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Abstract

AIM: To investigate biological mechanisms underlying pyruvate kinase M2 isoform (PKM2) regulation of cell migration and invasion in hepatocellular carcinoma cells. 

METHODS: HepG2 and Huh-7 hepatocellular carcinoma cell lines were stably transfected and cultured in DMEM (HyClone, Logan, UT, United States). To investigate the effects of PKM2 on cellular proliferation, hepatocellular carcinoma cells were subjected to the Cell Counting Kit-8 (Dojindo, Kamimashiki-gun, Kumamoto, Japan). And investigate the effects of PKM2 on cell signal pathway related with migration and invasion, Western immunoblotting were used to find out the differential proteins. All the antibody used was purchaseed from Cell Signal Technology. In order to explore cell motility used Transwell invasion and wound healing assays. The transwell plate with 0.5 mg/mL collagen type Ⅰ (BD Bioscience, San Jose, CA)-coated filters. The wound-healing assay was performed in 6-well plates. Total RNA was extracted using TRIzol reagent (Invitrogen, CA, United States) and then reverse transcription was conducted. Quantitative reverse transcription-polymerase chain reaction (PCR) analysis was performed with the ABI 7500 real-time PCR system (Applied Biosystems). We further use digital gene expression tag profiling and identification of differentially expressed genes.

RESULTS: The cells seeded in four 96-well plates were measured OD450 by conducted Cell Counting Kit-8. From this conduction we observed that both HepG2 and Huh-7 hepatocellular carcinoma cells with silenced PKM2 turn on a proliferate inhibition; however, cell migration and invasion were enhanced compared with the control upon stimulation with epidermal growth factor (EGF). Our results indicate that the knockdown of PKM2 decreased the expression of E-cadherin and enhanced the activity of the EGF/EGFR signaling pathway, furthermore up-regulate the subsequent signal molecular the PLC1 and extracellular signal-regulated kinase 1/2 expression in the hepatocellular carcinoma cell lines HepG2 and Huh-7, which regulates cell motility. These variations we observed were due to the activation of the transforming growth factor beta (TGF) signaling pathway after PKM2 knockdown. We also found that the expression of TGFBRI was increased and the phosphorylation of Smad2 was enhanced. Taken together, our findings demonstrate that PKM2 can regulate cell motility through the EGF/EGFR and TGF/TGFR signaling pathways in hepatocellular carcinoma cells.

CONCLUSION: PKM2 play different roles in modulating the proliferation and metastasis of hepatocellular carcinoma cells, and this finding could help to guide the future targeted therapies. 
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Core tip: The present study is to explore the effects of pyruvate kinase M2 (PKM2) on motility of human hepatocellular carcinoma cells. Here, our results revealed that silenced PKM2 activated the epidermal growth factor (EGF)/EGFR and transforming growth factor beta (TGF)/TGFR signaling pathways, in addition, up-regulate the expression of downstream targets, and this is the first research to connect PKM2 with the vital EGF and TGF pathways in hepatocellular carcinoma cell motility.

INTRODUCTION

Pyruvate kinase (PK) mediates the final rate-limiting step of glycolysis by catalyzing the dephosphorylation of phosphoenolpyruvate (PEP) to pyruvate to yield one molecule of ATP[1]. Mammalian cells have four pyruvate kinase isoenzymes (M1, M2, L, and R), which are selectively expressed in different types of cells and tissues[2]. In mammals, the M1 isoform (PKM1) is expressed in most adult tissues. The M2 isoform (PKM2), an alternatively spliced variant of M1, is expressed during embryonic development[3]. Studies have shown that cancer cells exclusively express PKM2[4,5], which has been shown to be essential for aerobic glycolysis in tumors (Warburg effect). Over the years, significant advancements have been made in understanding the function and regulation of PKM2 as a pyruvate kinase and protein kinase in cancer cells[6]. A recent study confirmed that the PKM2 induced by epidermal growth factor (EGF) translocates into the nucleus of glioblastoma cells, interacts with -catenin and leads to cyclinD1 expression, which promotes cell proliferation and tumorigenesis[7]. These findings reveal a novel role for PKM2 as a transcriptional coactivator. However, there are some controversies regarding the specificity and potential of PKM2 as an anti-cancer target in cancer therapy. We previously reported that pyruvate kinase M2 plays a dual role in the regulation of tumor progression[8]; however, the mechanism of this effect is unclear. 

