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ABSTRACT
Introduction: Prostate cancer (PCa) is one of the most common malignancies in men and a major cause
of cancer deaths among men worldwide. Prostate specific antigen (PSA) monitoring and histopatholo-
gical examination of tumor biopsies remain gold standards in PCa diagnostics. These clinical parameters
are not well suited for patient stratification, predicting and monitoring treatment response. On the
other hand, liquid biopsies offer a unique opportunity to easily isolate tumor-derived material for
longitudinal clinical assessment.
Areas covered: In this review we focus on the clinical application of novel liquid biomarkers that have
the potential to monitor and stratify patients in order to achieve better therapeutic effects and improve
clinical outcomes. Enumeration and characterization of circulating tumor cells (CTCs), tumor-educated
platelets, exosomes, and cell-free nucleic acids have been studied for their clinical utility in PCa
diagnostics, prognostics, monitoring treatment response and guiding treatment choice.
Expert opinion: Liquid biomarkers have high potential to be used for prognosis, monitoring treatment
response and guiding treatment selection. Although there is a remarkable progress in PCa biomarker
discovery, their clinical validation is very limited. Research should be focused on biomarker validation
and the incorporation of these biomarkers in clinical practice.
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1. Introduction

Prostate cancer (PCa) is the most commonmalignancy in men in
Western countries, and a leading cause of male cancer-related
deaths. Although serum prostate-specific antigen (sPSA) is
widely used for diagnostics, prognostics, and therapeutic mon-
itoring purposes, its limitations are well known. The specificity of
sPSA is poor and its use can lead to overdiagnosis and over-
treatment. Tumor biopsies therefore remain the gold standard
for cancer diagnosis. However, taking biopsies from the primary
tumor is an invasive procedure with complications such as bleed-
ing, urinary retention, infection and sepsis. Furthermore, PCa
predominantly metastasizes to the bones and bone biopsies
are hard to perform and often limited by the low yield of
tumor tissue. For metastasized PCa that progressed under andro-
gen deprivation therapy (ADT), termed metastatic castration-
resistant PCa (mCRPC), many treatment options are available
nowadays, including next generation androgen receptor target-
ing agents (ARTAs) (e.g. abiraterone and enzalutamide), taxane-
based chemotherapy (docetaxel and cabazitaxel) and other
agents such as radium-223 and sipuleucel-T [1–8]. De novo resis-
tance to the ARTAs is observed in almost a quarter of the mCRPC
patients. Moreover, cross-resistance is common for these drugs.
However, and unfortunately, sPSA is not an adequate marker for
evaluation of treatment response and biomarkers predicting
treatment resistance are needed.

In addition to traditional PCa therapies, the use of poly
ADP-ribose polymerase (PARP) and AKT pathway inhibitors

for patients with DNA-repair gene mutations and phosphatase
and tensin homolog (PTEN) loss, respectively, are promising
[9,10]. For these new types of therapy (e.g. PARP-inhibitors),
innovative ways to select in advance those patients that have
gene aberrations and are therefore most likely to benefit most
from the therapy are required. Due to genomic evolution,
a tissue biopsy taken from a single metastatic site may under-
estimate the heterogeneous character of the tumor. Therefore,
less invasive biomarkers that are able to reflect tumor hetero-
geneity in one sample are required for guiding treatment
selection.

Thus, there is a clinical unmet need for predictive biomar-
kers to help steer PCa treatment strategies. Biomarker tests
should be none or minimally invasive. Liquid biopsy serve as
a valuable source of biomarkers (hereinafter referred to as
liquid biomarkers) and are being extensively investigated for
clinical use. Liquid biopsy approaches can use blood, urine,
stool, liquor, saliva, pleural fluid, ascites and seminal fluid as
potential sources of tumor-derived material. Liquid biomarkers
can be obtained using non- or minimally invasive procedures
and therefore also allow disease and treatment response mon-
itoring longitudinally (i.e. at several time points). Furthermore,
liquid biomarkers may provide insights into individual tumor
drivers, that potentially can be used to guide personalized
medicine. Biomarkers are shed into the bloodstream or urine
by the tumor or tumor metastasis and include circulating
tumor cells (CTC), tumor-educated platelets (containing
tumor RNA), exosomes (containing e.g. tumor-derived RNAs)
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and cell-free nucleic acids (incl. DNA, messenger RNA (mRNA),
microRNA (miRNA) and long non-coding RNA (lncRNA)). In this
review, we provide an overview of the most promising bio-
marker tests in blood and urine for PCa, and focus on those
that are (almost) being used in the clinic.

2. Urinary liquid biomarkers

Urine is a promising source for PCa biomarkers. The prostatic
fluid may contain products derived from prostate tumor cells
that can be excreted via urine, which can be obtained non-
invasively. Digital rectal examination (DRE) can enhance excre-
tion of prostatic fluid. Until now, urine-derived biomarkers
have proven their clinical use as diagnostic and prognostic
tools. Four urinary liquid biomarker tests are commercially and
clinically available: Progensa PCA3, SelectMDx, Michigan
Prostate Score (MiPS) and ExoDx Prostate (IntelliScore).
Studies have shown that those urine biomarkers outperform
PSA as a diagnostic and, more importantly, prognostic biomar-
ker. All tests have a high negative predictive value (NPV) and
can be used to prevent unnecessary biopsies (Table 1). The
SelectMDx, MiPS and IntelliScore tests have a high sensitivity
and NPV for high grade (Gleason score ≥7) PCa, and hence the
most useful tests for clinical application. The clinical utility and
comparison of the four urinary liquid biomarkers recently have
been reviewed in detail by Hendriks and colleagues [11]. For
clinically advanced patients these tests have limited value,
since they often lack the primary tumor.

