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Abstract

AIM: To investigate the influence of phosphati​dylinositol-3-kinase protein kinase B (PI3K/AKT)-HIF-1 signaling pathway on glycolysis in esophageal carcinoma cells under hypoxia. 

METHODS: Esophageal carcinoma cell lines Eca109 and TE13 were cultured under hypoxia environment, and the protein, mRNA and activity levels of hypoxia inducible factor-1 alpha (HIF-1), glucose transporter 1, hexokinase-Ⅱ, phosphofructokinase 2 and lactate dehydrogenase-A were determined. Supernatant lactic acid concentrations were also detected. The PI3K/AKT signaling pathway was then inhibited with wortmannin, and the effects of hypoxia on the expression or activities of HIF-1, associated glycolytic enzymes and lactic acid concentrations were observed. Esophageal carcinoma cells were then transfected with interference plasmid with HIF-1-targeting siRNA to assess impact of the high expression of HIF-1 on glycolysis.

RESULTS: HIF-1 is highly expressed in the esophageal carcinoma cell lines tested, and with decreasing levels of oxygen, the expression of HIF-1 and the associated glycolytic enzymes and the extracellular lactic acid concentration were enhanced in the esophageal carcinoma cell lines Eca109 and TE13. In both normoxia and hypoxic conditions, the level of glycolytic enzymes and the secretion of lactic acid were both reduced by wortmannin. The expression and activities of glycolytic enzymes and the lactic acid concentration in cells were reduced by inhibiting HIF-1, especially the decreasing level of glycolysis was significant under hypoxic conditions.

CONCLUSION: The PI3K/AKT pathway and HIF-1 are both involved in the process of glycolysis in esophageal cancer cells.
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Core tip: Fluorescence analysis, spectrophotometry, real-time PCR, Western blot and siRNA interference technology were used to investigate the influence of phosphatidylinositol-3-kinase protein kinase B-HIF-1 signaling pathway on glycolysis under hypoxia in esophageal carcinoma cells. The results obtained provide experimental evidence for the mechanism of glycolysis enhanced by hypoxia.

INTRODUCTION

Esophageal cancer, as one of the most common malignant tumors in China with a poor prognosis, is characterized by fast invasion and early metastasis with chemotherapy and radiotherapy tolerance. Previous studies have confirmed that tumor hypoxia is an important factor leading to radiotherapy and chemotherapy resistance and that it promotes tumor invasion and metastasis and affects cell energy metabolism[1,2]. Tumor cells always prefer aerobic glycolysis metabolism to obtain energy, and this preference was named Warburg effect[3]. It enhances the ability of tumor cells to metabolize glucose to provide energy sources for their rapid proliferation and growth as well as help with their hypoxia tolerance. Synergies between tumor tissue hypoxia and the Warburg effect may play an important role in the promotion of tumor metastasis and resistance to chemotherapy. 

Hypoxia-inducible factor-1 alpha (HIF-1) is known as a key regulatory factor of tissue adaptation under hypoxia. It is highly expressed in most tumors and metastases and is inseparable from the glycolytic pathway of tumor cells[4]. The PI3K/AKT signaling pathway widely exists in cells, and it is involved in cell growth, proliferation, differentiation and regulatory signal transduction pathways. The pathway is also one of the most closely regulated pathways in cancer cells influencing glucose metabolism, in addition to its participation in the regulation of HIF-1 expression[5-7]. Therefore, we hypothesized that the PI3K/AKT pathway and HIF-1 may play a key role in the synergistic effect of hypoxia and the Warburg effect.

MATERIALS AND METHODS

Materials

Human esophageal carcinoma cell lines TE13 and Eca109 were purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). Interference plasmid with HIF-1-targeting siRNA was manufactured by the Kejira Corporation (Shanghai, China). Competent E. coli TOP10 cells were bought from the Bordi Corporation (Nanjing, China). The antibodies for HIF-1, AKT, glucose transporter-1 (GLUT-1), lactate dehydrogenase-A (LDHA) and the secondary antibodies were obtained from Santa Cruz Biotechnology. The antibodies for HK-Ⅱ and p-AKT were obtained from Cell Signaling Technology. The GAPDH antibody was purchased from Bioworld. The Takara reverse transcription kit, the SYBR Green quantitative PCR kit, TRIzol and all the primers were obtained from the Shanghai to Betting Biotechnology Co., Ltd. A hypoxic incubator was purchased from Sanyo.

