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BSTRACT 

ndrogen receptor (AR) inhibition is standard of care 

 or adv anced pr ostate cancer (PC). Ho we ver, efficacy 

s limited by progression to castration-resistant PC 

CRPC), usually due to AR re-activation via mech- 
nisms that include AR amplification and struc- 
ural rearrangement. These two classes of AR al- 
erations often co-occur in CRPC tumors, but it is 

nclear whether this reflects intercellular or intra- 
ellular heterogeneity of AR . Resolving this is im- 
ortant for developing new therapies and predictive 

iomarker s. Here, we anal yzed 41 CRPC tumors and 6 

atient-derived xenografts (PDXs) using linked-read 

NA-sequencing, and identified 7 tumors that devel- 
ped comple x, multipl y-rearrang ed AR g ene struc- 
ures in conjunction with very high AR copy num- 
er. Analysis of PDX models by optical genome map- 
ing and fluorescence in situ hybridization showed 

hat AR residing on extrachromosomal DNA (ecDNA) 
as an underlying mechanism, and was associated 

ith ele vated le vels and diver sity of AR e xpres- 
ion. This study identifies co-evolution of AR gene 

opy number and structural complexity via ecDNA 
s
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RAPHICAL ABSTRACT 

NTRODUCTION 

he androgen receptor (AR) is a nuclear receptor tran- 
cription factor activated by androgenic ligands such as 
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testosterone. In the prostate, acti v e AR regulates the ex-
pression of genes vital for epithelial cell homeostasis. This
AR dependence remains a hallmark of prostate cancer (PC)
cells. Ther efor e, systemic therapies for advanced PC in-
clude endocrine therapies that pre v ent testicular androgen
production, the CYP17A1 inhibitor abira terone tha t pre-
vents systemic androgen synthesis, and high-affinity com-
petiti v e AR antagonists such as enzalutamide , apalutamide ,
and darolutamide ( 1–5 ). Despite this r epertoir e of AR in-
hibitors, de v elopment of a resistance phenotype termed cas-
tration resistant PC (CRPC) is frequent. CRPC is a lethal
disease stage because combining or switching between AR
inhibitors provides little benefit, and few alternative thera-
pies exist ( 3 ). However, the observa tion tha t CRPC progres-
sion is usually marked by rising prostate specific antigen,
encoded by the AR-activated KLK3 gene, indicates that AR
transcriptional activity persists in most CRPC tumors and
remains an attracti v e therapeutic target ( 6 ). 

Analysis of CRPC metastases using short-read DNA-
sequencing (DNA-seq) has identified AR gene alterations
in 75–90% of patients, consisting of amplification, single
nucleotide variants (mutations) and structural rearrange-
ments ( 7–9 ). Conversely, in ther apy-na ̈ıve (castr ation sen-
siti v e) PCs, AR gene alterations are rare. AR amplifica-
tion and mutation can facilitate AR activation by castrate
le v els of androgens and convert AR antagonists to ago-
nists ( 6 ). Howe v er, the role of AR gene rearrangements
is incompletely understood, which can be attributed to
their heterogeneity in CRPC tissues and circulating tumor
DN A (ctDN A) ( 9–14 ). AR gene r earrangements ar e DNA
structural variants (duplications , deletions , inversions , and
translocations) with breakpoints that occur within the AR
gene body, resulting in altered AR gene architecture. In 5–
10% of CRPC cases, AR gene rearrangements exist as the
only AR alteration detectable, and in this context they pro-
mote synthesis of tumor-unique AR variants (AR-V) that
lack the AR ligand binding domain and possess constitu-
ti v e acti vity that supports growth of CRPC cells ( 9 , 13 , 15 ).
Conversely, 20–25% of CRPC cases harbor AR gene rear-
rangements concurrent with AR amplification, often with
multiple AR gene rearrangement e v ents in a tumor. Due to
the limitations of short-read DNA-sequencing (DNA-seq),
it remains unclear whether this reflects intercellular or in-
tracellular heterogeneity of AR gene rearrangements. Re-
solving this question is important for de v eloping ne w ther-
apeutic regimens and biomarkers to ensure elimination of
all cells in a CRPC tumor. 

In this study, we addressed these considerations by per-
forming targeted linked-read DN A-seq, w hich is a tech-
nique that allows in silico reconstruction of original high
molecular DNA molecules from which DNA-seq reads
were deri v ed ( 16 ). We analyzed a cohort of 6 PDXs and 23
CRPC metastases, and also analyzed whole-genome linked-
read DNA-seq data from a cohort of 18 CRPC metastases
( 17 ). We found that 15% of these tumors displayed very high
AR copy number as well as complex, m ultipl y-rearranged
AR gene structures. Complex AR gene rearrangements dis-
played co-evolution with AR copy number due to AR be-
ing captured on double-minute or extrachromosomal DNA
(ecDN A), w hich are large circular DNA molecules in can-
cer cells known to harbor amplified oncogenes ( 18 ). Over-
all, this stud y demonstra tes tha t in a subset of CRPC pa-
tients, tumor cells can accumulate very high numbers of
structurally di v erse AR gene copies under pr essur e of AR-
targeted therapy, and implicates ecDNA as an underlying
mechanism. 

MATERIALS AND METHODS 

Cell lines 

The 22Rv1 cell line (CRL-2505) was obtained from Amer-
ican Type Culture Collection (ATCC) (Manassas, VA,
USA) in 2013 and cultured in RPMI 1640 medium
(Invitrogen) supplemented with 10% fetal bovine serum
(FBS) and 1 × (100 �g / ml) penicillin / streptomycin. The
CWR-R1 late subline was generated from the CWR-
R1 cell line as described ( 19 , 20 ), and cultured in RPMI
1640 medium with 10% charcoal stripped (CS) FBS
and 1 × penicillin / streptomycin. The LNCaP95 cell line
was provided by Jun Luo (John Hopkins Uni v ersity)
in 2012, and cultured in phenol red-free RPMI 1640
medium (Invitrogen) supplemented with 10% FBS and
1 × penicillin / streptomycin. The VCaP cell line (CRL-
2876) was obtained from ATCC in 2011, and cultured
in DMEM medium (Invitrogen) + 10% FBS and 1 ×
penicillin / streptomycin. 

P atient-derived xenogr afts 

Patient-deri v ed xenograft (PDX) models LuCaP 86.2, Lu-
CaP 35, LuCaP 35CR, LuCaP 77, LuCaP 77CR, LuCaP
105 and LuCaP 105CR have been described ( 21 ). LuCaP
86.2, LuCaP 35, LuCaP 77 and LuCaP 105 tumors were
propagated in intact CB17 SCID mice (Charles Ri v er). Lu-
CaP 35CR, LuCaP 77CR, and LuCaP 105CR tumors were
propagated in CB17 SCID castrated mice. All mouse pro-
tocols were approved by the University of Minnesota and
Uni v ersity of Washington Institutional Care and Use Com-
mittees (IACUC). 

Ex vivo culture of PDX-derived cells 

PDXs wer e r esected from mice, cut into pieces with dimen-
sions of 2–4 mm, and dissociated enzymatically using a hu-
man tumor dissociation kit (Miltenyi Biotec) and a tissue
dissociator (Miltenyi Biotec) per manufacturer’s specifica-
tions. Red blood cells were lysed with ammonium chloride
potassium (ACK) buffer (Lonza). The cells were passed
through 100 and 40 �m strainers (Falcon) sequentially to
filter coarse particulates. Cultures were established by plat-
ing cells in prostate-specific organoid medium without dihy-
dr otestoster one in 6-well tissue culture dishes (Falcon) with-
out matrigel for fiv e days. 

Clinical specimens 

Metastatic CRPC samples labeled 00 through 14 were ob-
tained from patients who died of CRPC from 2000 through
2014 and signed written informed consent for a rapid
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utopsy under the aegis of the Prostate Cancer Donor 
rogram at the Uni v ersity of Washington (IRB protocol no. 
341) ( 22–24 ). Metastatic CRPC samples starting with ‘T’ 
ere obtained during palliati v e surgery for bone metastases 
t the Uni v ersity Hospital of Umea, Sweden ( 25 ). Patients
ave their informed consent and the study was approved 

y the local ethic re vie w boar d of Ume ̊a Uni v ersity (Dnr
3–158, Dnr 2013-57-31M with amendment Dnr 2016–313- 
2M). 

