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Abstract

AIM: To evaluate the influence of E2F-1 on the growth of human gastric cancer (GC) cells in vivo and the mechanism involved. 

METHODS: E2F-1 recombinant lentiviral vectors were injected into xenograft tumors of MGC-803 cells in nude mice, and then tumor growth was investigated. Overexpression of transcription factor E2F-1 was assessed by reverse transcription-polymerase chain reaction (RT-PCR) and Western blotting analysis. Apoptosis rates were determined using a terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay. Expression levels of certain cell cycle regulators and apoptosis-related proteins, such as Bax, survivin, Bcl-2, cyclin D1, S-phase kinase-associated protein 2, and c-Myc were examined by Western blotting and RT-PCR. 

RESULTS: Xenograft tumors of MGC-803 cells in nude mice injected with E2F-1 recombinant lentiviral vectors stably overexpressed the E2F-1 gene as measured by semi-quantitative RT-PCR (relative mRNA expression: 0.10 ± 0.02 vs 0.05 ± 0.02 for control vector and 0.06 ± 0.03 for no infection; both P < 0.01) and Western blotting (relative protein expression: 1.90 ± 0.05 vs 1.10 ± 0.03 in control vector infected and 1.11 ± 0.02 for no infection; both P < 0.01). The growth-curve of tumor volumes revealed that infection with E2F-1 recombinant lentiviral vectors significantly inhibited the growth of human GC xenografts (2.81 ± 1.02 vs 6.18 ± 1.15 in control vector infected and 5.87 ± 1.23 with no infection; both P < 0.05) at 15 d after treatment. TUNEL analysis demonstrated that E2F-1 overexpression promoted tumor cell apoptosis (18.6% ± 2.3% vs 6.7% ± 1.2% in control vector infected 6.3% ± 1.2% for no infection; both P < 0.05). Furthermore, lentiviral vector-mediated E2F-1 overexpression increased the expression of Bax and suppressed survivin, Bcl-2, cyclin D1, Skp2, and c-Myc expression in tumor tissue. 

CONCLUSION: E2F-1 inhibits growth of GC cells via regulating multiple signaling pathways, and may play an important role in targeted therapy for GC.

Key words: E2F-1; Gastric cancer; Lentiviral vector; Mouse model

© The Author(s) 2015. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Transcription factor E2F-1 is the prototypical E2F and is often implicated in DNA synthesis and repair, cell proliferation, and apoptosis. Our preliminary study revealed that high expression of E2F-1 significantly suppressed gastric cancer (GC) cell line progression in vitro. However, the role of E2F-1 overexpression in GC in vivo remains unknown. Our results showed that overexpression of E2F-1 significantly inhibited tumor growth and promoted tumor cell apoptosis in vivo. Survivin, Bcl-2, cyclin D1, S-phase kinase-associated protein 2 and c-Myc were upregulated, and Bax was downregulated by E2F-1. E2F-1 inhibits growth of GC cells via regulating multiple signaling pathways.

Wei WY, Yan LH, Wang XT, Li L, Cao WL, Zhang XS, Zhan ZX, Yu H, Xie YB, Xiao Q. E2F-1 overexpression inhibits human gastric cancer MGC-803 cell growth in vivo. World J Gastroenterol 2015; 21(2): 491-501  Available from: URL: http://www.wjgnet.com/1007-9327/full/v21/i2/491.htm  DOI: http://dx.doi.org/10.3748/wjg.v21.i2.491

INTRODUCTION

Although the incidence rate of gastric cancer (GC) has gradually decreased recently, it remains the second leading cause of cancer-related death worldwide[1]. Of all GC cases, > 70% occur in developing countries and half of the total cases worldwide occur in Eastern Asia (mainly China)[2]. Despite improvements in surgical techniques and the development of new chemotherapeutic regimens, patient outcome is often disappointing. Patients are mostly diagnosed at advanced stages, typically with a poor prognosis, with a five-year survival rate of < 30%[3]. Because of the patient’s own reasons, they lose the opportunity to receive surgery and chemotherapy[4]. Thus, it is necessary to find new therapies. Gene therapy as a novel strategy has been shown to have a therapeutic advantage for treating several types of tumors, including gastric carcinoma, and promises to be a new therapeutic approach to inhibit the proliferation of tumor cells, and avoids the side effects of drug therapy[5,6].

