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Fig. 2. HPLC chromatograms of extracts from A.
tamivavanichii and mussel M. galloprovincialis,
and of PSP standards.

At2 and Atd: wild cells of A. tamiyavanichii,
At6-cl, At6-c2, At6-c3 and At6-c4: cultured cells
of A. tamivavanichii, Mgd: M. galloprovincialis.

a: PX1 (Cl): b: PX2 (C2); ¢: GTXD5; d: deGTXS; e
deGTXZ; f: GTX3, g GTX4: h: GTX2; i: GTX1; j:
neoSTX; k: hySTX; I: deSTX; m: STX

BEUGTX5 T, 23.8 mol% (8.92 nmol/g) ¥ X ¥ 225
mol % (8.46 nmol/g) = 5% TE Y, BIKS & LT STX
P GTX1, GTX3 A& EF TV 7z (Table 2, Fig. 3). ME
M PX1, 2, GTX2, GTX6, dcGTX2, neoSTX bl n
7.
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& A, RERENIL 215 85X 87~ 1071 MU/cell,
EEZEKIT28~38x107"MU/cell, 434 +4 #4d
50 MU/g & 75 » - (Table 1).
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Table 2. Amount of each PSP component in wild and cultured cells of A. tamivavanichii, and in mussel M. galloprovincialis

A. tamiyavanichit (wild)

A. tamiyavanichii (cultured)

M. galloprovincialis

Component At2 At4 At6-cl At6-c2 At6-¢c3  At6-c4 Mean*SD Mg4
(fmol/cell) {fmol/cell) (nmol/g)
PX1 (Cl1) 10.4 5.94 11.1 16.9 5.09 3.12 9.05 ' 540 1.27
PX2 (C2) 127 56.5 43.1 714 22.1 17.8 386x21.2 2.44
GTX1 63.6 25.9 255 2.60 4.80 217 3.03x1.03 480
GTX2 6.56 2.37 23.1 24.2 22.6 17.3 21.8+265 1.25
GTX3 58.5 31.2 96.2 109 109 100 103+548 3.64
GTX4 375 208 6.44 9.36 14.6 18.3 12.2+4.60 892
GTX5 1,260 341 68.2 63.8 39.9 34.6 51.6+14.6 846
GTX6 114 45.8 — — - - - 1.28
dcGTX2 — — - - — — — 0.0976
decGTX3 — — 641 9.29 477 3.06 5.88+2.30 —
neoSTX 9.61 6.36 19.2 242 7.14 6.08 142+776 0.207
hySTX - - - - 4.25 1.21 273 -
STX 381 116 125 277 30.2 15.8 21.6%755 517
Total 2,410 840 289 359 264 220 283+58.1 37.6
100 s 100 o
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" . : NN Fig. 4. Selected ion mass chromatograms (m/z 300, 316
and 332) of partially purified toxin from mussel
L M. galloprovincialis (Mg4).
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Fig. 3. Toxin composition of wild and cultured cells of
A. tamiyavanichii, and of mussel M. gallopro-
wvincialis
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=332) & GTX1 (M-+H—S0s1"=332) »s#gi ah 1 (Fig.
4). :
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Poly(ADP-ribose) Polymerase (PARP)-1-independent
Apoptosis-inducing Factor (AIF) Release and Cell Death Are
Induced by Eleostearic Acid and Blocked by a-Tocopherol

and MEK Inhibition™
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Poly(ADP-ribose)polymerase-1 (PARP-1) is thought to be
required for apoptosis-inducing factor (AIF) release from mito-
chondria in caspase-independent apoptosis. The mechanism by
which AIF is released through PARP-1 remains unclear. Here,
we provide evidence that PARP-1-independent AIF release and
cell death are induced by a trienoic fatty acid, a-eleostearic acid
(a-ESA). a-ESA induced the caspase-independent and AIF-ini-
tiated apoptotic death of neuronal cell lines, independently of
PARP-1 activation. The cell death was inhibited by the MEK
inhibitor U0126 and by knockdown of MEK using small inter-
fering RNA. However, inhibitors for JNK, p38 inhibitors, cal-
pain, phospholipase A,, and phosphatidylinositol 3-kinase,
did not block cell death. AIF was translocated to the nucleus
after the induction of apoptosis by a-ESA in differentiated PC12
cells without activating caspase-3 and PARP-1. The a-ESA-me-
diated cell death was not inhibited by PARP inhibitor 3,4-di-
hydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-isoquinoline and by
knockdown of PARP-1 using small interfering RNA. Unlike
N-methyl-N'-nitro-N-nitrosoguanidine treatment, histone-
phosphorylated histone 2AX was not phosphorylated by a-ESA,
which suggests no DNA damage. Overexpression of Bcl-2 did
not inhibit the cell death. a-ESA caused a small quantity of
superoxide production in the mitochondria, resulting in the
reduction of mitochondrial membrane potential, both of which
were blocked by a trace amount of a-tocopherol localized in the
mitochondria. Our results demonstrate that a-ESA induces
PARP-1-independent AIF release and cell death without acti-
vating Bax, cytochrome ¢, and caspase-3. MEK is also a key mol-
ecule, although the link between ERK, AIF release, and cell
death remains unknown. Finding molecules that regulate AIF
release may be an important therapeutic target for the treatment
of neuronal injury.

Apoptosis is a mode of programmed cell death that is used by
multicellular organisms to remove surplus and unwanted cells

* This work was supported by grants from the Ministry of Health, Labor, and
Welfare of Japan, the Japan Health Sciences Foundation, and Grant-in-aid
for Scientific Research 20590132 (to K. K.).

