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            Abstract
The persistence of undetectable disseminated tumour cells (DTCs) after primary tumour resection poses a major challenge to effective cancer treatment1,2,3. These enduring dormant DTCs are seeds of future metastases, and the mechanisms that switch them from dormancy to outgrowth require definition. Because cancer dormancy provides a unique therapeutic window for preventing metastatic disease, a comprehensive understanding of the distribution, composition and dynamics of reservoirs of dormant DTCs is imperative. Here we show that different tissue-specific microenvironments restrain or allow the progression of breast cancer in the liver—a frequent site of metastasis4 that is often associated with a poor prognosis5. Using mouse models, we show that there is a selective increase in natural killer (NK) cells in the dormant milieu. Adjuvant interleukin-15-based immunotherapy ensures an abundant pool of NK cells that sustains dormancy through interferon-γ signalling, thereby preventing hepatic metastases and prolonging survival. Exit from dormancy follows a marked contraction of the NK cell compartment and the concurrent accumulation of activated hepatic stellate cells (aHSCs). Our proteomics studies on liver co-cultures implicate the aHSC-secreted chemokine CXCL12 in the induction of NK cell quiescence through its cognate receptor CXCR4. CXCL12 expression and aHSC abundance are closely correlated in patients with liver metastases. Our data identify the interplay between NK cells and aHSCs as a master switch of cancer dormancy, and suggest that therapies aimed at normalizing the NK cell pool might succeed in preventing metastatic outgrowth.
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                    Fig. 1: NK cells sustain breast cancer dormancy in the liver.[image: ]


Fig. 2: NK cells sustain dormancy through IFNγ.[image: ]


Fig. 3: aHSCs steer NK cell depletion and promote liver metastasis.[image: ]


Fig. 4: CXCL12 mediates hepatic stellate cell-induced quiescence in NK cells.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Expression profiling of breast DTCs and stroma from dormant and metastatic milieus reveals the determinants of progression of breast cancer in the liver.
a, Principal component analysis (PCA) of cycling and quiescent DTCs in the MDA-MB-231 model. Transcriptional profiles cluster on the basis of cell cycle state. The dots in the plot represent DTCs isolated from different liver parts (n = 11 cycling, n = 13 quiescent; data combine three independent experiments). b, Scatter plot of mRNA expression levels (library-normalized mRNA counts) in cycling and quiescent DTCs. Shown are mean expression values for each transcript in each cell cycle state (n = 11 cycling, n = 13 quiescent). mRNAs significantly upregulated or downregulated (that is, log2(mRNA counts in cycling DTCs/mRNA counts in quiescent DTCs) > 1 and FDR < 0.01) in cycling DTCs are shown in red or blue, respectively. The dashed line indicates equal abundances in the two different conditions. c, d, GSEA comparing gene-expression data from quiescent (c) and cycling (d) DTCs. e, PCA of dormancy and metastasis stroma. Transcriptional profiles cluster on the basis of disease stage. The dots in the plot represent stroma isolated from different liver parts (n = 17 dormancy, n = 12 metastasis). f, Scatter plot of mRNA expression levels (library-normalized mRNA counts) in metastasis and dormancy stroma. Shown are mean expression values for each transcript in each stroma (n = 12 metastasis, n = 17 dormancy). mRNAs significantly upregulated or downregulated (log2(mRNA counts in metastasis stroma/mRNA counts in dormancy stroma) > 1 and FDR < 0.01) in metastasis stroma are shown in red or blue, respectively. The dashed line indicates equal abundances in the two different conditions. g, GSEA comparing gene-expression data from metastasis and dormancy liver stroma. h, Heat map depicting the hierarchical clustering of standard-score-normalized (z-score) expression level of NK cell markers55 across stroma (n = 12 metastasis, n = 17 dormancy). i, Mean ± s.e.m. mRNA fold change (log2-transformed) of NK cell markers in metastasis (n = 12) compared to dormancy (n = 17) stroma samples. Multiple-test-corrected P values for two-tailed Wald tests comparing the fold change between metastasis and dormancy samples are depicted above each dot (*P < 0.05, ***P < 0.001). j, Violin plot showing the distribution of the median standard-score normalized (z-score) expression level of NK cell markers across metastasis and dormancy stroma (n = 12 metastasis, n = 17 dormancy). Solid and dashed horizontal lines depict the median and the upper and lower quartiles, respectively. Shown is the P value for the two-tailed nonparametric Mann–Whitney U test. In c, d, g, P values were calculated by one-tailed comparisons of the empirical ES of a gene set to a null distribution of ESs derived from permuting the gene set, and then adjusted for multiple-hypotheses testing (that is, FDR).
Source data