R-targeted linked-read DNA-sequencing (DNA-seq) 

enomic DN A (gDN A) was isolated from cell lines and 

issues using a Nucleospin Triprep kit (Macherey-Nagal). 
NA was submitted to the Uni v ersity of Minnesota Ge- 

omics Center for linked-read DNA-seq library prepara- 
ion and barcoding using the Chromium platform (10 ×
enomics). In brief, gDNA was diluted to 0.8–1.2 ng / �l, 

nd 10 �l of diluted gDNA was added to a Sample Mas- 
er Mix using the Chromium Genome Reagent Kits with 

eads (10 × Genomics). The Sample Master Mix was loaded 

nto a genome chip, along with genome gel beads and par- 
itioning oil and loaded on a Chr omium contr oller. Once 
omplete, the gel-bead in emulsions (GEMs) were trans- 
erred to new PCR tubes and incubated. After GEM incu- 
ation, the mix was cleaned up using DynaBeads (Thermo 

isher Scientific) and SPRIselect beads (Beckman Coul- 
er). Post-GEM quality control (QC) was performed using 

n Agilent Bioanalyzer High Sensitivity DNA chip (Ag- 
lent) to determine yield and fragment size. DNA-seq li- 
raries were then constructed. Following library construc- 
ion, Hybridization-based enrichment was performed on 

NA-seq libraries using a custom SureSelect bait panel 
Aligent) designed to target AR and other defined genomic 
egions (Supplementary Data S1). Post-capture DNA-seq 

ibraries were pooled and sequenced on an Illumina HiSeq 

500 using 2 × 150 bp settings. Raw data are deposited in 

he NCBI database of genotypes and phenotypes (dbGaP) 
nder accession phs003343.v1.p1. 

ink ed-read DN A-seq data analysis 

he 10 × Genomics Long Ranger pipeline was used for 
lignment to the hg19 human r efer ence sequence. Targeted 

NA-seq samples were analyzed using the ‘longranger tar- 
eted’ mode and WGS samples were analyzed with the ‘tar- 
eted wgs’ mode. The Long Ranger pipeline provides SV 

alls using the bar code-awar e Lariat algorithm ( 26 ) and 

NV calling with either freebayes ( 27 ) or mutect2 ( 28 ). 
e restricted SNV calls to those filtered as PASS and 

nnotated as Oncogenic or Likely Oncogenic in the On- 
oKB database ( 29 ). NAIBR was used as an additional 
V calling tool ( 30 ). In NAIBR calling, three different - 
 parameter values (1000, 5000 and 10 000) were used 

nd at least 5 split molecules of support were required 

or a call to be included in the final NAIBR SV call 
et. Barcode visualizations were created using code that 
as partially deri v ed from the gemtools software pack- 
ge ( 31 ). AR copy CNV estimates were made as previ- 
usly described ( 9 , 13 ). CNV estimates of other genes cov- 
red by the targeted bait panel were made as previously 

escribed ( 32 ). 
hole genome short-read DNA-seq data analysis 

atasets describing CNVs, SVs and gene expression in 

 hole-genome short-read DN A-seq and RN A-seq datasets 
rom 101 CRPC biopsies have been described ( 8 , 9 ). 

enomic PCR 

CR primers were designed to amplify specific AR struc- 
ural variant breakpoints (Supplementary Table S1). Ge- 
omic DNA from PDX tissue was subjected to whole 
enome amplification (WGA) using the REPLI-g Amplifi- 
ation kit (Qiagen). WGA DNA or DNA tha t was isola ted 

irectly from PDX tissue was used in PCR using the AccuS- 
art II PCR SuperMix (Quanta Bioscience). 

ptical genome mapping 

uCaP 105 and 105CR tumors sized a pproximatel y 1000 

m 

3 wer e r esected from mice, minced into 100–200 mm 

3 

its, and flash frozen. Tumor bits were shipped on dry ice 
o Bionano Genomics (San Diego, CA) and used in the Bio- 
ano SP Tissue and Tumor DNA Isolation protocol for 
00 × Human Genome Sample Analysis. Tumor cells were 
nzymatically digested and lysed, and ultra-high molecular 
eight genomic DNA was bound by a paramagnetic disk in 

sopropanol. DNA w as w ashed, eluted and homogenized in 

uffer, and quantified. A 750 ng aliquot of ultra-high molec- 
lar weight DNA was as input for the Bionano Prep Di- 
ect Label and Stain (DLS) procedure, wherein the DLE-1 

nzyme conjugated fluorescent labels at the occurrence of 
 6 bp motif. Excess labels were removed, and the DNA 

ackbone was counterstained overnight. Labeled DNA was 
ransferred to flowcells of a Saphyr Chip, then linearized 

nd scanned with the Saphyr System. Images were digitized 

nto whole-genome molecule and label information in real 
ime, and collected to a minimum genome-wide target cov- 
rage of 400 ×. 

The dataset was assessed for quality control based on 

olecule size, labeling efficiency, and map rate and cov- 
rage of the hg19 r efer ence. Data analysis was performed 

ith the Bionano Solve Rare Variant Analysis (v 3.7), which 

erforms alignment of individual molecules to this refer- 
nce. Molecule clusters capturing putati v e structural vari- 
nts (SVs) were identified, assembled locally into consensus 
aps, and realigned to the reference to generate refined and 

nnotated SV calls. Using a separate algorithm based on 

epth of coverage, a whole genome copy number was also 

alculated. The copy number profile was analyzed for seg- 
ents r epr esenting r egions of cop y number gain or loss. SV

nd copy number variant (CNV) calls were then presented 

nd dynamically visualized in Bionano Access Software 
v 1.7). 

luorescence in situ hybridization (FISH) 

CaP and LuCaP 105CR cells were harvested using 0.05% 

rypsin / EDTA following overnight arrest in medium con- 
aining 50 ng / ml colcemid. Trypsinized cells were treated 

ith 0.75 M KCl, fixed with 3:1 methanol:acetic acid, and 

pread onto glass slides. Frozen PDX and CRPC tumor 
issue was partially thawed and touched to glass slides. 
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BAC DNA probes encompassing the AR locus (RP11-
807F19 and RP11-963N10) were labeled by nick transla-
tion reaction using a Nick Translation Kit (Abbott Molec-
ular) and red - 500 dUTP (Enzo Life Science). BAC probes
encompassing 16p11.2 (RP11-114A14 and RP11-279M12)
were labeled using Green – 500 dUTP (Enzo Life Sci-
ence). The labeled DNA was precipitated in COT-1 DNA,
salmon sperm DNA, sodium acetate and 95% ethanol,
dried and resuspended in 50% formamide hybridization
buffer, and mixed with commercial probes recognizing the
centromeric region of chromosome X (Abbott Molecular).
The probe / hybridiza tion buf fer mix was dena tured, probe
was applied to glass slides, and slides were hybridized for
48 h at 37 

◦C in a humidified chamber. After hybridization,
the FISH slides were washed in a 2 × SSC solution at 72 

◦C
for 15–30 s, and counterstained with DAPI stain. Fluores-
cent signals were visualized on an Olympus BX61 micro-
scope workstation (Applied Spectral Imaging, Vista, CA)
with DAPI and FITC filter sets. FISH images were captured
using an interferometer-based CCD cooled camera (ASI)
and FISHView ASI software. 

Western blot analysis 

LuCaP 105 and LuCaP 105CR tumor bits were pulver-
ized under liquid nitro gen, l ysed in 1 × Laemmli buffer,
sheared through a 16-gauge insulin syringe, and boiled.
Aliquots of lysates containing 30 �g protein mass were
subjected to western blot as described ( 33 ) using primary
antibodies specific for AR diluted 1:2000 (SP107, Ab-
cam), AR-V7 diluted 1:1000 (AG10008, Precision anti-
body), AR-V9 diluted 1:1000 (generated under collabora-
tion with RevMab), and tubulin diluted 1:4000 (sc-5286,
Santa Cruz). 

RT-PCR 

Total RNA (1 �g) was used for cDNA synthesis using
cDNA qScript SuperMix (Quanta Biosciences). cDNA (1
ul) was used for quantitati v e PCR detection of splice junc-
tions specific to full-length AR, AR-V7 and AR-V9 as de-
scribed ( 34 ). 

AR-targeted long-read RNA-seq 

Total RNA (50 ng) was used for AR 3’RACE reactions
using a 5’ / 3’RACE kit, second generation (Roche) as de-
scribed ( 34 ). The final AR 3’RACE products were puri-
fied using a QIAquick PCR Purification Kit (Qiagen) and
submitted to the Uni v ersity of Minnesota Genomics Cen-
ter where they were converted to barcoded SMRTbell li-
braries using the P acBio Bar coded Adapters for Multiplex
SMRT Sequencing protocol as per the manufacturer’s rec-
ommendations (P acific Biosciences). Bar coded SMRTbell
libraries were pooled and pr epar ed for diffusion loading
on a Pacific Biosciences Sequel and sequenced using Se-
quel 3.0 chemistry. Circular consensus reads were trimmed,
aligned, collapsed into transcripts and visualized as
described ( 9 ). 
RESULTS 

Benchmarking AR- targeted linked-read DNA-seq 

We de v eloped a targeted linked-read DNA-seq workflow
to enab le discov ery and DNA molecule phasing of AR
gene alterations in CRPC (Figure 1 A). Linked-read DNA-
seq libraries were subjected to hybridization-based enrich-
ment of the AR locus and exons of genes known to be
altered in CRPC (Supplementary Data S1) followed by
Illumina pair ed-end DNA-seq. Bar code-linked DNA-seq
r eads wer e mapped to the human r efer ence genome us-
ing bar code-awar e Long Ranger softwar e provided by 10 ×
Genomics. Structural variant calling was performed using
Long Ranger and NAIBR ( 30 ). 

We benchmarked this workflow using a panel of three PC
cell lines (22Rv1, late-passage CWR-R1, R1-I567) and one
PDX (LuCaP 86.2) that are known to harbor AR gene re-
arrangements ( 15 , 20 , 35 ) and two PC cell lines that lack AR
gene rearrangements (LNCaP-95 and VCaP). This work-
flow provided an average 68–524X coverage depth of all tar-
geted regions in these samples, and a median 15–148 linked
reads per high molecular weight DNA molecule, yielding
phase blocks with median sizes of 17 245–44 955 kb (Sup-
plementary Data S2). We observed high depth of cover-
age across the AR gene in these samples, with lower but
non-zero coverage across repetiti v e DNA elements such as
long interspersed nuclear elements (LINEs) (Figures 1 B, C).
Non-zero coverage in LINEs is important since they often
contain AR rearrangement breakpoints, as exemplified by
an intra- AR tandem duplication occurring in 22Rv1 cells
(Figures 1 B, C). Higher DNA-seq coverage across the AR
locus was noted in VCaP relati v e to other models, which re-
flects AR amplification in this cell line (Figure 1 B). 

