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Abstract

Emerging evidence suggests that tumor-initiating cells (TICs) are the most malignant cell subpopulation in tumors because
of their resistance to chemotherapy or radiation treatment. Targeting TICs may be a key innovation for cancer treatment. In
this study, we found that PPARc agonists inhibited the cancer stem cell-like phenotype and attenuated tumor growth of
human hepatocellular carcinoma (HCC) cells. Reactive oxygen species (ROS) initiated by NOX2 upregulation were partially
responsible for the inhibitory effects mediated by PPARc agonists. However, PPARc agonist-mediated ROS production
significantly activated AKT, which in turn promoted TIC survival by limiting ROS generation. Inhibition of AKT, by either
pharmacological inhibitors or AKT siRNA, significantly enhanced PPARc agonist-mediated inhibition of cell proliferation and
stem cell-like properties in HCC cells. Importantly, in nude mice inoculated with HCC Huh7 cells, we demonstrated a
synergistic inhibitory effect of the PPARc agonist rosiglitazone and the AKT inhibitor triciribine on tumor growth. In
conclusion, we observed a negative feedback loop between oxidative stress and AKT hyperactivation in PPARc agonist-
mediated suppressive effects on HCCs. Combinatory application of an AKT inhibitor and a PPARc agonist may provide a
new strategy for inhibition of stem cell-like properties in HCCs and treatment of liver cancer.
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Introduction

Hepatocellular carcinoma (HCC) ranks as the fifth most

common cancer worldwide. However, HCC has a high rate of

chemotherapy-resistance and a high incidence of recurrence and

metastasis after surgical treatment, which makes it as the third

leading cause of cancer mortality [1,2]. Multiple studies have

demonstrated that HCC may originate from a subpopulation of

stem-like cells, called tumor-initiating cells (TICs) or cancer stem

cells, which are characterized by the expression of specific surface

markers and display self-renewal, differentiation, tumor initiation,

and drug-resistance [3–10]. Although the drug sorafenib has

recently been approved for HCC treatment, limited survival

benefits for patients with late-stage HCC and no strong efficacy on

tumor metastasis have been shown [11,12]. Therefore, alternative

therapeutic modalities to eliminate or limit the subpopulation of

TICs may be an effective strategy for HCC treatment.

The peroxisome proliferator-activated receptor c (PPARc) is a
ligand-dependent transcription factor belonging to the nuclear

hormone receptor superfamily. The agonists for the activation of

PPARc include endogenous lipophilic ligands, such as 15-deoxy-

D12,14-prostaglandin J2 (15d-PGJ2) and fatty acids, as well as the

synthetic thiazolidinediones (a class of anti-diabetic drugs),

including rosiglitazone, troglitazone, ciglitazone, pioglitazone

and englitazone [13]. Ligand activation of this transcription factor

leads to the expression of target genes to control many essential

physiological processes, such as metabolism, cell differentiation,

apoptosis, and tissue inflammation [14]. PPARc agonists have also

been shown to arrest cell proliferation, induce apoptosis, decrease

cell adhesion and migration, and promote differentiation of cancer

cells of different origins [15–22]. PPARc blocks carcinogenesis and
the invasive and metastatic potentials of HCC [23,24], indicating

that the application of PPARc agonists may be a therapeutic

prospect for HCC treatment. Interestingly, PPARc agonists have

been recently implicated in driving ET-743-mediated differentia-

tion of myxoid round cell liposarcoma [15] and the inhibition of

TICs in brain cancer [25].

In this study, we showed that PPARc agonists (15d-PGJ2 or

rosiglitazone) effectively inhibited stem cell-like properties in

human liver cancer cells, and that NADPH oxidase-2 (NOX2)-

induced reactive oxygen species (ROS) generation functioned as a

key downstream event. As a negative feedback response, increased

ROS elicited hyperactivation of AKT, which significantly

counteracted PPARc agonist-mediated inhibition of stem cell-like

properties in HCC cells. In vivo experiments further showed that

the disruption of the negative feedback loop by the AKT inhibitor
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triciribine significantly facilitated the PPARc agonist rosiglitazone-

mediated inhibition of tumor growth. These findings suggest that

the combination of an AKT inhibitor and a PPARc agonist may

provide a promising potential treatment for liver cancer.

Materials and Methods

Ethics Statement
All animal experimental protocols were approved by the

Medical Experimental Animal Care Committee of Shanghai

Cancer Institute (Approval ID. ShCI-11-020).

Cell Culture
SK-Hep1 and Hep3B cell lines were obtained from American

Type Culture Collection (ATCC, Manassas, VA). Huh7 cell line

was from Riken Cell Bank (Tsukuba Science City, Japan). SMMC

7721 cell line was provided by the Department of Pathology of the

Second Military Medical University (Shanghai, China) [26]. All

cell lines were cultured in DMEM with high glucose (GIBCO,

Grand Island, NY) supplemented with 10% fetal bovine serum

(GIBCO) and penicillin/streptomycin (1% [v/v]; GIBCO) at

37uC in a humidified 5% CO2 atmosphere. After cells were

initially grown, multiple aliquots were cryopreserved and all cell

lines were used within 6 months after resuscitation.

For treatment experiments, cells were plated and grown over

night, the medium was then replaced with high-glucose DMEM

medium containing 1% fetal bovine serum, and incubated with

15d-PGJ2 (Sigma-Aldrich, St. Louis, MO), rosiglitazone (Cayman

Chemical, Ann Arbor, MI), N-acetylatedcysteine (NAC) (Calbio-

chem, Darmstadt, Germany), triciribine (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA), and/or LY294002 (Sigma-Aldrich), for the

indicated times. All experiments were conducted three times.

Fluorescence-activated Cell Sorting (FACS) Analysis
After incubation under indicated culture conditions, cells were

dissociated and washed twice with PBS containing 0.5% BSA at

4uC. PE-conjugated anti-human CD133 antibody (Miltenyi

Biotec, Bergisch Gladbach, Germany) was added for incubation

at 4uC for 30 minutes. Flow cytometry was performed on

FACSCalibur flow cytometer (BD Biosciences, San Jose, CA).

Rat IgG1/k antibody conjugated to phycoerythrin served as an

isotype control. Dead cells was excluded by staining with 7-AAD

(Sigma-Aldrich) before analysis. For cell sorting, CD133+ or GFP+

cells were stringently gated and isolated using a MoFlo XDP

(Beckman Coulter, Fullerton, CA).