Previous studies regarding PKM2 have focused on tumor metabolism and tumor growth; only a few reports have focused on tumor metastasis. E-cadherin plays a critical role in maintaining epithelial integrity, and the loss of E-cadherin affects the adhesive repertoire of a cell[9]. Previous in vitro studies have shown that the loss of E-cadherin in human carcinoma cell lines is associated with poor differentiation and a fibroblastoid morphology[10]. The EGF-dependent activation of the EGFR has been reported to be inhibited in an E-cadherin adhesion-dependent manner, which inhibits the ligand-dependent activation of diverse receptor tyrosine kinases[11]. 

Transforming growth factor beta (TGF) is a cytokine that regulates multiple cellular responses, including inhibition of cell proliferation and induction of differentiation, senescence, and apoptosis[12,13]. Its actions are mediated by binding to the serine/threonine kinase receptor TGFBRⅡ, which recruits and activates TGFBRI. In turn, TGFBRI phosphorylates downstream targets, including the proteins SMAD2 and SMAD3, which translocate to the nucleus in a complex with the common mediator SMAD4 to regulate the transcription of target genes[14,15]. TGF1 promotes progression of hepatoma cells by enhancing the (EMT), cell migration, and invasion[16].

Our research demonstrated that the knockdown of PKM2 decreased the expression of E-cadherin and enhanced the EGF/EGFR signaling pathway to promote cell migration and invasion in the hepatocellular carcinoma cell lines HepG2 and Huh-7, which were positive for E-cadherin expression. Meanwhile, the expression levels of TGFBRI and phospho-Smad2 were upregulated when PKM2 was knocked down. The TGF/Smad signaling pathway regulates the EMT. Thus, PKM2 may be an important link between EGF and the TGF pathway in hepatocellular carcinoma cell migration and invasion. The aim of this study was to elucidate the function and mechanism of PKM2 with regard to cell metastasis in hepatocellular carcinoma cell lines.

MATERIALS AND METHODS
Cell culture conditions and transfection

The human hepatocellular carcinoma cell lines HepG2 and Huh-7 were cultured in DMEM (HyClone, Logan, UT, United States). All cells were cultured in medium containing 10% fetal bovine serum (FBS) (Gibco, Detroit, MI, United States) and 100 IU/mL penicillin-streptomycin at 37  ℃ in a 5% CO2 humidified atmosphere. The human hepatocellular carcinoma cell lines HepG2 and Huh-7 were obtained from the American Type Culture Collection (ATCC, United States). HepG2 and Huh-7 cells were transfected with the siPKM2 (pcPUR + U6-siPKM2) or the PU6 (pcPUR + U6-siRenilla) plasmid using FuGENE HD (Roche, Indianapolis, IN). Puromycin (0.1 g/mL) was used to screen for stably transfected clones. The expression of the PKM2 protein was examined via Western blot analysis using an antibody against PKM2 to validate the ability of the constructs to inhibit target gene expression; these experiments were repeated three times. The cell cultures were made quiescent by growing them to confluence, and the medium was replaced with fresh medium containing 0.5% serum for 1 d. EGF (50 ng/mL final concentration) and TGF1 (20 ng/mL final concentration) were used for cell stimulation and were obtained from Cell Signaling Technology, Inc.

Stable knockdown of PKM2 and transient transfection 

A plasmid containing an RNA interference sequence that targeted the PKM2 gene was constructed. The sense oligo for the siPKM2 sequence was 5′-CACCGCGGCAAGATTTATGTGGAACGTGTGCTGTC-CGTTCCACGTAGATCTTGCTGCTTTTT-3′, and the antisense oligo was 5′-GCATAAAAAGCA-GCAAGATCTACGTGGAACGGACAGCACACGT-TCCACATAAATCTTGCCGC-3′. The HepG2 and Huh-7 cells were transfected with pcPUR + U6-siPKM2 or pcPUR + U6-siRenilla (control) and selected as puromycin-resistant clones. Western blot analysis was performed to confirm the suppression of PKM2. 

