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Simple Summary: Prostate cancer research has been recently characterized by the discovery of
several prognostic and predictive molecular factors, which ultimately improve patients’ management.
In this review, we present the clinical impact of such factors and the methods to detect them, both on
tissue and blood, in advanced prostate cancer patients. The aim of this review is ultimately to depict
the role of these molecular factors in the era of precision oncology.

Abstract: Prostate cancer (PCa) therapy has been recently revolutionized by the approval of new
therapeutic agents in the metastatic setting. However, the optimal therapeutic strategy in such
patients should be individualized in the light of prognostic and predictive molecular factors, which
have been recently studied: androgen receptor (AR) alterations, PTEN-PI3K-AKT pathway dereg-
ulation, homologous recombination deficiency (HRD), mismatch repair deficiency (MMRd), and
tumor microenvironment (TME) modifications. In this review, we highlighted the clinical impact
of prognostic and predictive molecular factors in PCa patients’ outcomes, identifying biologically
distinct subtypes. We further analyzed the relevant methods to detect these factors, both on tissue,
i.e., immunohistochemistry (IHC) and molecular tests, and blood, i.e., analysis of circulating tumor
cells (CTCs) and circulating tumor DNA (ctDNA). Moreover, we discussed the main pros and cons
of such techniques, depicting their present and future roles in PCa management, throughout the
precision medicine era.

Keywords: prostate cancer; precision medicine; predictive biomarkers; prognostic biomarkers;
molecular oncology; liquid biopsy; PARP inhibitor; immunotherapy
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1. Introduction

Prostate cancer (PCa) is the second most common malignancy in men, after lung
cancer, but with a relatively low mortality compared to other cancer types [1]. However,
patients diagnosed with metastatic disease have a poor prognosis, with a 5-year survival of
30% [2].

Recent advances in both diagnosis and therapy have indeed prolonged survival of
prostate cancer patients [3], especially in the light of approval of new drugs and a better
knowledge of the underlying biological mechanisms for both castration-sensitive (CSPC)
and castration-resistant (CRPC) prostate cancer patients.

Proper diagnosis and classification of PCa relies on robust histopathological exam-
ination, including cytological and architectural features that remain the cornerstone of
PCa definition. Nevertheless, in the era of precision oncology, stratification of metastatic
prostate cancer patients through molecular testing [4] has gained a prominent role, even
in the attempt of tackling resistance to approved drugs, which remains a key issue and is
ultimately responsible for patients’ death. Indeed, to date, the onset of castration resistance-
which is an unavoidable event in the natural history of prostate cancer patients treated
with androgen deprivation therapy (ADT) translates into poor survival [5,6].

In this review, we discuss the prognostic and predictive biomarkers in metastatic
CRPC (mCRPC) and the methodologies currently used to identify them in both tissue and
blood; moreover, we indicate pros and cons of these techniques according to distinct types
of biological specimens, depicting the present and future of diagnostic workflow in this
clinical scenario.

2. Predictive and Prognostic Markers
2.1. Androgen Receptor

Androgen receptor (AR) is a member of the steroid and nuclear receptor superfam-
ily, acting as an intracellular transcriptional factor, and it is highly expressed in prostate
cells [7]. Its main ligands are testosterone and 5α-dihydrotestosterone (5α-DHT), whose
binding determines intracytoplasmic receptor activation, consisting of homodimerization,
autophosphorylation, and its translocation to the nucleus [8]. AR gene, located on chromo-
some X (Xq12), encodes for a protein that has three main functional domains: N-terminal
activation domain (NTD), central DNA binding domain (DBD), and C-terminal ligand
binding domain (LBD) [9]. Between DBD and LBD, there is also the nuclear localization
signal (NLS), responsible for translocation to the nucleus of the activated AR [10].

AR plays a fundamental role in prostate cancer development by ensuring cell survival
and proliferation but also migration and invasion, which are hallmarks for human can-
cer [11]. Indeed, therapeutic approaches designed to suppress AR signaling in prostate
cancer cells, mainly through inhibition of androgen biosynthesis by luteinizing hormone-
releasing hormone (LHRH) agonist/antagonist, or through the use of receptor antagonists
(antiandrogen drugs)—all these under the name of ADT—have been the main available
weapons against metastatic prostate cancer for decades [12].

Disruptions of the AR pathway consist of AR point mutations, affecting both NTD and
LBD, truncated variants, and gene amplifications, all of which confer selective advantage
to prostate cancer cells with different mechanisms [13].

AR point mutations occur in the LBD encoding region (codons 665 to 920) [14] and are
responsible for acquired resistance through alterations in the ligand’s affinity. Interestingly,
these mutations exert their role in several ways: by reducing affinity to antiandrogenic
drugs, such as flutamide and bicalutamide (V716T, W742C, and T878A mutation) or
enzalutamide and apalutamide (F877L mutation), but also by modifying affinity for other
endogenous-or exogenous-ligands such as a higher affinity for progesterone (H875Y and
the aforementioned T878A mutation) and prednisone (L702H mutation) [15,16].

AR gene amplifications, which have been detected in up to 60% of pretreated CRPC
patients [17], are also responsible for tumor progression despite optimal ADT; in fact, they
determine higher expression of AR in prostate cancer tissue with consequent cell growth
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despite low androgen levels [18]. Gene amplifications are rarely detected in treatment-naïve
patients, suggesting they have a role in adaptive response to antiandrogen therapies [13].

AR variants consist in protein transcriptions characterized by LBD loss with a different
length of C-terminal domain, determining constitutively activated truncated ARs that
translocate to the nucleus [19]. These variants, named AR-V7 (also known as AR3) [20],
AR-V12 (also known as ARv567es) [21], and AR-V3, have been found in CRPC patients,
and among them, AR-V7 is the most frequent alteration detected—up to 75% of CRPC on
ADT [22]. In the same setting of patients, a recent work has highlighted the possibility of
co-occurrence of some of these variants [23].

Alterations of AR are indeed rare in treatment-naïve metastatic prostate cancer, prob-
ably being random “passenger” mutations [24]. This could be particularly relevant in
the current treatment scenario for mHSPC where prospective studies are evaluating the
efficacy of standard chemotherapy (i.e., docetaxel) and new generation hormonal treatment
in combination with LHRH analogues [25]. Most of these aberrations have been detected
in patients who progressed on ADT, and their clinical significance is both prognostic and
predictive: prognostic, since their onset is associated to poor survival [26], and predictive,
given the lower probability of response to other hormonal agents as a result of insensitivity
and/or constitutively activation of the mutated AR [27]. However, to date, detection of AR
gene alterations is not recommended in clinical practice, since it has not been prospectively
validated for therapy selection [28]. Nevertheless, AR gain detected in plasma samples
through NGS or digital-droplet polymerase chain reaction (PCR) has been proven to be
associated with resistance to enzalutamide/abiraterone in both chemotherapy-naïve and
post-docetaxel CRPC, with worse overall or progression-free survival and reduced PSA
responses in mCRPC patients [29]. Patients with these gains seem to derive more benefit
from taxane-based therapies as first- or second-line for mCRPC compared to hormonal
agents [30–32]. Therefore, cell-free AR gains could represent an important predictive
biomarker in patients previously exposed to AR pathway-targeting agents [33]. Similarly,
expression of AR-V7 (assessed as AR-V7 mRNA and protein levels from tissue biopsies, cir-
culating tumor cells [CTCs], and whole blood) is associated with resistance to AR-targeted
therapies [22,34]. Additionally, a prospective study suggests CTC AR-V7 mRNA and
protein expression are associated with worse PFS and OS in mCRPC patients treated with
abiraterone and/or enzalutamide [35]. However, it is worth noting that not all mCRPC
express CTCs; therefore, evaluation of AR-V7 might not always be possible in all patients.
Moreover, a high CTC number per se is a prognostic factor associated with poor survival;
therefore, it is difficult to ascertain the independent impact of AR-V7 on OS, especially
considering that ARV-7 levels are related to the AR full length ones. These issues were sadly
experienced during the ARMOR-III trail, a phase 3, randomized trial of galeterone versus
enzalutamide in AR-V7-expressing mCRPC cancers. Overall, 953 men were prescreened for
AR-V7: 323 (34%) had detectable CTCs, and 73/323 had AR-V7 mRNA with a prevalence
of 8% (73/953). Of the 73 eligible patients, 38 were randomized to galeterone (n = 19)
or enzalutamide (n = 19); 35 dropped out before randomization, consistently with worse
outcome for high CTC/AR-V7 expressing mCRPC. This trial was prematurely closed based
on interim evidence that the primary endpoint would not be met [36].

2.2. PTEN and PI3K-AKT Pathway

The phosphatase and TENsin homolog (PTEN) gene maps to chromosome 10 (10q23)
and encodes for the homonym tumor suppressor protein, which acts as a phosphatase
involved in physiological functions including embryonic development, stem cell growth
and differentiation, cell adhesion, and migration [37]. It is mainly involved in the dephos-
phorylation of phosphatidylinositol 3,4,5-trisphosphate (PIP3) into phosphatidylinositol
4,5-bisphosphate (PIP2), with the opposite reaction being catalyzed by the PI3 kinase (PI3K).
PTEN loss causes accumulation of PIP3 with an increase in phosphorylation of AKT and
activation of its signaling pathway, ultimately causing unregulated cellular growth [38].
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PTEN gene deletion is the most common alteration with an incidence higher than point
mutations [39], while PTEN loss by IHC has been found in up to 40% of CRPC patients,
being less frequent in localized disease [40]. Moreover, the absence of one of PTEN alleles
causes insufficient quantity of protein to perform its biological task: This phenomenon is
also known as haploinsufficiency [41]. Moreover, AR and PTEN pathways are regulated by
reciprocal feedback [42], further supporting the relevance of the PTEN-PI3K-AKT pathway
disruption in the development of prostate cancer. Interestingly, PTEN loss is also linked to
high genomic instability (mainly aneuploidy) since its role as genomic integrity keeper is
impaired [43].

PTEN loss has also been hugely investigated as a prognostic biomarker, and indeed it
has been associated with higher risk of recurrence in localized prostate cancer after radical
prostatectomy [44] and poor survival in metastatic patients [40,45,46]. PTEN loss by IHC
has been extensively studied as predictive biomarker of response to hormonal treatment
and chemotherapy agents. Two large retrospective studies showed indeed that PTEN loss
(defined as less than 10% of cancer cells presenting positive staining) was associated with
lack of response to abiraterone [40]; however, PTEN loss cancers had the same chance to
respond to docetaxel as PTEN normal tumors [46]. PTEN expression was also studied
prospectively as a predictive biomarker in mCRPC in a phase II randomized trial, which
showed a longer rPFS in PTEN-loss tumors treated with ipatasertib, a small tyrosine-kinase
inhibitor (TKI) against AKT [47]. A larger phase III study with ipatasertib (IPATential
trial) has confirmed these results, although a different cut-off was used to define PTEN
loss tumors (50% or more of the specimen’s tumor area having no detectable PTEN) [48].
Nevertheless, the benefit in terms of rPFS was also confirmed using more stringent cut-
offs than the pre-specified 50%, consistently with what previously demonstrated in the
phase II trial [49]. These sub-study analyses have also found a good concordance between
PTEN status by IHC and by NGS. However, IHC is a cheaper method and the rate of
quality control failure for tissue NGS in archival diagnostic samples must be taken in
account when these methodologies are applied in clinical practice. Moreover, not always
missense mutations translate into impactful alterations of a protein. Therefore, being the
only prospectively validated test, IHC can be considered to date the gold standard for
PTEN status.

Equally, PIK3CA-, PIK3CB-, and AKT-activating mutations have been studied as
prognostic and predictive biomarkers in mCRPC [50]. As per PTEN loss, these activating
mutations are associated with a poor prognosis, lack of response to hormonal agents, and
might be able to predict response to AKT inhibition [51].

2.3. Homologous Recombination Deficiency

Homologous recombination deficiency (HRD) consists of the loss of ability of normal
and tumor cells to repair double strand breaks (DSBs) that occur into the DNA [52]. Several
proteins are deputed to maintain genome integrity through restoration of DSBs, from
recognition of DNA damage to the joining of disrupted extremities [53]. In prostate cancer,
genes encoding for these proteins have been found to be mutated in different percentages.
In the work by Robinson et al., in which tissue specimens from 150 mCRPC patients
were analyzed by whole-exome and transcriptome sequencing, BRCA2 was the most
commonly mutated HR gene (13.3%), followed by ATM (7.3%), CDK12 (4.7%), and BRCA1
(0.7%) [39]. Overall, these data were confirmed by the PROfound trial, a large phase III trial
evaluating the efficacy of Olaparib in HRD mCRPC, whereas 27.9% of the 2792 successfully
sequenced tumor specimens were found HR defective, confirming BRCA2, CDK12, and
ATM as the three most frequent altered genes (harbored by 33.3, 23, and 22.2% of all the
randomized patients, respectively) [54]. Some histological PCa variants, such as intraductal
and cribriform, seem to be enriched for BRCA2 biallelic loss [55]; however, to date, no
definite correlation between HRD mutations and morphological aspects could be made in
PCa patients.
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Compared to the metastatic disease, HRD incidence seems to be lower in localized
prostate tumors (5–10%), showing an interesting correlation with Gleason score (GS) [56]
and suggesting a role in progression and dissemination.

Most of the published works did not discriminate between germline and somatic
HRD mutations [57]. In the work by Robinson et al., the prevalence of germline mutations
is almost half of all detected mutations [39], but it must be noted that the percentage of
germline alterations varies across ethnicities [57].

It is interesting to note that germline BRCA1/2 and ATM mutations are characterized
by worse prognosis in metastatic prostate cancer, whilst somatic mutations seem to not
be [58,59]. Patients with germline BRCA2 mutations have a risk as high as 20-fold of death
due to prostate cancer compared to wild-type BRCA2 population [60].

In addition, CDK12 alterations, found in less than 4% of primary and in no more
than 10% of metastatic prostate cancer [61], are associated with higher GS at diagnosis,
immunosuppressive tumor microenvironment (TME), and worse prognosis [62], thus
suggesting that CDK12 altered PCas have distinctive features from other genomic subtypes
of prostate cancer.

The predictive role of mutations affecting HRD genes has been investigated in several
clinical trials with PARP inhibitors in metastatic prostate cancer patients, starting from
the assumption that PARP inhibition, by preventing single strand breaks (SSBs) repair, the
cause death of cells who are unable to repair DSBs (also known as synthetic lethality). This
“classic” model has been challenged during the last decade, since other mechanisms could
contribute to cell death [63].

To date, among PARP inhibitors studied in prostate cancer, the main clinical data
derives from the use of olaparib, niraparib, and rucaparib [64].

