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            Abstract
Hepatocellular carcinoma (HCC), the fourth leading cause of cancer mortality worldwide, develops almost exclusively in patients with chronic liver disease andÂ advanced fibrosis1,2. Here we interrogated functions of hepatic stellate cells (HSCs), the main source of liver fibroblasts3, during hepatocarcinogenesis. Genetic depletion, activation or inhibition of HSCs in mouse models of HCC revealed their overallÂ tumour-promoting role. HSCs were enriched in the preneoplastic environment, where they closely interacted with hepatocytes and modulated hepatocarcinogenesis by regulating hepatocyte proliferation and death. Analyses of mouse and human HSC subpopulations by single-cell RNA sequencing together with genetic ablation of subpopulation-enriched mediators revealed dual functions of HSCs in hepatocarcinogenesis. Hepatocyte growth factor, enriched in quiescent and cytokine-producing HSCs, protected against hepatocyte death and HCC development. By contrast, typeâ€‰I collagen, enriched in activated myofibroblastic HSCs, promoted proliferation and tumour development through increased stiffness and TAZ activation in pretumoural hepatocytes and through activation of discoidin domain receptorâ€‰1 in established tumours. An increased HSC imbalance between cytokine-producing HSCs and myofibroblastic HSCs during liver disease progression was associated with increased HCC risk in patients. In summary, the dynamic shift in HSC subpopulations and their mediators during chronic liver disease is associated with a switch from HCC protection to HCC promotion.
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                    Fig. 1: Promotion of HCC development by HSCs.[image: ]


Fig. 2: HSC accumulation and activation occurs predominantly in the NT environment.[image: ]


Fig. 3: scRNA-seq analysis reveals subsets of HSCs with differential expression of Hgf and Col1a1 in the fibrotic liver.[image: ]


Fig. 4: Promotion of HCC by Colâ€‰I and stiffness-associated accumulation of TAZ in hepatocytes.[image: ]


Fig. 5: Promotion of hepatocarcinogenesis by DDR1.[image: ]


Fig. 6: cyHSC-enriched HGF protects hepatocytes against death and reduces HCC development.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Friend or foe? The elusive role of hepatic stellate cells in liver cancer
                                        
                                    

                                    
                                        Article
                                        
                                         07 August 2023
                                    

                                

                                Bruno Cogliati, Chittampalli N. Yashaswini, â€¦ Scott L. Friedman

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Activated hepatic stellate cell-derived Bmp-1 induces liver fibrosis via mediating hepatocyte epithelial-mesenchymal transition
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 January 2024
                                    

                                

                                Sizhe Wan, Xianzhi Liu, â€¦ Bin Wu

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Initiation of hepatic stellate cell activation extends into chronic liver disease
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 November 2021
                                    

                                

                                Vincent De Smet, Nathalie Eysackers, â€¦ Leo A. van Grunsven

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The microarray, RNA-seq, scRNA-seq and snRNA-seq datasets reported in this study have been deposited in the GEO database under the accession numbers GSE174748 and GSE212047. In addition, we analysed previously published whole liver or isolated HSC scRNA-seq datasets from GSE172492 and GSE158183, normal human liver snRNA-seq data from GSE185477 and the microarray datasets from GSE15654, GSE49541 and GSE10140.Â Source data are provided with this paper.

            

Code availability

              
              R markdown scripts enabling the main steps of the analysis have been deposited into GitHub (https://github.com/Schwabelab/HSC_in_HCC). Survival of patients with HCC from TCGA dataset was determined using http://gepia2.cancer-pku.cn/#survival.
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Extended data figures and tables

Extended Data Fig. 1 Analysis of hepatic stellate cell senescence during liver fibrosis and HCC development.
a, qPCR showing Trp53 mRNA in FACS-sorted HSC isolated from p53f/fÂ (nâ€‰=â€‰2 mice) and p53Î”HSCmice (nâ€‰=â€‰4 mice). bâ€“d, HCC was induced in p53f/fÂ (nâ€‰=â€‰11 mice) andp53Î”HSCÂ (nâ€‰=â€‰14 mice) miceÂ by injection of DEN (i.p. 25 mg/kg at 2 weeks old) followed by 14 injections of CCl4 (i.p. 0.5â€‰ÂµL/g, 1x/week) starting one month after DEN. HSC activation and fibrogenesis were assessed in by qPCR for fibrogenic genes Acta2, Col1a1 and Lox in the liver (b). Fibrosis was evaluated by Sirius Red staining (c). HCC is shown by representative liverÂ pictures and the tumour burden measured by liver/body weight ratio (LBR), tumour number and tumour size (d). e, qPCR showing Rela mRNA in FACS-sorted HSC from Relaf/fand RelaÎ”HSCmice (nâ€‰=â€‰3 mice/group). fâ€“h, HCC was induced in Relaf/f(nâ€‰=â€‰9 mice) and RelaÎ”HSC(nâ€‰=â€‰10 mice) mice by injection of DEN (i.p. 25 mg/kg at 2 weeks old) followed by 17 injections of CCl4 (i.p. 0.5â€‰ÂµL/g, 1x/week). HSC activation and fibrogenesis was assessed by qPCR for the fibrogenic genes Acta2, Col1a1 and Lox in the liver (f). Fibrosis was evaluated by Sirius Red staining (g). HCC is shown by representative liverÂ pictures and tumour burden measured by LBR, tumour number and tumour size (h). iâ€“k, representative images showing senescence in specific cell types by senescence associated beta-galactosidase (SA-Gal) staining and co-staining for markers or lineage tracers of HSC (Lrat-Cre x TdTom), macrophages (anti-macrophage antibody), endothelial cells (endomucin antibody), cholangiocytes (CK19 antibody) and hepatocytes (AAV8-TGB-Cre x TdTom) in the CCl4 (nâ€‰=â€‰3 mice) (i), HF-CDAA diet (nâ€‰=â€‰1 mouse) (j) and Mdr2KO(nâ€‰=â€‰1 mouse) (k) mouse models of fibrosis. lâ€“m, representative images showing senescence in specific cellular compartments by p21 IHC in combination with lineage markers for HSC (Lrat-Cre x TdTom) and hepatocytes (AAV8-TGB-Cre x TdTom) in the CCl4 (l) and HF-CDAA diet (m) mouse models of fibrosis (from nâ€‰=â€‰1 mouse per model). Data are shown as mean Â± SEM, each data point represents one individual. Scale bars: 400â€‰Âµm (c,g) and 100â€‰Âµm (iâ€“m). LBR: liver/body weight ratio. Statistics:Â data in b, c, d, e, g, Acta2 mRNA and Col1a1 mRNA in f, and LBR and tumour size in h were analysed by two-tailed Studentâ€™s t-test. Lox mRNA in d and tumour number in h were analysed by two-tailed Mann-Whitney test. Raw data are given in Source Data.
Source Data