Protein extraction and Western blot analysis

The cells were re-suspended in lysis buffer containing a protease inhibitor cocktail, and the extracted proteins were separated using 8%-10% SDS-PAGE gels. -tubulin was used as a loading control. Antibodies against E-cadherin, N-cadherin, RHOG, and MMP1 were obtained from Epitomics. The phospho-EGFR (Tyr1068), phospho-PLC1 (Tyr783), phospho-ERK1/2 (Thr202/Tyr204), phospho-Smad2 (Ser465/467), Smad2, TGFBRI and S100P antibodies were obtained from Cell Signaling Technology.

RNA extraction, reverse transcription, and real-time polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Invi​trogen, CA, United States). The samples were then treated with DNase for 15 min at room temperature, and the RNA was further purified using an RNA cleanup kit (Qiagen, CA, United States). The reverse transcription (RT) reaction for first-strand cDNA synthesis was performed using reverse transcriptase (Bio-Rad) with 2 g of total RNA. Quantitative RT- polymerase chain reaction (PCR) analysis was performed with the ABI 7500 real-time PCR system (Applied Biosystems), and the gene expression levels for each individual sample were normalized to GAPDH. The mean relative gene expression was determined, and differences were calculated using the 2-ΔΔCt method. The RT-PCR primer sequences are listed in Table 1.

Cell proliferation assay
Cell proliferation was measured using the Cell Counting Kit-8 (Dojindo, Kamimashiki-gun, Kumamoto, Japan) according to the manufacturer’s instructions. Brieﬂy, the cells were seeded in four 96-well plates at a density of 2 × 103 cells/well. One plate was removed at the same time every day after the cells had adhered to the wells. The absorbance was measured with a microplate reader at a wavelength of 450 nm. All experiments were performed in triplicate.

Transwell invasion and wound healing assays

The transwell invasion assays were performed with 8.0-m-pore inserts in a 24-well transwell plate. The basement membrane was hydrated with 500 L of serum-free DMEM 30 min before use. For the invasion assay, the liver cancer cell lines were added to the upper chamber of the transwell plate with 0.5 mg/mL collagen type Ⅰ (BD Bioscience, San Jose, CA)-coated filters. DMEM containing 10% fetal bovine serum and 1% penicillin/streptomycin was added to the lower chamber. The HepG2 and Huh-7 cells were incubated for 36 h. The invading cells were quantified after gentian violet staining. Each experiment was performed in triplicate, and the data are expressed as the mean values. The wound-healing assay was performed in 6-well plates. Tumor cells in medium containing 10% FBS were seeded into 6-well plates (Corning, CA). The cell cultures were made quiescent by growing them to confluence, and the medium was replaced with fresh medium containing 0.5% serum for 1 d. Wounds were made in the monolayer with sterile pipette tips. Then, EGF (50 ng/mL final concentration) was used for cell stimulation. The cells were subsequently washed with PBS and refreshed with medium containing 10% FBS. Photographs were taken at 0 and 24 h. All experiments were performed in triplicate.

Digital gene expression tag profiling and identification of differentially expressed genes

Total RNA was isolated from each sample of HepG2-pu6 and HepG2-siPK cells using TRIzol reagent (Invitrogen). A total of 20 g of RNA was purified by adsorption onto biotin oligo(dT) magnetic beads. After mRNA binding, cDNA synthesis was performed. Double-stranded cDNA was digested with NlaⅢ endonuclease to produce fragments containing CATG sites with adjacent poly (A) tails at the 3′ end. After precipitation of the 3′ cDNA fragments, Illumina adaptor 1 was added to the 5′ ends of the fragments. Both adaptor 1 and the CATG site can be recognized by MmeI, which cuts downstream of the CATG site to produce 17-bp fragments tagged with adaptor 1. Adaptor 2 was then added to the 3′ end of these tagged fragments after removal of the poly(A) tail using biotin oligo(dT) beads. Then, these sequences were prepared for Solexa sequencing, and two samples were separately submitted to digital gene expression (DGE) profiling based on Solexa sequencing.

