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Supplementary Methods 

Sequence data processing for linked-read genome sequencing data 

Data processing of the linked-read genome sequencing data include high molecular weight DNA 

preparation and sequencing library construction followed protocols as previously described (1). 

DNA was extracted from tumor samples using the MagAttract HMW DNA Kit (QIAGEN), and then 

quantified using Quant-it Picogreen assay kit (Thermo Fisher) on a Varioskan Flash Microplate 

Reader (Thermo Fisher). For germline samples, pre-extracted DNA was size-selected on the 

PippinHT platform (Sage Science) and then quantified using the Quant-it Picogreen assay kit 

(Thermo Fisher) on a Varioskan Flash Microplate Reader (Thermo Fisher). Libraries were 

constructed using the 10X Chromium protocol (10X Genomics), with the fragment sizes 

determined using the DNA 1000 Kit and 2100 BioAnalyzer (Agilent Technologies) and quantified 

using qPCR (KAPA Library Quantification Kit, Kapa Biosystems). WGS libraries were sequenced 

using the Illumina HiSeqX platform. The Long Ranger v2.2.2 pipeline (10X Genomics) was used 

for aligning sequence reads to the human genome hg38 (GRCh38).  

Samples were excluded from the analysis based on having tumor purity less than 15% estimated 

by TitanCNA or based on cross-individual contamination indicated by SNP fingerprinting. Based 

the 15% tumor purity threshold, an average coverage of ~34x will provide 47% theoretical power 

to detect a heterozygous mutation. Power is computed for detecting a minimum of 3 supporting 

reads or mutant reads using the following binomial exact test,  

𝑝(𝑋 ≥ 	3) 	= 	1	 −	[𝐵𝑖𝑛(0|𝑁, 𝜇) 	+ 	𝐵𝑖𝑛(1|𝑁, 𝜇) 	+ 	𝐵𝑖𝑛(2|𝑁, 𝜇)], 

where  

𝜇	 = 	
𝛼𝑀

𝛼𝑐! + 2(1 − 𝛼)
 

for tumor purity 𝛼, read depth 𝑁, diploid copy number 𝑐! = 2, and multiplicity 𝑀 = 1 for a 

heterozygous event. However, the 47% power is lower bound estimate as the three lowest purity 



samples ranged between 16-17% and had coverages ~39x, which provided >62% power (Table 

S1B). In total, 17 samples with linked-read data were excluded (Table S1J). For short read data 

in the mCRPC cohort, we retained all 101 samples because the average sequencing coverage 

was ~100x, which provided 63.5% power for the sample with the lowest purity (6.5% for DTB-

193-BL, 113x coverage) and 93.9% power for the second lowest purity (11.82% for DTB-018-BL, 

108x coverage) (Table S1B).  

List of known prostate cancer driver genes 

For analyses limited to established prostate cancer driver genes, a curated list of 159 known 

prostate cancer driver genes was assembled from several prior studies (1–4). The list of genes is 

provided in Table S1. 

Somatic mutation analysis 

Somatic mutation detection 

Somatic mutation calls for samples based on linked-read sequencing were generated by Mutect2 

from the Genome Analysis Toolkit (GATK) (5). Default parameters were used on individual pairs 

of tumor and normal samples following the standard GATK pipeline. A panel of normals based on 

all normal samples was used to filter out germline variants. The SNV calls were further processed 

using the modified version of LoLoPicker (6) as described previously (1). The panel of normals 

for LoLoPicker was generated from 52 normal samples based on linked-read sequencing. The 

final SNV call set was composed of the common variants called by both Mutect2 and LoLoPicker. 

Somatic indels for linked-read samples were called by Strelka (7). All parameters were default 

except the following modifications: sindelNoise = 0.000001, minTier1Mapq = 20. Somatic 

mutation calls for the 101 WGS samples based on short-read sequencing including SNV and 

indels based on Strelka were obtained from a prior study (4). All variants were further annotated 

using annovar with “table_annovar.pl” to functionally annotate genetic variants. The parameter -



neargene was set to 5000 to define the promoter region as 5 kb upstream of the transcription start 

site of a protein coding gene. 

Analysis of significantly mutated genes 

R package dndscv (8) was used to identify significantly mutated genes. For driver discovery on 

GRCh38, a precomputed database corresponding to human genome GRCh38.p12 was 

downloaded and used as the reference database. A global q-value ≤ 0.1 was applied to identify 

statistically significant (novel) driver genes. To reduce false positives and increase the signal to 

noise ratio, we only considered mutations in Cancer Gene Census genes (v81) (9). 