Extended Data Fig. 2 NK cells are specifically enriched in liver dormancy milieus.
a, Flow cytometry quantification of the frequency (top) and number (bottom) of different immune cell subsets in liver parts isolated from the MDA-MB-231 model (n = 11 no tumour, n = 17 dormancy, n = 20 metastasis; data combine three independent experiments). b, c, Histological characterization of the dormant 4T07 (b) and metastatic 4T1 (c) models. Left, representative H&E-stained liver lobes. Scale bars, 2 mm. Right, examples (corresponding to i–vi from the left images) of scattered Ki67− quiescent DTCs (indicated by arrowheads), and liver metastases (surrounded by a dashed coloured line). Scale bars, 30 μm. d, Quantification of metastatic foci in livers of 4T07 and 4T1 models, normalized to the liver lobe area analysed (n = 10 4T07, n = 10 4T1; mean ± s.d.; two-tailed nonparametric Mann–Whitney U test). e, Flow cytometry quantification of the frequency (top) and number (bottom) of different immune cell populations in livers from dormant 4T07 and metastatic 4T1 models (n = 10 no tumour, n = 10 4T07, n = 10 4T1; data combine two independent experiments). f, Flow cytometry quantification of the frequency of NK and T cells, as well as T cell-activated populations, in liver sub-microenvironments from the metastatic 4T1 model (n = 10 no tumour, n = 10 dormancy, n = 10 metastasis; data combine two independent experiments). In a, e, f, mean ± s.d.; two-tailed nonparametric Kruskal–Wallis test with Dunn’s multiple comparison post-hoc test.
Source data


Extended Data Fig. 3 Both conventional and liver-resident NK cells decrease during metastatic progression.
a, The gene signature of NK cells alone—but not that of conventional NK (cNK) cells or liver-resident NK (LrNK) cells—can reliably distinguish dormancy and metastasis in the liver. Violin plots show the distribution of the median standard-score normalized (z-score) expression level of NK cell (left), cNK cell (middle) and LrNK cell (right) markers across stroma (n = 12 metastasis, n = 17 dormancy). Solid and dashed horizontal lines depict the median and the upper and lower quartiles, respectively. Shown is the P value for the two-tailed nonparametric Mann–Whitney U test. b, c, cNK and LrNK cells are similarly represented within the NK compartment across different hepatic milieus. Flow cytometry quantification of the number per gram of liver (b) or the frequency within the NK cell compartment (c) of cNK cells (CD49b+CD49a−TRAIL−) and LrNK cells (CD49b−CD49a+TRAIL+) in liver parts isolated from the MDA-MB-231 model (n = 6 no tumour, n = 12 dormancy, n = 9 metastasis; data combine two independent experiments; mean ± s.d.; two-tailed nonparametric Kruskal–Wallis test with Dunn’s multiple comparison post-hoc test).
Source data


