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Abstract

AIM: To clarify whether histone deacetylase inhibitors histone deacetylase inhibitors (HDACIs) can sensitize hepatocellular carcinoma cells to sorafenib treatment.
METHODS: Bax, Bcl-2, ATG5-ATG12, p21, and p27 protein levels in Hep3B, HepG2, and PLC/PRF/5 cells were examined by western blot. CCK8 and a fluorometric caspase-3 assay were used to examine cellular viability and apoptosis levels. The effect of Beclin-1 on sensitization of hepatocellular carcinoma cells to sorafenib was examined by transfecting Beclin-1 siRNA into Hep3B, HepG2, and PLC/PRF/5 cells.

RESULTS: Autophagy inhibition enhances the inhibitory effects of vorinostat and sorafenib alone or in combination on HCC cell growth. Vorinostat and sorafenib synergistically induced apoptosis and cell cycle alterations. Western blot data indicated that HDACIs and Beclin-1 knockdown increase the p53 acetylation level. The knockdown of Beclin-1 enhanced the synergistic effect of the combination of vorinostat and sorafenib.
CONCLUSION: HDACIs can sensitize hepatocellular carcinoma cells for sorafenib treatment by regulating the acetylation level of Beclin-1. 
© 2013 Baishideng Publishing Group Co., Limited. All rights reserved.
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Core tip: In this study, we investigated the antiproliferative effect of sorafenib in combination with the histone deacetylase inhibitor (HDACI) vorinostatin in human hepatoma cell lines (Hep3B, HepG2, and PLC/PRF/5). We also examined whether the combination therapy was enhanced by the inhibition of autophagy. Our results showed that the combination of vorinostat and sorafenib synergistically reduced cell proliferation in hepatocellular carcinoma cells by inducing apoptosis and cell cycle arrest. Synergistic changes in cell cycle and cell survival regulators were also observed. 
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common form of cancer-associated mortality in China and one of the leading causes of death in the world
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[1]
. Due to the lack of effective biomarkers for early detection, most patients diagnosed with HCC die within one year because radical resection of the tumors is performed late in the disease process, meaning that the options to these patients are chemotherapy, radiotherapy, or interventional treatment
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[2]
. Importantly, previous clinical trials have shown that patients with HCC do not benefit from traditional systemic chemotherapy
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[3]
.

One area of cancer research interest concentrates on epigenetic changes caused by modifications of histone proteins. Acetylation of histones reduces the affinity of histones for DNA, producing an open DNA structure that facilitates gene expression4[]
. Histone deacetylases (HDACs) are overexpressed in many types of tumor cells, including human hepatoma cells, and suppress the expression of genes involved in tumor suppression and differentiation
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[5]
. Histone deacetylases, along with histone acetyltransferases, reciprocally regulate the acetylation status of the positively charged NH2-terminal histone tails of nucleosomes6[]
. Histone deacetylase inhibitors are interesting as cancer therapeutics due to their ability to induce cell differentiation, growth arrest and apoptosis7[]
. Histone deacetylase inhibitors (HDACI) represent a variety of agents that block histone deacetylation genes, thereby modifying chromatin structure and gene transcription8[]
. 

Sorafenib, a multi-target biological that targets cancer cells and that was jointly developed by Bayer and Onyx, has shown significant inhibitory effects on tumor cell proliferation and angiogenesis and has become the first clinical drug for HCC approved by the US FDA
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[9]
. By inhibiting the activity of the Raf serine and threonine kinase in the ERK 1/2 signaling pathway, tumor cell proliferation is effectively controlled. In addition, sorafenib also inhibits VEGFR and PDGFR, thus, blocking tumor angiogenesis
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[10]
. Recent studies also have found that sorafenib can activate tumor cell autophagy
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[11]
. Numerous drug studies have found that the stimulation of the autophagy pathway can inhibit apoptosis signals; on the contrary, inhibited autophagy can promote apoptosis signals. For example, increased p53 expression can induce rapid apoptosis in lymphoma cells in a Myc-induced lymphoma mouse model, but tumor recurrence occurs soon after. However, inhibition of the autophagy lysosomal pathway by clioquinol (CQ) or Atg5 siRNA can enhance tumor cell apoptosis and reduce recurrence
 ADDIN EN.CITE 

