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CANCER GENOMICSoriginal
reports
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Heterogeneous, Localized Prostate Cancer Via
Targeted, Multiregion Sequencing
Emmalyn Chen, PhD1; Clinton L. Cario, PhD1; Lancelote Leong, BA1; Karen Lopez, BS2; César P. Márquez, MD3,4; Patricia S. Li, BS2;
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abstract

PURPOSE Cell-free DNA (cfDNA) may allow for minimally invasive identification of biologically relevant genomic
alterations and genetically distinct tumor subclones. Although existing biomarkers may detect localized prostate
cancer, additional strategies interrogating genomic heterogeneity are necessary for identifying and monitoring
aggressive disease. In this study, we aimed to evaluate whether circulating tumor DNA can detect genomic
alterations present in multiple regions of localized prostate tumor tissue.

METHODS Low-pass whole-genome and targeted sequencing with a machine-learning guided 2.5-Mb targeted
panel were used to identify single nucleotide variants, small insertions and deletions (indels), and copy-number
alterations in cfDNA. The majority of this study focuses on the subset of 21 patients with localized disease,
although 45 total individuals were evaluated, including 15 healthy controls and nine men with metastatic
castration-resistant prostate cancer. Plasma cfDNA was barcoded with duplex unique molecular identifiers. For
localized cases, matched tumor tissue was collected from multiple regions (one to nine samples per patient) for
comparison.

RESULTS Somatic tumor variants present in heterogeneous tumor foci from patients with localized disease were
detected in cfDNA, and cfDNA mutational burden was found to track with disease severity. Somatic tissue
alterations were identified in cfDNA, including nonsynonymous variants in FOXA1, PTEN, MED12, and ATM.
Detection of these overlapping variants was associated with seminal vesicle invasion (P = .019) and with the
number of variants initially found in the matched tumor tissue samples (P = .0005).

CONCLUSION Our findings demonstrate the potential of targeted cfDNA sequencing to detect somatic tissue
alterations in heterogeneous, localized prostate cancer, especially in a setting where matched tumor tissue may
be unavailable (ie, active surveillance or treatment monitoring).

JCO Precis Oncol 5:710-725. © 2021 by American Society of Clinical Oncology

INTRODUCTION

Prostate cancer accounts for approximately 20% of all
new cancer diagnoses in American men, and an es-
timated 33,330 men will die from this disease in
2020.1 Although the majority of prostate cancers are
diagnosed when the disease is still localized and are
successfully treated, an estimated 20%-40% of pa-
tients undergoing radical prostatectomy (RP) will ex-
perience biochemical recurrence within 10 years.2

Additionally, approximately 2.9% of patients develop
bone metastases and 2.4% die of prostate cancer
within 6 years.3-5 This is believed in part to be because
of pathologically heterogeneous and genetically mul-
ticlonal disease, which likely determines available
tumor escape mechanisms that allow for tumor sur-
vival and proliferation, subsequently driving disease
progression and treatment outcome.6-9 A variety of
existing biomarkers in addition to prostate-specific
antigen (PSA) have been critical in predicting

treatment outcomes, including nomograms that in-
corporate clinical and pathologic factors, parametric
MRI, and molecular testing.10-12 However, PSA is not
tumor-specific and can be elevated in other conditions
such as prostatitis. Additionally, tissue biopsies may
miss some of the tumor and can lead to underesti-
mation of disease grade and stage, motivating the
need for additional modalities to comprehensively
assess disease heterogeneity.14 This may be particu-
larly important if tumor tissue is unavailable during
active surveillance, or during disease monitoring after
surgery—or other treatments—for detection of mini-
mal residual disease or progression.

Multiple studies have tracked the evolutionary tra-
jectory of localized prostate cancers and have found a
number of genomic factors to be predictive of poor
outcomes. Specifically, genomic instability resulting
from recurrent copy-number alterations in genes such
as MYC, NKX3-1, and PTEN is prognostic for
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biochemical recurrence following surgery or radiotherapy.15-18

Prostate tumors also harbor a large proportion of somatic
single nucleotide variants that are not protein-altering and
exhibit extensive intrafocal heterogeneity.6 Although non-
synonymous mutations have been found in SPOP, FOXA1,
MED12, and ATM, these recurrently mutated genes are only
found in , 10% of patients.15,19 Overall, polyclonal tumors
with multiple tumor populations originating from a single
clone aremore likely to result in adverse outcomes.7 Although
PSA is used to monitor localized prostate cancer, it is unable
to detect these genomic features, which can be distributed
heterogeneously across tumor cell subpopulations. However,
plasma cell-free DNA (cfDNA) may provide a way to assess
the genomic profile of the tumor without the use of invasive
tissue biopsies.