Olaparib has been tested in two phase II clinical trials, TOPARP-A and TOPARP-B.
TOPARP-A, a small-size single arm study in molecularly unselected mCRPC patients,
showed that olaparib was active in one third of them. The preplanned post hoc molecular
analysis highlighted that 88% of HRD mutated patients obtained a response, paving the
way for further research [65]. The phase II TOPARP-B trial was subsequently developed
to confirm the activity of olaparib-at different doses, 300 vs. 400 mg QD-in HRD mu-
tant mCRPC patients selected by targeted next-generation sequencing (NGS) panel on
tissues samples, corroborating the predictive role of HRD for PARP inhibitors [66]. In the
aforementioned phase III PROFound trial, HRD mCRPC patients who progressed to one
hormonal agent (enzalutamide or abiraterone) were divided in two cohorts according to
their mutational status—cohort A, patients with at least one alteration in BRCA1, BRCA2, or
ATM genes, and cohort B, all the other patients—and then they were randomized between
olaparib and the hormonal agent who was not previously received. This trial showed that
olaparib prolongs PFS in cohort A and cohorts A + B, also prolonging OS in cohort A as
reported by an interim analysis [54].

A recent gene-by-gene exploratory analysis of olaparib efficacy has been performed in
PROFound trial patients. Despite limits related to the small numbers of patients in each
subgroup, among the BRCA, ATM, CDK12, and CHEK2 cohorts, only patients with BRCA
alterations maintain a statistically significant increase in PFS and OS when treated with
olaparib [67].

Niraparib has been tested in the single-arm phase II GALAHAD trial, in which 300 mg
QD of this drug was administered in HRD mCRPC patients; interestingly, a high response
rate was achieved in BRCA1/2-mutated patients, but not in non-BRCA1/2 ones, underlining
that HRD mutations should be considered as a unicum in terms of predictiveness [68]. On
the other hand, the rarity of non-BRCA and non-ATM mutations makes it difficult to assess
their relevance.

Rucaparib has been tested in the single-arm phase II TRITON2 trial, in which pre-
treated mCRPC patients with deleterious germline or somatic alteration in BRCA1, BRCA2,
or another prespecified DDR gene conferring sensitivity to PARP inhibition were en-
rolled [69]. In the independent radiology review (IRR) evaluable population, the overall
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response rate (ORR) and PSA response rate were 43.5 and 54.8%, respectively, confirming
the class-effect of PARP inhibitors in this specific setting of mCRPC patients.

2.4. Mismatch Repair Deficiency

Base–base mismatches and insertion/deletion mispairs are generated during DNA
replication and recombination as a consequence of “imperfect” activity of DNA poly-
merases, especially in the case of repeated sequence [70]. Repair of such errors is therefore
essential for maintaining genomic stability since the accumulation of mismatches could
lead to DNA disruption and cell death. In human biology, four genes (MSH2, MSH6,
MLH1, PMS2) encode for homonym proteins which are responsible for repair machin-
ery [71]. Mismatch repair deficiency (MMRd), which could be also caused by deficiency
in other proteins such as exonuclease1 (EXO1) and polymerase ε (POLE), is a frequent
alteration in human cancer [72].

Concerning prostate cancer, MMRd has been identified in about 5% of metastatic
patients and the most frequently mutated genes are MSH2 and MSH6 [73]. Only a small
percentage of MMR gene mutations are inherited (germline), with Lynch syndrome being
rarely associated with prostate cancer, thus meaning that MMRd could be acquired by
prostate cancer cells during disease evolution [74].

Absence of MMR mechanisms is a negative prognostic factor in metastatic prostate can-
cer, determining shorter OS in respect to mismatch repair proficient (MMRp) patients [75].

Similarly, to gastrointestinal and some gynecological cancers, MMRd has become
an interesting predictive factor for immunotherapy also in prostate cancer, given the
biological rationale of immune response against neoantigens which are overrepresented in
microsatellite instability (MSI) high tumors as a consequence of increased tumor mutational
burden (TMB) [76]. Antibodies against programmed death 1 (PD-1) receptor (anti-PD-1)
have been firstly tested in non-molecularly selected docetaxel-refractory mCRPC patients,
with modest results [77]. The correlation with response to anti-PD-1 depending on MMR
status in mCRPC patients was demonstrated, with MMRd patients being the only group
who reached objective responses and durable benefit from immunotherapy [78].

2.5. Tumor Microenvironment

The tumor microenvironment (TME) plays a fundamental role in human tumorigene-
sis. It consists of several immune and stromal cells: cancer associated fibroblasts (CAFs),
endothelial cells, lymphocytes, macrophages, dendritic cells (DCs), and myeloid-derived
suppressor cells (MDSCs), to mention a few [79]. The complex relationship among these
cells and between TME cells and tumor cells has been under investigation to understand
mechanisms of progression and immune evasion by tumoral cells, consequently influencing
the response to therapies [80].

In prostate cancer, TME actively participates in different steps of tumorigenesis: during
transformation, with CAFs replacing stromal smooth muscle cells; during tumoral growth,
through angiogenesis upregulation; and at all stages, by regulation of immune cells [81].

Several biomarkers from TME have been evaluated in prostate cancer patients, most
of them being soluble factors secreted by stromal/immune cells.

Cytokines—and particularly interleukins—are interesting prognostic (and potentially
predictive) biomarkers in human cancer, including prostate cancer. Circulating levels of
two proinflammatory cytokines, interleukin 6 (IL-6) and 8 (IL-8), have been found to be
higher in hormone refractory and sensitive metastatic prostate cancer patients with poor
prognosis, respectively [82,83]. IL-23, produced by MDSCs, could be implied in castration
resistance through activation of AR pathway, thus suggesting a role for its blockade in this
clinical setting [84].

Immune receptors, expressed on the surface of tumor-infiltrating immune cells, have
been extensively studied in the latest years. The aforementioned PD-1 receptor is expressed
on T-cells and leads to their exhaustion when it binds its ligand, PD-L1, mainly expressed in
tumor cells [85]. Concerning prostate cancer, the expression of PD-1 and PD-L1 in localized
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tumors seems to be low [86], and this observation contrasts with previous studies on other
cancer types. Moreover, PTEN loss is associated with a high expression of PD-L1, but not
in prostate cancer [87], and neoadjuvant hormone therapy could reduce PD-L1 expression
in localized prostate cancer [88]. However, other studies reported PD-L1 positivity in
aggressive primary prostate carcinomas, also with a prognostic significance since it has
been correlated to biochemical recurrence [89] and high expression in both preclinical and
clinical models of enzalutamide-resistant prostate cancer [90].

The predictive role of PD-L1 is more complex to define, since its evaluation is strongly
influenced by site (tumor vs. immune cells) and level of expression (high vs. low, depending
on threshold value), also taking into account the multiplex interactions between TME and
tumor cells [91]. Anti-PD-1 (nivolumab, pembrolizumab) and anti-PD-L1 (atezolizumab,
avelumab, durvalumab) antibodies have been tested in phase I/II clinical trials in several
settings of metastatic prostate cancer, with low response rates [91]. In fact, it seems clear
that only some specific subgroups of prostate cancer patients—including those with PD-
L1 positive and TMB high tumors—could really benefit from PD-(L)1 blockade, even if
response to immunotherapy seems to be independent from PD-L1 expression [92]. In the
CheckMate 650 trial, in which 90 mCRPC patients, divided into two cohorts based on
previous exposure to chemotherapy, received nivolumab plus ipilimumab (anti-CTLA-4),
a biomarker analysis was conducted [93]. Patients with a TMB higher than the median
did perform better than those with a TMB lower in terms of the three main outcomes
(PFS, ORR, OS), with similar results also according to PD-L1 expression levels (≥ or <1%).
However, the variability of the methods used for TMB estimation and the absence of an
established cut-off make the application of TMB still clinically impracticable.

An emerging biomarker in prostate cancer, expressed in both tumor and immune cells,
is the ectoenzyme CD38. CD38 is responsible for non-canonical synthesis of adenosine,
which inhibits antitumoral immunity by interacting with its receptor on several types of
immune cells [94]. A recent work has highlighted an increase in CD38+ tumor-infiltrating
immune cells in prostate cancer specimens after the onset of castration resistance, a high
level being correlated to worse OS [95]. Similarly, a high expression in normal adjacent
prostate epithelium of CD73, an ectoenzyme belonging to the same pathway and also
responsible for adenosine synthesis, is associated with poor prognosis in prostate cancer
patients [96]. Daratumumab, an anti-CD38 monoclonal antibody, is currently approved for
heavily pretreated relapsed and refractory multiple myeloma patients, being a promising
agent to be tested in refractory prostate cancer. Moreover, it could be hypothesized that
CD38 expression levels are predictive for response to daratumumab in prostate cancer
patients, as previously reported in refractory multiple myeloma [97] (Figure 1 and Table 1).

Overall, the discovery of biologically distinct subtypes has revolutionized the histori-
cal assumption that prostate cancer is a homogenous disease with an indolent behavior.
There are indeed molecular characteristics that can significantly differentiate prostate
cancers between patients and within the same patient overtime. However, all the aforemen-
tioned studies have used different methodologies and platforms for their own biomarker
definition, and it is crucial to stress the differences between methods and tissue used.
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BRCA 1 or 2 mutations Worse prognosis in case of
germline alterations [58,59] Predictive for PARP inhibitors [64–68]ATM mutations

CDK12 mutations Worse prognosis [62]

Mismatch repair deficiency
(MMRd)

MSH2 and/or
MSH6 loss Shorter OS [75] Predictive for PD-1 inhibitors [78]

Tumor microenvironment

IL-6 and IL-8 Poor prognosis [82,83] Unknown

PD-L1 Correlated to biochemical
recurrence [89]

Potentially predictive for PD-(L)1 inhibitors
[91,92]

CD38 Shorter OS [95] Potentially predictive for CD38 inhibitors [97]

3. Tissue and Methods
3.1. The Tissue May Be the Issue

Screening approaches centered on specific biomarkers, such as prostate-specific anti-
gen (PSA), have transformed the diagnosis and management of PCa, either in early or
metastatic disease stage. Despite this, tissue specimens are crucial to formulate a final
diagnosis. Clinicopathological variables that have historically guided patient stratification,
such as Gleason grade and tumor stage, have been recently integrated with molecular
assays, either in the form of as single gene testing or more extensive multigene profiling
that may influence treatment decision making [28].

A key step when discussing tissue-based analyses, most importantly when these hold
a prognostic and/or predictive impact, is to ensure that tissues are of adequate quality to be
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profiled. It is well known that the preanalytical phase in surgical pathology has a strong im-
pact on the preservation of distinct types of molecules, hence pathology laboratories need to
properly monitor the workflow of tissue biopsies and surgical specimens and to guarantee
proper formalin fixation [98]. If transrectal or transperineal ultrasound-guided biopsies
and prostatectomy specimens can be easily handled, on the other hand, the common bone
metastatic deposits occurring in PCa patients may hamper the feasibility of molecular in-
vestigations. Indeed, in the latter scenario, the amount of tissue is often scant and requires
decalcification, which can affect the quantity and quality of the nucleic acids available in
the sample, reducing the chances of a successful test [99–102]. As reported by Zheng and
colleagues, the failure rate using an NGS assay is higher in metastatic bone samples, and
decalcification contributes to increasing failure [103]. However, the introduction of novel
therapeutic approaches for metastatic prostate cancer requires a molecular profiling of these
lesions to identify patients who may benefit from these potentially life-saving therapies.

Despite differences between the several guidelines currently available worldwide,
testing for somatic and germline BRCA1 and BRCA2 alterations is becoming the mini-
mum requirement for patients with metastatic prostate cancer [102]. Cooperation between
clinicians and pathologists is paramount to ensure that appropriate bone decalcification
methods are used to maximize nucleic acid preservation [104]. EDTA-based solutions
have been shown to enable better performance compared to stronger decalcification proce-
dures [99,100]. Indeed, EDTA-based decalcification delivers better results for DNA- and
RNA-based NGS and in situ hybridization techniques than formic acid, suggesting that
this reagent should be preferred [105]. When inquiring the biomarker data from the PRO-
found trial, for example, it is easy to realize that, overall, the success rate of the targeted
sequencing from tissue specimens is 57% for archived samples (on a total of 4365 cases).
This rate increases to 64% for newly collected biopsies, with the highest success (86.7%) for
trephine bone marrow biopsies, appropriately profiled, although they represented only 15
of the 438 fresh collected tissue specimens (3.4%) [106].

3.2. Immunohistochemistry (IHC)

Immunohistochemical assays are relatively inexpensive and allow the detection of
proteins by assessing both their localization and their heterogeneity of expression. The
drawback relies on covering only a limited set of antigens, and, despite the possibility of
multiplex-IHC is partially overcoming this issue [107], multiplex-IHC is yet to be part of
our diagnostic armamentarium.

Although several biomarkers involved in cell proliferation, differentiation, apoptosis,
and angiogenesis have been described for PCa, extensive profiling by immunohistochem-
istry does not play a leading role in the context of PCa pathology [108]. Conversely,
immunohistochemical reactions support a proper diagnosis of PCa either in early disease
(use of IHC staining for the basal cell layer in borderline cases when dealing with speci-
mens presenting limited foci of atypical glands) [109], or in the advanced setting when the
prostatic origin of a metastatic deposit needs to be confirmed [110].

In addition, in the context of metastatic disease, the evaluation of some markers may
be of support. For instance, AR expression by IHC is feasible and reproducible. The binary
output of AR expression assessment (present or absent in nuclei of tumor cells) increases
the reproducibility of the test between laboratories [111]. AR expression assessment
may have a role in clinical practice for de-escalating therapy with androgen receptor
signaling inhibitors and for the evaluation of alternative treatment options in refractory
metastatic castration-resistant prostate cancer, although detection of AR mutations and
amplifications on liquid biopsies have been associated to outcomes in more recent years, as
stated before [29].

PTEN protein expression can also be assessed by IHC on formalin-fixed paraffin-
embedded tissues (FFPE), offering the possibility to identify PTEN loss due to other
mechanisms than genomic deletion [112]. Given the cost-effectiveness of IHC testing,
systematic PTEN IHC analysis could be easily implemented in the diagnostic workup
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of patients with metastatic prostate cancer. A validated IHC assay for PTEN evaluation
based on a dichotomous scoring system for malignant glands, with cytoplasmic PTEN
either present, or markedly decreased was proposed by Lotan et al. in 2011 [113]. Fer-
raldeschi and colleagues described, in the aforementioned work [40], a binary classification
approach associated with clinical outcome in metastatic CRPC patients, in which cases
were considered PTEN negative if they either showed a complete absence of PTEN staining
or weak intensity staining compared with internal control in no more than 10% of cancer
cells. The latter scoring system was also applied to show that response to taxane-based
chemotherapy in metastatic CRPC is not affected by PTEN loss. In this scenario, PTEN
intratumor heterogeneity was also taken into account, considering a case PTEN negative if
any tumor area showed a complete absence of PTEN staining [46].

