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supernatants were collected and determined for protein content
using the Bradford method (Bio-Rad Laboratories, Hercules,
CA). Proteins (40 pg) were resolved under denaturing con-
ditions by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto nitrocellu-
lose membranes (Bio-Rad). The transferred membranes were
blocked for 1 hr in 5% nonfat dry milk in TBST (25 mmol/L
Tris-HCI, pH 7.4, 125 mmol/L NaCl, 0.05% Tween 20) and
incubated with the appropriate primary antibodies at 4°C for 10
hr. Membranes were washed twice with TBST for 10 min and
incubated with horseradish peroxidase-coupled isotype-specific
secondary antibodies for 1 hr at room temperature. The im-
mune complexes were detected by enhanced chemilumines-
cence detection system (Amersham Biosciences, Piscataway,
NJ) and quantified using analyst/PC densitometry software
(Bio-Rad). Mean densitometry data from independent experi-
ments were normalized to result in cells in the control. The data
were presented as the mean £ SD and analyzed by Student’s
1 test.

Immunoprecipitation

After the indicated treatments, cells were washed with ice-
cold phosphate-buffered saline and lysed in lysis buffer at 4°C
for 20 min. After centrifugation at 14,000 x g for 15 min at
4°C, the supernatants were collected and determined for pro-
tein content using the Bradford method (Bio-Rad Laboratories,
Hercules, CA). Lysates were normalized, and 60 pg proteins
were incubated with anti-Bcl-2 antibodies for 14 hr at 4°C fol-
lowed by incubation with protein A-conjugated Sepharose. The
immune complexes were washed with 20 vols. of lysis buffer, re-
suspended in 2 x Laemmli sample buffer, and boiled at 95°C for
5 min. Immune complexes were separated by 10% SDS-PAGE
and analyzed by Western blotting as described.

RESULTS

Curcumin enhances cisplatin-induced
apoptosis in H460 cells

To investigate the role of curcumin in cisplatin-induced apop-
tosis, we first evaluated the dose-dependent effect of cisplatin on
apoptotic cell death in human non-small cell lung cancer H460
cells in the presence or absence of curcumin. Cells were treated
with various concentrations of cisplatin (0-250 pmol/L) and
apoptosis was determined after 24 hr by Hoechst 33342 nuclear
staining assay. Cisplatin treatment caused a dose-dependent in-
crease in apoptotic cell death as compared to nontreated control
(Figure 1(a)). Apoptotic cells exhibited intense nuclear fluo-
rescence, chromatin condensation and/or fragmentation, char-
acteristic of apoptosis. At the treatment dose of 50 pumol/L,
approximately 10% of the treated cells showed apoptotic nu-
clear morphology with the cell death response exceeding 43%
at the treatment dose of 250 wmol/L. To confirm the apoptosis-
inducing effect of cisplatin in these cells, cells were similarly
treated with cisplatin and cell viability was determined by MTT

assay. Figure 1(b) shows that cisplatin was able to decrease
cell viability in a dose-dependent manner, consistent with the
apoptosis results.

To investigate the role of curcumin in the regulation of
cisplatin-induced apoptosis, cells were pretreated with various
concentrations of curcumin (0-100 umol/L) and then treated
with the apoptotic dose of cisplatin (100 wmol/L). The results
showed that curcumin significantly increased the apoptotic ef-
fect of cisplatin, whereas curcumin alone, when used at low
concentrations (0-50 umol/L), had minimal apoptotic effect on
the cells (Figure 1(c)). At high doses (100 wmol/L), however,
curcumin induced significant apoptosis (~10%). These results
indicate that curcumin enhances apoptotic cell death of cisplatin
and can directly induce apoptosis when used at high doses. To
confirm the sensitizing effect of curcumin, cells were similarly
treated with cisplatin and curcumin, and their viability was de-
termined by MTT assay. Consistent with the Hoechst apopto-
sis assay, curcumin further decreased cell viability in response
to cisplatin treatment (Figure 1(d)). Curcumin alone induced
minimal cytotoxic effect except at the high concentration of
100 pwmol/L.

Because previous studies have shown that curcumin can in-
duce intracellular reactive oxygen species (ROS) generation and
increased ROS has been linked to apoptotic cell death (25-29),
we investigated whether the sensitizing effect of curcumin was
associated with its ROS-inducing activity. Figures 1(c) and (d)
show that addition of a general antioxidant, N-acetyl cysteine
(NAC), potently inhibited the apoptotic sensitizing effect of
curcumin, suggesting that ROS was involved in this apoptotic
sensitization. It is worthy to note that co-treatment of the cells
with pan-caspase inhibitor zZVAD-fmk completely inhibited the
apoptotic effect of both curcumin and cisplatin, indicating the
requirement of caspase activation in the cell death response.

Curcumin induces intracellular ROS
generation in H460 cells

To provide supporting evidence for the role of ROS in
the apoptosis-enhancing effect of curcumin, we analyzed ROS
generation in cells treated with various concentrations of cur-
cumin in the presence or absence of NAC. Flow cytometric
analysis of ROS generation using DCF-DA as a fluorescent
probe shows that curcumin was able to induce ROS genera-
tion in a dose-dependent manner and this effect was inhib-
ited by the antioxidant NAC (Figure 2(a)). Cisplatin can also
induce ROS generation and this effect can be enhanced by
the addition of curcumin (Figure 2(b)). These data suggest
that curcumin acts as a prooxidant and promotes the ROS-
inducing and apoptosis-inducing effects of cisplatin. To deter-
mine specific ROS induced by curcumin, cells were treated
with the agent in the presence or absence of various known
specific antioxidants, including MnTBAP (a superoxide dis-
mutase mimetic and scavenger of superoxide anion), catalase
(hydrogen peroxide scavenger), and sodium formate (hydroxyl
radical scavenger). Cells were then analyzed for ROS as de-
scribed. The results show that MnTBAP significantly inhibited
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Figure 1. Cisplatin induces cell apoptosis and its sensitization by curcumin. H460 cells were treated with various concentrations of cisplatin
(0-250 pumol/L) for 24 hr. (a) Effect of cisplatin treatment on cell apoptosis determined by Hoechst 33342 assay. (b) Effect of cisplatin on cell
viability analyzed by MTT assay. (c) Effect of curcumin treatment alone and in combination with cisplatin on cell apoptosis in the presence or
absence of antioxidant NAC or caspase inhibitor zZVAD-fmk. Cells were pretreated with NAC (5 mmol/L), zZVAD-fmk (10 xmol/L), or curcumin
(0-100 umol/L) for 30 min, after which they were treated, or left untreated, with cisplatin (100 mol/L) for 24 hr. Apoptosis was then determined
by Hoechst 33342 assay. (d) Effect of curcumin treatment alone or in combination with cisplatin on cell survival in the presence or absence of
antioxidant NAC or caspase inhibitor zZVAD-fmk. After specific treatments, cell survival was determined by MTT assay. (e) Morphology of apoptotic
nuclei in cells treated with cisplatin (100 xmol/L) with or without curcumin (100 wmol/L), NAC, or zZVAD-fmk, as determined by fluorescence
microscopy of Hoechst-stained cells. Values are means + SD (n = 3). * and #, p < 0.05 versus non-treated control; **, p < 0.05 versus cisplatin
(100 mol/L) and curcumin (100 umol/L)-treated controls; ##, p < 0.05 versus curcumin (100 wmol/L)-treated control.

curcumin-induced ROS generation, whereas other antioxidants Curcumin promotes down-regulation of Bcl-2

had no significant effect (Figure 2(c)). These findings indicate by cisplatin thro ugh an ROS-dependent
that superoxide anion is a major ROS induced by curcumin in the

T - mechanism
treated cells. Studies using dihydroethidium (DHE) as a fluores-
cent probe for superoxide anion confirmed this result (data not Bcl-2 is a major anti-apoptotic protein of the mitochon-
shown). drial death pathway known to be involved in the regulation of
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Figure 2. Effect of cisplatin and curcumin on intracellular ROS gen-
erations. (a) H460 cells were treated with curcumin (0—100 pmol/L)
in the presence or absence of NAC (5 mmol/L) for 1 hr. Cellular
ROS levels were then measured by flow cytometry using DCF-DA
as a fluorescent probe, as described under Materials and Meth-
ods. (b) Cells were treated with cisplatin (0-100 wmol/L) or co-
treated with cisplatin (100 xmol/L) and curcumin (0—100 pmol/L).
(c) Cells were pre-treated with MNTBAP (100 umol/L), catalase
(1,000 U/ml), or sodium formate (5 mmol/L) for 30 min, and then
treated with curcumin (100 umol/L) for 1 hr. Values are means +
SD (n = 4). *, p < 0.05 versus non-treated control; **, p < 0.05
versus cisplatin-treated control; #, p < 0.05 versus curcumin (100
umol/L)-treated control.

apoptotic cell death induced by cisplatin (30-33). Overexpres-
sion of Bcl-2 has also been associated with cisplatin resistance
in many cell types (10-14). To test whether curcumin might
promote cisplatin-induced cell death through down-regulation
of Bcl-2, we analyzed Bcl-2 expression levels in cells treated
with curcumin and cisplatin by Western blotting. Figures 3(a)
and (b) show that cisplatin treatment caused a significant reduc-
tion in Bcl-2 expression which was blocked by the addition of
NAC, indicating that cisplatin-induced Bcl-2 down-regulation
was mediated through an ROS-dependent mechanism. Impor-
tantly, addition of curcumin enhanced the Bcl-2 down-regulating
effect of cisplatin (Figure 3(c) and (d)). Co-treatment of the
cells with NAC inhibited this down-regulation, supporting the
role of ROS in Bcl-2 down-regulation induced by cisplatin and
curcumin.

