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            Abstract
Since its discovery in 1989, efforts to grow clinical isolates of the hepatitis C virus (HCV) in cell culture have met with limited success. Only the JFH-1 isolate has the capacity to replicate efficiently in cultured hepatoma cells without cell culture-adaptive mutations1,2,3. We hypothesized that cultured cells lack one or more factors required for the replication of clinical isolates. To identify the missing factors, we transduced Huh-7.5 human hepatoma cells with a pooled lentivirus-based human complementary DNA (cDNA) library, transfected the cells with HCV subgenomic replicons lacking adaptive mutations, and selected for stable replicon colonies. This led to the identification of a single cDNA, SEC14L2, that enabled RNA replication of diverse HCV genotypes in several hepatoma cell lines. This effect was dose-dependent, and required the continuous presence of SEC14L2. Full-length HCV genomes also replicated and produced low levels of infectious virus. Remarkably, SEC14L2-expressing Huh-7.5 cells also supported HCV replication following inoculation with patient sera. Mechanistic studies suggest that SEC14L2 promotes HCV infection by enhancing vitamin E-mediated protection against lipid peroxidation. This provides a foundation for development of in vitro replication systems for all HCV isolates, creating a useful platform to dissect the mechanisms by which cell culture-adaptive mutations act.
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                    Figure 1: cDNA screening of Huh-7.5 cells identifies SEC14L2 as a critical host factor for HCV RNA replication.[image: ]


Figure 2: SEC14L2 allows replication of wild-type HCV subgenomic replicons.[image: ]


Figure 3: SEC14L2 allows replication of full-length HCV genomes.[image: ]


Figure 4: SEC14L2 promotes HCV replication by enhancing the antioxidant effect of VE.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Cured replicon cell clones supported replication of wild-type HCV.
Six of the 45 cell colonies obtained from cDNA screen and one control cell clone, S52 (adapted) that carried a cell culture-adapted HCV subgenomic replicon S52/SG-neo(AII), were treated for 15 days with a combination of an HCV NS5A inhibitor (daclatasvir, 1 nM) and an NS5B polymerase inhibitor (2â€²CMeA, 1 ÂµM) to eliminate the replicating viral genomes. These cells were then transfected with the indicated wild-type HCV replicons and selected with G418 for 3 weeks. The resulting cell colonies were stained with crystal violet. Replication defective replicon, S52 GNN, with a catalytically inactive mutation in the NS5B polymerase served as a negative control.


Extended Data Figure 2 The ectopic expression of SEC14L2 confers HCV permissiveness to human hepatoma cells.
a, b, SEC14L2 is not expressed in most cell lines. a, SEC14L2 mRNA levels were measured in the indicated cells by qPCR, and the values were normalized to those of the housekeeping gene, RPS11. Shown is the fold difference from fetal hepatocytes. The results are plotted as mean Â± s.e.m. of two different cell stocks. b, SEC14L2 protein expression in the indicated cells was determined by immunoblotting with SEC14L2 rabbit polyclonal antibody. Î²-actin is included as a loading control. c, SEC14L2-expressing Huh-7.5 cells were transfected with the indicated wild-type subgenomic replicons. After 4 weeks of selection, HCV RNA was sequenced in six individual colonies from each of the replicons. HCV RNA levels in each of these colonies were determined by qRTâ€“PCR. d, Hep3B/miR-122 and Huh-7 cells transduced with SEC14L2 or empty vector were transfected with in vitro-transcribed RNA from the indicated wild-type replicons and selected for 3 weeks with G418 (500 Âµg mlâˆ’1). The resulting cell colonies were stained with crystal violet. S52 GNN with a catalytically inactive mutation in NS5B polymerase was included as a negative control.