3. Biomarkers in blood

Biomarkers in blood are rapidly evolving and represent
a valuable tool for diagnostic, prognostic and predictive pur-
poses in several cancers. Furthermore, liquid biomarkers can be
used to evaluate treatment response and guide precision med-
icine. Circulating tumor cells (CTC), tumor-educated platelets
(containing tumor RNA), exosomes (containing e.g. non-coding
RNAs) and cell-free nucleic acids (incl. DNA, mRNA, miRNA and
lncRNA) are released from tumors into the circulation (see
Figure 1). These cells and nucleic acids are promising biomar-
kers, some of which are now close to clinical implementation.
Certainly, proteins and metabolites are also potentially very
suitable biomarkers for prostate cancer, but the proteinmarkers
identified so far are still quite far away from clinical implemen-
tation [21]. Here, we outline different blood-based biomarkers
and describe their clinical relevance and utility.

3.1. Circulating tumor cells

Circulating tumor cells form new metastatic sites by gaining
plasticity and motility through, for example, epithelial-
mesenchymal transition (EMT). In turn, CTCs are able to migrate,
intravasate and extravasate from the bloodstream into tissues.
The presence of CTCs can be a surrogate for disease stage and
disease progression. CTCs can be identified for almost all solid
malignancies, especially in advanced stages of the disease.
However, isolation of CTCs is very challenging due to their low
abundance and the presence of vast amounts of other cells in
blood like erythrocytes and leukocytes. Several techniques are
being developed for CTC enrichment and detection.

3.1.1. CTC enumeration
The enumeration of CTCs has emerged as a powerful biomar-
ker for the assessment of prognosis and evaluation of treat-
ment response. A decrease in sPSA can be seen in patients
using next generation ARTAs without necessarily inducing
apoptosis of the tumor cells. Therefore, the value of using
sPSA as a biomarker for treatment response in patients using
androgen inhibitors is limited. In contrast to sPSA, CTC counts
are not directly modulated by androgens and therefore
a much better predictive biomarker for treatment response.
At this moment, CellSearch® is the only FDA approved system
for CTC enumeration. The CellSearch® system enables

Article Highlights

● Liquid biopsies are minimally invasive tools for detecting tumor-
derived material, which can serve as a diagnostic, prognostic and/or
predictive biomarker.

● Four urine-based molecular biomarker tests for PCa diagnostics and
prognostics are available clinically.

● Blood-based biomarkers for PCa include enumeration and character-
ization of circulating tumor cells (CTCs), tumor-educated platelets,
exosomes and cell-free nucleic acids (incl. ctDNA, lncRNAs, mRNAs
and microRNAs).

● Blood-based liquid biopsies have a high potential to be used as
a prognostic and predictive biomarker for treatment response and
guidance of treatment choice.

● There is a large gap between biomarker discovery and clinical validation.
Only a few blood-based biomarkers are clinically available for PCa.

Table 1. Clinically (commercially) available urinary liquid biomarker tests for PCa.

Biomarkers Test Value Available as References

Ratio of PCA3 and KLK3 RNA Progensa PCA3 PCA3 score is associated with risk of positive (TRUS) biopsy.
NPV = 90% (AUC = 0.71).

CE-IVD, FDA-
approved

[12–14]

Urinary levels of DLX1 and HOXC6
and clinical parameters*

SelectMDx SelectMDx score is good predictor of clinically significant PCa
(Gleason score ≥7). NPV = 98% (AUC = 0.83).

CLIA-certified
LDT, CE-IVD

[15,16]

PCA3 and TMPRSS-ERG RNA levels in
urine

Michigan Prostate
Score (MiPS)

MiPS score is good predictor of clinically significant PCa
(Gleason score ≥7). NPV = 97% (AUC = 0.77).

CLIA-certified
LDT

[17–19]

Exosomal RNA in urine ExoDx Prostate
(IntelliScore*)

The Intelliscore is good predictor of clinically significant PCa
(Gleason score ≥7). NPV = 94% (AUC = 0.74).

CLIA-certified
LDT

[20]

AUC = Area Under the (Receiver Operating Characteristic) Curve. CE-IVD = European Conformity-in vitro Diagnostics. CLIA-certified LDT = Clinical laboratory
Improvement Amendments-based clinical laboratory-developed test. FDA = US Food and Drug administration. NPV = Negative Predictive Value. *clinical
parameters used in SelectMDx = age, DRE, family history of PCa, prostate volume, sPSA.
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standardized enumeration of CTCs based on immunomagnetic
enrichment of epithelial cell adhesion molecule (EpCAM)-
positive tumor cells. The Prostate Cancer Working Group 3
(PCWG3) has incorporated CTC enumeration by the
CellSearch® system as a clinical endpoint in trials for treatment
response [22].