Cell Viability Assay
Cell viability was determined by 3-(4,5-dimethyl-2-thiazolyl)-

2,5- diphenyl-2H-tetrazolium bromide (MTT) (Sigma-Aldrich)

method. In brief, a total of 1000 cells/well were seeded into 96-

well plate in a final volume of 200 ml. After incubation with 15d-

PGJ2 for the indicated times, 20 ml MTT solution (5 mg/ml in

PBS) was added to the medium and cultured for additional 3

hours. Then, the MTT solution was discarded and 150 ml
dimethyl sulfoxide (DMSO, Sigma-Aldrich) was added into each

well. The absorbency of each well was measured at a wavelength

of 540 nm.

Apoptosis Assay
The extent of apoptosis was evaluated by PharmingenTM FITC

Annexin V Apoptosis Detection Kit (BD Biosciences) according to

the provided manufacturer’s instructions. Then, Fluorescence-

activated cell sorting analysis was conducted on the FACSCalibur

flow cytometer (BD Biosciences). Single staining using Annexin V-

FITC or 7-AAD alone was performed as controls.

BrdU Assay
PharmingenTM APC BrdU Flow Kit (BD Biosciences) was used

for Bromodeoxyuridine (BrdU) incorporation assay according to

the manufacturer’s instructions.

RNA Extraction and Real-time PCR
Total RNA was isolated from cells with RNAiso Reagent

(TaKaRa, Dalian, China). Reverse transcription (RT) was carried

out using 500 ng of total RNA for cDNA synthesis in a 10 ml
reaction volume, using the PrimeScriptTM RT reagent kit

(TaKaRa) according to the manufacturer’s instructions. Using

Premix Ex TaqTM (TaKaRa), quantitative PCR was performed

for Nanog, OCT4, and AFP. For detection of Notch1, SMO, NOX2,

NOX4, P22phox, P47phox, P67phox and Rac expression, quantitative

real-time PCR was carried out using SYBR green mix from

TaKaRa on a 7300 Real-Time PCR System (Applied Biosystems,

Foster City, CA). GAPDH was used as an internal control. The

primers are listed in Table S1.

Small Interfering RNA (siRNA) Transfection
The siRNAs specific to NOX2, PPARc, AKT1 and AKT2 were

purchased from Sigma-Aldrich. The siRNA sequences are listed in

Table S2. One day before the transfection, cells were seeded into

six-well plates without antibiotics. The siRNAs (60 nM) were

transfected into cells with Lipofectamine 2000 (Invitrogen,

Carisbad, CA) according to the manufacturer’s instructions.

Western Blotting Analysis
Cells were lysed in a RIPA lysis buffer (Beyotime, Nantong,

China) containing Protease Inhibitor Cocktail and PhosSTOP

Phosphatase Inhibitor (Roche, Monza, IT). Proteins were

analyzed using indicated antibodies: anti-CD133, anti-PPARc,
anti-AKT, anti-phospho-AKT (Ser473) (all from Cell Signaling

Technology, Beverly, MA); anti-GAPDH, anti-a-tubulin (all from

Santa Cruz Biotechnology, Santa Cruz, CA); and anti-NOX2

(Abcam, Cambridge, UK). The ChemiDocTM XRS system (Bio-

Rad Laboratories, Hercules, CA) was used to obtain images.

Spheroid-forming Assay
Single cells were seeded into ultra-low attachment culture dishes

(Costar, Coring, NY) at a density of 500 cells/ml in a serum-free

1:1 DMEM:F12 (GIBCO), supplemented with B27 (1:50;

GIBCO), 20 ng/ml epidermal growth factor (EGF) and 20 ng/

ml basic fibroblast growth factor (bFGF) (R&D Systems,

Minneapolis, MN). All cultures were incubated for 7 days and

spheroid counts were performed.

Measurement of ROS Accumulation
The oxidation-sensitive fluorescent probe Dihydroethidium

(DHE) (Invitrogen) was used to analyze the intracellular level of

ROS. Cells were washed with PBS and incubated with 5 mM
DHE for 30 minutes in a 37uC incubator. Fluorescence was

measured by a FACSCalibur flow cytometer.

In vivo Experiments
Male nude BALB/c mice, 6-week-old, were housed under

pathogen-free conditions, and all experiments involving mice were

performed according to the Institutional Animal Care and Use

Committee of Shanghai and the National Research Council Guide

for Care and Use of Laboratory Animals.

AKT Inhibition Sensitizes HCC to PPARc Agonists
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Huh7 cells with GFP expression (26106) were suspended in

100 ml PBS and inoculated subcutaneously (s.c.) into the right

flank of male nude mice. The subcutaneous models were

administered drugs beginning at day 4 following tumor cell

injection. Rosiglitazone (GlaxoSmithKline, Marly le Roi, France)

was mixed with sterile water, at a concentration of 4 mg/ml.

Triciribine (Santa Cruz Biotechnology) was dissolved in PBS, at a

concentration of 200 mg/ml. For single treatment, the subcutane-

ous mice were randomized to vehicle and rosiglitazone treatment

group (n= 7 per group). Rosiglitazone (100 mg/kg) was adminis-

tered daily intragastrically (ig) for 12 days. For combination

treatment, the subcutaneous mice were randomly assigned to 4

experimental groups (n = 5 per group). The 4 experimental groups

were as follows: untreated control group, rosiglitazone treatment

group (100 mg/kg/day, administered at day 6, 7, 10, 11 by ig),

triciribine treatment group [1 mg/kg/day, administered at day 4,

5, 8, 9, 12, 13 by intraperitoneally (i.p.)], and rosiglitazone-

combined triciribine treatment group (administered by using the

same schedule for each drug as described for the single treatment).

All control mice were administered with an equal volume of

vehicle by gavage or injection, respectively. Tumor size, measured

individually daily with microcalipers after treatment, was calcu-

lated according to the formula: V= (w16w26w2)/2, in which w1 is

the length and w2 is the width of tumor. All mice were killed by

cervical dislocation the day after the last treatment. Tumor masses

were surgically excised, weighed grossly, and dissociated into single

cells as previously described [27]. Cells were then stained with PE-

conjugated anti-human CD133 antibody (Miltenyi Biotec) for

determining CD133 expression in GFP+ tumor cells, or GFP+

tumor cells isolated by flow sorting were used to assess spheroid-

forming ability.

Statistical Analysis
Statistical analysis was carried out with the Graphpad Prism

software. Statistical differences between two groups were deter-

mined using the student’s t test. The criterion for statistical

significance was P value less than 0.05.

Results

PPARc Agonists Inhibit the Stem Cell-like Properties and
Tumor Growth of HCC Cells
We first tested whether PPARc agonists inhibited cell prolifer-

ation in the HCC cells. Consistent with previous observations that

PPARc agonists usually inhibit the proliferation of tumor cells, we

found that treatment with 15d-PGJ2, a natural endogenous ligand

of PPARc, significantly inhibited cell proliferation in all examined

HCC cell lines (Figure 1A). We further examined the expression of

stemness-related genes in four HCC cell lines, Huh7, SK-Hep1,

SMMC 7721, and Hep3B cells, with or without 15d-PGJ2
treatment. As shown in Figure S1A, a number of stemness-related

genes, including Nanog, Notch1, OCT4, and SMO, showed a

tendency toward downregulation in all 15d-PGJ2-treated cells,

indicating that PPARc agonists may have an effect on HCC TICs.