We tested the accuracy of two algorithms for detecting
known AR gene rearrangements in ma pped DN A-seq data
from these samples. Long Ranger identifies distant loci con-
taining DNA-seq reads linked by the same barcode, indicat-
ing structural variation. NAIBR identifies DNA structural
variants from split molecules, which are structurally-altered
segments of DNA built in silico from DNA-seq reads linked
by the same bar code. Thr ee NAIBR d-parameter settings
were tested, which defines a maximum distance allowed
between linked reads. Long Ranger did not detect any
known AR gene r earrangements, wher eas NAIBR identi-
fied split molecules and discordant read pairs that correctly
resolved the known AR gene rearrangements when multiple
d-parameter settings were applied (Figure 1 D, Supplemen-
tary Data S3). 

Additionally, algorithms for calling single nucleotide
variants (SNV) and copy number variants (CNV) correctly
identified a known AR H874Y mutation in 22Rv1, CWR-
R1, and R1-I567 cells, a known AR T878A mutation in
LNCaP95 cells, and AR amplification in VCaP cells (Figure
1 E, Supplementary Data S4 and S5). Fluorescence in situ
hybridization (FISH) for AR and the chromosome X cen-
tromer e r e v ealed that VCaP cells had 2 copies of chromo-
some X, one of which contained a single AR puncta and the
other containing a homo geneousl y staining region (HSR)
of focal AR amplification (Figures 1 F&G). These bench-
marking da ta indica te tha t targeted linked-read DNA-seq
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Figure 1. Benchmarking AR -targeted linked-read DNA-seq for AR genotyping. ( A ) Workflow for targeted linked-read DNA-seq detection of AR gene 
rearrangements (or structural variants, SVs), and single-nucleotide variants (SNVs) and copy number variants (CNVs) in AR and other targeted genes. ( B ) 
DNA-seq read coverage across the AR locus in PC cell lines and a PC PDX model with known duplications (DUP), deletions (DEL), and inversions 
(INV) impacting AR structure. Long interspersed nuclear elements (LINEs) are shown. ( C ) Non-zero DNA-seq read coverage in the LINEs harboring 
DUP breakpoints in 22Rv1 cells. ( D ) AR gene rearrangements ( AR -SVs) identified in linked-read DNA-seq data using Long Ranger and NAIBR with 3 
different d-parameters (1000, 5000 and 10 000). ( E ) Oncoprint summarizing AR single nucleotide variants (SNVs), copy number (CN) gain and structural 
variants (SVs) detected in PC cell lines using AR -targeted linked-read DNA-seq. ( F ) Fluorescence in situ hybridization (FISH) of VCaP cells in interphase 
using fluorescence probes targeting AR (red) and chromosome X centromere (aqua). ( G ) FISH of VCaP cells in meta phase as in (F). White arrow heads 
denote AR FISH signal. 
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issues. 

R- targeted linked-read DNA-seq reveals heterogeneous AR 

ene r earr angements 

e used AR -targeted linked-read DNA-seq to analyze a co- 
ort of 23 CRPC metastases from surgery or autopsy of 
0 patients that had all recei v ed androgen depletion ther- 
py, but had variable treatment exposures to abiraterone 
nd enzalutamide (Figure 2 A, Supplementary Data S2 and 

6–S8). In this cohort, AR amplification occurred in 15 / 23 

amples (65%), AR SNVs in 3 / 23 samples (13%), and AR 

ene rearrangements in 8 / 23 samples (35%). As observed in 

revious studies, AR gene rearrangements mainly occurred 

n samples that harbored AR amplification ( 9 , 13 ). In 5 of
he 8 samples with AR gene r earrangements, ther e was ev- 
dence for these tumors harboring more than one AR gene 
 earrangement (Figur e 2 B). AR gene r earrangements wer e 
eterogeneous between patients and within patients. For in- 
tance, 14-053H5 and 14-053K1 are anatomically distinct 
etastases from the same patient that displayed m utuall y 

 xclusi v e sets of AR gene rearrangements. This is consistent 
ith previous studies showing that AR gene alterations de- 
elop under the selective pr essur e of AR-targeted therapy, 
hich is standard-of-care for disease that has already metas- 

asized ( 9 , 13 , 36 ). 
To understand the evolution of AR gene alterations dur- 

ng therapy, we analyzed three PDX models de v eloped 

rom CRPC metastases that were either propagated in in- 
act mice, or serially propagated in castrated (CR) mice to 

odel androgen depletion therapy (Figure 2 C, Supplemen- 
ary Data S2 and S6–S8). LuCaP 35 tumors grown in in- 
act or castrated mice displayed AR amplification, with ac- 
umulation of AR copy number and 12 AR gene rearrange- 
ents in LuCaP 35CR (Figures 2 C, D). LuCaP 77 tumors 

rown in intact or castrated mice displayed AR amplifica- 
ion and one AR gene rearrangement that we confirmed 

sing PCR and Sanger sequencing (Figures 2 C, D, Sup- 
lementary Figure S1). LuCaP 105 tumors grown in in- 
act or castrated mice displayed AR amplification as well as 
ultiple AR gene rearrangements, with a much higher AR 

opy number and burden of AR gene rearrangements in Lu- 
aP 105CR (Figures 2 C, D). PCR and Sanger sequencing 

onfirmed that an inversion observed in LuCaP105 was re- 
ained in LuCaP 105CR (Supplementary Figure S2A–D), 
nd confirmed that se v er al AR gene rearr angements de- 
ected in LuCaP 105CR were undetectable in LuCaP 105, 
ndicating they emerged under castration pr essur e (Supple- 

entary Figure S2E–J). Overall, these findings from paired 

DX tissues indicate that AR gene rearrangements accumu- 
ate under the stress of androgen depletion. 

hole genome linked-read DNA-seq reveals evolution of AR 

ene r earr angements 

e anal yzed w hole genome linked-read DN A-seq data 

rom a separate cohort of 18 CRPC metastases from 15 

a tients tha t had all recei v ed andro gen depletion thera py,
hich included pre- and post-treatment samples from three 
a tients trea ted with enzalutamide ( 17 ). In this cohort, the 
requencies of AR amplification (10 / 18 or 55% of sam- 
les), AR SNVs (2 / 18 or 11% of samples) and AR gene 
earrangements (5 / 18 or 27% of samples) were similar to 

he frequencies observed in the cohort we analyzed by tar- 
eted linked-read DNA-seq (Figure 3 A, Supplementary 
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Figure 2. AR- targeted linked-read DNA-seq analysis of CRPC tumors. ( A ) Oncoprint summarizing AR single nucleotide variants (SNVs), copy number 
CN) gain, and structural variants (SVs) detected in 23 CRPC tumors from 20 patients treated by androgen depletion. Patients that were also treated with 
a biraterone (a bi) and / or enzalutamide (enz) are indicated. LN, lymph node. ( B ) AR gene rearrangements identified in CRPC tumors from A using Long 
Ranger and NAIBR with 3 different d-parameters (1000, 5000 and 10 000). ( C ) Oncoprint summarizing AR copy number (CN) gain and SVs detected in 
six patient-deri v ed xenogr aft (PDX) tumors grown in intact or castr ate (CR) mice. ( D ) AR gene rearrangements identified in PDX tumors from C using 
Long Ranger and NAIBR as in B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data S9–S11). Further, all AR gene rearrangements were
heterogeneous between patients, but were fewer in number
than observed by targeted linked-read DN A-seq, w hich is
likely due to the shallower (average 21–45 × coverage ( 17 ))
sequencing depth (Figure 3 B). Combining the data from all
41 samples analyzed by targeted and whole genome linked-
read DNA-seq showed that AR gene rearrangements were
more likely to occur in tumors harboring eight or more AR
gene copies than in tumors harboring less than 8 AR gene
copies (8 / 10 versus 5 / 31, P = 0.0005, Fisher’s exact test).
Integrati v e analysis of a separate whole genome DNA-seq
dataset (non-linked read) from 101 CRPC metastases ( 8 , 9 )
re v ealed a similar enrichment of AR gene rearrangements
in tumors harboring eight or more AR gene copies (11 / 19
versus 12 / 82, P = 0.0002, Fisher’s exact test), indicating this
relationship is not an artifact of linked-read DNA-seq (Sup-
plementary Figure S3). 

In the cohort analyzed by whole genome linked-read
DNA-seq, patient 01115503 displayed evolution of AR
sta tus during trea tment with enzalutamide, evidenced by
presence of an AR T878A mutation prior to treatment
and emergence of an AR gene rearrangement (tandem
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Figure 3. AR genotyping in whole-genome linked-read DNA-seq data. ( A ) Oncoprint summarizing AR single nucleotide variants (SNVs), copy number 
(CN) gain and structural variants (SVs) in 18 CRPC tumors from 15 patients treated by androgen depletion. Patients that were also treated with abiraterone 
(abi), enzalutamide (enz), and / or a palutamide (a pa) are indicated. LN, l ymph node. ( B ) AR gene rearrangements identified in CRPC tumors from (A). 
( C ) DNA-seq read coverage and read support for an AR T878A mutation in the pr e-tr eatment CRPC sample TA2 from patient 01115503. ( D ) DNA-seq 
read coverage, NAIBR split molecule support for a duplication, and DNA-seq read support for an AR T878A mutation in the enzalutamide post-treament 
sample TC2 from patient 01115503. ( E ) DNA-seq read coverage and NAIBR split molecule support for SVs within and flanking AR in a CRPC tumor 
(TC5) from patient 01115249. ( F ) Zoomed in view of panel (E), showing the number of barcoded split molecules identified by NAIBR supporting AR gene 
rearrangements. One split molecule supported phasing of a duplication and an inversion. 
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uplica tion) after trea tment (Figures 3 C , D). Manual in- 
pection of DNA-seq reads identified 2 reads that sup- 
orted the AR T878A mutation in the post-treatment sam- 
le, indicating this clone was still present but had dropped 

