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This Special Issue includes 12 articles and 3 reviews dealing with several basic and
clinical aspects of prostate, renal, and urinary tract cancer published during 2022 in Cancers,
and intends to serve as a multidisciplinary chance to share the last advances in urological
neoplasms.

This international forum of urological cancer includes different perspectives from
14 different countries: Canada, New Zealand, Italy, the USA, Germany, South Korea, Japan,
Spain, Austria, China, the Netherlands, Taiwan, Poland, and the UK. An overview of these
contributions shows the great variability of topics currently impacting the urological clinical
practice, from the molecular mechanisms underlying prostate cancer development, for
example, to the appropriateness of the robotic surgery in radical prostatectomy or partial
nephrectomy and the current role of prostate-specific membrane antigen positron-emission
tomography (PSMA-PET) imaging in prostate cancer. In addition, this “Urological Cancer
2022” Issue is also an opportunity to highlight some relevant international achievements of
the specialty published elsewhere during 2022.

Pellerin et al. [1] analyzed the effects of the chronic exposition to bisphenols in bladder
epithelium. Bisphenols A and S are chemical compounds used in the plastic industry
to produce polycarbonates necessary for generating epoxy and vinyl ester resins. These
worldwide distributed composites are industrially produced by the condensation of phe-
nol and acetone and make up part of several plastics such as PVC. These products are
insoluble in water and are present in the urine in normal conditions. Importantly, they are
endocrine disruptors that interfere with cellular signaling pathways in urothelial cells [2].
Using normal urothelial cells (pediatric volunteers) and non-invasive (RT4, cell line ATCC
HTB-2) and invasive (T24, cell line ATCC HTB-4) bladder cancer cells, the authors eval-
uate the impact of bisphenols on the energy metabolism, proliferation, migration, and
pro-tumorigenic effect in human urothelium. They conclude that a chronic exposure to
bisphenols A and S increases the proliferation rate and decreases the migration capacities
of normal urothelial cells, which could result in urothelial hyperplasia. By contrast, these
chemical products increase the energy metabolism, physiological activity, and cell prolif-
eration, which could eventually promote urothelial cancer progression, especially from
non-invasive to invasive variants.

The clinical identification of aggressive variants of prostate carcinoma requires more
accurate markers. Reader et al. [3] have analyzed how the variations in the expression of
Activins B and C impact the growth of PNT1A and PC3 prostate cancer cell lines. Activins
are homo- or hetero-dimers belonging to the transforming growth factor-β family involved
in prostate homeostasis, which are dysregulated in prostate cancer [4]. The authors have
detected that the expression of Activin B was increased in prostate cancer samples, with a
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higher Gleason index, and that its overexpression inhibited the growth of PNT1A cells and
increased PC3 cells’ growth and migration. Interestingly, Activin C showed the opposite
expression, with decreased immunostainings in prostate cancer cells with high Gleason
grades, an increased overexpression in PNT1A cells, and a decreased growth in PC3
cells. The authors conclude that the combination of Activin B increasing and Activin C
decreasing is associated with a higher Gleason grade in prostate adenocarcinoma and
suggest its potential usefulness as prognostic biomarkers in this neoplasm.

Tossetta et al. [5] focused on the role of the ciliary neurotrophic factor (CNTF) in
prostate cancer. Despite the fact that several crucial pathways such as MAPK/ERK,
AKT/PI3K, and Jak/STAT regulate prostate cancer progression are triggered by CNTF,
little is known about the effect of this member of the IL-6 family. The authors analyze the
immunohistochemical expression of CNTF and its receptor in androgen-responsive (n = 10,
radical prostatectomy samples) and castration-resistant (n = 10, transurethral resection
samples) prostate cancers. Additionally, CNTF and its receptor expression are analyzed in
androgen-dependent (LNCaP) and androgen-independent (11Rv1) prostate cancer cell lines
by Western blotting and immunofluorescence. They also show that CNTF treatment down-
regulates MAPK/ERK and AKT/PI3K pathways, inhibiting the matrix metalloproteinase-2
(MMP-2), a major component of the extracellular matrix degrader, and what is mainly
responsible for tumor invasiveness. The authors conclude that CNTF plays a key role in
the remodeling of the prostate cancer environment and suggests that this cytokine may
modulate prostate cancer invasion. CNTF could represent a novel therapeutic approach in
patients with castration-resistant prostate cancer.

Zapala et al. [6] investigated the usefulness of the preoperative systemic immune-
inflammation index (SII) in predicting survival in a retrospective series of 421 patients with
non-metastatic prostate cancer treated with radical prostatectomy. They found that a high
SII was an independent predictor of overall survival. Furthermore, the combination of
high age-adjusted Charlson Comorbidity Index (ACCI), the Cancer of the Prostate Risk
Assessment Postsurgical score (CAPRA-S), and the SII identifies patients at the highest risk
of death. The authors conclude that SII should be added to the prognosticators of patients
with prostate cancer.

Clear cell renal cell carcinoma (CCRCC) is a perfect example of tumor complexity and
a permanent target of analysis in recent years. In this collection, Shi et al. [7] analyzed the
value of a ferroptotic gene-based signature in the prognosis of several series of CCRCC
downloaded from the GEO database. The analyzed genes were obtained from the FerrDb
V2 database. They identify a set of nine genes with prognostic implications differentially
expressed in CCRCC, and found that the GLS2 enzyme, encoded by the GLS2 gene and
regulated by p53, may be a ferroptotic suppressor in CCRCC. The authors conclude that this
nine-gene signature could eventually be an independent prognosticator in this neoplasm
and advice for further investigations. Aside from that, several interesting investigations
have been performed this year and deserve a short mention. Intratumor heterogeneity
(ITH) is a constant, extensively analyzed event in CCRCC and its level has been correlated
in 2022 with tumor aggressiveness. A mathematical study based on game theory [8] and a
histological analysis [9] confirm that aggressive variants of CCRCC typically display low
levels of ITH and agree with a genomic analysis of 101 cases already published in 2018 [10].
Additionally, several investigations have analyzed the influence of tumor growth patterns
in the inter-regional genomic variability of these neoplasms [11], supporting the need for a
personalized tumor sampling to strengthen tumor analysis [12,13].

In their review, Christenson et al. [14] revisited all the treatment modalities available
so far in prostate cancer, focusing especially on the targets to interrupt the biological pro-
gression in lethal forms of prostate cancer, that now have a 5-year overall survival of only
30%. They revise current therapies, considering first low-risk and high-risk non-metastatic
cancer, and then how to target metastatic cases, including hormone therapy, chemotherapy,
PSMA-targeted radiation, genome-targeted precision therapy, and immunotherapy. The
authors also review the ETS fusion positive (involving TMPRSS2, SLC45A3, ETV1, ETV4,
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and FLI1 genes) and negative (involving SPOP, FOXA1, and IDH1 genes) molecular sub-
types of prostate cancer. The intimate mechanisms regulating metastatic castration-resistant
prostate cancer and the androgen receptor ablation for intercepting advanced cancer are
also analyzed. The intestinal microbiota as a potential promoter of castration-resistant
tumor variants, the innovations in managing neuroendocrine tumors, and the difficulties
of applying immune checkpoint inhibition in prostate cancer appear among the future
directions in the review. Finally, the authors point also to CRISPR/Cas enzymes-assisted
gene editing as a promising arena to develop further in prostate cancer management.

Other clinically oriented topics have also been incorporated in this Special Issue on
the advances in urologic cancer regarding patient follow-up, diagnosis, and treatment. A
very interesting one is a randomized clinical trial performed in the Netherlands which
deals with the transition of care between a specialist and primary care physician [15].
Patients were randomized and allocated to specialist or general practitioner care for a
head-to-head comparison. Several advantages of primary care follow-up over specialists’
have been identified, including accessibility and more personalized attention, with a similar
effectiveness. This study also identifies several challenges that must be addressed before
the transition to primary-care follow-up can be a reality, by using quality indicators and
improving communication and collaboration. However, another report from the same
study shows that from the patient’s perspective, hospital-based follow-up is preferred, but
efforts should be made to improve physician’s knowledge about personal aspects of the
patient, improve symptoms management, and promote global health [16].

A series of articles evaluate the diagnostic pitfalls of prostate cancer by using dif-
ferent tools including PSA, multiparametric magnetic resonance imaging (mpMRI), and
new generation imaging with the PSMA-PET modality; the latter has many therapeutic
implications. In this respect, a study addresses the variables associated with false-positive
PSA results using real-world data in a Spanish cohort of 1664 patients followed for two
years. The false-positive results were as high as 47%, resulting in a positive predictive
value of merely 13% [17]. This rate is much higher than previously reported in trials with
screening data [18] Many factors were demonstrated to be associated with the presence of
false-positive results, including age, previous PSA evaluation, family history of prostate
cancer, and alcohol intake, but these associations were sustained only in asymptomatic
patients [17]. These data do not serve to evaluate overdiagnoses and overtreatment but
help to sustain that the PSA era in prostate cancer diagnosis should be closing.

A study in this Special Issue addresses the limitations of mpMRI for primary prostate
cancer diagnosis in the form of a systematic review and meta-analysis that compare mpMRI
with prostate-specific membrane antigen (PSMA) positron emission tomography (PET)
imaging [19]. With the limitation of significant heterogeneity observed, PSMA-PET com-
puterized tomography (CT) seems superior to mpMRI in primary cancer diagnosis, but
not in the definition of cancer location within the gland. However, as can be expected
from a whole-body procedure, PSMA-PET CT has valuable potential for tumor staging.
False-positive MRI is another troublesome reality in clinical practice as it is not easy to
differentiate false and real positive lesions, thus making evident the difficulty of further
advancing in the MRI diagnostic ability [20]. PSMA-PET CT has also been investigated
to solve MRI Prostate Imaging Reporting and Data System (PI-RADS) 4–5 lesions and
negative biopsy discordance [21] and also the combination of PSMA-PET CT and mpMRI
is being currently investigated in the MP4 clinical trial in which PI-RADS 4 or 5 lesions
≥10 mm on mpMRI are given the option of a PSMA-PET CT before biopsy. The intention
of this approach is to predict better aggressive prostate cancer. That opens a new perspec-
tive to evaluate the feasibility of proceeding to prostate cancer surgery directly without a
biopsy [22]. Additionally, PROSPET-BX clinical trial, currently undertaken in Italy, might
confirm the superiority of PSAM-PET CT/transrectal ultrasound (TRUS) fusion prostate
biopsy over mpMRI/TRUS fusion biopsy to further spare unnecessary biopsies [23].

Inspired by all these changes of paradigm, an excellent review on the clinical appli-
cations of PSMA-PET CT examination in patients with prostate cancer has been included
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in this Special Issue [24]. The article addresses the limitations and pitfalls of this new
generation diagnostic imaging modality and emphasizes its therapeutic implications also.
In fact, prolonged progression free and overall survival has been very recently confirmed in
castration-resistant prostate cancer with lutetium Lu 177 vipivotide tetraxetan (177Lu-PSMA-
617) radioligand therapy [25]. Additionally, the PSMA-PET CT-guided intensification of
radiotherapy is being investigated in a Canadian clinical trial, with special effort on cancer
control, long-term toxicity, and health-related quality of life issues [26].

Carbon-ion radiotherapy, another modality to improve the effectiveness of radiation
therapy, has been also evaluated in this Special Issue, with a retrospective study focusing
on the older population of patients with prostate cancer [27]. This study confirms that
carbon-ion radiotherapy is a safe and effective high-dose intensive treatment. This modality
of radiation has been popular in different institutions in Japan for the treatment of different
urologic cancers [28]. This modern technology provides several unique physical and radio-
biologic properties that allow low levels of energy to be deposited in tissues proximal to the
target, while the majority of energy is released in the target itself. That may have important
advantages, especially in the setting of recurrent disease [29]. Another modality of radiation
is extreme hypofractionation with stereotactic body radiation therapy (SBRT) in which
treatment is delivered in one to five fractions, an encouraging alternative in the low- and
intermediate-risk profile of patients that competes with high-dose brachytherapy [30,31].

Surgery has also seriously evolved to consider robotic prostatectomy the gold standard
of surgical care for localized prostate cancer, that improves the functional outcomes of
urinary continence and potency. This is also the topic of another article in the Special
Issue [32]. Still, the definition of continence “without pads” or “social continence” makes
difficult the comparison of the results [33]. New and effective modalities to surgically correct
post-prostatectomy incontinence have been developed in recent decades and can be used
both for stress urinary incontinence after prostatectomy and after radiation therapy [34–36].

Another interesting application of robotics in surgical urologic oncology is partial
nephrectomy. The clinical benefits of indocyanine green florescence in robot-assisted
partial nephrectomy are discussed in another element of this Special Issue. Reduced blood
loss without a negative impact in the positive surgical margin rate is suggested using
green dye [37]. However, future prospective randomized controlled trials are needed to
confirm the presumed operative and functional advantages of this approach. Moreover,
the issue presents another very interesting collaboration regarding metastatic renal cell
carcinoma treatment, a field that has been subject to important paradigm changes in recent
years [38]. The German multicenter prospective study PAZOREAL presented by Doehn
et al. [39] reveals very interesting data on the effectiveness and safety of pazopanib (first-
line), nivolumab (second-line), and everolimus (second- and third-line) in a real-life setting.
This sequence is widely used in clinical practice. Targeted treatments for metastatic renal
cell carcinoma allow for a more tailored approach, but predictive elements for immune-
checkpoint inhibitors or tyrosine kinase inhibitors as a first-line treatment still lack genuine
prediction markers [40].

Many studies have faced the optimal management of bladder urothelial malignancy in
recent years. Some have searched for new therapeutic alternatives in the scenario of Bacillus
Calmette-Guerin (BCG) shortage to prevent urothelial cancer recurrence and progression.
Device-assisted intravesical chemotherapy using recirculating hyperthermic mitomycin-C
(HIVEC) has been widely used in Spain [41]. Current new evidence favors the use of HIVEC
in high-risk non-muscle-invasive bladder cancer [42], but not in the intermediate risk [43].
Many other studies have extended to step beyond classical morphologic parameters and
stratify the prognosis of muscle-invasive bladder cancer according to new molecular mark-
ers that take into account basal or luminal phenotypes discovered [44,45]. A further step
that is currently being undertaken is the evaluation of the intratumor microenvironment
landscape, with implications not only in prognosis, but also in the response to systemic
immunotherapy [46]. In this sense, immune-checkpoint inhibitors have been recently
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approved as a second-line treatment for metastatic bladder cancer and are currently being
investigated in a neoadjuvant setting in non-metastatic disease [47,48].

Upper urinary tract urothelial carcinoma is another malignancy addressed in the Spe-
cial Issue. Ha et al. revealed that intravesical recurrence after radical nephroureterectomy is
associated with flexible but not with rigid diagnostic ureteroscopy [49]. This specific report
opens a new perspective that requires a further evaluation in large-population controlled
studies. The issue of intravesical recurrence after upper urinary tract cancer diagnosis and
treatment is a big unsolved problem in the comprehensive management of urothelial malig-
nancy. Several meta-analyses have confirmed the higher rate of intravesical recurrence after
radical nephroureterectomy in patients who underwent diagnostic ureteroscopy preoper-
atively [50–52], but with no concurrent impact on long-term survival [52]. Probably the
negative impact on intravesical recurrence free survival is due more to endoscopic biopsy
than to ureteroscopy itself. As the use of flexible ureteroscopy is routinely recommended
by clinical guidelines [53], future studies are needed to assess the role of immediate postop-
erative intravesical chemotherapy in patients undergoing biopsy during ureteroscopy for
suspected upper tract urothelial cancer.

In summary, “Urological Cancer 2022” is a remarkable piece of knowledge that
presents new relevant clinical, molecular, imaging, and therapeutic data in the urological
field and invites researchers in urologic malignancy to enter a multidisciplinary approach
and face some of the most relevant and current topics in urology.

Conflicts of Interest: The authors declare no conflict of interest.
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Simple Summary: This research brings new knowledge on the potential roles of bisphenol A and
bisphenol S on bladder cancer progression. By assessing the impact of bisphenols A and S on normal
urothelial cells and non-invasive and invasive bladder cancer cells, this study aimed to demonstrate
that these endocrine-disrupting chemicals could promote bladder cancer progression through the
alteration of the bioenergetics and behaviours of healthy and cancerous bladder cells. These results
could provide a better understanding of the pathophysiology of bladder cancer and its hormone-
sensitive characteristics. Furthermore, this study suggests that bisphenols A and S could affect
bladder cancer recurrence, progression and patient prognosis.

Abstract: Bisphenol A (BPA) and bisphenol S (BPS) are used in the production of plastics. These
endocrine disruptors can be released into the environment and food, resulting in the continuous
exposure of humans to bisphenols (BPs). The bladder urothelium is chronically exposed to BPA and
BPS due to their presence in human urine samples. BPA and BPS exposure has been linked to cancer
progression, especially for hormone-dependent cancers. However, the bladder is not recognized
as a hormone-dependent tissue. Still, the presence of hormone receptors on the urothelium and
their role in bladder cancer initiation and progression suggest that BPs could impact bladder cancer
development. The effects of chronic exposure to BPA and BPS for 72 h on the bioenergetics (glycolysis
and mitochondrial respiration), proliferation and migration of normal urothelial cells and non-
invasive and invasive bladder cancer cells were evaluated. The results demonstrate that chronic
exposure to BPs decreased urothelial cells’ energy metabolism and properties while increasing them
for bladder cancer cells. These findings suggest that exposure to BPA and BPS could promote bladder
cancer development with a potential clinical impact on bladder cancer progression. Further studies
using 3D models would help to understand the clinical consequences of this exposure.

Keywords: bladder cancer; bisphenol A; bisphenol S; energy metabolism; migration; proliferation

1. Introduction

In the last decades, hormone-dependent cancers, such as breast [1] and prostate
cancers [2], have increased in industrialized countries. Among several causes, part of
this rise could be associated with the growing number of endocrine disruptors found in
the environment [3]. More than 350 synthetic molecules in the environment, including
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bisphenols (BPs), are considered endocrine disruptors because of their capacity to modulate
the action or the metabolism of various hormones in the organism [3].

The bisphenol family comprises many molecules, such as bisphenol A (BPA) and
bisphenol S (BPS). BPA is used to produce plastics, such as polycarbonate and epoxy
resins [4]. It is found in various daily objects (e.g., water bottles and food containers) [5],
making this compound ubiquitous in the environment [6]. Exposure to BPA has been
associated with cancer development, especially in hormone-dependent cancers such as
breast [7] and prostate cancers [8]. Recently, BPS has been used as a safer alternative to
BPA in plastic production because of its excellent stability [9]. However, BPS has also been
linked with cancer progression [7,10]. BPA is found at measurable concentrations in the
urine of >90% of the population [10], whereas BPS is detectable in 78% of urine samples at
comparable concentrations to BPA [11]. BPA and BPS are found at similar concentrations in
urine, ranging from 1 to 100 nM [11]. The ubiquitous presence of BPA and BPS in the urine
results in chronic exposure to the urinary tract, particularly the bladder, where urine can be
stored for many hours [12].

The multiple binding capacities of BPA and BPS allow the compounds to alter different
signalling pathways associated with cell migration, proliferation and invasion [10,13]. In
addition, studies have shown that the bladder’s urothelial cells (UCs) express cell receptors
targeted by BPA and BPS, such as estrogen receptors (ERs) α and β (ERα and ERβ),
the androgen receptor (AR) and the G protein-coupled estrogen receptor (GPER) [14,15].
Although the bladder is not recognized as a hormone-sensitive tissue, studies have shown
the role of these sex steroid receptors in bladder cancer initiation and progression. As
such, the activation of ERα could promote the proliferation of bladder cancer cells [16],
whereas ERβ and AR could promote bladder cancer growth and invasion via the alteration
of tumour suppressor gene expression [17,18]. Therefore, the pro-tumorigenic tendencies
of BPA and BPS, their binding capacities to cell receptors and the presence of these key
receptors in the bladder urothelium could suggest a potential role for BPs in bladder cancer
development [19].

It was previously demonstrated that the energy metabolism of healthy bladder fi-
broblasts decreased after chronic exposure to physiological concentrations of BPA. In
contrast, BPA-exposed cancer-associated fibroblasts (CAFs) displayed an increased gly-
colytic metabolism, leading to extracellular acidification [20]. This enhanced acidification
can lead to the inhibition of immune cells, such as monocytes, as well as reorganization of
the extracellular matrix [21,22], thus potentially promoting bladder cancer progression [20].
The hypothesis of this study was that BPA and BPS would impact the energy metabolism
and properties of normal urothelial cells and bladder cancer cells, i.e., migration, prolifer-
ation and expression of cell markers of invasive potential, which could promote bladder
cancer initiation and progression.

2. Materials and Methods

2.1. Cell Lines

All procedures involving patients were conducted according to the Helsinki Decla-
ration and were approved by the local Research Ethical Committee. Each specimen was
obtained with the donor’s consent for tissue harvesting, and all experimental procedures
were performed according to the CHU de Québec-Université Laval guidelines. Normal
urothelial cells (UCs) were extracted from healthy human urological tissue biopsies and
cultured as previously described [23,24]. The UCs were isolated from two healthy paedi-
atric volunteers undergoing surgery for a benign condition (UC1 and UC2) and used as
non-transformed primary cell lines.

UCs, RT4 non-invasive bladder cancer cells (ATCC HTB-2) and T24 invasive bladder
cancer cells (ATCC HTB-4) were maintained in culture media composed of a 3:1 mix of
Dulbecco–Vogt modification of Eagle’s medium (DMEM) (Invitrogen, Burlington, ON,
Canada) and Ham F12 medium (Invitrogen) supplemented with 5% fetal bovine serum
clone II (Hyclone, GE Healthcare Life Science, Wauwatosa, WI, USA), 24.3 μg/mL adenine
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(Corning, Tewksbury, MA, USA), 5 μg/mL insulin (Sigma-Aldrich, Oakville, ON, Canada),
0.212 μg/mL isoproterenol (Sandoz, Boucherville, QC, Canada), 0.4 mg/mL hydrocortisone
(Calbiochem, San Diego, CA, USA), 10 ng/mL epidermal growth factor (Austral Biologicals,
San Ramon, CA, USA), 100 U/mL penicillin (Sigma-Aldrich) and 25 mg/mL gentamicin
(Schering-Plough Canada Inc./Merck, Scarborough, ON, Canada), and incubated at 37 ◦C
with 8% CO2. Media were changed three times per week.

2.2. Seahorse Energy Metabolism Measurements

UCs, RT4 and T24 cells were plated in 96-well Seahorse XF cell culture plates (Agi-
lent/Seahorse Bioscience, Chicopee, MA, USA) and exposed or not to 10−8 M BPA (Mil-
lipore Sigma, Oakville, ON, Canada) or 10−8 M BPS (Millipore Sigma) for 72 h before
measurements. Media were changed every day. Seahorse XFe96 sensor cartridge plates
(Agilent/Seahorse Bioscience) were hydrated the day before the analysis with the XF
Calibrant (Agilent/Seahorse Bioscience) and incubated overnight at 37 ◦C without CO2.
Before the bioenergetics measurements, cells were washed and incubated for one hour with
Glyco Stress media or Mito Stress media. Glyco Stress media contained XF Base Medium
(minimal DMEM) (Agilent/Seahorse Bioscience) supplemented with 2 mM L-glutamine
(Wisent Bioproducts Inc., Saint-Jean-Baptiste, QC, Canada). Mito Stress media consisted of
XF Base Medium supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate (Wisent
Bioproducts Inc.) and 10 mM D-(+)-glucose (Millipore Sigma). The extracellular acidifica-
tion rate (ECAR), representative of glycolytic metabolism, and the oxygen consumption
rate (OCR), representative of mitochondrial respiration, were determined using the XFe
Extracellular Flux Analyzer (Agilent/Seahorse Bioscience) [20,25].

The glycolytic metabolism was established by the sequential injection of 10 mM D-
(+)-glucose (Millipore Sigma), 1.5 μM of the ATP synthase inhibitor oligomycin (Cayman
Chemical, Ann Arbor, MI, USA) to inhibit mitochondrial respiration and force the cells
to maximize their glycolytic capacity, and 50 mM 2-deoxy-D-glucose (2-DG) (Alfa Aesar,
Ward Hill, MA, USA), a competitive inhibitor of the first step of glycolysis.

The mitochondrial respiration was determined by the sequential injection of 1.5 μM of
the ATP synthase inhibitor oligomycin (Cayman Chemical), 0.5 μM of the mitochondrial
uncoupler trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) (Cayman Chemical)
and a combination of 0.5 μM of the mitochondrial complex I inhibitor rotenone (MP
Biomedicals, Santa Ana, CA, USA) and 0.5 μM of the mitochondrial complex III inhibitor
antimycin A (Millipore Sigma). The concentrations indicated for each injection represent the
final concentrations in the wells. At least three measurement cycles (3 min of mixing + 3 min
of measuring) were completed before and after each injection.

The OCR and ECAR were calculated using Wave software v2.6 (Agilent/Seahorse
Bioscience). Following the manufacturer’s instructions, energy metabolism was normalized
according to the number of cells using a CyQuant Cell proliferation assay kit (Invitrogen).
The fluorescence of each well was measured at 485 nm/535 nm for 0.1 s using the Victor2
1420 MultiLabel Counter plate reader (Perkin Elmer Life Sciences, Waltham, MA, USA) and
Wallac 1420 software (Perkin Elmer). The normalization values were calculated from the
fluorescence measurements with Microsoft Excel software (Microsoft, Redmond, WA, USA)
and applied to the metabolic values. Metabolic values were presented as percentages with
100% established using the first three measurements. Therefore, the baseline was established
before the injection of glucose or oligomycin (see Figures S1–S4). Each experiment included
at least three replicates per condition (n ≥ 3), and each experiment was repeated at least
three times (N ≥ 3).

