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Abstract: Approximately 23% of metastatic castration-resistant prostate cancers (mCRPC) harbor
deleterious aberrations in DNA repair genes. Poly (ADP-ribose) polymerase (PARP) inhibitors
(PARPi) therapy has shown improvements in overall survival in patients with mCRPC who harbor
somatic and/or germline alterations of homology recombination repair (HRR) genes. Peripheral
blood samples are typically used for the germline mutation analysis test using the DNA extracted
from peripheral blood leucocytes. Somatic alterations can be assessed by extracting DNA from a
tumor tissue sample or using circulating tumor DNA (ctDNA) extracted from a plasma sample. Each
of these genetic tests has its own benefits and limitations. The main advantages compared to the
tissue test are that liquid biopsy is a non-invasive and easily repeatable test with the value of better
representing tumor heterogeneity than primary biopsy and of capturing changes and/or resistance
mutations in the genetic tumor profile during disease progression. Furthermore, ctDNA can inform
about mutation status and guide treatment options in patients with mCRPC. Clinical validation and
test implementation into routine clinical practice are currently very limited. In this review, we discuss
the state of the art of the ctDNA test in prostate cancer compared to blood and tissue testing. We also
illustrate the ctDNA testing workflow, the available techniques for ctDNA extraction, sequencing,
and analysis, describing advantages and limits of each techniques.

Keywords: circulating tumor DNA; prostate cancer; metastatic castration-resistant prostate cancer;
homology recombination repair genes; BRCA1; BRCA2; ATM; PARP inhibitors

1. Introduction

In 2015, The Cancer Genome Atlas Research Network reported findings from 333 primary
prostate cancers which resulted in the identification of 19% of primary tumors with muta-
tions in DNA repair genes, including 3% in the homologous recombination repair (HRR)
gene, BRCA2 [1]. Exome sequencing of 150 metastatic biopsies found that 23% of metastatic
prostate cancers carry alterations in the genes critical for DNA repair, again, involving
homologous recombination repair genes (BRCA2, ATM, and BRCAL1), as well as mismatch
repair genes (MLH1 and MSH2) [2]. Alterations in these genes include base pair substitu-
tions, deletions, insertions, copy number variations (CNV), and selected rearrangements [3].
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Men with germline mutations are more likely to harbor intraductal /ductal histology (48%
vs. 12%, p < 0.01) and lymphovascular invasion (52% vs. 14%, p < 0.01), while neither
prostate cancer family history nor other cancers in a given family were statistically asso-
ciated with a positive germline test [4,5]. Genomic testing in advanced PCa patients is
currently recommended in a specific setting (Table 1) [6-9].

Table 1. Recommendations for germline and somatic genomic testing in advanced PCa.

Recommendations Germline Testing Tumor Testing
Recommend germline testing for any patients with PCa Recommend tumor testing for HRRm
NCCN [6] and Ashkenazi Jewish ancestry or strong family history of ~and consider tumor testing for MSI/MRR
cancer and for all patients with high-risk localized or alterations for all M1 patients
metastatic PCa Consider testing at earlier stages
Gonmline in o A2 fhr DR i Conider tumr st o IR e
ESMO [7] . 'p posttion sy and MMR defects (or MSI) in patients
patients with a family history of cancer and should be .
. . ; . . with mCRPC
considered in all patients with metastatic prostate cancer
Consider germline testing for patients with:
metastatic PCa; All metastatic patients should be offered
high-risk PCa and a family member diagnosed with ~ somatic genomic testing for HRR and
PCa at the age <60 years; MMR defects, preferably on metastatic
EAU [8,9] e  multiple family members diagnosed with carcinoma tissue, but testing on primary
’ castration-sensitive PCa at the age <60 years or a tumor may also be performed.
family member who died from PCa; Alternatively, but still less common,

family history of high-risk germline mutationsora  genetic testing on circulating tumor DNA
family history of multiple cancers on the same side  (ctDNA) is an option
of the family

The rationale behind genetic testing of PCa patients is that metastatic castration-
resistant PCa (mCRPC) with DNA repair genes alteration may be a potential candidate
for target therapy with PARP inhibitors. Recent trials with PARP inhibitors in patients
with mCRPC have demonstrated significant improvements in overall survival (OS) in
patients harboring germline and/or somatic alterations in DNA repair genes compared to
enzalutamide and abiraterone.

In brief, the PROfound study is a Phase 3 multicenter trial aimed at evaluating the
PARP inhibitor olaparib in men with mCRPC who had disease progression while receiving
a new hormonal agent (e.g., enzalutamide or abiraterone). Men who had an alteration in
genes involved in the homologous recombination repair pathway were divided in two
cohorts: cohort A (245 patients) with at least one alteration in BRCA1, BRCA2, or ATM, and
cohort B (142 patients) with an alteration in any of the 12 other HHR genes. In cohort A,
significant improvement in median rPFS (7.4 vs. 3.6 months) and in OS (19 vs. 14 months)
were reported. In cohort B, the median duration of OS was 14.1 months with olaparib and
11.5 months with control therapy [10,11]. Exploratory gene-by-gene analysis presented at
ASCO 2021 showed that for BRCA-mutated patients, ORR was 43.9% vs. 0% and median
OS was 20.1 vs. 14.4 months for olaparib and enzalutamide or abiraterone, respectively.
Concerning the other genes analyzed, olaparib monotherapy also resulted in a higher ORR
in patients with alterations in CDK12 (5.9% vs. 0%) but not ATM (10.0% vs. 10.0%), and
no significant difference in rPFS or OS was reported among patients with ATM or CDK12
alterations [12].

The TRITON2 was a Phase II study of rucaparib in mCRPC patients with HRR gene
alterations [13]. Fifty-two percent of the 98 patients had a confirmed PSA response (>50%
decrease from the baseline) and 44% of the 57 patients with measurable disease had a
confirmed RECIST partial (22 patients) or complete response (three patients). A greater
PSA response rate was observed in patients with a BRCA2 alteration. Furthermore, in this
trial, limited radiographic/PSA responses to PARP inhibition were reported in men with
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alterations in ATM, CDK12, or CHEK2, while responses have been confirmed in other DDR
genes such as PALB2, FANCA, BRIP1, and RAD51B [14].

These results led to an FDA approval of two PARP inhibitors in 2020, olaparib and
rucaparib, for mCRPC with DNA repair gene alterations. These drugs represent the first
approval in the history of PCa therapy that requires a specific molecular biomarker for
select patients. Molecular testing can be performed on whole blood, on formalin-fixed
paraffin-embedded (FFPE) tumor tissue, or circulating tumor DNA extracted from plasma
samples [15].

2. Tissue Testing vs. Whole Blood Testing

The main difference between tissue and blood-based testing is the type of mutation
detected. Blood testing is used to detect significant genomic rearrangements to assess
familiar risk and it is feasible in one hundred percent of the cases; however, it does not
identify mutations of somatic origin. Tissue testing can detect both somatic and germline
mutations [16]. Patients with a detected tissue mutation are referred to germline testing
to determine if the mutation is germline or somatic. Germline testing requires genetic
counselling, similarly to blood testing [15].

The advantages of blood testing are the ease of obtaining samples, minimal invasive-
ness, and repeatability. Tissue testing can be performed on prostate samples (both biopsies
and surgical specimens) and on metastatic deposits. In the latter case, obtaining tissue from
a metastatic site is an invasive procedure characterized by high cost and morbidity for
patients. Moreover, in the specific case of PCa patients, bone is a frequent site of metastasis.
DNA extracted from a bone biopsy, if undergone through a decalcification process, can be
qualitatively very poor and molecular test is likely to fail [16].

DNA quality is another important parameter to consider when choosing the best-
performing test. It depends on purity of the sample and fragmentation of DNA. DNA
quality is high in blood and variable in FFPE tissue [17]. Factors that can lower DNA quality
are in common with other molecular tissue tests, i.e., presence of necrosis, high infiltration
of inflammatory cells, aging-related degradation, poor fixation in formalin, cauterized
tissue [18]. Nonetheless, the reliability of tumor testing in diagnosing or excluding germline
mutations is questionable. A recent study reported that in patients with no germline
pathogenic BRCA1/2 mutation, tumor tests were 100% concordant with no false positive
results. However, in patients who harbored a germline pathogenic BRCA1/2 mutation,
only 70% of these germline mutations were identified with tumor testing, while 30% of
germline mutations were missed, due to either technical or interpretative errors [19].

3. Biology of ctDNA

Circulating cell-free DNA (cfDNA) in blood acquired from plasma using a simple
blood test provides repeated serial access to tumor DNA as a minimally invasive “liquid
biopsy.” Liquid biopsy includes cell-free nucleic acid, circulating tumor cells, extracellular
vesicles, metabolites, and proteins [20-22].

The total amount of circulating DNA found in blood plasma is called circulating free
DNA and it accounts for the total DNA released by normal and tumor cells. It can be
present in healthy subjects and its concentration can be increased in case of stroke, trauma,
myocardial infarction, and autoimmune disease [23-25]. Concentration of ¢fDNA is much
higher in advanced cancer patients compared to healthy individuals [26,27].

Circulating tumor DNA refers only to the plasma DNA that originates specifically
from tumors, primary site, metastases, and even circulating tumor cells. It can represent
from 0.01% up to 90% of the total free DNA. Its concentration differs between patients
depending on location, size, vascularity of the tumor, cancer stage, cellular turnover, and
response to therapy. The level of ctDNA correlates with disease progression and is higher
in metastatic tumor than in localized diseases [28-31].

