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Anoikis, a detachment-induced apoptosis, is a principal
mechanism of inhibition of tumor cell metastasis. Tumor cells
can acquire anoikis resistance which is frequently observed in
metastatic lung cancer. This phenomenon becomes an impor-
tant obstacle of efficient cancer therapy. Recently, signaling
mediators such as caveolin-1 (Cav-1) and nitric oxide (NO)
have garnered attention in metastasis research; however, their
role and the underlying mechanisms of metastasis regulation
are largely unknown. Using human lung carcinoma H460 cells,
we show thatNO impairs the apoptotic functionof the cells after
detachment. The NO donors sodium nitroprusside and diethyl-
enetriamine NONOate inhibit detachment-induced apoptosis,
whereas the NO inhibitors aminoguanidine and 2-(4-carboxy-
phenyl) tetramethylimidazoline-1-oxyl-3-oxide promote this
effect. Resistance to anoikis in H460 cells is mediated by Cav-1,
which is significantly down-regulated after cell detachment
through a non-transcriptional mechanism involving ubiquitin-
proteasomal degradation. NO inhibits this down-regulation by
interfering with Cav-1 ubiquitination through a process that
involves protein S-nitrosylation, which prevents its proteasomal
degradation and induction of anoikis by cell detachment. These
findings indicate a novel pathway for NO regulation of Cav-1,
which could be a key mechanism of anoikis resistance in tumor
cells.

Caveolin-1 (Cav-1),3 a 21–24-kDa structural protein compo-
nent of the plasma membrane microdomains termed caveolae
has been shown to function in vesicular trafficking, signal trans-
duction, and cancer progression (1–4). Althoughup-regulation
of this protein normally occurs in a variety of terminally differ-
entiated cells including fibroblasts, adipocytes, smooth muscle

cells, endothelial cells, and epithelial cells (5), Cav-1 is greatly
reduced in most oncogenically transformed and cancer cells
(6–10). Thus, Cav-1 was first explained to function as a tumor
suppressor protein (11–13). In contrast, increasing evidence
indicates its role as a tumor and metastatic promoter as over-
expression or re-expression of Cav-1 was found in many
advanced stage and metastatic cancer cells. Up-regulation of
Cav-1 was shown to render Rat1A cells more resistant to apo-
ptosis (14). Moreover, antisense-induced down-regulation of
Cav-1 caused human prostate cancer cells more sensitive to
apoptosis (15, 16). Therefore, the role of Cav-1 in cancer pro-
gression remains controversial.
Metastasis is a multistep process composed of cancer cell

detachment, migration, extravasation, and adhesion of the
detached cells to other target sites. A key mechanism in the
regulation of metastasis is anoikis or detachment-induced apo-
ptosis. Previous studies have shown that Cav-1 acts as a nega-
tive regulator of anoikis (17, 18), and its elevated expression in
lung carcinoma is closely associated with the increased metas-
tasis capacity and poor survival of the patients (19). Likewise,
elevated NO and NO synthase levels have been associated in
many human metastatic cancers including the lung (20–24),
breast (25), colon (26), and cancers of the central nervous sys-
tem (27). However, the role of NO and itsmechanism ofmetas-
tasis regulation in association with Cav-1 are not well under-
stood. Because resistance to anoikis is a key step in metastasis
development and because Cav-1 has been implicated in this
process, we investigated the potential regulation of Cav-1 by
NO and studied its role in anoikis of human lung carcinoma
cells.
NO has been reported to have both pro- and anti-apoptotic

effect on cells, depending on a variety of factors, including cell
type, cellular redox status, and the flux anddose of localNO (28,
29). In human lung carcinoma cells, we previously reported that
NO plays a suppressive role in apoptosis induced by a variety of
agents, including Fas death ligand (30), chemotherapeutic
agent cisplatin (31), and the metal carcinogen chromium (32).
However, the role of NO in cell anoikis and its potential regu-
lation of Cav-1 have not been well investigated. Using molecu-
lar and pharmacological approaches, we report here that NO
plays an important role in Cav-1 regulation and anoikis func-
tion of human lung cancer H460 cells.We also demonstrate for
the first time that Cav-1 is down-regulated during cell anoikis
through the ubiquitin-proteasomal degradation pathway and
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that NO regulates this process by inducing S-nitrosylation of
the protein which inhibits its ubiquitination and proteasomal
degradation. Thus, our study reveals the existence of a novel
mechanism of anoikis regulation, which might be exploited in
metastasis and cancer therapy.

MATERIALS AND METHODS

Cells and Reagents—Human lung epithelial NCI-H460 cells
were obtained from the American Type Culture Collection
(Manassas, VA). The cells were cultured in RPMI 1640
medium supplemented with 5% fetal bovine serum, 2 mM

L-glutamine, and 100 units/ml penicillin and streptomycin.
Cell cultures were maintained in a humidified atmosphere of
5% CO2 at 37 °C. Cells were passaged at preconfluent densi-
ties using a solution containing 0.05% trypsin and 0.5 mM

