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Lúcio Lara Santos

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Topic Editors

Ana Faustino

University of Évora
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Tânia Lima, António S. Barros, Fábio Trindade, Rita Ferreira, Adelino Leite-Moreira, Daniela

Barros-Silva, et al.

Application of Proteogenomics to Urine Analysis towards the Identification of Novel
Biomarkers of Prostate Cancer: An Exploratory Study
Reprinted from: Cancers 2022, 14, 2001, https://doi.org/10.3390/cancers14082001 . . . . . . . . 112
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Simple Summary: The screening of prostate cancer (PCa), based on the serum prostate specific
antigen (PSA), is characterized by a high number of false positives, leading to overdiagnosis of
healthy men and overtreatment of indolent PCa. This clinical problem severely affects the quality of
life of patients, who would benefit from more specific risk stratification models. By performing a
mass spectrometry (MS) screening on urine samples collected prior to prostate biopsy, we identified
novel biomarkers and validated them by ELISA. Here, we show that an upfront urine test, based on
quantitative biomarkers and patient age, has a higher performance compared to PSA (AUC = 0.6020)
and is a feasible method to improve the eligibility criteria for prostate biopsy, to detect healthy
men (AUC = 0.8196) and clinically significant PCa, thereby reducing the number of unnecessary
prostate biopsies.

Abstract: PCa screening is based on the measurements of the serum prostate specific antigen (PSA) to
select men with higher risks for tumors and, thus, eligible for prostate biopsy. However, PSA testing
has a low specificity, leading to unnecessary biopsies in 50–75% of cases. Therefore, more specific
screening opportunities are needed to reduce the number of biopsies performed on healthy men and
patients with indolent tumors. Urine samples from 45 patients with elevated PSA were collected prior
to prostate biopsy, a mass spectrometry (MS) screening was performed to identify novel biomarkers
and the best candidates were validated by ELISA. The urine quantification of PEDF, HPX, CD99,
CANX, FCER2, HRNR, and KRT13 showed superior performance compared to PSA. Additionally,
the combination of two biomarkers and patient age resulted in an AUC of 0.8196 (PSA = 0.6020) and
0.7801 (PSA = 0.5690) in detecting healthy men and high-grade PCa, respectively. In this study, we
identified and validated novel urine biomarkers for the screening of PCa, showing that an upfront
urine test, based on quantitative biomarkers and patient age, is a feasible method to reduce the
number of unnecessary prostate biopsies and detect both healthy men and clinically significant PCa.

Keywords: eligibility for prostate biopsy; prostate cancer; PSA; screening; urine biomarker

Cancers 2022, 14, 1135. https://doi.org/10.3390/cancers14051135 https://www.mdpi.com/journal/cancers1
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1. Introduction

Prostate cancer (PCa) is one of the most frequently diagnosed cancers worldwide and
a prominent reason for tumor-related deaths in men [1]. In past years, early detection of
PCa and its clinical management became a controversial topic. On the one hand, imple-
mentation of the serum biomarker prostate specific antigen (PSA), as a standard for the
screening of PCa in the early 1990s, resulted in an increased diagnosis of early-stage tumors
and a reduction of PCa-specific mortality rates [2]. Additional refinements in the PCa
screening procedure due to new biomarkers and technologies, such as magnetic resonance
imaging (MRI), have further improved the predictive performances of PSA [3]. On the
other hand, specificities of current diagnostic examinations remain low and still lead to a
high number of false positives, resulting in unnecessarily performed prostate biopsies [4].
Therefore, overdiagnosis of healthy men and overtreatment of indolent PCa remains a
clinical challenge with significant impact on the quality of life of patients due to possible
severe side effects [5,6]. To overcome this problem, more specific risk stratification models
that can complement PSA testing need to be developed, to distinguish clinically significant
from indolent PCa, and to reduce the number of biopsies performed.

Urine is an ideal clinical specimen for diagnostic testing. Its easy collection is com-
pletely non-invasive and it allows the processing of large volumes, compared to tissue,
blood or other biological materials. This enables the detection of biomarkers at any time
point during patient care and facilitates not only diagnosis, but also the monitoring of
the disease. The detection of biomarkers in urine has been studied for a wide range of
cancers with ultrasensitive screening methods, such as nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS) [7,8]. Specific metabolites were examined for
their potential to screen for cancers of the urological system, but also for non-urological
tumors such as lung, breast, colorectal, gastric, hepatic, pancreatic, and renal cancer [9].

The prostate epithelium secretes cellular substances into the gland and prostate cancer
cells can be shed into the prostatic fluids, where they exude into the urine [10,11]. Sensitive
assays can then detect DNA, RNA, proteins, and exosomes of tumor origin [12,13]. MS
proteomics can be a powerful tool for high-throughput screening of proteins in urine
and can be used for the identification of new biomarkers [14,15]. The translation of such
methods into the clinic for standard diagnostic screening is elusive because of the high cost
of instruments and the need for specially trained personnel. Therefore, validation studies
of biomarkers are often performed on larger patient cohorts with immunological assays
such as ELISA, which is a well-established method for protein quantification.

The aim of this study was to discover novel urine biomarkers for the detection of
PCa and investigate their potential as an improved diagnostic test. The goal was to select,
with high sensitivity, men with unspecifically elevated PSA from men who could benefit
from prostate biopsy, which remains the standard of care for the diagnosis of PCa. Since
low-grade PCas are generally considered indolent, the aim of the study was also to identify
biomarkers for the selection of men harboring high-grade PCa. Thus, by improving the
eligibility criteria for prostate biopsy, we would reduce the number of unnecessary prostate
biopsies performed. Additionally, it might offer the possibility of non-invasive disease
monitoring. Tests that rely on the quantification of single biomarkers are often limited in
their power to predict cancer, a disease that is hallmarked by its heterogenic biology [16,17].
Therefore, we focused on the quantification of multiple biomarkers to achieve an increased
accuracy in predicting PCa.

We performed a MS screening on urine samples from 45 men with elevated PSA levels
scheduled for prostate biopsy and identified 2.735 proteins across all samples, as well
as potential biomarkers for the detection of all grades of PCa or high-grade tumors only.
Top candidates were then validated by ELISA and a combinatory analysis predicted their
performances as multiplexed diagnostic test for PCa screening.
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2. Materials and Methods

2.1. Urine Collection and Processing

A total of 45 patients were enrolled in the study at the Urology Department of the Uni-
versity Hospital of Zürich (Zürich, Switzerland). Samples were collected as first-morning
urine from men not subjected to prostatic massage, with high serum PSA levels (≥2 ng/mL)
and/or abnormal digital rectal examination (DRE) results, before the performance of the
prostate biopsy. Sample aliquots were then stored at −80 ◦C until use. Patients’ recruitment,
urine sample collection, and analysis were approved by the Ethics Committee of Kanton
Zürich (BASEC n◦ 2016-00829).

2.2. Mass Spectrometry Analysis

Mass spectrometry (MS) analysis was performed by Biognosys AG (Schlieren, Switzer-
land). All solvents were HPLC-grade from Sigma Aldrich (Schaffhausen, Switzerland)
and all chemicals, if not stated otherwise, were obtained from Sigma Aldrich
(Schaffhausen, Switzerland).

2.2.1. Sample Preparation

After thawing, sample digestion was performed on single filter units (Sartorius Viva-
con 500, 30.000 MWCO HY) following a modified FASP protocol (described by the Max
Planck Institute of Biochemistry, Martinsried, Germany). Samples were denatured with
Biognosys’ Denature Buffer and reduced/alkylated using Biognosys’ Reduction/Alkylation
Solution for 1 h at 37 ◦C. Subsequently, digestion to peptides was carried out using 1 μg
trypsin (Promega) per sample, overnight at 37 ◦C.

2.2.2. Clean-Up for Mass Spectrometry

Peptides were desalted using C18 Ultra Micro Spin columns (The Nest Group) accord-
ing to the manufacturer’s instructions and dried down using a SpeedVac system. Peptides
were resuspended in 17 μL LC solvent A (1% acetonitrile, 0.1% formic acid (FA)) and spiked
with the Biognosys iRT kit calibration peptides. Peptide concentrations were determined
using a UV/VIS Spectrometer (SPECTROstar Nano, BMG Labtech, Ortenberg, Germany).

2.2.3. HPRP Fractionation

For HPRP fractionation of peptides, digested samples were pooled. Ammonium
hydroxide was added to a pH value > 10. The fractionation was performed using a Dionex
UltiMate 3000 RS pump (Thermo Scientific™) on an ACQUITY UPLC CSH C18 1.7 μm,
2.1 × 150 mm column (Waters). The gradient was 1% to 40% solvent B in 30 min, solvents
were A: 20 mM ammonium formate in water, B: acetonitrile. Fractions were taken every
30 s and sequentially pooled to 12 fraction pools. These were dried down and resolved in
15 μL solvent A. Prior to mass spectrometric analyses, they were spiked with Biognosys’
iRT kit calibration peptides. Peptide concentrations were determined using a UV/VIS
Spectrometer (SPECTROstar Nano, BMG Labtech).

2.2.4. Shotgun LC–MS/MS for Spectral Library Generation

For shotgun LC–MS/MS measurements, 2 μg of peptides per fraction were injected to
an in-house packed C18 column (Dr. Maisch ReproSil-Pur, 1.9 μm particle size, 120 Å pore
size; 75 μm inner diameter, 50 cm length, New Objective) on a Thermo Scientific Easy nLC
1200 nano-liquid chromatography system connected to a Thermo Scientific™ Q Exactive™
HF mass spectrometer equipped with a standard nano-electrospray source. LC solvents
were A: 1% acetonitrile in water with 0.1% FA; B: 15% water in acetonitrile with 0.1% FA.
The nonlinear LC gradient was 1–52% solvent B in 60 min followed by 52–90% B in 10 s,
90% B for 10 min, 90–1% B in 10 s and 1% B for 5 min. A modified TOP15 method from
Kelstrup was used [18]. Full MS covered the m/z range of 350–1650 with a resolution of
60.000 (AGC target value was 3 × 106) and was followed by 15 data dependent MS2 scans
with a resolution of 15.000 (AGC target value was 2 × 105). MS2 acquisition precursor
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isolation width was 1.6 m/z, while normalized collision energy was centered at 27 (10%
stepped collision energy) and the default charge state was 2+.

2.2.5. HRM Mass Spectrometry Acquisition

For DIA LC–MS/MS measurements, 2 μg of peptides and 1 IE of PQ500 reference
peptides were injected per sample. For samples with less than 2 μg of total peptide available,
the amount of reference peptides was adjusted accordingly. Peptides were injected into an
in-house packed C18 column (Dr. Maisch ReproSil-Pur, 1.9 μm particle size, 120 Å pore
size; 75 μm inner diameter, 50 cm length, New Objective) on a Thermo Scientific Easy nLC
1200 nano liquid chromatography system connected to a Thermo Scientific Q Exactive HF
mass spectrometer equipped with a standard nano-electrospray source. LC solvents were
A: 1% acetonitrile in water with 0.1% FA; B: 15% water in acetonitrile with 0.1% FA. The
nonlinear LC gradient was 1–55% solvent B in 120 min followed by 55–90% B in 10 s, 90% B
for 10 min, 90–1% B in 10 s, and 1% B for 5 min. A DIA method with one full range survey
scan and 22 DIA windows was used.

2.2.6. Database Search of Shotgun LC–MS/MS Data and Spectral Library Generation

The shotgun mass spectrometric data were analyzed using Biognosys’ search engine
SpectroMine™, the false discovery rate on peptide and protein level was set to 1%. A
human UniProt FASTA database (Homo sapiens, accessed on 1 July 2019) was used for
the search engine, allowing for two missed cleavages and variable modifications (N-term
acetylation, methionine oxidation, deamidation (NQ), carbamylation (KR)). The results
were used for generation of a sample-specific spectral library.

2.2.7. HRM Data Analysis

HRM mass spectrometric data were analyzed using Spectronaut™ 14 software (Biog-
nosys). The false discovery rate (FDR) on peptide and protein levels was set to 1% and
data were filtered using row-based extraction. The spectral library generated in this study
was used for the analysis. The HRM measurements analyzed with Spectronaut™ were
normalized using global normalization.

2.2.8. Data Analysis

For testing of differential protein abundance, MS1 and MS2 protein intensity infor-
mation was used [19]. Protein intensities for each protein were analyzed using a two
sample Student’s t-test, and p-values were corrected for overall FDR using the q-value
approach [20]. The following thresholds were applied for candidate ranking: q-value < 0.05
and absolute average log2 ratio > 0.8074 (fold change > 1.75). After removal of proteins
that were not identified in at least 90% of the samples, a selection based on ROC analy-
sis was performed in order to identify the final list of the best performing 25 candidates
(AUC > 0.670 and >10% specificity at 100% sensitivity).

2.3. ELISA Validation

Validation of mass spectrometry results was performed using commercially available
ELISA kits and following the manufacturers’ protocols (Table S1). Before use, urine sample
aliquots were equilibrated to room temperature. Measurements were conducted using the
Epoch 2 microplate reader (BioTek, Zürich, Switzerland) and data were analyzed with the
Gen5 software (version 2.09, BioTek, Zürich, Switzerland).

2.4. Immunohistochemical Staining of Prostate Tissues

For immunohistochemical evaluation a representative tissue block of n = 11 prostate
adenocarcinoma cases, including periurethral tumor manifestations if available, was se-
lected and stained for specific antibodies (Table S2). Staining and detection was performed
using an automated staining system (Ventana). Semi-quantitative evaluation for each
antibody was performed by two experienced pathologists. For each tissue block a corre-

4



Cancers 2022, 14, 1135

sponding hematoxylin–eosin (HE)-stained slide was available for morphological identi-
fication of prostate cancer. For each immunohistochemical marker the expression in the
tumor and normal prostatic tissue were evaluated separately by assigning a four-tiered
score (0 = negative, 1 = weak, 2 = moderate, 3 = strong). The extent of stained benign and
malignant glands was estimated in 10% increments. In addition, the cellular compartment
of the staining for both tumor area and normal prostatic glands was specified, whereas
in the normal prostatic glands further evaluation of the distinct stained cell type (lumi-
nal and basal cells) was recorded. The predominant staining pattern was assessed when
considerable heterogeneity of the staining intensity was detected.

2.5. Statistics and Data Analysis

All statistical analyses (except for mass spectrometry data) were performed with the
GraphPad prism software, version 9. Continuous variables were expressed as box-plots
(from the 25th to the 75th percentile and median), with whiskers representing the minimum
and the maximum values. Statistical significance was calculated with the unpaired non-
parametric Mann–Whitney U test.

For the characterization of single biomarkers, ROC curve analysis was performed
applying the Wilson/Brown method, whereas for combinatorial analysis of non-correlated
proteins, a multiple logistic regression was applied. The correlation matrix was assessed
with the Pearson correlation method.

An online tool was used to draw volcano plots (VolcaNoseR, https://huygens.science.
uva.nl/VolcaNoseR/, accessed on 8 September 2021).

3. Results

3.1. Patient Characteristics

A total of 45 consecutive men with suspected PCa were enrolled in this study and
underwent a prostate biopsy after urine sample collection. Their demographic and clinical
characteristics are summarized in Table 1, including age, serum PSA and prostate volume.
Biopsy results are classified according to the Gleason score (GS) and evaluated for diagnostic
purposes by genitourinary pathologists at the University Hospital of Zürich. PCa was
detected in 46.7% (21/45) and clinically significant PCa (GS 7–9) in 37.8% of the patients.
More precisely, 8.9% of the patients were diagnosed with GS 6, 17.8% with GS 7a/b, and
20.0% harbored a GS 8 or GS 9 tumor. Gleason score follow-up at repeated biopsies or upon
prostatectomy showed that only one patient was upgraded.

Table 1. Characteristics of the patients. Statistical analysis was performed using a Mann–Whitney U
test, which showed age as the only variable significantly different between the tumor vs. non-tumor
patients (age: p = 0.048; PSA: p = 0.323; prostate volume: p = 0.164). * Data available for only 41 patients.

Number of Samples
(% of Total)

Gleason Score
Median Age
(Min–Max)

Median Serum
PSA (Min–Max)

Prostate Volume
(Min–Max) *

No Tumor 24 (53.3%) 0 63.5
(52–82)

6.60
(2.00–14.97)

60.19
(18.56–203.68)

Tumor

21 (46.7%) 6–9 65
(52–76)

7.22
(2.00–38.80)

48.59
(17.00–80.63)

4 (8.9%) 6 65
(64–70)

8.53
(4.53–17.37)

60.54
(30.90–80.63)

8 (17.8%) 7 65
(52–73)

4.94
(2.00–11.00)

50.00
(26.45–72.54)

9 (20.0%) 8–9 74
(58–76)

12.41
(4.86–38.80)

47.17
(17.00–60.00)

Total 45 (100%) 65
(52–82)

6.90
(2.00–38.80)

52.00
(17.00–203.68)
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Collected urine samples were then screened by MS and potential novel biomarkers
analyzed by ELISA (Figure 1A).

Figure 1. Identification of candidate urine biomarkers by mass spectrometry. (A) Schematic work-
flow overview of urine biomarker screening via mass spectrometry and validation with ELISA;
(B) 2.768 proteins, 23.059 peptides, and 38.454 precursors were quantified across all 43 urine samples.
(C) Volcano plot of 2.768 proteins quantified by mass spectrometry. The 351 differently distributed
protein candidates are shown in blue (decreased in tumors) and red (increased in tumors) and were
defined by: q-value < 0.05 and average fold change > 1.75. The seven candidates PEDF, HPX, CD99,
CANX, FCER2, HRNR, and KRT13 are indicated.

3.2. Mass Spectrometry Screening and Selection of Urine Biomarkers for PCa Detection

For mass-spectrometry, a spectral peptide library was generated by shotgun LC–
MS/MS of high-pH reversed-phase chromatography (HPRP) fractions from all 45 urine
samples. Two samples showed a significant contamination with albumin, which led to the
suppression of other peptide signals, and were therefore excluded from further analysis
(data not shown). We identified a total of 38.454 precursors (peptides including different
charges and modifications), corresponding to 23.059 unique peptides and 2.768 proteins
across all 43 urine samples by using a false discovery rate of 1% (Figure 1B).

For the identification of candidate biomarkers to detect healthy men, we compared
the abundance of 2.768 proteins in samples from patients not affected by tumor and those
with PCa. Significantly dysregulated proteins were identified by setting the q-value below
0.05, at an average fold change of more than 1.75, resulting in 351 biomarker candidates
(Figure 1C, Table S3). Strikingly, most of the candidates (321) displayed decreased levels
in the urine of PCa patients compared to healthy men. In contrast, only 30 candidate
biomarker candidates were found to have increased levels in the “tumor” group.

A key selection criterion for the best target molecules from the screening was the ability
to discriminate healthy patients (with high specificity and accuracy), achieving a negligible
number of false negatives (sensitivity > 90%). For this reason, all proteins that were not
detected in more than three samples were excluded from further analysis. Additionally,
proteins with low diagnostic performances, displaying a receiver operating characteristic
(ROC) area under the curve (AUC) smaller than 0.670 and a specificity of less than 10%
at 100% sensitivity, were removed. This ranking resulted in 43 biomarkers, with the top
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25 candidates listed in Table S4. Among them, pigment epithelium-derived factor (PEDF),
hemopexin (HPX), cluster of differentiation 99 (CD99), calnexin precursor (CANX), FCER2
(CD23, Fc fragment Of IgE receptor II), hornerin (HRNR), and keratin 13 (KRT13) showed
remarkable diagnostic performance (Figure 2A,B; Table 2) and were selected for further
validation by means of commercially available ELISA kits. Notably, all these biomarkers
showed decreased levels in patients harboring prostate cancer.

Figure 2. Potential candidate biomarkers for the detection of healthy men. Mass-spectrometry based
quantification of the biomarkers (A) PEDF, HPX, CD99, CANX, FCER2, HRNR, and KRT13 in patients
with and without PCa. Results are expressed as box-plots (from the 25th to the 75th percentile and
median) with whiskers representing the minimum and the maximum values (Table S5). Statistical
difference was assessed by the unpaired non-parametric Mann–Whitney U test with p ≤ 0.05 de-
fined as statistically significant (ns p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). (B) Diagnostic
performances of the selected biomarkers assessed with the receiver operating characteristic (ROC).
Each single biomarker (red curve) has a higher performance compared to serum PSA (black curve,
AUC = 0.6020). (C) Correlation matrix assessed with the Pearson correlation method showing the
correlation coefficients of the seven biomarkers with each other. A correlation between variables
is defined as low for values up to ±0.3, medium for values up to ±0.5 and large for values up to
±1. (D) Combinatory analysis of non-correlating biomarkers via multiple logistic regression for the
identification of tumor-free men. Coupling of PEDF and FCER2 resulted in the best performing
biomarker combination, with an AUC of 0.8773 and a specificity of 72.7% at 100% sensitivity. Com-
bined biomarkers displayed a higher performance compared to the single candidates and to serum
PSA (black curve, AUC = 0.6020).
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Table 2. ROC curve and multiple logistic regression analysis of the mass spectrometry results.
The analysis was performed on the seven biomarker candidates and their possible non-correlating
combinations for the identification of healthy men.

Biomarker AUC Std. Error
95% Confidence

Interval
p-Value

Specificity at 90%
Sensitivity

Specificity at 100%
Sensitivity

PEDF 0.8023 0.070 0.6659 to 0.9386 0.0008 68.2 36.4

HPX 0.7761 0.070 0.6396 to 0.9125 0.0020 52.2 39.1

HRNR 0.7522 0.076 0.6033 to 0.9010 0.0047 47.8 13.0

KRT13 0.7391 0.075 0.5913 to 0.8869 0.0074 52.2 30.4

CANX 0.7043 0.085 0.5377 to 0.8708 0.0273 47.6 38.1

CD99 0.6750 0.083 0.5114 to 0.8386 0.0525 36.4 31.8

FCER2 0.6717 0.084 0.5075 to 0.8360 0.0544 52.2 30.4

PEDF + HPX 0.8977 0.050 0.7999 to 0.9956 <0.0001 72.7 50.0

PEDF + CD99 0.8786 0.056 0.7689 to 0.9883 <0.0001 76.2 66.7

PEDF + FCER2 0.8773 0.063 0.7530 to 1.000 <0.0001 86.4 72.7

PEDF + KRT13 0.8705 0.055 0.7618 to 0.9791 <0.0001 72.7 54.5

PEDF + HRNR 0.8568 0.058 0.7437 to 0.9699 <0.0001 77.3 54.5

PEDF + CANX 0.9105 0.053 0.8067 to 1.000 <0.0001 85.0 70.0

HPX + HRNR 0.8739 0.054 0.7682 to 0.9797 <0.0001 73.9 34.8

HPX + KRT13 0.8413 0.061 0.7211 to 0.9615 0.0001 60.9 56.5

HRNR + CANX 0.8496 0.062 0.7272 to 0.9720 0.0002 66.7 66.7

HPX + FCER2 0.8000 0.068 0.6670 to 0.9330 0.0008 60.9 60.9

HPX + CD99 0.7864 0.071 0.6462 to 0.9265 0.0015 63.6 54.5

KRT13 + CANX 0.7820 0.076 0.6322 to 0.9318 0.0023 61.9 61.9

KRT13 + FCER2 0.7652 0.074 0.6193 to 0.9111 0.0030 60.9 47.8

HRNR + FCER2 0.7457 0.076 0.5964 to 0.8949 0.0059 60.9 34.8

The illustrated box plots in Figure 2A show the intensities of the biomarkers in patients
with and without PCa as quantified by MS. All biomarkers identify true negative patients
that could be spared from performing an unnecessary prostate biopsy, although the p value
was a borderline result in terms of statistical significance for two biomarkers. The ROC
plots (Figure 2B) show the ability of the single biomarkers to detect all PCa (GS 6–9, red
curves) in comparison to the current standard of care, which is serum PSA (black curves).
Each of the seven biomarkers had a superior performance compared to PSA and was able
to correctly classify 100% of patients with PCa, while detecting tumor free men at varying
specificities (Table 2).

Taken together, these data demonstrate that urine is a reliable proteomic source of
biomarkers for the early detection of PCa and that the seven selected biomarker candidates
are capable of sparing a relevant number of men from unnecessary prostate biopsy while
avoiding misdiagnosis of patients bearing a prostate tumor.

3.3. Increase of PCa Detection Performance through Combinatory Analysis of Biomarkers

To assess potential biomarker combinations via multiple logistic regression, we first
performed a Pearson correlation analysis among biomarker levels in the patient cohort
(Figure 2C). In fact, the combination of variables can improve the performance of a pre-
dictive model only if the variables are not correlated to each other. In our analysis, we
therefore combined biomarkers with a correlation coefficient of up to 0.3. Since the size
of the cohort is limited to 43 patients, combinations of a maximum of two biomarkers
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were taken into consideration, in order to prevent the generation of overfitted models. All
possible 14 combinations of biomarkers revealed a significantly larger AUC compared to
the null hypothesis of AUC = 0.5 (Table 2). Moreover, any combination of two proteins
led to a superior diagnostic performance, with increased AUC and higher specificity at
90% and 100% sensitivity compared to the single biomarkers. As an example, Figure 2D
illustrates the multiple logistic regression curve of the PEDF and FCER2 combination (red
line), which reached the best specificity of 72.7% at 100% sensitivity. This indicates that
potentially 72.7% of healthy men could be spared from performing an unnecessary biopsy.

Our data show that the combination of biomarkers markedly improves the diagnostic
power of the model and leads to the superior detection of healthy patients who could be
spared from a prostate biopsy.

3.4. Validation of Biomarker Performance by ELISA

The validation of the candidate proteins selected from the MS analysis was performed
by ELISA. Conversely to MS, immunoassays are standardized techniques that can be easily
performed in any laboratory and allow for easy comparison among cohorts. For the MS
measurements, the different urine samples were normalized according to their total peptide
concentration and a defined amount of 2 μg was injected for each run. This approach
cannot be applied to ELISA. Nevertheless, normalization is necessary to compensate for
variations due to diet, time of collection and physiological characteristics of patients. There-
fore, we have chosen non-dysregulated molecules from the mass-spectrometry analysis,
i.e., cluster of differentiation 44 (CD44) and ribonuclease A family member 2 (RNASE2)
and used them as controls for ELISA quantification of the single biomarkers (Figure S1;
Table S4). Consistent with the corresponding MS data, Mann–Whitney U analysis of the
normalized ELISA data for each analyte showed a significant difference between patients
diagnosed with PCa and healthy individuals (Figure 3A). Furthermore, ROC curve analysis
is concurrent with each MS dataset, demonstrating that all biomarkers have the diagnostic
potential to detect healthy men at 100% sensitivity (Table 3).

Table 3. ROC analysis of the ELISA results for the detection of healthy men and high-grade PCa. The
table shows the diagnostic performance of ELISA results obtained normalizing the concentration of
the seven candidates with two control molecules (CD44 and RNASE2). The “all PCa grades” analysis
identifies healthy men (reaching 100% sensitivity at a specific threshold), whereas the “high-grade
(GS 7–9) PCa” analysis identifies true negatives as either healthy men or patients harboring GS 6 PCa
(reaching 100% sensitivity at a specific threshold).

Biomarker AUC Std. Error
95% Confidence

Interval
p-Value

Specificity at
90% Sensitivity

Specificity at
100% Sensitivity

All PCa grades

KRT13 0.8087 0.066 0.6797 to 0.9377 0.0005 43.5 43.5
HPX 0.7696 0.071 0.6314 to 0.9077 0.0025 47.8 43.5
PEDF 0.7609 0.073 0.6176 to 0.9041 0.0035 34.8 30.4
CD99 0.7565 0.073 0.6136 to 0.8994 0.0041 52.2 47.8

FCER2 0.7565 0.074 0.6114 to 0.9017 0.0041 47.8 13.0
CANX 0.7457 0.076 0.5971 to 0.8942 0.0059 30.4 26.1
HRNR 0.7120 0.080 0.5553 to 0.8686 0.0176 39.1 17.4

High-grade PCa

KRT13 0.7708 0.075 0.6247 to 0.9170 0.0033 40.7 37.1
HPX 0.7546 0.074 0.6094 to 0.8998 0.0057 44.4 37.0
PEDF 0.7292 0.079 0.5752 to 0.8831 0.0129 33.3 29.6
FCER2 0.7269 0.081 0.5690 to 0.8847 0.0138 44.4 11.2
CD99 0.7222 0.078 0.5688 to 0.8756 0.0159 40.7 40.7

HRNR 0.6956 0.083 0.5321 to 0.8591 0.0337 37.0 14.8
CANX 0.6528 0.086 0.4849 to 0.8207 0.0973 25.9 22.1

Detection of high grade PCa has a relevant clinical impact, as it allows differentiation
between patients who would benefit from active surveillance and those who need active
treatments. We therefore also tested the potential of our biomarkers to discriminate also
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PCa GS ≥ 7. The quantitative analysis by ELISA shows that the seven biomarkers can
detect high-grade PCa with high performance (Figure 3B, Table 3).

Figure 3. Validation of candidate biomarkers with ELISA for the detection of healthy men or high-
grade PCa. Commercially available ELISA kits were used and results for PEDF, HPX, CD99, CANX,
FCER2, HRNR, and KRT13 are represented as box-plots, where the relative concentration of the
biomarkers normalized to two control molecules (CD44 and RNASE2) is compared for men with
(A) no tumor to patients with any grade of PCa and (B) men with no tumor or low grade (GS = 6)
PCa to patients harboring a high-grade tumor (GS ≥ 7). Significance was assessed with a statistical
Mann–Whitney test (ns p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). Results are expressed as box-
plots (from the 25th to the 75th percentile and median) with whiskers representing the minimum and
the maximum values (Table S5). The diagnostic potential of the single biomarkers was investigated
with receiver operating characteristic (ROC) analysis. All biomarkers (purple curve) showed a
better performance compared to serum PSA (black curve, all grades AUC = 0.6020; high-grade
PCa AUC = 0.5690).

When different biomarkers are normalized by the same controls, as in this study, their
combinatory power is hampered by a highly correlated dataset (data not shown), driven
by the identical normalization strategy. Hence, combinatorial analysis was performed
by multiple logistic regression with non-normalized ELISA data. In this study, we ex-
cluded from the nomogram any clinical and demographic information with potentially
high variability among individual clinics and cohorts. Prostate volume and digital rectal
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examination (DRE), for example, are known to be affected by the type of instrument used
or by personnel expertise. We therefore included only the age of the patients as clinical
variable to improve the predictive models. The Pearson correlation analysis of all variables
is shown in Figure 4A. All combinations, including age, resulted in a significantly higher
AUC compared to the null hypothesis and were able to detect all grades of PCa with 100%
sensitivity (Table 4). As an example, the ROC curve of two of the best performing combina-
tions, PEDF + FCER2 + age and KRT13 + FCER2 + age showed a specificity of 39.1% and
52.2% at 100% sensitivity, respectively (Figure 4B). Moreover, for the detection of high-grade
tumors, the combination of uncorrelated analytes increased the overall performance of the
single biomarkers. As model example, the ELISA quantification of KRT13, FCER2 + age
showed a striking AUC of 0.7801 with a specificity of 48.1% at 100% sensitivity (Figure 4C).

Figure 4. Multiple logistic regression analysis for the combination of biomarker levels (quantification
by ELISA) with the patient’s age. (A) Pearson correlation matrix showing the correlation coefficients
of the seven biomarkers, age and serum PSA with each other. A correlation between variables is
defined as low for values up to ±0.3, medium for values up to ±0.5 and large for values up to
±1. (B) Combinatory analysis of immunoassay validation for the detection of healthy men. The
combination of PEDF and FCER2 resulted as best pair from mass spectrometry and, in addition to
age, achieved a final AUC of 0.8022 and a 39.1% specificity at 100% sensitivity. ELISA results revealed
that, with an AUC of 0.8196 and a specificity of 52.2%, the best performing combination of biomarker
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was KRT13, FCER2, and age. Combined biomarkers showed a better performance compared to the
single candidates and to serum PSA (black curve, AUC = 0.6020). (C) The combination of biomarkers
with age can predict the presence of high-grade PCa. PEDF, FCER2, and age achieved a final AUC
of 0.7523 and a 44.5% specificity at 100% sensitivity. By combining KRT13, FCER2, and age the
performance reached an AUC of 0.7801 and a specificity of 48.1% (serum PSA is represented by the
black curve, AUC = 0.5690).

Table 4. ROC curve and multiple logistic regression analysis of the ELISA results for the detection of
healthy men or high-grade PCa. The seven single biomarkers (not normalized) and their combinations
(including patients’ age as variable) were analyzed. The “all PCa grades” analysis identifies healthy
men (reaching 100% sensitivity at a specific threshold), whereas the “high-grade (GS 7–9) PCa”
analysis identifies true negatives as either healthy men or patients harboring GS 6 PCa (reaching
100% sensitivity at a specific threshold).

Biomarker AUC Std. Error
95% Confidence

Interval
p-Value

Specificity at
90% Sensitivity

Specificity at
100% Sensitivity

A
ll

P
C

a
g

ra
d

e
s

KRT13 0.7696 0.071 0.6298 to 0.9093 0.0025 52.2 30.4
HRNR 0.7413 0.079 0.5865 to 0.8961 0.0069 52.2 8.7
FCER2 0.7326 0.077 0.5813 to 0.8839 0.0092 52.2 39.1
CANX 0.7043 0.080 0.5479 to 0.8608 0.0221 30.4 17.4
PEDF 0.700 0.081 0.5404 to 0.8596 0.0251 30.4 30.4
HPX 0.6978 0.081 0.5386 to 0.8570 0.0267 39.1 8.7
CD99 0.6652 0.083 0.5032 to 0.8273 0.0642 34.8 21.7

KRT13 + FCER2 0.8196 0.065 0.6927 to 0.9464 0.0003 52.2 52.2
HPX + FCER2 0.8087 0.067 0.6767 to 0.9407 0.0005 43.5 30.4
PEDF + FCER2 0.8022 0.067 0.6714 to 0.9329 0.0007 52.2 39.1
HPX + KRT13 0.7826 0.070 0.6462 to 0.9190 0.0015 52.2 30.4

HRNR + FCER2 0.7826 0.071 0.6429 to 0.9223 0.0015 56.5 13.0
PEDF + KRT13 0.7804 0.070 0.6431 to 0.9178 0.0017 52.2 39.1
KRT13 + CANX 0.7609 0.072 0.6189 to 0.9028 0.0035 47.8 30.4
HPX + HRNR 0.7478 0.078 0.5960 to 0.8997 0.0055 43.5 8.7
PEDF + CANX 0.7348 0.077 0.5844 to 0.8852 0.0085 47.8 26.1
HRNR + CANX 0.7326 0.079 0.5781 to 0.8871 0.0092 43.5 8.7
PEDF + CD99 0.7304 0.076 0.5808 to 0.8801 0.0099 43.5 34.8

PEDF + HRNR 0.7283 0.080 0.5723 to 0.8842 0.0106 43.5 8.7
HPX + CD99 0.7283 0.078 0.5753 to 0.8812 0.0106 39.1 17.4
PEDF + HPX 0.7000 0.081 0.5417 to 0.8583 0.0251 26.1 13.0

H
ig

h
-g

ra
d

e
P

C
a

KRT13 0.7361 0.077 0.5854 to 0.8868 0.0104 40.7 25.9
HRNR 0.7199 0.084 0.5551 to 0.8847 0.0170 14.8 7.4
FCER2 0.7014 0.079 0.5468 to 0.8560 0.0288 44.4 33.3
HPX 0.6968 0.087 0.5262 to 0.8673 0.0327 7.4 7.4
PEDF 0.6806 0.085 0.5141 to 0.8470 0.0500 33.3 18.5
CD99 0.6644 0.086 0.4967 to 0.8320 0.0744 29.6 18.5

CANX 0.6574 0.085 0.4907 to 0.8241 0.0875 22.2 14.8

HPX + FCER2 0.7894 0.077 0.6376 to 0.9411 0.0017 33.3 33.3
HPX + KRT13 0.7870 0.073 0.6432 to 0.9308 0.0018 33.3 18.5

KRT13 + FCER2 0.7801 0.069 0.6447 to 0.9155 0.0024 51.8 48.1
HPX + CD99 0.7662 0.078 0.6136 to 0.9188 0.0039 29.6 14.8

PEDF + FCER2 0.7523 0.073 0.6090 to 0.8956 0.0062 48.1 44.5
HRNR + FCER2 0.7523 0.076 0.6024 to 0.9022 0.0062 51.8 11.1
HPX + HRNR 0.7500 0.084 0.5845 to 0.9155 0.0067 11.1 7.4
PEDF + KRT13 0.7431 0.075 0.5964 to 0.8898 0.0083 44.5 33.3
KRT13 + CANX 0.7384 0.076 0.5886 to 0.8882 0.0097 40.7 29.6
PEDF + CD99 0.7176 0.078 0.5657 to 0.8695 0.0182 37.0 37.0
PEDF + HPX 0.7083 0.083 0.5461 to 0.8705 0.0237 14.8 14.8

HRNR + CANX 0.7014 0.083 0.5384 to 0.8644 0.0288 29.6 3.7
PEDF + HRNR 0.6968 0.082 0.5358 to 0.8577 0.0327 33.3 11.1
PEDF + CANX 0.6898 0.081 0.5303 to 0.8493 0.0394 44.4 18.5
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Taken together, our data demonstrate that ELISA quantification of the biomarker
candidates selected by MS is feasible and confirms the high diagnostic performance of the
analytes, both as single and in combination for the detection of all PCa grades and clinically
significant tumors (GS ≥ 7).

3.5. Immunohistochemical Analysis of Biomarker Expression in Malignant and Healthy
Prostate Tissue

To investigate the possible origin of the biomarkers, we performed immunohistochem-
istry analysis on prostate tissues from 11 men (of the initial 45 patients) that underwent
radical prostatectomy. Because it was not possible to analyze prostate tissue from healthy
patients, the healthy tissue areas of the prostate were used as control for each patient
who underwent prostatectomy. The stainings were performed on tissue blocks, including
benign and malignant areas of the prostate to compare biomarker expression levels. In
concordance with the MS and ELISA data, KRT13 staining showed a distinct expression in
benign and low expression in malignant tissue areas (Figure 5A,B; Table S6). We observed
basal cell staining for KRT13, PEDF, and HPX in benign regions of the gland, a cell type that
is absent in acinar-type adenocarcinomas (Figure 5A–F). Immunohistochemical analysis of
CD99, HRNR, and CANX confirmed the expression of these markers in the prostate but,
due to high heterogeneity, with high- and low-expression areas in both healthy and tumor
tissues, it was not possible to compare the two conditions (Figure S2). No expression of the
B-cell specific antigen FCER2 was detected in the prostate (Figure S2).

Figure 5. Immunohistochemical analysis of biomarker expression in benign and malignant prostate
tissue. Overview (10× objective) of three biomarkers, which showed expression in basal cells, includ-
ing respective magnifications (insets, 20× objective). (A) Positivity of KRT13 in basal cells of benign
tissue, whereas (B) acinar adenocarcinoma shows loss of basal cells and KRT13 expression. (C) HPX
showed in addition to expression in basal cells, reactivity in luminal cells of benign tissue, as well
as obvious positivity in the fibromuscular stromal cells (background). (D) Prostate adenocarcinoma
in comparison showed decreased expression of HPX. (E) PEDF showed reactivity in some of the
basal cells, and weaker reactivity in luminal cells of the benign tissue. (F) In comparison, equally low
expression in the (luminal) cells of the adenocarcinoma complexes.
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4. Discussion

Despite continuous improvements in the reduction of overdiagnosis and overtreatment
of men suspected of having PCa, the number of healthy men that are subject to invasive
procedures remains high [6,21]. This trend is concordant with our cohort. For this study,
patients were selected for prostate biopsy only due to abnormal DRE results and/or
elevated PSA levels. Approximately half (53.3%) of patients resulted having no tumor and
should have been spared from performing the biopsy (Table 1).

Thus, the aim of this study was to identify novel urine biomarkers to improve the
eligibility criteria for prostate biopsy and to more specifically discriminate PCa at an early
stage, reducing the number of unnecessary biopsies. Here, we demonstrated the feasibility
of diagnostic tests for the screening of PCa relying on urine biomarkers that can be routinely
quantified by standardized laboratory methods such as ELISAs.

Urine samples were collected from patients before performing the biopsy and subjected
to proteomic screening by mass-spectrometry (MS) to select biomarker candidates that are
dysregulated when a prostate tumor is present. Although MS results showed promising
results, the application of mass-spectrometry for urine analysis as routine diagnostic test is
not feasible, due to the lack of a standard method to compare different batches of samples.
A more practical approach is the implementation of quantitative immune-assays such as
ELISA, which represents the gold standard for biomarker assessment and validation [22].
Consequently, among the 25 most performant candidates, seven proteins (PEDF, HPX,
CD99, FCER2 (CD23), CANX, HRNR, and KRT13) were subsequently quantified in the same
urine samples by quantitative ELISA. Additionally, their performance for the diagnosis
of PCa and prediction of high-grade tumors was assessed. Although the translation of
targeted MS assays into the clinical diagnostic setting appears to be difficult due to high
costs and specific expertise requirements [23], the validation by ELISA demonstrates the
feasibility of a clinical implementation through standard techniques. MS results of the
25 top ranked biomarkers in this study showed a significant decrease in signal intensity
when a prostate tumor is present and can identify PCa patients with better performance
compared to the standard PSA test (Table S4).

PEDF showed the best performance as a single biomarker, with AUC of 0.8023 and
specificity of 36.4% at 100% sensitivity (Figure 2A,B). On the other hand, as an example
of the many possible options (Figure 2D), the best performing combination of PEDF and
FCER2 markedly increase the AUC in predicting PCa compared to each individual marker
and also to PSA. Specifically, with this combination 72.7% of unnecessary biopsies could be
avoided, without missing any patient with PCa (100% sensitivity).

The proteomic content of urine is affected by many factors, such as individual life-
style, diet and time of sampling. For this reason, absolute biomarker data need to be
normalized with a different strategy compared to MS, in which normalization is based
on the overall cohort protein content. Figure 3A shows normalized ELISA results of the
biomarkers panel, where each single molecule shows a strong diagnostic performance, in
concurrence with the MS data. By combining KRT13 and FCER2 with age, we reached an
AUC of 0.8196 and a specificity 52.2% at 100% sensitivity (Figure 4B). Besides the early
detection of PCa, risk stratification of patients to better select clinically significant tumors
is important to support optimal treatment options. For this reason, we have assessed the
ability of the seven biomarkers to also detect tumors with GS ≥ 7 as well. Figure 3B shows
that all candidates can predict the presence of high-grade PCa more precisely than serum
PSA. The combination of KRT13 and FCER2 with age for the detection of high-grade PCa
reached an AUC of 0.7801 and a specificity of 48.1% at 100% sensitivity (Figure 4C), thus
potentially reducing the number of unnecessary biopsies almost by half, without missing
any patient with clinically relevant PCa. Depending on the clinic, region and patients’
characteristics (e.g., age and expectation of life), men with low grade PCa (GS 6) will either
be monitored or treated by local therapy options. In both cases, the novel biomarker panel
can be applied to reduce unnecessary biopsies and monitor patients continuously and
non-invasively. Therefore, by combining different biomarkers, we observed a relevant
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reduction of unnecessary biopsies, either performed on healthy individuals or on patients
affected by clinically indolent tumors.

A relevant portion of the proteins identified in our study has already been described
in other mass-spectrometry analyses of urine and to a lesser extent, in urinary extracellular
vesicles, plasma or prostate tissue of patients. The seven biomarkers validated in our
study were chosen exclusively based on their ability to predict PCa prior to biopsy and not
considering their biological function. Nevertheless, some of them have been reported to be
related to cancer. Although signal reduction in case of tumor progression as described for
the seven biomarkers might be surprising, both literature and tissue analysis performed
in this study support these findings. Hornerin (HRNR), a member of the fused-type
S100 protein family, was shown to be expressed and to play a role in different tumor
types [24–26]. Other members of the same protein family were examined in prostate
tissue of PCa patients, demonstrating that the loss of S100A2 and increased expression of
S100A4 are hallmarks of PCa progression [27]. Similarly, the prostate tissue analysis of the
pigment epithelium-derived factor (PEDF), a natural angiogenesis inhibitor in prostate and
pancreas [28,29], showed minimal expression in high grade PCa (GS 7–10), in contrast to
healthy prostate tissue, where the staining shows high intensity [28]. The downregulation
of CD99 was already shown to be essential for tumorigenesis. This has been described
for several tumors [30–32], including prostate cancer [33]. In fact, the overexpression
of CD99 in prostate cancer cells inhibited their migration and metastatic potential in
both in vitro and in vivo experiments [31]. Hemopexin (HPX) has been described to be
downregulated in urine from PCa patients compared to tumor free men, an observation
that is in concordance with our findings [34]. Moreover, a bioinformatics analysis of
multiple urinary and tissue proteomes revealed HPX downregulation in high-grade PCa
compared to healthy tissue [35]. In contrast to our results, elevated levels in cancer have
been reported for the remaining molecules. Increased levels of the Fc fragment of IgE
receptor II (FCER2) have been implicated in different hematological malignancies and
sarcomas [36–41]. In addition, FCER2 is expressed in subsets of B cells and in particular
depicts follicular dendritic cell networks [42], whereas expression changes in urine could
reflect an altered immune microenvironment in prostate adenocarcinoma patients. Keratin
13 (KRT13) belongs to the type I keratin family and its reduced expression has been
associated with oral squamous cell carcinoma lesions [43–45] and bladder cancer [46].
In contrast to our results, a study in 2016 revealed a correlation between KRT13 tissue
expression and prostate cancer metastasis [47]. However, as we could show expression of
KRT13 in the basal cells of benign glands, and since the loss of basal cells is one hallmark of
prostate adenocarcinoma [48], lower expression levels in urine could also be explained by
increased tumoral occupation of the gland. The endoplasmic reticulum chaperone calnexin
(CANX) is associated with newly synthesized glycoproteins and involved in correct protein
folding [49]. So far, CANX has not been described in PCa but its altered expression has been
associated with other cancers [50,51]. To the best of our knowledge, this is the first study to
suggest a putative role in PCa for the above-described biomarkers in PCa, demonstrating
their dysregulation at such an early stage (prior to biopsy) and the feasibility of their
quantitative assessment in urine.

To investigate the possible origin of the biomarkers and their route to the urine, we
performed a sequence-based analysis, predicting secretion pathways of proteins with
the SecretomeP 2.0 server (http://www.cbs.dtu.dk/services/SecretomeP/, accessed on
5 October 2021). PEDF, HPX, CD99, and CANX are expressed with signal peptides and
potentially traffic through the classical pathway (Golgi apparatus), whereas membrane
protein FCER2 was predicted to traffic through a non-classical pathway. Conversely, KRT13
and HRNR do not appear to be secreted. This suggests that the proteins detected may be
present in urine due to either the presence of cellular debris or particles deriving directly
from the prostate or through blood filtration.

The prostate tissue analysis performed in this study confirms that six out of seven
biomarkers validated by ELISA are expressed in prostatic adenocarcinomas. Intensity
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analysis shows that KRT13 levels are lower in tumor tissue compared to healthy prostate, in
agreement with the MS and ELISA data. Tissue staining further revealed that KRT13, PEDF,
and HPX are predominantly expressed in basal cells of the benign tissue, whereas they are
not detected in tumor areas where basal cells have been lost. Notably, these findings are in
support of the decreased levels detected in urine of PCa patients, as the basal cells might be
responsible for the direct shedding or secretion of these biomarkers into the acinar lumen
and thus the loss of expression of the biomarkers can be reflected in their dysregulated
levels detected in the cohort. The heterogeneous expression of CD99, HRNR, and CANX
in both healthy and tumor tissue hampered the quantitative comparison. FCER2 was
not detected in prostate tissue and might derive from immune cells, as it is known to
be expressed in B lymphocytes [52], thus suggesting that a relevant involvement of the
immune system in PCa could be detected in urine at an early stage.

The present study has some limitations. First, it is a retrospective and single institution
based study. Second, it relies on a small sample size, combining data of 43 patients for
biomarker identification and validation. This became particularly evident when performing
the multiple logistic regression analysis, as the cohort size determines the number of
variables that can be combined to improve the model. To avoid false associations and large
standard errors, a minimum number of five to ten events per predictor variable (EPV) has
to be considered [53]. Since our cohort comprises 23 healthy men, we included no more
than two to four predictor variables. Future studies investigating larger cohort sizes will
allow the inclusion of higher numbers of variables and thereby improve their diagnostic
performance. Nevertheless, for an explorative analysis of the biomarker candidates, the
cohort provided a sufficient sample size and the combination of two to three variables
yielded robust prediction models. Although it was currently not possible to validate the
biomarkers in an independent cohort, their performance in this study was proved by use
of two different and independent quantitative technologies, and the concordance of the
findings underscores the importance of further validation of the targets.

5. Conclusions

In conclusion, here, we demonstrated that an upfront urine test based solely on the
quantification of novel biomarkers is a feasible approach to improve eligibility criteria for
a prostate biopsy and to detect the presence of high-grade PCa, independent of serum
PSA, digital rectal examination, and clinical variables. The clinical implementation of a
simple urine test represents one possible and safe way to reduce the overdiagnosis and
overtreatment of PCa. Furthermore, since it is completely non-invasive, it could potentially
be used for disease monitoring and active surveillance.

6. Patents

This study was submitted for patent application (applicant: University of Zürich;
inventors: I. Banzola, N. Alijaj, B. Pavlovic, D. Eberli). The patent application was submitted
to the European patent office (application number: EP 21/215742.4).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14051135/s1, Figure S1: Mass spectrometry analysis of
two possible control molecules; Figure S2: Representative images of HRNR, CD99, CANX and FCER2
immunohistochemical stainings in one prostate adenocarcinoma patient (10× objective); Table S1:
Commercial ELISA kits used for the validation of biomarker candidates; Table S2: Antibodies used for
the immunohistochemical staining of prostate tissues; Table S3: Ranked candidate biomarkers from
the MS screening for the detection of PCa; Table S4: Top 25 biomarkers and two control molecules
resulted from mass spectrometry screening; Table S5: Statistical analysis of the biomarkers’ mass-
spectrometry and ELISA quantification results; Table S6: Immunohistochemical staining of eleven
prostate adenocarcinoma cases.
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Simple Summary: This study evaluated 554 patients who underwent radical surgery for prostate
cancer and later presented with persisting or rising PSA levels which required salvage radiotherapy.
Our results showed that increasing the radiation dose during radiotherapy could reduce the risk
of a second PSA relapse. These findings suggested that patients with failed prostatectomies might
benefit from dose-escalated salvage radiotherapy to improve tumor control and postpone secondary
treatments, such as hormonal or chemotherapy.

Abstract: Previous randomized trials have not provided conclusive evidence about dose escalations
and associated toxicities for salvage radiotherapy (SRT) in prostate cancer. Here, we retrospectively
analyzed whether dose escalations influenced progression-free survival in 554 patients that received
salvage radiotherapy for relapses or persistently elevated prostate cancer antigen (PSA) after a radical
prostatectomy. Patients received SRT between 1997 and 2017 at two University Hospitals in Germany.
We compared patient groups that received radiation doses <7000 cGy (n = 225) or ≥7000 cGy (n = 329)
to analyze the influence of radiation dose on progression-free survival. In a second matched-pair
analysis of 216 pairs, we evaluated prognostic factors (pT2 vs. pT3–4, Gleason score [GS] ≤ 7 vs.
GS ≥ 8, R0 vs. R1, and pre-SRT PSA <0.5 vs. ≥0.5 ng/mL). After a median follow-up of 6.8 (4.2–9.2)
years, we found that escalated doses significantly improved progression-free survival (p = 0.0042). A
multivariate analysis indicated that an escalated dose, lower tumor stages (pT2 vs. pT3/4), and lower
GSs (≤7 vs. 8–10) were associated with improved progression-free survival. There was no significant
effect on overall survival. Our data suggested that escalating the radiation dose to ≥7000 cGy for
SRT after a prostatectomy significantly improved progression-free survival. Longer follow-ups are
needed for a comprehensive recommendation.

Keywords: prostate cancer; radical prostatectomy; salvage radiotherapy; dose-escalation;
matched-pair analysis

1. Introduction

Among patients that undergo a radical prostatectomy (RP) for pT3 prostate cancer,
persistent or rising prostate-specific antigen (PSA) levels occur in approximately 50% of
those without and 70% of those with positive surgical resection margins [1–4]. Recent
data have revealed that persistent PSA after an RP could significantly impact metastasis-
free survival, overall survival (OS), and cancer-specific survival [3]. In non-randomized
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trials, the value of Prostate-Specific-Membrane-Antigen Positron-Emission-Tomography
(PSMA-PET) imaging was evaluated in patients with PSA relapses [5]. Those results led
to the current European Association of Urology (EAU) guideline recommendation that a
PSMA-PET-CT should be offered to men with persistent PSA after RP and to men with
biochemical recurrences [6].

International guidelines recommend salvage radiotherapy (SRT) for patients with
persistent PSA values above 0.1 ng/mL, rising PSA values in subsequent PSA tests, or any
PSA value above 0.1 ng/mL [7,8]. SRT should preferably commence before the PSA level
reaches 0.5 ng/mL to ensure a high probability of achieving undetectable PSA values [9].
However, currently, we cannot rule out the possibility that there might be other indicators
for SRT.

Despite new study results on SRT after RP for patients with persistent or rising
PSA levels, four substantial questions remain controversial and are currently unresolved:
the role of hormonal therapy, additional irradiation of pelvic lymphatics, the overall
treatment dose for SRT, and the optimal fractionation scheme. Two randomized trials
evaluated the addition of androgen deprivation therapy (ADT) to SRT, but the results
were inconclusive [10,11]. Additionally, to date, there is no clear evidence to support
the optimal treatment strategy for a PSA relapse, because there is no distinction between
local, regional, distant, or both local and distant disease. Recently, a systematic review
evaluated many factors to facilitate discriminations among different relapse sites [12].
Indeed, distinguishing local from distant disease is particularly important in making
individual treatment decisions. Moreover, studies have shown that a high Gleason score
(8–10) and a short PSA doubling time (<12 months) could significantly impact survival.
Those findings may assist radiation oncologists in treatment decisions [2,12–14].

The role of dose escalation in SRT is currently under investigation. From primary
radiotherapy, we know well that a radiation dose escalation improves oncological outcome
measures, but at the expense of increased late toxicity. The Radiation Therapy Oncology
Group 0126 trial confirmed these results, and furthermore, they demonstrated in a separate
analysis that using appropriate intensity-modulated radiotherapy (IMRT) plans could
reduce gastrointestinal or genitourinary late toxicities [15,16]. However, the oncological
outcome results of two dose-escalation trials showed no significant difference between
treatment arms for the primary endpoint [17,18].

In the present retrospective study, we aimed to evaluate whether dose-escalated SRT
could provide an improved oncological outcome compared to lower-dose SRT. Additionally,
we aimed to identify factors that could influence the oncological results.

2. Materials and Methods

Between 1997 and 2017, 554 patients from two university hospitals in Germany re-
ceived SRT for biochemical failure after RP. We defined biochemical failure after surgery
as persistent PSA levels >0.1 ng/mL or intermittent PSA elevations after undetectable
PSA that rise above 0.1 ng/mL The median SRT dose was 7020 cGy, with an interquartile
range (IQR) of 6660–7200 cGy. The clinical target volume comprised the prostatic fossa.
When the tumor was pT3b or pT4 stage, the seminal vesicle bed was included in the SRT.
Pelvic lymph nodes were not irradiated. More than half of all patients received modern
radiotherapy techniques, namely IMRT. Patients were excluded when they had received
a hormonal treatment before or during SRT or when they had lymph node involvement.
Table 1 shows the baseline characteristics of all 554 patients.
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Table 1. Baseline characteristics of 554 patients with failed RP that received low-dose (<70 Gy) or
high-dose (≥70 Gy) SRT.

Characteristic <70 Gy (N = 225) ≥70 Gy (N = 329) All (N = 554)

Age at RP, years; median (IQR) 63 (59–67) 64 (60–68) 64 (59–68)
Pre-RP PSA *, ng/mL; 10.00 8.87 9.40

median (IQR) (7.00–15.16) (5.98–14.4) (6.28–14.7)
Tumor stage

pT2 107 (48%) 182 (55%) 289 (52%)
pT3 114 (50%) 142 (43%) 256 (46%)
pT4 4 (2%) 5 (2%) 9 (2%)

Gleason score *
GS ≤ 6 92 (41%) 96 (29%) 188 (34%)
GS = 7 87 (39%) 167 (51%) 254 (46%)
GS ≥ 8 46 (20%) 66 (20%) 112 (20%)

Surgical margins *
R0 101 (45%) 201 (61%) 302 (55%)
R1 124 (55%) 128 (39%) 252 (45%)

Pre-SRT PSA, ng/mL; 0.294 0.290 0.292
median (IQR) (0.140–0.690) (0.180–0.516) (0.160–0.568)

Values are the number of patients (%), unless indicated otherwise. RP = radical prostatectomy; PSA = Prostate
Specific Antigen; IQR = inter-quartile range; GS = Gleason score; * significant difference between groups.

The Cox proportional hazards regression model was used in multivariate analyses
to determine and evaluate factors that could influence biochemical PFS (progression free
survival). The significant risk factors were used for propensity matching [19]. The impact
of dose-escalation was analyzed with the Kaplan-Meier method and univariable Cox
regression [19,20].

To analyze the influence of risk factors on the outcome, we applied an adapted
propensity-matching procedure with the following risk-factor groups: pT2 vs. pT3–4,
GS ≤ 7 vs GS ≥ 8, R0 vs R1, and pre-SRT PSA < 0.5 vs. ≥ 0.5 ng/mL. This procedure
identified 216 matched pairs.

Overall survival was defined from study initiation to death from any cause. PFS
was defined as death, local or distant recurrence, initiation of any secondary anti-tumor
treatment (e.g., ADT), or biochemical relapse (defined as PSA rising to more than 0.2 ng/mL
above the post-SRT nadir).

3. Results

The median time from RP to the start of SRT was 23 months (range: 1.7–176 months).
The pre-SRT PSA levels ranged from 0.04–8.87 ng/mL, with a median of 0.28 ng/mL.

After a median follow-up of 6.8 years (IQR: 4.2–9.2 years), the five-year PFS rates were
52% for patients that received <7000 cGy and 65% for patients that that received ≥7000 cGy
(Figure 1). This difference was statistically significant (p = 0.0042).

In addition, the multivariable Cox regression analysis showed that a lower pT-stage,
a lower Gleason score, a positive surgical resection status (R1), and a lower pre-SRT PSA
level were significantly associated with an improved outcome (Table 2).

Figure 2a shows the PFS of propensity-matched patients. The dose-escalated SRT
provided significantly higher PFS than lower-dose SRT within the group of 216 matched
patient pairs (hazard ratio [HR] = 0.675; p = 0.0054). We found the same result after a
repeated random combination of compatible match pairs, though the HRs and significance
levels varied considerably. The same result was observed when the GS-matching criteria
were changed from GS ≤ 7 vs. GS ≥ 8 to GS ≤ 6 vs. GS ≥ 7, which yielded 195 patient
pairs (HR = 0.628, p = 0.0017, Figure 2b).

23



Cancers 2022, 14, 1320

Figure 1. Kaplan-Meier plot shows progression-free survival (PFS) for the entire cohort of patients
with failed prostatectomies (N = 554), after receiving salvage radiotherapy (SRT). Patients were
grouped according to whether they received ≥70 Gy or <70 Gy.

Table 2. Multivariable Cox regression analysis of potential risk factors for PFS in patients with failed
RP that received SRT. Significant factors were used for propensity score matching.

Risk Factors HR (95% CI) p

Pre-RP PSA < 10 * vs. ≥10 ng/ml 1.14 (0.88–1.47) 0.3278
pT2 * vs. pT3–4 2.13 (1.62–2.79) <0.0001

GS ≤ 7 * vs. GS 8–10 1.60 (1.20–2.14) 0.0015
Surgical margin R0 * vs. R1 0.68 (0.53–0.88) 0.0031

Pre-SRT PSA < 0.5 * vs. ≥0.5 ng/ml 1.56 (1.21–2.02) 0.0007
PFS = progression-free survival; SRT = salvage radiotherapy; RP = radical prostatectomy; PSA = Prostate Specific
Antigen; HR = hazard ratio; GS = Gleason score; * State used for reference.

Figure 2. Progression-free survival (PFS) of propensity-matched patients with failed prostatectomies,
after receiving salvage radiotherapy (SRT) delivered at ≥70 Gy or <70 Gy. Patients were propensity-
matched 1:1 based on the following risk factors: pT2 vs. pT3–4, surgical margin status R0 vs. R1, and
(a) Gleason score ≤ 7 vs. ≥8 (n = 216) or (b) Gleason score ≤ 6 vs. ≥7 (n = 195).

We then compared the different SRT doses in 387 patients (Figure 3a) that had received
early SRT (PSA < 0.5 ng/mL). We found that the ≥7000 cGy dose improved the PFS
(HR = 0.751) for patients with the significant risk factors identified in the multivariable
Cox model (pT3–4, GS 8–10, R1), but the result was not statistically significant (p = 0.154).
However, when we performed the analysis with propensity-matched patients (150 matched
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patient pairs, Figure 3b) we found a plausible improvement in PFS (HR = 0.719), with a
trend towards significance (p = 0.059).

 

Figure 3. Progression-free survival (PFS) of patients with failed prostatectomies, after receiving early
salvage radiotherapy (SRT) at a PSA < 0.5 ng/mL. SRT dosing groups (≥70 Gy or <70 Gy) were
compared (a) before (n = 387 patients) and (b) after (n = 300 patients) propensity matching 1:1 for
the following significant risk factors: pT2 vs. pT3–4, Gleason score ≤ 7 vs. ≥8, and surgical margins
R0 vs. R1.

Next, we evaluated factors that might influence OS with a multivariate analysis. We
found that only age ≥64 years (HR = 2.16, p = 0.0051) and pT3–4 (HR = 1.97, p = 0.0133)
could significantly adversely impact OS. Figure 4 shows the OS for the total patient cohort,
stratified by (a) pT-stage and (b) SRT dose; only the pT stage impacted the OS. When we
compared the pT2 and pT3–4 subgroups separately, we found that the different SRT doses
did not significantly impact OS (Figure 4c,d).

Figure 4. Kaplan-Meier plot shows overall survival of 554 patients with failed prostatectomies that
received salvage radiotherapy (SRT). All 554 patients were stratified by (a) tumor stage (pT) and
(b) SRT dose. Specific tumor-stage subgroups, (c) pT2 and (d) pT3–4, were stratified by SRT dose.
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4. Discussion

After a failed RP, due to PSA persistence or relapse, escalating the SRT dose to
>7000 cGy provided a significant advantage in PFS. We demonstrated this effect after
adjusting for risk factors in a propensity-matched group of 432 patients. However, among
patients with a pre-SRT PSA level < 0.5 ng/mL, we only observed a trend towards im-
proved PFS with the escalated SRT dose. This lack of significance might have been due to
the small number of patients in our subgroup.

We found that dose escalations did not significantly improve OS. These results were
consistent with several previous retrospective studies. However, a large systematic review
of more than 10,000 patients found that, for every 100 cGy dose escalation, the freedom
from biochemical recurrence improved by 2%. Therefore, those authors concluded that the
applied SRT dose should be above 7000 cGy [21,22]. Nevertheless, there were substantial
biases among the analyzed publications. For example, in 60 out of 71 studies, the median
radiation dose was <7000 cGy; the patient characteristics were inhomogeneous, due to the
inclusion of patients with positive lymph nodes; and a mean of 11% of patients (range:
0–90%) received ADT.

Early results are available from two randomized trials that investigated the effect of
escalated radiation doses in SRT [17,18]. In both trials, biochemical progression was set as
the primary endpoint.

In the SAKK 09/10 trial of the Swiss Cancer Foundation, 350 patients with biochemical
progression after an RP were randomized to receive SRT, with either 6400 cGy (32 fractions)
or 7000 cGy (35 fractions) delivered with an external beam and directed to the prostate
bed [18]. The primary endpoint was freedom from biochemical progression (FFBP). The
intent-to-treat analysis was performed for 344 patients. The authors defined PSA progres-
sion after surgery as two consecutive PSA rises, with a final PSA > 0.1 ng/mL, or three
sequential PSA elevations. In addition, all patients had a post-operative PSA nadir of
≤0.4 ng/mL and a pre-randomization PSA of ≤2 ng/mL. After a median follow-up of
6.2 years, the dose-escalated SRT was not associated with improved outcome for any of the
oncological endpoints, including the primary endpoint, the clinical PFS, the time to hor-
monal treatment, or the OS. The late toxicity analysis showed a significant increase in late
grades 2 and 3 gastrointestinal toxicities (p = 0.009) in the dose-escalated group. Although
no differences were found in terms of quality of life, the authors argued that patients with
dose-escalated SRT were at risk of higher late GI toxicity without any oncologic benefit.

It remains unclear why the 6-Gy dose increase did not provide a measurable difference
in PFS. According to the study by King et al., the dose escalation should have improved
PFS by 2% per Gy of dose increment [21]. In that case, the SAKK trial should have observed
a 12% improvement in PFS with the 6-Gy increase in SRT dose. One reason for the lack
of a difference between groups may have been an insufficient follow-up. It is known that
many local recurrences occur more than eight years after SRT. Therefore, it was possible
that, after the median follow-up of six years, the 64-Gy dose may have postponed tumor
progression, and the 70-Gy dose might have provided a local cure.

Differences in patient characteristics between our cohort and the cohort of the SAKK
09/10 trial and the Chinese trial are summarized in Table 3.
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Table 3. Patient characteristics comparing the available randomized trails and our data.

SAKK 09/10 [18] Chinese Trial [17] Own Data

Type of study Open-label, multicenter Phase III
trial

Randomized controlled Phase
III trial Retrospective cohort

Inclusion criteria

Biochemical failure after RP
3 PSA rises or 2 rises with last

being 0.1 ng/mL
Postoperative PSA-Nadir

≤ 0.4 ng/mL
No ADT before or during SRT

pT2a-3b
No macroscopic relapse

Nodal negative

Biochemical failure or PSA
persistence after RP
(ART/SRT = 48/96

Postoperative PSA-Nadir
≤ 0.4 ng/mL

No ADT before or during SRT
pT3–4

positive margin
Nodal negative

Biochemical failure after RP

PSA rise above 0.1 ng/mL

No ADT before or during SRT
pT3–4

positive margin
Nodal negative

Treatment groups

6400 cGy vs. 7000 cGy
Target volume: prostatic bed

Technique: 3D CRT (44%), IMRT
(57%)

Assignment to treatment by
randomization

6600 cGy vs. 7200 cGy
Target volume: prostatic bed

(RTOG-guideline)
Technique: IG-IMRT/IG-VMAT

High Risk patients: pelvic RT
(88%)

<7000 cGy vs. ≥7000 cGy
Target volume: prostatic bed

+/− seminal vesicle bed
(T3/4)

Technique: 3D CRT (74.9%),
IMRT (25.1%)

Matched-Pair-Analysis

Primary endpoint

Freedom from biochemical
Progression:

Definition: PSA-increase
≥ 0.4 ng/mL beyond

post-SRT-Nadir

Biochemical PFS: secondary
therapy

Definition: PSA-increase
> 0.2 ng/mL beyond
post-SRT-Nadir (x2),

OS: death of any cause

PFS, secondary therapy

Definition: PSA-increase
> 0.2 ng/mL beyond

post-SRT-Nadir
OS: death of any cause

Secondary endpoints

Clinical PFS
Time to hormonal therapy, OS

Acute and late toxicity
Quality of life

Acute and late toxicity
Toxicity of hormonal treatment n.s.

Number of patients
350

Conv. D.: 175 (170 ITT)
Escal. D.: 175 (174 ITT)

144
Conv. D.: 71
Escal. D.: 73

554
low dose: 225
high dose: 329

Pre-SRT-PSA-level 0.3 ng/mL (0.03–1.61) 0.2 ng/ml 0.28 ng/mL (0.04–8.87)

Follow-Up 6.2 years (IQR 5.5–7.2) 48.5 months (14–79 months) 6.8 years (IQR 4.2–9.2)

Time RP–SRT 6400 cGy: 25.9 mo. (14.0–42.3)
7000 cGy: 30.3 mo. (15.8–50.8) 8 mo. 23 mo. (1.7–176)

Results

Reported: 6-year-results
6400 cGy: 62.3% (95% CI:

54.2–69.4)
7000 cGy: 61.3% (95% CI:

53.4–68.3)
bPFS: p = 0.44

Hazard-ratio: 1.14 (95% CI:
0.82–1.6)

Reported: 4-year-results
66 Gy: 75.9%; 95% CI, 71.6–79.6%
72 Gy: 82.6%; 95% CI, 78.8–85.7%

bPFS: p = 0.299

Reported: 5-year-results
Conventional dose: 52%

Escalated dose: 65%
PFS: p = 0.0042

Multivariate Analysis:
significant improvement

favoring:
lower pT stage

lower Gleason sum
positive resection status
lower-pre-SRT PSA level

Abbreviations: RP—radical prostatectomy; PSA—prostatic specific antigen; ADT—androgen deprivation ther-
apy; SRT—salvage radiotherapy; cGy—centiGray; RTOG—Radiotherapy Oncology Group; 3D CRT-three—
dimensional conformal radiotherapy; IG—image guided; IMRT—intensity modulated radiotherapy; VMAT;
RT—radiotherapy; PFS—progression free survival; OS—overall survival; Conv. D.—conventional dose; Escal. D.—
escalated dose; ITT—intention-to-treat; IQR—inter quartile range; bPFS—biochemical progression free survival;
mo.—months; CI—confidence interval.
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However, the well-considered definitions of inclusion criteria in the SAKK 09/10 trial
might have led to a preselected patient cohort with a lower risk of progression compared
to our cohort. Therefore, compared to our cohort, a higher proportion of patients in the
SAKK-trial might not have needed an escalated radiation dose to prevent biochemical
failure. Moreover, the large range of times from RP to SRT in our analysis could have
resulted from the larger number of surgeons and/or variations in operative expertise. Both
factors might also have introduced a selection bias in our study. For patients matched
for pT2 vs. pT3–4, Gleason score ≤ 7 vs. ≥8, and surgical margins R0 vs. R1, escalating
radiotherapy dose provides a near significant advantage in PFS (p = 0.059).

Another relevant factor influencing survival is PSA doubling time, as demonstrated
in the systematic review by van den Broek [12]. In our patient cohort, data on the PSA
doubling times were available only for a small subgroup of patients. Thus, we could not
evaluate this risk factor.

In a Chinese phase III trial, 144 patients were randomly assigned to receive either
6600 cGy or 7200 cGy as an adjuvant for patients with high-risk factors (pT3–4, R1) or as
salvage treatment for patients with a rising postoperative PSA of ≥0.2 ng/mL [17]. In the
SAKK 09/10 trial, a higher overall dose did not provide an advantage for bPFS in the entire
group, after a median follow-up of 48 months. However, in contrast to the SAKK-trial, in
the Chinese trial, a subgroup analysis of patients at high risk (Gleason score 8–10) showed
a significant improvement in the four-year bPFS with a 6-Gy dose escalation to 72 Gy (bPFS
in 79.7% vs. 55.7% for 72-Gy vs. 66-Gy arms, respectively). That result agreed well with
our findings, which showed five-year PFS rates of 52% and 65% for the <70 and ≥70 Gy
groups, respectively (p = 0.0042). Moreover, in our investigation, we showed that the
dose escalation was significantly beneficial, both for patients with Gleason scores of 8–10
and in patients with Gleason scores of 7 or higher. However, it should be noted that the
different study designs of the Chinese trial and our study could have confounded the
comparison; for example, the Chinese trial design included a shorter follow-up, the use
of whole pelvic radiotherapy (88%), and the application of adjuvant radiotherapy (33% of
patients). Moreover, due to substantial differences in cohorts and the possible introduction
of a selection bias, a direct comparison between the Chinese trial and our cohort study
is difficult. The Chinese trial included 48 patients with risk factors (pT3/4 or R1) that
received adjuvant radiotherapy after an RP, without measurable PSA. Moreover, most of
their patients (87.5%) received whole pelvic radiotherapy, and R1-resections were more
frequent among patients in the high-dose cohort (64.4%) than among those in the low-dose
cohort (47.9%, p = 0. 064).

Although the patients in our cohort were highly homogeneous regarding the exclu-
sions of pN+ disease and ADT applications, several studies have provided substantial
evidence to show that some other pathological features can increase the risk of a selection
bias. For instance, a previous retrospective analysis of 8770 patients showed that positive
surgical margins (PSM) represented an independent predictor of biochemical failure [4]. In
that study, among 579 patients that harbored PSMs, the likelihood of biochemical failure
increased when the Gleason score was ≥4 at the margin, when the PSM was ≥3 mm
long, and when the patient had multifocal positive margins. In the present study, these
pathological details were not available for analysis, and this lack of data may have led to
a substantial selection bias. Nevertheless, there are currently no data from randomized
trials that focused on these aspects. Therefore, our results may be helpful when counseling
patients in selecting an appropriate therapy.

Improving tumor control with higher radiation doses must be weighed against an
increase in the occurrence of late toxicities. In this regard, our retrospective analysis may
add further aspects to the current knowledge about variables that can influence dose
escalations in SRT.

Both randomized trials mentioned above completed patient recruitments in the pre-
PSMA-PET-CT era; thus, they mainly performed conventional staging. The increasing
implementation of advanced functional imaging, like PET-CT, might provide additional
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selection criteria for identifying patients with PSA progression after an RP and enhance
the ability to detect risk factors that indicate the need for treatment intensification. For
example, patients with local recurrence detected with PET-CT are likely to require a local-
ized dose escalation in the future. Conversely, patients with no detection of macroscopic
recurrent disease might be treated effectively with lower radiation doses. Thus, the avail-
able randomized data are of limited validity compared to data from patients staged with
modern imaging.

In a recent retrospective study, 150 patients with local prostate cancer relapses detected
in choline-PET-CT were treated with SRT. Radiation was delivered to the prostatic bed ±
lymph nodes in 55% of patients, and the recurrent lesion received a local dose of 8000 cGy.
Five- and seven-year relapse-free survival rates were 70% and 60%, respectively. Given the
high radiation dose, grades 3 and 4 late toxicities were surprisingly low (2%) [23]. Those
survival data were consistent with the survival rates we observed in the high-dose group
in the present study, and both studies supported dose escalations.

The present study had several limitations. First, it was a retrospective study, with
all the inherent limitations, compared to a randomized trial setting. Second, our data
were not statistically suitable for correlation analyses with clinical outcome measures
(e.g., metastasis-free survival), due to the limited number of patients with hematogenous
metastases (n = 5, 1.7%). Third, for many patients (including patients with R1), irradiation
was initiated when the PSA level was <0.2 ng/mL. This irradiation may indicate potential
overtreatment, but only in a small number of patients that might have had benign, low-
level, gradual PSA recurrences. Fourth, there is evidence that increasing the SRT radiation
dose significantly increases the risk of late radiation GI toxicity. Yet, this difference was
irrespective of treatment technique [18]. Due to the lack of toxicity data, our analysis could
not assess the tradeoff between oncological benefits and radiation side effects. Fifth, the
baseline PSA levels and GS values were significantly different between the two dose groups.
Despite our attempt to minimize data distortions with propensity matching, there was
a substantial risk of selection bias and systematic bias. Finally, there was also a risk of a
treatment bias, due to the type of therapy; some patients received traditional 3-D conformal
radiation, and others received modern IMRT.

This study also had some notable strengths. Despite the retrospective nature of our
data, the matched pair analysis represented a decisive advantage. Moreover, we included a
large patient cohort, with homogeneous patient characteristics, and homogeneous patient
treatments. These factors reduced the biases inherent in retrospective data analyses. Fur-
thermore, we excluded patients with positive lymph nodes and patients that received ADT
or whole pelvic radiotherapy. In addition, we applied strict propensity-matching rules to
the cohort.

5. Conclusions

This retrospective study demonstrated that a dose escalation above 7000 cGy had ad-
vantageous effects in patients with prostate cancer that underwent SRT for PSA persistence
or relapse after an RP. Our findings contrasted with those of the SAKK-09/10 trial but were
partly consistent with findings from a Chinese randomized phase III trial. Our additional
risk-adjusted propensity analysis corroborated the finding that SRT had a beneficial impact
on PFS. Differences between studies may be explained by different definitions regarding
inclusion criteria, disease progression, or other patient-related characteristics. With longer
follow-up times, the results of SRT dose escalations may become significant, as proposed
by King et al. [21].

Future studies should focus on the evaluation of subgroups that may benefit from
dose escalations, like high-risk patients, particularly when examined with advanced imag-
ing methods, like PSMA-PET-CT or PET-MRI. With modern imaging, we may achieve
a consensus definition of the ‘true’ relapse, which might change radiotherapy strategies
substantially in the future. Moreover, studies should identify patient-related risk factors
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that might increase the risk of late toxicities. This knowledge will facilitate appropriate
counseling for these patients by enabling a risk–benefit evaluation of dose-escalated SRT.
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Abstract: Adenoid cystic carcinoma/basaloid cell carcinoma of the prostate (ACC/BCC) is a very
rare variant of prostate cancer with uncertain behavior. Few cases are reported in the literature. Data
on treatment options are scarce. The aim of our work was to retrospectively review the published
reports. Thirty-three case reports or case series were analyzed (106 patients in total). Pathological
features, management, and follow-up information were evaluated. Despite the relatively low level
of evidence given the unavoidable lack of prospective trials for such a rare prostate tumor, the
following considerations were made: prostate ACC/BCC is an aggressive tumor often presenting
with locally advanced disease and incidental diagnosis occurs during transurethral resection of the
prostate for urinary obstructive symptoms. Prostate-specific antigen was not a reliable marker for
diagnosis nor follow-up. Adequate staging with Computed Tomography (CT) scan and Magnetic
Resonance Imaging (MRI) should be performed before treatment and during follow-up, while there
is no evidence for the use of Positron Emission Tomography (PET). Radical surgery with negative
margins and possibly adjuvant radiotherapy appear to be the treatments of choice. The response to
androgen deprivation therapy was poor. Currently, there is no evidence of the use of truly effective
systemic therapies.

Keywords: adenoid cystic carcinoma; basaloid cell carcinoma; prostate cancer; surgery; radiotherapy;
rare tumor variants

1. Introduction

Adenoid cystic carcinoma (ACC) of the prostate, also called basaloid carcinoma and
adenoid cystic-like tumor, was first described in 1974 as a rare but distinctive variant of
prostatic adenocarcinoma. It is histologically identical to adenoid cystic carcinoma of the
salivary glands [1]. ACC is typically a salivary gland tumor that is composed of ductal and
myoepithelial cells, but it can also arise in different sites, including the skin, cervix, and
breast [2–5].

For a long time, two reasons have been considered for the independent existence of
this tumor: first, myoepithelial cells are not indigenous to the prostate, and second, adenoid
cystic morphology occurs along a spectrum of basaloid proliferations that encompass basal
cell hyperplasia, basal cell adenoma, and basal cell carcinoma. Finally, in 2016, WHO
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Classification of Tumours of the Urinary System and Male Genital Organs categorized adenoid
cystic hyperplasia carcinoma and basaloid variants as malignant basal cell tumors (BCC) [6].

ACC/BCC is an extremely rare variant that is histologically difficult to detect, with
uncertain behavior and about 100 cases reported in the literature compared to over 1 million
acinar prostate cancer diagnoses every year. The age of onset ranges from 28 to 97 years,
with peak incidence between 60 and 75 years; however, cases of young adults have been re-
ported. When occurring in the prostate, these tumors predominantly show local infiltrative
behavior.

Because of the rarity of this disease, therapeutic options for patients with ACC/BCC of
the prostate are scarce. Most patients are treated with hormone therapy, radiotherapy, radi-
cal prostatectomy, or a combination of these treatments, although outcomes remain poor.

We retrospectively reviewed the published reports available in the literature until
the present day. The used keywords for the literature research included “adenoid cystic”,
“adenoid cystic-like”, “basaloid”, “basal cell carcinoma”, and “prostate”. Available clinical
information, management, outcomes, and follow-up data were extracted.

The management and follow-up data were also reviewed to ascertain the available
treatment options for this rare type of prostate cancer.

2. Pathological Features

A wide range of basal cell lesions of the prostate gland have been described in the
literature, from benign basal cell hyperplasia (BCH) to various infiltrative and invasive
patterns. It is believed that, in contrast to usual prostate malignancies, they are originated
from basal/reserve cells [7]. Grossly, ACC/BCC is commonly reported as a yellow specimen
with a hard consistency. There are lobules separated by fibrous septa. There may be also
hemorrhage, necrosis, and cystic changes [8]. Basophilic mucinous secretions are sometimes
seen [7].

Histologically, prostate ACC has been identical to the usual head and neck ACCs,
including the evidence of extensive perineural invasion [7–10]. Upon microscopic examina-
tion, the reported patterns are trabecular, glandular, cribriform, and variably sized solid
nests. Early pathology reports already described ACC/BCC as irregular, variably sized
nests of tumor cells, predominantly basaloid cells, and a lesser number of larger cells with
pale eosinophilic cytoplasm, infiltrating the stroma with prominent cribriform architecture.
Moreover, McKenny et al. observed an extensive intraglandular hyalinization completely
replacing the glandular structures in some tumoral foci, different from the basaloid car-
cinoma that showed infiltration between normal glands, extraprostatic extension, and
perineural invasion, but not with a cribriform pattern [11].

Tumoral cells have shown a high nuclear to cytoplasmic ratio, open chromatin, and
scant cytoplasm with cytoplasmic vacuoles that resemble myoepithelial cells [7,8]. Basaloid
characteristics in the reported cases are very prominent. Immunohistochemical examina-
tions have shown a relationship among adenoid cystic carcinoma, basal cell hyperplasia,
and adenoid basal cell tumors. Indeed, some authors have argued that it probably did not
originate from the secretory epithelium of the prostate gland. Despite this, imaging, clinical,
and pathologic evidence support ACC/BCC location to be within the prostate glandular
tissue [9,10]. Beyond the perineural invasion (similar to head and neck ACCs), infiltrative
pattern growth and extra-prostatic extension are also common features [7,8,10]. Since they
originate from the basal cell layer, other than secretive, glandular epithelium, the almost
or true negative Prostate-specific antigen (PSA) immunohistochemical staining is one of
the usual features of ACC/BCC, except for some positive cases, especially in mixed-form
ACC/BCC plus acinar adenocarcinoma [12,13].

From a molecular point of view, loss of PTEN expression and overexpression of EGFR
are two frequent findings in ACC/BCC. The MYB translocation has often been described in
true ACCs. In particular, the MYB–NFIB fusion protein has been reported to be associated
with morphologic features reminiscent of adenoid cystic carcinoma in a cohort of basal
cell carcinomas of the prostate [7]. Proliferative index, which is usually higher than 20% in
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ACC, may be helpful to distinguish BCH from ACC. Diffuse Bcl-2 staining in ACC may
also help to differentiate ACC and BCH or usual PCs in which such evidence is absent or
scant. CK7 protein is positive in the luminal part of ACC, while high-molecular-weight
cytokeratins (i.e., HMCK, 34βE12) are positive in the peripheral parts of the tumor mass.
P63 protein usually also results strongly positive in ACCs. S100 and PSA markers may
be positive, but not in all cases [7,14]. This tumor entity is probably not an homogenous
tumor type comprised different subtypes and an in-depth molecular analysis could allow
not only a better characterization of the disease but provide prognostic and predictive data
of extreme importance. To date, from the data that emerged from our work, we are unable
to state whether the presence of MYB translocation or HER2/PTEN alteration can allow
different therapeutic approaches.

Compared to conventional acinar PCs, basal cell carcinoma usually shows little or no
androgen receptor (AR) expression, with a very low percentage of patients or weak and
patchy immunohistochemical staining reported in the literature [15]. The main pathological
characteristics and hormonal reactions in ACC/BCC are summarized in Table 1.

Table 1. Summary of the main pathological features of ACC/BCC.

Morphologic Characters Immunostaining Molecular Characteristic

• Scare cytoplasm

• loss of PTEN expression
• overexpression of EGFR
• MYB–NFIB fusion

• High N/C ratio

• Irregular and angulated nuclei with open
chromatin

• May exhibit nuclear and cytoplasmic micro
vacuolation

• Infiltration of adjacent parenchyma

BCC pattern: BCC pattern:

• Variably sized, solid nests, cords or trabeculae,
peripheral palisading of basaloid cell

• Basal cell markers, p63 or HMCK
(34βE12)

ACC pattern: ACC pattern:

• Prominent cribriform architecture • CK 20-/CD7+ staining

• Eosinophilic, hyaline, basement membrane-like
material • CK7 in pure solid form

• Basal cell nests

• Bcl-2 strongly and diffusely +

• High Ki67 nuclear staining

Abbreviations: ACC: adenoid cystic carcinoma; BCC: basal cell carcinoma; N/C: nuclear-cytoplasmic ratio; HMCK:
high-molecular-weight cytokeratins; CK cytokeratine; CD: cluster of differentiation; Bcl-2: B cell lymphoma-2;
Ki67: marker of proliferation Ki67; ADT: androgen deprivation therapy.

3. Diagnosis and Staging

This rare form of prostate cancer tends to have non-specific symptoms that last for
many years, showing an indolent course, for which it was originally suggested to be a
potentially indolent disease. Most patients had symptoms of urinary tract obstruction,
hematuria, nocturia, and pollakiuria or pelvic pain, often leading to incidental diagnosis by
transurethral resection of the prostate (TURP). The initial step towards clinical diagnosis
and staging was a digital rectal examination, which detected abnormalities in prostate
glands. No preoperative imaging technique has provided sufficiently specific results. In
some cases, anechoic lesions were observed by TRUS and typical of this cancer; however,
these were not sufficient to establish a diagnosis between ACC/BCC and other prostate
cancer subtypes or benign prostatic hyperplasia (BPH). Therefore, a pathologic examination
of surgical or biopsy materials was required in order to obtain a certain diagnosis. It should
be emphasized that, with the exception of a few cases (Table 2), the Prostate-specific antigen
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(PSA) level remained within the normal range, so it cannot be considered an index of tumor
aggressiveness. These findings suggest that ACC/BCC of the prostate lacks the capability
of PSA production and concomitant acinar ADK of the prostate was found in patients with
PSA elevation [8]. The low PSA value could support the idea that this rare variant should
not be considered and treated as prostate cancer. In our opinion, this consideration is
incorrect since the PSA value in patients diagnosed with rare forms of non-acinar prostate
cancer, such as ductal carcinoma of the prostate, was often in the normal range.

Normal PSA values, in addition to mild symptoms, pushed urologists to use medical
treatments for benign pathology, probably delaying the cancer diagnosis. From the analysis
of the literature, in almost all cases it is presented with locally advanced disease, with
encroachment beyond the prostate capsule and infiltration of the bladder, rectum, and
sometimes the pelvic wall or pelvis bone. Less than 10% of patients had stage IV disease at
onset; however, 30–40% of patients developed a recurrence or metastases early after radical
treatment, predominantly to the bone, liver, and lung [16,17].

However, these data could be underestimated considering the lack of sufficient follow-
up time (median 1 year). Dong et al. reported a case of massive lung metastases after one
year of radical prostatectomy (RP) who underwent multiple chemotherapy lines and had
stable disease after treatment with etoposide [18].

Because of this potential aggression and the risk of developing early metastases, many
authors suggested pre-treatment staging with Computed Tomography (CT scan), Magnetic
Resonance Imaging (MRI), and possibly bone scan, as well as a follow-up CT scan every
3–6 months. In the early stages of the disease, according to Zang’s case report, MRI could
be negative even when it is performed repeatedly [10].

There are no data available on the possible use of nuclear medicine tests for this
tumor. Komura et al. described a case of stage IV ACC/BCC metastatic disease detected
with 2-Fluoro-2-deoxy-D-glucose Positron Emission Tomography/Computed Tomography
(PET/CT) [19]. Moreover, sporadic cases of positive metastases by ACC extra-prostatic
tumors with 68 Ga-Prostate-Specific Membrane Antigen (PSMA) are reported. This could
be a possible area for future investigation [20,21].

Table 2. Summary of case reports and case series published in the literature.

Author
(Year)

N of Pts *
(Tot: 106)

Age PSA (ng/mL) Symptoms
Diasease

Stage
Treatment Outcomes

Frankel, K.
1974
[22]

1 69 /

Acute
urinary

retention and
nocturia

cT1c TURP 36 m fup: NED

Tannenbaum,
M.

1975
[23]

2 / / / cT4 / /

Kramer, S.A.
1978
[24]

1 55
Perineal pain

and
tenderness

cT4

TURP plus
Pelvic

exenteratio + RT
(60 Gy)

/

Kuhajda, F.P.
1983
[25]

1 66 Urinary
obstruction / TURP plus RT NED

Gilrnour,
A.M.
1986
[26]

1 76 /
5 y history of
nocturia and
poor stream

Organ
confined
disease

TURP plus RP 8 m fup: NED
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Table 2. Cont.

Author
(Year)

N of Pts *
(Tot: 106)

Age PSA (ng/mL) Symptoms
Diasease

Stage
Treatment Outcomes

Ahn, K.S.,
1991
[8]

1 38 /
Long history
of nocturia

and Dysuria
cT3b RP /

Denholm,
S.W.
1992
[9]

1 28 Normal
range

Urinary
obstruction cT4

TURP plus RT
(45 Gy in 20 Fx)

plus
chemotherapy (5

Fluorouracil-
Mitomycin

C)

18 m fup:
reduction of
pelvic mass

Hasan, N.
1996
[22]

1 66 Normal
range

Acute
retention

Organ
confined
disease

TURP 4 m: NED

Pariente, J.L.
1998
[27]

1 73 168 / /
TURP plus
Androgen
blockade

12 m fup: NED

Young, R.H.
1998
[28]

2 Case 1: 60
Case 2: 68 / Acute

retention / TURP and RP 8 y fup: NED

Minei, S.
2001
[29]

1 43 2 Urinary
Obstruction / TURP /

Schmid, H.P.
2002
[30]

1 43 Normal
range / / PR plus RT 8 y fup: local

progression

Iczkowski,
K.A.
2003
[16]

19 43–87 <9 ng/mL Urinary
Obstruction

4 cases: stage
IV

TURP (10 pts),
RP (2 pts),

exenteratio, (2
pts) combined
RP and RT (4
pts), biopsy (1

pts)

Mean fup 26 m
(range 3–132): 10

pts: NED, 4
developed
metastases

3 pts alive with
tumor,

1 pt died of
tumor

Mastropasqua,
M.G.
2003
[14]

1 65 8.5 Nocturia,
pelvic pain pT3bN1 RP + LAD 8 mo fup: lung

metastases

McKenney,
J.K.

2004
[11]

4 36–60 / /

Organ
confined

disease (1 pt)
cT4 (3 pts)

RP (2 pts), TURP
1 died 3 mo after

PR
9 m fup: NED

Fayyad, L.M.
2006
[31]

1 75 / / / TURP + CT +
ADT

5 y fup: died for
metastases

Ali, T.
2007
[17]

29 42–89 / Urinary
Obstruction /

TURP (16 pts),
TURP + RP (5
pts) RP + RT +

CT (4 pts)
Biopsia (4 pts)

Mean fup 4.3 y:
14 pts NED
4 pts local
recurrence

4 pts metastases
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Table 2. Cont.

Author
(Year)

N of Pts *
(Tot: 106)

Age PSA (ng/mL) Symptoms
Diasease

Stage
Treatment Outcomes

Komura, K.
2010
[19]

1 67 Normal
range

Urinary
Obstruction,
pelvic pain

IV Docetaxel and
Extramustine

Lung metastases
after 3 m of
treayment

Bohn, O.L.
2010
[32]

1 65 Normal
range

Long history
of dysuria

and urinary
outlet

obstruction

Organ
confined
disease

RP 12 mo fup: NED

Ahuja, A.
2011
[33]

1 32 Normal
range

Obstructive
lower urinary

tract
symptoms

cT4

Bilateral
orchidectomy

and
Bicalutamide

6 mo fup: Stable
disease

Tuan, J.
2012
[34]

1 78 Normal
range

Urinary tract
symptoms,

nocturia and
gross

hematuria

T4N1M0

TURP plus RT
(45 Gy in 20 Fx)

plus CT
(5-Fluorouracil +

Mitomycin C)

36 mo fup: NED

Stearns, G.
2012
[35]

1 69 Normal
range Hematuria cT4N0 Etoposide and

Cisplatin plus RP
Early

progression

Chang, K.
2012
[36]

3 48–65 Normal
range

Acute
urinary

retention

Cases 1 and
2: Organ
confined
disease

Case 3: lung
metastases

Cases 1 and 2: 50
Gy RT
Case 3:

Androgen
blockade

(Bicalutamide +
Goserelin)

Cases 1 and 2:
bone progression

after 2 mo
Case 3: died 5

mo after
treatment

Tsuruta, K.
2012
[37]

1 48 Hematuria cT4

Etoposide and
Cisplatin plus

pelvic
exenteratio

Liver
metastases
after 3 mo

Bishop, J.A.
2015
[38]

12 65–86 / / / TURP /

Simper, N.B.
2015
[39]

9 57–97 / /
Locoregional

confined
disease,

TURP (6 pts),
Pelvic

exenteratio (1 pt),
RP (2 pts)

44 mo fup:
5 pts NED
4 pts local
recurrence

1 pt metastases

Zang, M.
2016
[10]

1 73 1.9
Nine years of

peritoneal
pain

cT4 Pelvic
exenteratio 22 mo fup: PSA:0

Bernhardt, D.
2018
[40]

2 Case 1: 65
Case 2: 44

Normal
range

Perirectal
pain

Case 1: pT2c
pN0 M1,

Case 2: cT4

TURP plus RP
plus RT as

photon IMRT
plus C12 heavy

ion boost

Case 1: 16 mo
fup local and

distant
progression
Case 2: NED

Shibuya, T.
2018
[41]

1 68 Normal
range / cT1c RP 1 y fup: NED

37



Curr. Oncol. 2022, 29

Table 2. Cont.

Author
(Year)

N of Pts *
(Tot: 106)

Age PSA (ng/mL) Symptoms
Diasease

Stage
Treatment Outcomes

Dong, S.
2020
[18]

1 62 Normal
range / pT2 RP + RT 2 y fup: lung

metastases

Julka, P.K.
2020
[13]

1 79 / Hematuria CT4N0M1(liver)

TURP plus CT
(Carboplatin +
Paclitaxel) then

ADT (Degarelix)

16 mo fup: stable
disease

Ridai, S.
2021
[42]

1 40 3.5

Obstructive
lower urinary

tract
symptoms

cT3b

TURP plus
concurrent CT

(Cisplatin)-RT as
photon IMRT

1 y fup:
cerebellar
metastases

He, L.
2021
[43]

1 92 <0.05
post-TURP

Urethral
stricture,
urinary

retention

cT1c TURP plus RT 4 mo fup: NED

* Abbreviations: N◦: number; PTS: patients; PSA: Prostate-specific antigen; TURP: transurethral resection of
prostate; RP: radical prostatectomy; fup: follow-up; MO: months; Y: years; RT: radiotherapy; C12: 12 carbon;
IMRT: Intensity-modulated radiation therapy; NED: no evidence of disease, ADT: androgen deprivation therapy;
CT: chemotherapy. The text continues here (Table 2).

4. Treatment Options and Outcomes

Given the rarity of ACC/BCC prostate cancer, there were no prospective trials to
determine the optimal treatment. Thirty-three articles published in the literature, for a total
of 106 patients, were evaluated with the aim of identifying the most suitable treatment
and evaluating outcomes (Table 2). Various treatment approaches have been described in
the literature. They are mainly based on tumor histology and/or borrowed from some
more usual ACC/BCC tumor sites (e.g., head and neck), hence highlighting there is no
uniformity in the management of such a rare prostate disease due to the lack of knowledge
on its clinical and biological characteristics.

Follow-up data were reported in 28 of 30 articles (90 patients) and ranged from 3 to
136 months. Of these, four (4.4%) died from cancer-related causes, 41 (45.5%) were reported
to be free of recurrence (NED), 21 (23.3%) were alive, but with evidence of disease, and
24 (26.6%) showed local progression or developed distant metastases mainly in the lungs,
liver, and rarely bone.

In some patients, radical surgical resection was a treatment option for localized disease,
ensuring free margins and a clear histological characterization of ACC/BCC. However,
the extensive locally infiltrative pattern and perineural spread often cause difficulty in
achieving high tumor control rates [24,38,44]. Prognostic factors such as advanced tumors,
positive resection margins, and perineural infiltration drove the indication for postoperative
radiotherapy [37]. Such findings were imported from the guidelines for acinar prostate
cancer and ACC cancer of the head and neck region. In fact, most of the patients (38 patients,
36.5%) were treated with TURP, acting immediately on the clinical symptoms, while in five
(4.8%) cases, only diagnostic biopsy was performed.

Aggressive surgical treatments, such as pelvic exenteration, that were initially applied
(four patients, 3.8%) [16,22,39] were subsequently abandoned to give way to more con-
servative treatments, often characterized by the combination of two or more therapeutic
approaches. Radical prostatectomy was adopted in 17 patients (16.4%), while postoperative
radiotherapy, with a total dose of 66 Gy in 33 sessions or 45 Gy in 15 sessions, was added to
RP in 11 cases (10.36%). Radical radiotherapy for a total dose of 45–50 Gy associated with
hormone therapy or chemotherapy was administered in eight cases (7.9%).

The authors of this article believe it is important in the case of patients with urinary
symptoms not to act immediately with TURP, but to opt for symptom control through the
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use of drugs since TURP could preclude the possibility of surgery or disallow escalation of
the radiotherapy dose, compromising the patient’s outcome.

Iczkowski et al. [16] reviewed and reported 19 cases of ACC/BCC neoplasm of the
prostate, identifying young age, involvement of peripheral zone of the prostate, extra-
prostatic spread, and perineural and peri-glandular invasion as important prognostic
factors. Ali and colleagues also suggested potentially aggressive behavior attributable to
the common presence of cancer cells in the periprostatic adipose tissue and extension to
the thick muscle bundles of the bladder neck [17].

As far as systemic therapy is concerned, it is not possible to draw clear conclusions.
Only six (5.7%) patients with advanced ACC/BCC disease received systemic approaches,
with various drugs used, such as 5-Fluorouracil plus Mitomycin C; Docetaxel; Carboplatin
plus Paclitaxel; Cisplatin; and ADT (Bicalutamide and/or LHRH analogues/antagonists),
alone or combination strategies [9,13,29,36,37]. A case of locally advanced prostate BCC
treated with concurrent chemoradiation was recently reported. A 70 Gy total target dose
was delivered in 35 fractions with an intensity-modulated technique and concomitant,
weekly cisplatin with evidence of complete local remission and disappearance of the lower
urinary tract symptoms and pain at the one-year follow-up visit, but distant metastatic
oligoprogression of the disease [42]. Of note, since ACC/BCC has proven to not express the
AR, the impact of ADT remains unclear, even if luteinizing hormone-releasing hormone
agonists and antiandrogen drugs are still considered the treatment of choice for inoperable
cases or metastatic disease [15,39]. The question arises spontaneously whether the forms
of ACC/BCC of the prostate can or should be treated as similar tumors of other sites (i.e.,
ACC tumors of the head and neck area). In the some reports, the authors report experiences
in adding chemotherapy based on cisplatin or taxanes (as in head and neck pathologies),
but there are very few cases and it is not possible to draw a conclusion [13,33,42].

5. Discussion

Adenoid cystic carcinoma/basal cell carcinoma is an extremely rare variant of prostate
cancer first described in 1974. Just over 100 cases are currently reported in the literature
worldwide. In view of the rarity and the lack of prospective studies, it is possible to
define some features only based on few case reports. Despite this, it is possible to draw
some important conclusions which may guide physicians to choose the best therapeutic
approach. The correct identification of ACC/BCC from a pathological point of view is
of extreme importance and therefore, when there is histological suspicion, the specimens
should be referred to an expert pathologist. The serum PSA value does not represent a
useful marker in this histological variant, so a clinical picture with persistent obstructive
urinary symptoms unresponsive to medical therapy, even in the absence of a rise in PSA,
necessitates investigation with a biopsy. Above all, serum PSA should not be used as the
sole tool for follow up. Contrary to what has been hypothesized in the past, ACC/BCC
has usually been shown not to present with an indolent character, rather it tends to have
loco-regional spread with potential to metastasize. Given the potential aggressiveness of
the tumor, owing to metastatic disease at presentation, an adequate radiological staging
with CT scan plus bone scan and MRI should be performed prior to radical treatment,
with curative intent and during the follow-up period. If necessary, the use of second-level
functional imaging (i.e., Choline-PET or PSMA-PET) is desirable to complete the staging
framework [13,43]. Moreover, TURP should also be avoided as an upfront treatment in
cases of symptoms in order not to compromise subsequent treatment and preferred medical
treatment.

Young age, involvement of the peripheral zone of the prostate, extra-prostatic spread,
and perineural and peri-glandular invasion are important prognostic factors. The presence
of these factors make radical prostatectomy alone insufficient to guarantee disease control,
therefore a combined treatment including adjuvant radiotherapy should be considered as
a standard of care. No conclusive data can be drawn on the best systemic treatment, nor
on the efficacy of androgen deprivation therapy, especially as ACC/BCC has proven to be
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independent from androgen stimulation [19,33]. Recently, a phenotypic multi-dimensional
assay testing the patient’s tumor tissue against different drug combinations has been pro-
posed, along with an accurate prediction of clinical outcome, thus offering a personalized
way to select the most appropriate treatment option for the individual patient, especially
with rare cancers [13,38]. A more accurate refinement of the histopathologic features of
prostatic ACC/BCC can probably help tailor treatment based on tumor phenotypes and
involved genetic pathways that includes various potential therapeutic targets [39]. Since
prospective studies are not conceivable due to the rarity of ACC/BCC worldwide, the
collection of real-world data, possibly with large international, retrospective databases is
desirable to better understand the adequate management of ACC/BCC and the role of
different therapeutic strategies.
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Simple Summary: Recent research on prostate cancer and vitamin D is controversial. We measured
three vitamin D3 metabolites in 32 selected prostate cancer patients after surgery at four time points
over four years. Within a large European study, half of the patients were prophylactically treated with
zoledronic acid (ZA); the others received a placebo. After the study start, all the patients daily took
calcium and vitamin D3. The development of metastasis was not affected by ZA treatment. While two
vitamin D metabolites had higher values after the study’s start, with constant follow-up values, the
1,25(OH)2-vitamin D3 concentrations remained unchanged. The latter form was the only metabolite
that was higher in the patients with metastasis as compared to those without bone metastasis. This
result is surprising. However, it is too premature to discuss possible prognostic value yet. Our results
should be confirmed in larger cohorts.

