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Neurobiology of Disease

Apoptosis Signal-Regulating Kinase 1 in Amyloid 3 Peptide-
Induced Cerebral Endothelial Cell Apoptosis
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A pathological hallmark of Alzheimer’s disease is accumulation of amyloid- 3 peptide (A3) in senile plaques. A3 has also been implicated
in vascular degeneration in cerebral amyloid angiopathy because of its cytotoxic effects on non-neuronal cells, including cerebral
endothelial cells (CECs). We explore the role of apoptosis signal-regulating kinase 1 (ASK1) in A3-induced death in primary cultures of
murine CECs. A3 induced ASK1 dephosphorylation, which could be prevented by selective inhibition of protein phosphatase 2A (PP2A)
but not PP2B. ASK1 dephosphorylation resulted in its dissociation from 14-3-3. ASK1, released from 14-3-3 inhibition, activated p38
mitogen-activated protein kinase (p38MAPK), leading to p53 phosphorylation. p53, a proapoptotic transcription factor, in turn trans-
activated the expression of Bax, a proapoptotic protein. Transfection with various dominant-negative mutants (DNs), including ASK1 DN
and p38MAPK DN, suppressed AB-induced p38MAPK activation, p53 phosphorylation, and Bax upregulation and partially prevented
CEC death. Bax knockdown using a bax small interfering RNA strategy also reduced Bax expression and subsequent CEC death. These

results suggest that A3 activates the ASK1-p38MAPK-p53-Bax cascade to cause CEC death in a PP2A-dependent manner.
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Introduction
Amyloid- 3 peptide (AB) is a primary mediator of neuronal de-
generation in Alzheimer’s disease (AD) (Yankner et al., 1989).
Prevailing evidence suggests that A induces apoptosis not only
in neurons (Behl et al., 1994) but also in cerebral endothelial cells
(CECs) (Xu et al., 2001a; Yin et al., 2002, 2006), cerebrovascular
smooth muscle cells (Davis-Salinas and Van Nostrand, 1995),
oligodendrocytes (Xu et al., 2001b; Lee et al., 2004), and astro-
cytes (Yang et al., 2004). CECs and astrocytes constitute the
blood—brain barrier to shield the brain from damage by harmful
circulating toxins or deleterious cellular elements. As a result,
CEC apoptosis appears to be a contributing factor in AB-induced
cerebrovascular degeneration (Yang et al., 2004) characterized by
cerebral amyloid angiopathy. However, the molecular mecha-
nism of AB-induced CEC apoptosis has not been fully delineated.
Reversible protein phosphorylation catalyzed by protein ki-
nases and protein phosphatases regulates various cellular pro-
cesses, including apoptosis (Hunter, 2000). Recent studies have
highlighted a major role of serine/threonine protein phospha-
tases, including protein phosphatase 2A (PP2A) in apoptosis
(Ray et al., 2005; Yin et al., 2006). PP2A, a member of the
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ceramide-activated protein phosphatases (CAPPs), has been im-
plicated in AB-induced apoptosis through the ceramide—PP2A—
Bim cascade (Yin et al., 2006). Bim is a member in the “BH3-only
proteins,” a subgroup of Bcl-2 apoptotic regulators that contain
only one of the bcl-2 homology regions (BH3). In response to
apoptotic stimuli, BH3-only proteins translocate to the mito-
chondrial membrane from other cellular compartments to inter-
fere with the function of antiapoptotic Bcl-2 family members,
leading to apoptotic cell death (Huang and Strasser, 2000).

Kinases may be involved in AB-induced apoptosis as well but
independent of the BH3-only death paradigm. In the present
study, we explored apoptosis signal-regulating kinase 1 (ASK1)
and mitogen-activated protein kinase (MAPK), serine/
threonine-specific protein kinases, in AB-induced CEC death.
The rationale for targeting ASK1 and MAPK was based on the
findings that oxidative stress is causally related to AB-induced
apoptotic neuronal (Behl et al., 1994; Hensley et al., 1994) as well
as CEC (Xu et al., 2001a; Yin et al., 2002) death and apoptosis
associated with the activation of ASK1 (Kanamoto et al., 2000;
Tobiume et al., 2001; Matsuzawa et al., 2002; Nishitoh et al., 2002;
Noguchi et al., 2005) and MAPK (Tamagno et al., 2003; Okuno et
al., 2004; Kamada et al., 2007) is characterized by a heightened
oxidative tension in several death paradigms.

We aimed to determine whether activation of the ASK1-—
MAPK pathway contributes to AB-induced CEC death. Results
from the present study provide experimental evidence to support
the contention that activation of the ASK1-MAPK kinase 3/6
(MKK3/6)-p38MAPK-p53-Bax pathway contributes to Af-
induced CEC apoptosis in a PP2A-dependent manner. These
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findings suggest that more than one apoptotic pathway may be in
operation downstream of PP2A in AB-induced CEC death.

Materials and Methods

Materials. DMEM, optiMEM, fetal bovine serum (FBS), penicillin, and
streptomycin were purchased from Invitrogen (Carlsbad, CA); the en-
hanced chemiluminescence detection kit was from GE Healthcare (Little
Chalfont, UK); amyloid peptide (AB,_,,) and a cytotoxic fragment
(AB,s_35), protein A/G beads, anti-mouse and anti-rabbit IgG-
conjugated horseradish peroxidase antibodies, and rabbit polyclonal an-
tibodies specific for ASK1, p53, p38MAPK, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), a-tubulin, Bax, 14-3-, and hemagglutinin
(HA) were from Santa Cruz Biotechnology (Santa Cruz, CA); antibodies
against p53 phosphorylated at Ser 15, ASK1 phosphorylated at Ser 967, or
p38MAPK phosphorylated at Ser/Thr residues were from New England
Biolabs (Beverly, MA); all reagents for SDS-PAGE were from Bio-Rad
(Richmond, CA); okadaic acid was from Upstate Biotechnology (Lake
Placid, NY); SB203580 [4-(4-fluorophenyl)-2-(4-methylsulfinyl-
phenyl)-5-(4-pyridyl)-1 H-imidazole] was from Calbiochem (San
Diego, CA); [y-**PJATP (6000 Ci/mmol) was from GE Healthcare;
Lipofectamine Plus was from Invitrogen; and all other chemicals were
from Sigma (St. Louis, MO).

