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Liquid biopsy has been established as a powerful, minimally invasive, tool to detect clinically actionable aberrations across
numerous cancer types in real-time. With the development of new therapeutic agents in prostate cancer (PC) including DNA repair
targeted therapies, this is especially attractive. However, there is unclarity on how best to screen for PC, improve risk stratification
and ultimately how to treat advanced disease. Therefore, there is an urgent need to develop better biomarkers to help guide
oncologists’ decisions in these settings. Circulating tumour cells (CTCs), exosomes and cell-free DNA/RNA (cfDNA/cfRNA) analysis,
including epigenetic features such as methylation, have all shown potential in prognostication, treatment response assessment and
detection of emerging mechanisms of resistance. However, there are still challenges to overcome prior to implementing liquid
biopsies in routine clinical practice such as preanalytical considerations including blood collection and storage, the cost of CTC
isolation and enrichment, low-circulating tumour content as a limitation for genomic analysis and how to better interpret the
sequencing data generated. In this review, we describe an overview of the up-to-date clinical opportunities in the management of
PC through blood-based liquid biopsies and the next steps for its implementation in personalised treatment guidance.
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INTRODUCTION
In the UK, prostate cancer is the most common cancer in men with
approximately 48,500 cases diagnosed every year. With 11,855
prostate cancer-related deaths annually [1], it is a major healthcare
and economic burden. Prostate cancer is a heterogeneous disease
that is characterised by high variability in clinical outcomes.
There is therefore an urgent clinical need to use new tools to
enable better screening programmes, improve risk stratification at
clinical decision points and select the most effective treatment
that maximise cure and extend life expectancy, whilst minimally
altering patients’ quality of life.
Molecular profiling of solid cancers has been used across

multiple cancer types to identify poorer prognosis cancers and
guide treatment selection. Most studies have utilised analysis of
DNA and/or RNA and/or protein on a biopsy from the primary
tumour or less commonly, a metastatic lesion [2]. There are some
major limitations with this approach. First, there are practical and
clinical challenges to obtaining tissue from poorly accessible
metastases and primary samples are archived formaldehyde-
treated. The latter is especially true for prostate cancer as up to
90% of patients have metastases to the bone [3]. Secondly, intra-
patient and tumour heterogeneity may result in a missed or
incorrectly classified cancer, due to spatial or temporal differences.
Third, repeated tumour biopsies to monitor tumour evolution and
response dynamics is not feasible.

Due to these limitations, there has been an interest in blood-
based biomarkers, commonly referred to as liquid biopsies, in which
we focus on this review, as an alternative or companion to solid
tumour biopsies and imaging studies to better characterise tumour
molecular drivers and response to treatment. Nucleic acids such as
DNA or RNA as well as proteins, cells and vesicles circulate freely in
human blood and can be isolated using various molecular
techniques (Fig. 1). Circulating cell-free DNA (ccfDNA), probably
now the most studied circulating molecule, was first clinically
implemented in prenatal diagnostics to detect congenital disorders
[4]. In blood, ccfDNA is naturally fragmented to a size of 142–170
base pairs and where the fragment sizes relate to the length of DNA
wrapped around nucleosomes and the subsequent cleavage of
unprotected DNA between nucleosomes by nucleases [5]. Tumour-
derived ccfDNA is also known as circulating tumour DNA (ctDNA).
The ctDNA fraction of the total ccfDNA depends on the disease
setting and tumour spread and can range from 1% or below at
diagnosis and/or in patients with localised disease, and up to 90% in
patients with high-volume progressing metastases in castration-
resistant prostate cancer [6–8]. Intact tumour cells, named
circulating tumour cells (CTC) when in blood, can also be isolated
and are shed by the tumour into the bloodstream. Compared to
white blood cells, CTCs are present in very low abundance
(approximately fewer than 10 cells/mL of blood in metastatic
patients) [9]. This makes them challenging to detect and isolate [9].
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Liquid biopsies also have inherent limitations. CTC-based mRNA
and protein analyses are underdeveloped and usually unimodal
(one or fewer markers studied) and limited to the characterisation
of very small numbers of CTCs. Thus, CTC derived tumour genome
representation can be far less than that usually derived from
tumour biopsies [10]. ctDNA analysis is performed in a back-
ground of a potentially large amount of DNA derived from normal
cells and on a mixture of material from multiple tumour clones
that could be differentially represented in circulation due to
variable rates of release of material into circulation. This might not
necessarily be representative of their aggressiveness, but rather by
the metastatic site (for example, liver versus brain metastases) or
by histology as seen for lung squamous cell carcinomas which
associate with higher ctDNA levels than lung adenocarcinomas
[11] (Fig. 1).
Other body fluid components, such as urine, have also been

subjected to DNA extraction and NGS analyses with promising
studies reported in the field [12–14].