It has been shown that CTC enumeration can be used to
assess treatment efficacy in mCRPC patients [23,24]. In a phase
II trial with abiraterone acetate in mCRPC patients, CTC counts
combined with lactate dehydrogenase (LDH) level was shown
to be a marker for survival at the individual-patient level [24].
Heller et al. explored CTC enumeration compared with PSA as
a response measure of prolonged survival for mCRPC patients
across five randomized phase III trials. A drop to zero in CTC
count and conversion (≥ 5 CTCs at baseline followed by ≤ 4 at
13 weeks) had the highest discriminatory power for overall
survival (OS) [23]. The use of CTC counts to reflect treatment
response has been investigated as an endpoint in clinical
trials. However, it is important to highlight that in many
patients less than 5 CTCs are detected. In that case, monitor-
ing of CTCs can only inform on disease progression. Despite
promising results in CTC enumeration trials, the clinical benefit
of changing treatment based on unfavorable CTC counts has
not been studied yet. CTC counts can also be used as
a prognostic biomarker. The prognostic value of CTC enumera-
tion using CellSearch® in PCa, especially in mCRPC, has been
established in clinical trials and multiple large phase II and
phase III trials [25–28]. A baseline level of ≥5 CTCs detected
per 7.5mL blood is associated with significantly shorter, ~50%
reduced OS [25–28].

Although the prognostic value of CTCs has been estab-
lished in mCRPC, for other stages of PCa there is less evidence.
Nonetheless, increasing CTC counts are indicative of shorter
OS and time to progression in metastatic hormone-sensitive

prostate cancer (mHSPC) [29]. Furthermore, CTC counts are
predictive for treatment response in mHSPC [30,31].
However, CTC counts are typically low in the early disease
setting, resulting in limited patient inclusion in early disease
CTC studies. Finally, to form distant metastases, tumor cells
must gain plasticity and motility. This process involves EMT
during which EpCAM may be down regulated, and hence
CellSearch will underestimate the number of CTCs. CTC enrich-
ment techniques targeting a wider scope of non-EpCAM CTC
phenotypes (e.g. mesenchymal) are currently being devel-
oped. Unfortunately, CTC samples usually have to be pro-
cessed within a short period of time, which limits
applicability in the routine clinical setting. As a result, and in
combination with the relatively high costs for sample collec-
tion and processing, CTC enumeration has not yet become
standard care.

3.1.2. CTC PHENOTYPING: AR-v7 status
Besides the enumeration of CTCs also (single cell) molecular
characterization of CTCs has been proposed to yield valuable
predictive biomarkers. PCa is androgen driven and therefore
androgen receptor (AR) signaling plays an important role.
Elevated AR expression, enhanced AR activity and develop-
ment of AR mutations are frequently observed in CRPC. These
findings have given the impetus to the development of next
generation ARTAs (e.g. abiraterone, enzalutamide, apaluta-
mide, darolutamide). Since their registration, patient outcomes
have significantly improved. Nonetheless, primary and
acquired resistance to ARTAs is common. This might be due
to the expression of AR splice variants in CRPC cells. AR splice
variants lack the ligand-binding C-terminal domain which can
lead to constitutive ligand-independent activation of the AR.
Splice variant AR-v7 is regarded as the most common and
most biologically and clinically relevant splice variant [32].

Figure 1. Liquid biopsies contain a variety of clinically informative components. Blood samples can be analyzed for circulating tumor cells (CTCs (§3.1), tumor
educated platelets (§3.2), exosomes (§3.3) and cell-free nucleic acids (§3.4) with each of them providing valuable numerical and molecular information. Adapted
with permission from: Mader & Pantel. Oncol Res Treat 2017; 40: 404–8. S. Karger AG, Basel.
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In 2014, Antonarakis et al. showed that detection of AR-v7
mRNA in CTCs is related to lower PSA response rates and
shorter progression-free survival (PFS) in mCRPC patients trea-
ted with enzalutamide or abiraterone [33]. These findings were
striking, as all patients with detectable AR-v7 did not show PSA
responses. Additional studies have associated AR-v7 with resis-
tance to abiraterone and enzalutamide in mCRPC patients,
while AR-v7 positive patients are likely still sensitive to taxane-
based chemotherapy [34–36]. Furthermore, combining CTC and
AR-v7 status provides strong prognostic information. CTC-
negative patients have the most favorable outcome, followed
by CTC-positive/AR-v7-negative patients and CTC-positive/AR-
v7-positive patients have the poorest prognosis [37]. Thus, CTC
AR-v7-status has the potential to serve as a predictive biomar-
ker for abiraterone and enzalutamide resistance.

Bernemann et al. reported a study that not fully supported
the use of AR-v7 as a predictive biomarker for enzalutamide
and abiraterone response, as AR-v7 positive patients
responded to enzalutamide or abiraterone therapy [38]. The
first study of Antonarakis et al. showing AR-v7 positive
patients as non-responders to abiraterone or enzalutamide
had almost all received one of these drugs before [33]. AR-v7
status is likely most relevant for second-line next generation
ARTAs, since AR-v7 levels might increase under anti-androgen
treatment. Moreover, AR-v7 negative men may also display
resistance to next generation ARTAs. Other resistance mechan-
isms such as alternative AR splice variants, AR mutations, AR
amplifications, AR copy number gain or androgen overproduc-
tion may underlie this problem. Non-AR-related escape
mechanisms might also contribute to AR upregulation by
cross-talk between growth factor signaling pathways [39,40].