[12]
. Klappan et al13[]
 found that the genetic interference of Beclin-l, Atg5, Atg10, and Atg12 by siRNA could lead to the inhibition of autophagy, which enhances nutritional deficiencies and causes HeLa cell death. These studies show that autophagy and apoptosis signaling share common signaling pathways (such as PI3K/Akt/mTOR, NF-kB, and ERK) and effector proteins (such as Bcl-2, Bcl-xL, Mcl-1, Atg5, and p53), suggesting that regulating the autophagy pathway should improve hepatocellular carcinoma chemotherapy
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[14]
.

To overcome drug resistance, the combination of HDAC inhibitors with existing chemotherapeutic agents has been identified as a potential approach, due to the effect of reducing the dose of other anti-neoplastic drugs. However, whether HDACIs can sensitize HCC cells for sorafenib treatment remains largely unexplored, and very few studies have investigated the activation of the autophagy signaling pathway and its related effects during the combined treatment of sorafenib and HDACIs.

The objective of the present study was to determine the synergistic antiproliferative effect of sorafenib in combination with HDACIs and examine the mechanisms underlying the synergistic antiproliferative effects. In particular, we also explored the possibility that the inhibition of autophagy can enhance the synergistic effect of the combination of vorinostat and sorafenib. 

MATERIALS AND METHODS
Materials and cell culture

Sorafenib (Nexavar) was purchased from Bayer Pharmaceuticals. Vorinostat and 3-Methyladenine (3-MA) were purchased from Sigma. For in vitro studies, various concentrations of sorafenib and vorinostat were dissolved in DMSO. In all experiments, the maximal concentration of DMSO in the medium was 0.02% (v/v), which does not affect cell growth. Hep3B, HepG2, and PLC/PRF/5 human cell lines were obtained from the American Type Culture Collection (ATCC). For cell culture, the following media were used: MEM for Hep3B and HepG2 cells and DMEM for PLC/PRF/5 cells. The ATCC cell bank performed cell line characterizations, and cells were passaged in the laboratory for fewer than 6 mo after thawing. Cells were treated with vorinostat or sorafenib in 5% (v/v) FBS-containing RPMI 1640 medium. For sequential combination treatment with HDACI and sorafenib, the cells were exposed to the former drug for 24 h and were then exposed to the next drug for additional 48 h. The single treatment time was consistent with the combined treatment group. 
Antibodies for immunoblotting, such as Bax, Bcl-2, ATG5-ATG12, p21, and p27, were from Cell Signaling. Commercially available validated short hairpin RNA molecules to knockdown RNA/protein levels were from Qiagen. All other chemicals were from Sigma if not stated otherwise.
Measurement of growth inhibition and cell viability assay 

Hep3B, HepG2, or PLC/PRF/5 cells were seeded at a density of 10000 cells/well in 96-well plates and incubated with various concentrations of HDACIs, sorafenib, or the combination of the two. The cell number was evaluated by crystal violet staining. For sequential combination treatment with HDACI and sorafenib, the cells were exposed to the former drug for 24 h and were then exposed to the next drug for an additional 48 h. Following the method previously described
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[15]
, 10 g/L glutaraldehyde was added to the cells in 96-well plates. Then, the cells were stained with 1 g/L crystal violet in phosphate buffer solution (PBS). The excess dye was removed by washing with sterile water. Bound crystal violet was solubilized with 2 mL/L Triton X-100 in PBS. Light extinction, which has a linear dependence with cell number, was read at 570 nm by a microplate reader. The number of cells was determined from the absorbance of each well relative to the average absorbance of the control wells (defined as 100%). 
Detection of apoptosis