2.3. Proliferation

On day 0, UCs, RT4 and T24 cells were seeded in 24-well culture plates at 60,000 cells/well
density. Cells were incubated for two hours at 37 ◦C with 8% CO2 to allow cell adhesion
and then treated or not with 10−8 M BPA or BPS. The medium, supplemented or not
with BPs, was changed daily for three days. On days 1 to 3, cells from three wells were
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collected with trypsin, centrifuged at 300 g for 10 min, resuspended in 10 mL ISOTON II
diluent (Beckman Coulter, Mississauga, ON, Canada) and counted separately using a Z2
Coulter Particle Count and Size Analyzer (Beckman Coulter) [26]. A graph illustrating the
numbers of cells per well as a function of time was performed to calculate the proliferation
rate. Proliferation values for days 1 to 3 were established as percentages of control (i.e.,
untreated condition) on day 1. Therefore, the proliferation value of the control on day 1
was established as 100%. Each condition included three replicates (n = 3) for every cell line,
and each experiment was repeated independently three times (N = 3).

2.4. Migration

UCs, RT4 and T24 cells were seeded in 12-well culture plates at 150,000 cells/well
density. Cells were incubated for two hours at 37 ◦C with 8% CO2 to allow cell adhesion.
Then, cells were treated or not with 10−8 M BPA or BPS and incubated at 37 ◦C with 8%
CO2. After 72h, a scratch test was performed [27]. Briefly, a vertical scratch was performed
in each well using a 200 μL pipet tip. Wells were rinsed twice to remove detached cells
with 3:1 DMEM–Ham F12 medium supplemented with 0.5% fetal bovine serum clone II.
Two mL of medium supplemented with 0.5% serum with or without 10−8 M BPA or BPS
was added to each well. This low serum concentration was chosen to avoid cell proliferation
and ensure the observed results are due to cell migration. Cell migration was assessed
using a Zeiss Axio Imager M2 Time-Lapse microscope equipped with an AxioCam ICc1
camera (Carl Zeiss, Oberkochen, Germany). Images were processed with the AxioVision
40 V4.8.2.0 software (Carl Zeiss). Photographs were taken every hour for a total of 17 h.
Analyses of closure area were measured using ImageJ software (NIH, Bethesda, MD, USA).
Migration speed was calculated as the slope of the closure area (Y-axis) as a function of
time (X-axis) with the formula “ax + b”, where “a” represents migration speed. The slopes
of each cell line were established as percentages of control (i.e., untreated condition). Each
condition included two replicates (n = 2) for every cell line, and each experiment was
repeated independently three times (N = 3).

2.5. Flow Cytometry

RT4 and T24 cells were seeded in 12-well culture plates at 125,000 cells/well density.
Cancer cells were treated with or without 10−8 M BPA for ten days and incubated at
37 ◦C with 8% CO2. The medium was changed three times a week. After ten days, cells
were collected with trypsin, centrifuged at 300 g for 10 min and resuspended in 100 μL of
PBS. Cell suspensions were individually transferred in 100 μL of 3.7% formol to fix cells,
and samples were incubated at 4 ◦C until flow cytometry analyses. Cell samples were
washed twice with PBS on the analysis day, followed by blocking using PBS-1% BSA for
45 min at room temperature. Incubation with primary antibody anti-alpha smooth muscle
actin (α-SMA) coupled with FITC (1/250 dilution; Abcam) or with isotypic control FITC
antibody (1/1000 dilution; Abcam) was performed at room temperature for one hour in
PBS-1% BSA. Cells were washed twice with PBS-1% BSA and once with PBS only. Cells
were resuspended in 100 μL PBS and samples were analyzed by flow cytometry with a
FACSCalibur (Becton Dickson, San Jose, CA, USA) [28]. For each replicate, the value of
the isotypic sample was subtracted from the value of the positive sample (cells incubated
with antibodies). Each condition included six replicates (n = 6), and each experiment was
repeated independently three times (N = 3).

2.6. Statistical Analysis

Graphical representation and statistical analyses were performed using Microsoft
Excel (Microsoft) and GraphPad Prism Software v.9.3 (San Diego, CA, USA). The results
are expressed as mean ± standard error of the mean (SEM). Statistical analyses were
performed using the non-parametric tests, the Mann–Whitney test or the Kruskal–Wallis
test. Normality analyses were performed for the data in Figure 1 and Figure 7. The
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values did not meet the required premises to assume normality, which justifies using
non-parametric statistical tests. Statistical significance was established at p < 0.05.

Figure 1. T24 invasive bladder cancer cells exhibit an increased glycolytic capacity compared with
RT4 non-invasive bladder cancer cells. (A,B) ECAR and (C,D) OCR were determined using the
XFe96 Extracellular Flux Analyzer in two populations of normal urothelial cells (UC1 and UC2)
and non-invasive (RT4) and invasive (T24) bladder cancer cells to establish (A) basal glycolysis,
(B) maximal glycolytic capacity, (C) basal mitochondrial respiration and (D) maximal mitochondrial
capacity. Data are presented as the mean ± SEM and displayed as percentages of UC1 acting as
control (n = 10, N = 4). A baseline (100%) was established before injections (see Figure S1). * p < 0.05,
** p < 0.01 by Kruskal–Wallis test.

3. Results

3.1. T24 Invasive Bladder Cancer Cells Exhibit an Increased Glycolytic Capacity Compared with
RT4 Non-Invasive Bladder Cancer Cells

Before evaluating the impact of chronic exposure to BPs, the energy metabolism of
two UC populations (UC1 and UC2) and two bladder cancer cells (RT4 non-invasive and
T24 invasive) was evaluated to compare their glycolytic and mitochondrial capacities. First,
UC1 and UC2 cell populations had a similar glycolytic metabolism (Figure 1A,B). However,
UC2 cells exhibited higher OCR levels at basal capacity compared with UC1 cells, whereas
the maximal mitochondrial capacity of UC1 and UC2 cells was not significantly different
(Figure 1C,D).

Secondly, RT4 non-invasive bladder cancer cells displayed a significantly higher basal
glycolysis than UC1 cells (Figure 1A). RT4 cells tended to exhibit slightly higher ECAR
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levels compared with UC2 cells (p = 0.07) (Figure 1A), whereas ECAR levels for maximal
glycolytic capacity were comparable with UCs (Figure 1B). RT4 cells had higher OCR levels
for basal mitochondrial respiration than both UCs (Figure 1C) but exhibited the lowest
maximal mitochondrial capacity compared with the other cell lines (Figure 1D).

Thirdly, T24 invasive bladder cancer cells exhibited the highest ECAR levels for basal
and maximal glycolytic capacity compared with the other cell lines (Figure 1A,B). A general
representation of the energy metabolism of T24 cells shows that these cancer cells are
highly glycolytic (Figure S1). T24 cells exhibit similar OCR levels for basal mitochondrial
respiration compared with RT4 cells but significantly higher levels for maximal mitochon-
drial respiration (Figure 1C,D). As observed for the glycolytic capacity, T24 cells exhibited
significantly higher levels of OCR for maximal mitochondrial respiration compared with
RT4 non-invasive bladder cancer cells and UCs. Therefore, initial analyses showed that T24
cells displayed a greater glycolytic capacity than RT4 cells, whereas the two populations of
UCs exhibited roughly similar energy metabolism.

3.2. Chronic Exposure to Physiological Concentrations of BPA or BPS Does Not Modulate the
Glycolysis and Mitochondrial Respiration of Normal Urothelial Cells

Two UC populations were exposed to physiological concentrations of BPA or BPS to
evaluate the impact of these endocrine disruptors on their bioenergetics. In vivo, UCs can
be in contact with BPA and BPS through urine [11,29]. Chronic exposure to 10−8 M BPA
or BPS did not seem to impact the energy metabolism of UCs. A slight but not significant
decrease in ECAR levels was observed for the glycolytic capacity of both compounds
(Figure 2A,B), as well as a subtly decreased OCR level in basal mitochondrial respiration
when exposed to BPS (p = 0.12) (Figure 2C). Exposure to BPs did not affect OCR levels
associated with maximal mitochondrial respiration (Figure 2D). Overall, 72 h chronic
exposure to physiological concentrations of BPA or BPS did not significantly affect the
bioenergetics of normal UCs (Figure S2).

3.3. RT4 Non-Invasive Bladder Cancer Cells Chronically Exposed to Physiological Concentrations
of BPs Exhibit Increased Bioenergetics

RT4 cells were exposed to physiological concentrations of BPA or BPS to evaluate
the impact of these endocrine disruptors on non-invasive bladder cancer cells. Like UCs,
bladder cancer cells can be exposed to BPs through urine [11,29]. BPA exposure did not
influence the ECAR levels of the basal glycolysis of RT4 cells, whereas chronic exposure
of RT4 cells to 10−8 M BPS significantly increased the ECAR levels of basal glycolysis
(Figure 3A). Chronic exposure to BPA had a non-significant effect on the ECAR levels
associated with the maximal glycolytic capacity. In contrast, exposure to physiological
concentrations of BPS tended to increase ECAR levels (p = 0.07) (Figure 3B). RT4 chronically
exposed to 10−8 M BPA exhibited significantly increased OCR levels associated with
basal and maximal mitochondrial respiration (Figure 3C,D). Although not significantly
different from the control condition for mitochondrial metabolism, BPS exposure seemed
to have similar biological effects to BPA, suggesting this alternative compound could have
comparable effects. Therefore, chronic exposure to physiological concentrations of BPs
increased the bioenergetics of RT4 non-invasive bladder cancer cells (Figure S3).

3.4. T24 Invasive Bladder Cancer Cells Chronically Exposed to Physiological Concentrations of
BPA or BPS Exhibit an Increased Glycolytic Metabolism

T24 cells were exposed to physiological concentrations of BPA or BPS to evaluate
the impact of these compounds on invasive bladder cancer cell metabolism. Chronic
exposure to 10−8 M BPA or BPS increased the ECAR levels of basal glycolysis of invasive
bladder cancer cells (Figure 4A), whereas only 10−8 M BPS significantly increased the
ECAR levels of the maximal glycolytic capacity (Figure 4B). Although not significant,
BPA seemed to slightly increase the ECAR levels of the maximal glycolysis of T24 cells
(p = 0.096) (Figure 4B). Chronic exposure to BPA and BPS did not affect the OCR levels
associated with the basal and maximal mitochondrial respiration of T24 cells (Figure 4C,D).
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As previously observed with RT4 cells, BPA and BPS seemed to have similar effects on
the energy metabolism of invasive bladder cancer cells (Figure S4). Overall, T24 invasive
bladder cancer cells exhibited an increased glycolytic metabolism when chronically exposed
to physiological concentrations of BPs.

Figure 2. Chronic exposure to physiological concentrations of BPA or BPS has no significant effect on
the glycolysis and mitochondrial respiration of normal urothelial cells. (A,B) ECAR and (C,D) OCR
were determined using the XFe96 Extracellular Flux Analyzer for normal urothelial cells (UCs) with
or without chronic exposure to physiological concentrations of BPA or BPS to establish (A) basal
glycolysis, (B) maximal glycolytic capacity, (C) basal mitochondrial respiration and (D) maximal
mitochondrial capacity. Analyses represent the results for two populations of normal urothelial cells
(UC1 and UC2). Data are presented as the mean ± SEM and displayed as percentages of controls
(i.e., untreated condition) (n ≥ 3, N = 4). A baseline (100%) was established before injections (see
Figure S2). p < 0.05 by Mann–Whitney test.
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Figure 3. RT4 non-invasive bladder cancer cells chronically exposed to physiological concentrations
of BPs exhibit increased bioenergetics. (A,B) ECAR and (C,D) OCR were determined using the
XFe96 Extracellular Flux Analyzer for RT4 non-invasive bladder cancer cells with or without chronic
exposure to physiological concentrations of BPA or BPS to establish (A) basal glycolysis, (B) maximal
glycolytic capacity, (C) basal mitochondrial respiration and (D) maximal mitochondrial capacity. Data
are presented as the mean ± SEM and displayed as percentages of controls (i.e., untreated condition)
(n ≥ 3, N = 3). A baseline (100%) was established before injections (see Figure S3). * p < 0.05 by
Mann–Whitney test.

3.5. Chronic Exposure to Physiological Concentrations of BPA or BPS Increases the Proliferation
Rate of RT4 Non-Invasive Bladder Cancer Cells and Induces an Initial Boost of Proliferation for
UCs and T24 Cells

The proliferation rate of urothelial, RT4 and T24 cells was evaluated for three days
under chronic exposure to 10−8 M BPA or BPS. First, UCs exposed to BPA or BPS exhibited
a significantly higher cell number on days 1 to 3 compared with the control (Figure 5A).
However, it is possible to observe that, following this initial increase, the proliferation rate
seemed to stabilize, suggesting that the proliferation rate could be enhanced in the first 24 h
of BPA or BPS exposure, resulting in an initial boost. Secondly, RT4 non-invasive bladder
cancer cells chronically exposed to 10−8 M BPA or BPS exhibited a significantly higher
proliferation rate on day 3 than the control (Figure 5B). However, exposure to BPs did not
impact RT4 cell proliferation on days 1 and 2. Thirdly, chronic exposure of T24 cells to BPA
or BPS did not affect the proliferation rate on days 2 and 3. However, exposure to BPA
significantly increased the proliferation rate of T24 cells on day 1 (Figure 5C), but its clinical
impact is probably not significant. This observation could be associated with an initial
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increase in proliferation due to BPA exposure since the initial effect observed following
BPA or BPS exposure was not maintained on days 2 and 3. Therefore, chronic exposure to
physiological concentrations of BPA or BPS increased the proliferation rate of RT4 cells and
induced an initial boost of proliferation in the first 24 h for normal UCs and T24 cells.

Figure 4. T24 invasive bladder cancer cells chronically exposed to BPA or BPS physiological concen-
trations exhibit an increased glycolytic metabolism. (A,B) ECAR and (C,D) OCR were determined
using the XFe96 Extracellular Flux Analyzer for T24 invasive bladder cancer cells with or without
chronic exposure to physiological concentrations of BPA or BPS to establish (A) basal glycolysis,
(B) maximal glycolytic capacity, (C) basal mitochondrial respiration and (D) maximal mitochon-
drial capacity. Data are presented as the mean ± SEM and displayed as percentages of controls
(i.e., untreated condition) (n ≥ 3, N = 3). A baseline (100%) was established before injections (see
Figure S4). * p < 0.05 by Mann–Whitney test.

3.6. Chronic Exposure to Physiological Concentrations of BPA or BPS Decreases the Migration of
Normal Urothelial Cells While Increasing the Migration Speed of Bladder Cancer Cells

The migration of urothelial, RT4 and T24 cells was evaluated under chronic exposure
to 10−8 M BPA or BPS. On the one hand, chronic exposure to physiological concentrations
of BPA significantly decreased the migration speed of UCs. In contrast, BPS exposure
only resulted in a slight reduction in migration (p = 0.056) (Figure 6A). On the other hand,
10−8 M BPA tended to increase the migration speed of RT4 non-invasive bladder cancer
cells (p = 0.06), but BPS did not affect the migration of RT4 cells (Figure 6B). BPA and BPS
significantly increased the migration speed of T24 invasive bladder cancer cells (Figure 6C).
Therefore, chronic exposure to physiological concentrations of BPA or BPS decreased
normal UCs while increasing the migration of T24 invasive bladder cancer cells.
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Figure 5. Chronic exposure to physiological concentrations of BPA or BPS increases the proliferation
rate of RT4 non-invasive bladder cancer cells and induces an initial boost of proliferation for UCs and
T24 cells. The proliferation rate of (A) normal urothelial cells (UCs), (B) RT4 non-invasive bladder
cancer cells and (C) T24 invasive bladder cancer cells was established over three days with or without
chronic exposure to physiological concentrations of BPA or BPS. The proliferation rate is illustrated
by the number of cells as a function of time. Data are presented as the mean ± SEM and displayed
as percentages of controls at day 1 (i.e., untreated condition) (n = 3, N = 3). * p < 0.05, ** p < 0.01 by
Mann–Whitney test.

Figure 6. Chronic exposure to physiological concentrations of BPA or BPS decreases the migration
speed of normal urothelial cells while increasing the migration speed of bladder cancer cells. The
migration speed of (A) normal urothelial cells (UCs), (B) RT4 non-invasive bladder cancer cells and
(C) T24 invasive bladder cancer cells was evaluated by time-lapse microscopy with or without chronic
exposure to physiological concentrations of BPA or BPS. Data are presented as the mean ± SEM and
displayed as percentages of controls (i.e., untreated condition) (n = 2, N = 3). The 100% migration
value of UCs represents a mean of 12,06 cm2/h, for RT4 1,68 cm2/h and for T24 4,77 cm2/h. * p < 0.05,
** p < 0.01 by Mann–Whitney test.

3.7. RT4 Non-Invasive Bladder Cancer Cells Chronically Exposed to Physiological Concentrations
of BPA Exhibit an Increased Expression of α-SMA Expression

RT4 and T24 cancer cells were chronically exposed to 10−8 M BPA and analyzed by
flow cytometry to evaluate the impact of this endocrine disruptor on the expression of
alpha-smooth muscle actin (α-SMA), which can be used as a cell marker for the invasive
potential of cancer cells [30]. Compared with T24 invasive bladder cancer cells, RT4 non-
invasive cancer cells expressed significantly lower levels of α-SMA (Figure 7). However,
when chronically exposed to 10−8 M BPA, RT4 cells exhibited an increased expression of
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α-SMA. Furthermore, α-SMA levels of RT4 cells exposed to BPA were not significantly
different from the α-SMA levels of T24 cells. The chronic exposure of T24 cells to 10−8 M
BPA did not substantially affect the α-SMA expression levels. See Figure S5 for an example
of gating analysis. Overall, chronic exposure of RT4 non-invasive bladder cancer cells to
physiological concentrations of BPA increased the expression of α-SMA.

Figure 7. RT4 non-invasive bladder cancer cells chronically exposed to BPA’s physiological concen-
trations exhibit an increased α-SMA expression. The expression of α-smooth muscle actin (α-SMA)
by RT4 non-invasive and T24 invasive bladder cancer cells was measured by flow cytometry with
or without chronic exposure to physiological concentrations of BPA. Data are presented as the
mean ± SEM (n = 6, N = 3). * p < 0.05, ** p < 0.01 by Kruskal–Wallis test.

4. Discussion

Since the effects of BPs on bladder cancer have not yet been established, the impact of
chronic exposure to physiological concentrations of BPA or BPS on normal urothelial cells
and non-invasive and invasive bladder cancer cells was studied. Therefore, the effects of
BPs on energy metabolism, proliferation, migration and α-SMA expression were examined.

Before evaluating the impact of chronic exposure to physiological concentrations
of BPs, the energy metabolism of UCs and RT4 non-invasive and T24 invasive bladder
cancer cells was evaluated to compare their glycolytic and mitochondrial capacities. The
two different populations of normal UCs (UC1 and UC2) showed similar levels of energy
metabolism, and RT4 non-invasive bladder cancer cells displayed higher basal glycolysis
and mitochondrial respiration than UCs. In contrast, T24 invasive bladder cancer cells
exhibited a greater glycolytic capacity than normal UCs and RT4 non-invasive bladder
cancer cells.

Cancer cells typically exhibit an increased metabolic rate due to enhanced physio-
logical activity, characterized by an uncontrolled proliferation rate [31]. Cancer cells are
characterized by increased glycolytic metabolism, at the expense of mitochondrial respi-
ration, even in the presence of oxygen and functioning mitochondria [31]. This metabolic
switch is called the Warburg effect, a phenomenon that allows cancer cells to have an
adapted energy metabolism to support cell growth and proliferation and promote cell
invasion [31]. The increased intake of glucose results in a high synthesis of pyruvate.
Since the glycolytic rate is superior to the mitochondrial capacity, the excess pyruvate is
converted to lactate through the enzyme lactate dehydrogenase [32].. The increased use
of the glycolytic pathway results in enhanced lactate production, acidifying the extracel-
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lular microenvironment. Lactate can inhibit immune cells, such as monocytes, that are
responsible for eliminating unhealthy cells, including cancer [33]. The accumulation of
lactate also reorganizes the extracellular matrix, which could promote tumour invasion [22].
However, this enhanced glycolysis was only observed in the RT4 cells for basal glycolysis,
not maximal glycolysis. RT4 cells had a significantly higher basal glycolytic metabolism
than UC1, but not UC2, and had a similar maximal glycolytic metabolism compared with
both UCs. The basal mitochondrial capacity of RT4 cells was increased compared with UCs.
The absence of an enhanced maximal glycolytic capacity when compared with T24 cells
could be because RT4 cells are non-invasive, therefore, are less prone to produce an excess
of lactate to invade the extracellular matrix.

Furthermore, RT4 cells had a slower doubling rate than T24 cells. The comparison of
the proliferation rate of untreated RT4 and T24 cells demonstrates an important difference
between both cell lines. RT4 cells have a doubling time of 37 to 66 h [34,35], whereas T24
cells are reported to have a doubling time of 19 to 24 h [34–36]. Therefore, RT4 non-invasive
bladder cancer cells have a lower level of physiological activity, which could explain the
absence of metabolic switch observed. Finally, UCs exhibited a similar energy metabolism
even though UC2 cells had higher levels of basal mitochondrial respiration. This difference
could be due to individual variations associated with genetics or environmental factors,
such as drugs, chemical exposure and health [37].

In vivo, the basal layer’s UCs are protected from exposure to urine and its contam-
inants, such as BPs. However, cancer cell growth can alter the impermeability of the
urothelium by disrupting cell–cell adhesion [38], thus resulting in the exposure of UCs
surrounding the tumour and underlying UCs to urine and potentially BPs. UCs can also
be exposed to BPs through the bladder vascular system perfusing the bladder stroma [39].
BPA and BPS had a weak effect on the bioenergetics of UCs. Although not significant, this
tendency could be associated with inhibiting certain enzymes related to cell metabolism
by BPs. BPA has been shown to inhibit metabolizing enzymes, such as cytochromes P450,
glucose transporters and enzymes from the electron transport chain, that can impact some
main metabolic pathways, for example, mitochondrial respiration [40,41]. It is, therefore,
essential to confirm the metabolic analyses with physiological parameters to evaluate the
functional impact of BPA or BPS on UCs.

The alteration in the energy metabolism of RT4 cells after chronic exposure to BPs
could be associated with the multiple binding capacities of BPA and BPS. BPA was shown
to bind to ERs with a median inhibitory concentration (IC50) value of 3.3–73 nM [42],
which corresponds to the range of concentrations of BPs found in urine (1–100 nM) [11].
Therefore, the increased energy metabolism observed could be related to the enhanced
physiological activity of RT4 cells following exposure to BPs. Although the impact of
BPS on mitochondrial capacity was not significantly different from the control condition,
chronic exposure to this compound seems to induce similar effects to BPA. These results
need to be correlated through the impact of BPA or BPS on the physiological activity of RT4
cells. The relevance of these results depends on the associated biological consequences, for
example, proliferation and migration.

Thirdly, T24 invasive bladder cancer cells chronically exposed to physiological concen-
trations of BPA or BPS did not seem to impact the mitochondrial capacities but exhibited
an increased glycolytic metabolism. The increased glycolytic capacity observed in T24 cells
following chronic exposure to BPA or BPS could lead to higher lactate production and
enhance the acidification of the tumour microenvironment. Although T24 cells are invasive
cancer cells, chronic exposure to BPA or BPS could accentuate the consequences of matrix
acidification [31], further inhibiting the local immune cells [33], thus facilitating invasion
and metastases formation through a major matrix remodelling.

The increased proliferation rate of RT4 non-invasive cancer cells chronically exposed
to physiological concentrations of BPA or BPS could suggest a more aggressive phenotype.
Indeed, studies have shown that BPA could promote cell proliferation by binding to the
GPER in breast cancer cells, which activates the phosphoinositide 3-kinase (PI3K)/protein
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kinase B (Akt)/mammalian target of rapamycin (mTOR) signalling pathway [43]. Fur-
thermore, BPA can bind to the ERRγ of endometrial cancer cells, which can activate the
epidermal growth factor receptor (EGFR)/extracellular signal-regulated kinase (ERK) path-
way associated with proliferation [44]. On the other hand, BPS has also been shown to
promote cell proliferation by altering the PI3K/Akt signalling pathway in breast cancer
cells [45]. BPA or BPS exposure to T24 invasive bladder cancer cells did not impact the
proliferation rate in the long term. Still, BPA induced an increased proliferation in the first
24 h. BPA can alter multiple signalling pathways associated with proliferation, which could
explain the increased proliferation rate. However, this difference was not observed on
days 2 and 3, which could be explained by the already high proliferation rate of T24 cells,
therefore obscuring the impact of BPs in the long term.

Next, the impact of chronic exposure to BPA or BPS on cell migration was evaluated.
UCs chronically exposed to physiological concentrations of BPA or BPS exhibited decreased
migration. This observation could impact the urothelium tissue repair in the case of disease
or bladder injury. Cell migration is essential in wound healing to allow epithelialization
and wound closure [46]. The decreased migration capacity of UCs could result in a slower
wound closure of the bladder wall, increasing the exposure of underlying tissues to the
toxic substances found in urine, such as urea and carcinogens [47]. Chronic exposure to
BPA or BPS did not impact RT4 cell migration. RT4 cells have a low migration capacity
as these cells form and stay in clusters, resulting in minimal migration. Therefore, the
impact of BPs could potentially be obscured by the fact that RT4 cells simply do not tend
to migrate. However, chronic exposure to BPA or BPS increased the migration of T24
invasive bladder cancer cells. On the one hand, BPA has been shown to increase the
migration of lung cancer cells through the GPER/EGFR/ERK1/2 signalling pathway [48]
and increase the migration of triple-negative breast cancer cells through ERRγ [7]. Studies
by Derouiche et al. demonstrated that exposure to BPA can promote the cell migration of
prostate cancer cells through the modulation of ion channel protein expression associated
with calcium entry [8]. On the other hand, exposure to BPS has been shown to promote
the migration of human non-small cell lung cancer cells through ERK1/2, mediated by
the transforming growth factor β (TGF-β)/Smad-2/3 signalling pathway [11]. Deng et al.
have reported that BPS can also promote the migration of triple-negative breast cancer
cells in vitro through the GPER/Hippo signalling pathway, resulting in the activation
and nuclear accumulation of yes-associated protein (YAP), thus upregulating downstream
genes [49]. Therefore, these results concur with the literature and the metabolic analyses,
demonstrating an enhanced energy metabolism in T24 cells when exposed to BPA or BPS.