The HA-tagged expression constructs for catalytically inactive ASK1—
K709E [ASK1 dominant-negative mutant (DN)] and pcDNA were de-
rived as described previously (Chen et al., 2003). MKK3 DN, MKK6 DN,
and p38MAPK DN were kindly provided by Dr. C. M. Teng (National
Taiwan University, Taipei, Taiwan). Enhanced green fluorescent protein
expression construct (pEGFP) was kindly provided by Dr. M. L. Kuo
(National Taiwan University, Taipei, Taiwan).

AP preparation. A3 was aggregated before experiments in the present
study. For aggregation, amyloid peptide was dissolved in sterile double-
distilled H,O to a concentration of 1 mm and then maintained for 3 d at
37°C to allow polymerization.

Mouse CEC primary culture. Mouse CECs were prepared as described
previously (Xu etal., 1992; Yin et al., 2002). Briefly, mouse CECs migrat-
ing from isolated microvessel preparations were pooled to form a prolif-
erating cell culture that was maintained in DMEM, with high glucose and
L-glutamine supplemented with 10% FBS, 0.5 mg/ml heparin, and 75
pg/ml endothelial cell growth supplements. Mouse CECs (between pas-
sages 4 and 15) uniformly positive for factor VIII, vimentin, and charac-
teristic bradykinin receptors (>95% endothelial cell purity) were grown
to 85-95% confluence before use.

Flow cytometric analysis. CECs were cultured in 6 cm dishes. After
reaching confluence, cells were treated with vehicle or AB with or with-
out additional interventions (e.g., addition of a specific inhibitor of
p38MAPK) or previous transfection with ASK1 DN, MKK3 DN, MKK6
DN, or p38MAPK DN. At the end of the experiments, CECs were washed
twice with PBS (in mm: 137 NaCl, 2.7 KCl, 4.3 Na,HPO,, and 1.5
KH,PO,, pH 7.4) and resuspended in ice-cold 70% ethanol at 0°C over-
night. CECs were washed for 5 min with 0.4 ml phosphate-citric acid
buffer, pH 7.8, containing 50 mm Na,HPO,, 25 mwm citric acid, and 0.1%
Triton X-100 and subsequently stained with 1.5 ml of propidium iodide
(PI) staining buffer containing 0.1% Triton X-100, 10 mm PIPES, 100
mu NaCl, 2 mm MgCl,, 100 ug/ml RNase A, and 50 pg/ml PI for 30 min
in the dark before flow cytometric analysis. Cells were filtered on a nylon
mesh filter. The samples were analyzed by the FACScan and Cellquest
program (BD Biosciences, San Jose, CA). Each experiment was repeated
at least three times.

Plasmid DNA transfection. For transfection, 10° CECs were seeded
onto 12-well plates and transfected with Lipofectamine Plus with 1 ug of
pcDNA, ASK1 DN, MKK3 DN, MKK6 DN, p38MAPK DN, or pEGFP in
optiMEM for 24 h. The transfection medium was then replaced by fresh
DMEM, and CECs were exposed to A3 (20 um) for various time periods.

Transfection efficiency analysis. CECs were cultured in 6 cm dishes.
After reaching confluence, cells were transfected with pEGEFP, a green
fluorescence (GF) protein expression vector. After transfection, CECs
were washed twice and resuspended in ice-cold PBS in the dark before
flow cytometric analysis. Cells were filtered on a nylon mesh filter, and
green fluorescence derived from successful transfected cells was analyzed
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using the FACScan and Cellquest program (BD Biosciences). Transfec-
tion efficiency was defined as the percentage of cells expressing green
fluorescence.

Suppression of bax and pp2a expression. Several protocols for target
gene suppression were used in the present study. For bax suppression,
cells were transfected with pSIREN—bax, a plasmid that generates small
interfering RNAs (siRNA) targeting bax mRNA for degradation. To pro-
duce pSiREN-bax, the following complementary oligonucleotides were
annealed and cloned into BamHI/EcoRI-digested pSiREN (BD Bio-
sciences): bax sense, 5'-gatccgactggtgctcaaggecctgttcaagagacagg-
gecttgageaccagcttttttg-3'; bax antisense, 3'-gctgaccacgagttccgggacaag-
ttetetgteccggaactcgtggtcagaaaaaacttaag-5'. A control RNA interference
(RNAI) was also constructed by cloning custom-synthesized oligonucle-
otides (BD Biosciences) into BamHI/EcoRI-digested pSiREN. We also
use predesigned siRNAs to suppress bax expression. The siRNAs target-
ing the mouse bax gene was purchased from Ambion (Austin, TX). The
siRNA oligonucleotides targeting the coding regions of mouse bax
mRNA were as follows: bax siRNA-I sense, 5’-ggaugauugcugacguggatt-
3'; bax siRNA-II sense, 5'-ggcccugugcacuaaagugtt-3'. For pp2a suppres-
sion, predesigned siRNAs targeting the mouse pp2a gene was also pur-
chased from Ambion. The siRNA oligonucleotides targeting the coding
regions of mouse PP2A catalytic subunit (PP2A-C) mRNA were as fol-
lows: pp2a siRNA-1 sense, 5'-ccauacuccgagggaaucatt-3'; pp2a siRNA-2
sense, 5'-ccguauauugaccuaauggtt-3'. The negative control siRNA com-
prising a 19 bp scrambled sequence with 3" dT overhangs was also pur-
chased from Ambion.

