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Although AKT ⁄ protein kinase B is constitutively active in non-
small cell lung cancer (NSCLC) cells and is an attractive target for
enhancing the cytotoxicity of therapeutic agents, the distinct roles
of the AKT isoforms in NSCLC are largely unknown. In the present
study, we investigated the roles of AKT1 and AKT2 in NSCLC cells
using RNAi. The siRNA targeting of AKT1 or AKT2 effectively
decreased protein levels of AKT1 and AKT2, respectively, in A549
and H460 cells. Cisplatin treatment of these cells increased apopto-
tic cell death compared with control. The siRNA-induced knock-
down of AKT1 in H460 cells significantly decreased basal
MEK ⁄ ERK1 ⁄ 2 activity, resulting in nuclear factor-jB activation,
whereas knockdown of AKT2 resulted in anti-apoptotic Bcl-2
family protein MCL-1 (MCL-1) cleavage, the collapse of mitochon-
drial membrane potential, cytochrome c release, and activation of
the caspase cascade. Consequently, both siRNA treatments
enhanced the chemosensitivity of H460 cells to cisplatin. However,
neither AKT1 nor AKT2 siRNA treatment had any effect of p27
expression, and although both treatments tended to induced
G2 ⁄ M phase arrest, the effect was not statistically significant.
Treatment with AKT1 siRNA markedly decreased colony formation
growth and migration, but AKT2 siRNA had no significant effects
on these parameters. These data suggest that AKT1 and AKT2 both
contribute to cell survival, albeit via different mechanisms, and
that the effects on cell growth and migration are predominantly
regulated by AKT1. These findings may aid in refining targeted
strategies for the inhibition of AKT isoforms towards the sensitiza-
tion of NSCLC cells to therapeutic agents. (Cancer Sci 2011; 102:
1822–1828)

A KT ⁄ protein kinase B (PKB) lies at the center of cell
signaling pathways controlling cell survival and cell

death,(1) and AKT activation is associated with resistance to
apoptosis,(2) as well as cell survival,(3,4) growth,(5) migration,(6)

angiogenesis,(7) and energy metabolism.(8,9) Accumulating evi-
dence suggests that AKT perturbations play an important role in
tumorigenesis,(10) because many reports have described
increased and constitutive activation of AKT isoforms in differ-
ent cancers caused by gene amplification,(11) mRNA overexpres-
sion,(12) mutations leading to constitutive phosphorylation,(13) or
the inactivation of antagonists, such as phosphatase and tensin
homolog (PTEN).(14) The anti-apoptotic role of AKT accounts
for its transforming ability and for the resistance of cancer cells
to the action of chemotherapeutic agents(15) and ionizing radia-
tion.(16) Thus, AKT seems to confer a growth advantage to
tumor cells and may be pivotal in the control of their growth,
survival, and migration.

In mammals, there are three AKT isoforms: AKT1 ⁄ PKBa,
AKT2 ⁄ PKBb, and AKT3 ⁄ PKBc. Of these, only AKT1 and
AKT2 are expressed ubiquitously in all tissue types examined
thus far, with AKT3 expressed exclusively in the testis and neu-
ronal tissue and upregulated in some transformed cells.(17) All
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three isoforms share a high degree of amino acid homology and
are activated by similar pathways in a phosphatidylinositol
3-kinase (PI3K)-dependent manner.(18) Although AKT has been
subjected to extensive analysis, very few studies have addressed
the issue of potential isoform-specific roles and, in studies on
cell systems, it is generally assumed that the AKT1 and AKT2
isoforms play redundant and overlapping roles. Possible selec-
tive and independent regulation by AKT1 and AKT2 is sup-
ported the results of a few studies examining distinct roles of the
isoforms in proliferation,(19) metastasis,(20) differentiation,(21)

and myogenesis.(22)

In the present study, we investigated the roles of the AKT1
and AKT2 isoforms in non-small cell lung cancer (NSCLC)
cells using RNAi techniques. Our data provide evidence that
AKT1 and AKT2 individually contribute to cell survival via dif-
ferent routes, with AKT1 having a more pronounced effect on
the growth and migration in H460 cells. Thus, the inhibition of
AKT may be effective in sensitizing NSCLC cells to chemother-
apeutic agents.