Copy-number analysis of linked-read WGS and short-read WGS data 

Copy-number calls 

The ploidy and purity corrected copy-number of all mCRPC samples in this study was analyzed 

by TitanCNA (10) and ichorCNA (11), with different pipeline settings. For WCDT samples, the 

snakemake workflow for Illumina sequencing was applied with the following parameters modified: 

ichorCNA_normal: c(0.25, 0.5, 0.75); ichorCNA_ploidy: c(2,3,4); ichorCNA_includeHOMD: 

TRUE; ichorCNA_minMapScore: 0.75; ichorCNA_maxFracGenomeSubclone: 0.5; 

ichorCNA_maxFracCNASubclone: 0.7; TitanCNA_maxNumClonalClusters: 3; 

TitanCNA_maxPloidy: 4. The workflow is available at 

https://github.com/GavinHaLab/TitanCNA_SV_WGS. 

For linked-read data samples, a Snakemake workflow for 10X Genomics whole genome 

sequencing data was used with the following parameters modified: 

TitanCNA_maxNumClonalClusters: 3; TitanCNA_maxPloidy:  4. TitanCNA solutions were 

generated for number of clonal clusters from 1 to 3 and ploidy initializations from 2 to 4. Optimal 

solutions were selected as described, with manual inspection to confirm tumor ploidy and clonal 

cluster selection (1); solutions are provided in Table S1J. The workflow can be accessed at 



https://github.com/GavinHaLab/TitanCNA_10X_snakemake. The final copy-number call-set is 

included in Table S1I. 

Recurrent somatic copy-number alteration 

GISTIC 2.0 was used to detect regions with recurrent CNA in mCRPC samples. For input, all copy 

numbers (logR_Copy_Number from TITAN output) were converted to log2 copy ratio using the 

median logR copy number from genome-wide (separately for autosomes and X chromosome) as 

denominator. We set corrected logR copy number to -1.5 for segments where corrected log R 

copy number below -1.5 and set values to 0 if copy neutral. GISTIC2.0 was run with the following 

parameters: td 0.5; ta 0.1; genegistic 0; maxseg 5000; js 4; cap 1.5; broad 1; brlen 0.75; conf 

0.99; qvt 0.25; armpeel 1; rx 0; gcm mean; do_gene_gistic 1; savegene 1; scent median. Wide 

peaks detected by GISTIC2 were re-annotated based on overlapping genomic coordinates, using 

prostate cancer driver genes. 

Structural variant analysis 

Structural variant detection in linked-read and short-read whole genome sequencing data 

For each tumor-normal pair of samples with linked-read genome sequencing data, three variant 

callers were used to detect structural variants: SvABA (12), GROC-SVS (13), Long Ranger 

version 2.2.2 (https://support.10xgenomics.com/genome-

exome/software/pipelines/latest/using/wgs).  

The SvABA analysis was performed using default tumor-normal paired settings. Re-analysis of 

low confidence (based on evidence from discordant and split reads) events filtered by SvABA was 

performed to ‘rescue’ SVs using linked-read barcode overlap between pairs of breakpoints within 

a given SV event, as previously described (1). Only SV events having span of 1.5 times the mean 

molecule length in the library were considered for rescue. We further rescued low confidence 

intra-chromosomal SV events with span > 50 kb filtered by SvABA if at least one of the breakpoint 



pair was within 100 kb of a CNA boundary or (2) if both breakpoints were each within 1 Mb of the 

boundaries for the overlapping CNA event and the length of the SV overlaps this CNA event by > 

75%. Inter-chromosomal translocation SV events filtered by SvABA are rescued if both 

breakpoints were within 100 kb of CNA boundaries. 

GROC-SVS analysis was performed using two-sample (tumor-normal paired) mode or three-

sample (pre-treatment, post-progression, normal) mode when applicable. SV events were 

retained if all following conditions were satisfied: (1) p < 1x10-10, (2) minimum barcode overlap ≥ 

2 on the same haplotype, (3) no more than 1 barcode overlap between different haplotypes, (4) 

FILTER value reported by the software was within this set {“PASS”, “NOLONGFRAGS”, 

“NEARBYSNVS”, or “NEARBYSNVS; NOLONGFRAGS”}, and (5) classified as somatic. 

Long Ranger analysis generated SV calls for tumor and normal samples, independently. For each 

tumor-normal pair, both large SVs (“large_sv_calls.bedpe”) and deletions (“dels.vcf”) were 

combined for individual samples. Somatic tumor SVs were determined as events that were not 

found in the matched normal sample based on the left breakpoints in tumor and normal being 

within 1 kb and the right breakpoints in tumor and normal samples being within 1 kb. Only SV 

events with FILTER values within this set {“PASS”, “LOCAL_ASM”, “SV”, “CNV, SV”} and intra-

chromosomal events with span ≥ 100 kb were considered. SV events were only retained if both 

breakpoints of an SV event were within 500 kb the boundaries of an overlapping CNA event and 

the length of SV overlaps this CNA event by > 75%. 