Cell lines 

Esophageal carcinoma cell lines TE13 and Eca109 (2 × 105 cells/well) maintained in DMEM with 10% fetal bovine serum were covered with serum-free medium when the cells grew to 60% confluency and starved for 24 h. Three groups of adherent cells in the logarithmic growth phase were placed into the hypoxia incubator (5% CO2, 1% O2 and 94% N2), and the cells were incubated for 6 h, 12 h, 24 h and 48 h. A corresponding blank control was also set up. 

Cell transfection and colony selection 

Two pairs of HIF-1-siRNA oligonucleotide fragments were designed and synthesized according to the human HIF-1 gene sequence (GenBank No. NM001530). The sequences were 5’-GATCCCGAGGAAGAACTATGAACATAATTCAAGAGATTATGTTCATAGTTCTTCCTCTTTTTGGAT-3’ (sense strand) and 5’-AGCTATCCAAAAAGAGGAAGAACTATGAACATAATCTCTTGAATTATGTTCATAGTTCTTCCTCGG-3’ (antisense strand) for sequence one, and 5’-GATCCCGACTGATGACCAGCAACTTGATTCAAGAGATCAAGTTGCTGGTCATCAGTCTTTTTGGAT-3’ (sense strand) and 5’-AGCTATCCAAAAAGACTGATGACCAGCAACTTGATCTCTTGAATCAAGTTGCTGGTCATCAGTCGG-3’ (antisense strand) for sequence two.

To construct a plasmid on the basis of the pGCsi vector manual, TOP10 cells were amplified and agarose gel electrophoresis was performed to acquire the plasmids, which were named pGCsi-HIF-1 and pGCsi-HIF-2. They were routinely used to transfect the cell lines Eca109 and TE13. The cell transfection efficiencies were determined based on the green fluorescence as detected by fluorescence microscopy, and finally, the pGCsi-HIF-1 plasmid was selected as the follow-up interference plasmid. The plasmid pGCsi-HIF-1 and its negative control plasmids were transfected. The cell clones were batched and picked after four weeks. The results of RT-PCR and Western blot were combined. The plasmid pGCsi-HIF-1 and corresponding negative control plasmids were named TE13/shRNA, TE13/Neo, Eca109/shRNA and Eca109/Neo.

Drug effectiveness

Wortmannin at an experimental concentration of 2 mol/L was incubated with the cells in a hypoxia incubator (1% O2) for 12 h and the control group was cultured for the same time under normoxia.

Western blot analysis

Western blot analysis was performed to detect the protein expression of HIF-1 and the associated glycolysis genes. The proteins were conventionally extracted, transferred to membranes and incubated. The corresponding primary antibody concentrations were as follows: HIF-1 (1:500), HK-Ⅱ (1:1000), GLUT-1 (1:200), LDHA (1:200) and -actin (1:4000). The secondary antibodies conjugated with HRP were goat anti-mouse (1:4000), goat anti-rabbit (1:4000) and rabbit anti-goat (1:5000). The signal was developed using ECL chemiluminescence.

Quantitative real-time PCR
To extract and purify the total RNA, TRIzol-blue reagent was used to extract the cells pretreated in each group according to the instructions of the TRIzol Kit. Then, 1 g of total RNA was reverse transcribed with the RevertAidTM First Strand cDNA Synthesis Kit. The mRNA levels were determined by qRT-PCR using the Bio-Rad MJ Mini Opticon.

Activities of enzymes

The cells (5 × 105 cells/well) were washed twice in PBS and 500 L of PBA was added after trypsin digestion. Sonication and centrifugation (10000 r/min) for 10 min were used to acquire the supernatant, and then the activities of LDH and HK were detected by colorimetry according to the kit instructions.

Spectrophotometry

Spectrophotometry was performed to detect the concentration of lactic acid in the supernatant of the nutrient solution.

Statistical analysis

Statistical analyses were performed using SPSS 18.0 software. Gray value analysis was performed with Tanon Gis software, and the ratio of the target band to the internal reference band represented the protein expression levels of the target gene. The differences in the expression of HIF-1 and the associated glycolytic enzymes, the activities of HK and LDH and the lactic acid concentration among the multiple groups were analyzed using an F test, and indicators between the two groups were compared using Student’s t-test or t-test. P < 0.05 was considered statistically significant.

