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Abstract

The biological function of full-length amyloid-β protein precursor (AβPP), the

precursor of Aβ, is not fully understood.  Multiple laboratories have reported that

antibody binding to cell-surface AβPP causes neuronal cell death.  Here we examined

whether induced dimerization of the cytoplasmic domain of AβPP (AβPP
CD

) triggers

neuronal cell death.  In neurohybrid cells expressing fusion constructs of the EGF

receptor with AβPP
CD

 (EGFR/AβPP hybrids), EGF drastically enhanced neuronal cell

death in a manner sensitive to Ac-DEVD-CHO (DEVD), GSH-ethyl-ester (GEE), and

pertussis toxin (PTX).  Dominant-negative ASK1 blocked this neuronal cell death,

but not α-Synuclein–induced cell death.  Constitutively active ASK1 (caASK1)

caused DEVD/GEE-sensitive cell death in a manner resistant to PTX and sensitive to

Humanin, which also suppressed neuronal cell death by EGFR/AβPP hybrid.  ASK1

formed a complex with AβPP
CD

 via JIP-1b, the JNK-interacting protein.  EGFR/AβPP

hybrid-induced and caASK1-induced neuronal cell deaths were specifically blocked

by SP600125, a specific JNK inhibitor.  Combined with our earlier study (Hashimoto

et al., J. Neurochem. 84: 864, 2003), these data indicate that dimerization of AβPP
CD

triggers ASK1/JNK-mediated neuronal cell death.  We also noticed a potential role

of ASK1/JNK in sustaining the activity of this mechanism after initial activation by

AβPP, which allows for the achievement of cell death by short-term anti-AβPP

antibody treatment.  Understanding the function of AβPP
CD

 and its downstream

pathway should lead to effective anti-Alzheimer’s disease therapeutics.
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Alzheimer’s disease (AD) is characterized by progressive neuronal loss,

intraneuronal tangles, and extracellular plaques.  The major constituent of the

plaque is amyloid-β (Aβ) derived from a transmembrane precursor, termed AβPP

(Kang et al., 1987).  Studies of AβPP-deficient mice (Müller et al., 1994; Zheng et

al., 1995; von Koch et al., 1997; Heber et al., 2000) demonstrate that AβPP performs

physiological functions in embryonic nervous development.  Given that a

considerable fraction of AβPP is present on the cell surface of neurons, neuronal

surface-specific functions would be performed by AβPP, as suggested by earlier

studies (Niikura et al., 2002 for review).

Recently, Rohn et al. (2000) and Sudo et al. (2000) independently found

that anti-AβPP antibodies kill primary neurons and immortalized neuronal cells

overexpressing AβPP.  Sudo et al. (2000) and Mbebi et al. (2002) found that anti-

AβPP antibodies cause pertussis toxin (PTX)-sensitive neurotoxicity by acting on

the cell-surface AβPP.  Most recently, Hashimoto et al. (2003) demonstrated that

G
o
, but not G

i
, mediates antibody-stimulated AβPP neurotoxicity.  The

cytoplasmic domain (AβPP
CD

) of AβPP [AβPP
649-695

 (numbering by Kang et al.,

1987)], especially the middle cytoplasmic region — AβPP
657-676

 — has been

implicated in this cytotoxic function (Sudo et al., 2001).  AβPP
CD

 can interact with

a number of cytoplasmic adapters (Kawasumi et al., 2002 for review): (i) G
o

through AβPP
657-676

; and (ii) phosphotyrosine-interaction domain-containing

adapters, such as the Fe65 family, X11, mDab1, and JIP-1b, through AβPP
677-695

.

Considering the PTX sensitivity of antibody-stimulated AβPP neurotoxicity and
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the involvement of AβPP
657-676

, it is most likely that antibody binding to AβPP

would trigger the toxic function of its cytoplasmic domain that is mediated by G
o
.

Based upon circumstantial evidence, Sudo et al. (2000) speculated that

antibody-induced oligomerization of cell-surface AβPP may trigger the toxic

function of AβPP
CD

.  The present study was conducted to examine whether

dimerization of AβPP
CD

 induced by an extracellular soluble factor other than

antibodies could trigger neuronal cell death.

Based on the well-established fact that epidermal growth factor (EGF)

causes dimerization of the cell-surface receptor for EGF (EGFR), two fusion

constructs of the extracellular domain of EGFR (EGFR
ED

) and AβPP
CD

 were

constructed.  One, termed AβPP
TM+CD

 hybrid, consisted of EGFR
ED

 and the

transmembrane domain plus the cytoplasmic domain of AβPP (AβPP
TM+CD

).  The

other, termed AβPP
CD

 hybrid, consisted of the extracellular domain plus the

transmembrane domain of EGFR (EGFR
ED+TM

) and AβPP
CD

.  The results clearly

indicate that induced dimerization of AβPP
CD

 drastically enhances neuronal cell

death via apoptosis signal-regulating kinase (ASK)1.  Given that c-Jun N-

terminal kinase (JNK) is involved in this function of AβPP (Hashimoto et al.,

2003), the present study indicates that dimerization of AβPP
CD

 causes ASK1/JNK-

mediated neuronal cell death.  We also find that short-term treatment with anti-

AβPP antibody causes death in primary neurons, and that delayed treatment with

PTX does not inhibit neuronal death by anti-AβPP antibody, whereas delayed
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treatment with a JNK inhibitor suppresses it.  This points to the presence of a

novel mechanism that sustains the activity of this pathway after initial

activation, allowing for the achievement of cell death by short-term antibody

treatment.  We discuss a potential role of ASK1/JNK in this mechanism.
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Materials and Methods

Genes and materials:  The EGFR/AβPP hybrids were constructed from human

EGFR cDNA [kindly provided by Dr. Tadashi Yamamoto (University of Tokyo

Institute of Medical Science, Tokyo, Japan)], mouse wild-type (wt) AβPP
695

 (the

AβPP isoform consisting of 695 residues) cDNA (Yamatsuji et al., 1996a, b), and

the polymerase chain reaction (PCR) with Pfu Turbo DNA polymerase

(Stratagene, La Jolla, CA).  The sense primer for AβPP
TM+CD

 was 5’-

TTTTTTGATATCGGCGCCATCATCGGA-3’, and the sense primer for AβPP
CD

was 5’-TTTTTTGATATCAAGAAGAAACAGTACACATCC-3’.  The antisense

primer for both AβPP
TM+CD

 and AβPP
CD

 was 5’-TTTTTTTCTAGATTAGTTCTGC

ATTTGCTC-3’.  After digestion by EcoRV and XbaI, the DNA fragments were

subcloned into corresponding multicloning sites of pcDNA3 vector, termed

pcDNA-AβPP
TM+CD

 and pcDNA-AβPP
CD

, respectively.  EGFR DNA fragments

were amplified by PCR with 5’-TTTTTTGGTACCATGCGACCCTCCGGGACG-3’

(the sense primer for both EGFR
ED 

and EGFR
ED+TM

) and 5’-TTTTTTGATATCGG

CGATGGACGGGATCTTAGG-3’ (the antisense primer for EGFR
ED

) or 5’-

TTTTTTGATATCCATGAAGAGGCCGATCCCCAG-3’ (the antisense primer for

EGFR
ED+TM

).  After digestion of the PCR products with KpnI and EcoRV, both

EGFR fragments were subcloned into the corresponding sites of pcDNA-

AβPP
TM+CD

 and pcDNA-AβPP
CD

, respectively.  The constructed plasmids were

named pcDNA-EGFR
ED

/AβPP
TM+CD

 for AβPP
TM+CD

 hybrid and pcDNA-

7
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EGFR
ED+TM

/AβPP
CD

 for AβPP
CD

 hybrid, respectively.  We confirmed these

hybrids by direct sequencing.  The plasmid encoding EGFR(ED+TM) was also

constructed from human EGFR cDNA, and the PCR with Pfu Turbo DNA

polymerase.  The sense and the antisense primers for EGFR(ED+TM) were 5’-

TTTTTTGGTACCATGCGACCCTCCGGGACG-3’ and 5’-

GATATCTCACATGAAGAGGCCGATCCCCAG-3’, respectively.  PCR products

for EGFR(ED+TM) was cloned into pCR-Blunt II TOPO vector using Zero Blunt

TOPO Cloning Kit (Invitrogen).  After digestion with KpnI and EcoRV, the

EGFR(ED+TM) fragments was subcloned into the corresponding sites of pcDNA3

vector.  The construction was confirmed by direct sequencing.  wtASK1 cDNA,

dominant-negative (dn)ASK1 cDNA (ASK1-K709R), and constitutively active

(ca)ASK1 cDNA [ASK1(649-1375)], all tagged with HA, were described previously

(Saitoh et al., 1998) and used after subcloning into pcDNA.  Glutathione-ethyl-

ester (GEE), L-NMMA (NG-monomethyl-L-arginine monoacetate salt), PTX,

SP600125, PD98059, and SB203580 were from Calbiochem-Novabiochem (San

Diego, CA).  Apocynin (4-hydroxy-3--Methoxyacetophenone, abbreviated as APO)

was from Sigma (St. Louis, MO).  Ac-DEVD-CHO (Acetyl-L-aspartyl-L-glutamyl-L-

valyl-L-aspartyl-al, abbreviated as DEVD) and other tetrapeptide caspase

inhibitors were from Peptide Institute (Minoh, Osaka, Japan).

Experiments using F11 cells:  F11 cells were grown in Ham’s F-12 plus 18% FBS

and antibiotics, as described previously (Yamatsuji et al., 1996a; Hashimoto et al.,

2000b, 2001a, b, c).  F11 cells, the hybrid cells of a rat embryonic day-13 primary

8
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cultured neuron and a mouse neuroblastoma, are one of the best models for

primary cultured neurons; they exhibit, without differentiation factor treatment,

a number of characteristics for primary neurons, including generation of action

potentials (Platika et al., 1985).  For the experiments using AβPP hybrid cDNAs in

pcDNA, F11 cells were seeded at 7 x 104 cells/well in a 6-well plate and cultured

in Ham’s F-12 plus 18% FBS for 12-16 hr, and were transfected with AβPP hybrid

cDNA by lipofection (1 µg AβPP hybrid cDNA, 2 µl LipofectAMINE, and 4 µl

PLUS; GIBCO-BRL, Gaithersburg, MD) in the absence of serum for 3 hr.  After

subsequent incubation with Ham’s F-12 plus 18% FBS for 18 hr, cells were

cultured with or without EGF in serum-free Ham’s F-12 with or without N2

supplement.  Unless otherwise specified, N2 supplement was used.  For the

experiments using various inhibitors, the inhibitor was included in serum-free

Ham’s F-12 containing EGF.  Cell mortality was measured by Trypan blue

exclusion assay at 48 hr after the onset of EGF treatment.  For co-expression of

ASK1 constructs, F11 cells, similarly seeded at 7 x 104 cells/well in a 6-well plate

and cultured in Ham’s F-12 plus 18% FBS for 12-16 hr, were transfected with

EGFR/AβPP cDNA with wtASK1 or dnASK1 (1 µg hybrid cDNA, 1 µg ASK1

cDNA, 4 µl LipofectAMINE, and 8 µl PLUS) in the absence of serum for 3 hr.