Materials and Methods

Reagents. Cisplatin was obtained from Dong-A Pharmaceuti-
cal (Seoul, Korea). Alamar blue, Trypan blue, Lipofectamine
2000, and tetramethylrhodamine ethyl ester perchlorate (TMRE)
were purchased from Gibco-Invitrogen (Rockville, MD, USA).
Hoechst 33258 was purchased from Sigma-Aldrich (St Louis,
MO, USA). LY294002, U0126, and IjB kinase (IKK) inhibitor
were obtained from Calbiochem (San Diego, CA, USA). Anti-
bodies specific for BAX, hypoxia-inducible factor-1a (HIF-1a),
caspase-9, and b-actin were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Antibodies specific for total
AKT, AKT1, AKT2, phosphorylated (p-) AKT (Thr308), p-AKT
(Ser473), ERK1 ⁄ 2, p-ERK1 ⁄ 2, p-MEK1 ⁄ 2, IjB-a, BCL-2, p27,
p-BAD, BCL-2, MCL-1, pro-apoptotic Bcl-2 family protein
BID (BID), p-JAK1 ⁄ 2, member of the sirtuin family (SIRT)-1,
cytochrome c, and caspase-3 were obtained from Cell Signaling
Technology (Danvers, MA, USA).

Cell culture. The human non-small cell lung cancer (NSCLC)
cell lines NCI-H838, NCI-H1703, A549, and NCI-H460 were
provided from the American Type Culture Collection (ATCC,
Manassas, VA, USA). NSCLC cells were grown in non-coated
T75 culture flasks (Nalge Nunc, Naperville, IL, USA) in RPMI
1640 (Gibco-Invitrogen) supplemented with 10% heat-inacti-
vated FBS (Gibco-Invitrogen), 100 U ⁄ mL penicillin, and
100 mg ⁄ mL streptomycin (Gibco-Invitrogen) in a humidified 5%
CO2 atmosphere at 37�C. The medium was changed every 3 days
and, once cells had reached subconfluence, they were dissociated
using 0.05% trypsin ⁄ 0.53 mM EDTA (Gibco-Invitrogen).
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siRNA transfection. Cells were plated 24 h before siRNA
transfection so they were at 50% confluence on the day of
transfection. Cells were transfected with Lipofectamine 2000
reagent according to the manufacturer’s instructions. Briefly,
cells treated with siRNA–Lipofectamine 2000 complexes were
incubated at 37�C in a CO2 incubator for 18 h. The medium was
then changed with fresh culture medium and the transfected
cells were further incubated for 0–24 h until the target gene
was effectively downregulated. The siRNA targeting AKT1
(sc-29195), AKT2 (sc-29197), and MCL-1 (sc-35877), scram-
bled siRNA (sc-37007), and FITC oligomer (sc-36869) were all
purchased from Santa Cruz Biotechnology.

Immunoblotting. Cells were washed with cold PBS (Gibco-
Invitrogen) and lysed in 300 lL cold RIPA buffer [50 mM
Tris–HCl, pH 7.5, containing 1% Triton X-100, 150 mM NaCl,
0.1% sodium dodecyl sulfate (SDS), and 1% sodium deoxycho-
late] with a protease inhibitor cocktail (Thermo Fisher Scientific,
Rockford, IL, USA). Cell lysates were centrifuged at 3000g for
10 min at 4�C. The supernatants were collected and the protein
concentration was determined using a BCA protein assay kit
(Thermo Fisher Scientific). For electrophoresis, 30 lg protein
was dissolved in sample buffer (60 mM Tris-HCl, pH 6.8, con-
taining 14.4 mM b-mercaptoethanol, 25% glycerol, 2% SDS,
and 0.1% bromophenol blue), boiled for 5 min, and separated
on a 10% SDS reducing gel. The separated proteins were trans-
ferred onto polyvinylidene difluoride (PVDF) membranes
(Amersham Biosciences, Little Chalfont, Buckinghamshire,
UK) using a trans-blot system (Gibco-Invitrogen). Blots were
blocked for 1 h in TBS (10 mM Tris-HCl, pH 7.5, with
150 mM NaCl) containing 5% non-fat dry milk (BD Sciences,
CA, USA) at room temperature, washed three times with TBS,
and then incubated at 4�C overnight with primary antibodies (all
antibodies were diluted 1:1000) in TBST (10 mM Tris, pH 7.5,
containing 150 mM NaCl, and 0.02% Tween-20) containing 3%
non-fat dry milk. The next day, the blots were washed three
times with TBST and incubated for 1 h at room temperature
with HRP-conjugated secondary antibodies (1:2000 or 1:5000
(a)