The expression level of each gene was estimated based on the frequency of clean tags and subsequently normalized to the number of transcripts per million clean tags (TPM)[17], which is a standard method and is extensively used in DGE analysis[18]. The threshold of the P value in multiple tests and analyses was determined by the false discovery rate (FDR). A combination of FDR < 0.001 and the absolute value of log2-Ratio ≥ 1 were used as the threshold to determine the significance of differences in gene expression.

Statistical analysis

Statistical analyses were performed using SPSS v13.0 (SPSS, Inc.) software. The independent samples t-test and correlation analysis were used to compare the data. All values are expressed as the mean ± SD. The differences were considered statistically significant at P < 0.05.

RESULTS

Depletion of PKM2 suppressed the proliferation of HepG2 and Huh-7 cells 

The expression of the PKM2 protein in the hepatoma cell lines HepG2 and Huh-7 as well as normal human liver L02 cells was evaluated using Western blot and real-time PCR analysis. Hepatoma cells showed a higher level of PKM2 expression than normal human liver L02 cells. Next, stable HepG2 and Huh-7 cells with altered PKM2 expression were established using RNA interference (PKM2 knockdown). As shown in Figure 1A and B, PKM2 knockdown was successfully achieved in the HepG2 and Huh-7 cells. We observed that the proliferation of these cells was decreased after PKM2 was depleted (Figure 1C and D). These results are in agreement with previous studies. 

Depletion of PKM2 promoted cell migration and invasion of HepG2 and Huh-7 cells stimulated with EGF

To examine the effect of PKM2 on cell migration and invasion, we employed well-established wound-healing and transwell assays to characterize the cell motility response in HepG2 and Huh-7 cells. A confluent layer of cells was first incubated overnight in medium, and a scratch wound was introduced. Medium containing EGF (50 ng/mL) was then added to stimulate migration, and the percentage of wound sealing was observed after 24 h. The invading cells were quantified 36 h after EGF (50 ng/mL) was added to the lower chamber. The results indicate that the treatment of HepG2-siPK and Huh-7-siPK cells with EGF following a scratch wound and in a transwell assay significantly increased the rate of wound healing (Figure 2A and B) and invasion (Figure 1C and D), respectively, compared with the control cells.

Transcriptomic landscape of hepatoma cell lines were revealed and verification

To investigate the mechanisms underlying changes in cell migration and invasion after PKM2 knockdown, we examined the transcriptomic landscape of hepatoma cell lines through mRNA sequencing. To determine the genes and transcripts that were differentially expressed between the HepG2 and HepG2-siPK cells, univariate F-tests were performed. We identified 2100 transcripts that were differentially expressed between the two cell lines. Among the identified transcripts, 450 transcripts were more highly abundant (i.e., were upregulated) in the HepG2-siPK cells, while 1650 showed lower relative abundance (i.e., were downregulated) in the HepG2 cells (Figure 3A). Cell migration- and invasion-related genes were selected for further statistical analysis (Figure 3B). The mRNA sequence analysis was validated by experimental confirmation of the levels of differentially expressed transcripts in HepG2 and HepG2-sipk cells. We used qRT-PCR to validate the expression levels of 16 transcripts, and we observed a high correlation and a similar expression trend between the mRNA-sequence based abundance estimation and the results of qRT-PCR assays (Figure 3C). Protein expression levels were examined by western blot analysis (Figure 3D). Protein expression analysis further confirmed the accuracy of the gene expression levels.

Depletion of PKM2 enhanced the activities of the EGF/EGFR and TGFbeta1/TGFBR signaling pathways 

Cell migration and invasion are largely regulated by EGFR activity. To analyze whether the EGFR is involved in the migration and invasion of HepG2 and Huh-7 cells, these cells were treated with EGF, which binds to the EGFR and activates downstream signaling pathways. Treatment with EGF resulted in the phosphorylation of the EGFR and the subsequent activation of the PLC1 and ERK1/2 pathways (Figure 4A). We found that PLC1 showed a higher level of activity in PKM2-depleted cells than in control cells after either a short or long (24 h) incubation with EGF. PLC is a key regulator of cell migration downstream of RTK signaling[19]. Phosphorylation of tyrosine residue 783 of PLC1 is critical to its activation[20]. PLC1 activation enhanced cell motility, and this effect was observed in both the wound scratch and transwell assays. 