Abstract: There are limited and discrepant data on prostate cancer (PCa) and vitamin D. We investi-
gated changes in three vitamin D3 metabolites in PCa patients after prostatectomy with zoledronic
acid (ZA) treatment regarding their metastasis statuses over four years. In 32 patients from the
ZEUS trial, 25(OH)D3, 24,25(OH)2D3, and 1,25(OH)2D3 were measured with liquid chromatography
coupled with tandem mass spectrometry at four time points. All the patients received daily calcium
and vitamin D3. Bone metastases were detected in 7 of the 17 ZA-treated patients and in 5 of the
15 controls (without ZA), without differences between the groups (p = 0.725). While 25(OH)D3 and
24,25(OH)2D3 increased significantly after the study’s start, with following constant values, the
1,25(OH)2D3 concentrations remained unchanged. ZA treatment did not change the levels of the
three metabolites. 25(OH)D3 and 24,25(OH)2D3 were not associated with the development of bone
metastases. In contrast, 1,25(OH)2D3 was also higher in patients with bone metastasis before the
study’s start. Thus, in high-risk PCa patients after prostatectomy, 25(OH)D3, 24,25(OH)2D3, and
1,25(OH)2D3 were not affected by supportive ZA treatment or by the development of metastasis over
four years, with the exception of 1,25(OH)2D3, which was constantly higher in metastatic patients.
There might be potential prognostic value if the results can be confirmed.

Keywords: prostate cancer; prostatectomy; zoledronic acid treatment; vitamin D; circulating
vitamin D metabolites; 25(OH)D3; 24,25(OH)2D3; 1,25(OH)2D3

1. Introduction

Several international conferences in recent years have discussed, in detail, the cur-
rent evidence and the ongoing controversies in vitamin D research [1–3]. Vitamin D3 is
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mainly formed in the skin from 7-dehydrocholesterol upon ultraviolet B exposure. It is
subsequently hydroxylated by two cytochrome-P450-mediated hydroxylation processes.
In the liver, it is converted to 25-hydroxyvitamin D3 (25(OH)D3), released in the blood-
stream and subsequently hydroxylated in the kidney, but also in other organs, including
the prostate, to 1,25-dihydroxyvitamin D3 (1,25(OH)2D3). The controversies concern both
25(OH)D3 as the primary circulating vitamin D form reflecting the vitamin D status and
1,25(OH)2D3, the actual active metabolite that reacts with the vitamin D receptor. The
controversial issues relate particularly to the extraskeletal actions of vitamin D and involve
numerous diseases, such as various malignancies and cardiovascular, dermatologic, and
immunological disorders [4]. Cell research and animal studies provide strong evidence of
the potential molecular and cellular mechanisms underlying the actions of vitamin D and
its metabolites [5–7]. However, corresponding observational and randomized controlled
studies, probably due to their weak study designs, have frequently remained inconclusive
and showed conflicting results concerning the hypothesized beneficial effect of vitamin
D [3,8]. In this respect, prostate cancer (PCa) is no exception.

The complex biochemical and molecular relationship between PCa and vitamin D
has been reviewed in numerous reports [9–11]. The limited and also partly discrepant
data regarding the action of vitamin D in the treatment of PCa are exemplarily reflected
by the results reported in some pertinent following studies. For example, a meta-analysis
from 21 studies published until 2013 revealed a significant 17% higher risk of PCa in men
with higher serum levels of 25(OH)D3 [12]. In contrast, other studies reported that higher
25(OH)D3 levels were associated with a 57% reduction in the risk of lethal PCa or improved
prognosis [13–15]. A recently performed dose–response meta-analysis of 25(OH)D3, which
was based on seven relevant studies, supported the idea that a higher serum 25(OH)D3 con-
centration was an important protective factor in PCa progression and was associated with
reduced PCa mortality [16]. However, other studies showed that 25(OH)D3 concentrations
and vitamin D supplementation were not significantly associated with an increased PCa
incidence and mortality rate [17–19]. An inverse association between the post-treatment
plasma 1,25(OH)2D3 levels and all-cause and PCa-specific mortality in men with aggressive
PCa suggested a possible beneficial effect of vitamin D supplementation in these men [20].
A recent study in 2021 found that men with PCa and vitamin D deficiency had higher
overall and PCa-specific mortality, but there was no association between the risk of PCa
(in biopsied men) and different vitamin D categories [21]. Our own data for 480 biopsied
men also showed no correlation between 25(OH)D3 and the pathological Gleason grade or
differences between 222 men with and 258 without PCa [22].

It can be assumed that these contradictory results are mainly because basic principles
for studies on the effect of vitamin D concerning health status have frequently been disre-
garded. Amrein et al. [8] defined four preconditions for an optimal study design in their
seminal article “Vitamin D deficiency 2.0” as follows: (a) the measurement of the vitamin
D status at baseline, (b) the consideration of vitamin D deficiency as a study inclusion
criterion, (c) the application of an intervention capable of altering the vitamin D status, and
(d) repeat measurements to verify the vitamin D status.

Considering these indispensable aspects for a valid study, it was therefore of interest to
find out the possible changes in vitamin D status in patients after prostatectomy under the
influence of the bisphosphonate zoledronic acid (ZA). ZA was shown to prevent bone loss
due to antiandrogen-deprivation therapy, reduce morbidity and pain, and improve survival
in castration-resistant PCa [23,24]. ZA induces the direct inhibition of PCa cells in vitro,
inhibits tumor-mediated angiogenesis, enhances bone-mineral density, and suppresses
bone markers [25–27]. Recent guidelines regarding PCa management recommend ZA and
Denosumab as bone-protective agents in the supportive care of patients with castration-
resistant PCa and skeletal metastases to prevent or reduce skeletal-related events [28–31].
However, data on the vitamin D status in follow-up measurements from patients receiving
ZA are rare. They mostly refer to patients suffering from osteoporosis, while detailed data
from PCa patients are lacking [32,33].
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The basis for the study on vitamin D metabolites presented here was the availability
of serum samples from a randomized, open-label study to evaluate the efficacy of ZA
treatment for bone-metastasis prevention in high-risk PCa patients [34]. Thus, we were able
to initiate this study in a small subset of 32 patients to largely meet the above-described
requirements for a valid vitamin D study measuring the three metabolites 25(OH)D3,
24,25(OH)2D3, and 1,25(OH)2D3. With this study, we intended to obtain better insights into
the following open issues: (a) the changes in vitamin D metabolites in PCa patients after
prostatectomy over four years, (b) possible ZA-treatment effects on the profile of vitamin
D metabolites, and (c) abnormalities in the metabolite profile with regard to metastasis
during the study.

2. Materials and Methods

2.1. Patients and Samples

The study was based on vitamin D measurements performed on blood samples
available from PCa patients after radical prostatectomy in the ZEUS trial (https://
www.isrctn.com/ISRCTN66626762 accessed on 6 February 2022; https://doi.org/10.1186/
ISRCTN66626762). This trial was a randomized, open-label study to evaluate the efficacy
of ZA treatment for bone-metastasis prevention in high-risk PCa patients [34]. Ethical ap-
proval was obtained from local medical ethics committees for all the participating hospitals
of this multicenter study, and the patients signed an informed consent form. The details
and results of this trial were previously reported [34]. Briefly, the here-investigated sub-
group consisted of nonmetastatic PCa patients with at least one of three high-risk factors: a
Gleason score of 8–10, node-positive disease, or prostate-specific antigen (PSA) at diagnosis
≥20 ng/mL. No other prior PCa treatment (antiandrogen monotherapy, chemotherapy, and
treatment with bisphosphonates) was allowed. All the patients were included in this study
within 6 months after radical prostatectomy. The patients either received an intravenous
infusion of 4 mg every three months or were without ZA treatment and served as controls.
All the patients were prescribed concomitant therapy with a daily 500 mg dose of calcium
and 400–500 IU of vitamin D3. Blood samples were collected under standard conditions in
BD Vacutainer tubes before the study began and at every three-month visit. Serum samples
were prepared and frozen at −80 ◦C until analysis. We analyzed samples from 32 patients
at four time points, as further explained in the Results.

2.2. Analytics for Vitamin D Metabolites

The 25(OH)D3 and 24,25(OH)2D3 concentrations were determined with the KM1320
assay, and the concentration of 1,25(OH)2D3 was determined with a development ver-
sion of the KM1400 assay, both from Immundiagnostik AG, Bensheim, Germany. The
vitamin D metabolites were purified by immunoaffinity enrichment, with 1,25(OH)2D3
additionally derivatized for improved detection, and subsequently analyzed by liquid
chromatography–tandem mass spectrometry on a QTrap 5500 system coupled to an Exion
LC (AB Sciex, Darmstadt, Germany). All the samples were analyzed in two replicates using
individual 3-point linear calibration curves. All the calibrants and controls were prepared
from certified reference material (Cerilliant Corp., Round Rock, TX, USA) and validated
with NIST®SRM®972a samples, if available. For 1,25(OH)2D3, reference samples are not
available, but the calibrants were tested with samples from the Vitamin D External Quality
Assessment Scheme (DEQAS). The reproducibility of the measurements was calculated
as the within-run precision from the duplicate measurements using the root-mean-square
method [35]. The coefficients of variation (and their 95% confidence intervals) were 3.28%
(2.92 to 3.76%) for 25(OH)D3, 4.73% (3.30 to 5.82%) for 24,25(OH)2D3, and 8.96% (6.90 to
10.6%) for 1,25(OH)2D3.

2.3. Statistical Analysis

MedCalc 20.027 (MedCalc Software, Ostend, Belgium) and GraphPad Prism 9.3.1
(GraphPad Software, La Jolla, CA, USA) were used as statistical programs as previously
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described [36]. One-way and two-way analyses of variance (ANOVAs) were performed.
Repeated-measures analyses of variances (ANOVAs) were used for a single-factor study
without a grouping variable or for a two-factor study with a specified grouping variable.
Holm and Sidak’s multiple-comparison test was applied to account for multiple testing.
Pearson correlation analysis was used to determine the strength of the associations between
vitamin D3 metabolites. Two-sided p-values < 0.05 were considered statistically significant.
The values in the figures are presented as the means ± 95% confidence intervals (95% CIs).

3. Results

3.1. Patient Characteristics and Study Design

The study included a total of 32 patients after radical prostatectomy characterized by
at least one of three high-risk factors: a Gleason score of 8–10, node-positive disease, and
PSA of ≥20 ng/mL at diagnosis. The individual data of all the patients are summarized in
Table S1. Nineteen patients exhibited one high-risk factor (2 × positive nodes, 5 × PSA, and
12 × Gleason score), twelve patients had two factors (2 × PSA plus Gleason, 3 × PSA plus
positive nodes, and 7 × Gleason plus positive nodes), and one patient had all three factors.
The study started for 16 patients each in winter/spring and summer/autumn (Figure 1). In
every patient, repeated measurements of vitamin D metabolites were performed in serum
samples taken at four time points: before the study entry as baseline, after 3 and 9 months,
and between 27 and 47 months when the study ended or bone metastasis was diagnosed.
ZA was administered to 17 patients; 15 patients were controls and did not receive ZA
treatment. Bone metastases were detected in 7 of the 17 ZA-treated patients during the
study and in 5 of the 15 controls, indicating no significant differences between the two
patient groups (Fisher’s exact test, p = 0.725). This result corresponded with that of the
ZEUS trial [34].

Figure 1. Overview of the study design and patient characteristics depending on the season of the
study’s start in winter/spring (a) and summer/autumn (b). Abbreviation: ZA = zoledronic acid.
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The three vitamin metabolites 25(OH)D3, 24,25(OH)2D3, and 1,25(OH)2D3 were ana-
lyzed in detail. 25(OH)D2 and 1,25(OH)2D2 were also measured, but in all 128 samples,
the 25(OH)D2 concentrations were found to be under the lower limit of quantitation of
3.6 nmol/L, and 1,25(OH)2D2 was not detectable. Thus, only the results for the three
vitamin D3 metabolites are reported here. The effects of the two abovementioned poten-
tial influencing factors “ZA treatment (yes/no)” and “bone metastasis during the study
(yes/no)” as well as the seasonal dependency of the vitamin D3 status were evaluated.

3.2. Vitamin D3 Metabolites in the Total Study Cohort and Dependency on the Season of the Start
of the Study

Figure 2a,c,e provide an overview of the concentration changes for the three metabo-
lites in the total study cohort of the 32 patients during the study at four measuring points.
Statistically significantly increased levels of 25(OH)D3 and 24,25(OH)2D3 were observed
within three months after the study’s start, with approximately constant values at the
two subsequent measuring points. In contrast, the 1,25(OH)2D3 concentrations remained
statistically unchanged over the entire study period.

As the seasonal dependency of the vitamin D3 status, with lower concentrations in
winter and spring in comparison to summer and autumn, is also well known for PCa
patients [22,37,38], we subdivided the patients into two groups with respect to the season
of their study entry (Figure 2b,d,f). Lower levels of 25(OH)D3 and 24,25(OH)2D3 were
detected in the patients who started their study in winter/spring in comparison to the
patients with a study start in summer/autumn. While the patients with a study start in
winter/spring showed distinctly increased concentrations of the two metabolites after three
months of treatment, only moderately increased levels were found in the patients with
summer/autumn study entry (Figure 2b,d). For 1,25(OH)2D3, a subdivision of the patients
did not have any effect on the influence of its concentration behavior over the entire study
period (Figure 2f).

When evaluating the data, it must be taken into account that all the patients received
vitamin D3 supplementation. Thus, the data presented here demonstrate that, even after
the first treatment interval of 3 months, an equalization of the 25(OH)D3 and 24,25(OH)2D3
levels for the entire patient cohort over the study period was achieved, regardless of the sea-
son of the start of the study. Out of the 32 patients before the study entry, 17 (53%) patients
had 25(OH)D3 concentrations below 50 nmol/L, which is the recommended threshold
indicator of vitamin D deficiency in humans [3,8]. Fourteen of the sixteen patients who
began the study in winter/spring had values below this threshold. After the first treatment
interval of 3 months, only three (9.4%) patients of the total study group remained with
values below that limit (Fisher’s exact test, p = 0.0003).

3.3. Vitamin D3 Metabolites in Relation to the ZA Treatment

The repeated measurements in ZA-treated and ZA-untreated patients resulted in
different curves for the respective individual vitamin D3 metabolite during the study
(Figure 3). The 25(OH)D3 and 24,25(OH)2D3 levels were significantly lower at study entry
in comparison with the levels at the three subsequent study time points, but not significantly
different between ZA-treated and ZA-untreated patients at all the time points (Figure 3a,b).
Thus, repeated-measures ANOVA for these two-factor studies showed ZA treatment to be
a non-significant source of variation (p-values of 0.219 and 0.240; Figure 3a,b) and the time
interval to be a significant source of variation (p-values of 0.0001 and 0.0007; Figure 3a,b).
In contrast, the 1,25(OH)2D3 levels did not statistically differ between the ZA-treated and
ZA-untreated patients at any of the measuring points (Figure 3c). These data prove that
ZA treatment did not alter the levels of the three metabolites during the study. It can
be concluded that the differences in the levels of 25(OH)D3 and 24,25(OH)2D3 observed
between the study’s start and the subsequent measuring points were due to the concomitant
supplementation of vitamin D3 to all the study patients.

47



Cancers 2022, 14, 1560

Figure 2. Levels of (a,b) 25(OH)D3, (c,d) 24,25(OH)2D3, and (e,f) 1,25(OH)2D3 at different time
intervals of the study in the total cohort, and dependence on the season of the start of the study.
Subfigures (a,c,e) present the results of the repeated-measures ANOVA for a single-factor study after
treatment in the total cohort (n = 32). The corresponding subfigures (b,d,f) show the results of the two-
factor study with repeated-measures ANOVA on the factor “study start” (winter/spring, n = 16, and
summer/autumn, n = 16). Repeated measures were performed before the treatment (time point = 0)
and 3 and 9 months after the treatment start. The last time point was 39 months (mean value) after
the treatment start. Data at the time points are mean values with their 95% confidence intervals.
At the error bars, the letters a, b, c, and d indicate statistically significant differences in the vitamin
D3 levels between the different measuring points (at least p < 0.05; corrected values according to
Holm–Sidak test): a, compared to “before study”; b, compared to 3 months; c, compared to 9 months;
d, compared to ~39 months. Statistically significant differences between the metabolite levels of
the two study subgroups at the respective time points are characterized by asterisks: **, p < 0.01;
***, p < 0.001. Abbreviations: ANOVA = analysis of variance; MP factor = related to the time intervals
of the measuring points.
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Figure 3. Levels of (a) 25(OH)D3, (b) 24,25(OH)2D3, and (c) 1,25(OH)2D3 before and during the ZA
treatment at different time intervals of the study. Repeated measures were performed before the
treatment (time point = 0) and 3 and 9 months after the treatment start. The last measuring points were
36 and 42 months (mean values) for patients without and with ZA treatment, respectively. Results of
the repeated-measures two-factor ANOVA classified according to the factor ZA treatment (without
ZA, n = 15; with ZA, n = 17) are shown as mean values with their 95% confidence intervals. At the
error bars, the letters a, b, c, and d indicate statistically significant differences in the vitamin D3 levels
between the different measuring points (at least p < 0.05; corrected values according to Holm–Sidak
test): a, compared to “before study”; b, compared to 3 months; c, compared to 9 months; d, compared
to ~36–42 months. No statistically significant differences for all three metabolite levels were found
between the two ZA groups at the respective measuring points. Abbreviations: ANOVA = analysis of
variance; ZA = zoledronic acid; MP factor = related to the time intervals of the measuring points.

3.4. Vitamin D3 Metabolites in Relation to the Development of Bone Metastasis during the Study

The analysis of the concentrations of 25(OH)D3 and 24,25(OH)2D3 regarding metas-
tasis showed that they corresponded with those observed under the aspect of the ZA
treatment (Figure 4). Neither metabolite was associated with the development of bone
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metastases in patients during the study, as the factor “metastasis” was not a significant
variable of the source of variation (Figure 4a,b). The time-dependent changes can also
be attributed to the concomitant vitamin D3 supplementation. This is in contrast to the
very striking 1,25(OH)2D3 profile of the patients who did or did not suffer from bone
metastasis during the study (Figure 4c). The patients who developed bone metastasis
already had higher 1,25(OH)2D3 values before the study’s start compared to those without
bone metastasis. This pattern remained throughout the study period. This observation
suggests that 1,25(OH)2D3 could be a possible factor associated with the metastatic process
in PCa. Since our study was by no means designed to make prognostic statements, we have
only compiled these indicative data in the supplement for interested readers (Figure S1).

Figure 4. Levels of (a) 25(OH)D3, (b) 24,25(OH)2D3, and (c) 1,25(OH)2D3 in patients with and
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without developed bone metastases during the study. Repeated measures were performed before
the treatment (time point = 0) and 3 and 9 months after the treatment start. The last measuring
points were 27 and 42 months (mean values) for the patients with (n = 12) and without (n = 20) bone
metastasis, respectively. Results of the repeated-measures two-factor ANOVA classified according
to the factor metastasis are shown as mean values with their 95% confidence intervals. At the error
bars, the letters a, b, c, and d indicate statistically significant differences in the vitamin D3 levels
between the different measuring points (at least p < 0.05; corrected values according to Holm–Sidak
test): a, compared to “before study”; b, compared to 3 months; c, compared to 9 months; d, compared
to ~27–42 months. Statistically significant differences between the metabolite levels for the two
study subgroups at the respective time points are characterized by asterisks: **, p < 0.01; *** p < 0.001.
Abbreviations: ANOVA = analysis of variance; Meta factor = related to the developed bone metastasis;
MP factor = related to the time intervals of the measuring points.

3.5. Correlations between Vitamin D3 Metabolites

Strong correlations between the 25(OH)D3 and 24,25(OH)2D3 levels were observed at
the four measuring points, with correlation coefficients between 0.696 and 0.883 (mean ± SD;
0.776 ± 0.087) and p-values of <0.0001 in all cases. In this respect, the so-called vitamin
D metabolite ratio (VMR), calculated as the ratio of 24,25(OH)2D3/25(OH)D3 × 100, is of
interest, as this ratio was suggested as an improved indicator of the vitamin D3 status [39].
The close correlation between the two metabolites explains that a similar pattern was
observed as for the two individual metabolites (Figure 5).

Figure 5. Change in the vitamin D3 metabolite ratio (VMR) in the total cohort during the study. The
ratio [24,25(OH)2D3 to 25(OH)D3 × 100] defined as vitamin D3 metabolite ratio increased during the
study. Data at the time points are mean values with their 95% confidence intervals. At the error bars,
the letters a, b, c, and d indicate statistically significant differences between the levels at the different
measuring points (at least p < 0.05; corrected values according to Holm–Sidak test): a, compared
to “before study”; b, compared to 3 months; c, compared to 9 months; d, compared to ~39 months.
Further explanations are provided in the legend of Figure 2.

In contrast to the strong association between 25(OH)D3 and 24;25(OH)2D3, the co-
efficients of the correlation between 25(OH)D3 and 1,25(OH)2D3 as well as between
24,25(OH)2D3 and 1,25(OH)2D3 at the four measuring points were all non-significant,
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with values between -0.122 and 0.145 (−0.004 ± 0.148; p-values of 0.266 to 0.915) and
−0.175 and 0.051 (−0.044 ± 0.174; p-values of 0.337 to 0.916), respectively.

4. Discussion

Our study showed that the main vitamin D metabolites 25(OH)D3, 24,25(OH)2D3, and
1,25(OH)2D3 were not affected in high-risk PCa patients who received ZA as supportive-
care treatment over about 4 years. The ZA-treated patients and controls without ZA, who
had 25(OH)D3 concentrations below the deficiency threshold of 50 nmol/L [1,40] due to a
study start in winter/spring, achieved stable levels above this limit after 3 months with
a daily concomitant supplementation of 400–500 IU of vitamin D cholecalciferol. These
data additionally indicate good patient compliance with the supplement administration
in contrast to other reports [41]. Simultaneously, stable 24,25(OH)2D3 levels were also
observed afterwards during the three subsequent time intervals. The occurrence of bone
metastases also did not result in altered profiles for these two metabolites. The metabolite
1,25(OH)2D3 also did not show profile changes during the entire observation time, but it
was completely unaffected by the cholecalciferol supplementation, in contrast to 25(OH)D3
and 24,25(OH)2D3. In addition, it was remarkable that patients with metastasis already had
higher concentrations of 1,25(OH)2D3 in comparison to those patients without metastasis
at the study’s beginning and during the entire study.

Thus, the results partly differed for 25(OH)D3 and 24,25(OH)2D3, on the one hand,
and for 1,25(OH)2D3, on the other hand. Therefore, it is advisable to discuss the data for
the metabolites separately.

It is currently generally accepted that the circulating 25(OH)D3 is the best indicator
characterizing the vitamin D status [1]. However, a final consensus about the definition
of vitamin D deficiency based on a cutoff level of 25(OH)D3 was not reached in the last
International Conferences on Controversies in Vitamin D [1–3,8]. The Endocrine Task Force
on Vitamin D defined a 25(OH)D3 level of 50 nmol/L as a deficiency cutoff [42]. This
cutoff was also recommended by the Institute of Medicine, USA [40]. A higher threshold of
75 nmol/L was suggested by other expert groups [8]. This absence of consensus results
mainly from the lack of traceability and harmonization/standardization of the various
25(OH)D3 assays that were applied in the different studies [3,43,44]. Our study revealed
that, after treatment with vitamin D cholecalciferol, the high percentage of patients with
deficient levels of 25(OH)D3 below 50 nmol/L at the start of the study could be reduced
from 53 to 9.4%. In guidelines and comments, a daily supplement dosage of 10 to 50 μg
(400–2000 IU) of vitamin D has been recommended to achieve at least this threshold
of 50 nmol/L [8,40,45–49]. As the half-life of circulating 25(OH)D3 is estimated to be
approximately 15 days [50], this daily supplementation results in a steady state of 25(OH)D3
after three to four months [48,51]. The increase in circulating 25(OH)D3 depends on the
baseline level and the dose of the supplemented vitamin D. For an initial level of 25 nmol/L,
an increase to more than 60 nmol/L was reported with a daily supplement of 400 IU for
three months [52]. This corresponds with the observation in our study (Figure 2b). A similar
pattern was visible for the metabolite 24,25(OH)2D3. The first and second hydroxylation
steps converting 25(OH)D3 to 24,25(OH)2D3 and 1,25(OH)2D3, respectively, are likely to
be inversely regulated by the same effectors (parathormone, 1,25(OH)2D3, and fibroblast
growth factor 23/klotho) [53–55], but there remains a close relationship between the two
metabolites 25(OH)D3 and 24,25(OH)2D3 in the bloodstream. This is reflected in the
strong Pearson correlation coefficients of 0.776 during the entire study period. The VMR,
calculated as the ratio between 24,25(OH)2D3 and 25(OH)D3, also confirms the increased
levels of both metabolites after three months of the study compared with the baseline
values at the study’s beginning (Figure 5). VMR has been proposed as a more sensitive
indicator for monitoring vitamin D intake [56–58], but some recent studies failed to confirm
this advantage over the assessment based on 25(OH)D3 only [39,59,60].

Several studies in osteoporosis patients treated with ZA or other bisphosphonates
have shown that there is a close relationship between the observed increased bone-mineral
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density and the circulating 25(OH) vitamin D concentration [33,61–64]. To achieve this
treatment effect, different threshold levels of 25(OH) vitamin D have been reported. This is
certainly because the assays used in various studies did not show clear traceability [3,33].
However, despite these conflicting data, studies concerning the usefulness of ZA in PCa
patients have generally been performed with a concomitant supply of vitamin D both in
the trial and placebo arms [27,34]. Follow-up data for vitamin D metabolites, however, are
lacking. The less-satisfactory evidence for vitamin D in combination with bisphosphonates
has been summarized in a meta-analysis [65]. Out of 27 randomized studies [65], the
authors of one of only three studies with ZA monotherapy without the administration of
vitamin D advised the prophylactic administration of vitamin D and the monitoring of the
vitamin D levels for these patients [23]. In this respect, our follow-up data for the vitamin
D metabolites support this recommendation. The data show that, with daily medication
with 100 to 125 μg of cholecalciferol, a long-term level of 25(OH)D3 of >50 nmol/L can
be achieved. In recent PCa guidelines, ZA has been recommended as a bone-protective
agent and for pain relief in castration-resistant PCa patients and those with bone metas-
tases [29,30]. Thus, ZA continues to be an important component of PCa management, even
though the primary expectations of preventing bone metastases were not met [30,34].

For 1,25(OH)2D3, the reference range (95% confidence interval) in the serum/plasma
of healthy adults (between 20 and 70 years) has been determined to be 59 to 159 pmol/L [66].
The circulating 1,25(OH)2D3 accounts for only approximately 0.1% of 25(OH)D3. A compa-
rable proportion of the two metabolites was detected in prostate tissue, and their concentra-
tions were correlated with serum levels [67,68]. The baseline concentrations of 1,25(OH)2D3
in our PCa cohort were within this reference range, except for three patients with lower val-
ues. Moreover, the repeated measures in our study showed that the concentrations did not
significantly change over the entire period. There were no increased 1,25(OH)2D3 values
due to the supplementation of cholecalciferol, in contrast to 25(OH)D3 and 24,25(OH)2D3,
particularly during the first treatment interval (Figure 2e,f) and for the subclassification
with/without metastasis (Figure 4c). The circulating 1,25(OH)2D3 is strictly controlled by
a multiregulatory feedback system consisting of parathormone, fibroblast growth factor,
calcium, phosphate, and 1,25(OH)2D3 itself [69]. In consequence, normal circulating levels
of 1,25(OH)2D3 are largely ensured by the adequate synthesis of 1,25(OH)2D3 from its
precursor 25(OH)D3, even at moderately decreased concentrations of 25(OH)D3 [66,70].
This was also evident in our study and, likewise, explains the missing correlations between
1,25(OH)2D3 and 25(OH)D3 or 24,25(OH)2D3. Other studies with and without additional
vitamin D intake also reported missing correlations or low coefficients for the correlation
between 1,25(OH)2D3 and 25(OH)D3 [38,70–75]. The peculiarity of sufficiently functioning
1,25(OH)2D3 synthesis despite a limited 25(OH)D3 substrate supply as long as a severe
vitamin deficiency is not present also makes it understandable that 1,25(OH)2D3 is not
considered a valid marker for global vitamin D deficiency [70,76].

However, our finding of higher 1,25(OH)2D3 levels in patients with subsequent metas-
tasis during the study compared with distinctly lower levels in patients without progression
was apparently surprising. However, it should be pointed out that the higher values in the
metastasized PCa group were always in the reference range of circulating 1,25(OH)2D3 [66].
Significantly, the elevated baseline values were confirmed during the study. This is in con-
trast to other PCa and cancer studies in which increased levels of circulating 1,25(OH)2D3
were associated with improved outcome data [20,67,77,78]. Numerous preclinical studies
based on cell-culture experiments and animal studies showed that 1,25(OH)2D3 inhibits the
proliferation, migration, and invasion of cancer cells; suppresses angiogenesis; activates the
apoptosis and differentiation of cells; or synergistically potentiates the antitumor activity
of chemotherapeutic agents [5,79–86]. Since 1,25(OH)2D3 is the actual active vitamin D
metabolite, these experimental data are also used as arguments to confirm the hypothesis
of an anticancer effect of vitamin D [5,87]. However, it is noticeable that the 1,25(OH)2D3
concentrations used in the experiments are often 100–1000-fold higher than those detected
in the bloodstream and target tissues [67,88–90]. This obvious contradiction has largely
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been ignored in the literature to date [91]. Furthermore, other experiments with a transgenic
prostate mouse model showed enhanced distant metastasis upon prolonged treatment with
1,25(OH)2D3 [92]. Increased metastasis in treatment experiments with 1,25(OH)2D3 was
also observed in a model of mammary-gland cancer in mice depending on the age of the
mice [93,94].

We interpret the higher 1,25(OH)2D3 in the subgroup of PCa patients with metastasis
after prostatectomy as a possible reflection of the interrelated complex action of this vitamin
metabolite. 1,25(OH)2D3 not only directly influences tumor development via the vitamin D
receptor as mentioned above but also indirectly modulates this process through crosstalk
with the tumor microenvironment, different immunological pathways, and the functional
interplay between the vitamin D and androgen receptors [6,7,9,95]. It is also conceivable
that the higher serum levels of 1,25(OH)2D3 in the case of the subsequently metastasized
PCa subcohort led, through the C23 and C24 metabolic pathways for 1,25(OH)2D3, to
higher levels of their intermediates in cells [96]. These intermediates, for which very
little is yet known [69], could favor direct or indirect cancerogenesis-promoting effects.
Obviously, studies on their possible molecular mechanisms require experiments with
biologically relevant concentrations, as already critically discussed above. On the other
hand, this association between higher 1,25(OH)2D3 levels and subsequent metastasis does
not necessarily imply a causal relationship between the two observations. Due to the
lack of corresponding follow-up data for the vitamin D metabolites in other studies, these
particular results have likely not been captured to date. However, we think it is important
to point out these findings so that they can be verified in other studies and provide potential
prognostic decision support.

Some limitations of our study should be mentioned while interpreting the results. First,
it was a retrospective study with a limited sample size of patients and without external
validation. Second, only the three essential vitamin D metabolites could be measured due to
the limited availability of the sample material. Third, all the patients in both the study and
control arms received vitamin D and calcium. Despite these limitations, we consider the
results of this study to provide interesting information for understanding open questions
in the ongoing vitamin D debate in practice. The strength of our study is based on the use
of sophisticated analytical methods with traceability and good analytical performance as
well as the strict adherence to the requirements for valid vitamin D studies.

5. Conclusions

The two vitamin D metabolites 25(OH)D3 and 24,25(OH)2D3 were not affected by
supportive ZA treatment or the development of metastasis over four years in our selected
cohort of high-risk PCa patients after prostatectomy. Surprisingly, the low-abundance
metabolite 1,25(OH)2D3 was already higher before the study’s start in patients who de-
veloped bone metastasis compared to those without bone metastasis. Before potential
prognostic decision support can be provided, verification in other studies is necessary.
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Simple Summary: Magnetic-resonance-imaging-based predictive models (MRI-PMs) improve the
MRI prediction of clinically significant prostate cancer (csPCa) in prostate biopsies. Risk calculators
(RC) provide easy individual assessment of csPCa likelihood. MRI-PMs have been analysed in overall
populations of men suspected to have PCa, but they have never been analysed according to the
prostate imaging-report and data system (PI-RADS) categories. Therefore, the true clinical usefulness
of MRI-PMs regarding the specific PI-RADS categories is unknown.

Abstract: A new and externally validated MRI-PM for csPCa was developed in the metropolitan area
of Barcelona, and a web-RC designed with the new option of selecting the csPCa probability threshold.
The development cohort comprised 1486 men scheduled to undergo a 3-tesla multiparametric MRI
(mpMRI) and guided and/or systematic biopsies in one academic institution of Barcelona. The
external validation cohort comprised 946 men in whom the same diagnostic approach was carried
out as in the development cohort, in two other academic institutions of the same metropolitan area.
CsPCa was detected in 36.9% of men in the development cohort and 40.8% in the external validation
cohort (p = 0.054). The area under the curve of mpMRI increased from 0.842 to 0.897 in the developed
MRI-PM (p < 0.001), and from 0.743 to 0.858 in the external validation cohort (p < 0.001). A selected
15% threshold avoided 40.1% of prostate biopsies and missed 5.4% of the 36.9% csPCa detected in the
development cohort. In men with PI-RADS <3, 4.3% would be biopsied and 32.3% of all existing 4.2%
of csPCa would be detected. In men with PI-RADS 3, 62% of prostate biopsies would be avoided
and 28% of all existing 12.4% of csPCa would be undetected. In men with PI-RADS 4, 4% of prostate
biopsies would be avoided and 0.6% of all existing 43.1% of csPCa would be undetected. In men
with PI-RADS 5, 0.6% of prostate biopsies would be avoided and none of the existing 42.0% of csPCa
would be undetected. The Barcelona MRI-PM presented good performance on the overall population;
however, its clinical usefulness varied regarding the PI-RADS category. The selection of csPCa
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probability thresholds in the designed RC may facilitate external validation and outperformance of
MRI-PMs in specific PI-RADS categories.

Keywords: clinically significant prostate cancer; magnetic resonance imaging; predictive model;
risk calculator

1. Introduction

Prostate cancer (PCa) suspicion is established from prostate-specific antigen (PSA)
serum elevation and/or abnormal digital rectal examination (DRE), while its diagnosis is
confirmed with a prostate biopsy [1]. The classic approach based on systematic biopsies re-
sults in high rates of unnecessary biopsies and overdetection of insignificant PCa (iPCa) [2].
The detection of clinically significant prostate cancer (csPCa) has improved with the use of
magnetic resonance imaging (MRI) and guided biopsies [3,4]. However, that approach can
improve by emploting the proper selection of prostate biopsy candidates after MRI [5,6].
For this purpose, PSA density (PSAD) [7], MRI-based predictive models (MRI-PMs) [8], and
modern markers [9] have been recommended. MRI-PMs share Prostate Imaging-Report
and Data System (PI-RADS) scores and additional independent predictors as PSAD [8–10].
External validation is always required before implementing any predictive model in new
population [11,12]. To date, at least fifteen MRI-PMs have been developed [11–25]. In 10 of
them, MRI results were reported using the latest PI-RADS versions 2.0–2.1 [11,13,19–25];
5 of them had any external validation [20–22,24,25]; and none had any associated web or
smartphone risk calculator (RC). In addition, the performance of MRI-PMs regarding the
PI-RADS categories has never been analysed.

Our main objective was to design a new web-RC for csPCa likelihood, derived from
a developed MRI-PM in the metropolitan area of Barcelona, Spain. The RC calculator
will provide the novel option of selecting the csPCa probability threshold to facilitate
future external validations and outperformances in specific PI-RADS categories. The
specific objectives were: i. to develop the Barcelona MRI-PM; ii. to externally validate
the developed model in a representative cohort of the Barcelona metropolitan area; iii. to
design a friendly and free available web-RC with the PCa probability threshold selection
allowed; and iv. to analyse the MRI-PM performance regarding PI-RADS categories in the
development and external validation cohorts.

2. Materials and Methods

2.1. Development Cohort

The development cohort was formed of 1987 men with suspected PCa who had serum
PSA > 3 ng/mL and/or abnormal DRE and were referred to our early PCa detection
program from the primary care system. All men were scheduled for pre-biopsy multipa-
rametric MRI (mpMRI), and thereafter, underwent guided and/or systematic biopsies
from 1 to 4 weeks later, between 1 January 2016 and 31 December 2019, in one academic
institution (VHH) of the metropolitan area of Barcelona, Spain. Data were collected in
a prospective database according to the standards of reporting for MRI-targeted biopsy
studies (START) [26]. Written consent was provided by all participants, and the institutional
review board approved the project (PR/AG-317/2017). Men excluded from the study
were: those undergoing 5-alpha reductase inhibitors for symptomatic benign prostatic
hyperplasia; those with a previous PCa diagnosis; those with previous findings of atypical
small acinar proliferation or prostate-intraepithelial neoplasia with atypia; and those with
an incomplete data set. Additionally, 183 men were also excluded because mpMRI was not
carried out due to technical reasons (56 due to claustrophobia, 32 due to a heart pacemaker,
and 95 due to any metal prosthesis). The final development cohort comprised 1486 men
(Figure 1).
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Figure 1. Flow chart of development cohort creation: inclusion and exclusion criteria.

2.2. External Validation Cohort

The external validation cohort comprised 946 men with suspected PCa who were
retrospectively selected in two other academic institutions (PSM and GTIPH) and were
representative of the metropolitan area of Barcelona, Spain. The criteria of PCa suspi-
cion, the period of recruitment, and the diagnostic approach were the same as in the
development cohort.

2.3. MRI Technique and Evaluation

MRI scans were acquired using a 3-tesla scanner with a standard surface phased-
array coil. Magneto Trio (Siemens Corp., Erlangen, Germany) equipment was used for the
development cohort and Diamond Select Achieva 3.0-TX (Phillips Corp., Eindoven, The
Netherlands) and Nova Dual (Phillips Corp., Eindoven, The Netherlands) were used for
the external validation cohorts. The acquisition protocol included T2-weighted imaging
(T2W), diffusion-weighted imaging (DWI) and dynamic contrast-enhanced (DCE) imaging,
according to the guidelines of the European Society of Urogenital Radiology. Two expert
radiologists in each institution analysed images using the PI-RADSv.2.0, and in cases with
multiple PI-RADS category lesions, the highest PI-RADS was selected for the model [27].
Prostate volume was assessed using MRI in all three institutions.

2.4. Prostate Biopsy Procedure

All men underwent a 2- to 4-core transrectal ultrasound (TRUS), cognitive-fusion
guided biopsies for all PI-RADS > 3 lesions, and a 12-core TRUS systematic biopsy. Men
with PI-RADS < 3 underwent a 12-core TRUS systematic biopsy. All biopsies were per-
formed by one experienced urologist in each institution using the BK Focus 400 ultrasound
scanner (BK Medical Inc., Herlev, Denmark) for the development cohort, and the Siemens
Acuson 150 (Siemens Inc., Erlangen, Germany) and the Sonolite Antares (Siemens Inc.,
Erlangen, Germany) for the external validation cohort.
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2.5. Pathologic Analysis and csPCa Definition

Biopsy samples were sent separately to local pathology departments, where two expert
uro-pathologists analysed them, assigning them an International Society of Uro-Pathology
(ISUP) grade group when PCa was detected. csPCa was defined when ISUP grade > 2 was
founded [28].

2.6. Development of MRI-PM

The independent ability to predict csPCa of PI-RADSv.2.0 (1–5), age (years), ethnicity
(Caucasian vs. others), serum PSA level (ng/mL), prostate volume (mL), DRE (normal
vs. abnormal), PCa family history (no vs. first-degree relatives), and biopsy type (initial vs.
repeat) was explored. PSAD was not directly included as a predictor because of the need for
previous calculation, and due to having an area under the curve for csPCa detection of 0.892
and 0.897 when serum PSA and prostate volume were the predictors (data not shown).

2.7. Endpoint Measurements for the Performance Analysis of MRIPM

CsPCa detection rates and avoidable prostate biopsy rates.

2.8. Statistical Analysis

Descriptive statistics for the development and external validation cohorts were anal-
ysed and compared with the Chi-square and Mann–Whitney U tests. Binary logistic
stepwise regression analysis of csPCa candidate predictors was performed for the model
development. Continuous variables were modelled as linear or nonlinear predictors using
restricted cubic splines. Calibration of the predictive model was assessed in both cohorts.
Discrimination power was determined using the receiver operating characteristic (ROC)
curve and the area under the curve (AUC), and clinical utility was determined using the
clinical utility curve (CUC), which explored the potential rates of missed csPCa detection
and avoidable prostate biopsies. The net benefit of the mpMRI- and MRI-based predictive
model over biopsying all men was evaluated with a decision curve analysis (DCA). AUCs
and specificities for 90% sensitivity to csPCa of the MRI and MRI-based predictive model
in the development and external validation cohorts were compared with the DeLong and
Chi-square tests, respectively. After selecting the threshold with 95% sensitivity to csPCa,
the overall performances of the MRI and MRI-based predictive model were compared, and
a sub-analysis—after stratifying by PI-RADS < 3, 3, 4 and 5—was performed. Sensitivity,
specificity, positive and negative predictive values, and accuracy of rates of avoidable
biopsies and potentially undetected csPCa were analysed. For the external validation, trans-
parent reporting of a multivariable prediction model for individual prognosis or diagnosis
(TRIPOD) statements were followed. Statistical analyses were computed using R program-
ming language v.4.0.3 (The R Foundation for Statistical Computing, Vienna, Austria) and
SPSS v.24 (IBM, statistical package for the social sciences, San Francisco, CA, USA).

3. Results

3.1. Characteristics of Development and External Validation Cohorts

The characteristics of development and external validation cohorts are summarised
in Table 1. We noted a lower significant age and higher serum PSA in the development
cohort than in the external validation cohort (p < 0.001). We also noted higher abnormal
DRE, PCa family history, and repeat prostate biopsy rates in the external validation cohort
(p < 0.001). The prostate volume was similar in both cohorts (p = 0.559). The Caucasian race
was predominant in both cohorts (p = 0.738). Different case-mixes of PI-RADS categories
existed between both cohorts (p < 0.001). We noted no significant increase in csPCa in
the external validation cohort (p = 0.054), and a significant increase in iPCa (p < 0.001).
The overall detection rate of csPCa was 36.9% in the development cohort, and regarding
PI-RADS categories, 4.1% of men had PI-RADS < 3, 15.3% of men had PI-RADS 3, 52.4% of
men had PI-RADS 4, and 83.4% of men had PI-RADS 5. The overall detection rate of csPCa
was 40.8% in the external validation cohort, and regarding PI-RADS categories, 10.9% of
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men had PI-RADS < 3, 20.4% of men had PI-RADS 3, 51.9% of men had PI-RADS 4, and
84.0% of men had PI-RADS 5.

Table 1. Characteristics of men suspected to have PCa in development and external validation cohorts
and comparisons between them.

Characteristic Development Cohort External Validation Cohort p Value

Number of men 1486 946 -
Caucasian race, n (%) 1465 (98.6) 931 (98.4) 0.738
Median age at biopsy
(IQR), years 69 (62–74) 67 (61–72) <0.001

Median serum PSA
(IQR), ng/mL 6.0 (4.4–9.2) 7.4 (5.5–10.9) <0.001

Abnormal DRE, n (%) 329 (22.1) 283 (29.9) <0.001
PCa family history, n
(%) 127 (8.5) 34 (3.6) <0.001

Median prostate
volume (IQR), mL 55 (40–76) 55 (40–78) 0.559

Prior negative
prostate biopsy, n (%) 388 (26.1) 293 (31.0) 0.010

PI-RADS v.2.0, n (%)
1 242 (16.3) 185 (19.6)

<0.001
2 73 (4.9) 50 (5.3)
3 444 (29.9) 201 (21.2)
4 450 (30.3) 391 (41.3)
5 277 (18.6) 119 (12.6)

PCa detection, n (%) 693 (46.6) 521 (55.1) <0.001
csPCa detection, n (%) 548 (36.9) 386 (40.8) 0.054
iPCa detection, n (%) 145 (9.8) 135 (14.3) <0.001

IQR = interquartile range; n = number; PSA = prostate-specific antigen; DRE = digital rectal examination; PI-
RADS = Prostate Imaging-Reporting and Data System; PCa = prostate cancer; csPCa = clinically significant PCa;
iPCa = insignificant PCa.

3.2. MRI-Based Predictive Model Development and Performance

Logistic regression analysis showed age, serum PSA, DRE, prostate volume, PCa fam-
ily history, type of biopsy, and PI-RADSv2.0 as independent predictors of csPCa (Table 2),
and a forest plot ranking the odds ratios is presented in Figure S1.

Table 2. Logistic regression analysis of independent significant predictors of csPCa in prostate biopsies.

Predictor Odds Ratio (95% CI) p Value

Age at prostate biopsy, ref. prior year 1.056 (1.036–1.077) <0.001
Serum PSA, ref. prior ng/mL 1.085 (1.056–1.114) <0.001

DRE, ref. normal. 1.730 (1.195–2.503) 0.004
Prostate volume, ref. prior mL 0.970 (0.964–0.977) <0.001
Family history of PCa, ref. no 1.788 (1.066–3.002) 0.028

Biopsy type, ref. initial 0.668 (0.478–0.934) 0.018
PI-RADS v.2.0 score, 2 to ref. 1 3.311 (1.008–10.879) 0.048

3 to ref. 1 6.551 (2.740–15.661) <0.001
4 to ref. 1 32.088 (13.660–75.377) <0.001
5 to ref. 1 75.673 (30.738–186.311) <0.001

CI = confidence interval; PSA = prostate-specific antigen; DRE = digital rectal examination; PI-RADSv.2 = Prostate
Imaging-Reporting and Data System v.2.; ref. = referenced to.

The ROC curves of mpMRI and MRI-PM in the development cohort are presented
in Figure 2A. MRI-PM exhibited a net benefit of mpMRI over biopsying all men within
the threshold, with a csPCa probability of 2%. MpMRI also exhibited a net benefit over
biopsying all men (Figure 2B).
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Figure 2. ROC curves showing the efficiency of MRI and MRI-PM in the development cohort (A).
DCAs evaluating the net benefit of MRI and MRI-PM over biopsying all men belonging to the
development cohort (B).

The AUC of the mpMRI increased from 0.842 (95% CI: 0.822–0.861) to 0.902 (95%
CI: 0.880–0.914) of MRI-PM in the development cohort (p = 0.011). The efficacies of the
mpMRI-PM were higher than those of mpMRI (p < 0.001) at 85%, 90%, and 95% sensitivities.
At 90% sensitivity, the specificity of mpMRI was 56.8% (95% CI: 53.6–60.0) and that of
MRI-PM was 69.5% (95% CI: 66.4–72.4; p < 0.001) (Table 3 (A)).

Table 3. Efficacy of mpMRI and MRI-based predictive model analysed from the AUCs and specificities
corresponding to the 85%, 90% and 95% sensitivity thresholds for csPCa, in development cohort (A) and
external validation cohort (B).

Predictor

Development Cohort (A) External Validation Cohort (B)

AUC (95%
CI)

Specificities According to Sensitivity
AUC (95%

CI)

Specificities According to Sensitivity

85% 90% 95% 85% 90% 95%

mpMRI 0.842
(0.822–0.861)

72.4
(69.4–75.2%)

56.8
(53.6–60.0)

40.7
(37.5–43.9)

0.743
(0.711–0.776)

45.5
(41.3–49.7)

41.3
(32.9–48.3)

14.3
(11.6–17.5)

MRI-PM 0.897
(0.880–0.914)

78.1%
(75.3–80.7)

69.5
(66.4–72.4)

55.7
(52.5–58.9)

0.858
(0.833–0.883)

67.7
(63.6–71.5)

52.3
(48.1–56.5)

32.3
(28.5–36.4)

p Value =0.011 p = 0.005 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

mpMRI = multiparametric magnetic resonance imaging; MRI-PM = MRI-based predictive model; AUC = area
under the curve; CI = confidence interval.

The MRI-PM derived nomogram is presented in Figure 3, and its calibration curve is
presented in Figure S2A.

CUCs showing the rate of avoidable biopsies and the corresponding rate of potentially
missed csPCa, regarding the continuous csPCa probability threshold, are presented in
Figure 4.

Details of avoidable biopsies and the corresponding risk of missing csPCa detection,
regarding the probability threshold for a development cohort of 1000 men with suspected
PCa, are displayed with absolute values in Table S1 (A), and relative values in Table S2 (A).
The 15% threshold was selected due to its 95% csPCa sensitivity, which corresponded with
a 40% rate of avoidable biopsies. In PI-RADS 5, all csPCas would be correctly classified,
and 0.5% of biopsies would be avoided. In PI-RADS 4, 0.6% of csPCas would be missed,
and 4% of biopsies would be avoided. In PI-RADS 3, 28.2% of csPCa would be missed,
and 61.9% of biopsies would be avoided. Finally, in PI-RADS < 3, an MRI-based predictive
model would suggest biopsy in 4.3% of cases, and 33.3% of extremely infrequent csPCa
in this scenario (4.2%) would be detected (Table 4 (A)). The discrimination ability of the
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MRI-based predictive model regarding PI-RADS categories is shown in Figure S3A, and its
net benefits over biopsying all men regarding PI-RADS are presented in Figure S4A.

Figure 3. Nomogram derived from the developed MRI-PM model of csPCa in prostate biopsies.

Figure 4. CUCs showing the rates of avoided biopsies (red lines) and corresponding missed csPCa
(blue lines) regarding the continuous threshold of csPCa probability using MRI-PMs in development
cohort (continuous lines) and external validation cohorts (interrupted lines).

3.3. External Validation of MRI-PM and Its Performance

The calibration curve of the MRI-PM shows how the nomogram slightly underesti-
mated csPCa occurrence in the external validation cohort. For instance, for a 20% csPCa
probability provided by the model (X axis), the real incidence is approximately 25%; thus,
the model underestimates real csPCa occurrence. The intercept (0.261) and slope (0.815)
show this disagreement, which is probably due to a 4% higher csPCa incidence (40.8 vs.
36.9%) in the cohort (Figure S2B).
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Table 4. Clinical utility of MRI-based predictive model in terms of avoidable prostate biopsies and
potentially missed csPCa in a 1000-sample-size development cohort (A) and external validation
cohort (B), using the 15% threshold and regarding PI-RADS categories.

PI-RADS

Development Cohort (A) External Validation Cohort (B)

Missed csPCa
Avoidable
Biopsies

Missed csPCa
Avoidable
Biopsies

1–2, n (%) 6/9 (66.7) 203/212 (95.7) 36/44 (81.8) 232/248 (93.5)
3, n (%) 13/46 (28.2) 185/299 (61.9) 6/43 (14.0) 134/212 (63.2)
4, n (%) 1/159 (0.6) 12/303 (4.0) 4/215 (1.9) 30/413 (7.3%)
5, n (%) 0/155 (0) 1/186 (0.5) 1/106 (0.9) 3/126 (2.4)

All, n (%) 20/369 (5.4) 401/1000 (40.1) 47/408 (11.5) 399/1000 (39.9)

The ROC curves of MRI-PM in the external validation cohort and development cohort
are presented in Figure 5A and DCA, showing the net benefit of MRI-PM in both the external
validation cohort and the development cohort (presented in Figure 5B, respectively). The
AUC of mpMRI in the external validation cohort was 0.743 (95% CI: 0.711–0.776) compared
to 0.842 (95% CI: 0.822–0.861) in the development cohort (p < 0.001). The AUC of MRI-
PM in the external validation cohort was 0.858 (95% CI: 0.833–0.883) while it was 0.897
(95% CI: 0.880–0.914) in the development cohort (p = 0.009) (Table 3 (A) and (B)). At 90%
sensitivity for csPCa, the specificity of MRI-PM decreased from 52.3% to 41.3% in the
external validation cohort (p < 0.001) (Table 3 (B)).

V. Cohort
D. Cohort

Figure 5. (A) ROC curves showing the efficacy of MRI-PM in development cohort and external
validation cohort; (B) DCAs analysing the net benefit of MRI-PM in development (red interrupted line)
and external validation (blue interrupted line) cohort over biopsying all men (continuous grey line).

The CUCs of MRI-PMs in the external validation cohort are presented in Figure 4,
where those in the development cohort are also presented. Details of avoided prostate
biopsies regarding the csPCa probability thresholds, and the corresponding risk of non-
detected csPCa for an external validation cohort of 1000 men, are displayed with absolute
and relative values in Tables S1 (B) and S2 (B). At the 15% threshold, MRI-PM avoided
39.9% of prostate biopsies and missed 11.5% of csPCas. In PI-RADS 5, 2.4% of prostate
biopsies would be avoided and 0.9% of csPCa would be missed. In PI-RADS 4, 7.3% of
prostate biopsies would be avoided and 18.6% of csPCa would be missed. In PI-RADS 3,
63.2% of prostate biopsies would be avoided and 14% of csPCas would be missed. Finally,
in men with PI-RADS < 3, MRI-PM would suggest biopsying 6.5% of them, detecting 18.2%
of existing csPCa (Table 4 (B)). The discrimination ability of MRI-PM regarding PI-RADS
categories is shown in the ROC curves in Figure S4A, and the net benefits over biopsying
all men regarding PI-RADS categories are presented in the DCA in Figure S4B.
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3.4. Web-RC Design

The validated nomogram was implemented in a web-diagnostic tool using RStudio
v.1.2.5001 (RStudio Team, 2015; RStudio: Integrated Development for RStudio, Inc., Boston,
MA, USA; URL: http://www.rstudio.com/; accessed on 12 April 2020) and the shiny library.
The designed RC incorporates the novel option of selecting the csPCa probability threshold,
and it is freely available at https://mripcaprediction.shinyapps.io/MRIPCaPrediction/
(accessed on 23 November 2020).

4. Discussion

Early detection of csPCa can improve even after the spread of MRI and guided biop-
sies. The proper individualised selection of candidates for prostate biopsy is the current
challenge [6]. The most recent MRI-PMs include the latest versions of PI-RADS as well
as the prostate volume derived from MRI [11,19,20,24]. Our model was developed from
PI-RADS v2.0, which was always reported from 3-tesla mpMRI. The clinical independent
predictors finally included in the developed MRI-PM, without a limited range, were the age,
serum PSA, and prostate volume. We aimed to design an RC covering real clinical practice
in contrast with others that limit the range of these predictors [12]. Ethnicity was not part of
our developed model, since it was not an independent predictor of csPCa, perhaps because
only one race was prevalent in both the development and external validation cohorts, in
contrast to others [16]. PSAD, which is the most powerful predictor of csPCa after PI-RADS,
has undergone increased use following the spread of MRI, providing the most accurate
measurement of prostate volume without the additional cost [5,6,10]. Furthermore, PSAD
appears to be an ideal predictor of csPCa for MRI-PM sharing due to its dynamic behavior
across PI-RADS categories [7]. PSAD can be directly incorporated into models as a ra-
tio [11,16,17,19,23,24], or indirectly through the serum PSA and the prostate volume, which
also are independent predictors of csPCa [12,13,15,18,21,25]. Due to the observation of
similar odds ratios of the two ways of expressing PSAD, we used serum PSA and prostate
volume to avoid any calculation before the introduction of data into the RC. PSAD has been
compared with some MRI-PMs, showing good performances compared to those MRI-PMs
with inadequate calibration in the external validation cohorts [29]. We also included in
our MRI-PM the type of biopsy (initial or repeat), since it was also an independent predic-
tor and it provided greater clinical applicability than MRI-PM developed exclusively in
biopsy-naïve men [20,21] or in men with previous negative biopsies [13,19,23,24].

External validation of developed model is a key point. It was carried out in a cohort
selected in two representative institutions of the same metropolitan area where the MRI-PM
was developed, using the same criteria of suspected PCa and the same diagnostic approach
to csPCa. Even so, a non-significant 4-percentage-point difference in csPCa incidence of
36.9% vs. 40.8% was observed. This was stressful for the developed model, although
its ability to discriminate csPCa remained accurate in the external validation cohort only,
with minimal underestimation. We selected the 15% probability threshold of csPCa from
development cohort due to its 95% sensitivity and avoidance of 40% of prostate biopsies.
The same threshold provided a chance of avoiding 39.9% of biopsies with an 11.5% lack
of csPCa detection in the external validation cohort. The clinical utility and net benefit
of developed MRI-PMs over biopsying all men with PI-RADS > 3 was low in both the
development and external validation cohorts. The avoidable biopsies would be 4% in PI-
RADS 4 and 0.5% in PI-RADS 5 in the development cohort, and 7.3% and 2.4%, respectively,
in the external validation cohort. CsPCa would be undetected in 0.6% and 0%, and 1.9% and
0.9%, respectively, in the development and external validation cohorts. The performance
and net benefit in men with PI-RADS < 3 was better. In men with PI-RADS 3, 61.9% and
62.3% of prostate biopsies would be avoided in the development and external validation
cohorts, respectively, while 28.2% and 14% of the few existing csPCas would be undetected.
Finally, in men with normal mpMRIs (PI-RADS < 3), 4.3% and 6.5% would be biopsied,
respectively, in the developed and external validation cohorts, detecting 33.3% and 18.2%
of existing csPCa, respectively. In these low and intermediate PI-RADS categories, the
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absolute number of undetected csPCa is low due to the limited number of existing csPCa
that did not reach rates higher than 5–10% of all detected csPCa.

External validations in populations where predictive models are going to be used
are essential, and accessible and friendly RC are needed to avoid the cumbersome and
time-consuming use of nomograms [11,12]. A novelty of our designed RC is the option
to select the csPCa probability threshold for the overall population or according to the
PI-RADS categories. The threshold can be adapted to the overall csPCa incidence of
external validation populations [30]. In addition, the threshold selection can also improve
the usefulness of the model in specific PI-RADS categories. For example, if we find it
unacceptable that 28% of existing csPCa in men with PI-RADS 3 are not detected, we
can select the csPCa probability threshold of 7%, which results in 11% of csPCa missing;
however, it will result in 26% avoided prostate biopsies instead of 62%. This is the first time
that the behavior of any MRI-PM for csPCa has been analysed according to the PI-RADS
categories. This analysis shows that the usefulness of MRI-PM is limited in men with
PI-RADS >3, and especially in men with PI-RADS 5, in whom the biopsy must be always.
High PI-RADS categories exhibit high rates of csPCa; therefore, loosing small rates of csPCa,
in addition to their greater aggressiveness, is dangerous [27,31–35].

We developed a new MRI-PM for csPCa and externally validated it, initially in the
same metropolitan area. An accessible and friendly RC was designed for its easy and
widespread use. The novelty of selecting the csPCa probability threshold may be helpful in
new external validations and to modulate the desired sensitivity to csPCa in each PI-RADS
category. Rather than limitations, we believe that local reporting by experienced radiolo-
gists following PI-RADS v.2 [27]; local experienced pathologists reporting ISUP grades [28];
and local experienced urologist performing biopsies according to the recommended EAU
scheme [1] are strengths, because they represent real-life early detection of csPCa. We be-
lieve a true limitation of our MRI-PM is the prediction of csPCa made in prostate biopsies,
which do not represent the true pathology in whole prostate gland [36]. Our model cannot
be implemented in populations where ethnicity predicts different risk of csPCa. The appli-
cability of our developed predictive model in other contemporary populations is unknown
and should be evaluated in future studies; these include non-academic populations or in
referred populations for prostate biopsy centers with a different case-mix of PI-RADS and
csPCa incidence. Performing guided biopsies using a cognitive-fusion technique does not
seem to be a limitation, since all men in the development and validation cohorts underwent
the same technique, and no difference with the software fusion-guided technique has
been found [37]. Further validations in cohorts in which other biopsy schemes and fusion
techniques are used are needed. Finally, genomics must report a deeper understanding of
PCa aggressiveness, and will help to improve the current csPCa definition. Thus, in the
near future, radiomics will be able to predict the newly redefined csPCa [38].

5. Conclusions

A new MRI-PM for csPCa was developed to improve and individualise the selection of
candidates for prostate biopsy in the metropolitan area of Barcelona, Spain. An associated
web-RC incorporates the option to select the csPCa probability threshold, which may
improve further external validations and outperformances in specific PI-RADS categories.
The developed MRI-PM was able to detect 95% of existing csPCa, avoiding 40% of prostate
biopsies in our overall population. However, the analysis regarding PI-RADS categories
shows that the developed MRI-PM outperforms in PI-RADS < 3.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14061589/s1, Figure S1: Forest plot of the odds ratios of
independent predictors of csPCa in the development cohort; Figure S2: Calibration curve of MRI-PM
in development cohort (A) and external validation cohort (B); Table S1: Estimation, in a 1000-case
development cohort (A) and external validation cohort (B), of absolute missed csPCa and avoided
biopsies for different thresholds and PI-RADS v.2.0 categories; Table S2: Estimation, in a 1000-case
development cohort (A) and validation cohort (B), of relative values of missed csPCa and avoided
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biopsies for different thresholds and PI-RADS categories; Figure S3: Boxplots of the likelihoods of
csPCa in men overall and regarding PI-RADS categories in development cohort (A) and external
validation cohort (B); Figure S4: DCAs showing the net benefit of generated mpMRI-based predictive
model over biopsying all men, according to the PI-RADS categories <3 (upper left), 3 (upper right),
4 (lower left), and 5 (lower right) in the development cohort (A), and the validation cohort (B).
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Simple Summary: Prostate cancer is the most common cancer in men and is one of the leading causes
of cancer-related deaths. During prostate cancer progression and metastasis, the epithelial cells can
undergo epithelial–mesenchymal transition (EMT). Here, we show that the histone demethylase
KDM5C is highly expressed in metastatic prostate cancer. We establish that stable clones silence
KDM5C in prostate cancer cells. Knockdown of KDM5C leads to a reduced migratory and invasion
capacity. This is associated with changes by multiple molecular mechanisms. This signaling subse-
quently modifies the expression of various transcription factors like Snail, Twist, and Zeb1/2, which
are also known as master regulators of EMT. Taken together, our results indicate the potential to
therapeutically target KDM5C either alone or in combination with Akt/mTOR-inhibitor in prostate
cancer patients by targeting the EMT signaling pathways.

Abstract: Prostate cancer (PCa) poses a major public health problem in men. Metastatic PCa is
incurable, and ultimately threatens the life of many patients. Mutations in tumor suppressor genes
and oncogenes are important for PCa progression, whereas the role of epigenetic factors in prostate
carcinogenesis is insufficiently examined. The histone demethylase KDM5C exerts important roles
in tumorigenesis. KDM5C has been reported to be highly expressed in various cancer cell types,
particularly in primary PCa. Here, we could show that KDM5C is highly upregulated in metastatic
PCa. Functionally, in KDM5C knockdown cells migratory and invasion capacity was reduced. In-
terestingly, modulation of KDM5C expression influences several EMT signaling pathways (e.g.,
Akt/mTOR), expression of EMT transcription factors, epigenetic modifiers, and miR-205, resulting
in increased expression of E-cadherin and reduced expression of N-cadherin. Mouse xenografts of
KDM5C knockdown cells showed reduced tumor growth. In addition, the Akt/mTOR pathway is
one of the classic signaling pathways to mediate tumor metabolic homeostasis, which is beneficial
for tumor growth and metastasis. Taken together, our findings indicate that a combination of a
selective KDM5C- and Akt/mTOR-inhibitor might be a new promising therapeutic strategy to reduce
metastatic burden in PCa.
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1. Introduction

Prostate cancer (PCa) is the most commonly diagnosed cancer in men worldwide
and remains a leading cause of cancer-related mortality. Most PCa-related deaths are
caused by development of metastatic disease and castration resistance. PCa frequently
metastasizes to the bones, particularly the spine, where it can lead to pathological fractures
with severe consequences. Once the cancer has spread to distant sites, including the bones,
it is generally considered incurable. The occurrence of bone metastasis dramatically limits
the patients’ quality of life. Although the 5-year survival rate of PCa patients improved in
the last ten years and is now at approximately 99% for localized PCa in the United States,
this rate decreases to 32% in patients with distant metastasis [1]. The 10-year survival rate
is at 18.5% in PCa patients with distant metastasis.

Metastatic spread is a step-wise process that involves loss of intercellular cohesion,
cell migration, angiogenesis, access to systemic circulation, survival in circulation, evasion
of local immune responses, and growth in distant organs. Cancer cells can accomplish
multiple steps of the metastatic process at once through the engagement of a latent cellu-
lar program, the epithelial–mesenchymal transition (EMT) [2,3]. The induction of EMT
is accompanied by a dynamic reprogramming of the epigenome involving changes in
DNA methylation and several post-translational histone modifications. Histone lysine
methylation is associated with either gene activation or silencing, depending on the site
of the lysine residues. During TGFβ-mediated EMT, there is a global reduction in the
heterochromatin mark H3 Lys9 dimethylation (H3K9me2), an increase in the euchromatin
mark H3 Lys4 trimethylation (H3K4me3), and an increase in the transcriptional mark H3
Lys36 trimethylation (H3K36me3) [4].

Members of the KDM5 family (also known as JARID1) act as histone H3K4 demethy-
lases. KDM5 family members have various biological functions; they can be crucial in the
expression and repression of oncogenes and tumor suppressor genes, and can themselves
serve as both. For instance, KDM5B is overexpressed in a variety of cancer types, and
high levels of KDM5B have been observed in breast cancer and PCa (reviewed in [5]).
Previously, we systematically investigated KDM5C expression patterns in two independent
radical prostatectomy cohorts with a total of 761 primary PCas by immunohistochemistry
and demonstrated that KDM5C was significantly overexpressed in primary PCa [6]. The
oncogenic role of KDM5C was also observed in gastric cancer [7] and hepatocellular car-
cinoma [8]. Recent evidence indicates that members of the KDM5 cluster may also be
involved in PCa metastasis. KDM5B, which is significantly overexpressed in localized
and metastatic PCa, is an androgen receptor coactivator and may play an important role
in controlling PCa cell invasion and metastasis [5]. It was demonstrated that KDM5D
levels were highly downregulated in metastatic PCa. In addition, the KDM5D gene was
frequently deleted in metastatic PCa [9]. However, the role of KDM5C in metastatic PCa
has not been well studied.

Here, we show that KDM5C expression is enhanced in the metastatic tissue of lymph
node-metastasized PCa and castration-resistant PCa (CRPC). Silencing of KDM5C in bone
metastatic PCa cell line PC3 inhibited tumor growth in mouse xenografts. In addition, cel-
lular depletion of KDM5C by shRNA inhibited PC3 cell migration, invasion, and epithelial–
mesenchymal transition in vitro. Modulation of KDM5C expression influences several EMT
signaling pathways (Hedgehog, Wnt, Notch, TGFβ, PI3K-AKT-mTOR), the expression of
transcription factors (SNAI2, TWIST1, ZEB1, ZEB2), epigenetic modifiers (DNMT1, EZH2),
and miR-205, resulting in increased expression of E-cadherin and reduced expression
of N-cadherin.
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Our findings provide a novel mechanistic role of KDM5C in PCa metastasis, suggesting
that KDM5C may serve as a potential therapeutic target for advanced PCa patients.

2. Materials and Methods

2.1. Immunohistochemical Analysis and Quantification of Protein Expression

Formalin-fixed and paraffin-embedded prostatic tissue of lymph node metastasized
PCa (N = 95) and castration-resistant PCa (CRPC) (N = 28) were provided from cohorts
of the University Hospital of Luebeck. Our study was approved by the Ethics Committee
of the University of Luebeck (17-313). These tissues and xenograft tumors were used to
prepare tissue microarrays (TMA), as previously described in Shaikhibrahim et al. [10]. The
following primary antibodies, KDM5C (34718, dilution 1:1000/1:2000, Abcam, Cambridge,
UK), E-Cadherin (36, Ventana Medical System, Tucson, AZ, USA), Ki-67 monoclonal
rabbit (30-9, Ventana Medical System), were used and detected with Ultra View Universal
DAB Detection Kit (Ventana Medical System). Slides were then digitized using the Zeiss
Panoramic Midi Scanner (3DHistech, Budapest, Hungary). The images of KI-67 staining
were analyzed semi-quantitatively with the software Definiens Tissue Studio 2.1 (Tissue
Studio v.2, Definiens AG, Munich, Germany) as previously described in Stein et al. [6].
KDM5C and CDH were analyzed through eyeball analyses, the definition of nuclear
KDM5C and membranous CDH1 as negative or positive by two experienced observers.
Samples with absence of carcinoma or lack of tissue were excluded.

2.2. Cell Culture and Lentiviral Transduction

PC3 cells were cultured in DMEM/F12 medium supplemented with 10% FBS, 100 U/mL
Penicillin/Streptomycin, and 1% L-Glutamine (all from Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA).

For lentiviral transduction, five individual clones from MISSION™ shRNA targeting
JARID1C NM_001146702 (TRCN 0000358549, TRCN 0000234960, TRCN 0000234961, TRCN
0000022085, TRCN 0000022087) and one shControl clone (SHC004) (all from Sigma-Aldrich,
St. Louis, MO, USA) were co-transfected with lentiviral packaging plasmids (psPAX2
plasmid 12,260 and pMD2.G plasmid 12,259 from Addgene, Teddington, UK) into HEK
293T cells. The resulting lentiviral particles were used to infect PC3 cells. Twenty-four h
post infection, four μg/mL puromycin was added to select the infected cells. Infection
efficiency was approximately 90%. Then, five days post-selection, cells of each clone were
isolated by serial dilution in 96-well plates under puromycin selection to obtain single
cell clones.

2.3. MTT Cell Proliferation Assay

MTT assay was performed, according to the manufacturer’s protocol (Roche, Mannheim,
Germany) for the different time periods of 24 h, 48 h, and 72 h.

2.4. Migration and Invasion Assays

Cellular motility was analyzed by Transwell migration (Transwell Boyden cham-
ber (#353097, Falcon/Corning, New York, NY, USA)) and Invasion chamber (Matrigel™
Invasion chamber (#354480, BD Biosciences, Heidelberg, Germany)) assays using cells
prestarved in 2% FBS medium for 24 h as previously described in Sievers et al. [11].

2.5. RNA isolation and Quantitative Real-Time PCR (qRT-PCR)

RNA was extracted using PureLink® RNA Mini Kit (Ambion Life Technologies,
Thermo Fisher Scientific), according to the manufacturer’s protocol. Afterwards, cDNA
synthesis was performed with 1 μg RNA using SuperScript III and Oligo (dT) 12-18 primers
(Invitrogen, Thermo Fisher Scientific). Gene expression was quantified by real-time PCR as
described by Lim et al. [12]. Each sample was run in triplicate and relative expression was
determined by normalization to the TATA-binding protein (TBP) or Hypoxanthine-Guanine
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Phosphoribosyl Transferase (HPRT) using the 2−ΔΔCt method. Error bars indicate standard
error of the mean (SEM). Primer sequences are available in the Supplementary Materials.

2.6. Isolation and TaqMan PCR Analyses of miRNA

MicroRNA from sh-transfected KDM5C knockdown and control cells was extracted
using Invitrogen’s mirVana miRNA Isolation Kit (#AM1560, Thermo Fisher Scientific),
according to the manufacturer’s specifications. Specific TaqMan™ advanced miRNA as-
says (TaqMan™ advanced miRNA cDNA Synthesis Kit (#A25576) and TaqMan™ Fast
advanced Master Mix Kit (#4444556)) for the detection of hsa-miR-205-5p (#477967 mir)
and the detection of endogenous control hsa-miR-361 (#478056 mir) were purchased from
Invitrogen (Thermo Fisher Scientific) and used according to the manufacturer’s specifi-
cation. Each sample was run in triplicate in a 10 μL reaction. Relative expression was
determined by normalization to endogenous miRNA control using the 2−ΔΔCt method.
Error bars indicate SEM.

2.7. Protein Extraction and Western Blot Analyses

Protein lysates were extracted from cells and blotted as described in Schulte et al. [13].
The following antibodies were used: KDM5C/JARID1C (1:1000, ab34718, Abcam); β-
ACTIN (1:10.000, A5441; Sigma-Aldrich); E-cadherin (1:1000, #3195, Cell Signaling, Cam-
bridge, UK); N-cadherin (1:1000, #14215, Cell Signaling); SNAI2/Slug (1:1000, #9585, Cell
Signaling); α-TUBULIN (1:1000, #2144, Cell Signaling); SMAD1 (1:1000, #6944, Cell Sig-
naling); SMAD4 (1:1000, #38454, Cell Signaling); H2Aub, (1:1000, #8240, Cell Signaling);
H3K4me2, (1:1000, #035050, Diagenode); H3K4me3 (1:1000, ab1012, Abcam); STAT6 D3H4
(1:1000, #5397, Cell Signaling); Phospho-Smad1 Ser463/465/Smad5 Ser463/465/Smad9
Ser463/465 D5B10 (1:1000, #13820, Cell Signaling).

2.8. Kinase Activity Profiling

Tyrosine (PTK) and serine-threonine (STK) kinome activity profiling was performed
using a PamStation®12 (PamGene, BJ′s-Hertogenbosch, The Netherlands), according to the
standard protocol provided by PamGene. Signal intensities for each peptide were analyzed
with the PamGene BioNavigator Analysis software tool.

2.9. Growth of Xenograft Tumors in Mice

Mouse experiments were performed by Charles River Discovery Research Services
Germany GmbH, Freiburg, Germany. PC3 wild-type cells were grown in RPMI 1640 with
10% FCS and 0.05 mg/mL gentamycin. Stable KDM5C knockdown cells were grown in
DMEM high glucose with 10% FCS, 0.05 mg/mL gentamycin, and 200 mM L-glutamine.
For each cell clone, 10 male NOD SCID mice were injected unilaterally into the flank
with 5 × 106 cells in 100 μL volume (50% Matrigel). After injection, an aliquot of the cell
suspension was used to verify the cell viability. Mice were weighed for 29 days, and tumors
were measured twice a week. Mice were sacrificed and all tumors were collected, fixed in
formalin, and embedded into paraffin.

2.10. Statistical Methods

For statistical analyses, unpaired Student’s t-tests were performed. Results were
considered significant when p-values were p < 0.001 ***; p < 0.01 **; p < 0.05 *, and n.s.
for not significant. Functional protein association networks were generated in STRING
DB V11.0 (https://string-db.org/, accessed on 8 September 2021). Network plots were
generated in Cytoscape 3.8.1 (http://cytoscape.org/, accessed on 8 September 2021) and
analyzed using Network Analyzer V4.4.6 and Omics Visualizer V1.3.0 (Cytoscape App
Store-Omics Visualizer).
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3. Results

3.1. KDM5C Expression Is Enhanced in Metastatic Prostate Cancer

Previously, we demonstrated that KDM5C was significantly overexpressed in primary
PCa [6]. Here, we analyzed KDM5C expression in a PCa progression cohort. Both lymph
node metastases and distant bone metastases showed nuclear KDM5C expression (Figure 1);
however, distant metastases showed a much higher nuclear positivity. Of 95 cases of lymph
node metastasis, 34% showed a nuclear KDM5C staining. Of 28 cases of distant metastasis,
up to 75% showed a strong nuclear KDM5C staining.

A B

50 μm

C

50 μm
 

Figure 1. Immunohistochemical staining of KDM5C in a prostate cancer progression cohort. (A) Nu-
clear KDM5C expression in lymph node (LN) metastasis and bone (Dist) metastasis; (B) Represen-
tative sample of KDM5C protein expression in an invasive tumor edge in lymph node metastasis;
(C) Representative sample of KDM5C protein expression in bone metastasis showing strong nuclear
staining in tumor cells. (*** = p < 0.001).

3.2. KDM5C Knockdown Reduces Cell Migration and Invasion

To further study KDM5C expression different PCa cell types were used. KDM5C is
strongly expressed in CRPC cells (PC3) and moderately expressed in metastatic androgen-
sensitive cells (LNCaP), whereas KDM5C expression is low in benign prostatic BPH-1 cells
(Figure 2A, uncropped Western blot in Figure S6).

Due to the lack of a selective and specific KDM5C inhibitor, we investigated the
functional significance of KDM5C in PCa cells by downregulating KDM5C expression in
PC3 cells (derived from a hormone-refractory PCa bone metastasis) using lentiviral short
hairpin RNA (shRNA) technology (Figure 2A). Four single-cell derived clones showed
particularly efficient knockdown of KDM5C. Two of them (PC3 shKDM5C 1.6 and 4.2), as
well as two GFP control clones (shControl 1 and 4), were studied in more detail. The KDM5C
gene expression was significantly reduced in the KDM5C knockdown cells compared to
PC3 wild-type cells. KDM5C expression in shControl clones was not altered (Figure 2B).

As an initial step toward understanding the role of KDM5C in PCa events, we deter-
mined whether KDM5C expression alters cell phenotype and regulates PCa cell prolifera-
tion, migration, and invasion. Knockdown of KDM5C results in a minor impairment of
proliferation measured by viability assay (Figure 2C). The phenotype of the KDM5C knock-
down cells varied from that of the control cells (Figure 2D), and the KDM5C knockdown
cells adhered less to the flask compared with control cells. Global levels of histone modifi-
cations were not affected by the knockdown of KDM5C (Figure S1, uncropped Western
blot in Figure S7). This indicates its function through gene locus specific modifications.

Next, we investigated the migration and invasion capacity of KDM5C knockdown
and control cells. Knockdown of KDM5C significantly reduces migration and invasion
ability by approximately 75% (Figure 2E,F). These results suggest that KDM5C may act as
an epigenetic modulator of migration and invasion.
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Figure 2. KDM5C expression after shRNA-mediated knockdown. (A) Representative Western blot
of KDM5C expression in prostate cancer cell line PC3, different shRNA-transduced cell clones,
LNCap, and BPH-1. ShControl clones with GFP serve as a control for the lentiviral transduction
procedure. The loading control is β-ACTIN; (B) qRT-PCR analysis of KDM5C mRNA expression
in prostate cancer cell line PC3 and different shRNA-transduced GFP control as well as KDM5C
knockdown clones. mRNA expression was normalized to the nuclear housekeeper TBP and in relation
to the shControl 4 clone. Error bars represent standard error of the mean from three independent
experiments; (C) Viability of PC3 cells and several shRNA-transduced cell clones. One representative
MTT assay of the parental cell line PC3 and its derived shRNA-controlled clones. Error bars represent
standard error of the mean from the quintuplicates; (D) Phenotype of shControl clones compared to
KDM5C knockdown clones. KDM5C knockdown cells were less adherent to the flask compared with
control cells (15× magnification); (E) Migration and (F) Invasion of PC3 derived shRNA-transduced
cell clones tested by Boyden and Invasion chamber assays. Error bars represent standard error of the
mean from three independent experiments. (n.s. = not significant; ** = p < 0.01; *** = p < 0.001).

3.3. KDM5C-Mediated Changes in Epithelial-Mesenchymal Transition (EMT)

To investigate mechanisms by which KDM5C expression affects cell migration and
invasion, we explored the effect of KDM5C knockdown on the expression of genes involved
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in EMT. The mesenchymal cell–cell adhesion molecule N-cadherin and SNAI2 promote
EMT. In contrast, the epithelial cell–cell adhesion molecule E-cadherin inhibits this process.
Knockdown of KDM5C led to increased expression of E-cadherin shown by qPCR (CDH1,
Figure 3A) and Western blot (Figure 3D, uncropped Western blot in Figure S8). Knockdown
also led to a reduced expression of N-cadherin (qPCR: CDH2, Figure 3B; Western blot:
Figure 3D, uncropped Western blot in Figure S8). The qPCR (Figure 3C) and Western blot
(Figure 3D, uncropped Western blot in Figure S8) showed reduced expression of SNAI2
after knockdown of KDM5C. Lymph nodes of PCa patients showed a negative correlation
between KDM5C and E-cadherin expression (Figure S2). KDM5C expression was increased
in the invasive tumor front whereas E-cadherin expression was reduced in this region.

A

n.s.

B
n.s.

C D

Figure 3. Differential expression of epithelial and mesenchymal markers ((A) CDH1; (B) CDH2; and
(C) SNAI2) in PC3 and shRNA-transduced cell clones. qRT-PCR analysis of mRNA expression in
GFP control as well as KDM5C knockdown clones. mRNA expression was normalized to the nuclear
housekeeper TBP in (A,C) and HPRT in (B) and in relation to the shControl 4. Error bars represent
standard error of the mean from three independent experiments. (D) Representative Western blot
of the expression of KDM5C and EMT markers in PC3 cells and the shRNA-transduced cell clones.
Western blot shows the expression of epithelial marker E-CADHERIN (CDH1) and its transcriptional
repressor SNAI2 as well as the typical mesenchymal marker N-CADHERIN (CDH2) in GFP control
and KDM5C knockdown clones. α-TUBULIN serves as a loading control. (n.s. = not significant;
* = p < 0.05; ** = p < 0.01; *** = p < 0.001).

Several transcription factors respond to microenvironmental stimuli and function as
molecular switches for the EMT program. We examined the transcription factors TWIST1,
TCF4, ZEB1, and ZEB2, as well as DNMT1 and EZH2 by qPCR, and found that expression of
all factors decreased significantly after knockdown of KDM5C (Figure 4A–F). Transcription
factors can regulate EMT on the gene level. In addition, EMT is also regulated on the
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level of RNA. In particular, non-coding RNAs, known as microRNAs (miRNAs), can either
exert a positive or a negative regulatory effect on EMT. In PCa, miR-205 exerts a tumor-
suppressive effect by counteracting the epithelial-to-mesenchymal transition and reducing
cell migration/invasion [14]. PC3 cells, known for their high metastatic ability, display
low expression of miR-205. Knockdown of KDM5C leads to a robust increase in miR-205
(Figure 4G).
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Figure 4. Expression of transcription factors ((A) TWIST1; (B) TCF4; (C) ZEB1; (D) ZEB2); epigenetic
regulators (E) DNMT1; and (F) EZH2); and miR-205 (G), in stable KDM5C knockdown clones. qRT-
PCR analysis of mRNA expression (A–G) in GFP control as well as KDM5C knockdown clones.
mRNA expression (A–F) and microRNA expression (G) were normalized to the nuclear housekeeper
TBP and to miR-361, respectively, and in relation to the shControl 4 clone. Error bars represent
standard error of the mean from three independent experiments. (n.s. = not significant; * = p < 0.05;
** = p < 0.01; *** = p < 0.001).

3.4. KDM5C-Mediated Changes in Signaling Pathways

To determine whether KDM5C knockdown leads to changes in signaling pathways,
we first analyzed the Wnt signaling pathway. While the ligands WNT3A, WNT5A, WNT7A,
and WNT11 of the Wnt pathway were significantly upregulated in KDM5C knockdown
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clones (Figure 5A–D) the receptor FZD9 (Figure 5E) and the mediator AXIN2 (Figure 5F)
were significantly downregulated.
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Figure 5. Expression of receptors, ligands, mediator, and target gene of the Wnt (A–F) and the Notch
(G–J) signaling pathways associated with EMT progression. qRT-PCR analysis of mRNA expression
in GFP control as well as KDM5C knockdown clones. Important ligands ((A) WNT3A; (B) WNT5A;
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(C) WNT7A; and (D) WNT11); receptor ((E) FZD9); and mediator ((F) AXIN2) for the Wnt signaling
were examined. For the Notch signaling important receptor ((G) NOTCH1), ligand ((H) JAG1),
and its target gene ((I) STAT6) were examined. mRNA expression was normalized to the nuclear
housekeeper TBP and in relation to the shControl 4 control clone. Error bars represent standard error
of the mean from three independent experiments. (J) Representative Western blot of the expression
of STAT6 in PC3 cells and the shRNA-transduced cell clones. β-ACTIN serves as a loading control.
KDM5C shows the knockdown of KDM5C in shKDM5C 1.6 and shKDM5C4.2. (n.s. = not significant;
* = p < 0.05; ** = p < 0.01; *** = p < 0.001).

The Notch signaling pathway is composed of four receptors (NOTCH1, 2, 3, 4) and five
ligands (JAG1 and 2 and Delta-like 1, 3, and 4) [15]. Ligand JAG1 (Figure 5G) and receptor
NOTCH1 (Figure 5H) were significantly downregulated after knockdown of KDM5C.
The target gene STAT6 was also significantly downregulated after KDM5C knockdown,
as shown by qPCR (Figure 5I) and Western blot (Figure 5J, uncropped Western blot in
Figure S9).

Hedgehog pathway ligands, SHH and DHH, were significantly downregulated in
KDM5C knockdown clones (Figure S3A,B). Mediators GLI1, GLI2, GLI3, and HHIP were
also significantly downregulated in KDM5C knockdown clones (Figure S3C–F).

Finally, we examined mediators and ligands involved in the TGFβ signaling pathway.
The ligands BMP6 and BMP7 were significantly upregulated (Figure S3G,H) whereas
the ligand TGFB1 was significantly downregulated in stable KDM5C knockdown clones
(Figure S3I). Knockdown of KDM5C resulted in significant upregulation of the mediator
SMAD1 (Figure S3J) and significant downregulation of the mediators SMAD2, SMAD4, and
SMAD7 (Figure S3K–M). Protein expression of SMAD1 was upregulated and SMAD4 was
downregulated in knockdown clones (Figure S3N, uncropped Western blot in Figure S10).

3.5. KDM5C Knockdown Changes Kinase Activity Profile

We used PamGene’s functional kinase assay to measure peptide phosphorylation by
protein kinases in KDM5C knockdown and control cells. To measure the tyrosine (Tyr) and
serine/threonine (Ser/Thr) kinase activity, we used the PamChips PTK (for Tyr) and STK
(for Ser/Thr). Equal amounts of cell lysate from knockdown clones (shKDM5C 1.6 and
shKDM5C 4.2) and control clones (shControl 1 and shControl 4) were analyzed. The mean
signal intensity of each bait peptide of the stable knockdown clones was normalized to the
corresponding peptide of the control clones and expressed as log2 fold change (LFC). We
performed hierarchical clustering using Euclidean distance metrics for a graphical heat
map (Figure 6A). We also determined the grouped p-values of the two stable knockdown
clones shKDM5C 1.6 and shKDM5C 4.2 versus the grouped control clones by 2-grouped
comparison (unpaired t-test) in the BioNavigator software. Figure 6B shows these results
in volcano plots (PTK on the left side and STK on the right side) and Figure 6C shows a
pathway analysis of the results in a high confidence interaction network.

Largely, the intensity of tyrosine substrate peptide phosphorylation was markedly
reduced for most peptides in the knockdown clones. The intensity of phosphorylation
was also decreased for most Ser/Thr peptide substrates (Figure 6A–C). We found that the
activity of the kinases RPS6, PDPK1, PRKCB, MTOR, and PIK3R1 was reduced in KDM5C
knockdown cells (Figure 6C). These are kinases that belong to the mechanistic target of the
rapamycin (mTOR) signaling pathway. We also found kinases of the phosphoinositide-3-
kinase (PI3K) signaling pathway that had an altered activity in KDM5C knockdown cells
(Figure 6C), namely CDK2, CDK4, CDKN1A, RPS6, FOXO3, BAD, EPHA2, PDPK1, CREB1,
ERBB2, MTOR, NOS3, PDGFRB, PIK3R1, NFKB1, JAK1, KIT, KDR, EPOR, CSF1R, VTN,
and GYS2.
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Signaling Pathway Kinases

mTOR RPS6, PDPK1, PRKCB, MTOR, PIK3R1

PI3K CDK2, CDK4, CDKN1A, RPS6, FOXO3, BAD, EPHA2, PDPK1, CREB1, ERBB2, MTOR, NOS3, 
PDGFRB, PIK3R1, NFKB1, JAK1, KIT, KDR, EPOR, CSF1R, VTN, GYS2
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Figure 6. Kinase activity in KDM5C knockdown cells compared to control cells. (A) Clustered heat
map of increased and decreased phosphorylation of Tyr (PTK, top) and Ser/Thr (STK, bottom) bait
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peptides in control cells and stabile knockdown of KDM5C; (B) Volcano plots of the bait peptide
phosphorylation from PTK (left) and STK (right) were assessed by student’s t-test; (C) Pathway
analysis of peptides from (B) (p > 0.05) in a high-confidence interaction network (edges) from STRING
DB. Node color indicates increased and decreased phosphorylation of Tyr (PTK) and Ser/Thr (STK)
bait peptides. Node size indicates −log10(p value). Yellow border color indicates that the protein is
involved in the PI3K-Akt-mTOR signaling pathway. KCNA1, KCNA3, RYR1, PPP1R1A, CACNA1C,
GRIK2, DSP, FXYD1, TH, KCNA2, GPR6, ENO2, EPB42, STMN2, PFKFB3, SCN7A, GABRB2, EFS,
PHKA1, and MYBPC3 are not shown in the network because they showed no interaction with the
kinases in the network.

We also used a phosphokinase array with 37 different kinase phosphorylation sites
as an independent experiment to investigate the kinase activity. There, we confirmed that
CREB1 activity was not only downregulated in the PamGene’s functional kinase assay but
also in this independent experiment. We additionally identified a difference in three kinase
phosphorylation sites in KDM5C knockdown clones compared to the PC3 wild type and
the sh-transfected control 4. Knockdown of KDM5C resulted in decreased phosphorylation
of GSK-3α/β (S21/S9), PLC-γ1 (Y783), and RSK1/2 (S221/S227) (Figure S4A,B).

3.6. KDM5C Knockdown Reduces Tumor Growth in Mice

To investigate KDM5C knockdown in mouse model, xenotransplants of PC3 and sh-
transfected cells were studied. The growth of tumors with PC3 xenografts was significantly
faster than the tumor growth of KDM5C knockdown cell xenografts over the course
of 29 days (Figure 7A). Figure 7C shows exemplary samples of the xenograft tumors.
Hematoxylin and eosin staining showed no morphologic differences in tissue. E-cadherin
expression was high and N-cadherin expression was low in KDM5C knockdown xenograft,
whereas the Ki-67 proliferation index was not altered (Figure 7B). Expression of KDM5C,
CDH1 and CDH2 in xenografts was analyzed by qRT-PCR (Figure S5).
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Figure 7. Comparison of mouse xenografts of PC3 wild type and KDM5C knockdown cells.
(A) Growth curve of PC3 and shRNA-transduced cell tumors in mice xenografts. Error bars represent
standard error of the mean from ten independent experiments. Tumors in mice receiving KDM5C
knockdown cells were smaller than tumors of wild-type cells; (B) Index of Ki-67 positive cells in mice
xenografts with PC3 and shRNA-transduced cells. Error bars represent standard error of the mean
from eight independent experiments; (C) Representative samples of hematoxylin-eosin (HE) staining,
as well as Ki-67, E-cadherin and N-cadherin protein expression in PC3 and shRNA-transduced cell
mice xenografts. (n.s. = not significant; * = p < 0.05; *** = p < 0.001).
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4. Discussion

Epithelial-to-mesenchymal transition (EMT) and its reverse mesenchymal-to-epithelial
transition (MET) are paramount to the metastatic spread of carcinomas. There is a gradual
transition between these phenotypic states. Therefore, carcinoma cells often exhibit a
spectrum of epithelial/mesenchymal phenotype(s) [16–18].

KDM5C is significantly upregulated in primary [6] and metastatic PCa. Silencing of
KDM5C in PCa cells inhibited cell migration and invasion. Knockdown of KDM5C results
in modulation of several EMT-associated signaling pathways, thereby decreasing EMT-
promoting factors and enhancing MET-promoting factors. Our findings are summarized in
a model presented in Figure 8.

Figure 8. Simplified model of our results on the role of KDM5C in prostate cancer. KDM5C knock-
down leads to downregulation of signaling pathways and transcription factors involved in EMT.
E-cadherin expression is increased, and N-cadherin expression is decreased after KDM5C knockdown
which results in MET.

An integrated and complex signaling network including transforming growth factor
β (TGFβ), Wnt, Notch, and Hedgehog leads to the induction of EMT [19–22].

TGFβ is known to induce EMT in PCa [23], and BMP signaling, in turn, is involved
in both EMT and MET [24]. We demonstrated that the expression of TFGB1, SMAD2,
and SMAD4 (proteins of the TGFβ signaling [25]) is reduced and the expression of BMP6,
BMP7, and SMAD1 (proteins of the BMP signaling pathway [25]) is increased after KDM5C
knockdown. In epithelial kidney cells, BMP6 and BMP7 counteract TGFβ-induced EMT by
reinducing E-cadherin [26,27]. In PCa, Buijs et al. showed that BMP7 expression is inversely
related to tumorigenic and metastatic potential [28]. SMAD7 is part of a negative feedback
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loop regulating TGFβ signaling. Increased TGFβ signaling correlates with increased
expression of SMAD7 [29]. Knockdown of KDM5C leads to decreased TGFβ signaling and
decreased expression of SMAD7.

Wnt proteins can utilize signal transduction through the canonical β-catenin-dependent
pathway and the noncanonical β-catenin-independent pathway, both of which are closely
associated with EMT [30]. In PCa, WNT5A induced bone metastasis, and increased the acti-
vation of the WNT5A/FZD2 pathway leading to enhanced EMT [31,32]. We demonstrated
that canonical Wnt ligands WNT3A and WNT7A and non-canonical Wnt ligands WNT5A
and WNT11 are upregulated after KDM5C knockdown. However, the Wnt receptor FZD9,
which is part of the canonical and non-canonical pathways, and AXIN2 are downregu-
lated by KDM5C knockdown. AXIN2 serves as a negative regulator of the canonical Wnt
signaling pathway and may act as a negative feedback loop to suppress the signaling
pathway [33]. In addition, inhibition of FZD7 leads to decreased AXIN2 expression [34].

The Notch signaling pathway also participates in EMT [19], and its inhibition par-
tially reverts EMT in lung adenocarcinoma cells and reduces their invasive behavior [35].
Silencing of the receptor NOTCH1 inhibits PCa cell invasion [36], whereas expression of
the ligand JAG1 is associated with PCa progression, metastases, and recurrence [37]. We
demonstrated that JAG1, NOTCH1, and STAT6 are downregulated by KDM5C silencing.

Several studies show that Shh signaling is associated with EMT and that inhibition
of the signaling pathway results in suppression of EMT in PCa [38–40]. In the absence of
Hedgehog pathway ligands, SHH, DHH, and Indian hedgehog (IHH), the pathway is in an
“off” state [22]. We showed that SHH and DHH are downregulated after knockdown of
KDM5C. In the presence of ligands, the pathway would be switched “on”, resulting in the
activation of the GLI family of transcription factors (GLI1, GLI2, and GLI3). GLI1 functions
as a transcriptional activator, while GLI2 and GLI3 can be processed into transcriptional
activators or repressors [41,42]. Silencing of KDM5C reduced the steady-state level of GLI1,
GLI2, and GLI3. HHIP is a negative feedback regulator of hedgehog signaling [43] and was
downregulated in our studies after KDM5C knockdown.

These findings strengthen the idea of a role for KDM5C in the regulation of TGFβ,
Wnt, Notch, and Hedgehog leading to EMT.

We investigated the kinase activity profile of KDM5C knockdown cells compared
to control cells. The PI3K and mTOR signaling pathways play an important role in the
induction of EMT [44,45] and influence EMT in PCa [46,47]. We showed that the activity of
several kinases e.g., CDK2, CREB1, RPS6, and mTOR is reduced in KDM5C knockdown
cells. Other studies show that CREB1 is upregulated in metastases and its inhibition could
reduce cell proliferation [48]. Inhibition of CDK2 is able to reduce cell invasion [49] and
shows inhibitory effects on EMT [50], and suppression of RPS6 increases radiosensitivity in
PCa [51]. Our phosphokinase array also showed that the activity of CREB1 and additionally
GSK-3α/β, PLC-γ1, and RSK1/2 was downregulated in stable KDM5C knockdown clones.
These kinases all play a role in tumors’ metastasis [52–55] and may also play a role in the
PI3K–Akt signaling pathway [56–60]. Therefore, a combination therapy with inhibition of
KDM5C and the PI3K-Akt-mTOR signaling pathway might be beneficial for the patient.

All of the above-mentioned signaling pathways affect the expression of transcription
factors and miRNAs, which then induce or repress E-cadherin and N-cadherin expression.
The main function of EMT-related transcription factors is to repress epithelial-associated
genes and induce mesenchymal genes [61]. Expression of the master EMT transcription
factors is activated early in EMT [17,18]. SNAI1 and ZEB1 are expressed in epithelial cells
and SNAI2 and ZEB2 are enriched in the early hybrid EMT state [18]. We could show
that expression of ZEB1, SNAI2, and ZEB2 is downregulated in KDM5C knockdown cells.
Decreased expression of these transcription factors is likely a consequence of the decreased
activity of the above-mentioned signaling pathways in KDM5C knockdown. SNAI2 regu-
lates cell proliferation and invasiveness in PCa through EMT [62]. ZEB1 and ZEB2 drive
EMT by downregulation of E-cadherin in PCa [63]. TWIST1, which is also downregulated
in KDM5C knockdown cells in our studies, suppresses E-cadherin and induces N-cadherin
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expression independently of SNAIL proteins [64]. In PCa, TWIST1/androgen receptor
signaling mediates crosstalk between castration resistance and EMT [65]. TCF, DNMT1,
and EZH2 are indirect repressors of E-cadherin, mediated by expression of ZEB1, ZEB2,
and SNAI2, respectively [66–68]. We demonstrated that the expression of TCF4, DNMT1,
and EZH2 is downregulated upon knockdown of KDM5C.

miR-205 also regulates EMT by targeting ZEB1 and ZEB2 [69] and inhibits cancer
cell migration and invasion in PCa [70]. It has been observed that miR-205 is especially
down-regulated in cells that have undergone EMT. This is accompanied by a pronounced
decrease in E-cadherin and an increase in N-cadherin [69]. Inversely, ectopic expression of
miR-205 in mesenchymal cell-initiated MET goes along with upregulation of E-cadherin
and reduction of cell locomotion and invasion [69]. Knockdown of KDM5C results in an
upregulation of miR-205 in our studies.

Pastushenko et al. discussed that co-expression of epithelial (e.g., E-cadherin) and
mesenchymal markers (e.g., SNAI1) rather than either epithelial or mesenchymal states
have been associated with poor clinical prognosis [71]. Simeonov et al. showed that in
patients with epithelial EMT state, early EMT state and mesenchymal EMT state gene
clusters had no association with disease prognosis, however, patients who had enriched
late EMT state had a significantly increased risk of death [18]. In pancreatic cancer, the
TGFβ signaling pathway is enriched in the late hybrid EMT state and tapered off in the
mesenchymal state. Wnt and Notch are enriched only in the late hybrid EMT state and
Hedgehog is enriched only in the mesenchymal state. The mTOR signaling pathway is
enriched in the transition from the early to the late hybrid EMT state [18]. We found that
these pathways were all active in PC3 cells and activity was downregulated in KDM5C
knockdown cells. We demonstrated that reduction in viability of KDM5C knockdown
cells is only minor in vitro. Therefore, the reduced tumor growth in mouse xenografts
is not a result of the differential proliferation of these cells as shown by the unaltered
Ki-67 expression in PC3 and KDM5C knockdown cells. Tumor growth might be reduced
due to changes in the tumor microenvironment after KDM5C knockdown. Activation of
the NF-kappaB pathway in the tumor milieu favors tumor survival and drives abortive
activation of immune cells [72]. This pathway might be less active in KDM5C knockdown
cells because NF-kappaB (NFKB1) activity was downregulated in these cells.

5. Conclusions

We found that the signaling pathways of the late EMT states are activated in PC3
wild-type and reduced after knockdown of KDM5C. This results in increased expression
of E-cadherin, and a decreased expression of N-cadherin. The cells migrate less and are
less invasive than PC3 wild-type cells. KDM5C knockdown also leads to reduced tumor
growth in in vivo mouse xenografts. Therefore, we hypothesize that inhibition of KDM5C
by a selective compound will hinder the process of EMT and delay progression of PCa.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers14081894/s1, Table S1: qPCR primers used in this publication; Figure S1: Western blot
of the expression of the global histone methylation in histone extracts from PC3 cells and the shRNA-
transduced cell clones; Figure S2: Negative correlation between KDM5C and E-cadherin expression
in metastatic PCa patient; Figure S3: Expression of ligand and mediator of the Hedgehog and TGFβ
signaling pathways associated with EMT progression; Figure S4: Differential phosphokinase-array
profiles of different kinases in GFP control 4 as well as KDM5C knockdown clones; Figure S5:
Expression of CDH1, CDH2 and KDM5C in mouse xenografts after termination of the experiment;
Figure S6: Uncropped Western blot from Figure 2A; Figure S7: Uncropped Western blot from Figure
S1; Figure S8: Uncropped Western blot from Figure 3D; Figure S9: Uncropped Western blot from
Figure 5J; Figure S10: Uncropped Western blot from Figure S3N.
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Simple Summary: Prostate cancer is the most commonly occurring internal malignancy in men.
Immunotherapies are emerging as important cancer therapies, having been successfully applied to a
range of solid tumour types. However, due to the highly immunosuppressive tumour microenviron-
ment, these successes have not been replicated in prostate cancer. To aid in the selection of patients
who would be responsive to immunotherapy, efforts are underway to identify biomarkers which may
be indicative of a positive therapeutic response. This review provides an overview of the prostate
tumour microenvironment, summarises the immunotherapy approaches being explored for use in
prostate cancer, and examines the use of biomarkers for therapy selection.

Abstract: Advanced prostate cancers have a poor survival rate and a lack of effective treatment
options. In order to broaden the available treatments, immunotherapies have been investigated.
These include cancer vaccines, immune checkpoint inhibitors, chimeric antigen receptor T cells and
bispecific antibodies. In addition, combinations of different immunotherapies and with standard
therapy have been explored. Despite the success of the Sipuleucel-T vaccine in the metastatic, castrate-
resistant prostate cancer setting, other immunotherapies have not shown the same efficacy in this
population at large. Some individual patients, however, have shown remarkable responsiveness to
these therapies. Therefore, work is underway to identify which populations will respond positively to
therapy via the identification of predictive biomarkers. These include biomarkers of the immunologi-
cally active tumour microenvironment and biomarkers indicative of high neoantigen expression in
the tumour. This review examines the constitution of the prostate tumour immune microenvironment,
explores the effectiveness of immunotherapies, and finally investigates how therapy selection can be
optimised by the use of biomarkers.

Keywords: prostate cancer; immunotherapy; predictive and prognostic biomarkers; tumour
microenvironment; tumour immune microenvironment

1. Introduction

Prostate cancer is the second most frequently diagnosed cancer, and the fifth leading
cause of cancer death among men in 2020 [1]. For instance, in 2018 in the U.S there were
3,245,430 men living with prostate cancer. In the U.S in 2021 there will be an estimated
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248,530 new diagnoses of prostate cancer, and 34,130 deaths [2]. Due to this high prevalence,
prostate cancer screening, consisting of prostate specific antigen (PSA) detection and digital
rectal exam, generally commences in men in their 50s. Prostate cancer is a biologically
heterogeneous disease that produces variable clinical outcomes. Low- and intermediate-
risk localised prostate cancer is generally treated with curative attempts with ablative
therapies such as surgery and radiotherapy. Of those patients treated for primary disease,
up to 30–40% will eventually fail, and the disease will manifest through biochemical
recurrence (BCR) [3,4]. Of these BCR patients who are treated with hormonal therapies
approximately 10–20% will develop castrate-resistant cancer within 5 years [5]. Metastatic,
castrate-resistant prostate cancer (mCRPC) is a highly aggressive stage of the disease, and
has a prognosis of 9–13 months’ survival [5]. Due to this poor survival rate of mCRPC,
alternate avenues of treatment are being investigated.