Plasma cfDNA remains a promising tool for directly
detecting tumor DNA that is shed into the bloodstream.
Both droplet digital polymerase chain reaction (ddPCR)
and next-generation sequencing (NGS) have been suc-
cessfully used to depict clonal evolution and identify ge-
nomic alterations in the context of early detection and
disease monitoring. For example, personalized multiplex-
PCR next-generation sequencing of cfDNA has been used
to derive tumor phylogenetic trees and characterize post-
operative non–small-cell lung cancer relapse.20 Targeted
error correction sequencing with dual-index barcodes has
been used to discover somatic alterations in early-stage
cancers, including breast cancer, colorectal cancer, lung
cancer, and ovarian cancer.21 Detection of BRCA2 rever-
sion mutations in cfDNA have been associated with re-
sistance to PARP inhibitors, allowing for monitoring of
treatment resistance in patients with metastatic castration-
resistant prostate cancer (mCRPC).22 Recently, ultra-low-
pass whole-genome sequencing (WGS) and targeted
resequencing were unable to detect tumor fragments in

cfDNA in patients with localized prostate cancer.23 Al-
though detection of somatic alterations in cfDNA for lo-
calized disease may be more challenging because of low
disease burden, advances in sample processing, library
preparation, targeted panel design, and bioinformatic tools
have the potential to be used for broad yet sensitive variant
detection in the cfDNA of a heterogeneous disease such as
localized prostate cancer.24

In this study, extensive tissue sampling was used to capture
tumor heterogeneity and provide a patient-specific gold
standard for comparison of matched cfDNA. We performed
both targeted and low-pass whole-genome sequencing of
cfDNA, which was collected from blood draws taken im-
mediately before surgery, and multiregion tumor tissue,
which was collected from surgically resected prostate tissue
from 21 men with localized prostate cancer, who underwent
RP as primary treatment (Appendix Fig A1). This allowed for
assessing the genomic heterogeneity of localized prostate
cancer that is a result of clonal evolution. Next, we used a 2.5-
Mb targeted panel to also evaluate the mutational burden
found in 15 healthy controls and nine men with mCRPC.
Importantly, the targeted panel, as previously described, was
generated without a priori patient-specific tumor mutational
information in an attempt to capture a wide range of po-
tentially important mutations, as well as reflect the scenario of
repeated cfDNA blood collection in a clinical setting when
tumor tissue biopsy is not possible.25 Additionally, plasma
cfDNA was barcoded with duplex unique molecular identi-
fiers (UMIs) to improve variant detection in a setting where the
fraction of circulating tumor DNA can be low (Appendix).

This study was carried out in accordance to the Human
Research Protection Program Institutional Review Board at
UCSF (IRB 11-05226 and IRB 12-09659). All subjects
provided written informed consent in accordance with the
Declaration of Helsinki.

CONTEXT

Key Objective
The pathologically heterogeneous and genetically multiclonal nature of localized prostate cancer likely determines available

tumor escape mechanisms, subsequently driving disease progression and treatment outcome. We evaluated whether cell-
free DNA (cfDNA) can detect genomic alterations present in multiple regions of localized prostate tumor tissue. Both low-
pass whole-genome and targeted sequencing were performed.

Knowledge Generated
Somatic tumor mutations present in tumor tissue were detected by targeted sequencing of cfDNA collected before radical

prostatectomy. Circulating tumor DNA was detected in 12 of 21 patients and was associated with seminal vesicle invasion
and tumor mutational burden. However, circulating tumor DNA was not detectable using low-pass whole-genome
sequencing.

Relevance
Although cfDNA detected a portion of the genomic heterogeneity present in localized prostate cancer, comprehensive

detection of early-stage prostate cancer remains challenging because of significant limitations in assay sensitivity. The utility
of this method may be limited to those with more aggressive prostate cancer.

cfDNA Detection of Tumor Mutations in Localized Prostate Cancer
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RESULTS

Plasma cfDNA Mutational Burden and Prostate Cancer

The median cfDNA variant count was 1,089 (interquartile
range [IQR] = 761) for nondiseased controls, 1,843
(IQR = 605) for men with localized prostate cancer, and
5,081 (IQR = 716) for men with mCRPC. The average
cfDNA variant count for men with localized prostate cancer
was statistically significantly higher than those observed in
nondiseased controls (Table 1; Appendix Fig A2; P, .01).
Men with mCRPC had a statistically significantly higher
cfDNA variant count than men with localized disease
(P, .0001) or controls (P, .0001). Age was not correlated
with cfDNA variant count within each group.

Genomic Heterogeneity in Localized Prostate Cancer

A total of 21 men had between one and nine samples
collected from distinct tumor foci (71 specimens total),

which were then sequenced with our targeted panel in an
effort to capture regions with varying histology and identify
potential clonal and subclonal mutations. Targeted se-
quencing identified somatic variants in all 71 prostate
cancer specimens. A median of eight variants with a range
from 1 to 1,091 variants (IQR = 8) were identified across all
foci (Fig 1A). Although 17% of the target panel was
composed of noncoding variants, 88% of the tissue variants
identified were in noncoding regions.