Since the E2F family factors have been reported, they have been considered as main regulators of cell growth and proliferation[7]. E2F-1 gene is one member of the E2F family, with the ability to induce apoptosis independently[8]. E2F-1 is also a key regulator for the G1/S phase transition[9]. On the one hand, a number of researchers have shown that high expression of E2F-1 is a risk factor for malignant tumors[10,11]. On the other hand, E2F-1 overexpression may play an important role in suppressing tumor growth in lung cancer, breast cancer and osteosarcoma[12-14]. These findings indicate that the E2F-1 gene has a dual effect in promoting cell proliferation and apoptosis. However, few studies have been reported concerning E2F-1 expression in GC. In particular, the functional mechanism of E2F-1 overexpression has not been determined. Our previous study indicated that E2F-1 overexpression had a significant influence on cell cycle progression and proliferation in an in vitro GC cell model[15,16], but the molecular mechanisms underlying inhibition of cell growth and increase of apoptosis by E2F-1 overexpression remain unclear. 

It is widely known that undifferentiated cells and differentiated cells can be efficiently infected with lentivirus, and lentivirus-carrying genes are stably integrated into the host genome[17,18]. Therefore, transfer of recombinant lentiviral vectors is the best transgene method in various animals. Accordingly, we constructed E2F-1 recombinant lentiviral vectors and evaluated the influence of E2F-1 overexpression on the biologic behavior of MGC-803 cells in vivo using a xenograft tumor model. To explore the potential mechanism, we also examined the influence of E2F-1 overexpression on the expression of survivin, Bax, Bcl-2, cyclin D1, S-phase kinase-associated protein (Skp)2, and c-Myc in MGC-803 cells in vivo.

MATERIALS AND METHODS
Cell culture

The human GC MGC-803 cells and human kidney 293T cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were incubated in Dulbecco’s modified eagle medium (HyClone of Thermo Fisher Scientific Inc., Waltham, MA, United States), supplemented with 2 mmol/L glutamine, 0.05 g/L penicillin, 0.1 g/L streptomycin, and 10% fetal bovine serum at 37 ℃ in a humidified atmosphere containing 5% CO2. Culture media were replaced once every two days.

Antibodies

Specific rabbit anti-human antibodies to E2F-1, c-Myc, Skp2, Bax, Bcl-2, cyclin D1, survivin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained from Abcam (Cambridge, United Kingdom). Infrared-labeled secondary goat anti-rabbit antibodies to IRDye 800 were obtained from Li-Cor Biosciences (Lincoln, NE, United States).

Construction of E2F-1 recombinant lentiviral vectors

Lentiviral vectors with green fluorescent protein (GFP) were provided by Genechem (Shanghai, China). The lentiviral vector system was comprised of the vectors pGCL-GFP, pHelper 1.0 and pHelper 2.0. The full-length human E2F-1 gene (NM_0005225.2) was encoded by the pGCL-GFP-E2F-1 plasmid. The E2F-1 cDNA was accurately inserted into the plasmid, which was verified by DNA sequencing and PCR technology. The three plasmids (pHelper 1.0, pHelper 2.0, and pGCL-GFP or pGCL-GFP-E2F-1) were co-transfected into 293T cells using Lipofectamine 2000[19]. After a 12-h transfection, the medium was replaced with fresh medium supplemented with 10% fetal bovine serum. The lentivirus containing the E2F-1 gene was collected at 48 h after the transfection. The product was concentrated by ultracentrifugation (12000× g) and diluted in a series of gradients from 10-2 to 10-5. Various dilutions of lentivirus were used to transfect 293T cells. Then the cells were observed under a fluorescence microscope after 72 h. The cells with GFP expression were positive cells, and the number of positive cells was counted in each transfection. The lentiviral titer was calculated by the formula: lentiviral titer (TU/mL) = number of positive cells × dilution times/volume of lentivirus used.

