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Abstract. Celastrol, a natural compound extracted from 
Tripterygium wilfordii, is known to exhibit potential anticancer 
activities in various types of tumor cells. E2F1 is reported to be 
overexpressed in several types of human tumors and its inacti-
vation may be a valuable novel potential therapeutic strategy for 
cancer treatment. However, the molecular mechanism under-
lying the pro-apoptotic effects of celastrol on hepatocellular 
carcinoma (HCC) cells remains unclear, and E2F1-targeted 
compounds have been rarely identified. In the present study, 
we demonstrated that celastrol inhibited the proliferation of 
human HCC cells and triggered apoptosis of HepG2 cells in a 
caspase-dependent manner. E2F1 was potently downregulated 
by celastrol in a dose- and time-dependent manner at both the 
mRNA and protein levels. Moreover, siRNA-mediated E2F1 
silencing enhanced celastrol-induced apoptosis and inhibition 
of proliferation. Our data imply that downregulation of E2F1 
may be a key factor in the celastrol-mediated inhibitory effects 
in HepG2 cells, and celastrol can serve as a leading compound 
for the development of compounds designed to inactivate 
E2F1 for HCC therapy.

Introduction

Hepatocellular carcinoma (HCC) is ranked as the fifth most 
common type of cancer worldwide and is considered as the third 
most common cause of cancer-related deaths (1). The first-line 
therapeutic protocol for HCC patients includes surgical treat-
ment, such as liver resection and liver transplantation, but only 
for early-stage patients. Unfortunately, most HCC patients are 
often diagnosed at a late stage at which chemotherapy presents 
a unique advantage in the treatment for these patients (2). Due 

to the development of drug resistance in the treatment of HCC, 
it is necessary to develop novel chemotherapy drugs for the 
treatment of HCC.

The molecular mechanism underlying the development of 
HCC may be the disruption of a number of genes that function 
in different regulatory pathways, producing several molecular 
variants of HCC (3). Deregulation of E2F1 transcriptional 
activity is observed in a variety of cancers, including HCC, 
suggestive of the vital role of E2F1 in HCC pathogenesis (4). 
E2F1 is a transcription factor that controls cell fate including 
apoptosis. A recent study (5) reported that the downregulation 
of the transcription factor E2F1 was a key event contributing 
to the efficient induction and execution of ER stress-mediated 
cell apoptosis, and indicated that disruption of endoplasmic 
reticulum (ER) stress homeostasis, coupled with E2F1 gene 
expression modulation, may represent a new valuable target 
for the development of novel therapeutic strategies against 
chemoresistant tumor malignancies. Therefore, compounds 
that both negatively regulate the expression of E2F1 and 
trigger an ER stress-mediated apoptotic process may exhibit 
potential antitumor activity on chemoresistant cancers, such 
as HCC.

Celastrol, a natural compound extracted from Tripterygium 
wilfordii, has demonstrated promising antitumor activities 
in various cancer including HCC (6). Nonetheless, the exact 
mechanisms of action of celastrol in HCC have not been fully 
elucidated. It was reported that celastrol induces apoptosis 
evoked by ER stress (7,8). However, the effect of celastrol on 
E2F1 expression has never been reported. In the present study, 
we aimed to investigate the action of celastrol in HCC, with an 
emphasis on E2F1 modulation.

Materials and methods

Chemicals and reagents. Celastrol was purchased from Pie 
& Pie Technologies (Shenzhen, China). Proteasome inhibitor 
MG132 was obtained from Calbiochem (San Diego, CA, USA), 
PS-341 was obtained from Millennium Pharmaceuticals 
(Cambridge, MA, USA) and epoxomycin was purchased 
from the Peptide Institute (Osaka, Japan). Z-VAD-FMK was 
obtained from Beyotime Institute of Biotechnology (Shanghai, 
China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) was purchased from Amresco (Solon, OH, 
USA). A stock solution of celastrol was prepared at 50 mM in 
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dimethyl sulfoxide (DMSO) and stored at -20˚C. The following 
antibodies were used: PARP, caspase-9 and cleaved caspase-3 
(Cell Signaling Technology, Beverly, MA, USA), E2F1 (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) and actin (Sigma, 
St. Louis, MO, USA).