After subsequent incubation with Ham’s F-12 plus 18% FBS for 18 hr, cells were

cultured with or without EGF in serum-free Ham’s F-12 containing N2

supplement.  Cell mortality was measured by Trypan blue exclusion assay at 48 hr

after the onset of EGF treatment.  For caASK1 cDNA transfection, F11 cells were

similarly transfected with caASK1 cDNA (1 µg caASK1 cDNA, 2 µl

9
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LipofectAMINE, and 4 µl PLUS) and cultured in serum-free Ham’s F-12 plus N2

supplement.  The A53T mutant of α-Synuclein (αSYN) cDNA (in pEF4/Myc/His)

was similarly transfected with ASK1 constructs (1 µg A53T-αSYN cDNA, 1 µg

ASK1 cDNA, 4 µl LipofectAMINE, and 8 µl PLUS).  For EGFR(ED+TM) and

AβPP
CD

 hybrid transfection, F11 cells were transfected with 1 µg EGFR(ED+TM)

cDNA (or an empty plasmid), 1 µg AβPP
CD

 hybrid cDNA (or an empty plasmid), 4

µl LipofectAMINE, and 8 µl PLUS.

Cytotoxicity and viability assays: Cytotoxicity was assessed by Trypan blue

exclusion assay, as described previously (Hashimoto et al., 2000a, b, 2001a, b, c,

2002a, b).  In brief, cells were suspended by pipetting gently, and 50 µl of 0.4%

Trypan blue solution (Sigma) was mixed with 200 µl of cell suspension (final

Trypan blue concentration was 0.08%) at room temperature.  Stained cells were

counted within 3 min after being mixed with the Trypan blue solution.  The

mortality of cells was then determined as a percentage of Trypan blue-stained

cells in total cells.  The cell mortality thus assessed represents the population of

dead cells in total cells, including both adhesive and floating cells, at the

termination of experiments.  Cell viability assay (Cell Counting Kit-8, Wako Pure

Chemical, Osaka, Japan) was performed using WST-8 [2-(2-methoxy-4-

nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,

monosodium salt, as described in detail previously (Hashimoto et al., 2000b).

Immunoblot analysis: Immunoblot analysis of expressed EGFR/AβPP hybrids (50

µg/lane) was performed, using 2 µg/ml mouse anti-EGFR monoclonal antibody
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(Upstate Biotechnology, Lake Placid, NY), 1/5000 HRP-labeled anti-mouse IgG

antibody, and visualization by ECL (Amersham Pharmacia Biotech, Uppsala,

Sweden).  Expression of ASK1 constructs (20 µg/lane) was analyzed by 0.1 µg/ml

rat anti-HA antibody (Roche Diagnostics, Basel, Switzerland) and 1/2000 HRP-

labeled anti-rat IgG antibody (Wako Pure Chemicals).  The bands of AβPP and JIP-

1b were detected by immunoblotting with 2.5 µg/ml anti-AβPP antibody 22C11

(Chemicon, Temecula, CA) and 1/1000 anti-Xpress antibody (Invitrogen,

Carlsbad, CA), respectively.  The secondary antibody used was commonly 1/5000

HRP-labeled anti-mouse IgG antibody (BioRad, Hercules, CA).  Detection of

phosphorylated ASK1 was performed as follows.  F11 cells were transfected with

AβPP
CD

 hybrid cDNA (2 µg/well in a 6-well plate), and 18 hr after transfection,

cells were treated with EGF.  Cells were then lysed with Lysis buffer [20 mM

Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM EDTA, 1% deoxycholate, 1% TritonX-

100] and submitted to 7% SDS-PAGE.  Immunoblot analysis was performed with

antibodies for phospho-ASK1 and for ASK1, as described (Tobiume et al., 2002).

Assessment of JNK activation by 22C11: Primary neurons were seeded in poly-L-

lysine-coated 6-well plates (Sumitomo Bakelite, Akita, Japan) at 1 x 106 cells/well

in Neuron Medium (Sumitomo Bakelite), as previously described (Hashimoto et

al., 2003).  The purity of neurons by this method was >98%.  On the day in vitro

(DIV) 3, the cultured medium was changed to DMEM containing N2 supplement

(DMEM-N2).  On DIV6, neurons were treated with 2 µg/ml 22C11 with or

without 100 ng/ml PTX, 300 µM APO, or 1 mM L-NMMA.  At the termination of
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the reaction, cells were lysed in ice-cold lysis buffer [50 mM Tris/HCl (pH8.0), 150

mM NaCl, 1% Noidet P-40, 0.5% deoxycholate, 0.1% SDS, 1 mM PMSF, and 1

tablet/50 ml of protease inhibitor cocktail (Roche Diagnostics)]. After

centrifugation at 10000 x g, cell lysates were submitted to SDS-PAGE and

electroblotted onto PVDF membranes.  After blocking by 1% BSA-TBST for 3 hr

at room temperature, the membranes were probed with 1 µg/ml anti-

phosphorylated JNK antibody (Cell Signaling Technology, Beverly, MA) and

1/5000 HRP-labeled anti-mouse IgG antibody.  The membranes were reprobed

with 1/500 anti-JNK antibody (Santa Cruz Biotechnology) and 1/5000 HRP-

labeled anti-rabbit IgG antibody (BioRad).

Assessment of cell death by short-term 22C11 treatment: Prepared neurons

(seeded in 96-well plates: 2.5 x 104, 100 µl culture medium/well) were treated

with 5 µg 22C11 for 6 or 12 hr, and the cultured medium was changed to DMEM-

N2 with 100 ng/ml PTX or 100 nM SP600125 for 66 or 60 hr, respectively.  Calcein

assay was performed by treating neurons with 1 µl of 600 µM Calcein-AM

(Dojindo, Kumamoto, Japan).  After 2 hr incubation in a CO
2
 incubator at 37°C,

the cultured medium was changed to PBS to lower the background, and Calcein-

specific fluorescence (excitation = 485 nm, emission = 535 nm) was measured by a

spectrofluorometer (Wallac1420 ARVOsx Multi Label Counter, Perkin Elmer,

Wellesley, MA, U.S.A.).

Statistical analysis: All of the experiments described in this study were repeated at

least three times with independent transfections and treatments, each of which
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yielded essentially the same result.  Statistical analysis was performed with one-

way ANOVA followed by the post-hoc test, in which p<0.05 was assessed as

significant.
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Results

Toxic effect of EGF in neuronal hybrid cells expressing EGFR/A PP hybrids

To examine whether dimerization of AβPP
CD

 triggers the mechanism for

neuronal cell death, we created two fusion constructs of EGFR
ED

 and AβPP
CD

:

AβPP
TM+CD

 hybrid and AβPP
CD

 hybrid.  We tested them in F11 neuronal cells,

which are the hybrid cells of a rat embryonic day-13 primary cultured neuron and

a mouse neuroblastoma NTG18 (Platika et al., 1985).  They exhibit, without

differentiation factor treatment, a number of characteristics for primary neurons,

including generation of action potentials, and have been used in various studies

of neuronal functions as one of the best immortalized models for primary

neurons (Yamatsuji et al., 1996a; Storms and Rutishauser, 1998; Huang et al.,

2000; Sudo et al., 2000, 2001; Hagiwara et al., 2000; Ghil et al., 2000; Niikura et al.,

2000, 2001; Hashimoto et al., 2000a, b, 2001a, b, c, 2003).  F11 cells were thought to

be most appropriate for the investigation of AβPP
CD

 functions by its transfection

because treatment of F11 cells with anti-AβPP antibody robustly causes cell death

only when F11 cells are transfected with AβPP cDNA (Sudo et al. 2000, 2001).

First, simple overexpression of AβPP
TM+CD

 hybrid or AβPP
CD

 hybrid in F11

cells resulted in a significant increase in neurotoxicity from the basal ~10%

mortality level to ~30% mortality levels (Fig. 1A upper panel for AβPP
TM+CD

hybrid; Fig. 1A lower panel for AβPP
CD

 hybrid: the hybrid structures in the inset

of Fig. 1B).  This was quite reasonable; our earlier studies (Hashimoto et al., 2000a;

Sudo et al., 2001) had found that simple overexpression of full-length AβPP in

14
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F11 cells causes 30-40% mortality via the cytoplasmic C-terminal AβPP
677-695

region in the absence of N2 supplement.  It was thus highly likely that

overexpression of AβPP
CD

 would induce cell death in F11 neuronal cells to a

certain degree.  Notably, this neurotoxicity was suppressed by N2 supplement

(Fig. 1A).  We also found that in F11 cells expressing either EGFR/AβPP hybrid,

100 nM EGF greatly enhanced neuronal cell death to 60-70% mortality levels,

whether N2 supplement was present or not (Fig. 1A).  The presence of N2

supplement little affected the transfection efficiency or expression levels of the

EGFR/AβPP hybrids (insets of Fig. 1A).  These data suggest that dimerization of

overexpressed AβPP
CD

 causes neuronal cell death in an N2 supplement-resistant

manner, which was different from N2 supplement-sensitive neurotoxicity by

simple overexpression of AβPP
CD

.  To focus on dimerization-induced AβPP
CD

neurotoxicity, we used N2 supplement in subsequent experiments.

In F11 cells expressing AβPP
TM+CD

 hybrid, EGF greatly enhanced neuronal

cell death from the basal levels to 60-70% mortality levels with the EC
50

 value at

1-10 nM (Fig. 1B).  This was also the case with AβPP
CD

 hybrid.  In cells transfected

with AβPP
CD

 hybrid, EGF dose-dependently increased neurotoxicity from the

basal levels to 60-70% mortality levels with the EC
50

 value at 1-10 nM (Fig. 1B).

The level of AβPP
TM+CD

 hybrid expression was similar to that of AβPP
CD

 hybrid

expression under the same condition (Fig. 1A, insets).  Because it has been

demonstrated that EGF dimerizes EGFR at 1-10 nM, these data indicate that
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induced dimerization of AβPP
CD

 hybrid causes neuronal cell death.

To confirm that AβPP
CD

 mediates the toxic function of AβPP
CD

 hybrid, we

examined EGFR(ED+TM), the EGFR construct consisting of the extracellular

domain and the transmembrane domain of EGFR.  When F11 cells were

transfected with EGFR(ED+TM) cDNA under the same conditions as AβPP
CD

hybrid transfection, 100 nM EGF could not significantly exert neurotoxicity (Fig.

