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            Abstract
Autonomic nerve fibres in the tumour microenvironment regulate cancer initiation and dissemination, but how nerves emerge in tumours is currently unknown. Here we show that neural progenitors from the central nervous system that express doublecortin (DCX+) infiltrate prostate tumours and metastases, in which they initiate neurogenesis. In mouse models of prostate cancer, oscillations of DCX+ neural progenitors in the subventricular zone—a neurogenic area of the central nervous system—are associated with disruption of the blood–brain barrier, and with the egress of DCX+ cells into the circulation. These cells then infiltrate and reside in the tumour, and can generate new adrenergic neurons. Selective genetic depletion of DCX+ cells inhibits the early phases of tumour development in our mouse models of prostate cancer, whereas transplantation of DCX+ neural progenitors promotes tumour growth and metastasis. In humans, the density of DCX+ neural progenitors is strongly associated with the aggressiveness and recurrence of prostate adenocarcinoma. These results reveal a unique crosstalk between the central nervous system and prostate tumours, and indicate neural targets for the treatment of cancer.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Prognostic value of stromal DCX+ cells that infiltrate human prostate adenocarcinomas.


Fig. 2: Hi-MYC prostate tumours contain DCX–eYFP+ neural progenitors.


Fig. 3: DCX–eYFP+ neural progenitors can differentiate into adrenergic neurons in Hi-MYC prostate tumours.


Fig. 4: DCX+ neural progenitors egress from the SVZ and migrate through the bloodstream towards prostate tumour in Hi-MYC mouse models of cancer.


Fig. 5: Initiation and progression of prostate cancer depend on DCX+ neural progenitors.
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Extended data figures and tables

Extended Data Fig. 1 DCX+ cells express INA, a neural precursor marker, but not NF-H, a neuron-specific marker, in human prostate and Hi-MYC mouse prostate tumours, and are associated with tumour aggressiveness.
a, In human adenocarcinoma, DCX+ cells (green) and large peri-tumour nerve fibres (white arrow) express INA (red), a marker of developing neural cells and mature fibres. By contrast, mature nerve fibres express the neuron-specific cytoskeletal subunit of NF-H (light blue) but not DCX, a specific marker of neural progenitors in the central nervous system. DAPI, dark blue. Scale bar, 20 μm. b, Early time point analysis of recurrence-free survival of patients with high-risk prostate cancer. Early recurrence after radical prostatectomy is associated with high density of DCX+ cells (>20 DCX+ cells per field, n = 13). P = 0.0338, log-rank (Mantel–Cox). This is the same cohort of patients as shown in Fig. 1i, but here is focused on high-risk tumours. c, d, DCX+ cells are also present in mouse prostate tumours and are stained for PSA-NCAM (red) (c) and INA (red) (d) but do not express mature nerve markers such as NF-H (light blue), which suggests that they are neural progenitors. DCX, green; DAPI, dark blue. Scale bar, 20 μm. Three independent experiments.

Source data



Extended Data Fig. 2 Characterization and quantification of DCX–eYFP+-expressing cells in a Cre-lox mouse model of cancer.
a, Triple-transgenic DCX-creERT2;loxp-eYFP Hi-MYC mouse model of cancer mice is generated by crossing mice expressing MYC under the probasin promoter (AAR2/PBSN–MYC) with mice that express tamoxifen-inducible CreERT2 recombinase under the control of the DCX promoter/enhancer and bred with mice that have the eYFP gene inserted in the Gt(Rosa)26Sor locus with an upstream loxP-flanked STOP sequence (top). Timeline of tamoxifen injections (bottom). b. Schematics of axial, coronal and sagittal sections of the adult mouse brain showing the olfactory bulbs and olfactory tract (OT), the SVZ along the lateral ventricle, and the dentate gyrus. c. Images of DCX–eYFP+ neural precursors (yellow), in olfactory bulbs, from mice described in a, co-stained with anti-PSA-NCAM (green) and anti-INA (red) antibodies. DAPI, dark blue. Scale bar, 20 μm. Three independent experiments. d, FACS plots of eYFP+ cells isolated from Lin− cells from the brain (SVZ, olfactory bulbs, dentate gyrus and tumour tissues of DCX-creERT2;loxp-eYFP Hi-MYC mice (red) compared to control littermates (green and yellow). e, Quantification of Lin−eYFP+ cells in SVZ, olfactory bulbs and dentate gyrus (top) and prostate tumour (bottom). Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). Sample sizes are listed in Source Data. f, Lin−eYFP+ cells in Hi-MYC prostate tumours do not derive from tumour cells. Real-time quantitative PCR analyses of mRNA extracted from Lin−eYFP+ cells isolated from prostate tumour tissues, olfactory bulbs and the SVZ of DCX-creERT2;loxp-eYFP Hi-MYC mice. The Lin−eYFP+ cells do not express MYC oncogene or the cytokeratins (CK5 and CK18) present in the Lin+eYFP− fraction that comprises prostate epithelial cells. Data are mean + s.e.m.

