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ABSTRACT
Characterizing the Utility of Cell-free DNA in Prostate Cancer
Emmalyn Chen

Motivation: Prostate cancer remains the most commonly diagnosed neoplasm in American men,
with existing biomarkers (i.e. PSA, nomograms, MRI) having varying levels of sensitivity and
specificity in identifying more advanced and potentially aggressive disease. Tumor tissue biopsies
remain the gold standard for confirming the presence of prostate cancer, as well as evaluating the
genomic heterogeneity and clonal architecture that may be predictive of poor outcomes (i.e.
recurrence and metastasis). However, tissue biopsies are limited in their ability to comprehensively
assess tumors, and may lead to underestimation of disease grade and stage. These hurdles may be
overcome with cell-free DNA (cfDNA), which allows for minimally invasive, repeated sampling
through blood draws. This is particularly important when tumor tissue is unavailable during active
surveillance or disease monitoring for the detection of residual disease or progression.
Additionally, genomic interrogation via cfDNA sequencing typically requires prior knowledge of
existing mutations from a patient’s tumor. The work presented here leverages a number of methods
to ensure broad, yet sensitive detection of cfDNA variants for patients with localized prostate
cancer, including sequencing with a machine-learning guided 2.5Mb targeted panel. In this
dissertation, I investigate the use of ¢cfDNA concentration, fragment size, and sequencing to
identify advanced prostate cancer, as well as detect somatic mutations present in patient-matched
tumors.

Methods: The patient cohort included in these studies are composed of 268 individuals: 34 healthy
individuals, 112 men with localized prostate cancer who underwent radical prostatectomy (RP),

and 122 men with metastatic castration-resistant prostate cancer (mCRPC). Plasma cfDNA



concentration and fragment size were quantified with a Qubit fluorometer or Bioanalyzer utilizing
a chip-based capillary electrophoresis method for nucleic acid analysis. Low-pass whole-genome
and targeted sequencing were used to identify single nucleotide variants (SNVs), small insertions
and deletions (indels), and copy number alterations (CNAs) for a subset of patients. Plasma cfDNA
was barcoded with duplex Unique Molecular Identifiers (UMIs) to construct consensus reads and
improve variant detection by leveraging duplicate reads and sequence complementarity of the two
DNA strands. Extensive tissue sampling was used to capture tumor heterogeneity and provide a
patient-specific gold standard for comparison of matched cfDNA.

Results and Conclusions: Patients with advanced mCRPC had higher cfDNA concentration than
men with localized disease or healthy controls, and those with localized disease had shorter
average fragment sizes than controls. Importantly, cfDNA concentration and fragment size
remained independent predictors after adjusting for age and PSA. 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, potentially allowing for
dynamic monitoring of emerging resistant subclones throughout the course of disease. Detection
of these concordant variants was associated with seminal vesicle invasion and the number of
somatic variants found in the tumor tissue samples, predicating its use for patients with poor
prognostic factors in a localized setting. Similar to cfDNA concentration, plasma cfDNA
mutational burden was also found to increase with disease severity. The results from our studies
demonstrate the ability of cfDNA to identify somatic variants in patients with heterogeneous,

localized prostate cancer.

Keywords: cell-free DNA, prostate cancer, tumor heterogeneity, prognostic biomarker, next-
generation sequencing, duplex UMIs, clonal evolution, targeted panel, whole-genome sequencing
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Chapter I

Introduction

The advent of non-invasive cell-free DNA (cfDNA) analysis has ushered in a new era of cancer
management, including potential applications in screening, early detection, treatment
stratification, and disease monitoring. In the past decade, testing based on plasma cfDNA has
emerged as a promising alternative to invasive, “gold standard” tests such as tumor tissue biopsies,
and is currently being incorporated into the clinical management of cancer. However, available
testing focuses on specific genetic mutations and only benefits a subset of patients due to
technological and analytical limitations, sampling noise, and the ambiguity surrounding cancer-
associated mutations. In this chapter, I will delve into the importance and complexity of human
genetics, review the biological and clinical implications of cancer evolution, and detail the origins
and applications of cfDNA. Additionally, I will highlight the convergence of multiple advances in
the field that motivated our lab to investigate the use of cfDNA concentration, fragment size, and
sequencing to identify localized and advanced prostate cancer, as well as detect somatic mutations

present in patient-matched tumors.

1.1 Human genetics and next-generation sequencing

The diploid human genome consists of nearly 6.4 billion genetic building blocks, forming a double
helix DNA structure, and serves as the set of instructions for development, survival, and
reproduction. The information contained within the DNA sequence is first transcribed into RNA,

and subsequently translated into proteins, which carry out the majority of all cell functions. While



all cells in the body share the majority of the same DNA, differences in gene expression are what
result in the diversity of specialized tissue and organs that create a multicellular organism, with
genetic alterations resulting in potentially severe consequences on downstream biological
processes!. Specifically, carcinogenesis can occur when somatic mutations accumulate as a result
of errors in DNA replication, which along with epigenetic changes can modify molecular pathways
that allow for immune evasion, sustained angiogenesis for neoplastic vascularization, as well as
limitless replicative potential and insensitivity to anti-growth signals. Somatic tumor mutations
arise later in development and are acquired in an individual’s tissues, which are distinct from

germline mutations that are inherited and transmitted to offspring.

The implications of the human genome are vast, and yet the genome itself is compressed into a
microscopic package, which eluded scientists for centuries. In the mid-1800’s, the results from
Gregor Mendel’s study of pea plant breeding later established our understanding of trait
transmission and inheritance, which has had a lasting impact on field of study ranging from
inherited diseases and ancestry to modern day agriculture. But it wasn’t until 1953 when James D.
Watson and Francis Crick accurately described the molecular structure of DNA through the use of
X-ray diffraction, paving the road for Watson’s help in establishing the Human Genome Project

in the early 1990’s, an international 13-year effort to sequence the entire human genome?.

Since the completion of the Human Genome Project in 2003, the cost of next-generation
sequencing (NGS) has decreased dramatically and outpaced Moore’s law with the creation of
massively parallel sequencing processes. The first human genome ever sequenced cost nearly

$100M, but today the cost to fully sequence an individual’s genome is approximately $1,000°.



The reduction in cost has accelerated genetics research, making it possible to elucidate the role of
genetic variation in human disease by analyzing large cohorts of patients and healthy individuals
for association studies, as well as discover tumor alterations that can be used as clinical biomarkers

to inform cancer diagnosis and treatment.

1.2 Genomic heterogeneity and cancer evolution

Approximately 40% of men and women will be diagnosed with cancer at some point during their
lifetime®. The collection of diseases we know as cancer can be initiated by both environmental risk
factors (i.e. smoking) and inherited germline genetic factors (i.e. BRCAI or BRCA2 mutations)
that result in genetic alterations that disrupt the cell cycle, triggering unrestrained growth and
proliferation. While 10% of cancer cases are attributed to alterations in a single gene, the
overwhelming majority of cancers are considered complex genetic traits arising from multiple

genetic variants’.

Intratumor heterogeneity, which is driven by tumor evolution, is a critical component determining
the lethality of cancer due to its impact on therapeutic failure, drug resistance, and disease
progression. Multiple tumor cell subpopulations, defined by a diverse set of genetic mutations,
undergo Darwinian evolution and allow for the exploitation of escape mechanisms for tumor
survival. This process is subsequently accelerated when tumors undergo under sudden selective

pressure induced by treatments, and in particular, targeted therapy?®.



1.3 Prostate cancer

Prostate cancer, a disease that accounts for approximately 20% of all new cancer diagnoses in
American men, is known to harbor extensive tumor heterogeneity that includes subclones with
large genetic divergence at the time of diagnosis®'!. While the majority of prostate cancers are
diagnosed when the disease is still localized and are successfully treated, an estimated 2.9% of
patients develop bone metastases and 2.4% die of the disease within six years'?. Genomic
instability resulting from recurrent copy number alterations (CNAs) in genes such as MYC, NKX3-
1, and PTEN has been found to be prognostic for biochemical recurrence following surgery or
radiotherapy'®!4. Prostate tumors are also known to harbor single nucleotide variants (SNVs) in
both coding and noncoding regions of the genome, with the most common nonsynonymous
mutations in SPOP occurring in only 10% of primary prostate cancers, making detection of this
genomic heterogeneity challenging'®. Importantly, patients with polyclonal tumors have also been

found to be at a higher risk for relapse following treatment!.

