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Extraction and isolation

Air-dried fruit bodies of A. blazei (11.0 kg) were extracted
three times with MeOH (4.5 1) at 25°C for 1 week and then
concentrated to 3 1 in vacuo. The extract was washed with
n-hexane (3 1, 177 g) and then the MeOH layer was con-
centrated to a gummy mass. The latter was suspended in
water (3 1) and then extracted with EtOAc (3 1) to give
70.9 g of an EtOAc-soluble fraction. The aqueous layer
was extracted with 1-BuOH (3 1) to give a 1-BuOH-soluble
fraction (190 g), and the remaining water layer was con-
centrated to furnish 1.31 kg of a water-soluble fraction.

The EtOAc-soluble fraction (70.0 g) was subjected to
silica gel (1.00kg) (® =8 cm, L = 45cm) CC, with
n-hexane-EtOAc [(50:1, 6 1), (20:1, 6 1), (10:1, 6 1), (5:1,
6D, (2:1, 6 1), and (1:1, 3 1)], 6-1 fractions being collected.
The fourth fraction (8.4 g) was separated by silica gel (200 g)
(@ = 8 cm, L = 45 cm) CC again with CHCl; (1.2 1) and
CHCl1;-MeOH [(100:1, 1.2 1), (50:1, 1.2 1), (40:1, 1.2 D),
30:1, 1.2 1), (10:1, 1.2 1), (2:1, 1.2 1), and (1:1, 1.2 1],
300-ml fractions being collected. The residue (1.18 g) in
fractions 1820 was separated by Sephadex LH-20
(® = 3 cm, L = 90 cm) CC with CHC1;-MeOH (1:1), 10-g
fractions being collected, and the residue (20.3 mg) in frac-
tions 21-26 was finally purified by HPLC [GL Science
Inertsil Diol, ® = 6 mm, L = 250 mm, n-hexane-EtOH
(19:1), 1 ml/min] to give 4.9 mgof 7 from the peak at 33 min.

The fifth fraction (10.2 g) was separated by ODS {Cos-
mosil 75C;5-OPN  (Nacalai Tesque, Kyoto, Japan)
[® = 50 mm, L = 25 cm, linear gradient of MeOH-H,0
(3:7, 11) —» (1:0, 1 1), fractions of 13 g being collected]}
CC to give two fractions. The first fraction was purified by
HPLC [Nacalai Tesque Cosmosil 5 C18-Ar-II, ® = 10 mm,
L = 250 mm, MeOH-H,0 (1:1), 2 ml/min] to give crude 4
(29.4 mg) and 3.6 mg of 2 from the peaks at 50-66 and
69 min, respectively. The crude 4 was repeatedly purified
under the same conditions to afford 2.1 mg of pure 4 from the
peak at 64 min. The latter was purified by HPLC [Merck
Hibar, ® = 20 mm, L = 250 mm, MeOH-H,0 (19:1),
0.5 ml/min] to give impure 5 (65.9 mg), 6 (26.7 mg), and 3
(44.3 mg) from the peaks at 17, 34, and 37 min, respectively.
These impure compounds were separately purified by repe-
ated HPLC under the following conditions [GL Science In-
ertsil Diol, @ = 10 mm, L = 250 mm, n-hexane-EtOH
(199:1), 2.8 ml/min), GL Science Inertsil Diol, ® = 6 mm,
L = 250 mm, n-hexane-EtOH (199:1), 1.6 ml/min and GL
Science Inertsil Diol, ® = 6 mm, L = 250 mm, n-hexane—
EtOH (19:1), 1.6 ml/min, respectively] to give 10.7 mg of 5,
6.0 mg of 6, and 5.0 mg of 3 from the peaks at 48, 20, and
39 min, respectively.

The sixth fraction (4.2 g) was separated by ODS [Nacalai
Tesque Cosmosil 75C;g-OPN, ® = 50 mm, L = 25 cm,
linear gradient of MeOH-H,O (1:9, 11) — (1:0, 1),
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fractions of 13 g being collected]. The residue (209 mg) in
fraction 91-124 was purified by HPLC [Merck Hibar,
® = 20 mm, L = 250 mm, MeOH-H,O0 (3:2), 3 ml/min] to
yield 17.7 mg of 1 from the peak at 22 min.

1-[4-(Hydroxymethyl)phenylihexan-1-ol (1)

Amorphous powder, [¢]5F ~0.0 (¢ 1.18, CHCl5). IR v,
(film) em™": 3367, 2930, 2858, 1603, 1512, 1456, 1402,
1208, 1012, 821. UV Apax (MeOH) nm (log €): 254 (3.39),
220 (3.64). "H-NMR (CDCl;, 400 MHz) §: 7.33 (4H, m,
H-2,3, 5, and 6), 4.68 (2H, s, H,-13), 4.66 (1H, dd, J = 8,
6 Hz, H-7), 1.79 (1H, m, H-8a), 1.67 (1H, m, H-8b), 1.29
(6H, m, H,-9, 10 and 11), 0.87 (3H, t, J = 7 Hz, H;-12).
C.NMR (CDCl;, 100 MHz): Table I. HR-ESI-MS
(positive-ion mode) m/z: 231.1360 [M+Na]* (Calcd for
C,3H00,Na: 231.1355).

1-[4-(Hydroxymethyl)phenyl]hexan-1-one (2)

Amorphous powder, IR (film) vm.x cm™': 3138, 2954,
2928, 2863, 1679, 1609, 1508, 1413, 1043, UV (MeOH)
Amax 0 (log &): 250 (4.00), 212 (3.73). "H-NMR (CDCl,,
400 MHz) ¢: 7.95 (2H, d, J = 8 Hz, H-2' and 6'), 7.45
(2H, d, J = 8 Hz, H-3' and 5'), 4.77 (2H, s, H,-13), 2.95
(H, t, J = 7 Hz, H»-8), 1.74 (2H, m, H,-9), 1.37 (4H, m,
H,-10 and 11), 0.91 (3H, t, J = 7 Hz, H5-12). HR-ESI-MS
(positive-ion mode) m/z: 231.1194 [M+Na]™ (Caled for
Cy3H;30,Na: 229.1199).