Xenograft tumor model

Athymic nude male BALBC/c mice, aged 4-5 wk, were purchased from Guangxi Animal Center (Nanning, China). The mice were maintained in specific pathogen-free, temperature-controlled isolation conditions and fed with sterilized food and autoclaved water according to the experimental animal guidelines. All animal procedures were conducted to follow the provisions of the Ethics Committee of Guangxi Medical University in the research. Xenografted tumor models were prepared by subcutaneous injection of 3 × 106 MGC-803 cells suspended in phosphate-buffered saline (PBS) into male athymic nude mice. The xenografted tumor was referred to as a human GC xenograft.

Treatment of human GC xenografts in nude mice

When tumors reached a diameter of approximately 6 mm, mice were randomized into three groups (n = 8 each): LV-GFP-E2F-1, LV-GFP-NC, and PBS. The tumors of nude mice were injected with LV-GFP-E2F-1 or LV-GFP-NC at a concentration of 5 × 106 TU in 200 L PBS, while the control group received an equal volume of PBS. The tumors of animals were injected in each group once every 2 d. Animals and tumors were observed daily. Tumor size was monitored every 2 d with a digital caliper and tumor volume (TV) was estimated by the equation: TV = a × b2/2, where a is the longest diameter and b the shortest diameter. The relative tumor volume (RTV) was calculated by the formula: RTV = Vt/V0 (V0 was the initial TV of the first day of treatment and Vt was the following TV measured)[20]. After a total of 15 d of treatment, nude mice were suffocated and tumors were assessed.

Semi-quantitative reverse transcriptase-PCR 

Total RNA was extracted from MGC-803 tumor tissues and GC xenografts with TRI Reagent (Sigma-Aldrich, St Louis, MO, United States). cDNA was generated from DNase-1-treated RNA template with 0.2 g random hexamer primers and 200 U RevertAid H-Minus M-MuLV reverse transcriptase enzyme (Roche, Switzerland). All the PCR primer sequences used in this study, including for c-Myc, Skp2, Bax, Bcl-2, cyclin D1, surviving and GAPDH are shown in Table 1. The PCR products were used for electrophoresis in 1.5% agarose gel stained with ethidium bromide (0.5 g/mL). The mRNA expression levels of each gene were measured using GAPDH mRNA as a reference. Reverse transcriptase (RT)-PCR product bands were analyzed by densitometry using Quantity One 1-D gel image analysis software (BioRad, Hercules, CA, United States).

Western blot analysis

Protein was extracted in accordance with the kit instructions (OriGene, Rockville, MD, United States) in tumor tissue. Proteins were separated by 10% polyacrylamide-gel electrophoresis and then transferred onto polyvinylidene fluoride membranes (Roche) at 100 mA for 3 h, and later soaked for 2 h in a blocking solution (Tris-buffered saline containing 5% nonfat dry milk and 0.1% Tween-20), and immersed in a 1:1000 anti-E2F-1 antibody diluent, or anti-GAPDH monoclonal antibody used as an internal control, then incubated at 4 ℃ overnight. The membrane was washed with PBS with Tween 20 and immersed in a 1:10000 infrared-labeled secondary goat anti-rabbit antibody diluent for 30 min. The membranes were analyzed by densitometry using Odyssey version 3.0 (Li-Cor). Then the protein expression levels of each gene were measured using GAPDH protein as a reference.

Analyses of GC xenograft tissue apoptosis by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling

Paraffin sections of GC xenografts were processed with a terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay kit (Roche) treated according to the manufacturer’s instructions. Gastric tumor cell apoptosis was observed under microscopy. The primary antibody was replaced by phosphate buffer on the positive specimens in the negative controls. The brown particles in the nucleus were considered as apoptosis-positive cells. Eight fields were randomly selected in each slice under a high-power field (×400). The percentage of TUNEL-positive cells was calculated from a total of 200 cells in each field. 

Statistical analysis

Data analyses were performed using SPSS version 16.0 (SPSS Inc., Chicago, IL, United States). Numerical data are reported as the mean ± SD. Group comparisons were evaluated by one-way analysis of variance. Two-sided tests were used to evaluate comparisons. Data were determined to have significant differences when P < 0.05.

RESULTS

Evaluation of pGCL-GFP-E2F-1 lentiviral vector 

Positive clones were screened by restriction enzyme analysis, and were verified by DNA sequencing (data not displayed). Positive clone sequencing was consistent with the target sequence of E2F-1 reported in Genebank indicating that the pGCL-GFP-E2F-1 had been constructed successfully. 

