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Both caveolin-1 (Cav-1) and Mcl-1 have been implicated in the
regulation of cancer cell anoikis, but their relationship and underlying
mechanisms of regulation are not known. The present study demon-
strated for the first time that Cav-1 regulates Mcl-1 through protein-
protein interaction and inhibits its downregulation during cell anoikis
in human lung cancer cells. Immunoprecipitation and immunocyto-
chemistry studies showed that Cav-1 interacted with Mcl-1 and
prevented it from degradation via the ubiquitin-proteasome pathway.
Mcl-1 and Mcl-1-Cav-1 complex were highly elevated in Cav-1-
overexpressing cells but were greatly reduced in Cav-1 knockdown
cells. Consistent with this finding, we found that Mcl-1 ubiquitination
was significantly attenuated by Cav-1 overexpression but increased by
Cav-1 knockdown. Together, our results indicate a novel role of
Cav-1 in anoikis regulation through Mcl-1 interaction and stabiliza-
tion, which provides a new insight to the pathogenesis of metastatic
lung cancer and its potential treatment.

lung cancer; anoikis resistance; metastasis; myeloid cell leukemia-1

RESISTANCE TO ANOIKIS, a form of apoptotic cell death induced
by loss of cell anchorage to extracellular matrixes, has been
accepted as a key determinant of cancer cell metastasis (1, 4).
Recently, a number of proteins have been identified to facilitate
anoikis resistance in various cancer types. Among these,
caveolin-1 (Cav-1) has perhaps received the most attention
since its expression has been linked to cancer progression and
aggressiveness (27). Although some evidence has suggested a
tumor suppressing role of Cav-1 (6, 11, 22), in lung cancer,
Cav-1 potentiates cancer progression and aggressiveness.
Cav-1 expression has been shown to relate to poor prognosis
and reduced tumor-free periods in lung cancer patients (10).
Moreover, Cav-1 was shown to facilitate metastasis and induce
anoikis resistance in lung carcinoma cell lines (2, 23, 29). Not
only does Cav-1 play a role in cell death and survival, it also
plays a role in cell migration (17), invasion (26), and lipid
transportation (21). Cav-1 was reported to exhibit scaffold
function and to be essential in regulating several proteins such
as endothelial nitric oxide synthase (eNOS), G protein subunit,
and nonreceptor tyrosine kinases (14), supporting the wide
range of activities of this protein in various cellular processes.1

The prosurvival member of Bcl-2 family protein named
myeloid cell leukemia sequence 1 (Mcl-1) has recently been
implicated as a key regulator of cell anoikis (24). In melanoma,
the depletion of Mcl-1 renders mutant B-RAF melanoma cells

sensitive to anoikis (1). Likewise, Mcl-1 degradation and Bim
upregulation are a critical determinant of anoikis initiation in
wild-type and c-Src-transformed NIH3T3 fibroblast cells. This
protein is degraded through the ubiquitin-proteasomal pathway
after cell detachment (28). Increasing evidence also indicates
the role of Mcl-1 in progressive prostate cancer (31), support-
ing its clinical significance in cancer metastasis.

The objective of the present study was to investigate the
possible relationship between Cav-1 and Mcl-1 and their reg-
ulation of anoikis in lung cancer cells. The hypothesis of this
study is that Cav-1 mediates its effect on cancer cell anoikis
through Mcl-1 regulation. Using gene overexpression and
knockdown strategies, we demonstrate this relationship and
elucidate the important role of Cav-1 in regulating Mcl-1
through protein interaction and stabilization, thus revealing the
existence of a novel mechanism of anoikis regulation which
could be important in cancer metastasis.

MATERIALS AND METHODS

Cells and reagents. Non-small-cell lung cancer (NSCLC)-H460
cells and melanoma G361 cells were obtained from American Type
Culture Collection (Manassas, VA). H460 cells were cultured in
RPMI 1640 medium, while G361 cells were cultured in DMEM
medium. RPMI 1640 was supplemented with 5% fetal bovine serum
(FBS), 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin.
DMEM was supplemented with 10% FBS, 2 mM L-glutamine, and
100 U/ml penicillin-streptomycin. All cell cultures were incubated in
a 5% CO2 environment at 37°C. Lactacystin, MG 132, and dimethy-
sulfoxide (DMSO) were obtained from Sigma Chemical (St. Louis,
MO); propidium iodide (PI) and Hoechst 33342 were from Molecular
Probes, (Eugene, OR); rabbit Cav-1 antibody, rabbit Mcl-1 antibody,
mouse monoclonal ubiquitin antibody, mouse monoclonal Cav-1
antibody, and peroxidase-conjugated secondary antibody were from
Abcam (Cambridge, MA); MitoTracker Red CMXRos, Alexa Fluor
350 goat anti-mouse IgG (H�L), Alexa Fluor 488 goat anti-rabbit IgG
(H�L), and Lipofectamine 2000 were from Invitrogen (Carlsbad,
CA). Antibody for ubiquitin, protein G-agarose bead, and �-actin
antibody were from Santa Cruz Biotechnology (Santa Cruz, CA).

Plasmids and transfection. The Cav-1 expression plasmid
[pEX_Cav-1-yellow fluorescent protein (YFP)] and control plasmid
(pDS_XB-YFP) were obtained from American Type Culture Collec-
tion; the Mcl-1 expression plasmid 25375:pCDNA3.1-hMcl-1 was
obtained from Addgene (Cambridge, MA); Cav-1 knockdown plas-
mid [Cav-1 short hairpin (sh)RNA plasmid] and control plasmid
(control shRNA plasmid A) were obtained from Santa Cruz Biotech-
nology. Stable transfection of cells with Cav-1 expression plasmid or
Cav-1 knockdown plasmid was performed by culturing H460 cells in
a six-well plate until they reached �60% confluence. Lipofectamine
reagent (15 �l) and 2 �g of Cav-1, shRNA-Cav-1, or control plasmids
were used to transfect the cells in the absence of serum. After 12 h, the
medium was replaced with culture medium containing 5% FBS.
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
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selection (600 �g/ml). The stable transfectants were pooled and the
expression of Cav-1 protein in the transfectants was determined by
Western blotting. The cells were cultured in antibiotic-free RPMI
1640 medium for at least two passages before being used in each
experiment.

Anoikis assay. For anoikis evaluation, six-well tissue culture plates
were coated with 200 �l (6 mg/ml in 95% ethanol) of poly 2-hy-
droxyethylmethacrylate (poly-HEMA; Sigma) and left for 10 h in a
laminar flow hood. Cells in a single-cell suspension were seeded in
poly-HEMA-coated plates at a density of 1 � 105 cells/ml and
incubated for various times up to 24 h at 37°C. Cells were harvested,
washed, and incubated with 20 �M 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) for 4 h at 37°C.
Optical density was then determined using V-max photometer (Mo-
lecular Devices, Menlo Park, CA) at a 450-nm wavelength. Absor-
bance ratio of treated to nontreated cells was calculated and is
presented as relative cell viability. For Hoechst 33342 and PI assays,
cells were incubated with 10 �M Hoechst 33342 or 15 �M PI for 30
min at 37°C. Apoptotic cells having condensed chromatin and/or
fragmented nuclei and PI-positive necrotic cells were scored under a
fluorescence microscope (Olympus IX51 with DP70).

Western blot analysis. After specific treatments, cells were incu-
bated 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 phenylmethylsulfo-
nyl fluoride, and a commercial protease inhibitor cocktail (Roche
Molecular Biochemicals, Basel, Switzerland) for 30 min on ice. Cell
lysates were collected and determined for protein content using the
Bradford method (Bio-Rad, Hercules, CA). Equal amount of proteins
of each sample (40 �g) were denatured by heating at 95°C for 5 min
with Laemmli loading buffer and were subsequently loaded on 10%
SDS-polyacrylamide gel electrophoresis. 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 TBST [25 mM Tris·HCl (pH 7.5), 125 mM NaCl, 0.05%
Tween-20] and incubated with the appropriate primary antibodies at
4°C overnight. Membranes were washed twice with TBST 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 enhanced with chemiluminescence sub-
strate (Supersignal West Pico; Pierce, Rockford, IL) and quantified
using analyst/PC densitometry software (Bio-Rad).

Immunoprecipitation. Cells were washed after treatment 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 determined for
protein content. Cell lysates were normalized, and equal amounts of
protein per sample (60 �g) were incubated with anti-Cav-1 antibody
conjugated to protein G plus-agarose beads (Santa Cruz) for 6 h at
4°C. The 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 detected for Cav-1 and Mcl-1 complexes by Mcl-1 anti-
body. For detection of the ubiquitin-Mcl-1 complex, the anti-Mcl-1
antibody was incubated with the cell lysate in the immunoprecipita-

tion step followed by Western blot analysis using anti-ubiquitin
antibody.

Quantitative real-time RT-PCR. One microgram of TRIzol-ex-
tracted RNA was reverse-transcribed in a 100-�l reaction mixture
containing 500 �M dNTP, 125 units of MultiScribe Reverse Tran-
scriptase (Applied Biosystems, Foster City, CA), 40 units of RNase
inhibitor, 2.5 �M oligo(dT), 1 � TaqMan reverse transcriptase buffer,
and 5 mM MgCl2 at 48°C for 40 min. The primers for Mcl-1
(Hs03043899_m1*) and 18s rRNA (Hs99999901_s1) were obtained
from Applied Biosystems. Amplification was performed at the fol-
lowing 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 PCRMasterMix
(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
PRISM7900 Sequence Detection System (Applied Biosystems). Rel-
ative mRNA levels were determined by using the comparative CT

(threshold cycle) method (16), where the Mcl-1 target is normalized to
the control and compared with a reference sample (assigned a relative
value of 1) by the equation: 2���CT.

Immunofluorescence. Cells (0.5�106/well) were seeded in six-well
plates for 24 h to allow the cell to completely adhere to the surface.
Then, the cells were fixed in 3.7% formaldehyde for 10 min at room
temperature and were then permeabilized and blocked in a solution
containing 0.5% saponin, 1% FBS, and 1.5% goat serum for 30 min.
After primary antibody incubation with both Cav-1 mouse monoclo-
nal antibody (Abcam) at 1:100 dilution and Mcl-1 rabbit polyclonal
antibody (Abcam) at 1:100 dilution for 1 h, cells were washed and
incubated together with Alexa Fluor 350 goat anti-mouse IgG (H�L)
conjugated secondary antibody (Invitrogen) and Alexa Fluor 488 goat
anti-rabbit IgG (H�L) conjugated secondary antibody (Invitrogen)
for 30 min. Mitochondria were stained with MitoTracker Red
CMXRos (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. Mean data from independent experiments were
normalized with control treatment groups. All of the experiments were
repeated at least three times. A statistical analysis between treatments
versus control was verified by Student’s t-test. The strength of
relationships, correlation coefficient (r), between each protein level
after detachment was determined with SPSS software (version 16;
SPSS, Chicago, IL). P 	 0.05 was considered as statistically signif-
icant.

