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Sclareol inhibits cell proliferation and sensitizes cells to the
antiproliferative effect of bortezomib via upregulating the
tumor suppressor caveolin-1 in cervical cancer cells
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Abstract. The anticancer effect of sclareol has long been
reported, however, the exact mechanisms underlying the antitu-
morigenic effect of sclareol in cervical carcinoma remain to be
fully elucidated. The present study analyzed cell proliferation
and cell apoptosis by MTT and FITC-Annexin V assays. The
protein levels of caveolin-1 (Cav-1) and copper-zinc superoxide
dismutase (SOD)1 were determined by western blotting, and the
interaction of Cavl and HSC70 was investigated by co-immuno-
precipitation experiments. The present study found that sclareol
inhibited cell proliferation and induced apoptosis in HeLa cells.
Two cancer-associated proteins, Cavl and SOD1 were identified
as potential targets of sclareol in HeLa cells. The expression of
Cavl increased when the cells were treated with sclareol, and
the protein level of SODI1 was negatively correlated with Cavl.
The overexpression of Cavl enhanced the sensitivity of the HeLa
cells to sclareol treatment and downregulated the protein level
of SODI1, which exhibited potential associations between Cavl
and SODI. In addition, sclareol significantly sensitized several
cancer cells to the anticancer effect of bortezomib by targeting
Cavl and SODI. Taken together, the results of the present study
demonstrated that sclareol inhibited tumor cell growth through
the upregulation of Cavl, and provides a potential therapeutic
target for human cancer.

Introduction

Cervical cancer is the third most common type of cancer
and the fourth leading cause of cancer-associated mortality
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in women worldwide (1). In developing countries, it is the
most common cause of cancer-associated mortality, and the
five-year survival rate for patients with advanced cervical
cancer is low (1). Thus, it is important to identify and examine
effective drugs in cervical cancer treatment. It has long been
reported that sclareol, a labdane-type diterpene isolated from
the Salvia sclarea plant can inhibit the proliferation and induce
the apoptosis of several cancer cell lines (2-6). However, the
exact mechanisms underlying the antitumorigenic effect of
sclareol in cervical carcinoma remain to be elucidated.

Caveolin-1 (Cavl) is an important component of caveolae
and is known to function as a scaffolding protein in the regu-
lation of several signaling pathways (7-9). The loss of Cavl
has been demonstrated to be involved in the tumorigenesis of
several types of cancer, and the overexpression of Cavl has
been shown to inhibit cell and tumor growth (10-12). Thus
Cavl is regarded as a potential tumor suppressor. Although
numerous studies have been performed investigating the func-
tion of Cavl in several types of cancer, the exact role of Cavl
in cervical carcinoma remains to be elucidated (10-12).

Copper-zinc superoxide dismutase (SODI) is an essential
element of the superoxide radical eliminating system. It is
the most abundant anti-oxidant enzyme and is predominantly
localized in the cytoplasm, although its localization in the
mitochondrial intermembrane space and nucleus has also been
reported (13,14). Previous studies have revealed that SODI is
overexpressed in various types of cancer, and that the down-
regulation of SODI leads to cancer cell death (15,16), which
indicates that SODI is important in tumorigenesis.

In the present study, the anticancer effect of sclareol was
investigated, and the expression levels of Cavl and SODI in a
cervical cancer cell line were investigated, in order to elucidate
the potential mechanisms involved in the anticancer effect of
sclareol.

Materials and methods
Cell culture. HeLa cells were obtained from the American

Type Culture Collection (Rockville, MD, USA). The SW480,
SW620, HepG2 and MCF-7 cancer cell lines were obtained
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from the Cell Resource Center of the Chinese Academy
of Sciences (Shanghai, China). All cell lines were grown in
Dulbecco's modified Eagle's medium (DMEM; HyClone; GE
Healthcare Life Sciences, Logan, UT, USA) supplemented
with 10% fetal bovine serum (HyClone; GE Healthcare Life
Sciences). All cell lines were incubated in a humidified atmo-
sphere containing 5% CO, at 37°C.

