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AKT is translocated to the mitochondria during
etoposide-induced apoptosis of HeLa cells
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Abstract. Akt, or protein kinase B, is a key serine-threonine
kinase, which exerts anti-apoptotic effects and promotes cell
proliferation in response to various stimuli. Recently, however,
it was demonstrated that Akt exhibits a proapoptotic role
in certain contexts. During etoposide-induced apoptosis of
HelLa cells, Akt enhances the interaction of second mitochon-
dria-derived activator of caspases/direct IAP binding protein
with low pI (Smac/DIABLO) and X-linked inhibitor of apop-
tosis protein by phosphorylating Smac at serine 67, and thus
promotes apoptosis. However, the detailed mechanisms under-
lying Akt regulation in etoposide-mediated apoptosis remain
to be determined. The present study investigated whether
etoposide triggers the translocation of Akt into the mitochon-
dria. It was found that Akt activity was increased and sustained
during apoptosis triggered by etoposide in HeLa cells. During
apoptosis, Akt was translocated from the cytoplasm into
the mitochondria in a phosphoinositide 3-kinase-dependent
manner at the early and late stages of apoptosis. Concomitantly,
the depletion of Akt in the nuclear fraction was observed after
etoposide treatment from analysis of confocal microscopy.
The results suggest that etoposide-stimulated Akt is translo-
cated into the mitochondria, thereby possibly enhancing its
interaction with Smac and promoting apoptosis in HeLa cells.
These results indicate that Akt may be a promising candidate
for a pro-apoptotic approach in cancer treatment.

Introduction

Apoptosis, also termed programmed cell death, is involved in
development, the elimination of damaged cells, and the mainte-
nance of cell homeostasis. Deregulation of apoptosis may cause
diseases, such as cancer, immune disorders and degenerative
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diseases (1). Apoptosis is an important cellular response to irrep-
arable damage from exposure to external stimuli (2). Apoptosis
can be induced by two different pathways; the extrinsic pathway,
which involves signaling from death receptors, such as tumor
necrosis factor receptor 1 (TNFR1), and the intrinsic pathway,
which centers around the mitochondria (3). In recent years,
it has been increasingly recognized that the mitochondria is
pivotal in the early events of apoptosis. A key process in the
mitochondrial apoptotic pathway is the release of a group of
proteins, such as cytochrome c, second mitochondria-derived
activator of caspases/direct IAP binding protein with low pl
(Smac/DIABLO), apoptosis-inducing factor (AIF) and endo-
nuclease G from the mitochondrial intermembrane space, which
subsequently triggers a cascade of cytoplasmic changes (4).

Protein function associated with apoptosis can be modu-
lated by post-translational modification, such as acetylation,
phosphorylation and nitrosylation. Currently, numerous
studies suggest that the function of various mitochondrial
factors is regulated by the interplay between kinases and phos-
phatases, and thereby promote or inhibit apoptosis (5-7). As a
pro-apoptotic kinase, c-Jun NH2-terminal kinase is associated
with Smac/DIABLO release from the mitochondria into the
cytoplasm during apoptosis in multiple myeloma cells (8). A
complex of c-Abl and protein kinase C & migrates into the
mitochondria in response to various oxidative stresses, and
induces cytochrome c release from the mitochondria (9-11).
Lck activity is required for mitochondrial-dependent apoptosis
following irradiation and ceramide exposure (12,13).

By contrast, cumulative studies have suggested that Akt
inhibits apoptosis by inactivating Bad, Caspase-9 and Forkhead
box (FOX) proteins by direct phosphorylation (14-16). Akt
mediates cell proliferation, survival, migration, and glucose
homeostasis via the canonical phosphoinositide 3-kinase
(PI3K)-Akt signaling pathway (17). Downstream targets
of Akt for survival signaling include transcription factor
cAMP-response element binding protein or IxB kinases that
regulate the activity of nuclear factor-kB (18). Furthermore,
Akt activation is sufficient to inhibit the release of cyto-
chrome ¢ from the mitochondria and the change in inner
mitochondrial membrane potential (19). Recent data, however,
indicated that Akt can act as a pro-apoptotic regulator under
specific conditions (20). Numerous studies have demon-
strated that Akt sensitized cells to oxidative stress-mediated
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apoptosis (21,22) while pharmacological inhibition of Akt
reduced apoptosis mediated by various cytotoxic or apoptotic
intracellular molecules (23-26). The pro-apoptotic effect
of Akt was also demonstrated and it was shown that Akt
phosphorylates Smac/DIABLO and enhances its interaction
with XIAP in etoposide-induced apoptosis (27). Although
increasing evidence indicates that Akt has dual roles in the
determination of cell fate in a context-dependent way, the
molecular mechanisms are not yet well established.