Superoxide-mediated down-regulation of Bcl-2
by curcumin

Curcumin was earlier shown to promote Bcl-2 down-
regulation by cisplatin in an ROS-dependent manner. We next
determined whether curcumin can directly induce Bcl-2 down-
regulation and, if so, what specific ROS are involved. Cells were
treated with various concentrations of curcumin and its effect
on Bcl-2 expression was determined by Western blotting. The
result shows that curcumin could directly induce Bcl-2 down-
regulation in dose-dependent manner and that this effect was
inhibited by the antioxidant NAC (Figure 3(e)). To determine
the specific ROS involved, cells were treated with curcumin in
the presence or absence of specific ROS scavengers, includ-
ing MnTBAP, catalase, deferoxamine, and sodium formate; and
their effect on Bcl-2 expression was determined. Figures 4(a)
and (b) show that the superoxide anion scavenger MnTBAP
completely inhibited curcumin-induced Bcl-2 down-regulation,
whereas other antioxidants had no significant inhibitory ef-
fect. These results indicate that superoxide anion is the primary
ROS responsible for the down-regulating effect of curcumin on
Bcl-2.

Curcumin induces Bcl-2 down-regulation via
proteasomal degradation

Since the previous studies have shown that Bcl-2 is down-
regulated primarily through the proteasomal degradation path-
way (14, 34, 35), we tested whether such degradation is in-
volved in curcumin-induced Bcl-2 down-regulation. Cells were
treated with curcumin in the presence or absence of lactacystin
(LAC), a specific proteasome inhibitor, and its effect on Bcl-2
expression was examined. Figures 5(a) and (b) show that LAC
completely inhibited the down-regulation of Bcl-2 by curcumin,
indicating that this down-regulation was mediated through pro-
teasomal degradation. This result was confirmed by using an-
other proteasome inhibitor, MG132, which showed a similar
inhibitory effect on curcumin-induced Bcl-2 down-regulation.
To test whether Bcl-2 down-regulation may be mediated
through lysosomal degradation, a known inhibitor of lysosomal
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Figure 3. Curcumin enhances cisplatin-induced Bcl-2 down-regulation. (a) H460 cells were treated with cisplatin (100 xmol/L) in the presence
or absence of NAC (5 mmol/L) for 24 hr. Bcl-2 expression levels were then determined by Western blotting. Blots were reprobed with g-actin
antibody to confirm equal loading of samples. (b) The Western blot signals were quantified by densitometry and mean data from independent
experiments were normalized to the result obtained in non-treated control cells. Values represent means + SD (n = 3). *, p < 0.05 versus
non-treated control; **, p < 0.05 versus cisplatin-treated control. (c) Cells were treated with cisplatin (0—100 xwmol/L) or co-treated with cisplatin
(100 pmol/L) and curcumin (100 umol/L) in the presence or absence of NAC (5 mmol/L) for 24 hr. Bcl-2 levels were determined using Western
blotting. (d) Densitometry was performed to determine the relative levels of Bcl-2. Values represent means + SD (n = 3). *, p < 0.05 versus
non-treated control; #, p < 0.05 versus cisplatin and curcumin-treated control. (e) H460 cells were treated with curcumin (0—100 pmol/L) in the
presence or absence of NAC (5 mmol/L) for 24 hr and Bcl-2 expression was determined by Western blotting.

degradation, concanamycin A (CMA) (36), was used. Figure
5(b) shows that CMA had minimal effect on curcumin-induced
Bcl-2 down-regulation. A similar pattern of Bcl-2 alterations
was also observed in cells co-treated with cisplatin and cur-
cumin in the presence or absence of proteasome and lyso-
some inhibitors (Figure 5(c) and (d)). Together, these results
indicate that proteasomal degradation is the primary mech-
anism of Bcl-2 down-regulation induced by curcumin and
cisplatin.

To further investigate the mechanism by which curcumin
induced Bcl-2 down-regulation, we analyzed ubiquitination of

Bcl-2 in response to curcumin treatment by immunoprecipi-
tation. After treatment with curcumin, cell lysates were pre-
pared and immunoprecipitated using anti-Bcl-2 antibody. The
resulting immune complexes were then analyzed for ubiqui-
tin by Western blotting. The results show that curcumin was
able to induce Bcl-2 ubiquitination in a time-dependent manner
(Figure 5(e) and (f)), as indicated by the increased formation of
ubiquitin-Bcl-2 complexes. These results along with our earlier
proteasome inhibition studies indicate that curcumin induced
Bcl-2 down-regulation via the ubiquitin-proteasomal degrada-
tion pathway.

Curcumin Sensitizes Cells by Bcl-2 Degradation 629
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Figure 4. Effect of ROS scavengers on curcumin-induced Bcl-2
down-regulation. (a) H460 cells were pre-treated with MnTBAP
(100 umol/L), catalase (1,000 U/ml), deferoxamine (20 mmol/L),
or sodium formate (5 mmol/L) for 30 min and then treated with
curcumin (100 umol/L) for 24 hr. Bcl-2 expression levels were de-
termined by Western blot analysis. (b) Bcl-2 expression levels were
shown as means + SD (n = 3).*, p < 0.05 versus curcumin-treated
control.

Curcumin reverses cisplatin resistance in
Bcl-2 overexpressing cells

The essential role of Bcl-2 in apoptosisregulation in the
treated cells was further demonstrated by the observation
that ectopic expression of Bcl-2 by gene transfection con-
ferred resistance to cisplatin-induced cell death as compared
to control transfection (Figure 6(a) and (b)). Western blot anal-
ysis of Bcl-2 expression in the transfected cells shows an in-
crease in the protein level in Bcl-2-transfected cells but not
in mock-transfected cells (Figure 6(c)). These results indicate
the role of Bcl-2 in cisplatin death resistance in the test cell
system.

Having demonstrated the effect of Bcl-2 on apoptosis regula-
tion, we next tested the potential sensitization effect of curcumin
in cisplatin-resistant Bcl-2 overexpressing cells. Lung epithelial
H460 cells overexpressing ectopic Bcl-2 were exposed to var-
ious concentrations of cisplatin in the presence or absence of
curcumin (100 xmol/L), and 24 hr after the treatment, cells were

analyzed for viability using MTT assay. Figure 6(d) shows that
co-treatment of the cells with cisplatin and curcumin signifi-
cantly reduced cell viability as compared to control treatment
with cisplatin alone, indicating that curcumin was able to over-
come cisplatin resistance in these cells. Our results also show
that increased expression of Bcl-2 in the overexpressing cells
was responsible for cisplatin resistance and that curcumin was
able to decrease Bcl-2 expression similar to that observed in
normal H460 cells (Figure 6(e) and (f)). Together, these results
indicate that curcumin can increase the sensitivity of cells to
cisplatin-induced cell death through Bcl-2 down-regulation.