Previous studies have demonstrated that the CD133+ subpopula-

tion in Huh7 cells represents a pool of cells containing TICs and is

essential for driving tumor growth [28,29]. We therefore analyzed

CD133 expression, spheroid-forming ability, and in vivo tumori-

genicity of Huh7 cells after treatment with PPARc agonists. We

found a slight increase in apoptosis of Huh7 cells upon treatment

with 15d-PGJ2 for 48 hours (Figure S1B). Interestingly, after using

7-AAD staining to exclude dead cells, we observed a pronounced

decrease in the percentage of CD133+ cells in 15d-PGJ2-treated

cells (Figure 1B). The decreased expression of CD133 protein in

15d-PGJ2-treated Huh7 cells was further confirmed by Western

blotting analysis (Figure 1C). We also examined the PPARc
agonist-treated cells for BrdU incorporation and CD133 staining,

and we found that the percentage of BrdU-labeled CD133+ cells

was significantly decreased after treatment with 15d-PGJ2.

Moreover, in the subpopulation negative for BrdU staining, a

dramatic decrease in CD133 expression was also observed

(Figure 1D). In addition, treatment with 1 mg/ml 15d-PGJ2
significantly reduced spheroid numbers of Huh7 cells (Figure 1E).

To substantiate our observations with in vivo experiments, we

treated mice bearing GFP+ Huh7 tumors with a PPARc agonist.

Because the biological activity of 15d-PGJ2 is usually limited in vivo

[30,31], rosiglitazone, a synthetic PPARc agonist, was used in

in vivo experiments at a dose of 100 mg/kg/day (the treatment

schedule shown in Figure 2A). An antitumor growth effect of

rosiglitazone was observed (Figure 2B). Tumor growth was

inhibited by approximately 60% (P,0.001). We further assessed

the spheroid-forming potential of tumor cells derived from control

and rosiglitazone-treated mice. Remarkably, GFP+ tumor cells

isolated from primary tumors in rosiglitazone-treated mice formed

smaller and fewer spheres than those from the control group

(Figure 2C). Administration of 100 mg/kg/day rosiglitazone also

significantly decreased the proportion of GFP+CD133+ tumor cells

(Figure 2D). These results suggest a prominent inhibitory effect of

PPARc agonist on tumor growth and stem cell-like properties of

HCC Huh7 cells in vivo.

PPARc Agonists Inhibit Cancer Stem Cell-like Phenotypes
via NOX2-dependent ROS Generation
It has been reported that PPARc agonists induce ROS

production in multiple types of cancer cells [32,33]. Since the

regulation of cell differentiation has been observed to be a critical

function of ROS [34,35], we investigated the possibility that ROS

production contributed to PPARc agonist-induced repression of

stem cell-like properties in HCC cells. We first tested ROS levels in

HCC cells after exposure to 15d-PGJ2. The results showed that the

levels of intracellular ROS were dramatically increased in both

Huh7 and SK-Hep1 cells after treatment with 15d-PGJ2 for 72

hours (Figure S2A). We further isolated CD133+ subpopulations

from Huh7 cells by FACS sorting and cultured them in the

presence or absence of 15d-PGJ2 and the antioxidant NAC, a

precursor of intracellular glutathione that inhibits ROS produc-

tion. After 3 days in culture, the percentage of CD133+ cells in the

control cells was reduced to 74.84%, whereas 15d-PGJ2 treatment

caused significantly larger decreases in the proportion of CD133+

cells in a dose-dependent manner (Figure 3A). Strikingly, the

frequency of CD133+ cells was decreased to 20.39% when the

concentration of 15d-PGJ2 was 1.0 mg/ml. However, NAC

treatment robustly attenuated this 15d-PGJ2-mediated inhibition

and preserved the CD133+ compartment (Figure 3A). Consistent

with this observation, the inhibitory effect of 15d-PGJ2 on spheroid

formation was dramatically diminished when Huh7 cells were

pretreated with NAC (Figure S2B). Moreover, NAC also

attenuated the decrease in expression of stemness-related genes

in both Huh7 and SK-Hep1 cells (Figure S2C). These observa-

tions suggest that PPARc agonists inhibited the cancer stem cell-

like phenotypes through positive regulation of ROS production. In

addition, depletion of PPARc by siRNA had only subtle effects on

the ROS generation induced by 15d-PGJ2 (Figure S3), indicating

that PPARc treatment results in ROS induction mostly through a

PPARc-independent pathway.
The NADPH oxidase (NOX) family of proteins is responsible

for ROS production [36]. To determine whether NADPH

oxidases are upregulated and contributable to the increased

AKT Inhibition Sensitizes HCC to PPARc Agonists
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ROS generation by the stimulation of PPARc agonists, we

analyzed the abundance of various NOX mRNAs, including

NOX2 and NOX4, in cells treated with 15d-PGJ2. The

expression of NOX2 and NOX4 were promptly upregulated,

starting approximately 3 hours after treatment with 15d-PGJ2
(Figure 3B). Furthermore, we found that transfection of siRNAs