38,5a,60-Trihydroxyergosta-7,22-diene 6-O-benzoate (3)

Amorphous powder, [a]Z +29.1 (c 0.37, CHCly). IR v,
em™: 3,429, 2,956, 2,935, 2870, 1716, 1455, 1274, 1112,
1069, 1025, 757, 713. UV (MeOH) Ao, nm (log &): 275
(3.25), 228 (3.96). '"H-NMR (CDCls, 400 MHz) é: 8.07
(2H, d, J =7 Hz, H-2' and 6¢'), 7.57 (1H, t, J = 7 Hz,
H-4"), 7.45 (2H, t, J = 7 Hz, H-3' and 5'), 5.54 (1H, br d,
J =2 Hz, H-6), 5.23 (1H, dd, J = 15, 7 Hz, H-23), 5.16
(1H, dd, J = 15, 8 Hz, H-22), 5.02 (1H, br d, J = 2 Hz,
H-7), 4.02 (1H, dddd, J = 11, 11, 5, 5 Hz, H-3), 2.13 (1H,
m, H-9), 2.10 (2H, m, H,-12), 2.01 (2H, H-4a and 20), 1.88
(1H, m, H-24), 1.84 (1H, m, H-2a), 1.75 (1H, m, H-16a),
1.72 (2H, m, H-11a and 16b), 1.59 (1H, m, H-4b), 1.57
(2H, m, H-1a and 11b), 1.54 (1H, m, H-15a), 1.53 (1H, m,
H-1b), 1.46 (2H, m, H-2b and 25), 1.40 (1H, m, H-15b),
1.31 (1H, m, H-14), 1.30 (1H, m, H-17), 1.08 (3H, s,
H3-19), 1.03 (3H, d, J =7 Hz, H5-21), 091 (3H, d,
J = 6 Hz, H;5-28), 0.84 (3H, d, J = 6 Hz, H;-27), 0.82
(3H, d, J = 6 Hz, H3-26), 0.59 (3H, s, H;-18). 3C-NMR
(CDCl3, 100 MHz): Table 1. HR-ESI-MS (positive-ion
mode) mfz: 557.3602 [M+Na]™ (Calcd for CssHsoO,Na:
557.3601). '
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N-Benzoyl-L-leucine methyl ester (4)

Colorless crystals (MeOH), mp. 104-106°C, [06]1238 —10.3
(c 0.21, EtOH). IR vy (film) em™l: 3317, 2955, 1744,
1637, 1543, 1207, 1163, 1024. UV (MeOH) A.x nm (log
g): 226 (4.08). TH-NMR (CDCl,, 400 MHz) §: 7.80 (2H, dt,
J=17,2Hz,H-2' and 6'), 7.51 (1H, tt, J = 7, 2 Hz, H-4),
744 (1H, tt, J =7, 2 Hz, H-3' and 5'), 6.49 (1H, br d,
J = 8 Hz, -NH-), 4.87 (1H, ddd, J = 8§, 8, 5 Hz, H-1),
3.77 (3H, s —-OCHs), 1.79-1.65 (3H, m, H,-2 and H-3),
1.00 (3H, d, J = 6 Hz, Hs-4), 0.98 (3H, d, J = 6 Hz, Hs-
5). 3C-NMR (CDCl;, 100 MHz) 6: 173.7 (C-6), 167.1 (C-
7, 134.1 (C-1), 131.7 (C-4"), 128.6 (C-3' and 5'), 127.1
(C-2' and 6'), 52.4 (-OCHs), 51.2 (C-1), 42.1 (C-2), 25.1
(C-3), 22.8 (C-4), 22.2 (C-5). HR-ESI-MS (positive-ion
mode) m/z: 272.1256 [M+Na] ' (Caled for C;4H;90sNNa:
272.1257).

(R)- (1a) and (S)-MTPA (1b) esters of 1

A solution of 1 (0.9 mg) in 1 ml of dehydrated CH,Cl,
was reacted with (R)-MTPA (46 mg) in the presence of
1-ethyl-3-(3-dimethylaminopropyl)cardodiimide hydrochlo-
ride (EDC) (43 mg) and N,N-dimethyl-4-aminopyridine
(4-DMAP) (22 mg), and then the mixture was occasionally
stirred at 25°C for 30 min and then at 40°C for 5 min.
After the addition of 1 ml of CH,Cl,, the solution was
washed with H,O (1 ml), 4 N HCl (1 ml), saturated
aqueous NaHCOs, and then brine (1 ml), successively. The
organic layer was dried over Na,SO, and then evaporated
under reduced pressure. The residue was purified by pre-
parative TLC [silica gel (0.25 mm thickness), being
applied for 18 cm, developed with CHCl;—(CHj;),CO
(20:1) for 9 c¢m, and then eluted with CHCl;-MeOH (9:1)]
to furnish ester 1a (1.3 mg). Through a similar procedure,
ester 1b (1.2 mg) was prepared from 1 (0.9 mg) using
(S)-MTPA (51 mg), EDC (44 mg), and 4-DMAP (24 mg).
The "H-NMR spectra of 1b and 1c were ones of essentially
the same diastereomeric mixture.

Assaying of cytotoxicity toward HepG2 cells

The cytotoxicities of the isolated compounds toward
HepG2 cells were determined by means of the MTT assay.
HepG2 cells were inoculated at a density of 3 x 10% cells/
well in 90 pl of DMEM containing 10% FCS, supple-
mented with amphotericin B (Sigma Co., Ltd) (0.5 pg/ml)
and kanamycin sulfate (Meiji Confectionery Co., Ltd)
(100 pg/ml), on 96-well plates and then incubated at 37°C
under 5% CO,. After 24 h, 10 pl of a sample solution and
etoposide in 10% DMSO was added, followed by further
incubation for 72 h. The medium was removed and 100 pl
of MTT (0.5 mg/ml) in DMEM was added. After 1.5 h, the

medium was removed, 100 pl of DMSO was added to lyse
the cells, and then the absorbance (A) of MTT formazan in
each well was measured with a microplate reader at
Ly = 540 nm and L, = 620 nm. Etoposide was used as a
positive control [18-20].

Activity was calculated as follows:

% Inhibition = [1 — sample(Az, — Ay, )/control(Az, —Ay,)]
% 100.