PREANALYTICAL CONSIDERATIONS IN LIQUID BIOPSIES
To maximise the reliability of molecular information obtained from
a liquid biopsy, there is a need to develop a standardised
workflow for the preanalytical steps. Different approaches for
collecting, processing and storing blood can lead to an up to 50%
variability in the amount of ccfDNA extracted [15]. Each of these
steps could affect the analytical outcome of certain assays
resulting in different study results [16, 17].
For cfDNA analysis, one of the key preanalytical goals is to avoid

genomic DNA release from lysing leucocytes: this DNA would
dilute the already potentially small fraction of tumour-derived
DNA and can lead to false-negative results [18]. In order to prevent
this, blood collected in EDTA-K3 tubes, arguably the gold
standard, must be processed within 2 h after venepuncture [5].
To allow greater flexibility for clinical implementation, blood
collection tubes (BCT) containing fixative agents have been
developed. These aim to prevent cell membrane lysis and can
be processed 7 days or longer after blood draw. These tubes are
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Fig. 1 Liquid biopsy in prostate cancer: tumour features, clinical utility and challenges. a Example of actively proliferating prostate cancer
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PCR, PC prostate cancer, HSPC hormone-sensitive prostate cancer, CRPC castration-resistant prostate cancer.

B. Trujillo et al.

2

British Journal of Cancer



now widely used, although some contain formaldehyde-like
chemicals which cause cross-linking and chemical modification,
potentially interfering with DNA amplification and downstream
assessments such as methylation ratios [6].
Pre-analytic processing of samples after blood draw should be

carefully optimised, for example extending the time of proteinase
K incubation of plasma during DNA extraction can minimise cross-
linking-related artefacts due to the presence of fixatives in
BCTs [2].
Another important preanalytical goal is to achieve the highest

extraction efficiency for fragments of ccfDNA below 200 bp as
this range contains most ctDNA fragments. Different studies
have tested several extraction methods showing differences in
the percentage of short ccfDNA isolated depending on the kit
used [19].
For CTCs analysis, different preanalytical steps should be

considered. Firstly, for blood collection, preservatives are needed
to avoid cell lysis although results can be contradictory depending
on the BCT used [20]. New approaches that aim for cell viability
are able to maintain viable cells after 6 days of storage [21].
Secondly, nucleic acid isolation and amplification from CTCs
remains a challenge with different methods prone to errors to
identify genetic variations [22, 23].
Extracellular vesicle (EV) collection represents a particular

challenge as vesicle release from blood cells (especially platelets)
after venepuncture needs to be minimised to avoid reduction in
purity. However, to date, no specific EV preservative is commer-
cially available [24, 25]. Widely used isolation methods like
ultracentrifugation do not distinguish between different subsets
of EVs (exosomes, microvesicles) [26] and others like immunoaffi-
nity methods (Miltenyi®), which target different proteins (CD81,
CD63), are capable to separate EVs but are expensive [27].
Currently, no consensus has been agreed on which method results
in a higher-quality yield [28].

