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Abstract Abnormalities in the phosphatidylinositol 3-kinase
(PI3K)/Akt signaling pathway are commonly observed in
human cancers and contribute to chemotherapy resistance.
Combination therapy, involving the use of molecular targeted
agents and traditional cytotoxic drugs, may represent a prom-
ising strategy to lower resistance and enhance cytotoxicity.
Here, we demonstrate the efficacy of an Akt inhibitor, MK-
2206, in increasing the cytotoxic effect of either paclitaxel
(Taxol) or cisplatin against the ovarian cancer cell lines
SKOV3 (with constitutively active Akt) and ES2 (with inac-
tive Akt). Sequential treatment of Taxol or cisplatin, followed
by MK-2206, induced a synergistic inhibition of cell prolifer-
ation and effectively promoted cell death, either by inhibiting
the phosphorylation of Akt and its downstream effectors
4E-BP1 and p70S6K in SKOV3 cells or by restoring p53
levels, which were downregulated after Taxol or cisplatin
treatment, in ES2 cells. Combination treatment also downreg-
ulated the pro-survival protein Bcl-2 in both SKOV3 and ES2
cells, which may have contributed to cell death. In addition,
we discovered that Taxol/MK-2206 or cisplatin/MK-2206
combination treatment resulted in significant enhancement
of intracellular reactive oxygen species (ROS) induced by
MK-2206, in both SKOV3 and ES2 cells; however, MK-
2206-induced growth inhibition was reversed by a ROS

scavenger only in ES2 cells. MK-2206 also suppressed
DNA repair, particularly in SKOV3 cells. Taken together,
our results demonstrate that the Akt inhibitor MK-2206 en-
hances the efficacy of cytotoxic agents in both Akt-active and
Akt-inactive ovarian cancer cells but through different
mechanisms.
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Introduction

Ovarian cancer is the most deadly gynecologic cancer and
ranks among the top five causes of cancer death in women.
Patients with early-stage disease have an 80–95 % survival
rate, but the survival rate drops dramatically to 10–30 % in
patients with advanced-stage ovarian cancer (Berkenblit and
Cannistra 2005). Surgical tumor debulking followed by che-
motherapy is currently the standard treatment for advanced
ovarian cancer. First-line chemotherapy typically includes
platinum-based drugs, such as cisplatin, which are known to
form intrastrand and interstrand DNA adducts that inhibit
replication and transcription, leading to DNA damage and cell
death through apoptosis, and taxanes, such as paclitaxel (Tax-
ol), which bind to intracellular β-tubulin and stabilize micro-
tubules, causing growth arrest and apoptosis (Agarwal and
Kaye 2003; DiSaia and Bloss 2003).

Abnormalities in the phosphatidylinositol 3-kinase (PI3K)
pathway, such as amplification or activating mutations of the
PIK3CA gene, overactivation of the downstream serine/
threonine kinase Akt, or loss of PTEN tumor suppressor
function, are common in human cancers and play a role in
neoplastic transformation (Liu et al. 2009; Courtney et al.
2010). As cells progress from normal to hyperplastic and then
invasive stages, PI3K/Akt signaling is activated to a higher
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degree and is usually accompanied by loss of apoptosis,
enhanced survival, and increased proliferation. Upon PI3K
activation, Akt is phosphorylated at Thr308 in the kinase
domain by PDK-1, and subsequent phosphorylation at
Ser473 in the C-terminal regulatory domain by other kinases
is required for its full activation (Alessi et al. 1996; Liu et al.
2009). Akt activity is negatively regulated by the tumor sup-
pressor PTEN (Liu et al. 2009; Courtney et al. 2010).

Akt activates another serine/threonine kinase mammalian
target of rapamycin (mTOR) which in turn phosphorylates
components of the protein synthesis machinery, including
p70S6K and 4E-binding protein 1 (4E-BP1). Phosphorylation
of 4E-BP1 results in the release of the translation initiation
factor eIF4E, allowing for the initiation of protein synthesis.
Activation of receptor tyrosine kinases or Ras oncoproteins
can also enhance PI3K/Akt signaling (Liu et al. 2009;
Courtney et al. 2010). Furthermore, constitutive activation of
the PI3K/Akt pathway is associated with resistance to con-
ventional chemotherapy (West et al. 2002). Therefore,
targeted inhibition of the PI3K/Akt pathway is a promising
strategy for cancer therapy and can also be useful for over-
coming chemotherapy resistance when used in combination
with other anticancer agents.

MK-2206 is an orally active allosteric Akt inhibitor that
can block the interaction of Akt with other proteins via the
pleckstrin homology domain, thereby preventing Akt phos-
phorylation and activation by upstream kinases (Lindsley
et al. 2008). It has been reported that MK-2206, when com-
bined with molecular targeted agents such as erlotinib and
lapatinib or cytotoxic agents such as docetaxel and
carboplatin, can synergistically inhibit proliferation of many
human cancer cell lines in vitro and suppress tumor growth in
mouse xenograft models (Hirai et al. 2010). Currently, MK-
2206 is under development for the treatment of solid tumors.
PIK3CA gene amplification and Akt activation have been
found in 30~40 % of ovarian cancers and may also be asso-
ciated with resistance to cisplatin and Taxol (Yuan et al. 2000;
Sun et al. 2001; Peng et al. 2010). Thus, MK-2206 has the
potential to increase the efficacy of cisplatin and Taxol against
ovarian cancer cells.