Reagents and antibodies. Sclareol, bortezomib, E64 and
pepstatin A were obtained from Sigma-Aldrich; Thermo
Fisher Scientific, Inc. (Waltham, MA, USA). The Cavl, SODI,
B-tubulin and p62 antibodies were obtained from ProteinTech
Group, Inc., Chicago, IL, USA), the LC3 antibody was obtained
from Sigma-Aldrich; Thermo Fisher Scientific, Inc.), the Flag
antibody was obtained from Prospec-Tany TechnoGene, Ltd.,
(East Brunswick, NJ, USA), the HA tag antibody was obtained
from Cell Signaling Technology, Inc. (Beverly, MA, USA).

MTT and cell apoptosis assays. The cells were plated
into 96-well tissue culture plates and seeded at a density
of 10,000 cells per well. Viability of HeLa cells was deter-
mined using an MTT assay following treatment with vehicle
or 10 pg/ml sclareol for 24, 48 or 72 h at 37°C. Cell apop-
tosis assay of HeLa cells treated with 5 pg/ml sclareol was
performed for 24, 48 or 72 h at 37°C. The final volume of
culture medium in each well was 100 ul. A 10 ul volume of
MTT solution (5 mg/ml) was added to the 100 xl medium in
each well. The plates were incubated at 37°C for 4 h, following
which the supernatant was removed and 100 1 DMSO was
added to each well. The absorbance signals were measured on
a spectrophotometer at 490 nm. The cell death-inducing effects
of drug treatment were measured using a CF488A-Annexin V
and Propidium Iodide (PI) Apoptosis Assay kit (Biotium, Inc.,
Hayward, CA, USA). The samples and assays were prepared
according to the manufacturer's protocol and then mounted
onto slides. Images were captured with a Nikon fluorescence
microscope (Nikon, Tokyo, Japan).

Western blot analysis. Samples were collected with 1X SDS
sample buffer and were separated by 10-12% SDS-PAGE
(20 pg/lane). The proteins were transferred onto an
Immobilon-FL. PVDF membrane (EMD Millipore, Bedford,
MA, USA). Protein quantification was performed using a
BCA assay kit (Thermo Fisher Scientific, Inc.). The membrane
was first blocked with 5% milk for 1 h, and then incubated
overnight at 4°C with the following primary antibodies:
Cav 1 (cat. no. 16447-1-AP; 1:1,000; ProteinTech Group,
Inc., Chicago, IL, USA), SODI (cat. no. 10269-1-AP; 1:1,000;
ProteinTech Group, Inc.), f-tubilin (cat. no. 66240-1; 1:2,000;
ProteinTech Group, Inc.), p62 (cat. no. 18420-1-AP; 1:1,000;
ProteinTech Group, Inc.), LC3 (cat. no. L8918; 1:1,000;
Sigma-Aldrich; Merck Millipore, Darmstadt, Germany),
Flag (cat. no. ANT-222; 1:1,000; Prospec-Tany TechnoGene,
Ltd., East Brunswick, NJ, USA) and HA tag (cat. no. C29F4;
1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA)
diluted in the same blocking buffer. Following three washes
with Tris-buffered saline with Tween 20 (TBST) containing
50 mM Tris-HCI (pH 7.5), 150 mM NacCl and 0.2% Tween 20,
the blot was incubated with Dylight 680/800-conjugated
secondary antibodies (cat. nos. 042-06-15-06 and 042-06-18-0;
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Table I. Sequences of primers for plasmid construction.

Primer name Sequence (5'-3")

Cavl-F gatcggatccgecaccatgtetgggggcaaatacgtag
Cavl-R gtagttgaacgtctttctttatagatctctag
HSC70-F gatcggatccgecaccatgtccaagggacctgeagttg
HSC70-R gggtggtaacttctccaactaagatctctag
LAMP-2A-F gatcggatccgecaccatggtgtgcttcegectette
LAMP-2A-R gtacgacctatactcgttaaaagatctctag

Restriction sites are underlined. F, forward; R, reverse; Cavl,
caveolin-1; HSC70, heat shock protein cognate 70; LAMP-2A,
lysosome-associated protein 2A.