specific for NOX4 did not impair 15d-PGJ2-induced ROS

generation (data not shown), whereas the mRNA levels of

several major NOX2 components, such as P22, P47, P67 and

Rac, were significantly increased in 15d-PGJ2-treated Huh7 cells

(Figure 3C). Additionally, the protein level of NOX2 was

notably elevated in both Huh7 and SK-Hep1 cells upon

treatment with 15d-PGJ2 (Figure 3D). We further depleted

NOX2 expression with specific siRNAs in both Huh7 and SK-

Hep1 cells, and found that NOX2-depleted cells exhibited a

weaker induction of ROS in response to 15d-PGJ2 treatment

compared with cells transfected with control siRNA (Figure

S4A). The efficiency of NOX2 siRNAs at inhibiting NOX2

Figure 1. PPARc agonist 15d-PGJ2 inhibits the stem cell-like properties of HCC cells in vitro. A, Huh7, SK-Hep1, SMMC 7721 and Hep3B
cells were treated with 0.5 mg/ml 15d-PGJ2 for the indicated times. Cell proliferation was evaluated by MTT assay. *, P,0.05; **, P,0.01, versus control
cells. B, Huh7 cells were treated with 0.5 mg/ml 15d-PGJ2 for the indicated times and stained with CD133-PE. Before analysis, 7-AAD was used to
exclude dead cells. Representative FACS profiles are shown (left panel). Percentages of CD133+ cells are shown as the means 6 S.E.M (n = 3) (right
panel). *, P,0.05; **, P,0.01. C, Huh7 cells were treated with 0.5 mg/ml 15d-PGJ2 for 24 hours and total protein was extracted for analysis of CD133
expression. All samples were normalized to GAPDH expression. D, Huh7 cells were treated with 0.5 mg/ml 15d-PGJ2 for 24 hours. Cells were harvested
for BrdU incorporation and CD133 staining. Quantitative bar graphs are presented as the means 6 S.E.M (n = 3). *, P,0.05; **, P,0.01; ***, P,0.001,
versus control cells. E, Huh7 cells were cultured in spheroid-forming medium containing 15d-PGJ2 (1 mg/ml) for 7 days. Representative microscopic
pictures are shown (left panel). Scale bar = 100 mm. Quantitative bar graphs are shown as the means 6 S.E.M. (n = 3) (right panel). *, P,0.05.
doi:10.1371/journal.pone.0073038.g001
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expression was validated by Western blotting and quantitative

RT-PCR analysis (Figure S4B and C). Indeed, downregulation

of NOX2 significantly counteracted 15d-PGJ2-mediated inhibi-

tion of spheroid formation and pool size of the CD133+ subset

in Huh7 cells (Figure 3E and F). Together, these results indicate

that upregulation of NOX2 was responsible for PPARc agonist-

mediated inhibition of stem cell-like properties in HCC cells.

Reciprocal Regulation of ROS Generation and AKT
Activation in PPARc Agonist-treated HCC Cells
Next, we explored possible alterations in the signaling

pathways that regulate the effects mediated by the PPARc
agonists. Intriguingly, we found that both 15d-PGJ2 and

rosiglitazone dramatically enhanced the phosphorylation of

AKT, and this PPARc agonist-induced activation of AKT

was attenuated by NAC in Huh7 cells (Figure 4A). A similar

phenomenon also occurred in SK-Hep1 cells (data not shown).

These data indicate that PPARc agonist-induced ROS caused

AKT hyperactivation. To examine the potential relationship

between AKT activation and ROS production, we used the

AKT inhibitor triciribine and the PI3K inhibitor LY294002 to

repress AKT activity, and we found that a dose- or time-

dependent repression of AKT phosphorylation was paralleled by

a gradual incremental change in NOX2 expression (Figure 4B

and C). Moreover, combinatorial treatment of Huh7 cells with

both 15d-PGJ2 and triciribine led to a higher level of

intracellular ROS than either treatment alone (Figure 4D).

Figure 2. Rosiglitazone treatment reduces pool size of the CD133+ cell fraction and inhibits tumor growth of Huh7 cells in vivo. GFP+

Huh7 cells (26106) were s.c. inoculated into nude mice. After 4 days, mice with tumors were treated daily with vehicle or rosiglitazone (100 mg/kg/
day) by ig for 12 days (n = 7 per group). A, Schematic outline of the experimental setup. B, Original images of xenograft tumors are shown (left
panel). Tumor weight was measured at the end of treatment (right panel). Each dot represents the weight of an individual xenograft tumor.
Horizontal bars represent the mean 6 SD (n = 7). ***, P,0.001. C, Tumor tissues from control and treated groups were enzymatically dissociated into
single-cell suspensions and GFP+ tumor cells were harvested by flow sorting and cultured in spheroid-forming medium for 7 days. A representative
photograph is shown (left panel). Scale bar = 100 mm. A summary bar graph (mean 6 SD) is shown in the right panel. *, P,0.05. D, The dissociated
single tumor cells from each mouse were stained with CD133-PE. The percentage of GFP+CD133+ cells was determined by flow cytometry.
Representative flow cytometry analysis profiles are shown (left panel). The proportion of CD133+ cells in GFP+ tumor cells is presented as the mean6
SD (right panel). ***, P,0.001.
doi:10.1371/journal.pone.0073038.g002

AKT Inhibition Sensitizes HCC to PPARc Agonists
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This synergistic effect was also observed in cells co-treated with

15d-PGJ2 and LY294002 (Figure 4E). We further confirmed our

observations using specific siRNAs against AKT1 and AKT2.

The siRNA against AKT1 further increased ROS induction in

the presence of 15d-PGJ2 (Figure 4F). The efficiency of AKT1

and AKT2 siRNAs at inhibiting total and phosphorylated AKT

expression was validated by Western blotting analysis (Figure 4F).

Taken together, these results suggest that PPARc agonist-

induced AKT activation modulated NOX2-mediated ROS

generation through negative feedback.

The AKT Inhibitor Triciribine Cooperates with PPARc
Agonists to Inhibit Cancer Stem Cell-like Phenotypes and
Tumor Growth
The aforementioned results prompted us to speculate that the

combined treatment of a PPARc agonist and an AKT inhibitor

may inhibit tumor growth more efficiently than either reagent

alone. We first evaluated whether triciribine increased the

sensitivity of HCC cells to PPARc agonist-induced apoptosis.

Indeed, in both Huh7 and SK-Hep1 cells, the combination of

triciribine with 15d-PGJ2 or rosiglitazone markedly enhanced the

induction of apoptosis compared with either alone (Figure 5A).

Interestingly, we found that combination treatment of Huh7 cells

Figure 3. PPARc agonist inhibits cancer stem cell-like properties through NOX2-mediated ROS generation. A, Isolated CD133+ Huh7
cells were treated with 15d-PGJ2 (0.5, 0.75 or 1.0 mg/ml) and NAC (10 mM) either alone or in combination, and the percentage of CD133+ cells was
detected by flow cytometry after 72 hours. B, Huh7 cells were treated with 0.5 mg/ml 15d-PGJ2 for the indicated times. The expression of mRNA of
NADPH oxidase genes (NOX2 and NOX4) was measured by quantitative RT-PCR. Data are means 6 S.E.M. (n = 3). ***, P,0.001. C, Huh7 cells were
treated with 0.5 mg/ml 15d-PGJ2 for 24 hours. The expression P22phox, P47phox, P67phox and Rac mRNA was determined by quantitative RT-PCR. *,
P,0.05; **, P,0.01. D, Huh7 and SK-Hep1 cells were treated with 0.5 mg/ml 15d-PGJ2 for the indicated times and total protein was extracted for
analysis of NOX2 expression. E, Huh7 cells were transiently transfected with negative control siRNA or NOX2 siRNA-3, after which cells were seeded
on ultra-low attachment culture dishes and cultured in spheroid-forming medium containing 15d-PGJ2 for 7 days. Number of spheroids formed is
shown as the means 6 S.E.M. (n = 3). *, P,0.05. F, Huh7 cells were transiently transfected with negative control siRNA or NOX2 siRNA-1. Cells were
treated with 0.5 mg/ml 15d-PGJ2 for 72 hours and stained with CD133-PE. Data are means 6 S.E.M. (n = 3). *, P,0.05; **, P,0.01.
doi:10.1371/journal.pone.0073038.g003
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with both 15d-PGJ2 and triciribine did not cause a further