The results are expressed as the means with standard
deviations (SD) for triplicate experiments.

Known compounds, isolated

Demethylincisterol Az (5): colorless oil, [a]& +174.3
(c 0.81, CHCl3) [9]. (22E,24R)-5u0,80-Epidioxyergosta-
6,22-dien-3--ol (ergosterol peroxide) (6): colorless crys-
tals (MeOH), mp. 180-181°C. [0]% —18.3 (c 0.60, MeOH)
[21]. (22E,24R)-3p,50,6¢-Trihydroxyergosta-7,22-diene
(7): colorless needles (MeOH), mp. 230-232°C. [oc]%4
+11.6 (¢ 0.37, CHCl3) [22].
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Rich Repeat Kinase 2 in Human Neuroblastoma SH-SY5Y Cells
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Formation of a-synuclein aggregates is a key step in Parkinson’s disease pathogenesis although the etiology
remains elusive. @-Synuclein is accumulated in degenerating neurons, leading to the production of filamentous
inclusions such as Lewy bodies. However, the in vitro overexpression of o-synuclein alone failed to induce inclu-
sion bodies consisting of phosphorylated o-synuclein. The seeded aggregates-initiated polymerization of o~synu-
clein and tan has been reported elsewhere. What molecule is an initiator of filamentous inclusions remains to be
defined. Here, we report that leucine-rich repeat kinase 2 (LRRK2)-cotransfection together with. o-synuclein
enhance the aggregate formation, phosphorylation, release to extracellular media of a-synuclein, and the cell-
to-cell transmission into neighboring cells in human neuroblastoma SH-SYSY cells. In cells transfected with
orsynuclein alone, the proteins were distributed in the cytosol and did net form inclusions. On the other hand,
the inclusions and phosphorylation of o-synuclein were formed in cells cotransfected with o-synuclein and
LRRK2 G2019S mutant together. LRRK2 G2019S-cotransfected PC12 cells also induced the aggregates. Fur-
thermore, the cell-to-cell transmission of o~synuclein and the cell toxicity were also enhanced by either LRRK2
wild type or G2019S mutant, whereas the cell viability was not decreased in cells transfected with a-synuclein
alone. These results suggest that overexpression of LRRK2, especially G2019S mutant, whose functions remain
unclear, initiate the aggregate formation, release and transmission of a-synuclein, resulting in the propagation of

a~synuclein to neighboring cells and reduction of cell viability.

Key word

Parkinson disease (PD) is the second most common neu-
rodegenerative disease. The muscle rigidity, tremor, and
bradykinesia that are characteristic of PD patients, are caused

by dopaminergic neuron death in the substantia nigra. One of

the well-known pathological hallmarks inside the cells is the
presence of inclusion bodies called Lewy bodies (LB) that
include aggregates of a-synuclein. Since a-synuclein and
leucine-rich repeat kinase 2 (LRRK2) cause familial forms
of PD that resembles sporadic PD pathologically, these
genetic mutations provide important molecular tools to
investigate PD pathogenesis.” Although the etiology of PD
remains unclear, the production of aggregated o-synuclein is
a key step in PD pathogenesis.?

o-Synuclein plays an important role in PD pathology and
neuronal cell death.>™ Point mutations (A30P, E46K, and
A53T) and multiplication of the gene a-synuclein are linked
to the early-onset of PD pathology. The increased severity of
PD and earlier age of onset have been reported to correlate
with increased a-synuclein dosage.® The physiological func-
tion of a-synuclein found in pre-synapus remains undefined.
Several studies have indicated that a-synuclein regulates
intracellular transport of synaptic vesicles underlying neuro-

transmitter release.” ¥ a-Synuclein may also be involved in .

mitochondrial complex I function,'>'® and has been reported
to impair macroautophagy.'” '

Until recently, a-synuclein was considered to exert patho-
genic effects inside the cells. However, a-synuclein can be
detected in human cerebrospinal fluid (CSF) and plasma.'®
The accumulation of aggregated o-synuclein spreads from
lower brainstem into the limbic system and neocortex, sug-
gesting a mechanism underlying pathological propagation of
PD such as Prion diseases.!” Some groups have reported that
aggregated a-synuclein can be released into extracellular
media by exocytosis through exosomes and propagated by

* To whom correspondence should be addressed. ~ e-mail: kondo@nihs.go.jpg 1

o-synuclein; leucine-rich repeat kinase-2; aggregation; cell-to-cell transmission

direct neuron-to-neuron transmission.?*—2?

LRRK2 is a large 2527 amino acid protein consisting of
several functional domains including a Ras-like small GT-
Pase domain (ROC), a carboxy-terminal of Roc (COR)
domain, and a kinase domain. The various mutations in
LRRK2 are involved in PD, such as R1441C, R1441G in the
Roc domain, Y1699C in the COR domain, and G2019S,
12020T in the kinase domain. Among them, G2019S muta-
tion clearly increases kinase activity, which is required for
PD pathology.**¥ G2019S mutation has been shown to
increase kinase activity by 2 to 3 fold. However, normal
function and kinase substrates of LRRK2 remain unclear.
Although mutant LRRK2 was toxic when overexpressed in
cultured cells®?® and Drosophila,’*® loss of neurons was
not observed in transgenic mice overexpressing R1441G and
R1441C mutants.?*® Loss of LRRK2 did not cause
neurodegeneration and neuropathological changes. LRRK2
mutations cause clinically typical PD features, ranging from
nigral degeneration without LB to nigral degeneration with
widespread LB or neurofibrillary tangles.”

The neuronal cell death through neuron-to-neuron trans-
mission of a-synuclein has been reported using mouse corti-
cal neuron stem cells.?? Coexpression of LRRK?2 with A53T
mutant of a-synuclein causes synergistic toxicity to neurons
that accelerate the progression of a-synuclein-mediated
pathology.*® However, the underlying mechanism has not
been yet defined. Thus, we have investigated the aggregate
formation and cell-to-cell transmission of o-synuclein and
the toxicity in the presence of LRRK2 wild type (WT) and
G2019S mutant.

