The Journal of Neuroscience, February 2, 2005 - 25(5):1149-1158 + 1149

Neurobiology of Disease

B-Amyloid-Induced Neuronal Apoptosis Involves c-Jun
N-Terminal Kinase-Dependent Downregulation of Bcl-w

Mingzhong Yao, Thuy-Vi V. Nguyen, and Christian J. Pike
Andrus Gerontology Center, University of Southern California, Los Angeles, California 90089

B-Amyloid protein (Af) has been implicated as a key molecule in the neurodegenerative cascades of Alzheimer’s disease (AD). A3
directly induces neuronal apoptosis, suggesting an important role of Af3 neurotoxicity in AD neurodegeneration. However, the mecha-
nism(s) of AB-induced neuronal apoptosis remain incompletely defined. In this study, we report that AB-induced neuronal death is
preceded by selective alterations in expression of the Bcl-2 family of apoptosis-related genes. Specifically, we observe that A 3 significantly
reduces expression of antiapoptotic Bcl-w and Bcl-x; , mildly affects expression of bim, Bcl-2,and bax, but does not alter expression of bak,
bad, bik, bid, or BNIP3. A3-induced downregulation of Bcl-w appears to contribute to the mechanism of apoptosis, because A3-induced
neuronal death was significantly increased by Bcl-w suppression but significantly reduced by Bcl-w overexpression. Downstream of
Bcl-w, AB-induced neuronal apoptosis is characterized by mitochondrial release of second mitochondrion-derived activator of caspase
(Smac), an important precursor event to cell death. We observed that Smac release was potentiated by suppression of Bcl-w and reduced
by overexpression of Bcl-w. Next, we investigated the upstream mediator of Af3-induced Bcl-w downregulation and Smac release. We
observed that A B rapidly activates c-Jun N-terminal kinase (JNK). Pharmacological inhibition of JNK effectively inhibited all measures of
A apoptosis: Bcl-w downregulation, Smac release, and neuronal death. Together, these results suggest that the mechanism of AB-
induced neuronal apoptosis sequentially involves JNK activation, Bcl-w downregulation, and release of mitochondrial Smac, followed by
cell death. Complete elucidation of the mechanism of AB-induced apoptosis promises to accelerate development of neuroprotective

interventions for the treatment of AD.
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Introduction
Alzheimer’s disease (AD) is an age-related neurodegenerative
disorder believed to be initiated by neural accumulation of
B-amyloid protein (AB) (Hardy, 1997; Selkoe, 2001). Although
normally a soluble peptide (Haass et al., 1992; Shoji et al., 1992),
AP can assemble into a variety of oligomeric forms that are
thought to underlie its pathogenic effects (Pike et al., 1993; Lam-
bert et al., 1998; Hartley et al., 1999; Walsh et al., 1999; Hoshi et
al., 2003). Oligomeric AB is known to directly cause neurite dam-
age (Pike et al., 1992; Ivins et al., 1998; Mattson et al., 1998) and
neuronal death (Pike et al., 1991, 1993; Mattson et al., 1993;
Lorenzo and Yankner, 1994; Simmons et al., 1994; Hartley et al.,
1999; Hoshi et al., 2003) as well as to activate microglia (Meda et
al., 1995; El Khoury et al., 1996) and astrocytes (Canning et al.,
1993; Pike et al., 1994), which may indirectly injure neurons
(Akiyama et al., 2000). What remain unclear are the molecular
mechanisms by which AB induces its spectrum of deleterious
neural effects.

Abundant evidence indicates that direct neurotoxic effects of
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AP involve activation of apoptosis pathways (Forloni et al., 1993;
Loo et al., 1993; Estus et al., 1997). However, which signaling
pathways mediate apoptosis induced by AB remain to be com-
pletely defined. One group of molecules theorized to function
prominently in neuronal apoptosis is the Bcl-2 family. Members
of the Bcl-2 family are pivotal regulators of the apoptotic process
(Antonsson and Martinou, 2000) and include both proteins that
promote cell survival (e.g., Bcl-2, Bcl-x;, and Bcl-w) and others
that antagonize it (e.g., Bax, Bad, Bak, Bik, Bid, BNIP3, and Bim).
Previous work suggests that AB-induced apoptosis is character-
ized by decreased expression of the antiapoptotic Bcl-2, Bcl-x;
(Forloni et al., 1996; Paradis et al., 1996; Wei et al., 2000; Tama-
gno etal., 2003), and/or increased expression of the proapoptotic
Bax, Bim (Paradis et al., 1996; Yin et al., 2002; Tamagno et al.,
2003). Furthermore, overexpression of antiapoptotic Bcl-2
(Saille et al., 1999; Song et al., 2004) and Bcl-x; (Tan et al., 1999)
or suppression of Bim (Yin et al., 2002) can attenuate A3 toxicity.

If members of the Bcl-2 family are important regulators of
AB-induced cell death, then identification of both upstream and
downstream signaling components is critical for elucidating the
mechanism of apoptosis. Upstream of the Bcl-2 family, we eval-
uated the potential role of c-Jun N-terminal kinase (JNK), a fam-
ily of serine/threonine kinases (Ip and Davis, 1998). Activation of
JNK s linked to transcriptional regulation of many genes, includ-
ing members of the Bcl-2 family (Bae and Song, 2003; Tamagno
et al., 2003). In addition, JNK activation is observed in cultured
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neurons after A3 exposure, and its inhibition significantly atten-
uates A toxicity (Bozyczko-Coyne et al., 2001; Morishima et al.,
2001; Troy et al., 2001). The mitochondrial localization of Bcl-2
members suggests that the downstream components may be pro-
apoptotic molecules released from mitochondria, perhaps in-
cluding second mitochondrion-derived activator of caspase
(Smac)/DIABLO (direct inhibitor of apoptosis binding protein
with low pI) (Du et al., 2000; Verhagen et al., 2000). In this study,
we sought to identify which members of the Bcl-2 family contrib-
ute to AB-induced neuron death and to identify both the up-
stream and downstream components of this apoptotic pathway.