Extended Data Figure 3 Effect of SEC14L2 expression on the replication of wild-type and cell culture-adapted HCV subgenomic replicons.
a, b, SEC14L2 expression enhances replication of wild-type HCV RNA in a dose-dependent manner. a, Huh-7.5 cells were transduced with lentiviruses encoding SEC14L2â€“EGFP fusion protein under a doxycycline-inducible promoter and flow cytometry was performed to obtain single-cell clones. Two cell clones selected for downstream analysis were treated with the indicated concentrations of doxycycline for 24 h, followed by flow cytometry to determine the number of EGFP-positive cells. Mean fluorescence intensities of EGFP are shown at the top of each box. b, S52/SG-neo colony formation in cells described in a. The results were confirmed by two independent transfections. c, SEC14L2 expression enhances replication of cell culture-adapted HCV replicons to varying extents. Colony formation efficiency of the indicated subgenomic replicons in empty-vector- and SEC14L2-expressing Huh-7.5 cells is plotted as CFU per 100,000 transfected cells. Results represent mean Â± s.e.m. from two independent transfections.


Extended Data Figure 4 SEC14L2 expression enables replication of wild-type full-length HCV genomes and production of low levels of infectious virus particles.
a, HDFR reporter cells transduced with SEC14L2 or empty vector were transfected with in vitro transcribed RNA from H77, Con1, and J6 full-length genomes. Live cell images were captured 6 days after transfection. White arrows indicate the cells with nuclear RFP. b, The numbers of cells exhibiting nuclear RFP were counted in 3 random microscopic fields at day 6 post-transfection. H77 polâˆ’, with a catalytically inactive mutation in NS5B polymerase, was used as a negative control. câ€“e, Infectious virus particles are produced from SEC14L2/Huh-7.5 cells harbouring selectable full-length HCV genomes. c, Huh-7.5 cells stably expressing SEC14L2 were incubated at 37 Â°C for 30 min with anti-CD81 antibody or control IgG, and inoculated with the culture medium from SEC14L2/Huh-7.5 cells harbouring blasticidin-selectable, full-length (FL-BSD) H77, Con1, and J6 genomes, described in Fig. 3b. After 72 h, selection with blasticidin (2.5 Âµg mlâˆ’1) was imposed and the colonies obtained after 3 weeks were stained with crystal violet. d, The cell colonies obtained in c were pooled and stained with anti-NS5A antibody (9E10 clone). The percentages of positive cells from two independent experiments are plotted. As previously described44, 9E10 antibody did not detect NS5A from the J6 isolate. e, The cell colonies obtained in c were pooled and HCV RNA levels were measured by qPCR. The values are plotted as mean Â± s.e.m. of two independent experiments.