Extended Data Fig. 2 Genetic strategies to manipulate HSC during hepatocarcinogenesis.
a, Lhx2 mRNA in isolated HSC (nâ€‰=â€‰5 mice), Kupffer cells (KC), endothelial cells (LSEC) and hepatocytes (nâ€‰=â€‰3 mice each). b, Lhx2 mRNA by scRNAseq from normal mouse liver (nâ€‰=â€‰1 mouse). c, qPCR showing deletion of Lhx2 by Lrat-Cre in whole liver: Lhx2f/f: nâ€‰=â€‰8 mice, Lhx2Î”HSC: nâ€‰=â€‰6 mice or FACS-sorted HSC (nâ€‰=â€‰2 mice/group). dâ€“f, deletion of Lhx2, achieved via Mx1-Cre and poly I:C injections, increased liver fibrosis, shown by Sirius Red staining: Lhx2f/f: nâ€‰=â€‰11 mice, Lhx2del: nâ€‰=â€‰9 mice in non-tumour areas (d), HSC activation measured by qPCR: Lhx2f/f: nâ€‰=â€‰11 mice, Lhx2del: nâ€‰=â€‰8 mice (e); and promoted HCC development Lhx2f/f: nâ€‰=â€‰11 mice, Lhx2del: nâ€‰=â€‰9 mice (f) compared to Lhx2f/f littermates. g, Lrat-Cre-mediated Yap1 deletion (YapÎ”HSC) was confirmed in FACS-sorted HSC by qPCR: Yapf/f: nâ€‰=â€‰2 mice, YapÎ”HSC: nâ€‰=â€‰3 mice, and western blot (nâ€‰=â€‰2 mice/group). h, YapÎ”HSCmice showed reduced fibrosis, evaluated by Sirius Red (nâ€‰=â€‰15 mice/group) and HSC markers, measured by qPCR (Yapf/f: nâ€‰=â€‰14 mice, Yap Î”HSC: nâ€‰=â€‰15 mice), in non-tumour liver tissue from mice treated with DEN+CCl4. i, HSC depletion via Lrat-Cre-induced DTR significantly reduced Lrat mRNA in the DEN+CCl4 model (DTR neg: nâ€‰=â€‰15 mice, DTR pos: nâ€‰=â€‰16 mice). j-k, Î±SMA staining (nâ€‰=â€‰13 mice/group) and qPCR for Acta2 and Col1a1 (nâ€‰=â€‰12 mice/group) showed depletion of Î±SMA+ cells in non-tumour areas in Î±SMA-TKposmice compared to Î±SMA-TKneg littermates after ganciclovir (GCV) injections in DEN+CCl4-induced HCC (j) and Î±SMA-TKpos mice developed fewer tumours (nâ€‰=â€‰13 mice/group) (k). l, Liver fibrosis and deletion of Pdgfrb were determined by Sirius red staining and qPCR for Col1a1 and Pdgfrb in 4 month-old Mdr2KO PdgfrbÎ”HSC (nâ€‰=â€‰13 mice) and Mdr2KO Pdgfrbfl/fl (nâ€‰=â€‰13 mice) female mice. m, Tumour development was determined in 15 month-old Mdr2KO PdgfrbÎ”HSC (nâ€‰=â€‰8 mice) and Mdr2KO Pdgfrbfl/fl (nâ€‰=â€‰6 mice) female mice as described above. n, HCC development in mice overexpressing TAZS89A in hepatocytes receiving a NASH-FPC (nâ€‰=â€‰13 mice) or chow diet (nâ€‰=â€‰11 mice). oâ€“q, DTRpos mice displayed efficient HSC depletion in the TAZ+FPC NASH-HCC model compared to DTRneg mice: DTRneg: nâ€‰=â€‰10 mice, DTRpos: nâ€‰=â€‰14 mice (o) as well as reduced tumour development: DTRneg: nâ€‰=â€‰10 mice, DTRpos: nâ€‰=â€‰14 mice (p), but no reduction of cholesterol and triglycerides measurement in non-tumour liver tissue (untreated: nâ€‰=â€‰3 mice, TAZ+FPC in DTRneg: nâ€‰=â€‰6 mice, TAZ+FPC in DTRpos: nâ€‰=â€‰7 mice) (q). râ€“s, Lrat-Crepos DTRpos or DTRneg mice were subjected to DEN+HF-CDAA-induced spontaneous hepatocarcinogenesis, revealing efficient HSC depletion by diphtheria toxin (DT) injectionsÂ (nâ€‰=â€‰4 mice/group) (r) as well as reduced tumour development in DTRpos mice (nâ€‰=â€‰8 mice) compared to DTRneg mice (nâ€‰=â€‰6 mice) (s). tâ€“u, Î±SMA-TKpos or Î±SMA-TKneg mice were subjected to NICD+HF-CDAA-induced hepatocarcinogenesis, revealing efficient fibroblast depletionÂ after ganciclovir (GCV)Â injections: Î±SMA-TKpos (nâ€‰=â€‰8 mice) vs Î±SMA-TKneg mice (nâ€‰=â€‰7 mice) (t) as well as reduced tumour development in Î±SMA-TKpos (nâ€‰=â€‰8 mice) vs Î±SMA-TKneg mice (nâ€‰=â€‰9 mice) (u). Data are shown as mean Â± SEM, each data point represents one individual, all scale bars: 200â€‰Âµm. Statistics: data in d, all data in e besides Lox mRNA, Sirius Red in h, i, tumour number and tumour size in k, data in l besides Col1a1 mRNA, o, p, r, s, t and data in u besides tumour number were analysed by two-tailed Studentâ€™s t-test. The following data: Lox mRNA in e, f, all data in h besides Sirius Red, j, LBR in k, Col1a1 mRNA in l, m, n, and tumour number in u were analysed by two-tailed Mann-Whitney test. Data in q were analysed by one-way ANOVA (pâ€‰<â€‰0.001) followed by Tukeyâ€™s multiple comparison. Raw data are given in Source Data and uncropped western blots gels inÂ Supplementary Fig. 7c
Source Data