It has been found that overexpression of constitutively
active Akt partially prevents mitochondrial damage, while
inhibition of Akt induces mitochondrial impairment associat-
ed with opening of the permeability transition pore (Caro and
Cederbaum 2006). Therefore, MK-2206 may induce the loss
of mitochondrial integrity and the overproduction of reactive
oxygen species (ROS) to increase apoptosis. Previous studies
also showed that inhibition of mTOR by rapamycin disrupts
DNA double-strand break (DSB) repair by impairing the
recruitment of proteins essential for homologous recombina-
tion (Chen et al. 2011). One such protein is BRCA1, which
recognizes DNA damage lesions, translocates to DNA dam-
age sites, forms nuclear foci at DNA lesions, functions in the

DNA damage response, and is critical for maintaining geno-
mic integrity and chromosomal stability (Scully et al. 1997;
Paull et al. 2000). The Akt inhibitor MK-2206 may be able to
disrupt phosphorylation and activation of mTOR and sensitize
ovarian cancer cells to DNA damaging agents, such as cis-
platin, by compromising DNA repair.

Here, we sought to explore whether MK-2206 could sen-
sitize ovarian cancer cells to Taxol or cisplatin, and whether
the effect was associated with Akt status. The molecular
mechanisms involved were also investigated.

Materials and methods

Chemicals

MK-2206 was purchased from BioVision (Mountain View,
CA, USA). Taxol, cisplatin, 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA), and N-acetyl-L-cysteine (NAC) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Stock
solutions of MK-2206, Taxol, and DCFH-DAwere prepared
in DMSO, cisplatin in phosphate-buffered saline (PBS), and
NAC in H2O.

Cell lines and cell culture

Human ovarian cancer cells SKOV3 (Akt constitutively active
and p53 homozygously mutated) and ES2 (Akt inactive and
one allele of p53mutated) (Concin et al. 2003; El-Gazzar et al.
2010), purchased from ATCC (Manassas, VA, USA), were
grown in McCoy’s 5A medium supplemented with 10 % fetal
bovine serum and 1.5 mM L-glutamine at 37 °C in a humid-
ified 5 % CO2 atmosphere. Normal ovarian surface epithelial
cells were cultured in MCDB105/medium 199 (1:1) supple-
mented with 15 % fetal bovine serum, 2 mM L-glutamine and
penicillin/streptomycin (Hsu et al. 2005).

Drug treatment and MTT assay

Cells were seeded in 24-well plates (1–2×104 cells/well) and
treated with Taxol or cisplatin for 24 h, followed byMK-2206
for an additional 72 h; monotherapy controls were treated with
Taxol or cisplatin for 24 h followed by DMSO for 72 h or
treated with MK-2206 for 72 h. Cell viability was determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, and absorbance wasmeasured by a plate
reader at 570 nm, with a reference wavelength of 690 nm.

Combination index analysis

Combination index (CI) analysis is currently the most com-
mon method used in evaluating the nature of drug interactions
in combination chemotherapy and provides useful
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quantitative information (Chou and Talalay 1984; Zhao et al.
2004). CI is a numerical value calculated according to the
following formula:

CI ¼ CA;X =ICX ;A þ CB;X =ICX ;B

CA,X and CB,X represent the concentrations of drug A and
drug B, when used in combination to achieve x% drug effect.
ICX,A and ICX,B represent the concentrations required for
individual monotherapy to achieve the same x% effect. CI<
1 indicates synergy, CI=1 demonstrates an additive effect, and
CI>1 represents antagonism. IC50 values used to calculate
CI50 were obtained using Scientist software (Micromath Sci-
entific Software, St. Louis, MO, USA).

Flow cytometric analysis of the cell cycle and apoptosis

Cells were treated with drugs as described above and then
harvested and fixed in cold methanol for 30 min to overnight
at 4 °C. Cells were then subjected to propidium iodide (PI)
staining and flow cytometric analysis as described previously
(Yu et al. 2008). Annexin V/PI two-dimensional flow cyto-
metric analysis was also performed using a BD Annexin V
fluorescein isothiocyanate (FITC) apoptosis detection kit to
measure apoptosis and necrosis in drug-treated cells according
to the manufacturer’s instructions (BD Biosciences, San Jose,
CA, USA). Viable cells would be negative for both Annexin V
(AnxV) and PI (AnxV−/PI−), while AnxV+/PI− indicates
early apoptotic cells, AnxV−/PI+ indicates necrotic cells,
and AnxV+/PI+ indicates late apoptotic and necrotic cells.