Cell culture. The HCC cell lines HepG2 and BEL-7402 
were obtained from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). The lung adenocarcinoma 
cell line A549, large cell lung cancer line NCI-H460 and the 
breast cancer cell line MDA-MB231 were obtained from the 
American Tissue Culture Collection (ATCC; Manassas, VA, 
USA). Cells were maintained in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS) in a humidified incubator under 5% CO2 at 37˚C as 
previously described (9).

Cell morphology. HepG2 cells were grown in culture flasks 
to 80-90% confluency. Then, the cells were treated with the 
indicated concentrations of celastrol for 18 h. Morphological 
changes in the cells were observed using an inverted micro-
scope and photographed.

Cell viability. Cells were treated with celastrol at the indicated 
concentrations and time points. Cell viability was estimated by 
MTT assay, as previously described (10). Cells were cultured 
into a 96-well plate (1x104/well), and incubated with the 
indicated concentrations of celastrol (solvent of DMSO as the 
control group) when the cells were 80-90% confluent. After 
44 h of treatment with celastol, 10 µl stock MTT solution was 
added to the culture medium (0.5 mg/ml final concentration) 
for incubation for an additional 4 h. Then, the medium was 
removed, and 150 µl DMSO was added to dissolve the solid 
formazan. The absorbance of each well was read at 490 nm 
using a microplate reader (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). The cell viability was calculated as 
a percent ratio of the absorbance of the sample cells to the 
absorbance of the control cells. Log (inhibitor) vs. response 
non-linear fit was used to estimate the IC50 value (GraphPad 
Prism 6.0; GraphPad Software, Inc., La Jolla, CA, USA).

Apoptosis assay. Cell apoptosis was detected using the 
Annexin V apoptosis detection kit (BD Biosciences, San Jose, 
CA, USA) according to the manufacturer's instructions. Briefly, 
cells were treated with celastrol at the indicated concentrations 
for 18 h, trypsinized and washed twice with cold phosphate-
buffered saline (PBS). Then, the washed cell pellet was 
resuspended in 1.0 ml binding buffer at a concentration of 
106 cells/ml and stained with 10 µl of Annexin V along with 
20 µl 7-AAD for 15 min on ice in the dark. The samples were 
analyzed by flow cytometry (BD FACSCallbur) within 1 h.

RNA preparation and RT-PCR. Total RNA was extracted 
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and 
the phenol-chloroform extraction method according to the 
manufacturer's protocol. Total RNA (2 µg) was annealed with 
Oligo(dT) primers at 65̊C for 5 min. The cDNA was synthe-
sized using a First Strand cDNA Synthesis kit (Fermentas, 
Hanover, MD, USA). Primers for E2F1 detection were as 
follows: sense primer, 5'-ACCAGGGTTTCCAGAGATGC-3' 

and antisense primer: 5'-CACCACACAGACTCCTTCCC-3' 
(11). The reaction mix contained: 2.5 µl 10X Ex Taq buffer, 
2 µl dNTP mixture, 200 nM forward and reverse primers, 
100 ng cDNA template, 0.25 µl Takara Ex Taq and ddH2O up 
to 25 µl volume. The PCR cycling conditions consisted of the 
following: 98˚C for 10 sec for denaturation, 57˚C for 30 sec for 
annealing and 72˚C for 30 sec for extension, for a total of 
30  cycles. Products of RT-PCR were separated by 1.5% 
agarose gel electrophoresis and detected using a gel imaging 
system.

siRNA assays and cell transfection. E2F1-specific RNA was 
designed and synthesized by Shanghai GenePharma Co. 
(Shanghai, China). Using Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol, HepG2 cells were transfected with 100 nM 
double-stranded siRNA oligonucleotides. After 48 h trans-
fection, cells were treated with celastrol for additional 18 h, 
followed by western blotting and MTT assay, as previously 
decribed (12). The siRNA sequences of E2F1 were as follows: 
5'-GAGGAGUUCAUCAGCCUUU-3'.