1C).  Although the expression level of EGFR(ED+TM) was somewhat lower than

that of AβPP
CD

 hybrid, the expression of EGFR(ED+TM) was significant (Fig. 1C,

inset).  When cells were transfected with AβPP
CD

 hybrid in the presence of

EGFR(ED+TM) co-transfection, EGF-induced neurotoxicity was drastically

suppressed (Fig. 1C), suggesting that EGFR(ED+TM) acts as a dominantly

interfering construct of AβPP
CD

 hybrid.  At this moment, it remains unknown

why at expression levels considerably lower than that of AβPP
CD

 hybrid,

EGFR(ED+TM) strongly suppressed the EGF-dependent toxicity of AβPP
CD

 hybrid.

However, it is most likely that in addition to the sequestration of EGF,

EGFR(ED+TM) suppressed the toxic function of AβPP
CD

 hybrid by forming an

inactive heterodimer with AβPP
CD

 hybrid.  Alternatively, EGFR(ED+TM) might

be targeted to the cell surface, where EGF acts on AβPP
CD

 hybrid, more efficiently

than AβPP
CD

 hybrid.  We were unable to examine the cellular localization of

EGFR(ED+TM) and AβPP
CD

 hybrid.  These data strengthen the notion that

AβPP
CD

 mediates the toxic function of AβPP
CD

 hybrid.
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Effects of pharmacological inhibitors on neuronal cell death by EGFR/A PP

hybrids

We next investigated the sensitivity of AβPP
CD

-induced neurotoxicity to DEVD,

GEE, and PTX.  It has been shown that both neuronal cell deaths by antibody-

bound AβPP and by V642I-AβPP, which causes FAD, are mediated by the

cytoplasmic region AβPP
657-676

 (Yamatsuji et al., 1996a, b; Hashimoto et al., 2000a;

Sudo et al., 2001) and that neuronal cell death by V642I-AβPP is sensitive to

DEVD (an established caspase inhibitor), GEE (an established anti-oxidant), and

PTX (a specific G
i/o

 inhibitor) (Yamatsuji et al., 1996a, b; Giambarella et al., 1997;

Hashimoto et al., 2000a, 2002a).  We therefore expected that EGFR/AβPP hybrid-

induced neuronal cell death would also be sensitive to DEVD, GEE, and PTX.  As

expected, in F11 neuronal cells expressing either AβPP
TM+CD

 hybrid or AβPP
CD

hybrid, cell death enhanced by EGF was suppressed by DEVD, by GEE, and by PTX

(Fig. 1D).  AβPP hybrid expression was not affected by any of these inhibitors (data

not shown).

Because neuronal cell death by antibody-bound wtAβPP as well as by

V642I-AβPP is mediated by NADPH oxidase (Hashimoto et al., 2002a, 2003), the

GEE-sensitive neurotoxicity by AβPP
CD

 dimerization was assumed to be mediated

by NADPH oxidase.  We thus next examined whether this could be the case.

APO is the established NADPH oxidase inhibitor, and NADPH oxidase is the

only reactive oxygen species (ROS)-generating enzyme that is inhibited by 300 µM
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APO (t’Hart and Simons, 1992).  It has also been noted that F11 cells express the

subunits of NADPH oxidase (Hashimoto et al., 2002a).  In F11 cells expressing

either AβPP
TM+CD

 hybrid or AβPP
CD

 hybrid, EGF-induced cytotoxicity was

drastically inhibited by 300 µM APO (Fig. 1E).  This inhibition by APO was

specific, because 1 mM L-NMMA had no effect.  It was therefore likely that

neuronal cell death by AβPP
CD

 dimerization is mediated by NADPH oxidase.

Effect of dnASK1 on A PP
CD

 hybrid-induced neuronal cell death

As ASK1 is one of the established targets of ROS for cell death (Saitoh et al., 1998),

it was examined whether ASK1 is involved in DEVD-sensitive neuronal cell

death by AβPP
CD

 dimerization.  For this purpose, F11 cells were transfected with

AβPP
CD

 hybrid with ASK1-K709R, the dominant negative mutant of ASK1

(dnASK1), and treated with or without EGF (Fig. 2A).  As shown in Figure 2B, the

EGF-induced increase in neuronal cell mortality was drastically inhibited by co-

expressed dnASK1.  In contrast, EGF-induced neurotoxicity was little inhibited by

similarly co-expressed wtASK1 (Fig. 2B).  Under the same conditions, expression

of AβPP
CD

 hybrid was not inhibited by co-expression of dnASK1 or wtASK1 (Fig.

2A).  Drastic inhibition of AβPP
CD

 hybrid-induced cell death by dnASK1, but not

by wtASK1, was also the case, when cell viability was assessed by WST-8 assay.

The viability of cells expressing AβPP
CD

 hybrid was drastically impaired by EGF

treatment.  This impairment was recovered by co-expressed dnASK1, but not by

co-expressed wtASK1 (Fig. 2C).
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Effect of dnASK1 on neuronal cell death by full-length A PP

We next examined whether expression of dnASK1 also suppresses neuronal cell

death caused by full-length wtAβPP.  As previously reported (Sudo et al., 2000,

2001; Hashimoto et al., 2003), 22C11 (monoclonal anti-AβPP antibody) could cause

cell death in F11 neurohybrid cells, when cells had been transfected with wtAβPP

(Fig. 2D).  Under the same condition, when dnASK1 was co-transfected instead of

an empty vector, 22C11 could not stimulate cell death in F11 cells similarly

overexpressing wtAβPP (Fig. 2D).  These data suggest that dnASK1 inhibition of

AβPP
CD

 neurotoxicity reflects the involvement of ASK1 in neurotoxicity caused

by full-length AβPP.

We also examined whether expression of dnASK1 suppresses neuronal

cell death caused by mutant α-Synuclein (A30PαSYN and A53TαSYN).

A30PαSYN and A53TαSYN are the genes that cause dominantly inherited

Parkinsonism with dementia, and they are known to cause non-apoptotic

neuronal cell death in the F11 neurohybrid cell system (Hashimoto et al., 2003).

As shown in Figure 2E, overexpression of dnASK1 could not affect neuronal cell

death caused by these mutant αSYN in the same system.  Therefore, the

inhibitory effect of dnASK1 is considered to be specific.

Neuronal cell death by caASK1 is sensitive to DEVD and GEE/APO but resistant

to PTX

These data provide strong evidence that ASK1 plays a key role in mediating
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DEVD-sensitive neuronal cell death by AβPP
CD

 dimerization.  If so, simple

expression of constitutively active ASK1 (caASK1) must also cause DEVD/APO-

sensitive neuronal cell death.  N-terminally deleted ASK1 [ASK1(649-1375)] has

been demonstrated to be caASK1 (Saitoh et al., 1998; Kanamoto et al., 2000).

Using this caASK1, we found that expression of caASK1 caused neuronal cell

death sensitive to DEVD (Fig. 2F).  caASK1-induced cell death was sensitive to

GEE and APO, but resistant to L-NMMA, indicating that caASK1 triggers

DEVD/APO-sensitive cell death similar to that caused by AβPP
CD

 dimerization

(Fig. 2F and inset).  Neither APO nor L-NMMA altered the expression levels of

caASK1 (inset of Fig. 2F).  These data provide evidence that (i) activation of ASK1

can cause neuronal cell death, and that (ii) caASK1 activates a neurotoxic

pathway with properties quite close to those of the AβPP
CD

-activated pathway.

In contrast to the effectiveness of DEVD and GEE, PTX had no effect on

caASK1-induced neuronal cell death (Fig. 2F), under the same conditions, in

which PTX was very effective in inhibiting neuronal cell death by AβPP
CD

 (Fig.

1C) as well as by wtAβPP (Hashimoto et al., 2003).  Combined with the drastic

inhibition by dnASK1 of AβPP
CD

-induced neuronal cell death, these data not

only provide evidence that inhibition by DEVD and GEE was not an artifact but

also indicate that the hierarchy is the PTX target, ASK1, and the GEE/APO target

in this toxic pathway.  As it has been demonstrated, using the same system, that

G
o
, JNK, and NADPH oxidase, in this order, are involved in 22C11-stimulated

AβPP neurotoxicity (Hashimoto et al., 2003), it is most likely that DEVD-sensitive
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neuronal cell death by AβPP
CD

 dimerization is mediated by ASK1, by G
o
 as the

upstream signal transducer of ASK1, and by NADPH oxidase as the downstream

transducer of ASK1.

A PP forms a complex with ASK1 via JIP-1b, the JNK interacting protein

As ASK1 belongs to the MEKK class kinases of the JNK pathway, there was a

possibility that ASK1 would form a direct complex with JIP-1b, which is the

established scaffold protein of the kinases in the JNK pathway.  However, as it

had not been shown that JIP-1b forms a direct complex with ASK1, we examined

this issue.  When F11 cells were transfected with JIP-1b and ASK1 cDNAs,

immunoprecipitation of JIP-1b co-precipitated ASK1 (Fig. 3A).  Co-precipitation

with JIP-1b was also the case with dnASK1 and caASK1, indicating that the

interaction with JIP-1b does not depend on the activation status of ASK1 (Fig.

3A).

Since it has been shown that JIP-1b interacts with AβPP and that the

interaction domain of AβPP is the G681YENPTY687 region contained in AβPP
CD

(Matsuda et al., 2001; Scheinfeld et al., 2002), we examined whether AβPP forms a

complex with ASK1 via JIP-1b.  When F11 cells were transfected with JIP-1b,

ASK1, and full-length AβPP cDNAs, immunoprecipitation of AβPP co-

precipitated JIP-1b and ASK1 (Fig. 3B).  When F11 cells were transfected with JIP-

1b, ASK1, and AβPP lacking the Met677-Asn695 region (AβPP∆19; the Met677-

Asn695 region includes the JIP-1b-interacting G681YENPTY687 region),
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immunoprecipitation of the AβPP mutant hardly co-precipitated JIP-1b and ASK1

(Fig. 3B).  Very faint bands of JIP-1b and ASK1 observed in the AβPP mutant

precipitation would most likely be the JIP-1b and ASK1 co-precipitated by

endogenous AβPP.  The same findings were observed when JIP-1b was

immunoprecipitated.  Immunoprecipitation of JIP-1b co-precipitated ASK1 as

well as full-length AβPP, but not AβPP∆19 (Fig. 3B).  These findings provide

definite evidence that AβPP forms a complex with ASK1 via JIP-1b at AβPP
CD

.

Activation of ASK1 by EGFR/A PP hybrid in response to EGF

In an attempt to establish the intermediary role of ASK1, we examined whether

ASK1 was activated by the EGFR/AβPP hybrid in response to EGF.  Activation of

ASK1 was assessed by specific anti-phospho-ASK1 antibody, as described

previously (Tobiume et al., 2002).  While endogenous ASK1 was detected in F11

cells by specific anti-ASK1 antibody (Fig. 3C), little phosphorylation occurred in

ASK1 by EGF treatment of F11 cells.  In contrast, when F11 cells had been

transfected with AβPP
CD

 hybrid, treatment of cells with nM levels of EGF caused

significant activation of endogenous ASK1 without alterations in its expression.