RESULTS

Caveolin-1 inhibits anoikis of H460 cells. We and others
have previously reported the role of Cav-1 in anoikis regulation
in various cell types (7, 23). To assure the role of this protein
in anoikis regulation of the test cell system, we first character-
ized the effect of different ectopic Cav-1 expression levels on
cell anoikis of H460 cells. Through stable gene transfection,

Fig. 1. Caveolin-1 (Cav-1) overexpression increases anoikis resistance in H460 cells. A: control, HCav-1 [expression plasmid (pEX)_Cav-1 plasmid transfectant
H460], or short hairpin (sh)Cav-1-transfected H460 cells were constructed and grown in culture that was then analyzed for Cav-1 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 were normalized to the results. Columns are means 
 SD (n � 3). *P 	 0.05 vs. control transfected cells. B: subconfluent (90%)
monolayers of control transfected, Cav-1-overexpressing cells, and Cav-1 knockdown cells were detached and suspended in poly-HEMA-coated plates for
various times (0–24 h). At the indicated times after detachment, the cells were collected and their survival was determined by XTT assay. Viability of detached
cells at time 0 was considered as 100%. C: percentage of cell detachment-induced apoptosis was analyzed by Hoechst 33342 nuclear fluorescence. Data points
represent means 
 SD (n � 3). *P 	 0.05 vs. control transfected cells. D: detachment-induced apoptosis and necrosis in control transfected cells,
Cav-1-overexpressing, and Cav-1 knockdown cells. Detached cells were suspended in poly-HEMA-coated plates for 0–12 h, and cell apoptosis and necrosis were
determined by Hoechst 33342 and propidium iodide (PI) fluorescence measurements, respectively. pDS_XB-YFP, yellow fluorescent protein Cav-1 control
plasmid.
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we generated Cav-1-overexpressing (HCav-1) cells, shRNA
knockdown (shCav-1) cells, and vector (pDS_XB-YFP and
control shRNA plasmid A) control cells, as described in
MATERIALS AND METHODS. These mutant clones were analyzed
for Cav-1 expression by Western blotting (Fig. 1A). To study

anoikis, Cav-1 overexpressed, Cav-1 knockdown, and vector
control cells were detached and incubated in adhesion-resistant
poly-HEMA-coated plates. Cell survival was then determined
at various times by XTT assay. Analysis of cell viability
showed that detachment of the cells caused a time-dependent
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decrease in cell survival, with approximately 80%, 50%, and
30% of the overexpressed, vector control, and knockdown
Cav-1 cells, respectively, remaining viable after 6 h (Fig. 1B).
At 24 h postdetachment, HCav-1 cells exhibited �60% viabil-
ity, whereas both control and shCav-1 cells showed a survival
rate of 	40%. Control experiments, in which cells were
allowed to attach in normal tissue culture plates, showed no
significant change in cell viability over the 24-h test period
(data not shown). Analysis of cell apoptosis by Hoechst 33342
assay showed that shCav-1 cells were most susceptible to
apoptosis induced by cell detachment, whereas HCav-1 cells
were least susceptible (Fig. 1C). This finding is consistent with
the cell viability data showing the highest rate of survival of
HCav-1 cells after detachment. Morphological analyses of
apoptotic and necrotic cell death by Hoechst 33342 and PI
assays showed that apoptosis was the primary mode of cell
death induced by cell detachment in H460 cells (Fig. 1D).

Cell detachment induces Cav-1 and Mcl-1 downregulation.
The role of Cav-1 and Mcl-1 in cancer cell anoikis is unclear.
To provide evidence for the role of these proteins, we evalu-
ated the expression profiles of Cav-1 and Mcl-1 after cell
detachment in lung cancer H460 cells. The cells were detached,
suspended in adhesion-resistant plates, and analyzed for Cav-1
and Mcl-1 protein expression by Western blotting. Figure 2, A
and B, shows that after cell detachment, both Cav-1 and Mcl-1
expression gradually decreased over time concomitant with
cell viability and death, suggesting their potential relationship
and role in anoikis regulation. Like Cav-1, the role of Mcl-1 in
anoikis regulation was studied using stable gene transfection.
Figure 2C shows that stably transfected Mcl-1 (HMcl-1) cells
expressed a high level of Mcl-1 protein as compared with
vector-transfected control cells. The HMcl-1 cells also showed
resistance to anoikis as indicated by their increased viability
after cell detachment over control cells (Fig. 2D).

Mcl-1 downregulation during cell anoikis is regulated by
Cav-1 interaction. Cav-1 has been shown to function as a
scaffold protein regulating the stability and function of several
proteins (14). The observations that both Cav-1 and Mcl-1
have a similar effect on anoikis and their expression is simi-
larly downregulated during anoikis suggest the possible link-
age and shared mechanism of anoikis regulation. Since Mcl-1
is recognized as a relatively short half-life protein (19) and its
scaffolding interaction with Cav-1 has not been reported, we
explored their possible interaction by generating a correlation
plot between Cav-1 and Mcl-1 expression during cell anoikis
(Fig. 3A). Not only did the reduction of these proteins correlate
well with the induction of cell anoikis, but the plot also
revealed a highly correlated profile of Cav-1 and Mcl-1 down-
regulation with the correlation coefficient of 0.98.

Next, we used immunoprecipitation techniques to determine
the direct interaction between the two proteins. Cell lysates of
HCav-1, shCav-1, and H460 cells were then prepared, immu-
noprecipitated using Cav-1 antibody, and analyzed for Cav-1-
Mcl-1 complex by Western blotting using Mcl-1 antibody as a
probe. The results showed that Cav-1-Mcl-1 complex forma-
tion was most pronounced in HCav-1 cells, which express the
highest level of Cav-1, and least expressed in Cav-1 knock-
down (shCav-1) cells (Fig. 3B). Moreover, consistent results
were observed in the immunoprecipitation experiment using
Mcl-1 antibody followed by Western blot analysis using Cav-1
antibody. These results suggest that Cav-1 plays a role in
scaffolding Mcl-1 protein and that its interaction with Mcl-1
may play a role in regulating Mcl-1 level. To provide support-
ing evidence for the Cav-1 and Mcl-1 interaction, immunocy-
tochemical studies were performed to evaluate the intracellular
localization of the two proteins. Figure 3C shows immunoflu-
orescent staining of Mcl-1 and Cav-1, which are strikingly
similar and supportive of the protein colocalization.

Fig. 2. Cav-1 and myeloid cell leukemia se-
quence 1 (Mcl-1) expression after cell detach-
ment. A and B: H460 cells were detached and
suspended in poly-HEMA-coated plates for var-
ious times (0–24 h). Blots were probed with
antibodies specific toMcl-1 and Cav-1 and were
reprobed with �-actin antibody. Columns are
means 
 SD (n � 3). *P 	 0.05 vs. control at
time 0. C: mock and HMcl-1 cells were grown
in culture and analyzed for Mcl-1 expression by
Western blotting. Blots were reprobed with
�-actin antibody to confirm equal loading of
samples. The immunoblot signals were quanti-
fied by densitometry, and mean data from inde-
pendent experiments were normalized to the
results. Columns are means 
 SD (n � 3).
*P 	 0.05 vs. control transfected cells.
D: subconfluent (90%) monolayers of Mock
and HMcl-1 cells were detached and sus-
pended in poly-HEMA-coated plates for var-
ious times (0–24 h). At the indicated times,
the cells were collected and their survival was
determined by XTT assay. Viability of de-
tached cells at time 0 was considered as
100%. Data points represent means 
 SD
(n � 3). *P 	 0.05 vs. control transfected
cells.
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Fig. 3. Interaction and localization of Cav-1
and Mcl-1. A: correlation analysis of the
expression of Cav-1 and Mcl-1 after detach-
ment of H460 cells. B: immunoprecipitation
(IP) experiments were performed using spe-
cific anti-Cav-1 antibody; immunoblots were
probed with anti-Mcl-1 antibody and vice
versa. Equal amounts of protein (25 �g) were
loaded in each lane. WB, Western blotting.
Columns are means 
 SD (n � 3). *P 	 0.05
vs. control transfected cells. C: H460 cells were
analyzed for localization of Cav-1 and Mcl-1
by immunofluorescence microscopy. Immuno-
fluorescence was performed using mouse an-
ti-Cav-1 monoclonal antibody and rabbit
anti-Mcl-1 polyclonal antibody, followed
by appropriate secondary antibodies la-
beled with Alexa Fluor 350 and Alexa
Fluor 488 to visualize Cav-1 and Mcl-1,
respectively. Cells were also stained with
MitoTracker Red CMXRos (300 nM) to aid
visualization of mitochondria. D: differen-
tial expression of Cav-1 and Mcl-1 in
HCav-1, shCav-1, and H460 cells. Cells
were fixed and processed for immunofluo-
rescence staining. E: dependence of Mcl-1
reduction after cell detachment on Cav-1
expression. HCav-1, shCav-1, and H460
cells were detached and suspended in poly-
HEMA-coated plates for various times
(0–12 h). Blots were probed with specific
antibody to Mcl-1 and were reprobed with
�-actin antibody to confirm equal loading
of samples. F: relative Mcl-1 levels in
attached cells. G: relative Mcl-1 levels in
shCav-1, HCav-1, and H460 cells after de-
tachment for 0, 6, and 12 h. Columns are
means 
 SD (n � 3). *P 	 0.05 vs. control
at detachment time � 0 h.
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Cav-1 stabilizes Mcl-1 in H460 cells. Having shown that
Cav-1 interacts with Mcl-1, we further investigated whether
such interaction is essential for Mcl-1 stability after cell de-
tachment. Adhered HCav-1, shCav-1, and H460 cells were
stained with antibodies for Mcl-1, Cav-1, and MitoTracker,
and their fluorescent signals were observed by microscopy.
While the MitoTracker signals are relatively constant in these
cells, the intensities of Cav-1 and Mcl-1 signals in these cells
vary greatly (Fig. 3D). Interestingly, cells that express a high
level of Cav-1 (HCav-1) also exhibit a high level of Mcl-1,
while those that express a low level of Cav-1 (shCav-1) also
show a low level of Mcl-1, suggesting the stabilizing effect of
Cav-1 on Mcl-1. To further study this effect, HCav-1, shCav-1,
and H460 cells were detached and incubated in adhesion-
resistant plates for 0–12 h. Western blot analysis of Mcl-1 was
then performed at 0, 6, and 12 h postdetachment. Figure 3E
shows that at various times of the detachment, Mcl-1 levels in
these cells varied depending on the expression levels of Cav-1
in each cell type. These findings strengthen the above finding
that Cav-1 interacts with Mcl-1 and stabilizes the protein under
different attachment conditions.

