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The effect of extended exposure of the cancer cells to nitric oxide (NO), an 

endogenous mediator frequently found to be increased in a tumor area is largely 

unknown. We have reported herein that long-term NO exposure for 7-14 days rendered 

the lung cancer cells resistant to chemotherapeutic agents namely cisplatin, doxorubicin, 

and etoposide, and enhanced migratory activity of lung cancer cells. For 

chemotherapeutic resistance, the underlying mechanism was found to be involved with 

the adaptive responses of the cells by increasing their survival mechanisms including 

increase in the levels of caveolin-1 (Cav-1) and anti-apoptotic Bcl-2, and up-regulation 

of phosphorylated Akt. In addition, the present study found that long-term treatment of 

NO significantly enhances cell migration in dose- and time-dependent manners. The 

increased migratory action was associated with the increased levels of caveolin-1 (Cav-

1) which in turn phosphorylated focal adhesion kinase (FAK) and ATP-dependent 

tyrosine kinase (Akt) pathways. These findings reveal the novel role of NO presenting in 



the cancer environment in attenuating chemotherapeutic susceptibility and increased 

motility that may be beneficial in contriving strategies to treat the disease.    
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1.  (nitric oxide) 

 (cancer cell aggressiveness)   

(metastasis)  

2.    

  (metastasis)  

 

 

 

Cells and reagents 

 

 2   H460  H23  American Type Culture 

Collection (Manassas, VA).  RPMI 1640   5% fetal 

bovine serum, 2 mM L-glutamine,  100 units/mL penicillin/streptomycin 

  5% CO2 environment  37°C.   

 

  Lactacystin (LAC)  MG 132  dimethysulfoxide (DMSO)  Sigma 

Chemical, Inc. (St. Louis, MO)  propidium iodide (PI)  Hoechst 33342 

 Molecular Probes, Inc. (Eugene, OR)  rabbit Cav-1 antibody  rabbit Mcl-1 

antibody mouse monoclonal ubiquitin antibody mouse monoclonal Cav-1 antibody  

peroxidase-conjugated secondary antibody  Abcam (Cambridge, MA) 

 MitoTracker Red CMXRos  Alexa Fluor 350 goat anti-mouse IgG (H+L)  Alexa Fluor 

488 goat anti-rabbit IgG (H+L)  Lipofectamine 2000  Invitrogen 

(Carlsbad, CA)  Antibody for ubiquitin  protein G-agarose bead  and -actin 

antibody  Santa Cruz Biotechnology (Santa Cruz, CA). 

 

 

 

1. 

   

 

 



  MTT assay 

  annexin V-FITC  propidium iodide (PI)  

fluorescence microscopy  flow cytometer  

 Hoechst 33342 apoptosis assay  

fluorescence microscope 

 condensed  fragmented nuclei 

 

  

2.  cancer cell aggressiveness   

transfection   cancer 

cell aggressiveness  

 

 transfect  expression plasmid   

Caveolin-1 Bcl-2  Mcl-1  60-70% confluence 

transfection  lipofectamin reagents  transfection  3 

 Stable transfected cell lines  

transfection  selective antibiotic  plasmid  

 28     

Western blot analysis  protein  

 invasion, migration, chemotherapeutic resistance  

anchorage-independent growth  

 

 Western blot analysis 

 

 transfection  

 lysis buffer  20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 150 mM 

sodium chloride, 10% glycerol, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 

100 mM phenylmethylsulfonyl fluoride, and a commercial protease inhibitor cocktail 

(Roche Molecular Biochemicals)  30 min   

 denatured  Laemmli loading buffer  load  10% SDS-

polyacrylamide gel electrophoresis  separation   transfer  

0.45 M nitrocellulose membranes  block  1   5% nonfat dry milk in 

TBST (25 mM Tris-HCl (pH 7.5), 125 mM NaCl, 0.05% Tween 20) 

  antibody   

chemiluminescence method 



 

4.  

 

 

   

  XTT  MTT 

assay  microplate reader   

annexin V-FITC  propidium iodide (PI)  fluorescence 

microscopy  flow cytometer  

 Hoechst 33342 apoptosis assay  fluorescence 

microscope 

 

5.  

 Western blotting 

 

  Bcl-2, Bcl-XL, 

Bax, p53, Mcl-1, cytochrome c  caspases   invade  

MMP  invade  growth in detachment condition 

 signaling pathway  cancer cell aggressiveness  

  lysis buffer  20 mM Tris-HCl (pH 7.5), 1% 

Triton X-100, 150 mM sodium chloride, 10% glycerol, 1 mM sodium orthovanadate, 50 

mM sodium fluoride, 100 mM phenylmethylsulfonyl fluoride, and a commercial protease 

inhibitor cocktail (Roche Molecular Biochemicals)  30 min  

denatured  Laemmli loading buffer  load  10% SDS-polyacrylamide 

gel electrophoresis  separation   transfer  0.45 M 

nitrocellulose membranes  block  1   5% nonfat dry milk in TBST 

(25 mM Tris-HCl (pH 7.5), 125 mM NaCl, 0.05% Tween 20) 

  antibody   

 

6.  binding  interaction  Immunoprecipitation 

 

  lysis buffer  20 mM Tris-HCl (pH 

7.5), 1% Triton X-100, 150 mM sodium chloride, 10% glycerol, 1 mM sodium 

orthovanadate, 50 mM sodium fluoride, 100 mM phenylmethylsulfonyl fluoride, and a 

commercial protease inhibitor cocktail (Roche Molecular Biochemicals)  30 min  



supernatant   antibody 

 protein G plus-agarose beads  4   precipitated immune complexes 

 5  ice-cold lysis buffer  Laemmli sample buffer 

 95°C  5   Immune complexes  separated  10% SDS-PAGE 

 Western blotting  antibody  

 

7.  Colony formation assay 

 

Anchorage-independent growth  

  single-cell suspension  RPMI 10% FBS 

 0.6% low melting temperature agarose  3  

 4  colony  

 trypan blue staining assay 

 

8.   

 

 Ubiquitin- Proteasomal degradation 

 immunoprecipitation   

lysosomal degradation pathway 

   

 

9. Statistical analysis 

 

 Western Blot analysis  Mean densitometry data 

 3    absorbance  fluorescence intensity 

 mean  normalize   

mean  3  analyzed  the Student’s t test  

significance level  p < 0.05. 
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1.1.  

  

 

 

   H460 

 DETA NONOate  (0-200  

( M))  3  

 apoptosis  necrosis  DETA 

NONOate  0 – 25  

 H460  0-72   cell proliferation 

 cell viability  

 apoptosis  necrosis 

 

 

 



 
 

 

 

 1  (DPTA NONOate)  

0-200 M  0-72   H460  

 A  MTT assay  B  C 

 Hoescht 33342  PI staining assay 

 

 

 

 

 

 

 

 



1.2      

 

 

 2   7-14   7 

 14   apoptosis  necrosis 

 3    Cisplatin Doxorubicin  

Etoposide  24   

 

 7  14 

 3    cytotoxicity 

 apoptosis  

  

 

 

 Cisplatin   

 7  14   cisplatin 

 0-100 M  24 

 MTT assay  apoptosis  necrosis  

Hoechst33342/Propidium Iodide staining assay  Annexin-V staining assay 

 Flow cytometry 

 cisplatin  (  2) 

 

 

 



 
 

 

 2  7  14 

 cisplatin  A  MTT 

assay  B  C  Hoescht 33342  PI 

staining assay  D  apoptosis  Anexxin-V 

staining  flowcytometry 

 



 Doxorubicin   

 7  14   

Doxorubicin  0-5 M  24 

 MTT assay  apoptosis  necrosis 

 Hoechst33342/Propidium Iodide staining assay  Annexin-V staining assay 

 Flow cytometry 

 Doxorubicin  (  3) 

 

 

 
 

 



 3  7  14 

 Doxorubicin  

 A  MTT assay  B  C 

 Hoescht 33342  PI staining assay  D 

 apoptosis  Anexxin-V staining  flowcytometry 

 

 

 

 Etoposide   

 7  14   

Etoposide  0-50 M  24 

 MTT assay  apoptosis  necrosis 

 Hoechst33342/Propidium Iodide staining assay  Annexin-V staining assay 

 Flow cytometry 

 Etoposide  (  4) 
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 Etoposide  A  MTT 

assay  B  C  Hoescht 33342  PI 

staining assay  D  apoptosis  Anexxin-V 

staining  flowcytometry 

 

 

 

 



1.3      

 

 7-14   

    phosphorylated Akt  total Akt Mcl-1 Bcl-2 

Caveolin-1   

 

  7  14 

 

 (survival pathway)   Phosphorylated Akt 

 Akt  (Acitivated Akt)  

Total Akt  

 apoptosis  Bcl-2 

 Bcl-2   Caveolin-1 

  7-14  (  5) 
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 apoptosis   
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 western blot analysis   
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3.  Caveolin-1 

 

 

3.1  Caveolin-1   

 

 Caveolin-1  

 Caveolin-1 

  

  

 

 Caveolin-1 

 (anoikis)   H460  transfection  

Caveolin-1 overexpressing plasmid  ShRNA-Caveolin-1 plasmid  control plasmid 

   

  

 XTT assay  0-24   

 

 

H460   6 

   transfection  Caveolin-1 

overexpressing plasmid  

 caveolin-1  transfection  ShRNA Caveolin-

1 plasmid   

caveolin-1  (  8) 

 

 



 
 

 8  Caveolin-1  H460  A 

 Caveolin-1  western blot analysis  B 

 C  apoptosis    

 

 

 

 

 

 

 

 

 



3.2  Caveolin-1  

Mcl-1  

 

 Mcl-1 

  Caveolin-1  Mcl-1  

western blot analysis   

Caveolin-1  Mcl-1  (  9)  

 2  2 

 (  10) 

 

 

 
 

 

 9  Caveolin-1  Mcl-1 

 H460 

 
 

 10  Caveolin-1  Mcl-1 

 H460 

 



3.3  Caveolin-1  Mcl-1  

 

 2  

  Caveolin-1  Mcl-1 

   Caveolin-1 

 scaffolding protein    

  Mcl-1  anti-apoptotic protein 

 anoikis    immunoprecipitation assay 

 immunocytochemistry  caveolin-1  interact  

Mcl-1  (  11  12) 