The EGF-dependent activation of the EGFR has been reported to be inhibited in an E-cadherin adhesion-dependent manner. Indeed, E-cadherin adhesion inhibits the ligand-dependent activation of diverse receptor tyrosine kinases. To confirm the role of E-cadherin in the activation of EGFR, we used RNA interference to silence E-cadherin gene expression and subsequently observed the level of EGFR phosphorylation in HepG2 cells. We found that the EGFR phosphorylation level was significantly higher when E-cadherin was silenced (Figure 4B). Thus, PKM2 affected the expression level of E-cadherin, thereby regulating the activation of EGFR.

We next investigated the effect of an EGFR ligand on the expression of MMPs using RT-PCR in HepG2-sipk and Huh-7-sipk cells compared with their respective control cells. Treatment with the EGFR ligand EGF enhanced the transcription of MMPs in HepG2 and Huh-7 cells. MMP1 (Figure 4C and D) expression was upregulated in PKM2-depleted cells upon EGF treatment. 

In previous experiments, we found that the expres​sion of TGFBRI increased after PKM2 knockdown (Figure 3). We examined the level of Smad2 phospho​rylation by immunoblot analysis in PKM2 knockdown cells and the respective control cells (HepG2 and Huh-7). We found that the Smad2/3 phosphorylation level was significantly higher when PKM2 was knocked down (Figure 4E). Next, we used RNA interference to silence TGFBRI gene expression, and we observed that the level of Smad2 phosphorylation was significantly decreased in PKM2 knockdown cells (Figure 4F). These results show that PKM2 is a new modulator of hepatic cell motility and invasiveness that functions through the TGF pathway.

DISCUSSION

The invasive and metastatic stage of cancer pro​gression correlates with poor clinical prognosis and represents the most formidable barrier to successful treatment[21]. Cell motility and invasiveness are the defining characteristics of malignant tumors, which enable tumor cells to migrate into adjacent tissues or through limiting basement membranes and extracellular matrices. Cell motility is required for the physiological processes of wound repair and organogenesis and for the pathological process of tumor invasion[22]. Invasive tumor cells are characterized by dysregulated cell motility in response to extracellular signals from growth factors and cytokines[23]. Human tumors express high levels of growth factors and their receptors, and many types of malignant cells appear to exhibit autocrine- or paracrine-stimulated growth. Among the most well-studied growth factor receptor systems is the EGF receptor family[24]. At least two distinct intracellular signaling pathways are required for EGFR-mediated cell motility: the PLC and the MAP kinase pathways. PLC activity has been proposed to enhance cell motility through the mobilization of actin-modifying proteins from an inactive (membrane-associated) state to an active (sub-membrane cytoskeletal) state[25].

The Erk MAP kinases transmit signals to the nucleus as well as signals that regulate cell-matrix connections[26]. ERK/MAPK pathways play critical roles in EGFR ligand-induced MMP1 expression[27], and sustained ERK phosphorylation is necessary for MMP-9 regulation[28,29]. MMPs have been suggested to serve as key regulators of tumor growth and metastasis based on their enzymatic properties[30]. 

We observed downregulation of E-cadherin mRNA expression the N-cadherin protein expression level was increased in the HepG2 cell line when PKM2 was depleted. The knockdown of PKM2 promoted cell migration and invasion in HepG2 and Huh-7 cells with EGF stimulation. Increased activity of the EGFR is the critical factor determining the cell motility and invasiveness of HepG2 and Huh-7 cells. The EGF-dependent activation of the EGFR has been reported to be inhibited in an E-cadherin adhesion-dependent manner, which inhibits the ligand-dependent activation of diverse receptor tyrosine kinases. We hypothesized that the downregulation of E-cadherin expression enhanced the phosphorylation of the EGFR and activated downstream signaling pathways, including PLC1 and ERK1/2. PLC activation enhances cell motility, and ERK1/2 activity plays a critical role in MMP1 and MMP9 expression. In addition, the expression levels of TGFBRI and phospho-Smad2 were upregulated when PKM2 was knocked down. The process of EMT is regulated by the TGF/Smad signal pathway. PKM2 may be an important link between EGF and the TGF pathway in hepatocellular carcinoma cell migration and invasion. Thus, PKM2 may play a novel role in the reversible inhibition of cell motility and invasion. The biological role of PKM2 in the development of these tumors must be further elucidated. 

