2 binding
ability by 3AT-assay (Fig. 1B). The degree of binding was decreased
in the WT-NADI and WT-NACys mutants, but not in the WT-
NAEGF mutant. Binding was also decreased with WT-MP and the
control pAS vector. These results indicate that CRIP2 recognizes
the DI and Cys domains of ADAM19 for its binding.

3.2. Interaction between ADAM19 and CRIP2 in COS-7 cells

To investigate the interaction between CRIP2 and ADAM19 in
mammalian cells, we performed co-immunoprecipitation experi-
ments. Myc-CRIP2 and ADAM19-V5 were overexpressed in COS-
7 cells. When ADAM19-V5 was immunoprecipitated with anti-
V5 antibody (Fig. 2B), Myc-CRIP2 was co-precipitated (Fig. 2A),
indicating that CRIP2 was associated with ADAM19.

CRIP2 is widely expressed, with highest expression in the heart
and moderate expression in the lungs, placenta, and kidneys [7].
ADAM19 is also ubiquitously expressed and is especially high in
the heart, lungs, and bone [8]. These comparable expression pat-
terns suggest a physiological role of CRIP2 binding to ADAM19.

3.3. ADAM19 promotes the secretion of CRIP2

CRIP2 does not have an apparent transmembrane domain or
signal sequence, although CRIP2 was identified as the endothelial
receptor for a heart-targeting peptide [9]. Moreover, it was re-
ported that CRIP2 is enriched in the submembranous cell cortex
and is a binding partner of submembranous protein tyrosine phos-
phatase, PTP-BL [10], indicating that CRIP2 is expressed at the cell
surface. An analysis of the CRIP2 sequence using SecretomeP,
http://www.cbs.dtu.dk/services/SecretomeP/, an algorithm capa-
ble of predicting the presence or absence of both classical and
non-classical signal sequences, revealed that CRIP2 is a non-classi-
cal secretable protein, without a classical signal sequence. Consis-
tent with previous reports, CRIP2 was observed on the cell surface
in HA-CRIP2-overexpressing A172 cells (Fig. 3A). We investigated
the secretion of CRIP2 and the influence of ADAM19 on secretion
levels in H4 cells stably overexpressing ADAM19-V5 or a control
vector. These cells were transfected with HA-CRIP2, and the
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Fig. 2. Interaction between ADAM19 and CRIP2 in COS-7 cells. (A) COS-7 cells overexpressing ADAM19-V5 and Myc-CRIP2 were immunoprecipitated with anti-V5 antibody
and anti-mouse IgG, followed by Western blot analysis of the IP fraction using anti-Myc antibody. The expression level of Myc-CRIP2 was confirmed in the lysate fraction. (B)

ADAM19-V5 was immunoprecipitated with anti-V5 antibody. Some nonspecific binding was observed in the IgG lane, but the amounts of immunoprecipitated ADAM19-V5
and co-precipitated Myc-CRIP2 were comparable.
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Fig. 3. ADAM19 promotes the secretion of CRIP2. (A) A172 cells overexpressing HA-CRIP2 were immunostained with anti-HA antibody and Alexa 488-conjugated secondary
antibody without membrane permeabilization. CRIP2 was observed on the cell surface (scale bar, 20 pm). (B) The amounts of secreted CRIP2 in the medium and intracellular
CRIP2 were compared by immunoblotting with anti-HA antibody. The amount of secreted CRIP2 was increased and the intracellular level of CRIP2 was decreased in H4 cells
stably overexpressing ADAM19-V5, compared with the control. (C) A172 cells were transfected with 100 nM negative-control RNA (Control) or stealth RNA (RNAI). Following
incubation for 4 h, the medium was collected, and the secreted CRIP2 content was determined by Western blot analysis with anti-CRIP2 antibody (upper panel and right
graph). The suppression of ADAM19 expression was confirmed on Western blots of cell lysates using anti-ADAM19 antibody (middle panel). The membrane was stripped and

then incubated with anti-actin antibody. Values represent the means * SD of three experiments. Statistical analysis was performed by the one-tailed Student's t-test, with a
value of p=0.03 considered significant (right graph).

secreted and intracellular levels of HA-CRIP2 were compared by was increased with a concomitant decrease in the intracellular
immunoblotting with HA antibody (Fig. 3B). The secretion of CRIP2 level of CRIP2 in ADAM19-overexpressing cells compared with
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control cells. When ADAM19 expression was inhibited with RNAi
in A172 cells (Fig. 3C), the amount of secreted CRIP2 was decreased
by 40%, based on quantitative immunoblot analysis with CRIP2
antibody. The results demonstrate that CRIP2 secretion is reduced
in the absence of ADAM19 and promoted in the presence of
ADAM19, through a non-classical secretory pathway.

3.4. Activation of ADAM19 and promotion of CRIP2 secretion by LPS
treatment

CRIP2 has two LIM domains with a cysteine-rich zinc-finger
motif. LIM domains, C-XQ-C-X15_23'H-Xz-C-Xg—C-Xz-C—Xls_m—C-
X,_3-C/H/D, are present in a variety of proteins with diverse func-
tions and subcellular distributions; these include transcription fac-
tors, proto-oncogene products, and components of adhesion
plaques and the actin-based cytoskeleton [11,12]. LIM-domain
proteins have been implicated in development, cell regulation,
and cell structure, and are divided into two classes based on the
presence or absence of DNA-binding homeodomains. CRIP2 is in
the subfamily that lacks homeodomains; this group consists of
CRIP, CRIP2, TLP-A, and TLP-B [7,13]. When treated with LPS,
CRIP-overexpressing transgenic mice showed an altered cytokine
pattern, with increases in interleukin (IL)-6 and IL-10 production
and decreased interferon-y (IFN-y), which suggests a LPS-related
shift in favor of T helper 2 (Th2) over Th1 cytokines and indicates
that CRIP regulates the expression/secretion of the cytokines [14].
We used immunoblotting to examine the effect of LPS on CRIP2
secretion by A172 cells treated with 0.1 pg/mL LPS for 4h
(Fig. 4A). The LPS-treated A172 cells released 1.4 times the CRIP2
secreted by DMSO-treated control cells. Moreover, the active form
of ADAM19 was decreased and the processed C-fragment of
ADAM19, representing the secreted form, was increased, compared
with the levels in non-LPS-treated cells (Fig. 4B). Thus, LPS treat-
ment activated ADAM19 autolysis, thereby producing the secreted
form of ADAM19, which enhanced CRIP2 secretion.

