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Caffeine induces apoptosis by enhancement of
autophagy via PI3K/Akt/mTOR/p70S6K inhibition
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arts. These results support prevnous‘studles on the use of caffel

in the ,tre ‘ ment of

human tumors and mdlcate a potentlal new target m the regulation of apoptOSIs

Introduction

Caffeine has a diverse range of pharmacological effects.! In addi-
tion to its various effects on the cell cycle and growth arrest,
higher (4-10 mM) concentrations of caffeine can induce apop-
tosis in several cell lines, such as 10 mM caffeine in human
neuroblastoma cells,> 4 mM caffeine in human pancreatic
adenocarcinoma cells® and 5 mM caffeine in human A549 lung
adenocarcinoma cells.* Although caffeine has been reported to
modulate cell cycle checkpoints and perturb molecular targets of
the cell cycle, the exact mechanism of caffeine-induced apoptosis
remains unclear.!

Autophagy is a key mechanism in various physiopathological
processes, including tumorigenesis, development, cell death and
survival.>$ It has also been shown to have a complex relation-
ship with apoptosis, especially in tumor cell lines.” Several reports

‘*Correspondence to:Nobutaka Hatton Ematl nhatton@;untendo ac )p
Submitted: 06/22/10; Revised: 10/27/10 Accepted 11/02/10 -

have shown that autophagy not only enhances caspase-dependent
cell death, but is also required for it.® In contrast, it has also
been shown thar autophagy plays an important role in promot-
ing cell survival against apoptosis.” Caffeine has been reported
to inhibit some kinase activities, including various forms of
phosphoinositol-3 kinase and mammalian target of rapamycin
(mTOR).>! Recently, in food spoilage studies involving yeast,
caffeine has been shown to induce a starvation response,'! which
is a key regulator of autophagy causing its induction. However,
the exact mechanism by which caffeine induces autophagy is still
unknown.

Here we report that higher concentrations of caffeine enhance
autophagic flux in a dose-dependent manner in various cell lines.
Furthermore, we show that caffeine-induced autophagy is mainly
dependent on PI3K/Akt/mTOR/p70S6 signaling and eventually
results in apoptosis.

,Prevnously pubhshed online: wwwi Iandesbloscuence com/JoumaI4s/autophagy/art1cle/14074 '

DOI: 104161/auto. 72 14074
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Results and Discussion