Bl The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1 and S2 and Movie S1.
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in the immune and nervous systems (1-5). Apoptosis is char-
acterized by cell detachment, cell shrinkage, chromatin con-
densation, DNA degradation, and plasma membrane blebbing
(5-7). The surplus cells are removed by caspases, which are key
effector molecules of apoptotic cell death. Apoptosis is acti-
vated through two main pathways as follows: the extrinsic path-
way, which originates from the activation of cell-surface death
receptors, such as Fas and tumor necrosis factor-receptor 1,
and results in the activation of caspase-8; and the intrinsic path-
way, which originates from the mitochondrial release of cyto-
chrome c and results in the activation of caspase-9 through the
Cyt-c*/apoptotic protease-activating factor-1/procaspase-9
heptamer (5, 8,9). Most apoptotic stimuli use a mitochondrion-
dependent process such as membrane potential shutdown and
outer membrane permeabilization controlled by Bax and Bak,
which are pro-apoptotic members of the Bcl-2 family (6-9).
This results in the release of the pro-apoptotic protein Cyt-c,
which triggers caspasc activation, or the apoptosis-inducing
factor (AIF), which triggers caspase-independent pathways,
from mitochondrial intermembrane space.

In the developing nervous system, apoptosis is necessary for
the establishment of appropriate cell numbers and for the elim-
ination of unwanted cells (10); however, in the adult nervous
system, the inappropriate induction of apoptotic cell death con-
tributes to neurodegenerative diseases (15, 16). Activation of
the mitochondrial signaling cascade can activate both caspase-
dependent and caspase-independent apoptosis (11, 12). AIF
is a key molecule in caspase-independent neuronal cell death
(13-16). AIF is released from the mitochondria into the cytosol
and then translocated to the nucleus in response to neuronal

2 The abbreviations used are: Cyt-c, cytochrome ¢; a-ESA, a-eleostearic acid;
MEK, mitogen-activated protein kinase kinase; JNK, c-Jun N-terminal
kinase; ERK, extracellular signal-regulated kinase; y-H2AX, phosphorylated
histone 2AX; AIF, apoptosis-inducing factor; Bak, Bcl-2-antagonist/killer;
Bax, Bcl-2-associated X protein; CPT, camptothecin; DPQ, 3,4-dihydro-5-[4-
(1-piperidinyl)butoxyll-1(2H)-isoquinoline; ERK, extracellular signal-regu-
lated kinase; MEK, mitogen-activated protein kinase kinase; MNNG,
N-methyl-N’-nitro-N-nitrosoguanidine; NGF, nerve growth factor; PARP-1,
poly(ADP-ribose) polymerase-1; Z-, N-benzyloxycarbonyl; fmk, fluoro-
methyl ketone; ROS, reactive oxygen species; a-ESA, a-eleostearic acid; Ab,
antibody; siRNA, small interfering RNA; TUNEL, terminal dUTP nick end-
labeling; a-Toc, a-tocopherol; NMDA, N-methyl-p-aspartic acid; STS, stau-
rosporine; JNK, c-Jun N-terminal kinase; PAR, polymer of ADP-ribose;
CM-H2DCF-DA, 5(and 6)-chloromethyl-2’,7'-dichlorodihydrofluorescein
diacetate; NBD, 7-nitro-2,1,3-benzoxadiazol-4-yl.

JOURNAL OF BIOLOGICAL CHEMISTRY 13079

108

0102 ‘2 4800390 Uo ‘sasusiog YjlesH Jo aynsu| [euonep e 61o-og mmm wolj pspeojumoq



Supplemental Material can be found at:
http:/fwww.jbc.org/content/suppli2010/02/22/M109.044206.DC1.html

PARP-1-independent AIF Release and Cell Death

stimuli, including hypoxia, cerebral ischemia, and N-methyl-
N’ -nitrosoguanidine (MNNG) or N-methyl-p-aspartic acid
(NMDA) insult (15, 17-20). Poly(ADP-ribose) polymerase-1
(PARP-1) activation is required for the translocation of AIF in
fibroblasts (20). Moubarak et al. (21) has reported that the
sequential activation of PARP-1, calpain, and Bax is essential in
AIF-mediated programmed necrosis.

a-Eleostearic acid (a-ESA) is a conjugated trienoic fatty acid
that occurs in the seeds of plants such as Vernicia spp. a-ESA
has been reported to suppress tumor growth through caspase-3
and peroxisome proliferator-activated receptor-y activation
accompanied by DNA fragmentation (22-24). Recently, we
have found that a-ESA induces caspase-independent apoptosis
that is not associated with nucleosomal DNA fragmentation in
neuronal cells. Notably, a-ESA-mediated apoptotic cell death s
accompanied by AIF translocation to the nucleus and pro-
longed ERK phosphorylation that lasts for more than 16 h, but
not by PARP-1 activation, in rat adrenal pheochromocytoma
PC12 cells. The MEK inhibitor U0126 and a trace amount of
a-tocopherol (a-Toc) completely inhibited the apoptotic cell
death. The methyl ester of a-ESA (a-ESA-Me) did not induce
apoptotic cell death, even though it has the same conjugated
triene group as a-ESA. Here, we show that a-ESA causes
PARP-1-independent AIF release and the cell death through
the superoxide production in a small quantity in the mitochon-
dria and the prolonged ERK1/2 phosphorylation without
inducing other apoptotic molecules such as Bax, Bcl-2, Cyt-c,
caspase-3, and PARP-1.