PLASMA-DERIVED NUCLEI ACID FEATURES AND THEIR UTILITY
IN PROSTATE CANCER MANAGEMENT
Genome
ctDNA analysis of metastatic prostate cancer patients is able to
identify prostate cancer genomic features. When the circulating
tumour fraction is sufficiently high there is a high concordance
with tissue findings for truncal alterations present in concurrently
collected biopsies of metastases [29, 30]. However, low-
abundance alterations private to sub-clones of cells can be
missed, especially at lower tumour fractions [11].
Techniques such as digital droplet PCR (ddPCR) and similar

targeted approaches have been widely used and can capture a
handful of mutant alleles at very high sensitivity (0.001%) [31]. This
can allow cost-effective testing of pre-defined mutations of
relevance in specific clinical scenarios.
However, it is the development of next-generation sequencing

(NGS) what has enabled molecular characterisation of cancer at a
reasonable cost. These include the possibility of whole-genome
sequencing (WGS), whole-exome sequencing (WES) or targeted
sequencing. Whole-genome libraries can be enriched to analyse
specific DNA targets mainly by two approaches: amplicon-based
or hybridisation-based method. Amplicon-based uses pre-
designed primers to amplify regions of interest by PCR and
covers generally a limited panel of mutations whereas the
hybridisation capture method allows for larger size panels and
uses biotinylated probes (oligonucleotides complementary to
regions of interest) that bind to PCR-amplified DNA and are
isolated by streptavidin-coupled magnetic beads. These targeted
approaches have been reported to detect prostate cancer
mutations in blood and are used in clinically validated tests such
as the UW-Oncoplex (UW-OncoPlexTM) and the Foundation Liquid
CDx (FoundationOne®) test [7, 8, 32, 33]. The main limitation in

using a targeted panel is the risk of missing relevant driver
alterations. This can be addressed with tumour informed design of
patient-specific panels, but this is not currently feasible [11]. The
advantage of targeted sequencing is the opportunity to achieve
high coverage across regions of interest and needs to be balanced
against a broader approach that achieves lower coverage.
The overall sensitivity for detection of an alteration is

dependent on the tumour content (TC) of ccfDNA. This could be
generated either as a measure of the most abundant alteration
detected or using a bespoke orthogonal assessment. The most
effective methods for measuring TC include commonly occurring
clonal events. In situations such as metastatic breast cancer where
a discrete number of hot-spot mutations are commonly clonal,
restricted assays have been used [11, 34]. Patient-specific probe
sets that track clonal mutations detected in multi-region sequen-
cing of patient tumours have been performed in non-small cell
lung cancer [11]. Prostate cancer is mainly characterised by
recurrent copy number changes rather than recurrent mutations
in comparison to other cancer types [35, 36]. Approaches that
leverage pan-genome or recurrent copy number alterations could
therefore be best suited to derive a measure of whether ctDNA is
present and potentially at what abundance [7, 8, 37, 38]. Most of
these approaches reported to date have a lower limit of sensitivity
of 5–10%, which detects tumour in the majority of patients with
progressing metastatic disease but may not be sufficiently
sensitive in patients with low-volume metastases. In prostate
cancer, detection of ctDNA is prognostic and a change in ctDNA
with treatment associate with the differential outcome with
treatment [37, 39].
Once prostate cancer relapses after castration, the most

common genomic events that emerge involve the androgen
receptor (AR) [7, 8, 40]. In particular, AR is typically amplified or
mutated in this setting following the selective pressures from
androgen deprivation therapy (ADT) [7, 8, 41]. Two AR point
mutations emerge after treatment with abiraterone (combined
with prednisone) and appear to be the most commonly detected
in metastatic castration-resistant prostate cancer (mCRPC), AR
L702H (AR c.2105 T > A) occurs primarily in patients previously
treated with glucocorticoids and AR T878A (AR c.2632 A > G) is
associated with progesterone-mediated activation. Detection of
AR gene alterations in circulation associate with worse outcome in
patients treated with androgen receptor signalling inhibitors
(ARSI) such as abiraterone or enzalutamide [42]. A number of other
aberrations are prognostic in multivariate analyses when detected
prior to treatment, including TP53, RB1 and PTEN [37, 43]. In non-
randomised cohorts, it is challenging to separate the effect of the
alteration on worse outcome independently from the increased
chance of detecting the alteration with higher tumour fraction.
Further work is required to determine the clinical relevance of
detection of these alterations prior to a treatment. On treatment,
patients who show a loss of detection or drop in the abundance of
ctDNA after 4–8 weeks treatment have similar outcomes to
patients with no detection prior to treatment; in contrast
persistent or appearance of ctDNA on treatment is associated
with the worst outcomes [37].
Following the recent approval of PARP inhibitors for mCRPC,