EDTA. The NO donors sodium nitroprusside (SNP) and
diethylene triamine (DETA) NONOate and the NO inhibitors
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide (PTIO) and aminoguanidine (AG) were obtained from
Sigma. These NO modulators are water-soluble and were pre-
pared in a sterile culture medium before use. Diaminofluores-
cein diacetate (DAF-DA) and Hoechst 33342 were obtained
from Molecular Probes, Inc. (Eugene, OR). Monoclonal anti-
body against Cav-1 and protein A-agarose were from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies against Akt
and phospho-Akt Ser-473 and Thr-308 were from Cell Signal-
ing Technology, Inc. (Beverly, MA). Antibodies for ubiquitin,
S-nitrosocysteine, �-actin, and peroxidase-conjugated second-
ary antibodies were from Sigma. The transfecting agent Lipo-
fectamine 2000 was from Invitrogen. All other chemicals and
reagents including annexin V-fluorescein isothiocyanate
(FITC), propidium iodide (PI), dithiothreitol (DTT), lactacys-
tin, and LY294002 were from Sigma.
NO Detection—Cellular NO production was determined by

flow cytometry using DAF-DA as a fluorescent probe and by
Griess assay,whichmeasures the stable nitrite byproduct ofNO
in the culture medium. After detachment, cells (1 � 106/ml)
were collected and incubatedwith 10�MDAF-DA for 30min at
37 °C. The cells were then washed, resuspended in phosphate-
buffered saline, and analyzed for fluorescence intensity using
FACSCaliber (BD Biosciences). Signals were obtained using a
488-nm excitation beam and a 538-nm band-pass filter. In
some experiments cells were visualized for fluorescence inten-
sity using a fluorescence microscope (Carl Zeiss Axiovert, Göt-
tingen, Germany). For the Griess assay, cell supernatants were
collected, and aliquots (100 �l) were mixed with 100 �l of
Griess reagent (1% sulfanilamide, 0.1% naphthyl ethylenedia-
mine dihydrochloride, 2% phosphoric acid) in a 96-well plate.
After incubation for 10 min at 25 °C, the absorbance at 550 nm
was measured on a microplate reader.
Plasmid and Transfection—Caveolin-1 plasmid (pEX_Cav-

1-YFP) was obtained from the American Type Culture Collec-
tion (Manassas, VA). Stable transfectant of Cav-1 was gener-
ated by culturing H460 cells in a 6-well plate until they reached
60% confluence. One microgram of cytomegalovirus-neo vec-
tor and 15 �l of Lipofectamine reagent with 2 �g of Cav-1 or
control pcDNA3 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. Approxi-
mately 36 h after the beginning of the transfection, the cells
were digested with 0.03% trypsin, and the cell suspensions were
plated onto 75-ml culture flasks and cultured for 24–28 days
with G418 selection (600 �g/ml). The pooled stable transfec-
tant was identified by Western blot analysis of Cav-1 and was
cultured in G418-free RPMI 1640 medium for at least two pas-
sages before each experiment.
Anoikis Assays—Adherent H460 cells in culture were tryp-

sinized into a single cell suspension and then seeded in 12-well
tissue culture plates coated with 200 �l (6 mg/ml in 95% etha-
nol) of poly-2-hydroxyethylmethacrylate (poly-HEMA; Sigma)
at the density of 1 � 105 cells/ml. Suspended cells were incu-
bated at 37 °C for various times up to 24 h. Cells were then
harvested, washed, and stained with annexin V-FITC and ana-
lyzed for fluorescence intensity by flow cytometry and fluores-
cence microscopy. For Hoechst 33342 apoptosis assay, cells
were incubated with 10�M theHoechst dye for 30min at 37 °C,
and the apoptotic cells having intensely condensed chromatin
and/or fragmented nuclei were visualized under a fluorescence
microscope. For cell survival assay, cells were similarly treated,
harvested, washed, and incubatedwith 20�M sodium2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxa-
nilide (XTT) for 4 h at 37 °C. Optical density was then deter-
mined by V-max photometer (Molecular Devices, Inc., Menlo
Park, CA) at a wavelength of 450 nm.
Western Blot Analysis—Cell extracts were performed by

incubating the cells in lysis buffer containing 20 mM Tris-HCl,
pH 7.5, 1% Triton X-100, 150 mM sodium chloride, 10% glyc-
erol, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100
mM phenylmethylsulfonyl fluoride, and a protease inhibitor
mixture (Roche Applied Science) for 30 min on ice. Cell lysates
were collected and assayed for protein content using the Brad-
ford method (Bio-Rad). Equal amount of proteins per sample
(40 �g) were resolved on a 10% SDS-polyacrylamide gel elec-
trophoresis and transferred onto 0.45-�mnitrocellulose mem-
branes (Pierce). The transferred membranes were blocked for
1 h in 5% nonfat dry milk in Tris-buffered saline/Tween 20 (25
mM Tris-HCl, pH 7.4, 125 mM NaCl, and 0.05% Tween 20) and
incubatedwith the appropriate primary antibodies at 4 °C over-
night. Membranes were washed 3 times with Tris-buffered
saline, Tween 20 for 10 min and incubated with peroxidase-
labeled secondary antibodies for 1 h at room temperature. The
immune complexes were detected by chemiluminescence
(SupersignalWest Pico; Pierce) and quantified by imaging den-
sitometry using analyst/PC densitometry software (Bio-Rad).
Immunoprecipitation—Cells were washed after treatments