SV events from these three callers were then combined by taking the union of the filtered events 

from. Intersecting events between 2 or more call-sets were determined if both breakpoints of one 

event were located within 5 kb from both breakpoints of the event detected by the other tool. Then 

the details of this event were retained based the priority ordered by SvABA, GROC-SVS, Long 

Ranger. Long Ranger SV events were further filtered out if they were not intersecting events 



detected by at least one other tool. SV events with span less than 1 kb were excluded from 

downstream analyses. 

An SV panel of normals (PoN) was generated using germline events from SvABA and Long 

Ranger calls. There are two components to this panel: (1) frequency of germline events at exact 

breakpoint locations (SVpon.bkpt) and (2) frequency of germline event breakpoint overlapping 

within tiled windows of 1 kb (SVpon.blackListBins). The PoN was used to filter events in the 

combined SV call-set when an SV has at least one breakpoint with SVpon.bkpt ≥ 2 and 

overlapping bin with SVpon.blackListBins ≥ 100. 

The workflow for SV analysis from linked-read sequencing data can be accessed at 

https://github.com/GavinHaLab/SV_10X_analysis. Manual curation of filtered SV events in the AR 

locus was performed and rescued events were labeled “Manual”. The final SV call-set is included 

in Table S1K. 

For samples based on short-read WGS, SvABA was used in tumor-normal paired mode for SV 

detection with default parameters. Intra-chromosomal SV events with span > 1 kb were retained. 

The SvABA workflow can be accessed at https://github.com/GavinHaLab/TitanCNA_SV_WGS  

Classification of structural variants in mCRPC 

SV types were annotated based on orientations of breakpoints and bin-level copy-number around 

breakpoints. The orientation of one breakpoint was defined based on the fragment of DNA 

molecule being connected to the altered molecule. If the connected fragment was to the 5’-end of 

the breakpoint, i.e., “upstream” or “left” to the breakpoint, then the orientation was annotated as 

forward or “+”; on the contrary, if the connected fragment was located to the 3’-end of the 

breakpoint, the orientation was annotated as reverse or “-”. The copy-number near each 

breakpoint was evaluated using 10 kb bins. For one SV event, copy-number values of the bins 

located to the upstream and downstream of breakpoint 1 were denoted as c1
up and c1

down, 

respectively; similarly, the copy-number values for breakpoint 2 were denoted as c2
up and c2

down. 



In addition, then mean copy-number cmean of the 10 kb bins between the two breakpoints of one 

SV event and the number of bins s were also considered during SV classification. Intra-

chromosomal SV events, i.e., both breakpoints were located on the same chromosome, were 

classified to the list of SV types below following the corresponding classification criteria. 

• Deletion. Events having the orientation combination (reverse, forward) and length 

between 10 kb and 1 Mb were classified as deletions. The copy-number values of 

breakpoints should satisfy c1
up > c1

down or c2
up < c2

down, and c1
up > cmean or c2

down > cmean, and 

s ≤ 5. In addition, events overlapping copy-number deletion or LOH segments were also 

considered as deletions. 

• Tandem duplication. Events having the orientation combination (forward, reverse) and 

length between 10 kb and 1 Mb were classified as tandem duplications. The copy-number 

values of breakpoints should satisfy c1
up < c1

down or c2
up > c2

down, and c1
up < cmean or c2

down < 

cmean, and s ≤ 5. In addition, events overlapping copy-number gain or copy neutral LOH 

segments were also considered as tandem duplications. 

• Inversion. Events having the orientation combination (forward, forward) or (reverse, 

reverse) and length between 10 kb and 5 Mb were classified as inversions. Furthermore, 

inversion events shorter than 30 kb with unequal copy-numbers around either breakpoint 

were classified as fold-back inversions. 

• Balanced rearrangement (balanced). Events having the orientation combination same to 

inversion (forward, forward) or (reverse, reverse), but length larger than 5 Mb were 

classified as balanced events. The copy-number values of breakpoints should satisfy c1
up 

= c1
down and c2

up = c2
down, or c1

up = cmean and c2
down = cmean. 

• Unbalanced rearrangement (unbalanced). Intra-chromosomal events which did not fulfill 

any of the above criteria and having length larger than 10 kb were classified as unbalanced 

events. 



• All SV events with two breakpoints located on different chromosomes were classified as 

translocations. 