Mcl-1 reduction after cell detachment is mediated through
ubiquitin-proteasomal degradation. Although Mcl-1 has been
reported to be degraded via the proteasomal pathway (28), we
suspected both transcription and degradation to play a role in
Mcl-1 downregulation during cell anoikis. To test this, we
performed quantitative real-time RT-PCR and proteasome in-
hibition studies in detached H460 cells. Mcl-1 mRNA level
was significantly reduced as early as 1 h (data not shown) and
remained unchanged up to 24 h after detachment (Fig. 4A).
This finding excluded the possibility that Cav-1 could stabilize
Mcl-1 through a transcription-dependent mechanism. There-
fore, we tested the involvement of ubiquitin-proteasomal sys-
tem on Mcl-1 downregulation after cell detachment. Figure 4B
shows that cell detachment caused a substantial reduction in
Mcl-1 protein level and that treatment of the cells with specific
proteasomal inhibitors, lactacystin and MG132, completely
inhibited the Mcl-1 reduction. These results indicate that Mcl-1
downregulation after cell detachment is mediated mainly by
the proteasome degradation pathway.

Cav-1 stabilizes Mcl-1 by attenuating Mcl-1 ubiquitination.
Proteasomal degradation of a protein is triggered by protein
ubiquitination. To test the potential involvement of ubiquitina-
tion in Mcl-1 stability and its regulation by Cav-1, Mcl-1
immunoprecipitation and ubiquitination studies were per-
formed in various Cav-1 expressing cells. In normal H460
cells, the formation of ubiquitin-Mcl-1 complexes gradually
increased as early as 1 h after cell detachment and peaked at
�6 h (Fig. 5A). The level of ubiquitin-Mcl-1 complex forma-
tion was minimal in Cav-1 overexpressing (HCav-1) cells and
maximal in Cav-1 knockdown (shCav-1) cells as compared
with normal H460 cells (Fig. 5B). These results indicate that
Cav-1 attenuated the ubiquitination of Mcl-1 and stabilized the
protein after cell detachment.

Cav-1 regulates Mcl-1 expression and anoikis in human
melanoma G361 cells. An upregulation of Cav-1 and Mcl-1
has been found not only in non-small-cell lung cancer but also
in other forms of cancer such as human melanoma (13, 20). To
test whether Cav-1 might have a similar regulatory role on
Mcl-1 and anoikis in other cancer cells, melanoma G361 cells
were stably transfected with Cav-1, shCav-1, or control plas-

mids. After clonal selection, the cells were analyzed for Mcl-1,
Cav-1, and anoikis. Figure 6A shows that the Cav-1 transfected
cells (G361-Cav-1) expressed the highest level of Cav-1 pro-
tein, whereas the shCav-1 transfected cells (G361-shCav-1)
exhibited the lowest level.

To test the interaction between Cav-1 and Mcl-1, cells were
harvested at time 0 and at 6 h after detachment. Cell lysates were
then prepared and analyzed for Mcl-1 expression by Western
blotting. The results show that the levels of Mcl-1 in G361-Cav-1,
G361-shCav-1, and G361 cells at 0 and 6 h postdetachment were
highly dependent on the cellular level of Cav-1 in each cell (Fig.
6B). Cell anoikis studies also show that Cav-1 functioned as an
anoikis inhibitor as evidenced by the inhibitory effect of Cav-1
overexpression and the promoting effect of Cav-1 knockdown on
cell anoikis (Fig. 6C). The above results are consistent with the
earlier findings in H460 cells and indicate the general role of
Cav-1 in anoikis and Mcl-1 regulation.

DISCUSSION

When cells are detached from the extracellular matrix, the
loss of anchorage-related signals results in an abrogation of

Fig. 4. Transcription and degradation of Mcl-1 after cell detachment. A: real-time
PCR analysis of Mcl-1 mRNA expression after cell detachment. The relative
mRNA expression was determined by using the comparative CT method as
described in MATERIALS AND METHODS. Columns are means 
 SD (n � 3). *P 	
0.05 vs. control at detachment time � 0 h. B: relative Mcl-1 expression after
detachment for 0–6 h in the presence or absence of lactacystin (LAC; 20 �M) or
MG132 (10 �M) in H460 cells. Columns are means 
 SD (n � 3). *P 	 0.05 vs.
control at detachment time � 0 h.
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certain cellular processes such as cell survival and growth (12)
and consequently initiates the process of anoikis (8). Since
anoikis is an important cellular event controlling cancer me-
tastasis, unraveling its underlying mechanisms is critical to the
understanding of disease pathogenesis and its treatment.
Among the many types of cancer, lung cancer has frequently
been found to metastasize at the time of tumor detection. While
the exact mechanisms of cancer metastasis have been exten-
sively investigated, an upregulation of Mcl-1 (25) and Cav-1
(23) has been implicated in lung cancer aggressiveness and
progression. Mcl-1 was found to overexpress in NSCLC cells
and regulate their survival and sensitivity to diverse apoptotic

stimuli (25). Apoptotic stimuli such as cell detachment induce
Bim (activator of BH3-only protein) expression (3). Recently,
Zhang et al. (30) have demonstrated that Mcl-1 can sequester
Bim in NSCLC cells which supports the role of Mcl-1 in
attenuating anoikis in this cancer cell type. Moreover, ampli-
fication or overexpression of Mcl-1 was shown to render cells
resistant to detachment-induced apoptosis (24) and the de-
crease in Mcl-1 level is required in the initiation of cell anoikis
(1, 28). Previously, we and others have shown that Cav-1
confers resistance to anoikis in cancer cells (7, 23). Further-
more, the expression of Cav-1 has been used as a biomarker for
virulence of some cancers (5). The role of Cav-1 in cancer cell
anoikis has been described in many ways such as the induction
of survival pathways (15) and the reduction of Cav-1 and
Mcl-1 (23, 28). We further demonstrated in this study that,
during cell anoikis, Cav-1 and Mcl-1 reduction was tightly
correlated. Cav-1 functioned as a scaffolding protein for Mcl-1
binding as demonstrated by immunoprecipitation studies (Fig.
3B). In addition, the Cav-1-Mcl-1 complex significantly in-
creased in the Cav-1 overexpressing (HCav-1) cells, but de-
creased in the Cav-1 knockdown (shCav-1) cells. Immunocy-
tochemistry studies further confirmed the colocalization of
Cav-1 and Mcl-1 in the cells, which was largely associated
with the mitochondria (Fig. 3D).

Since Mcl-1 is known to be a short half-life protein due to
continuous proteasomal degradation (28), it is possible that its
interaction with Cav-1 could affect its stability, which was first
demonstrated in this study. Although a rapid decline in Mcl-1
mRNA level was observed at 1 h postdetachment, the mRNA
level remained relatively constant during the next 24-h period
(Fig. 4A). Because Mcl-1 protein level was significantly de-
creased at 6 h postdetachment and continued to decline during
the 24-h period, this finding ruled out transcriptional regulation
as responsible for the Mcl-1 downregulation. Moreover, the
observation that proteasome inhibitors completely inhibited
detachment-induced Mcl-1 downregulation (Fig. 4B) strongly
supported protein degradation and stabilization of Mcl-1 by
Cav-1 as a key control mechanism.

Proteasomal degradation of a protein is generally trig-
gered by its ubiquitination (9). We tested and found that
Mcl-1 is ubiquitinated during cell detachment and that this
process is inhibited by Cav-1. The mechanism by which
Cav-1 inhibits Mcl-1 ubiquitination is unclear but likely
involves steric hindrance of the ubiquitination sites by
Cav-1. The interaction between Cav-1 and Mcl-1 may also
affect Mcl-1 phosphorylation which has been linked to its
ubiquitination. For example, phosphorylation of Mcl-1 at
Ser159 by glycogen synthase kinase-3 was observed during
cell anoikis (28) and was found to promote Mcl-1 ubiquiti-
nation and subsequent degradation (18).

We extended our finding on the role of Cav-1 in Mcl-1
and anoikis regulation in lung carcinoma H460 cells to
melanoma G361 cells due to their reported expression in
human melanoma (13, 20). We found that Cav-1-Mcl-1
interaction could be detected in G361 cells and that such
interaction is dependent on the cellular level of Cav-1 which
determines cellular susceptibility to anoikis (Fig. 6). These
results support the general role of Cav-1 as anoikis regulator
through Mcl-1 interaction.

In conclusion, we report a novel finding on the role of
Cav-1 in anoikis regulation of human lung carcinoma and

Fig. 5. Effect of Cav-1 expression on Mcl-1 ubiquitination. A: H460 cells were
detached and suspended in poly-HEMA-coated plates for various times. Cell
lysates were prepared and immunoprecipitated (IP) with anti-Mcl-1 antibody.
The resulting immune complexes were analyzed for ubiquitin by Western
blotting (WB) using anti-ubiquitin antibody. Maximum Mcl-1 ubiquitination
was observed at 6 h after cell detachment. The immunoblot signals were
quantified by densitometry. Columns are means 
 SD (n � 3). *P 	 0.05 vs.
control at detachment time � 0 h. B: HCav-1, shCav-1, and H460 cells were
detached and suspended in poly-HEMA-coated plates for 1 and 6 h. Cell
lysates were immunoprecipitated with anti-Mcl-1 antibody, and the resulting
immune complexes were analyzed for ubiquitin (Ub) by Western blotting.
Columns are means 
 SD (n � 3). *P 	 0.05 vs. control transfected at
detachment time � 1 h; #P 	 0.05 vs. the indicated control.
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melanoma cells. While the role of Cav-1 and Mcl-1 in
anoikis regulation has been reported, their association and
the underlying mechanisms of regulation are unclear. We
found that Cav-1 interacts with Mcl-1 and stabilizes the
protein by blocking its ubiquitination and subsequent deg-
radation. Because an elevated expression of Cav-1 and
Mcl-1 has been linked to the progression of cancer and
metastasis, the findings of this study could be beneficial to
the understanding of cancer etiology and metastasis mech-
anisms.
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Fig. 6. Cav-1 regulates Mcl-1 expression and anoikis in melanoma G361 cells. A: control, G361-Cav-1, and G361-shCav-1 transfected cells were grown in and
analyzed for Cav-1 expression by Western blotting. Blots were reprobed with �-actin antibody to confirm equal loading of samples. The immunoblot signals were
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monolayers of mock, G361-Cav-1, and G361-shCav-1 cells were detached and suspended in poly-HEMA-coated plates for various times (0–24 h). At the
indicated times, the cells were collected and determined for survival by XTT assay. Viability of detached cells at time 0 was considered as 100%. Data represent
means 
 SD (n � 3). *P 	 0.05 vs. control transfected cells.
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Abstract
Hydrogen peroxide (H2O2) is upregulated in tumour microenvironments and may contribute to effects on metastatic cancer

cells. This study demonstrates that treatment of lung carcinoma and melanoma cells with H2O2 for 14 days results in an

induction of anoikis resistance and growth in an anchorage-independent condition. H2O2 exposure increased the Cav-1

(caveolin-1) level through an increase of Cav-1 mRNA with minimal effect on protein degradation. Upregulation of

Cav-1 induced anoikis resistance and facilitated growth in a detached manner. The findings show a novel role of hydrogen

peroxide in the regulation of metastatic potential of cancer cells.

