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Abstract. Resveratrol (Res), from the skin of red grapes, induces 
apoptosis in some malignant cells, but there are no reports on 
the apoptotic effect of Res on human malignant pleural meso-
thelioma. We found that Res interacts with specificity protein 1 
(Sp1). The IC50 for Res was 17 µM in MSTO-211H cells. Cell 
viability was decreased and apoptotic cell death was increased 
by Res (0-60 µM). Res increased the Sub-G1 population in 
MSTO-211H cells and significantly suppressed Sp1 protein 
levels, but not Sp1 mRNA levels. Res modulated the expression 
of Sp1 regulatory proteins including p21, p27, cyclin D1, Mcl-1 
and survivin in mesothelioma cells. After treatment with Res, 
apoptosis signaling cascades were activated by the activation 
of Bid, Bim, caspase-3 and PARP, upregulation of Bax and 
downregulation of Bcl-xL. Res (20 mg/kg daily for 4 weeks) 
effectively suppressed tumor growth in vivo in BALB/c athymic 
(nu+/nu+) mice injected with MSTO-211H cells, an effect that 
was mediated by inhibition of Sp1 expression and induction of 
apoptotic cell death. Our results strongly suggest that Sp1 is 

a novel molecular target of Res in human malignant pleural 
mesothelioma.

Introduction

Respiratory exposure to asbestos fibers has been associated 
with malignant mesothelioma in humans (1). Malignant meso-
thelioma is a rare cancer and an aggressive tumor with a poor 
prognosis (2). Because of the long incubation period, the peak 
year for malignant mesothelioma is expected to be 2045 in 
Korea according to the Ministry of Environment. Elucidation 
of the mechanisms of mesothelial carcinogenesis could lead to 
the development of novel targeted treatments. So far, treatment 
of malignant mesothelioma was limited to chemotherapy and 
surgery in combination with radiation (3). Several clinical studies 
such as immunotherapy, gene therapy and molecular targeting 
agents have been tried for treatment of malignant mesothelioma 
(4), however, these are still not applied for treatment effectively.

Specificity protein (Sp), a transcription factor, has 8 
members in its family and is ubiquitously expressed in all 
mammalian cells (5). Sp1 is highly expressed in tissues of 
prostate cancer, breast carcinomas, thyroid cancer, hepatocel-
lular carcinomas, pancreatic cancer, colorectal cancer, gastric 
cancer and lung cancer when compared to normal tissues or 
cells (5,6). Previous studies showed that Sp1 plays an impor-
tant role in carcinogenesis and metastasis of several human 
tumor types by regulating growth-related signal transduction, 
cell cycle control molecules, apoptosis, oncogenes, tumor 
suppressor genes, as well as angiogenesis-related factors (7,8).

Consumption of various types of plants and fruits is 
associated with a lower risk of cancer (9). Resveratrol (Res; 
3,5,4'-trihydroxy-trans-stilbene) is a phytoalexin and a type 
of natural phenol that is present in almost 70 plant species 
including the skin of red grapes, peanuts and mulberries, 
among others (10). It is reported that Res was involved in 
several biochemical mechanisms responsible for chemopreven-
tive and chemotherapeutic potential. Res has exhibited various 
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beneficial health effects including antioxidant, radioprotec-
tive, anti-inflammatory and antitumor activities (10-13). The 
anticancer property of Res has been continuously studied and 
studies based on diverse molecular targets of Res as an anti-
cancer agent have been conducted in cultured cell lines and 
animal models (10,11). However, the antitumor mechanisms 
and molecular targets of Res are poorly understood, especially 
in human malignant pleural mesothelioma.

Our studies demonstrated that Res might directly target Sp1, 
thereby affecting cell growth and apoptosis of MSTO-211H 
mesothelioma cells. Moreover, we suggested that Res reduces 
tumor growth of MSTO-211H cells implanted in nude mice 
by suppression of the expression of Sp1 protein. We expected 
that in vivo data support the use of Res as a therapeutic adju-
vant because it is an anticancer drug with cancer preventive 
activity and has potential for use in combination therapy. We 
investigated whether Sp1 could be a target for the prevention of 
human malignant pleural mesothelioma.