In brief, chronic exposure to physiological concentrations of BPs tended to decrease
the energy metabolism of UCs, increase their proliferation in the first 24 h and decrease
their migration. In addition, exposure to BPs increased the energy metabolism and the
proliferation of non-invasive RT4 bladder cancer cells but had little to no effect on their
migration. Finally, exposure to BPs increased the glycolytic capacity and the migration
of invasive T24 bladder cancer cells but did not impact their mitochondrial respiration or
proliferation (Table 1). These results suggest that chronic exposure to BPA and BPS alters
the energy metabolism and behaviours of UCs and non-invasive and invasive bladder
cancer cells, which could potentially promote bladder cancer progression.
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Table 1. Impact of chronic exposure to physiological concentrations of BPA and BPS on the energy
metabolism, proliferation and migration of UCs and RT4 non-invasive and T24 invasive bladder
cancer cells. UCs are generally negatively affected by exposure to BPs, illustrated by the decreased
bioenergetics and migration. Conversely, exposure to BPs generally enhances the bioenergetics,
proliferation and migration of cancer cells.

Cell Types Parameters BPA BPS

UCs

Glycolysis
Basal ↓ ↓

Maximal ↓ ↓

Mitochondrial respiration
Basal Ø ↓

Maximal Ø Ø

Proliferation ↑ ↑
Migration ↓↓ ↓

RT4 cells

Glycolysis
Basal Ø ↑↑

Maximal Ø ↑

Mitochondrial respiration
Basal ↑↑ ↑

Maximal ↑↑ ↑
Proliferation ↑↑ ↑↑

Migration ↑ Ø

T24 cells

Glycolysis
Basal ↑↑ ↑↑

Maximal ↑ ↑↑

Mitochondrial respiration
Basal Ø Ø

Maximal Ø Ø

Proliferation Ø Ø

Migration ↑↑ ↑↑
Legend: Ø = No impact; ↑/↓ = Tendency; ↑↑/↓↓ = Significant.

The impact of chronic exposure to BPA on the α-SMA expression of RT4 and T24
cells was established. α-SMA can be used as an epithelial–mesenchymal transition (EMT)
marker, during which α-SMA expression is increased [30]. When cancer cells transit from
a non-invasive to an invasive and metastatic phenotype, they undergo various steps,
including EMT [50]. Increased α-SMA expression is associated with an invasive phenotype
and a greater capacity to produce metastases [30], therefore resulting in a poorer prognosis
in multiple cancers such as lung [51] and breast cancer [52]. Consequently, invasive cancer
cells tend to express higher levels of α-SMA than non-invasive cancer cells [30], allowing
α-SMA expression to be used as a cell marker for cancer cell aggressiveness. The results
show that RT4 non-invasive bladder cancer cells expressed significantly lower levels of
α-SMA when compared with T24 invasive bladder cancer cells. Chronic exposure of RT4
cells to a physiological concentration of BPA increased the expression of α-SMA. Chronic
exposure to BPA could, therefore, enhance the aggressiveness of non-invasive cancer cells,
thus promoting the transition from a non-invasive to an invasive phenotype. Clinically,
these results suggest that chronic exposure to BPs could promote bladder cancer recurrence
and progression.

This study is not without limitations. First, the inability to ensure a bisphenol-free
control represents a limitation [53]. Since bisphenol-based plastics are abundantly used
in laboratory equipment and scientific instruments, it is challenging to avoid external
bisphenol contamination. However, there were still significant differences between controls
and the BPA or BPS conditions. Second, using an in vitro 2D cell culture is a notable
limitation. Using a 3D bladder cancer model [54] would better represent the physiological
impact of chronic exposure to BPA or BPS on UCs and bladder cancer tumours. RT4 and
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T24 cells were selected in this study for their ability to form spheroids, as we are planning
to further investigate the effects of BPs using our 3D bladder cancer model [54].

Measuring the presence of BPs in different stages of bladder cancer samples would be
an interesting perspective for this study to determine if advanced bladder cancers exhibit
higher levels of BPs than low-grade bladder cancer patients. Furthermore, evaluating the
impact of BPs’ metabolites on bladder cancer progression would be valuable. A significant
proportion of BPs is metabolized and excreted through urine [55]. However, studies have
shown that these metabolites can remain active in the body [56], suggesting they could also
potentially affect cancer development. Unfortunately, the impact of BPs’ metabolites has
never been investigated in bladder cancer.

5. Conclusions

Few studies have evaluated the potential impact of chronic exposure to BPs on bladder
cancer, despite the presence of these endocrine disruptors in human urine and the accumu-
lating literature demonstrating their pro-tumorigenic capacities. This study has brought
valuable insights into the effects of chronic exposure to a physiological concentration of BPA
or BPS on bladder cancer progression. The impact of these BPs on the energy metabolism,
proliferation, migration and α-SMA expression of normal UCs and RT4 non-invasive and
T24 invasive bladder cancer cells was established. The results show that chronic exposure to
BPA or BPS increases the proliferation rate of UCs while decreasing their migration, which
could result in hyperplasia and altered wound healing capacities. Exposure to BPA or BPS
also increases cancer cells’ energy metabolism and physiological activity, particularly the
metabolism, proliferation and α-SMA expression of RT4 non-invasive bladder cancer cells,
which could promote bladder cancer progression from a non-invasive to an invasive phe-
notype. The ubiquitous and continuous exposure to these endocrine disruptors, through
food and the environment, could have a meaningful clinical impact on bladder cancer
recurrence, progression and patient prognosis.
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Simple Summary: Prostate cancer is one of the leading causes of death in men. Current methods
for grading and determining treatment options are not as accurate as they need to be with some
men either undergoing unnecessary, life-changing treatment or not being treated and developing
late-stage disease. We assessed the effect of proteins called activins on the growth of prostate cell
lines and examined their expression in prostate cancer biopsy samples from patients with different
grades of tumor. Activin B and activin C were shown to have increased and decreased expression,
respectively, in higher grade prostate cancer and to have opposing effects on prostate cell growth
and migration. Therefore, these proteins are potential markers for distinguishing aggressive from
indolent prostate cancer and may also provide novel targets for prostate cancer treatment.

Abstract: Current prognostic and diagnostic tests for prostate cancer are not able to accurately
distinguish between aggressive and latent cancer. Members of the transforming growth factor-β
(TGFB) family are known to be important in regulating prostate cell growth and some have been
shown to be dysregulated in prostate cancer. Therefore, the aims of this study were to examine
expression of TGFB family members in primary prostate tumour tissue and the phenotypic effect
of activins on prostate cell growth. Tissue cores of prostate adenocarcinoma and normal prostate
were immuno-stained and protein expression was compared between samples with different Gleason
grades. The effect of exogenous treatment with, or overexpression of, activins on prostate cell line
growth and migration was examined. Activin B expression was increased in cores containing higher
Gleason patterns and overexpression of activin B inhibited growth of PNT1A cells but increased
growth and migration of the metastatic PC3 cells compared to empty vector controls. In contrast,
activin C expression decreased in higher Gleason grades and overexpression increased growth of
PNT1A cells and decreased growth of PC3 cells. In conclusion, increased activin B and decreased
activin C expression is associated with increasing prostate tumor grade and therefore have potential
as prognostic markers of aggressive prostate cancer.

Keywords: prostate cancer; biomarker; Gleason grade; transforming growth factor-β family; activin;
INHBA; INHBB; INHBC

1. Introduction

Prostate cancer (PCa) is the second most commonly diagnosed male cancer and the
fifth leading cause of cancer deaths in men [1]. Gleason scoring of prostate needle biopsies
is currently the best method for determining tumor aggressiveness and metastatic potential,
however it is unable to provide a definitive signal about an individual patient’s prognosis.
Two studies have reported that a significant proportion of patients meeting the criteria
for active surveillance who chose to have a radical prostatectomy, had more advanced
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cancer than predicted by the Gleason score [2,3]. Prostate tumors are heterogeneous, and
biopsies may omit to sample regions containing higher-grade tumour, leading to their
misclassification as low-risk cancer. The morphology of the biopsy provides a snapshot of
the tumor in time but cannot confirm if a low-grade tumor will remain indolent or grow
rapidly. For example, Gleason pattern 3 tumors have been shown to be of the same clonal
origin to adjacent Gleason pattern 4 tumors and are likely to develop into higher grade
cancers [4]. Changes to protein expression can occur throughout the cancer, irrespective
of the morphology or grade of the tumor, and can potentially provide information about
the overall tumor biology and thus better predict the rate of tumor growth. Therefore,
the identification of biomarkers that can be easily quantified in biopsy cores without
the need to differentiate between different cell types and tumor grades, that can predict
clinical outcome, would aid clinical assessment of progression risk. However, we have a
limited understanding of the molecular changes occurring in PCa and which genes are
important for driving cancer progression [5]. Recent studies have attempted to identify
biomarkers that can predict PCa outcome and while some clinical tests have been developed
these are yet to be proven to change clinical decision making and patient outcome [6,7].
Despite numerous large-scale genomic studies, only a small number of single nucleotide
polymorphisms have been associated with clinical outcome in PCa [5].

Members of the transforming growth factor-β (TGFB) family, including ligands, recep-
tors and signaling molecules, are known to play an important role in prostate homeostasis
and are dysregulated in a number of different cancers, including PCa [8–10]. Activins
are members of the TGFB family and consist of homo- or hetero-dimers of the inhibin β

subunits (βA, βB, βC and βE) to form, for example, activin A (βA:βA), activin B (βB:βB)
or activin AB (βA:βB). The subunit gene names are inhibin-βA (INHBA; activin A), INHBB
(activin B), INHBC (activin C) and INHBE (activin E). Activins A and B initiate canonical
signaling by binding to type 2 serine/threonine kinase receptors which then recruit type 1
receptors to the receptor complex at the cell surface. This initiates binding and phospho-
rylation of the transcription factors, mothers against decapentaplegic homolog 2 and 3
(SMAD2 and SMAD3) which, along with the co-factor SMAD4, translocate to the nucleus
to initiate gene transcription [11]. Other non-canonical signaling pathways have also been
shown to be involved in activin A signaling in different cell types, such as the p38 MAP
kinase (MAPK) and c-Jun amino-terminal kinase (JNK) pathways. For a review of the
function and roles of activins and inhibins see Namwanje, Brown [12].

There is some evidence that activins are involved in the regulation of PCa growth.
Activin A (INHBA) has been shown to inhibit proliferation of LNCaP cells and both
follistatin (FST) and activin C (INHBC) can block INHBA growth inhibition of these
cells [13,14]. Chen et al. [15] have reported that high expression of INHBA is associated
with reduced survival and in metastasis compared to corresponding primary sites in
prostate cancer. However, little is known about the effect of INHBB or INHBC on the
growth of normal and malignant prostate cells. We have recently reported that INHBC
protein expression was increased in human PCa tissue from cases with extra-capsular
spread when compared to normal prostate tissue or organ-confined cases [16]. These
results need to be validated in a greater number of cases, and the expression of other TGFB
family ligands, receptors and signaling molecules should be examined.

The first aim of this study was to determine if the level of protein expression of
activins, their receptors and signaling molecules differ between human PCa biopsy samples
with different Gleason patterns using immunohistochemistry with commercially available
antibodies. A second aim was to examine the effect of recombinant INHBA, INHBB and
INHBC on proliferation of normal, immortalized prostate cells (PNT1A) and PCa cell lines
(DU145, LNCaP and PC3), and to compare levels of activin protein expression between
these different cell lines. The third aim was to examine the effect of ectopic INHBB or
INHBC overexpression on growth and migration of prostate cell lines.
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2. Materials and Methods

All reagents were supplied by Thermo Fisher Scientific, Auckland, NZ unless other-
wise stated.

2.1. Immunohistochemistry

Tissue microarray (TMA) slides (PR483b, PR752, PR8011a; US Biomax, Derwood, MD,
USA) containing cores from human cases of primary prostate adenocarcinoma (134 cores,
88 cases) and normal prostate tissue (15 cores, 13 cases) were immuno-stained following
methods described by Marino et al. [17]. The antibodies used for immunohistochemistry
are listed in Table 1. Secondary antibody detection was performed using the DAKO
EnVision + Dual Link System-HRP Rabbit/Mouse (DAKO, Glostrup, Denmark) with a
15 min diaminobenzidine (DAB) incubation followed by hematoxylin counterstaining.
Primary antibody concentrations were optimized using sample TMA slides (US Biomax;
T191) and sections of normal human prostate tissue. Negative control mouse and normal
goat antibodies were used on either a TMA slide (T191), or sections of human prostate, at
the highest concentration used for the corresponding species and antibody type, with either
the secondary antibody used above, or polyclonal rabbit anti-goat IgG/HRP (DAKO). These
slides were negative for DAB staining. Immunohistochemistry was performed for each
individual antibody on all three TMA slides in a single run to allow immuno-reactive scores
to be compared across TMAs. Immuno-reactive scores were semi-quantified digitally using
Fiji software [18] according to the methods previously described by Helps et al. [19] and
Fuhrich et al. [20]. Briefly, TMAs were imaged using an Aperio Digital Slide Scanner (Leica
Biosystems, Melbourne, Australia) and individual core images thresholded (minimum)
using Fiji to select only the area of the tissue. Hematoxylin and DAB staining were digitally
separated using the color deconvolution plugin HDAB [21] and the DAB image thresholded
(default) to select only the area stained by DAB. This was overlaid on the selected area of
the tissue and the percent area of DAB stained tissue calculated by the software. Histogram
analysis was carried out on the deconvoluted DAB image and the intensity of DAB staining
calculated by the formula:

DABwt% =

(
DABwt

Σ(Histogram Value Counts)× 255

)
× 100

Table 1. Antibodies used for immunohistochemistry.

Antibody Supplier Cat. No μg/mL or Dilution Species & Clonality

INHBA Abcam ab56057 20 Rabbit polyclonal
INHBB R & D Systems MAB659 2.5 Mouse monoclonal
INHBC Abcam ab73904 1 Mouse monoclonal
INHA Abcam ab81234 0.2 Rabbit polyclonal

ACVR2A Abcam ab10595 5 Goat polyclonal
ACVR2B Abcam ab76940 12.5 Mouse monoclonal
SMAD2 Abcam ab47083 5 Rabbit polyclonal
SMAD3 Abcam ab40854 14 Rabbit monoclonal

FST Abcam ab157471 8 Rabbit monoclonal
BMP4 Abcam ab39973 1 Rabbit polyclonal

AR Abcam ab3509 1:300 Rabbit polyclonal
MKI67 Abcam ab66155 2.5 Rabbit polyclonal
MYC Abcam ab32 2.5 Mouse monoclonal
TP53 Abcam ab26 5 Mouse monoclonal
BCL2 Abcam ab7973 0.6 Rabbit polyclonal

Negative mouse DAKO X0931 12.5 Mouse monoclonal
Normal goat Santa Cruz Sc-2028 5 Goat IgG

Abcam (Cambridge, UK); R & D Systems (Minneapolis, MN, USA); DAKO (Santa Clara, CA, USA); Santa Cruz
(Dallas, TX, USA).

Immuno-reactive scores (IRS) were calculated for each TMA core by multiplying
the % area of DAB staining by the DABwt%. A TMA slide stained for INHBC was also
manually scored by two experienced, blinded, independent observers as described by
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Marino et al. [22] and the IRS compared between the two methods. Results from the
manual and digital scoring methods were significantly correlated with a Pearson R2 of
0.7227 and p < 0.001.

2.2. Online Analysis of Activin mRNA Expression

An online analysis of publicly available PCa patient datasets was performed with
cumulated data from Oncomine (Compendia Bioscience https://www.oncomine.org/
resource/main.html accessed on 19 May 2021). A FireBrowse analysis of PCa patient
datasets from The Cancer Genome Atlas (TCGA; data version 2016-01-28) that compared
gene expression between normal and PCa samples was also performed. Presented data is
modified from Oncomine or FireBrowse. The FireBrowse analysis did not provide statistical
significance values.

2.3. Recombinant INHBC Expression and Purification

Commercially available recombinant INHBC, consisting of the mature region only,
did not alter PCa cell proliferation in our assays, whereas full-length, unpurified INHBC
had been previously shown to alter the effect of INHBA on LNCaP cell proliferation [13].
Therefore, we produced full length, purified, recombinant INHBC to examine the effect
of INHBC on PCa cell proliferation. An expression cassette was synthesized encoding
the wild-type sequence of human INHBC modified to incorporate the rat serum albumin
signal sequence at the N-terminal end, followed by a His8 affinity tag for purification and
a Strep II tag to allow detection of the proregion (GenScript, Piscataway, NJ, USA). The
cDNA fragment was cloned into the pEFIRESp expression vector [23] and the plasmid
transfected into CHO-K1 cells using Lipofectamine 3000 following the manufacturer’s
instructions. Stable cell lines (polyclonal) were established using puromycin selection
(Sigma, Auckland, New Zealand). Cells were grown to near confluence and the growth
media replaced with serum-free production media consisting of DMEM with 0.1 mg/mL
BSA (Sigma), 2 mM GlutaMAX, 100 IU/mL penicillin and 100 μg/mL streptomycin, and
cultured for 48 h. Production media was harvested, and INHBC protein purified using
HisPur NiNTA resin according to the methods described by Mottershead et al. [24]. The
presence of the imidazole elution buffer was found to increase growth of LNCaP cells
and inhibit growth of the other prostate cell lines and was therefore removed by dialyz-
ing the INHBC preparation in three changes of Dulbecco’s PBS using a Slide-A-Lyzer
MINI Dialysis Device (3.5K MWCO). SDS-PAGE and Western blotting was performed
on purified INHBC under reducing conditions, according to the methods described by
Marino et al. [17]. Intercept blocking buffer (Millenium Science, Auckland, New Zealand)
was used for the blocking steps and dilution of primary and secondary antibodies. Ni-
trocellulose membranes were incubated overnight with a 1:1000 dilution of INHBC anti-
body (Abcam ab73904; 0.5 μg/mL). Secondary antibody detection was performed using
IRDye 800CW goat anti-mouse IgG1 (Li-Cor, Millennium Science, Auckland, New Zealand)
and imaged with an Odyssey Classic scanner and Image Studio Lite software. The con-
centration of the purified INHBC mature region monomer was estimated by Western
blot analysis relative to known amounts of recombinant human INHBC (R&D Systems,
Minneapolis, MN, USA).

2.4. Prostate Cell Lines

Four human prostate cell lines were used in these studies: PNT1A (Sigma; 95012614),
LNCaP (ATCC; CRL-1740), DU145 (ATCC; HTB-81) and PC3 (ATCC; CRL-1435). PNT1A
cells are immortalized prostatic epithelial cells that represent normal prostate epithe-
lium [25]. LNCaP, DU145 and PC3 cells originate from prostate carcinoma metastases
from lymph node, brain and bone, respectively. All PCa cell lines in our laboratory have
been recently validated using STR profiling. All cells were maintained in DMEM with 10%
fetal bovine serum (FBS) (Moregate Biotech, Hamilton, New Zealand), 2 mM GlutaMAX-1,
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100 U/mL penicillin and 100 μg/mL streptomycin and incubated at 37 ◦C in a humidified
atmosphere of 5% CO2 in air. FBS was heat-inactivated for 30 min at 56 ◦C.

2.5. Stable Transfection of Prostate Cell Lines with INHBB and INHBC

The human INHBB pCMV3-SP-N-FLAG expression plasmid (Cat# HG10814-NF; Sino
Biological, Beijing, China), the pCMV3-SP-N-FLAG negative control vector (Cat# CV020;
Sino Biological), the modified human INHBC pEFIRES expression plasmid (as above) or
the pEFIRES negative control vector (Cat#1849; GenScript) were transfected into PNT1A
and PC3 cells. Prior to transfection, plasmid stocks were prepared by transforming the
DNAs into chemically competent DH5alpha E. coli prepared using the Inoue method [26],
and plasmid minipreps were validated by restriction endonuclease digestion. Bulk DNA
was then isolated for transfection using the Qiagen endotoxin-free Plasmid Maxi Kit
(Cat#12362; Qiagen, Auckland, New Zealand). Prostate cells were seeded into 6-well plates
with 300,000 PC3 cells or 600,000 PNT1A cells per well, and allowed to attach overnight.
During transfection, growth media was replaced with Opti-MEM 30 min before transfection.
Plasmid DNA (5 μg) mixed with Lipofectamine 3000 (3.75 μL, Invitrogen) was added and
cells were incubated for 4 h at 37 ◦C in 5% CO2 in air. After incubation, the Opti-MEM
and DNA/Lipofectamine mix was replaced with growth media containing 20% FBS and
incubated at 37 ◦C, 5% CO2 for 48 h. After the 48 h growth period, stably transfected
cells were selected for using hygromycin (pCMV3) or puromycin (pEFIRES) following
optimization of the concentration for each antibiotic and cell line to give 100% cell death
within 10 days.

2.6. Western Blot Quantitation of Activins in Prostate Cell Lines

Protein isolation was performed as described by Marino et al. [17] from up to three
separate passages of each cell line (PNT1A, LNCaP, PC3, cell lines overexpressing INHBB
or INHBC, and empty vector controls) and quantified using the Pierce BCA Protein Assay
Kit (Life Technologies, Auckland, New Zealand). For each cell line, 60 μg of protein from
each cell passage was separated on a 12% SDS-PAGE acrylamide gel, under reducing
conditions, and Western blotting analysis performed as described above. This was repeated
in three separate Western blots for each cell lysate sample. Proteins were detected with
the primary antibodies and Li-Cor secondary antibodies listed in Table 2. Relative signal
intensities were compared between cell lines for each protein, normalized to GAPDH, using
the Odyssey infra-red imaging system and Image Studio Lite software (Li-Cor).

Table 2. Antibodies used for Western blots.

Antibody Supplier Catalogue No Dilution Species & Clonality

INHBA
(pro-region) Abcam ab128958 1:1000 Rabbit Monoclonal IgG1

INHBB (mature) Abcam ab128944 1:2000 Rabbit polyclonal IgG
INHBC (mature) Abcam ab73904 1:1000 Mouse monoclonal IgG1

GAPDH Abcam ab9484 1:6000 Mouse monoclonal IgG2b
GAPDH Abcam ab181602 1:6000 Rabbit monoclonal

Anti-rabbit LI-COR C20322-01 1:10,000 800 CW
Anti-rabbit LI-COR C10628-01 1:25,000 680 LT
Anti-mouse LI-COR 926-32350 1:10,000 IgG1 800 CW
Anti-mouse LI-COR 926-68052 1:25,000 IgG2b 680 LT

2.7. Cell Growth Assays

The effect of recombinant activins, signaling pathway inhibitors and overexpression of
activins on the growth of human prostate cell lines was tested using an MTS colourimetric
cell proliferation assay (CellTiter 96). Cells were cultured for 24 h in 96-well plates in DMEM
with 5% FBS with 5000 cells per well. Media was then replaced with either DMEM with
2% FBS (control) or the same medium containing recombinant human INHBC (either our
full-length INHBC or mature region from R&D Systems; 1629-AC), human INHBA (mature
region, R&D systems; 338-AC), human INHBB (mature region, R&D systems; 659-AB),
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SB431542 ALK4/5/7 inhibitor (Tocris, In Vitro Technologies, Auckland, New Zealand),
LY294002 PI3K/AKT inhibitor (Tocris), SB202190 MAPK inhibitor (Tocris), LDN193181
ALK2/3 inhibitor (Selleckchem #S2618) or DMSO vehicle control. Cells were incubated for
either 72 h (LNCaP, PC3) or 144 h (PNT1A, DU145) to allow for the different growth rates
of the cell lines. Treatments were replicated in three or six wells using a minimum of three
different cell passages for each cell line. At the end of the culture period, 20 μL Promega
CellTiter 96 AQueous One solution (In Vitro Technologies, Auckland, New Zealand) was
added to each well and incubated for 1 h at 37 ◦C and the absorbance read at a wavelength
of 490 nm in a VICTOR X4 multimode plate reader (PerkinElmer, Buckinghamshire, UK).

2.8. Migration Assays

To determine if overexpression of INHBB or INHBC altered cell migration, cells were
seeded in 8 μm pore transwell permeable inserts (Corning, #3428) in 24-well companion
plates (Falcon, 353504). Cells were seeded at either 25,000 PNT1A or 50,000 PC3 cells per
insert and were cultured for 24 h in DMEM with 2% FBS. After incubation, inserts were
washed with PBS and cells remaining on the top of the insert were removed. Migrated
cells were fixed using 100% methanol for 25 min, stained overnight with 0.5% (w/v) crystal
violet, washed and air-dried. Five separate fields of view per insert were imaged at
20× magnification using a DMi1 microscope with Leica Application Suite, version 3.2.0
(Leica Microsystems, Balgach, Switzerland). Cell counts were taken as the total of all
stained cells in five fields of view, and were performed manually. Three independent
experiments were performed using separate cell passages with triplicate inserts.

2.9. Statistical Analysis

All statistical analysis was carried out using R software [27]. Three different general
methods were used. A General linear model (GLM) assuming a negative binomial response
distribution was used to fit the Western blot normalised fluorescent intensity data for
the different PCa cell lines. This model was able to accommodate the tendency for the
variance of the fluorescence values to increase with increasing mean. Mean fluorescence was
modelled using a linear function of the main effects, cell line and activin. The interaction
effect between cell line and activin was excluded from the final model because it did not
significantly improve the main effects only model. The model was fitted using the glm.nb
function from the MASS package [28].

Generalised least squares (GLS) models were fitted to the immunohistochemistry IRS
data and the MTS absorbance data for the modified PC3 cells treated with ALK2/3 inhibitor.
The GLS method was used to account for differences in measurement variance across the
different treatments. For the IRS data, both the mean and variance was modelled as a
function of the “Highest Gleason” treatment effect. The models were fitted using the gls
function from the nlme package [29].