EXPERIMENTAL PROCEDURES

Cell Culture—PC12 (JCRB0266) cells were grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% horse
serum and 5% fetal calf serum, penicillin, and streptomycin
(Invitrogen). Human neuroblastoma (SH-SY5Y) cells (Ameri-
can Type Culture Collection (ATCC), CRL-2266) were grown
in Dulbecco’s modified Eagle’s medium/F-12 supplemented
with 10% fetal calf serum. Mouse neuroblastoma X rat glioma
hybrid (NG108-15) cells (ATCC, HB-12317) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum. The PC12 cells were induced to differentiate by
treatment with 50 ng/ml NGF 7 S (Sigma) and were maintained
at 37 °C and 5% CO,. The SH-SY5Y and NG108-15 cells were
induced to differentiate by treatment with 10 um all-trans-ret-
inoic acid (Sigma) and 250 pMm dibutyryl cyclic AMP (Tocris),
respectively. The PC12 and NG108-15 cells were allowed to
differentiate on polylysine-coated plates or glass chambers. The
cell viability was measured by a WST-8 assay (Nacalai Tesque,
Japan). Briefly, PC12 cells were differentiated by NGF for 48 h,
and then «-ESA was added to the cells. Sixteen hours later, the
cell count reagent (2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H tetrazolium) for the WST-8
assay was added to the cells, and the cells were incubated for
1-2 h. For prolifcrating cells, «-ESA was added 16-18 h after
seeding the cells. Cell viability was measured by 450 and 650 nm
(as a reference) absorbance. When pretreatment with a specific
inhibitor is needed, an inhibitor was added to the cells 30 min
before a-ESA. Cell viability data were obtained between two
and four independent experiments performed in triplicate.
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Antibodies and Chemicals—The Abs for ERK, phospho-ERK,
JNK/stress-activated protein kinase, phospho-]NK/stress-acti-
vated protein kinase, p38, phospho-p38, Akt, phospho-Akt,
caspase-3, MEK1 (61B12), Bcl-2, and glyceraldehyde-3-phos-
phate dehydrogenase (14C10) were purchased from Cell Sig-
naling. The Abs for AIF (E-1), Cyt-c (7H8), Bax (N-20), Bcl-2
(C-2), and PARP-1 (H-250) were purchased from Santa Cruz
Biotechnology. Anti-PAR (10H) was obtained from Alexis Bio-
chemicals. Anti-H2A was obtained from Millipore. Anti-y-
H2AX was obtained from Active Motif. Anti-manganese super-
oxide dismutase was obtained from Assay Designs. Anti-MEK2
was purchased from BD Biosciences. The pan-caspase inhibitor
Z-VAD-fimk, PDY8059, SB203580, U0126, palmitoyl tritluo-
romethyl ketone, and DPQ were obtained from Calbiochem.
SP600125 was obtained from Assay Designs. 7-Nitro-2,1,3-
benzoxadiazol-4-yl (NBD)-labeled a-Toc was kindly provided
by J. Atkinson (Brock University, Canada). Bromoenol lactone
and methylarachidonyl fluorophosphates were purchased from
Cayman Chemicals. The orange fluorescent protein-tagged
leader sequence of Ele pyruvate dehydrogenase (Organelle
Light), MitoTracker Red CM-H2Ros, and MitoSOX Red were
purchased from Invitrogen and used to stain with the mito-
chondria. The high purity of a-ESA was purchased from Laro-
dan Fine Chemicals (Sweden). Staurosporine was obtained
from Tocris Bioscience. 5(and 6)-Chloromethyl-2,7’-dichlo-
rodihydrofluorescein diacetate (CM-H2DCF-DA) was pur-
chased from Invitrogen. BESSo-AM was purchased from Wako
Pure Chemicals (Japan). a-ESA-Me was prepared by reacting
a-ESA with trimethylsilyl-diazomethane in 10% hexane solu-
tion (TCI, Japan). Trimethylsilyl-diazomethane was added to
the reaction mixture (@-ESA, 20.0 mg in 18 ml methanol) drop-
by-drop over 1 h at room temperature to avoid by-products.
The reaction mixtures were purified with a C ¢ column. The
resulting material was stored in a vial under a nitrogen gas
atmosphere at —80 °C or below.

Western Blot Analysis—PC12 cells were cultured at 6 X 10°
cells/dish in 10-cm poly-1-lysine-coated dishes in a differentia-
tion condition. After 24 h, the cells were cultured with NGF for
another 48 h. a-ESA was then added to the cells to induce apo-
ptosis after inhibitors, U0126 or «-Toc, if nceded. The cells
were collected after 16 h of a-ESA treatment. Briefly, after the
cells were washed with Tris-buffered saline, lysates were pre-
pared using Triton-based lysis buffer containing protease
inhibitors and phosphatase inhibitors. Neurotropic factor
(NGF) was included in the washing buffer to avoid other types
of apoptosis caused by neurotropic factor withdrawal from dif-
ferentiating cells. A ProteoExtract subcellular proteome extrac-
tion kit (Calbiochem) was used for the preparation of the
nuclear and cytosolic fractions. The cell lysates and subcellular
fraction samples were resolved by SDS-PAGE on 5-20% gradi-
ent gels and transferred onto polyvinylidene fluoride mem-
branes (ATTO, Japan). The membranes were incubated with
primary Abs at 4°C overnight and then with alkaline phos-
phatase-labeled sccondary Abs for 1 h at room temperature.
The blots were detected by an alkaline phosphatase-conjugated
substrate kit (Bio-Rad). For Bcl-2 overexpression and siRNA
experiments, a chemiluminescent ECL system was used to
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detect the blots. Western blot analyses were performed on data
from more than three independent experiments.

Immunofluorescent Staining—PC12 cells on poly-1-lysine-
coated glass chamber slides were washed twice with Dulbecco'’s
phosphate-buffered saline containing NGF before the cells
were fixed with 4% paraformaldchydc (Wako, Japan) for 30 min
and permeabilized with cold 0.2% Triton X-100 for 10 min.
After blocking with 2% bovine serum albumin for 1 h, the cells
were incubated with primary Abs against Bax, AIF, ERK, or
phospho-histone H2AX at 4°C overnight. The cells were
washed and incubated with Alexa 488- or Texas Red-labeled
secondary antibodies (Invitrogen) and Hoechst 33342 (Invitro-
gen) or TUNEL (Roche Diagnostics) at room temperature for
1 h. After washing, the cells were mounted with Prolong gold
mounting media (Invitrogen). Fluorescent microscopy was per-
formed using an IX71 microscope (Olympus, Japan), a decon-
volution microscope DeltaVision personal DV (Applied Preci-
sion), and a Leica confocal microscope TCS-SP5 (Leica
Microsystems, Germany). Immunofluorescent staining data
were obtained from more than four independent experiments.