Western blot analysis

Cells were treated with Taxol or cisplatin for 18 h, followed by
DMSO or MK-2206, for 6 or 30 h. Cells were then harvested
and lysed in RIPA buffer containing protease inhibitors. Cell
lysates containing ~50 μg of protein were subjected to SDS-
PAGE and Western analysis as previously described (Yu et al.
2008). Proteolytic cleavage of poly(ADP-ribose) polymerase
(PARP) (BD Biosciences, San Jose, CA, USA), phospho-Akt
(p-Akt), total Akt, phospho-4E-BP1 (p-4E-BP1), phospho-
p70S6K (p-p70S6K), phospho-mTOR (p-mTOR), phospho-
p44/42 MAPK (p-ERK) (Cell Signaling, Boston, MA, USA),
p53 (Calbiochem, San Diego, CA, USA), Bcl-2 (Dako,
Carpinteria, CA, USA), and γ-tubulin (Sigma-Aldrich, St.
Louis, MO, USA) antibodies were used.

DNA fragmentation assay

Cells were treated with Taxol or cisplatin for 24 h, followed by
DMSO or MK-2206 for another 24 h, and DNA fragmenta-
tion, a hallmark of apoptosis, was then measured using the
Cell Death Detection ELISAPLUS kit according to the

manufacturer’s instructions (Roche Applied Science, Mann-
heim, Germany). This in vitro assay determines apoptosis by
quant i ta t ively measuring mononucleosomes and
oligonucleosomes. Briefly, cells were lysed and the cleared
lysates were incubated with a mixture of biotin-conjugated
anti-histone and peroxidase-conjugated anti-DNA in a
streptavidin-coated microplate for 2 h at room temperature.
After washing in incubation buffer, ABTS substrate (2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) was added
to photometrically determine the amount of peroxdase
retained in the immunocomplex. Absorbance was measured
at 405 nm using 490 nm as a reference wavelength. The
degree of apoptosis was calculated by dividing the absorbance
of a drug-treated sample by that of the untreated control.

Detection of intracellular ROS generation

Cells were treated with Taxol or cisplatin for 24 h, followed by
DMSO or MK-2206 for 24 h. Treated cells were incubated
with 20 μM of DCFH-DA at 37 °C in a humidified atmo-
sphere containing 5 % CO2 for 30 min and then trypsinized
and washed with PBS. Cells were then centrifuged, resus-
pended in PBS, and subjected to flow cytometric analysis.

Immunofluorescence staining

Cells were seeded into 4-well or 8-well chamber slides. Cells
were treated with the vehicle control DMSO or 10 μM MK-
2206 for 24 h and then treated with 15 μM cisplatin for 1 h.
Cisplatin was then washed off, and cells were incubated in
medium for an additional 3 h before fixation. Cells were fixed
at room temperature for 30 min in PBS-buffered 3 % parafor-
maldehyde/2 % sucrose solution and permeabilized for 5 min
in a buffer containing 0.5 % Triton X-100, 20 mM HEPES,
pH 7.4, 50mMNaCl, 3 mMMgCl2, and 300 mM sucrose (Yu
et al. 2008). Primary antibody used was BRCA1 antibody Ab-
1 (MS110) (1:100 dilution, Calbiochem) with Texas red-
conjugated anti-mouse at a dilution of 1:200 as the secondary
antibody or γ-H2AX (1:1000 dilution, Millipore) with FITC-
conjugated anti-mouse at a dilution of 1:200 as the secondary
antibody. Nuclear counter-staining was performed using
DAPI, and slides were mounted with antifade (Invitrogen,
Carlsbad, CA, USA). Images were acquired on a fluorescence
microscope (Carl Zeiss GmbH, Jena, Germany) with a 100×
objective. Two hundred cells were scored for each sample, and
the percentage of cells with at least ten BRCA1 nuclear foci
was calculated.

Statistical analysis

Results are presented as mean±standard deviation (SD) or
mean±standard error (SE). Statistical significance was
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assessed with two-sided t tests, and P values less than 0.05
(P<0.05) were considered statistically significant.

Results

MK-2206 potentiates Taxol and cisplatin-induced growth
inhibition of ovarian cancer cells

To determine whether the Akt inhibitor MK-2206 could en-
hance the cytotoxicity of the commonly used chemotherapeu-
tic agents Taxol and cisplatin in ovarian cancer cell lines,
SKOV3 cells expressing constitutively active Akt and ES2
cells with no active Akt were used in this study. Hirai et al.
(2010) demonstrated that the combination of MK-2206 and
docetaxel showed a better synergistic cytotoxic effect when
MK-2206 was administered following docetaxel in breast
cancer cells. In a preliminary study, we found that sequential
treatments administering Taxol or cisplatin first followed by
MK-2206 also showed better growth inhibitory effects than
coadministration or administration of MK-2206 prior to Taxol
or cisplatin. Therefore, this sequence of drug treatment was
used inmost of the studies to assess the combinatorial effect of
Taxol/MK-2206 or cisplatin/MK-2206.