The normal linear model (NLM) was used to fit models to absorbance data from the
cell proliferation and migration assays. In all of these models, in addition to the treatment
effect of interest, the date of testing was included as a predictor variable to control for any
variance in experiment conditions or cell pools across the different dates. The models were
fitted using the lm function [27]

A NLM with fluorescence fold-change response was found to be the most efficient
way to model the Western blot data from the transfected cell lines. Individual fold-change
values were calculated by dividing the INHBB or INHBC transfected cell line fluorescent
intensities by the empty vector control values for each Western blot date. This approach
helped to control for the variance in Western blot intensities across the different dates. The
model was fitted using the lm function [27].

The validity of the underlying assumptions of all final models were tested using
residual diagnostics and were found to be acceptable. All post hoc statistical testing
(including adjustment for multiple comparisons) and means estimation was preformed
using the R package emmeans [30].
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3. Results

3.1. Immuno-Reactive Scores in Relation to Gleason Score

Gleason scores were provided for each adenocarcinoma patient core by US Biomax
and the IRS were analysed relative to the highest Gleason pattern present in each core.
Gleason patterns 1 and 2 were combined into one group due to the low number of cases.
Graphs of each protein showing the IRS for each core and Gleason pattern are presented
in Figure 1. Representative images of immunohistochemical staining for each protein in
normal and high-grade PCa tissue cores are presented in Supplementary Figure S1.

Figure 1. Graphs of IRS for individual TMA cores immunostained for TGFB family and other
proteins relative to the highest Gleason pattern present. Bars represent mean +/− 95% confi-
dence limits. Asterisks alone indicate significant differences compared to normal tissue and as-
terisks beside horizontal lines above bars indicate differences between Gleason patterns. * p < 0.05,
** p < 0.01, *** p < 0.001.
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There were no differences in mean IRS for INHBA, however, expression varied greatly
in the Gleason pattern 5 cases with a cluster of cores with higher IRS. For INHBB the mean
IRS for pattern 4 and pattern 5 cases was greater than the normal and pattern 3 cases. The
IRS in the higher-grade cores was variable and appeared to separate into clusters of either
high or low IRS. In contrast, the mean IRS for INHBC Gleason pattern 4 was significantly
lower than normal tissue, while both patterns 4 and 5 were lower than patterns 1&2 and
pattern 3. The mean IRS for INHA (inhibin α) in Gleason pattern 1&2, 3 (p = 0.0504) and
4 tumors was higher than normal tissue. However, the IRS were variable and again, the
cases segregated into clusters of high or low scores. There was only one significantly differ-
ent group in the activin receptor 2A (ACVR2A) stained cases (pattern 4 less than pattern 3)
and no differences between groups for ACVR2B indicating that receptor expression does
not change with increasing Gleason pattern. Expression of SMAD2, SMAD3, follistatin
(FST), androgen receptor (AR) and BCL2 decreased while MYC and marker of proliferation
Ki-67 (MKI67) expression increased in the higher Gleason patterns compared to normal
tissue with no differences between Gleason groups. Bone morphogenetic protein 4 (BMP4)
expression appeared to increase in pattern 1&2 (not significant) compared to normal tissue
and then decrease again in patterns 4 and 5. Tumour protein p53 (TP53) expression did not
change with increasing Gleason pattern.

Spearman correlation coefficient analysis showed significant positive correlation in
IRS between most of the proteins examined (data not shown). There was a general pattern
of an increase in IRS for INHBB and a decrease in INHBC with increasing Gleason pattern
and these were the only two proteins to have a negative Spearman correlation coefficient
r-value (−0.253, p = 0.014).

3.2. INHBB and INHBC RNA Expression in Prostate Tissue

To determine if the differences in INHBB and INHBC protein expression observed
between tumours with different Gleason patterns corresponded to differences in RNA
expression in PCa, the Oncomine cancer microarray database was explored. Three studies
were identified that compared INHBB gene expression in normal and pathological prostate
tissue cases [31–33]. The Yu dataset showed a 1.59-fold increase (p < 0.0001) in INHBB
expression in prostate carcinoma compared to healthy prostate (Figure 2A). The Luo
dataset (Figure 2B) also showed increased INHBB expression (fold change = 1.630) in
prostate carcinoma when compared to benign prostatic hyperplasia (BPH; p = 0.024). The
Tomlins dataset showed a 1.60-fold increase (p < 0.001) in INHBB expression in prostatic
intraepithelial neoplasia (PIN) compared to the healthy prostate (n = 25) (Figure 2C).

Oncomine data for the expression of INHBC in the Liu Prostate dataset [34] showed
elevated INHBC (fold change of 1.16; p = 0.003) expression in PCa when compared to the
healthy prostate (Figure 2D). Oncomine analysis of the TCGA prostate dataset version
2012_10_12 also showed a significant increase (p < 0.0001) in INHBC expression compared
to the prostate gland (Figure 2E); however, the expression change is minimal with a fold
change of 1.02.

Analysis of RNA-Seq data for INHBB using FireBrowse showed a 1.33-fold increase
in INHBB expression in tumour samples compared to normal (Figure 2F). In contrast, the
FireBrowse INHBC analysis showed a 0.388-fold decrease in INHBC expression in tumour
samples compared to normal prostate samples (Figure 2G).

3.3. Prostate Cell Lines Express Different Levels of INHBA, INHBB and INHBC

Western blot analysis for INHBA in the prostate cell lines showed a single band
at approximately 45 kDa (Figure 3A). This antibody recognises the pro-region of the
protein. LNCaP and PC3 cells had significantly higher expression of INHBA than PNT1A
cells (Figure 3D).
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Figure 2. Box plots derived from gene expression data in Oncomine or FireBrowse, comparing
results for human prostate expression of INHBB and INHBC. INHBB expression was shown in data
sets from (A) Yu Prostate, comparing the prostate gland (P; n = 23), and prostate carcinoma (PCa;
n = 65); (B) Luo Prostate, comparing benign prostatic hyperplasia (BPH; n = 9) and PCa (n = 16);
(C) Tomlins Prostate data, comparing the normal prostate (P; n = 25), BPH (n = 10), prostatic intraep-
ithelial neoplasia (PIN; n = 13), and PCa (n = 46). INHBC expression was shown in data sets from
(D) Liu Prostate data, comparing prostate gland samples (P; n = 13) and PCa (n = 44); (E) The Cancer
Genome Atlas (TCGA) comparing blood (n = 148), the prostate gland (P; n = 61) and PCa (n = 45).
(F) FireBrowse RNASeq data comparing INHBB expression in normal prostate samples (blue; n = 52)
and tumour samples (red; n = 498). (G) FireBrowse RNASeq data comparing INHBC expression in
normal prostate samples (blue; n = 45) and tumour samples (red; n = 457). Figures are presented
as box plots. The box midline is the median, top and bottom of the box represent 75th and 25th
percentiles, and top and bottom whiskers represent 90th and 10th percentiles.
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Figure 3. Representative Western blots of (A) INHBA, (B) INHBB, and (C) INHBC protein in PNT1A
(PN), LNCaP (LN) and PC3 (PC) cells with GAPDH loading control. (D) Graphs showing relative
fluorescent intensity of INHBA, INHBB, INHBC pro-mature multimers and INHBC mature dimer
normalised to GAPDH in PNT1A, LNCaP and PC3 cells. Data is presented as the estimated marginal
mean (emmean) ± 95% confidence limits. * p < 0.05, ** p < 0.01 and *** p < 0.001 relative to PNT1A
cells from a General Linear Model analysis. Protein was isolated from one passage of each cell line
for INHBA and INHBB and three separate passages for INHBC and quantified in three Western blots
for each protein.

The INHBB antibody used for Western blotting was made to a c-terminal (mature
region) sequence. Western blotting for INHBB in protein extractions from the three prostate
cell lines showed bands at approximately 50 and 55 kDa (Figure 3B) with weak bands at
12 kDa (not shown). Both LNCaP and PC3 cells exhibited significantly higher expression
of INHBB when compared to PNT1A cells (Figure 3D).

The INHBC antibody recognises the mature region of the protein which was present
in the Western blot as multimers of the pro- and mature regions of INHBC, between 45
and 75 kDa, and dimers of the mature region at approximately 25 kDa (Figure 3C). Bands
of INHBC mature region monomer were visible in some blots at around 12 kDa but were
very weak relative to the mature region dimer and higher molecular weight bands. PNT1A
and PC3 cells expressed similar levels of INHBC pro-mature multimers and significantly
more than the LNCaP cells while PC3 cells expressed more INHBC mature dimer than both
PNT1A and LNCaP cells (Figure 3D).

3.4. Recombinant INHBC

Western blot analysis of our purified full-length recombinant INHBC, separated under
reducing conditions, showed a band at approximately 12 kDa, the expected size of the
mature chain monomer of INHBC (Supplementary Figure S2). A larger 55 kDa band was
also present which is likely to consist of the unprocessed full-length protein, i.e., pro-region
and mature region. The R&D Systems INHBC exhibited mature region monomer (12 kDa)
and dimer (24 kDa) only and no pro-region as expected.
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3.5. Effect of Recombinant Activins on Prostate Cell Growth

Recombinant INHBA inhibited growth of PNT1A, LNCaP and PC3 cells but not DU145
cells (Figure 4). INHBB inhibited growth of PNT1A and LNCaP cells but not PC3 or DU145
cells (Figure 4). In contrast, INHBC had no effect on growth of any of the cell lines either
alone, or in combination with INHBA or INHBB, except for a trend towards an increase in
absorbance when the combination of INHBA and INHBC was compared to INHBA alone
in PC3 cells (p = 0.0697).

Figure 4. (A–E) MTS cell growth assays for prostate cell lines treated with exogenous recombinant
INHBA, INHBB, INHBC, or INHBA or INHBB combined with INHBC (ng/mL). Data are presented
as the emmean absorbance ± 95% confidence limits from a minimum of three separate biological
replicates with three to six technical replicates per treatment per assay. Asterisks indicate significant
differences between treated and untreated (control) cells *** p < 0.001 analysed by a NLM.

3.6. Overexpression of INHBB or INHBC Alters Growth and Migration of PCa Cell Lines

Western blot analysis showed expression of INHBB was higher in PC3 cell line en-
gineered to stably overexpress INHBB when compared to the empty vector control cells
(Figure 5A,C). However, the mean fold-change was not statistically different (p = 0.1882).
INHBC was also overexpressed in PNT1A (p = 0.0018) and PC3 cells (p = 0.0001) when
compared to empty vector controls (Figure 5B,D). PNT1A cells transfected with INHBB
grew very slowly compared to those transfected with the negative control plasmid and
were unable to be grown in sufficient numbers for further experiments, suggesting INHBB
overexpression inhibits growth of or is genotoxic to these cells. The overexpression of
INHBB in the PC3 cell line resulted in a robust increase in cell growth (p < 0.0001) and
migration (p < 0.0001) when compared to the empty vector controls (Figure 6A,D). PNT1A
cells overexpressing INHBC showed increased cell growth (p < 0.001) and no change in
cell migration when compared to the empty vector controls (Figure 6B,E). In contrast, PC3
cells overexpressing INHBC showed decreased cell growth (p < 0.05) and increased cell
migration (p < 0.0001) when compared to the empty vector controls (Figure 6C,F).
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Figure 5. Representative Western blots showing the overexpression of (A) INHBB in transfected
PC3 cells and (B) INHBC in transfected PNT1A and PC3 cell lines. Graphs show fold-change of
the fluorescent intensity relative to the EV control cells (dashed line at 1.0) for (C) INHBB and
(D) INHBC. Data presented as individual fold-change values (dots) and the emmean
fold-change ± 95% confidence limits (grey bar and lines) from 3 Western blots. ** p < 0.01 and
*** p < 0.001 analysed by a NLM.

Figure 6. In vitro proliferation and migration assays for prostate cell lines either untransfected (UT),
transfected with empty vector control (EV) or overexpressing INHBB or INHBC. MTS growth assay
for (A) PC3 cells overexpressing INHBB, (B) PNT1A cells overexpressing INHBC and (C) PC3 cells
overexpressing INHBC. Migration assays for (D) PC3 cells overexpressing INHBB, (E) PNT1A cells
overexpressing INHBC and (F) PC3 cells overexpressing INHBC. Data are presented as estimated
mean absorbance or cell count ± 95% confidence limits from a minimum of three separate passages
with triplicate wells per assay. *** p < 0.001 analysed by NLM. ns: Insignificance is denoted by ns.
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3.7. Response to Pathway Inhibitors Varies between Prostate Cell Lines

While the ALK4/5/7 (Smad2/3) pathway is reported to be the canonical signaling
pathway for INHBA and INHBB, other pathways have also been shown to be activated by
these ligands. Therefore, dose response growth assays were performed to determine the
effect of the ALK4/5/7, p38 MAPK, PI3K/AKT and ALK2/3 pathway inhibitors on PNT1A,
LNCaP and PC3 cell lines (Figure 7). Inhibition of ALK4/5/7 had no effect on PNT1A cell
growth, but decreased LNCaP and increased PC3 cell growth at 5 μM and 10 μM. The p38
MAPK inhibitor increased growth in both PNT1A and PC3 cells with a greater effect on
the PC3 cells. In contrast, inhibition of this pathway decreased growth of LNCaP cells.
All three cell lines showed decreased growth in response to the PI3K/AKT inhibitor but
the PC3 cells were less sensitive and only responded to the 10 μM dose (p < 0.05). The
ALK2/3 pathway inhibitor was the only one that consistently decreased growth at the
lowest concentrations across all three of the cell lines (Figure 7). There was no significant
effect of the DMSO vehicle control at any of the concentrations tested in any cell line.

Figure 7. MTS growth assays for prostate cell lines treated with DMSO vehicle control or small
molecule pathway inhibitors of ALK4/5/7 (SB431542), p38 MAPK (SB202190), PI3K/AKT (LY294002)
and ALK2/3 (LDN193189). The DMSO was used at the equivalent dilution for each inhibitor dose.
Data are presented as estimated mean absorbance ± 95% confidence limits from a minimum of three
separate passages with three to six wells per assay. * p < 0.05; ** p < 0.01; *** p < 0.001 relative to the
DMSO control, analysed by a NLM.

3.8. Summary of Results

Table 3 presents a summary of the different expression levels and effects of activins on
prostate cell lines and tissue.
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Table 3. Summary of INHBA, INHBB, INHBC expression and function in prostate cells.

Prostate
Tissue or Cell Line

Activin
Expression

Exogenous Treatment Overexpression

Growth Growth Migration

A B C-Mat A B C B C B C

Normal mod mod mod
Gleason 4 & 5 mod ↑ ↓

PNT1A low low low ↓ ↓ = ↓ ↑ - =
LNCaP ↑ ↑ low ↓ ↓ = - - - -

PC3 ↑ ↑↑ ↑ ↓ = = ↑ ↓ ↑ ↑
A (INHBA); B (INHBB); C-mat (INHBC mature region); C (INHBC); ↑ (increased); ↓ (decreased); mod (moderate);
= (no change); - (not done).

4. Discussion

This study has demonstrated for the first time that INHBB and INHBC appear to have
opposing roles in regulating PCa cell growth and migration. INHBB protein and RNA
expression was increased in tumors with higher Gleason patterns or in PCa compared
to normal prostate tissue. The PCa cell lines LNCaP and PC3 also had higher expressin
of INHBB protein relative to immortalized prostate epithelial cells (PNT1A). In contrast
INHBC protein expression decreased in higher-grade tumors and RNA expression appeared
lower in tumor samples compared to normal prostate tissue in a relatively large data set of
RNAseq data from the TCGA.

In the absence other clinical data, such as patient survival, we analyzed the IRS of the
TMA cores in relation to the highest Gleason pattern present. The morphological changes
associated with increasing Gleason pattern represent cell and tissue level changes associated
with more advanced cancer. While Gleason scores and the new ISUP grading system are
good predictors of survival they still cannot accurately predict which tumors are faster
growing or more invasive [35,36]. Tumor heterogeneity is high in PCa and this can be seen
in the varied IRS scores across the different proteins and cases presented here. Therefore,
any variation in IRS in individual cores relative to normal prostate tissue could indicate a
protein is involved in tumor progression irrespective of the Gleason score assigned to the
tumor biopsy, and these proteins warrant further study.

There were many cases with significantly increased IRS for INHBB in cores containing
Gleason patterns 4 and 5 (Figure 1) and these tumors likely contain more cells undergoing
rapid proliferation or epithelial-mesenchymal transition. Our current results indicate
that INHBB could be used as a positive biomarker for distinguishing between latent and
aggressive PCa tumors. Particularly if combined with decreasing INHBC expression as
the IRS for these two proteins were negatively correlated and both changed when Gleason
pattern 4 was present, compared to Gleason pattern 3 (Figure 1).

These results appear to differ to our previously published data that showed INHBC
expression was higher, and INHBB expression was lower in tumors that had undergone
extracapsular spread compared to normal tissue [16,37]. A digital scoring method was
employed in the current study which removed the inter/intra-observer error associated
with manual scoring methods used in earlier studies and an increased number of cases
were assessed. In the previous studies, extracapsular spread was determined from the
TNM grading for the patients which do not necessarily correspond to the Gleason scores
of the individual biopsy cores on the TMA slide, due to heterogeneity within the tumor.
Staining intensity generally differs between stromal and epithelial compartments and thus
scores can vary depending on the composition of the core. Our current study has not
differentiated between cell types within each biopsy core in order to identify biomarkers
that could form the basis of a simple, robust test that does not require expert pathological
examination to distinguish and score the different cell compartments.

INHBA has been more extensively studied than the other activins and Kang et al. [38]
reported increased INHBA protein and mRNA in primary PCa in patients who developed
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bone metastasis compared to those who did not develop bone metastasis. Chen et al. [15]
have also shown expression of INHBA is elevated in PCa metastases and correlates with
poorer survival. We did not observe any differences in INHBA expression, nor the ac-
tivin receptors, ACVR2A (except for a slight decrease in IRS between patterns 3 and 4)
and ACVR2B, between Gleason patterns (Figure 1) but PC3 cells expressed higher lev-
els of INHBA than the immortalized epithelial PNT1A cells (Figure 3D). The mean IRS
for inhibin-α (INHA) was higher in Gleason patterns 1 and 2 relative to normal tissue
and then decreased again in higher Gleason patterns (Figure 1). INHA may be an early
marker of PCa, although each pattern had some cases with high INHA IRS. In a study by
Balanathan et al. [39], INHA staining intensity was higher in the stroma and benign regions
of PCa tumors with extracapsular spread, but not the epithelial cancer regions, compared
to organ confined cancer. There were no obvious changes to stromal INHA staining in
our study, however, as mentioned previously, we did not score the different cell types
separately. Similarly, BMP4 appears to have a transitional increase in expression in tumors
exhibiting only Gleason patterns 1 or 2, followed by a decline in expression with patterns 4
and 5 (Figure 1). Whether the later stage tumors that continue to express higher levels of
BMP4 are growing faster or slower is unknown but an increase in expression of this protein
may be an early indicator of carcinoma. The remainder of the TGFB family proteins we
have examined, SMAD2, SMAD3 and FST all decreased with increasing Gleason patterns
compared to normal tissue but did not differ between patterns (Figure 1). Therefore, they
would not be useful markers for differentiating between indolent and aggressive PCa.
Shipitsin et al. [6] reported a negative correlation between SMAD2 expression and PCa
lethality while Lu et al. [40] showed no correlation between SMAD2 and Gleason score
but an increased expression of SMAD3 with increasing Gleason score. The loss of FST
expression, an inhibitor of INHBA and INHBB may allow increased signaling by these
proteins [41]. However, the concurrent loss of the SMAD signaling molecules that INHBA
and INHBB have been shown to act through would negate this. Overall, our data high-
light the important role of the TGFB family in maintaining normal prostate function as
expression of many of these proteins was decreased in prostate tumors compared to normal
prostate tissue.

Androgen receptor expression also declined with increasing Gleason grade (Figure 1).
Published data for AR protein expression in PCa is contradictory and studies vary in their
methodology. For example, some count nuclear staining or measure overall staining, others
compare stromal vs. epithelial or primary cancer vs. metastasis. Several studies have,
however, reported an inverse relationship between AR protein expression and Gleason
grade, particularly when comparing stromal tissue to epithelial cells [42–44]. The current
study did not differentiate between the stromal and epithelial compartments and the IRS
for AR is significantly lower in all pathologies compared to normal prostate. Unfortunately,
markers that decrease expression with increasing tumor grade are not as compatible with a
robust prognostic test as those that increase expression. Expression of MKI67 and MYC
increased in the higher Gleason pattern cores while BCL2 decreased (Figure 1). This
is as expected as the first two are well known markers of proliferation associated with
cancer growth while a decrease in BCL2 expression is associated with loss of apoptosis and
increased proliferation. Mutations in TP53 are commonly found in PCa but only some result
in increased protein expression as observed in a small subgroup of biologically aggressive
PCa [45]. The TP53 isoform Δ133TP53β has also been shown to be increased in higher
grade PCa and is associated with immune cell infiltration [46]. These may explain why only
a few of the TMA cases across different Gleason patterns in our study exhibited increased
staining for TP53 (Figure 1).

The findings from Oncomine and FireBrowse analysis of RNA expression are consis-
tent with our protein expression results showing INHBB expression is higher, and INHBC
is lower, in prostate tumours when compared to healthy prostate (Figure 2). This implies
that increased expression of INHBB and decreased expression of INHBC may be associated
with a poorer prognosis in PCa patients.
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Exogenous treatment with recombinant mature-region INHBA inhibited growth
in all of the cell lines except for DU145 while both DU145 and PC3 cells were unaf-
fected by treatment with exogenous mature-region INHBB (Figure 4). Addition of full-
length recombinant INHBC had no effect on the growth of any of the prostate cell lines
tested. The different responses of the cell lines may be due to differing endogenous
expression levels of activins, their receptors or activin inhibitors such as FST [47,48].
McPherson et al. [47] showed INHBA inhibited LNCaP cells but in their study DU145
cells were also inhibited and PC3 cells did not respond to either INHBA or INHBB. In
contrast, Simon et al. [49] have reported INHBA treatment of PC3 cells increased prolif-
eration. However, this was in the presence of 1% FBS that had not been heat-inactivated.
They also showed that INHBA antibody decreased non heat-inactivated serum induced
proliferation of PC3 cells indicating this effect was due to an interaction between INHBA
and another active component in serum. The proliferation assays in our current study were
all performed in the presence of 2% heat inactivated FBS with the same media, conditions
and endpoint which has enabled us to directly compare the responses of the different
prostate cell lines to the different activins.

The modification of PNT1A or PC3 cells to overexpress INHBC increased growth
of PNT1A cells but decreased growth and increased migration of PC3 cells (Figure 6).
This indicates that either our recombinant, purified INHBC protein is not bioactive or
endogenous expression of INHBC is required for function. Overexpression of INHBB in
PNT1A cells decreased the growth and survival of these cells which is in concordance
with the effect of exogenous recombinant INHBB on these cells. In contrast, INHBB
overexpression increased growth and migration of PC3 cells (Figure 6) suggesting these
cells either respond to the endogenous presence of INHBB, or the full-length protein but
not the mature region alone. The opposing effects of overexpression of INHBB and INHBC
on the immortalized epithelial PNT1A cells and metastatic PCa PC3 cells indicates a switch
in the function of these activins from inhibiting or regulating growth in normal epithelial
cells to being pro-oncogenic in tumor cells. A similar switch in response to TGFB and
INHBA in PCa has been previously described [50,51].

The in vitro assay data corresponds to the protein expression results for both the
prostate biopsy cores and the cell lines which suggest an increase in INHBB expression in
higher grade tumors and metastatic cell lines may be driving the development of more
aggressive cancer, while a decrease in INHBC expression may be reducing growth inhibition
in cases of prostate carcinoma. However, expression of INHBC pro- and mature-region was
low in LNCaP cells but not PC3 cells, while PNT1A cells had low mature-region and high
pro-region protein (Figure 3).

The commercially available INHBC, consisting of the mature chain only, had no ef-
fect on LNCaP cell proliferation with or without INHBA or INHBB (Figure 4A,B). The
pro-region of TGFB family proteins is known to be important for mediating folding and
dimerization of the C-terminal mature domains, binding to extracellular matrix and reg-
ulation of signaling [41,52,53]. We hypothesized that the activity of INHBC may require
the presence of the N-terminal pro-region, as is the case for cumulin, another TGFB family
member [24]. However, our purified, full length, recombinant INHBC containing both the
pro-region and mature region proteins was unable to inhibit INHBA or INHBB suppres-
sion of growth in LNCaP cells but did trend towards an inhibition of INHBA function in
PC3 cells. This differs to results previously reported in LNCaP cells using an unpurified
INHBC preparation produced in CHO cells which was able to block INHBA inhibition of
LNCaP cell growth [13,14]. CHO cells secrete many factors that can alter cell growth and
therefore the effect reported from this INHBC preparation could potentially have been due
to the presence of contaminating proteins. Goebel et al. [54] have also demonstrated that
mature-region INHBC does not directly antagonize INHBA signaling. However, inhibin-α
knock-out mice that have increased INHBA and develop testicular and ovarian tumors,
were shown to have reduced tumor formation when modified to overexpress INHBC [17].
Other studies have reported that INHBC can reduce the formation of homodimeric INHBA
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and increase heterodimeric INHBAC which has a lower affinity for the ACVR2B recep-
tor [14,55]. Marino et al. [22] have also shown that INHBC can directly bind the ACVR2A
and 2B receptors but does not alter SMAD2/3 or ERK signaling, indicating INHBC may
block INHBA receptor binding.

Inhibition of the ALK4/5/7 signaling pathway had no effect on PNT1A cell growth
indicating this pathway is not very active in normal prostate epithelial cells (Figure 7).
This may be because INHBA that is known to activate this pathway had low expression in
PNT1A cells. Blocking the ALK4/5/7 pathway in PC3 cells however, increased growth,
likely due to inhibition of INHBA signaling which would normally decrease growth of these
cells. Unexpectedly, LNCaP cells had decreased growth when exposed to the ALK4/5/7
inhibitor. MAPK inhibition decreased growth of both PNT1A and PC3 cells but again had
the opposite effect on LNCaP cells. The ALK2/3 inhibitor was the only one to significantly
inhibit growth of all three prostate cell lines and therefore the use of the LDN193189 small
molecule inhibitor for the treatment of PCa should be further explored.