The activity of caspase-3 was determined by the Fluorometric Caspase 3 Assay Kit (Sigma, United States), and the cell lysates were prepared as described previously[15]. According to the manufacturer’s instructions, the activity of caspase-3 was calculated from the cleavage of the fluorogenic substrate, Ac-DEVD-AMC. The cell lysates were incubated with substrate solution (caspase-3 substrate Ac-DEVD-AMC 20 mg/L, HEPES 20 mmol/L, glycerol 100 mL/L, and DTT 2 mmol/L, pH 7.5) for 1 h at 37˚C, and substrate cleavage was measured with a VersaFluor fluorometer (excitation: 360 nm, emission: 460 nm). 
Cell cycle analysis

The cells were fixed with 70% ethanol overnight at 4˚C, and DNA was stained with 60 μg/mL propidium iodide (Sigma, United States) containing 10 U/mL RNaseA for 30 min according to the manufacturer’s instructions. The percentage of cells in the sub-G1 phase (apoptotic cells) was measured by counting 10000 cells using a FACS Calibur flow cytometer (Becton Dickinson, United States) with the ModFit LT 3.0 software.
Western blot analysis

For SDS-PAGE and immunoblotting, the cells were plated at 105 cells/mL in 6-well plates, treated with various types of drugs at the indicated concentrations, and then lysed in whole cell lysis buffer (0.5 mol/L Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, and 0.02% bromophenol blue). The samples were boiled at 100˚C for 5 min. The boiled samples containing 30 μg of protein were subjected to gel electrophoresis. The proteins were then transferred onto PVDF membranes by electroblotting for 90 min. The blots were blocked with 50 g/L non-fat dry milk in a TBS-Tween solution for 1 h at room temperature and then incubated at 4˚C overnight with primary antibodies against different proteins. Anti-β-actin (1:5000) from Sigma served as a loading control. After incubation with horseradish peroxidase-coupled anti-IgG antibodies at room temperature for at least 1 h, the blot was developed using enhanced chemiluminescent detection (GE Healthcare) and subsequently exposed to Hyperfilm ECL ﬁlm.
Transfection of cells with siRNA

Cells were seeded in 60-mm dishes and transfected 24 h after plating. For transfection, 10 nmol/L concentrations of the annealed siRNA, the positive sense control double-stranded siRNA targeting GAPDH, or the negative control were used. siRNA (10 nM; scrambled or experimental for knockdown) was diluted in serum-free medium. Five microliters of HiPerFect Reagent (Qiagen, Valencia, CA) was added to this mixture, and the solution was mixed by pipetting up and down several times, followed by incubation at room temperature for 10 min. The medium in each dish was swirled gently to mix and then incubated at 37°C for 2 h. Then, 1 mL of 10% (v/v) serum-containing medium was added to each plate, and the cells were incubated at 37°C for 36 h before treatment with vorinostat or sorafenib. Flow cytometry assays and western blot analyses were performed at the time points indicated in each figure.
Statistical analysis

All data are presented as the mean ± SD of more than three individual experiments. Statistical significance was determined by Student’s t-test.
RESULTS
Growth inhibitory effects of vorinostat and sorafenib alone or in combination on HCC cells

Using the crystal violet staining test, we first determined the growth inhibitory effects of sorafenib and the HDAC inhibitor, vorinostat (Vor), on human hepatoma cell lines (Hep3B, HepG2, and PLC/PRF/5). As shown in Figure 1, treating different types of hepatoma cells with 0.5-2.5 μmol/L vorinostat or sorafenib for 48 h reduced cell growth in a dose-dependent manner by up to 90%. Moreover, the combination of vorinostat and sorafenib displayed significantly increased growth inhibitory effects in a dose-dependent manner compared to the agents alone. These results showed that the combination of vorinostat and sorafenib synergistically reduces cell proliferation in HCC cells (0.5-2.5 μmol/L vorinostat or sorafenib, aP < 0.05, bP < 0.01).
Synergistic induction of apoptosis and cell cycle alterations by vorinostat and sorafenib

To determine the mechanism responsible for the combination of vorinostat and sorafenib-mediated antiproliferation, we next examined the effect of vorinostat and sorafenib treatments individually or in combination on the cell cycle and apoptosis. As shown in Figure 2A, incubating the HCC cells with 2.5 μmol/L vorinostat or sorafenib for 24 h resulted in a significant arrest in the G0/G1 phase of the cell cycle, whereas the proportion of cells in the S phase and G2/M phase decreased. Notably, a significant increase in G0/G1 phase arrest and decrease in the S phase and G2/M phase were observed in the vorinostat and sorafenib combination treatment groups for all three HCC cell lines. In addition, the vorinostat and sorafenib combination treatment significantly increased the apoptosis rate, as determined by caspase-3 enzyme activity in HCC cells compared to treatment with either agent alone (Figure 2B).