Beside AR-v7 detection in CTCs, AR-v7 can also be detected
in exosomes or even whole blood. Del Re et al. extracted RNA
from plasma-derived exosomes of CRPC patients and deter-
mined the presence of AR-v7 by digital droplet PCR. AR-v7
positive status was associated with a significantly shorter OS
[41]. Detection of AR-v7 mRNA in whole blood revealed similar
results [42–44]. There are two CLIA-certified LDT tests for
detecting the splice variant AR-v7; the AdnaTest and
Oncotype DX (Epic Sciences platform). The AdnaTest allows
analysis of gene expression in immunomagnetically enriched
CTCs by RT-PCR. The Epic Sciences platform identifies AR-v7
protein in the nucleus of CTCs. Remarkably, the AdnaTest was
already used in clinical practice while prospective clinical trial
were still recruiting [45]. Recently, the PROPHECY study vali-
dated the detection of AR-v7 in CTCs by AdnaTest and Epic
Sciences platform in a prospective multicenter study. This study
found AR-v7 detection in CTCs to be independently associated
with shorter PFS and OS in men with mCRPC treated with
abiraterone and enzalutamide regardless of line of treatment,
and concluded that these patients should be offered alternative
treatments [46]. Although relevant, this study has some impor-
tant limitations. First, the number of AR-v7 positive patients was
relatively small and no alternative treatments were
tested. Second, there were discrepancies in AR-v7 positive
results between both tests. Eleven patients tested positive for
AR-v7 with the Epic Sciences platform, while 28 patients were
AR-v7 positive tested using the AdnaTest.

Taken together, AR-v7 detection is a promising predictive
biomarker. Detection of AR-v7 in CTCs might be predictive for
response to enzalutamide and abiraterone treatment, and it
seems that for these patients taxane treatment should be
preferred. However, large prospective clinical trials are needed
to validate the AdnaTest and Epic Sciences platform to con-
firm their clinical utility for mCRPC patients.

3.2. Tumor educated platelets

It has been demonstrated that platelets can store tumor-
derived RNA molecules. Blood contains about 150,000 to
350,000 platelets per microliter, and hence platelets are
a highly available source of tumor-derived biomarkers.
Furthermore, blood platelet isolation is relatively simple and
common practice is clinical laboratories. However, only one
study has shown the potential of using tumor-educated plate-
lets for biomarker purposes in PCa [47]. In CRPC patients
receiving docetaxel or abiraterone treatment, the detection
of tumor-derived biomarkers (KLK3, FOLH1, NPY) in platelets
was associated with resistance to abiraterone [47]. Further
studies are ongoing to establish the value of platelets as
biomarkers for PCa.

3.3. Exosomes

Exosomes are small (30–150 nm) extracellular vesicles that are
produced in the endosomal compartment of most eukaryotic
cells. Exosomes are enriched with DNA, RNA or protein, and
they are highly representative for their cell of origin. Exosomes
are present in tissues and can also be found in biological fluids
including blood and urine. By characterizing exosomes, insight
in the tumor biology can be obtained. Liquid biopsies could
provide a platform to screen for tumoral changes along treat-
ment regimes. Isolating exosomes essentially enriches for
tumor-derived material as hematopoietic cells are removed
in this process. Finally, exosomes protect biomarkers from
potential degradation by nucleases, proteases or other envir-
onmental stressors present in plasma and urine. However, the
capture of tumor-derived exosomes is challenging, and
a critical step to developing exosome-based diagnostic tests.
Exosome biogenesis, isolation and characterization methods
have been reviewed by Gurunathan et al. [48], and will not be
further discussed in this review.

3.4. Circulating nucleic acids

3.4.1. RNAs
3.4.1.1. Messenger RNAs. Messenger RNA (mRNA) encom-
passes a large family of RNA molecules which transfer genetic
information from genes to ribosomes for translation into pro-
tein products. Dysregulation of oncogenic and tumor suppres-
sive mRNAs is central to the progression of all cancers.
Detecting cancer-specific mRNA transcripts in body fluids is
a direct and relatively simple method to characterize tumors.
The established mRNA markers KLK3 and TMPRSS2-ERG are
important for many urine-based diagnostic tests (SelectMDx,
MiPS, IntelliScore). Recent studies have explored the prognostic
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value of these markers in blood. In a study on post-
chemotherapy treated CRPC patients, 37% of peripheral blood
mononuclear cell (PBMC) fractions were positive for TMPRSS2-
ERG [49]. When treated with abiraterone, TMPRSS2-ERG was not
predictive for response. Conversely, the TMPRSS2-ERG and KLK3
levels in chemo-naïve patients decreased along with docetaxel
cycles [50]. In an independent study, docetaxel treated mCRPC
patients that were negative for TMPRSS2-ERG at baseline
switched to a positive status at time of progression (41%) [51].
These findings hint at a possible role of TMPRSS2-ERG in che-
motherapy resistance. Large prospective studies are needed to
validate these results prior to clinical implementation.