(c)

(e)

Fig. 1. Effects of the downregulation of AKT1
and ⁄ or AKT2 on cisplatin-induced apoptotic cell
death in non-small cell lung cancer (NSCLC) cell
lines. (a) Western blot analysis of AKT
phosphorylation in H460, A549, H838, and H1703
NSCLC cells. (b) Cell death after NSCLC cells had
been exposed to 20 lM cisplatin for 24 h alone (j)
or in the presence ( ) of 10 lM LY294002. (h),
vehicle (dimethyl sulfoxide); ( ),10 lM LY294002
alone. (c) FITC oligomer-treated A549 and H460
cells 24 h after transfection. Images were viewed
using an inverted fluorescence microscope. The
A549 and H460 cells were transfected with AKT1
and ⁄ or AKT2 siRNA (10 or 25 nM). (d) Western blot
analysis of the expression of AKT1, AKT2,
phosphorylated (p-) Thr308 AKT, p-Ser473 AKT, total
AKT, and b-actin in A549 and H460 cells. A549 and
H460 cells were transfected with AKT1 and ⁄ or
AKT2 siRNA (10 or 25 nM), incubated for 12 h, and
then treated with 10 or 20 lM cisplatin for 24 h.
(e,f) Alamar blue assay assessing the cell viability of
A549 (e) and H460 cells (f) following transfection
with scrambled siRNA (h), AKT1 siRNA ( ), AKT2
siRNA (j), or AKT1 siRNA + AKT2 siRNA ( ). The
number of dead cells is expressed as a percentage
of control cells incubated with scrambled siRNA.
Data are the mean ± SD from three separate
experiments.
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dilution) in TBST containing 3% non-fat dry milk. After wash-
ing three times with TBST, proteins were visualized with an
ECL detection system (Amersham Biosciences).

Cell viability. Alamar blue assay. Cells (5 · 103 cells ⁄ well)
were seeded onto 96-well plates (Nalge Nunc) in 100 lL RPMI
1640 containing 10% FBS in the absence of phenol red and then
incubated for 24 h at 37�C. Two hours prior to treatment, the
medium was replaced with 90 lL RPMI 1640 containing 1%
FBS without phenol red. Cells were then treated for 24–72 h
with either siRNA and cisplatin separately or in different combi-
nations, as described for the individual experiments. Three hours
before the end of the incubation period, 11 lL of 1 · Alamar
blue was to the cells. Absorbance was measured at 570 and
600 nm with an ELISA Reader (Molecular Devices, Sunnyvale,
CA, USA).
Trypan blue exclusion assay. Cells were harvested using 0.05%
trypsin ⁄ 0.53 mM EDTA, incubated with 4% Trypan blue solu-
tion, and then counted using a hemacytometer under an inverted
microscope (CK40; Olympus, Melville, NY, USA). Cells failing
to exclude the dye were considered nonviable. Cell death data
are expressed as a percentage of stained cells.

Binding activity of the nuclear p65 nuclear factor-jB
subunit. Nuclear factor (NF)-jB activation was determined
using an NF-jB p65 transcription factor assay kit (Cayman
Chemical Company, Ann Arbor, MI, USA) according to the
manufacturer’s instructions. This ELISA uses a 96-well plate
coated with double-stranded (ds) DNA containing the NF-jB
consensus binding site. Nuclear extracts were prepared with NE-
PER nuclear and cytoplasmic extraction reagents (Thermo
Fisher Scientific) and added to the ELISA plate. Binding of
NF-jB to the target dsDNA was detected by incubation with
primary antibodies specific for the activated form of the p65
subunit, visualized using an anti-rabbit HRP conjugate, and
quantified at 450 nm. Each condition was run in triplicate.