ctDNA assessment has been clinically approved for detection of
alterations in DNA damage response genes (DDR). DDR genes are
aberrant in up to 20% of mCRPC, most commonly BRCA2 (13%)
[44]. Gene loss or loss-of-function mutations in BRCA2 associate
with more aggressive disease and if detected in tumour or plasma,
can be used to select patients for PARP inhibition [43]. Although
PARP inhibitor sensitivity is dependent on the functional loss of
both alleles, evidence of a disruptive alteration in one allele in
circulation is often accepted as sufficient evidence to offer a
patient PARPi treatment [45]. In addition, 2–3% of prostate cancer
harbour a deficient mismatch repair gene (dMMR) or microsatellite
instability (MSI) with reports of durable responses to immune
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checkpoint inhibitors [46]. Finally, an especially aggressive subset
of mCRPC (currently estimated at 15–20% of advanced prostate
cancers) develop an AR-independent phenotype that can
associate with neuroendocrine carcinoma histologic features on
tissue biopsy. This phenotype also appears to be characterised by
a higher prevalence of loss of tumour suppressor genes such as
TP53 and RB1 [47]. These alterations all represent potential future
biomarkers for treatment selection.
In conclusion, whilst ctDNA genomic analysis is now imple-

mented in the clinical management pathway and will be
increasingly used by physicians, technical improvement in current
assays and combining with other data will improve the granularity
of the read-out and the patient populations liquid biopsies can be
applied to.

Methylome
Epigenetic changes cover functionally relevant changes to the
genome that do not involve alterations in the DNA sequence.
They are mainly involved in gene expression modification.
The most well-studied epigenetic feature of cfDNA is
5-methylcytosine (5mC) at cytosine–guanine (CpG) sites that
tend to cluster in CpG islands in the promoter region of genes
and are widely known to be involved in gene silencing [48, 49].
DNA methylation patterns are tissue-specific and cfDNA
methylation landscape contains a mixture of methylation signal
from various tissue types. Traditionally most used approach is to
employ differential methylation analysis (DMR or DMP) with
selected FDR cut-off [50–52]. Several studies have leveraged this
for cell fraction deconvolution based on either supervised or
semi-supervised mathematical approach and reference tissue
database [51, 53–55]. Selection of a valid ctDNA methylation
marker must ensure high clonality, low inter-individual varia-
bility and tumour and tissue specificity. Genome-wide methyla-
tion changes occur over the course of prostate cancer initiation,
progression and metastases. These recurrent and abundant
events, occurring across large genomic regions, could be
exploited to address some of the limitations of genomic testing
for prostate cancer, such as low tumour content [56–60]. Large-
scale studies have established the paradigm that ctDNA
methylation profiling has superior cancer detection sensitivity
and tissue-of-origin specificity than genomic approaches such as
whole-genome or targeted sequencing [61].
There are a number of recurrent DNA methylation alterations,

such as GSTP1, APC, RASSF1A, with potential transcriptomic or
physiologic impacts on prostate cancer [62]. Hypermethylated
GSTP1, the most well-studied, aberrantly methylated gene in
prostate cancer, is one of the earliest and most frequent events
[63]. Given its frequent presence in prostate cancer tumorigenesis,
several studies suggest GSTP1 silencing to have a key role in
tumour development [63–65]. Furthermore, GSTP1 hypermethyla-
tion in tissue is prognostic in localised disease. In blood, several
studies that used detection of GSTP1 as a proxy for prostate
tumour in blood have found this to be prognostic in relapsed
patients [66, 67]. Analysis of multiple tissue-specific methylation
markers using methylation array-based approach has shown
ctDNA can be prognostic of treatment response in metastatic
prostate cancer patients treated [54, 68, 69]. The limitation of
methylation array is DNA input and restricts data quality in low-
input ctDNA sample.
Whole-genome methylation assessment identifies 1000 s of

regions that are differentially methylated in prostate cancer DNA
compared to normal or leucocyte DNA [70]. This introduces
an opportunity for including methylation-based information
from a larger number of regions for more accurate assessment
of ctDNA. Additionally, some studies have also extracted
5-hydroxymethylcytosine (5-hmc) information at regions that
distinguishes cancer from non-cancer DNA and inform on
underlying tumour biology [71].