Synergistic changes in cell cycle and cell survival regulators
To identify the potential mechanisms of the combined action of vorinostat and sorafenib, their effects on the regulatory proteins that govern cell cycle and cell survival were investigated using western blotting. The HCC cells treated for 48 h with vorinostat or sorafenib showed a significant decrease in anti-apoptotic Bcl-2, whereas the expression of pro-apoptotic Bax was increased in all cell lines (Figure 3A). Furthermore, the changes induced by the combination treatment were much more profound. Moreover, upon combination treatment, a more significant increase in the expression of p21 (Waf-1/CIP1) was observed compared with the individual treatments. By contrast, no obvious change in the cyclin-dependent kinase inhibitor p27 was observed in any treatment group. 

Activation of autophagy has been reported to mediate drug resistance and promote the survival of cancer cells. Therefore, we examined autophagy marker proteins, such as Beclin-1, ATG5, ATG7, and LC3, after drug treatment. As shown in Figure 3A, a significant increase in Beclin-1, ATG5, ATG7, and LC3 were observed in the cells treated with vorinostat or sorafenib, suggesting that the combined action of vorinostat and sorafenib generate a Beclin1-dependent protective form of autophagy.

Histone deacetylase inhibitors induce p53 acetylation 

Histone deacetylase inhibitors (HDACIs) induced apoptosis in human hepatoma HepG2 cells in a p53-dependent manner
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[16]
; therefore, western blotting was used to further determine the acetylation and protein levels of p53. The HCC cells treated for 48 h with vorinostat or sorafenib or the combination (2.5 μmol/L) showed a significant increase in acetylated p53, but not in the total p53 level. Moreover, the acetylation of p53 increased noticeably after Beclin-1 knockdown, which indicated that Beclin-1 might negatively regulate the p53 acetylation level (Figure 3B). Furthermore, the Beclin-1 level was also increased in sip53 cells (Figure 3C).

Knockdown of Beclin-1 or the autophagy inhibitor 3-MA enhanced the synergistic effect of the combination of vorinostat and sorafenib

To observe whether the inhibition of autophagy can enhance the synergistic effect of the combination of vorinostat and sorafenib, the knockdown of Beclin-1 was performed by transient transfection of small interfering RNA (siRNA) oligos. The knockdown efficiency was confirmed by quantitative RT-PCR (data not shown). As shown in Figure 4 and Figure 5, the knockdown of Beclin-1 increased the growth inhibitory effects of the combination of vorinostat and sorafenib, as well as the cell cycle alterations and induction of apoptosis. Furthermore, the knockdown of Beclin-1 also increased the expression of Bax and p21 compared with the control group (Figure 3A). Consistently, the autophagy inhibitor 3-MA also enhanced the synergistic effect of the combination of vorinostat and sorafenib (Figure 5). These data indicate that the inhibition of autophagy enhanced the synergistic effect of the combination of vorinostat and sorafenib.

DISCUSSION
Previous studies have confirmed that the inhibition of HDAC activity stimulates apoptosis in a variety of cancers, including breast and prostate cancer, neuroblastoma, hepatoma, gastrointestinal neuroendocrine tumor cells, and some types of hematologic malignancies
 ADDIN EN.CITE 

[17]
. The histone deacetylase inhibitors (HDACIs) have been found to induce apoptosis, reduce tumor growth, and inhibit angiogenesis in hematological malignancies and solid tumors18[]
. Defective histone acetylation regulatory enzymes have been identiﬁed in malignant cells, and HDAC inhibition may have anticancer properties through the restoration of normal acetylation
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[19]
. Vorinostat has induced histone acetylation, cell cycle arrest, apoptosis, and anti-tumor activity in preclinical cancer models
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[20]
.