Caffeine (Fig. 1A) is a widely used psychoactive drug that has
been used for centuries to increase alertness and energy. It has been
reported that caffeine induces autophagy in Zygosaccharomyces
bailii in association with a starvation response, caused by a
unknown mechanism." However, it remains unknown whether
caffeine affects autophagy in mammalian cells. To determine
if caffeine regulates autophagy at a steady state, we first exam-
ined levels of the microtubule-associated protein 1 light chain
3 (LC3)-II, which is an LC3-phospharidyl-ethanolamine con-
jugate and a promising autophagosomal marker.” LC3-II lev-
els (compared to actin loading controls) increased with 5-25
mM caffeine treatment over 48 hours in SH-SY5Y (Fig. 1B
and C), PC12D and HelLa cells (Suppl. Fig. S1A and B). The
LC3-I1/actin ratio also increased in a time-dependent manner
in SH-SY5Y (Fig. 1D and E) and Hela cells (data not shown).
Using an electron microscopy technique, the numbers of auto-
phagic vacuoles (AVs) were markedly increased in SH-SY5Y cells
treated with 10 or 25 mM caffeine, but not in the control (Fig. 1F
and G). Morphometric analysis revealed that the number of AVs
per 100 pm? of SH-SY5Y cytoplasm in control (Mean # standard
deviation: 1.3 + 0.50), whereas that in caffeine-treated cells (10
mM: 8.0 + 0.82; 25 mM: 15 + 1.9) for 24 hours. Expression levels
of p62, a well-known autophagic substrate, were also decreased
by caffeine treatment in SH-SY5Y (Fig. 1H and I) and Hela
cells (Suppl. Fig. S1C and D). Furthermore, 10 mM caffeine
treatment markedly increased the number of EGFP-LC3-positive
vesicles in SH-SY5Y cells transiently transfected with EGFP-LC3
(data not shown) and HeLa cells stably expressing EGFP-LC3
(Figs. 1J and K).'>'* This effect was confirmed by the observa-
tion that caffeine adminiscration also increased the number of
vesicles positive to endogenous LC3 (Suppl. Fig. S1E).
Endogenous ' LC3 is post-transcriptionally processed into
LC3-1, which is found in the cytosol. LC3-1 is in turn lipidated
to LC3-I1, which then associates with autophagosome mem-
branes. LC3-II can accumulate due to increased upstream
autophagosome formation or impaired downstream autophago-
some-lysosome fusion. To distinguish between these two possi-
bilities, we assayed LC3-1I1 in the presence of E64D plus pepstatin
A or bafilomycin Al, which inhibits lysosomal proteases or blocks
downstream autophagosome-lysosome fusion and lysosomal pro-
teases, respectively.!'¢ Caffeine significantly increased LC3-II
levels in the presence of E64d plus pepstatin A or bafilomycin
compared to E64d plus pepstatin A or bafilomycin alone in (Fig.
2A and B; Suppl. Fig. S1F and G) and HeLa cells (Fig. 2C and
D; Suppl. Fig. S1H and I). A saturating dosage of bafilomycin
Al was used in this assay and no further increases in LC3-II lev-
els were observed when cells were treated with higher concentra-
tions. Similar results were observed in PCI12D cell lines (data not
shown). To confirm the caffeine effect on autophagic flux, we
assessed the numbers of autolysosomes and autophagosomes in
HelLa cells. The ratio of the numbers of autolysosomes (positive
to both LC3 and LAMP2) to autophagosomes (positive to LC3)
was increased by 10 mM caffeine treatment for 48 hours (Fig.
2E). Quantification data using Image] also showed significant
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increase of the ratio (Fig. 2F). These results strongly indicate that
high concentration of caffeine treatment enhances autophagic
flux.

The class I phosphatidylinositol 3-phosphate kinase (PI3K)/
Akt/mTOR/p70ribosomal protein S6 kinase (p70S6K) signaling
pathway and the Ras/Raf-1/mitogen-activated protein kinase 1/2
(MEK1/2)/extracellular signal-regulated kinase 1/2 (ERK1/2)
pathway are two well-known pathways involved in the regulation
of autophagy. Both are associated with tumorigenesis and often
activated in numerous types of tumors.”” Therefore, we examined
the effect of caffeine on both of these pathways, using western
blotting, according to the protocol by Inoki and colleagues.®
After a 24 hour treatment with caffeine, there was a significant
decrease in the levels of phosphorylated p70 S6 kinase, S6 ribo-
somal protein and 4E-BP1, compared with total normal levels in
SH-SY5Y (Fig. 3A), Hela and PC12D cells (data not shown).
Consistent with these results, nonphosphorylated 4E-BP1 pro-
teins were increased by caffeine treatment (Fig. 3A). To further
investigate the upstream inhibition of mTOR by caffeine, we
examined Ser473 phosphorylation of Akt, which measures both
Akt/mTOR and mTORC2 activity. As shown in Figure 3B,
treatment with caffeine also decreased the level of phosphory-
lated Akt in SH-SY5Y cells, which was consistent with a previ-
ous report.” Similar findings were obtained in HeLa (Suppl. Fig.
S2A) and PC12D cells (data not shown). Subsequently, we exam-
ined whether caffeine increases the phosphorylation of ERK1/2,
a key regulator of autophagy downstream of Akt. As shown in
Figure 3C, treatment with caffeine increased phosphorylated
ERK1/2. The effects of caffeine on mTOR inhibition were ini-
tially detected 3 hours after the addition of caffeine and reached
a maximal level after 6 hours in SH-SY5Y (Fig. 3D) and 9 hours
in HeLa cells (Suppl. Fig. S2B and C).