Moreover, the aforementioned neuroendocrine phenotype is
characterised by unique methylation patterns that can be
detected in liquid biopsies analysing cfDNA and matching
prostate tumour biopsies. This introduces the opportunity of early
identification and avoids unnecessary biopsies in advanced
prostate cancer patients [72].

Fragmentome
Another potentially informative molecular feature of cfDNA is the
DNA fragment length. The fragment length (a.k.a. fragmentomics)
distribution of cfDNA, usually peaking at 167 bp, carries the
information of nucleosome positioning which can be used to
derive tissue-of-origin. As reported, cfDNA show different frag-
mentation patterns in tissue-specific open chromatin regions
which relates to nucleosome positioning and reflects differences
in sequencing coverage [73, 74].
In addition, variability of genome-wide plasma DNA coverage

related to nucleosome occupancy can be used to infer gene
expression patterns: cancer histological types could be differ-
entiated based on their transcription factor accessibility patterns
and nucleosome positioning which are both tissue-specific and
different between healthy and cancer individuals. This approach
could also identify re-programming of regulatory pathways in real-
time, for example, the transition of AR-dependent prostate
adenocarcinoma to an AR-independent “neuroendocrine” sub-
type with distinct activated regulatory pathways [75].
ctDNA (derived from tumours) has been suggested to

have shorter fragment length than associated non-tumour ccfDNA
[76–78]. As a result, fragment size selection could allow
enrichment of ctDNA, improving the detection of genomic
alterations and tumour specific features at low tumour fractions
[79].

TRANSCRIPTOME AND PROTEIN IN CTCS AND EXOSOMES
The study of RNA in liquid biopsies is hampered by the short half-
life of messenger RNA in circulation. Therefore, efforts have
focused on characterising RNA from isolated CTCs, extracellular
vesicles and/or the study of short microRNAs (miRNA).
CTCs analysis is challenging due to the low ratio of cells

compared to leucocytes (1 to several million) but adequate
isolation and/or enrichment (often expensive) can allow for DNA,
RNA and protein analysis plus single-cell assessment or in vitro
culture studies [80, 81].
The number of CTCs detected in blood has been associated

with treatment outcomes and overall survival in prostate cancer
and other cancers [82]. CellSearch® (currently distributed by
Menarini Silicon Biosystems Inc.) was cleared by the FDA for
prognostication of patients with advanced cancer using enumera-
tion. It uses an immunomagnetic beads-based approach targeting
EpCAM (epithelial cell adhesion molecule) present on the surface
of most differentiated CTCs arising from adenocarcinomas. CTCs
isolated from prostate cancer patients can express PSA and show
molecular characteristics of prostate cancer such as AR copy
number gain, PTEN loss and TMPRSS2-ETS gene fusion [83].
Enrichment strategies such as CellSearch are dependent on target
expression, which could potentially miss CTCs that have lost the
target following for example epithelial-mesenchymal transition
(EMT) [84].
Microfluidic technology can enhance affinity-based capture and

can capture EpCAM-independent CTCs [85, 86]. Mechanical
features such as size or deformability have also been used to
separate larger CTCs from other blood cells. The advantage of the
latter includes that viable cells can be used for downstream
analysis like CTC culture [87]. An immunofluorescence approach
has also been developed showing the ability to differentiate
prostate cancer CTCs based on their nuclear size and revealing
that very-small-nuclear CTC (vsnCTC) correlates with visceral
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metastasis and could represent an aggressive variant of PC
[88, 89]. Finally, Epic Sciences has clinically qualified an approach
that captures all cells onto a slide and then used secondary
immunofluorescence to identify and characterise CTCs. This
approach may minimise cell loss but requires very high antibody
specificity and sensitivity. Oncotype DX AR-V7 Nucleus Detect® has
been used to detect CTC expression of AR splice variants predicted
to lack the ligand-binding domain and be constitutively active.
The presence of these CTC may associate with resistance to
androgen receptor signalling (ARS) inhibitors. Matched cohort
studies have suggested taxanes could be preferred over ARSI
when CTCs expressing AR splicing variants are detected, although
in the absence of data from randomised clinical trials, its
challenging to differentiate the effect of CTC counts and tumour
volume from accurate predictions associated with the molecular
marker [90, 91]. This technology can also extract other “functional”
features such as CTC clusters that may have increased metastatic
potential [92].
Extracellular vesicles (EV) are lipid bilayer-delimited particles

