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The biological functions of growth factor, such as granulins, have been explored in parasites, and we elucidated that Clonorchis sinensis granulin (CsGRN) promoted the metastasis of hepatocellular carcinoma in our previous study. However, it is still unclear for the malignant transformation role of CsGRN in normal human hepatocytes. In this study, by transfecting pEGFP-C1-CsGRN eukaryotic expression plasmid, a cell line with stable overexpression of CsGRN in normal hepatocyte (LO2-GRN cells) was constructed. The effects on cell proliferation were detected by carrying out cell counting kit-8 (CCK8) assay and colony formation assay. Additionally, we conducted flow cytometry analysis to determine whether the proliferation of CsGRN was due to cell cycle arrest. Subsequently, the migration ability and the invasion ability of LO2-GRN cells were evaluated through wound-healing assay and transwell assay. Meanwhile, the levels of the markers of RAS/MAPK/ERK and PI3K/Akt signaling pathways activation in LO2-GRN cells were assessed by quantitative RT-PCR and Western blot. Our results indicated that CsGRN promoted the proliferation of LO2 cells by regulating the expression of cell-cycle-related genes. Moreover, the overexpression of CsGRN regulates malignant metastasis of liver cells by inducing the upregulation of epithelial–mesenchymal transition (EMT) marker proteins. Furthermore, both mRNA and protein expression levels of p-EGFR, RAS, p-ERK, p-AKT, p-PI3K, and p-braf have been enhanced by CsGRN. These results showed that CsGRN promoted the malignant transformation of hepatocytes by regulating epidermal growth factor receptor (EGFR)-mediated RAS/MAPK/ERK and PI3K/Akt signaling pathways, which suggested that CsGRN could serve as a novel oncoprotein during Clonorchis sinensis–associated malignant transformation of hepatocytes.
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Introduction

Clonorchis sinensis chronic infection is concerned with the outcomes of various pathologic processes, including hepatic fibrosis, liver cirrhosis, carcinogenesis, etc. (Rim, 2005; Marcos et al., 2008; Hong and Fang, 2012). The majority of studies demonstrated that Clonorchiasis is mostly prevalent in China, Vietnam, and Korea. Approximately 13 million people are infected by Clonorchis sinensis in China, followed by the estimation of 1 million in Vietnam and 1.2 million in Korea (Na et al., 2020; Qian et al., 2020). Clonorchis sinensis has been classified as a class I carcinogen by the International Agency for Research on Cancer and is well-known to be recognized as a risk factor for cholangiocarcinoma (CCA) (Bouvard et al., 2009; Qian et al., 2012). What’s more, some epidemiological and clinical studies showed that the incidence of hepatocellular carcinoma (HCC) in patients with Clonorchis sinensis infection is much higher than that in non-infected patients, which indicated that Clonorchis sinensis may be a significant risk factor for HCC (Kim, 1984; Tan et al., 2008).

Mechanical obstruction of bile duct by worms, physical damage to bile duct epithelium by feeding and migration of worms, and chemical stimulation of excretion and secretion products (ESPs) are the main pathogenic mechanisms of Clonorchis sinensis infection (Qian et al., 2016; Kim et al., 2016). ESPs of Clonorchis sinensis (CsESPs) have been proven to promote the proliferation and migration of HCC, and inhibit their apoptosis (Chen et al., 2013; Chen et al., 2015). In our previous studies, Clonorchis sinensis granulin (CsGRN), as a component of CsESPs, was observed in hepatocytes and biliary ducts of the Balb/c mice that were infected with Clonorchis sinensis. The phylogenetic analysis illustrated that granulin of C. sinensis was particularly close to that of Opisthorchis viverrini, which demonstrated that CsGRN may regulate cell division, survival, movement, and migration like Opisthorchis viverrini granulin 1 (Ov -GRN-1), a paralogue of progranulin (PGRN) secreted by O. viverrine (Smout et al., 2009; Bansal et al., 2017; Wang et al., 2017; Haugen et al., 2018). It has been reported that granulin played a vital role in the carcinogenesis of a series of malignancies (Bateman and Bennett, 2009). Most of members of the granulin family proteins are proved to have similar functions to growth factors. They bind to a variety of cell surface proteins and directly or indirectly participate in different signaling pathways to regulate cell proliferation, apoptosis, invasion, and metastasis (Yung et al., 2015; Marsh et al., 2016; Pan et al., 2018). For instance, liver fluke granulin stimulated cell proliferation, wound healing, and angiogenesis in vitro, and it is involved in the pathogenesis of Opisthorchis viverrini in vivo (Arunsan et al., 2020). The overexpression of PGRN in tumor cells can promote cell differentiation, invasion, and metastasis; resist apoptosis; and reduce the sensitivity to anticancer drugs (He and Bateman, 1999; Jones et al., 2003). In addition, taking advantage of granulin targeting could serves as a potential therapeutic strategy to convert pancreatic ductal adenocarcinoma (PDAC) into metastatic tumors by restoring CD8+ T cell infiltration (Quaranta et al., 2018). According to the sequence analysis, CsGRN has 28% overall identity with human PGRN, suggesting that CsGRN may be involved in mediating tumor progression (Yung et al., 2015; Marsh et al., 2016). Moreover, the overexpression of recombinant CsGRN could promote cell migration and invasion by inducing liver epithelial–mesenchymal transition (EMT) via the ERK and PI3K/AKT signal pathways in HCC cell line PLC cells, which indicated that CsGRN was involved in the pathogenesis of HCC (Young et al., 2010; Wang et al., 2011; Wang et al., 2017). Nevertheless, further investigation on how CsGRN influences the malignant transformation of normal hepatocyte is still required.

In the present study, we aimed to evaluate the contribution of granulin from Clonorchis sinensis (CsGRN) to the malignant transformation of hepatocyte LO2 cells. Recombinant plasmid of CsGRN was constructed and was stably overexpressed in LO2 cells. In addition, its influence on the malignant proliferation and metastasis of LO2 cells were investigated by using cell counting kit 8 (CCK8) assay and transwell assay, respectively. What’s more, both quantitative RT-PCR (q-PCR) and Western blot were used to explore the mechanisms of HCC carcinogenesis induced by CsGRN.