1:10,000; KPL, Inc. Gaithersburg, MD, USA) in the dark for
2 h at room temperature. The blot was then washed again with
TBST and images were captured using a Li-Cor Odyssey Clx
infrared imaging system (LI-COR BioSciences, Inc., Lincoln,
NE, USA).

Establishment of stable cell line. For the stable expression
of Cav-1, the HeLa cells were transduced with Cavl-Flag
lentiviral particles using ViraPower Lentiviral Expression
system following the manufacturer's protocol (Invitrogen;
Thermo Fisher Scientific, Inc.) following the manufacturer's
protocol, and stable cell lines were selected using blasticidin
(Invitrogen; Thermo Fisher Scientific, Inc.).

Co-immunoprecipitation assay. At 24 h post-transduction,
the cells were washed with phosphate-buffered saline (PBS)
and lysed in 1% NP40 lysis buffer for 30 min on ice. The cell
lysates were collected in an EP tube and then centrifuged at
>18,000 x g for 10 min at 4°C, the supernatants were immu-
noprecipitated with the Flag (1:1,000) and HA tag (1:1,000)
antibodies overnight at 4°C. Prewashed protein A/G-agarose
beads (Thermo Fisher Scientific, Inc.) were then added to the
supernatant and incubated for another 2 h at 4°C. The immune
complexes were washed with lysis buffer three times, resus-
pended in sample buffer and then subjected to western blot
analysis.

Immunofluorescence assay. The cells were plated on coverslips
at a density of 1.0x10° <™ and transfected with the indicated
plasmid using Lipofectamine 2000. HeLa cells and HeLa
cells stably transfected with Cavl-Flag (Cavl) were transiently
transfected with a plasmid expressing lysosome-associated
protein 2A (Lamp-2A)-EGFP. At 24 h post-transfection, the
cells were then fixed with 4% paraformaldehyde for 15 min at
room temperature, rinsed with PBS and permeabilized with
0.25% Triton-x-100 for 10 min at room temperature. Following
rinsing with PBS three times, the cells were blocked with
3% bovine serum albumin (Sigma-Aldrich; Merck Millipore)
overnight at 4°C. The EGFP (cat. no. 50430-2; 1:1,000;
Proteintech Group, Inc.), Flag (1:1,000) antibodies were added
and incubated overnight at 4°C and rinsed with PBS three
times The secondary antibody was added for 1 hour at room
temperature, following which the cells were rinsed with PBS
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Figure 1. Sclareol inhibits cell proliferation and induces cell apoptosis in HeLa cells. (A) Cell viability of HeLa cells was measured using an MTT assay fol-
lowing treatment with vehicle or 10 pg/ml sclareol for 24, 48 and 72 h. (B) Cell viability of HeLa cells was measured using an MTT assay following treatment
with vehicle or sclareol at the indicated concentration for 48 and 72 h. (C) Cell apoptosis assay of HeLa cells treated with 5 pg/ml sclareol for the indicated
durations. (D) Quantification of the ratio of positive cells to total cells. The number of positive cells were counted using Image J software. Data are presented
as the mean + standard error of the mean of three independent experiments. ‘P<0.05, “P<0.01 and ““P<0.005, compared with the vehicle group. Ctr, control;

PI, propidium iodide.

three times, and then incubated with DAPI for 10 min at room
temperature. The cells were then rinsed, mounted and sealed.
Images were captured using an Olympus confocal microscope
(Olympus, Tokyo, Japan).

Plasmid construction and transfection. The full-length Cavl
open reading frame (ORF) was amplified by polymerase
chain reaction (PCR) with a BamHI site-containing 5' primer
and an Xbal site-containing 3' primer, and cloned into the
pcDNA3.1(+)-flag vector (Invitrogen; Thermo Fisher Scientific,
Inc.) between the BamHI and Xbal sites to generate the
Cavl-Flag expression construct. The full-length heat-shock
protein cognate 70 (HSC70) ORF was amplified by PCR with
a BamHI site-containing 5' primer and an Xbal site-containing
3' primer, and cloned between the BamHI and Xbal sites of the
pcDNA3.1(+)-HA vector to generate the HSC70-HA expres-
sion construct. Full-length LAMP-2A ORF was amplified
by PCR with a BamHI site-containing 5' primer and an Xbal
site-containing 3' primer, and cloned between the BamHI and
Xbal sites of the pcDNA3.1(+)-EGFP vector to generate the
LAMP-2A-EGFP expression construct. The human cDNA
preserved in the laboratory was utilized as the template. Flag tag,
HA tag and EGFP tag were cloned into the pcDNA3.1(+) vector
(Life Technologies; Thermo Fisher Scientific, Inc.) between