Extended Data Figure 5 Only full-length SEC14L2 supports replication of wild-type HCV.
a, Huh-7.5 cells stably expressing human or murine SEC14L2 (93% amino acid identity) were lysed and protein expression was confirmed by immunoblotting. These cells were then transfected with S52/SG-neo and selected with G418. The resulting cell colonies were stained with crystal violet. b, c, Only isoform 1 of SEC14L2 supports HCV RNA replication. The SEC14L2 gene is comprised of 12 exons and results in 3 alternatively spliced transcript variants encoding 3 different protein isoforms. Isoform 1 was identified in cDNA screening. b, Schematic representation of SEC14L2 isoforms. Coding exons are shown as green blocks and the amino acid length of each protein is shown on right. c, Cell lysates from Huh-7.5 cells stably expressing 3 SEC14L2 isoforms were analysed by 4â€“12% SDSâ€“PAGE and immunoblotting was performed with SEC14L2 mouse monoclonal antibody. The bands highlighted with asterisks might be a cleavage product of SEC14L2. UC, untransduced cells. These cells were transfected with S52/SG-neo and selected with G418 for 3 weeks. The resulting cell colonies were stained with crystal violet. d, SEC14L3 and SEC14L4 (86% and 80% amino acid similarity to SEC14L2, respectively)11 are not expressed in Huh-7.5 cells. Cell lysates from Huh-7.5 cells stably expressing SEC14L2, SEC14L3, or SEC14L4 were analysed by 4â€“12% SDSâ€“PAGE followed by immunoblotting with the indicated antibodies (the signal generated by SEC14L3 antibody in SEC14L2-expressing cells most likely reflects the cross-reactivity of SEC14L3 antibody). These cells were then tested for their ability to support replication of S52/SG-neo. e, f, Deletion mutants of SEC14L2 do not support HCV RNA replication. e, Schematic representation of N-terminal EGFP-tagged SEC14L2 deletion mutants. f, Cell lysates from Huh-7.5 cells stably expressing the full-length SEC14L2 and the deletion mutants were analysed by 4â€“12% SDSâ€“PAGE followed by immunoblotting with the indicated antibodies. These cells were then transfected with S52/SG-neo and selected with G418 for 3 weeks. The resulting cell colonies were stained with crystal violet. g, h, As N-terminal deletion mutants of SEC14L2 were unstable in Huh-7.5 cells (they formed protein aggregates), we generated chimaeric constructs by fusing C-terminal ends of SEC14L2 with the corresponding N-terminal sequences from SEC14L4 and tested their ability to support HCV replication. g, Schematic representation of C-terminal EGFP-tagged chimaeric constructs. h, Huh-7.5 cells stably expressing the indicated chimaeric constructs were lysed and protein expression was confirmed by immunoblotting with anti-GFP antibody. The cells were then transfected with S52/SG-neo and selected with G418 for 3 weeks.


Extended Data Figure 6 SEC14L2 does not interact with HCV nonstructural proteins under the tested conditions.
a, Yeast two-hybrid assay was performed to examine direct interaction between SEC14L2 and HCV nonstructural proteins. SEC14L2-AD (GAL4 activation domain) fusion or control AD vector was co-expressed with DBD (DNA binding domain) fusion of the individual HCV non-structural proteins or control DBD vector and tested for positive yeast two-hybrid interactions under selective nutritional conditions (lacking leucine, tryptophan, histidine, and adenosine). The strong signal obtained for NS5A most likely reflects the intrinsic trans-activating activity of NS5A45. b, Co-immunoprecipitation did not reveal binding of SEC14L2 with HCVNS5Aprotein. As two-hybrid assay (a) did not yield unambiguous results on interaction between SEC14L2 and NS5A, we employed co-immunoprecipitation assay to probe binding between these proteins. Huh-7.5 cells stably expressing SEC14L2-EGFP and harbouring wild-type Con1/SGneo replicon were lysed and subjected to immunoprecipitation with anti-NS5A antibody, anti-EGFP antibody or control immunoglobulins (IgG). The bound proteins were analysed by immunoblotting. Endogenous MOBKL1B, a previously described binding partner of the NS5A protein41, served as a positive control. c, Subcellular fractionation of SEC14L2-EGFP/Huh-7.5 cells harbouring wild-type Con1/SG-neo replicon did not reveal obvious co-fractionation of SEC14L2 and HCV NS5A protein


Extended Data Figure 7 SEC14L2 does not facilitate HCV RNA replication by modulating PI3K/Akt or cholesterol synthesis pathways.
aâ€“d, Downregulation of PI3K/Akt pathway does not support HCV replication. a, Akt phosphorylation in control and SEC14L2-expressing Huh-7.5 cells was analysed by immunoblotting; Î²-actin is included as a loading control. b, Stable knockdown of Akt in Huh-7.5 cells with two different shRNAs did not facilitate G418 resistant colony formation by S52/SG-neo. c, Huh-7.5 cells were transduced to stably express PTEN, a negative regulator of PI3K pathway. Despite decreased Akt phosphorylation, these cells did not support colony formation by S52/SG-neo. d, Suppression of PI3K pathway in Huh-7.5 cells by stable expression of a dominant negative Akt, a dominant negative p85 subunit of PI3K, or a constitutively active FOXO3a did not render them permissive to HCV replication. Dominant negative Akt gets phosphorylated, but as it is kinase-dead, it cannot initiate the downstream signalling. Interestingly, increased Akt phosphorylation was seen in Huh-7.5 cells expressing constitutively active FOXO3a, suggesting a potential feedback mechanism. e, f, A SEC14L2 mutant (S289A) lacking the cholesterolgenic activity supported HCV replication. e, Schematic representation of carboxy-terminal EGFP-tagged SEC14L2 point mutants. S288A was generated as a negative control. f, The colony formation efficiency of S52/SG-neo (plotted as CFU per 100,000 transfected cells) and the expression levels of SEC14L2 mutants in Huh-7.5 are shown.