Western blot analysis. To determine the expressions of ASK1, ASK1
phosphorylated at Ser967,14-3-3, p38MAPK, p38MAPK phosphory-
lated at Ser/Thr residues, p53, p53 phosphorylated at Serl5, and Bax in
CECs using a-tubulin and GAPDH, as the internal controls, proteins
were extracted and analyzed by Western blotting as described previously
(Yin et al., 2002; Chen et al., 2004). Briefly, CECs were cultured in 6 cm
dishes. After reaching confluence, cells were treated with vehicle or spe-
cific inhibitors followed by A for various time intervals. After incuba-
tion, cells were washed twice in ice-cold PBS and solubilized in extraction
buffer containing 10 mwm Tris, pH 7.0, 140 mm NaCl, 2 mm phenylmeth-
ylsulfonyl fluoride, 5 mm dithiothreitol, 0.5% Nonidet P-40, 0.05 mm
pepstatin A, and 0.2 mM leupeptin. Samples of equal amounts of protein
(60 ug) were subjected to SDS-PAGE and then transferred onto a poly-
vinylidene difluoride membrane that was later incubated in TBST buffer
(150 mm NaCl, 20 mm Tris-HCI, and 0.02% Tween 20, pH 7.4) contain-
ing 5% nonfat milk. Proteins were incubated with first specific primary
antibodies and then horseradish peroxidase-conjugated secondary anti-
bodies. Specific bands were detected based on enhanced chemilumines-
cence per the instructions of the manufacturer. Quantitative data were
obtained using a computing densitometer with scientific imaging sys-
tems (Eastman Kodak, Rochester, NY).

Immunoprecipitation and protein kinase assays. CECs were grown in 6
cm dishes. After reaching confluence, cells were treated with 20 um AB
for the indicated time intervals. After incubation, cells were washed twice
with ice-cold PBS, lysed in 1 ml of lysis buffer containing 20 mm Tris-
HCIL, pH 7.5, 1 mm MgCl,, 125 mm NaCl, 1% Triton X-100, 1 mum phe-
nylmethylsulfonyl fluoride, 10 ug/ml leupeptin, 10 wg/ml aprotinin, 25
mM B-glycerophosphate, 50 mm NaF, and 100 uMm sodium orthovanadate
and were centrifuged. The supernatant was immunoprecipitated over-
night with polyclonal antibodies against ASK1 or p38MAPK in the pres-
ence of protein A/G-agarose beads. The beads were washed three times
with lysis buffer and two times with kinase buffer containing 20 mm
HEPES, pH 7.4, 20 mm MgCl,, and 2 mm dithiothreitol. The kinase
reactions were performed by incubating immunoprecipitated complex
with 20 ul of kinase buffer supplemented with 20 um ATP and 3 uCi of
[y-?*P]ATP at 30°C for 30 min. To assess ASK1 and p38MAPK activities,
50 pug/ml myelin basic protein (MBP) was added to serve as the substrate.
The reaction mixtures were analyzed by 15% SDS-PAGE, followed by
autoradiography.

Coimmunoprecipitation. CECs were grown in 6 cm dishes. After reach-
ing confluence, cells were treated with 20 um A for the indicated time
intervals. The cells were harvested, lysed in 1 ml of PD buffer (40 mm
Tris-HCI, pH 8.0, 500 mm NaCl, 0.1% Nonidet P-40, 6 mm EGTA, 10 mm
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Figure1. ASK1inAB-induced CECdeath. A, CECs were transiently transfected with pcDNA (mock transfection) or HA—ASK1 DN

for 24 h. After transfection, cells were harvested and the level of HA—ASK1 DN was determined by immunoblotting using anti-HA
(top) and anti-ASK1 (bottom) antibody. B, CECs were transiently transfected with pEGFP for 24 h. After transfection, cells were
harvested, and green fluorescence derived from successful transfected cells was measured using flow cytometry as described in
Materials and Methods. Transfection efficiency is defined as the percentage of cells expressing GF. Compiled results are shown at
the bottom. Each column represents the mean = SEM of three independent experiments. €, After transfection as described above
in A, cells were treated with vehicle or 20 um AB for another 48 h. The percentage of apoptotic cells was then analyzed by flow
cytometric analysis of Pl-stained cells as described in Materials and Methods. Compiled results are shown at the bottom. Each
column represents the mean == SEM of at least three independent experiments. *p << 0.05 by comparing the A3 plus ASK1DN and
AB plus pcDNA groups. D, CECs were treated with 20 um A B for the indicated time intervals, and ASK1 kinase activity was assessed
using MBP as a substrate. After SDS-PAGE, y- *2P-labeled MBP was visualized by autoradiography. Immunoblotting confirming
equal amount of immunoprecipitated ASK1 for each sample is shown at the bottom. Data shown are representative of three
separate experiments with similar results. KA, Kinase assay; IB,immunoblotting. £, CECs were treated with vehicle or 20 pum A3 for
various time intervals as indicated. Cell lysates were then prepared and subjected to immunoblotting with anti-pSer967—ASK1
antibody. Equal loading in each lane is reflected by similar intensities of ASK1 at the bottom. *p << 0.05 compared with the control
group. F, Cells were treated with 20 um AB for 0-30 min and then immunoprecipitated with the anti-ASK1 antibody. The
immunoprecipitated complex was then subjected toimmunoblotting with an anti-14-3-3 antibody. Typical bands representative
of three separate experiments with similar results are shown. Immunoblotting confirming equal amount of immunoprecipitated
ASK1 for each sample is shown at the bottom. IP, Immunoprecipitation; IB, immunoblotting.
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membrane, and subjected to immunoblotting
with antibodies specific for 14-3-3.

Preparation of nuclear extracts and electro-
phoretic mobility shift assays. CECs were grown
in 6 cm dishes. After reaching confluence, cells
were treated with 20 um A for the indicated
time intervals. The nuclear protein fractions
were then prepared as described previously (Xu
et al,, 2001b; Chen et al., 2004). Briefly, cells
were washed with ice-cold PBS and then centri-
fuged. The cell pellet was resuspended in hypo-
tonic buffer (10 mm HEPES, 10 mm KCl, 0.5
mwm DTT, 10 mm aprotinin, 10 mM leupeptin,
and 20 mM PMSF) for 15 min on ice and vor-
texed for 10 s. The nuclei were pelleted by cen-
trifugation at 15,000 X g for 1 min. The pellet
containing nuclei was resuspended in hyper-
tonic buffer (20 mm HEPES, pH 7.6, 25% glyc-
erol, 1.5 mm MgCl,, 4 mm EDTA, 0.05 mMm
DTT, 20 mm PMSF, 10 mm aprotinin, and 10
mM leupeptin) for 30 min on ice. The superna-
tants containing the nuclear proteins were col-
lected by centrifugation at 15,000 X g for 2 min
and stored at —70°C. A double-stranded oligo-
nucleotide probe containing the p53 sequence
(5"-GAACATGTCTAAGCATGCTG-3'; Santa
Cruz Biotechnology) was end labeled with
[y-**P]ATP using T4 polynucleotide kinase.
The nuclear extract (2.5-5 ng) was incubated
with 1 ng of a **P-labeled p53 probe (50,000 —
75,000 cpm) in 10 pl of binding buffer contain-
ing 1 pg of poly(dI-dc), 15 mm HEPES, pH 7.6,
80 mm NaCl, 1 mm EDTA, 1 mm DTT, and 10%
glycerol at 30°C for 25 min. DNA/nuclear pro-
tein complexes were separated from the DNA
probe by electrophoresis on 6% polyacryl-
amide gels. The gels were vacuum dried and
subjected to autoradiography with an intensi-
fying screen at —80°C.