 

 

 

 
 

 11  co-localization  Caveolin-1  Mcl-1 

immunocytochemistry 

 



 
 

 12  Interaction  Caveolin-1  Mcl-1  

Immunoprecipitation assay 

 

 

3.4  Caveolin-1  Mcl-1  ubiquitin-proteasomal 

degradation pathway 

 

 interaction  Caveolin-1  Mcl-1  11  12  

 Caveolin-1  Mcl-1  

 Mcl-1  half-life  ubiquitin-

proteasomal degradation    Caveolin-1 

 Mcl-1  

 Mcl-1  proteasomal degradation pathway (  13)  

proteasome inhibitor (Lactacystin (LAC)  MG132)  Mcl-

1   

 Mcl-1    Mcl-1-ubiquitin complex 

 



 
 

 
 

 

 13  Interaction  Caveolin-1  Mcl-1  

Mcl-1  proteasomal pathway 

 

 

 

 

 

 

 



 Mcl-1 

  Mcl-1-ubiquitin complex  Caveolin-1 

  Caveolin-1  transfection  Caveolin-1 –

overexpressing plasmid  Caveolin-1  transfection 

 ShRNA-Caveolin-1 plasmid   Caveolin-1 

 Mcl-1  Caveolin-1  Mcl-1 

 ubiquitin-proteasomal degradation  

 Mcl-1  anoikis  
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 (Apoptosis)  (Detachment) 

 (2) 

 (3)  
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)  Caveolin-1  

 Caveolin-1  proteasomal degradation 

pathway 

 1  

 (7-

14 )   

 

 

 Caveolin-1 (4-7)  Mcl-1 (8) 



 caveolin-1  

 Caveolin-1  anoikis 

 Mcl-1  

 H460  

 6    

transfection  Caveolin-1 overexpression plasmid 

  caveolin-1  transfection  ShRNA 

Caveolin-1 plasmid   caveolin-1 

 

 

 

  

 

(9-10)  

  7-14  (cell survival 

mechanims)  phosphorylated Akt  Bcl-2  ceveolin-1 

 cisplatin doxorubicin  

etoposide    

   

 

 migration  invasion  

 Caveolin-1 

 apoptosis  oxidative stress 

 Caveolin-1  transfection  Caveolin-1 

overexpressing plasmid  Hydrogen peroxide 

 ShRNA Caveolin-1 transfection 

 caveolin-1  oxidative stress 

 (11) 

 reactive oxygen species  cancer microenvironment  

 

 Caveolin-1   

Cisplatin  



    cisplatin 

 reactive oxygen species  

 caveolin-1  

 anoikis  (12) 

 

 (7-14 ) 

 pathway 
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Ouabain downregulates Mcl-1 and sensitizes lung cancer cells
to TRAIL-induced apoptosis
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Chanvorachote P, Pongrakhananon V. Ouabain downregulates
Mcl-1 and sensitizes lung cancer cells to TRAIL-induced apoptosis.
Am J Physiol Cell Physiol 304: C263–C272, 2013. First published
November 21, 2012; doi:10.1152/ajpcell.00225.2012.—Resistance to
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a
prerequisite for cancer progression, and TRAIL resistance is prevalent
in lung cancer. Ouabain, a recently identified human hormone, has
shown therapeutic promise by potentiating the apoptotic response of
metastatic lung cancer cells to TRAIL. Nontoxic concentrations of
ouabain are shown to increase caspase-3 activation, poly(ADP-ribose)
polymerase (PARP) cleavage, and apoptosis of H292 cells in response
to TRAIL. While ouabain had a minimal effect on c-FLIP, Bcl-2, and
Bax levels, we show that it possesses an ability to downregulate the
antiapoptotic Mcl-1 protein. The present study also reveals that the
sensitizing effect of ouabain is associated with its ability to generate
reactive oxygen species (ROS), and hydrogen peroxide is identified as
the principle ROS triggering proteasomal Mcl-1 degradation. In sum-
mary, our results indicate a novel function for ouabain in TRAIL-
mediated cancer cell death through Mcl-1 downregulation, thereby
providing new insight into a potential lung cancer treatment as well as
a better understanding of the physiological activity of ouabain.

ouabain; lung cancer; TRAIL; Mcl-1

THE APOPTOSIS OF CANCER CELLS in response to tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), also known
as TNF10 and Apo-2 ligand, plays a key role in the inhibition
of tumor initiation and disease progression (24). While pre-
serving normal cells, TRAIL selectively induces apoptosis in
tumor cells, thereby eliminating only the unwanted and harm-
ful cells and thus gaining increasing interest in the cancer
research field (1, 3, 12). This ligand is shown to bind with
TRAIL-R1[or death receptor 4 (DR4)] and TRAIL-R2 (or
DR5), and such binding turns on the apoptotic machinery of
the cell through the activation of procaspases-8 and -10 (1, 8).
Previous studies have noted that increases in TRAIL-R1 and
TRAIL-R2 on the membranes of cancer cells are strongly
associated with the rate of apoptosis, whereas the lack of such
receptors facilitates malignancy (38).

However, a substantial number of cancer cells exhibit a low
response to TRAIL, resulting in the progression of disease (18,
38). In addition, researchers have demonstrated that the re-
peated exposure of TRAIL-sensitive cancer cells to TRAIL can
result in acquired resistance (36). In certain cancers, a very low
level of TRAIL-R1 and TRAIL-R2 has been observed and is
believed to be a cause of low cell susceptibility to TRAIL (39).
Additionally, high levels of cellular antiapoptotic proteins have

been blamed for TRAIL resistance in several cancer models.
An increase of c-FLIP protein was shown to suppress TRAIL-
induced gallbladder cancer cell death (41) and a decrease in
c-FLIP enhanced TRAIL-mediated apoptosis in breast cancer
cells (7). Likewise, Bcl-2 family proteins, namely Bcl-2 and
Mcl-1, exert their inhibitory functions on TRAIL-induced
apoptosis (38, 40). Recently, Mcl-1 has gained increasing
attention as many researchers have reported that decreasing
Mcl-1 could sensitize cancer cells to TRAIL-induced apoptosis
(13, 14). Moreover, there is evidence indicating that only
Mcl-1 siRNA can sensitize cholangiocarcinoma cell lines to
TRAIL, while downregulation of Bcl-2 and Bcl-XL has only a
minimal effect (30).

Ouabain is a cardiac steroid that functions as a specific
inhibitor of the Na�-K�-ATPase and is used in clinical prac-
tice for the treatment of several heart-related maladies, such as
atrial fibrillation and heart failure (17, 32). As ouabain has been
found in human plasma (6, 9, 19–20, 25–28) and identified as
a human hormone (21, 26), information regarding other activ-
ities of this compound is of great interest and will benefit both
physiological and pathological knowledge. Although some
studies have reported the apoptotic induction property of
ouabain in cancer cells (4, 11, 23, 35), the molecular basis of
this induction and the precise role of this compound in TRAIL-
mediated cancer cell death are not known. Therefore, in the
present study, we demonstrate that administration of ouabain
significantly accentuates TRAIL-induced apoptosis in lung
cancer cells. The proposed mechanism of sensitization in-
volves the ability of the compound to induce reactive oxygen
species (ROS) generation and Mcl-1 downregulation. Our
findings reveal the existence of a novel mechanism of action
for ouabain in the regulation of Mcl-1 degradation and TRAIL
sensitization, which could be important in the understanding of
physiological and pathological mechanisms and in the devel-
opment of cancer therapy.

MATERIALS AND METHODS

Cells and reagents. NCI-H292 and H460 cells were obtained from
the American Type Culture Collection (Manassas, VA). Cells were
cultured in RPMI 1640 containing 10% fetal bovine serum, 2 mM
L-glutamine, and 100 U/ml penicillin/streptomycin in a 5% CO2

environment at 37°C. Cell permeable glutathione monoethyl ester
(GSH), catalase, Mn(III)tetrakis(4 -benzoic acid)porphyrin chloride
(MnTBAP), MG123, concanamycin A, ouabain, dichlorofluorescein
diacetate (DCFH2-DA), and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) were obtained from Sigma Chemical
(St. Louis, MO). Propidium iodide (PI) and Hoechst 33342 were
obtained from Molecular Probes (Eugene, OR). Antibodies for Mcl-1,
Bcl-2, Bax, c-FLIP, caspase-3, and poly(ADP-ribose) polymerase
(PARP) as well as peroxidase-conjugated secondary antibodies were
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obtained from Cell Signaling (Danvers, MA). The �-actin antibody
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
transfecting agent Lipofectamine 2000 was obtained from Invitrogen
(Carlsbad, CA).

Plasmid and transfection. The Mcl-1 expression plasmid (pcDNA3.1-
hMcl-1) was obtained from Addgene (Cambridge, MA). The Mcl-1
knockdown plasmid (shMcl-1) and control plasmid were obtained
from Santa Cruz Biotechnology. Stable transfection of Mcl-1 was
established by culturing cells in a six-well plate until they reached
60–70% confluence. Fifteen microliters of Lipofectamine 2000 re-
agent and 2 �g of Mcl-1, shMcl-1, or control plasmid were used to
transfect the cells in the absence of serum. After 12 h, the medium was
replaced with culture medium containing 10% fetal bovine serum.
Approximately 2 days after the beginning of transfection, the cells
were digested with 0.025% trypsin, plated onto 75-cm2 culture flasks,
and cultured for 30 days with antibiotic selection. The stable trans-
fectants were pooled, and the expression of Mcl-1 protein in the
transfectants was confirmed by Western blotting. The cells were
cultured in G418-free RPMI 1640 medium for at least two passages
before use in each experiment.