Western blot analysis. Cells were lysed in radioimmuno-
precipitation assay lysis buffer [50  mM Tris-HCl pH  7.4, 
150  mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% 
Triton X-100, 1% deoxycholate, 1 mM ethylenediaminetet-
raacetic acid, 1 mM phenylmethanesulfonyl fluoride, 1 mM 
NaF, 1 mM sodium vanadate and protease inhibitors cocktail 
(Sigma)] and cleared by centrifugation to obtain whole-cell 
lysates. Then, equal amounts of proteins were subjected to 
SDS-polyacrylamide gel electrophoresis, and transferred to 
nitrocellulose membranes (Pall Corporation, Ann Arbor, MI, 
USA). After blocking with 5% skim milk, the membranes 
were incubated with primary antibodies at 4˚C overnight, and 
the membrane-bound antibodies were visualized using goat 
anti-rabbit or anti-mouse horseradish peroxidase-conjugated 
secondary antibodies (1:5,000 dilution; 1-2 h) and a chemilu-
minescent substrate (Thermo Fisher Scientific, Rockford, IL, 
USA). Equal loading of protein was confirmed by measuring 
total actin. The quantification of protein was analyzed using 
ImageJ software (National Institutes of Health, Bethesda, 
MD, USA). The dilution rates of primary antibodies used 
were: PARP, caspase-9 and cleaved caspase-3 (1:1,000); E2F1 
(1:500); actin (1:100,00).

Statistical analysis. All experiments were repeated at least 
three times and the data are presented as the mean ± standard 
deviation unless noted otherwise. Differences between data 
groups were evaluated for significance using the Student's t-test 
of unpaired data by SPSS version 17.0 for Windows (SPSS, 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Celastrol inhibits the growth of HCC cells. To evaluate the 
effect of celastrol on the growth of HCC cells, the MTT 
assay was used. HepG2 and Bel-7402 cells were treated with 
the indicated concentrations (0.5, 1, 2.5 and 5 µM) of celas-
trol (Fig. 1A) for 24 and 48 h. The assay results showed that 



ONCOLOGY REPORTS  38:  2951-2958,  2017 2953

Figure 2. Celastrol induces apoptosis in HepG2 cells. (A) HepG2 cells were treated with the indicated doses of celastrol for 24 h. The cells were analyzed 
via flow cytometry after staining with Annexin V/7-AAD. HepG2 cells were incubated with 5 µM celastrol for the indicated time points (B) or treated with 
different concentrations of celastrol for 18 h (C). PARP, caspase-9 and cleaved caspase-3 were detected by western blotting. Cel, celastrol; CL, cleaved; PARP, 
poly(ADP ribose) polymerase.