Prostate cancer tissue is composed of tumour cells and host components such as
immune cells, stromal matrix and soluble factors (e.g., cytokines) with the host components
referred to as the Tumour Immune Microenvironment (TIME). Within the TIME, crosstalk
occurs between the immune cells, stromal cells, the non-cellular components and the
tumour cells, resulting not only in the evolution of the TIME, but also playing a role in
tumour progression, tumour clearance or treatment response The TIME interacts with
soluble factors secreted by the cancer cells, and in turn, also interacts with the tumour cells.
Importantly, whilst providing structural support and contact with prostate cancer cells,
the TIME also produce soluble factors, all of which combined can drive prostate cancer
progression [6]. Traditionally, it is believed that tumour-intrinsic signalling pathways are
oncogenic pathways, however, emerging evidence is showing that this signalling can also
regulate the TIME and subsequently tumour immune escape [7,8]. In prostate cancer, this
can include PI3K/PTEN/AKT signalling [9,10], TLR9 [11] and p53 loss of function [12],
which drives the accumulation, expansion, infiltration and activation of MDSCs. However,
immune cells within the prostate cancer TIME act as a double-edged sword, because across
the various stages of the disease, the immune cells can also mediate their invasive capacity.

Immunotherapies have shown substantial benefit in other cancers, however, there
have been challenges in overcoming the immunosuppressive tumour microenvironment of
prostate cancer.

2. The Prostate Tumour Immune Microenvironment

Immune evasion is a hallmark of cancer and dysregulation of the immune microenvi-
ronment contributes to malignant progression in prostate cancer [13]. The prostate tumour
microenvironment consists of three main compartments: the stroma, the tumour and the
immune cells (Figure 1). Together, cellular populations, nutrients and signalling molecules
generate a highly immunosuppressive tumour microenvironment.

2.1. The Stromal Compartment

The stromal compartment is inherently plastic and can rapidly respond to damage
sustained by the adjacent epithelium. When responding to such damage, stromal cells
are phenotypically and genotypically altered, and there is increased matrix remodelling
and altered expression of repair-associated growth factors and cytokines. This state is
known as reactive stroma [14,15]. In prostate cancer development, reactive stroma initi-
ates during pre-malignant prostatic intraepithelial neoplasia, and co-evolves as the cancer
develops [16]. Carcinoma-associated fibroblasts (CAFs) are the main type of cells present
in reactive stroma and are central in mediating pro-survival signalling in cancer cells. In
terms of the immune microenvironment, CAF proliferation has been shown to lead to
the development of a fibrous stroma, which induces localized vasculature remodelling
and a state of hypoxia and chronic inflammation [17]. Chronic inflammation is akin to a
pre-cancerous state inducing re-modelling of the normal tissue environment, where NF-κB
signalling pathways play a defining role. Here, NF-κB-controlled signalling networks
modulate the expression of cascades of pro-inflammatory genes, particularly cytokines and
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chemokines, and also regulate inflammasome formation. In response, immunosuppressive
cell populations are recruited to the microenvironment, while cytotoxic T-cell function
and dendritic cell maturation are inhibited [18–21]. The transcription factor (HIF-1) which
is regulated by oxygen, is also overexpressed in prostate cancer, and is correlated to the
clinical stage of the disease [22,23]. Importantly, hypoxia can mediate prostatic adenocarci-
noma cell plasticity with the acquisition of a mesenchymal phenotype in a process known
as epithelial–mesenchymal transition (EMT). This process can also contribute to immune
escape via a loss of cell–cell recognition, as observed with decreased e-cadherin modulating
the T-cell synapse which is required for an efficient immune response [24]. In addition,
mesenchymal cells exhibit decreased MHC1 expression levels which promotes differen-
tiation/recruitment of T-regulatory lymphocytes (Tregs), immature DCs and ultimately
tumour immunosuppression [24].

Figure 1. The tumour immune microenvironment of prostate cancer. The tumour microenvironment
is composed of stroma, tumour cells and a variety of immune cells. The stromal components and tu-
mour cells interact and promote a hypoxic and pro-tumour environment through cytokine production
and pro-inflammatory signalling. As the immune cells infiltrate into the tumour microenvironment,
immunosuppressive cells, such as regulatory T cells (Tregs), myeloid-derived suppressor cells (MD-
SCs) and M2 macrophages, suppress the anti-tumour activity of dendritic cells (DCs), cytotoxic T
cells, natural killer (NK) and B cells, which together promote an immunosuppressive environment.

2.2. The Immune Cell Compartment

The prostate tumour microenvironment has altered levels of the various classes
of immune cells compared to healthy prostate tissue. This includes tumour-associated
macrophages (TAMs), T cells and neutrophils [25]. Interestingly, increased levels of inactive
immune cells such as resting natural killer cells, naive B cells and resting dendritic cells
are present, which may suggest that the prostate cancer microenvironment inhibits the
activation of these cells [25].

The prostate cancer TIME is traditionally regarded as immunologically ‘cold’ due to its
relatively low levels of infiltrating T lymphocytes [26]. This is in part due to the low tumour
mutational burden observed in prostate tumours compared to tumours such as melanoma
and renal cell carcinoma, thus reducing the presence of tumour neoantigens [25,27]. This,
paired with the frequent loss or reduction in major histocompatibility complex (MHC)
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class I and II expression in antigen-presenting cells, means that the number of anti-tumour
T cells being attracted to the tumour is minimal [28–31]. Further contributing to the
immunosuppressive microenvironment is the lack of afferent lymphatics to the prostate
and the immunosuppressive properties of seminal fluid [32].

In prostate cancer, T cells are the major class of tumour-infiltrating lymphocytes.
Higher numbers of infiltrating T cells have been correlated with better clinical outcomes
in a variety of solid tumours, including bladder cancer, colorectal cancer, ovarian cancer
and melanoma [33–36]. In contrast, the prognostic value of tumour T-cell infiltration is
controversial, with both very low and high levels being associated with worse clinical
outcomes in prostatectomy specimens [37–40]. This suggests that in cases with low levels
of T cells infiltrating, the immune system has failed to mount an effective anti-tumour
response. On the other hand, cases with high levels of T-cell infiltration may suggest that
the T cells being recruited are able to function effectively. Alternatively, there may be a
defect in recruiting the appropriate T-cell subpopulations. For example, these patients
might have high infiltration of Tregs. Tregs play an important role in downregulating the
cytotoxic T-cell response, and high levels of FOXP3+ Treg infiltration is a negative predictor
of overall survival in a range of cancers [41]. High levels of FOXP3+ Tregs have been
identified in prostate cancer tumour samples and peripheral blood samples, and may in
part explain the dysfunction observed in the cytotoxic CD8+ T cells [42,43].

CD8+ T cells have potent cytotoxic activity and play a key role in anti-tumour immu-
nity. The prognostic value of CD8+ T-cell infiltration in prostate cancer is inconclusive.
Several studies have suggested that high CD8+ T-cell infiltration in the tumour epithelium
has been reported to be associated with improved overall survival or lower risk of disease
relapse and progression in prostatectomy specimens [44,45]. Another study concluded that
higher CD8+ and lower programmed death ligand 1 (PD-L1) expression was associated
with lower risk of biochemical recurrence and metastasis development [46]. However, oth-
ers have shown that high levels of CD8+ T cells are associated with worse prognosis [47,48].
One of these studies hypothesised that the failure of high levels of CD8+ T cells to reduce
disease recurrence may be due to T-cell exhaustion, and associated expression of PD-1. In-
terestingly, another study demonstrated that low levels of PD-L1, an immune-suppression
marker and ligand of PD-1, combined with high levels of CD8+ T cells, was associated
with improved prognosis [46]. This suggests that T-cell exhaustion may play a role in this
finding, given the importance of the PD-1/PD-L1 axis in T-cell activation.

Myeloid-derived suppressor cells (MDSCs) and TAMs are key inflammatory cells
which also contribute to the immunosuppressive prostate cancer TIME. MDSCs are ac-
tivated by Tregs and exert their immunosuppressive functions by depletion of arginine
and tryptophan in the surrounding tissue. Ultimately, this leads to T-cell cell-cycle ar-
rest and decreased expression of T-cell receptors [49,50]. TAMs can be stratified into two
distinct subpopulations, however, the majority of TAMS present in prostate cancer are
M2-like, which are associated with an anti-inflammatory phenotype [51]. The presence
of M2-like TAMS in both epithelial and stromal compartments is associated with tumour
aggressiveness and poorer patient outcomes [52,53].

2.3. Cytokines and Signalling Molecules

A plethora of cytokines are present in the TIME and play an important role in promot-
ing tumorigenesis and regulating the immunosuppressive environment. One example is
transforming growth factor-β (TGF-β). In healthy systems, TGF-β acts as a tumour suppres-
sor, where it inhibits proliferation and induces apoptosis. However, when overexpressed in
cancers, such as prostate cancer, TGF-β becomes a potent promoter of tumour invasiveness
and metastasis [54,55]. One way it mediates this is through promotion of tumour immune
evasion through suppression of proliferation and differentiation of lymphocytes, natural
killer cells and macrophages [56,57]. On the other hand, anti-tumour cytokines, such as
type I interferon (IFN), and their respective signalling pathways, are often suppressed in
prostate cancer, especially in the metastatic state [58]. As IFN is important to the coordina-
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tion of the immune response, the reactivation of the pathway with therapy may promote
long-term anti-tumour immunity.

3. Immunotherapy Strategies in Prostate Cancer

Immunotherapy aims to enhance the adaptive immune response, either through
enhancing specificity or promoting stronger activation against the tumour. This approach
has found success in a range of cancers. However, the immunologically ‘cold’ nature of
prostate cancer has made the development of effective immunotherapies more challenging.
Clinical trials currently investigating the use of immunotherapies in prostate cancer patients
are summarized in Supplementary Table S1.

3.1. Cancer Vaccines

One class of immunotherapies is cancer vaccines. Cancer vaccines prime the patient’s
immune system to recognise tumour-associated antigens (Figure 2A). Numerous types
of cancer vaccines have been trialled in the prostate cancer setting, including autologous
and allogeneic cellular vaccines to stimulate the function of antigen presenting cells, DNA
and peptide vaccines which deliver engineered nucleic acids mimicking prostate tumour
antigens, and oncolytic virus vaccines which cause direct lysis of tumour cells allowing for
the release of a broad range of tumour antigens [59].

Figure 2. Immunotherapy Strategies in Prostate Cancer. Immunotherapy aims to enhance the
adaptive immune response by enhancing specificity or promoting stronger activation against the
tumour. (A) Cancer vaccines involve vaccination of the patient with tumour peptides, allogeneic
whole tumour cells or autologous DCs as vehicles for delivery of the tumour antigen, priming
the patient’s immune system to recognize the tumour-associated antigens. (B) Chimeric Antigen
Receptor T Cells (CAR-T) are genetically modified T cells which express a patient antigen-specific
chimeric receptor combining both antibody specificity and T-cell effector and regulatory functions.
(C) Bispecific antibodies (BiTEs) are designed to target the CD3 protein through an effector arm and a
tumour antigen via a target arm, which promotes the interaction between tumour cells and CD8+ T
cells, resulting in tumour cell death.
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Sipuleucel-T is the only FDA-approved immunotherapy for mCRPC. Sipuleucel-T is an
autologous cellular cancer vaccine which targets the immune system against prostatic acid
phosphatase [60]. Sipuleucel-T treatment significantly increased median overall survival in
mCRCP patients [61,62]. Of note, the greatest survival benefits were observed in patients
with lower PSA [63]. This highlights that treatment may be more beneficial in the early
disease stages, as newly activated cytotoxic T cells have more time to function [64,65]. The
importance of an activated immune response is further highlighted by the fact that patients
treated with Sipuleucel-T exhibited a 3-fold increase in the presence of activated effector
T cells in the tumour microenvironment [64].

Additional vaccines which exhibit signs of efficacy in prostate cancer include PROST-
VAC, GVAX and DCVAC/PCa. PROSTVAC is a virus-based vaccine which targets PSA
and employs a triad of co-stimulatory molecules (TRICOM; CD-80, ICAM-1, LFA-3) which
aid T-cell function, ultimately eliciting a robust immune response [66]. Despite promising
initial results in mCRPC, other trials have failed to demonstrate its associated benefits as a
monotherapy [67,68]. Similarly, despite promising results of improved patient survival in
phase I and II trials, phase III trials with the allogenic GVAX in mCRPC demonstrated poor
results and were terminated early [69–71].

3.2. Immune Checkpoint Inhibitors

In order to prevent autoimmunity, healthy cells display proteins known as immune
checkpoint molecules. When a T cell binds these, an ‘off’ signal is sent to prevent T-cell-
mediated destruction of the healthy cell. In cancer, however, these immune checkpoints
are often upregulated and enhance immune evasion by the tumour. Immune checkpoint
inhibitor (ICIs) monoclonal antibodies work by stopping this ‘off’ signal, and therefore
allow the tumour to be targeted by the T cells (Figure 3) [72,73].

Figure 3. The PD-1 and PD-L1 interaction and its inhibition by immunotherapy. (A) PD-1 is expressed
on cytotoxic T cells and PD-L1 is expressed on tumour cells. The T-cell receptor (TCR) binds to the
tumour antigen (Ag) presented on the tumour cell surface by major histocompatibility complex class
I (MHC I). When PD-L1 binds to PD-1, the activity of the cytotoxic T cell will be suppressed and
the interaction between TCR and MHC I is blocked. The subsequent immune checkpoint activation
can cause apoptosis of cytotoxic T cells. (B) Inhibition of PD-1 and PD-L1 activation by anti-PD-
1/PD-L1 immunotherapy. Immune checkpoint inhibitors are antibodies that can specifically bind
to the immune checkpoint molecules, such as PD-1 and its ligand PD-L1. This binding blocks the
interaction between PD-1 and PD-L1 and promotes the anti-tumour activity of the cytotoxic T cell.
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Ipilimumab is an ICI that targets CTLA-4, which has been trialled in mCRPC. In
mCRPC patients who had failed docetaxel therapy, treatment with ipilimumab, alone
or in combination with radiation therapy, resulted in increased median progression-free
survival. However, no benefit to overall survival was observed [74]. The benefit was
stronger in patients with favourable prognostic factors, especially the absence of visceral
metastases. However, a follow-up study in asymptomatic or minimally symptomatic
mCRPC patients without visceral metastases did not demonstrate any significant benefit to
overall survival [75]. Similarly, anti-PD-1 and anti-PD-L1 agents, such as pembrolizumab,
avelumab and nivolumab have been trialled in heavily pre-treated mCRPC. In a phase I trial
of nivolumab, an objective response was not observed, while a phase 1 trial of aveulamab
reported that 39% of patients had stable disease at >24 weeks [76]. In the same clinical
settings, pembrolizmab treatment demonstrated an objective response rate of 17% [77].

3.3. Chimeric Antigen Receptor T Cells

Chimeric Antigen Receptor T Cells (CAR-T) are genetically enhanced T cells modified
to engage with specific patient tumour antigens [78], (Figure 2B). This approach has found
success in haematological cancers but has shown limited efficacy in the treatment of solid
tumours. CAR-T cells targeting PSMA have been developed for the treatment of prostate
cancer. This approach has had limited success in clearing tumours, but has demonstrated
tumouristatic effects in some preliminary studies [79,80]. Newer generations of CAR-T
therapy are integrating elements to counteract the immunosuppressive environment. One
study looking at PSMA-directed/TGF-β-insensitive CAR-T cells has reported promising
initial results [81,82].

3.4. Bispecific Antibodies

Bispecific antibodies consist of two monoclonal antibodies known as bispecific T-cell
engagers (BiTEs) attached by a flexible linker (Figure 2C). These antibodies conjugate
simultaneously with tumour antigens and the T cell to promote cytotoxic 4T-cell trafficking
and function [83]. A phase I study using the BiTE Pasotuxizumab, which engages CD3 on
T cells and PSMA, in androgen deprivation therapy (ADT) and chemotherapy-refractory
mCRPC reported positive results, with 88% of patients exhibiting a PSA response in a
dose-dependent manner. Interestingly, this resulted in a long-term response in 12.5% of
the patients [84]. Another PMSA targeting BiTE, AMG 160, has resulted in a greater than
50% decline in PSA in about one-third of patients, with two patients showing a partial
response and eight patients a stable disease (NCT03792841). Trispecific approaches are also
being investigated, as demonstrated by the phase I study investigating the safety profile
of HPN24 in mCRPC patients who have progressed in systemic therapy (NCT03577028).
This is a CD3-PSMA-targeting monoclonal antibody with an albumin-binding domain for
extending the half-life of the compound.

3.5. Combination Therapy Strategies

Given the lack of success in finding a single-agent immunotherapy for prostate cancer,
the focus has shifted to identifying combination therapies. This includes combining with
standard therapies as well as identifying useful dual-immunotherapy approaches.

As chemotherapy is one of the main treatments for cancer, there is strong interest
in combining it with immunotherapies, and this approach has yielded early promise. A
study of nivolumab plus docetaxel in chemotherapy-native mCRPC patients with on-
going ADT therapy reported an objective response rate of 40% and a median overall
survival of 18 months following treatment [85]. Interim analysis from a second study of
pembrolizumab and docetaxel and prednisone in mCRPC previously treated with ADT
reported an objective response rate of 23.1% [86]. It has been suggested that chemotherapy
releases neoantigens from the tumour upon cell death and these neoantigens promote the
activation of CD8+ cells, thus promoting the efficacy of immunotherapies.
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Like chemotherapy, poly-ADP ribose polymerase (PARP) inhibitors promote the
necrotic release of tumour neoantigens. Additionally, like chemotherapy, their effectiveness
as part of a combination therapy with immunotherapies has also been investigated. Most
promisingly, treatment with durbalumab and PARP inhibitor, oliparib, in mCRPC patients
who had progressed with androgen deprivation therapy reported that 53% of patients
had a radiographic and/or PSA response [87]. An interim analysis of a second study
reports a PSA response in 9%, and a partial response in 8% of those with measurable
disease in mCRPC patients previously treated with docetaxel, following treatment with
pembrolizumab and oliparib [88].

Another combination of interest is treatment with androgen-deprivation therapy and
immunotherapies. It has been shown that ADT results in increased trafficking of anti-tumour
immune cells, and as such, ADT may enhance the effectiveness of immunotherapies [89].
Across multiple studies, treatment with pembrolizumab in patients with mCRPC who had
previously been treated with ADT reported a disease control rate of between 35 and 51%,
however, one study did not show any benefit of therapy [90–92].

The combination of anti-angiogenic therapies with those of immunotherapies has also
recently attracted interest. Here, it has been shown that tumour angiogenesis-targeted
agents such as Sunitinib can induce a pro-immunogenic state in the tumour by inducing
miR-221 expression. This is then thought to cause an induction of an interferon-related
gene signature in the prostate cancer cells supported by miR-221 upregulation [93]. These
data would suggest that the treatment combination of tumour kinase inhibitors (TKIs) and
immune-based approaches might be a promising avenue to explore with TKIs treatment,
inducing an immune responsive environment due to boosting miR-221 expression levels.

One of the main immunotherapy combination strategies under investigation is co-
treatment with anti-PD-1 and anti-CTLA-4 agents. A study on asymptomatic or minimally
symptomatic mCRPC patients not previously treated with ipilimumab and nivolumab
showed an objective response rate of 26% at interim reporting, while in those who had
progressed with chemotherapy, the objective response rate was 10% [94,95]. Ipilimumab
and nivolumab have also been trialled in a subgroup of mCRPC patients positive for AR-V7.
Outcomes tended to be better in a subset of patients, specifically in those with DNA damage
repair mutations, however this was only significantly different in terms of progression-free
survival [96]. This highlights the importance of biomarkers to enable selection of patients
who will respond to therapy.

4. Immune Therapy Biomarkers

Metastatic prostate cancer presents a range of challenges to treatment with immunother-
apy. Early studies on the use of these agents in prostate cancer have been characterised
by a lack of response in a high percentage of patients. However, there is evidence that
some subpopulations are highly responsive to immunotherapy. Therefore, it will likely be
pertinent to identify improved molecular biomarkers that will allow for the selection of
those patients that are most likely to benefit.

4.1. Immune Checkpoint Molecules as Biomarkers

ICI directly targets the immune checkpoint molecules; therefore, it follows that the
expression of such molecules may be an important determinant of therapy response. PD-
L1 levels have been shown to have varying degrees of association with therapy, with
expression correlated with ICI response in melanoma but not in squamous cell carcinoma
and non-small-cell lung cancer [97–99]. The expression of PD-L1 and PD-1 is low in healthy
prostate tissue, present in around 0.5% and 1.5% of cases, respectively, and is increased
in prostate cancer cases, with one study reporting positive staining in 13.2% and 7.7%,
respectively [100]. Although dynamic expression is observed, high PD-L1 expression is
associated with prostate cancer aggressiveness, with 61.7% of aggressive primary prostate
tumours and 50% of CRPC expressing PD-L1 [101,102]. Despite this, PD-L1 expression does
not strongly predict response to ICI in prostate cancer. A study examining pembrolizumab
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efficacy in PD-L1-positive versus PD-L1-negative cohorts of treatment-refractory mCRPC
patients reported objective response rates of 5% and 3%, respectively [103]. This suggests
that other factors contribute to the effectiveness of anti-PD-L1 therapy in these patients and
that simple measurement of PD-L1 levels in tissue may not be an effective biomarker of
treatment response.

4.2. Genetic Variations as Biomarkers

Genetic mutations present in a tumour can be a powerful predictor of therapy response.
Prostate cancer has traditionally been difficult to target with immunotherapy due to its low
number of mutations and therefore presence of fewer neoantigens, especially in relation to
other highly mutated cancers such as melanoma and lung cancer [27].

Patients with high microsatellite instability (MSI-H) or mismatch-repair-deficient
(MMRd) tumours have a high tumour mutational burden (TMB) and increased presence
of tumour neoantigens, and are therefore strong candidates for immune checkpoint in-
hibitor immunotherapy [104,105]. The ICI pembrolizumab is FDA-approved for use in
metastatic/unresectable MSI-H/MMRd tumours, however it is only effective in a subset
of prostate cancer patients [106]. A retrospective study reported durable clinical benefit
in 45.5% of MSI-H/MMRd prostate tumours treated with anti-PD1 or anti-PDL1 agents,
either as monotherapy or combination therapy [107]. In addition, a second study ob-
served increased overall survival in patients with higher-than-median TMB following ICI
therapy [94].

Increased neoantigen expression and higher TMB is also associated with mutations
in specific genes, particularly those involved in DNA damage repair such as BRCA1/2,
ATM, MSH2, POLE and CDK12 [108–111]. A comprehensive analysis of POLE/POLD1
mutation in multiple cancer types reported that 1.8% of primary prostate tumours had
mutations in one or both genes, correlating with a significantly higher TMB. Patients with
POLE/POLD1 mutations have been shown to have longer overall survival following ICI
treatment across all tumour types, with POLE/POLD1 reported as an independent risk
factor for identifying prostate cancer patients who benefited from ICI [110].

CDK12 mutations are observed in 1.2% of primary prostate tumours, rising to 6.9% of
mCRPC. A unique mutation signature was observed for CDK12-deficient tumours, differen-
tiating it distinctly from MMRd prostate tumours [105]. PSA decline following ICI treatment
has been observed in patients with CDK-12 mutations in a number of studies [105,111–113].
Interestingly, there was no difference observed between patients with mono- versus bi-
allelic mutations in PSA decline, however, PSA-progression-free survival was marginally
improved for those with biallelic mutations [113]. These retrospective studies indicate
that prospective randomized trials incorporating genomic screening and selection of pa-
tients with MSI-H/MMRd prostate tumours with higher-than-median TMB or CDK12
mutations would be highly informative as to the usefulness of treating these patients
with ICI-based therapies. At the present time, this combined strategy would appear to
be the most promising of the genomic-based approaches to enhance ICI response rates in
prostate cancer.

4.3. Peripheral Immune-Based Biomarkers

Traditionally, mutational status of tumours has been assessed via biopsy, however
biopsy acquisition is an invasive procedure that is not always practical for cancer patients.
In contrast, blood samples are relatively easy to obtain and are being investigated as a
potentially rich source of biomarkers.

One such source of biomarkers is circulating tumour DNA (ctDNA). ctDNA-based
assays are becoming increasingly popular as an alternative to biopsy for the detection
of actionable genetic mutations. A case series reported the detection of MSI-H status in
two prostate cancer patients via ctDNA samples. Importantly, they were able to monitor
the response to treatment by using the frequency of variant alleles in blood samples as
a readout, since it can be repeated for real-time monitoring of tumour clones [114]. This
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demonstrates the utility of such technologies as biomarkers of potential treatment efficacy
and in monitoring response.

Cytokines are key regulators of the immune response; therefore, several studies have
explored cytokine levels at baseline and their correlation with response to immunother-
apy treatment, in particular treatment with cancer vaccines. One study suggests that
higher baseline circulating interleukin-10 (IL-10) levels in CRPC patients may be negatively
associated with response to treatment with a DNA vaccine encoding prostatic acid phos-
phatase [115]. A second study demonstrated that higher baseline levels of interleukin-6
(IL-6) was associated with shorter survival in patients treated with the personalized peptide
vaccine [116].

The presence of various immune cell populations, such as T cells and MDSCs, have
also been investigated for their merit as predictive biomarkers for clinical response to
immunotherapy. Lower baseline levels of PD-1+Tim-3NEG CD4 effector memory cells and
higher baseline PD-1NEGTim-3+ CD8 and CTLA-4NEG Tregs in mCRPC predicted improved
survival following treatment with PROSTVAC and ipilimumab [117]. Similarly, higher
baseline levels of CD4+CTLA-4+ T cells predicted improved survival when treated with
GVAX and ipilimumab. In contrast, CRPC patients with higher CD14+HLA-DR-monocytic
MDSCs had worse survival following treatment [118]. There is also evidence that early
changes in circulating immune cells can be used to monitor the response and adjust
treatments accordingly, as a study reported that in mCRPC patients treated with DCVac
and docetaxel an on-treatment decrease in MDSC independently predicted disease-specific
survival [119].

5. Conclusions

As the second most commonly diagnosed cancer in males, prostate cancer is a major
health concern. In particular, metastatic, castrate-resistant prostate cancer patients have
poor survival rates. Immunotherapies have seen success in many other cancers; however,
the treatment of prostate cancer through these methods suffers due to the immunosup-
pressive tumour microenvironment. Recent studies have helped elucidate many of the
immune-suppressive mechanisms at play in prostate cancer. This knowledge, in combina-
tion with biomarkers, can help inform treatment selection and allow these mechanisms to
be overcome through combination therapy strategies.
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Abbreviations

ADT (Androgen-deprivation therapy); AKT (Ak strain transforming); ATM (ataxia
telangiectasia mutated); BCR (biochemical recurrence); BRCA1 (Breast Cancer gene 1);
BRAC2 (Breast Cancer Gene 2); CAFS (carcinoma-associated fibroblasts); CAR-T (Chimeric
antigen receptor T cells); CD3 (cluster of differentiation 3); CD38 (cluster of differentia-
tion 38); CD39 (cluster of differentiation 39); CD73 (cluster of differentiation 73); CDK12
(cyclin-dependent kinase 12); CRPC (castrate-resistant prostate cancer); CtDNA (circulating
tumour DNA); (CTLA-4 cytotoxic T-lymphocyte-associated protein 4); DCs (dendritic cells);
DLL3 (delta-like ligand 3); FDA (Food and Drug Administration); FOXP3 (Forkhead box
P3); DNA (deoxyribonucleic acid); ICAM-1 (intercellular adhesion molecule-1); ICI (im-
mune checkpoint inhibitor); IFN (interferon); IL-6 (interleukin 6); IL-8 (interleukin 8); IL-10
(interleukin 10); LFA-3 (Lymphocyte Function-Associated Antigen 3); mCRPC (metastatic,
castrate-resistant prostate cancer); MDSCs (myeloid-derived suppressor cells); MHC (major
histocompatibility complex); MMRd (mismatch repair deficient); MSH-I (high microsatel-
lite instability); NK (natural killer cells); MSH2 (MutS homolog 2); PAP (prostatic acid
phosphatase); PARP (poly-ADP ribose polymerase); (PD-1 (Programmed cell death protein
1); PD-L1 (Programmed death-ligand 1); PI3K (phosphoinositide 3-kinases); POLD1 (DNA
Polymerase Delta 1); POLE (DNA polymerase epsilon); PSA (prostate-specific antigen);
PSMA (Prostate Specific Membrane Antigen); PTEN (phosphatase and tensin homolog);
STEAP1 (six-transmembrane epithelial antigen of prostate); TAMS (tumour-associated
macrophages); TCR (T-cell receptor); TGF-β (transforming growth factor-β); TGF-β RII
(transforming growth factor-β receptor II); TIME (tumour immune microenvironment); TKI
(tyrosine kinase inhibitor); Tregs (regulatory T cells); Tumour mutational burden (TMB)
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Simple Summary: Prostate cancer (PCa) is one of the most common cancers. Due to the limited
and invasive approaches for PCa diagnosis, it is crucial to identify more accurate and non-invasive
biomarkers for its detection. The aim of our study was to non-invasively uncover new protein targets
for detecting PCa using a proteomics and proteogenomics approach. This work identified several
dysregulated mutant protein isoforms in urine from PCa patients, some of them predicted to have a
protective or an adverse role in these patients. These results are promising given urine’s non-invasive
nature and offers an auspicious opportunity for research and development of PCa biomarkers.

Abstract: To identify new protein targets for PCa detection, first, a shotgun discovery experiment was
performed to characterize the urinary proteome of PCa patients. This revealed 18 differentially abun-
dant urinary proteins in PCa patients. Second, selected targets were clinically tested by immunoblot,
and the soluble E-cadherin fragment was detected for the first time in the urine of PCa patients.
Third, the proteogenome landscape of these PCa patients was characterized, revealing 1665 mutant
protein isoforms. Statistical analysis revealed 6 differentially abundant mutant protein isoforms in
PCa patients. Analysis of the likely effects of mutations on protein function and PPIs involving the
dysregulated mutant protein isoforms suggests a protective role of mutations HSPG2*Q1062H and
VASN*R161Q and an adverse role of AMBP*A286G and CD55*S162L in PCa patients. This work
originally characterized the urinary proteome, focusing on the proteogenome profile of PCa patients,
which is usually overlooked in the analysis of PCa and body fluids. Combined analysis of mass spec-
trometry data using two different software packages was performed for the first time in the context
of PCa, which increased the robustness of the data analysis. The application of proteogenomics to
urine proteomic analysis can be very enriching in mutation-related diseases such as cancer.
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1. Introduction

Prostate cancer (PCa) is one of the most prevalent cancers among men and the fifth
leading cause of cancer-related death [1]. When detected at early stages, PCa can be treated.
However, PCa diagnosis is challenging, largely due to the low specificity of PSA tests,
particularly in the diagnostic window of 4–10 ng/mL [2], which underscores the need to
identify new and more accurate biomarkers.

An ideal biomarker for PCa should be non-invasively assessed, inexpensive, highly
sensitive, and specific [3]. For anatomical reasons, urine is enriched in prostatic secretions
and better reflects the molecular changes associated with the prostate than blood, which
contains markers and confounding factors from the whole body. Urine can be serially
collected, requiring minimal processing steps, and presents a simpler matrix with more
stability than blood [4].

The phenotype role of proteins combined with the variety of techniques available for
proteome analysis makes the search for protein markers in cancer a very attractive strat-
egy [5]. Some promising single-protein biomarkers have been reported, such as AMBP [6]
and zinc-alpha-2-glycoprotein (AZGP1) [7,8]. AMBP discriminated PCa and benign pro-
static hyperplasia (BPH) patients with a highest accuracy than that estimated for PSA [9],
using 2D-DIGE MALDI-TOF/TOF and immunoturbidimetry as discovery and validation
approaches, respectively. AZGP1 significantly improved the prediction of PCa in a cohort of
candidates for a prostatic biopsy, using isobaric stable isotope labeling and 2D-LC-MS/MS
as the discovery method and Western Blot as the validation approach. Multi-marker panels
have been shown to improve performance because they better reflect the cancer complexity
and heterogeneity, addressing the limitations of single biomarkers. Although promising,
no urine protein panel is available for clinical practice due partly to failure in clinical
validation, reflecting the need to discover new biomarkers and/or new combinations of
biomarkers [7,8]. Interestingly, and to the best of our knowledge, only one assay (Promark®)
that quantifies a protein panel in prostate tissue by Mass Spectrometry (MS) is commercially
available [10] and, to date, only four mRNA-based urine tests—PCA3 [11], SelectMDX [12],
ExoDx Prostate(IntelliScore) [13], and MyProstateScore [14]—have been commercialized.

Cancer is driven by accumulated mutations and other genomic alterations [15]. Mu-
tations on proteins can affect their structure, function, and stability, which may increase
their susceptibility to being degraded [16]. As in other types of cancer, in PCa, a weak
correlation between RNA and proteins expression is observed. Therefore, the effect of
mutations should also be directly investigated at the protein level [17]. To address this
inference problem, integration of genome and proteome data (proteogenome) analyses has
been performed to identify mutant protein isoforms. Integrated proteogenome analysis can
provide new insights into PCa pathophysiology and unveil powerful clinically applicable
biomarkers. A shotgun proteomics approach combined with a mutation database has been
used to detect mutated peptides related to various types of cancer, such as breast [18],
colon [19], and rectal cancer [20]. Still, in PCa, it is mostly unexplored. In 2018, Kwon et al.
first applied a proteogenome approach to identify six mutated peptides in the conditioned
media from human PCa cell lines related to androgen-independent PCa, which are specific
markers for PCa and for metastasis sites [21]. More recently, the same team identified
seventy mutant peptides in PCa cell lines, of which seven were differentially expressed in
PCa compared to normal tissues [22].

To identify a panel of putative protein markers to be evaluated in a non-invasively
collected body fluid for PCa screening, the urine proteome and proteogenome of PCa
patients were characterized by an MS-based approach. The integration of results was used
to select candidate targets for small-scale clinical testing. MS is widely used to discover
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urinary protein biomarkers for cancer, including PCa [23]. Usually, biomarker discovery
relies on a shotgun proteomics approach, followed by a validation phase using antibody-
based techniques or targeted MS. Considering the complex mixture of proteins in urine,
separation methodologies are important to increase sensitivity. Thus, a combination of gel-
based and gel-free methods, such as GeLC-MS/MS, appears to be a robust and reproducible
method for proteome analysis [24], warranting its application in the present work.

This work aims to improve the diagnosis of PCa by investigating the effect of new
mutations in proteins that can be detected in urine, a non-invasively collected fluid. Ad-
ditipnally, it overcomes the limitations of prior studies by using a combination of two
software packages for MS data analysis, a proteogenome approach, and a detailed revision
and integration of other exploratory proteome analyses to select protein targets.

2. Materials and Methods

2.1. Urine Proteome Profile of PCa Patients and Cancer-Free Subjects
2.1.1. Patients and Sample Collection

Urine samples were collected, without a prior prostate massage, from patients diag-
nosed with PCa at the Portuguese Oncology Institute of Porto (IPO Porto, Porto, Portugal),
before surgery or therapy. Patients with other types of cancer, obesity, or autoimmune dis-
eases were excluded, and cancer-free subjects had no clinically apparent prostatic disease.
All available clinical data of the subjects enrolled in this study (discovery (d) and testing
cohorts) is depicted in Tables S1 and S2. The discovery cohort comprised five PCa patients
and five cancer-free subjects (controls). The testing cohort comprised thirty patients and
thirty cancer-free subjects, not considering benign prostate diseases, such as BPH, due to
the unavailability of samples.

2.1.2. Urine Sample Preparation

Urine samples were kept at 4 ◦C and centrifugated at 4000× g for 20 min at 4 ◦C.
The supernatant (4.5 mL per sample) was collected and stored at −80 ◦C until laboratory
analysis. Each urine sample was concentrated using a filter device (10 kDa cut-off, Vivaspin
500 Sartorius Biotech) by sequential centrifugations at 10,000× g for 10 min at 10 ◦C.
Afterward, the retentate was resuspended in 0.5 M Tris pH 6.8 and 4% SDS and protein
concentration were assessed by DCTM kit (Bio-Rad, Hercules, CA, USA).

2.1.3. SDS-PAGE

The volume equivalent to 50 μg of protein was precipitated overnight with cold
acetone (−20 ◦C) and centrifugated at 14,000× g for 30 min at 4 ◦C. Then, the precipitated
protein was mixed 1:1 with sample Laemmli loading buffer (0.5 M Tris-HCl pH 6.8, 15%
glycerol, 4% SDS, 20% 2-mercaptoethanol, bromophenol blue), heated to 100 ◦C for 5 min,
and separated on 12% Tris-Glycine gels. Following electrophoretic separation, gels were
fixed in methanol:acetic acid:water (4:1:5; for 30 min) and stained with Colloidal Coomassie
Blue G250 (overnight). Gels were distained with 20% methanol until optimal contrast
was achieved.

2.1.4. Liquid Chromatography Tandem-Mass-Spectrometry (LC-MS/MS)

Tryptic digestion was performed according to Shevchenko et al. [25], with a few
modifications. All protein bands were manually excised from the gels and sliced into ten
sections. The gel pieces were washed with ammonium bicarbonate (NH4HCO3) (25 mM)
and ACN (acetonitrile). Proteins were reduced with dithiothreitol (10 mM, 30 min, 60 ◦C)
and alkylated in the dark with iodoacetamide (55 mM, 30 min, 25 ◦C). The gel pieces
were washed with 100 mM NH4HCO3 and then with ACN. Gel pieces were vacuum-
dried (SpeedVac, Thermo Savant) and proteins digested with trypsin (Thermo Scientific™,
Waltham, MA, USA. Pierce™ Trypsin Protease, MS Grade) in 50 mM NH4HCO3 to a final
protease: protein ratio of 1:25 (w/w). After 30 min on ice, 50 μL of 50 mM NH4HCO3
was added, and the samples were incubated for 16 h at 37 ◦C. The extraction of tryptic
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peptides was performed by the serial addition of 10% formic acid (FA), 10% FA:ACN (1:1)
twice, and 90% ACN. Tryptic peptides were lyophilized and resuspended in 1% FA upon
HPLC injection. The samples were analyzed with an Orbitrap Q Exactive (Thermo Fisher
Scientific, Bremen, Germany) through the EASY-spray nano ESI source (Thermo Fisher
Scientific, Bremen) that was coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA, USA)
HPLC system. The trap (5 mm × 300 μm inner diameter) and the EASY-spray analytical
(150 mm × 75 μm) columns used were C18 Pepmap100 (Dionex, LC Packings, Sunnyvale,
CA, USA), having a particle size of 3 μm. One analytical replicate was performed for
each sample and blank runs were acquired between samples. For quality control of the
performance of the nano-LC system, the acquisition of cytochrome C digest (1 pmol/μL)
(cytochrome c digest lyophilized P/N 161089-thermo scientific) was routinely performed.
Peptides were trapped at 30 μL/min in 96% of solvent A (0.1% FA). Elution was achieved
with the solvent B (0.1% FA/80% acetonitrile v/v) at 300 nL/min. The 92 min gradient
used was as follows: 0–3 min, 4 solvent B; 3–70 min, 4–25% solvent B; 70–90 min, 25–40%
solvent B; 90–92 min, 40–90% solvent B; 92–100 min, 90% solvent B; 100–101 min, 90–4%
solvent B; 101–120 min, 4% solvent B. The mass spectrometer was operated at 2.2 kV in
the data-dependent acquisition mode. An MS2 method was used with an FT survey scan
from 400 to 1600 m/z (resolution 70,000; auto-gain control target 1 × 106). The 10 most
intense peaks were subjected to high collision dissociation fragmentation (resolution 17,500;
auto-gain control target 5 × 104, normalized collision energy 28%, max. injection time
100 ms, dynamic exclusion 35 s).

2.1.5. Protein Identification and Quantification

The MaxQuant (version 1.6.5.0, Thermo software) and Proteome Discoverer (version 2.2,
Thermo Fisher Scientific) software packages were used for peptide identification and label-
free quantification. In MaxQuant, the Andromeda, and Proteome Discoverer, the MS
Amanda, and Sequest HT search engines were used to search the MS/MS spectra against the
Uniprot (TrEMBL and Swiss-Prot) protein sequence database under Homo Sapiens (version
December 2018). Both database search parameters were as follows: methionine oxidation,
protein N-term acetylation and phosphorylation, as variable modifications, and cysteine
carbamidomethylation as a fixed modification. The mass tolerance of precursor mass
was 20 ppm for MaxQuant and 10 ppm for Proteome Discoverer, and fragment ion mass
tolerance was 0.15 Da (MaxQuant) and 0.02 Da (Proteome Discoverer). Minimal peptide
length was set to 7 amino acids and, at most, 2 missed cleavages were allowed for both
software. The false discovery rate (FDR) for identification was set to 1% at peptide and
protein levels. Only the top-ranking protein of each group (master proteins), identified
with at least two peptides, were considered. Exclusion of contaminants relied on those
identified by the MaxQuant software and the cRAP protein sequences—THE GPM (https:
//www.thegpm.org/crap/) (accessed on 2 April 2019).

The MS proteome data have been deposited on the ProteomeXchange Consortium via
the PRIDE [26] partner repository with the data set identifier PXD017902.

2.1.6. Exploratory Analysis of Urine Proteome Data

The protein abundances in Proteome Discoverer (normalized to the respective median)
and normalized LFQ intensities in MaxQuant were log 2-transformed. In an exploratory
analysis of proteome data, the proteins identified in all individuals were used as variables to
perform Principal Component Analysis (PCA) and Heatmap analyses. These analyses were
performed on MetaboAnalyst 5.0 [27]. To identify dysregulated proteins in PCa patients,
the fold-change in protein abundance between PCa patients and cancer-free subjects was
then calculated from the average log2 difference of protein intensities. Student’s t-test
assessed the statistical significance of this difference.
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2.1.7. Comparison with a Previous Bioinformatic Analysis of Putative Urinary Markers of
PCa and Selection of Candidate Protein Targets for the Testing Phase

Dysregulated proteins were compared with the results of a bioinformatic analysis
focused on comparing and mining the proteome profile of tumor prostate tissue and urine
from PCa patients reported by several MS studies [28]. The bioinformatic analysis reported
2641 and 616 dysregulated proteins in tumor prostate tissue and urine from PCa patients,
respectively. To place urine proteome as a reflection of events taking place in prostate
tissue and to identify specific urinary protein targets for PCa, the dysregulated proteins
identified in tumor prostate tissue and urine from PCa patients were compared, resulting
in 339 overlapping proteins. In this sense, the dysregulated proteins identified by MS in
the present work, common to the 2641 dysregulated proteins expressed in tumor prostate
tissue or to the 339 urinary proteins with prostate expression, correspond to the selection
criteria of candidate proteins to be tested. Then, the selected proteins were compared with
the normal human urinary proteome [29].

2.1.8. Measurement of Candidate Protein Targets in Urine Using Immunoblot

The selected protein targets from the discovery phase were tested by slot blot or
Western blot immunoassays. In slot blot analysis, performed according to Caseiro et al. [30],
the urine protein concentrated fraction was diluted in TBS to a final protein concentration of
0.01 μg/μL and slot-blotted onto a nitrocellulose membrane (Amersham Protran NC 0.45;
Amersham Pharmacia Biotech, Buckinghamshire, UK). Antibodies specificity, selectivity,
and sensitivity were assessed previously through Western blot by the bands appearing at
the expected molecular weights without evidence of non-specific binding of the antibodies.
The blocking and incubation conditions were optimized as follows: EFEMP1 (GTX111657:
1:1000, 1 h; GE Amersham-NA934: HRP-linked donkey anti-rabbit 1:10,000); AMBP (sc-
81948: 1:1000, 1 h; GE Amersham-NA931: HRP-linked sheep anti-mouse 1:5000); LMAN2
(sc-130026, 1 h; GE Amersham-NA931: HRP-linked sheep anti-mouse 1:5000). Regarding
Western blot, 20 μg of protein from each sample was separated on a 12% SDS-PAGE
gel and transferred onto nitrocellulose membranes. In both immunoblot experiments,
Ponceau S staining was used to normalize the antibody signal to total protein levels.
In any case, the membranes were washed with TBS-T (TBS 25 Mm Tris−HCl, pH 7.4,
150 Mm NaCl, 0.1% Tween 20) and imaged in a ChemiDocTM Touch imaging system (Bio-
Rad) using the Enhanced Chemiluminescence kit (ECL Select Western Blotting Detection
Reagent, RPN2235, Amersham). Optical density was assessed with Image Lab Software
(Bio-Rad) and normalized to a loading control sample. Western blot conditions were: CDH1
(GTX629691: 1:1000, 1 h; GE Amersham-NA931: HRP-linked sheep anti-mouse 1:5000); TTR
(GTX100577: 1:500, 1 h; GE Amersham-NA934: HRP-linked donkey anti-rabbit 1:10,000).

2.1.9. Measurement of Urinary PSA Levels

Urinary PSA levels were determined using the same method (Elecsys total PSA,
08791732500) used to determine serum PSA levels. This electrochemiluminescence assay is
used in the clinical routine of IPO Porto. It quantifies total PSA (free + complexed PSA)
using a Cobas e 801 module, a member of Roche Cobas 8000 Modular Analyzer (Roche,
Woerden, The Netherlands).

2.2. Urine Proteogenome Profile of PCa Patients and Cancer-Free Subjects
2.2.1. Identification of Cancer-Associated Mutations

Considering the high impact of mutations on cancer progression, the proteogenome
profile of urine from PCa patients was explored. For this, mass spectra resulting from the MS
analysis were searched against a database built into the Pinnacle software (https://rimuhc.
ca/-/protein-quantification-software-pinnacle?redirect=%2Fproteomics-software, accessed
on 5 January 2022). This type of analysis aimed to investigate the existence of cancer-
associated mutations that were translated in proteins present in the urine from PCa patients.
To select high-confidence urinary proteins with a very likely origin in the prostate, only
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mutations on proteins present in all samples and with known prostate expression were
considered. The prostate proteome was searched in the HPA database and in the above-
mentioned bioinformatic analysis [28]. The prostate proteome in the HPA consisted of
proteins with evidence at the protein level and its last access was on 8 November 2021.

2.2.2. Exploratory Analysis of Urine Proteogenome Data

The abundances of proteins with known prostate expression in Pinnacle were log
2-transformed. In an exploratory analysis of proteogenome data, the levels of mutant
protein isoforms identified in all individuals were used as variables to perform Principal
Component Analysis (PCA) and Heatmap analyses. These analyses were performed on
MetaboAnalyst 5.0 [27]. To identify dysregulated proteins with mutations in PCa patients,
the fold-change in protein abundance between PCa patients and cancer-free subjects was
then calculated from the average log2 difference of protein intensities. Student’s t-test
assessed the statistical significance of this difference.

2.2.3. Integration with the Cancer Genome Atlas (TCGA), DisGeNET and Literature Data

To investigate whether mutations identified in proteins with known prostate ex-
pression were already described in PCa, TCGA, DisGeNET (v7.0), and literature data
were searched.

TCGA is a cancer genomics consortium that generates data (https://www.cancer.
gov/tcga, accessed on 12 January 2022) encompassing the profiling of over 20,000 primary
tumors and matched non-tumoral samples related to various human cancers, including PCa.
The characterization of PCa samples disclosed 20,237 mutated genes and 33,334 mutations.
DisGeNET is one of the largest repositories of Gene-Disease (GDA) and Variant-Disease
(VDA) Associations [31]. The latest version of DisGeNET contains 1,134,942 GDAs and
369,554 VDAs. In the present work, variants associated with PCa were extracted from the
Prostate Carcinoma C0600139 (January 2022).

2.2.4. Comparison of the Levels of Native and Mutant Forms of Proteins in the Urine from
PCa Patients

To investigate the influence of mutations on the abundance of proteins with known
expression in the prostate, the levels of their native and mutant forms were compared.

2.2.5. Prediction of the Likely Impact of Single-Residue Substitutions in Proteins

The PolyPhen-2 (Polymorphism Phenotyping v2) web tool was used to predict the
likely impact of each amino acid substitution on the structure and function of the proteins
with known prostate expression [32]. Each mutation is assigned a score, which is the
probability of the substitution being damaging, in addition to a sensitivity and specificity
value of the prediction confidence. According to the PolyPhen-2 tool, single-residue
substitutions in the protein sequence can be classified as benign (score: 0–0.4), possibly
damaging (score: 0.4–0.9), or probably damaging (score: 0.9–1) [33].

2.2.6. Protein–Protein Interaction Analysis

Due to the pivotal role of Protein–Protein interactions (PPIs) in cancer and the possible
effect of mutations on its dynamics, the interactions between proteins in which point
mutations has been identified were explored. For this, the STRING database v 11.5 was
sourced on 12 January 2022, and only protein interactions with a confidence score of ≥0.4
were considered [34]. However, we must be cautious when extrapolating the significance
of these PPIs to biological fluids such as urine, as most PPIs are identified or predicted from
studies in cells and tissues.

2.2.7. Prediction of the Likely Impact of Single-Residue Substitutions in Protein–Protein Affinity

Considering the impact of mutations on PPIs, the SAAMBE-SEQ Web Server was used
to predict the effect of point mutations detected in this work on protein binding affinity [35].
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2.3. Statistical Data Analysis

Statistical analyses were carried out in R software for Windows version 3.6.2 and
GraphPad Prism version 6.0 (GraphPad Software, Inc.; San Diego, CA, USA). The Shapiro
normality test and visual inspection of the histograms were used to assess the data dis-
tribution. To evaluate the effect size of the dysregulated proteins when comparing the
tested groups, Cohen’s d was determined. Differences were considered statistically sig-
nificant if p-value was ≤ 0.05. The clinical parameters and protein levels are expressed as
mean ± standard deviation (SD).

3. Results

3.1. Urine Proteome Profile of PCa Patients and Cancer-Free Subjects

To identify potential protein targets for PCa prediction, shotgun proteomics was per-
formed in urine collected from PCa patients and cancer-free subjects. To boost MS data
analysis, a combination of two different software packages, MaxQuant and Proteome Dis-
cover, sourcing three databases (Andromeda, Amanda, and Sequest HT) in total, was used.

Considering only the top-ranking protein of each group identified with at least two
peptides and filtering out identifications from reversed sequences and contaminants, 605
and 592 urinary proteins were identified by MaxQuant and Proteome Discoverer, respec-
tively. In total, 732 proteins were identified, excluding those common to both software.

3.1.1. Exploratory Analysis of Urine Proteome Data

Aiming to select and identify proteins of interest for PCa monitoring, only proteins
present in all samples analyzed by MaxQuant (82 proteins) and by Proteome Discoverer
(84 proteins) were considered for further analysis. These high-confidence proteins were
separately used for Principal Component Analysis (PCA) (Figures 1A and 2A) and Heatmap
analyses (Figures 1B and 2B). In both software, no separation of groups was observed in
the PCa analysis. However, the proteins identified by the MaxQuant software alone
seem to provide a discrimination between PCa patients and non-cancer subjects based on
two protein clusters, depicted in the heatmap: AZGP1(zinc-alpha-2-glycoprotein)-SPP1
(Osteopontin); CD14 (Monocyte differentiation antigen CD14)-MASP2 (Mannan-binding
lectin serine protease 2) (Figure 1B). In the first cluster, proteins are mostly upregulated
in PCa patients compared to non-cancer subjects, while in the second cluster proteins are
predominantly downregulated in PCa patients.

Then, differential protein analysis revealed 18 dysregulated proteins in PCa, with
4 proteins (p-value ≤ 0.05) identified only by Proteome Discoverer, 9 proteins only by
MaxQuant analysis, and 5 proteins (Cadherin-1 (CDH1), EGF-containing fibulin-like ex-
tracellular matrix protein 1 (EFEMP1), Prostate-specific antigen (PSA) (KLK3), Secreted
and transmembrane protein 1 (SECTM1), and Transthyretin (TTR)) discovered by both soft-
ware. Altogether, 11 proteins were significantly downregulated (fold change less than 1),
and 7 proteins were significantly upregulated (fold change greater than 1) in PCa patients
(Tables 1 and 2). Reassuringly, the most widely used biomarker for PCa diagnosis, PSA,
was one of the dysregulated proteins in common in the analysis by both software pack-
ages. When the tested groups were compared, proteins showing significant differences
(p-value ≤ 0.05) and revealed a “large” effect-size (|Cohen’s d|) > 0.8 (Tables 1 and 2).
Besides a large effect-size, dysregulated proteins identified by both software presented a
consistent direction of dysregulation. It is noteworthy that in the heatmap of MaxQuant
data, seven proteins (TTR, KLK3, SECTM1, CDH13, AMY2A, EFEMP1, ITIH4, HSPG2,
PTGDS, CDH1, and LMAN2) responsible for the separation of groups were also found
dysregulated in PCa patients. It was observed that the decreased levels of SECTM1, CDH13,
AMY2A, EFEMP1, ITIH4, HSPG2, PTGDS, CDH1, and LMAN2 and increased levels of
TTR and KLK3 characterized the urine proteome of PCa patients.
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Figure 1. Exploratory analysis of proteome data from MaxQuant. (A) Principal Component Analysis
of the urine proteome of the two groups. (B) The heatmap of proteins identified in all individuals.
Samples are represented in columns and proteins in rows. Proteins whose gene name is not available
are indicated by their UniProt accession number. The dashed line on the heatmap indicates the two
clusters of proteins.

Figure 2. Exploratory analysis of proteome data from Proteome discoverer. (A) Principal Component
Analysis of the urine proteome of the two groups. (B) The heatmap of proteins identified in all
individuals. Samples are represented in columns and proteins in rows.
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Table 1. Dysregulated proteins between PCa patients and cancer-free subjects (Proteome Discoverer).

Uniprot ID Protein Name Gene Name p-Value
Cohen’s d

[Lower; Upper 95% CI]

P07288 Prostate-specific antigen KLK3 0.00 4.21 (3.50; 4.91)

Q8WVN6 Secreted and transmembrane protein 1 SECTM1 0.01 −2.16 (−2.39; −1.93)

P12830 Cadherin-1 CDH1 0.03 −1.73 (−2.05; −1.41)

P0DOX5 Immunoglobulin gamma-1 heavy chain N/A 0.03 1.73 (1.39; 2.07)

Q12805 EGF-containing fibulin-like extracellular matrix protein 1 EFEMP1 0.03 −1.68 (−2.25; −1.12)

P02766 Transthyretin TTR 0.03 1.66 (0.86; 2.46)

P01861 Immunoglobulin heavy constant gamma 4 IGHG4 0.04 1.52 (0.90; 2.15)

P01034 Cystatin-C CST3 0.05 1.50 (0.91; 2.08)

Q01459 Di-N-acetylchitobiase CTBS 0.05 −1.44 (−1.86; −1.02)

The protein identification and label-free quantification performed by the Proteome Discoverer software revealed
nine dysregulated proteins (p-value ≤ 0.05) between the tested groups. These proteins are shown in this table
along with their p-value and effect size. The Cohen’s d for individual proteins is presented together with the
lower and upper 95% confidence interval (CI). Abbreviation: Confidence interval (CI).

Table 2. Dysregulated proteins between PCa patients and cancer-free subjects (MaxQuant).

Uniprot ID Protein Name Gene Name p-Value
Cohen’s d

[Lower; Upper 95% CI]

Q8WVN6 Secreted and transmembrane protein 1 SECTM1 0.01 −2.10 (−2.48; −1.73)

P07288 Prostate-specific antigen KLK3 0.01 2.01 (1.08; 2.95)

P41222 Prostaglandin-H2 D-isomerase PTGDS 0.01 −1.97 (−2.44; −1.49)

Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 0.01 −1.96 (−2.32; −1.60)

Q12805 EGF-containing fibulin-like extracellular matrix protein 1 EFEMP1 0.01 −1.84 (−2.33; −1.35)

P55290 Cadherin-13 CDH13 0.02 −1.75 (−2.11; −1.40)

P98160 Basement membrane-specific heparan sulfate proteoglycan
core protein HSPG2 0.03 −1.63 (−2.07; −1.19)

P04746 Pancreatic alpha -amylase AMY2A 0.03 −1.57 (−1.95; −1.19)

P01876 Immunoglobulin heavy constant alpha 1 IGHA1 0.04 1.55 (1.32; 1.78)

P02760 Protein AMBP AMBP 0.04 −1.51 (−1.88; −1.13)

P12830 Cadherin-1 CDH1 0.05 −1.48 (−1.90; −1.07)

Q12907 Vesicular integral-membrane protein VIP36 LMAN2 0.05 −1.46 (−2.10; −0.83)

Q9NPP6 Immunoglobulin heavy chain variant N/A 0.04 1.58 (1.22; 1.93)

P02766 Transthyretin TTR 0.05 1.42 (0.97; 1.87)

The protein identification and label-free quantification performed by the MaxQuant software revealed fourteen
dysregulated proteins (p-value ≤ 0.05) between the tested groups. These proteins are shown in this table along
with their p-value and effect size. The Cohen’s d fof individual proteins is presented together with the lower and
upper 95% confidence interval (CI). Abbreviation: Confidence interval (CI).

3.1.2. Comparison with a Previous Bioinformatic Analysis of Putative Urinary Markers of
PCa and Selection of Candidate Protein Targets for the Testing Phase

To select the most promising proteins for further analysis, dysregulated proteins
revealed by MS analysis were compared with proteins resulting from a bioinformatic
analysis integrating urine and tumor tissue proteomes of PCa from several MS studies [28].
From this comparison, some common proteins emerged, such as AMBP, CDH1, EFEMP1,
KLK3, SECTM1, LMAN2, and TTR.

From the previous study of our group, the dysregulated proteins AMBP, KLK3,
LMAN2, and TTR were found dysregulated in urine and tumor tissue from PCa patients,
while SECTM1 was only found in urine from PCa patients, and CDH1 and EFEMP1 were
only in PCa tissue.

120



Cancers 2022, 14, 2001

Taken together, and keeping in mind that candidate targets should be urinary proteins
with prostate expression, AMBP, CDH1, EFEMP1, KLK3, LMAN2, and TTR were selected
for testing in an independent cohort. The presence of these proteins in the urine was already
expected, because they are characteristic of the normal human urine proteome [29].

3.1.3. Measurement of Candidate Protein Targets in Urine

Five protein targets, AMBP, CDH1, EFEMP1, LMAN2, and TTR were selected for
immunoblot-based testing in a larger and independent cohort (testing group). However,
none of the MS findings could be reproduced (Table S3, Figure S1). Measurement of urinary
PSA levels in the testing cohort did not agree with the MS findings (p = 0.29, Mann–Whiney
test). The results are shown in Figure 3.

Figure 3. Urinary protein levels of the candidate targets for PCa in the discovery group (using MS)
and in the testing group (using immunoblot and immunoassay). MS: mass spectrometry.
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3.2. Urine Proteogenome Profile of PCa Patients and Cancer-Free Subjects
3.2.1. Identification of Cancer-Associated Mutations

To characterize the proteogenome landscape of urine from PCa patients, MS/MS
spectra were searched against a repository of information from a wide variety of databases
encompassing somatic mutations. This search resulted in identifying 6418 mutated peptides
corresponding to 1665 mutant protein isoforms. Of these, 609 mutated peptides, which cor-
respond to 417 mutant protein isoforms, were associated with cancer. Only mutant protein
isoforms that occurred in all urine samples (322 proteins) were selected for further analysis.
Immunoglobulins and highly abundant urinary proteins (serum albumin, uromodulin,
serotransferrin) were excluded due to their high abundance in biological samples and the
lack of specificity for cancer, resulting in 170 proteins. These 170 proteins corresponded to
122 proteins after filtering out duplicates. As our focus was high confidence proteins with
mutations whose origin was very likely the prostate, these data were integrated with the
prostate proteome searched in the HPA database and in a bioinformatic analysis [28], result-
ing in 86 proteins with known expression in the prostate (Table S4). Among these proteins
are some of known relevance for PCa, namely Acid ceramidase (ASAH1), Extracellular
superoxide dismutase [Cu-Zn] (SOD3), Glutathione S-transferase P (GSTP1), Osteopontin
(SPP1), Prostatic acid phosphatase (PAP), and Zinc-alpha-2-glycoprotein (ZAG).

3.2.2. Exploratory Analysis of Urine Proteogenome Data

The levels of the mutant protein isoforms were used for PCA (Principal Component
Analysis) (Figure 4A) and Heatmap analyses (Figure 4B). No group separation was ob-
served in the PCA of the proteogenome profile of PCa patients. However, the heatmap
indicates a discrimination between PCa patients and non-cancer subjects based on two pro-
tein clusters: ITIH4*G893S (Inter-alpha-trypsin inhibitor heavy chain H4)-LMAN2*D222N
(Vesicular integral-membrane protein VIP36); KLK3*C209Y (PSA)-MVB12B*T198M (Mul-
tivesicular body subunit 12B) (Figure 4B). In the first cluster, mutant forms of proteins
are mostly downregulated in PCa patients compared to non-cancer subjects, while in the
second cluster mutant forms of proteins are upregulated predominantly in PCa patients.

Figure 4. Exploratory analysis of proteogenome data from Pinnacle. (A) Principal Component
Analysis of the urine proteogenome of the two groups. (B) The heatmap of mutant proteins identified
in all individuals. Samples are represented in columns and proteins in rows. Proteins are identified
by their gene name, and the mutation identified. The dashed line on the heatmap indicates the two
clusters of proteins.
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3.2.3. Integration with the Cancer Genome Atlas (TCGA), DisGeNET and Literature Data

According to TCGA, DisGeNET, and the literature, only three of the mutations iden-
tified in the 86 proteins with known prostate expression have already been described.
These mutations (rs17632542, rs1695, rs7041) were mapped on KLK3 (PSA) [36], GSTP1
(Glutathione S-transferase P) [37,38], and GC (Vitamin D-binding protein) [39], respectively.
To the best of our knowledge, there is no association of the remaining mutant protein iso-
forms with PCa. Especially notable are the proteins SPP1, VASN, ASAH1, RBP4, and ASS1,
which, until now, have had no mutation related to PCa described in the literature.

3.2.4. Comparison of the Levels of Native and Mutant Forms of Proteins in the Urine from
PCa Patients

The analysis of proteogenome data revealed 6 differentially abundant mutant protein
isoforms in PCa patients compared with cancer-free individuals, namely Protein AMBP
(AMBP*A286G), Sodium/hydrogen exchanger 9B1 (SLC9B1*N70S), Basement membrane-
specific heparan sulfate proteoglycan core protein (HSPG2*Q1062H), Zinc finger pro-
tein 624 (ZNF624*S207F), Vasorin (VASN*R161Q), and Complement decay-accelerating
factor (CD55*S162L) (Table S4, Figure S2). Mutant AMBP isoform was upregulated in
PCa patients, while the remaining 5 differentially abundant mutant protein isoforms
were downregulated.

Comparing the proteome profile analysis of MaxQuant and Proteome Discoverer with
the proteogenome profile of PCa patients resulted in 30 and 31 common proteins, respec-
tively. Of these common proteins, AMBP, CDH1, EFEMP1, HSPG2, ITIH4, KLK3, LMAN2,
PTGDS, VASN, and CD55 proteins stood out. The native form of AMBP, CDH1, EFEMP1,
HSPG2, ITIH4, KLK3, LMAN2, and PTGDS proteins was found dysregulated in urine
from PCa patients, but only the mutant protein isoforms (AMBP*A286G; HSPG2*Q1062H)
were found dysregulated (Figure S2). In the remaining common proteins, the presence of
mutations did not affect their abundance in urine. The native form of VASN and CD55
proteins was not found dysregulated in the urine from PCa patients, but their mutant
protein isoforms (VASN*R161Q; CD55*S162L) were.

The mutations identified in these proteins and in those with recognized relevance to
PCa are summarized in Table 3.

Table 3. List of mutations mapped on some proteins and respective mutant peptides identified in
urine from PCa patients.

Uniprot ID Protein Name Gene Name
Mutation

Description
Mutation Type

Protein Role in PCa or Other Types
of Cancer

P02760 Protein AMBP AMBP

G238S; E192G;
V69M; A286G;
P197S; R185Q;
G338S; G341A;
I198T; V313I;

G186R; R185Q

missense

AMBP is an inflammation-regulating
protein, associated with human
cancers [40,41], including PCa [42,43].
Increased urinary levels [6,42,44,45] but
diminished levels in tumor prostate
tissue have been reported in PCa
patients [46–48].

P12830 Cadherin-1 CDH1 H233R; A408E missense

CDH1 is a protein implicated in cell
adhesion, migration, and
epithelial-mesenchymal transition [49,50]
and its downregulation is correlated with
a poor prognosis in PCa patients [51].

Q12805

EGF-containing
fibulin-like

extracellular
matrix protein 1

EFEMP1 V463M missense

EFMP1 plays a role in cell adhesion and
migration, acting as a tumor suppressor in
PCa. Diminished EFEMP1 mRNA and
protein levels [52] and EFEMP1 promoter
hypermethylation were observed in PCa
patients [53,54].
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Table 3. Cont.

Uniprot ID Protein Name Gene Name
Mutation

Description
Mutation Type

Protein Role in PCa or Other Types
of Cancer

P98160

Basement
membrane-

specific heparan
sulfate

proteoglycan
core protein

HSPG2
V4332I; A1503V;
S970F; M638V;

Q1062H
missense

HSPG2, found predominantly in the ECM
and bone marrow, modulates tumor
angiogenesis, proliferation, and
differentiation. It is overexpressed in PCa
tissues compared to non-malignant
tissues, correlating with high GS and PCa
cell proliferation and viability [55–57].

Q14624
Inter-alpha-

trypsin inhibitor
heavy chain H4

ITIH4 R866C; G893S missense

ITIH4 is an acute-phase response protein
whose function remains unclear [58].
Research points to a tumor suppressor
activity of ITIH4 in human cancers and
dysregulation in PCa [43,59].

P07288 Prostate-specific
antigen (PSA) KLK3

C209Y; V55M;
G156V; AVCG

(47–50);
S117P; G87R;
L124F; A154T;

I179T

Missense;
inframe_insertion

PSA is widely used as serum biomarker
for PCa. It was approved by the US Food
and Drug Administration (FDA) in
1994 [60].

Q12907

Vesicular
integral-

membrane
protein VIP36

LMAN2 G250S; D229N missense

LMAN2 protein is involved in
endoplasmic reticulum to Golgi trafficking
of some glycoproteins [61]. Dysregulation
of the LMAN2 gene has been indicated in
some cancers [62–64], while the role in
PCa remains obscure. However, raised
LMAN2 urinary levels were detected in
PCa patients [44].

P41222
Prostaglandin-

H2
D-isomerase

PTGDS L130M missense

PTGDS is involved in prostaglandins
metabolism and lipid transport. The
PTGDS gene is downregulated in
malignant prostate tissues compared to
non-malignant tissues and integrates a
signature that predicts relapse after
prostatectomy. In vitro, its overexpression
increased death and suppressed the
growth of PCa cells [65,66].

Q13510 Acid ceramidase ASAH1 V246A missense

ASAH1 hydrolyzes ceramide to
sphingosine and fatty acid [67] and its
protein levels are elevated in tumor
prostate tissue [68]. Its increased levels
have been suggested as a therapeutic
target in PCa as they have been correlated
with metastasis establishment and
resistance to chemotherapy [69,70].

P08294

Extracellular
superoxide
dismutase
[Cu-Zn]

SOD3 A58T missense

SOD3 is a known tumor suppressor gene
in PCa. It is an antioxidant enzyme that
catalyzes the dismutation of the
superoxide radical anion [71].
SOD3-reduced levels were reported in
PCa patients, and its overexpression in
PCa cells prevented cell proliferation,
migration, and invasion, suggesting a role
as a therapeutic target and predictive
marker [72,73].

P09211 Glutathione
S-transferase P GSTP1 I105V missense

GSTP1 is a known tumor suppressor gene
in PCa and is responsible for cellular
detoxification through glutathione
conjugation [74]. PCa is characterized by
loss of GSTP1 function, mostly due to
hypermethylation of its regulatory CpG
island [75], and it is purported to occur
early in prostatic carcinogenesis [76,77].
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Table 3. Cont.

Uniprot ID Protein Name Gene Name
Mutation

Description
Mutation Type

Protein Role in PCa or Other Types
of Cancer

P10451 Osteopontin SPP1 A22G missense

SPP1 is a bone matrix protein involved in
bone remodeling, modulation of
inflammation, cell adhesion, and
migration and angiogenesis [78]. In PCa,
SPP1 is associated with metastasis and
proliferation [79], lower overall survival
and biochemical relapse-free survival, and
high GS [80]. Higher SPP1 levels were
reported in PCa patients [80–82].

P15309 Prostatic acid
phosphatase PAP G68D missense

PAP is one of the main secreted proteins
by the prostate cells and was the first
serum screening marker for PCa. PAP was
latter replaced by PSA [83,84].

P25311 Zinc-alpha-2-
glycoprotein ZAG P187L; A46T missense

ZAG promotes adipocyte lipolysis,
resulting in cancer cachexia [85]. Elevated
levels of this protein have been proposed
as a serum marker for PCa [86,87], and a
significant predictive ability was found for
urinary ZAG [8].

Q4ZJI4 Sodium/hydrogen
exchanger 9B1 SLC9B1 N70S missense

SLC9B1 is a Na+/H+ transporter
responsible for preserving cellular
homeostasis [88], but this transporter has
not yet been correlated with any type
of cancer.

Q9P2J8 Zinc finger
protein 624 ZNF624 S207F missense

ZNF624 has not been well studied yet, but
in breast cancer was one of the target
genes of a microRNA found to be
significantly and independently correlated
with patient prognosis [89].

Q6EMK4 Vasorin VASN R161Q missense
VASN, an inhibitor of TGF-beta signaling,
is upregulated in PCa tissues and
stimulates PCa proliferation [90].

P08174

Complement
decay-

accelerating
factor

CD55 S162L missense
CD55 inhibits the complement system [91].
In PCa, CD55 mediates tumor cells
survival and growth [92].

This table shows the UniProt IDs, protein and gene names, mutation site/description and type, and the role of
proteins in PCa.

3.2.5. Prediction of the Likely Impact of Single-Residue Substitutions in Proteins

With the purpose of determining the potential impact of point mutations on pro-
tein function, PolyPhen-2 tool was used. It is worthy of mention that AMBP*A286G and
CD55*S162L mutant protein isoforms were predicted to be probably damaging, while
SLC9B1*N70S, ZNF624*S207F, VASN*R161Q, and HSPG2*Q1062H were predicted to be
benign. Most point mutations were predicted to be possibly or probably damaging.
The results are presented in Tables 4 and S5.
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Table 4. Results of Polyphen-2 score and prediction for the mapped mutations.

Gene Name Mutation Prediction Score Sensitivity Specificity

AMBP G238S Probably damaging 1.000 0.00 1.00

AMBP E192G Probably damaging 0.75 0.981 0.96

AMBP V69M Possibly damaging 0.758 0.85 0.92

AMBP A286G Probably damaging 1.000 0.00 1.00

AMBP P197S Benign 0.051 0.94 0.83

AMBP G338S Probably damaging 0.994 0.69 0.97

AMBP G341A Probably damaging 0.958 0.78 0.95

AMBP V313I Benign 0.025 0.95 0.81

AMBP G186R Probably damaging 1.000 0.00 1.00

AMBP R185Q Probably damaging 0.992 0.70 0.97

CDH1 H233R Possibly damaging 0.831 0.84 0.93

CDH1 A408E Possibly damaging 0.798 0.84 0.93

EFEMP1 V463M Probably damaging 0.999 0.14 0.99

HSPG2 V4332I Benign 0.001 0.99 0.15

HSPG2 A1503V Probably damaging 1.00 0.00 1.00

HSPG2 S970F Possibly damaging 0.498 0.88 0.90

HSPG2 M638V Benign 0.00 1.00 0.00

HSPG2 Q1062H Benign 0.00 1.00 0.00

ITIH4 R866C Probably damaging 1 0.00 1.00

ITIH4 G893S Benign 0.00 1.00 0.00

KLK3 C209Y Probably damaging 1.000 0.00 1.00

KLK3 G156V Probably damaging 1.000 0.00 1.00

KLK3 V55M Probably damaging 0.972 0.77 0.96

KLK3 S117P Possibly damaging 0.621 0.87 0.91

KLK3 G87R Benign 0.128 0.93 0.86

KLK3 L124F Probably damaging 1.000 0.00 1.00

KLK3 A154T Possibly damaging 0.657 0.86 0.91

KLK3 I 179T Possibly damaging 0.800 0.84 0.93

LMAN2 G250S Probably damaging 1.00 0.00 1.00

LMAN2 D229N Probably damaging 0.983 0.74 0.96

PTGDS L130M Probably damaging 1.00 0.00 1.00

ASAH1 V246A Benign 0.00 1.00 0.00

SOD3 A58T Benign 0.188 0.92 0.87

GSTP1 I105V Benign 0.00 1.00 0.00

SPP1 A22G Possibly damaging 0.611 0.87 0.91

ACP3 G68D Probably damaging 1.00 0.00 1.00

AZGP1 P187L Probably damaging 0.94 0.69 0.97

AZGP1 A46T Benign 0.002 0.99 0.30

SLC9B1 N70S Benign 0.036 0.94 0.82

ZNF624 S207F Benign 0.214 0.92 0.88

VASN R161Q Benign 0.019 0.95 0.80

CD55 S162L Probably damaging 0.990 0.72 0.97
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3.2.6. Protein–Protein Interaction Analysis

In addition to impacting the function of proteins, mutations can also affect interac-
tions between proteins and, consequently, important biological processes and signaling
pathways. To predict interactions between the proteins in which point mutations were
identified, the STRING search tool was used. As shown in Figure 5, the network con-
sisted of 86 connected proteins (nodes) through 214 edges with different confidence levels.
The protein–protein interaction enrichment p-value was <1.0 × 10−16. Reactome enrich-
ment analysis showed 12 pathways enriched in this network (Table S6). Regulation of
Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor
Binding Proteins (IGFBPs) was the third most important pathway in this network, while
Extracellular matrix (ECM) organization was the tenth. This network shows predicted
interactions between most of the proteins.

Figure 5. PPI network of 86 mutated proteins with known expression in the prostate.

3.2.7. Prediction of the Likely Impact of Single-Residue Substitutions in Protein–Protein Affinity

To predict the impact of point mutations on PPIs, the SAAMBE-SEQ tool was used.
The likely effect of AMBP*A286G, HSPG2*Q1062H, VASN*R161Q, and CD55*S162L point
mutations on protein–protein interactions was scrutinized. Point mutations detected on
SLC9B1 and ZNF624 were not examined as these proteins do not interact with any proteins
in the network. Additionally, the impact of point mutations on proteins involved in the
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IGF pathway was also explored. This analysis revealed that the likely effect of these point
mutations is destabilizing for PPIs (Table S7).

4. Discussion

The limitations and the invasive nature of serum PCa screening have driven the discov-
ery of new candidate urinary biomarkers, especially protein markers. However, so far, none
has translated into clinically useful tools, reflecting the need to discover novel biomarkers
and/or new combinations of biomarkers. Thus, this study aimed to take advantage of
a non-invasively collected biofluid, urine, and a high throughput approach, proteomics,
to identify new protein targets for predicting the risk of developing PCa. This work was
divided into three stages: characterization of the urine proteome profile and selection
of protein targets; testing of shortlisted protein targets in a larger, independent cohort;
and characterization of the urine proteogenome profile. The urine proteome profile of
PCa and cancer-free subjects was analyzed by two software packages and 18 dysregulated
proteins, of which 5 (TTR, EFEMP1, CDH1, SECTM1, KLK3) common to both software,
were found. The integration of the urine proteome profile of PCa patients with proteome
data from other studies reviewed by us [28] supported the selection of potential discrimina-
tory protein targets. As a result, AMBP, CDH1, EFEMP1, LMAN2, and TTR stood out as
potential targets and were tested in an independent cohort of patients. In this testing phase,
incubation with anti-E-cadherin did not result in a band around 120 kDa (full-length pro-
tein), but rather a band about 80 kDa. We realized that this 80 kDa fragment corresponded
to soluble E-cadherin (sE-cadherin) and has been previously identified in tissue and serum
from PCa patients [93,94] and in urine from patients with other cancers [95,96], using
antibody-based techniques. Concerning PCa, as far as we know, here we present the first
report of the detection of sE-cadherin fragment in the urine. Kuefer et al. [93] suggested that
the 80 kDa fragment is originated from the extracellular domain of full-length E-cadherin.
Increased levels of sE-cadherin have been reported in serum and tumor prostate tissue
from PCa patients and are correlated with disease stage [94,97,98]. Differential abundances
of these MS-detected proteins were tested in an independent cohort using immunoblot,
but different variations were observed. Additionally, urinary PSA levels were also assessed
in this independent cohort, but did not distinguish PCa patients from controls, which
agrees with other studies [99].

The proteogenome landscape of urine from PCa patients was then characterized and
1665 mutant protein isoforms were disclosed, of which 417 were cancer-related mutations.
After considering only mutations present in all urine samples and proteins with known
prostate expression, 86 mutant protein isoforms emerged. Among these proteins are some
of known relevance for PCa, namely Acid ceramidase (ASAH1), Extracellular superoxide
dismutase [Cu-Zn] (SOD3), Glutathione S-transferase P (GSTP1), Osteopontin (SPP1),
Prostatic Acid Phosphatase (PAP), and Zinc-Alpha-2-Glycoprotein (ZAG). PAP is gaining
renewed interest due to its superior predictive role of cause-specific survival and GS
compared to serum PSA in men with high risk PCa [100,101]. Remarkably, it was recently
suggested that a form of PAP (PLPAcP) associates with early PCa [102]. Identifying a new
mutation in this protein in a non-invasive biological fluid, adding to the prediction of
PAP mutation to be probably damaging, strengthens the renewed interest in its study in
PCa. Mutations found on the 86 proteins were searched for in databases and the literature
and, to the best of our knowledge, only rs17632542 [36,103–105], rs1695 [37,38,106,107],
and rs7041 [39] mutations mapped on PSA, GSTP1, and GC proteins have been described
in the PCa context. In that vein, these results validate the proteogenome analysis performed
in the present study.

The analysis of the urine proteogenome profile of PCa patients revealed 6 differentially
abundant mutant protein isoforms, namely AMBP*A286G, SLC9B1*N70S, HSPG2*Q1062H,
ZNF624*S207F, VASN*R161Q, and CD55*S162L. From the comparison of the proteome and
proteogenome profile of PCa patients, AMBP, CDH1, EFEMP1, KLK3, and LMAN2 proteins
stood out. Their native form was found dysregulated in urine from PCa patients, but the
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same was not observed with their mutant form, with the exception of AMBP*A286G and
HSPG2*Q1062H. These results may explain the differences between MS and immunoblot
data, because the antibodies either do not recognize the mutated peptides or do not
specifically recognize them.

PPIs play a pivotal role in most biological processes. Dysregulation of these protein
interactions may result in pathological conditions, such as cancer, being involved in tumor
progression, invasion, and metastasis [108,109]. In this sense, PPIs have been claimed as
promising therapeutic targets for numerous types of cancer, including for PCa. For this
type of cancer, 28 small molecules and 14 peptides have been proposed to disrupt PPIs with
relevance to PCa progression [110]. To explore PPIs between proteins with known prostate
expression and the pathways in which these interactions were involved, the STRING tool
was used. In this analysis, the IGF transport and uptake by IGFBPs proved to be the third
most important pathway in the network. The IGF axis is a network of ligands (GF1, IGF2,
insulin) and IGFBP receptors (IGF1R, IGF2R, INSR), the latter being responsible for medi-
ating the activity of IGFs [111]. IGFs are oncogenic regulators, promoting prostate tumor
growth, survival, and proliferation, and the role of IGF axis has been well documented
in PCa. For instance, IGFBP-2 enhanced proliferation of androgen-independent prostate
cancer cells [112] and IGF-I levels were found raised in serum and prostate tissue from PCa
patients, being a predictor of risk for this type of cancer [113,114]. In accordance with this,
IGF1R and INSR act as oncogenes in PCa, enhancing tumor growth, proliferation, invasion,
and angiogenesis [115]. Considering the relevance of the IGF pathway in PCa, the impact of
mutations on the interaction of proteins involved in this pathway was predicted. According
to SAAMBE-SEQ, the mutations were predicted to destabilize all PPIs involved in the
IGF pathway, which naturally could affect this pathway and consequently the progression
of PCa.

To investigate the likely impact of each amino acid substitution on protein function and
PPIs involving the dysregulated mutant protein isoforms (AMBP*A286G, SLC9B1*N70S,
HSPG2*Q1062H, ZNF624*S207F, VASN*R161Q, and CD55*S162L), the PolyPhen-2 and
SAAMBE-SEQ prediction tools were used. The role of the SLC9B1 and ZNF624 proteins on
cancer is completely unknown, so the downregulation of their mutant protein isoforms
and the prediction of their benign impact do not allow conclusions to be drawn. HSPG2,
in its intact form, is a well-described pro-angiogenic molecule, being correlated with GS
and increased cell proliferation and viability [55,56,116]. The intact form of this protein
was found increased in tumor prostate tissue, but in sera from PCa patients raised levels of
HSPG2-derived fragments resulting from matrix metalloproteinase 7 (MMP7) degradation
were observed. These fragments were mostly originated from domain IV and were not
present in sera from non-cancer subjects, suggesting that HSPG2 cleavage occurs during
metastasis and before the protein enters the bloodstream. Using an in silico analysis,
Grindel et al. predicted that domains III and V of HSPG2 are the most prone to cleav-
age by MMP-7 and generate new peptides for other extracellular proteases to digest [55].
Curiously, in this work, the mutated peptide identified in the mutant HSPG2 isoform is
located on domain III. The cleavage of HSPG2 and other components of basement mem-
brane occurs during PCa cell invasion and is orchestrated by proteases such as MMPs,
cathepsin L, and BMP1/Tolloid-like proteases. Both Cathepsin L and BMP1/Tolloid-like
proteases cleave HSPG2 in domain V, originating the Endorepellin [117] and LG3 [118]
peptides, respectively. Unlike the intact form, cleaved Endorepellin and LG3 peptides
behave as powerful anti-angiogenic factors, being claimed as potential therapeutic targets
for cancer [118]. In fact, the administration of endorepellin to mice with squamous cell
carcinomas and lung carcinomas resulted in mitigation of tumor growth, angiogenesis and
metabolism and promotion of tumor hypoxia [119]. Accordingly, LG3-diminished levels
were noticed in breast cancer cells and in plasma from breast cancer patients [120]. Only
the LG3 peptide has been detected in urine [121,122]. In PCa, both the existence and the
role of these peptides are unknown, and the only recognized HSPG2 protease is MMP7.
A complex network between HSPG2 and other basement membrane components, such as
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collagens, laminin, and nidogen is responsible for ECM integrity. When this integrity is
disturbed, the metastatic process is compromised [123]. In the present work, mutations
were identified in HSPG2, collagens, nidogen, and in other proteins involved in ECM
organization. When the impact of these mutations on PPIs was predicted, they all proved to
be destabilizing, which eventually affects ECM dynamics and tumor progression. All these
results, together with the fact that the HSPG2*Q1062H point mutation was predicted to
be benign and the mutant peptide was downregulated in PCa patients, suggest that this
mutant peptide may have beneficial effects in patients with PCa and opens doors for its
study in PCa treatment. Concerning the AMBP protein, it is cleaved into three chains,
namely Alpha-1-microglobulin, Bikunin, and Trypstatin. The function of the AMBP protein
in cancer remains undisclosed. However, it has been claimed that the AMBP-derived
product bikunin is underexpressed in oral squamous cell carcinoma and plays an antitumor
role [40]. In line with this, there is evidence that bikunin significantly prevented tumor
invasion and metastasis in Lewis lung carcinoma and ovarian carcinoma cells [124,125].
Curiously, in this work, the mutant peptide identified in the AMBP isoform is located on
the bikunin fragment. The mutation identified in AMBP was predicted to be probably
damaging, destabilized all PPIs in which AMBP was involved, and resulted in an upreg-
ulation of mutant AMBP isoform in PCa patients. This may suggest a detrimental role
of this mutation on PCa patients. Regarding CD55, it blocks complement response by
accelerating the decay of C3 and C5 convertases [126] and is involved in PCa cell survival
and metastasis [92]. This interplay between CD55 and C3 is visible by their interaction
in the STRING network. The mutation detected on the CD55 protein was predicted to
be probably damaging and destabilizing for CD55-C3 interaction. With these findings,
it seems reasonable to suspect the detrimental role of this mutation on PCa patients. Re-
garding VASN, it is a known inhibitor of TGF-β signaling [127]. The TGF-β pathway has a
dual role in cancer, because it prevents cell proliferation in early stages and in advanced
stages stimulates proliferation, epithelial-to-mesenchymal transition (EMT) and evasion
of immune surveillance, and attenuates apoptosis [128]. The mechanism involved in this
inhibitory action of VASN on TGF-beta was revealed in breast cancer cell lines. It was
demonstrated that a soluble form of VASN resulting from the proteolytic shedding of its
extracellular domain by Metalloprotease domain 17 (ADAM17) is responsible for control-
ling the TGFβ pathway [129]. In PCa, the role of VASN is largely unexplored, including
the interplay between the VASN and TGFβ pathways. However, overexpression of VASN
in prostate tumor tissue and in serum from PCa patients and the subsequent promotion
of cell proliferation and PCa progression have already been reported, in agreement with
other types of cancer [90]. Interestingly, in this work, the mutated peptide identified in the
VASN protein is located on the extracellular domain of the protein, the domain cleaved by
ADAM17. The mutation identified in VASN resulted in a downregulation of this mutant
protein isoform in PCa patients and was predicted to be benign, which may suggest a
protective role of this mutation on PCa patients.

These findings indicate that, in mutational diseases such as cancer and in biofluids
with high proteolytic activity, such as urine, the application of proteogenomics to urine
analysis and the study of peptides can be very enriching because point mutations can go
unnoticed at the protein level but are detected at the peptide level. This may sharpen or
renew interest in underexplored targets, as observed in this work. We hope to address
some of these questions in future work. Furthermore, it would be interesting to test these
mutant peptides by an MS-targeted approach such as MRM, but this is beyond the scope
of this work. This work’s novelty lies in the proteogenome characterization of urine from
PCa patients and the combined analysis of MS data using two different software packages,
increasing certainty in the identification of urinary proteins modulated by PCa.
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5. Conclusions

The majority of mutations identified in this work have never been associated with PCa,
and some are predicted to be damaging, which offers an auspicious opportunity for research
and development of PCa biomarkers, especially in the HSPG2 context. Additionally,
the discovery of cancer-associated mutations in PCa-related proteins in urine is promising
given this biofluid’s non-invasive and dynamic nature.
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Abstract: (1) Background: In literature, approximately 20% of mCRPC present somatic DNA damage
repair (DDR) gene mutations, and their relationship with response to standard therapies in mCRPC
is not well understood. The objective was to evaluate outcomes of mCRPC patients treated with
standard therapies according to somatic DDR status. (2) Methods: Eighty-three patients were
recruited at Caen Cancer Center (France). Progression-free survival (PFS) after first-line treatment
was analyzed according to somatic DDR mutation as primary endpoint. PFS according to first
exposure to taxane chemotherapy and PFS2 (time to second event of disease progression) depending
on therapeutic sequences were also analyzed. (3) Results: Median first-line PFS was 9.7 months in
33 mutated patients and 8.4 months in 50 non-mutated patients (p = 0.9). PFS of first exposure to
taxanes was 8.1 months in mutated patients and 5.7 months in non-mutated patients (p = 0.32) and
significantly longer among patients with ATM/BRCA1/BRCA2 mutations compared to the others
(10.6 months vs. 5.5 months, p = 0.04). PFS2 was 16.5 months in mutated patients, whatever the
sequence, and 11.7 months in non-mutated patients (p = 0.07). The mutated patients treated with
chemotherapy followed by NHT had a long median PFS2 (49.8 months). (4) Conclusions: mCRPC
patients with BRCA1/2 and ATM benefit from standard therapies, with a long response to taxanes.

Keywords: prostate cancer; molecular profile; homologous repair

1. Introduction

In the area of personalized medicine, the molecular characterization of tumors is
becoming an integral feature of new therapeutic strategies, and some genetic alterations
may be therapeutic targets [1,2]. Beyond germline mutations, somatic pathogenic variations
acquired during the process of tumorigenesis can be found only within the tumor [3].

In prostate cancer, the DNA damage repair (DDR) pathway is one of the major genetic
alterations with a potential therapeutic impact. The incidence of somatic alterations in DDR
pathways in prostate tumors is higher than that of germline alterations and varies from 19
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to 31% in advanced prostate cancer and from 7.4 to 16.2% in germline mutations [1,4–8].
The major alterations concerned are BRCA1/2 and ATM [4,9–12].

In patients with prostate cancer, germline pathogenic BRCA1/2 variants are usually
correlated with poor prognostic characteristics (aggressiveness, castration resistance, lymph
node invasion and metastasis at diagnosis, and decreased overall survival) [13–17]. While
the predictive impact of somatic BRCA1/2 and other DDR mutations remains somewhat
elusive [13–16], metastatic castration-resistant prostate cancer (mCRPC) patients with
DDR mutations are known to have a response to PARP (poly(ADP-Ribose) polymerase)
inhibitors [7,17–21].

The predictive impact of DDR gene germline mutations on the response to standard
therapies (taxanes and/or new-generation hormone therapy [NHT]) was recently inves-
tigated in a first-line setting among mCRPC patients. However, results of the different
studies remain conflicting about links between DDR mutations and survival outcomes
after NHT and/or taxane treatments [9,11,14,16,22]. Annala et al. evaluated the predictive
impact of somatic DDR alterations on circulating tumor DNA (ctDNA) in 115 mCRPC
patients treated with first-line NHT [23]. They showed that defects in BRCA2 and ATM
were strongly associated with poor time to progression independently of clinical prog-
nostic factors and circulating tumor DNA abundance (p < 0.001). Another retrospective
study found worse PSA response rates (25%) in 53 mCRPC patients with somatic BRCA2
mutations treated with docetaxel vs. 71.1% in wild-type mCRPC patients (p = 0.019) [24].

Therefore, the predictive value of somatic alterations of DDR pathway genes in mCRPC
patients treated with taxanes is still unclear, and sound data on progression-free survival
are lacking. The objective of this study was to describe outcomes of mCRPC patients treated
with taxanes and/or NHT according to their somatic DDR profile, determined with a large
65-gene panel.

2. Materials and Methods

This was an observational retrospective study conducted at the François Baclesse Cen-
ter in Caen, France. Patients were screened between 1 January 2017 and 31 December 2018
during multidisciplinary meetings (Figure 1). Criteria of eligibility were all patients with
mCRPC adenocarcinoma with evaluable lesions according to the PCWG3 and/or RECIST
1.1 criteria receiving a first-line treatment for mCRPC for at least 3 months, with tumor
material available for somatic analysis. Patients may have received more than one line of
mCRPC treatment after castration resistance. Patients with tumor types other than adeno-
carcinoma, with World Health Organization (WHO) performance status <2, or in whom
the tumor material was insufficient or unavailable for somatic analysis were excluded.

Data were collected between 1 September 2018 and 15 March 2019 from patients’
medical files at the François Baclesse Center. Their characteristics at the initial diagnosis
(age at diagnosis, initial PSA, initial TNM, body mass index (BMI), Gleason score, diagnostic
modes, different therapeutic lines, best response to castration resistance lines, progression
dates after different lines and date of death or last follow-up) were collected. Monitoring
ended on 15 March 2019.

Somatic analyses were performed on DNA extracted from the initial biopsy or surgical
excision in the Laboratory of Biology and Genetics at the François Baclesse Center. The
procedure and the panel are described in Table S1. Only likely pathogenic and pathogenic
variations have been considered.

The primary endpoint was progression-free survival (mCRPC-PFS) after first-line
castration-resistant treatment, defined as the date of the beginning of castration-resistant
first-line treatment and the date of confirmed progression (biochemical as defined by the
French Association of Urology and/or radiologic progression according to PCWG3 and/or
RECIST 1.1 criteria). The secondary endpoints were PFS of the first mCRPC treatment to
taxanes or to first-line hormonal therapy [NHT] during the first two lines of castration-
resistant treatment, PFS2 (i.e., the time between the date of initiation of the first line of
treatment for mCRPC and the date of progression with the second line of treatment),
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and overall survival (OS) (calculated from the beginning of the first line of treatment for
mCRPC to the date of death or last follow-up). PFS2 was also evaluated according to the
therapeutic sequence (NHT treatment for first-line castration resistance followed by taxane
chemotherapy (HCS) or first-line chemotherapy followed by second-line NHT (CHS)).

Figure 1. Flow chart of selection of patients. DDR+: mutated patients; DDR−: non-mutated patients;
mCRPC: metastatic castration-resistant prostate cancer; n: number of patients.

Comparisons were made between patients with the DDR mutation (DDR+) and those
without (DDR−). Analysis also concerned the group of patients with BRCA1, BRCA2,
and/or ATM gene alterations (corresponding to the most frequent and already evaluated
mutations).

Survival rates were estimated by the Kaplan Meier method. The log-rank test was
used to determine factors associated with survival data. The link between the different
factors and the molecular data obtained by sequencing the prostate tumors was measured
by the Chi2 test in the event of qualitative variables (or Fisher test if necessary) and by the
Student test in the event of quantitative variables (or the non-parametric Kruskal Wallis test
if the data were not Gaussian). The significance threshold was set at 5% for each statistical
analysis and confidence interval.

The Northwest Data Center (CTD-CNO) is acknowledged for managing the data. It
is supported by grants from the French National League Against Cancer (LNC) and the
French National Cancer Institute (INCa).

The study was approved by the institutional review board. It was conducted in com-
pliance with the French Research Standard MR-004 “Research not involving human partici-
pants” (compliance commitment to MR-004 for the Centre François Baclesse n◦2214228 v.0,
dated from 7 March 2019). All data have been processed anonymously.
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3. Results

3.1. Patient Selection

Two hundred and twenty-seven patients with mCRPC were eligible; 94 were included,
and 83 patients were finally analyzed. Data regarding treatment group and prostate somatic
DDR gene alteration are shown in Figure 1.

3.2. Clinical Characteristics

Table 1 summarizes the clinical characteristics of mCRPC patients according to DDR
mutations. Median age was 69.5 years. Thirty-three patients (39.8%) presented the somatic
DDR mutation (they represent the DDR+ group). There was no statistical difference
between the two groups concerning clinical characteristics. Median follow-up since the
date of castration resistance of the 83 patients with somatic analysis was 15.3 months
[0.48–83.2].

Table 1. Clinical outcomes of analyzed patients according to somatic DDR+ vs. DDR− alterations
BMI: body mass index; DDR+: mutated patients; DDR−: non-mutated patients; n: number of patients;
PSA: prostate specific antigen; NHT: new-generation hormonotherapy; PSA: prostate specific antigen.

Total DDR+ DDR− p

Age(years) 69.5 (23–82) 70 (65–76) 69.5 (55–82) 0.43

ECOG 0.21

0 34 (44%) 15 (48%) 19 (41%)
1 38 (49%) 12 (39%) 26 (55%) NA
2 6 (8%) 4 (13%) 2 (4%) NA

BMI 27.5 (23–38) 27.5 (25–31) 27.5 (23–36) 0.71

Previous Treatments

Surgery 22 (27%) 10 (30%) 12 (24%) 0.74
Chemotherapy 14 (17%) 6 (18%) 8 (16%) 1
Radiotherapy 45 (54%) 19 (58%) 26 (52%) 0.8

First-line Treatment 0.61

NHT 64 (77%) 14 (73%) 40 (80%)
Taxanes 19 (23%) 9 (27%) 10 (20%) NA

Gleason 0.47
5 to 7 35 (43%) 12 (36%) 23 (47%)

8 to 10 47 (57%) 21 (67%) 26 (53%) NA

TNM 0.85
T1/2 42 (51%) 7 (21%) 14 (28%)
T3/4 41 (49%) 22 (67%) 30 (60%) NA

Tx 10 (12%) 4 (12%) 6 (12%)
N1+ 25 (30%) 8 (24%) 17 (34%) 0.55
N0 16 (19%) 6 (18%) 10 (20%) NA
Nx 42 (51%) 19 (58%) 23 (46%) NA
M1 43 (52%) 15 (46%) 28 (56%) 0.47

M0/Mx 40 (48%) 18 (54%) 22 (44%) NA

Initial Pas 28.8 (1–5500) 28.8 (9.7–60) 27.6 (10–232) 0.32

Diagnostic Modes 0.73
Symptoms 49 (62%) 18 (58%) 31 (65%)

Individual screening 30 (38%) 13 (42%) 17 (35%) NA

Durtion of
Hormonosensitivity

(years)
2.07 (0.4–18.1) 2.14 (0.5–18.1) 1.92 (0.4–13.9) 0.5

Time Before Metastasis
(years) 0.04 (0–13.8) 0.92 (0–13.8) 0.02 (0–12.1) 0.07
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In first-line treatment, 64 mCRPC patients were treated with NHT and 19 with taxanes.
Fifty-three patients (64%) received a second-line treatment: 31 patients received taxanes,
and 22 patients received NHT second-line mCRPC. Forty-seven (57%) patients received
at least one line of taxanes in the first two lines of treatment, and 74 patients received at
least one line of NHT (89%). Ten mCRPC patients received chemotherapy followed by
NHT, and 28 patients received NHT followed by taxanes. Fourteen patients had received
chemotherapy before resistance to castration, and one of them had received taxanes as
first-line mCRPC treatment.

Clinical characteristics of the 83 mCRPC patients analyzed and the 136 mCRPC patients
excluded are shown in Supplementary Materials (Table S2). Patients included had more
aggressive parameters, with more node invasion at diagnosis (30% vs. 17%, p = 0.001),
higher Gleason score (57% of Gleason 8–10 vs. 39%, p = 0.013), and shorter time to metastasis
(25 months vs. 0.5 months, p = 0.05). They also received more previous loco-regional
radiotherapy (p ≤ 0.004) and first-line taxanes for hormonosensitive disease (p = 0.028) and
had a shorter median duration of first-line hormonosensitivity (p = 0.0005). Prognostic
factors were similar between patients treated with taxanes and those with NHT as first line
(Table S3).

3.3. Molecular Characteristics of Tumors

Thirty-three (39.7%) patients had at least one DDR alteration. Alterations concerned
different genes: 10 patients presented alterations of the ATM gene (12%), 5 BRCA2 (6%), 4
CHEK2 (4.8%), 3 CDK12 and FANCG (3.6% for each gene), 2 MRE11A and PALB2 (2.4%
for each gene), 1 BLM, 1 BRCA1, 1 CHEK1, 1 FANCF, 1 FANCI, 1 FANCM, and 1 MDC1
(1.2% for each gene). The subgroup of ATM/BRCA1/BRCA2 patients represented 19.2%
of patients and 48.5% of mutated patients. Five samples (6%) had at least two somatic
alterations, and one patient had a tumor with four somatic alterations including three
pathogenic variants and one likely pathogenic variant. Another alteration was reported
that was a likely pathogenic variant and localized on the ATM gene. The mutations are
shown in Table 2 (File S1: complementary results).

Table 2. Pathogenic or likely pathogenic variants identified on prostatic tumor somatic analysis
among mCRPC cohort.

Patient Gene Alteration Protein Function Types

1 ATM 5188C > T ARG1730* stop Pathogenic
2 CDK12 2068DEL ALA690GLNFS*63 frameshift Pathogenic
2 CDK12 3046C > T GLN1016* stop Pathogenic
8 ATM 4403T > A VAL1468ASP missense Pathogenic
9 firefox 1100DEL THR307METFS*15 frameshift Pathogenic

14 BRCA1 3741DEL ALA1248LEUFS*16 frameshift Pathogenic
15 MRE11A 571C > T ARG191* stop Pathogenic
16 ATM 5712DUP SER1905ILEFS*25 frameshift Pathogenic
17 BRCA2 - - - Pathogenic
18 CDK12 3566_3575DEL LEU1189GLNFS*23 frameshift Pathogenic
19 PALB2 658_659DEL SER220CYSFS*14 frameshift Pathogenic
25 BRCA2 5909C > A SER1970* stop Pathogenic
27 CHEK2 1100DEL THR367METFS*15 frameshift Pathogenic
28 MDC1 907DEL VAL303TRPFS*45 frameshift Pathogenic
30 ATM 9022C > T ARG3008CYS missense Pathogenic
30 ATM 8096C > T PRO2699LEU missense Pathogenic
34 ATM 5293_5302DEL GLN1765GLUFS*8 frameshift Pathogenic
38 ATM 8759_8772DEL ILE2920ARGFS18* frameshift Pathogenic
39 BLM 1701G > A TRP567* stop Pathogenic
40 CHEK2 - TYR370CYS missense Pathogenic
51 CHEK1 783DEL ASP262ILEFS*42 frameshift Pathogenic
53 FANCM 1827T > G TYR609* stop Pathogenic
53 CDK12 467_470DEL GLU156GLYFS*10 frameshift Pathogenic
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Table 2. Cont.

Patient Gene Alteration Protein Function Types

54 FANCG 1183_1192DEL GLU375TRPFS* frameshift Pathogenic
56 FANCF 1087C > T GLN363* stop Pathogenic
59 ATM 5818G > T GLU1940* stop Pathogenic
60 BRCA2 1597DEL THR533LEUFS*25 frameshift Pathogenic
62 MRE11A 1331_1332DEL VAL444ALAFS*2 frameshift Pathogenic
63 BRCA2 C.1813DEL ILE605TYRFS*9 frameshift Pathogenic
68 FANCG 572T > G LEU191* stop Pathogenic
75 ATM 7306A > G ARG2436GLY missense Pathogenic
76 BRCA2 5073DUP TRP1692METFS*3 frameshift Pathogenic
76 FANCI 3184C > T GLN1082* stop Pathogenic

76 FANCG 1143G > C ARG381SER missense Likely
pathogenic

76 BRCA2 7307DEL ASN2436THRFS*33 frameshift Pathogenic
78 ATM 901G > A GLY301SER faux sens Pathogenic

81 ATM 7031G > A TRP2344* stop Likely
pathogenic

81 SMARCA2 4369C > T ARG1457CYS missense Pathogenic
82 PALB2 2850DEL SER951LEUFS*11 frameshift Pathogenic
83 CHEK2 1116_1117DEINSTG LYS373GLU missense Pathogenic

3.4. PFS
3.4.1. First-Line PFS

The first-line median PFS of mCRPC patients was 9.7 months. No difference was ob-
served between DDR+ and DDR− patients (9.8 months vs. 8.4 months; p = 0.91; Figure 2A).
The PFS of the 16 patients with an ATM/BRCA1/BRCA2 mutation was 14.4 months vs.
8.3 months for the other patients (p = 0.24; Figure 2B).
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Figure 2. Cont.
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Figure 2. First-line treatment mCRPC PFS according to somatic DDR+ vs. DDR− alterations (A),
according to ATM/B1/B2-mutated patient vs. other patients (B). DDR+: mutated patients; DDR−:
non-mutated patients; m: months; mCRPC: metastatic castration-resistant prostate cancer; PFS:
progression-free survival; n: number of patients. (C) First-line treatment mCRPC PFS according to
somatic DDR+ vs. DDR− alterations among patients who received taxanes. DDR+: mutated patients,
DDR−: non-mutated patients; m: months; mCRPC: metastatic castration-resistant prostate cancer;
mPFS: median progression-free survival; n: number of patients.