3.4.1.2. MicroRNAs. MicroRNAs (miRNAs) are short (~21
nucleotide) single-stranded RNAs that can control gene
expression at the posttranscriptional level, by binding to cor-
responding binding sites in their mRNA targets [52]. MiRNAs
may be able to drive tumor initiation and progression by
controlling expression of tumor suppressor genes and onco-
genes. MiRNAs are found in blood or urine. In body fluids
miRNAs are surprisingly stable, as they are protected from
RNase degradation via incorporation in ribonucleoprotein
complexes or by their presence in extracellular vesicles (e.g.
exosomes) [53,54]. It has been shown that exosome isolation
from liquid biopsies improves the sensitivity of miRNA ampli-
fication and detection [53]. Cumulating data suggest that
miRNAs have potential as diagnostic and/or prognostic bio-
markers in PCa [55–59]. Several miRNAs have been studied in
plasma and serum of mCRPC patients. Unfortunately, the
available data is conflicting and there is limited consensus
on the most valuable miRNA. So far, the mir-200-family (includ-
ing miRNA-141-3p) and miR-375 seem to be most promising. In
two clinical studies, levels of miR-21, miR-200a, miR-200c, and
miR-375 were related to OS of CRPC patients [60,61]. In com-
bination with clinical markers, these miRNAs have demon-
strated diagnostic and prognostic potential for discrimination
between high risk PCa, low risk PCa and healthy controls
[62,63]. Despite the numerous miRNA studies that have been
performed, at present no miRNA-based test is clinically avail-
able for PCa.
3.4.1.2.1. MiRNA-141-3p. Expression of miR-141-3p has stu-
died extensively in PCa liquid biomarker research. The biolo-
gical effects of miR-141-3p are context specific and may be
oncogenic or tumor suppressive [64]. Increased miR-141-3p
levels in urine can distinguish benign from malignant PCa,
while elevated levels in blood has been associated with dis-
ease progression and metastasis [65–68]. Exosomal miR-141-3p
likely primes bone-tissue to produce a tumor-favorable micro-
environment while its expression in CTCs induces MET and
promotes PCa cells to settle new metastatic sites [66,67]. Two
independent studies have demonstrated that increased miR-
141-3p levels are predictive for metastatic PCa [63,69].
Monitoring plasma miR-141-3p levels in PCa patients could
be predictive for metastatic risk.
3.4.1.2.2. MiRNA-375. MiRNA-375 (miR-375) was first
described as a tumor suppressor, but recent evidence sug-
gests its biological effects are context and tissue specific [69].
When measured in serum, miR-375 levels were found to be

significantly increased in PCa when compared to healthy con-
trols [68,70]. Moreover, expression levels of miR-375 have been
correlated with PCa progression, metastasis, and docetaxel
resistance in CRPC [62,65,71]. Like miR-141-3p, miR-375 also
has been shown to induce MET in CTCs to promote formation
of distant metastasis [72]. These findings are in line with the
findings of Bryant et al., who showed that serum-derived
exosomes from metastatic PCa patients (n = 47) contained
significantly higher miR-375 copy numbers than exosomes
from a control cohort (n = 72) [73]. In summary, increased
plasma/serum miR-375 levels could be predictive for the pre-
sence of metastasis and chemotherapy resistance in PCa.

3.4.1.3. Long non-coding RNAs. Long non-coding RNAs
(lncRNAs) are RNA transcripts that do not code for proteins
and are longer than 200 nucleotides. Current estimates sug-
gest there to be more than 60,000 lncRNA genes in humans.
Aberrant expression of many lncRNAs has been associated
with human disease including PCa. However, the only lncRNA-
based diagnostic test that is clinically available for PCa is the
Progensa PCA3 urine test (see Table 1). Nonetheless, more
than a dozen other PCa-related lncRNAs have been detected
in tissue, blood or urine [74,75].
3.4.1.3.1. SCHLAP1. In a multicenter study, SWI/SNF Complex
Antagonist Associated With Prostate Cancer 1 (SCHLAP1) lncRNA
expression levels in primary PCa tissues was highly correlated
with metastasis and biochemical recurrence [76]. Upon mea-
suring expression in post-DRE urine sediments, SCHLAP1 could
only be detected in a subset of patients [76]. This is likely due
to the patient cohort in which it was investigated. High stage
(T2 and higher) patients are more likely to be detected using
SCHLAP1 as a biomarker, and hence SCHLAP1 testing could be
promising for monitoring metastatic risk. The presence of
SCHLAP1 in blood samples has not yet been confirmed.
3.4.1.3.2. MALAT1. Metastasis Associated Lung Adenocarcinoma
Transcript 1 (MALAT1) is a lncRNA that is overexpressed in 82.5%
of PCa tissue specimens compared with normal adjacent tissue
[77].MALAT1 was found to be stable in plasma after 24h storage
at room temperature, repeated freeze-thaw cycles, and acid-base
treatment. Plasma MALAT1 levels were measured in 87 PCa, 82
benign prostatic hyperplasia (BPH), and 23 healthy controls.
Plasma MALAT1 levels were a better predictor of disease than
sPSA. Diagnostic accuracy improved when both MALAT1 and
sPSA were combined [78]. Development of novel liquid biopsy-
based tests should focus on treatment monitoring and patient
stratification. In this light, MALAT1 has been shown to induce
enzalutamide resistance by promoting AR-v7 production [79].
Preclinical evidence suggests that MALAT1 may also contribute
to docetaxel resistance via indirect upregulation of A-kinase
anchor protein 12 (AKAP12) expression [80]. MALAT1 in plasma
is stable, measurable, outperforms sPSA, and may induce first-
line mCRPC therapy resistance. Taken together, measuring
MALAT1 in plasma could be a promising platform for treatment
monitoring in mCRPC patients.