Nonsynonymous variants were identified in 22 of the 71
tissue specimens (Fig 1B). Alterations were discovered
among commonly mutated genes in localized prostate
cancer, including FOXA1, PTEN, MED12, and ATM. The
majority of somatic mutations observed in patients with
multiple regions sequenced were private to each tumor
focus, with a subset of mutations present in all regions. In
one patient, the potentially clonal mutation identified in all
six tissue regions was found in ATM (Fig 2).

Tissue samples from five patients for which there was suf-
ficient DNA underwent WGS at 4× coverage and were found
to harbor a median of 18 copy-number alterations with a
range from 2 to 626 copy-number alterations (IQR = 153).
Across all patients, 2%-25% of the copy-number changes
were likely clonal and found in all foci for a given patient. For
each patient, copy-number alterations are shown in Ap-
pendix Figure A3, with multiple tracks overlaid for different
samples. Samples had a median percentage of genome
altered (PGA) of 9% with a range from 0.002% to 17.8%
(IQR = 4.8%). Loss of CHD1,NKX3-1, CDKN1B, PTEN, and
TP53 were found in all sequenced tissue regions for two of
the five patients. Notably,MYC amplification was found in a
subset of the regions for three patients and found to co-occur
with PTEN loss in one patient. However, somatic copy-
number alterations were not detected in the cfDNA of pa-
tients with localized prostate cancer.

Somatic Tumor Tissue Variants Identified in cfDNA With

2.5-Mb Targeted Panel Sequencing in Localized

Prostate Cancer

Somatic tissue variants were identified in cfDNA se-
quenced without prior knowledge of the variants present in
tumor tissue. A matched source of normal tissue was used
to exclude germline variants from the analysis. Overlapping
variants were found in 12 of the 21 patients, with a range of
1-62 variants and 0.2% to 13.8% tissue variants detected
by cfDNA (Fig 3, Data Supplement). For the majority of the
patients, overlapping variants were subclonal and found in
a subset of the tumor tissue regions sequenced. Although
the targeted panel was composed of 17% noncoding
variants, 85% of the overlapping variants were found in
intronic and intergenic regions, which is comparable to the
88% noncoding variants found in tumor tissue. Of the 21
variants found in coding regions, four were nonsynonymous
missense mutations. The cfDNA variant allele frequency for
the overlapping variants ranged from 0.9% to 19% (Fig 4).

TABLE 1. Clinical Characteristics of Individuals Included in the Study at Baseline

Characteristics
Healthy
(n = 15)

Localized
(n = 21)

mCRPC
(n = 9)

Age, years

Median 6 IQR 33 6 19 66 6 10 63 6 3

Range 22-63 50-74 59-75

Pathologic Gleason

6 — 1 —

7 — 11 —

8-10 — 9 —

Pathologic stage

Organ confined (pT2) — 6 —

Not organ confined (pT3, pT4) — 15 —

Extraprostatic extension (pT3a) — 9 —

Seminal vesicle invasion
(pT3b)

— 4 —

Lymph node involvement (N1) — 6 —

PSA, ng/mL

Median 6 IQR — 9.1 6 12 34.5 6 67a

Range — 2-69.9 0-263

No. tissue samples per patient

Median — 3 —

Range — 1-9 —

Tumor tissue variantsb

Median 6 IQR — 8 6 8 —

Range — 1-1,091 —

cfDNA variantsb

Median 6 IQR 1,089 6 761 1,843 6 605 5,081 6 716

Range 598-2,423 1,172-2,595 4,285-5,938

Abbreviations: cfDNA, cell-free DNA; IQR, interquartile range; mCRPC,
metastatic castration-resistant prostate cancer; PSA, prostate-specific antigen.

aOne man with unknown data in the cohort.
bSequenced with 2.5-Mb targeted panel.

Chen et al
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Determinants of Somatic Tissue Variant Detection in

cfDNA for Localized Prostate Cancer

Our ability to detect some of the observed somatic variants
in cfDNA was positively associated with the number of
variants coidentified in tumor tissue (P = .005) and with
seminal vesicle invasion (P = .019). There was no clear
pattern of association observed with the other clinical
factors. However, the small number of patients with
overlapping variants may not be sufficiently powered to
detect a difference between groups (Appendix Table A1).

DISCUSSION

We found that targeted sequencing of cfDNA—without
a priori patient-specific tumor mutation information—
identified somatic alterations found in matched tumor
tissue from multiple regions. Detection of these concordant
variants was associated with seminal vesicle invasion and
the number of somatic variants initially found in the tumor

tissue samples, predicating its use for patients with poor
prognostic factors in a localized setting. Our study dem-
onstrates the ability of cfDNA to detect a portion of the
genomic heterogeneity present in localized prostate can-
cer, potentially allowing for dynamicmonitoring of emerging
resistant subclones throughout the course of disease.
However, comprehensive detection of early-stage prostate
cancer with cfDNA remains elusive, with significant limi-
tations in blood volume collection and assay sensitivity
acting as barriers to implementation in the clinic.