DISCUSSION

We reported herein that curcumin can be used to sensitize
human lung epithelial cancer cells to cisplatin-induced apop-
tosis. The potentiation effect of curcumin on cancer cell death
induced by a variety of chemotherapeutic agents has previously
been described by several groups. Jung et al. (37) and Deeb et al.
(38) reported the sensitizing effect of curcumin on tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis of renal cancer and prostate cancer cells, while
Notarbartolo et al. (27) showed increased growth-inhibitory ef-
fect of doxorubicin and cisplatin by curcumin in hepatic cancer
cells. Weir et al. (39) reported curcumin-induced cell cycle arrest
and apoptosis in chemoresistant ovarian cancer cells. In com-
bination with cisplatin, curcumin exerted its anticancer activity
through the inhibition of Akt and the activation of p38 MAPK
(39). Moreover, the alteration in NF-« B signaling pathway was
shown to be associated with curcumin and cisplatin synergistic
cytotoxicity (27). However, the effect of this combined use on
Bcl-2 protein has not been well investigated. Since resistance
to apoptosis is a key characteristic of cancer cells, the results
of these studies suggest that curcumin could potentially be used
as a chemotherapeutic sensitizing agent in various forms of
cancer.

Several mechanisms of chemosensitization of curcumin
have been proposed, including inactivation of NF-«B through
I«Ba dephosphorylation, modulation of Akt and p38, and up-
regulation of death receptor 5 (DR5) (37, 38, 40, 41). Studies
have also shown that ROS is a key mediator of apoptosis sensi-
tization of curcumin (42); however, the precise role and mech-
anism of apoptosis sensitization are unclear. Up-regulation and
accumulation of ROS have been associated with mitochondrial
membrane potential disruption, and consequently the imbalance
between the pro- and anti-apoptotic signals. Bcl-2 is a key anti-
apoptotic protein of the mitochondrial pathway whose dysregu-
lation results in cytochrome c release and subsequent activation
of caspase cascade leading to apoptosis (42).

Cisplatin, a widely used cancer chemotherapeutic agent, has
been long known to induce apoptosis through the mitochon-
drial death pathway. Mode of action of cisplatin has been
shown to be associated with its ability to generate ROS as
well as interact with DNA (43), which subsequently impairs
the balance of Bcl-2 family members. Down-regulation of anti-
apoptotic members, especially Bcl-2, has been widely regarded
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Figure 5. Curcumin induces Bcl-2 down-regulation via ubiquitin-proteasomal degradation pathway. (a) H460 cells were pretreated with protea-
some inhibitor LAC (10 xmol/L) or MG132 (10 umol/L), or with lysosome inhibitor CMA (1 umol/L), for 1 hr and then treated with curcumin
(100 umol/L) for 24 hr. The expression levels of Bcl-2 were determined by Western blot analysis. (b) The immune complexes were quantified
by densitometry and mean data from independent experiments were normalized to the result obtained in curcumin-treated control cells. Values
are means + SD (n = 3). *, p < 0.05 versus non-treated control; #, p < 0.05 versus curcumin-treated control. (c) Cells were pretreated with
proteasome or lysosome inhibitors as described above and then treated with cisplatin (100 xmol/L) and curcumin (100 xmol/L). After 24 hr,
Bcl-2 levels were determined by Western blot analysis. (d) Densitometric analysis of Bcl-2 levels. Values are means + SD (n= 3). *, p < 0.05
versus non-treated control. (e) H460 cells were pretreated with proteasome inhibitor LAC (10 umol/L) for 1 hr, and then treated with curcumin
(100 umol/L) for several times as indicated. Cell lysates were immunoprecipitated with anti-Bcl-2 antibody, and the immune complexes were
analyzed for ubiquitin by Western blotting. (f) Densitometry was performed to determine the relative levels of Bcl-2 ubiquitin complexes. Values
are means + SD (n= 3). *, p < 0.05 versus non-treated control.

as a key initial step of apoptosis signaling via the mitochon- been linked to cancer chemoresistance, particularly to cisplatin
drial death pathway (44). Bcl-2 expression has also been as- (46).
sociated with favorable clinical and pathological characteris- ‘We have shown in the present study that curcumin increased

tics and prognosis of several human cancers including NSCLC cell sensitivity to cisplatin-induced apoptosis through a mecha-
(45). Moreover, amplification or overexpression of Bcl-2 has nism that involves ROS generation and Bcl-2 down-regulation.
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Figure 6. . Bcl-2 mediates cisplatin resistance and its reversal by curcumin. (a) Bcl-2 overexpression increases cisplatin resistance in H460 cells.
Cells were transfected with Bcl-2 or control pcDNA3 plasmid as described under Materials and Methods. The transfected cells were exposed to
the increasing concentrations of cisplatin (0-250 umol/L) for 24 hr and cell viability was determined by MTT assay. Values are means + SD (n =
3). * and #, p < 0.05 versus non-treated control. (b) Morphology of apoptotic nuclei of Bcl-2- or control-transfected cells treated with cisplatin
(100 umol/L). (c) Bcl-2 expression levels of Bcl-2- or control-transfected cells determined by Western blot analysis. (d) Curcumin reverses
Bcl-2-mediated cisplatin resistance. Bcl-2 overexpressing H460 cells were treated with cisplatin (0-250 wmol/L) or co-treated with cisplatin
(0-250 pmol/L) and curcumin (100 pwmol/L) for 24 hr. Cell viability was then determined by MTT assay. (e) Curcumin down-regulates Bcl-2 in
Bcl-2 overexpressing cells. Control or Bcl-2 overexpressing H460 cells were treated with cisplatin (100 umol/L) in the presence or absence
of curcumin (100 umol/L) for 24 hr, and analyzed for Bcl-2 expression. Blots were reprobed with g-actin antibody to confirm equal loading of
samples. (f) The immune complexes were quantified by densitometry and mean data from independent experiments were normalized to the
result obtained in non-treated H460 cells. Values are means + SD (n = 3). *, p < 0.05 versus cisplatin-treated H460 cells; #, p < 0.05 versus

cisplatin-treated Bcl-2 overexpressing cells.

Inhibition of ROS generation by antioxidant NAC inhibited the
down-regulating effect of curcumin on Bcl-2, supporting the
above notion. Cisplatin also induced down-regulation of Bcl-2;
however, co-administration with curcumin further decreased
the Bcl-2 expression and potentiated the apoptotic effect of
cisplatin.

The ability of cisplatin and curcumin to induce intracellular
ROS generation has been reported in many studies. Co-treatment
of the cells with these two pro-oxidants is expected to have
a synergistic effect on ROS generation. However, our results
show that ROS generation induced by the combined treatment
seemed to be caused primarily by curcumin since (1) curcumin
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treatment alone induced similar ROS generation as that induced
by the combined treatment (Figure 2(b)), and (2) increasing the
dose of cisplatin (up to 250 pmol/L) in the combined treat-
ment did not further increase the ROS level (data not shown).
It is possible that curcumin induced ROS generation through
the same mechanism that was used by cisplatin and that this
mechanism had a limited ROS-generating capacity. Mitochon-
dria has been shown to be the primary source of intracellular
ROS and curcumin-induced ROS generation was shown to be
associated with mitochondrial chain reaction (47, 48). Cisplatin
has also been shown to induce ROS generation through mito-
chondrial respiratory chain reaction by interfering with com-
plex I to IV (49). Together, these studies support our find-
ing and suggest that both cisplatin and curcumin may share
the same ROS-inducing mechanism through the mitochondrial
pathway.

To further identify the specific ROS involved in this pro-
cess, we studied the effect of various known inhibitors of ROS
on curcumin-induced Bcl-2 down-regulation in cisplatin-treated
cells. We found that the superoxide anion scavenger MnTBAP
was effective in inhibiting the Bcl-2 down-regulation, whereas
the hydrogen peroxide scavenger catalase and the hydroxyl rad-
ical scavenger sodium formate were ineffective. Similar effect
was observed on cell apoptosis, indicating the essential role
of superoxide anion in the apoptosis-sensitizing effect of cur-
cumin through Bcl-2 down-regulation. These results are consis-
tent with a previous report showing that superoxide anion was
the dominant ROS induced by curcumin (50).

The mechanism by which superoxide anion mediates the
down-regulation of Bcl-2 by curcumin was shown to involve
proteasomal degradation of the protein since treatment of the
cells with a specific proteasome inhibitor lactacystin or MG132
completely inhibited the down-regulation. Lysosomal degrada-
tion plays a minor role in the down-regulation process since
lysosome inhibitor CMA had no significant inhibitory effect.
This result is consistent with previous reports showing protea-
somal degradation of Bcl-2 as a major pathway of its down-
regulation by a variety of apoptotic stimuli including ROS (14,
29). Thus, by inducing proteasomal degradation of Bcl-2, cur-
cumin could decrease the anti-apoptotic function of the protein,
rendering cells susceptible to apoptosis induction by cisplatin.
The importance of Bcl-2 in cisplatin resistance and its reversal
by curcumin was demonstrated by the observations that over-
expression of Bcl-2 increased cisplatin resistance and curcumin
was able to reverse this effect.