Materials and Methods


Inhibitors

EGFR inhibitor: Gefitinib (No. #S1025); PI3K inhibitor: Buparlisib (No. #S2247); Akt inhibitor: Perifosine (No. #S1037); braf inhibitor: Sorafenib (BAY 43-9006) tosylate (No. #S1040); ERK inhibitor: Temuterkib (No. #S8534). All above inhibitors were bought from Selleck (USA). RAS inhibitor, RAS GTPase inhibitor 1 (No. # T12692), was purchased from Topscience (China).



Cell Culture

Human normal hepatocyte LO2 cells were cultured in DMEM medium (Gibco, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) with 95% O2 and 5% CO2 at 37°C. The cell lines were gifted from the Center of Hepato-Pancreato-Biliary Surgery, the First Affiliated Hospital of Sun Yat-sen University.



Construction and Stable Transfecting of Recombinant Granulin

pEGFP-C1-CsGRN recombinant plasmid and pEGFP-C1 vector (Promega) were transfected into human liver cell lines LO2 (CsGRN-LO2), respectively, as our previously described (Wang et al., 2017). The cells stably expressing EGFP-tagged CsGRN were selectively established by 400 μg/ml G418 and identified by fluorescence microscope and qRT-PCR analysis.



Recombinant CsGRN Genes Cloned and Purified

The methods of gene cloning and purification of recombinant CsGRN were used as our previous study (Wang et al., 2017). Briefly, the ORF of CsGRN (GenBank KY855531) has a genome length of 714 bp and was cloned into the pMAL-c2x vector (preserved in our lab). Following digestion with restriction enzymes, the plasmid DNA was attached to the pET-28a (+) expression vector (Novagen, Darmstadt, Germany), before being introduced into the E. coli BL21 (DE3) (Promega). Then, we induced selected clones at 20°C for 12–18 h with 1 mM IPTG (Sigma, Guangzhou, China) following growth. By using the Amylose Resin-Bind Purification Kit (BioLabs), we purified recombinant protein (MBP-GRN) from the supernatant.



Quantitative RT-PCR

Total RNA was obtained by using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and the total cDNA was generated using ABM’s 5× All-In-One RT Master Mix (Transgen, Beijing, China). SYBR Premix Ex Taq (Takara, Dalian, China) was used for quantitative analysis of the expression of mRNA level of indicated gene. PCR quantification was performed using the CFX96 Real-Time PCR system (Bio-Rad). GAPDH was performed as the reference gene. Following are the formulae used to calculate relative mRNA expression: ΔCt = Ct (sample) − Ct (GAPDH), ΔΔCt (sample) = ΔCt (sample) −ΔCt (calibrator). The relative quantification of mRNA was used to calculate the fold change. cDNA was amplified using specific primers (Supplementary Table).



Measurement of Cell Proliferation

Cell proliferation was evaluated by Cell Counting Kit 8(CCK8) assay as well as Colony Formation assay, respectively. Briefly, cells were seeded onto 96-well plates with 8×103/100 µl, after 24 h, replaced with serum-free medium 100 µl added with 10 µl CCK8 in each well, and then placed in the incubator for 30 min to 3 h, and the absorbance value of 450 nm wavelength was measured by microplate reader. The long-term effects of CsGRN on LO2 cell proliferation were analyzed with a colony formation assay. Cells were seeded into six-well plates and cultured for 2–3 weeks. Medium was renovated every 3 days. After washing with phosphate buffer saline (PBS) for three times, the cells were then fixed with 4% paraformaldehyde, stained with crystal violet solution, and washed with ddH2O to remove the excess dye. The colony number was analyzed with Image J software.



Cell Cycle

Cell cycle was evaluated by flow cytofluorometry. Briefly, cells were seeded into six-well plates at a density of 106 cells per well in completed medium. After 24 h, the cells were stained with Propidium iodide [MultiSciences (Lianke) Biotech Co, Ltd.] and analyzed by flow cytometry (Coulter Beckman Gallios) and analyzed with Flowjo software.



Transwell Assay

The invasion ability of CsGRN-LO2 cells was evaluated though Transwell invasion chambers (Costar, NY, USA). Transfected CsGRN-LO2 cells cultured in 24-well plates (1×106cells/ml) with non-serum medium and Matrigel (BD Biosciences, Heidelberg, Germany) mixed on the upper chambers (1:8), while medium containing 10% FBS was added into the lower chambers for 24 h at 37°C. The invading cells were then stained with 1% crystal violet (Beyotime Biotechnology, Guangzhou, China) for 15 min, followed by imaging with light microscope (Leica DMI3000B, Wetzlar, Germany) and counting the numbers of migrated cells in five random fields. The cell motility points were measured by using Image J software.



Wound Healing Assay

The effects of CsGRN on LO2 cells migration were analyzed with a wound-healing assay. Transfected LO2 cells were moved into six-well plates and hatched for 24 h. When cells were grown to 80%, the bottom of plate was scratched with a 200 μl pipette tip, followed by observing and imaging with light microscope (Leica DMI3000B, Wetzlar, Germany) every 24 h for 72 h.



Western Blot

Cells were dissolved by RIPA buffer (Beyotime, Shanghai, China) and quantified by BCA Protein Assay (Trans, Beijing, China). Thirty μg total proteins were separated by SDS-PAGE, followed by transferring onto PVDF membranes (Whatman, Maidstone, UK) and then sealed with 5% skimmed milk in TBST for 2 h at room temperature. After incubation in primary and secondary antibodies, the blots were detected by ECL (Millipore, Billerica, USA). The following antibodies were used: anti-MBP tag monoclonal antibody (1:2,000, Novagen), rat anti-CsGRN serum (1:200), anti-E-cadherin (1:2,000), anti-vimentin (1:2,000), anti-N-cadherin (1:2,000), anti-ZO-1 (1:2,000), anti-β-catenin (1:2,000), anti-p18 (1:2,000), anti-p21 (1:2,000), anti-p27 (1:2,000), anti-CDK2 (1:2,000), anti-CDK4 (1:2,000), anti-CDK6 (1:2,000), anti-CyclinD1 (1:2,000), anti-CyclinD3 (1:2,000), p-ERK (1:2,000), ERK (1:2,000), p-AKT (1:2,000), p-EGFR (1:2,000), RAS (1:2,000), p-braf (1:2,000), and anti-GAPDH (1:2,000). All antibodies were products from Cell Signaling Technology (CST, Boston, USA). Secondary antibodies were purchased form for Proteintech Group: goat anti-mouse IgG-HRP (1:5,000) and goat anti-rabbit IgG-HRP (1:5,000). For quantification of western blot images, ImageJ (https://imagej.nih.gov/ij/index.html) was used.