Xbal and Apal to generate the pcDNA3.1(+)-tagged vector. For
the generation of CavlFlag lentiviral particles, the Cavl-Flag
cDNA fragment was inserted into a pLenti6 lentiviral vector
(Invitrogen Life Technologies; Thermo Fisher Scientific, Inc.),
and the resultant plasmid was co-transfected with ViraPower
Lentiviral Packaging mix (Invitrogen Life Technologies;
Thermo Fisher Scientific, Inc.) into HEK293FT cells with
Lipofectamine 2000. The virus-containing cell culture medium
was harvested 40 h later and used to transduce the HeLa cells.
The sequences of the primers are listed in Table I.

Statistical analysis. Experimental data are expressed as
the mean + standard error of the mean. Data analyses were
performed using Imagel] software (National Institutes of
Health, Bethesda, MD, USA). Differences between groups
were compared using one-way analysis of variance followed
by Tukey's post-hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results
Sclareol inhibits cell proliferation and induces apoptosis

in HeLa cells. In the present study, HeLa cells were used
to investigate the anticancer effects of sclareol in cervical
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Figure 2. Sclareol affects the protein levels of Cavl and SODI in HeLa cells, and overexpression of Cavl enhances sensitivity to slcareol treatment.
(A) Upregulation of the expression of Cavl and downregulation of the expression of SODI1 were observed following treatment with 5 yg/ml sclareol. HeLa cells
were treated with sclareol for the indicated duration and then harvested for western blot analysis. (B) Quantification of the protein levels of Cavl and SOD1
in HeLa cells. Data are presented as the mean + standard error of the mean of three independent experiments. “P<0.05, “P<0.01 and “"P<0.005, compared
with the vehicle group. (C) Western blot analysis of HeLa cells stably expressing Flag-tagged Cavl protein. (D) Viability of HeLa cells and HeLa cells stably
expressing Flag-tagged Cavl protein were measured using an MTT assay following treatment with vehicle or sclareol at the indicated concentration for 24 h.
Data are presented as the mean + standard error of the mean of three independent experiments. "P<0.05, “P<0.01 and *"P<0.005, compared with the control

group. Cavl, caveolin-1; SODI, superoxide dismutase 1.

carcinoma. An MTT assay was first performed to measure
the viability of the HeLa cells. The cells were treated with
sclareol for 24, 48 and 72 h, and cell viability was measured
at each time point. The results showed that sclareol signifi-
cantly inhibited the proliferation of the HeLa cells, and the
inhibitory effect was time-dependent (Fig. 1A). In addition,
when the cells were treated with different concentrations of
sclareol, the proliferation of the HeLa cells was inhibited in a
dose-dependent manner (Fig. 1B).

Treatment with sclareol also induced the apoptosis of
the HeLa cells. An Annexin V-fluorescein isothiocyanate
(FITC)/PI staining assay was used to assess the proportion
of apoptotic cells when HeLa cells were treated with sclareol
for indicated durations. The results indicated that the Annexin
V-FITC-positive and PI-positive cells were significantly
increased in a time-dependent manner when treated with
sclareol (Fig. 1C and D).

Sclareol induces the expression of Cavl. As the exact
mechanism involved in the anticancer effect of sclareol
remains to be fully elucidated, the present study examined the
expression of various cancer-associated proteins to identify the
potential target of sclareol. The cells were exposed to sclareol

for 24, 48 and 72 h, and were then subjected to western blot
analysis. The results showed that sclareol induced the protein
levels of Cavl in a time-dependent manner, compared with the
control group (Fig. 2A and B).