Determination of lentiviral titers

As displayed in Figure 1, lentiviral vectors of LV-GFP-E2F-1 or LV-GFP-NC were mixed into 293T cell culture medium, and more than 90% of the cells were transfected. The concentration of the virus was greater than 6 × 108 TU/mL by GFP expression assay.

Overexpression of E2F-1 inhibited GC xenograft tumor growth

The tumors of the GC xenograft model were injected with E2F-1 recombinant lentiviral vectors. Compared with the LV-GFP-NC and PBS groups, the growth-curve of tumor volumes (Figure 2A) revealed that the growth of xenografts infected with E2F-1 recombinant lentiviral vectors had was significantly inhibited (P < 0.05). After a total of 15 d of treatment, GC xenograft tumor volume in the LV-GFP-E2F-1 group was significantly smaller than in the LV-GFP-NC and PBS groups (both P < 0.05), and there was no statistically significant difference between LV-GFP-NC and PBS groups (Figure 2B). The results indicated that overexpression of E2F-1 could effectively suppress gastric cancer xenograft tumor growth in vivo.

Protein and mRNA of E2F-1 gene were highly expressed in GC xenograft tissue

Compared with the LV-GFP-NC and PBS groups, mRNA and protein expressions of E2F-1 gene were significantly higher in the LV-E2F-1-GFP group by gray value analysis (P < 0.05), and there was no statistically significant difference between LV-GFP-NC and PBS groups (Figures 3 and 4). The results suggest that a nude mouse model with overexpression of E2F-1 was constructed successfully by injecting with E2F-1 recombinant lentiviral vectors.

Overexpression of E2F-1 induced GC xenograft tissue cell apoptosis

Cell apoptosis was detected by the TUNEL staining in the GC xenograft tissue (Figure 5). The rate of cell apoptosis in the LV-GFP-NC, LV-GFP-NC and PBS groups were 18.6% ± 2.3%, 6.7% ± 1.2% and 6.3% ± 1.2%, respectively. Compared with LV-GFP-NC and PBS groups, the apoptosis rate of the LV-E2F-1-GFP group was significantly higher (P < 0.05). The results suggest that overexpression of E2F-1 effectively promotes GC xenograft tumor cell apoptosis in vivo.

Overexpression of E2F-1 decreases expression of c-Myc, Skp2, Bcl-2, cyclin D1and survivin, and increases Bax expression

To probe the principles of E2F-1-induced cell apoptosis in GC xenografts, semiquantitative RT-PCR and Western blot were used to detect expression of apoptosis-related genes. Compared with the LV-GFP-NC and PBS groups, densitometry displayed that the mRNA levels of c-Myc, Skp2, Bcl-2, cyclin D1 and survivin were lower in the LV-GFP-E2F-1 group, whereas Bax levels were higher in the LV-GFP-E2F-1 group (all Ps < 0.05), and there was no statistically significant difference between LV-GFP-NC and PBS groups (Figure 6). Compared with LV-GFP-NC and PBS groups, densitometry showed that the protein levels of c-Myc, Skp2, Bcl-2, cyclin D1 and survivin were significantly lower, and the levels of Bax was significantly higher, in the LV-GFP-E2F-1 group (all P < 0.05), and there was no statistically significant difference between LV-GFP-NC and PBS groups (Figure 7). The results suggest that overexpression of E2F-1 decreases expression of c-Myc, Skp2, Bcl-2, cyclin D1 and survivin and increases Bax expression in MGC-803 tumors in vivo.

DISCUSSION

Cancer is a disease with dysregulation of the cell cycle and uncontrolled growth due to the combined effects of hereditary and environmental factors. The mechanism of cell cycle dysregulation is an important cause of the cell proliferation dropout that leads to cancer. Normally, each period of cell division and proliferation are strictly regulated by a variety of specific proteins.