Cell viability after drug treatments was determined by the
MTT assay, and the CI values, quantitative measures of drug
interactions, were calculated (Chou and Talalay 1984; Zhao
et al. 2004). The IC50 values of each agent in single or
combination treatments, as well as the CI50 values of the
Taxol/MK-2206 or cisplatin/MK-2206 combination, are listed
in Fig. 1a; the concentration response curves are shown in
Fig. 1b–e. The combination of Taxol and MK-2206 at a
concentration ratio of 1:500 (0–40 nM of Taxol for 24 h and
then 0–20 μM of MK-2206 for 72 h) displayed a significant
synergistic effect (CI50=0.318) in SKOV3 cells (Fig. 1a, b). A
synergistic effect was also observed in ES2 cells, but to a
lesser extent (CI50=0.764) (Fig. 1a, c). Interestingly, ES2
cells, which do not express active Akt, were also susceptible
to MK-2206, and the viability of ES2 cells was even lower
than SKOV3 cells at 30 nMTaxol/15 μMMK-2206 or 40 nM
Taxol/20 μM MK-2206 treatment concentrations.

The combination of cisplatin and MK-2206 at a concentra-
tion ratio of 1:2 (0–10 μM of cisplatin and 0–20 μM of MK-
2206) also displayed a synergistic effect in SKOV3 cells
(CI50=0.759) (Fig. 1a, d) but did not result in an additive or
synergistic effect in ES2 cells, for which the CI value was
greater than 1 (Fig. 1a, e). Compared to SKOV3, ES2 cells
were more sensitive to cisplatin, and addition of MK-2206
might have a limited enhancing effect on the cytotoxicity of
cisplatin at the dose ratio of 1:2. Indeed, when cisplatin
concentrations were lowered, the cisplatin→MK-2206 com-
bination treatment (0–5-μM cisplatin, 0–25 μM MK-2206;

concentration ratio 1:5) did exhibit a synergistic effect in ES2
cells, with a CI50 of 0.862 (Supplementary Fig. S1). The
differences in cell viability between the combination treatment
and two corresponding single treatments were mostly statisti-
cally significant in Fig. 1b–d.

Both taxol and cisplatin have been found to induce apo-
ptosis (Agarwal and Kaye 2003). Flow cytometry and West-
ern analysis were then used to ascertain whether MK-2206
could enhance taxol or cisplatin-induced apoptosis. ES2 cells
were treated with 40 nM Taxol or 10 μM cisplatin for 24 h,
followed by 20 or 10 μM MK-2206 respectively for 72 h
(Taxol→MK-2206 or cisplatin→MK-2206) or DMSO for
72 h (Taxol or cispaltin alone). Cells were also treated with
10 or 20 μM MK-2206 for 72 h (MK-2206 alone) or with
DMSO for 96 h (control). As shown in Fig. 2a, upper panels,
treatment with 10 or 20 μM MK-2206 alone had no obvious
effect on cell cycle distribution when compared to the untreat-
ed control and did not show any significant sub-G1 population
(~5 %). In contrast, the sub-G1 population increased dramat-
ically from 34.1% in cells treated with 40 nMTaxol to 67.5 %
in cells treated with 40 nMTaxol→20μMMK-2206 (Fig. 2a,
lower left panels). The sub-G1 population was 33.3 % in cells
treated with 10 μM cisplatin alone and also rose to 40.4 % in
cells treated with 10 μM cisplatin→10 μM MK-2206
(Fig. 2a, lower right panels).

PARP is considered a marker for apoptosis. SKOV3 or ES2
cells were treated with cisplatin or Taxol for 18 h followed by
DMSO (cisplatin or Taxol alone) or MK-2206 (10 μM cis-
platin→10 μM MK-2206 or 30 nM Taxol→15 μM MK-
2206) for 6 h (24 h in total) or 30 h (48 h in total) and subjected
to Western analysis. Cisplatin alone induced PARP cleavage
in SKOV3 cells, and when combined with MK-2206, PARP
cleavage was clearly increased at both 24 and 48 h (Fig. 2b,
left panel). Cleaved PARP was weak in cisplatin-treated ES2
cells but increased when cells were treated with cisplatin→
MK-2206 at 24 h. Cleaved PARP was more intense in
cisplatin-treated ES2 cells than in cisplatin-treated SKOV3
cells at 48 h, and the increase in PARP cleavage was not as
obvious after cisplatin→MK-2206 combination treatment
(Fig 2b, right panel). The induction of PARP cleavage by
Taxol was also detected, and when combined with MK-
2206, a slight increase in PARP cleavage was observed at
48 h (Fig. 2c). Due to differences in combination treatment
conditions, PARP cleavage enhanced byMK-2206 was not as
dramatic as the increase in sub-G1; nevertheless, these results
support the idea that MK-2206 may synergize with Taxol and
cisplatin by inducing apoptosis.