Expression of SODI is negatively correlated with Cavl. SOD1
has previously been identified as a novel cancer gene (13,14).
The results of the present study showed that the protein level
of SODI was significantly decreased in a time-dependent
manner when treated with sclareol (Fig. 2A and B), and the
decreased expression of SODI was negatively correlated with
the increased expression of Cavl.

Cells overexpressing Cavl are more sensitive to sclareol
treatment. The present study established a HeLa cell line
stably expressing Cavl. The stable Cavl-expressing cell line
and normal HeLa cells were treated with vehicle or sclareol
at the indicated concentration for 24 h, following which the
cell viability was measured using an MTT assay. It was found
that stable expression of Cavl enhanced the sensitivity of
the cells to sclareol treatment (Fig. 2C and D). These results
indicated that the upregulation of Cavl was responsible for the
anticancer effect of sclareol.
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Figure 3. Overexpression of Cavl enhances the downregulation of the protein level of SODI (A) Transient transfection of ectopic Cavl in HeLa cells led to
the downregulation of SODI. HeLa cells were transfected with Flag-tagged Cavl expression plasmid (Cavl) or empty vector (Ctr) respectively. The cells
were harvested 24 h following transfection and then subjected to western blot analysis. (B) Quantification of the protein levels of SODI in HeLa cells. Data
are presented as the mean + standard error of the mean of three independent experiments. “P<0.05, “P<0.01 and ""P<0.005, compared with the control
group. (C) Stable expression of ectopic Cavl enhanced the downregulation of the protein level of SODIwhen treated with sclareol. HeLa cells (Ctr) and
HeLa cells stably expressing Flag-tagged Cavl (Cavl) were treated with vehicle and sclareol (5 pg/ml) for 48 h, and then subjected to western blot analysis.
(D) Quantification of the protein levels of SODI in the Ctr and Cavl cells. Data are presented as the mean + standard error of the mean of three independent
experiments. "P<0.05, “P<0.01 and ““P<0.005, compared with the control group. Ctr, control; Cavl, caveolin-1; SODI1, superoxide dismutase 1.

Cavl promotes the downregulation of SODI. It was previously
demonstrated that SODI1 is important in cancer develop-
ment (10,11), whereas Cavl has been reported to be a cancer
suppressor. As shown in Fig. 2, the present study found that
SODI1 was negatively correlated with Cavl. To determine
whether the expression of SOD1 was directly regulated by
Cavl, HeLa cells overexpressing Flag-tagged Cavl were estab-
lished, and western blot analysis was performed to determine
the protein level of SODI. The results showed that the overex-
pression of Cavl significantly promoted the downregulation of
SOD1 (Fig. 3A and B). In the HeLa cell line stably expressing
Cavl, it was found that stable expression of Cavl enhanced the
downregulation of SODI when treated with sclareol (Fig. 3C
and D).

Sclareol sensitizes cells to the antiproliferative effect of
bortezomib by targeting Cavl and SODI. Previous inves-
tigations have revealed that Cavl is degraded through the
ubiquitin-proteasome pathway (17,18). As the results of the
present study showed that sclareol inhibited cancer cell prolif-
eration through the upregulation of Cavl, whether bortezomib,
an anticancer drug and a proteasome inhibitor, enhances the
anticancer effect of sclareol was investigated. The HeLa cells
were treated with sclareol only, bortezomib only or sclareol
and bortezomib together, and subjected to western blot
analysis and an MTT assay. By measuring the cell viability of

each group, it was found that sclareol significantly enhanced
the antiproliferative effect of bortezomib, compared with the
cells treated with either drug separately (Fig. 4A). The results
of the western blot analysis showed that the protein level of
Cavl increased following treatment with bortezomib (Fig. 4B
and C). In addition, the HeLa cells treated with sclareol and
bortezomib together exhibited a lower level of SODI and
higher level of Cavl, compared with the vehicle group (Fig. 4B
and C). Similar results were observed when other cancer cells
were treated with the drug combination of bortezomib and
sclareol (Fig. 4D).