The current “gold standard” for cancer diagnosis and detection of heterogeneity is through tissue
biopsy, an invasive procedure that removes a small amount of tissue for further examination.
However, this is not always feasible when tumor tissue may be inaccessible. Additionally, a solid
tissue biopsy may miss some of the tumor, leading to underestimation of disease grade and stage,
and cannot be easily performed repeatedly for disease monitoring. Circulating blood biomarkers,
including circulating tumor cells, cell-free DNA, cell-free RNA, and exosomes, are a promising
alternative that may provide better insight into the evolution of tumor dynamics throughout the

disease.



1.4 Cell-free DNA

Cell-free DNA (cfDNA) consists of short DNA fragments released into circulation as a result of
cell lysis, apoptosis, necrosis, and active secretion, and can be found in blood, urine, stool,
cerebrospinal fluid, and saliva'’~2°, Despite its discovery in 1948, circulating tumor DNA (ctDNA)
in cancer patients was only found later in 1989'8. In 1994, KRAS mutations were detected in the
cfDNA of pancreatic cancer using PCR with allele-specific primers, which were also found in the
patient’s tumor and confirmed the ctDNA fragments were of tumor origin’!. A decade later, fetal-
derived cfDNA was detected in the circulation of pregnant women, and is now regularly used for
noninvasive prenatal testing to screen for monogenic disorders, aneuploidies such as Down
syndrome (trisomy 21), and sex determination. In recent years, there has been a resurgence of
interest in the clinical utility of cfDNA in the context of cancer, with rapid development leading

to its adoption by clinicians.

In healthy individuals, cfDNA is predominantly of hematopoietic origin. In patients with cancer,
cfDNA includes DNA from hematopoietic cells, but also circulating tumor DNA derived from
tumor cells??. The fraction of ctDNA in overall cfDNA can vary greatly depending on tumor type
and disease burden that lead to differences in rates of cell death in individual tumors, and ranges
from 0.1% to 90%?23. Both quantification of total cfDNA and genomic interrogation of ctDNA
fragments have been used to guide diagnosis, treatment selection, prognosis, and disease
monitoring, with distinct advantages and disadvantages in cost, specificity, and turnaround time?*.
Elevated preoperative cfDNA concentrations in men with localized prostate cancer who underwent

radical prostatectomy (RP) have been associated with PSA recurrence, and detection of BRCA2



reversion mutations in cfDNA has been associated with resistance to PARP inhibitors in patients

with metastatic castration-resistant prostate cancer (mCRPC)?>2¢,

Due to the short half-life and potentially low concentration of ctDNA fragments, specialized
approaches are necessary for collection and analysis. Due to the potential for normal blood cell
lysis contaminating cfDNA with germline DNA, blood must be drawn with large gauge needles to
keep blood cells intact and collected in tubes that must be centrifuged and separated within 1 to 4
hours of collection or collected in tubes with a stabilizing agent, and centrifuged twice with an
initial low-speed spin followed by a high-speed spin to remove white blood cells and cellular
debris?’. Ultrasensitive methods are required to detect mutations, copy-number changes, and other
alterations present in cfDNA at low variant allele frequencies. Allele-specific techniques such as
PCR analysis (i.e. BEAMing and ddPCR) can be used to identify variants present at 0.01% allele
frequencies. While next-generation sequencing methods allow for broader detection of alterations
in cfDNA, they are limited by the error rate of DNA polymerase and the sequence by synthesis
reaction. To address this challenge, molecular barcoding methods that tag cfDNA fragments with

unique nucleotide sequences are used when preparing the cfDNA library for sequencing.

The ability to analyze ctDNA from a routine blood draw allows for serial sample collection, which
is particularly advantageous when tissue biopsy is difficult or unavailable. Clinical applications in
early detection, identification of residual disease, molecular profiling for treatment guidance,
treatment response monitoring, and identification of resistance mechanisms are being investigated.
In June 2016, the U.S. Food and Drug Administration (FDA) approved the Roche Cobas EGFR

Mutation Test v2 for use with plasma cfDNA, the first liquid biopsy companion diagnostic test to



be approved by this agency. This test detects mutations that confer mechanisms of resistance to
EGFR-targeted therapies for non-small cell lung cancer (NSCLC) patients, which prompts a
change in therapy to mitigate resistance?®. Additionally, ongoing efforts by companies such as
Guardant Health, Grail, Freenome, and Foundation Medicine, are currently underway, with

potentially transformative applications in oncology and immuno-oncology.

In this dissertation, I aim to investigate the utility of ¢cfDNA in both localized and advanced
prostate cancer. First, I examine the prognostic potential of overall ctDNA concentration and
fragment size. Then, I evaluate the ability of cfDNA sequencing—without a priori patient-specific
tumor mutation information—to identify clonal heterogeneity found in matched tumor tissue from
multiple regions in patients with localized prostate cancer. Specifically, cfDNA is tagged with
unique barcodes and sequenced with a custom 2.5Mb targeted panel. Finally, I discuss the
promises and pitfalls of cfDNA testing, and the importance of continued, rigorous studies to
identify potential avenues that can transform the way we diagnose and manage cancer. Distinct
challenges lie ahead, but with a sense of urgency that we owe to those who built the canon of

knowledge before us, the future of guided cancer treatment remains promising.
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Chapter 11
Cell-free DNA as a Biomarker for Prostate Cancer:

Elevated Concentration and Decreased Fragment Size

2.1 Abstract

Purpose: Prostate cancer is the most commonly diagnosed neoplasm in American men. Although
existing biomarkers may detect localized prostate cancer, additional strategies are necessary for
improving detection and identifying aggressive disease that may require further intervention. One
promising, minimally invasive biomarker is cell-free DNA (cfDNA), which consist of short DNA
fragments released into circulation by dying or lysed cells that may reflect underlying cancer. Here
we investigated whether differences in ¢cfDNA concentration and ¢fDNA fragment size could
improve the sensitivity for detecting more advanced and aggressive prostate cancer.

Materials and Methods: This study included 268 individuals: 34 healthy controls, 112 men with
localized prostate cancer who underwent radical prostatectomy (RP), and 122 men with metastatic
castration-resistant prostate cancer (mCRPC). Plasma cfDNA concentration and fragment size
were quantified with the Qubit 3.0 and the 2100 Bioanalyzer. The potential relationship between
cfDNA concentration or fragment size and localized or mCRPC prostate cancer was evaluated
with descriptive statistics, logistic regression, and area under the curve analysis with cross-
validation.

Results: Plasma cfDNA concentrations were elevated in mCRPC patients in comparison to

localized disease (ORs ngme = 1.34, P = 0.027) or to being a control (ORs ngmL = 1.69, P =0.034).
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Decreased average fragment size was associated with an increased risk of localized disease
compared to controls (ORsp, = 0.77, P = 0.0008).

Conclusion: This study suggests that cfDNA concentration and average cfDNA fragment size
may provide a quick, cost-effective approach to help determine which patients will benefit most

from further screening and/or disease monitoring to help improve prostate cancer outcomes.
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2.2 Introduction

Prostate cancer accounts for approximately 20% of all new cancer diagnoses in American men.
While individuals diagnosed with localized disease have a 98% 5-year survival rate, an estimated
33,330 men will die from aggressive and metastatic disease in 2020?°. There are a number of
existing biomarkers routinely used for prostate cancer diagnosis and monitoring, including
prostate-specific antigen (PSA), PHI, 4Kscore, PCA3 expression, parametric MRI, and
hypermethylation of GSTP1, APC, and RASSF13%3!, These have varying levels of sensitivity and
specificity, and additional biomarkers for prostate cancer are necessary to reduce over-diagnosis

and over-treatment of this common, but complex disease.