A recently published meta-analysis reported data on the evaluation of PD-L1 expres-
sion by IHC in prostate cancer. Positivity for PD-L1 was defined by applying different cut-
off values, moving from considering PD-L1-positive a case with >50 of positively stained
cells to define PD-L1 positivity as ≥1% of positively stained tumor cells. Dichotomization
of PD-L1 expression based on median expression (high = above median, low = below
median) was also evaluated [114]. In addition, several commercial anti PD-L1 antibody
clones are available that may yield different results [115]. The phase 1b KEYNOTE-028
trial, designed to evaluate efficacy and safety of pembrolizumab for treatment of patients
with PD-L1 positive advanced solid tumors (including 23 PD-L1 positive CRPC patients),
defined PD- L1 positivity as the expression ≥1% in tumor or stroma cells using the 22C3
antibody (Merck) [116]. In the aforementioned KEYNOTE-199 study, Antonarakis and col-
leagues included three cohorts of patients with mCRPC to assess the antitumor activity and
safety of pembrolizumab [77]; PD-L1 expression was evaluated in FFPE tumor specimens
using the PD-L1 IHC 22C3 pharmDx assay (Agilent Technologies), and PD-L1 positivity
was defined as a combined positive score (CPS) of ≥1, where CPS is the number of PD-L1
positive cells (tumor cells, lymphocytes, and macrophages) divided by the total number of
tumor cells × 100.

Defective mismatch repair status can be indirectly determined by loss of mismatch
repair protein expression by IHC. A cohort of 127 mCRPC specimens from the Royal
Marsden Hospital was tested with antibodies against MSH2, MSH6, MLH1, and PMS2
proteins, as previously stated [75]. The stainings were classified as positive or negative
using the College of American Pathologists criteria for biomarker evaluation in colorectal
carcinomas: whenever tumor cells showed nuclear positivity, regardless of intensity, cases
were considered positive, and cases with nuclear staining absent in tumor cells but present
in background nonneoplastic tissue (internal control) were defined as negative [117]. A
set of 316 prostate cancers on a tissue microarray (TMA) has been recently screened
to determine MSI status by IHC: a loss of MMR protein was assumed if IHC staining
was lacking in cancer cells, while clear-cut staining was present on adjacent stromal or
inflammatory cells [118]. This analysis provided evidence that small tumor specimens can
be suitable to predict the whole tumor MMR status, which is of paramount importance
when prostate cancer core biopsies are scored for MSI to determine the potential eligibility
of immune checkpoint inhibitors.

In localized and metastatic prostate cancer, different molecular subtypes may be
identified [119–123]. In the field of PCa pathology, there is therefore a growing interest
in patients’ stratification according to immunohistochemical surrogates mirroring PCa
molecular subtypes identified by gene expression analyses, as already experienced for other
disorders, such as breast cancer. Hammarsten and colleagues combined the assessment of
PSA and Ki67 by IHC as surrogate markers for tumor cell differentiation and proliferation,
thus classifying prostate cancer into subgroups of clinical significance [122]. On the other
hand, Thysell and coworkers defined three molecular subtypes of bone metastases (MetA-
C) with differences in gene expression pattern, morphology, and clinical behavior. In their
work, the authors have suggested two different phenotype of PCa by combining PSA and
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Ki67 immunoreactivity, namely MetA-like (high PSA, low Ki67) and MetB-like (low PSA,
high Ki67) [123].

The abovementioned selected IHC panel of tumor microenvironment biomarkers has
also been tested to predict clinical recurrence in PCa [107]. The IHC panel included markers
for CAFs (CD34, Cav-1, and αSMA), the vascular marker CD31, androgen receptor (AR),
progesterone receptor (PR) and estrogen receptor (ER). Despite the small sample size and
lack of validation in an independent patient cohort, this study demonstrated the feasibility
of automated image analysis tools and digital pathology; this approach, used in support of
traditional tissue analysis by IHC, could provide a more accurate quantification of proteins
and bypass reproducibility problems in the evaluation of samples [107].

Despite the efforts to better characterize TME in prostate cancer, its complexity would
require further investigation especially in the metastatic setting. An approach of great
interest that could allow a detailed information is the CO-Detection by indEXing (CODEX)
technology, recently applied in colon cancer on FFPE tissue specimens. CODEX is based
on the use of oligonucleotide-conjugated antibodies for the simultaneous detection of 60
markers in a single tissue section and generates information on the distribution of different
cellular phenotypes, while maintaining the morphological context [124–126]. CODEX
application could be useful to characterize the composition, spatial organization, and
functional immune status of the TME in FFPE metastatic PCa specimens.

3.3. Molecular Tests

Tissue-based molecular tests—such as Decipher [127], Oncotype Dx [128] and Pro-
laris [129], which are mRNA tests, and ProMark [130], which is a proteomic test—are
currently extremely widespread even if not totally integrated in clinical practice, in early
disease [131]. (Table 2).

The American Society of Clinical Oncology (ASCO) has published a guideline to
provide recommendations for the clinical use of the available tissue-based molecular tests
in localized prostate cancer [132]. However, the use of commercially available molecular
tests in routine clinical practice is not recommended. ASCO has emphasized that these
tests may be considered when the assay result, studied in combination with routine clinical
factors, clearly affects treatment decision making and influences patient management [133].
However, in the perspective of precision medicine, the identification of molecular features
provides a tool for a better risk stratification. Jairath and colleagues recently published a
systematic review of the evidence for the Decipher Genomic Classifier in prostate cancer,
highlighting the usefulness of the test in defining which tumors are aggressive and in
supporting the decision-making process for personalized treatment [134].

PCa is characterized by a wide clinical heterogeneity reflecting the molecular het-
erogeneity of the disease. A broad spectrum of recurrent genomic alterations has been
identified, enabling the definition of distinct molecular subtypes of PCa based on molecular
aberrations [135], as previously discussed in the “Predictive and prognostic markers” sec-
tion of this review article. The genomic landscape of mCRPC has been well characterized,
but the association of genomic features with patient clinical outcomes and histology or
transcriptional pathway activity is not totally understood [136,137]. Therefore, PCa patient
management still represents a challenge, particularly when dealing with intra-patient
tumor heterogeneity and clonal evolution in metastatic disease. The European Society
for Medical Oncology (ESMO) has recently presented recommendations about whether
and how tumor multigene NGS could be performed to profile metastatic cancers [138].
Following these indications, in PCa patients, a multigene tumor NGS test should be per-
formed on tumor samples to assess level I alterations. Hence, the mutational status of
BRCA1/2 in countries where PARP inhibitors are accessible for these patients should be
provided. PTEN genomic alterations (deletions/mutations) and pathway aberrations
(PIK3CA, PIK3R1, AKT1) could be added to the panel when treatments with AKT inhibitors
are available.
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Table 2. Tissue-based molecular tests in prostate cancer.

Test Company Sample Type of
Methodology Output Intended Use

Decipher [127] Decipher
Biosciences

FFPE tissue from
prostate biopsy or

prostate tissue
after radical

prostatectomy

mRNA expression
of 22 genes

Decipher score
(range: 0–1)

On biopsy: to stratify
PCa patients for
surveillance or

treatment.
On surgical tissue: to
guide if surveillance,
adjuvant, or salvage

therapy can be assured.

OncotypeDx
[128] Genomic Health Tumor tissue from

original biopsy

mRNA expression
of 17 genes

(12 cancer-related
genes plus

5 reference genes)

GPS score
(0–100)

To assess who may
benefit from surveillance

or treatment.

Prolaris [129] Myriad Genetics
Inc.

FFPE tissue from
prostate biopsy or

radical
prostatectomy

mRNA expression
of 31 cell-cycle

progression genes

CCP score
(range: 0–6)

To define a 10-year risk
of metastasis after

treatment, and
disease-specific
mortality under

conservative
management.

ProMark [130] Metamark FFPE tissue biopsy
Quantitative
expression of

8 proteins

ProMark score
(range: 0–100)

To determine the
aggressiveness of PCa.

Abbreviations: FFPE, formalin-fixed paraffin-embedded; GPS, Genomic Prostate Score; CCP, cell cycle progression.

As part of the aforementioned IPATential trial [49], De Bono and colleagues evalu-
ated indeed the concordance between PTEN status assessed by IHC and NGS, using the
Foundation Medicine FoundationOne CDx NGS assay: The overall agreement was 85.5%.
Among the samples with PTEN loss by NGS (n = 208), 190 (91.3%) were PTEN loss by IHC,
while among the samples with PTEN loss by IHC (n = 247), 190 (76.9%) were PTEN loss by
NGS. In addition, some patients with PTEN loss presented other PIK3CA and AKT gene
alterations associated with worse prognosis [49].

In addition, multigene tumor NGS panels should include DNA repair genes and
MSI signatures. Of note, the ESMO recommendations also stress the concept that larger
panels require a substantial financial commitment, and they can only be used if they report
accurate classification of alterations and if specific agreements are in place with payers for
sustainability of costs [138].

The advantage of using NGS lies in the possibility of identifying useful information for
patients care; however, this approach applied to PCa pathology still has some limitations.
The analysis should be performed on FFPE tissue samples usually collected in routine
diagnostics. Each assay usually has specific requirements in terms of the amount of
material necessary to run the test and sometimes specimens may have nucleic acids of
poor quality [139]. The scenario becomes even more complex when longitudinal disease
monitoring is considered, aiming to study the progression of the disease and to associate
the most effective therapy. Monitoring requires repetitive biopsies that expose the patient to
invasive procedures in the attempt to obtain an adequate and suitable tissue sample [139];
however, using fresh collected specimens has the exquisite advantage to give an updated
representation of the alterations acquired overtime by the disease. This is extremely
relevant for activating mutation in PIK3CA and AKT, largely subclonal hence not present
from diagnosis, which can predict response to AKT inhibition strategies [49]; or for the
treatment emergent AR amplification and mutation that predict resistance to AR targeting
agents [95].
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Moreover, NGS approaches on recently acquired tissue are able to detect emerging
RB1 loss and TP53 mutations, which associate with neuroendocrine phenotype, identifying
treatment emergent neuroendocrine prostate cancer (t-NEPC) that still represent a challenge
for clinicians from the treatment point of view [140].

Transcriptomic profiling may also play a role, beyond prognostic signatures for early
disease. A recent analysis through PAM50 classifier on specimens from 160 patients
enrolled in the phase III CHAARTED trial (ADT with or without docetaxel in mCSPC
patients) highlighted that basal, luminal B, and luminal A signatures were present in 50,
48, and 2% of the specimens, respectively [141]; these percentages are different from those
reported for localized PCa [142]. Interestingly, the luminal B signature was associated with
poorer OS on ADT alone when compared to basal signature, together with OS improvement
by adding docetaxel. However, to date, in the absence of validation studies and, most
importantly, waiting for similar analysis from trials conducted in the same setting, this
signature should not influence clinicians’ choice in treating mCSPC.

Brady and colleagues have recently proposed a new approach to study metastatic
PCa by investigating the potential informativeness of the digital spatial profiling (DSP)
technology, a new approach able to assess and quantify gene expression and protein
abundance in spatially-distinct regions of FFPE tissue specimens [143]. The study cohort
included 27 patients with refractory metastatic PCa, resulting in FFPE specimens from
52 soft tissues metastases and four bone metastases employed for the construction of
TMAs. Serial sections of the TMA were used for histological analysis and simultaneously
stained with fluorescently labeled antibodies specific for CD3 and CD45 markers, pan-
cytokeratin for epithelial cells and a nuclear stain to facilitate the identification of tissue
morphology for DSP; the DSP panel for mRNA analyses included probes for 2093 unique
genes, comprising signatures of AR activity, neuroendocrine differentiation, proliferation,
fibroblast growth factor (FGF), and mitogen activated protein kinase (MAPK) activity, loss
of the retinoblastoma gene (RB1), and markers of cell types including macrophages, T cells
and B cells. To assess protein expression, the antibody panel consisted of oligo-conjugated
antibodies, including AR, synaptophysin and other 55 proteins of interest; following probe
hybridization, UV cleavage, and barcode collection, gene expression was quantitated
by Illumina sequencing (for protein) or by PCR amplification and Illumina sequencing
(for RNA). All of the tases evaluated by DSP profiling had matched bulk tumor whole-
transcriptome RNA-seq data to be compared with the DSP results. Starting from TMAs, the
authors were therefore able to study heterogeneity, to identify distinct phenotypes, to assess
several biomarkers associated with specific treatments, and to quantify the intratumoral
immune cell composition useful to investigate the lack of responses to immune-based
therapy observed in patients with metastatic PCa. The authors detected a high concordance
in the intratumoral phenotypic makeup of the cases under investigation. In addition, an
overall absence of immune cell infiltrates was reported in the majority of the metastases
and high levels of expression of the immune checkpoint proteins B7-H3 and TIM-3 were
identified. This last issue is of great interest if it is considered that target therapies against
B7-H3 are currently under consideration in clinical trials for several solid tumors [144]. The
specimens employed for these tests showed no age-related variation, indicating that this
assay is suitable both for retrospective and prospective studies [143].

3.4. Blood-Based Tools

The employment of liquid biopsy is a valuable alternative to overcome some of the
issues associated with the use of tissue specimens in studying and monitoring metastatic
PCa patients.

Circulating tumor cells (CTCs), genetic materials such as cell-free RNA and DNA, as
well as extracellular vesicles represent the analytes available in liquid biopsy [145]. They
can provide a non-invasive summary of the total tumor burden of a patient and offer
important data on therapeutic targets and mechanisms of drug resistance [146].
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The main features of CTCs are rarity and heterogeneity: This is why separation and
enrichment are challenging and represent the main limitation of this approach [147]. There
are several sorting protocols that exploit different features of CTCs, such as volume, density
and biomarkers. Although these methods are fast and offer not only the possibility of count-
ing cells but also to analyze them after isolation, they have several limitations. For example,
the CellSearch® is an IVD-certified method in US for separation and counting of CTCs and
it is based on the detection of epithelial cell adhesion molecule (EpCAM). Unfortunately,
since CTCs are heterogeneous and undergo epithelial to mesenchymal transition (EMT) to
escape the primary tumor, losing EpCAM and/or cytokeratin expression, this approach is
not always ideal to succeed [146,147]. There are other commercially available platforms
for CTCs isolation based on different technologies but despite the advantages of each one,
there are also many drawbacks, including low cell viability or moderate sensitivity and
doubts about accuracy in capturing viable CTCs [148]. Nevertheless, many studies have
investigated the role of CTCs in PCa with respect to clinical utility. The number of CTCs
has been correlated to therapeutic response and survival in metastatic PCa: Patients with
shorter progression-free survival and overall survival have been shown to have higher
CTC counts [146,147,149]. In addition, genomic analyses have been recently performed on
CTCs, highlighting that CTCs derived from aggressive PCa show a high number of variants
(single nucleotide variants and insertion/deletions) [147]. Genomic instability in CTCs has
been correlated with aggressiveness in PCa, allowing to discriminate among metastatic PCa
those cases prospectively stratified as resistant to therapy and with poor prognosis [149].
These studies have underlined the possibility to apply single-CTCs sequencing as a tool to
noninvasively depict cancer heterogeneity.