Although tumormutations were identified in cfDNA for 57%
of patients with localized disease, the remaining patients
did not have detectable overlapping variants. Interestingly,
clinicopathologic factors may play an important role in the
detection of somatic tissue variants in plasma cfDNA.
Specifically, tissue variants were found in the cfDNA of
three men with the highest diagnostic PSA levels (ranging
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FIG 1. Localized prostate cancer tumors
harbor a wide range of somatic variants both
across patients and within a patient’s tumor
foci. (A) Distribution of variant counts for a
cohort of 21 men with one to nine tumor
tissue samples collected from regions of
varying histology that were sequenced with a
targeted panel. Patients are on the x-axis
and each dot represents the variant count
for a single tissue sample, and tissue variant
counts are on the log-scaled y-axis. A me-
dian of eight variants with a range from 1 to
1,091 variants identified across foci.
Matched whole blood was used as a source
of normal for patients S025, S034, S041,
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the listed genes were detected in 22 of the
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in a given gene. (Center) Mutations colored
by coding consequence. (Right) Number of
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from 39 to 70 ng/mL) who also had high Gleason scores of
nine. Two of these patients had metastasis to nearby lymph
nodes and pathologic T4 staging, with invasion of nearby
structures. Notably, two of these patients had the two
highest tumor volumes measured. This suggests that pa-
tients with cfDNA detection likely have further micro-
metastatic disease, limiting the utility of this assay to those
with more aggressive prostate cancer.

Technical considerations related to library preparation and
sequencing also affect cfDNA detection. A majority of the
tumor tissue variants that were not detected in cfDNA had

zero read coverage, suggesting that cfDNA fragments with
the variants may not have been present initially during
cfDNA extraction or were present, but either not captured
during the hybridization step or failed to bind to the flow cell
before sequencing. Other tissue variants that were not
detected in cfDNA had sufficient total coverage but in-
sufficient UMI family coverage supporting the alternate
allele (Appendix Fig A4). This remains a major limitation
and demonstrates the need for rigorous assay development
and validation before further evaluation of the utility of
cfDNA in localized prostate cancer.
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Importantly, many of the somatic tumor tissue alterations
identified in this study’s cohort of localized cases were also
previously identified in large cohorts of patients with lo-
calized prostate cancer, providing a patient-matched gold
standard for comparison with cfDNA variants detected in
this study. A fraction of these alterations were found to be
common across all tissue samples, with others identified in
only a subset of the samples, confirming the importance of
comprehensive sampling.

Although 17% of our 2.5-Mb targeted panel was composed
of noncoding variants, 88% of the variants found in the
tumors of men with localized disease were in noncoding
regions. The impact of these specific alterations remains
largely unknown, but prior studies have discovered cancer
driver noncoding elements in regulatory regions (ie, pro-
moters and enhancers) and noncoding single nucleotide
variants that alter RNA secondary structures.33-36 In a re-
cent study, noncoding mutations were found to target cis-
regulatory elements of FOXA1 and modulate the binding of
transcription factors, exposing a potential therapeutic target
and highlighting the importance of mutations in untrans-
lated regions.36 Similar to the percentage of noncoding
variants detected in the tumors of men with localized
prostate cancer, 85% of the overlapping variants identified
in both cfDNA and matched tumor tissue were found in
noncoding regions. As a result, the design of future panels
could focus on the improved detection of noncoding var-
iants. Variants in FOXA1 were identified in both cfDNA and
tumor tissue, although found at different locations in the
gene. Both likely clonal and subclonal mutations were
identified, supporting the ability of cfDNA to capture

somatic alterations from multiple tumor cell populations
and detecting intrapatient heterogeneity.

To ensure that the tissue variants identified in cfDNA were
not clonal hematopoietic mutations of indeterminate po-
tential (CHIP), which typically accumulate during the aging
process, we looked for the presence of alterations in genes
commonly associated with CHIP.37 Variants were found in
DNMT3A, ASXL1, TET2, and NOTCH2 in the cfDNA of
healthy patients, in white blood cells from patients with
localized disease, and in cfDNA from patients with localized
disease, which is expected since the majority of cfDNA is
derived from hematopoietic cells; however, variants over-
lapping between cfDNA and localized tumor tissue were not
found in these genes, suggesting that the CHIP effect does
not explain our findings.38 Giving credence to the cfDNA
variants found in genes previously found to be mutated in
prostate cancer, 5% of the cfDNA variants found in coding
regions were identified in AR, ATM,BRCA2,BRAF, CDK12,
CHEK2, IDH1, PIK3CA, MYC, and FOXA1, although not
detected in tumor tissue.15 Interestingly, we observed
genes that were altered in both cfDNA and tumor tissue for
a given patient, albeit at a different locus.