In the present study, whether Akt is activated and translo-
cated into the mitochondria during etoposide induced apoptosis
was investigated. This appears to be a key step in the progression
of apoptotic, and regulation of this step may provide effective as
a novel strategy in the treatment of cancer in humans.

Materials and methods

Materials. Etoposide, KCl, MgCl,, EDTA, EGTA, DTT and
PMSF was purchased from Sigma-Aldrich (St. Louis, MO,
USA). LY294002 was obtained from Calbiochem (San Diego,
CA, USA). Dulbecco's modified Eagle's medium (DMEM),
antibiotics-antimycotics, HEPES and fetal bovine serum (FBS)
were purchased from Invitrogen Life Technologies (Grand
Island, NY, USA). Protease inhibitor cocktail was purchased
from Roche (Nutley, NJ, USA). Antibodies against Akt (rabbit
monoclonal IgG; cat. no. 4691; Cell Signaling Technology, Inc.,
Danvers, MA, USA), phospho-Akt (Ser473; rabbit ant-human
monoclonal IgG; cat. no. 4060; Cell Signaling Technology,
Inc), a-tubulin (rabbit polyclonal ant-human IgG; cat. no. 2144;
Cell Signaling Technology, Inc.) and cytochrome ¢ oxidase
subunit I'V (COX IV; rabbit monoclonal IgG; cat. no. 4850;
Cell Signaling Technology, Inc.) were purchased from Cell
Signaling Technology Inc. (Beverly, MA, USA). Anti-poly
ADP-ribose polymerase (PARP) antibody (rabbit polyclonal
anti-human IgG; cat. no. sc-7150; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) was obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). All primary anti-
bodies were diluted into 1:1,000 for western blotting and 1:100
for confocal imaging. Secondary antibodies were diluted
1:5,000 for western blotting and 1:400 for confocal imaging.

Cell culture and induction of apoptosis. Human HelLa
cervical carcinoma cells (Seoul National University
Cancer Center, Seoul, Republic of Korea) were cultured
in DMEM supplemented with 10% heat-inactivated FBS
and antibiotics-antimycotics in a humidified incubator with
5% CO, at 37°C. Apoptosis was induced by incubation with
10% FBS-supplemented DMEM containing 85 pl etoposide.
To inhibit the PI3K-Akt signaling pathway, the cells were
pre-treated with LY294002, a PI3K inhibitor, for 1 h prior to
incubation with the etoposide.

Subcellular fractionation. The etoposide-treated HeLa cells
(1x10%) were collected and resuspended in buffer, containing
20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMS and protease
inhibitor cocktail. Following incubation on ice for 15 min,
the cells were homogenized and centrifuged at 1,000 x g
for 10 min at 4°C. The supernatant was then centrifuged at
100,000 x g for 1 h at 4°C. The supernatant (cytosol fraction)
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was then collected and the lysates (mitochondrial fraction)
were lysed using lysis buffer.

Immunoblotanalysis.Cells were lysed in lysis buffer containing
0.5% Triton X-100, 20 mM Tris (pH 7.5); 2 mM MgCl,,
I mM DTT, 1 mM EGTA, 50 mM [-glycerophosphate,
25 mM NaF and 1 mM Na,;VO,, containing 1 mM PMSF and
protease inhibitor cocktail. The protein concentrations were
determined using the MicroBCA™ Protein Assay reagents
(Pierce Biotechnology, Inc., Rockford, IL, USA) according
to the manufacturer's instructions. Cell lysates were resolved
by SDS-PAGE (12%) and transferred to polyvinylidene
difluoride membranes (EMD Millipore, Billerica, MA, USA).
Membranes were blocked with 5% non-fat dry milk in TBST
(TBS with 0.1% Tween-20; Sigma-Aldrich) buffer for 30 min
at room temperature. The membranes were incubated with the
specific primary antibodies in 5% non-fat dry milk in TBST
buffer (1:1,000). The bands were visualized with enhanced
chemiluminescence (West-Zol plus®; Intron Biotechnology,
Sungnam, Republic of Korea).