and lysed in lysis buffer for 30 min on ice. Cell lysates were
collected and determined for protein content. Equal amounts
of proteins per sample (60 �g) were immunoprecipitated with
anti-Cav-1 antibody for 6 h at 4 °C. The immune complexes
werewashedwith 30 volumes of lysis buffer, resuspended in 2�
Laemmli sample buffer, and boiled at 95 °C for 5 min. The
immune complexes were separated by 10% SDS-PAGE and
analyzed by Western blotting as described above.
Measurements of Cav-1 S-Nitrosylation—Cells were lysed

and immunoprecipitated with anti-Cav-1 antibody as de-
scribed above. The immunoprecipitated protein was analyzed
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for S-nitrosylation by Western blot using anti-S-nitrosocys-
teine antibody and by fluorometricmeasurements as previously
described (32). Briefly, immunoprecipitates were incubated
with 200 �MHgCl2 and 200 �M diamino naphthalene in 500 �l
of phosphate-buffered saline for 0.5 h at room temperature fol-
lowed by the addition of 1 M NaOH. The fluorescent triazole
product generated from the reaction between diamino naph-
thalene and NO released from S-nitrosylated Cav-1 was quan-
tified by fluorometry at the excitation and emission wave-
lengths of 375 and 450 nm, respectively.
Reverse Transcription-PCR—Total RNA was extracted with

Trizol (Invitrogen), and reverse transcription-PCR was per-
formed with Access RT-PCR System (Promega, Madison, WI)
according to the manufacturer’s instructions. Sequences of the
PCR primers were: Cav-1 forward, 5�-CGTAGACTCGGAGG-
GACATC-3�, and reverse, 5�-TTTCGTCACAGTGAA-
GGTGG-3�; for glyceraldehyde-3-phosphate dehydrogenase,
forward, 5�-GCTGAGAACGGGAAGCTTGT-3�, and reverse,
5�-GCCAGGGGTGCTAAGCAG-3�. Reaction products were
analyzed after 30 amplification cycles, each of which involved
consecutive 1-min steps at 94, 55, and 72 °C. The PCR products
were electrophoresed in a 1.5% agarose gel, stained with
ethidium bromide, and photographed.
The results obtained by conventional RT-PCR were verified

by quantitative real-time PCR. One microgram of Trizol-
extracted RNA was reverse-transcribed in a 100-�l reaction
mixture containing 500 �M dNTP, 125 units of MultiScribe
Reverse Transcriptase (Applied Biosystems, Foster City,
CA), 40 units of RNase inhibitor, 2.5 �M oligo(dT), 1� Taq-
Man reverse transcriptase buffer, and 5 mM MgCl2 at 48 °C
for 40 min. The primers used in this study were designed
using Primer Express software (Applied Biosystems): Cav-1
(#AI878826) forward 5�-CGAGAAGCAAGTGTACGACGC-
3�, and reverse 5�-ACCACGTCATCGTTGAGGTG-3�; glycer-
aldehyde-3-phosphate dehydrogenase forward, 5�-GAAGGT-
GAAGGTCGGAGTC-3�, and reverse 5�-GAAGATGGTGA-
TGGGATTTC-3�. Amplification was performed at the
following cycling conditions: 95 °C for 10 min followed by 40
cycles at 95 °C for 15 s and 60 °C for 1 min. A SYBR Green PCR
Master Mix (Applied Biosystems) was used with 1 ng of cDNA
and with 100–400 nM primers. A negative control without any
cDNA template was run with every assay. All PCR reactions
were performed by using ABI PRISM 7900 Sequence Detection
System (Applied Biosystems). Relative mRNA levels were
determined by using the comparative CT (threshold cycle)
method (33), where the caveolin-1 target is normalized to the
control and compared with a reference sample (assigned a rel-
ative value of 1) by the equation: 2���CT.
Immunofluorescence—Cells (0.5 � 106/well) were seeded in

6-well poly-HEMA-coated plates and treated with NO modu-
lators as described under “Results.” After treatment, the cells
were fixed in 3.7% formaldehyde for 10 min at room tempera-
ture and then permeabilized and blocked in a solution contain-
ing 0.5% saponin, 1% bovine serum, and 1.5% goat serum for 30
min. After primary antibody incubation with Cav-1 mono-
clonal antibody (BD Biosciences) at 1:100 dilution for 1 h, cells
were washed and incubated with Alexa Fluor 488-conjugated
secondary antibody (Invitrogen) for 30 min. Cell nucleus was

stained with ToPro-3 (Invitrogen), and the actin cytoskeleton
was stained with Alexa Fluor 546-conjugated phalloidin
(Invitrogen). Cells were cytospun onto a glass slide and
mounted using the anti-fade reagent Fluoromont-G (Southern
Biotech, Birmingham, AL). Images were acquired by confocal
laser scanning microscopy (Zeiss LSM 510).
Statistical Analysis—Data were represented as the means �

S.D. from three or more independent experiments. Statistical
analysis was performed by Student’s t test at a significance level
of p � 0.05.