The E2Fs are one of the most important cell cycle regulatory protein families[21]. Cell survival, mitosis, and apoptosis can be regulated by E2F family proteins[22]. E2F-1 is the most representative factor of this family, and it is generally considered to have the ability to induce apoptosis[23]. Many studies have shown that E2F-1 has anti-tumor effects in tumors such as colonic adenocarcinoma, glioma, and breast carcinoma[24-26]. However, E2F-1 also enhanced DNA replication and G1-to-S phase transition[27]. According to Conner et al[28], E2F-1 overexpression in the liver causes dysplasia and tumors. E2F-1 overexpression also enhances cell proliferation in epithelial ovarian cancer and may provide a useful prognostic indicator[29]. Expression of E2F-1 has been found in many human malignancies where it has two contrasting functions, including both inhibiting and promoting tumor growth. In addition, our previous studies have shown that downregulation of E2F-1 using RNAi successfully inhibits GC cell proliferation in vivo and in vitro[30,31]. It seems that E2F-1 is pleiotropic, and its functions are based on the dominant signaling pathway and cancer cell type.

In this study, MGC-803 cells were successfully inhibited by E2F-1 overexpression in vivo. This is consistent with our previous studies in vitro[15,16]. Therefore, lentiviral vector-mediated E2F-1 overexpression can be a new and effective treatment of GC. In this study, E2F-1 overexpression also decreased survivin, Bcl-2, cyclin D1, Skp2, and c-Myc expression, while Bax expression was increased. Thus, the E2F-1 gene might affect GC growth by modifying signaling pathways involving these genes.

The activation of mitochondrion-dependent processes is an effective approach for inducing apoptosis, which is regulated by the Bcl-2 family member. However, the proteins Bax and Bcl-2 have opposing roles in initiating mitochondrial apoptotic events and modulating apoptosis. Bcl-2 is associated with the outer mitochondrial membrane, where it plays a pivotal and important part in protecting mitochondrial structure and action, and prevents enzyme proteins from being released into the cytosol, thereby maintaining a stable intracellular environment[32]. In contrast, Bax, a dominant-negative inhibitor of Bcl-2, induces a mitochondrial permeability transition and promotes apoptosis. In this study, E2F-1 upregulated Bax and downregulated antiapoptotic Bcl-2, thereby elevating the ratio of Bax/Bcl-2 in MGC-803 cells. This suggests that cell apoptosis can be induced by a mitochondrion-dependent pathway, thereby activating caspase-9 and caspase-3[33]. Our current results are in good agreement with other recent studies, which demonstrated that E2F-1 induces apoptosis with Bax upregulation or Bcl-2 downregulation in melanoma cells[34] and human esophageal cancer cells[35].

Overexpression of E2F-1 downregulated the expression of c-Myc and Skp2, which are overexpressed in GC and promote tumor growth[36,37]. c-Myc is also involve in cell transcription and mitosis by management of cell cycle-related genes[38-41]. Zhang et al[42] confirmed that overexpression of c-Myc could enhance normal gastric cell growth and proliferation, as GC cell proliferation was inhibited by RNA interference targeting c-Myc gene silencing. Skp2 belongs to the family of F-box proteins. It has been known for a long time that Skp2 undergoes phosphorylation during cell cycle progression and growth factor stimulation[43,44]. Wei et al[45] reported that downregulation of Skp2 inhibited the growth and metastasis of GC cells in vitro and in vivo. Skp2 depletion also increased caspase-3 activity and impeded formation of filopodia and locomotion. Skp2 is associated with c-Myc transcription and degradation, and thus regulates Myc protein stability[46]. This establishes an unusual structured network that is the E2F-1/Skp2/c-Myc signaling pathway, by which E2F-1 suppresses MGC-803 cell growth in vivo. 

Cyclin D1 is one of the most important proteins for cell cycle regulation, and is related to the development of many cancers and cancer cell growth. Cyclin D1 binds to and activates CDK4/6, which subsequently phosphorylates tumor-inhibiting protein Rb and promotes G1/S transition in the cell cycle[47,48]. So far, survivin is the strongest anti-apoptotic factor with the smallest molecular weight[49]. Survivin can also prevent tubulin from binding with spindle microtubules, and inhibit apoptosis in cell mitosis[50]. Furthermore, the proportion of cells in the G2/M phase were increased, while the number of cells in the G0/G1 phase decreased after transfecting survivin-specific siRNA into MGC-803 cells[51]. Thus, the proliferation of GC cells was inhibited, and apoptosis induced by survivin RNA interference. Dar et al[52] have shown that the proliferative capacity of melanoma cells is mediated by E2F-regulated Akt phosphorylation. Furthermore, the PTEN-Akt-p53-miR- 365-Cyclin D1/cdc25A axis serves as a new mechanism underlying gastric tumorigenesis[53]. Akt signaling translationally regulates survivin expression for metastatic progression of colorectal cancer and GC[54,55].