Annexin/PI two-dimensional flow cytometry was then con-
ducted to determine cell death induced by the combination
treatment. As illustrated in Supplementary Fig. S2, sequential
treatment of ES2 cells with 10 μM cisplatin for 24 h followed
by 10 μMMK-2206 for another 24 h mainly induced apopto-
sis. A more sensitive and quantitative ELISA assay for the
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detection of DNA fragmentation, a hallmark of apoptosis, was
used to further confirm the apoptosis-inducing effects of
Taxol/MK-2206 and cisplatin/MK-2206 combination treat-
ments. SKOV3 or ES2 cells were treated withMK-2206 alone
for 24 h or treated with 40 nM Taxol or 10 μM cisplatin for
24 h followed by 20 or 10 μM MK-2206 respectively for
another 24 h, after which cells were harvested for the apopto-
sis assay. As illustrated in Fig. 3, MK-2206 alone did not

cause substantial apoptosis (<2-fold of the untreated control)
in both SKOV3 and ES2 cells. By contrast, Taxol and cisplat-
in either alone or in combination with MK-2206 significantly
induced apoptosis, ranging from 13-fold to 24-fold of the
untreated control (P<0.01 compared to MK-2206 alone).
Furthermore, the synergy of Taxol or cisplatin combined with
MK-2206 in the induction of apoptosis was also apparent, as
the observed increases in apoptosis with combination

Fig. 1 Synergistic inhibition of cell proliferation in ovarian cancer cell
lines by MK-2206 in combination with Taxol or cisplatin. Cells were
treated with Taxol or cisplatin for 24 h followed byDMSO for 72 h (Taxol
or cisplatin alone), MK-2206 for 72 h (MK-2206 alone), or Taxol or
cisplatin for 24 h followed byMK-2206 for 72 h (Tx→MK or cis→MK).
a The IC50 values of each agent in single or combination treatments and
CI50 values of the Taxol/MK-2206 or cisplatin/MK-2206 combination.
The concentration ratio is indicated in parentheses. b, c SKOV3 and ES2
cells were treated with Taxol alone, MK-2206 alone, or Tx→MK. The

concentration ratio was Taxol/MK-2206=1:500. d, e SKOV3 and ES2
cells were treated with cisplatin alone, MK-2206 alone, or cis→MK. The
concentration ratio was cisplatin/MK-2206=1:2. Cell viability was deter-
mined by the MTT assay. Data are presented as mean±SD. Two to three
independent experiments were performed in triplicate. Representative
results are shown. The differences in cell viability between the combina-
tion treatment and two corresponding single treatments were mostly
statistically significant except in e. ***P<0.001; **P<0.01; *P<0.05
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treatment greatly exceeded those of single treatments. The
differences between Taxol or cisplatin single treatments and
Taxol/MK-2206 or cisplatin/MK-2206 combination treat-
ments were statistically significant (Taxol vs. Taxol→MK-
2206 in SKOV3, 13.3 vs. 18.3, P=0.047; cisplatin vs. cisplat-
in→MK-2206 in SKOV3, 17.4 vs. 24.3, P=0.0018; Taxol vs.
Taxol→MK-2206 in ES2, 15.5 vs. 22.1, P=0.038; cisplatin
vs. cisplatin→MK-2206 in ES2, 14.9 vs. 22.9, P=0.011).

Taken together, MK-2206 significantly enhanced the cyto-
toxicity of Taxol and cisplatin in SKOV3 cells with constitu-
tively active Akt, yet surprisingly, MK-2206 was also effec-
tive in ES2 cells with no active Akt. This effect of MK-2206
was exerted at least in part by enhancing apoptosis induced by
Taxol or cisplatin.

The effects of Taxol→MK-2206 or cisplatin→MK-2206
combination treatments on p-Akt and its downstream effectors

MK-2206 can inhibit the phosphorylation and activation of
Akt, as well as downregulate Akt downstream effectors (Hirai
et al. 2010). We next evaluated the potential attenuation of the
Akt pathway by Taxol→MK-2206 or cisplatin→MK-2206
combination treatments. Western blot analysis showed a
marked reduction of p-Akt in SKOV3 cells treated with Tax-
ol→MK-2206 or cisplatin→MK-2206 for 24 or 48 h
(Fig. 4a), compared with untreated and Taxol- or cisplatin-
treated controls. However, total Akt levels remained unaffect-
ed by all treatment conditions. Akt can activate mTOR, which
in turn phosphorylates the downstream effectors 4E-BP1 and
p70S6K, leading to protein synthesis and cell growth.
Phospho-4E-BP1 (T37/46) and p-p70S6K (T389) were down-
regulated by Taxol→MK-2206 or cisplatin→MK-2206 treat-
ment in SKOV3 cells. By contrast, neither Taxol→MK-2206
nor cisplatin→MK-2206 treatment showed any significant
influence on Akt or its downstream effector proteins in ES2
cells (Fig. 4a). These data suggest that suppression of the Akt
pathway is associated with Taxol→MK-2206 and cisplatin→
MK-2206 treatment-induced growth inhibition and apoptosis
in SKOV3 cells, but other mechanisms may regulate cell
death in ES2 cells.

Although no active Akt was found in ES2 cells, the down-
stream effectors 4E-BP1 and p70S6K were phosphorylated,
and p-4E-BP1 and p-p70S6K were not downregulated by
MK-2206. ES2 cells harbor BRAF V600E and MEK1 muta-
tions which may lead to ERK activation and Akt-independent
activation of mTOR (Mendoza et al. 2011; Hanrahan et al.
2012). Indeed, as shown in Fig. 4b, mTOR and ERK were
phosphorylated and activated in ES2 cells, which were not
affected by MK-2206, although Taxol and cisplatin slightly
lowered p-ERK. In SKOV3 cells, the levels of p-ERK were
very low in untreated controls and were barely detectable after
either single or combination drug treatments, whereas p-

mTOR was clearly downregulated by MK-2206, indicative
of Akt dependence (Fig. 4b).