Caspase-3/7 Assay—PC12 cells were cultured in 10-cm poly-
L-lysine-coated dishes in the differentiation condition. The
caspase-3 activity of lysates from PC12 cells treated with ESA
was mcasured with the Apo-ONE homogencous caspase-3/7
assay kit (Promega) according to the manufacturer’s protocol
using a fluorescent plate reader (Infinity M, Tecan). Data were
obtained from two independent experiments.

DNA Analysis—Genomic DNA was extracted from the cells
treated with a-ESA for 30 h using FastPure DNA kit (Takara,
Japan), and DNA was analyzed using agarose gel electrophore-
sis and pulse field gel electrophoresis (CHEF DR-II, Bio-Rad).
The conditions for the pulse field gel electrophoresis were as
follows: 1% agarose, 6 V/cm, 15 °C, 15 h.

Bcl-2 Transfection—The human bcl-2 was a kind gift from Y.
Tsujimoto {(Osaka University, Japan). The bel-2 was subcloned
into the pcDNA-DEST40 expression vector (Invitrogen). PC12
cells (2 X 10° cells/ml) were transfected with the bel-2 by an
electroporation method {Amaxa Nucleofector II; Lonza, Swit-
zerland) according to the manufacturer’s protocol (program
U-029). The same numbers of the transfected cells were seeded
to 35-mm dishes in the differentiation condition. Twenty four
hours after the transfection, the cells were exposed to a-ESA for
an additional 24 h. The cell viability was then measured using
the WST-8 rcagent, and Western blot analysis was performed
to check Bcl-2 protein expression. Blots were detected using
ECL plus (GE Healthcare) and Hyperfilm (GE Healthcare) fol-
lowing horseradish peroxidase-labeled secondary Abs.

RNA Interference—The knockdown of PARP-1 was per-
formed in PC12 cells using predesigned ON-TARGETplus
siRNA SMART pool purchased from Dharmacon. The trans-
fection efficiencies were optimized using siRNA optimization
kit (Amaxa). The transfections were performed by the electro-
poration method (Amaxa, program U029), and the same num-
bers of the transfected cells were seeded to 35-mm dishes. After
24 h of incubation in the differentiation condition, the cells
were exposed to a-ESA or MNNG (500 um, 15 min) for an
additional 24 h. ON-TARGETplus nontargeting siRNA pool
(300 nm) was used as a control for nonsequence-specific effects.
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The knockdown of MEK1/2 was performed using predesigned
Stealth Select siRNA (1 pum) purchased from Invitrogen. Two
mixed primers for each target (MEK1 or MEK2) were used for
the experiments. Map2k1-RS5301293 and -RSS301295 are for
MEKI. Map2k2-RSS339849 and -RSS339850 are for MEK2
(Invitrogen). Stealth RNA interference negative control was
used as a control for nonsequence-specific effects. The cell via-
bility was then measured using the WST-8 reagent, and West-
ern blot analysis was performed to check protein expression.
The blots were detected using ECL Plus (GE Healthcare) or an
alkaline phosphatase-conjugated substrate kit (Bio-Rad).

Microinjection of AIF Antibody—AIF antibody (100 pg/ml,
mouse IgG2b) or MOPC21 (100 pg/ml, isotype control for
IgG2b) was microinjected into the differentiated PC12 cells
using Stamporation apparatus SU100 (Olympus, Japan) and
StampoNeedle (ST-ME330CN-20A, Olympus) (25) in 35-mm
poly-L-lysine-coated culture dishes. The microinjected cells
were exposed to a-ESA (2 pg/ml) after a 6-h incubation. After
16 h of treatment with a-ESA, the cells were stained with pro-
pidium iodide.

Bax Localization—The differentiated PC12 cells were
treated with staurosporine (STS, 500 nM) or a-ESA (2 pg/ml).
The cells were fixed and stained with Bax and MitoTracker Red
CM-H2XRos (1 um). i

Measurements of ROS and Potential—Intracellular ROS and
mitochondrial superoxides were measured using H2DCF-DA
(10 pm) and MitoSOX Red (5 um), respectively. Differentiated
PC12 cells were incubated with CM-H2DCF-DA or MitoSOX
for 1 h or 10 min, respectively. After washing, a-ESA was added
to the cells. After 2, 5, and 20 h of incubation, the cells were
counted to calculate the percentages of ROS-positive cells from
a total of 100 cells. Cells that have fluorescent intensities more
than the signal to noise ratio of >5 were determined to be
positive, Image] (version 1.41) software was used to analyze the
intensities of the cells. Mitochondrial membrane potential was
measured using JC-1 (5 um).

Statistical Analysis—All data are expressed as the mean *
S.D. The statistical significance was evaluated by one-way anal-
ysis of variance followed by the Dunnett’s test to compare the
data from multiple groups against a common control group
{SigmaPlot). Student’s ¢ test was used to compare the data from
two groups. Statistical significance was determined at p < 0.05
(indicated with an asterisk in the figures).