Statistical analysis. Results are presented as
mean = SEM from at least three independent
experiments. One-way ANOVA, followed by
Bonferroni’s multiple range tests when appro-
priate, was used to determine the statistical sig-
nificance of the difference between the means.
A p value <0.05 was considered statistically
significant.

Results

ASK1 activation in AB-induced

CEC death

As reported previously, AB;_, and
AB,5_35 have equal potency for inducing
apoptosisin CECs (Xuetal.,2001a). In the
present study, we also demonstrated that
the potency of AB,_,, in causing CEC
death was similar to that of AB,5 55 as de-
termined by the MTT assay (data not
shown). Thus, this study was conducted
using mainly AfB,s ;5 with key experi-
ments confirmed with AB,_,,. ASKI acti-

B-glycerophosphate, 10 mm NaF, 300 um sodium orthovanadate, 2 mm
phenylmethylsulfonyl fluoride, 10 wg/ml aprotinin, 1 ug/ml leupeptin,
and 1 mum dithiothreitol), and centrifuged. The supernatant was immu-
noprecipitated overnight with specific antibodies against ASK1 in the
presence of protein A/G-agarose beads at 4°C. The immunoprecipitated
complex was washed three times with PD buffer. The samples were frac-
tionated on 15% SDS-PAGE, transferred to a polyvinylidene difluoride

vation is a pivotal mechanism in a broad range of cell death
paradigms (Nishitoh et al., 2002). To explore whether ASK1 ac-
tivation contributes to AB-induced CEC death, CECs were tran-
siently transfected with HA epitope-tagged ASK1 DN before A3
treatment. We first confirmed that the protein encoded by ASK1
DN plasmid was expressed in transfected CECs. Based on immu-
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Figure 2. PP2Ain AB-induced ASK1 Ser967 dephosphorylation. A, CECs were pretreated

with vehicle, 1-10 nm okadaic acid (0A), or 100 nm cyclosporine A (CA) for 30 min before
treatment with 20 um A3 for another 10 min. Cell lysates were then prepared and subjected to
immunoblotting with anti-pSer967—ASK1 antibody. Equal loading in each lane is reflected by
similar intensities of ASK1 at the bottom. *p << 0.05 compared with the vehicle-treated group
inthe presence of A3. B, CECs were transiently transfected with control siRNA, pp2a siRNA-1, or
pp2a siRNA-2 for 24 h. After transfection, cells were treated with vehicle or 20 um A for
another 10 min. Cell lysates were then prepared and subjected to immunoblotting with an
anti-pSer967—ASK1 antibody. Equal loading in each lane is reflected by similar intensities of
ASK1 at the bottom. *p << 0.05 compared with the control siRNA group in the presence of AS.
C, After transfection as described above in B, the expression of PP2A-C was then determined by
immunoblotting with an anti-PP2A-C antibody. Data shown are representative of three inde-
pendent experiments with similar results.
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Figure3. p38MAPKin AB-induced CECapoptosis. 4, CECs were pretreated with vehicle or 10

