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            Abstract
Hepatocellular carcinoma (HCC)—the most common form of liver cancer—is an aggressive malignancy with few effective treatment options1. Lenvatinib is a small-molecule inhibitor of multiple receptor tyrosine kinases that is used for the treatment of patients with advanced HCC, but this drug has only limited clinical benefit2. Here, using a kinome-centred CRISPR–Cas9 genetic screen, we show that inhibition of epidermal growth factor receptor (EGFR) is synthetic lethal with lenvatinib in liver cancer. The combination of the EGFR inhibitor gefitinib and lenvatinib displays potent anti-proliferative effects in vitro in liver cancer cell lines that express EGFR and in vivo in xenografted liver cancer cell lines, immunocompetent mouse models and patient-derived HCC tumours in mice. Mechanistically, inhibition of fibroblast growth factor receptor (FGFR)  by lenvatinib treatment leads to feedback activation of the EGFR–PAK2–ERK5 signalling axis, which is blocked by EGFR inhibition. Treatment of 12 patients with advanced HCC who were unresponsive to lenvatinib treatment with the combination of lenvatinib plus gefitinib (trial identifier NCT04642547) resulted in meaningful clinical responses. The combination therapy identified here may represent a promising strategy for the approximately 50% of patients with advanced HCC who have high levels of EGFR.
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                    Fig. 1: A CRISPR–Cas9 screen identifies EGFR as a synthetic lethal target of lenvatinib in liver cancer.[image: ]


Fig. 2: Synthetic lethal effects of lenvatinib and EGFR inhibitors on liver cancer cells expressing a high level of EGFR in vitro and in vivo.[image: ]


Fig. 3: Feedback activation of the EGFR–PAK2–ERK5 cascade limits sensitivity of liver cancer cells to lenvatinib.[image: ]


Fig. 4: Responses of patients with HCC to lenvatinib plus gefitinib therapy.[image: ]
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              All data that support the findings of this study are available from the corresponding authors upon reasonable request. The RNA-sequencing data have been deposited in the Gene Expression Omnibus (GSE157905). Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 A kinome CRISPR screen in the lenvatinib-resistant liver cancer cell line SNU449.
a, Liver cancer cells are resistant to lenvatinib treatment in vitro. Short-term viability assay of liver cancer cell lines. Cells were treated with increasing concentrations of lenvatinib for 72 h, and cell viability was determined using CellTiter-Blue. Data are mean ± s.e.m. Cell lines with half-maximum inhibitory concentration (IC50) values < 5 μM are classed as relatively sensitive cells, whereas cell lines with IC50 > 5 μM are classed as relatively resistant cells. SNU449, JHH1, SNU182, PLC/PRF5, MHCC97H, HepG2, SNU398, Huh7 and Hep3B, n = 8; Huh6 and SK-Hep1, n = 7. b, Scatter plots of log10-transformed normalized read counts of independent biological replicates of GeCKO library lentiviral transductions with R2 values shown (n = 3). Replicates from triplicate transductions showed good correlation at the sgRNA level. T0, SNU449 cells after puromycin selection; Tuntreated, SNU449 cells cultured for 14 days without drug treatment; Ttreated, SNU449 cells cultured for 14 days with 10 μM lenvatinib. c, Fold change distribution of all gRNAs targeting essential genes or nonessential genes in three independent biological replicates. The sgRNAs for essential genes were strongly depleted relative to the sgRNAs targeting nonessential genes, highlighting the quality of the screen. ‘p’, 50 sgRNAs targeting 10 essential genes (red); ‘n’, 50 non-targeting control sgRNAs (blue); ‘x’, 5,860 sgRNAs targeting 504 human kinases (grey). d, Average log2-transformed fold change in each individual EGFR gRNA in the pooled CRISPR library (n = 3 independent experiments). Data are mean ± s.e.m. P values were determined by two-sided unpaired Student’s t-test
Source data.