Extended Data Fig. 3 Hepatic stellate cell accumulation occurs predominantly in the PME and affect genes and pathways relevant for tumourigenesis and fibrosis.
a, co-localization of Col1a1-GFP+ and Lrat-Cre-induced TdTom was quantified in non-tumour (NT) and tumour (Tu) areas of DEN+CCl4- and TAZ-FPC-induced HCC (nâ€‰=â€‰3 mice/HCC model â€“ data related to Fig. 2a). b, Lrat-Cre-TdTom+ HSC and Col1a1-GFP+ fibroblasts were visualized, and co-localization of Col1a1-GFP+ and Lrat-Cre-induced TdTom and the Col1a1-GFP/TdTom double-positive area were quantified in 15 month-old Mdr2KO-induced (nâ€‰=â€‰3 mice) and HF-CDAA-diet-induced (nâ€‰=â€‰2 mice) HCC. c, Fibrosis was visualized and quantified by Sirius Red in 15 month-old Mdr2KO-induced and HF-CDAA-diet-induced HCC (nâ€‰=â€‰6 mice/group/HCC model). d, Î±SMA and Sirius Red quantification of paired non-tumour and human HCC developing in non-fibrotic livers (nâ€‰=â€‰20 cases - data related to Fig. 2b). e. UMAP visualization of cell populations from snRNA-seq of matching human non-tumour cirrhotic (nâ€‰=â€‰2) and tumour (nâ€‰=â€‰2) liver tissue pairs as well as the proportion of HSC/fibroblasts in both compartments. fâ€“j, Bulk RNAseq of liver tissue from DEN+CCl4-treated Yapf/f (nâ€‰=â€‰5), YapÎ”HSC mice (nâ€‰=â€‰5) and normal liver (nâ€‰=â€‰8 mice). The heatmap displays up- and downregulated differentially expressed genes (DEG) in non-tumour tissues based on DESeq2 analysis from bulk RNAseq (compared to the normal liver, adjusted p-value <0.1 and log2FC>0.5 or < âˆ’0.5) (f). Comparison of genes expression in Yapfl/fl and Yapâˆ†HSC tumour and non-tumour areas in DEN+CCl4-induced HCC (nâ€‰=â€‰5 mice/group) data are displayed as volcano plot before and after removal of HSC genes, identified by scRNA-seq analysis, or filtering on hepatocyte genes, identified by scRNA-seq analysis (nâ€‰=â€‰5 mice/group) (g). Metascape enrichment analysis of down-regulated DEG genes in non-tumour tissues of YapÎ”HSC compared to Yapf/f, all the pathway related to fibrosis and HSC-activation are marked in bold (nâ€‰=â€‰5 mice/group) (h). Gene set enrichment of RNA-seq data revealed apoptosis and G2/M checkpoint as enriched in Yapfl/fl vs Yapâˆ†HSC non-tumour tissue (i). Displayed is the gene set enrichment analysis of the collection â€œHallmark gene setâ€� from the MSigDB with a FDRqval <0.25 in non-tumour tissues of Yap Î”HSC compared to Yapf/f (nâ€‰=â€‰5 mice/group) (j). kâ€“l, hepatocyte death (k) and proliferation (l) were determined by TUNEL assay: YAP f/f: nâ€‰=â€‰15 mice, YAPÎ”HSC: nâ€‰=â€‰16 mice, Î±SMA-TKneg, nâ€‰=â€‰10 mice, Î±SMA-TKpos: nâ€‰=â€‰5 mice and serum ALT measurement: Yapf/f: nâ€‰=â€‰6 mice, YapÎ”HSC: nâ€‰=â€‰6 mice, Î±SMA-Tk neg, nâ€‰=â€‰10 mice, Î±SMA-TKpos: nâ€‰=â€‰5 mice (k) and Ki67 IHC: Î±SMA-TKneg, nâ€‰=â€‰8 mice, Î±SMA-TKpos: nâ€‰=â€‰4 mice (i) in non-tumoural tissues. mâ€“n, proliferation was determined by Ki67 IHC in the tumor compartment of YapÎ”HSC (nâ€‰=â€‰14) and Yapfl/fl (nâ€‰=â€‰13) (m) as well as DTRpos (nâ€‰=â€‰9) and DTRneg (nâ€‰=â€‰5) mice (n). Data are shown as mean Â± SEM, each data point represents one individual (a-d,k-n)), one cell (e) or one gene (g), all scale bars: 100â€‰mm NT: Non-tumour, Tu: Tumour. Data are shown as mean Â± SEM, each data point (a-d) as well as the HSC-fibroblast percentage quantification (e) represents one individual, in d each dot represent one gen, all scale bars: 100 mm. Statistics: all data displayed in graph dotplots besides ALT measured in Î±SMA-TKneg and Î±SMA-TKpos in k were analysed by two-tailed Studentâ€™s t-test. ALT in Î±SMA-TKneg and Î±SMA-TKpos in k were analysed by two-tailed Mann-Whitney test. Raw data are given in Source Data
Source Data


Extended Data Fig. 4 Determination of the role of HSC/fibroblasts within tumours and in a non-fibrotic HCC model andÂ their effect on the hepatocyte, immune and endothelial cell compartments.
aâ€“b, GanciclovirÂ (GCV) injections into DEN+CCl4-treated Î±SMA-TKpos and Î±SMA-TKneg littermates at late time points, when large tumours were established and when CCl4 injections had ceased for 1.5 weeks, resulted in a strong reduction of Î±SMA+ cells in tumour but not in non-tumour areas (IHC: Î±SMA-TKneg, nâ€‰=â€‰12 mice, Î±SMA-Tkpos: nâ€‰=â€‰10 mice; Acta2 RNA: NT: Î±SMA-Tkneg, nâ€‰=â€‰13 mice, Î±SMA-TKpos: nâ€‰=â€‰9 mice; Tu: Î±SMA-TKneg, nâ€‰=â€‰13 mice, Î±SMA-TKpos: nâ€‰=â€‰11 mice) (a), and did not affect tumour progression (Î±SMA-TKneg, nâ€‰=â€‰13 mice, Î±SMA-TKpos: nâ€‰=â€‰11 mice) (b). câ€“d, HSC depletion via Lrat-Cre-induced DTR in a non-fibrotic HCC model, induced by hydrodynamic tail vein injection of sleeping beauty-mediated expression ofÂ MET + CTNNB1-Myc-tag, was highly efficient, as determined by TdTom fluorescence (c) but did not affect liver/body weight ratio, tumour size, tumour number or tumour area assessed by Myc-tag staining (DTRneg: nâ€‰=â€‰11 mice, DTRpos: nâ€‰=â€‰7 mice) (d). eâ€“f analysis of cell-cell interactions by CellPhoneDB in snRNA-seq data from cirrhotic liver patients (nâ€‰=â€‰4 cases) revealed HSC as a major cell type interacting with hepatocytes (e) or between different hepatocytes clusters and liver cells populations in the mouse fibrotic liver induced by 8xCCl4 (nâ€‰=â€‰3 mice) (f) as well as UMAP visualization of the proliferation marker Mki67 (nâ€‰=â€‰3 mice) (f). gâ€“h, FACS analysis of total CD45+ leukocytes (g), and lymphocytes and myeloid cells (h) in the PME and TME after Î±SMA+ cell depletion during HCC development induced by DEN+17xCCl4 (NT: nâ€‰=â€‰8 mice per group, Tu: Î±SMA-TKneg, nâ€‰=â€‰4 mice, Î±SMA-TKpos: nâ€‰=â€‰5 mice - related to experiments in Extended Data Fig. 2 j, k) shows increased neutrophil and Ly6Chigh macrophage infiltration into non-tumour areas in Î±SMA-TK pos mice. iâ€“j, CD45 IHC staining of the non-tumour and tumour tissue in DEN+CCl4 treated Yapfl/fl (nâ€‰=â€‰10 mice) and YapÎ”HSC mice (nâ€‰=â€‰12 mice) (i), and in HSC-depleted DTRpos mice compared to DTRneg mice (NT: DTR neg: nâ€‰=â€‰10 mice, DTRpos: nâ€‰=â€‰12 mice; Tu: DTReg: nâ€‰=â€‰9 mice, DTRpos: nâ€‰=â€‰11 mice) during HCC development induced by TAZ+FPC (j). kâ€“l, endothelial cell analysis after HSC depletion induced by diphtheria toxin in DTRpos and DTRneg mice during HCC development induced by DEN+CCl4 or TAZ+FPC diet, related to experiments in Fig. 1e,f andÂ Extended Data Fig. 2oâ€“q. evaluated by endomucin staining (k) and qPCR for the endothelial cell markers Pecam1 (encoding for CD31) and Kdr (DEN+CCl4: NT: DTR neg: nâ€‰=â€‰15 mice, DTR pos: nâ€‰=â€‰14 mice; Tu: 16 mice per group; Kdr mRNA: NT: 14 mice per group; Tu: 16 mice per group; Pecam and Kdr mRNA: TAZ+FPC: NT: DTRneg: nâ€‰=â€‰10 mice, DTRpos: nâ€‰=â€‰14 mice; Tu: DTRneg: nâ€‰=â€‰10 mice, DTRpos: nâ€‰=â€‰13 mice) (l). Data are shown as mean Â± SEM, each data point represents one individual (aâ€“d and gâ€“l)Â or one cell (f), scale bars: 100â€‰Âµm (a-j) or 200â€‰Âµm (k). GCV: ganciclovir; LBR: liver/body weight ratio; NK: Natural Killer, KC: Kupffer Cell, DC: Dendritic cell, NT: Non-tumour, Tu: Tumour. Statistics: all data in a besides Acta2 in Tu, data in b besides LBR, d, g, all data in h besides B-cells, CD4+, CD8+, KC and Ly6ClowLy6Gneg in NT, CD45 in tumour in i, all data in l besides Kdr mRNA in DEN+CCl4 and TAZ FPC in tumour were analysed by two-tailed Studentâ€™s t-test. Data in a: Acta2 mRNA in Tu, LBR in b, data in c, B-cells, CD4+, CD8+, KC and Ly6ClowLy6Gneg in NT, CD45 in tumour in h, CD45 in NT in I, data in j and Kdr mRNA in tumour in l were analysed by two-tailed Mann-Whitney test. Raw data are given in Source Data and gating strategy for h in Supplementary Fig. 2
Source Data