Several studies have also investigated the role of circulating tumor DNA (ctDNA) in
metastatic PCa patients. The analysis of ctDNA represents an additional low invasive and
easily repeatable approach useful to monitor tumor progression and able to provide infor-
mation on tumor molecular status and prognosis, complementing clinical data [150,151].
Moreover, quantitative studies on the changes in tumor fraction in serial samples treated
with PARP inhibitors and taxanes have been associated with patients’ outcome and treat-
ment responses [152]. ctDNA has been also used to identify genetic alterations since both
somatic and germline mutations can be detected through ctDNA analyses. An important
advantage of using ctDNA is the possibility of complementing somatic information from
metastatic sites to investigate the mutational heterogeneity of the tumor by gaining a more
reliable data compared to the information retrievable from a single tissue biopsy [153,154].

A recent genomic analysis of cfDNA in 3.334 advanced PCa patients has been reported
showing that 94% of patients had detectable ctDNA [155]. Moreover, 837 patients in this
analysis had both liquid and tissue (archival or metastatic) available for NGS. The authors
demonstrated that comprehensive genomic profiling on ctDNA overall recapitulated the
genomic landscape observed in tissue biopsies, with a high level of agreement in detection
of some of BRCA1/2 alterations. BRCA1/2 were mutated in 8.8% of the analyzable cohort
and the analysis identified a higher number of BRCA positive patient in liquid biopsies
compared to tissue samples. This may be due to the fact that some patients may have
gained somatic BRCA1/2 alterations since archival tissue was collected were also identified.
However, the discordance between tissue and liquid biopsy may also stem from the
possibility that approximately 10% of men with advanced prostate cancer has clonal
hematopoiesis (CHIP) interference in plasma cfDNA [156].

Moreover, the median tumor fraction in those samples was 7.5%; however, the thresh-
old for detection of gene amplification in this analysis was ≥20%, meaning that information
about amplification/deletion was possible in only 38% of the overall samples.

Another limitation for ctDNA analyses relates to the detection of larger genomic alter-
ations. For example, durable responses to PARP inhibitors in prostate cancers are associated
to homologous deletions of the BRCA2 gene [157], but the rate of concordance between
tissue and blood based NGS is definitely low for the detection of deletion/rearrangement
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for BRCA2/1 and ATM (43%), in favor of the former [158]. This must be taken into account
when choosing the analysis to be performed.

Finally, extracellular vesicles (EVs), due to their specific loads such as proteins, mR-
NAs, miRNAs, lncRNAs, and lipids, exert important effects on cell signaling and tumor
progression and are emerging as possible markers to monitor PCa progression and metas-
tasis [159,160]. In addition, they are also indicators of therapy response in many cancer
types, including PCa [161]. Proteomic studies performed in PCa cell lines and patients
showed that EVs are a source of intracellular proteins and may be useful to improve PCa
diagnosis [162]. Currently, the major limitation in the use of EVs in clinical practice is the
lack of a standardized method for the detection and isolation of EVs, due to their small sizes
and low densities. Although many technologies are available, the yield is low, and samples
are not pure but contain contaminating proteins and reagents [159,161]. The selection of the
isolation method to use is related to the downstream application. Recently, a new method
based on imaging mass cytometry has been proposed to study and characterize large EVs in
parallel to CTCs in metastatic PCa through a multiplexed protein profiling [162]. However,
this is a preliminary approach that needs further investigation. It is also interesting to
note that the EVs analysis could improve the detection of specific alterations such as AR
variants, being a potentially useful tool in the next future in PCa biomarker research [163].

4. Conclusions

Advanced prostate cancer is still an incurable disease; however, the identification of
molecular factors predicting prognosis and response to specific treatments have yielded
new hope in this scenario. It remains, however, debatable which biological specimen
to test, since the analyses on both tissue-primary tumors and/or metastases-and blood
samples have several intrinsic characteristics and limitations. Using tissue samples gives
the exquisite advantage to perform complemental analyses to genomic sequencing, such
as immunohistochemical and TME studies. On the other hand, plasma or blood derivate
are easy to obtain and allow serial specimens collection. Preservation of archival tissue,
feasibility of fresh tissue biopsy, and adequate tumor fraction in plasma remain the big
limitations of these tests. In the absence of a unique test or tissue that can provide all the
information needed to give a correct representation of patients’ disease biology, ideally,
both tumor tissue and blood should be interrogated to study predictive and prognostic
factors in mCRPC, and most importantly to investigate new mechanisms of resistance to
the approved treatments in this setting, depending on the clinical history of the patient.

Author Contributions: Conceptualization: P.R., C.M.; systematic searches: E.F.G., L.A.; manuscripts
reading and classification: E.B., F.P., M.C., G.L.B., A.M.; writing—original draft preparation: E.F.G.,
L.A.; writing—review and editing: P.R., C.M.; visualization: E.B., F.P., M.C., A.M.; supervision: P.R.,
C.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Pasquale Rescigno’s work is funded by the Prostate Cancer Foundation through
a PCFYI award, and by the PTCRC SEE PROS ONCOLOGIA-FPRC 5 PER MILLE-MS 201.

Conflicts of Interest: P.R. served on the advisory board for MSD and Astra Zeneca Italy. C.M.
received personal consultancy fees from Roche, Bayer, AstraZeneca, Daiichi Sankyo.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Survival Rates for Prostate Cancer. Available online: https://www.cancer.org/cancer/prostate-cancer/detection-diagnosis-
staging/survival-rates.html (accessed on 23 April 2021).

3. Carioli, G.; Bertuccio, P.; Boffetta, P.; Levi, F.; La Vecchia, C.; Negri, E.; Malvezzi, M. European cancer mortality predictions for the
year 2020 with a focus on prostate cancer. Ann. Oncol. 2020, 31, 650–658. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://www.cancer.org/cancer/prostate-cancer/detection-diagnosis-staging/survival-rates.html
https://www.cancer.org/cancer/prostate-cancer/detection-diagnosis-staging/survival-rates.html
http://doi.org/10.1016/j.annonc.2020.02.009


Cancers 2021, 13, 4771 16 of 23

4. Ku, S.-Y.; Gleave, M.; Beltran, H. Towards precision oncology in advanced prostate cancer. Nat. Rev. Urol. 2019, 16,
645–654. [CrossRef]

5. Aly, M.; Leval, A.; Schain, F.; Liwing, J.; Lawson, J.; Vágó, E.; Nordström, T.; Andersson, T.M.-L.; Sjöland, E.; Wang, C.; et al.
Survival in patients diagnosed with castration-resistant prostate cancer: A population-based observational study in Sweden.
Scand. J. Urol. 2020, 54, 115–121. [CrossRef] [PubMed]

6. Armstrong, A.J.; Lin, P.; Tombal, B.; Saad, F.; Higano, C.S.; Joshua, A.M.; Parli, T.; Rosbrook, B.; van Os, S.; Beer, T.M. Five-year
Survival Prediction and Safety Outcomes with Enzalutamide in Men with Chemotherapy-naïve Metastatic Castration-resistant
Prostate Cancer from the PREVAIL Trial. Eur. Urol. 2020, 78, 347–357. [CrossRef] [PubMed]

7. Gao, W.; Bohl, C.E.; Dalton, J.T. Chemistry and Structural Biology of Androgen Receptor. Chem. Rev. 2005, 105,
3352–3370. [CrossRef] [PubMed]

8. Shang, Y.; Myers, M.; Brown, M. Formation of the androgen receptor transcription complex. Mol. Cell. 2002, 9, 601–610,
Erratum in: Shang, Y.; Myers, M.; Brown, M. Formation of the androgen receptor transcription complex. Mol. Cell. 2003,
11, 1697. [CrossRef]

9. Shaffer, P.L.; Jivan, A.; Dollins, D.E.; Claessens, F.; Gewirth, D.T. Structural basis of androgen receptor binding to selective
androgen response elements. Proc. Natl. Acad. Sci. USA 2004, 101, 4758–4763. [CrossRef]

10. Gelmann, E.P. Molecular Biology of the Androgen Receptor. J. Clin. Oncol. 2002, 20, 3001–3015. [CrossRef]
11. Culig, Z.; Santer, F. Androgen receptor signaling in prostate cancer. Cancer Metastasis Rev. 2014, 33, 413–427. [CrossRef] [PubMed]
12. Singer, E.; Golijanin, D.J.; Messing, E.M. Androgen deprivation therapy for advanced prostate cancer: Why does it fail and can its

effects be prolonged? Can. J. Urol. 2008, 15, 4381–4387.
13. Jernberg, E.; Bergh, A.; Wikström, P. Clinical relevance of androgen receptor alterations in prostate cancer. Endocr. Connect. 2017,

6, R146–R161. [CrossRef]
14. Hu, J.; Wang, G.; Sun, T. Dissecting the roles of the androgen receptor in prostate cancer from molecular perspectives. Tumor Biol.

2017, 39, 1010428317692259. [CrossRef]
15. Hara, T.; Miyazaki, J.-I.; Araki, H.; Yamaoka, M.; Kanzaki, N.; Kusaka, M.; Miyamoto, M. Novel mutations of androgen receptor:

A possible mechanism of bicalutamide withdrawal syndrome. Cancer Res. 2003, 63, 149–153. [PubMed]
16. Conteduca, V.; Mosca, A.; Brighi, N.; de Giorgi, U.; Rescigno, P. New Prognostic Biomarkers in Metastatic Castration-Resistant

Prostate Cancer. Cells 2021, 10, 193. [CrossRef]
17. Coutinho, I.; Day, T.K.; Tilley, W.; Selth, L.A. Androgen receptor signaling in castration-resistant prostate cancer: A lesson in

persistence. Endocr. Relat. Cancer 2016, 23, T179–T197. [CrossRef]
18. Visakorpi, T.; Hyytinen, E.R.; Koivisto, P.; Tanner, M.; Keinänen, R.; Palmberg, C.; Palotie, A.; Tammela, T.L.J.; Isola, J.;

Kallioniemi, O. In vivo amplification of the androgen receptor gene and progression of human prostate cancer. Nat. Genet. 1995, 9,
401–406. [CrossRef]

19. Dehm, S.M.; Tindall, D.J. Alternatively spliced androgen receptor variants. Endocr.-Relat. Cancer 2011, 18,
R183–R196. [CrossRef] [PubMed]

20. Guo, Z.; Yang, X.; Sun, F.; Jiang, R.; Linn, D.E.; Chen, H.; Chen, H.; Kong, X.; Melamed, J.; Tepper, C.G.; et al. A Novel Androgen
Receptor Splice Variant Is Up-regulated during Prostate Cancer Progression and Promotes Androgen Depletion–Resistant Growth.
Cancer Res. 2009, 69, 2305–2313. [CrossRef]

21. Sun, S.; Sprenger, C.C.; Vessella, R.L.; Haugk, K.; Soriano, K.; Mostaghel, E.A.; Page, S.T.; Coleman, I.M.; Nguyen, H.M.; Sun, H.;
et al. Castration resistance in human prostate cancer is conferred by a frequently occurring androgen receptor splice variant. J.
Clin. Investig. 2010, 120, 2715–2730. [CrossRef] [PubMed]

22. Sharp, A.; Coleman, I.; Yuan, W.; Sprenger, C.; Dolling, D.; Rodrigues, D.N.; Russo, J.W.; Figueiredo, I.; Bertan, C.; Seed, G.; et al.
Androgen receptor splice variant-7 expression emerges with castration resistance in prostate cancer. J. Clin. Investig. 2018, 129,
192–208. [CrossRef]

23. Kallio, H.M.L.; Hieta, R.; Latonen, L.; Brofeldt, A.; Annala, M.; Kivinummi, K.; Tammela, T.L.; Nykter, M.; Isaacs, W.B.; Lilja, H.G.;
et al. Constitutively active androgen receptor splice variants AR-V3, AR-V7 and AR-V9 are co-expressed in castration-resistant
prostate cancer metastases. Br. J. Cancer 2018, 119, 347–356. [CrossRef] [PubMed]

24. Steinkamp, M.P.; O’Mahony, O.A.; Brogley, M.; Rehman, H.; Lapensee, E.W.; Dhanasekaran, S.; Hofer, M.D.; Kuefer, R.;
Chinnaiyan, A.; Rubin, M.A.; et al. Treat-ment-dependent androgen receptor mutations in prostate cancer exploit multiple
mechanisms to evade therapy. Cancer Res. 2009, 69, 4434–4442. [CrossRef]

25. E Hall, M.; Huelster, H.L.; Luckenbaugh, A.N.; A Laviana, A.; A Keegan, K.; Klaassen, Z.; A Moses, K.; Wallis, C.J. Metastatic
Hormone-sensitive Prostate Cancer: Current Perspective on the Evolving Therapeutic Landscape. OncoTargets Ther. 2020, 13,
3571–3581. [CrossRef] [PubMed]

26. Wang, J.; Zhang, Y.; Wei, C.; Gao, X.; Yuan, P.; Gan, J.; Li, R.; Liu, Z.; Wang, T.; Wang, S.; et al. Prognostic Value of Androgen
Receptor Splice Variant 7 in the Treatment of Metastatic Castration-Resistant Prostate Cancer: A Systematic Review and Meta-
Analysis. Front. Oncol. 2020, 10, 562504. [CrossRef] [PubMed]

27. Steinestel, J.; Luedeke, M.; Arndt, A.; Schnoeller, T.J.; Lennerz, J.K.; Wurm, C.; Maier, C.; Cronauer, M.V.; Steinestel, K.;
Schrader, A.J. Detecting predictive androgen receptor modifications in circulating prostate cancer cells. Oncotarget 2015, 10,
4213–4223. [CrossRef]

http://doi.org/10.1038/s41585-019-0237-8
http://doi.org/10.1080/21681805.2020.1739139
http://www.ncbi.nlm.nih.gov/pubmed/32266854
http://doi.org/10.1016/j.eururo.2020.04.061
http://www.ncbi.nlm.nih.gov/pubmed/32527692
http://doi.org/10.1021/cr020456u
http://www.ncbi.nlm.nih.gov/pubmed/16159155
http://doi.org/10.1016/S1097-2765(02)00471-9
http://doi.org/10.1073/pnas.0401123101
http://doi.org/10.1200/JCO.2002.10.018
http://doi.org/10.1007/s10555-013-9474-0
http://www.ncbi.nlm.nih.gov/pubmed/24384911
http://doi.org/10.1530/EC-17-0118
http://doi.org/10.1177/1010428317692259
http://www.ncbi.nlm.nih.gov/pubmed/12517791
http://doi.org/10.3390/cells10010193
http://doi.org/10.1530/ERC-16-0422
http://doi.org/10.1038/ng0495-401
http://doi.org/10.1530/ERC-11-0141
http://www.ncbi.nlm.nih.gov/pubmed/21778211
http://doi.org/10.1158/0008-5472.CAN-08-3795
http://doi.org/10.1172/JCI41824
http://www.ncbi.nlm.nih.gov/pubmed/20644256
http://doi.org/10.1172/JCI122819
http://doi.org/10.1038/s41416-018-0172-0
http://www.ncbi.nlm.nih.gov/pubmed/29988112
http://doi.org/10.1158/0008-5472.CAN-08-3605
http://doi.org/10.2147/OTT.S228355
http://www.ncbi.nlm.nih.gov/pubmed/32431511
http://doi.org/10.3389/fonc.2020.562504
http://www.ncbi.nlm.nih.gov/pubmed/33330031
http://doi.org/10.18632/oncotarget.3925