3.4.2. Cell-free DNA
Circulating cell-free tumor DNA (ctDNA) is emerging as
a biomarker in PCa. Cell-free DNA (cfDNA) is shed into the
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bloodstream by cancer cells and nonmalignant cells trough
apoptosis and necrosis of (tumor) cells and possibly also by
active secretion [81]. CfDNA is found as double-stranded frag-
ments of approximately 150 to 200 base pairs in length [82].
Molecules of cfDNA are rapidly cleared from the circulation,
with a half-life ranging from minutes to several hours. Healthy
individuals have cfDNA levels of 1–10 ng/ml which can
increase by intense exercise, trauma, infections and inflamma-
tory conditions [83]. Due to the small size it is expected that
cfDNA can also be analyzed in urine, but concentrations will
be influenced by the glomerular filtration rate [84]. One of the
main challenges is the contamination of ctDNA with nonma-
lignant cfDNA. Furthermore, the yield of ctDNA is often low,
especially in early disease. Therefore, ultrasensitive methods to
detect aberrations in ctDNA are necessary. Another challenge
is the low stability of cfDNA, which necessitates its collection
in specialized collection tubes.

3.4.2.1. Quantification of cfDNA. Quantitative assessment
of cfDNA can be used as a diagnostic biomarker and can
assess tumor burden and response to therapy. High cfDNA
concentrations prior to therapy may indicate aggressive dis-
ease. In two phase III clinical trials, a decline in cfDNA levels
was positively correlated with both radiographic PFS and OS
for mCRPC patients treated with taxane-based chemotherapy
[85]. Furthermore, a decline in total cfDNA was associated with
treatment response [85]. In a separate study, high cfDNA levels
prior to chemotherapy was associated with poor sPSA
response and could act as an independent predictor of shorter
OS [86]. Thus, quantification of cfDNA reflects disease burden,
prognosis and treatment response.

3.4.2.2. DNA mutations. A number of studies have shown
that sequencing ctDNA for genomic alterations provides
important biomarkers for predicting therapy response and
resistance. The genetic profile of ctDNA has shown a high
degree of concordance with metastatic tissue biopsies in
men with mCRPC [87]. Due to the short half-life of ctDNA,
accurate real-time tumor profiling is possible. Several path-
ways are involved in the development and progression of
mCRPC, including androgen receptor aberrations (3.4.2.2.1),
DNA repair gene aberrations (3.4.2.2.2), TP53 aberrations
(3.4.2.2.3), and PTEN (3.4.2.2.4) loss. The genomic landscape
of mCRPC evolves after treatment with systemic therapies [88].
Therefore, detection of specific gene alterations in ctDNA prior
to therapy could steer treatment strategies to target the
underlying molecular pathology and improve treatment
response.
3.4.2.2.1. AR gene aberrations. AR gene alterations are rarely
detected before hormone therapy, but are present in up to 60%
of patients with mCRPC [89]. AR gene aberrations include AR
gain, AR mutations and AR genomic structural variations. AR
genomic structural variations (GSV) have not been studied
widely, but are associated with expression of splice variants
(see above). A correlation of AR GSV in ctDNA and splice var-
iants in CTCs has been found [61]. The presence of two AR point
mutations (L702H and T878A) in ctDNA were identified as
predictive for resistance to abiraterone treatment [90–94].

