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            Abstract
Liver cancer remains difficult to treat, owing to a paucity of drugs that target critical dependencies1,2; broad-spectrum kinase inhibitors such as sorafenib provide only a modest benefit to patients with hepatocellular carcinoma3. The induction of senescence may represent a strategy for the treatment of cancer, especially when combined with a second drug that selectively eliminates senescent cancer cells (senolysis)4,5. Here, using a kinome-focused genetic screen, we show that pharmacological inhibition of the DNA-replication kinase CDC7 induces senescence selectively in liver cancer cells with mutations in TP53. A follow-up chemical screen identified the antidepressant sertraline as an agent that kills hepatocellular carcinoma cells that have been rendered senescent by inhibition of CDC7. Sertraline suppressed mTOR signalling, and selective drugs that target this pathway were highly effective in causing the apoptotic cell death of hepatocellular carcinoma cells treated with a CDC7 inhibitor. The feedback reactivation of mTOR signalling after its inhibition6 is blocked in cells that have been treated with a CDC7 inhibitor, which leads to the sustained inhibition of mTOR and cell death. Using multiple in vivo mouse models of liver cancer, we show that treatment with combined inhibition of of CDC7 and mTOR results in a marked reduction of tumour growth. Our data indicate that exploiting an induced vulnerability could be an effective treatment for liver cancer.
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                    Fig. 1: A two-step screen identifies CDC7 as a target for the senescence-inducing strategy in liver cancer.[image: ]


Fig. 2: Inhibition of CDC7 selectively induces senescence in liver cancer cells with TP53 mutations.[image: ]


Fig. 3: AZD8055 selectively triggers apoptosis in XL413-induced senescent cells.[image: ]


Fig. 4: Inhibition of CDC7 induces senescence in vivo, and suppresses tumour growth when combined with mTOR inhibition in multiple models of liver cancer.[image: ]
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                Data Availability


Raw and processed data from the next-generation RNA sequencing of samples have been deposited in the NCBI Gene Expression Omnibus (GEO) under accession number GSE121276 and GSE121277. All other data can be found in the Source Data, Supplementary Information or are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Upregulation of CDC7 mRNA correlates with poor prognosis of patients with HCC, and TP53 knockdown sensitizes liver cancer cells with wild-type TP53 to the CDC7 inhibitor.
a, Thirty-eight common hits (among the top-50 most-strongly depleted hits in each cell line) were identified by CRISPR screen in Hep3B and Huh7 cells. Hits in red represent factors that are targetable with small-molecule compounds. Blue represents non-targetable hits. b, Western blot analysis of levels of CDC7, MCM2 and phosphorylated MCM2 in non-transformed cell lines and liver cancer cell lines. HSP90 served as a loading control. c, Immunohistochemical analysis showing increased expression of CDC7 in HCC tissues, compared to paired adjacent non-tumour tissues. d, According to the level of CDC7 mRNA obtained from the TCGA database (n = 365 patients), patients with HCC were classified into 3 groups: the top 33.3% were considered as high-expression, the medium 33.3% were considered as intermediate-expression and the lowest 33.3% were considered as low-expression. Kaplan–Meier curves depicting that upregulation of CDC7 mRNA correlates with poor prognosis of patients with HCC. Statistical significance was calculated using a two-sided log-rank test. e, Liver cancer cell lines with wild-type TP53 (SK-Hep1 and Huh6) were stably transduced with control pLKO vector or with one of three independent shRNAs that target TP53 (labelled here as shp53 #1, #2 and #3). On the basis of knockdown efficiency, TP53 shRNA no. 1 and TP53 shRNA no. 3 were selected for further experiments. f, SK-Hep1 and Huh6 cells that express a control shRNA (pLKO) or knockdown of TP53 (shp53) were exposed to the indicated concentrations of XL413 in colony-formation assays. Cells were fixed, stained and photographed after 10–14 days of culture. g, SK-Hep1 and Huh6 cells expressing control shRNA or shRNA against TP53 were exposed to the indicated concentrations of XL413 for five days. CellTiter-Blue viability assays revealed that TP53 knockdown synergizes with treatment with XL413 in SK-Hep1 and Huh6 cells. Graphs represent mean ± s.d. from six technical replicates. For gel source images, see Supplementary Fig. 1. Data in a, b, e–g are representative of three independent biological experiments. Data in c are representative images from immunohistochemical analyses using a tissue microarray containing 80 specimens of HCC.