Materials and Methods

Cell culture. Primary cultures of cortical neurons were prepared from
embryonic (gestational day 18) Sprague Dawley rat pups with minor
modifications of a previously described protocol (Pike et al., 1993). In
brief, dissected cerebral cortices were incubated for 5 min in 0.125%
trypsin at 37°C followed by trypsin quenching with 1 vol of DMEM
containing 20% fetal calf serum. Cell suspensions were centrifuged (5
min at 200 X g), resuspended in serum-free DMEM, mechanically dis-
sociated by repeated passage through a fire-polished Pasteur pipette, and
then filtered through a sterile 40 wm nylon mesh (Falcon, Franklin Lakes,
NJ). Cells were plated on poly-L-lysine (0.05 mg/ml)-coated multiwell
plates (Nunc, Naperville, IL) at either 5 X 10* cells/cm * (cell viability) or
1.5 X 107 cells/cm? [Western blot and reverse transcription-PCR (RT-
PCR)] in serum-free, phenol red-free DMEM buffered by 26 mwm bicar-
bonate, 20 mm HEPES, and supplemented with 100 ug/ml transferrin, 5
pg/ml insulin, 100 M putrescine, and 30 nM selenium. Cultures were
maintained in a humidified incubator with 5% CO, at 37°C.

Experimental treatment of cultures. Cortical neuron cultures were used
for experimentation 3—6 d in vitro after plating. Cultures were exposed to
25 um aggregated AB,5 55 (Biochem, Torrance, CA), AB,_40, 0T AB_4»
(US Peptide, Rancho Cucamonga, CA). Before addition to cultures, A3
peptides were solubilized at 1 mm in sterile deionized water and were then
incubated at 37°C for 1-3 d to yield peptide solutions in which Af ex-
hibits a range of assembly and conformation states, as described previ-
ously (Pike et al., 1993, 1995). Infection with recombinant adeno-
associated virus (AAV) (serotypes 2) at a multiplicity of infection of 1000
or transfection with small interfering RNA (siRNA) was performed 24 h
before exposure to AB. The JNK inhibitor anthra[1,9-cd]pyrazol-6(2H)-
one (SP600125) (Calbiochem, La Jolla, CA) or caspase-9 inhibitor
benzyloxycarbonyl-Leu-Glu(OMe)-His-Asp(OMe)-
fluoromethylketone (Z-LEHD-FMK) (Biovision, Mountain View, CA)
was added to cultures 1-1.5 h before Af.

Assessment of cell viability. Cell viability was assessed using calcein-AM
and ethidium homodimer fluorescent staining (Molecular Probes, Eu-
gene, OR) as described previously (Pike, 1999). Briefly, live cells were
counted in four fields per well, six wells per condition, in three or more
independent culture preparations. The number of live cells counted per
well in vehicle-treated controls ranged from 200 to 300. Cell viability is
presented graphically as a percentage of the number of live cells in the
vehicle-treated control condition.

Production of recombinant AAV. AAV-Bcl-w [rAAV/cytomegalovirus
(CMV)/Bcl-w] was produced and titrated as described previously (Sun et
al,, 2003) and was kindly provided by Dr. David A. Greenberg (Buck
Institute for Age Research, Novato, CA). As a negative control, recombi-
nant AAV vector encoding green fluorescent protein (GFP), AAV-GFP
(rAAV/CMV/hrGFP), was produced using three-plasmid procedure
(Stratagene, La Jolla, CA).

Design and transfection of siRNAs. siRNA that target rat Bcl-w was
designed using the target finder and design tool (Ambion, Austin, TX).
The target mRNA sequence of the siRNA is 5'-AAGUGCAGGA-
UUGGAUGGUGA-3’, corresponding to nt 362—-382 of Bcl-w gene. As a
negative control, a scrambled siRNA was designed consisting of the same
nucleotide composition as the specific Bcl-w siRNA but lacking signifi-
cant homology to the genome. As an additional negative control, a mis-
matched siRNA was used in which two bases in the specific Bcl-w siRNA
were modified to make them noncomplementary to the target mRNA.
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To further ensure confidence in RNA interference (RNAi) data, a second
specific Bcl-w siRNA was designed targeting the gene at 5'-AAG-
GGUUAUGUCUGUGGAGCU-3', corresponding to nt 73-93 of Bcl-w.
The antisense and sense template DNA oligonucleotides for each
siRNA, plus T7 promoter 5'-CCTGTCTC-3" to the 3’ end, were
chemically synthesized (Integrated DNA Technologies, Coralville,
TA) and were as follows: siRNA targeting Bcl-w nt 362—382 [siBcl-w
(362)]: 5'-AAGTGCAGGATTGGATGGTGA-3', 5'-AATCACCATC-
CAATCCTGCAC-3'; scrambled siRNA (ncBcl-w): 5'-AAGGTG-
GTTACGAAGAGTTGG-3', 5'-AACCAACTCTTCGTAACCACC-3';
mismatched siRNA (mmBcl-w): 5 -AAGTGCAGGATGTGATG-
GTGA-3', 5'-AATCACCATCACATCCTGCAC-3'; siRNA targeting
Bcl-w nt 73-93 [siBcl-w (73)]: 5'-AAGGGTTATGTCTGTGGAGCT-
3', 5'-AAAGCTCCACAGACATAACCC-3". The synthesized tem-
plate DNA was in vitro transcribed into double-strand siRNA using
the Silencer siRNA construction kit (Ambion). siRNA transfection
with siPORT Amine (Ambion) was performed according to the man-
ufacturer’s instructions.