These data concur with the notion that F11 cells endogenously express ASK1 and

that the AβPP
CD

 hybrid induces ASK1 activation in response to EGF.

Effect of HN on A PP
CD

-induced and caASK1-induced neurotoxicity

Humanin (HN) is a recently identified 24-residue peptide factor that suppresses
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neuronal cell death not only by various familial AD (FAD) mutants [AβPP

mutants (V642I, K595N/M596L, A617G, L648P), presenilin (PS)1 mutants (M146L,

H163R, A246E, L286Y, C410Y), and N141I-PS2] and Aβ peptides (Aβ1-42/43, and

Aβ25-35) (Hashimoto et al., 2001a, b, c), but also by anti-AβPP antibody

(Hashimoto et al., 2001c).  HN also suppresses Aβ toxicity in cerebrovascular

smooth muscle cells (Jung and Van Nostrand, 2003).  Antibody-stimulated AβPP

neurotoxicity is suppressed by 1-10 µM HN and 1-10 nM (S14G)HN (HNG), but

not by (C8A)HN (HNA).  Caricasole et al. (2002) identified rat HN, termed Rattin

(RN), whose biochemical characteristics are very close to those of HN.

Understanding the mechanism for the rescue function of HN would provide an

important clue to develop novel anti-AD therapeutics.  We thus examined

whether HN protects neuronal cells from AβPP
CD

 hybrid-induced toxicity.

In F11 neurohybrid cells transfected with AβPP
CD

 hybrid, EGF strongly

enhanced cell death, and the EGF-stimulated toxicity was inhibited by 1-10 µM

HN and 1-10 nM HNG, but not by 10 µM HNA (Fig. 3D).  Expression of the

AβPP
CD

 hybrid was not affected by HN and HN derivatives (Fig. 3D, right panel).

These data are consistent both qualitatively and quantitatively with the known

functions of HN and HN derivatives against AβPP-mediated cell death

(Hashimoto et al., 2001c).

We next examined the effects of HN on caASK1-induced cell death.  Figure

3E indicates that HN and its potent derivative HNG dose-dependently inhibited

caASK1-induced neuronal cell death.  The IC
50

 values and the concentrations
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allowing complete suppression were ~100 nM and 10 µM for HN and 10-100 pM

and 10 nM for HNG, respectively.  Under the same condition, HNA had no

rescue effect on caASK1-induced cell death even at 10 µM.  Any concentration of

HN, HNG, or HNA used in this experiment did not inhibit caASK1 expression

(Fig. 3E, upper panel).  The IC
50

 values and the doses allowing complete

suppression by HN and HNG were virtually identical on 22C11-stimulated AβPP

neurotoxicity, EGF-stimulated AβPP
CD

 hybrid neurotoxicity, and caASK1-induced

neurotoxicity.  These data indicate that ASK1 neurotoxicity is inhibited by HN

and its potent derivative HNG but not by its inactive derivative HNA, in the

same dose dependencies as those of HN, HNG, and HNA on AβPP-induced

neuronal cell death.  Therefore, HN would suppress AβPP neurotoxicity by

inhibiting the downstream pathway of ASK1.  This notion concurs with a recent

study (Kariya et al., 2002) that HN inhibits NGF-deprivation–induced neuronal

cell death, as ASK1 has been implicated in NGF-deprivation–induced neuronal

cell death (Kanamoto et al., 2000).  It is therefore likely that HN would be able to

inhibit a variety of types of neuronal cell death in which ASK1 is involved.

Effects of a specific JNK inhibitor SP600125, a specific MEK/MAPK inhibitor

PD98059, and a specific p38MAPK inhibitor SB203580 on A PP
CD

 hybrid-induced

and caASK1-induced neuronal cell death

While it has been demonstrated that antibody-dependent full-length AβPP-

induced neuronal cell death is inhibited by a specific JNK inhibitor SP600125, but
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not by a specific MEK/MAPK inhibitor PD98059, nor by a specific p38MAPK

inhibitor SB203580 (Hashimoto et al., 2003), it remained unknown whether

AβPP
CD

-induced neuronal cell death, if any, is similarly sensitive to SP600125,

and resistant to PD98059 and SB203580.  As shown in Figure 4A (bottom panel),

EGF-stimulated AβPP
CD

-mediated neuronal cell death was almost completely

blocked by 100 nM SP600125, but resistant to 50 µM PD98059 and 20 µM SB203580.

While 50 µM PD98059 and 20 µM SB203580 appeared to somewhat augment the

expression of AβPP
CD

 hybrid (Fig. 4A, middle panel), 100 nM SP600125 did not

inhibit its expression under the same condition as 100 nM SP600125 suppressed

toxicity by AβPP
CD

 hybrid (Fig. 4A, middle panel). These results revealed that

AβPP
CD

-induced neuronal cell death would be mediated by JNK, but not by

MEK/MAPK or p38MAPK, as is the case with full-length AβPP-induced neuronal

cell death.

It has been shown that ASK1 activates JNK and that caASK1 induces

DEVD-sensitive cell death (Ichijo et al., 1997).  It is therefore reasonable to assume

that ASK1-induced cell death is simply mediated by JNK.  However, there is a

possibility that p38MAPK and MEK/MAPK, which are simultaneously activated

by ASK1, could mediate, to some extent, ASK1-induced cell death.  Thus, we also

examined whether caASK1-induced neuronal cell death is blocked by SP600125

and affected by PD98059 and SB203580.  As was the case with AβPP
CD

-induced cell

death, caASK1-induced neuronal cell death was almost completely blocked by 100

nM SP600125, but resistant to 50 µM PD98059 and 20 µM SB203580 (Fig. 4A,
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bottom panel).  While 50 µM PD98059 and 20 µM SB203580 appeared to decrease

the expression of caASK1 (Fig. 4A, upper panel), 100 nM SP600125 did not inhibit

its expression under the same condition as 100 nM SP600125 suppressed toxicity

by caASK1 (Fig. 4A, middle panel). These results indicate that caASK1-induced

neuronal cell death is specifically mediated by JNK, but not by MEK/MAPK or

p38MAPK.

A potential role of the ASK1/JNK system in sustaining the A PP-triggered

neurotoxic mechanism after short-term stimulation of A PP

Hashimoto et al. (2003) showed that NADPH oxidase is the major downstream

mediator of JNK in AβPP neurotoxicity.  Given that JNK is the established

downstream target of ASK1 (Ichijo et al., 1997), this concurs with the present data

that NADPH oxidase is the downstream mediator of ASK1 in the AβPP-triggered

neurotoxic pathway, suggesting that the ASK1/JNK system is the upstream

regulator of NADPH oxidase in this mechanism.

On the other hand, intracellular superoxide activates ASK1 (Saitoh et al.,

1998).  Therefore, it is conceivable that superoxide generated by NADPH oxidase

can upregulate the activity of upstream ASK1 in a positive feedback manner,

once NADPH oxidase is activated in the AβPP-triggered neurotoxic pathway.  If

so, relatively short-term treatment with anti-AβPP antibody would be sufficient

to cause neuronal cell death.  This idea was consistent with our earlier study

(Sudo et al., 2000) showing that 12-hr treatment of neurohybrid cells with anti-

AβPP antibody is sufficient to cause cell death, which occurs for 72 hr following
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treatment.  In the present study, we confirmed that this was also the case with

primary neurons.  Six to 12-hr treatment of primary cortical neurons with anti-

AβPP antibody 22C11 was sufficient to cause neuronal death for the next 72 hr

(Fig. 4B).  Therefore, it was possible that there would be a certain positive

feedback mechanism, in which the ASK1/JNK/NADPH oxidase system played a

central role.

We performed a series of experiments to examine whether this idea was

consistent with the facts.  If such a positive feedback mechanism around

ASK1/JNK is present, delayed PTX treatment would no longer block 22C11-

stimulated neuronal death.  We thus examined whether death of primary

neurons by 22C11, treated for only 6 to 12 hr, was inhibited by delayed treatment

with PTX.  The results, shown in Figure 4B, revealed that delayed PTX little

inhibited neuronal death (which occurred for the next 72 hr) caused by both

short-term 6-hr and 12-hr treatment with 22C11.  When PTX was simultaneously

used with 22C11, PTX blocked 22C11 neurotoxicity, even when neurons were

exposed to long-term (72 hr) treatment with 22C11 (Fig. 4B), as reported

previously using the same system (Hashimoto et al., 2003).  As it takes only 60 to

80 min for PTX to exert its blocking effect on G proteins in cultured systems

(Nishimoto et al., 1987), this result suggested that a 60 to 80 min delay of the PTX

effect does not affect the blocking effect of PTX on neurotoxicity by anti-AβPP

antibody.

In clear contrast, delayed treatment with a specific JNK inhibitor SP600125

greatly inhibited subsequent 72-hr neurotoxicity caused by both 6-hr and 12-hr
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treatment with 22C11.  Taken together, these data indicate that continuous JNK

activation is required for AβPP to accomplish neurotoxicity, whereas upstream

AβPP stimulation is no longer necessary once JNK is activated.

Our earlier study (Hashimoto et al., 2003) has shown that 22C11 treatment

activates JNK in primary neurons and that simultaneous PTX treatment

suppresses 22C11-induced JNK activation.  If a positive feedback mechanism is

present, we might be able to observe its presence by assessing JNK activation.

Using primary neurons, we thus further examined whether sustained activation

of this pathway could be observed, as assessed with JNK assay (Fig. 4C).  When

neurons were continuously treated with 22C11, JNK was continuously activated

(Fig. 4C, left upmost panel), as reported previously (Hashimoto et al., 2003).

While 12-hr prior PTX treatment completely blocked subsequent activation of

JNK induced by 22C11 (Fig. 4C, left middle panel), 1-hr delayed PTX treatment

could no longer affect JNK activation by 22C11 (Fig. 4C, right upmost panel).

Because it takes only 1-2 hr for PTX to exert its effect and the effect of PTX is

irreversible, this result suggested that (i) JNK cannot be activated when G
o
 is

inhibited before AβPP stimulation; and (ii) activation of JNK triggered by AβPP

stimulation is sustained, even when G
o
 is inhibited after initial AβPP activation.

Therefore, to activate JNK, triggering by AβPP stimulation is essential, but once

JNK is activated, JNK activation is sustained without continuous AβPP

stimulation.