RESULTS

Nitric Oxide Inhibits Detachment-induced Apoptosis of H460
Cells—NO has been shown to play an important role in the
regulation of cancer cell metastasis; however, the underlying
mechanism of this regulation is unclear. To test whether NO
might regulate this process by inhibiting detachment-induced
apoptosis or anoikis, which is a crucial step in the metastasis of
cancer cells, we first investigated anoikis of human lung cancer
H460 cells in response to various specificNOdonors and inhib-
itors. Anoikis was induced by detaching the cells and incubat-
ing them in attachment-resistant poly-HEMA-coated plates for
various times and analyzed for cell viability by XTT assay. Fig.
1A shows that detachment of the cells caused a time-dependent
decrease in cell viability with �55 and 15% of the cells remain-
ing viable after 6 and 12 h, respectively. Analysis of cell apopto-
sis by flow cytometry using FITC-labeled annexin V antibody
shows a significant increase in annexin V-associated cellular
fluorescence as early as 6 h after the detachment and reached a
maximum at about 18 h (Fig. 1B). In contrast, analysis of cell
necrosis using PI as a probe shows no significant increase in the
PI signal over a 24-h period. These results suggest that apopto-
sis is the primary mode of cell death after detachment of H460
cells. Morphologic analysis of apoptotic cell death by fluores-
cence microscopy using Hoechst 33342 and annexin V-FITC
further confirms the results (Fig. 1E).
To investigate the role of NO in detachment-induced apo-

ptosis, detached H460 cells were treated with various concen-
trations of NO donors and inhibitors, and their effect on cell
survival was determined byXTTassay. Fig. 1C shows that treat-
ment of the cells with NO donor, SNP, or DETA NONOate
caused a dose-dependent decrease in cell death, whereas treat-
ment of the cells with NO inhibitor, AG, or PTIO had an oppo-
site effect. Analysis of cell apoptosis by annexin V-FITC and
Hoechst 33342 assays similarly shows the inhibitory and pro-
moting effect of the NO donors and inhibitors, respectively, on
detachment-induced cell death (Fig. 1, D and E). The NO
donors and inhibitors, when used at the indicated concentra-
tions, had no significant effect on cell necrosis as determined by
PI assay (Fig. 1D).
Effect of NOModulators on Cellular NO Level—To provide a

relationship between cell death andNOmodulation induced by
the test agents, we analyzed cellular NO levels in response to
various NOmodulator treatments by colorimetric Griess assay
and by flow cytometric and microscopic assays using DAF-DA
as a fluorescent probe for NO. Fig. 2A shows the result of the
Griess assaywhichmeasures the stable nitrite breakdownprod-
uct of NO. Both NO inhibitors AG and PTIO significantly
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inhibited cellular nitrite production, whereas the NO donors
SNP and DETA NONOate increased the production as com-
pared with non-treated control. These results were con-
firmed by flow cytometric and microscopic assays of NO
(Fig. 2, B and C), which show the induction and inhibition of
cellular NO levels by the NO donor SNP and NO inhibitor
PTIO, respectively.
Cav-1 Overexpression Renders H460 Cells Resistant to

Detachment-induced Apoptosis—The role of Cav-1 in the reg-
ulation of cancer cell anoikis is unclear. We studied this role by
stably transfecting H460 cells with Cav-1 or control plasmid

and evaluated their effect on
detachment-induced cell death.
Transfected cells were detached,
suspended in poly-HEMA-coated
plates, and analyzed for cell survival
at various times by XTT assay. Fig.
3A shows that Cav-1-transfected
cells exhibited resistance to detach-
ment-induced cell death as com-
pared with control-transfected
cells.Western blot analysis of Cav-1
expression in the transfected cells
shows an increased expression of
Cav-1 protein in the Cav-1-trans-
fected cells compared with control-
transfected cells (Fig. 3B). These
results indicate the role of Cav-1 as a
negative regulator of detachment-
induced cell death in lung epithelial
H460 cells. Because Cav-1 has been
shown to regulate cell death and
survival through a PI3K/Akt-de-
pendent mechanism (16, 35, 36), we
tested the effect of Cav-1 overex-
pression on Akt activity and exam-
ined its effect on detachment-in-
duced cell death. Our results show
that Cav-1 overexpression induced
Akt activation as indicated by the
increased phosphorylation of Akt
(Thr-308 and Ser-473), whereas it
had no effect on total Akt level (Fig.
3C). The induction of Akt phos-
phorylation was inhibited by the
PI3K inhibitor LY294002, suggest-
ing that this inductionwasmediated
through the PI3K pathway. Analysis
of apoptosis shows that Cav-1 over-
expression decreased detachment-
induced cell death and that this
effect was inhibited by the PI3K
inhibitor LY294002 (Fig. 3D). These
results suggest that Cav-1 exerts its
anti-apoptotic effect during cell
detachment through a mechanism
that is dependent on PI3K/Akt
activation.

Cav-1 Overexpression Alters Cell Growth and Morphology of
H460 Cells—Fig. 3E shows that under a normal growth con-
dition that allows cell attachment, Cav-1-overexpressing
cells exhibited an increased growth rate over control-trans-
fected cells. The lag phase before cell growth was signifi-
cantly reduced in Cav-1-overexpressing cells. As compared
with control-transfected cells, which grew as an epithelial
monolayer, Cav-1-overexpressing cells formed cell mounds
and grew as multilayer epithelial cells (Fig. 3F). This multi-
layer growth pattern is consistent with the increased growth
rate of Cav-1-overexpressing cells. These results suggest that