Extended Data Fig. 2 Synthetic lethal effects of lenvatinib and EGFR inhibitors on liver cancer cells expressing a high level of EGFR in vitro.
a–f, EGFRhigh liver cancer cell lines (SNU449, JHH1, Huh6 and SNU182) or EGFRlow cells (SNU398 and HepG2) were treated with lenvatinib, EGFR inhibitors (gefitinib or erlotinib) or their combination at the indicated concentrations. Growth curves were determined by Incucyte live cell analyses. Data are mean ± s.e.m., n = 5. g–l, The quantification of three independent assays in Fig. 2b–g. Data are mean ± s.e.m., n = 3 independent experiments. m–o, Ectopic EGFR expression confers resistance to lenvatinib in EGFRlow cells. m, Western blot analysis of p-EGFR and total EGFR levels in SNU398 and HepG2 cells infected with control or EGFR overexpression vector. HSP90 served as a control. n, o, SNU398 and HepG2 cells expressing control vector or EGFR were cultured with or without lenvatinib (SNU398, 5 μM; HepG2, 10 μM). n, The cells were fixed, stained and photographed after 14 days. o, Quantification of three independent assays. Data are mean ± s.e.m., n = 3 independent experiments
Source data.


Extended Data Fig. 3 The combination of sorafenib and the EGFR inhibitor gefitinib shows no synergy in liver cancer cells in vitro.
a–f, Liver cancer cell lines were treated with sorafenib, the EGFR inhibitor gefitinib or their combination at the indicated concentrations. The cells were fixed and stained after 10–14 days. Representative data from three independent experiments. g–l, The quantification of the three independent assays shown in a–f. Data are mean ± s.e.m., n = 3 independent experiments
Source data.


Extended Data Fig. 4 Bliss independence model evaluating the synergistic effect between lenvatinib or sorafenib with gefitinib in liver cancer cells.
The Bliss independence model was applied to the quantification data of colony-formation experiments in Extended Data Figs. 2g–l, 3g–l. The data in the untreated condition (no lenvatinib or gefitinib) were normalized as 0, indicating no inhibition of cell viability. Then, the additive scores (blissAdd) were generated by multiplying the normalized effect of the two single drugs. We further calculated the reduction in viability by subtracting the mean of the blissAdd from the mean of the measured combination scores (measured). The green background indicates the synergistic effect with P ≤ 0.05 and when the reduction in viability is more than 10%. a–f, Bliss independence analysis for the combination of gefitinib and lenvatinib shown in Extended Data Fig. 2g–l. g–l, Bliss independence analysis for the combination of gefitinib and sorafenib shown in Extended Data Fig. 3g–l. Data are mean ± s.e.m., n = 3 independent experiments. P values were determined by unpaired two-sided Student’s t-test
Source data.


Extended Data Fig. 5 EGFR inhibitors increased the sensitivity of EGFRhigh liver cancer cells to FGFR inhibitors in vitro.
a, b, Long-term colony formation assay of 11 liver cancer cell lines treated with the FGFR inhibitors AZD4547 (a) and BGJ398 (b). Cells were grown in the absence or presence of drugs at the indicated concentrations for 10–14 days, fixed and stained. c–f, EGFRhigh liver cancer cell lines (SNU449, JHH1, Huh6 and SNU182) were treated with FGFR inhibitors (AZD4547 or BGJ398), EGFR inhibitor (gefitinib) or their combination at the indicated concentrations. Growth curves were determined by Incucyte live cell analyses. Data are mean ± s.e.m., n = 5. g–l, FGFR inhibitors (AZD4547 or BGJ398) but not the FGFR4-specific inhibitor BLU-554 showed a synergistic effect with EGFR inhibitors in EGFRhigh liver cancer cells in vitro. Liver cancer cell lines with different EGFR expression levels were treated with FGFR inhibitors (AZD4547 or BGJ398), FGFR4-specific inhibitor (BLU-554), EGFR inhibitors (gefitinib or erlotinib) or their different combinations at the indicated concentrations. The cells were fixed and stained after 10–14 days. m–o, SNU449 and JHH1 cells were treated with gefitinib (2.5 μM for SNU449; 0.625 μM for JHH1), BGJ398, sorafenib, or as a combination of two or three drugs. m, The cells were fixed, stained and photographed after 14 days. n, o, Quantification of three independent assays. Data are mean ± s.e.m., n = 3 independent experiments. P values were determined by two-sided unpaired Student’s t-test
Source data.