Circulating cell-free DNA can be released by cells through passive release or active
secretion. The first way occurs through cell death that can happen by apoptotic process
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or necrosis. The two ways differ in the length of DNA fragments. During apoptosis, the
enzymatic cleavage of DNA produces DNA fragments that are still wrapped around single
nucleosomes and the length plus linker is around 166 base pairs. In case of necrosis, larger
fragments are shed into the circulation up to one thousand base pairs [32]. A small fraction
of ctDNA originates from CTC by passive release. A minority of ctDNA is released by
active secretion of extracellular vesicles, such as exosomes and prostasomes containing
pieces of DNA around 150-250 bp [33].

4. Circulating Tumor DNA in Prostate Cancer

Tissue testing is currently the principal test used for the analysis of tumor genomic
profiles. However, concerning PCa patients, in the main trials in which tissue testing was
performed before enrollment, about 30% of tests failed due to pathology review failure,
DNA extraction failure, or failure after DNA extraction [11,34-36]. Consequently, the
possibility of assessing molecular alterations using ctDNA is gaining attention in the
clinical and laboratory community [37].

Shedding of ctDNA differs between untreated patients, androgen deprivation (ADT)-
treated patients, and mCRPC patients. Plasma-extracted cfDNA sequencing was successful
in 52/53 patients with de novo metastatic castration-sensitive PCa. Before ADT initiation,
74% of the patients had detectable ctDNA, while in the patients who received ADT prior to
blood collection, only 59% had detectable ctDNA. The ctDNA fraction was significantly
lower than among treatment-naive patients (mean, 6.7% vs. 23%; median, 1.0% vs. 11%;
p = 0.02). The reduction in the ctDNA fraction was more pronounced after one week of
ADT [38,39]. No relationship between the ctDNA fraction and PSA, Gleason grade, or age
was reported.

A CtDNA fraction above 30% was strongly associated with poor response to therapy
with enzalutamide or abiraterone even after adjustment for other clinical prognostic factors.
Cell-free DNA concentration changes after PARP inhibitor therapy are predictive biomark-
ers of response; indeed, a >50% fall in cfDNA concentration after eight weeks of therapy
was independently associated with longer OS.

Compared to ctDNA, tissue testing may miss tumor evolution through therapy and
tumor heterogeneity, especially if the tumor test is performed on the primary tumor
site. Circulating tumor DNA can be used to detect resistance mutations and is better
representative of tumor heterogeneity.

Concordance between tissue testing and c¢tDNA has proven to be very high for what
concerns the detection of deleterious alterations in BRCA1 or BRCA2 with a positive percent
agreement of 88% and negative percent agreement of 95%. Some discordance is expected
based on biological differences and sampling times between tumor tissues and plasma
samples [11]. The concordance results stratified by variant show that positive agreement is
high for substitutions and indels, 92% and 95%, respectively, while it is much lower for
rearrangements and copy number loss. The negative agreement is almost 100% [40].

A retrospective study conducted in mCRPC patients profiled with a 70-gene cfDNA
NGS panel (Guardant 360™) reported > one alteration in 94% of 514 patients. A higher num-
ber of ctDNA alterations was associated with shorter time to treatment failure (HR = 1.05,
p = 0.026) in patients treated with chemotherapy or androgen inhibitors. Serial ctDNA
profiling of 64 patients revealed the evolution of alterations in AR, BRCA1, and BRCA2
following therapy [41].

The most recent and largest study on ctDNA in advanced PCa demonstrated high
concordance between alterations identified by liquid and tissue biopsy and, moreover,
proved the added value of liquid biopsy [42]. Out of the 3334 plasma samples from
patients with mCRPC (including 1674 screening samples from TRITON2/3), 94% had
detectable ctDNA (median ctDNA fraction, 7.5%; interquartile range, 0.8-34%). In 79.5%
of all the patients, liquid biopsy identified at least one genomic alteration predicted to
have deleterious/oncogenic effects on protein function: Tp53 (46%), AR (42%), BRCA2
(7.5%), BRCA1 (1.4%), PI3K/AKT/mTOR (14%), WNT/ 3-catenin pathway genes (17%),
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RAS/RAF/MEK (5%), MSI-H status (1.4%). Regarding BRCA mutations, concordance
between tissue and ctDNA, 67 (8.0%) BRCA1/2 alterations were detected concordantly in
tissue and liquid biopsy, 5 (0.6%)—exclusively in tissue biopsy, and 20 (2.4%)—exclusively
in liquid biopsy. Of the five patients with BRCA alterations detected only in tissue biopsy,
four had a ctDNA fraction below 1%. The 20 cases detected only in ctDNA analysis may
represent alterations acquired after tissue specimen collection. In presence of a germline
BRCA alteration, ctDNA analysis was able to detect it in 100% of the cases. It is worth
noticing that in the near future, other genetic alterations such as mutations in AR or in
PIK3CA /AKT1/PTEN should be included in molecular analysis since target therapy is

currently under investigation (Table 2) [34,35,43—46].

Table 2. Summary of the recently published papers that used ctDNA sequencing for the detection of HRR alterations

in PCa.
Study Objective No. of Samples Method Results
75.6% had a ctDNA proportion
To compare ctDNA greater than 2% of the total cfDNA;

Wryatt, A, et al. ] Natl

alterations with the

45 samples at the time

Targeted sequencing

all the somatic mutations

Cancer Inst 2017 [40] matched tissue and qf meta§tatic across 72 clinically i(.:lentifigd in. matched metastatic
uantify the concordance tissue biopsy relevant genes tissue b1.0p51es were concurrently
| y present in ctDNA; concordance of
88.9% for individual gene CNA
Median ctDNA fraction was 11%
Tarceted sequencin (range, 0-84%) among the
V. To determine ctDNA 5 quencing untreated patients but was lower
andekerkhove, G., et al. bund td 53 mCSPC strategy capturing (1.0%; 0-51%) th
Eur Urol 2019 [38] abundance at ce novo m the exons of 73 PC /o range, °) among the
mCSPC diagnosis dri patients after ADT; concordance
Tiver genes for mutation detection in the
matched samples was 80%
To evaluate association 94% had >1 ctDNA alteration,
between cfDNA higher numbers of ctDNA
Sonpavde, G., et al. alterations and outcomes alterations, AR alterations, and
Canzer 2019 [41] and evolution with 514 mCRPC Guardant360 assay amplifications of MYC and BRAF
therapy in were associated with worse
mCRPC patients failure-free survival and /or OS
139/181 (76.8%) patients had a
ctDNA result reported; 111/139
PROfound trial, cohort A (79.9%) patients reported a
Matsubara, N, et al. 2021 (BRCA/ATM 181 mCRPC FoundationOne BRCA/ATM GA; and 28/139
JCO [46] alteration-positive by Liquid CDx assay patients did not have either due to
tissue testing) lack of ctDNA shedding from the
tumor or ctDNA levels below the
sensitivity of the assay
94% had detectable ctDNA with a
median ctDNA fraction of 7.5%; of
T valuste h ndscpe e 72 pans it BRCAL 2
Tukachinsky, H., et al. of GA detected in ctDNA 3334 patients FoundationOne biopsy, 67 (93%) were also
Clin Cancer Res 2021 [42] and assess concordance with mCRPC Liquid CDx assay psy, 2

with tissue-based CGP

identified by ctDNA (100% for
germline variants); in 20 patients,
BRCA1/2 GA were identified
using ctDNA but not tissue testing

GA: genomic alterations; ctDNA: circulating tumor DNA; mCSPC: metastatic castration-sensitive prostate cancer; mCRPC: metastatic
castration-resistant prostate cancer; CPG: comprehensive genomic profiling; CNA: copy number alterations; ADT: androgen

deprivation therapy.

5. Pros and Cons of ctDNA Testing

Both somatic and germline mutations can be detected by ctDNA testing. As for blood
testing, advantages of ctDNA are the readiness in obtaining samples and repeatability
during therapy or progression of disease. Turnaround time is largely in favor of ctDNA
testing, 1-2 weeks, compared to around one month for tissue and 2—4 weeks for blood
testing [47-49].
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The main drawbacks of ctDNA are DNA quantity and quality [50]. DNA quantity
is usually very low, depending on the fraction of tumor DNA in cell-free DNA. Lower
concentrations are reported, particularly at early stages, in localized tumors, where the
amount of DNA shedding is a minimal part of the whole cfDNA [51].

A negative result does not rule out the presence of a mutation in the patient’s tumor.
In this case, patients should be referred to an FDA-approved tumor tissue test, if feasible.
In case of the gene alterations reported, the test does not distinguish between germline
and somatic ones. If a reported alteration is suspected to be germline, confirmatory testing
should be considered in the appropriate clinical context.

For specific ctDNA tests, false positive rate has been evaluated in healthy controls. The
detection rate for unique short variants resulted to be around 0.82%. Across 30,622 short
variants, 58 variants had a detection rate of greater than 5%. A false positive result may be
derived by non-tumor somatic alterations, such as clonal hematopoiesis of indeterminate
potential (CHIP) [52,53]. Genes with alterations that potentially derive from CHIP include,
but are not limited to, the following: ASXL1, ATM, CBL, CHEK2, DNMT3A, JAK2, KMT2D
(MLL2), MPL, MYDSS, SF3B1, TET2, TP53, and U2AF1 [54-56].