4. Discussion

In this study, we identified CRIP2 as a novel binding protein of
ADAM19 through its DI and Cys domains (Fig. 1). The DI domain of
ADAM can interact with multiple integrins, and the interactions
influence cell adhesion and cell-cell interactions [15]. The Cys do-
main of ADAM12 is the association site of syndecan and is related
to integrin-dependent cell spreading [16]. In addition to cell adhe-
sion and cell migration, DI and Cys can influence the proteolytic
function of ADAM. It has been reported that DI and Cys domains
play active roles in regulating ADAM13 protease function in vivo
[17], and that the Cys domain of ADAM10 helps the specific recog-
nition of the Ephrin ligand and Eph receptor complex [18]. We had
hypothesized that CRIP2 has a role in regulating ADAM19 activity
in APP processing. However, we detected no influence of CRIP2 on
the a-secretase activity of ADAM19 (data not shown). Neverthe-
less, it is possible that CRIP2 regulates the proteolysis of other sub-
strates by ADAM19. ADAM19 is associated with the proteolytic
processing of neuregulin [19] and TNF-related activation-induced
cytokine (TRANCE) [20]. ADAM19 is expressed mainly in the heart
and nervous system during development and participates in the
proteolytic processing of p-type neuregulin (NRG B1), which is in-
volved in the differentiation of those cells [21]. In cardiac neural
crest cells, ADAM19 plays a critical role in the formation of the
ventricular septum [22], which was abnormal in ADAM19~/~ mice.
Interestingly, it has been reported that CRIP2 is associated with the
development of cardiac neural crest cells in zebrafish [23]. It is pos-
sible that CRIP2 is associated with ADAM19 in cardiac neural crest
cells and is related to heart development.
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Fig. 4. Activation of ADAM19 and promotion of CRIP2 secretion by LPS treatment.
(A) A172 cells were treated with or without 0.1 pg/mL LPS in serum-free DMEM for
4 h. All samples contained 0.1% DMSO. The medium was collected, and the secreted
CRIP2 content was determined by Western blot analysis with anti-CRIP2 antibody.
Values represent the means +SD of three experiments. Statistical analysis was
performed by the one-tailed Student’s t-test, with a value of p=0.03 considered
significant. (B) The ADAM19 protein level in A172 cells treated with or without LPS
was analyzed with anti-ADAM19 antibody. Asterisks indicate nonspecific bands.

We showed that CRIP2 is a secretable protein without a classical
signal. The secretion of CRIP2 was upregulated by ADAM19 expres-
sion and downregulated by RNAi-mediated inhibition of ADAM19
expression (Fig. 3). These results indicate that ADAM19 promotes
the secretion of CRIP2 through a non-classical secretory pathway.
Moreover, CRIP2 secretion was increased in parallel with the LPS-
stimulated autolytic processing of ADAM19 (Fig. 4). Therefore,
we suggest that ADAM19 autolysis is activated by LPS and pro-
motes the secretion of CRIP2. In the present study, CRIP2 secretion
was increased in response to the extracellular cytotoxin LPS. The
function of secreted CRIP2 remains to be elucidated. It is possible
that CRIP2 functions as a cytokine, or that it activates Th2 cyto-
kines, as well as CRIP. Pro-inflammatory Th1 and anti-inflamma-
tory Th2 responses are mutually inhibitory. In addition, non-
steroidal anti-inflammatory drugs (NSAIDs) have a protective func-
tion against the development of AD [24]. Furthermore, it has been
reported that Wnt3a regulates the development of cardiac neural
crest cells in zebrafish by modulating the expression of CRIP2
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[23], and that the Wnt/B-catenin signaling pathway plays an
important role in neuroprotection against AP neurotoxicity
[25,26]. Therefore, it is possible that secreted CRIP2 has a neuro-
protective role. Further studies are necessary to explore this
hypothesis.

In conclusion, we identified CRIP2 as a novel binding protein of
ADAM19 and that it recognizes the DI and Cys domains of
ADAM19. Furthermore, we clarified that CRIP2 is a secretable pro-
tein without a classical signal sequence and demonstrated that
CRIP2 secretion was increased by ADAM19 upon LPS stimulation.
Thus, LPS treatment promotes ADAM19 autolysis and the non-clas-
sical secretion of CRIP2.
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Cocktail treatment is an effective multidrug medication
therapy for some diseases, such as cancer and AIDS,
because of the additive or synergistic effect of each
medicine and relief from adverse effects. Amyloid-B
peptide (AB), which is now recognized as central to the
development of Alzheimer’s disease (AD), is derived
from the sequential proteolysis of amyloid precursor
protein (APP) by B- and y-secretases. Secretase inhibi-
tors are one of most attractive targets for therapeutic
intervention in AD. However, because B- and vy-secre-
tases cleave not only APP but also other substrate pro-
teins, strong inhibition of these secretases leads to
severe adverse effects. Some nonsteroidal antiinflam-
matory drugs (NSAIDs) and cholesterol-lowering drugs
(statins) can modify the production of AB. Here, we
report that a cocktail treatment with four drugs (NSAID,
statin, and B- and vy-secretase inhibitors) had additive
effects on the reduction of AB levels in cultured cells
without competing with each other. Moreover, the four-
drug cocktail treatment caused no changes in process-
ing of the y-secretase substrate Notch. This is sug-
gests that this cocktail treatment could be a new thera-
peutic approach for AD. © 2010 Wiley-Liss, Inc.