Cancers 2021, 13, 4771 17 of 23

28. 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]

29. Romanel, A.; Tandefelt, D.G.; Conteduca, V.; Jayaram, A.; Casiraghi, N.; Wetterskog, D.; Salvi, S.; Amadori, D.; Zafeiriou, Z.;
Rescigno, P.; et al. Plasma AR and abiraterone-resistant prostate cancer. Sci. Transl. Med. 2015, 7, 312re10. [CrossRef]

30. Conteduca, V.; Wetterskog, D.; Sharabiani, M.T.A.; Grande, E.; Pérez, M.P.F.; Jayaram, A.; Salvi, S.; Castellano, D.; Romanel, A.;
Lolli, C.; et al. Androgen receptor gene status in plasma DNA associates with worse outcome on enzalutamide or abiraterone for
castration-resistant prostate cancer: A multi-institution correlative biomarker study. Ann. Oncol. 2017, 28, 1508–1516. [CrossRef]

31. Conteduca, V.; Jayaram, A.; Romero-Laorden, N.; Wetterskog, D.; Salvi, S.; Gurioli, G.; Scarpi, E.; Castro, E.; Marin-Aguilera, M.;
Lolli, C.; et al. Plasma Androgen Receptor and Docetaxel for Metastatic Castration-resistant Prostate Cancer. Eur. Urol. 2018, 75,
368–373. [CrossRef]

32. Conteduca, V.; Castro, E.; Wetterskog, D.; Scarpi, E.; Jayaram, A.; Romero-Laorden, N.; Olmos, D.; Gurioli, G.; Lolli, C.; Sáez, M.I.;
et al. Plasma AR status and cabazitaxel in heavily treated metastatic castration-resistant prostate cancer. Eur. J. Cancer 2019, 116,
158–168. [CrossRef]

33. Tolmeijer, S.; Boerrigter, E.; Schalken, J.A.; Geerlings, M.J.; van Oort, I.M.; van Erp, N.P.; Gerritsen, W.R.; Ligtenberg, M.J.; Mehra,
N. A Systematic Review and Meta-Analysis on the Predictive Value of Cell-Free DNA–Based Androgen Receptor Copy Number
Gain in Patients With Castration-Resistant Prostate Cancer. JCO Precis. Oncol. 2020, 4, 714–729. [CrossRef]

34. Yu, Z.; Chen, S.; Sowalsky, A.; Voznesensky, O.S.; Mostaghel, E.A.; Nelson, P.S.; Cai, C.; Balk, S.P. Rapid Induction of Androgen
Receptor Splice Variants by Androgen Deprivation in Prostate Cancer. Clin. Cancer Res. 2014, 20, 1590–1600. [CrossRef]

35. Armstrong, A.J.; Halabi, S.; Luo, J.; Nanus, D.M.; Giannakakou, P.; Szmulewitz, R.Z. Prospective multicenter val-idation
of androgen receptor splice variant 7 and hormone therapy resistance in high-risk castration-resistant prostate cancer: The
PROPHECY Study. J. Clin. Oncol. 2019, 37, 1120–1129. [CrossRef]

36. Taplin, M.-E.; Antonarakis, E.S.; Ferrante, K.J.; Horgan, K.; Blumenstein, B.; Saad, F.; Luo, J.; de Bono, J.S. Androgen Re-
ceptor Modulation Optimized for Response—Splice Variant: A Phase 3, Randomized Trial of Galeterone Versus Enzalu-
tamide in Androgen Receptor Splice Variant-7-expressing Metastatic Castration-resistant Prostate Cancer. Eur. Urol. 2019, 76,
843–851. [CrossRef]

37. Yamada, K.M.; Araki, M. Tumor suppressor PTEN: Modulator of cell signaling, growth, migration and apoptosis. J. Cell Sci. 2001,
114, 2375–2382. [CrossRef] [PubMed]

38. Álvarez-Garcia, V.; Tawil, Y.; Wise, H.M.; Leslie, N.R. Mechanisms of PTEN loss in cancer: It’s all about diversity. Semin. Cancer
Biol. 2019, 59, 66–79. [CrossRef]

39. Robinson, D.; van Allen, E.M.; Wu, Y.-M.; Schultz, N.; Lonigro, R.J.; Mosquera, J.-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]

40. Ferraldeschi, R.; Rodrigues, D.N.; Riisnaes, R.; Miranda, S.; Figueiredo, I.; Rescigno, P.; Ravi, P.; Pezaro, C.; Omlin, A.; Lorente, D.;
et al. PTEN Protein Loss and Clinical Outcome from Castration-resistant Prostate Cancer Treated with Abiraterone Acetate. Eur.
Urol. 2014, 67, 795–802. [CrossRef] [PubMed]

41. Kwabi-Addo, B.; Giri, D.; Schmidt, K.; Podsypanina, K.; Parsons, R.; Greenberg, N.; Ittmann, M. Haploinsufficiency
of the Pten tumor suppressor gene promotes prostate cancer progression. Proc. Natl. Acad. Sci. USA 2001, 98,
11563–11568. [CrossRef] [PubMed]

42. Carver, B.S.; Chapinski, C.; Wongvipat, J.; Hieronymus, H.; Chen, Y.; Chandarlapaty, S.; Arora, V.K.; Le, C.; Koutcher, J.; Scher, H.;
et al. Reciprocal Feedback Regulation of PI3K and Androgen Receptor Signaling in PTEN-Deficient Prostate Cancer. Cancer Cell
2011, 19, 575–586. [CrossRef]

43. Vidotto, T.; Tiezzi, D.G.; Squire, J.A. Distinct subtypes of genomic PTEN deletion size influence the landscape of aneu-ploidy and
outcome in prostate cancer. Mol. Cytogenet. 2018, 11, 1. [CrossRef] [PubMed]

44. Chaux, A.; Peskoe, S.B.; Gonzalez-Roibon, N.; Schultz, L.; Albadine, R.; Hicks, J.; De Marzo, A.M.; Platz, E.A.; Netto, G.J. Loss of
PTEN expression is associated with increased risk of recurrence after prostatectomy for clinically localized prostate cancer. Mod.
Pathol. 2012, 25, 1543–1549. [CrossRef] [PubMed]

45. Gupta, S.; Abbass, I.M.; Craggs, C.; Satram, S.; To, T.M.; Mahrus, S.; Sufan, R.I.; Albarmawi, H. Overall survival of patients with
metastatic castrate-resistant prostate cancer (mCRPC) who have PTEN tumor suppressor gene loss of function. J. Clin. Oncol.
2021, 39, 58. [CrossRef]

46. Rescigno, P.; Lorente, D.; Dolling, D.; Ferraldeschi, R.; Rodrigues, D.N.; Riisnaes, R.; Miranda, S.; Bianchini, D.; Zafeiriou,
Z.; Sideris, S.; et al. Docetaxel Treatment in PTEN- and ERG-aberrant Metastatic Prostate Cancers. Eur. Urol. Oncol. 2018, 1,
71–77. [CrossRef] [PubMed]

47. De Bono, J.S.; De Giorgi, U.; Rodrigues, D.N.; Massard, C.; Bracarda, S.; Font, A.; Arija, J.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. 2018, 25, 928–936. [CrossRef]

48. Sweeney, C.; Bracarda, S.; Sternberg, C.N.; Chi, K.N.; Olmos, D.; Sandhu, S.; Massard, C.; Matsubara, N.; Alekseev, B.; Parnis,
F.; et al. Ipatasertib plus abiraterone and pred-nisolone in metastatic castration-resistant prostate cancer (IPATential150): A
multicentre, randomised, double-blind, phase 3 trial. Lancet 2021, 398, 131–142. [CrossRef]

http://doi.org/10.1016/j.annonc.2020.06.011
http://www.ncbi.nlm.nih.gov/pubmed/32593798
http://doi.org/10.1126/scitranslmed.aac9511
http://doi.org/10.1093/annonc/mdx155
http://doi.org/10.1016/j.eururo.2018.09.049
http://doi.org/10.1016/j.ejca.2019.05.007
http://doi.org/10.1200/PO.20.00084
http://doi.org/10.1158/1078-0432.CCR-13-1863
http://doi.org/10.1200/JCO.18.01731
http://doi.org/10.1016/j.eururo.2019.08.034
http://doi.org/10.1242/jcs.114.13.2375
http://www.ncbi.nlm.nih.gov/pubmed/11559746
http://doi.org/10.1016/j.semcancer.2019.02.001
http://doi.org/10.1016/j.cell.2015.05.001
http://doi.org/10.1016/j.eururo.2014.10.027
http://www.ncbi.nlm.nih.gov/pubmed/25454616
http://doi.org/10.1073/pnas.201167798
http://www.ncbi.nlm.nih.gov/pubmed/11553783
http://doi.org/10.1016/j.ccr.2011.04.008
http://doi.org/10.1186/s13039-017-0348-y
http://www.ncbi.nlm.nih.gov/pubmed/29308088
http://doi.org/10.1038/modpathol.2012.104
http://www.ncbi.nlm.nih.gov/pubmed/22684219
http://doi.org/10.1200/JCO.2021.39.6_suppl.58
http://doi.org/10.1016/j.euo.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29911685
http://doi.org/10.1158/1078-0432.CCR-18-0981
http://doi.org/10.1016/S0140-6736(21)00580-8


Cancers 2021, 13, 4771 18 of 23

49. 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, 13. [CrossRef]

50. Rescigno, P.; Rediti, M.; Dolling, D.; Rodrigues, D.; Bianchini, D.; Riisnaes, R.; Messina, C.; Barrero, M.; Petremolo, A.; Sharp, A.;
et al. PI3K/AKT pathway deleterious mutations in lethal prostate cancer. Ann. Oncol. 2018, 29, viii293. [CrossRef]

51. Kolinsky, M.; Rescigno, P.; Bianchini, D.; Zafeiriou, Z.; Mehra, N.; Mateo, J.; Michalarea, V.; Riisnaes, R.; Crespo, M.; Figueiredo, I.;
et al. A phase I dose-escalation study of enzalutamide in combination with the AKT inhibitor AZD5363 (capivasertib) in patients
with metastatic castration-resistant prostate cancer. Ann. Oncol. 2020, 31, 619–625. [CrossRef]

52. O’Kane, G.M.; Connor, A.A.; Gallinger, S. Characterization, Detection, and Treatment Approaches for Homologous Recombination
Deficiency in Cancer. Trends Mol. Med. 2017, 23, 1121–1137. [CrossRef] [PubMed]

53. Vítor, A.C.; Huertas, P.; Legube, G.; De Almeida, S.F. Studying DNA Double-Strand Break Repair: An Ever-Growing Toolbox.
Front. Mol. Biosci. 2020, 7, 24. [CrossRef]

54. 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. J. Med. 2020, 382, 2091–2102. [CrossRef]

55. Lozano, R.; Salles, D.C.; Sandhu, S.; Aragón, I.M.; Thorne, H.; López-Campos, F.; Rubio-Briones, J.; Gutierrez-Pecharroman, A.M.;
Maldonado, L.; di Domenico, T.; et al. Association between BRCA2 alterations and intraductal and cribriform histologies in
prostate cancer. Eur. J. Cancer 2021, 147, 74–83. [CrossRef]

56. Handy, C.; Baras, A.S.; Lotan, T.L.; Antonarakis, E.S. Prevalence of homologous recombination deficiency (HRD) mutations in
localized prostate cancer according to Gleason grade: Implications for neoadjuvant clinical trial design. J. Clin. Oncol. 2018,
36, 5062. [CrossRef]

57. Lozano, R.; Castro, E.; Aragón, I.M.; Cendón, Y.; Cattrini, C.; López-Casas, P.P.; Olmos, D. Genetic aberrations in DNA repair
pathways: A cornerstone of precision oncology in prostate cancer. Br. J. Cancer 2020, 124, 552–563. [CrossRef]

58. Castro, E.; Goh, C.; Olmos, D.; Saunders, E.; Leongamornlert, D.; Tymrakiewicz, M.; Mahmud, N.; Dadaev, T.; Govindasami, K.;
Guy, M.; et al. Germline BRCA Mutations Are Associated With Higher Risk of Nodal Involvement, Distant Metastasis, and Poor
Survival Outcomes in Prostate Cancer. J. Clin. Oncol. 2013, 31, 1748–1757. [CrossRef] [PubMed]

59. Mateo, J.; Seed, G.; Bertan, C.; Rescigno, P.; Dolling, D.; Figueiredo, I.; Miranda, S.; Rodrigues, D.N.; Gurel, B.;
Clarke, M.; et al. Genomics of lethal prostate cancer at diagnosis and castration resistance. J. Clin. Investig. 2020, 130,
1743–1751. [CrossRef] [PubMed]

60. Edwards, S.M.; Evans, G.; Hope, Q.; Norman, A.R.; Barbachano, Y.; Bullock, S.; Kote-Jarai, Z.; Meitz-Hopkins, J.C.; Falconer, A.;
Osin, P.; et al. Prostate cancer in BRCA2 germline mutation carriers is associated with poorer prognosis. Br. J. Cancer 2010, 103,
918–924. [CrossRef] [PubMed]

61. Abida, W.; Armenia, J.; Gopalan, A.; Brennan, R.; Walsh, M.; Barron, D.; Danila, D.; Rathkopf, D.; Morris, M.; Slovin, S.; et al.
Prospective Genomic Profiling of Prostate Cancer Across Disease States Reveals Germline and Somatic Alterations That May
Affect Clinical Decision Making. JCO Precis. Oncol. 2017, 1, 1–16. [CrossRef] [PubMed]

62. Rescigno, P.; Gurel, B.; Pereira, R.; Crespo, M.; Rekowski, J.; Rediti, M.; Barrero, M.; Mateo, J.; Bianchini, D.; Messina, C.; et al.
Characterizing CDK12-Mutated Prostate Cancers. Clin. Cancer Res. 2020, 27, 566–574. [CrossRef]

63. Helleday, T. The underlying mechanism for the PARP and BRCA synthetic lethality: Clearing up the misunderstandings. Mol.
Oncol. 2011, 5, 387–393. [CrossRef]

64. Teyssonneau, D.; Margot, H.; Cabart, M.; Anonnay, M.; Sargos, P.; Vuong, N.-S.; Soubeyran, I.; Sevenet, N.; Roubaud, G. Prostate
cancer and PARP inhibitors: Progress and challenges. J. Hematol. Oncol. 2021, 14, 51. [CrossRef] [PubMed]

65. Mateo, J.; Carreira, S.; Sandhu, S.; Miranda, S.; Mossop, H.; Perez-Lopez, R.; Rodrigues, D.N.; Robinson, D.; Omlin,
A.; Tunariu, N.; et al. DNA-Repair Defects and Olaparib in Metastatic Prostate Cancer. N. Engl. J. Med. 2015, 373,
1697–1708. [CrossRef] [PubMed]

66. Mateo, J.; Porta, N.; Bianchini, D.; McGovern, U.; Elliott, T.; Jones, R.; Syndikus, I.; Ralph, C.; Jain, S.; Varughese, M.; et al.
Olaparib in patients with metastatic castra-tion-resistant prostate cancer with DNA repair gene aberrations (TOPARP-B): A
multicentre, open-label, randomised, phase 2 trial. Lancet Oncol. 2020, 21, 162–174. [CrossRef]