Extended Data Fig. 2 Inhibition of CDC7 induces senescence selectively in liver cancer cells with TP53 mutation.
a, Liver cancer cell lines with TP53 mutation were cultured in the presence of 10 μM XL413 for 4 days, which induces senescence (as detected by SA-β-gal staining). b, Growth curves (measured by Incucyte live-cell analyses) of liver cancer cell lines with TP53 mutations that were either untreated, continuously treated with XL413 or treated with 10 μM of XL413 for 5 or 6 days before withdrawal of treatment. Graphs represent mean ± s.d. from five technical replicates. c, Representative images of H3K9me3 staining in liver cancer cell lines with TP53 mutations, exposed to 10 μM XL413 for 7 days. d, Treatment with XL413 induces a senescence-associated secretory phenotype (SASP) in Hep3B and Huh7 cells treated with 10 μM XL413 for 7 days. mRNA expression of genes associated with the senescence-associated secretory phenotype was determined by qRT–PCR analysis. Graphs represent mean ± s.d. from four technical replicates. e, Liver cancer cells were cultured in the presence of 10 μM XL413 for 4 days, and apoptotic cells were visualized by caspase-3 and caspase-7 apoptosis assay. Data in a are representative of three independent biological experiments. Data in b–e are representative of two independent biological experiments.


Extended Data Fig. 3 Pharmacological or genetic inhibition of CDC7 induces a senescent phenotype in liver cancer cells with TP53 mutations.
a, b, Liver cancer cell lines with TP53 mutations (Hep3B, Huh7, SNU398, MHCC97H and HCCLM3) (blue) and liver cancer cell lines with wild-type TP53 (SK-Hep1 and Huh6) (red) were seeded at low confluence and grown in the absence or presence of the CDC7 inhibitors LY3177833 or TAK-931 at the indicated concentrations, in long-term colony-formation assays. Cells were fixed, stained and photographed after 10–14 days of culture. c, d, Growth curves (measured by Incucyte live-cell analyses) of liver cancer cell lines with TP53 mutations (Hep3B and Huh7) (blue) and liver cancer cell lines with wild-type TP53 (SK-Hep1 and Huh6) (red) exposed to LY3177833 or TAK-931. Graphs represent mean ± s.d. from four technical replicates. e, f, Liver cancer cells were cultured in the presence of the CDC7 inhibitors LY3177833 or TAK-931 at the indicated concentration for 4 days. SA-β-gal staining revealed that CDC7 inhibitors (LY3177833 or TAK-931) selectively induced senescence in liver cancer cells with TP53 mutations (blue) and not in liver cancer cells with wild-type TP53 (red). g, Liver cancer cell lines with TP53 mutations (Hep3B and Huh7) and liver cancer cell lines with wild-type TP53 (SK-Hep1 and Huh6) were stably transduced with control pLKO vector or with two independent shRNAs that target CDC7 (labelled here shCDC7 #1 and #2) and the efficiency of CDC7 knockdown in liver cancer cell lines was evaluated by western blot. h, Colony-formation assays of liver cancer cell lines with TP53 mutation (blue) and liver cancer-cell lines with wild-type TP53 (red), with and without CDC7 knockdown, were performed. Cells were fixed, stained and photographed after ten days of culture. i, CDC7 knockdown induced senescence in Hep3B and Huh7 cells with TP53 mutations, but not in SK-Hep1 and Huh6 cells, which have wild-type TP53. Senescence was detected by SA-β-gal staining. For gel source images, see Supplementary Fig. 1. Data in a–i are representative of three independent biological experiments.