containing DNA, RNA or proteins and naturally released by both
normal and tumour cells. Exosomes are the most commonly
studied, constituting 40–100 nm-sized particles released into blood
(and other fluids) by the fusion of multivesicular bodies with the
plasma membrane. They play an important role in intercellular
communication, potentially contributing to tumour progression and
metastases [93, 94]. Exosomes can be isolated by centrifugation,
ultracentrifugation, or affinity-based capture [95, 96]. Improved
extraction protocol should start to provide granularity to the clinical
relevance of genetic material extracted from vesicles of various sizes
[93, 97]. Several studies have already reported its potential role as a
diagnostic/prognostic marker. For example, expression levels of
long non-coding RNAsn (lncRNAs) isolated from exosomes showed
the ability to differentiate PC from healthy donors [98]. In another
study, detectable exosomal AR-V7 isolated by ultracentrifugation
from plasma has been shown to associate with a shorter time to
progression in CRPC [99].
miRNAs are characterised by greater stability in circulation and

can be isolated directly from plasma or following EV enrichment.
miRNAs are small single-stranded non-coding RNA (around 20
nucleotides) that function in post-transcriptional regulation of
gene expression. Prostate cancer patients appear to have higher
levels of specific miRNAs which may have distinct roles and
associate with unique phenotypes [97, 100]. For example, different
studies have tested the role of miR-141 and miR-375 in prostate
cancer in plasma and reported association with high-risk factors of
disease dissemination in localised disease and shorter time to
progression in metastatic patients treated with docetaxel or
abiraterone [101, 102]. Another study has shown the potential
predictive role of miR-423-3P as a biomarker to identify castration
resistance [103]. Clinical qualification in appropriate cohorts is now
required to determine their potential role for patient
management.

ROLE OF LIQUID BIOPSY IN DIFFERENT CLINICAL SETTINGS IN
PROSTATE CANCER
Early detection and risk re-stratification
PSA testing is not suitable for population-based screening due to
its low specificity for prostate cancer, resulting in massive over-
treatment and misdiagnosis. Multiparametric magnetic resonance
imaging (mpMRI) [104] has improved the current prostate cancer
diagnostic pathway but distinguishing aggressive cancers that
require immediate and intense treatment from cancers that do
not remains challenging. A number of tissue-based molecular tests
have been implemented to distinguish aggressive cancers
[105, 106]. Tissue-based tests could be complemented by liquid
biopsies that by identifying tumour in circulation, confirm cancer’s
potential for spread.

One of the major efforts in the cancer screening space has been
undertaken by GRAIL, Inc (Galleri®). In their Circulating Cell-free
Genome Atlas (CCGA) study (designed to combine data from
cfDNA sequencing and machine learning for the development of a
population-based cancer screening programme) [107], they have
discovered and validated a pan-cancer methylation targeted-
based assay. Results were consistent between the training and
validation set with a false positive rate below 1% and overall
increasing sensitivity from Stage I (18%) to Stage IV (93%) for
cancer detection and its tissue-of- origin (TOO). However, the
sensitivity for detecting prostate cancer using the multi-cancer
assay was reported to be 11.2%, which may be confounded by the
inclusion of early-stage, indolent disease picked up in screening
programmes [52]. It is probable that clinical assessment bespoke
to prostate cancer, which is confounded both by opportunistic
PSA screening and the widely variable disease course, will be
required for the implementation of a prostate ctDNA screening
test. As a proof-of-principle, targeted amplicon sequencing across
TP53 gene on plasma DNA samples collected from a limited
number of localised prostate cancer patients before and after local
treatment suggests detection of ctDNA before surgery is
associated with poor clinical outcome (metastatic-free survival)
[108]. Overall, a test that improves risk stratification of men at
diagnosis could enable screening by correcting the error of
subsequent over-treatment. This will require high sensitivity and
specificity and will have to resolve the challenges of low tumour
fraction, molecular heterogeneity and clonal haematopoiesis
[109, 110].
ctDNA has shown promising evidence of detecting clinically

relevant, minimal residual disease after primary treatment in many
tumour types [11, 111, 112]. Studies in multiple cancer types have
consistently shown that individuals with detectable ctDNA shortly
after surgery relapsed sooner than those who were ctDNA-
negative. These approaches used high-sensitivity analysis, either
of recurrent mutations or patient-specific clonal mutations.
Around 15% of localised prostate cancer patients eventually
relapse after curative treatment [1]. However, this is often
detected by a rising PSA and a ctDNA based assay would have
to improve on the performance of PSA for detecting minimal
residual or early recurring disease.