For patients treated by taxanes in first line, median PFS of the 9 DDR+ mCRPC patients
was 12.3 months, compared to 7.6 months in the 10 DDR− patients (p = 0.4; Figure 2C). The
PFS of the 6 ATM/BRCA1/BRCA2 patients treated in first line with taxanes was 14.9 months,
compared to 6.4 months for the 13 other patients treated with taxanes with another or no
mutation (p = 0.11).

For patients treated by NHT in first line, median PFS was 9.8 months for the 24 DDR+
and 12 months for 40 DDR− patients (p = 0.68; Figure S1). In patients treated by NHT,
median PFS of the 10 ATM/BRCA1/BRCA2 was 10.4 months vs. 8.3 months for the other
patients (p = 0.43). No statistical difference between mCRPC first-line PFS of the 6 patients
with the somatic BRCA1/BRCA2 mutation and the 10 patients with ATM mutations was
observed (respectively 10.3 months and 10.3 months; p = 0.69).

3.4.2. PFS with First Exposure to Taxanes and NHT

Among the 47 patients who received at least one line of taxanes in the first two lines
of treatment, the PFS with first exposure to taxanes was 8.1 months in DDR+ patients
and 5.7 months in DDR− patients (p = 0.31; Figure 3A). It was 10.6 months for the 9
ATM/BRCA1/BRCA2-mutated patients vs. 5.5 months for the other patients (p = 0.04;
Figure 3B). Median PFS in the 6 patients with the somatic ATM mutation was 9.7 months
vs. 15.1 months mPFS in the 3 patients with somatic BRCA1/2 mutations (p = 0.14).
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Figure 3. (A) First exposure to taxanes among mCRPC patients in first two lines according to
somatic DDR+ vs. DDR− alterations (A) according to ATM/B1/B2-mutated patients vs. other
patients. (B) DDR+: mutated patients, DDR−: non-mutated patients; m: months; mCRPC: metastatic
castration-resistant prostate cancer; mPFS: median progression-free survival; n: number of patients.

For the 74 patients who received at least one line of NHT, first exposure PFS was
similar in the two groups (9.7 months for DDR+ vs. 8.3 months for DDR−; p = 0.73;
Figure S2A). In this group, PFS was 10.4 months in ATM/BRCA1/BRCA2-mutated patients
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vs. 7.8 months for the other patients (p = 0.22; Figure S2B). Median PFS in the 7 patients
with the somatic ATM mutation was 23.7 months vs. 9 months mPFS in the 6 patients with
somatic BRCA1/2 mutations (p = 0.056).

3.5. PFS2

Among all patients who received at least two lines of mCRPC treatment, PFS2 of
DDR+ patients was 16.7 months vs. 12.6 months for DDR− patients (p = 0.88; Figure S3A).
PFS2 of ATM/BRCA1/BRCA2-mutated patients was 18.2 months vs. 12.6 months for the
others (p = 0.11; Figure S3B).

Among the 38 patients who received NHT and chemotherapy during the first two lines
for mCRPC, median PFS2 of the 10 patients who received chemotherapy followed by NHT
was 11.7 months, and median PFS2 of the 28 mCRPC patients who received NHT followed
by taxanes was 13.2 months (p = 0.56; Figure 4A). PFS2 of the 3 ATM/BRCA1/BRCA2-
mutated patients treated with the taxane-NHT sequence was 49.8 months. PFS2 of DDR+
patients was 16.5 months, whatever the sequence, vs. 11.7 months for DDR− patients
(p = 0.07; Figure 4B). In this chemotherapy and NHT group, the 6 ATM/BRCA1/BRCA2-
mutated patients had a much longer PFS2 compared to patients with another or no mutation
(median PFS2 of 35.7 months vs. 11.7 months; p = 0.004). In ATM/BRCA1/BRCA2-mutated
patients treated by taxane and then the NHT sequence, PFS2 was particularly long (median
PFS = 49.8 months) vs. 27.4 months for the reverse sequence (p = 0.19). No statistical differ-
ence was observed between PFS2 of the 4 patients with the somatic BRCA1/BRCA2 mutation
and the 6 patients with the ATM mutation (respectively, 16.5 months and 22.8 months;
p = 0.7).
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Figure 4. PFS2 according to somatic DDR+ vs. DDR− alterations and among patients who received
only CHS or HCS (A) and PFS2 among mutated patients who received CHS or HCS according to
sequence. (B) CHS: chemotherapy followed by NHT sequence; DDR+: mutated patients; DDR−: non-
mutated patients; HCS: NHT followed by chemotherapy sequence; m: months; mCRPC: metastatic
castration-resistant prostate cancer; median PFS: median progression-free survival; n: number of
patients.
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3.6. Overall Survival

Of the 83 patients, 35 patients died. Median OS was 2.2 years in DDR− group and
was not reached in the DDR+ group (p = 0.39) or in the ATM/BRCA1/BRCA2 group (p = 0.7)
(Figure S4).

4. Discussion

In our study, patients with somatic mutations of ATM/BRCA1/BRCA2 genes achieved
longer PFS with standard mCRPC treatments than other patients. They seem to receive
greater benefit from taxanes. Moreover, alterations of the different DDR genes do not have
the same predictive value.

In this series, 40% of mCRPC patients presented a somatic DDR gene alteration. This
rate is higher than those previously described in the literature among mCRPC patients,
which range from 21% to 32% [1,7,18,25]. While most of those studies focused on a narrow
gene panel including only two to 22 genes, we used a much larger panel of 69 genes. On
the other hand, ATM/BRCA1/BRCA2-mutated patients represent 19% of our cohort, which
is consistent with other studies.

Our molecular analysis could not determine whether alterations were mono- or bi-
allelic, so the involvement of these alterations in carcinogenesis remains unknown. Some
of these alterations might only be passenger mutations with little predictive significance.
Moreover, we included patients with aggressive disease; they probably had several somatic
mutations. In France, tumor samples are not required to be kept for more than 10 years, so
patients with an initial diagnosis dating back over 10 years were usually excluded from
our study because of the lack of availability of tumor samples. The patients who were
included, therefore, had more aggressive tumors with a short duration of hormonosensitiv-
ity (Table S2). This is consistent with the fact that patients with germline BRCA1/BRCA2
mutations generally develop more aggressive tumors [13,14].

Considering the whole population, outcomes of the DDR+ group and DDR− group
were not different, whatever the first-line setting and the sequencing of treatments. This is
the first report evaluating first-line mCRPC PFS according to somatic DDR mutations, what-
ever the treatment, even though the few studies reporting PFS according to heterogenous
germline mutations reported the same results [11,22]. Most of the prostatic somatic DDR
mutations concerned the BRCA1/2 and ATM genes [1,5]. BRCA1/BRCA2/ATM mutations
were the first reported molecular alterations conferring sensitivity to PARP inhibitors in
prostate cancer and are the most widely studied germline and somatic mutations in this
setting [11,26].

To be able to compare our results with previous studies, we also focused on the
subgroup of patients with ATM/BRCA1/BRCA2 mutations. Our study is the first to report
data on PFS after mCRPC taxane treatment according to the presence of somatic DDR and
ATM/BRCA1/BRCA2 alterations. Outcomes were better for patients with ATM/BRCA1/BRCA2
mutations treated with taxanes. These patients with first-taxane exposure had a two-fold
longer PFS than those with another or no somatic mutation. Median PFS2 for these mutated
patients was also particularly high (around 4 years) with the taxane-NHT sequence. Other
studies reported different PFS of mCRPC patients treated with taxanes, but the populations
were screened on the basis of germline alterations. Annala et al. did not find any significant
difference in PSA-PFS among eight DDR− mutated and 18 non-mutated patients treated
by taxanes. Likewise, Mateo et al. did not find any difference in PFS between 44 DDR−
mutated patients vs. 238 non-DDR− mutated ones treated with taxanes, and there was
no difference according to BRCA2 mutations. In the study by Castro et al., PFS with
first exposure to taxanes and PFS2 with taxanes followed by NHT in the subgroup of 14
BRCA2-mutated patients were shorter than those of patients with no germline BRCA2
mutation [4]. However, it is difficult to draw any conclusions, due to the heterogeneity of
those studies. Indeed, our series is a small retrospective singe-center cohort with a brief
follow-up time. The other studies also included a limited number of patients selected
according to germline mutations and heterogenous panels of genes. In our study, PFS2
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was longer when somatic ATM/BRCA1/BRCA2-mutated patients were treated by taxanes
followed by NHT rather than vice versa. Finally, a small study explored this question
of sequence and reported different results: PFS2 of the seven mCRPC patients with the
germline BRCA2 mutation who received taxanes followed by NHT was shorter than that of
seven BRCA2-mutated patients who received NHT followed by taxanes [4]. However, the
subgroup of patients was screened differently, i.e., germline BRCA2-mutated patients vs.
somatic ATM/BRCA1/BRCA2 alterations in our study.

In our series, we did not find any difference between groups treated by NHT. Regard-
ing PFS related to NHT, two other studies confirmed our finding, since they found no
strong relationship between mutation and first exposure to NHT [4,11]. Two other studies
found different results from ours but with conflicting conclusions. One found better PFS
in patients with germline BRCA2/ATM mutations treated by NHT than in those without
the BRCA2/ATM mutation (15.2 vs. 10.8; p = 0.044) [22]. On the other hand, Annala et al.
found shorter PFS in mutated patients treated with NHT in first line, first in a retrospective
study and then in a prospective cohort exploring the predictive impact of BRCA2 and ATM
mutations identified in circulating tumor DNA [9,23]. Again, this difference in PFS is likely
due to heterogenous gene panels, with either somatic, germline, or circulating tumoral
DNA, small series, and follow-up that was too short.

It is difficult to compare these studies because of their heterogeneous populations and
screening criteria. Moreover, the panels used were different, and so the predictive impact
of the different DDR gene alterations was probably lessened.

In our study, the PFS of ATM/BRCA1/BRCA2-mutated patients and of those with
other DDR mutations treated with taxanes or NHT was not similar. Patients with an
ATM/BRCA1/BRCA2 mutation had significantly longer PFS2 than those with other muta-
tions when receiving standard treatments. PFS of first exposure to NHT was not statistically
different between patients with ATM or BRCA1/BRCA2 mutations, while patients with the
ATM mutation seemed to have a longer PFS than those with BRCA1/2 mutations. Contrary
results were observed regarding first exposure to taxanes, where PFS was longer in patients
with BRCA mutations than in those with ATM mutations. Alterations of the different DDR
genes probably do not have the same predictive impact.

This issue has also received attention in patients treated with PARP inhibitors. Mar-
shall et al. observed that PFS in mCRPC patients treated with olaparib with an ATM
mutation was shorter than that in patients with the BRCA1/BRCA2 mutation [18]. Gene
mutations were germline and/or somatic. The PROFOUND trial compared olaparib to
NHT in patients with ATM/BRCA1/BRCA2 mutations and in those with other DDR mu-
tations screened by a 15-gene panel. Patients with ATM/BRCA1/BRCA2 mutations had
a better PFS with olaparib than with NHT [17]. Exploratory results of PFS by type of
mutation showed that BRCA2- and RAD51B-mutated patients tended to have better PFS
than ATM- or BRCA1-mutated patients. In the TRITON2 trial, which evaluated response to
rucaparib in DDR+ mCRPC patients, a limited number of radiographic and PSA responses
was observed in patients with ATM, CDK12, or CHEK2 gene alterations, whereas responses
were observed in patients with alterations in other DDR genes, such as PALB2, BRIP1,
FANCA, and RAD51B. These studies showed that responses differ according to the somatic
DDR alteration [27]. Alteration of the different DDR genes seems to have an independent
predictive value for PARP inhibitors and for standard therapies.

Although outcomes were not different between our DDR+ and DDR− patients, what-
ever the first mCRPC line of treatment setting and the sequencing of treatments, mCRPC
patients with the ATM/BRCA1/BRCA2 mutation benefited from standard therapies, with
long responses to taxanes in the BRCA1/2 mutation group and to NHT in patients with
the ATM mutation. This reinforces the idea that the predictive impact of the alterations
of the different DDR genes varies according to the type of treatment and gene concerned.
In the setting of mCRPC, the optimal therapeutic sequence remains elusive. If predictive
biomarkers could be established for choosing one particular treatment over another and
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for knowing the outcomes of standard treatment for the different DDR+ gene, this could
help in selecting the best treatment sequence [28,29].

Because this study presents several limitations, such as monocentric and retrospective
characteristics, small sample size, and heterogeneous population (prior treatment, metasta-
sis at diagnosis . . . ), new prospective studies with more homogenous patients would be
needed to confirm these results.

5. Conclusions

Metastatic CRPC patients with the ATM/BRCA1/BRCA2 mutation benefit from stan-
dard therapies, with long responses to taxanes. The predictive impact of DDR genes is
probably dependent on the gene and the systemic treatment. Future studies are needed to
confirm these findings.

In the area of PARP inhibitors, taxane before or after PARP inhibitors should be
discussed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/curroncol29040226/s1, Table S1—Lists of genes in the panel
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DDR− alterations among patients who received NHT. Figure S2—First exposure to NHT among
mCRPC patients in first two lines according to somatic DDR+ versus DDR− alterations and (A)
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Simple Summary: The ultimate need in cancer tissue is to adapt translation machinery to accelerated
protein synthesis in a rapidly proliferating environment. Our study was designed with the aim
of integrating fundamental and clinical research to find new biomarkers for prostate cancer (PC)
with clinical usefulness for the stratification prediction of healthy tissue transition into malignant
phenotype. This study revealed: (i) an entirely novel mechanism of the regulatory influence of
Poly(A) deadenylase in mRNAs translational activity and the 3′ mRNA untranslated region (3′UTR)
length in cancer tissue and its regulation by the poly(A) decay; (ii) the RNASEL interrelationship
with the inflammatory pattern of PC and corresponding tumor-adjacent and healthy tissue; and (iii)
the sensitivity, specificity, and predictive value of these enzymes. The proposed manuscript is based
on the use of specific biochemical and immunoassay methods with the principal research adapted for
the use of tissue specimens.

Abstract: The post-transcriptional messenger RNA (mRNA) decay and turnover rate of the template-
independent poly(A) tail, localized at the 3′-untranslated region (3′UTR) of mRNA, have been
documented among subtle mechanisms of uncontrolled cancer tissue growth. The activity of Poly(A)
deadenylase and the expression pattern of RNASEL have been examined. A total of 138 prostate tissue
specimens from 46 PC patients (cancer specimens, corresponding adjacent surgically healthy tissues,
and in their normal counterparts, at least 2 cm from carcinoma) were used. For the stratification
prediction of healthy tissue transition into malignant phenotype, the enzyme activity of tumor-
adjacent tissue was considered in relation to the presence of microfocal carcinoma. More than a
four-times increase in specific enzyme activity (U/L g.prot) was registered in PC on account of both
the dissociation of its inhibitor and genome reprogramming. The obtained ROC curve and Youden
index showed that Poly(A) deadenylase identified PC with a sensitivity of 93.5% and a specificity
of 94.6%. The RNASEL expression profile was raised significantly in PC, but the sensitivity was
40.5% and specificity was 86.9%. A significantly negative correlation between PC and control tissue
counterparts with a higher expression pattern in lymphocyte-infiltrated samples were reported.
In conclusion, significantly upregulated Poly(A) deadenylase activity may be a checkpoint for the
transition of precancerous lesion to malignancy, while RNASEL may predict chronic inflammation.
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1. Introduction

Prostate cancer (PC) represents a leading cause of cancer-related deaths in men. Known
contributing risk factors include old age (50+), race (African American), family history, diet
(meat and dairy products), and chronic prostate infections. Different pathogen-associated
molecular patterns (PAMP) and damage-associated molecular patterns (DAMP) may induce
inflammation, such as bacterial infections, viruses, nutrients, hormones, urine reflux, or
autoimmune reactions [1,2]. Along with the study of the subtle molecular mechanisms of
carcinoma development, there have been efforts to develop early and reliable diagnostic
markers [2,3].

Besides the excessive DNA replication, cancer growth is a consequence of transcrip-
tional deregulation. It has been almost 30 years since Cox and Goding posed a promising
hypothesis: “transcription-related research should soon yield major dividends for cancer
patients” [4]. Afterwards, the mechanisms of RNA transcription, maturation, and turnover
were documented and became mainstream, starting a new trend in cancer research.

The cell-cycle progression, mitotic division, meiotic maturation, embryogenesis, dif-
ferentiation, and cell response to exposomic factors occur by the modulation of mRNA
stability and protein translation machinery. The post-transcriptional messenger RNA
(mRNA) maturation, decay, and turnover rate are regulated by the half-life of the template-
independent poly(A) tail, localized at the 3′-end of the 3′-untranslated region (3′UTR) of
mRNA. In normal cells, remaining in a non-proliferative state, it represents a highly con-
served mechanism, a highway of mRNA degradation; afterwards, the mRNA can undergo
decapping [5,6]. It is catalyzed by poly(A) deadenylases [7,8]. Minor pathways of decay
may be the deadenylation-independent decapping and endoribonucleotidase-catalyzed
degradation of mRNA. Besides this, mRNAs can be degraded by a nonsense-mediated
decay, a type of accelerated degradation aimed to reduce potential errors in gene expres-
sion [9,10].

The most recent approaches that have changed previous paradigms about the decay
of 3′UTR poly(A) tail include the following: shorter poly(A) nucleotide tracks and longer
mRNA stability, specifically observed in malignant tissues; protein synthesis translated
from the shorter mRNA is several times higher than that from the longer mRNA; shorter
poly(A) tail mRNA isoforms are capable of producing several times more proteins than
the longer ones; mutations resulting in longer poly(A) tracks reduced the protein synthesis
rate and mRNA stability; 3′UTR shortening in the mRNAs of proto-oncogenes, which led
to their transformation into oncogenic proteins, translated without repressive control of
miRNAs [11–13]. In this way, the diminishing of the “polyadenylation code”, known as
the “survival of the fittest”, represents a functional adaptation of malignant cells to escape
translational control, by the malignant cell demand. A potential mechanism of their onco-
gene action has been explained through the loss of microRNA (miRNA) complementary
binding sites on mRNAs, which are usually located in the 3′UTR region [14].

Concerning the compartmentation of PC inside of the gland, the peripheral zone
(PZ) represents the typical localization for cancer and inflammation. That is why it is
not surprising that chronic infection and inflammation very often coexist with cancer.
Inflammation may induce tumor growth by causing DNA damage, usually associated with
inadequate DNA repair. On the other hand, inflammation may induce the activation of
immune defense cells, which may protect tissue from unwanted cells bearing damaged
DNA [15,16]. Among diagnostic values, a systemic immune-inflammation index (SII) and
neutrophil–lymphocyte ratio (NLR) have been documented [17]. Recent findings suggest
that chemokines and cytokine-mediated signaling pathways are intensively involved in
PC growth, angiogenesis, endothelial mesenchymal transition, leukocyte infiltration, and
hormone resistance in advanced types of PC [18]. Recently, Ribonuclease-L (RNASEL,
2′,5′-oligoisoadenylate synthetase-dependent) has been the subject of intensive research,
as the key RNase in a viral RNA decay and inflammation. It triggers the synthesis and
secretion of inflammatory cytokines, particularly type I interferon (IFN) [19,20]. The role of
RNASEL in hereditary prostate cancer 1 (HPC1) has an intriguing significance. Hereditary
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mutations in RNASEL may predispose an increased incidence of PC and may determine
the aggressiveness of the disease [21–25]. Catalytic action of RNASEL may also produce
small non-coding double-stranded RNAs (dsRNAs), important regulators of cell survival
via autophagy, versus apoptosis [26]. The role of pleiotropy in PC makes it attractive and
currently still mysterious.

The primary focus of our research is the poly(A) decay as a potential checkpoint
in PC development and progression. In order to employ the Poly (A) deadenylase as a
possible marker of healthy tissue transition into malignant phenotype, it has been detected
in carcinoma tissue, adjacent surgically healthy tissue, and in their normal counterparts, at
least 2cm from carcinoma. In the present study, we also compared the expression level of
RNASEL, in the same tissue specimens. Standard markers of the PC stage and progression
(PSA, Gleason Score, and histopathological specimens) were also evaluated. Considering
these enzymes as proteins with targeted non-coding RNA regions or non-coding RNAs as
substrates, they may represent novel RNA–protein by-pass cellular biomarkers.

2. Patients and Methods

The Research Ethics Committee at the Faculty of Medicine Nis approved this prospec-
tive study protocol and waved informed consent (No12-8818-2/18 on 23 September 2020).

Patient selection: Our pilot study was conducted at University Clinical Center Nis,
with 46 consecutive patients with prostate cancer (PC) who underwent radical prostatec-
tomy. The diagnosis was verified by clinical symptoms, abnormal findings on digital rectal
examination (DRE), and an increased age-specific reference range of PSA value.

Tissue preparation: After prostatectomy, the parts of the cancer tissue, adjacent sur-
gically healthy tissue, and normal tissue counterpart, at least 2cm from carcinoma, were
dissected. The samples obtained were homogenized on ice; 10% of the homogenates were
prepared and frozen on −80 ◦C until the biochemical examinations were performed.

Enzyme assays: The protocol used for the determination of the activity of Poly(A) dead-
enylase was optimized in our laboratory, previously published for tissue and cell culture
samples and for plasma specimens [27–29]. The method was based on spectrophotometric
measurement of released acid-soluble nucleotides at 260 nm, from homopolynucleotide
poly(A) as the substrate (purchased from Sigma-Aldrich, Darmstadt, Germany). Enzyme
activity was expressed as the total (U/L homogenate) and specific enzyme activity (U/g
protein of fresh tumor tissue). For the stratification method for the evaluation of poly(A)
deadenylase as a predictive marker of healthy tissue transition into malignant phenotype,
the enzyme activity of tumor-adjacent tissue was considered in relation to whether there
was a microfocal carcinoma or not.

To evaluate the possible predictive ability of Poly(A) deadenylase-specific activity
for identifying PC, we performed receiver operation curves (ROC) and then calculated
the Youden index, to determine the optimal cutoff value of Poly (A) deadenylase-specific
activity. We then calculated the sensitivity and specificity to predict prostate cancer.

Having in mind the importance of RNase inhibitors for limited cell RNase activity,
the activity of latent, i.e., inhibitor-bound RNase, was estimated [30]. The dissociation of
Poly(A)deadenylase/inhibitor complex was achieved by using sulfhydryl reagent (0.1mL
of 10mM p-chloromercuribenzoate) prior to the determination of enzyme activity [31]. In
this way, the enzyme activity was calculated as (i) total (free + inhibitor bound); (ii) free;
and (iii) latent, i.e., inhibitor-bound.

The protocol for RNASEL (2′,5′-Oligoisoadenylate Synthetase-Dependent) was based
on enzyme-linked immunosorbent assay (kits were purchased from Cloud-Clone Corp.,
Katy, TX, USA) with a detection range between15.625 and 1000 pg/mL. The specific enzyme
expression was calculated according to the tissue protein content (ng/g proteins).

To evaluate the possible predictive ability of the RNASEL-specific expression pattern
for identifying PC, we performed receiver operation curves (ROC) and then calculated the
Youden index to determine the optimal cutoff value of RNASEL-specific expression. Then,
we calculated the sensitivity and specificity to predict the presence of PC.
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In order to distinguish enzyme activity in relation to inflammatory conditions, the en-
zyme activity was considered in relation to whether there was predominantly lymphocyte,
macrophage–neutrophil inflammation, or only tissue hypertrophy.

The tissue protein content in homogenates was measured according to the Lowry
procedure [32].

Statistical analyses: the results obtained are expressed as the mean ± standard devia-
tion for continuous variables. Data analysis was performed using SPSS (one-way ANOVA)
test. To determine the strength of a possible interaction and to quantify a possible associa-
tion between two variables, a bivariate Pearson correlation coefficient was determined.

3. Results

Clinical characteristics of patients: The clinical characteristics of patients and the level
of standard biomarkers are shown in Table 1.A prostate-specific antigen (PSA) test was
used to diagnose PC, in which values above 4 ng/mL were suspicious for cancer.

Table 1. The age and level of PSA, Gleason score, and tumor stage in investigated patients with PC.

Investigated Parameters n%

Age
<70 28 (60.87%)
>70 18 (39.13%)

Tumor stage
II 34 (73.91%)
III 12 (26.09%)

pN—lymph node metastasis
NO 20 (43.48%)
NX 26 (56.52%)

pM-distant metastasis
MO 22 (47.83%)
MX 24 (52.17%)

Gleason score
3 + 3 15 (32.6%)
3 + 4 18 (39.13%)
4 + 3 9 (19.56%)
3 + 5 2 (4.35%)
4 + 4 2 (4.35%)

PSA (ng/mL)
<10 28 (60.87%)
>10 18 (39.13%)

Enzyme assays: Poly(A) deadenylase and RNASEL were measured in PC tissue,
adjacent surgically healthy tissue, and in corresponding healthy counterparts, at least 2
cm from carcinoma. The corresponding samples were considered further in relation to a
possible influence of tissue transition into malignant phenotype and inflammation; the
samples were further subdivided in the corresponding groups.

Poly(A) deadenylase: More than a four-times increase in specific enzyme activity
(U/L g.prot) was registered for Poly(A) deadenylase, followed by a more-than twofold
increase in its activity in adjacent carcinoma tissue, compared to the control healthy tissue
counterparts (Figure 1).

Our preliminary results showed no overlapping value between the PC and control
samples, which maybe a prerequisite for considering sensitivity and specificity as well as
the cutoff value in a larger series of samples. The enzyme activities for the corresponding
prostate tissue specimens for each patient were evaluated with regard to their biomarker
potential to distinguish cancer tissue, as a prognostic biomarker of cancer aggressiveness,
and as potential predictive biomarkers for the stratification of transition of benign hyperpla-
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sia to the malignant process. Following the stratification of benign hyperplasia (BPH) and
the appearance of microfocal cancer, apart from the main carcinoma tissue, the appearance
of microfocal cancer was registered in 45.65 tumor-adjacent specimens. The enzyme activity
was significantly higher in the adjacent tissue with microfocal carcinoma compared to
tumor-adjacent tissue bearing only BPH and control specimens but was still significantly
lower than that of PC specimens. Poly(A) deadenylase may be considered as an early
marker for the transition of benign hyperplasia to a malignant one, when histopathological
diagnosis is still insufficient. The evaluation of areas under the curves (AUCs) showed
that Poly(A) deadenylase-specific activity (AUC = 0.97, 95% CI = 0.95–1.00, p < 0.0001)
(Figure 2) predicted PC, and specific activity exhibited a significantly high performance.
After determining the optimal cutoff values by Youden’s index, we calculated the sensitiv-
ity and specificity and found that Poly(A) deadenylase identified prostate cancer with a
sensitivity of 93.5% and a specificity of 94.6%.

Figure 1. Poly(A) deadenylase specific enzyme activity (U/L g.prot) in PC, tumor adjacent with MC,
tumor-adjacent and control healthy counterparts.

Figure 2. Receiver operating characteristic curve showing the performance of Poly(A) deadenylase
specific activity in predicting prostate cancer.

In monitoring the potential specificity of enzyme activity with regard to inflammatory
conditions, the histopathological findings of prostatitis caused by infiltration of the prostate
tissue by immune cells (lymphocytes, macrophages, or neutrophils) did not have any
influence on enzyme activity. It may exclude any inflammatory process as a confounding
condition for the increased Poly(A) deadenylase activity.

The dissociation of Poly(A) deadenylase-inhibitor complex by p-chloromercuribenzoate
indicated that the main part (59.16%) of Poly(A) deadenylase in control healthy tissue seems
to be latent: the inhibitor-bound. No quantity of latent form was detected in PC. The free
enzyme in PC specimens was still more than 50% (51.6) higher than the total activity in
the control tissue, which may indicate that about 50% of enzyme activity was raised be-
cause of genome reprogramming and the consequent increased expression in malignant

158



Cancers 2022, 14, 2239

tissue. Unlike malignant tissue (PC specimens), in tumor-adjacent tissue, only a gradual
dissociation of enzymes from its inhibitor complex was documented since the latent form
was retained in 35.23% in tumor-adjacent tissue and only in 5.11% in tumor-adjacent tissue
with microfocal cancer. Based on the results obtained, it can be assumed that the increased
expression of the enzyme may be a checkpoint for the transition to a malignant phenotype
(Figure 3).

Figure 3. Total, free, and inhibitor-bound (latent) Poly(A) deadenylaseactivity(U/L) in PC, tumor
adjacent with MC, tumor-adjacent, and control healthy counterparts.

RNASEL: A significant difference in RNASEL in investigated groups of samples,
concerning the total and specific expression pattern, was observed (Figure 4). The statistical
significance was reported in PC specimens only for the total enzyme activity. Since there
was no difference in RNASEL concerning the presence of microfocal lesions, tumor-adjacent
tissue was not stratified. Based on these results and the difference obtained between the
RNASEL expression profile in PC in relation to the control tissue, it would not be considered
as an early tumor marker.

Figure 4. RNASEL total (ng/L) and specific (ng/g.prot) expression level in PC, tumor-adjacent, and
control healthy counterparts.

Evaluation of areas under the curves (AUCs) showed that RNASEL specific expression
(AUC = 0.64, 95% CI = 0.53–0.74, p = 0.013), (Figure 5) predicted PC. However, the predictive
ability of RNASEL was only modest. After determining the optimal cutoff values by
Youden’s index, we calculated the sensitivity and specificity, which were 40.5% and 86.9%,
respectively.
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Figure 5. Receiver operating characteristic curve showing the performance of RNASEL-specific
expression in predicting prostate cancer.

The on–off switch negative correlation was reported between RNASEL in carcinoma
specimens and healthy tissue, since high activity in healthy tissue was followed by a fall in
carcinoma tissue, and vice versa (Figure 6), where the correlation coefficient was −0.5.

Figure 6. RNASEL correlation between values in PC and corresponding control specimens of healthy
tissue.

In monitoring the type of inflammation as the confounding condition for the RNASEL
expression profile, the RNASEL was stratified according to the type of inflammation
(predominantly chronic lymphocyte infiltration, macrophage/neutrophil infiltration, or the
absence of inflammatory cells). Although lymphocytic infiltration tended to be associated
with higher RNASEL, it was statistically significant only in control specimens, compared to
macrophage/neutrophil infiltration or the absence of inflammatory cells (Figure 7).

The pie charts in Figure 5 explore the percentage influence of lymphocyte infiltration,
macrophage/neutrophil infiltration, or the absence of inflammatory cells in different tissue
specimens. By analyzing the tissue slices, it seems important to note that only 37% of
control samples showed marked inflammation, which decreased in tumor-adjacent tissue
to 30% but moderately increased in PC specimens to 54%.

Examples of tissue histopathological findings in the above-mentioned specimens are
documented in Figure 8.
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Figure 7. RNASEL in PC, tumor-adjacent and corresponding healthy tissues in relation to the presence
and the type of inflammation.

Figure 8. Histological findings of PC, tumor-adjacent tissue with microfocal carcinoma, tumor-
adjacent, and control healthy tissue specimens.

4. Discussion

In our study, the Poly(A) deadenylase and RNASEL were determined in PC tissue,
adjacent surgically healthy tissue, and in corresponding healthy counterparts, at least 2 cm
from carcinoma. The increase in poly(A) deadenylase-specific activity ranged from two to
ten times, followed by a more-than twofold increase in its activity in adjacent carcinoma
tissue, compared to the control healthy tissue counterparts (Figure 1). The preliminary
results obtained may consider Poly(A) deadenylase as a potential surrogate marker for
transition of hypertrophic tissue into malignant one, so it is worth paying attention to
sensitivity and specificity as well as to cutoff value in a larger series of samples.

From the first understanding of PC development and progression, there has been a
tendency to define and establish an ideal or at least an early tumor marker, which would
have a key or profound impact on pathogenesis of prostate cancer, early diagnosis, and
possible management [1,2]. To define a reliable prostate tumor marker, the National Institute
of Standards and Technology (NIST), the American Cancer Society National Prostate Cancer
Detection Project, and other relevant associations tried to define criteria for clinical and
laboratory prostate tumor marker assessment. According to the biological structure, cancer
biomarkers are currently classified as DNA-based, RNA-based, and protein-based. Apart
from biochemical structure and cell function, to consider any biomarker for practical
clinical use, it should have high diagnostic specificity for detection and for monitoring
the stage and prognosis; to be reliable in clinical intervention, recurrence, and survival;
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to be easily measurable in biological fluids (plasma, urine);and to be inexpensive. So far,
more than fifty biologically active molecules have been identified with more or less proper
significance in cancer development, staging, and reaction to therapy and overall survival.
To promote one biomolecule as a potential biomarker, the first step is laboratory validation
of the method and correlation of clinical significance with standard biomarkers. As routine
diagnostic tests for PC development and progression, a prostate-specific antigen (PSA)
test and digital rectal examination (DRE) [33,34] are proposed. In the current literature,
we did not find any report about Poly(A) deadenylase activity in PC cells at the time this
article was prepared. The results obtained about a manifold increase in cancer tissue and
in tumor-adjacent tissue may propose Poly(A) deadenylase as a new and potential tumor
marker for PC and a possible diagnostic marker for the transition from normal prostate
tissue to cancer growth (Figure 1). To evaluate the possible predictive ability of Poly(A)
deadenylase-specific activity for identifying PC, the receiver operation curves (ROC) and
the Youden index determined the optimal cutoff value. We found that Poly(A) deadenylase
identified PC with a sensitivity of 93.5% and a specificity of 94.6% with no overlapping
values (Figure 2). Gene reprogramming in cancer occurs through differential expression
of cancer-related genes, which leads to differential quantity of specific proteins in cancer
tissue. The difference obtained between inhibitory bound and free enzyme activity in PC
specimens and control samples may highlight a significant protein reprogramming pattern
in prostate carcinoma owing to Poly(A) deadenylase, responsible for at least 50% of its
expression (Figure 3).

The active mRNA transcript synthesis occurs through the final structuring of the
proper poly(A) tail length. The proper poly(A) tail allows nuclear processing of mRNA
and translation initiation after binding to poly(A)-binding protein (PABP). From the other
side, the shorter 3′UTR poly(A) tail may diminish the posttranscriptional gene regulation,
because they are targets for translational inhibition and mRNA destabilization, assembling
into RNA-induced silencing complex (RISC). The rapid deadenylation process may repre-
sent a defense system against an aberrant or “unfavorable” mRNAs persistence, which have
been found in cancerous tissue [12,13]. Experimental knockout of poly(A) deadenylase
gene in a culture of gastric cancer cells resulted in the cell-cycle arrest of G0/G1 phase,
followed by the accumulation of p21 tumor suppressor protein [35]. A high expression
pattern of Poly(A) deadenylase has been documented in acute leukemias [36]. With regard
to specific families, two main families of poly(A) deadenylases were isolated: the DEED
types and the exonuclease–endonuclease–phosphatases (EEP) types. The Poly(A)-specific
ribonuclease (PARN), POP2 endonuclease, CAF1Z and PAN2 members belong to the DEED
family, while CCR4, Nocturinin, ANGEL and 2′ phosphodiesterase (2′PDE) belong to the
EEP family [37–40]. Recently, only PARN has been proposed as a potential target of experi-
mental cancer treatment [41]. Trascriptomic analysis of Poly(A) deadenylase expression in
squamous cell lung carcinoma referred only PARN and Nocturnin(NOC) type of Poly(A)
deadenylase family, significantly over-expressed, with a significant prognostic value in
specific subtypes [42]. In this way, Poly(A) deadenylase may represent an integrative part
of the cell cycle and survival control checkpoint in tumorigenesis. Aberrant synthesis
of many functional “checkpoint” proteins necessary for cell proliferation, together with
the synthesis of mutant forms of tumor suppressor proteins, has been documented in
cancer pathogenesis [43]. In highlighting the specific role of Poly (A)-specific ribonucleases
in reproductive tissues, a specific function in male spermatogenesis, female oogenesis,
and fertility was documented [44,45]. Mice with the loss of PARN-regulatory protein
(Cnot7-knockout mice), besides compromised deadenylation, suffer from sterility because
of oligo-astheno-teratozoospermia and defective maturation of spermatids [46]. These data
may point to the crucial importance of the poly(A) tail deadenylation regulation in the
reproductive system and prostatic gland function.

In our study, the dissociation of Poly(A)deadenylase-inhibitor complex indicated
that the main part (59.16%) of Poly(A) deadenylase in control healthy tissue seemed to
be latent: the inhibitor-bound. Since the total activity of enzyme in PC specimens was
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51.6% higher than the total activity in the control tissue, it may be calculated that about
50% of enzyme activity was raised because of genome reprogramming and increased
expression in malignant tissue. At the same time, it is important to note that the tumor-
adjacent tissue may behave like tissue at the crossroads between healthy and malignant
phenotype. The appearance of microfocal carcinoma is followed by gradual liberation of the
enzyme from its inhibitor complex (from 35.2 to 5.11% of inhibitor-bound enzyme) but still
appears to have no effect on tissue reprogramming (Figure 3). The mechanism of enzyme–
inhibitor binding has been documented in detail. RNases may make the noncovalent
complexes with its natural protein inhibitor in the cell. The proposed roles of RNase
inhibitor are the protection, control, and termination of cellular RNA degradation, hence
the name “RNAguard”. RNase inhibitor proteins are ubiquitous, meaning that they usually
follow RNase localization. Regarding the primary structure of inhibitor, it contains highly
repetitive leucine-rich amino acid sequences and about 30 reduced cysteine residues of
the 32 available. Regarding the tertiary structure, it is made of α-helix and β-strand. Its
tertiary horseshoe-like structure, rich in leucine residues, may allow for the tight equimolar
interaction with the enzyme [47,48]. The importance of inhibitors in the germinal organs
of men is evidenced in the fact that, besides the brain and liver, the testicular germ cells
are very rich in RNase inhibitor [49–52]. Due to a large quantity of reduced cysteine,
the RNase inhibitor can be inactivated by SH group-modifying reagents, such as PCMB
(p-chloromercuriobenzoate), which induces the dissociation of free enzyme and inactive
inhibitor [50]. In our earlier results, we documented the influence of steroid hormones on
RNase-inhibitor dissociation [53]. Decreased binding of RNase inhibitor was documented
in leukemia [54]. In order to explain the potential mechanism of latent enzyme release
from the inhibitory complex in PC, we have considered our recent results in relation to the
increased generation of free radicals in prostate carcinogenesis, presumably owing to the
increased xanthine oxidase/dehydrogenase ratio [55]. Liberated free radicals may oxidize
cysteine SH groups in the protein inhibitor, which play a structural and functional role in
inhibitor function. Their oxidation can induce conformational changes of inhibitor and can
induce the dissociation of enzyme-inhibitor complex [47]; the oxidation of SH groups is a
mechanism of in vitro dissociation of latent (inhibitor-bound) enzyme in order to measure
latent enzyme.

The mean values of RNASEL in tumor samples were significantly raised, as shown
in Figure 4. Evaluation of areas under the curves (AUCs) showed that RNASEL-specific
expression may predict PC, but with a low sensitivity of 40.5% and a specificity of 86.9%
(Figure 5). A highly negative correlation in cancer vs. corresponding healthy tissue is docu-
mented (Figure 6). The possible reason why RNASEL expression was highly negatively
correlated in carcinoma tissue to its normal counterpart may be found in the immune-
suppressive properties of RNASEL. Besides viral RNAs, RNASEL may initiate the cleavage
of other cellular RNAs, which may promote cell apoptosis [20,24,26,56]. Because of apop-
totic properties, RNASEL has been proposed as a tumor-suppressor molecule [57,58].
Immunosuppressive properties as the result of increased RNASEL in cancer tissue may
be explained as a possible immune-escaping mechanism of cancer tissue, which stands
in opposition to more pronounced inflammation. Inflammation as an epigenetic factor
may have an influence on DNA damage or the aberrant expression of cell-cycle control
proteins [15–18]. It was documented that the type of infiltrates made of inflammatory,
innate immune cells and CD4+ T-lymphocyte, may predict cancer progression. The cells of
innate immunity, such as macrophages and immune suppressor cells, may predict prostate
cancer progression, while surrounding with adaptive immunity cells may act as tumor
suppressive cells [56–58]. RNASEL represents a specific type of “housekeeper enzyme”,
the key switching anti-infective mechanism activated immediately after viral attack, or
interferon-receptor binding, through the short 5′-phosphorylated, 2′,5′-linked oligoadeny-
late, known as the 2-5 oligoadenylate system (2-5A). Once activated by 2-5A, the inactive
monomeric RNASEL makes a complex 2-5A/RNASEL system, which is responsible for the
cleavage of single-stranded regions of RNA, located near the UpUp or UpAp dinucleotides,
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or double-stranded RNAs, which are typical viral PAMP molecules (pathogen-associated
molecular pattern) [59]. The hypothesis has been corroborated by the specific location of
the RNASEL gene at the chromosome region 1q25, specifically susceptible to rearrangement
in some cancer types. Missense point mutations of RNASEL gene resulting in aberrant
RNASEL structure (arginine to glutamine substitution at position 462) followed by defec-
tive function were documented in some families with hereditary prostate cancer [23–26].
The specific Q variant of RNASEL with an almost threefold lower catalytic activity has been
registered in about 13% of patients with carcinoma of the prostate, which may be accounted
for by the increased risk of prostate cancer in about 50% in the case of heterozygous mu-
tation, while its appearance in a homozygous form may increase the prostate cancer risk
two times. Besides a genetic variant, the epigenetic alteration of RNASEL catalytic activity
influenced by different inflammatory or infective agents would not be excluded in prostate
cancer [19,21–25]. In our study, the statistical significance was reported in PC specimens
only for total RNASEL. In monitoring the type of inflammation as the confounding con-
dition for RNASEL expression profile, the RNASEL was stratified according to the type
of inflammation (predominantly chronic lymphocyte infiltration, macrophage/neutrophil
infiltration or the absence of inflammatory cells). Although lymphocytic infiltration tended
to be associated with higher RNASEL, it was statistically significant only in control spec-
imens, compared to macrophage/neutrophil infiltration or the absence of inflammatory
cells (Figure 7). The percentage contribution and profile of immune cells infiltration is
also shown in Figure 7 in the pie charts. Only 37% of control samples showed marked
inflammation, which decreased in tumor-adjacent tissue by 30% but moderately increased
in PC specimens by 54%. By comparing the type of immune cells (macrophage, lymphocyte,
neutrophil ratio), RNASEL was significantly expressed only in control healthy specimens
associated with lymphocyte infiltration.

The study performed has some limitations, the main being a limited number of sam-
ples. However, even on the presented number of samples, the consistent conclusions, with
regard to sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV), false-negative rate, and cutoff values, for Poly(A) deadenylase will be drawn. The
analysis of enzyme activity in plasma and urine and in liquid biopsies will answer whether
there would be any interest for possible noninvasive diagnostic utility and screening.

5. Conclusions

In conclusion, significantly upregulated Poly(A) deadenylase activity in PC tissue and
tumor-adjacent tissue associated with microfocal carcinoma highlighted it as a promising
RNA–protein bypass biomarker of prostate cancer development. RNASEL may predict
lymphocyte infiltration and chronic inflammation of the prostate.
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Abstract: In recent years, stereotactic body radiation therapy (SBRT) has gained popularity among
clinical methods for the treatment of medium and low risk prostate cancer (PCa), mainly as an
alternative to surgery. The hypo-fractionated regimen allows the administration of high doses of
radiation in a small number of fractions; such a fractionation is possible by exploiting the different
intrinsic prostate radiosensitivity compared with the surrounding healthy tissues. In addition, SBRT
treatment guaranteed a better quality of life compared with surgery, avoiding risks, aftermaths,
and possible complications. At present, most stereotactic prostate treatments are performed with
the CyberKnife (CK) system, which is an accelerator exclusively dedicated for stereotaxis and it
is not widely spread in every radiotherapy centre like a classic linear accelerator (LINAC). To be
fair, a stereotactic treatment is achievable also by using a LINAC through Volumetric Modulated
Arc Therapy (VMAT), but some precautions must be taken. The aim of this work is to carry out a
dosimetric comparison between these two methodologies. In order to pursue such a goal, two groups
of patients were selected at Instituto Nazionale Tumori—IRCCS Fondazione G. Pascale: the first
group consisting of ten patients previously treated with a SBRT performed with CK; the second one
was composed of ten patients who received a hypo-fractionated VMAT treatment and replanned in
VMAT-SBRT flattening filter free mode (FFF). The two SBRT techniques were rescaled at the same
target coverage and compared by normal tissue sparing, dose distribution parameters and delivery
time. All organs at risk (OAR) constraints were achieved by both platforms. CK exhibits higher
performances in terms of dose delivery; nevertheless, the general satisfying dosimetric results and
the significantly shorter delivery time make VMAT-FFF an attractive and reasonable alternative SBRT
technique for the treatment of localized prostate cancer.

Keywords: SBRT; hypofractionation; CyberKnife; VMAT; flattening filter free; prostate cancer

1. Introduction

Prostate cancer (PCa) is a broad disease affecting male population; it is the second
most frequent cancer diagnosed in men after the lung cancer, and it is the fifth cause of
death in the world. To understand the extent of the problem, worldwide in 2018, about
1,300,000 new cases of PCa were reported (in Italy, about 36,000 new cases in 2020 [1]), and
it caused about 7700 deaths [1,2]. Moreover, the risk to be diagnosed with PCa is strictly
linked with aging, and the incidence rate varies across the world but it can be resumed
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as follows: in men under 39 years old, the probability is about 0.005%; between 40 and
59 years old, the probability rises to 2.2%; between 60 and 79 years old, the probability is
14%; and over 80 years old, the incidence is very high, at about 50% [3]. Given the high
incidence of the illness and the lengthening of life expectancy, the population affected by
this pathology is estimated to increase; indeed, about 2,300,000 new cases are expected
up to 2040 [4]. Today, patients with localized disease and detected at early stage at low
to intermediate risk of recurrence have a favorable prognosis: 99% overall survival for
10 years. As matter of fact, the localized PCa shows a high patient’s life expectancy, a
slow progression rate, and limited metastatic potential; therefore, in this class of patient,
comorbidities are considered very significant, since the increase of comorbidities with a
poor health status, due to the aging, increase the risk of dying from other causes than
PCa [5].

When it comes to the fight against cancer, everyone thinks about surgery [6]; however,
for PCa, surgery is not the only way to go. Today, we have different therapeutic approaches,
and the best choice is based on the tumor risk class, the patient performance status and,
no less important, it depends on the patient’s preferences and assessment of side effects.
Radiotherapy (RT) is especially effective for the PCa treatment due to the considerable dif-
ference of the α/β ratio between the tumor and the surrounding Organ at risk (OAR) [7–9]
(bladder, rectum, penile bulb and bowel). Such a difference makes it possible to perform
hypofractionated treatment. In 2018, international societies such as ASTRO, ASCO and
AUA, after deep studies, reported that there are solid grounds to support the use of the
hypofractionated regime for treatment of the PCa for the routine clinical practice [10], and
they also recommend the Stereotactic body radiation therapy (SBRT) approach for clinical
trials in patients with high risk localized PCa [11,12]. A systematic review of studies where
a comparison among SBRT, hypofractionated and normofractionated regimes concluded
that SBRT achieves the same results of the other treatment modalities in terms of five years
disease free survival, but a reduced gastrointestinal and genitourinary toxicity, <15% and
21% respectively [11].

It is very interesting to investigate if rotational approaches, such as VMAT Volumetric
modulated arc therapy (VMAT), can potentially deliver a SBRT treatment as good as that
of CyberKnife (CK). The aim of this study is to investigate, retrospectively, the use VMAT
with 6-FFF MV for the PCa treatments, and to analyse the differences with the CK system,
already adopted in our department. The comparison of these two SBRT will be carried out
in terms of tumor coverage and OARs spearing, through relative dosimetric parameters, by
analysing and comparing plans and the respective Dose volume histogram (DVH) curves,
for the purpose of expanding the use of the SBRT as much as possible, even in radiotherapy
centres where a CK system is not available.

2. Materials and Methods

2.1. The CyberKnife System

In RT, the platform specifically designed for the SBRT is the CyberKnife (CK, Accuray
Inc., Sunnyvale, CA, USA), and indeed due to its peculiarities, promising outcomes have
been achieved. These results are confirmed by 8- to 10- year studies, which support the
clinical evidence of the successful employment of SBRT for localized PCa [13–15]. The
CK is a linear accelerator of 6 MeV energy installed on a robotic arm with six degrees of
freedom; therefore, it is characterized by a non-isocentric dose delivery mode. Moreover,
it also ships static circular collimators from 5 to 60 mm, or a dynamic IRIS collimator. In
particular, the accelerator can be positioned in 100 nodes and, in each of them, it can take
up to a maximum of twelve directions: in that way, 1200 different entry beam directions
can be reached. By exploiting its considerable mobility and adaptability of the radiation
field, high dose conformation level is achieved; furthermore, CK can deliver the 125%
of the prescribed dose in the tumor volume, but at the same time achieving significant
OARs sparing.

169



Life 2022, 12, 711

CK must deliver the dose with surgical precision, otherwise undesired volumes and
organs can be reached by high doses and the lesion can be severely underdosed; therefore,
CK is equipped with an image-guided system, useful both for the correct positioning of
the patient and to monitor the movements of the target during the treatment. The image
system is composed by two X-ray tubes stuck to the ceiling by 90◦ to each other and tilted
with respect the patient’s axis by 45◦; X-ray tubes are correlated to a pair of silicon detectors
(flat panel) placed in the floor, next to the treatment bed. The nominal tube voltage is
40 keV–15 MeV. The patient is imaged every 45 s, or at most 60 s, and the live images
are digitized and compared to images synthesized from the patient’s CT data (digitally
reconstructed radiograph (DRR)). This technique allows for determination of intra-fraction
target shifts and automatic compensation by the treatment manipulator during treatment
delivery. These automatic corrections are achievable for a maximum excursion range: X,
Y and Z direction ± 10 mm, pitch, roll and yaw ±5◦, ±1◦, ±3◦, respectively. For shifts
greater than these intervals, the treatment is interrupted, and an operator repositions the
patient [16].

In order to locate the tumor, in our case the prostate, and to check if its position
changes during the treatment, some golden fiducials (usually four) are implanted in the
prostate wall; the reconstruction of the prostate position by means of such markers allows
adjustments of the accelerator real-time with respect to the target [17–19]. For the sake of
completeness, in RT, when an accelerator is supported by an image system, the technology
is called image guided radiotherapy (IGRT), and the use of accurate image guidance is
crucial to minimize setup errors and facilitate the margins reduction between the gross
tumor volume (GTV) and the Planning target volume (PTV), especially for SBRT.

2.2. SBRT-VMAT and FFF Delivery Mode

A SBRT treatment is also achievable by using a state-of-the-art LINAC guided by
a software conceived for the VMAT. VMAT combines the intensity modulation of the
radiant field with its shape adaptability through a multi-lamellar collimator (MLC). The
dose is delivered continuously during the gantry rotation along one or more arcs without
interruptions and, over the treatment, the dose rate varies as well. These features allow
a dose distribution to be reached that is extremely compliant to the target volume with a
greater sparing of normal tissue than static 3D-CRT.

Due to the advent of systems for positioning verification and the movement monitoring
of organs and anatomical volumes of interest, it is possible to achieve better safety in the
administration of ultra-hypo-fractionated regimens, and therefore it is possible to develop
real stereotaxic treatments also with the VMAT technique.

The LINAC used in this work is the Elekta Versa HD; it has photon energy of 6, 10,
and 15 MeV, but for the VMAT treatment, just 6 MeV energy is enabled. The maximum
field size for a treatment is (40 × 40) cm2, defined by a pair of fixed collimators, that can
rotate independently of the gantry, mounted orthogonally to the MLC. The MLC consists
of 80 pairs of tungsten blades of a projected width of 5 mm at the isocentre, and a small
interleaf space less than 0.1 mm. As noted above, in order to perform a SBRT treatment,
an IGRT system is required; indeed, in our case, the accelerator is equipped with an
ultrasound guidance system released for VMAT treatment: the Clarity System [20] (Elekta,
Stockholm, Sweden). It consists of a transperineal ultrasound (not ionizing radiation)
probe, which allows real-time prostate visualization during the treatment, and which can
stop if the prostate makes too large excursions with respect to the planning Computed
tomography (CT). The Clarity System reconstructs a 3D image starting from 2D ultrasound
acquisitions. To obtain images, the probe needs to be moved, but during the treatment the
radiotherapist is not in the treatment room; therefore, the probe performs automatic scans
with a motorized control of the sweeping motion. The probe can scan a complete 75◦ sweep
in 0.5 s. Patients do not feel any discomfort other than a slight vibration, as all motion is
internal to the probe housing. Moreover, the probe has an integrated sensor which triggers
when it passes through the center. Every sweep is checked for geometrical accuracy [21].
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Therefore, such a probe allows a more efficient verification of the position of the tumor and
critical structures; indeed, the employment of this technique shows a significant reduction
in matching errors compared to standard treatments [20,21]. We want to highlight that this
continuous monitoring does not imply a higher dose administration to the patient, since
we are dealing with ultrasound images and no additional device needs to be implanted in
the patient’s prostate [22].

In order to compute and deliver a therapeutic plan which reaches inside the tumor
volume, a dose higher than the prescribed dose with a very steep dose gradient, the
accelerator must operate in FFF mode; that is, in the absence of the homogenizer filter.
The beam emerging from the primary collimator is extremely spiked, due to the greater
probability of production of bremsstrahlung photons for small angles with respect to the
direction of motion of the incident electron. The result is a non-homogeneous beam, with
a maximum of intensity in the centre and a decreasing intensity at the sides. The use of
the filter reshapes the beam profile, attenuating it in its central region and widening it by
diffusion, thus giving it an almost flat structure. The beam is also hardened since the filter
removes most of the low-energy photons by attenuation. On the contrary, when operating
in FFF mode, the radiation beam appears narrower and more intense in the central part,
which is useful to better conform the dose distribution to the target. Furthermore, the
presence of the soft component of the beam leads to an increase in the dose-rate and the
consequent reduction in treatment delivery times. This situation helps to minimize the
effects of movement of the target and is particularly advantageous in stereotaxic therapies
where extremely high doses are delivered and accuracy in the delivery of treatment is of
crucial importance.

In general, the beam-on time tends to be longer in SBRT, since higher doses per fraction
are prescribed; as a result, the prostate position can change during the treatment, due to
rectal activity, bladder filling, muscle clenching and general pelvic motion. As matter of
fact, while setting and performing RT, it is important to be able to predict the occurrence
and the extent of the prostate movement to establish appropriate planning target volume
(PTV) margins, avoiding a missing target. Nevertheless, FFF beams, which have higher
dose rates, decrease the treatment time per fraction; therefore, the faster delivery makes the
treatment patient-friendly and improves treatment accuracy by preserving the treatment
plan quality [23,24], by reducing the intra-fractional motion.

One of the most important aspects of the SBRT is the conical dose distribution with a
maximum value that can reach the 125% of the prescribed dose, located near the geometric
centre of the target, and a sudden decrease outside the target. Traditional radiotherapy
treatments, on the other hand, require a uniform dose on the target, that cannot exceed
the 110% of the prescribed dose; small hot spots can sometimes be accepted. From these
conceptual differences, it can be derived that the typical dose–volume histogram (DVH)
structure of a traditional VMAT treatment is very different to a stereotaxic one. Indeed, in
the first case, DVH looks like a step function extending from 0 Gy to the prescription dose
value. In a stereotaxic plane, the decreasing part of the graph has a gentler slope, and the
maximum dose can reach 125% of the prescribed dose. Such high dose values at the target
have precise clinical implications, as they could offer a special advantage in the eradication
of radio-resistant hypoxic cells.

To obtain the typical SBRT dose distribution with the VMAT treatment modality, some
tricks had to be adopted in the planning process. For each patient, an auxiliary fictitious
structure was delineated at the centre of PTV, and the parameters of suited cost functions
were given appropriate values. In the inverse planning, these dodges have forced the
optimization algorithm to reshape the dose distribution in order to resemble the typical
DVH appearance of a stereotaxis treatment (Figure 1).
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Figure 1. The Planning target volume (PTV) Dose volume histogram (DVH) for the CyberKnife (CK)
(dotted line) and Volumetric modulated arc therapy (VMAT)-Flattening Filter Free (FFF) (solid line)
techniques. With the specific measures adopted in the planning phase, the VMAT curve looks very
similar to the CK one.

2.3. The Dosimetric Study: Patient Selection, Contouring and Planning

Since the two platforms involved in the study have an inherently different way of de-
livering the dose, and a different IGRT system which can affect the anatomical configuration
of the organs, to have a truly representative dosimetric study, we compared patients who
were imaged and have received CK treatment with patients who were imaged and received
treatment with the VMAT by using the Clarity system. Of course, for the VMAT patients,
the therapeutic plans were re-computed in accordance with the ultra hypofractionated
prescription: 36.25 Gy in five fractions. At this point, it could be argued that the best or
worst results achieved with CK or with SBRT-VMAT would not be directly comparable
since they could depend on specific patient anatomical characteristics. Therefore, in order
to reduce and smooth such patient’s differences, groups of patients were selected, and
dosimetric results are expressed as average values.

For sake of completeness, in our institute as actual clinical practice, the patients
selected for SBRT with CK satisfy the following settings: age > 18 years; PCa diag-
nosed with transperineal core biopsy; low risk class (T2a or lower, Prostate Specific
Antigen (PSA) ≤ 10 ng/mL and Gleason Grade (GG) = 1); intermediate risk class (T2b-
2c, PSA ≤ 20 ng/mL and GG = 2); prostate volume < 80 cc; uninvolved prostate capsule
(documented by prostate multiparametric Magnetic Resonance Imaging (MRI)); perfor-
mance status: 0–1; TC total body with contrast enhancement bone scintigraphy negative
for metastasis (Table 1).

Two groups of patients with a localized PCa, each of them composed of 10 patients
treated in Instituto Nazionale Tumori—IRCCS Fondazione G. Pascale in the period between
2016 and 2019, were selected. The first group (Table 1), that from here on it will be named
the “CK Group”, consisting of ten patients of, on average, 69 years old and having an
average prostatic volume of 66 cc, were treated with SBRT realized by the CK system
with a dose prescription of 36.25 Gy to the PTV in five fractions. The second one, named
the “Clarity Group” (Table 1), comprising of, on average, 76-year-old patients with an
average prostatic volume of 44 cc. They were treated with a hypo fractionated VMAT
delivered by an Elekta Versa HD matched with the Clarity ultrasound probe, with a dose
prescription of 35 Gy to the PTV in five fractions. By taking advantage of the CT scans
with the Clarity probe in position, they have been replanned with an optimized template
developed for prostate VMAT-SBRT in FFF mode with the same dose prescription and
fractionation scheduled for the CK Group.
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Table 1. Summarized clinical and demographic characteristics of the population involved in this study.

Patient Age Total PSA Target Volume (cc) Gleason Score (GS) Clinical Stage

1 (CK) 72 5.63 51.06 1 1c
2 (CK) 72 10.84 85.82 1 1c
3 (CK) 65 16.6 62.26 1 2b
4 (CK) 70 6.3 44.08 2 2a
5 (CK) 65 7.32 36.48 1 1b
6 (CK) 76 8.63 86.90 1 2a
7 (CK) 63 4 47.08 2 2a
8 (CK) 62 4.5 80.12 2 2b
9 (CK) 72 5.5 66.36 1 2a
10 (CK) 73 7.6 72.35 2 2a

1 (VMAT-FFF) 78 7.29 37.75 2 1c
2 (VMAT-FFF) 78 4.37 31.10 2 2b
3 (VMAT-FFF) 77 10.69 30.78 2 2b
4 (VMAT-FFF) 81 8.71 33 2
5 (VMAT-FFF) 76 9.6 68.17 1 2b
6 (VMAT-FFF) 78 7.22 36.28 1 2b
7 (VMAT-FFF) 72 12 53.91 1 1c
8 (VMAT-FFF) 72 6.21 44.55 1 2b
9 (VMAT-FFF) 78 11 23.74 2 2b

10 (VMAT-FFF) 70 6.76 79.75 1 2a

Regarding volumes contouring, in both groups, the GTV was defined as prostate
without margin, the CTV was set equal to GTV, and the PTV was CTV with 3 mm expansion
posteriorly and 5 mm in other directions. The rectum, rectal wall, bladder, bladder wall,
bowel, penis bulb and femoral heads were delineated and classified as OARs. The rectal
and bladder walls were contoured through a Boolean subtraction between the organ itself
and its own contractions, respectively, of 3 mm and 5 mm.

For the IGRT system of the CK Group, four gold fiducials markers have been implanted
on prostate surface 7/10 days before CT images acquisition. For Clarity Group patients, the
ultrasound probe Clarity was used as a volume monitoring device, and CT images were
acquired with the probe in position, compressing perineal region.

The CK treatment planning was performed using the precision inverse treatment
planning system (Accuray Inc., Sunnyvale, CA, USA), and the prescription dose was
36.25 Gy at 80% isodose line delivered in five fractions, with a beam energy of 6 MeV, with
the dynamic IRIS collimator. The OARs constraints used for planning were V37.5 Gy < 5 cm3

for the bladder and V36.25 Gy < 5% for the rectum, and three concentric shells were used
for dose conformation to PTV. VMAT-SBRT treatment plans were computed with Elekta
Monaco TPS and the treatments geometrical setup was: 2 arcs of 360◦ (clockwise and
counterclockwise) with a 10◦ collimator tilt angle and final gantry spacing 3◦; in both
arches, there was a 0◦ couch kick. VMAT plans were computed for an Elekta VERSA HD
accelerator (Elekta, Crowley, UK) equipped with 6 MeV photon beam in FFF mode and
MLC with 5 mm leaf.

In both cases, the dose distribution was renormalized as a 95% prescription dose,
covering 95% of the PTV.

3. Statistical Analysis

The VMAT-FFF therapeutic plans were computed by experienced medical physicists,
and after, DVHs curves were extracted and analysed with Microsoft Excel. In Table 2, the
dose received by a specified volume percentage and the volume that received a certain
amount of dose of the respective ROI are presented. Table 3 reports the mean duration
of treatment and the parameters characterizing the dose distribution: the homogeneity
indexes (HI), the conformality index (CI), and the gradient index (GI).

173



Life 2022, 12, 711

Table 2. The table summarizes the most significant values of the DVH curves achieved by the
two techniques.

Parameter CK VMAT p-Value

Bladder DMAX (Gy) 39 ± 2 41 ± 2 0.1
D1 CC (Gy) 37 ± 2 38 ± 1 0.05

V37.5 Gy < 5 cm3 1 ± 2 3 ± 2 0.1
V37 Gy < 10 cm3 2 ± 2 4 ± 2 0.2
V36.25 Gy < 10% 2 ± 2 3 ± 1 0.2
V18.125 Gy < 40% 37 ± 12 35 ± 10 0.7

V5 Gy (%) 92 ± 11 68 ± 22 0.02
V10 Gy (%) 76 ± 18 57 ± 21 0.06
V20 Gy (%) 32 ± 11 30 ± 9 0.7

Bladder wall DMAX (Gy) 40 ± 2 41 ± 1 0.3
D10 cm3 (Gy) 32 ± 3 33 ± 2 0.5

Rectum DMAX Gy 37 ± 2 37 ± 1 0.3
V36.25 Gy < 5 cm3 0.2 ± 0.3 0.5 ± 0.7 0.1
V36 Gy < 1 cm3 0.1 ± 0.2 0.5 ± 0.6 0.07

V32.625 Gy < 10% 4 ± 2 4 ± 3 0.5
V29 Gy < 20% 10 ± 4 9 ± 4 0.7

V18.125 Gy < 50% 35 ± 8 37 ± 9 0.7
V5 Gy (%) 88 ± 12 87 ± 10 0.9
V10 Gy (%) 67 ± 15 79 ± 10 0.09
V20 Gy (%) 29 ± 7 28 ± 8 0.8

Rectal wall DMAX (Gy) 37 ± 2 37 ± 2 0.9
Bowel V30 Gy < 1 cm3 1 ± 2 0.02 ± 0.05 0.1

DMAX (Gy) 24 ± 10 13 ± 11 0.09
V10 Gy (%) 4 ± 4 0.2 ± 0.2 0.03
V20 Gy (%) 0.3 ± 0.5 0.02 ± 0.05 0.1

LFH V14.5 Gy < 5% 1 ± 2 1 ± 2 0.8
DMAX (Gy) 15 ± 3 14 ± 2 0.5

RFH V14.5 Gy < 5% 1 ± 3 0.2 ± 0.5 0.3
DMAX (Gy) 15 ± 3 13 ± 2 0.3

Penis bulb V29.5 Gy < 50% 1 ± 3 13 ± 18 0.08
V10 Gy (%) 28 ± 30 62 ± 30 0.04

V20 Gy < 90% 8 ± 10 34 ± 30 0.03

Table 3. The conformity index, the homogeneity index, the gradient index and the beam on time for
the two SBRT methods are reported.

Parameter CK VMAT p-Value

CI 1.09 ± 0.04 1.01 ± 0.02 0.0006
HI 1.24 ± 0.03 1.2 ± 0.02 0.01

GI25 24 ± 8 22 ± 3 0.01
GI50 5 ± 1 5 ± 1 0.6
GI75 2.7 ± 0.5 2.5 ± 0.2 0.2

Treatment Time (min) 47 ± 9 3 ± 1 �0.05

Usually, HI deals with the degree of uniformity of dose distribution within target;
nevertheless, stereotaxic treatments, by definition, produce an inhomogeneous dose dis-
tribution in the target, so in the statistical analysis we referred to a homogeneity index
definition that could quantify the dose peak height within the PTV.

For the evaluation of this parameter, we referred to the following equation:

HI =
DMAX

RXDose
(1)
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DMAX is the maximum dose value at the PTV, and RXDose is the prescription dose
value. Theoretically speaking, this value could be 1 in the case of perfect homogeneity, but
in our case, we are aware that in an SBRT treatment it is expected to be higher than 1.

CI deals with the degree of compliance of the dose distribution with the target volume;
it is defined as the ratio of total volume of tissue treated with a prescription dose over the
volume of the tumor treated with the prescription dose:

CI =
PIV
TIV

(2)

PIV is the prescription isodose volume (total 3D volume of the isodose line), and TIV
is the tumor isodose volume (tumor volume covered by the prescription isodose volume).
From a mathematical point of view, CI should be 1 if the prescription dose volume covers
the tumor volume perfectly; therefore, a CI closer to 1 is desirable. GI allows to quantify
the steepness of the dose fall-off in a stereotaxic treatment. It is defined as the ratio between
the volume of a reference isodose and the volume of the prescription isodose:

HI =
DMAX

RXDose
(3)

The lower the GI value, the more the considered isodose will adhere to that relating to
100% of the prescribed dose, and the steeper the dose falls outside the target.

4. Results

To give an overview about the treatments, the most relevant constraints used in ultra
hypo-fractionated radiotherapy for PCa, and also the values reached by using the two
aforementioned technologies, are shown. For OARs, the maximum dose and the most
significant values extracted from the DVH curves, the CI, HI and GI indices, and the beam-
on time have been reported. They are listed in Tables 2 and 3. In general, from the data
analysis emerges a substantial equivalence between the techniques; both of them comply
with dose constraints and lead to comparable doses delivered to OARs.

The values in the table indicate that for the bladder: D1cc is the dose absorbed by 1 cc
of volume, V37.5 and V37 are the volumes receiving a dose of 37.5 Gy and 37 Gy, V36.25 and
V18.125 are the volumes receiving the 100% or the 50% of prescription dose, whereas V5, V10
and V20 are the volumes receiving 5 Gy, 10 Gy and 20 Gy, respectively. For the rectum, the
bladder wall, bowel, penis bulb, left femoral head (LFH) and right femoral head (RFH),
listed in the Table 2 as well, different values of dose and volumes are reported, but the
indices have the same significance exposed before for the bladder case.

Regarding the bladder, we can assert that both the maximum dose and the reference
constraints values are comparable and consistent according to the two-tailed test. The same
holds true for the volume of the isodose curves relative to the 20 Gy and 10 Gy dose values.
The only significant difference is highlighted at low doses: the VMAT technique shows a
greater bladder sparing, which can be displayed by the volume surrounded 5 Gy isoline.
The bladder wall takes a comparable dose in the two techniques; instead, the discrepancy
between dose values is not significant.

Regarding the rectum and the rectal wall, all values relating to dose and volume con-
straints are comparable and consistent according to the t-test. Additionally, for the bowel,
VMAT shows better organ sparing at low doses, as evidenced by the V10 Gy isosurface.

Regarding the penis bulb, in the VMAT technique, a larger dose is absorbed, and such
a difference becomes more and more appreciable at low doses.

No substantial difference was highlighted for the femoral heads, which for both
techniques are well below the dose constraints.

Finally, by looking at Table 3, regarding dose distribution descriptive parameters, a
better dose conformation to PTV is evidenced for VMAT as demonstrated by CI values. As
expected, the typical conical dose distribution of stereotaxis is more pronounced in the CK
case, as can be deduced from HI values. About GI values, they are all comparable, and the
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discrepancies are not statistically significant (p-value > 0.05). From this, it can be deduced
that the trend of the dose gradient outside the PTV is very similar in the two techniques.
Regarding the duration of the treatment, the VMAT-FFF allows a much higher dose rate
than the CK, enabling a shorter beam-on time.

5. Discussion

As evidenced by the epidemiologic data, PCa is a common disease related to aging
with an increasing number of cases projected into the future. RT is carving out more and
more space in the fight against the PCa due to its lower invasiveness with respect to surgery.
In low risk PCa, exclusive radiotherapy and radical prostatectomy are equivalent and show
similar clinical outcomes (overall survival and quality of life) [25]. In the RT field, the
gold standard is 2 Gy per fraction, whereas hypofractionation enables higher doses to be
reached in fewer sessions. In other words, the α/β for prostate is very low (about 1.5 Gy)
if compared to the OARs; therefore, it allows the maximization of the therapeutic effect,
and at the same time reduces side effects on OARs as much as possible [26–29], increasing
the therapeutic window, i.e., the distance between the tumor control probability (TCP)
curve and normal tissue complication probability (NTCP) curve [27]. The evolution of
radiotherapy knowledge, and the fast technology improvement, that led to high precision
treatments guided by real-time imaging, have allowed the consideration that the SBRT is a
promising treatment for this disease. The SBRT is an extremization of the hypofractionated
regime, with very few sessions and very high doses; indeed, nowadays, SBRT using a
five-fraction schedule appears to be an effective treatment for low- and intermediate- risk
PCa in terms of efficacy, safety, patient’s quality of life and side effects, as established by the
literature [30–33]. As pointed out by other works, the SBRT in an ultra hypofractionated
regime is very effective in terms of overall survival and quality of life; indeed, the recent
HYPO-RT-PC study provided evidence that 42.7 Gy delivered in seven sessions every other
day (6.1 Gy per fraction) has comparable outcomes to standard conventional fractionation
of 78 Gy in 2 Gy per fraction [11]. That is, the same result is achieved in fewer sessions,
resulting in less stress for the patient and reduced costs for the hospital. Other studies
with long term follow up and a large cohort of patients recommend prescription doses
between 35 Gy and 36.25 Gy in five fractions [34]. Some authors indicate that patients with
low- and intermediate risk disease treated with 31.7 Gy in five fractions and 36.1 Gy in five
fractions achieved tumor control probabilities of 90% and 95%, respectively, at five years
follow up [35]. Nevertheless, a schedule of 40 Gy in five fractions has shown higher toxicity
with respect to the previous radiotherapy programs [36]. In addition, if some works look
at a short time window after the treatment time, such results corroborate the idea that
the dose escalation could increase the effectiveness of the RT for the PCa, as long as an
EQD2 < 100 Gy1.5 is delivered. Furthermore, studies are still in progress to validate the
use of even higher doses for high-risk PCa.

SBRT treatment is typically delivered by using a CK, and in the current context
its usage is increasing, but technological improvements allowed they delivery of SBRT
treatments with isocentric technique, such as VMAT and helical tomotherapy (HT). There is
a wide range of literature about comparisons among rotational techniques and CK bringing
extremely encouraging outcomes and resulting in a general agreement among different
data [37–42]. The SBRT delivered by VMAT is a viable option, and the main differences
found in such works are due to the PTV coverage and the margins expansion from the
CTV to the PTV. These two points are essential because rotational techniques are routinely
used to reach a PTV homogeneous coverage (the perfect PTV-DVH curve could be a step
function); however, in a CK-like SBRT, 125% of the prescription dose is deposited in the
inner parts of the tumor. If in VMAT and HT no tumor tracking system is used, a wider PTV
contouring should be drawn. Hence, even if the two techniques show comparable OARs,
sparing the dose in tumor could be significatively lower in VMAT/HT cases with respect to
CK ones, and such differences could have important radiobiological consequences; on the
other hand, to reach the highest CK doses, if no unsuitable contouring is drawn, dangerous
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dose spilling is expected. Among rotational techniques for the SBRT, one of the latest
developments is the MRI-Linac; it is a Linac equipped with a MRI scanner. Due to the
peculiarity of the MRI images to contrast better soft tissues, such technology can deliver
high doses with high accuracy. Results reported in the literature show that SBRT treatments
supported by MRI images can achieve significant OARs sparing [43,44]. As for some works
summarized before, a comparison with our results is not directly practicable, as in MRI-
Linac based studies it is accepted that, at most, 107% of the prescription dose reaches the
PTV; whereas, in our analysis, we are reaching doses higher than 120% in order to simulate
a CyberKnife-like treatment. Nevertheless, even if in this work and MRI-Linac studies
the selected constraints for the bladder and rectum are different (but similar), comparable
results are reached between the exhibited techniques.

Therefore, to have a significant comparison among the VMAT and CK treatments,
we computed VMAT plans in FFF mode in order to obtain the conical dose escalation
contemplated by CK, and such plans were worked out on TC with the IGRT system in
position so that the same geometrical rules for the PTV delineation could be applied in
both cases.

From the results listed in Table 2, the most important discrepancies can be outlined for
the bladder and bowel, at low doses; probably such differences could be due to the dose
delivery modalities of the two techniques: the freedom of movement of the non-isocentric
CK approach implies beam directions coming from a solid angle intercepting larger OARs
volume before reaching the prostate with respect to a well delimited strip dose typical of
rotational techniques. Such different dose structures may involve the production of low
dose spikes that fall extensively within the bowel and bladder volume. It is worth noting
that also in previous works there were similar dose structures, with the more interesting
differences reached at the lowest or intermediate doses; this should further confirm the
idea that the delivering dose modality could also play an important role in the acute and
late toxicity.

The other clear disagreement can be found in the penis bulb dose distribution. It can
be easily ascribed to the use of the Clarity probe for VMAT IGRT. During the treatment, the
ultrasound probe is positioned close to the perineal region, compressing the penis bulb;
this arrangement involves an anatomical deformation which brings the penis bulb closer to
the prostate, and hence the probe determines a greater absorbed dose to the bulb.

At last, but not the least, the most important difference in the beam is time: VMAT
treatments are much faster. This is very important because the time reduction results in
greater patient comfort, the natural and uncontrollable organ movements are reduced
during the treatment time, and as consequence, a clinical centre could dramatically shorten
its waiting list.

We want to highlight that these results are based on small groups of patients (ten for
each technique); therefore, to have a more robust statistical significance, the number of
patients involved in the dosimetric study should be enlarged. Moreover, in this study, the
prostate is not the exclusive target, but in some cases, the PTV is composed of prostate and
seminal vesicles. For the sake of completeness, this mix of targets is present in both groups
of patients (CK Group and Clarity Group). A further analysis, having at disposal a larger
dataset, could be carried out by dividing the low risk PCa patients into two subgroups,
in order to analyze if such subdivision can have repercussions on the performance of the
two techniques. Finally, none of the patients involved in the study had comorbidities
detectable in the TC images, such as diverticula, hernias, etc., which could have influenced
the planning process.

6. Conclusions

The authors, with this publication, state that SBRT VMAT-FFF is a noteworthy tech-
nique which might substitute, in some cases, the CK. Our data show that VMAT-FFF with
the Clarity system could be used for the hypofractionated treatment of PCa with good
clinical results and while respecting the recommended constrains. Therefore, the ultra
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hypofractionated regime, and more generally the SBRT, with its important clinical and
managerial implications, might be spread also in smaller radiotherapy centers where a CK
is not available.
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41. Ślosarek, K.; Osewski, W.; Grządziel, A.; Radwan, M.; Dolla, Ł.; Szlag, M.; Stąpór-Fudzińska, M. Integral dose: Comparison
between four techniques for prostate radiotherapy. Rep. Pr. Oncol. Radiother. 2014, 20, 99–103. [CrossRef]

42. Lin, Y.-W.; Lin, K.-H.; Ho, H.-W.; Lin, H.-M.; Lin, L.-C.; Lee, S.P.; Chui, C.-S. Treatment plan comparison between stereotactic
body radiation therapy techniques for prostate cancer: Non-isocentric CyberKnife versus isocentric RapidArc. Phys. Med. 2014,
30, 654–661. [CrossRef]

43. Alongi, F.; Rigo, M.; Figlia, V.; Cuccia, F.; Giaj-Levra, N.; Nicosia, L.; Ricchetti, F.; Sicignano, G.; De Simone, A.; Naccarato, S.;
et al. 1.5 T MR-guided and daily adapted SBRT for prostate cancer: Feasibility, preliminary clinical tolerability, quality of life and
patient-reported outcomes during treatment. Radiat. Oncol. 2020, 15, 69. [CrossRef]

44. Mazzola, R.; Figlia, V.; Rigo, M.; Cuccia, F.; Ricchetti, F.; Giaj-Levra, N.; Nicosia, L.; Vitale, C.; Sicignano, G.; De Simone, A.;
et al. Feasibility and safety of 1.5 T MR-guided and daily adapted abdominal-pelvic SBRT for elderly cancer patients: Geriatric
assessment tools and preliminary patient-reported outcomes. J. Cancer Res. Clin. Oncol. 2020, 146, 2379–2397. [CrossRef]
[PubMed]

180



Citation: Sánchez-Maldonado, J.M.;

Collado, R.; Cabrera-Serrano, A.J.; Ter

Horst, R.; Gálvez-Montosa, F.;

Robles-Fernández, I.;

Arenas-Rodríguez, V.;

Cano-Gutiérrez, B.; Bakker, O.;

Bravo-Fernández, M.I.; et al. Type 2

Diabetes-Related Variants Influence

the Risk of Developing Prostate

Cancer: A Population-Based

Case-Control Study and

Meta-Analysis. Cancers 2022, 14, 2376.

https://doi.org/10.3390/

cancers14102376

Academic Editors: Paula A. Oliveira,

Ana Faustino and Lúcio Lara Santos

Received: 29 March 2022

Accepted: 29 April 2022

Published: 12 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

Type 2 Diabetes-Related Variants Influence the Risk of
Developing Prostate Cancer: A Population-Based Case-Control
Study and Meta-Analysis

José Manuel Sánchez-Maldonado 1,2,3,†, Ricardo Collado 4,†, Antonio José Cabrera-Serrano 1,2,3,†, Rob Ter Horst 5,

Fernando Gálvez-Montosa 6, Inmaculada Robles-Fernández 1, Verónica Arenas-Rodríguez 1,7,

Blanca Cano-Gutiérrez 7, Olivier Bakker 8, María Inmaculada Bravo-Fernández 4, Francisco José García-Verdejo 6,

José Antonio López López 6, Jesús Olivares-Ruiz 4, Miguel Ángel López-Nevot 9, Laura Fernández-Puerta 2, José
Manuel Cózar-Olmo 10, Yang Li 5,11, Mihai G. Netea 5,12, Manuel Jurado 1,2,3,13, Jose Antonio Lorente 1,14,

Pedro Sánchez-Rovira 6, María Jesús Álvarez-Cubero 1,7 and Juan Sainz 1,2,3,15,*

1 Genomic Oncology Area, GENYO, Centre for Genomics and Oncological Research, Pfizer/University of
Granada/Andalusian Regional Government, PTS Granada, 18016 Granada, Spain;
josemanuel.sanchez@genyo.es (J.M.S.-M.); antonio.cabrera@genyo.es (A.J.C.-S.);
inmaculadarobles@gmail.com (I.R.-F.); veronica.arenas@genyo.es (V.A.-R.);
manuel.jurado.sspa@juntadeandalucia.es (M.J.); jose.lorente@genyo.es (J.A.L.); mjesusac@ugr.es (M.J.Á.-C.)

2 Hematology Department, Virgen de las Nieves University Hospital, 18012 Granada, Spain;
laurafdezpuerta@gmail.com

3 Instituto de Investigación Biosanataria IBs. Granada, 18012 Granada, Spain
4 Medical Oncology Department, Hospital de San Pedro Alcántara, 10003 Cáceres, Spain;

ricardo.collado@salud-juntaex.es (R.C.); inmaculada.bravo@salud-juntaex.es (M.I.B.-F.);
jesus.olivares@salud-juntaex.es (J.O.-R.)

5 Department of Internal Medicine and Radboud Centre for Infectious Diseases, Radboud University Nijmegen
Medical Center, 6525 GA Nijmegen, The Netherlands; rterhorst@cemm.oeaw.ac.at (R.T.H.);
yang.li@helmholtz-hzi.de (Y.L.); mihai.netea@radboudumc.nl (M.G.N.)

6 Department of Medical Oncology, Complejo Hospitalario de Jaén, 23007 Jaén, Spain;
fernando.galvez.sspa@juntadeandalucia.es (F.G.-M.);
francisco.garcia.verdejo.sspa@juntadeandalucia.es (F.J.G.-V.);
josea.lopez.l.sspa@juntadeandalucia.es (J.A.L.L.); pedro.sanchez.rovira.sspa@juntadeandalucia.es (P.S.-R.)

7 Department of Biochemistry and Molecular Biology III, Faculty of Medicine, University of Granada,
18016 Granada, Spain; blanca.cano.sspa@juntadeandalucia.es

8 Department of Genetics, University Medical Center Groningen, University of Groningen,
9713 GZ Groningen, The Netherlands; o.b.bakker@umcg.nl

9 Immunology Department, Virgen de las Nieves University Hospital, 18012 Granada, Spain; manevot@ugr.es
10 Urology Department, Virgen de las Nieves University Hospital, 18012 Granada, Spain;

josem.cozar.sspa@juntadeandalucia.es
11 Centre for Individualised Infection Medicine (CiiM) & TWINCORE, Joint Ventures between the

Helmholtz-Centre for Infection Research (HZI) and the Hannover Medical School (MHH),
30625 Hannover, Germany

12 Department for Immunology & Metabolism, Life and Medical Sciences Institute (LIMES), University of Bonn,
53115 Bonn, Germany

13 Department of Medicine, Faculty of Medicine, University of Granada, 18016 Granada, Spain
14 Department of Legal Medicine, Faculty of Medicine, University of Granada, 18016 Granada, Spain
15 Department of Biochemistry and Molecular Biology I, Faculty of Sciences, University of Granada,

18071 Granada, Spain
* Correspondence: juan.sainz@genyo.es; Tel.: +34-95871-5500 (ext. 126); Fax: +34-9-5863-7071
† These authors contributed equally to this work.

Simple Summary: We investigated the influence of GWAS-identified variants for T2D in modulating
prostate cancer (PCa) risk through a meta-analysis of our data with those from the UKBiobank and
FinnGEn cohorts and four large European cohorts. We found that genetic variants within the FTO,
HNF1B, and JAZF1 loci were associated with PCa risk. Our results also suggested, for the first time, a
potentially interesting association of SNPs within NOTCH2 and RBMS1 genes that need to be further
explored and validated. This study also shed some light onto the functional mechanisms behind
the observed associations, and demonstrated that the HNF1Brs7501939 polymorphism correlated with
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lower levels of SULT1A1, an enzyme responsible for the sulfate conjugation of multiple endogenous
and exogenous compounds. Furthermore, we found that SNPs within the HFN1B, NOTCH2, and
RBMS1 genes impacted PCa risk through the modulation of mRNA gene expression levels of their
respective genes. However, given the healthy nature of the subjects included in the cohort used for
functional experiments, the link between the HNF1B locus and SULT1A1 should be considered still
speculative and, therefore, requires further validation.

Abstract: In this study, we have evaluated whether 57 genome-wide association studies (GWAS)-
identified common variants for type 2 diabetes (T2D) influence the risk of developing prostate
cancer (PCa) in a population of 304 Caucasian PCa patients and 686 controls. The association
of selected single nucleotide polymorphisms (SNPs) with the risk of PCa was validated through
meta-analysis of our data with those from the UKBiobank and FinnGen cohorts, but also previ-
ously published genetic studies. We also evaluated whether T2D SNPs associated with PCa risk
could influence host immune responses by analysing their correlation with absolute numbers of
91 blood-derived cell populations and circulating levels of 103 immunological proteins and 7 steroid
hormones. We also investigated the correlation of the most interesting SNPs with cytokine levels after
in vitro stimulation of whole blood, peripheral mononuclear cells (PBMCs), and monocyte-derived
macrophages with LPS, PHA, Pam3Cys, and Staphylococcus Aureus. The meta-analysis of our data
with those from six large cohorts confirmed that each copy of the FTOrs9939609A, HNF1Brs7501939T,
HNF1Brs757210T, HNF1Brs4430796G, and JAZF1rs10486567A alleles significantly decreased risk of develop-
ing PCa (p = 3.70 × 10−5, p = 9.39 × 10−54, p = 5.04 × 10−54, p = 1.19 × 10−71, and p = 1.66 × 10−18,
respectively). Although it was not statistically significant after correction for multiple testing, we also
found that the NOTCH2rs10923931T and RBMS1rs7593730 SNPs associated with the risk of developing
PCa (p = 8.49 × 10−4 and 0.004). Interestingly, we found that the protective effect attributed to the
HFN1B locus could be mediated by the SULT1A1 protein (p = 0.00030), an arylsulfotransferase that
catalyzes the sulfate conjugation of many hormones, neurotransmitters, drugs, and xenobiotic com-
pounds. In addition to these results, eQTL analysis revealed that the HNF1Brs7501939, HNF1Brs757210,
HNF1Brs4430796, NOTCH2rs10923931, and RBMS1rs7593730 SNPs influence the risk of PCa through the
modulation of mRNA levels of their respective genes in whole blood and/or liver. These results
confirm that functional TD2-related variants influence the risk of developing PCa, but also highlight
the need of additional experiments to validate our functional results in a tumoral tissue context.

Keywords: prostate cancer; genetic susceptibility; type 2 diabetes-related variants

1. Introduction

Prostate cancer (PCa) is the second most common cancer worldwide and one of the
first leading causes of cancer-related deaths in men in developed countries [1]. It accounts
for 7.3% of all cancers, with an incidence of 37.5 per 100,000 individuals [2]. Despite the
refinements in prevention strategies, a total of 1.4 million new cases were diagnosed in
2020 [2], and the incidence of the disease is increasing over the world, likely due to the
interaction of both inherited and modifiable factors [3,4].

Although PCa has a high prevalence among males, only age, family history, and
ethnicity have been established as major risk factors for the disease, with an attributable
effect ranging from 5 to 9% of the cases [5]. In addition, rare highly penetrant mutations
in specific genes, high levels of endogenous androgens, smoking, alcohol consumption,
exposure to chemical compounds, sexually transmitted infections, diet, obesity, insulin-like
growth factors, and type 2-diabetes (T2D) have been suggested as important modulators
of the prostatic tumorigenesis [6]. Among the modifiable risk factors, T2D has attracted
significant attention, since it has been consistently identified as a protective factor for
PCa development [7–9], but it seems to induce disease progression. Several studies have
suggested that the use of anti-diabetic drugs such as metformin might account for this
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protective effect of T2D on PCa risk [10,11], but other studies were not able to confirm these
results in larger cohorts [12], which suggested that the protective effect attributed to T2D
on PCa depend on common molecular pathways between these traits rather than the use of
anti-diabetic drugs.

Although research on the specific pathways interfering in the development of T2D
and PCa traits is still under way, a mounting body of evidence suggests that these diseases
might share a genetic component [13–16]. Recent studies have reported that common
genetic polymorphisms within T2D-related genes have an important role in modulating the
risk of many cancers [17–19], but, so far, only a few studies have investigated the impact
of diabetogenic variants on PCa risk, showing controversial results [20–23]. Considering
this background, we decided to conduct a population-based case-control study including
994 subjects (304 PCa patients and 686 controls) to evaluate whether 57 diabetogenic
variants identified through genome-wide association studies (GWAS) are associated with
the risk of developing Pca. In order to validate the association of T2D-related markers
with Pca risk, when possible, we performed a meta-analysis with data from previous
genetic studies. Finally, we analyzed whether the most interesting markers correlated with
absolute numbers of 91 blood-derived cell populations, 106 immunological serum proteins,
7 steroid hormones, and 9 cytokines (IFNγ, IL1β, IL1Ra, IL6, IL8, IL10, IL17, IL22, and
TNFα) after stimulation of whole blood, peripheral blood mononuclear cells (PBMCs), and
monocyte-derived macrophages with LPS, PHA, Pam3Cys, and Staphylococcus aureus.

2. Materials and Methods

2.1. Study Population

The study cohort consisted of 304 Caucasian PCa patients and 686 male healthy
controls recruited in the Virgen de las Nieves University hospital (Granada, Spain) and the
Complejo Hospitalario de Cáceres (Cáceres, Spain). Only patients without any prior history
of malignancy, and who were not treated before blood withdrawal, were enrolled in this
study. Patient characteristics are included in Table 1. The diagnosis of PCa was assigned
by physicians, and fulfilled the international criteria [24]. Male controls with a mean age
of 58.92 were blood donors from the Centro Regional de Transfusiones Sanguíneas de
Granada (CRTS) and were selected from the same geographical region of the cases. In
accordance with the Declaration of Helsinki, all participants gave their written informed
consent to participate in the study and the ethical committees of the participant institutions
approved the study.

Table 1. Demographic and clinical characteristics of PCa patients.

Demographic Characteristics Study Population (n = 990)

Age (years) 62.35 ± 11.51
Clinical assessment

PSA
PSA (4–10) 137 (46.13)
PSA (10–20) 68 (22.90)
PSA (>20) 92 (30.97)

Gleason
Gleason (≤7) 220 (73.58)

Gleason (8–10) 79 (26.42)

TNM Staging system T1–T2 209 (76.28)
T3–T4 65 (23.72)

Risk
High 63 (26.58)

Intermediate 79 (33.33)
Low 95 (40.09)

2.2. SNP Selection and Genotyping

An extensive literature search concerning the mechanism of action of T2D-related
genes was performed to select candidate genes that might affect the risk of developing
PCa. SNPs were assessed on the basis of NCBI data, and were selected according to their
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known or putative functional consequences, i.e., their modifying influence on the structure
of proteins, transcription level, or alternative splicing mechanisms. In total, 57 SNPs in
49 genes were selected for this study (Table 2).

Table 2. Selected type 2 diabetes-related SNPs.

Gene Name dbSNP rs#
Nucleotide
Substitution

GWAS-Identified
Risk Allele
for T2D

Location/Aa
Substitution

References

ADAM30 rs2641348 M T/C C L359P [25,26]
ADAMTS9 rs4607103 T/C C Near gene [26–28]
ADCY5 rs11708067 T/C T Intronic [29,30]
ADRA2A rs10885122 G/T G Near ADRA2A [29]
ARAPI, CENTD2 rs1552224 C/A A Near gene [31,32]
CDC123 rs12779790 A/G G Near gene [26–28]
CDKAL1 rs7754840 C/G C Intronic [33–35]
CDKN2A-2B rs10811661 T/C T Near gene [26–28,33,35–37]
COL5A1 rs4240702 C/T n/s Intronic [38]
CRY2 rs11605924 A/C A Intronic [29]
DCD rs1153188 A/T A Near gene [26]
EXT2 rs1113132 C/G C Intronic [34,39]
FADS1 rs174550 C/T T Intronic [29]
FAM148B rs11071657 A/G A Near gene [29,40]
FLJ39370 rs17044137 A/T A Near gene [33]
FTO rs9939609 A/C A Intronic [27,41,42]
G6PC2 rs560887 G/A G Intronic [29,38,43–45]
GCK rs1799884 G/A A Near gene [29,38,43–45]
GCKR rs1260326 A/G A Leu446Pro [46–49]
HHEX rs1111875 G/A C Near gene [27,33–35,39,41,42]
HMGA2 rs1531343 C/G C Near gene [31,32]
HNF1A, TCF1 rs7957197 A/T T Intronic [31,32]
HNF1B, TCF2 rs7501939 ů C/T T Intronic [14,50]
HNF1B, TCF2 rs757210 C/T T Intronic [14,31]
HNF1B, TCF2 rs4430796 G/A G Intronic [14]
IGF1 rs35767 C/T C Near gene [29,51]
IGF2BP2 rs4402960 G/T T Intronic [27,33–35,42,52]
IL13 rs20541 C/T T R144Q [33]
IRS1 rs2943641 C/T C Near gene [31,52,53]
JAZF1 rs864745 T/C T Intronic [26,28]
JAZF1 rs10486567 A/G A Intronic [26,28]
KCNJ11 rs5215 T/C C V337I

[27,33,35,41,42,54,55]KCNJ11 rs5219 Å C/T T K23E
KCNQ1 rs2237897 Ó C/T C Intronic

[36,56–58]
KCNQ1 rs2074196 G/T G Intronic
KCNQ1 rs2237892 C/T C Intronic
KCNQ1 rs2237895 A/C C Intronic
KCNQ1OT1 rs231362 C/T G Intronic [31,32,57]
LTA rs1041981 A/C A T60N [59]
MADD rs7944584 A/T A Intronic [29]
MCR4 rs12970134 A/G A Near gene [40]
MTNR1B rs1387153 C/T T Near gene [31,38,45]
NOTCH2 rs10923931 G/T T Intronic [26,27]
PKN2 rs6698181 C/T T Intergenic [33]
PPARG rs1801282 C/G C P12A [26,27,33,35,41,42,54,60]
PRC1 rs8042680 A/C A Intronic [31,32]
PROX1 rs340874 A/G G Promoter [29]
RBMS1 rs7593730 T/C T Intronic [61,62]
SLC2A2 rs11920090 A/T T Intronic [29]
SLC30A8 rs13266634 C/T C R325W [27–29,33–35,39,41,42,63]
TCF7L2 rs7903146 ľ C/T T Intronic [27,29,30,33–35,39,41,42,63–65]
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Table 2. Cont.

Gene Name dbSNP rs#
Nucleotide
Substitution

GWAS-Identified
Risk Allele
for T2D

Location/Aa
Substitution

References

TCF7L2 rs12255372 G/T T Intronic [66]
THADA rs7578597 T/C C Thr1187Ala [26,67]
TP53INP1 rs896854 T/C A Intronic [31,47,67,68]
TSPAN8, LGR5 rs7961581 C/T C Near gene [69]
VEGFA rs9472138 C/T T Near gene [26]
WFS1 rs10010131 A/G G Intronic [50]

n/s, not specified; Aa, amino acid; GWAS, genome-wide association studies. M That SNP rs2641348 is in complete
linkage disequilibrium with the rs10923931, r2 = 1.00. ľ That SNP rs7903146 is in strong linkage disequilibrium
with the rs12255372, r2 = 0.72. Ó That SNP rs2237897 is in strong linkage disequilibrium with the rs2237892,
r2 = 0.79. Å That SNP rs5219 is in complete linkage disequilibrium with the rs5215, r2 = 1.00. ů That SNP rs7501939
is in strong linkage disequilibrium with the rs4430796, r2 = 0.77.

Selected variants for T2D were genotyped using KASPar® assays (LGC Genomics,
London, UK) according to the manufacturer’s instructions. For internal quality control, 5%
of samples were randomly included as duplicates. Concordance between the original and
the duplicate samples for the 57 SNPs was ≥99.0%. Call rates for all SNPs were ≥90.0%.

2.3. Statistical Analysis

The Hardy–Weinberg Equilibrium (HWE) tests were performed in the control group
by a standard observed–expected chi-squared (χ2) test. Logistic regression analyses were
used to assess the effects of the genetic polymorphisms on PCa risk using dominant,
recessive, and log-additive models of inheritance. Overall analyses were adjusted for age,
and conducted using Stata (v12.1). Statistical power was calculated using the Quanto
software (vs. 12.4; log-additive model).

In order to account for multiple testing, we calculated an adjusted significance level
using data from the SNPclip Tool (https://ldlink.nci.nih.gov/?tab=snpclip, accessed on 8
May 2020), which consider the number of independent marker loci (n = 52). Given the high
correlation between the log-additive and dominant models of inheritance, we corrected by
log-additive and recessive models, resulting in a significant threshold for the main effect
analysis of 0.00048 (0.05/52 SNPs/2 inheritance models). Since a study-wide significance
threshold considering all these factors is generally perceived as a too conservative test,
we also assessed the magnitude of observed associations between selected SNPs and
risk of PCa through a quantile–quantile (QQ) plot generated from the results of the study
population. The observed association p-values were ranked in order from smallest to largest
on the y-axis and plotted against the expected results from a theoretical ~χ2-distribution
under the null hypothesis of no association on the x-axis.

2.4. Meta-Analysis

With the aim of assessing the consistency of the association between T2D-related SNPs
and the risk of developing PCa, we performed a meta-analysis of our data with those from
publicly available GWAS. We downloaded association estimates from the PheWeb site
(https://pheweb.sph.umich.edu/, accessed on 11 May 2020) for 6311 PCa cases; 74,685 con-
trols from the FinnGen research project; and 5993 PCa cases and 168,999 controls from
the UK Biobank project (UKBiobank TOPMed-imputed). Details on genome-wide asso-
ciations have been previously reported [70]. Briefly, analyses on binary outcomes were
conducted using the SAIGE generalized mixed logistic regression model, adjusting for
genetic relatedness, sex, birth year, and the first four principal components. For White
British participants of the UK Biobank, endpoint definitions were generated from electronic
health-records-derived ICD billing codes, and endpoint definitions for the FinnGen data
can be found at risteys.finngen.fi (Risteys = intersection in Finnish). We also validated the
association of genetic markers using data from previously published studies that were
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selected according to the following criteria: (1) GWAS or candidate-gene association studies
found in PUBMED (https://www.ncbi.nlm.nih.gov/pubmed, accessed on 13 May 2020)
using the following key words: prostate cancer, case-control association study, type 2 dia-
betes, genetic polymorphisms; (2) Studies using Caucasian populations; (3) Availability of
association estimates according to a log-additive model of inheritance; (4) Hardy–Weinberg
equilibrium in the control group; and (5) Written in English (Figure 1). We pooled the Odds
Ratios (ORs) using a fixed-effect model. Coefficients with a p-value ≤ 0.05 were considered
significant. I2 statistic was used to assess heterogeneity between studies. All statistics were
calculated using STATA (v. 12).

Figure 1. Flow diagram of the study [20–22,71].

2.5. cQTL Analysis of the T2D-Related Variants

Cytokine stimulation experiments were conducted in the 500 Functional
Genomics (500FG) cohort from the Human Functional Genomics Project (HFGP;
http://www.humanfunctionalgenomics.org/, accessed on 7 July 2020). The HFGP study
was approved by the Arnhem-Nijmegen Ethical Committee (no. 42561.091.12), and bio-
logical specimens were collected after informed consent was obtained. We investigated
whether any of the 57 T2D-related SNPs correlated with cytokine levels (IFNγ, IL1β, IL1Ra,
IL6, IL8, IL10, IL17, IL22, and TNFα) after the stimulation of peripheral blood mononu-
clear cells (PBMCs), macrophages, or whole blood from 172 healthy men with LPS (1 or
100 ng/mL), PHA (10 μg/mL), Pam3Cys (10 μg/mL), and Staphylococcus aureus. After log
transformation, linear regression analyses adjusted for age were used to determine the
correlation of selected SNPs with cytokine expression quantitative trait loci (cQTLs). All
analyses were performed using R software (http://www.r-project.org/, accessed on 8 May
2020). In order to account for multiple comparisons, we used a significant threshold of
0.000106 (0.05/52 independent SNPs × 9 cytokines).

Details on PBMCs isolation, macrophage differentiation, and stimulation assays have
been reported elsewhere [72–74]. Briefly, PBMCs were washed twice in saline, and sus-
pended in medium (RPMI 1640) supplemented with gentamicin (10 mg/mL), L-glutamine
(10 mM), and pyruvate (10 mM). PBMC stimulations were performed with 5 × 105 cells/well
in round-bottom 96-well plates (Greiner) for 24 h in the presence of 10% human pool serum
at 37 ◦C and 5% CO2. Supernatants were collected and stored in −20 ◦C until used for
ELISA. LPS (100 ng/mL), PHA (10 μg/mL), and Pam3Cys (10 μg/mL) were used as stimu-
lators for 24 or 48 h. Whole blood stimulation experiments were conducted using 100 μL of
heparin blood that was added to a 48-well plate and subsequently stimulated with 400 μL
of LPS and PHA (final volume 500 μL) for 48 h at 37 ◦C and 5% CO2. Supernatants were
collected and stored in −20 ◦C until used for ELISA. Concentrations of human cytokines
were determined using specific commercial ELISA kits (PeliKine Compact, Amsterdam,
The Netherlands or R&D Systems, Minneapolis, MN, USA), following the manufacturer’s
instructions.
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2.6. Correlation between T2D-Related Polymorphisms and Cell Counts of 91 Blood-Derived
Immune Cell Populations and 103 Serum/Plasmatic Immunological Proteins

We also investigated whether selected polymorphisms had an impact on blood cell
counts by analyzing a set of 91 manually annotated immune cell populations and genotype
data from the 500 FG cohort that consisted of 172 healthy men (Supplementary Table S1).
Cell populations were measured by 10-color flow cytometry (Navios flow cytometer, Beck-
man Coulter) after blood sampling (2–3 h), and cell count analysis was performed using
the Kaluza software (Beckman Coulter, v. 1.3). In order to reduce inter-experimental noise
and increase statistical power, cell count analysis was performed by calculating parental
and grandparental percentages, which were defined as the percentage of a certain cell
type within the cell populations one or two levels higher in the hierarchical definitions of
cell sub-populations [75]. Detailed laboratory protocols for cell isolation, reagents, gating,
and flow cytometry analysis have been reported elsewhere [76], and the accession number
for the raw flow cytometry data and analyzed data files are available upon request to the
authors (http://hfgp.bbmri.nl, accessed on 8 May 2020). A proteomic analysis was also
performed in serum and plasma samples from the 500 FG cohort. Circulating proteins were
measured using the commercially available Olink® Inflammation panel (Olink, Sweden),
which resulted in the measurement of 103 different biomarkers (Supplementary Materials
Table S2). Proteins levels were expressed on a log2-scale as normalized protein expression
values, and normalized using bridging samples to correct for batch variation. Considering
the number of proteins (n = 103) and cell populations (n = 91) tested, p-values of 9.33 × 10−6

and 1.05 × 10−5 were set as significant thresholds for the proteomic and cell-level variation
analysis, respectively.