M SB203580 (SB), a specific p38MAPK inhibitor, for 30 min before treatment with 20 um A3
for another 48 h. The percentage of apoptotic cells was then analyzed by flow cytometric
analysis of Pl-stained cells as described in Materials and Methods. Compiled results are shown at
the bottom. Each column represents the mean == SEM of at least three independent experi-
ments. *p << 0.05 compared with the group treated with A{3 alone. B, CECs were treated with
20 pum AB for 0—60 min, and p38MAPK phosphorylation was determined by immunoblotting
withanti-phospho-p38MAPK antibody. Equal loading in each laneis reflected by approximately
similar intensities of p38MAPK at the bottom. *p << 0.05 compared with the control group. C,
Cells were treated with 20 um A for 0—60 min, and p38MAPK activity was assessed using
MBP as a substrate. After SDS-PAGE, y-2P-labeled MBP was visualized by autoradiography.
Typical bands representative of three independent experiments with similar results are shown.
KA, Kinase assay; IB, immunoblotting; AP, apoptotic region.
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noblotting using specific antibodies to HA or ASK1, HA-tagged
ASK1 DN protein was highly expressed in ASK1 DN-transfected
cells compared with the control group (transfected with pcDNA)
(Fig. 1A). Using the same transfection protocol, we also assessed
the transfection efficiency based on pEGFP, a green fluorescence
protein expression vector. After transfection, green fluorescence
derived from successful transfected cells was analyzed using flow
cytometry. Transfection efficiency was defined as the percentage
of cells expressing GF. The compiled results show a transfection
rate of 54.7 * 2.9% (n = 3) in the bottom in Figure 1B. To
elucidate whether AB-induced CEC death is attributable to apo-
ptosis, flow cytometric analysis was then used. As shown in Figure
1C, the percentage of Pl-stained cells in the apoptotic region
(sub-G,/G, peak, subdiploid peak) was significantly increased
after 20 um A treatment (Fig. 1Cc) compared with the vehicle-
treated group (Fig. 1Ca). The compiled data are shown in the
bottom in Figure 1C (A, 64.0 = 5.9%; vehicle, 15.0 * 2.1%; p <
0.05). AB-induced CEC apoptosis was attenuated by transfection
with ASK1 DN (Fig. 1Cd and bottom: AB plus ASK1 DN, 28.1 =
2.6%; p < 0.05 compared with AB plus pcDNA). To further
elucidate whether ASK1 activation is involved in the signaling
cascade of AB-induced cell death, ASK1 kinase activity was mea-
sured after A exposure. Treatment with AB rapidly increased
ASKI1 kinase activity in CECs as early as 5 min and returned to
basal level within 1 h (Fig. 1 D). We next explored the mechanism
by which AB induces ASK1 activation. ASK1 binds to 14-3-3, an
inhibitory protein, to stay inactive. Dissociation of ASK1 from
14-3-3 leads to ASK1 activation. Phosphorylation of the ASK1
Ser967 residue is required for ASK1 binding to 14-3-3 (Zhang et
al., 1999). We examined whether the extent of ASK1 Ser967 phos-
phorylation is altered after A exposure. AB had no effects on
ASK1 Ser967 dephosphorylation at 1 min. However, A caused a
significant decrease in ASK1 Ser967 phosphorylation after expo-
sure to A for 2 min or longer, whereas vehicle control was with-
out effects (Fig. 1 E). Coimmunoprecipitation was then used to
confirm the hypothesis that AB-induced ASK1 dephosphoryla-
tion was accompanied by the dissociation of the ASK1-14-3-3
complex. As shown in Figure 1 F, A rapidly caused ASK1 disso-
ciation from 14-3-3. This response began as early as 2 min after
AP exposure. These findings together suggest that ASK1 Ser967
dephosphorylation and subsequent ASK1 dissociation from
14-3-3 were rapid in response to AB-induced stress in CECs.
However, the mechanism that regulates ASK1 dephosphoryla-
tion at the Ser967 residue remains to be identified. It is conceiv-
able that A3 may activate a protein phosphatase that dephospho-
rylates Ser967, leading to ASK1 activation. Activation of PP2A
was shown recently to be causally related to AB-induced CEC
death (Yin et al., 2006). We, therefore, explore whether PP2A is
involved in ASK1 dephosphorylation. Okadaic acid, a selective
PP2A inhibitor, reduced ASK1 dephosphorylation in CECs
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bands. Compiled results are shown at the bottom. *p << 0.05 compared with the pcDNA (mock
transfection) group in the presence of AB. B, CECs were transiently transfected with pcDNA,
MKK3 DN, or MKK6 DN for 24 h. After transfection, cells were treated with vehicle or 20 um A3
for 30 min and then harvested, and the level of p38MAPK phosphorylation was determined as
described above in A. Compiled results are shown at the bottom. *p << 0.05 compared with the
pcDNA (mock transfection) group in the presence of AB. €, CECs were transiently transfected
with pcDNA, MKK3 DN, MKK6 DN, or p38MAPKcx DN for 24 h. After transfection, cells were
treated with vehicle or 20 m A3 for another 48 h. The percentage of apoptotic cells was then
analyzed by flow cytometric analysis of Pl-stained cells as described in Materials and Methods.
Each column represents the mean == SEM of at least three independent experiments. *p << 0.05
compared with the pcDNA (mock transfection) group in the presence of A3 .
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treated with AB. Cyclosporin A, a specific PP2B/calcineurin in-
hibitor, was without effect (Fig. 2A). To further confirm more
specifically that AB-induced ASK1 dephosphorylation was medi-
ated by PP2A, two pp2a siRNA oligonucleotides ( pp2a siRNA-1
and pp2a siRNA-2) were used. As shown in Figure 2 B, transfec-
tion of CECs with pp2a siRNA-1 or pp2a siRNA-2 significantly
reduced AB-induced ASK1 dephosphorylation (Fig. 2B). Fur-
thermore, siRNA experiments revealed that pp2a siRNA-1 or
pp2a siRNA-2 suppressed the basal level of PP2A-C (Fig. 2C).
These results suggest that PP2A may be specifically responsible
for AB-induced dephosphorylation of ASK1 Ser967 in CECs.

Pp38MAPK activation in A 3-induced CEC apoptosis

ASK1 belongs to the MAPK kinase kinase family and activates the
c-Jun N-terminal kinase (JNK) and p38MAPK pathways via
MKK4/7 and MKK3/6, respectively (Ichijo et al., 1997). JNK-
mediated signaling cascade has been shown previously to partic-
ipate in AB-induced CEC death (Yin et al., 2002). In the present
study, we focused on the role of p38MAPK signaling cascade in
AB-induced CEC death. We examined whether p38MAPK sig-
naling events are involved in AB-induced CEC apoptosis using
flow cytometry. As shown in Figure 3A, the percentage of PI-
stained cells in the apoptotic region was significantly increased
after 20 uM AR treatment (Fig. 3Ac) compared with the vehicle-
treated group (Fig. 3Aa) The compiled data are shown in the
bottom of Figure 3A (A, 64.2 = 4.6%; vehicle, 7.2 + 2.3%; p <
0.05). AB-induced CEC apoptosis was attenuated by SB203580, a
p38MAPK inhibitor (Fig. 3Ad and bottom: A plus SB203580,
45.2 * 2.6%; AB, 64.2 = 4.6%; p < 0.05). The time course of
AB-induced p38MAPK phosphorylation is shown in Figure 3B.
A increased p38MAPK phosphorylation in a time-dependent
manner. In parallel, using MBP as a p38MAPK substrate, a time-
dependent increase in p38MAPK activity was also observed in
AB-treated CECs (Fig. 3C). To further ascertain the linkage be-
tween ASK1 and p38MAPK signaling cascade downstream of AS3,
we determined the effect of ASK1 DN on AB-induced p38MAPK
activation. As shown in Figure 4 A, transfection with ASK1 DN
significantly reduced AB-induced p38MAPK activation. ASK1
activation of p38MAPK is via the MKK3/6 pathway (Ichijo et al.,
1997). MKK3 DN and MKK6 DN also attenuated AB-induced
p38MAPK activation (Fig. 4B).