RT-PCR. Total cellular RNA was isolated using TRIzol reagent (In-
vitrogen, Carlsbad, CA) according to the manufacturer’s protocol. Two
micrograms of total RNA were reverse transcribed into the cDNA using
Superscript first-strand synthesis system for RT-PCR (Invitrogen) fol-
lowing the manufacturer’s instruction. Next, RT product was amplified
with JumpStart TagDNA polymerase (Sigma, St. Louis, MO). The prim-
ers (Integrated DNA Technologies) used in this experiment were as fol-
lows: 5'-CCGGGAGAACAGGGTATGAT-3', 5'-CAGGTATGCACCC-
AGAGTGA-3" for Bcl-2; 5'-AGGCTGGCGATGAGTTTGAA-3', 5'-
CGGCTCTCGGCTGCTGCATT-3" for Bcl-x; 5'-AGCCTCAACCCC-
AGACACAC-3', 5'-AAGGCCCCTACAGTTACCAG-3' for rat Bcl-w;
5'-GGTGGCAGACTTTGTAGGTT-3’, 5'-GTGGTTCCATCTCCTT-
GTTG-3' for human Bcl-w; 5'-TCAGCCCATCTTCTTCCAGATGGT-
3', 5'-CCACCAGCTCTGAACAGATCATGA-3' for bax; 5 -ACTGC-
GATGAGGCCCTGTCT-3', 5'-GGCCCAACAGAACCACACCA-3’ for
bak; 5'-ATGGGAACCCCAAAGCAGCC3', 5'-TCACTGGGAGGGA-
GTGGAGC3' for bad; 5'-ATTTCATGAGGTGCCTGGAG-3', 5'-
GGCTTCCAATCAAGCTTCTG-3' for bik; 5'-ACTCTGAGGTCAG-
CAACGGT-3’, 5'-CTAACCAAGTCCCTCACGTA-3" for bid; 5'-
GAATCTGGACGAAGCAGC TC-3', 5'-AACATTTTCTGGCCGA-
CTTG-3" for BNIP3; 5'-GCCCCTACCTCCCTACAGAC-3', 5'-CAG-
GTTCCTCCTGAGACTGC-3' for bim (bimy, bim;, and bimg); 5'-
AGCCATGTACGTAGCCATCC-3’, 5'-CTCTCAGCTGTGGTGGT-
GAA-3' for B-actin (internal control). The PCR cycles consisted of initial
incubation at 94°C for 1 min, denaturation at 94°C for 30 s, annnealing at
52°C for 30 s, and extension at 72°C for 1 min, for 30 cycles, and final
extension at 72°C for 7 min.

Immunocytochemistry. Neuron cultures were fixed by 20 min exposure
to cold 4% paraformaldehyde/0.1 M Sorenson’s buffer, pH 7.4, perme-
abilized with 0.2% Triton X-100, and then processed for immunochem-
istry as described previously (Pike and Cotman, 1993). A polyclonal
antibody directed against human Bcl-w (1:1000 dilution; R&D Systems,
Minneapolis, MN) was used. Briefly, neurons were blocked with Tris
buffer (0.1 m Tris, 0.85% NaCl, 0.1% Triton X-100, 2% bovine serum
albumin, pH 7.4) and were then incubated sequentially in primary anti-
body, biotinylated anti-goat antibody, and horseradish peroxidase-
conjugated avidin—biotin complex (Vector Laboratories, Burlingame,
CA) and visualized with 3,3-diaminobenzidine.

Preparation of mitochondrial or cytosolic extracts. Preparation of mito-
chondrial or cytosolic extracts was performed using the mitochondria/
cytosol fractionation kit (Biovision) according to the manufacturer’s in-
structions. Extracts were probed for levels of Smac by Western blot, as
described below.

Western blot. Cultures were processed for Western blots using a stan-
dard protocol described previously (Pike, 1999). Briefly, cell lysates or
extracts of mitochondria and cytosol were diluted into reducing sample
bulffer, electrophoresed for ~1.5 h at 120 V in 15% polyacrylamide gels,
and then transferred onto a polyvinylidene difluoride membrane (Milli-
pore, Medford, MA) at constant voltage (100 V) for 1 h. After blocking of
nonspecific binding (1 h incubation in 10 mm Tris, 100 mm NaCl, 0.1%
Tween, 3% bovine serum albumin), membranes were incubated with
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vehicle-treated control group.

primary antibody, which included goat anti-Bcl-w (Santa Cruz Biotech-
nology, Santa Cruz, CA), mouse anti-Bcl-x; (R&D Systems), goat anti-
Smac (Santa Cruz Biotechnology), and mouse anti-phospho-JNK
(Thr183/Tyr185) antibody (Cell Signaling Technology, Beverly, MA).
After rinsing (six times for 5 min each in 10 mm Tris, 100 mm NaCl, 0.1%
Tween 20), membranes were incubated in the appropriate horseradish
peroxidase-conjugated secondary antibody, followed by enhanced
chemiluminescence detection (Amersham, Arlington Heights, IL). To
detect total JNK or verify equal loading of protein among conditions,
membranes were stripped (5 min in 100 mum glycine, pH 2.5, then 5 min
in 62.5 mM Tris, 2% sodium dodecyl sulfate, 0.7% 2-mercaptoethanol,
pH 6.7, at 60°C) and reprobed with rabbit anti-JNK antibody (Cell Sig-
naling Technology) or mouse anti-B-tubulin antibody (Chemicon, Te-
mecula, CA). Blots were quantified by band densitometry of scanned
films using NTH Image 1.61 software. Data are presented graphically as a
percentage of control values.

Statistical analyses. All experiments were repeated at least three times
using independent culture preparations. Quantitative data were statisti-
cally analyzed by one-way ANOVA followed by pairwise comparisons
using the Fisher’s least significant difference test. A p value of <0.05 was
considered significant.