Caffeine has been shown to inhibit PI3K and components
of the PI3K/Akt pathway.>* Next, we performed experiments
to confirm whether caffeine-induced autophagy is activated
through the PI3K/Akt pathway. Insulin or insulin-like growth
facror upregulates PI3K and its downstream targets including
Akt and mTOR, resulting in the inactivation of autophagy.?*
As shown in Figure 4A and B, insulin treatment for 30 minutes
significantly phosphorylated Akt at Ser473, whereas the phos-
phorylation was completely abolished by additional treatment
with caffeine. No significant differences of the LC3-I1/actin ratio
between caffeine treatment and caffeine treatment with insulin
were observed. Also, caffeine and Akt1/2 inhibitors did not have
additive effects on the levels of LC3-II/actin ratio compared to
the single treatment of caffeine or Akt inhibitors (Fig. 4C and
D). To further confirm the caffeine effects on this pathway, cells
were transiently transfected with myristoylated Akt (myr-Ake),
a constitutively active form of Akt.?* Caffeine treatment of both
cells transfected with control vector and myr-Akt markedly
decreased the levels of the phosphorylated Ake (Fig. 3E), indi-
cating that caffeine directly inhibits the Akt phosphorylation. If
caffeine facilitates autophagy through PI3K/Akt and ERK1/2
signalings, the autophagy should be partially blocked by ERK1/2
inhibition using the mitogen-activated protein kinase kinase 1/2

(MEK1/2) inhibitor, U0126. U0126 significantly but mildly
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reversed the levels of LC3-II/actin ratio (Fig. 4F and G). The
failure of U1026 to reverse completely the caffeine effect can be
explained by the autophagy induction through Akt/mTOR sig-
naling. In addition, only Akt knockdown with inducible short

178 Autophagy

hairpin RNAs (shRNAs) to specifically and stably knock down
all three Akt isoforms sufficiently increases autophagic flux.”
Therefore, we concluded that the caffeine-induced autophagy is
mainly dependent on the PI3K/Akt/mTOR pathway.
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Because caffeine induces autophagy dependently of mTOR
inhibition, we hypothesized that combination treatment of caf-
feine with rapamycin would not have additive effects on auto-
phagy. However, caffeine and rapamycin showed an additive
effect on the enhancement of LC3-II/actin ratio compared to
the single treatment of caffeine or rapamycin (Fig. 5A and B).
Several lines of evidences support the hypothesis thar resistance
to rapamycin results from a positive feedback loop from mTOR/
S6K1 to Ake, resulting in enhancement of Akt phosphorylation
at Ser 473.262% Recently, murual suppression of the PI3K/Akt/
mTOR pathway by combination of rapamycin with perifosine, an
Akt inhibitor, induces synergistic effects on autophagy-induced
apoptosis as well as enhancement of autophagy, suggesting that
dual inhibition of the PI3K/Akt/mTOR by rapamycin with caf-
feine would be also a rational treatment for cancer.?

Several anti-cancer agents are known to inhibit the PI3K/Ake/
mTOR/p70S6K pathway and simultaneously activate ERK1/2,
resulting in induction of autophagy in tumor cell lines.**
The upregulation of this process has beneficial effects in neu-
rodegenerative diseases, such as Parkinson and Huntington dis-
cases, whereas an excess of autophagy can lead to cell death.3>%

Therefore, we decided to investigate whether caffeine-induced
autophagy rescues or induces cell death. Using PC12D cells
treated with I-methyl-4-phenylpyridinium (MPP*), a well-estab-
lished Parkinson disease model,?* we determined that 1 mM caf
feine treatment was not sufficient for the induction of autophagy
(Suppl. Fig. S4 and B) and promoted increased cell viability,
whereas >2.5 mM caffeine decreased cell viability (Fig. 6A). In
addition, a significant decrease in cell viability was noted in cells
treated with >2.5 mM caffeine without MPP*. Also, mitochon-
drial membrane potentials assessed by JC-1 were significantly
preserved by 1 mM caffeine treatment compared to the control
with MPP*, while those were lost by >5 mM caffeine treatment
(Fig. 6B and Suppl. Fig. S5A). These data suggest that caffeine-
induced autophagy is not protective in these cell lines and leads
to cell death.