The level of ctDNA is critical for the performance of the test. The ctDNA fraction can
vary during therapy and closely correlate with the tumor response. It is recommended
that blood samples be drawn shortly before chemotherapy or at least two weeks after the

previous treatment (Table 3) [57].

Table 3. Benefits and limitations of tissue, ctDNA, and blood-based HRR gene tests.

Tissue

ctDNA

Blood

Types of mutations

Somatic and germline

Germline only

detected
. DNA quantity: medium DNA quantity: low DNA quantity: high
Sample quality DNA quality: low DNA quality: variable DNA quality: high
Turnaround

times (TAT)

~2-8 weeks

~1-2 weeks

~2-4 weeks

Genetic counselling

Patients with a positive mutation are referred for germline testing
to determine whether the mutation is somatic or germline

Requires counselling

Testing benefits

Gold standard for

tumor analysis

High clinical sensitivity
Archival tissue for tumor
histology (Gleason scoring
and/or ISUP grading may
already be available and
provides an option for testing)

Easy to obtain samples

Better representative of tumor
heterogeneity and metastatic
deposits than primary biopsy
Minimally invasive and
easily repeatable

Easy to obtain samples

Assesses familial risk

Analysis feasible in 100% of cases
Minimally invasive and

easily repeatable

Blood testing is currently used to
detect significant genomic
rearrangements

Testing limitations

May miss within-tumor

genetic heterogeneity
Obtaining samples from
metastases is an invasive
procedure and may

be challenging

Around 31% of tests fail due to
pathology review failure, DNA
extraction failure, or failure after
DNA extraction

Low concentrations of
circulating ctDNA

Highly sensitive tests

are required

May result in false positives
Testing is limited by the
availability of an adequate
amount of ctDNA,
particularly at early stages

Does not identify patients with
mutations of somatic origin or
capture the potentially changing
genetic profile of disease
progression

Does not detect HRRm of
somatic origin

6. Workflow of ctDNA Testing

The practical workflow can be described in three steps: plasma sample preparation,
ctDNA extraction, ctDNA analysis.
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6.1. Sample Collection, Plasma Separation, and Storage

Preparation of cfDNA samples involves sample collection, plasma separation, and
storage. Sample collection consists in a venipuncture and requires a minimum of 2 mL
of plasma. Blood can be collected in EDTA tubes or cfDNA-stabilizing tubes that are
tubes with special preservatives that can be used for long-term storage and when plasma
separation is not performed in a short time after blood collection [58,59].

When using EDTA tubes, separation of plasma from blood should be performed in a
short time since the half-time of ctDNA is only about two hours in standard EDTA tubes,
whereas with stabilizing tubes, plasma separation can be delayed. Plasma separation
is obtained by simply centrifuging whole blood twice: once to separate plasma and the
second time to remove cells and cell debris [60,61].

With a Streck tube, steady cfDNA quality can be obtained after up to one week of
storage, independently of the temperatures [62]. However, even with these special tubes,
an increased level of DNA has been reported after seven days of storage at 4 °C and room
temperature [63,64].

The increase in DNA levels is due to the release of DNA from blood cell lysis, in
particular, from white blood cells, and this can impair the performance of the test since
tumor DNA present in plasma is diluted in non-tumor DNA [65,66].

6.2. DNA Extraction
There are various methods that can be used to extract cfDNA [67]:

e  The magnetic enrichment method is one of the most used; it is based on positively
charged magnetic beads that bind the negatively charged phosphate backbone of
DNA. It is ideal for automation of high-throughput processing as they eliminate the
need for centrifugation and other time-consuming steps, and it is more efficient in the
recovery of short ctDNA fragments as compared to the silica-based membrane and
conventional methods [68].

e  The phenol chloroform method is a conventional method of extraction and ensures a
higher yield compared to other DNA extraction kits. However, DNA purity is lower,
resulting in a lower efficiency of downstream analysis [69].

e Silica column-based enrichment uses the affinity of DNA molecules to the silica
membrane to bind DNA; it is fast, easy to perform, and economical. This method is
the principle of Qiagen extraction kits and it is characterized by high recovery but
partial loss of small fragments [70].

e In the polymer mediated-enrichment, DNA is captured by a polymer that is then
centrifuged and dissolved in a special buffer. This technique reduces the sample
volume; however, lower DNA yields are obtained compared to other methods.

Automated cfDNA extraction has been less evaluated than manual approaches. Be-
sides high throughput and low hands-on time, the use of automated methods reduces vari-
ability and the risk of sample-to-sample contamination, though they generate somewhat
lower cfDNA yields than manual extraction [71,72]. Recently, results from a comparison
study on four commercially available (semi-)automated cfDNA extraction protocols have
been published [73]. The same plasma samples were processed with Qiagen, Promega,
Thermo, and Stratec extraction methods in order to evaluate their suitability for further
NGS analysis. Concentrations and total amounts of cfDNA were highest for Qiagen
(filter-based) and Promega (bead-based) protocols, showing the best read length profiles
after sequencing.

6.3. DNA Sequencing and Analysis

After DNA extraction from plasma, the next step is DNA sequencing. Isolated DNA
fragments are thus converted to the library by ligation to sequencing adapters containing
specific sequences designed to interact with the NGS platform, either the surface of the
flow cell (Illumina) or beads (Ion Torrent). The next step involves clonal amplification
of the library by either cluster generation (Illumina) or microemulsion PCR (Ion Torrent).
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The final step generates the actual sequence via the chemistries for each technology. One
difference between the two technologies is that Illumina allows sequencing from both ends
of the library insert (i.e., paired-end sequencing).

6.3.1. Targeted vs. Untargeted Approach

According to the purpose of DNA analysis, two types of approach are possible: a
targeted approach and a genome-wide approach. The targeted approach requires detailed
information about the tumor genome and lower concentrations of input cfDNA. The
targeted approach is extremely sensitive, as mutations can be detected at an allele frequency
as little as 0.01%, highly specific, easier to interpret and implement in routine clinical
practice, fast, and cost-effective.

On the other hand, in the untargeted or genome-wide approach, all the codifying parts
of the genome (whole exome sequencing) or even the whole genome is sequenced and
analyzed. This strategy has the ability to identify novel changes during tumor treatment
and does not require prior information about the primary tumor genome. Nevertheless,
high concentrations of ctDNA are required for reliable reconstruction of tumor-specific
genome-wide changes, the sensitivity ranges from 5 to 10%. Nowadays, it is still an
expensive technique with long turnaround times that requires skilled bioinformaticians for
data analysis and interpretation [74].

In the case of PCa, for therapeutic purposes, a targeted approach is recommended
since a panel of genes is sufficient to cover the current indications of PARP inhibitors and
potentially biomarker-driven therapy (AKT, PTEN, PI3KCA) [28,75,76]. The preferred
method to perform the PCa gene panel is a next-generation sequencing (NGS)-based
platform [77]. While in some tumors PCR-based approach is still an option, when it comes
to BRCA genes, NGS methods are more appropriate. Different types of mutations and
alterations have been found so far, ranging from deletion, insertion, missense, and stop
codon mutation to significant rearrangements [78,79]. New variants are continuously
identified and a variable number, up to 20%, of variants of unknown significance (VUS)
has been reported in the literature.

Targeted NGS panels can range from hotspot panels focused on individual codons to
more comprehensive panels that include the coding regions of hundreds of genes. Targeted
panels can be specific for therapy selection while extensive panels can be adopted for
research purpose (Figure 1).

In the targeted approach, it is essential to enrich our sample of our target of interest,
and this can be done with an enrichment method capable of capturing selective genomic
regions of interest for NGS. The two enrichment methods are hybridization-based or
amplicon-based.

In the hybridization method, DNA is hybridized to single-stranded oligonucleotides
that are called probes or baits designed to target a specific region of interest. The probes
capture the DNA of interest and can be recovered using streptavidin-coated magnetic
beads since they are biotinylated. Amplicon-based enrichment uses primers designed
to target a specific region of interest that is amplified by PCR, generating thousands of
amplicons. To each amplicon, an adaptor with a unique identifier is attached to further
amplify DNA in parallel single-plex reactions.
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6.3.2. Targeted NGS Techniques

Targeted NGS techniques used for ctDNA analysis currently adopted are cancer per-
sonalized profiling by deep sequencing (CAPP-Seq) and tagged amplicon deep sequencing
(TAM-Seq). In the first technique, ctDNA is detected using “selectors” (specific probes) that
selectively capture a set of exonic and intronic regions known to be recurrently affected in
a particular cancer type [80].

Hybridization of “selectors” consisting of biotinylated DNA oligonucleotides that are
complementary to previously defined recurrent mutated areas of interest is followed by
deep sequencing. Deep sequencing is considered the first approach to detect mutations at
an allele frequency as low as <0.2% by sequencing the target regions with high coverage
(>10,000x) [81-83]. The main disadvantages of deep sequencing are the extremely high
read depth that is required in order to detect mutations at low allele frequency and the
resulting high sequencing costs.

In TAm-Seq (tagged amplicon deep sequencing), special primers to amplify a specific
region of interest are designed. It is based on a two-step amplification process: the primers
are first used to bind to the template during the preamplification step to amplify the
original signal; then, the templates undergo individual amplification for purification. In
this phase, a microfluidics system is used to attach adaptors with a unique identifier to each
amplicon to further amplify DNA in parallel single-plex reactions. TAm-seq can identify
mutations ~2% MAF with a sensitivity over 97%; the enhanced version of TAm-Seq named
eTAm-Seq™ can detect MAF as low as 0.25% with a sensitivity of 94% [84,85].