Statistical Analysis

Statistical analysis was performed using SPSS26.0 statistical software. Student’s t-test and ANOVA were used to analyze statistical differences. Data were shown as means ± S.D., and significance was described as P < 0.05.




Results


CsGRN Overexpressed in LO2-GRN Cell

To determine the potential role of CsGRN overexpression on inducing the malignant transformation of human hepatocytes, an LO2 cell line with stable expression of EGFP-Tagged CsGRN fusion protein was constructed, while empty vector transfected LO2 cells were used as negative controls. Under the inverted microscope, the green fluorescence was emitted by LO2 cells that were transformed with pEGFP-C1 and pEGFP-C1-CsGRN (Figure 1A). Both Western blot and qPCR revealed the higher expression of CsGRN in the stably transfected LO2 cells (Figures 1B–D). The eukaryotic expressing vector of pEGFP-C1 is successfully constructed (named as LO2-GFP), and the LO2 cell line that stably expresses pEGFP-C1-CsGRN (named as LO2-GRN) has provided solid experimental foundation for further studies.




Figure 1 | Stable expression of pEGFP-C1-CsGRN in human LO2 hepatocytes. LO2 hepatocytes were stably transfected with pEGFP-C1 or pEGFP-C1-CsGRN and selected with G418-containing medium. Cell lines were named as LO2-GFP and LO2-GRN, respectively. (A) Green fluorescence was observed by inverted microscope to determine the efficiency of transfection (scale bar is 50 µm), and the quantification of green fluorescence was measured by Image J software. (B) Relative mRNA levels of CsGRN were quantified by q-PCR. (C) The expression of CsGRN protein were determined by Western blotting. (D) Relative protein levels of CsGRN were quantified by Image J software from three independent experiments. **P < 0.01 versus control group, ***P < 0.001 versus control group.





Overexpression of CsGRN Promoted LO2 Cell Proliferation and Arrested in G2/M Phase

Next, we explored the proliferation and cell cycle of LO2 cells. We used two cell models: CsGRN-overexpressed LO2 cells and recombinant CsGRN protein (called as MBP-GRN) treated-LO2 cells to simulate secreted granulin of Clonorchis sinensis in the liver. Compared with control cells, CsGRN-overexpressed and recombinant CsGRN protein treated-LO2 cells both grew quickly and formed more cell clones (Figures 2A–D). Since CsGRN induced hepatocyte cell growth, we further used flow cytometry analysis to determine whether the proliferation of CsGRN was due to cell cycle arrest. LO2-GRN cells and MBP-GRN cultured-LO2 cells showed an increased proliferation index with a significant amount of cell accumulation at both S and G2/M phase (Figures 2E, F), referring to that CsGRN overexpression induces cell proliferation by stimulating S phase entry and G2/M phase retardation.




Figure 2 | Effects of CsGRN overexpression on promoting proliferation, colony formation, and cell cycle distribution of LO2 cells. (A, B) Cell proliferation capability of CsGRN-overexpressed LO2 cells (A) and recombinant CsGRN protein–treated LO2 cells were detected by CCK8 assay (B). **P < 0.01 versus control group. (C) Colony formation assay was performed in CsGRN-overexpressed LO2 cells. ***P < 0.001 versus control group. (D) Colony formation assay was performed in recombinant CsGRN protein–treated LO2 cells. ****P < 0.0001 versus control group, ####P < 0.0001 versus MBP group. (E, F) Cell cycle distribution was analyzed by flow cytometry. The proliferation index (PI) and the percentage of cell cycle phase in CsGRN-overexpressed LO2 cells (E). Histogram of the typical cell cycle, PI, and the percentage of cell cycle phase in recombinant CsGRN protein–treated LO2 cells (F). **P < 0.01 versus control group, ***P < 0.001 versus control group. The data of proliferation index (PI) were calculated by the formula: PI = (S + G2M)/(G0/1 + S + G2M). NS means NO statistic difference.





CsGRN Promoted LO2 Cell Proliferation by Modulating Cell Cycle Regulators

To investigate the possible molecular mechanism of CsGRN-induced growth arrest in human hepatocyte, the mRNA and protein levels of various cell-cycle-related regulators were examined. Cell cycle regulation is a delicate biological process, and it forms a complex signaling molecular network system with the participation of multiple genes and proteins (Dynlacht, 1997). The significant increase of CyclinD1, CyclinD3, CDK2, CDK4, and CDK6, and obvious decrease of p18, p21, and p27, both in transcriptional and translational aspects, were detected in LO2-GRN cells and MBP-GRN treated-LO2 cells (Figure 3, Figure S1). Thereby, stimulating abnormal proliferation of LO2 cells through the regulation of cell-cycle-related genes resulted in malignant transformation of normal hepatocytes.




Figure 3 | Effects of CsGRN overexpression on the regulation of cell-cycle-related genes expression. (A, B) The mRNA and protein expression of p18, CyclinD1, CyclinD3, CDK6, CDK4, P27, P21, and CDK2 were detected in CsGRN-overexpressed LO2 cells. *P < 0.05 versus control group, **P < 0.01 versus control group, ***P < 0.001 versus control group. (C, D) The mRNA and protein expression of cell-cycle-related genes were detected in recombinant CsGRN protein–treated LO2 cells. *P < 0.05 versus PBS group, **P < 0.01 versus PBS group, ***P<0.001 versus PBS group. #P < 0.05 versus MBP group, ##P < 0.01 versus MBP group, ###P < 0.001 versus MBP group. The relative mRNA levels of the target genes were determined by q-PCR. The protein expression was determined by Western blot, and the quantification of protein expression was measured by Image J software. Three independent experiments were conducted. NS means NO statistic difference.