Our present study has shown that E2F-1 overexpression significantly inhibited the growth of transplanted tumors and promoted cell apoptosis. E2F-1 overexpression also inhibited cyclin D1 and survivin expression, either directly or indirectly via the Akt signaling pathway, and suppressed MGC-803 cell growth in vivo. Therefore, E2F-1 plays an important role in GC cell survival, apoptosis, and mitosis. This research provides a basis for treatment of GC via regulation of E2F-1 expression.

COMMENTS

Background

Gastric cancer (GC) remains the second leading cause of death from malignant disease worldwide. Despite improvements in surgical techniques and the development of new chemotherapeutic regimens, the results are often disappointing in patients with advanced tumors. Gene therapy is a very hopeful approach to inhibit the proliferation of tumor cells and avoid the side effects of drug therapy. E2F-1, a member of the E2F family of transcription factors, is crucial for the E2F-dependent apoptotic program. However, few studies have reported on E2F-1 in GC. In particular, the effect and functional mechanism of E2F-1 overexpression in gastric cancer in vivo remain unclear.

Research frontiers

E2F-1 plays an important part in manipulating cell cycle progression and other cell biologic behaviors. E2F-1 can show antitumor or tumor-promoting effects, which remain controversial. The research hotspot of E2F-1 is how it affects the progression of human cancer.

Innovations and breakthroughs

Previous studies have indicated that the growth and proliferation of GC cells were inhibited and G1 to S phase cell cycle transition was blocked by E2F-1 overexpression in vitro. Recent reports were focused on its roles on in vivo. The authors discovered that E2F-1 inhibited tumor growth and promoted tumor cell apoptosis in models of human gastric carcinoma in nude mice. In addition, E2F-1 upregulation increased the expression of Bax and decreased expression of survivin, Bcl-2, cyclin D1, Skp2, and c-Myc expression level. 

Applications

In understanding the role and mechanism of E2F-1-mediated multiple signaling pathways in GC in vivo, this study is expected to suggest a way to improve clinical treatment.

Terminology

E2F-1 is a transcription factor involved with DNA replication, cell survival, mitosis, and apoptosis. The retinoblastoma 1 (pRb) factor binds to E2F-1, and E2F-1 activation is determined by the state of pRb phosphorylation; E2F-1 is inhibited by dephosphorylated pRb and activated by pRb phosphorylation.

Peer review

This study is a very enjoyable and valuable work. The results may represent a molecular mechanism of E2F-1 in GC.
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Figure 1  Determination of lentiviral titers. Recombinant lentivirus was transfected into 293T cells to determine viral titer by the method of end-point dilution, which involves counting the numbers of infected green cells under fluorescence microscopy (original magnification x 100). The viral dilution factor was 1:1000.
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Figure 2  Overexpression of E2F-1 inhibits MGC-803 tumor growth. A: Tumor growth curve shows the growth tendency in the LV-GFP-E2F-1 group is suppressed in comparison to the control groups; B: Relative tumor volume (TV) in LV-GFP-E2F-1-treated mice was significantly smaller than in the control groups at 12 d after tumor injection (n = 8 animals for each condition). 1, phosphate-buffered saline (PBS) control group; 2, LV-GFP-NC group; 3, LV-GFP-E2F-1 group; comparisons made using analysis of variance and Student-Newman-Keuls analyses; aP < 0.05 vs control.

[image: image2.png]TV (mm?)