Cell viability and apoptosis assays. Cell viability was evaluated
using the MTT assay. After the indicated treatments, cells were
incubated with 500 �g/ml of MTT at 37°C for 4 h. An intensity
reading of the MTT product was measured at 550 nm using a
microplate reader, and the percentage of viable cells was calculated
relative to control cells. Apoptosis was determined by Hoechst
33342/PI staining and DNA content analysis. Cells were washed and
incubated with 10 �g/ml Hoechst 33342 and 5 �g/ml PI for 30 min.
Nuclei condensation and DNA fragmentation of apoptotic cells and
PI-positive necrotic cells were visualized and scored by fluorescence
microscopy (Olympus IX51 with DP70). In the case of sub-G0 DNA
content analysis, after the specified treatment, cells were trypsinized,
washed with PBS, and fixed in 70% ethanol at 37°C for 3 h. After
being washed with PBS, cells were incubated in PI solution containing
0.1% Triton-X, 1 �g/ml RNase, and 1 mg/ml PI at room tempera-
ture for 30 min. DNA content was analyzed using flow cytometry
(FACSort; Becton Dickinson, Rutherford, NJ).

ROS detection. Intracellular ROS were determined using DCFH2-DA
as a specific ROS probe. After specific treatments, cells were incu-
bated with 10 �M of DCFH2-DA for 30 min at 37°C, after which they
were washed, trypsinized, resuspended in PBS, and immediately
analyzed for fluorescence intensity using a microplate reader.

Western blotting. Cells were incubated in lysis buffer containing 20
mM Tris·HCl (pH 7.5), 1% Triton X-100, 150 mM sodium chloride,
10% glycerol, 1 mM sodium orthovanadate, 50 mM sodium fluoride,
100 mM phenylmethylsulfonyl fluoride, and protease inhibitor cock-
tail (Roche Molecular Biochemicals) for 40 min on ice. The cell
lysates were collected, and the protein content was determined using
the Bradford method (Bio-Rad Laboratories, Hercules, CA). Equal
amounts of protein from each sample (60 �g) were denatured by
heating at 95°C for 5 min with Laemmli loading buffer and subse-
quently loaded onto a 10% SDS-PAGE. After separation, proteins
were transferred onto 0.45 �M nitrocellulose membranes (Bio-Rad).
The transferred membranes were blocked for 1 h in 5% nonfat dry
milk in TBS-T (25 mM Tris·HCl pH 7.5, 125 mM NaCl, and 0.05%
Tween 20) and incubated with the appropriate primary antibodies at
4°C overnight. Membranes were washed twice with TBS-T for 10 min
and incubated with horseradish peroxidase-coupled isotype-specific
secondary antibodies for 1 h at room temperature. The immune
complexes were detected by enhancement with a chemiluminescent
substrate (Supersignal West Pico; Pierce, Rockfore, IL) and quantified
using analyst/PC densitometry software (Bio-Rad).

Immunoprecipitation. Cells were washed after treatments and lysed
in lysis buffer at 4°C for 20 min. After centrifugation at 14,000 g for
15 min at 4°C, the supernatants were collected and assayed for protein
content. Cleared lysates were normalized, and 60 �g of each protein
were incubated with an anti-Mcl-1 antibody conjugated to protein G

plus-agarose beads (Santa Cruz) for 4 h at 4°C. The precipitated
immune complexes were washed five times with ice-cold lysis buffer,
resuspended in 2� Laemmli sample buffer, and boiled at 95°C for 5
min. Immune complexes were separated by 10% SDS-PAGE and
analyzed by Western blotting using an anti-ubiquitin antibody.

Statistical analysis. Mean densitometry data from independent
experiments were normalized to results of the control cells. The data
are presented as the means � SD from three or more independent
experiments. Statistical differences between the means were deter-
mined using an ANOVA and post hoc test at a significance level of
P � 0.05.

RESULTS

TRAIL-mediated apoptosis in H292 lung cancer cells. TRAIL-
induced cell death is accepted as an important inhibitory
mechanism against cancer progression in most cancers. To
explore the sensitizing effect of ouabain, prerequisite informa-
tion about TRAIL-mediated death characteristics is crucial.
Human lung carcinoma H292 cells were treated with various
doses of TRAIL (0–80 ng/ml) for 14 h, and apoptosis and cell
viability were analyzed using Hoechst 33342 staining, sub-G0

DNA content analysis, and MTT assays. Figure 1A shows that
TRAIL treatment caused a concentration-dependent increase in
apoptosis that was detected in �25 and 50% of cells in
response to 20 and 80 ng/ml of TRAIL, respectively. DNA
content analysis showed an increase in the population of cells
in the sub-G0 phase in response to TRAIL treatment (20–40
ng/ml), whereas the sub-G0 phase was not altered in the 10
ng/ml TRAIL-treated cells compared with control nontreated
cells (Fig. 1B). Analysis of cell viability further showed that
TRAIL caused a decrease in cell survival in a dose-dependent
fashion (Fig. 1C). This result suggests that the mode of cell
death in TRAIL-treated cells was mainly apoptosis.

Western blot analyses of cells in response to TRAIL strongly
supported apoptotic pathway induction in such cells. An in-
crease in activated caspase-3 and the cleavage of PARP in
response to TRAIL at concentrations of 20 and 40 ng/ml was
consistent with the increase in apoptotic cells presented in Fig.
1, A and B (Fig. 1D).

Oubain sensitizes cells to TRAIL-mediated apoptosis. Ouabain-
mediated cancer cell death has been reported in some cancers
(4, 11, 23, 35), and we have found that ouabain at concentra-
tions of 5–10 nM causes a significant increase in apoptosis
compared with nontreated control cells (Fig. 2A). Our analysis
of sub-G0 DNA content supported that apoptosis was the
primary mode of cell death (Fig. 2B), and the accompanying
viability assay indicated that at concentrations 	5 nM ouabain
induces cytotoxic effects in H292 cells (Fig. 2C). Figure 2D
further confirms that the reduction of cell viability as well as
the presence of apoptosis in ouabain-treated cells is elicited
through a caspase-3-dependent mechanism that could be de-
tected at concentrations 	5 nM. Interestingly, ouabain at
concentrations of 0–0.5 nM, which are comparable to the level
of ouabain in human plasma (9, 20, 29), had only a minimal
effect on cell viability.

The effects of nontoxic and physiological concentrations of
ouabain on TRAIL-induced apoptosis were further evaluated.
H292 cells were incubated with various concentrations of
TRAIL (0–40 ng/ml) in the presence or absence of 0.5 nM
ouabain. Cell viability and apoptosis were evaluated as de-
scribed after 14 h. Figure 2E shows that the administration of
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ouabain significantly enhanced the apoptotic response of H292
cells to TRAIL. Sub-G0 DNA content analysis also supported
the apoptosis sensitization effect of ouabain in TRAIL-treated
cells (data not shown). Furthermore, viability assays revealed
the same trend as mentioned above, with the addition of
ouabain sensitizing the cells to TRAIL-induced toxicity in
which �40% of cells remained viable in the presence of 0.5

nM ouabain compared with 80–90% viability in the groups
receiving TRAIL treatment alone (Fig. 2F). Concurrently,
Western blot analyses also exhibited that caspase-3 and PARP
were remarkably activated in response to TRAIL in the pres-
ence of ouabain compared with only TRAIL treatment (Fig.
2G). These results support the potential role of ouabain in the
enhancement of apoptosis.
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Fig. 1. Apoptosis-inducing effects of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in H292 human lung cancer cells. H292 cells were treated
with TRAIL (0–80 ng/ml) for 14 h. A: apoptotic cell death was evaluated using Hoechst 33342/propidium iodide (H33342/PI) staining. B: cellular apoptosis was
determined by DNA content analysis using flow cytometry. C: cell survival was determined by 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. Viability of nontreated cells was considered as 100%. D: after the indicated treatment, cells were collected and analyzed for caspase-3 and
poly(ADP-ribose) polymerase (PARP) expression levels by Western blotting. Blots were reprobed with a �-actin antibody to confirm equal loading of samples.
Immunoblot signals were quantified by densitometry, and mean data from independent experiments were normalized to the results. Data represent the means �
SD (n 
 4). *P � 0.05 vs. nontreated control cells.
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Mcl-1 downregulation is crucial for the sensitizing effect of
ouabain. Recent evidence has indicated that Mcl-1 plays an
important role in attenuating TRAIL-mediated cancer cell
death (10, 14, 30). To provide supporting evidence for the role
of Mcl-1 in the TRAIL-mediated death of H292 cells, we
evaluated the expression profile of Mcl-1 after cellular expo-

sure to TRAIL. Cells were incubated with 0–40 ng/ml of
TRAIL and analyzed for Mcl-1 expression by Western blot-
ting. Figure 3A shows that such treatment caused a gradual
decrease in Mcl-1 protein expression in a dose-dependent
manner. However, the noncytotoxic concentration of TRAIL
(10 ng/ml) caused no change in Mcl-1 protein level in these
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Fig. 2. Ouabain sensitizes H292 human lung cancer cells to TRAIL-induced apoptosis. A: apoptosis-inducing effects of ouabain in H292 cells was determined
by treating the cells with 0–10 nM of ouabain (OB) for 14 h. Apoptotic and necrotic cell death were evaluated using H33342/PI staining. Data represent the
means � SD (n 
 4). *P � 0.05 vs. nontreated control cells. B: cellular apoptosis was determined by DNA content analysis using flow cytometry. C: cell survival
was determined by MTT assay. Viability of nontreated cells was considered as 100%. Data represent the means � SD (n 
 4). *P � 0.05 vs. nontreated control
cells. D: after the indicated treatment, cells were collected and analyzed for caspase-3 (Casp-3) and PARP expression levels by Western blotting. Blots were
reprobed with a �-actin antibody to confirm equal loading of samples. Immunoblot signals were quantified by densitometry, and mean data from independent
experiments were normalized to the results. Bars are the means � SD (n 
 4). *P � 0.05 vs. nontreated control cells. E: cells were pretreated with 0.5 nM of
ouabain before incubation with 0–40 ng/ml of TRAIL for 14 h. Apoptotic cells were determined by H33342/PI staining. Data represent means � SD (n 
 4).
#P � 0.05 vs. TRAIL-treated cells. F: cell viability was evaluated by MTT assay. Viability of nontreated cells was considered as 100%. Data represent the
mean � SD (n 
 4). #P � 0.05 vs. TRAIL-treated cells. G: caspase-3 and PARP expression levels were analyzed by Western blotting as described in MATERIALS

AND METHODS. Immunoblot signals were quantified by densitometry, and the mean data from independent experiments were normalized to the results. Data
represent the means � SD (n 
 4). #P � 0.05 vs. TRAIL-treated cells.
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cells. Mcl-1 modulation was also evaluated in response to
ouabain treatment. These results indicated that ouabain treat-
ment caused a significant decrease of Mcl-1 protein. It is
noteworthy that even at the nontoxic concentration ouabain
significantly suppressed Mcl-1 protein levels. The above find-
ings suggest that Mcl-1 downregulation might be a possible
mechanism in the ouabain-sensitized TRAIL response in these
lung cancer cells.