Materials and methods

Materials. HyClone RPMI-1640 media and fetal bovine 
serum (FBS) were obtained from Thermo Scientific (Logan, 
UT). The following antibodies were used: anti-cyclin D1 
(M-20), anti-Sp1 (1C6), anti-caspase-3 (H-277) (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA), anti-Poly ADP-ribose 
polymerase (PARP) (BD Biosciences, San Diego, CA) anti-Mcl 
(myeloid cell leukemia)-1, anti-survivin, anti-Bid, anti-Bax, 
anti-Bcl-xL (Cell Signaling Technology, Inc., Danvers, MA) 
and anti-β-actin (AC-74) (Sigma-Aldrich, St. Louis, MO). 
4'-6-diamidino-2-phenylindole (DAPI), propidium iodide (PI) 
and RNase A were supplied by Sigma-Aldrich.

Cell culture. Human mesothelioma MSTO-211H cells were 
obtained from the American Tissue Culture Collection 
(Manassas, VA). MSTO-211H cells were cultured at 37°C in a 
humidified, 5% CO2 atmosphere in RPMI-1640 supplemented 
with 5% FBS and 100 U/ml each of penicillin and streptomycin.

MTS assay. The effects of Res on cell viability were estimated using 
a (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay kit (Promega, 
Madison, WI) according to the manufacturer's instructions. The 
MSTO-211H cells were seeded in a 96-well plate for 24 h. Cells 
were treated with Res for 24 and 48 h and then the MTS solution 
was added for 2 h at 37˚C in 5% CO2. The absorbance at 490 nm 
was recorded using a GloMax-Multi Microplate Multimode 
Reader (Promega).

DAPI staining. Nuclear condensation and fragmentation was 
observed by nucleic acid staining with DAPI. The MSTO-211H 
cells treated with Res were harvested by trypsinization and fixed 
in 100% methanol at room temperature for 20 min. The cells 
were spread on slides, stained with DAPI solution (2 µg/ml) and 
analyzed under a FluoView confocal laser microscope (Fluoview 
FV10i; Olympus Corporation, Tokyo, Japan).

PI staining. After 48 h of Res treatment in MSTO-211H cells, 
detached cells were collected by centrifugation and combined 
with adherent cells. Cells were washed with cold PBS and 

were fixed with 70% ice-cold ethanol overnight at -20˚C and 
treated with 150 mg/ml RNase A and 20 mg/ml propidium 
iodide (PI). Cell cycle was analyzed and the distribution of 
cells in the different phases of the cell cycle were calculated 
by flow cytometry using a MACSQuant analyzer (Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany).

Western blotting. Res-treated cells were washed with phosphate-
buffered saline (PBS) and homogenized with PRO-PREP™ 
protein extraction solution (Intron Biotechnology, Korea). 
The extracted protein was measured using the DC protein 
assay reagent (Bio-Rad Laboratories, Inc., Hercules, 
CA). Equal amounts of protein sample were separated by 
SDS-polyacrylamide gel electrophoresis and transferred to 
membranes. The membrane was blocked for 2  h at room 
temperature with 5% non-fat dried milk in PBS containing 
0.05% Tween-20, then incubated overnight at 4˚C with specific 
antibodies. Horseradish peroxidase-conjugated secondary anti-
body was used with Pierce ECL western blotting substrate for 
detection of specific proteins (Thermo Scientific, Rockford, IL).

In vitro resveratrol-sepharose 4B pull-down assays. This 
method has been described previously (14,15). Briefly, MSTO-
211H cell lysates were reacted with Sepharose 4B beads or 
Res-Sepharose 4B beads in a reaction buffer (50 mM Tris, 
pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 
0.01% Nonidet P-40, 2 µg/ml bovine serum albumin, 0.02 mM 
phenylmethylsulfonyl fluoride, 1X proteinase inhibitor cock-
tail). The beads were washed 5 times with a washing buffer 
(50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM 
dithiothreitol, 0.01% Nonidet P-40, 0.02 mM phenylmethylsul-
fonyl fluoride) and proteins bound to the beads were analyzed 
by western blotting using anti-Sp1.