Extended Data Fig. 4 Normalizing the NK cell pool prevents hepatic metastases.
a, Flow cytometry quantification of NK cell frequency in mice treated with IgG, anti-GM1, PBS or IL-15. Left, MDA-MB-231 model (n = 8 IgG, n = 10 anti-GM1, n = 8 PBS, n = 10 IL-15; data combine two independent experiments). Right, 4T1 model (n = 4 IgG, n = 5 anti-GM1, n = 5 PBS, n = 5 IL-15). b, Bioluminescence imaging 10 weeks after MDA-MB-231 tumour resection. c, d, Quantification of metastatic foci (c) and metastatic area (d) in livers of mice treated with IgG, anti-GM1, PBS or IL-15, normalized to the liver lobe area analysed. Left, MDA-MB-231 model (n = 8 IgG, n = 10 anti-GM1, n = 8 PBS, n = 10 IL-15; data combine two independent experiments). Right, 4T1 model (n = 5 IgG, n = 10 anti-GM1, n = 6 PBS, n = 10 IL-15). e, Experimental design for examining the effects of NK cell depletion on the 4T07 model. f, Sustained NK cell depletion reactivates dormant 4T07 DTCs in the liver. Arrowheads indicate single Ki67− quiescent DTCs. Coloured line delineates a metastasis. Scale bars, 30 μm. g, Quantification of liver metastatic foci after NK cell depletion in the 4T07 model, normalized to the liver lobe area analysed (n = 10 IgG, n = 10 anti-GM1). h, Quantification of scattered quiescent DTCs in livers of mice treated with IgG, anti-GM1, PBS or IL-15, normalized to the liver lobe area analysed (n = 8 IgG, n = 10 anti-GM1, n = 8 PBS, n = 10 IL-15; data combine two independent experiments). i, Expression of IL-15Rα in MDA-MB-231, 4T07 and 4T1 cells assessed by western blotting. ERK2 was used as a loading control. For gel source data, see Supplementary Fig. 1 (n = 3 experiments). j, Histogram of IL-15Rα measured by antibody-based staining and flow cytometry in MDA-MB-231, 4T07 and 4T1 cells. k, Quantification of the relative percentages of quiescent (Tomato+mVenus+) and cycling (Tomato+mVenus−) cancer cells after 24 h of treatment with IL-15 shows no effect on cell population ratios (n = 3 independent experiments). l–n, Flow cytometry quantification of T cell frequency (l) and activation (m, n) in livers from 4T1-injected mice treated with PBS or IL-15 (n = 5 PBS, n = 5 IL-15). In a, c, d, g, h, k–n, mean ± s.d.; two-tailed nonparametric Mann–Whitney U test.
Source data


Extended Data Fig. 5 Quiescent DTCs are not intrinsically resistant to recognition and killing by NK cells.
a, b, Mean ± s.e.m. mRNA fold change (log2-transformed) of NK cell activating (a) and inhibitory (b) ligands in cycling (n = 11) compared to quiescent DTCs (n = 13). Multiple-test-corrected P values for two-tailed Wald tests comparing the fold change between cycling and quiescent DTCs are depicted above each dot (*P < 0.05, **P < 0.01, ***P < 0.001). c, Schematic of experiment to test the sensitivity of cycling and quiescent DTCs to NK cell-mediated cytotoxicity. Human MDA-MB-231 or mouse 4T07 and 4T1 cancer cells co-expressing Tomato and mVenus-p27K− were co-cultured with NK cells derived from human blood or mouse livers, and assayed for cytolysis. d, NK cells kill DTCs regardless of their cell-cycle stage. The percentage of specifically killed cycling and quiescent cancer cells was calculated for different effector:target (E:T) ratios. For 4T07 and 4T1, n = 3 pooled mice per experiment, data combine three independent experiments; for MDA-MB-231, n = 4 healthy donors; mean ± s.d.; two-tailed nonparametric Mann–Whitney U test.
Source data