Extended Data Fig. 6 Lenvatinib plus EGFR inhibitors suppresses the ERK1/2 MAPK pathway in EGFRhigh liver cancer cells.
a–f, Immunoblot and quantification of p-EGFR and p-ERK1/2 levels in liver cancer cells after the indicated treatment. EGFRhigh and EGFRlow liver cancer cell lines were treated with lenvatinib, EGFR inhibitors (gefitinib or erlotinib) or their combination at the indicated concentrations for 24 h. Protein extracts were probed with specific antibodies against EGFR (total and phosphorylated), ERK1/2 (total and phosphorylated) and HSP90 (as a loading control). Data are mean ± s.e.m., n = 3 independent experiments. P values were determined by two-sided unpaired Student’s t-test. g–j, Liver cancer cell lines SNU449 (g), JHH1 (h), Huh6 (i) and SNU182 (j) were treated with DMSO, lenvatinib, gefitinib or the combination of both drugs for 24 h. The mRNA levels of 10 transcriptional targets of MAPK signalling (DUSP4, DUSP6, ETV4, ETV5, EPHA2, EPHA4, SPRY2, SPRY4, PHLDA1 and CCND1) were determined by RT–qPCR analysis. ACTB (which encodes β-actin) was used as internal control. Data are mean ± s.e.m. (n = 3)
Source data.


Extended Data Fig. 7 The combination of lenvatinib and gefitinib suppresses tumour growth without toxicity in cell-line-derived immunodeficient mouse models in vivo.
a–j, Liver cancer cells were grown as tumour xenografts in BALB/c nude mice. After tumour establishment (~200 mm3), mice were treated with vehicle, lenvatinib (4 mg kg−1), gefitinib (80 mg kg−1) or lenvatinib (4 mg kg−1) plus gefitinib (80 mg kg−1), for the indicated number of days. Representative images of H&E, PCNA, Ki-67, cleaved caspase-3 and CD31 staining in SNU449 (a) and Huh6 (b) xenograft models. Scale bars, 50 μm. c–j, Quantification of PCNA+ cells (c, g), Ki-67+ cells (d, h), cleaved caspase-3+ cells (e, i) and microvessel density (MVD) (f, j) per high-power field in representative sections from each group. n = 6 per group. Data are mean ± s.e.m. P values were determined by two-sided unpaired Student’s t-test. k, l, The body weight of mice in the SNU449 (k) and Huh6 (l) xenograft models. Data are mean ± s.e.m. n = 6 mice per group
Source data.


Extended Data Fig. 8 The combination of lenvatinib and gefitinib suppresses tumour growth and extends survival time in HCC PDX mouse models in vivo.
a, b, Four HCC PDX models were established and examined for EGFR expression by IHC analyses. a, Representative images of H&E and EGFR staining in the four PDX models. Scale bars, 50 μm. b, H-score of EGFR expression levels in the four PDX models. Data are mean ± s.e.m., n = 5 samples. c–n, After tumour establishment (~200 mm3), mice were treated with vehicle, lenvatinib (4 mg kg−1), gefitinib (80 mg kg−1) or lenvatinib (4 mg kg−1) plus gefitinib (80 mg kg−1). c–f, Growth curves of four HCC PDX models in mice treated with vehicle, lenvatinib, gefitinib or their combination. n = 5 mice per group. Data are mean ± s.e.m. P values were determined by two-way ANOVA with Tukey multiple comparisons. g–j, Kaplan–Meier survival curves of the PDX models after the indicated treatments. n = 5 mice per group. P values were determined by log-rank Mantel–Cox test. k–n, Body weights of mice in the PDX models with the aforementioned treatments were assessed. n = 5 mice per group. Data are mean ± s.e.m
Source data.