Cell-free DNA (cfDNA) is a promising, minimally invasive biomarker that may originate from
cell lysis, apoptosis, necrosis, and active release of DNA fragments into circulation'’?°, In healthy
individuals, ¢cfDNA is predominantly of hematopoietic origin?’. In cancer patients, cfDNA
includes DNA of hematopoietic origin, as well as circulating tumor DNA (ctDNA) derived from
tumor cells. Two commonly used methods to profile cfDNA are: 1) quantification of cfDNA based
on spectrophotometry, electrophoresis, or quantitative PCR (qPCR); and 2) genomic interrogation
of ctDNA fragments with next-generation sequencing, BEAMing (beads, emulsion, amplification,

and magnetics), or droplet digital PCR (ddPCR).

While genomic interrogation allows for the detection of cancer-specific fragments, this can have
a number of challenges (e.g., sufficient cfDNA, sequencing depth, and mutation panel selection).
In contrast, quantification of overall cfDNA concentrations and assessment of cfDNA fragment

size may provide a quick, cost-effective method in addition to other biomarkers such as PSA, and
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can deliver insight into whether a patient should undergo further biopsy and potentially genomic

testing.

Elevated concentrations of c¢fDNA were initially reported in patients with leukemia and
autoimmune disease’>33. Subsequent studies have also determined that high concentrations of
cfDNA are typically associated with poor survival in several cancers***. For prostate cancer,
increased plasma cfDNA concentrations were found in patients with lymph node and distant
metastases®®. Elevated preoperative serum cfDNA concentrations in men with localized prostate
cancer who underwent RP have been associated with PSA recurrence, independent of surgical

margin and lymph node status, as well as Gleason score and pathologic stage®.

In addition to overall cfDNA concentrations, cfDNA fragment size may provide diagnostic and
prognostic value. DNA integrity, which measures the ratio of all cfDNA fragments (ALU 247bp)
to shorter fragments (ALU 115bp) has distinguished prostate cancer from benign prostatic
hyperplasia (BPH)?7. Pre-treatment cfDNA concentration and fragment size were predictive of
advanced pancreatic cancer progression-free survival and overall survival®®. Furthermore, tumor
fragments in cfDNA appeared shorter in size than fragments that originated from non-malignant

cells?¥41,

Here, we evaluate whether baseline plasma cfDNA concentrations and cfDNA fragment size can
differentiate among: 1) men with prostate cancer and controls; and 2) clinical characteristics or
biochemical recurrence among men with localized disease (i.e., PSA at diagnosis, Gleason, organ

confinement, extraprostatic extension, seminal vesicle invasion, lymph node invasion, and RNA
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gene expression). While cfDNA concentration data was available for mCRPC and localized
prostate cancer groups, cfDNA fragment size data was only available for patients with localized

disease.

2.3 Materials and Methods

2.3.1 Patient Cohort

From August 2015 to November 2019, biological samples from a total of 268 individuals were
included in this study: 34 healthy donors, 112 patients with localized prostate cancer, and 124
mCRPC patients (Table 1). Twenty-eight healthy donor samples were obtained from StemCell
(StemCell Technologies, Seattle, WA), and six healthy samples were collected from volunteers at
UCSF. All patients with localized disease underwent radical prostatectomy (RP) at UCSF, and
35/112 patients had a Decipher score of RNA gene expression available (GenomeDx Biosciences,
Vancouver, British Columbia, Canada)*’. For the patients with localized disease, blood samples
were collected the day of surgery before RP, and for five of these men blood samples were
collected two months after surgery. Clinicopathologic variables that play an important role in
surgical management after prostatectomy were also collected, including clinical T stage,
pathologic Gleason score, preoperative PSA, and risk prediction models including the Cancer of
the Prostate Risk Assessment Postsurgical (CAPRA-S) score and the Decipher score***. Known
predictors of biochemical recurrence (BCR), including organ confinement, extraprostatic
extension, seminal vesicle invasion, and lymph node involvement were also identified®.
Biochemical recurrence was defined as two consecutive PSA levels of >0.2 ng/mL eight weeks

after surgery.
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While most of the cohort was collected prospectively, a subset of 110 mCRPC patients were
recruited through the Stand Up 2 Cancer/Prostate Cancer Foundation-funded West Coast Prostate
Cancer Dream Team Project (IRB 12-10340). Fourteen mCRPC patients were recruited through
UCSF?*. For mCRPC patients, blood samples were collected prior to treatment initiation.
Clinicopathologic characteristics were collected for all patients (Table 1). Approval for this study
was granted by the local ethics review board (IRB 11-05226 and IRB 12-09659), and written

informed consent was obtained from all patients.

2.3.2 ¢cfDNA Extraction from Blood

For healthy controls, whole peripheral blood samples were collected from individuals in PAXgene
Blood ccfDNA tubes (Qiagen, Redwood City, CA). Healthy samples collected by StemCell were
shipped at room temperature, arriving within 7 days for sample processing. Whole peripheral blood
samples were collected immediately before surgery for patients with localized disease or at the
time of follow-up and before treatment initiation for mCRPC patients. Plasma was generated from
whole blood samples within 2 hrs for blood collected in K3EDTA tubes or within 7 days for blood
collected in PAXgene Blood ccfDNA tubes with a two-step centrifugation protocol: first
centrifuging the blood at 1,900g for 10 min at 21°C, followed by centrifugation of the supernatant
at 16,000g for 10 min to remove leukocytes and cellular debris. DNA was extracted from 7 to 55
mL of plasma using the Qiagen QIAamp Circulating Nucleic Acid Kit (Qiagen, Redwood City,
CA), and double eluted with 40 uL of Qiagen Elution Buffer. Extracted DNA was stored at -20°C

prior to further analysis.
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2.3.3 ¢cfDNA Fragment Size and Concentration

Extracted DNA was quantified with a Qubit 3.0 Fluorometer and a DNA dsDNA HS Assay Kit
(Life Technologies, Carlsbad, CA), as well as on the 2100 Bioanalyzer with High Sensitivity DNA
Chips (Agilent Technologies, Santa Clara, CA) for assessment of sample purity, concentration,
and fragment size distribution according to the manufacturer’s instructions. The average fragment
size was determined with the Agilent 2100 Bioanalyzer Expert software, and calculated across the
first three peaks 75—675bp corresponding to the length of nucleosomal footprints and linkers
derived from apoptotic cells (Supplementary Figure 1). The final plasma cfDNA concentrations
were calculated by adjusting for the initial plasma and final elution volumes, and quantified with
a Qubit 3.0 for a subset of patients (Supplementary Table 1). Assessment of cfDNA fragment size
and concentration was performed without prior knowledge of clinical data. Average cfDNA
fragment size was not available for mCRPC patients, since samples were not run on the 2100

Bioanalyzer.

2.3.4 Statistical Analysis

Our primary analysis assessed the relationship between cfDNA concentration or average fragment
size and prostate cancer, comparing three groups: healthy controls, men with localized disease,
and men with mCRPC. Here we used descriptive statistics, logistic regression, and receiver
operating characteristic (ROC) curves. Since cfDNA concentration and average fragment size
were not normally distributed (P < 0.001, Shapiro—Wilk test), we evaluated the difference in
descriptive statistics across prostate cancer diagnoses using the Mann-Whitney non-parametric
test. We also evaluated differences in cfDNA concentration quantified between 90—150bp, which

is known to be enriched for circulating tumor DNA fragments specifically®®. Then, we further
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investigated the potential relationship between cfDNA concentration and prostate cancer
diagnoses using logistic regression models (crude, and then adjusting for age at time of blood draw
and baseline PSA when available). The ability of cfDNA concentration to discriminate between
prostate cancer diagnoses was further assessed based on the area under the curve (AUC) from a
Receiver Operating Characeristics (ROC) curve analysis with k-fold cross-validation (a minimum
of ten observations per fold) and bootstrap resampling (n = 100). These analyses were also
performed with average cfDNA fragment size to distinguish patients with localized disease from

controls.