decrease in the proportion of CD133+ cells compared with

treatment of 15d-PGJ2 alone. However, the combination treat-

ment was more effective at inhibiting cell proliferation in Huh7

cells compared with treatment of either individual agent alone

(Figure 5B), indicating that the combination treatment further

decreased the absolute number of CD133+ Huh7 cells. In the cells

treated with both 15d-PGJ2 and triciribine, we found that the

number of CD133+ cells was reduced by 70.9%, which was higher

than the 46.1% in 15d-PGJ2-treated cells (Figure 5C). Similarly,

Figure 4. Reciprocal regulation of ROS generation and AKT activation in PPARc agonist-treated Huh7 cells. A, Huh7 cells were
pretreated with NAC (10 mM) for 30 min followed by 15d-PGJ2 (0.5 mg/ml) for the additional indicated times (top panel). Huh7 cells were treated
with rosiglitazone (5, 20 or 50 mM) and NAC (10 mM) either alone or in combination for 6 hours (bottom panel). Total protein was extracted for
analysis of P-AKT, AKT, and GAPDH expression. B, Huh7 cells were treated with the AKT inhibitor triciribine for 3 hours and total protein was extracted
for analysis of NOX2, P-AKT, AKT, and GAPDH expression. C, Huh7 cells were treated with LY294002 (10 mM) for the indicated times, and the protein
level of NOX2 was examined by Western blotting analysis. D, Huh7 cells were treated with 15d-PGJ2 and triciribine either alone or in combination for
48 hours, after which they were labeled with DHE and analyzed by flow cytometry. Data are means 6 S.E.M. (n = 3). *, P,0.05; **, P,0.01. E, Huh7
cells were treated with 15d-PGJ2 and LY294002 either alone or in combination for 72 hours, after which they were labeled with DHE and analyzed by
flow cytometry. Data are means 6 S.E.M. (n = 3). *, P,0.05; **, P,0.01. F, Huh7 cells were transiently transfected with AKT1 siRNA and AKT2 siRNA
either alone or in combination, after which the cells were treated with 0.5 mg/ml 15d-PGJ2 for another 3 hours (left panel). The levels of P-AKT and
AKT proteins were measured by Western blotting analysis. Huh7 cells were transiently transfected with negative control siRNA or AKT1 siRNA, after
which cells were treated with 0.5 mg/ml 15d-PGJ2 for another 72 hours (right panel). Intracellular ROS production was analyzed by flow cytometry
(means 6 S.E.M, n = 3). *, P,0.05.
doi:10.1371/journal.pone.0073038.g004
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the number of CD133+ cells was reduced by 89.6% with

combination treatment of rosiglitazone and triciribine, higher

than the 37.5% with rosiglitazone treatment alone (Figure 5C). In

addition, combination treatment suppressed spheroid formation of

Huh7 cells more substantially than either 15d-PGJ2 or AKT

inhibitor alone (Figure 5D). These data indicate that AKT

inhibition by triciribine may have exacerbated the inhibitory

effects of PPARc agonists on the population of CD133+ cells by

directly inducing cell death.

Next, we evaluated the anti-tumor activity of the combination

therapy of rosiglitazone and triciribine in a mouse xenograft tumor

model. The mice inoculated with GFP+ Huh7 cells (26106) were

assigned to one of 4 groups: no treatment, rosiglitazone (100 mg/

kg/day, ig), triciribine (1 mg/kg/day, i.p.), or treatment with both

rosiglitazone and triciribine sequentially. To allow for concurrent

usage without exacerbating toxicity, rosiglitazone and triciribine

were administered intermittently. The treatment schedule is shown

in Figure 6A: rosiglitazone was given on days 6, 7, 10 and 11 and

triciribine, on days 4, 5, 8, 9, 12 and 13. The total amount of

rosiglitazone used in this setting was reduced by approximately

67% for each mouse compared with that used in the experiments

described in Figure 2. Indeed, during the course or at the end of

treatment, there was no significant difference in body weight

among the four experimental groups (data not shown), indicating

that there were no obvious toxic effects of the combination therapy

on the mice. After 10 days of treatment, the growth of Huh7

tumors was dramatically repressed in the group with combinato-

rial therapy (Figure 6B). The weight of the subcutaneous

xenografts in the mice with sequential combination treatment

was significantly decreased compared with those in the other 3

groups (Figure 6C). In addition, the proportion of GFP+CD133+

tumor cells in the xenotransplants was examined via FACS

Figure 5. AKT inhibition facilitates the PPARc agonist-mediated inhibitory effects on HCC cells in vitro. A, Huh7 and SK-Hep1 cells were
treated with 15d-PGJ2, rosiglitazone and triciribine either alone or in combination. The percentage of apoptotic cells was evaluated 48 hours later by
Annexin V-FITC/7-AAD staining. Data are means 6 S.E.M. (n = 3). *, P,0.05; **, P,0.01; ***, P,0.001. B, Huh7 cells were treated with 15d-PGJ2 and
triciribine either alone or in combination. The percentages of CD133+ cells and BrdU positive cells were analyzed 48 hours later. Quantitative data are
the means 6 S.E.M. (n = 3). ***, P,0.001. C, Huh7 cells were treated with 15d-PGJ2 and triciribine either alone or in combination (left panel). Huh7
cells were treated with rosiglitazone and triciribine either alone or in combination (right panel). The number of CD133+ cells was evaluated 72 hours
later. Data are the means 6 S.E.M. (n = 3). *, P,0.05; **, P,0.01. D, Huh7 cells were cultured in spheroid-forming medium containing 15d-PGJ2 and
triciribine either alone or in combination for 7 days, after which spheroid formation was examined. Representative microscopic pictures are shown
(left panel). Scale bar = 100 mm. Quantitative bar graphs (means 6 S.E.M., n = 3) are shown (right panel). *, P,0.05.
doi:10.1371/journal.pone.0073038.g005
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analysis. Notably, although treatment with rosiglitazone alone did

not decrease tumor size, possibly owing to the short period of

treatment, the proportion of CD133+ cells in GFP+ tumor cells still

significantly declined. Importantly, we did observe a decreased

percentage of CD133+ cells in tumor tissues of the group receiving

combination therapy (Figure 6D). Collectively, combination

treatment of rosiglitazone and triciribine synergistically restrained

the pool size of CD133+ tumor cells and inhibited tumor growth of

HCC Huh7 cells.