o a le v el that was below the 10% variant allele thresh-
ld we used (Supplementary Figure S4). There were eight 
plit molecules identified by NAIBR that supported the 
mergent tandem duplication in the enzalutamide post- 
reatment sample, but none that supported this tandem du- 
lication in the pr e-tr eatment sample. By comparing the 
arcodes linking the DNA-seq reads in these eight split 
olecules with the barcodes linking the two DNA-seq reads 

upporting AR T878A, we observed zero overlap. The dif- 
er ences observed pr e- and post-tr eatment could r eflect tu- 
or heterogeneity and biopsy sampling bias, or reflect 

lonal evolution wherein tumor cells harboring the intra- 
R tandem duplication emerged during therapy with enza- 

utamide, and tumor cells harboring the AR T878A muta- 

ion became less abundant. r
One sample from the cohort analyzed by whole genome 
inked-read DNA-seq (01115249-TC5) was found to harbor 

ultiple AR gene rearrangements. We applied this strategy 

f investigating barcode overlap to understand the relation- 
hips between these multiple AR gene rearrangement ob- 
erved in sample 01115249-T C5. Bar code analysis of split 
olecules supporting two large tandem duplications flank- 

ng the AR gene indicated they were distinct from each other 
s well as split molecules supporting each of the fiv e AR 

ene rearrangements in this sample (Figures 3 E, F). Bar- 
ode analysis of the split molecules supporting each of the 
v e AR gene rearrangements indicated they were largely in- 
ependent, with the exception of one split molecule that 
upported both an inversion and a deletion (Figure 3 F). 
his suggested that the inversion and the deletion were both 

ontained on the same DNA molecule, and raised the pos- 
ibility that co-occurrence of multiple AR gene rearrange- 
ents in a tumor reflects the presence of complex, m ultipl y- 

earranged AR gene structures. 
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Multiply-r earr anged AR gene structures are associated with
high-level AR amplification 

To pursue this further, we assessed barcode overlap in deep
AR -targeted linked-read DNA-seq data from the cohort
of 23 CRPC specimens. In this dataset, 4 CRPC speci-
mens (17%) had split molecules with overlapping barcodes,
indicating complex AR gene rearrangements. Noteworthy,
these 4 CRPC specimens (10-013K4, 06-127G3, 14-053H2
and 14-053K1) ranked among the highest in the number
of AR gene copies and burden of AR gene rearrangements
(Figure 4 A). 

Of the 19 AR gene rearrangements identified in CRPC tu-
mor 06-127G3, 15 had split molecules with at least one bar-
code that shared overlap with a separate split molecule (Fig-
ure 4 B). Notably, most of these AR gene rearrangements
were phased with at least two other AR gene rearrange-
ments. For instance, a deletion in this sample was phased
with an inversion (barcode 8), and several duplications (bar-
codes 9–15 and 21–22). A similar pattern was observed in
CRPC specimen 10-013K4 wherein barcodes 1–9 connected
a network of phased duplications and inversions at the 3’
end of the AR gene and barcodes 10-19 connected a network
of phased inversions , deletions , and duplications in the mid-
dle of the AR gene (Figure 4 C). CRPC tumors 14-053H5
and 14-053K1, which were obtained from the same patient,
each displayed unique patterns of phased and unlinked AR
gene rearrangements (Figures 4 D, E). 

Across all 41 CRPC specimens analyzed by targeted or
whole genome linked-read DNA-seq, phased AR gene re-
arrangements only occurred in tumors that harbored 8
or more AR gene copies (5 / 10 versus 0 / 31, P = 0.0003,
Fisher’s exact test). These results indicate an association be-
tween very high AR copy number and complex, m ultipl y-
rearranged AR gene structures. 

Multiply-r earr anged AR gene structur es emerge with castr a-
tion pr essur e in PDXs 

To investigate the basis for this association between very
high AR copy number and complex m ultipl y-rearranged
AR gene structures, we focused on LuCaP 35 and LuCaP
105 PDX models, which displayed accumulation of AR
gene copies and AR gene rearrangements under castration
pr essur e (Figur es 2 C, D). In both LuCaP 35CR and Lu-
CaP 105CR tumors grown in castrated mice, split molecules
shar ed bar code overlap with other split molecules, indicat-
ing the emergence of complex, m ultipl y-rearranged AR gene
structur es (Figur e 5 A). 

In LuCaP 35CR, a duplication with a breakpoint occur-
ring in the 5’ end of the AR gene was phased with a deletion
occurring upstream of AR (Figures 5 B). We manually in-
spected coverage of DNA-seq reads that comprised the split
molecules containing the duplication and were linked by 10
of these overlapping barcodes. This confirmed a lack of cov-
erage across the deleted region in these split molecules, de-
spite coverage of this region in the bulk DNA-seq data (Fig-
ure 5 C). In LuCaP 105CR, the majority of the AR gene re-
arrangements were phased with at least one additional AR
gene rearrangement via shared barcodes, indicating a com-
plex collection of m ultipl y-rearranged AR gene structures
(Figure 5 D). 
To confirm the presence of m ultipl y-rearranged AR gene
structures emerging in LuCaP 105CR tumor tissue using an
orthogonal method, we performed optical genome mapping
( 37 ). Ultra-high molecular weight DNA fragments were iso-
lated from LuCaP 105 and 105CR, labeled at specific se-
quences, opticall y ma pped, and assembled into consensus
genome maps. These consensus genome maps confirmed a
high burden of AR gene rearrangements accumulating in
LuCaP 105CR relati v e to LuCaP 105, with most of the con-
sensus genome maps from LuCaP 105CR displaying multi-
ple rearrangements (Figure 5 E). Optical genome mapping
also confirmed AR amplification in LuCaP 105 and LuCaP
105CR (Figure 6 A). The agreement between independent
techniques of AR-targeted linked-read DNA-seq and op-
tical genome mapping supports the conclusion that a high
number of m ultipl y-rearranged AR gene copies emerged un-
der castration pr essur e in LuCaP 105CR. 

Multiply-r earr anged AR gene structures in PDX models oc-
cur on ecDNA 

In linked-read DNA-seq and optical genome mapping
datasets from LuCaP 105CR, the region of structural insta-
bility extended upstream and downstream of the AR gene
(Figures 5 D, E). Optical genome mapping data also re-
vealed translocations between chromosomes X (chrX) and
16 (chr16) in both LuCaP 105 and LuCaP 105CR (Figure
6 A). These translocations localized to a ∼2 Mb region of
chrX encompassing AR, EDA2R, and OPHN1 , and a ∼200
kb region of chr16 encompassing MMP, CDIPT, SEZ6L2,
ASPHD1, KCTD13, TMEM219, and TAOK2 (Figure 6 B).
When we analyzed copy number at optical mapping label
positions on a genome-wide scale, the labels at these two
genomic regions displayed outlier copy number values, only
in LuCaP 105CR (Figures 6 C, D). Outlier copy number of
these two genomic regions was also evident from visualiza-
tion of ChIP-seq data from a published study of LuCaP
105CR tumor tissue ( 38 ), signified by high background sig-
nal throughout the amplified regions (Figure 6 E). Interest-
ingly, these ChIP-seq data also demonstrated a high den-
sity of FOXA1 and AR binding, and high density of the
acti v e enhancer mark of histone H3 acetylated on lysine 27
(H3K27ac), indicating these amplicons harbored transcrip-
tionally acti v e chromatin. 

Based on these data, we hypothesized that AR , AR flank-
ing regions, and a segment of chr16 were amplified on ex-
trachromosomal double-minutes (more recently referred to
as ecDNA ( 18 )) in LuCaP 105, and these ecDNA molecules
accumulated to high le v els under castration selection in Lu-
CaP 105CR. Using FISH for AR and the chrX centromere,
we confirmed AR ecDNA staining in all nuclei of LuCaP
105CR tumor cells from castrated mice (Figures 6 F, G and
Supplementary Figure S5A). This AR ecDNA pattern also
occurred in most nuclei from LuCaP 105 tumor cells grown
in intact mice, but with lower signal intensity (Figure 6 H).
Using a fusion FISH strategy, we confirmed that many of
the AR ecDNA molecules in LuCaP 105CR tumor cells
had signal that overlapped with signal for the chr16 ampli-
con region at 16p11.2 in LuCaP 105CR tumor cells (Fig-
ure 6 I and Supplementary Figure 5B). These overlapping
signals were detectable in LuCaP 105 tumor cells grown in
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Figur e 4. Multipl y-r earranged AR gene structur es in CRPC tumors. ( A ) AR copy number and AR gene rearrangements identified in 23 CRPC tumors from 

20 patients analyzed by AR -targeted linked-read DNA-seq. Red color denotes tumors with a NAIBR split molecule supporting an AR gene rearrangement 
that shared the same barcode with at least one other NAIBR split molecule supporting a separate AR gene rearrangement. ( B–E ) Four CRPC tumors 
displaying barcode overlap between NAIBR split molecules supporting different AR gene structural variants (SVs) (barcode-linked AR-SVs). Unlinked 
AR -SVs supported by NAIBR split molecules that did not share barcode overlap with other NAIBR split molecules are shown. 
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ntact mice (Figure 6 J). FISH for AR also yielded an AR 

cDNA pattern in the majority of nuclei from LuCaP 35 

umor cells grown in intact mice, as well as LuCaP 35CR 

umor cells grown in castrated mice (Supplementary Fig- 
re S6A). Importantly, this AR ecDNA FISH staining pat- 
ern was also evident in the clinical CRPC tumors that were 
dentified by linked-read DNA-seq as having very high AR 

opy number and m ultipl y-rearranged AR gene structures 
Figures 6 K–N). 