Extended Data Fig. 9 The combination of lenvatinib and gefitinib suppresses tumour growth without toxicity in immunocompetent mouse models in vivo.
a, Western blot analysis of total EGFR levels in mouse liver tissues and mouse liver cancer cells (Hepa1-6). Representative of three independent experiments. b, Hepa1-6 cells were treated with lenvatinib, the EGFR inhibitor gefitinib or their combination at the indicated concentrations. The cells were fixed and stained after 7 days. Representative of three independent experiments. c, After intrahepatic inoculation of Hepa1-6 cells in C57BL/6 mice, mice were treated with vehicle, lenvatinib (4 mg kg−1), gefitinib (80 mg kg−1) or lenvatinib (4 mg kg−1) plus gefitinib (80 mg kg−1) for 2 weeks. Tumour weight was measured. Data are mean ± s.e.m. n = 6 mice per group. P values were determined by two-sided unpaired Student’s t-test. d, Body weights of mice in the Hepa1-6 orthotopic models with the aforementioned treatments were assessed. n = 6 mice per group. Data are mean ± s.e.m. e, Schematic of gene delivery by hydrodynamic tail vein injection (HDTVi) of the Myc proto-oncogene transposon system and a CRISPR–Cas9 vector targeting the Trp53 tumour suppressor, which was used to induce HCC 2–3 weeks after hydrodynamic tail vein injections. f, Western blot analysis of total EGFR levels in mouse liver tissues and mouse liver cancer cells (MycOETrp53KO). Representative of three independent experiments. g, MycOETrp53KO mouse liver cancer cells were treated with lenvatinib, EGFR inhibitor gefitinib or their combination at the indicated concentrations, respectively. The cells were fixed and stained after 5 days. Representative of three independent experiments. h, Survival curve generated from mice bearing MycOETrp53KO tumours, treated with vehicle (n = 6; median survival of 11 days), lenvatinib (4 mg kg−1; n = 9; median survival of 23 days), gefitinib (80 mg kg−1; n = 6; median survival of 13.5 days) or lenvatinib plus gefitinib (n = 9; median survival of 31 days). P values were determined by two-sided log-rank test. i, Body weights of mice in the MycOETrp53KO mouse liver cancer models with the aforementioned treatments were assessed. n = 6–9 mice per group. Data are mean ± s.e.m. j, k, Mice bearing MycOETrp53KO tumours treated with vehicle, lenvatinib (4 mg kg−1), gefitinib (80 mg kg−1) or a combination of both drugs were killed at the end point after treatment. Tumours were dissociated as single-cell suspensions, and flow cytometry analyses were performed to determine the content of tumour-associated lymphoid cells (NK cells, CD8+ T cells, CD4+ T cells and regulatory T cells (Tregs)) and myeloid cells (monocytes, neutrophils, tumour-associated macrophages (TAMs) and dendritic cells (DCs)). Data are mean ± s.e.m. P values were determined by two-sided unpaired Student’s t-test. Sample sizes are given in the Methods
Source data.