To improve sensitivity of NGS, further techniques have been developed. In this
context, it is worth mentioning Safe-Seq and Duplex-Seq.

Safe-Seq assigns a unique identifier (UID) to each template molecule before ampli-
fication. Amplification of each uniquely tagged template molecule creates UID families
so that many daughter molecules with an identical sequence are generated. If a mutation
preexisted in the template molecule used for amplification, that mutation should be present
in every daughter molecule containing that UID. On the other hand, if a mutation does not
appear in most of the same UID-connected sequences, it is likely to be induced by other
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errors. In this way, Safe-Seq reduces sequencing errors at least 70-fold and has a sensitivity
as high as ~98% for detecting tumor mutations [86,87].

Contrary to conventional sequencing technologies that sequence only a single strand of
DNA, duplex sequencing examines both strands of DNA and scores mutations only if they
are present on both strands of the same DNA molecule as complementary substitutions.
DS uses adapters ligated onto the template to uniquely tag each DNA fragment in a plasma
cfDNA sample. PCR amplification creates fragment families characterized by unique
combinations of barcodes at both the 5" and 3’ ends. A true variant will appear in all the
reads within a family, while polymorphisms within a family represent sequencing and
amplification errors that can be identified and removed by generating consensus sequences.
As the two strands are complementary, true mutations are found at the same position in
both strands (duplex consensus sequences) whereas PCR or sequencing errors result in
mutations in only one strand and can thus be discounted as technical errors [88,89].

Both Safe-Seq and Duplex-Seq are characterized by a very low error rate due to duplex
tagging and tags with unique identifiers. However, this strategy needs a relatively higher
depth of sequencing to ensure adequate representation of each family and specialized
informatics pipelines.

7. NGS ctDNA Testing Validation in the Laboratory

It is necessary to validate the ctDNA test according to the guidelines released by the
Blood Profiling Atlas in Cancer Consortium (BloodPAC). The Consortium released a series
of general protocols for analytical validation of NGS-based ctDNA assays [90]. As for
any other test, conventional parameters need to be addressed: reference range, limit of
blank (LoB), limit of detection (LoD), limit of quantification (LoQ), analytical accuracy,
reproducibility, interfering substances, and specimen stability. This procedure is aimed at
developing a range of global standards to harmonize clinical laboratory practices, ensure
robustness, and define the level of stringency or the workflow challenges presented in
the development of highly sensitive ctDNA-based NGS tests. Indeed, unlike tissue-based
tests, ctDNA testing is characterized by a low concentration of the analyte (down to several
mutant molecules per 10-mL blood collection tube) and thus requires an increased use of
contrived specimens for validation. Moreover, presence of non-tumor-derived mutations
as an endogenous analyte, i.e., of germline or CHIP mutations, poses another challenge.

8. Conclusions and Future Directions

Genomic testing in advanced PCa patients is currently recommended in specific
settings. Molecular diagnostics should be performed by a certified (accredited) institution
using a standard NGS procedure. Whole blood, tissue, ctDNA testing each have their
own benefits and limitations. Genetic testing using ctDNA is a valid option as proven by
multiple clinical trials and it received approval by the FDA in 2020. Moreover, longitudinal
ctDNA testing can be performed to detect new alterations, even the resistance mutations
that can emerge during disease progression. Tissue testing alone may not be sufficient
and can fail in 30% of cases, whereas ctDNA testing can be performed as an alternative
to tissue tests or even as a complementary test. Combined use of ctDNA and primary
tissue is ideal for assessing the molecular subtype and pave the way for targeted therapy
implementation in a precision oncology context. Third-generation sequencing technologies
such as PacBioScience and Oxford Nanopore allow capturing sequence information during
the replication process of the target DNA. These technologies can also help to detect
intermediate large chromosomal aberrations which are of deep impact for PCa prognosis
and seem to contribute to a progressive and stem cell-like phenotype of PCa [91,92].

These new technologies require minimal sample processing, therefore, smaller instru-
ments have been being designed over the years until the recently commercialized portable
gene sequencer of the size of a USB flash drive that can be used readily by connecting to a
laptop [93]. However, the main drawback is the high error rate of these sequencers. In the



Int. J. Mol. Sci. 2021, 22, 5522 11 0f 15

future, the improvements of these systems along with the decrease of their costs will allow
generating more comprehensive and easy-to-read data.

Author Contributions: Conceptualization, R.M. and A.C.; writing—original draft preparation, A.C.;
data acquisition, analysis, interpretation, L.C., EM., M.S. (Matteo Santoni), and C.E,; writing—review
and editing, L.P., M.S. (Marina Scarpelli), A.L.-B., and A.B.G.; supervision, L.C., A.L.-B., and RM. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Abeshouse, A.; Ahn, J.; Akbani, R.; Ally, A.; Amin, S.; Andry, C.D.; Annala, M.; Aprikian, A.; Armenia, J.; Arora, A.; et al. The
Molecular Taxonomy of Primary Prostate Cancer. Cell 2015, 163, 1011-1025. [CrossRef]

Robinson, D.; Van Allen, E.M.; Wu, Y.M.; Schultz, N.; Lonigro, R.J.; Mosquera, ]. M.; Montgomery, B.; Taplin, M.E,; Pritchard, C.C.;
Attard, G.; et al. Integrative clinical genomics of advanced prostate cancer. Cell 2015, 161, 1215-1228. [CrossRef]

Cimadamore, A.; Lopez-Beltran, A.; Massari, F.; Santoni, M.; Mazzucchelli, R.; Scarpelli, M.; Galosi, A.B.; Cheng, L.; Montironi, R.
Germline and somatic mutations in prostate cancer: Focus on defective DNA repair, PARP inhibitors and immunotherapy. Future
Oncol. 2020, 16, 75-80. [CrossRef] [PubMed]

Isaacsson Velho, P,; Silberstein, J.L.; Markowski, M.C.; Luo, J.; Lotan, T.L.; Isaacs, W.B.; Antonarakis, E.S. Intraductal /ductal
histology and lymphovascular invasion are associated with germline DN A-repair gene mutations in prostate cancer. Prostate
2018, 78, 401-407. [CrossRef]

Montironi, R.; Cimadamore, A.; Lopez-Beltran, A.; Scarpelli, M.; Aurilio, G.; Santoni, M.; Massari, F.; Cheng, L. Morphologic,
Molecular and Clinical Features of Aggressive Variant Prostate Cancer. Cells 2020, 9, 1073. [CrossRef] [PubMed]

Schaeffer, E.; Srinivas, S.; Antonarakis, E.S.; Armstrong, A.]J.; Bekelman, J.E.; Cheng, H.; D’Amico, A.V,; Davis, B.J.; Desai, N.;
Dorff, T.; et al. Prostate cancer, version 1.2021: Featured updates to the nccn guidelines. JNCCN J. Natl. Compr. Cancer Netw. 2021,
19, 134-143. [CrossRef]

Parker, C.; Castro, E.; Fizazi, K.; Heidenreich, A.; Ost, P.; Procopio, G.; Tombal, B.; Gillessen, S. Prostate cancer: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2020, 31, 1119-1134. [CrossRef] [PubMed]

Cornford, P; van den Bergh, R.C.N,; Briers, E.; Van den Broeck, T.; Cumberbatch, M.G.; De Santis, M.; Fanti, S.; Fossati, N.;
Gandaglia, G.; Gillessen, S.; et al. EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer. Part II—2020 Update:
Treatment of Relapsing and Metastatic Prostate Cancer. Eur. Urol. 2021, 79, 263-282. [CrossRef] [PubMed]

Mottet, N.; van den Bergh, R.C.N.; Briers, E.; Van den Broeck, T.; Cumberbatch, M.G.; De Santis, M.; Fanti, S.; Fossati, N.;
Gandaglia, G.; Gillessen, S.; et al. EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer—2020 Update. Part 1:
Screening, Diagnosis, and Local Treatment with Curative Intent. Eur. Urol. 2021, 79, 243-262. [CrossRef] [PubMed]

Hussain, M.; Mateo, ].; Fizazi, K.; Saad, F.; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Survival with
Olaparib in Metastatic Castration-Resistant Prostate Cancer. N. Engl. ]. Med. 2020, 383, 2345-2357. [CrossRef]

De Bono, J.; Mateo, J.; Fizazi, K.; Saad, F,; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Olaparib for
Metastatic Castration-Resistant Prostate Cancer. N. Engl. ]. Med. 2020, 382, 2091-2102. [CrossRef] [PubMed]

De Bono, ].S.; Matsubara, N.; Penel, N.; Mehra, N.; Kolinsky, M.P.; Bompas, E.; Feyerabend, S.; Gravis, G.; Joung, ].Y.; Nishimura,
K.; et al. Exploratory gene-by-gene analysis of olaparib in patients (pts) with metastatic castration-resistant prostate cancer
(mCRPC): PROfound. J. Clin. Oncol. 2021. [CrossRef]

Abida, W,; Patnaik, A.; Campbell, D.; Shapiro, J.; Bryce, A.H.; McDermott, R.; Sautois, B.; Vogelzang, N.J.; Bambury, R.M.; Voog,
E.; et al. Rucaparib in Men with Metastatic Castration-Resistant Prostate Cancer Harboring a BRCA1 or BRCA2 Gene Alteration.
J. Clin. Oncol. 2020, 38, 3763-3772. [CrossRef]