5. Conclusions

To summarize, our results suggest that combining quantification of INHBB and INHBC
in prostate biopsies may enable the identification of tumors containing cells that will
be particularly malignant. These, and other TGFB family proteins, could provide more
accurate predictions of clinical outcome and guide decision making in relation to surgery,
active surveillance, or watchful waiting, and thus improve life expectancy and quality
for PCa patients. Inhibition of INHBB expression and/or targeting the ALK2/3 pathway
may also be novel therapeutic targets for the treatment of PCa. Further work is needed
to elucidate the mechanisms of INHBC cell signaling and to corroborate the TGFB family
expression differences observed in a larger cohort of PCa patients with more comprehensive
clinical data.
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protein p53 (TP53), B-cell CLL/lymphoma 2 (BCL2); Figure S2: Western blot of recombinant INHBC
from R&D Systems and our laboratory (rActC) showing presence of pro-mature and mature-region
bands in our full-length recombinant protein.
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Simple Summary: Prostate cancer (PCa) is one of the major cancers affecting men. Localized and
loco-regional PCa is usually treated by radical prostatectomy, radiation therapy, cryosurgery or with
HIFU (High-Intensity Focused Ultrasound). Advanced or metastatic cancers are most often treated
with androgen deprivation therapy, but too often such patients progress to lethal castration-resistant
PCa. IL-6 plays a key role in prostate cancer but no data on ciliary neurotrophic factor (CNTF), a
member of interleukin-6 cytokine family, are known. We detected CNTF and its receptor CNTFRα in
human androgen-responsive and in castration-resistant prostate cancer (CRPC) tissues. In addition,
we showed that CNTF downregulated MMP-2 and GLUT-1 expression by MAPK/ERK, AKT/PI3K
and Jak/STAT pathways in a CRPC in vitro model. This suggests a pivotal role of CNTF as negative
modulator of invasion processes in this PCa model.

Abstract: Background: Prostate cancer (PCa) remains the most common diagnosed tumor and is
the second-leading cause of cancer-related death in men. If the cancer is organ-confined it can be
treated by various ablative therapies such as RP (radical prostatectomy), RT (radiation therapy),
brachytherapy, cryosurgery or HIFU (High-Intensity Focused Ultrasound). However, advanced
or metastatic PCa treatment requires systemic therapy involving androgen deprivation, but such
patients typically progress to refractory disease designated as castration-resistant prostate cancer
(CRPC). Interleukin-6 (IL-6) has been established as a driver of prostate carcinogenesis and tumor
progression while less is known about the role of ciliary neurotrophic factor (CNTF), a member of the
IL-6 cytokine family in prostate cancer. Moreover, MAPK/ERK, AKT/PI3K and Jak/STAT pathways
that regulate proliferative, invasive and glucose-uptake processes in cancer progression are triggered
by CNTF. Methods: We investigate CNTF and its receptor CNTFRα expressions in human androgen-
responsive and castration-resistant prostate cancer (CRPC) by immunohistochemistry. Moreover, we
investigated the role of CNTF in proliferative, invasive processes as well as glucose uptake using
two cell models mimicking the PCa (LNCaP cell line) and CRPC (22Rv1 cell line). Conclusions: Our
results showed that CNTF and CNTFRa were expressed in PCa and CRPC tissues and that CNTF has
a pivotal role in prostate cancer environment remodeling and as a negative modulator of invasion
processes of CRPC cell models.

Keywords: CNTF; CNTFRα; prostate cancer; LNCaP; 22Rv1; castration resistant; castration sensitive;
STAT3; ERK; MMP
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1. Introduction

Prostate cancer is one of the major cancers affecting men and remains the second
leading cause of cancer-related death [1]. It is a biologically heterogeneous disease; the
majority of instances are localized or loco-regional and can be treated by surgery or other
ablative procedures, while more advanced or metastatic patients who remain androgen-
dependent at the time of diagnosis are treated with androgen deprivation therapy (ADT).
The response to ADT is variable and many such patients become refractory to treatment
and will progress to lethal castration-resistant prostate cancer (CRPC) [2]. IL-6 has been
established as a driver of carcinogenesis and tumor progression in PCa [3–5], while less is
known about the role of ciliary neurotrophic factor (CNTF), a member of IL-6 type cytokine
family [6]. CNTF, and other cytokines of this group (e.g., IL-6, LIF, OMS and IL-11), re-
quire additional non-signaling receptors (long signal-transducing α-receptor glycoprotein
chains) that are bound to the membrane [7]. CNTFRα-chain non-signaling receptor subunit
(CNTFRα) is the high affinity non-signaling receptor for CNTF. CNTFRα is associated with
a heterodimeric β-receptor complex LIFR and gp130, and this association allows signal
transduction due to phosphorylation of tyrosine residue of CNTFRα after its interaction
with CNTF [7]. The CNTF receptor complex triggers simultaneous activation of different
intracellular signaling pathways such as MAPK/ERK, AKT/PI3K and Jak/STAT pathways
which mediate survival and/or differentiation in different cell types [8,9]. Moreover, it has
been reported that PCa progression and metastasis are correlated both to PTEN/AKT/PI3K
axis alteration and RAS/MAPK/ERK signaling activation, while the RAS/MAPK/ERK
pathway alone is significantly activated in both primary and metastatic lesions [10,11]. In
addition, similar to many other tumors, glucose metabolism in PCa is different between
the early and advanced stages of the disease. Moreover, the glycolytic metabolic profile
differs in androgen-sensitive and insensitive PCa cells [12,13]. There are fourteen different
members of GLUT transporters (GLUT 1–12, GLUT14, and H/myo-inositol transporter)
and different pattern of protein expression or membrane translocation are observed in
relation to tumor-specific glycolytic pathway modulation. Therefore, an increase in glucose
uptake has been associated mainly with GLUT1 overexpression, but may also involve
other GLUTs, including GLUT4 [14,15]. It has been demonstrated that an elevated AKT
activity is involved in the high rate of glucose uptake in cancer cells by GLUT-1 [16–18] and
that treatment with an AKT-specific inhibitor caused degradation of GLUT-1 in sustained
AKT-activated breast cancer cells [19]. Human studies suggested that high levels of GLUT-1
expression in tumors are associated with poor survival [20,21]. The presence of CNTF
and CNTFRα in the basal cell layer (in which reside stem cells) in the prostatic normal
glandular epithelium has been previously demonstrated in our previous investigation [6].
Thus, the aim of this study is to detect the localization of CNTF and CNTFRα in androgen-
sensitive and androgen-insensitive human PCa tissues and to analyze the possible role
of CNTF in signaling-pathway modulation involved in glucose uptake, proliferation, mi-
gration and invasion processes using sensitive (LNCaP) and androgen-insensitive (22Rv1)
cell lines.

2. Materials and Methods

2.1. Tissue Collection

In this study, we analyzed a total of 20 human prostate carcinoma samples: 10 untreated
PCa were obtained from radical prostatectomy and 10 CRPC were obtained from transurethral
resection of the prostate (TURP). A pathologist (R.M.) reviewed and selected the hematoxylin–
eosin stained samples that were used in this study. All the samples were collected from the
Pathology Services of the Polytechnic University of the Marche Region United Hospitals.
The procedures followed for the collection of samples were in accordance with the Helsinki
Declaration of 1975, as revised in 2013. The permission of the Human Investigation Committee
of Marche Region (IT) was granted (protocol number 2020/395).
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2.2. Immunohistochemistry

All prostate samples (PCa and CRPC) were fixed in 10% neutral buffered formalin
and routinely processed for paraffin embedding. Immunohistochemical staining was
per-formed as previously described [22,23]. Briefly, after dewaxing, paraffin sections
were rinsed in phosphate-buffered saline (PBS), incubated with 3% hydrogen peroxide
for 40 min to block endogenous peroxidase. Pre-treatment by heat in 10 mM citrate
buffer, pH 6.0 for 5 min was used for CNTF while pre-treatment by 100 ng/mL Pro-
teinase K (Sigma-Aldrich, St. Louis, MO, USA) for 5 min at 37 ◦C was used for CNTFRα.
After pre-treatment, sections were rinsed with PBS and incubated with normal horse
serum (Vector laboratories, Burlingame, CA, USA) diluted 1:75 in PBS for 1 h at room
temperature (RT). Sections were then incubated overnight with the primary antibod-
ies (listed in Table 1) diluted in PBS at 4 ◦C. After a thorough rinse in PBS, sections
were incubated with the appropriate biotinylated secondary antibody (Vector laboratories,
Burlingame, CA, USA) diluted 1:200 v/v solution for 30 min at room temperature. Vectas-
tain ABC Kit (Vector Laboratories, Burlingame, CA, USA) for 1h at room temperature and
3′,3′- diaminobenzidine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) were used to
develop the immunohistochemistry reaction. Sections were counterstained with Mayer’s
hematoxylin, dehydrated and mounted using Eukitt® solution (Kindler GmbH and Co.,
Freiburg, Germany). Negative controls were performed by omitting the first or secondary
antibody for all the immunohistochemical reactions performed in this study as procedure
control. Negative controls were performed by replacing the primary or the secondary
antibody with an isotype antibody: monoclonal rabbit IgG (ab172730; Abcam, Cambridge,
UK) for CNTF and monoclonal mouse IgG2a (ab18415; Abcam) for CNTFRα as control
specificity antibody.

Table 1. Antibodies used in this study.

Antibody IHC WB IF Company

pAb Rabbit anti-human CNTF (#ab190985) 1:500 // 1:100 Abcam, Cambridge, UK
pAb Rabbit anti-human CNTFRα (#PA5-45053) // 1:400 // Thermo Fisher Scientific, Waltham, MA, USA
mAb Mouse anti-human CNTFRα (#ab89333) 1:150 // 1:100 Abcam, Cambridge, UK

mAb Rabbit anti-human pAKT (#4060) // 1:1000 // Cell signaling technology, Danvers, MA, USA
pAb Rabbit anti-human AKT (#9272) // 1:1000 // Cell signaling technology, Danvers, MA, USA

mAb Rabbit anti-human pERK1/2 (#4377) // 1:800 // Cell signaling technology, Danvers, MA, USA
mAb Rabbit anti-human ERK1/2 (#4695) // 1:1000 // Cell signaling technology, Danvers, MA, USA
mAb Mouse anti-human pSTAT3 (#4113) // 1:800 // Cell signaling technology, Danvers, MA, USA
mAb Rabbit anti-human STAT3 (#4904) // 1:1000 // Cell signaling technology, Danvers, MA, USA

pAb Rabbit anti-human GLUT1 (#PA1-46152) // 1:500 // Thermo Fisher Scientific, Waltham, MA, USA
pAb Rabbit anti-human GLUT4 (#PA5-23052) // 1:500 // Thermo Fisher Scientific, Waltham, MA, USA
pAb Rabbit anti-human MMP-9 (#10375-2-AP) // 1:500 // Proteintech Group, Manchester, UK

mAb Mouse anti-human MMP-2 (#436000) // 1:500 // Thermo Fisher Scientific, Waltham, MA, USA
mAb Mouse anti-human PCNA (#sc-56) // 1:250 // Santa Cruz Biotechnology, Inc, Dallas, TX, USA

mAb: monoclonal antibody; pAb: polyclonal antibody; IHC: Immunohistochemistry; IF: immunofluorescence;
WB: Western blotting.

2.3. Cell Culture

Androgen-dependent (LNCaP) and androgen-independent (22Rv1) cell lines (ATCC/
LGC Standards, Manassas, VA, USA) were grown in RPMI 1640 (Life technologies, Carls-
bad, CA, USA) supplemented with 10% Fetal Bovine Serum (FBS; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and 100 U/mL penicillin and streptomycin (Gibco) at 37 ◦C,
95% humidity and 5% CO2. The medium was changed every 2 to 3 days and cells were
split 1:4 every 4 days.

2.4. Immunofluorescence

Immunofluorescence staining was performed as previously described [24,25]. Briefly,
LNCaP and 22Rv1 cells were washed in Dulbecco’s PBS (Life technology, Monza, Italy),
fixed in 4% paraformaldehyde in PBS for 10 min at room temperature (RT), and permeabi-
lized in PBS 0.1 M added with 0.1% Triton X-100 (Sigma, Milano, Italy) for 5 min. After
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washing in PBS at RT, cells were blocked with 10% Normal Donkey Serum (Jackson Im-
munoResearch, Pennsylvania, PA, USA) in PBS 0.1 M and incubated overnight at 4 °C
with the primary antibodies listed in Table 1. Cells were then washed 3 times in PBS and
incubated with the FITC-conjugated donkey anti-rabbit (for CNTF) and TRITC-conjugated
anti-mouse (for CNTFRα) IgG secondary antibodies (both from Jackson ImmunoResearch,
West Grove, PA, USA) 1:400 for 30 min at room temperature. TOTO3 (1:5000) probe was
used for nuclear staining. Finally, the slides were cover-slipped with propyl gallate and
evaluated with a Leica TCS-SL spectral confocal microscope. For negative controls, see the
immunohistochemistry Section 2.2.

2.5. Western Blotting

Once LNCaP and 22Rv1 cells reached 80% confluence, cells were lysed by using the
following lysis buffer: 0.1 M PBS, 0.1% (w/v) SDS, 1% (w/w) NONIDET-P40, 1 mM (w/v)
Na orthovanadate, 1 mM (w/w) PMSF (phenyl methane sulfonyl fluoride), 12 mM (w/v) Na
deoxycholate, 1.7 μg/mL Aprotinin, pH 7.5. Cell lysates were centrifuged at 20,000× g for
20 min at 4 ◦C and the supernatants were aliquoted and stored at −80 ◦C. Viable counts using
the trypan blue dye exclusion test were routinely performed. All experiments were performed
in duplicate and were repeated at least 3 times. The proteins’ concentrations were determined
by a Bradford protein assay (Bio-Rad Laboratories, Milan, Italy). Protein samples were
fractionated on 10% SDS-polyacrylamide gels (SDS-PAGE) and electrophoretically transferred
(Trans-Blot® Turbo™ Transfer System; Bio-Rad Laboratories Inc, Richmond, CA, USA) to
nitrocellulose membranes. Non-specific protein binding was blocked with 5% (w/v) non-
fat-dried milk (Bio-Rad Laboratories) in Tris-buffered saline (TBS/0.05% Tween 20 (TBS-T))
for 1h. Blots were incubated with the primary antibodies listed in Table 1 overnight at
4 ◦C. After washing, blots were incubated with anti-rabbit secondary antibody conjugated
with horseradish peroxidase (Amersham Italia s.r.l., Milano, Italy) diluted 1:5000 in TBS-
T. Detection of bound antibodies was performed with the Clarity Western ECL Substrate
(Bio-Rad Laboratories) and images were acquired with Chemidoc (Bio-Rad Laboratories).
Bands were analyzed using the ImageJ software (https://imagej.nih.gov/ij/download.html,
accessed on 12 September 2022) for quantification, and normalization was completed using
β-actin band intensities. Data represent the mean ± SEM, and were analyzed for statistical
significance (p < 0.05) using the Student’s t-test. All experiments were performed in triplicate
and were repeated at least three times.

2.6. CNTF Treatment of LNCaP and 22Rv1 Cell Lines

After verifying the presence of the CNTFRα, a dose/responsive curve was performed
to test the best CNTF concentration showing a significant response for cellular treatments
of LNCaP and 22Rv1 cell lines. These cell lines were grown in RPMI 1640 (Life technologies,
Waltham, MA, USA) supplemented with 10% Fetal Bovine Serum (FBS; Gibco, Thermo
Fisher Scientific, Waltham, MA, USA). They were not serum-starved, counted and plated
in six well plates. These cells were treated with 0, 2, 10 and 20 ng/mL by recombinant
human CNTF (rhCNTF) for 15 min, to detect which of the following signaling pathways
was trigged: pERK/ERK; pAKT/AKT; and pSTAT3/STAT3. These signaling pathways
and the expression of MMP-2, MMP-9, GLUT-1 and -4 were analyzed by Western blotting
as described above, using the primary antibodies shown in Table 1. pSTAT3, pAKT and
pERK1/2 quantities were normalized using total STAT3, AKT and ERK1/2, respectively,
while GLUT-1, GLUT-4, MMP-2, MMP-9 and PCNA quantitates were normalized by
β-actin. Results were calculated in arbitrary units (AU).

2.7. Analysis of Glucose Uptake after CNTF Treatment

The 22Rv1 cells were seeded in 96-well black plates (2 × 104 cells per well), then the
cells, untreated and treated with 10 ng/mL rhCNTF, were incubated at 37 ◦C for 24 h at
5% CO2. The cells were then incubated for 45 min with 50 μM 2-nitrobenzodeoxyglucose
(2-NBDG) in glucose-free Dulbecco Modified Eagle’s Medium (DMEM) (Sigma, Milano,
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Italy). The level of cellular fluorescent 2-NBDG was evaluated at 550/590 nm with Synergy
Ht fluorescence microplate reader (Biotek Instruments, VT, USA). Fluorescence values have
been normalized for the number of live cells (by MTT analysis) and reported as Mean
Fluorescence Intensity (MFI).

2.8. Wound Healing Assay

The 22Rv1 cells showed MMP-2 downregulation if treated with rhCNTF. To investigate
the role of CNTF in cell motility, these cells were grown to confluence and then scratch
wounded with a sterile plastic micropipette tip. Then, the cells were rinsed 3 times with
warm media to wash away scraped-off cells in the wound. The cells were untreated or
treated with 10 ng/mL of rhCNTF in RPMI 1640 (Life technologies, Waltham, MA, USA)
supplemented with 10% Fetal Bovine Serum (FBS; Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). Digital images of these cells were taken at 0, 4, 8, and 24 h. The area (Relative
Wound Area) of the wound not occupied by cells was measured using a morphological
imaging system ImageJ software (National Institutes of Health, http://imagej.nih.gov/ij
accessed on 12 September 2022). The experiment was repeated at least 3 times.

2.9. Transwell Invasion Assay

Matrigel invasion assays were performed as previously reported [26]. Briefly, 24-well
transwell inserts with 8.0 μm pores (#353097; Corning, NY, USA) were coated with 100 μL
of 250 μg/mL LDEV-free Matrigel (#356234; Corning, NY, USA) diluted in serum-free RPMI
1640 medium according to the manufacturer’s instructions. The 22Rv1 cells were pretreated
with 10 ng/mL CNTF for 24 h before being seeded in the transwell chambers. In the upper
chambers, 5 × 104 cells were seeded on top of the Matrigel and supplemented with 200 μL
serum-free RPMI 1640, with/without 10 ng/mL CNTF. Then, 10% FBS in 750 μL of the
medium was used as a chemoattractant in lower chambers. After 24 h, non-invading cells
were gently removed from the apical side of the membrane by scrubbing with a cotton
swab, whereas the cells remaining on the lower surface were fixed with 100% methanol for
20 min and stained with 0.5% crystal violet for 15 min. Cells in four non-overlapping fields
were counted using ImageJ software. Data were expressed as mean cell number in each of
the four fields. All experiments were repeated 3 times in triplicate.

2.10. Statistical Analysis

The variables were not normally distributed in the Shapiro–Wilk test, and a non-
parametric approach was used in the analysis. The distribution of fluorescent intensity
(glucose uptake assay) and of invaded cells in control and CNTF groups were compared
using the Wilcoxon rank-sum test. The nonparametric analysis of longitudinal data in
factorial experiments [27] was used to compare the distribution of the relative wound
area (dependent variable) between the control and CNTF groups (wound healing assay),
to evaluate the distribution of the dependent variable over the four time points, and to
analyze the interaction between the groups and the time points. Statistical analyses were
carried out using R 4.0.5 (R Foundation for Statistical Computing; Vienna, Austria). The
data are expressed as median and IQR. The significance level was set at 0.05.

3. Results

3.1. Human PCa and CRPC Tissues Expressed CNTF and CNTFRα

Neoplastic cells of PCa (Figure 1a,c) and CRPC (Figure 1b,d) samples were highly
stained for CNTF (Figure 1a,b) and CNTFRα (Figure 1c,d). Stromal components (*) were
weakly positive for CNTF and mainly negative for CNTFRα. Endothelial cells (arrow in d)
in the majority of prostate vessels were positive or weakly stained for CNTFRα and CNTF,
respectively, in all prostate samples analyzed.
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Figure 1. Immunohistochemistry localization of CNTF and CNTFRα in prostate cancer samples.
CNTF (a,b) and CNTFRα (c,d) were expressed in PCa (a,c) and CRPC (b,d) tissues. Stromal com-
ponents (*) were weakly positive for CNTF and mainly negative for CNTFRα. Endothelial cells
(arrowhead in d) were positive or weakly stained for CNTFRα and CNTF, respectively. Scale bars:
a,c = 100 μm; d,b = 200 μm.

3.2. LNCaP and 22Rv1 Cell Lines Expressed Both CNTF and CNTFRα

Immunopositivity for CNTF (Figure 2, green staining) was both nuclear (on chromatin;
the nucleoli are negative) and cytoplasmatic in LNCaP and 22Rv1 cell lines (Figure 2b,h).
The red signal for CNTFRα was present in the cytoplasm and cell membranes with a high
intensity in the perinuclear region (Figure 2e,k) in both cell lines. Channels merging is
shown in Figure 2c,f,i,l.

3.3. MAPK/ERK, AKT/PI3K and Jak/STAT Pathways Modulation after CNTF Treatments

rhCNTF at 2 ng/mL induced pSTAT3 phosphorylation, while at 10 ng/mL it induced
pAKT and pERK de-phosphorylation in both LNCaP and 22Rv1 cell lines (Figure 3a,b,
respectively). The histograms representing the quantitative analysis of pSTAT3, pAKT and
pERK expression levels normalized by STAT3, AKT and ERK, respectively, were depicted
on the right side of the representative Western blotting. The statistical analysis showed a
significant pSTAT3 increase after rhCNTF treatments in both cell lines (Figure 3a,b). No
significant decrease in pAKT and pERK after treatments with 2 ng/mL of rhCNTF were
shown in both cell lines (Figure 3a,b) while treatments with 10 ng/mL of rhCNTF showed
a significant decrease in pAKT (p = 0.024; p = 0.0008) and pERK (p = 0.0007; p = 0.0009) in
theLNCaP and 22Rv1 cell lines, respectively. The effect of rhCNTF treatments on GLUT-1,
GLUT-4, MMP-2, MMP-9 and PCNA regulation is depicted in Figure 4. The histograms
of the quantitative analysis of these molecules normalized by β-actin were shown at the
right side of the representative Western blotting. No significant difference was shown for
all the molecules analyzed in the LNCaP cell line (Figure 4a) and for MMP-9, GLUT-4 and
PCNA in the 22Rv1 cell line (Figure 4b). On the contrary, rhCNTF treatments (10 ng/mL)

52



Cancers 2022, 14, 5917

induced a significant decrease in GLUT-1 (p = 0.0008) and MMP-2 (p = 0.03) in the 22Rv1 cell
line (Figure 4b).

Figure 2. Immunofluorescence of CNTF and CNTFRα in LNCaP e 22Rv1cell lines. Nuclei (a,d,g,j) are
stained in blue. CNTF (b,h) was stained in green and was mainly expressed in cytoplasm of both LNCaP
and 22Rv1 cell lines. CNTFRα (e,k) was stained in red and was expressed in the cytoplasm and cell
membranes with a high intensity in the perinuclear region of both cell lines. (c,f,i,l) represent merged
channels. Scale bars: 30 μm.

3.4. CNTF Treatments Did Not Affect Cell Migration and Glucose Uptake but Reduce 22Rv1
Cells Invasiveness

The LNCaP cell line was not considered for the following experiments because rhCNTF
treatments did not significantly modify GLUT-1, GLUT-4, MMP-2, MMP-9 and PCNA
expressions. In order to investigate the role of CNTF in cell motility, the 22Rv1 cell lines
were treated with 10 ng/mL hrCNTF for 0, 4, 8 or 24 h. As reported in Figure 5, no
significant differences in cell migration were found at any times between the untreated
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and hrCNTF-treated 22Rv1 cells suggesting that CNTF is not involved in modulating cell
migration as represented in the box plots below the wound healing photos.

Figure 3. Dose-dependent response to rhCNTF of JAK/STAT3, PI3K/Akt and MAPK/ERK proteins
pathways in LNCaP (a) and 22Rv1 (b) prostate cancer cell lines by Western blot analysis. LNCaP and
22Rv1 cell lines were treated with 0, 2, 10 and 20 ng/mL rhCNTF for 15 min. Bands were quantified
and results were calculated in arbitrary units (AU) and reported as bars of a histogram. pSTAT3,
pAKT and pERK1/2 quantities were normalized using total STAT3, AKT and ERK1/2, respectively.
Data are represented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Original
images of immunoblotting data in the Figure S1.
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Figure 4. GLUT-1, GLUT-4, MMP-2, MMP-9 and PCNA expressions after treatment of LNCaP
(a) and 22Rv1 (b) prostate cancer cell lines with 10 ng/mL rhCNTF for 24h. Bands were quantified
and results were calculated in arbitrary units (AU) and reported as bars of a histogram. GLUT-1,
GLUT-4, MMP-2, MMP-9 and PCNA expressions were normalized with β-actin expression. Data
are represented as mean ± SD. * p < 0.05, *** p <0.001. Original images of immunoblotting data
in the Figure S1.

Moreover, in order to evaluate a possible role of CNTF in modulating glucose uptake,
we treated the 22Rv1 cell lines with 10 ng/mL hrCNTF for 24 h and performed a glucose
uptake assay. As reported in Figure 6, no changes in glucose uptake were found between
CNTF-treated and -untreated cells proving that CNTF does not alter glucose uptake in the
22Rv1 cell line.