Measurement of mitochondrial membrane potential. Mito-
chondrial membrane potential (MMP) was measured using the
fluorescent dye TMRE. At the end of transfection with AKT2
(b)

(f)

(d)
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Fig. 2. Effects of the downregulation of AKT1
and ⁄ or AKT2 on cell viability in H460 cells. (a) H460
cells were transfected with AKT1 or AKT2 siRNA (25
or 50 nM) and incubated for 12 h. Cells are shown
24 h after transfection. Images were viewed using
an inverted microscope. Arrowheads indicate dead
cells. (b) The number of viable cells was assessed by
Trypan blue dye exclusion 24 h after transfection.
Stained cells were counted as dead cells and are
expressed as a percentage of total cells. Data are
the mean ± SD from three separate experiments. (c)
Western blot analysis of AKT1, AKT2, phosphory-
lated (p-) Thr308 AKT, p-Ser473 AKT, p-ERK1 ⁄ 2, total
ERK1 ⁄ 2, IjB-a, p27 (kip1), anti-apoptotic BCL-2
family proteins, BCL-2 and MCL-1, pro-apoptotic
BCL-2 family proteins, BID and BAX, p-Janus kinase
(JAK)1 ⁄ 2, member of the sirtuin family (SIRT)-1,
hypoxia-inducible factor (HIF)1-a, and b-actin.
siRNA or MCL-1 siRNA, the culture medium was removed and
cells were incubated with 50 nM TMRE (final concentration)
and 5 lg ⁄ mL Hoechst 33258 (final concentration) in HEPES
buffer (Gibco-Invitrogen) for 20 min at 37�C in a 5% CO2 incu-
bator. Cells were washed with PBS and examined under a Nikon
Eclipse TE2000-U inverted microscope equipped with a Nikon
LH-M100C-1 camera (Nikon, Tokyo, Japan). Images of each
plate were captured at ·200 magnification using a digital cam-
era.

Cell cycle analysis. Cells were trypsinized, washed with cold
PBS, and fixed with 70% ethanol at 4�C for 2 h. Cells were then
permeabilized and labeled with 125 lg ⁄ mL propidium iodide
(PI) using CycleTEST PLUS DNA reagents (BD Sciences). The
DNA content was analyzed using a FACSCalibur flow cytome-
ter (BD Sciences), and the distribution of cells in the G0 ⁄ G1, S,
and G2 ⁄ M phases of the cell cycle determined using CELL-
QUEST software (BD Sciences).

Colony formation assay. Cells transfected with siRNA were
seeded at a density of 5 cells ⁄ cm2 in 100-mm round culture
dishes (Nalge Nunc) containing RPMI 1640 supplemented with
10% heat-inactivated FBS. The medium was replaced with fresh
medium every 3–4 days. After 10 days, samples were incubated
with 1% (w ⁄ v) crystal violet (Biosesang, Seongnam, Korea) in
methanol for 10 min and then washed with PBS. Only colonies
with a diameter >1 mm were counted.

Wound healing assay. Cells were seeded into six-well plates
(Nalge Nunc) and allowed to grow in complete medium until
they reached 70% confluency. Cell monolayers were wounded
using a plastic pipette tip (1 mm) to create a scratch.
Wounded monolayers were then washed several times with
PBS to remove cell debris and then incubated in medium for
4 days. Cell migration into the wound was determined under
an inverted microscope (Olympus CK40) at ·40 magnification
on Day 4.

Cell migration assay. For the cell migration assay, 4 · 104

siRNA-transfected cells were resuspended in 300 lL serum-free
medium and added to the upper chamber of the QCM 24 Well
Colorimetric Cell Migration Assay (Millipore, Billerica, MA,
USA). Then, 500 lL of 10% FBS medium was added to the
1824
lower chamber and cells were incubated for 16 h. The cells and
medium were carefully removed from the top of the insert by
pipetting out the remaining cell suspension, and a cotton-tipped
swab was used to gently remove non-migratory or non-invasive
cells from the interior of the insert. The insert was stained and
images from five representative fields of each membrane were
obtained. The number of migratory cells in the lower chamber
was counted.

Statistical analysis. Data are presented as the mean ± SD.
Statistical significance was determined using Student’s t-test,
with P < 0.05 considered significant.

