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Abstract

Akt/PKB plays a pivotal role in cell proliferation and survival. However, the isotype-specific roles of

Akt inmitochondrial function have not been fully addressed. In this study, we explored the role of Akt

in mitochondrial function after stable knockdown of the Akt isoforms in EJ human bladder cancer

cells. We found that the mitochondrial mass was significantly increased in the Akt1- and Akt3-knock-

down cells, and this increase was accompanied by an increase in TFAM and NRF1. Akt2 knockdown

did not cause a similar effect. Interestingly, Akt3 knockdown also led to severe structural defects in

the mitochondria, an increase in doxorubicin-induced senescence, and impairment of cell prolifer-

ation in galactosemedium. Consistent with these observations, themitochondrial oxygen consump-

tion ratewas significantly reduced in the Akt3-knockdown cells. An Akt3 deficiency-induced decrease

in mitochondrial respiration was also observed in A549 lung cancer cells. Collectively, these results

suggest that the Akt isoforms play distinct roles in mitochondrial function and that Akt3 is critical for

proper mitochondrial respiration in human cancer cells.
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Introduction

Mitochondria are centers of energy production and cellular metabol-
ism. Previous studies revealed that mitochondria were also involved in
various other important cellular processes, including apoptosis and
cellular senescence [1,2]. Normal mitochondrial activity is required
for cell proliferation and other metabolic processes, whereas defective
mitochondrial function has been associated with various human dis-
eases, including diabetes mellitus and age-related disorders [1–3].
Mitochondrial dysfunction is often associated with structural altera-
tions, such as the loss of matrix density and the disorganization of
the inner membrane cristae. Previous studies also suggested that mito-
chondrial dysfunction contributed to the growth and progression
of human cancers [3]. Thus, identifying proteins that regulate mito-
chondrial function is critical to elucidate how mitochondrial

dysfunction leads to the development of human diseases and to aid
in the development of efficient treatments for mitochondria-related
diseases.

Akt is a Ser/Thr kinase that plays an essential role in cell prolifer-
ation and survival [4,5]. Akt is activated in a phosphatidylinositol
3-kinase (PI3-K)-dependent manner and then stimulates cell growth
and proliferation by regulating various target proteins through phos-
phorylation [4]. Previous studies demonstrated that Akt was also acti-
vated in response to various types of stresses. Activated Akt enhances
cell survival by modulating a variety of important regulatory proteins,
including GSK3β, FOXO, MDM2, and ASK1 [6,7]. The studies dis-
cussed above showed that Akt regulated numerous cellular processes,
including apoptosis, ROS generation, and energy metabolism, to
protect cells from stress and enhance their proliferation.
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Mammalian cells express three isoforms of the Akt protein: Akt1,
Akt2, and Akt3 [5]. Although these isoforms share more than 80%
sequence homology [6], previous studies demonstrated that they
played distinct physiological roles in addition to their redundant and
overlapping functions. For example, studies using genetically engi-
neered mice deficient in either Akt1, Akt2, or Akt3 confirmed that
the different Akt isoforms had different physiological functions. Akt1-
knockout mice exhibited growth retardation and increased apoptosis
[8]. The removal of Akt2 induced insulin resistance and diabetes
[9,10]. Finally, Akt3-knockout mice exhibited reductions in brain
size [11]. In addition to the above studies, we previously showed
that Akt2 played a critical role in cell survival after UV irradiation
and that Akt1 regulated cell migration and cell invasion activity,
suggesting that the Akt isoforms played distinct roles during the stress
response and cell migration [12,13]. However, the roles of the Akt
isoforms in mitochondrial function have not been fully addressed.

In this study, we explored the role of Akt in mitochondrial function
via isoform-specific knockdown of Akt in EJ human bladder carcin-
oma and A549 lung cancer cells. We found that knockdown of both
Akt1 and Akt3 induced a significant increase in the mitochondrial
mass in EJ cells. Akt3 knockdown led to the most serious mitochon-
drial dysfunctions, which suggested that the different Akt protein iso-
forms played distinct roles in themaintenance of propermitochondrial
function in human cancer cells.