Extended Data Fig. 6 Transcriptional landscape of NK cells from dormant, metastatic and tumour-free liver milieus.
a, b, GSEA comparing gene expression data from dormancy (a) and tumour-free (b) liver NK cells (n = 10 no tumour, n = 17 dormancy). c, d, GSEA comparing gene-expression data from metastasis (c) and tumour-free (d) liver NK cells (n = 10 no tumour, n = 7 metastasis). e, GSEA comparing gene-expression data from metastasis and dormancy liver NK cells (n = 17 dormancy, n = 7 metastasis). In a–e, one-tailed comparisons of the ES of a gene set to a null distribution of ESs derived from permuting the gene set, and then adjusted for multiple-hypotheses testing (that is, FDR). f, Flow cytometry quantification of liver TNF+ NK cells. Left, liver parts from the MDA-MB-231 model (n = 6 no tumour, n = 12 dormancy, n = 9 metastasis; data combine two independent experiments). Right: livers from dormant 4T07 and metastatic 4T1 models (n = 12 no tumour, n = 12 4T07, n = 12 4T1; data combine two independent experiments; mean ± s.d.; two-tailed nonparametric Mann–Whitney U test.). g, GSEA of the Hallmark ‘IFNγ response’ pathway in DTCs (n = 11 cycling, n = 13 quiescent). NES, normalized enrichment score. h, Mean ± s.e.m. mRNA fold change (log2-transformed) of members of the IFNγ signalling pathway in cycling (n = 11) compared to quiescent DTCs (n = 13). Multiple-test-corrected P values for two-tailed Wald tests comparing the fold change between cycling and quiescent DTCs are depicted above each dot (*P < 0.05, **P < 0.01, ***P < 0.001).
Source data


Extended Data Fig. 7 aHSCs mediate NK cell depletion and promote liver metastasis.
a, Mean ± s.e.m. mRNA fold change (log2-transformed) of aHSC markers in metastasis (n = 12) compared to dormancy (n = 17). Multiple-test-corrected P values for two-tailed Wald tests comparing the fold change between metastasis and dormancy are depicted above each dot (*P < 0.05, ***P < 0.001). b, Violin plot showing the distribution of the median z-score expression level of aHSC markers across liver stroma (n = 12 metastasis, n = 17 dormancy). Solid and dashed horizontal lines depict the median and the upper and lower quartiles, respectively; two-tailed nonparametric Mann–Whitney U test. c, Quantification of α-SMA+ aHSCs after NK cell modulation. Left, MDA-MB-231 model (n = 8 IgG, n = 10 anti-GM1, n = 8 PBS, n = 10 IL-15; data combine two independent experiments). Right, 4T1 model (n = 5 IgG, n = 10 anti-GM1, n = 6 PBS, n = 10 IL-15). d, Bioluminescence imaging six weeks after tumour resection. e, Quantification of bioluminescence shows no changes in lung metastatic burden (n = 10 oil, n = 16 CCl4; data combine two independent experiments). In c, e, mean ± s.d.; two-tailed nonparametric Mann–Whitney U test.
Source data


Extended Data Fig. 8 Activation of HSCs shrinks the NK cell compartment even in the absence of tumour cells.
a, Representative micrographs of α-SMA+ aHSCs and collagen deposition in livers from non-tumour-bearing NOD-SCID mice that were treated with oil or CCl4 for one or six weeks. Scale bars, 30 μm. b, c, Flow cytometry quantification of NK cell frequency (b) and proliferation (c) in livers from non-tumour-bearing NOD-SCID mice that were treated with oil or CCl4 for one or six weeks (for each time point, n = 10 oil, n = 10 CCl4; data combine two independent experiments; mean ± s.d.; two-tailed nonparametric Mann–Whitney U test).
Source data