RESULTS

Influence of oxygen concentration on the protein levels of HIF-1 and the associated glycolytic enzymes in esophageal cancer cells

Under hypoxic condition (1% O2), the protein expression of HIF-1 in esophageal carcinoma cell lines increased gradually with time. After 12 h of hypoxia, its expression peaked and then maintained a high level. Then, it began to decrease after 48 h. The protein expression of GLUT-1 and HK-Ⅱ also elevated gradually after incubation under hypoxic conditions and reached its peak at a time between 12 and 24 h, whereas the protein change of LDHA did not follow a similar trend (Figure 1).

Influence of oxygen concentration on the lactic acid concentration in the supernatant of esophageal carcinoma cells

The lactic acid concentration in the supernatant of the cells increased in an upward trend with lower oxygen concentrations. When the culture time for the esophageal carcinoma cell lines (TE13 and Eca109) under hypoxia was extended for 6-48 h, the lactic acid concentration peaked at 12 h and was then maintained at that level or decreased slightly (Figure 2).

Effect of wortmannin on the mRNA expression of glycolytic enzymes in esophageal carcinoma cells

mRNA expression: Compared with a normoxic environment, the mRNA expression of HIF-1 and HK-Ⅱ under hypoxic conditions increased significantly in the esophageal carcinoma cell lines Eca109 and TE13. In both normoxic and hypoxic conditions, the mRNA expression of the enzymes in the group pretreated with wortmannin decreased slightly compared with that in the group without pretreatment (P < 0.05), but the differences among each group for GLUT-1 and LDHA at the mRNA level were not significant (P > 0.05) (Figure 3). 
Protein expression: Compared with groups not pretreated with wortmannin, the protein expression of HIF-1 in the pretreated esophageal carcinoma cell lines Eca109 and TE13 incubated under normoxic and hypoxic conditions was inhibited markedly (P < 0.05), and the protein expression of the hypoxic group was higher than that of the normoxic group (P < 0.01). Because the expression of HIF-1 was repressed most when a culture time of 12 h was used, we chose that time for the subsequent experiments.
The protein expression of HK-Ⅱ and GLUT-1 under normoxia or hypoxia in the groups pretreated with wortmannin was significantly reduced compared with those groups not pretreated (P < 0.05 between each of the groups). In the condition of hypoxia, the protein expression of LDHA among each group increased compared with the normal oxygen environment (P < 0.05). However, the difference between the group pretreated with wortmannin and the group not pretreated was not statistically significant (P > 0.05) (Figure 4).

Enzyme activities and lactic acid concentration

By detecting the activities of LDH and HK-Ⅱ in the esophageal carcinoma cell lines Eca109 and TE13 incubated for 12 h under normoxia and hypoxia, we found that the activities of LDH and HK in the groups pretreated with wortmannin all obviously declined compared with those in the group without pretreatment (P < 0.05) (Figure 5A). In the normoxic and hypoxic environments, the lactic acid concentrations in the pretreated group decreased markedly compared with those in the group without pretreatment (P < 0.05) (Figure 5B).

Impact on the mRNA expression of glycolytic enzymes after inhibiting the expression of HIF-1 in esophageal carcinoma cells

mRNA expression: Compared with the esophageal carcinoma cells of the untransfected group and the empty vector group, the mRNA expression of GLUT-1 and HK-Ⅱ in the Eca109/siRNA group obviously decreased (P < 0.05) (Figure 6). However, the decline in the mRNA expression of LDHA was too small to be significant. The expression of the associated genes in the untransfected group and the empty vector group under hypoxia were enhanced slightly, and the difference was considered statistically significant (P < 0.05).
Protein expression: Compared with the TE13 and Eca109 groups, the protein expression of HIF-1 in the TE13/siRNA and Eca109/siRNA groups were clearly reduced, and hypoxia could not correct this phenomenon. Regardless of the oxygen concentration used for culturing, the expression of GLUT-1 and HK-Ⅱ at the protein level in the TE13/siRNA and Eca109/siRNA groups was obviously weaker than that in the control group (P < 0.05). However, the expression of LDHA in the group of TE13 and Eca109 under hypoxia was up-regulated significantly compared with that of the normal oxygen group (P < 0.05), but mildly declined after inhibiting HIF-1 compared to the cells that were not silenced. The results were not statistically significant (P > 0.05) (Figure 7).
Enzymatic activities and lactic acid concentration

The activities of LDH and HK-Ⅱ under normoxia or hypoxia in the Eca109/siRNA and TE13/siRNA groups obviously decreased compared with those of the untransfected and empty vector groups (P < 0.05), and the activities of the enzymes under hypoxia increased slightly in the untransfected and empty vector groups (P > 0.05) (Figure 8). Moreover, compared with the untransfected group in the normoxia and hypoxia environments, the lactic acid concentrations in the Eca109/siRNA and TE13/siRNA groups were clearly reduced (P < 0.05) (Table 1).