Materials and Methods

Cell culture, plasmids, and creation of Akt-knockdown

cell lines

EJ human bladder carcinoma cells and A549 human lung cancer cells
were maintained in DMEM containing 10% FBS. To create cell lines
harboring knockdowns of each of the Akt protein isoforms, lentivirus
constructs in the pLKO.1 plasmid [13] encoding shRNAs against Akt1
(shAkt1), Akt2 (shAkt2), or Akt3 (shAkt3) were transfected into
293FT packaging cells, and the cell-free viral supernatants were
used to infect EJ cells. After puromycin selection, the resistant cells
were pooled and used for the remaining experiments.

Western blot analysis and antibodies

The cells were lysed in RIPA buffer and subject towestern blot analysis
as previously described [14]. Antibodies against Akt1 and Akt3 were
purchased from Upstate Biotechnology (Lake Placid, USA). Anti-
bodies against Akt2 were obtained from Merck Millipore (Billerica,
USA). The actin levels were monitored as an internal loading control
using an anti-actin (Sigma-Aldrich, St Louis, USA) antibody.

Measurement of mitochondrial mass

To determine the mitochondrial mass, 1 × 106 cells were trypsinized
and fixed with cold 70% ethanol. The cells were subsequently stained
with 0.5 µM 10-N-nonyl-acridine orange (NAO) for 15 min and then
analyzed by flow cytometry using an FC500 cytometer and the CXP
software (Beckman Coulter, Inc., Brea, USA). The experiment was
repeated at least three times, and the results were presented as mean
values with standard deviations.

Quantitative RT-PCR

To assess the mRNA levels, total RNA isolation and RT-PCR were
performed as previously described [15]. β-Actin was amplified in the
same reactions for all samples as an internal control, and the mRNA
levels of other genes were normalized to the β-actin mRNA level.

The expression level of each mRNA was determined using the
2−ΔCT-threshold cycle method. The primers used were as follows:
TFAM forward primer 5′-CGTTGGAGGGAACTTCCTGAT-3′,
TFAM reverse primer 5′-CCTGCCACTCCGCCCTATA-3′, NRF1
forward primer, 5′-GGGAGCTACAGTCACTATGGCG-3′, and
NRF1 reverse primer 5′-ACAAGACGATCTGTCCCCCA-3′.

Electron microscopy

To analyze the mitochondrial structure, the cells were harvested and
fixed with 2.5% glutaraldehyde (Sigma-Aldrich) in phosphate buffer
(pH 7.4). After washingwith phosphate buffer, the cells were post-fixed
with 1% osmium tetroxide (Sigma-Aldrich) for 1 h. The samples were
embedded in Epon812 (Sigma-Aldrich), and ultrathin sections were
obtained with a Reichert Ultracut E microtome. The ultrathin sections
were stained with uranyl acetate and lead citrate and observed using an
H7650 transmission electron microscope (Hitachi, Tokyo, Japan).

Cell proliferation in galactose medium

To examine mitochondrial function, cell growth in galactose medium
was measured as previously described [16]. Briefly, 1 × 104 cells were
seeded into 6-well plates and cultured in DMEM-galactose medium
(DMEM glucose-free medium supplemented with 1 g/l galactose,
1 mM sodium pyruvate, 10% fetal bovine serum, and 1% penicil-
lin/streptomycin). The cells were counted every 2 days by trypan
blue exclusion using a hemocytometer. To measure their colony-
forming abilities in galactose medium, 500 cells were seeded into
60 mm dishes and incubated in DMEM-galactose medium. The me-
dium was changed every 3 days. After 2 weeks, the resulting colonies
were fixed, stained with 2% methylene blue and counted. The experi-
ments were repeated independently at least twice, and the results were
presented as mean values with standard deviations.