Results

AKT activity in NSCLC cells and effects of siRNA knockdown in
A549 and H460 cells. The NSCLC cell lines H460, A549, H838,
and H1703 highly expressed phosphorylated and activated AKT
(Fig. 1a). Following exposure to 5, 10, 20, or 50 lM of cis-
platin, apoptotic cell death was induced in both a dose- and
time-dependent manner (data not shown). Treatment with
10 lM LY294002, an inhibitor of PI3K, induced cell death of
NSCLC cells and the addition of LY294002 potentiated cis-
platin-induced cell death compared to cisplatin treatment alone
(Fig. 1b). Thus, we examined the effect of the downregulation
of AKT isoforms using siRNA specific for AKT1 and AKT2 in
A549 and H460 cells treated with 10 lM or 20 lM cisplatin.
Scrambled siRNA was used as a control. As shown in Fig-
ure 1(c), the transfection efficiency in A549 or H460 cells using
an FITC oligomer was >95%. Treatment of cells with AKT1 or
AKT2 siRNA effectively decreased protein levels of AKT1 and
AKT2, respectively, in A549 and H460 cells (Fig. 1d), which
induced cell death in the absence of cisplatin (Figs 1e,f,2a,b).
Cisplatin treatment resulted in increased cell death in both
AKT1- and AKT2-siRNA transfected cells compared with the
scrambled siRNA control (Fig. 1e,f), indicating that activated
AKT1 and AKT2 are essential for cell survival. Of the various
NSCLC cell lines used, the H460 cells are the most resistant to
the downregulation of AKT; thus, these cells were used to inves-
tigate the specific roles of AKT isoforms.
doi: 10.1111/j.1349-7006.2011.02025.x
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Fig. 3. Downregulation of AKT1 induces apoptotic
cell death through nuclear factor (NF)-jB activation
via decreased ERK activity. H460 cells were
transfected with AKT1 siRNA (25 nM), incubated for
12 h, and then treated with 10 or 20 lM cisplatin
for 24 h in the presence or absence of 10 lM
LY294002 and ⁄ or 20 lM U0126. (a) Western blot
analysis of AKT1, phosphorylated (p-) Thr308 AKT, p-
Ser473 AKT, p-MEK, p-ERK1 ⁄ 2, total ERK1 ⁄ 2, and b-
actin. (b) Cell viability, as determined by the Alamar
blue assay, following transfection of cells with
scrambled siRNA (h), scrambled siRNA + LY294002
( ), scrambled siRNA + U0126 (j), scrambled
siRNA + LY294002 + U0126 ( ), or AKT1 siRNA ( ).
(c) AKT1 siRNA-transfected H460 cells were treated
with 20 lM U0126 and ⁄ or 1 lM IjB kinase (IKK)
inhibitor for 24 h. Cells are shown at 24 h after
treatment with U0126 and ⁄ or IKK inhibitor. Images
were viewed using an inverted microscope.
Arrowheads indicate dead cells. (d) Western blot
analysis of AKT1, p-ERK1 ⁄ 2, total ERK1 ⁄ 2, IjB-a,
and b-actin. (e) Nuclear factor (NF)-jB activity, as
determined by the NF-jB (p65) transcription factor
assay. (f) The number of viable cells, as assessed by
Trypan blue dye exclusion. Stained cells were
counted as dead cells and are expressed as a
percentage of total cells. Data are the mean ± SD
from three separate experiments. *P < 0.05;
**P < 0.01.
Effects of AKT1 siRNA transfection in H460 cells on NF-jB
activation and cisplatin sensitivity. To explore the role of AKT1
in H460 cells, an siRNA specific for AKT1 was used. Treatment
of cells with AKT1 siRNA did not noticeably affect levels of
p27, BCL-2, MCL-1, BID, BAX, SIRT-1, or HIF1-a, nor the
phosphorylation of BAD and JAK1 ⁄ 2 (Fig. 2c). However, AKT1
siRNA treatment did effectively decrease basal MEK ⁄ ERK1 ⁄ 2
activity and IjB-a expression while inducing cell death (Figs
2,3). An increase in MEK ⁄ ERK1 ⁄ 2 activity was observed in
10 lM cisplatin-treated H460 cells (Fig. 3a). Pretreatment of
cells with 20 lM U0126 effectively attenuated the cisplatin-
induced increase in ERK1 ⁄ 2 activity (data not shown) and
resulted in a decrease in cisplatin-induced cell death compared
with that in cells treated with cisplatin alone (Fig. 3b). These
results suggest that cisplatin-induced MEK ⁄ ERK1 ⁄ 2 activity
mediates cell death in H460 cells. Exposure of 10 lM
LY294002- or AKT1 siRNA-treated cells to 10 lM or 20 lM
cisplatin increased cell death compared with cisplatin treatment
alone (Fig. 3b). Treatment of cells with AKT1 siRNA or 20 lM
U0126 decreased basal IjB-a expression, which induced NF-jB
activation accompanying cell death (Fig. 3c–f). Pretreatment of
these cells with an IKK inhibitor resulted in sustained basal lev-
els of IjB-a expression and NF-jB activity, which effectively
attenuated AKT1 siRNA or U0126-induced cell death (Fig. 3c–
f). These data indicate that constitutively active AKT1 is essen-
tial for cell survival via inactivation of NF-jB through the
MEK ⁄ ERK1 ⁄ 2 signaling pathway.