67. De Bono, J.S.; Matsubara, N.; Penel, N.; Mehra, N.; Kolinsky, M.P.; Bompas, E.; Feyerabend, S.; Gravis, G.; Joung, J.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, 39, 126. [CrossRef]

68. Smith, M.; Sandhu, S.; Kelly, W.; Scher, H.; Efstathiou, E.; Lara, P.; Yu, E.; George, D.; Chi, K.; Saad, F.; et al. Pre-specified
interim analysis of GALAHAD: A phase II study of niraparib in patients (pts) with metastatic castration-resistant prostate cancer
(mCRPC) and biallelic DNA-repair gene defects (DRD). Ann. Oncol. 2019, 30, 884–885. [CrossRef]

69. 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]

70. Li, G.-M. Mechanisms and functions of DNA mismatch repair. Cell Res. 2007, 18, 85–98. [CrossRef]
71. Kunkel, T.A.; Erie, D.A. DNA mismatch repair. Annu. Rev. Biochem. 2005, 74, 681–710. [CrossRef] [PubMed]
72. Germano, G.; Amirouchene-Angelozzi, N.; Rospo, G.; Bardelli, A. The Clinical Impact of the Genomic Landscape of Mismatch

Repair-Deficient Cancers. Cancer Discov. 2018, 8, 1518–1528. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2021.39.6_suppl.13
http://doi.org/10.1093/annonc/mdy284.047
http://doi.org/10.1016/j.annonc.2020.01.074
http://doi.org/10.1016/j.molmed.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29133135
http://doi.org/10.3389/fmolb.2020.00024
http://doi.org/10.1056/NEJMoa1911440
http://doi.org/10.1016/j.ejca.2021.01.027
http://doi.org/10.1200/JCO.2018.36.15_suppl.5062
http://doi.org/10.1038/s41416-020-01114-x
http://doi.org/10.1200/JCO.2012.43.1882
http://www.ncbi.nlm.nih.gov/pubmed/23569316
http://doi.org/10.1172/JCI132031
http://www.ncbi.nlm.nih.gov/pubmed/31874108
http://doi.org/10.1038/sj.bjc.6605822
http://www.ncbi.nlm.nih.gov/pubmed/20736950
http://doi.org/10.1200/PO.17.00029
http://www.ncbi.nlm.nih.gov/pubmed/28825054
http://doi.org/10.1158/1078-0432.CCR-20-2371
http://doi.org/10.1016/j.molonc.2011.07.001
http://doi.org/10.1186/s13045-021-01061-x
http://www.ncbi.nlm.nih.gov/pubmed/33781305
http://doi.org/10.1056/NEJMoa1506859
http://www.ncbi.nlm.nih.gov/pubmed/26510020
http://doi.org/10.1016/S1470-2045(19)30684-9
http://doi.org/10.1200/JCO.2021.39.6_suppl.126
http://doi.org/10.1093/annonc/mdz394.043
http://doi.org/10.1200/JCO.20.01035
http://doi.org/10.1038/cr.2007.115
http://doi.org/10.1146/annurev.biochem.74.082803.133243
http://www.ncbi.nlm.nih.gov/pubmed/15952900
http://doi.org/10.1158/2159-8290.CD-18-0150
http://www.ncbi.nlm.nih.gov/pubmed/30442708


Cancers 2021, 13, 4771 19 of 23

73. Sedhom, R.; Antonarakis, E.S. Clinical implications of mismatch repair deficiency in prostate cancer. Futur. Oncol. 2019, 15,
2395–2411. [CrossRef] [PubMed]

74. Haraldsdottir, S.; Ms, H.H.; Wei, L.; Wu, C.; Frankel, W.; Bekaii-Saab, T.; de la Chapelle, A.; Goldberg, R.M. Prostate cancer
incidence in males with Lynch syndrome. Genet. Med. 2014, 16, 553–557. [CrossRef]

75. Rodrigues, D.N.; Rescigno, P.; Liu, D.; Yuan, W.; Carreira, S.; Lambros, M.B.; Seed, G.; Mateo, J.; Riisnaes, R.; Mullane, S.; et al.
Immunogenomic analyses associate immunological alterations with mismatch repair defects in prostate cancer. J. Clin. Investig.
2018, 128, 4441–4453. [CrossRef]

76. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409–413. [CrossRef] [PubMed]

77. Antonarakis, E.S.; Piulats, J.M.; Gross-Goupil, M.; Goh, J.; Ojamaa, K.; Hoimes, C.J.; Vaishampayan, U.; Berger, R.; Sezer,
A.; Alanko, T.; et al. Pembrolizumab for Treatment-Refractory Metastatic Castration-Resistant Prostate Cancer: Multicohort,
Open-Label Phase II KEYNOTE-199 Study. J. Clin. Oncol. 2020, 38, 395–405. [CrossRef] [PubMed]

78. Smits, M.; Westdorp, H.; Gorris, M.A.J.; van Ee, T.; Duiveman-de Boer, T.; Verrijp, K.; Jones, J.C.; van Oort, I.M.; Sedelaar, M.; van
Der Heijden, A.; et al. Correlates of response to an-ti-PD-1 immune checkpoint blockade (ICB) in mismatch repair proficient
(MMRp) and deficient (MMRd) patients (pts) with metastatic castration resistant prostate cancer (mCRPC). J. Clinic. Oncol. 2018,
36, 5036. [CrossRef]

79. Labani-Motlagh, A.; Ashja-Mahdavi, M.; Loskog, A. The Tumor Microenvironment: A Milieu Hindering and Obstructing
Antitumor Immune Responses. Front. Immunol. 2020, 11, 940. [CrossRef]

80. Binnewies, M.; Roberts, E.; Kersten, K.; Chan, V.; Fearon, D.F.; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.; Ostrand-Rosenberg,
S.; Hedrick, C.C.; et al. Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat. Med. 2018, 24,
541–550. [CrossRef]

81. Bahmad, H.F.; Jalloul, M.; Azar, J.; Moubarak, M.M.; Samad, T.A.; Mukherji, D.; Al-Sayegh, M.; Abou-Kheir, W. Tumor
Microenvironment in Prostate Cancer: Toward Identification of Novel Molecular Biomarkers for Diagnosis, Prognosis, and
Therapy Development. Front. Genet. 2021, 12, 472. [CrossRef]

82. Drachenberg, D.E.; Elgamal, A.A.; Rowbotham, R.; Peterson, M.; Murphy, G.P. Circulating levels of interleukin-6 in pa-tients with
hormone refractory prostate cancer. Prostate 1999, 41, 127–133. [CrossRef]

83. Harshman, L.C.; Wang, V.X.; Hamid, A.A.; Ms, G.S.; Drake, C.G.; Carducci, M.A.; DiPaola, R.S.; Fichorova, R.N.; Sweeney, C.J.
Impact of baseline serum IL-8 on metastatic hormone-sensitive prostate cancer outcomes in the Phase 3 CHAARTED trial (E3805).
Prostate 2020, 80, 1429–1437. [CrossRef]

84. Calcinotto, A.; Spataro, C.; Zagato, E.; Di Mitri, D.; Gil, V.; Crespo, M.; De Bernardis, G.; Losa, M.; Mirenda, M.; Pasquini, E.; et al.
IL-23 secreted by myeloid cells drives castration-resistant prostate cancer. Nature 2018, 559, 363–369. [CrossRef]

85. Han, Y.; Liu, D.; Li, L. PD-1/PD-L1 pathway: Current researches in cancer. Am. J. Cancer. Res. 2020, 10, 727–742. [PubMed]
86. Baas, W.; Gershburg, S.; Dynda, D.; Delfino, K.; Robinson, K.; Nie, D.; Yearley, J.H.; Alanee, S. Immune Characteri-

zation of the Pro-grammed Death Receptor Pathway in High Risk Prostate Cancer. Clin. Genitourin. Cancer 2017, 15,
577–581. [CrossRef] [PubMed]

87. Martin, A.M.; Nirschl, T.R.; Nirschl, C.J.; Francica, B.J.; Kochel, C.M.; Van Bokhoven, A.; Meeker, A.K.; Lucia, M.S.; Anders, R.A.;
DeMarzo, A.M.; et al. Paucity of PD-L1 expression in prostate cancer: Innate and adaptive immune resistance. Prostate Cancer
Prostatic Dis. 2015, 18, 325–332. [CrossRef] [PubMed]

88. Calagua, C.; Russo, J.; Sun, Y.; Schaefer, R.; Lis, R.; Zhang, Z.; Mahoney, K.; Bubley, G.J.; Loda, M.; Taplin, M.-E.; et al. Expression
of PD-L1 in Hormone-naïve and Treated Prostate Cancer Patients Receiving Neoadjuvant Abiraterone Acetate plus Prednisone
and Leuprolide. Clin. Cancer Res. 2017, 23, 6812–6822. [CrossRef] [PubMed]

89. Gevensleben, H.; Dietrich, D.; Golletz, C.; Steiner, S.; Jung, M.; Thiesler, T.; Majores, M.; Stein, J.; Uhl, B.; Müller, S.; et al. The
Immune Checkpoint Regulator PD-L1 Is Highly Expressed in Aggressive Primary Prostate Cancer. Clin. Cancer Res. 2015, 22,
1969–1977. [CrossRef] [PubMed]

90. Bishop, J.L.; Sio, A.; Angeles, A.; Roberts, M.E.; Azad, A.A.; Chin, K.N.; Zoubeidi, A. PD-L1 is highly expressed in En-zalutamide
resistant prostate cancer. Oncotarget 2014, 6, 234–242. [CrossRef]

91. Jafari, S.; Molavi, O.; Kahroba, H.; Hejazi, M.S.; Maleki-Dizaji, N.; Barghi, S.; Kiaie, S.H.; Jadidi-Niaragh, F. Clinical application of
immune checkpoints in targeted immunotherapy of prostate cancer. Cell. Mol. Life Sci. 2020, 77, 3693–3710. [CrossRef]

92. Velho, P.H.I.; Antonarakis, E.S. PD-1/PD-L1 pathway inhibitors in advanced prostate cancer. Expert Rev. Clin. Pharmacol. 2018, 11,
475–486. [CrossRef]

93. Sharma, P.; Pachynski, R.K.; Narayan, V.; Fléchon, A.; Gravis, G.; Galsky, M.D.; Mahammedi, H.; Patnaik, A.; Subudhi, S.K.;
Ciprotti, M.; et al. Nivolumab Plus Ipilimumab for Metastatic Castration-Resistant Prostate Cancer: Preliminary Analysis of
Patients in the CheckMate 650 Trial. Cancer Cell 2020, 38, 489–499. [CrossRef] [PubMed]

94. Wo, Y.J.; Gan, A.S.P.; Lim, X.; Tay, I.S.Y.; Lim, S.; Lim, J.C.T.; Yeong, J.P.S. The Roles of CD38 and CD157 in the Solid Tumor
Microenvironment and Cancer Immunotherapy. Cells 2019, 9, 26. [CrossRef] [PubMed]

95. Guo, C.; Crespo, M.; Gurel, B.; Dolling, D.; Rekowski, J.; Sharp, A.; Petremolo, A.; Sumanasuriya, S.; Rodrigues, D.N.; Ferreira, A.;
et al. CD38 in Advanced Prostate Cancers. Eur. Urol. 2021, 79, 736–746. [CrossRef] [PubMed]

96. Leclerc, B.G.; Charlebois, R.; Chouinard, G.; Allard, B.; Pommey, S.; Saad, F.; Stagg, J. CD73 Expression Is an Independent
Prognostic Factor in Prostate Cancer. Clin. Cancer Res. 2015, 22, 158–166. [CrossRef]

http://doi.org/10.2217/fon-2019-0068
http://www.ncbi.nlm.nih.gov/pubmed/31237441
http://doi.org/10.1038/gim.2013.193
http://doi.org/10.1172/JCI121924
http://doi.org/10.1126/science.aan6733
http://www.ncbi.nlm.nih.gov/pubmed/28596308
http://doi.org/10.1200/JCO.19.01638
http://www.ncbi.nlm.nih.gov/pubmed/31774688
http://doi.org/10.1200/JCO.2018.36.15_suppl.5036
http://doi.org/10.3389/fimmu.2020.00940
http://doi.org/10.1038/s41591-018-0014-x
http://doi.org/10.3389/fgene.2021.652747
http://doi.org/10.1002/(SICI)1097-0045(19991001)41:2&lt;127::AID-PROS7&gt;3.0.CO;2-H
http://doi.org/10.1002/pros.24074
http://doi.org/10.1038/s41586-018-0266-0
http://www.ncbi.nlm.nih.gov/pubmed/32266087
http://doi.org/10.1016/j.clgc.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28461179
http://doi.org/10.1038/pcan.2015.39
http://www.ncbi.nlm.nih.gov/pubmed/26260996
http://doi.org/10.1158/1078-0432.CCR-17-0807
http://www.ncbi.nlm.nih.gov/pubmed/28893901
http://doi.org/10.1158/1078-0432.CCR-15-2042
http://www.ncbi.nlm.nih.gov/pubmed/26573597
http://doi.org/10.18632/oncotarget.2703
http://doi.org/10.1007/s00018-020-03459-1
http://doi.org/10.1080/17512433.2018.1464388
http://doi.org/10.1016/j.ccell.2020.08.007
http://www.ncbi.nlm.nih.gov/pubmed/32916128
http://doi.org/10.3390/cells9010026
http://www.ncbi.nlm.nih.gov/pubmed/31861847
http://doi.org/10.1016/j.eururo.2021.01.017
http://www.ncbi.nlm.nih.gov/pubmed/33678520
http://doi.org/10.1158/1078-0432.CCR-15-1181


Cancers 2021, 13, 4771 20 of 23

97. Nijhof, I.S.; Casneuf, T.; Van Velzen, J.; Van Kessel, B.; Axel, A.E.; Syed, K.; Groen, R.; Van Duin, M.; Sonneveld, P.; Minnema,
M.C.; et al. CD38 expression and complement inhibitors affect response and resistance to daratumumab therapy in myeloma.
Blood 2016, 128, 959–970. [CrossRef]

98. Annaratone, L.; De Palma, G.; Bonizzi, G.; Sapino, A.; Botti, G.; Berrino, E.; Mannelli, C.; Arcella, P.; Di Martino, S.; Steffan, A.;
et al. Basic principles of biobanking: From biological samples to precision medicine for patients. Virchows Archiv. 2021, 479,
233–246. [CrossRef]

99. Choi, S.-E.; Hong, S.; Yoon, S.O. Proposal of an Appropriate Decalcification Method of Bone Marrow Biopsy Specimens in the Era
of Expanding Genetic Molecular Study. J. Pathol. Transl. Med. 2015, 49, 236–242. [CrossRef]