COMMENTS

Background

Studies have shown that cancer cells exclusively express pyruvate kinase M2 isoform (PKM2). Over the years, significant advancements have been made in understanding the function and regulation of PKM2 as a pyruvate kinase and protein kinase in cancer cells. 

Research frontiers

Recently many findings reveal a novel role for PKM2 as a transcriptional coactivator. However, there are more unknown mechanism need to be explored.

Innovations and breakthroughs

There are some controversies regarding the specificity and potential of PKM2 as an anti-cancer target in cancer therapy. The authors found that PKM2 may be an important link between epidermal growth factor (EGF) and the transforming growth factor beta (TGF) pathway in hepatocellular carcinoma cell migration and invasion. PKM2 may be act as an inhibitor in cell motility. 

Applications

PKM2 may play different roles in modulating the metastasis of hepatocellular carcinoma cells, and this finding could help to guide the development of future targeted therapies. The results of our study reveal that PKM2 may be an important link between the EGF and TGF pathways during hepatocellular carcinoma cell migration and invasion. 

Terminology

Pyruvate kinase mediates the final rate-limiting step of glycolysis by catalyzing the dephosphorylation of phosphoenolpyruvate to pyruvate to yield one molecule of ATP.

Peer-review

The authors mainly concentrate on to explore the mechanisms of PKM2 inhibits motility in hepatocellular carcinoma cells. Their findings show that PKM2 can regulate cell motility through the EGF/EGFR and TGF/TGFR signaling pathways. And this finding could help to guide the future targeted therapies.
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FIGURE LEGENDS

Figure 1  Knockdown of pyruvate kinase M2 isoform suppressed cell proliferation in HepG2 and Huh-7 cells. A: HepG2 and Huh-7 cells were stably transfected with shRNA directed against pyruvate kinase M2 isoform (PKM2). The specific knockdown of PKM2 was monitored by immunoblot (bottom). Cells stably transfected with pcPUR + U6-siPKM2 are referred to as siPK, and those transfected with pcPUR + U6-siRenilla are referred to as pu6; B: PKM2 expression levels were analyzed by quantitative real-time PCR in stable HepG2 and Huh-7 cells. Error bars represent the mean ± SD of triplicate experiments (aP < 0.05 between groups); C and D: Proliferation of the stably transfected cells. The cell number was determined with the CCK-8 assay, and the relative number of cells is shown. 