Resistance to enzalutamide has been associated with another
AR point mutation: c.2629T>C (F877L), although this mutation is
very rare [95,96]. Multiple studies have revealed that detection
of AR gain in ctDNA is related to poor outcomes in CRPC
patients treated with abiraterone or enzalutamide [90,91,96–
99]. However, Annala et al. demonstrated that the detection of
AR gain lost its prognostic effect after adjustment for routine
prognostic clinical markers and ctDNA levels [100]. Only high
AR copy number gain (≥ 8 copies) was associated with poor
responses in first-line mCRPC patients [100]. It is reasonable to
suggest that AR copy number gain evolves during treatment
leading to cross-resistance between next generation ARTAs.
Sumiyoshi et al. reported that AR aberrations were only asso-
ciated with poor response to abiraterone, but not to enzaluta-
mide [101]. Recent data suggest that patients with AR gain
should be treated with docetaxel [102]. However, the number
of patients in these studies is very limited and methods of
detecting AR copy number gains differ. In conclusion, evalua-
tion of AR status prior to treatment might be useful in predict-
ing response to therapy and therefore guiding treatment
choice. Analytical standardization and validation of methods is
required before such tests can be used in clinical practice.
3.4.2.2.2. DNA damage repair gene aberrations. Almost
a quarter of mCRPC tumors have mutations in the DNA repair
genes including BRCA1 or BRCA2 and ATM [103]. Defects in those
genes are strongly associated with poor clinical response to next
generation ARTAs. Alterations in homologous recombination
repair genes BRCA2 or ATMwere independently and significantly
associated with shorter time to progression [100]. Loss of func-
tion of homologous recombination repair genes (HRR) predicts
response to poly ADP ribose polymerase (PARP) inhibitors and
platinum-based chemotherapies [9]. PARP inhibitors target
mutated BRCA or DNA repair deficient cancers. The TOPARP
trial showed a good response rate for the PARP inhibitor olaparib
in mCRPC patients with DNA repair mutations BRCA1/2 or ATM
[9]. Goodall et al. demonstrated that all somatic (tissue) DNA
repair mutations were detectable in ctDNA and even new muta-
tions were detected at time of disease progression. The allele
frequency of somatic mutations decreased selectively in
responding patients [104]. Moreover, another study identified
BRCA2 reversion mutations in ctDNA at the time of tumor pro-
gression on olaparib or talazoparib [105]. Thus, detection of DNA
repair mutations in ctDNA can guide treatment choice and could
monitor treatment response and resistance.
3.4.2.2.3. TP53 aberrations. Aberrations in tumor protein 53
(TP53) are associated with poor prognosis [100,106,107]. TP53 is
a tumor suppressor gene of which alterations are frequently
observed, up to 50%, in mCRPC patients [103]. Loss of TP53 can
also be detected in ctDNA, and it has shown to be a predictor for
worse response to next generation ARTAs [100]. Interestingly, De
Laere et al. recently showed that TP53 inactivation outperforms
any AR-derived biomarker as negative prognosticator for next
generation ARTAs [108]. They collected CTCs and ctDNA of 168
mCRPC patients prior to next generation ARTAs for the detection
of AR, AR splice variant and TP53 alterations. Stratification of
mCRPC patients starting next generation ARTAs based on TP53
alterations revealed two groups: a poor prognosis (PFS median ≤
2.5 months) and good prognosis (PFS median ≥ 14.0 months)
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group [108]. These data suggest that TP53 inactivation is an
important biomarker for predicting treatment response.
However, at this stage patients harboring TP53 inactivation
should not be withheld next generation ARTAs. Instead, these
patients should be monitored closely and clinicians should be
aware of possible treatment resistance and rapid disease
progression.
3.4.2.2.4. Pi3k pathway defects. The phosphatidylinositol-
3-kinase (PI3K) pathway is one of the most commonly activated
signaling pathways in PCa. Approximately half of all mCRPC
patients have aberrations in PIK3CA/B, PTEN or AKT [103]. These
aberrations can be well detected in ctDNA, and PI3K pathway
defects have been associated with a poor response to ARTAs
[100]. Carver et al. showed that inhibition of the PI3K pathway
can activate the AR pathway and vice-versa by reciprocal nega-
tive feedback [109]. This suggests that tumor cells are able to
adapt and survive when either single pathway is inhibited phar-
macologically. De Bono et al. studied the effect of an AKT inhi-
bitor ipatasertib combined with abiraterone in mCRPC patients
with and without PTEN loss [10,110]. The combination therapy
showed superior antitumor activity compared to abiraterone
alone, especially in patients with PTEN loss [10,110]. In summary,
detection of PIK3CA/B, PTEN or AKT alterations in ctDNA can be
used as a predictive biomarker for response to anti-androgens
and can guide treatment choice (e.g. AKT inhibitors in combina-
tion with next generation ARTAs).

4. Conclusions

Liquid biopsies can be obtained using minimally invasive
techniques and have shown their potency as diagnostic, prog-
nostic and predictive biomarker. Several urine biomarker tests
are commercially and clinically available and are currently
being used in many clinics worldwide. Urine biomarkers have
shown their great potential for diagnostic, and more impor-
tantly prognostic purposes. For blood-based liquid biopsies
only a few biomarker tests are commercially available (see
Table 2), and hence their clinical use is currently limited.
However, the potential of blood-based liquid biomarkers is
very high. Particularly CTCs and ctDNA have gained remark-
able attention as predictive biomarkers for therapy response
and treatment choice. A central problem for blood based
biomarkers is the low abundance of cancer-derived material,
especially in the early stage disease setting. Therefore, more
sensitive measuring techniques or enrichment techniques are
required. Most importantly, the clinical validation of liquid
biomarkers is needed to assure their value in clinical practice.