To provide support to the data mentioned above, other proteins
that have been identified as key players in the regulation of
TRAIL-mediated death, either as inhibitors or promoters, were
detected in the cells treated with ouabain and TRAIL. Figure 3B
shows that the expression levels of the antiapoptotic Bcl-2 and
c-FLIP proteins and the proapoptotic Bax protein were not altered
in response to ouabain and TRAIL treatments, while the reduction
of Mcl-1 was consistently detected. These data provide evidence
that ouabain enhances the cellular response to TRAIL via a Mcl-1
downregulating pathway.

Ouabain enhances TRAIL-induced apoptosis through a hy-
drogen peroxide-dependent pathway. It has been demonstrated
in several cell models that ouabain treatment results in ROS
induction (11, 31). We analyzed cellular ROS in cells exposed
to ouabain and TRAIL using a fluorescence microplate reader
with DCFH2-DA as a fluorescent probe. Figure 4A shows that
ouabain, but not TRAIL, induced an increase in cellular ROS

in a dose-dependent manner. A significant increase of the
cellular ROS level was observed as early as 1 h after treatment
and peaked at 2 h (data not shown).

To identify the specific ROS responsible for the sensitizing
activity of ouabain, cells were pretreated with various known
ROS scavengers, including GSH, MnTBAP (superoxide anion
scavenger), catalase (hydrogen peroxide scavenger), and de-
feroxamine (hydroxyl radical inhibitor), followed by treatment
with TRAIL in the presence of ouabain. Intracellular ROS
levels were determined using a fluorescence microplate reader
with DCFH2-DA as an oxidative probe. Results showed that
treatment of the cells with GSH and catalase inhibited the
cellular fluorescence intensity, whereas deferoxamine and
MnTBAP had no inhibitory effect (Fig. 4B). These results
suggest that hydrogen peroxide is the primary ROS generated
under these conditions.

We next evaluated the role of ROS on ouabain’s sensitizing
activity; cells were pretreated with the mentioned ROS scav-
engers and treated with TRAIL and ouabain. Cell viability and
apoptosis were determined after 14 h of treatment. Results
indicated that in response to TRAIL and ouabain cell apoptosis
significantly increased (Fig. 4C) in accordance with the de-
crease in cell viability (Fig. 4D). In the presence of the
antioxidants GSH and catalase, the cytotoxic effect of TRAIL
and ouabain was significantly suppressed, whereas MnTBAP
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Fig. 3. Ouabain sensitizes cells to TRAIL-in-
duced apoptosis through Mcl-1 downregulation.
A: H292 cells were treated with either TRAIL
(0–40 ng/ml) or ouabain (0–10 nM) for 14 h.
Cells were collected and analyzed for Mcl-1
expression by Western blotting. Blots were re-
probed with �-actin to confirm equal loading.
Immunoblot signals were quantified by densi-
tometry, and mean data from independent ex-
periments were normalized to the results. Bars
are the means � SD (n 
 4). *P � 0.05 vs.
nontreated control cells. B: cells were treated
with 10 ng/ml of TRAIL in the presence or
absence of 0.5 nM ouabain for 14 h or left
untreated as control cells. Cell were collected
and analyzed for protein expression levels by
Western blotting as described in MATERIALS AND

METHODS. Immunoblot signals were quantified
by densitometry, and mean data from indepen-
dent experiments were normalized to the re-
sults. Bars are the means � SD (n 
 3). *P �
0.05 vs. nontreated control cells. #P � 0.05 vs.
TRAIL-treated cells.
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and deferoxamine exhibited insignificant effects. Together,
these results strongly support the earlier findings that hydrogen
peroxide is a key ROS involved in the TRAIL-sensitizing
mechanism of ouabain.

Oubain enhances the TRAIL-mediated downregulation of
Mcl-1 through a hydrogen peroxide-dependent mechanism. Oua-
bain was earlier shown to promote TRAIL-induced apoptosis

through the downregulation of Mcl-1, and this apoptosis-
sensitizing effect was mediated by hydrogen peroxide genera-
tion. To investigate the linkage between these two events,
H292 cells were pretreated with the ROS scavengers described
above and treated with TRAIL in the presence of ouabain.
Western blot analysis revealed that the reduction of Mcl-1
expression in response to ouabain and TRAIL treatments was
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(0–0.5 nM) or TRAIL (0–40 ng/ml) for 2 h. Cells were incubated with dichlorofluorescein (DCFH2-DA) for 30 min, and fluorescence intensity was analyzed
by microplate reader. Mean intensity was normalized against nontreated control cells and represented as relative ROS level. Data points are the means � SD
(n 
 4). *P � 0.05 vs. nontreated control cells. B: cells were pretreated with the specific ROS modulators 1 mM glutathione (GSH), 15,000 units catalase (Cat),
1 mM deferoxamine (Def), or 50 uM MnTBAP (MnT) for 30 min before treatment with 10 ng/ml TRAIL in the presence or absence of 0.5 nM ouabain for 2
h. Cells were incubated with DCFH2-DA for 30 min, and fluorescence intensity was analyzed using a microplate reader. Mean intensity was normalized with
nontreated control cells and represented as relative ROS level. Data represent the means � SD (n 
 4). *P � 0.05 vs. nontreated control cells. #P � 0.05 vs.
ouabain and TRAIL-cotreated cells. C: cells were pretreated with the specific ROS modulators 1 mM glutathione, 15,000 U catalase, 1 mM deferoxamine, or
50 uM MnTBAP for 30 min before treatment with 10 ng/ml TRAIL and 0.5 nM ouabain for 14 h. Apoptosis was determined by H33342/PI staining. Data
represent the means � SD (n 
 4). *P � 0.05 vs. ouabain and TRAIL-cotreated cells. D: cell viability was evaluated by MTT assay. Viability of nontreated
cells was considered as 100%. Data represent means � SD (n 
 4). *P � 0.05 vs. ouabain and TRAIL-cotreated cells. E: cells were pretreated with the ROS
scavenger 1 mM glutathione for 30 min before treatment with 0.5 uM ouabain and 10 ng/ml TRAIL for 14 h. Cells were collected and analyzed for Mcl-1
expression by Western blotting. Blots were reprobed with �-actin to confirm equal loading. Immunoblot signals were quantified by densitometry, and mean data
from independent experiments were normalized to the results. Bars are the means � SD (n 
 4). *P � 0.05 vs. nontreated control cells. #P � 0.05 vs. ouabain
and TRAIL-cotreated cells. F: cells were pretreated with the following specific ROS modulators: 15,000 U catalase, 1 mM deferoxamine, or 50 uM MnTBAP
for 30 min before treatment with 10 ng/ml TRAIL and 0.5 nM ouabain for 14 h. Cells were collected and analyzed for Mcl-1 expression by Western blotting.
Blots were reprobed with �-actin to confirm equal loading. Immunoblot signals were quantified by densitometry, and mean data from independent experiments
were normalized to the results. Bars are the means � SD (n 
 4). *P � 0.05 vs. nontreated control cells. #P � 0.05 vs. ouabain and TRAIL-cotreated cells.
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significantly inhibited in cells pretreated with glutathione and
catalase (Fig. 4, E and F), whereas protective effects of other
antioxidants were not observed. These findings support that
hydrogen peroxide is a key mediator responsible for Mcl-1
downregulation and, hence, the apoptosis-sensitizing effect of
ouabain.

Ouabain enhances Mcl-1 degradation through the ubiquitin-
proteasomal pathway. Having shown that Mcl-1 downregula-
tion in the ouabain-treated cells is involved with TRAIL
sensitization, the present study further investigated the mech-
anism by which ouabain treatment induced the decrease in
Mcl-1 levels. It is known that the Mcl-1 protein has a short
half-life and that its expression level is controlled by protea-
somal degradation (2, 22). To test whether the downregulation
of Mcl-1 in cells treated with TRAIL and ouabain was consis-
tent in these contexts, cells were treated with TRAIL and
ouabain in the presence of the specific proteasomal inhibitor
MG132. Figure 5A indicates that the decrease in Mcl-1 levels
was consequently inhibited in the proteasome-suppressed cells,
revealing the involvement of proteasomal degradation in re-
sponse to TRAIL and ouabain treatment. In addition, the
lysosomal inhibitor concanamycin A was also used in this
experiment, and the results demonstrated that the lysosomal
pathway had no effect on Mcl-1 downregulation under these
conditions. Because ubiquitination is a critical prerequisite
process before proteasomal cleavage, Mcl-1-ubiquitin com-
plexes in response to TRAIL and ouabain treatment were
detected by immunoprecipitation. Figure 5B shows that the
cells treated with TRAIL and ouabain exhibited a significant
increase in Mcl-1-ubiquitin complexes, revealing that the treat-
ment increased the degradation rate of Mcl-1.

Ouabain enhances TRAIL-induced apoptosis in Mcl-1-over-
expressed cells. Amplification or overexpression of Mcl-1 has
been tightly related to TRAIL resistance in many cancer cells
(13, 30, 34). To test whether Mcl-1 expression might determine
cell death after TRAIL treatment, we stably transfected the
cells with Mcl-1, shRNA Mcl-1, or control plasmid and eval-
uated the effects on TRAIL-induced apoptosis. Because West-
ern blotting revealed the substantial modulation of Mcl-1 as
indicated in Fig. 6A, cells were cultured, exposed to various
doses of TRAIL (0–40 ng/ml) for 14 h, and assayed for
apoptosis. The Mcl-1-transfected cells exhibited less apoptosis
than the control cells when treated with TRAIL, whereas
shRNA-Mcl-1-transfected cells showed a greater number of
apoptotic cells (Fig. 6B). These results indicated that Mcl-1
plays a negative regulatory role in the TRAIL-mediated death
of these cells.