Treatment response prediction and assessment in advance
disease
The role of liquid biopsies is better established in advanced
metastatic disease where tumour volumes and circulating tumour
are higher. Moreover, the clinical need for the selection of patients
for targeted treatment has followed drug development pathways
with current indications focused on relapsed patients. Several
companies have developed multigene targeted-capture NGS
assays, intended for cfDNA analysis, covering single-nucleotide
variants (SNVs), insertion or deletions (indels) and copy number
alterations (CNAs) to detect a range of genomic aberrations at low
allelic frequencies, primarily to provide tumour mutation profiling
(and including several genes relevant for prostate cancer) [113].
More relevant to prostate cancer, is the recent FDA clearance of a
liquid biopsy test for the selection of patients harbouring
alterations in DNA damage repair genes, for example, the
FoundationOne® Liquid CDx that was developed as a companion
diagnostic for the PARP inhibitors rucaparib and olaparib in
metastatic castration-resistant patients (together with other
cancer types). This hybridisation-based NGS panel captures 300
genes including mutations in BRCA1 and 2.
Olaparib was approved based on the results of the PROfound

study, a randomised Phase III biomarker-driven clinical trial, in
which patients progressing after abiraterone or enzalutamide
received Olaparib versus the alternative ARSI [114]. Patients
were stratified into two cohorts: cohort 1 (BRCA1/2 and ATM)
versus cohort 2 (12 others DDR genes) with positive results for
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radiographic PFS (rPFS) for patients included in cohort 1
(7.4 months vs. 3.6 months, HR 0.34). Rucaparib has been
approved for BRCA-mutated patients progressing after a taxane
chemotherapy and an AR-targeted therapy based on the results
of the open-label Phase II TRITON2 study which reported and
objective response rate for BRCA1/2 aberrant of 43% [115]. Even
though the benefit in BRCA2 is well-established, given the wide
range of alterations in a multitude of genes involved in
homologous recombination repair, uncertainty exists for the
sensitivity of specific alterations and sensitivity to PARPi,
primarily as many on an individual basis are rare. Collation of
outcome data, sharing across trials and continued annotation
post-licensing will be important to improving prediction and
patient selection.
cfDNA testing without concurrently sequencing the patient’s

whole blood as control could uncommonly identify alterations in
DDR genes that are presumed to be pathogenic but are clonal
haematopoiesis of indeterminate potential (CHIP) variants. These
false positives could lead to inappropriate treatment of patients
with PARPi without the expected efficacy [116].
Different studies have also identified genomic and epige-

nomic features that could predict acetate abiraterone (AA)
treatment response. In one study, cfDNA cytosine modification
patterns from 33 prostate cancer patients treated with AA were
identified and showed divergences between AA-sensitive versus
AA-resistant patients and potential for predicting treatment
response based on cfDNA modification variability [68]. In
another study, treatment response prediction for ARSI was
assessed in a pooled analysis from four CRPC cohorts, with
findings of a circulating AR copy number of 1.92 as the cut point
with the greatest association with shorter progression-free
survival and overall survival on ARSI [117].