Extended Data Fig. 10 Concurrent inhibition of ERK5 and ERK1/2 shows an enhanced anti-tumour effect in vitro.
a, Quantification of Fig. 3b with three independent experiments. The phosphorylation levels of each protein were normalized based on their total protein levels. n = 3 independent experiments. Data are mean ± s.e.m. P values were determined by two-sided unpaired Student’s t-test. b, Western blot analysis of EGFR–PAK2–ERK5 cascade in JHH1 cells, treated with lenvatinib, EGFR inhibitors (gefitinib and erlotinib) or their combination at the indicated concentrations for 6 h. HSP90 served as a loading control. c, The phosphorylation levels of each protein in b were normalized based on their total protein levels. n = 3 independent experiments. Data are mean ± s.e.m. P values were determined by two-sided unpaired Student’s t-test. d, EGFR expression of SNU449 cells was knocked down by two independent shRNAs, and cells were further treated with lenvatinib (5 μM) for 6 h. Western blot analysis of EGFR–PAK2–ERK5 cascade was performed. HSP90 served as a loading control. The pLKO vector was used in the control experiment. e, Quantification of Fig. 3c with three independent experiments. The phosphorylation levels of each protein were normalized based on their total protein levels. n = 3 independent experiments. Data are mean ± s.e.m. P values were determined by two-sided unpaired Student’s t-test. f, JHH1 cells were treated with lenvatinib (5 μM), PAK inhibitor FRAX1036 (2.5 μM) or their combination for 6 h, and western blot analysis was performed with the indicated antibodies. g, The phosphorylation levels of each protein in f were normalized based on their total protein levels. n = 3 independent experiments. Data are mean ± s.e.m. P values were determined by two-sided unpaired Student’s t-test. h, i, Long-term colony formation assays showing synergistic effects of lenvatinib and the PAK inhibitor FRAX1036 on the proliferation of SNU449 (h) and JHH1 (i) cells. Representative of three independent experiments. j, k, Long-term colony formation assays showing synergistic effects of lenvatinib and ERK5 inhibitor XMD8-92 on the proliferation of SNU449 (j) and JHH1 (k) cells. Representative of three independent experiments. l, m, SNU449 (l) and JHH1 (m) cells were treated with lenvatinib (5 μM), the ERK5 inhibitor XMD8-92 (2.5 μM) or their combination for 6 h, and western blot analysis was performed with the indicated antibodies. HSP90 served as a loading control. n–q, Knockout of ERK5 using the CRISPR–Cas9 system enhances the response to lenvatinib. The ERK5 knockout efficiency was determined by western blot in SNU449 (n) and JHH1 (p) cells. HSP90 served as a loading control. The effects of ERK5 knockout on proliferation were indicated by colony formation. The ERK5 knockout SNU449 (o) and JHH1 (q) cells, or their respective control cells were treated with DMSO or 5 μM lenvatinib. After 10 days of culture, cells were fixed, stained and photographed. NT, non-targeting sgRNA. r, Quantification of IHC staining in Fig. 3d. n = 6 per group. Data are mean ± s.e.m. P values were determined by two-sided unpaired Student’s t-test
Source data.


Extended Data Fig. 11 RNA-sequencing analysis of the combination treatment of lenvatinib and gefitinib in EGFRhigh liver cancer cells.
a–d, Heat-map representations of the log2-transformed gene expression changes (log2FC) in liver cancer cells SNU449 (a), JHH1 (b), Huh6 (c) and SNU182 (d) treated with DMSO, 2.5 μM gefitinib, 5 μM lenvatinib, or the two drugs for 24 h. Differential expression of the whole genome is shown on the basis of each treatment versus DMSO using RNA-sequencing analysis. To show robust changes, only genes that have a mean read count over all samples equal or greater than 100 were included. To prevent too much dilution of the colour-coding, the log2-transformed fold-change values were truncated in that lower than −2 were set to −2 and higher than 2 were set to 2. Heat maps depicting all three treatments were then generated by unsupervised hierarchical clustering. One replicate was used for each sample. e, For the genes with a mean read count over all samples greater than 100 per line, the top 25% highest and 25% lowest synergy scores were determined and shown as heat maps. These lists were merged and an unsupervised hierarchical clustering was performed. f, GSEA analysis of the gene set of Kobayashi ‘EGFR signalling down’ in each comparison. Unsupervised hierarchical clustering of normalized enrichment scores (NES) was used to generate a comprehensive heat-map visualization of the functional transcriptional outputs of the four cell lines. *P < 0.001. g, GSEA analysis of curated gene sets was performed, Kobayashi ‘EGFR signalling down’ and Schuhmacher ‘MYC targets up’ were identified as two of the highest-ranking downregulated gene sets in the combination-treated cells in all four liver cancer cell lines based on additional gene alterations in combination group. h–k, A fold change preranked list of each treatment versus DMSO was used to run GSEA against the Hallmark gene sets in SNU449 (h), JHH1 (i), Huh6 (j) and SNU182 (k) cells. Unsupervised hierarchical clustering of normalized enrichment scores was used to generate a comprehensive heat-map visualization of the functional transcriptional outputs of each treatment (FDR < 0.1). l–n, GSEA indicates that the gene sets of Hallmark ‘MYC targets v1’ (l), Hallmark ‘MYC targets v2’ (m) and Hallmark ‘KRAS signalling up’ (n) were negatively enriched in the combination group based on additional gene alterations.