Cavl may be involved in the lysosome-mediated degra-
dation of SODI. Previous reports have shown that Cavl
mediates the degradation of several proteins (19-21), thus
it is possible that Cavl promotes the degradation of SODI.
HSC70 and LAMP-2A are two important components of
chaperone-mediated autophagy (CMA) (22). The present
study found that Cavl not only colocalized with LAMP-2A
(Fig. 5A) but also interacted with HSC70 (Fig. 5B and C), thus
it is possible that Cavl may be involved in CMA-mediated
protein degradation. CMA substrates are usually delivered
to the lysosome for degradation (23). In the present study,
HeLa cells were treated with sclareol only or sclareol together
with lysosome inhibitors and then subjected to western blot
analysis. Of note, as with p62/SQSTMI1 and LC3 II, which are
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Figure 4. Sclareol synergizes with bortezomib to inhibit cancer cell growth. (A) HeLa cells were treated with sclareol (5 pg/ml) only, bortezomib (5 nM)
only, or sclareol (5 pg/ml) with bortezomib (5 nM) for 48 h, and subjected to MTT analysis. Data are presented as the mean + standard error of the mean of
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ke

P<0.005, compared with the control group. (D) Sclareol

sensitized cells to the anti-proliferative effect of bortezomib in several cancer cell lines. (A) MCF-7, HepG2, SW480 and SW620 cells were also subjected to

MTT analysis. Data are presented as the mean + standard error of the mean of three independent experiments. “‘P<0.05, “P<0.01 and

sk

P<0.005 compared with

control group. Ctr, control; Cavl, caveolin-1; SODI1, superoxide dismutase 1; Sclar, sclareol; Bort, bortzomib.

two autophagy-associated proteins previously reported to be
degraded in lysosomes (24,25), inhibition of lysosome activity
suppressed the downregulation of SODI caused by sclareol
treatment (Fig. 5D-G), which suggested that sclareol treatment
may promote the downregulation of SODI through lysosome
mediated degradation via Cavl.

Discussion

Sclareol exhibits antiproliferative and cytotoxic activity
against various human cancer cell lines (2-6), and inhibits
tumor growth in vivo (3,6). The anticancer effect of sclareol
has long been reported, however, the exact role of sclareol
and its molecular mechanisms in cervical carcinoma remain
to be elucidated. The present study demonstrated that sclareol
inhibited proliferation and induced apoptosis in HeLa cells,
and the combination of sclareol with another anticancer drug,
bortezomib, significantly inhibited tumor cell proliferation in

several types of cancer cell. It was also shown that sclareol
treatment induced the expression of Cavl in HeLa cells.

Although the role of Cavl in tumorigenesis is contro-
versial, increasing evidence indicates that Cavl functions as
a tumor suppressor in various types of cancer. The down-
regulation of Cavl has been implicated in the development
and progression of cutaneous squamous cell carcinoma (26),
lung carcinoma (12), alveolar rhabdomyosarcomas (10), colon
cancer (11), sporadic vestibular schwannomas (27) and breast
cancer (28). The overexpression of Cavl decreases tumor cell
growth (10-12) and enhances the sensitivity of cancer cells to
anticancer drugs (21). However, the exact function of Cavl in
cervical carcinoma remains to be elucidated. In the present
study, the upregulation of Cavl correlated with decreased cell
viability under sclareol treatment, which indicated that Cavl
may function as a tumor suppressor in HeLa cells.

Cavl is ubiquitinated and targeted to lysosomes for
degradation (17,18), and previous studies have demonstrated
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treated with sclareol (5 ug/ml) only or sclareol (5 ug/ml) with lysosome inhibitors (10 M E64 and 20 yM pepstatin A) for 48 h and then subjected to western
blot analysis. Quantification of the relative protein levels of (E) SODI, (F) p62 and (G) LC3 II in HeLa cells treated with vehicle or the indicated drugs. Data
are presented as the mean + standard error of the mean of three independent experiments. "P<0.05, “P<0.01 and "“P<0.005, compared with the control group.
Con, vehicle control; Scla, sclareol; LyIn, lysosome inhibitor; HSC70, heat shock protein cognate 70.