Reverse transcription-polymerase chain reaction. Total-RNA 
was extracted from cells using the TRIzol® Reagent (Invitrogen 
Life Technologies, Carlsbad, CA), and 2 µg of RNA were used 
to synthesize cDNA using the HelixCriptTM 1st-strand cDNA 
synthesis kit (NanoHelix, Korea). cDNA was obtained by PCR 
amplification using β-actin-specific and Sp-1-specific primers as 
described below under the following PCR conditions (25 cycles: 
1 min at 95˚C, 1 min at 60˚C and 1 min at 72˚C). β-actin 
primers were: F, 5'-GTGGGGCGCCCCAGGCACCA-3' and 
R, 5'-CTCCTTAATGTCACGCACGATTTC-3'. Sp1 primers 
were: F, 5'-ATGCCTAATATTCAGTATCAAGTA-3' and R, 
5'-CCCTGAGGTGACAGGCTGTGA-3'. The PCR products 
were analyzed by 2% agarose gel electrophoresis.

Antitumor activity in an in  vivo xenograft animal model. 
Six-week-old male BALB/c athymic (nu+/nu+) mice were 
purchased from Orient Bio (Kyunggi-do, Korea). The mice 
were maintained in accordance with the Korea Food and Drug 
Administration guidelines as well as the regulations for the care 
and use of laboratory animals of the animal ethics committee of 
Chungbuk National University (CBNU-023-0902-01). Human 
malignant pleural mesothelioma cells, MSTO-211H cells, were 
injected subcutaneously (1x107 cells/0.1 ml PBS/animal) with 
a 27-gauge needle into the right lower flanks of mice. After 
20 days, when the tumors had reached an average volume of 
100-200 mm3, tumor-bearing nude mice were intraperitoneally 
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(i.p.) injected with Res (20 mg/kg dissolved in PBS) daily for 
4 weeks. A group treated with 0.1 ml PBS was the control. The 
weight and tumor volume of the animals were monitored twice/
week. The tumor volumes were measured with vernier calipers 
and calculated by the following formula: (A x B2)/2, where A 
is the largest and B is the smallest of the two dimensions. At 
the end of the experiment, animals were sacrificed by cervical 
dislocation and tumors were separated from the surrounding 
muscle and dermis.

Immunohistochemistry. All specimens were fixed in formalin 
and paraffin-embedded for examination. Sections which were 
4-µm thick, were stained with hematoxylin and eosin (H&E) or 
used for immunohistochemistry. Paraffin-embedded sections 
were deparaffinized and rehydrated, washed in distilled water, 
and subjected to heat-mediated antigen retrieval. Endogenous 
peroxidase activity was quenched by incubation with 2% 
hydrogen peroxide in methanol for 15 min and then the sections 
were washed in PBS for 5 min. The sections were blocked for 

Figure 1. The effect of resveratrol on cell viability of MSTO-211H cells. (A) Chemical structure of resveratrol. (B) Cell viability after Res of MSTO-211H 
cells. MSTO-211H cells (3x103 cells/200 µl) were treated with Res (20-60 µM) in 5% FBS-RPMI-1640 for various times. Viability of cells was estimated 
with an MTS assay kit, as described in the Materials and methods section. Results are expressed as cell viability relative to untreated controls, as determined 
from 3 independent experiments. Data are presented as mean ± SD. The asterisk indicates a significant difference compared to control (P<0.05). (C) Cellular 
morphological changes in MSTO-211H cells untreated or treated with Res for 48 h.