Extended Data Fig. 4 Inhibition of CDC7 leads to the accumulation of DNA damage specifically in liver cancer cells with TP53 mutations.
a, b, Western blot analysis of liver cancer cell lines treated with CDC7 inhibitors (LY3177833 or TAK-931) for seven days. Inhibition of CDC7 induces the expression of the DNA-damage marker γH2AX in liver cancer cells with TP53 mutations while lower γH2AX together with functional upregulation of p53 and p21cip1 were observed in TP53 wild-type liver cancer cell lines post-XL413 treatment. c, Representative neutral-comet-assay images of liver cancer cells with TP53 mutations (Hep3B and Huh7) and liver cancer cells with wild-type TP53 (SK-Hep1 and Huh6) treated with XL413 for seven days. d, Heat map displays fold gene-expression changes (expressed in log2) in cells with wild-type TP53 (BJ and SK-Hep1) and liver cancer cells with TP53 mutations (Huh7 and Hep3B) upon treatment with XL413 (10 μM, 4 days). e, GSEA was performed on RNA-sequencing data from Hep3B, Huh7, SK-Hep1 and BJ cells treated with 10 μM XL413 for 4 days; this identified DNA-repair signatures (recombinational repair and Fanconi anaemia pathway) to be significantly different between cells with TP53 mutations and cells with wild-type TP53 (Methods). f, Neutral comet assays were performed on SK-Hep1 and Huh6 cells treated with 20 μM XL413 combined with AZD6738 (ATR inhibitor, 2.5 μM) or MK-8776 (CHK1 inhibitor, 2.5 μM) for 3 days. The value of tail moments in each treatment group were normalized on the basis of the mean value of the control cells (n = 50 cellsper cell line and condition). Graphs represent mean ± s.d., analysed with unpaired two-sided Student’s t-test. g, h, H2B–GFP Hep3B and Huh7 cells were cultured in absence or presence of XL413 (10 μM), and time-lapse microscopy was performed over 96 h to measure the length of mitosis. Graphs represent mean ± s.d. n = 30 cells per cell line and condition, analysed with unpaired two-sided t-test. i, Mouse cell models of liver cancer with different genetic backgrounds (NrasG12V;MycOE;Trp53−/− and NrasG12V;MycOE;Cdkn2aARF−/−) were exposed to the indicated concentrations of CDC7 inhibitors (XL413, LY3177833 or TAK-931) for seven days in colony-formation assays. j, Western blot analysis of mouse cell models of liver cancer treated with XL413, LY3177833 or TAK-931 for seven days. For gel source images, see Supplementary Fig. 1. Data in a–c, f, g, h are representative of two independent biological experiments. Data in i, j are representative of three independent biological experiments.


Extended Data Fig. 5 Inhibition of CDC7 induces senescence selectively in cancer cells with TP53 mutations.
a, Lung-cancer cell lines with TP53 mutations (blue) and lung-cancer cell lines with wild-type TP53 (red) were seeded at low confluence and grown in the absence or presence of XL413 at the indicated concentration for 10–14 days in colony-formation assays. b, Lung-cancer cells were exposed to 10 μM XL413 for 4 days, which induces senescence selectively in cells with TP53 mutations (as detected by SA-β-gal staining). c, Expression of p53 was assessed in isogenic TP53−/− and TP53+/+ HCT116 colon-cancer cell lines by western blot. d, HCT116 TP53+/+ and HCT116 TP53−/− cells were seeded at low confluence and grown in the absence or presence of XL413 at the indicated concentration for seven days in a colony-formation assay, to assess their proliferation capacity. e, HCT116 TP53+/+ and HCT116 TP53−/− cells were cultured in the presence of 10 μM XL413 for 4 days, and senescence was selectively induced in TP53−/− HCT116 cells (as detected by SA-β-gal staining). For gel source images, see Supplementary Fig. 1. Data in a–e are representative of two independent biological experiments.