Bcl-w expression s downregulated during AB-induced neuronal death. Primary neuron cultures were exposed to 25
1M aggregated A peptide for the indicated times and then assayed for cell viability or Bcl-w expression. A, AB induces time-
dependent neuronal death. Data show mean = SEM cell viability from a representative experiment (n = 6). Significance is
defined as *p << 0.05 and **p << 0.01 in comparison to vehicle-treated control group (Ctrl). B, A3 induces time-dependent
decrease in mRNA levels of Bc/-w. The mRNA expression of Bcl-2 family members (Bcl-2, Bcl-x, , Bcl-w, bax, bak, bad, bik,
bid, BNIP3, and bimy, ) was detected by RT-P(R followed by agarose gel electrophoresis. 3-Actin served as internal control.
G, Full-length A peptides (25 um) AB;_ 4o and AB,_; also reduce mRNA levels of Bcl-w as detected by RT-PCR. D, AB
induces time-dependent decrease in protein levels of Bcl-w. Protein expression of Bcl-w (top) was analyzed by Western
blot. B-Tubulin (bottom) was used as a control. The picture shown is a representative of duplicated experiments. £,
Relative amounts of Bcl-w were determined by densitometric scanning of Western blots from three independent experi-
ments. Data is represented as a mean = SEM percentage of control values. *p << 0.05 and **p << 0.01 relative to

12—-48 h, the most significant effect was the
robust, time-dependent depletion of the
antiapoptotic Bcl-w, which was detectable
within 6 h after AB (Fig. 1B) and pro-
gressed in parallel to the observed cell loss
(Fig. 1A). This downregulation of Bcl-w
mRNA induced by the AB,5_;5 peptide was
reproduced with the full-length peptides
AB,_4 and AB,_,, (Fig. 1C). To confirm
that protein levels also decreased, Bcl-w
levels were analyzed by Western blot 6, 12,
24, and 48 h after exposure to AB. The
results revealed a similar time-dependent
downregulation of Bcl-w (Fig. 1 D), which
was only 15% of basal level 48 h after ex-
posure to Af3 (Fig. 1 E).

AB25-35

Overexpression of Bcl-w reduces A 3-induced neuron death

If downregulation of Bcl-w is a key component in the AB apopto-
tic signaling pathway, then we would predict that increased ex-
pression of Bcl-w should attenuate AB toxicity. To investigate
this possibility, recombinant AAV vector was used to deliver the
human Bcl-w gene into primary cultured neurons. Cultures in-
fected with AAV did not show significant changes in either mor-
phology or viability evaluated after 7 d in culture (data not
shown). To evaluate AAV-mediated gene expression, Bcl-w
mRNA was measured by RT-PCR 1 and 3 d after AAV-Bcl-w
infection using human-specific primers. The results show that
cultures infected with AAV-Bcl-w exhibited strong expression of
human Bcl-w mRNA (Fig. 2 B). In comparison, vehicle-treated
and AAV-GFP-infected cultures show no human Bcl-w mRNA.
These mRNA observations were confirmed at the protein level by
Western blot, using an antibody that detects both endogenous rat
Bcl-w and the exogenous human Bcl-w (Fig. 2C). Densitometry
measures indicated that the magnitude of AAV-mediated Bcl-w
expression 3 d after infection was nearly threefold higher than
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vehicle-treated cultures (Fig. 2D). To as-
sess AAV infection efficiency in our para-
digm, Bcl-w expression was detected by
immunocytochemistry using anti-human
Bcl-w antibody 3 d after infection (Fig.
2A).In comparison to the negative control
lacking primary antibody, weak to modest
Bcl-w immunoreactivity was detected in
vehicle-treated and AAV-GFP-infected
neuron cultures. However, nearly all cells
exhibited strong Bcl-w immunoreactivity
in cultures infected with AAV-Bcl-w. To-
gether, these data demonstrate that re- B
combinant AAV-Bcl-w had high expres-
sion efficiency when infected into our
primary neuron cultures.

To investigate the effect of Bcl-w over- <
expression on AB-induced neuronal apo- '
ptosis, cultures were infected with AAV-
GFP or AAV-Bcl-w, treated 24 h later with
25 uM AB,5 55, and assessed for cell viabil-
ity 48 h after A exposure. Vehicle-treated
controls exhibited high levels of cell loss,
an effect that was not affected by AAV-
GFP infection ( p > 0.05, compared with
vehicle) (Fig. 2E). In contrast, cultures in-
fected with AAV-Bcl-w showed greatly re-
duced vulnerability to AB ( p < 0.01, com-

Control (no first antibody) »

Vehicle

AAV-GFP

pared with AAV-GFP infection) (Fig. 2E),

aresult consistent with the hypothesis that 7
Bcl-w overexpression antagonizes Af-
induced neuronal apoptosis.

AAV-BCL-w

Suppression of Bcl-w expression

exacerbates A -induced neuron death
To further verify the putative protective 5
function of Bcl-w against AB-induced -
neuronal apoptosis, RNAi was used to de-
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plete endogenous Bcl-w expression. Cul-
tures were transfected for 1 or 3 d with one
of two different siRNAs directed against
Bcl-w. To confirm specificity, both mis-
matched and scrambled siRNAs were also
used. Bcl-w mRNA was significantly re-
duced by both specific siRNAs but by nei-
ther of the control siRNAs (Fig. 3A). Re-
duced Bcl-w protein expression induced
by the Bcl-w siRNA treatment was con-

Figure 2.  Overexpression of Bcl-w protects against AB-induced neuronal death. A, Primary neuron cultures were infected
AAV-Bcl-w, AAV-GFP, or reagents without vector (Vehicle) for 3 d. Bcl-w expression was detected by immunocytochemistry using
anti-human Bcl-w antibody. In comparison to negative control without first antibody, only weak Bcl-w expression was detected
in vehicle-treated and AAV-GFP-infected cultures. Almost all of neurons exhibited strong expression of Bcl-w in AAV-Bcl-w-
infected cultures. B, Infection with AAV-Bcl-w yielded strong expression of human Bc-w mRNA (top), as detected by RT-PCR.
B-Actin served as internal control (bottom). (, Bcl-w protein expression was significantly increased in cultures infected with
AAV-Bcl-w (top), as analyzed by Western blot using an antibody that recognizes both rodent and human Bcl-w. 3-Tubulin was
used as a control (bottom). The picture shown is a representative of duplicated experiments. D, Relative amounts of Bcl-w were
determined by densitometric scanning of Western blots from three independent experiments. Data is represented as a mean =
SEM percentage of vehicle (1 d) control values. Significance is defined as **p << 0.01 relative to respective vehicle-treated control
group. £, Infection with AAV-Bcl-w significantly protects neuron cultures from cell death induced by 48 h exposure to 25 um
AB,s_ss. Data show mean == SEM cell viability from a representative experiment (n = 6). Significance is defined as **p < 0.01

firmed by Western blot (Fig. 3B). Densi-
tometry measures indicated that siRNAs
decreased Bcl-wlevels by 60—70% 1 d after
transfection and by up to 85% 3 d after transfection in compari-
son to scrambled siRNA control (Fig. 3C). These results demon-
strate that the designed Bcl-w siRNAs had strong inhibitory ef-
fects on Bcl-w mRNA and protein levels.