Effects of Taxol→MK-2206 or cisplatin→MK-2206
treatments on p53 and Bcl-2 protein levels

To further elucidate the molecular mechanisms of MK-
2206-mediated apoptosis, Western blot analysis was used
to evaluate p53 and pro-survival Bcl-2 protein levels. As
shown in Fig. 4b, p53 levels were downregulated by
Taxol or cisplatin in ES2 cells. Addition of MK-2206
following Taxol or cisplatin significantly restored p53
levels. However, p53 was not detected in SKOV3, consis-
tent with previous reports that SKOV3 is null for the p53
gene (Concin et al. 2003). ES2 cells express a mutant
(S241F) and a wild-type p53 (Concin et al. 2003; El-
Gazzar et al. 2010). Therefore, p53 restored by MK-
2206 may mediate apoptosis in ES2 cells. Pro-survival
Bcl-2 protein levels were decreased by Taxol or cisplatin
treatment and could be further downregulated by Taxol→
MK-2206 or cisplatin→MK-2206 treatment in both cell
lines (Fig. 4b).

ROS are mediators of MK-2206-induced cytotoxicity in ES2
cells

Since ROS are critical regulators of apoptosis and reports have
shown that MK-2206 can increase ROS levels (Cheng et al.
2011; Li et al. 2012), we sought to determine the effect ofMK-
2206 on ROS production. DCFH-DA is nonfluorescent in the
reduced state and is hydrolyzed by intracellular esterases to
2,7-dichlorodihydrofluorescein, which is then oxidized to
fluorescent 2,7-dichlorofluorescein (DCF) by ROS. The fluo-
rescence intensity of DCF is used to measure intracel-
lular ROS. As illustrated in Fig. 5a, ROS levels were
only slightly elevated when SKOV3 and ES2 cells were
treated with 20 nM Taxol or 10 μM cisplatin for 24 h,
but ROS production significantly increased when cells
were subsequently treated with 10 μM MK-2206 for
another 24 h. Quantitative analysis revealed that com-
pared with single treatments with Taxol or cisplatin,

�Fig. 2 MK-2206 enhances Taxol- and cisplatin-induced apoptosis. a
Taxol→MK-2206 or cisplatin→MK-2206 combination increases sub-
G1 levels in ES2 cells. Cells were treated with DMSO for 96 h (control)
or treated with Taxol or cisplatin for 24 h followed by treatment with
DMSO (Taxol or cisplatin alone) or MK-2206 (Taxol→MK-2206 or
cisplatin→MK-2206) for another 72 h or treated with MK-2206 alone
for 72 h. Cell cycle distribution was analyzed by flow cytometry. The
percentage of sub-G1 cells is indicated. Two independent experiments
were performed, and representative results are shown. b, c MK-2206
enhances cisplatin- and Taxol-induced PARP cleavage. Cells were treated
with cisplatin (b) or Taxol (c) for 18 h followed by DMSO or MK-2206
for 6 h (total 24 h) or for 30 h (total 48 h). PARP cleavage was determined
by Western blot analysis
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ROS levels were raised 3.4-fold in SKOV3 cells and
6.4-fold in ES2 cells after Taxol→MK-2206 treatments,

while cisplatin→MK-2206 treatments elevated ROS
levels 2.7-fold in SKOV3 cells and 4.8-fold in ES2
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cells (Fig. 5b), suggesting that MK-2206 may stimulate
apoptosis via ROS production.

When NAC, a ROS scavenger, was coadministered with
MK-2206 following pretreatment with 20 nM Taxol, 2 μM

Fig. 3 MK-2206 enhances Taxol
and cisplatin-induced apoptosis. a
SKOV3 cells were treated with
Taxol or cisplatin for 24 h
followed by DMSO or MK-2206
for 24 h. b ES2 cells were treated
with Taxol or cisplatin for 24 h
followed by DMSO or MK-2206
for 24 h. The degree of apoptosis
was determined by quantitatively
measuringmononucleosomes and
oligonucleosomes. Results are
presented as mean±SE of two to
three experiments. **P<0.01;
*P<0.05

Fig. 4 The effects of Taxol→MK-2206 or cisplatin→MK-2206 treat-
ments on Akt and ERK signaling as well as p53 and Bcl-2 protein levels.
a Cells were treated with Taxol or cisplatin for 18 h, followed by DMSO
or MK-2206 for 6 h (total 24 h) or for 30 h (total 48 h). b Cells were

treated with Taxol or cisplatin for 18 h, followed by DMSO or MK-2206
for 6 h (total 24 h). Protein levels were determined by Western blot
analysis
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cisplatin, or 5 μM cisplatin, the viability of SKOV3 cells was
not affected (Fig. 6a). By contrast, ES2 cell viability was
significantly restored, particularly when cells were pretreated
with 2 μM cisplatin (Fig. 6b). Incubation with NAC alone did

not affect cell viability (data not shown). Thus, ROS
may play a more important role in mediating cytotoxic-
ity induced by the Taxol→MK-2206 or cisplatin→MK-
2206 treatments in ES2 cells.