Keywords: anoikis; caveolin-1; hydrogen peroxide; long-term; lung cancer

1. Introduction

Among the steps of metastasis, anoikis resistance and ability to

grow in an anchorage-independent manner are associated with a

high degree of metastasis and advanced stage of cancer (Hanahan

and Weiberg, 2000; Shanmugathasan and Jothy, 2000; Mori et al.,

2009). Cav-1 (caveolin-1) is themajor protein found in caveolae that

is associated with cancer progression (Glenney and Zokas 1989;

Rothberg et al., 1992;Scherer et al., 1996;Galbiati et al., 2001; Fiucci

et al., 2002; Ravid et al., 2005). Although Cav-1 is a tumour

suppressor protein (Engelman et al., 1998) and its level is down-

regulated in some cancers (Lee et al., 1998; Racine et al., 1999;

Bender et al., 2000), increasing evidence supported the reverse role

of Cav-1 as a cancer-potentiating protein in many cancers (Yang

et al., 1998;Kato et al., 2002; Suzuoki et al., 2002).Moreover,weand

others have provided supporting data indicating that Cav-1

expression is tightly related to anoikis resistance and facilitates

metastasis of lungcancer (Hoet al., 2002;Moonet al., 2005;Cassani

et al., 2009; Yeh et al., 2009). Regulation of the Cav-1 level is mainly

through proteasome-mediated degradation (Chanvorachote et al.,

2009), and several findings have indicated the tight correlation

between the Cav-1 level during cell detachment and cancer cell

resistance to anoikis (Hanahan and Weiberg, 2000; Ravid et al.,

2005, 2006).

According to the widely accepted concept, the cancer micro-

environment is critical in the facilitation ofmetastasis (Rofstad, 2000;

Isaiah, 2002) and causes significant impacts on cancer cell

behaviour, such as chemotherapeutic resistance, invasion, and

migration (Rennebeck et al., 2005; Wu, 2006; Brabek et al., 2010).

However, the information regarding effects of microenviron-

ment-associated substances on Cav-1 regulation as well as the

consequences on cancer cell anoikis are largely unknown. Elevation

of H2O2 levels in the lungs of lung cancer patients compared to

normal subjects has been reported (Zieba et al., 2000; Chung-Man

et al., 2001;Chanet al., 2009), as has a highH2O2 production inmany

cancer cells including lung cancer (Szatrowski and Nathan; 1991;

Burdon, 1995; Lim et al., 2005; Liou and Storz, 2010).

An inhibitory effect of endogenous H2O2 generated during cell

detachment on anoikis resistance in lung cancer cells has been

shown. Also, exogenous H2O2 obtained during cell detachment

stabilized Cav-1 protein by inhibiting its degradation through the

ubiquitin-proteasomal pathway and contributed to anoikis resist-

ance (Rungtabnapa et al., 2011). However, there is a lack of

knowledge regarding the effect of hydrogen peroxide on attached

cancer cells, as well as longer periods of hydrogen peroxide

exposure as found in tumour environments (Szatrowski andNathan,

1991; Droge, 2002; Storz, 2005; Lopez-Lazaro, 2007; Chan et al.,

2009), which has become the main focus of the present study. We

have investigated the role of H2O2 in controlling lung carcinoma cell

anoikis and anchorage-independent growth, and identified the

underlying mechanism. A novel mechanism of anoikis regulation by

H2O2 through Cav-1 regulation exists, which could be important in

the understanding of anoikis resistance in metastatic cancers.

2. Materials and methods

2.1. Cell cultures and reagents

Human non-small cell lung cancer cells (NCI-H460) and human

melanoma cells (G361) were obtained from American Type

Culture Collection (Manassas, VA). H460 cells were cultured in

1 To whom correspondence should be addressed (email pithi_chan@yahoo.com).
Abbreviations: Cav-1, caveolin-1; DCFH2-DA, dichlorofluorescein diacetate; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; MTT,
[3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide; PI, propidium iodide; poly-HEMA, poly-2-hydroxyethylmethacrylate; ROS, reactive oxygen
species; XTT, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide.
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RPMI 1640 medium containing 5% FBS (fetal bovine serum),

2 mM L-glutamine and 100 units/ml penicillin/streptomycin. G361

cells were cultured in DMEM (Dulbecco’s modified Eagle’s

medium) containing 10% FBS, 2 mM L-glutamine and 100 units/

ml penicillin/streptomycin. For long-term exposure experiments,

cells were cultured in medium containing H2O2 (0, 1, 2.5, 5 and

10 mM) or catalase (0, 1000, 2000 and 5000 units/ml) for 14 days.

The culturing medium was replaced by medium containing freshly

prepared H2O2 or catalase every 2 days. All cells were grown in

humidified incubators containing an atmosphere of 5% CO2 and

95% air at 37uC. Antibodies for Cav-1, b-actin, peroxidase-

labelled secondary antibodies, FITC secondary antibodies and

protein A-agarose were obtained from Santa Cruz Biotechnology.

All other chemicals and reagents including MTT [3-(4,5-dimethyl-

thiazol-2-yl)-2,5-diphenyl tetrazolium bromide], XTT [2,3-bis(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide],

Annexin V-FITC, hydrogen peroxide (H2O2), catalase (CAT) and

Hoechst 33342 were obtained from Sigma.

2.2. Generation of stable Cav-1 overexpressed and
Cav-1 knockdown cells

The Cav-1 expression plasmid pEX_Cav-1 was acquired from the

American Type Culture Collection (Manassas, VA) and Cav-1

knockdown plasmid shRNA-Cav-1 was obtained from Santa Cruz

Biotechnology. 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, shRNA-Cav-1 or mock

control plasmid were used to transfect the cells in the absence of

serum. After 12 h incubation, medium was replaced with fresh

medium and the cells were maintained for an additional 36 h

before being plated on to 75-ml culture flasks. The cells were

cultured with G418 selection (600 mg/ml) for 24–28 days. The

pooled stable transfections were confirmed by Western blotting of

Cav-1 and cultured in antibiotic-free medium for at least two

passages before using in each experiment.

2.3. MTT assay

MTT assay was used to determine the cell viability of H2O2 and

catalase in H460 cells. After specific treatments, cells were

incubatedwith 0.5 mg/mlMTT for an additional 4 h and the intensity

of the MTT product was measured at 550 nm using a microplate

reader. The cell viability was calculated from optical density (OD)

readings and represented as a percentage to the non-treated

control value.

2.4. Anoikis assay

Tissue culture 96-well plates were coated with 200 ml (6 mg/ml in

95% ethanol) of poly-HEMA (poly-2-hydroxyethylmethacrylate;

Sigma) and left to evaporate overnight in a laminar flow hood at

room temperature for drying. Adherent cells in the culture plate

were trypsinized into a single cell suspension in the medium

and seeded in poly-HEMA-coated plates at 56104 cells/ml.

Suspended cells were incubated at 37uC for 6 h. Cell anoikis was

determined by XTT assay. The cells were incubated with 20 mM

XTT reagent for 4 h at 37uC. The intensity of formazan product

was determined at 450 nm using a microplate reader. The cell

viability was calculated from optical density (OD) readings and

represented as a percentage to the non-treated control value. The

mode of cell death was confirmed by incubating the cells with

10 mg/ml Hoechst 33342 and PI (propidium iodide) and visualized

under a fluorescent microscope (Olympus IX51 with DP70).

2.5. Flow cytometry

Treated and untreated cells were collected and incubated for

30 min at room temperature in the presence of Annexin V-FITC

and PI. Cells were scored as apoptosis and necrosis by flow

cytometry using a 485 nm excitation beam and a 538 nm band-

pass filter (FACSort, Becton Dickinson). The mean fluorescence

intensity was quantified by CellQuest Software (Becton

Dickinson).

2.6. ROS (reactive oxygen species) detection

Intracellular ROS were determined using DCFH2-DA (dichloro-

fluorescein diacetate) as a specific ROS probe. After specific

treatments, cells were incubated with 10 mM DCFH2-DA for

30 min at 37uC, after which they were washed, trypsinized,

resuspended in PBS, and immediately visualized for fluorescence

intensity by a fluorescence microscope. For hydrogen peroxide

determination, Amplex Red was added to the cells and further

incubated for 2 h. Then fluorescence intensity was determined

using a fluorescence microplate reader (Beckton Dickinson), using

a 530-nm excitation beam and a 590-nm band-pass filter.

2.7. Soft agar colony formation assay

The anchorage-independent cell growth was determined by as-

saying colony formation in soft agar. Briefly, monolayer cells were

prepared into a single-cell suspension by trypsinization and ho-

mogenization. Cells were suspended in culture medium and

0.33% low-melting-temperature agarose, and 2 ml containing

26104 cells were seeded in a 35 mm dish over a 3 ml layer of

solidified culture medium with 0.6% agarose. The medium was

refreshed every 3 days. The colonies were attained by light

microscope and photographed after 2 weeks of incubation at

37uC.

2.8. Western blotting

After specific treatments, total cell lysates were prepared by

incubating the cells 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

PMSF and a commercial protease cocktail mixture (Roche

Applied Science) for 30 min on ice. Protein concentrations of cell

lysates were determined using the Bradford method (Bio-Rad).

Equal amounts of proteins of each sample (40 mg) were denatured

by heating at 95uC for 5 min with Laemmli loading buffer and

loaded on to SDS/PAGE. Resolved proteins were transferred on to

Long-term hydrogen peroxide mediates anoikis resistance
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0.45 mm nitrocellulose membranes (Bio-Rad) and immunoblotted

with appropriate antibodies. The immune complexeswere detected

byenhancedchemiluminescencesubstrate (SupersignalWestPico;

Pierce) and quantified using analyst/PC densitometry software

(Bio-Rad).

2.9. Immunofluorescent staining

Cells were grown on glass coverslips, fixed with 4% formaldehyde

for 10 min, permeabilized using 0.1% Triton X-100 for 10 min, and

blockedwith 1%BSA for 30 min. Cells were incubated with a Cav-1

antibody for 1 h at room temperature, washed and incubated with

FITC-conjugated anti-rabbit antibody. Digital Imageswere acquired

by fluorescent microscope (Olympus IX51 with DP70).

2.10. Quantitative real-time PCR

Total RNA was extracted with Trizol (Invitrogen). One microgram of

RNAwas reverse-transcribed in a 100 ml reactionmixture containing

500 mM dNTP, 125 units of MultiScribe Reverse Transcriptase

(Applied Biosystems), 40 units of RNase inhibitor, 2.5 mM oligo(dT),

16Taq-Man reverse transcriptase buffer and 5 mM MgCl2 at 48uC
for 40 min. The primers were designed using Primer Express

software (Applied Biosystems): Cav-1 (#AI878826) forward

59-CGA-GAAGCAAGTGTACGACGC-39, and reverse 59-

ACCACGTCATCGTTGAGGTG-39; GAPDH (glyceraldehyde-3-

phosphate dehydrogenase) forward, 59-GAAGGTGAAGGTCG-

GAGTC-39, and reverse 59-GAAGATGGTGATGGGATTTC-39.