Discussion

Tumor-initiating cells are a subset of cancer cells that exhibit

stem cell-like features, such as self-renewal and the capability to

differentiate [37]. Evidence for the existence of TICs has been

increasingly identified in many cancer types, including breast,

brain, skin, prostate, colon and liver cancers [37–39]. Using

lineage tracing techniques, researchers have recently provided the

first hard evidence that TICs exist and can be induced de novo

during tumor formation; more importantly, such cells have been

shown to be a legitimate therapeutic target [40–42].

In the present study, we demonstrated that PPARc agonists

promoted the differentiation of CD133+ cells into CD1332 cells

and inhibited the stem cell-like properties of HCC cells. This effect

of PPARc agonists on HCC TICs was dependent on NOX2-

mediated ROS generation. Our results find the support from the

previous study showing that TICs or cancer stem cells usually have

lower levels of ROS compared with corresponding non-tumori-

genic cells [43]. Because the effects of ROS are determined by the

balance between production and detoxification of ROS in cells, it

is still unclear whether PPARc agonists could regulate the levels of

detoxifying enzymes, such as superoxide dismutase, catalase, and

glutathione peroxidase, in HCC cells. Nevertheless, our present

study clearly indicates that oxidative stress induced by PPARc
agonists is mainly responsible for the inhibition of the subpopu-

lation of TICs in HCC cells.

Figure 6. The combined treatment of rosiglitazone and triciribine synergistically represses tumor growth in vivo. GFP-expressing
Huh7 cells (26106) were subcutaneously injected into nude BALB/c mice (n = 5 per group). After 4 days of tumor implantation, the animals were
treated with rosiglitazone (Rosig, 100 mg/kg/day, ig), triciribine (1 mg/kg/day, i.p.), or the sequential combination of the drugs and then euthanized
10 days later. A, Schematic outline of the experimental setup. B, Original images of tumors from control and treated groups. C, Tumor weight was
measured at the end of treatment. Each dot represents weight of an individual xenograft tumor. Horizontal bars represent the mean6 SD. *, P,0.05.
D, Tumor tissues from control and treated groups were enzymatically dissociated into single-cell suspensions and stained with CD133-PE. The
percentage of GFP+CD133+ cells was determined by flow cytometry. Data are mean 6 SD. *, P,0.05; **, P,0.01. E, Schematic illustration of a
negative feedback loop between oxidative stress and AKT hyperactivation in PPARc agonist-treated cells.
doi:10.1371/journal.pone.0073038.g006
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Moreover, our observations indicate that PPARc agonist-

induced ROS generation enhanced AKT phosphorylation, which

significantly impaired the inhibitory effect of PPARc agonists on

cell proliferation and the stem cell-like phenotype of HCC cells.

More importantly, AKT hyperactivation, as a feedback regulator,

negatively modulated intracellular ROS production induced by

PPARc agonists. Previous study has shown that increased levels of

phosphorylated AKT (Ser437) may contribute to reductions of

putative death-promoting dPKC activity [44]. PKC, as key

regulator of NADPH oxidases, has an important function in

ROS generation. Inhibition of PKC leads to decreased expression

of NOX2 and NOX4 mRNAs [45]. Thus, whether PKC

participates in AKT-inhibited regulation of NOX2 expression in

HCC cells requires further investigation. Furthermore, the

activation of AKT that functions as a compensatory prosurvival

mechanism in rat hepatocytes in response to oxidative stimuli, can

suppress ROS production by inhibiting function of pro-apoptotic,

prooxidative Rac1 GTPase [46], which is necessary for activation

of NOX2. Interestingly, another study suggested that 15d-PGJ2
induces apoptosis through ROS-mediated inactivation of AKT in

leukemia and colorectal cancer cells [33]. The different function of

ROS on activation of AKT may due to the application in different

type cells. In this paper, our data were validated by the observation

that cotreatment of PPARc agonists and the AKT inhibitor

triciribine strongly sensitized HCC cells to apoptosis and inhibited

their cancer stem cell-like phenotype. These results are consistent

with the report that the preferential expression of AKT/PKB

renders CD133+ HCC cells resistant to chemotherapy [47].

Notably, the AKT inhibitor triciribine alone had a cytostatic

effect on tumor cells but did not preferentially inhibit CD133+

tumor-initiating cells, whereas the PPARc agonist rosiglitazone

selectively targeted HCC TICs. More importantly, disruption of

the feedback counterbalance mediated by AKT hyperactivation

further potentiated ROS-mediated damage induced by PPARc
agonists in HCC cells. Therefore, we propose that combination

treatment of a PPARc agonist and triciribine may constitute a

more effective strategy for HCC therapy. Indeed, conclusive

results obtained from the in vivo experiments demonstrated that

combination treatment of rosiglitazone and triciribine dramatical-

ly impeded the growth of HCC compared with either treatment

alone.

In conclusion, our study showed that PPARc agonists repressed

the stem cell-like phenotype of HCC via NOX2-mediated

oxidative stress; this effect, however, was partially attenuated by

the activation of AKT, indicating a negative feedback loop

between oxidative stress and AKT hyperactivation during a

PPARc agonist-mediated suppressive event (Figure 6E). Combi-

nation treatment with the PPARc agonist rosiglitazone and the

AKT inhibitor triciribine synergistically inhibited the HCC stem

cell-like phenotype and tumor growth in vivo. These findings raise

the possibility that the combined administration of rosiglitazone

and triciribine could prove to be of therapeutic importance for the

clinical treatment of HCC.

Supporting Information

Figure S1 Inhibitory effects of 15d-PGJ2 on cell prolif-
eration and the stem cell-like phenotype of HCC cells. A,
Huh7, SK-Hep1, SMMC 7721 and Hep3B cells were treated with

0.5 mg/ml 15d-PGJ2 for 24 hours. The expression of stemness-

related genes was evaluated by quantitative RT-PCR analysis.

Data are means 6 S.E.M. (n = 3). B, Huh7 cells were treated with

0.5 mg/ml 15d-PGJ2 for 48 hours. The percentage of apoptotic

cells was evaluated by Annexin V-FITC/7-AAD staining. Data

are the means 6 S.E.M. (n = 3).

(TIF)

Figure S2 PPARc promotes ROS generation to inhibit
stem cell-like properties in HCC cells. A, Huh7 and SK-

Hep1 cells were treated with 15d-PGJ2 and NAC either alone or

in combination for 72 hours, after which they were labeled with

DHE and analyzed by flow cytometry. Columns, means (n = 3);

bars, S.E.M. *, P,0.05; **, P,0.01, versus control cells. B, Huh7

cells were cultured in spheroid-forming medium with 15d-PGJ2
(1 mg/ml) and NAC (10 mM) either alone or in combination for 7

days, after which spheroid formation was examined. Scale

bar = 100 mm. C, Isolated CD133+ Huh7 cells and SK-Hep1

cells were treated with 15d-PGJ2 (0.5 mg/ml) and NAC (10 mM)

either alone or in combination for 24 hours. The expression of

stemness-related genes was measured by quantitative RT-PCR.