FIGURE 1. Detachment-induced apoptosis and its inhibition by NO. A, effect of cell detachment on cell
survival determined by XTT assay. Lung epithelial H460 cells were detached as described under “Materials and
Methods” and suspended in HEMA-coated plates for various times (0 –24 h). B, effect of cell detachment on
apoptosis and necrosis determined by flow cytometry using annexin V-FITC (An V-FITC) and PI assays. C, effect
of NO modulators on detachment-induced cell death. Detached cells were treated with various concentrations
of NO donor, SNP (10, 50, 100 �M), or DETA NONOate (10, 50, 100 �M) or with NO inhibitor, AG (100, 200, 300
�M), or PTIO (10, 50, 100 �M) for 12 h. Cell survival was then determined by XTT assay. CNTL, control. D, effects
of NO modulators on detachment-induced apoptosis and necrosis. Detached cells were treated with SNP (50
�M), DETA NONOate (50 �M), AG (300 �M), or PTIO (50 �M) for 12 h, and cell apoptosis and necrosis were
determined as described above. E, upper panel, effect of NO modulators on detachment-induced apoptosis
determined by Hoechst 33342 nuclear fluorescence staining. Lower panel, effect of NO modulators on detach-
ment-induced apoptosis determined by annexin V-FITC fluorescence microscopy. Data are the mean � S.D.
(n � 3). *, p � 0.05 versus non-treated control.
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Cav-1 may function as a tumor promoter by enhancing cell
growth.
Detachment Induces Cav-1 Down-regulation through a Non-

transcriptional Proteasome-dependent Mechanism—Having
demonstrated the role of Cav-1 as a negative regulator of cell
anoikis in H460 cells, we next investigated the expression pro-
file of Cav-1 after cell detachment. Detached cells were sus-
pended in attachment-resistant plates for various times and
analyzed for Cav-1 protein and mRNA expression by Western
blotting and RT-PCR, respectively. Fig. 4A shows that Cav-1
protein levels were significantly reduced in cells after detach-
ment in a time-dependent manner. The reduction was strongly
inhibited by lactacystin, a specific proteasome inhibitor, sug-
gesting that detachment-induced Cav-1 down-regulation was
mediated through proteasomal degradation. This result was
confirmed by the observation that another proteasome inhibi-
tor, MG132, also inhibited the decrease in Cav-1 protein
expression (data not shown). Analysis of Cav-1 mRNA levels
by RT-PCR shows that Cav-1 transcripts were relatively
unchanged after cell detachment (Fig. 4B), whereas the protein
levels were substantially reduced. The RT-PCR result was con-
firmed by quantitative real-time RT-PCR, which shows no sig-
nificant changes in theCav-1mRNA level after cell detachment
(Fig. 4C). Thus, cell detachment appears to cause Cav-1 protein

reduction through a transcription-independent mechanism.
These results along with subsequent data showing the effect of
cell detachment on Cav-1 ubiquitination support the role of
ubiquitin-proteasomal degradation as an important mecha-
nism of Cav-1 down-regulation induced by cell detachment.
Nitric Oxide Prevents Detachment-induced Cav-1 Down-re-

gulation—We further investigated the potential regulation of
Cav-1 by NO. Cells were detached and suspended in HEMA-
coated plates in the presence or absence of NO donors and
inhibitors. Cav-1 protein expression was then determined by
Western blotting. Fig. 4D shows that the NO donors SNP and
DETA NONOate strongly inhibited detachment-induced
Cav-1 down-regulation at the concentrations shown to induce
an increase in cellular NO levels (Fig. 2). In contrast, the NO
inhibitors AG and PTIO promoted this down-regulation (Fig.
4D). These results were confirmed by confocal immunofluores-
cence microscopy which shows that Cav-1 fluorescence inten-
sity was reduced after cell detachment and that the NO donor
SNP was able to inhibit this reduction, whereas the NO inhib-

FIGURE 2. Effect of NO modulators on cellular NO and nitrite levels. H460
cells were detached and either left untreated or treated with SNP (50 �M),
DETA NONOate (50 �M), AG (300 �M), or PTIO (50 �M) for 2 h. A, nitrite pro-
duction determined by the Griess assay. B and C, NO production determined
by flow cytometry and fluorescence microscopy using DAF-DA as a probe.
Data are the mean � S.D. (n � 3). *, p � 0.05 versus non-treated control.

FIGURE 3. Cav-1 overexpression increases cell death resistance and Akt
phosphorylation, alters growth pattern, and increases growth rate.
A, H460 cells were stably transfected with Cav-1 or control plasmid as
described under “Materials and Methods.” Transfected cells were grown in
culture medium and analyzed for cell survival at various times after detach-
ment using XTT assay. Attached cells showed no significant apoptosis during
the test period of 24 h (data not shown). B, Western blot analysis of Cav-1
expression in control and Cav-1-transfected cells. Cell extracts were prepared
and separated on 10% polyacrylamide-SDS gels, transferred, and probed with
Cav-1 antibody. �-Actin was used as a loading control. CNTL, control. C, effect
of Cav-1 overexpression on Akt phosphorylation. Transfected cells were
detached and incubated in HEMA-coated plates for 12 h in the presence or
absence of LY294002 (10 �M). Cell lysates were prepared and analyzed for Akt
phosphorylation by Western blotting. Blots were probed with antibodies spe-
cific to phospho-Akt (Ser-473 and Thr-308) and Akt. D, apoptosis of the
treated cells was analyzed by Hoechst 33342 assay and expressed as the ratio
of apoptotic nuclei to total nuclei. E, effect of Cav-1 overexpression on cell
proliferation. Cav-1 and control-transfected cells were grown in normal tissue
culture plates and analyzed for cell proliferation at various times by hemocy-
tometry. F, morphology of control and Cav-1-transfected cells in culture. Data
are the mean � S.D. (n � 3). *, p � 0.05 versus vector-transfected control.
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itor AG further reduced the signal intensity (Fig. 4E). Although
these results are non-quantitative, they support the Western
blot data and provide additional evidence for the suppressive