CsGRN Enhanced the Migration and Invasion of Hepatocytes

To identify the biological role of CsGRN in LO2 cells, we investigated the effect of CsGRN on the cell’s migration levels. The scratched wound healed quickly in LO2-GRN cells and MBP-GRN treated-LO2 cells (Figures 4A, B). Moreover, the effects on LO2 cells’ migration and invasion of CsGRN were examined by Transwell assay. The number of transmembrane cells, both with or without Matrigel, in the LO2-GRN group and MBP-GRN cultured group were significantly elevated (Figures 4C, D). Together, these data suggested that CsGRN promotes the migration and invasion in LO2 cells.




Figure 4 | The effects of migration and invasion in CsGRN overexpression LO2 cells. (A, B) Wound healing scratch assay was used to determine the migration of CsGRN-overexpressed LO2 cells (A) and recombinant CsGRN protein–treated LO2 cells (B). Dotted lines show the edges of the wound over time. (C, D) Transwell assay was used to determine migration and invasion of CsGRN-overexpressed LO2 cells (C) and recombinant CsGRN protein–treated LO2 cells (D). Ten random fields were selected, and the migration and invasion were quantified using Image J software. **P < 0.01 versus control group, ***P < 0.001 versus control group, ****P < 0.0001 versus control group.





CsGRN Induced LO2 Cell Metastasis by Inducing EMT

It seems that chronically injured liver cells do not undergo epithelial-to-mesenchymal transition (EMT) (Taura et al., 2010; Chu et al., 2011; Munker et al., 2017). In contrast, it has been reported that hepatocytes in damaged liver regeneration may undergo an EMT-like process (Oh et al., 2018). EMT is considered as a significant cellular event in the process of liver fibrosis (Rowe et al., 2011). Studies revealed that more than 80% of HCC occurs when liver fibrosis or cirrhosis develops, suggesting that liver fibrosis plays an important role in the premalignant environment of the liver (Affo et al., 2017). Therefore, we investigated the possibility that CsGRN affected hepatocytes’ migration and invasion by EMT. Western-blot results proved that there were significant differences between the LO2-GRN and LO2-GFP groups in the expression of vimentin, N-cadherin, β-catenin, and ZO-1 (Figures 5A, B). Additionally, the relative mRNA expression of matrix metalloproteinases (MMPs) in LO2-GRN cells exhibited that the MMP9 level was higher in LO2-GRN cells than that in LO2-GFP cells (Figure 5C). Thus, we considered that CsGRN enhanced LO2 cell migration through promotion of EMT.




Figure 5 | Effects of CsGRN overexpression on the regulation of EMT-related gene expression. (A) The expression of vimentin, N-cadherin, β-catenin, and ZO-1 was detected in CsGRN-overexpressed LO2 cells by Western blot. (B) The protein quantification was measured by Image J software. (C) The relative mRNA expression of matrix metalloproteinases (MMPs) was detected in transfected LO2 cells. *P < 0.05 versus control group, **P < 0.01 versus control group, ***P < 0.001 versus control group.





CsGRN Promoted Hepatocytes’ Malignant Transformation Through EGFR-Mediated RAS/MAPK/ERK and PI3K/Akt Signaling Pathways

The underlying mechanisms regulated by CsGRN-induced malignant transformation of normal hepatocytes were explored. As CsGRN is one member of the growth factor family, we investigated the potential downstream regulatory effects of EGFR-mediated signaling pathways. The mRNA levels of EGFR, PI3K, Akt, braf, RAS, and ERK were moderately increased both in LO2-GRN cells and MBP-GRN treated-LO2 cells (Figures 6A, C). While, the significant elevation of phosphorylated form of EGFR, PI3K, AKT, braf, and ERK proteins were more obvious than their non-phosphorylated form (Figures 6B, D). These results indicated that CsGRN activated the RAS/MAPK/ERK and PI3K/Akt signaling pathways through enhancing protein phosphorylation.




Figure 6 | Detection of signaling pathway markers in CsGRN overexpression cells. (A, B) The mRNA and protein levels of RAS/MAPK/ERK and PI3K/Akt signaling pathways were detected in CsGRN-overexpressed LO2 cells. *P < 0.05 versus control group, **P < 0.01 versus control group. (B, D) The mRNA and protein levels of RAS/MAPK/ERK and PI3K/Akt signaling pathways were explored in recombinant CsGRN protein–treated LO2 cells. **P < 0.01 versus PBS group, ***P < 0.001 versus PBS group. ##P < 0.01 versus MBP group, ###P < 0.001 versus MBP group. The relative mRNA levels of the target genes were determined by q-PCR. The protein expression was determined by Western blot, and the quantification of protein expression was measured by Image J software. Three independent experiments were conducted.



To identify the key role of EGFR in CsGRN-induced hepatocytes’ malignant transformation, we co-cultured recombinant CsGRN with EGFR inhibitors in LO2 cells. We found EGFR inhibitor could recover recombinant CsGRN-induced cell proliferation, migration, and invasion of LO2 cells (Figures 7A–C). In addition, treating LO2 cell with EGFR inhibitor, Akt inhibitor, RAS inhibitor, braf inhibitor, and ERK inhibitor, respectively, could block the activation of RAS/MAPK/ERK and PI3K/Akt pathways, which were enhanced by recombinant CsGRN (Figure 7D, Figure S2). Therefore, we could draw the conclusion that secreted CsGRN protein promoted malignant transformation of hepatocytes by activation of RAS/MAPK/ERK and PI3K/Akt signaling pathways through EGFR (Figure 8).