In summary, our results reveal a novel mechanism of apop-
tosis sensitization of curcumin in cisplatin-induced apoptosis
of human lung cancer cells. This effect of curcumin is me-
diated, at least in part, through superoxide anion-dependent
down-regulation of Bcl-2 via the proteasomal degradation path-
way. Since increased stability and expression of Bcl-2 has been
associated with many cancer cell types and is responsible for the
inefficacy of many chemotherapeutic agents, the results of this
study could have a wide implication in the treatment of cancers.
Additional studies verifying the effect of curcumin in other can-
cer cells and in animal models will be necessary to substantiate

the current finding and its potential use as a chemo-sensitizing
agent in cancer chemotherapy.
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Anoikis, a detachment-induced apoptosis, is a
principal mechanism of inhibition of tumor
cell metastasis. Tumor cell acquiring anoikis
resistance, as frequently observed in human
lung cancer, becomes an important obstacle of
efficient cancer therapy. Recently, signaling
mediators such as caveolin-1 (Cav-1) and
nitric oxide (NO) have garnered attention in
metastasis research; however, their role and
the underlying mechanisms of metastasis
regulation are largely unknown. Here, we
show that NO impairs the apoptotic function
of human lung carcinoma H460 cells after
detachment. The NO donors sodium nitro
prusside and diethylenetriamine NONOate
inhibit detachment-induced apoptosis, whereas
the NO inhibitors aminoguanidine and 2-(4-
carboxyphenyl) tetramethylimidazoline-1-oxyl
-3-oxide promote this effect. Resistance to
anoikis in H460 cells is mediated by Cav-1,
which is significantly downregulated after cell
detachment through a non-transcriptional
mechanism involving ubiquitin-proteasomal
degradation. NO inhibits this downregulation
by interfering with Cav-1 ubiquitination
through a process that involves protein S-
nitrosylation, which prevents its proteasomal
degradation and induction of anoikis by cell
detachment. These findings indicate a novel
pathway for NO regulation of Cav-1, which
could be a key mechanism of anoikis
resistance in tumor cells.

Key words: nitric oxide, anoikis, apoptosis,
caveolin-1, ubiquitination

INTRODUCTION

Caveolin-1 (Cav-1), a 21-24 kDa structural
protein component of the plasma membrane
microdomains termed caveolae has been
shown to function in vesicular trafficking,
signal transduction, and cancer progression (1-
4).  While upregulation of this protein is
normally occurred in a variety of terminally
differentiated cells including fibroblasts,
adipocytes, smooth muscle cells, endothelial
cells, and epithelial cells (5), Cav-1 is greatly
reduced in most oncogenically transformed
and cancer cells (6-10). Thus, Cav-1 was first
explained to function as a tumor suppressor
protein (11-13). In contrast, increasing
evidence indicates its role as a tumor and
metastatic promoter since over-expression or
re-expression of Cav-1 was found in many
advanced stage and metastatic cancer cells.
Upregulation of Cav-1 was shown to render
Ratl A cell more resistant to apoptosis (14)
and antisense-induced downregulation of Cav-
1 caused human prostate cancer cells more
sensitive to apoptosis (15, 16). Therefore, the
role of Cav-1 in cancer progression remains
controversial.



Metastasis is a multistep process composed of
cancer cell detachment, migration and
adhesion of the detached cells to other target
sites, and extravasation and formation of

metastases. A key mechanism in the
regulation of metastasis is anoikis or
detachment-induced apoptosis. Previous

studies have shown that Cav-1 acts as a
negative regulator of anoikis (17, 18) and its
elevated expression in lung carcinoma is
closely associated with the increased
metastasis capacity and poor survival of the
patients (19). Likewise, elevated NO and NO
synthase (NOS) levels have been associated in
many human metastatic cancers including the
lung (20-24), breast (25), central nervous
system (26), and colon (27). However, the
role of NO and its mechanism of metastasis
regulation in association with Cav-1 are not
well understood. Since resistance to anoikis is
a key step in metastasis development and
since Cav-1 has been implicated in this
process, we investigated the potential
regulation of Cav-1 by NO and studied its role
in anoikis of human lung carcinoma cells.

NO has been reported to have both pro- and
anti-apoptotic effect on cells, depending on a
variety of factors, including cell type, cellular
redox status, and the flux and dose of NO (28,
29). In human lung carcinoma cells, we
previously reported that NO plays a
suppressive role in apoptosis induced by a
variety of agents, including Fas death ligand
(30), chemotherapeutic agent cisplatin (31),
and metal carcinogen (32). However, the role
of NO in cell anoikis and its potential
regulation of Cav-1 have not been well
investigated. Using molecular and pharmaco
logical approaches, we reported here that NO
plays an important role in Cav-1 regulation
and anoikis function of human lung cancer
H460 cells. We also demonstrated for the first
time that Cav-1 is downregulated during cell
anoikis through the ubiquitin-proteasomal
degradation pathway and that NO regulates

this process by inducing S-nitrosylation of the
protein which inhibits its ubiquitination and
proteasomal degradation. Thus, our study
reveals the existence of a novel mechanism of
anoikis regulation, which might be exploited
in metastasis and cancer therapy.

MATERIALS and METHODS

Cells and Reagents

Human lung epithelial NCI-H460 cells were
obtained from the American Type Culture
Collection (Manassas, VA). The cells were
cultured in RPMI-1640 medium supplemented
with 5% fetal bovine serum (FBS), 2 mM L-
glutamine, and 100 units/mL penicillin and
streptomycin. Cell cultures were maintained
in a humidified atmosphere of 5% CO, at
37°C. Cells were passaged at preconfluent
densities using a solution containing 0.05%
trypsin and 0.5 mM EDTA. Sodium nitro
prusside (SNP), 2-(4-carboxyphenyl)-4,4,5,5
tetramethylimidazoline-1-oxy-3-oxide (PTIO),
aminoguanidine (AG), dithiothreitol (DTT),
annexin V-fluorescein isothiocyanate (FITC),
propidium iodide (PI), and lactacystin (LAC)
were obtained from Sigma Chemical, Inc. (St.
Louis, MO). Diaminofluorescein diacetate
(DAF-DA) and Hoechst 33342 were obtained
from Molecular Probes, Inc. (Eugene, OR).
Monoclonal antibody against Cav-1 and
protein A-agarose were from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies
for ubiquitin, S-nitrosocysteine, B-actin, and
isotype-matched peroxidase-labeled secondary
antibodies were from Sigma Chemical Inc.
The transfecting agent Lipofectamine 2000
was from Invitrogen (Carlsbad, CA).

NO Detection

Cellular NO production was determined by
flow cytometry using DAF-DA as a
fluorescent probe and by Griess assay which
measures the stable nitrite byproduct of NO in
the culture medium. After detachment, cells
(1x10%mL) were collected and incubated with



10 uM DAF-DA for 30 min at 37°C. The
cells were then washed, resuspended in
phosphate-buffered saline (PBS), and analyzed
for fluorescence intensity using FACSCaliber
(Becton-Dickinson, Rutherford, NJ). Signals
were obtained using a 488-nm excitation beam
and a 538-nm band-pass filter. In some
experiments, cells were visualized for
fluorescence intensity using a fluorescence
microscope (Carl Zeiss Axiovert, Gottingen,
Germany). For Griess assay, cell supernatants
were collected and aliquots (100 pL) were
mixed with 100 pL Griess reagent (1%
sulfanilamide/0.1% naphthylethylene diamine
dihydrochloride/2% phosphoric acid) in a 96-
well plate. After incubation for 10 min at
25°C, the absorbance at 550 nm was measured
on a microplate reader.

Plasmid and Transfection

Caveolin-1 plasmid (pEX Cav-1-YFP) was
obtained from the American Type Culture
Collection  (Manassas, VA). Stable
transfectant of Cav-1 was generated by
culturing H460 cells in a six-well plate until
they reached 60% confluence. One microgram
of cytomegalovirus-neo vector and 15 uL of
Lipofectamine reagent with 2 pg of Cav-1 or
control pcDNA3 plasmid were used to
transfect the cells in the absence of serum.
After 12 h, the medium was replaced with
culture medium containing 5% FBS.
Approximately 36 h after the beginning of the
transfection, the cells were digested with
0.03% trypsin, and the cell suspensions were
plated onto 75-mL culture flasks and cultured
for 24 to 28 d with G418 selection (600
png/mL). The pooled stable transfectant was
identified by Western blot analysis of Cav-1
and was cultured in G418-free RPMI-1640
medium for at least two passages before each
experiment.