100. Schrijver, W.A.M.E.; Van Der Groep, P.; Hoefnagel, L.D.; Ter Hoeve, N.D.; Peeters, T.; Moelans, C.B.; Van Diest, P.J. Influence
of decalcification procedures on immunohistochemistry and molecular pathology in breast cancer. Mod. Pathol. 2016, 29,
1460–1470. [CrossRef]

101. Sailer, V.; Schiffman, M.H.; Kossai, M.; Cyrta, J.; Beg, S.; Sullivan, B.; Pua, B.B.; Lee, K.S.; Talenfeld, A.D.; Nanus, D.M.; et al. Bone
biopsy protocol for advanced prostate cancer in the era of precision medicine. Cancer 2017, 124, 1008–1015. [CrossRef]

102. Gonzalez, D.; Mateo, J.; Stenzinger, A.; Rojo, F.; Shiller, M.; Wyatt, A.W.; Penault-Llorca, F.; Gomella, L.G.; Eeles, R.; Bjartell, A.
Practical considerations for optimising homologous recombination repair mutation testing in patients with metastatic prostate
cancer. J. Pathol. Clin. Res. 2021, 7, 311–325. [CrossRef]

103. Zheng, G.; Lin, M.-T.; Lokhandwala, P.M.; Beierl, K.; Netto, G.J.; Gocke, C.D.; Eshleman, J.R.; McCarthy, E.; Illei, P.B. Clinical
mutational profiling of bone metastases of lung and colon carcinoma and malignant melanoma using next-generation sequencing.
Cancer Cytopathol. 2016, 124, 744–753. [CrossRef]

104. Mateo, J.; McKay, R.; Abida, W.; Aggarwal, R.; Alumkal, J.; Alva, A.; Feng, F.; Gao, X.; Graff, J.; Hussain, M.; et al. Accelerating
precision medicine in metastatic prostate cancer. Nat. Rev. Cancer 2020, 1, 1041–1053. [CrossRef]

105. Miquelestorena-Standley, E.; Jourdan, M.-L.; Collin, C.; Bouvier, C.; Larousserie, F.; Aubert, S.; Gomez-Brouchet, A.; Guinebretière,
J.-M.; Tallegas, M.; Brulin, B.; et al. Effect of decalcification protocols on immunohistochemistry and molecular analyses of bone
samples. Mod. Pathol. 2020, 33, 1505–1517. [CrossRef]

106. Hussain, M.H.A.; Mateo, J.; Sandhu, S.K.; Fizazi, K.; Saad, F.; Shore, N.D.; Olmos, D.; Corcoran, C.; Sibilla, C.; Kohlmann, A.; et al.
Next-generation sequencing (NGS) of tumor tissue from >4000 men with metastatic castration-resistant prostate cancer (mCRPC):
The PROfound phase III study experience. J. Clin. Oncol. 2020, 38, 195. [CrossRef]

107. Gevaert, T.; Van Eycke, Y.-R.; Broeck, T.V.; Van Poppel, H.; Salmon, I.; Rorive, S.; Muilwijk, T.; Claessens, F.; De Ridder, D.; Joniau,
S.; et al. The potential of tumour microenvironment markers to stratify the risk of recurrence in prostate cancer patients. PLoS
ONE 2020, 15, e0244663. [CrossRef]

108. Carneiro, A.; Barbosa, R.G.; Takemura, L.S.; Kayano, P.P.; Moran, N.K.S.; Chen, C.K.; Wroclawski, M.L.; Lemos, G.C.; Da Cunha,
I.W.; Obara, M.T.; et al. The Role of Immunohistochemical Analysis as a Tool for the Diagnosis, Prognostic Evaluation and
Treatment of Prostate Cancer: A Systematic Review of the Literature. Front. Oncol. 2018, 8, 377. [CrossRef] [PubMed]

109. Magi-Galluzzi, C. Prostate cancer: Diagnostic criteria and role of immunohistochemistry. Mod. Pathol. 2018, 31,
12–21. [CrossRef] [PubMed]

110. Kristiansen, G. Markers of clinical utility in the differential diagnosis and prognosis of prostate cancer. Mod. Pathol. 2018, 31,
143–155. [CrossRef] [PubMed]

111. Gupta, S.; Vanderbilt, C.; Abida, W.; Fine, S.W.; Tickoo, S.K.; Al-Ahmadie, H.A.; Chen, Y.-B.; Sirintrapun, S.J.; Chadalavada, K.;
Nanjangud, G.J.; et al. Immunohistochemistry-based assessment of androgen receptor status and the AR-null phenotype in
metastatic castrate resistant prostate cancer. Prostate Cancer Prostatic Dis. 2020, 23, 507–516. [CrossRef]

112. Vlajnic, T.; Bubendorf, L. Molecular pathology of prostate cancer: A practical approach. Pathology 2020, 53, 36–43. [CrossRef]
113. Lotan, T.; Gurel, B.; Sutcliffe, S.; Esopi, D.; Liu, W.; Xu, J.; Hicks, J.L.; Park, B.H.; Humphreys, E.; Partin, A.W.; et al. PTEN

Protein Loss by Immunostaining: Analytic Validation and Prognostic Indicator for a High Risk Surgical Cohort of Prostate Cancer
Patients. Clin. Cancer Res. 2011, 17, 6563–6573. [CrossRef] [PubMed]

114. Li, Y.; Huang, Q.; Zhou, Y.; He, M.; Chen, J.; Gao, Y.; Wang, X. The Clinicopathologic and Prognostic Significance of Programmed
Cell Death Ligand 1 (PD-L1) Expression in Patients With Prostate Cancer: A Systematic Review and Meta-Analysis. Front.
Pharmacol. 2019, 9, 1494. [CrossRef]

115. Wong, R.L.; Yu, E.Y. Refining Immuno-Oncology Approaches in Metastatic Prostate Cancer: Transcending Current Limitations.
Curr. Treat. Options Oncol. 2021, 22, 13. [CrossRef]

116. Hansen, A.; Massard, C.; Ott, P.; Haas, N.; Lopez, J.; Ejadi, S.; Wallmark, J.; Keam, B.; Delord, J.-P.; Aggarwal, R.; et al.
Pembrolizumab for advanced prostate adenocarcinoma: Findings of the KEYNOTE-028 study. Ann. Oncol. 2018, 29,
1807–1813. [CrossRef] [PubMed]

117. Bartley, A.N.; Hamilton, S.R.; Alsabeh, R.; Ambinder, E.P.; Berman, M.; Collins, E.; Fitzgibbons, P.L.; Gress, D.M.; Nowak, J.A.;
Samowitz, W.S.; et al. Template for Reporting Results of Biomarker Testing of Specimens From Patients With Carcinoma of the
Colon and Rectum. Arch. Pathol. Lab. Med. 2014, 138, 166–170. [CrossRef] [PubMed]

118. Fraune, C.; Simon, R.; Höflmayer, D.; Möller, K.; Dum, D.; Büscheck, F.; Hube-Magg, C.; Makrypidi-Fraune, G.; Kluth, M.;
Hinsch, A.; et al. High homogeneity of mismatch repair deficiency in advanced prostate cancer. Virchows Archiv. 2019, 476,
745–752. [CrossRef] [PubMed]

http://doi.org/10.1182/blood-2016-03-703439
http://doi.org/10.1007/s00428-021-03151-0
http://doi.org/10.4132/jptm.2015.03.16
http://doi.org/10.1038/modpathol.2016.116
http://doi.org/10.1002/cncr.31173
http://doi.org/10.1002/cjp2.203
http://doi.org/10.1002/cncy.21743
http://doi.org/10.1038/s43018-020-00141-0
http://doi.org/10.1038/s41379-020-0503-6
http://doi.org/10.1200/JCO.2020.38.6_suppl.195
http://doi.org/10.1371/journal.pone.0244663
http://doi.org/10.3389/fonc.2018.00377
http://www.ncbi.nlm.nih.gov/pubmed/30280090
http://doi.org/10.1038/modpathol.2017.139
http://www.ncbi.nlm.nih.gov/pubmed/29297490
http://doi.org/10.1038/modpathol.2017.168
http://www.ncbi.nlm.nih.gov/pubmed/29297492
http://doi.org/10.1038/s41391-020-0214-6
http://doi.org/10.1016/j.pathol.2020.10.003
http://doi.org/10.1158/1078-0432.CCR-11-1244
http://www.ncbi.nlm.nih.gov/pubmed/21878536
http://doi.org/10.3389/fphar.2018.01494
http://doi.org/10.1007/s11864-020-00808-x
http://doi.org/10.1093/annonc/mdy232
http://www.ncbi.nlm.nih.gov/pubmed/29992241
http://doi.org/10.5858/arpa.2013-0231-CP
http://www.ncbi.nlm.nih.gov/pubmed/23808403
http://doi.org/10.1007/s00428-019-02701-x
http://www.ncbi.nlm.nih.gov/pubmed/31811435


Cancers 2021, 13, 4771 21 of 23

119. Lapointe, J.; Li, C.; Higgins, J.P.; van de Rijn, M.; Bair, E.; Montgomery, K.; Ferrari, M.; Egevad, L.; Rayford, W.; Bergerheim, U.;
et al. Gene expression profiling identifies clinically relevant subtypes of prostate cancer. Proc. Natl. Acad. Sci. USA 2004, 101,
811–816. [CrossRef] [PubMed]

120. Kamoun, A.; Cancel-Tassin, G.; Fromont, G.; Elarouci, N.; Armenoult, L.; Ayadi, M.; Irani, J.; Leroy, X.; Villers, A.; Fournier,
G.; et al. Comprehensive molecular classification of localized prostate adenocarcinoma reveals a tumour subtype predictive of
non-aggressive disease. Ann. Oncol. 2018, 29, 1814–1821. [CrossRef]

121. Han, H.; Lee, H.H.; Choi, K.; Moon, Y.J.; Heo, J.E.; Ham, W.S.; Jang, W.S.; Rha, K.H.; Cho, N.H.; Giancotti, F.G.; et al. Prostate
epithelial genes define therapy-relevant prostate cancer molecular subtype. Prostate Cancer Prostatic Dis. 2021, 1–13. [CrossRef]

122. Hammarsten, P.; Josefsson, A.; Thysell, E.; Lundholm, M.; Hägglöf, C.; Iglesias-Gato, D.; Flores-Morales, A.; Stattin, P.; Egevad, L.;
Granfors, T.; et al. Immunoreactivity for prostate specific antigen and Ki67 differentiates subgroups of prostate cancer related to
outcome. Mod. Pathol. 2019, 32, 1310–1319. [CrossRef] [PubMed]

123. Thysell, E.; Vidman, L.; Ylitalo, E.B.; Jernberg, E.; Crnalic, S.; Iglesias-Gato, D.; Flores-Morales, A.; Stattin, P.; Egevad, L.; Widmark,
A.; et al. Gene expression profiles define molecular subtypes of prostate cancer bone metastases with different outcomes and
morphology traceable back to the primary tumor. Mol. Oncol. 2019, 13, 1763–1777. [CrossRef] [PubMed]

124. Schürch, C.M.; Bhate, S.S.; Barlow, G.L.; Phillips, D.J.; Noti, L.; Zlobec, I.; Chu, P.; Black, S.; Demeter, J.; McIlwain, D.R.; et al.
Coordinated Cellular Neighborhoods Orchestrate Antitumoral Immunity at the Colorectal Cancer Invasive Front. Cell 2020, 182,
1341–1359. [CrossRef] [PubMed]

125. Black, S.; Phillips, D.; Hickey, J.W.; Kennedy-Darling, J.; Venkataraaman, V.G.; Samusik, N.; Goltsev, Y.; Schürch, C.M.; Nolan, G.P.
CODEX multiplexed tissue imaging with DNA-conjugated antibodies. Nat. Protoc. 2021, 16, 3802–3835. [CrossRef]

126. Phillips, D.; Schürch, C.M.; Khodadoust, M.S.; Kim, Y.H.; Nolan, G.P.; Jiang, S. Highly Multiplexed Phenotyping of Immunoregu-
latory Proteins in the Tumor Microenvironment by CODEX Tissue Imaging. Front. Immunol. 2021, 12. [CrossRef]

127. Ross, A.E.; Johnson, M.H.; Yousefi, K.; Davicioni, E.; Netto, G.J.; Marchionni, L.; Fedor, H.L.; Glavaris, S.; Choeurng, V.; Buerki, C.;
et al. Tissue-based Genomics Augments Post-prostatectomy Risk Stratification in a Natural History Cohort of Intermediate- and
High-Risk Men. Eur. Urol. 2016, 69, 157–165. [CrossRef]

128. Cullen, J.; Rosner, I.L.; Brand, T.C.; Zhang, N.; Tsiatis, A.C.; Moncur, J.; Ali, A.; Chen, Y.; Knezevic, D.; Maddala, T.; et al. A
Biopsy-based 17-gene Genomic Prostate Score Predicts Recurrence After Radical Prostatectomy and Adverse Surgical Pathology
in a Racially Diverse Population of Men with Clinically Low- and Intermediate-risk Prostate Cancer. Eur. Urol. 2015, 68,
123–131. [CrossRef]

129. Cuzick, J.; Swanson, G.P.; Fisher, G.; Brothman, A.R.; Berney, D.M.; Reid, J.E. Transatlantic Prostate Group. Prog-nostic value of
an RNA expression signature derived from cell cycle proliferation genes in patients with prostate cancer: A retrospective study.
Lancet Oncol. 2011, 12, 245–255. [CrossRef]

130. Blume-Jensen, P.; Berman, D.; Rimm, D.L.; Shipitsin, M.; Putzi, M.; Nifong, T.P.; Small, C.; Choudhury, S.; Capela, T.; Coupal,
L.; et al. Development and Clinical Validation of an In Situ Biopsy-Based Multimarker Assay for Risk Stratification in Prostate
Cancer. Clin. Cancer Res. 2015, 21, 2591–2600. [CrossRef]

131. Basourakos, S.P.; Tzeng, M.; Lewicki, P.J.; Patel, K.; Awamlh, B.A.H.A.; Venkat, S.; Shoag, J.E.; Gorin, M.A.; Barbieri, C.E.; Hu,
J.C. Tis-sue-Based Biomarkers for the Risk Stratification of Men With Clinically Localized Prostate Cancer. Front Oncol. 2021,
28, 676716.