Figure 2. The apoptotic effect induced by resveratrol in MSTO-211H cells. MSTO-211H cells were incubated with Res (20, 40 and 60 µM) or DMSO for 48 h. 
The cells were harvested and prepared for DAPI and PI staining as described in the Materials and methods section. (A) Analysis of DNA fragmentation and 
nuclear condensation (white arrows) by fluorescence microscopy (magnification, x600) after Res treatment. (B) DNA fragmentation and nuclear condensation 
were quantified and the results in triplicate are expressed as mean ± SD. (C) Representative histograms of the sub-G1 population. Res-treated cells were 
compared to untreated cells and data are shown as the average of triplicate samples from 3 independent experiments. *P<0.05 vs. control cells.
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30 min with 3% normal horse serum diluted in PBS, blotted 
and incubated with cleaved caspase-3 and Sp1 antibodies 
(1:200 dilution) in blocking serum overnight at 4˚C. The next 
day slides were washed 3 times for 5 min each in PBS and 
incubated in biotinylated anti-rabbit and anti-mouse antibody 
for 30 min. Slides were again washed in PBS, followed by expo-
sure to the avidin-biotin-peroxidase complex (ABC; Vector 
Laboratories, Inc., Burlingame, CA). The slides were washed 
and the peroxidase reaction was developed with diaminoben-
zidine and peroxide. Slides were then counterstained with 
hematoxylin, mounted in aqua-mount and evaluated by light 
microscopy (magnification, x200; Olympus Corporation). A 
negative control was done by omitting addition of the primary 
antibody. All slides were counterstained with hematoxylin. 
For quantification, 200 cells in 3 randomly selected areas 
were assessed and the cleaved caspase-3-stained cells were 
counted and expressed as the percentage of unstained cells. 
In situ cell death detection kits (Roche Diagnostics GmbH, 
Basel, Switzerland) were used to quantitate apoptotic cells in 
tumor tissue. The paraffin-embedded sections were incubated 
in a mixture of labeling solution (450 µl) and enzyme solution 
(50 µl) for 1 h at 37˚C and washed 3 times in PBS for 5 min 
according to manufacturer's instructions. Next, the sections 
were incubated with DAPI for 15 min at 37˚C. Finally, the 
sections were rinsed and mounted on slides with a coverslip for 
fluorescence microscopy (Leica Microsystems AG). Positive 
Terminal deoxynucleotidyl transferase mediated dUTP Nick 
End Labeling assay (TUNEL) stains were identified by 
counting the number of DAPI positive cells in a specific area.

Statistical analysis. Data were analyzed using GraphPad 
Prism 4 software (version 4.03; GraphPad software, Inc.). Data 
are expressed as means ± SE and significant differences were 
determined using one-way ANOVA. A probability value of 
P<0.05 was used as the criterion for statistical significance.

Results

Resveratrol suppresses the viability of MSTO-211H cells. Res 
(Fig. 1A) suppressed the viability of MSTO-211H cells with an 
IC50 of about 17 µM for 48 h treatment (Fig. 1B). Res treatment 
resulted in a significant concentration and time-dependent 
inhibition of cell growth with an IC50 of about 35 µM in other 
malignant mesothelioma cells (HT28; data not shown). To 
investigate changes in cell morphology induced by Res in 
malignant mesothelioma cells, MSTO-211H cells were treated 
with various concentrations of Res. Res decreased the size 
of MSTO-211H cells and caused the cells to assume a round 
shape for 48 h (Fig. 1C).

Resveratrol induces apoptotic cell death in MSTO-211H cells. 
Induction of apoptosis in MSTO-211H cells by Res was deter-
mined with DAPI staining, which helped visualize nuclear 
condensation and fragmentation. As shown in Fig. 2, Res 
led to an increase in nuclear condensation and fragmentation 
compared to the control group. We then determined the effect 
of Res on cell cycling. Sub G1 phase cells were increased from 
50 to 55% in the presence of 20-60 µM Res in MSTO-211H 
cells (Fig. 2C).