Autophagy and apoptosis may act independently in parallel
pathways or may influence one another.” To confirm the relation-
ship between these pathways in cells treated with caffeine, we
examined caffeine effects on the cell cycle with a propidium iodide
(PI) staining assay. Treatment with 2.5-10 mM caffeine increased
the percentage of cells in the sub-G, peak, which is indicative of
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previously in reference 43, Error bars, S.D.; *p < 0.05; **p < 0. 01.-

i Frgure 1H K. Cafferne |ncreases s a tophagrc ﬂux in various cell hnes (H and l) SH-SY5Y cells treated wrth various concentratrons of car’feme for 240r48
hours were analyzed by rmmunoblottlng with antrbodres agamst p62 and actin. Densrtometry analysrs of p62 levels relatlve to actm (1) was performed
using three mdependent expenments (" and K) Hela cells stably expressmg EGFP-LC3 were treated with various concentrations of caffeine for 24
hours and | analyzed using confocal mlcroscopy The percentage of EGFP-posrtrve Hela cells with >5 EGFP-LC3 vesrcles was assessed (K) descrrbed

www.landesbioscience.com

Autophagy

179



A B ek
5 - I * l
.9 dkk
E64d +pepA  — - + + T 4 -
caffeine  — + - -+ £ 3
LC3-| 3 , |
LC3-Il — 8. )
actin b 1
L1
E64d +pepA  — - + +
caffeine — + - +
C D Fekk
5 -
K] ! A
E64d +pepA — - + + B 4
caffeine  — + - + £ 3
g Fdke s
= 2
8 1
-1
o L[]
E64d +pepA  — - + +
caffeine — + — +
F LAMP2 LC3 Merge Colocalization

control

10 mM caffeine
(48 h)

80%
60% -
40% ]
20% - rJ—'|
0%
control 10 mM caffeine
(48 h)

Relative percentage of
autolysosomes to the total
autophagosome number

Flgure 2. Caffelne does not block autophagosome lysosome fusnon (A-D) SH SYSY (A) or HeLa (C) cells treated W|th 10 mM caffeme W|th or without

matlcally counted usmg lmageJ ”Colocalxzatlen Plugm and the ratlos were calculated (7).

180 Autophagy Volume 7 Issue 2



A caffeine
p-p85S6 (Thr3g9) —
p-p7086 (Thr389)—1|

actin for p-p70S6 —
p-S6 (Ser235/236) — uuew
p-4E-BP1 (Thr37/46)— k

actin for p-S6 and __
p-4E-BP1

ctrl caffeine
p85S6— e |
p70S6—

actin for p70S6—
S6 —

4E-BP1 —
actin for S6 and

4E-BP1

caffeine

B ctrl
p-Akt (Serd73) —
actin for p-Akt —

total-Akt — e s
actin for total-Akt — = s

LC3-l —
LC3-ll—

C k ctrl

p-ERK1/2 (Thr202/204)—
actin for p-ERK1/2 —#
total-ERK1/2—

actin for total ERK1/2—

caffeine

D
p-p85S6 (Thr389) —
p-p70S6 (Thr389) —,

p-S6 (Ser235/236) — 3

p-4E-BP1 (Thr37/46)— |

actin—|

p85S6 —
p70S6 —

actin — e

Figure 3. Caffeine

mM caffeine for 24

(), Akt (B) and act
“phosphor-and t

| B) SH-SY5Y cells treated with or without 10
total p70 ribosomal S6 protein, S6, 4E-BP1

nalyzed by immunoblotting for levels of

ds were analyzed by immunoblotting for

levels of phosphot

apoptosis (Fig. 6C). To confirm whether caffeine-induced cell
death is apoptotic, we examined the activity of caspase-3, a well-
known inducer of apoptosis. Treatment with 10 mM caffeine
markedly increased levels of cleaved caspase-3 and decreased full-
length caspase-3 in PC12D cells (Fig. 6D), consistent with previ-
ous reports on the induction of apoptosis by caffeine.®¥