[image: image1.png]PKM2

Tubulin §

0D450 nm

~E- HepG2-pus

~B- HepG2-siPK a

th

PKM2 mRNA expression level

0D450 nm

Huh-7-pu6

—B- Huh-7-siPK

th




Figure 2  Knockdown of pyruvate kinase M2 isoform promoted the migration and invasion of HepG2 and Huh-7 cells upon epidermal growth factor stimulation. A: A cross-shaped wound was created in the monolayer, and stably transfected HepG2 and Huh-7 cells were cultured for an additional 24 h with epidermal growth factor (EGF) (50 ng/mL). Representative images of the wounded region are shown; B: The results of the migration assay are also shown as graphs (aP < 0.05); C: The invasion potential of the HepG2 and Huh-7 stable cells was assessed using the BD transwell chamber assay with 50 ng/mL EGF in the lower chamber for 36 h. The cells that migrated to the lower side of the filter were stained, photographed, and counted; D: The data are expressed as the mean ± SD from three independent experiments, aP < 0.05 between groups.
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Figure 3  Differential gene expression between HepG2-pu6 and HepG2-siPK cells. A: The number of statistically significant differentially expressed transcripts identified from the F-test. Color plots show the expression levels of significantly differentially expressed transcripts (P < 0.05 between groups and false discovery rate 0.05) between HepG2-pu6 and HepG2-siPK cells. The upregulated genes are indicated in red, and the downregulated genes are indicated in green. Genes that did not show a statistically significant difference are indicated in blue; B: The graph shows gene expression in relation to cell migration and invasion. Fold differences were calculated based on the log2 ratio of siPK/pu6; C: A comparison of the RT-qPCR and RNA sequence expression analysis; D: The expression levels of genes that were determined to have statistically significant differences in expression were analyzed by immunoblot analysis in stable HepG2 and Huh-7 cells.
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Figure 4  Depletion of pyruvate kinase M2 enhanced the activities of the epidermal growth factor/EGFR and transforming growth factor beta 1/TGFBR downstream signaling pathways. A: Stable HepG2 and Huh-7 cells were exposed to epidermal growth factor (EGF) (50 ng/mL) for different times. Western blots of the cell lysates are shown. The protein levels of phospho-EGFR (Tyr1068), phospho-PLC1 (Tyr783), and phospho-ERK1/2 (Thr202/Tyr204) are shown as indicated; B: The expression of E-cadherin was knocked down in HepG2 and Huh-7 cells by transient transfection of siRNA, and after 48 h, these cells were stimulated with EGF (50 ng/mL). The protein levels of phospho-EGFR (Tyr1068) and phospho-ERK1/2 (Thr202/Tyr204) are shown as indicated; C and D: MMP1 expression levels were analyzed by quantitative real-time PCR in HepG2 and Huh-7 stable cells. Error bars represent the mean ± SD of triplicate experiments (aP < 0.05 between groups); E: Phospho-Smad2 (Ser465/467) protein levels are shown as indicated in stable HepG2 and Huh-7 cells stimulated with TGF1 (20 ng/mL); F: The expression of TGFBRI was knocked down in HepG2 and Huh-7 cells by transient transfection of siRNA, and after 48 h, these cells were stimulated with transforming growth factor beta 1(TGF1) (20 ng/mL). The protein levels of phospho-Smad2 (Ser465/467) are shown as indicated.
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Table 1  Sequences of the primers used in quantitative polymerase chain reaction


Gene�
Forward primer sequence (5’-3’)�
Reverse primer sequence (5’-3’)�
�
PKM2�
ATGGCTGACACATTCCTGGAGC�
CCTTCAACGTCTCCACTGATCG�
�
GAPDH�
GTCTCCTCTGACTTCAACAGCG�
ACCACCCTGTTGCTGTAGCCAA�
�
CDH2�
CCTCCAGAGTTTACTGCCATGAC�
GTAGGATCTCCGCCACTGATTC�
�
MMP1�
ATGAAGCAGCCCAGATGTGGAG�
TGGTCCACATCTGCTCTTGGCA�
�
MMP9�
GCCACTACTGTGCCTTTGAGTC�
CCCTCAGAGAATCGCCAGTACT�
�
S100P�
CTCAAGGTGCTGATGGAGAAGG�
GAACTCACTGAAGTCCACCTGG�
�
TGFBRI�
GACAACGTCAGGTTCTGGCTCA�
CCGCCACTTTCCTCTCCAAACT�
�
RHOG�
CTGCTACACAACTAACGCTTTCC�
AGAGTGTACGGAGGCGGTCATA�
�
RHOA�
TCTGTCCCAACGTGCCCATCAT�
CTGCCTTCTTCAGGTTTCACCG�
�
RHOB�
ACATTGAGGTGGACGGCAAGCA�
CTGTCCACCGAGAAGCACATGA�
�
NFKB2�
GGCAGACCAGTGTCATTGAGCA�
CAGCAGAAAGCTCACCACACTC�
�
TIMP2�
ACCCTCTGTGACTTCATCGTGC�
GGAGATGTAGCACGGGATCATG�
�
VIM�
AGGCAAAGCAGGAGTCCACTGA�
ATCTGGCGTTCCAGGGACTCAT�
�
RAC1�
CGGTGAATCTGGGCTTATGGGA�
GGAGGTTATATCCTTACCGTACG�
�
RAC2�
CAGCCAATGTGATGGTGGACAG�
GGAGAAGCAGATGAGGAAGACG�
�
Serpine1�
CTCATCAGCCACTGGAAAGGCA�
GACTCGTGAAGTCAGCCTGAAAC�
�
KRT19�
AGCTAGAGGTGAAGATCCGCGA�
GCAGGACAATCCTGGAGTTCTC�
�
CDH1�
GCCTCCTGAAAAGAGAGTGGAAG�
TGGCAGTGTCTCTCCAAATCCG�
�
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