Further, the effect of ouabain on these Mcl-1 transfectants
was investigated. Our results indicated that ouabain adminis-
tration significantly enhanced the apoptotic response of all
Mcl-1-modulated cells to TRAIL (Fig. 6B). Notably, the de-
gree of ouabain sensitization correlated well with the levels of
basal Mcl-1 in these cells. The shMcl-1 cells possess the lowest
level of Mcl-1 and displayed the most ouabain sensitization,
while Mcl-1-overexpressing cells contained the highest level of
Mcl-1 and showed less response to ouabain. Mcl-1 expression
levels were also decreased in response to the presence of
ouabain pretreatment in Mcl-1 transfectants incubated with
TRAIL (0–40 ng/ml; Fig. 6C).

Ouabain sensitizes H460 human lung cancer cells to TRAIL-
induced apoptosis. To test whether ouabain could play a
sensitizing role in the TRAIL-induced apoptosis of other lung
cancer cells, the H460 human lung cancer cell line was stably
transfected with Mcl-1, shMcl-1, or control plasmids as de-
scribed in MATERIALS AND METHODS. After selection, the cells
were analyzed for Mcl-1 expression and apoptotic responses to
TRAIL in the presence or absence of ouabain. Figure 7, A and
B, shows that the Mcl-1-transfected H460 cells exhibiting the
highest level of Mcl-1 protein expressed the highest TRAIL
resistance, whereas the shMcl-1-transfected cells exhibited the
lowest Mcl-1 level and degree of TRAIL resistance. In ouabain-
treated groups, a significant accentuated effect on TRAIL-
induced apoptosis was observed in all tested cells (Fig. 7B).
Ouabain was also able to decrease Mcl-1 expression levels in
TRAIL-resistant, Mcl-1-overexpressing cells (Fig. 7C). The
above results are consistent with the earlier findings in H292
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cells and indicate the general role of Mcl-1 and ouabain in
TRAIL sensitization in lung cancer cells.

DISCUSSION

TRAIL-induced apoptosis in cancerous cells plays an im-
portant role in controlling carcinogenesis and the progression
of such disease. Resistance of the cancer cells by either the
induction of antiapoptotic proteins or defects in apoptosis
pathways often allows the cancer to progress. Even though
previous studies have demonstrated that high concentrations of
ouabain could induce apoptosis in some cancer cells (4, 11, 23,
35), the effects of noncytotoxic concentrations of such com-
pounds, which may be linked to biological functions, are
unknown. Initiating from the discovery of endogenous ouabain
and related compounds in human plasma and tissue, the roles
of ouabain in the regulation of physiological functions as well
as in pathological conditions have been intensively investi-
gated. Indeed, evidence has indicated that the plasma ouabain
concentration increases in certain pathological conditions in-
cluding hypertension and cardiac and renal failure (4, 16);
however, the function of ouabain in immune-related reaction
processes is still largely unknown. Our study suggests for the

first time that endogenous ouabain might play a role in ren-
dering an immune defense against cancers. We found that
ouabain at a concentration of 0.5 ng/ml (�0.85 nM), which is
comparable to the human plasma concentrations (0.16–0.77
nM) (9), played an important role in sensitizing lung cancer
cells to TRAIL-induced apoptosis.

A recent study presented that ouabain regulates the interaction
of Src and the Na�-K�-ATPase, which results in Src activation
and consequently enhances cell growth, as well as increases
intracellular calcium and promotes myocyte contraction (16, 31,
37, 30). Conversely, our data demonstrated that the number of
apoptotic cells in response to a Src inhibitor in TRAIL and
ouabain cotreated cells was not significantly altered compared
with TRAIL and ouabain cotreated control cells (data not shown).
It was reported that the effect of the Na�-K�-ATPase was cell
specific due to the expression of various enzyme subunits in
different cell types (5, 16). Although the Na�-K�-ATPase-Src
pathway was activated in response to ouabain treatment, the
dominant mechanism of “ouabain-enhanced TRAIL-induced ap-
optosis” may not be involved.

Previous studies have revealed that ouabain induces the
generation of ROS and apoptosis in human neuroblastoma cells
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Fig. 6. Ouabain sensitizes Mcl-1-overexpress-
ing and knockdown H292 cells to TRAIL-
induced apoptosis. A: H292 cells were trans-
fected with either mock, Mcl-1 or shMcl-1
plasmids, and Mcl-1 expressions were analyzed
by Western blotting. Blots were reprobed with
�-actin as loading control. Immunoblot signals
were quantified by densitometry, and mean data
from independent experiments were normalized
to the results. Bars are the means � SD (n 
 3).
*P � 0.05 vs. mock-transfected cells. B: trans-
fected cells were treated with 10 ng/ml TRAIL
in the presence or absence of 0.5 nM ouabain
pretreatment. Apoptosis was determined by
Hoechst 33342 staining. Data are the means �
SD (n 
 4). *P � 0.05 vs. TRAIL-treated cells.
C: transfected cells were treated with 0–40
ng/ml TRAIL in the presence or absence of a
0.5 nM ouabain pretreatment. Mcl-1 expression
levels were analyzed by Western blotting. Blots
were reprobed with �-actin as a loading control.
Immunoblot signals were quantified by densi-
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are the means � SD (n 
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(11, 15). Consistently, we found ROS induction in response to
ouabain treatment in H292 lung cancer cells, while TRAIL
treatment caused only an insignificant effect on cellular ROS
level. Hydrogen peroxide was identified as a key ROS present-
ing in the treated condition. Hydrogen peroxide, a relatively
stable ROS, was shown to function in controlling the degra-
dation of several death-related molecules including the anti-
apoptotic Bcl-2 protein (33). The present study found that an
increase in cellular hydrogen peroxide, in response to TRAIL
and ouabain treatment, mediated Mcl-1 degradation through
the proteasomal pathway. Western blotting demonstrated that
in the cells treated with TRAIL and ouabain the administration
of glutathione or catalase, antioxidants for hydrogen peroxide,
could sustain the level of Mcl-1, suggesting the essential role
of hydrogen peroxide in Mcl-1 downregulation (Fig. 4F).

TRAIL-mediated Mcl-1 downregulation was previously re-
ported to be important for the induction of apoptosis, and the
reduction of cellular Mcl-1 level has been accepted as a very
promising mechanism for TRAIL sensitization (13–14, 34).
Our results strongly support these notions, as the Mcl-1-
overexpressing H292 cells exhibited dramatic resistance to
TRAIL-induced cell death while Mcl-1 knockdown cells

showed the opposite effect (Fig. 6B). Such an effect of Mcl-1
was consistent in the H460 human lung cancer cell model (Fig.
7B). In addition, we found that ouabain enhanced TRAIL-
mediated cell death in both H292 and H460 cells.

In conclusion, our current study reveals novel findings
regarding ouabain’s sensitizing activity on TRAIL-induced
apoptosis in lung cancer cells. The sensitizing effect of ouabain
was found to be associated with the hydrogen peroxide-depen-
dent degradation of Mcl-1 via the ubiquitin-proteasome path-
way. We also showed for the first time that ouabain at physi-
ological concentrations may play a role in enhancing the cancer
cell response to TRAIL-induced apoptosis.
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Caveolin-1 Regulates Endothelial Adhesion of Lung
Cancer Cells via Reactive Oxygen Species-Dependent
Mechanism
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University, Bangkok, Thailand

Abstract

The knowledge regarding the role of caveolin-1 (Cav-1) protein on endothelium adhesion of cancer cells is unclear. The
present study revealed that Cav-1 plays a negative regulatory role on cancer-endothelium interaction. Endogenous Cav-1
was shown to down-regulate during cell detachment and the level of such a protein was conversely associated with tumor-
endothelial adhesion. Furthermore, the ectopic overexpression of Cav-1 attenuated the ability of the cancer cells to adhere
to endothelium while shRNA-mediated Cav-1 knock-down exhibited the opposite effect. We found that cell detachment
increased cellular hydrogen peroxide and hydroxyl radical generation and such reactive oxygen species (ROS) were
responsible for the increasing interaction between cancer cells and endothelial cells through vascular endothelial cell
adhesion molecule-1 (VCAM-1). Importantly, Cav-1 was shown to suppress hydrogen peroxide and hydroxyl radical
formation by sustaining the level of activated Akt which was critical for the role of Cav-1 in attenuating the cell adhesion.
Together, the present study revealed the novel role of Cav-1 and underlying mechanism on tumor adhesion which explain
and highlight an important role of Cav-1 on lung cancer cell metastasis.
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Introduction

Recently, roles of caveolin-1 (Cav-1) in regulation of cancer

progression and metastasis in various types of cancer have been

revealed [1–4] and such a protein perhaps received the most

attention in cancer-related research. Although some studies

suggested that Cav-1 may play a role in inhibiting cancer

progression in certain cancers [5], in lung cancer, Cav-1

potentiates cancer aggressiveness as well as metastasis [6].

Together with the fact that Cav-1 expression in lung cancer was

shown to relate to poor prognosis [2], and most of the cancer-

related death in this cancer was shown to link with metastasis, it is

of great interest to investigate the entire regulatory role of this

protein on cancer metastasis [7]. Metastasis is a multi-step process

of cancer cells spreading from their original locations to the distant

secondary sites. Starting with the cancer cell detachment from

their primary tumor, the cells invade vascular wall, travel in the

circulatory system, and adhere to the endothelium to form the

secondary tumors. Although roles of Cav-1 on lung cancer cell

behaviors have been intensively explored, the role of such a protein

on lung cancer cell adhesion to endothelium surface is largely

unknown. We and others have suggested the important role of

Cav-1 in rendering cancer cells resistant to anoikis after cell

detachment [6,8,9,10], enhancing invasion and migration [11],

and facilitating growth in anchorage-independent manner [12].

Endogenous Cav-1 level was shown in the previous studies to be

controlled by the reactive oxygen species (ROS). In detached cell

condition, hydrogen peroxide was shown to increase the cellular

level of Cav-1 by inhibiting its degradation [6]. While in the

adherent cells, hydroxyl radical was shown to be a key player in

up-regulating Cav-1 expression and increased cell migration [11].

These findings highlighted the regulatory role of ROS on Cav-1

expression and their accompany roles on cancer metastasis.