We also undertook secondary analyses investigating the relationship between baseline cfDNA
concentration or fragment size and clinical characteristics among patients with localized disease.
For continuous characteristics, comparisons were made using cfDNA concentration and Pearson
correlation coefficients (i.e., age at diagnosis, PSA at diagnosis, Decipher score, time to salvage
therapy, average cfDNA fragment size, and postoperative CAPRA-S score). For categorical
clinical features, we assessed the potential relationship between log-transformed cfDNA
concentration (for normality) and other clinical features (pathologic Gleason score, organ
confinement, extraprostatic extension, seminal vesicle invasion, pathologic lymph node status,
biochemical recurrence, and clinical T stage) with Student’s t—tests. Mann-Whitney U-tests were
used to assess the association between the average cfDNA fragment size and the same clinical
features. As with localized disease, we also evaluated the relationship between cfDNA
concentration and age at time of blood draw for healthy individuals and mCRPC patients. Finally,

we evaluated the association between cfDNA concentration or fragment size and biochemical
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recurrence-free survival with Cox proportional hazards models for patients with localized disease.

All data analyses were performed using R version 3.6.1.

2.4 Results

2.4.1 ¢cfDNA Concentration and Prostate Cancer

The median cfDNA concentration was 7.9 ng/mL (IQR, 4.0 ng/mL) for controls, 6.7 ng/mL (IQR,
5.8 ng/mL) for patients with localized disease, and 13.8 ng/mL (IQR, 28.1 ng/mL) for patients
with mCRPC (Table 1; Figure 1). The average cfDNA levels in mCRPC patients were statistically
significantly higher than those observed in controls (P < 0.0001) or those with localized prostate

cancer (P <0.0001).

These observations were further supported by results from the logistic regression models,
including those adjusting for age and PSA levels (Table 2). A 5 ng/mL increase in cfDNA
concentration was positively associated with mCRPC in comparison to localized disease (ORcrude
= 1.47, P =0.0017; ORagjusted = 1.34, P = 0.027) or to being healthy (ORcrude = 1.93, P = 0.0025;
ORugjustea = 1.69, P = 0.034). Plasma cfDNA concentration was not associated with having
localized disease in comparison to healthy individuals (ORcruge = 1.10, P = 0.64; ORadjustea = 1.05,

P=0.72).

In our ROC curve analysis, plasma cfDNA concentration was able to distinguish between mCRPC
patients from healthy individuals and those with localized disease (Figure 2), with an estimated

AUC of 0.83 (95% CI, 0.72-0.91) and 0.81 (95% CI, 0.74-0.87), respectively.
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2.4.2 ¢cfDNA Fragment Size and Prostate Cancer

The median of the average cfDNA fragment size in patients with localized disease was 173bp
(range, 135-280bp), and in controls was 177.5bp (range, 142-265bp) (Table 1). This lower average
cfDNA fragment size in patients with localized disease was statistically significantly different
from that observed in controls (P = 0.0009, Figure 3). Results from the logistic regression analysis
further indicate that average fragment size was inversely associated with localized prostate cancer
(in comparison to healthy individuals): for a Sbp increase in fragment size, the ORcrudge = 0.86 (P =
0.003) and ORagjustea = 0.77 (P = 0.0008; Table 2). The estimated ROC AUC for distinguishing
between healthy individuals and patients with localized prostate cancer using average cfDNA
fragment size was 0.64 as defined by k-fold cross-validation. There was no difference in cfDNA
concentration quantified across 90—150bp between healthy individuals and patients with localized

disease (Supplementary Figure 4).

2.4.3 ¢cfDNA Concentration / Fragment Size and Clinical Characteristics in Localized Prostate
Cancer

There were no statistically significant differences in cfDNA concentration or fragment size for the
clinical characteristics / outcomes evaluated here (Supplementary Table 2; Supplementary Table
3). Specifically, cfDNA concentration or fragment size did not appear to substantively differ
across: pathologic Gleason score, organ confinement, extraprostatic extension, seminal vesicle
invasion, time to biochemical recurrence, average cfDNA fragment size, clinical T stage,
pathologic lymph node status, age at diagnosis, PSA at diagnosis, Decipher score, time to salvage
therapy, and CAPRA-S score (Supplementary Figure 2; Supplementary Table 2; Supplementary

Table 3). Additionally, no clear correlation was observed between cfDNA concentration and age
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at time of blood draw for healthy individuals, patients with localized disease, or patients with

mCRPC (Supplementary Figure 3).

2.5 Discussion

This study found that plasma cfDNA concentrations and fragment size may have diagnostic and
prognostic value for detecting and profiling prostate cancer. Specifically, plasma cfDNA
concentrations may help identify patients with advanced disease, while cfDNA fragment size may

be used to distinguish patients with early stage disease from healthy individuals.

In the multivariate model that adjusted for age and PSA, plasma cfDNA concentration remained
an independent predictor of mCRPC, indicating that cfDNA concentration may capture different
biological processes than PSA and provides additional information (Table 2). Average cfDNA
fragment size was predictive of localized disease. Looking at follow-up fragment size measures
available for five patients, we found that one patient had a shorter average fragment size two
months after surgery, and also exhibited post-treatment elevated PSA (Table 2; Supplementary
Figure 6). In combination, these findings suggest that quantification of cfDNA overall may be

valuable in identifying prostate cancer patients.

While the biological mechanisms underlying decreased fragment size in cancer patients are not
well-understood, differences in nucleosome positioning and DNA methylation may result in varied
DNA degradation. Our finding that the overall average fragment size in localized patients was
shorter and more fragmented than in healthy individuals is consistent with the findings of studies

assessing fragment size in patients with hepatocellular carcinoma and advanced pancreatic
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cancer*®*’. The proportion of cfDNA fragments shorter than 150bp is also increased for multiple
cancer types when compared to healthy fragment sizes with shallow genome-wide sequencing?®.
Localized prostate cancers are characterized by initial accumulation of clonal point mutations and
deletions, with subsequent branching copy number gains where amplified regions are relatively
enriched for tumor DNA, possibly modifying intracellular DNA degradation processes and

mechanisms of DNA release and contributing to the size differences that were observed'.

The relatively short follow-up time for a protracted disease like prostate cancer is a limitation in
this study. Of the 112 patients who underwent surgery, 24 patients experienced biochemical
recurrence with a median follow-up time of three years (range, 9—1704 days), and it was not
feasible to identify patients with localized disease who may have progressed to metastatic disease.
This study did not include patients with metastatic disease who were not resistant to hormone
therapy (i.e. castration sensitive), limiting the generalizability of these results to the full spectrum

of this disease.

We processed samples in a manner that maximized the quality and quantity of extracted
cfDNA?7#8-51 " An initial low-speed centrifugation step followed by high-speed centrifugation was
used to reduce the amount of cellular debris and genomic DNA in the sample. Importantly, there
was no significant difference in cfDNA concentration for samples collected in K3EDTA and
PAXgene Blood ccfDNA tubes in the localized cohort (Supplementary Figure 5). However, the
slightly increased ¢cfDNA concentrations observed in controls may be due to cell lysis during
transit, since whole blood was collected from individuals at a donor center in Kent, Washington

and shipped overnight to San Francisco, California, whereas the patient samples were collected
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and processed onsite. Additionally, the lower overall cfDNA concentrations found in the localized
cohort may be due to the subduing effect of anesthetic agents on cell death, which were
administered prior to blood sample collection before surgery®?. While data comparison across
studies is difficult due to differences in sample collection and processing, most studies demonstrate
the diagnostic role of ¢fDNA3. To quantify cfDNA, the Qubit 3.0 and the Agilent 2100
Bioanalyzer were used as a straightforward approach, albeit potentially less accurate than
sequencing. In a clinical setting, an affordable, rapid, and straightforward test is critical to
minimizing disruption to standard workflows while providing additional information. However,
cfDNA quantification is a complementary approach that could help identify patients who may

benefit from cfDNA sequencing.

Bastian et al. observed significant associations between c¢fDNA concentration and clinical
characteristics in a cohort of patients with localized disease that experienced biochemical
recurrence, supporting the hypothesis that cfDNA quantification may have more utility in the
management of more advanced disease?>. The lack of associations observed between cfDNA
concentration and clinical characteristics in our study may be due to differences in the study
cohorts. While all patients in the Bastian et al. study experienced BCR, only 24 of 112 patients

experienced BCR in our study?.