role of NO in detachment-induced
Cav-1 down-regulation. Analysis of
the fluorescence pattern in the
treated and control cells shows no
apparent changes in the cellular
localization of Cav-1, which is
largely membrane-bound.
Detachment Induces Cav-1 Ubiq-

uitination and Its Inhibition by NO—
The observation that detachment-
induced Cav-1 down-regulation
was inhibited by proteasome inhib-
itors suggests that this down-regu-
lation could be mediated by pro-
tein ubiquitination and subsequent
degradation by the proteasome.
Because ubiquitination of Cav-1 has
not been reported, we examined
whether cell detachment could
induce Cav-1 ubiquitination and
whether or not this process is regu-
lated by NO. Cells were detached
and suspended in HEMA-coated
plates in the presence or absence of
NO donors for various times. Cell
lysates were prepared and immuno-
precipitated with anti-Cav-1 anti-
body, and the resulting immune
complexes were analyzed for ubiq-
uitin by Western blotting. Fig. 5A
shows that Cav-1 was rapidly ubiq-
uitinated as early as 1 h after cell
detachment and peaked at about
3 h. TheNOdonors SNP andDETA
NONOate strongly inhibited this
ubiquitination, suggesting that NO-
mediated inhibition of protein ubiq-
uitination could be a key mecha-
nism of Cav-1 stabilization by NO,
and our subsequent study supports
this notion.
NO-mediated S-Nitrosylation of

Cav-1 as a Potential Mechanism of
Protein Stability Regulation—Previ-
ous studies have shown that NO
induced S-nitrosylation of some
apoptosis regulatory proteins, such
as c-FLIP and Bcl-2, and prevented
their ubiquitination and degrada-
tion by the proteasome (30–32). To
test whether S-nitrosylation could
be involved in the regulation of
Cav-1 by NO, we performed immu-
noprecipitation experiments exam-
ining the effect of NO on Cav-1

S-nitrosylation and protein expression. The results show that
treatment of the cells with NO donors, SNP, and DETA
NONOate induced S-nitrosylation of Cav-1 as determined by

FIGURE 4. Effect of cell detachment on Cav-1 expression and its regulation by NO. A, H460 cells were
detached and seeded in HEMA-coated plates for various times (0–24 h) in the presence or absence of lactacystin
(LAC) (10 �M). Cells extracts were prepared and analyzed for Cav-1 protein expression by Western blotting. Blots
were reprobed with �-actin antibody to confirm equal loading of samples. The immunoblot signals were quantified
by densitometry, and mean data from independent experiments (one of which is shown here) were normalized to
the results in control cells at 0 h. B, RT-PCR analysis of Cav-1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA expression at various times (0–24 h) after cell detachment. C, relative Cav-1 mRNA expression
determined by quantitative real-time PCR. The relative mRNA expression was determined by using the compar-
ative CT method as described under “Materials and Methods.” D, detached cells were treated with NO inhibitor,
AG (300 �M) or PTIO (50 �M), or with NO donor, SNP (50 �M), or DETA NONOate (50 �M) for 12 h, after which they
were analyzed for Cav-1 expression by Western blotting. E, detached cells were either left untreated or treated
with SNP (50 �M) or AG (300 �M) for 12 h and analyzed for Cav-1 by immunofluorescence confocal microscopy.
Cells were also stained with Alexa Fluor 546-conjugated phalloidin and ToPro-3 to aid visualization of actin
cytoskeleton and nucleus. Data are the mean � S.D. (n � 3). *, p � 0.05 versus attached cell control; #, p � 0.05
versus the indicated control or 12-h detached cell control.
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Western blot analysis of the immunoprecipitated protein using
S-nitrosocysteine antibody (Fig. 5B). Similar results were
obtained when the immunoprecipitated protein was analyzed
for S-nitrosylation by fluorometric measurements of the
releasedNOproduct (Fig. 5C). Cav-1 S-nitrosylation by theNO
donors was inhibited by DTT, a known inhibitor of S-nitrosy-
lation (37, 38) (Fig. 5, B and C), supporting the specificity of
S-nitrosylation detection. To test whether S-nitrosylation of
Cav-1 affects its stability, we analyzed the effect of NO donors
and DTT on Cav-1 protein expression. Fig. 6A shows that the
NOdonors SNP andDETANONOatewere able to stabilize the

protein after cell detachment and that the S-nitrosylation
inhibitor DTT inhibited the stabilizing effect of NO donors.
Together, these results indicate that NO regulates Cav-1
expression at least in part by inducing protein S-nitrosyla-
tion which interferes with its ubiquitination and subsequent
degradation by the proteasome. This new finding provides a
mechanistic insight into the regulation of Cav-1 by NO,
which could be important in the control of cancer cell
anoikis and metastasis.
Nitric Oxide Induces Anoikis Resistance andMultilayer Forma-

tion—To provide supporting evidence for the role of NO in the
regulation of cell anoikis through protein S-nitrosylation, H460
cells were detached and incubated with NO donors in the pres-
ence or absence of DTT. Cell viability was then determined
after 12 h using XTT assay. Fig. 6B shows that the NO donors
SNP and DETA NONOate significantly increased cell viability
after detachment and that DTT inhibited this effect of NO
donors. In the earlier studywe showed that cells overexpressing
Cav-1 exhibited multilayer formation. Because NO up-regu-
lates Cav-1 expression, we examined whether NO could induce
a similar multilayer formation in H460 cells. Cells were grown
in culture plates in the presence or absence of NO donors, and
cellmorphologywas examined bymicroscopy after 24 h. Fig. 6B
shows that theNOdonors SNP andDETANONOatewere able
to induce multilayer formation of H460 cells as compared with
non-treated control. Because multilayer formation is a key
characteristic of malignant tumor cells, this finding suggests