In biology, negative feedback regulations exist to prevent the

excessive stimulations. Likewise, Cav-1 protein was shown to

suppress oxidative stress caused by hydrogen peroxide exposures

[13]. However, it remains unknown whether Cav-1 regulates ROS

level in detached cells and such regulation is critical for cancer

adhesive property. Using pharmacological and genetic ap-

proaches, the present study revealed that Cav-1 plays a key role

in inhibition of cancer-endothelium adhesion by attenuating

hydrogen peroxide and hydroxyl radical generations after cell

detachment. The present study also found that Cav-1 suppressed

such ROS formation through Akt-dependent mechanism. Along

with the observation that Cav-1 decreased in a time-dependent

fashion after cell detachment, we found that at later-time points,

cancer-endothelium adhesion significantly increased the concom-

itant of that Cav-1 depletion. Thus, our study revealed the

existence of a novel mechanism of cancer cell adhesion regarding

Cav-1 which might be exploited in metastasis and drug design.
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Materials and Methods

Cells and Reagents
Non small lung cancer cell (NSCLC)-H460 and Vascular

endothelium Human (HUV-EC-C) cells were obtained from the

American Type Culture Collection (Manassas, VA). H460 cells

were cultured in RPMI 1640 while HUV-EC-C cells were

cultured in M199 medium. RPMI 1640 was supplemented with

5% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 units/

mL penicillin/streptomycin. M199 was supplemented with 10%

fetal bovine serum (FBS), 10 mM L-glutamine, and 100 units/mL

penicillin/streptomycin, 0.1 mg/ml heparin, 0.05 mg/ml endo-

thelial cell growth supplement (ECGS). All of the culture was

incubated in a 5% CO2 environment at 37uC. 29, 79-dichloro-
fluorescein diacetate (DCFH2-DA), Dimethysulfoxide (DMSO),

caveolae isolation kit, Calcein AM, Heparin sodium were obtained

from Sigma Chemical, Inc. (St. Louis, MO); Rabbit caveolin-1

antibody and peroxidase-conjugated secondary antibody from

Abcam (Cambridge, MA); Hydrophenyl fluorescein (HPF),

LY294002, Amplex Red, Lipofectamine 2000 were from Invitro-

gen (Carlsbad, CA); Antibody for b-actin from Santa Cruz

Biotechnology (Santa Cruz, CA); Antibody for pan-Akt, p473-Akt,

PTEN, EGFR, Phospho-PTEN (Ser380/Thr382/383) were from

Cell Signaling Technology, Inc. (Danvers, MA); Endothelial cell

growth supplement was from Millipore Corporation (Billerica,

MA).

Plasmid and Transfection
The Cav-1 expression plasmid pEX_Cav-1 and its control

vector; pDS_XB-YFP were acquired from the American Type

Culture Collection (Manassas, VA) and Cav-1 knockdown plasmid

shRNA-Cav-1 and its control vector; control shRNA plasmid A

were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).

Stable transfections of Cav-1 expression plasmid or Cav-1

knockdown plasmid were generated by culturing H460 cells in

a 6-well plate until they reached 60% confluence. 15 ml of

Lipofectamine reagent and 2 mg of Cav-1, and shRNA-Cav-1

plasmid were used to transfect the cells in the absence of serum.

After 12 h the medium was replaced with culture medium

containing 5% fetal bovine serum. Approximately 36 h after the

beginning of transfection, the cells were digested with 0.03%

trypsin, and the cell suspensions were plated onto 75-ml culture

flasks and cultured for 24 to 28 days with G418 or puromycin for

selection of Hcav-1 and shCav-1, respectively. The stable

transfectants were pooled and the expression of Cav-1 protein in

the transfectants was confirmed by western blotting. The cells were

cultured in antibiotic free RPMI 1640 medium for at least two

passages before used in each experiment.

ROS Detection
Intracellular ROS were determined by flow cytometry using

DCFH2-DA as a fluorescent probe. Briefly, cells were incubated

with 10 mM DCFH-DA, HPF for 30 min at 37uC, after which

they were washed, trypsinized, resuspended in phosphate-buffered

saline, and immediately analyzed for fluorescence intensity by

FACScan flow cytometer (Beckton Dickinson, Rutherford, NJ)

using a 488-nm excitation beam and a 538-nm band-pass filter.

Median fluorescence intensity was quantified by CellQuest

software (Becton Dickinson) analysis of the recorded histograms.

H2O2 was determined by Amplex Red reagent (Invitrogen).

Briefly, the reaction mixture containing 50 mM Amplex Red

reagent and 0.1 U/ml HRP in Krebs-Ringer phosphate (KRPG)

was added into each microplate well. Subsequently, 20 ml of

1.56104 H460 cells suspended in KRPG was added to the

reaction mixture. After 30 min incubation, the fluorescence signal

obtained from the fluorescence microplate reader equipped for

excitation in the range of 530–560 nm and emission detection at

590 nm was monitored and measured over the 3 h post-

detachment.

Monolayer Cell Adhesion Assay
HUV-EC-C were stimulated with 10 ng/ml IL-1b for 0–4 h.

H460 cells (2.56104 cells/ml) were stained with 15 mM of calcein

AM (Sigma) for 45 min at 37uC and 5% CO2, then added onto

a semi-confluent monolayer culture of HUV-EC-C, incubated for

20 min at 37uC with rotation at 120 rpm, and washed extensively

to exclude nonspecific cell attachment. The number of attached

cells was counted directly under a fluorescence microscope as

reported previously [14]. For antibody mediated blocking of cell

adhesion, the IL-1b –stimulated HUV-EC-C were incubated with

antibody to VCAM-1, ICAM-1 and E-selectin (at a final dilution

of 1:400 for every antibodies) for 3 h at 37uC in humidified CO2

incubator, and then H460 cells were added.

Caveolae Isolation
Caveolae were isolated from shCav-1, H460 and Hcav-1 cells

by using a caveolae isolation kit (Sigma). ShCav-1, H460 and

Hcav-1 cells were collected and lysed with lysis buffer containing

1% Triton X-100. The lysates were centrifuged at 10,000 g for

15 min. Detergent-resistant membrane fractions were isolated on

OptiPrep Density Gradient Medium (0, 20, 25, 30, and 35%).

Caveolae were collected from caveolin-1-enriched fractions, which

has been used for the investigation of Cav-1 and PTEN

expression.

Western Blotting
After specific treatments, cells were incubated in lysis buffer

containing 20 mM Tris-HCl (pH 7.5), 1% Triton X-100,

150 mM sodium chloride, 10% glycerol, 1 mM sodium orthova-

nadate, 50 mM sodium fluoride, 100 mM phenylmethylsulfonyl

fluoride, and a commercial protease inhibitor cocktail (Roche

Molecular Biochemicals) for 30 min on ice. Cell lysates were

collected and determined for protein content using the Bradford

method (Bio-Rad Laboratories, Hercules, CA). Equal amount of

proteins of each sample (40 mg) were denatured by heating at 95uc
for 5 min with Laemmli loading buffer, and subsequently loaded

on 10% SDS-polyacrylamide gel electrophoresis. After separation,

proteins were transferred onto 0.45 mm nitrocellulose membranes

(Bio-Rad). The transferred membranes were blocked for 1 hour in

5% nonfat dry milk in TBST (25 mM Tris-HCl (pH 7.5),

125 mM NaCl, 0.05% Tween 20) and incubated with the

appropriate primary antibodies at 4uC overnight. Membranes

were washed twice with TBST for 10 min and incubated with

horseradish peroxidase–coupled isotype-specific secondary anti-

bodies for 1 hour at room temperature. The immune complexes

were detected by enhanced with chemiluminescence substrate

(Supersignal West Pico; Pierce) and quantified using analyst/PC

densitometry software (Bio-Rad).

Statistical Analysis
Mean data from independent experiments were normalized to

result from cells in the control. All the experiments were repeated

at least three times. A statistical analysis between two groups was

verified by Student’s t test, in comparison to multiple groups, an

analysis of variant (ANOVA) with post hoc test was conducted.

The strength of relationships, correlation coefficient (r), between

each protein level after detachment was determined with SPSS
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version 16 (SPSS Inc., Chicago, IL, USA). A P-value of less than

0.05 would be considered as statistically significant.

Results

Caveolin-1 Depletion after Cell Detachment Enhances
Tumor-endothelial Cell Adhesion
Cav-1 was shown to associate with metastatic potentials of lung

cancer cells [6,12], while its role on cancer cell adhesion is still

unclear. To study the role of Cav-1 protein on cancer cell

adhesion, we first detached the cancer cells to mimic the early step

of metastasis, and evaluated the expression profile of Cav-1 after

cell detachment over times. Lung cancer H460 cells cultured in

ultralow attachment plates were analyzed for Cav-1 protein

expression by western blotting at indicated time points. Figure 1A

shows that after cell detachment, Cav-1 gradually decreased in

a time-dependent fashion and the significant decrease was detected

as early as 6 h after cell detachment. Next, the suspended cells at

concurrent time points were subjected to the monolayer cell

adhesion assay as described in Materials and Methods. Figures 1A

and B show that after cell detachment, Cav-1 expression gradually

decreased over time concomitant with the increase of cancer cell

adhesion on endothelial surfaces, suggesting the potential role of

Cav-1 in cancer adhesive regulation. We further supported such

a correlation, by generating a correlation plot between Cav-1

expression and cancer cell adhesion (Fig. 1 C). Not only did the

reduction of these proteins correlate well with the enhanced ability

of cancer cells to adhere on endothelium surfaces, but the plot also

revealed a highly correlated profile with the correlation coefficient

of 0.922.

To confirm that Cav-1 attenuates cancer cell adhesion to

endothelial cells, we explored the effect of different ectopic Cav-1

expression levels on H460 cells adhesion to endothelium. We

established Cav-1 overexpressing (Hcav-1) cells, short-hairpin (sh)-

mediated Cav-1 knockdown (shCav-1) cells by stable transfection.