ICGC/TCGA PCAWG localized prostate cancer structural variants  

We obtained localized prostate cancer structural variant calls from ICGC Data Portal release 28 

(https://dcc.icgc.org/releases/PCAWG/consensus_sv). In this consensus SV file, each SV event 

was predicted by at least two variant callers. Samples that were classified as prostate 

adenocarcinoma (PRAD) and early onset prostate cancer (EOPC) were selected. A total of 278 

samples were successfully lifted over to genome build GRCh38. To maximize consistency with 

mCRPC datasets, we used only the PCAWG consensus SVs that included “SNOWMAN” as one 

of the tools. Note that “SNOWMAN” was the previous name for SvABA. Intrachromosomal SV 

events shorter than 10 kb were excluded. 

We obtained ICGC early-onset PC (EOPC) and late-onset (LOPC) structural variant calls from 

Gerhauser et al, 2018 (14) (https://data.mendeley.com/datasets/6gtrrxrn2c/1). This dataset 

includes a total of 253 samples, consisting of 206 EOPC and 47 LOPC. We used the SV calls 

generated in the original study using DELLY2 (Rausch et al., 2012) PCAWG analysis workflow 

(https://github.com/ICGC-TCGA-PanCancer/pcawg_delly_workflow). SV coordinates were lifted 

over to GRCh38. 

Tandem duplicator phenotype 

For all samples in the combined cohort, the TDP status was predicted using copy-number and 

SV by counting the number of copy-number segments overlapping with tandem duplication SV 

events, i.e., gain segments. A sample was considered as TDP if it has more than 300, or 90 gain 

segments for samples based on linked-read sequencing and short-read sequencing, respectively. 

The number of segments with gain and median length SV are reported in Table S1L. 



Chromothripsis analysis 

Chromothripsis events were detected by ShatterSeek R package (15). Structural variants calls by 

SvABA and copy-number calls by TitanCNA were used as input data (excluding Y chromosome). 

In the input, consecutive segments were joined as one if they had the same copy-number value 

and centromere regions were filtered out. 

Manual inspection was performed for reported chromothripsis-like events after adapting criteria 

thresholds. For samples based on short-read sequencing, confidence classification criteria were 

refined from the ShatterSeek documentation. Following criteria were used for high confidence 

calls: total number of intra-chromosomal structural variants events involved in the event ≥ 10; max 

number of oscillating CN segments (two states) ≥ 10; satisfying either the chromosomal 

enrichment or the exponential distribution of breakpoints test (p ≤ 0.05). For samples based on 

linked-read sequencing, we filtered these calls based on a weighted score that is primarily 

determined by the number of SVs in a cluster, with less weight given to CN oscillations. In this 

analysis, events with a score over 0.8 were considered as high confidence and all other events 

were excluded. The score is defined based on the following terms (ranges from 0 to 1). 

• Weight 0.6 if total number of intra-chromosomal structural variants events involved in the 

event ≥ 10. 

• Weight 0.2 for max number of oscillating CN segments (two states) ≥ 7 or max number of 

oscillating CN segments (three states) ≥ 14. 

• Weight 0.1 for passing chromosomal enrichment test by ShatterSeek. 

• Weight 0.1 for passing exponential distribution of breakpoints test. 

Chromoplexy analysis 

ChainFinder was used to detect chromoplexy events (16). Ten samples that were considered as 

TDP (01115374-TA2, 01115202-TC2, 01115248-TA3, 01115503-TC2, 01115257-TA4, 



01115284-TA9, 01115414-TA1, DTB-063-BL, DTB-183-BL, DTB-214-BL) were excluded from 

this analysis. In addition, four samples that were found to cause numeric instabilities of 

ChainFinder were also excluded (DTB-023-BL, DTB-102-PRO, DTB-111-PRO, DTB-151-BL). 

The SV calls of remaining samples were further filtered to exclude those that were located within 

5 Mb from chromosomal ends or overlapping chromothripsis regions. For copy-number input, 

segments that were determined as copy neutral by TitanCNA were set to have log copy-ratio of 

0. Copy-ratio of the other segments were computed from copy-number values generated by 

TitanCNA divided by 2 for autosomes or 1 for X chromosome. Log copy-ratio values less than -

1.5 were set to -1.5. The output of ChainFinder was used for determining chromoplexy status of 

individual samples. A chromoplexy event was defined as a chain including at least 5 

rearrangement events and involving more than 2 different chromosomes. Samples having at least 

2 such events were considered positive for chromoplexy status. 