that Cav-1 is also a molecular target of bortezomib, which is
involved in antitumorigenesis and proteasome inhibition (29),
and is degraded through the proteasome pathway (30). The data
obtained in the present study showed that sclareol increased
the protein level of Cavl, and the combined treatment with
bortezomib further enhanced the expression of Cavl. Based
on these findings, it is possible that the combination of sclareol
with bortezomib may have novel synergistic antitumor effects
via upregulation of the cancer suppressor, Cavl. In line with
this hypothesis, the present study found that bortezomib syner-
gized with sclareol to reduce the viability of various types
of cancer cell, including HeLa, HepG2, MCF-7, SW480 and
SW620 cells, whereas treatment with bortezomib or sclareol
alone at the same concentration had markedly lower inhibitory
effects. Thus, the combination of bortezomib with sclareol
may be a novel and promising approach in cancer therapy.
Previous reports have revealed the potential mechanism
involved in the anticancer effect of Cavl. Cav-1 has been shown
to prevent cancer growth via inhibition of the mitogen-activated

protein kinase pathway (10) and to enhance the degradation of
epidermal growth factor receptor (EGFR) (21). In the present
study, the increased protein level of Cavl was negatively corre-
lated with the expression of SODI, and the overexpression of
Cavl significantly suppressed the protein level of SODI. These
findings indicated a potential association between Cavl and
SODL1.

The expression of SODI has been linked to the resistance
of cancer cells to pro-oxidant drugs and the anticancer drug.
bortezomib (31), which raises the possibility that an SODI
inhibitor can be used, not only as an antitumorigenic drug, but
also as a molecule to challenge the drug resistance of cancer
cells. The data obtained in the present study showed that the
treatment of HeLa cells with sclareol led to downregulation
of the protein level of SODI, whereas the overexpression of
Cavl enhanced the suppressed expression of SODI. These
findings suggested that sclareol may function as an SODI
inhibitor via the upregulation of Cavl. As the first anticancer
drug to function as a proteasome inhibitor, bortezomib has
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been approved for the clinical treatment of patients with
multiple myeloma (32), and has also been demonstrated to
be an effective cell growth inhibitor in various cancer cell
lines (33-36). However, the emergence of drug resistance has
seriously affected the therapeutic effect of bortezomib. The
overexpression of SODI has been shown to increase the resis-
tance of cancer cells to bortezomib (31), and the results of the
present study showed that combined sclareol and bortezomib
treatment resulted in markedly lower protein levels of SODI,
compared with bortezomib treatment alone, which suggested
that combined sclareol and bortezomib treatment may be a
promising therapy in overcoming the challenge of bortezomib
resistance.

Cavl is important in Derlin-1- and p97-mediated cyclooxy-
genase-2 ubiquitination and degradation (19,20), and previous
reports have shown that Cavl enhances the ubiquitination and
degradation of EGFR via endocytosis (21). However, how Cavl
promotes the suppressed expression of SODI remains to be
fully elucidated. The present study found that inhibition of the
lysosome rescued the decreased protein level of SODI, which
was induced by sclareol, thus Cavl may interact with SODI1
to facilitate its degradation inside the lysosome. However, the
protein level of SODI1 cannot be fully rescued by lysosome inhi-
bition, which indicates Cavl is not the only molecule to promote
the degradation of SODI and that SODI is not only degraded by
the lysosome-mediated pathway. Further detailed investigation
is required to elucidate the exact mechanism involved.

In conclusion, the present study demonstrated the inhibi-
tory effect of sclareol on the proliferation of HeLa cells. In
addition, it was found that the anticancer effect of sclareol
was enhanced when combined with bortezomib, which was
demonstrated in various cancer cells. Further investigations
revealed that the tumor suppressor, Cavl, enhanced the
decreased expression of SODI, which may be responsible
for the anticancer effect of sclareol. These findings not only
elucidated the potential mechanisms underlying the anticancer
effect of sclareol, but also provided a novel and promising
approach for cancer therapy and resolving drug resistance in
cancer cells.
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