A previous study demonstrated that in pre-treatment specimens, shorter cfDNA fragment size and
elevated cfDNA concentrations were associated with shorter progression-free survival and overall
survival in patients with advanced pancreatic cancer*’. Due to the relatively short follow-up time

in this study, future longitudinal studies evaluating disease progression from localized to metastatic
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disease are necessary to elucidate the value of analyzing cfDNA concentration and fragment size

in the context of prostate cancer.

While the exact mechanism of cfDNA release into circulation remains unknown, apoptosis, lysis,
necrosis, and active secretion have been identified as potential routes?’>*. The cfDNA found in
healthy individuals originates from hematopoietic cells, and likely reflects the processes of
regulated cell turnover in these cells??. In patients with cancer, cfDNA includes both DNA
fragments from hematopoietic cells, as well as fragments from tumor cells. Future studies
evaluating the mechanisms of release will help elucidate the underlying biology of this biomarker,

especially in combination with diagnostic and prognostic information over longer periods of time.

2.6 Conclusion

Collectively, our data demonstrate the potential applications of plasma cfDNA concentration and
cfDNA fragment size in both advanced and localized prostate cancer. Patients with advanced
mCRPC had higher cfDNA concentration than men with localized disease or healthy controls, and
those with localized disease had shorter average fragment sizes than controls. Importantly, cfDNA
concentration and fragment size remained independent predictors after adjusting for age and PSA.
Future studies assessing both cfDNA concentration and fragment size will be necessary to clarify

the utility of plasma cfDNA in the context of diagnosis, prognosis, and disease monitoring.
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2.9 Tables

Table 2.1 Clinical characteristics of individuals included in the study at baseline.

Healthy Localized mCRPC
N=34 N=112 N =122
Age (years)
Median + IQR 60+ 17 65+ 10 71+9
Range 41 - 74 43 - 78 47 -91
Pathologic Gleason*
6 - 6 -
7 - 75 -
8-10 - 30 -
Pathologic Stage
Organ confined (pT2) - 46 -
Not organ confined (pT3, pT4) - 66 -
Extraprostatic extension (pT3a) - 43 -
Seminal vesicle invasion (pT3b) - 15 -
Lymph node involvement (N1) - 17 -
PSA (ng/mL)
Median + IQR - 6.9+74 50.8 + 128
Range - 1.21-70.0 0—-3007
c¢fDNA Concentration
(ng/mL)’
Median + IQR 7.9+4.0 6.7 +5.8 13.8 +28.1
Range 0.29-16.9 1.22-53.9 1 -1380
c¢fDNA Fragment Size (bp)
Median + IQR 177.5+29.5 173 +6 -
Range 142 — 265 135 -280 -

* One man with unknown data in the cohort.

T Concentration data collected on a subset of individuals (31 healthy,

mCRPC).
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2.10 Figures

* %%

10000 -

100

Plasma cfDNA Concentration (ng/mL)
[ o

0.01 4
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(N =31) (N = 45) (N =122)
Figure 2.1 Distribution of plasma cfDNA concentration in healthy individuals, patients with
localized disease, and patients with mCRPC. Boxplots and points identify the minimum,
interquartile range, median, and maximum values for each group. The Mann-Whitney test was

applied to test differences in cfDNA concentration between groups.

*#%k P <0.0001
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Figure 2.2 Receiver operating characteristic (ROC) curves for cfDNA concentration comparison
between A) healthy individuals and mCRPC, and B) patients with localized disease and mCRPC.
Area under the curve (AUC) and 95% CI were estimated with k-fold cross-validation and bootstrap

resampling.
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Figure 2.3 Distribution of average fragment size in healthy individuals and patients with localized
disease (P = 0.0009). Boxplots and points identify the minimum, interquartile range, median, and

maximum values for each group. A Mann-Whitney U-test was performed to test the difference in
cfDNA fragment size.
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2.11 Supplementary Materials

® Healthy (H044)
[FU]S @ Localized (5132)
@ mCRPC (5133)
500 —
0 | .S JPL
I I l ' '
40 60 80 100 [s]

Figure S2.1 Plasma cfDNA concentration and distribution of ¢fDNA fragment size with
representative traces for a healthy individual, patient with localized prostate cancer, and mCRPC
patient.
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Figure S2.2 Assessment of the relationship between cfDNA concentration and PSA for patients
with localized disease (P = 0.86).
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Figure S2.3 Assessment of the relationship between cfDNA concentration and age at time of blood
draw.
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Figure S2.4 Distribution of plasma cfDNA concentration quantified across 90—150bp in healthy
individuals and patients with localized disease with the 2100 Bioanalyzer. Boxplots and points
identify the minimum, interquartile range, median, and maximum values for each group. A Mann-
Whitney U-test was performed to test the difference in cfDNA yields.
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for patients with localized disease.
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Figure S2.6 Blood samples were collected two months after RP for five patients. Plasma cfDNA
concentration increased for two patients (S131 and S132). Patient S131 exhibited a decrease in
average cfDNA fragment size from 206bp to 167bp, as well as an elevated PSA of 0.36 ng/mL 64
days after surgery, while the average cfDNA fragment size for patient S132 remained the same at
181bp and PSA levels remained low at 0.03 ng/mL.
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Table S2.1 Clinical characteristics of individuals included in the cfDNA concentration analysis.

Healthy Localized mCRPC
N=31 N=45 N =122
Age (years)
Median + IQR 57+15 65+ 10 71+9
Range 41 -172 43 - 78 47 -91
Pathologic Gleason*
6 - 4 -
7 - 28 -
8-10 - 12 -
Pathologic Stage
Organ confined (pT2) - 24 -
Not organ confined (pT3, pT4) - 21 -
Extraprostatic extension (pT3a) - 14 -
Seminal vesicle invasion (pT3b) - 3 -
Lymph node involvement (N1) - 5 -
PSA (ng/mL)
Median + IQR - 6.7+54 50.8 + 128
Range - 1.62-35.2 0—-3007
c¢fDNA Concentration
(ng/mL)
Median + IQR 7.9+4.0 6.7 +5.8 13.8 +28.1
Range 0.29-16.9 1.22-53.9 1 -1380

* One man with unknown data in the cohort.
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Table S2.2 Association between log transformed cfDNA concentration or average cfDNA
fragment size and categorical clinical features for patients with localized disease.

Clinical Feature Number of Average cfDNA Average cfDNA
Patients Concentration (ng/mL) Fragment Size (bp)
Pathologic Gleason score
<7(3+4) 25 8.90 169.8
>7(4+3) 20 8.65 174.7
P 0.19 0.09
Organ confinement
Confined (pT2) 24 8.25 172.7
Not confined (pT3, pT4) 21 9.40 172.8
P 0.80 0.69
Extraprostatic extension
Negative (pT2) 24 8.25 172.7
Positive(pT3a) 14 12.33 170.7
P 0.29 0.67
Seminal vesicle invasion
Negative (pT2, pT3a) 38 9.75 171.7
Positive (pT3b) 3 3.74 171.9
P 0.15 0.45
Pathologic lymph node
Negative (pNO) 23 8.45 172.2
Positive (pN1) 5 8.49 173.8
P 0.90 0.69
Biochemical Recurrence
No 37 7.62 172.5
Yes 5 20.3 171.5
P 0.24 0.41
Clinical T stage
Tlc* 20 9.47 169.5
T2a-cf 21 9.19 174.1
P 0.24 0.29

* Tumor identified by needle biopsy, but clinically inapparent and not palpable
T Tumor is palpable
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Table S2.3 Association between cfDNA and continuous clinical features for patients with

localized disease.