In contrast, when neurons were treated with 300 µM APO, 22C11 could
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only activate JNK transiently (Fig. 4C, left bottom panel).  NADPH oxidase is the

only enzyme that is inhibited by 300 µM APO, which cannot affect any of the

other superoxide-generating enzymes (t’Hart and Simons, 1992).  We confirmed

the functional specificity of APO in this effect, by examining the action of 1 mM

L-NMMA, a specific NOS inhibitor, which had no effect (Fig. 4C, right middle

panel).  Therefore, this result suggests that in order for AβPP to cause sustained

activation of JNK, NADPH oxidase would play an essential role.  In addition,

delayed treatment with PTX could not affect the transient activation of JNK by

22C11 in the presence of 300 µM APO (Fig. 4C, right bottom panel).  Combined

with the result that prior PTX treatment abolished 22C11-induced JNK activation

(Fig. 4C, left middle panel), it is conceivable that G
o
 activation is essential for

transient activation of JNK by AβPP.

Taken together, these data indicate that JNK activation by AβPP is

sustained even after upstream signal blockade, and that the sustained activation

of JNK by AβPP no longer occurs when the downstream NADPH oxidase is

inhibited.  This result was consistent with the idea that there is a positive

feedback mechanism after G
o
 before NADPH oxidase, that is, in the ASK1/JNK

system.
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Discussion

We have herein shown that induced dimerization of AβPP
CD 

triggers neuronal

cell death.  Earlier studies from multiple laboratories (Rohn et al., 2000; Sudo et

al., 2000, 2001; Mbebi et al., 2002) found that treatment of neuronal cells with anti-

AβPP antibody causes DEVD-sensitive cell death through cell-surface AβPP.

Sudo et al. (2001) specified that the domain responsible for antibody-stimulated

neurotoxicity is located in AβPP
CD

, which is consistent with the fact that a

number of recent studies have demonstrated the presence of the neurotoxic

function in AβPP
CD

 (Kawasumi et al., 2002 for review).  While it remained

unclear whether antibody-induced oligomerization of cell-surface AβPP is the

process to trigger the neurotoxic function of AβPP
CD

 or whether AβPP
CD

dimerization induced by EGFR hybrids occurs in case of full-length AβPP,

EGFR hybrids with AβPP
CD

 indicate that induced dimerization of AβPP
CD

 causes

neurotoxicity by enhancing DEVD/GEE-sensitive cell death.  Notably, AβPP
CD

dimerization-induced neuronal cell death was resistant to N2 supplement,

whereas simple overexpression of AβPP
CD

 caused weak neurotoxicity sensitive to

N2 supplement.  It is therefore important to direct attention to the use of neural

supplements in performing experiments using AβPP and relevant constructs.

This study also indicates that neuronal cell death by AβPP
CD

 dimerization

is mediated by PTX-sensitive G proteins and ASK1/JNK.  Neuronal cell death by

AβPP
CD

 dimerization and by 22C11-stimulated AβPP was blocked by PTX, by
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dnASK1, but not wtASK1, by DEVD/GEE/APO, and by SP600125, but not PD98059

or SB203580.  caASK1-induced neuronal cell death was blocked by SP600125, but

not PD98059 or SB203580, confirming that JNK mediates caASK1-induced

neuronal cell death.  dnASK1 could not inhibit mutant αSYN-induced cell death

in the same neuronal system, consistent with our report that mutant αSYN-

induced cell death is resistant to caspase inhibitors in our system (Hashimoto et

al., 2003).  The pharmacological inhibitor profile of caASK1-induced

neurotoxicity was similar to those of AβPP
CD 

dimerization-induced neurotoxicity

and antibody-stimulated AβPP neurotoxicity, except for PTX sensitivity.  HN,

known to inhibit AβPP neurotoxicity, could inhibit both AβPP
CD 

dimerization-

induced and caASK1-induced neurotoxicity.  AβPP
CD

 hybrid could activate ASK1

in response to EGF.  We have shown that the JNK-mediating AβPP neurotoxicity

is specifically mediated by G
o
, among PTX-sensitive G proteins (Hashimoto et al.,

2003).  All these findings indicate that neuronal cell death triggered by AβPP
CD

dimerization is mediated by G
o
 and the downstream ASK1/JNK system.

ASK1 is present in neuronal cells (Nakahara et al., 1999; Kanamoto et al.,

2000; this study), and has been implicated in a variety of neuronal cell death

(Kanamoto et al., 2000; Nakahara et al., 1999).  We also found that ASK1 forms a

complex with JIP-1b, irrespective of the activation status of ASK1, and with AβPP

via JIP-1b.  Therefore, AβPP/JIP-1b/ASK1 forms a ternary complex.  Although the

relevant data were obtained when each molecule was overexpressed, we were

unable to perform the same immunoprecipitation experiment, mainly due to
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insufficient amounts of endogenous proteins.  JNK binds to the extreme C-

terminal region of AβPP via JIP-1b (Matsuda et al., 2001; Scheinfeld et al., 2002),

which stabilizes the activity of JNK (Dickens et al., 1997).  Gα
o
 binds to the middle

cytoplasmic region of AβPP (Nishimoto et al., 1993; Brouillet et al., 1999) and can

activate JNK via its Gβγ (Coso et al., 1996; Yamauchi et al., 2000).  Our recent study

(Hashimoto et al., 2003) shows that 22C11-stimulated AβPP causes neuronal cell

death via G
o 

and JNK.  Given the fact that JNK is the established target of ASK1

(Ichijo et al., 1997), the present study indicates that the trigger of G
o
 activation is

AβPP
CD 

dimerization and that ASK1 is the mediator of the signal from G
o
 to the

downstream JNK pathway (Fig. 4D).  It should also be noted that in this case,

AβPP functions as a scaffolding protein that allows for efficient downstream

signaling, in addition to being a signal transducer of extracellular stimulation.

The ASK1/JNK system would play another role in this mechanism.  The

present study indicates that (i) 6-hr to 12-hr treatment with anti-AβPP antibody is

sufficient to exert neurotoxicity for 72 hr in primary neurons; (ii) to exert

neurotoxicity, JNK activation is required, even after the removal of anti-AβPP

antibody, whereas stimulation of AβPP and G
o
 is no longer necessary once JNK is

activated; (iii) to activate JNK, triggering by AβPP stimulation is essential, but

once JNK is activated, JNK activation is sustained even after upstream signal

blockade at the level of G
o
; and (iv) the sustained activation of JNK by AβPP no

longer occurs when the downstream NADPH oxidase is inhibited.  These results

suggest that there is a positive feedback mechanism after G
o
 before NADPH
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oxidase, that is, in the ASK1/JNK system.  At this moment, what molecular

mechanism underlies this positive feedback system is unclear.  Combined with

the study of Saitoh et al. (1998), a simple interpretation is that after initial

activation of ASK1/JNK and NADPH oxidase by AβPP dimerization via Gβγ of

G
o
, superoxide generated by NADPH oxidase not only forwards the signal to the

downstream machinery but also upregulates the activity of upstream ASK1 in a

positive feedback manner.  Alternatively, NADPH oxidase might irreversibly

suppress JNK phosphatase activity, allowing JNK to be continuously active even

after upstream signal blockade in a positive feedback manner.  In any event, the

observed positive feedback mechanism suggests that once this pathway is

activated, the toxic signal can be autonomously generated without requiring

upstream AβPP stimulation.  This system would be at least one mechanism

underlying neurotoxicity exerted by short-term treatment with anti-AβPP

antibody.  While further clarification is required, this study provides the first

evidence that the ASK1/JNK system has a novel role in sustaining the activity of

the neurotoxic pathway.

In summary, extracellularly regulated dimerization of AβPP
CD

 can cause

DEVD-sensitive neuronal cell death through intracellular signaling machinery.

This suggests a novel concept that cell-surface AβPP regulates neuronal cell death

via dimerization of its own cytoplasmic domain.  Scheuermann et al. (2001)

found that a certain fraction of cellular AβPP is homodimerized in neuronal cells

and suggested that dimerization could be a physiologically important mechanism
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for regulating the potential signal activity of AβPP.  At the present, it remains

unknown whether any extracellular natural ligand can trigger the toxic function

of AβPP, and therefore, the physiological relevance of antibody-stimulated AβPP

neurotoxicity remains unclear.  As Tian et al. (2001) suggested that APLP2

functions as a cell-surface receptor for Muellerian-inhibiting substance, there is a

possibility that a natural ligand for this function of AβPP may exist.  Torroja et al.

(1999) found a cell-surface receptor-like function in Drosophila AβPP homolog

APPL via its cytoplasmic region corresponding to the mammalian G
o
-binding

domain AβPP
657-676

, speculating that a natural ligand for APPL would be present.

Hoffmann et al. (1999) reported that a protein specifically binding to the

extracellular domain of AβPP exists on the surface of undifferentiated neuronal

cells and can potentially play a role as an AβPP ligand acting on the AβPP located

on adjacent cells.  Therefore, it will be quite important to seek the molecules that

regulate AβPP dimerization and its downstream pathway for the purpose of

derstanding the physiological roles of AβPP as well as of developing therapeutics

to control neuronal cell death in AD.

34

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

Acknowledgement: We especially thank Mr. Michihiro Hata for his

indispensable assistance to construction of EGFR/AβPP hybrids; Dr. Tadashi

Yamamoto for EGFR cDNA; Drs. John T. Potts Jr., Etsuro Ogata, and Masaki

Kitajima for essential help.  We are also indebted to Dr. Mark C. Fishman for F11

neurohybrid cells; and Ms. Yuko Ito and Ms. Takako Hiraki for essential

cooperation; Mr. Yoshiomi & Mrs. Yumi Tamai for indispensable support; Dr.

Dovie Wylie and Ms. Kazumi Nishihara for expert assistance; and anonymous

reviewers for the improvement of this study.

35

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

Footnote: This work was supported in part by grants from Japan Research

Foundation for Clinical Pharmacology (Y.H.) and the Ministry of Education,

Culture, Sports, Science, and Technology of Japan.

36

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

References

Brouillet E, Trembleau A, Galanaud D, Volovitch M, Bouillot C, Valenza C,

Prochiantz A, and Allinquant B (1999) The amyloid precursor protein interacts

with G
o
 heterotrimeric protein within a cell compartment specialized in signal

transduction. J Neurosci 19: 1717-1727.

Caricasole A, Bruno V, Cappuccio I, Melchiorri D, Copani A, and Nicoletti F

(2002) A novel rat gene encoding a Humanin-like peptide endowed with broad

neuroprotective activity. FASEB J 16: 1331-1333.

Coso OA, Teramoto H, Simonds WF, and Gutkind JS (1996) Signaling from G

protein-coupled receptors to c-Jun kinase involves βγ subunits of heterotrimeric

G proteins acting on a Ras and Rac1-dependent pathway. J Biol Chem 271: 3963-

3966.

Dickens M, Rogers JS, Cavanagh J, Raitano A, Xia Z, Halpern JR, Greenberg ME,

Sawyers CL, and Davis RJ (1997) A cytoplasmic inhibitor of the JNK signal

transduction pathway. Science 277: 693-696.