Amplification conditions included 95uC for 10 min followed by 40

cycles at 95uC for 15 s and 60uC for 1 min. A SYBR Green PCR

Master Mix (Applied Biosystems) was used with 1 ng of cDNA and

with 100–400 nM primers. Gene expression levels were quantified

using ABI PRISM 7900 Sequence Detection System (Applied

Biosystems). Comparative real-time PCR was performed in triplic-

ate, including no-template controls. Relative mRNA levels were

determined by using comparative CT (threshold cycle) method,

where the Cav-1 target is normalized to the control and compared

with a reference sample (assigned a relative value of 1) by the

equation 22DDCT.

2.11. Immunoprecipitation

Cells were lysed in lysis buffer at 4uC for 20 min. After centrifugation

at 14000 g for 15 min, the supernatants were collected and

determined for protein content using the Bradford method (Bio-

Rad). 60 mg of proteins were incubated with Cav-1 antibodies for

14 h at 4uC, followed by incubated with protein A-conjugated

Sepharose. The immune complexes were washed with 20 volumes

of lysis buffer, and boiled at 95uC for 5 min. The immune complexes

were resolved in 10%SDS/PAGE and analysed byWestern blotting

as described above.

2.12. Statistical analysis

The data are presented as the mean¡S.D. from 3 or more

independent experiments. Statistical analysis was performed by

Student’s t test at a significance level of P,0.05.

3. Results

3.1. H2O2 exposure induces anchorage-independent
growth and anoikis resistance of H460 cells

Sub-toxic concentrations of H2O2 and catalase were determined

by MTT assay. The cells were treated with H2O2 (0–10 mM) or

catalase (H2O2 scavenger; 0–5000 units/ml) for 24 h in attached

culturing conditions. H2O2 and catalase in the range of 0.5–10 mM

and 1000–5000 units/ml respectively, caused neither toxic nor

proliferative effects on H460 cells (Figure 1A). To test whether the

treatments could be able to modulate intracellular ROS levels, we

used the ROS-specific probe DCFH2-DA for intracellular ROS

determination, and detected the fluorescence signal under a

fluorescence microscope. Treatment with H2O2 significantly

increased DCF fluorescence intensity, whereas catalase dramat-

ically decreased the signal (Figure 1B). Hydrogen peroxide was

measured using an Amplex Red assay, which indicated the

corresponding effects of hydrogen peroxide and catalase treat-

ments. To investigate the role of long-term H2O2 exposure on

anoikis and anchorage-independent growth, cells were cultured in

medium containing H2O2 (0, 0.5, 1, 2.5, 5 and 10 mM) or catalase

(0, 1000, 2000, 3000 and 5000 units/ml) for 14 days. Figure 2(A)

shows that H2O2 increased anchorage-independent growth in a

dose-dependent manner, whereas sub-toxic concentrations of

catalase dramatically decreased anchorage-independent growth.

Figure 2(B) shows that treatment with H2O2 caused a dose-

dependent increase in colony diameter, and ,2- and 4.5-fold

inductions in response to 1 and 10 mM H2O2 respectively.

Interestingly, the cells treated with H2O2 had a significantly

increased colony number in a dose-dependent manner

(Figure 2C). The anoikis response of these H2O2-exposed cells

versus control non-treated cells was investigated. Cells were

similarly cultured in the presence of H2O2 and catalase before

being suspended in poly-HEMA-coated plates for 6 h. Figure 2(D)

shows that detachment of H460 cells reduced cell viability over

time, with ,60% remaining viable at 6 h. Exposure to H2O2

rendered cells resistant to anoikis in a dose-dependent manner,

with ,80 and 100% viability of cells in response to 2.5 and 10 mM

of H2O2 respectively. Analysis of cell apoptosis and necrosis by

Hoechst 33342 and PI assay showed that the decrease in cell

survival after detachment was mainly due to anoikis, as indicated

by the increase in number of cells with intense nuclear

fluorescence and chromatin condensation stained with Hoechst

33342 (Figures 2E and 2F). An insignificant number of PI-positive

nuclei were seen, confirmed with annexin V-FITC/PI cell death

assay using flow cytometry. Thus H2O2 exposure induced

anchorage-independent growth and anoikis resistance in H460

cells.

3.2. Cav-1 is the key regulator of anchorage-
independent growth and anoikis resistance

Cav-1 is associated with anchorage-independent cell growth and

anoikis resistance in cancers (Fiucci et al., 2002; Ravid et al.,

2005; Yeh et al., 2009) We tested whether Cav-1 can regulate the
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anchorage-independent growth and anoikis resistance in H460

cells. The H460 cells were stably transfected with Cav-1 or shRNA

Cav-1 plasmid to increase or knockdown Cav-1 respectively.

Western blot analysis of Cav-1 expression showed a substantial

increase in Cav-1 protein level in Cav-1-transfected cells (H460/

Cav-1), whereas a significant decrease in Cav-1 level was seen in

shRNA Cav-1 transfected cells (H460/shCav1) (Figures 3D and

3E). These stable transfected cells were prepared in suspension

and analysed for anchorage-independent growth by soft agar

colony assay. H460/Cav-1 had a high capability to grow in the

anchorage-independent manner with a ,2-fold induction of

colony diameter and a 1-fold induction of colony number

compared to the control vector cells, whereas H460/shCav-1

cells had a low ability to survive and grow (Figures 3A–3C). In

addition, we investigated the role of Cav-1 in anoikis character-

istics of H460 cells. H460/Control Vector, H460/Cav-1, H460/

Control shRNA and H460/shCav-1 cells were detached for 0–24 h

and cell viability was analysed by XTT assay. Figure 3(F) shows

that H460/Cav-1 cells were significantly more resistant to anoikis

compared to control cells, whereas H460/shCav1 cells were more

sensitive to detachment-induced apoptosis. Cav-1 therefore plays

a critical role in inhibition of detachment-induced cell death and

facilitates growth in detached condition.

3.3. H2O2 exposure induces Cav-1 upregulation and
consequently enhances cell growth and anoikis
resistance of detached H460 cells

Having shown that Cav-1 caused H460 cell resistance to anoikis

and encouraged growth in detached conditions, we hypothesized

that H2O2 exposure could induce anchorage-independent cell

growth and anoikis resistance by regulating the level of Cav-1

protein. Expression of Cav-1 was examined after cultivation with

sub-toxic concentrations of H2O2 for 14 days; it was upregulated

in response to H2O2 in a dose-dependent manner (Figure 4A). We

determined whether such H2O2-induced Cav-1 upregulation could

last long enough to render anchorage-independent growth of the

cells. After 24 h, 72 h and 2 weeks, the cells in H2O2-free soft agar

assays were extracted and analysed for Cav-1 expression by

Western blotting. H2O2 significantly upregulated Cav-1 levels after

24 h of detachment (Figure 4B) and the increase was sustained in

the cells cultivated in soft agar after 72 h and 2 weeks (Figure 4C–

4D). Importantly, the higher dose of H2O2 exposure prior to

detachment caused a higher Cav-1 upregulation at every time-

point. These findings correlated with the above observation of the

ability of cells to grow in anchorage-independent condition cells

and develop anoikis resistance in a dose-dependent manner,

supporting the conclusion that H2O2-mediated Cav-1 upregulation

is responsible. To ensure the increase of the Cav-1 level in H2O2-

treated cells, immunocytochemistry staining for Cav-1 in H460/

10 mM-H2O2 cells (Figure 4E) shows that H460/10 mM-H2O2 cells

have dramatically high Cav-1-related fluorescent intensity com-

pared to H460 control cells.

3.4. H2O2 exposure enhances anoikis resistance and
the growth under detached conditions in shRNA-
transfected cells

To provide further support, we tested whether H2O2-exposure

could render H460/shCav1 cell growth in detached conditions and

resistant to anoikis. We stably transfected H460 cells with shRNA

Cav-1 plasmid; these cells were either left untreated or treated

with 10 mM H2O2 for 24 h and followed by soft agar assay for 72 h

and 2 weeks. After 2 weeks, H460/shCav1 cells had a low ability

to survive and grow in detached conditions, with a 0.5 reduction in

colony diameter, a 0.3 reduction in colony number; and treatment

with H2O2 could enhance such a capability as indicated in the

increased size and appearance of the cell colony (Figures 5A–5C).

After 72 h of soft agar culturing, the cells were extracted and the

Cav-1 level determined by Western blot analysis. Figure 5(D)

shows that H460/shCav1 cells expressed a significantly lower

level of Cav-1 compared to the H460/Control shRNA cells, and

treatment of H460/shCav1 cells with H2O2 resulted in a substantial

Figure 1 Effect of H2O2 and catalase treatments on viability and intracellular
ROS level of H460 cells

(A) Cells were treated with H2O2 (0.5–10 mM) and catalase (1000–5000 units/ml) for
24 h and cell viability was determined by MTT assay. Values are mean¡S.D. (n54).
*P,0.05 versus control. (B) Cells were treated with H2O2 (2.5 mM) and catalase (2000
units/ml) for 2 h. ROS was determined by ROS-specific probe DCFH2-DA and visualized
under fluorescence microscope. (C) Hydrogen peroxide was determined by Amplex Red
assay and quantified by fluorescence microplate reader. Values are mean¡S.D.
(n54). *P,0.05 versus control.

Long-term hydrogen peroxide mediates anoikis resistance
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increase in Cav-1 compared to H460/shCav1 cells. Furthermore,

H460/shCav1 cells showed a significantly higher degree of anoikis

compared to the control H460 cells, and the treatment of the

H460/shCav1 cells with H2O2 significantly inhibited the reduction

of cell viability after detachment as compared to H460/shCav1

cells (Figure 5E).

3.5. H2O2 exposure induces anchorage-independent
growth and anoikis resistance of melanoma
cells

The effects of H2O2 on human melanoma G361 cells was explored.

Cells were exposed to H2O2 (0–10 mM) or catalase (0–5000 units/ml)

Figure 2 H2O2 exposure induces anchorage-independent growth and anoikis resistance of H460 cells
The cells were cultured in the presence of H2O2 (0–10 mM) or catalase (0–5000 units/ml) for 14 days. (A) Single cell suspensions were subjected to soft
agar colony formation assay as described in Materials and methods. (B) Relative cell colony diameter and (C) relative cell colony number were determined
by using image analyser. Values are mean¡S.D. (n53). *P,0.05 versus control. (D) Cells were detached and suspended in poly-HEMA-coated plates for
6 h and cell viability was determined by XTT assay. Values are mean¡S.D. (n54). #P,0.05 versus control at 0 h; *P,0.05 versus control at 6 h. (E)
Cells were detached and suspended in poly-HEMA-coated plates for 6 h, anoikis cell nuclei stained with Hoechst 33342 and PI was visualized and
quantified under fluorescence microscope. Values are mean¡S.D. (n54). #P,0.05 versus control at 0 h; *P,0.05 versus control at 6 h. (F) H2O2
(2.5 mM) and catalase (2000 units/ml) exposed cells were detached for 6 h. Morphology of detached H460 cells anoikis nuclei stained with Hoechst 33342
and PI was visualized under fluorescence microscope. (G) Cell death was evaluated by annexin V-FITC/PI using flow cytometry.