2.7. Correlation between Steroid Hormone Levels and T2D-Related SNPs

We also measured serum levels of seven steroid hormones (androstenedione, cortisol,
11-deoxy-cortisol, 17-hydroxy progesterone, progesterone, testosterone, and 25 hydroxy
vitamin D3) in the 500 FG cohort. Complete protocol details of steroid hormone mea-
surements have been reported elsewhere [74]. Hormone levels and genotyping data were
available for a total of 167 subjects. After log-transform, correlation between steroid hor-
mone levels and T2D-related SNPs was evaluated by linear regression analysis adjusted for
age. In order to avoid a possible bias, we excluded from the analysis those subjects that
were using oral contraceptives, or those subjects in which this information was not avail-
able. The significance threshold was set to 0.000137 considering the number of independent
SNPs tested (n = 52) and the number of hormones determined (n = 7).

2.8. In Silico Functional Analysis

Once we assessed the correlation of T2D-related SNPs with cytokine and steroid
hormone levels, we used the HaploReg SNP annotation tool to further investigate the func-
tional consequences of each specific variant (http://www.broadinstitute.org/mammals/
haploreg/haploreg.php, accessed on 8 July 2020). We also assessed whether any of the
potentially interesting markers correlated with mRNA expression levels of their respective
genes using data from public eQTL browsers (GTex portal; www.gtexportal.org/home/,
accessed on 8 July 2020; https://genenetwork.nl/bloodeqtlbrowser/, accessed on 8 July
2020) [77].

3. Results

3.1. Overall Associations of Selected SNPs with PCa Risk

All SNPs were in HWE in the control group (p > 0.001). Logistic regression analysis
adjusted for age showed that carriers of the IGF2BP2rs4402960T/T, TCF7L2rs12255372T/T, and
TSPAN8|LGR5rs7961581C/C genotypes had an increased risk of PCa (p = 0.037; 0.005 and
0.024), whereas those carrying the CDKAL1rs7754840C, FLJ39370rs17044137A, FTOrs9939609A,
HNF1Brs7501939T, HNF1Brs757210T, JAZF1rs10486567A, KCNQ1rs2237897C, and KCNQ1rs2237892C
alleles showed a decreased risk of developing the disease (p = 0.022, 0.021, 0.046, 0.030, 0.024,
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0.011, 0.041, and 0.0002; Table 3). Although none of the reported associations remained
statistically significant after a stringent correction for multiple testing (p = 0.00048), the
QQ plot showed a pronounced and early deviation of identity line, which confirmed that
the effect attributed to SNPs in T2D-related loci was more than expected under the null
hypothesis and, therefore, might represent true associations (Figure 2).

Table 3. Association of T2D-related variants and risk of developing PCa in the discovery population.

Variant_dbSNP Gene
Nucleotide
Substitution

Risk Allele OR (95% CI) † p

rs2641348 ADAM30 T/C C 0.93 (0.66–1.29) 0.66
rs4607103 ADAMTS9 T/C C 1.06 (0.83–1.37) 0.63
rs11708067 ADCY5 A/G G 1.08 (0.80–1.48) 0.60
rs10885122 ADRA2A G/T T 1.12 (0.81–1.55) 0.49
rs1552224 ARAPI, CENTD2 C/A A 1.04 (0.76–1.41) 0.82
rs12779790 CDC123, CAMK1D A/G G 1.05 (0.80–1.38) 0.73
rs7754840 CDKAL1 C/G C 0.69 (0.51–0.95) ¥ 0.022
rs10811661 CDKN2A-2B T/C T 0.84 (0.64–1.10) 0.22
rs4240702 COL5A1 C/T T 0.82 (0.66–1.02) 0.082
rs11605924 CRY2 A/C A 1.03 (0.83–1.28) 0.79
rs1153188 DCD A/T T 0.93 (0.73–1.18) 0.55
rs1113132 EXT2 C/G C 1.02 (0.80–1.30) 0.13
rs174550 FADS1 C/T C 0.96 (0.76–1.22) 0.75
rs11071657 FAM148B A/G G 1.16 (0.94–1.44) 0.16
rs17044137 FLJ39370 A/T A 0.68 (0.49–0.94) ¥ 0.021
rs9939609 FTO A/C A 0.80 (0.63–0.99) 0.046
rs560887 G6PC2 G/A G 1.15 (0.90–1.46) 0.28
rs1799884 GCK G/A A 1.07 (0.80–1.44) 0.65
rs1260326 GCKR C/T T 0.93 (0.73–1.20) 0.60
rs1111875 HHEX C/T C 0.90 (0.72–1.13) 0.36
rs1531343 HMGA2 C/G C 0.74 (0.53–1.02) 0.068
rs7957197 HNF1A (TCF1) A/T T 0.82 (0.63–1.07) 0.16
rs7501939 HNF1B (TCF2) C/T T 0.70 (0.50–0.96) ¥ 0.030
rs757210 HNF1B (TCF2) C/T T 0.67 (0.48–0.95) ¥ 0.024
rs4430796 HNF1B (TCF2) G/A G 0.73 (0.50–1.06) ¥ 0.10
rs35767 IGF1 C/T C 0.87 (0.66–1.14) 0.30
rs4402960 IGF2BP2 G/T T 1.66 (1.03–2.68) § 0.037
rs20541 IL13 C/T T 0.82 (0.60–1.11) 0.20
rs2943641 IRS1 C/T C 0.97 (0.77–1.21) 0.80
rs864745 JAZF1 T/C T 1.05 (0.84–1.30) 0.67
rs10486567 JAZF1 A/G A 0.69 (0.52–0.91) 0.011
rs5215 KCNJ11 T/C C 0.87 (0.70–1.08) 0.21
rs5219 KCNJ11 C/T T 0.89 (0.71–1.11) 0.29
rs2237897 KCNQ1 C/T C 0.66 (0.44–0.98) 0.041
rs2074196 KCNQ1 G/T T 0.99 (0.53–1.84) 0.97
rs2237892 KCNQ1 C/T C 0.41 (0.26–0.66) 0.0002
rs2237895 KCNQ1 A/C C 0.92 (0.73–1.17) 0.50
rs231362 KCNQ1OT1 C/T C 0.94 (0.75–1.18) 0.61
rs1041981 LTA A/C A 0.87 (0.68–1.12) 0.29
rs7944584 MADD A/T T 1.16 (0.93–1.46) 0.18
rs12970134 MCR4 A/G A 0.85 (0.66–1.11) 0.25
rs1387153 MTNR1B C/T T 0.81 (0.63–1.04) 0.10
rs10923931 NOTCH2 G/T T 0.92 (0.66–1.28) 0.63
rs6698181 PKN2 C/T T 0.90 (0.72–1.13) 0.39
rs1801282 PPARG C/G C 0.99 (0.70–1.42) 0.98
rs8042680 PRC1 A/C A 1.10 (0.87–1.37) 0.40
rs340874 PROX1 A/G G 0.89 (0.72–1.10) 0.29
rs7593730 RBMS1 C/T T 0.77 (0.59–1.02) 0.070
rs11920090 SLC2A2 A/T T 0.81 (0.59–1.12) 0.20
rs13266634 SLC30A8 C/T C 0.83 (0.65–1.05) 0.11
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Table 3. Cont.

Variant_dbSNP Gene
Nucleotide
Substitution

Risk Allele OR (95% CI) † p

rs7903146 TCF7L2 C/T T 1.01 (0.80–1.29) 0.91
rs12255372 TCF7L2 G/T T 1.85 (1.20–2.86) § 0.005
rs7578597 THADA T/C C 0.93 (0.58–1.49) 0.76
rs896854 TP53INP1 G/A A 0.73 (0.52–1.03) ¥ 0.070
rs7961581 TSPAN8, LGR5 C/T C 1.72 (1.07–2.76) § 0.024
rs9472138 VEGFA C/T T 1.04 (0.81–1.32) 0.78
rs10010131 WFS1 A/G G 0.90 (0.72–1.13) 0.39

Abbreviations: OR, odds ratio; CI, confidence interval. Estimates were adjusted for age. p < 0.05 in bold.
† Estimates calculated according to a log-additive model of inheritance and adjusted for age. ¥ Estimates
calculated according to a dominant model of inheritance and adjusted for age. § Estimates calculated according to
a recessive model of inheritance and adjusted for age.

Figure 2. QQ plot showing early deviation of the identity line.

The identity line represents the null hypothesis (no significant association between
T2D-related SNPs and PCa risk). Early deviation of the identity line might represent true
associations.

3.2. Meta-Analysis

In order to confirm these potentially interesting associations, we conducted a meta-
analysis with GWAS data from two large cohorts (UKBiobank and FinnGen) and previously
published genetic association studies. After filtering all studies found in the literature
according to selected key words, we found that four case-control studies met the eligibility
criteria [20–22,71]. The meta-analysis of our data with those from all these studies con-
firmed that carriers of the FTOrs9939609A, HNF1Brs7501939T, HNF1Brs757210T, HNF1Brs4430796G,
and JAZF1rs10486567A alleles had a decreased risk of developing PCa (p = 3.70 × 10−5,
9.39 × 10−54, 5.04 × 10−54, 1.19 × 10−71, and 1.66 × 10−18; Table 4). Although the effect of
the FTO and HNF1B loci on PCA risk has been consistently validated in previous studies,
this is the first validation study confirming the association of the JAZF1 variant with the
risk of developing the disease. In addition, although the association did not remain signifi-
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cant after correction for multiple testing, the meta-analysis suggested modest associations
with the risk of developing the disease for SNPs within the NOTCH2 and RBMS1 loci
(p = 8.49 × 10−4 and 0.004; Table 4). These associations are potentially interesting and need
to be further investigated.

3.3. Functional Characterization of T2D-Related Variants in the HFGP Cohort

In order to test the possible functional relevance of the most interesting SNPs, we
analyzed data from the HFGP cohort. The proteomic analysis of the immunological serum
proteins showed that carriers of the HNF1Brs7501939T allele had decreased circulating levels
of ST1A1 protein (p = 0.00030; Figure 3). Although this correlation did not survive multiple
testing correction, this result supported the implication of the HNF1B locus in modulating
PCa risk, likely by the regulation of the sulfatation of multiple compounds in the liver. In
addition, given the healthy nature of the subjects included in the HFGP cohort, this result
is still speculative and needs to be further confirmed in tumor samples of PCa patients. No
significant correlation was found between HFN1B, FTO, JAZF1, and NOTCH2 SNPs and
blood-derived cells populations, steroid hormones, or cQTL data, which suggested that
these SNPs might affect PCa risk likely through the regulation of mRNA levels of their
respective genes.

Figure 3. Correlation of the HFN1Brs7501939 (A) and HFN1Brs757210 (B) polymorphisms with re-
duced levels of ST1A1 protein and linkage disequilibrium values among the HFN1B SNPs included
in the study (C). C/C, cytosine/cytosine; C/T, cytosine/thymine; T/T, thymine/thymine; T/C,
thymine/cytosine.

Next, we assessed functional information from the HaploReg SNP annotation tool, and
we also assessed whether any of the potentially interesting markers correlated with mRNA
expression levels of their respective genes using data from public eQTL browsers. We found
that, according to Haploreg data, the HNF1Brs7501939, HNF1Brs757210, and HNF1Brs4430796
SNPs were modestly associated with mRNA HNF1B expression levels in peripheral whole
blood (p = 9.23 × 10−4, 1.00 × 10−3, and 2.00 × 10−3) [77], and that they mapped among
histone marks (H3K4me1, H3K4me3) in several tissues and changed motifs for CEBPB,
DMRT5, p300, HES1, and Maf (Supplementary Table S3). Similarly, we found that the
NOTCH2rs10923931 and RBMS1rs7593730 SNPs also correlated with NOTCH2 and RBMS1
mRNA expression levels in peripheral whole blood (p = 7.3 × 10−6 and 3.31 × 10−7,
respectively) [77]. On the other hand, we found that the FTOrs9939609 and JAZF1rs10486567
SNPs mapped among histone marks in multiple tissues and several immune cells, and
changed regulatory motifs for multiple regulatory transcription factors (Supplementary
Table S3). In addition, GTEx portal data suggested that the NOTCH2rs10923931 SNP is an
eQTL in the pancreas and liver.
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4. Discussion

T2D has been consistently identified as protective factor for PCa development and
disease progression [7–9]. Several studies have also suggested that both diseases might
share a genetic component [13–16], and some others have attempted to demonstrate the
impact of diabetogenic variants on PCa risk, showing controversial results [20–23]. With
this background, we decided to further investigate the association of diabetogenic variants
identified through GWAS with the risk to PCa, and attempted to identify the biological
mechanisms underlying the most interesting associations through the analysis of functional
data from the HFGP cohort and eQTL browsers.

The meta-analysis of the Spanish cohort with those from the UKBiobank, FinnGen,
and previously published studies [20–22] confirmed that carriers of the FTOrs9939609A,
HNF1Brs7501939T, HNF1Brs757210T, HNF1Brs4430796G, and JAZF1rs10486567A alleles showed a
decreased risk of developing the disease. Although the association did not reach the strin-
gent significance threshold, we also found that the NOTCH2rs10923931 and RBMS1rs7593730
SNPs associated with the risk of developing the disease. The strongest effect on PCa risk
was observed for SNPs within the HNF1B locus (rs757210, rs7501939, and rs4430796), which
showed a similar direction across all study populations. The HNF1B (TCF2) gene is located
at chromosome 17q12, and it encodes for a transcription factor implicated in the control of
regulatory networks related to pancreas and kidney development. It has been reported that
the HNF1B locus participates not only in the generation of endocrine precursors, but also
in the modulation of acinar cell identity and duct morphogenesis. In addition to these func-
tions, it has been consistently reported that the HNF1B locus plays a key role in modulating
tumorigenesis in solid [79] and hematological cancers [80], and that its methylation or
mRNA expression levels can be used for patient stratification [81] and prediction of disease
outcome [82]. The association of the HNF1Brs7501939, HNF1Brs757210, and HNF1Brs4430796
polymorphisms with PCa risk was in agreement with results recently reported in GWAS
for PCa [14,83,84], whereas large-scale fine mapping studies have even found additional
polymorphisms that might contribute to the development of PCa [71]. These findings,
together with our functional results reporting that carriers of the HNF1Brs7501939T and
HNF1Brs757210T alleles showed decreased levels of SULT1A1 protein (also known as ST1A1),
suggest that the effect of the HFN1B locus on PCa risk might be mediated through the
regulation of SULT1A1 expression levels. This protein is an enzyme that catalyzes the
sulfate conjugation of many hormones, neurotransmitters, drugs, and xenobiotic com-
pounds, among other compounds. It also has been demonstrated that SULT1A1 regulates
the metabolic activation of carcinogenic N-hydroxyarylamines, leading to highly reactive
intermediates capable of forming DNA adducts, which could result in mutagenesis [85].
In support of the hypothesis of a tumorigenic effect of the SULT1A1, several studies have
shown that an increased expression of the SULT1A1 mRNA expression levels contributes to
PCa development [86,87]. Although our functional experiments were conducted in a cohort
of healthy donors and, therefore, cannot be directly translated to a disease context, our
experimental data are in agreement with previous studies, and suggest that the protective
effect attributed to the HNF1Brs7501939 and HNF1Brs757210 SNPs could be mediated by a
reduction in the expression of the SULT1A1 protein. Furthermore, it has been reported
that the HNF1Brs7501939, HNF1Brs757210, and HNF1Brs4430796 SNPs are modestly associated
with mRNA HNF1B expression levels in peripheral blood, which might help to explain
how these genetic variants may influence the risk of developing PCa [77]. However, de-
spite these interesting data, we think that the biological link between the HNF1B locus
and SULT1A1 is still speculative and needs to be further explored and validated, since,
if confirmed, it might represent a potentially interesting therapeutic target. An option to
confirm this hypothesis would be to measure SULT1A1 levels in tumoral tissues.

Besides these results, this study also confirmed the association of the FTO locus with
PCa risk. The FTO gene is located on chromosome 16q12.2, and it has been implicated
in determining not only obesity, but also other symptoms of the metabolic syndrome.
In addition, it has been reported that the FTO gene acts as a tumor suppressor gene by
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regulating the proliferation, migration, and invasion of PCa cells, and the FTO expression
level had a relevance with the development of PCa and the prognosis of PCa patients [88].
Although the association of the FTOrs9939609 polymorphism with PCa risk was weak in all
previous studies, and might depend on different confounding factors, the meta-analysis
performed in this study confirmed a strong and consistent association of this intronic variant
with a decreased risk of PCa. A recent study also demonstrated that the association of the
FTOrs9939609 SNP with a decreased risk of PCa was found in non-European populations,
and that the presence of this genetic marker tended to be associated with disease severity in
patients that were overweighted [89]. These findings, together with the lack of significant
results in our functional studies, suggest that the role of the FTO locus in determining PCa
might be mediated by complex obesogenic and/or diabetogenic mechanisms. In support
of this hypothesis, we found that the association of the FTOrs9939609 SNP with a decreased
risk of PCa showed a similar direction to the one observed in the GWAS for T2D.

Similarly, we also found that the presence of the JAZF1rs10486567 SNP was inversely
associated with the risk of developing PCa. These results were again in concordance with
previous GWAS that have consistently reported that JAZF1 is a susceptibility locus for
PCa [84,90–93]. The JAZF1 gene is located at 7p15, and it encodes for a zinc finger protein
that is overexpressed in the human prostate tissue where it induces cell proliferation, migra-
tion, and invasion, and tumor development [94]. Even though there is not much evidence
about the functional role of the JAZF1rs10486567 SNP in PCa, it has been demonstrated that
the deletion of the JAZF1 locus is associated with reduced levels of IGF-1 and insulin resis-
tance in mice [95], which suggests that the presence of functional polymorphisms within
this locus might act to promote PCa development through diabetogenic mechanisms.

Finally, although the association was not statistically significant after correction for
multiple testing, it seems to be reasonable to suggest that genetic variants within the
NOTCH2 and RBMS1 genes could weakly influence the risk of developing PCa. In this
regard, it has been reported that genes of the NOTCH family play a relevant role in multiple
cancers, including PCa, and that their deregulation may be a key event in tumor onset and
disease progression [96–102]. The human NOTCH2 locus is located in the chromosomal
region 1p11.2, and it plays an important role in modulating prostate development and
homeostasis, and its deregulation induces proliferation and expansion of both basal and
luminal cells in the prostate [97]. In addition, it has been reported that NOTCH activity
promotes prostate cancer cell migration [97], invasion [96,97], aggressiveness [98], and
metastasis [99], and that its silencing induces apoptosis and increases the chemosensitivity
of PCa cells [100]. However, a tumor suppressive role of the NOTCH pathway has also
been suggested in the literature [103,104], which points towards the need of additional
studies to elucidate the role of these genes in the etiopathogenesis of PCa. On the other
hand, the meta-analysis of all study cohorts suggested that carriers of the RBMS1rs7593730T
allele had an increased risk of developing PCa. The RBMS1 gene is located at chromosome
2q24.2, and it encodes for a protein that binds single stranded DNA/RNA and plays
an important role in DNA replication, cell cycle progression, gene transcription, and
apoptosis. A recent study demonstrated that the RBMS1 locus acts by regulating the
expression of the miR-106b [105], which has been found overexpressed in hepatocellular
carcinoma [106], cervical cancer [107], renal carcinoma [108], and gastric cancer [109]. At
the same time, Dankert and collaborators have also demostrated that miR-106b can regulate
endogenous RBMS1 expression in PCa cell lines and, thereby, act as a tumor suppressor
gene with inhibitory effects on colony formation and cell growth [105]. Despite the lack
of evidence linking RBMS1 SNPs and risk of PCa, it seems to be plausible to suggest that
the presence of genetic variants in the RBMS1 locus might control miR-106b levels and,
therefore, favors tumorigenesis. In support of this hypothesis, haploreg data showed that
the RBMS1rs7593730 SNP is associated with different mRNA RBMS1 expression levels in
several tissues and cells [77], and that it maps among histone marks in multiple tissues and
several immune cells, and changed regulatory motifs for multiple regulatory transcription
factors. Nonetheless, although interesting, the effect of NOTCH2 and RBMS1 SNPs on PCa
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risk must be considered as preliminary and, therefore, needs to be further confirmed in
independent cohorts.

This study has both strengths and weaknesses. The major strength of this study is
the large number of genetic markers analyzed that allowed us to perform a well-powered
meta-analysis of our data with those from previous studies. The meta-analysis of all
study cohorts allowed us to not only confirm previous associations between T2D-related
polymorphisms and PCa risk, but also to identify potentially interesting genetic markers
for the disease. Although the discovery population was relatively small and the influence
of diabetogenic variants on the risk of the disease was expected to be modest, our study
was sufficiently powered to detect such small effects. Based on the genotype frequencies
observed in our study cohort, we had 80% of power (log-additive model) to detect an odds
ratio of 1.59 at alpha = 0.00048 (multiple testing threshold) for a polymorphism with a minor
allele frequency of 0.25. Likewise, we comprehensively analyzed the impact of T2D-related
SNPs in modulating immune responses, blood cell counts, steroid hormones, and serum
and plasma metabolites in a relatively large cohort of healthy subjects. However, we also
have important limitations. One of them was the fact that functional characterization of
the most interesting SNPs was conducted in a healthy control cohort rather than in PCa
patients. In addition, we did not have access to medication history, T2D status, and BMI
for a substantial number of PCa cases included in the meta-analyses, which did not allow
us to adjust our analyses for these confounding variables and, consequently, to rule out
the possibility that some of the reported associations could arise as a result of a different
distributions of diabetic and/or obese subjects between PCa cases and controls, or because
of the effect of diabetes medication rather than the diabetes condition itself. Nonetheless,
previous studies have reported that the effect of T2D-related variants on the risk of PCa
was independent of T2D status and BMI.

5. Conclusions

In conclusion, our study indicates that T2D-related variants within the HNF1B, FTO,
and JAZF1 genes influence the risk of PCa likely through the modulation of diabetogenic
pathways, and suggests, for the first time, an association of SNPs within the NOTCH2 and
RBMS1 loci that need to be validated in independent cohorts. This study also suggests
that the effect of the HFN1B SNPs on PCa risk might be mediated by not only the ST1A1
protein, but also HFN1B mRNA expression levels, whereas the effect of the FTO, JAZF1,
NOTCH2, and RBMS1 SNPs on PCa risk seem to be involved in the regulation of mRNA
expression levels of their respective genes.
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Abstract: Prostate cancer (PCa), which is among the most prevalent types of cancer in men, is a
prominent topic in imaging research. The primary aim of PCa imaging is to acquire more accurate
characterizations of the disease. More precise imaging of the local stage progression, early discovery
of metastatic cancers, reliable diagnosis of oligometastatic cancer, and optimum treatment response
evaluation are areas in which contemporary imaging is quickly improving and developing. Imaging
techniques, such as magnetic resonance imaging (MRI) for the whole body and molecular imaging
with combined positron emission tomography (PET), computed tomography (CT), and MRI, enable
imaging to support and enhance treatment lines in patients with local and advanced PCa. With
the availability of multiple imaging modalities for the management of PCa, we aim in this review
to offer a multidisciplinary viewpoint on the appropriate function of contemporary imaging in the
identification of PCa.

Keywords: prostate cancer; diagnostic tests; imaging techniques

1. Introduction

PCa is a heterogeneous disease with a longer natural history than other solid tumors
and a wide range of behavioral and biological activity ranging from inactive to aggressive
behavior [1,2]. According to the American Cancer Society, there were 248,530 new cases
of PCa and more than 3.1 million survivors in the United States in 2021. Prostate cancer
was considered the second leading cause of cancer-related death among men in the United
States in 2021, after lung cancer [3]. Additionally, males of African ancestry have a greater
risk of PCa than those of European ancestry [4]. Despite the early diagnosis of PCa, the
risk/benefit ratio of the treatment remains uncertain and is one of the most challenging
and disputed areas of medicine because of the significant morbidity associated with the
therapy [5,6].

Historically, imaging had a minimal role in diagnosing locally advanced PCa. Tran-
srectal ultrasound (TRUS) was the only modality that was successfully employed during
diagnosis and was primarily used to guide biopsies [6]. The bone scan (BS) and computed
tomography (CT) are typically used in patients who are at an increased risk of developing
advanced disease. However, PET/CT scanning with tracers, high-field endorectal coil MRI,
and contrast-enhanced TRUS improve the detection of locally progressed PCa [7]. Each
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imaging method has its own set of pros and cons and a subset of indications for best uses
within the setting of PCa [8]. In our review, we try to summarize each imaging modality’s
role and its impact on the management of PCa.

2. Localized PCa Diagnosis

2.1. Digital Rectal Examination (DRE)

DRE is one of the most frequently used methods for the early identification of PCa.
The DRE is a low-cost test that evaluates the prostate’s size, consistency, mobility, and form
abnormalities. However, we cannot rely on size alone as a PCa risk indicator, and there is
no correlation between DRE-estimated prostate volume and TRUS-measured volume [9,10].
Furthermore, similar indurations may be caused by calculi or benign prostatic hypertrophy
(BPH), whereas carcinomas are felt as hard irregular nodules. This implies that when
any induration is felt the provider must request more tests, such as TRUS, and repeat
the DRE regularly to identify any changes or advancement [11]. Additionally, the DRE
requires technical proficiency. Not all examiners can palpate the prostate’s whole posterior
surface [12,13].

There is considerable doubt that early detection approaches such as the digital rectal
examination (DRE) and serum PSA testing contributed significantly to the decades-long
decline in PCa stage progression [14]. Since 1988, the rate of metastatic disease detected
through standard physical examinations has decreased considerably [15]. At the time of
diagnosis, 70% to 80% of PCa are organ-confined, pathologically. Recent studies show that
PSA screening of early-stage prostate cancer patients is more often prostate-confined than
those found only through DRE [14,16].

The value of DRE may be questioned due to conflicting findings regarding the effec-
tiveness of PCa screening in reducing morbidity and mortality. Nonetheless, due to the
disease’s prevalence and the potential to detect it while it is curable, many patients and
clinicians opt for screening [13]. A recent meta-analysis showed that the pooled sensitivity
and specificity of DRE conducted by primary care practitioners to detect PCa were 0.51
and 0.59, respectively. The aggregated positive predictive value (PPV) was 0.41, and the
aggregated negative predictive value (NPV) was 0.64 [10]. As determined by Grades of
Recommendation Assessment, Development, and Evaluation (GRADE), the quality of
evidence was inferior.

Additionally, when DRE is performed to screen males over the age of 50 for PCa, the
cancer detection rate is 3.2%, with a 21% PPV, a sensitivity of 21%, and a specificity of
86% [17]. Thus, DRE should be used in combination with a prostate-specific antigen (PSA)
test in PCa screening to increase the overall sensitivity. Whereas DRE detected PCa at a
rate of 3.2%, PSA detected it at a rate of 4.6%, and the two procedures together detected it
at a rate of 5.8%. Notably, the two tests’ detection rates separately are slightly close, and
when combined, they identify a higher number of instances with PCa [13,18].

2.2. Transrectal Ultrasound (TRUS)

Holm and Gammelgaard established TRUS-guided biopsies as the gold standard
technique for prostate cancer diagnosis [19]. Due to its widespread availability and low cost,
TRUS is the most often utilized clinical imaging modality for PCa. TRUS is primarily used
to determine the prostate’s volume, guide biopsy placement, and implant brachytherapy
seeds. However, it is deemed insufficient for detecting or staging prostate cancer. Of note,
contrast agents and computer-assisted methods have been examined as ways to enhance
TRUS diagnostic performance.

While gray-scale TRUS is ineffective in detecting prostate cancer consistently and
therefore cannot be used in place of systematic biopsies, it has established itself as the gold
standard for prostate biopsy guidance. Since PCa can present with different intensities
such as hypo-, iso-, or hyperechoic [20], the sensitivity (46–91%) and specificity (18–96%)
are relatively varied [21]. The increasing number of patients with elevated PSA but normal
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DRE highlights the critical need to develop more accurate TRUS-based procedures to
improve the diagnostic equipment predictive values, specificity, and sensitivity [22,23].

Due to increased tumor vascularity, contrast-enhanced TRUS utilizing intravenously
administered microbubble contrast agents has been demonstrated to improve PCa detec-
tion [24]. The bulk of modern ultrasound machines are equipped with ultrasonic technology
capable of scanning microbubble contrast agents. In addition, because cancers are often
associated with increased blood flow, targeted prostate biopsies may be conducted [25]. A
study of 1776 males scheduled for their first or subsequent biopsy showed that collecting
five targeted biopsy cores from hypervascular areas in the peripheral zone resulted in a
slightly better detection rate (26.8%) than doing ten systematic core biopsies (23.1%) [26].
However, the specificity of this approach is hampered by benign prostatic hyperplasia and
prostatitis hypervascularity, which might provide false-positive findings [27].

However, Taverner et al. randomly assigned 300 patients with a negative DRE and a
PSA level less than 10 ng/mL to one of three groups: systematic biopsy guided by TRUS,
color Doppler ultrasound-guided biopsy, or color Doppler ultrasound-guided biopsy prior
to and during contrast agent injection. According to the authors, there was no statistically
significant variance in the frequency of PCa detection between the three methods [28].

In another study, Loch et al. created a computer-based TRUS signal analysis (C-TRUS)
approach for collecting signal information from serial static TRUS pictures independent of
the ocular gray scale, hence improving PCa diagnostic imaging [29]. Further technological
advancements resulted in the development of a network-compatible module that enables
remote users to input photographs, which are then re-transmitted as tagged images through
the internet after analysis [24,30]. C-TRUS offers the benefit of requiring no extra equipment
aside from a storage system for digital ultrasound pictures. Sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) were 83%, 64%, 80%, and 68%,
respectively, when preoperative C-TRUS pictures were compared to tumor localization
in 28 patients having radical prostatectomies [31]. Combining multiparametric MRI with
C-TRUS appeared to improve PCa detection in a study of twenty individuals suspected
of having the disease. In this analysis, PCa was detected in 58% of instances, which is
comparable to the results of large-scale C-TRUS investigations [32].

Furthermore, ultrasonography was combined with real-time elastography, which is a
technique that uses physical compression and relaxation to detect changes in tissue compli-
ance. The sensitivity, specificity, PPV, and NPV of this approach were previously reported
to be 50%, 72%, 76%, and 44%, respectively [21]. Another study employed elastography
and contrast-enhanced ultrasound (CEUS). Elastography indicated a sensitivity of 49%
and a specificity of 74% in 86 PCa patients. The percentage of false positives was lowered
from 34.9% to 10.3% when elastography was combined with CEUS, while the PPV for
cancer diagnosis increased from 65.1% to 89.7% [33]. However, the findings show that
elastography is less effective when the gland volume is larger and the lesions are located
anteriorly. Additionally, it has been demonstrated that elastography is more sensitive to
identifying PCa lesions with a higher Gleason score, a diameter greater than 5 mm, and
extracapsular extension [34,35].

2.3. Magnetic Resonance Imaging (MRI)

MRI plays a critical role in detecting PCa [36]. Regarding traditional (T2W) MRI,
Hambrock et al. [37] found that 59% of prostate cancer patients with a minimum of two
prior negative biopsy sessions could be identified using a 3-Tesla scanner and an average of
just four sample cores. However, it is crucial to stress that the majority of these tumors (57%)
were detected in the ventral transitional zone and the anterior horns of the peripheral zone
(11%), suggesting a carefully selected group of participants. Before the biopsy, conducting
an MRI resulted in a 41.2% PPV and an 83.0% sensitivity [38].

Multiparametric MRI has made dramatic inroads into the management of localized
PCa over the last five years. International rules are steadily promoting the use of MRI
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before the biopsy. This presents a widespread shift in the management of localized PCa,
which has traditionally been guided by biopsy histology rather than imaging [39].

The current findings indicate that including prebiopsy MRI into the diagnostic tool
kit for clinically suspected PCa enhances the detection of clinically relevant illness, lowers
biopsy-related complications, and may even eliminate unnecessary biopsies in some pa-
tients [40]. New guidelines for PCa analysis and management from the United Kingdom
National Institute for Health and Care Excellence (NICE) recommend that all persons
with suspected clinically localized PCa undergo multiparametric MRI as a first-line inves-
tigation [41]. However, the American Urological Association (AUA) guidance suggests
that there is a lack of sufficient evidence to support routine MRI use in each biopsy-naïve
subject and confined its utility to males whose clinical examinations for biopsy are un-
defined (normal PSA with abnormal DRE, minimal PSA elevated, or very young or old
subjects) [42].

Multiparametric MRI gives biopsy target data and can serve as guidance for conduct-
ing a focused prostate biopsy [43,44]. In this situation, an MRI-guided biopsy of the prostate
will detect clinically significant cancer in 34% to 41% of males with a previous negative
biopsies. In addition, numerous meta-analyses have reported that targeted biopsies have
resulted in increasing identification rates of clinically relevant PCa compared to systemic
biopsies in a repeat biopsy context [45–47].

In a recent systematic review, MRI had a pooled sensitivity of 72% and a pooled
specificity of 96% compared to a template-guided biopsy. In contrast, the pooled sensitivity
for systematic biopsy was 62%, and the specificity was 100% [47]. With time, we anticipate
that advancements in MRI will make further contributions to PCa diagnosis.

2.4. Computed Tomography (CT)

CT has a minor role in the identification of PCa and is not advised for reasons such
as low prostate soft-tissue resolution and poorly defined gland margins. However, CT
is sometimes used for nodal staging of PCa [48]. A recent study showed that CT, in
conjunction with deep learning, has the potential to perform comparably to diagnostic
pipelines based on MRI [49], suggesting enhancements in the diagnostic capability of CT
are potentially forthcoming.

3. Advanced PCa Diagnosis

3.1. Positron Emission Tomography (PET)

PET has displayed significant superiority in the recognition of extra-prostatic disease
(Figure 1) [50]. Multiple PET tracers are available for PCa detection. The clinically available
tracers include 18F-sodium fluoride (18F-NaF), fludeoxyglucose (FDG), 18F-choline, 11C-
choline, 68Ga-prostate-specific membrane antigen (PSMA), and 18F-fluciclovine, a tracer
newly approved by the U.S. Food and Drug Administration (FDA) [51].

Despite its poor sensitivity of 33% for detecting primary lesions, FDG caught nodal or
bone metastatic disease in six out of nine participants [52]. Notably, FDG is more sensitive
in detecting metastatic lesions than primary lesions, which might be explained by the
increased metabolic activity of metastatic lesions [53].

In a study involving 24 patients who had a biochemical relapse and underwent
FDG PET before the dissection of pelvic lymph nodes, the authors found that specificity,
sensitivity, PPV, and NPP were 100%, 75.0%, 100%, and 67.7%, respectively, for nodal
detection [54]. However, in a prospective study involving 37 patients with a biochemical
relapse but negative findings on imaging, the investigators noticed a superior detection
rate using NaF PET/CT compared to FDG PET/CT, which has limited efficacy in detecting
metastases [55].

Concerning choline PET/CT, two large meta-analyses examining its utility in the
staging of nodal disease showed high specificity with variable sensitivity; however, sen-
sitivity increased in higher-risk cases with nodal disease [56,57]. In one meta-analysis of
609 patients, choline PET/CT demonstrated a pooled specificity of 92% and a sensitivity
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of 62% in assessing pelvic nodal disease at staging [56]. In another study of 1270 cases,
C-11-choline PET/CT showed a pooled assessment rate of 62%, specificity of 89%, and
sensitivity of 89% in detecting any relapsed disease [58].

 

Figure 1. Choline PET/CT shows the extra-prostatic extension of PCa with involvement of left
supraclavicular and retroperitoneal lymph nodes.

Although 16 trials using 18F-choline with or without 11C-choline demonstrated a
satisfactory pooled sensitivity of 75.4% and a specificity of 82%, additional studies have
shown that MRI remains the preferable approach in detecting local recurrence [59].

The PSA levels influence the disease detection with choline PET/CT in biochemical
relapse. A study of C11-choline PET/CT in 4426 cases showed that a PSA level greater
than 1.16 ng/mL was a positive predictor of the scan. The positive 11C-choline scan rate
increased with high PSA levels in 358 cases with biochemical relapse. With PSA levels
between 0.2 and 1 ng/mL, the detection rate of the 11C-choline scan was 19%, and for
PSA levels between 1 and 3 ng/mL, 46% of scans were positive. Finally, with a PSA
level >3 ng/mL, 82% of scans were positive [60].

Another imaging modality is prostate-specific membrane antigen (PSMA) PET/CT
scan, which is a surface protein found on prostate cells expressed differently than in other
tissues. PSMA overexpression is reported in PCa cells and can be detected using gallium-
68-labeled PSMA ligands via PET/CT imaging (PSMA-PET/CT) [61]. The PSMA-PET/CT
lymph node (LN) staging sensitivity and specificity were 65.9% and 98.9%, respectively,
according to a retrospective study of 130 intermediate- to high-risk PCa patients who
also underwent radical prostatectomy (RP) with pelvic LN dissection [62]. According to
a meta-analysis, the PSMA-PET/CT sensitivity and specificity were recently reported to
be 71% and 95%, respectively, in pelvic LN metastasis detection [63]. PSMA-PET scan is
considered a promising mode of imaging for diagnosing positive lymph nodes.

Hybrid PSMA PET/mp-MRI improves the diagnosis of suspicious lesions on MRI
and may also assist in better fusion biopsy guidance in patients who have previously had
negative biopsies and had intratumoral bleeding, as intratumoral bleeding would impact
mp-MRI results. Notably, PSMA has a higher sensitivity than choline or acetate PET in
detecting nodal and distant metastasis [64].

The combination of mp-MRI and PSMA PET also has the potential to serve as a single
comprehensive staging modality in intermediate- to high-risk PCa. However, PSMA PET
has mainly been investigated in the context of detecting disease recurrence [65]. In a study
of 248 patients who underwent RP and experienced biochemical recurrence, Eiber et al.
observed an 89.5% detection rate using 68Ga-PSMA PET. Faster PSA velocity and levels
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of more than 2 ng/mL correlated with the highest detection rate [66]. In both post-RP
and post-RT patients, 68Ga-PSMA PET had higher detection rates than choline PET in
detecting local and distant recurrence [66,67]. This was especially evident during the early
stages of PSA rise (0.5–1 ng/mL) when choline PET was only shown to be positive in a few
cases [2,65].

18F-DCFPyL is another PSMA-based PET ligand with exceptional staging performance
in clinical trials (Figure 2). For example, in a study of over 400 patients with PC of all
Gleason grades, 18F-DCFPyL demonstrated a detection rate of over 90% in patients with
a PSA of 0.5 ng/mL and approximately 50% for PSA levels <0.5 ng/mL [68]. One of the
drawbacks of PSMA is its uptake in a diverse range of nonmalignant conditions such
as bone-related conditions, inflammatory and infectious processes, and benign tumors;
however, many factors should be considered to decrease the bias in reporting, such as
topography, distribution, and PSMA uptake intensity [68,69].

 

Figure 2. F-18 Pyl PSMA PET/CT demonstrates the distribution of PCa metastasis at pelvic bones.

Another PSMA-based PET ligand is 64Cu-PSMA PET/CT. A prospective cohort of
23 individuals with intermediate- to high-risk prostate cancer who had radical prostate-
ctomy with extensive pelvic LN dissection was studied. The researchers discovered that
64Cu-PSMA PET/CT had a sensitivity of 87.5 percent, specificity of 100%, PPV of 100%,
and NPV of 93.7% in identifying LN metastasis [70].

3.2. Bone Scan (BS)

A meta-analysis that included 12 articles investigating the BS revealed a pooled
sensitivity of 0.79 and a specificity of 0.82 for bone metastases diagnosis [71]. However,
the sensitivity and specificity were enhanced when combined with a minimal CT dose
or single-photon emission computed tomography (SPECT) with CT. The combination of
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SPECT-CT with BS raised the sensitivity from 70% to 87–92% [72]. Of note, metastases are
not directly imaged by BS, but instead, this modality detects the osteoblastic response to
the presence of tumor cells. However, a bone scan only detects bone metastases in <1% of
cases with PSA < 20 ng/mL (Figure 3) [73,74]. Notably, the detection rate of bone scans
rises in concordance with increased PSA levels. Specifically, the detection rates for the
metastases were 2.3% in cases with a PSA level of ≤10 ng/mL, 5.3% in cases with a PSA
level of 10.1–19.9 ng/mL, and 16.2% in cases with a PSA level of 20.0–49.9 ng/mL [75].

 

Figure 3. Anterior (A) and posterior (B) planar views of a whole-body bone scan show multiple
radiotracer avid bone metastases at both axial and appendicular skeleton, most located at the spine.

3.3. Conventional CT Imaging

Conventional CT has a poor performance in detecting lymph node involvement due
to the similarities in the size of benign reactive versus metastatic nodes [48]. In addition, CT
diagnostic sensitivity and standard anatomic T1- or T2-weighted MRI sequences are less
than 40% sensitive in identifying nodal metastases (0.5–2 cm on a shorter axis) in patients
with PCa due to the common occurrence of micrometastases [76]. As a result, clinical
nomography has played a vital role in deciding whether or not to perform lymph node
dissection (LND) during primary PCa surgery.

The most frequently used technique for detecting and evaluating bone metastases in
patients with prostate cancer is technetium 99 m (99 mTc) diphosphonate BS. Nonetheless,
early metastases located in the bone marrow may lack tracer absorption, making disease de-
tection more complex [77]. The SPECT to planar imaging inclusion can increase diagnostic
accuracy, particularly when employing hybrid SPECT/CT cameras. On a per-patient basis,
a meta-analysis of 1102 PCa patients across 12 studies using 99 mTc planar BS and 3 studies
using SPECT found that the sensitivity and specificity of PCa diagnosis using planar BS
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were 59% and 75% per lesion, respectively, compared to 90% and 85%, respectively, by
adding SPECT [71].

3.4. MRI

Multiparametric MRI shows usefulness in differentiating between residual local dis-
ease and distant metastases. In addition, MRI is utilized for detecting seminal vesicle
invasion and extraprostatic extension in patient candidates for salvage prostatectomy based
on high-risk features. MRI studies after radiotherapy to the prostate seem effective in
cases with suspected clinical local recurrence based on elevated PSA. However, MRI is not
suggested for monitoring therapeutic responses until clinical evidence of disease recurrence
exists [78,79].

Diffusion-weighted (DW) MRI detects changes in water mobility between tissues and
allows the apparent diffusion coefficient (ADC) to be calculated. However, in malignant
lymph nodes, it has been shown that ADC values did not differ significantly from benign
nodes [80]. According to a meta-analysis, DW MRI accompanied with ultrasmall super-
paramagnetic iron oxide (USPIO) demonstrated higher sensitivity in terms of the diagnosis
of lymph node metastasis in PCa than utilizing USPIO-MRI alone. The use of DW MRI
combined with a USPIO enhanced both the diagnostic sensitivity, with a range of 65–75%,
and the specificity, with a range of 93–96%, compared with USPIO-MRI alone (sensitivity
ranged from 55–65% and specificity ranged from 71–91%) [81]. Furthermore, in a study
of 2993 normal-sized lymph nodes in patients with prostate or bladder cancer, combined
USPIO-DW-MRI had sensitivity and specificity ranges of 65–75% and 93–96%, respectively,
and was found to be superior to MRI with a USPIO alone (sensitivity ranged from 55–65%,
and specificity ranged from 71–91%) [82].

In bone metastasis detection, whole-body MRI was more sensitive than BS and choline
PET/CT; however, choline PET/CT exhibited better specificity [71]. The addition of DW
MRI to modern whole-body MRI increases bone metastasis diagnosis by including morpho-
logic sequences (e.g., T1- or T2-weighted sequences, short inversion time inversion-recovery
sequence). In a study involving 30 patients, the whole-body DW MRI demonstrated a
higher sensitivity (100%) and specificity (100%) in detecting bone or node metastases com-
pared with the combination of BS and CT, which demonstrated a sensitivity and specificity
of 85% and 88%, respectively [83]. A whole-body MRI approach, which incorporates both
conventional and diffusion-weighted imaging, offers a high detection sensitivity in bone
and visceral metastases [84,85].

4. Conclusions

While various novel imaging techniques have been developed in recent years, an
unmet need exists for improved PCa diagnosis and staging. Concerning diagnosis, ad-
vancements in imaging technology have the potential to enable us to abandon spontaneous
biopsies in favor of targeted biopsies in the future. Combining several imaging modalities
may be one approach to enhance our current standards in diagnosing PCa.
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Abstract: The peritoneal carcinomatosis of prostate cancer without bone or other visceral organ
involvement is extremely rare. We report a case of an isolated peritoneal metastasis of prostate cancer
in a patient without other metastatic sites and a history of prostate surgery. A 63-year-old male with
locally advanced prostate cancer without known distant metastasis on androgen deprivation therapy
presented with abdominal distension that had persisted for a month. Abdominopelvic computed
tomography (CT) showed gastric wall thickening and a moderate amount of ascites. The gastroscopy
showed hyperemic mucosal patches on the antrum body. A cytological examination of the ascites fluid
was negative for malignant cells. Diagnostic laparoscopy showed multiple nodules in the peritoneum.
A biopsy was performed. Histological findings were compatible with metastatic carcinoma of the
prostate, which was immunohistochemically positive for pan-cytokeratin, the androgen receptor,
and prostate-specific antigen (PSA). The patient was then treated with abiraterone acetate. After
1 month of treatment, both ascites and the PSA value decreased. We describe an extremely rare case
of isolated peritoneal carcinomatosis from prostate cancer without any organ metastasis or history
of surgery. Clinicians should be aware of these very rare metastases of prostate cancer. Hormonal
therapy may be helpful for such cases.

Keywords: prostate cancer; peritoneal carcinomatosis; abiraterone acetate

1. Introduction

Prostate cancer is the second most common cancer and one of the leading causes of
cancer-associated death in men. At the time of diagnosis, approximately 80% of prostate
cancer is localized and fully contained within the prostate gland, with a minority of patients
having locoregional metastasis (15%) or distant metastasis (5%) [1].

The most common sites of prostate cancer metastasis are locoregional lymph nodes
(99%) and bones (84%). Distant lymph nodes (10.6%) and visceral organs such as the liver
(~10%), lungs (9.1%), and brain (<2%) are uncommon sites of metastases [2].

Peritoneal carcinomatosis from prostate cancer is very rare, especially when there
are no other visceral organ or bone metastases. Thirteen cases of isolated peritoneal
carcinomatosis from prostate cancer in patients without a history of surgery have been
reported to date. Some cases of peritoneal metastasis after prostate surgery have also been
reported [3–5].

Herein, we report a case of an isolated peritoneal carcinomatosis from prostate cancer
in a patient without visceral organ or skeletal metastases and no history of previous surgery.

2. Case Description

A 61-year-old male patient complained of urinary frequency in September 2019.
The patient had an elevated prostate-specific antigen (PSA) value of 60.2 ng/mL. Ab-
dominopelvic computed tomography (CT) showed the multifocal subcapsular extension
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of the entire prostate and an invasion of the bladder wall and the right distal ureter. He
underwent a transrectal biopsy, and the pathology revealed a Gleason score nine (5 + 4)
prostate adenocarcinoma. Whole-body bone scans were negative for skeletal involvement.
The locally advanced prostate cancer had been treated with androgen deprivation therapy
(ADT), leuprolide, and flutamide since September 2019. During the treatment period, his
urinary frequency disappeared, and his PSA level decreased to below the normal range.
ADT was maintained for 26 months until November 2021.

In December 2021, the patient was referred to our institute, presenting with gradually
worsening abdominal distension that had persisted for a month. His PSA at that time
was 586 ng/mL. An abdominal CT showed thickening of the gastric antrum wall and a
moderate amount of ascites with peritoneal nodules, suggesting possible gastric cancer
with peritoneal metastasis (Figure 1a,b). A gastroscopy showed hyperemic mucosal patches
on the antrum body. A histological analysis of the endoscopic biopsy revealed chronic
gastritis with intestinal metaplasia. A cytological examination of the ascites was negative
for malignant cells. A bone scan showed no evidence of skeletal metastasis.

 
Figure 1. Abdominal computed tomography (a,b) and diagnostic laparoscopic biopsy (c) results.
(a) Abdominal computed tomography showing metastatic lymph nodes in left gastric, retrocaval,
aortocaval, and left paraaortic areas. (b) Abdominal computed tomography showing massive ascites
and peritoneal seeding. (c) Diagnostic laparoscopic biopsy showing multiple nodular lesions in
the omentum.

The patient underwent diagnostic laparoscopic exploration to determine the cause
of the ascites. Multiple nodular lesions in the omentum were observed and biopsied
(Figure 1c). As a pathologic finding, tumor cells with a diffuse sheet-like growth pattern
were observed. Most tumor cells had a solid growth pattern, with some having a glan-
dular differentiation. Additional immunohistochemical staining was negative for CK7,
CK20, TTF-1, and CDX2, whereas staining results for pan-CK, the androgen receptor (AR),
AMACR (alpha-methylacyl-CoA racemase), and PSA were positive (Figure 2). These results
were consistent with metastatic carcinoma of the prostate.
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Figure 2. Histopathological findings of peritoneal carcinomatosis of prostate cancer. (a) Hematoxylin-
eosin staining of the peritoneal nodule at a magnification of 200×. (b–d) Results of immunohis-
tochemistry revealing the tumor was androgen-receptor-positive (magnification 100×), prostate-
specific-antigen-positive, and alpha-methylacyl-CoA-racemase-positive (magnification 200×).

The patient started second-line treatment with abiraterone acetate alone in January
2022. One month after the start of abiraterone acetate, ascites significantly decreased, and
the PSA level dropped to 1.22 ng/mL (the reference level). The patient is still being followed
up with in the outpatient clinic. He continues the treatment with abiraterone acetate.

3. Discussion

The peritoneum is a rare metastatic site for prostate cancer. Previously reported studies
on peritoneal carcinomatosis of prostate cancer can be categorized into three groups. First,
two studies performed a postmortem analysis. Only 5 cases of peritoneal carcinomatosis
from prostate cancer were found in 176 postmortem cases [6]. Thirteen isolated peritoneal
cases were observed in the autopsy cases of 523 patients with prostate cancer [4]. Second,
review studies have shown that peritoneal carcinomatosis of prostate cancer is related to
surgical intervention. Approximately 15 reports of iatrogenic peritoneal carcinomatosis
associated with prostate cancer surgery were found [4,5]. Third, Delchambre et al. re-
viewed 13 cases of isolated peritoneal carcinomatosis of prostate cancer without history of
surgery [3].

The mechanism of peritoneal prostate cancer metastases is unknown. Based on previ-
ously reported studies, iatrogenic peritoneal seeding after surgery can cause rare metastases
in patients with prostate cancer. However, cases of isolated peritoneal carcinomatosis with-
out history of previous surgery are presumed to be due to other risk factors of peritoneal
metastases. Including our case, 7 of 14 patients had Gleason scores ≥ 9 at the initial cancer
histological analysis [3]. Patient age, initial PSA level, and initial staging at diagnosis have
not been shown to be factors predicting isolated peritoneal carcinomatosis in patients with
prostate cancer. Further studies such as genomics are necessary to identify the aggressive
variants associated with progression to peritoneal carcinomatosis.

The early detection of metastasis in prostate cancer is also important to determine
the optimal treatment plan. Including the current patient, a biopsy of metastatic lesion
is usually performed to confirm the origin of metastasis. Recently, 68Ga-prostate-specific
membrane antigen (PSMA) PET, a new imaging modality, has received attention because
of it being less invasive with higher sensitivity than the conventional modality in patients
with prostate cancer. Especially, 68Ga-PSMA PET has been reported to be more sensitive
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than a CT scan in detecting the early lymph node metastasis of prostate cancer, including
the peritoneal carcinomatosis of prostate cancer [7,8].

The optimal management for the isolated peritoneal dissemination of prostate cancer
has not been established yet. The majority of patients received docetaxel-based chemother-
apy. Their overall survival time ranged from 3 weeks to 33 months [3]. Only three patients
with isolated peritoneal carcinomatosis were treated with abiraterone acetate. Two of them
showed a rapid response as in our case. The other one showed a radiological response for
more than 4 years [3,9,10].

Visceral metastases occur mainly in the late stages of cancer. They are correlated with
poor outcomes [2]. However, whether patients with isolated peritoneal carcinomatosis
have a worse prognosis than those with other visceral metastases of prostate cancer is
unknown. Therefore, active attempts to diagnose the cause of atypical presentations of
prostate cancer and radical treatment strategies should be considered to control the related
symptoms and improve the quality of life.

4. Conclusions

We presented a rarely described case of an isolated peritoneal carcinomatosis from
prostate cancer in a patient without a previous history of surgery. After treatment with
abiraterone acetate, ascites disappeared and the PSA level rapidly decreased within a
month. This case highlights the importance of not only a thorough workup process for a
very rare presentation of an isolated peritoneal carcinomatosis from prostate cancer, but
also a proper therapeutic strategy with abiraterone acetate treatment. Physicians should be
aware of this rare case of prostate cancer metastasis. Further studies are needed to identify
predictive markers and the optimal treatment for isolated peritoneal carcinomatosis from
prostate cancer.
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Simple Summary: In recent years, research on biofluids using Raman and SERS has expanded
dramatically, indicating the enormous promise of this technology as a high-throughput tool for
identifying cancer and other disorders. In the investigations thus far, researchers have concentrated
on a specific illness or condition, but the techniques employed to acquire experimental spectra prevent
direct comparison of the data. This necessitates comparative research of a variety of diseases and an
increase in scientific cooperation to standardize experimental conditions. In our study, positive results
were reached by applying a combined SERS multivariate analysis (MVA) to the urgent problem of
prostate cancer diagnosis that was directly linked to real-world settings in healthcare. Moreover,
in comparison to the prostate-specific antigen (PSA) test, which has a high sensitivity but limited
specificity, our combined SERS-MVA method has greater specificity, which may assist in preventing
the overtreatment of patients.

Abstract: It is possible to obtain diagnostically relevant data on the changes in biochemical elements
brought on by cancer via the use of multivariate analysis of vibrational spectra recorded on biological
fluids. Prostate cancer and control groups included in this research generated almost similar SERS
spectra, which means that the values of peak intensities present in SERS spectra can only give
unspecific and limited information for distinguishing between the two groups. Our diagnostic
algorithm for prostate cancer (PCa) differentiation was built using principal component analysis
and linear discriminant analysis (PCA-LDA) analysis of spectral data, which has been widely used
in spectral data management in many studies and has shown promising results so far. In order to
fully utilize the entire SERS spectrum and automatically determine the most meaningful spectral
features that can be used to differentiate PCa from healthy patients, we perform a multivariate
analysis on both the entire and specific spectral intervals. Using the PCA-LDA model, the prostate
cancer and control groups are clearly distinguished in our investigation. The separability of the
following two data sets is also evaluated using two alternative discrimination techniques: principal
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least squares discriminant analysis (PLS-DA) and principal component analysis—support vector
machine (PCA-SVM).

Keywords: prostate cancer; Raman; SERS; multivariate analysis

1. Introduction

Prostate cancer is a major public health problem. It represents the second most
diagnosed neoplasm and occupies sixth place in terms of mortality. In 2018, there were
approximately 1.3 million cases and 359,000 deaths worldwide due to prostate cancer
(PCa). In Europe, the estimated incidence of PCa in the same year was 449,800 cases and
107,300 deaths. This trend is stationary in many countries and is in a slow decline in
high-income countries [1].

Before the discovery of prostatic specific antigen (PSA) in the 1970s and screening
studies in the late 1980s, there was no way of screening for prostate cancers. Most of the
patients first presented with metastatic disease, because nonmetastatic tumors are asymp-
tomatic. Once PSA was discovered and used on a global scale, PCa became curable [2]. As
such, urologists introduced new PSA-based screening procedures for PCa detection and
soon started overdiagnosing and overtreating not only aggressive cases but cases that later
proved to be indolent cancers. Unfortunately, PSA is organ-specific and not disease-specific,
having high sensitivity but low specificity. PSA-based screening tests identify a lot of
indolent cancers and have minimal impact on identifying aggressive tumors. To this day,
PSA represents the cornerstone of prostate cancer diagnosis [3], and the ultimate goal
remains to identify and treat only aggressive cancers [4,5].

The classical PCa detection scenario, based on PSA and prostate biopsy, has a detection
rate of 20–40% accuracy [6], which is quite low compared to the incidence of this disease.
In recent years, a lot of new alternative diagnostic modalities aroused such as blood and
urine tests, and imaging modalities. Some of them even proved to be superior to PSA in
detecting significant PCa cases [7]. Still, the challenge is to find a reliable, affordable, and
accurate biomarker [8].

On the other hand, one of the most promising tools in the arsenal of developing
new strategies for PCa diagnosis is Raman and its counterpart, surface-enhanced Raman
spectroscopy (SERS). Raman spectroscopy has the capacity to provide specific molecular
data (molecular fingerprint) that could have a major impact in the medical field, such as
assisting new biomarker identification regarding cancer development [9]. These optical
techniques are based on the inelastic scattering of the photons after the monochromatic
laser beam interacts with specific molecules present in the biological sample. The difference
between the energy of the photons before and after interacting with the sample, measured
in wavenumbers, represents the Raman shift. These shifts, taken together, form the Raman
spectrum, with each peak being assigned to a specific vibrational mode encountered in
the sample [10]. Although Raman spectroscopy is able to detect a considerable number of
biological molecules and offers support in the medical diagnosis area, its applicability can
be limited by analyte concentration, which affects the intensity of the signal. Moreover,
depending on the protocol strategy, the distribution of the molecules will not be homoge-
nous, and the spectral bands will be preponderately assigned to proteins and other high
molecular weight biomolecules present in the sample [11].

In the case of SERS, the procedure implies the use of metallic plasmonic substrates
whose role is to enhance the Raman signal of the molecules present in the very close
vicinity (<10 nm) of the plasmonic nanoparticles that compose the substrates. Depending
on the adsorption geometry of the sample molecules onto these surfaces, their bands’
intensity varies, which slightly complicates spectra interpretation. Several SERS-based
cancer studies performed on blood samples derivatives reported an accuracy of over 90% in
differentiating between PCa groups and controls [12–14]. Silver and/or gold nanoparticles
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are widely used as plasmonic substrates for such investigations. By carefully engineering
substrates’ composition and morphology, it was shown that SERS has the capacity to
identify nanoscale molecular interactions responsible for chiral discrimination [15–17]. The
use of low concentrations analytes is another major advantage of SERS analysis. However,
similar to in most of the cases, these advantages come with a cost, and in the case of
SERS performed on biological samples, the most important drawback is the lack of signal
reproducibility. Very recently, our research group developed a new type of plasmonic solid
substrate based on tangential flow filtered (TFF) silver nanoparticles capable of generating
reproducible spectra that have been further analyzed by means of multivariate analysis
(MVA) in order to develop an early-stage diagnostic tool for breast cancer [18].

In the last years, our research group has demonstrated that a combined SERS-MVA
analysis can be successfully applied for the diagnosis of different types of solid tumors [19],
including prostate cancer [11], using serum samples collected from cancer patients. More-
over, such implementations have been extensively involved in various statistical algorithms
used to differentiate between normal and cancerous tissue from biopsies [20,21]. It has
been shown that a SERS analysis on serum samples was able to discriminate between
prostate cancer and benign prostatic hyperplasia (BPH) in an attempt to decrease the num-
ber of unnecessary biopsies [12]. In these cases, the SERS substrate was used in a colloidal
formulation.

However, many difficulties can be encountered in the case of biofluid analysis due to
their complex molecular composition. Very recently, Fornasaro et al., 2021, have shown that
ergothioneine, which is a dietary amino acid present in different biological samples, has a
great impact on the SERS spectra collected on various biofluids (e.g., erythrocytes lysates,
serum, gingival crevicular fluid, seminal plasma, cerebrospinal fluid). This phenomenon
may occur due to its high affinity for the plasmonic substrates, highlighting once more the
major role played by the nanoscale interactions of the biomolecules with the plasmonic
nanostructure in SERS analysis [22].

To overcome this drawback and to try to understand the influence of different molec-
ular species on cancer discrimination using the here-proposed SERS-MVA analysis, in
this study, we have employed a twofold strategy. Firstly, we have recorded, using our
solid plasmonic substrates, very reproducible SERS spectra on serum and plasma samples
collected from healthy (Controls) and prostate cancer donors (Patients) that were further
compared and analyzed by means of MVA. Secondly, complete MVA studies have been
performed not only on the entire spectra but also on specific spectral regions where the
most intense vibrational bands have been assigned to proteins and/or other biomolecules
in order to understand if these vibrational bands can be used for proper discrimination
between cancer and control samples. In the end, the separability of the two data sets was
evaluated using the following two alternative discrimination techniques: principal least
squares discriminant analysis (PLS-DA) and principal component analysis—support vector
machine (PCA-SVM).

To the best of our knowledge, such a comprehensive SERS-MVA analysis of vibrational
spectra collected on plasma and serum for cancer discrimination has not been reported so
far in the scientific literature.

2. Materials and Methods

2.1. Sample Collection

Between July 2018 and March 2020 we collected blood and prostate tissue samples
from 103 patients treated in the Institute of Oncology “Prof. Dr. Ion Chiricuta” in Cluj-
Napoca, Romania, in conformity with the ethical accordance 119/20 March 2020 from
the University of Medicine and Pharmacy “Iuliu Hatieganu” Cluj-Napoca. All patients
were previously diagnosed with prostate cancer through prostate biopsy. We excluded
patients with other known diseases or those who had previous prostate cancer treatment
(radiotherapy or androgen deprivation therapy). Regarding the PCa patient’s cohort, the
average age was 61 (min 52, maximum 68). In the case of the healthy donors’ cohort,
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were selected individuals who were referred by the general practitioner to perform routine
urological check-ups with an average age of over 50 years old.

Collected blood samples were immediately processed. For the processing of plasma,
blood samples were immediately centrifuged for 10 min at 4000 rpm and the resulting
supernatant (plasma) was transferred to a new tube that was stored at −80 ◦C until further
processing. For serum, the blood collection tubes were left at room temperature for 30 min
and then centrifuged for 10 min at 4000 rpm. The supernatant was transferred to a new
tube and stored at −80 ◦C until further processing. All tubes were anonymously annotated
based on patient’s codes and additional variables.

2.2. Synthesis of Silver Nanoparticles

The silver nanoparticles were synthesized using the protocol developed by Leopold
and Lendl, 2003 [23]. All the solutions were prepared using ultrapure water (18.2 MΩ × cm,
ELGA Labwater from PURELAB Chorus, Buckinghamshire, UK). Briefly, 5 mL of 30 mM
NH2OH·HCl solution was mixed with 5 mL of 63.5 mM NaOH and 80 mL ultrapure water
under vigorous stirring conditions (400 rpm). Then 10 mL of 10 mM AgNO3 solution
was carefully incorporated, under continuous stirring for 10 min until it was observed a
brown to yellowish coloration. The resulting silver colloid was subjected to tangential flow
filtration (TFF, Pall Corporation, New York, NY, USA) and physical characterization for
further plasmonic substrate assembly.

2.3. SERS Substrates Preparation

Solid plasmonic SERS substrate preparation was performed according to a procedure
described by Stiufiuc et al., 2020 [18]. This included several cleaning steps of CaF2 Raman
grade glass (Crystran, Poole, UK) using acetone, ethanol, and ultrapure water. After 15 min,
the port-probe was heated at 40 ◦C using a plate heater and 1 μL of concentrated silver
colloids was added to this site and let dry for 2 min. The obtained solid substrates were
ready to use for SERS analysis after cooling down at room temperature.

2.4. SERS Measurements

For SERS measurements, 1 μL of serum, respectively, 1 μL plasma, were poured on
the top of plasmonic substrates and were left to dry for 30 min at room temperature before
acquiring the SERS signal. Both spectra types were recorded at maximum 50 μm distance
from the sample ring edges. The analysis was performed using the Renishaw™ inVia
Reflex Raman (Renishaw plc, Gloucestershire, UK) confocal multilaser spectrometer at
a resolution of 2 cm−1. The spectrograph was equipped with a 600 lines/mm grating
and a charge-coupled device camera (CCD). An internal silicon reference was used for
calibration. The 50× (N.A = 0.75) objective lens was used to record the spectra. A 785 nm
diode laser was used for excitation. In the case of SERS, the acquisition time was set at
20 s (exposure time 5 s and 4 accumulations) while the laser power to the surface of the
sample was 2 mW. Baseline correction was applied to all SERS spectra in order to eliminate
the fluorescence background. The baseline correction was performed by using the Wire
4.2 software provided by Renishaw (Gloucestershire, UK) and final data processing was
performed with aid of OriginPro 2019 software platform. The final spectrum represents the
average of 20 spectral acquisitions.

2.5. Data Analysis

To inspect whether there is a separation between patient and control sample sets,
we use a multivariate approach that is suitable for comparing high-dimensional objects
such as spectral data. Thus, we apply principal component analysis—linear discriminant
analysis (PCA-LDA) to the spectra, a method that combines dimensionality reduction with
multivariate classification.

As a preprocessing step for the multivariate analysis, we align the spectra by sampling
at equal 1 cm−1 intervals and normalizing them using the standard normal variate method,
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where each spectrum’s intensities are scaled and offset such that they have zero mean and
unit standard deviation.

Due to the curse of dimensionality, high-dimensional objects cannot be reliably com-
pared in small samples. For this reason, we show that most of the information contained
within our data is contained in a small number of dimensions—the principal components
obtained via principal component analysis (PCA). Thus, by using PCA, we project the
data onto a low-dimensional space by filtering out the noisy dimensions. This allows
us to proceed with linear discriminant analysis (LDA), a method that finds a plane that
separates data points belonging to different classes by optimizing for the maximum ratio of
between-class and within-class variances.

The resulting LDA plane separates the projected spectra into two classes—patient and
control. To assess the quality of this separation, we employ a leave-one-out cross-validation
(LOOCV) scheme to efficiently use our relatively small dataset.

For completeness, we also evaluate the separability of the following two spectra sets
(in LOOCV fashion) using alternative discrimination techniques: principal least squares dis-
criminant analysis (PLS-DA), and principal component analysis—support vector machine
(PCA-SVM).

We also perform a univariate analysis, where we test the separability hypothesis at
each sampled wave number using a t-test. To account for multiple testing, we also apply a
Benjamini-Hochberg correction with the false discovery rate set at 5% [24].

3. Results

3.1. Subject Data and Pathological Classification

One hundred and three patients were screened for enrolment in the study. After apply-
ing the exclusion criteria based on previous treatments and additional pathological status,
as well as sample technical eligibility, 29 PCa patients were included. The clinical data for
the patients are summarized in Table 1. The control cohort was formed of 14 samples. For
all donors, both serum and plasma samples were analyzed.

Table 1. Clinical data of patients group.

Number of Patients: 29

Age (years old)

Min. Max. Mean

52 68 61

PSA (ng/mL)

Min. Max. Mean

5.8 39.82 13.36

Pre-operative Gleason Score

6 9 patients

7(3 + 4) 12 patients

7(4 + 3) 5 patients

8 1 patient

9 2 patients

Post-operative Gleason Score

N+ 2 patients

M+ 0 patients

L+ 2 patients

R+ 4 patients
Legend: N+ (node positive); M+ (positive metastases); L+ (lymphatic invasion); R+ (tumoral margins).
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3.2. SERS Analysis of Plasma and Serum Samples

Plasma and serum SERS spectra were recorded at a maximum 50 μm distance from
the analyte ring edges and normalized to the integrated area under the curve in the
350–2200 cm−1 spectral interval. Figure 1 shows the average SERS spectra recorded on
blood plasma samples collected from healthy and PCa patients. One can notice that the
spectra are dominated by the following vibrational peaks: 390, 498, 596, 642, 728, 815,
893, 1010, 1075, 1136, 1209, 1256, 1336, 1369, 1406, 1447, 1508, 1577, 1617, and 1662 cm−1.
From these, 1256, 1336, 1506, 1617, and 1662 cm−1 bands are more intense in the case of
the healthy group compared to the PCa group. Three prominent peaks that display the
strongest SERS signal among both groups are located at 642, 1136, and 1662 cm−1.

Figure 1. The average SERS plasmatic spectra obtained from PCa patients (n = 27, blue spectrum)
and healthy donors (n = 14, green spectrum), using a 785 nm laser.

The SERS spectra of the serum samples, recorded using exactly the same experimental
conditions and substrates, are presented in Figure 2. It can be noticed that the same three
peaks dominate the spectra, as in the case of plasma samples. A distinct vibrational band
located at 1099 cm−1 can be remarked only in the case of serum spectra collected from PCa
patients. Moreover, slight differences can be observed regarding the intensity of several
bands, which are more prominent for the healthy group (728, 1334, 1447, 1506, 1580, and
1662 cm−1) than for the patients’ group.

When visually comparing the plasmatic and serum SERS spectra, one can observe that
serum samples offer a better separation between control and PCa groups.

3.3. Data Analysis

The PCA-LDA analysis uses two principal components for projecting the spectra. The
number of components was chosen for the robustness to noise and amount of information
contained within (explained variance). For plasma samples, the two components explain
76% of the variance (99% is explained by 14 components), while for serum samples, the
two components explain 78% of the variance (99% is explained by 13 components).

The spectra projected onto the two principal components (PCs) are used as input
for the discrimination step of the PCA-LDA analysis. For the plasma set of samples, our
dataset consists of 14 controls and 27 patients, while for the serum samples it consists of
14 controls and 29 patients. The results of the PCA-LDA analysis, as evaluated using the
LOOCV strategy, are shown in the following table (Table 2).
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Figure 2. The average serum SERS spectra of PCa patients (n = 29, magenta spectrum) and healthy
donors (n = 14, green spectrum), using a 785 nm laser.

Table 2. PCA-LDA results on plasma and serum samples.

Sample Accuracy Precision Sensitivity Specificity True Pos. True Neg. False Pos. False Neg.

Plasma 87.8% 86.7% 96.3% 71.4% 26 10 4 1

Serum 97.7% 100.0% 96.6% 100.0% 28 14 0 1

Additionally, we also performed a PCA-LDA analysis under the same set-up on a
restricted band of wavenumbers, between 1200 cm−1 and 1700 cm−1. Table 3 shows the
obtained results.

Table 3. PCA-LDA results on plasma and serum samples for 1200–1700 cm−1 spectral region.

Sample Accuracy Precision Sensitivity Specificity True Pos. True Neg. False Pos. False Neg.

Plasma 80.5% 85.2% 85.2% 71.4% 23 10 4 4

Serum 93.0% 96.4% 93.1% 92.9% 27 13 1 2

We ran experiments with more principal components as well, and adding more PCs
generally improves the obtained results. Nevertheless, given the size of our dataset,
we decided to use a small number of PCs to avoid the potential overfitting of complex
multivariate models to our data. Specifically, with two PCs, we see negligible differences
in the classification performance obtained via LOOCV and the training folds (Figure 3).
With larger numbers of PCs, this difference is more pronounced, suggesting that the more
complex PCA models do not generalize as well from our limited data set.
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Figure 3. Score-score plots for the first two principal components obtained from plasma and serum
samples LOOCV analysis.

Table S2 shows the accuracy obtained with different models (PCA-LDA and PLSDA)
for both train and test samples. We used accuracy for ease of measurement and clarity—the
same relative train/test differences can be observed across other metrics as well.

Finally, to validate further the observed separations, we also classify the spectra using
principal least squares discriminant analysis (PLSDA) with two intermediate dimensions,
similar to our PCA-LDA setup. The following table (Table 4) shows the obtained results.

Table 4. PLSDA results on plasma and serum samples.

Sample Accuracy Precision Sensitivity Specificity True Pos. True Neg. False Pos. False Neg.

Plasma 90.2% 89.7% 96.3% 78.6% 26 11 3 1

Serum 95.3% 100.0% 93.1% 100.0% 27 14 0 2

The use of the PLSDA method allowed us to compute the importance of wavenumbers
in the classification decision by using the variable importance in projection (VIP) score,
which measures the relative contribution of each variable (wavenumber) in the classification
decision. A VIP score greater than 1.0 is conventionally considered to be the threshold for
selecting important variables. In the following figures (Figures 3 and 4), we show the bands
of important variables as instructed by the VIP score, as well as the bands of wavenumbers
where the univariate difference in mean intensity between the patient and control sets is
deemed significant by a Benjamini-Hochberg (BH)-corrected t-test using a false discovery
rate (FDR) set at 5%.

 

Figure 4. Mean spectra with emphasized t-test significance and VIP > 1 for plasma samples.

We also mark the significant peaks identified in these mean spectra. The identified
peaks can differ slightly between the class-wise and grouped charts since the control and
patient mean spectra can have peaks that do not perfectly overlap (in the charts only one of
the peaks is shown for figure legibility), and these will determine a different peak in the
grouped spectrum.

For the plasma samples, we see significant peaks around the 390, 1012, 1210, 1260,
1622, and 1666 cm−1 spectral regions (Figure 4).
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For the serum samples, we see significant peaks around the 390, 499, 643, 729, 815, 892,
1012, 1100, 1137, 1210, 1331, 1368, 1412, 1511, 1582, and 1660 cm−1, and in the range above
1700 cm−1 spectral bands (Figure 5).

 

Figure 5. Mean spectra with emphasized t-test significance and VIP > 1 for serum samples.

We observe that for both plasma and serum samples, there is a significant overlap be-
tween the wavenumbers considered important in the univariate and multivariate analysis.

The classification results of PCA-SVM using 2 PCs and a linear kernel for the SVM,
SVM using a linear kernel and no dimensionality reduction, and LDA with no dimension-
ality reduction are presented in Table S3. Figures S1 and S2 show the mean spectrum and
the first two principal components of the plasma and serum samples.

4. Discussion

Liquid biopsies, including plasma, serum, or urine, offer a valuable platform in
determining new biomarkers for prostate cancer diagnosis, leading to time efficiency and
enlarging the treatment options, therefore improving the quality of life for such patients.

Cell-free nucleic acids (cfNA), which may be detected in the blood plasma, have been
the subject of most liquid biopsy investigations aimed at identifying biomarkers that are
predictive, diagnostic, and/or prognostic in cancer [25]. Other elements, such as circulating
proteins, analytes, and exosomes, have received less research attention, however. Cancer
patients’ circulating DNA, tumor cells, and exosomes may all be detected using liquid
biopsy methods that have yet to be used in the clinical setting [26–28].

This study’s aim was to explore the outstanding properties of univariate and multi-
variate analysis performed on plasmatic and serum SERS spectra in discriminating between
PCa patients and healthy donors. We also wanted to investigate the role of the most impor-
tant vibrational bands, assigned to different biomolecules present in blood samples, in the
discrimination process.

SERS is an ultrasensitive technique that can achieve a diagnostic value by enabling
the spectral analysis of biological samples and molecules. Most of the SERS analyses on
blood samples are performed on colloidal nanoparticles. The affinity of the molecules
toward the plasmonic substrate plays a crucial role in the recording process of SERS spectra.
Very recently, it has been shown that there is a strong possibility that much of the SERS
spectra collected on blood samples reported so far in the literature are dominated by a
dietary amino acid (ergothioneine) that has a great affinity for the plasmonic substrates
used in SERS experiments [22]. In order to reduce the possibility of the occurrence of such
experimental artifacts, all the spectra included in this study have been recorded on solid
plasmonic substrates prepared using a procedure developed in our laboratory that proved
their capacity to generate specific and reproducible SERS spectra of blood plasma and
serum based on their ability to act as a “spectroscopic filter” [18].

The multivariate analysis of these spectral data offers the advantage of determining
more accurately and realistically the factors that influence the variability between the two
groups of samples. In addition, the univariate analysis represents a strong descriptive
method that can clearly elucidate the differences between the two types of samples investi-
gated in this study. Moreover, such algorithms are still needed to be implemented in the
diagnosis steps for a better correlation with molecular modifications associated with cancer
development and progression.
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Our multivariate analysis, performed on the entire spectral window (350–2200 cm−1),
supports the idea that the use of serum samples instead of plasma ones can improve the
discrimination process between PCa patients and healthy donors. The results obtained
on serum samples offered a better accuracy (97.7% vs. 87.8%), precision (100% vs. 86.7%),
sensitivity (96.6% vs. 96.3%), and specificity (100% vs. 71.4%) as compared to those obtained
on plasma samples.

We have performed a univariate analysis, where we test the separability hypothesis at
each sampled wavenumber using a t-test. To account for multiple testing, we also applied
a BH correction with the FDR set at 5%. In other words, we have tested the hypothesis that
the mean intensity is significantly different between the two groups (control and patients)
at each individual wave number. The univariate nature of the analysis is due to the lack
of interaction between the different variables (wavenumbers) in the analysis. We have
reported our results as charts of the mean spectrum (both class-wise and grouped), where
we have emphasized the regions of wave numbers that were identified as being significant
with respect to the BH-corrected t-test.

Plasma sample spectral data analysis detected 6 major regions in the SERS spectra
corresponding to 350–400, 740–870, 990–1030, 1220–1300, 1390–1410, and 1750–1760 cm−1

bands, achieving an AUROC (area under the receiver operating characteristic curve) value
of 0.9 or higher. In addition, we also identified three other isolated spectral windows
(centered at 970, 1180, and 1710 cm−1) that could play a role in discrimination. On the other
hand, our univariate analysis identified the presence of the following 6 major peaks relevant
for SERS-based discrimination between PCa and controls: 390, 1012, 1210, 1260, 1622, and
1666 cm−1. They can be assigned as follows: ~390—uric acid [29], ~1012—breathing mode
of aromatic amino acids and nucleic acids [18,30–33], ~1210—proteins, aromatic amino
acids [34–38], ~1260—proteins, amide III [29,32,36,39], ~1666 cm−1—proteins, amide I
α-helix [11,30,35,40,41].

Concerning serum samples, the univariate analysis reveals a broad area
(350–1750 cm−1) in the spectra that can be used successfully in differentiating PCa from
controls. This region is composed of the following 3 windows: 350–1550, 1600–1700, and
1750 cm−1. The univariate analysis indicates the presence of the following 16 important
peaks for PCa and normal sample differentiation, located at: 390, 499, 643, 729, 815, 892,
1012, 1100, 1137, 1210, 1331, 1368, 1412, 1511, 1582, 1660 cm−1. These can be assigned as
follows: 390—uric acid [29], 499—proteins, amino acids [29,40,42,43], 643—DNA bases,
ring stretching of uric acid and hypoxanthine [18,31,36,37,43], 729—DNA/RNA bases, ring
stretching in uric acid and hypoxanthine [30,31,43,44], 815—collagen, uric acid [18,41,45],
892—deoxyribose phosphate backbone, glutathione, uric acid [18,43,46], 1012—aromatic
amino acids and nucleic acids [18,30–33], 1100—proteins, phospholipids and carbohy-
drates [36,38,43,46], 1137—aminoacids, phopsholipids [18,41,42,45], 1210—aromatic amino
acids [34–38], 1331—nucleic acid bases, phospholipids, proteins, amide
linkages [18,35,36], 1368—pyridine bases, amide III, phospholipids [36,47], 1412—collagen,
lipids and phospholipids [31,36], 1511—DNA/RNA bases, amide II, phenylalanine [36],
1582—phenylalanine [18,31,36,43], DNA/RNA bases, 1660 cm−1—amide I α-helix [11,30,
35,40,41]. Most of these bands are attributed to nucleic acid bases and proteins, which
may indicate that a PCa complex metabolism has a crucial role in disease development.
For a more accurate determination, we have prepared a tentative assignment in Table S1
for all the recorded SERS spectra of plasma and serum samples according to the available
literature [19,29–67].

498, 642, 815, 893, 1010, 1137, 1210, 1368, and 1412 cm−1 vibrational bands show high
intensities in PCa serum samples compared to normal samples. On the other hand, we
notice that 729, 1100, 1331, 1511, 1582, and 1660 cm−1 show higher intensities in normal
samples compared to PCa samples.

At first glance, we can observe that the following 4 major peaks are common in both
serum and plasma samples: 390, 1010, 1210, and 1662 cm−1. The 1010 and 1210 cm−1

followed a similar increased pattern regarding intensities in PCa samples, while the
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390 and 1662 cm−1 bands’ increased intensity is specific for normal samples. Moreover,
an overview of both SERS spectra considering the results obtained from the univariate
analysis indicates a very uniform tendency respecting the bands’ intensities.

In the case of PCa plasma and serum samples, 1010 cm−1 symmetric ring breathing
mode of phenylalanine and 1210 cm−1 protein bands showed an increased signal than
those of normal samples. On the other hand, the amide I bands (1600–1700 cm−1) were
lower compared to normal plasma and serum samples. A slight difference can be observed
in the case of amide III regions regarding the relevant peaks in discriminating between PCa
patients and healthy donors. The 1260 cm−1 peak was determined to be relevant for normal
plasma samples, where it presents a higher intensity than PCa samples. Concerning serum
samples, the 1368 cm−1 peak showed an increased behavior for PCa compared to normal
samples. Analyzing both SERS spectra, these two peaks followed similar intensities in both
types of samples investigated.

These similarities between both plasma and serum samples may be due to abnormal
metabolism associated with cancer, implying the activation of alternative metabolic systems
to create ATP, proteins, nucleosides, and lipids for cellular growth [68]. Cancers of the
peripheral prostatic epithelium may have a similar, citrate-oriented metabolism to that of
normal prostate tissue. The oxidative phosphorylation in primary prostate tumors seems to
be increased, although glycolysis is restricted. Prostate cancer also seems to be connected
with the synthesis of fatty acids in the form of lipogenesis [69]. Advanced castrate-resistant
prostate cancer is characterized by increased glycolysis. Maintaining the amino acid pool
and converting it to glucose, lipids, and precursors of nitrogen-containing metabolites such
as purines or pyrimidines for nucleic acid synthesis are all important aspects of amino acid
metabolism in prostate cancer growth [70].

PCa has been previously linked to a buildup of cholesterol and has been shown to
synthesize fatty acids by means of de novo lipid synthesis [71]. It is well known that freshly
generated fatty acids enhance cellular pathways that promote cell growth and survival in
cancer patients [72,73]. Lipogenesis has been demonstrated to increase the saturation of
membrane lipids, which has implications for membrane dynamics and the absorption and
effectiveness of chemotherapy [74].

The bands situated between 900 and 1300 cm−1 are mostly generated by carbohydrates
and phosphates found in nucleic acids [36]. Carbohydrates are represented by the C-COO−
stretching vibration at the band 915 cm−1 [39,53]. Biopsies of prostate cancer tissue and
cervical cancer tissue have shown that glycogen concentration is lower in prostate cancer
tissue and cervical adenocarcinoma cells [75]. It is known that in malignant cells, the cause
of decreased glycogen can be an implication of increased metabolic activity [75–77].

Due to the C=O and C-N stretching vibrations, the amide I band (1600–1700 cm−1)
gives information on the secondary structure of proteins [78–80], which has been thoroughly
studied in several research studies. There is, however, a correlation between the peak
at 1617 cm−1 assigned to C=O, C=C, and NH2 stretching vibrations [30,42,59] and the
existence of protein aggregates [79,81]. Protein misfolding and subsequent aggregation
are caused by conditions that cause cancer cells to be subjected to stress [82]. Cancer cells
and tumors may develop protein aggregates of the tumor suppressor gene p53 [83–85],
which may play an essential role in the development of cancer [86]. It has been shown
that the loss of proteostasis in cancer growth is linked to platinum resistance and the
stem cell characteristics of certain ovarian cancers [87]. As an example, PNT1A and PNT2
normal prostate cell lines are characterized by spectral assignments of 1653 and 1636 cm−1,
respectively, which are associated with α-helices and parallel sheets [71]. There are fewer β-
sheets in proteins that are generally more soluble and less prone to congregating [88], which
may be due to the fact that most proteins have a combination of β-sheets and α-helices as
secondary structures [80].
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5. Conclusions

The discrimination between PCa and healthy donors based on liquid biopsy still
remains a challenging analysis since it needs multiple examinations. However, to our
knowledge, this is the first study that has evaluated blood plasma and serum provided
by PCa patients and healthy donors using a combined SERS, multivariate and univariate
analyses in order to establish which analyte can offer a better diagnostic value. Our results
show that serum samples have a better diagnostic capacity compared to plasma samples.
The best values have been obtained when performing the multivariate analysis of the full
spectrum as well as the two spectral intervals of 825–1050 and 1506–1750 cm−1.

The spectrum is dominated by aromatic amino acids (tryptophan, tyrosine, phenylala-
nine, serine) and protein vibrational bands, which have been shown to achieve a valuable
potential as biomarkers [70,89]. There are several studies that engaged the use of chro-
matography and mass spectrometry techniques to determine the free amino acid profiles
from liquid samples such as urine, serum, or plasma [89–95]. These are indicating that the
amount of some specific amino acids in such biological samples may gain more insights
into PCa diagnosis purposes. Therefore, we believe that a combination between SERS
and proteomics and metabolomics methods together with multivariate and univariate
analyses tools will elevate the standard diagnostic (PSA level evaluation and prostate tissue
biopsy) properties.

There are some drawbacks to this research, the most significant of which being the
limited number of patients included in the study. In order to obtain the most accurate results,
we only included individuals with prostatic adenocarcinoma confirmed by biopsy. Our
study also eliminated individuals with other chronic illnesses, patients with unconfirmed
tumors, or patients with confirmed tumors but not eligible for surgery (advanced cancers),
since their serology would have remained unchanged. However, since this is a pilot study
whose major goal is to estimate average values and variability in order to design larger
later investigations, we believe that the sample sizes were sufficient.

Our study shows promising results since SERS analysis can be performed on small
amounts of liquid samples with high specificity and reproducibility as a direct consequence
of the use of our solid plasmonic substrate [18]. Moreover, the implementation of multivari-
ate and univariate analysis allowed us to determine that serum samples offer more accurate
results in discriminating between PCa patients and healthy donors when compared to
plasma samples. Another advantage of this design refers to the minimal invasiveness of the
technique, which is supported by easy handling and fast results generation. At the same
time, there is still a need for such investigations on large cohorts in order to establish the
necessity of needle biopsy and histopathological examination.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers14133227/s1, Table S1: The SERS peaks tentative assignments of major vibrational
bands in plasma and serum samples from PCa patients and healthy donors. Table S2: Different
models (PCA-LDA and PLSDA) for both train and test samples. Table S3: The classification results of
PCA-SVM, SVM, and LDA analyses. Figure S1: Mean spectrum and first two principal components
for plasma spectra. Figure S2: Mean spectrum and first two principal components for serum spectra.
Reference [96] is cited in the supplementary materials.
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Simple Summary: Prostate cancer (PCa) is a widespread malignancy, representing the second leading
cause of cancer-related death in men. In the last years, liquid biopsy has emerged as an attractive and
promising strategy complementary to invasive tissue biopsy to guide PCa diagnosis, follow-up and
treatment response. Liquid biopsy is employed to assess several body fluids biomarkers, including
circulating tumor cells (CTCs), extracellular vesicles (EVs), circulating tumor DNA (ctDNA) and
RNA (ctRNA). This review dissects recent advancements and future perspectives of liquid biopsy,
highlighting its strength and weaknesses in PCa management.

Abstract: Although appreciable attempts in screening and diagnostic approaches have been achieved,
prostate cancer (PCa) remains a widespread malignancy, representing the second leading cause
of cancer-related death in men. Drugs currently used in PCa therapy initially show a potent anti-
tumor effect, but frequently induce resistance and PCa progresses toward metastatic castration-
resistant forms (mCRPC), virtually incurable. Liquid biopsy has emerged as an attractive and
promising strategy complementary to invasive tissue biopsy to guide PCa diagnosis and treatment.
Liquid biopsy shows the ability to represent the tumor microenvironment, allow comprehensive
information and follow-up the progression of the tumor, enabling the development of different
treatment strategies as well as permitting the monitoring of therapy response. Liquid biopsy, indeed,
is endowed with a significant potential to modify PCa management. Several blood biomarkers could
be analyzed for diagnostic, prognostic and predictive purposes, including circulating tumor cells
(CTCs), extracellular vesicles (EVs), circulating tumor DNA (ctDNA) and RNA (ctRNA). In addition,
several other body fluids may be adopted (i.e., urine, sperm, etc.) beyond blood. This review dissects
recent advancements and future perspectives of liquid biopsies, highlighting their strength and
weaknesses in PCa management.

Keywords: liquid biopsy; prostate cancer; cancer biomarkers; circulating tumor cells; extracellular
vesicles; cell-free nucleic acids; circulating nucleic acids; cell-free DNA; cell-free RNA

1. Introduction

Prostate cancer (PCa) affects millions of men worldwide, representing the second most
common type of malignancy in men, with 1.4 million of newly diagnosed cancers per year,
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and one of the leading causes of cancer-related death in men, accounting for 350,000 deaths
per year globally [1,2].

In developed and industrialized countries, the incidence of PCa increases progressively
with the age of the worldwide population. It has been estimated, indeed, that all-age
incidence was 31 per 100,000 males, with a lifetime cumulative risk of 3.9% and more than 1
in 4 men over 75 years is affected by PCa [3,4]. PCa shows an extreme geographical variation
both in incidence and mortality rates, being widely spread in developed countries (such
as Europe, the United States of America, Canada, Australia and Middle-Southern Africa),
while it is less common in developing ones. These differences could be mostly related to
disparities in diagnostic tests frequency and potency among countries as well as lifestyle
factors, as evidenced by migration studies [5]. An emblematic study by Shimizu et al.
showed how an increased PCa incidence and mortality rate was observed among men
migrating from Asian countries with a low-risk of PCa onset to European and North
American countries with a high PCa risk, compared to men remaining in their native
countries [6,7].

Nevertheless, despite the widespread prevalence of this disease, about 80% of cancers
at diagnosis are limited to the anatomical bounds of the prostate gland with an estimated
life expectancy of localized PCa patients up to 99% over 10 years [4,8]. However, on the
other side, a minority of patients have local positive lymph nodes (about 15%) or distant
metastasis (5%) at the diagnosis, reducing the 5 years survival rate at 30–40% [9].

Although PCa etiology is still not yet fully understood, it is recognized that both
environmental (modifiable) and innate factors (unmodifiable) play a pivotal role in PCa
onset [10].

Among unmodifiable factors, age is strongly and linearly associated with the PCa
risk [11]. Similarly, Afro-Americans show an increased PCa risk, due to high levels of
serum testosterone and insulin-like growth factor-1 (IGF-1) [12].

Finally, about 9% of PCa are hereditary forms, i.e., the affected patients have at least
two relatives with a PCa diagnosis before the age of 55. Interestingly, genes involved in
DNA damage repair mechanisms, are involved in PCa, such as BRCA 1/2, HOXB13 and
RNaseL (1q24-25) [13–15].

Among modifiable factors, the dysregulation of hormonal pathways, due to several
environmental factors, such as metabolic syndrome, obesity, hypercholesterolemia and
processed foods intake, leads to increased serum insulin levels, inflammatory cytokines
and estradiol, which predisposes to an increased high-grade PCa risk [16–22].

The current clinical approaches in PCa diagnosis include digital rectal examination
(DRE), prostate-specific antigen (PSA) measurement, imaging (transrectal ultrasound and
multiparametric magnetic resonance imaging of the prostate) and prostate biopsies [23].

Although inexpensive, easy to perform and relatively noninvasive, the effectiveness of
DRE, with a predictive positive value between 5% and 30%, is contingent on the experience
and skill of the examiner [24]. Conversely, PCa diagnosis has been revolutionized by the
introduction of serum PSA testing, being an early, comfortably and relatively inexpensive
marker. However, PSA is an organbut not a cancer-specific marker, whose expression
level is influenced by age and increases also in non-malignant conditions (e.g., benign
prostatic hyperplasia, prostatitis, genito-urinary infections, DRE). Furthermore, the PSA
cut-off level is still not standardized, and despite its role as PCa independent predictor, its
use alone could be misleading [25–28]. PSA sensitivity ranges between 67.5% and 80%,
while specificity is up to 40%. Therefore, about 20–30% of PCa could not be diagnosed
if PSA is used as the only diagnostic test. To address this need, several new laboratory
tests have been developed, with a clear tendency to combine panels biomarkers. Among
these, the most promising laboratory tests are Phi (Beckman Coulter s.r.l., Milano, Italia)
4K score (BioReference Laboratories, Inc. Elmwood Park, NJ, USA) and Stockholm 3 (A3P
Biomedical AB, Stockholm, Sweden) as circulating biomarkers, Mi-prostate score (MLabs,
Ann Arbor, MI, USA), Exo DX Prostate (Exosome Diagnostics, Martinsried, Germany)
and Select MD-X MDxHealth, Irvine, CA, USA as urinary biomarkers and Confirm MDx
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(Veracyte Headquarters, South San Francisco, CA, USA) Oncotype Dx (Exact Sciences,
London, UK,), Prolaris (Myriad Genetics Corporate Headquarters, Salt Lake City, UT,
USA) and Decipher (GenomeDx Biosciences, San Diego, CA, USA) as tissue biomarkers.
These tests aimed to minimize overdiagnosis without missing the identification of clinically
significant PCa [29].

Regarding the imaging, the use of the standard transrectal ultrasound sonography
(TRUS) alone, albeit having improved the diagnostic capabilities in urological clinical
practice, prior to the introduction of multiparametric magnetic resonance imaging (mpMRI),
is still not reliable in detecting PCa, due to its limitations in recognizing only hypoechoic
lesions in the peripheral zone of the prostate [30].

The mpMRI scan represents the game-changer of PCa diagnosis, due to its high
sensitivity and specificity, reporting a negative predictive value between 92% and 100%
for clinically significant tumors. In addition, mpMRI provides detailed anatomical and
functional information on the prostate via the use of several standards weighed sequences,
such as T1 (T1w), T2 (T2w) and diffusion (DWI), permitting to evaluate also the potential
capsular and seminal vesicles infiltration of PCa. Nevertheless, the main limitations of the
mpMRI are the high cost of this equipment and the limited number of radiologists experts
in its interpretation [31,32].

Prostate biopsy represents the only procedure which allows a certain diagnosis and
it is currently performed, under ultrasound guidance, transperineally or transrectally. A
combined approach involving the use of coupled TRUS and mpMRI imaging (Fusion
biopsy), has permitted to increase the overall accuracy of PCa diagnosis, especially in
biopsy-naïve patients, reaching concordance rates with the definitive histologic report up
to 52.3% (for targeted biopsy) and 85.5% (for systematic biopsy) [33].

Nevertheless, this approach shows several risks, such as hematuria, hematochezia and
hematospermia up to a month after examination, increased body temperature, abscesses,
bacteriemia, sepsis or lesions of the prostatic urethra and urinary retention [34,35].

Consequently, less-invasive methods aimed to reduce biopsy complications without
lowering the detection rate of the procedure, are strongly needed.

In the past few years, liquid biopsy has emerged as a new diagnostic and prognostic
tool to trace cancer [36,37]. The term “liquid biopsy” refers, indeed, to a non-invasive
analysis of biomarkers in biological fluids (such as blood, plasma, urine, liquor and saliva)
to allow the detection, and the longitudinal follow-up, of cancers, avoiding the limitations
of invasive procedures and, contextually, obtaining enough molecular information than
those derived from tissue biopsies (Figure 1) [38].

The biomarkers commonly obtained from a liquid biopsy are circulating cell-free tumor
DNA (ctDNA), circulating cell-free tumor RNA (ctRNA), proteins, peptides, metabolites,
circulating tumor cells (CTCs) and extracellular vesicles (EVs), which incorporate genomic,
epigenomic, transcriptomic and proteomic information of tumors. Furthermore, a single
specimen could be used in multiple assays [39,40].

Another advantage of circulating biomarkers’ analysis is related to the reduction of
intra-tumor heterogeneity, permitting to overcome the variability of molecular information
obtained by tissue analysis which could be dependent on tumor localization and accessi-
bility. Moreover, liquid biopsy displays the tumor microenvironment behavior. Finally,
liquid biopsy provides a tool for monitoring tumor progression, predicting prognosis,
overall survival and treatment efficacy, dictating a tailored therapy [41]. Figure 2 shows the
advantages and limitations of tissue versus liquid biopsy (Figure 2).

This current review aims to summarize the potential implications of circulating serum
and urine biomarkers analysis in PCa management, delineating current challenges and
perspectives of the employment of liquid biopsy in clinical practice.
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Figure 1. Schematic representation of liquid biopsy composition and application. Credit: Created
with BioRender.com (accessed on 3 June 2022).

 

Figure 2. Comparison of the advantages and limitations of tissue versus liquid biopsy.

2. Blood and Serum Biomarkers in the Detection of PCa

The limitation met in the recovery of tissue biopsy highlighted the necessity to im-
plement alternative biological sources [42,43]. The introduction in routine diagnostic
practice of highly sensitive techniques encouraged the comprehension of tumor landscape,
analyzing circulating tumor nucleic acids (ctNA), circulating tumor cells (CTCs) and tumor-
derived extracellular vesicles (EVs) released by cancer cells by using blood samples [43–46].
A comprehensive table summarizes the blood, serum and urinary biomarkers reported in
this review (Table 1).
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Table 1. Summary of blood, serum and urine biomarkers.

Variables Test Name Manufacturer Assay Type
Molecular

Targets
References

Blood
Biomarkers

ctDNA

Qubit 3.0
Fluorometer and

dsDNA HS
AssayKit

Life Technologies,
Carlsbad, CA,

USA

dsDNA
Quantitation dsDNA

[47]

ctDNA

2100 Bioanalyzer
with High

Sensitivity DNA
Chips

Agilent
Technologies,

Santa Clara, CA,
USA

dsDNA
Quantitation
purity and

fragment size

dsDNA

ctDNA
Fluorometer and
Qubit™ dsDNA

HS Assay Kit

Thermo Fisher
Scientific,

Waltham, MA,
USA

dsDNA
Quantitation dsDNA

[48]

ctDNA

Agilent High
Sensitivity D5000

ScreenTape System
on Agilent-4200

TapeStation

Agilent
Technologies;

Santa Clara, CA,
USA

dsDNA
Qualitative

analysis
dsDNA

ctDNA ABI 7900HT system

Applied
Biosystems,

Foster City, CA,
USA

qPCR analysis of
repeated genomic
ALU sequences to

detect and
quantify cfDNA

dsDNA

[49]
ctDNA

Microfluidic
electrophoresis

using the Agilent
2100 Bioanalyzer

and High
Sensitivity DNA

Chips

Agilent
technologies Inc.,

Palo Alto, CA,
USA

DNA fragment
length analysis dsDNA

Gene
promoters’

methylation
ND ND Sodium

bisulfite-PCR GSTP1, RARB2

ctDNA iCycler iQ
Real-Time PCR

Biorad, Hercules,
CA, USA

qPCR analysis of
long interspersed
nuclear elements

(LINE1) for
ctDNA

quantification

dsDNA [50]

ctDNA

Quant-IT Picogreen
HS DNA kit and

BioTek microplate
spectrophotometer

at 480ex/520em

Thermo Fisher,
Waltham, MA,

USA

dsDNA
Quantification dsDNA [51]

ctDNA

Illumina MiSeq (V3
600 cycle kit) or
HiSeq 2500 (V4

250 cycle kit)

Illumina Inc.,
Towne Centre

Drive, San Diego,
CA, USA

ctDNA
sequencing

AR, SPOP, TP53,
PTEN, RB1,

APC, CDKN1B,
BRCA2, and

PIK3R1

[52]
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Table 1. Cont.

Variables Test Name Manufacturer Assay Type
Molecular

Targets
References

ctRNA

ExiLENT SYBR®

Greenassay
(Exiqon, Denmark)

qPCR was
performed on
QuantStudio 6
Real-Time PCR

System

Applied
Biosystems,

Foster City, CA,
USA

qRT-PCR analysis

miR-141, 375,
21, 30c, 145, 26b,

223,
24, and let-7a

[53]

ctRNA

TaqMan MicroRNA
Assay, TaqMan
PCR master mix

and TaqMan
probes.

ABI Prism Model
7900 HT

instrument was
used to perform the

qRT-PCR.

Applied
Biosystems,

Foster City, CA,
USA

qRT-PCR analysis

miR-200c,
miR-605,

miR-135a,
miR-433, and

miR-106a

[54]

ctRNA

Sso Advanced
Universal SYBR
Green Supermix
(Bio-Rad, USA).

The reaction was
performed on the

7900HT Fast
Real-Time PCR

System
Thermocycler

Applied
Biosystems,

Foster City, CA,
USA

qRT-PCR analysis OR51E2, SIM2 [55]

CTC

ISET®-CTC Test
and Immuno-Cyto-

Chemistry
(ICC)

Rarecells
Diagnostics,
Paris, France

immuno-cyto-
chemistry PSA [56]

CTC CELLSEARCH
assay

Menarini, Silicon
Biosystems Inc.,
Bologna, Italy

immuno-cyto-
chemistry

epithelial cell
adhesion
molecule
(EpCAM),

cytokeratins,
CD45

[57]

EV
CD63 Exo ELISA

Kit
(EXOEL-CD63A-1)

System
Biosciences,

Mountain View,
CA, USA

ELISA CD63 [58]

EV

CD63 Exo ELISA
KitEXOEL-

CD63A-1); human
glutamate

carboxypeptidase 2
(FOLH1) ELISA kit

(MBS901525)

System
Biosciences,

Mountain View,
CA, USA;MY

BioSource, Inc.,
San Diego, CA,

USA

ELISA

prostate-
specific

membrane
antigen (PSMA)

[58]

EV Mx-3000 or Mx
3005 instrument

Stratagene,
Amsterdam,

The Netherlands

qRT-PCR analysis
for EV

quantification
[59]
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Table 1. Cont.

Variables Test Name Manufacturer Assay Type
Molecular

Targets
References

CTC CellSearch
Instrument

Janssen
Diagnostics Inc.