Data shown represent the means 6 S.E.M (n= 3).

(TIF)

Figure S3 PPARc is partially involved in 15d-PGJ2-
induced ROS generation. A, Huh7 cells were transfected with

negative control siRNA or PPARc siRNA-1 or siRNA-2. After 24

hours, total protein was extracted for analysis of PPARc and

GAPDH expression. B, Huh7 cells were transfected with negative

control siRNA or PPARc siRNA-1, after which cells were treated

with 0.5 mg/ml 15d-PGJ2. Intracellular ROS production was

analyzed 72 hours later by flow cytometry (means6 S.E.M, n= 3).

*, P,0.05; **, P,0.01.

(TIF)

Figure S4 15d-PGJ2 induces the generation of ROS
through NOX2. A, Huh7 and SK-Hep1 cells were transiently

transfected with negative control siRNA or NOX2 siRNAs

(NOX2 siRNA-1 or NOX2 siRNA-3), after which cells were

treated with 0.5 mg/ml 15d-PGJ2 for another 72 hours. Intracel-

lular ROS production was analyzed by flow cytometry (means 6

S.E.M, n= 3). *, P,0.05; **, P,0.01. B, Huh7 cells were

transfected with negative control siRNA or NOX2 siRNA-1, -2 or

-3 for 24 hours, after which total protein was extracted for analysis

of NOX2 and GAPDH expression. C, Huh7 cells were transfected

with negative control siRNA or NOX2 siRNA-1, -2 or -3. The

expression of NOX2 mRNA was measured 24 hours later by

quantitative RT-PCR. Data are means 6 S.E.M. (n = 3).

(TIF)

Table S1 List of the primers for RT-PCR.

(PDF)

Table S2 List of the sequences for siRNA.

(PDF)

Author Contributions

Conceived and designed the experiments: YL LL ZY. Performed the

experiments: LL ZY YX JL DX LZ JS SX. Analyzed the data: YL LL ZY.

Wrote the paper: YL LL ZY. Study supervision: YL FZ.

References

1. Parkin DM, Bray F, Ferlay J, Pisani P (2005) Global cancer statistics, 2002. CA

Cancer J Clin 55: 74–108.

2. Tung-Ping Poon R, Fan ST, Wong J (2000) Risk factors, prevention, and

management of postoperative recurrence after resection of hepatocellular

carcinoma. Ann Surg 232: 10–24.

AKT Inhibition Sensitizes HCC to PPARc Agonists

PLOS ONE | www.plosone.org 10 August 2013 | Volume 8 | Issue 8 | e73038



3. Ding W, Mouzaki M, You H, Laird JC, Mato J, et al. (2009) CD133+ liver

cancer stem cells from methionine adenosyl transferase 1A-deficient mice

demonstrate resistance to transforming growth factor (TGF)-beta-induced

apoptosis. Hepatology 49: 1277–1286.

4. Lee TK, Castilho A, Cheung VC, Tang KH, Ma S, et al. (2011) CD24(+) liver
tumor-initiating cells drive self-renewal and tumor initiation through STAT3-

mediated NANOG regulation. Cell Stem Cell 9: 50–63.

5. Ma S, Chan KW, Hu L, Lee TK, Wo JY, et al. (2007) Identification and

characterization of tumorigenic liver cancer stem/progenitor cells. Gastroen-

terology 132: 2542–2556.

6. Ma S, Tang KH, Chan YP, Lee TK, Kwan PS, et al. (2010) miR-130b

Promotes CD133(+) liver tumor-initiating cell growth and self-renewal via tumor

protein 53-induced nuclear protein 1. Cell Stem Cell 7: 694–707.

7. Tang KH, Ma S, Lee TK, Chan YP, Kwan PS, et al. (2012) CD133(+) liver
tumor-initiating cells promote tumor angiogenesis, growth, and self-renewal

through neurotensin/interleukin-8/CXCL1 signaling. Hepatology 55: 807–820.

8. Yang W, Wang C, Lin Y, Liu Q, Yu LX, et al. (2012) OV6(+) tumor-initiating

cells contribute to tumor progression and invasion in human hepatocellular

carcinoma. J Hepatol 57: 613–620.

9. Yin S, Li J, Hu C, Chen X, Yao M, et al. (2007) CD133 positive hepatocellular

carcinoma cells possess high capacity for tumorigenicity. Int J Cancer 120:

1444–1450.

10. Sell S, Leffert HL (2008) Liver cancer stem cells. J Clin Oncol 26: 2800–2805.

11. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, et al. (2008) Sorafenib in

advanced hepatocellular carcinoma. N Engl J Med 359: 378–390.

12. Yau T, Chan P, Ng KK, Chok SH, Cheung TT, et al. (2009) Phase 2 open-label

study of single-agent sorafenib in treating advanced hepatocellular carcinoma in

a hepatitis B-endemic Asian population: presence of lung metastasis predicts

poor response. Cancer 115: 428–436.

13. Robbins GT, Nie D (2012) PPAR gamma, bioactive lipids, and cancer

progression. Front Biosci 17: 1816–1834.

14. Zhang F, Lu Y, Zheng S (2012) Peroxisome proliferator-activated receptor-

gamma cross-regulation of signaling events implicated in liver fibrogenesis. Cell

Signal 24: 596–605.

15. Charytonowicz E, Terry M, Coakley K, Telis L, Remotti F, et al. (2012)

PPARgamma agonists enhance ET-743-induced adipogenic differentiation in a

transgenic mouse model of myxoid round cell liposarcoma. J Clin Invest 122:

886–898.

16. Choudhary R, Li H, Winn RA, Sorenson AL, Weiser-Evans MC, et al. (2010)

Peroxisome proliferator-activated receptor-gamma inhibits transformed growth

of non-small cell lung cancer cells through selective suppression of Snail.

Neoplasia 12: 224–234.

17. Maniati E, Bossard M, Cook N, Candido JB, Emami-Shahri N, et al. (2011)

Crosstalk between the canonical NF-kappaB and Notch signaling pathways

inhibits Ppargamma expression and promotes pancreatic cancer progression in

mice. J Clin Invest 121: 4685–4699.

18. Michalik L, Desvergne B, Wahli W (2004) Peroxisome-proliferator-activated

receptors and cancers: complex stories. Nat Rev Cancer 4: 61–70.

19. Min KW, Zhang X, Imchen T, Baek SJ (2012) A peroxisome proliferator-

activated receptor ligand MCC-555 imparts anti-proliferative response in

pancreatic cancer cells by PPARgamma-independent up-regulation of KLF4.