To evaluate the involvement of CNTF in 22Rv1 in invasiveness, we treated 22Rv1 cells
with 10 ng/mL hrCNTF for 24 h. Interestingly, the distribution of the number of invaded
cells is significantly (p < 0.001) lower in the cells treated with 10 ng/mL CNTF (median 89;
IQR 71-98) compared to untreated cells (median 208; IQR 149-247) (Figure 7).
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Figure 5. Wound healing assay after treatment with rhCNTF in 22Rv1 cell line. Representative photos
of wound areas are shown; no significant difference in wound closure was found in cells treated with
10 ng/mL CNTF compared to untreated controls. Results are expressed in arbitrary units (A.U.) and
reported as boxplots.

Figure 6. Glucose uptake after rhCNTF treatment of 22Rv1 cells. Boxplots show no differences
in fluorescent intensity distribution (M.F.I.) between treated (median 20271, IQR 17416-28688) and
untreated (median 20364, IQR 18784-23100) 22Rv1 cells.
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Figure 7. Transwell invasion assays. Representative images of 22Rv1 cells stained with crystal violet
showing CNTF treatments effect: (a) untreated 22Rv1 cells; (b) 22Rv1 cells treated with 10 ng/mL
rhCNTF; (c) Boxplot shows that the distribution of the number of 22Rv1 invaded cells is significantly
(p < 0.001) lower in the group treated with 10 ng/mL CNTF (median 89; IQR 71-98) compared to the
untreated controls (median 208; IQR 149-247).

4. Discussion

Despite many studies that have investigated CNTF and CNTFRα in various tissues
and organs [26,28–31], there are no available data on the localization of these molecules
and what role they have in PCa.
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In the present study, we investigated these issues using both androgen-dependent
(LNCaP) and androgen-independent (22Rv1) cell lines to mimic untreated PCa and CRPC,
respectively. CNTF and CNTFRα were expressed in untreated PCa and CRPC, suggest-
ing that CNTF can have a paracrine-constitutive role as previously suggested for normal
prostate tissue [6]. In addition, our in vitro data showed that exogenous CNTF administra-
tion can modulate JAK/STAT3, MAPK/ERK and PI3K/AKT signaling pathways in both
PCa cell models. In particular, CNTF upregulated pSTAT3 but downregulated pAKT and
pERK in both cell culture models.

It is known that the activated ERK signaling pathway can facilitate the transformation
of normal cells to malignant tumors [32] and that ERK1/2 activation is characteristic of
CRPC [33]. In addition, Nickols and colleagues showed that frequent phosphorylation of
ERK1/2 has been detected in metastatic CRPC [33]. In our hands, no modification was
detected regarding PCNA expression, a proliferative marker. Therefore, we hypothesized
that the upregulation of pSTAT3 could trigger apoptosis rather than a proliferative pathway
by acting on Bcl-2/Bax balance as recently suggested [34,35]. In addition, we can speculate
that the downregulation of pAKT and pERK due to CNTF can prevent cell proliferation
and invasiveness, as our data demonstrated, masking the effect of pSTAT3 upregulation.

It is known that cell survival is also ensured by glucose supply and, particularly rapid
glucose transport in cancer cells facilitated by GLUT proteins spanning across the cell
membrane. Although there are several types of GLUT proteins, the GLUT-1 and GLUT-4
proteins have been pinpointed to be those involved in glucose transport through the cell
membranes of neoplastic cells [14,36]. In addition, androgens are intimately associated
with the development of PCa [37] by acting as important metabolic regulators stimulating
the glycolytic flux in neoplastic prostate cells [12,38–40]. Both androgen-responsive and an-
drogen non-responsive PCa cells display a distinct glycolytic profile [12]. In agreement, our
experiments showed that GLUT-1 was decreased in 22Rv1 cells (androgen-non-responsive)
after CNTF treatments by inhibiting MAPK/ERK and AKT/PI3K pathways while no signif-
icant modulation of GLUT-1 was present in LNCaP cells (androgen-responsive). Recently,
it has been demonstrated that overexpression of GLUT-1 not only accelerates glucose
metabolism but also protects cancer cells from glucose deprivation-induced oxidative
stress [41]. Other studies involving human subjects suggested that high levels of GLUT-1
expression in tumors were associated with poor survival [20,21] and that knockdown of
GLUT-1 inhibited cell glycolysis and proliferation and led to cell cycle arrest at G2/M phase
in the 22RV1 cell line [42]. Moreover, these authors demonstrated that GLUT-1 knockdown
inhibits the tumor growth in the 22Rv1 cell line and that GLUT-1 knockdown has no effect
on cell migration in vitro. Interestingly, our data demonstrated that CNTF treatments,
although decreasing GLUT-1 expression, did not affect glucose uptake and neoplastic cell
motility, confirming in part the previous data [42].

Our data showing the downregulation of MAPK/ERK and AKT/PI3K pathways
by CNTF treatments suggest that this molecule may be involved in MMP modulation
that is downstream of these activation pathways. Generally, proteolytic degradation of
extra-cellular matrix (ECM) is mediated by MMPs, with MMP-2 and MMP-9 playing a
critical role in prostate cancer progression [43–45]. It was demonstrated that MMP-2 and
MMP-9 inhibition suppressed the metastatic potential of PCa cells [46]. Moreover, MMP-2
overexpression by malignant prostatic epithelia was associated with a poor disease-free
survival [47,48]. Interestingly, our data showed that CNTF treatments significantly inhibited
MMP-2 expression and our invasion assay demonstrated a significant inhibition of cell
invasiveness in the 22Rv1 cell model mimicking CRPC. A limit of this study is the definitive
proof that MMP-2 downregulation is responsible for significant inhibition of 22Rv1 cell
invasiveness. Therefore, our findings should be corroborated by MMP-2 overexpression
and silencing assays in 22Rv1 cells treated with CNTF.
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5. Conclusions

We affirm that CNTF has a pivotal role in the prostate-cancer environment remodeling
and suggest that this cytokine may be viewed as a modulator of invasion processes. In
addition, we demonstrated that CNTF downregulated MMP-2 expression which is the
main MMP involved in cell cancer invasiveness (Figure 8).

Figure 8. CNTF pathway in PCa. The binding of CNTF to the receptor actives JAK/STAT3 and
downregulates MAPK/ERK, PI3K/AKT signaling pathways in CRPC cell model (22Rv1 cell line).
Subsequently, MMP-2 is downregulated and cell invasion decreases.

More studies are clearly required to corroborate our data, as in vivo male murine stud-
ies concerning allographic transplantation of 22Rv1 cells in CNTF-treated and -untreated
conditions to evaluate the CNTF effect in tumor growth and metastasis inhibition. These
further studies could lead to a novel therapeutic approach in patients with CRPC.
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Simple Summary: Radical treatment of prostate cancer (PCa) provides excellent oncological out-
comes. However, curative treatment of primary PCa, as well as salvage treatment of biochemical
recurrence after radical treatment, requires at least a 10-year life expectancy to be beneficial. To
provide an accurate selection for active treatment, several tools evaluating individual life expectancy
have been developed. Our retrospective study aimed to determine the utility of the systemic immune-
inflammation index (SII) in predicting early survival when used as an adjunct to CAPRA-S and
Charlson comorbidity index (CCI) scores in non-metastatic PCa. We confirmed the SII as an indepen-
dent predictor of survival. We have also validated the SII as a supplement to scoring systems when
stratifying the risk of early mortality. In the setting of patients that might require salvage treatment,
supplementing comorbidity status with the SII provided accurate discrimination of survival. The SII
seems then to be useful when estimating life expectancy in patients with non-metastatic PCa.

Abstract: The selection of candidates for the curative treatment of PCa requires a careful assessment of
life expectancy. Recently, blood-count inflammatory markers have been introduced as prognosticators
of oncological and non-oncological outcomes in different settings. This retrospective, monocentric
study included 421 patients treated with radical prostatectomy (RP) for nonmetastatic PCa and
aimed at determining the utility of a preoperative SII (neutrophil count × platelet count/lymphocyte
count) in predicting survival after RP. Patients with high SIIs (≥900) presented significantly shorter
survival (p = 0.02) and high SIIs constituted an independent predictor of overall survival [HR 2.54
(95%CI 1.24–5.21); p = 0.01] when adjusted for high (≥6) age-adjusted CCI (ACCI) [HR 2.75 (95%CI
1.27–5.95); p = 0.01] and high (≥6) CAPRA-S [HR 2.65 (95%CI 1.32–5.31); p = 0.006]. Patients with
high scores (ACCI and/or CAPRA-S) and high SIIs were at the highest risk of death (p < 0.0001) with
approximately a one-year survival loss during the first seven years after surgery. In subgroup of high
CAPRA-S (≥6), patients with high ACCIs and high SIIs were at the highest risk of death (p <0.0001).
Our study introduces the SII as a straightforward marker of mortality after RP that can be helpful in
pre- and postoperative decision-making.

Keywords: prostate cancer; life expectancy; systemic immune-inflammation index; Charlson comorbidity
index; CAPRA-S; early survival

1. Introduction

Prostate cancer (PCa) is the second most prevalent cancer in males, with 1.4 million
patients diagnosed in 2020 worldwide [1] and the lifetime risk of PCa-specific death reach-
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ing 2.5–4% [2]. Due to favourable survival in patients with untreated localized disease,
active treatment is considered beneficial only in patients with a life expectancy of at least
10 years [3]. The majority of comorbid, elderly patients will die from competing causes and
the impact of their tumours’ characteristics on their 10-year overall survival is unclear [4],
which necessitates the prediction of life expectancy in patients with PCa as a part of clinical
practice [5–8]. Simultaneously, stratifying survival in patients treated with curative intent
remains challenging due to favourable prognoses and extensive censoring in observational
studies, leaving the definition of the patient at risk of early death yet to be specified. The Eu-
ropean Association of Urology mentions the commonly used Charlson comorbidity index
(CCI) and the age-adjusted Charlson comorbidity index (ACCI) as convenient measures of
non-cancer-specific death risk [8,9], whereas the Cancer of the Prostate Risk Assessment
Postsurgical score (CAPRA-S) based on pathological characteristics has been extensively
validated to predict biochemical recurrence [10] and cancer-specific mortality after radical
prostatectomy (RP) [11].

In recent years, complete blood count inflammatory markers have been sequentially
introduced as predictors of survival in localized renal cell cancer [12–14] and bladder
cancer [15,16], as well as in radio-recurrent [17] and castration-resistant prostate cancer [18].
The systemic immune-inflammation index (SII) is a novel, recently developed blood count-
derived marker that has shown particularly promising predictive properties in the cohort
with non-metastatic prostate cancer [19], which constitutes a population with excellent early
survival. In otherwise treatment-naïve, nonmetastatic patients, a high SII was associated
with a risk of biochemical recurrence (BCR) after radical prostatectomy independently from
postoperative staging and grading [20]. In a similar analysis of a large cohort by Rajwa et al.,
a high SII was an independent predictor of BCR both in preoperative and postoperative
settings [19]. In the retrospective cohort of 214 patients with radio-recurrent PCa, a high SII
was an independent prognostic factor for overall and cancer-specific survival both in the
preoperative and postoperative adjustment settings [17]. Although data on radio-recurrent
patients suggest an impact of SII on survival, the evidence of long-term outcomes in patients
treated a priori with RP is limited to the association with biochemical recurrence.

The study aimed to determine the utility of the systemic immune-inflammation index
in predicting early survival when used as an adjunct to CAPRA-S and CCI scores in patients
with non-metastatic prostate cancer.

2. Materials and Methods

2.1. Patients

Patients treated with radical prostatectomy in the years 2012–2018 for clinically non-
metastatic prostate cancer in a single tertiary centre were included in the analysis. All
patients underwent routine metastatic screening as recommended by a relevant edition of
the European Association of Urology Guidelines. This consisted of at least a bone scan in
intermediate-risk disease and a bone scan combined with cross-sectional abdominopelvic
imaging in high-risk disease. Patients treated with salvage intention or neoadjuvant hor-
monotherapy were excluded.

2.2. Data Collection

Clinical and pathological data were retrieved from the department database. Blood
cell counts were obtained from routinely performed preoperative evaluations during
the hospitalization. The systemic immune–inflammation index (SII) was calculated by
multiplying the neutrophil count by the platelet count and dividing the score by the
lymphocyte count as previously [17,19,20]. The Charlson comorbidity index was calculated
based on its last update [21] and included 19 conditions with scores assigned based on their
severity. For age-adjusted CCI, beginning at the age of 50 years, one point was added to
the CCI for each subsequent decade. The cut-off for the high score was set at 4 or greater
for CCI, or 6 or greater for age-adjusted CCI. Both calculations included prostate cancer
(2 points) as a covariable. The cut-off selection for CCI and age-adjusted CCI (high vs. low)
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was based on cut-offs used in previous localized PCa cohorts, with a correction for PCa
which was included in our calculations [22,23]. The CAPRA-S score included prostate-
specific antigen (PSA), pathologic Gleason score, positive surgical margins, extracapsular
extension, seminal vesicle invasion, and lymph node invasion. CAPRA-S groups were
defined as previously with high risk defined as 6 or greater [10].

Survival follow-up data were retrieved from the Central Statistical Office. The study
was approved by the Ethics Committee of the Medical University of Warsaw (nr AKBE/58/
2022; 21 February 2022).

2.3. Statistical Analysis

All analyses were performed using SAS 9.4 software (SAS Institute, Cary, NC, USA).
Continuous and qualitative variables were compared utilizing Mann–Whitney’s U-test
and Fisher’s exact test, respectively. The cut-off for SII was set at a value maximizing
the difference between overall survival probabilities, rounded to the nearest 100 units.
Overall survival estimates were calculated using the Kaplan–Meier method. The log-
rank test was used for comparisons of survival curves between predefined risk groups.
For multiple comparisons, a log-rank test with an adjustment for multiple comparisons
was implemented. Cox regression models were utilized for multivariate analysis issues
to determine independent predictors of early death after RP. For clinical convenience, a
quantitative evaluation of survival was performed utilizing restricted mean survival time.
The threshold for significance was set at p < 0.05.

3. Results

3.1. Baseline Characteristics

A total of 421 patients were included in the analysis. All patients were white, non-
Hispanic men. High SIIs (≥900) were present in 218 patients (51.80%). In general, a high
SII was not associated with significantly higher pre- and postprostatectomy grading or
adverse pathological features (APF). The baseline characteristics of the patients stratified
by SII (high vs. low) are summarized in Table 1.

Table 1. Baseline pre- and postprostatectomy characteristics of patients stratified by SII (high vs. low).

Variable Overall SII < 900 SII ≥ 900 p

Clinical baseline characteristics

PSA (ng/mL, median, IQR) 7.40 (6.7) 7.5 (6.7) 7 (5.5) 0.44

cT (n%) cT1 149 149
(37.44%) 101 (34.95%) 45 (43.27%) 0.17

cT2 244 (61.31%) 183 (63.32%) 59 (56.73%)
≥cT3 5 (1.26%) 5 (1.73%) 0

Biopsy grade group (n,%) 1 158 (38.73%) 115 (38.33%) 40 (38.83%) 0.73
2 128 (31.37%) 90 (30%) 37 (35.92%)
3 54 (13.24%) 41 (13.67%) 13 (12.62%)
4 47 (11.52%) 37 (12.33%) 9 (8.74%)
5 21 (5.15%) 17 (5.67%) 4 (3.88%)

CCI (n,%) 2 308 (73.33%) 224 72.49%) 79 (74.53%) 0.37
3 78 (18.57%) 56 (18.12%) 22 (20.75%)
4 27 (6.43%) 24 (7.77%) 3 (2.83%)
5 4 (0.95%) 3 (0.97%) 1 (0.94%)
6 3 (0.71%) 2 (0.65%) 1 (0.94%)

Age (years, median, IQR) 65 (8) 65 (8) 64 (8) 0.57

Postprostatectomy specimen

Prostatectomy grade group (n,%) 1 58 (13.94%) 46 (14.98%) 10 (9.62%) 0.30
2 165 (39.66%) 116 (37.79%) 47 (45.19%)
3 89 (21.39%) 62 (20.20%) 26 (25%)
4 62 (14.90%) 50 (16.29%) 12 (11.54%)
5 42 (10.10%) 33 (10.75%) 9 (8.65%)
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Table 1. Cont.

Variable Overall SII < 900 SII ≥ 900 p

pT (n,%) pT2 241 (57.93%) 171 (55.70%) 65 (62.50%) 0.41
pT3 173 (41.59%) 134 (43.65%) 39 (37.50%)
pT4 2 (0.48%) 2 (0.65%) 0

pN (n,%) pN0 181 (43.20%) 134 (43.51%) 45 42.45%) 0.20
pN1+ 31 (7.40%) 27 (8.77%) 4 (3.77%)
pNx 207 (49.40%) 147 (47.73%) 57 (53.77%)

EPE (n,%) 175 (42.37%) 136 (44.59%) 39 (37.86%) 0.25
SVI (n,%) 61 (14.52%) 48 (15.53%) 13 (12.26%) 0.52
PSM (n,%) 123 (29.50%) 91 (29.55%) 32 (30.77%) 0.81

SII—systemic immune-inflammation index; PSA—prostate-specific antigen [ng/mL]; cT—clinical staging; CCI—
Charlson comorbidity index; pT—pathological local staging; pN—pathological nodal staging; EPE—extracapsular
extension; SVI—seminal vesicles involvement; PSM—positive surgical margins.

3.2. Survival Predictors

The median follow-up was 69 months (95%CI 66.5–71.9 months). In the analysed
period, a total of 33 deaths (7.86%) were reported.

To determine the optimal SII cut-off, several thresholds were tested (Table 2). The
value of 900 provided the maximum difference between survival maintaining statistical
significance and was used for stratification purposes.

In a univariate survival analysis using baseline clinical and pathological factors, high
(≥4) CCI (p = 0.041), high (≥6) ACCI (p = 0.015), high (≥6) CAPRA-S score (p = 0.0092) and
high (≥900) SII (p = 0.021) were associated with a higher risk of death. Positive surgical
margin status (p = 0.062) and lymph node involvement (p = 0.066) also showed a tendency
for statistical significance (Figure 1), whereas pre-and postoperative grading as well as
local pathological staging, preoperative PSA, and CAPRA score revealed no significant
association with survival (data not shown). CAPRA-S, CCI and ACCI revealed modest
concordance in the univariate prediction of death (c-index 0.59, 0.55 and 0.58, respectively).

Table 2. Differences in survival probabilities derived using different SII cut-offs.

SII Cut-Off Cut-Off Percentile
8-Year Survival

Probability
Difference

Log-Rank
p-Value

600 50 7.28% 0.1525
700 60 9.93% 0.1259
800 68 12.75% 0.0789
900 75 16.58% 0.0206
1000 80 16.72% 0.056

SII—systemic immune-inflammation index. p-value in the bold is the only significant.

To provide a rationale for combining scoring systems with SII, two multivariate models
were built (Table 3) confirming high CAPRA-S score, high ACCI or CCI and high SII as
independent predictors of overall mortality. Stratification combining both scoring systems
with an SII yielded significantly worse survival in patients presenting at least one high
score simultaneously with a high SII (Figure 2A). CAPRA-S risk groups were then used
for a subgroup analysis (Figure 2B), which revealed that patients with high SIIs coexisting
with high ACCIs were at the highest risk of mortality in high CAPRA-S (≥6).
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Figure 1. Kaplan-Meier curves with 95% confidence intervals for patients stratified with margin
and nodal status, age-unadjusted Charlson comorbidity index (≥4) and age-adjusted Charlson
comorbidity index (≥6), systemic immune-inflammation index (≥900) and CAPRA-S (≥6).

Table 3. The association of SII with overall survival in patients treated with radical prostatectomy
for nonmetastatic prostate cancer-multivariable Cox regression analyses, including categorized
SII, CAPRA-S and age-adjusted Charlson comorbidity index (ACCI) or age-unadjusted Charlson
comorbidity index (CCI).

Variable HR (95% CI) p

multivariate model 1 (c index = 0.67)

CAPRA-S ≥ 6 2.67 (1.33–5.35) 0.006
CCI ≥ 4 2.79 (1.14–6.84) 0.025
SII ≥ 900 2.59 (1.26–5.31) 0.009

multivariate model 2 (c index = 0.67)

CAPRA-S ≥ 6 2.65 (1.32–5.31) 0.006
ACCI ≥ 6 2.75 (1.27–5.95) 0.01
SII ≥ 900 2.54 (1.24–5.21) 0.01

SII—systemic immune inflammation index; HR—hazard ratio; CI–confidence interval; CAPRA—The Cancer of
the Prostate Risk Assessment score; CCI—Charlson comorbidity index; ACCI—age-adjusted Charlson comorbid-
ity index.

67



Cancers 2022, 14, 4135

(A) 

 
(B) 

 

 

Figure 2. Kaplan-Meier curves with 95% confidence intervals depicting survival after radical prosta-
tectomy depending on ACCI, CAPRA-S and SII. (A) Survival in patients stratified by the combination
of either score with SII—entire cohort; (B) survival in patients stratified by the combination of ACCI
with SII depending on the CAPRA-S risk group.

A quantitative analysis of survival yielded a clinically significant difference in survival
between predefined subgroups, suggesting approximately a one-year survival loss in
patients combining high SIIs with a single high score (CAPRA-S or CCI) achieved after
7 years when compared with other groups (Figure 3). In an explanatory analysis utilizing
multiple comparisons, we found no significant differences in survival between patients
presenting high SII only, a high score (ACCI or CAPRAS) and no risk features (comparing
each of the groups with one another). We found however a significant difference in survival
between patients presenting a high score (ACCI or CAPRAS) combined with high SII and
patients from each of the three remaining groups—with high SII only (p = 0.012), with a
high score (ACCI or CAPRAS) only (0.046) and with no risk features (p = 0.013).
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Figure 3. The mean survival time corresponding to the increasing length of follow-up among the
four groups of patients.

4. Discussion

In this study, we present the systemic immune-inflammation index as a potential
adjunct marker in predicting early death in patients treated with RP due to non-metastatic
prostate cancer. We have validated the SII as an independent predictor of survival and
developed a proposal for consecutive supplementation of the CAPRA-S score and Charlson
comorbidity index with the SII.

The question of life expectancy in patients considered for radical treatment comes
from existing evidence that men with less than 15 years of predicted survival are unlikely
to benefit [24,25]. The clinical implementation of magnetic resonance imaging and novel
markers, including next-generation PSA-based tests, improved the detection of clinically
significant cancer and reduced overdiagnosis [26]. In turn, overtreatment reduction requires
a deep insight into expected survival in a “risk and benefits” manner. Estimating individual
life expectancy remains however a complex task which requires taking into account not
only age [5] and co-morbidity [5,8,21], but also the risk profile of the cancer in itself [10,11],
which, when neglected, can lead to undertreatment.

Increasing the utility of salvage treatment in recurrent PCa broadens the challenge of
estimating life expectancy for patients who have already completed radical treatment. It has
been shown that 20% of patients undergoing salvage RP die of other causes [27], whereas
patients after RP with a favourable PSA doubling time (PSA-DT) and low postprostate-
ctomy grading who experience biochemical recurrence might not benefit from salvage
radiotherapy in a follow-up of 10 years [28]. Finally, even patients with postoperative
PSA-DT shorter than 10 months who choose deferred radiotherapy can achieve an overall
survival (OS) of more than 200 months [29]. Due to the following reasons, the paradigm
of 10-year expected survival has been re-introduced, this time in patients considered for
salvage treatment [30].

CAPRA-S has been developed as a straightforward calculator of biochemical recur-
rence after RP [10]. Extensive validation of the tool has yielded satisfactory accuracy
and CAPRA-S has managed to outperform the Stephenson nomogram decision curve
analysis when predicting BCR [11]. Interestingly, the good performance of CAPRA-S has
also translated into the prediction of cancer-specific survival with a high concordance of
0.85 [11]. In our study, we have confirmed CAPRA-S as an independent predictor of OS. In
the first place, however, we used CAPRA-S as primary stratification before adjusting for
comorbidities and haematological markers to simulate the salvage treatment setting when
validating the CCI, ACCI and SII.

The Charlson comorbidity index has been developed [9,21] and validated as a stratifi-
cation of comorbidities influencing overall survival in multiple clinical settings [7,8,22,31].
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Although the CCI has no value in prognosing PCa-specific mortality [31], it has proved to be
a powerful predictor of overall mortality in nonmetastatic PCa, regardless of the D’Amico
risk group [31]. In our study, patients with ACCIs ≥ 6 presented significantly worse OS
and a high CCI/ACCI constituted an independent predictor of death in the multivariate
analysis. Patients at postprostatectomy risk of receiving salvage therapy (CAPRA-S score
higher than 5) were significantly less likely to survive if presenting a high ACCI at baseline.
Since high comorbidity can translate into less apparent oncological benefits, we believe that
the ACCI in the post-RP setting might tip the balance towards deferred salvage treatment
or watchful waiting.

The systemic immune-inflammation index is a novel blood count-derived marker that
has been introduced as a prognosticator in metastatic castration-resistant patients [32–34].
In the study of Lolli et al., an SII ≥ 535 predicted OS independently from the ECOG status,
previous enzalutamide treatment and the presence of visceral metastases with HR = 1.8 [32].
The study of Fan et al. yielded similar outcomes, although with a lower threshold of
SII ≥ 200 (overall mortality HR = 4.7; p = 0.001) [33].

Although in a preprostatectomy setting, the SII has not been confirmed as a predictor
of unfavourable biopsy outcomes [35], recently the SII has been extensively validated in
patients who have already undergone radical treatment. Similarly to other haematological
markers, the SII can be easily retrieved and calculated from a full blood count, which is
an obligatory part of preoperative laboratory evaluations. In a large multicenter cohort of
patients treated with RP [19], high preoperative SIIs (≥620) were independently associated
with extracapsular extension (odds ratio [OR] 1.16, p = 0.041), non-organ confined disease
(OR 1.18, p = 0.022), adverse pathology (OR 1.36, p < 0.001) and upgrading at RP (OR 1.23,
p < 0.001). A high SII also constituted an independent predictor of BCR in the preoperative
model (HR 1.34, p < 0.001), but not in the postoperative model (p = 0.078). Another multicen-
ter study by Rajwa et al. [17] included 214 patients with radio-recurrent PCa treated with
salvage prostatectomy. Both preoperative and postoperative models confirmed a high SII
(≥730) as an independent prognostic factor for cancer-specific survival (HR = 10.7, p = 0.039
and HR = 22.11, p = 0.036, respectively) and overall survival (HR = 8.57, p < 0.001 and 5.98,
p = 0.006, respectively). Implementing the SII as an adjunct to previous preoperative models
might therefore aid decision-making on salvage prostatectomy, especially in comorbid
patients who are concerned about SRP harms.