5. Expert opinion

The area of biomarker research in cancer is developing quickly.
As new biomarkers are being discovered, innovative platforms
are being developed to detect them. Unfortunately, there is no
consensus on the use of specific technologies, methods of nor-
malization, sample collection and processing. This hampers com-
parison of different pre-clinical and clinical studies resulting in
the failure of most novel biomarkers to be implemented clini-
cally. To ensure promising biomarkers are tested in clinical trials
and reach clinical practice, these obstacles need to be tackled.
Aside from sPSA measurements, commercially-available liquid
biopsy tests are not common in PCa clinical practice. What
underlies this problem? At first, there are questions surrounding
the validity, reproducibility and utility of many liquid biomarkers
in clinical practice. Only a small number of liquid biopsy-based
assays have been validated. Furthermore, the clinical trials used
to test new biomarkers have known limitations due to selection
bias and limited external validation. Even if a biomarker has
shown its value in a large clinical trial, will it be implemented in
routine practice? For example: can a clinician withhold a patient
with a AR-v7 positive status next generation ARTA therapy?
There will always be a significant chance that this specific patient
does respond, albeit much less likely than AR-v7 negative
patients. The impact on clinical decision making remains to be
established, which brings up an ethical discussion. Translating
results based on large clinical trials to a single patient is difficult.
Secondly, only a small number of clinicians are involved in the
field of liquid biopsy development. For the use of these biomar-
kers in routine patient care, knowledge is needed for deciding
when to use and how to interpret the results. Finally, who pays
for the implementation of novel liquid biomarker assays in rou-
tine patient care? Besides, the procedures for blood sampling,
processing and storage can be complicated even when the
analysis itself is outsourced.

In our opinion the most critical step before implementing
novel liquid biomarkers in routine patient care is the valida-
tion of the assays. Quality management and reproducibility
must be determined prior to clinical use. Next to small number
of commercially available PCa diagnostic tests, there are only
two FDA approved liquid biopsy tests, one in blood and one in
urine (see Tables 1 and 2). At present, there is a large gap in
the PCa biomarker discovery, and prospective validation of
these biomarkers in phase II and III clinical trials. Typically
the aim of these phase II and III trials is to identify the largest
possible patient cohort suited for newly discovered drugs.
Conversely, the use of biomarkers aims to categorize patients,
steer clinical decision making, and prevent overtreatment. This

Table 2. Clinically available blood based liquid biomarker tests for PCa.

Biomarker Source Assay(s) Value Available as References

CTC enumeration CTCs CellSearch Prognostic and monitoring treatment
response.

FDA approved [23–28]

AR-v7 CTCs AdnaTest
Epic Sciences

Predictive: resistance to abiraterone and
enzalutamide.

CLIA-certified LDT [46]

cfDNA somatic
mutations

cfDNA Multi-gene NGS* panels (e.g. UW-OncoPlex and 73 PCa
driver gene panel)

Prognostic and predictive: guiding
treatment selection.

CLIA-certified CAP
accredited

[111,112]

CAP = College of American Pathologists. CE-IVD = European Conformity-in vitro Diagnostics. CLIA-certified LDT = Clinical laboratory Improvement Amendments-
based clinical laboratory-developed test. FDA = US Food and Drug administration. *NGS = next-generation sequencing.
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brings forth the question: will the infrastructure used for drug
marketing be accessible for liquid biomarker validation?

Another gap we see in the biomarker research field is the
lack of studies investigating the relation between the pharma-
cokinetics of a drug and the predictive biomarker for treatment
response. This is called the pharmacokinetic/pharmacodynamic
relationship. Based on the pharmacological mechanism of
a drug, a certain drug exposure is needed for clinical effect.
For many drugs, the maximum exposure-response is related to
a trough level (Ctrough). Upregulation of specific targets of drugs,
which can be detected as a biomarker, might influence the
defined minimal plasma level. In almost all biomarker studies
this has not been investigated.

Finally, much of the focus in biomarker research has been on
the discovery of the next ‘golden egg’ biomarker. However, to
address heterogeneous nature of metastatic PCa, biomarker
panels in combination with clinical parameters is preferred. This
will likely enhance the successful use of novel biomarkers in
clinical practice. Nonetheless, we must emphasize the opportu-
nities and promising outlook for clinical use of liquid biomarkers
in PCa. The PCA3, SelectMDx, and CellSearch® platforms have
demonstrated the potency to outperform sPSA in diagnostic and
prognostic settings. Hence it is time to implement the next
generation of liquid biomarkers in clinical practice.

In the past decade, many new treatment options have
become available for advanced PCa. The heterogeneous nat-
ure of this disease has driven a push to develop personalized
treatment strategies. In this light, the validation of actionable
and predictive biomarkers for clinical utility is the key. Due to
the overlap in actionable targets in many diseases, therapies
used in the treatment of other cancers will become increas-
ingly available to PCa patients (e.g. PARP inhibitors, immu-
notherapy/checkpoint inhibitors). Therefore, profiling ctDNA
will become extremely important to guide personalized med-
icine. To make personalized PCa therapy a reality, new assays
need to be validated, convenient to perform, and easy to be
analyzed and interpreted. In this regard, the measurement of
lncRNAs and miRNAs in blood offers promising prospects,
since both are often tumor-specific and relatively easy to
detect, but these are still far from clinical implementation.
Molecular characterization of CTCs at the single cell level can
provide deeper insight into tumor biology. However, it is less
likely to do this routinely in clinical practice in the near future
due to complicated sampling and pre-treatment procedures.

In the next five years, treatment of PCa will not only be based
on histopathological determined tumor stage, grade and on
sPSA response, but will also include biomarker profiles.
Furthermore, the integration of biomarker profiling and pharma-
cokinetic sampling will help fine tuning therapy by monitoring
key parameters such as drug distribution and metabolism in
relation to the tumor profile. In this light, we are at the beginning
of the biomarker profiling landscape. We expect the integration
of multiple markers to improve patient stratification, reconsider
therapeutic strategies and improve clinical outcomes.
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