MATERIAL AND METHODS

Materials The antibody (Ab) for a-synuclein (mouse

© 2011 Pharmaceutical Society of Japan
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immunoglobulin G, (IgG,)) was purchased from BD Bio-
sciences. Anti-phospho o-synuclein (clone #64) was ob-
tained from Wako Pure Chemical (Japan). Anti-B-actin was
purchased from Santa Cruz Biotechnology. Extracellular
signal-regulated kinase 1/2 (ERK1/2) was purchased from
Cell Signaling. Anti-LRRK2 (C-terminal region) was
obtained from Sigma-Aldrich. MitoTracker Red CMX-
H,Ros to stain mitochondria in live cells and Lipofectamin
2000 were purchased from Invitrogen. cDNA constructs for
wild type a-synuclein, o-synuclein A53T mutant, and en-
hanced green fluorescent protein (EGFP)-o~-synuclein were
kindly gifted by Dr. Sang Myun Park (Ajou University
School of Medicine, Korea). c-Myc-tagged (2 Xmyc) LRRK2
WT, G2019S, and kinase dead (KD) were kindly gifted by
Dr. Mark Cookson (NIH, Bethesda). All sequences of the
plasmids were confirmed. Transfection was performed by the
method of lipofection (Lipofectamin 2000, Invitrogen) or
electroporation (Amaxa Nucleofactor I1, Lonza).

Cell Culture Human neuroblastoma SH-SY5Y cells
(American Type Culture Collection [ATCC], CRL-2266)
were grown in Dulbeccos modified Eagle’s medium
(DMEM)/F-12 supplemented with 10% fetal calf serum
(FCS) penicillin, and streptomycin (Invitrogen). The SH-
SYSY was induced to differentiate by the treatment with
10 um all-trans retinoic acid (RA, Sigma-Aldrich) and main-
tained at 37°C and 5% CO,. PC12 (JCRB0266) cells were
grown in DMEM supplemented with 10% horse serum and
5% FCS, penicillin, and streptomycin (Invitrogen). The cell
viability was measured by a WST-8 assay (Nacalai Tesque,
Japan). Briefly, SH-SY5Y cells were transfected and differ-
entiated by RA for 24h to 8d for cell viability assay. At the

indicated times, the cell count reagent (2-(2-methoxy-4-ni- -

trophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetra-
zolium) for the WST-8 assay was added to the cells, and the
cells were incubated for 2—4 h. Cell viability was measured
by 450 nm and 650 nm (as a reference) absorbance. Cell via-
bility data were obtained from three independent experiments
performed in triplicate.

For a-synuclein transmission experiments, cells were
transfected with EGFP-o~synuclein with or without LRRK?2
by electroporation (1X10° cells/electroporation), and cul-
tured for 24 or 48h in 24-well culture plates. At 24 h, the
conditioned media were collected, centrifuged at 3000g for
10 min to remove dead cells and cell debris. The supernatants
were transferred to separately prepared SH-SY5Y cells in the
differentiation condition. The cells were cultured for another
241 to 8d, and the cell viabilities were measured by WST-8
assay.

Western Blot Analysis SH-SYSY cells were cultured at
9% 10° cells/dish in 10-cm dishes in the differentiation condi-
tion following the transfection of a-synuclein with or with-
out LRRK2. At 24 or 48 h-posttransfection, the cells were
rinsed with Tris-buffered saline (TBS), and cell lysates were
prepared using Triton-based lysis buffer containing protease
and phosphatase inhibitors. The cell Iysates were resolved by
sodium dodecyl sulfate/polyacrylamide gel electrophoresis
(SDS/PAGE) on 5—20% gradient gels, and transferred onto
polyvinylidene fluoride (PVDF) membranes (ATTO, Japan).
The membranes were incubated with primary Abs at 4°C
overnight, and then with alkaline phosphatase (AP)-labeled
secondary Abs for 1h at room temperature. The blots were
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detected by an AP-conjugated substrate kit (BioRad), and the
images were scanned and analyzed using Photoshop CSS.
For the detection of o-synuclein in the conditioned media,
chemiluminescent ECL system was used to detect the blots
(ECL plus, GE Healthcare). The blots were analyzed using
ImageQuant LAS-4000 (Fujifilm, Japan). Western blot analy-
ses were performed on data from three independent
experiments.

Immunofluorescent Staining SH-SY5Y cells on glass
chamber slides were washed twice with DPBS before the
cells were fixed with 4% paraformaldehyde (Wako, Japan)
for 30 min and permeabilized with cold 0.2% Triton X-100
for 10min. After blocking with 2% bovine serum albumin
(BSA). for 1h, the cells were incubated with primary Abs
against a-synuclein, phosphor-o-synuclein, LRRK2, ERK,
or B-actin at 4°C overnight. MitotrackerRed CMX-H,Ros
was used to stain mitochondria of the live cells. The cells -
were washed and incubated with Alexa 488- or Alexa 555-
labeled secondary Abs (Invitrogen) and Hoechst 33342
(Invitrogen) at room temperature for 1h. After washing, the
cells were mounted with Prolong gold mounting media
(Invitrogen). Fluorescent microscopy was performed using
an IX71 microscope (Olympus, Japan) and CarlZeiss LSM-
Pascal (Germany). Immunofluorescent staining data were
obtained from more than three independent experiments.

Transfection of o-Synuclein and LRRK2 SH-SYS5Y
cells (1X10° cells/cuvette) were transfected with Q-synu-
clein, a-synuclein AS53T, or EGFP-a-synuclein (1.5ug
cDNA each), and LRRK2 (1.5 g cDNA) using Amaxa (pro-
gram #A023, Lonza, Switzerland). The transfected cells
were seeded to 10-cm culture dishes for Western blotting or
24-well culture plates for immunofluorescence and cell via-
bility assay, and cultured for 24 to 8d in the differentiation
condition. PC12 cells were seeded at 0.25X 10° cells/ml into
a polylysine-coated 24 well plate (BD Biosciences). The cells
were transfected using cDNA (0.5 g each) and lipofecta-
mine 2000 (Invitrogen) in OPTI-MEM (Invitrogen), and cul-
tured for 24 h. Then, the cells were differentiated with nerve
growth factor (NGF) (50 ng/ml), and cultured for another 4 d.-

_ Statistical Analysis All data are expressed as the
meanzstandard deviation (S.D.). The statistical significance
was evaluated by one-way analysis of variance (ANOVA)
followed by the Dunnett’s test to compare the data from mul-
tiple groups against a common control group. Student’s #-test
was used to compare the data from two groups (SigmaPlot).
Statistical significance was determined at p<<0.05 (indicated
with an asterisk in the figures).