Extended Data Fig. 9 CXCL12 limits the proliferation of NK cells from healthy donors and patients with breast cancer with liver metastases.
a, t-distributed stochastic neighbour embedding (t-SNE) plot showing the relative expression of CXCR4 on different liver cell types based on 8,444 human liver cells previously sequenced55. Each dot represents a single cell, and cells are coloured from lowest (yellow) to highest (purple) expression. b, Histogram of CXCR4 measured by flow cytometry on human NK-92 cells. c, Exogenous CXCL12 increases the number of G0–G1 resting NK-92 cells, but it has no effect on NK cell viability (n = 5 independent experiments; mean ± s.d.; two-tailed nonparametric Kruskal–Wallis test with Dunn’s multiple comparison post-hoc test). d, Schematic of experiments to test the effect of CXCL12 on blood-derived NK cells purified from healthy donors and patients with breast cancer (BC) with liver metastases. NK cells labelled with CellTrace Violet (CTV) were primed with IL-2 and IL-15, and then expanded with IL-2 in the presence of CXCL12 alone or combined with IL-15 until assessed for division profile. e, Representative histogram of the NK cell division profile of a healthy donor. f, Quantification of the division index (that is, the average number of cell divisions a cell has undergone) of blood-derived NK cells from healthy donors (left, n = 6) and patients with breast cancer with liver metastases (right, n = 6) after treatment with CXCL12 alone or combined with IL-15. C1–C3 correspond to different concentrations of recombinant CXCL12 (C1 = 0.02 μg ml−1, C2 = 0.2 μg ml−1 and C3 = 2 μg ml−1). Mean ± s.d.; two-tailed nonparametric Kruskal–Wallis test with Dunn’s multiple comparison post-hoc test. g, Experimental schematic to assess the effects of aHSC-secreted CXCL12 on liver NK cells. Mouse NK cells were treated with conditioned medium (CM) from liver-derived aHSCs in the presence of a function-blocking antibody against CXCL12 or a control IgG, and G0–G1 resting cells were quantified after EdU incorporation. h, Flow cytometry quantification of quiescent Ki67− NK cells in mouse liver milieus (n = 6 no tumour, n = 12 dormancy, n = 9 metastasis; data combine two independent experiments; mean ± s.d.; nonparametric two-tailed Kruskal–Wallis test with Dunn’s multiple comparison post-hoc test). i, Proliferation of CXCR4+ NK cells from metastatic milieus (n = 9 metastasis; mean ± s.d.; nonparametric Mann–Whitney U test).
Source data


Extended Data Fig. 10 CXCR4 expression confers DTCs with a proliferative advantage but is not required for outgrowth.
a, Experimental design for testing the influence of aHSC-secreted CXCL12 on cancer cell proliferation. Co-cultures of hepatocytes and sparsely seeded cancer cells were exposed to recombinant CXCL12 protein or conditioned medium (CM) from aHSCs alone or in combination with anti-CXCL12, anti-CXCR4, control IgG or a CXCR4 inhibitor, and the number of cancer cells was analysed by flow cytometry. b, Quantification of the number of cancer cells in different liver-like milieus shows that CXCL12–CXCR4 signalling induces cancer cell proliferation (for each cell line, n = 5 independent experiments). c, Scheme of Cxcr4 sites targeted by single-guide RNAs to generate 4T1 Cxcr4-KO cells. d, Genotyping of clonally derived cells obtained through CRISPR–Cas9 targeting of Cxcr4. Coloured lanes represent clones selected and pooled as 4T1 Cxcr4 wild type (Cxcr4-WT) and 4T1 Cxcr4-KO lines (n = 1 PCR per clone; selected clones were also confirmed by sequencing). bp, base pair. e, Experimental design for assessing the requirement of CXCR4 for liver metastasis. f, Representative H&E-stained livers from 4T1 Cxcr4-WT and 4T1 Cxcr4-KO lines injected in BALB/c immunocompetent mice. Arrowheads and coloured lines indicate metastases. Scale bars, 2 mm. g, Quantification of liver metastatic foci in livers of oil- and CCl4-treated mice normalized to the liver lobe area analysed (n = 6 WT oil, n = 9 WT CCl4, n = 8 KO oil, n = 11 KO CCl4). h, Quantification of metastatic area in livers of oil- and CCl4-treated mice, normalized to the liver lobe area analysed (n = 6 WT oil, n = 9 WT CCl4, n = 8 KO oil, n = 11 KO CCl4). In b, g, h, mean ± s.d.; two-tailed nonparametric Mann–Whitney U test.
Source data