To test whether caffeine-induced apoptosis is dependent on
autophagy, we determined whether the inhibition of autophagy
by 3-methyladenine (3-MA) or Atg7 siRNA knockdown affects
caffeine-induced cytotoxicity in PC12D cells. Treatment with
1 or 5 mM 3MA or Atg7 knockdown significantly decreased
the percentage of cell death or cells with reduced mitochon-
drial membrane potentials caused by caffeine treatment (5 or
10 mM) (Fig. 6E and F and Suppl. Fig. S6B). As can be seen
from the increased caffeine-induced apoptosis shown in Figure
6A and C, our data suggests that caffeine-induced autophagy
is necessary for apoptotic cell death. To further confirm chis,
we compared autophagy-deficient mouse embryonic fibroblasts
(MEFs), lacking the Azg7 gene (Azg7"), without LC3-IT expres-
sion (Suppl. Fig. S4E), and matched wild-type (Azg7*"*) MEFs,
in which autophagy is induced by caffeine in a dose-dependent

www.landesbioscience.com

manner (Suppl. Fig. S4C and D). As expected, the level of
caffeine-induced cell death (positive to trypan blue staining) in
Atg7* MEFs was less than that in Atg7** MEFs (Fig. 7A). The
numbers of early apoptotic cells (annexin V positive, PI negative)
were significantly increased in both a time-dependent and dose-
dependent manner by caffeine treatment of Azg7"* MEFs com-
pared to Atg7" MEFs (Fig. 7B-D). Also, apoptotic or necrotic
cells (annexin V positive) were significantly increased by caffeine
treatment of Azg7** MEFs compared to Azg7" MEFs (Suppl. Fig.
§6). Together, these results indicate that caffeine-induced auto-
phagy partly occurs upstream of apoptosis and is not a protective
response to caffeine.

In various tumor cell lines, higher concentrations of caffeine
alone induce p53-dependent G, phase arrest and under cerrain
conditions apoptosis can also occur in a p53-independent man-
ner.! Furthermore, disruption at the G,/M checkpoint by caffeine
allows cells time to repair DNA damage by driving them through
mitosis, eventually resulting in apoptosis.?®*3 Consistent with
these reports, the results of our study indicate that increased con-
centrations of caffeine treatment cause a dose-dependent increase
in apoptosis. More recently, autophagy, a process long known to
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provide a survival advantage to cells undergoing nutrient depriva-
tion and other stresses, has also been linked to the cell death pro-
cess.” The cross-talk between apoptosis and autophagy is complex
and sometimes contradictory; however, it is critical to the overall
fate of the cell. In this study, we have shown that autophagy is
induced by higher concentrations of caffeine without starvation,
mainly via the inhibition of PI3K/Akt/mTOR/p70S6K signaling.
Likewise, when caffeine-induced autophagy is blocked by 3-MA
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treatment or Atg7 knockout, apoptosis is partially attenuated,
suggesting that caffeine-induced autophagy occurs upstream of
caffeine-induced apoptosis. It also indicates the involvement of
other pathways in caffeine-induced apoptosis. These results pro-
vide new insight into the effects of caffeine on cell death and
survival and its use as a possible intervention strategy for the
upregulation of apoptosis by a harnessing of its autophagic activ-
ity in tumor treatment.
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Materials and Methods

Cell line. HeLa cells were maintained in DMEM (Sigma) sup-
plemented with 10% fetal bovine serum (FBS) (Sigma)} and
100 U/ml penicillin/streptomycin (Sigma) at 37°C and 5%
CO,. PC12D and SH-SY5Y cells were maintained in DMEM
(Sigma) supplemented with 10% FBS (Sigma), 5% horse serum
and 100 U/ml penicillin/streptomycin at 37°C and 5% CO,.
All experiments with PC12D were performed after differentia-
tion with NGF treatment for 48 hours. Ag7** and - MEFs were
maintained in DMEM (Sigma) supplemented with 10% FBS,
100 U/ml penicillin/streptomycin, 1% sodium pyruvate (Gibco,
11360), 1% non-essential amino acid (NEAA) and 4.2 pl 2%
beta-mercaptoethanol at 37°C.