Senescence-associated (SA)-β-galactosidase staining

The cells were fixedwith 0.25%glutaraldehyde, and SA β-galactosidase
staining was performed at pH 6.0 as previously described [17]. After
staining, at least 300 cells were examined in several different fields,
and the SA β-gal-positive cells were counted. These experiments were
repeated three times, and the results were presented as mean values
with standard deviations.

Measurement of the respiration rate

The cellular respiration rates were measured using an XF24 flux ana-
lyzer (Seahorse Bioscience, Inc., North Billerica, USA) according to the
manufacturer’s instructions as previously described [18]. Briefly, the
cells were plated at a density of 10,000 cells/well in an XF24
24-well plate. Their oxygen consumption rates were measured under
basal conditions in the presence of 2,4-dinitrophenol (DNP, 100 μM)
and rotenone (1 μM) to assess their maximal oxidative capacities. The
measurements of oxygen consumptionwere normalized to the number
of cells.

Results

Knockdown of Akt isoforms increases the mitochondrial

mass

To examine the roles of the Akt protein isoforms in mitochondrial
functions, we generated stable EJ cell lines that lacked Akt1, Akt2,
or Akt3 using lentivirus-encoded shRNAs against each of the relevant
genes. Protein knockdown was confirmed by western blot analysis
(Fig. 1A), which indicated that each of the Akt protein isoforms
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could be individually knocked down in our EJ cell line. Additionally,
quantitative analysis of three repeated western blots indicated that
knockdown of the Akt isoform did not induce changes in the expres-
sion levels of the remaining isoforms, which was consistent with our
and other groups’ previous reports [13,19,20].

To address the isoform-specific roles of Akt in mitochondrial func-
tion, we measured the mitochondrial mass by staining with NAO.
NAO enables quantitative measurement of the mitochondrial mass
because it binds to cardiolipin in the inner mitochondrial membrane
[21]. The analysis of the NAO signal revealed that the average

Figure 1. Increases in the mitochondrial mass following knockdown of Akt protein isoforms in EJ cells (A) EJ cells expressing shAkt1, shAkt2, shAkt3, or pLKO

vectors (pLKO) were lysed and subjected to western blotting using the indicated antibodies. The data shown are representative of three independent experiments.

(B) The mitochondrial mass was determined by flow cytometry after staining with NAO. Relative NAO fluorescence was measured in three independent

experiments, and the results are presented as mean values with standard deviations. (C) The TFAM and NRF1 mRNA levels were measured by quantitative

RT-PCR. The relative TFAM and NRF1 mRNA levels obtained in two independent experiments are presented as mean values with standard deviations. *P < 0.05

compared with pLKO vector control cells according to Student’s t-test. NS, not significant.

Figure 2. Mitochondrial structural and functional defects following knockdown of Akt protein isoforms in EJ cells (A) Representative electronmicroscopy images

of mitochondria in control EJ cells (pLKO) and in EJ cells expressing shAkt1, shAkt2, or shAkt3. The upper panels show ×20,000 magnification, and the indicated

regions are enlarged in the bottom panel (×40,000). (B) Cells were treated with 25 nM DOX for 16 h. After 6 days of culture in DOX-free media, the cells were stained

with freshly prepared SA β-gal staining solution. SA β-gal-positive cells counted in three independent experiments were presented as mean values with standard

deviations. (C) A total of 500 cells were seeded per well in 6-well culture plates and cultured in DMEM-galactose media. After 2 weeks, the resulting colonies were

fixed, stained with methylene blue, and counted. Each experiment was independently repeated in triplicate, and the results were presented as themean values with

standard deviations. *P < 0.05 compared with pLKO vector control cells using Student’s t-test. NS, not significant.
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mitochondrial masses were increased in both the Akt1-knockdown
cells (shAkt1) and Akt3-knockdown cells (shAkt3) to ∼1.6 and
1.9 folds, respectively (Fig. 1B). The average mitochondrial mass in
the Akt2-knockdown cells (shAkt2) was also slightly increased; how-
ever, this increase was not significant (P > 0.05). These results suggest
that knockdown of the different Akt protein isoforms differentially
affects the regulation of the mitochondrial mass in EJ cells.