Figure 3. Resveratrol binds with Sp1 and suppresses Sp1 protein expression. (A) Res binds with Sp1 ex vivo. The ex vivo binding of Res with Sp1 in MSTO-211H 
cell lysates was confirmed by a pull-down assay using Res-sepharose 4B beads and subsequent western blotting. (B) Experiments on the time-dependent effects 
of Res on Sp1 and PARP protein expression levels were performed in MSTO-211H cells treated with Res for 0, 3, 6, 12, 24 and 48 h. (C) The effect of Res for 
48 h on Sp1 mRNA expression was determined by RT-PCR. The graphs indicate the ratio of Sp1 to actin expression. (D) The effect of Res for 48 h on Sp1 protein 
expression was determined by western blotting. Actin was probed to determine equal protein loading for each treatment. Data are expressed as mean ± SD of 3 
independent experiments. The asterisks (*P<0.05) indicate a significant decrease in Sp1 protein in Res-treated cells compared to untreated cells. 
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Resveratrol regulates the expression of specificity protein 1 in 
MSTO-211H cells. Sp1 enhances or represses the activity of 
gene promoters involved in cell progression and apoptotic cell 
death (5,8,16). The interaction of Sp1 and Res was determined 
in a Res-Sepharose 4B affinity experiment that was combined 
with immunoblotting with anti-Sp1. Res bound to Sp1 in cell 
lysates from human MSTO-211H cells (Fig. 3A). We deter-
mined whether the suppression of cell growth by Res was due 
to the inhibition of Sp1 protein and mRNA expression. Our 
results showed that there was downregulation of Sp1 protein 
(Fig. 3D) but not mRNA levels (Fig. 3C) due to 30, 60 and 
90 µM of Res. A time-course study determined that there was 
a decrease in Sp1 protein levels at 24-48 h after treatment with 
Res (Fig. 3B). The inactivated form of PARP also decreased 
similarly as the level of Sp1. A downstream target protein of 
Sp1 was regulated by Res in MSTO-211H cells. Fig. 4 shows 
that there were significant decreases in protein levels of p21, 
p27, cyclin D1, Mcl-1 and survivin after Res treatment (Fig. 4).

Resveratrol regulates the expression of anti-apoptosis and 
apoptotic molecules in MSTO-211H cells. The effect of Res 
on apoptosis distribution was investigated by western blot-
ting using anti-apoptotic and apoptotic antibody. Res induced 
apoptotic signaling including cleavages of Bid, caspase-3 and 
PARP, upregulation of Bax and downregulation of Bcl-xL in 
mesothelioma cells (Fig. 5).

Resveratrol inhibited proliferation of cancer cells in an 
in vivo xenograft model. To elucidate the anti-cancer effects 
of Res in vivo, the growth of MSTO-211H cancer cell xeno-
grafts in nude mice following Res treatments was investigated. 
The changes in body weight between the control and the 
Res-administered mice were not remarkably different during 
the experiment (Fig. 6B). Fig. 6A shows the relative delay in 
tumor growth after treatment with Res. Tumor volume in mice 
treated with Res (20 mg/kg dose) was 60% of the tumor volume 

in the control group. Similar to the effects of Res in vitro, 
apoptotic cell death in vivo was significantly increased in the 
Res-treated tumors (Fig. 6C). Histological analysis revealed 
that Res inhibited tumor growth. Immunohistochemical 
analysis showed considerable increase in apoptotic cells and 
cleaved caspase-3 positive cells in Res-treated tumor tissue 
(Fig. 6D, lower panel). The expression of Sp1 protein was also 
significantly reduced in the Res-treated tumor tissue samples 
(Fig. 6D, middle panel). In agreement with the in vitro results, 
these data suggest that Res suppresses malignant pleural 
mesothelioma cell growth in vivo.

Discussion

Both malignant pleural mesothelioma and advanced-stage lung 
cancer are associated with a poor prognosis (17,18). Malignant 
pleural mesothelioma continues to be a challenging clinical 
problem and chemotherapy or chemoprevention trials for 
thoracic malignancies are being done.

Numerous studies have reported interesting properties of 
the transcription factor, Sp1, which is overexpressed in various 
human tumors such as lung, prostate, pancreas, breast and colon 
cancer, among others (6). Sp1 has been implicated as a target 
for anti-cancer therapy. Advances in treatment regimens for 
both diseases have had only a modest effect. Gene therapy for 
thoracic malignancies represents a novel therapeutic approach 
and has been evaluated in several clinical trials. Strategies have 
included the induction of apoptosis, tumor suppressor gene 
replacement, suicide gene expression, cytokine-based therapy, 
various vaccination approaches and adaptive transfer of modi-
fied immune cells. Previous reviews summarize the clinical 
results, limitations and future directions of gene therapy trials 
for thoracic malignancies (17,18).

Figure 4. The effect of resveratrol on Sp1 regulatory proteins. MSTO-211H 
cells were treated with Res for 48 h. The protein expression of p27, p21, cyclin 
D1, Mcl-1 and survivin were analyzed by western blotting.