Figure 7 | The effects and changes of RAS/MAPK/ERK and PI3K/Akt signaling pathways in LO2 cells after co-cultured with recombinant CsGRN protein and EGFR inhibitor. (A) The histogram of PI and the percentage of cell cycle phase. (B) The representative images from colony formation assay and histogram of cloning efficiency. (C) The migration and invasion of LO2 cells were explored by wound healing scratch assay and Transwell assay. (D) The protein expression of RAS/MAPK/ERK and PI3K/Akt signaling pathways in LO2 cells after treated with recombinant CsGRN protein and inhibitors. Quantification of protein was measured by Image J and showed under each band. *P < 0.05 versus control group, **P < 0.01 versus control group, ***P < 0.001 versus control group, ****P < 0.0001 versus control group.






Figure 8 | The mechanism of CsGRN  in promoting malignant transformation of hepatocyte.






Discussion

Clonorchis Sinensis has a long history of recurrent infection and high intensity of infection, and it is an important risk factor for CCA and HCC (Shi et al., 2017). A total of 16.44% of HCC patients in China were infected with Clonorchis Sinensis, while the infection rate of non-tumor patients was 2.4%. Within the HCC group, the OR value and 95% CI were 8.00 and 4.34–14.92, respectively (Chen et al., 2013). It has been obvious that CsESPs secreted by liver flukes are involved in the pathogenesis of HCC (Chen et al., 2013). We previously showed that CsGRN, as a homologue of a human growth factor, belongs to the granulin family, and it is an important component of CsESPs (Wang et al., 2011; Wang et al., 2014). What’s more, overexpression of CsGRN protein enhanced the migration and invasion of HCC (Wang et al., 2017). It has been noted that granulin secreted by O. viverrine promotes the cellular proliferation of cholangiocytes and facilitates wound healing (Smout et al., 2015).

In the present study, we demonstrated that CsGRN promoted the proliferation of LO2 cells by regulating cell-cycle-related genes. When being transfected with CsGRN-overexpressing lentivirus plasmid, the expression of cell-cycle-related genes CyclinD1, CyclinD3, CDK2, CDK4, and CDK6 increased in LO2 cells, while the expression of p18, p21, and p27 decreased. Neoplastic transformation involves abnormal cell proliferation caused by dysregulating cell cycle progression (Fernandez et al., 2002). Most importantly, we found that the overexpressed CsGRN also increased colony formation, invasion, and migration and induced EMT in LO2 cells. EMT plays a vital role in carcinogenesis, wound healing, and organ fibrosis (Arnoux et al., 2008; Thiery et al., 2009; Kriz et al., 2011; Carew et al., 2012). Our current findings revealed that the expression of vimentin, N-cadherin, and β-catenin protein as well as MMP9 mRNA significantly increased, while the expression of E-cadherin and ZO-1 protein dramatically decreased in the overexpressed CsGRN groups, compared with the control groups. Those results indicated that CsGRN regulated the migration and invasion of LO2 cells by inducing EMT in normal hepatocytes. The role of epithelial plasticity in HCC has become more and more prominent, since inducers of EMT such as transforming growth factor (TGF-β) can drive both fibrogenesis and carcinogenesis with rising cytokine levels in cirrhosis as well as late-stage HCC (Giannelli et al., 2016). Therefore, we confirmed that CsGRN contributed dramatically to the malignant transformation of normal hepatocytes, which indicated that CsGRN could serve as the crucial cancerogenic factor of HCC induced by Clonorchis sinensis infection. However, it still remains to be determined how CsGRN affects malignant transformation in LO2 cells and its mechanism in regulating EMT.

To further elucidate the mechanism of CsGRN-induced malignant transformation of normal hepatocytes, we investigated the epidermal growth factor receptor (EGFR)-mediated RAS/MAPK/ERK and PI3K/Akt signaling pathways. EGFR belongs to receptor tyrosine kinases (RTKs) of the ErbB family, and it is involved in the control of cell survival, growth, proliferation, and differentiation by extracellular signals (such as growth factors and cytokines) (Sigismund et al., 2018). When the ligand connects to the extracellular binding domain of EGFR, the phosphorylated tyrosine site of EGFR acts as the docking site for various proteins that are involved in the activation and regulation of signal transduction cascades (Morandell et al., 2008), including RAS/MAPK and PI3K/Akt pathways. It has been reported that overexpressed granulin protein in liver cancer can activate the ERK and PI3K/AKT signaling pathways and promote the growth, invasion, and metastasis of HCC (Cheung et al., 2004). Meanwhile, activated MAPK/ERK pathway would upregulate the expression of EGFR, thus forming an autocrine loop that promotes the growth of tumor cells and plays a positive feedback role (Anand et al., 2011). In our present study, we observed that both the mRNA and protein expression of p-EGFR, RAS, p-ERK, p-AKT, p-PI3K, and p-braf were dynamically upregulated in the overexpressed CsGRN groups, which suggested that the overexpression of CsGRN induced malignant transformation of normal hepatocytes via EGFR-regulated RAS/MAPK/ERK and PI3K/Akt signaling pathways. However, we did not investigate those findings in vivo, and future study will conduct the nude mouse xenograft assays to explore the role of CsGRN during malignant transformation.

In conclusion, we provided evidences demonstrating that overexpression of CsGRN induced the malignant transformation of LO2 hepatocytes by promoting cell proliferation, migration, and invasion via cell cycle arrest and EMT. Mechanistically, activated EGFR-mediated RAS/MAPK/ERK and PI3K/Akt signaling pathways were involved in these activities. Those findings proved that CsGRN could play a crucial role in the malignant transformation of hepatocytes induced by Clonorchis sinensis infection. Our data provided valuable insights into the complex role of CsGRN in Clonorchis sinensis infection–induced tumor biological activity.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

All experimental procedures regarding human cell lines were approved by the Research Ethics Board of Zhongshan School of Medicine in Sun Yat-sen University.