Key words: NSAID; B-secretase inhibitor; y-secretase
inhibitor; statin; cocktail therapy

Alzheimer’s disease (AD) is the most frequent type
of elderly dementia. It is characterized by the deposition
of amyloid plaques, accumulation of neurofibrillary tan-
gles, and loss of neurons and synapses in particular areas
of the brain (Selkoe, 2002; Mattson, 2004). AD occurs
in both sporadic and familial forms, with generally simi-
lar pathology according to the amyloid hypothesis,
which is based on the metabolic imbalance between the
production and clearance of amyloid-B peptide (AB;
Iwata et al., 2005; Blennow et al., 2006). AR is derived

© 2010 Wiley-Liss, Inc.

from the sequential proteolysis of amyloid precursor pro-
tein (APP) by B- and vy-secretases (Mattson, 2004; Blen-
now et al., 2006) and plays a critical role in AD patho-
genesis. Therefore lowering AP levels in the brain
serves as a disease- modlfylng therapy for AD.

Because inhibitors of - and vy-secretases directly
block AP production, they are promising and attractive
therapeutic targets for AD (Mattson, 2004; Marks and
Berg, 2008). Indeed, many compounds have been devel-
oped that inhibit these secretases and reduce A levels in
vitro and in vivo (Stachel et al., 2004; Wong et al.
2004; Asai et al., 2006). However, because B- and <y-
secretases act on a variety of substrates, type I membrane
proteins, in addition to APP (Marks and Berg, 2008), it
has been suggested that strong inhibition of their prote-
ase activity may produce adverse effects (De Strooper
et al, 1999; Geling et al., 2002; Wong et al., 2004;
Dominguez et al., 2005; Willem et al., 2006).

Some nonsteroidal antiinflammatory drugs (INSAIDs)
and widely used cholesterol-lowering drugs (statins) are
also capable of reducing AP levels (Fassbender et al., 2001;
Weggen et al., 2001; Erksen et al., 2003). Statins, 3-
hydroxy—3—methylglutaryl-CoA (HMG-CoA) reductase
inhibitors, suppress AR production and activate the alter-
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nate pathway for APP metabolism, the nonamyloidogenic
a-secretase pathway (Fassbender et al, 2001). Several
NSAIDs, including sulindac sulfide, modulate +y-secretase
activity, thereby decreasing the secretion of AB42, which
is more prone to aggregation than AP40 and is predomi-
nantly deposited in AD brains, but show little effect on
the secretion of AB40 (Weggen et al., 2001). Almost all
familial AD-linked mutations of causal genes, such as APP
and presenilin (PS) 1 and 2, promote the production of
AB42 and elevate the AR42-to-AB40 ratio (AB42/AB40),
accelerating AD pathogenesis (Wolfe, 2007). Thus,
NSAIDs are potential disease-modifying agents for AD,
although a relatively high dose is required for this effect
(Blennow et al., 2006; Weggen et al., 2007).

Although the removal of AP from the brain is
required for treatment of AD, there are, currently, no
fundamental therapeutic drugs targeting AB (Saido and
Iwata, 2006; Marks and Berg, 2008). Indeed, the sole
use of secretase inhibitors at a high dose is likely to cause
adverse effects. However, a cocktail treatment (a combi-
nation of 2—4 drugs) at relatively low doses (e.g., 20—
30% efficacies in each case) would give rise to an addi-
tive or synergistic effect and alleviate the adverse eftects
(Saido and Iwata, 2006). There is much evidence sug-
gesting that there are multiple strategies to reduce AP
levels, so we designed a combinatorial approach targeting
different processes in the production of AB. Inhibition
of AB production prevents AD development via forma-
tion of particular forms of AP, such as AP oligomers.
The drug cocktail consisted of B- and y-secretase inhibi-
tors, an NSAID, and a statin. Here, we report that this
four-drug cocktail was remarkably effective in reducing
AR levels without competing with each other or causing
apparent adverse effects. It is suggested that this four-
drug cocktail is a new and potentially powerful approach
to the treatment of AD.

MATERIALS AND METHODS
Reagents and Antibodies

The B-secretase inhibitor IV (N-[(1S, 2R)-1-benzyl-3-
(cyclopropylamino)-2-hydroxypropyl]-5-[methyl(methylsulfonyl)
amino-N'-[(1R)-1-phenylethyl]isophthalamide; Stachel et al.,
2004), y-secretase inhibitor XXI (also known as ‘“‘compound
E”; (S,5)-2-[2-(3,5-difluorophenyl)-acetylamino]-N-(1-methyl-
2-o0x0-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-yl)-
propionamide; Seiffert et al., 2000), and the sodium salt of
simvastatin were purchased from Merck KGaA (Darmstadt,
Germany); sulindac sulfide was purchased from Sigma-
Aldrich (St. Louis, MQO). All drugs were dissolved in steri-
lized dimethyl sulfoxide (DMSO) and added to cell culture
medium to give a final concentration of 0.1% DMSO.
Monoclonal antibody 22C11 (Chemicon, Temecula, CA),
which recognizes amino acid residues 66—81 at the N-termi-
nus of APP, was used at a concentration of 1:1,000. Mono-
clonal antibody 2B3 (Immuno-Biological Laboratories Co.,
Gunma, Japan), which recognizes amino acid residues at the
C-terminal end of human soluble extracellular fragment of
APP generated by a-secretase (sAPPa), was used at a con-
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centration of 2 pg/ml. The polyclonal anti-sAPPBy anti-
body was used at a concentration of 1:1,000 to detect the
soluble extracellular fragment of APPsw (APP with Swedish
mutation) generated by [B-secretase (sAPPB), as previously
described (Asai et al., 2007). Monoclonal antibody 82E1
(Immuno-Biological Laboratories Co.), which recognizes
amino acid residues 1-16 of the human AP sequence, was
used at 1 pg/ml Polyclonal anti-APP antibody (catalogue
No. A8717; Sigma-Aldrich), which recognizes amino acid
residues 676—695 at the C-terminus of APPggs, was used at a
concentration of 1:15,000. Monoclonal antibody AC-74
(Sigma-Aldrich), which recognizes amino acid residues at the
N-terminal end of B-actin, was used at a concentration of
1:5,000. Monoclonal antibody 9B11 (Cell Signaling Technol-
ogy, Danvers, MA), which recognizes the myc epitope tag
(corresponding to amino acid residues 410-419 of human c-
Myc), was used at a concentration of 1:1,000.