RESULTS

Formation of a-Synuclein Aggregates and Cell-to-Cell
Transmission SH-SYS5Y cells were transfected with wild
type (WT) o-synuclein fused with EGFP by lipofection or
electroporation in the proliferating or differentiation condi-
tions, respectively. In proliferating cells, EGFP-o~synuclein
was distributed in the cytoplasm 24h after lipofection. By
48h, the o-synuclein-containing vesicles were increased
around the cells. A larger amount of vesicles was observed
on the surface and outside of the cells 72 h after transfection
(Fig. 1A). In the differentiation condition, a-synuclein-con-
taining vesicles were not produced in the cells transfected
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SH-SYS5Y cells were transfected with o-synuclein alone or with LRRK2 G2019S mutant in the proliferating and differentaion conditions. (A) a-Synuclein was localized in the
cytoplasm in o-synuclein-transfected cells. (B) a-Synuclein was distributed in the cytoplasm, and many vesicles were formed and on the surface of neighboring cells within 48h
after transfection in RA-differentiated cells. In the presence of LRRK2 G2019S, o-synuclein aggregates were produced inside the cells after 5 d-culture (white arrow). (C) a-Synu-
clein-containing vesicles were moved into neighboring cells by cell contact (bottom left) or direct transmission through the conditioned media (bottom right). (D) Similar experi-
ments were performed using the differentiated PC12 cells. LRRK2 WT-cotransfected cells have large vesicles containing o-synuclein, which appear to be effluxed from the cells.

Cells cotransfected with LRRK2 G2019S did have the aggregates of -synuclein.

with a~synuclein alone, whereas the vesicles and aggregates
were formed in the cells cotransfected with a-synuclein and
LRRK?2 G2019S (Fig. 1B). The aggregated o-synuclein was
also observed in RA-differentiated SH-SY5Y cells. The large
aggregates were formed inside the cell 120 h after cotransfec-
tion of o~-synuclein and LRRK2 G2019S mutant (Fig. 1B,
white arrow). Since the aggregated proteins and vesicles of
o-synuclein were found inside and on the surface of the
cells, transmission of a-synuclein from one cell to neighbor-
ing cells was next investigated in the differentiated SH-SYSY
cells. A single EGFP-labeled a-synuclein was moving
toward the neighboring cell or through the conditioned
media, and appeared to be internalized on the- cell surface
(Fig. 1C). Many vesicles were exocytosed through plasma
membrane (Fig. 1C, top). For further studies, we used rat
adrenal pheochromocytoma PC12cells to evaluate the effect
of LRRK?2 on a-synuclein aggregation. In cells cotransfected
with o-synuclein and LRRK2 WT, large vesicles releasing
from the cells at the very moment were observed at 96h
posttransfection. Although similar vesicles containing o-
synuclein were seen in PCI2 cells cotransfected with
LRRK2 G2019S mutant, distinct aggregates were also ob-
served in the nucleus. In contrast, LRRK2 KD-transfected
cells did not have any large vesicles and aggregates.

Taken together, a-synuclein-containing vesicle formation
was enhanced by LRRK2 WT or G2019S mutant. a-synu-
clein aggregates were induced only by LRRK2 G2019S
mutant.

o-Synuclein Transmission Is Enhanced in the Presence
of LRRK2 G2019S Mutant Next, we investigated the

effect of LRRK2 G2019S mutant on a-synuclein transmis-

sion. a-Synuclein alone or with LRRK2 WT or G2019S
mutant was transfected into SH-SY5Y cells by electropora-
tion, and cultured for 48h in the differentiation condition.
The supernatant of the conditioned media collected from the
transfected cells was added to separately prepared and RA-
differentiated SH-SY5Y cells without any concentration.
Then, the cells were incubated for another 24—48h to
observe the expression of o-synuclein in the untransfected
cells (Fig. 2A). The ratio of a-synuclein-expressed cells to
total untransfected cells in the area that includes 300 cells
was measured. Approximately 5% of cells were GFP-positive
(4.7%1.2%) when the conditioned media from o-synuclein-
transfected cells was transferred into the separately prepared
cells, whereas 11% of cells were GFP-positive (10.72.1%)
when the media from cells cotransfected with a-synuclein
and LRRK2 G2019S was used as shown in Fig. 2A. The
number of GFP-positive cells in the preserice of LRRK2
G2019S mutant was greater than that in the absence of
LRRK?2 mutant. ‘

To confirm that o-synuclein protein was internalized by
the separately prepared cells, separately prepared and RA-
differentiated SH-SYSY cells were labeled with Mitotrack-
erRed CMX-H,Ros in advance, which is sensitive to mito-
chondrial membrane potential. -Synuclein was indeed
incorporated into the untransfected cells (Fig. 2B). The
expression of g-synuclein was increased in a time-dependent
manner, and there was no difference in e-synuclein expres-
sion between a-synuclein wild type and A53T mutant at 24
and 48 h (Fig. 2C). o-Synuclein expression was increased in
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Fig. 2. o-Synuclein Transmission Is Enhanced by LRRK2