Sorafenib is the ﬁrst drug that was approved for the clinical treatment of HCC and exhibits significant inhibitory effects on tumor cell proliferation and angiogenesis
 ADDIN EN.CITE 

[9]
. A better understanding of the mechanisms that underlie these effects would allow for an understanding of its efﬁcacy and assist in predicting synergistic effects with other drugs. Recent studies also have found that sorafenib can activate tumor cell autophagy
 ADDIN EN.CITE 

[11]
, but the precise role of autophagy in survival or death within these studies was not investigated. The present studies were designed to explore the effect of combination treatment of sorafenib and HDACI on HCC cells. Meanwhile, we sought to determine the role of autophagy in the response of tumor cells to sorafenib or vorinostat and to understand how the levels of autophagy caused by HDACI could cause the additional effect of cell death by combined treatment with the multi-RTK inhibitor sorafenib.

Our studies found that sorafenib or vorinostat potently inhibited the cell growth of the HCC cells HEPG2, HEP3B, and PLC/PRF/5 in a dose-dependent manner, and the combination treatment exhibited higher antiproliferative activity. Submicromolar concentrations of sorafenib or vorinostat were sufficient to significantly inhibit the proliferation of Hep3B, HepG2, and PLC/PRF/5 cells, and the sorafenib or vorinostat concentration of half-maximal anti-neoplastic effects (IC50) was approximately 1.0 and 1.2 μmol/L, respectively, in all cell lines. The drug combination exhibited elevated anti-tumor effects in vivo compared with the individual agents in HCC cells.

The mechanisms involved in the HDAC inhibitor-induced apoptosis are complex and differ among cell types
 ADDIN EN.CITE 

[21]
. HDAC inhibitors have been shown to up-regulate pro-apoptotic Fas, a member of the tumor necrosis factor receptor superfamily, and the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL-) receptors/death receptors DR4 and DR5. Through these factors, HDAC inhibitors trigger an extrinsic pathway that is paralleled by the down-regulation of the caspase-8 inhibitor c-FLIP, leading to caspase-8 and subsequently caspase-3 activation
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[22]
. Moreover, HDACIs have been reported to sensitized AML cells to HDACIs via ROS-mediated activation of the extrinsic apoptotic pathway
 ADDIN EN.CITE 

[23]
. Up-regulation of pro-apoptotic Bak and induction of the pro-apoptotic protein Bax can stimulate the mitochondrial apoptosis pathway24[]
. HDAC inhibitors can also inhibit the expression of anti-apoptotic proteins, such as Bcl-2, Bcl-XL, XIAP, Mcl-1, and surviving
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[25]
. Here, we demonstrated that the pro-apoptotic effect of HDAC inhibition by vorinostat or sorafenib or the combination in HCC cells is regulated by the activation of caspase-3 and a shift in the balance of pro-apoptotic Bax over anti-apoptotic Bcl-2. The combination of sorafenib and vorinostat significantly increased the expression of caspase-3 compared with the individual drug treatments. However, the knockdown of Beclin-1 enhanced the efficacy of the three treatment groups, indicating that autophagy may participate in the additional increase in tumor cell inhibition caused by the drug or the combination of drugs.

Flow cytometry was performed to analyze the cell cycle to further determine the growth inhibitory activity of sorafenib and vorinostat. After treatment with the drugs, we found that cell cycle progression was blocked in both the G0/G1 and G2/M phases. The induction of cell cycle arrest was connected with an increase in the expression of the cyclin-dependent kinase inhibitor (CDKI) p21 Waf-1/Cip1, which is a key component of the cell cycle checkpoints, such as the G1/S and G2/M checkpoints. Accordingly, sorafenib and vorinostat were found to inhibit both the G1/S and G2/M transition, and the combination exhibited a higher inhibitory effect. With the knockdown of Beclin-1, the percentage of cells in the G0/G1 and G2/M phases increased again, in agreement with the fact that autophagy was involved in the additional levels of tumor cell inhibition that were caused by the drug combination. However, no cell-specific inhibitory effect was observed during any of the experiments. siRNA knockdown partially reduced sorafenib HDACI lethality in hepatoma cells. Because sorafenib and vorinostat therapy will soon be explored in a phase I trial on hepatomas, our data suggest that the incorporation of GX15-070 (obatoclax) together with sorafenib HDACI therapy may provide significant additional value in tumor control, including tumors that lack extrinsic pathway signaling. As previously published by other groups, autophagy either protects cells from toxic stress or facilitates the toxicity of the stress, all of which seem to be based on the stimulus
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[26]
. 