Fig. 5 Intracellular ROS production induced by Taxol→MK-2206 or
cisplatin→MK-2206 treatment. a SKOV3 and ES2 cells were treated
with Taxol or cisplatin for 24 h followed by DMSO or MK-2206 for
another 24 h. The intensity of DCF fluorescence was analyzed by flow

cytometry. b Quantitative data showing the mean values of relative ROS
levels between Taxol or cisplatin single treatments and combination
treatments. Three to four independent experiments were performed, and
data are presented as mean±SE. **P<0.01; *P<0.05
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Fig. 7 MK-2206 disrupts
BRCA1 foci formation at DNA
double-strand breaks induced by
cisplatin. a Images of cells with
BRCA1 foci induced by cisplatin.
SKOV3 or ES2 cells were treated
with or withoutMK-2206 for 24 h
and then treated with cisplatin for
1 h. Cells were fixed 3 h later and
subjected to BRCA1 staining.
Images were taken at a
magnification of 1,000×. Scale
bar=10 μm. b Quantitative
analysis of the percentage of cells
with BRCA1 nuclear foci. Each
bar represents mean±SE of three
independent experiments.
**P<0.01; *P<0.05

Fig. 6 ROS scavenger NAC
reverses MK-2206-induced
growth inhibition in ES2 cells but
not in SKOV3 cells. SKOV3 (a)
and ES2 (b) cells were treated
with 20 nM Taxol, 2, or 5 μM
cisplatin (Cis2 or Cis5) for 24 h
followed by DMSO, or 10 μM
MK-2206 alone or together with
2 mM NAC for 72 h. Cell
viability was determined by the
MTT assay. Experiments were
performed in duplicate or
triplicate, and data are presented
as mean±SE. ***P<0.001;
*P<0.05
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MK-2206 disrupts BRCA1 foci formation at DNA DSBs
induced by cisplatin

BRCA1 can recognize DNA DSBs and regulate DNA repair.
It has been shown that inhibition of mTOR suppresses DNA
DSB repair (Chen et al. 2011). Therefore, we examined
whether inhibition of Akt by MK-2206 had an influence on
cisplatin-induced DNA DSBs. BRCA1 expression is cell
cycle-dependent and displays a nuclear dot staining pattern.
After DNA damage, BRCA1 and other DNA repair proteins
are recruited to DNA lesions and form large foci in the nucleus
(Scully et al. 1997). As illustrated in Supplementary Fig. S3,
untreated control cells in S phase showed clear nuclear dots.
Large BRCA1 foci were induced by treatment with 15 μM
cisplatin for 1 h in both SKOV3 and ES2 cells; however,
BRCA1 foci were diminished when cells were pretreated with
10 μM MK-2206 for 24 h (Fig. 7a). Quantitative analysis
revealed that approximately 41.4 and 45.0 % of cells formed
large BRCA1 nuclear foci after being treated with 15 μM
cisplatin in SKOV3 and ES2 cells, respectively. However, the
percentage of cells with BRCA1 foci decreased to 5.4 % in
SKOV3 and 25.0 % in ES2 when cells were pretreated with
MK-2206 (Fig. 7b). More significant suppression of DSB
repair through pretreatment with MK-2206 was observed in
SKOV3 cells than in ES2 cells, consistent with the Western
blot data in Fig. 4b indicating that phosphorylation of mTOR
was more significantly downregulated by MK-2206 in
SKOV3 than in ES2 cells. To exclude the possibility that
pretreatment with MK-2206 might have a cell cycle effect
and that reduced BRCA1 foci might be due to decreased DNA
damage induced by cisplatin, SKOV3 and ES2 cells were
stained with γ-H2AX, a marker for DNA DSBs. Results
shown in Supplementary Fig. S4 indicate that pretreatment
with MK-2206 did not substantially affect DNA damage
induced by cisplatin. Even though cisplatin showed better
growth inhibitory effects on ovarian cancer cells when admin-
istered prior to MK-2206, our preliminary data showed that
pretreatment of cells with MK-2206 could also enhance the
effect of cisplatin. Thus, MK-2206 may enhance the cytotoxic
effect of cisplatin in part by compromising DNA repair in
SKOV3 and ES-2 cells.

Discussion

Recently, Hanrahan et al. (2012) analyzed the correlation
between genetic alterations and sensitivity to Akt inhibitors
in serous ovarian cancer and found that genetic activation of
PI3K/Akt signaling was necessary but not sufficient to confer
sensitivity to selective inhibition of Akt; furthermore, cells
with activated Ras signaling were relatively resistant to Akt
inhibitors. SKOV3 cells carry a PIK3CA H1047R mutation

that causes Akt activation, while ES2 cells harbor BRAF
V600E andMEK1D67Nmutations, which result in activation
of the Ras pathway. Their data showed that SKOV3 cells were
very sensitive to the Akt inhibitor MK-2206 with IC50 within
0–0.3 μM and ES2 cells were more resistant with IC50 be-
tween 1.7 and 3 μM. Surprisingly, our data showed that
sensitivity to MK-2206 was not substantially different in
SKOV3 cells with constitutively activated Akt and ES2 cells
with inactivated Akt and activated Ras signaling, with IC50