ChIP-seq data analysis 

ChIP-seq data used in this study were downloaded from Gene Expression Omnibus (GEO) (17, 

18) and the Sequence Read Archive (SRA) (19). Short reads were mapped to the human genome 

GRCh38 (hg38) using bwa (20). Because read lengths were less than 50bp, the bwa aln 

command with default parameters was used for mapping. MACS2 (21) was used to identify peaks 

from mapped ChIP-seq data. For histone modification marks, MACS2 callpeak command was 

applied with --nomodel --broad –extsize 146. For CTCF data, MACS2 callpeak command was 

used with --nomodel --extsize 200. Below is the list of ChIP-seq datasets involved in this analysis. 

• H3K4me3, H3K27me3 and CTCF (GSE38685) (22). 

• H3K36me3 and H3K9me3 (GSE98732) (23). 

• H3K4me1 and H3K27ac (GSE73785) (24). 



For AR binding site (ARBS), the peak files were downloaded from two different datasets and 

converted to hg38 coordinates. For primary prostate cancer, ARBS data were downloaded from 

GSE70079 (Pomerantz et al., 2015). The union of all tumor sample peaks was used. For mCRPC, 

met-specfic ARBS data were obtained from a previous study (26). 

Identification of SRB regions 

Masking the human genome based on mappability 

The human genome was divided into 100 kb non-overlapping bins for detection of significantly 

recurrent breakpoint regions (SRB). A low-mappability mask was generated for the hg38 genome 

to screen out out regions that are difficult for variant calling based on short-read sequencing. We 

adopted procedures from a previous study (27) to construct a mask corresponding to regions with 

low mappability in the human genome. Below is a list of masked regions included in the low-

mappability mask. 

• Composition mask. This set of masked regions includes regions with low sequence 

complexity detected by mdust, regions with long homopolymers detected by seqtk, 

satellite regions annotated by RepeatMasker (28), and low complexity regions annotated 

by RepeatMasker. 

• Mappability mask. This mask was based on mappability of k-mers in the human genome 

hg38. The value k was set to 75 which is half of the read length of WGS data in this study. 

Each base in the genome was assigned a mappability level, based on the mapping 

ambiguity of all 75-mers overlapping this specific base. See below for the list of mappability 

levels. Regions with mappability level 0 and 1 were included in the low-mappability mask. 

o Level 0: all 75-mers overlapping this base could not be mapped to the genome 

uniquely. 

o Level 1: more than 50% of overlapping 75-mers are not uniquely mapped. 



o Level 2: more than 50% of overlapping 75-mers are uniquely mapped with 1-

mismatch hits. 

o Level 3: more than 50% of overlapping 75-mers are uniquely mapped without 1-

mismatch hits. 

In addition, we used GATK CallableLoci to mark regions with high confidence of variant detection 

based on coverage. Together, the intersection of unmasked regions and callable loci were defined 

as the eligible territories for SRB detection. The 100 kb bins with less than 75% overlap with 

eligible territories were excluded from the analysis. 

Generating covariates for regression analysis 

To accurately model the genomic features of mCRPC, we incorporated the following covariates.  

• Nucleotide composition, including GC content, CpG fraction and TpC fraction per 10 kb 

non-overlapping bin in the genome. 

• Replication timing of LNCaP (data obtained from ENCODE under accession 

ENCFF995YGM, lifted over from hg19 to hg38) (29, 30). 

• DNase I hypersensitive sites (data obtained from ENCODE under accession 

ENCFF434GSJ, lifted over to hg38). 

• Repeats annotated by RepeatMasker, including LINE, SINE, LTR, DNA transposon and 

simple repeats. 

• Heterochromatin regions inferred by ChromHMM (31) with the 18-state model parameters 

from the Roadmap Epigenomics Project (32), based LNCaP ChIP-seq data of H3K4me1, 

H3K4me3, H3K4ac H3K27me3, H3K36me3 and H3K9me3. 

• Common fragile sites downloaded from HGNC biomart (33). 

 



SRB detection 

Structural variants from the final call set were used for statistical enrichment of recurrent 

breakpoints within 100 kb bins using a Gamma-Poisson regression implemented in the package, 

fish.hook (34). Breakpoints of SVs were treated independently. The Benjamini-Hochberg 

procedure was used for multiple testing correction and bins with q-value ≤ 0.1 were determined 

to be significant. The distances of individual known driver genes to those significant bins were 

evaluated based on the shortest genomic distance between the gene and bin boundaries, 

regardless of gene orientations. 

Many covariates had effect sizes that were statistically significant (p-value < 0.05) in either 

mCRPC or localized cohorts or both (Table S2C). LINE retrotransposon covariate was the only 

significant covariate among transposable elements. DNase I hypersensitive site (DHS) covariate 

was only significant in the mCRPC cohort, which may have been due to the DHS data used for 

regression belonging to the LNCaP cell line (see Methods). The fragile site covariate was only 

significant in ICGC EOPC (Gerhauser cohort). 