To explore genetic associations with AR ecDNA, we as- 
essed SNVs and CNVs in additional CRPC dri v er genes 
overed by the linked-read DNA-seq assay (Supplementary 

ata S12 and S13). LuCaP 105CR tumor tissue displayed 

eterozygous loss of PTEN and homozygous loss of RB1 , 
nd CRPC tumors 14-053H5 and 14-053K1 shared com- 
on mutations in TP53 and CTNNB1 . LuCaP 35CR tu- 
or tissue and CRPC tumors 06-127 and 10-013K4 lacked 

nown pathogenic SNVs or CNVs. This pattern indicated 

hat AR ecDNA was not associated with a common alter- 
 tion tha t could be identified from the CRPC dri v er genes
argeted by our linked-read DNA-seq assay. This aligns 
ith pre vious wor k showing that AR gene rearrangements 
re not restricted to CRPC tumors with specific genetic al- 
erations, except for a higher rate of occurrence in tumors 
ith PTEN loss ( 9 ). 

RPC tumors with AR ecDNA express diverse AR mRNAs 

ontinuous structural evolution of AR ecDNA is likely 

he mechanistic basis for the high burden and complexity 

f rearranged AR gene structures observed in this subset 
f CRPC tumors. As expected from the much higher AR 
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Figure 5. Emergence of multiply-rearranged AR gene structures in CRPC PDXs. ( A ) AR copy number and AR gene rearrangements identified in 6 patient 
deri v ed xenograft (PDX) tumors by AR -targeted linked-read DNA-seq. Red color denotes PDX tumors with a NAIBR split molecule supporting an AR 

gene rearrangement that shared the same barcode with at least one other NAIBR split molecule supporting a separate AR gene r earrangement. ( B ) Bar code 
overla p between N AIBR split molecules supporting a deletion and a duplication in a LuCaP 35CR tumor. Unlinked AR -SVs supported by NAIBR split 
molecules that did not share barcode overlap with other NAIBR split molecules are shown. ( C ) Read coverage of DNA-seq reads containing 10 barcodes 
from 10 different split molecules supporting a duplication in LuCaP 35CR tumors. Bulk DNA-seq coverage is shown at the bottom. ( D ) Barcode overlap 
between NAIBR split molecules supporting AR -SVs in a LuCaP 105CR tumor. Unlinked AR -SVs supported by NAIBR split molecules that did not share 
barcode overlap with other NAIBR split molecules are shown. ( E ) Consensus genome maps harboring AR structural variants (SVs) generated from optical 
genome mapping of LuCaP 105CR (top) and LuCaP 105 (bottom) tumors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

copy number in LuCaP 105CR vs. LuCaP 105 tumor tis-
sue, the le v els of full-length AR mRNA and protein were
also higher (Figures 7 A, B). LuCaP 105CR tumor tissue
also displayed emergence of myriad smaller AR protein
species with molecular weights ranging from ∼60–80 kDa,
at least 2 of which were identified as AR-V7 and AR-V9
(Figures 7 A, B). This is potentially significant as these are
truncated, constituti v ely acti v e forms of AR that promote
CRPC resistance to endocrine therapies ( 19 , 34 , 39 ). Emer-
gence of multiple AR protein species in this ∼60–80 kDa
size range was also observed in LuCaP 35CR tumor tissue
(Supplementary Figure S6B). Previously, we detected AR-
V7 and AR-V9 mRNA in LuCaP 35CR tumor tissue using
an AR -targeted long-read RNA-seq assay ( 34 ). Notewor-
thy, in that previous study we also detected many additional
AR mRNA transcripts in LuCaP 35CR tumor tissue arising
from cryptic exon inclusion, intron retention, and alterna-
ti v e 5’ and / or 3’ splice site usage. If translated, these AR
mRNA species would pr oduce AR pr oteins with molecular
weights corresponding to those observed in western blots
with LuCaP 35CR lysates (Supplementary Figure S6B). 

To explore this further, we used AR -targeted long-read
RNA-seq to characterize AR mRNA splicing in the CRPC
tumors that displayed a high burden and complexity of
AR gene structures with AR ecDNA FISH staining. This
approach identified a di v ersity of known and novel exons
spliced into AR mRNAs (Figure 7 C). AR transcripts arising
from alternati v e splicing e v ents wer e pr esent at higher cu-
mulati v e le v els relati v e to full-length AR transcripts in Lu-
CaP 105CR versus LuCaP 105 (10.9% versus 3.9%), which
included a higher relati v e ratio of AR-V7 splicing (3.8%
vs. 0.4%, Figures 7 D&E) as well as splicing of novel cryp-
tic exons located in AR introns 1 and 2 (Figure 7 E). Mul-
tiple known and novel AR mRNAs arising from alterna-
ti v e splicing were also detected in the clinical CRPC tu-
mors that displayed AR ecDNA FISH staining (Figures
7 F–I). The highest le v els of cumulati v e alternati v e splicing
relati v e to full-length AR mRNA occurred in two separate
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Figure 6. AR structural complexity is associated with AR ecDNA. ( A ) Circos plots generated from optical genome mapping of LuCaP 105CR and LuCaP 

105 tumors, showing copy number variants (CNVs) and structural variants (SVs). ( B ) Consensus genome maps from LuCaP 105CR (top) and LuCaP 

105 (bottom) tumors, with LuCaP 105CR displaying a higher degree of structural variation (SV) on chromosomes X and 16, with multiple translocation 
breakpoints fusing these regions. ( C ) LuCaP 105CR outlier copy number gain profiles for regions of chromosome X and 16 containing translocations shown 
in (B). ( D ) LuCaP 105 copy number profiles for comparison with (C). ( E ) Chromatin immunoprecipitation and DNA sequencing (ChIP-seq) signals for 
AR, FOXA1, and H3K27ac acr oss chr omosome X and 16 amplicons in LuCaP 105CR. ( F ) Fluorescence in situ hybridization (FISH) strategy using 
fluorescence probes targeting AR (red) and chromosome X centromere (aqua). ( G, H ) FISH of LuCaP 105 and 105CR tumor cells using probes in (F). ( I, 
J ) FISH of LuCaP 105 and LuCaP 105CR tumor cells using fluorescence probes targeting AR (r ed) and 16p11.2 (gr een). ( K–N ) FISH of CRPC tissues 
using probes in (F). 
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umors from patient 14-053, where AR-V1 and AR-V9 were 
etected, as were novel AR mRNAs arising from splicing 

f 3’ fusion exons derived from regions upstream of the 
R locus, downstream of the AR locus, as well as chromo- 

ome 19 (Figures 7 H and I). Collecti v ely, these data demon-
tra te tha t the high bur den and comple xity of rearranged 

R gene structures on AR ecDNA may provide a growth 

dvantage to CRPC tumors by increasing the le v els of AR, 
s well as broadening the di v ersity of AR mRNAs and 

roteins. 

ISCUSSION 

R is one of the most frequently rearranged genes in 

RPC-stage disease ( 9 ). A high proportion of CRPC tu- 
ors and ctDNA samples harbor multiple AR gene re- 

rrangements concurrent with AR amplification ( 9 , 10 , 12 ). 
rior studies investigating AR gene rearrangements em- 
loyed Illumina short-read DN A-seq, w hich can detect 
NA r earrangement br eakpoints. Howe v er, this tech- 
ique lacks long-range information necessary to under- 
tand whether multiple rearrangement breakpoints de- 
ected within the AR gene reflects different sets of AR gene 
earrangements between individual cells, or accumulation 

f multiple AR gene rearrangements within individual cells. 
o address this, we de v eloped and benchmar ked an AR - 
argeted linked-read DNA-seq sequencing strategy to an- 
lyze AR gene structure at high depth, and also analyzed 

ower-depth whole-genome linked read DNA-seq data. It 
hould be noted that the 10 × Genomics platform used to 

enerate both of these datasets has been discontinued, likely 

ecause simpler and lower-cost linked-read DNA-seq meth- 
ds have been developed ( 40 ). 
Both targeted and whole-genome linked-read DNA-seq 

onfirmed that the AR gene is frequently rearranged in 

RPC, with 35% of CRPC tumors analyzed by AR- 
argeted linked-read DNA-seq and 27% of CRPC tu- 
ors analyzed by whole genome linked-read DNA-seq 
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Figure 7. Alter ed AR expr ession in tumors harboring AR ecDNA. ( A ) Le v els of indicated AR mRNA species were quantified in LuCaP 105 and LuCaP 

105CR tumors by RT-PCR. ( B ) Western blot of lysates from LuCaP 105 and LuCaP 105CR tumors and 22Rv1 PC cells probed with antibodies specific for 
the AR N-terminal domain (NTD), AR-V7 and AR-V9. Tubulin is a loading control. ( C ) Summary of exons spliced in AR mRNAs isolated from LuCaP 