Cell Culture

An expression vector encoding mouse Notch deleted
extracellular domain (mNotchAE) in pCS2 (Kopan et al,
1996) was provided by Dr. Raphael Kopan (Washington Uni-
versity). An expression vector encoding enhanced green fluo-
rescent protein (EGFP) was digested from pEGFP-N1 (BD
Biosciences Clontech Laboratories, Palo Alto, CA) and sub-
cloned into the pcDNA3 vector (Invitrogen, Carlsbad, CA;
Imamura et al., 2009). A stable Neuro2a (N2a) cell line
(mNotch®*-N2a cells) doubly expressing mNotch®® and
EGFP and a stable H4 cell line (APPy;-H4 cells) stably
expressing human APPgys with the Swedish mutation (Asai
et al, 2007) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM,; Invitrogen) at 37°C in 5% CO,. DMEM was
supplemented with 10% fetal bovine serum (BioWest, Nuaillé,
France), 100 U/ml penicillin, 100 pg/ml streptomycin (Invi-
trogen), and 160 pg/ml G418 (Merck KGaA) for mNotch®E-
N2a cells or 150 pg/ml hygromycin B (Wako Pure Chemical
Industries Ltd., Osaka, Japan) for APPy-H4 cells. Cells were
grown for 24 hr in a 24-well plate or a 6-cm dish. The drugs
were then added to the conditioned culture medium, and the
cells were incubated for 24 hr. Both conditioned media were
supplemented with lipid-free serum (BioWest).

Cell Toxicity Analysis

Cell toxicity assay was assessed with a cytotoxicity
detection kit (Roche Diagnostics GmbH, Mannheim, Ger-
many) that determines the amount of lactate dehydrogenase
(LDH) released into the cell culture medium from dying cells.

AP Sandwich ELISA
Extracellular AB40 and AB42 levels in the conditioned
media from cultured mNotch®E-N2a or APPy -H4cells were

measured by an AP enzyme-linked immunosorbent assay
(ELISA) kit (Wako Pure Chemical Industries Ltd.).

Western Blot Analysis

Cells treated with drugs were harvested and lysed in a
buffer containing 10 mM HEPES (pH 7.4), 150 mM NaCl,
0.5% Triton X-100, and protease inhibitor cocktail (Roche
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Fig. 1. Determination of the concentration of each single drug for
the cocktail treatment. Amount of AB42 released into the condi-
tioned medium from APPni-H4 cells treated with each drug was
measured by sandwich ELISA B-secretase inhibitor (a), <y-secretase
inhibitor (b), NSAID (c), and statin (d). Data represent the mean *

Applied Science) on ice. The cell lysate was freeze-thawed
three times at 20-min intervals and centrifuged at 13,000¢ for
15 min at 4°C. The supernatant protein concentrations were
determined using a BCA protein assay kit (Pierce Biotechnol-
ogy, Rockford, IL).

sAPP secreted into the conditioned media was precipitated
with heparin agarose resin (Pierce Biotechnology). Equal
amounts of proteins in the cell lysates or sAPP collected from
equal volumes of conditioned media were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and the pro-
teins in the gels were transferred to polyvinylidene difluoride
membranes (Hybond-P; GE Healthcare UK, Buckinghamshire,
United Kingdom) or nitrocellulose transfer membrane (Protran;
Whatman GmbH, Dassel, Germany). The membranes were
probed with an approprate primary antibody and then treated
with an appropriate secondary antibody, namely, horseradish per-
oxidase-conjugated anti-mouse or anti-rabbit IgG (GE Health-
care UK). The protein bands were visualized using an enhanced
chemiluminescence (ECL) detection method (GE Healthcare
UK), and band intensity was analyzed with a densitometer (LAS-
4000; Fujifilm Corporation, Tokyo, Japan), using the Science
Laboratory 2001 Image Gauge software (Fujifilm Corporation).
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SD of three experiments. Actual values of AB40 and AB42 concen-
trations in the control group (vehicle treatment) are 1,861 £ 168 pM
and 58.3 * 7.2 pM, respectively. Each arrow indicates the concen-
trations for which the combinational drug experiments shown in Fig-
ures 2-5 were performed.

Statistical Analysis

All values were expressed as the mean £ SD. For com-
parisons of two groups, a two-tailed Student’s t-test was used.
For comparisons among more than three groups, Dunnett’s or
SNK multiple-comparisons tests were used. A difference was
considered significant at P < 0.05.

RESULTS
Determination of Single Doses of Drugs

We selected the most potent compounds for the
B- and <y-secretase inhibitors, NSAID, and statin from
commercially available reagents; we used the B-secretase
inhibitor IV (Stachel et al., 2004), y-secretase inhibitor
XXI/compound E (Seiffert et al., 2000), sulindac sulfide
(Weggen et al., 2001), and simvastatin (Fassbender et al.,
2001). We first evaluated the inhibitory effect of each
drug on AB42 production (Fig. 1). All of these drugs
inhibited production of AP42, whose secretion from
APP\-H4 cells was decreased in a dose-dependent
manner. On the basis of these results, we selected a dose
for each drug with an approximately 15-30% inhibitory
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effect on AP42 production: P-secretase inhibitor, 100
nM (% of inhibition on AB42 production = 27.7%); y-
secretase inhibitor, 100 pM (19.5%); NSAID, 25 pM
(23%); and statin, 1 pM (15.5%); as indicated by the
arrows in Figure 1. We also confirmed that these doses

TABLE 1. Effect of Single Drug or Cocktail Administration on
Cell Toxicity*

Reagent LDH release (% of control)
Vehicle 100.0 = 3.7
B-Secretase inhibitor 90.9 * 6.4
vy-Secretase inhibitor 92268
NSAID 92.2 £ 5.0
Statin 105.0 = 8.1
Cocktail 109.1 £ 134

*APPr-H4 cells were treated with the indicated reagent for 24 hr, and
cell toxicity was assessed by the LDH assay. Data are the mean = SD of
nine experiments in each group.
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had no significant effect on LDH release compared with
the vehicle treatment (Table I).