Source data



Extended Data Fig. 3 Lin−eYFP+ cells in prostate tumours express markers of neural precursors from the central nervous system.
Representative FACS plots of SCA-1, PSA-NCAM, CD24 and EGFR expression in neural Lin−eYFP+ subpopulations from the brain at week eight after birth (SVZ, olfactory bulbs and dentate gyrus) and the prostate tumour at four months after birth. Note that two subpopulations of Lin−eYFP+ cells from prostate tumours express SCA-1 (prostate stromal cells are Lin−SCA-1+). Representative data from 48 independent experiments.


Extended Data Fig. 4 DCX–eYFP+progenitors in prostate tumours can proliferate and/or differentiate into neurons ex vivo.
a, Lin−eYFP+ cells do not display immune or endothelial phenotypes. Scatter plot representations (also known as ImmGen W-plots) of the mean-normalized expression values of the 200 most-highly expressed genes of each sample (SVZ, olfactory bulb or prostate, n = 2 per region) in each of the selected ImmGen cell populations. ImmGen populations are coloured on the basis of their main cell population families, listed in Supplementary Table 5 with correlation coefficients and P values. b, Differentiation of DCX–eYFP+ cells from prostate tumour tissues after one or eight days culture in neural medium supplemented with epidermal growth factor and basic fibroblast growth factor (EGF and bFGF, proliferation medium), or brain-derived neurotrophic factor and neurotrophin-3 (BDNF and NT-3, differentiation medium). Scale bar, 400 μm. Two independent experiments. c, Immunostaining of MAP2+ differentiated DCX–eYFP+ neural cells isolated from tumour (right) or olfactory bulbs (left). Scale bar, 20 μm. Three independent experiments. d, e, Quantification of proliferation of neural progenitors (d) and differentiated neural cells (e) with one or more neurites (red arrows (for example in b)) for eight days. Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). ***P < 0.001. Two independent experiments.

Source data



Extended Data Fig. 5 Genetic lineage tracing of Lin−eYFP+ progenitors during prostate development.
a, After tamoxifen-induced recombination of DCX-creERT2;loxp-eYFP Hi-MYC cancer mice at week 3 after birth, Lin−eYFP + neural progenitors are detected in tumour tissues during the early phases of cancer development, without infiltrating healthy tissues (n = 73), such as testis (n = 34), epididymis (n = 35) and cremaster (n = 29), that surround the tumour. Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). Twelve independent experiments. Sample sizes per group are listed in Source Data. b, FACS plots of Lin−eYFP+ cells from the prostate tumour of 6- or 16-week-old Hi-MYC mice. c, Oscillation of Lin−eYFP+ neural progenitors during prostate tumour development in the SVZ (left, n = 163) and olfactory bulbs (middle, n = 159), but not in the dentate gyrus (right, n = 59) of Hi-MYC cancer mice. Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). Forty-six independent experiments. Sample sizes per group are listed in Source Data. d, Further monitoring shows marked oscillations of Lin−eYFP+SCA-1−PSA-NCAM−CD24−EGFR− cells present in the olfactory bulbs, as observed in SVZ in Fig. 4b. Data are mean + s.e.m. Student;s t-test (one-sided, no adjustment). Forty-six independent experiments. Sample sizes are listed in Source Data. e–g, Tamoxifen is not cytotoxic to prostate or brain tissues, as shown by the fact that it does not affect the development of tumours in the Hi-MYC mouse model of cancer (e) and does not alter the cellularity (top) and viability (bottom) of cells in SVZ (f) or olfactory bulbs (g) over time. Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). Sample sizes are listed in Source Data. *P < 0.05, **P < 0.01, ***P < 0.001.

Source data



Extended Data Fig. 6 In Hi-MYC mouse model of cancer, Lin−eYFP+ progenitors egress the SVZ, migrate through the blood and infiltrate the tumour, where they do not express neural stem-cell markers.
a, b, After tamoxifen-induced recombination in the DCX-creERT2;loxp-eYFP Hi-MYC cancer mice at week 3 after birth, the number of Lin−eYFP + neural progenitors decreases in the SVZ at week 6 after birth (a) and—in turn—Lin−eYFP + cells emerge progressively in blood (b). Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). Sample sizes are listed in Source Data. Thirteen independent experiments. c, d, Representative FACS plots of Lin−eYFP+ cells isolated from the SVZ (c) or blood (d) of 6- or 16-week-old wild-type or Hi-MYC mice. ****P < 0.0001. e, Lin−eYFP+SCA-1−PSA-NCAM− cells in the SVZ—but not in prostate tumours—express neural stem-cell markers. Real-time quantitative PCR analyses of mRNA extracts obtained from purified subpopulations of the SVZ and prostate tumour tissues of DCX-creERT2;loxp-eYFP Hi-MYC mice. The Lin−eYFP+SCA-1−PSA-NCAM− cells from the SVZ express GFAP and GLAST, which are specific markers of neural stem cells. By contrast, Lin−eYFP+SCA-1−PSA-NCAM− cells in tumours do not express the stem-cell markers. Three independent experiments. Data are mean + s.e.m.