values falling within a similar range, ~20 μM (Fig. 1a). An-
other report indicated that the IC50 ofMK-2206 was 5.1μM in
SKOV3 cells (Hirai et al. 2010). The discrepancy of IC50

values obtained by different researchers could be due to dif-
ferent cell culture conditions, treatment durations, or assay
methods used. Nevertheless, as illustrated in Supplementary
Fig. S5, MK-2206 did not affect the viability of normal
ovarian surface epithelial (OSE) cells up to a concentration
of 15μM.At higher concentrations, MK-2206 did show some
growth inhibitory effect on OSE cells, but to a much lesser
extent (data not shown). Thus, MK-2206 displayed specificity
toward ovarian cancer cells and was much less toxic to normal
OSE cells.

No previous studies have compared the effects and molec-
ular mechanisms of MK-2206 in combination with Taxol or
cisplatin in SKOV3 and ES2 cells. Our results demonstrate
that the Akt inhibitor MK-2206, when administered following
Taxol or cisplatin, exhibited a better synergistic cytotoxic
effect in SKOV3 cells than in ES2 cells. This could be
explained by the constitutive phosphorylation and activation
of Akt in SKOV3 cells; by inhibiting Akt phosphorylation,
MK-2206 enhanced the effects of cisplatin and Taxol. The
effects of cisplatin and Taxol were also enhanced by MK-
2206, albeit to a lesser extent, in Akt-inactive ES2 cells. ES2
cells carrying BRAF/MEKmutations, which lead to activation
of the Ras/ERK and mTOR pathways (Fig. 4), were still
sensitive to MK-2206, suggesting that MK-2206 may have
certain off-target effects.

Western analysis demonstrated that phosphorylation of
Akt and its downstream effectors 4E-BP1 and p70S6K,
which regulate protein synthesis and cell proliferation,
was inhibited in SKOV3 cells treated with Taxol→MK-
2206 or cisplatin→MK-2206, but p-4E-BP1 and p-p70S6K
levels remained high in Akt-inactive ES2 cells, possibly
due to activation of the Ras/ERK pathway (Fig. 4). How-
ever, MK-2206 restored p53 levels downregulated by Taxol
or cisplatin treatment in ES2 cells. These findings suggest
that MK-2206 may enhance the cytotoxic effect of Taxol
and cisplatin through inhibition of protein synthesis in
SKOV3 and by p53-mediated apoptosis or other unidenti-
fied mechanisms in ES2 cells. Downregulation of Bcl-2
may also contribute to apoptosis induced by Taxol→MK-
2206 or cisplatin→MK-2206 in both ovarian cancer cell
lines (Fig. 4b).
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Previous studies have demonstrated that inhibition of
Akt induces mitochondrial impairment (Caro and
Cederbaum 2006), which is associated with ROS gener-
ation. ROS are crucial regulators of apoptosis, and we
discovered that MK-2206 treatment following Taxol or
cisplatin increased ROS levels in both SKOV3 and ES2
cells, with a more prominent effect in ES2 cells
(Fig. 5a). Furthermore, MK-2206-induced growth inhi-
bition was blocked by NAC in ES2 but not in SKOV3
cells (Fig. 5b). Therefore, production of ROS may ac-
count for the enhancement of Taxol or cisplatin cyto-
toxicity by MK-2206 in ES2 cells.

Inhibition of mTOR has been found to disrupt DNA
DSB repair (Chen et al. 2011). As DNA DSBs are
induced by cisplatin treatment and BRCA1 is known
to participate in DNA repair, we examined whether the
enhancement of cisplatin cytotoxicity by MK-2206 was
associated with BRCA1-mediated DNA repair. Our re-
sults show that MK-2206 treatment prior to cisplatin did
disrupt BRCA1 foci formation induced by cisplatin. The
percentage of cells with BRCA1 foci was more dramat-
ically decreased by MK-2206 pretreatment in SKOV3
cells as compared to ES2 cells (Fig. 7), suggesting that
ES2 cells may still retain a certain level of DNA repair.
Thus, suppression of BRCA1 foci formation may partly
explain why growth inhibition by cisplatin and MK-
2206 combination treatment is more significant in
SKOV3 cells as compared to ES2 cells. This is the first
demonstration that MK-2206 may compromise DNA
repair in ovarian cancer cell lines, particularly in the
Akt-constitutively active and p53-deficient SKOV3
cells, and provide a rationale for combination therapy
of Akt inhibitors with DNA damaging agents.

In summary, we have demonstrated that MK-2206
treatment may enhance the cytotoxic effects of Taxol
and cisplatin in ovarian cancer cells, regardless of Akt
status, and thus may be useful in treating ovarian can-
cers. MK-2206 enhances cytotoxic effects through vari-
ous mechanisms, and the effect may be dependent or
independent of the Akt signaling pathway in different
cancer cell lines. Collectively, these data establish a
rationale that with the addition of Akt inhibitor MK-
2206, we may increase the efficiency of standard che-
motherapy and reduce side effects through the use of
low-dose cytotoxic agents. More studies are needed to
further clarify the detailed mechanisms involved.
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