RESULTS

a-ESA Induces Apoptosis in Neuronal Cells—The time
course illustration of the experiments using a-ESA (Fig. 14)
were shown with the morphological and nuclear changes in Fig.
1B. In both proliferating (nondifferentiated) and differentiated
cells, apoptotic cell death was initiated. PC12 cells were seeded
18 h before the addition of NGF. NGF induced strong ERK1/2
phosphorylation between 7 min and 1 h, resulting in the differ-
entiation and ncurite outgrowth. Forty cight hours after the
addition of NGF, the phosphorylation of ERK1/2 decreased to
the basal Ievel. Then o-ESA (2 pg/ml) was added to the differ-
entiated PC12 cells (Fig. 1C). a-ESA induced apoptatic cell
death in a dose-dependent manner in neuronal PC12,
SH-SY5Y, and NG108-15 cells (Fig. 1D). The a-ESA-mediated
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FIGURE 1. a-ESA induces apoptotic cell death in neuronal cells. A, structure of a-ESA. B, time course of a-ESA-mediated cell death in the differentiated PC12
cells. The cells were differentiated by NGF for 48 h and then exposed to a-ESA. C, time course of phosphorylation of ERK1/2 during NGF and a-ESA treatment.
NGF induced a strong phosphorylation of ERK1/2, and its phosphorylation decreased to the basal level by 48 h. Then the addition of a-ESA induced prolonged
and moderate phosphorylation of ERK1/2 again, resulting in the cell death. D, a-ESA (2 ug/ml) induced apoptotic cell death in neuronal PC12, SH-SY5Y, and
NG108-15 cells.n = 9;p < 0.05 versus control (DMSO alone). £, a-ESA-mediated apoptosis was not inhibited by pan-caspase inhibitor Z-VAD-fmk and caspase-3
inhibitor in PC12 cells. a-Toc, but not epicatechin, inhibited the cell death. The values represent the means *+ S.D. The viability of a-ESA treated cells was

measured by WST-8 reagent 16 h after the treatment. ¥, p < 0.05.

cell death was not inhibited by the pan-caspase inhibitor
Z-VAD-fmk and caspase-3 inhibitor V (Z-D(OMe)QM-
D(OMe)-fmk) (Fig. 1E). Methyl ester of a-ESA did not induce
cell death (supplemental Fig. S1).

Effects of MAPK Inhibitors and Antioxidants on a-ESA-me-
diated Cell Death—A variety of inhibitors was tested to clarify
the mechanisms by which a-ESA provoked apoptotic cell death
(Fig. 2 and supplemental Fig. S1). The MEK1/2 inhibitor U0126,
which inhibits MEK1/2 activity and thereby blocks ERK1/2
phosphorylation, completely abrogated the a-ESA-mediated
cell death at a concentration of 5 uM in both nondifferentiated
and differentiated cells (Fig. 2A4). The suppression of phosphor-
ylated ERK1/2 may be important. The cell death was not inhib-
ited by the c-Jun N-terminal kinase (JNK) inhibitor SP600125
and the p38 inhibitor SB203580 (Fig. 2B).

Next, the effect of antioxidants on the a-ESA-mediated cell
death was examined. Cell death was fully abrogated by a-Toc in
neuronal PC12 cells (Fig. 2C) but was not inhibited by the green
tea antioxidant epicatechin (Fig. 1E). Other antioxidants, such
as flavonoids (including quercetin and luteolin) and B-caro-
tene, did not reduce the a-ESA-mediated cell death.® A trace

3 K. Kondo, S.Obitsu, S. Ohta, K. Matsunami, H. Otsuka, and R. Teshima, unpub-
lished data.
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amount (0.01 pg/ml; equivalent to 23 nm) of a- Toc significantly
blocked the cell death induced by 2 ug/ml (equivalent to 7.2
M) a-ESA (Fig. 2C). The inhibitory effects of U0126 and a-Toc
on the a-ESA-mediated cell death were also observed in
SH-SY5Y and NG108-15 cells (Fig. 2D). These results suggest
that the a-ESA-mediated cell death is not dependent on neuro-
tropic factors such as NGF, retinoic acid, or dibutyryl-cAMP.
Thus, ERK1/2 and a-Toc appear to be a key molecule in the
a-ESA-mediated apoptotic cell death.

Transient activation of ERK1/2 occurred when PC12 cells
were treated with epidermal growth factor, and sustained acti-
vation of ERK1/2 occurred when the cells were treated with
NGF (26, 27). After NGF stimulation for a few hours, the sus-
tained ERK1/2 phosphorylation decreased to the basal level in
our experiments (Fig. 1C). a-ESA was then added to the culture
media containing NGF, and the ERK1/2 phosphorylation was
investigated at variable intervals in PC12 cells (Fig. 3). Similar
experiments were performed in the cells that were pretreated
with the MEK1/2 inhibitor U0126 or a-Toc for 30 min. Pro-
longed ERK1/2 phosphorylation that lasted for at least 16 h was
observed in the a-ESA-treated PC12 cells as well as in the
camptothecin (CPT)-treated cells. ERK1/2 phosphorylation
was observed 2-6 h after the addition of a-ESA and strongly
increased by 16 h. U0126 blocked the ERK1/2 phosphorylation
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FIGURE 2. MEK inhibitor and a-tocopherol block a-ESA-mediated cell death. A, MEK inhibitor U0126 prevented a-ESA-mediated cell death in both
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both SH-SY5Y and NG108-15 cells, a-ESA-mediated cell death was blocked by U0126 and a-Toc. The values represent the means * S.D. The viability of a-ESA

treated cells was measured by WST-8 16 h after the treatment.

and thereby prevented the a-ESA-mediated cell death. In con-
trast, the ERK1/2 phosphorylation was not inhibited by a-Toc,
although it completely prevented the cell death (Fig. 3, A and
D). U0126 did not prevent the CPT-initiated apoptosis.® These
results suggest that the inhibitory mechanism of a-Toc differs
from that of U0126.

Next, we examined the activation of caspase-3 during the
a-ESA-mediated apoptosis. Caspase-3 was not cleaved to yield
an active fragment by «-ESA stimulation over a 16-h time
course (Fig. 34). The enzyme activity of caspase-3 was also
measured using the fluorescent substrate bis-(N-benzyloxy-
carbonyl-L-aspartyl-L-glutamyl-L-valyl-aspartic acid amide)-rho-
damine 110 (Z-DEVD-rhodamine 110). The activity of
caspase-3 markedly increased in the CPT-treated cells,
whereas no increase in the caspase-3 activity was observed in
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the a-ESA-treated cells (Fig. 3B). CPT was used as a positive
control of caspase-3 activation.