In our study, we failed to validate a high SII as a preoperative predictor of adverse
pathology. The discrepancy with previous studies might come from different characteristics
of PCa in our cohort. The majority of the patients from the benchmark study by Rajwa et al.
presented low pre- (61% grade group [GG] 1, 23% GG2) and postprostatectomy grading
(32% GG1, 36% GG2). Nodal involvement (<2%), as well as an extracapsular extension
(23%) and seminal vesicles invasion (6%), were uncommon in the development set [19]. In
contrast, our patients were less likely to present with GG1 or GG2 in biopsy (38.73% and
31.37%, respectively) and post-RP specimen (13.94% and 39.66%, respectively), whereas the
prevalence of pT3a and pT3b was considerably higher (42.37% and 14.52%, respectively).
Noteworthy, previous cohorts with comparable prevalences of adverse pathology, such
as the one analysed by Bravi et al., also yielded negative outcomes, failing to validate the
association of NLR with adverse pathology [36]. This might suggest that the prognostic
performance of particular haematological markers when predicting APF might depend on
the risk profile of the cohort.

In our study, we managed to confirm a high SII as an independent predictor of overall
survival when adjusted for adverse pathology using the CAPRA-S score and comorbidities
using the CCI. Although isolated use of CAPRA-S and the CCI showed only limited value in
predicting OS in short follow-ups, patients presenting with a high outcome of at least one of
the scorings simultaneously with a high SII were particularly predisposed to early mortality.
Finally, a high CCI supplemented with SII ≥ 900 provided genuine discrimination of overall
mortality in patients from the high (>5) CAPRA-S risk group. The proposed stratifications
might be easily utilised especially in a post-RP setting when deciding on salvage treatment.
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The study has several limitations. Firstly, this is an observational analysis with retro-
spective data collection and limited follow-up. Although a detailed evaluation of comor-
bidities constitutes a routine workup of a patient before surgery, the CCI was evaluated
based on reported comorbidities without a uniform survey procedure. Adjuvant or salvage
treatment of the patients after RP was at a particular clinician’s discretion and discrepancies
in oncological follow-up might have theoretically confounded the survival outcome. Data
regarding post-RP radiotherapy could not be collected, limiting bias detection and evalua-
tion. Since this was a single-centre study, selection bias cannot be ruled out and some results
might not be transferable to every clinical community. On the other hand, patient-tailored
treatment and follow-up according to best local practice do not affect the major outcomes of
this observational analysis. The primary aim of the study was to evaluate overall survival,
which is described mainly by other-cause mortality in the post-RP setting; however, the
lack of cancer-specific follow-up data prevented us from separating the contribution of
cancer-dependent mortality.

5. Conclusions

Our study introduces the high systemic immune-inflammation index as a potential
marker of survival in patients treated with radical prostatectomy for nonmetastatic prostate
cancer. We have validated the SII as an adjunct to the commonly used CAPRA-S score
and the Charlson comorbidity index. We estimated that patients combining high SIIs
with high age-adjusted CCIs and/or high CAPRA-S survive approximately one year less
during the first seven years after surgery. We have also confirmed the SII as useful when
stratifying the risk of death in patients that might be potential candidates for salvage
treatment (intermediate–high and high CAPRA-S). We believe that the implementation
of the SII into already used prognostic tools might be of clinical value, especially when
improving the selection of candidates for the radical treatment of prostate cancer.
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Simple Summary: Clear cell renal cell carcinoma (ccRCC) is one of the leading types of kidney
malignancy and is closely related to ferroptosis that is an iron-dependent regulated cell death with
lipid peroxide accumulation. A signature of nine ferroptotic genes was identified as an independent
prognostic factor via construction in The Cancer Genome Atlas (TCGA) database and validation in
the ArrayExpress database. This signature could successfully divide patients into low- and high-risk
groups to predict survival rate. Compared with the other eight genes, glutaminase 2 (GLS2) played a
crucial role during erastin-induced ferroptosis in ACHN and Caki-1 cells. It was discovered for the
first time that GLS2 might be a ferroptotic suppressor in ccRCC.

Abstract: Renal cell carcinoma (RCC), as one of the primary urological malignant neoplasms, shows
poor survival, and the leading pathological type of RCC is clear cell RCC (ccRCC). Differing from other
cell deaths (such as apoptosis, necroptosis, pyroptosis, and autophagy), ferroptosis is characterized
by iron-dependence, polyunsaturated fatty acid oxidization, and lipid peroxide accumulation. We
analyzed the ferroptosis database (FerrDb V2), Gene Expression Omnibus database, The Cancer
Genome Atlas database, and the ArrayExpress database. Nine genes that were differentially expressed
and related to prognosis were involved in the ferroptotic prognostic model via the least absolute
shrinkage and selection operator Cox regression analysis, which was established in ccRCC patients
from the kidney renal clear cell carcinoma (KIRC) cohort in TCGA database, and validated in ccRCC
patients from the E-MTAB-1980 cohort in the ArrayExpress database. The signature could be an
independent prognostic factor for ccRCC, and high-risk patients showed worse overall survival. The
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes were utilized to investigate the
potential mechanisms. The nine genes in ccRCC cells with erastin or RSL3 treatment were validated
to find the crucial gene. The glutaminase 2 (GLS2) gene was upregulated during ferroptosis in ccRCC
cells, and cells with GLS2 shRNA displayed lower survival, a lower glutathione level, and a high
lipid peroxide level, which illustrated that GLS2 might be a ferroptotic suppressor in ccRCC.

Keywords: clear cell renal cell carcinoma; ferroptosis; prognostic model; TCGA; E-MTAB-1980; GLS2

1. Introduction

Renal cell carcinoma (RCC) is one of the main urological malignant tumors, and there
were more than 430 thousand new cases and nearly 180 thousand deaths worldwide in
2020 [1]. The ratio of men to women diagnosed with RCC was nearly 1.7:1 and 90% of cases

Cancers 2022, 14, 4690. https://doi.org/10.3390/cancers14194690 https://www.mdpi.com/journal/cancers75



Cancers 2022, 14, 4690

of RCC were in patients over 50 years of age [2]. The risk factors include hypertension,
tobacco smoking, and obesity [3]. The leading pathological type of RCC is clear cell RCC
(ccRCC) that accounts for approximately 75% [3], and the percentage of metastatic ccRCC is
83–88% [4]. Patients diagnosed at an early stage possess a better survival rate of 80–90% [5],
however, only 30% of patients could be diagnosed according to symptoms and 40% of
patients whose 5-year survival rate is under 11.2% develop distant metastases [6,7]. In
summary, early diagnosis and precise management of ccRCC is significant because of their
correlation with prognosis.

Ferroptosis, as one of the regulated cell deaths, was a term coined by Scott J. Dixon
and Brent R. Stockwell in 2012 [8]. Differing from other cell deaths (such as apoptosis,
necroptosis, pyroptosis, and autophagy), ferroptosis is dependent on the oxidization of
polyunsaturated fatty acid (PUFA) and subsequent lipid peroxide accumulation [9]. When
ferroptosis occurs in cells, there are several distinguishing features including the rupture of
cellular membranes and a series of mitochondrial changes (mitochondria shrink, higher
mitochondrial membrane density, reduced mitochondria cristae, and outer mitochondrial
membrane rupture), however, there is no obvious change in the nucleus [10]. The molecular
compound erastin and Ras selective lethal 3 (RSL3) could induce ferroptosis through differ-
ent mechanisms. The erastin could inhibit solute carrier family 7 member A11 (SLC7A11)
to prevent the import of cystine, which limits glutathione (GSH) synthesis [8]. Erastin could
also bind with voltage-dependent anion channel 2 (VDAC2) to produce reactive oxygen
species (ROS) in a NADH-dependent manner, which induces mitochondrial damage [11].
Different from erastin, RSL3 could directly repress the enzymatic activity of GSH peroxi-
dase 4 (GPX4) that reduces lipid peroxides to corresponding alcohols via the inactivation of
its enzymatic active site, and the reduction of GPX4 needs GSH to recover this site [12–14].
On the other hand, the intracellular level of iron is also significant because it plays a crucial
role in participating in lipid peroxidation. Fe2+ could generate the hydroxyl radical (HO•)
via the Fenton reaction [15]. The HO•, as the most active ROS, could initiate nonenzymatic
lipid peroxidation including PUFA oxidation [10]. Therefore, the metabolism progress asso-
ciated with GSH synthesis, iron metabolism, and lipid peroxidation might affect ferroptosis,
especially in protein-coding genes, and the expression of some ferroptotic genes might
change to reduce ferroptosis [16].

In previous research, several studies have explored prognostic markers in ccRCC,
and a few ferroptosis-related prognostic models have been constructed [17–22]. However,
previous studies only took into consideration 60 genes from references [23,24]. In this study,
we made full use of the ferroptosis database (FerrDb V2), Gene Expression Omnibus (GEO)
database, The Cancer Genome Atlas (TCGA) database, and the ArrayExpress database
to explore the ferroptotic prognostic gene-based model of ccRCC. From the twenty genes
that were differentially expressed and associated with prognosis, nine genes were involved
in the ferroptotic prognostic model (FPM) via the least absolute shrinkage and selection
operator (LASSO) Cox regression analysis, which was established in ccRCC patients from
the kidney renal clear cell carcinoma (KIRC) cohort in TCGA database, used to establish a
nomogram for conducting individualized prognosis assessment, and validated in ccRCC
patients from the E-MTAB-1980 cohort in the ArrayExpress database. The signature could
be an independent prognostic factor for ccRCC, and patients in high-risk groups showed
worse prognosis. Then the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were employed to explore the potential mechanisms, and we tried to
validate the nine genes in ACHN and Caki-1 cells with erastin or RSL3 treatment. The
glutaminase 2 (GLS2) gene was upregulated during ferroptosis in ccRCC cells, and the cells
treated with GLS2 shRNA displayed lower survival, a lower glutathione (GSH) level, and
a high lipid peroxide level. Here, we discovered for the first time that GLS2 might be a
ferroptotic suppressor in ccRCC.
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2. Materials and Methods

2.1. Collection and Processing of Data

The GSE53757 (72 normal kidney tissues and 72 ccRCC tissues), GSE66272 (27 normal
kidney tissues and 27 ccRCC tissues), and GSE71963 (16 normal kidney tissues and 32 ccRCC
tissues) databases were downloaded from the GEO database (https://www.ncbi.nlm.n
ih.gov/geo/, accessed on 31 May 2022). The ferroptosis-related genes (including drivers,
suppressors, and markers) were obtained from the FerrDb V2 database (http://www.zhou
nan.org/ferrdb, accessed on 31 May 2022). The datasets of ccRCC were obtained from the
KIRC cohort (72 normal kidney samples and 539 ccRCC samples) in TCGA database (https:
//portal.gdc.cancer.gov, accessed on 31 May 2022) and the E-MTAB-1980 cohort (101 ccRCC
samples) in the ArrayExpress database (https://www.ebi.ac.uk/arrayexpress, accessed on
31 May 2022). The proteomic dataset of ccRCC was downloaded from the Clinical Proteomic
Tumor Analysis Consortium (CPTAC, https://proteomic.datacommons.cancer.gov/pdc,
accessed on 31 May 2022).

The following data processing was handled by R language software. The gene ex-
pression of the above databases was normalized with the “edgeR” package [25]. The
differentially expressed genes (DEGs) between normal kidney tissue and ccRCC tissue in
the GSE53757, GSE66272, GSE71963, and KIRC cohort were obtained using the “limma”
package [26], and DEGs were selected with the |log2 (FC)| > 1 and the false discovery
rate (FDR) < 0.05. The tumor prognostic genes (TPGs) were obtained using the “survival”
package and identified by univariate Cox analysis (p < 0.05) of overall survival (OS) [27].

2.2. Establishment and Validation of the FPM

The LASSO Cox regression analysis was used to select ferroptotic prognostic DEGs
(FPEDGs) using the “glmnet” package, and the optimal lambda (λ) was identified as
the optimal value through a tenfold cross-validation process [28,29]. The risk score was
computed by summarizing the product of each normalized FPEDG expression and its
corresponding multivariate Cox regression coefficient (β). In the KIRC cohort, the risk
score of every patient was computed using the above formula, and ccRCC patients were
divided into two groups (low-risk group and high-risk group) by the media risk score. In
the E-MTAB-1980 cohort, ccRCC patients were divided into two groups (low-risk group
and high-risk group) according to the media risk score of the KIRC cohort. The distribution
patterns of patients were performed by uniform manifold approximation (UMAP) using
the “umap” package and t-distributed stochastic neighbor embedding (t-SNE) with “Rtsne”
package. The “survminer” package was employed to conduct Kaplan–Meier (K–M) survival
analysis. The “time” ROC package was employed to conduct time-dependent receiver
operating characteristic (ROC) analysis.

2.3. Independent Prognostic Value of FPM

The risk score and clinical factors including age, gender, grade, and stage were analyzed
via Pearson’s chi-square test and displayed using a heatmap. The univariate/multivariate
Cox regression analysis was employed to estimate the independent prognostic value of FPM
and traditional clinical characteristics, and the results were summarized using hazard ratios
(HRs) and 95% confidence intervals (CIs).

2.4. Establishment and Validation of the Nomogram

According to the results of the multivariate Cox regression analysis, the factors were
used to establish a nomogram for predicting survival rates using the “rms” package and the
“survival” package. Time-dependent ROC analysis was utilized to evaluate the predictive
performance of FPM using the “time” ROC package. Calibration curves were utilized to
estimate the consistency between actual survival rates and predicted survival rates.
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2.5. Molecular Functional Analysis

The GO and KEGG of the nine genes were displayed using the “clusterProfiler”
package to screen the potential biological processes (BPs), cellular components (CCs),
molecular functions (MFs), and pathways. These results were presented using the “ggplot2”
package and the “G0plot” package [30].

2.6. Regents and Assay Kits

Fetal bovine serum (10100147), DMEM high glucose media (11965092), RPMI 1640 me-
dia (11875119), and penicillin-streptomycin (15140163) were purchased from Gibco (Foster,
CA, USA). Erastin (S7242), ferrostatin-1 (Fer-1, S7243), liproxstatin-1 (Lip-1, S7699), hydroxy-
chloroquine sulfate (HCQ, S4430), necrosulfonamide (NSA, S8251), Z-VAD-FMK (Z-VAD,
S7023), and RSL3 (S8155) were purchased from Selleck (Houston, TX, USA). GLS2 rab-
bit polyclonal antibody (ab113509) was purchased from Abcam (Cambridge, UK). Actin
mouse monoclonal antibody (A5441) and monobromobimane (MBB, B4380) were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). MTT (S19063) was purchased from Shanghai
yuanye Bio-Technology Co., Ltd. (Shanghai, China). Lipofectamine 2000 (11668019), Hoechst
33,342 (H1398) and BODIPY 665/676 (B3932) were purchased from Thermo (Waltham, MA,
USA). The SPARKeasy cellular RNA extraction kit (AC0205) was bought from Shandong
Sparkjade Biotechnology Co., Ltd. (Jinan, China). The Evo M-MLV RT Kit (AG11711)
was purchased from Accurate Biotechnology (Hunan) Co., Ltd. (Changsha, China). The
puromycin (60210ES25) and Hieff®qPCR SYBR Green Master Mix (11201ES08) were pur-
chased from Yeasen Biotechnology (Shanghai) Co., Ltd. (Shanghai, China). RIPA buffer
(R0010), a GSH assay kit (BC1175) and a malondialdehyde (MDA) assay kit (BC0025) were
bought from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China).

2.7. Cell lines and Cell Culture

ACHN and Caik-1 cells were provided by Cell Bank/Stem Cell Bank, Chinese Academy
of Sciences. ACHN was cultivated in DMEM high glucose media with 1% penicillin-
streptomycin and 10% fetal bovine serum, whereas Caki-1 cells were cultivated in RPMI
1640 media with 1% penicillin-streptomycin and 10% fetal bovine serum. All cells were
cultured in a humidified incubator at 37 ◦C with 5% CO2.

2.8. Cell Viability Assay

A total of 5 × 103 ACHN or Caik-1 cells were seeded into each well of a 96-well
plate and were incubated overnight, then the cells were respectively treated with various
concentrations of erastin (12 h) or RSL3 (6 h) with or without Fer-1 [1 μmol/L (μM)], Lip-1
(1 μM), HCQ (20 μM), NSA (1 μM), and Z-VAD (20 μM) [31]. Then, 5 mg/mL MTT was
added to each well and incubated for 4 h at 37 ◦C. Then, the medium was carefully removed
from the wells and 150 μL DMSO was added into each well. After shaking for 10 min, the
96-well plate was put into a multiskan sky high microplate reader (Thermo, Waltham, MA,
USA) and the absorbance was detected at 570 nm wavelength.

2.9. Real Time-PCR Assay

Total RNA from cells were extracted by using a cellular RNA extraction kit, and
reverse transcribed into cDNA by using the cDNA synthesis kit [32]. The real time PCR was
performed using Bio-Rad CFX96 Real-time PCR systems (Bio-Rad, Hercules, CA, USA). The
result was calculated by the comparative Ct method. All primers were designed by Primer
Premier 6 and synthesized by Sangon Biotech (Shanghai, China). The primer sequences are
shown in Table S1.

2.10. Lentiviral Infection

The GLS2 shRNA sequence was taken from references and synthesized by Shanghai
Genechem. Viral vector and packaging vectors were transfected into HEK293T cells using
Lipofectamine 2000. The medium was replaced after 6 h, and viral particles were harvested
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after 24 h. After ACHN and Caki-1 cells had been infected for 24 h, the medium was
replaced, and cells were cultured for another 48 h. Then puromycin (2.0 μg/mL) was
employed to select cell lines.

2.11. Western Blot

When cells were cultured to 90% confluence, they were harvested and lysed with RIPA
buffer containing protease inhibitor cocktail (HY-K0010, MedChemExpress, Monmouth
Junction, NJ, USA). The protein concentration was measured by using a BCA protein
assay kit (23227, Thermo). Then, samples were separated by 10% SDS polyacrylamide
gel, transferred onto polyvinylidene difluoride (PVDF) membrane (WBKLS0500, Millipore,
Billerica, MA, USA), blocked with 5% skimmed milk for 1 h at room temperature, and
blotted with the corresponding antibodies (actin 1:10,000; GLS2, 1:1000) in 5% skimmed
milk overnight at 4 ◦C. The PVDF membranes were washed with TBST three times and
incubated with HRP-conjugated secondary antibody for 1 h at room temperature. After
being washed with TBST three times, the PVDF membranes were detected by enhanced
chemiluminescence reagents (WBKLS0050, Millipore, Billerica, MA, USA) with C300 (Azure
Biosystems, Dublin, CA, USA).

2.12. Detection of MDA and GSH Level

The levels of MDA and GSH in cells were measured using MDA and GSH assay kits
and detected using a multiskan sky high microplate reader (Thermo, Waltham, MA, USA).

2.13. Lipid Peroxidation Assay

The cells were seeded on glass-bottomed culture dishes and incubated for 24 h. The
cells were incubated with DMSO, erastin or erastin+Lip-1 solutions for 12 h and washed
with PBS. Next, the cells were treated with 10 μM BODIPY 665/676 dissolved in PBS for
30 min at 37 ◦C and washed with PBS. Then the cells were treated with 2 μg/mL Hoechst
33,342 for 15 min at room temperature, washed with PBS, and examined using a Zeiss LSM
880+ Airyscan confocal microscope (Zeiss, Oberkochen, Germany).

2.14. MBB Staining

MBB dissolved in PBS was used to treat cells for 15 min at 37 ◦C after the removal of cul-
ture medium [33]. They were photographed using an Olympus IX51 inverted fluorescence
microscope (Olympus, Tokyo, Japan).

2.15. Statistical Analysis

All data were displayed by mean plus or minus standard deviation. Statistical analysis
was managed using Prism 9 and SPSS 13. The value of p < 0.05 was considered significant
(* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results

3.1. Identification of the FPDEGs

In this study (Figure 1), we identified 1519 DEGs (Table S2) from three GEO databases
(GSE53757, GSE66272 and GSE71963), 449 genes (Table S3) from the FerrDb V2 database,
and 5865 DEGs (Table S4) from TCGA database, and then 41 significant DEGs (Table S5)
were obtained. Next, we identified 207 tumor prognostic genes (TPGs) (Table S6) from the
FerrDb V2 database and TCGA database. Finally, we harvested 20 FPEDGs that contained
11 upregulated genes and nine downregulated genes between normal tissues and ccRCC
tissues in Figure 2A. The expression and HR (95% CI) of 20 FPEDGs in TCGA are displayed
in Figure 2B,C.

3.2. Construction of the FPM in TCGA

The 20 FPEDGs were subjected to LASSO Cox regression analysis based on OS to
screen key genes among FPEDGs (Figure 3A,B). A nine-gene signature with DPEP1, NOX4,
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MT1G, GLS2, GLRX5, TIMP1, CA9, CDCA3, and CYBB was identified in the KIRC cohort
based on the optimal λ, and their respective relative coefficients were calculated to establish
the FPM. The risk score of each patient was computed using the following formula: Risk
score = (−0.12661 × expression of DPEP1) + (−0.03457 × expression of NOX4) + (0.06429 ×
expression of MT1G) + (−0.06666 × expression of GLS2) + (−0.31540 × expression of
GLRX5) + (0.21071 × expression of TIMP1) + (−0.17067 × expression of CA9) + (0.56213 ×
expression of CDCA3) + (−0.04120 × expression of CYBB).

After checking the clinical data and gene expression of the patients in TCGA, we
deleted 13 cases without gene expression profiles, complete clinical data or patients with
0 days. Based on the media risk score, patients (n = 526) were divided into a low-risk group
(n = 263) and a high-risk group (n = 263), and patients in the high-risk group possessed
high mortality (Figure 3C). The two groups of ccRCC patients could be well distributed
into two sets by using UMAP and t-SNE analysis (Figure 3D,E). The K–M survival curves
of the two groups showed that patients in the high-risk group had a worse survival rate
when compared with their counterparts (Figure 3F). Furthermore, the time-dependent
ROC analysis was utilized to show the prognostic value and predictive performance of the
FPM, and the area under curve (AUC) reached 0.751 at 1 year, 0.732 at 3 years, and 0.748 at
5 years (Figure 3G), which illustrated that the FPM could be a suitable prognostic predictor.

 

Figure 1. Flow chart of identification and validation.
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Figure 2. Identification of FPDEGs. (A) Process of identifying FPDEGs via Venn. (B) Heatmap
showing expression of twenty FPDEGs in KIRC cohort of TCGA database. (C) Forest plot showing
twenty FPDEGs identified by univariate Cox regression analysis based on OS.
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Figure 3. Construction of the FPM in TCGA. (A,B) LASSO Cox regression analyzed FPDEGs. (C) Dis-
tributions and media value of ccRCC patients with increasing risk score and distribution of ccRCC
patients with corresponding survival status. (D) UMAP plot of the ccRCC patients showing the
distribution in two risk groups. (E) t—SNE plot of the ccRCC patients showing the distribution in
two risk groups. (F) K–M curves of patients in two risk groups. (G) AUC of the time-dependent ROC
curves showing the prognostic value of the risk score.
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3.3. FPM Could Be a Well Independent Prognostic Factor of ccRCC

The heatmap based on increasing risk score showed the relationship between risk
group, basic clinical information, pathological feature, and nine-gene expression (Figure 4A).
Based on Pearson’s chi square test, the risk group had noticeable correlativity with the
tumor grade (p < 0.001), tumor stage (p < 0.001), and patient status (p < 0.001) while it was
not related to age (p = 0.794) or gender (p = 0.066).

Figure 4. Cont.
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Figure 4. FPM could be an independent prognostic factor for ccRCC. (A) Heatmap showing the
correlations between risk groups and clinical characteristics. (B) Univariate Cox regression analysis of
the factors. (C) Multivariate Cox regression analysis of the factors. (D) A prognostic nomogram model
for predicting 1-, 3-, and 5-year survival probability. (E) Time-dependent ROC curves of the nomogram.
(F) Calibration curves of the nomogram for predicting 1-, 3-, and 5-year survival probability.

The age, tumor grade, tumor stage, and risk score possessed a strong relationship with
OS through univariate Cox regression (Figure 4B). The age, tumor stage, and risk score
showed a marked relationship with OS through multivariate Cox regression (Figure 4C).
These results demonstrate that the risk score could be an independent prognostic pre-
dictor. The age, tumor stage, and risk score were employed to set up a nomogram to
display the survival probability rates (Figure 4D). The AUC for 1, 3, and 5 years was 0.864,
0.815, and 0.795, respectively (Figure 4E). The calibration analysis displayed a good fitting
effect between the actual survival probabilities and the predicted survival probabilities
(Figure 4F).

3.4. The FPM Could Be a Convincing Independent Prognostic Predictor in E-MTAB-1980 Cohort

We checked the clinical data and gene expression of the patients in E-MATB-1980
and deleted the cases without complete information, then 92 cases were used to validate
the prognostic value of the FPM. According to the media risk score of TCGA, 92 patients
were divided into a low-risk group (n = 33) and a high-risk group (n = 59), and all dead
patients were placed into the high-risk group, which illustrated the well-predicted value
of FPM (Figure 5A). The two groups of ccRCC patients could be well distributed into two
sets by using UMAP and t-SNE analysis (Figure 5B,C). The K–M survival curves of the
two risk groups showed that patients in the high-risk group displayed a worse survival
rate when no patient was in the low group (Figure 5D). The AUC for 1, 3, and 5 years
was 0.888, 0.875, and 0.879, respectively, which showed the convincing prognostic value of
the FPM (Figure 5E). The heatmap of the 92 patients in the E-MTAB-1980 cohort was also
used to present the relationship between risk group, basic clinical information, pathological
features, and nine-gene expression (Figure 5F).
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Figure 5. Validation of the FPM in E-MTAB-1980 cohort. (A) Distributions and media value of ccRCC
patients with increasing risk score and distribution of ccRCC patients with corresponding survival
status. (B) UMAP plot of the ccRCC patients showing the distribution in two risk groups. (C) t-SNE
plot of the ccRCC patients showing the distribution in two risk groups. (D) K–M curves of patients
in two risk groups. (E) AUC of the time-dependent ROC curves showing the prognostic value of
the risk score. (F) Heatmap showing the correlations between risk groups and clinical characteristics.
(G) Univariate Cox regression analysis of the factors. (H) Multivariate Cox regression analysis of
the factors.