Confocal microscopy. Cells on coverslips were washed twice
with phosphate-buffered saline (PBS) and fixed on ice with 3%
paraformaldehyde/PBS for 10 min, and then washed again with
PBS. Residual paraformaldehyde was quenched by incubation
with 0.1 M glycine for 10 min. After washing with PBS, cells
were permeabilized with 0.1% Triton X-100 in PBS for 3 min,
washed with PBS, and incubated in blocking solution (5% milk)
for 10 min. Cells were incubated with anti-Akt and COX IV
antibodies (1:100) in blocking buffer overnight at 4°C. Nuclei
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI). Subcellular localization of the proteins was visualized
using a Nikon Eclipse Ti inverted microscope (Nikon, Tokyo,
Japan) and analyzed using NIS-Elements software (ver. 4.0;
Nikon Corporation, Tokyo, Japan). Pearson's correlation test
was used to analyze the correlation between the expression
levels of Akt and COX IV in immunocytochemistry using the
NIS-Elements software.

Results

Akt translocates into the mitochondria during etopo-
side-induced apoptosis.Previously, the activation of Akt during
etoposide-induced apoptosis in HeLa cells was reported (27).
In the present study, etoposide-mediated activation of Akt by
phosphorylation of the Ser473 residue in a time-dependent
manner was confirmed (Fig. 1A and B). As an indicator of
the induction of apoptosis, PARP cleavage was detected.
As Akt activation is associated with Smac phosphorylation
during apoptosis in HeLa cells, it was surmised that Akt acti-
vation is associated with the mitochondrial function during
apoptosis. To test this hypothesis, the localization of Akt in
etoposide-treated HeLa cells was examined by separating
the mitochondrial fraction from the cytoplasmic fraction. As
shown in Fig. 2A, the Akt level in the mitochondria increased
significantly after the induction of apoptosis. The induction
of Akt translocation at various time points during apoptosis
was further confirmed. The Akt level in the mitochondria was
increased significantly as early as 2 h after etoposide stimula-
tion, which was further elevated with prolonged incubation by
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Figure 1. Activation of Akt in HeLa cells during etoposide-induced apoptosis. HeLa cells were treated with 85 yM etoposide for various periods as indicated
and cell lysates were subjected to SDS-PAGE. (A) The levels of PARP-F and PARP-CF of PARP, p-Akt, Akt were measured by immunoblot analysis. a-tubulin
was used as a loading control. (B) The level of phosphorylation of Akt was expressed as a bar graph and compared with the levels of Akt and PARP-CF. PARP,
poly ADP-ribose polymerase; PARP-F, full length PARP; PARP-CF, cleaved form of PARP.
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Figure 2. Mitochondrial and cytoplasmic fractionation analysis of Akt in etoposide-treated HeLa cells. (A) Etoposide-treated (85 M, 16 h) cells were fraction-
ated into the mitochondrial and the cytoplasmic fractions. The level of phospho-Akt was measured using immunoblot analysis. o-tubulin and COX IV were
used as markers for the cytoplasmic and mitochondrial fractions respectively. (B) Cells were treated with etoposide (85 M) for various times as indicated
and fractionated into the mitochondrial and the cytoplasmic fractions. The levels of phospho-Akt and Akt were measured using immunoblot analysis. (C) The