The conditioned media from o-synuclein-transfected cells in the presence or absence
of LRRK2 were added to the separately prepared cells, and cultured for another 24 h to
clarify whether a-synuclein proteins are incorporated into neighboring cells through
the conditioned media. (A) The untransfected SHSY5Y cells were cultured in the con-
ditioned media collected from a-synuclein-transfected cells. Transmission of a-synu-
clein from a-synuclein-transfected cells to separately prepared and untransfected cells
was enhanced by LRRK2 G2019S mutant. The ratio of transmission in the presence of
LRRK2 was greater than that in the absence of LRRK2. Three hundred cells from dif-
ferent wells of a 24-well culture plate were counted in each experiment. The data were
obtained from three independent experiments (n=3, *p<0.05). One a-synuclein-con-
taining vesicle is moving and crossing over the cells in the conditiond media. (B) o-
Synuclein proteins were incorporated into the untransfected and MitotrackerRed-
labeled cells, showing the transmission through the media. Two different fields were
shown here. (C) o-Synuclein was expressed in the o-synuclein-transfected cells in a
time-dependent manner. There was no difference between a-synuclein wild type and
AS53T mutant in the expression. (D) a-Synuclein expression inside the cells and in the
conditioned media in the presence of LRRK2 WT and G2019S. A larger amount of o
synuclein was detected in the conditioned media from LRRK2 G2019S-expressing
cells. There was no difference between LRRK2 WT and G2019S-expressing cells. The
amounts of phosphorylated o-synuclein were not significant in transfected cells. The
data were obtained from two to threc independent experiments (n=2 or 3). Representa-
tives were shown in Western blots.

cells cotransfected with LRRK2, but not significant (Fig.
2D). The expression of o-synuclein was also confirmed in
the conditioned media from SH-SY5Y cells transfected with
a-synuclein alone or with LRRK2 WT or G2019S. o-Synu-
clein was detected in the media within 24h and increased
with the time (Fig. 2D). LRRK2 G2019S mutant did signifi-

1081
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AP IRRIZWT__ " [RRK? G2075 —
p-Syn
TOM20 §
mergefj
Fig. 3. o-Synuclein Localization and Its Phosphorylation

a-Synuclein (green) aggregates were phosphorylated and localized in mitochondria
(red) in LRRK2 G20198-trasnfected cells (white arrow). Large vesicles of a-synuclein
were phosphorylated but not localized in LRRK2 WT-transfected cells. Cells trans-
fected with pcDNA 3.1 did not have any aggregates and vesicles.

cantly enhance the o~synuclein release into the conditioned
media. However, the amount of a-synuclein in the condi-
tioned media was not significantly different between LRRK2
WT and G2019S mutant. The phosphorylation state was not
different between the two groups either (Fig. 2D, bottom).

Aggregated o-Synuclein Is Phosphorylated and Local-
ized in Mitochondria We next examined the phosphory-
lation state and its localization of aggregated o-synuclein
by staining with a mitochondria outer-membrane marker
TOM20. As shown in Fig. 3, most of the aggregated a-synu-
clein were phosphorylated and colocalized with mitochon-
dria in the differentiated SH-SYSY cells coexpressing -
synuclein and LRRK2 G2019S mutant (white arrow). The
phosphorylated or-synuclein-containing vesicles were seen in
LRRK2 WT-transfected cells, but not colocalized with mito-
chondria. The pcDNA3.1-transfected cells did not have any
vesicles and aggregates.

Cell Viabilities in o-Synuclein and LRRK2-Cotrans-
fected Cells The cell viabilities of SH-SY5Y cells cotrans-
fected with o-synuclein and LRRK2 wild type or LRRK2
G2019S mutant were investigated. When the cells were
transfected with a-synuclein alone, the viability was not sig-
nificantly different from that of the cells treated with
pcDNA3.1 as a control. Like wild type, a-synuclein A53T
mutant alone did not show the decrease in the cell viability
during 8 d-culture. These results suggest that a-synuclein
alone do not lead to the cell death for several days (Fig. 4).
However, when the cells were cotransfected with a-synuclein
and LRRK2 WT or G2019S mutant, the viabilities decreased
by 12%, suggesting that LRRK2 enhance the cell toxicity by
o-synuclein (Fig. 4). In addition, the cell toxicity was not ob-
served in LRRK2 G2019S-mutant transfected SH-SYSY.,
These results indicate that LRRK?2 synergistically reduce the
cell viability of a-synuclein-tranfected cells.

DISCUSSION

Until several years ago, a-synuclein was considered an

164



1082

120
S I
X ® 100
< A
> >
= =
a o
s 8
S > g
D ]
S 3]
60
pcDNA * + - - GFP-Syn  + + - . -
- + + + SnASIT - - + + -
LRRK2ZW " - * - LRRK2G20185 = + - + *
LRRK2G2018S  © - - *

Fig. 4. Cell Viability of the Cells Transfected with a-Synuclein Alone or
with LRRK2

(A) Cell viability was significantly decreased in the presence of LRRK2 WT or
G20198S. There is no difference between WT and G2019S of LRRK2. (B) a-Synuclein
WT and AS53T mutant alone had no effect on the cell viability, whereas the viability
was decreased in the presence of LRRK2 G2019S mutant. The data were three (A) and
four (B) independent experiments in triplicates (* p<<0.05).

intracellular protein and to function cell-autonomously.
Recently, a-synuclein was reported to be present in human
cerebrospinal fluid (CSF) and human plasma at a concentra-
tion of nanomolar in PD and normal subjects.'®*? Two stud-
ies showed host-to-graft propagation of o-synuclein-positive
Lewy-like pathology in long-term mesencephalic transplants
in PD.333 Most recently, cell-to-cell transmission of o-synu-
clein and the resulting cell death in neuronal cells has been
demonstrated by Desplats et al.?? In addition, Lin ez al. has
reported that LRRK2 enhances ¢-synuclein-mediated cyto-
toxicity.?” Therefore, these results above now raise the ques-
tion how LRRK?2 give rise to the synergistic effect in cyto-
toxicity. Here, we have investigated the effect of a-synuclein
aggregation and transmission in the presence of LRRK2 WT,
G2019S, and KD.