105, LuCaP 105CR and four CRPC tissues. Exons originating outside the AR locus are red. ( D–I ) Exon composition and quantification of the 10 most 
abundant AR transcripts identified by 3’ RACE and PacBio sequencing in mRNA isolated from indicated PDX tissues and CRPC specimens. Individual 
pix els r epr esent discr ete exons contained in individual AR transcripts. Pixel colors indicate whether that exon was spliced via annotated splice sites at the 
5’ and / or 3’ ends of known exons. Transcripts are annotated based on splicing alteration. Read counts r epr esent the number of single molecule transcripts 
tha t ma tched the indica ted splicing pa ttern. ‘AR RACE frag.’ r epr esents internal priming of full-length AR transcripts at an A-rich region in exon 7, which 
are included as full-length AR transcripts for calculation of abundances of alternati v ely spliced variants shown as % relati v e to full-length AR . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

displaying AR gene rearrangements. Importantly, using the
long-range information provided by the linked-read bar-
codes, we found that many CRPC tumors harbored phased
AR gene rearrangements, meaning that individual DNA
molecules in CRPC tumors harbored m ultipl y-rearranged
AR gene structures. This indica tes tha t CRPC harboring
a high di v ersity of AR gene rearrangements has less intra-
tumor heterogeneity than would be expected from a sce-
nario wher e differ ent AR gene r earrangements occur in dif-
ferent CRPC cells. Howe v er, further inv estigation of AR
gene structure with long-read DNA-seq technologies will be
r equir ed for validation and a full characterization of phased
AR gene rearrangements in CRPC. Our data also confirmed
previous studies that showed a high degree of inter-tumor
and inter-patient heterogeneity of AR gene rearrangements
( 9 , 10 , 13 , 41 ). This heterogeneity is a challenge that has lim-
ited the clinical utility of identifying specific AR gene rear-
rangements or breakpoints within AR . 
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All CRPC tumors harboring phased, m ultipl y- 
earranged AR gene structures also displayed very 

igh le v els of AR gene amplifica tion. This indica ted tha t
R copy number and AR gene rearrangements accu- 
 ulate to gether in CRPC cells. This co-accum ulation 

as confirmed in the LuCaP 35 and LuCaP 105 PDX 

odels of CRPC pro gression, w here AR gene copies and 

 ultipl y-rearranged AR gene structures both increased 

nder the pr essur e of castr ation ther apy. Using optical 
enome mapping of LuCaP 105 and LuCaP 105CR tu- 
ors, we valida ted co-accumula tion of AR gene copies and 

 high burden of complex, m ultipl y rearranged AR gene 
tructur es, and discover ed amplification on ecDNA as a 

ikel y underl ying mechanism. Using FISH, we confirmed 

mplification of AR on ecDNA in LuCaP 105 and LuCaP 

5 tumors growth in intact mice, and accumulation of AR 

cDNA in LuCaP 105CR and LuCaP 35CR tumors grown 

n castrated mice. Importantly, although ecDNA is known 

o occur with higher frequency in PDX models than clinical 
pecimens across multiple cancers ( 42 ), we demonstrated 

his AR ecDNA FISH staining pattern in all 4 clinical 
RPC tumors harboring m ultipl y-rearranged AR gene 

tructures. Conversel y, the andro gen-dependent VCaP cell 
ine, which harbors AR amplification but lacks detectable 
R gene rearr angements, display ed an AR HSR FISH 

taining pa ttern. These observa tions are consistent with a 

odel wherein AR HSR and / or ecDNA amplification are 
arly e v ents in CRPC pro gression, but AR ecDN A may 

ccelera te further accumula tion and structural evolution of 
R during subsequent lines of therapy with AR inhibitors. 
Extrachromosomal circular DN A (eccDN A) is deri v ed 

r om nuclear chr omosomal DNA and has been reported 

n a pproximatel y 50% of human cancers, including the PC 

ell lines PC-3 and DU145 ( 18 , 42 , 43 ). Large, megabase size
ccDN A carrying onco genes in cancer cells is r eferr ed to 

s ecDNA ( 18 ). For instance, ecDNA is a mechanism for 
GFR amplification in gliomas ( 44 ). A recent meta-analysis 
f DNA-seq data deri v ed from multiple PC cohorts found 

hat 9% of CRPC samples had exceptionally high AR copy 

umber, and proposed ecDNA as an underlying mecha- 
ism ( 45 ). A limitation of our study is that we did not per-

orm optical genome mapping with the clinical specimens 
nalyzed by linked-read DNA-seq to characterize ecDNA 

ore broadl y, mainl y due to the high amounts of tissue re-
uired as input. Howe v er, AR ecDNA was supported by the 
uncta te pa ttern of AR staining by FISH. Noteworthy, pre- 
ious studies employing AR FISH with circulating tumor 
ells (CTCs) from CRPC patients often observed punctate 
R staining pa tterns, a t frequencies similar to HSR stain- 

ng patterns ( 46 , 47 ). It will be important for future studies
o test whether ecDNA and / or HSR patterns of AR FISH 

taining in CRPC could serve as prognostic or predictive 
iomarkers. 
Ma thema tical modeling has predicted that ecDNA am- 

lification can increase oncogene copy number and intra- 
umoral heterogeneity more effecti v ely than chromosomal 
mplification ( 42 ). Our finding of m ultipl y-rearranged AR 

ene structures in CRPC tumors with AR ecDNA indi- 
a tes tha t ecDNA amplifica tion can also be a source of 
ontinuous gene structural variation to further increase in- 
r atumor al heterogeneity. Previous studies have shown that 
cDNA can e volv e, but mainly via a mechanism of smaller 
cDNAs joining to form larger ecDNAs ( 43 , 48–50 ), which 

ppeared to occur between AR ecDNA and chr16 ecDNA 

n the LuCaP 105 model. To the best of our knowledge, 
ur study is the first report of intragenic rearrangements 
f genes captured on ecDNA, which in the case of AR 

an enhance structural di v ersity. A limitation of our study 

s that the genomic region targeted for linked-read DNA- 
eq did not cover an enhancer located 650 kb upstream of 
R ( 8 , 17 , 51 ), which limited our ability to interrogate the

mpact of ecDNA on the structural relationships between 

he AR enhancer and AR gene body. In previous studies, 
R gene rearrangements have been shown to promote ex- 
ression of di v erse AR-V species that lack the AR ligand 

inding domain ( 9 , 13 , 15 , 20 , 35 , 52 ). Consistent with this, we
ound the CRPC tumors tha t accumula ted a di v ersity of 
tructurally complex AR gene copies displayed alterations 
n mRNA splicing and expression of AR-Vs, including but 
ot limited to AR-V7 and AR-V9. Gi v en that AR-V7 ex- 
r ession in CT Cs from CRPC patients portends poor out- 
omes ( 53 , 54 ), and is strongly associated with AR gene copy
umber in CRPC tissues ( 13 , 55 ), it will be important to de-
ermine whether AR amplification and / or structural di v er- 
ification on ecDNA is a mechanism that explains AR-V7 

etection in clinical assays. 
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UPPLEMENT ARY DA T A 

upplementary Data are available at NAR Cancer Online. 

CKNOWLEDGEMENTS 

e thank the patients and their families, Pete Nelson, 
ruce Montgomery, Celestia Higano, Evan Yu, Elahe 
ostaghel, Heather Cheng, Mike Schweizer, Andrew 

sieh, Paul Lange, Jonathan Wright, Daniel Lin, Funda 

akar-Lopez, Xiaotun Zhang, Martine Roudier, Lawrence 
rue, Robert Vessella and the rapid autopsy teams for 
heir contributions to the Uni v ersity of Washington Med- 
cal Center Prostate Cancer Donor Rapid Autopsy Pro- 
ram and the De v elopment of the LuCaP PDX models. 
e thank Lori Kollath for the patient data abstraction. 
e are grateful to Bionano Laboratories for assistance 
ith optical genome mapping of LuCaP PDX tissue. This 
ork was supported by NIH grants R01CA174777 and 

01CA256157, DOD grant W81XWH2010402, and the 
 po gee Enterprises Chair in Cancer Research (to SMD), 
OD grant W81XWH2110205 (to S.G.Z.), NIH grants 
50CA97186 and P01CA163227 (to E.C. and C.M.), NIH 

rant U24CA248453 (to B.J.R.), the Richard M. Lucas 
oundation (to E.C. and C.M.), the Institute for Prostate 
ancer Research (to E.C. and C.M.), Swedish Cancer So- 

iety grant CAN 2018-863 (to P.W.), and Swedish Research 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcad045#supplementary-data


14 NAR Cancer, 2023, Vol. 5, No. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Council grant 2018-02594 (to P.W.). The cytogenetic analy-
ses were performed in the Cytogenomics Shared Resource at
the Uni v ersity of Minnesota with support from the compre-
hensi v e Masonic Cancer Center NIH Grant P30CA077598.

FUNDING 

National Cancer Institute [R01CA174777, R01CA256157].
Conflict of interest statement. S.G.Z. has patent applications
with Veracyte on molecular signatures in prostate cancer
unrelated to this work, and a family member employed by
Artera, and with stock in Exact Sciences. E.C. recei v ed re-
search funding under institutional SRA from Janssen R&D,
Bayer Phar maceuticals, KronosBio, For ma Phar maceutics
Foghorn, Gilead, Sanofi, AbbVie, GSK, Astra Zeneca and
MacroGenics. S.D. has recei v ed consulting income from
Bristol Myers Squib b , Oncternal Therapeutics and Janssen
R&D. 

REFERENCES 

1. Beer,T.M., Armstrong,A.J., Rathkopf,D.E., Loriot,Y., 
Sternberg,C .N., Higano,C .S., Iversen,P., Bha ttacharya,S., Carles,J., 
Cho w dhury,S. et al. (2014) Enzalutamide in metastatic prostate 
cancer before chemotherapy. N. Engl. J. Med. , 371 , 424–433. 

2. de Bono,J.S., Logothetis,C.J., Molina,A., Fizazi,K., North,S., 
Chu,L., Chi,K.N., Jones,R.J., Goodman,O.B. Jr, Saad,F. et al. (2011) 
Abiraterone and increased survival in metastatic prostate cancer. N. 
Engl. J. Med. , 364 , 1995–2005. 

3. Desai,K., McManus,J.M. and Sharifi,N. (2021) Hormonal therapy 
for prostate cancer. Endocr. Rev. , 42 , 354–373. 

4. Fizazi,K., Shore,N., Tammela,T.L., Ulys,A., Vjaters,E., Polyakov,S., 
Jievaltas,M., Luz,M., Alekseev,B., Kuss,I. et al. (2019) Darolutamide 
in nonmetastatic, castration-resistant prostate cancer. N. Engl. J. 
Med. , 380 , 1235–1246. 