Extended Data Fig. 5 Characterization of genetic mutations, inflammation, immune cell and tumour markers in mice with genetic HSC depletion, activation of inhibition.
a, Mutations detected by PCR and sequencing for Hras Q61K/R/L, Braf V584E and Egfr F254I in Lhx2fl/fl (1 tumour/n; nâ€‰=â€‰19 mice) vs Lhx2Î”HSC (1 tumour/n; nâ€‰=â€‰7 mice) and Lhx2 del (1 tumour/n; nâ€‰=â€‰19 mice) mice treatead with DEN; Yapfl/fl (2 tumours/n; nâ€‰=â€‰14 mice) vs YapÎ”HSC (2 tumours/n; nâ€‰=â€‰15 mice) mice and DTR neg (1 tumour/n; nâ€‰=â€‰14 mice) vs DTR pos (1 tumour/n; nâ€‰=â€‰15 mice) mice treated with DEN+CCl4. b, Tumour grading represents average of 3 tumours per mouse in Lhx2fl/fl (nâ€‰=â€‰8 mice) and Lhx2Î”HSC (nâ€‰=â€‰7 mice) mice subjected to the DEN model; in Yapfl/fl (nâ€‰=â€‰14 mice) and YapÎ”HSC (nâ€‰=â€‰16 mice) mice subjected to the DEN+CCl4 model and DTRneg (nâ€‰=â€‰9 mice) and DTRpos (nâ€‰=â€‰14 mice) mice subjected to the TAZ+FPC HCC model. câ€“e, Characterization of inflammation, immune cells and tumour severity by qPCR for T cell markers, inflammatory genes and tumour-relevant marker genes in tumours from Lhx2Î”HSC mice with HSC activation in comparison to mice to Lhx2 f/f littermates (nâ€‰=â€‰7 mice per group) (c); YapÎ”HSC mice with HSC inhibition compared to Yapfl/fl mice (Cd3e, Cd4, Cd8, Ccl2, Ccl5, Tnfa, Ifng, Krt19, and Epcam mRNA: nâ€‰=â€‰15 mice per group; Afp, Gpc3, Prom1, and Sox9 mRNA: YAP f/f: nâ€‰=â€‰15 mice, YAPÎ”HSC: nâ€‰=â€‰14 mice). (d); and DTRpos (nâ€‰=â€‰16 mice) mice with HSC depletion compared to DTRneg (nâ€‰=â€‰16 mice) mice (e). Data are shown as mean Â± SEM, each data point represents one individual. Data are shown as mean Â± SEM, each data point represents one individual. Statistics: a: Mutation frequency were analysed by Chi-square test. b: tumour grading data were analysed by two-tailed Studentâ€™sÂ t-test. All data in c besides Afp and Sox9 mRNA, Afp, Gpc3 and Prom1 mRNA in d, and Prom1 and Sox9 mRNA in e were analysed by two-tailed Mann-Whitney test. Raw data are given in Source Data
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Extended Data Fig. 6 Analysis of the myHSC and cyHSC subpopulationsÂ in mouse and human fibrotic livers.
a, UMAPs of myHSC and cyHSCÂ signatures by scRNA-seq, each visualized specific signatures as well as the correlation of cyHSC and myHSC signature score in HSC isolated from mice fed with HF-CDAA NASH diet for 12 weeks (nâ€‰=â€‰1 mouse), from a 3 month old Mdr2KO mice (nâ€‰=â€‰1 mouse) or a mouse treated with TAZ+FPC diet (nâ€‰=â€‰1 mouse). b, visualization and quantification of myHSC and cyHSC populations in HSC from healthy (nâ€‰=â€‰4 individuals) and cirrhotic (nâ€‰=â€‰4 individuals) human livers by snRNAseq. c, analysis of microarray data from isolated HSC shows that genetic HSC activation via Mx1-Cre-mediated Lhx2 deletion (nâ€‰=â€‰4 Lhx2fl/fl, nâ€‰=â€‰4 Lhx2del) resulted in enriched myHSC signature and decreased cyHSC signature; and that genetic inhibition induced by Lrat-Cre-induced Yap1 deletion (nâ€‰=â€‰5 Yapfl/fl, nâ€‰=â€‰4 YapÎ”HSC) exerted the opposite effect with enriched cyHSC and decreased myHSC signature in isolated HSC after treatment with 6xCCl4. d, pseudotime analysis (of HSC from TAZ+FPC and Mdr2KO) as well as cyHSC, myHSC, Col1a1 and Hgf mRNA expression in HSC using the same dataset as in a. e, In situ analysis of Hgf mRNA, visualized by RNAscope, Col1a1-GFP and Lrat-Cre-induced TdTom and subsequent quantification shows separate populations of Col1a1-GFP high Hgf low myHSC, and Col1a1-GFPlow Hgfhigh cyHSC in Mdr2 KO (nâ€‰=â€‰3 mice) and TAZ+FPC-treated livers (nâ€‰=â€‰1 mouse). fâ€“g, analysis of Hgf and Col1a1 expression by bulk RNA-seq (Untreated (Ctrl) and 12xCCl4: nâ€‰=â€‰4 mice, FPC: nâ€‰=â€‰5 mice) (f) or scRNA-seq (nâ€‰=â€‰1 per condition) (g) of FACS-sorted HSC from untreated mice, or from CCl4-treated or TAZ-FPC-treated mice. Dot plot bar graphsÂ are shown as mean Â± SEM. In the violin plots, box plots represent the interquartile range (IQR), Q1, median and Q3, whiskers as minimum (Q1-1.5xIQR) and maximum (Q3+1.5xIQR), and outlier data as individual dots. Each data point represents one cell (a,b,d) individual (f and Mdr2KO model in e) orÂ quantification of one field of the same liver (TAZ+FPC model in e). Scale bar 50â€‰Âµm. Statistics: a: P-values, coefficient of determination (R2) and statistical significance (P value) were determined using Pearsonâ€™s. Data in d were analysed by two-tailed Mann-Whitney test. Data in b, d and g were analysed by two-tailed Mann-Whitney test. Data in f were analysed by two-tailed Studentâ€™sÂ t-test. Raw data are given in Source Data
Source Data