Extended Data Figure 8 SEC14L2 expression masks the effects of lipophilic oxidants and anti-oxidants on H77S.3/GLuc replication.
a, b, SEC14L2 enhances transient replication of H77S.3, but not that of JFH-1 or J6/JFH1. Empty-vector- and SEC14L2-expressing Huh-7.5 cells were electroporated with the indicated viral RNAs lacking GLuc insertions. a, Intracellular and b, extracellular RNA levels were measured 6 days after electroporation. Results are plotted as fold change from empty vector control. câ€“f, The pro-viral effects of various lipophilic antioxidants on H77S.3/GLuc replication were suppressed in the presence of SEC14L2. c, Î³-tocopherol, d, Î±-tocopheryl succinate, e, Î±-tocopheryl quinone, and f, sphingosine kinase inhibitor (SKI) were added to Huh-7.5 cells 20 h before transfection with H77S.3/GLuc. Transfections were carried out in the fresh medium lacking these compounds. 6 h after transfection, cells were again fed with each compound and the GLuc expression was measured at 72 h post-transfection. The results are presented as fold change from untreated cells. gâ€“l, SEC14L2 expression suppressed the inhibitory effect of lipophilic oxidants and direct-acting antivirals, but not that of the HCV host factor inhibitors, on H77S.3/GLuc replication. g, Docosahexaenoic acid (oxidant); h, linoleic acid (oxidant); i, interferon-Î² (IFN-Î²); j, CSA (cyclosporine A); k, danoprevir (NS3 protease inhibitor) and l, 2â€²CMeA (NS5B polymerase inhibitor) were added to Huh-7.5 cells 6 h after transfection with H77S.3/GLuc (and Jc1/GLuc in the case of Danoprevir and 2â€²CMeA) and the secreted GLuc activity at 72 h post-transfection was measured. The results are plotted as percentage of inhibition relative to the untreated cells. All results in this figure represent mean Â± s.d. of two replicate experiments.


Extended Data Figure 9 SEC14L2 expression does not enhance replication of lipid peroxidation-resistant RNA viruses.
aâ€“f, Flaviviruses, such as yellow fever virus (YFV) and dengue virus (DENV) do not respond to SEC14L2 expression. aâ€“e, Empty-vector- and SEC14L2-expressing Huh-7.5 cells were infected with YFV-venus (a, b) or DENV-GFP (d, e) at a multiplicity of infection (MOI) of 0.01 and 0.1, respectively. The cells were harvested at the indicated times post-infection, followed by FACS analysis. a, d, The number of yellow (YFV-venus) and green (DENV-GFP) cells are plotted as percentage of positive cells and b, e, the mean fluorescence intensities (MFI) are presented as percentage relative to empty vector. c, f, Empty-vector- and SEC14L2-expressing Huh-7.5 cells were inoculated with c, YFV (17D) or f, DENV (serotype 2 strain 16681) at an MOI of 0.5 and 0.1, respectively. The culture medium was collected at the indicated times post infection and the infectious virus titres were determined by a plaque formation assay on Huh-7.5 cells (YFV-venus) or BHK cells (DENV). The results are presented as plaque-forming units (PFU) per ml. gâ€“j, Alphaviruses, such as Sindbis virus (SINV) and Ross River virus (RRV) are insensitive to SEC14L2 expression. Empty-vector- and SEC14L2-expressing Huh-7.5 cells were infected with SINV-GFP (g, h) or RRV-GFP (i, j) at an MOI of 0.05. The cells were harvested at the indicated times post-infection and FACS analysis was carried out to determine the number of green cells and the mean fluorescence intensities. All results in this figure represent mean Â± s.e.m. of two replicate experiments.