In undertaking this study, we leveraged a number of
methods to ensure broad and sensitive detection of cfDNA
variants for patients with localized prostate cancer. Rela-
tively large blood volumes, between 13 and 25 mL, were
collected and centrifuged with an initial low spin at 1,900g
followed by a high spin at 16,000g to remove leukocytes
and cellular debris. During library preparation, UMIs were
used to barcode cfDNA fragments and take advantage of
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sequence complementarity of the double-stranded DNA
and duplicates that arise during amplification. Importantly,
the 2.5-Mb targeted panel used in this study was gen-
erated by using a classification and ranking model trained
on WGS data from 550 prostate tumors in the Interna-
tional Cancer Genome Consortium, and included both
coding and noncoding regions. This optimized the
composition of the panel to capture the heterogeneity
previously seen in localized prostate cancer, while lim-
iting the panel in size to allow for higher coverage at a
lower sequencing cost. Additionally, analysis of cfDNA
variants was performed with matched normal samples to
filter out germline and clonal hematopoiesis variants and
compared with matched tumor tissue from multiple re-
gions to confirm variant calls.

There are a number of limitations to this study that merit
consideration. First, somatic tissue variants were detected
in cfDNA for only a subset of our study subjects. Although
factors including seminal vesicle invasion and tumor mu-
tational burden were predictors of detection, patients with
earlier stage disease may have fewer tissue variants de-
tected in their cfDNA. The few number of variants identified
in the tumor tissue biopsies remains a challenge in de-
tection, since these variants were used to verify those
identified in cfDNA for this study. These ancillary analyses
investigating potential determinants of detection are also
limited because of small sample sizes and are meant to be
hypothesis-generating analyses. Second, the selection of a
matched source of normal tissue likely affects the final set
of cfDNA variants identified because of its effect on the
exclusion of germline and CHIP variants during analysis.
We used normal tissue from nearby seminal vesicles for 17
of 21 patients, which may have a genomic profile that is
more similar to the prostate tissue than to patient-matched
whole blood. Consequently, CHIP variants may remain after
cfDNA variant calling, and somatic alterations arising from
mosaicism, a process where mutations occur during de-
velopment and propagate to a subset of tissues, may
be removed. Additionally, the median age of healthy
individuals was lower than those of patients with prostate
cancer. Although age was not found to be correlated with
cfDNA variant count in this study, previous studies have
shown tumor mutational burden to increase significantly

with age.39 Future studies evaluating the cfDNA muta-
tional burden would benefit from the selection of age-
matched controls. Finally, the relatively short follow-up
time for a protracted disease like localized prostate
cancer means detection of relapse may be difficult. After
surgery, four of the 21 patients experienced biochemical
recurrence with a median follow-up time of 2.34 years
and a range of 66-1,502 days.

In previous studies, features identified in the subclonal
architecture of localized prostate cancer have been found
to identify patients at higher risk of relapse. In one study,
almost two thirds of men with localized prostate cancer had
tumors that harbored multiple subclones, and these men
relapsed following treatment at a much higher rate than
men with monoclonal tumors.7 In this study, among men
with localized disease, all patients with more than one
sequenced tissue region had tumors that harbored sub-
clonal mutations, suggesting from previous studies that
these men may have an increased risk of subsequent re-
lapse after surgery. To this end, they may benefit from the
use of cfDNA to identify alterations indicative of poor
prognosis, which may help distinguish between patients
who should be treated immediately from those who could
remain on active surveillance.

In summary, we show that targeted sequencing of cfDNA
without prior patient-specific tumor mutation information
can be used to identify somatic alterations, with implica-
tions for disease monitoring and detection of emerging
subclones through repeat sampling. Targeted sequencing
of cfDNA molecules can detect both potentially clonal and
subclonal somatic tissue variants, with clinicopathologic
and technical factors influencing detection. Future studies
investigating the regulatory role of noncoding somatic
mutations in localized prostate cancer will help elucidate
the functional impact of cfDNA detection of these types of
alterations. Combined with previous studies, the impor-
tance of detecting somatic alterations using cfDNA in lo-
calized disease is developing. Our study supports the use of
cfDNA in the assessment of heterogeneous, localized
prostate cancer, which will be further strengthened by
ongoing technological advances to enrich for tumor frag-
ments found in cfDNA.
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APPENDIX

MATERIALS AND METHODS

Patient Cohort

A total of 45 individuals recruited between August 2015 andNovember
2019 were included in this study: 15 healthy donors, 21 patients with
localized prostate cancer, and nine patients with metastatic castration-
resistant prostate cancer (mCRPC) (Table 1). Healthy control samples
were collected from volunteers at UCSF, and all patients with localized
disease underwent RP at UCSF. Patients with mCRPC were included
from the UCSF PROMOTE study investigating predictive markers of
response. Blood samples, matched normal tissue from adjacent
seminal vesicles or whole blood, and multiple tumor regions (one to
nine samples per patient) were collected from patients undergoing RP.
Whole peripheral blood was collected immediately before surgery for
patients with localized disease and before treatment initiation for
patients with mCRPC.