The increased mitochondrial mass in the Akt3-knockdown cells
suggested that the absence of Akt3 might induce mitochondrial bio-
genesis in EJ cells. To test whether the elevated mitochondrial mass
in the Akt3-knockdown cells was associated with an increase in mito-
chondrial biogenesis, we examined the expression levels of TFAM and
NRF1, which were master regulators of mitochondrial biogenesis
[22]. The quantitative analysis of repeated experiments indicated
that the TFAM and NRF1 levels were increased in the Akt3-
knockdown cells to ∼5.5 and 1.5 folds, respectively (Fig. 1C). These
results suggested that the absence of Akt3 induced an increase in
mitochondrial biogenesis in the EJ cells.

Akt3 knockdown induced severe structural

disorganization in the mitochondria

The dysfunction of important mitochondrial regulators often induces
functional and structural changes in the mitochondria. To examine
whether knockdown of the Akt isoforms affected the mitochondrial
structural organization, we examined the detailed structures of the
mitochondria using transmission electron microscopy. As shown in
Fig. 2A, we found that the mitochondria were slightly larger in each
of the Akt isoform-knockdown cell lines than those in the control
EJ cells infected with the control lentivirus (pLKO). Additionally,
while the mitochondria in the pLKO cells exhibited regular cristae
arrangements and dense matrix staining, the mitochondria in cells
harboring the knocked down Akt isoforms had disarrayed cristae
arrangements and a considerably reduced matrix density. The mito-
chondria in the Akt3-knockdown cells (shAkt3) exhibited the most
severely dysregulated cristae and a remarkable loss of matrix density.
These results suggest that the Akt protein isoforms are involved in
maintaining the proper infrastructure of the mitochondria and that
Akt3 is particularly important to the structural integrity of the mito-
chondria in the EJ cells.

Knockdown of Akt3 induces defects in mitochondrial

functions in EJ cells

To examine whether the structural defects that result from the knock-
down of the Akt protein isoforms correlated with mitochondrial
dysfunction, we checked cellular responses to the anticancer drug
doxorubicin (DOX). Treatment with sublethal doses of DOX induces
premature cellular senescence in various cancer cells, including EJ cells
[18,23]. Furthermore, both our group and others have previously
shown that cellular responses to DOX treatment are closely correlated
with functional defects in the mitochondria [18,24,25]. Interestingly,
the Akt3-knockdown cells showed ∼3-fold higher levels of senescence
following DOX treatment than the control cells (pLKO) (P < 0.05),
whereas no significant differences were detected in the Akt1- and
Akt2-knockdown cells (P > 0.05) (Fig. 2B).

To examine the effect of the knockdown of the Akt protein iso-
forms on mitochondrial function, we measured cell proliferation in
DMEM glucose-free medium supplemented with galactose. Previous
studies have demonstrated that cells with defects in the mitochondrial
respiratory chain exhibit growth impairments in galactose medium
because they rely primarily on oxidative phosphorylation to produce

ATP [26,27]. As shown in Fig. 2C, Akt3-knockdown cells exhibited
impaired growth in galactose medium (P < 0.05), whereas Akt1- and
Akt2-knockdown cells exhibited growth similar to the control knock-
down cells (pLKO) (P > 0.05). These results suggest that Akt3 knock-
down in EJ cells results in mitochondrial dysfunction as well as
structural defects.

Knockdown of Akt3 leads to decreased mitochondrial

respiration

The results from the cell proliferation assays in galactose medium and
the DOX-induced senescence assay suggested that Akt3 knockdown
induced mitochondrial dysfunction in EJ cells. To confirm the effect
of Akt3 knockdown on mitochondrial function, we measured the
oxygen consumption rate, which is an informative indicator of mito-
chondrial respiration. We found that Akt3 knockdown significantly
reduced the basal respiration rate of the EJ cells (Fig. 3A).
Additionally, the maximal mitochondrial oxidative capacity was
remarkably decreased following Akt3 knockdown based on the level
of 2,4-dinitrophenol (DNP)-stimulated respiration. Quantitative
analysis of three independent experiments revealed that Akt3 knock-
down resulted in a 47% decrease in the basal respiration rate
(P < 0.05) and a 37% decrease in the maximal mitochondrial