We also used MKK3 DN, MKK6 DN, and p38MAPKa DN to
block MKK3/6—p38MAPK signaling pathway to confirm
whether the MKK3/6—p38MAPK cascade participates in Af-
induced CEC death. Flow cytometric analysis demonstrated that
transfection with MKK3 DN, MKK6 DN, or p38MAPKa DN
attenuated AB-induced CEC apoptosis with the extent of cell
apoptosis reduced from 53.4 = 5.2t0 31.8 = 5.9,31.2 = 8.5, and
26.3 & 8.4%, respectively (Fig. 4C). Together, these findings sug-
gest that the ASK1-MKK3/6—p38MAPK cascade is in operation
in AB-induced CEC death.

P53 activation in AB-induced CEC death

p53 is a transcription factor that plays a key role in the regulation
of cell viability downstream of MAP kinase. Activation of p53
entails phosphorylation of its serine residues, primarily Serl5
(Dumaz and Meek, 1999; Meek, 1999). To explore the role of p53
in AR death signaling downstream of MAP kinase, we examined
the effect of AB on p53 phosphorylation at Serl5. Figure 5A
shows that AP caused an increase in p53 phosphorylation at
Ser15 in a time-dependent manner. Phosphorylation began at 10
min, peaked at 2 h, and declined toward the basal level 6 h after
AP treatment. Phosphorylation at Ser15 is responsible for p53
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Figure 5.  Ap-induced p53 phosphorylation and increase in p53 binding activity in CECs. 4,

CECs were treated with 20 pum A for indicated time periods. Cells were then harvested, and
p53 phosphorylation at Ser15 was determined by immunoblotting with an anti-pSer15—p53
antibody. Equal loading in each lane is shown by the similar intensities of GAPDH. Compiled
results are shown at the bottom. *p << 0.05 compared with the control group. B, CECs were
incubated with 20 wm AB for 1and 2 h. After incubation, the nuclear protein fraction was
prepared for EMSA as described in Materials and Methods. C, An anti-p53 antibody (Ab) was
included before EMSA to detect the specificity of p53 binding activity. Data shown are repre-
sentative of three independent experiments with similar results.

binding to its cognate DNA binding sequence (Dumaz and Meek,
1999). The nuclear extracts of CECs with and without A treat-
ment were subjected to an electrophoretic mobility shift assay
(EMSA) using p53-specific oligonucleotides as the probe. As
shown in Figure 5B, p53-specific DNA—protein binding activity,
low in vehicle-treated CECs, was markedly increased 1-2 h after
A treatment (Fig. 5B). Pretreatment of nuclear extracts with
specific antibody against p53 reduced p53-specific DNA—protein
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Figure 6. Involvement of ASK1, MKK3, MKK6, and p38MAPK in AB-induced p53 phosphor-
ylation in CECs. A, CECs were transiently transfected with pcDNA or ASKT DN for 24 h. After
transfection, cells were treated with vehicle or 20 m AB for Th and then harvested forimmu-
noblotting to assess the level of p53 phosphorylation at Ser15 using an anti-pSer15—p53 anti-
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binding activity, demonstrating the specificity of p53-DNA
binding activity (Fig. 5C).

ASK1 DN was then used to block ASK1 signaling to determine
whether ASK1 mediates AB-induced p53 activation. As shown in
Figure 6 A, ASK1 DN significantly suppressed AB-induced p53
phosphorylation at Ser15 residue. Similarly, both MKK3 DN and
MKK6 DN were effective in attenuating AB-induced p53 phos-
phorylation at Serl5 (Fig. 6B). Furthermore, SB203580, a
P38MAPK inhibitor, also inhibited AB-induced p53 activation
(Fig. 6C). These results support a causal role of the ASK1-MKK3/
6-p38MAPK signaling cascade in AB-induced p53 activation.

Bax upregulation in Af-induced CEC apoptosis

P53 has been shown to induce apoptosis by causing mitochon-
drial dysfunction via transactivation of Bax expression (Jeffers et
al., 2003; Hastak et al., 2005). We, therefore, examined whether
AP is capable of inducing Bax expression in CECs. As shown in
Figure 7A, A elevated cellular level of Bax in a time-dependent
manner. To further confirm that AB-induced cell death was me-
diated by Bax, Bax expression was silenced using RNAi strategy.
RNAI experiments revealed that the basal Bax level in CECs was
only slightly affected by bax RNAI. In contrast, bax RNAi sup-
pressed AB-induced Bax expression (Fig. 7B). To further confirm
the results of Bax RNAi experiments. We also used siRNAs to
suppress Bax expression. As shown in Figure 7, C and D, bax
siRNA-I and bax siRNA-II significantly suppressed AB-induced
Bax expression. Similar to RNAi experiments, the basal Bax level
was only slightly affected by bax siRNA-I (Fig. 7C). bax siRNA-II
appears to suppress the basal Bax level (Fig. 7D). Transfection of
CECs with bax siRNA-II attenuated AB-induced CEC apoptosis
with the extent of apoptosis reduced from 55.1 = 7.0 to 29.0 =
7.7% (Fig. 7E).

We then tested the hypothesis that AB may induce Bax expres-
sion through the ASK1-MKK3/6-p38MAPK—p53 signaling cas-
cade. As shown in Figure 8 A, ASK1 DN noticeably inhibited A3
upregulation of Bax expression in CECs. Moreover, MKK3 DN,
MKKG6 DN (Fig. 8 B), and the p38MAPK inhibitor SB203580 (Fig.
8C) also attenuated AB-induced Bax expression, respectively.
These findings support the contention that AS activates the
ASK1-MKK3/6-p38MAPK-p53 signaling cascade to induce Bax
expression, resulting in CEC apoptosis.