Extended Data Figure 10 VE increased SEC14L2-mediated replicon colony formation.
a, VE (Î±-tocopherol, 1 ÂµM) was added to Huh-7.5 cells 20 h before transfection with the indicated wild-type HCV subgenomic replicons. Transfections were carried out for 6 h in the fresh medium lacking VE, followed by medium change to VE-containing medium. After 48 h, cells were subjected to G418 selection and fed with fresh G418 and VE every 2 days. The resulting cell colonies were stained with crystal violet. Shown are the results of one of three independent experiments. b, Colony formation efficiency of the indicated subgenomic replicons was measured in SEC14L2-expressing cells in the absence or presence of 1 ÂµM VE. The results are plotted as mean Â± s.e.m. of CFU per 100,000 transfected cells from three independent transfections. **P < 0.005 by two-tailed, paired t-test.





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Saeed, M., Andreo, U., Chung, HY. et al. SEC14L2 enables pan-genotype HCV replication in cell culture.
                    Nature 524, 471â€“475 (2015). https://doi.org/10.1038/nature14899
Download citation
	Received: 27 November 2014

	Accepted: 14 July 2015

	Published: 12 August 2015

	Issue Date: 27 August 2015

	DOI: https://doi.org/10.1038/nature14899


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Identification of SEC14 like lipid binding 2(SEC14L2) sequence and expression profiles in the Chinese tree shrew (Tupaia belangeri chinensis)
                                    
                                

                            
                                
                                    	Dandan Qiu
	Xiuying Kui
	Jiejie Dai


                                
                                Molecular Biology Reports (2022)

                            
	
                            
                                
                                    
                                        A Golgi-derived vesicle potentiates PtdIns4P to PtdIns3P conversion for endosome fission
                                    
                                

                            
                                
                                    	Bo Gong
	Yuting Guo
	Shunji Jia


                                
                                Nature Cell Biology (2021)

                            
	
                            
                                
                                    
                                        Hepatitis C virus cell culture models: an encomium on basic research paving the road to therapy development
                                    
                                

                            
                                
                                    	Volker Lohmann


                                
                                Medical Microbiology and Immunology (2019)

                            
	
                            
                                
                                    
                                        Expression of human CD46 and trans-complementation by murine adenovirus 1 fails to allow productive infection by a group B oncolytic adenovirusÂ in murine cancer cells
                                    
                                

                            
                                
                                    	Janet Lei
	Egon J. Jacobus
	Len W. Seymour


                                
                                Journal for ImmunoTherapy of Cancer (2018)

                            
	
                            
                                
                                    
                                        NLRX1 promotes immediate IRF1-directed antiviral responses by limiting dsRNA-activated translational inhibition mediated by PKR
                                    
                                

                            
                                
                                    	Hui Feng
	Erik M Lenarcic
	Stanley M Lemon


                                
                                Nature Immunology (2017)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Towards easier HCV culture
Hepatitis C virus (HCV) cannot replicate in cell culture unless it possesses adaptive mutations. Charles Rice and colleagues show here that expression of a host cellular factor, SEC14L2, allows replication of all HCV genotypes in several hepatoma cell lines by enhancing vitamin E-mediated protection against lipid peroxidation. Importantly, the SEC14L2-expressing cells could also support replication of HCV following inoculation with patient sera. This finding is a step towards the development of culture systems in which natural HCV isolates can be propagated and antiviral agents tested.
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