Authors Contributions

CW, YW, and XL conceived and designed the experiments. CW and QH performed the experiments. CW, QH, YW, and YY analyzed the data. CW, XL, and QH wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Natural Science Foundation of Guangdong Province (Grant no. 2019A1515010583), the National Key R&D Program of China (Grant no. 2020YFC1200100), and the National Natural Science Foundation of China (Grant no. 81641094) to XL, the Postdoctoral Start-up Fund supported by the Sixth Affiliated Hospital of Sun Yat-Sen University (Grant No. R2021021720212991) to CW, and the Fundamental Research Funds for the Central Universities (Grant no. 20ykpy158) to YW.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.734750/full#supplementary-material

  

Abbreviations

CsGRN, Clonorchis sinensis granulin; ESPs, excretory/secretory products; HCC, hepatocellular carcinoma; CCA, cholangiocarcinoma; PDAC, pancreatic ductal adenocarcinoma; PGRN, progranulin; MMPs, matrix metalloproteinases; MMP9, matrix metalloproteinase 9; EMT, epithelial to mesenchymal transition; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; AMPK, adenosine monophosphate-activated protein kinase; PI3K, phosphatidyl inositol 3-kinase.



References

 Affo, S., Yu, L. X., and Schwabe, R. F. (2017). The Role of Cancer-Associated Fibroblasts and Fibrosis in Liver Cancer. Annu. Rev. Pathol. 12, 153–186. doi: 10.1146/annurev-pathol-052016-100322

 Anand, M., Van Meter, T. E., and Fillmore, H. L. (2011). Epidermal Growth Factor Induces Matrix Metalloproteinase-1 (MMP-1) Expression and Invasion in Glioma Cell Lines via the MAPK Pathway. J. Neurooncol. 104, 679–687. doi: 10.1007/s11060-011-0549-x

 Arnoux, V., Nassour, M., L'Helgoualc'h, A., Hipskind, R. A., and Savagner, P. (2008). Erk5 Controls Slug Expression and Keratinocyte Activation During Wound Healing. Mol. Biol. Cell 19, 4738–4749. doi: 10.1091/mbc.e07-10-1078

 Arunsan, P., Chaidee, A., Cochran, C. J., Mann, V. H., Tanno, T., Kumkhaek, C., et al. (2020). Liver Fluke Granulin Promotes Extracellular Vesicle-Mediated Crosstalk and Cellular Microenvironment Conducive to Cholangiocarcinoma. Neoplasia 22, 203–216. doi: 10.1016/j.neo.2020.02.004

 Bansal, P. S., Smout, M. J., Wilson, D., Cobos Caceres, C., Dastpeyman, M., Sotillo, J., et al. (2017). Development of a Potent Wound Healing Agent Based on the Liver Fluke Granulin Structural Fold. J. Med. Chem. 60, 4258–4266. doi: 10.1021/acs.jmedchem.7b00047

 Bateman, A., and Bennett, H. P. (2009). The Granulin Gene Family: From Cancer to Dementia. Bioessays 31, 1245–1254. doi: 10.1002/bies.200900086

 Bouvard, V., Baan, R., Straif, K., Grosse, Y., Secretan, B., El Ghissassi, F., et al. (2009). A Review of Human Carcinogens–Part B: Biological Agents. Lancet Oncol. 10, 321–322. doi: 10.1016/S1470-2045(09)70096-8

 Carew, R. M., Wang, B., and Kantharidis, P. (2012). The Role of EMT in Renal Fibrosis. Cell Tissue Res. 347, 103–116. doi: 10.1007/s00441-011-1227-1

 Chen, X., Li, S., He, L., Wang, X., Liang, P., Chen, W., et al. (2013). Molecular Characterization of Severin From Clonorchis Sinensis Excretory/Secretory Products and Its Potential Anti-Apoptotic Role in Hepatocarcinoma PLC Cells. PloS Negl. Trop. Dis. 7, e2606. doi: 10.1371/journal.pntd.0002606

 Chen, W., Ning, D., Wang, X., Chen, T., Lv, X., Sun, J., et al. (2015). Identification and Characterization of Clonorchis Sinensis Cathepsin B Proteases in the Pathogenesis of Clonorchiasis. Parasit. Vectors 8, 647. doi: 10.1186/s13071-015-1248-9

 Cheung, S. T., Wong, S. Y., Leung, K. L., Chen, X., So, S., Ng, I. O., et al. (2004). Granulin-Epithelin Precursor Overexpression Promotes Growth and Invasion of Hepatocellular Carcinoma. Clin. Cancer Res. 10, 7629–7636. doi: 10.1158/1078-0432.CCR-04-0960

 Chu, A. S., Diaz, R., Hui, J. J., Yanger, K., Zong, Y., Alpini, G., et al. (2011). Lineage Tracing Demonstrates No Evidence of Cholangiocyte Epithelial-to-Mesenchymal Transition in Murine Models of Hepatic Fibrosis. Hepatology 53, 1685–1695. doi: 10.1002/hep.24206

 Dynlacht, B. D. (1997). Regulation of Transcription by Proteins That Control the Cell Cycle. Nature 389, 149–152. doi: 10.1038/38225

 Fernandez, P. L., Hernandez, L., Farre, X., Campo, E., and Cardesa, A. (2002). Alterations of Cell Cycle-Regulatory Genes in Prostate Cancer. Pathobiology 70, 1–10. doi: 10.1159/000065998

 Giannelli, G., Koudelkova, P., Dituri, F., and Mikulits, W. (2016). Role of Epithelial to Mesenchymal Transition in Hepatocellular Carcinoma. J. Hepatol. 65, 798–808. doi: 10.1016/j.jhep.2016.05.007

 Haugen, B., Karinshak, S. E., Mann, V. H., Popratiloff, A., Loukas, A., Brindley, P. J., et al. (2018). Granulin Secreted by the Food-Borne Liver Fluke Opisthorchis Viverrini Promotes Angiogenesis in Human Endothelial Cells. Front. Med. (Lausanne) 5, 30. doi: 10.3389/fmed.2018.00030

 He, Z., and Bateman, A. (1999). Progranulin Gene Expression Regulates Epithelial Cell Growth and Promotes Tumor Growth In Vivo. Cancer Res. 59, 3222–3229.

 Hong, S. T., and Fang, Y. (2012). Clonorchis Sinensis and Clonorchiasis, an Update. Parasitol. Int. 61, 17–24. doi: 10.1016/j.parint.2011.06.007

 Jones, M. B., Michener, C. M., Blanchette, J. O., Kuznetsov, V. A., Raffeld, M., Serrero, G., et al. (2003). The Granulin-Epithelin Precursor/PC-Cell-Derived Growth Factor Is a Growth Factor for Epithelial Ovarian Cancer. Clin. Cancer Res. 9, 44–51.

