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Abstract. Resveratrol is a natural polyphenolic compound with 
cancer chemopreventive activity. However, our understanding 
of the molecular mechanism responsible for resveratrol-
induced apoptosis is still very limited. Here, we used MCF-7 
and MDA-MB231 breast cancer cells as a model to demon-
strate that resveratrol induced the expression of ASPP1, a 
new member of the ASPP (apoptosis stimulation protein of 
p53) family, which plays an important role in the regulation 
of apoptosis. Moreover, resveratrol enhanced apoptosis of 
MCF-7/ASPP1 cells, accompanied by higher expression of 
bax and p21. In contrast, siRNA-mediated knockdown of 
ASPP1 inhibited apoptosis in MB231 cells. Furthermore, 
we found that higher levels of ASPP1 were associated with 
adenovirus-mediated overexpression of E2F1 while siRNA-
mediated E2F1 knockdown led to down-regulation of ASPP1. 
In conclusion, our results demonstrate that overexpression of 
ASPP1 rendered MCF-7 and MDA-MB231 breast cancer cells 
more sensitive to resveratrol-mediated apoptosis via the E2F 
pathway, thus suggesting that ASPP1 may represent a novel 
therapeutic target for resveratrol in human breast cancer.

Introduction

Resveratrol (3,5,4'-trihydroxystilbene) is a natural poly-
phenolic compound that is commonly found in grape skin, 

red wine, peanuts and some Chinese herbs (1-4). Previous 
studies have demonstrated that resveratrol has a number 
of biological activities that might be beneficial to human 
health, including anti-oxidant (5-7), anti-inflammatory (8,9), 
cardioprotective (10-14) and phytoestrogen properties (15-18). 
Importantly, resveratrol may also act as an anti-cancer agent 
by inhibiting cell proliferation/transformation and inducing 
apoptosis. Although resveratrol mediated growth inhibition 
and apoptosis induction has been associated with a number of 
molecules and pathways, the precise mechanisms of resvera-
trol mediated activities remain unclear. This is exemplified by 
the regulation of p53 pathway by resveratrol.

p53 is a tumor suppressor mutated in about 50% of 
human cancers. Activation of p53 pathway plays a critical 
role in homeostatic maintenance and cellular responses to 
anti-cancer therapeutics. Regulation of the p53 pathway in 
resveratrol induced apoptosis appears to be complicated. It 
was demonstrated that resveratrol induced apoptosis in cells 
expressing wild-type p53 (p53+/+), but not in p53-deficient 
(p53-/-) cells. Several studies, however, indicated that some 
cancer cells with mutant p53 remain sensitive to resveratrol 
(19). Since the p53 pathway can also be regulated by other p53 
family members and p53 interacting proteins, such as p73, 
p63 and the ASPP family members, it is important to under-
stand how these p53 interacting molecules are regulated in 
resveratrol induced apoptosis.

ASPP1 is a member of the ASPP (apoptosis stimulation 
protein of p53) family, which also includes ASPP2 and 
iASPP. This family is characterized by sharing a highly 
conserved carboxyl terminus, which contains a proline-rich 
region, four ankyrin repeats and an SH3 domain, and p53 
binding capacity. Mechanistic study revealed that ASPP1 and 
ASPP2 proteins enhance the apoptotic function of p53 by 
stimulating the selection of proapoptotic promoters, whereas 
iASPP-p53 interaction inactivates p53 mediated apoptosis. As 
putative tumor suppressors, ASPP1 and ASPP2 are frequently 
down-regulated in human breast tumors and leukemia (20), 
which may involve the hypermethylation of its promoter. 
Importantly, ASPP1 and ASPP2 may also interact with p73 or 
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p63 and stimulate p73 or p63 mediated apoptosis in a manner 
similar to p53, which underscores the role of ASPP1 and 
ASPP2 in tumor cells with different p53 status. Nevertheless, 
the role of ASPP proteins in resveratrol induced apoptosis has 
not been documented.