Extended Data Fig. 11 Activated hepatic stellate cells and CXCL12 accumulate in patients with liver metastases.
a, Staining of NK cells (CD3−CD57+) and aHSCs (α-SMA+) in paired metastases and normal adjacent tissues in liver biopsies from patients with breast cancer. Arrowheads indicate HSCs (top) and NK cells (bottom). Scale bars, 30 μm. b, Correlation between aHSCs and NK cells in paired metastases and normal adjacent tissues in liver biopsies from patients with breast cancer (n = 34 paired biopsies; Fisher’s exact test). c, Staining of NK cells (CD3−CD57+) and aHSCs (α-SMA+) in liver biopsies from patients with breast cancer with chronic liver disease but no metastases. Arrowheads indicate HSCs (top) and NK cells (bottom). Scale bars, 30 μm. d, Correlation between aHSCs and NK cells in liver biopsies from patients with breast cancer with chronic liver disease but no metastases (n = 35 biopsies; Fisher’s exact test). e, Heat map depicting the hierarchical clustering of standard-score-normalized (z-score) expression level of aHSC markers55 across normal and metastatic liver samples from patients with colon cancer38 (n = 5 normal livers, n = 18 liver metastases). f, Violin plot showing the distribution of the z-score expression level of aHSC markers across human healthy livers (n = 5) and liver metastases (n = 18). Solid and dashed horizontal lines depict the median and the upper and lower quartiles, respectively. Shown is the P value for the two-sided nonparametric Mann–Whitney U test. g, Heat map depicting the hierarchical clustering of z-score expression level of NK cell markers55 across healthy livers (n = 5) and liver metastases (n = 18) from patients with colon cancer38. h, Violin plot showing the distribution of the z-score expression level of NK markers across human healthy livers (n = 5) and liver metastases (n = 18). Solid and dashed horizontal lines depict the median and the upper and lower quartiles, respectively. Two-sided nonparametric Mann–Whitney U test. i, Scatter plot of median standard-score-normalized (z-score) expression level of HSC markers and CXCL12 expression across human liver metastases (n = 134). The Pearson correlation coefficient (R) and respective P value are also shown. The dashed line indicates the linear regression between the two estimates. FPKM, fragments per kilobase per million mapped reads.
Source data
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Supplementary Figures
This file contains Supplementary Figures 1-2, which show the uncropped blots and the gating strategy used to quantify liver immune cell subsets in main and Extended Data figures.


Reporting Summary

Supplementary Table 1
Differential gene expression analysis between metastasis and dormancy liver stroma. mRNA expression levels (library normalized mRNA counts) in metastasis compared to dormancy stroma (n = 12 metastases, n = 17 dormancy). Multiple test corrected P-values for two-tailed Wald tests comparing fold-changes between metastasis and dormancy.


Supplementary Table 2
Differential gene expression analysis between metastasis and dormancy liver NK cells. mRNA expression levels (library normalized mRNA counts) in metastasis compared to dormancy NK cells (n = 9 metastases, n = 12 dormancy). Multiple test corrected P-values for two-tailed Wald tests comparing fold-changes between metastasis and dormancy.


Supplementary Table 3
Proteomic analysis of aHSCs and hepatocytes secretome. Proteomic analysis of aHSCs and hepatocytes (Heps) secretome (n = 3 CM_aHSCs, n = 3 CM_Heps, normalized by n = 3 control growth medium; Bayes-moderated t-statistics, P values corrected for multiple testing using the Benjamini-Hochberg method).


Supplementary Table 4
Details on antibodies, cytokines and inhibitors used in this study.
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Details on crRNA and genotyping primers used for CRISPR mediated knockout of CXCR4.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10

Source Data Extended Data Fig. 11




Rights and permissions
Reprints and permissions


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



Cite this article
Correia, A.L., Guimaraes, J.C., Auf der Maur, P. et al. Hepatic stellate cells suppress NK cell-sustained breast cancer dormancy.
                    Nature 594, 566–571 (2021). https://doi.org/10.1038/s41586-021-03614-z
Download citation
	Received: 16 December 2019

	Accepted: 04 May 2021

	Published: 02 June 2021

	Issue Date: 24 June 2021

	DOI: https://doi.org/10.1038/s41586-021-03614-z


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


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

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



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Natural killer cells lull tumours into dormancy
                

                
	Noella Lopes
	Eric Vivier



                
    
        
            Nature
        
        News & Views
        
        
            02 Jun 2021
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter — what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