o-Synuclein was distributed in the cytosol and many se-
creted vesicles including a-synuclein were observed outside
and on the surface of SH-SYSY cells by 48h after transfec-
tion. The large aggregates were produced by 5d in the cells
cotransfected with o-synuclein and LRRK2 G2019 mutant,
whereas such a large aggregate was not produced in the cells

transfected with a-synuclein alone or with LRRK2 WT. The

accumulation and propagation of amyloid B proteins are
thought to occur through nucleation-dependent polymeriza-
tion. Recently, the seed-dependent aggregate formation of
a-synuclein has been reported using lipofection of seeded
aggregation.®® This may be an excellent model. However, the
question where the first aggregates come from remains to be
answered. We present here that LRRK?2 G2019S initiates and
enhances the formation of a-synuclein aggregates. Further-
more, vesicles including o-synuclein were transmitted to
neighboring cells through the conditioned media especially
in the presence of LRRK2. Intercellular transmission of
exogenous protein aggregates has been well documented in
Prion disorder. Similar mechanisms of pathological propaga-

tion have been suggested in other neurodegenerative diseases

such as Alzheimer’s and Polyglutamine diseases.>? Extra-
cellular tau aggregates also has been shown to induce the
aggregation of intracellular protein.’® Therefore, cell-to-cell
transmission of aggregated proteins may be the common fea-
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ture underlying progressive neurodegenerative diseases. Lin
et al. has recently reported an important functional interplay
between o-synuclein and LRRK2 in the development of
neurodegeneration. LRRK2 accelerates the progression of
neuropathological abnormality.?” Our results were well con-
sistent with this report. In the present study, larger amounts
of a-synuclein were present in the conditioned media upon
cotransfection of a-synuclein and LRRK2, compared to the
amounts upon transfection of o-synuclein alone. These
results suggest that LRRK?2 enhance the a~synuclein release
to extracellular media and the aggregate formation of o-
synuclein. Tong et al. have recently reported that loss of
LRRK2 causes the accumulation of o-synuclein only in kid-
ney, not in neuronal cells.>” The effect of LRRK2 might be
dependent on cell types. We need to investigate how only
LRRK2 G2019S initiates the aggregates for further study.

Here we show an interesting finding that LRRK2 G2019S
enhances aggregate formation and transmission of a-synu-
clein and the cell toxicity.
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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, o-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 AJIF 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 maybe an important therapeutic target for the treatment
of neuronal injury.

Apoptosis is amode of programmed cell death that is used by
multicellular organisms to remove surplus and unwanted cells
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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 ¢ 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; AlF, apoptosis-inducing factor; Bak, Bcl-2-antagonist/killer;
Bax, Bcl-2-associated X protein; CPT, camptothecin; DPQ, 3,4-dihydro-5-[4-
(1-piperidinyl)butoxyl]-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-eleostearicacid; 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.
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stimuli, including hypoxia, cerebral ischemia, and N-methyl-
N'-nitrosoguanidine (MNNG) or N-methyl-D-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
AlF-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 is
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 o-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/mI 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 um 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 proliferating cells, a-ESA was added 1618 h after
seeding the cells. Cell viability was measured by 450 and 650 nm
(asa 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-JNI/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-v-
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-fink, PD98059, SB203580, U0126, palmitoyl trifluo-
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 Ela 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 (a-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-L-lysine-coated dishes in a differentia-
tion condition. After 24 h, the cells were cultured with NGF for
another 48 h. «-ESA was then added to the cells to induce apo-
ptosis after inhibitors, U0126 or «-Toc, if needed. 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 secondary 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-L-lysine-
coated glass chamber slides were washed twice with Dulbecco’s
phosphate-buffered saline containing NGF before the cells
were fixed with 4% paraformaldehyde (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 measured with the Apo-ONE homogeneous 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 bcl-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 reagent, 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 uMm, 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 uM) purchased from Invitrogen. Two
mixed primers for each target (MEK1 or MEK2) were used for
the experiments. Map2k1-RSS301293 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
atkaline 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 «-ESA (2 pg/ml).
The cells were fixed and stained with Bax and MitoTracker Red
CM-H2XRos (1 uM).

Measurements of ROS and Potential—Intracellular ROS and
mitochondrial superoxides were measured using H2DCE-DA
(10 pM) and MitoSOX Red (5 pm), respectively. Differentiated
PC12 cells were incubated with CM-H2DCF-DA or MitoSOX
for 1 h or 10 min, respectively. After washing, o-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]J (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 neurite outgrowth. Forty eight hours after the
addition of NGF, the phosphorylation of ERK1/2 decreased to
the basal level. Then a-ESA (2 pg/ml) was added to the differ-
entiated PC12 cells (Fig. 1C). o-ESA induced apoptotic cell
death in a dose-dependent manner in neuronal PCI2,
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. 4, 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 «-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 pg/ml) induced apoptotic cell death in neuronal PC12, SH-SY5Y, and

NG108-15 cells.n = 9; p < 0.05 versus control (DMSQO 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 ¢-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. 24). 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

% K.Kondo, S.Obitsu, S. Ohta, K. Matsunami, H. Otsuka, and R.Teshima, unpub-
lished data.
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amount (0.01 ug/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 @-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 o-ESA-mediated cell

+q-ESA
death. A, MEK inhibitor U0126 prevented a-ESA-mediated cell death in both

differentiated and nondifferentiated PC12 cells (5 or 2 um).n = 6; %, p < 0.05 versus a-ESA alone. B, INK inhibitor SP600125 and p38 inhibitor SB203580 did not
block a-ESA-mediated cell death. G, a-Toc blocked a-ESA-mediated cell death at lower concentrations (0.01 pg/ml).n = 6;*, p < 0.05 versus a-ESA alone. D, in
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 inthe 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 o-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 «-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 «-ESA treatment. U0126 blocked the phosphorylation, whereas a-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). G, ERK1/2 migrated to the nucleus upon c-ESA treatment. Images were obtained from samples treated with «-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 AIF 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

172

the o-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 AlF-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. G, three-dimensional images of AlF 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 AIF and
manganese superoxide dismutase (Mn-50D) 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 AlF localization in the nucleus. There is no contamination of cytosolic and heavy membrane fractions,

including mitochondria. a-Toc and U0126 blocked AlIF 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-Tocand U0126 abrogated AIF release.

PARP-1-independent Cell Death—We next found that the
a-ESA-mediated cell death was not abrogated by the PARP-1

pCSEVON
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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 AlF-mediated apoptosis,
which always requires PARP-1 activation, as reported else-
where (29). To our knowledge, no previous report has
described AIF-mediated caspase-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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FIGURE 5.4, a-ESA-mediated cell death was not inhibited by the established PARP inhibitor DPQ, and PAR
proteins were not detected. CPT (40 um) was used as a positive control for PAR formation. Data were
obtained from two independent experiments performed in triplicate (mean = $.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 12m), not by a-ESA
(2 ng/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. a-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 png/ml) was added to the cells at the same time as or after the addition of a-ESA (2 pg/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 protein. In both
PC12 and 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 «-Toc 1 h after the addition of @-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 o-ESA (Fig. 6A4). This shows that AIF is a
critical factor for the a-ESA-mediated cell death.