To examine the effect of Bcl-w suppression on AB-induced
neuron death, cultures were treated with 25 um AB,5_55 1 d after
siRNA transfection, and cell viability was assessed 48 h later. In
comparison to both the mismatched and scrambled siRNAs con-
ditions, cultures transfected with the Bcl-w siRNAs showed sig-
nificantly increased AB-induced cell death ( p < 0.01, compared
with scrambled siRNA) (Fig. 3D). Together with the Bcl-w over-
expression data, these findings suggest that Bcl-w plays an impor-

in comparison to AAV-GFP condition.

tant role in regulating apoptosis pathways involved in AB-
induced neuronal death.

Bcl-w inhibits AB-induced Smac release

How Bcl-w regulates apoptotic signaling is not known. Abundant
evidence suggests that antiapoptotic members of the Bcl-2 family
are localized to and function at the mitochondria (Desagher and
Martinou, 2000; Tsujimoto, 2003). One important step in the
mitochondrial pathway of apoptosis is release of the protein
Smac from the mitochondria into the cytosol (Du et al., 2000;
Verhagen et al., 2000; Adrain et al., 2001; Carson et al., 2002). The
proteins involved in regulating the release of Smac have not been
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Figure 3.  Suppression of endogenous Bcl-w expression exacerbates AB-induced neuronal
death. Primary neuron cultures were transfected for 1 or 3 d with siRNA that either specifically
targeted Bcl-w [siBcl-w(73), siBc-w(362)] or served as scrambled or mismatched controls. 4,
The specific Bcl-w siRNAs but not the control siRNAs decreased endogenous Bc-w mRNA ex-
pression as detected by RT-PCR using rat-specific primers (top). B-Actin served as internal
control (bottom). B, Protein levels of Bcl-w were similarly affected by the siRNA treatments, as
determined by Western blot with Bcl-w antibody (top). B-Tubulin served as a control (bottom).
The picture shown is a representative of duplicated experiments. (, Relative amounts of Bcl-w
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Figure4. AB-induced apoptosis involves Smac release from mitochondria to cytosol in neu-
ron cultures. A, Primary neuron cultures were exposed to vehicle (Ctrl) or 25 um AB,s_s5 for
6—48 h. Levels of Smac in mitochondrial (Mt) and cytosolic (Cyt) extracts were analyzed by
Western blot. B, Neuron cultures were pretreated for 1 h with 0 or 40 m of the caspase 9
inhibitor Z-LEHD-FMK followed by exposure to 25 um AB,5_s5 for 48 h. Data show mean =
SEM cell viability from a representative experiment (n = 3). Significance is defined as **p <
0.0 in comparison to A3 condition.

investigated thoroughly, although members of the Bcl-2 family
are implicated (Adrain et al., 2001; Lutter et al., 2001; Fulda et al.,
2002; Sun et al., 2002; Yin et al., 2002; Kandasamy et al., 2003;
Yamaguchi et al., 2003). A recent study has demonstrated that
AB-induced apoptosis of murine cerebral endothelial cells in-
volves mitochondrial Smac release (Yin et al., 2002). Thus, we
sought to determine whether (1) AB-induced neuron death in-
volves mitochondrial release of Smac, (2) Smac release is impor-
tant for AB-induced neuron death, and (3) Bcl-w functions at
least in part by regulating Smac release. We observed that Smac
levels are decreased in the mitochondrial fraction and increased
in the cytosolic fraction 24—48 h after A treatment, indicating
that Smac translocates from mitochondria to cytosol during A3-
induced neuronal death (Fig. 4A).

We were not able to directly confirm a role of Smac release in

<«

were determined by densitometric scanning of Western blots from three independent experi-
ments. Data is represented as a mean = SEM percentage of ncBc-w (1 d) control values.
Significance is defined as **p << 0.01 relative to respective ncBcl-w control group. D, Neuron
cultures were exposed for 48 hto 25 umAB,s_;5 24 h after transfection with siRNA. Data show
mean == SEM cell viability from a representative experiment (n = 6). Significance is defined as
*¥p < 0.0 in comparison to ncBc/-w condition.
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AB-induced neuron death using molecular approaches to sup-
press Smac expression, because the sequence of rat Smac gene has
not been published. Rather, we pharmacologically manipulated
the downstream consequence of Smac release: promotion of
caspase-9 activation. In the cytochrome c/apoptotic protease ac-
tivating factor-1 (Apaf-1)/caspase-9 pathway, Smac released
from the mitochondria binds to and functionally inactivates the
inhibitor of apoptosis proteins (IAP), which inhibits caspase-9
activation (Du et al., 2000; Chauhan et al., 2001; McNeish et al.,
2003). In short, if Smac release contributes to the mechanisms of
AB-induced apoptosis, it should do so via caspase-9. Thus, to
indirectly evaluate the role of Smac release in AB-induced neu-
ronal death, we determined how inhibition of caspase-9 affects
AB-induced apoptosis. Neuron cultures were pretreated with 40
uM caspase-9 inhibitor Z-LEHD-FMK for 60 min, followed by
exposure to 25 uM AB,s 55 for 48 h. Analysis of cell viability
showed that inhibition of caspase-9 significantly attenuated AS-
induced neuron death (Fig. 4B).

To investigate whether Bcl-w protection against A-induced
cell death may involve inhibition of Smac release, we determined
how AB-induced Smac release from mitochondria is affected by
alteration of Bcl-w expression levels. We observed that the over-
expression of Bcl-w mediated by AAV-Bcl-w effectively but in-
completely inhibited AB-induced Smac release (Fig. 5A), whereas
suppression of Bcl-w expression by siRNA increased Smac release
(Fig. 5B). Interestingly, Bcl-w siRNAs did not induce Smac release
in the absence of A treatment. These data suggest that AB-
induced Smac release is regulated in part by Bcl-w and in addi-
tion, that the downregulation of Bcl-w induced by AB contrib-
utes to Smac release.