Annotation of gene alteration status 

Gene alteration by copy-number 

Copy-number segments were excluded if their cellular fraction was lower than 0.8, except for 

those which were determined as copy neutral or copy-number greater than 4. The gene 

annotation was based on known protein coding genes from GenCode release 30 (GRCh38.p12) 

(35). For each gene, its copy-number was assigned to the copy-number value and LOH status of 

the segment that has the largest overlap with it. The gene-level copy-number was normalized 

based on ploidy of the corresponding sample, with autosomal genes normalized by the inferred 

ploidy rounded to nearest integer, and X-linked genes normalized by half such value. Then the 

copy-number status of each gene was categorized based on the following criteria. 



• Amplification. Normalized gene-level copy-number is greater than or equal to 2.5. 

• Gain. Normalized gene-level copy-number is between 2 and 2.5. 

• Homozygous deletion. Normalized gene-level copy-number is 0. 

• Deletion with LOH. Normalized gene-level copy-number is between 0 and 1, and LOH 

status was found. 

• Copy neutral LOH. Normalized gene-level copy-number is 1 and LOH status was found. 

Gene alteration by structural variant 

Gene coordinates were based on ENSEMBL v33 of hg38 (36). Gene body region of one gene 

was defined as the widest region of all known isoforms collapsed. Gene flanking region was 

defined as the corresponding two 1 Mb regions next to the gene body region on 5’-end and 3’-

end, respectively. 

Gene alteration status by genome rearrangements was defined based on the breakpoints and 

directions of involving structural variant events. A gene in one WGS sample (gene-sample pair) 

was considered having gene transecting events if any breakpoints of SV events were located 

within the gene body region. If the gene transecting status did not apply, then this gene-sample 

pair was examined for gene flanking status if the breakpoints of any intra-chromosomal SV 

events, including tandem duplications, deletions, and inversions, were located within the gene 

flanking regions. Additionally, translocation events including intra-chromosomal balanced and 

unbalanced events which spanned over 10 Mb, and inter-chromosomal translocation events were 

considered altering the gene flanking regions if any of their breakpoints was in the gene flanking 

region, and the direction of the SV was going towards the gene body region. The alteration status 

of rearrangements for each gene-sample pair was exclusive between gene transecting and gene 

flanking, with the former being prioritized in report. 



AR alteration analysis 

Copy-number of the AR gene (chrX:67,544,623-67,730,619) and the AR enhancer region 

(chrX:66,895,000-66,910,000) were each computed as the mean corrected total copy-number 

across the 10 kb bins overlapping each region. The copy-number was further normalized by 

sample ploidy as previously described. Amplification status of AR was determined by comparing 

the log2 fold-change FC of enhancer-level over gene-level copy-number. Four distinct groups 

were defined based on copy-number and FC as below. 

• Co-amplification. Ploidy normalized copy-number values of both AR gene body and 

enhancer are greater than 1.5. 

• Selective AR amplification. FC < -log2(1.5) and enhancer copy-number is less than 1.5. 

• Selective enhancer copy gain. FC > log2(1.5) and AR gene body copy-number is less than 

1.5. 

• Lack of amplification for both. All other cases were considered as no amplification for both 

regions. 

ANCOVA test was used to test if different patterns of AR amplification have an impact on AR 

expression. See Statistics section. 

Gene expression 

TPM values for a subset of the samples based on linked-read sequencing were obtained from 

cBioportal (37, 38). For samples based on short-read sequencing the TPM values were obtained 

from a previous study (4). 

Gene fusion analysis 

Fusion status of the main members of the ETS family, including ERG, ETV1, ETV4, ETV5 and 

ELK4 was analyzed. Determination of gene fusion status was based on both DNA and RNA levels. 



For DNA, structural variants transecting gene body regions were used. SV events were 

considered supporting gene fusion only if they satisfy the following criteria: (1) the breakpoints of 

this event must be located within the ETS gene and another protein coding gene, respectively; 

(2) the orientation of the breakpoint located within the ETS gene must be pointing towards the 

coding sequence of ETS domain. For RNA, arriba was used to detect fusion transcripts from RNA-

seq data (39). The fusion status was only confirmed if all following conditions were satisfied: (1) 

the complete ETS domain was included in the fusion product; (2) detection confidence reported 

by arriba is “high”; (3) coding sequence in the fusion transcript was in sense orientation and no 

out-of-frame shifts. 