Figure 5. The apoptotic effect of resveratrol in MSTO-211H cells. Forty 
micrograms of cellular extract/lane were separated on an SDS-PAGE gel as 
described in the Materials and methods section. Equal loading of proteins 
was confirmed by incubating the same membrane with an anti-actin antibody.
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Cancer chemoprevention has been seen after consump-
tion of natural plants or fruits. So various investigations have 
sought, for many decades, to identify new phytochemicals in 
plants or fruits (19). Dietary polyphenols from red wine and 
grape-derived products, like Res, have gained popularity as 
weapons in the fight against cancer during the last decade 
(20). The mechanisms of the antitumor activity of Res are 
not yet fully understood. The induction of apoptosis might be 
one of the mechanisms of Res because Res causes apoptosis 
in leukemia, prostate, breast, colon, lung and bladder cancers 

(21-27). But, there is no previous study of the effect of Res on 
human mesothelioma cells.

In this study, we attempted to determine whether Res acts 
as a chemopreventive and/or chemotherapeutic agent for malig-
nant pleural mesothelioma and whether Sp1 is a potential target 
of Res. We demonstrated, for the first time, that Res induces 
apoptotic cell death through inhibition of the Sp1 protein in a 
time- and dose-dependent manner in MSTO-211H cells.

Mithramycin is one of the older chemotherapy drugs and is 
known to suppress the expression of Sp1, inhibit Sp1 binding 

Figure 6. The effect of resveratrol on malignant mesothelioma growth in mouse xenograft models. Athymic nude mice bearing MSTO-211H cell xenografts 
(10 mice/group) were intraperitoneally injected with PBS or Res (20 mg/kg, dissolved in PBS) daily for 4 weeks. (A) Tumor volumes and (B) body weights 
were measured and recorded twice a week as described in the Materials and methods section. Each value indicates a mean ± SE of the tumor volumes and 
body weights from 10 animals/group. (C) Apoptotic cells in tumor tissues from animals treated with vehicle or Res were examined by fluorescence microscopy 
after TUNEL staining. The total number of cells in a given area was determined using DAPI nuclear staining. The apoptotic index was determined as the 
DAPI-stained TUNEL-positive cell numbers was counted. (D) Immunohistochemistry was used to determine expression levels of cleaved caspase-3 and Sp1 
in nude mouse xenograft tissues after vehicle or Res treatments, as described in the Materials and methods section. Quantification of cleaved caspase-3 or Sp1 
reactive cells were calculated as described in the Materials and methods section. Columns, mean of 10 mice tumor sections; bars, SD; *P<0.05, statistically 
significant differences from untreated group; bar, 100 µm.
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and selectively inhibit transcription of genes including c-myc, 
p27, p21, cyclin D1, Mcl-1 and survivin (8,28-30). We expected 
that Res as a chemotherapeutic agent, also inhibits the level of 
Sp1 and regulates Sp1 target proteins such as p27, p21, cyclin 
D1, Mcl-1 and survivin. Notably, our results indicate that Res 
binds to Sp1 and potentially suggest that Res prevents the 
binding of Sp1 by G-C rich promoters. Res decreased Sp1 
expression levels and downregulated Sp1-dependent gene 
expression. Res significantly inhibited the growth of mesothe-
lioma tumors: it decreased tumor volume and increased the 
number of TUNEL positive and activated caspase-3 positive 
cells. This result supports that the apoptotic effect of Res in 
MSTO-211H cells is mediated by inhibition of Sp1 protein 
expression in vivo. These results support our in vitro studies 
and show that Sp1 protein is a major factor in the antitumor 
effect of Res in mesothelioma tumors. Consistent with our 
findings, daily i.p. injections of 25 mg/kg Res for 3 weeks 
reduced tumor growth of MDA-MB-231 tumors without 
weight loss and with no evidence of liver pathology or other 
signs of systemic toxicity compared to controls (26). Bladder 
tumor volume growth in nude mice treated with i.p. injections 
of Res (20 mg/kg per day) for 4 weeks was significantly slower 
than in the vehicle control. This occurred through induction 
of apoptosis and G1 phase cell cycle arrest (27). These data 
suggest that Res may be safe and effective in the clinic.

Our results strongly suggest that therapeutic and chemo-
preventative effects of Res, by targeting Sp1, lead to the 
prevention of malignant pleural mesothelioma.
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