Cell Biol. Int. (2012) 36, 1055–1066

E The Author(s) Journal compilation E 2012 Internation Federation for Cell Biology Volume 36 (11) N pages 1055–1066 N www.cellbiolint.org 1059

Auth
or 

Cop
y



for 14 days. H2O2 enhanced anchorage-independent survival and

growth of melanoma cells, whereas catalase treatment caused the

opposite effect (Figures 6A–6C). H2O2 also significantly induced

anoikis resistance in these cells, but treatment with catalase

decreased cell survival after detachment (Figures 6D and 6E). Thus

H2O2 exposure can give similar results in another type of cancer cell.

3.6. H2O2 exposure induces Cav-1 upregulation
through gene expression without altered
Cav-1 degradation pathway

Regarding the mechanism involved in the upregulation of Cav-1

level, our previous study showed that H2O2 increased Cav-1 in

detached cells by inhibiting its degradation (Rungtabnapa et al.,

2011). Immunoprecipitation assay was used to determine the

involvement of the protein degradation pathway. Figure 7(A)

shows the same level of Cav-1 ubiquitin complex in control and

H2O2-exposed cells, suggesting that ubiquitin-mediated protein

degradation was not involved in upregulation by H2O2 exposure in

attached conditions. Quantitative real-time PCR was used to de-

termine the involvement of protein synthesis pathway. Figure 7(B)

shows H2O2 exposure significantly increased Cav-1 mRNA in

H2O2-exposed cells. We confirmed this finding by treating H2O2-

exposed cells with actinomycin D and cycloheximide. Figure 7(C)

shows that treatment with these drugs decreased Cav-1 in H2O2-

exposed cells. Since Cav-1 mRNA expression is increased after

H2O2 exposure, and this is reversed by actinomycin D and cyclo-

heximide, it suggests that the upregulation occurs through new

gene expression.

4. Discussion

Along with ROS in cancer development (Ishikawa et al., 2008;

Kumuar et al., 2008), the presence of ROS in tumour microenvir-

onments is associated with the accentuation of aggressiveness in

many cancers (Storz, 2005; Droge, 2002). Importantly aggres-

siveness of cancer cells includes anoikis resistance, which allows

the cells to survive until reaching distant sites and growth in

anchorage-independent conditions, thereby promoting meta-

stasis, leading to a poor prognosis in, e.g. lung cancer (Moore

et al., 1998; Hanahan and Weiberg, 2000; Wei et al., 2001;

Laurent et al., 2005; Craig et al., 2008). Three species of ROS

frequently found in either normal or cancerous tissue are super-

oxide anion (O2
N2), H2O2 and hydroxyl radical (?OH) (Kirkinezos

and Moraes, 2001; Klaunig et al., 2010). These ROS are of

intracellular origin from several sources, including the electron

transport chain of mitochondria, NAD(P)H oxidoreductase com-

plex, xanthine oxidase, and cyclooxygenases (Lander, 1997;

Pourahmad, 2002). Mitochondrial-derived ROS seems to be the

predominant source of cellular ROS associated with oxidative

stress induced by many stimuli (Ku et al., 1993; Barber and Harris,

1994). Although O2
N2 is the first ROS to be produced by the

mitochondrial chain reaction, H2O2, a product of the detoxifying

mechanism of O2
N2, has a more pronounced role on normal and

tumour cell proliferation (Laurent et al., 2005). H2O2 possesses

relatively low reactivity that allows this kind of ROS to diffuse and

function in distant areas compared to the others (Droge, 2002; Ku

et al., 1993; Barber and Harris, 1994; Cadenas and Davies, 2000).

The mechanisms by which H2O2 enhances cancer progression

and metastasis include the fact that it increases NF-kB (nuclear

factor kB) activity and facilitates hepatic cancer cell metastasis

(Kobayashi et al., 2008). H2O2 also activates AP1 (activator protein

Figure 3 Cav-1 is the key regulator of anchorage-independent growth and
anoikis resistance.

(A) H460 cells were stably transfected with Vector, Cav-1 overexpressing, Control
shRNA or shRNA Cav-1 plasmids to generate H460/Vector, H460/Cav-1, H460/
Control shRNA and H460/shCav1, respectively. The ability of anchorage-independent
growth of transfected cells was evaluated by using soft agar colony formation assay.
The relative cell colony diameter was determined by using an image analyser. Values
are mean¡S.D. (n54). #P,0.05 versus control shRNA; *P,0.05 versus control
vector. (B) Relative cell colony diameter was determined by using an image analyser.
#P,0.05 versus control shRNA; *P,0.05 versus control vector. (C) Relative cell
colony number was determined by using an image analyser. #P,0.05 versus control
shRNA; *P,0.05 versus control vector. (D) Cav-1 protein expression was determined
by Western blotting. Blots were reprobed with b-actin antibody to confirm equal
loading of the samples. (E) Immunoblot signals were quantified by densitometry, and
mean data from independent experiments were normalized to the control cells. (F)
Anoikis response of the transfected cells was determined at the indicated times after
cells detachment by XTT assay. Values are mean¡S.D. (n54). #P,0.05 versus
control shRNA; *P,0.05 versus control vector.
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1), upregulates HARP (heparin affine regulatory peptide) gene,

enhances proliferation and migration of prostate cancer cells

(Polytarchou et al., 2005), reduces catalase expression via hyper-

methylation of CpG island II on the catalase promoter, and contributes

to a higher stage of hepatocellular carcinoma (Min et al., 2010). It also

affects angiopoietin-mediated activation of signalling pathways of Akt

and MAPK (mitogen-activated protein kinase) phosphorylation, and

increased angiogenesis of endothelial cells (Kim et al., 2006).

Figure 5 H2O2 exposure enhances anoikis resistance and the growth under detached conditions in shRNA transfected cells
H460/Control shRNA or H460/shCav1cells were left untreated or treated with 10 mM H2O2 for 24 h. (A) Cells were subjected to H2O2 free soft agar assays
for 2 weeks and visualized under microscope. (B) The relative cell colony diameter and (C) relative colony number were determined by using an image
analyser. Values are mean¡S.D. (n53). *P,0.05 versus control shRNA. (D) After 72 h in soft agar culturing, cells were extracted from soft agar and Cav-
1 protein expression was determined. (E) Cells were subjected to anoikis assay for 6 h and cell viability was determined by XTT assay. Values are
mean¡S.D. (n54). #P,0.05 versus control at 0 h; *P,0.05 versus control shRNA at 6 h.

Figure 4 H2O2 exposure induces Cav-1 upregulation
(A) After cultivation of the cells with indicated concentrations of H2O2 for 14 days, Cav-1 protein expression was determined by Western blotting. The
immunoblot signals were quantified by densitometry, and mean data from independent experiments were normalized to the control cells. H2O2-exposed
cells were subjected to soft agar for 24 h, 72 h and 2 weeks. The cells were collected after culturing in soft agar for (B) 24 h, (C) 72 h and (D) 2 weeks,
and the Cav-1 level was determined by Western blot analysis. Blots were reprobed with b-actin antibody to confirm equal loading of the samples. The
immunoblot signals were quantified by densitometry, and mean data from independent experiments were normalized to the control cells. (E)
Immunocytochemistry staining for Cav-1 of H460/10 mM-H2O2 and non-treated control cells after 2 weeks in soft agar culture.
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We have demonstrated that the exposure of lung carcinoma

and melanoma cells to H2O2 prior to cell detachment dramatically

increases their ability to resist detachment-induced apoptosis and

encourage independent growth of the cells. Western blot analysis

showed that long-term exposure of the cells to H2O2 significantly

upregulates Cav-1 protein, which lasted as long as 2 weeks in soft

agar assay. Regarding Cav-1 ubiquitin complex and Cav-1 mRNA

level determinations, H2O2 exposure of the attached cells

significantly increased Cav-1 expression without affecting its

degradation. Both microenvironment-derived and cell-generated

H2O2 are rapidly detoxified by 2 cellular enzymes, catalase and

glutathione peroxidase. Thus, the half-life of H2O2 is considerably

short in living systems (Pryor, 1986; Volk et al., 1997), even though

roles of H2O2 in controlling cellular behaviour and functioning have

been extensively reported. Our findings correlated with previous

findings and further reveal the underlying mechanism how H2O2

treatment alters the expression of Cav-1 protein and facilitates

cancer aggressiveness over relatively long periods. We also

confirmed the regulatory role of Cav-1 in anoikis resistance and

induced cell growth in detached conditions by transfecting the

cells with Cav-1 overexpressing and shRNA Cav-1 plasmids. Both

plasmids were able to change the level of cellular Cav-1 protein,

and Cav-1 overepression dramatically rendered H460 cells anoikis

resistant, whereas a decrease in Cav-1 mediated by shRNA tran-

sfection increased anoikis. To ensure that H2O2-mediated anoikis

resistance and enhanced cancer cell growth in detached conditions

were through Cav-1 modulation, shRNA transfected cells treated

with increased Cav-1 level and cancer cell aggressiveness

Figure 6 H2O2 exposure induces anchorage-independent growth and anoikis resistance of melanoma cells
Cells were exposed to H2O2 or catalase for 14 days. (A) Cells were detached and single cell suspensions were subjected to soft agar colony formation
assay, and (B) relative cell colony diameter, and (C) relative cell colony number were determined by an image analyser. Values are mean¡S.D. (n53).
*P,0.05 versus control. (D) Cells were detached and suspended in poly-HEMA plates for 6 h and cell viability was determined by XTT assay. Values are
mean¡S.D. (n54). #P,0.05 versus control at 0 h; *P,0.05 versus control at 6 h. (E) Cells were detached and suspended in poly-HEMA-coated plates
for 6 h, anoikis cell nuclei stained with Hoechst 33342 and PI was visualized and quantified under fluorescence microscope. Values are mean¡S.D.
(n54). #P,0.05 versus control at 0 h; *P,0.05 versus control at 6 h.
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(Figure 6). Thus an increase inCav-1 level causedbyH2O2 exposure

is responsible for increased ability of H460 cells to resist anoikis and

growth in a detachedmanner. Many studies have shown that Cav-1

increasedcell survival andgrowth indetachedconditions throughan

Akt-dependent pathway (Li et al., 2003; Ravid et al., 2005; Li et al.,

2009), suggesting that Cav-1 may regulate anchorage-dependent

growth via an Akt-dependent pathway.