Anoikis Assays
Adherent H460 cells in culture were
trypsinized into a single cell suspension and

then seeded in 12-well tissue culture plates
coated with 200 uL (6 mg/mL in 95% ethanol)
of poly-(2-hydroxyethyl methacrylate) (poly-
HEME; Sigma Chemical Inc.) at the density of
1x10° cells/mL. Suspended cells were
incubated at 37°C for various times up to 24 h.
Cells were then harvested, washed, and stained
with annexin V-FITC and analyzed for
fluorescence intensity by flow cytometry and
fluorescence microscopy. For Hoechst 33342
apoptosis assay, cells were incubated with 10
uM of the Hoechst dye for 30 min at 37°C,
and the apoptotic cells having intensely
condensed chromatin and/or fragmented
nuclei were visualized under a fluorescence
microscope. For cell survival assay, cells
were similarly treated, harvested, washed, and
incubated with 20 uM of sodium 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 by
V-max photometer (Molecular Devices, Inc.,
Menlo Park, CA) at a wavelength of 450 nm.

Western Blot Analysis

Cell extracts were performed by incubating the
cells in lysis buffer containing 20 mM Tris-
HCIl, 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
protease inhibitor mixture (Roche Molecular
Biochemicals, Basel, Switzerland) for 30 min
on ice. Cell lysates were collected and assayed
for protein content using the Bradford method
(Bio-Rad Laboratories, Hercules, CA). Equal
amount of proteins per sample (40 pug) were
resolved on a 10% SDS-polyacrylamide gel
electrophoresis and transferred onto 0.45-pum
nitrocellulose membranes (Pierce, Rockford,
IL). The transferred membranes were blocked
for 1 h in 5% nonfat dry milk in Tris-buffered
saline/Tween 20 (25 mM Tris-HCI, pH 7.4,
125 mM NaCl, and 0.05% Tween 20) and
incubated with appropriate primary antibodies
at 4°C overnight. Membranes were washed



three times with Tris-buffered saline/Tween
20 for 10 min and incubated with peroxidase-
labeled secondary antibodies for 1 h at room
temperature. The immune complexes were
detected by chemiluminescence (Supersignal
West Pico; Pierce) and quantified by imaging
densitometry using analyst/PC densitometry
software (Bio-Rad, Richmond, CA).

Immunoprecipitation

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

Measurements of Cav-1 S-nitrosylation

Cells were lysed and immunoprecipitated with
anti-Cav-1 antibody as described above. The
immunoprecipitated protein was analyzed for
S-nitrosylation by Western blot using anti-S-
nitrosocysteine antibody and by fluorometric
measurements as previously described (32).
Briefly, immunoprecipitates were incubated
with 200 puM HgCl, and 200 pM diamino
naphthalene (DAN) in 500 uL PBS for 0.5 h
at room temperature followed by the addition
of 1 M NaOH. The fluorescent triazole
product generated from the reaction between
DAN and NO released from S-nitrosylated
Cav-1 was quantified by fluorometry at the
excitation and emission wavelengths of 375
and 450 nm, respectively.

Reverse transcription-PCR

Total RNA was extracted with TRIZOL
(Invitrogen, Carlsbad, CA) and reverse
transcription-PCR was performed with Access
RT-PCR System (Promega, Madison, WI),

according to the manufacturer’s instructions.
Sequences of the PCR primers for Cav-1 were
forward, 5’-CGTAGACTCGGAGGGACATC
-3’; reverse, 5’-TTTCGTCACAGTGAAGGT
GG-3’; glyceraldehyde-3-phosphate dehydro
genase (GAPDH) were forward, 5’-GCTGAG
AACGGGAAGCTTGT-3’; reverse, 5’-GCCA
GGGGTGCTAAGCAG-3’. Reaction products
were analyzed after 30 amplification cycles,
each of which involved consecutive 1-min
steps at 94°C, 55°C and 72°C. The PCR
products were electrophoresed in a 1.5%
agarose gel, stained with ethidium bromide,
and photographed.

Statistical Analysis

Data were represented as means = SD from
three or more independent experiments.
Statistical analysis was performed by
Student’s ¢ test at a significance level of p <
0.05.

RESULTS

Nitric  Oxide Inhibits Detachment-Induced
Apoptosis of H460 Cells

NO has been shown to play an important role
in the regulation of cancer cell metastasis;
however, the underlying mechanism of this
regulation is unclear. To test whether NO
might regulate this process by inhibiting
detachment-induced apoptosis or anoikis
which is a crucial step in the metastasis of
cancer cells, we first investigated anoikis of
human lung cancer H460 cells in response to
various specific NO donors and inhibitors.
Anoikis was induced by detaching the cells
and incubating them in attachment-resistant
poly-HEME-coated plates for various times
and analyzed for cell viability by XTT assay.
Figure 14 shows that detachment of the cells
caused a time-dependent decrease in cell
viability with approximately 55% and 15% of
the cells remained viable after 6 and 12 h,
respectively. Analysis of cell apoptosis by
flow cytometry using FITC-labeled annexin V



antibody shows a significant increase in
annexin V-associated cellular fluorescence as
early as 6 h after the detachment and reached a
maximum at about 18 h (Fig. 1B). In contrast,
analysis of cell necrosis using propidium
iodide (PI) as a probe shows no significant
increase in the PI signal over a 24-h period.
These results suggest that apoptosis is the
primary mode of cell death after detachment
of H460 cells. Morphologic analysis of
apoptotic cell death by fluorescence
microscopy using Hoechst 33342 and annexin
V-FITC further confirms the results (Fig. 1F).

To investigate the role of NO in detachment-
induced apoptosis, detached H460 cells were
treated with various concentrations of NO
donors and inhibitors, and their effect on cell
survival was determined by XTT assay.
Figure 1C shows that treatment of the cells
with NO donor, sodium nitroprusside (SNP)
or dipropylenetriamine (DETA) NONOate,
caused a dose-dependent decrease in cell
death, whereas treatment of the cells with NO
inhibitor, aminoguanidine (AG) or 2-(4-
carboxyphenyl) tetramethylimidazoline-1-oxy
-3-oxide (PTIO), had an opposite effect.
Analysis of cell apoptosis by annexin V-FITC
and Hoechst 33342 assays similarly shows the
inhibitory and promoting effect of the NO
donors and inhibitors respectively on
detachment-induced cell death (Fig. 1, D and
E). The NO donors and inhibitors, when used
at the indicated concentrations, had no
significant effect on cell necrosis as
determined by PI assay (Fig. 1D).

Effect of NO Modulators on Cellular NO
Level

To provide a relationship between cell death
and NO modulation induced by the test
agents, we analyzed cellular NO levels in
response to various NO modulator treatments
by colorimetric Griess assay and by flow
cytometric and microscopic assays using
DAF-DA as a fluorescent probe for NO.

Figure 24 shows the result of the Griess assay
which measures the stable nitrite breakdown
product of NO. Both NO inhibitors AG and
PTIO significantly inhibited cellular nitrite
production, whereas the NO donors SNP and
DETA NONOate increased the production, as
compared to non-treated control. These results
were confirmed by flow cytometric and
microscopic assays of NO (Fig. 2, B and O),
which show the induction and inhibition of
cellular NO levels by the NO donor SNP and
NO inhibitor PTIO, respectively.

Cav-1 Overexpression Renders H460 Cells
Resistant to Detachment-Induced Apoptosis
The role of Cav-1 in the regulation of cancer
cell anoikis is unclear. We studied this role by
stably transfecting H460 cells with Cav-1 or
control plasmid, and evaluated their effect on
detachment-induced cell death. Transfected
cells were detached, suspended in poly-
HEME-coated plates, and analyzed for cell
survival at various times by XTT assay.
Figure 34 shows that Cav-1-transfected cells
exhibited resistance to detachment-induced
cell death as compared to control-transfected
cells.  Western blot analysis of Cav-1
expression in the transfected cells shows an
increased expression of Cav-1 protein in the
Cav-1-transfected cells as compared to
control-transfected cells (Fig. 3B). These
results indicate the role of Cav-1 as a positive
regulator of cell anoikis in lung epithelial
H460 cells.