Abida, W.; Campbell, D.; Patnaik, A.; Shapiro, ]J.D.; Sautois, B.; Vogelzang, N.J.; Voog, E.G.; Bryce, A.H.; McDermott, R,;
Ricci, F,; et al. Non-BRCA DNA Damage Repair Gene Alterations and Response to the PARP Inhibitor Rucaparib in Metastatic
Castration-Resistant Prostate Cancer: Analysis from the Phase Il TRITON2 Study. Clin. Cancer Res. 2020, 26, 2487-2496. [CrossRef]
[PubMed]

Cheng, H.; Powers, ].; Schaffer, K.; Sartor, O. Practical Methods for Integrating Genetic Testing Into Clinical Practice for Advanced
Prostate Cancer. Am. Soc. Clin. Oncol. Educ. B 2018, 372-381. [CrossRef]

Capoluongo, E.; Ellison, G.; Lépez-Guerrero, J.A.; Penault-Llorca, F; Ligtenberg, M.].L.; Banerjee, S.; Singer, C.; Friedman, E.;
Markiefka, B.; Schirmacher, P; et al. Guidance Statement on BRCA1/2 Tumor Testing in Ovarian Cancer Patients. Semin. Oncol.
2017, 44, 187-197. [CrossRef]


http://doi.org/10.1016/j.cell.2015.10.025
http://doi.org/10.1016/j.cell.2015.05.001
http://doi.org/10.2217/fon-2019-0745
http://www.ncbi.nlm.nih.gov/pubmed/31916449
http://doi.org/10.1002/pros.23484
http://doi.org/10.3390/cells9051073
http://www.ncbi.nlm.nih.gov/pubmed/32344931
http://doi.org/10.6004/jnccn.2021.0008
http://doi.org/10.1016/j.annonc.2020.06.011
http://www.ncbi.nlm.nih.gov/pubmed/32593798
http://doi.org/10.1016/j.eururo.2020.09.046
http://www.ncbi.nlm.nih.gov/pubmed/33039206
http://doi.org/10.1016/j.eururo.2020.09.042
http://www.ncbi.nlm.nih.gov/pubmed/33172724
http://doi.org/10.1056/NEJMoa2022485
http://doi.org/10.1056/NEJMoa1911440
http://www.ncbi.nlm.nih.gov/pubmed/32343890
http://doi.org/10.1200/JCO.2021.39.6_suppl.126
http://doi.org/10.1200/JCO.20.01035
http://doi.org/10.1158/1078-0432.CCR-20-0394
http://www.ncbi.nlm.nih.gov/pubmed/32086346
http://doi.org/10.1200/EDBK_205441
http://doi.org/10.1053/j.seminoncol.2017.08.004

Int. J. Mol. Sci. 2021, 22, 5522 12 of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ellison, G.; Ahdesmaki, M.; Luke, S.; Waring, P.M.; Wallace, A.; Wright, R.; Rothlisberger, B.; Ludin, K.; Merkelbach-Bruse, S.;
Heydt, C.; et al. An evaluation of the challenges to developing tumor BRCA1 and BRCA2 testing methodologies for clinical
practice. Hum. Mutat. 2018, 39, 394—405. [CrossRef]

Malapelle, U.; Parente, P.; Pepe, F.; De Luca, C.; Cerino, P.; Covelli, C.; Balestrieri, M.; Russo, G.; Bonfitto, A.; Pisapia, P.; et al.
Impact of Pre-Analytical Factors on MSI Test Accuracy in Mucinous Colorectal Adenocarcinoma: A Multi-Assay Concordance
Study. Cells 2020, 9, 2019. [CrossRef] [PubMed]

Ong, PY,; Poon, S.L.; Tan, K.T.; Putti, T.C.; Ow, S.G.W.; Chen, S.J.; Chen, C.H.; Lee, S.C. Using next-generation sequencing
(NGS) platform to diagnose pathogenic germline BRCA1/2 mutations from archival tumor specimens. Gynecol. Oncol. 2019, 155,
275-279. [CrossRef] [PubMed]

Di Nunno, V.; Gatto, L.; Santoni, M.; Cimadamore, A.; Lopez-Beltran, A.; Cheng, L.; Scarpelli, M.; Montironi, R.; Massari, F.
Recent Advances in Liquid Biopsy in Patients with Castration Resistant Prostate Cancer. Front. Oncol. 2018, 8, 397. [CrossRef]
Mollica, V.; Di Nunno, V.; Santoni, M.; Cimadamore, A.; Scarpelli, M.; Lopez-Beltran, A.; Cheng, L.; Mariani, C.; Battelli, N.;
Montironi, R.; et al. An evaluation of current prostate cancer diagnostic approaches with emphasis on liquid biopsies and prostate
cancer. Expert Rev. Mol. Diagn. 2020, 20, 207-217. [CrossRef] [PubMed]

Cimadamore, A.; Aurilio, G.; Nolé, F; Massari, F.; Scarpelli, M.; Santoni, M.; Lopez-Beltran, A.; Cheng, L.; Montironi, R. Update
on Circulating Tumor Cells in Genitourinary Tumors with Focus on Prostate Cancer. Cells 2020, 9, 1495. [CrossRef] [PubMed]
Moss, J.; Magenheim, J.; Neiman, D.; Zemmour, H.; Loyfer, N.; Korach, A.; Samet, Y.; Maoz, M.; Druid, H.; Arner, P; et al.
Comprehensive human cell-type methylation atlas reveals origins of circulating cell-free DNA in health and disease. Nat.
Commun. 2018, 9. [CrossRef]

Atamaniuk, J.; Vidotto, C.; Tschan, H.; Bachl, N.; Stuhlmeier, K.M.; Miiller, M.M. Increased concentrations of cell-free plasma
DNA after exhaustive exercise. Clin. Chem. 2004, 50, 1668-1670. [CrossRef] [PubMed]

Paunel-Gorgtilii, A.; Wacker, M.; El Aita, M.; Hassan, S.; Schlachtenberger, G.; Deppe, A.; Choi, Y.H.; Kuhn, E.; Mehler, T.O.;
Wahlers, T. CfDNA correlates with endothelial damage after cardiac surgery with prolonged cardiopulmonary bypass and
amplifies NETosis in an intracellular TLR9-independent manner. Sci. Rep. 2017, 7. [CrossRef]

Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6. [CrossRef]
Schwarzenbach, H.; Hoon, D.S.B.; Pantel, K. Cell-free nucleic acids as biomarkers in cancer patients. Nat. Rev. Cancer 2011, 11,
426-437. [CrossRef]

Gasparrini, S.; Cimadamore, A.; Mazzucchelli, R.; Scarpelli, M.; Massari, E; Raspollini, M.R.; Galosi, A.B.; Lopez-Beltran, A.;
Cheng, L.; Montironi, R. Pathology and molecular updates in tumors of the prostate: Towards a personalized approach. Expert
Rev. Mol. Diagn. 2017, 17. [CrossRef]

Cimadamore, A.; Scarpelli, M.; Santoni, M.; Massari, F.; Tartari, E; Cerqueti, R.; Lopez-Beltran, A.; Cheng, L.; Montironi, R.
Genitourinary Tumors: Update on Molecular Biomarkers for Diagnosis, Prognosis and Prediction of Response to Therapy. Curr.
Drug Metab. 2019, 20, 305-312. [CrossRef]

Cimadamore, A.; Gasparrini, S.; Massari, E; Santoni, M.; Cheng, L.; Lopez-Beltran, A.; Scarpelli, M.; Montironi, R. Emerging
Molecular Technologies in Renal Cell Carcinoma: Liquid Biopsy. Cancers 2019, 11, 196. [CrossRef]

Montironi, R.; Santoni, M.; Cimadamore, A.; Lopez-Beltran, A.; Cheng, L. Editorial: Emerging biomarkers in genitourinary
tumors. Front. Oncol. 2019, 9. [CrossRef]

Jahr, S.; Hentze, H.; Englisch, S.; Hardt, D.; Fackelmayer, F.O.; Hesch, R.D.; Knippers, R. DNA fragments in the blood plasma of
cancer patients: Quantitations and evidence for their origin from apoptotic and necrotic cells. Cancer Res. 2001, 61, 1659-1665.
[PubMed]

Zocco, D.; Bernardi, S.; Novelli, M.; Astrua, C.; Fava, P.; Zarovni, N.; Carpi, EM.; Bianciardi, L.; Malavenda, O.; Quaglino, P; et al.
Isolation of extracellular vesicles improves the detection of mutant DNA from plasma of metastatic melanoma patients. Sci. Rep.
2020, 10. [CrossRef]

Shi, Z.; Sweeney, C.; Bracarda, S.; Sternberg, C.N.; Chi, K.N.; Olmos, D.; Sandhu, S.K.; Massard, C.; Matsubara, N.; Harle-Yge,
M.-L.; et al. Biomarker analysis of the phase III IPATential150 trial of first-line ipatasertib (Ipat) plus abiraterone (Abi) in metastatic
castration-resistant prostate cancer (mCRPC). J. Clin. Oncol. 2020, 38, 182. [CrossRef]

De Bono, J.S.; Sweeney, C.; Bracarda, S.; Sternberg, C.N.; Chi, K.N.; Olmos, D.; Sandhu, S.K.; Massard, C.; Matsubara, N.; Garcia, J.;
et al. PI3K/AKT pathway biomarkers analysis from the phase III IPATential150 trial of ipatasertib plus abiraterone in metastatic
castration-resistant prostate cancer. J. Clin. Oncol. 2021, 39. [CrossRef]