In this study, we addressed the function and regulation of 
ASPP1 in resveratrol treated breast cancer cells. Our results 
indicate that resveratrol up-regulates the expression of ASPP1 
through E2F-1 mediated transcription and resveratrol induced 
ASPP1 expression plays a critical role in resveratrol induced 
apoptosis.

Materials and methods

Cell lines and cell culture. MCF-7 and MDA-MB-231 cell 
lines were from American Type Culture Collection (ATCC). 
MCF-7/C and MCF-7/ASPP1 cells were stable MCF-7 cell 
lines transfected with pCDNA3 vector or ASPP1-V5/pcDNA3 
encoding plasmid after G418 selection. The cells were cultured 
in DMEM/F12 medium containing 10% fetal bovine serum 
(FBS). To prepare for protein lysate, the cells were seeded 
into 60-mm dish at 1x106/dish 24 h before treatment with 
resveratrol or 0.1% DMSO (solvent for resveratrol) as control 
at the indicated time.

MTT assay. The cells were seeded into 24-well-plate at 3x103 
cells/well 24 h before treatment with resveratrol at indicated 
concentrations for 6 days. After removal of the medium, 50 µl 
of MTT solution (500 µg/ml) was added to each well followed 
by 4-h incubation. MTT solution was replaced by DMSO 
to dissolve blue formazan crystals, and absorbance was 
measured at 562 nm using a microplate reader. Each group 
contains 4 parallel samples. Survival fractions were calculated 
as the absorbance in the treated cells over the control (treated 
with 0.1% DMSO). Statistical differences were analyzed with 
student's t-test.

siRNA transfection. Specific or control siRNAs (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA) were transfected into the 
cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 
according to the manufacturer's protocol.

Adenovirus infection. After 18 h of plating, MCF-7 or MB-231 
cells were infected with adenovirus (MOI = 150). The cells 
were treated with 50 µM resveratrol 2 h after infection.

RNA extraction and reverse transcription-PCR (RT-PCR). 
Total RNA was isolated from the cells using Rneasy Mini 
Kit (Qiagen, Carlsbad, CA). First strand cDNA synthesis 
was performed using SuperscriptIII™ First Strand synthesis 
system (Invitrogen) with 3 µg of total RNA, one tenth of the 
RT product was used as template for PCR reaction using 
the following primers: ASPP1 forward, 5'-gca gca cac agc 
gcc tta aat aag-3', reverse, 5'-tcc att gtc cac atc ggc caa ggt-3' 
annealing at 60˚C; bax forward, 5'-tgc ttc agg gtt tca tcc ag-3' 
reverse, 5'-ggc ggc aat cat cct ctg-3' annealing at 60˚C; p21 
forward, 5'-ctg gag act ctc agg gtc gaa-3', reverse, 5'-ggc gtt 
tgg agt ggt aga aat ct-3' annealing at 55˚C. After PCR for 30 
cycles, 20 µl of PCR products were electrophoresed on 2% 
agarose gel and visualized by Ethidium Bromide staining. 

The image was acquired and analyzed using UPVII gel 
documentation system.

Western blot analysis. The cells with different treatments 
were collected and lysed with lysis buffer on ice for 30 min. 
Cell lysate was prepared by centrifugation and the protein 
concentration was determined using BCA assay kit (Pierce 
Biotechnology Inc, IL). protein lysate (50 µg) was separated 
with 10 or 12% SDS-PAGE and transferred to nitrocellu-
lose membrane. The membrane was probed with a specific 
primary antibody, followed by washing and probing with a 
corresponding secondary antibody. The specific protein band 
was visualized by autoradiography using an ECL kit (Pierce 
Biotechnology).

Apoptosis detection by ELISA. Induction of apoptosis was 
assessed with a cell death detection ELISA kit (Roche 
Diagnostics) following the manufacturer's instruction. In 
brief, cells in a 24-well plate were treated with resveratrol 
at indicated concentrations for 30 h. Both f loating and 
adherent cells were collected for lysis preparation and 
detected at the absorbance at 405 nM.

Statistical analysis. The data are expressed as the mean ± 
S.E.M. Student's t-test was used to determine the level of 
significance and a P-value <0.05 was regarded as signifi-
cant.