To establish a HelLa GFP-LC3 stable cell line, proliferat-
ing HeLa cells were transfected with a GFP-LC3 plasmid."
Forty-eight hours post-transfection with Lipofectamine 2000
(Invitrogen), positive stable clones were selected by growing cells
with G418 (400 pg/ml) for 2 weeks and maintained in DMEM
(Sigma) supplemented with 10% FBS (Sigma), 100 U/ml peni-
cillin/streptomycin and 200 p.g/ml G418 at 37°C and 5% CO,,.
All cellular experiments were performed with cells cultured in
complete medium with FBS as explained above.

Cell viabilityassays. A trypan blue dye (Invitrogen, 15250-061)
exclusion assay was used to examine cell viability and performed
according to previously reported protocols.**# Changes of mito-
chondrialmembranepotentialswereassessedalsowiththelipophilic
cationic membrane potential-sensitive dye JC-1 (5,5,6,6"tet-
rachloro-1,1',3,3"-tetrachylbenzimidazolylcarbocyanineiodide)

(Wako, 106-00131) according to the manufacturer’s proto-
col. Detection of early apoptotic cells was determined using an
annexin V/propidium iodide (PI) detection kit (Invitrogen),
according to the manufacturer’s protocol. Briefly, 0.5 x 106 Azg7+*
or - MEFs were exposed to caffeine (0-25 mM) for 24 hours and
washed twice. Then, they were incubated at room temperature
with annexin V/Alexa488 and PI for 15 minutes. Annexin V*PI-
cells, considered as early apoprotic cells, were enumerated using
FACScan (BD Biosciences). Data were analyzed with CellQuest
(BD Biosciences) and FlowJo softwares (Tree Star Inc.). Cells
positive or negative for annexin V were regarded as apoptotic or
non-apoptotic cells, respectively.

Cell cycle analysis. To examine apoptosis, 1.0 x 10% cells/
well PC12D cells were seeded onto 96-well culture plate and
incubated for 48 h in DMEM with NGF and treated with
caffeine for 72 h. The cells were harvested and washed
with PBS and fixed with ice-cold 70% ethanol at 4°C for 2 h.
The cells were then stained with PI solution according to pre-
viously reported protocol.#’ DNA content was analyzed by
flow cytometry using FACScan and CellQuest software (BD
Biosciences).

Compounds. Compounds used included caffeine (Wako,
031-06792), E64d (Sigma, E8640), pepstatin A (Sigma,
P5318), rapamycin (LC Laboratories, R5000), CCI-779 (Selleck
Chemicals, S1044), MPP* (Sigma, M0896), bafilomycin Al
(Sigma, B1793), 3-methyladenine (Sigma, M9281), insulin
(Sigma, I0516), U0126 (Sigma, U120), Akt1/2 inhibitors (Sigma,
AG6730), staurosporine (Cell Signaling Technology, 9953) and
DMSO (Sigma, D2650).

Figure 6 {See next page). Caffeine induces apoptosis by enhancement of autophagy (A) After PC12D cells were treated with 0, 1, 2.5, 5 or 10 mM caf-
Afeine with DMSO or MPP+ for72 hours, cell vrabmty was measured using trypan blue dye éxclusion assay. Data are the means oftnphcate expenments
( )After cells were treated with 0 1,2. 5, 5 or 10 mM caf‘feme wrth DMSO or MPP* for 48 hours, mltochondrlal membrane potent!al was analyzed by JC-1

P i ( L :
|mmunoblottmg for levels ofcaspase -3 and cleaved caspase—3 (E) After PC12D cells were treated with 0, 1,2. 5 Sor 10mM caffeme wrth or thhout 1,
“3'or 5 mM 3MA for 24 hours, cell v1ab|l|ty was measured by trypan blue dye exclusron assay. (F) PC12D cells were transfected w1th control siRNA or siR-
NAs targetlng Atg7. Forty eight hours later, they were treated with0,7,2.5 0r 10 mM caffeme for 24 hours and mitochondrial membrane potential was
analyzed using JC-1. The knockdown effects on Atg7were conﬁrmed by lmmunoblottmg usmg antlbodles against Atg7 and actm Data are the means
of triplicate experxments Error bars, S.D. NS, not srgnrﬁcant p <0. 05 ¥*1 < 0.01; ***p < 0.001. ’
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Plasmid DNAs. Myrystoylated Akt (21-151), a constitutively

active form of Akt, was purchase

siRNA Fknockdown experiments. PCI12D cells were trans-
fected with rat Atg7 siRNAs (Invitrogen, 10620318-9) using
Lipofectamine RNAIMAX (Invitrogen, 13778-075) according

to the manufacturer’s protocol.