Abida, W,; Bryce, A.H.; Vogelzang, N.J.; Amato, R.J.; Percent, I.; Shapiro, ].D.; McDermott, R.; Hussain, A.; Patnaik, A.; Petrylak,
D.; et al. Preliminary results from TRITON2: A phase II study of rucaparib in patients (pts) with metastatic castration-resistant
prostate cancer (mCRPC) associated with homologous recombination repair (HRR) gene alterations. Ann. Oncol. 2018, 29, viii272.
[CrossRef]

Cimadamore, A.; Scarpelli, M.; Raspollini, M.R.; Doria, A.; Galosi, A.B.; Massari, F.; Di Nunno, V.; Cheng, L.; Lopez-Beltran, A.;
Montironi, R. Prostate cancer pathology: What has changed in the last 5 years. Urol. . 2020, 87, 3-10. [CrossRef]
Vandekerkhove, G.; Struss, W.J.; Annala, M.; Kallio, HM.L.; Khalaf, D.; Warner, E.W.; Herberts, C.; Ritch, E.; Beja, K.; Loktionova,
Y.; et al. Circulating Tumor DNA Abundance and Potential Utility in De Novo Metastatic Prostate Cancer. Eur. Urol. 2019, 75,
667-675. [CrossRef] [PubMed]


http://doi.org/10.1002/humu.23375
http://doi.org/10.3390/cells9092019
http://www.ncbi.nlm.nih.gov/pubmed/32887373
http://doi.org/10.1016/j.ygyno.2019.08.027
http://www.ncbi.nlm.nih.gov/pubmed/31481248
http://doi.org/10.3389/fonc.2018.00397
http://doi.org/10.1080/14737159.2019.1684265
http://www.ncbi.nlm.nih.gov/pubmed/31640441
http://doi.org/10.3390/cells9061495
http://www.ncbi.nlm.nih.gov/pubmed/32575429
http://doi.org/10.1038/s41467-018-07466-6
http://doi.org/10.1373/clinchem.2004.034553
http://www.ncbi.nlm.nih.gov/pubmed/15331502
http://doi.org/10.1038/s41598-017-17561-1
http://doi.org/10.1126/scitranslmed.3007094
http://doi.org/10.1038/nrc3066
http://doi.org/10.1080/14737159.2017.1341314
http://doi.org/10.2174/1389200220666190225124352
http://doi.org/10.3390/cancers11020196
http://doi.org/10.3389/fonc.2019.00326
http://www.ncbi.nlm.nih.gov/pubmed/11245480
http://doi.org/10.1038/s41598-020-72834-6
http://doi.org/10.1200/JCO.2020.38.6_suppl.182
http://doi.org/10.1200/jco.2021.39.6_suppl.13
http://doi.org/10.1093/annonc/mdy284.002
http://doi.org/10.1177/0391560319876821
http://doi.org/10.1016/j.eururo.2018.12.042
http://www.ncbi.nlm.nih.gov/pubmed/30638634

Int. J. Mol. Sci. 2021, 22, 5522 13 of 15

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Montironi, R.; Cheng, L.; Scarpelli, M.; Cimadamore, A.; Montorsi, F; Lopez-Beltran, A. Re: Gillian Vandekerkhove, Werner, J.
Struss, Matti Annala; et al. Circulating Tumor DNA Abundance and Potential Utility in De Novo Metastatic Prostate Cancer.
How Does Circulating DNA Reach the Blood Stream? Eur. Urol. 2019, 76. [CrossRef]

Wyatt, A.W.; Annala, M.; Aggarwal, R.; Beja, K.; Feng, E; Youngren, J.; Foye, A.; Lloyd, P.; Nykter, M.; Beer, TM.; et al.
Concordance of Circulating Tumor DNA and Matched Metastatic Tissue Biopsy in Prostate Cancer. J. Natl. Cancer Inst. 2017, 109.
[CrossRef]

Sonpavde, G.; Nagy, R.J.; Sartor, A.O.; Pond, G.R.; Gourdin, T.S.; Nandagopal, L.; Ledet, EIM.; Agarwal, N.; Carroll, E.; Naik,
G.; et al. Circulating tumor (ct)-DNA alterations in metastatic castration-resistant prostate cancer (mCRPC): Association with
outcomes and evolution with therapy. J. Clin. Oncol. 2017, 35, 149. [CrossRef]

Tukachinsky, H.; Madison, R.W.; Chung, ].H.; Gjoerup, O.; Severson, E.A.; Dennis, L.; Fendler, B.].; Morley, S.; Zhong, L.; Graf,
R.P; et al. Genomic analysis of circulating tumor DNA in 3334 patients with advanced prostate cancer identifies targetable BRCA
alterations and AR resistance mechanisms. Clin. Cancer Res. 2021. [CrossRef] [PubMed]

De Bono, J.S.; De Giorgi, U.; Rodrigues, D.N.; Massard, C.; Bracarda, S.; Font, A.; Arija, ].A.A.; Shih, K.C.; Radavoi, G.D.; Xu, N,;
et al. Randomized phase II study evaluating AKT blockade with ipatasertib, in combination with abiraterone, in patients with
metastatic prostate cancer with and without PTEN loss. Clin. Cancer Res. 2019, 25, 928-936. [CrossRef]

Balbas, M.D.; Evans, M.].; Hosfield, D.J.; Wongvipat, J.; Arora, VK.; Watson, P.A.; Chen, Y.; Greene, G.L.; Shen, Y.; Sawyers, C.L.
Overcoming mutation-based resistance to antiandrogens with rational drug design. Elife 2013, 2013. [CrossRef]

Aurilio, G.; Cimadamore, A.; Mazzucchelli, R.; Lopez-Beltran, A.; Verri, E.; Scarpelli, M.; Massari, F.; Cheng, L.; Santoni, M.;
Montironi, R. Androgen Receptor Signaling Pathway in Prostate Cancer: From Genetics to Clinical Applications. Cells 2020, 9,
2653. [CrossRef]

Matsubara, N.; De Bono, ].S.; Olmos, D.; Procopio, G.; Kawakami, S.; Urun, Y.; van Alphen, R.; Flechon, A.; Curdacci, M.A.;
Choi, Y.D,; et al. Olaparib efficacy in patients with metastatic castration-resistant prostate cancer (mCRPC) carrying circulating
tumor (ct) DNA alterations in BRCA1, BRCA2 or ATM: Results from the PROfound study. J. Clin. Oncol. 2021, 39 (Suppl. 6), 27.
[CrossRef]

Volckmar, A.L.; Siiltmann, H.; Riediger, A.; Fioretos, T.; Schirmacher, P; Endris, V.; Stenzinger, A.; Dietz, S. A field guide for
cancer diagnostics using cell-free DNA: From principles to practice and clinical applications. Genes Chromosom. Cancer 2018, 57,
123-139. [CrossRef] [PubMed]

Sacher, A.G.; Paweletz, C.; Dahlberg, S.E.; Alden, R.S.; O’Connell, A.; Feeney, N.; Mach, S.L.; Janne, P.A.; Geoffrey, O. Prospective
validation of rapid plasma genotyping for the detection of EGFR and kras mutations in advanced lung cancer. JAMA Oncol. 2016,
2,1014-1022. [CrossRef] [PubMed]

Rumford, M.; Lythgoe, M.; McNeish, I.; Gabra, H.; Tookman, L.; Geogrgie, A.; Krell, ]. Oncologist-led BRCA ‘mainstreaming’ in
the ovarian cancer clinic: A study of 255 patients and its impact on their management. Sci. Rep. 2020, 10, 3390. [CrossRef]

Fiala, C.; Diamandis, E.P. Utility of circulating tumor DNA in cancer diagnostics with emphasis on early detection. BMC Med.
2018, 16, 1-10. [CrossRef] [PubMed]

Ossandon, M.R.; Agrawal, L.; Bernhard, E.J.; Conley, B.A.; Dey, S.M.; Divi, R.L.; Guan, P; Lively, T.G.; McKee, T.C.; Sorg, B.S.;
et al. Circulating tumor DNA assays in clinical cancer research. J. Natl. Cancer Inst. 2018, 110, 929-934. [CrossRef] [PubMed]
Jaiswal, S.; Fontanillas, P; Flannick, J.; Manning, A.; Grauman, P.V.; Mar, B.G,; Lindsley, R.C.; Mermel, C.H.; Burtt, N.; Chavez, A ;
et al. Age-Related Clonal Hematopoiesis Associated with Adverse Outcomes. N. Engl. |. Med. 2014, 371, 2488-2498. [CrossRef]
Hu, Y,; Ulrich, B.C.; Supplee, ].; Kuang, Y.; Lizotte, PH.; Feeney, N.B.; Guibert, N.M.; Awad, M.M.; Wong, K.K; Janne, P.A_; et al.
False-positive plasma genotyping due to clonal hematopoiesis. Clin. Cancer Res. 2018, 24, 4437—4443. [CrossRef]

Swanton, C.; Venn, O.; Aravanis, A.; Hubbell, E.; Maddala, T.; Beausang, J.E; Filippova, D.; Gross, S.; Jamshidi, A.; Shen, L.;
et al. Prevalence of clonal hematopoiesis of indeterminate potential (CHIP) measured by an ultra-sensitive sequencing assay:
Exploratory analysis of the Circulating Cancer Genome Atlas (CCGA) study. J. Clin. Oncol. 2018, 36, 12003. [CrossRef]