In conclusion, H2O2 plays an important role in potentiating

cancer cell aggressivenesses, anoikis resistance and growth in

anchorage-independent conditions in human lung carcinoma

H460 and melanoma G361 cells. Exposure to sub-toxic doses

of hydrogen peroxide significantly upregulates Cav-1, and the

increase is responsible for anoikis resistance and anchorage-

independent growth of cancer cells. These findings suggest a

linkage between elevated H2O2 in a cancer environment and an

increase in tumour aggressiveness that are important in under-

standing tumour progression and metastasis.
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Abstract The anoikis-sensitization activity of imperato-

rin, an active furanocoumarin component of Angelica

dahurica root, is reported herein for the first time. The

present study demonstrated that the imperatorin treatment

at sub-toxic concentrations enhanced human lung cancer

H23 cell apoptosis after detachment. A Western blot

analysis showed that imperatorin significantly enhanced

the p53 protein level, which subsequently down-regulated

Mcl-1 protein and up-regulated Bax, while it had a minimal

effect on Bcl-2 expression. In addition, an anchorage-

independent growth assay was performed to support the

anti-metastasis potential of imperatorin. Consistent with

anoikis assay, imperatorin exhibited a strong inhibitory

effect on the anchorage-independent growth of the cells.

Further, this study demonstrated that imperatorin sensitizes

anoikis in other lung cancer cells, namely, H292 and A549.

Because anoikis was shown to be a critical hindrance in

preventing cancer cell metastasis, the knowledge regarding

such an activity and an underlying mechanism may lead to

the development of this compound for a cancer therapy.

Keywords Imperatorin � Anoikis �
Anchorage-independent growth � Lung cancer cells

Introduction

Imperatorin (IM), a major active furanocoumarin enriched

in a root of Angelica dahurica, has been reported to possess

a variety of pharmacological actions against cancers,

including the oncogene suppression, the inhibition of cancer

cell proliferation, and the induction of cancer cell apoptosis

both in vitro and in vivo (Fig. 1) [1–4]. However, until now,

a role of imperatorin in the inhibition of cancer cell

metastasis as well as cancer cell anoikis is largely unknown.

Metastasis is the major cause of cancer-related death in

many human cancers, including lung cancer [5, 6]. In par-

ticular, lung cancer patients are frequently found to have

metastatic tumors at the time of diagnosis, which may be the

cause of a high rate of death in this type of cancer [7, 8].

Cancer metastasis is a complex process, consisting of cancer

cell detachment, migration, extravasation, and adhesion to

target sites. As an important barrier for cancer metastasis,

apoptosis mediated by cell detachment, termed ‘‘anoikis’’,

has garnered increasing attention in the cancer research

domain. The anoikis process of the cells initiates after the

cells lose contact from neighboring cells or from their

extracellular matrix (ECM), and leads to the activation of

p53 and the subsequent alteration of pro- and anti-apoptotic

protein in the Bcl-2 family [9–13]. The balance between pro-

apoptotic Bcl-2 proteins such as Bim, Bmf, Bax, and Bid and

anti-apoptotic proteins such as Bcl-2 and Bcl-XL are found

to be disturbed in response to cell detachment signals

[14–20]. The mitochondrial membrane is then disrupted,

followed by the release of cytochrome c and the activation of

caspases [21, 22]. Recently, the role of anti-apoptosis Mcl-1

protein in the inhibition of anoikis has been intensively

pronounced. A high level of endogenous or the overexpres-

sion of Mcl-1 was shown to be closely related to an anoikis

response in many cancers [23–26]. So far, it has been well
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accepted that the resistance to anoikis is a hallmark of suc-

cessful metastatic cancers. Also, an ability of cancer cells to

grow in anchorage-independent conditions was shown to be

an important characteristic of cancer aggressiveness and to

be related to metastasis potential in different types of human

malignancies, including lung cancer [27, 28].

As an ongoing research for anti-cancer drug development,

the present study aimed to investigate the effects of impe-

ratorin on cancer cell anoikis and anchorage-independent

growth, and to explore a possible underlying mechanism.

Materials and methods

Cells and reagents

NCI-H23, NCI-H460, A549, and HK-2 cells were obtained

from the American Type Culture Collection (ATCC,

Manassas, VA). The cancer cells were cultured in RPMI

1640 medium, while the HK-2 cells were cultured in

DMEM medium. All mediums were supplemented with

10 % fetal bovine serum (FBS), 2 mM L-glutamine,

100 units/ml penicillin, and 100 lg/ml streptomycin in a

5 % CO2 environment at 37 �C. Imperatorin, 2,3-bis

(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-

anilide (XTT), Hoechst 33342, and propidium iodide were

obtained from Sigma. Antibodies for Mcl-1, Bcl-2, Bax,

P53, b-actin, and peroxidase-labeled secondary antibodies

were obtained from Abcam Inc. (Cambridge, MA).

Cytotoxicity assay

Cell viability was determined by the XTT assay. After

specific treatments, cells were incubated with 20 lM of

XTT for 4 h at 37 �C. The optical density was then

determined by a V-max photometer (Molecular Devices

Corp., Menlo Park, CA) at a wavelength of 450 nm.

Anoikis assay

To prevent cell adhesion, tissue culture six-well plates were

coated with 200 ll (6 mg/ml in 95 % ethanol) of poly(2-

hydroxyethyl methacrylate) (poly-HEMA; Sigma) and left

to evaporate overnight in a laminar flow hood at room

temperature. Adherent H23, H292, and A549 cells in cul-

ture plates were trypsinized into a single-cell suspension in

RPMI medium and then seeded in poly-HEMA-coated

plates at a density of 1 9 105 cells/ml. Suspended cells

were incubated at 37 �C for various times up to 24 h. For

the cell survival assay, cells were incubated with XTT for

4 h at 37 �C. The optical density was then determined by a

V-max photometer (Molecular Devices Corp., Menlo Park,

CA) at a wavelength of 450 nm.

Annexin V detection and sub-G0/G1 fraction analysis

by flow cytometry

Cell anoikis were evaluated by Annexin V-FITC staining

assay. Cells were collected, re-suspended, and incubated

with Annexin V-FITC for 30 min at 37 �C. Apoptotic cells
were scored by flow cytometry using a 485-nm excitation

beam and a 538-nm band-pass filter (FACSort, Becton

Dickinson, Rutherford, NJ). The mean fluorescence inten-

sity was quantified by CellQuest software (Becton Dick-

inson). For sub-G0/G1 analysis, cells following detachment

for 24 h in the presence or absence of imperatorin were

harvested, re-suspended, and incubated with propidium

iodide (PI) buffer for 15 min at 37 �C and determined for

cell cycle profile by flow cytometry.

Nuclear staining assay

Apoptotic and necrosis cell death was determined by

Hoechst 33342 and PI co-staining. After specific treat-

ments, cells were incubated with 10 lM of Hoechst and

5 lg/ml of PI for 30 min at 37 �C. The apoptotic cells

having condensed chromatin and/or fragmented nuclei and

PI-positive necrotic cells were visualized and scored under

a fluorescence microscope (Olympus IX51 with DP70).

Colony formation assay

Anchorage-independent growth was determined by the

colony formation assay in soft agar, as described by

Koleske et al. [29], with minor modifications. Briefly, H23

cells from six-well plate monolayer cultures were prepared

into a single-cell suspension by the treatment with a mix-

ture of 350 ll trypsin and 1.5 mM EDTA. Cells were

suspended in RPMI containing 10 % FBS and 0.33 % low

melting temperature agarose, then 2 ml containing 5 9 103

cells were plated in a six-well plate over a 2-ml layer of

solidified RPMI–10 % FBS–0.6 % agarose. The cells were

fed every 3 days by adding 200 ll of RPMI–10 % FBS.

Colonies survival was determined by incubation with res-

azurin 1:10 for 1 h and the fluorescence intensity of resa-

zurin product (resorufin) was measured at 530 nm

Fig. 1 Structure of imperatorin
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(excitation wavelength) and 590 nm (emission wavelength)

and photographed at 910 magnification after 2 weeks.

Western blot analysis

After specific treatments, cells were incubated in a 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 a commercial protease

inhibitor mixture (Roche Applied Science) at 4 �C for

20 min. Cell lysates were collected and determined for

protein content using the Bradford method (Bio-Rad).

Proteins (40 lg) were resolved under denaturing conditions
by 10 % SDS-PAGE and transferred onto a nitrocellulose

membrane. The membranes were blocked for 1 h in 5 %

nonfat dry milk in TBST (25 mM Tris–HCl, pH 7.4,

125 mM sodium chloride, 0.05 % Tween 20) and incu-

bated with appropriate primary antibodies at 4 �C for 10 h.

Membranes were washed twice with TBST for 10 min and

incubated with horseradish peroxidase-labeled isotype-

specific secondary antibodies for 1 h at room temperature.

The immune complexes were then detected by an enhanced

chemiluminescence detection system (Amersham Biosci-

ences) and quantified using Analyst/PC densitometry

software (Bio-Rad Laboratories, Hercules, CA).

Statistical analysis

The mean densitometry data from independent experiments

were normalized to the results in cells in the control.

The values are presented as mean ± standard deviation

(SD) from three or more independent experiments and

were analyzed by analysis of variance (ANOVA) and a

post hoc test at a significance level of p\ 0.05.

Results

Cytotoxic effect of imperatorin on lung cancer

H23 and normal renal HK-2 cells

To explore the anoikis-sensitization activity of imperatorin,

sub-toxic concentrations of such a compound were first

characterized. Human lung cancer H23 cells were incu-

bated with various concentrations of imperatorin (0–10 lg/
ml) for 24 h and cell viability was determined by the XTT

assay. Figure 2a shows that a significant cytotoxic effect of

imperatorin was found at the concentration of 10 lg/ml,

with approximately 85 % of the cells remaining viable,

whereas the concentrations less than 5 lg/ml had no sig-

nificant effect on H23 cell viability. In addition, the nuclear

morphology study supported the above findings that no

apoptotic and necrotic cell death was detected in response

to 0–5 lg/ml imperatorin (Fig. 2b, c).

Anti-cancer drugs are frequently found to cause toxic

effects on the normal cells and such cytotoxic effects may

become an important hindrance of successful chemother-

apy. We also provided the supportive data regarding the

cytotoxic effect of imperatorin on normal renal cells.

Human renal HK-2 cells were treated with various con-

centrations of imperatorin and cell viability was determined

Fig. 2 Effect of imperatorin on

cytotoxicity in lung cancer H23

cells. Cells were treated with

various concentrations of

imperatorin (0–10 lg/ml) for

24 h. a Cell viability was

determined by the XTT assay.

b, c Mode of cell death was

determined by Hoechst

33342/PI co-staining assay. The

apoptotic cells were visualized

under a fluorescence

microscope. d Cytotoxic effect

of imperatorin on normal renal

HK-2 cells. Cell viability was

determined by the XTT assay.

Values are means of

independent triplicate

samples ± SD (n = 5).

*p\ 0.05 versus non-treated

control
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as previously described. Interestingly, the sub-toxic con-

centrations of imperatorin obtained from lung cancer H23

testing were found to be non-toxic to HK-2 cells (Fig. 2d).