Cav-1 Overexpression Alters Cell Growth and
Morphology of H460 Cells

Figure 3C shows that under a normal growth
condition that allows cell attachment, Cav-1
overexpressing cells exhibited an increased
growth rate over control-transfected cells.
The lag phase prior to cell growth was
significantly reduced in Cav-1 overexpressing
cells. As compared to control-transfected
cells which grew as an epithelial monolayer,
Cav-1 overexpressing cells formed cell



mounds and grew as multilayer epithelial cells
(Fig. 3D). This multilayer growth pattern is
consistent with the increased growth rate of
Cav-1 overexpressing cells. These results
suggest that Cav-1 may function as a tumor
promoter by enhancing cell growth and
oncogenic transformation.

Detachment Induces Cav-1 Downregulation
through a Non-Transcriptional Proteasome-
Dependent Mechanism

Having demonstrated the role of Cav-1 as a
negative regulator of cell anoikis in H460
cells, we next investigated the expression
profile of Cav-1 after cell detachment.
Detached cells were suspended in attachment-
resistant plates for various times and analyzed
for Cav-1 protein and mRNA expression by
Western blotting and RT-PCR, respectively.
Figure 44 shows that Cav-1 protein levels
were significantly reduced in cells after
detachment in a time-dependent manner. The
reduction was strongly inhibited by lactacystin
(LAC), a specific proteasome inhibitor,
suggesting that detachment-induced Cav-1
downregulation was mediated through
proteasomal degradation.  This result was
confirmed by the observation that another
proteasome inhibitor, MG132, also inhibited
the decrease in Cav-1 protein expression (data
not shown). Analysis of Cav-1 mRNA levels
show that Cav-1 transcripts were relatively
unchanged after cell detachment (Fig. 4B),
while the protein levels were substantially
reduced. Thus, cell detachment appears to
cause Cav-1 protein reduction through a
transcription-independent mechanism. These
results along with subsequent data showing
the effect of cell detachment on Cav-1
ubiquitination support the role of ubiquitin-
proteasomal degradation as an important
mechanism of Cav-1 downregulation induced
by cell detachment.

Nitric Oxide Prevents Detachment-Induced
Cav-1 Downregulation

We further investigated the potential
regulation of Cav-1 by NO. Cells were
detached and suspended in HEMA-coated
plates in the presence or absence of NO
donors and inhibitors. Cav-1 protein
expression was then determined by Western
blotting. Figure 4C shows that the NO donors
SNP and DETA NONOate strongly inhibited
detachment-induced Cav-1 downregulation at
the concentrations shown to induce an
increase in cellular NO levels (Fig. 2). In
contrast, the NO inhibitors AG and PTIO
promoted this downregulation (Fig. 40C),
supporting the suppressive role of NO in
detachment-induced Cav-1 downregulation.

Detachment Induces Cav-1 Ubiquitination
and Its Inhibition by NO
The observation that
Cav-1 downregulation was inhibited by
proteasome inhibitors suggest that this
downregulation could be mediated by protein
ubiquitination and subsequent degradation by
the proteasome. Since ubiquitination of Cav-1
has not been reported, we examined whether
cell detachment could induce Cav-1
ubiquitination and whether or not this process
is regulated by NO. Cells were detached and
suspended in HEMA-coated plates in the
presence or absence of NO donors for various
times. Cell lysates were prepared, immuno-
precipitated with anti-Cav-1 antibody, and the
resulting immune complexes were analyzed
for ubiquitin by Western blotting. Figure 54
shows that Cav-1 was rapidly ubiquitinated as
early as 1 h after cell detachment and peaked
at about 3 h. The NO donors SNP and DETA
NONOate strongly inhibited this
ubiquitination, suggesting that NO-mediated
inhibition of protein ubiquitination could be a
key mechanism of Cav-1 stabilization by NO
and our subsequent study supports this notion.

detachment-induced

NO-Mediated S-Nitrosylation of Cav-1 as a
Potential Mechanism of Protein Stability
Regulation



Previous studies have shown that NO induced
S-nitrosylation of some apoptosis-regulatory
proteins, such as c-FLIP and Bcl-2, and
prevented their ubiquitination and degradation
by the proteasome (30-32). To test whether S-
nitrosylation could be involved in the
regulation of Cav-1 by NO, we performed
immunoprecipitation experiments examining
the effect of NO on Cav-1 S-nitrosylation and
protein expression. The results show that
treatment of the cells with NO donors, SNP
and DETA NONOate, induced S-nitrosylation
of Cav-1 as determined by Western blot
analysis of the immunoprecipitated protein
using S-nitrosocysteine antibody (Fig. 5B).
Similar results were obtained when the
immunoprecipitated protein was analyzed for
S-nitrosylation by fluorometric measurements
of the released NO product (Fig. 5C). Cav-1
S-nitrosylation by the NO donors was
inhibited by DTT, a known inhibitor of S-
nitrosylation (33, 34) (Fig. 5, B and O),
supporting the specificity of S-nitrosylation
detection. To test whether S-nitrosylation of
Cav-1 affects its stability, we analyzed the
effect of NO donors and DTT on Cav-1
protein expression. Figure 64 shows that the
NO donors SNP and DETA NONOate were
able to stabilize the protein after cell
detachment and that the S-nitrosylation
inhibitor DTT inhibited the stabilizing effect
of NO donors. Together, these results indicate
that NO regulates Cav-1 expression, at least in
part, by inducing protein S-nitrosylation which
interferes with its  ubiquitination and
subsequent degradation by the proteasome.
This new finding provides a mechanistic
insight into the regulation of Cav-1 by NO,
which could be important in the control of
cancer cell anoikis and metastasis.

Nitric Oxide Induces Anoikis Resistance and
Multilayer Formation

To provide supporting evidence for the role of
NO in the regulation of cell anoikis through
protein  S-nitrosylation, H460 cells were

detached and incubated with NO donors in the
presence or absence of DTT. Cell viability
was then determined after 12 h using XTT
assay. Figure 6B shows that the NO donors
SNP and DETA NONOate significantly
increased cell viability after detachment and
that DTT inhibited this effect of NO donors.
In the earlier study, we showed that cells over-
expressing Cav-1  exhibited multilayer
formation.  Since NO upregulates Cav-1
expression, we examined whether NO could
induce a similar multilayer formation in H460
cells. Cells were grown in culture plates in
the presence or absence of NO donors and cell
morphology was examined by microscopy
after 24 h. Figure 6B shows that the NO
donors SNP and DETA NONOate were able
to induce multilayer formation of H460 cells
as compared to non-treated control. Since
multilayer formation is a key characteristic of
malignant tumor cells, this finding suggests
that NO may regulate tumorigenesis by
promoting malignant transformation through
Cav-1 upregulation.

DISCUSSION

Lung cancer is the leading cause of cancer
mortality worldwide and most of the death is
associated with tumor metastasis. To
metastasize, a malignant cell must detach from
its primary tumor, invade the nearby
circulatory or lymph system, and establish
itself in a new site. Once in the bloodstream,
most of the cells die by anoikis which is an
important mechanism that prevents metastasis.
However, some cancer cells develop
resistance to anoikis and consequently survive
to establish new metastases. Several anoikis-
regulatory proteins including Cav-1 have been
investigated in recent years. However, the
role of Cav-1 in metastatic cancer progression
and the underlying mechanisms are unclear.
Both pro- and anti-carcinogenic effect of Cav-
1 have been described. Recombinant Cav-1
overexpression was shown to inhibit cell



proliferation by inducing cell cycle arrest at
Go/G phase (1). Genomic analysis of Cav-1(-
/-) mull mice and human breast cancer
mutations (P132L) supported the role of Cav-
1 as a negative regulator of cell transformation
and tumorigenesis (35). Likewise, stable
expression of Cav-1 in human breast cancer
MCEF-7 cells attenuated cell proliferation and
inhibited anchorage-independent growth (17).
In contrast to its suppressive role in cancer
cell growth, an elevated expression of Cav-1
has been reported in several human tumors
including prostate, colon, and breast (23, 24).
Overexpression of Cav-1 also prevented
detachment-induced apoptosis and p53
activation in cancer cells (18). Furthermore,
in lung cancer cells Cav-1 overexpression
promoted metastasis (19). Consistent with the
pro-survival role of Cav-1, we found that Cav-
1 positively regulated cell growth and
inhibited anoikis of lung cancer H460 cells.
Cav-1 was rapidly downregulated after cell
detachment (Fig. 4) and overexpression of
Cav-1 or stabilization of the protein by NO
protected the cells from apoptosis (Figs. 3 and
6). NO induction and Cav-1 overexpression
also promoted cell transformation facilitating
multilayer formation (Figs. 3 and 6).