 Kim, Y. I. (1984). Liver Carcinoma and Liver Fluke Infection. Arzneimittelforschung 34, 1121–1126.

 Kim, T. S., Pak, J. H., Kim, J. B., and Bahk, Y. Y. (2016). Clonorchis Sinensis, an Oriental Liver Fluke, as a Human Biological Agent of Cholangiocarcinoma: A Brief Review. BMB Rep. 49, 590–597. doi: 10.5483/BMBRep.2016.49.11.109

 Kriz, W., Kaissling, B., and Le Hir, M. (2011). Epithelial-Mesenchymal Transition (EMT) in Kidney Fibrosis: Fact or Fantasy? J. Clin. Invest. 121, 468–474. doi: 10.1172/JCI44595

 Marcos, L. A., Terashima, A., and Gotuzzo, E. (2008). Update on Hepatobiliary Flukes: Fascioliasis, Opisthorchiasis and Clonorchiasis. Curr. Opin. Infect. Dis. 21, 523–530. doi: 10.1097/QCO.0b013e32830f9818

 Marsh, T., Wong, I., Sceneay, J., Barakat, A., Qin, Y., Sjodin, A., et al. (2016). Hematopoietic Age at Onset of Triple-Negative Breast Cancer Dictates Disease Aggressiveness and Progression. Cancer Res. 76, 2932–2943. doi: 10.1158/0008-5472.CAN-15-3332

 Morandell, S., Stasyk, T., Skvortsov, S., Ascher, S., and Huber, L. A. (2008). Quantitative Proteomics and Phosphoproteomics Reveal Novel Insights Into Complexity and Dynamics of the EGFR Signaling Network. Proteomics 8, 4383–4401. doi: 10.1002/pmic.200800204

 Munker, S., Wu, Y. L., Ding, H. G., Liebe, R., and Weng, H. L. (2017). Can a Fibrotic Liver Afford Epithelial-Mesenchymal Transition? World J. Gastroenterol. 23, 4661–4668.

 Na, B. K., Pak, J. H., and Hong, S. J. (2020). Clonorchis Sinensis and Clonorchiasis. Acta Trop. 203, 105309. doi: 10.1016/j.actatropica.2019.105309

 Oh, S. H., Swiderska-Syn, M., Jewell, M. L., Premont, R. T., and Diehl, A. M. (2018). Liver Regeneration Requires Yap1-TGFbeta-Dependent Epithelial-Mesenchymal Transition in Hepatocytes. J. Hepatol. 69, 359–367. doi: 10.1016/j.jhep.2018.05.008

 Pan, Y., Cheung, S. T., Tong, J. H. M., Tin, K. Y., Kang, W., Lung, R. W. M., et al. (2018). Granulin Epithelin Precursor Promotes Colorectal Carcinogenesis by Activating MARK/ERK Pathway. J. Transl. Med. 16, 150. doi: 10.1186/s12967-018-1530-7

 Qian, M. B., Chen, Y. D., Liang, S., Yang, G. J., and Zhou, X. N. (2012). The Global Epidemiology of Clonorchiasis and Its Relation With Cholangiocarcinoma. Infect. Dis. Poverty 1, 4. doi: 10.1186/2049-9957-1-4

 Qian, M. B., Jiang, Z. H., Ge, T., Wang, X., Zhou, C. H., Zhu, H. H., et al. (2020). Rapid Screening of Clonorchis Sinensis Infection: Performance of a Method Based on Raw-Freshwater Fish-Eating Practice. Acta Trop. 207, 105380. doi: 10.1016/j.actatropica.2020.105380

 Qian, M. B., Utzinger, J., Keiser, J., and Zhou, X. N. (2016). Clonorchiasis. Lancet 387, 800–810. doi: 10.1016/S0140-6736(15)60313-0

 Quaranta, V., Rainer, C., Nielsen, S. R., Raymant, M. L., Ahmed, M. S., Engle, D. D., et al. (2018). Macrophage-Derived Granulin Drives Resistance to Immune Checkpoint Inhibition in Metastatic Pancreatic Cancer. Cancer Res. 78, 4253–4269. doi: 10.1158/0008-5472.CAN-17-3876

 Rim, H. J. (2005). Clonorchiasis: An Update. J. Helminthol. 79, 269–281. doi: 10.1079/JOH2005300

 Rowe, R. G., Lin, Y., Shimizu-Hirota, R., Hanada, S., Neilson, E. G., Greenson, J. K., et al. (2011). Hepatocyte-Derived Snail1 Propagates Liver Fibrosis Progression. Mol. Cell Biol. 31, 2392–2403. doi: 10.1128/MCB.01218-10

 Shi, Y., Jiang, Z., Yang, Y., Zheng, P., Wei, H., Lin, Y., et al. (2017). Clonorchis Sinensis Infection and Co-Infection With the Hepatitis B Virus Are Important Factors Associated With Cholangiocarcinoma and Hepatocellular Carcinoma. Parasitol. Res. 116, 2645–2649. doi: 10.1007/s00436-017-5572-1

 Sigismund, S., Avanzato, D., and Lanzetti, L. (2018). Emerging Functions of the EGFR in Cancer. Mol. Oncol. 12, 3–20. doi: 10.1002/1878-0261.12155

 Smout, M. J., Laha, T., Mulvenna, J., Sripa, B., Suttiprapa, S., Jones, A., et al. (2009). A Granulin-Like Growth Factor Secreted by the Carcinogenic Liver Fluke, Opisthorchis Viverrini, Promotes Proliferation of Host Cells. PloS Pathog. 5, e1000611. doi: 10.1371/journal.ppat.1000611

 Smout, M. J., Sotillo, J., Laha, T., Papatpremsiri, A., Rinaldi, G., Pimenta, R. N., et al. (2015). Carcinogenic Parasite Secretes Growth Factor That Accelerates Wound Healing and Potentially Promotes Neoplasia. PloS Pathog. 11, e1005209. doi: 10.1371/journal.ppat.1005209

 Tan, S. K., Qiu, X. Q., Yu, H. P., Zeng, X. Y., Zhao, Y. N., and Hu, L. (2008). [Evaluation of the Risk of Clonorchiasis Inducing Primary Hepatocellular Carcinoma]. Zhonghua Gan Zang Bing Za Zhi 16, 114–116.