Figure 1. Celastrol inhibits the viability of HCC cells in a dose‑ and time‑dependent manner. (A) Chemical structure of celastrol. (B) HepG2 cells were cultured 
in the presence of the indicated concentrations of celastrol for 24 and 48 h. The MTT assay was used to determine cell viability. The data are presented as the 
mean ± SD of three independent experiments, *P<0.05 and **P<0.01, compared with the control group. (C) Viability analysis of BEL-7402 cells incubated with 
the indicated concentrations of celastrol for 24 and 48 h, as evaluated by MTT assay. Data are expressed as mean ± SD, n=3, *P<0.05 and **P<0.01, compared 
with the control group. (D) The morphological changes in the HepG2 cells treated with the indicated concentrations of celastrol were observed via microscopy 
(magnification, x40). Representative images from three independent experiments are shown.
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compared to the control cells, HepG2 cells incubated for 24 h 
exhibited viabilities of 98.5, 92.5, 82.0 and 33.2%, respectively, 
and the HepG2 cells treated for 48 h presented viabilities of 
95.6, 87.0, 59.4 and 17.4%, respectively (Fig. 1B). The IC50 
values of HepG2 cells for 24 and 48 h of celastrol treatment 
were 4.016 and 2.766 µM, respectively. In addition, the similar 
inhibitory effect also occurred in the BEL-7402 cells. As 
shown in Fig. 1C, relative to the control cells, BEL-7402 cells 
treated for 24 h exhibited viabilities of 97.9, 89.7, 69.6 and 
58.6%, respectively, and the BEL-7402 cells treated for 48 h 
presented viabilities of 92.9, 78.0, 32.4 and 18.1%, respectively. 
The IC50 values of BEL-7402 cells for 24 and 48 h treatment 
of celastrol were 6.079 and 1.856 µM, respectively. In addi-
tion, obvious morphological changes were observed following 
treatment of celastrol in the HepG2 cells (Fig. 1D). Our results 
indicated that celastrol inhibited the viability of the HCC cells 
in a dose- and time-dependent manner.

Celastrol induces apoptosis in HepG2 cells. We investigated 
whether the cytotoxic effect of celastrol was associated with 
apoptosis in the HepG2 cells. Annexin V/7-AAD-staining and 
flow cytometric assay showed that treatment of the HepG2 
cells with celastrol for 24 h caused apoptosis in a proportion 
of the cells (Fig. 2A). To further dissect the molecular mecha-
nism underlying celastrol-induced apoptosis, the effects of 
celastrol on caspase activation which is a pivotal step in apop-
tosis were examined. Western blotting revealed that incubation 
with increasing concentrations of celastrol led to a significant 
cleavage of caspase-9 and -3 in a dose- and time-dependent 
manner (Fig. 2B and C). We then followed the status of nuclear 
enzyme poly(ADP-ribose) polymerase (PARP) that is one of 
the main cleavage targets of caspase-3. PARP cleavage was 
enhanced in the celastrol-treated HepG2 cells in a dose- and 
time-dependent manner (Fig. 2B and C), which is commonly 
regarded as an apoptotic marker (13). Collectively, these results 

showed that celastrol caused apoptosis and the activation of 
the caspase cascade in HepG2 cells.

Celastrol-induced apoptosis in HepG2 cells is caspase‑depen-
dent. To further confirm the activation of caspases as an 
essential step in the apoptotic pathway induced by celastrol, 
a caspase inhibitor benzyloxycarbony (Cbz)-l-Val-Ala-Asp 
(OMe)-fluoromethylketone (Z-VAD-FMK) was administered. 
HepG2 cells were pretreated with 20 µM Z-VAD-FMK for 1 h, 
and then incubated with 5 µM celastrol for an additional 18 h. 
Morphological results showed that Z-VAD-FMK partially 
rescued celastrol-induced cell death (Fig. 3A). Western blot-
ting further revealed that celastrol-triggered PARP cleavage 
was suppressed by Z-VAD-FMK  (Fig.  3B). Z-VAD-FMK 
also partly inhibited celastrol-induced cell cytotoxicity in the 
HepG2 cells (Fig. 3C). These data suggested that celastrol 
induced apoptosis of the HepG2 cells in a caspase-dependent 
fashion.

Celastrol downregulates E2F1 expression. E2F1 is reported 
to be overexpressed in several types of human tumors (14) and 
its inactivation may be a valuable novel potential therapeutic 
strategy for cancer treatment (5). This concept prompted us 
to detect the effect of celastrol on E2F1 expression. Western 
blot analysis was performed after the cells were exposed to 
different concentrations of celastrol for 18 h. As shown in 
Fig. 4A, the expression of E2F1 protein was reduced in the 
HepG2 cells exposed to celastrol at 1 µM and was apparently 
decreased in the cells treated with celastrol at 2.5 and 5 µM 
for 18 h. We further showed that celastrol caused E2F1 down-
regulation in a time‑dependent manner (Fig. 4B). Apart from 
HCC cells, celastrol triggered a decrease in E2F1 in A549 and 
NCI-H460 lung cancer cells (Fig. 4C and D) and MDA-MB231 
breast cancer cells (Fig. 4E and F). It has been reported that the 
proliferation factor c-Myc, as an important downstream target 