The expression of Cav-1 is tightly regulated at
various levels, including transcriptional and
post-transcriptional (for review, see Ref. 36).
Although the importance of transcriptional
regulation of Cav-1 has been emphasized in
numerous studies, post-translational
modifications such as ubiquitination and
phosphorylation have emerged as important
regulators of protein stability and function (for
reviews, see Ref. 29, 37). In the present
study, we found that Cav-1 was rapidly
ubiquitinated and degraded by the proteasome
after cell detachment in concomitant with
anoikis (Figs. 4 and 5). Cav-1 transcripts
were relatively unchanged during this process
(Fig. 4), indicating a non-transcriptional
control of Cav-1 expression after cell

detachment. These results support the
ubiquitin-proteasomal  degradation as a
primary mechanism of detachment-induced
Cav-1 downregulation. This finding adds
Cav-1 to the growing list of cellular proteins
that are subjected to regulation by the
ubiquitin-proteasomal degradation pathway.

The results of this study also demonstrated
that Cav-1 stability and function is regulated
by NO. NO has been shown to regulate
apoptosis under various physiologic and
pathologic conditions (28, 38, 39); however,
its role in anoikis and its regulation of Cav-1
have not been well investigated. We showed
that NO negatively regulates anoikis of lung
epithelial H460 cells as demonstrated by the
ability of NO donors to suppress detachment-
induced apoptosis and the reversal effect
induced by NO inhibitors (Fig. 1). The NO
donors also had a stabilizing effect on
detachment-induced Cav-1 downregulation,
whereas the NO inhibitors showed an opposite
effect (Fig. 6). These results support NO-
mediated stabilization of Cav-1 as a key
mechanism of anoikis regulation. The
mechanism by which NO stabilizes Cav-1 was
shown to involve inhibition of protein
ubiquitination since the NO donors inhibited
the ubiquitination of Cav-1 by cell detachment

(Fig. 5).

Recent evidence indicate that S-nitrosylation
is an important mechanism by which NO
modulates the function of cellular proteins (for
reviews, see Ref. 29, 40). S-nitrosylation can
either attenuate or accentuate protein functions
(41-43) and our previous studies have shown
that it plays an important role in stability and
function of apoptosis-regulatory proteins such
as c-FLIP and Bcl-2 (30-32). In the present
study, we found that Cav-1 was rapidly S-
nitrosylated by NO after cell detachment and
inhibition of this S-nitrosylation by DTT
blocked the effect of NO on Cav-1
ubiquitination (Fig. 5), suggesting the



regulation of ubiquitination by S-nitrosylation.
The inhibition of S-nitrosylation by DTT also
led to a decrease in Cav-1 protein expression
and cell survival (Fig. 6), supporting the role
of S-nitrosylation in Cav-1 stability and
function. = The mechanism by which S-
nitrosylation promotes Cav-1 stability was
shown to involve protein ubiquitination
inhibition, although the precise mechanism of
this inhibition remains to be investigated. It is
possible that S-nitrosylation of Cav-1 may
alter the protein conformation such that it
could not be recognized by the enzyme
ubiquitin ligases that serve to tag the protein
for subsequent degradation by the proteasome.

In conclusion, we demonstrated that Cav-1
plays an important role as a negative regulator
of anoikis in human lung carcinoma H460
cells. We also demonstrated for the first time

FOOTNOTES

that Cav-1 is downregulated during cell
anoikis  through a  non-transcriptional
mechanism involving ubiquitin-proteasomal
degradation, and that NO regulates this
process, at least in part, through protein S-
nitrosylation which prevents its ubiquitination
and degradation by the proteasome. In
demonstrating the effect of NO on Cav-1
stability and function, we documented a novel
mechanism of anoikis regulation, which could
be important in the control of cancer
metastasis. Because NO and Cav-1 have been
shown to be overexpressed in many human
tumors, NO-mediated regulation of Cav-1
could be a common mechanism of anoikis
resistance and metastasis of other cancers.
This novel finding on the regulation of Cav-1
by NO may have important implications in
cancer therapy.

This work was supported by the National Institutes of Health (RO1-HL076340) and Thailand
Research Fund and Commission on Higher Education (MRG G5080134).

The abbreviations used are: NO, nitric oxide; Cav-1, caveolin-1; SNP, sodium nitroprusside;
DPTA, dipropylenetriamine; AG, aminoguanidine; PTIO, 2-(4-carboxyphenyl)-4,4,5,5-tetra
methyl-imidazoline-1-oxyl-3-oxide; LAC, lactacystin; DTT, dithiothreitol; DAF-DA, diamino-
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FIGURE LEGENDS

FIGURE 1. Detachment-induced apoptosis and its inhibition by NO. A4, effect of cell
detachment on cell survival determined by XTT assay. Lung epithelial H460 cells were detached
as described in Materials and Methods, and suspended in HEMA-coated plated for various times
(0-24 h). B, effect of cell detachment on apoptosis and necrosis determined by flow cytometry
using annexin V-FITC (An V-FITC) and propidium iodide (PI) assays. C, effect of NO
modulators on detachment-induced cell death. Detached cells were treated with various
concentrations of NO donor, sodium nitroprusside (SNP) (10, 50, 100 uM) or diethylenetriamine
(DETA) NONOate (10, 50, 100 uM), or with NO inhibitor, aminoguanidine (AG) (100, 200, 300
uM) or PTIO (10, 50, 100 uM) for 12 h. Cell survival was then determined by XTT assay. D,
effects of NO modulators on detachment-induced apoptosis and necrosis. Detached cells were
treated with SNP (50 uM), DETA NONOate (50 uM), AG (300 uM), or PTIO (50 uM) for 12 h,
and cell apoptosis and necrosis were determined as described above. E, Upper panel, effect of
NO modulators on detachment-induced apoptosis determined by Hoechst 33342 nuclear
fluorescence staining. Lower panel, effect of NO modulators on detachment-induced apoptosis
determined by annexin V-FITC fluorescence microscopy. Data are mean = S.D. (n = 3). *p <
0.05 versus non-treated control.

FIGURE 2. Effect of NO modulators on cellular NO and nitrite levels. H460 cells were
detached and either lefted untreated or treated with SNP (50 uM), DETA NONOate (50 uM),
AG (300 uM), or PTIO (50 uM) for 2 h. A4, nitrite production determined by Griess assay. B and
C, NO production determined by flow cytometry and fluorescence microscopy using DAF-DA
as a probe. Data are mean £+ S.D. (n = 3). *p < 0.05 versus non-treated control.

FIGURE 3. Cav-1 overexpression increases cell death resistance, alters growth pattern, and
increases growth rate. 4, H460 cells were stably transfected with Cav-1 or control plasmid as
described in Materials and Methods. Transfected cells were grown in culture medium and
analyzed for cell proliferation at various times using a hemocytometer. B, Western blot analysis
of Cav-1 expression in control and Cav-1-transfected cells. Cell extracts were prepared and
separated on 10% polyacrylamide-SDS gels, transferred, and probed with Cav-1 antibody. -
actin was used as a loading control. C, effect of cell detachment on cell survival determined by
XTT assay. D, morphology of control and Cav-1-transfected cells in culture. Data are mean +
S.D. (n =3). *p <0.05 versus vector-transfected control.

FIGURE 4. Effect of cell detachment on Cav-1 expression and its regulation by NO. 4, H460
cells were detached and seeded in HEMA-coated plates for various times (0-24 h) in the
presence or absence of lactacystin (LAC) (10 uM). Cells extracts were prepared and analyzed for
Cav-1 protein expression by Western blotting. Blots were reprobed with B-actin antibody to
confirm equal loading of samples. The immunoblot signals were quantified by densitometry, and
mean data from independent experiments (one of which is shown here) were normalized to the
results in control cells at 0 h. B, RT-PCR analysis of Cav-1 and GAPDH mRNA expression at
various times (0-24 h) after cell detachment as described in Materials and Methods. C, detached
cells were treated with NO inhibitor, AG (300 uM) or PTIO (50 uM), or with NO donor, SNP
(50 uM) or DETA NONOate (50 uM) for 12 h, after which they were analyzed for Cav-
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lexpression by Western blotting. Data are mean + S.D. (n = 3). *p < 0.05 versus attached cell
control; “p < 0.05 versus the indicated control or 12-h detached cell control.