Effects of AKT2 siRNA transfection in H460 cells on MMP and
cisplatin chemosensitivity. To explore the role of AKT2 in
H460 cells, we used an siRNA specific for AKT2. Treatment of
cells with AKT2 siRNA did not noticeably affect levels of IjB-
a, p27, BCL-2, BID, BAX, SIRT-1, and HIF1-a, or the phos-
Lee et al.
phorylation of ERK1 ⁄ 2, BAD, and JAK1 ⁄ 2 (Fig. 2c). However,
AKT2 siRNA treatment effectively induced MCL-1 cleavage,
loss of MMP, and cytochrome c release into the cytosol, which
resulted in cell death (Figs 2,4). The MMP was assessed by fluo-
rescence imaging using the potentiometric dye TMRE. Follow-
ing AKT2 siRNA treatment, a decrease in fluorescence intensity
was observed (Fig. 4b), which indicates the collapse of MMP by
downregulation of AKT2. The anti-apoptotic protein MCL-1
resides within the outer mitochondrial membrane and prevents
pore formation induced by members of the pro-apoptotic BCL
family. In addition, MCL-1 siRNA treatment induced the col-
lapse of MMP, cytochrome c release, and cleavage of caspases-
9 and -3, resulting in increased cell death (Fig. 4). Cisplatin
treatment of AKT2- or MCL-1 siRNA-transfected cells increased
caspase-9 and caspase-3 activity and enhanced cell death com-
pared with cells transfected with scrambled siRNA (control;
Fig. 4a,c). These data indicate that constitutively active AKT2
is essential for cell survival via the maintenance of intact MCL-
1 and stability of the mitochondrial membrane.

Effects of AKT1 or AKT2 siRNA on cell cycle progression. The
effects of AKT1 or AKT2 siRNA treatment on cell cycle progres-
sion of H460 cells were investigated. Although AKT1 and ⁄ or
AKT2 siRNA treatment had no effect on p27 expression
(Fig. 2c), there was a tendency for both treatments to induce
G2 ⁄ M cell cycle arrest (Fig. 5a,b), although the effect was not
statistically significant. There was no significant difference in
the effects of AKT1 and AKT2 siRNA treatment.

Effects of AKT1 siRNA treatment on clonogenic growth and
migration. The effects of AKT1 and ⁄ or AKT2 siRNA on clono-
genic growth of H460 cells were evaluated in the colony forma-
tion assay. As shown in Figure 5(c,d), AKT1 siRNA transfection
resulted in an approximate 50% decrease in the number of
Cancer Sci | October 2011 | vol. 102 | no. 10 | 1825
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Fig. 4. Downregulation of AKT2 induces apoptotic
cell death via the collapse of mitochondrial
membrane potential (MMP) following MCL-1
cleavage. H460 cells were transfected with AKT2
siRNA (25 nM) or MCL-1 siRNA (25 nM), incubated
for 12 h, and then treated with 20 lM cisplatin for
24 h. (a) Western blot analysis of AKT2, MCL-1,
cytochrome c, caspase-9, caspase-3, and b-actin
expression. (b) AKT2 or MCL-1 siRNA-transfected
H460 cells were treated with 50 nM
tetramethylrhodamine, ethyl ester (TMRE) and
5 lg ⁄ mL Hoechst 33258 fluorescent dyes for 20 min.
Images were viewed under an inverted fluorescence
microscope. (c) Cell viability, as determined by the
Alamar blue assay. The number of dead cells is
expressed as a percentage of control cells incubated
with scrambled siRNA. (h), scrambled siRNA; ( ),
AKT2 siRNA; (j), MCL-1 siRNA. Data are the
mean ± SD of three separate experiments.
colonies compared with the scrambled siRNA control. Follow-
ing AKT2 siRNA transfection of H460 cells, there was an
approximate 25% decrease in the number of colonies formed
compared with control cells. In addition, AKT1 siRNA treatment
effectively decreased wound-healing migration (Fig. 5e) and
transwell migration (Fig. 5f); comparatively to that of AKT1
siRNA-treated cells, AKT2 siRNA treatment only partially
inhibited migration. These data suggest that AKT1 is more cru-
cial than AKT2 for the growth and migratory potential of H460
cells.