Ghil SH, Kim BJ, Lee YD, and Suh-Kim H (2000) Neurite outgrowth induced by

cyclic AMP can be modulated by the alpha subunit of G
o
. J Neurochem 74: 151-

37

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

158.

Giambarella U, Yamatsuji T, Okamoto T, Matsui T, Ikezu T, Murayama Y, Levine

MA, Katz A, Gautam N, and Nishimoto I (1997) G protein βγ complex-mediated

apoptosis by familial Alzheimer’s disease mutant of APP. EMBO J 16: 4897-4907.

Hagiwara A, Hashimoto Y, Niikura T, Ito Y, Terashita K, Kita Y, Nishimoto I,

and Umezawa K (2000) Neuronal cell apoptosis by a receptor-binding domain

peptide of ApoE4, not through low-density lipoprotein receptor-related protein.

Biochem Biophys Res Commun 278: 633-639.

Hashimoto Y, Niikura T, Ito Y, and Nishimoto I (2000a) Multiple mechanisms

underlie neurotoxicity by different type Alzheimer's disease mutations of

amyloid precursor protein. J Biol Chem 275: 34541-34551.

Hashimoto Y, Jiang H, Niikura T, Ito Y, Hagiwara A, Umezawa K, Abe Y,

Murayama Y, and Nishimoto I (2000b) Neuronal apoptosis by apolipoprotein E4

through low-density lipoprotein receptor-related protein and heterotrimeric

GTPases. J Neurosci 20: 8401-8409.

Hashimoto Y, Niikura T, Tajima H, Yasukawa Y, Sudo H, Ito Y, Kita Y,

Kawasumi M, Kouyama K, Doyu M, et al. (2001a) A rescue factor abolishing

neuronal cell death by a wide spectrum of familial Alzheimer’s disease genes and

38

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

Aβ. Proc Natl Acad Sci U S A 98: 6336-6341.

Hashimoto Y, Ito Y, Niikura T, Shao Z, Hata M, Oyama F, and Nishimoto I

(2001b) Mechanisms of neuroprotection by a novel rescue factor Humanin from

Swedish mutant amyloid precursor protein. Biochem Biophys Res Commun 283:

460-468.

Hashimoto Y, Niikura T, Ito Y, Sudo H, Hata M, Arakawa E, Abe Y, Kita Y, and

Nishimoto I (2001c) Detailed characterization of neuroprotection by a rescue

factor Humanin against various Alzheimer's disease-relevant insults. J Neurosci

21: 9235-9245.

Hashimoto Y, Niikura T, Ito Y, Kita Y, Terashita K, and Nishimoto I (2002a)

Neurotoxic mechanisms by Alzheimer's disease-linked N141I mutant

presenilin2. J Pharmacol Exp Ther 300: 736-745.

Hashimoto Y, Ito Y, Arakawa E, Kita Y, Terashita K, Niikura T, and Nishimoto I

(2002b) Neurotoxic mechanisms triggered by Alzheimer’s disease-linked mutant

M146L presenilin 1: involvement of NO synthase via a novel pertussis toxin

target. J Neurochem 80: 426-437.

Hashimoto Y, Tsuji O, Niikura T, Yamagishi Y, Ishizaka M, Kawasumi M, Chiba

T, Kanekura K, Yamada M, Tsukamoto E, et al. (2003) Involvement of c-Jun N-

39

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

terminal kinase in amyloid precursor protein-mediated neuronal cell death. J

Neurochem 84: 864-877.

Heber S, Herms J, Gajic V, Hainfellner J, Aguzzi A, Rulicke T, von Kretzschmar

H, von Koch C, Sisodia S, Tremml P, et al. (2000) Mice with combined gene

knock-outs reveal essential and partially redundant functions of amyloid

precursor protein family members. J Neurosci 20: 7951-7963.

Hoffmann J, Pietrzik CU, Kummer MP, Twiesselmann C, Bauer C, and Herzog V

(1999) Binding and selective detection of the secretory N-terminal domain of the

alzheimer amyloid precursor protein on cell surfaces. J Histochem Cytochem 47:

373-382.

Huang P, Miao S, Fan H, Sheng Q, Yan Y, Wang L, and Koide SS (2000)

Expression and characterization of the human YWK-II gene, encoding a sperm

membrane protein related to the Alzheimer βA4-amyloid precursor protein. Mol

Hum Reprod 6: 1069-1078.

Jung SS and Van Nostrand WE (2003) Humanin rescues human cerebrovascular

smooth muscle cells from Aβ-induced toxicity. J Neurochem 84: 266-272.

Ichijo H, Nishida E, Irie K, ten Dijke P, Saitoh M, Moriguchi T, Takagi M,

Matsumoto K, Miyazono K, and Gotoh Y (1997) Induction of apoptosis by ASK1, a

40

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

mammalian MAPKKK that activates SAPK/JNK and p38 signaling pathways.

Science 275: 90-94.

Kanamoto T, Mota M, Takeda K, Rubin LL, Miyazono K, Ichijo H, and Bazenet

CE (2000) Role of apoptosis signal-regulating kinase in regulation of the c-Jun N-

terminal kinase pathway and apoptosis in sympathetic neurons. Mol Cell Biol 20:

196-204.

Kang J, Lemaire H-G, Unterback A, Salbaum JM, Masters CL, Grezeschik KH,

Multhaup G, Beyreuther K, and Müller-Hill B (1987) The precursor of Alzheimer

disease amyloid A4 protein resembles a cell-surface receptor. Nature 325: 733-736.

Kariya S, Takahashi N, Ooba N, Kawahara M, Nakayama H, and Ueno S (2002)

Humanin inhibits cell death of serum-deprived PC12h cells. Neuroreport 13: 903-

907.

Kawasumi M, Hashimoto Y, Chiba T, Kanekura K, Yamagishi Y, Ishizaka M,

Tajima H, Niikura T, and Nishimoto I (2002) Molecular mechanisms for

neuronal cell death by Alzheimer's amyloid precursor protein relevant insults.

NeuroSignals 11: 236-250.

Matsuda S, Yasukawa T, Homma Y, Shao Z, Ito Y, Niikura T, Hiraki T, Hirai S,

Ohno S, Kita Y, et al. (2001) c-Jun N-terminal kinase (JNK)-interacting protein-

41

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

1b/islet-brain-1 scaffolds Alzheimer's amyloid precursor protein with JNK. J

Neurosci 21: 6597-6607.

Mbebi C, See V, Mercken L, Pradier L, Muller U, and Loeffler JP (2002) Amyloid

precursor protein family-induced neuronal death is mediated by impairment of

the neuroprotective calcium/calmodulin protein kinase IV-dependent signaling

pathway. J Biol Chem 277: 20979-20990.

Müller U, Cristina N, Li Z-W, Wolfer DP, Lipp H-P, Rülicke T, Brandner S,

Aguzzi A, and Weissmann C (1994) Behavioral and anatomical deficits in mice

homozygous for a modified β-amyloid precursor protein gene. Cell 79: 755-765.

Nakahara S, Yone K, Sakou T, Wada S, Nagamine T, Niiyama T, and Ichijo H

(1999) Induction of apoptosis signal regulating kinase 1 (ASK1) after spinal cord

injury in rats: possible involvement of ASK1-JNK and -p38 pathways in

neuronal apoptosis. J Neuropathol Exp Neurol 58: 442-450.

Niikura T, Murayama N, Hashimoto Y, Ito Y, Yamagishi Y, Matsuoka M,

Takeuchi Y, Aiso S, and Nishimoto I (2000) V642I APP-inducible neuronal cells: a

model system for investigating Alzheimer's disorders. Biochem Biophys Res

Commun 274: 445-454.

Niikura T, Hashimoto Y, Okamoto T, Abe Y, Yasukawa T, Kawasumi M, Hiraki

42

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

T, Kita Y, Terashita K, Kouyama K, et al. (2001) Insulin-like growth factor I (IGF-I)

protects cells from apoptosis by Alzheimer’s V642I mutant amyloid precursor

protein through IGF-I receptor in an IGF-binding protein-sensitive manner. J

Neurosci 21: 1902-1910.

Niikura T, Hashimoto Y, Tajima H, and Nishimoto I (2002) Death and survival

of neuronal cells exposed to Alzheimer’s insults. J Neurosci Res 70: 380-391.

Nishimoto I, Hata Y, Ogata E, and Kojima I (1987) Insulin-like growth factor-II

stimulates calcium influx in competent BALB/c 3T3 cells primed with epidermal

growth factor. J Biol Chem 262: 12120-12126.

Nishimoto I, Okamoto T, Matsuura Y, Okamoto T, Murayama Y, and Ogata E

(1993) Alzheimer amyloid protein precursor forms a complex with brain GTP

binding protein G
o
. Nature 362: 75-79.

Platika D, Boulos MH, Baizer L, and Fishman MC (1985) Neuronal traits of clonal

cell lines derived by fusion of dorsal root ganglia neurons with neuroblastoma

cells. Proc Natl Acad Sci U S A 82: 3499-3503.

Rohn TT, Ivins KJ, Bahr BA, Cotman CW, and Cribbs DH (2000) A monoclonal

antibody to amyloid precursor protein induces neuronal apoptosis. J Neurochem

74: 2331-2342.

43

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada Y, Kawabata M,

Miyazono K, and Ichijo H (1998) Mammalian thioredoxin is a direct inhibitor of

apoptosis signal-regulating kinase (ASK) 1. EMBO J 17: 2596-2606.

Scheinfeld MH, Roncarati R, Vito P, Lopez PA, Abdallah M, and D'Adamio L

(2002) Jun NH2-terminal kinase (JNK) interacting protein 1 (JIP1) binds the

cytoplasmic domain of the Alzheimer's β-amyloid precursor protein (APP). J Biol

Chem 277: 3767-3775.

Scheuermann S, Hambsch B, Hesse L, Stumm J, Schmidt C, Beher D, Bayer TA,

Beyreuther K, and Multhaup G (2001) Homodimerization of amyloid precursor

protein and its implication in the amyloidogenic pathway of Alzheimer's

disease. J Biol Chem 276: 33923-33929.

Storms SD and Rutishauser U (1998) A role for polysialic acid in neural cell

adhesion molecule heterophilic binding to proteoglycans. J Biol Chem 273: 27124-

27129.

Sudo H, Jiang H, Yasukawa T, Hashimoto Y, Niikura T, Kawasumi M, Matsuda

S, Takeuchi Y, Aiso S, Matsuoka M, et al. (2000) Antibody-regulated neurotoxic

function of cell surface β-amyloid precursor protein. Mol Cell Neurosci 16: 708-

723.