Response assessment and outcome surrogacy
Additional to patient selection, liquid biopsies have potential for
real-time tracking of treatment response and early detection of
progression. For example, in studies of men with high burden
relapsed metastatic prostate cancer, CTC count included in a
composite panel with serum lactate dehydrogenase is a surrogate
of survival and captures the effect of ARSI treatment [118].
Another study explored the CTCs dynamics in different end-points
on over 6000 mCRPC patients enrolled in five Phase III clinical trials
and showed its superiority in comparison to PSA responses. In fact,
patients with over 1 CTC at baseline and zero at week 13 and
patients with more than 5 CTCs and less than 4 at week 13,
showed the longest overall survival [119]. There are also studies
that have tested this question for ctDNA. For example, in a cross-
over study of abiraterone vs enzalutamide in mCRPC, patients with
a baseline ctDNA fraction greater than 2% were associated with
worse time to PSA progression [120]. In patients responding to
ARSI, samples taking while responding to therapy had a much
lower ctDNA than the baseline sample [121]. Other studies are
testing ctDNA and other liquid biopsy features for assessing
response and preliminary data from analysis of samples after
4–8 weeks of treatment is promising for distinguishing treatment
response from primary resistance [37, 39].

Tracking of resistance
Liquid biopsies allow tracking of emerging clones on treatment.
Detection of alterations may be biased by the site of metastases
(for example, central nervous system metastases may not be
represented) and other biological factors. Nonetheless, given most
prostate cancer spread involves bone and is blood-borne, most
studies have shown that tumour DNA in plasma represents
clinically relevant progressing metastases. In mCRPC patients
treated with PARP inhibition, ctDNA studies have identified a
heterogeneous landscape of sub-clonal mutations in BRCA2 or
PALB2 that are predicted to restore BRCA2 function in samples

collected at the progression that were not present prior to
treatment [122, 123]. Both studies showed clonal divergence with
several different genomic events emerging and causing resistance
to PARPI. Similarly, in patients treated with abiraterone, a
functionally relevant point mutation in the AR emerges in ~15%
of progression samples [8]. Another study reported the ability to
track clones over time in plasma utilising an abundance of
commonly occurring deletions such as 21q22 resulting from a
TMPRSS2-ERG gene fusion [7]. Tracking methylation patterns
changes in ctDNA over time has also been reported to give insight
about disease progression, treatment response and identify
neuroendocrine markers [69, 124, 125]. Although the clinical
utility of these observations has not been defined, they provide a
proof-of-concept framework for interrogating molecular causes of
resistance in real-time and identifying novel causes as new
treatments become established.

FUTURE DEVELOPMENT
A fit-for-purpose liquid biopsy assay, intended for implementation
in clinical practice for prostate cancer patients, should achieve
three main goals: (i) analytical validation which refers to the
reliability, accuracy of measure and reproducibility of the test
(including the preanalytical assessment of samples and consis-
tency across laboratories) [126], (ii) the clinical qualification which
relates to a clinically meaningful biological question to be
addressed in appropriately-designed clinical trials (usually first
retrospectively tested in samples collected in prior studies
followed by analysis in studies where the testing of the liquid
biopsy is a pre-defined aim) and (iii) defining clinical utility and
clinically implementation, that show use of the test improves
clinical outcomes, is cost beneficial and feasible to implement
[127–129].
Uncertainty remains on whether a pan-cancer or a prostate-

specific test is more suitable for use in clinical practice. Firstly,
blood pan-cancer tests can achieve economies of scale but may
not be optimised to include prostate cancer-specific genomic
alterations. Secondly, detection of gene loss and allelic imbalance
at different copy number states remains challenging and requires
optimised approaches. Thirdly, technological improvements can
improve detection and reliability of detection of ultra-low allelic
frequency variants [7, 8].
One of the main strength of blood assays is the feasibility of

repeated collection which could allow earlier detection of
mechanisms of resistance to inform on treatment changes
or combinational therapy. Combinatorial genomic, transcriptomic
and epigenomic testing on blood samples could improve the
prediction of phenotype and could be integrated to maximise the
potential of liquid biopsies for clinical practice.
Overall, a good prostate cancer blood assay should guide one or

more clinical decision points such as diagnosis, molecular
characterisation and risk stratification in an early setting, detection
of early relapses, treatment cessation or intensification and
identification of mechanisms of resistance to current treatments
in the metastatic setting.
Addressing these challenges in the next few several years with

the collaboration of clinicians, researchers and bioinformaticians,
will help to understand who and when someone should be
molecularly profiled, how to design better biomarker-driven
clinical trials and overcome technical challenges and finally
introduce the liquid biopsy in the clinical routine practice for
prostate cancer patients.
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