13086 JOURNAL OF BIOLOGICAL CHEMISTRY

bility was measured using the

WST-8 assay reagent for the whole
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 (hr)

174

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

RNA Interference of PARP-1 or
MEK1/2—o-ESA  induced AIF
release, resulting in the cell death
without PARP-1 activation. The
well established PARP-1 inhibitor
DPQ did notblock the apoptotic cell
death. To clarify 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 pg/ml) or MNNG (500 pm) 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 cell 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
a-ESA (5 pg/ml) in the proliferation condition. The knock-
down of either MEK1 or MEK2 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.

ACEVEN
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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 1g/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 um) 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 cell 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. 74).
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

BSEvE. 17
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with a-Toc scavenged superoxides (Fig. 7C). U0126 almost
blocked superoxides.

Mitochondrial membrane potential (A®,,) was next exam-
ined wsing 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 «-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 membrane 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 Jocalized 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. 4, intracellular total ROS was measured using H2DCF
fluorescent probe. a-ESA initiated ROS, which was blocked by a-Toc (2 ©g/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 (03) 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 o-ESA (bottom right). Membrane blebbing was
observed immediately after superoxide production. ¢, O3 was measure by MitoSOX Red indicator. 03 was produced in a-ESA-treated cells. a-Toc (2
ng/ml) inhibited the O 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. -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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Bax localization release and cell death (Fig. 9B).

In caspase-independent apoptosis,

STS o-ESA PARP-11is believed to be a death sig-
Bax Mitotracker merged Bax Mitotracker merged nal. On the other hand’ a-ESA

induces PARP-1-independent AIF
release through the production of
superoxide and ERK1/2 phosphor-
ylation, resulting in caspase-inde-
pendent and PARP-1-independent
cell death (Fig. 9C). a-Toc protects
the o-ESA-mediated cell death
because mitochondrially localized
a-Toc can scavenge superoxides.
This is a novel and alternative path-

FIGURE 8. Bax localization of «-ESA-treated cells. The differentiated PC12 cells were treated with stauros-  way for caspase-independent apo-
porine (1 um) or a-ESA (2 pg/ml), and stained with anti-Bax and MitoTracker Red CM-H2Ros. Bax migrated into ptosis without the involvement of
the mitochondria in the STS-treated cells, whereas Bax did not in the a-ESA-treated cells. . .

other apoptotic proteins.

control | control i

STS,500nM 4h a-ESA, 4h

S§TS,500nM 16h a-ESA, Th

B
staurosporin (actinomycein D) +zZVAD-fmk DISCUSSION

¢ MNNG, NMDA, ischemia a-ES.A is a cc?n]ugated trienoic
[Ca*i fatty acid and an isomer of noncon-

jugated linolenic acid. It has been

Boo reported to suppress both tumor
, growth iz vivo and angiogenesis in
vitro by inducing caspase-3 via lipid
peroxidation at a concentration of
20 um (23, 24). a-ESA has been
shown to be cytotoxic in human
caspase3  —¥—3= PARP-| tumor cell lines such as DLD-1,
Caspase-dependent cell death when treated withz-V ADfmk Caspase-independent cell death HepG2, and A549, although MCE-7
cells lacking caspase-3 were rela-
tively resistant to the a-ESA-medi-
ated apoptosis (22). These reports

calpains

apaf-1
caspase-9

(Bax/Bak mediated-AlF relcasc)
z-VAD-fink

el suggest that a higher concentration
of «-ESA can activate caspase-
ERK dependent pathways in non-neuro-

nal cells.

First of all, in this study apoptosis
induced by a-ESA was not blocked
by both the broad spectrum caspase
inhibitor Z-VAD-fmk and caspase-3
inhibitor, but it was inhibited by
ERK the MEK inhibitor U0126 and the

P lipophilic antioxidant «-Toc. The

ESA-mediated caspase-independent cell death a-ESA-mediated apoptosis was abro-

FIGURE 9. A speculative mechanism of a-ESA-mediated cell death. A, staurosporine + Z-VAD-fmk treat-  gated by as little as 23 nm (0.01 pg/ml)
ment induces Bax/Bak-mediated Cyt-¢, AlF, and other apoptotic mitochondrial proteins such Smac/Diablo,  f o-Toc. If the peroxidation of
although caspase is blocked by Z-VAD-fmk. This type of apoptosis is blocked by pro-survival Bcl-2 protein. ESA is i Ived i
B, MNNG, NMDA, or hypoxia ischemia induces the increase in an intracellular Ca®* concentration ([Ca2*]), ~@-ESA is involved in the a-ESA-me-
intracellular ROS production, and DNA alkylation followed by PARP-1 activation, which results in PARP-1-  diated neuronal death, a similar molar
mediated AIF release, leading to the caspase-independent cell death. C, a-ESA induces PARP-1-independent b A
AlF-release, resulting in a novel caspase-independent apoptosis. U0126 and MEK1/2 knockdown block the cell concentration of antioxidants shoul.d
death by unknown mechanisms. ERK1/2 is certainly involved in the cell death. c-Toc blocks ROS productionin ~ be needed to protect the cells. In addi-
the mitochondria and cell death without the influence on ERK1/2. PARP-1 is not involved in a-ESA-mediated  tion, intracellular ROS production

cell death. a-ESA appears to act separately on MEK1/2-ERK1/2 and superoxide production leading to the C .
reduction of the membrane potential. caused by the peroxidation of a-ESA.

can deactivate phosphatases by the
oxidation in the active center, leading
Diablo, Omi/HtrA2 (Fig. 94). The excitotoxic NMDA or DNA-  to the increase in ERK1/2 phosphorylation. This phosphorylation
alkylating agent MNNG induces DNA damage leading to can be inhibited by antioxidants. However, a-Toc did not block
PARP-1 activation, which results in PARP-1-dependent AIF the increase in ERK1/2 phosphorylation. Even when a-Toc was

nucleus
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