 Taura, K., Miura, K., Iwaisako, K., Osterreicher, C. H., Kodama, Y., Penz-Osterreicher, M., et al. (2010). Hepatocytes Do Not Undergo Epithelial-Mesenchymal Transition in Liver Fibrosis in Mice. Hepatology 51, 1027–1036. doi: 10.1002/hep.23368

 Thiery, J. P., Acloque, H., Huang, R. Y., and Nieto, M. A. (2009). Epithelial-Mesenchymal Transitions in Development and Disease. Cell 139, 871–890. doi: 10.1016/j.cell.2009.11.007

 Wang, X., Chen, W., Huang, Y., Sun, J., Men, J., Liu, H., et al. (2011). The Draft Genome of the Carcinogenic Human Liver Fluke Clonorchis Sinensis. Genome Biol. 12, R107. doi: 10.1186/gb-2011-12-10-r107

 Wang, X., Hu, F., Hu, X., Chen, W., Huang, Y., and Yu, X. (2014). Proteomic Identification of Potential Clonorchis Sinensis Excretory/Secretory Products Capable of Binding and Activating Human Hepatic Stellate Cells. Parasitol. Res. 113, 3063–3071. doi: 10.1007/s00436-014-3972-z

 Wang, C., Lei, H., Tian, Y., Shang, M., Wu, Y., Li, Y., et al. (2017). Clonorchis Sinensis Granulin: Identification, Immunolocalization, and Function in Promoting the Metastasis of Cholangiocarcinoma and Hepatocellular Carcinoma. Parasit. Vectors 10, 262. doi: 10.1186/s13071-017-2179-4

 Young, N. D., Campbell, B. E., Hall, R. S., Jex, A. R., Cantacessi, C., Laha, T., et al. (2010). Unlocking the Transcriptomes of Two Carcinogenic Parasites, Clonorchis Sinensis and Opisthorchis Viverrini. PloS Negl. Trop. Dis. 4, e719. doi: 10.1371/journal.pntd.0000719

 Yung, M. K., Lo, K. W., Yip, C. W., Chung, G. T., Tong, C. Y., Cheung, P. F., et al. (2015). Copy Number Gain of Granulin-Epithelin Precursor (GEP) at Chromosome 17q21 Associates With Overexpression in Human Liver Cancer. BMC Cancer 15, 264. doi: 10.1186/s12885-015-1294-x




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, He, Yin, Wu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-11-734750-g005.jpg
A L L3

Eathrn| — —

a3skD) = 1o
- ozo
vimentin
(57kD)
N-cadherin
(140kD)

Paatenin| -

(G

The expression of protein

201 | e— —
@20k

GAPDH | s s
)

LOXGFP  LO2-GRN





OEBPS/Images/fcimb-11-734750-g003.jpg
o P pisaso) [ —

coxs coun [ —]

25 i Losomn

g 2 o ————
;; 20- cyclinD1 (G6KD) | e G|
21.5 cyclinD3 (31kD) | . =
‘E!.n P27 (27KD) | —
fos -
“0.0 (CDK2 (33kD) M q—

GAPDH (3710 S —|

-

o
°

PISISKD) [ —
CDKG (36KD) [ e |

CDK4 30kD) E

cyclinD] (6KD) [ ——

evenos i) [
v OTIO) (-

»21@1KD)

Relative mRNA expression

CDK2 (33kD) -

Congy Mp M
oy M Mo






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Clonorchis sinensis Granulin Promotes Malignant Transformation of Hepatocyte Through EGFR-Mediated RAS/MAPK/ERK and PI3K/Akt Signaling Pathways

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Inhibitors

          



          		

            Cell Culture

          



          		

            Construction and Stable Transfecting of Recombinant Granulin

          



          		

            Recombinant CsGRN Genes Cloned and Purified

          



          		

            Quantitative RT-PCR

          



          		

            Measurement of Cell Proliferation

          



          		

            Cell Cycle

          



          		

            Transwell Assay

          



          		

            Wound Healing Assay

          



          		

            Western Blot

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            CsGRN Overexpressed in LO2-GRN Cell

          



          		

            Overexpression of CsGRN Promoted LO2 Cell Proliferation and Arrested in G2/M Phase

          



          		

            CsGRN Promoted LO2 Cell Proliferation by Modulating Cell Cycle Regulators

          



          		

            CsGRN Enhanced the Migration and Invasion of Hepatocytes

          



          		

            CsGRN Induced LO2 Cell Metastasis by Inducing EMT

          



          		

            CsGRN Promoted Hepatocytes’ Malignant Transformation Through EGFR-Mediated RAS/MAPK/ERK and PI3K/Akt Signaling Pathways

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Authors Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-734750-g006.jpg
=i
M

& &

D pEGHa

BB






OEBPS/Images/fcimb-11-734750-g008.jpg
®,  CsGRN secreted by
@ Clonorchis sinensis

Gefitinib — EGFR

Hepatocytes

Cell cycle EMT related
progression Prolferation. EMT 1

il





OEBPS/Images/fcimb-11-734750-g004.jpg
Transfor distancelmm






OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb.2021.734750_cover.jpg
’ frontiers

in Cellular and Infection Microbiology

Clonorchis sinensis Granulin
Promotes Malignant Transformation
of Hepatocyte Through EGFR-R
Mediated RAS/MAPK/ERK and PI3K/
Akt Signaling Pathways





OEBPS/Images/fcimb-11-734750-g002.jpg





OEBPS/Images/fcimb-11-734750-g001.jpg
y
i
i

CsGRN

GAPDH

-

TOZGIP

TOZGRN

£
o
L
o
&‘%f
i
i
I






OEBPS/Images/fcimb-11-734750-g007.jpg
Transfor distanclmm

ey

s
%

\\.\
w0

i‘ja‘;

4

.
I

roaey