ApB-induced Bcl-w downregulation and Smac release are
dependent on JNK activation

The upstream signals by which A triggers the downregulation of
Bcl-w and subsequent mitochondrial release of Smac are unclear.
Previous studies have reported that one key upstream signaling
component in AB-induced neuronal apoptosis is activation of
JNK (Bozyczko-Coyne et al., 2001; Morishima et al., 2001; Troy
et al., 2001; Jang and Surh, 2002). To investigate the role of JNK
activation in AB-induced neuron death in our paradigm, we used
Western blot analysis with phosphorylation site-specific antibod-
ies that recognize the phosphorylated, activated form of JNK. The
antibody used here detected two isoforms of JNK, 46 and 54 kDa.
We observed that treatment of neuron cultures with 25 um
AB,5_s5 triggered phosphorylation of JNK that was detectable as
early as 1 h after AP treatment and maximal within 6-12 h (Fig.
6A, top). This activation of JNK in response to AB did not alter
total JNK protein levels (Fig. 6 A, bottom).

To investigate the role of JNK signaling in AB-induced Bcl-w
downregulation and Smac release, we used the recently devel-
oped specific inhibitor of JNK activation SP600125 (Bennett et
al., 2001). Evaluation of phospho-JNK and total JNK immuno-
blots showed that 100 nm SP600125 significantly attenuated both
the basal level of phosphorylated JNK (Fig. 6B, top) and the
Ap-induced increase in JNK phosphorylation (Fig. 6C, top) with-
out altering total levels of JNK (Fig. 6 B, C, bottom). If JNK acti-
vation contributes to the observed pathway of AB-induced neu-
ron death, then the JNK inhibitor should block the AR effects of
Bcl-w downregulation, mitochondrial release of Smac, and loss of
neuronal viability. Our results are consistent with this prediction.
First, pretreatment of cortical neurons with 100 nm SP600125
effectively prevented the AB-induced Bcl-w downregulation (Fig.
6D, top). This effect was confirmed at the protein level using
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Figure 5.  Bcl-w inhibits AB-induced Smac release. A, Overexpression of Bcl-w inhibits A3-
induced Smac release. Neuron cultures were infected with AAV-Bcl-w or AAV-GFP or vehicle for
24 h, followed by exposure to 25 um AB,s_ss for 48 h. Smac levels in mitochondrial (Mt) and
cytosolic (Cyt) extracts were analyzed by Western blot. B, Suppression of Bcl-w expression
increases AB3-induced Smac release. Neuron cultures were transfected with siRNA for 24 h,
followed by exposure to 25 um A3 ,5_55 for 48 h. Smac levels in mitochondrial and cytosolic
extracts were analyzed by Western blot. ncBcl-w, Scrambled siRNA as a negative control;
mmBcl-w, mismatched siRNA control; siBc-w (73), siRNA targeting Bc-w nt 73-93; siBcd-w
(362), siRNA targeting Bcl-w nt 362—382.

Western blot (Fig. 6 E, top, F). Perhaps suggesting that JNK acti-
vation is a general mechanism by which A regulates expression
of Bcl-2 family members (Fig. 1 A), we observed that AB-induced
Bcl-x; downregulation was also inhibited by SP600125 (Fig. 6 E,
middle).

Second, because AB-induced Bcl-w downregulation contrib-
uted to Smac release, we next assessed whether AB-induced JNK
activation is required for the mitochondrial release of Smac. In
the presence of JNK inhibitor SP600125, AB-induced Smac re-
lease was significantly but not completely attenuated (Fig. 6G).
Finally, cell viability assays revealed that SP600125 dose-
dependently inhibited neuronal apoptosis induced by Ab,s 55,
reaching maximal effect at 100 nMm (Fig. 6 H). The ICs, of this
SP600125 effect was between 10 and 100 nMm, a concentration
range in which JNK is the only known target of SP600125 (Ben-
nett et al., 2001).

Bcl-w does not affect AB-induced JNK activation

Our findings suggest that in the AB apoptotic signaling pathway,
Bcl-w downregulation is located downstream of JNK activation.
However, a recent study showed that Bcl-w suppressed cell apo-
ptosis of the gastric cancer cell line SNU-16 by blocking JNK
activation (Lee et al., 2003). To address this possibility in neu-
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rons, JNK activation was evaluated in neu-
ron cultures after overexpression of Bcl-w.
If Bcl-w functions upstream of JNK and/or
regulates JNK activation, Bcl-w overex-
pression should significantly diminish
AB-induced activation of JNK. In contrast
to this possibility, we observed that Bcl-w
overexpression mediated by AAV-Bcl-w
neither reduced the ability of AB to acti-
vate JNK nor altered total JNK expression
levels (Fig. 7). This observation confirms
that AB-induced Bcl-w downregulation is
located downstream of JNK activation.
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- Bcl-w plays an important role in A 3-
induced neuronal apoptosis

& @ Neural accumulation of AB has been im-

- 4 plicated in the neuronal loss of AD. Al-

though many (Forloni et al., 1993; Loo et
al., 1993; Estus et al., 1997) but not all
(Behl et al., 1994) previous studies have
shown that AB-mediated neuronal death
occurs via apoptosis, the underlying