Extended Data Fig. 6 Sertraline selectively induces apoptosis in XL413-induced senescent cells through the suppression of mTOR signalling.
a, Schematic of the GPCR-compound screen. Huh7 cells were treated with 10 μM XL413 for 5 days before seeding in 96-well plates. All compounds were tested at four concentrations for six days, and cell viability was measured using CellTiter-Blue assay. b, c, Graph depicting the effects of compounds on cell viability. Each point represents a single compound, with per cent activity calculated by dividing the cell viability score in the presence of 5 μM of that compound by the mean viability of the negative control. Blue dots indicate compounds that induce cell death in both control and XL413-induced senescent cells. Sertraline (red dot) induced selective cell death in XL413-induced senescent cells. Representative images of the effects of compounds on XL413-treated and untreated cells are shown. d, Control cells and XL413-induced senescent cells were sequentially cultured with increasing concentrations of sertraline for 48 h and apoptotic cells were visualized by caspase-3 and caspase-7 apoptosis assay. e, Control and XL413-treated cells were sequentially exposed to 10 μM sertraline, and growth curves were measured by Incucyte live-cell assay. Graphs represent mean ± s.d. from three technical replicates. f, Control and XL413-treated cells were sequentially treated with vehicle or 10 μM sertraline for 96 h in colony-formation assays. g, Control and XL413-treated Huh7 and Hep3B cells were treated with sertraline (10 μM) for 24 h, and western blot analyses of the indicated proteins of the mTOR signalling pathway were performed. h, Hep3B and Huh7 cells were treated with 10 μM XL413 for 10 days before sequential treatment with sertraline (10 μM, 24 h), and RNA sequencing was performed. GSEA indicates that the gene set related to downregulation of mTOR signalling was negatively enriched in liver cancer cells that were sequentially treated with XL413 and sertraline (Methods). i, j, Liver cancer cells with TP53 mutations (SNU449 and PLC/PRF/5) and lung-cancer cell lines with TP53 mutations (NCI-H358 and PC9) were treated with 10 μM XL413 or vehicle for 5–7 days, and sequentially exposed to increasing concentrations of AZD8055. Apoptotic cells were visualized by caspase-3 and caspase-7 apoptosis assay 96 h after treatment with AZD8055. k, Liver cancer cells with TP53 mutations (Hep3B and Huh7) were treated with 10 μM XL413 or vehicle for 7–10 days. Control cells and XL413-induced senescent cells were plated and exposed to increasing concentrations of the mTORC1 and mTORC2 inhibitor AZD2014. Apoptotic cells were visualized by caspase-3 and caspase-7 apoptosis assay 96 h after treatment with AZD2014. l, Liver cancer cell lines with wild-type TP53 (SK-Hep1 and Huh6) were treated with 10 μM XL413 or vehicle for 5–7 days before exposure to increasing concentrations of AZD8055. Apoptotic cells were visualized by caspase-3 and caspase-7 apoptosis assay 96 h after treatment with AZD8055. m, Control cells and XL413-induced senescent cells were treated with AZD2014 for 48 h. Western blot analysis was performed with the indicated antibodies (left) and the levels of phosphorylated S6RP and phosphorylated 4EBP1 were normalized to the total levels of S6RP and 4EBP1, respectively (right); this shows that treatment with AZD2014 leads to strong inhibition of mTOR signalling in XL413-induced senescent cells. For gel source images, see Supplementary Fig. 1. Data in a–f are representative of three independent biological experiments. Data in h–m are representative of two independent biological experiments.


Extended Data Fig. 7 The activation of RTK feedback that is induced after treatment with AZD8055 is disrupted in XL413-induced senescent cells.
a, Control cells and XL413-treated Hep3B cells were treated with AZD8055 for 48 h, and extracted proteins were analysed using a human phosphorylated-RTK array kit (left). The levels of phosphorylated RTK proteins were normalized to positive controls (right). b, The activation of RTKs identified by RTK arrays and the phosphorylation of SHP2 were validated by western blot analyses. c, Hep3B cells were treated with AZD8055 for 48 h before extraction of mRNA, and quantification of the indicated genes for RTK proteins was performed by qRT–PCR. Graph represents mean ± s.d. from three technical replicates. d, Hep3B cells were treated with AZD8055, and cell lysates were collected at the indicated time points to perform western blot analyses with the indicated antibodies. e, Hep3B cells were exposed to increasing concentrations of the AKT inhibitor MK-2206 in combination with AZD8055, and long-term colony-formation assays were performed; this revealed the synergistic effects of these two compounds on cell viability. f, Hep3B cells were treated with AZD8055, MK-2206 or a combination of both compounds at the indicated concentrations for five days, and apoptotic cells were visualized by caspase-3 and caspase-7 apoptosis assay. For gel source images, see Supplementary Fig. 1. All experiments shown (except for the RTK array analyses) are representative of two independent biological experiments.