levels of Akt and phospho-Akt were expressed as a bar graph. Cyt, cytoplasm; mit, mitochondria; COX IV, cytochrome ¢ oxidase subunit I'V.
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Figure 3. Confocal microscopic analysis of the subcellular localization of Akt during etoposide-induced apoptosis. (A) HeLa cells were incubated with or
without etoposide (85 M) for 4 h and then co-stained with anti-Akt and anti-COX IV antibodies. Nuclei were counterstained with DAPI. To identify the
subcellular prevalence of Akt in the mitochondria and the nuclei, each image was merged together. (B) To evaluate the effect of etoposide on the migration of
Akt between subcellular compartments, the relative quantities of Akt and COX IV across the cell were determined by sectioning the cell perpendicularly, as
shown by the white bar in (A). COX IV, cytochrome ¢ oxidase subunit IV; DAPI, 4',6-diamidino-2-phenylindole.
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Figure 4. Effect of LY294002, a PI3K inhibitor, on the activity and migration
of Akt during apoptosis. HeLa cells were pre-treated with LY294002 (50 M)
for 1 h prior to incubation with etoposide for 18 h. (A) The levels of Akt and
phospho-Akt were measured by immunoblot analysis. a-tubulin was used as a
loading control. (B) Cells were separated into the cytosolic and mitochondrial
fractions. The levels of Akt and phospho-Akt were determined by immunoblot
analysis. a-tubulin and COX IV were used as subcellular organelle markers for
the cytoplasmic and mitochondrial fractions respectively. PI3K, phosphoin-
soitide 3 kinase; COX IV, cytochrome ¢ oxidase subunit I'V.
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2.5-fold at 16 h (Fig. 2B upper panel). Similarly, the level of
phosphorylated Akt, the active form, was also increased by
etoposide in the mitochondria (Fig. 2B upper panel). However,
the change in the expression level of Akt of the cytosol was
not significant while clear induction of the p-Akt level was
detected by etoposide (Fig. 2B lower panel).

Nuclear Akt levels are reduced during etoposide-induced
apoptosis. To confirm the mitochondrial migration of Akt
during etoposide-induced apoptosis, the subcellular localiza-
tion of Akt was examined using confocal microscopy. Akt
was distributed in the nucleus and the cytosol, and the partial
co-localization of Akt and COX IV, a mitochondrial marker,
was identified in control cells (Fig. 3A, upper). When cells are
treated with etoposide, cell size was reduced by ~50% (data not
shown) by the shrinkage of the cytoplasm. The co-localization
of Akt and COX IV was also detected in apoptosis-induced
conditions (Fig. 3A, lower). However, a significant change in
the parameter showing the levels of co-localization between
etoposide-treated cells and control was not identified. The
Pearson's correlation coefficient (PCC) was almost the same
(PCCronyo=0.37; n=7 cells; SD=0.082 and PCCl,s4.=0.37
; n=12 cells; SD=0.092). This lack of change in the PCC
value suggests the possibility that Akt migration into the
mitochondria would be a local event during apoptosis, as the
majority were located in other areas, including the cytosol.
To further characterize the change in Akt distribution during
apoptosis, levels of Akt, COX IV and DAPI were measured
across a sectional plane (Fig. 3A, white bar) in etoposide-
treated cells. When cells were sectioned along the cells (white
bar), Akt (red) was located abundantly in the cytosol of cells
undergoing apoptosis, while depletion of Akt was observed in
the nucleolus suggesting that nuclear Akt was also affected by
apoptotic signals induced by etoposide (Fig. 3B). The change
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in the subcellular distribution of Akt following etoposide
treatment suggests that Akt may exhibit compartment-specific
roles during apoptosis.

Activation of Akt is required for mitochondrial migra-
tion during apoptosis. Numerous stimuli activate Akt via
the PI3K-Akt signaling pathway. To identify whether the
etoposide-mediated regulation of Akt is dependent on the
canonical PI3K-Akt signaling pathway, cells were pre-treated
with LY294002, an inhibitor of PI3K, and the effects on the
activity of Akt were measured. When cells were pretreated
with LY294002, the etoposide-mediated Akt phosphorylation
was reduced to the basal level (Fig. 4A) indicating that PI3K
is a key regulator of Akt activation during etoposide-induced
apoptosis. Furthermore, the effect of inhibition of PI3K on
Akt mitochondrial translocation during apoptosis was identi-
fied. The Akt level in the mitochondria was also reduced to
the basal level by LY294002 (Fig. 4B). These data show that
PI3K may be an upstream regulator of the etoposide-mediated
Akt activation and mitochondrial translocation. These find-
ings demonstrate that Akt translocates into the mitochondria
during etoposide-induced apoptosis and PI3K activation is
required for the activity and localization of Akt in HeLa cells.
This suggest that Akt may act by regulating the mitochondrial
factors associated with the progression of apoptosis.