The transfectant clones were analyzed for Cav-1 expression

compared to their parental H460 cells by western blotting

(Fig. 1D). It is noteworthy that the control transfected cells

generated from control plasmids, pDS_XB-YFP and control

shRNA plasmid A, were also evaluated for Cav-1 expression,

however; the level of the protein was comparable to that of H460

cells (data not shown). Cav-1 overexpressed, Cav-1 knockdown,

and H460 cells were detached and subjected to endothelial

adhesion assay and the cancer cells adhering on the HUV-EC-C

endothelial cells were observed. As expected, analysis of cell

adhesion showed that Cav-1 overexpressed cells exhibited the

lowest ability to adhere to the HUV-EC-C cells, while the shCav-1

cells had the highest ability. Also, the vector transfected cells were

similarly evaluated for adhesive capability and we found no

significant alteration in comparison to that of parental cells (data

not shown). This indicates that Cav-1 negatively regulates cancer

cell adhesion to vascular endothelium.

Caveolin-1 Suppresses Hydrogen Peroxide and Hydroxyl
Radical Generation after Cell Detachment
Our previous study has shown that in the adhered condition,

Cav-1 function in attenuating oxidative stress caused by hydrogen

peroxide treatment [13]. Therefore, it is possible that Cav-1

protein may function to regulate redox status of the cancer cells

during metastasis. To study the effect of Cav-1 protein on

detachment-induced ROS generation, Cav-1 overexpressed

(Hcav-1), Cav-1 knock-down (shCav-1), and control cells (H460)

were detached and incubated in adhesion-resistant plates until

specific time points. The suspended cells were then analyzed for

intracellular ROS levels by flow cytometry using DCFH2-DA as

a fluorescent probe. Figure 2A shows that cell detachment induced

an increase in cellular ROS in a time-dependent manner which

aligned with our previous report [6]. The present study revealed

for the first time that Cav-1 functioned in attenuating the

detachment induced ROS in these cells. ShCav-1 cells possessing

the lowest Cav-1 expression was shown to exhibit the highest ROS

induction and such an induction could be detected as early as 1 h

after detachment (Fig. 2A), whereas cellular ROS in Cav-1

overexpressed (Hcav-1) cells was not altered in response to cell

detachment.

Further, the specific ROS inhibitors were used to evaluate

specific ROS which were up-regulated in these cells. Cav-1

overexpressed, Cav-1 knock down, and H460 cells were pretreated

with specific ROS inhibitors which were MnTBAP (a superoxide

anion inhibitor), catalase (a hydrogen peroxide inhibitor), defer-

oxamine (a hydroxyl radical inhibitor), and sodium formate (a

hydroxyl radical scavenger), and the ROS levels after detachment

for 0–3 h were determined. Figure 2B indicates that treatment

with catalase, sodium formate, and deferoxamine could block the

induction of ROS in these cells, suggesting that hydrogen peroxide

and hydroxyl radical were primary specific ROS up-regulated

after cell detachment.

The effect of Cav-1 on hydrogen peroxide and hydroxyl radical

produced by these cells was next evaluated. Amplex red, a specific

detection probe for hydrogen peroxide, and HPF, a specific

detection probe for hydroxyl radical, were used to determine such

specific ROS in the detached cells. Figures 2C and D indicate that

cell detachment increased the signals of hydrogen peroxide and

hydroxyl radical specific probes in a time-dependent manner.

Importantly, the signal of either hydrogen peroxide or hydroxyl

radical was barely detectable in Cav-1 overexpressed cells,

whereas such ROS signals were potentiated in the cells expressing

a low level of Cav-1. These results indicated that Cav-1 attenuated

hydrogen peroxide and hydroxyl radical generations in suspended

lung cancer cells.

Hydrogen Peroxide and Hydroxyl Radical Regulate
Cancer Cell Adhesion to Endothelial Cells via VCAM-1-
dependent Mechanism
ROS were shown in many studies to play a key role in the

regulation of cancer cell behaviors [11]. Together with the above

finding indicating that Cav-1 attenuated hydrogen peroxide and

hydroxyl radical formations during cell detachment, we in-

vestigated whether hydrogen peroxide and hydroxyl radical play

a role in regulating cancer cell adhesion. Lung cancer cells were

incubated with various known specific ROS modulating agents as

described and the cells were subjected to the adhesion assays.

Figure 3A indicates that treatment of the cells with a superoxide

inhibitor MnTBAP had only an minimal and insignificant effect

on cancer cell adhesive activity, whereas the addition of catalase,

deferoxamine, and sodium formate significantly inhibited the

adhesion of H460 cells to endothelium surface. These results

suggested that hydrogen peroxide and hydroxyl radical but not

superoxide anion are the ROS that potentiate adhesive capability

of these cancer cells to vascular endothelial cells.

Evidences have suggested that endothelial cell adhesion

molecules (ECAMs) play an important role on cancer-endothelial

cell interaction [15]. Activation of endothelial cells by IL-1b
induced the expression of ECAMs namely VCAM-1, ICAM-1 and

E-selectin on endothelial cell surfaces, and these proteins

facilitated the binding of cancer cells [15]. To confirm the role

of hydrogen peroxide and hydroxyl radical on cancer-endothelial

cell interaction and to define the affected adhesion molecules, we
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Figure 1. Caveolin-1inhibits cancer cell adhesion to HUV-EC-C endothelial cells. A: H460 cells were suspended in poly-HEMA-coated plates
for various times (0–12 h) and Cav-1 expression was analyzed by western blotting. Columns are means 6SD (n= 5). *P,0.05 vs. time 0. B: Detached
H460 cells were subjected to a monolayer culture of HUV-EC-C. The interaction of H460 and HUV-EC-C cells was examined in the presence of IL-1b
(10 ng/ml). Phase-contrast microscopic pictures of representative experiments are shown. C: Correlation analysis of cellular Cav-1 level versus H460-
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blocked the endothelial surfaces with specific antibodies against

VCAM-1, ICAM-1 and E-selectin, prior to cancer cell adhesion.

Also, the cancer cells were treated with exogenous hydrogen

peroxide in the absence or presence of ferrous sulfate to confirm

the role of hydrogen peroxide and hydroxyl radical, respectively.

Figure 3B indicates that hydrogen peroxide and hydroxyl

radical significantly enhanced cancer cell adhesion to endothelial

cells, confirming the role of mentioned ROS on cancer cell

adhesion. Interestingly, blocking endothelium with the VCAM-1

antibodies could abolish the effect of hydrogen peroxide and

ferrous sulfate on the adhesive property of these cancer cells while

antibodies against ICAM-1 and E-selectin had no significant

effects. These results indicated that hydrogen peroxide and

hydroxyl radical may, at least in part, regulate the interaction of

the cancer cells to endothelial surface through VCAM-1-de-

pendent mechanism. Also, Cav-1 may decrease the adhesive

property of the cancer cells by attenuating hydrogen peroxide and

hydroxyl radical.

Cav-1 Suppresses ROS Generation after Cell Detachment
through PI3K/Akt Pathway
Having shown that Cav-1 attenuated cancer ability to adhere to

an endothelium by decreasing cellular hydrogen peroxide and

hydroxyl radical up-regulations, and evidence indicated that Cav-

1 regulates several cell behaviors during cell detachment through

PI3K/Akt pathway [11]. To further confirm the role of Cav-1 on

Akt signaling, we monitored the Akt activation in terms of

phosphorylated (serine 473) Akt. In agreement with previous

finding [16], we found the increased level of Akt activation in

Hcav-1 cells in comparison to that of H460 and shCav-1 cells

(Fig. 4A). Also, we found that cell detachment significantly

decreased the level of activated Akt in almost all cells. While

phosphorylated (serine 473) Akt in shCav-1 cells found to be most

affected by such a cell detachment, the level of activated Akt in

Hcav-1 was barely altered (Fig. 4A).

Since phosphatase and tensin homolog deleted on chromosome

ten (PTEN) is a major negative regulator of the PI3K/Akt

signaling pathway, we also performed the experiment to elucidate

the role of Cav-1 on PTEN. Our results indicated that PTEN was

up-regulated in the cytoplasmic portion (C) but down-regulated in

the caveolae microsomal fraction (M) in Cav-1 overexpressed

(Hcav-1) cells in comparison with those of H460 cells (Fig. 4B). In

contrast, Cav-1-knock down cells exhibited the opposite profiles,

suggesting that Cav-1 regulated the compartmentalization of

PTEN. In order to assess the activity of PTEN, the western blot

analysis of the C-terminal phosphorylated PTEN at Ser380,

Thr382, and Thr383 that promote PTEN stability but decrease

PTEN activities [17], was performed. Figure 4B shows that

activated PTEN was significantly reduced in the Hcav-1 cells with

the observations that the phosphorylated PTEN (at Ser380,

Thr382, and Thr383) were significantly increased. Together with

the finding indicating that the phosphorylation of such a protein in

ShCav-1 cells was decreased, Cav-1 was demonstrated in the

presence study that negatively regulated activated status of PTEN

and such regulation may, at least in part, sustained the level of

phosphorylated Akt.

To test whether the alteration in phosphorylated Akt affects the

cellular oxidative stress, a PI3K inhibitor LY294002 was used to

suppress Akt activation. H460 cells were incubated with PI3K

inhibitor LY294002 at the concentrations of 10 and 50 mM, and

Akt and phosphorylated-Akt levels were determined by western

blotting (Fig. 4C). LY294002 at 10 and 50 mMwere able to reduce

p473-Akt (Fig. 4C). The effect of LY294002 on ROS induced by

cell detachment was monitored by DCFH2-DA, HPF and Amplex

red. Apparently, PI3K inhibitor was able to increase cellular

oxidative stress as indicated by the significant increase of DCF

fluorescence signal. Moreover, the specific ROS, namely hydroxyl

radical and hydrogen peroxide, were found to be significantly

increased in response to the treatment of PI3K inhibitor in H460

cells (Fig. 4D).

Interestingly, the treatment of LY294002 at 10 and 50 mM
could reverse to effect of Cav-1 in suppressing ROS reduction in

Hcav-1 cells. Figure 4E shows that ROS signal in Hcav-1 cells

treated with LY294002 was remarkably increased, compared to

that of non-treated Hcav-1 cells. In contrast, ROS level in shCav-1

cells were barely affected by the treatment of LY294002. Taken

together, these findings suggested that Cav-1 regulate ROS

formation after cell detachment by sustaining the activation of

PI3K/Akt pathway.