Extended Data Fig. 7 Determination of the role of HSC in hepatocarcinogenesis at different time points.
a, The long-term effects of Lrat-Cre-induced DTR-mediated HSC depletion in the first half of DEN+CCl4-induced hepatocarcinogenesis was tested by sacrificing mice 1.5 days (nâ€‰=â€‰3 mice per group), 28 days (DTRneg: nâ€‰=â€‰5 mice, DTRpos: nâ€‰=â€‰4 mice mice per group) and 42 days (DTRneg: nâ€‰=â€‰6 mice, DTRpos: nâ€‰=â€‰4 mice) after the last diphtheria toxin (DT) injection and determining Lrat-Cre-induced TdTom expression. b, Lrat-CreposÂ DTRpos (nâ€‰=â€‰9 mice) mice with HSC depletion in the first half of DEN+CCl4-induced hepatocarcinogenesis retained significant HSC depletion at time of sacrifice, as determined by qPCR for HSC markers Lrat and Des, but did not show significant changes in liver/body weight ratio (LBR), tumour number and tumour size compared to Lrat-CreposÂ DTRneg littermates. câ€“d, Effects of poly I:C-induced Lhx2 deletion at early time points (c, nâ€‰=â€‰9 mice per group) and late time points (d, (Lhx2f/f: nâ€‰=â€‰10 mice, Lhx2del: nâ€‰=â€‰12 mice) of DEN-induced HCC, as shown by representative liver pictures, liver/body ratio (LBR), tumour number and tumour size. Data are shown as mean Â± SEM, each data point represents one individual, scale bars: 200â€‰Âµm. Statistics: Data in a: one way ANOVA (pâ€‰<â€‰0.001) followed by Bonferroniâ€™s multiple comparison (comparison between samples sac at the same time point). Data in b, LBR in c, tumour number and tumour size in d, were analysed by two-tailed Studentâ€™sÂ t-test. Tumour number and tumour size in c and LBR in d: were analysed by two-tailed Mann-Whitney test. Raw data are given in Source Data
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Extended Data Fig. 8 Collagen type 1 deletion reduces liver stiffness and HCC development in DEN+CCl4-, NASH diet- and Mdr2KO-induced HCC.
aâ€“b, UMAP visualization showing that Col1a1 is mainly expressed in the HSC population in the 8xCCl4 injured mouse liver by scRNAseq (nâ€‰=â€‰3 mice) (a) and in the HSC/fibroblast cluster in the human normal (nâ€‰=â€‰4 individuals), cirrhotic (nâ€‰=â€‰4 individuals) and HCC (nâ€‰=â€‰2 individuals) livers by snRNAseq (b). c, Col1a1 mRNA expression, measured by qPCR, in untreated liver (Ctrl,Â nâ€‰=â€‰5 mice, left panel) and the non-tumour tissue (nâ€‰=â€‰8 mice) from DEN+14xCCl4 treated mice; COL1A1 mRNA expression in normal (nâ€‰=â€‰84 individuals) and adjacent non-tumour tissue from patients with F0-F1 (nâ€‰=â€‰143 individuals), F2-F3 (nâ€‰=â€‰59 individuals) and F4 (nâ€‰=â€‰76 individuals) fibrosis (right panel). dâ€“e, Mx1-Crepos Col1a1f/f (Col1a1del) showed significant reduction of fibrosis in non-tumour tissue, determined by Sirius Red staining and Col1a1 mRNA, compared to Col1a1f/f littermates in a profound fibrosis DEN+44xCCl4 model (Col1a1 f/f: nâ€‰=â€‰13 mice, Col1a1del: nâ€‰=â€‰14 miceÂ - related to experiments in Fig. 4a-b) (d), and reduction of liver stiffness, determined by rheometry (control: nâ€‰=â€‰1 mouse; DEN+19xCCl4: nâ€‰=â€‰4 mice/group) (e). f, Sirius red staining shows a strong increase of fibrosis, in the non-tumour tissue, induced by the extensive fibrosis DEN+19xCCl4 regimen (0.5 to 1.5â€‰Î¼l of CCl4 per gram 2-3 injections /week; nâ€‰=â€‰5 mice) compared to a moderate fibrosis model induced by DEN+10xCCl4 (0.5 Î¼l of CCl4 per gram, 1 injection /week; nâ€‰=â€‰5 mice; untreated controls nâ€‰=â€‰3 mice). g, Col1a1del mice treated with the moderate fibrosis DEN+15xCCl4 (0.5 Î¼l of CCl4 per gram, 1injection /week as in f) reduced liver fibrosis (Col1a1f/f: nâ€‰=â€‰10 mice, Col1a1del: nâ€‰=â€‰14 mice) and Col1a1 mRNA (Col1a1f/f: nâ€‰=â€‰11 mice, Col1a1del: nâ€‰=â€‰8 mice) (g), but did not alter HCC development in comparison to Col1a1fl/fl mice (Col1a1f/f: nâ€‰=â€‰17 mice, Col1a1del: nâ€‰=â€‰14 mice) (h) or i, liver stiffness assessed by rheometry in the non-tumour tissue from mice treated with DEN+10xCCl4 (one injection per week as in f-h, nâ€‰=â€‰3 mice for untreated and nâ€‰=â€‰5 mice/group for DEN+CCl4). jâ€“k, Mx1-Cre-mediated Col1a1 deletion in Mdr2KO female mice (Mdr2KO Col1a1 del, nâ€‰=â€‰11 mice and nâ€‰=â€‰7 mice for Col1a1 mRNA) efficiently reduced liver fibrosis (j) and HCC development (k), compared to Mx1-Creneg Mdr2KO littermates (Mdr2KO Col1a1fl/fl, nâ€‰=â€‰18 and nâ€‰=â€‰7 mice for Col1a1 mRNA). l, Liver stiffness assessed by rheometry was reduced in 22 week old Mdr2KO Col1a1del male mice (nâ€‰=â€‰2 mice) compared to their. Col1a1fl/fl Mdr2KO (nâ€‰=â€‰3 mice) littermates, livers from 8 week old untreated mice were used as control (nâ€‰=â€‰3). mâ€“o, HSC-selective ablation of Col1a1 in Lrat-Crepos Col1a1f/f (Col1a1Î”HSC) efficiently reduced liver fibrosis (Sirius Red: Col1a1f/f: nâ€‰=â€‰16 mice, Col1a1Î”HSC: nâ€‰=â€‰14 mice; Col1a1 mRNA: Col1a1f/f: nâ€‰=â€‰15 mice, Col1a1Î”HSC: nâ€‰=â€‰13 mice) (m), HCC development (Col1a1f/f: nâ€‰=â€‰16 mice, Col1a1Î”HSC: nâ€‰=â€‰14 mice), (n) as well as hepatocyte proliferation in the non-tumour liver, as determined by Ki67 IHC and quantification of proliferating hepatocytes (Col1a1f/f: nâ€‰=â€‰13 mice, Col1a1Î”HSC: nâ€‰=â€‰14 mice; Ki67+ tumour cells: nâ€‰=â€‰9 mice) (o), compared to Lrat-Creneg littermate controls (Col1a1fl/fl) in the DEN + CCl4 profound fibrosis model (as in d). pâ€“r, Col1a1Î”HSC mice displayed strong reductions of liver fibrosis (p), HCC development (q), but not in liver triglycerides and cholesterol content (r) compared to Col1a1fl/fl control mice in a model of NASH-associated HCC induced by 8 months of HF-CDAA diet (Col1a1fl/fl :nâ€‰=â€‰4 mice for Sirius red and triglycerides, nâ€‰=â€‰11 mice for Col1a1 mRNA and HCC, Col1a1Î”HSC: nâ€‰=â€‰7 mice for Sirius red and triglycerides, nâ€‰=â€‰10 mice for Col1a1 mRNA and HCC). Data are shown as mean Â± SEM, box plots represent the interquartile Range (IQR), Q1, median and Q3, each data point represents one cell (a-b)Â or oneÂ individual (c,Â d,Â f,Â g,Â h,Â j,Â k,Â mâ€“r), scale bars: 200â€‰Âµm (d, f, g, j, m and p), 50â€‰Âµm (o), Red arrows show the Ki67+ proliferating hepatocytes or Ki67+ tumour cells. Statistics: Col1a1 mRNA in mouse liver in c, data in d, f, g, LBR and tumour number in h, j, LBR and tumour size in k, m, LBR and tumour size in n, o, p, q and cholesterol in r were analysed by two-tailed Studentâ€™sÂ t-test. Tumour size in h, tumour number in k and in n, and triglycerides in r were analysed by two-tailed Mann-Whitney test. Data in c: COL1A1 mRNA in human liver was analysed by one-way ANOVA (Kruskal-Wallisâ€™s test) followed by Dunn's multiple comparison test with normal liver group. AsteriskÂ indicates significance comparisons between Mdr2KOxCol1a1fl/fl and Mdr2KOxCol1a1del miceÂ and hash symbol indicates significance comparisons between Mdr2KOxCol1a1fl/fl mice and untreatedÂ mice. # P<0.05,Â **,##Â P<0.001, ### P<0.001. Data in e and l: were analysed by two-way ANOVA followed by Tukeyâ€™s multiple comparison test. Raw data are given in Source Data
Source Data