SV signature analysis  

Signature extraction and clustering 

De novo signature extraction was performed on all SV events called by SvABA of the combined 

cohort using signature.tools.lib (40) with the recommended settings of 20 bootstraps, 200 repeats, 

the clustering with matching algorithm, the KLD objective function, and RTOL = 0.001. The 

exposure of one signature in one sample is defined as the median activity of the signature within 

the sample across all bootstraps. For clustering, the reference signature exposure values for each 

sample based on short-read sequencing were normalized such that the sum of exposure values 

per sample is 1, and the normalized exposure values for each signature were mean-centered 

across all samples. A Euclidean distance matrix was computed and then samples were clustered 

with the Ward.D2 algorithm using R’s hclust function. We chose the number of clusters to be k = 

9 based on dendrogram using cutree function in R. 
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Figure S1. Recurrent CNA and alteration profiles of most frequently altered genes in 
mCRPC samples. 
(A) Recurrent copy number gain events in the genome of mCRPC samples (n=143). The 
frequencies of copy number gain are plotted in red according to their genomic coordinates. 
Regions with significantly recurring CNA are colored in black. Known driver genes that are within 
those regions are labeled. 
(B) Recurrent copy number loss events in the genome of mCRPC samples (n=143). The 
frequencies of copy number loss are plotted in blue with y-axis inverted. 
(C) Alteration profiles of known prostate cancer driver genes. Alterations are categorized into 
CNA, SNV and SV, with SV being further divided into gene transecting (SV tr.) and gene flanking 
(SV fl.). The percentages of samples carrying corresponding alterations are shown as stacked 
bars. All known prostate cancer driver genes were considered and the top 16 genes with overall 
alteration frequencies above 30% in the mCRPC cohort (n=143) are shown. 
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Figure S2. Recurrent SV in localized prostate cancer and landscape of ETS fusion in 
mCRPC. 
(A) Translocation events originating from TTC28 in mCRPC (n=143). In the circos plot, TTC28 is 
labeled with a vertical bar at the 22q12.1 locus. Translocation events which have breakpoints 
located within 5 kB to the 3’-end of the L1 retrotransposon are visualized as blue arcs. 
(B) SRBs detected in the cohort of localized prostate cancers from the ICGC Pan-Cancer Analysis 
Working Group (PCAWG) (n=278). The criteria for coloring and labeling are the same as Figure 
2. 
(C) SRBs detected in the cohort of localized prostate cancers from ICGC/Gerhauser dataset 
(n=253). This panel shares legend with panel B. 
(D) SRBs detected in localized prostate cancers from the combined cohorts from PCAWG (n=278) 
and ICGC/Gerhauser dataset (n=253). This panel shares legend with panel B. 
(E) Comparison of SV alteration frequency in mCRPC versus primary localized prostate cancer. 
The union set of genes (n=13) within 1 Mb of SRB hotspot regions in mCRPC (n=143) and 
localized prostate cancer (ICGC/Gerhauser) dataset (n=253) was included in the comparison. 
The frequencies represent total gene transecting and flanking SV events. All labeled genes were 
significantly enriched in either mCRPC or primary localized tumors (Fisher’s test, p-value < 0.05). 
(F) Comparison of SV alteration frequency in mCRPC samples based on linked-read WGS (n=42) 
versus primary localized prostate cancer from the PCAWG dataset (n=278). All labeled genes 
were significantly enriched in either mCRPC or primary localized tumors (Fisher’s test, p-value < 
0.05). 
(G) Comparison of SV alteration frequency in mCRPC samples based on short-read WGS 
(n=101) versus primary localized prostate cancer from the PCAWG dataset (n=278). All labeled 
genes were significantly enriched in either mCRPC or primary localized tumors (Fisher’s test, p-
value < 0.05). 
(H) Schematics of cumulative counts from intra-chromosomal SV events. Individual SV events 
are indicated by a grey arc, and colored crosses correspond to breakpoints of each event. 
(I) Expression and fusion status for main genes of the ETS family. The expression values were 
normalized from TPM to z-score within each gene. Grey boxes indicate expression data are not 
available. For fusion status, color indicates the data type which was used to call fusion. 
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Figure S3. Comparison of genomic alterations in disease states. 
(A) Alteration status of paired samples from the same patients before and after treatment. Known 
prostate driver genes with alteration status in any of the included samples are shown. 
(B) Comparison of rearrangement frequency in different disease states of mCRPC. The known 
prostate cancer driver genes that were located within 1 Mb to any SRB region are included. 
(C) Intragenic deletion event leading to loss of ligand binding domain of AR in sample DTB-124-
BL. AR gene boundary (green) and its enhancer (yellow) are shown; concave arcs, intra-
chromosomal SV events; convex arcs, inter-chromosomal SV events. Copy number values 
represent 10 kB bins and have been tumor purity corrected. The expression values of all known 
AR exons, including both canonical and cryptic ones, are shown in the top panel. In the bottom 
panel, the number of reads covering the junction sites of two exons are indicated by weighted 
arcs. 
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Figure S4. Signature analysis of SV events. 
(A) Workflow of SV signature analysis. Samples involved in this analysis are described in green 
boxes. Details of relevant signatures are shown in blue boxes. The steps for obtaining the final 9 
SV clusters are indicated by numbers. 
(B) Signature exposure based on de novo SV signatures. The exposure values of each sample 
were normalized such that the sample-wise sum is 1. Samples are ordered alphabetically based 
on names. The sequencing technology used for each sample is labeled at the bottom. 
(C) Similarity between de novo SV signatures and reference signatures. Pairwise cosine similarity 
between de novo and reference SV signatures is shown. 
(D) Comparison of reference signature (RefSig) prevalence between mCRPC and localized 
prostate cancer. The prevalence value for a signature in mCRPC was computed based on 
samples harboring at least 5% signature exposure. Localized prostate cancer prevalence values 
were obtained from signal.mutationalsignatures.com, which were computed from 199 localized 
prostate cancer samples from the PCAWG dataset. 
(E) Kaplan-Meier curve of prediction using mutation class of key marker genes. Samples were 
grouped based on the mutation status of the corresponding marker gene. 
(F) Kaplan-Meier curve of prediction using SV cluster information. Samples were grouped based 
on their assignments of the corresponding SV cluster. 
  