ERK1/2 translocation to the nucleus was investigated using
confocal microscopy. ERK1/2 migrated to the nucleus 4 h after
the induction of apoptotic cell death by a-ESA (Fig. 3C). YZ
planar images confirmed that ERK1/2 was localized in the
nucleus. This result was consistent with Western blot analysis
data. Actin rearrangement was abrogated in PC12 cells treated
with a-ESA. The growth cone of neurite of the cells was signif-
icantly suppressed, showing the retardation of pseudopods.

AIF Translocation to the Nucleus and Chromatin Con-
densation—We next investigated AIF migration upon a-ESA
treatment. ERK1/2 was localized in the nucleus when PC12
cells were treated with a-ESA as described above. AIF was
initially localized in the mitochondria and migrated to the
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FIGURE 3. ERK1/2 phosphorylation, PARP-1, and caspase-3 activation induced by a-ESA. A, Western blot samples were prepared from PC12 cells at
different time points (2, 6, and 16 h). Western blot analysis was independently repeated three times, and representative data are shown here. ERK1/2 was
phosphorylated 2 h or later after a-ESA treatment. U0126 blocked the phosphorylation, whereas «-Toc did not. The cleaved form of PARP-1 (89 kDa) and the
active form of caspase-3 (17 kDa) were not detected in a-ESA-treated cells. con, control. B, caspase-3 enzymatic activity was measured using a fluorescent
substrate. The activity remained at the basal level until 6 h after the induction of apoptosis by a-ESA. CPT was used as a positive control of caspase-3 activity.
* p < 0.05 versus control (DMSO alone). C, ERK1/2 migrated to the nucleus upon a-ESA treatment. Images were obtained from samples treated with a-ESA for
4-5 h. Growth cone disappeared, and the actin rearrangements were suppressed. The confocal microscopy images showed that ERK1/2 was localized
throughout the nucleus. D, treatment of U0126, but not a-Toc, blocked nuclear localization of ERK1/2. The nuclear localization of ERK1/2 and AlF was observed
in the a-ESA-mediated cells. Phosphorylated ERK1/2 was observed in the nucleus (bottom panel).

nucleus upon a-ESA treatment. At 4 h after the induction of
apoptotic cell death, AIF was translocated from the mitochon-
dria to the nucleus, and the number of TUNEL-positive cells
was increased. By 7 h after the induction of apoptosis, AIF was
mostly localized in the nucleus and DNA compaction occurred
(Fig. 4A). It was previously reported that when caspase-inde-
pendent apoptosis was induced, AIF caused the cleavage of
DNA into large fragments (~50 kb), which was referred to as
stage-I apoptosis (28). Similar DNA cleavage was observed in

13084 JOURNAL OF BIOLOGICAL CHEMISTRY

the a-ESA-treated cells, which was not associated with nucleo-
somal DNA fragmentation. Pulse field gel electrophoresis
revealed the cleavage of DNA into large scale (3050 kb) frag-
ments in neuronal PC12 cells (Fig. 4B). In deconvolution anal-
ysis, 30 slices of images were obtained to rebuild three-dimen-
sional images. Data analysis was done using Image] software.
This result clearly shows AIF localization in the nucleus and the
TUNEL-positive nucleus. The subcellular fractions were ana-
lyzed by Western blotting. AIF was released from the mito-
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FIGURE 4. AIF translocation to the nucleus by a-ESA. A, a-ESA induced AlF translocation from the mitochondria to the nucleus. At 4 h after the induction of
apoptosis by a-ESA, AIF was translocated to the nucleus (green). The nucleus was stained with TUNEL (red) and Hoechst (blue). Scale bars show 10 um. The
TUNEL staining was scattered. By 7 h, the nucleus greatly condensed, and AIF spread throughout the nucleus. The peripheral distribution of chromatin in the
a-ESA-treated cell shown was characteristic of AIF-induced stage-l condensation. Images were obtained using the deconvolution microscope. B, DNA analysis.
Genomic DNA was extracted from PC12 cells that were treated with either DMSO as a control or a-ESA (2 ug/ml) for 30 h. The extracted DNA was analyzed by
pulse field gel (PFG) electrophoresis. High molecular weight fragments (30-50 kb) were detected on pulse field electrophoresis. Nucleosomal DNA fragmen-
tation was analyzed by 2% agarose gel, showing that a-ESA did not induce nucleosomal DNA degradation. C, three-dimensional images of AIF localization in
the nucleus. AIF was localized in the whole nucleus, and the nucleus was stained with TUNEL. D, subcellular fractionation analysis. The release of AlF and
manganese superoxide dismutase (Mn-SOD) was observed in the cytosolic fraction (fr) of a-ESA-treated cells, resulting in AlF-initiated cell death (left panel). The
Western blotting of the nuclear fraction revealed AIF localization in the nucleus. There is no contamination of cytosolic and heavy membrane fractions,
including mitochondria. a-Toc and U0126 blocked AlF release to the cytosolic fraction (right panel). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

chondria into the cytosolic fraction of the a-ESA-treated cells,
which was in agreement with the findings of microscopic stud-
ies (Fig. 44). In addition, manganese superoxide dismutase was
detected in the cytosolic fraction 2-7 h after the induction of
the cell death (Fig. 4D), suggesting that mitochondrial mem-
brane permeabilization occurred in the a-ESA-treated cells. In
addition, the increase in the amount of AIF protein in the
nucleus is time-dependent. In this fractionation, there was no
contamination from the cytosol or heavy membrane fractions.
Finally, the inhibitory effect of a-Toc and U0126 on AIF release
was investigated. Both a-Toc and U0126 abrogated AIF release.