Extended Data Fig. 9 Characterization of Col1a1 on hepatocyte death, HSC activation, inflammation and immune cell infiltration and YAP activation and effects of hepatocyte-specific Yap or Itgb1 deletion on hepatocarcinogenesis.
aâ€“b, Col1a1f/f and Col1a1del mice were treated with the extensive fibrosis DEN+44xCCl4 regimen. Hepatocyte death was determined by TUNEL staining (nâ€‰=â€‰6 mice per group) in non-tumour tissues at the end of the DEN+44xCCl4 regimen 1 week after the last CCl4 injection, as well as by ALT measured 2 days after 20xCCl4 (nâ€‰=â€‰6 per group) (a). HSC activation and inflammation were assessed by Î±SMA staining (nâ€‰=â€‰8 per group) and qPCR for HSC activation and inflammatory markers in non-tumour tissue two days after 44xCCl4 (nâ€‰=â€‰8 mice per group) (b). câ€“d, HSC activation and Il1b mRNA were assessed in Col1a1f/f (nâ€‰=â€‰11 mice) and Col1a1Î”HSC (nâ€‰=â€‰1 mice) mice fed eight months with HF-CDAA diet, related to experiments inÂ Extended Data Fig. 8p-rÂ (c) and in 14 months-old Mdr2KO x Col1a1f/f and Mdr2KO x Col1a1del mice (nâ€‰=â€‰7 mice per group) -Â related to experiments inÂ Extended Data Fig. 8 j-kÂ (d). e-g, Determination of CD45+ lymphocytes (e), myeloid subpopulations) (f) and lymphoid (g) subpopulations by FACS in tumour and non-tumour areas of Lrat-Creneg Col1a1fl/fl mice (nâ€‰=â€‰5 mice) and Lrat-Crepos Col1a1fl/fl mice (Col1a1Î”HSC, nâ€‰=â€‰5 mice) with the extensive fibrosis DEN+44xCCl4 regimen. h, YAP staining in Col1a1fl/fl and Col1a1del mice treated with the extensiveÂ fibrosis DEN+19xCCl4 showed YAP expression mostly in non-parenchymal cells rather than in hepatocytes. i, Yap was efficiently deleted by injection of AAV8-TBG-Cre (YapÎ”Hep, nâ€‰=â€‰10 mice) compared to AAV-TGB-empty (Yapfl/fl, nâ€‰=â€‰14 mice) but did not affect HCC development induced by the extensive fibrosis DEN+CCl4 HCC model, determined by liver/body weight ratio (LBR), tumour number and tumour size. j, Itgb1fl/fl mice were injected with either AAV8-TGB-empty (Itgb1fl/fl, nâ€‰=â€‰13) or AAV8-TBG-Cre (Itgb1Î”Hep, nâ€‰=â€‰11) and effects of hepatocyte-specific Itgb1 deletion on HCC development were determined in the DEN+CCl4 extensive fibrosis HCC model by the liver/body weight ratio (LBR), tumour number and tumour size. Data are shown as mean Â± SEM, each data point represents one individual. NT: non-tumour, Tum: tumour NK: Natural killer, Treg: T regulatory cells, GZB: Granzyme B, DC: Dendritic cells, KC: Kupffer cells, LBR: liver/body weight ratio. Scale bars: 100â€‰Âµm (a and h), 200â€‰Âµm (b). Statistics: TUNEL in a, data in b and d besides Il1b mRNA, Col1a2 mRNA in c, f, data in g besides B cells, NKT cells, CD8 and Tregs in non-tumour area, i, and data in j besides LBR were analysed by two-tailed Studentâ€™sÂ t-test. ALT in a, Il1b mRNA in b and d, all data in c besides Col1a2, e, B cells, NKT cells, CD8 and Tregs in non-tumour area in g and LBR in j were analysed by two-tailed Mann-Whitney test. Raw data are given in Source Data and gating strategy for eâ€“g in Supplementary Fig. 4
Source Data