Extended Data Fig. 12 Expression and prognostic effect of EGFR in patients with HCC.
a–d, IHC staining analyses of EGFR were performed in 298 patients with HCC. The H-score method assigned a score of 0–300 to each patient sample, based on the percentage of cells stained at different intensities. The discriminatory threshold was set at 200. All samples were classified as low (H < 200; EGFRlow) or high (H ≥ 200; EGFRhigh) EGFR expression. a, Typical images of EGFRlow and EGFRhigh cases according to their H-score. Scale bars, 200 μm. b, Distribution of EGFR expression levels in 298 patients with HCC as represented by various H-score ranges. Out of 298 patients with HCC, 157 had H-score of H ≥ 200 (EGFRhigh). Kaplan–Meier analysis for overall survival (OS, c) and time to relapse (TTR, d) was performed according to EGFR levels. Statistical analysis by log-rank Mantel–Cox test. e, The CONSORT diagram shows the patient flow through the clinical trial. f, H&E and IHC analyses showing high EGFR expression in formalin-fixed paraffin embedded (patient IDs A–L) tissue sections from HCC. All of the biopsies were obtained from liver tumours when patients were diagnosed or treated with primary hepatectomy. Scale bars, 50 μm
Source data.


Extended Data Fig. 13 Clinical response of patients with lenvatinib-resistant advanced HCC to the combination of lenvatinib plus gefitinib.
a, Schematic representation of the treatment timeline of patient A with HCC after diagnosis. The dates and treatments administered are annotated along the arrow. MRI scans of patient A were performed during lenvatinib monotherapy (IM-T1), after lenvatinib monotherapy (IM-T2) and after combination therapy (IM-T3). The red label indicates the duration of lenvatinib treatment; the green label indicates the duration of gefitinib treatment. b, Serum AFP level of patient A was monitored during lenvatinib monotherapy (AFP-T1), after lenvatinib monotherapy (AFP-T2), and after combination therapy of lenvatinib plus gefitinib (AFP-T3). c, Schematic representation of the treatment timeline of patient C with HCC after diagnosis. d, Serum AFP level of patient C during the indicated treatment. e–n, Serum AFP level of patients B, D–L was monitored before or during lenvatinib monotherapy (AFP-T1), after lenvatinib monotherapy (AFP-T2) and after combination therapy of lenvatinib plus gefitinib (AFP-T3). o–x, MRI scans of patients with HCC were performed before or during lenvatinib monotherapy (IM-T1), after lenvatinib monotherapy (IM-T2) and after combination therapy of lenvatinib plus gefitinib (IM-T3). The tumour size of the major target lesions measured by MRI scan in patients with HCC was plotted on the y axes against indicated time point and treatment duration on the x axes
Source data.
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