Toxicol Appl Pharmacol 263: 225–232.

20. Sarraf P, Mueller E, Jones D, King FJ, DeAngelo DJ, et al. (1998) Differentiation

and reversal of malignant changes in colon cancer through PPARgamma. Nat

Med 4: 1046–1052.

21. Cerbone A, Toaldo C, Minelli R, Ciamporcero E, Pizzimenti S, et al. (2012)

Rosiglitazone and AS601245 decrease cell adhesion and migration through

modulation of specific gene expression in human colon cancer cells. PLoS One

7: e40149.

22. Lyles BE, Akinyeke TO, Moss PE, Stewart LV (2009) Thiazolidinediones

regulate expression of cell cycle proteins in human prostate cancer cells via

PPARgamma-dependent and PPARgamma-independent pathways. Cell Cycle

8: 268–277.

23. Shen B, Chu ES, Zhao G, Man K, Wu CW, et al. (2012) PPARgamma inhibits

hepatocellular carcinoma metastases in vitro and in mice. Br J Cancer 106:

1486–1494.

24. Yu J, Shen B, Chu ES, Teoh N, Cheung KF, et al. (2010) Inhibitory role of

peroxisome proliferator-activated receptor gamma in hepatocarcinogenesis in
mice and in vitro. Hepatology 51: 2008–2019.

25. Pestereva E, Kanakasabai S, Bright JJ (2012) PPARgamma agonists regulate the

expression of stemness and differentiation genes in brain tumour stem cells.
Br J Cancer 106: 1702–1712.

26. Dong RC. (1989) Establishment of a human hepatocarcinoma cell line SMMC-
7721 and in itial observations on its biologic characteristics. In: Tang ZY, Wu

MC, Xia SS, editors. Primary liver cancer. Berlin: Springer. 145–153.

27. Yang Z, Zhang L, Ma A, Liu L, Li J, et al. (2011) Transient mTOR inhibition
facilitates continuous growth of liver tumors by modulating the maintenance of

CD133+ cell populations. PLoS One 6: e28405.
28. Kohga K, Tatsumi T, Takehara T, Tsunematsu H, Shimizu S, et al. (2010)

Expression of CD133 confers malignant potential by regulating metalloprotei-
nases in human hepatocellular carcinoma. J Hepatol 52: 872–879.

29. You H, Ding W, Rountree CB (2010) Epigenetic regulation of cancer stem cell

marker CD133 by transforming growth factor-beta. Hepatology 51: 1635–1644.
30. Person EC, Waite LL, Taylor RN, Scanlan TS (2001) Albumin regulates

induction of peroxisome proliferator-activated receptor-gamma (PPARgamma)
by 15-deoxy-delta(12–14)-prostaglandin J(2) in vitro and may be an important

regulator of PPARgamma function in vivo. Endocrinology 142: 551–556.

31. Prakash J, Bansal R, Post E, de Jager-Krikken A, Lub-de Hooge MN, et al.
(2009) Albumin-binding and tumor vasculature determine the antitumor effect

of 15-deoxy-Delta-(12,14)-prostaglandin-J(2) in vivo. Neoplasia 11: 1348–1358.
32. Bruedigam C, Eijken M, Koedam M, van de Peppel J, Drabek K, et al. (2010) A

new concept underlying stem cell lineage skewing that explains the detrimental
effects of thiazolidinediones on bone. Stem Cells 28: 916–927.

33. Shin SW, Seo CY, Han H, Han JY, Jeong JS, et al. (2009) 15d-PGJ2 induces

apoptosis by reactive oxygen species-mediated inactivation of Akt in leukemia
and colorectal cancer cells and shows in vivo antitumor activity. Clin Cancer

Res 15: 5414–5425.
34. Lambeth JD (2004) NOX enzymes and the biology of reactive oxygen. Nat Rev

Immunol 4: 181–189.

35. Owusu-Ansah E, Banerjee U (2009) Reactive oxygen species prime Drosophila
haematopoietic progenitors for differentiation. Nature 461: 537–541.

36. Alexandre J, Hu Y, Lu W, Pelicano H, Huang P (2007) Novel action of
paclitaxel against cancer cells: bystander effect mediated by reactive oxygen

species. Cancer Res 67: 3512–3517.
37. Visvader JE, Lindeman GJ (2008) Cancer stem cells in solid tumours:

accumulating evidence and unresolved questions. Nat Rev Cancer 8: 755–768.

38. Gilbertson RJ, Graham TA (2012) Cancer: Resolving the stem-cell debate.
Nature 488: 462–463.

39. Gires O, Klein CA, Baeuerle PA (2009) On the abundance of EpCAM on
cancer stem cells. Nat Rev Cancer 9: 143; author reply 143.

40. Chen J, Li Y, Yu TS, McKay RM, Burns DK, et al. (2012) A restricted cell

population propagates glioblastoma growth after chemotherapy. Nature 488:
522–526.

41. Driessens G, Beck B, Caauwe A, Simons BD, Blanpain C (2012) Defining the
mode of tumour growth by clonal analysis. Nature 488: 527–530.

42. Schepers AG, Snippert HJ, Stange DE, van den Born M, van Es JH, et al. (2012)
Lineage Tracing Reveals Lgr5+ Stem Cell Activity in Mouse Intestinal

Adenomas. Science 337: 730–735.

43. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, et al. (2009) Association of
reactive oxygen species levels and radioresistance in cancer stem cells. Nature

458: 780–783.
44. Gao X, Zhang H, Takahashi T, Hsieh J, Liao J, et al. (2008) The Akt signaling

pathway contributes to postconditioning’s protection against stroke; the

protection is associated with the MAPK and PKC pathways. J Neurochem
105: 943–955.

45. Chai D, Wang B, Shen L, Pu J, Zhang XK, et al. (2008) RXR agonists inhibit
high-glucose-induced oxidative stress by repressing PKC activity in human

endothelial cells. Free Radic Biol Med 44: 1334–1347.

46. Ozaki M, Haga S, Zhang HQ, Irani K, Suzuki S (2003) Inhibition of hypoxia/
reoxygenation-induced oxidative stress in HGF-stimulated antiapoptotic signal-

ing: role of PI3-K and Akt kinase upon rac1. Cell Death Differ 10: 508–515.
47. Ma S, Lee TK, Zheng BJ, Chan KW, Guan XY (2008) CD133+ HCC cancer

stem cells confer chemoresistance by preferential expression of the Akt/PKB
survival pathway. Oncogene 27: 1749–1758.

AKT Inhibition Sensitizes HCC to PPARc Agonists

PLOS ONE | www.plosone.org 11 August 2013 | Volume 8 | Issue 8 | e73038