Source data



Extended Data Fig. 7 tdTomato-expressing neural precursors migrate from the SVZ towards olfactory bulbs.
a, Immunostaining of neural precursors, transduced by a tdTomato-expressing lentiviral vector administered by stereotaxic injection into the SVZ of tamoxifen-injected DCX-creERT2;loxp-EYFP Hi-MYC cancer mice, tdTomato+ cells leave the SVZ to reach the olfactory bulb area through the physiological rostral migratory stream, and differentiate into neurons in olfactory bulbs (top, white arrows, tdTomato+eYFP+ cells). Note that these tdTomato-expressing neural cells do not spread in the dentate gyrus (bottom). Scale bars, 20 μm. b, c, FACS plots showing tamoxifen-induced eYFP+ (green), lentiviral vector-transduced tdTomato+ (red, tdTomato+) and eYFP+tdTomato+ (yellow) neural precursors in the SVZ, olfactory bulbs and dentate gyrus of five-month-old Hi-MYC mice (b) and infiltration of these cells into prostate tumours (c). d, Lineage tracing of Lin−tdTomato+ cells that infiltrate prostate tumours but not healthy tissues surrounding the tumour (testis, epididymis and cremaster). Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). Sample sizes are listed in Source Data. ***P < 0.001. e, Summary of the five developmental stages of neural progenitors migrating (through the blood) from the central nervous system to the tumour during cancer development. tdTom+, tdTomato+.

Source data



Extended Data Fig. 8 Lin−tdTomato+ cells cannot reach the tumour after lentiviral injection in the dentate gyrus.
a, Frequencies of Lin−tdTomato+ cells in prostate tumours at 16 weeks of age, after tdTomato+ lentiviral vector injection by stereotaxy into the dentate gyrus (n = 6) at week 5 after birth, by comparison to an injection into the SVZ (n = 10 mice). Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). ***P < 0.001. b, Absolute numbers of Lin−tdTomato+ cells in the SVZ (n = 9) or dentate gyrus (n = 8) 16 weeks after the injection of the tdTomato+ lentiviral vector in the respective brain area. Data are mean + s.e.m. c. Respective mean fluorescence intensities (MFI) for tdTomato signal in SVZ (MFI/SVZ, red) and dentate gyrus (MFI/DG, grey) shown in b. d, Dentate gyrus vascularization (CD31+, pink) in one-year-old Hi-MYC mice does not exhibit any leakiness of albumin (orange) in the dentate gyrus. DCX–eYFP+ cells (green). DAPI, dark blue. Scale bar, 30 μm. e, The blood–brain barrier is breached in the SVZ of Hi-MYC cancer mice. Combined injection of fluorescein–albumin (65 kDa, green) and TRITC–dextran (4.4 kDa, red) reveals extravasation of both dyes in SVZ tissues (top) throughout sinusoids. In the dentate gyrus, the dyes do not spread outside of the capillaries (bottom). DAPI, dark blue. Scale bars, 20 μm. tdTom+, tdTomato+.

Source data



Extended Data Fig. 9 Lin− tdTomato+ cells can infiltrate Pten prostate tumours, PyMT breast tumours and metastases.
a, b, After injection of a tdTomato-expressing lentiviral vector by stereotaxy into the SVZ at week 5 after birth, Lin−tdTomato+ cells are found at week 16 after birth in Pten prostate tumour tissues (a) or PyMT breast tumour tissues (b), by contrast to wild-type prostate or mammary pad tissues. c, Frequencies of Lin−tdTomato+ cells in Pten mice (n = 5) or wild-type littermates (n = 8). Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). **P < 0.01. Lin−tdTomato+ cells are also found in metastases. d, e, Luciferase-expressing human PC3 cancer cells orthotopically xenografted in the mouse prostate disseminate to colon, liver, lung and lymph nodes between 12 to 14 weeks after graft (d) and metastatic tissues were carefully dissected before be stained with a combination of haematoxylin and eosin (e). Scale bar, 300 μm. f, Neural progenitors transduced by a tdTomato-expressing lentiviral vector administered by stereotaxy into the SVZ, travel to PC3 xenografts and developing metastases in colon, liver, lung and lymph nodes at weeks 12–14 after graft. g, Frequencies of Lin−tdTomato+ cells in tumour tissues, listed above, by comparison to healthy tissues. Data are mean + s.e.m. Student’s t-test (one-sided, no adjustment). *P < 0.05, **P < 0.01. Sample sizes per group are listed in Source Data. tdTom+, tdTomato+.

Source data



Extended Data Fig. 10 Genetic depletion of DCX+ cells.
a, b, Timeline for MYC-induced tumour development, injections of tamoxifen and diphtheria toxin treatment 48 h after the last injection of tamoxifen (a) and experimental protocols (b). c, Representative H & E-stained sections of prostates of 20-week-old Hi-MYC mice.
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