200

160

bes





Figure 3  Overexpression of E2F-1 mRNA with LV-GFP-E2F-1. A: Agarose gel analysis of E2F-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) real-time polymerase chain reaction products amplified from MGC-803 tumor tissues (M, 500 bp marker); B: Expression of E2F-1 mRNA was measured in the three groups and normalized to GAPDH (n = 8 animals for each condition). 1, LV-GFP-E2F-1 group; 2, LV-GFP-NC group; 3, phosphate buffered saline control group. aP < 0.05 using analysis of variance and Student-Newman-Keuls analyses.
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Figure 4  Overexpression of E2F-1 protein with LV-GFP-E2F-1. A: Western blot analysis of E2F-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; internal control) in MGC-803 tumor tissue; B: Expression of E2F-1 protein was measured in the three groups normalized to GAPDH (n = 8 animals for each condition). 1, LV-GFP-E2F-1 group; 2, LV-GFP-NC group; 3, PBS group. aP < 0.05 using analysis of variance and Student-Newman-Keuls analyses.
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Figure 5  Overexpression of E2F-1 induces in situ MGC-803 tumor cell apoptosis. Apoptosis was assessed by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) and hematoxylin and eosin staining. More apoptotic MGC-803 tumor cells were observed in the LV-GFP-E2F-1 group than in the LV-GFP-NC and phosphate buffered saline (PBS) groups (original magnification, × 400).
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Figure 6  Overexpression of E2F-1 alters mRNA expression of apoptosis regulators. A: Agarose gel analysis of semiquantitative real-time polymerase chain reactions for c-Myc, S-phase kinase-associated protein 2 (Skp2), Bcl-2, cyclin D1, survivin, Bax and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) in the MGC-803 tumor tissues. Lanes: 1, LV-GFP-E2F-1 group; 2, LV-GFP-NC group; 3, phosphate-buffered saline (PBS) group; M, 500 bp marker; B: Quantification showing downregulation of c-Myc, Skp2, Bcl-2, cyclin D1, survivin and upregulation of Bax mRNA levels (n = 8 animals for each condition). aP < 0.05 using analysis of variance and Student-Newman-Keuls analyses.
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Figure 7  Overexpression of E2F-1 alters protein expression of apoptosis regulators. A: Western blot analysis of c-Myc, S-phase kinase-associated protein 2 (Skp2), Bcl-2, cyclin D1, survivin, Bax and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; internal control) in the MGC-803 tumor tissues. Lanes: 1, LV-GFP-E2F-1 group; 2, LV-GFP-NC group; 3, phosphate-buffered saline (PBS) group; B: Quantification showing downregulation c-Myc, Skp2, Bcl-2, cyclin D1, survivin and upregulation of Bax protein levels (n = 8 animals for each condition). aP < 0.05 using analysis of variance and Student-Newman-Keuls analysis.
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Table 1  Sequences of primers used for semi-quantitative real-time polymerase chain reaction


Gene�
Primer�
Base sequence�
PCR product (bp)�
�
E2F-1�
Forward�
5'-CCCAACTCCCTCTACCCT-3'�
217�
�
�
Reverse�
5'-CTCCCATCTCATATCCATCCTG-3'�
�
�
Survivin�
Forward�
5'-AAATGCACTCCAGCCTCTGT-3'�
311�
�
�
Reverse�
5'-TGTCGAGGAAGCTTTCAGGT-3'�
�
�
Bax�
Forward�
5'-CCAAGAAGCTGAGCGAGTGT-3'�
269�
�
�
Reverse�
5'-CCGGAGGAAGTCCAATGTC-3'�
�
�
Bcl-2�
Forward�
5'-GACTTCGCCGAGATGTCCAG-3'�
259�
�
�
Reverse�
5'-CATCCCAGCCTCCGTTATCC-3'�
�
�
Cyclin D1�
Forward�
5'-CCCTCGGTGTCCTACTTCAA-3'�
237�
�
�
Reverse�
5'-GGGGATGGTCTCCTTCATCT-3'�
�
�
Skp2�
Forward�
5'-GCTGCTAAAGGTCTCTGGTGT-3'�
291�
�
�
Reverse�
5'-AGGCTTAGATTCTGCAACTTG-3'�
�
�
c-Myc�
Forward�
5'-TTCTCTCCGTCCTCGGATTC-3'�
282�
�
�
Reverse�
5'-GTAGTTGTGCTGATGTGTGG-3'�
�
�
GAPDH�
Forward�
5'-ACCACAGTCCATGCCATCAC-3'�
450�
�
�
Reverse�
5'-TCACCACCCTGTTGCTGTA-3'�
�
�
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; PCR: Polymerase chain reaction; Skp2: S-phase kinase-associated protein 2.
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