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            Abstract
Epigenetic processes govern prostate cancer (PCa) biology, as evidenced by the dependency of PCa cells on the androgen receptor (AR), a prostate master transcription factor. We generated 268 epigenomic datasets spanning two state transitions—from normal prostate epithelium to localized PCa to metastases—in specimens derived from human tissue. We discovered that reprogrammed AR sites in metastatic PCa are not created de novo; rather, they are prepopulated by the transcription factors FOXA1 and HOXB13 in normal prostate epithelium. Reprogrammed regulatory elements commissioned in metastatic disease hijack latent developmental programs, accessing sites that are implicated in prostate organogenesis. Analysis of reactivated regulatory elements enabled the identification and functional validation of previously unknown metastasis-specific enhancers at HOXB13, FOXA1 and NKX3-1. Finally, we observed that prostate lineage-specific regulatory elements were strongly associated with PCa risk heritability and somatic mutation density. Examining prostate biology through an epigenomic lens is fundamental for understanding the mechanisms underlying tumor progression.
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                    Fig. 1: The AR cistrome and genome-wide H3K27ac are systematically reprogrammed during PCa progression, and AR relocates to epigenetically premarked ‘sentinel’ sites.[image: ]


Fig. 2: Regulatory sites activated in mCRPC coincide with prostate developmental programs.[image: ]


Fig. 3: Functionally relevant mCRPC enhancers are identified by integrating genetic and epigenetic datasets.[image: ]


Fig. 4: Genetic variation in PCa is enriched in prostate lineage-specific chromatin states.[image: ]
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                Data availability

              
              Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Matthew Freedman (mfreedman@partners.org). We incorporated all the epigenomic data generated in this study into a publicly accessible resource for investigators, which is available at: http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hubUrl=https://de.cyverse.org/anon-files/iplant/home/dfcipc/trackhub/hub.txt. All sequencing data generated for the study has been deposited in GEO (GSE130408).
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Extended data

Extended Data Fig. 1 Co-occupancy of AR and H3K27Ac at met-ARBS.
a, Heatmaps for AR and H3K27Ac ChIP-seq signal intensity at met-ARBS. Each horizontal line represents a four kilobase (kb) locus. Shade of red reflects average binding intensity at that site across all subjects in the normal prostate, primary tumor and mCRPC cohorts. b, H3K27Ac ChIP-seq signal intensity across tissue types at the 17,655 met-ARBS. The curves depict overall signal in each of the three tissue types. Signal significantly higher in mCRPC compared with primary prostate tumor and normal prostate tissue (Kolmogorov-Smirnov test, D^- = 0.74, p-value < 2.2e-16).


Extended Data Fig. 2 Genes that are down-regulated in metastasis compared to primary tumor are enriched for primary tumor-specific H3K27Ac ChIP-seq peaks.
Each dot represents a gene. Red dots are genes with a primary tumor-specific H3K27Ac peak (that is, sites with H3K27Ac signal in primary tumor and absent in mCRPC) in the transition start site (p-value <0.00001 for association between primary tumor-specific H3K27Ac and transcriptional down-regulation in mCRPC).


Extended Data Fig. 3 Reprogrammed AR binding sites in primary prostate tumors and in mCRPC are epigenetically pre-marked in earlier states.
a, Heat map indicating HOXB13 and FOXA1 ChIP-seq signal intensity in normal prostate epithelium and primary prostate tumor in the NKI dataset. At left, the 9,179 AR sites enriched in primary tumor relative to normal prostate epithelium (T-ARBS). At right, the 17,655 AR sites enriched in mCRPC relative to primary tumor tissue (met-ARBS). Each horizontal line represents a four kilobase (kb) locus. Shade of red reflects binding intensity. b, AR ChIP-seq binding intensity across clinical tissue subtypes in T-ARBS and met-ARBS. c, Average DNA methylation signal at T-ARBS across prostate tumor (red curve) and normal prostate (blue curve) at T-ARBS (top) and met-ARBS (bottom).


Extended Data Fig. 4 GREAT analysis characterizing mCRPC-enriched epigenetic sites.
a, GREAT analysis characterizing the gene ontology biological terms most significantly associated with genes proximal to the 17,655 met-ARBS. b, GREAT analysis characterizing the gene ontology biological terms most significantly associated with genes proximal to the subset 17,655 met-ARBS that are co-occupied by H3K27Ac. Terms associated with genitourinary development are highlighted in yellow. c, The biological terms most significantly associated with genes proximal to the 2,683 AR sites enriched in primary tumor compared to mCRPC. d, GREAT analysis of the MSigDB pathway terms most significantly associated with genes proximal to met-ARBS.


Extended Data Fig. 5 Across 27 human adult tissues and 10 fetal tissues, the met-K27ac cistrome is most strongly associated with fetal urogenital sinus.
a, Tissue type listed at left (adult tissues are followed by their Roadmap Epigenomics Project identification codes). Multiple biologic replicates were performed and included here. Urogenital sinus sample was performed in replicate. Heat map indicates H3K27Ac binding intensity at the 16,047 met-K27ac sites across a 4 kilobase (kb) interval. b, Heat map for subset of met-K27ac sites that are co-occupied by AR.