Results

Resveratrol induces apoptosis of breast cancer cells. As 
the first step to examine the possible anticancer effects of 
resveratrol on human breast cancer cells, we employed MTT 
assay and found that treatment of MCF-7 or MDA-MB-231 
breast cancer cells with resveratrol led to significant decrease 
of cell viability in a dose-dependent manner (Fig. 1A). Next, 
we aimed to address whether decreased cell viability is 
due to increased apoptosis upon resveratrol treatment since 
proapoptotic function of resveratrol has been documented. To 
this end, we performed western blot analysis to examine 
the level of cleaved PARP, a hallmark of apoptosis, in resver-
atrol treated breast cancer cells. The results demonstrate 
that resveratrol incuded the production of cleaved PARP in 
MCF-7 and MB231 cells in a dose dependent manner and 
the effect was more significant in MB231 cells (Fig. 1B). 
Taken together, these results indicate that resveratrol inhibits 
the cell viability of MCF-7 and MDA-MB-231 breast cancer 
cells by inducing apoptosis.

Resveratrol induces the expression of ASPP1 in breast cancer 
cells. To gain more insights into the molecular mechnisms 
by which resveratrol induces apoptosis in breast cancer 
cells, we examined the expression of ASPP1 since ASPP1 
enhances the apoptotic function of p53. Western blot analysis 
demonstrated that resveratrol treatment led to significantly 
increased protein level of ASPP1 in MCF-7 cells in a dose-
dependent manner, and to a lesser extent in MB231 cells 
as well (Fig. 2A). To confirm the up-regulation of ASPP1 
by resveratrol, we employed RT-PCR and luciferase assay 
to dertermine the expression of ASPP1 at mRNA level and 
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found that resveratrol induced increased mRNA level of 
ASPP1 in MCF-7 cells in a dose-dependent manner, and to 
a lesser extent in MB231 cells as well (Fig. 2B). Collectively, 
these data demonstrate that resveratrol induces the expression 
of ASPP1 in breast cancer cells.

ASPP1 sensitizes breast cancer cells to resveratrol-induced 
apoptosis. Having established that resveratrol induces apop-
tosis in breast cancer cells on one hand and induces the 
expression of ASPP1 in breast cancer cells on the other hand, 
we further addressed the functional role of up-regulation of 
ASPP1 in resveratrol-induced apoptosis. We employed MCF-7 
cells as the model system since the up-regulation of ASPP1 
is significantly higher in MCF-7 cells than in MB231 cells 
(Fig. 2). First we established a stable MCF-7 cell line that 
overexpresses ASPP1 and named it MCF-7/ASPP1. We also 
made stable MCF-7 cell line transfected with pCDNA3 vector 
and named it MCF-7/C to serve as control (Fig. 3A). Next, we 
treated MCF-7/ASPP1 or MCF-7/C cells with resveratrol and 
examined the cell survival and apoptosis rate in these cells 
by MTT assay and apoptosis ELISA assay, respectively. The 
results showed that upon treatment with increasing concentra-
tions of resveratrol MCF-7/ASPP1 cells exhibited much lower 
survival rate and much higher apoptosis rate than MCF-7/C 
cells (Fig. 3B and C). Next, we performed RT-PCR asalysis 
to address whether increased level of ASPP1 could modulate 
p53 target genes such as bax and p21 to promote resveratrol-
induced apoptosis, and indeed found higher mRNA levels of 
bax and p21 in MCF-7/ASPP1 cells than in MCF-7/C cells 
upon resveratrol treatment (Fig. 3D). Taken together, these 
results indicate that ASPP1 sensitizes breast cancer cells to 

resveratrol-induced apoptosis, at least in part by up-regulating 
p53 target genes bax and p21.