Chan, H.T,; Nagayama, S.; Chin, Y.M.; Otaki, M.; Hayashi, R.; Kiyotani, K.; Fukunaga, Y.; Ueno, M.; Nakamura, Y.; Low, S.K.
Clinical significance of clonal hematopoiesis in the interpretation of blood liquid biopsy. Mol. Oncol. 2020, 14, 1719-1730.
[CrossRef] [PubMed]

Chan, H.T,; Chin, Y.M.; Nakamura, Y.; Low, S.K. Clonal hematopoiesis in liquid biopsy: From biological noise to valuable clinical
implications. Cancers 2020, 12, 2277. [CrossRef] [PubMed]

Goodall, J.; Mateo, J.; Yuan, W.; Mossop, H.; Porta, N.; Miranda, S.; Perez-Lopez, R.; Dolling, D.; Robinson, D.R.; Sandhu, S.; et al.
Circulating cell-free DNA to guide prostate cancer treatment with PARP inhibition. Cancer Discov. 2017, 7, 1006-1017. [CrossRef]
[PubMed]

Lam, N.Y.L.; Rainer, T.H.; Chiu, RW.K.; Lo, YM.D. EDTa Is a Better Anticoagulant than Heparin or Citrate for Delayed Blood
Processing for Plasma DNA Analysis. Clin. Chem. 2004, 50, 256-257. [CrossRef]

Risberg, B.; Tsui, D.W.Y.; Biggs, H.; Ruiz-Valdepenas Martin de Almagro, A.; Dawson, S.J.; Hodgkin, C.; Jones, L.; Parkinson, C.;
Piskorz, A.; Marass, F; et al. Effects of Collection and Processing Procedures on Plasma Circulating Cell-Free DNA from Cancer
Patients. J. Mol. Diagn. 2018, 20, 883-892. [CrossRef]

Sorber, L.; Zwaenepoel, K.; Jacobs, J.; De Winne, K.; Goethals, S.; Reclusa, P.; Van Casteren, K.; Augustus, E.; Lardon, F; Roeyen,
G.; et al. Circulating cell-free DNA and RNA analysis as liquid biopsy: Optimal centrifugation protocol. Cancers 2019, 11, 458.
[CrossRef]


http://doi.org/10.1016/j.eururo.2019.05.035
http://doi.org/10.1093/jnci/djx118
http://doi.org/10.1200/JCO.2017.35.6_suppl.149
http://doi.org/10.1158/1078-0432.CCR-20-4805
http://www.ncbi.nlm.nih.gov/pubmed/33558422
http://doi.org/10.1158/1078-0432.CCR-18-0981
http://doi.org/10.7554/eLife.00499
http://doi.org/10.3390/cells9122653
http://doi.org/10.1200/JCO.2021.39.6_suppl.27
http://doi.org/10.1002/gcc.22517
http://www.ncbi.nlm.nih.gov/pubmed/29205637
http://doi.org/10.1001/jamaoncol.2016.0173
http://www.ncbi.nlm.nih.gov/pubmed/27055085
http://doi.org/10.1038/s41598-020-60149-5
http://doi.org/10.1186/s12916-018-1157-9
http://www.ncbi.nlm.nih.gov/pubmed/30285732
http://doi.org/10.1093/jnci/djy105
http://www.ncbi.nlm.nih.gov/pubmed/29931312
http://doi.org/10.1056/NEJMoa1408617
http://doi.org/10.1158/1078-0432.CCR-18-0143
http://doi.org/10.1200/JCO.2018.36.15_suppl.12003
http://doi.org/10.1002/1878-0261.12727
http://www.ncbi.nlm.nih.gov/pubmed/32449983
http://doi.org/10.3390/cancers12082277
http://www.ncbi.nlm.nih.gov/pubmed/32823942
http://doi.org/10.1158/2159-8290.CD-17-0261
http://www.ncbi.nlm.nih.gov/pubmed/28450425
http://doi.org/10.1373/clinchem.2003.026013
http://doi.org/10.1016/j.jmoldx.2018.07.005
http://doi.org/10.3390/cancers11040458

Int. J. Mol. Sci. 2021, 22, 5522 14 of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Gerber, T.; Taschner-Mandl, S.; Saloberger-Sindhoringer, L.; Popitsch, N.; Heitzer, E.; Witt, V.; Geyeregger, R.; Hutter, C.;
Schwentner, R.; Ambros, .LM.; et al. Assessment of Pre-Analytical Sample Handling Conditions for Comprehensive Liquid Biopsy
Analysis. ]. Mol. Diagn. 2020, 22, 1070-1086. [CrossRef]

Norton, S.E.; Lechner, ].M.; Williams, T.; Fernando, M.R. A stabilizing reagent prevents cell-free DNA contamination by cellular
DNA in plasma during blood sample storage and shipping as determined by digital PCR. Clin. Biochem. 2013, 46, 1561-1565.
[CrossRef] [PubMed]

Norton, S.E.; Luna, K.K.; Lechner, ].M.; Qin, J.; Fernando, M.R. A new blood collection device minimizes cellular DNA release
during sample storage and shipping when compared to a standard device. J. Clin. Lab. Anal. 2013, 27, 305-311. [CrossRef]
[PubMed]

Gahlawat, A.\W.; Lenhardyt, J.; Witte, T.; Keitel, D.; Kaufhold, A.; Maass, K.K.; Pajtler, K.W.; Sohn, C.; Schott, S. Evaluation of
storage tubes for combined analysis of circulating nucleic acids in liquid biopsies. Int. . Mol. Sci. 2019, 20, 704. [CrossRef]
Parpart-Li, S.; Bartlett, B.; Popoli, M.; Adleff, V.; Tucker, L.; Steinberg, R.; Georgiadis, A.; Phallen, ]J.; Brahmer, J.; Azad, N.; et al.
The effect of preservative and temperature on the analysis of circulating tumor DNA. Clin. Cancer Res. 2017, 23, 2471-2477.
[CrossRef] [PubMed]

Sozzi, G.; Roz, L.; Conte, D.; Mariani, L.; Andriani, F.; Verderio, P; Pastorino, U. Effects of prolonged storage of whole plasma or
isolated plasma DNA on the results of circulating DNA quantification assays. J. Natl. Cancer Inst. 2005, 97, 1848-1850. [CrossRef]
[PubMed]

Pérez-Barrios, C.; Nieto-Alcolado, I.; Torrente, M.; Jiménez-Sanchez, C.; Calvo, V.; Gutierrez-Sanz, L.; Palka, M.; Donoso-Navarro,
E.; Provencio, M.; Romero, A. Comparison of methods for circulating cell-free DNA isolation using blood from cancer patients:
Impact on biomarker testing. Transl. Lung Cancer Res. 2016, 5, 665-672. [CrossRef]

Warton, K.; Graham, L.J.; Yuwono, N.; Samimi, G. Comparison of 4 commercial kits for the extraction of circulating DNA from
plasma. Cancer Genet. 2018, 228-229, 143-150. [CrossRef]

Mauger, F; Dulary, C.; Daviaud, C.; Deleuze, ].E; Tost, ]. Comprehensive evaluation of methods to isolate, quantify, and
characterize circulating cell-free DNA from small volumes of plasma. Anal. Bioanal. Chem. 2015, 407. [CrossRef] [PubMed]
Diefenbach, R.J.; Lee, ]. H.; Kefford, R.F,; Rizos, H. Evaluation of commercial kits for purification of circulating free DNA. Cancer
Genet. 2018, 228-229, 21-27. [CrossRef]

Sorber, L.; Zwaenepoel, K.; Deschoolmeester, V.; Roeyen, G.; Lardon, F,; Rolfo, C.; Pauwels, P. A Comparison of Cell-Free DNA
Isolation Kits: Isolation and Quantification of Cell-Free DNA in Plasma. J. Mol. Diagn. 2017, 19, 162-168. [CrossRef]

Pedini, P.; Graiet, H.; Laget, L.; Filosa, L.; Chatron, J.; Cherouat, N.; Chiaroni, ].; Hubert, L.; Frassati, C.; Picard, C. Qualitative and
quantitative comparison of cell-free DNA and cell-free fetal DNA isolation by four (semi-)automated extraction methods: Impact
in two clinical applications: Chimerism quantification and noninvasive prenatal diagnosis. J. Transl. Med. 2021, 19. [CrossRef]
Streubel, A.; Stenzinger, A.; Stephan-Falkenau, S.; Kollmeier, J.; Misch, D.; Blum, T.G.; Bauer, T.; Landt, O.; Ende, A.A.; Schimacher,
P, et al. Comparison of different semi-automated cfDNA extraction methods in combination with UMI-based targeted sequencing.
Oncotarget 2019, 10, 5690-5702. [CrossRef] [PubMed]

Glenn, T.C. Field guide to next-generation DNA sequencers. Mol. Ecol. Resour. 2011, 11, 759-769. [CrossRef] [PubMed]

Cheng, H.H.; Sokolova, A.O.; Schaeffer, EIM.; Small, E.J.; Higano, C.S. Germline and somatic mutations in prostate cancer for the
clinician. JNCCN J. Natl. Compr. Cancer Netw. 2019, 17, 515-521. [CrossRef]