Combinatorial Effects of the f-Secretase Inhibitor
With One of the Other Drugs on Ap Production

We next examined both AB40 and AR42 levels in
the conditioned media from APPy-H4 cells treated
with the y-secretase inhibitor, NSAID, or statin, in the
presence of the [-secretase inhibitor (Fig. 2). The
administration of each drug in combination with the -
secretase inhibitor significantly reduced AB40 levels at
low doses of the B-secretase inhibitor compared with
administration of the P-secretase inhibitor alone (Fig.
2a). However, at a high concentration of the B-secretase
inhibitor, a significant cooperative effect on AP40 levels
was not observed (Fig. 2a). The [-secretase inhibitor
showed a si%niﬁcant reduction in AB42 levels only at

doses of 10~ and 10°® M in combination with the y-
secretase inhibitor, whereas the NSAID and statin
AB40
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Fig. 2. Effect of the combination of the P-secretase inhibitor with
the other drugs on AB40 and AP42 levels. Amount of AP released
into the conditioned medium from APPy;-H4 cells treated with
each drug in the presence of the B-secretase inhibitor was measured
by sandwich ELISA. Doses of the y-secretase inhibitor, NSAID, and
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statin were 100 pM, 25 puM, and 1 UM, respectively. Levels of AR
are expressed as AB40 (a) and AB42 (b). Data represent the mean *
SD of three experiments. *P < 0.05, **P < 0.01, significantly differ-
ent from the group treated with the B-secretase inhibitor alone at the
corresponding concentration.
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Fig. 3. Effect of the combination of <y-secretase inhibitor with the
other drugs on AB40 and AB42 levels. Amount of AR released into
the conditioned medium from APPy;-H4 cells treated with each
drug in the presence of the vy-secretase inhibitor was measured by
sandwich ELISA. Doses of the B-secretase inhibitor, NSAID, and sta-

reduced AB42 levels at all doses of the B-secretase inhib-
itor (Fig. 2b).

Combinatorial Effects of y-Secretase Inhibitor
With One of the Other Drugs on Ap Production

We examined both AB40 and AR42 levels in the
conditioned media of APPyn;-H4 cells treated with the
B-secretase inhibitor, NSAID, or statin, in the presence
of the <y-secretase inhibitor (Fig. 3). The combinatorial
administration of the two secretase inhibitors effectively
reduced AB40 levels at 107 to 10™° M of the y-secretase
inhibitor compared with administration of the -y-secre-
tase inhibitor alone (Fig. 3a). At all doses of the y-secre-
tase inhibitor, however, the NSAID or statin had no
additional effects on AP40 levels (Fig. 3a). However,
these combinations s'gniﬁcantly reduced the level of
AB42 at 107 to 10 M of the vy-secretase inhibitor
compared with administration of the y-secretase inhibi-
tor alone (Fig. 3b).

tin were 100 nM, 25 uM, and 1 uM, respectively. Levels of AP are
expressed as AB40 (a) and AP42 (b). Data represent the mean = SD
of three experiments. *P < 0.05, **P < 0.01, significantly different
from group treated with the vy-secretase inhibitor alone at the corre-
sponding concentration.

Comparison of the Effects on AB Production and
the AB42/AP40 Ratio Between Each Drug and the
Four-Drug Cocktail

To assess whether the four-drug cocktail suppressed
AP production more than each drug alone, we measured
the APB40 and APB42 levels in the conditioned media
from APPy;-H4 cells treated with each drug alone or
the four-drug cocktail (Fig. 4a—c). The four-drug cock-
tail acted additively to reduce AP40 and AR42 levels
(APB40 level = 23.8% * 0.6%, AB42 level = 28.3% =+
2.8%) with no change in the AR ratio (AB42/AB40 =
118.4% £ 11.7%) compared with the vehicle-treated
group (Fig. 4a—c); the observed effects were more prom-
inent than for each drug alone. The B- or <y-secretase
inhibitor alone significantly decreased both APB40 and
ABA42 levels (B-secretase inhibitor: AR40 level = 48.0%
* 5.3%, AB42 level = 61.4% = 7.7%; y-secretase in-
hibitor: AB40 level = 50.1% = 9.2%, AR42 level =
77.4% = 9.4%), but they increased the AB42/AB40 ra-
tio (B-secretase inhibitor: AP42/AB40 = 127.3% =

Journal of Neuroscience Research
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Fig. 4. Comparison of the effects on AR production and the AB42/
AB40 ratio for each drug and the four-drug cocktail. Amount of A
released into the conditioned medium from APPyni-H4 cells treated
with each drug or the four-drug cocktail was measured by sandwich
ELISA (a—). AB levels and the AB42/AB40 ratio are expressed as
AB40 (a), AB42 (b), and AB42/AB40 (c). Data represent the mean

3.8%; <y-secretase inhibitor: AP42/AB40 = 156.9% =
18.2%) compared with the vehicle-treated group (Fig.
4a—c). Western blot analysis showed that the four-drug
cocktail treatment caused effective decreases in AP40,
AB42, and total AP levels and a corresponding increase
in sAPPa (Fig. 4d). The four-drug cocktail treatment
had no significant effect on cytotoxicity in APPni-H4
cells (Table I).
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* SD of four experiments. *P < 0.05, **P < 0.01, significantly dif-
ferent from the vehicle-treated group (a—c). Results of Western blot
analysis for sAPP, sAPPa, sAPPB, FL-APP, CTFa, CTFB, AP spe-
cies, total AB, and B-actin are shown in d. FL, full-length; CTF, C-
terminal fragment.