FIGURE 5. Effects of NO modulators on Cav-1 ubiquitination and S-nitrosylation. 4, H460
cells were detached and either left untreated or treated with SNP (50 uM) or DETA NONOate
(50 uM) in the presence or absence of DTT (1 mM) in HEMA-coated plates. Cells lysates were
prepared and immunoprecipitated with anti-Cav-1 antibody. The resulting immune complexes
were then analyzed for ubiquitin by Western blotting at various times. Maximum ubiquitination
of Cav-1 was observed at approximately 3 h after cell detachment. Lysate input was determined
by probing B-actin. B, detached cells were similarly treated with the test agents and Cav-1 §-
nitrosylation was determined by immunoprecipitation using anti-Cav-1 antibody, followed by
Western blot analysis of the immunoprecipitated protein using anti-S-nitrosocysteine antibody.
Densitometry was performed to determine the relative S-nitrosocysteine/p-actin levels. C, Cav-1
S-nitrosylation determined by fluorometry. Immunoprecipitates from above were incubated with
200 uM HgCl, and 200 uM diaminonaphthalene in PBS. NO released from S-nitrosylated Cav-1
was quantified at 375/450 nm. Plots are mean + S.D. (n = 3). *p < 0.05 versus non-treated
control; “p < 0.05 versus the indicated treatment controls.

FIGURE 6. NO inhibits detachment-induced Cav-1 downregulation and cell death. 4, H460
cells were detached and either left untreated or treated with SNP (50 uM) or DETA NONOate
(50 uM) in the presence or absence of DTT (1 mM) in HEMA-coated plates. 4, cell lysates were
prepared and analyzed for Cav-1 protein expression by Western blotting after 12 h. Densitometry
was performed to determine the relative levels of Cav-1 after reprobing the membranes with [3-
actin antibody. B, cells survival was determined by XTT assay after 12 h. C, morphology of cells
treated with SNP (50 uM) or DETA NONOate (50 uM) for 12 h. Data are mean + S.D. (n = 3).
*p < 0.05 versus non-treated control; “p < 0.05 versus the indicated treatment controls.
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Figure 3
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Figure 4
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Figure 5
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Sensitizing effect of curcumin on cisplatin-induced apoptosis
involves superoxide anion induction and Bcl-2 down

egulation
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'Department of Physiology, 2Pharmaceutical Technology Program,
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Abstract

The present study reveals the sensitizing effect
of curcumin on cisplatin-induced apoptosis in non-small
cell lung cancer (NSCLC) cells. Curcumin induced
superoxide anion generation, down-regulated anti-
apoptotic Bel-2 protein, and subsequently sensitized
NSCLC H480 cells to cisplatin-induced apoptosis. The
mechanism by which curcumin down-regulated Bel-2
and sensitized cells to cisplatin-induced apoptosis
involved curcumin-induced intracellular superoxide
anion generation. These findings indicate a novel
pathway for curcumin regulation of Bel-2, which benefits
the development of a cisplatin sensitizing agent.

Introduction

Cisplatin-based chemotherapy has been widely
used for the treatment of many solid tumors including
those in NSCLC. However, several studies reported that
the anti-apoptotic Bcl-2 protein plays an important role
in the development of cisplatin resistance in many
cancer cells [1,2]. Curcumin [1,7-bis (4-hydroxy-3-
methoxyphenal)-1,6-heptadiene-3,5-dione] has been
reported fo possesses ROS-inducing or prooxidant
activity [3]. Because oxidative stress induced by
cisplatin was shown to be related to cisplatin-induced
apoptosis [4], prooxidant property of curcumin may be
used lo sensilize cancer cells to cisplatin-induced
apoptosis and may increase the effectiveness of cancer
treatment through combination therapy.

Materials and Methods

Cell culture and reagents

Human non small cell lung cancer (NCI-H460)
cells were obtained from the American Type Culture
Collection (Rockville, MD). Cells were cultured in RPMI-
1640 medium containing 5% fetal bovine serum, 2
mmoliL L-glutamine, and 100 unitsfml
penicillin/streptomycin in a 5% CO2 environment at 37
6.

Apoptosis and cytotoxicity assays

Apoptosis was determined by Hoechst 33342
assay. Cells were scored for the percentage of cells
having infensely condensed chromatin andior
fragmented nuclei under fluorescence microscopy.
Cytotoxicity was determined by MTT colorimetric assay
at 550 nm.

ROS detection

Intracellular ROS generation was determined
using the oxidative probe DCF-DA. Briefly, cells were
incubated with the probe for 30 min at 37 °C, and
analyzed for fluorescence intensity by flow cytometry.

Western blot analysis

After specific treatments, cells were lysed for 30 min
on ice. Then the supemnatants were collected and
determined for protein content using the Bradford
method. Proteins (40 pg) were resolved by 10% SDS-
PAGE and fransferred onto nitrocellulose membranes.
The transferred membranes were blocked for 1 hin 5%
nonfat milk and incubated with the anti-Bcl-2 antibodies
at 4°C for 10 h. Membranes were washed and
incubated  with  peroxidase-coupled  secondary
antibodies for 1 h. The immune complexes were
detected by enhanced chemiluminescence detection
system and quantified using analysi/PC densitometry
software.
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Results and Discussion

1. Cisplatin induces cell apoptosis and its sensitization by curcumin.

To investigate the role of curcumin in cisplatin-induced apoptosis,
we first evaluated the dose-dependent effect of cisplatin on apoptotic cell
death in H460 cells in the presence or absence of curcumin. Cisplatin
treatment caused a dose-dependent increase in apoptotic cell death as
compared to nontreated control (Fig. 1a), Apoptotic cells exhibited intense
nuclear fluorescence, chromatin condensation and/or fragmentation.
Curcumin significantly increased the apoptotic effect of cisplatin (Fig. 1a
and b) indicating that curcumin enhances apoptotic cell death of cisplatin.
To confirm the results, cell viability was determined by MTT assay (Fig. 1c).
Previous studies have shown that curcumin can induce intracellular ROS
generation which then linked fo apoptotic cell death [4], we investigated
whether the sensitizing effect of curcumin was associated with its ROS-
inducing activity. Fig. 1a shows that addition of an anti-oxidant, N-acetyl
cysteine (NAC), completely inhibited the apoptotic sensitizing effect of
curcumin, -suggesting that ROS was associated on this apaplotic
sensitization.

2. Curcumin induces intracellular superoxide anion generation in
H460 cells

Flow cytometric analysis of ROS generation using DCF-DA as a
fluorescent probe shows that curcumin was able to induce ROS generation
in a dose-dependent manner and that this effect was inhibited by the
antioxidant NAC (Fig. 2). To determine specific ROS induced by curcumin,
cells were treated with the agent in the presence or absence of various
known specific anfioxidants, including MnTBAP (a superoxide dismutase
mimetic and scavenger of superoxide anion), catalase (hydrogen peroxide
scavenger), and sodium formate (hydroxyl radical scavenger). Cells were
then analyzed for ROS as described. The results show that MnTBAP
significantly inhibited curcumin-induced ROS generation, whereas other
antioxidants had no significant effect (Fig. 2). These findings indicate that
superoxide anion is a major ROS induced by curcumin in the treated cells.

3. Curcumin promotes down-regulation of Bel-2 by cisplatin through
an ROS-dependent mechanism

Qverexpression of Bel-2 has also been associated with cisplatin
resistance in many cell types (1,2]. To test whether curcumin might promote
cisplatin-induced cell death through down-regulation of Bcl-2, we analyzed
Bcl-2 expression levels in cells treated with curcumin and cisplatin by
Western blotting. Fig. 3 shows that cisplatin induced a dose-dependent
decrease in Bel-2 expression and addition of curcumin further decreased
the Bcl-2 expression. Co-reatment of the cells with antioxidant NAC
inhibited this down-regulation, indicating the requirement of ROS in the
process.

4. Superoxid diated down-regulation of Bel-2 by curcumin

Curcumin was earlier shown to promote Bel-2 down-regulation by
cisplatin in an ROS-dependent manner, we next determined whether
curcumin can directly induce Bel-2 down-regulation and, if 5o, what specific
ROS are involved. Cells were treated with various concentrations of
curcumin and its effect on Bcl-2 expression was determined. The result
shows that curcumin could directly induce Bel-2 down-regulation in dose-
dependent manner and this effect is completely inhibited by the antioxidant
NAC (Fig. 4). To determine the specific ROS involved, cells were treated
with curcumin in the presence or absence of specific ROS scavengers,
including MnTBAP, catalase, deferoxamine, and sodium formate; and their
effect on Bcl-2 expression was determined. Fig. 4 shows that the
superoxide dismutase scavenger MnTBAP completely inhibited curcumin-
induced Bcl-2 down-regulation, whereas other antioxidants had no
significant inhibitory effect. These results indicate that superoxide anion is
the primary ROS responsible for the curcumin induction of Bcl-2 down-
regulation.
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