DISCUSSION

Hypoxia is one of the basic characteristics of solid tumor microenvironments. On one hand, hypoxia results from the increase in oxygen consumption caused by the rapid proliferation of malignant tumors. On the other hand, the abnormality of the vascular structure and function of tumors leads to a decrease in the blood and oxygen supply, which could also be an important factor further adding to the risk of hypoxia in tumors[8-10]. When tumor size is greater than 1 mm3, there were a considerable number of tumor cells in a hypoxic state. Hypoxia in tumors is not only the consequence of pathophysiology but also an important initiating factor of malignant transformation and even metastasis in the development of tumors. Research has confirmed that hypoxia can promote oncogenes to produce functionally acquired mutations to cause high expression of the gene itself. It has also been found that the corresponding proteins, apart from the tumor suppressor genes, have functionally lacking mutations that down-regulate the expression of genes or weaken the activities of products. In addition, hypoxia can also promote the functionally lacking mutations of the gene associated with DNA repair to improve the mutation frequency of oncogenes and tumor suppressor genes; thus, it is involved in malignant transformations in tumor genesis[11,12]. Furthermore, hypoxia participates in the processes of invasion, metastasis, angiogenesis, immune evasion, and radiotherapy and chemotherapy resistance to affect prognosis[13,14]. Most normal tissues always use aerobic oxidation for energy metabolism in an anaerobic environment, and the glycolytic pathway started to mobilize only when the oxygen supply was insufficient. However, tumor cells prefer glycolysis to gain energy to meet their needs, regardless of the oxygen condition, which is known as the Warburg effect[3]. It is more convenient for tumor cells to gain energy for metabolism and survive under hypoxic conditions, which helps in the acquisition of hypoxia tolerance. The radiotherapy and chemotherapy resistance caused by low metabolic rates during hypoxia helps some tumor cells survive, which could be a source of tumor recurrence[15].

HIF-1 is a transcription factor that widely exists in mammals and humans under hypoxic conditions and is a key player in the body’s ability to adapt to hypoxia by promoting the expression of hypoxia-induced genes to elicit the specific response to hypoxia of tissues. HIF-1 consisted of HIF-1 and HIF-1 subunits. HIF-1 is not only peculiar to HIF-1 but also the oxygen regulator unit. The hypoxia-inducible genes regulated by HIF are involved in angiogenesis, erythropoiesis, energy metabolism, apoptosis, proliferation and other cellular processes. Previous studies have found that the related glycolytic genes regulated by HIF-1 include the GLUT-1, lactate dehydrogenase A (LDHA), phosphofructokinase 2 (PFK2), aldolase A, enolase 1, phosphoglycerate kinase 1 and glyceraldehyde-3-phosphate dehydrogenase coding genes. HIF-1 induced the expression of the above genes to enhance glycolysis to meet the needs of energy metabolism when the process of oxidative phosphorylation was inhibited by the condition of hypoxia[16-18].

The role of external hypoxia in initiating glycolysis and promoting its progression in tumor cells was previously uncertain. Past studies have investigated breast cancer cell lines MDA-mb-4 and MCF-7, which are highly and lowly malignant, respectively, cultured under normal oxygen conditions and found that the expression of HIF-1 and glycolytic enzymes and the level of glycolysis in MDA-mb-4 were greater in strength than those of MCF-7. Moreover, it is interesting that compared with the expression in normoxic envi​ronments, the expression of the genes in the breast cancer cell line MCF-7 under hypoxia was markedly elevated. However, there was no obvious change in MDA-mb-435, which suggested that the enhanced glycolysis in tumor cells was not caused by a single factor and that the environment and other factors were also involved in the process[19]. Renal carcinoma cell line RCC4, which has high expression of HIF-1, was chosen for study because of its lack of the Von Hippel-Lindau gene (vH-L gene), which resulted in the blocked degradation of HIF-1. In contrast with the level of glycolysis in normoxia and hypoxia conditions, no significant differences between these two conditions were found, but the level of glycolysis under normoxic conditions obviously decreased and increased clearly under hypoxic condition after restoring the regulatory ability of HIF-1 through the transfection of the vH-L gene in the RCC4 cell line[20]. It prompted the idea that the added HIF-1 protein accumulated or abnormally induced in cells might be the main factor in the regulatory process of glycolysis in tumor cells, and blocking HIF-1 might be an effective means of suppressing the glycolytic pathway in tumor cells.