Huntington
Valley, PA, USA

CTC
Enumeration

EpCAM+CK+CD45- [60]

Urine
Biomarkers

ctDNA

Qiamp DNA
minikit;
IQ SYBR

green;Rotor Gene
6000 detection

system

Qiagen, Milan,
Italy;

Biorad, Milan,
Italy;

Corbett Research,
St. Neots, UK

qPCR analysis for
ctDNA

fragmentation
index evaluation

c-Myc, BCAS1,
HER2, STOX1 [61]

ctDNA

Qiamp DNA
minikit;
IQ SYBR

green;Rotor Gene
6000 detection

system

Qiagen, Milan,
Italy;

Biorad, Milan,
Italy;

Corbett Research,
St. Neots, UK

qPCR analysis for
ctDNA

fragmentation
index evaluation

c-Myc, AR,
HER2, STOX1 [62]

ucfRNA

RNeasy Micro kit;
Omni-Plex Whole

Transcriptome
Amplification

(WTA) kit

Qiagen, Inc.,
Valencia, CA,
USA; Rubicon

Genomics, Ann
Arbor, MI, USA

qRT-PCR TMPRSS2:ERG
gene fusion [63]

EV

ExoDx Prostate
IntelliScore urine
exosome assay;

QIAGEN
Rotor-Gene Q MDx

System

Exosome
Diagnostics,

Waltham, MA,
USA;

Qiagen, Venlo,
The Netherlands

qRT-PCR ERG, PCA3,
SPDEF [64]

CTC
MIL-38 immunoflu-

orescence assay
(IFA)

Minomic
International Ltd.,
Sydney, Australia

immunofluorescence
glycoprotein

glypican 1
(GPC-1)

[65]

2.1. ctDNA

Circulating cell-free DNA (cfDNA) analysis has gained relevance also in the setting of
PCa. cfDNA represents DNA fragments released in blood by normal and tumor cells [66].
Remarkably, DNA released by tumor cells represents a small fraction of cfDNA, called
ctDNA, which shows a smaller size than cfDNA released by normal cells [67,68]. From a
prognostic point of view, ctDNA concentration in blood could potentially be complementary
to PSA tests or replace it. High ctDNA concentration, indeed, correlates with poor PCa
outcome [69]. Corbetta et al. reported a transient ctDNA concentration and fragment
lengths increase after prostate biopsy at different time points [48]. Recently, Chen et al.
have demonstrated that advanced stage PCa patients have a higher ctDNA concentration
compared to those with localized disease or healthy controls. In this study, ctDNA was
quantified with a Qubit 3.0 fluorometer and a DNA dsDNA HS Assay Kit (Life Technologies,
Carlsbad, CA, USA), and the 2100 Bioanalyzer with High Sensitivity DNA Chips (Agilent
Technologies, Santa Clara, CA, USA) was applied to assess purity, concentration and
fragment size of sample analyzed [47]. In addition, the authors highlighted that ctDNA
amount was remarkably increased (from 3.9- to 164-fold) after the surgical approach.
Moreover, it was also estimated that cfDNA was characterized by a larger fraction of di-,
tri- and multi-nucleosome associated DNA fragments [47]. Similarly, Kwee et al. observed,
by RT-PCR analysis of the methylated promoter of the PCa-related genes GSTP1 and
RARB2, a significant ctDNA concentration increase after chemotherapy [49]. In fact, it has
been demonstrated that specific hypermethylation of RARB2 and GSTP1 CpG sites may
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be adopted for PCa diagnosis [70]. According to cfDNA level modification as a clinical
biomarker in PCa patients, in another experience, Patsch et al. evaluated a rapid decline
of ctDNA amount quantified for long interspersed nuclear elements (LINE1) with qPCR
approach after chemotherapy [50]. The phase III FIRSTANA and PROSELICA clinical
trials revealed that ctDNA concentration may be considered an independent prognostic
biomarker in advanced stage PCa. A higher ctDNA baseline concentration has been,
indeed, associated with shorter progression-free survival (PFS) and overall survival (OS)
after chemotherapy. Conversely, a total ctDNA concentration reduction during the first
9 weeks of treatment correlated with drug response therapy [51]. ctDNA analysis could
represent a valid cost-effective alternative to tissue biomarkers analysis in advanced stage
PCa. Interestingly, this approach could be useful to identify predictive biomarkers that can
be further assessed in future clinical trials [67]. As an example, Wyatt et al., by comparing
PCa ctDNA alterations with matched tissue, detected several genetic alterations, including
Androgen Receptor (AR) amplifications, SPOP mutations and TP53, PTEN, RB1, APC,
CDKN1B, BRCA2 and PIK3R1 genes inactivation, which may be further studied in these
patients from a predictive point of view. In this setting, the remarkable concordance of
ctDNA and metastatic tissue biopsies in advanced stage PCa patients suggests that ctDNA
assays could be used for molecular stratification of patients for prognostic and predictive
purposes [52,71].

2.2. ctRNA

Similarly to DNA fragments, tumor cells shade RNA-derived fragments in blood,
known as circulating tumor RNA (ctRNA), ctRNA- messenger RNA (mRNA), microRNA
(miRNA) and long non-coding RNA, may similarly represent a fascinating biosource for
molecular analysis. In particular, the miRNAs expression profiling analysis is increasing to
perform diagnosis, staging, progression, prognosis and treatment response [72,73]. miRNA
can be extracted from ribonucleoprotein complexes or EVs [72,74]. Mitchell et al. firstly
demonstrated the presence of miRNA in the plasma of PCa patients [75]. Since then, a
large number of miRNAs were shown to be deregulated in PCa patients; in particular,
miR-21, miR-30c, miR-125b, miR-141, miR-143, miR-148a, miR-205, miR-221 and miR-
375 [76]. Liu et al., in 2018, performed a RT-PCR analysis of plasma samples collected from
a cohort of n = 229 PCa patients on active surveillance, identifying three miRNA (miR-24,
miR-223, and miR-375) that were significantly expressed in tumor patients. The authors
elaborated two multi-variable logistic regression models, integrating the 3-miR score, PSA,
the percentage of tumor cells in diagnostic samples and clinical variables. They showed
that the 3-miR score ability to predict reclassification was not related to clinical variables
and increased in comparison with clinical outcomes.

The authors concluded that the 3-miR score combined with PSA may represent a
non-invasive high negative predictive value tool to identify patients on active surveillance
who have indolent PCa [53]. Alhasan et al. identified in circulating miRNAs (miR-200c,
miR-605, miR-135a, miR-433, and miR-106a) a molecular signature to detect high-risk
PCa [54]. In 2017, Ferreira de Souza et al. analyzing plasma mRNA and miRNA of
102 untreated patients with PCa and 50 healthy subjects, identified differentially expressed
OR51E2 (olfactory receptor, family 51, subfamily E, member 2) and SIM2 (single-minded 2)
mRNAa, miR-200b and miR-200c. In addition, they showed that the OR51E2 and SIM2
genes association with miR-200b and miR-200c could be a diagnostic marker able to
discriminate PCa samples from healthy controls with a sensitivity of 67% and specificity of
75% [55].

2.3. CTC

Circulating tumor cells (CTCs) originating from primary tumor are detectable in blood
or lymphatic fluid [77]. Nevertheless, the use of CTCs for diagnosis is limited by the rarity
of this cell population in blood [78]. In 2020, Ried et al. tested 20 CTCs samples from
PCa patients, obtained with ISET®-CTC methodology, using the Immuno-Cyto-Chemistry
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staining (ICC) with PSA and protein antibodies, showing a positive result in almost all of the
patients (18/20). In addition, in 27 early-stage patients, CTCs were found in 25 cases and
20 out of them had ICC-PSA-positive markers. Thus, a 99% positive predictive value and a
97% negative predictive value have been highlighted for the ISET-CTC-ICC approach [56].
Over the years, the importance of CTCs detection has also acquired clinical relevance as
a prognostic and predictive biomarker [79]. Prospective trials showed that patients with
an increase in CTCs amount within four weeks after chemotherapy could not benefit from
treatment [57]. In 2021, Scher et al. displayed that the identification of CTCs, through the
Epic Sciences platform, represents a prognostic biomarker for the progression of metastatic
castration-resistant PCa (mCRPC) starting a second-generation androgen receptor signaling
inhibitor (ARSI) [80].

2.4. EVs

In cancer development, EVs play a pivotal role in the signaling pathway network
between tumor cells and the microenvironment [81,82]. In metastatic PCa patients, EVs
promote metastasis by establishing the pre-metastatic niche (PMN). In fact, exosomes
containing miRNAs (miR-21 and miR-139) promote PMS modifications [83]. For these
reasons, EVs can have diagnostic and prognostic value in PCa patients. Several studies
demonstrated that exosomes are more numerous in PCa patients than in healthy individu-
als [58–60,84]. However, according to Gao et al., nowadays, there are no standard methods
to collect and analyze samples, rendering clinical and preclinical data inconsistent [81].

3. Urine Biomarkers in the Detection of PCa

Urine may be considered a suitable integrating source of clinical biomarkers that could
play a pivotal role in the diagnosis, prognosis and PCa patients management [85]. From
urine samples, various analytes may be isolated and detected. Among them, ucfDNA/RNA,
miRNA, circulating tumor cells (CTCs) and extracellular vesicles (EVs) play a promising
role in the clinical management of urogenital malignancy patients [86]. Urine cell-free DNA
(ucfDNA) has recently been investigated in order to identify a novel potential biological
source of nucleic acids able to integrate circulating nucleic acids from plasma samples in
urogenital malignancy patients [87].

Remarkably, molecular analysis of urine analytes is characterized by several advan-
tages: non-invasive sampling, with high volume of reproducible samples available in all
time points with respect to low compliant sampling preparation [88]. Urinary biomarkers
useful to predict biopsy outcome are often unimodal; a single urine fraction (i.e., cell-
free fractions or cell-pellet) or biological cancer characteristic are considered to evaluate
PCa status. Although a single test shows the accuracy and promising clinical relevance,
the integration of multiple types of information could display a higher predictive value.
ExoGrail is a multivariable risk model that integrate information from different clinical
parameters. ExoGrail combines the expression level evaluation of Engrailed-2 (EN2), a
protein contained in vesicles actively secreted by PCa cells and detected in urine samples
with data from urinary cell-free RNA measurement. ExoGrail could be useful to assess PCa
risk-assessment prior to an invasive tissue biopsy [89].

3.1. ctDNA

Based on recent literature data on the ctDNA fragmentation index in solid tumor
patients, Casadio et al. carried out a pilot study on a retrospective series of bladder and
prostate tumor patients aimed to technically validate the implementation of ucfDNA frag-
mentation index as a screening tool in PCa cohort [90]. Overall, it has been shown that urine
DNA integrity is capable of distinguishing between PCa patients and healthy individuals
with an accuracy of about 80% [61]. Moreover, Salvi et al. compared ucfDNA fragmentation
index between n = 67 prostate malignant lesions and n = 64 benign prostate lesions grading
in illness severity. Molecular data were obtained from a qPCR analysis of three oncogenic
sequences longer than 250 bp (c-MYC, HER2 and AR). Results showed a lower clinical
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predictive value than PSA in terms of sensitivity (0.58 vs. 0.95) and specificity (0.44 vs. 0.69),
respectively [62]. In this context, PCA3 represents the first urine long noncoding RNA
biomarker identified and approved by Food and Drug Administration (FDA) that could
improve the detection rate of PCa [91]. Despite an increasing specificity, the quite low sensi-
tive rate highlighted the necessity to discover other targets [92]. The expression of aberrant
RNA transcript (TMPRSS2: ERG) represents a pathogenic mechanism in the development
and progression of PCa [93]. Several studies have elucidated the prognostic role of residual
or persistent TMPRSS2-ERG gene fusion expression in patients with castration resistant
PCa [93,94]. A qRT-PCR analysis performed to detect TMPRSS2: ERG gene rearrangement
in a retrospective series of n = 19 PCa patients (n = 11 prebiopsy and n = 8 pre-radical
prostatectomy samples, respectively) revealed that 8 out of 19 (42.0%) PCa patients showed
a detectable TMPRSS2: ERG aberrant gene fusion expression. In addition, it has been
calculated the qRT-PCR sensitivity for urine TMPRSS2: ERG rearrangement detection by
performing a Fluorescent in situ Hybridization (FISH) assay on corresponding PCa speci-
mens. In this setting, FISH detected TMPRSS2: ERG in three patients with high frequency
detected mutation from urine samples, while also highlighting a positive result in two
patients negative for TMPRSS2: ERG gene fusion detection in ucfRNA specimens [63].
Accordingly, the implementation of the urine-based biomarkers in clinical practice was
optimized with the diffusion of commercially available tests (IntelliScore -Exosome Di-
agnostics, Waltham, MA, USA and SelectMDx- MDxHealth, Irvine, CA, USA) aimed to
determinate PCa patients selected for required tissue biopsy. In the era of “multi-omics”
analysis, the development and diffusion of ultra-deep highly sensitive platforms, allowing
to measure low target concentration in scant starting samples, have revolutionized the test-
ing strategies in the clinical practice of tumor patients [95–97]. In an ongoing clinical trial
promoted by the American Society of Clinical Oncology Genitourinary (ASCO-GU) an NGS
assay, able to cover hot spot mutations in n = 152 cancer-related genes (PredicineCARE™,
Predicine, Hayward, CA, USA), was used on blood and urine-derived circulating nucleic
acids from n = 59 treatment-naïve PCa patients. Molecular profiling was then compared
with corresponding data obtained from gold standard tissue specimens. Preliminary data
elucidated a similar mutation profile between urine and corresponding tissue specimens
with a sensitivity of 86.7% [98].

3.2. ctRNA

Recently, novel small non-coding RNAs have been investigated as promising diag-
nostic biomarkers for PCa patients [99,100]. Small RNA harbored by extracellular vesicles
(EVs) could be considered a valuable marker for PCa diagnosis. Mckiernan et al. collected
urine specimens from n = 1563 subjects. After a validation study aimed to evaluate gene
expression signature in three genes (PCA3, ERG and SPDEF) involved in PCa progression,
they focused on n = 255 not biopsied PCa patients with PSA level >2. The exosomes-derived
gene expression profile showed a higher predictive value than PSA (AUC 0.73; 95% CI,
0.68–0.77 vs. AUC 0.63; 95% CI, 0.58–0.68) in the identification of high-grade PCa patients
with respect to intermediate positive and negative biopsy from PCa patients. In addition,
gene expression signature from urine exosomes also demonstrated a reliable clinically
relevant predictive role (NPV 91.0%) in the decision making of patients with negative
histological results [64]. Interestingly, the EPI urine biomarker was significantly associated
with low-risk disease, making it a good test to select patients for AS [101].

3.3. CTC

Another approach to improve the diagnostic stage in PCa patients is based on the
evaluation of circulating tumor cells (CTCs). The unique technical strategy approved by
FDA for the detection of CTCs in peripheral blood of advanced solid tumor patients is the
CellSearch test, able to detect (≥2 CTCs in 57% of metastatic PCa patients). In addition,
CTC isolation from biological fluids have been recently improved with the implementation
of microfluidic technology [102,103]. This technology provides a high-throughput and
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low-cost analysis and allows accurate CTC separation by cell size in an inert matrix [65,104].
CTCs isolation, confirmed by fluorescent staining (GPC-1+), was observed in 12 out of
14 patients (86.0%) while CTCs detection was negative in 11 out of 14 control group patients
(79.0%). In the remaining cases, a weak GPC-1+ positive signal showed <8 CTC correctly
detected. In addition, a positive correlation between GPC-1+ positive CTCs and PSA level
was observed (r = 0.27) [105].

4. The Role of Liquid Biopsy in Follow-Up

PCa is commonly considered a “hormones-dependent disease”, since androgen con-
trols PCa initiation and progression. Androgen deprivation therapy (ADT) represents
the first-line therapeutic choice. Although ADT is effective to block tumor growth, this
strategy often fails. Monitoring treatment efficacy represents a relevant aspect; currently,
serum PSA and imaging are applied to follow treatment efficacy in PCa. However, the
evaluation of early bone metastasis using imaging methods remains challenging, and PSA
levels may be affected by AR signaling inhibitors. PCa often gains androgen independence,
known as castration-resistant PCa (CRPC), characterized by metastatic spreading, signifi-
cant mutational burden and copy number alteration, poor prognosis and a low survival
rate [106]. CRPC often spreads in multiple sites per patient. Nowadays, despite several
treatment options being available with varied mechanisms of action suitable for CRPC,
long-term complete regression of CRPC is a rare phenomenon [107]. CRPC could depend
to the transcriptional activity reactivation of androgen receptor (AR), because of AR gene
mutations or amplification, leading to antiandrogens or other steroids promiscuous bind-
ing, or AR splice variants constitutively activated [108,109]. Since some tumors exhibit
acquired resistance to specific chemotherapy agents could be possible to maximize the
therapeutic efficacy by characterizing the tumor signature throughout the treatment. In
this scenario, liquid biopsy has an advantage over tumor biopsy to capture genomic events
from distant clones that are driving tumor progression [110]. Liquid biopsy may be used
to early detect and manage a chemoresistance before the treatment pressure selects the
most aggressive subclone of the tumor making it prevalent in tumor tissue. It has been
demonstrated that the exosome-RNA and CTC isolated by plasma samples could be used
to detect the androgen receptor splicing variant 7 (AR-V7), a predictive variant of resistance
to AR signaling inhibitors. Furthermore, Tagawa and coworkers showed that the absence of
the same variants in mCRPC CTC patients may be associated with better taxane treatment
outcomes [111–113]. In addition, liquid biopsy could be also used to predict resistance to
PARP inhibitors (PARPi), which are approved for treatment or maintenance therapy for sev-
eral malignancies, including PCa. Tumors with somatic or germline BRCA mutations may
be responsive to PARPi and platinum chemotherapy; liquid biopsy in this case can detect
an acquired BRCA reversion associated with a poor response to PARPi [114]. In conclusion,
given the high mutational burden characterizing CRPC, liquid biopsy may be a useful tool
for early detection of tumor driving mutation, which eventually leads to chemoresistance
and tumor progression. In this scenario, the follow-up using longitudinal analysis with
liquid biopsy approach allows both the quantitative tracking of tumor burden to monitor
treatment response and the assessment of clonal evolution by comparing genomic profiles
over time.

5. Perspectives, Limitations and Future Perspectives

Biomarkers development for precision, tailored medicine in PCa management could
be accelerated by liquid biopsy. Moreover, liquid biopsy could implement genomic testing
into routine clinical practice, providing signatures of metastatic sites. The CTC counts, cir-
culating nucleic acids amount and fragmentation, the ctDNA methylation status, represent
prognostic and response biomarkers that could potentially guide therapeutic decisions in
clinical practice. However, it should be noticed that liquid biopsy assays require analytical
validation and should be clinically qualified for endorsement in routine clinical use. In this
context, further evaluation in clinical trials and wide prospective studies are required. In
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addition, high cost, technology access and wide heterogeneity in definitions and isolation
platforms impact the introduction of these biomarkers in routine clinical testing. The EVs
use in a clinical setting is promising, but the standardization of isolation and application
methods is challenging. Although liquid biopsy shows the significant potential to track the
PCa clonal evolution that could be helpful to design an adapt, tailored therapeutic strategy
to overcome cancer recurrence and increase the patient lifespan, developing liquid biopsy
biomarkers still faces considerable challenges that hinder their clinical application. Firstly,
despite the accessibility of powerful and high throughput tests, there is not enough evi-
dence to support the routine use of liquid biopsy for early-stage cancer, making treatment
decisions, monitoring, predicting response or for cancer screening. Secondly, the wide
use of liquid biopsy in the clinical practice is still hampered by the costs and the limited
knowledge of this technology in secondary centers. Indeed, liquid biopsy is too expensive
for small centers to be used as a routine laboratory technique, with costs associated with
equipment, reagents and properly trained personnel. Furthermore, in order to obtain
the best results from liquid biopsy, a synergic work between urologists, oncologists and
biochemist/bioinformatics is required during all the processes of this technology. Lastly,
the post-processing laboratory work and statistical analysis needed are much more complex
and time-consuming than the conventional pathology. As a result, also in this case, all
the processes related to the comparison, interpretation and delivery of results have higher
associated costs and resources consumption [115,116]. Despite the promising future of
ctDNA as a driver of cancer treatment, several challenges need to be faced. There is a strong
need to decrease costs and analysis time and to ameliorate the diagnostic performance for
early cancer and minimal residual disease (MRD) detection. The technical challenges of
turnaround time and costs will probably be addressed soon. The main barrier remains the
clinical validation of ctDNA for the use as MRD and cancer screening biomarker. Currently,
the liquid biopsy role in PCa management does not exceed the simple prognostic assess-
ment. Thus far, the main issue to incorporate this approach in clinical decision-making
is the lack of interventional studies demonstrating a clear advantage for the metastatic
PCa patients. Further larger and long-term studies are required to assess whether ctDNA
evaluation can be used for treatment-decision making. The identification of targetable
alterations and emerging resistance biomarkers represents an attractive feature of liquid
biopsy, particularly in CRPC, and could implement the precision medicine therapeutics in
PCa. In the next years, the improvements of our knowledge in liquid biopsy application in
decision-making strategy for mCRPC patients promise to revolutionize the mCRPC and
dramatically improve the survival rate and quality of life of these patients.

6. Conclusions

PCa represent a major public health burden, whose incidence progressively grows.
Although several progresses have been placed into investigating novel diagnostic and
prognostic biomarkers for PCa, considering the inability of current biomarkers to predict
disease aggressiveness, new efforts are needed to paint the intriguing PCa picture. There-
fore, the discovery of novel and effective tools for early diagnosis, follow-up and prognosis
in PCa patients is claimed. In this scenario, the liquid biopsy field in PCa has advanced
exponentially, developing prognostic and predictive biomarkers and holding promise for a
minimally invasive approach of monitoring tumor evolution. In this review, we described
urinary and circulating biomarkers based on CTC, RNA and DNA as novel tools to improve
the characterization and the treatment of PCa patients. These liquid biopsy biomarkers
show the potential to gain comprehensive information on PCa genetic landscape, and give
information about the metastatic sites. Liquid biopsy could guide therapeutic decisions
and accelerate the development of precision medicine in PCa. The recent advancement of
molecular biology techniques available will bring to the development of new standardized
liquid biopsy tests with high sensitivity and specificity, and lower cost that could promote
the diffusion of liquid biopsy in routine clinical practice. Designing a dynamic therapeutic
strategy based on tumor features detected in real-time through the liquid biopsy could
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significantly improve the survival rate and the quality of life of PCa patients. Remarkably,
nucleic acids extracted from biological fluids play a crucial role in the clinical management
of PCa patients. Among conventional body fluids, peripheral blood still remains the most
suitable source of nucleic acids, because a wide series of literature data critically evaluate
the preclinical and analytical issues for blood-derived nucleic acids. Conversely, little was
known about the use of nucleic acids purified from urine samples. However, due to their
close connection with prostatic glands, further studies should be performed to evaluate the
clinical meaning of biomarkers from urine samples.
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Simple Summary: DNA damage is one of the hallmarks of cancer. Epithelial ovarian cancer
(EOC) —especially the high-grade serous subtype—harbors a defect in at least one DNA damage
response (DDR) pathway. Defective DDR results from a variety of lesions affecting homologous
recombination (HR) and nonhomologous end joining (NHEJ) for double strand breaks, base ex-
cision repair (BER), and nucleotide excision repair (NER) for single strand breaks and mismatch
repair (MMR). Apart from the EOC, mutations in the DDR genes, such as BRCA1 and BRCA2, are
common in prostate cancer as well. Among them, BRCA2 lesions are found in 12% of metastatic
castration-resistant prostate cancers, but very rarely in primary prostate cancer. Better understanding
of the DDR pathways is essential in order to optimize the therapeutic choices, and has led to the
design of biomarker-driven clinical trials. Poly(ADP-ribose) polymerase (PARP) inhibitors are now
a standard therapy for EOC patients, and more recently have been approved for the metastatic
castration-resistant prostate cancer with alterations in DDR genes. They are particularly effective in
tumours with HR deficiency.

Abstract: DNA damage repair (DDR) defects are common in different cancer types, and these alter-
ations can be exploited therapeutically. Epithelial ovarian cancer (EOC) is among the tumours with
the highest percentage of hereditary cases. BRCA1 and BRCA2 predisposing pathogenic variants
(PVs) were the first to be associated with EOC, whereas additional genes comprising the homologous
recombination (HR) pathway have been discovered with DNA sequencing technologies. The inci-
dence of DDR alterations among patients with metastatic prostate cancer is much higher compared to
those with localized disease. Genetic testing is playing an increasingly important role in the treatment
of patients with ovarian and prostate cancer. The development of poly (ADP-ribose) polymerase
(PARP) inhibitors offers a therapeutic strategy for patients with EOC. One of the mechanisms of
PARP inhibitors exploits the concept of synthetic lethality. Tumours with BRCA1 or BRCA2 mutations
are highly sensitive to PARP inhibitors. Moreover, the synthetic lethal interaction may be exploited
beyond germline BRCA mutations in the context of HR deficiency, and this is an area of ongoing
research. PARP inhibitors are in advanced stages of development as a treatment for metastatic
castration-resistant prostate cancer. However, there is a major concern regarding the need to identify
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reliable biomarkers predictive of treatment response. In this review, we explore the mechanisms of
DDR, the potential for genomic analysis of ovarian and prostate cancer, and therapeutics of PARP
inhibitors, along with predictive biomarkers.

Keywords: DNA damage repair; homologous recombination; PARP inhibitors; ovarian cancer;
prostate cancer

1. Introduction

Spontaneous DNA damage occurs on the order of 104–105 events per cell per day, and
it is considered to have a causal role in aging. This includes spontaneous/endogenous
genotoxic stress, as well as environmental/iatrogenic sources of genotoxic stress [1]. En-
dogenous sources of DNA damage and chromatin organization contribute to mutational
processes that have been recorded in cancer genomes. Moreover, metabolism is a crucial
cellular process that can become harmful for cells by leading to DNA damage. This can
occur by an increase in oxidative stress or through the generation of toxic byproducts. In
contrast, sources for exogenous DNA damage are rare and include ionizing and ultraviolet
radiation, as well as various chemicals agents. Different mutational processes generate
unique combinations of mutation types, termed “mutational signatures”. In the past few
years, large-scale analyses have revealed many mutational signatures across the spectrum
of human cancer types [2,3]. Genomic instability can arise from a genetic or epigenetic
mutation in a mutator gene such as in a DNA damage repair (DDR) gene [4]. Several mech-
anisms can be activated to repair damaged DNA, including homologous recombination
(HR) repair, nonhomologous end joining (NHEJ), base excision repair (BER), nucleotide
excision repair (NER), and mismatch repair (MMR) [5,6]. HR is the main mechanism for
high-fidelity repair of double-strand DNA breaks (DSB) [7]. Mutations in genes related to
this pathway may lead to HR deficiency. Among them, BRCA1/2 mutations are the most
frequent and lead to hereditary breast and epithelial ovarian cancer (EOC). Hereditary
breast and ovarian cancer due to mutations in these genes is the most common cause of
hereditary forms of both breast and ovarian cancer, accounting for 30–70% and approxi-
mately 90% of cases, respectively [8]. In individuals harboring mutations in BRCA1/2 genes,
the probability of developing breast cancer over a lifetime is around 85%, and that of EOC
is about 20–40% [9]. BRCA1 and BRCA2 mutation carriers are mostly single heterozygous
with only one mono-allelic deleterious mutation on one of these two genes. Excluding
individuals of Ashkenazi descent, it is uncommon to identify carriers of two deleterious
mutations either within the same gene (biallelic) or in both genes (trans-heterozygous).
Trans-heterozygous mutations in both BRCA1 and BRCA2 genes are clinically correlated
with an early age of onset and a severe disease compared to single heterozygous BRCA
mutation carriers. Breast and ovarian cancer risks differ depending on the position and the
type of BRCA1 and BRCA2 mutations. Importantly, two different mutations on the same
allele may be associated with a distinctive phenotype, since each mutation is located in a
different domain of the BRCA protein. Consequently, the interaction of BRCA with several
other proteins could be disturbed. Therefore, these altered protein-protein interactions may
impact on the phenotype. The BRCA mutation location also affects the EOC risk. BRCA1
and BRCA2 have been identified in the ovarian cancer cluster region in or near exon 11,
and in the breast cancer cluster region in multiple regions other than exon 11 so far. In a
recently published report, the authors presented the distribution of the age at diagnosis
of EOC with BRCA mutation in detail, and analyzed the age by each common mutation
type in a Japanese population [10]. The most common mutation in BRCA1 was L63X,
followed by Q934 X, STOP799, and Y1853C. Among them, L63X and Y1853C were located
in the breast cancer cluster region, whereas Q934 X and STOP799 were in the ovarian
cancer cluster region. As far as the BRCA2 mutations are concerned, the most common
was R2318X, followed by STOP1861, Q3026X, S1882X, P3039P, STOP613, S2835X, and

258



Cancers 2022, 14, 3888

STOP2868. Among them, R2318X, STOP1861, and S1882X were located in the ovarian
cancer cluster region, whilst S2835X and STOP2868 were located in the breast cancer cluster
region. Finally, Q3026X, P3039P, and STOP613 were not located in either the ovarian or
breast cancer cluster regions. Moreover, the majority of serous papillary peritoneal carci-
noma are high-grade tumours, and thus present p53 and BRCA mutations [11]. A number
of additional variants in genes beyond BRCA1/2 have been identified and are suspected to
play a significant role in ovarian carcinogenesis. Approximately 20% of castration-resistant
prostate cancer patients harbour germline or somatic mutations in one of the DDR genes,
which supports the mechanism of synthetic lethality [12]. The two main composite HR
deficiency tests available in clinical practice apply next-generation sequencing (NGS) or
microarray assays to simultaneously search for BRCA mutations and genomic scars.

From the therapeutic point of view, targeting the DDR pathway is a reasonable ap-
proach. Within this context, several poly (ADP-ribose) polymerase (PARP) inhibitors have
been considered for the treatment of several malignancies, including EOC and prostate
cancer. Based on the successful application of PARP inhibitors in BRCA-deficient breast
cancer and EOC, PARP inhibitors are currently being investigated for the treatment of
metastatic prostate cancer with promising results [13]. In this review, we discuss the current
landscape of genetic testing and management of the hereditary risk for EOC and prostate
cancer, and the application of PARP inhibitors in the precision treatment of these clinical
entities. Furthermore, we highlight the importance of developing predictive biomarkers
for the optimal selection of the patients who benefit from the PARP inhibitors.

2. Molecular Landscape

DNA damage is a frequent event during cell life and can be spontaneous or caused by
cell metabolism or by environmental agents. There have been six primary pathways of DNA
repair identified, which are variably used to address DSB and single-stranded DNA break
(SSB) damage from a variety of mechanisms of injury. HR and NHEJ recombination are the
two major pathways responsible for repairing DSB, whereas the primary mechanisms for
resolving SSB are the BER, NER, MMR, and translesional synthesis [5,8]. The function of the
primary DDR pathways begins with sensing DNA damage. The next step is the recruitment
of proteins involved in building the repair complexes [12]. The potential absence, reduction,
or dysfunction of these proteins may result in loss of function of proper DDR. HR pathways
become active in the S/G2 phase due to the availability of a sister chromatid, whereas NHEJ
repairs DSB throughout all cell cycle phases except the M phase. DSB end resection directs
the pathway towards HR during the S/G2 phase. Apparently, only 30% of DSB undergo
resection, and hence HR in the G2 phase. On the other hand, during the S phase, DSB are
mainly repaired by HR, although two-ended DSB may still be repaired by NHEJ, unless
the replication machinery encounters the DSB ends. In addition to cell cycle-dependent
regulation, DSB end complexity is critical for directing preferential repair by HR. SSB
normally do not compromise the integrity of DSB. However, if an SSB is left unrepaired
and the lesion is encountered by DNA machinery that separates the DNA duplex into two
component SSB, an SSB can be converted into a one-ended DSB [14]. SSB and DSB also
arise during aberrant DNA topoisomerase reactions, spontaneously or upon exposure to
specific inhibitors [15]. Break-induced replication (BIR) is one of the pathways that drives
genome instability, as it results in a loss of heterozygosity, mutations, and nonreciprocal
translocations [16]. In fact, DSB at collapsed forks are single ended, with no second end
available for classical HR repair. These breaks can be processed by BIR, a conservative
DNA synthesis mechanism described as an HR-based repair pathway for one-ended DNA
DSB [17].

2.1. Homologous Recombination and Nonhomologous End Joining

DSB are one of the most common and cytotoxic types of DDR associated with signifi-
cant genomic aberrations, which if left unrepaired or improperly repaired may lead to cell
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death. DSB are repaired by a number of repair pathways, the most important of which
involve HR and NHEJ [8,13].

HR is restricted to the S and G2 phases of the cell cycle due to the cell cycle-dependent
availability of sister chromatids. This is also correlated with the fact that cyclin-dependent
kinases (CDKs) have a modulatory role on DSB components, including their influence
on enzymes involved in HR [18]. NHEJ is an error-prone process that simply fuses the
two broken ends together, whereas HR is error-free, using the genetically identical sister
chromatid as a template for repair. This statement is largely based on the fact that the
mechanism of HR requires the search for a homologous partner to repair DNA, in contrast
to NHEJ. However, nowadays, that position has been reconsidered. The products of HR
are gene conversion, associated or not with crossing-over. Such products can account
for genetic diversity or instability arising through HR. Gene conversion may transfer
genetic information in a non-reciprocal manner between two hetero-alleles, resulting in
a loss of heterozygosity. It can also transfer one stop codon from a pseudogene to a
related coding sequence, leading to its extinction. Mus81 and Yen1 endonucleases, as
well as Slx4, promote replication template switching during BIR, thus participate in the
generation of complex rearrangements when repeated sequences dispersed throughout
the genome are involved [19]. NHEJ is faster than HR and mainly occurs in the G1
phase [20]. Nevertheless, there is recent evidence that NHEJ functions throughout the cell
cycle. Beyond the already-known proteins, such as Ku70/80, DNA-PKcs, Artemis, DNA
pol λ/μ, DNA ligase IV-XRCC4, and XLF, new proteins are involved in the NHEJ, namely
PAXX, MRI/CYREN, TARDBP of TDP-43, IFFO1, ERCC6L2, and RNase H2. Among them,
MRI/CYREN has dual role, as it stimulates NHEJ in the G1 phase of the cell cycle, while
it inhibits the pathway in the S and G2 phases [21]. The extent of DNA end resection is
the primary factor that determines whether repair is carried out via NHEJ or HR. 53BP1
and the cofactors PTIP or RIF1-shieldin protect the broken DNA end, inhibit long-range
end resection, and thus promote NHEJ. The cell cycle, the chromatin environment, and
the complexity of the DNA end break affect the DNA resection [22]. In HR repair, the
nuclease meiotic recombination 11-like (MRE11) forms a complex with RAD50 and NBS1
(Nijmegen breakage syndrome 1)—MRN complex—which detects double-strand breaks
(DSBs) and recruits and activates ATM at DNA ends [23,24]. Replication protein A (RPA) is
the major protein that binds ssDNA with a high affinity. ATR interacts with a partner ATRIP
and recognizes RPA-covered ssDNA (RPA-ssDNA). For the activation of the ATR, apart
from the recruitment of the ATR-ATRIP complex (ATR-ATRIP) to RPA-ssDNA, checkpoint
regulators—such as TopBP1 and ETAA1—participate as well. TopBP1 is recruited to sites
of DNA damage or stalled replication forks and engage with the Rad9-Rad1-Hus1 complex
at dsDNA-ssDNA junctions, leading to stimulation of the ATR-ATRIP kinase. Similarly,
ETAA1 directly activates ATR-ATRIP. Thus, ATR-ATRIP is recruited by recognizing RPA-
ssDNA and subsequently activated in a multiple-step process. In budding yeast, the
Mec1-Ddc2 complex (Mec1-Ddc2) corresponds to ATR-ATRIP [25]. Single-stranded DNA
generated by resection is coated by RPA, which recruits Ddc2 and the Mec1 checkpoint
kinase [26]. That leads to the formation of nucleoprotein filaments in ssDNA, which are
essential for the homology search in sister chromatid and strand exchange [27]. KAT5 is an
acetyltransferase, participating—among others—in transcriptional regulation, chromatin
remodeling, histone acetylation, and DNA repair. The ability of KAT5 to regulate chromatin
structure at DSB is mediated through its interaction with a multifunctional remodeling
complex (NuA4 complex), which is recruited to DSB. The NuA4-KAT5 complex acetylates
histones H2AX and H4 at DSB, and modifies chromatin architecture to facilitate DSB repair.
The phosphorylation of the c-terminal of the histone variant H2AX by ATM is crucial in
DSB repair. H2AX is rapidly phosphorylated on chromatin domains surrounding the DSB.
Then, the mdc1 scaffold protein binds directly to γH2AX and formulates a platform for the
recruitment of other DNA repair proteins, including BRCA1 at the DSB [28].

A number of factors have been believed to stabilize the NHEJ complex at DSBs
including Ku, the DNA-PK catalytic subunit (PKcs), and the kinase activity of DNA-PKcs.
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This multi-unit complex recruits further proteins, such as Artemis and PNK, to repair it
into a normal DNA structure. The biochemical activity of DNA ligases results in the sealing
of breaks between 5′-phosphate and 3′-hydroxyl termini within a strand of DNA [29].

2.2. Synthetic Lethality

In 2005, the idea of synthetic lethality in the DDR pathway, via BRCA1 mutation, was
published by two groups [30,31]. The concept of synthetic lethality applies when two
non-lethal defects combine and result in a lethal phenotype. Inactivation of one gene allele
by mutation and inhibition is not toxic for cells. The synthetic lethality strategy requires
gene pairs that, when simultaneously inactivated, cause cell death. Figure 1 demonstrates
the genetic landscape of synthetic lethality. However, if BRCA1 is mutated, PARP inhibition
would prevent DDR and lead to tumour cell apoptosis. Therefore, inactivation of both
demonstrates synthetic lethality. PARP inhibition specifically in BRCA1/2 deficient tumour
cells can result in up to a 1000-fold increased sensitivity as compared to BRCA wild-type
tumour cells [30]. Synthetic lethality could also be used in tumours which share molecular
features of BRCA mutated tumours—known as “BRCAness”. Therefore, mutation of genes
beyond BRCA in the HR pathway expands the indication of PARP inhibitors. The broader
use of synthetic lethality targeting the HR pathway is still being investigated [32].

 

Figure 1. Schematic of synthetic lethality in cancer.

Inactivation of Rad52 in BRCA2-deficient cells results in synthetic lethality, which
makes Rad52 a tumour-specific target for therapy in BRCA2-deficient tumours. As Rad52
is required for cellular proliferation in BRCA2-defective cells, silencing of Rad52 could
cause BRCA2-defective tumour cells. Therefore, inactivation of Rad52 could be reasonable
approach for the treatment of a BRCA-defective subset of tumours. Rad52 also repre-
sents a potential therapeutic target because no Rad52 mutations or inactivation has been
documented in tumours. Other synthetically lethal relationships have been reported for
Rad52, with X-ray repair complementing defective repair in XRCC3 [33]. Recent studies
showed that Rad52 is involved in multiple DDR pathways, including a BRCA-independent
HR repair involving Rad51, single-strand annealing (SSA), BIR repair, RNA-templated
DSB repair, and transcription-associated HR involving XPG. However, how Rad52 activity
helps HR-deficient cancers to survive is unclear. A recently published study demonstrated
that inhibition of RPA:RAD52 protein-protein interaction (PPI) appears to inhibit Rad52-
mediated DNA repair, and that mitoxantrone may be a potent Rad52 inhibitor [34]. It has
also been proposed that targeting of Rad52 with small molecule inhibitors will disrupt
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the Rad52-dependent HR sub-pathway in BRCA1- and BRCA2-deficient cells, causing
their lethality. In a study, the selected inhibitors of two different chemotypes exhibited
an inhibitory effect on tested BRCA1- and BRCA2-deficient cells [35]. More recently, syn-
thetic lethal interactors of BRCA1/2 have been identified, including DNA polymerase theta
(POLQ), flap structure-specific endonuclease 1 (FEN1), and apurinic/apyrimidinic endo-
deoxyribonuclease 2 (APE2) [36]. The function of Rad52 in replication fork repair following
stress is still not clear. Genotoxic stress results in cell cycle arrest, which is implemented by
checkpoint kinases CHK1 and CHK2. CHK1 mainly responds to short replication stress,
whereas CHK2 is activated during chronic stress leading to DSB formation. CHK1 activa-
tion occurs via phosphorylation by ATR. Active CHK1 targets Cdc25 A phosphatase, which
upon phosphorylation undergoes proteasomal degradation. This leads to the reduction of
Cdk2/Cyclin A complex activity, conferring checkpoint arrest. CHK1 protein also interacts
with BRCA2 and Rad51 proteins, directly phosphorylating them for the formation of active
Rad51 nucleofilament, especially during replication blockage. It has been shown that Rad52
overexpression in BRCA2 deficient cells leads to restoration of checkpoint arrest during
replication stress and the mitigation of excess origin firing observed in BRCA2 deficient
cells [37]. It is still unknown whether PALB2 participates in recruiting and regulating
Rad52 in RAD51-mediated HR. The specific genetic interactions of BRCA1 and PALB2
with Rad52 have not yet been clarified; nevertheless, it is considered that BRCA1 and
PALB2 are independent of Rad52, which would be compatible with a synthetically lethal
relationship. However, it is also possible that Rad52-Rad51-driven HR could be dependent
on BRCA1 or PALB2. Repair of DSB relies upon the BRCA1-PALB2-BRCA2 pathway, with
Rad52 functioning in an alternative pathway that mediates Rad51-directed repair when
deficiencies exist in BRCA1, PALB2, or BRCA2. Nevertheless, a cooperative role for Rad52
and BRCA2 in mediating RAD51 function cannot be definitively excluded [38].

Conversely, certain Rad52 mutations rescue BRCA2 mutations. hRad52 S346X is a
mutation that codes for a Rad52 protein, with 17.2% of its amino acid sequence absent from
its C terminus. In a study, this mutation was found to protect against the development
of breast cancer in BRCA1/2 mutation mutants [39]. hRad52 S346X also suppressed the
elevated frequency of SSA caused by reducing the level of BRCA2. Therefore, hRad52 S346X
may suppress tumourigenesis in BRCA2-deficient cells by suppressing the mutagenic
effects of elevated SSA. Alternatively, the suppression of SSA by hRad52 S346X may block
tumour formation in BRCA2-deficient cells, given the loss of two mechanisms of DSB repair.
The observation that Rad52 S346X decreases the risk of cancer in BRCA mutants suggests
that Rad52 inhibitors may also be a tool for the reduction of breast cancer risk in this subset
of patients. However, the toxicity and impact of long-term use of such inhibitors should be
further evaluated [40].

2.3. Mismatch Repair (MMR)

Base mismatches and insertion-deletion loops (IDLs) that occur during replication
are repaired by the MMR pathway, demonstrated in Figure 2 [41]. MMR reduces DNA
errors 100–1000 fold, and prevents them from becoming fixed mutations during cellular
proliferation [42,43]. The role of MMR defects in the development of cancer was first
established when mutation in MSH2 was linked to hereditary nonpolyposis colorectal
cancer, also known as Lynch syndrome [44]. Over time, the MMR genes MLH1, MSH2,
MSH6, and PMS2 were associated to an autosomal dominant, hereditary predisposition
to colon cancer. These cancers were hallmarked by germline loss-of-function alterations.
Given that prostate is not a Lynch-associated cancer, a focus on somatic mutations leading
to the deficiencies in MMR prostate cancer phenotype is reasonable. There are eight MMR
genes that have been investigated so far; hMSH2, hMSH3, hMSH5, hMSH6, hMLH1, hPMS1
(hMLH2), hMLH3, and hPMS2 (hMLH4). The prevalence of deficiencies in MMR in prostate
cancer has been reported between 3% and 5%. Among the MMR genes, defects within the
MSH2 and MSH6 gene have been the most frequently reported in patients with prostate
cancer. In contrast to other cancers, complex structural rearrangements appear to be
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an important cause of deficiencies in MMR in prostate cancer. The product of the gene
hMSH2 is the principal corrective MSH protein. The MSH2/MSH6 and MSH2/MSH3
heterodimers function as sensors, recognizing mismatched DNA [45]. The predominance
of the heterodimer MSH2/MSH6 is explained by the fact that MSH6 is expressed 10 times
more than MSH3. The heterodimer MSH2/MSH6 initiates the repair of small IDLs, while
MSH2/MSH3 repairs larger IDLs, up to 13 nt in size [46]. Patients with deficiencies in
MMR are eligible for immune checkpoint inhibitor therapy in second-line treatment for
metastatic castration-resistant prostate cancer [47].

 

Figure 2. Schematic representation of the mismatch repair (MMR) system. (a) MMR enzymes scan
the DNA and remove the wrongly incorporated bases from the newly synthesized, non-methylated
strand by using the DNA polymerase. (b) In MMR, the incorrectly added base is detected after
replication by hMutSα, which recruits hMutLα. (c) hMutLα detects this base and removes it from the
newly synthesized strand. (d) hMutSα activates EXO1 and the entire segment of DNA is removed.
(e) DNA polymerase participates on the replacement of the DNA by correctly paired nucleotides.

Specific mutational signatures have been identified in tumours with mutations in the
exonuclease (proofreading) domain of polymerase epsilon (POLE), as well as tumours with
mutations or epigenetic silencing of MMR genes. Initially, the position was that simulta-
neous loss of both POLE or polymerase delta (POLD1) proofreading and MMR function
could not be tolerated by cells due to excessive accumulation of mutations. However, an
analysis of tumours from children with biallelic germline MMR deficiency demonstrated a
subset of tumours with remarkably high mutation burdens (>250 mutations/Mb) that also
had a somatic mutation in POLE or POLD1 [48].
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Malfunctioning of MMR proteins, due either to mutation or reduced expression,
suggests the correlation of cancer development to the aberrations of all or the majority
of MMR proteins. In EOC, MMR deficiency is the second common cause of hereditary
ovarian cancer—only behind HR deficiency—accounting for 10–15% of hereditary ovarian
carcinomas [42]. Apart from the inherited gene mutations, additional mechanisms of gene
inactivation leading to loss of expression of one of the main MMR genes occurs in up to
29% of cases [42]. Furthermore, it has been reported that high mRNA levels of MSH6,
MLH1, and PMS2 were associated with a prolonged overall survival (OS) in EOC. That
supports the potential positive prognostic value of MMR genes in EOC patients treated
with platinum-based chemotherapy [49]. Prostate cancer has high prevalence of DDR
genes alterations. In the metastatic setting, the Prostate Cancer Foundation-Stand Up To
Cancer (SU2C-PCF) team identified a high proportion of actionable mutations, including
23% with mutations and other alterations in DDR genes, such as BRCA2 (13%), ATM
(7.3%), and BRCA1 (0.3%), along with mutations in MMR genes, such as MSH2 (2%) [50].
Recently, the first phase I dose-escalation study of the ATM inhibitor M3541 in combination
with palliative radiotherapy in patients with advanced solid tumours was published [51].
M3541 had pharmacokinetic limitations that prevented an analysis of efficacy. Although the
clinical development of M3541 was halted, the ATM pathway still represents an attractive
therapeutic target. Indeed, the development of the second-generation ATM inhibitor M4076
is ongoing [52]. As far as the ovarian cancer is concerned, ATARI is the first clinical trial
aiming to determine whether a synthetic lethal interaction between the tumour suppressor
gene ARID1A and ATR translates into improved outcomes [53]. The inclusion of the
olaparib combined with the ATR inhibitor ceralasertib will investigate whether the two
classes of DDR inhibitors have the potential to provide clinical activity. The study trial will
also aim to identify novel biomarkers of ATR inhibitor response and resistance.

3. Susceptibility to EOC

Around 20–25% of unselected EOC patients carry pathogenic variants (PVs) in a
number of genes that mostly encode for proteins involved in DDR pathways [54]. Indeed,
NGS revealed that beyond BRCA1/2, mutations in HR effectors, such as PALB2, RAD51,
ATM, BRIP1, BARD1, and CHEK2 occurs in up to a fifth of the patients with high-grade
serous ovarian cancer [55]. PVs in each of these genes is associated with variable risk
for EOC development. Moreover, mutated or downregulated ARID1A significantly com-
promises HR repair of DNA DSBs [56]. ARID1A is recruited to DSBs via its interaction
with ATR. ATR inhibition in ARID1A defective cells thus increases large scale genomic
rearrangements and ultimately causes cell death. Loss of function mutations in ARID1A
leading to a loss of protein expression are a frequent observation in EOC of clear cell and
endometroid histology. Finally, PVs genes involved in the MMR pathway account for
10–15% of hereditary EOC, typically in endometrioid or clear-cell histological subtypes [57].

3.1. BRCA1 and BRCA2 Genes in EOC

PVs in BRCA1/2 genes are detected in 10–15% of unselected EOC patients, accounting
for the majority of hereditary cases [58]. BRCA1 and BRCA2 PVs confer 44% and 17% life-
time risks for EOC diagnosis, respectively, whilst the relevant risk in the general population
is approximately 1% [59]. The carriers of BRCA1 and BRCA2 PVs are specifically susceptible
to develop high-grade serous ovarian cancer, with a median age of onset at about 51 and
61 years, respectively [60]. PVs in BRCA1/2 in EOC are correlated with prolonged OS,
visceral disease distribution, higher response rates to platinum-based chemotherapy, and
sensitivity to PARP inhibitors.

The identification of BRCA1 and BRCA2 PVs is recommended as an effort of primary
prevention for EOC. Cascade screening is the systematic identification and testing of
relatives of a known mutation carrier. This strategy determines whether asymptomatic
relatives also carry the known variant, in view of offering risk-reducing options to reduce
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the morbidity and mortality. On the other hand, all negatively tested family relatives have
a lifetime EOC risk, compatible with the general population.

The proposed primary prevention strategy for EOC risk reduction among BRCA1 and
BRCA2 carriers is bilateral salpingo-oophorectomy (BSO), which can reduce the risk for
EOC diagnosis up to 96% [60]. BRCA1 carriers are considered to undergo BSO after the age
of 35 and before the age of 40 years, whereas in those with BRCA2 mutations, BSO can be
proposed after the age of 40 and before the age of 45 years, due to the lower penetrance and
later onset of diagnosis [61]. The fallopian tube has been established as the origin of the
majority of high-grade serous ovarian cancers. The serous tubal intraepithelial carcinoma
(STIC) theory originated based on the observation of the presence of occult lesions on the
fallopian tubes of women with BRCA1/2 mutations following prophylactic surgery [62].
That led to the consideration of salpingectomy with ovarian retention until the age of
natural menopause within the context of primary prevention [63].

3.2. Beyond BRCA1 and BRCA2 Genes in Ovarian Cancer

Besides RAD51 and its meiotic counterpart DMC1, five additional mammalian par-
alogs of bacterial RecA were discovered two decades ago. RAD51B, RAD51C, and RAD51D
were discovered based on DNA sequence alignments, and XRCC2 and XRCC3 through
functional complementation of the ionizing radiation sensitivity of Chinese hamster mutant
cells. These proteins display limited sequence homology to each other and to RAD51,
and are generally reported as classical RAD51 paralogs. Classical RAD51 paralogs were
proposed to form two biochemically and functionally distinct subcomplexes, i.e., the
RAD51B-RAD51C-RAD51D-XRCC2 complex (BCDX2) and the RAD51C-XRCC3 complex
(CX3), showing common, but also distinct, biochemical properties (Figure 3). All human
RAD51 paralogs were shown to associate with nascent DNA, but the mechanistic roles of
these factors in replication were not investigated systematically. Chinese hamster ovary or
DT40 cell lines carrying different mutations in individual genes displayed specific defects
in replication fork progression and stability. The paralogs play roles at the early and late
stages of HR. The inability of cell lines deficient in RAD51C, XRCC2, and XRCC3 to form
damage-induced RAD51 nuclear foci suggests that these three proteins are important in the
homology search and strand invasion phase of HR. Except for RAD51B, RAD51 paralog
mutants have been isolated and characterized in Chinese hamster cells. In human cells,
however, only XRCC3 ablated cells generated in the human colon carcinoma HCT116 cell
line have been reported to date. RAD51 paralogs have been implicated in the prevention
of aberrant mitoses and aneuploidy, RAD51B, RAD51C, and XRCC3 are implicated in cell
cycle checkpoint, RAD51D and XRCC3 in telomere maintenance, and RAD51C, XRCC2,
and XRCC3 in termination of gene conversion tracts.

While patients with biallelic mutations in RAD51 and its mediators have been identi-
fied in patients with Fanconi anaemia, monoallelic germline mutations in RAD51 mediators
are correlated to predisposition to cancer. This is thought to be frequently caused by a
somatic loss of heterozygosity (LOH) event, where the second functional copy of the gene is
deleted, resulting in genomic instability. Both RAD51C and RAD51D are EOC susceptibility
genes; nevertheless, hereditary ovarian cancer is most commonly caused by a mutation in
BRCA1/2 genes. The prevalence of RAD51C loss-of-function germline PVs varies between
0.3% and 1.1%. The lifetime risk of EOC among RAD51C carriers is approximately 5% [64].
Damaging RAD51D variants are marginally less frequent than RAD51C PVs among EOC
patients, observed in approximately 0.2% of unselected cases [65]. The relevant percentage
in those with strong family history is up to 0.9% [66]. According to the National Compre-
hensive Cancer Network (NCCN) guidelines, BSO may be considered in the scenario of
PVs in any of these genes [67]. Furthermore, genetic defects in RAD51C and RAD51D genes
can function as biomarkers for PARP sensitivity.
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Figure 3. Schematic representation of the mammalian RAD51 paralog-containing complexes.

Several germline PVs in the so-called moderate- and low-penetrance genes have
been associated with a moderate lifetime risk of EOC. The prevalence of BRIP1 gPVs
among familial EOC patients has been reported to be 0.7%, whilst the relevant cumulative
lifetime risk among BRIP mutants has been estimated as 5–5.8%, predominantly following
menopause [68,69]. The elevated risk for EOC diagnosis justifies recommendation for
salpingo-oophorectomies among asymptomatic carriers, in line with family history and
individual’s preference.

PALB2 PVs are quite rare among EOC patients, identified in less than 0.5% of cases
interrogated [65,68]. Biallelic mutations in PALB2 cause Fanconi anemia subtype FA-
N, whereas monoallelic mutations predispose to breast, ovarian, and pancreatic familial
cancers [70]. Clinical testing for PALB2 in EOC is not currently recommended, but can be
considered in cases with strong family history for ovarian cancer. The majority of studies
reported relative risks between 0.9 and 5.5, but lacked statistical power [67]. It has been
observed that PALB2 associated tumours are sensitive to platinum-based chemotherapy
and PARP inhibitors [71].

Furthermore, about 1% of all EOC cases can be attributed to PVs in MMR genes [72].
MSH2 PVs seem to be associated with the higher risk of 10–24%, followed by MLH1
PVs with a relevant risk of 5–20%, by the age of 70 years [73]. Finally, MSH6 PVs confer
much lower risks, ranging from 1–11%. In contrast, PMS2 PVs are not associated with
increased EOC risk [73]. Finally, in terms of the non-EOC, a subset of germ-cell tumours
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can acquire KRAS-activating mutations and other genetic alterations, such as BRCA1/2, KIT,
and MAPK. However, the efficacy of targeted therapy and genomic features contributing
to chemoresistance still remain to be elucidated [74]. Similarly, even though the rate of
BRCA1 and BRCA2 mutations in ovarian carcinosarcomas is difficult to be determined, the
genomic sequencing in some studies has demonstrated loss of function mutations in HR
genes. As such, PARP inhibition may be effective even in ovarian carcinosarcomas [75].

3.3. Tumour Testing in Ovarian Cancer

Germline and somatic genetic alterations can be identified through tumour testing.
On the other hand, germline analysis alone cannot detect somatic mutations. However,
there are several factors that may impact the accuracy of tumour testing, meaning it
cannot be considered as a gold standard for the potential identification of germline variant
detection. Firstly, in most cases, the initial material for tumour testing is DNA extracted
from formalin-fixed paraffin-embedded tissues, which can be technically challenging to
amplify. Tumour microdissection is required to obtain tumour DNA. An additional concern
is tumour heterogeneity and the actual percentage of tumour cells that are included in the
tumour specimen from which DNA will be extracted.

If a mutation is identified, the sequencing of the normal cells is required to clarify
whether the mutation is germline or somatic. The order by which the germline and somatic
BRCA mutational analysis should be performed is an ongoing concern. Germline testing
remains in the first place. When initial healthy cell sequencing discards germline PVs,
tumour testing should be performed, since somatic mutations can influence treatment
decisions. However, there are countries where somatic BRCA testing is performed first,
as a screening tool. Patients found to have a mutation in the tumour are then referred to
the Genetics team for germline genetic analysis. For those without identified mutations in
the tumour, further germline BRCA testing is not recommended. The American Society
of Clinical Oncology (ASCO) and the European Society for Medical Oncology (ESMO)
guidelines suggest germline testing, followed by somatic tumour testing for the non-carriers
of a germline PV. Although trials of EOC treatment stratify patients based on HR deficiency
assays, ASCO guidelines do not recommend its routine use [76].

Enumeration of circulating tumour cells (CTC) in the blood may stratify the pa-
tients into high- and low-risk groups and serve as a prognostic biomarker for OS and
progression-free survival (PFS) in several malignancies. Recent studies have also revealed
that characterization of CTC could help predict treatment response. Whether CTC detec-
tion is associated with prognosis in EOC remains controversial. Within this context, the
standardization of CTC detection techniques is of great importance. Many markers have
been applied to the enrichment and screening of EOC CTC. The positive rate of CTC in
EOC patients was 60% in advanced stage disease in a study using the CellSearch system
targeting EpCAM+ [77]. The detection of CTC using immunomagnetic CTC enrichment
targeting EpCAM and MUC1, followed by RT-PCR to detect EpCAM, MUC1, CA125, and
ERCC1 positive cells has also been reported [78].

Recently, circulating tumour DNA (ctDNA), was found in plasma, and demonstrated
a high correlation with EOC prognosis. PCR-based approaches have been successfully
applied in ctDNA analysis, but are limited to detection of certain specific known mutations.
NGS has been used for DNA mutation profiling and tumour mutation burden determina-
tion, whilst other approaches, such as whole-genome sequencing and cancer-personalized
profiling by deep sequencing, have a broad range of applications, including evaluation of
tumour mutation burden, detection of epigenetic changes, and diagnostics or identification
of resistance mutations in EOC [79].

4. Susceptibility to Prostate Cancer

4.1. BRCA1 and BRCA2 Genes in Prostate Cancer

The incidence of prostate cancer is greater among BRCA mutation carriers; namely,
1.35-fold and 2.64-fold greater in BRCA1 and BRCA2 carriers, respectively [80]. In the
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case of functional loss of BRCA1 and BRCA2 genes, DDR occurs by non-conservative and
potentially mutagenic mechanisms. This genomic instability is considered to be related to
the cancer predisposition caused by deleterious mutations in BRCA genes.

The incidence for BRCA2 mutations is 4.45 (95% confidence interval (CI) 2.99–6.61),
which is higher as compared to BRCA1 (2.35, 95% CI 1.43–3.88) [81]. Consequently, BRCA2
germline mutations increase the risk of prostate cancer 8.6-fold by the age of 65 years [82].
The first analysis of the IMPACT trial concluded that patients with BRCA2 PVs have el-
evated levels of serum prostate specific antigen (PSA) at diagnosis, predominantly high
Gleason tumours, increased rates of nodal and distant metastases, and finally high recur-
rence rates [83]. Three oligonucleotide/oligosaccharide-binding domains (OB) folds (OB1,
2, and 3) have been revealed in the DNA-binding domain (DBD) of BRCA2 by structural
studies. OB1 and OB2 are associated with the highest risk of prostate cancer [84]. In a study
of 6500 patients with BRCA1 and BRCA2 PVs, c.756-c 1000 and c.7914þ regions in BRCA2
were reported as negative biomarkers for high risk of Gleason 8b prostate cancer [85].

BRCA1 differentially regulates IGF-IR expression in androgen receptor (AR)-positive
and AR-negative prostate cancer cells [86]. It has been reported that in a cohort of sporadic
prostate cancer patients treated with radical prostatectomy, the higher probability of ad-
vanced tumour stage and the reduced disease-free survival were correlated with somatic
BRCA1 loss, which was due to hypermethylation or a deletion of the promoter [87].

Up to 8% of non-metastatic prostate cancer patients may respond to PARP inhibitors,
irrespective of the fact that the HR deficiency is not derived from BRCA mutations [88]. This
may be related to the CDH1 gene loss (encodes cadherin 1) or inactivation of the SPOP gene
(encodes Speckle-type POZ protein), which represent early events in carcinogenesis [89].

Strict separation of somatic and germline variants is not regularly performed; never-
theless, somatic BRCA mutations are more frequent in late stages of prostate cancer. Based
on that, a new solid or liquid biopsy is highly recommended for an updated snapshot of
the tumour.

4.2. Beyond BRCA

Prostate cancer is enriched for genomic alterations in DDR pathways [90]. In 2015,
the Cancer Genome Atlas (TCGA) analyzed 333 primary prostate cancers. Alterations
in DDR genes were common, affecting about one fifth of samples through mutations or
deletions in BRCA1/2, CDK12, ATM, FANCD2, or RAD51C [91]. In terms of the metastatic
setting, the study by the International Stand Up to Cancer-Prostate Cancer Foundation team
(SU2C-PCF) evaluated 150 specimens and identified 8% with germline DDR mutations
and 23% with somatic DDR alterations [50]. BRCA2 was the most frequently mutated gene
(13%), followed by ATM (7.3%), MSH2 (2%) and BRCA1, FANCA, MLH1, RAD51B and
RAD51C (0.3% for all). Similarly, in the large phase III PROfound study, among 28% of the
analyzed samples were detected alterations in 15 DDR genes. The highest prevalence was
found in BRCA2 (8.7%), followed by CDK12 (6.3%), ATM (5.9%), CHEK2 (1.2%), and BRCA1
(1%). The frequency of the DDR gene alterations between metastatic sites and primary
disease was similar (32% vs. 27%, respectively) [92]. Co-occurring aberrations in two or
more DDR genes were revealed in 2.2% of cases.

PROREPAIR-B is the first prospective multicenter cohort study evaluating the preva-
lence and effect of germline DDR mutations on metastatic castration-resistant prostate
cancer outcomes [93]. Patients were screened for 107 DDR mutations. Among them, 16.2%
were found to be DDR carriers, including 6.2% who carried mutations in BRCA2, ATM,
or BRCA1.

The BRCAness phenotype may be induced pharmacologically or due to genetic alter-
ations in HR genes other than BRCA1/2, including ATM, ATR, CHEK1, RAD51, the Fanconi
anaemia complementation group family of genes and others. HR gene alterations were
investigated in the TRITON2 study. The objective response rate (ORR) was 44% for patients
with BRCA genes, but only 9.5% for ATM and 0% for CDK12, CHEK2, and other DDR
genes [94]. Due to the doubts concerning BRCAness, experimental biomarkers have been
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proposed. Among them are included HR gene alteration, functional assays of HR capacity,
as well as transcriptomic and mutational signatures [95].

4.3. Tumour Testing in Prostate Cancer

NGS implications are widely available for the detection of germline or somatic HR
repair mutations, along with copy-number changes and genomic instability in prostate
cancer [96]. The choice of the optimal material for genetic testing is challenging. Given the
heterogeneity and instability of the tumour genome, metastatic sites may be better sources
for identification of genetic alterations than the primary prostate tumour [97]. Brain and
visceral metastases have the highest frequency of mutations among HR deficiency genes.

In the case of disease progression, it is recommended to repeat somatic mutation
tests [98]. However, germline testing using NGS does not detect somatic mutations, which
represent approximately 50% of BRCA mutations in metastatic castration-resistant prostate
cancer [50]. For the detection of somatic HR repair mutations, CTC and ctDNA testing are
highly recommended [99]. ctDNA plasma tests may be used in the absence of tissue or
when re-biopsy is undesirable. However, the sensitivity of ctDNA plasma tests may be
lower as compared to tumour tissue testing [100]. Ideally, a multiplex testing approach
using different biological sample types can be implemented in order to increase the number
of patients who undergo genomic analysis for actionable mutations.

From the screening programmes point of view, the previously reported IMPACT study
facilitated annual PSA screening in families with germline BRCA1/2 mutations [83,101].
The interim analysis of the study has reported that after 3 years of PSA screening in men
with germline BRCA1/2 mutations, those with a BRCA2 mutation had increased incidence
of prostate cancer, younger age at diagnosis, and higher risk of developing clinically
significant tumours [83]. The study suggested that PSA testing in men with germline
BRCA1/2 mutations, with a threshold of 3ng/mL for biopsy, may be highly specific for
the detection of early-stage disease [101]; nevertheless, this is not yet incorporated in
compendium guidelines.

The NCCN guidelines (version 2.2021, July 2022) propose consideration of tumour
testing for HR repair mutations (BRCA1/2, ATM, CHEK2, PALB2, FANCA, RAD51D, and
CDK12), as well as microsatellite instability or MMR status (MLH1, MSH2, MSH6, and
PMS2) in patients with regional, high-risk localised or metastatic prostate cancer [102]. The
recommendation for germline testing also includes families with a history of cancer, and
specific populations with high risk of prostate cancer, such as Ashkenazi Jews [102].

5. PARP Inhibitors Development across Tumour Types

There is an urgent need to better understand how the genomic and epigenomic
heterogeneity intrinsic to EOC is reflected at the protein level, and how this information
could potentially lead to prolonged survival [103]. The PARP inhibitors are a family of
enzymes capable of catalyzing the transfer of ADP-ribose to target proteins. Among the
17 identified members of the PARP family, PARP-1 is the best characterized. It is responsible
for approximately 90% of PARylation activity, whereas PARP-2 and to a lesser extent PARP-
3 function in fewer, but overlapping, DNA repair processes [104]. With the binding of
PARP to damaged sites, its catalytic activity and eventual release from DNA potentiate the
response of a cancer cell to DNA breaks induced by chemotherapeutics and radiation [105].
The approved PARP inhibitors inhibit both PARP-1, -2, and -3. AZD5305 is a novel agent,
designed as a highly potent and selective inhibitor of PARP-1 with DNA-trapping activity.
The phase I/II PETRA trial evaluated AZD5305 as monotherapy in patients with advanced
metastatic breast, pancreatic, or prostate cancer with germline BRCA1, BRCA2, PALB2, or
RAD51C mutations [106]. There was preliminary evidence of early circulating tumour DNA
responses. AZD5305 significantly improved pharmacokinetics and exposure to a target
compared with the already approved first-generation PARP inhibitors, and thus represents
a major advance over them.
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Several PARP inhibitors in clinical development have different potencies as PARP-1 cat-
alytic inhibitors and as PARP-‘trappers’. PARP inhibitors differ in terms of their metabolism;
olaparib and rucaparib are metabolized by cytochrome P450 enzymes, whilst niraparib by
carboxylesterase-catalyzed amide hydrolysis [107]. The potent antitumour effects of PARP
inhibitors were originally observed in tumours harboring germline BRCA1/2 mutations,
such as familial breast and ovarian cancer. Among evaluated PARP inhibitors, olaparib,
niraparib, and rucaparib are approximately 100-fold more potent than veliparib, while
talazoparib has the most enhanced trapping potency [108]. The most common adverse
events induced by PARP inhibitors are gastro-intestinal manifestations, myelosuppression,
and fatigue. Nausea is the most prevalent gastro-intestinal adverse event. Symptoms
are mainly mild and daily prokinetic, and antihistamine drugs are therapeutically recom-
mended. Recalcitrant nausea or vomiting can be successfully controlled with a variety of
antiemetic drugs, such as metoclopramide, prochlor-perazine, phenothiazine, dexametha-
sone, olanzapine, haloperidol, or lorazepam. Of note, the neurokinin-1 receptor antagonist
aprepitant is contraindicated with olaparib, since it is a strong CYP3A4 inhibitor and may
derange olaparib’s plasma concentrations. Other frequent gastrointestinal symptoms are
constipation, vomiting, and diarrhoea, but grade 3 or 4 toxicities occur in less than 4% of
patients. The treatment of choice is senna or polyethylene glycol 3350 for constipation, or
loperamide for diarrhoea. Haematological toxicities tend to occur early after treatment
initiation, with recovery after a few months. Among them, anaemia is the most com-
mon, related to PARP2 inhibition and erythrogenesis. In patients treated with niraparib,
haematological adverse events represent the majority of grade 3 and 4 events, followed by
rucaparib and olaparib. Haematological toxicities are the most common cause of dose mod-
ification, interruption, and discontinuation. The indications for transfusions include the
symptomatic anaemia and the haemoglobin values of less than 7 g/dL. Thrombocytopenia
of any grade is also more pronounced with niraparib. The cause of thrombocytopenia has
been shown to be associated with a reversible decrease in megakaryocyte proliferation
and maturation. Finally, fatigue is common for all PARP inhibitors and seems to be a class
effect. Approximately 60–70% of patients experience fatigue of any grade with the three
approved PARP inhibitors. The recommended management includes non-pharmacological
approaches, such as exercise, massage therapy, and cognitive behavioural therapy, whilst
pharmacological interventions with psychostimulants, such as methylphenidate and gin-
seng, may be considered in more symptomatic patients. The synthetic lethality may act
against severe PARP inhibitor-mediated toxicity.

The successful story of PARP inhibitors in BRCA-deficient advanced breast and ovarian
cancer has led to further investigation of their efficacy in prostate cancer, pancreatic and
biliary tract malignancies, glioblastoma, and lung cancer. PARP inhibitors may also be
effective in malignancies involving somatic mutations in DDR genes beyond BRCA1/2.
They could also potentiate immunotherapeutic activity in many ways. Indeed, they increase
neoantigen burden through DNA damage. Presence of HR deficiencies such as BRCA1/2
mutations cause amplification of tumour mutational burden and contribute to immune
checkpoint inhibitor sensitivity. Furthermore, PARP inhibitor-induced DNA damage could
promote recruitment of T cells via the stimulator of interferon genes (STING) pathway and
type I interferons. Finally, PARP inhibitors can lead to acute inflammation, remodeling of
the tumour microenvironment, and thus enhancement of immune response [109].

5.1. Development of PARP Inhibitors in EOC

The standard treatment for ovarian cancer consists of cytoreductive surgery, fol-
lowed by postoperative platinum-based chemotherapy. Neoadjuvant chemotherapy is
an alternative option for selected patients, which offers the opportunity to test upfront
chemosensitivity and to identify patients at higher risk of relapse [110]. Nevertheless,
disease recurrence is a common phenomenon. Bevacizumab—a humanized monoclonal
IgG antibody that targets vascular endothelial growth factor (VEGF) receptor—was the first
antiangiogenic agent to show clear therapeutic activity in recurrent disease in combination
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with chemotherapy, based on the results of two randomized controlled phase III trials [111].
Clinical trials of PARP inhibitors have assessed their efficacy and tolerance in the treatment
of EOC. Three PARP inhibitors have been approved for the management of EOC in different
settings; olaparib, rucaparib, and niraparib.

Chronologically, in 2014, the EMA approved olaparib in maintenance setting for
patients with recurrent high grade serous EOC and BRCA1/2 mutations. The initial
study enrolled 19 patients with platinum-sensitive relapse. This study demonstrated
improved PFS vs. placebo (8.4 vs. 4.8 months, hazard ratio (HR) 0.35), which was more
pronounced in the subset with germline/somatic BRCA1/2 mutations (11.2 vs. 4.3 months,
HR 0.18) [112]. In the same year, the FDA approved olaparib as the first-in-class PARP
inhibitor for germline BRCA-mutated patients, previously treated with at least three lines
of chemotherapy [113]. In 2018, the approval was expanded to all platinum-sensitive pa-
tients, regardless of BRCA1/2 status. The confirmatory phase III SOLO-2 trial demonstrated
median PFS of 19.1 vs. 5.5 months for olaparib and placebo, respectively, in germline
BRCA1/2 mutants [114].

Rucaparib was approved by FDA and EMA in December 2016 and May 2018, respec-
tively, for those previously treated with two or more lines of platinum-based chemotherapy,
who cannot tolerate further platinum. The phase II ARIEL2 study confirmed that rucaparib
prolonged PFS in patients with platinum-sensitive recurrence [115]. BRCA1/2-mutant
cancers had improved response (80% vs. 10%) and prolonged PFS compared to the LOH
low subgroup (HR 0.27, p < 0.0001). A subsequent post hoc analysis concluded that a cut off
of 16% compared to 14% for the LOH assay may represent a better predictor of PFS [116].

Finally, the FDA and EMA approved niraparib in maintenance setting in March and
November 2017, respectively, based on the phase III NOVA trial [117]. Patients with
platinum-sensitive disease were enrolled, regardless of either germline BRCA1/2 or HR
deficiency status, while results were stratified to investigate the potential predictive role of
HR deficiency biomarkers. Definition of HR deficiency was determined by the myChoice
HRD test, which incorporates LOH, telomeric allelic imbalance (TAI), and large-scale state
transitions (LST). Median PFS for the non-germline BRCA carriers but signature-positive
patients favoured niraparib (12.9 vs. 3.8 months, p < 0.001). Even patients without the HR-
related signature achieved longer median PFS (6.9 vs. 3.8, p = 0.02). These data support that
overall platinum-sensitivity status is correlated with PARP inhibitor sensitivity, although
more benefit is seen in patients with canonical HR defects. A recently published meta-
analysis explored the diversity of efficacy and safety of different PARP inhibitors in patients
with EOC [118]. The results showed that either olaparib, niraparib, or rucaparib could
prolong PFS over a placebo, whereas their long-term benefit was not limited to BRCA
mutation status. Nevertheless, the analysis indicated that there was no difference in OS
between olaparib and niraparib vs. the placebo. Finally, olaparib had the fewest grade
3 or higher adverse events, whereas no difference was identified between niraparib and
rucaparib. However, we must be careful when considering those interpretations due to the
methodological heterogeneity of the analysis.

Registration studies that led to approvals of PARP inhibitors for treatment of EOC are
resumed in Table 1.
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Table 1. Clinical trials of PARP inhibitors in ovarian cancer.

Study Phase Population
Treatment

Arms
Outcome P Ref

STUDY 19 II

(1) Platinum-sensitive,
advanced HGSOC
(2) At least two prior
lines of platinum-
based CTH
(3) Unselected for
BRCA status

(A) Olaparib
400 mg BID
(B) Placebo

(A): Median PFS
1. Overall population: 8.4 vs.
4.8 m
2. BRCA mutants: 11.2 vs. 4.3 m
3. BRCA wild type: 7.4 vs. 5.5 m
(B): OS
1. Overall population: 29.8 vs.
27.8 m
2. BRCA mutants: 34.9 vs.
31.9 m
3. BRCA wild type: 24.5 vs.
26.2 m
(C): ORR
12% vs. 4%

(A1): <0.001
(A2): <0.0001
(A3): 0.0075
(B1): 0.44
(B2): 0.19
(B3): 0.96
(C): 0.12

[112]

STUDY 42 II
(1) Platinum-resistant,
advanced HGSOC
(2) BRCA mutations

Olaparib
400 mg BID

(1) ORR: 34%
(2) MDR: 7.9 m
(3) PFS: 7 m
(4) OS: 16.6 m

[113]

SOLO 2 III

(1) Platinum-sensitive,
advanced HGSOC
or HGEOC
(2) At least two prior lines
of platinum-based CTH
(3) BRCA mutations

(A) Olaparib
300 mg BID
(B) Placebo

Median PFS: 19.1 vs. 5.5 m <0.0001 [114]

ARIEL2 II
Platinum-sensitive,
advanced HGSOC
or HGEOC

Rucaparib
600 mg BID

(A): Median PFS
1. BRCA mutants:
12.8 m
2. BRCA wild type LOH high:
5.7 m
3. BRCA wild type LOH low:
5.2 m
(B): ORR
1. BRCA mutants: 80%
2. BRCA wild type LOH high:
39%
3. BRCA wild type LOH low:
13%

(A1): <0.0001
(A2): 0.011
(A3): 0.011

[115]

NOVA III

(1) Platinum-sensitive,
advanced HGSOC
(2) At least two prior
lines of platinum-based
CTH
(3) Stratification by
gBRCAmut

(A) Niraparib
300 mg BID
(B) Placebo

Median PFS
(1) gBRCA mutants:
21 vs. 5.5 m
(2) BRCA wild type HRD (+):
12.9 vs. 3.8 m
(3) Overall non-gBRCA mutants:
9.3 vs. 3.9 m

(1): <0.0001
(2): <0.00001
(3): <0.0001

[117]

STUDY 10 I/II

(1) Platinum-sensitive,
advanced HGSOC
or HGEOC;
(2) gBRCAmut (phase II
PART 2A)

Rucaparib
600 mg BID

(1) ORR: 59.5%
(2) MDR: 7.8 m [119]

SOLO 1 III
(1) Platinum-sensitive,
advanced HGSOC
(2) BRCA mutations

(A) Olaparib
300 mg BID
(B) Placebo

Median PFS: NR vs. 13.8 m
3-year PFS: 69% vs. 35%

<0.001
<0.001 [120]

SOLO 3 III Recurrent gBRCAm EOC (A) Olaparib
(B) CTH Median PFS: 13.4 vs. 9.2 m 0.013 [121]
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Table 1. Cont.

Study Phase Population
Treatment

Arms
Outcome P Ref

PRIMA III

Newly diagnosed
advanced EOC with
response to
platinum-based CTH

(A) Niraparib
300 mg BID
(B) Placebo

Median PFS
(1) HRD (+): 21.9 vs. 10.4 m
(2) Overall population: 13.8 vs.
8.2 m

(1): <0.001
(2): <0.001 [122]

QUADRA II
(1) Platinum-sensitive,
advanced HGSOC
(2) HRD (+)

Niraparib
300 mg BID

(1) ORR 27.5%
(2) DCR 68.6% [123]

ARIEL3 III
Recurrent EOC after
response to
platinum-based CTH

(A) Rucaparib
600 mg BID
(B) Placebo

Median PFS
(1) BRCA mutants: 16.6 vs. 5.4 m
(2) HRD (+): 13.6 vs. 5.4 m
(3) ITT population: 10.8 vs. 5.4 m

(1): <0.0001
(2): <0.0001
(3): <0.001

[124]

PAOLA-1 III

Newly diagnosed,
advanced, high-grade
ovarian cancer with
response after first-line
platinum-taxane CTH plus
bevacizumab

(A)
Bevacizumab
+ olaparib
maintenance
(B)
Bevacizumab
+ placebo

Median PFS
(1) Overall population: 22.1 vs.
16.6 m
(2) HRD (+): 37.2 vs. 17.7 m
(3) HRD without BRCA
mutations: 28.1 vs. 16.6 m

(1): <0.001 [125]

Abbreviations: PARP: poly(ADP-ribose) polymerase; Ref: reference; HGSOC: high-grade serous ovarian can-
cer; HGEOC: high-grade endometrioid cancer; gBRCAmut: germline BRCA mutation; BID: twice a day (bis
in die); ORR: overall response rate; MDR: median duration of response; m: months; CTH: chemotherapy;
PFS: progression-free survival; OS: overall survival; NR: not reached; EOC: epithelial ovarian cancer; HRD:
homologous recombination deficiency; DCR, disease control rate; LOH: loss of heterozygosis; ITT: intent-to-treat.

5.2. Development of PARP Inhibitors in Prostate Cancer

Until 2010, patients with metastatic castration-resistant prostate cancer have been
treated with chemotherapy, which can be combined with androgen deprivation therapy
(ADT). The addition of ADT to localised prostate radiotherapy improves survival as it sensi-
tises prostate cancer to radiotherapy-induced cell death [126]. Technological advancements
in the past two decades revealed that residual androgens, ADT-induced AR splice variants,
and AR mutations are common mechanisms of metastatic castration-resistant prostate
cancer. Within this context, AR signaling inhibitors are included among the agents that
have been approved for the treatment of metastatic castration-resistant prostate cancer [127].
AR is a critical regulator of DDR in prostate cancer, through regulation of the expression
and activity of DNAPK. This is an enzyme that is key for the process of repairing DSB
through NHEJ and also serves as a transcriptional modulator. AR-induced DNAPK acti-
vation promotes transcriptional networks that lead to cell migration and metastasis, thus
linking the AR-DNA repair axis to tumour progression [128]. The combination of PARP
inhibition and AR signaling inhibitors could represent an example of synthetic lethality.
AR is a ligand-inducible transcription factor, whereas AR signaling inhibitors cause HR
deficit. ADT results in the state of BRCAness, leading to sensitivity of prostate cancer to
PARP inhibition in combination with AR signaling inhibitors [129]. Multiple clinical trials
are studying PARP inhibitors as either monotherapy or combined therapy for prostate
cancer. Among them, olaparib was the first PARP inhibitor showing efficacy in metastatic
castration-resistant prostate cancer patients with prior progression to standard treatment.
The combination of rucaparib with AR has been approved to guide therapy based on
paclitaxel harmful BRCA mutations in patients with metastatic castration-resistant prostate
cancer. This is the rationale behind the clinical trials of veliparib and talazoparib as well.
Key clinical trial data for these four PARP inhibitors in prostate are depicted in Table 2.
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Table 2. Clinical trials of PARP inhibitors in prostate cancer.

Clinical
Trial ID

Phase
PARP

Inhibitor
Population

PSA Response
Rate

Primary
Endpoint

Ref

NCT01682772 II Olaparib
mCRPC patients previously
treated with abiraterone or
enzalutamide, and cabazitaxel

33% of patients
(95%, 20–48) RR, PSA, CTC [130]

NCT01682772 II Olaparib

mCRPC patients:
(1) previously treated
with one or two taxanes
(2) DDR gene mutations

PSA levels decrease
by ≥ 50%:

100% of BRCA2
and FANCA

mutated mCRPC
patients

RR, PSA, CTC [131]

NCT02987543 III Olaparib

mCRPC patients:
(1) disease
progression whilst on
enzalutamide or abiraterone
(2) ≥1 HRR gene mutation

Olaparib group:
30% of patients
Control group:
10% of patients

rPFS [132]

NCT02952534 II Rucaparib
mCRPC patients: germline or
somatic alteration in ≥1
prespecified HRR gene

47.8% of
BRCA-mutated

patients
(95%, 26.8–69.4)

ORR [133]

NCT04455750 III Rucaparib mCRPC patients, resistant to
testosterone-deprivation therapy Not completed rPFS, OS [134]

NCT02854436 II Niraparib

mCRPC patients:
(1) DDR gene mutations
(2) disease progression on taxane
and AR-targeted therapy

57% of patients
(95% CI, 34–77) ORR [135]

NCT03148795 II Talazoparib

mCRPC patients:
(1) DDR-mutated
(2) disease progression on taxane
or AR-targeted therapy

Not completed ORR [136]

NCT04821622 III Talazoparib mCSPC patients with DDR gene
mutations Not completed rPFS [137]

Abbreviations: PARP: poly(ADP-ribose) polymerase; Ref: reference; mCRPC: metastatic castration-resistant
prostate cancer; RR: response rate; PSA: prostate specific antigen; CTC: circulating tumour cells; DDR: DNA
damage repair; HRR: homologous recombination repair; rPFS: radiographic progression-free survival; ORR:
objective response rate; OS: overall survival; AR: androgen receptor; mCSPC: metastatic castration-sensitive
prostate cancer.

The United Kingdom (UK)-based TOPARP (Trial of PARP inhibition in prostate cancer)
phase II trial was conducted in two stages. TOPARP-A assessed anti-tumour activity of
olaparib in a sporadic metastatic castration-resistant prostate cancer population, whilst
TOPARP-B was conducted in a subset with known genomic background, specifically BRCA2
or ATM mutations [130,131]. In the TOPARP-A study, olaparib led to a response rate of
33% (95% CI 20–48), reduction in CTC of 29%, and 50% decrease in PSA levels of 22%
over the whole cohort [130]. However, when TOPARP-B patients were stratified based
on NGS results, 88% responded to olaparib; namely, 80% of those with ATM mutations
and all BRCA2 mutants. On the other hand, only 2 of 33 biomarker-negative patients (6%)
had a response to olaparib (sensitivity of 88% and specificity of 94%) [131]. These studies
concluded that olaparib is primarily effective in metastatic castration-resistant prostate
cancer patients with HR deficiency. Tumours with BRCA1 or BRCA2 alterations were more
sensitive to olaparib as compared to those with alterations in any other DDR gene.

In the phase III biomarker-driven PROfound trial, the patients were divided into
two cohorts. Cohort A assigned patients with BRCA1, BRCA2, and ATM mutations, and
cohort B comprised those with mutations in one of the remaining 12 DDR genes [132]. The
patients were given olaparib 300 mg twice daily and second line AR signaling inhibitors in
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a 2:1 ratio. In cohort A, the median radiographic PFS was 7.4 and 3.5 months in favour of
olaparib, whilst the median OS was 18.5 and 15.1 months, respectively (HR 0.64, p = 0.02).
The study met the primary endpoint for radiographic PFS. Based on the positive results
of the PROfound trial, the FDA approved olaparib in January 2020 for the treatment
of metastatic castration-resistant prostate cancer in patients with deleterious DDR gene
mutations, followed by new hormone therapy. Even though it is an approved modality in
the United States of America and Europe, this is not the case in the UK.

The TRITON2 and GALAHAD phase II trials investigated the potential therapeutic
benefit of rucaparib and niraparib, respectively, in metastatic castration-resistant prostate
cancer patients with DDR mutations and disease progression after AR signalling inhibitor
or chemotherapy [133,135]. The TRITON2 trial enrolled 190 metastatic castration-resistant
prostate cancer patients to be treated with rupacarib 600 mg twice daily. Among them, 52%
had a BRCA1/2 mutation, and the remaining had ATM (30%), CDK12 (7%), CHEK2 (4%),
and other mutated genes (7%). The ORR was 44% for patients with BRCA mutations, but
only 9.5% for ATM, and 0% for the remaining DDR genes [133]. These positive preliminary
findings led to the FDA approval of rucaparib in May 2020 for BRCA1/2 mutated metastatic
castration-resistant prostate cancer patients who progressed after one to two lines of AR-
directed therapy and one taxane-based chemotherapy. However, the TRITON2 study has
not detected accurate biomarkers in non-BRCA-mutated tumours.

The GALAHAD trial enrolled 165 metastatic castration-resistant prostate cancer pa-
tients with germline pathogenic or somatic biallelic pathogenic alterations in BRCA1 or
BRCA2 (BRCA cohort), or in other prespecified DDR genes (non-BRCA cohort), who were
treated with niraparib 300 mg twice daily. The composite response rate—defined as ORR,
conversion of CTC to <5/7.5 mL blood or ≥50% decline in PSA—was 63% in the BRCA
and 17% in the non-BRCA cohort, respectively [135]. Similar to olaparib, rucaparib was
approved by the FDA—but not by the EMA—for the treatment of metastatic castration-
resistant prostate cancer patients with germline and/or somatic BRCA1/2 mutations, who
progressed on AR signaling inhibitor or taxane. Of note, the GALAHAD study stratified
patients with biallelic mutations, whilst the TRITON2 and PROfound trials evaluated
mono- and biallelic mutations in tumour tissue or plasma and tumour tissue, respectively.
Whether the origin and type of BRCA1/2 mutation (monoallelic vs. biallelic, somatic
vs. germline) may potentially affect therapeutic response to PARP inhibitors requires
further investigation.

6. Developing Predictive Biomarkers for PARP Inhibitors

The first clinical biomarker for the evaluation of response to PARP inhibitors was
platinum sensitivity. The platinum-free interval is correlated with the clinical benefit rate
of olaparib in BRCA1/2 mutated EOC patients. The reported—in a phase I study—clinical
benefit rate for the olaparib were 69.2% and 45.8% for the platinum-sensitive and platinum-
resistant groups, respectively [138]. The subset of patients with germline BRCA1/2-mutated,
platinum-sensitive disease achieved the best response to olaparib. On the other hand, the
response to platinum-based chemotherapy is not always compatible with the response to
PARP inhibitors. This is based on the fact that platinum sensitivity may result from defects
in other DDR mechanisms, including NER [139]. Moreover, the secondary restoration of the
function of BRCA1/2 or other HR genes may lead to resistance to PARP inhibition, rather
than to platinum resistance [140].

Multiplexed NGS panels investigate the mutation status of multiple genomic regions
of interest, either through amplification or capture-based technologies. Multiplexed panels
are successfully implemented in clinical practice, based on their lower cost and burden of
bioinformatics requirements for the analysis of the data.

Molecular signatures, such as the HR deficiency scores, are crucial for therapeutic de-
cisions. Most of the evidence on the predictive value of such signatures was obtained from
the randomized trials of PARP inhibitors rucaparib and niraparib in EOC. HR deficiency
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is involved in the tumourigenesis of approximately 50% of high-grade serous ovarian
carcinoma, whilst about 20% are caused by mutations in HR genes beyond BRCA1/2 [141].

Several FDA-approved companion diagnostic tests for PARP inhibitors are currently
available. BRACAnalysis CDx consists of two in vitro assays for germline BRCA1/2 muta-
tional identification; the BRACAnalysis CDx Sanger sequencing and the BRACAnalysis
CDx Large Rearrangement Test (BART®). They are used for sequence variants and large
rearrangements, respectively. Potential limitations of BRACAnalysis CDx are the detection
of deletions > 5 bp, insertions > 2 bp, RNA transcript processing errors, and differentiation
between gene duplication and triplication [142]. An additional critical limitation of these
signatures is that the mutational/LOH patterns do not revert when a tumour has recov-
ered HR function. As such, they may not be able to accurately predict PARP inhibitors’
sensitivity in the subset of patients who have been previously treated and progressed on
DNA damaging chemotherapy. Myriad’s myChoice HR deficiency is an enhancement of
BRACAnalysis CDx that identifies both germline and somatic BRCA1/2 mutations, along
with HR deficiency [143]. The created genomic scarring composite score represents a sum
of LOH, TAI, and LST.

The RAD51 assay is also a promising candidate for predicting responses to PARP inhi-
bition. RAD51 is an important protein in the HR repair pathway that can be easily detected
with an immunofluorescence assay [144]. The induction of RAD51 foci formation after
DNA damage has been associated with HR repair proficiency [139]. RAD51 can accurately
identify all PALB2-mutated tumours as HR-deficient in clinical breast samples [145]. The
RAD51 foci assay has also successfully been used as an in vitro predictive biomarker for
PARP inhibition in cultures from the ascitic fluid of patients with EOC [146].

As far as prostate cancer is concerned, it has been reported that 30% of patients
with metastatic castration-resistant prostate cancer respond to treatment with PARP in-
hibitors [131]. The first successful prostate cancer biomarker study was the previously
mentioned PROfound study, which demonstrated that patients with BRCA1, BRCA2, and
ATM alterations responded better to PARP inhibitors and achieved a longer radiographic
PFS and OS. In contrast, patients with long-tail DDR alterations did not experience clinical
benefit [92]. Moreover, prostate cancer with BRCA2 had better outcome as compared to
those with BRCA1 mutations, after treatment with PARP inhibitors [147]. Furthermore,
Lotan et al., reported that in a three-cohort study, patients with primary prostate cancer and
germline BRCA2 mutations had the highest genomic scarring composite score, followed
by the ATM and CHEK2 alterations [148]. Apparently, those with BRCA2 mutations re-
spond better to PARP inhibitors as compared to the prostate cancer patients with ATM and
CHEK2 alterations [132]; nevertheless, the same correlation with higher genomic scarring
composite scores has been revealed in the respective DDR gene mutations [148]. The
implication of PARP inhibitors beyond BRCA1/2 mutation—in cases of the ‘BRCAness’
phenotype—highlights the importance of future trials investigating predictive biomarkers
beyond BRCA [149].

The activity of PARP1 is believed to be a new biomarker for sensitivity to PARP
inhibitor, as it has been reported that increased PARP1 activity correlates positively with
disease progression in prostate cancer. PARP1 enhances E2F1-related mechanisms of
HR [150]. E2F1 is a transcription factor that regulates the cell cycle and activates cell
proliferation. Therefore, the inhibition of PARP1 results in BRCAness, due to decreased
expression of DDR genes.

Finally, a recent study used CRISPR-Cas9 screens for the potential identification of
PARP inhibitors’ sensitivity marker. Interestingly, it has been revealed that alterations
in the genes encoding the RNase H2 enzyme complex (RNASEH2A, RNASEH2B, and
RNASEH2C) may cause PARP inhibitor sensitivity through impaired ribonucleotide exci-
sion repair [151].
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7. BRCA Mutations and Radiation Response

Mutations in genes implied in response to DNA damage were shown to impact on
radiation response in various preclinical models. Indeed, the NHEJ and HR are two major
mechanisms required for repair of radiation-induced DSBs [152]. In vitro and in vivo
experiments demonstrated increased sensitivity to ionizing radiation in ovarian cancer
cells carrying defective BRCA1, with data suggesting a role of BRCA1 in Foxp3 mediated
radiation resistance [152]. There are therefore theoretical concerns on potential increased
radiation sensitivity of normal tissue among BRCA1 mutation carriers, but also potential
increased effectiveness against tumours. Despite this preclinical background, clinical data,
mainly obtained in breast cancer patients, did not provide a clear signal that there would
be differences in prognosis after adjuvant radiotherapy in patients with BRCA-associated
breast cancer or sporadic breast cancer [153]. The place of radiotherapy for ovarian cancers
is now quite limited, though the survival benefit afforded by molecular targeted agents
leads to long-term survivors, with new indications for stereotactic body radiotherapy in
oligoprogressive or oligopersistent disease. For prostate cancer, radiation therapy has a
more substantial role, especially in curative strategies. There is a strong rationale to associate
radiotherapy with PARP inhibitors, and preclinical data confirmed the potential of such
association, leading to more frequent DNA damages, but also to immunogenic effects (e.g.,
enhanced infiltration of cytotoxic T lymphocytes into the tumour bed, increased expression
of PD-1/PDL-1) [154]. To date, only few early phase clinical trials tested PARP inhibitors
with radiotherapy, showing the feasibility of such association [155]. Howeve, it remains
uncertain whether such an association would lead to different efficacy or safety profiles
among patients with BRCA1/2 mutations. The possibility to reverse systemic resistance to
immunotherapy or to PARP inhibitors through irradiation of selected metastatic sites is
another area of research [156].

8. Conclusions and Future Directions

Copy number variations (CNVs) which include deletions, duplications, inversions,
translocations, and other forms of chromosomal re-arrangements are common to human
cancers [157–160]. Apart from the local chromosomal architecture, CNVs are driven by the
internal cellular or nuclear physiology of each cancer tissue [161]. A recently published
study proposed GraphChrom—a novel graph neural network-based framework—for pre-
dicting cancer from chromosomal rearrangement endpoints [162]. Approximately half of all
cancers have somatic integrations of retrotransposons. A study analyzed the patterns and
mechanisms of cancer retrotransposition on a multidimensional scale, across 2954 cancer
genomes, integrated with rearrangement, and transcriptomic and copy number data [163].
Major restructuring of cancer genomes may emerge from aberrant L1 retrotransposition
events in tumours with high retrotransposition rates. L1-mediated deletions can promote
the loss of megabase-scale regions of a chromosome, which may involve centromeres and
telomeres. The majority of such genomic rearrangements would be harmful for a can-
cer clone. However, L1-mediated deletions may promote cancer-driving rearrangements
that involve the loss of tumour-suppressor genes and/or the amplification of oncogenes.
Through that mechanism, cancer clones acquire new mutations that help them to survive.

BRCA1 and BRCA2 genes encode proteins required to restore broken DNA by HR. If
mutations inactivate either the BRCA1 or BRCA2 gene, then the broken DNA can become
pathogenic. Pieces of DNA get lost or reattach at the wrong positions on the original
or different chromosomes. In BRCA1 or BRCA2 mutants, these errors lead to chromo-
somal re-arrangements and shifts typical of hereditary breast cancers. Chromosomal
re-arrangements may be critical events leading to hereditary breast cancers, but our knowl-
edge of what causes these events is limited. Immune deficits in BRCA1 and BRCA2 mutants
may allow the reactivation of latent EBV infections or new herpes viral infections [164].
DNA breaks induced by exogenous human herpesvirus 4 (EBV) nucleases may then be-
come pathogenic. The availability of breast cancer genomic sequences allows testing of the
possibility that EBV contributes to the incorrect reattachment of broken chromosomes in

277



Cancers 2022, 14, 3888

hereditary breast cancer. The relationship between breast cancer chromosome breaks and
viruses may become actionable.

Based on the available evidence on germline and tumour testing for EOC patients,
germline genetic testing should be offered to all women diagnosed with EOC. The analysis
should be able to detect damaging variants in all genes associated to ovarian cancer
susceptibility, rather than just BRCA1/2 genes. Tumour testing, at least for BRCA1/2 genes,
is recommended for all women testing negative for germline PVs. PARP inhibitors have
attracted great attention and illustrate a paradigm of bench-to-bedside medicine. HR
deficiency remains a strong predictor of clinical benefit from these agents. The current state
of HR deficiency testing can identify patients with EOC who will most likely benefit from
PARP inhibitors. Precise biomarkers for negative response prediction are pivotal. Better
understanding of BRCA and its role in the development and outcomes of EOC provides a
great potential to prevent many cases through improved access to genetic screening, and
also to revolutionize the long-term treatment.

Equally, prostate cancer germline and somatic mutations have been found especially
in the BRCA genes, and subsequently, germline and somatic testing is recommended. This
has changed the molecular classification of prostate cancer and expands the available
therapeutic options. The evaluation of the safety and efficacy of multiple PARP inhibitors
has led to encouraging results. This is crucial as prostate cancer was devoid of predictive
therapeutic biomarkers in the past. PARP inhibitors were initially thought to be relevant
for DDR mutations, but their therapeutic implication has been expanded, as they may
be combined with AR signaling and immune checkpoint inhibitors. The assessment of
this strategy with potential for an increased targeted population represents an ongoing
effort. The clinical outcome can be affected by several parameters including tumour vs.
liquid biopsy, somatic vs. germline mutations, and programmed death-ligand 1 (PD-L1)
positivity on tumour cells vs. immune cells. Finally, it is prudent to explore the resistance
mechanisms to PARP inhibitors by utilizing non-invasive tools such as cfDNA, as this
would help the development of subsequent treatment strategies.
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High Neuroticism Is Related to More Overall Functional
Problems and Lower Function Scores in Men Who Had Surgery
for Non-Relapsing Prostate Cancer
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Abstract: The personality trait of neuroticism is associated with adverse health outcomes after cancer
treatment, but few studies concern men treated for prostate cancer. We examined men with high and
low neuroticism treated with radical prostatectomy for curable prostate cancer without relapse. We
compared overall problems and domain summary scores (DSSs) between these groups, and if high
neuroticism at pre-treatment was a significant predictor of overall problems and DSSs at follow-up.
A sample of 462 relapse-free Norwegian men self-rated neuroticism, overall problems, and DSSs by
the EPIC-26 before surgery and at three years’ follow-up. Twenty-one percent of the sample had high
neuroticism. Patients with high neuroticism reported significantly more overall problems and DSSs
at pre-treatment. At follow-up, only overall bowel problems and urinary irritation/obstruction and
bowel DSSs were different. High neuroticism was a significant predictor of overall bowel problems
and bowel and irritation/obstruction DSSs at follow-up. High neuroticism at pre-treatment was
significantly associated with a higher rate of overall problems both at pre-treatment and follow-up
and had some significant predictions concerning bowel problems and urinary obstruction at follow-
up. Screening for neuroticism at pre-treatment could identify patients in need of more counseling
concerning later adverse health outcomes.

Keywords: prostate cancer; neuroticism; radical prostatectomy; overall problems; prospective study;
generalized estimation equations

1. Introduction

After cancer therapy, patient-reported outcome measures (PROMs) of dysfunctions
and associated problems (bother), often combined as adverse health outcomes (AHOs),
have become increasingly popular as a supplement to doctors’ evaluations. Concerning
PROMs for men with prostate cancer (PCa), two international working groups have recom-
mended the use of the Expanded Prostate Cancer Index Composite 26-question Short Form
(EPIC-26) [1,2].

PROMs cover the personal subjective health experiences of the patients. These ex-
periences are influenced by their daily health-related activities and their current mental
functioning. Personality represents a major element of such functioning, regularly defined
as “enduring patterns of perceiving, relating to, and thinking about the environment and
oneself” [3]. Personality traits are prominent aspects of personality, and after being estab-
lished in adolescence, they remain relatively stable over time and various life situations
as characteristic patterns of coping and interpersonal functioning [3]. Modern personality
theory defines five basic personality traits, which are established during childhood and
adolescence and remain stable during the rest of life. However, recent research implies that
basic traits may be modified by interventions or traumas like cancer [4,5]. Neuroticism
is the most important basic trait concerning health and disease and is defined as follows:
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“Neuroticism is the propensity to experience negative emotions, including anxiety, fear
sadness, anger, guilt, disgust, irritability, loneliness, worry, self-consciousness, dissatis-
faction, hostility, embarrassment, reduced self-confidence, and feelings of vulnerability,
in reaction to various types of stress” [6]. Neuroticism has a skewed distribution in the
general population, with 11 to 20% of males having high neuroticism depending on the
cut-off level applied [7].

In the general population, a high neuroticism score predisposes to many somatic
diseases, mental disorders, and premature death [8–10]. High neuroticism is also a predictor
of emotional distress in cancer patients a year after diagnosis, but none of these studies
concerned PCa patients [11].

Despite its obvious relevance for PCa patients, the relation between neuroticism and
AHOs after surgery is covered by few studies. One prospective study by our research
group showed that some neuroticism versus no neuroticism at pre-treatment predicted
increased sexual bother (problems) one year after radical prostatectomy (RP) [12]. Another
of our prospective studies concerned men treated with robot-assisted prostatectomy (RALP)
or radiotherapy. At follow-up 24 months post-treatment, multivariate analyses showed
that higher neuroticism at pre-treatment was significantly associated with urinary bother,
a trend for significance with sexual bother, and no significant association with bowel
bother [13].

No prospective studies known to us of PCa patients treated with RP have examined
the impact of pre-treatment high neuroticism on patient-rated overall problems or domain
summary scores (DSSs) at pre-treatment and at several years’ follow-up. To fill this gap
available pre-treatment and three years’ post-treatment EPIC-26 overall problem ratings
and DSSs were analyzed related to high and low levels of neuroticism at pre-treatment.
We asked the following research questions: (1) Do men with high versus low neuroticism
report more overall problems or significantly lower (worse) DSSs at both time points? (2)
Is high neuroticism at pre-treatment a significant predictor of overall problems and DSSs
three years after RP?

2. Material and Methods

2.1. Design

This multicenter study had a longitudinal design and attempted to evaluate AHOs
prospectively after RP and radiotherapy. Between November 2008 and December 2009, PCa
patients with planned RP were included in the Norwegian Urinary Cancer Group (NUCG)
VII study for PCa [12]. Men aged ≤80 years at diagnosis and with no adjuvant treatment
were eligible. We had no data on the type of RP performed in the individual patients, but
most of them had been operated with an open approach without attempts at nerve sparing.

Neuroticism at pre-treatment and the AHOs at several time points were based on
responses to a questionnaire. The questionnaire was completed before RP (pre-treatment),
and patients completed mailed questionnaires one and three years after RP. In order to
study the long-term effects, we only present findings from the pre-treatment and from the
three years’ follow-up evaluations.