ASPP1 synergizes with caspase-3 in resveratrol-induced 
apoptosis in breast cancer cells. As the next step to confirm 
the function of ASPP1 in resveratrol-induced apoptosis, 
we employed a stable MCF-7 cell line that overexpresses 
caspase-3, i.e. MCF-7/caspase-3 that we made previously (21) 
and assessed the effect of ASPP1 expression on resveratrol-
induced apoptosis of MCF-7/caspase-3 cells. As shown in 
Fig.  4A and B, compared with MCF-7 cells, resveratrol 
induced significantly higher apoptosis rate and lower survival 
rate of MCF-7/caspase-3 cells, and this was dose-dependent. 
These results suggest that resveratrol induces apoptosis of 
breast cancer cells via classic apoptotic pathway. Furthermore, 
when ASPP1 was overexpressed in MCF-7/caspase-3 cells, 
ASPP1 synergized with caspase-3 to induce apoptosis, leading 
to significantly reduced cell survival compared with untrans-
fected MCF-7/caspase-3 cells. The synergism between ASPP1 
and caspase-3 to induce apoptosis and inhibit cell survival was 
more evident when MCF-7/caspase-3 cells were treated with 
resveratrol (Fig. 4C). Collectively, these findings demonstrate 
that ASPP1 synergizes with caspase-3 in resveratrol-induced 
apoptosis in breast cancer cells.

Resveratrol induces the expression of ASPP1 via E2F-1 
pathways. As the final step to characterize the molecular 
mechnisms by which resveratrol induces the expression 
ASPP1, we focused on E2F1 since previous studies indicate 
ASPP1 as a target of E2F1 (22,23). First, we inspected the 
expression of E2F1 at both mRNA and protein levels in 
breast cancer cells upon resveratrol treatment. The results 
showed that resveratrol induced the expression of E2F1 in 

Figure 1. Resveratrol inhibits cell viability of breast cancer cells by inducing 
apoptosis. (A) Resveratrol decreases cell viability in MCF-7 and MDA-MB-
231 human breast cancer cells as determined by MTT assay. (B) Resveratrol 
promotes apoptosis in MCF-7 and MDA-MB-231 human breast cancer cells 
as determined by western blot analysis of cleaved PARP.

Figure 2. Resveratrol induces the expression of ASPP1 in breast cancer cells. 
MCF-7 and MB231 were treated with resveratrol at the indicated doses for 
48 h. The treated cells were then analyzed for protein level of ASPP1 by 
Western blot analysis (A) or mRNA level of ASPP1 by RT-PCR assay (B). 
Actin served as internal control.
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both MCF-7 and MB231 cells in a dose-dependent manner 
(Fig. 5A and B). Next we aimed to explore the functional 
role of E2F1 in the induction of ASPP1 in resveratrol-treated 

breast cancer cells. For this purpose, we employed both gain 
and loss of approaches to overexpress or knock down E2F1 
in the cells and examine the effect on the expression level 
of ASPP1. Our resutls demonstrate that siRNA-mediated 

Figure 3. ASPP1 sensitizes MCF-7 cells to resveratrol-induced apoptosis. 
(A) Western blot analysis of ASPP1 level in MCF-7/ASPP1 cells and control 
MCF-7/C cells. Actin served as internal control. (B) MCF-7/C and MCF-7/
ASPP1 cells were treated with resveratrol at the indicated concentrations for 
5 days and then subjected to MTT assay. Survival fractions of the treated 
cells, based on 6 parallel samples, were analyzed. (C) MCF-7/C and MCF-7/
ASPP1 cells were treated with resveratrol at the indicated concentrations 
for 5 days and then subjected to Apoptosis Elisa assay. The percentage of 
apoptosis is shown as the mean ± SD of quadruplicate samples. (D) MCF-7/C 
and MCF-7/ASPP1 cells were treated with resveratrol at the indicated doses 
for 48 h. The treated cells were then analyzed for mRNA levels of Bax and 
p21 by RT-PCR assay. Actin served as internal control.