Research has shown that most tumor tissues and their metastases have high expression of HIF-1, and this is closely related to the glycolytic pathway of tumor cells[4]. We also confirmed the high expression of HIF-1 in esophageal cancer tissues in our previous studies[21,22]. To define the influence of hypoxia on the glycolytic level of esophageal carcinoma cells, we observed the changes in the expression of HIF-1, the associated glycolytic proteins, such as GLUT-1, HK-Ⅱ, and LDHA, and the lactic acid content under different oxygen concentrations. The results showed that the expression of the proteins and the lactic acid concentration changed obviously under hypoxic conditions, and this suggests that the external oxygen concentration plays a regulatory role in glycolysis of esophageal carcinoma cells. Although there was a high glycolysis level under normal oxygen pressure in esophageal tumors, the glycolytic level could be further enhanced with a decrease in the external oxygen concentration. The enhanced glycolysis caused by hypoxia and the change in the genetic signaling pathways by itself both evolved to the advantages of the Warburg effect. However, experiments also showed that HIF-1 and the associated glycolytic proteins, such as GLUT-1, HK-Ⅱ and LDHA, had a certain correlation in the enhanced process of glycolysis induced by hypoxia and played an important role in the pathophysiological mechanisms of promoting glycolysis, which was found to be enhanced in esophageal carcinoma cells. In addition to the involvement of glucose transport and glycolysis, the relevant proteins of glycolysis in tumor cells also included the glycolysis products, such as carbonic anhydrase (CA) and monocarboxylate transporters (MCTs). Studies have already confirmed that the CAIX and MCT4 gene promoter sequences are the binding sites for HIF-1, which can promote the transmembrane transport of lactic acid and hydrogen ions by enhancing the expression and activity of CAIX and MCT4 and ensure the smooth progress of glycolysis[23-26]. This finding suggests that HIF-1, as a key factor in the process of regulating tumor glycolysis, may be involved in the enhanced glycolysis process of tumor cells through glucose transport, glycolysis activation and lactic acid transport.

To further confirm the impact of the high expression of HIF-1 on the process of glycolysis in esophageal tumors, we inhibited HIF-1 successfully in the cell lines Eca109 and TE13 using siRNA interference technology to observe the changes in the lactic acid concentration and the expression of the related glycolytic enzymes in the extracellular nutrient solution under different oxygen concentrations. The results showed that the mRNA and protein expression of GLUT-1 and HK-Ⅱ was down-regulated, and the lactic acid secretion reduced significantly, which was consistent with the trends found when HIF-1 was restrained, and compared with the control group under hypoxia, the expression was still at a low level, although the expression increased mildly when cultured under hypoxia. Thus, we speculate that the regulation of HIF-1 in the glycolysis of esophageal carcinomas depends on the activation of its downstream glycolytic enzymes. However, it is worth noting that the protein expression of LDHA changed slightly when HIF-1 was inhibited, and it also suggests that the regulation of LDHA was not only confined within the role of HIF-1. When integrated with the literature, the regulation of glucose metabolism in tumors should be the consequence of a combination of multiple factors and multi-links with hypoxia. It also may be that HIF-1 is in a prominent position in the regulatory process, but not all of the glycolysis in esophageal cancers results from this single factor. 

The PI3K/AKT signaling pathway is currently at​tracting much attention in cancer research, and it has been found that PI3K/AKT signaling is disordered in most human tumors and has been closely associated with proliferation, apoptosis, angiogenesis, invasion, metastasis, chemotherapy and radiotherapy resistance. The pathway plays an important role in adapting to the hypoxia environment and participates in the regulation of the HIF-1 singling pathway. A previous study reported that epidermal growth factor (EGF), fibroblast growth factor 2 and insulin-like growth factor 1 could induce the protein expression of HIF-1 by activating the PI3K/AKT signaling pathway and the corresponding tyrosine kinase receptors under normal oxygen pressure[7]. The mechanism of hypoxia tolerance activated by the PI3K/AKT pathway is widespread in mam​malian cells, where HIF-1 exerts a critical intermediary role[27].