i

1

o mechanism(s) remain incompletely de-
fined. A key modulator of apoptosis path-
ways is the Bcl-2 family (Cory and Adams,
2002; Burlacu, 2003). Previous studies ex-
amining the role of the Bcl-2 family in A3-
induced apoptosis have observed that A3
can significantly decrease expression of
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Figure 6.  AB-induced Bcl-w downregulation and Smac release are dependent on JNK activation. A, INK is activated (phos-
phorylated) in a time-dependent manner by A3. Neuron cultures were treated with 25 M A3,5_5, for the indicated times and
then probed by Western blot with phospho-JNK (p-JNK) or pan JNK antibodies. The JNK inhibitor SP600125 (100 nm) decreases
both basal levels (8) and AB-induced increases ( () in phosphorylated JNK, as determined by Western blot with p-JNKand pan JNK
antibodies. D, Inhibition of INK with SP600125 inhibits A B-induced Bcl-w downregulation. Neuron cultures were pretreated with
100 nm SP600125 for 90 min, followed by exposure to 25 um AB,5_5, for the indicated times, and were then analyzed for Bcl-w
mRNA expression by RT-PCR. B-Actin served as internal control. £, Western Blot confirmed that SP600125 inhibits AB-induced
Bcl-w downregulation (top). Neuron cultures were pretreated with 100 nm SP600125 for 90 min, followed by exposure to 25 um
AB,s_s5 for 48 h, and were then analyzed for Bcl-w expression by Western blot. As a control, A3-induced Bcl-x, downregulation
was also inhibited by SP600125 (middle). B-Tubulin was used as a control (bottom). £, Relative amounts of Bcl-w were deter-
mined by densitometric scanning of Western blots from three independent experiments and are represented as a mean = SEM
percentage of control values. **p << 0.01 relative to the AB condition. G, NK inhibition attenuates AB-induced Smac release.
Neuron cultures were pretreated with 100 nm of SP600125 for 90 min, followed by exposure to 25 jum AB,5_s; for 48 h, and were
then analyzed for Smac content in mitochondrial (Mt) or cytosolic (Cyt) extracts Western blot. H, INKinhibition blocks A B-induced
neuronal death. Neuron cultures were pretreated with increasing concentrations (0—1 wm) of SP600125 for 90 min, followed by
exposure to 25 um AB3,5_;5 for 48 h, and were then assayed for cell viability. Data show mean == SEM cell viability from a
representative experiment (n = 6). Significance is defined as **p << 0.01 in comparison to A3,5_; condition. Ctrl, Control.
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Figure7.  Bcl-wdoesnotaffect AB-induced JNK activation. Neuron cultures were exposed to
25 jm AB,s_s; for the indicated times 24 h after AAV-Bcl-w infection. Western blots of whole-

cell extracts were probed with a phospho-JNK (p-JNK) antibody (top) or JNK antibody (bottom).
Results parallel those in noninfected cultures (Fig. 6 A).
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antiapoptotic Bcl-2 and Bcl-x; (Forloni et
al., 1996; Paradis et al., 1996; Wei et al.,
2000; Tamagno et al., 2003) and increase
expression of proapoptotic Bax and Bim
(Paradis etal., 1996; Yin et al., 2002; Tama-
gno et al., 2003). Curiously, subtoxic and
mildly toxic levels of AB can increase ex-
pression of the antiapoptotic Bcl-w (Zhu
etal., 2004), perhaps suggesting induction
of a protective response under certain
stress conditions. In the current study, we
observed modest effects of neurotoxic lev-
els of AB on Bcl-2, bax, and bim expres-
sion. The most robust effects of AB on the
Bcl-2 family were downregulation of
Bcl-x; and Bcl-w.

Like Bcl-2 and Bcl-x;, Bcl-w functions
as a negative regulator of apoptosis (Gib-
son et al., 1996). Similar to the other anti-
apoptotic Bcl-2 members, Bcl-w is widely
expressed in mammalian tissues including CNS (Print et al.,
1998; Hamner et al., 1999; O’Reilly et al., 2001). Notably, expres-
sion of Bcl-w increases during brain development, reaching its
highest levels in the mature brain (Hamner et al., 1999). This is in
contrast to Bcl-2 and Bcl-x;, which show highest neural expres-
sion during development and relatively lower levels in adult brain
(Michaelidis et al., 1996; Pinon et al., 1997; Hamner et al., 1999).
Furthermore, Bcl-w knock-out mice exhibit apparently normal
brain development (Print et al., 1998). Together, these observa-
tions suggest that Bcl-w function may be most important in the
adult brain. On the basis of both cell culture (Hamner et al., 2001;
Middleton et al., 2001) and adult animal models (Sun et al.,

+ o+
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2003), the neural function of Bcl-w includes increasing resistance
to neuronal apoptosis. A protective role of Bcl-w is also sup-
ported by recent findings by Zhu et al. (2004) in both Alzheimer
brain tissue and cell culture. Consistent with these observations,
our data show that AB-induced neuronal death was reduced by
overexpression of Bcl-w and potentiated by suppression of Bel-w.
Paired with our observation that toxic levels of A3 greatly deplete
Bcl-w levels before the onset of cell death, these data strongly
suggest an important role of Bcl-w in the mechanism of AB-
induced neuronal apoptosis. However, our observations that (1)
overexpression of Bcl-w did not completely block AB-induced
apoptosis and (2) AB altered expression of several Bcl-2 members
suggest that Bcl-w likely regulates neuronal apoptosis in concert
with other Bcl-2 members including Bcl-x; .

Bcl-w may modulate apoptosis by regulating Smac release
Smac release from mitochondria appears to be a general feature
of apoptosis involving the mitochondrial pathway of cell death
(Duetal., 2000; Verhagen et al., 2000; Adrain et al., 2001; Carson
et al., 2002). Once released into the cytosol, Smac promotes
caspase-9 activation in the cytochrome c/Apaf-1/caspase-9 path-
way by binding to the IAP and removing their inhibitory activity.
One means by which the Bcl-2 family modulates apoptosis path-
ways appears to be by regulating Smac release. Specifically, pre-
vious studies have reported that Smac release is regulated by
Bcl-2, Bcl-x;, Bid, Bax, Bak, and Bim (Adrain et al., 2001; Lutter
et al., 2001; Fulda et al., 2002; Sun et al., 2002; Yin et al., 2002;
Kandasamy et al., 2003; Yamaguchi et al., 2003). The role of Bcl-w
in modulating the mitochondrial pathway of cell death is less
clear. Previous work has shown that recombinant rat Bcl-w pro-
tein decreases Bax- or Ca’"-induced release of cytochrome ¢
from isolated brain mitochondria (Yan et al., 2000). Whether
Smac release is regulated by Bcl-w has yet to be determined. Con-
sistent with recent observations in murine cerebral endothelial
cells (Yin et al., 2002), our data show that AB-induced apoptosis
in neurons is characterized by mitochondrial release of Smac into
the cytosol. Importantly, we observed that this AB-induced
translocation of Smac is effectively inhibited by overexpression of
Bcl-w and increased by suppression of Bcl-w expression. Vulner-
ability to AB-induced neuronal death correlated with both Bcl-w
levels and Smac release. These findings suggest that Bcl-w may
regulate mitochondrial Smac release in neurons. Furthermore,
the data implicate the downregulation of Bcl-w and subsequent
Smac release as key components in the pathway of AB-induced
neuronal apoptosis. However, because suppression of Bcl-w ex-
pression by RNAI failed to both independently induce Smac re-
lease and decrease basal measures of neuron viability, Bcl-w func-
tion likely overlaps with Bcl-x; and Bcl-2.