2.2. Scales

The EPIC-26 is a PROM for rating PCa-related AHOs of the last four weeks covering
urinary, bowel, sexual, and hormonal functional domains with four to six items each [14,15],
but the last domain was omitted due to lack of hormone treatment of the sample. The
EPIC-26 covers different degrees of dysfunction but also contains three items by which
the patients rate their overall urinary, bowel, and sexual problems (Q5, Q7, and Q12).
The overall problems and 20 other EPIC-26 items (Q1-Q13e) measuring dysfunctions had
five scoring alternatives that are from zero to 100 points: “None” (100), “Very Small”
(75), “Small” (50), “Moderate” (25), and “Big” (0). These ratings were dichotomized as
“Hardly any problem” (scores 100 and 75, defined as reference) and “Problem present”
(scores 50 to 0). Three EPIC-26 items (Q2, Q3, and Q9) had four scoring alternatives:
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“No dysfunction/no pad use” (100), “Occasional dysfunction/one pad per day” (67),
“Frequent dysfunction/two pads per day” (33), and “Always dysfunction/three or more
pads” (0), which were dichotomized as “Hardly any problem/dysfunction” (scores 100
and 67, reference) and “Problem” (scores 33 and 0).

We also calculated the DSSs of the urinary incontinence and irritation/obstruction,
bowel, and sexual domains at pre-treatment and follow-up. Lower DSSs imply more
dysfunction.

Neuroticism was measured by the patients’ responses to an abbreviated version of the
Eysenck Personality Questionnaire (EPQ-18) using six items with responses of “yes” (1) and
“no” (0) [16]. (See Supplementary Materials). Based on the right-skewed distribution of the
sum score, we defined “high neuroticism” by scores 2–6 and “low neuroticism” by scores
0–1. This resulted in a group of 97 patients (21%) with high neuroticism and 365 (79%) with
low neuroticism (reference). Cronbach’s coefficient alpha for neuroticism was 0.72.

2.3. Other Variables

The patients rated their level of education [≤12 years (short) versus >12 years (long,
reference)], relationship status (paired (reference) versus non-paired), work status (paid
work versus pensioned), and co-morbidity classified as zero (reference), one, or two or more
coexisting somatic disease(s) among those listed in the EPIC-50 [17]. Based on data from the
patients’ medical records, three risk groups were defined, and low risk was referenced [18].
Nerve sparing of unilateral or bilateral neurovascular bundles was identified, and no nerve
sparing was referenced.

2.4. Statistics

Descriptive statistics: Continuous variables were analyzed with t-tests and Mann–
Whitney tests in case of skewed distributions. Categorical variables were analyzed with
Fisher’s exact tests.

Generalized estimation equations (GEEs) were used to identify independent pre-treatment
variables that were significant predictors of the rates of overall problems and the DSSs.
The GEE is a multivariate binary logistic (overall problems present/absent) or linear
regression (DSSs) model of dependent variables at follow-up, examining associations with
independent variables assessed at pre-treatment [19]. Independent variables examined in
the GEE were significantly associated with overall problems or DSSs at follow-up: age at
pre-treatment, D’Amico risk groups, nerve sparing, neuroticism, not living with partner,
co-morbidity, and EPIC-26 overall problem rates and DSSs at pre-treatment. Since age at
diagnosis correlated highly with work status, the latter variable was not included in the
GEE analyses. The strength of associations in the GEE analyses was expressed by beta
coefficients with 95%CIs [19].

The level of significance was set to p-values < 0.05, and all tests were two-sided. The
data were analyzed with SPSS for PC version 26 (IBM, Armonk, NY, USA).

3. Results

3.1. Patients

In all, 688 patients had RP, and among them, 675 completed the neuroticism part of the
questionnaire at pre-treatment. At three years’ follow-up, 13 patients were deceased, and
551 (83%) delivered new questionnaires. Since biochemical relapse (having two or more
PSA-values of >0.2 μg/L after RP) [20] implied additional treatment with radiotherapy
and/or hormones, 89 (16%) men who relapsed before follow-up were omitted from the
analyses. The sample examined therefore consisted of 462 men.

3.2. Rate of High Neuroticism

According to our definition 97 men had high neuroticism (21.0%, 95%, CI 17.3–24.7%),
and 365 men had low neuroticism.
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3.3. Cross-Sectional Comparisons between the Neuroticism Groups

Table 1 (left part) displays the differences between the high and low neuroticism
groups at pre-treatment. No significant between-group differences were observed for
PCa-related, socio-demographic, or health-related variables, and the same was observed at
follow-up (Table 1, right part).

Table 1. Characteristics of the high and low neuroticism groups at pre-treatment and follow-up
(N = 462).

Variables Pre-Treatment Follow-Up

High
Neuroticism

N = 97

Low
Neuroticism

N = 365
p

High
Neuroticism

N = 97

Low
Neuroticism

N = 365
p

Age at diagnosis, mean (SD) 62.3 (5.2) 62.9 (5.4) 0.29

Age at survey, mean (SD) 65.4 (5.1) 66.0 (5.4) 0.30

Follow-up time, mean (SD) 3.1 (0.3) 3.1 (0.4) 0.87

D’Amico categories, N (%)

0.46
Low risk 15 (15) 73 (20)

Intermediate risk 59 (61) 198 (54)
High risk 23 (24) 94 (26)

Nerve sparing

0.10
None 36 (37) 166 (46)

Unilateral 34 (35) 89 (24)
Bilateral 27 (28) 108 (30)

>12 years’ education, N (%) 51 (53) 196 (54) 0.25

Living with partner, N (%) 82 (85) 320 (91) 0.08

Work status, N (%)
0.75Paid work 59 (62) 213 (60)

Pensioned 37 (38) 144 (40)

Co-morbidity, N (%)

0.48 0.56
None 59 (62) 245 (68) 79 (81) 300 (82)

1 disease 30 (32) 92 (25) 14 (14) 57 (16)
≥2 diseases 6 (6) 25 (7) 4 (5) 8 (2)

At pre-treatment, the high neuroticism group had significantly higher rates of over-
all urinary and sexual problems, but not overall bowel problem compared to the low
neuroticism group (Table 2, left part). All DSSs were also significantly lower in the high
neuroticism group. The high neuroticism patients reported significantly more dysfunction
problems on most of the urinary and sexual items and some of the bowel items than men
in the low neuroticism group.

At follow-up, patients of the high neuroticism group reported significantly higher
rates of overall bowel problems and more problems on most bowel items compared to the
low neuroticism group (Table 2, right part). Overall urinary and sexual problems did not
show significant between-group differences with few significant differences in the problems
on the single items scores of these domains. The irritation/obstruction and bowel DSSs
were significantly lower at follow-up in the high neuroticism group, while no significant
differences were observed concerning the DSSS of urinary leakage or sexual domain.
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Table 2. EPIC-26 rates of problems and DSSs of the high and low neuroticism groups at pre-treatment
and follow-up (N = 462).

Variables Pre-Treatment Follow-Up

EPIC-26 Problems, N (%)
High

Neuroticism
N = 97

Low
Neuroticism

N = 365
p

High
Neuroticism

N = 97

Low
Neuroticism

N = 365
p

Urinary domain
Leakage (Q1) 15 (16) 18 (5) <0.001 45 (47) 138 (39) 0.134

Lack of control (Q2) 1 (1) 5 (1) 0.791 11 (12) 29 (8) 0.300
Pad use (Q3) 3 (3) 0 (0) 0.009 17 (18) 53 (15) 0.479

Dripping (Q4a) 11 (12) 15 (4) 0.008 34 (36) 101 (29) 0.166
Pain (Q4b) 8 (8) 9 (3) 0.009 9 (10) 10 (3) 0.004

Bleeding (Q4c) 1 (1) 3 (1) 0.860 6 (6) 12 (3) 0.195
Weak stream (Q4d) 41 (44) 104 (30) 0.012 22 (23) 54 (15) 0.066

Frequent need (Q4e) 51 (53) 135 (38) 0.009 44 (46) 115 (32) 0.012
Urinary problem (Q5) 38 (40) 88 (25) 0.004 32 (34) 103 (29) 0.378

Bowel domain
Urgency (Q6a) 7 (7) 11 (3) 0.061 8 (8) 7 (2) 0.002

Increased frequency (Q6b) 13 (14) 17 (5) 0.002 7 (7) 13 (4) 0.129
Loss of control (Q6c) 3 (3) 4 (1) 0.161 7 (7) 4 (1) 0.001
Bloody stools (Q6d) 1 (1) 5 (1) 0.779 4 (4) 3 (1) 0.020

Pain (Q6e) 15 (16) 22 (6) 0.003 16 (17) 13 (4) <0.001
Bowel problem (Q7) 12 (12) 24 (7) 0.062 13 (14) 22 (6) 0.015

Sexual domain
Erectile problem (Q8a) 59 (63) 178 (49) 0.018 80 (85) 303 (89) 0.359

Orgasmic problem (Q8b) 57 (61) 149 (41) 0.001 72 (77) 248 (73) 0.428
Poor quality erections (Q9) 18 (19) 42 (12) 0.068 61 (65) 190 (56) 0.105
Infrequent erections (Q10) 37 (39) 83 (23) 0.002 72 (77) 244 (71) 0.313
Poor sexual function (Q11) 70 (75) 227 (62) 0.028 87 (93) 304 (89) 0.301

Sexual problem (Q12) 48 (51) 130 (36) 0.008 66 (70) 248 (70) 0.889

EPIC-26 DSSs (SD)
Urinary leakage 82.0 (16.4) 86.1 (9.8) <0.001 68.8 (26.8) 73.5 (27.0) 0.067

Urinary irritation/obstruct 77.6 (17.1) 84.0 (15.3) <0.001 82.8 (16.1) 89.2 (13.8) <0.001
Bowel domain 92.9 (12.1) 96.0 (8.1) 0.018 92.3 (14.3) 96.8 (7.1) 0.003
Sexual domain 57.9 (27.4) 69.7 (29.7) 0.001 28.0 (30.2) 32.3 (29.3) 0.214

3.4. Predictors for Overall Problem Rates and Mean Scores at Follow-Up

For both overall urinary, bowel, and sexual problems at follow-up, corresponding
problems at pre-treatment were the strongest significant positive predictors (Table 3). In
addition, at follow-up, high neuroticism predicted more bowel problems and bilateral
nerve sparing less sexual problems with no nerve sparing as reference.

Concerning all DSSs at follow-up, the corresponding DSSs at pre-treatment again were
the strongest significant positive predictors (Table 4). High neuroticism was a significant
predictor of lower urinary irritation/obstruction and bowel DSSs at follow-up. Younger
age was a significant predictor of lower urinary leakage DSSs/High D’Amico risk group
and bilateral nerve sparing were significant predictors of better sexual DSSs compared to
their references at follow-up. Younger age at diagnosis was a significant predictor of less
severe urinary leakage and sexual DSSs.
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Table 3. General estimating equations (GEEs) estimates of predictors of overall problem present at
3-year follow-up.

Variables
Overall Urinary
Problem Present
B 95%CI Wald p

Overall Bowel
Problem Present
B 95%CI Wald p

Overall Sexual
Problem Present
B 95%CI Wald p

D’Amico risk groups
Low (reference) 0.0 0.0 0.0

Intermediate 0.17 −0.42–0.75 0.58 −0.43 −1.38–0.51 0.37 0.20 −0.34–0.73 0.47
High 0.43 −0.24–1.09 0.21 −1.03 −2.20–0.15 0.09 −0.10 −0.73–0.53 0.76

Nerve sparing
None (reference) 0.0 0.0 0.0

Unilateral −0.40 −0.94–0.15 0.15 0.16 −0.72–1.04 0.72 −0.17 −0.68–0.35 0.53
Bilateral 0.32 −0.19–0.83 0.21 −0.14 −1.08–0.80 0.77 −0.68 −1.20–−0.16 0.01

Non-paired relation 0.31 −0.38–0.99 0.38 0.44 −0.76–1.64 0.47 −0.34 −1.00–0.32 0.32

Short education −0.04 −0.49–0.42 0.87 −0.60 −1.43–0.24 0.16 −0.13 −0.57–0.30 0.55

Age at diagnosis 0.01 −0.03–0.05 0.60 0.05 −0.03–0.12 0.19 0.01 −0.04–0.05 0.77

High neuroticism 0.12 −0.40–0.64 0.65 0.87 0.05–1.69 0.04 −0.14 −0.68–0.40 0.61

Co-morbidity
None (reference) 0.0 0.0 0.0

1 disease −0.39 −0.90–0.13 0.14 −0.14 −0.98–0.70 0.74 0.44 −0.07–0.94 0.09
≥2 diseases −0.50 −1.36–0.37 0.26 −0.11 −1.17–0.95 0.84 −0.04 −0.92–2.81 0.93

Problem at pre-treatment 0.64 0.16–1.11 0.009 2.63 1.64–3.62 <0.001 1.01 0.52–1.50 <0.001

Table 4. General estimating equations (GEEs) estimates of predictors of domain summary scores
(DSSs) at 3-year follow-up.

Variables

Urinary Leakage
Symptom Domain

Score
B 95%CI Wald p

Urinary
Irritation/Obstruction

Symptom Domain
Score

B 95%CI Wald p

Bowel Symptom
Domain Score

B 95%CI Wald p

Sexual Symptom
Domain Score

B 95%CI Wald p

D’Amico risk groups
Low (reference) 0.0 0.0 0.0 0.0

Intermediate −1.81 −8.58–4.97 0.60 −0.70 −3.88–2.50 0.67 1.49 −0.51–3.50 0.15 −2.58 −11.47–2.16 0.18
High −1.25 −9.16–6.66 0.76 –1.11 −4.60–2.38 0.53 1.75 −0.42–3.93 0.11 −9.13 −16.91–1.36 0.02

Nerve sparing
None 0.0 0.0 0.0 0.0

Unilateral 0.86 −5.13–6.85 0.78 −1.08 −4.14–1.97 0.49 1.09 −0.86–3.30 0.28 −5.63 −11.60–0.33 0.06
Bilateral −4.55 −11.04–1.94 0.17 −1.39 −4.73–1.96 0.42 0.87 −0.79–2.52 0.30 −6.64 −12.52–−0.77 0.03

Non-paired relation −6.05 −15.14–3.04 0.19 −5.32 −9.87–−0.76 0.022 −1.94 −5.76–1.88 0.32 −2.23 −10.36–5.89 0.59

Short education 0.53 −4.69–5.74 0.84 −2.23 −4.89–0.44 0.10 1.15 −0.41–2.70 0.15 −1.44 −6.50–3.62 0.58

Age at diagnosis −0.63 −1.12–−0.15 0.01 −0.01 −0.24–0.2 0.90 −0.04 −0.16–0.08 0.56 −0.95 −1.46–−0.44 <0.001

High neuroticism −2.61 −8.37–3.14 0.37 −4.16 −7.74–0.58 0.023 −2.88 −5.07–−0.69 0.01 1.37 −4.95–7.70 0.67

Co-morbidity
None (reference) 0.0 0.0 0.0 0.0

1 disease 3.69 −2.26–9.64 0.22 2.33 −0.75–5.41 0.14 −0.98 −2.71–0.75 0.27 −2.99 −11.50–5.52 0.49
≥2 diseases 6.00 −1.86–13.86 0.14 −2.87 −7.70 −1.95 0.24 −3.20 −6.53–0.13 0.06 −0.41 −8.46–7.64 0.92

DSS at pre-treatment 0.39 0.12–0.66 0.005 0.23 0.12–0.34 <0.001 0.50 0.35–0.66 <0.001 0.45 0.36–0.55 <0.001
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4. Discussion

In our sample, 21% of the men who had RP for PCa reported high neuroticism at
pre-treatment. Related to our research questions we first observed that men with high
neuroticism at pre-treatment reported significantly higher rates of overall urinary and
sexual problems, while the difference for bowel problems was close to significant (p = 0.06).
Significant between-group differences were found for most urinary and sexual items, and
for some bowel items. All pre-treatment DSSs were significantly lower (worse) in the high
neuroticism group.

At follow-up, those with high neuroticism had significantly more overall bowel prob-
lems, while the differences were non-significant for overall urinary and sexual problems
and their corresponding items. The high neuroticism group also had lower bowel and
urinary irritation/obstruction DSSs. For all overall problems and all DSSs at follow-up,
the corresponding measures at pre-treatment were significant positive predictors. High
neuroticism at pre-treatment predicted more overall bowel problems and worse bowel and
irritation/obstruction DSSs at follow-up.

The predictive power of pre-treatment sexual function, age, and nerve sparing for
erectile function two years after RP has been demonstrated previously [21]. Pre-treatment
overall sexual problems significantly predicted the same measure after more than a year
of follow-up in men who had RP [22]. As to the number of patients with overall urinary
and bowel problems and urinary- and bowel-related DSSs after RP, we found no predictive
studies of the corresponding pre-treatment measurements. However, in combined samples
of patients treated with RP or radiotherapy, pre-treatment overall problems and DSSs
were predictive of these variables two years later [13,23]. We confirmed that older age at
diagnosis was a significant predictor of worse urinary leakage and worse sexuality after
RP [24].

Compared to our previous prospective study of neuroticism in men treated with
RP and radiotherapy at 24 months’ follow-up for localized PCA [13], the present study
supplements at three years’ follow-up that overall problems and DSSs at pre-treatment were
significant predictors of these variables at three years’ follow-up. In another previous paper
presenting findings from the NUCG VII study, our group reported that “any neuroticism”
at pre-treatment was a significant predictor of overall sexual problems (bother) at one-year
follow-up [12], and a similar prediction was not observed by the current study at three
years’ follow-up. However, that study used a cut-off ≥1 for “any neuroticism”, giving
a prevalence of 41%, while we used a cut-off ≥2 with a prevalence of 21% for “high
neuroticism”. Use of different statistical methods for predictor analyses in that paper and
the present study could also explain why the findings differ.

An interesting finding is that overall sexual problems and most functional sexual
issues are significantly more common at pre-treatment in the high neuroticism versus the
low neuroticism group. However, at follow-up, these group differences are non-significant.
Our tentative explanation is that sexual problems and functions at pre-treatment are mostly
determined by psychological factors, i.e., neuroticism and corresponding anxiety and
depression [10]. After RP, anatomical factors become much stronger, and therefore, the
between-group differences become non-significant at follow-up. We presume that the same
explanation also can be applied to the findings concerning urinary problems and functions.

In contrast, the rate of overall bowel problems remained associated with high neuroti-
cism, which then can be viewed as a significant predictor of such problems. The explanation
could be that the bowel system hardly is affected by the anatomical changes of RP leaving
more influence on high neuroticism. Another explanation could be the fact that bowel
function is strongly influenced by mental factors through the so-called “bladder–gut–brain”
axis [25]. However, the proportions of men with overall bowel problems are <8% of the
sample both at pre-treatment and follow-up, casting doubt on the validity of this finding.

Other studies of neuroticism in PCa patients have cross-sectional designs. Perry
et al. [26] demonstrated that emotional distress, depression, and suicidal ideation were
significantly associated with high neuroticism in a heterogeneous PCa sample. Gerhart
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et al. [27] found that men with PCa and high neuroticism showed more depression, anxiety,
and worry compared to men with low neuroticism. However, none of these studies
included analyses of overall problems (bother). As to pre-treatment findings on the EPIC-
26 in men with PCa, a recent German study only reported on dysfunctional AOHs and not
on overall problems [28].

Personality traits such as neuroticism, are rated as “how you usually behave, feel, or
act” in contrast to transient states represented by anxiety and depression based on scores of
the last 1–2 weeks. Personality traits are stable cognitive and emotional reaction patterns
finally set during childhood and adolescence but somewhat modified later in life [4].
Recently, neuroticism and other basic personality traits are considered as more modifiable
through psychological and pharmacological interventions and systematic training [5].
These findings give more optimism concerning modifications of high neuroticism and
warrant referral of motivated patients to such interventions.

Since high neuroticism is significantly associated with overall problems and DSSs
both at pre-treatment and follow-up, clinicians responsible for men after RP should be
attentive to high neuroticism as a risk factor for increased problem experience. Eventually,
urologists should consider if completion of a short screening PROM for neuroticism (see
Supplementary Materials) should be part of the pre-operative evaluation procedure as a
supplement to the EPIC-26. However, our findings also support the statement that having
any overall problems or low DSSs at pre-treatment implies an increased risk for similar
problems and DSSs three years later. This fact and identification of high neuroticism should
be themes during the pre-treatment counseling of men with PCa.

Our study had a considerable sample size, and we also considered the prospective
design, use of established PROMs with documented psychometric properties, and use of
the GEE statistics as strengths of our study.

A limitation of our study was that the participants only rated neuroticism at pre-
treatment and not at follow-up. Another limitation was that the psychological data were
based on questionnaire responses rather than on psychological evaluation performed
by interviews.

In conclusion, the current study only weakly supported high neuroticism as a predictor
of overall bowel problems and bowel DSS at three years’ follow-up. However, high
neuroticism was significantly associated with higher overall problem rates and lower
DSSs both at pre-treatment and follow-up. Screening for neuroticism could therefore be
helpful for the clinicians in their pre-treatment counseling of PCa patients regarding overall
problems and low DSSs after RP.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/curroncol29080459/s1, See Supplementary Materials File.
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Simple Summary: Metastatic prostate cancer has traditionally been treated with a combination of
hormonal and chemotherapy regimens. With the recent FDA approval of targeted radionuclide thera-
peutics, there is now a new class of therapy that is routinely available to patients and clinicians. This
review explores the most commonly studied therapeutic radiopharmaceuticals and their appropriate
use and contraindications. Additionally, we detail how these therapeutic radiopharmaceuticals can
fit into the common medical oncology practice and future directions of this field of medicine.

Abstract: The recent approval of 177Lu PSMA-617 (Pluvicto®) by the United States Food and Drug
Administration (FDA) is the culmination of decades of work in advancing the field of targeted
radionuclide therapy for metastatic prostate cancer. 177Lu PSMA-617, along with the bone specific
radiotherapeutic agent, 223RaCl2 (Xofigo®), are now commonly used in routine clinical care as
a tertiary line of therapy for men with metastatic castrate resistant prostate cancer and for osseus
metastatic disease respectively. While these radiopharmaceuticals are changing how metastatic
prostate cancer is classified and treated, there is relatively little guidance to the practitioner and patient
as to how best utilize these therapies, especially in conjunction with other more well-established
regimens including hormonal, immunologic, and chemotherapeutic agents. This review article
will go into detail about the mechanism and effectiveness of these radiopharmaceuticals and less
well-known classes of targeted radionuclide radiopharmaceuticals including alpha emitting prostate
specific membrane antigen (PSMA)-, gastrin-releasing peptide receptor (GRPR)-, and somatostatin
targeted radionuclide therapeutics. Additionally, a thorough discussion of the clinical approach of
these agents is included and required futures studies.

Keywords: prostate cancer; radionuclide therapy; bone; PSMA; GRPR; somatostatin

1. Introduction

Prostate cancer (PCa) is the second most common cancer among men in the United
States, with one out of eight men diagnosed during their lifetime [1]. When identified early,
patients with PCa can undergo highly curative therapy with definitive radical prostatec-
tomy or radiotherapy. However, up to 30% of patients with PCa will eventually develop
metastatic castration-resistant prostate cancer (mCRPC), as prostate cancer becomes andro-
gen independent [2,3]. Despite androgen independence, androgen deprivation therapy
remains the backbone of treatment, in addition to, bone modifying agents and cancer-
directed therapy. Metastatic disease to the bone poses great morbidity with skeletal-related
events and pain, overall, negatively impacting quality of life. Bone modifying agents such
as bisphosphonates (zoledronic acid) and receptor activator of nuclear factor κ B ligand
(RANKL) inhibitor (denosumab) are necessary in CRPC patients with bone metastases
to prevent SREs which are known to increase the risk of death and reduce quality of
life [4,5]. There are multiple cancer directed therapeutic options available that improve
overall survival (OS) in mCRPC which include androgen signaling inhibitors (abiraterone,
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enzalutamide), chemotherapy (docetaxel, cabazitaxel), autologous cellular immunotherapy
(sipuleucel-T) and poly-ADP-ribose polymerase inhibitors (olaparib, rucaparib); however,
despite these systemic therapies, mCRPC remains incurable [6]. Advances in the field of
targeted radionuclide therapy for mCRPC has led to the widespread adoption of bone
specific radionuclide therapy (223Ra dichloride; Xofigo®) and prostate-specific membrane
antigen (PSMA) targeted radiotherapy (177Lu PSMA-617; Pluvicto®) (Table 1). In this
review, we will discuss these United States Food and Drug Administration (FDA) approved
radiotherapeutics for mCRPC and discuss other radionuclide therapies in development
including alpha (α) emitting PSMA radiopharmaceuticals, gastrin-releasing peptide re-
ceptor (GRPC) targeted α/β emitting radiopharmaceuticals, and somatostatin targeted
radionuclide therapy (177Lu DOTATATE, Lutathera®).

Table 1. Pivotal Phase II/III studies leading to FDA approval of 223RaCl2 and 177Lu PSMA-617.

223RaCl2

Alpha Emitter Radium-223 and Survival in
Metastatic Prostate Cancer (ALSYMPCA) [7]

223RaCl2 vs. placebo in
mCRPC with bone metastasis

Phase III

223RaCl2 improved overall survival
vs. placebo (median, 14.0 months vs.
11.2 months).

Addition of radium-223 to abiraterone
acetate and prednisone or prednisolone in
patients with castration-resistant prostate
cancer and bone metastases (ERA 223) [8]

Abiraterone acetate +
prednisone/prednisolone
with 223RaCl2 vs. placebo

Phase III

Addition of 223RaCl2 did not improve
symptomatic skeletal event-free
survival and was associated with
increasing frequency of fractures
(9% vs. 3%).

Prospective Evaluation of Bone Metabolic
Markers as Surrogate Markers of Response
to Radium-223 Therapy in Metastatic
Castration-resistant Prostate Cancer [9,10]

Enzalutamide + 223RaCl2 vs.
enzalutamide alone

Phase II

Combination Enzalutamide +
223RaCl2 did not show increase in
fractures or other adverse events and
showed improved bone
metabolic markers.

Radium-223 Safety, Efficacy, and
Concurrent Use with Abiraterone or
Enzalutamide: First U.S. Experience from
an Expanded Access Program [11]

223RaCl2 + concurrent
abiraterone acetate or
enzalutamide

Phase II
Patients with less advanced disease
(<3 prior therapies) were more likely
to benefit from 223RaCl2

177Lu PSMA-617

Lutetium-177–PSMA-617 for Metastatic
Castration-Resistant Prostate Cancer [12]

177 Lu PSMA-617 +SOC vs.
SOC alone

Phase III

177Lu PSMA-617 +SOC (compared to
SOC alone) improved rPFS (median,
8.7 vs. 3.4 months) and OS (median,
15.3 vs. 11.3 months).

[177Lu]Lu-PSMA-617 versus cabazitaxel in
patients with metastatic castration-resistant
prostate cancer (TheraP): a randomized,
open-label, phase 2 trial [13].

177 Lu PSMA-617 vs.
cabazitaxel

Phase III

177Lu PSMA-617 arm had greater
PSA response (65%) vs. cabazitaxel
(37%) Grade 3–4 adverse events
occurred in (33%) of 98 men in the
177Lu PSMA-617 v 45 (53%) of 85 men
in the cabazitaxel group.

2. Bone Specific Radiotherapeutics

Nearly 90% of patients with mCRPC will ultimately develop osseous metastatic disease
leading to pain and negatively impacting quality of life [14]. There have been several alpha-(α)
and beta-(β) emitting bone specific therapeutic radiopharmaceuticals for men with mCRPC
in development over the years with 223Radium dichloride (223RaCl2; Xofigo®) becoming the
first FDA approved agent in prostate cancer in 2013. Compared to other radiopharmaceu-
tical agents analogous to 223RaCl2, 223RaCl2 has an advantage due to its short half-life of
11.4 days and decay predominately through α-emission, allowing for high linear energy
transfer (LET) and high amounts of double-stranded DNA breaks when in the decay path-
way. Other previously utilized bone targeted radionuclides (phosphorus-32, samarium-153,
strontium-89) decayed through β-emission which results in a lower LET and fewer DNA
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breaks [15]. 223RaCl2 physiologically behaves like calcium and forms complexes with bone
matrix hydroxyapatite, preferentially being incorporated into areas of high bone turnover
which is typically seen in osteoblastic bone metastases, the predominant form of osseous
disease in patients with mCRPC [15]. 223RaCl2 is rapidly cleared from the blood with only 20%
of the injected dose remaining in the blood 15 min after injection, and at 4 h 61% is localized
to the skeleton with the remaining 39% in the bowel for subsequent fecal elimination. Given
the fecal route of elimination, dose adjustments for patients with hepatic or renal dysfunction
are not necessary. 223RaCl2 is administered intravenously at 55 KBq/kg every 4 weeks for
6 cycles. As 223RaCl2 decays via α particles, which have a negligible path length in air, patients
can be immediately released to go home after administration.

The Alpharadin in Symptomatic Prostate Cancer Patients (ALSYMPCA) trial was
a phase III randomized double-blind placebo-controlled trial with 921 patients who had
symptomatic mCRPC with two or more bone metastases detected with skeletal scintigraphy
and without evidence of visceral metastatic disease. Patients were enrolled to receive either
223RaCl2 every 4 weeks for 6 cycles or placebo, the study met the primary endpoint of
an improved OS of 14.9 mo vs. 11.3 mo (Hazard ratio (HR) 0.70; 95% CI, 0.58 to 0.83;
p < 0.001) [7]. Secondary endpoints including time to first symptomatic skeletal event (SSE),
time to rise in alkaline phosphatase, and prostate specific antigen (PSA) progression were
also improved in the 223RaCl2 arm and there were no significant differences in adverse
events between the two groups. Perhaps more importantly, the quality of life was improved
in the 223RaCl2 group based on validated instruments: EuroQol 5-dimentsion 5- level (EQ-
5D) and Functional Assessment of Cancer Therapy-Prostate (FACT-P) [16]. A secondary
reanalysis also found that patients on the 223RaCl2 arm also had fewer hospitalization days
per patient (4.44 vs. 6.68; p = 0.004) in the first year after treatment and improvement in
pain compared to the placebo group [17].

The FDA approved 223RaCl2 for the use in patients with mCRPC who have symp-
tomatic bone metastases and no visceral disease. While this remains the primary indication
for treatment with 223RaCl2, there have been several studies demonstrating that 223RaCl2
may also benefit men with asymptomatic bone disease. In a single arm prospective study
with 708 patients, asymptomatic (n = 135, 19%) patients were more likely to complete ther-
apy with 223RaCl2 compared to symptomatic (n = 548, 77%) patients; in addition, overall
survival (HR 0.486), time to progression (HR 0.722), and time to first SSE (HR 0.328) were
better in asymptomatic patients compared to symptomatic patients [18]. There have also
been efforts to incorporate the use of 223RaCl2 in mCRPC patients with visceral metastases,
given that most patients with mCRPC have a large component of bony disease regardless
of their visceral involvement [14]. Assessing treatment response to 223RaCl2 with molecular
imaging remains a challenge with commonly utilized bone specific radiopharmaceuticals
(e.g., 99mTc methylene diphosphonate (MDP) as both benign healing and metastatic disease
can have a similar presentation (Figure 1). Increases in PSA levels, which often portend
progression of disease, are often seen with 223RaCl2 treatment and should not be relied
upon in the decision to stop 223RaCl2 [19]. Additionally, while treatment with 223RaCl2 has
been shown to lead to drops in alkaline phosphatase and lactate dehydrogenase levels,
these markers are also not dependable to determine the effectiveness of 223RaCl2 [20]. As
223RaCl2 localizes to the bone marrow, blood counts should be monitored to ensure the
absolute neutrophil count (ANC) is ≥1 × 109/L and platelets are ≥50 × 109/L before each
treatment with 223RaCl2. If hematologic values do not recover 6–8 weeks after the last
223RaCl2 treatment, 223RaCl2 should be discontinued.
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Figure 1. 99mTc MDP bone scintigraphy evaluation of 223RaCl2 therapy. Gleason score 4 + 3 = 7
prostate cancer undergoing serial 99mTc methylene diphosphonate (MDP) bone scans and with known
osseous metastatic deposits (arrows) during treatment with 6 cycles of 223RaCl. Patient is concurrently
maintained on Lupron, and bone protective therapy with abiraterone and prednisone. At baseline prior
to 223RaCl2, he was treated with oxycodone for pain control and had a baseline PSA of 10.9 ng/mL. Lack
of quantitative measurements limits the standard planar evaluation of response to therapy. Serial MDP
bone scintigraphy demonstrated some improvement in the right iliac metastatic deposit (red arrow)
with 223RaCl therapy but progressive disease in the right inferior pubic ramus (green arrow) and lumbar
spine (blue arrow). Note right sided post traumatic rib fractures at cycle 1 and cycle 2.

3. Beta Emitting PSMA Targeted Radiotherapeutics

PSMA is a transmembrane glutamate carboxypeptidase that is highly expressed in
prostate cancer and has become a leading target in diagnostic imaging and a powerful new
therapeutic target. PSMA is expressed in more than 90% of metastatic PCa lesions and
demonstrates higher expression with greater Gleason scores [21,22]. Given the differential
expression of PSMA between PCa and normal tissues, small molecule PSMA targeted
radiotherapeutics have been developed for prostate cancer, such as the FDA approved
177Lu PSMA-617 (Pluvicto®) and the promising non-FDA approved 177Lu PSMA I&T. The
benefit of this targeted molecular therapy is based on the binding, internalization, and
retention of the PSMA ligands within tumor cells [23].

177Lu PSMA-617 was FDA approved on 23 March 2022 for the treatment of patients
with PSMA-positive mCRPC and who have been treated with an androgen receptor (AR)
pathway inhibitor and taxane-based chemotherapy [24]. PSMA PET is essential to identify
patients with mCRPC who will benefit PSMA-targeted radioligand therapy (RLT) [25], with
beta (e.g., Lu-177) or alpha (Ac-225) PSMA radiotherapeutics [26,27] (Figure 2). There are
currently two FDA approved PSMA PET radiopharmaceuticals for patients with suspected
prostate cancer metastasis who are candidates for initial definitive therapy or suspected
recurrence based on elevated PSA levels: 68Ga PSMA-11 (Ga 68 gozezotide, Illuccix®,
Locametz®) and 18F DCFPyL (Pifluofolastat F 18, Pylarify®). The FDA package insert for
177Lu PSMA-617 (Pluvicto®) specifies that patients selected for treatment must use the
FDA approved PSMA PET radiopharmaceutical 68Ga PSMA-11 (Illuccix®, Locametz®) to
confirm the presence of PSMA-positive disease [24]. However, of note, NCCN guidelines
state that PET imaging with either 68Ga PSMA-11 or 18F DCFPyL can be used to deter-
mine eligibility for 177Lu PSMA-617 therapy [28]. Additionally, Novartis has announced
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a strategic collaboration with Lantheus to include 18F DCFPyL in clinical trials with Lu
PSMA-617 RLT, suggesting 18F DCFPyL PET may be acceptable in the future prior to
177Lu PSMA-617 RLT [29].

 

Figure 2. 68Ga PSMA-11 and 18F PSMA DCFPyL PET evaluation of mCRPC prior to 177Lu PMSA-
617 RLT. Two patients with mCRPC undergoing PSMA PET prior to 177Lu PMSA-617 therapy.
Patient A with Gleason score 3 + 4 = 7 prostate cancer status post prostatectomy, salvage radiation-
and cryotherapy. PSA of 0.42 ng/mL at time of 68Ga PSMA-11 PET/CT for evaluation prior to
177Lu PSMA-617 therapy. Anterior view of 68Ga PSMA-11 PET maximum intensity projection
(MIP) (A) demonstrates intense PSMA uptake along the prostatectomy bed and rectum (red arrow)
retroperitoneal and pelvic lymph nodes (green arrow) and osseous metastatic deposit involving
the L1 vertebral body (yellow arrow). Patient B with Gleason 4 + 5 = 9 prostate cancer status post
radiation therapy and androgen deprivation therapy, and PSA of 3 ng/mL. Anterior view MIP
(B) demonstrates intense PSMA uptake along retroperitoneal lymph nodes (blue arrow). Incidental
note of symmetric PSMA uptake along benign celiac ganglia (orange arrow).

Two major multicenter clinical trials, VISION (USA and Canada) and TheraP (Australia),
investigated the outcome of patients with mCRPC after ablation with 177Lu PSMA-617 [12,13].
The phase III VISION trial evaluated 177Lu PSMA-617 in 831 patients with mCRPC and
was the principal justification for FDA approval of 177Lu PSMA-617 RLT. Primary outcomes
measured radiographic progression-free survival (rPFS) and OS between 177Lu PSMA-617 RLT
plus SOC versus standard of care (SOC) alone. When compared to SOC alone, 177Lu PSMA-
617 plus SOC significantly prolonged rPFS (median, 8.7 vs. 3.4 months; HR for progression
or death 0.40; 99.2% CI, 0.29 to 0.57) and median OS (15.3 vs. 11.3 months; HR for death,
0.62; 95% CI, 0.52 to 0.74; p < 0.001). The phase II TheraP trial, compared 177Lu PSMA-617 to
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cabazitaxel in 200 men with mCRPC. The primary endpoint was PSA response defined by
a reduction of PSA ≥ 50% from baseline. In contrast to the VISION trial, TheraP set PSMA
SUVmax requirements of at least one lesion on 68Ga-PSMA-11 PET with SUVmax > 20, and
the remaining metastatic lesions SUVmax > 10, and no discordant hypermetabolic disease.
PSA responses were more frequent among men in the 177Lu PSMA-617 group versus the
cabazitaxel group (66% vs. 37%, respectively).

The TheraP trial outcomes are considered superior to the VISION trial, likely as the
result of exclusion of mCRPC patients with discordant hypermetabolic lesions. While the
VISION trial used conventional imaging to exclude patients with discordant lesions (posi-
tive lesions on CT and negative on PSMA PET), the TheraP trial used functional techniques
including 18F-fludeoxyglucose (FDG) PET/CT in conjunction with PSMA PET/CT, and
patients with at least one discordant hypermetabolic lesion, PSMA (−)/FDG (+), were
excluded. Patients with mCRPC and with discordant hypermetabolic lesions have been
shown to have worse outcomes and discordant hypermetabolic disease is often seen in
a sizable minority of patients with mCRPC [30,31]. In a study of 56 patients, Chen et al.
found that 23.2% had at least one PSMA (−)/FDG (+) lesion, and that PSA and Glea-
son score were both higher in these patients with discordant hypermetabolic disease [32].
A sub-analysis of a single center phase II trial of 177Lu PSMA-617 RLT similarly found that
16/50 patients had at least one PSMA (−)/FDG (+) lesion and were deemed ineligible for
177Lu PSMA-617 therapy. The OS of these patients with discordant hypermetabolic disease
was 2.6 months (compared to 13.5 months for patients that received 177Lu PSMA-617) [33].

While the FDA package insert for 177Lu PSMA-617 does not specify any contraindications
to therapy, the EANM guidelines have published contraindications for PSMA-RLT [26]. For
the most part, these guidelines have mirrored the inclusions and exclusion criteria of large
phase II/III trials such as VISION [12] and TheraP [13] with some minor variations. These
contraindications include: (1) Life expectancy is less than 6 months and ECOG performance
status > 2. (2) Unacceptable medical or radiation safety risk. (3) Unmanageable urinary
tract obstruction or hydronephrosis. (4) Inadequate organ function (GFR < 30 mL/min or
creatinine > 2-fold upper limit of normal (ULN); liver enzymes > 5-fold ULN). (5) Inadequate
marrow function (with total white cell count less than 2.5 × 109/L or platelet count less than
75 × 109/L). (6) Conditions (e.g., spinal cord compression and unstable fractures) which
require timely interventions (e.g., radiation therapy and surgery) and in which PSMA-RLT
might be performed afterwards depending upon the patient’s condition.

General radiation safety precautions should be followed with 177Lu-PSMA RLT, with
local and national guidelines dictating specific clinical practice. Radiation safety precautions
may be modeled after 177Lu-DOTATATE therapy for neuroendocrine tumors given a shared
radionuclide [26,34]. A recent meta-analysis of 177Lu PSMA-617 dosimetry found that
the lacrimal and salivary glands are the critical organs with the kidneys also receiving
a significant radiation dose [35]. The calculated radiation absorbed doses to the lacrimal and
salivary glands after 4 cycles of 177Lu PSMA-617 is near the tolerated dose limit whereas the
dose to the kidneys is far below the dose tolerance limits. 177Lu PSMA-617 has been shown
to have a low, but significant, rate of adverse events (AE) in several clinical studies. In the
phase III VISION study, 52.7% of patients experienced a grade 3 or higher AE, as compared
to 38.0% of patients with similar events in the control group. Anemia was the most
common grade ≥3 AE, observed in 12.9% of subjects. Additionally, a recently published
meta-analysis of 250 studies with a total of 1192 patients similarly found that while grade
3 and 4 toxicities were uncommon, anemia was the highest reported adverse event for both
177Lu PSMA-617 (0.19 [0.06–0.15]) and 177Lu PSMA—I&T (0.09 [0.05–0.16]) [36]. Greater
than 35% of patients in the treatment group of the VISION trial experienced fatigue, dry
mouth, or nausea, though almost entirely grade ≤ 2 AE [12]. Adverse event incidence was
similar to smaller early phase studies that preceded the VISION study [13,37–39].
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4. Dosimetry and Future Developments of PSMA Targeted Radiotherapeutics

Utilizing dosimetry to tailor dosing to a patient’s particular biology has potential to
potentiate the benefits of 177Lu PSMA-617 RLT. While the large TheraP [13] and VISION [12]
trials employed a fixed dosing of 200 mCi (7.4 GBq), a small study demonstrated safety of
dosing of up to 250 mCi (9.3 GBq) in selected cohorts [40]. In principle, a patient-centered
dosing scheme can calculate a safe maximum tolerated activity and maximize radiation
dose to tumors [41,42]. This need to augment 177Lu PSMA-617 dosage is underscored by
a study that showed that patients receiving less than 10 Gy to tumors were unlikely to
achieve a PSA response (≥50% PSA decline in pretreatment PSA) [43]. Additionally, recent
studies have demonstrated a “tumor sink” effect, where patients with particularly high bur-
den disease demonstrated reduced delivery of 68Ga-PSMA-11 [44] or 177Lu PSMA-617 [45]
to target tissues. Unfortunately, the ability of the treating physician to prescribe a tailored
dose of 177Lu PSMA-617 to patients is currently almost non-existent in the United States,
given the one-size-fits-all approach Novartis has employed of providing a fixed dose of
200 mCi per cycle of 177Lu PSMA-617.

There are several open questions and innovations that promise to further extend the
role of 177Lu PSMA-617 in PCa. For example, the synergistic effects from combination
therapies as well as the appropriate sequencing of the treatment in the disease course
remain uncertain. Both VISION and TheraP were deployed late in mCRPC disease when
patients have limited therapeutic options remaining. Both trials demonstrate 177Lu-PSMA-
617 RLT to be effective at improving clinical outcomes; however, patients may also benefit
if therapy is employed earlier in their disease course. Several trials are currently underway
in hopes of answering this question. The UpFrontPSMA and PSMAddition trials seek to
determine the efficacy and safety of 177Lu PSMA-617 in men with metastatic hormone-
sensitive prostate cancer. Other trials are assessing 177Lu PSMA-617 as first-line therapy for
mCRPC or in the neoadjuvant setting for localized PCa.

5. Alpha Emitting PSMA Targeted Radiotherapeutics

Another area of emerging interest is the use of α emitting radioisotopes for PSMA
targeted radiotherapy. Actinium-225 is an α emitting radioisotope that has been chelated to
several PSMA chemical ligands, including PSMA-617 [46]. Kratochwil et al. [47] reported
two patients who had complete responses to 225Ac PSMA-617, including one who had pre-
viously progressed after 177Lu PSMA-617 treatment. This initial report has been confirmed
in several small case series [46,48]. Pooling 10 small studies together, a recent meta-analysis
found a 62.8% PSA50 (decrease in PSA ≥50% compared to baseline) response rate for
225Ac PSMA-617 [49]. Particular attention to evaluating 225Ac PSMA-617 in mCRPC pa-
tients that have failed previous lines of therapy, including 177Lu PSMA-617, is ongoing.
The high LET and different microdosimetry in tumors exposed to α particles is seen to
overcome cellular defences when resistance to β emitters (e.g., Lu-177) is found [50,51]. A
retrospective analysis of 26 men with progressive mCRPC that had undergone several pre-
vious therapies, including 177Lu PSMA-617, found that 225Ac PSMA-617 resulted in a ≥50%
PSA drop in 65% of patients [52], but with greater hemotoxicity and permanent xerosto-
mia [46] than in patients with less advanced disease [53]. Of note, the short path length of α
particles is especially valuable in the treatment of patients with extensive skeletal metastatic
disease, with the goal of protecting the normal bone marrow from the AE seen with 177Lu
PSMA-617 as previously discussed [54]. In a retrospective study of patients treated with
225Ac PSMA-617, 106 patients were found to have either multifocal (≥20) skeletal metas-
tases (n = 72, 67.9%), or a diffuse pattern of axial skeletal involvement with or without
appendicular skeletal involvement (i.e., superscan pattern) on 68Ga PSMA-11. Eighty-
five of the 106 patients (80.2%) treated with 225Ac PSMA-617 achieved a PSA response of
≥50% and had only rare hematologic toxicity with renal dysfunction being a significant
risk factor [55]. As 225Ac/ 177Lu-PSMA radiopharmaceuticals have different benefits and
risks, small trials have also incorporated a “tandem” therapy strategy with small doses of
225Ac-PSMA being administered together with 177Lu-PSMA and with promising results [56].
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One major challenge in the clinical use of 225Ac-PSMA beyond the scope of small research
studies is the limited availability of the isotope itself, but there are many ongoing efforts to
increase the global supply of 225Ac and other α-emitting radioisotopes.

6. Gastrin-Releasing Peptide Receptor (GRPR) Targeted Radiotherapeutics

While efforts towards clinical applications of gastrin-releasing peptide receptor (GRPR)
targeted radionuclide therapy are behind those of PSMA targeted radiopharmaceuticals,
GRPR is a prime target for radionuclide therapy in men with mCRPC who may have
failed β/α PSMA therapy. GRPR (also known as bombesin receptor 2 (BB2)) is a trans-
membrane receptor expressed on the surface of many cancers and is overexpressed in
most PCa [57,58]. Bombesin is a 14-amino acid peptide agonist that binds with high
affinity to GRPR and has been shown to increase the motility and metastatic potential of
prostate cancer cells [59]. Many diagnostic and therapeutic radiopharmaceuticals have
been developed using bombesin as the pharmaceutical core for targeted diagnostic and
radiotherapeutic pairs for PCa [60–64]. The bombesin agonist 177Lu AMBA demonstrated
potential therapeutic effectiveness in several preclinical prostate cancer tumor models [65],
but a phase I dose escalation study in patients with mCRPC was stopped due to se-
vere adverse effects due to GRPR stimulation at the therapeutic levels of administered
177Lu AMBA [66] and most other GRPR targeted radiotherapeutic agonists have encoun-
tered similar safety problems. Conversely, GRPR antagonists do not appear to cause
any adverse side effects and most recent efforts have concentrated on GRPR antago-
nists. The GRPR antagonist 177Lu RM2 has been evaluated in mCRPC patients with
high uptake in prostate cancer cells and demonstrates rapid clearance from physiologic
GRPR expressing tissues, such as the pancreas [67]. An additional highly potent GRPR
antagonist, NeoBOMB1, is being evaluated in a multicenter study as a combined diag-
nostic/therapeutic drug with 68Ga/177Lu, respectively, [68]. One major problem with the
bombesin-derived diagnostic and therapeutic radiopharmaceuticals is the rapid proteolytic
degradation due to peptidases [69,70] with several biochemical modifications being ex-
plored in bombesin analogs including unnatural residues and peptidase inhibitors. As with
PSMA, GRPR expression is modified by several hormonal and immunomodulators and
the effectiveness of 177Lu RM2 was found to be potentiated with the addition of the mTOR
inhibitor rapamycin in preclinical trials [71]. Combination GRPR targeted radionuclide
therapy and immunotherapy with 177Lu RM26 and trastuzumab, respectively, lead to the
synergistic therapy of prostate cancer in mice models [72].

7. Somatostatin Targeted Radiotherapeutics

Although a de novo clinical presentation of small cell neuroendocrine carcinoma of
the prostate is rare, a subset of patients previously diagnosed with prostate adenocarci-
noma may develop neuroendocrine features in later stages of mCRPC progression [73].
Neuroendocrine prostate cancer (NePC) is an aggressive variant of prostate cancer that
most frequently retains early PCa genomic alterations and acquires new molecular changes
making them resistant to traditional mCRPC therapies and AR targeted therapies have
little effect [74]. Some of the difficulty in treating patients with mCRPC may be due to
neuroendocrine differentiation [75]. Of particular importance, NePC is notorious for having
little to no PSMA expression, resulting in no appreciable role for either PSMA PET imag-
ing or 177Lu/225Ac PSMA targeted radionuclide therapy. Somatostatin, a neuropeptide
that suppresses prostate growth and neovascularization by inducing cell-cycle arrest and
apoptosis, is highly expressed in NePC cells (Figure 3) [76,77]. Somatostatin receptors have
also been shown to be upregulated in prostate adenocarcinoma [78,79]. Preliminary case
reports suggest that 68Ga-DOTA labeled somatostatin analogs may have high sensitivity
in identifying sites of mCRPC in addition to NePC [80–83]. In a recent study involving
12 patients with mCRPC, all patients had at least 1 blastic neuroendocrine metastasis
with increased 68Ga-DOTA uptake [84]. The large degree of somatostatin expression in
NePC and mCRPC, suggests that 177Lu-DOTATATE (Lutathera) may be an alternative
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to β/α PSMA therapy PSMA, either if having failed PSMA targeted radiotherapy or in
the cases with no or little PSMA expression on PSMA PET. While 177Lu-DOTATATE is
used extensively for neuroendocrine carcinoma, there are only a couple of case reports of
patients with NePC that have been treated with 177Lu-DOTATATE with initial success [85].
This area requires further attention to demonstrate if it is a viable target for directed
radionuclide therapy.

 

Figure 3. 68Ga DOTATATE PET/CT evaluation of small cell neuroendocrine prostate carcinoma. Patient
with Gleason score 5 + 4 = 9 mixed prostate small cell neuroendocrine carcinoma and acinar adenocarci-
noma. Patient was started on ADT and cisplatin/etoposide prior to 68Ga DOTATATE PET/CT. Anterior
view of 68Ga DOTATATE PET MIP (A) demonstrates multiple 68Ga DOTATATE osseous and nodal
metastatic deposits. Selected sagittal fused 68Ga DOTATATE PET/CT (B) and CT (C) images show marked
68Ga DOTATATE uptake greater than liver (SUVmax of 14.4) in several osseous lesions. Transaxial fused
68Ga DOTATATE PET/CT (D) and CT (E) and PET (F) images show marked 68Ga DOTATATE in the most
avid T8 lesion having a SUVmax of 20.1 (green arrow). Patient did not demonstrate a PSA response to
therapy and passed away 4 months after 68Ga DOTATATE PET/CT.

8. Discussion and Clinician’s Perspective

Understanding how to incorporate the two FDA approved radiopharmaceutical ther-
apies, 223RaCl2 (Xofigo®) and 177Lu-PSMA-617 (Pluvicto®) into the treatment paradigm
of mCRPC is essential to maximize their therapeutic potential. While all FDA approved
agents for mCRPC offer an absolute overall survival benefit, compared to their control arm,
this incremental benefit only approaches 5 months for each therapy. Therefore, allowing
the patients the opportunity to receive as many therapies as possible is paramount to
derive the maximum survival benefit. The optimal sequence of these therapies is lacking,
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either in the literature or routine clinical practice; however, when selecting treatment, the
clinician should consider the disease burden, tempo of disease, location of metastases,
prior therapies utilized and anticipated therapies. The chosen sequence often depends on
the provider’s philosophy on treatment which could be aimed at aggressive approaches
upfront to achieve timely disease control while the patient is fit enough to receive therapy,
or a clinician may meet the tempo of disease with therapies that offer control of the disease
with the least toxicity. These aspects of cancer care delivery should be considered when
incorporating 223RaCl2 or 177Lu-PSMA-617. The FDA approved label for 223RaCl2 allows
for the treatment of symptomatic mCRPC patients with bone metastases, detected with
conventional skeletal scintigraphy, without evidence of visceral metastatic disease. While
all patients were symptomatic in the ALSYMPCA trial, symptomatic pain was broadly
defined and opioid pain control was not required, and 44% of patients had only mild pain
with nonopioid therapy at baseline and these patients also achieved a survival benefit when
compared to placebo [86]. Therefore, 223RaCl2 should be considered earlier in the disease
course when quality of life is still preserved. To further investigate the efficacy of 223RaCl2
surrounding chemotherapy, a prespecified subgroup analysis showed survival benefit
was maintained regardless of prior docetaxel use [87]. This survival benefit is important
to note because many patients that could benefit from 223RaCl2 are not candidates for
chemotherapy or may decline chemotherapy. It is reported that 20–40% of patients with
CRPC may not receive chemotherapy [7]; therefore, this targeted radionuclide therapy
remains a possibility for patients who have not been exposed to chemotherapy, especially as
the current indication for 177Lu-PSMA-617 requires previous chemotherapy exposure. With
triple therapy on the horizon (i.e., chemotherapy plus androgen receptor pathway inhibitor
and ADT), understanding that a benefit can be achieved with 223RaCl2 after chemotherapy
remains applicable to future patient populations who might receive chemotherapy in the
metastatic hormone-sensitive setting. To further optimize 223RaCl2 efficacy, combination
therapy is being investigated. In the ERA-223 trial, abiraterone acetate/prednisone was
combined with 223RaCl2; however, the trial was unblinded early after more fractures and
deaths were observed within the combination group [8]. The use of bone protective agents
(BPA) was low in this cohort at 40% which led to the mandatory incorporation of BPA
in the ongoing phase III EORTC-1333-GUGG trial (PEACE III trial) with enzalutamide
plus 223RaCl2. The phase III trial is being investigated since the phase II trial with enza-
lutamide plus 223RaCl2 met its primary endpoint of decreasing bone metabolic markers
and was associated with improved outcomes [9]. While not sufficiently powered to de-
termine a true significant difference, the phase II secondary endpoints of OS, rPFS, and
time to next treatment were longer in the combination group, 30.8 months vs. 20.6 months
(p = 0.73), 11.5 months vs. 7.35 months (p = 0.96), and 15.9 months vs. 3.47 months
(p = 0.067), respectively [10]. This suggests a potential role of combination therapy with
223RaCl2 plus enzalutamide which will be further determine based on the PEACE III re-
sults. As 223RaCl2 is designed for bone predominant disease, combination therapy with
enzalutamide would allow for incorporating 223RaCl2 in patients who have both bone and
lymph node disease to potentially acquire the survival benefits that both therapies offer.
In a phase II open-label single arm study, as part of an expanded access program analysis,
223RaCl2 was determined to be safe regardless of concurrent androgen signaling inhibitor.
In addition, 223RaCl2 survival was longer for patients who received less than 3 anticancer
therapies [11]. In conclusion, 223RaCl2 remains a therapeutic option for symptomatic bone
predominant disease with or without previous docetaxel exposure and should be incor-
porated earlier in the sequence of therapy to achieve the largest benefit. In addition, the
clinician could consider concurrent therapy with enzalutamide to not only target bone
disease, but also non-osseous lesions.

177Lu-PSMA-617 is FDA approved for mCRPC patients previously treated with an
androgen receptor pathway inhibitor (ARPI) and taxane-based chemotherapy. This ra-
diopharmaceutical therapy is dependent on the presence of PSMA-positive lesions seen
on 68Ga-PSMA-11 PET imaging [88]. With the approval of 177Lu-PSMA-617, clinicians
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now have a low toxicity therapeutic option for heavily pre-treated patients. In contrast
to 223RaCl2 which does not result in radiologic responses, in patients with measurable or
non-measurable disease at baseline who received 177Lu-PSMA-617, the objective response
rate (ORR) was 29.8% (vs. 1.7% control arm) and a complete response (CR) was achieved in
18 patients (5.6%). These complete responses are remarkable given 177Lu-PSMA-617 was
given in at least the third-line setting. These responses were based on RECIST v1.1 [12,13]
and OS, with radiologic progression or response based on CT, MRI, or bone scintigraphy.
Additionally, disease control was achieved in 89.0% of patients. Therefore, clinicians could
consider assessing treatment response based on conventional imaging, rather than with
PSMA PET as this imaging modality could be cost prohibitive.

In regard to PSA response, 46% of patients in the 177Lu-PSMA-617 arm had a PSA
response of ≥50% compared to the SOC alone arm of only 7.1% [88]. In the VISION trial,
SOC predominately included gonadotropin-releasing hormone analogues, ARPI, bone
protective agents and glucocorticoids. In the 177Lu-PSMA-617 arm, 54.7% of patients
received concurrent abiraterone or enzalutamide as part of their standard of care and
77.5% of patients in the standard of care alone arm received abiraterone or enzalutamide.
A survival subgroup analysis was performed on patients based on presence of concurrent
ARPI therapy with 177Lu-PSMA-617. In patients who received 177Lu-PSMA-617 plus ARPI
the hazard ratio for death was 0.55 (95%, 0.43–0.70) and patients who received 177Lu-PSMA-
617 without ARPI the hazard ratio for death was 0.70 (0.53–0.93) [89]. Therefore, survival
benefit was achieved regardless of the addition of an ARPI; however, uncertainty remains
whether concurrent therapy could increase the efficacy further.

Clinical and pre-clinical studies have shown that ARPI, such as enzalutamide, can enhance
PSMA expression with possible potentiation of the effect of 177Lu-PSMA-617 therapy [90,91].
Further studies (ENZA-p) are ongoing to investigate the added benefit of concurrent therapy
(177Lu-PSMA-617 plus enzalutamide vs. enzalutamide alone), therefore, clinicians should
consider financial toxicity and added adverse effects when considering concurrent RLT plus
ARPI vs. RLT alone. The next consideration is how to incorporate 177Lu-PSMA-617 into
the current treatment sequence. Prior to 177Lu-PSMA-617 FDA approval, cabazitaxel was
established as the next therapeutic option after progressing on an ARPI and docetaxel based
on the CARD trial. In this trial, cabazitaxel resulted in a mOS of 13.6 months vs. 11.0 months
(HR 0.64; 95% CI, 0.46 to 0.89; p = 0.008) in patients treated with an ARPI not previously used
(abiraterone or enzalutamide) [92]. The TheraP trial investigated the activity and safety of
cabazitaxel vs. 177Lu-PSMA-617 in patients with metastatic CRPC and who received prior
docetaxel treatment. The 177Lu-PSMA-617 treatment group achieved higher PSA responses
compared to cabazitaxel, 66% vs. 37% (p ≤ 0.0001), respectively and had less grade 3–4 adverse
events, 33% vs. 53%. After a median follow-up of 3 years, there was no survival difference
between groups (19.1 months vs. 19.6 months; restricted mean survival team of 3 years). Since
survival appears to be similar between these two agents it is important to contrast again the
eligibility criteria used in the VISION and TheraP trial. In the VISION trial patients were
required to have ≥ one PSMA-positive lesion and no PSMA-negative soft tissue-or visceral
lesions ≥ 1 cm or PSMA-negative lymph nodes ≥ 2.5 cm; in the TheraP trial, patients underwent
both FDG-PET and PSMA-PET imaging and patients were excluded if there were discordance
(PSMA negative/FDG positive) since these patients have a poor survival with a median OS of
2.5 months [33]. While the majority of patients will meet these criteria for exclusively PSMA
avid disease, clinicians should be aware of these conditions and consider chemotherapy with
cabazitaxel or platinum-based chemotherapy if patients have significant visceral disease or
non-PSMA lesions as outlined above and consider 177Lu-PSMA-617 plus ARPI if no other
treatment strategies are available.

Since 177Lu-PSMA-617 is approved after ARPI and taxane-based therapy and without
other contraindication, 177Lu-PSMA-617 has the potential to be used after 223RaCl2 posing
concern for myelotoxicity. As mentioned earlier adequate bone marrow function is a pre-
requisite for treatment with 177Lu-PSMA-617, therefore, it was hypothesized that previous
chemotherapy or radiation (i.e., 223RaCl2) could impact candidacy for 177Lu-PSMA-617
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RLT. A retrospective study was performed of 28 patients who received 177Lu-PSMA-617
within 8- weeks after the last 223RaCl2 administration. Grade ≥ 3 hematologic toxicity
was seen in 6 patients with anemia (17.9%), leukopenia (14.3%), and thrombocytopenia
(21.4%) which appears similar to hematologic toxicity seen in the VISION trial. Regardless,
adequate bone marrow function at the start of 177Lu-PSMA-617 is necessary. Given the
overall survival benefit and complete radiographic responses seen with 177Lu-PSMA-617,
this therapeutic option should be prioritized after progression on ARPI and taxane-based
therapy. However, as discussed in this review, there is still much work that needs to be
accomplished to evaluate these radionuclide therapeutics in earlier stages of disease and
there are multiple ongoing clinical trials investigating the role of targeted radionuclide
therapeutics for prostate cancer in conjunction with hormonal, chemotherapeutic, and
immunologic treatments as stand along therapies (Table 2).

Table 2. Current ongoing targeted radionuclide clinical trials for prostate cancer [93].

ClinicalTrials.gov
Identifier

Name of Study Study Sponsor Trials Phase Location

PSMA

NCT04443062
Lutetium-177-PSMA-617 in
Oligo-metastatic Hormone Sensitive
Prostate Cancer (Bullseye)

Radboud University
Medical Center Phase 2 The Netherlands

NCT05114746 Study of 177Lu-PSMA-617 In Metastatic
Castrate-Resistant Prostate Cancer in Japan

Novartis
Pharmaceuticals Phase 2 Japan

NCT05079698
A Study of Stereotactic Body Radiotherapy
and 177Lu-PSMA-617 for the Treatment of
Prostate Cancer

Memorial Sloan
Kettering Cancer
Center

Phase 1 New York, USA

NCT03454750

Radiometabolic Therapy (RMT) With 177Lu
PSMA 617 in Advanced Castration
Resistant Prostate Cancer (CRPC)
(LU-PSMA)

Istituto Scientifico
Romagnolo per lo
Studio e la cura dei
Tumori

Phase 2 Italy

NCT05219500

Targeted Alpha Therapy With
225Actinium-PSMA-I&T of
Castration-resISTant Prostate Cancer
(TATCIST)

Excel Diagnostics and
Nuclear Oncology
Center

Phase 2 Texas, USA

NCT04343885

In Men With Metastatic Prostate Cancer,
What is the Safety and Benefit of
Lutetium-177PSMA Radionuclide Treatment
in Addition to Chemotherapy
(UpFrontPSMA)

Peter MacCallum
Cancer Centre Phase 2 Australia

NCT04419402

Enzalutamide With Lu PSMA-617 Versus
Enzalutamide Alone in Men With
Metastatic Castration-resistant Prostate
Cancer (ENZA-p)

Australian and New
Zealand Urogenital
and Prostate Cancer
Trials Group

Phase 2 Australia

NCT03780075

177Lu-EB-PSMA617 Radionuclide
Treatment in Patients With Metastatic
Castration-resistant Prostate Cancer

Peking Union
Medical College
Hospital

Phase 1 China

NCT03874884

177Lu-PSMA-617 Therapy and Olaparib in
Patients With Metastatic Castration
Resistant Prostate Cancer (LuPARP)

Peter MacCallum
Cancer Centre Phase 1 Australia

NCT05162573 EBRT + Lu-PSMA for N1M0 Prostate
Cancer (PROQURE-1)

The Netherlands
Cancer Institute Phase 1 The Netherlands
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Table 2. Cont.

ClinicalTrials.gov
Identifier

Name of Study Study Sponsor Trials Phase Location

NCT04769817 ProsTIC Registry of Men Treated With
PSMA Theranostics

Peter MacCallum
Cancer Centre Observational Australia

NCT04689828

177Lu-PSMA-617 vs. Androgen
Receptor-directed Therapy in the Treatment
of Progressive Metastatic Castrate Resistant
Prostate Cancer (PSMAfore)

Novartis
Pharmaceuticals Phase 3 Multinational

NCT04597411 Study of 225Ac-PSMA-617 in Men With
PSMA-positive Prostate Cancer

Endocyte Phase 1 Australia

NCT04886986
225Ac-J591 Plus 177Lu-PSMA-I&T for
mCRPC

Weill Medical College
of Cornell University Phase 1/2 New York, USA

NCT05340374

Cabazitaxel in Combination With
177Lu-PSMA-617 in Metastatic
Castration-resistant Prostate Cancer
(LuCAB)

Peter MacCallum
Cancer Centre Phase 1/2 Australia

NCT05204927 Lu-177-PSMA-I&T for Metastatic
Castration-Resistant Prostate Cancer Curium US LLC Phase 3 USA

NCT04647526
Study Evaluating mCRPC Treatment Using
PSMA [Lu-177]-PNT2002 Therapy After
Second-line Hormonal Treatment (SPLASH)

POINT Biopharma Phase 3 Multinational

NCT04996602
Therapeutic Efficiency and Response to 2.0
GBq (55mCi) 177Lu-EB-PSMA in Patients
With mCRPC

Peking Union
Medical College
Hospital

Phase 1 China

NCT04720157

An International Prospective Open-label,
Randomized, Phase III Study Comparing
177Lu-PSMA-617 in Combination With SOC,
Versus SOC Alone, in Adult Male Patients
With mHSPC (PSMAddition)

Novartis
Pharmaceuticals Phase 3 Multinational

NCT05113537
Abemaciclib Before 177Lu-PSMA-617 for the
Treatment of Metastatic Castrate Resistant
Prostate Cancer (UPLIFT)

Vadim S Koshkin Phase 1 California, USA

NCT04946370
Maximizing Responses to Anti-PD1
Immunotherapy With PSMA-targeted
Alpha Therapy in mCRPC

Weill Medical College
of Cornell University Phase 1/2 New York, USA

NCT04868604

64Cu-SAR-bisPSMA and
67Cu-SAR-bisPSMA for Identification and
Treatment of PSMA-expressing Metastatic
Castrate Resistant Prostate Cancer
(SECuRE)

Clarity
Pharmaceuticals Ltd. Phase 1/2 USA

NCT05230251 Radioligand fOr locAl raDiorecurrent
proStaTe cancER (ROADSTER)

Glenn Bauman,
Lawson Health
Research Institute

Phase 2 Canada

NCT04576871 Re-treatment 225Ac-J591 for mCRPC
Weill Medical College
of Cornell University Phase 1 New York, USA

NCT04726033

64Cu-TLX592 Phase I Safety, PK,
Biodistribution and Dosimetry Study
(CUPID Study) (CUPID)

Telix International
Pty Ltd. Phase 1 Australia

NCT04506567 Fractionated and Multiple Dose 225Ac-J591
for Progressive mCRPC

Weill Medical College
of Cornell University Phase 1/2 New York, USA
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ClinicalTrials.gov
Identifier

Name of Study Study Sponsor Trials Phase Location

NCT05150236

EVOLUTION: 177Lu-PSMA Therapy Versus
177Lu-PSMA in Combination With
Ipilimumab and Nivolumab for Men With
mCRPC (ANZUP2001)

Australian and New
Zealand Urogenital
and Prostate Cancer
Trials Group

Phase 2 Australia

NCT05413850 Anti-tumour Activity of (177Lu)
rhPSMA-10.1 Injection

Blue Earth
Therapeutics Ltd. Phase 1/2 Maryland, USA

NCT04509557
[177Lu]Ludotadipep Treatment in Patients
With Metastatic Castration-resistant
Prostate Cancer.

FutureChem Phase 1 Republic of Korea

223RaCl2

NCT04521361
A Study to Assess How Radium-223
Distributes in the Body of Patients With
Prostate Cancer Which Spread to the Bones

Bayer Phase 1 Multinational

NCT04037358 RAdium-223 and SABR Versus SABR for
Oligometastatic Prostate Cancers (RAVENS)

Sidney Kimmel
Comprehensive
Cancer Center at
Johns Hopkins

Phase 2 Maryland, USA

NCT03574571 A Study to Test Radium-223 With Docetaxel
in Patients With Prostate Cancer

Memorial Sloan
Kettering Cancer
Center

Phase 3 Multinational

NCT05133440

A Study of Stereotactic Body Radiation
Therapy and Radium (Ra-223) Dichloride in
Prostate Cancer That Has Spread to the
Bones

Memorial Sloan
Kettering Cancer
Center

Phase 2 USA

NCT03737370
Fractionated Docetaxel and Radium 223 in
Metastatic Castration-Resistant Prostate
Cancer

Tufts Medical Center Phase 1 USA

NCT04109729
Study of Nivolumab in Combination w
Radium-223 in Men w Metastatic Castration
Resistant Prostate Cancer (Rad2Nivo)

University of Utah Phase 1/2 Utah, USA

NCT04206319 Radium-223 in Biochemically Recurrent
Prostate Cancer

National Cancer
Institute (NCI) Phase 2 Maryland, USA

NCT04597125

Investigation of Radium-223 Dichloride
(Xofigo), a Treatment That Gives Off
Radiation That Helps Kill Cancer Cells,
Compared to a Treatment That Inactivates
Hormones (New Antihormonal Therapy,
NAH) in Patients With Prostate Cancer That
Has Spread to the Bone Getting Worse on or
After Earlier NAH

Bayer Phase 4 Multinational

NCT03432949
Radium-223 Combined With
Dexamethasone as First-line Therapy in
Patients With M+CRPC (TRANCE)

Bayer Phase 4 Canada

NCT04071236

Radiation Medication (Radium-223
Dichloride) Versus Radium-223 Dichloride
Plus Radiation Enhancing Medication
(M3814) Versus Radium-223 Dichloride Plus
M3814 Plus Avelumab (a Type of
Immunotherapy) for Advanced Prostate
Cancer Not Responsive to Hormonal
Therapy

National Cancer
Institute (NCI) Phase 1/2 USA
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ClinicalTrials.gov
Identifier

Name of Study Study Sponsor Trials Phase Location

NCT04704505

Bipolar Androgen Therapy (BAT) and
Radium-223 (RAD) in Metastatic
Castration-resistant Prostate Cancer
(mCRPC) (BAT-RAD)

Sidney Kimmel
Comprehensive
Cancer Center at
Johns Hopkins

Phase 2 Multinational

NCT03361735

Radium Ra 223 Dichloride, Hormone
Therapy and Stereotactic Body Radiation
Therapy in Treating Patients With
Metastatic Prostate Cancer

City of Hope Medical
Center Phase 2 California, USA

NCT02194842 Phase III Radium 223 mCRPC-PEACE III
(PEACE III)

European
Organisation for
Research and
Treatment of
Cancer—EORTC

Phase 3 Multinational

NCT04704505

Bipolar Androgen Therapy (BAT) and
Radium-223 (RAD) in Metastatic
Castration-resistant Prostate Cancer
(mCRPC) (BAT-RAD)

Sidney Kimmel
Comprehensive
Cancer Center at
Johns Hopkins

Phase 2 Multinational

GRPR

NCT05283330

Safety and Tolerability of
212Pb-DOTAM-GRPR1
212Pb-DOTAM-GRPR1 in Adult Subjects
with Recurrent or Metastatic GRPR-
expressing Tumors

Orano Med LLC Phase 1 Not yet recruiting

9. Conclusions

With the introduction of multiple radiopharmaceuticals into clinical practice, there is
a shift in the treatment paradigm for patients with advanced prostate cancer and clinicians
are faced with determining how best to sequence these therapies. Given the success of
223RaCl2 and 177Lu PSMA-617, targeted radionuclide therapeutics are now seen as a viable
and important adjunct to the therapeutic algorithm that clinicians utilize. Several other
classes of promising targeted radionuclide radiopharmaceuticals, both alpha and beta
emitters, are also being explored and posed to complement existing treatment algorithms
for prostate cancer.
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Abstract: To explore the diagnostic value of the Prostate Imaging–Reporting and Data System
version 2.1 (PI-RADS v2.1) for clinically significant prostate cancer (CSPCa) in patients with a history
of transurethral resection of the prostate (TURP), we conducted a retrospective study of 102 patients
who underwent systematic prostate biopsies with TURP history. ROC analyses and logistic regression
analyses were performed to demonstrate the diagnostic value of PI-RADS v2.1 and other clinical
characteristics, including PSA and free/total PSA (F/T PSA). Of 102 patients, 43 were diagnosed with
CSPCa. In ROC analysis, PSA, F/T PSA, and PI-RADS v2.1 demonstrated significant diagnostic value
in detecting CSPCa in our cohort (AUC 0.710 (95%CI 0.608–0.812), AUC 0.768 (95%CI 0.676–0.860),
AUC 0.777 (95%CI 0.688–0.867), respectively). Further, PI-RADS v2.1 scores of the peripheral and
transitional zones were analyzed separately. In ROC analysis, PI-RADS v2.1 remained valuable in
identifying peripheral-zone CSPCa (AUC 0.780 (95%CI 0.665–0.854; p < 0.001)) while having limited
capability in distinguishing transitional zone lesions (AUC 0.533 (95%CI 0.410–0.557; p = 0.594)). PSA
and F/T PSA retain significant diagnostic value for CSPCa in patients with TURP history. PI-RADS
v2.1 is reliable for detecting peripheral-zone CSPCa but has limited diagnostic value when assessing
transitional zone lesions.

Keywords: prostate cancer; transurethral resection of the prostate; multiparametric magnetic
resonance imaging; prostate-specific antigen

1. Introduction

Prostate cancer (PCa) is one of the most common malignancies among men worldwide,
leading to numerous cancer-related deaths [1,2]. To actively cope with this aggressive global
health problem, efforts have been made in the past decades to improve the clinical detection
of PCa.

PSA alone as a diagnostic biomarker is insufficient to distinguish PCa from benign
prostatic diseases [3]. Studies have shown that at a total PSA level of 4.0 to 10.0 ng/mL,
applying the marker of the free/total PSA ratio (F/T PSA) enhances the specificity of PSA
testing [4,5]. Advances in imaging techniques have improved the diagnosis of PCa. Mul-
tiparametric magnetic resonance imaging (mpMRI) has become an effective noninvasive
tool in the assessment of PCa and has demonstrated high value in the detection of clinically
significant prostate cancer (CSPCa), defined as Gleason score ≥7 (including 3 + 4 with a
prominent but not predominant Gleason 4 component) and/or volume ≥0.5 cc and/or
extraprostatic extension (EPE) [6]. To standardize the diagnostic criteria of mpMRI, the
Prostate Imaging–Reporting and Data System (PI-RADS) was drafted and lately renewed to
version 2.1 [7,8]. A definitive diagnosis of PCa is based on a prostate biopsy. In practice, risk
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stratification beforehand by serum markers and imaging evaluation has greatly improved
cancer detection rates and reduced unnecessary biopsies [9–11].

Benign prostatic hyperplasia (BPH) is a progressive disease commonly seen in elderly
men and is often addressed by a transurethral resection of the prostate (TURP). We came to
notice a certain group of patients in clinical practice who had a surgical history of TURP
due to BPH and were suspected of PCa during follow-up visits. On account of the removal
of transitional zone tissue during the TURP and possible adenoma regrowth during the
follow-up period, serum PSA or F/T PSA testing may be influenced by surgical history.
Moreover, with no consensus established yet, whether mpMRI retains diagnostic value also
remains uncertain, and patients are, in this case, assigned to prostate biopsies based mainly
on clinicians’ judgment, leading to a certain number of unnecessary invasive procedures
or delayed diagnoses. Given this situation, we hypothesize that PI-RADS v2.1 may be an
effective tool in identifying patients suspected of PCa who require an immediate biopsy.

Therefore, in this present study, we aim to investigate the diagnostic values of PI-RADS
v2.1 scores for CSPCa in a cohort of patients with a history of TURP.

2. Materials and Methods

2.1. Patients

In this retrospective study, consecutive patients who had undergone a 12-core tran-
srectal ultrasound (TRUS)-guided prostate biopsy with previous TURP history at our
department between October 2014 and August 2020 were recruited. PSA is reported
to drop significantly within 3–6 months after TURP [12,13], while hemorrhage, edema,
and early fibrosis at the surgical site after TURP may create biases for mpMRI examina-
tions [14,15]. Therefore, patients who received TURP less than 1 year ago were excluded
from the study. The total cohort size was 102. Informed consent was provided by all the
participants, and the research was approved by the Institutional Ethical Committee. All
patients had a history of receiving a conventional TURP procedure to treat lower urinary
tract symptoms due to BPH and had negative pathological results on the removed tissues.
Biopsy indication was PSA level > 4 ng/mL or suspected digital rectal exam results. Exclu-
sion criteria consisted of patients with previous local treatment of the prostate other than
TURP and patients with positive pathological reports prior to our procedure. Each patient
drew blood for serum PSA and F/T PSA and underwent an mpMRI examination before
the biopsy.

2.2. MRI and Reporting Protocol

All mpMRI included T2W, DW, and DCE imaging sequences. Two experienced
genitourinary radiologists blinded to the clinical details reviewed and reported readouts
following the standards of PI-RADS v2.1 [7,8]. Since the assessment of the transitional zone
(TZ) and peripheral zone (PZ) relies on different key sequences of imaging, PI-RADS scores
were proposed for each prostate zone separately for each patient. A single PI-RADS score
of a patient represents the PI-RADS score of the dominant lesion in the whole gland, while
PI-RADS TZ and PI-RADS PZ scores represent the PI-RADS score of the dominant lesion
in the TZ and PZ, respectively.

2.3. Biopsy Protocol

All patients underwent a 12-core transrectal ultrasound (TRUS)-guided transperineal
prostate biopsy. The well-designed biopsy template covers the bilateral anterior TZ, poste-
rior TZ, anterior horn of PZ, anterior lateral PZ, posterior lateral PZ, and posterior medial
PZ. The biopsy template is shown in Figure S1. Cores No. 1–8 are targeted to the PZ of the
prostate, while Cores No. 9–12 are targeted to the TZ. Slight adjustments were made to
adapt to the tissue defect caused by TURP and to cover all suspected lesions found in the
imaging. All biopsies were performed by a single experienced urologist, and all samples
were reviewed by a single specialized uropathologist to conclude the definitive diagnosis.
Clinically significant cancer was defined following the PI-RADS V2.1 guidelines [7,8] as PCa
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with a histologic Gleason score ≥7 (including 3 + 4 with a prominent but not predominant
Gleason 4 component) and/or volume ≥0.5 cc and/or extraprostatic extension (EPE).

2.4. Statistical Analysis

Statistical analyses were performed using SPSS version 26.0. Statistical significance
was set as p < 0.05. We used the Mann–Whitney rank sum test for nonparametric variables
and Fisher’s exact chi-square test for categorical variables. Receiver operating characteristic
(ROC) analyses were performed using biopsy results as the gold standard to reflect the
diagnostic performance of PSA, F/T PSA, and PI-RADS v2.1. ROC curves were compared
using the DeLong test. The area under the curve (AUC) and Youden’s index were calculated.
Logistic regression analyses were conducted to explore the predictive values of the variables,
and the odds ratios (ORs) were computed to quantify the predictive ability of the factors.

3. Results

A total of 102 patients were included in the study. The median age was 73.5 years
(interquartile range; IQR 68–78 years), the median time after TURP was 8 years (IQR
4–10.25 years), the median PSA level was 12.3 ng/mL (IQR 7.41–19.26 ng/mL), and the
median F/T PSA was 0.15 (IQR 0.11–0.20). In all, 56 patients were diagnosed with PCa,
among which 43 patients had CSPCa, while a Gleason score of 3 + 3 = 6 was present in the
remaining 13. Table 1 shows the characteristics of patients with CSPCa and non-CSPCa or
negative biopsy. While no significant difference was found in time after TURP between the
two groups, patients presenting with CSPCa exhibited significantly older age (p = 0.000),
higher PSA levels (p = 0.006), and lower F/T PSA (p = 0.000).

Table 1. Patient characteristics in different biopsy results.

CSPCa Non-CSPCa or Negative Biopsy p-Value

Age (yrs), median (IQR) 77 (72–80) 70 (66–75) 0.000
Time after TURP (yrs), median (IQR) 6 (3–12) 8 (5–10) 0.557

PSA (ng/mL), median (IQR) 14.73 (10.97–36.00) 10.91 (6.19–15.89) 0.000
F/T PSA, median (IQR) 0.12 (0.09–0.15) 0.18 (0.13–0.23) 0.000

PI-RADS V2.1 n (%)
2 1 (2.3) 15 (25.4) 0.000
3 4 (9.3) 19 (32.2)
4 24 (55.8) 21 (35.6)
5 14 (32.6) 4 (6.8)

ROC curves were constructed to determine the diagnostic value of PSA, F/T PSA,
and PI-RADS v2.1 in our cohort (Figure 1). The area-under-the-curve (AUC) value of
PSA, F/T PSA, and PI-RADS v2.1 for predicting CSPCa was 0.710 (95 CI% 0.608–0.812),
0.768 (95 CI% 0.676–0.860), and 0.777 (95 CI% 0.688–0.867), respectively. A comparison of
the three ROC curves showed no statistically significant differences. Setting the threshold
at 23.81 ng/mL, PSA showed the best Youden’s index score of 0.338, with the sensitivity,
specificity, PPV, and NPV of 37.2%, 96.6%, 88.9%, and 67.9%, respectively, in differentiating
CSPCa from this cohort. At a cutoff value of 10 ng/mL, PSA showed a sensitivity value
of 76.7% (but a specificity of only 45.8%) and a PPV and NPV of 76.7% and 73.7% in
differentiating CSPCa from this cohort. The best cutoff value for F/T PSA was obtained at
0.135. At this level, Youden’s index, sensitivity, specificity, PPV, and NPV for F/T PSA were
0.467, 72.1%, 74.6%, 67.4%, and 78.6%. For PI-RADS v2.1, when the cutoff value is set as
≥4, the best Youden’s index, sensitivity, specificity, PPV, and NPV were 0.460, 88.4%, 57.6%,
60.3%, and 87.2%, respectively. If the cutoff value is set as ≥3, the sensitivity, specificity,
PPV, and NPV were 97.7%, 25.4%, 48.8%, and 93.8%, respectively.
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Figure 1. ROC curves of PSA, F/T PSA, and PI-RADS v2.1 in predicting CSPCa.

In univariate logistic regression analysis, age, PSA, F/T PSA (<0.135 vs. ≥0.135), and
PI-RADS v2.1(≥3 vs. <3) showed significant associations with the biopsy results. However,
in multivariate logistic regression analysis, only age, F/T PSA, and PI-RADS v2.1 remained
independent predictors for CSPCa (Table S1).

Among the 43 patients with CSPCa biopsy results, 31 had CSPCa detected from both
PZ and TZ cores, 11 had CSPCa detected only in the PZ, and 1 had CSPCa detected only
in the TZ. The PI-RADS v2.1 TZ score and the PI-RADS v2.1 PZ score were proposed and
analyzed (Table 2). There was a significant difference in PI-RADS v2.1 scores between
patients with or without peripheral-zone CSPCa. Such a difference was not observed in the
TZ subgroup, indicating PI-RADS v2.1 may not be an effective tool to diagnose CSPCa in
the TZ in this cohort. Figure 2 shows the biopsy results by PI-RADS v2.1 TZ and PZ scores.
For PI-RADS PZ scores of 2, 3, 4, and 5 in the peripheral zone, the CSPCa detection rates
were 14.3%, 22.2%, 54.5%, and 83.3%, respectively.

Table 2. PI-RADS v2.1 scores for the peripheral zone and the transitional zone.

CSPCa Non-CSPCa/Negative Biopsy p-Value
PI-RADS v2.1 PZ n (%)

2 4 (9.5%) 24 (40.0%) 0.000
3 4 (9.5%) 14 (23.3%)
4 24 (57.1%) 20 (33.3%)
5 10 (23.8%) 2 (3.3%)

PI-RADS v2.1 TZ n (%)

No Suspected Lesions 11 (34.4%) 18 (25.7%) 0.167

2 7 (21.9%) 17 (24.3%)

3 7 (21.9%) 24 (34.3%)

4 6 (18.8%) 4 (5.7%)

5 1 (3.1%) 7 (10.0%)
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Figure 2. CSPCa detection rates by PI-RADS v2.1 scores.

In ROC analysis (Figure 3), PI-RADS v2.1 PZ obtained significant diagnostic value in
the peripheral zone (AUC 0.780 (95%CI 0.665–0.854; p < 0.001)). At a cutoff value of ≥3,
PI-RADS v2.1 PZ had the sensitivity, specificity, PPV, and NPV of 90.5%, 40.0%, 51.3%, and
85.7%, respectively. However, in the transitional zone, PI-RADS v2.1 TZ demonstrated no
diagnostic value for CSPCa (AUC 0.533 (95%CI 0.410–0.557; p = 0.594)).

Figure 3. ROC curves of PI-RADS v2.1 in predicting CSPCa in the peripheral zone and the transi-
tional zone.
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In univariate logistic regression analysis (Table S2), compared to PI-RADS PZ score 2,
the odds ratio was 7.200 (95%CI 2.140–24.230) for patients with a PI-RADS PZ score of
4 and 30.000 (95%CI 4.714–190.939) for patients with a PI-RADS PZ score of 5. PI-RADS
PZ score ≥3 was an independent predictor for CSPCa (OR = 6.333, 95%CI 2.000–20.052,
p = 0.002). As for the transitional zone, PI-RADS TZ scores of 2, 3, 4, and 5 showed no
significant odds ratio compared to no suspected lesions by PI-RADS v2.1. PI-RADS TZ
score ≥3 showed limited significance for predicting CSPCa (OR = 0.778, 95%CI 0.335–1.803,
p = 0.558).

Figure 4 shows the mpMRI results of two patients. For both patients, the PI-RADS
v2.1 scoring system demonstrated unsatisfactory diagnostic value in the transitional zone.

Figure 4. mpMRI results of two biopsy patients with TURP history. (A) A 63-year-old patient
previously received TURP; no lesions with PI-RADS score ≥ 3 were found in TZ. Biopsy results
showed CSPCa with a Gleason score of 4 + 3 = 7 in the TZ. (B). A 74-year-old patient previously
received TURP; two lesions classified as PI-RADS score 4 were found in the bilateral TZ (arrow).
Biopsy results were negative in the TZ. (a) T2-weighted image; (b) DWI with b-value of 1500 s/mm2;
(c) ADC map.

4. Discussion

Benign prostatic hyperplasia (BPH) is a condition with high prevalence among aged men;
50% of men with BPH develop LUTS that require medical intervention [16]. Transurethral
resection of the prostate (TURP) has remained the cornerstone of BPH surgical treatment
for decades. The TURP operation removes tissue from the TZ of the gland to address BPH-
related obstruction, during which the PZ of the gland is not resected. It is reported that
a secondary TURP is required to address the re-developed prostatic obstruction for 2.9%,
5.8%, and 7.4% of patients in 1, 5, and 8 years after primary TURP [17], which indicates a
significant proportion of patients may experience adenoma regrowth in the resected TZ
of the prostate after a TURP procedure. Therefore, patients are still at risk of PCa in both
the PZ and the TZ of the gland after receiving a TURP. Although patients with a history
of TURP are commonly seen in a urology clinic, few studies have addressed the clinical
characteristics of this cohort. Clinical studies regarding diagnostic tests for PCa commonly
set patients with prostatic surgery history into the exclusion criteria, leading to the scarcity
of evidence for the diagnostic value of PSA, F/T PSA, or mpMRI results in this cohort.

320



Curr. Oncol. 2022, 29

We noticed the lack of references for patients suspected of PCa who also have a history of
TURP, leading to our study being the first to look into this issue.

PSA levels can be affected by prostate volume or the presence of BPH or prostatitis.
Aus et al. [13] reported that in 190 patients who underwent TURP due to BPH, the mean
PSA levels were reduced by 70%, from 6.0 to 1.9 ng/mL 3–4 months after TURP, while
the mean prostate volume was reduced by 58%, from 63.3 to 26.5 cc. Furuya et al. [18]
found that the removal of 1 g of BPH tissue reduced serum PSA levels by an average of
0.18 ng/mL, revealing the correlation between serum PSA levels and the TZ volume. A
TURP procedure removes BPH tissue from the TZ, resulting in a significant decrease in
PSA, while the possible regrowth of adenoma at the surgery site may lead to an increase in
PSA levels in the long term after surgery. Taken together, the baseline PSA levels appear
uncertain in this cohort. Our study revealed positive results in the diagnostic value of the
absolute PSA level in CSPCa in this cohort. Setting the cutoff value at 10 ng/mL, PSA
shows high sensitivity (76.7%) but poor specificity (45.8%).

Catalona et al. [5] reported that at a 25% cutoff, F/T PSA detected 95% of cancers while
avoiding 20% of unnecessary biopsies for patients with a PSA level of 4.0 to 10.0 ng/mL. The
reasons for the changes in F/T PSA in PCa are not fully understood [19]. Recker et al. [20]
explored the changes in serum total and free PSA in TURP patients and revealed that
despite a decline in t-PSA by 72% post-TURP, F/T PSA remained stable (median 24.9%
pre-op vs. 26.6% post-op), indicating the potential of F/T PSA in PCa detection after TURP.
Consistent with their results, our study revealed the high diagnostic value of F/T PSA in
CSPCa. At a cutoff value of 13.5%, the sensitivity and specificity in the cohort were 72.1%
and 74.6%, respectively, and an F/T PSA under 13.5% indicated a nearly 9-fold higher risk
for CSPCa.

PI-RADS v2.1 is a structured reporting system for standardizing the mpMRI results for
detecting PCa. Our study revealed that PI-RADS v2.1 is a reliable tool for CSPCa detection
in patients with a history of TURP. A cutoff at PI-RADS score ≥4 resulted in 88.4% of
CSPCa cases found and 57.6% of unnecessary biopsies avoided. To further explore the
value of PI-RADS V2.1, we reviewed the imaging scores of two prostatic zones separately.
The results showed that PI-RADS V2.1 remains reliable in identifying CSPCa in the PZ.
Rudolph et al. [21] reported CSPCa detection rates of 13.0%, 10.0%, 42.9%, and 68.3% for
PI-RADS v2.1 scores of 2, 3, 4, and 5, respectively, in the PZ. The detection rates in the
PZ of our patients are consistent with earlier studies of PI-RADS in the whole patient
population [22–26], indicating that the PZ CSPCa lesions were not affected by the excision
or regrowth of prostatic tissue. Therefore, when managing patients with a history of TURP,
mpMRI can provide important references for PZ lesions, and a high PI-RADS PZ score
should be an indication for biopsy.

Concerning the TZ, the performance of CSPCa detection was limited with PI-RADS
v2.1 scores. For lesions with a PI-RADS v2.1 score of 2, 3, 4, and 5, CSPCa detection rates
were reported to be 7.4%, 8.3%, 40.0%, and 61.7%, respectively, in the general biopsy patient
population [21], which differ significantly from our findings in patients with TURP history.
This result might be due to the tissue composition changes secondary to TURP, such as
inflammatory tissue reactions consisting of mononuclear cells and giant cells [27] or a
mixture of scar tissue, glandular tissue, and stromal tissue, which are commonly presented
as areas with hypointensity in T2WI. In this instance, corresponding changes in T2W signals
can easily mimic the diagnostic criteria for PI-RADS 4, which creates challenges for accurate
imaging assessment [8]. From our results, mpMRI should not be referenced when assessing
transitional zone lesions, and PI-RADS TZ scores should not be decisive factors when
considering a biopsy.

To our knowledge, our study is the first study to probe into the diagnostic tests
for CSPCa in patients with TURP history. This study has some limitations. First, it is a
retrospective, single-center study with a relatively small sample size. Clinical characteristics
of our cohort show great heterogeneity, especially in the time after TURP and PSA levels,
which may reduce the representativeness of our study cohort. The small sample size
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limited the reliability of subgroup analysis. Studies [28,29] have suggested the monitoring
of PSA dynamic changes or PSA velocity as a predictor for PCa in post-TURP patients.
Pre-TURP PSA levels may provide reference cutoff values for our study. Unfortunately,
due to the long interval since TURP and the lack of follow-up data in our patient cohort,
such information was not available. PSA-density, as well as MRI-estimated lesion volume,
has been reported to provide additional predictive value to the detection of CSPCa in the
whole patient population [30–32]. However, impaired anatomy at the previous TURP site
created difficulties for prostate and lesion volume measurements. The clinical implications
of our findings remain inconclusive. Further large-sample prospective studies are needed
to conclude the characteristics of such a cohort and explore optimal diagnostic procedures
and treatment strategies.

5. Conclusions

Our study reveals that PSA and F/T PSA retain significant diagnostic value for CSPCa
in patients with TURP history. PI-RADS v2.1 is reliable for detecting CSPCa in the PZ but
has limited diagnostic value when assessing TZ lesions.
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Simple Summary: This trial investigated the use of Hemopatch, a novel hemostatic patch, during
robotic-assisted prostate and lymph node surgery for prostate cancer. The researchers hypothesize
that the use of Hemopatch could decrease lymph leak from the surgical bed, which is reflected by
the drain output volume. The result shows that patients who underwent surgeries with Hemopatch
had a lower drain output volume in total and per day, comparatively. In conclusion, Hemopatch use
should be considered in prostate cancer surgery.

Abstract: This study investigates whether the application of Hemopatch, a novel hemostatic patch,
could prevent lymphatic leak after robotic-assisted radical prostatectomy (RARP) and bilateral pelvic
lymph node dissection (BPLND). This is a prospective, single-center, phase III randomized controlled
trial investigating the efficacy of Hemopatch in preventing lymphatic leak after RARP and BPLND.
Participants were randomized to receive RARP and BPLND, with or without the use of Hemopatch,
with an allocation ratio of 1:1. The primary outcome is the total drain output volume. The secondary
outcomes include blood loss, operative time, lymph node yield, duration of drainage, drain output
per day, hospital stay, transfusion and 30-day complications. A total of 32 patients were recruited in
the study. The Hemopatch group had a significantly lower median total drain output than the control
group (35 mL vs. 180 mL, p = 0.022) and a significantly lower drain output volume per day compared
to the control group (35 mL/day vs. 89 mL/day, p = 0.038). There was no significant difference in the
other secondary outcomes. In conclusion, the application of Hemopatch in RARP and BPLND could
reduce the total drain output volume and the drain output volume per day. The use of Hemopatch
should be considered to prevent lymphatic leakage after RARP and BPLND.

Keywords: Hemopatch; prostate cancer; prostatectomy; pelvic lymph node dissection; lymphatic leak

1. Introduction

In prostate cancer patients undergoing robot-assisted radical prostatectomy (RARP),
the current European Association of Urology (EAU) prostate cancer guidelines recommend
bilateral pelvic lymph node dissection (BPLND) for those with an estimated risk of oc-
cult nodal metastases exceeding 5% [1]. In a systematic review of 66 studies involving
275,269 patients, lymphadenectomy can identify node-positive patients who may benefit
from adjuvant treatment [2].

BPLND in general is a well-tolerated procedure. However, when complications do oc-
cur, significant morbidity results. The benefits of BPLND must be carefully weighed against
its potential complications. The most common complication of BPLND is lymphocoele for-
mation. Small lymphatic vessels lack a muscular layer and adventitia, as opposed to blood
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vessels [3]. The transection of blood capillaries will lead to vasoconstriction and the even-
tual cessation of bleeding. This is not the case with small lymphatic vessels, and transection
is likely to lead to prolonged lymphorrhoea. The incidence of lymphocoele varies from
series to series, ranging from 0.8% to 33%, depending on the extent of lymphadenectomy,
the surgical technique, the operative approach and the diagnostic approach [4,5]. Lympho-
cele formation could lead to abdominal or groin pain, abdominal swelling, lower urinary
tract symptoms, bladder outlet obstruction, obstructive uropathy, infection, sepsis, lower
extremity or genital oedema, deep vein thrombosis and even anastomotic disruption [6–9].
Moreover, lymphocele formation might also affect subsequent radiotherapy planning, if
needed [10]. Prolonged lymphorrhoea lengthens hospital stay, places the patient at risk for
nosocomial infection and has significant cost implications for the healthcare system [11].

Hemopatch is a haemostatic pad consisting of a collagen sheet derived from bovine
dermis with an NHS-PEG (N-hydroxysuccinimide-functionalized pentaerythritol polyethy-
lene glycol ether tetra-succinimidyl glutarate)-coated active surface. These two components
act together to provide effective tissue adherence, sealing and haemostasis [12]. Upon tissue
contact, NHS-PEG molecules on the active surface form covalent bonds with tissue proteins.
Cross-linking NHS-PEG and proteins forms a hydrogel which acts as an effective tissue
seal. Older-generation NHS-PEG products in the form of solutions of flowable sealants are
quickly washed away by blood or other leaking body fluids, rendering them ineffective in
the presence of active bleeding or fluid leakage. Hemopatch is a novel NHS-PEG delivery
vehicle designed to overcome this limitation. Due to the open pore structure of the collagen,
excess tissue fluids are readily absorbed, and the direct contact of NHS-PEG to the tissue
surface can be achieved. The collagen pad is optimized to be soft, thin and pliable and has
a high liquid absorption capacity. The pad is resorbed and replaced by the host tissue in six
to eight weeks, with little tissue reaction.

We hypothesized that the application of Hemopatch to raw lymphatic tissue can
prevent lymphorrhoea through its unique combination of tissue adherence, sealing and
fluid absorption. This can potentially prevent lymphatic leak, reduce the drain output and
facilitate earlier discharge.

2. Materials and Methods

2.1. Trial Design

This is a prospective, single-center, phase III randomized controlled trial investigat-
ing the efficacy of Hemopatch in preventing lymphatic leak after RARP and BPLND.
Participants were randomized to receive RARP and BPLND, with or without the use of
Hemopatch. The study was conducted at the Prince of Wales Hospital in Hong Kong
from January 2020 to December 2021. The study protocol was approved by the Joint
Chinese University of Hong Kong—New Territories East Cluster Clinical Research Ethics
Committee (CREC Reference number: 2019.419-T). The study was registered at the US
National Institutes of Health (ClinicalTrial.gov; Identifier: NCT04185922). The study was
conducted in accordance with the Declaration of Helsinki and the International Conference
on Harmonization, Good Clinical Practice Guidelines (ICH-GCP).

2.2. Participants

All consecutive patients with prostate cancer, indicated for RARP and BPLND, were
screened for eligibility. BPLND was performed if the estimated risk of occult nodal metas-
tases based on the Memorial Sloan Kettering Cancer Center pre-radical prostatectomy
nomogram [13] was over 5% [14]. The inclusion and exclusion criteria are as follows.

Inclusion criteria

- Aged 18 years and above
- Able to give informed consent
- Suitable for minimally invasive surgery
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Exclusion criteria

- Known allergy or hypersensitivity to any component of Hemopatch
- Known hypersensitivity to bovine proteins or brilliant blue
- Patients with prior pelvic radiotherapy
- Patients with non-correctable coagulopathy
- Patients who are on anticoagulants
- Contraindication to general anaesthesia
- Previous transurethral resection of prostate (TURP) or prostatic surgery
- Untreated active infection

Informed consent was obtained from the eligible study subjects before the scheduled
RARP and BPLND operations.

2.3. Randomization and Blinding

Patients were randomized to receive RARP and BPLND, with or without Hemopatch,
with an allocation ratio of 1:1. The randomization sequence was obtained with computer-
generated random sequence numbers, with no restriction rules applied. Allocation conceal-
ment was ensured by the use of a web-based internet application to reveal randomization
codes after patient recruitment. The patients were then assigned to the experimental arm
or the standard arm according to the randomization codes. The operating urologist was
informed of the allocated treatment arm only after BPLND had been performed. Patients
receiving the treatment and investigators assessing the study outcomes were blinded from
the allocated treatment arm.

2.4. Interventions

All participants received RARP and BPLND in the usual manner [15]. Each patient
was first placed supine with a split leg position. Skin incisions were made to allow for
the insertion of the robotic camera port, robotic instrument ports and assistant ports. The
patient was then placed in a reverse Trendelenburg position, and the da Vinci Xi robotic
surgical system was docked. Radical prostatectomy was performed with an anterior
approach. After the prostate gland was excised, BPLND was performed with a standard
template up to uretero-iliac crossing. Vesicourethral anastomosis was then performed, and
a water leak test was routinely performed to ensure a water-tight anastomosis. After the
vesicourethral anastomosis was completed, four pieces of Hemopatch were applied to the
lymph node dissection area on each side, i.e., eight pieces in total. The distal ends at the
obturator fossa and the femoral canal, along with the proximal ends at the the common iliac
bifurcation and internal iliac artery, were thoroughly covered by Hemopatch (see Figure 1).
The patch was kept dry until contact with the tissue. After tissue contact, pressure was
applied over the pad surface for two minutes. The active comparator is standard RARP
and BPLND without the use of haemostatic adjuncts, which is the standard of care at our
institution. Finally, a pelvic drain was inserted before the conclusion of the operation.

2.5. Post-Operative Management

The diet was usually resumed on post-operative day 1. The pelvic drain would be
removed if the output was <100 mL over the past 24 h. The patient would be discharged
with a Foley catheter when the diet was well tolerated and drain was removed. The patient
would return to the hospital for the removal of the urethral catheter on post-operative
days 7 to 10, and this was subjected to the discretion of the operating surgeon. A further
follow-up appointment was arranged one month after the operation.
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Figure 1. Hemopatch placement position diagram. Ext. iliac art. = external iliac artery.

2.6. Outcome Measures and Data Collection

The primary outcome is the total volume of drain output, which is a surrogate for
lymphorrhoea. The hypothesis is that Hemopatch placement prevents lymphatic leak.

The secondary outcomes include the estimated blood loss, operative time, lymph node
yield, duration of drainage, drain output per day, hospital stay, transfusion and 30-day
complications.

All baseline characteristics and peri-operative complications were recorded upon the
day of discharge. Any 30-day complications following the operation were recorded during
the follow-up appointment. All complications were graded according to the Clavien–Dindo
classification. Serious adverse events were reported until 30 days after the operation.

2.7. Sample Size

A total of 32 participants were recruited for the study, as per study protocol. Assuming
a 33.3% difference in the total volume of drain output (100 mL in the Hemopatch group
vs. 150 mL in the control group, with a standard deviation of 50 mL), with a two-sided
significance of 0.05 and a power of 80%, 16 patients are required in each group. As the
primary outcome is the total volume of drain output, which will be determined upon
hospital discharge, no drop-out rate is included in the sample size calculation.