Discussion

AP has been implicated as the primary neurotoxic factor in the
pathogenesis of AD. Results from the present study, similar to
those reported previously (Xu et al., 2001a; Yin et al., 2002, 2005;
Yang et al., 2004), show that AS is also cytotoxic to CECs. AB-
induced apoptosis is a multifactorial process involving excessive
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body. Equal loading in each lane is reflected by approximately similar intensities of the
a-tubulin bands. Compiled results are shown at the bottom. *p < 0.05 compared with the
pcDNA (mock transfection) group in the presence of A3. B, CECs were transiently transfected
with pcDNA, MKK3 DN, or MKK6 DN for 24 h. After transfection, cells were treated with vehicle
or 20 wm A for 1 h and then harvested, and the level of p53 phosphorylation at Ser15 was
determined as described in A. Equal loading in each lane is reflected by approximately similar
intensities of the a-tubulin bands. Compiled results are shown at the bottom. *p << 0.05
compared with the pcDNA (mock transfection) group in the presence of AB. C, CECs were
treated with 10 um SB203580 (SB), specific p38MAPK inhibitor, for 30 min, followed by vehicle
or 20 um A3 for another 1h and were then harvested for assessing the level of p53 phosphor-
ylation at Ser15 as described in A. Equal loading in each lane is reflected by approximately
similarintensities of the a-tubulin bands. Compiled results are shown at the bottom. *p << 0.05
compared with the pcDNA (mock transfection) group in the presence of AB.
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formation of reactive oxygen species
(Schapira, 1996), alteration of intracellu-
lar calcium homeostasis (Kriem et al.,
2005), and mitochondrial dysfunction
and caspases activation (Hitomi et al.,
2004). However, the precise molecular
mechanism responsible for the apoptotic
action of A3 remains to be fully character-
ized. We demonstrated that the activation
of the ASK1-MKK3/6—p38MAPK signal-
ing cascade followed by p53 activation and
Bax expression contributes to AB-induced
CEC death.

Phosphorylation of the ASK1 Ser967
residue is required for the formation of the
ASK1-14-3-3 complex to keep ASK1 inac-
tive (Zhang et al., 1999). However, the sig-
naling pathways that control ASK1 func-
tion through Ser967 remain unresolved.
Activation of an unknown protein phos-
phatase is required for tumor necrosis
factor-a-induced ASKI1 activation by de-
phosphorylating ASK1 Ser967 (Zhang et
al., 2003). Goldman et al. (2004) further
demonstrated that an okadaic acid-
sensitive phosphatase is required for H,O,
dephosphorylation of ASK1 Ser9%67 in
COS7 cells. We have shown that AB-
induced CEC death was causally related to
PP2A activation (Yin et al., 2006). In the
present study, we demonstrated that oka-
daic acid, a specific inhibitor of PP2A, in-
hibited AB dephosphorylation of the
ASK1 Ser967 residue. Cyclosporin A, a
specific inhibitor of PP2B, however, failed
to block AB-induced Ser967 dephosphor-
ylation. Furthermore, pp2a siRNAs, which
silenced PP2A-C, also attenuated AB de-
phosphorylation of Ser967. These findings
suggest that PP2A may play a pivotal role
in ASK1 dephosphorylation and the sub-
sequent signaling events.

Activated ASK1 plays a critical role in
apoptosis by stimulating the downstream
signaling events, including the activation
of MKK3/6 and p38MAPK in sequence
(Yamaguchi et al., 2004; Holasek et al,,
2005). Whether the p38MAPK signaling
pathway participates in AB-induced CEC
death has not been demonstrated previ-
ously. We show in the present study that
P38MAPK was activated and causally re-
lated to AB-induced CEC death. In addi-
tion, we noted that Ap-induced
P38MAPK activation and subsequent
CEC death was mediated by ASKI and
MKK3/6. These findings are consistent
with the observation that SB203580, a se-
lective inhibitor of p38MAPK, and
dominant-negative mutants of ASKI,
MKK3, and MKK6 diminished AB-
induced p38MAPK activation and CEC
death. Moreover, increased oxidative
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Figure7. Baxexpression in AB-induced CEC death. A, CECs were treated with 20 m A3 for 24 —72 h and then harvested for
assessing the extent of Bax expression by immunoblotting with an anti-Bax antibody. Compiled results are shown at the bottom.
*p < 0.05 compared with the control group. B, CECs were transfected with control RNAi or bax RNAi for 24 h. After transfection,
cells were treated with vehicle or 20 um A3 for another 48 h. The expression of Bax was then determined by immunoblotting with
an anti-Bax antibody. Compiled results are shown at the bottom. *p << 0.05 compared with the control RNAi group in the presence
of AB. , CECs were transfected with control siRNA or bax siRNA-I for 24 h. After transfection, cells were treated with vehicle or 20
1 AB for another 48 h. The expression of Bax was then determined by immunoblotting with an anti-Bax antibody. Compiled
results are shown at the bottom. *p < 0.05 compared with the control siRNA group in the presence of AS. D, CECs were
transfected with control siRNA or bax siRNA-II for 24 h. After transfection, cells were treated with vehicle or 20 uum A3 for another
48 h. The expression of Bax was then determined by immunoblotting with an anti-Bax antibody. Compiled results are shown at the
bottom. *p << 0.05 compared with the control siRNA group in the presence of AB. *p < 0.05 compared with the control siRNA
group. E, CECs were transiently transfected with control siRNA or bax siRNA-II for 24 h. After transfection, cells were treated with
vehicle or 20 um AB for another 48 h, and cell apoptosis was determined by flow cytometry. *p << 0.05 compared with the control
siRNA group in the presence of A 3.
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stress has been proposed to play an important role in AB-induced
cell death in neurons (Behl et al., 1994) and CECs (Xu et al.,
2001a). It has been demonstrated recently that oxidative stress
signals such as H,0O, may activate PP2A-like protein phosphatase
to cause ASK1 Ser967 dephosphorylation and subsequent cell
death (Goldman et al., 2004). Studies with ASK1 knock-out mice
demonstrated that ASK1-p38MAPK pathway is required for ox-
idative stress-induced mouse embryo fibroblast apoptosis (Tobi-
ume et al., 2001). These findings together with results presented
in this communication suggest that A-induced oxidative stress
may be critical for activating PP2A-ASK1-MKK3/6-p38MAPK
apoptotic signaling cascade in CECs.