Clinicopathologic variables that play an important role in surgical
management after prostatectomy were also collected for patients with
localized disease who underwent RP, including pathologic T stage,
tumor volume, and the Cancer of the Prostate Risk Assessment
Postsurgical (CAPRA-S) score, which is a prediction model used to
assess risk of recurrence after surgery and encompasses presurgical
prostate-specific antigen level, pathologic Gleason score, presence of
positive surgical margins, extracapsular extension, seminal vesicle
invasion, and lymph node involvement.26 Biochemical recurrence was
defined as two consecutive prostate-specific antigen levels
of . 0.2 ng/mL at least 8 weeks after surgery. Approval for this study
was granted by the Human Research Protection Program Institutional
Review Board at UCSF (IRB 11-05226, IRB 12-09659, and IRB 12-
10340), and written informed consent was obtained from all patients.

Tissue Sample Collection

For the men with localized prostate cancer undergoing RP, multiple 3-
mm punches were collected from the index lesion, regions with varying
histology or Gleason grade, as well as other spatially distinct tumors
from surgically resected prostates. Prostate tissue was cut into
quadrants and snap-frozen in optimal cutting temperature compound,
using isopentane chilled by dry ice. A cryostat was used to create 5-mm
sections. Tumor locations, Gleason grade, and tumor content were
verified by a pathologist’s examination of hematoxylin and
eosin–stained sections of prostate tissue. Tissue punches were stored
at −80°C. Matched normal tissue samples were also collected from
nearby seminal vesicles or peripheral whole blood when the prior was
unavailable. For the patients with mCRPC, tissue samples were ob-
tained using image-guided core needle biopsy of the metastatic lesion
in the bone or soft tissue, and formalin-fixed, paraffin-embedded for
histopathologic review.

Tissue Processing and Sequencing

DNA was extracted from normal and tumor tissue using the Qiagen
DNeasy Blood and Tissue Kit (Qiagen, Redwood City, CA). For each
sample, genomic DNAwas sheared with a Covaris M220 ultrasonicator
to a target size of approximately 300 bp, and assembled into a library
with Illumina TruSeq adapters. For each sample, 10-100 ng of DNA
was used for targeted and whole-genome sequencing (see Data
Supplement). A set of custom myBaits (Arbor Biosciences, Ann Arbor,
MI) hybrid capture probes 6 175 bp and tiled 3× were designed to
target mutations in a custom panel (described below) and applied by
Arbor Biosciences before sequencing to a target depth of 200× on an
Illumina HiSeq 2500 at the CLIA-certified laboratory of the UCSF
Institute for Human Genetics Genomics Core Facility (CLIA
#05D2080584). For patients with mCRPC, four of the nine men had
tumor tissue samples from metastatic lesions available for sequencing
as a part of the UCSF PROMOTE study (ClinicalTrials.gov identifier:
NCT02735252).

Targeted Panel Design

We used a custom designed 2.5-Mb targeted panel that included
7,034 mutations identified using a Support Vector Machine classifi-
cation and ranking model, as previously described.25 Briefly, this
model was trained on whole-genome sequence data from 550 primary
prostate tumors from the International Cancer Genome Consortium
(release 23), along with biological feature annotations (ie, Combined
Annotation-Dependent Depletion and PhyloP deleterious measures,
annotation in KEGG, amino acid identity, and evolutionary conser-
vation). The resulting panel included single-point mutations as well as
small , 200 bp indels in both coding (83%) and noncoding regions
(17%).

cfDNA Extraction and Quantification

For healthy controls, 20 mL of whole peripheral blood was collected in
PAXgene Blood ccfDNA tubes (Qiagen, Redwood City, CA). From 13 to
25 mL of whole peripheral blood was collected immediately before
surgery for patients with localized prostate cancer and before treat-
ment initiation for patients with mCRPC. Plasma was generated from
whole blood samples within 2 hours for blood collected in K3EDTA
tubes or within 7 days for blood collected in PAXgene Blood ccfDNA
tubes (Qiagen, Redwood City, CA). We used a two-step centrifugation
protocol: first centrifuging the blood at 1,900g for 10 minutes at 21°C,
followed by centrifugation of the supernatant at 16,000g for 10minutes
to remove leukocytes and cellular debris. DNA was extracted from 7 to
29mL of plasma using the Qiagen QIAamp Circulating Nucleic Acid Kit
(Qiagen, Redwood City, CA), double eluted with 40 µL of Qiagen
Elution Buffer, and analyzed on the Agilent 2100 Bioanalyzer with
High-Sensitivity DNA Chips (Agilent Technologies, Santa Clara, CA) for
assessment of sample purity, concentration, and fragment size dis-
tribution according to the manufacturer’s instructions. Plasma cell-free
DNA (cfDNA) concentration was determined with the Agilent 2100
Bioanalyzer Expert software and calculated across the first three peaks
(between 75 and 675 bp) corresponding to the length of nucleosomal
footprints and linkers derived from apoptotic cells.27