Extended Data Fig. 10 Regulation and role of DDR1 in the fibrotic liver and HCC development.
a, UMAPs of scRNA-seq data showing hepatocyte Ddr1 expression in normal (nâ€‰=â€‰1 mouse) and 8xCCl4 fibrotic mouse livers (nâ€‰=â€‰3 mice â€“ top panel) and of snRNA-seq from patients showing DDR1 expression in theÂ hepatocytes/HCC clusterÂ from healthy patients (nâ€‰=â€‰4 individuals), non-tumour (nâ€‰=â€‰2 individuals) and cirrhotic (nâ€‰=â€‰2 individuals) or HCC tumour (nâ€‰=â€‰2 individuals) liver tissues (bottom panel). b, Huh7, Hepa1-6, HepG2 HCC cells and mouse primary hepatocytes were treated with different cytokines for 24h, followed by immunoblotting for DDR1 and GAPDH (each nâ€‰=â€‰1 well, nâ€‰=â€‰1 experiment). c, Confirmation of Ddr1 deletion by qPCR in non-tumour liver and tumour liver from AAV8-TGB-empty treated Ddr1fl/fl and AAV8-TGB-Cre treated Ddr1Î”Hep mice treated with DEN+44xCCl4 (in NT: Ddr1f/f: nâ€‰=â€‰9 mice, Ddr1Î”Hep nâ€‰=â€‰8 mice; in Tu: Ddr1f/f: nâ€‰=â€‰10 mice, Ddr1Î”Hep nâ€‰=â€‰8 mice - related to experiments inÂ Fig. 5c). d, Fibrosis, Î±SMA+ myofibroblast accumulation and Ddr1 mRNA expression within tumours were quantified by Sirius Red staining, IHC and qPCR, respectively, in the â€�regular fibrosisâ€� DEN + 14xCCl4 HCC model (Î±SMA and Sirius Red: nâ€‰=â€‰10 mice; Ddr1 mRNA nâ€‰=â€‰11 mice) and in the â€œextensive fibrosisâ€� DEN+44xCCl4 HCC model (Î±SMA and Sirius Red: nâ€‰=â€‰9 mice; Ddr1 mRNA nâ€‰=â€‰10 mice). eâ€“f, Huh7 HCC cells (nâ€‰=â€‰3 biological replicate; nâ€‰=â€‰2 experiments) (e) and primary mouse hepatocyte (nâ€‰=â€‰1 well; nâ€‰=â€‰1 experiment) (f) were plated on either plastic or fibroblast ECM, samples were harvested at 24h or at the indicated times after plating, followed by western blot for pDDR1, DDR1, pAKT, AKT and b-actin or GAPDH. g, Huh7 cells were plated on ECM from wild-typeÂ (WT) fibroblasts or from MMP-resistant Col I (RR) fibroblasts, followed by western blot for pDDR1, DDR1, pAKT, AKT and -actin (nâ€‰=â€‰1 well, nâ€‰=â€‰3 experiments). h, expression of collagen-degrading MMPs, determined by qPCR, in the extensive fibrosis DEN+CCl4 model (nâ€‰=â€‰4 normal liver controls [Ctrl], nâ€‰=â€‰9 mice for non-tumour [NT] and tumour [Tu] samples). i, survival analysis in the TCGA dataset based on the expression of a collagen-degrading MMP signature (MMP1, MMP2, MMP8, MMP9, MMP13 and MMP14). j, YAP, TAZ, GAPDH, pAKT and AKT expression were determined by western blot in non-tumour tissue from Ddr1fl/fl and Ddr1Î”Hep mice (nâ€‰=â€‰6 mice per group). k, Infiltration of CD3+ T cells was determined by IHC and quantified in both non-tumour and tumour tissue (CD3 IHC, Cd3e and Ptprc mRNA in non-tumour area: Ddr1f/f: nâ€‰=â€‰9 mice, Ddr1Î”Hep nâ€‰=â€‰8 mice; CD3 IHC, Cd3e and Ptprc mRNA in non-tumour area: Ddr1f/f: nâ€‰=â€‰10 mice, Ddr1Î”Hep nâ€‰=â€‰8 mice); expression of Cd3e and Ptprc (encoding CD45) was determined by qPCR. Data are shown as mean Â± SEM, each data point represents one cell (a), oneÂ well (b,e,f,g) or one individual (c,h,k); scale bars: 200â€‰Âµm (d), 50â€‰Âµm (k). nd: non-detected. Immunoblots in j were performed on two different gels using the same samples: one gel for YAP/TAZ and GAPDH and a second gel for pAKT and AKT. Data are shown as mean Â± SEM. Statistics: Ddr1 mRNA in NT in c, data in d, CD3+ IHC and Cd3e mRNA in non-tumour and Ptprc mRNA in tumour in g were analysed by two-tailed Studentâ€™sÂ t-test. CD3+ IHC and Cd3e mRNA in tumour and Ptprc mRNA in non-tumour in g were analysed by two-tailed Mann-Whitney test. Data in h were analysed by one way ANOVA (Kruskal Wallis) for Mmp2 (pâ€‰<â€‰0.001), Mmp8 (pâ€‰=â€‰0.004) and Mmp9 mRNA (pâ€‰=â€‰0.004) followed by Dunnâ€™s multiple comparison or for Mmp13 (pâ€‰=â€‰0.001) and Mmp14 mRNA one-way one-way ANOVA (pâ€‰<â€‰0.001) followed by Tukeyâ€™s multiple comparison. Raw data are given in Source Data and raw western blot gels inÂ Supplementary Figs. 8-10
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Extended Data Fig. 11 Expression and role of myHSC-enriched hyaluronan and cyHSC-expressed HHIP and CXCL12 in hepatocarcinogenesis.
a, UMAP visualization and dotplot show predominant expression of Has2 in myHSC in the extensive fibrosis regimen, induced by 19xCCl4 (nâ€‰=â€‰1 mouse). b, bulk RNA sequencing in FACS-sorted HSC showed upregulation of Has2 in HSC from 12xCCl4-injured liver (nâ€‰=â€‰4 mice) compared to quiescent HSC (nâ€‰=â€‰4 mice). câ€“d, HCC was induced by DENÂ (i.p. 25 mg/kg at 2 weeks old) followed by 14 injections ofÂ CCl4 (i.p. 0.5â€‰Âµl/g, 1x/week) and hyaluronan (HA) staining showed strong reduction of HA deposition in Has2Î”HSC mice compared to Has2f/f littermates (nâ€‰=â€‰13 mice per group) (c). HCC evaluation showed a slight reduction of HCC development in Has2Î”HSC (nâ€‰=â€‰20 mice) mice compared to Has2f/f littermates (nâ€‰=â€‰21 mice) (d). e, UMAPs of Hhip and Cxcl12 mRNA in normal (nâ€‰=â€‰1 mouse) and in 8xCCl4-treated (nâ€‰=â€‰3 mice) mouse livers. f, Mice with Lrat-Cre-induced conditional deletion of Hhip (HhipÎ”HSC) show efficient deletion in healthy control liver (nâ€‰=â€‰4 mice), non-tumour tissue and tumour tissue (Hhipf/f: nâ€‰=â€‰17 mice, HhipÎ”HSC nâ€‰=â€‰10 mice) as well as upregulation of Hedgehog target gene Gli1 in comparison to Hhipf/f controls. g, HhipÎ”HSC (nâ€‰=â€‰11 mice) and Hhipfl/fl (nâ€‰=â€‰17 mice) mice were subjected to DEN-induced hepatocarcinogenesisÂ (i.p. 5 mg/kg at 2 weeks old), followed by evaluation of the liver/body weight ratio (LBR), tumour size and tumour number. h, Deletion of Cxcl12 was determined by qPCR in HSC isolated from mice with Lrat-Cre-induced deletion (Cxcl12Î”HSC) in comparison to Cxcl12fl/fl HSC (nâ€‰=â€‰2 mice per group). i, Cxcl12Î”HSC (nâ€‰=â€‰12 mice) and Cxcl12fl/fl (nâ€‰=â€‰14 mice) mice were subjected to DENÂ (i.p. 25 mg/kg at 2 weeks old) followed by 14 injectionsÂ ofÂ CCl4Â (i.p. 0.5â€‰Âµl/g, 1x/week)4 induced HCC followed by evaluation of the liver/body weight ratio, tumour size and tumour number. Data are shown as mean Â± SEM. In the dotplot graphs, each data point represent one cell (a, e) or one individual (b,c,d,g,h,i), scale bars: 400â€‰Âµm. Statistics: Data in a, LBR in d, Gli1 mRNA in non-tumour in f, LBR in g and i were analysed by two-tailed Mann-Whitney test. Data in b, c, all data in d besides Gli1 mRNA, LBR in g and i, were analysed by two-tailed Studentâ€™sÂ t-test. Raw data are given in Source Data.
Source Data