Figure 4. ASPP1 synergizes with caspase-3 in resveratrol-induced apoptosis 
in breast cancer cells. (A) MCF-7/C and MCF-7/caspase-3 cells were treated 
with resveratrol at the indicated concentrations for 5 days and then subjected 
to Apoptosis Elisa assay. The percentage of apoptosis is shown as the mean 
± SD of quadruplicate samples. (B) MCF-7/C and MCF-7/caspase-3 cells 
were treated with resveratrol at the indicated concentrations for 5 days and 
then subjected to MTT assay. Survival fractions of the treated cells, based 
on 6 parallel samples, were statistically analyzed. *P<0.01. (C) MCF-7/C and 
MCF-7/caspase-3 cells were transiently transfected with ASPP1 expression 
plasmid and then either left untreated or treated with resveratrol for 5 days 
and subjected to MTT assay. Survival fractions of the treated cells, based on 
6 parallel samples, were statistically analyzed. *P<0.01.
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knockdown of E2F1 led to reduced mRNA level of ASPP1 in 
both MCF-7 and MB231 cells in the presence of resveratrol 
(Fig. 5C). In contrast, adenovirus-mediated overexpression 

of E2F-1 led to increased protein level of ASPP1 in these 
two cell lines (Fig. 5D). Thus, these data suggest that 
resveratrol induces the expression of ASPP1 in breast cancer 
cells via E2F-1.

Discussion

Resveratrol has been shown to be an efficient anticancer 
nutrient that inhibits cancer initiation and promotion (2). 
Overwhelming evidence has demonstrated that resveratrol 
modulates multiple signaling pathways regulating the cell 
cycle and inducing apoptosis (24). Several studies using 
different cancer cell models suggest that resveratrol induces 
apoptosis of cancer cells in a p53 dependent manner (25-28). 
Nevertherless, it is well known that more than 50% of human 
tumors contain a mutation or deletion of p53 gene (29). This 
raises an important question whether resveratrol induces 
apoptosis of cancer cells in a p53-independent manner and 
bear significance on the clinical application of resveratrol 
for the treatment of cancers with p53 mutations.

Therefore, in this study we employed two different breast 
cancer cell lines, MCF-7 that harbors wild-type p53 and 
MDA-MB-231 that harbors mutant p53 to address whether 
resveratrol affects the survival and apoptosis of cancer 
cells regardless of their p53 status. MTT assay showed 
that reveratrol had inhibitory effect on the growth of both 
MCF-7 and MB231 cells, leading to reduction in the cell 
survival rate in these two cell lines in a dose-dependent 
manner. Furthermore, western blot analysis of cleaved 
PARP demonstrated that resveratrol induced the cleavage of 
PARP in both MCF-7 and MB231 cells in a dose-dependent 
manner. These results suggest that resveratrol promotes the 
apoptosis of both MCF-7 and MB231 cells, thus contributing 
to the decreased cell survival rate as revealed by MTT 
assay. Taken together, these results suggest that resveratrol 
induced apoptosis of breast cancer cells independent of their 
p53 status. Even when p53 is mutated as it occurs in MB231 
cells, resveratrol still exhibits anti-tumor effect by inducing 
apoptosis.

Increasing evidence suggests that ASPP family member 
ASPP1 and ASPP2 not only play an important role in 
p53-mediated apoptosis (30), but also induce apoptosis via 
p53 homologues p63 and p73 (31,32). Interestingly, the expres-
sion of ASPP1 and ASPP2 is frequently down-regulated in 
human breast tumors. By semi-quantitative RT-PCR analysis 
of the mRNA levels of ASPP1 and ASPP2 in a panel of paired 
normal and tumor samples derived from 58 breast cancer 
patients among which 40 breast carcinomas express wild-type 
p53 while the other 18 express mutant p53, it was found that 
among the 40 carcinoma samples with wild-type p53, reduced 
expression of ASPP1 and ASPP2 were detected in 24 and 9 
samples, respectively, and 8 of 9 tumors with reduced expres-
sion of ASPP2 also showed reduced expression of ASPP1. 
On the other hand, among the 18 tumor samples with mutant 
p53, 3 and 2 tumors showed reduced expression of ASPP1 
and ASPP2, respectively. These data indicate that there is 
a selective advantage for tumor cells to lose the expression 
of ASPP1 and ASPP2 and support the notion that the ASPP 
family functions as an important tumor suppressor in breast 
cancer development (33).