In conclusion, our study indicates that HDACIs and sorafenib interact in a highly synergistic manner to enhance the antiproliferative activity in HCC cells in vitro. Autophagy is activated and plays a compensatory role during treatment with sorafenib, vorinostat, or the drug combination. Importantly, the knockdown of Beclin-1 enhanced the synergistic effect of the combination of vorinostat and sorafenib, suggesting that the combination of HDAC inhibitors with sorafenib is a promising approach to reduce the dose of other anti-neoplastic drugs and to overcome drug resistance. Future animal studies will be required to fully verify the importance of autophagy in the treatment with sorafenib and vorinostat (or other HDACIs) as a therapeutic in hepatocellular carcinoma.
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Figure 1 Antiproliferative effects of sorafenib, vorinostat, or the drug combination on human hepatoma cell lines. HepG2 (A), Hep3B (B), and PLC/PRF/5 (C) cells were treated with various concentrations of sorafenib, vorinostat, or the drug combination. The results are expressed as the percentage of viable cells per cells in the control group. The results are expressed as the mean ± SD from three independent experiments. aP < 0.05 and bP < 0.01 vs control as evaluated by Student’s t-test.

Figure 2 Sorafenib, vorinostat, or the drug combination induced cell cycle arrest and apoptosis in human hepatoma cell lines. HepG2, Hep3B, and PLC/PRF/5 cells were treated with various concentrations of sorafenib, vorinostat, or the drug combination. A: Cell cycle distributions were analyzed by flow cytometry, and the percentage of cells in the G0/G1, S, or G2/M phases of the cell cycle is indicated; B: The apoptosis-speciﬁc caspase-3 activity induced by various concentrations of sorafenib, vorinostat, or the drug combination. The results are expressed as the mean ± SD from three independent experiments. bP < 0.01 using Student’s t-test.
Figure 3 Sorafenib, vorinostat, or the drug combination induced the modulation of apoptosis-, cell cycle- and autophagy-related proteins. A: Representative images of western blots showing the effect of treatment with siBeclin-1 and vorinostat/sorafenib on apoptosis-, cell cycle-, and autophagy-related proteins in HepG2 cells. SiSCR, siRNA scramble; B: Representative images of western blots showing the acetylated p53 level in HepG2 cells treated with or without siBeclin-1 or vorinostat/sorafenib. SiSCR, siRNA scramble; C: Protein level of Beclin-1 in HepG2 cells infected with sip53 combined with or without vorinostat/sorafenib. All experiments were performed independently in triplicate. SiSCR, siRNA scramble.
Figure 4 Knockdown of Beclin-1 enhanced the synergistic effect of the combination of vorinostat with sorafenib. A: Knockdown of Beclin-1 enhanced the vorinostat/sorafenib drug combination–stimulated cell cycle alterations. SiSCR, siRNA scramble; B: Knockdown of Beclin-1 enhanced the vorinostat/sorafenib drug combination–stimulated apoptosis. The results are expressed as the mean ± SD from three independent experiments. aP < 0.05 and bP < 0.01 using Student’s t-test. SiSCR, siRNA scramble.
Figure 5 Knockdown of Beclin-1 or the autophagy inhibitor 3-MA enhanced the growth inhibitory effects of the combination of vorinostat and sorafenib. The results are expressed as the mean ± SD from three independent experiments. aP < 0.05 and bP < 0.01 vs the siSCR DMSO group using Student’s t-test.