Comparison Between the y-Secretase Inhibitor

and Four-Drug Cocktail in Notch Processing and
AP Levels

y-Secretase is involved in the intracellular proteoly-
sis of a range of substrates (Beel and Sanders, 2008).
Although its inhibitors effectively block AP production
in vivo and in vitro (Shearman et al., 2000; Beher et al.,
2001), they also inhibit the processing of substrate
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Fig. 5. Comparison between the vy-secretase inhibitor and four-drug
cocktail in Notch processing and AB40 and A 42 levels. Amount of
Notch fragments in the cell lysate of mNotch®F-N2a cells (a) or AB
released into the conditioned medium from mNotch®E-N2a cells
(b,c) treated with the y-secretase inhibitor or four-drug cocktail was
measured by semiquantitative Western blot analysis or sandwich

proteins other than APP as an adverse effect (De
Strooper et al., 1999; Geling et al., 2002; Wong et al.,
2004). To compare the effects of the four-drug cocktail
with that of the <y-secretase inhibitor alone on Notch
processing and AP production, we investigated the ratio
of NICD (Notch intracellular domain) to total Notch
and both AB40 and AB42 levels in the conditioned
media from mNotch®*-N2a cells by semiquantitative
Western blot analysis and sandwich ELISA, respectively
(Fig. 5). Notch processing was significantly inhibited by
the y-secretase inhibitor at more than 10" M. However,
the four-drug cocktail treatment had no significant effect
on Notch processing (NICD/total Notch = 90.5% =+
3.6%; Fig. 5a) and significantly reduced both AB40 and
AB42 levels (AB40 level = 78.8% = 9.9%, AR42 level
= 53.3% * 8.2%) compared with the vehicle-treated
group (Fig. 5). In addition, this cocktail treatment was
more effective at reducing AB42 levels than AB40 levels
in the mNotch®E-N2a cells.

DISCUSSION

Cocktail treatment consists of multiple drugs target-
ing different sites of action or molecules. It is expected
to have an additive or synergistic benefit for therapy and
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ELISA, respectively. Data represent the mean £ SD of four experi-
ments (a—c). Sample Western blots are shown for FL-APP, Notch®E,
NICD, and B-actin (a). Levels of AR are expressed as AB40 (b) and
AB42 (c). **P < 0.01, significantly different from the vehicle-treated
group (a—c). FL, full-length; NICD, Notch intracellular domain.

reduce the amount of side effects. This method has been
used in an effective manner for AIDS therapy to stop or
slow the growth and multiplication of the human immu-
nodeficiency virus and has successfully lowered mortality
rates so far. In this study, we have shown that a new
pharmacological approach reduces AR levels efficiently
without adverse effects. This approach is based on the
combination of four drugs, B- and y-secretase inhibitors,
NSAID, and statin, targeting distinct processes of AP
productlon The four—drug cocktail reduced AB42 levels
in the conditioned media of APPNL-I—I4 and mNotch®F
N2a cells. A relative increase in AP42 levels causes the
accumulation and oligomerization of AB42 in the limbic
and association cortices in dominantly inherited and spo-
radic AD; the formation of AB42 oligomers is implicated
in synaptic dysfunction (Selkoe, 2002). Immunization of
APP transgenic mice with synthetic human-type AB42
resulted in the removal of AR deposits from the brain
(Schenk et al., 1999) and could lead to a reversal of cog-
nitive deficits (Morgan et al., 2000). Thus, inhibition of
the production and deposition of AB42 represents a
straightforward strategy for the prevention and therapy
of AD.

Both B- and +y-secretase inhibitors are capable of
efficiently reducing AP levels, even if they are used
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solely; therefore, the development of secretase inhibitors
is an attractive target for therapeutic intervention in AD
(Mattson, 2004; Marks and Berg, 2008; Figs. 2-4).
However, these secretase inhibitors preferentially inhibit
the production of AB40 rather than that of AB42, result-
ing in a significant increase in the AB42/AB40 ratio
(Fig. 4). These results are not attributed to the intrinsic
nature of the secretase inhibitors used in the present
study. In fact, similar results were obtained with other
secretase inhibitors (e.g., the B-secretase inhibitor KMI-
429 and the +~y-secretase inhibitors DAPT and L-
685,458; data not shown). In addition, the increase in
AP levels by a low-dose treatment with the y-secretase
inhibitor, the “AP rise”” (Shen and Kelleher, 2007; Bur-
ton et al.,, 2008), was observed in mNotch®E-N2a cells
(Fig. 5). However, the mechanistic details on why secre-
tase inhibitors show a difference in inhibitory activity
between AB42 and AB40 and why vy-secretase inhibitors
cause the AP rise remain unclear. Given the genetic
knowledge on the PS gene (Shen and Kelleher, 2007;
Wolfe, 2007) and recent studies indicating that AB40
inhibits APB42 aggregation in vitro and amyloid deposi-
tion in vivo (Kim et al., 2007), the administration of
B- or +y-secretase mhlbltors alone should be conducted
cautiously.

NSAIDs are used primarily to treat inflammation,
mild-to-moderate pain, and fever by blocking the activ-
ity of cyclooxygenase (COX). Interestingly, some
NSAIDs directly alter y-secretase activity to selectively
lower APB42 levels accompanied by an increase in AB38
levels (Weggen et al,, 2001; Eriksen et al, 2003).
Beyond that, these NSAIDs have no effect on Notch
processing (Weggen et al., 2001); consequently, they
represent a promusing therapeutic agent for AD (Kukar
and Golde, 2008). Sulindac sulfide was efficacious in the
decrease of AB42 levels as well as an increase in the lev-
els of AB38 (Figs. 1, 4b,d). This effect of sulindac sulfide
was more powerful than observed for indomethacin in
APP -H4 cells (100 pM: sulindac sulfide decreased
AB42 levels by 84.2% and the ratio of AB42/AB40 by
72.0%, whereas indomethacin decreased AB42 levels by
36.7% and the ratio of AR42/AB40 by 12.9%; data not
shown). As also observed in previous studies (Weggen
et al., 2001; Eriksen et al., 2003), the administration of
sulindac sulfide alone lowered the AB42/AB40 ratio in
APPr-H4 cells (78.7% £ 3.2% vs. vehicle-treated
group; Fig. 4c). The underlying mechanism for the
modulation of y-secretase activity by NSAIDs is emerg-
ing: One paper proposed that NSAIDs have an allosteric
effect on PS1, which is the protease-active center mole-
cule of y-secretase, and alter the interaction of PS1-APP
by changing the conformation of PS1 (Lleo et al., 2004).
NSAID:s also directly bind to the AP region of APP to
alter the production of AB42 and inhibit the aggregation
of AB (Kukar et al., 2008). Whether NSAIDs target the
enzyme, substrate, or both, sulindac sulfide, which is an
AB42-lowering NSAID, did not compete, with the y-
secretase inhibitor (Fig. 3b). At 10 to 1077 M of the y-
secretase inhibitor, their coadministration significantly
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reduced the levels of AB42 compared with the adminis-
tration of the 7y-secretase inhibitor alone. These results
suggest that coadministration is more effective than
administration alone.