ApB-induced Bcl-w downregulation and Smac release are
dependent on JNK activation
JNKs are a family of serine/threonine kinases involved in a variety
of cellular responses, including cell proliferation and death (Ip
and Davis, 1998). Activation of JNK signaling has been closely
linked to a variety of apoptotic stimuli, and inhibition or loss of
the JNK pathway provides protection against neuronal apoptosis
in multiple paradigms, including AB neurotoxicity (Bozyczko-
Coyne et al., 2001; Morishima et al., 2001; Troy et al., 2001).
Unclear are the cell signaling components downstream of JNK
activation that mediate AB-induced apoptosis.

Based on our finding that Bcl-w downregulation plays a key
role in AB neurotoxicity, we evaluated the possibility that JNK
activation contributes to Bcl-w downregulation. To begin explor-
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ing this idea, we investigated how AB-induced Bcl-w downregu-
lation is affected by SP600125, a specific inhibitor of JNK (Ben-
nett et al., 2001). We found that SP600125 effectively prevents
AB-induced Bcl-w downregulation, indicating that this critical
step in the AB cell-death pathway is dependent on JNK activa-
tion. Our observation that inhibition of JNK also blocks AB-
induced downregulation of Bcl-x; suggests that JNK signaling
may be a shared mechanism of regulation of the Bcl-2 family.
This possibility is consistent with other recent findings. For ex-
ample, transforming growth factor-B induced cell death in the
developing chick retina is mediated via activation of JNK and
downregulation of the antiapoptotic protein Bcl-x; (Schuster et
al.,, 2002). Also, JNK inhibition with SP600125 prevents the
troglitazone-induced changes in the levels of Bax, Bad, and Bcl-2
in human hepatoma cells (HepG2) (Bae and Song, 2003) and the
AB-induced decrease of Bcl-2 and increase of Bax in the SK-N-BE
cell line (Tamagno et al., 2003).

Because our studies suggest that AB3-induced downregulation
of Bcl-w contributes to both Smac release and neuronal death, we
also examined the involvement of JNK activation in the mito-
chondrial release of Smac. Our results demonstrate that AB-
induced Smac release is JNK dependent. In agreement with this
finding is a recent report that activated JNK is required for the
2-methoxyestradiol- or proteasome inhibitor (PS-341)-induced
Smac release in multiple myeloma cells (Chauhan et al., 2003).
Interestingly, although both Bcl-w overexpression and JNK inhi-
bition effectively attenuated AB-induced Smac release, neither
intervention fully protected against neuronal death. These data
suggest the involvement of other Bcl-2 members in AB neurotox-
icity and or a role for cell death mechanisms in addition to the
observed JNK/Bcl-w/Smac pathway.

The mechanism by which JNK activation reduces Bcl-w ex-
pression likely reflects its established role as a transcriptional reg-
ulator. JNK is a serine threonine protein kinase that phosphory-
lates c-Jun (Derijard et al., 1994; Kallunki et al., 1994), a
component of the transcription factor-1 (AP-1) (Karin, 1995; Ip
and Davis, 1998). In complex with other DNA binding proteins,
c-Jun/AP-1 regulates the transcription of numerous genes, sug-
gesting the possibility that activated JNK-Jun/AP-1 pathway me-
diates AB-induced Bcl-w downregulation. Supporting this inter-
pretation, previous studies have shown that AB increases the
phosphorylation of JNK and c-Jun and DNA binding activity of
AP-1 (Morishima et al., 2001; Troy et al., 2001; Xu et al., 2001;
Giri et al.,, 2003). In the present study, the rapid and sustained
activation of JNK followed by downregulation of both Bcl-w and
Bcl-x; position JNK activation as the relatively upstream compo-
nent. Furthermore, pharmacological inhibition of JNK effec-
tively prevented AB-induced downregulation of Bcl-w. This
combination of temporal and pharmacological findings suggest
that Bcl-w downregulation is dependent on and occurs down-
stream of JNK activation.

In apparent contrast to our finding that Bcl-w functions
downstream of JNK activation in regulating neuronal apoptosis
is the recent observation that Bcl-w can function upstream of
JNK in apoptosis pathways. In the gastric cancer cell line SNU-16,
Bcl-w reduces apoptosis by blocking JNK activation (Lee et al.,
2003). However, our results showed that Bcl-w overexpression
does not reduce the ability of AB to activate JNK, reinforcing the
conclusion that regulation of Bcl-2 family members occurs
downstream of JNK.

Together, these data elucidate a pathway of neuronal death
that is mediated, at least in part, by JNK-dependent downregula-
tion of the antiapoptotic protein Bcl-w and likely involves subse-
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quent mitochondrial release of the proapoptotic factor Smac. We
speculate that Bcl-x; and other Bcl-2 family members may be
regulated in a similar manner to cooperatively regulate apoptosis.
These observations not only establish neuronal roles of Bcl-w, but
also provide new insight into the mechanism(s) underlying AS-
induced neuronal death. Continued understanding of the degen-
erative signaling cascades triggered by AB will yield basic knowl-
edge about neuronal apoptosis pathways as well as identify
potential molecular targets for neuroprotective AD therapies.
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