cfDNA Library Preparation and Sequencing

A minimum of 10 ng of cfDNA from each sample was used to prepare
sequencing libraries by concentrating the cfDNA with a Zymo Clean
and Concentrator Kit (Zymo Research, Irvine, CA) and tagging mol-
ecules with unique molecular identifiers (UMIs) with the ThruPLEX
Tag-Seq 48S kit (Takara Bio, Mountain View, CA) before PCR am-
plification (7-11 cycles). The UMIs included two 6 nucleotide barcodes
and two 8-11 nucleotide stems on each end of the insert, with an 8
nucleotide Sanger index on the 3′ end. Finally, samples were again
analyzed on the Agilent 2100 Bioanalyzer after AMPure XP bead
cleanup for quality control (Beckman Coulter, San Jose, CA). Hybrid
capture with custommyBaits (Arbor Biosciences, Ann, Arbor, MI) were
applied to the libraries before sequencing to a target depth of
2,500× on the Illumina HiSeq 2500. Samples were also whole-genome
sequenced to a target depth of 4× (see Data Supplement).

Because of the low tumor fractions typically found in localized prostate
cancer, special consideration was given to UMI-tagged cfDNA se-
quencing depth calculations. The average sequencing depth can be
defined theoretically as LN/G, where L is the read length, N is the number
of reads, and G is the haploid genome length. For sequencing with the
targeted panel, the on-target hybrid capture efficiency was estimated to
be 40% with 10% duplicates. The number of total reads was found by
identifying theminimumnumber of raw reads perUMI family necessary to
generate consensus reads for variant calling, where aUMI family is a set of
reads constructed from both strands of the original dsDNA molecule.

Tissue Sequencing Data Analysis

Quality assessment of sequence reads was first evaluated using
FastQC, which includes metrics on per base quality, GC content,
sequence length distribution, and overrepresented sequences. Whole-
genome and targeted sequencing data were then analyzed using the
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pipelines developed by the Broad Institute of MIT and Harvard on the
Terra platform with the GATK4.1 tools release.

All tissue sequencing data were preprocessed to produce analysis-
ready BAM files before somatic variant calling and copy-number
analysis. Raw paired-end reads (150 bp) in FASTQ format were
merged and aligned to the Genome Reference Consortium Human
Build 37 (GRCh37) with BWA. Bases with a Phred quality score , 20
were filtered out to remove poor-quality reads, likely because of se-
quencing errors. Picard tools were used to sort, index, and merge files,
as well as mark and remove duplicate reads that originated from the
same DNA fragment, which are nonindependent observations. Base
quality scores were also recalibrated to correct for systematic errors to
produce a final BAM file for further analysis.

For the samples sequenced with the targeted panel, MuTect2 was used
to perform somatic variant calling on matched tumor-normal BAMs to
detect single nucleotide variants and small INDELS, which used anno-
tation files contained in the GATK bundle.28 Variant filtering was per-
formed to remove potential technical or germline artifacts, including
cross-sample contamination. Variants were retained if the filter param-
eter was designated as PASS and subsequently annotated with
Oncotator.29 Manual review of the variants was performed with Integrative
Genomics Viewer (IGV) to inspect variants for sequencing evidence.

Somatic copy-number alterations in tumor tissue were identified in
whole-genome sequence data using GATK ModelSegments, using a
panel of normals generated from whole-genome normal samples se-
quenced at the Broad Institute Genomics Platform. When creating a
genomic intervals list to define the resolution of the analysis, bin lengths
were set to 1,000 bp. Read coverage data are denoised against the panel
of normals using principal component analysis, and both kernel seg-
mentation and Markov-chain Monte Carlo are used with copy ratio and
allelic counts data to group contiguous segments and make calls.
Genomic instability was assessed with the percentage of genome altered
metric, which was calculated by dividing by the number of base pairs
affected by copy-number changes by the total length of the genome.

cfDNA Sequencing Data Analysis

Plasma cfDNA barcoded with UMIs and sequenced with the targeted
panel underwent variant calling using the Curio Genomic platform,

which was specifically designed for processing UMI-tagged sequences
prepared with the Takara ThruPlex Tag-seq kit. Raw paired-end reads
were merged and aligned to GRCh37 with BWA, and the 6nt UMIs
were extracted for downstream analysis. Duplex UMI processing was
enabled to group reads from both strands of the original dsDNA
molecule into UMI families. Consensus reads were generated from
UMI families before variant calling with Curio version 1.4.1 with the
following parameter thresholds: (1) a minimum base quality Phred
score of 30, corresponding to 99.9% base call accuracy; (2) a min-
imum of four reads in every UMI family to filter out smaller families with
few reads; (3) a minimum of 75% of the reads with the same base call
in a UMI family at a given position; (4) an allowable UMI hamming
distance of four bases to differ across both the read and its paired-end
mate; (5) a minimum nonreference coverage or number of uniqueUMI
families supporting the variant was set to three; and (6) an allele
frequency less than 20% to exclude potentially homozygous and
heterozygous germline variants.