A number of studies have indicated that p53 plays an impor-
tant role in promoting cell apoptosis by regulating the transcrip-
tion of proapoptotic genes (el-Deiry et al., 1995). AB was shown
recently to promote phosphorylation-mediated stabilization of
p53 and subsequent cortical neuron death (Fogarty et al., 2003).
p53 phosphorylation by p38MAPK contributed to nitric oxide-
induced apoptosis (Kim et al., 2002). In agreement with these
observations, we noted that the dominant-negative mutants of
ASK1, MKK3 and MKK®6, or SB203580, a selective p38MAPK
inhibitor, prevented AB-induced p53 phosphorylation and CEC
death. Thus, it is plausible that A activates the ASK1-MKK3/6—
P38MAPK cascade to cause p53 phosphorylation and subsequent
cell death. In addition, the finding in this study that the transfec-
tion efficiencies do not match the effects of the dominant-
negative mutants in immunoblotting experiments has also been
noted by others. For instance, in a study of ASK1 dominant-
negative strategy to prevent apoptosis, Chen et al. (1999) noted
the transfection of a dominant-negative ASK1 mutant resulted in
similar findings with the biological effects greater than transfec-
tion efficiency. Similar findings have been reported by others
(Huang et al., 2003; Li et al., 2005).

The Bclll family proteins regulate mitochondria-dependent
apoptosis, with the balance of the antiapoptotic and proapoptotic
members arbitrating the life-or-death decisions. Bax, a proapop-
totic member of the Bcl-2 family, causes apoptosis by disrupting
mitochondrial integrity. bax expression is induced by p53 in re-
sponse to selected stress signals (Zhang et al., 2005). In the
present study, bax siRNA attenuated AB-induced CEC apoptosis,
suggesting that Bax expression is causally related to AB- induced
CEC apoptosis. In addition to Bax, recent reports have indicated
that BH3-only members of BclII family, such as Bim (Yin et al,,
2002) and Bad (Yin et al., 2005), also participate in AB-induced
CEC death. The link between these proapoptotic Bcl-2 family
protein-mediated cell death pathways remains to be established.
Moreover, transcription factors other than p53 may also contrib-
ute to AB-induced CEC apoptosis. These include AP-1 (activator
protein-1) (Yin et al., 2002) and FKHRL1 (forkhead in
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results are shown at the bottom. *p << 0.05 compared with the pcDNA (mock transfection)
group in the presence of AB. B, CECs were transiently transfected with pcDNA, MKK3 DN, or
MKK6 DN for 24 h. After transfection, cells were treated with vehicle or 20 um A for another
48 h and then harvested for assessing the extent of Bax expression as described in A. Equal
loading in each lane is shown by approximately similar intensities of the c-tubulin bands.
Compiled results are shown at the bottom. *p << 0.05 compared with the pcDNA (mock trans-
fection) group in the presence of AB. (, CECs were pretreated with vehicle or 10 pm SB203580
(SB), aspecific p38MAPK inhibitor, for 30 min, followed by vehicle or 20 pum A3 foranother 48 h,
and then harvested for assessing the extent of Bax expression as described in A. Equal loading in
each lane is shown by approximately similar intensities of the c-tubulin bands. Compiled
results are shown at the bottom. *p < 0.05 compared with the pcDNA (mock transfection)
group in the presence of AS.
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Figure 9.  Schematic summary of ASK1-mediated apoptotic pathway in AB-induced CEC
death. A activates the PP2A—ASK1-MKK3/6 —p38MAPK signaling cascade, leading to p53
activation and Bax expression in AB-induced CEC death. Approaches applied in the present
studies are shown to support the causal role of each step in the cascade.

rhabdomyosarcoma-like 1) (Yin et al., 2006). These observations
explain, at least in part, why blocking the ASK1 signaling cascade
could not completely abolish AB-induced CEC death.

As described above, PP2A appears to play an important role in
activating ASK1. PP2A is a member in the CAPP family. We
established previously that AB-induced death of non-neuronal
cells, including CECs, astrocytes (Yang et al., 2004), and oligo-
dendrocytes (Lee et al., 2004), involved activation of neutral
sphingomyelinase to release ceramide from membrane sphingo-
myelin. Results from the present studies suggest that ceramide
activation of PP2A may be involved in AB-induced death para-
digms in CECs by dephosphorylating both Akt (Yin et al., 2006)
as well as ASK1. Together, these results suggest that A3 activation
of PP2A may activate at least two separate pathways: one on the
Akt—FKHRL1-Bim cascade (Yin et al., 2006) and another on the
ASKI-MAP kinase-p53—Bax cascade as reported here. The dif-
ferential mechanisms of A3 actions in driving these two separate
death signaling pathways downstream of PP2A remain to be elu-
cidated. It is likely that two different pathways culminating in
Bim and Bax expression, respectively, are in cooperation. Both
Bim and Bax are Bcl-2 family proteins. However, Bim is a pro-
apoptotic protein belonging to the BH3-only subfamily, whereas
Bax is not. Whether Bim and Bax act in sequence or in synergy
remains controversial (Willis and Adams, 2005). Additional
works are needed to characterize the interrelationship between
Bim and Bax in AB-induced CEC death.

The signaling events before PP2A—-ASK1 activation have not
been delineated but are likely to involve A interaction with cell
membrane proteins. Cytotoxic actions of AB have been ascribed
to various types of receptor mechanisms. Among the postulated
AP receptors, p75 neurotrophin receptor (p75NTR) is the most
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likely candidate to mediate AB cytotoxic effect. The first link
between AR neurotoxicity and p75NTR was noted by Ye et al.
(1999), who found that expression of p75NTR enhances Af tox-
icity in PC12 cells. Yaar et al. (2002) found that AB binds to
p75NTR directly and causes JNK activation and apoptotic cell
death in p75NTR-expressing cells (Yaar et al., 2002). Kuner and
Hertel (1998) confirmed that A binds to p75NTR in neuroblas-
toma cells (Kuner et al., 1998). In our preliminary studies in
CEGs, p75NTR is also an attractive candidate. We found that
p75NTR blockade by anti-p75NTR antibody significantly inhibit
AB-induced CEC death (our unpublished data). These findings
raise the possibility of a receptor-mediated event in AB apoptotic
action. It may explain, at least in part, why ASK1 Ser967 dephos-
phorylation induced by AB was a rapid event within minutes in
the present study.

In conclusion, results from the present study demonstrated
for the first time that AB-induced CEC death involves at least in
part the activation of the PP2A-ASK1-MKK3/6-p38MAPK
signaling cascade to induce p53 activation and Bax expression
(Fig. 9).
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