Figure 3. Caspase activation is involved in celastrol-induced apoptosis. (A) Representative images of HepG2 cells pretreated with Z-VAD-FMK (20 µM) for 
1 h, followed by treatment with celastrol at 5 µM for 18 h; original magnification, x40. (B) HepG2 cells were pretreated with Z-VAD-FMK (20 µM) for 1 h, 
followed by treatment with celastrol at 5 µM for 18 h and lysed, and the lysates were subjected to western blotting using the indicated antibodies. (C) HepG2 
cells were pretreated with Z-VAD-FMK (20 µM) for 1 h, followed by treatment with celastrol at 5 µM for 18 h, and cell viability was analyzed by MTT assay, 
**P<0.01, celastrol-treated group vs. celastrol and Z-VAD combination group. Cel, celastrol; Z-VAD, N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone; 
PARP, poly(ADP ribose) polymerase.
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of E2F1 (15,16), is amplified and an indicator of malignant 
potential and poor prognosis in HCC, suggestive of a vital role 
of c-Myc in HCC pathogenesis (17). Thus, we further detected 
the alteration of c-Myc. As shown in Fig. 4G and H, celastrol 

decreased c-Myc expression in a time-dependent manner. 
These results showed that celastrol induced time-dependent 
and dose-dependent downregulation of E2F1 protein, and the 
decrease was not cell type-specific.

Figure 4. Downregualtion of E2F1 by celastrol. (A) HepG2 cells were incubated with the indicated concentrations of celastrol for 18 h, and cells were harvested 
for western blotting. (B) HepG2 cells were treated with celastrol (5 µM) for the indicated time points, and protein samples were obtained for western blot 
assay. A decrease in E2F1 protein was observed in lung cancer A549 (C), NCI-H460 (D) and breast cancer MDA-MB231 cells (E and F) via western blotting. 
(G) HepG2 cells were treated with celastrol (5 µM) for the indicated time points, and protein samples were subjected to western blot assay using c-Myc and 
actin antibodies. (H) Quantitative analysis of c-Myc protein expression from three independent experiments; **P<0.01 compared with the control group. Cel, 
celastrol.

Figure 5. Celastrol triggers a decrease in E2F1 both at the transcription and protein levels. (A) Reverse transcription-polymerase chain reaction assays of 
HepG2 cells upon treatment with celastrol at the indicated concentrations for 18 h. GAPDH was used as an internal reference. Western blot analysis of E2F1 
expression in HepG2 cells pre-incubated with (B) 10 µM MG132, (C) 100 nM EPO and (D) 100 nM PS-341 for 2 h followed by treatment with celastrol (5 µM) 
for an additional 18 h. Cel, celastrol; EPO, epoxomycin.
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Celastrol decreases E2F1 at both the mRNA and protein 
levels. In order to investigate the mechanism underlying 
the downregulation of E2F1 protein, we firstly analyzed the 
expression of E2F1 at the mRNA level by RT-PCR assay. We 
found that E2F1 was reduced apparently in response to celas-
trol treatment at 5 µM for 18 h (Fig. 5A). Celastrol at 2.5 µM 
significantly suppressed E2F1 expression as detected by 
western blot assay (Fig. 4A), indicating that celastrol may also 
reduce E2F1 at the protein level. The ubiquitin-proteasome 
pathway is responsible for the degradation of most intracellular 
proteins in eukaryotic cells (18). We then tried to use classic 
proteasome inhibitors in vitro to examine the effect of these 
inhibitors on the degradation of E2F1 induced by celastrol. 
As shown in Fig. 5B-D, while proteasome inhibitor MG132, 
epoxomycin and PS-341 (19) did not influence E2F1 stability, 
pretreatment of HepG2 cells with these compounds markedly 
inhibited celastrol-triggered E2F1 degradation. These data 
indicated that celastrol downregulated E2F1 at both the mRNA 
and protein levels, and the decrease in E2F1 protein through a 
ubiquitin-proteasome pathway played a more important role in 
celastrol-induced E2F1 downregulation.