FIGURE 5. Effects of NO modulators on Cav-1 ubiquitination and S-ni-
trosylation. A, H460 cells were detached and either left untreated or treated
with SNP (50 �M) or DETA NONOate (50 �M) in the presence or absence of DTT
(1 mM) in HEMA-coated plates. Cells lysates were prepared and immunopre-
cipitated (IP) with anti-Cav-1 antibody. The resulting immune complexes
were then analyzed for ubiquitin by Western blotting (WB) at various times.
Maximum ubiquitination of Cav-1 was observed at �3 h after cell detach-
ment. Lysate input was determined by probing �-actin. CNTL, control.
B, detached cells were similarly treated with the test agents, and Cav-1 S-ni-
trosylation was determined by immunoprecipitation using anti-Cav-1 anti-
body followed by Western blot analysis of the immunoprecipitated protein
using anti-S-nitrosocysteine antibody. Densitometry was performed to deter-
mine the relative S-nitrosocysteine/�-actin levels. C, Cav-1 S-nitrosylation was
determined by fluorometry. Immunoprecipitates from above were incubated
with 200 �M HgCl2 and 200 �M diaminonaphthalene in phosphate-buffered
saline. NO released from S-nitrosylated Cav-1 was quantified at 375/450 nm.
Plots are the mean � S.D. (n � 3). *, p � 0.05 versus non-treated control; #, p �
0.05 versus the indicated treatment controls.

FIGURE 6. NO inhibits detachment-induced Cav-1 down-regulation and
cell death. A, H460 cells were detached and either left untreated or treated
with SNP (50 �M) or DETA NONOate (50 �M) in the presence or absence of DTT
(1 mM) in HEMA-coated plates. A, cell lysates were prepared and analyzed for
Cav-1 protein expression by Western blotting after 12 h. Densitometry was
performed to determine the relative levels of Cav-1 after reprobing the mem-
branes with �-actin antibody. B, cells survival was determined by XTT assay
after 12 h. C, morphology of cells treated with SNP (50 �M) or DETA NONOate
(50 �M) for 12 h. Data are the mean � S.D. (n � 3). *, p � 0.05 versus non-
treated control; #, p � 0.05 versus the indicated treatment controls.
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that NO may regulate tumorigenesis by promoting malignant
transformation through Cav-1 up-regulation.

DISCUSSION

Lung cancer is the leading cause of cancer mortality world-
wide, and most death is associated with tumor metastasis. To
metastasize, a malignant cell must detach from its primary
tumor, invade the nearby circulatory or lymph system, and
establish itself in a new site. Once in the bloodstream, most of
the cells die by anoikis, which is an important mechanism that
preventsmetastasis. However, some cancer cells develop resist-
ance to anoikis and consequently survive to establish new
metastases. Several anoikis-regulatory proteins including
Cav-1 have been investigated in recent years. However, the role
of Cav-1 in metastatic cancer progression and the underlying
mechanisms are unclear. Both pro- and anti-carcinogenic
effect of Cav-1 have been described. Recombinant Cav-1 over-
expression was shown to inhibit cell proliferation by inducing
cell cycle arrest at G0/G1 phase (1). Genomic analysis of Cav-
1�/� null mice and human breast cancer mutations (P132L)
supported the role of Cav-1 as a negative regulator of cell trans-
formation and tumorigenesis (39). Likewise, stable expression
of Cav-1 in human breast cancer MCF-7 cells attenuated cell
proliferation and inhibited anchorage-independent growth
(17). In contrast to its suppressive role in cancer cell growth, an
elevated expression of Cav-1 has been reported in several
human tumors including prostate, colon, and breast (23, 24).
Overexpression of Cav-1 also prevented detachment-induced
apoptosis and p53 activation in cancer cells (18). Furthermore,
in lung cancer cells Cav-1 overexpression promoted metastasis
(19). Consistent with the pro-survival role of Cav-1, we found
that Cav-1 positively regulated cell growth and inhibited
detachment-induced apoptosis of lung cancer H460 cells (Fig.
3). The anti-apoptotic effect of Cav-1 was found to be associ-
ated with its ability to activate PI3K/Akt because inhibition of
Akt activation by the PI3K inhibitor LY294002 abrogated this
effect. Cav-1 has been shown to interactwith and inhibit serine/
threonine protein phosphatases PP1 and PP2A, leading to sus-
tained Akt activation and inhibition of apoptosis by thapsigar-
gin in prostate cancer cells (16). Cav-1 has also been shown to
interact with PI3K and regulate ceramide-induced cell death in
fibroblasts (35). Likewise, Cav-1 overexpression in fibroblasts
andHeLa cells inducesAkt activation; however, such activation
promotes cell death induced by arsenite (36). Thus, although
there is a general agreement that Cav-1 can activate PI3K/Akt,
its consequence on cell death can be different and is dependent
on cellular context, cell type, and apoptotic stimuli used.
In this study we observed that Cav-1 is rapidly down-regu-