Clinical Feature

Age at Diagnosis (years)
Number of Patients
Average (SD)

P

PSA at Diagnosis (ng/mL)
Number of Patients
Average (SD)

P

Decipher Score
Number of Patients
Average (SD)

P

Time to Salvage Therapy (days)
Number of Patients

Average (SD)

P

Average Fragment Size (bp)
Number of Patients
Average (SD)

P

CAPRA-S Score
Number of Patients
Average (SD)

P

45
62.7 (7)

45
8.7(7)

12
0.66 (0.2)

39
1044 (926)

45
176 (21)

45
3.7 (3)

cfDNA
Concentration

0.35

0.86

0.81

0.63

0.67

0.50

Average
Fragment Size

0.60

0.85

0.65

0.25

0.12
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Chapter 111
Cell-free DNA detection of tumor mutations in
heterogeneous, localized prostate cancer via targeted,

multi-region sequencing

3.1 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 that may require
further intervention. In this study we aimed to evaluate whether circulating tumor DNA (ctDNA)
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
2.5Mb targeted panel were used to identify single nucleotide variants (SN'Vs), small insertions and
deletions (indels), and copy number alterations (CNAs) in cfDNA from 45 individuals: 15 healthy
controls, 21 men with localized prostate cancer who underwent radical prostatectomy (RP), and 9
men with metastatic castration-resistant prostate cancer (mCRPC). Plasma cfDNA was barcoded
with duplex Unique Molecular Identifiers (UMIs) to construct consensus reads and improve
variant detection by leveraging duplicate reads and sequence complementarity of the two DNA
strands. For localized cases, matched tumor tissue was collected from multiple regions (1 to 9

samples per patient) for comparison.
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Results: Plasma cfDNA mutational burden was found to track with disease severity, and somatic
variants present in heterogeneous tumor foci from patients with localized disease were detected in
cfDNA. Somatic tissue alterations were identified in cfDNA, including nonsynonymous variants
in FOXAI, PTEN, MEDI12, and ATM, and copy number loss in CHDI. Detection of these
overlapping variants was associated with seminal vesicle invasion (P =0.019) and with the number
of variants initially found in the matched tumor tissue samples (P = 0.0005).

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 (i.e. active surveillance or treatment monitoring).

47



3.2 Introduction

Prostate cancer accounts for approximately 20% of all new cancer diagnoses in American men,
and an estimated 33,330 men will die from this disease in 2020!'. While the majority of prostate
cancer is diagnosed when the disease is still localized and are successfully treated, an estimated
2.9% of patients develop bone metastases and 2.4% die of prostate cancer within six years!'?>+3.
This is believed in part to be due to pathologically heterogeneous and genetically multiclonal
disease, which likely determines available tumor escape mechanisms that allow for tumor survival
and proliferation, subsequently driving disease progression and treatment outcome’'6°%37 A
variety of existing biomarkers in addition to prostate-specific antigen (PSA) have been critical in
predicting treatment outcomes, including nomograms that incorporate clinical and pathologic
factors, parametric MRI, and molecular testing?*!42. However, tissue biopsies may miss some of
the tumor and can lead to underestimation of disease grade and stage, motivating the need for
additional modalities to comprehensively assess disease heterogeneity. This may be particularly
important if tumor tissue is unavailable during active surveillance, or during disease monitoring

after surgery—or other treatments—for detection of minimal residual disease or progression.

Multiple studies have tracked the evolutionary trajectory 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 (CNAs) in genes such as MYC, NKX3-
I, and PTEN is prognostic for biochemical recurrence following surgery or radiotherapy!'3-%-0,
Prostate tumors also harbor a large proportion of somatic single nucleotide variants (SNVs) that
are not protein-altering, and exhibit extensive intrafocal heterogeneity®'. While nonsynonymous

mutations have been found in SPOP, FOXA1, MEDI2 and ATM, these recurrently mutated genes
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are only found in less than 10% of patients'>>8. Overall, polyclonal tumors with multiple tumor

populations originating from a single clone are more likely to result in adverse outcomes'®.

Plasma cell-free DNA (cfDNA) remains a promising tool for directly detecting tumor DNA that
is shed into the bloodstream. Both droplet digital PCR (ddPCR) and next-generation sequencing
(NGS) have been successfully used to depict clonal evolution and identify genomic alterations in
the context of early detection and disease monitoring. For example, personalized multiplex-PCR
NGS of cfDNA has been used to derive tumor phylogenetic trees and characterize post-operative
non-small cell lung cancer (NSCLC) relapse®?. Targeted error correction sequencing (TEC-Seq)
with dual-index barcodes to leverage duplicate fragments has been used to discover somatic
alterations in early-stage cancers, including breast cancer, colorectal cancer, lung cancer, and
ovarian cancer®. Detection of BRCA?2 reversion mutations in cfDNA have been associated with
resistance to PARP inhibitors, allowing for monitoring of treatment resistance in patients with
mCRPC?®, Recently, ultra-low-pass whole-genome sequencing (ULP-WGS) and targeted
resequencing were unable to detect tumor fragments in cfDNA in patients with localized prostate
cancer®. While detection of somatic alterations in ¢cfDNA in the localized disease setting may be
more challenging due to low disease burden, this study utilizes advances in sample processing,
library preparation, targeted panel design, and bioinformatic tools for broad yet sensitive variant

detection in the cfDNA of a heterogenous disease such as localized prostate cancer®.

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 ¢fDNA and multi-region tumor tissue from surgically
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resected prostate tissue from 21 men with localized prostate cancer, who underwent radical
prostatectomy (RP) as primary treatment. This allowed for assessing the genomic heterogeneity of
localized prostate cancer that is a result of clonal evolution. Next, we used a 2.5Mb targeted panel
to also assess the mutational burden found in 15 healthy controls and 9 men with metastatic
castration-resistant prostate cancer (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 potentially important mutations, as well as reflect the scenario
of repeated cfDNA blood collection in a clinical setting when tumor tissue biopsy is not possible®®.
Additionally, plasma cfDNA was barcoded with duplex Unique Molecular Identifiers (UMIs) to

improve variant detection in a setting where the fraction of ctDNA can be low.

3.3 Materials and Methods

3.3.1 Patient Cohort

A total of 45 individuals recruited between August 2015 to November 2019 were included in this
study: 15 healthy donors, 21 patients with localized prostate cancer, and 9 mCRPC patients (Table
1). Healthy control samples were collected from volunteers at UCSF, and all patients with
localized disease underwent radical prostatectomy (RP) at UCSF. For the patients with localized
disease, blood samples were collected the day of surgery before RP. Patients with mCRPC were
included from the UCSF PROMOTE study investigating predictive markers of response. Blood
samples, matched tissue from adjacent normal seminal vesicles, and multiple tumor regions (1 to

9 samples per patient) were collected from patients undergoing radical prostatectomy.
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Clinicopathologic variables that play an important role in surgical management after prostatectomy
were also collected for patients with localized disease, 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 pre-surgical PSA
level, pathologic Gleason score, presence of positive surgical margins, extracapsular extension,
seminal vesicle invasion, and lymph node involvement®}. Biochemical recurrence was defined as
two consecutive PSA levels of >0.2 ng/mL at least eight weeks after surgery. Approval for this
study was granted by the local ethics review board (IRB 11-05226, IRB 12-09659, and IRB 12-

10340), and written informed consent was obtained from all patients.

3.3.2 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 (OCT) compound, using isopentane chilled by dry ice. A
cryostat was used to create Sum sections. Tumor locations, Gleason grade, and tumor content were
verified by a pathologist’s examination of H&E 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 mCRPC patients, tissue
samples were obtained using image-guided core needle biopsy of the metastatic lesion in the bone

or soft tissue, and formalin-fixed, paraffin-embedded (FFPE) for histopathological review.
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3.3.3 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 DNA was sheared with a Covaris M220
ultrasonicator to a target size of ~300bp, 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 +175bp and tiled 3X were designed to target mutations in a custom panel
(described below) and applied by Arbor Biosciences prior to sequencing to a target depth of 200X
on an Illumina HiSeq 2500 at the CLIA-certified laboratory of the UCSF Institute for Human
Genetics (IHG) Genomics Core Facility (CLIA #05D2080584). For mCRPC patients, four of the
nine men had tumor tissue samples available for sequencing as a part of the UCSF PROMOTE

study (NCT02735252).