44

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

Sudo H, Hashimoto Y, Niikura T, Shao Z, Yasukawa T, Ito Y, Yamada M, Hata M,

Hiraki T, Kawasumi M, et al. (2001) Secreted Aβ does not mediate neurotoxicity

by antibody-stimulated amyloid precursor protein. Biochem Biophys Res

Commun 282: 548-556.

t’Hart BA and Simons JM (1992) Metabolic activation of phenols by stimulated

neutrophils: a concept for a selective type of anti-inflammatory drug. Biotechnol

Ther 3: 119-135.

Tian XY, Sha YS, Zhang SM, Chen YB, Miao SY, Wang LF, and Koide SS (2001)

Extracellular domain of YWK-II, a human sperm transmembrane protein,

interacts with rat Muellerian-inhibiting substance. Reproduction 121: 873-880.

Tobiume K, Saitoh M, and Ichijo H (2002) Activation of ASK1 by the stress-

induced activating phosphorylation of pre-formed oligomer. J Cell Physiol 191:

95-104.

Torroja L, Packard M, Gorczyca M, White K, and Budnik V (1999) The Drosophila

β-amyloid precursor protein homolog promotes synapse differentiation at the

neuromuscular junction. J Neurosci 19: 7793-7803.

von Koch CS, Zheng H, Chen H, Trumbauer M, Thinakaran G, van der Ploeg LH,

45

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

Price DL, and Sisodia SS (1997) Generation of APLP2 KO mice and early postnatal

lethality in APLP2/APP double KO mice. Neurobiol Aging 18: 661-669.

Yamatsuji T, Okamoto T, Takeda S, Fukumoto H, Iwatsubo T, Suzuki N, Asami-

Odaka A, Ireland S, Kinane TB, and Nishimoto I (1996a) G-protein–mediated

neuronal DNA fragmentation by familial Alzheimer’s disease-associated V642

mutants of APP.  Science 272: 1349-1352.

Yamatsuji T, Okamoto T, Takeda S, Murayama Y, Tanaka N, and Nishimoto I

(1996b) Expression of V642 APP mutant causes cellular apoptosis as Alzheimer

trait-linked phenotype. EMBO J 15: 498-509.

Yamauchi J, Kawano T, Nagao M, Kaziro Y, and Itoh H (2000) G
i
-dependent

activation of c-Jun N-terminal kinase in human embryonal kidney 293 cells. J

Biol Chem 275: 7633-7640.

Zheng H, Jiang M, Trumbauer ME, Sirinathsinghji DJS, Hopkins R, Smith DW,

Heavens RP, Dawson GR, Boyce S, Conner MW, et al. (1995) β-Amyloid precursor

protein-deficient mice show reactive gliosis and decreased locomotor activity.

Cell 81: 525-531.

46

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2003 as DOI: 10.1124/jpet.103.051383

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #51383

Figure legends

Figure 1. Effect of EGF on neuronal cell death by EGFR/A PP hybrids

A: After F11 neurohybrid cells were transfected with or without AβPP 
TM+CD

hybrid cDNA (upper panel) or AβPP
CD

 hybrid cDNA (lower panel), cells were

treated with or without 100 nM EGF in the absence (none) or presence (N2) of N2

supplement.  Cell mortality was measured by Trypan blue exclusion assay 48 hr

after the onset of EGF treatment.  *: significantly increased cytotoxicity relative to

corresponding AβPP hybrid cytotoxicity in the absence of EGF and N2

supplement.  **: significantly increased cytotoxicity relative to corresponding

AβPP hybrid cytotoxicity in the absence of EGF and the presence of N2

supplement.  ***: significantly decreased cytotoxicity relative to corresponding

AβPP hybrid cytotoxicity in the absence of EGF and N2 supplement.  All values

presented in this study indicate means ± S.D. of three to four independent

experiments.  Insets: Immunoblot analysis of each AβPP hybrid.  F11 cells were

transfected with or without AβPP
TM+CD

 hybrid cDNA (upper panel) or AβPP
CD

hybrid cDNA (lower panel) and treated with or without 100 nM EGF in the

presence or absence of N2 supplement.  The cell lysates were submitted to SDS-

PAGE and immunoblot analysis with anti-EGFR antibody.  Arrowheads indicate

AβPP hybrids.  The numbers correspond to those of the experiments performed

in the same panels.

B: Dose effects of EGF on AβPP hybrid-mediated neuronal cell death.  F11 cells

were transfected without (no T) or with empty pcDNA (pcDNA), AβPP
TM+CD
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hybrid cDNA (A PP
TM+CD

 hybrid), or AβPP
CD

 hybrid cDNA (A PP
CD

 hybrid) and

treated with increasing concentrations of EGF in the presence of N2 supplement.

Forty-eight hr after the onset of EGF treatment, cell mortality was measured by

Trypan blue exclusion assay.  *: significant vs. corresponding AβPP hybrid in the

absence of EGF.  Inset: Illustration of two AβPP hybrids.  “ED”, “TM”, and “CD”:

“extracellular domain”, “transmembrane domain”, and “cytoplasmic domain”,

respectively.

C: Effects of EGFR(ED+TM).  F11 cells were transfected with or without

EGFR(ED+TM) cDNA with or without AβPP
CD

 hybrid cDNA and treated with or

without 100 nM EGF in the presence of N2 supplement.  Forty-eight hr after the

onset of EGF treatment, cell mortality was measured by Trypan blue exclusion

assay.  n.s.: not significant.  *: significant vs. corresponding AβPP
CD

 hybrid in the

absence of EGF.  **: significant vs. AβPP
CD

 hybrid alone in the presence of EGF.

Inset: Expression of EGFR(ED+TM) or AβPP
CD

 hybrid in the experiments shown

in C.  The cell lysate samples were immunoblotted by anti-EGFR antibody.  The

arrowhead indicates EGFR(ED+TM) or AβPP
CD

 hybrid.  The numbers correspond

to those of the experiments performed in C.

D: Effects of DEVD, GEE, or PTX on neuronal cell by AβPP hybrids.  F11 cells were

transfected without (no T) or with empty pcDNA (pcDNA), AβPP
TM+CD

 hybrid

cDNA (A PP
TM+CD

 hybrid), or AβPP
CD

 hybrid cDNA (A PP
CD

 hybrid) and treated

with 100 nM EGF in the presence of N2 supplement without (-) or with 100 µM
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DEVD (D), 1 mM GEE (G), or 1 µg/ml PTX (P).  Forty-eight hr after the onset of

EGF treatment, cell mortality was measured by Trypan blue exclusion assay.  *:

significant vs. corresponding AβPP hybrid alone in the presence of EGF.

E: Effect of APO or L-NMMA on EGF-dependent neuronal cell death by AβPP

hybrids.  F11 cells were transfected without (no T) or with empty pcDNA

(pcDNA), AβPP
TM + CD

 hybrid cDNA (A PP
TM+CD

 hybrid), or AβPP
CD

 hybrid

cDNA (A PP
CD

 hybrid) and treated with 100 nM EGF in the presence of N2

supplement without (-) or with 300 µM APO (A) or 1 mM L-NMMA (N).  Forty-

eight hr after transfection, cell mortality was measured by Trypan blue exclusion

assay.  * and #: significant and not significant vs. corresponding AβPP hybrid

alone in the presence of EGF.

Figure 2. Effect of dnASK1 on EGF-induced neuronal cell death by A PP
CD

hybrid.

A: Immunoblot analysis of AβPP
CD

 hybrid and ASK1 constructs.  F11

neurohybrid cells were transfected without (-) or with empty pcDNA (pcDNA),

AβPP
CD

 hybrid cDNA (A PP
CD

 hybrid) with empty pcDNA (vec), dnASK1 cDNA

(dnASK1), or wtASK1 cDNA (wtASK1) and treated with or without 100 nM EGF

in the presence of N2 supplement.  Forty-eight hr after the onset of EGF

treatment, the cell lysates were submitted to immunoblot analysis with anti-

EGFR antibody (for AβPP
CD

 hybrid) or anti-HA antibody (for ASK1 constructs).

The upper panel illustrates wtASK1, dnASK1, and caASK1.  Numbers indicate
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the position of amino acids.  The shaded region (amino acid #678-936)

corresponds to the kinase domain.  The lower panel indicates expressed ASK1

constructs (bottom subfigure) and AβPP
CD

 hybrid (middle subfigure).  The

numbers on the left sides of the gels indicate molecular weights in kDa.

B: Inhibition by dnASK1 of EGF-induced neuronal cell death by AβPP
CD

 hybrid.

F11 cells were transfected without (no T) or with empty pcDNA (pcDNA) or

AβPP
CD

 hybrid cDNA (A PP
CD

 hybrid) without (none) or with empty pcDNA

(pcDNA), ASK1-K709R cDNA (dnASK1), or wtASK1 cDNA (wtASK1), and

treated with or without 100 nM EGF in the presence of N2 supplement.  Forty-

eight hr after the onset of EGF treatment, cell mortality was measured by Trypan

blue exclusion assay. *: not significant vs. AβPP
CD

 hybrid alone in the presence of

EGF.  **: significant vs. AβPP
CD

 hybrid alone and AβPP
CD

 hybrid with wtASK1 in

the presence of EGF.  ***: significantly increased cytotoxicity as compared to

cytotoxicity in the absence of EGF or EGF-induced cytotoxicity in cells not

expressing AβPP
CD

 hybrid.

C: Cell viability assay results.  Experiments were performed in the same way as in

B.  Forty-eight hr after the onset of EGF treatment, cell viability was measured by

WST-8 assay.  These experiments were performed independently from the

experiments shown in B.  *: not significant vs. AβPP
CD

 hybrid alone in the

presence of EGF.  **: significantly higher cell viability as compared to that of cells

transfected with AβPP
CD

 hybrid alone as well as that of cells transfected with
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AβPP
CD

 hybrid and wtASK1.  ***: significant vs. cell viability in the absence of

EGF or viability of cells not expressing AβPP
CD

 hybrid in the presence of EGF.

D: Inhibition by dnASK1 of anti-AβPP antibody-induced neuronal cell death by

full-length wtAβPP.  F11 cells were transfected without (no T) or with empty

pcDNA (pcDNA) or full-length wtAβPP cDNA (wtA PP) with empty pcDNA

(pcDNA) or dnASK1 cDNA (dnASK1), and treated with or without 2 µg/ml

22C11 in the presence of N2 supplement.  Forty-eight hr after the onset of 22C11

treatment, cell mortality was measured by Trypan blue exclusion assay. *:

significant vs. wtAβPP alone in the absence of 22C11.  **: not significant vs.

wtAβPP plus dnASK1 in the absence of 22C11.  Upper panels: expression of full-

length AβPP (upmost subfigure) ASK1 constructs (middle subfigure) in the

experiment corresponding to that shown in the bottom panel.