E2F1 downregulation is involved in the celastrol-induced 
inhibitory effect on HCC cells. E2F1-specific siRNA (Fig. 6A) 
was employed to evaluate its role in the celastrol-mediated 
inhibitory effects on HepG2 cells. Cells were transfected with 
siRNA targeting E2F1 for 48 h, followed by celastrol treatment 

for an additional 18 h, and apoptotic proteins were measured 
using western blot analysis. As presented in Fig.  6B-D, 
compared with the NC siRNA-treated cells, depletion of E2F1 
resulted in potentiated cleavage of PARP and caspase-3 in 
the HepG2 cells upon celastrol treatment, suggestive of the 
enhancement of the apoptotic effect. In addition, cell prolif-
eration was assessed by MTT assay. The result showed that 
knockdown of E2F1 alone partially inhibited the cell viability 
of HepG2 cells. Moreover, in responding to celastrol treat-
ment, E2F1 depletion significantly enhanced celastrol-induced 
suppression of cell viability  (Fig. 6E; n=3, P<0.01). These 
results indicated that E2F1 played an important role in the 
celastrol-induced antiproliferative and pro-apoptotic effects 
on HCC cells.

Discussion

Hepatocellular carcinoma (HCC) is the most common primary 
liver malignancy ranking fifth in incidence and third in 
mortality worldwide (1,20). Current therapies result in minimal 
survival advantage and are linked with drug resistance. Thus, 
a great challenge lies in identifying novel agents for HCC 
treatment. Natural compounds have been important sources of 
new drugs. Numerous successful anticancer drugs currently in 
use are derived from nature, and some of their analogues are 
under clinical trials (21). Celastrol, the main active ingredient 
of Tripterygium wilfordii, reveals a wide array of antitumor 

Figure 6. Celastrol-induced inhibitory effect is associated with downregulation of E2F1. (A) Reduced E2F1 expression by siRNA knockdown in HepG2 cells 
was detected by western blot analysis. (B) HepG2 cells were transfected with NC or E2F1-specific siRNA (100 nM) for 48 h, and then cultured for 18 h in the 
presence (2.5 µM) or absence of celastrol. Cell lysates were subjected to immunoblotting using the indicated antibodies. Quantitative analysis of (C) cleaved 
PARP and (D) cleaved caspase-3 protein levels from three independent experiments, which were adjusted to the actin protein level; **P<0.01. (E) HepG2 cells 
were transfected with NC or E2F1-specific siRNA (100 nM) for 48 h, followed by celastrol (2.5 µM) treatment for 18 h, and cell proliferation was assessed 
by MTT analysis. Cell viability of each group was normalized to the NC control group without treatment of celastrol. The mean ± SD of three independent 
experiments is shown; **P<0.01. NC, negative control; Cel, celastrol; PARP, poly(ADP ribose) polymerase; CL, cleaved; RNAi, RNA interference. 
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activity against various types of cancers, containing HCC (22). 
In HCC C3A cells, celastrol was found to suppress growth 
and induce apoptosis through the modulation of STAT3/
JAK2 signaling cascade in  vitro and in  vivo  (6). In HCC 
Bel-7402 cells, celastrol triggered apoptosis via activation of 
the mitochondria‑mediated pathway (23). Celastrol showed 
synergism combined with lapatinib in HCC HepG2 cells (24) 
and with ABT-737 in HepG2 and Bel-7402 cells (7). However, 
the molecular mechanism of action of celastrol in HCC therapy 
has not been well understood. The present study revealed for 
the first time that celastrol exerted its antiproliferative and 
pro-apoptotic effects partially mediated through modulation 
of E2F1 expression in HCC.