lated after cell detachment and that overexpression of Cav-1 or
stabilization of the protein by NO protected the cells from apo-
ptosis (Figs. 3 and 6). NO induction and Cav-1 overexpression
also promoted cell transformation facilitating multilayer for-
mation (Figs. 3 and 6). The expression of Cav-1 is tightly regu-
lated at various levels, including transcriptional and post-tran-
scriptional (for review, see Ref. 40). Although the importance of
transcriptional regulation of Cav-1 has been emphasized in
numerous studies, post-translational modifications such as
ubiquitination and phosphorylation have emerged as impor-

tant regulators of protein stability and function (for reviews, see
Refs. 29 and 41). In the present study we found that Cav-1 was
rapidly ubiquitinated and degraded by the proteasome after cell
detachment in concomitant with anoikis (Figs. 4 and 5). Cav-1
transcripts were relatively unchanged during this process (Fig.
4), indicating a non-transcriptional regulation of Cav-1 expres-
sion after cell detachment. These results support the ubiquitin-
proteasomal degradation as a primary mechanism of detach-
ment-inducedCav-1 down-regulation. This finding adds Cav-1
to the growing list of cellular proteins that are subjected to
regulation by the ubiquitin-proteasomal degradation pathway.
The results of this study also demonstrated that Cav-1 stabil-

ity and function is regulated by NO. NO has been shown to
regulate apoptosis under various physiologic and pathologic
conditions (28, 42, 43); however, its roles in anoikis and metas-
tasis are unclear. Recent evidences suggest that depending on
its expression level, NO can exert either promoting or inhibi-
tory effects on tumor growth and metastasis. The promoting
effects of NO are generally observed at relatively low but sus-
tained levels of NO, whereas the inhibitory effects of NO are
seen at high and acute concentrations that induce tumor cell
death (44–46). The results of this study are consistent with
previous reports showing that low (micromolar) levels of NO
inhibited cell death and increased cell migration (47–49). The
promoting role of NO in tumorigenesis is also supported by the
observations that both inducible and constitutive forms of NO
synthase are elevated in several human tumors (50, 51) and that
human and murine carcinomas expressing NO synthase are
very aggressive when implanted into mice (52). Furthermore,
there seems to be a direct correlation between the expression of
NO synthase and the tumor grade, suggesting a causative role
for NO in promoting metastasis (52).
We showed that NO negatively regulates anoikis of lung

epithelial H460 cells as demonstrated by the ability of NO
donors to suppress detachment-induced apoptosis and the
reversal effect induced by NO inhibitors (Fig. 1). The NO
donors also had a stabilizing effect on detachment-induced
Cav-1 down-regulation, whereas theNO inhibitors showed an
opposite effect (Figs. 4 and 6). These results support NO-medi-
ated stabilization of Cav-1 as a key mechanism of anoikis regu-
lation. The mechanism by which NO stabilizes Cav-1 was
shown to involve inhibition of protein ubiquitination, as the
NOdonors inhibited the ubiquitination ofCav-1 by cell detach-
ment (Fig. 5).
Recent evidence indicate that S-nitrosylation is an important

mechanism by which NO modulates the function of cellular
proteins (for reviews, see Refs. 29 and 53). S-Nitrosylation can
either attenuate or accentuate protein functions (34, 54, 55),
and our previous studies have shown that it plays an important
role in stability and function of apoptosis regulatory proteins
such as c-FLIP and Bcl-2 (30–32). In the present study we
found that Cav-1 was rapidly S-nitrosylated by NO after cell
detachment, and inhibition of this S-nitrosylation by DTT
blocked the effect of NO on Cav-1 ubiquitination (Fig. 5). The
inhibition of S-nitrosylation by DTT also led to a decrease in
Cav-1 protein expression and cell survival (Fig. 6), supporting
the role of S-nitrosylation in Cav-1 stability and function. The
mechanism by which S-nitrosylation promotes Cav-1 stability
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was shown to involve protein ubiquitination inhibition,
although the precisemechanismof this inhibition remains to be
investigated. It is possible that S-nitrosylation of Cav-1 may
alter the protein conformation such that it could not be recog-
nized by the enzyme ubiquitin ligases that serve to tag the pro-
tein for subsequent degradation by the proteasome.
In conclusion, we demonstrated that Cav-1 plays an impor-

tant role as a negative regulator of anoikis in human lung car-
cinomaH460 cells.We also demonstrated for the first time that
Cav-1 is down-regulated during cell anoikis through a non-
transcriptional mechanism involving ubiquitin-proteasomal
degradation. NO regulates this process at least in part through
protein S-nitrosylation, which prevents its ubiquitination and
degradation by the proteasome. In demonstrating the effect of
NO on Cav-1 stability and function, we documented a novel
mechanism of anoikis regulation, which could be important in
the control of cancer metastasis. Because NO and Cav-1 have
been shown to be overexpressed in many human tumors, NO-
mediated regulation of Cav-1 could be a common mechanism
of anoikis resistance and metastasis. This novel finding of the
regulation of Cav-1 by NOmay have important implications in
cancer therapy.
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