Statins are drugs that are widely used to lower cho-
lesterol levels. They inhibit the activity of HMG-CoA
reductase, which is the rate-limiting enzyme of the
mevalonate pathway of cholesterol synthesis. Because AP
generation occurs in specialized cholesterol-rich mem-
brane subdomains, the cellular cholesterol level appears
to be closely associated with AP generation (Kaether and
Haass, 2004). Namely, a low level of intracellular choles-
terol stimulates the nonamyloidogenic pathway, in
which a-secretase is involved (Simons et al., 2001). The
reason why simvastatin showed little effect on AB40 lev-
els in the presence of the <y-secretase inhibitor in the
present study remains unclear (Fig. 3a), whereas coadmi-
nistration with either the B- or the y-secretase inhibitor
efficiently reduced AB42 levels (Figs. 2b, 3b). Moreover,
statins have provided a new therapeutic concept for the
treatment of neuroinflammatory diseases because of their
potency in altering GTPase-mediated signaling relevant
to inflammatory processes (Zipp et al., 2007). Because
amyloid plaques in AD are accompanied by a localized
inflammatory response, statins might also be useful drugs
because they interfere with the induction of tumor ne-
crosis factor-a and inducible nitric oxide synthase in
astrocytic and microglial cell cultures (Blennow et al.,
2006; Zipp et al., 2007; Marks and Berg, 2008).

The efficacy of cocktail treatment should be deter-
mined by the additive or synergistic effect of drugs and
its ability to alleviate possible adverse side effects that
may be caused by individual drugs. Our four-drug cock-
tail significantly reduced AR levels, with no change in
Notch processing in APPy;-H4 and mNotch*F-N2a
cells (Figs. 4, 5). The theoretical values estimated by the
multiplication of the data of each single drug treatment
for the inhibitory efficacies of AP production are 23.0%
(APB40) and 35.4% (AP42; Fig. 4a,b). These results were
close to the values of four-drug cocktail treatment
(AB40, 23.8%; AB42, 28.3%; Fig. 4a,b). It is suggested
that the four drugs used in the present study did not
interfere with each other in the suppression of A pro-
duction. Another important point is that the four-drug
cocktail treatment did not affect Notch processing
accompanied by significant reduction in AP levels (Fig.
5). In contrast, the administration of y-secretase inhibitor
alone exerted its effects on the processing of both APP
and Notch (Fig. 5). It follows from these results that this
four-drug cocktail did not inhibit the processing of
Notch and would have few side effects.

In the present study, we focused on drugs that
influence AR production. Several drugs have been devel-
oped to reduce AP levels according to the amyloid hy-
pothesis (Walker et al., 2005; Blennow et al., 2006;
Marks and Berg, 2008). For example, a-secretase activa-
tors are potential drugs that have two dimensions to
their action, because a-secretase cleaves within the AP
region of APP, leading to a reduction in AR levels and
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the generation of sSAPPa that has neuroprotective effects.
For the AP-degradation system, Saito et al. (2005)
reported that the neuropeptide somatostatin regulates A3
catabolism by modulating the activity and localization of
neprilysin, which is a major enzyme responsible for the
degradation of AB (Iwata et al., 2001). Therefore, so-
matostatin receptors might be new pharmacological tar-
get molecules for the prevention and treatment of AD
(Iwata et al., 2005; Saido and Iwata, 2006). For the AB-
clearance system (AP efflux system from the brain paren-
chyma to peripheral blood), it is becoming clear that a
particularly promising approach for the removal of A is
to use the power and specificity of the immune system
to eliminate excess AP in the brain (Town, 2009).
Although immunization with AP resulted in clearance of
amyloid plaques in the brains of AD patients, the clear-
ance did not present significant improvement of the
patients’ cognitive functions. It is thought that one of
major causes that have driven Af immunotherapy into
failure may be targeting to eliminate amyloid plaques per
se. Increasing evidence has indicated that particular forms
of soluble A, such as oligomeric froms, but not insolu-
ble AB, may be one of major causes leading to neuronal
dysfunction and further cognitive impairment (Haass and
Selkoe, 2007). Thus, it is suggested that it may be neces-
sary to inhibit newly produced Af, which forms soluble
oligomers. In addition, compounds capable of disaggre-
gating A or inhibiting AP aggregation (formation of
low-molecular-weight oligomers and fibrils) are pharma-
cological strategies that could be used in the treatment
of AD. Recently, it was reported that the reduction of
pyroglutamate-modified AP by inhibition of glutaminyl
cyclase offered an attenuation of AD-like pathology in
AD model mice and a new Drosophila model (Schilling
et al., 2008). Large numbers of drugs have been devel-
oped in recent years, and numerous options for combi-
natorial therapies are available to reduce AP levels with-
out leading to adverse effects, such as the impairment of
Notch processing, as shown here. Some clinical trials of
an AP-targeting compound have failed (for example, R~
flurbiprofen; Green et al., 2009). However, almost all of
the compounds have been administered alone. Our data
suggest that administration of a combination of drugs
consisting of AB-lowering drugs at low doses such as
our four-drug cocktail might be an effective approach
by which to prevent, delay, slow, and treat AD. This
cocktail strategy may be extended to targeting the other
downstream pathological processes of AD, such as tauop-
athy, oxidative stress, inflammation, neuronal loss, and
neuronal cell death, to achieve maximal effects (Saido
and Iwata, 2006). We suggest that a transition might be
coming from the time when a single drug is developed
and evaluated to the time when multiple drugs are
designed.
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4D, neuronal pentraxin receptor (NPR), ALCAM, Desmoglein, Klotho, Vps10, GP1b-«, APP,
Ebola Glycoprotein, PrPc, Vibrio cholera cytolysin, collage XVII

19| proTNF« (in ADAM17 deficient cells), neuregulin, TRANCE/RANKL, ADAM19 (cysteinerich
domain)

28|CD23, IGFBP-3, ADAM28 (prodomain)

33| kit-ligand 1, CD23, APP
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ADAM Phenotype

1a| Male infertility, defect in sperm migration

to olfactory bulb

9| Viable, fertile, no pathology

2| Male infertility, defect in sperm migration and adhesion, defect in migration of neuroblasts

3| Male infertility, defect in sperm migration and adhesion
8| Viable, fertile, no pathology (reduced CHL-1 shedding in brain)

10| Early lethality (E9.5), defective CNS and heart development, somite formation and

knockouts).

vasculogenesis. Phenocopied to Notch deficiency (severe than presenilin 1 and 2 double

11| Viable, fertile, impaired hippocampal-dependent spatial learning and altered nociception

responces.