Based on the speculation that the PI3K/AKT signaling pathway might affect glycolysis in esophageal cancer cells, wortmannin, a specific ATP uncompetitive irreversible inhibitor of PI3K, with a half inhibitory concentration of 0.004 microns, was first extracted from the fungus Penicillium wortmannin in 1957. This compound was used to block the PI3K/AKT signaling pathway in the cell lines Eca109 and TE13. Wortmannin binds to PI3K gamma and causes the irreversible modification of lysine 833, while is the active site of PI3K[28]. Wortmannin at high concentrations also had different inhibitory effects on the PIKK family, such as mTOR, DNA-PK, ATM and ATR[29,30]. The results confirmed that the glycolytic level in esophageal cancer cells declined once the PI3K pathway was inhibited, regardless of whether the external oxygen supply was sufficient or not, and it was accompanied by a decrease in the expression of HIF-1 and the associated glycolytic proteins. This was not corrected effectively by culturing under hypoxia. Moreover, we found that the influence of wortmannin on the protein expression of the enzymes of glycolysis was different; the protein expression of GLUT-1 was down-regulated, whereas the mRNA expression did not change much by using wortmannin, which suggests that the regulatory effect of wortmannin on GLUT-1 might act at the protein level. In addition, the results also showed that the activities of HK-Ⅱ and LDH in cells and the secretion of lactic acid were restrained by adding wortmannin, and it could be elevated at different levels after treatment with hypoxia. Therefore, we surmise that the impact of the PI3K/AKT signaling pathway on glycolysis in esophageal tumors involves multiple steps and many factors, including the expression of key protein factors and the regulation of activities of different glycolytic enzymes. This suggests that the PI3K/AKT signaling pathway is involved into the process of glycolysis in esophageal carcinoma.

In summary, the level of glycolysis in esophageal carcinomas could be affected by hypoxic environment and is closely associated with the expression of HIF-1. The PI3K/AKT pathway and HIF-1 are both involved in glycolysis in esophageal cancer cells, and LDHA, HK-Ⅱ and GLUT-1 might cause downstream effects. The regulation of glycolysis under hypoxic conditions could be achieved by activating the PI3K/AKT pathway through EGF and HIF-1, and the ex​pression level of glycolysis decreased markedly when the PI3K/AKT pathway was inhibited, which may be of potential therapeutic value in the future. This study will contribute to an effective treatment strategy for tumor cells under hypoxic environments and provide strong evidence and new thoughts on the diagnosis and treatment of cancers. It also provides direction on the development of new antitumor drugs and thus gives more reasonable and individualized therapeutic schedules to cancer patients in the clinic.

COMMENTS

Background

Esophageal cancer is the sixth leading cause of cancer-related death in China. Although recent developments in therapeutic strategies have helped cure many patients with early-stage disease, the prognosis of patients with advanced disease and metastasis remains poor.

Research frontiers

Tumor hypoxia is an important factor leading to radiotherapy and chemotherapy resistance and promotes tumor invasion and metastasis. It also involves cell energy metabolism. Hypoxia-inducible factor-1 alpha (HIF-1) is a key regulatory factor of tissue adaptation under hypoxia and is highly expressed in most tumors and metastases. It is also inseparable from the glycolytic pathway of tumor cells. The PI3K/AKT signaling pathway widely exists in cells and is involved in cell growth, proliferation, differentiation and regulatory signal transduction pathways. It is also one of the most closely regulatory pathways of the glucose metabolism of cancer cells besides participating in the regulation of HIF-1 expression.

Innovations and breakthroughs

The authors investigated the signaling pathway of glycolysis from the perspective of hypoxia tolerance in esophageal tumor cells based on HIF-1 and analyzed multiple related glycolytic genes through the PI3K/AKT-HIF-1 pathway to obtain more information regarding the molecular regulatory mechanism of esophageal cancers. 