3.3.4 Targeted Panel Design

We used a custom designed 2.5Mb targeted panel that included 7,034 mutations identified using a
Support Vector Machine classification and ranking model, as previously described®. Briefly, this
model was trained on whole-genome sequence data from 550 primary prostate tumors from the
International Cancer Genome Consortium (ICGC; release 23), along with biological feature
annotations (i.e. CADD and PhyloP deleterious measures, annotation in KEGG, amino acid
identity, evolutionary conservation). The resulting panel included single point mutations as well

as small <200 bp indels in both coding (83%) and noncoding regions (17%).
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3.3.5 ¢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 treatment
initiation for mCRPC patients. 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 min at 21°C, followed by centrifugation of the supernatant
at 16,000¢g for 10 min to remove leukocytes and cellular debris. DNA was extracted from 7 to 29
mL of plasma using the Qiagen QIAamp Circulating Nucleic Acid Kit (Qiagen, Redwood City,
CA), double eluted with 40 uL 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 distribution according to the
manufacturer’s instructions. Plasma cfDNA concentration was determined with the Agilent 2100
Bioanalyzer Expert software, and calculated across the first three peaks (between 75—675bp)

corresponding to the length of nucleosomal footprints and linkers derived from apoptotic cells®’.

3.3.6 ¢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 molecules with unique molecular identifiers (UMI) with the ThruPLEX Tag-Seq 48S
kit (Takara Bio, Mountain View, CA) prior to PCR amplification (7-11 cycles). The UMIs

included two 6 nucleotide barcodes and two 8-11 nucleotide stems on each end of the insert, with
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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 custom MyBaits (Arbor Biosciences, Ann, Arbor, MI) were applied to
the libraries prior to sequencing to a target depth of 2,500X on the Illumina HiSeq 2500. Samples

were also whole-genome sequenced to a target depth of 4X (see Data Supplement).

Due to the low tumor fractions typically found in localized prostate cancer, special consideration
was given to UMI-tagged cfDNA sequencing 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 the minimum number of raw reads per UMI family necessary to generate consensus
reads for variant calling, where a UMI family is a set of reads constructed from both strands of the

original dsSDNA molecule.

3.3.7 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 pipelines developed by

the Broad Institute of MIT and Harvard on the Terra platform with the GATKA4.1 tools release.

All tissue sequencing data was preprocessed to produce analysis-ready BAM files prior to somatic

variant calling and copy number analysis. Raw paired-end reads (150bp) in FASTQ format were
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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 due to
sequencing 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 non-independent
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 SNVs and small INDELS, which utilized
annotation files contained in the GATK bundle®®. Variant filtering was performed to remove
potential technical or germline artifacts, including cross-sample contamination. Variants were
retained if the filter parameter was designated as “PASS”, and subsequently annotated with
Oncotator®®. Manual review of the variants was performed with Integrative Genomics Viewer

(IGV) to inspect variants for sequencing evidence.

Somatic copy number alterations (CNAs) in tumor tissue were identified in whole-genome
sequence data using GATK ModelSegments, utilizing a panel of normals (PoN) generated from
whole-genome normal samples sequenced at the Broad Institute Genomics Platform. When
creating a genomic intervals list to define the resolution of the analysis, bin lengths were set to
1,000bp. Read coverage data is denoised against the PoN using principal component analysis, and
both kernel segmentation 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
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the percentage of genome altered (PGA) metric, which was calculated by dividing by the number

of base pairs affected by copy number changes by the total length of the genome.

3.3.8 ¢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 prior to
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 minimum 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 non-reference coverage or number of unique UMI 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 was used to identify large-scale CNAs and estimate the

fraction of tumor in ¢fDNA using HMMcopy and ichorCNA’. Briefly, whole genomes were

binned into 1Mb windows, and a Hidden Markov Model was used to segment the copy number
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profile into regions predicted to be generated by the same copy number variant event, as well as

identify copy number alterations for each segment.

3.3.9 Statistical Analysis

Since cfDNA variant counts were not normally distributed (P < 0.001, Shapiro—Wilk test), we
evaluated the difference across healthy and prostate cancer groups using the Mann-Whitney non-
parametric test. Correlations between clinical categorical variables (i.e. biochemical recurrence,
seminal vesicle invasion, Gleason score < 3+4 vs. > 4+3) and somatic tumor tissue variant
detection in cfDNA was assessed with Fisher’s exact test. The non-parametric Mann-Whitney U-
test was used to evaluate differences in cfDNA variant detection for continuous variables (i.e.
starting amount of extracted cfDNA, number of tumor tissue or cfDNA variants, CAPRA-S score,
pathological tumor volume, and sequencing depth of coverage). All statistical analyses were

performed using R version 3.6.1.

3.4 Results

3.4.1 Plasma cfDNA mutational burden and prostate cancer

The median ¢cfDNA variant count was 1,089 (IQR = 761) for non-diseased 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 non-diseased controls (Table 1; Figure 2; P < 0.01). Men with
mCRPC had a statistically significantly higher ¢cfDNA variant count than men with localized

disease (P < 0.0001) or controls (P <0.0001).
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3.4.2 Genomic heterogeneity in localized prostate cancer

A total of 21 men had between 1 and 9 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 sequencing
identified somatic variants in all 71 prostate cancer specimens. A median of 8 variants with a range
from 1 to 1,091 variants (IQR = 8) were identified across all foci (Figure 3a). While 17% of the
target panel was comprised of noncoding variants, 88% of the tissue variants identified were in

noncoding regions.

Nonsynonymous variants were identified in 22 of the 71 tissue specimens (Figure 3b). Alterations
were discovered among commonly mutated genes in localized prostate cancer, including FOXA I,
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 (Figure 4).

Tissue samples collected from five patients underwent WGS at 4X 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% to 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
Supplementary Figure 1, with multiple tracks overlaid for different samples. Samples had a median
PGA of 9% with a range from 0.002% to 17.8% (IQR =4.8%). Loss of CHD 1, NKX3-1, CDKNIB,

PTEN, and TP53 were found in all sequenced tissue regions for two of the five patients. Notably,
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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 patients with localized prostate cancer.

3.4.3 Somatic tumor tissue variants identified in cfDNA with 2.5Mb targeted panel sequencing
in localized prostate cancer

Somatic tissue variants were identified in ¢fDNA sequenced 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 to 62 variants (Figure 5). For the majority of the patients, overlapping variants were subclonal
and found in a subset of the tumor tissue regions sequenced. While the targeted panel was
composed of 17% noncoding variants, 85% of the overlapping variants are found in intronic and
intergenic regions, which is comparable to the 88% noncoding variants found in tumor tissue. The
cfDNA variant allele frequency (VAF) for the overlapping variants ranged from 0.9% and 19%

(Figure 6).

3.4.4 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 co-identified in tumor tissue (P = 0.005) and with seminal vesicle
invasion (P = 0.019). 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 (Table 2; Table 3).
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3.5 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,
potentially allowing for dynamic monitoring of emerging resistant subclones throughout the course
of disease. 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 demonstrates the ability
of ¢fDNA to detect a portion of the genomic heterogeneity present in localized prostate cancer,
with implications in clonal architecture reconstruction for identification of patients with increased

risk of relapse.

Interestingly, clinicopathologic factors may be important 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 from 39 ng/mL 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 the tumor invading nearby structures beyond adjacent seminal vesicles. Notably, two
of these patients had the two highest tumor volumes measured, with the third patient’s

measurement unavailable for comparison.

Technical considerations related to library preparation and sequencing are also a factor in cfDNA
detection of tissue variants. 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
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hybridization step or failed to bind to the flow cell prior to sequencing. Other tissue variants that
were not detected in cfDNA had sufficient total coverage, but not enough UMI family coverage

supporting the alternate allele to be called as a variant (Figure 7).

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 localized 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 for accurate grading and staging.

Nonsynonymous tumor tissue variants were identified in several well-characterized genes,
including in ATM, FOXAI, PTEN, and MEDI2. In one patient, a likely clonal mutation in ATM
was detected in all six tissue regions sampled; this gene is involved in cell cycle regulation and
maintenance of genomic integrity as a part of the DNA repair pathway’'. Mutations in FOXAI
have been associated with increased AR-driven transcription, while PTEN is known to play a role
in cell migration and DNA repair as an effector of the PI3K signaling pathway. Mutations in
MEDI2 have also been found to perturb CDKS8-dependent modulation of transcription related to
p53 and androgen signaling’?. For patients with mCRPC, nonsynonymous variants were found in

TP53, CDK12, PTEN, and AR, which have also been previously reported’>.