Discussion

So far, a number of cancer-related proteins have been identified

and used for specific applications, including biomarkers for the

early detection, prognosis, and molecular targets for anti-cancer

design [18]. According to the widely accepted hypothesis that not

all primary tumors are able to adhere on the endothelial surfaces,

but certain cancer cells possessing an innate or adaptive ability are

able to adhere on the surface of vascular endothelial cells and to

form metastases [19]. Many regulatory proteins were identified as

tumor suppressor or tumor promoter proteins; however, in the

case of Cav-1, both functions were reported. Cav-1 was first

described as a tumor suppressor protein since the down-regulation

of Cav-1 was found during cell transformation [7]. In contrast,

Cav-1 was shown to potentiate cancer progression and increasing

evidence has indicated its role as a cancer promoter [20]. Cav-1

was shown to function as an important mediator for multiple pro-

survival signaling pathways [21–23]. In addition, Cav-1 expression

was shown to increase in several types of human cancers, including

lung, breast, prostate, and pancreas cancers, and this up-regulation

was associated with a high degree of metastasis [20,24–28]. Even

though Cav-1 was shown to potentiate lung cancer metastasis by

enhancing anoikis resistance [9] and invasion and migration [11],

the present study provided the inhibitory effect of Cav-1 on

cancer-endothelium adhesion which has not been demonstrated.

Hydrogen peroxide and hydroxyl radical previously shown to

be generated during cell detachment [6] were demonstrated

herein to be critical for adhesive action of cancer cells to

endothelial surfaces (Fig. 3B). Such a finding has strengthened

the role of ROS, especially hydroxyl radical in the regulation of

cancer-endothelial interaction since hydroxyl radical was reported

to enhance cancer cell adhesion by affecting the surface of

endothelial cells [29]. Our finding was added to the growing list of

HUV-EC-C adhesion (n=5). D: Cav-1 overexpressed Hcav-1 or short hairpin Cav-1-transfected shCav-1 cells were constructed and analyzed for Cav-1
expression by Western blotting. Blots were re-probed with b-actin antibody to confirm equal loading of samples. The immunoblot signals were
quantified by densitometry, and mean data from independent experiments were normalized to the results. Columns are means 6SD (n= 3), *P,0.05
vs. H460 cells. E: Hcav-1, H460, and shCav-1 cells were detached for 3 h and added onto a culture of HUV-EC-C. Columns are means 6SD (n= 3),
*P,0.05 vs. H460 cells.
doi:10.1371/journal.pone.0057466.g001
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the functions of specific ROS in regulating cellular pathologic

events.

Cell adhesion molecules (CAMs), such as vascular endothelial

cell adhesion molecule-1 (VCAM-1), intercellular cell adhesion

molecule-1 (ICAM-1), and E-selectin, have been shown to be

essential for endothelial cells in interaction with the cancer cells

[15]. Such CAMs were shown to be up-regulated when

endothelial cells were exposed to inflammatory cytokines, namely

interleukin-1 beta (IL-1b) and tumor necrosis factor-alpha (TNF-a)
[15]. Among them, VCAM-1 has garnered increasing attention in

the anti-cancer field and recognized as a potential therapeutic

target in metastasis [30]. In the present study, the regulatory role

Figure 2. Caveolin-1 suppressed cell detachment-induced ROS generation. A: Cellular ROS level of detached H460, shCav-1, and Hcav-1
cells was determined by flow cytometry using H2DCF-DA as a fluorescence probe. Columns are means6SD (n= 3), *P,0.05 vs. time 0. B: H460, shCav-
1, and Hcav-1 cells were treated with Mn(III)tetrakis(4-benzoic acid) porphyrin chloride (MnTBAP, 50 mM), Catalase (Cat, 7,500 U/ml), Sodium formate
(NaF, 2.5 mM), or Deferoxamine (DFO, 1 mM). The intracellular ROS level of these cells was determined by H2DCF-DA probe. Columns are means6SD
(n= 5), *P,0.05 vs. attached control (time 0), and #P,0.05 vs. non-treated control at corresponding time. C: Hydrogen peroxide level of the cells was
determined by microplate reader using Amplex Red. Columns are means6SD (n= 3), *P,0.05 vs. control cells at time 0. D: Hydroxyl radical induction
was determined by HPF. Columns are means 6SD (n= 3), *P,0.05 vs. control cells at time 0.
doi:10.1371/journal.pone.0057466.g002

Figure 3. Hydrogen peroxide and hydroxyl radical enhance H460 cell adhesion to HUV-EC-C via VCAM-1. A: H460 cells were left
untreated or pretreated with Mn(III)tetrakis(4-benzoic acid) porphyrin chloride (MnTBAP, 50 mM), Catalase (Cat, 7,500 U/ml), Sodium formate (NaF,
2.5 mM), or Deferoxamine (DFO, 1 mM) then detached for 3 h prior to adhesion assay. Columns are means 6SD (n= 3), *P,0.05 vs. non-treated
control. B: H460 cells were treated with 100 mM H2O2 or 100 mM H2O2 and 50 mM FeSO4 and subjected to the HUV-EC-C surface which was blocked
by VCAM-1, ICAM-1, or E-selectin antibodies. Phase-contrast microscopic pictures of representative experiments are shown. Columns are means 6SD
(n= 3), *P,0.05 vs. non-treated control.
doi:10.1371/journal.pone.0057466.g003
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of hydrogen peroxide and hydroxyl radical was found to be

associated with the expression of VCAM-1 on the endothelial cells

(Fig. 3B). Blocking VCAM-1 on the endothelium surface but not

ICAM-1 and E-selectin was shown to abolish the effect of such

ROS on cancer cell binding, implying that ROS mediates cancer

cell adhesion via VCAM-1-dependent mechanism. Since VCAM-

1 is an endothelial ligand for interacting with b1 sub family of

integrins [31], we hypothesized that hydrogen peroxide and

hydroxyl radical probably affected the expression level and/or

function of integrins on cancer cell surfaces.

The down-regulation of Cav-1 in lung cancer cells was shown to

be dependent on the cellular redox status [6]. However, the

feedback mechanism of Cav-1 on ROS regulation has not been

reported elsewhere. We found that Cav-1 suppressed the

formation of ROS in response to cell detachment and the

inhibition of hydrogen peroxide and hydroxyl radical was essential

for anti-adhesive role of Cav-1. The ectopic overexpression of

Cav-1 significantly attenuated ROS, including hydrogen peroxide

and hydroxyl radical generations induced by cell detachment,

while the transfection with shRNA mediating Cav-1 down-

regulation showed the opposite effect (Fig. 2A–D). Further, we

showed that Cav-1 plays a role in regulating ROS after cell

detachment through PI3K/Akt pathway. Considering the fact that

Cav-1 was shown to reduce overtimes after cell detachment and

this reduction was associated with the increase of cancer cell

adhesion (Fig. 1B), at later time the metastatic cells may adhere

and form secondary tumors. Also, Cav-1 was shown to reduce

anoikis response that allows cancer cells expressing high Cav-1 to

survive for long time and adhered to the distant sites (Fig. 5).

Although activated status of Akt was shown to be regulated by

several mechanisms, several cancer-related studies suggested that

PTEN play a dominant role in attenuating Akt functions [32–33].

Indeed, phosphatase activity of PTEN turns phosphatidyl-inositol

3,4,5 triphosphate (PIP3), an activator of Akt, into PIP2, resulting

in Akt suppression [32]. In the present study, PTEN expression

was found in the caveolin-1 rich domains and was down-regulated

in such a cell compartment in the Cav-1-overexpressed cells

(Fig. 4B). In contrast, the level of PTEN was found to be increased

in cytoplasmic portion of the cells. These results suggested that

both Cav-1 and PTEN shared the same localization in these cells.

In terms of PTEN function, we found that phosphorylated PTEN

was significantly up-regulated in Cav-1-overexpressed cells, while

the Cav-1-knock down cells exhibited the opposite results (Fig. 4B)

Although further investigations on the underlying mechanisms

that Cav-1 regulates PTEN are needed, our findings indicate that

Cav-1 sustained the activity of Akt by suppressing PTEN

activation.

In summary, the present study has revealed a novel finding on

the cancer-endothelium regulatory effect of Cav-1 in human lung

carcinoma H460 cells. This effect of Cav-1 involves its ability to

Figure 4. Caveolin-1 suppresses hydrogen peroxide and hydroxyl radical inductions through PI3K/Akt pathway. A: H460, shCav-1, and
Hcav-1 cells were detached and suspended in poly-HEMA-coated plates for 0–3 h. p473-Akt and pan-Akt level in these cells was determined by
antibodies specific to p473-Akt and pan-Akt. Columns are means 6SD (n= 3), *P,0.05 vs. H460 cells at time 0, #P,0.05 vs. corresponding control
cells at time 0. B: Lysate of H460, shCav-1, and Hcav-1 cells were used for the investigation of PTEN, phospho-PTEN (Ser380/Thr382/383) expression.
Caveolae microsomal fraction (M) was prepared as described in materials and methods and used for the investigation of PTEN (M). EGFR was used as
a marker for the caveolae fraction. Columns are means6SD (n = 3), *P,0.05 vs. H460 cells. C: H460 cells were left untreated or pretreated for 2 h with
10 and 50 mM LY294002 then the cells were detached for 3 h and analyzed for p473-Akt and Akt levels. Columns are means 6SD (n= 3), *P,0.05 vs.
non-treated control. D: H460 cells were treated with LY294002 and determined for ROS, hydroxyl radical, and hydrogen peroxide production by
DCFH2-DA, HPF, Amplex Red, respectively. Columns are means 6SD (n= 4), *P,0.05 vs. non-treated control at time 0, #P,0.05 vs. non-treated
control at 3 h. E: ShCav-1 and Hcav-1 cells were treated with LY294002 and analyses for cellular ROS using DCFH2-DA. Columns are means 6SD
(n= 3), *P,0.05 vs. non-treated control.
doi:10.1371/journal.pone.0057466.g004
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suppress hydrogen peroxide and hydroxyl radical generation by

sustaining phosphorylated Akt levels. Because cancer adhesion to

endothelial cells is crucial for cancer metastasis, the findings of this

study could be beneficial to the understating of cancer metastasis

and development of cancer therapy.
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