12| Viable, fertile, 30% embryonic lethality, brown adipose abnormalities, no muscle defect.

15| Vialble, fertile, tumor neovascularization reduced, age onset osteoarthritis.

17| Perinatal lethality, probably due to heart defects; pulmonary hypoplasia; problems with

amphiregulin knockout mice.

epithelial tissue maturation. Phenocopies defects seen in EGFR, TGFa, HB-EGF and

19| 80% postnatal lethality, multiple cardiovascular defects.

22| Postnatal lethality, multiple cardiovascular defects.

23| Postnatal lethality, multiple cardiovascular defects.

33| Viable, fertile, no pathology.

BIZ2oWw T, Ras-ERK#&#, PKC, p38MAP ¥+ —
VEIZL B 274 Y 7 OFEFHSH N, ADAMI7 O
MIRE K A4 D) Y EBALIZOWT OB A TY
%. R 2A 1213 GPCR D&% L, Src, Pl3-kinase &
PI-dependent kinase-1 (PDK1) #SMEIZ{EMAL & 1,
ADAM17 %) VAL T 52 FE %R L7 Zhang 512 & %
BRETLZY.
2. 17429 5 RIP ADBRBERIEINT o Notch > %

FTULTR

ADAMIZY B Y274 v V% Z T AHEEHED )
L%, YT TIBEREy- LY — ¥
& o TR (RIP) %153, y-E2Ly—¥
i, presenilinl & presenilin2 28{G M0 & % 5 7 A3
SXUBTOTFT—¥ThHH KEWLERTHS
Notch (&, FHRIE~ D% :8FE T pro-protein convertase
(Furin) 2 & )OIl & h7-%, MlaRECTATO28&
HEERTA. #L T, Notch) &~ F (Delta %
Jagged %) O#EAIZL DIEHEIh, ADAMIZL 5 ¥
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(X#k2),3 & W5 [H, LK)

T4V, gy LI =L BERNYINT & Bk
WIS 5. YIS o HERRAsEEUL, ICBITL T
THROBEZETFOEEFEMEMICHEET 52 (B 2B).
Notch® ¥ = 74 ¥ 7iZB5 ¥ 5 ADAM IZDW T3,
# D ADAM %3 Notch 2 ¥l + 2 F2F 0o TV 5
(1D, BEFREIAHAVWEHBT2S,
ADAMIO A" EE 7% Notch YIKiEBERE TH A ) L EZ b N
TV %, ADAMIO KIE~ 7 A, BEMEFE (E95) &
Y, fWiER, BRER, BREOERAELRT Y,
Z 113 Notch/Delta 1Bz E X RIET ATV ATRS
NBERHME L THRPATWV 5 (R1-2). Drosophilla
® Kuzbanian % # 5 ® Sup-17 %, ;E{z#IF % T Notch
EOMENFRE I N/EETF D, ADAM10D R €N
FTHLENS, COFREERVEL B TRES
NTVBRESGHIDL. Y274 Y7 IHEWTRIP %%
IFAEEE & LTid, Notch Dl Notch D) v K
D Delta BZHITHMNEL, DeltaD ¥ =74 7, VT
Y FOBEFEIZE Y Notch & 7+ 1) » 7 OZEEBHIE %



T5—7%, RIP%5| %222 L, #MEANEEENICE
T¥aFHMONTV S, i2d CD44, L1, erbB4,
amyloid precursor protein (APP) i, fKIAMERIZE
EXEMALEE 2 o BB E T Notch & B DEEFE A
TRENTWS, N-H A 2 Tid, HRRSER L &
BYBB-NTUHY T4 TIHEVEARITL,
BIEFOREZHIHT 5.

} IV, SREIC B B

INFTIZ, ADAMIZ, A, &E (Vv=Fi
), WB, TVINAT—FERE, HLsDREICLE
FAEEDTRIE I N T WS,

(A)

Thrombin
Serotonin
Carbachol
Endothelin

BEARx407057—t (MMP, ADAM) 7731 —

1. A MRRDIERE, &%

FEBMRE T 72 1A MIRETid, ADAMS,9, 10,12, 15,
17,19, 280 BHO EZFHE SN T B, F /-,
ADAMI2 i3, ABOREHEEFLLTHRAESN, &
RIZIVHfRENOBEEENB I, EEOUM
DWHESNLZEIHERINTVEO, SBIFEDORE
DY AIEFOWIE L TmRBICB W TEETH L0 2 H
BIZLTWLENHLLEZONS, 25T TUuT
T—EHEFIZLBPADERE, NI TIIEORR
DK S DB > TE /A5, ADAMBREK £ ¥
o7a77 —EHEAIC L B EERIHEINS.

2. 7IVINAT—/TOFIOMK (Ap) ELE

DRE

7 iu4 NEiBMEEEE (APP) X, MlaN TR

EGFR Ligands
Metalloproteinase HB-EGF
inhibitors TGFa
Amphiregulin

EGFR Ligands

EGF receptor
! ! Src ! !
Signals Signals

APP

Furin

ADAM10
and /or =
ADAM17

y-secretase
Presenilin

Nuclear translocation of 8

B-secretase:
BACE1

a-secretase:
ADAM19 and/or

intracellular domain

2

(A) EGFRU A ¥ FD Y =74 » 72 L B {EMAL L GPCREZEB D7 T A L — 2., Zhang 5 DT (8) 125 )

RESNEFLTHA.
intramembrane proteolysis) .

(B) Notch & 731 4 FRIER{K S /37 % (APP) DIEHYIKT (RIP: Regurated
AL EASR, (o)X h &)
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