It is well known that inducing apoptosis in tumor cells is 
an important mechanism of action for many antitumor drugs. 
In the present study, antiproliferative evaluation showed that 
celastrol inhibited the growth of HCC HepG2 and Bel-7402 
cells in a time- and dose-dependent manner. Flow cytom-
etry revealed that apoptosis occurred in HepG2 cells after 
treatment of celastrol. The extrinsic and intrinsic apoptotic 
pathways are two common apoptotic pathways that lead to 
activation of initiator caspases (typically caspase-8 in the 
extrinsic pathway and caspase-9 in the intrinsic pathway) 
and ultimately effector caspases (caspase-3), which in turn 
cleaves downstream substrates, such as PARP  (25,26). 
Accordingly, activation of apoptotic proteins indicative of cell 
apoptosis, including apparent cleavage of caspase-9 and -3, 
and PARP in a dose- and time-dependent way, was clearly 
observed by western blot analysis in HepG2 cells, suggesting 
that the intrinsic apoptotic pathway may be activated in 
celastrol-treated cells. In addition, we observed a rescue in 
celastrol-induced cell death in cells pretreated with a caspase 
inhibitor. These results indicate that caspase activation medi-
ates celastrol-induced apoptosis.

The E2F1 transcription factor has been identified as 
a tumor-suppressor gene enhancing apoptosis by DNA 
damage in tumors lacking p53 (27). However, findings from 
transgenic models indicate that increased expression of 
E2F-1 occurs in c-myc/TGFα double transgenic mice during 
hepatocarcinogenesis and E2F-1 overexpression in the liver 
causes dysplasia and tumors (28). Moreover, abnormalities in 
E2F1 gene expression and/or E2F1 gene amplification have 
been described in various cancer cell lines and tumor types, 
including HCC (4,29,30). Notably, overexpression of E2F1 
is frequently associated with high-grade tumors and poor 
patient survival prognosis (31). These data indicate that E2F1 
has oncogenic functions in several types of cancer and may 
represent a rational therapeutic target. In the present study, 
we identified a natural compound celastrol that was capable 
of inducing a significant decrease in E2F1 in HCC HepG2 
cells, as well as in lung cancer cells (A549 and NCI-H460) 
and breast cancer MDA-MB231 cells, implying that E2F1 
suppression by celastrol is not a cell type-specific event, and 
celastrol could be a promising lead compound with potential 
anticancer activity in other E2F1-overexpressing human 
cancers, such as lung  (32-34) and breast cancer  (35). The 
proliferation factor c-Myc, an important downstream target of 
E2F1, was also decreased following celastrol treatment in a 
time-dependent manner, which may contribute to the observed 
antiproliferative effect of celastrol. Understanding of the 

mechanism by which E2F1 undergoes proteolytic breakdown 
is important to develop effective strategies for inactivation of 
E2F1 for HCC therapy. We demonstrated that celastrol not 
only downregulated E2F1 mRNA, but also reduced E2F1 
protein via a ubiquitin‑proteasome pathway. In addition, 
we first reported the role of E2F1 in the celastrol-mediated 
inhibitory effect as the siRNA assay revealed that depletion 
of E2F1 potentiated celastrol-mediated antiproliferative and 
pro-apoptotic activity in HepG2 cells. Pagliarini et al  (5) 
reported that downregulation of E2F1 is required for ER-stress 
mediated apoptosis. ER stress was activated upon celastrol 
treatment in HCC cells  (36), thus, the decrease in E2F1 
may have been mediated by ER stress in celastrol-triggered 
apoptosis. This question warrants further investigation.

In conclusion, the present study provides initial evidence of 
an effect of E2F1 inhibition on the onset of celastrol-induced 
inhibitory activity in HCC cells, and celastrol may serve as a 
lead compound for the development of an E2F1 inhibitor.
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