Extended Data Fig. 6 Association between fetal and mature prostate murine gene expression and met-K27ac sites.
Gene expression in mouse prostate embryonic (red) and post-natal (blue) tissue34 at (a) the 50 most differential H3K27Ac sites between mCRPC and localized PCa in humans that reside within transcriptional start sites; (b) the 100 most differential H3K27Ac sites; (c) the 500 most differential H3K27Ac sites; and (d) at a randomly selected set of 500 genes that do not overlap with met-K27ac sites. Expression levels were performed in three replicates and measured relative to embryonic day 14 (y-axis). The x-axis shows embryonic days 15, 16 and 17 then post-natal days 7, 30 and 90. Box plots depict median, 25th–75th percentile interval and extremes in gene expression.


Extended Data Fig. 7 Enhancers of FOXA1 in mCRPC are identified by integrating genetic and epigenetic datasets.
a, At top, color-coded tracks in a 183 kilobase (kb) region derived from the segments ranked in Fig. 3. Tracks depict the intensity of ChIP-seq signal averaged across all DFCI normal prostate, primary prostate tumor and mCRPC specimens, respectively. FOXA1 is visualized in the Genes track. HiChIP track depicts chromatin looping in the LNCaP cell line. Blue bars show H3K27Ac sites meeting criteria for mCRPC enrichment (met-K27ac). Orange bars depict the locus against which guide RNAs (gRNAs) were designed (Methods). b, Functional interrogation of candidate metastasis-specific enhancers. Left, LNCaP FOXA1 expression in two controls (no gRNA and gRNA targeting unrelated gene HPRT1) and after transduction with each individual gRNA depicted in (a). Middle and right, LNCaP cell proliferation over the course of four days after control conditions of transduction with one of the three FOXA1 region gRNAs. Each shape represents an independent experiment, center line indicates mean, error bars indicate ± s.d. Using student’s t-test – n.s not significant, *p < 0.05, **p < 0.01, ***p < 0.001.


Extended Data Fig. 8 Enhancer of NKX3-1 in mCRPC is identified by integrating genetic and epigenetic datasets.
a, At top, color-coded tracks in the 2,456 kb region depict the intensity of ChIP-seq signal averaged across all DFCI normal prostate, primary prostate tumor and mCRPC specimens, respectively. NKX3-1 is visualized in the Genes track. HiChIP track depicts chromatin looping in the LNCaP cell line. Blue bars show H3K27Ac sites meeting criteria for mCRPC enrichment (met-K27ac). Orange bars depict the locus against which guide RNAs (gRNAs) were designed (Methods). Below, magnification of an 85 kb region where met-K27ac and HiChIP signal were strongest. b, Functional interrogation of the candidate metastasis-specific enhancer. LNCaP NKX3-1 expression in two controls (no gRNA and gRNA targeting unrelated gene HPRT1) and after transduction with gRNAs depicted in (a). Data represent the average and standard deviation of three biological replicates and significance determined by unpaired Student’s t test. * p < 0.001.


Extended Data Fig. 9 Prostate cancer and breast cancer risk heritability attributable to germline variation within prostate tumor chromatin states.
a, Prostate cancer heritability attributable to each prostate cancer chromHMM state. b, Breast cancer heritability attributable to each prostate cancer chromHMM state. %SNPs: percentage of single nucleotide polymorphisms residing within a chromatin state; %h2: proportion of prostate cancer risk heritability; se: standard error; Enrichment: heritability based on overall proportion of SNPs within the chromatin state. c, Q-Q Plot of PCa risk GWAS statistics in lineage specific and non-specific features. Lineage specific promoters, enhancers, and all other variants shown in green, orange, and black respectively. Variants with Chi-squared statistic > 80 were removed, as recommend by LD-score regression to mitigate outliers. Across all variants, mean Chi-squared statistic was 1.6 (s.e. 0.04), 1.7 (s.e. 0.07), and 1.2 (s.e. 0.003) for variants in promoters, enhancers, and all variants.


Extended Data Fig. 10 Prostate cancer somatic mutations are enriched at prostate lineage specific sites.
a, Rank-ordered terms in a linear model of somatic mutation density in prostate cancer. Using 210 prostate cancer whole genome sequences from the International Cancer Genome Consortium, the number of donors with one or more mutations per 200 bp window was modeled as a poisson distribution determined by a linear combination of the listed factors. Beta coefficients for each term were calculated and are reported as standardized Z-scores to allow comparison. ChromHMM states are highlighted in gray. See Methods for details and a listing of datasets used in the model. b, SNV distribution at FOXA1 binding sites in prostate tumor tissue. c, SNV distribution at FOXA1 binding sites with no overlapping AR peak in prostate tumors (left), at intersection of FOXA1 and AR tumor peaks (center), and at AR tumor binding sites without overlapping FOXA1 peaks. P-values compare differential enrichment by Pearson’s chi-square test of mutation counts at the peak (±250 bp) and shoulder regions (-1000 to -250 and 250 to 1000) of the TF binding sites. d, SNV distribution at met-ARBS.
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