184

d from Millipore.

Western blotting. Cell pellets were lysed on ice in RIPA buf-
fer for 20 minutes in the presence of protease inhibitor (Roche).
Western blotting was performed according to a previously pub-
lished report.*? The antibodies used were as follows: anti-p70
ribosomal protein (Cell Signaling Technology, 2708), anti-ribo-
somal protein (Cell Signaling Technology, 2217), anti-4E-BP1
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(Cell Signaling Technology, 9452), anti-Akt (Cell Signaling
Technology, 9272), anti-p44/42 MAP kinase (Cell Signaling
Technology, 9102), anti-phospho-p70 ribosomal protein
(Thr389) (Cell Signaling Technology, 9205), anti-phospho-S6
ribosomal protein (Ser235/236) (Cell Signaling Technology,
2211), anti-phospho-4E-BP1 (Thr37/46) (Cell Signaling
Technology, 9459), anti-phospho-p44/p42 MAPK (Thy202/
Tyr204) (Cell Signaling Technology, 9101), anti-Atg7 (Cell
Signaling Technology, 2631), anti-phospho-Akt (Cell Signaling
Technology, 4060), anti-actin (Millipore, clone C4), anti-LC3
(MBL, clone 4E12), anti-p62 (Progen Biotechnik, GP62-C)
antibodies. Antibody signals were enhanced with chemifluores-
cent methods from GE HealthCare.

Immunofluorescent microscopy. Cells were embedded with
4% paraformaldehyde for 20 minutes. Following this, they were
permeabilized with 0.1% Triton-X in 1x PBS. After incubation
with 10% FBS and 1% bovine serum albumin in 1x PBS for
30 minutes, cells were immunostained with anti-LC3B (x500)
(Sigma, L7543), anti-LAMP2 (x50) (Development Studies
Hybridoma Bank, clone H4B4) overnight and incubated with
anti-rabbit IgG tagged with AlexaFluor 488 or anti-mouse IgG
tagged with AlexaFluor 546 for 1 hour. The cover slips were
embedded with VectaShield, stained with DAPI and images were
acquired on a Zeiss LSM510 META confocal microscope (63 x
1.4 NA) or a Leica TCS SP5 confocal microscope at room tem-
perature using Zeiss LSM510 v.3.2 software or Leica LAS AF
software. Adobe Photoshop 7.0 (Adobe Systems Inc.) was used
for subsequent image processing. For colocalization assay in HeLa
cells, an appropriate confocal image was taken with Leica LAS
AF software. Then, these images were analyzed automatically
with the Image] “Colocalization” Plugin (Settings: Each thresh-
old: 25, Ratio: 75%) followed by “Analyze particles” (Settings:
threshold 25; Pixel: 1) between endogenous LC3 positive and

LAMP?2 vesicles. Experiments were done in triplicate at least
twice.

Quantification of cells with GFP-LC3 vesicles. Hela cells
stable expressing GFP-LC3 were treated with various concentra-
tions of caffeine for 24 or 48 hours and then fixed as described
above. Analyses in triplicate were done for counting the propor-
tion of GFP-positive cells with GFP-LC3 vesicles as previously
described in reference 43.

Electron microscopy. SH-SY5Y cells treated with various
concentrations of caffeine were prefixed in 2% glutaraldehyde in
PBS at 4°C, treated with 1% OsO, for 3 hours at 4°C, dehy-
drated in a graded series of ethanol and flac embedded in epon.
Ultra-thin sections were doubly stained with uranyl acetate and
observed using a JEOL JEM-2000EX electron microscopy at 80
kv.