Mazzucchelli, R.; Gasparrini, S.; Galosi, A.B.; Massari, F.; Ciccarese, C.; Scarpelli, M.; Lopez-Beltran, A.; Cheng, L.; Montironi, R.
Immunotargeting and personalized therapies in genitourinary cancers. Futur. Oncol. 2016, 12, 1853-1856. [CrossRef]

Wallace, A.]. New challenges for BRCA testing: A view from the diagnostic laboratory. Eur. J. Hum. Genet. 2016, 24, S10-5S18.
[CrossRef]

Ewald, I.P; Ribeiro, P.L.I.; Palmero, E.I.; Cossio, S.L.; Giugliani, R.; Ashton-Prolla, P. Genomic rearrangements in BRCA1 and
BRCAZ2: A literature review. Genet. Mol. Biol. 2009, 32, 437-446. [CrossRef]

Sluiter, M.D.; Van Rensburg, E.J. Large genomic rearrangements of the BRCA1 and BRCA2 genes: Review of the literature and
report of a novel BRCA1 mutation. Breast Cancer Res. Treat. 2011, 125, 325-349. [CrossRef]

Elazezy, M.; Joosse, S.A. Techniques of using circulating tumor DNA as a liquid biopsy component in cancer management.
Comput. Struct. Biotechnol. ]. 2018, 16, 370-378. [CrossRef]

Narayan, A.; Carriero, N.J.; Gettinger, S.N.; Kluytenaar, J.; Kozak, K.R.; Yock, T.I.; Muscato, N.E.; Ugarelli, P.; Decker, R.H.;
Patel, A.A. Ultrasensitive measurement of hotspot mutations in tumor DNA in blood using error-suppressed multiplexed deep
sequencing. Cancer Res. 2012, 72, 3492-3498. [CrossRef]

Uchida, J.; Kato, K.; Kukita, Y.; Kumagai, T.; Nishino, K.; Daga, H.; Nagatomo, I.; Inoue, T.; Kimura, M.; Oba, S.; et al. Diagnostic
accuracy of noninvasive genotyping of EGFR in lung cancer patients by deep sequencing of plasma cell-free DNA. Clin. Chem.
2015, 61, 1191-1196. [CrossRef] [PubMed]

Newman, A.M.; Bratman, S.V.; To, J.; Wynne, ].E; Eclov, N.C.W.; Modlin, L.A,; Liu, C.L.; Neal, ] W.; Wakelee, H.A.; Merritt, R.E,;
et al. An ultrasensitive method for quantitating circulating tumor DNA with broad patient coverage. Nat. Med. 2014, 20, 548-554.
[CrossRef] [PubMed]

Gale, D.; Lawson, A.R.J.; Howarth, K.; Madi, M.; Durham, B.; Smalley, S.; Calaway, J.; Blais, S.; Jones, G.; Clark, J.; et al.
Development of a highly sensitive liquid biopsy platform to detect clinically-relevant cancer mutations at low allele fractions in
cellfree DNA. PLoS ONE 2018, 13. [CrossRef]


http://doi.org/10.1016/j.jmoldx.2020.05.006
http://doi.org/10.1016/j.clinbiochem.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23769817
http://doi.org/10.1002/jcla.21603
http://www.ncbi.nlm.nih.gov/pubmed/23852790
http://doi.org/10.3390/ijms20030704
http://doi.org/10.1158/1078-0432.CCR-16-1691
http://www.ncbi.nlm.nih.gov/pubmed/27827317
http://doi.org/10.1093/jnci/dji432
http://www.ncbi.nlm.nih.gov/pubmed/16368947
http://doi.org/10.21037/tlcr.2016.12.03
http://doi.org/10.1016/j.cancergen.2018.02.004
http://doi.org/10.1007/s00216-015-8846-4
http://www.ncbi.nlm.nih.gov/pubmed/26123439
http://doi.org/10.1016/j.cancergen.2018.08.005
http://doi.org/10.1016/j.jmoldx.2016.09.009
http://doi.org/10.1186/s12967-020-02671-8
http://doi.org/10.18632/oncotarget.27183
http://www.ncbi.nlm.nih.gov/pubmed/31620244
http://doi.org/10.1111/j.1755-0998.2011.03024.x
http://www.ncbi.nlm.nih.gov/pubmed/21592312
http://doi.org/10.6004/jnccn.2019.7307
http://doi.org/10.2217/fon-2016-0183
http://doi.org/10.1038/ejhg.2016.94
http://doi.org/10.1590/S1415-47572009005000049
http://doi.org/10.1007/s10549-010-0817-z
http://doi.org/10.1016/j.csbj.2018.10.002
http://doi.org/10.1158/0008-5472.CAN-11-4037
http://doi.org/10.1373/clinchem.2015.241414
http://www.ncbi.nlm.nih.gov/pubmed/26206882
http://doi.org/10.1038/nm.3519
http://www.ncbi.nlm.nih.gov/pubmed/24705333
http://doi.org/10.1371/journal.pone.0194630

Int. J. Mol. Sci. 2021, 22, 5522 15 of 15

85.

86.

87.

88.

89.

90.

91.

92.

93.

Forshew, T.; Murtaza, M.; Parkinson, C.; Gale, D.; Tsui, D.W.Y.; Kaper, F.; Dawson, S.J.; Piskorz, A.M.; Jimenez-Linan, M.; Bentley,
D.; et al. Noninvasive identification and monitoring of cancer mutations by targeted deep sequencing of plasma DNA. Sci. Transl.
Med. 2012, 4. [CrossRef]

Tie, J.; Kinde, I.; Wang, Y.; Wong, H.L.; Roebert, J.; Christie, M.; Tacey, M.; Wong, R.; Singh, M.; Karapetis, C.S.; et al. Circulating
tumor DNA as an early marker of therapeutic response in patients with metastatic colorectal cancer. Ann. Oncol. 2015, 26,
1715-1722. [CrossRef]

Kinde, I.; Wu, J.; Papadopoulos, N.; Kinzler, K.W.; Vogelstein, B. Detection and quantification of rare mutations with massively
parallel sequencing. Proc. Natl. Acad. Sci. USA 2011, 108, 9530-9535. [CrossRef]

Schmitt, M.W.; Kennedy, S.R.; Salk, J.J.; Fox, E.J.; Hiatt, ].B.; Loeb, L.A. Detection of ultra-rare mutations by next-generation
sequencing. Proc. Natl. Acad. Sci. USA 2012, 109, 14508-14513. [CrossRef]

Kennedy, S.R.; Schmitt, M.W.; Fox, E.J.; Kohrn, B.F; Salk, ].J.; Ahn, E.H.; Prindle, M.].; Kuong, K.J.; Shen, J.C.; Risques, R.A ; et al.
Detecting ultralow-frequency mutations by Duplex Sequencing. Nat. Protoc. 2014, 9, 2586-2606. [CrossRef] [PubMed]

Godsey, ].H.; Silvestro, A.; Barrett, ].C.; Bramlett, K.; Chudova, D.; Deras, 1.; Dickey, J.; Hicks, J.; Johann, D.J.; Leary, R,;
et al. Generic Protocols for the Analytical Validation of Next-Generation Sequencing-Based ctDNA Assays: A Joint Consensus
Recommendation of the BloodPAC’s Analytical Variables Working Group. Clin. Chem. 2020, 66, 1156-1166. [CrossRef]
Bednarz-Knoll, N.; Eltze, E.; Semjonow, A.; Brandt, B. BRCAness in prostate cancer. Oncotarget 2019, 21, 2421-2422. [CrossRef]
[PubMed]

Omari, A.; Nastaty, P.; Stoupiec, S.; Balabas, A.; Dabrowska, M.; Bieliniska, B.; Huss, S.; Pantel, K.; Sejonow, A.; Eltze, E. Somatic
aberrations of BRCA1 gene are associated with ALDH1, EGFR, and tumor progression in prostate cancer. Int. J. Cancer 2019, 144,
607-614. [CrossRef] [PubMed]

Tyler, A.D.; Mataseje, L.; Urfano, C.J.; Schmidt, L.; Antonation, K.S.; Mulvey, M.R.; Corbett, C.R. Evaluation of Oxford Nanopore’s
MinION Sequencing Device for Microbial Whole Genome Sequencing Applications. Sci. Rep. 2018, 8, 10931. [CrossRef] [PubMed]


http://doi.org/10.1126/scitranslmed.3003726
http://doi.org/10.1093/annonc/mdv177
http://doi.org/10.1073/pnas.1105422108
http://doi.org/10.1073/pnas.1208715109
http://doi.org/10.1038/nprot.2014.170
http://www.ncbi.nlm.nih.gov/pubmed/25299156
http://doi.org/10.1093/clinchem/hvaa164
http://doi.org/10.18632/oncotarget.26818
http://www.ncbi.nlm.nih.gov/pubmed/31069005
http://doi.org/10.1002/ijc.31905
http://www.ncbi.nlm.nih.gov/pubmed/30265376
http://doi.org/10.1038/s41598-018-29334-5
http://www.ncbi.nlm.nih.gov/pubmed/30026559

	Introduction 
	Tissue Testing vs. Whole Blood Testing 
	Biology of ctDNA 
	Circulating Tumor DNA in Prostate Cancer 
	Pros and Cons of ctDNA Testing 
	Workflow of ctDNA Testing 
	Sample Collection, Plasma Separation, and Storage 
	DNA Extraction 
	DNA Sequencing and Analysis 
	Targeted vs. Untargeted Approach 
	Targeted NGS Techniques 


	NGS ctDNA Testing Validation in the Laboratory 
	Conclusions and Future Directions 
	References