5. Smith,M.R., Saad,F., Cho w dhury,S ., Oudard,S ., Hadaschik,B.A., 
Graff,J.N., Olmos,D., Mainwaring,P.N., Lee,J.Y., Uemura,H. et al. 
(2018) Apalutamide treatment and metastasis-free survival in prostate
cancer. N. Engl. J. Med. , 378 , 1408–1418. 

6. Westaby,D., Maza,M., Paschalis,A., Jimenez-Vacas,J.M., Welti,J., de 
Bono,J. and Sharp,A. (2022) A new old target: androgen receptor 
signaling and advanced prostate cancer. Annu. Rev. Pharmacol. 
Toxicol. , 62 , 131–153. 

7. Abida,W., Cyrta,J., Heller,G., Prandi,D., Armenia,J., Coleman,I., 
Cieslik,M., Benelli,M., Robinson,D., Van Allen,E.M. et al. (2019) 
Genomic correlates of clinical outcome in advanced prostate cancer. 
Proc. Natl. Acad. Sci. U.S.A. , 116 , 11428–11436. 

8. Quigley,D.A., Dang,H.X., Zhao,S.G., Lloyd,P., Aggarwal,R., 
Alumkal,J .J ., Foye,A., Kothari,V., Perry,M.D., Bailey,A.M. et al. 
(2018) Genomic hallmarks and structural variation in metastatic 
prostate cancer. Cell , 174 , 758–769. 

9. Li,Y., Yang,R., Henzler,C.M., Ho,Y., Passow,C., Auch,B., 
Carreira,S., Nava Rodrigues,D., Bertan,C., Hwang,T.H. et al. (2020) 
Di v erse AR gene rearrangements mediate resistance to androgen 
receptor inhibitors in metastatic prostate cancer. Clin. Cancer Res. , 
26 , 1965–1976. 

10. Annala,M., Taavitsainen,S., Khalaf,D.J., Vandek erkho ve,G., Beja,K.,
Sipola,J., Warner,E.W., Herberts,C., Wong,A., Fu,S. et al. (2021) 
Evolution of castration-resistant prostate cancer in ctDNA during 
sequential androgen receptor pathway inhibition. Clin. Cancer Res. , 
27 , 4610–4623. 

11. Chung,J.H., Dewal,N., Sokol,E., Mathew,P., Whitehead,R., 
Millis,S.Z., Frampton,G.M., Bratslavsky,G., Pal,S.K., Lee,R.J. et al. 
(2019) Prospecti v e comprehensi v e genomic profiling of primary and 
metasta tic prosta te tumors. JCO Pr ecis . Oncol. , 3 , PO.18.00283. 

12. De Laere,B., Oeyen,S., Mayrhofer,M., Whitington,T., van Dam,P.J., 
Van Oyen,P., Ghysel,C., Ampe,J., Ost,P., Demey,W. et al. (2019) TP53
outperforms other androgen receptor biomarkers to predict 
abiraterone or enzalutamide outcome in metastatic 
castra tion-resistant prosta te cancer. Clin. Cancer Res . , 25 , 1766–1773.
13. Henzler,C., Li,Y., Yang,R., McBride,T., Ho,Y., Sprenger,C., Liu,G., 
Coleman,I., Lakely,B., Li,R. et al. (2016) Truncation and constituti v e 
activation of the androgen receptor by di v erse genomic 
rearrangements in prostate cancer. Nat. Commun. , 7 , 13668. 

14. Tukachinsky,H., Madison,R.W., Chung,J.H., Gjoerup,O.V., 
Se v erson,E.A., Dennis,L., Fendler,B.J., Morley,S., Zhong,L., 
Graf,R.P. et al. (2021) Genomic analysis of circulating tumor DNA in
3,334 patients with advanced prostate cancer identifies targetable 
BRCA alterations and AR resistance mechanisms. Clin. Cancer Res. , 
27 , 3094–3105. 

15. Nyquist,M.D., Li,Y., Hwang,T.H., Manlove,L.S., Vessella,R.L., 
Silverstein,K.A., Voytas,D.F. and Dehm,S.M. (2013) 
TALEN-engineered AR gene rearrangements re v eal endocrine 
uncoupling of androgen receptor in prostate cancer. Proc. Natl. Acad.
Sci. U.S.A. , 110 , 17492–17497. 

16. Zheng,G.X., Lau,B.T., Schnall-Levin,M., Jarosz,M., Bell,J.M., 
Hindson,C.M., Kyriazopoulou-Panagiotopoulou,S., 
Masquelier,D.A., Merrill,L., Terry,J.M. et al. (2016) Haplotyping 
germline and cancer genomes with high-throughput linked-read 
sequencing. Nat. Biotechnol. , 34 , 303–311. 

17. Viswanathan,S.R., Ha,G., Hoff,A.M., Wala,J.A., Carrot-Zhang,J., 
W helan,C .W., Haradhvala,N.J., Freeman,S .S ., Reed,S .C., Rhoades,J. 
et al. (2018) Structural alterations driving castration-resistant 
prostate cancer re v ealed by linked-read genome sequencing. Cell , 174 ,
433–447. 

18. Noer,J.B., Horsdal,O.K., Xiang,X., Luo,Y. and Regenberg,B. (2022) 
Extrachromosomal circular DNA in cancer: history, current 
knowledge, and methods. T r ends Genet. , 38 , 766–781. 

19. Li,Y., Chan,S.C., Brand,L.J., Hwang,T.H., Silverstein,K.A. and 
Dehm,S.M. (2013) Androgen receptor splice variants mediate 
enzalutamide resistance in castration-resistant prostate cancer cell 
lines. Cancer Res , 73 , 483–489. 

20. Li,Y., Hwang,T.H., Oseth,L., Hauge,A., Vessella,R.L., 
Schmechel,S.C., Hirsch,B., Beckman,K.B., Silverstein,K.A. and 
Dehm,S.M. (2012) AR intragenic deletions linked to androgen 
receptor splice variant expression and activity in models of prostate 
cancer progression. Oncogene , 31 , 4759–4767. 

21. Nguyen,H.M., Vessella,R.L., Morrissey,C., Brown,L.G., 
Coleman,I.M., Higano,C.S., Mostaghel,E.A., Zhang,X., True,L.D., 
Lam,H.M. et al. (2017) LuCaP prostate cancer patient-deri v ed 
x enografts r eflect the molecular hetero geneity of ad vanced disease 
and serve as models for evaluating cancer therapeutics. Prostate , 77 , 
654–671. 

22. Bluemn,E.G., Coleman,I.M., Lucas,J.M., Coleman,R.T., 
Hernandez-Lopez,S., Tharakan,R., Bianchi-Frias,D., Dumpit,R.F., 
Kaipainen,A., Corella,A.N. et al. (2017) Androgen receptor 
pa thway-independent prosta te cancer is sustained through FGF 

signaling. Cancer Cell , 32 , 474–489. 
23. Kumar,A., Coleman,I., Morrissey,C., Zhang,X., True,L.D., 

Gulati,R., Etzioni,R., Bolouri,H., Montgomery,B., White,T. et al. 
(2016) Substantial interindividual and limited intraindividual 
genomic di v ersity among tumors fr om men with metastatic pr ostate 
cancer. Nat. Med , 22 , 369–378. 

24. Morrissey,C., Roudier,M.P., Dowell,A., True,L.D., Ketchanji,M., 
Welty,C., Corey,E., Lange,P.H., Higano,C.S. and Vessella,R.L. 
(2013) Effects of androgen deprivation therapy and bisphosphonate 
treatment on bone in patients with metastatic castration-resistant 
prostate cancer: results from the Uni v ersity of Washington Rapid 
Autopsy Series. J Bone Miner Res , 28 , 333–340. 

25. Hornberg,E., Ylitalo,E.B., Crnalic,S., Antti,H., Stattin,P., 
Widmark,A., Bergh,A. and Wikstrom,P. (2011) Expression of 
androgen receptor splice variants in prostate cancer bone metastases 
is associated with castration-resistance and short survival. PLoS One ,
6 , e19059. 

26. Bishara,A., Liu,Y., Weng,Z., Kashef-Haghighi,D., Newburger,D.E., 
West,R., Sidow,A. and Batzoglou,S. (2015) Read clouds uncover 
variation in complex regions of the human genome. Genome Res , 25 , 
1570–1580. 

27. Garrison,E. and Marth,G. (2012) Haplotype-based variant detection 
from short-read sequencing. arXiv doi: https://arxiv.org/abs/1207.390 ,
20 July 2012, preprint: not peer re vie wed. 

28. Cibulskis,K., Lawrence,M.S., Carter,S.L., Sivachenko,A., Jaffe,D., 
Sougnez,C., Gabriel,S., Meyerson,M., Lander,E.S. and Getz,G. 
(2013) Sensiti v e detection of soma tic point muta tions in impure and 
heterogeneous cancer samples. Nat. Biotechnol. , 31 , 213–219. 

https://arxiv.org/abs/1207.3907


NAR Cancer, 2023, Vol. 5, No. 3 15 

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

5

©
T
p

9. Chakravarty,D., Gao,J., Phillips,S.M., Kundra,R., Zhang,H., 
Wang,J ., Rudolph,J .E., Y aeger,R., Soumerai,T., Nissan,M.H. et al. 
(2017) OncoKB: a precision oncology knowledge base. JCO Pr ecis . 
Oncol. , 2017 , PO.17.00011. 

0. Elyanow,R., Wu,H.T. and Raphael,B.J. (2018) Identifying structural 
variants using linked-read sequencing data. Bioinformatics , 34 , 
353–360. 