Statistical analysis. Densitometry analysis was performed
using Image] 143 on immunoblots from three independent
experiments. A t-test was performed with SYSTAT software
(Hulinks).
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Zonisamide reduces cell death in SH-SY5Y cells via an anti-apoptotic effect

and by upregulating MnSOD
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Zonisamide, originally known as an antiepileptic drug, has been approved in Japan as adjunctive therapy
with levodopa for the treatment of Parkinson’s disease (PD). Although zonisamide reduces neurotoxicity,
the precise mechanism of this action is not known. Here, we show that zonisamide increases cell via-
bility in SH-SY5Y cells via an anti-apoptotic effect and by upregulating levels of manganese superoxide
dismutase (MnSOD). These results would give us novel evidences of PD treatment.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Parkinson'’s disease (PD) is the second most common neurodegen-
erative disease characterized by pronounced loss of dopaminergic
neurons in the substantia nigra pars compacta. At present, there is
no known treatment to suppress the progression of this cell death
and the goal of current therapies is only to alleviate symptoms. New
therapies are, therefore, required to delay disease progression and
to improve the long-term prognosis of PD. Mitochondrial dysfunc-
tion due to oxidative stress has been proposed as a major factor in
the pathogenesis of PD [3,22] and reduced activity in mitochondrial
complex I is associated with PD [13,22]. After complex I block-
ade with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in
mice, there is a time-dependent and region-specific activation of
mitochondrial cytochrome ¢, which activates caspase-9 and -3,
resulting in apoptosis [20].

Zonisamide, originally known as an anticonvulsant agent, has
been approved in Japan as adjunctive therapy with levodopa
for patients with PD [15,16]. The mechanism of zonisamide
to improve Parkinsonism has been reported to modify the
turnover and synthesis of dopamine (DA) [18,28]. Moreover, it has
been recently reported that zonisamide attenuates MPTP-induced
and 6-hydroxydopamine (6-OHDA)-induced neurotoxicity and
dopaminergic neuron-specific oxidative stress in mice [1,2,29,30].
Although zonisamide is likely to delay the progress of PD, the exact
mechanism of its action remains unclear.
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In this study, we show that zonisamide increases the viability
of differentiated SH-SY5Y cells by inhibiting activation of proapop-
totic molecules and upregulating levels of manganese superoxide
dismutase (MnSOD), also known as superoxide dismutase-2
(SOD2).

The following antibodies were. used in this study: anti-
caspase-3.antibody (rabbit), anti-caspase-9 antibody (rabbit), and
anti-phospho-SAPK/JNK (Thr183/Tyr185) antibody (rabbit) were
obtained from Cell Signaling Technology. Anti-actin antibody
(mouse) was from Millipore. Anti-MnSOD antibody (rabbit) was
from Upstate.

SH-SY5Y .cells were grown in Dulbecco s modified Eagle’s
medium (DMEM) (Sigma) supplemented with 10% fetal bovine
serum (FBS) (Sigma) and 1% penicillin—streptomycin (Invitrogen-
GIBCO) at 37 °Cand 5% CO,. To induce cell differentiation, SH-SY5Y
cells were incubated in complete medium plus 10 uM all-trans
retinoic acid (Sigma) for 72 h. For pharmacological studies, zon-
isamide (Dainippon Sumitomo Pharma Co.), staurosporine (Cell
Signaling Technology), 1-methyl-4-phenyl-pyridium jon (MPP*)
(Sigma), and dopamine hydrochloride (Sigma) were added at indi-
cated times and concentrations.

Cell viability was assessed by the WST assay; the ability of mito-
chondrial activity to reduce 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium
salt (WST-8) to formazan using the Cell Counting Kit-8 (Dojindo, -
Kumamoto, Japan), according to the manufacturer’s instructions.

TdT-mediated dUTP-biotin nick-end labeling (TUNEL) staining
was performed using the In situ Cell Death Detection Kit, Fluo-
rescein (Roche) according to the manufacturer’s instructions. Cells
were then mounted with Vectashield containing DAPI (Vector Lab-