Low-pass whole-genome sequencing data were used to identify large-
scale copy-number alterations and estimate the fraction of tumor in
cfDNA using HMMcopy and ichorCNA.30 Briefly, whole genomes were
binned into 1 Mb windows, and a Hidden Markov Model was used to
segment the copy-number profile into regions predicted to be gen-
erated by the same copy-number variant event, as well as identify
copy-number alterations for each segment.

Statistical Analysis

Since cfDNA variant counts were not normally distributed (P , .001,
Shapiro-Wilk test), we evaluated the difference across healthy and
prostate cancer groups using the Mann-Whitney nonparametric test.
Correlations between clinical categorical variables (ie, biochemical
recurrence, seminal vesicle invasion, and Gleason score ≤ 3 + 4
v ≥ 4 + 3) and somatic tumor tissue variant detection in cfDNA was
assessed with Fisher’s exact test. The nonparametric Mann-Whitney
U-test was used to evaluate differences in cfDNA variant detection for
continuous variables (ie, starting amount of extracted cfDNA, number
of tumor tissue or cfDNA variants, CAPRA-S score, pathologic tumor
volume, and sequencing depth of coverage). All statistical analyses
were performed using R version 3.6.1.
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FIG A1. A total of 71 tissue specimens from surgically resected prostates were collected from 21 men. For each patient, multiple tumor tissue
samples were obtained from regions with varying histology when possible, and matched normal tissue was collected from nearby seminal
vesicles or peripheral whole blood when the prior was unavailable. Venous whole blood was drawn in K3EDTA or PAXgene ccfDNA tubes for all
patients. DNA extraction and library preparation were then performed before targeted sequencing with a 2.5 Mb panel or WGS to assess
genomic heterogeneity among localized prostate tumors. Additionally, cfDNA molecules were barcoded with UMIs to group reads from both
strands of the original double-stranded DNA molecule into UMI families during variant calling. cfDNA, cell-free DNA; UMI, unique molecular
identifier; WGS, whole-genome sequencing.
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FIG A2. Plasma cfDNA mutational burden assessed by targeted
sequencing increases with disease severity. Boxplots show the
distribution in cfDNA variant count across healthy controls (n = 15),
patients with localized disease (n = 21), and patients with mCRPC
(n = 9) from blood samples collected at baseline before surgery or
treatment initiation. Men with localized disease had significantly
higher counts than those observed in controls (P , .01), and men
with mCRPC had significantly higher counts compared with those
found in men with localized disease (P , .0001) or controls
(P , .0001). *P , .01, ***P , .0001. cfDNA, cell-free DNA;
mCRPC, metastatic castration-resistant prostate cancer.
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FIG A3. Low-pass whole-genome sequencing was performed for 12 tissue specimens from five patients with localized prostate cancer. Each
Circos plot depicts the genomic location in the outer ring and chromosomal log2 copy number in the inner ring, with multiple samples overlaid for
the same patient. Likely clonal and subclonal copy-number alterations were identified for CHD1, NKX3-1, CDKN1B, MYC, PTEN, and TP53. In
one patient, one of the three tissue samples harbored both MYC amplification and PTEN loss, which is prognostic for biochemical recurrence,
and 17.8% of the genome was affected by copy-number changes.
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FIG A4. Total coverage and variant allele coverage in cfDNA were potential determinants of somatic tissue variant detection in cfDNA. Shown
here is a subset of somatic tissue variants for a single patient and whether or not the variants were detected in cfDNA. Amajority of variants that
were not detected in cfDNA had zero coverage or sufficient total coverage but not enough UMI family coverage supporting the alternate allele
to be called as a variant. cfDNA, cell-free DNA; UMI, unique molecular identifier.
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TABLE A1. Correlation between cfDNA Variant Detection and Clinical Characteristics
Clinical Feature No Detection in cfDNA Detection in cfDNA P

Pathologic T stage

≤ T3a (No SVI) 9 6 .019

≥ T3b 0 6

Gleason

≤ 7 (3 + 4) 4 5 1.0

≥ 7 (4 + 3) 5 7

Biochemical recurrence

No 8 6 .087

Yes 1 6

No. tissue samples

, 3 4 4 .67

≥ 3 5 8

Tumor tissue variant count

Average 14 597 .0046

Starting amount of cfDNA, ng

Average 18.5 26.1 .25

CAPRA-S score

Average 4 6.6 .08

Tumor volume, cc

Average 4 4 .61

NOTE. Fisher’s exact test was used to investigate the correlation between categorical features and detection of tumor tissue variants from targeted cfDNA
sequencing in patients with localized prostate cancer. Mann-Whitney U-test was used to assess the association between continuous clinical features and
detection of tumor tissue variants from targeted cfDNA sequencing in patients with localized prostate cancer. SVI and tumor tissue variant count were
significantly associated with detection in cfDNA.
Abbreviations: CAPRA-S, Cancer of the Prostate Risk Assessment Postsurgical; cfDNA, cell-free DNA; SVI, seminal vesicle invasion.
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