1. Greer,S.U. and Ji,H.P. (2019) Structural variant analysis for 
linked-read sequencing data with gemtools. Bioinformatics , 35 , 
4397–4399. 

2. Daniel,M., Knutson,T.P., Sperger,J.M., Li,Y., Singh,A., 
Stahlfeld,C .N., Passow,C ., Auch,B., Lang,J.M. and Dehm,S.M. 
(2021) AR gene rearrangement analysis in liquid biopsies re v eals 
heterogeneity in lethal prostate cancer. Endocr Relat Cancer , 28 , 
645–655. 

3. Dehm,S.M., Schmidt,L.J., Heemers,H.V., Vessella,R.L. and 
Tindall,D.J. (2008) Splicing of a novel androgen receptor exon 
generates a constituti v ely acti v e androgen receptor tha t media tes 
prostate cancer therapy resistance. Cancer Res. , 68 , 5469–5477. 

4. Kohli,M., Ho,Y., Hillman,D.W., Van Etten,J.L., Henzler,C., Yang,R., 
Sperger,J.M., Li,Y., Tseng,E., Hon,T. et al. (2017) Androgen receptor 
variant AR-V9 is co-expressed with AR-V7 in prostate cancer 
metastases and predicts abiraterone resistance. Clin. Cancer Res. , 23 , 
4704–4715. 

5. Li,Y., Alsagabi,M., Fan,D., Bova,G.S., Tewfik,A.H. and Dehm,S.M. 
(2011) Intragenic rearrangement and altered RNA splicing of the 
androgen receptor in a cell-based model of prostate cancer 
progression. Cancer Res , 71 , 2108–2117. 

6. Gundem,G., Van Loo,P., Kremeyer,B., Alexandrov,L.B., Tubio,J.M., 
P apaemmanuil,E., Br e wer,D.S., K allio,H.M., Hognas,G., Annala,M. 
et al. (2015) The evolutionary history of lethal metastatic prostate 
cancer. Nature , 520 , 353–357. 

7. Dixon,J .R., Xu,J ., Dileep,V ., Zhan,Y., Song,F., Le,V .T., 
Yardimci,G .G ., Chakraborty,A., Bann,D.V., Wang,Y. et al. (2018) 
Integrati v e detection and analysis of structural variation in cancer 
genomes. Nat. Genet. , 50 , 1388–1398. 

8. Qiu,X., Boufaied,N., Hallal,T., Feit,A., de Polo,A., Luoma,A.M., 
Alahmadi,W., Larocque,J., Zadra,G., Xie,Y. et al. (2022) MYC dri v es 
aggressi v e prostate cancer by disrupting transcriptional pause release 
at androgen receptor targets. Nat. Commun. , 13 , 2559. 

9. Antonarakis,E.S., Armstrong,A.J., Dehm,S.M. and Luo,J. (2016) 
Androgen receptor variant-dri v en prostate cancer: clinical 
implications and therapeutic targeting. Prostate Cancer Prostatic. 
Dis. , 19 , 231–241. 

0. Chen,Z., Pham,L., Wu,T.C., Mo,G., Xia,Y., Chang,P.L., Porter,D., 
Phan,T., Che,H., Tran,H. et al. (2020) Ultralow-input single-tube 
linked-read library method enables short-read second-generation 
sequencing systems to routinely generate highly accurate and 
economical long-range sequencing information. Genome Res. , 30 , 
898–909. 

1. De Laere,B., van Dam,P.J., Whitington,T., Mayrhofer,M., Diaz,E.H., 
Van den Eynden,G., Vandebroek,J., Del-Favero,J., Van Laere,S., 
Dirix,L. et al. (2017) Comprehensi v e profiling of the androgen 
receptor in liquid biopsies from castration-resistant prostate cancer 
re v eals nov el intr a-AR structur al v ariation and splice v ariant 
expression patterns. Eur. Urol. , 72 , 192–200. 

2. Turner,K.M., Deshpande,V., Beyter,D., Koga,T., Rusert,J., Lee,C., 
Li,B., Arden,K., Ren,B., Nathanson,D.A. et al. (2017) 
Extrachromosomal oncogene amplification dri v es tumour evolution 
and genetic heterogeneity. Nature , 543 , 122–125. 
C The Author(s) 2023. Published by Oxford University Press on behalf of NAR Can
his is an Open Access article distributed under the terms of the Creati v e Common
ermits unrestricted reuse, distribution, and reproduction in any medium, provided th
3. Kim,H., Nguyen,N.P., Turner,K., Wu,S., Gujar,A.D., Luebeck,J., 
Liu,J., Deshpande,V., Rajkumar,U., Namburi,S. et al. (2020) 
Extrachromosomal DNA is associated with oncogene amplification 
and poor outcome across multiple cancers. Nat. Genet. , 52 , 891–897. 

4. Vogt,N., Lefevre,S.H., Apiou,F., Dutrillaux,A.M., Cor,A., 
Leuraud,P., Poupon,M.F., Dutrillaux,B., Debatisse,M. and Malfoy,B. 
(2004) Molecular structure of double-minute chromosomes bearing 
amplified copies of the epidermal growth factor receptor gene in 
gliomas. Proc. Natl. Acad. Sci. U.S.A. , 101 , 11368–11373. 

5. Zhou,M., Ko,M., Hoge,A.C., Luu,K., Liu,Y., Russell,M.L., 
Hannon,W .W ., Zhang,Z., Carrot-Zhang,J., Beroukhim,R. et al. 
(2022) Patterns of structural variation define prostate cancer across 
disease states. JCI Insight , 7 , e161370. 

6. Le v ersha,M.A., Han,J., Asgari,Z., Danila,D.C., Lin,O., 
Gonzalez-Espinoza,R., Anand,A., Lilja,H., Heller,G., Fleisher,M. 
et al. (2009) Fluorescence in situ hybridization analysis of circulating 
tumor cells in metastatic prostate cancer. Clin. Cancer Res. , 15 , 
2091–2097. 

7. Shaffer,D.R., Le v ersha,M.A., Danila,D .C., Lin,O ., 
Gonzalez-Espinoza,R., Gu,B., Anand,A., Smith,K., Maslak,P., 
Doyle,G.V. et al. (2007) Circulating tumor cell analysis in patients 
with progressi v e castra tion-resistant prosta te cancer. Clin. Cancer 
Res. , 13 , 2023–2029. 

8. Helmsauer,K., Valieva,M.E., Ali,S., Chamorro Gonzalez,R., 
Schopflin,R., Roefzaad,C., Bei,Y., Dorado Garcia,H., 
Rodriguez-Fos,E., Puiggros,M. et al. (2020) Enhancer hijacking 
determines extrachromosomal circular MYCN amplicon architecture 
in neuroblastoma. Nat. Commun. , 11 , 5823. 

9. Koche,R.P., Rodriguez-Fos,E., Helmsauer,K., Burkert,M., 
MacArthur,I.C., Maag,J., Chamorro,R., Munoz-Perez,N., 
Puiggros,M., Dorado Garcia,H. et al. (2020) Extrachromosomal 
circular DNA dri v es oncogenic genome remodeling in 
neuroblastoma. Nat. Genet. , 52 , 29–34. 

0. Morton,A.R., Dogan-Artun,N., Faber,Z.J., MacLeod,G., 
Bartels,C.F., Piazza,M.S., Allan,K.C., Mack,S.C., Wang,X., 
Gimple,R.C. et al. (2019) Functional enhancers shape 
extrachromosomal oncogene amplifications. Cell , 179 , 1330–1341. 

1. Takeda,D.Y., Spisak,S., Seo,J.H., Bell,C., O’Connor,E., 
Korthauer,K., Ribli,D., Csabai,I., Solymosi,N., Szallasi,Z. et al. 
(2018) A somatically acquired enhancer of the androgen receptor is a 
noncoding dri v er in advanced prostate cancer. Cell , 174 , 422–432. 

2. Lawrence,M.G., Obinata,D., Sandhu,S., Selth,L.A., Wong,S.Q., 
P orter,L.H., Lister,N., P ook,D ., Pezaro,C.J., Goode,D .L. et al. (2018) 
Patient-deri v ed models of abiraterone- and enzalutamide-resistant 
prostate cancer re v eal sensiti vity to ribosome-dir ected therap y. Eur. 
Urol. , 74 , 562–572. 

3. Antonarakis,E.S., Lu,C., Wang,H., Luber,B., Nakazawa,M., 
Roeser,J.C., Chen,Y., Mohammad,T.A., Fedor,H.L., Lotan,T.L. et al. 
(2014) AR-V7 and resistance to enzalutamide and abiraterone in 
prostate cancer. N. Engl. J. Med. , 371 , 1028–1038. 

4. Armstrong,A.J., Halabi,S., Luo,J., Nanus,D.M., Giannakakou,P., 
Szmulewitz,R.Z., Danila,D.C., Healy,P., Anand,M., Rothwell,C.J. 
et al. (2019) Prospecti v e multicenter validation of androgen receptor 
splice variant 7 and hormone therapy resistance in high-risk 
castra tion-resistant prosta te cancer: the PROPHECY Stud y. J. Clin. 
Oncol. , 37 , 1120–1129. 

5. Sharp,A., Coleman,I., Yuan,W., Sprenger,C., Dolling,D., 
Rodrigues,D.N., Russo,J.W., Figueiredo,I., Bertan,C., Seed,G. et al. 
(2019) Androgen receptor splice variant-7 expression emerges with 
castration resistance in prostate cancer. J. Clin. Invest. , 129 , 192–208. 
cer. 
s Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
e original work is properly cited. 


	ABSTRACT
	GRAPHICAL ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	Conflict of interest statement
	REFERENCES