2.8. Statistical Methods

All outcome measurements were analyzed with an intention-to-treat principle. An
independent samples t-test was used for parametric continuous variables; a Mann–Whitney
U test was used for non-parametric continuous variables; a chi-square test was used for
categorical variables. A p-value less than 0.05 is considered to be statistically significant. All
statistical analyses were performed using SPSS version 23.0 (Armonk, NY, USA: IBM Corp.).
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3. Results

3.1. Overview

From 28 February 2020 to 2 July 2021, 36 patients were screened for study eligibility,
and 32 participants were recruited into this study. All participants were randomized
and allocated into the treatment arm and the control arm, with an allocation ratio of 1:1
(Hemopatch arm: n = 16 vs. Control arm: n = 16). All participants received their allocated
treatments and were followed up in our clinic after the operation. All participants were
included in the final analysis. All analyses were performed by the original assigned groups.
There were no losses after randomization or losses to follow-up. Figure 2 shows the
CONSORT flow diagram.

Figure 2. CONSORT flow diagram.

3.2. Patient and Disease Characteristics

The demographic and clinical characteristics of the two arms are summarized in
Table 1. The mean age, weight, height and ASA grading were similar between the two
groups. The baseline serum PSAs were similar: 9.0 ng/mL in the control group and
10.5 ng/mL in the Hemopatch group. The control group patients had a mean prostate
volume of 53.1 cm3 compared to 41 cm3 in the Hemopatch group. A total of 56.3% and
68.8% of the control group and the Hemopatch group had prostate cancer with an ISUP
grade group ≥ 3, respectively, and 62.5% and 56.3% of the respective arms had high-risk
disease. A total of 56.3% participants in both arms had pT3 disease, and only one (6.3%)
patient from the control arm was staged with pN1 disease.
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Table 1. Baseline demographic and clinical characteristics.

Control Group (n = 16) Hemopatch Group (n = 16)

Age (year) 69 (5) 65 (6)

Weight (kg) 68.2 (10.0) 68.4 (10.2)

Height (cm) 170 (7) 170 (4)

ASA group

ASA 1 2 (12.5%) 1 (6.3%)

ASA 2 9 (56.3%) 14 (87.5%)

ASA 3 5 (31.3%) 1 (6.3%)

ASA 4 0 (0%) 0 (0%)

Prostate volume (cm3) 53.1 (25.8) 41.0 (22.4)

PSA (ng/mL) 9.0 (6.5) 10.5 (6.4)

ISUP ≥ 3 9 (56.3%) 11 (68.8%)

Risk category

Low-risk disease 0 (0%) 0 (0%)

Intermediate-risk disease 6 (37.5%) 7 (43.8%)

High-risk disease 10 (62.5%) 9 (56.3%)

cT stage

cT1 9 (56.3%) 12 (75.0%)

cT2 7 (43.8%) 4 (25.0%)

pT stage

pT2 7 (43.8%) 7 (43.8%)

pT3a 3 (18.8%) 6 (37.5%)

pT3b 6 (37.5%) 3 (18.8%)

pN1 1 (6.3%) 0 (0%)
Continuous variables are presented as the mean (SD). Categorical variables are presented as n (%). ASA = Ameri-
can Society of Anaesthesiology; ISUP = International Society of Urological Pathology; PSA = Prostate-Specific
Antigen.

3.3. Study Outcomes

In terms of primary outcome, the median total volumes of the drain output were
180 mL (IQR: 73–558) in the control group and 35 mL (IQR: 1–190) in the Hemopatch
group. The total drain output is statistically significantly lower in the Hemopatch group
(p = 0.022). For secondary outcomes, the Hemopatch group also demonstrated a statistically
significantly lower drain output volume per day, with a median drain output per day of
35 mL/day (IQR 1–117) in the Hemopatch group compared to 89 mL/day (IQR 68–139) in
the control arm (p = 0.038). The median duration of drainage was 2 days in the control arm
and 1 day in the Hemopatch arm, and the mean duration of hospital stay was 5 days in the
control arm and 3 days in the Hemopatch arm. Both drainage duration and hospitalization
duration were slightly shorter in the Hemopatch arm; however, the differences did not
achieve statistical significance. There are also no statistically significant differences in
terms of operation time, lymph node yield, intra-operative blood loss or post-operative
30-day complications. None of the patients required transfusion post-operatively. Table 2
summarizes the primary and secondary outcome findings.
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Table 2. Primary and secondary outcomes.

Control Group (n = 16) Hemopatch Group (n = 16) p-Value

Primary outcome

Total drain output (mL) * 180 (73–558) 35 (1–190) 0.022

Secondary outcomes

Operative time (minute) 189 (45) 175 (52) 0.449

Intra-operative blood loss (mL) 272 (244) 209 (156) 0.395

Number of lymph nodes excised 13.6 (6.6) 12.69 (4.4) 0.663

Duration of drainage (day) * 2 (1–5) 1 (1–2) 0.139

Drain output per post-op day (mL/day) * 89 (68–139) 35 (1–117) 0.038

Hospital stay (day) 5 (3) 3 (1) 0.105

Transfusion 0 (0%) 0 (0%) -

30-day complications 5 (31.3%) 3 (18.8%) 0.685

* Continuous variables are presented as means (SD) unless otherwise specified. * Continuous variables are
presented as medians (IQR) and compared by the Mann–Whitney U test. Categorical variables are presented as n
(%) and compared by Fisher’s exact test. A two-sided p-value of <0.05 is considered statistically significant.

In the control group, five patients (31.3%) experienced complications within 30 days
after operation, all being of Clavien–Dindo grade 1. These complications include right
groin numbness, perineal discomfort, drain leakage, urine leak and prepuce oedema. All
were conservatively managed. In the Hemopatch group, three patients (18.8%) experienced
complications within 30 days, with one patient experiencing two complications. Two pa-
tients developed a Clavien–Dindo grade 2 complication of wound infection that required
antibiotics use and dressing. The rest of the complications were of Clavien–Dindo grade 1,
including fever and paraphimosis. The results are summarized in Table 3.

Table 3. Summary of 30-day complications.

Control Group (n = 16) Hemopatch Group (n = 16) *

Clavien–Dindo grade 1

5 (31.3%)
i. Drain leakage (n = 1, 6.3%)
ii. Perineal discomfort (n = 1, 6.3%)
iii. Prepuce edema (n = 1, 6.3%)
iv. Right groin numbness (n = 1, 6.3%)
v. Urine leak (n = 1, 6.3%)

1 (18.8%)
i. Fever (n = 1, 6.3%)
ii. Paraphimosis (n = 1, 6.3%)

Calvien–Dindo grade 2 0 (0%) 2 (12.5%)
i. Surgical site infection (n = 2, 12.5%)

* One patient from the Hemopatch arm was complicated with paraphimosis and wound infection.

4. Discussion

Prostate cancer is the second most common cancer affecting men globally [16], with
an incidence rate that is rising with time [17]. Radical prostatectomy is recognized to be
a standard modality of treatment that improves cancer-specific survival [18], and same-
session BPLND is performed for those with an estimated risk of occult nodal metastases
exceeding 5%, which provides valuable staging and prognostic information that cannot be
matched by other available procedures [2]. However, BPLND is not without risks, with
lymphocoele formation being the most common complication caused by the disruption of
lymphatic drainage after pelvic lymph node dissection. Lymphocoele formation can cause
compressive symptoms and infective complications and negatively affect the post-operative
recovery of prostatectomy patients. Various techniques to improve lymphostasis, including
bipolar diathermy, clip application [19], peritoneal flap interposition [20] and haemostatic
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pad application with TachoSil [21], have been explored, with no definite data to suggest the
best approach.

Hemopatch is considered the second generation of advanced hemostatic pads [6]. The
effectiveness of Hemopatch is largely attributed to its physical properties, which consist
of a sheet-like collagen backing with a self-binding surface, with the binding agent being
NHS-PEG. The design allows for a dual mechanism that allows for the rapid adherence
of tissue and fluid from electrophilic cross-linking with the NHS-PEG monomers, while
the collagen scaffolding would mediate intrinsic hemostatic action to form fibrin clots. By
laying Hemopatch over raw lymphatic tissue, the highly porous bovine collagen sheet
would allow for rapid tissue fluid absorption and increase the surface area for the delivery
of NHS-PEG for sealant functions.

This is the first randomized controlled trial on the use of Hemopatch, a novel haemo-
static agent composed of a bovine collagen sheet coated with NHS-PEG, in the setting of
RARP with BPLND for prostate cancer patients. In this trial, the outcomes demonstrated
that the application of Hemopatch to raw lymphatic tissues could reduce lymphorrhoea
as shown by the lower total drain output volume and drain output volume per day when
compared to the standard procedure without the use of haemostatic adjuncts. The median
total drain output is only 35 mL in BPNLD with the use of Hemopatch, compared to 180
mL in the control group, showing a more-than-five-times reduction in output volume. The
operative times and 30-day complications were similar between the two groups. These
findings suggest that Hemopatch is a safe and effective haemostatic agent that can be laid
over the ends of raw truncated lymphatic tissue after BPLND to reduce lymphorrhoea and
post-operative drain output, with no additional morbidity or complication.

Hemopatch has been utilized across multiple surgical specialties [22]. In urology,
a previous prospective study investigated the use of Hemopatch in laparoscopic partial
nephrectomy [23,24], demonstrating its ability to help achieve haemostasis. The prospective
series explored the use of Hemopatch by a single surgeon in 19 patients receiving laparo-
scopic partial nephrectomies (16 with zero-clamping, zero-ichemia), which showed that
the application of Hemopatch successfully achieved hemostasis in all cases. However, no
studies have investigated the role of Hemopatch in reducing or peventing lymphorrhoea,
let alone in the RARP and BPLND setting. One randomized controlled trial of 100 patients
investigated the use of TachoSil [21], a hemostatic patch comprised of a collagen sponge
coated with fibrinogen and thrombin, in reducing lymphocoele formation after pelvic
lymph node dissection in prostate cancer patients. The results demonstrated statistically
significantly less post-operative lymphocoele on cross-sectional imaging in the TachoSil
group compared to the control group.

Our study is the first to investigate the role of Hemopatch in the setting of RARP and
BPLND and provides good evidence for its use given the randomized controlled design
and the quasi-double blinded nature (the surgeon is left blinded for the majority of the
operation until randomization). It is also the first study to demonstrate the effectiveness
of Hemopatch in reducing lymphorrhoea. Another major strength of this study is the
standardization of the procedure, where the Hemopatch placement position (distal ends
are at the obturator fossa and the femoral canal; the proximal ends overlie the common
iliac bifurcation and internal iliac artery), size and margins (Hemopatch would overlap the
margins of the raw area by about 1 cm), application methods (the patch is kept dry until
contact with tissue) and pressure application duration (two minutes) are clearly defined
and followed. This has reduced bias and inter-surgeon variability when it comes to the
application of Hemopatch.

Several limitations exist in this study. First, this is a trial conducted at a single center
only; this might have affected the generalizability of the findings. Second, the sample
size of the study remained small, with only 16 patients recruited into each arm, which
weakened the statistical power, especially in the analysis of secondary outcomes. We have
observed that both the drainage duration and hospitalization duration were shorter in
the Hemopatch arm; however, the differences were not statistically significant. There are
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likely true differences in these areas in addition to the drain output; however, our study
is underpowered to detect it. Third, our study selected drain output as a surrogate for
lymphorrhoea and only followed up patients for 30 days post-operatively. This may not
accurately reflect the effectiveness of Hemopatch in reducing the incidence of lymphocele
formation after RARP and BPLND. The need for intervention for lymphocele was also not
evaluated. To address this, future studies with larger sample sizes and longer follow-ups
are needed to evaluate the relationship between Hemopatch application and lymphocele
incidence. Another research gap that this study did not address is how Hemopatch
performs compared to other currently available adjunctive haemostatic agents, and further
study in this area is needed.

5. Conclusions

In conclusion, our study is the first randomized controlled blinded trial to demonstrate
the effectiveness of Hemopatch, an NHS-PEG coated patch, in reducing the drain output
volume after RARP and BPLND in prostate cancer patients. Therefore, the application of
Hemopatch to raw lymphatic surfaces should be considered during RARP and BPLND.
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Abstract: Increased diagnoses of silent prostate cancer (PCa) have led to overtreatment and conse-
quent functional side effects. Focal therapy (FT) applies energy to a prostatic index lesion treating
only the clinically significant PCa focus. We analysed the potential predictive factors of FT failure.
We collected data from patients who underwent robot-assisted radical prostatectomy (RARP) in
two high-volume hospitals from January 2017 to January 2020. The inclusion criteria were: one
MRI-detected lesion with a Gleason Score (GS) of ≤7, ≤cT2a, PSA of ≤10 ng/mL, and GS 6 on a
random biopsy with ≤2 positive foci out of 12. Potential oncological safety of FT was defined as the
respect of clinicopathological inclusion criteria on histology specimens, no extracapsular extension,
and no biochemical, local, or metastatic recurrence within 12 months. To predict FT failure, we
performed uni- and multivariate logistic regression. Sixty-seven patients were enrolled. The MRI
index lesion median size was 11 mm; target lesions were ISUP grade 1 in 27 patients and ISUP grade 2
in 40. Potential FT failure occurred in 32 patients, and only the PSA value resulted as a predictive pa-
rameter (p < 0.05). The main issue for FT is patient selection, mainly because of multifocal csPCa foci.
Nevertheless, FT could represent a therapeutic alternative for highly selected low-risk PCa patients.

Keywords: prostate cancer; focal therapy; low-risk PCa; MRI; PSA

1. Introduction

Prostate cancer (PCa) is the second most common male cancer with the highest in-
cidence in Western countries, which is partially due to the wide use of prostate-specific
antigen (PSA) as the primary screening tool [1,2]. On the one hand, if the screening based
on PSA has been associated with a decrease in PCa-related mortality, on the other hand,
it leads to over-diagnosis and over-treatment of silent PCa at the expense of functional
side effects [3]. In the era of precision medicine, the goal is to diagnose and treat only
clinically significant PCa (csPCa), thus individualizing the treatments on the patient’s
disease characteristics.

Recent studies focused on the value of miRNAs as new tools for early cancer diagnosis,
but this goal has yet to be reached [4]. Multiparametric magnetic resonance imaging (MRI)
has been improving the diagnostic algorithm of csPCa; it is recommended before any
prostatic biopsy, and it has been included in the protocols of active surveillance (AS) and
active monitoring (AM) for PCa [2,5]. An MRI-target biopsy could improve the detection
rate of ISUP grade ≥ 2 and ISUP grade ≥ 3, approximately 40% and 50%, respectively. For
this reason, the EAU guidelines recommend performing naïve biopsy combining the target
procedure with a systematic one [2].

Once PCa has been diagnosed, an individualised treatment respecting oncological
outcomes is mandatory. For low-risk localised PCa, AS/AM is advisable for a well-informed
patient who accepts the risk of progression and a strict follow-up protocol. For all the
others, except the locally advanced, a local treatment, if feasible, should be proposed in
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personalised medicine [2,6]. Unfortunately, radical prostatectomy, even if nerve-sparing
and radiotherapy, are not free of side effects [7,8]. For surgery, incontinence and erectile
dysfunction rate are reported to be 31% and 38% at 12 months, respectively, if nerve-sparing
techniques are performed [9,10]. Neither open, laparoscopic nor robotic approaches have
demonstrated a clear superiority compared to others in terms of functional outcomes and
quality of life [11,12]. Even in the case of minimally invasive surgery, patients could suffer
from intra-, peri- and post-operative complications [13]. For radiotherapy, the sexual and
incontinence domains show a similar result to surgery, but gastrointestinal adverse effects
are predominant [2,14]. An altered functional state could impair the health-related quality
of life (HRQOL), irrespective of treatment choice [15].

In particular, functional results are of paramount importance in patients who under-
went radical prostatectomy for localised low- and intermediate-risk PCa because these
outcomes are more emphasised. For these risk categories, focal therapy (FT) has gained
increasing importance worldwide in recent years, offering an alternative to whole-gland
treatment. Focal therapy (FT) for PCa applies energy to an index lesion and its surrounding
margins to treat only clinically significant lesions preserving neurovascular structures close
to the prostate gland [16]. The advantages of FT are exciting functional outcomes in terms
of urinary continence, sexual potency and quality of life with reasonable short-term onco-
logical safety [16]. However, FT is recommended only within the setting of clinical trials
using predefined inclusion criteria and scheduled surveillance [17,18]. Population-based
studies evaluating FT as a treatment for PCa are poor. Recently, Flegar et al. analysed FT
cases in Germany and reported an increase from 2006 to 2008 and then a decrease until 2014.
Since 2015, the overall cases of FT have shown a plateau trend [16]. The early increase in
the utilization of FT is due to the development of new technologies. In contrast, the reason
for the subsequent decrease in case numbers is the significant risk for tumour recurrence or
progression after FT [16,19].

The current PCa diagnostic algorithm could fail to propose a focal therapy because of
the risk of missing other csPCa not revealed by MRI. In this retrospective observational
population-based multicentre study on patients who underwent bilateral nerve-sparing
RARP for localised low-risk PCa, we analysed the preoperative patients and the disease’s
characteristics as potential predictive factors of FT failure.

2. Materials and Methods

In this multicentre study, we prospectively collected data from patients who consecu-
tively underwent robot-assisted radical prostatectomy (RARP) in two high-volume tertiary
hospitals (Clinica Urologica—Università degli Studi di Perugia Azienda Ospedaliera di
Perugia-Italy, Service de Chirurgie Urologique Groupe Hospitalier Diaconesses Hôpital
Croix Saint-Simon de Paris-France) from January 2017 to January 2020.

We performed dosages of PSA, digital rectal explorations (DREs), multiparametric-3-
Tesla-MRI, MRI/ultrasound fusion guided and systematic prostatic biopsies.

We collected clinicopathological data regarding age, pre-operative PSA, prostate
volume, PSA-density, clinical T stage, MRI-index lesion diameter, MRI-index lesion Prostate
Imaging—Reporting and Data System version 2 (PI-RADS v2) score, Gleason score (GS)
of MRI-index lesion on biopsy, Gleason score by systematic biopsy, clinical International
Society of Urologic Pathologists (ISUP) grade, Gleason score and ISUP grade on histology,
extracapsular-extension, PSA at 40 days and 3-6-12 months after RARP, biochemical, local
or metastatic recurrence within 12 months and time to recurrence.

Inclusion criteria included patients who underwent bilateral nerve-sparing RARP with
negative surgical margins, with only one MRI-detected lesion, ≤cT2a, PSA ≤ 10 ng/mL,
GS ≤ 7 on target biopsy, GS 6 on random biopsy with ≤2 positives foci out 12.

We assumed the safety criteria in terms of the inclusion criteria on the final specimen,
no extracapsular extension, and no biochemical, local, or metastatic recurrence within
12 months. Based on this definition, patients were divided into two groups: the first
one was the FT success group, which included patients matching all of the safety criteria;
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the second was the FT failure group, which consisted of those who did not match the
safety criteria.

3. Results

A total of 67 patients who underwent RARP with bilateral nerve-sparing technique,
matching the inclusion criteria, were enrolled. Of these, 35 patients (52.2%) were included
in the FT success group and 32 (47.8%) in the FT failure group according to the potential
oncological safety criteria.

Thirty-five (52.2%) had a clinical stage T1c and 32 (47.8%) cT2a. The mean age at
diagnosis was 64.4 ± 6.65 years, the mean BMI 25 ± 1.56 kg/m2, and the mean prostate
volume 46.1 ± 15.5 cc without significant difference between the FT success and FT fail-
ure groups. MRI index lesion diameter, PI-RADS value, and bioptic ISUP group did
not differ significantly between groups. PSA density score differed between the groups
(14.8 vs. 17.8 ng/mL2) but did not reach the statistical significance (p = 0.10). The mean
PSA value in the FT success group was 6.14 ± 2.26 ng/mL vs 7.44 ± 1.92 ng/mL in the FT
failure group, p = 0.01. The mean sise of the index lesion on the multiparametric MRI was
11.6 ± 4.56 mm; in twelve (17.9%) patients, the index lesion was classified as PI-RADS 3, in
33 (49.3%) as PI-RADS 4, in 22 (32.8%) as PI-RADS 5. The ISUP grade of the MRI-target
lesions was 1 in 27 patients (40.3%) and 2 in 40 patients (59.7%). Clinicopathological features
of the study population are shown in Table 1.

Table 1. Clinicopathologic features of our sample.

Variables *
Total

(n = 67, 100%)
FT Success

(n = 35, 52.2%)
FT Failure

(n = 32, 47.8%)
p

Age (years) 64.4 (±6.65) 64.4 (±6.64) 64.3 (±6.77) 0.95

BMI (kg/m2) 25.0 (±1.56) 25.1 (±1.72) 24.9 (±1.39) 0.61

CCI score 4 (5–3) 4 (5–3) 4.5 (5–3.25) 0.36

IPSS score 10 (13–7) 10 (14–7) 9.5 (12–7.25) 0.97

Prostate volume (cc) 46.1 (±15.5) 47.1 (±16.7) 45.0 (±14.2) 0.57

PSA (ng/mL) 6.76 (±2.19) 6.14 (±2.26) 7.44 (±1.92) 0.01

PSA density (ng/mL2) 16.2 (±7.21) 14.8 (±8.18) 17.8 (±5.71) 0.10

MRI index lesion
diameter (mm) 11.6 (±4.56) 11.8 (±4.41) 11.3 (±4.82) 0.65

PI-RADS
PI-RADS 3, n (%) 12 (17.9%) 9 (75.0%) 3 (25.0%)

0.21PI-RADS 4, n (%) 33 (49.3%) 16 (48.5%) 17 (51.5%)
PI-RADS 5, n (%) 22 (32.8%) 10 (45.5%) 12 (54.5%)

Biopsy ISUP group
ISUP 1, n (%) 27 (40.3%) 17 (63.0%) 10 (14.9%)

0.14ISUP 2, n (%) 40 (59.7%) 18 (45%) 22 (55%)
* Continuous variables with normal distribution were presented as mean (±standard deviation (SD)); non-
parametric categorical variables were reported as absolute and relative frequencies (n, %), and non-parametric
numerical variables with median (interquartile range—IQR). In italic the significant p-value.

In the FT failure group, a second csPCa focus on the specimen was discovered in
31 patients (96.9%), an ISUP grade 3 in 8 patients (25%), ISUP grade 4 in 2 (6.25%), pT3
in 12 patients (37.5%), and biochemical recurrence in 2 patients (6.25%). The uni- and
multivariate logistic regression analysis on failure therapy was performed. The PSA values
of <6 and >7 ng/mL were shown to be the only predictor value of FT success and failure,
respectively, both in the univariate and multivariate logistic regression analysis, Table 2.
PSA value > 7 ng/mL showed a sensitivity of 62.5%, a specificity of 61.1%, and an AUC
of 0.73.

337



Curr. Oncol. 2022, 29

Table 2. Uni- and multivariate logistic regression analysis on failure therapy.

Univariate Multivariate

HR CI (95%) p HR CI (95%) p

Age (years) 0.99 0.92–1.07 0.95 1.01 0.93–1.11 0.77

BMI (kg/m2) 0.92 0.67–1.26 0.61 0.96 0.65–1.43 0.85

CCI score 1.25 0.79–1.95 0.33 1.48 0.87–2.54 0.15

IPSS score 1 0.95–1.11 0.96 1.01 0.90–1.15 0.80

Prostate volume (cc) 0.99 0.96–1.02 0.57 0.95 0.86–1.04 0.27

PSA (ng/mL) 1.35 1.05–1.74 0.02 1.97 1.00–3.89 0.04

PSA density (%) 1.06 0.98–1.14 0.10 0.86 0.66–1.12 0.27

MRI index lesion
diameter (mm) 0.98 0.88–1.09 0.65 0.94 0.80–1.10 0.45

PI-RADS
PI-RADS 4 vs. PI-RADS 3
PI-RADS 5 vs. PI-RADS 3

3.19 0.73–13.9 0.12 2.47 0.49–12.3 0.27
3.60 0.76–17.0 0.10 3.59 0.44–28.7 0.23

Biopsy ISUP group (ISUP
2 vs. ISUP 1) 2.08 0.77–5.64 0.15 1.23 0.33–4.49 0.76

In italic the significant p-value.

4. Discussion

The definition of FT is “ablation of a cancerous lesion, diagnosed by imaging and
confirmed by biopsy, with a margin of safety surrounding the target lesion” [20]. Doubts
persist about the correct definition of target lesion; among experts, there is a consensus that
the focus is a lesion ISUP grade ≥ 2, but there is no consensus that the larger lesion is the
target of FT [20]. If we could treat the index lesion with a safety margin, the functional re-
sults would be preserved, and the oncological ones respected [21]. Unfortunately, although
FT for PCa has been studied for more than 10 years, little is known about this procedure’s
optimal technology and oncological safety [15,20].

Identification of the tumour lesion and the certainty of its focal nature, the destruction
of the tumour lesion with an acceptable safety margin, and a careful follow-up to diagnose
the persistence or disease relapse are cornerstones of FT success.

To reach an international consensus, Van den Bos et al. proposed, as eligible cri-
teria for FT, to include PSA levels < 15 ng/mL, clinical stage T1c-T2a, ISUP 1 or 2,
life expectancy > 10 years, and any volume of the prostate gland [22]. In our study, the
inclusion criteria were more restricted, enrolling only patients with low-risk PCa according
to EAU criteria and those with ISUP grade 2 in a maximum of two bioptic foci. This was
done to identify a category of patients with disease characteristics immediately close to
those treated by active surveillance and, therefore, would have benefited more from a focal
treatment. Patients with a higher risk of progression and recurrence should not be recruited
since they need a lymphadenectomy for proper staging and treatment.

In our recruitment, we excluded patients with more than two positive bioptic cores
because of the higher risk of BCR at 3 and 5 years, as per Truesdale et al. [23].

Perlis et al. proposed FT in selected patients with GG3-5 disease, especially in those
who had particular attention to the functional outcomes or in those who had contraindica-
tions for radical treatment, be it radical prostatectomy or radiation therapy [17]. Encourag-
ing results were highlighted in a study with selected patients affected by non-metastatic
csPCa treated by HIFU. The five-year metastasis-free survival in the intermediate and
high-risk groups was 99% and 97%, respectively [24]. Johnson et al. are of the opposite
opinion in treating ISUP grade > 3 patients, even if highly selected. According to the
authors, these patients are at high risk of persistent disease after FT because MRI has low
sensitivity for identifying individual tumours foci. Approximately 22% of all PCa GG 3–5

338



Curr. Oncol. 2022, 29

are not correctly identified and located in the corresponding quadrant by MRI, and this
percentage increases to 30% among patients with multifocal PCa. Furthermore, MRI does
not reliably rule out the presence of extracapsular extension, and its diagnostic capacity
appears to decrease for higher-grade lesions. In support of this, Johnson et al. reported that
in their clinical experience, 48% of patients who were potential candidates for prostatic
hemiablation had bilateral clinically significant disease [25]. In fact, mpMRI could omit
about 20–45% of clinically significant PCa [17,26,27]. In our study, 46.3% of the patients
analysed had either a second csPCa focus not detected by mpMRI or the disease had spread
to the entire lobe or both. This percentage is similar to those reported in the literature
showing that the inter variability is very low in the hub centres.

In the literature, however, some cases have been successfully treated. That is the case
of Linder et al., who reported their promising experiences on FT laser treatment of four
patients, two of which with ISUP 3. The authors described the creation of a convergent
ablation with the absence of viable cells in the treated regions verified by MRI 7 days
post-treatment and confirmed in the histopathology piece, but long-term data were not
reported [28].

An aspect that should not be underestimated is the discrepancy between the clinical
Gleason score and the pathological one. In fact, on the definitive diagnosis, about 50%
of cases of upgrading in low-risk patients and up to 80% of downgrading in patients
belonging to the intermediate and high-risk categories [29]. In the literature, five studies
have reported a positive predictive value of <60% for detecting low-risk PCa. Although this
finding can be partly explained by the fact that all studies had the lowest prevalence of low
grades, it remains a surprising value [29–33]. Schiffmann et al. reported an upgrading rate
of 55% for patients eligible for active surveillance and 78% for low-risk patients not eligible
for active surveillance. In the same categories of patients, they reported an upstaging rate
of 8% and 15%, respectively [34]. These data confirm the study by Busch et al. in which
the upgrading and upstaging were 53.1% and 12.2%, respectively, for the group in active
surveillance [35]. In our study, the upgrading rate was 38.1%, and for low-risk PCa patients,
it was 40.7%. The possible explanation is that hub centres for PCa have the lowest rate of
low-grade prostate cancer.

The lack of certainty of the disease grade and stage is a limiting factor for FT due to
the risk of not respecting the oncological goal. It is necessary to assess the correct PCa
grade and stage to choose the best therapeutic option. In our case, the potential success
was around 52.2% and was largely influenced by radical post-prostatectomy upstaging.
That underlines that a disease close to the capsule could also be poorly controlled by FT
due to the lack of a safety margin, if not at the expense of the vascular-nerve bundles and a
greater risk on nearby structures.

In our study, the only variable that significantly differs between groups is the PSA
value, which was higher in the FT failure group. The mean value of the failure group was
7.44 ng/mL, which is only a slightly higher value. Boniol et al. reported an increasing
linear risk of PCa for each percentage increase in PSA level with an odd ratio of 1.079
(95% confidence interval); however, this association is not related to a more aggressive
disease [36]. Park YH et al., in their study, showed that the risk of prostate cancer was
higher in men with a fluctuating PSA level and PSAV ≥ 1.0 ng/mL/yr than in those with a
fluctuating PSA level and PSAV < 1.0 ng/mL/yr [37]. Moreover, patients with a positive
digital rectal examination (DRE) and higher PSA levels show a higher risk of contralateral
disease and may not be ideal candidates for FT [38]. These findings could explain why a
small PSA level change that we found in our study could be significant. PSA density, as
well, was different between groups but without significance, most likely due to the small
samples. The small sample size represents the main limitation of our study.
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5. Conclusions

The main issue for FT is patient selection, mainly because of multifocal csPCa foci not
detected with the current diagnostic tools.

Our findings show that serum PSA could predict the success or failure of FT using a
cut-off of 6 and 7 ng/mL, respectively. Further studies with a larger sample size are needed
to confirm our results.
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Simple Summary: Treatment strategies have changed dramatically in recent years with the develop-
ment of a variety of agents for metastatic hormone-naïve prostate cancer. There is a need to identify
prognostic factors for the appropriate choice of treatment for patients with hormone-naïve prostate
cancer in Japanese men. Among the prostate cancer patients receiving treatment at our institution
from 2000 to 2019, 198 patients with bone or visceral metastases at the initial diagnosis were included
in the study. We retrospectively examined these factors of the overall survival, and identified Gleason
pattern 5 content, bone scan index ≥ 1.5, and lactate dehydrogenase evels ≥ 300 IU/L as prognostic
factors. Using these three factors, we developed a new prognostic model for overall survival that can
more objectively predict the prognosis of patients simply and objectively.

Abstract: Background: Treatment strategies have changed dramatically in recent years with the
development of a variety of agents for metastatic hormone-naïve prostate cancer (mHNPC). There
is a need to identify prognostic factors for the appropriate choice of treatment for patients with
mHNPC, and we retrospectively examined these factors. Methods: Patients with mHNPC treated at
our institution from 2000 to 2019 were included in this study. Overall survival (OS) was estimated
retrospectively using the Kaplan–Meier method, and factors associated with OS were identified
using univariate and multivariate analyses. A prognostic model was then developed based on the
factors identified. Follow-up was terminated on 24 October 2021. Results: The median follow-up
duration was 44.2 months, whereas the median OS was 85.2 months, with 88 patients succumbing
to their disease. Multivariate analysis identified Gleason pattern (GP) 5 content, bone scan index
(BSI) ≥ 1.5, and lactate dehydrogenase (LDH) levels ≥ 300 IU/L as prognostic factors associated with
OS. We also developed a prognostic model that classified patients with mHNPC as low risk with no
factor, intermediate risk with one factor, and high risk with two or three factors. Conclusions: Three
prognostic factors for OS were identified in patients with mHNPC, namely GP5 inclusion, BSI ≥ 1.5,
and LDH ≥ 300. Using these three factors, we developed a new prognostic model for OS that can
more objectively predict patient prognosis.

Keywords: hormone-naïve prostate cancer; prognostic model; Gleason pattern; bone scan index;
lactate dehydrogenase

1. Introduction

Prostate cancer (PC) is the most common malignancy in men and a leading cause of
cancer-related deaths in developed countries [1]. Approximately 10–20% of patients have
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de novo metastatic disease, with the number of patients diagnosed with metastatic PC only
increasing [2]. Since 1940, the standard treatment for metastatic PC has been androgen
deprivation therapy (ADT) Ref [3]. While newly diagnosed metastatic PC initially responds
to ADT, it can become resistant and progress to castration-resistant PC (CRPC). Despite
available treatments for CRPC, including alternative ADT [4], androgen receptor axis
targeted agents (ARAT), chemotherapy [5,6], and radium-223 [7], the disease is often fatal
in the end. However, six randomized trials found that the combination of drugs, such as
docetaxel, abiraterone acetate, enzalutamide, and apalutamide, improved outcomes for
patients with metastatic hormone-naïve PC (mHNPC) compared to ADT alone [8–14]. In
Japan, abiraterone, enzalutamide, and apalutamide, have been approved for the upfront
treatment of mHNPC, and have become treatment options. These reports have increased
the number of treatment options for mHNPC. Interestingly, the survival benefits of these
novel therapies vary depending on the extent of metastasis and severity of the cancer. The
LATITUDE trial showed that the combination of abiraterone acetate and prednisolone with
ADT prompted longer overall survival (OS) compared to ADT alone in high-risk mHNPC
patients, although the therapeutic benefits expected in low-risk mHNPC patients remains
unknown [11]. In the CHAARTED trial, the combination of prior chemotherapy with
docetaxel and ADT significantly prolonged the survival of mHNPC patients; however, their
subgroup analysis showed that the low-volume group exhibited no improvement in OS [10].
In other words, a certain number of patients can be expected to survive for a long time
with ADT alone, and overtreatment can be minimized by identifying prognostic factors.
Roy et al. created a nomogram of mHNPC patients treated with upfront ARAT [15]. Their
nomogram is based on data from high-risk patients enrolled in the LATITUDE trial, and is a
very effective tool because it is composed of items that are used in daily clinical practice. In
this study, we retrospectively examined prognostic factors to develop a prognostic model
for mHNPC patients in Japan.

2. Materials and Methods

2.1. Patient Selection

Among the PC patients receiving treatment at Kanazawa University Hospital from
2000 to 2019, 198 patients with bone or visceral metastases at the initial diagnosis were
included in the study. All patients were pathologically diagnosed PC, and distant metastasis
was detected through computed tomography and/or bone scans performed at the time of
diagnosis.

2.2. Collection of Clinical Data

Age, Gleason pattern (GP), prostate-specific antigen (PSA), bone scan index (BSI),
metastasis location, C-reactive protein (CRP), neutrophil-to-lymphocyte ratio (NLR),
hemoglobin (Hb), alkaline phosphatase (ALP), and lactate dehydrogenase (LDH), were
obtained from medical records and retrospectively investigated and analyzed for factors
associated with OS. OS was measured from the diagnosis of PC until death or last follow-up.
Follow-up was terminated on 24 October 2021.

Clinical stage was determined based on the 8th edition of the Union for International
Cancer Control Tumor, Node, Metastasis classification, published in 2017. The BSI was de-
veloped as a marker of the total amount of bone metastasis using whole-body scintigraphy
with 99mTc-MDP, which was calculated using the BONENAVI version 2 software program
(FUJIFILM Toyama Chemical Co., Ltd., Tokyo, Japan; Exini Bone, Exini Diagnostics, Lund,
Sweden) and was used herein [16]. The BSI represents the percentage of total skeletal mass
taken up by the tumor, and is a reproducible quantitative expression of tumor burden seen
on bone. In addition, the probability of abnormality is calculated by detecting hyperaccu-
mulated areas in the bone scintigraphic image, thus preventing missed areas and enabling
the objective evaluation of bone metastasis [17].
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2.3. Statistical Analyses

OS was estimated using the Kaplan–Meier method, with differences being compared
using log-rank tests. We evaluated the predictive impact of several potential factors on
the OS patients using the Cox proportional hazards model. Hazard ratio (HR) and 95%
confidence intervals (CI) were calculated. Thereafter, a prognostic model was developed
based on the identified factors. Statistical analyses were performed using the commercially
available software Prism 8 (GraphPad, San Diego, CA, USA) and the SPSS ver. 25.0 (SPSS
Inc., Chicago, IL, USA), with p values of <0.05 indicating statistical significance. Nomogram
was created using the R statistical software, version 3.6.3 (R Foundation for Statistical
Computing, Vienna, Austria).

2.4. Ethical Considerations

This study was approved by the institutional review board of Kanazawa University
Hospital (2016-328). Informed consent was obtained in the form of opt-out posted at our
facility allowed by Medical Ethics Committee of Kanazawa University. All methods were
performed in accordance with relevant guidelines and regulations.

3. Results

3.1. Overall Survival of Patients Classified by LATITUDE and CHAARTED Criteria

The characteristics of the 198 patients with mHNPC with bone or visceral metastases
are summarized in Table 1. The median age was 71 (65–78) years, with 58.1% having
lymph node metastasis, 2.5% having M1a disease, 83.3% having M1b disease, and 14.1%
having M1c disease. Visceral metastases were found in the lungs (23 patients, 11.6%), liver
(3 patients, 1.5%), and adrenal gland (1 patient, 0.5%). The median initial PSA was 230.5
(72.7–859.35) ng/mL, with 54.0% having Gleason score (GS) ≥ 9. The initial treatment
consisted of combined androgen therapy (CAB) or luteinizing hormone-releasing hormone
agonists alone for most patients (93.4%).

The median follow-up duration and median OS were 44.2 and 85.2 months, respec-
tively, and 88 patients have died. The high-risk group had a significantly shorter OS (HR:
2.45, 95% CI 1.48–4.00; p < 0.0001) than the low-risk group based on LATITUDE criteria
(Figure 1a). The median OS was 135.0 and 55.06 months in the low- and high-risk groups,
respectively. Moreover, the high-volume group had a significantly shorter OS (HR: 2.55,
95% CI 1.54–4.24; p < 0.0001) than the low-volume group based on the CHAARTED criteria
(Figure 1b). The median OS was 135.0 and 52.93 months in the low- and high-volume
groups, respectively.
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Table 1. Patient characteristics.

Variables Entire Cohort (n = 198)

Age, median (range) 71 (65–78)
T stage, no (%)

T1-2 17 (8.6)
T3 85 (42.9)
T4 77 (38.9)

Unknown 19 (9.6)
N stage, no (%)

N0 79 (39.9)
N1 115 (58.1)

Unknown 4 (2.0)
M stage, no (%)

M1a 5 (2.5)
M1b 165 (83.3)
M1c 28 (14.1)

Site of metastasis, no (%)
Lymph node 116 (58.6)

Bone 188 (94.9)
Lung 23 (11.6)
Liver 3 (1.5)

Adrenal gland 1 (0.5)
Initial PSA level, ng/mL, median (range) 230.5 (72.7–859.4)

Gleason score, no (%)
�3 + 4 10 (5.1)
4 + 3 19 (9.6)

8 52 (26.3)
�9 107 (54.0)

Unknown 10 (5.1)
Initial treatment, no (%)

CAB 185 (93.4)
LHRH agonist 3 (1.5)

Abiraterone 1 (0.5)
Other 5 (2.5)

Unknown 4 (2.0)
PSA: prostate specific antigen; CAB: combined androgen blockade.

 

Figure 1. Kaplan-Meier showing the difference in OS classified by LATITUDE criteria, and
CHAARTED criteria. (a) The high-risk group had a significantly shorter OS (HR: 2.45, 95% CI
1.48–4.00; p < 0.0001) than the low-risk group based on LATITUDE criteria. (b) The high-volume
group had a significantly shorter OS (HR: 2.55, 95% CI 1.54–4.24; p < 0.0001) than the low-volume
group based on the CHAARTED criteria.
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3.2. Identification of Prognostic Factors in Overall Survival

Univariate analysis identified inclusion of GP 5 (HR: 2.78, 95% CI 1.72–4.47; p < 0.001),
BSI ≥ 1.5 (HR: 1.91, 95% CI 1.03–3.53; p = 0.040), and LDH ≥ 300 IU/L (HR: 6.08, 95% CI
2.95–12.50; p < 0.001), as significant prognostic factors for OS, although age, PSA level,
visceral metastasis, CRP, NLR, Hb, and ALP, were not in this cohort (Table 2). Although
BSI was found to be a prognostic factor in patients with mHNPC, one other method for
assessing bone metastases in prostate cancer is the extent of disease (EOD) score, proposed
by Soloway et al. in 1988, and is a method for assessing bone metastasis in prostate
cancer [18]. Univariate analysis of patients with low EOD scores (scores 1 and 2) and
those with high EOD scores (scores 3 and 4) was performed, but it was not a significant
predictor of prognosis (HR: 1.52, 95% CI 0.92–2.52; p = 0.11). OS was also investigated in
Kaplan-Meier, but there was no significant difference between these two groups (HR: 1.49,
95% CI 0.90–2.49; p = 0.10) (Supplementary Figure S1).

Table 2. Univariate and multivariable analysis of prognostic factors for overall survival.

Variables Univariate Multivariable

95% CI 95% CI

p Value HR Lower Upper p Value HR Lower Upper

Age <70 vs. �70 (years) 0.53 1.15 0.74 1.79 0.37 1.46 0.64 3.33
Include GP5 <0.001 2.78 1.72 4.47 0.045 2.77 1.03 7.49

PSA <200 vs. �200 (ng/mL) 0.40 1.21 0.78 1.86 0.32 0.55 0.17 1.78
BSI <1.5 vs. �1.5 0.04 1.91 1.03 3.53 0.033 3.48 1.10 11.00

Visceral metastasis 0.53 1.20 0.69 2.07 0.053 0.15 0.02 1.03
CRP <1.0 vs. �1.0 (mg/dL) 0.76 1.10 0.60 2.03 0.67 0.80 0.29 2.24

NLR <2.5 vs. �2.5 0.13 1.65 0.87 3.14 0.09 2.32 0.89 6.08
Hb <12 vs. �12 (g/dL) 0.35 1.35 0.72 2.56 0.64 0.79 0.29 2.15

ALP <300 vs. �300 (IU/L) 0.31 1.34 0.76 2.37 0.32 0.55 0.17 1.79
LDH <300 vs. �300 (IU/L) <0.001 6.08 2.95 12.50 0.004 8.11 1.99 33.11

PSA: prostate specific antigen; GP: Gleason Pattern; BSI: bone scan index; CRP: C-reactive protein; NLR: neutrophil-
to-lymphocyte ratio; Hb: hemoglobin; ALP: alkaline phosphatase; LDH: lactate dehydrogenase.

Multivariate analysis identified inclusion of GP 5 (HR 2.77, 95% CI 1.03–7.49; p = 0.045),
BSI ≥ 1.5 (HR: 3.48, 95% CI 1.10–11.00; p = 0.033), and LDH ≥ 300 IU/L (HR: 8.11, 95%
CI 1.99–33.11; p = 0.004), as factors associated with an increased risk of OS, similar to
that in the univariate analysis. After comparing the three factors identified and detected
as significant prognostic factors in both groups, OS was significantly shorter with GP 5
inclusion (HR: 2.58, 95% CI 1.72–4.47; p < 0.001) than with GP 5 exclusion (Figure 2a), in
the BSI ≥ 1.5 group (HR: 3.23, 95% CI 1.77–5.89; p = 0.037) than in the BSI < 1.5 group
(Figure 2b), and in the LDH ≥300 IU/L group (HR: 4.17, 95% CI 2.10–8.30; p < 0.0001)
than in the LDH < 300 IU/L group (Figure 2c). Cancer-specific survival (CSS) was also
discussed. GP5 (HR: 3.29, 95% CI 1.95–5.57; p < 0.001) and LDH ≥ 300 (HR: 7.82, 95% CI
3.71–16.48; p < 0.001) were risk factors in univariate analysis (Supplementary Table S1).
On the other hand, BSI ≥ 1.5 was not a risk factor (HR: 1.61, 95% CI 0.86–3.04; p = 0.14).
Multivariate analysis for CSS showed that only LDH ≥ 300 was an independent risk factor
(HR: 10.14, 95% CI 2.36–43.61; p = 0.002).

347



Cancers 2022, 14, 4822

Figure 2. Kaplan-Meier showing the difference in OS stratified by inclusion of GP5, BSI � 1.5, and
LDH � 300 IU/L. OS was significantly shorter with GP 5 inclusion (HR: 2.58, 95% CI 1.72–4.47;
p < 0.001) than with GP 5 exclusion (a); in the BSI ≥ 1.5 group (HR: 3.23, 95% CI 1.77–5.89; p = 0.037)
than in the BSI < 1.5 group (b); and in the LDH ≥ 300 IU/L group (HR: 4.17, 95% CI 2.10–8.30;
p < 0.0001) than in the LDH < 300 IU/L group (c). Patients for whom information was available on
each identified risk factors were selected. GP: Gleason pattern; BSI: bone scan index; LDH: lactate
dehydrogenase.

3.3. Development of a Risk Model for Overall Survival

Patients with mHNPC were then classified into three groups according to three risk
factors associated with OS. Accordingly, the low-risk group was defined as having none of
the factors, the intermediate-risk group as those having one factor, and the high-risk group
as those having two or three factors. The Kaplan–Meier cumulative OS is presented in
Figure 3. The median OS was 162.0, 85.2, and 36.7 months in the low-risk, intermediate-risk,
and high-risk group, respectively. Our findings showed that OS tended to decrease as risk
increased (Log-rank test trend, p = 0.0005). Additionally, we have created a nomogram to
predict 5-year survival using these three identified items (Supplementary Figure S2).

348



Cancers 2022, 14, 4822

Figure 3. Kaplan-Meier estimates of cumulative OS in patients with mHNPC stratified by inclusion
of GP 5, BSI � 1.5, and LDH � 300. Patients for whom information was available on all three
identified risk factors were selected. Low risk patients had no risk factor, intermediate risk patients
had one factor, and high-risk patients had two or three factors. OS tended to decrease as risk
increased (Log-rank test trend, p = 0.0005). GP: Gleason pattern; BSI: bone scan index; LDH: lactate
dehydrogenase.

4. Discussion

In the current study, the median OS of patients classified as high-risk based on the
LATITUDE criteria was 55.06 months, which was similar to that in patients who received
upfront abiraterone acetate and prednisolone in the LATITUDE study (53.3 months), despite
most of the patients opting for CAB as their initial treatment [11]. Moreover, patients
who were classified as high-volume according to the CHAARTED criteria had an OS of
52.93 months, which was longer than that in patients who received upfront docetaxel in
the high-volume arm of the CHAARTED trial (49.2 months) [10]. This may be attributed
to the increased sensitivity of Asian patients with metastatic PC to castration and their
significantly longer survival times compared to other ethnic groups [19]. However, it is
clear whether a certain number of patients with high-volume metastases respond well to
ADT. Administering ARAT, such as abiraterone acetate, or docetaxel, to such patients may
cause a decrease in the patients’ quality of life due to side effects, while increasing the
burden of medical costs. For abiraterone, the incidence of grade 3 or 4 adverse events was
63% in the abiraterone group, compared to 48% in the placebo group [20]. We believe that
this difference in incidence is not optimistic and is an impediment to the patient’s quality of
life. Although the CHAARTED trial did not compare docetaxel with ADT alone in terms of
the incidence of adverse events [10], the fatal febrile neutropenia associated with docetaxel
is a significant reduction in the quality of life of patients.

Therefore, with the emergence of various treatment options, creating a new prognostic
model, identifying patients who do not respond well to ADT, and opting for upfront ARAT
or chemotherapy would be very meaningful.

Various studies have been available on the prognostic factors for mHNPC. Glass et al.
suggested a prognostic model, which differentiated patients into three prognosis groups
based on bone metastasis localization, performance status, PSA, and GS [21]. Cooperberg
et al. proposed the J-CAPRA score as a prognostic model for progression. In this model,
GS, PSA, and TNM stage, are scored as factors, with difference in progression-free survival
observed between the three groups of patients classified according to their model [22]. Our
multivariable analysis found that the presence of GP5, BSI ≥ 1.5, and LDH ≥ 300 IU/L,
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were prognostic factors for mHNPC. In addition, creating a prognostic model based on
these three factors and classifying the patients into three groups (low, intermediate, and
high risk) resulted in differences in OS among such groups (165.0, 85.2, and 36.7 months).
Roy’s nomogram’s composition, including LDH, bone metastases, and Gleason score, may
justify our results [15]. Our identification of GP5 and their scoring item GS9-10 are strongly
related and consistent. Additionally, in their nomogram, the number of skeletal lesions
is one of the predictors. We believe that our predictor, BSI, is an ideal item for a more
objective assessment of bone involvement.

Several reports have suggested that the inclusion of GP5 increased the aggressiveness
of PC. Kryvenko et al. reported that the presence of GP5 significantly increased the risk of
metastasis, prostate cancer-specific survival (PCSS), and death [23]. Tsao et al. reported
that patients with GS 9–10 tended to have a greater risk of metastasis and death after
local treatment compared to patients with GS8 [24]. We also looked at the International
Society of Urologic Pathology (ISUP) grade groups, and grade groups 4 and 5 (GS 8–10)
were also poor prognostic factors for OS in univariate analysis (HR: 3.01, 95% CI 1.43–6.34;
p = 0.004), but they were not significant in multivariate analysis (data not shown). Huynh
et al. reported that the risk of OS was significantly higher for PC with GS3+5/5+3 than
for that with GS4+4 [25]. Therefore, among ISUP grade group 4 (GS 8), there is a report
that the inclusion of Gleason pattern 5 affects OS, which we believe supports our results.
Including the presence of GP5 as one of the prognostic factors is appropriate.

Our study identified BSI ≥ 1.5 as one of the prognostic factors for mHNPC. The
LATITUDE criteria indicated the presence of three or more bone lesions as a high-risk
factor [11]. In the CHAARTED trial, ≥4 bone lesions with ≥1 beyond the vertebral bodies
and pelvis were listed as a high-volume factor [10]. In previous reports, some prognostic
models have been created based on the extent of bone disease (EOD) score [18]. Shiota
et al. identified EOD 4 as a risk factor for metastatic high burden for PC [26]. Akamatsu
et al. listed EOD 3 or higher as a prognostic factor for OS and reported that classifying
patients into three risk groups resulted in significant differences [27]. We also divided the
patients into two groups with low and high EOD score and investigated their OS. However,
there were no significant differences between the two groups. In our study, EOD score
was not a useful prognostic factor. EOD score is based on the number of bone lesions
and do not account for the size of a single bone lesion. Moreover, the lesion count may
contain some subjective factors. The BSI was developed as a marker of the total amount
of bone metastasis using whole-body scintigraphy with 99 mTc-MDP [28,29]. One of the
major features of the BSI is that the bone scintigram can be used to objectively evaluate
the degree of bone metastasis throughout the body. Poulsem et al. reported that patients
with PC and metastases of BSI ≥ 1.0 have an increased risk of PCSS than those with
BSI < 1.0 [30]. One study showed that BSI > 3.5% was a significant determinant of death in
the mHNPC group and that patients with a good BSI response to treatment (>45%) had
lower mortality rates than those without such a response [31]. Suzuki et al. calculated the
BSI of bone lesions beyond the vertebral bodies and pelvis (bBSI) and reported that patients
with PC and bone metastases of bBSI > 0.27 had a significantly shorter OS [32]. We suggest
using BSI to objectively quantify the degree of bone metastasis in order to establish a more
accurate prognostic model.

Another prognostic factor, serum LDH, was found to be associated with OS in patients
with mHNPC. LDH is an intracellular enzyme that is widely distributed in body tissues.
When one of the tissues is injured and LDH is released into the blood, the serum LDH
concentration increases. LDH plays an important role in cancer metabolism [33]. Notably,
LDH has been reported as a prognostic factor for metastatic PC in several studies, with our
results being consistent with these reports [34,35]. In the present study, visceral metastasis
was not a significant prognostic factor for OS. Several reports have also shown that visceral
metastasis is not a factor associated with OS [36]. In the current study, the percentage of
patients with lung metastasis was high, whereas that of other visceral metastasis, was low.
One study reported that among patients with high burden metastases, those with lung
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metastases had better OS than those with M1b [37]. Iwamoto et al. reported that patients
with PC and lung metastases only had better OS than those with visceral metastases,
except for lung metastases [38]. Racial differences may be one of the reasons why visceral
metastasis was not a prognostic factor [39]. This should be investigated by accumulating
more cases in the future. Several risk models have been reported for Japanese patients,
and these are useful risk classifications that can be very clearly stratified [26,27]. However,
these risk models are somewhat complicated to stratify, and the EOD score is included as a
predictor of prognosis. Our model is very important in that it is simpler and more objective
in predicting patient prognosis.

In the present cohort, most patients with mHNPC were treated with CAB. The 5-year
survival rate for patients classified as low risk in our proposed risk model is approximately
80%. The prognosis for this group of patients is very favorable. In the CHAARTED trial, the
5-year survival rate for patients who received upfront docetaxel in the low volume setting
was approximately 70% [10], indicating that low-risk patients in our risk model have good
survival outcomes with CAB alone. In the ENZAMET trial, a subgroup analysis reported a
90% 3-year survival rate in low-volume patients treated with upfront enzalutamide [12].
Our study also shows that the 3-year survival rate for low-risk patients is comparable to
the ENZAMET trial. In consideration of these factors, we believe that vintage therapy
for low-risk patients can never be a substitute for chemotherapy or ARAT. Ideally, this
prognostic model should be used to actually make treatment choices, but this will likely be
a future challenge. A larger prospective cohort study will be needed to prove this.

The current study has several limitations worth noting. This study was retrospective
in nature, and treatment selection and evaluation of the effects of treatment were left to
the individual physicians, which may have resulted in bias. In addition, patients included
herein were all Japanese. Thus, our results may not be applicable to other races. Given
that only pretreatment factors were investigated in this study, we did not examine factors
that may be predictive of post-treatment outcomes, such as response to initial treatment
(PSA reduction rate, time to CRPC, etc.). In addition, the patients enrolled in the study
ranged from 2000 to 2019. The addition of ARAT or chemotherapy as new treatment
options over the past 20 years may be one limitation when considering survival, because
before the coming of ARAT or chemotherapy, patients did not have the option of receiving
that treatment. Moreover, there have been International Society of Urological Pathology
Consensus Conference in 2005 and 2014, where revisions were made regarding the Gleason
classification. Since this is a retrospective study and the data collection for pathology results
is based on medical record entries, it is possible that shifting diagnoses and definitions over
time may have resulted in bias. However, in this study, we are focusing on GP 5. Since there
has been no significant revision in the ISUP Consensus Conference regarding the diagnosis
and definition of GP5, we do not think that it has had a significant impact on this study.
Finally, the choice of sequential treatment was also left to the discretion of the physician,
and the change in survival rate due to the choice of treatment after castration-resistant PC
had not been investigated.

5. Conclusions

We identified three prognostic factors for OS in patients with mHNPC: GP5 inclusion,
BSI ≥ 1.5, and LDH ≥ 300. Using these three factors, we developed a new prognostic model
for OS that can more objectively predict the prognosis of patients simply and objectively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14194822/s1, Figure S1: Kaplan-Meier showing the dif-
ference in OS stratified by low EOD score (score 1,2) and high EOD score (score 3,4); Figure S2: A
nomogram was developed that combined the significant independent clinical variables; Table S1:
Univariate and multivariable analysis of prognostic factors for cancer specific survival.
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Simple Summary: Our study investigated clinical features of prostate-specific antigen (PSA) bounce
in patients undergoing brachytherapy. PSA bounce is common and discriminating between large
bounces and biochemical failures is very difficult. Therefore, we suggest important points to discrimi-
nate between large bounces and biochemical failures. In addition, we aimed to examine the clinical
features and details of PSA bounce in patients receiving brachytherapy.

Abstract: Prostate-specific antigen (PSA) bounce is common in patients undergoing 125I brachyther-
apy (BT), and our study investigated its clinical features. A total of 100 patients who underwent BT
were analyzed. PSA bounce and large bounce were defined as an increase of ≥0.2 and ≥2.0 ng/mL
above the initial PSA nadir, respectively, with a subsequent decline without treatment. Biochemical
failure was defined using the Phoenix definition (nadir +2 ng/mL), except for a large bounce. With a
median follow-up of 49 months, 45% and 7% of the patients experienced bounce and large bounce,
respectively. The median time to bounce was 24 months, and the median PSA value at the bounce
spike was 1.62 ng/mL, a median raise of 0.44 ng/mL compared to the pre-bounce nadir. The median
time to bounce recovery was 4 months. The post-bounce nadir was obtained at a median of 36 months
after low-dose-rate BT. On univariate analysis, age, the PSA nadir value at 2 years, and prostate
volume were significant factors for PSA bounce. The PSA nadir value at 2 years remained significant
in multivariate analysis. We should carefully monitor young patients with high prostate volume
having a >0.5 PSA nadir value at 2 years for PSA bounce.

Keywords: prostate cancer; brachytherapy; bounce; prognostic factor

1. Introduction

Several radiotherapeutic approaches are available for the definitive treatment of
prostate cancer, including low-dose-rate (LDR) and high-dose-rate brachytherapy (BT),
external beam radiotherapy (EBRT) with intensity-modulated RT, proton therapy, and
even carbon ion therapy [1]. LDR-BT is a well-established standard treatment for early
prostate cancer and offers excellent oncological outcomes, dosimetric advantages, and
patient convenience [2–4].

Prostate-specific antigen (PSA) is a sensitive diagnostic and prognostic marker of
prostate cancer. PSA bounce, a temporary increase in PSA levels and a subsequent decrease
without intervention, occurs in 15–84% of men receiving 125I BT [5]. Several studies and
trials have demonstrated that PSA bounce after 125I BT is a good prognostic factor [5,6],
and young age is generally accepted as a predictive factor for PSA bounce [7,8]. In addi-
tion, few studies have investigated the difference between biochemical failure and PSA
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bounce [9–11], and most of them were single-center studies with several limitations. The
predictive factors for PSA, as well as PSA details, remain unclear.

Therefore, this investigation aimed to examine the clinical features and details of PSA
bounce in patients receiving LDR-BT.

2. Materials and Methods

2.1. Patients

From November 2012 to December 2017, 105 patients with prostate cancer underwent
LDR-BT at Yonsei Cancer Center. Risk groups were defined according to the Memorial
Sloan Kettering Cancer Center (MSKCC) criteria [12,13] and the D’Amico criteria [14].
Patients with localized and locally advanced disease were treated with LDR-BT, while
those with metastatic disease were not. According to MSKCC risk grouping, patients with
low risk and patients with intermediate to high risk whose adverse pathologic features
approached that of low-risk patients were treated with LDR-BT. Patients treated with
androgen deprivation therapy (ADT) before LDR-BT were included for analysis, but those
who used maintenance ADT were excluded. The date of LDR-BT was day 0 of follow-up.
PSA levels were measured prior to LDR-BT, every 3 months for the first year, every 6 months
for 3 years, and every 12 months thereafter. Patients with a PSA follow-up duration of
<2 years were excluded from the study. After exclusion, the data from 100 patients were
analyzed. The procedures followed in this retrospective study were in accordance with the
guidelines of the Helsinki Declaration of 1975, revised in 2000, and the study was approved
by the Severance Hospital institutional review board (IRB # 4-2019-0767). Because this
study was retrospective, the need for written informed consent was waived.

2.2. LDR-Brachytherapy

Preoperative treatment planning was performed based on trans-rectal ultrasonography
(TRUS) images acquired during preoperative simulation. Radiation oncologist confirmed
Pubic arch interference that prevents proper needle insertion into the peripheral zone of
the prostate. The prostate and organs at-risk, including the urethra, bladder, rectum, and
seminal vesicle, were contoured using the VariSeed software Ver. 8.0.1 (Varian Medical
Systems Inc., Palo Alto, CA, USA). The prescribed dose for the prostate was 145 Gy. All
patients underwent BT using stranded seeds. Post-implant computed tomography scanning
was performed, and post-implant dosimetric evaluation was performed on days 0 and
30 after seed implantation. The dosimetric parameters analyzed in this study were the
dose (Gy) received by 90% of the prostate gland (D90), percentage of the prostate volume
receiving 100% and 150% of the prescribed peripheral dose (V100/150), and the dose (Gy)
received by 90% of the urethra (D90).

2.3. Definitions of PSA Bounce

The nadir was defined as the lowest PSA value observed during the entire follow-up
period after LDR-BT. The pre-bounce nadir was defined as the lowest PSA value before the
bounce [15]. PSA bounce, in this study, was defined as an increase of ≥0.2 ng/mL above
the pre-bounce nadir, with a subsequent decline without treatment [5,6]. The time before
bounce was defined as the time elapsed between LDR-BT and the first PSA bounce. The
bounce duration was defined as the elapsed time between the first PSA bounce and the
PSA value that is less than the pre-bounce nadir. The bounce magnitude was defined as the
difference in the PSA value between the pre-bounce nadir and bounce. A large PSA bounce
was defined as a PSA increase ≥2.0 ng/mL above the nadir, with a subsequent decline to
or below the initial nadir without treatment. Biochemical failure after LDR-BT was defined
using the American Society for Therapeutic Radiology and Oncology Phoenix definition
(nadir +2 ng/mL), except for a large PSA bounce [16].

To discriminate a large PSA bounce and biochemical failure, careful history taking
was performed to determine if the condition was transient prostatitis. If acute prostatitis
was suspected, anti-bacterial and anti-inflammatory drugs were administered. In addi-
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tion, one or two more close follow-up with imaging studies to confirm recurrence was
performed. If no signs of recurrence were present on imaging, no salvage treatment such as
hormone therapy was initiated. Subsequent decrease in PSA value was considered as large
PSA bounce.

PSA value decreases dramatically after initiation of ADT; therefore, its discontinuation
can result in PSA elevation, which we defined as hormone withdrawal rebound. PSA
bounce was determined after the PSA value showed a downward trend for patients who
were treated with ADT.

2.4. Statistical Analysis

Statistical analyses were conducted using SPSS version 25.0 (IBM Corp., Armonk, NY,
USA). Differences in characteristics and toxicities were compared using chi-square tests.
Logistic regression modeling was performed for univariate and multivariate analyses to
identify predictive factors for PSA bounce and large PSA bounce. Factors showing p < 0.10
in the univariate analysis were included in the multivariate analysis. Statistical significance
was defined as p < 0.05. To assess the cutoff point of the PSA nadir value for predicting
PSA bounce, receiver operating characteristic curve analysis was used and the area under
the curve (AUC) was also calculated.

3. Results

3.1. Patient Characteristics

The patient characteristics are shown in Table 1. The median age was 64 years (in-
terquartile range [IQR] 58.5–70). Most patients had Gleason 3 + 3 (55%), and 21%, 13%,
and 11% of patients had Gleason 3 + 4, 4 + 3, and 4 + 4, respectively. PSA was greater than
20 ng/mL in 4% of the patients and greater than 10 ng/mL in 19%; altogether, 45%, 49%,
and 6% of patients were in the low, intermediate, and high-risk groups, respectively, as per
the MSKCC criteria. Seventeen patients underwent ADT before LDR-BT. Seven patients
received ADT because of large prostate volume, five because of high Gleason score, and
five because of delay in LDR-BT. Before LDR-BT, the mean prostate volume was 28.9 cc,
and the median D90 at post-implant 0 day was 149.9 Gy. Patients who experienced PSA
bounce were young (p = 0.005), had a large prostate volume (p = 0.024), and had a greater
number of implanted seeds (p = 0.03) than those who did not.

Table 1. Patients’ characteristics.

Characteristic
Total No Bounce PSA Bounce

p-Value
n = 100 n = 55 n = 45

Age (years) 0.005
Range 46–82 50–82 46–77

Median (Q1–Q3) 64 (59–70) 65 (61–73) 60 (57.5–68)
Gleason score 0.411

6 (3 + 3) 55 (55%) 28 (50%) 27 (60%)
7 (3 + 4) 21 (21%) 11 (20%) 10 (22%)
7 (4 + 3) 13 (13%) 8 (15%) 5 (11%)
8 (4 + 4) 11 (11%) 8 (15%) 3 (7%)
T stage 0.512
T1c-T2a 79 (79%) 43 (78%) 36 (80%)
T2b-T2c 21 (21%) 12 (22%) 9 (20%)

Pre-BT PSA value, ng/mL 0.245
Range 2.8–32.9 3.0–20.6 2.8–32.9

Median (Q1–Q3) 7.4 (5.5–9.7) 7.4 (5.6–9.3) 7.4 (5.4–11.9)
Pre-BT PSA, n (%) 0.440

<10 77 (77%) 44 (80%) 33 (73%)
10–20 19 (19%) 10 (18%) 9 (20%)
≥20 4 (4%) 1 (2%) 3 (7%)
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Table 1. Cont.

Characteristic
Total No Bounce PSA Bounce

p-Value
n = 100 n = 55 n = 45

MSKCC risk group [12] 0.815
Low 45 (45%) 25 (46%) 20 (44%)

Intermediate 49 (49%) 26 (47%) 23 (51%)
High 6 (6%) 4 (7%) 2 (4%)

D’Amico risk group [14] 0.941
Low 37 (37%) 20 (36%) 17 (38%)

Intermediate 46 (46%) 25 (46%) 21 (47%)
High 17 (17%) 10 (18%) 7 (15%)

ADT before BT 0.728
No 83 (83%) 45 (82%) 38 (84%)
Yes 17 (17%) 10 (18%) 7 (16%)

Pre-BT prostate volume, cc 0.024
Range 14.0–48.0 16.7–44.7 14.0–48.0

Median (Q1, Q3) 28.9 (23.8–35.7) 27.1 (22.9–32.8) 31.2 (24.3–39.3)
Number of implanted seeds 0.030

Median (Range) 76 (52–102) 74 (52–100) 80 (55–102)
D90, Gy, median (range) 149.9 (131.0–174.9) 151.1 (131.1–173.5) 149.5 (131.0–174.9) 0.501

PSA, prostate-specific antigen; BT, brachytherapy; ADT, androgen deprivation therapy; MSKCC, Memorial Sloan Kettering Cancer Center

3.2. Analysis of Bounce Phenomenon

The median follow-up period was 49 months (24–100). Among 17 patients who un-
derwent ADT before LDR-BT, 8 patients (47%) experienced hormone withdrawal rebound.
PSA bounce occurred in 45 patients (45%), and a large PSA bounce occurred in 7 patients
(7%). Figure 1 shows the PSA changes for all patients, and the PSA values of the bounce
population fluctuated dynamically. In the bounce population, the median PSA value at
pre-bounce nadir was 0.92 ng/mL (IQR, 0.49–1.82), and the median time to pre-bounce
nadir was 10 months (IQR, 7–16). The median time to bounce was 24 months (IQR, 16–29)
after LDR-BT. The median PSA value at the bounce spike was 1.62 ng/mL (IQR, 0.94–2.61),
corresponding to a median raise of 0.44 ng/mL (IQR range, 0.29–0.83) compared to the
pre-bounce nadir (Figure 2). The median time from PSA bounce to the date of bounce
recovery was 4 months (IQR, 3–8; Figure 3). Twenty patients (46%) with a PSA bounce had
a decreased PSA level within 6 months (Figure 4). The median PSA value at post-bounce
nadir was 0.36 ng/mL (IQR, 0.20–0.91), obtained at a median of 36 months (IQR, 26–45)
after LDR-BT.

Figure 1. Cont.
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Figure 1. (A) PSA value for patients without bounce; (B) PSA value for patients with bounce;
(C) PSA value for patients with large bounce; (D) PSA value for patients with failure. PSA, prostate-
specific antigen.
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Figure 2. The period before PSA bounce. PSA, prostate-specific antigen.

Figure 3. The PSA bounce magnitude. PSA, prostate-specific antigen.

Figure 4. Time to recover from PSA bounce. PSA, prostate-specific antigen.
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In the no-bounce population, the median PSA value at nadir was 0.22 ng/mL (IQR,
0.12–0.37), obtained in a median of 28 months (IQR, 20–38). There was no significant
difference in the nadir values between the bounce and no-bounce populations (p = 0.061).
The median time to obtain the nadir was significantly lower in the no-bounce population
than in the bounce population (p = 0.024).

On univariate analysis, age at LDR-BT (p = 0.007), PSA nadir value at 2 years (p < 0.001),
and prostate volume before LDR-BT (p = 0.022) differed significantly between the entire
cohort and patients with PSA bounce. Odds ratios (ORs) were 0.928 for age at LDR-BT
(95% confidence interval (CI) 0.879–0.980), 3.873 for PSA nadir value at 2 years (95% CI
1.817–8.254), and 1.064 for prostate volume before LDR-BT (95% CI 1.009–1.123). On multi-
variate analysis, the PSA nadir value at 2 years was the most powerful predictor of PSA
bounce (p = 0.014; Table 2). The cut-off of PSA nadir value at 2 years was 0.5 (AUC 0.732).
The rate of PSA bounce was significantly lower in patients whose PSA nadir value at
2 years was below 0.5 ng/mL (24% vs. 71%, p < 0.001) than in whose PSA nadir values
were >0.5 ng/mL.

Table 2. The prognostic factors associated with PSA bounce.

Characteristic
Univariate Analysis Multivariate Analysis

HR 95% CI p-Value HR 95% CI p-Value

Age (≤60 vs. >60 years) 0.296 0.126–0.895 0.005 0.455 0.175–1.183 0.106
Gleason score (6 vs. >6) 0.691 0.312–1.534 0.364

T stage (T1c and T2a vs. T2b and T2c) 0.896 0.339–2.366 0.824
Pretreatment PSA value 1.052 0.968–1.143 0.230

PSA nadir value at 2 years 3.873 1.817–8.254 <0.001 2.657 1.194–5.914 0.017
MSKCC risk group [12] (low vs.

intermediate and high) 1.042 0.472–2.300 0.920

D’Amico risk group [14] (low vs.
intermediate and high) 0.941 0.416–2.127 0.884

Hormone therapy (no vs. yes) 0.829 0.288–2.388 0.728
Prostate volume (cc) (≤30 vs. >30) 3.083 1.358–7.003 0.007 1.940 0.772–4.875 0.106

PSA, Prostate-specific antigen; MSKCC, Memorial Sloan Kettering Cancer Center

3.3. Analysis of Large Bounce Phenomenon

Seven patients had large PSA bounces. In the large bounce population, the median
PSA value at pre-bounce nadir was 1.91 ng/mL (IQR, 0.44–3.29), and the median time
to pre-bounce nadir was 11 months (IQR, 7–12). The median time to large bounce was
24 months (IQR, 16–29) after LDR-BT. The median PSA value at the bounce spike was
4.84 ng/mL (IQR, 4.30–6.21), corresponding to a median raise of 2.72 ng/mL (IQR range,
2.36–3.80) compared to the pre-bounce nadir. The median time from large PSA bounce to
the date of bounce recovery was 2 months. Five patients (71%) had a decreased PSA level
within 3 months, and 2 patients had decreased PSA levels at 13 months and 14 months,
respectively.

Univariate analysis showed that the age at LDR-BT (OR, 0.759; 95% CI, 0.640–0.900;
p = 0.001) and PSA nadir value at 2 years (OR, 4.008; 95% CI, 1.640–9.797; p = 0.002)
differed significantly between the whole cohort and patients with large PSA bounce. In
multivariate analysis, age and the PSA nadir value at 2 years were significant prognostic
factors (p = 0.005 and 0.029, respectively, as shown in Table 3.
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Table 3. The prognostic factors associated with large PSA bounce.

Characteristic
Univariate Analysis Multivariate Analysis

HR 95% CI p-Value HR 95% CI p-Value

Age (≤60 vs. >60 years) 0.058 0.007–0.506 0.010 0.055 0.005–0.666 0.023
Gleason score (6 vs. >6) 0.465 0.084–2.520 0.375

T stage (T1c and T2a vs. T2b and T2c) 1.558 0.280–8.661 0.613
Pretreatment PSA value 1.076 0.956–1.212 0.224

PSA nadir value at 2 years 4.008 1.640–9.797 0.002 4.961 1.448–16.998 0.011
MSKCC Risk group [12] (low vs.

intermediate and high) 0.302 0.056–1.637 0.165

D’Amico Risk group [14] (low vs.
intermediate and high) 1.509 0.278–8.198 0.634

Hormone therapy (no vs. yes) 2.080 0.369–11.738 0.407
Prostate volume (cc) (≤30 vs. >30) 3.312 0.611–17.960 0.165

PSA, prostate-specific antigen; MSKCC, Memorial Sloan Kettering Cancer Center

3.4. Early Clinical Outcomes

No intraprostatic gross failure or prostate cancer-related death was reported, but one
regional failure and two biochemical failures were noted. One patient died 24 months after
LDR-BT because of adenocarcinoma of the right upper lung, pathologically confirmed lung
cancer, and non-metastatic prostate cancer. All failure patients had Gleason 4 + 3 or 4 + 4,
whereas five patients (71%) with large PSA bounces had Gleason 3 + 3. Other clinical or
dosimetric characteristics were similar between patients with failure and those with large
PSA bounces. The median age of failure patients and large PSA bounce patients was 64
and 52 years (p = 0.008), respectively.

Two patients experienced biochemical failure at 43 and 31 months after LDR-BT. Both
patients had a Gleason score of 7 (4 + 3), PSA values lower than 10 ng/mL, and clinical
T2a stage. Salvage ADT was administered, and a PSA value below the nadir was achieved.
One patient developed lymph node metastases. The left obturator lymph node was found
48 months after LDR-BT and treated with hypofractionated EBRT of 45 Gy in five fractions,
and salvage ADT was used. After EBRT, the PSA value decreased to the undetected range,
and the lymph node disappeared radiographically.

4. Discussion

In this study, with a median follow-up time of 49 months, 45%, 7%, and 3% of the
patients experienced PSA bounce, large PSA bounce, and biochemical failure, respectively.
Young patients (<60 years), whose PSA nadir values were >0.05 at 2 years and had large
prostate volumes (>30 cc) had a high probability of having PSA bounce. Our study also
showed no difference in nadir values between the bounce and no-bounce populations. The
median time to obtain the nadir in the no-bounce population was significantly lower than
that of the bounce population. In addition, we suggest important points to discriminate
between large bounces and biochemical failures.

After successful surgery, the patient’s PSA level should rapidly decrease to unde-
tectable levels. However, BT or EBRT may take up to 5 years after treatment to achieve a
final nadir in PSA. This is because of the slower tumor cell-killing process with RT, resulting
in a gradual decrease in PSA [17]. Several definitions of PSA bounce have previously been
used. These include an increase of ≥0.1 [18], ≥0.2 [19], 0.4 [20], 0.5 ng/mL [21], or simply an
increase of any magnitude [22]. However, a PSA rise of ≥0.2 ng/mL is the most frequently
used definition among those mentioned previously. One of the reasons is the need for a
definition that minimizes “noise” due to laboratory testing errors. In addition, because a
bounce defined as a rise of ≥0.2 ng/mL has been used by most previous publications, it
allows for comparison among reports. Our study used the definition of ≥0.2 ng/mL, and
the incidence of bounce was 45% in patients who received LDR-BT.
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Young patients, usually younger than 65 years, experience a PSA bounce more often. A
controlled study was conducted to confirm the hypothesis that a higher frequency of sexual
intercourse in the young population causes a higher rate of PSA increase than in older
patients [23]. Since ejaculation has been associated with transient elevation of PSA [24],
a questionnaire about sexual function was administered. However, no between-group
differences in sexual function were observed. An immune reaction can explain PSA bounce.
Patients who experienced a PSA bounce had a higher density of cluster of differentiation
(CD) 3 and CD8 lymphocyte populations within the tumor, assessed by blood samples [25].
The authors suggested that the strength of the immune response decreases with age, which
can explain the decreased bounce rates in the older adult population. Furthermore, this
immunologic reaction could have a systemic effect on metastasis, explaining the decrease in
biological relapses and improved overall survival rate seen in the bounce population [26].

It is generally accepted that a larger prostate volume results in more frequent PSA
bounces. In our study, patients with large prostate volumes had more frequent PSA bounces.
According to Stock et al. [20], patients with larger prostate volumes had a 23% increased
risk of bounce at 5 years after treatment. In a study by Merrick et al. [27], the transition zone
volume was a predictive factor for PSA bounce but not prostate volume. The investigators
stated that the increased risk of bounce might be related to the possibility that benign
prostatic elements, such as benign prostatic hyperplasia, could respond to RT with different
PSA kinetics than malignant cells.

When patients whose PSA nadir values increased over 2.0 ng/mL after BT, distin-
guishing biochemical failure and large PSA bounce is most difficult situation encountered
in clinical practice because they use the same value to discriminate. However, few studies
have investigated large-magnitude bounce and predictive factors for large PSA bounce.
Several studies concluded that patients who experienced large PSA bounce were signifi-
cantly younger than those with biochemical failure [11,28]. Herein, we suggest follow-up
protocol for patients whose PSA nadir values increase over 2.0 ng/mL after BT. First, there
is the possibility of transient acute prostatitis. Careful history taking and physical exami-
nation should be performed for differential diagnosis. Next, we recommend identifying
recurrence through an imaging study. Finally, time of occurrence of PSA level increase
could be the discrimination point between biochemical failure and large PSA bounce. PSA
bounce occurs within 30 months after treatment; on the contrary, biochemical failure often
occurs after 30 months post-treatment [29]. In addition, as mentioned above, younger age
and PSA nadir values could be a predictive factor for large PSA bounce to ensure accurate
estimation of treatment efficacy and avoid unnecessary salvage treatment.

Several studies investigated the prognostic impact of PSA bounce and found increased
freedom from biochemical failure or prolonged disease specific and overall survival [26,29].
There are several reports insisting that PSA bounce after EBRT is a factor for poor prognosis [30].
In our study, the number of recurrences is too small to analyze the relation between
PSA bounce and biochemical failure. However, the relation between PSA bounce and
biochemical failure is debatable, and this relation will be studied by a long follow-up
period with more patients treated with LDR-BT.

This study had several limitations. First, it was an institutional-based retrospective
study, which introduced potential biases. Second, this study had a small sample size,
which had a statistically lower power, and the follow-up period might have been short. In
addition, the number of recurrences is too small to analyze the association between PSA
bounce and biochemical failure. However, our study included data from treatment with
the same protocol and evaluation with the same dosimetric parameters for all patients.
Despite these limitations, we present lessons for follow-up patients who received LDR-BT.
Patients who had PSA values lower than 0.05 2 years after LDR-BT had a low probability of
PSA bounce. Furthermore, discrimination between a PSA bounce and a biochemical failure
could be possible based on the time of the PSA rise after LDR-BT; a bounce occurred within
2 years, but a biochemical failure occurred after 2 years. Most bounces resolved within
6 months.
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5. Conclusions

In conclusion, age at LDR-BT was a significant predictive factor for PSA bounce and a
large PSA bounce. Patients with a large prostate volume before LDR-BT tended to have a
PSA bounce. Therefore, we should carefully monitor patients who are young, have a high
prostate volume, and have PSA nadir values more than 0.5 at 2 years for the possibility of
PSA bounce.
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Simple Summary: In the last few years, multiparametric magnetic resonance imaging (mpMRI)
has been implemented in the diagnostic prostate cancer pathway for the identification of cancerous
lesions, and consecutively, targeted fusion biopsy was implemented. In some cases, aggressive
prostate cancer is missed by a targeted biopsy. To address this imperfection, additional systematic
biopsy is recommended but may be harmful in terms of the additional diagnosis of indolent cancer,
and the higher frequency of adverse events and resource expenditures. This study investigates
whether all men should undergo an additional systematic biopsy within this clinically relevant trade-
off. As a key finding, men with an mpMRI-lesion classified as PI-RADS 5 may obviate additional
systematic biopsy. This was confirmed when we analyzed histopathological reclassification rates
between biopsy and a subsequent radical prostatectomy.

Abstract: Background: In prostate cancer (PC) diagnosis, additional systematic biopsy (SB) is rec-
ommended to complement MRI-targeted biopsy (TB) to address the limited sensitivity of TB alone.
The combination of TB+SB is beneficial for diagnosing additional significant PC (sPC) but harmful in
terms of the additional diagnosis of indolent PC (iPC), morbidity, and resource expenditures. We
aimed to investigate the benefit of additional SB and to identify predictors for this outcome. Methods:
We analyzed the frequency of upgrading to sPC by additional SB in a retrospective single-center
cohort of 1043 men. Regression analysis (RA) was performed to identify predictors for this outcome.
Reclassification rates of ISUP grade groups between prostate biopsy and a subsequent radical prosta-
tectomy were assessed. Results: Additional SB led to upgrading to sPC in 98/1043 men (9.4%) and
to the additional diagnosis of iPC in 71/1043 (6.8%). In RA, men harboring a PI-RADS 2-4 lesion
were more likely to have TB results upgraded by SB (p < 0.01) compared to PI-RADS 5 men. When
analyzing reclassification rates, additional SB reduced the upgrading to sPC from 43/214 (20.1%) to
8/214 (3.7%). In the PI-RADS 5 subgroup, this difference decreased: 4/87 (4.7%) with TB only vs.
1/87 (1.2%) with TB+SB. Conclusion: Men with a PI-RADS 5 lesion may obviate additional SB.

Keywords: prostatic neoplasms; image-guided biopsy; fusion biopsy; biopsy strategy

1. Introduction

The significant value of MRI-targeted biopsy (TB) compared to systematic biopsy (SB)
alone for the detection of clinically significant prostate cancer (sPC) has been confirmed in
recent prospective clinical trials such as PROMIS [1], PRECISION [2], and MRI-FIRST [3].

However, despite the advantages of TB, such as reducing overdiagnosis of indolent
cancers (iPC), morbidity, operative time, and pathologists’ workload, there is a concern
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over the unacceptable proportion of missed high-grade cancers when SB is omitted [3].
Among the main shortcomings of TB are (1) Reading errors: Misdiagnosing lesions due
to misinterpretation; (2) Presence of non-MRI visible sPC; and (3) Targeting errors by the
person performing the TB [4]. A recent meta-analysis evaluating cancer detection rates
(CDR) for TB versus SB found that omitting SB would miss approximately 16% of sPC [5].

Since systematic cores increase the detection of iPC [5], morbidity [6], and resource
expenditures, a compromise needs to be reached to limit SB in men that are more likely to
benefit from it.

There is growing interest in determining if a subgroup of men might benefit from SB in
addition to TB. Previous studies have identified the clinical setting (biopsy naïve, previous
negative biopsy, active surveillance), age, prostate volume, MRI-lesion volume and the
PI-RADS Score [7–9] predictive for upgrading to sPC by SB. A recent study proposed
patients’ PI-RADS score as a promising tool to select the optimal biopsy strategy [10].
However, these findings are limited to a cohort who underwent transrectal prostate biopsy.
Current guidelines favor the transperineal approach for prostate biopsy [11]. Moreover, the
evaluation of reclassification rates of prostate cancer (PC) grade groups between prostate
biopsy and a subsequent radical prostatectomy (RP) are missing. We aimed (1) to evaluate
the frequency of upgrading to sPC by SB over TB and to identify predictors for this outcome;
(2) to analyze CDRs by TB and TB+SB for transperineal prostate biopsy stratified by the
identified parameters; and (3) to investigate reclassification rates of PC grade groups
between prostate biopsy and a subsequent RP stratified by the identified parameters.

2. Patients and Methods

2.1. Study Population

We analyzed a retrospective single-center cohort of 1043 men (Total Cohort) who
underwent prostate biopsy. The indication for biopsy was based on suspicious prostate-
specific antigen (PSA) levels/dynamics, abnormal digital rectal examination, or as a part of
an active surveillance routine. Men with very high PSA-levels (>20 ng/mL) and suspicion
of locally advanced disease were included in this study.

Men who underwent a prostate biopsy between October 2015–May 2020 were included
in the study. Men were excluded if only TB or only SB was conducted, or in the case of
incomplete clinical data. Men who were diagnosed with PC and underwent RP within
one year after biopsy were considered for further analysis (Prostatectomy Cohort). Data
collection was approved by the local Ethics Committee (ETK 21-1191). The study was
performed in accordance with the Declaration of Helsinki.

2.2. MR Imaging, Biopsy Procedure and Histopathological Analysis

All men had a pre-biopsy multiparametric magnetic resonance imaging (mpMRI) ac-
cording to the current Prostate Imaging Reporting and Data System (PI-RADS) [12]. Image
interpretation was performed by a group of board-certified radiologists as a part of the
clinical routine and without central revision. Robot-assisted mpMRI/transrectal ultrasound
fusion biopsy of the prostate (iSRobot Mona LisaTM®, Biobot Surgical, Singapore) was
performed as a combined procedure of TB plus synchronous SB. The Ginsburg protocol
that addresses both sides of the prostate was applied for SB planning [13]. The median total
number of cores taken was 35 (interquartile range (IQR) 31–40) with a median of 31 (IQR
26–34) systematic biopsy cores.

SB was not performed blinded to MRI lesions but was planned independently from TB.
Eight different surgeons performed the standardized biopsy procedures that were included
in this study. Procedural details were described previously [14]. Prostate biopsy was
performed in lithotomy position via the transperineal route and under general anaesthesia.
Antibiotic prophylaxis and local anaesthesia were not administered.

All biopsy cores were labelled, processed and analysed individually by a group of
board-certified uropathologists and according to the International Society of Urological
Pathology (ISUP) standards [15].
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2.3. Data collection and Statistical Analysis

Demographic and clinical data were extracted by reviewing patients’ electronic medi-
cal records.

Baseline characteristics included age, previous biopsy and active surveillance status,
PSA, prostate volume by MRI, mpMRI findings according to PI-RADS, zonal and side-
specific information on target localization, index lesion volume, number of lesions, the
number of biopsy cores and histopathological findings from prostate biopsy according to
ISUP. The index lesion was defined as the lesion with the highest PI-RADS grade and in
case of several equally assessed lesions the one with the largest volume was considered.

Continuous variables were described as median with interquartile range (IQR). Cate-
gorical variables were described with integers and percentages.

The primary endpoint of the study was the upgrading to sPC by additional SB. Clini-
cally significant prostate cancer was defined as the presence of any PC classified as ISUP
grade group 2 or higher. As secondary endpoints, we aimed to identify predictors for
upgrading to sPC, and we assessed reclassification rates of ISUP grade groups between
prostate biopsy and a subsequent RP. To identify predictors for the primary endpoint,
we performed binary logistic regression analysis, including the following covariates: age,
previous biopsy and active surveillance status, PSA, prostate volume, PI-RADS score,
zonal and side-specific target localization, index lesion volume, number of lesions and the
number of TB and SB cores. For the selection of variables in the multivariable analysis, we
applied backward stepwise elimination. The binary cut-off for index lesion volume was set
at 0.6 mL with respect to the variable’s median. The McNemar’s test was used to compare
the detection rates of sPC. Moreover, we analyzed the overlap of 95% confidence intervals
(CI) of the respective detection rates. p-value < 0.05 was considered statistically significant.
SPSS© software (SPSS statistics 27) was used for statistical analysis.

3. Results

3.1. Study Cohort

The enrollment and outcomes are presented in Figure 1. A total of 1121 men underwent
prostate biopsy at the University Hospital Freiburg, Germany between October 2015–May 2020.
Thirty-four men had no TB and 44 were excluded due to missing clinical data, resulting in a
total cohort of 1043 men. Among these men, 222 patients (21.3%) underwent subsequent RP.
Eight men of this subgroup were excluded because the time between biopsy and surgery
exceeded one year, resulting in a prostatectomy cohort of 214 men.

3.2. Baseline Characteristics

Baseline characteristics and CDRs are illustrated in Table 1. Median age and PSA were
67.0 years (interquartile range (IQR) 61.0–72.0) and 8.8 ng/mL (6.0–12.6), respectively. In
the prostatectomy cohort, the median age and PSA were 67.0 years and (62.0–72.0) and
9.3 ng/mL (6.3–14.0), respectively.

3.3. Cancer Detection Rates and Upgrading in Systematic Versus MRI–Targeted Biopsy

In the total cohort 649/1043 (62.2%) men were diagnosed with PC, with 521/1043
(50.0%) men harboring sPC. The CDRs of any PC and sPC by TB/SB were 48.7%/59.5%
and 40.6%/46.3%, respectively.

Additional SB led to an upgrading to sPC in 98/1043 men (9.4%). Out of these men,
70/98 (71.4%) had no PC detected by TB and 28/98 (28.6%) were upgraded from iPC.
Systematic biopsy led to the additional diagnosis of iPC in 71/1043 (6.8%) men.

3.4. Regression Analysis for the Upgrading to sPC by Systematic Biopsy

To identify predictors for upgrading to sPC by SB, we calculated both univariate and
multivariate regression analysis (Table 2). In univariate regression analysis, we found
the PI-RADS category to be significantly associated with the study’s primary endpoint:
men harboring a PI-RADS lesion 2–4 were more likely to have TB results upgraded by
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SB (p < 0.01) compared to men with a PI-RADS 5 lesion. This finding was consistent in
multivariable analysis. Moreover, we found patients with non-peripheral zone lesions
being less likely to be upgraded by SB (OR 0.44 (0.23–0.85; p < 0.01)) compared to men with
lesions localized in the peripheral zone. Smaller index lesions with volumes < 0.6 mL were
associated with higher rates of upgrading to sPC by SB (OR 2.15 (CI 1.38–3.34; p < 0.01). In
addition, we found a significant association of prostate volume and the event of upgrading
to sPC by SB (OR 0.99 (0.98–1.00, p < 0.03) in multivariate analysis.

Figure 1. Enrollment and Outcomes. All included men underwent combined biopsy (Bx) procedure
with a combination of MRI-targeted biopsy plus synchronous systematic biopsy. For men diagnosed
with PC different treatment options were offered (active surveillance, radiotherapy, and radical
prostatectomy). Men undergoing a subsequent radical prostatectomy were considered for the analysis
of reclassification rates of cancer grade groups between biopsy and wholemount specimen.
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Table 1. Baseline Characteristics and Cancer Detection Rates. IQR—interquartile range; PSA—prostate
specific antigen; PI-RADS—Prostate Imaging Reporting and Data System; ISUP—International
Society of Urological Pathology.

Characteristic All Men Prostatectomy Cohort

Cases, n 1043 214
Age (years), median, IQR 67.0 (61.0–72.0) 67.0 (62.0–72.0)

Previous Negative Biopsy, n (%) 244 (23.4) 43 (20.1)
Active Surveillance, n (%) 141 (13.5) 29 (13.6)

PSA (ng/mL), median, IQR 8.8 (6.0–12.6) 9.3 (6.3–14.0)
Volume (mL), median, IQR 53.0 (38.5–75.0) 47.6 (37.0–63.3)

PI-RADS, n (%)
n/a 54 (5.2) 8 (3.7)

1 0 (0.0) 0 (0)
2 43 (4.2) 6 (2.8)
3 170 (16.3) 17 (7.9)
4 530 (50.8) 97 (43.5)
5 246 (23.6) 86 (40.2)

Target Localization, n (%)
Unilateral 595 (57.0) 116 (54.2)
Bilateral 448 (43.0) 98 (45.8)

Non-peripheral Zone 221 (21.2) 33 (15.4)
Peripheral Zone 444 (42.6) 103 (48.1)

Bi-zonal 378 (36.2) 78 (36.4)
Index Lesion Volume (mL),

median, IQR 0.58 (0.32–1.14) 0.64 (0.30–1.52)

Number of Lesions, n (%)
1 481 (46.1) 104 (48.6)
2 394 (37.8) 80 (37.4)
3 136 (13.0) 24 (11.2)

4 or more 32 (3.1) 6 (2.8)
Number of Cores, median, IQR

Total 35 (31–40) 34 (30–39)
From Target 5 (3–7) 4 (4–7)
Systematic 31 (26–34) 30 (25–32)

Cancer Grading according to ISUP, n (%)
No Cancer 394 (37.8) n/a

1 128 (12.3) 8 (3.7)
2 174 (16.7) 71 (33.2)
3 142 (13.6) 82 (38.3)
4 162 (15.5) 26 (12.1)
5 43 (4.1) 27 (12.6)

3.5. Cancer Detection Rates Stratified by PI-RADS Score

After the identification of the PI-RADS Score as a main influencing factor for the effect
of SB, we stratified CDRs for TB vs. TB+SB by PI-RADS groups. The results are illustrated
in Figure 2. With respect to the total cohort, the combined biopsy strategy (CB) diagnosed
significantly more sPC and iPC compared to TB only (50.0% vs. 40.6%; p < 0.001 and
6.8% vs 2.9%, p < 0.001). This effect was consistent for the subgroup of men with PI-RADS
3 and PI-RADS 4 lesions, with an upgrading to sPC by SB in 20/170 (11.8%) and 62/530
(11.7%), respectively. When comparing the detection rates of sPC for CB versus TB in men
classified as PI-RADS 5, there was no significant difference considering the overlap of 95%
CIs: 78.0% (73.0–83.0%) for TB vs. 80.9% (75.9–85.8%) for CB. Omitting SB in men with a
PI-RADS 5 lesion would have missed the diagnosis of any PC in 7/1043 (0.7%) men, with
1/1043 (0.1%) classified as ISUP 1, 3/1043 (0.3%) ISUP 2 and 3/1043 (0.3%) ISUP 3–5.
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Table 2. Univariate and multivariate logistic regression analysis for upgrading to significant prostate
cancer (ISUP2–5) by systematic biopsy. Backward stepwise elimination was applied for variable
selection in multivariable analysis. sPC—significant prostate cancer (ISUP > 2); ISUP—International
Society of Urological Pathology; OR—odds ratio; CI—confidence interval; PSA—prostate specific
antigen; PI-RADS—Prostate Imaging Reporting and Data System. * p < 0.05; ** p < 0.01.

Upgrading to sPC (ISUP2-5) by Systematic Biopsy

Univariate Analysis Multivariate Analysis

OR (95% CI) p OR (95% CI) p

Age, years 1.00 (0.97–1.03) 0.90

Previous Negative Biopsy
≥1 vs. none 0.94 (0.58–1.52) 0.78

Active Surveillance
Yes vs. No 0.86 (0.44–1.66) 0.65

PSA level, ng/mL 0.99 (0.94–1.04) 0.72

Prostate volume, mL 0.99 (0.98–1.00) 0.18 0.99 (0.98–1.00) <0.03 *

PI-RADS Score
PI-RADS 5 Ref. Ref.

PI-RADS 4 vs. 3.70 (1.66–8.28) <0.01 ** 4.62 (2.08–10.28) <0.01 **
PI-RADS 3 vs. 4.43 (1.82–10.79) <0.01 ** 5.54 (2.26–13.57) <0.01 **
PI-RADS 2 vs. 5.73 (1.80–18.26) <0.01 ** 7.37 (2.41–22.53) <0.01 **

Target Localization
Unilateral vs. Bilateral 0.99 (0.64–1.54) 0.97

Non-peripheral Zone vs.
Peripheral Zone 0.44 (0.23–0.85) <0.01 ** 0.42 (0.22–0.81) <0.01 **

Bizonal vs. Peripheral Zone 0.55 (0.33–0.90) 0.02 * 0.70 (0.44–1.20) 0.14

Index Lesion Volume
<0.6 mL vs. ≥ 0.6 mL 2.15 (1.38–3.34) <0.01 **

Number of lesions (n)
1 vs. >1 0.99 (0.64–1.43) 0.97

Number of Target Cores (n) 0.98 (0.89–1.07) 0.61

Number of Systematic Cores (n) 1.03 (0.99–1.07) 0.11

3.6. Reclassification in Subsequent Radical Prostatectomy

As a secondary endpoint, we analyzed the reclassification rates of ISUP grade groups
in RP specimen with regard to the initial biopsy results (Figure 3). 214/1043 (20.5%) men
of the total cohort underwent radical prostatectomy. Combined biopsy mode reduced
the upgrading to sPC from 43/214 (20.1%) to 8/214 (3.7%) compared to TB only. When
analyzing the subgroup of men with a PI-RADS 5 lesion, this difference decreased: 4/87
(4.7%) vs. 1/87 (1.2%).
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Figure 2. Cancer Detection Rates stratified by PI-RADS score and biopsy method. Additional
systematic biopsy diagnosed significantly (*) more clinically significant prostate cancer (sPC) in the
total cohort and in the subgroups of PI-RADS 2–4 men. For the group of men with a PI-RADS 5 lesion
this difference was not statistically significant (n.s) when considering the overlap of 95% confidence
intervals: sPC by TB was 78.0% (73.0–83.0%) vs. 80.9% (75.9–85.8%) for CB. TB—MRI-targeted biopsy;
CB—combined biopsy = TB plus synchronous systematic biopsy.

Figure 3. Reclassification rates of ISUP grade groups between prostate biopsy and a subsequent
radical prostatectomy. For the whole prostatectomy cohort, combined biopsy mode (CB, MRI-targeted
biopsy + synchronous systematic biopsy) reduced the upgrading to significant prostate cancer from
20.1% when considering MRI-targeted biopsy (TB) results only to 3.7%. For the subgroup of PI-RADS
5 men this effect turned neglectable (4.7% vs. 1.2%). iPC—indolent prostate cancer; sPC—significant
prostate cancer; PI-RADS—Prostate Imaging Reporting and Data System; Length of bars is calculated
by the respective percentages.
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4. Discussion

In PC diagnosis, SB is recommended to complement TB to address the limited sen-
sitivity of TB alone [11]. SB may be beneficial for diagnosing additional sPC but also
harmful in terms of additional iPC, morbidity, and resource expenditures. This study
aimed to investigate selection criteria for men who should undergo SB within this clinically
relevant trade-off.

4.1. Frequency of Upgrading to sPC by Additional Systematic Biopsy

In our retrospective cohort, additional SB upgraded the diagnosis to sPC in 98/1043
(9.4%) men. Previous studies similarly reported upgrading by adding SB but varied in
the frequency of this event between 1.9–11.6% [8,16,17]. A recent meta-analysis found that
omitting SB would even miss approximately 16% of sPC [5]. A reason for these deviations
might originate from the various SB schemes applied and the different number of cores
taken. The lowest frequency of upgrading was found in a multi-centre cohort where only
eight SB cores were taken per patient [16]. In contrast to this, we applied the Ginsburg
Scheme for SB and sampled a median of 26 systematic cores per patient. Acknowledging a
targeting error as being the main reason for missing sPC by TB [4], the effect of additional
SB might be mainly dependent on the surgeon’s experience. This reasoning is supported
by the results of Sathianathen et al. who reported an upgrading of 11.6% by an additional
12-core SB in a cohort undergoing prostate biopsy by a group of surgeons without any
experience in transperineal prostate biopsy before their study [8].

4.2. Predictors for Upgrading to sPC

When analysing predictors for the upgrading to sPC by additional SB, we found
that men with PI-RADS 2-4 lesions were more likely to have their TB results upgraded
by SB compared to PI-RADS 5 men. These results are in accordance with previous
studies [7,18–20]. Ahdoot et al. proposed the patient’s PI-RADS score as a promising
tool to select the optimal biopsy strategy in terms of omitting SB in men harbouring a
PI-RADS 5 lesion [10].

Moreover, we found men with small lesions (<0.6 mL) and peripheral zone lesions
more likely to have their diagnosis upgraded to significant disease by additional SB.
The finding that smaller lesions are more probable to be missed by TB and thus lead
to upgrading by an additional SB was previously described in a small cohort [9]. Altogether
the option of an extended MRI-directed biopsy scheme is discussed in the current European
Association of Urology guidelines to overcome the problem of targeting errors [11].

4.3. Stratification of Cancer Detection Rates by Patient’s PI-RADS Scores

Based on the finding that men harbouring PI-RADS lesions 2-4 were more likely
to have their TB results upgraded by SB, we analyzed CDRs stratified by the patient’s
respective PI-RADS score. In our cohort, we found men with PI-RADS 3 or PI-RADS
4 lesions more likely to be upgraded to sPC by an additional SB in 11.8% and 11.7% of cases,
respectively. For PI-RADS 5 men, the added value of additional SB was reduced to 2.9%
and without statistical significance compared to a TB-only strategy. Our results confirm
those of Ahdoot and co-workers published for a cohort of 743 men who underwent TB
plus synchronous 12 –core extended SB via the transrectal route: 7.5% upgrading to sPC
in PI-RADS 3 men, 8.0% in PI-RADS 4 and 2.5% in PI-RADS 5 [10]. The slightly higher
upgrading frequency in our study might originate from the application of the Ginsburg
Scheme in our cohort, which conveys a higher number of SB cores taken.

4.4. Reclassification in Subsequent Radical Prostatectomy

Previous studies showed that CB is more predictive for a patient’s true pathologi-
cal grade group compared to TB alone and thus reduces diagnostic uncertainty with a
consecutive decrease of both over- and undertreatment [17]. In accordance with these
previously published data, we found that adding SB to TB could reduce upgrading to
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sPC in a subsequent radical prostatectomy from 43/214 (20.1%) to 8/214 (3.7%). When
analyzing the subgroup of men with a PI-RADS 5 lesion, this difference was negligible:
4/87 (4.7%) vs. 1/87 (1.2%). To our knowledge, this is the first subgroup analysis of a
biopsy cohort for upgrading to sPC with wholemount specimen as the reference standard
stratified by PI-RADS groups.

4.5. Limitations and Strengths of the Study

There were several limitations to the current study that must be acknowledged. The
retrospective and single-center design limits the generalizability of our results. Moreover,
our data originates from a cohort from a large academic center with a high level of expertise
within the radiological and urological diagnostic prostate cancer pathways, which may not
reflect the reality of care.

The study’s main strength is the evaluation of the additional effect of SB concerning
reclassification rates in a subsequent radical prostatectomy, since this is fundamental to
estimating the diagnostic uncertainty of the respective biopsy procedure. Moreover, this
is the first study to evaluate the effect of additional SB stratified by PI-RADS groups in a
large transperineal biopsy cohort.

4.6. Individualized Decision-Making

Our data suggest that the benefit of an additional SB in men with PI-RADS 5 lesions is
limited since it only increases the rate of sPC diagnosis by 2.9%. This finding is confirmed
when analyzing reclassification rates in a subsequent RP. Omitting SB in this group may
result in fewer biopsy-related adverse events, a shorter operative time, lower procedure
complexity, and a lower healthcare burden.

Nevertheless, the decision to perform only TB in PI-RADS 5 men must be taken
individually. When considering focal therapy, CB provides information on the presence or
absence of PC outside the MRI-lesion and thus is valuable for a precise surgical planning.
Moreover, missing 2.9% of sPC in PI-RADS 5 men when omitting SB seems low but the risk
threshold is ultimately subjective. Individual risk thresholds of both the physician and the
patient must be considered when choosing the appropriate biopsy strategy.

5. Conclusions

Additional SB to complement TB conveys a trade-off between missing sPC on the one hand
and the over diagnosis of iPC, and increased morbidity and resource expenditures on the
other. We demonstrated that the benefit of an additional SB is small in men with a PI-
RADS 5 lesion. This finding was confirmed when analyzing the diagnostic certainty of TB
only versus TB+SB and comparing it with the reference standard of a subsequent radical
prostatectomy. In conclusion, men with a PI-RADS 5 lesion may obviate additional SB.
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