SUPPLEMENTAL TABLE LEGENDS 

Table S1. Sequencing, clinical and alteration information of all samples involved in this 
study. 
(A) Sequencing metrics of all samples based on linked-read sequencing.  
(B) Clinical properties and key genomics metrics of the cohort. 
(C) Somatic mutation status of 159 prostate cancer drivers in the cohort. Sample and genes were 
sorted alphabetically. Genes with no detected mutations were left blank. 
(D) Significantly mutated genes (q ≤ 0.1) detected by dN/dS algorithm. 
(E) Somatic copy-number alteration status of 159 prostate cancer drivers in the cohort. 
(F) Recurrent copy-number alteration peaks detected by GISTIC. 
(G) Gene transecting rearrangements of 159 prostate cancer drivers in the cohort. Types of 
rearrangement events were included. 
(H) Gene flanking rearrangements of prostate cancer drivers in the cohort. 
(I) TITAN copy number segments for all samples. Columns with “Corrected_*” were used for 
analysis in this study. 
(J) TITAN optimal solutions selected for all samples. 
(K) Structural variant calls for all samples. For samples with linked-read data (“CRPC10X”), union 
set of detected calls from SvABA, GROC-SVS, and Long Ranger are indicated. `SV.Filter` 
indicate SV events after filtering.  ̀ support` contain evidence from various callers; manual curation 
of events is indicated here. `CN_overlap_type` contain the final SV classification after annotation 
with copy number information.   
(L) TDP status, copy number gain event counts, and median tandem duplication lengths for all 
samples. 
(M) SV statistics by type in the mCRPC cohort separated by sequencing technology (n=42 for 
linked-read WGS and n=101 for standard WGS). Numbers shown are median count of SV per 
sample within sub-cohort of the same sequencing technology. 

Table S2. Significantly recurrent breakpoint regions and ETS fusion.  
(A) Significantly recurrent breakpoints (SRB) regions (q ≤ 0.1) in the mCRPC cohort of 143 
samples. 
(B) Significantly recurrent breakpoints (SRB) regions (q ≤ 0.1) in the PCAWG localized prostate 
cancer cohort of 278 samples. 
(C) Coefficients and corresponding statistical significance of regression analyses in the mCRPC 
cohort (n=143), PCAWG localized prostate cancer (n=278) and ICGC early onset prostate cancer 
(n=253). 
(D) Fusion status of the ETS family genes. Gene expression was normalized to z-score for each 
gene. Genes with no detected fusion events or available expression data were left blank. 
(E) Details of SV associated sample frequencies in each cohort and their enrichment statistical 
results (fisher’s exact test) between groups for genes overlapping SRB regions. 



Table S3. AR alteration patterns in the mCRPC cohort.  

Table S4. SV signature in the mCRPC cohort.  
(A) Matrix of cosine similarity with rows representing reference signatures and columns 
representing de novo signatures. 
(B) Exposure of all 8 de novo signatures in the cohort. Values were not normalized. 
(C) Exposure of 8 chosen reference signatures in the cohort. Values were not normalized. 
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