Even though further investigations were needed, these data

supported the safety of the use of this compound for an anti-

cancer aspect.

Imperatorin sensitizes lung carcinoma H23 cells

to detachment-induced cell death

An anoikis-sensitization effect of imperatorin was then

evaluated using non-toxic concentrations. Cells were

detached and cultured in the attachment-resistant poly-

HEMA-coated plates in the presence or absence of sub-

toxic concentrations of imperatorin (0–1 lg/ml) and the

cell survival was determined at the indicated times by the

XTT assay. Figure 3a shows that, in the absence of im-

peratorin, cell detachment induced a time-dependent

decrease in cell viability and the decrease was first

detectable at 6 h after cell detachment, with approximately

70 % of the cells remain survival. Importantly, the addition

of the detached cells with imperatorin caused a significant

reduction of viable cells after detachment in a dose-

dependent manner. Imperatorin at the concentration of

1 lg/ml could reduce the viability of the cells to approxi-

mately 50 and 30 % at times of 6 and 24 h, respectively.

Further, the mode of cell death in response to imperatorin

was investigated by Hoechst 33342 and PI staining assay.

Figure 3b and c show that the addition of imperatorin to the

detached cells significantly enhanced anoikis response,

indicated by the increase of cells containing condensed

DNA. The percentage of apoptosis cells at 12 h after cell

Fig. 3 Imperatorin sensitizes

detachment-induced cell death

in H23 cells. a Cells were

detached and treated with

various concentrations of

imperatorin (0–1 lg/ml). Cell

survival at the indicated times

was determined by the XTT

assay. Values are means of

independent triplicate

samples ± SD. *p\ 0.05

versus control at time 0 h.

b Percentage of apoptotic

detection by scoring DNA

condensed and/or fragmented

nuclei by Hoechst 33342 at 12 h

after detachment. Values are

means of independent triplicate

samples ± SD. *p\ 0.05

versus non-treated control.

c Morphology of cell nuclei

after 12 h detachment was

visualized under a fluorescence

microscope after Hoechst

33342/PI co-staining.

d Apoptosis was evaluated by

Annexin V-FITC at 12 h after

detachment. e Sub-G0/G1

fraction determined by flow

cytometry. At the indicated

time, cells were harvested,

re-suspended and incubated

with PI buffer for 15 min at

37 �C and determined for cell

cycle profile by flow cytometry.

*p\ 0.05 versus attached cell

control and #p\ 0.05 versus

detached cell control
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detachment was found to be 54, 58, and 69 % in response

to imperatorin at concentrations of 0.1, 0.5, and 1 lg/ml,

respectively. It is interesting to note that there was no

necrotic cell death detected in the present study. Annexin V

staining assay was performed in order to determine the

apoptosis response of the cells (Fig. 3d). Consistent with

previous findings, annexin V-stained cells were found to be

increased in response to imperatorin. In addition, cell cycle

analysis showed that imperatorin treatment significantly

increased the sub-G0/G1 fraction in a dose-dependent

manner (Fig. 3e). These results indicated that the apoptosis

induced by cell detachment or anoikis is the primary mode

of cell death in our experiments.

Imperatorin inhibits anchorage-independent growth

of H23 cells

Having shown the effect of imperatorin in sensitizing

anoikis of lung cancer cells, we next tested whether such a

compound could influence the growth of cancer cells in the

anchorage-independent condition. As a well-accepted

characteristic of metastatic cancer cells, the anchorage-

independent growth or the cell growth in the detached

condition was shown to be a potentiating factor presenting

in highly aggressive cancers [27, 28]. H23 cells were

subjected to soft agar assay in the presence or absence of

sub-toxic concentrations of imperatorin and cultured for

2 weeks. Cell colony number as well as colony size were

determined by microscopy. Figures 4a and b show that, in

the absence of imperatorin, H23 cells were able to survive,

grow under anchorage-independent conditions, and form

large cell colonies. In contrast, the addition of imperatorin

resulted in the reduction in both colony number and colony

size. In order to quantify cell survival in the anchorage-

independent assay, a resazurin-based cell viability assay

was performed. Figure 4c shows that the results are con-

sistent with the above-mentioned observation that viable

cells in colony formation assays decreased in response to

the imperatorin treatment in a dose-dependent manner.

Together, our results indicated that imperatorin was able to

inhibit cancer cell growth in the anchorage-independent

condition.

Imperatorin-induces Mcl-1 down-regulation

To further clarify the mechanism by which imperatorin

sensitizes detachment-induced apoptosis, we evaluated the

level of proteins associating in an anoikis process, namely,

p53, Mcl-1, Bcl-2, and Bax. Cells were detached and

treated with 0–1 lg/ml imperatorin and the cells were

subjected to Western blotting, as described in ‘‘Materials

and methods’’. Figure 5a and b show that imperatorin

significantly enhanced an increase of p53 level in a dose-

dependent manner in comparison to that of the non-treated

control. Further, imperatorin was found to decrease the

anti-apoptotic Mcl-1 level in this lung cancer cells,

Fig. 4 Effect of imperatorin on

anchorage-independent growth

of H23 cells. Cells were

subjected to soft agar colony

formation assay, as described in

‘‘Materials and methods’’.

a Colonies were stained with

Hoechst 33342 and observed by

a fluorescence microscope.

b Colony number and colony

size were determined by using

an image analyzer. c Cell

survival was determined with a

resazurin-based assay. Values

are means of independent

triplicate samples ± SD.

*p\ 0.05 versus non-treated

control (colony number) and
#p\ 0.05 versus non-treated

control (colony size)
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whereas it exhibited only a minimal effect on Bcl-2 protein

(Fig. 5a). The pro-apoptotic Bax was found to be signifi-

cantly up-regulated in response to 1 lg/ml imperatorin. As

Mcl-1 was shown to be a key regulator for anoikis resis-

tance and p53 function was found to be attenuated in many

cancer cells, these findings have highlighted the possible

use of imperatorin for cancer therapy.

Anoikis-sensitization effect of imperatorin on other

lung carcinoma cells

We further investigated the effect of imperatorin on anoikis

in other lung cancer cells. Human lung cancer H292 and

A549 cells were treated with various concentrations of

imperatorin for 24 h. The cell viability assay indicated that

imperatorin at a concentration of less than 10 lg/ml had

neither cytotoxic nor proliferative effects on attached H292

and A549 cells (data not shown). To test the effect of

imperatorin on the anoikis response of these cells, cells

were incubated with 0–1 lg/ml imperatorin in the detached

condition and cell viability was determined after 24 h by

the XTT assay. Figure 6a and b show that cell detachment

induced a gradual decrease in cell survival and imperatorin

significantly sensitized both H292 and A549 cells to

anoikis in a dose-dependent manner. After 24 h post-

detachment, H292 cells exhibited approximately 60, 50,

and 40 % viability in response to 0.1, 0.5, and 1 lg/ml of

imperatorin treatments, respectively (Fig. 6a). Besides, the

imperatorin treatment decreased the viability of A549 cells

to 50, 40, and 35 % at concentrations of 0.1, 0.5, and 1 lg/
ml, respectively (Fig. 6b). The morphology of apoptotic

nuclei were observed in the imperatorin-treated cells

(Fig. 6c–e), while PI-positive necrotic cells were not

detected. These data supported the sensitizing effect of

imperatorin on lung cancer cell anoikis.

Discussion

Among various human cancers, lung cancer is accepted as

the leading cause of cancer mortality worldwide, and most

deaths are associated with cancer metastasis [1, 2]. To

metastasize, a malignant cell must detach from its primary

tumor, invade the nearby circulatory or lymphatic system,

and establish itself in a new site. An anoikis, a detachment-

induced apoptosis, has been shown to play a critical role in

the induction of most cancer cell death during travel in the

blood or lymphatic circulations. Indeed, the resistance to

anoikis is a prerequisite capability of metastatic cancer

cells [24, 30–32]. Anoikis has primarily been described as

an intrinsic apoptotic pathway mainly through a mito-

chondrial death pathway and was shown to be tightly

related with the disturbance in the balance of proteins in

the Bcl-2 family [33]. Previous studies have suggested that

anti-apoptotic Bcl-2 and Mcl-1 proteins play an important

role in mediating anoikis resistance, as well as the

aggressive behaviors of lung cancer cells [34–37].

Increasing attention is paid to natural substances as a

source for novel anti-cancer drugs. Imperatorin is a fur-

anocoumarin isolated from the root of Angelica dahurica,

which was previously reported to have several pharmaco-

logical effects [1–4]. The present study has further

Fig. 5 Effect of imperatorin on proteins associated with the anoikis

process. a Cells were detached and treated with various concentra-

tions of imperatorin (0–1 lg/ml) for 12 h and the expression of p53,

Mcl-1, Bcl-2, and Bax proteins was determined by Western blotting.

Blots were reprobed with b-actin antibody to confirm equal loading of

samples. b The immunoblot signals were quantified by densitometry

and mean data from independent experiments were normalized to the

results. Values are means on triplicate samples ± SD. *p\ 0.05

versus non-treated control
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provided evidence supporting the potential of this natural

compound to be used for anti-metastasis aspects. We

reported herein for the first time that imperatorin at sub-

toxic concentrations could sensitize lung cancer cell anoi-

kis and inhibit the growth of cancer cells in the detached

condition, as an increase in Mcl-1 protein in certain cancer

cells was reported to be a mechanism by which such cells

resist anoikis [24, 34]. Moreover, the Mcl-1 protein was

shown to be a key regulator for anoikis in many cell sys-

tems [23, 24, 34]. Imperatorin, which was reported herein

to down-regulate Mcl-1, may be able to be developed for

anti-metastasis approaches. Furthermore, we demonstrated

that imperatorin at the concentrations used for anoikis

sensitization was not toxic to normal renal HK-2 cells.

The loss of integrin engagement was shown to initiate the

p53-dependent mitochondrial apoptosis pathway [38, 39].

Certain cancer cells develop mechanisms to attenuate p53

activation and, thus, resulted in anoikis resistance [40–45].

We found that the treatment with imperatorin significantly

enhanced p53 activation in H23 lung cancer cells and influ-

enced the cell anoikis response. Subsequently, the up-regu-

lation of Bax concomitant with the down-regulation of Mcl-1

protein was detected in the present study and was shown to be

a mechanism by which imperatorin sensitized H23 cell anoi-

kis. However, in this study, the sub-toxic concentrations of

imperatorin caused no effect on the Bcl-2 expression.

In conclusion, we have demonstrated that imperatorin at

sub-toxic concentrations sensitized human lung carcinoma

H23 cell anoikis and inhibited the growth of the cells in

anchorage-independent conditions. Our results also revealed

the roles of imperatorin treatment on p53 and proteins in the

Bcl-1 family which could be important in understanding the

mechanism of action of imperatorin and benefit the devel-

opment of this compound. This new finding suggests the

possible anti-metastasis role of imperatorin, which may be

beneficial for cancer therapy.
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