132. Eggener, S.E.; Rumble, R.B.; Armstrong, A.J.; Morgan, T.M.; Crispino, T.; Cornford, P.; van Der Kwast, T.; Grignon, D.J.;
Rai, A.J.; Agarwal, N.; et al. Molecular Biomarkers in Localized Prostate Cancer: ASCO Guideline. J. Clin. Oncol. 2020, 38,
1474–1494. [CrossRef] [PubMed]

133. Eggener, S.E.; Rumble, R.B.; Beltran, H. Molecular Biomarkers in Localized Prostate Cancer: ASCO Guideline Summary. JCO
Oncol. Pr. 2020, 16, 340–343. [CrossRef] [PubMed]

134. Jairath, N.K.; Pra, A.D.; Vince, R.; Dess, R.T.; Jackson, W.C.; Tosoian, J.J.; McBride, S.M.; Zhao, S.G.; Berlin, A.; Mahal, B.A.;
et al. A Systematic Review of the Evidence for the Decipher Genomic Classifier in Prostate Cancer. Eur. Urol. 2020, 79,
374–383. [CrossRef] [PubMed]

135. Faisal, F.A.; Lotan, T. The Genomic and Molecular Pathology of Prostate Cancer: Clinical Implications for Diagnosis, Prognosis,
and Therapy. Adv. Anat. Pathol. 2019, 27, 11–19. [CrossRef]

136. Abida, W.; Cyrta, J.; Heller, G.; Prandi, D.; Armenia, J.; Coleman, I.; Cieslik, M.; Benelli, M.; Robinson, D.; Van Allen, E.M.; et al.
Genomic correlates of clinical outcome in advanced prostate cancer. Proc. Natl. Acad. Sci. USA 2019, 116, 11428–11436. [CrossRef]

137. van Dessel, L.F.; van Riet, J.; Smits, M.; Zhu, Y.; Hamberg, P.; van der Heijden, M.S.; Bergman, A.M.; van Oort, I.M.; de Wit, R.;
Voest, E.E.; et al. The genomic landscape of metastatic castration-resistant prostate cancers reveals multiple distinct genotypes
with potential clinical impact. Nat. Commun. 2019, 10, 5251. [CrossRef]

138. Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.; Barlesi, F.; Lolkema, M.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-Bernstam,
F.; et al. Recommendations for the use of next-generation sequencing (NGS) for patients with metastatic cancers: A report from
the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491–1505. [CrossRef]

139. Merseburger, A.S.; Waldron, N.; Ribal, M.J.; Heidenreich, A.; Perner, S.; Fizazi, K.; Sternberg, C.N.; Mateo, J.; Wirth, M.P.; Castro,
E.; et al. Genomic Testing in Patients with Metastatic Castration-resistant Prostate Cancer: A Pragmatic Guide for Clinicians. Eur.
Urol. 2021, 79, 519–529. [CrossRef]

http://doi.org/10.1073/pnas.0304146101
http://www.ncbi.nlm.nih.gov/pubmed/14711987
http://doi.org/10.1093/annonc/mdy224
http://doi.org/10.1038/s41391-021-00364-x
http://doi.org/10.1038/s41379-019-0260-6
http://www.ncbi.nlm.nih.gov/pubmed/30980038
http://doi.org/10.1002/1878-0261.12526
http://www.ncbi.nlm.nih.gov/pubmed/31162796
http://doi.org/10.1016/j.cell.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32763154
http://doi.org/10.1038/s41596-021-00556-8
http://doi.org/10.3389/fimmu.2021.687673
http://doi.org/10.1016/j.eururo.2015.05.042
http://doi.org/10.1016/j.eururo.2014.11.030
http://doi.org/10.1016/S1470-2045(10)70295-3
http://doi.org/10.1158/1078-0432.CCR-14-2603
http://doi.org/10.1200/JCO.19.02768
http://www.ncbi.nlm.nih.gov/pubmed/31829902
http://doi.org/10.1200/JOP.19.00752
http://www.ncbi.nlm.nih.gov/pubmed/32048932
http://doi.org/10.1016/j.eururo.2020.11.021
http://www.ncbi.nlm.nih.gov/pubmed/33293078
http://doi.org/10.1097/PAP.0000000000000245
http://doi.org/10.1073/pnas.1902651116
http://doi.org/10.1038/s41467-019-13084-7
http://doi.org/10.1016/j.annonc.2020.07.014
http://doi.org/10.1016/j.eururo.2020.12.039


Cancers 2021, 13, 4771 22 of 23

140. Rodrigues, D.N.; Casiraghi, N.; Romanel, A.; Crespo, M.; Miranda, S.; Rescigno, P.; Figueiredo, I.; Riisnaes, R.; Carreira, S.;
Sumanasuriya, S.; et al. RB1 Heterogeneity in Advanced Metastatic Castration-Resistant Prostate Cancer. Clin. Cancer Res. 2018,
25, 687–697. [CrossRef] [PubMed]

141. Hamid, A.; Huang, H.-C.; Wang, V.; Chen, Y.-H.; Feng, F.; Den, R.; Attard, G.; Van Allen, E.; Tran, P.; Spratt, D.; et al. Transcriptional
profiling of primary prostate tumor in metastatic hormone-sensitive prostate cancer and association with clinical outcomes:
Correlative analysis of the E3805 CHAARTED trial. Ann. Oncol. 2021, 32, 1157–1166. [CrossRef]

142. Zhao, S.G.; Chang, S.L.; Erho, N.; Yu, M.; Lehrer, J.; Alshalalfa, M.; Speers, C.; Cooperberg, M.R.; Kim, W.; Ryan, C.J.; et al.
Associations of Luminal and Basal Subtyping of Prostate Cancer With Prognosis and Response to Androgen Deprivation Therapy.
JAMA Oncol. 2017, 3, 1663–1672. [CrossRef]

143. Brady, L.; Kriner, M.; Coleman, I.; Morrissey, C.; Roudier, M.; True, L.D.; Gulati, R.; Plymate, S.R.; Zhou, Z.; Birditt, B.; et al. Inter-
and intra-tumor heterogeneity of metastatic prostate cancer determined by digital spatial gene expression profiling. Nat. Commun.
2021, 12, 1–16. [CrossRef]

144. Yang, S.; Wei, W.; Zhao, Q. B7-H3, a checkpoint molecule, as a target for cancer immunotherapy. Int. J. Biol. Sci. 2020, 16,
1767–1773. [CrossRef] [PubMed]

145. Zainfeld, D.; Goldkorn, A. Liquid Biopsy in Prostate Cancer: Circulating Tumor Cells and Beyond. Cancer Treat Res 2018, 175,
87–104. [CrossRef]

146. Van Der Toom, E.E.; Axelrod, H.D.; De La Rosette, J.J.; De Reijke, T.M.; Pienta, K.J.; Valkenburg, K.C. Prostate-specific markers to
identify rare prostate cancer cells in liquid biopsies. Nat. Rev. Urol. 2018, 16, 7–22. [CrossRef] [PubMed]

147. Yang, M.; Zhang, X.; Guo, L.; Liu, X.; Wu, J.; Zhu, H. Research Progress for the Clinical Application of Circulating Tumor Cells in
Prostate Cancer Diagnosis and Treatment. BioMed Res. Int. 2021, 2021, 1–11. [CrossRef]

148. Habli, Z.; Alchamaa, W.; Saab, R.; Kadara, H.; Khraiche, M.L. Circulating Tumor Cell Detection Technologies and Clinical Utility:
Challenges and Opportunities. Cancers 2020, 12, 1930. [CrossRef] [PubMed]

149. Malihi, P.D.; Graf, R.P.; Rodriguez, A.; Ramesh, N.; Lee, J.; Sutton, R.; Jiles, R.; Velasco, C.R.; Sei, E.; Kolatkar, A.; et al. Single-Cell
Circulating Tumor Cell Analysis Reveals Genomic Instability as a Distinctive Feature of Aggressive Prostate Cancer. Clin. Cancer
Res. 2020, 26, 4143–4153. [CrossRef] [PubMed]

150. Sobhani, N.; Sirico, M.; Generali, D.; Zanconati, F.; Scaggiante, B. Circulating cell-free nucleic acids as prognostic and therapy
predictive tools for metastatic castrate-resistant prostate cancer. World J. Clin. Oncol. 2020, 11, 450–463. [CrossRef] [PubMed]

151. Cimadamore, A.; Cheng, L.; Massari, F.; Santoni, M.; Pepi, L.; Franzese, C.; Scarpelli, M.; Lopez-Beltran, A.; Galosi, A.; Montironi,
R. Circulating Tumor DNA Testing for Homology Recombination Repair Genes in Prostate Cancer: From the Lab to the Clinic.
Int. J. Mol. Sci. 2021, 22, 5522. [CrossRef]

152. 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]

153. Wyatt, A.W.; Annala, M.; Aggarwal, R.; Beja, K.; Feng, F.; Youngren, J.; Foye, A.; Lloyd, P.; Nykter, M.; Beer, T.M.; et al.
Concordance of Circulating Tumor DNA and Matched Metastatic Tissue Biopsy in Prostate Cancer. J. Natl. Cancer Inst. 2017,
109, djx118. [CrossRef] [PubMed]

154. Ishiba, T.; Hoffmann, A.-C.; Usher, J.; Elshimali, Y.; Sturdevant, T.; Dang, M.; Jaimes, Y.; Tyagi, R.; Gonzales, R.; Grino, M.; et al.
Frequencies and expression levels of programmed death ligand 1 (PD-L1) in circulating tumor RNA (ctRNA) in various cancer
types. Biochem. Biophys. Res. Commun. 2018, 500, 621–625. [CrossRef]

155. Tukachinsky, H.; Madison, R.; Chung, J.; Dennis, L.; Fendler, B.; Morley, S.; Zhong, L.; Graf, R.; Ross, J.S.; Alexander, B.M.;
et al. Genomic analysis of circulating tumor DNA in 3,334 patients with advanced prostate cancer to identify targetable BRCA
alterations and AR resistance mechanisms. J. Clin. Oncol. 2021, 39, 25. [CrossRef]

156. Jensen, K.; Konnick, E.Q.; Schweizer, M.T.; Sokolova, A.O.; Grivas, P.; Cheng, H.H.; Klemfuss, N.M.; Beightol, M.; Yu, E.Y.; Nelson,
P.S.; et al. Association of Clonal Hematopoiesis in DNA Repair Genes With Prostate Cancer Plasma Cell-free DNA Testing
Interference. JAMA Oncol. 2021, 7, 107. [CrossRef]

157. Carreira, S.; Porta, N.; Arce-Gallego, S.; Seed, G.; Llop-Guevara, A.; Bianchini, D.; Rescigno, P.; Paschalis, A.; Bertan, C.;
Baker, C.; et al. Biomarkers Associating with PARP Inhibitor Benefit in Prostate Cancer in the TOPARP-B Trial. Cancer Discov.
2021. [CrossRef] [PubMed]

158. Chi, K.N.; Barnicle, A.; Sibilla, C.; Lai, Z.; Corcoran, C.; Williams, J.A.; Barrett, J.C.; Adelman, C.A.; Qiu, P.; Easter, A.; et al.
Concordance of BRCA1, BRCA2 (BRCA), and ATM mutations identified in matched tumor tissue and circulating tumor DNA
(ctDNA) in men with metastatic castration-resistant prostate cancer (mCRPC) screened in the PROfound study. J. Clin. Oncol.
2021, 39, 26. [CrossRef]

159. Pang, B.; Zhu, Y.; Ni, J.; Thompson, J.; Malouf, D.; Bucci, J.; Graham, P.; Li, Y. Extracellular vesicles: The next generation of
biomarkers for liquid biopsy-based prostate cancer diagnosis. Theranostics 2020, 10, 2309–2326. [CrossRef]

160. Gao, Z.; Pang, B.; Li, J.; Gao, N.; Fan, T.; Li, Y. Emerging Role of Exosomes in Liquid Biopsy for Monitoring Prostate Cancer
Invasion and Metastasis. Front. Cell Dev. Biol. 2021, 9, 679527. [CrossRef]

161. Zhou, E.; Li, Y.; Wu, F.; Guo, M.; Xu, J.; Wang, S.; Tan, Q.; Ma, P.; Song, S.; Jin, Y. Circulating extracellular vesicles are effective
biomarkers for predicting response to cancer therapy. EBioMedicine 2021, 67, 103365. [CrossRef] [PubMed]

http://doi.org/10.1158/1078-0432.CCR-18-2068
http://www.ncbi.nlm.nih.gov/pubmed/30257982
http://doi.org/10.1016/j.annonc.2021.06.003
http://doi.org/10.1001/jamaoncol.2017.0751
http://doi.org/10.1038/s41467-021-21615-4
http://doi.org/10.7150/ijbs.41105
http://www.ncbi.nlm.nih.gov/pubmed/32398947
http://doi.org/10.1007/978-3-319-93339-9_4
http://doi.org/10.1038/s41585-018-0119-5
http://www.ncbi.nlm.nih.gov/pubmed/30479377
http://doi.org/10.1155/2021/6230826
http://doi.org/10.3390/cancers12071930
http://www.ncbi.nlm.nih.gov/pubmed/32708837
http://doi.org/10.1158/1078-0432.CCR-19-4100
http://www.ncbi.nlm.nih.gov/pubmed/32341031
http://doi.org/10.5306/wjco.v11.i7.450
http://www.ncbi.nlm.nih.gov/pubmed/32821651
http://doi.org/10.3390/ijms22115522
http://doi.org/10.1158/2159-8290.CD-17-0261
http://www.ncbi.nlm.nih.gov/pubmed/28450425
http://doi.org/10.1093/jnci/djx118
http://www.ncbi.nlm.nih.gov/pubmed/29206995
http://doi.org/10.1016/j.bbrc.2018.04.120
http://doi.org/10.1200/JCO.2021.39.6_suppl.25
http://doi.org/10.1001/jamaoncol.2020.5161
http://doi.org/10.1158/2159-8290.CD-21-0007
http://www.ncbi.nlm.nih.gov/pubmed/34045297
http://doi.org/10.1200/JCO.2021.39.6_suppl.26
http://doi.org/10.7150/thno.39486
http://doi.org/10.3389/fcell.2021.679527
http://doi.org/10.1016/j.ebiom.2021.103365
http://www.ncbi.nlm.nih.gov/pubmed/33971402


Cancers 2021, 13, 4771 23 of 23

162. Gerdtsson, A.; Setayesh, S.; Malihi, P.; Ruiz, C.; Carlsson, A.; Nevarez, R.; Matsumoto, N.; Gerdtsson, E.; Zurita, A.; Logothetis, C.;
et al. Large Extracellular Vesicle Characterization and Association with Circulating Tumor Cells in Metastatic Castrate Resistant
Prostate Cancer. Cancers 2021, 13, 1056. [CrossRef] [PubMed]

163. Foroni, C.; Zarovni, N.; Bianciardi, L.; Bernardi, S.; Triggiani, L.; Zocco, D.; Venturella, M.; Chiesi, A.; Valcamonico, F.; Berruti, A.
When Less Is More: Specific Capture and Analysis of Tumor Exosomes in Plasma Increases the Sensitivity of Liquid Biopsy for
Comprehensive Detection of Multiple Androgen Receptor Phenotypes in Advanced Prostate Cancer Patients. Biomedicines 2020,
8, 131. [CrossRef] [PubMed]

http://doi.org/10.3390/cancers13051056
http://www.ncbi.nlm.nih.gov/pubmed/33801459
http://doi.org/10.3390/biomedicines8050131
http://www.ncbi.nlm.nih.gov/pubmed/32455948

	Introduction 
	Predictive and Prognostic Markers 
	Androgen Receptor 
	PTEN and PI3K-AKT Pathway 
	Homologous Recombination Deficiency 
	Mismatch Repair Deficiency 
	Tumor Microenvironment 

	Tissue and Methods 
	The Tissue May Be the Issue 
	Immunohistochemistry (IHC) 
	Molecular Tests 
	Blood-Based Tools 

	Conclusions 
	References