Discussion

In the present study, we showed that AKT was constitutively
active in the NSCLC cell lines H460, A549, H838, and H1703.
Treatment of NSCLC cells with 10 lM LY294002 alone par-
tially induced cell death, whereas concomitant treatment of cells
with LY294002 and cisplatin resulted in enhanced cisplatin-
induced apoptotic cell death. Moreover, knockdown of AKT1 or
AKT2 using siRNA induced apoptotic cell death, which was
potentiated by cisplatin treatment. Our attempt to establish sta-
ble cell lines using lentiviral vectors expressing shRNA to con-
stitutively downregulate AKT1 or AKT2 resulted in non-viable
clones that continually died due to apoptosis (data not shown).
The number of colonies formed by H460 cells after AKT1 siR-
NA treatment was only approximately 50% of that seen for con-
trol cells, whereas AKT2 siRNA-transfected cells formed
approximately about 75% of the colonies formed in scrambled
siRNA control cells. Thus, although both AKT1 and AKT2 may
play essential roles in cell survival in NSCLC cells, they likely
act through different mechanisms.

The mechanisms by which the AKT isoforms promote cell
survival include the phosphorylation of the pro-apoptotic
proteins BAD, caspase-9, Forkhead transcription factors, and
IKK, resulting, respectively, in reduced binding of BAD to
BCL-xL, the inhibition of caspase-9 activity, FAS ligand gene
transcription, and activation of the NF-jB cascade.(23–26) In
addition, AKT has been shown to inhibit the RAF–MEK–ERK
pathway through the phosphorylation of RAF-1 in myotubes and
to overcome constitutively active MAPK-induced cell cycle
arrest in MCF7 cells.(27,28) Constitutively active AKT1 is able to
phosphorylate a residue (Ser259) of RAF, which mediates bind-
ing to 14-3-3 proteins, resulting in the inhibition of RAF activ-
ity.(28) Furthermore, constitutively active AKT1 has been
1826
reported to suppress ERK activity downstream of RAF and
MEK and independent of ERK phosphorylation.(29) In a previ-
ous study, we showed that AKT1 siRNA treatment did not affect
RAF activity, but effectively attenuated the activity of p21-acti-
vated protein kinase (PAK), MEK, ERK, and cAMP response
element-binding protein (CREB).(30) In the present study, AKT1
siRNA treatment did not noticeably affect the expression of p27,
BCL-2, MCL-1, BID, BAX, SIRT-1, or HIF1-a, or the phos-
phorylation of BAD and JAK1 ⁄ 2, but it did effectively decrease
basal MEK ⁄ ERK1 ⁄ 2 activity and IkB-a expression, which
accompanied cell death. These results suggest that constitutively
activate MEK ⁄ ERK is regulated by AKT1 via the PAK path-
way, but independent of RAF.