Extended Data Fig. 12 HGF deletion in HSC promotes fibrosis and inflammation in CCl4-induced liver injury.
aâ€“c, UMAP visualization of Hgf and/or Met in the 8xCCl4 injured (nâ€‰=â€‰3 mice) (a) or normal mouse livers (nâ€‰=â€‰1) by scRNAseq (c) and in the human normal (nâ€‰=â€‰4 cases), cirrhotic (nâ€‰=â€‰4 cases) and HCC (nâ€‰=â€‰2 cases) livers by snRNAseq (b). d, significant reduction of Hgf mRNA in normal (nâ€‰=â€‰4 mice/group) and CCl4 liver (Untreated (UT): nâ€‰=â€‰3 mice, Hgf fl/fl: nâ€‰=â€‰8 mice, Hgf Î”HSC: nâ€‰=â€‰7 mice) as well as of HGF protein in livers (UT: nâ€‰=â€‰4 mice, CCl4: nâ€‰=â€‰5 mice/group) e, Fibrosis was assessed by Sirius Red staining in the non-tumour tissue from Hgf Î”HSC mice (nâ€‰=â€‰10 mice) compared to Hgf f/f littermates (nâ€‰=â€‰11 mice) during HCC development induced by DENÂ (i.p. 25 mg/kg at 2 weeks old) followed by 12Â injections ofÂ CCl4 (i.p. 0.5â€‰ÂµL/g, 1x/week)4. f, HSC activation was determined by qPCR for the fibrogenic genes Col1a1 and Lox in livers from Hgf Î”HSC (nâ€‰=â€‰4 mice) and Hgf f/f mice (nâ€‰=â€‰7 mice) treated with injections of 6xCCl4. g, flow cytometric analysis of CD45+ cells as well as myeloid and lymphocyte populations in livers from Hgf Î”HSC (nâ€‰=â€‰7 mice) compared to Hgf f/f mice (nâ€‰=â€‰8 mice) treated with injections of 6xCCl4. h, qPCR for inflammatory genes from Hgf Î”HSC (nâ€‰=â€‰7 mice) and Hgf f/f (nâ€‰=â€‰8 mice) livers after treatment with 6xCCl4 injections. i, Liver/body ratio (LBR) in Hgf fl/fl (Ctrl: nâ€‰=â€‰10 mice, pHx: nâ€‰=â€‰6 mice) and Hgf Î”HSC (Ctrl: nâ€‰=â€‰8 mice, pHx: nâ€‰=â€‰7 mice) mice in untreated mice or after 48h partial hepatectomy (pHx) (left panel). Hepatocyte proliferation assessed by Ki67 staining 48h after PHx (right panel - Hgf f/f: nâ€‰=â€‰6 mice, Hgf Î”HSC: nâ€‰=â€‰7 mice). Data are shown as mean Â± SEM, each data point represents one cell (a-c) or oneÂ individualÂ (d-i), scale bars: 200â€‰Âµm. GZB, granzyme B. Statistics: Data in d-g and i were analysed by two-tailed Studentâ€™sÂ t-test. Data in h were analysed by two-tailed Mann-Whitney test. Raw data are given in Source Data and gating strategy for g in Supplementary Fig. 5
Source Data


Extended Data Fig. 13 Dysbalance between myHSC and cyHSC occurs in advanced liver disease and elevates HCC risk in patients.
a, UMAP visualization showing that the genes from the myHSC and cyHSC signatures, encoding secreted mediators, are strongly enriched in myHSC or cyHSC, and weakly or not expressed in other liver cell populations in 8xCCl4 injured mouse liver (nâ€‰=â€‰3 mice) analysed by scRNAseq. b, myHSC and cyHSC secreted gene signatures were applied to bulk RNA-seq data from cohorts of patients with HCV-induced liver disease (GSE10140) or NAFLD/NASH-induced liver disease (GSE49541), and the proportion of patients with high cyHSC/myHSC dysbalance was determined as described in the methods. c, HCC incidence was compared between patients with high cyHSC/myHSC dysbalance (i.e. a status with higher myHSC and lower cyHSC) and low cyHSC/myHSC dysbalance (i.e. a status lower myHSC and higher cyHSC) in a HCV-induced liver disease cohort (GSE15654). Statistics: data in b were analysed by two-sided Fisherâ€™s exact test. Survival curves in c were represented using the Kaplan-Meier method and compared with log-rank statistics.
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