Figure 5. Resveratrol induces the expression of ASPP1 via E2F-1. (A and B) 
MCF-7 and MB231 were treated with resveratrol at the indicated doses for 
48 h. The treated cells were then analyzed for mRNA level of E2F-1 by 
RT-PCR assay (A) or protein level of E2F-1 by Western blot analysis (B). 
Actin served as internal control. (C) MCF-7 and MB231 were transfected 
with E2F-1 siRNA or control siRNA for 24 h and then either untreated 
or treated with 50 µM resveratrol for 24 h. The cells were then analyzed 
for mRNA levels of E2F-1 and ASPP1 by RT-PCR assay. Actin served 
as internal control. (D) MCF-7 and MB231 were transduced with E2F-1 
adenovirus or control adenovirus (2 h) and then either left untreated or 
treated with 50 µM resveratrol for 24 h. The cells were analyzed for protein 
levels of E2F-1 and ASPP1 by Western blot analysis. Actin served as internal 
control. 
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Consistent with previous studies, in this study we found 
that the expression of ASPP1 at the mRNA and protein levels 
was low in MCF-7 and MB231 breast cancer cells. Most 
notably, we observed for the first time that resveratrol induced 
the up-regulation of ASPP1 at the mRNA and protein levels 
in a dose-dependent manner and this was positively correlated 
with resveratrol-induced apoptosis in both MCF-7 and MB231 
cells. To investigate the functional role of up-regulation of 
ASPP1 in resveratrol-induced apoptosis, we employed both 
gain of function and loss of function approaches to demon-
strate that overexpression of ASPP1 in MCF-7 cells promoted 
resveratrol-induced apoptosis while knockdown of ASPP1 in 
MB231 cells inhibited resveratrol-induced apoptosis. Further-
more, we employed a stable MCF-7 cell line that overexpress 
caspase-3, a crucial mediator of classic apoptosis pathway, 
to demonstrate that ASPP1 synergizes with caspase-3 in 
resveratrol-induced apoptosis. Taken together, our results 
provide strong support for the essential role of ASPP1 in 
resveratrol-induced apoptosis of breast cancer cells.

To provide insight into the molecular mechanims by which 
resveratrol-induced ASPP1 up-regulation modulates apop-
tosis, we examined the expression of p53 target genes such 
as bax and p21 that are involved in apoptosis and observed 
higher mRNA levels of bax and p21 in ASPP1 overexpressing 
MCF-7 cells compared with normal MCF-7 cells. These 
results suggest that ASPP1 might contribute to the up-regu-
lation of p53 target genes bax and p21, thereby sensitizing 
breast cancer cells to resveratrol-induced apoptosis.

Finally, to elucidate the molecular mechnisms whereby 
resveratrol induces the up-regulation of ASPP1, we first 
established that resveratrol induced the expression of E2F-1 
in both MCF-7 and MB231 cells in a dose-dependent manner 
given that ASPP1 is a target gene of E2F-1. Next via both 
gain and loss approaches we found that adenovirus-mediated 
overexpression of E2F-1 led to increased protein level of 
ASPP1 while siRNA-mediated knockdown of E2F-1 led to 
reduced mRNA level of ASPP1 in both MCF-7 and MB231 
cells in the presence of resveratrol. These results reveal that 
E2F-1 pathway downstream of resveratrol treatment contri-
butes to the up-regulation of ASPP1 in breast cancer cells.

In conclusion, in this study we present a novel scenario 
how resveratrol sensitizes breast cancer cells to apoptosis, 
i.e. resveratrol induces the expression of transcription factor 
E2F-1, E2F-1 then drives the expression of ASPP1, and ASPP1 
promotes apoptosis of breast cancer cells via two independent 
pathways. In cells with wild-type p53 such as MCF-7 cells, 
ASPP1 enhances the expression of p53 target genes bax and 
p21 to induce apoptosis. In cells with mutant p53 such as 
MB231 cells, ASPP1 may cooperate with p53 homologues 
p63 or p73 to activate downstream target genes to induce 
apoptosis. Whatever the machanims, our new findings that 
resveratrol induces the up-regulation of ASPP1 in breast 
cancer cells suggest that ASPP1 may represent a novel 
therapeutic target for resveratrol in breast cancer.
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