In addition, we have shown in the present study that IjB-a
expression is attenuated by AKT1 siRNA treatment. It has
been reported previously that cisplatin treatment induces AKT
activation, the inhibition of which results in increased cyto-
toxicity in H460 cells.(31,32) Because cisplatin also induces the
activation of NF-jB, a similar tendency for cytotoxicity has
been observed in cells treated with an NF-jB inhibitor.(32) In
contrast, independent inhibition of either AKT phosphoryla-
tion or NF-jB activity could effectively sensitize H1299 cells
to cisplatin. Interestingly, treatment of NSCLC with bortezo-
mib, which inhibits NF-jB by interfering with proteasome
activity, is cytotoxic only in those cells that exhibit high con-
stitutive activation of NF-jB.(33) Although NF-jB activation
can, indeed, protect cells under certain conditions, the results
of the present study suggest that inhibition of the AKT1–
MEK ⁄ ERK signaling pathway induces NF-jB activity, result-
ing in apoptotic cell death and enhanced cisplatin chemosensi-
tivity.

In the present study we showed that MCL-1 levels and mito-
chondrial stability are reduced following AKT2 siRNA transfec-
tion. A previous report has suggested that the downregulation
of AKT2 eventually leads to pathological autophagy.(34) An
important conclusion derived from the previous study is that
wild-type AKT2 may protect a cell from pathological auto-
phagy by modulating mitochondrial homeostasis. Consistent
with this, in the present study we observed that downregulation
of AKT2 induces MCL-1 cleavage, the collapse of MMP, and
cytochrome c release into the cytosol, accompanied by
activation of the caspase cascade, resulting in apoptotic cell
death and increased chemosensitivity to cisplatin. As yet, few
studies have explored the relationship between AKT2 and
doi: 10.1111/j.1349-7006.2011.02025.x
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Fig. 5. Downregulation of AKT1 decreases colony-
forming growth and migration. H460 cells were
transfected with AKT1 and ⁄ or AKT2 siRNA (25 nM)
and incubated for 24 h. (a,b) The distribution of
cells in the G0 ⁄ G1, S, and G2 ⁄ M phases of the cell
cycle was analyzed with a flow cytometer using
propidium iodide. Data are presented as histograms
(a) and a quantitative bar graph (b) following the
transfection of cells with scrambled siRNA (h),
AKT1 siRNA ( ), AKT2 siRNA (j), or AKT1
siRNA + AKT2 siRNA ( ). (c) AKT1 and ⁄ or AKT2
siRNA-transfected cells were seeded in 100-mm
round culture dishes and stained with crystal violet
after 10 days. (d) Colonies with diameters >1 mm
were counted. (e) AKT1 and ⁄ or AKT2 siRNA-
transfected cells were wounded using a plastic
pipette tip and incubated for 4 days. Cell migration
into the wound was determined under an inverted
microscope. (f) AKT1 and ⁄ or AKT2 siRNA-
transfected cells were added to the upper chamber
of the QCM 24 Well Colorimetric Cell Migration
Assay (Millipore) with serum-free medium, whereas
10% FBS medium was added to the lower chamber.
Cells that had migrated into the lower chamber
were counted.
mitochondrial stability; therefore, further investigations in this
area are needed.

In studies in which roles for AKT1 and AKT2 in cell motility
have been reported, distinct and, in some cases, opposing
functions for the two isoforms are often observed. For example,
in fibroblasts, AKT1 has repeatedly been found to promote
invasion.(35) Furthermore, AKT1, but not AKT2, has been found
to be important for endothelial cell migration through the
regulation of the nitric oxide signaling pathway.(36) However,
previous studies have found that although AKT2 stimulates the
motility of breast and ovarian cancer cells, AKT1 actually
inhibits the motility of these cells.(37) Overexpression of wild-
type AKT2 in an ERBB2-overexpressing breast cancer cell line
enhanced invasiveness in vitro and metastases in animal mod-
els.(38,39) In other studies, overexpression of activated AKT1 in
ErbB2 transgenic mouse mammary tumors decreased their met-
astatic potential, but enhanced their proliferation.(40) These stud-
ies tend to find that in cells where one isoform stimulates
motility, the other isoform usually has a limited or even oppos-
ing role. Our data indicate that although AKT1 promotes migra-
Lee et al.
tion in NSCLC cells, as evidenced by the results of both
wound-healing and transwell assays, AKT2 only moderately
affects cell motility.

In conclusion, we have demonstrated that AKT1 and AKT2
comparably contribute to cell survival via different routes, and
consideration of this may aid in the development of targeted
strategies for specific AKT isoform inhibition with the aim of
sensitizing NSCLC cells to therapy.
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