Applications

The findings of this study indicated that the PI3K/AKT pathway and HIF-1 are both involved in the process of glycolysis in esophageal cancer cells, and the regulation of glycolysis in the hypoxia condition could be achieved by activating the PI3K/AKT pathway through EGF and HIF-1. The expression level of glycolytic enzymes decreased markedly when the PI3K/AKT pathway was inhibited.

Terminology

The study adopted mature and reliable laboratory methods, such as fluorescence analysis, spectrophotometry, real time PCR, Western blot and siRNA interference technology.

Peer-review

Poor prognosis of esophageal cancer is a well-known fact and early diagnosis of this disease is so important. This is a well-written paper.
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Figure 1  expression of hypoxia inducible factor-1 alpha and glycolysis enzymes at different time points of hypoxia in Eca109 cells (A) or in TE13 cells (b). HIF-1: hypoxia inducible factor-1 alpha; HK-Ⅱ: hexokinase Ⅱ; GLUT-1: glucose transporter-1; LDHA: lactate dehydrogenase-A.
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Figure 2  lactic levels in culture medium of Eca109 cells (A) or TE13 cells (B) in different oxygen environments and at different time points as revealed by photocolorimetric method.
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Figure 3  Quantitative real-time PCR analysis of the gene expression of hypoxia inducible factor-1 alpha and glycolysis (n = 3). HIF-1: hypoxia inducible factor-1 alpha; HK-Ⅱ: hexokinase Ⅱ; GLUT-1: glucose transporter-1; LDHA: lactate dehydrogenase-A.
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Figure 4  Effect of wortmannin on hypoxia inducible factor-1 alpha and glycolysis protein in Eca109 cells (n = 3) (A) and in TE13 cells (b) (n = 3). HIF-1: hypoxia inducible factor-1 alpha; HIF-1: hypoxia inducible factor-1 alpha; HK-Ⅱ: hexokinase Ⅱ; GLUT-1: glucose transporter-1; LDHA: lactate dehydrogenase-A.
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Figure 5  Spectrophotometry analysis of the activities of lactate dehydrogenase and hexokinase (n = 3) (a) or the supernatant lactic acid concentration in nutrient solution (n = 3) (b). HK: hexokinase; LDH: lactate dehydrogenase.
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Figure 6  mRNA expression of glycolysis enzymes after hypoxia inducible factor-1 alpha inhibition (n = 3). 1: Eca109; 2: Eca109/neo; 3: Eca109/siRNA. HIF-1: hypoxia inducible factor-1 alpha; HK-Ⅱ: hexokinase Ⅱ; GLUT-1: glucose transporter-1; LDHA: lactate dehydrogenase-A.
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Figure 7  protein expression of glycolysis enzymes. A: in Eca109 cells after HIF-1 inhibition (n = 3). N: Eca109 + 19% O2; N + iRNA: Eca109/siRNA + 19% O2; H: Eca109 + 1% O2; H + iRNA: Eca109/siRNA + 1% O2; b: in TE13 cells after HIF-1 inhibition (n = 3). N: TE13 + 19% O2; N + iRNA: TE13/siRNA + 19% O2; H: TE13 + 1% O2; H + iRNA: TE13/siRNA + 1% O2. HIF-1: hypoxia inducible factor-1 alpha; HK-Ⅱ: hexokinase Ⅱ; GLUT-1: glucose transporter-1; LDHA: lactate dehydrogenase-A.
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Figure 8  Western blot analysis of the activities of glycolysis enzymes after hypoxia inducible factor-1 alpha inhibition. HIF-1: hypoxia inducible factor-1 alpha; HK-Ⅱ: hexokinase Ⅱ; GLUT-1: glucose transporter-1; LDHA: lactate dehydrogenase-A.
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Table 1  The changes of supernatant lactic acid concentrations after restraining the expression of hypoxia inducible factor-1 alpha (n = 3)


�
TE13


�
Eca109


�
�
�
TE13


�
TE13/siRNA


�
Eca109


�
Eca109/siRNA


�
�
A (19% O2)


�
3.333 ± 0.833


�
 1.933 ± 0.569c


�
4.867 ± 0.551


�
1.367 ± 0.346c


�
�
B (1% O2)


�
 6.433 ± 1.059a


�
1.567 ± 0.416


�
 8.067 ± 1.160a


�
1.767 ± 1.242a


�
�
aP < 0.05, vs group A; cP < 0.05, vs non-interference group.