PARP-1-independent Cell Death—\e next found that the
a-ESA-mediated cell death was not abrogated by the PARP-1
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inhibitor DPQ at concentrations of up to 100 uM. Moreover, no
PAR proteins were detected in Western blot analysis (Fig. 54).
This suggests that the a-ESA-mediated apoptotic cell death
differs not only from caspase-dependent apoptosis but also
from caspase-independent and AIF-mediated apoptosis,
which always requires PARP-1 activation, as reported else-
where (29). To our knowledge, no previous report has
described AIF-mediated caspasc-independent apoptosis
without PARP-1 activation.

DNA damage was also evaluated in the a-ESA-treated cells
using anti-phosphorylated histone H2AX (y-H2AX) Ab. His-
tone H2AX was phosphorylated in response to DNA damages
such as double strand breaks by y-irradiation. The DNA-alkyl-
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mock-transfected cells according to
Western blot analysis. The cell via-
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FIGURE 5. A, a-ESA-mediated cell death was not inhibited by the established PARP inhibitor DPQ, and PAR
proteins were not detected. CPT (40 wm) was used as a positive control for PAR formation. Data were
obtained from two independent experiments performed in triplicate (mean *+ S.D.). Significance in DPQ-
pretreated cells was not observed (versus a-ESA alone). B, y-H2AX staining (nuclei in blue and y-H2AX in
green).Phosphorylation (Ser-139) of histone H2AX (y-H2AX) was induced by MNNG (500 pum), not by a-ESA
(2 pg/ml). y-H2AX protein levels were not changed in a-ESA-mediated cells. ¢, control. C, a-Toc distribu-
tion in PC12 and NG108-15 cells was investigated using a confocal microscope. e-Toc is labeled in green,
and mitochondria are labeled in red. The merged images in PC12 and NG108-15 cells show that a-Toc was
distributed mostly in the mitochondria. D, effect of a-Toc after a-ESA treatment (post-treatment). a-Toc
(0.2 wg/ml) was added to the cells at the same time as or after the addition of a-ESA (2 ug/ml). a-Toc
blocked cell death 1 h after the addition of a-ESA. Adding a-Toc more than 2 h after a-ESA had no effect.

* p < 0.05.

ating agent MNNG induced double strand breaks, whereas
a-ESA did not. This indicates that DNA double strand breaks
do not arise from the a-ESA-treated cells (Fig. 5B).

To clarify the action of a-Toc in these cells, its localization
was examined using NBD-labeled a-Toc and orange fluores-
cent protein-tagged mitochondrial resident protcin. In both
PC12and NG108-15 cells, a-Toc mostly migrated to and was
localized in the mitochondria (Fig. 5C). The localization of
a-Toc to the nucleus was not observed in both cell types. The
post-treatment with a-Toc 1 h after the addition of a-ESA
still blocked the apoptotic cell death (Fig. 5C). Recently,
ERK1/2 was reported to regulate PARP-1 activation (30, 31).
However, PARP-1 itself was not activated in the a-ESA-
treated cells.

Microinjection of AIF Antibody—AIF (mouse IgG2b) or
MOPC21 (isotype control) antibody was microinjected into the
differentiated PC12 cells. The AIF Ab-injected cells blocked the
a-ESA-mediated cell death, whereas the MOPC21 Ab-injected
cells were killed by a-ESA (Fig. 64). This shows that AIF is a
critical factor for the a-ESA-mediated cell death.
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bility was measured using the

0

WST-8 assay reagent for the whole
x cells. The release of AIF from the
mitochondria to the nucleus was
suggested to be regulated by Bcl-2
(34). However, the a-ESA-mediated
apoptotic cell death was not blocked
by Bcl-2 overexpression (Fig. 6B).
Yu et al. (20) reported that Bcl-2

05 1 2 3 4(hn

alone was not sufficient to prevent
MNNG-treated AIF release and
caspase-independent cell death.

RNA Interference of PARP-1 or
MEK1/2—a-ESA  induced AIF
release, resulting in the cell death
without PARP-1 activation. The
well established PARP-1 inhibitor
DPQ did not block the apoptotic cell
death. To clarity the involvement of
PARP-1 in the a-ESA-mediated cell
death, the knockdown experiments
for PARP-1 were carried out using siRNA targeted for rat
PARP-1. The siRNA-transfected PC12 cells were exposed to
a-ESA (2 ug/ml) or MNNG (500 um) as a positive control in the
differentiated condition. The PARP-1 knockdown inhibited the
MNNG-treated cell death, whereas the knockdown did not abro-
gate the a-ESA-mediated ccll death (Fig. 6C). DPQ treatment of
PARP-1 knockdown cells also did not block the cell death (Fig. 6D).
These results suggest that PARP-1, which is considered to be
required for AIF-initiated caspase-independent apoptosis, is not
involved in the a-ESA-mediated cell death.