Figure 3. Decreased oxygen consumption rates following Akt3 knockdown in
EJ cells (A) The respiration rates of EJ cells expressing either the pLKO vector

(pLKO) or shAkt3 were measured using the XF24 flux analyzer as described in

the Materials and Methods section. Representative analyses of oxygen

consumption performed in triplicate under basal conditions following the

addition of either 2,4-dinitrophenol (DNP; 40 μM) or rotenone (1 μM) are

shown. (B) The averaged metabolic profile of three repeated experiments.

The results are presented as mean values with standard deviations.

*P < 0.05, **P < 0.01 compared with pLKO vector control cells using

Student’s t-test.
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oxidative capacity (P < 0.01) (Fig. 3B). These results confirmed that
the mitochondria in the Akt3-knockdown cells had functional defects
that included an impaired respiration capacity.

Knockdown of Akt3 induced mitochondrial dysfunction

in A549 cells

To confirm the role of Akt3 in mitochondrial function, we examined the
effect of Akt3 knockdown in A549 human lung cancer cells. After con-
firmation of Akt3 knockdown by western blotting (Fig. 4A), we exam-
ined mitochondria structural organization using transmission electron
microscopy. Consistent with the results of Akt3 knockdown in EJ cells,
Akt3 knockdown also induced severe structural defects in mitochondria
in A549 cells (Fig. 4B). Furthermore, oxygen consumption rate measured
by using the XF24 flux analyzer was also remarkably reduced by Akt3
knockdown in A549 cells (Fig. 4C,D), suggesting that the mitochondrial
respiration of A549 cells was impaired by Akt3 knockdown. These data
further confirmed that Akt3 function is important for maintaining nor-
mal mitochondria function in human cancer cells.

Discussion

In this report, we describe findings that indicate that the different Akt
protein isoforms play distinct roles in mitochondrial functions in
human cancer cells. First, we found that knockdown of either Akt1
or Akt3 increased the mitochondrial mass, whereas knockdown of
Akt2 produced no significant changes in EJ human bladder carcinoma
cells (Fig. 1B). Additionally, Akt3 deficiency induced remarkable
structural disorganization in the mitochondria, whereas knockdown

of either Akt1 or Akt2 resulted in only a moderate level of structural
alteration (Fig. 2A). These results suggest that each Akt isoform plays a
distinct role in maintaining mitochondrial abundance and structural
integrity in EJ human bladder carcinoma cells.

Interestingly, the significant alterations in both the mitochondrial
mass and mitochondrial structure that occurred after Akt3 knock-
down suggested that Akt3 was particularly important for proper mito-
chondrial functions in EJ cells. Consistent with this hypothesis, Akt3
knockdown significantly increased DOX-induced premature senes-
cence, whereas no differences were observed following Akt1 and
Akt2 knockdown (Fig. 2B). Additionally, cell growth in galactose me-
dium was significantly impaired following Akt3 knockdown, whereas
Akt1- or Akt2-knockdown cells exhibited levels of growth similar to
the control cells (Fig. 2C). These results suggest that the loss of Akt3
leads to defects in mitochondrial respiratory function. Indeed, Akt3-
deficient EJ cells had significantly reduced oxygen consumption
rates (Fig. 3A,B), indicating that the loss of Akt3 function induced
mitochondrial dysfunction. A remarkable reduction in the oxygen
consumption rates upon Akt3 knockdown was also observed in
A549 human lung cancer cells (Fig. 4B,C) Therefore, these results con-
firm that Akt3 is required for the maintenance of proper respiratory
functions in mitochondria in human cancer cells.