Copy number loss at a locus on chr5 q15—qg21.1 containing CHD/ was also identified in both

available tissue samples for two of the patients with localized disease. Loss in CHDI has been
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shown to sensitize cells to DNA double-strand breaks, leading to increased sensitivity to DNA
damaging therapies such as PARP inhibitors, resulting in a synthetic lethal response. In another
patient, one of the three tissue regions sampled harbored both MYC amplification and PTEN loss,
which is associated with increased genomic instability and is prognostic for biochemical

recurrence'?. This patient’s tumor had the highest PGA at 17.8%.

While 17% of our 2.5Mb targeted panel was comprised of noncoding variants, 88% of the variants
found in the tumors of men with localized disease were in noncoding regions. While the impact of
these specific alterations remains largely unknown, prior studies have discovered cancer driver
noncoding elements in regulatory regions (i.e. promoters and enhancers) and noncoding SNV that
alter RNA secondary structures’+"’. In a recent 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 untranslated regions’’.
Similarly 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. 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 potential (CHIP), which typically accumulate during the aging process, we looked
for the presence of alterations in genes commonly associated with CHIP®. Variants were found in

DNMT3A, ASXLI, TET2, and NOTCH?2 in the cfDNA of healthy patients, in white blood cells
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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
overlapping between cfDNA and localized tumor tissue were not found in these genes, suggesting
that the CHIP effect does not explain our findings™. Interestingly, 5% of the cfDNA variants found
in coding regions that were not present in tumor tissue were identified in genes previously found
to be mutated in prostate cancer, including AR, ATM, BRCA2, BRAF, CDK12, CHEK?2, IDHI,

PIK3CA, MYC, and FOXA 8.

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. Relatively 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 pellet and remove leukocytes and cellular debris. During
library preparation, UMIs were used to barcode individual cfDNA fragments and take advantage
of sequence complementarity of the double-stranded DNA and duplicates that arise during
amplification. Importantly, the 2.5Mb targeted panel used in this study was generated by using a
classification and ranking model trained on WGS data from 550 prostate tumors in ICGC, 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 limiting 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 to matched tumor tissue from multiple regions to confirm

variant calls.
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There are a number of limitations to this study that merit consideration. First, the relatively short
follow-up time for a protracted disease like localized prostate cancer means detection of relapse
may be difficult. After surgery, 4 of the 21 patients experienced biochemical recurrence with a
median follow-up time of 2.34 years and a range of 66 to 1502 days. Second, somatic tissue
variants were detected in cfDNA for only a subset of our study subjects. While factors including
seminal vesicle invasion and tumor mutational burden were predictors of detection, with improved
cfDNA detection likely due to the increased number of variants present in the tissue, patients with
earlier stage disease may have fewer tissue variants detected in their cfDNA. Another factor is the
selection of a matched source of normal tissue for 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 development and

propagate to a subset of tissues, may be removed.

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®. In this
study, among men with localized disease, all patients with more than one sequenced tissue region
had tumors that harbored subclonal mutations, suggesting that these men have an increased risk of
subsequent relapse after surgery. To this end, they may benefit from the use of cfDNA in

determining the phylogeny of their tumor mutations to assess evolutionary features associated with
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aggressive disease, which may help distinguish between patients who should be treated

immediately from those who should stay on active surveillance or continued monitoring.

3.6. Conclusion

In summary, we show that targeted sequencing of cfDNA without prior patient-specific tumor
mutation information can be used to identify somatic alterations, with implications 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 importance of detecting somatic alterations using cfDNA in localized disease is
emerging. 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 fragments found in cfDNA .
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3.8 Tables

Table 3.1 Clinical characteristics of individuals included in the study at baseline.

Healthy Localized mCRPC
N=15 N=21 N=9
Age (years)
Median + IQR 33+19 66 + 10 63+3
Range 22 -63 50-74 59-175
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 + IQR - 9.1+12 34.5+67°
Range - 2-69.9 0-263
Number of Tissue Samples
Median - 3 -
Range - 1-9 -
Tumor Tissue Variants*
Median + IQR - 8+8 -
Range - 1-1091 -
c¢fDNA Variants*
Median + IQR 1089 + 761 1843 + 605 5081 +716
Range 598 — 2423 1172 — 2595 4285 — 5938

T One man with unknown data in the cohort
* Sequenced with 2.5Mb targeted panel

66



Table 3.2 Fisher’s exact test results from investigating the correlation between categorical
features and detection of tumor tissue variants from targeted cfDNA sequencing in patients with

localized prostate cancer.

Clinical Feature No Detection in Detection in P-value
cfDNA cfDNA

Pathologic T Stage

< T3a (No SVI) 9 6 0.019

>T3b 0 6

Gleason

<7 (3+4) 4 5 1.0

>7 (4 +3) 5 7

Biochemical Recurrence

No 8 6 0.087

Yes 1 6

Number of Tissue

Samples

<3 4 4 0.67

>3 5 8
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Table 3.3 Mann-Whitney U-test results assessing the association between continuous clinical
features and detection of tumor tissue variants from targeted cfDNA sequencing in patients with
localized prostate cancer. Tumor tissue variant count was significantly associated with detection
in cfDNA.

Clinical Feature No Detection in Detection in P-value
cfDNA cfDNA

Tumor Tissue Variant Count

Average 14 597 0.005
Starting Amount of cfDNA (ng)

Average 18.5 26.1 0.25
CAPRA-S Score

Average 4 6.6 0.08
Tumor Volume (cc)

Average 4 4 0.61
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3.9 Figures
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Figure 3.1 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 prior to targeted sequencing with a 2.5Mb panel or whole-genome sequencing
(WGS) to assess genomic heterogeneity among localized prostate tumors. Additionally, cfDNA
molecules were barcoded with unique molecular identifiers (UMIs) to group reads from both
strands of the original dsSDNA molecule into UMI families during variant calling.
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Figure 3.2 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 prior to surgery or treatment initiation. Men with localized disease
had significantly higher counts than those observed in controls (P < 0.01), and men with mCRPC
had significantly higher counts compared to those found in men with localized disease (P <0.0001)
or controls (P <0.0001).

*P <0.01 *** P <0.0001
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Figure 3.3 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 median
of 8 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, and S060. (b) Nonsynonymous
variants in the listed genes were detected in 22 of the 71 tissue samples. Top, the number of variants
in each sample. Left, gene names and percentage of samples with mutations in a given gene.
Center, mutations colored by coding consequence. Right, number of mutations in given gene.
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Figure 3.4 Within a single patient, there appears to be likely clonal and subclonal mutations. Rows
are tumor tissue samples and bars show the number of variants that are either private to each
sample or are shared among multiple tissue samples. For this patient, the mutation shared among
all six samples is found in A TM, which is commonly found in localized prostate cancer and known
to play an important role in cell cycle regulation and maintenance of genomic integrity.
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Figure 3.5 Somatic tissue variants were detected through targeted cfDNA sequencing without
prior identification of variants present in tumor tissue. Boxplots show the distribution of variants
overlapping between cfDNA and tumor tissue. Patients are on the x-axis and each dot represents
the overlapping variant count for a single tissue sample, with counts shown on the log-scaled y-
axis. Overlapping variants were detected in 12 of the 21 patients sequenced with the targeted panel,
and ranged from 1 to 62 variants.
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Figure 3.6 Variant allele frequency (VAF) of overlapping variants in cfDNA ranged from 0.9%
to 19%. Left, schematic of an example cfDNA variant highlighted by a vertical orange bar and the
number of reads supporting the call. Numbers reflect the number of reads in the same UMI family
used for consensus calling. Right, boxplots show the allele frequency distribution for overlapping
variants on a log-scaled y-axis. Each dot represents a variant identified in a given patient.

74



Detecton in Variant

500 cfDNA Chromosome| Position |Total Coverage| Coverage
Yes chr2 91775688 434 4
° Yes chrY 10037785 74 10
400 Yes chrY 10037787 76 6
o Yes chrY 10037790 79 13
o 300 Yes chr19 53357000 17 3
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Figure 3.7 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. A majority 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.
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3.10 Supplementary Materials

15
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Figure S3.1 Whole-genome sequencing was performed for twelve 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 CHD 1, NKX3-
1, CDKNIB, MYC, PTEN, and TP53. In one patients, 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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