Discussion

Previously, it was demonstrated that Akt is activated during
etoposide-induced apoptosis in HeLa cells in which Akt phos-
phorylates Smac and activates caspase-3 to promote apoptosis.
As Smac is a mitochondrial protein that promotes cytochrome ¢
release during apoptosis, it was suggested that Akt exhibits a
role in the mitochondria in the process of apoptosis. In this
study, it was found that the Akt level in the mitochondria is
low in a healthy normal state, but was increased significantly
by apoptotic stimuli (Fig. 2). This translocation was accom-
panied by the elevation of Akt activity as shown by increased
phosphorylation. Furthermore, it was demonstrated that PI3K
activity is involved in these events during apoptosis (Fig. 4). To
the best of our knowledge, this is the first study to demonstrate
the translocation of Akt into the mitochondria during apoptosis.

Additionally, confocal microscopy further demonstrated
that Akt resides in the nucleus of HeLa cells under normal
conditions; however, Akt is depleted by etoposide treatment
(Fig. 3). In particular, the level of Akt within the nucleolus
was significantly diminished by etoposide indicating that this
migration is involved in the pro-apoptotic function of Akt.
This decrease of Akt from the nucleus may be not a general
event during apoptosis, considering previous evidence that
Akt translocation into the nucleus has a pro-apoptotic effect
in methotrexate and docetaxel-treated MCF7 breast cancer
cells (23). Thus, it appears that etoposide regulates distinct
molecular targets from methotrexate or docetaxel, although
they require Akt activation to induce apoptosis.

Akt has been known to be a survival factor and also a
tumor-promoting agent. However, recent studies have shown
that Akt is able to exhibit a pro-apoptotic effect under diverse
conditions, such as oxidative stress (hydrogen peroxide, arse-
nite) (20,24), stimulation by cytokines [Fas ligand (Fas-L),
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tumor necrosis factor oo (TNFa)] (28,29), and cytotoxic chemi-
cals (staurosporine, methotrexate, docetaxel, etoposide) (25,28).

Although the mechanisms underlying Akt activation and
its ability to elicit a pro-apoptotic effect has not been elucidated
clearly, several studies have suggested plausible explanations.
Nogueira et al (21) showed that Akt sensitizes cells to oxidative
stress-induced apoptosis by increasing reactive oxygen species
(ROS) production as well as by lowering the expression of the
oxygen scavenging enzymes, such as manganese superoxide
dismutase, catalase and sestrin 3. In C141 epidermal cells, Fas
ligand (Fas-L) caused Akt activation through the generation
of the hydroxyl radical (30). In arsenite-, hydrogen peroxide-,
TNFa- and staurosporine-induced apoptosis, Akt phosphory-
lates and inhibits glycogen synthase kinase 3f [one of the first
identified substrates of Akt (31)] and FoxO3a. Following inhi-
bition of FoxO3a, expression of oxygen scavenging enzymes is
suppressed. In addition, Akt can induce the expression of Fas
receptor mRNA, thus sensitizing cells to Fas-L. Furthermore,
nuclear Akt was suggested to phosphorylate cyclin-dependent
kinase 2 (Cdk?2) in methotrexate and docetaxel-induced apop-
tosis, thereby sustaining the cytoplasmic location of Cdk2,
which may be associated with G2/M cell cycle arrest prior
to apoptosis (25). Although a number of studies have shown
that Akt exerts pro-apoptotic effects through the phosphoryla-
tion of target molecules, the function of Akt in mitochondrial
events have not been addressed. The present study demon-
strated the re-location of Akt among subcellular organelles,
which suggests that Akt may be important in mitochondria
and may be a promising target for cancer treatment.
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