Akt has previously been implicated in mitochondrial functions.
Akt is involved in the mitochondrial intrinsic apoptosis pathway by
either directly or indirectly regulating various apoptotic factors, such
as Bcl-2, JNK, GSK3β, and FOXO (reviewed in [28]). In addition to
regulating this apoptotic pathway, the activation of Akt leads to
changes in mitochondrial metabolism through its effects on the

Figure 4. Effect of Akt3 knockdown on the mitochondrial mass and respiration rate in A549 cells (A) A549 cells expressing either the shAkt3 or pLKO vector were

lysed and subject to western blotting using the indicated antibodies. The data shown are representative of three independent experiments. (B) Representative

electron microscopy images of mitochondria in control A549 cells (pLKO) and in A549 cells expressing shAkt3. The images show ×40,000 magnification. (C) The

respiration rates were measured using the XF24 flux analyzer as described in Fig. 3. Representative analyses of oxygen consumption performed in triplicate are

shown. (D) The averagedmetabolic profiles of three repeated experiments. The results are presented as mean values with standard deviations. *P < 0.05, **P < 0.01

compared with pLKO vector control cells using Student’s t-test.
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VDAC and hexokinase [29]. More directly, the accumulation of Akt
within the mitochondria has also been reported. Bijur et al. demon-
strated that Akt localized to the mitochondria in response to a number
of stimuli, including cellular exposure to insulin-like growth factor-1,
insulin, or heat shock stress [30]. This translocation of Akt was
mediated by HSP90, and mitochondrial import occurred independent
of Akt activation [31].Miyamoto et al. indicated that the translocation
of Akt into the mitochondria was important for the protection of car-
diomyocytes against ischemic injury [32]. These studies indicate that
Akt functionally cooperates with mitochondria when executing its
protective role against various stressors. However, the involvement
of Akt in basal mitochondrial functions (i.e. maintaining mitochon-
drial structural integrity and respiration) has not been fully addressed.
In this study, we demonstrated that depletion of Akt expression re-
sulted in defects in the mitochondrial structure and respiratory func-
tions, suggesting that Akt was required for the maintenance of basal
mitochondrial functions in addition to the stress responses.

Notably, our results highlight the importance of Akt3 in maintain-
ing proper mitochondrial structure and respiration. Thus, it is possible
that Akt3 is also directly involved in maintaining the integrity of the
mitochondrial inner membrane structure. For example, Akt3 localized
to the mitochondria could modulate critical regulators of mitochon-
drial integrity. Alternatively, Akt3 could indirectly participate in mito-
chondrial quality control by modulating either mitochondrial
biogenesis or mitochondrial turnover through autophagic degradation
(i.e. mitophagy). Alterations in mitochondrial biogenesis or degrad-
ation could lead to defects in mitochondrial quality control that
would ultimately result in the accumulation of defective mitochondria
[33]. Interestingly, Akt3 was recently shown to control both mito-
chondrial biogenesis and mitochondrial autophagy in human endo-
thelial cells [34]. In this study, we demonstrated that Akt3 was
required for mitochondrial biogenesis because of its ability to regulate
the subcellular localization of PGC-1α (the master regulator of mito-
chondrial biogenesis) and to inhibit CRM-1-dependent autophagy.
Interestingly, we found that Akt3 knockdown resulted in an increase
in the mitochondrial mass and the induction of TFAM and NRF1 ex-
pression in EJ cells (Fig. 1B,C). These results suggest that the role of
Akt3 in mitochondrial biogenesis could be cell type-dependent. The
exact mechanism underlying how Akt3 is involved in mitochondrial
biogenesis and whether Akt3 can regulate autophagy in EJ cells
have not been determined.

In conclusion, this study revealed that Akt3 played an important role
in maintaining the mitochondrial structure and respiratory activity in EJ
and A549 cells. In conjunction with our previous studies, the present
study provides evidence that different Akt protein isoforms play distinct
roles within cells. Although the exact mechanisms that drive the contri-
bution of Akt3 to normal mitochondrial function are unknown, future
studies may provide critical information for the development of efficient
strategies to treat cancer by targeting Akt family proteins.
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