We next investigated whether or not ERK1/2 phosphoryla-
tion was critical for the a-ESA-mediated cell death using siRNA
targeted for rat MEK1/2. The siRNAs for MEK1 or MEK2 were
transfected into PC12 cells, and the cells were exposed to
«-ESA (5 pg/ml) in the proliferation condition. The knock-
down of either MEK1 or MEK?2 effectively blocked the a-ESA-
mediated cell death (Fig. 6E). Together with the inhibitor
(U0126) experiments, these results indicate that ERK1/2 phos-
phorylation plays an important role in the a-ESA-mediated
apoptotic cell death.
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PARP-1-independent AIF Release and Cell Death
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FIGURE 6. Effect of AIF microinjection, Bcl-2 overexpression, and knockdown of PARP-1 and MEK1/2 on a-ESA-mediated apoptosis. A, microinjection
of AIF antibody blocks a-ESA-mediated apoptosis. AIF or MOPC21 (isotype control) antibody (Ab) was microinjected into the differentiated PC12 cells using
Stamporation apparatus and incubated for 6 h. The cells were exposed to a-ESA (2 ug/ml) for 16 h and stained with propidium iodide. The AIF Ab-microinjected
cells blocked a-ESA-mediated cell death, whereas the MOPC21 Ab-microinjected cells did not, stained in red, which means the cells were dead. Images were
obtained from three independent experiments. All cells in these images were microinjected. B, bcl-2 was transiently transfected into PC12 cells. After 24 h of
incubation, the cells were exposed to a-ESA (2 ug/ml) and incubated for another 16 h. The cell viability was measured for the whole cells. The overexpression
of Bcl-2 did not protect PC12 cells from a-ESA-mediated apoptosis (n = 3). WB, Western blot. C, siRNA targeted for rat PARP-1 was transfected into PC12 cells.
After 24 h of incubation, the cells were exposed to a-ESA (2 ug/ml) or MNNG (500 um) and incubated for another 16 h. The cell viability was measured for the
whole cells. The knockdown of PARP-1 did not block a-ESA-mediated apoptosis, whereas it prevented MNNG-treated (500 um, 15 min) cells from the apoptosis.
(n = 3; % p < 0.001). D, combination of PARP-1 knockdown and DPQ treatment (50 pum) had no effect on the block of the apoptosis. £, siRNA experiments for
rat MEK1 and MEK2 were performed in the proliferation condition. The knockdown of either MEK1 or MEK2 significantly blocked a-ESA-mediated cell death
(n = 6;* p < 0.05). The knockdown of both MEK1 and MEK2 also inhibited the cell death. The transfection efficiency was ~80% judging from the cells
transfected with cDNA encoding green fluorescent protein. The blots for the knockdown samples are shown in the right panel. The cell viabilities were
measured for the whole cells in overexpression and knockdown experiments.

Involvement of Superoxide Anion Radicals and Mitochon-
drial Membrane Potential in a-ESA-mediated Cell Death—In-
volvement of ROS in the a-ESA-mediated apoptotic ccll death
was next investigated using fluorescent probes, CM-5-(and-6)-
chloromethyl-2",7'-dichlorodihydrofluorescein diacetate for
total ROS and BESSo-AM (35, 36) and MitoSOX Red for super-
oxide anion radicals. Intracellular ROS was observed in the
a-ESA-treated cells. The ROS production was blocked by
a-Toc pretreatment, whereas epicatechin was not able to
inhibit ROS production and the apoptotic cell death (Fig. 7A).
Superoxide anion radicals were produced shortly before the
a-ESA-mediated plasma membrane blebbing started (Fig. 7B).
Some BESSo-positive cells showed normal morphology, and
some of the cells started plasma membrane blebbing. The pro-
duction of superoxide anion radicals was time-dependent. The
strongest intensity was observed 5 h after a-ESA treatment.
Superoxide anion radicals produced by a-ESA are probably a
small quantity because a trace amount of a-Toc (0.01 ug/ml)
localized mostly in the mitochondria abrogated the apoptotic
cell death. It appears that the a-ESA-mediated cell death is
different from that induced by a high concentration of 1-meth-
yl-4-phenylpyridine or 3-nitropropionic acid (>1 mwm), which
can produce a large amount of ROS and activate caspase. Super-
oxide production was also measured using MitoSOX Red to
detect superoxides in the mitochondria. Superoxide was pro-
duced in the a-ESA-treated cells, whereas the cells pretreated

AN
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with a-Toc scavenged superoxides (Fig. 7C). U0126 almost
blocked superoxides.

Mitochondrial membrane potential (A®,,) was next exam-
ined using JC-1 staining. An uncoupler, carbonyl cyanide
p-chlorophenylhydrazone, in the mitochondria-electron trans-
port chain immediately abrogated the potential. In contrast, the
mitochondrial membrane potential gradually decreased over
5 h in the a-ESA-treated cells (Fig. 7D). These results suggest
that a-ESA initiates a small amount of superoxide anion radi-
cals, thereby inducing the reduction in the mitochondrial
membrane potential, which results in the cell death associated
with the plasma membranc blebbing.

Bax Localization of a-ESA-mediated Cells—In the STS-
treated cells, Bax started to translocate into the mitochondria at
4 h. However, Bax migration to the mitochondria was not
observed in the a-ESA-mediated cells (Fig. 8). These results
suggest that Bax-induced channel formation in the mitochon-
drial outer membrane is not involved in the a-ESA-mediated
cell death. The data that Cyt-c was not released from the mito-
chondria into the cytosol before AIF (Fig. 4D) support this
result.

Putative Cell Death Mechanism Induced by a-ESA—When
cells were treated with STS or actinomycin D in the presence of
Z-VAD-fmk, caspase activation was blocked. However, Bax and
Bak are localized in the mitochondria, resulting in the release of
Cyt-c, AIF, and other mitochondrial proteins such as Smac/
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FIGURE 7. Production of ROS and mitochondrial membrane potential in a-ESA-treated cells. A, intracellular total ROS was measured using H2DCF
fluorescent probe. a-ESA initiated ROS, which was blocked by a-Toc (2 pg/ml) but not epicatechin (20 um). The numbers of ROS-positive cells were
counted in the a-ESA-treated cells (12 h) with or without a-Toc. B, production of superoxide anion radicals (O3) was measured using BESSo fluorescent
probe, specific for O3. Fluorescent intensities were analyzed by ImageJ software. The cell numbers 2 and 3 that have fluorescent intensities more than
the signal to noise ratio of >5 were positive. O3 production was observed 5 h after the addition of a-ESA (bottom right). Membrane blebbing was
observed immediately after superoxide production. C, O3 was measure by MitoSOX Red indicator. O3 was produced in «-ESA-treated cells. a-Toc (2
wng/ml) inhibited the O3 production. U0126 (5 um) almost blocked the O3 production. D, mitochondrial membrane potential was measured using JC-1.
Carbonyl cyanide p-chlorophenylhydrazone (CCCP) (50 um) immediately shut down the potential. a-ESA gradually reduced the potential. £, mitochon-
drial morphology during a-ESA-mediated cell death process. Fragmented and condensed mitochondria were observed in the a-ESA-treated cells. Scale
bars show 8 um.
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