Extended Data Fig. 8 Treatment with AZD8055 does not induce apoptosis in cisplatin- or alisertib-induced senescent cells.
a, BJ/ET/RASV12 cells were treated with 100 nM 4-OHT for 21 days to induce senescence, as detected by SA-β-gal staining. b, Control or senescent BJ/ET/RASV12 cells were treated either with vehicle or with 400 nM AZD8055 for 96 h, and apoptotic cells were visualized by caspase-3 and caspase-7 apoptosis assay. c, Hep3B cells were cultured in the presence of cisplatin or alisertib (aurora-A kinase inhibitor) for 4 days at the indicated concentrations, and the induction of senescence was detected by SA-β-gal staining. d, Hep3B cells were treated with cisplatin (1 μg ml−1) or alisertib (250 nM) for 4 days, and subsequently exposed to vehicle or 400 nM AZD8055 for 96 h. Apoptotic cells were visualized by caspase-3 and caspase-7 apoptosis assay. e, Control cells, or cisplatin-, alisertib- or XL413-induced senescent cells were treated with AZD8055, and cell lysates were collected at the indicated time points. Western blot analyses were performed with the indicated antibodies, which revealed that the mTOR signalling feedback loop is functional in cisplatin- and alisertib-induced senescent cells (whereas it is efficiently inhibited in XL413-induced senescent cells). For gel source images, see Supplementary Fig. 1. Data in a–e are representative of two independent biological experiments.