E: Effect of dnASK1 on mutant αSYN-induced neuronal cell death.  F11 cells were

transfected without (no T) or with empty vector (vec) or mutant αSYN cDNA

(A30P SYN or A53T SYN) with empty vector (vec) or dnASK1 cDNA

(dnASK1) in the presence of N2 supplement.  Forty-eight hr after the onset of

transfection, cell mortality was measured by Trypan blue exclusion assay.  Insets:

Immunoblot analysis of αSYN constructs (upper) and dnASK1 (lower) in the

experiment shown in the same panel.  Arrowheads indicate the corresponding

constructs.  The numbers correspond to those of the experiments performed in

the same panels.

F: Induction of neuronal cell death by caASK1 and its sensitivity to various
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inhibitors.  F11 cells were transfected without (no T) or with empty pcDNA (vec),

wtASK1 cDNA (wtASK1), or caASK1 cDNA (caASK1) in the presence of N2

supplement without (-) or with 100 µM DEVD (D), 1 mM GEE (G), or 1 µg/ml

PTX (P).  Forty-eight hr after transfection, cell mortality was measured by Trypan

blue exclusion assay.  * and **: significant and not significant vs. caASK1 alone,

respectively.

Inset: Effect of APO or L-NMMA on neuronal cell death by caASK1 (caASK1).  F11

cells were transfected without (no T) or with empty pcDNA (vec), caASK1 cDNA

(caASK1) in the presence of N2 supplement with none (none), 300 µM APO

(APO), or 1 mM L-NMMA (L-NMMA).  Forty-eight hr after the onset of

transfection, cell mortality was measured by Trypan blue exclusion assay.  * and

**: significant and not significant vs. caASK1 alone, respectively.  The upper

panel indicates expressed HA-tagged caASK1 in the corresponding cell lysates by

anti-HA antibody.

Figure 3. A PP forms a complex with ASK1 via JIP-1b and HN inhibits A PP

hybrid/caASK1-induced neuronal cell death

A: After F11 cells were transfected with or without JIP-1b with or without

wtASK1, dnASK1, or caASK1, JIP-1b in the cell lysates was immunoprecipitated

by anti-(His)
6
 antibody, and the precipitate was analyzed with 0.1 µg/ml anti-HA

antibody (Roche Diagnostics) for ASK1.  The five lanes in the right half indicate

immunoblot analysis of the precipitated samples, and the five on the left indicate

the inputs for immunoprecipitation.
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B: After F11 cells were transfected with wtAβPP, JIP-1b, and wtASK1 (#3) or

AβPP∆19, JIP-1b, and wtASK1 (#4), cell lysates were immunoprecipitated by 22C11

for AβPP (leftmost panels) or anti-(His)
6
 antibody for JIP-1b (middle panels).  The

samples were submitted to immunoblot analysis with anti-Xpress antibody (for

JIP-1b blot), anti-HA antibody (for ASK1 blot), or 22C11 (for AβPP blot).  #1 and #2

indicate no transfection and vector transfection cases, respectively.  The

rightmost panels indicate the inputs for immunoprecipitation.

C: Activation of endogenous ASK1 by AβPP
CD

 hybrid in response to EGF.  F11

cells were transfected without (-) or with AβPP
CD

 hybrid.  Eighteen hr after

transfection, cells were stimulated with 10 ng/ml (1.7 nM) EGF and lysed at each

indicated time point (hr) after the onset of EGF treatment.  Cell lysates were

analyzed by immunoblotting (WB: p-ASK1) with anti-phospho-ASK1 antibody.

Cell lysates were also analyzed with anti-ASK1 antibody as loading controls (WB:

ASK1).  As another loading control, cells were transfected with HA-tagged ASK1

for 18 hr and cell lysates were analyzed by anti-HA antibody, anti-phospho-ASK1

antibody, or anti-ASK1 antibody (WB: HA).  As a positive control, F11 cells were

treated with 1 mM H
2
O

2
 for 30 min (H

2
O

2
).  The arrowheads denote the specific

bands of activated ASK1 (upper panel) and total ASK1 (middle panel),

respectively.

D: Effects of HN, HNG, and HNA on AβPP
CD

 hybrid-mediated neuronal cell

death.  F11 cells were transfected with empty pcDNA (pcDNA) or AβPP
CD

 hybrid

cDNA (A PP
CD

 hybrid) and cultured in the presence or absence of increasing
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concentrations (0, 10 nM, 100 nM, 1 µM, 10 µM from left to right) of HN,

increasing concentrations (10 pM, 100 pM, 1 nM, 10 nM from left to right) of

HNG, or 10 µM HNA for 48 hr.  Cell mortality was then measured by Trypan

blue exclusion assay.  “no T” represents the results of cell mortality without

transfection.  * and **: significant and not significant vs. AβPP hybrid plus EGF.

Right panel: Immunoblot analysis of expressed AβPP
CD

 hybrid in the

experiments shown in the left panel.  An arrowhead indicates the expressed

AβPP
CD

 hybrid protein.  The employed concentrations of HN, HNG, and HNA

were 10 µM, 10 nM, and 10 µM, respectively.

E: Effects of HN, HNG, and HNA on caASK1-mediated neuronal cell death.  F11

cells were transfected with empty vector (vec) or caASK1 cDNA (caASK1) and

cultured in the presence or absence of increasing concentrations [0 (#1), 10 nM

(#2), 100 nM (#3), 1 µM (#4), 10 µM (#5) from left to right] of HN, increasing

concentrations [10 pM (#6), 100 pM (#7), 1 nM (#8), 10 nM (#9) from left to right]

of HNG, or 10 µM HNA (#10) for 48 hr.  Cell mortality was then measured by

Trypan blue exclusion assay.  “no T” represents the results of cell mortality

without transfection.  * and **: significant and not significant vs. caASK1 alone.

upper panel: Immunoblot analysis of expressed caASK1 in the experiments

shown in the lower panel.

Figure 4. Effect of a specific JNK inhibitor SP600125 on A PP
CD

-induced and

caASK1-induced neuronal cell death and unique effects of delayed treatment
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with inhibitors of antibody-triggered A PP-mediated neuronal death

A: Inhibition by SP600125, but not PD98059 or SB203580, of both AβPP
CD

-induced

and caASK1-induced neuronal cell death.  F11 neurohybrid cells were transfected

without (no T) or with an empty vector (pcDNA) or caASK1 cDNA, and 24 hr

after transfection, cells were cultured in the presence of N2 supplement with or

without 100 nM SP600125, 50 µM PD98059, or 20 µM SB203580 for 48 hr.  Forty-

eight hr after the onset of transfection, cell mortality was measured by Trypan

blue exclusion assay.  For the AβPP
CD

 hybrid experiment, F11 cells were

transfected with AβPP
CD

 hybrid cDNA.  Twenty-four hr after the onset of

transfection, cells were treated with or without 100 nM EGF for 48 hr in the

presence of N2 supplement with or without 100 nM SP600125, 50 µM PD98059, or

20 µM SB203580.  **: significant vs. pcDNA alone or AβPP
CD

 hybrid alone.  *:

significant vs. caASK1 alone or AβPP
CD

 hybrid plus EGF treatment.

upper photos: Immunoblot analysis of caASK1 (upper) and AβPP
CD

 hybrid

(lower) in the presence or absence of SP600125 (SP), PD98059 (PD), or SB203580

(SB) under the same experiments as shown in the bottom panel.  Arrowheads

indicate expressed caASK1 and AβPP
CD

 hybrid proteins.

B: Primary neurons (2.5 x 104 cells/well) were treated with 5 µg/ml 22C11 for 6 or

12 hr, and then the medium was changed to DMEM-N2 plus 100 ng/ml PTX or

100 nM SP600125 without 22C11.  Seventy-two hr after the onset of 22C11

treatment, neuronal viability was measured by Calcein fluorescence assay and

indicated as the percentage of the viability of each no-treatment case.  The
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viabilities of neurons without treatment were 242376 ± 60760 in 6 hr delayed

medium change, 328607 ± 58960 in 12 hr delayed medium change, and 560649 ±

63622 in 0 hr delayed medium change.  The viabilities of neurons treated with

mouse non-specific IgG for 72 hr were 260906 ± 106970 in 5 µg/ml IgG treatment,

180748 ± 36183 in 5 µg/ml IgG plus 100 ng/ml PTX, and 232434 ± 39915 in 5 µg/ml

IgG plus 100 nM SP600125.  Therefore, the increase in neuronal viability in case

of 72 hr 22C11 treatment was attributed to a putative neurotrophic effect of 22C11,

which was not observed in short-term 22C11 treatment.  *: significant reduction

vs. no-treatment case  **: not significant reduction vs. no-treatment case

C: Primary neurons were treated with 2 µg 22C11 at time zero, and after various

periods of incubation, cell lysates were submitted to the analysis by JNK

phosphorylation, as described in Materials and Methods.  In an experiment,

neurons were pretreated with 100 ng/ml PTX 12 hr before the onset of 22C11

treatment, and the medium was changed to DMEM-N2 plus 2 µg 22C11.  In some

experiments, 100 ng/ml PTX was added 1 hr after the onset of 22C11 treatment.

In some experiments, neurons were treated with 300 µM APO simultaneously

with 2 µg 22C11.  In an experiment, neurons were treated with 1 mM L-NMMA

simultaneously with 2 µg 22C11 as a control of APO.  Each diagram corresponds

to each panel of JNK activation.  The lower panels indicate total amounts of JNK

corresponding to each time point.  Arrowheads show phosphorylated JNK.

Similar experiments were performed three times for each, and similar results

were obtained.

D: A potential mechanism for dimerization-induced AβPP
CD

 neurotoxicity.
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Anti-AβPP antibody or EGF binds to cell-surface AβPP or AβPP
CD

 hybrid,

respectively, and induces AβPP
CD

 dimerization, which triggers neurotoxicity via

G
o
, ASK1, and JNK.  Gα

o
 binds to the middle cytoplasmic His657-Lys676 region of

AβPP (Nishimoto et al., 1993; Brouillet et al., 1999), and the Gβγ of G
o
 activates

JNK (Coso et al., 1996).  ASK1 and JNK binds to the extreme C-terminal Met677-

Asn695 region of AβPP via JIP (Matsuda et al., 2001; Scheinfeld et al., 2002; this

study), and JIP stabilizes the activity of JNK (Dickens et al., 1997; Hashimoto et al.,

2003).  There is a positive feedback mechanism around the ASK1/JNK system.

Both constitutively active ASK1 and constitutively active JNK exert

neurotoxicity via NADPH oxidase (Hashimoto et al., 2003: this study).

Superoxide generated by NADPH oxidase in turn activates ASK1 (Saitoh et al.,

1998).  Therefore, a simple interpretation is that the activity of the

ASK1/JNK/NADPH oxidase system could be sustained without upstream AβPP

stimulation, once this system is sufficiently activated.  However, it should be

noted that such a feedback loop as shown in this figure has not been conclusively

demonstrated and is not the only possibility.  See text for details.
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