Extended Data Fig. 9 Pro-senescence treatment combined with an mTOR inhibitor suppresses tumour growth in liver cancer xenografts.
a, Representative images of γH2AX and SA-β-gal staining performed on formalin-fixed, paraffin-embedded or frozen sections from subcutaneous Huh7-tumour xenografts treated with vehicle, XL413, AZD8055 or combination of both for 12 days. b, Representative images of SA-β-gal staining performed on frozen sections from subcutaneous SK-Hep1-tumour xenografts treated either with vehicle or with XL413 for 21 days. c, Tumour-volume measurements in mice bearing Huh7- and MHCC97H-tumour xenografts, treated with vehicle, XL413, AZD8055 or a combination of both, at endpoint (12 days for Huh7 and 22 days for MHCC97H). For sample sizes, see Fig. 4a. One mouse in the vehicle group and one mouse in the XL413 group were excluded from the analysis, because the maximum permitted tumour volumes (2,000 mm3) were reached in these mice before the endpoint of the trial. Graph shows mean ± s.e.m., analysed with two-sided unpaired Student’s t-test. d, e, Longitudinal progression of tumour volume in mice bearing Huh7 and MHCC97H tumours, treated with vehicle or sorafenib for 16 or 22 days; this revealed that sorafenib therapy has limited efficacy in these two xenograft models. Graph shows mean ± s.e.m. f, g, Representative images of haematoxylin and eosin (H & E), PCNA, cleaved caspase-3 and phosphorylated 4EBP1 staining performed on formalin-fixed, paraffin-embedded Huh7 and MHCC97H xenografts from mice killed after the last dose of vehicle, XL413, AZD8055 or a combination of both drugs. Data in a, b, f, g are representative of three independent biological experiments.
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Extended Data Fig. 10 Pro-senescence treatment combined with an mTOR inhibitor suppresses tumour growth in p53-deficient, immunocompetent somatic mouse models of HCC.
a, Schematic of hydrodynamic-tail-vein gene delivery of the Myc proto-oncogene transposon system and a CRISPR–Cas9 vector targeting either Trp53 or the Pten tumour suppressor, used to induce models ofHCC two to three weeks after HDTVi. b, Quantification of SA-β-gal staining performed on frozen sections from mouse models of MycOE;PtenKO or MycOE;Trp53KO HCC, 14 days after treatment with vehicle or XL413 monotherapy (results from MycOE;Trp53KO HCC are also shown in Fig. 4f). For analyses of MycOE;PtenKO tumours, vehicle-treated, n = 9 biologically independent nodules from 3 mice; XL413-treated, n = 16 biologically independent nodules from 3 mice. For analyses of MycOE;Trp53KO tumours, vehicle-treated, n = 41 biologically independent nodules from 7 mice; XL413-treated, n = 81 biologically independent nodules from 11 mice. Graph shows the mean ± s.e.m. of the number of SA-β-gal+ cells per tumour nodule per mm2. Statistics were calculated by two-sided unpaired Student’s t-test. c, Trial design to evaluate the efficacy of the pro-senescence treatment combined with an mTOR inhibitor in mice bearing MycOE;Trp53KO HCC. Mice were monitored by weekly MRI after HDTVi, and enrolled into treatments with vehicle, XL413 (100 mg kg−1, daily gavage), AZD8055 (20 mg kg−1, daily gavage) or XL413 + AZD8055 combination at the first signs of tumour development (revealed by MRI). Drugs were administered six days per week, and mice were killed when they became symptomatic. Immunohistochemical analyses confirmed MYC expression and p53 knockout in endpoint MycOE;Trp53KO HCC. d, Longitudinal individual-body-weight curves from mice bearing MycOE;Trp53KO tumours, treated with the combination of XL413 + AZD8055. e, Individual tumour-growth curves from mice treated with vehicle, XL413, AZD8055 or a combination of both drugs were calculated on the basis of MRI images from mice bearing MycOE;Trp53KO tumours. f, Volumes of MycOE;Trp53KO tumours from mice bearing HCC, treated with vehicle (n = 5, as shown in Fig. 4c), sorafenib (n = 4) or XL413 + AZD8055 (n = 6) at day 0 and day 14. Graphs show mean ± s.e.m., analysed with two-sided unpaired Student’s t-test. g, h, Representative images of SA-β-gal (g) and p16 (h) staining performed on frozen and paraffin-embedded sections, respectively, from mice bearing MycOE;Trp53KO tumours, treated with the indicated drugs and killed at the intermediate time point (14–16 days in time-matched treated cohorts). Quantifications are shown in Fig. 4f, g. Scale bar, 50 μm. i, Mice bearing MycOE;Trp53KO tumours, treated with vehicle, XL413, AZD8055 or a combination of both drugs were killed at the indicated time point after treatment. Tumours were dissociated as single-cell suspensions, and flow cytometry analyses were performed to determine the content of tumour-associated macrophages (CD45+ CD11b+Ly6C−Ly6G−), CD8 T cells (CD45+CD3+CD19−NK1.1−CD8+) and CD4 T cells (CD45+CD3+CD19−NK1.1−CD4+) relative to total CD45+ leucocytes. Cell proliferation (Ki67+) was determined within CD8 T cells and CD4 T cell populations. Graphs show mean ± s.e.m., analysed with two-sided unpaired Student’s t-test. Sample sizes are given in Methods. j, Mice bearing MycOE;Trp53KO HCC were treated with XL413 (n = 20) or XL413 + AZD8055 combination (n = 8) for 14 days. Among the XL413-treated mice, a subset (n = 10) was killed at 14 days after treatment, concomitantly with the group treated with the combination of drugs. The rest of the XL413-treated mice (n = 10) underwent withdrawal of XL413 for 4 days. The absolute number of senescent cells per tumour nodule were visualized by SA-β-gal staining, performed on frozen sections and quantified for each treatment group (XL413-treated, n = 60 biologically independent nodules from 10 mice; XL413-withdrawn, n = 63 biologically independent nodules from 10 mice; XL413 + AZD8055-treated, n = 57 biologically independent nodules from 7 mice). Graphs show mean ± s.e.m. analysed with two-sided unpaired Student’s t-test. Data in c are representative of three independent biological experiments.
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