The age, tumor grade, tumor stage, and risk score possessed a strong relationship with
OS through univariate Cox regression (Figure 5G). The tumor stage, and risk score showed a
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marked relationship with OS through multivariate Cox regression (Figure 5H). These results
demonstrate that the risk score could be a convincing independent prognostic predictor.

3.5. Molecular Functional Analysis

GO and KEGG analysis were used to investigate the molecular function and potential
signaling pathways of nine genes. The nine genes enriched in 132 BP, 22 CC, 36 MF, and
10 KEGG terms that possessed significant difference (p < 0.05). The top ten terms of BP,
CC, and MF were chosen and are displayed in Figure 6A,B. The nine genes mainly focused
on several amino acid metabolic processes, metal processes, and redox processes, such
as the homocysteine metabolic process, α-amino acid metabolic process, sulfur amino
acid metabolic process, ROS metabolic process, electron transport chain, electron transfer
activity, oxidoreductase activity, and cellular response to metal iron. The 10 KEGG terms
contained HIF-1 signaling pathway, ferroptosis, and amino acid metabolism (Figure 6C,D),
however, DPEP1, GLRX5, and CDCA3 did not enrich in 10 KEGG terms.

 

Figure 6. Enrichment analysis of nine FPDEGs. (A,B) Top ten enriched terms of nine FPDEGs in BP,
CC, and MF. (C,D) Ten KEGG terms of nine FPDEGs.

3.6. GLS2 Was Upregulated during Ferroptosis

The erastin or RSL3 could dose-dependently induce the death of ACHN cells that was
prevented by the ferroptosis inhibitors Fer-1 and Lip-1 in Figure 7A,B, and the cellular mor-
phology is shown in Figure 7E. In contrast, the autophagy inhibitor HCQ, the necroptosis
inhibitor NSA, and the apoptosis inhibitor Z-VAD could not repress erastin- or RSL3-
induced cell death. Meanwhile, similar results also occurred in Caki-1 cells (Figure 7C–E).
The mRNA expression of nine genes in ACHN and Caik-1 with different treatments are
exhibited in Figure 7F,G. The mRNA expression of GLS2 was significantly upregulated in
both ACHN and Caki-1 with erastin or RSL3 treatment, which indicated that GLS2 played
a crucial role during ferroptosis.
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Figure 7. GLS2 was upregulated during ferroptosis. (A,B) ACHN cells were treated with various
concentrations of erastin (12 h) or RSL3 (6 h) with or without Fer-1 (1 μM), Lip-1 (1 μM), HCQ
(20 μM), NSA (1 μM), Z-VAD (20 μM). (C,D) Caki-1 cells were treated with various concentrations of
erastin (12 h) or RSL3 (6 h) with or without Fer-1 (1 μM), Lip-1 (1 μM), HCQ (20 μM), NSA (1 μM),
Z-VAD (20 μM). (E) The cellular morphology of AHCN and Caki-1 treated with erastin (10 μM, 12 h)
or RSL3 (1 μM, 6 h) in the absence or presence of Lip-1 (1 μM). The scale bar represented 500 μm.
(F) The mRNA expression of nine FPDEGs in ACHN treated with erastin (10 μM, 12 h) or RSL3
(1 μM, 6 h) in the absence or presence of Lip-1 (1 μM). (G) The mRNA expression of nine FPDEGs
in Caki-1 treated with erastin (10 μM, 12 h) or RSL3 (1 μM, 6 h) in the absence or presence of Lip-1
(1 μM). (* p < 0.05, ** p < 0.01, *** p < 0.001).
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3.7. GLS2 Was Low-Expressed in ccRCC Tissues and Closely Related with Prognosis

Compared with normal kidney tissues, the mRNA expression of GLS2 was low-
expressed in ccRCC tissues from TCGA (Figure 8A,C), and the proteomic expression of
GLS2 was also low-expressed in ccRCC tissues from CPTAC (Figure 8B). In the aspect of
histopathological grade, the mRNA expression of GLS2 was lower in G3 and G4 than its
counterparts (Figure 8D). In terms of clinical TNM stage from AJCC, the mRNA of GLS2
was low-expressed in Stage III and IV (Figure 8E). The OS, disease specific survival, and
progress-free interval illustrated that patients with high GLS2 expression possessed high
survival rates compared with their counterparts (Figure 8F–H). These results illustrate
that GLS2 was significantly low-expressed in ccRCC tissues and is closely related to the
prognosis of ccRCC patients.

Figure 8. GLS2 was downregulated in ccRCC tissue and closely correlated with prognosis. (A) The
mRNA expression of GLS2 between normal kidney tissues and ccRCC tissues in TCGA. (B) The
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proteomic expression of GLS2 between normal kidney tissues and ccRCC tissues in CPTAC. (C) The
mRNA expression of GLS2 between ccRCC tissues and paracancerous tissues in TCGA. (D) The
mRNA expression of GLS2 in normal kidney tissues and different grade groups in TCGA. (E) The
mRNA expression of GLS2 in normal kidney tissues and different stage groups in TCGA. (F) The
OS of ccRCC patients in groups of high or low GLS2 expression. (G) The disease specific survival of
ccRCC patients in groups of high or low GLS2 expression. (H) The progress-free interval of ccRCC
patients in groups of high or low GLS2 expression. (*** p < 0.001).

3.8. GLS2 Might Be a Suppressor of Ferroptosis in ccRCC

As the expression of GLS2 obviously upregulated with treatment of erastin, we
knocked down the mRNA expression of GLS2 using shRNA in ACHN and Caik-1 cells
(Figures 9A–D and S3). After the knockdown of GLS2, the cell viabilities of ACHN and
Caki-1 markedly decreased (Figure 9E,G). The cell viabilities of shRNA groups with erastin
treatment were further decreased, and cell death could be repressed by Lip-1. The levels of
MDA increased in both ACHN and Caki-1 cells after the knockdown of GLS2 and further
reduced in knockdown groups with erastin treatment while the levels of MDA could down-
regulate by Lip-1 (Figure 9F,H). The BODIPY 665/676 could detect the lipid ROS in cells
and the results were consistent with MDA results both in ACHN (Figure 9I) and Caki-1
(Figure S1). As GLS2 participated in the biosynthesis of GSH, the levels of GSH were tested
in ACHN and Caki-1 cells (Figure 9J,K). The levels of GSH decreased in shRNA groups and
further reduced in shRNA groups with erastin treatment, whereas Lip-1 treatment could
not reverse the intracellular GSH level. The intracellular GSH level was detected by MBB
staining because MBB could bind with GSH to emit blue fluorescence [31]. The fluorescence
intensity of shRNA groups and erastin groups distinctly reduced and did not reverse with
Lip-1 treatment in ACHN, which was consistent with GSH detection (Figure 9L). The MBB
staining of Caki-1 with different treatments is displayed in Figure S2. These results show
that GLS2 might be a suppressor of ferroptosis via affecting biosynthesis of GSH.

Figure 9. Cont.
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Figure 9. GLS2 might be a suppressor of ferroptosis in ccRCC. (A) The mRNA expression of GLS2
with different shRNAs treatments in ACHN. (B) The proteomic expression of GLS2 with different
shRNAs treatments in ACHN. (C) The mRNA expression of GLS2 with different shRNAs treatments
in Caki-1. (D) The proteomic expression of GLS2 with different shRNAs treatments in Caki-1.
(E,F) The cell viabilities and MDA levels of ACHN treated with erastin (10 μM, 12 h) in the absence
or presence of Lip-1 (1 μM). (G,H) The cell viabilities and MDA levels of Caki-1 treated with erastin
(10 μM, 12 h) in the absence or presence of Lip-1 (1 μM). (I) Lipid peroxidation of ACHN with various
treatments (Nuclei were stained with Hoechst 33342, and lipid peroxides were stained with BODIPY
665/676). The scale bar represented 20 μm. (J) GSH levels of ACHN treated with erastin (10 μM, 12 h)
in the absence or presence of Lip-1 (1 μM). (K) GSH levels of Caki-1 treated with erastin (10 μM, 12 h)
in the absence or presence of Lip-1 (1 μM). (L) The status of intracellular GSH levels was assessed by
MBB staining in ACHN treated with erastin (10 μM, 12 h) in the absence or presence of Lip-1 (1 μM).
The scale bar represents 100 μm. (* p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion

Several methods of managing RCC have been utilized such as surgery, ablation,
targeted therapy, chemotherapy, and immunotherapy. Although partial or radical nephrec-
tomy and ablation could successfully be applied as ccRCC therapy, 30% of ccRCC patients
still develop metastases, which is associated with higher mortality [4]. The 3-year survival
rate of patients with nodal invasion is 20–30% after surgery without consideration of T
stage [34]. Thermal ablation, cryoablation, and radiofrequency ablation could be taken
into consideration for renal masses of less than 3 cm [3]. Targeted therapy, such as VEGF
receptor inhibitors and tyrosine kinase inhibitors, has been used for RCC, however, many
patients could develop drug resistance after treatment for 6–15 months, especially those
with metastatic RCC [35]. These interventions might improve the OS of ccRCC patients,
however, complete remission is rare because advanced RCC is a deadly disease.

Ferroptosis has been investigated in different cancers, such as breast cancer [36,37],
glioblastoma [38,39], hepatocellular carcinoma [40,41], lung cancer [42,43], and pancreatic
cancer [31,44]. A great number of genes, long non-coding RNAs (lncRNAs), and com-
pounds have been studied and explored by researchers and different mechanisms have
been reported. Different gene- or lncRNA-based signatures have been explored and pos-
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sess prognostic value [18,19,45–47]. Prognostic models are fundamental to developing a
personalized therapy, moreover, an early diagnosis is of paramount importance in these
cases [48]. In a recent study, a signature containing eight ferroptotic lncRNAs was found to
be accurate and reliable in predicting clinical outcomes, and the target genes (BNIP3, RRM2,
and GOT) of three lncRNAs (LINC00460, LINC01550, and EPB41L4A-DT) were closely
related to survival outcomes of ccRCC [45]. In the ferroptosis-related gene signature, seven
genes were selected to set up a model that showed good prognostic value, and twelve genes
were chosen to predict prognosis and reveal immune relevancy, however, the signatures
only used a group of 60 ferroptosis-related genes and were only displayed in TCGA with
or without simple validation in the E-MTAB-1980 cohort [18,19]. These signatures lack
database validation or experimental validation and remain only at the level of computer
operation and therefore need deeper investigation. Considering these deficiencies, we
introduced three databases from GEO and obtained the whole gene expression, then we
used these databases and the KIRC cohort from TCGA to find the common DEGs. In
order to avoid the limitation of using only 60 genes, we downloaded the latest ferroptotic
gene database (including drivers, suppressors, and markers) without unclassified genes,
whose role in ferroptosis is unclear, from FerrDb V2. Based on the five databases, a signa-
ture including nine genes was employed to predict outcomes of ccRCC patients. Except
MT1G and CA9, the other seven genes of the signature were not involved in previous
signatures [16,18,19,46,49–51], which might be attributed to using a fragmentary gene set.
Therefore, the nine-gene signature in this study could be more successful at distinguishing
high-risk and low-risk patients and more accurate in predicting the prognosis of patients.

Except GLS2, the other eight genes involved in the signature could be divided into
two groups, the drivers (DPEP1, NOX4, TIMP1, and CDCA3) and the suppressors (MT1G,
GLRX5, CA9, and CYBB) of ferroptosis. Dipeptidase 1 (DPEP1) as a membrane-bound
glycoprotein could hydrolyze a wide range of dipeptides, and it colocalized with clathrin
(endocytic vesicle marker) to induce transferrin endocytosis [52]. Deficiency of DPEP1 could
protect kidneys from cisplatin-induced ferroptosis. In kidney samples, DPEP1 expression
is strongly related to SLC3A2 that combines with SLC7A11 to form a transport system for
cystine. NADPH oxidase 4 (NOX4) could generate intracellular superoxide and promote
ferroptosis via oxidative stress-induced lipid oxidation [53]. When NOX4 was inhibited by
its inhibitor, cells could display resistance to erastin-induced ferroptosis [8]. Pseudolaric
acid B could trigger ferroptosis by activating NOX4 in glioma, and the knockdown of NOX4
made it resistant to Pseudolaric acid B-induced cell death [54]. Metalloproteinase inhibitor 1
(TIMP1) targets and forms complexes with metalloproteinases to irreversibly inactivate the
latter. Inhibition of TIMP1 could repress ferroptosis of CMEC cells by decreasing transferrin
receptor 1 [55]. The cell division cycle associated protein 3 (CDCA3) mainly participates in
drug resistance and cell cycle regulation in cancers and has not been studied in depth [56].
However, CDCA3 was just regarded as a driver of ferroptosis because of genome-wide
CRISPR screens and has not been validated [57]. In the other group, metallothionein-1G
(MT1G) has a high content of cysteine residues that bind various heavy metals and, as a
transcriptional target of NRF2, could ameliorate heavy metals and free radicals to maintain
cellular redox homeostasis while it is upregulated in sorafenib-resistant hepatocellular
carcinoma cells [41]. Suppression of MT1G expression via shRNA or an inhibitor could
significantly improve the sensibility of tumors to sorafenib. Glutaredoxin 5 (GLRX5)
participates in iron–sulfur cluster biogenesis and regulates hemoglobin synthesis. GLRX5
knockdown could enhance intracellular lipid peroxidation and increase intracellular free
iron, which is attributed to the upregulated transferrin and downregulated ferritin in head
and neck cancer cells [58]. Carbonic anhydrase 9 (CA9), as one of the CAs that play a
crucial role in equilibrating the reaction between CO2, HCO3

−, and H+, is inductively
expressed during hypoxia in various cancers [59,60]. Inhibition of CA9 could decrease
the viability and migration of malignant mesothelioma cells, while Fe2+ is increased via
upregulating transferrin receptor and downregulating ferritin [61]. The CA9 inhibition
could be repressed by deferoxamine and ferrostatin-1, which indicated that CA9 might be
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a suppressor of ferroptosis. Cytochrome b-245 β chain (CYBB) is the terminal component
of a respiratory chain [62]. However, its suppression of ferroptosis was only deduced and
not entirely confirmed [8].

There are two types of glutaminase isoenzymes, GLS (encoded by GLS and regulated
by regulated by c-Myc) and GLS2 (encoded by GLS2 and regulated by p53), which are both
significant enzymes participating in glutamine metabolism. The GLS-mediated deamina-
tion of glutamine results in ammonia release to maintain cell survival via biosynthesis with
α-ketoglutarate and intermediates, meanwhile, glutamate coming from GLS2-mediated
deamination of glutamine takes part in an antioxidant mechanism (GSH) [63]. GLS is
correlated with tumor growth rate and malignancy [64], and it is high-expressed in various
cancers including brain cancer, lung cancer, breast cancer, hepatocellular carcinoma, colorec-
tal cancer [65,66]. In a recent study, the absence of exogenous glutamine induced glutamate
level, which led GLS to convert from dimer to self-assembled filamentous polymer [67]. The
catalytic activity of filamentous GLS increased and further depleted intracellular glutamine,
which resulted in ROS-induced apoptosis that could be rescued by asparagine supplemen-
tation. GLS2 could increase the GSH level to enhance intracellular antioxidant function
in HepG2, HCT116, and LN-2024 cells [68]. In our experiments, the viabilities of ACHN
and Caki-1 decreased after GLS2 knockdown, and the GSH levels of ACHN and Caik-1
descended accompanied by increase of MDA. According to these findings and our experi-
ments, GLS2 might be a negative regulator of ferroptosis. However, this conclusion was
different from another study in which the knockdown of GLS2 repressed serum-dependent
necroptosis in mouse embryonic fibroblasts through control of glutaminolysis [69]. The
authors also considered that the results might be due to predominant expression of GLS2
in mouse embryonic fibroblasts, however, they did not further validate this. As there are
various components in fetal bovine serum, the results lacked specific ferroptosis treatments
and specific ferroptosis-related assays. In our study, we used erastin and RSL3 to induce
ferroptosis of ACHN and Caki-1 and discovered the role of GLS2 in the ferroptosis of
ccRCC cells.

5. Conclusions

In summary, this study identified a novel signature that could successfully distinguish
patients with ccRCC on the basis of clinical and molecular characteristics. The novel
nine-FPEDG signature could be an independent prognostic factor for ccRCC in TCGA and
ArrayExpress databases. It was discovered for the first time that GLS2 might be a ferroptotic
suppressor in ccRCC. The potential mechanisms of other FPEDGs remain unclear and need
further investigation.
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of Caki-1 with various treatments (Nuclei were stained with Hoechst 33342, and lipid peroxides were
stained with BODIPY 665/676). The scale bar represented 20 μm. Figure S2: The status of intracellular
GSH levels was assessed by MBB staining in ACHN treated with erastin (10 μM, 12 h) in the absence
or presence of Lip-1 (1 μM). The scale bar represented 100 μm. Figure S3: Original whole blot.
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Simple Summary: Metastatic prostate cancer is incurable and lethal. Tumor growth is initially
reduced by radiation, surgery, or hormone therapy and later, by pairing them with chemotherapy
for advanced cancer. Recent innovations have helped to develop prescription drugs against certain
prostate cancer types, showing gene alterations that prevent the repair of damaged DNA or activate
the body’s anti-cancer natural immune defense. A panel of genes has been identified whose cancer
genome alterations may predict whether non-metastatic prostate cancer would go on to metasta-
size. The activity of these genes may help to guide treatment decision for non-metastatic cancer
with the choice for non-aggressive versus debilitating aggressive options. The probing of prostate
cancer genome has uncovered hormonal abnormalities and genome changes specific to individual
patients and studies are revealing how these changes can lead to treatment failure. The discovery of
new druggable vulnerabilities of the cancer cells has presented opportunities to develop precision
treatments of metastatic prostate cancer tailored to individual patients.

Abstract: Organ-confined prostate cancer of low-grade histopathology is managed with radiation,
surgery, active surveillance, or watchful waiting and exhibits a 5-year overall survival (OS) of 95%,
while metastatic prostate cancer (PCa) is incurable, holding a 5-year OS of 30%. Treatment options for
advanced PCa—metastatic and non-metastatic—include hormone therapy that inactivates androgen
receptor (AR) signaling, chemotherapy and genome-targeted therapy entailing synthetic lethality
of tumor cells exhibiting aberrant DNA damage response, and immune checkpoint inhibition (ICI),
which suppresses tumors with genomic microsatellite instability and/or deficient mismatch repair.
Cancer genome sequencing uncovered novel somatic and germline mutations, while mechanistic
studies are revealing their pathological consequences. A microRNA has shown biomarker poten-
tial for stratifying patients who may benefit from angiogenesis inhibition prior to ICI. A 22-gene
expression signature may select high-risk localized PCa, which would not additionally benefit from
post-radiation hormone therapy. We present an up-to-date review of the molecular and therapeutic
aspects of PCa, highlight genomic alterations leading to AR upregulation and discuss AR-degrading
molecules as promising anti-AR therapeutics. New biomarkers and druggable targets are shap-
ing innovative intervention strategies against high-risk localized and metastatic PCa, including
AR-independent small cell-neuroendocrine carcinoma, while presenting individualized treatment
opportunities through improved design and precision targeting.

Keywords: high-risk prostate cancer; androgen receptor axis; castration resistance; neuroendocrine
carcinoma; PARP inhibition; immunotherapy; cancer genome; precision targeting

1. Introduction

As the second most common male cancer worldwide, next only to lung cancer, prostate
cancer affects roughly 1.3 million people and kills more than 360,000 people annually. In
the U.S.A., the year 2020 saw nearly 192,000 new cases of prostate cancer (PCa) along with
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around 33,000 deaths [1]. Early stage PCa is treatable, with a 5-year survival rate of about
95%. Once PCa metastasizes, the 5-year survival rate falls to less than 30%. Conventional
treatments for early stage PCa include watchful waiting (i.e., observation/no therapy),
surgery and radiation, or active surveillance entailing routine monitoring of the blood level
of prostate specific antigen (PSA), a circulatory biomarker for PCa cells, and repeat biopsy
when deemed necessary. Cancer re-emergence occurs in about 30% of cases following
radiation and/or surgery when hormone therapy, which reduces blood androgens to a
castrate level, initially prevents androgen-dependent tumor growth. Hormone therapy
is also considered for early stage cancer categorized as high risk for progression based
on tumor grade and stage, and blood PSA. Hormone therapy and chemotherapy are the
standard of care for PCa that has advanced locally or spread to distant tissues. No treatment
course can offer permanent remission of advanced PCa. Technological advances are leading
the way to find novel avenues for clinical interventions. In this review, we summarize
progress in the molecular and genomic characterization of various stages of PCa—from
high-risk localized and metastatic disease to neuroendocrine carcinoma, which is a highly
aggressive form of advanced PCa—describe how insights gleaned from ongoing studies
are revealing new vulnerabilities of cancer cells, and highlight several potential targets that
are being pursued for future interventions tailored to individual patients.

In 1941, Charles Huggins discovered revolutionary aspects of PCa by demonstrating
reduced cancer progression for the metastatic disease via androgen deprivation therapy
(ADT) in the form of surgical castration. The Huggins discovery pioneered PCa manage-
ment employing ADT and additional forms of hormone therapy, while also paving the
way for a multitude of modern-day therapeutics [2]. Androgens play essential roles in the
development of normal and malignant prostate, and the androgen dependence of PCa for
cancer cell survival and proliferation has been amply documented. Androgens, synthe-
sized predominantly in the testes, mediate biological effects via the androgen receptor (AR),
which is a nuclear receptor and ligand-inducible transcription factor. Androgen-activated
AR regulates normal prostate physiology and prostate cancer pathophysiology [3–6].

Androgen precursors in the form of androstenedione and dehydroepiandrosterone are
secreted into circulation following biosynthesis in the adrenal glands. Adrenal androgens
are converted to testosterone intratumorally in the prostate via multiple enzymatic steps,
and 5α-dihydrotestosterone (DHT) is the reduced metabolite of testosterone, generated by
the catalytic action of 5α-reductase. DHT and testosterone are high-affinity AR ligands.
Cytosolic AR, when bound to androgens at the ligand-binding domain (LBD) of the receptor,
dissociates from multiple AR-interacting proteins, including heat shock proteins hsp90
and hsp70, undergoes a conformational change that exposes a nuclear localization signal
and facilitates transport of the androgen/AR complex to the nucleus [7,8]. Chromatin
recruitment of this complex to androgen response element(s) in target genes and receptor
interaction with coregulators lead to transcriptional induction or repression of AR-regulated
genes (Figure 1). The ensuing impact on downstream effectors is a major driver in shaping
prostate functions. Elevated androgen-inducible PSA in circulation under peripheral
castration (characterized by low (<20 ng/dL) blood testosterone) is a biochemical signature
of advanced PCa. Kinase-mediated receptor phosphorylation is an androgen-independent,
alternative path to AR activation (Figure 1).

AR activity is upregulated in advanced PCa, principally from increased AR expression
due to AR gene amplification. Continued AR activity also occurs due to AR mutants
with ligand affinity for steroids beyond androgens; AR splice variants (AR-Vs) lacking
LBD; and altered AR coregulator(s) abundance/activity. Hormone therapy, chemotherapy,
and emerging genome targeted therapy are principal treatments for metastatic castration-
resistant prostate cancer (mCRPC). Genome alterations impacting non-AR pathways can
also lead to late-stage, treatment-resistant prostate cancer.

Recent insights into genome alterations in prostate cancer that impact signaling path-
ways beyond the androgen receptor axis, subtypes of early stage and advanced PCa, and the
dynamics of tumor-promoting and tumor-suppressive effects of immune cells are revealing
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new approaches to disease intervention. A generally immunosuppressive tumor microenvi-
ronment makes most prostate cancer cases unresponsive to current immunotherapy except
for genome instability in two contexts. New laboratory results are suggesting that the
reach of immunotherapy for advanced PCa management may be extended by targeting
selected pro-tumorigenic pathways in combination therapy. This review is a synthesis of
key findings on genetic, epigenetic, and molecular changes impacting PCa aggressiveness
and elaborates how the information has contributed to innovations in treatment strategies
and has led to genome-targeted precision medicine and cancer immunotherapy. Finally, a
future scenario built on current research is presented when routine personalized treatment
decision for high-risk non-metastatic and advanced metastatic prostate cancer would be
a reality.

 

Figure 1. Simplified schema for AR-mediated target gene transcriptional response. DHT-bound AR
dissociates from chaperone proteins (HSPs) and other interacting proteins, exposing AR’s nuclear
localization signal and facilitating receptor’s nuclear import. Upon recruitment to androgen response
elements of AR target genes, the hormone-bound AR interacts with various coregulators leading
to target gene transcriptional response. An androgen-independent pathway may also drive AR
activation and its cytoplasm to nucleus transfer subsequent to AR phosphorylation by various
kinases. DHT: 5α-dihydrotestosterone; HSPs: heat shock proteins; FKBP52: forskolin-binding protein
52; IL6-R: interleukin 6 receptor; RTK: receptor tyrosine kinase.

2. Current Prostate Cancer Therapies

2.1. Low-Risk and High-Risk Non-Metastatic Prostate Cancer

The risks of localized prostate cancer for recurrence and metastasis are determined
from the Gleason score, tumor stage and size, and blood PSA levels. Treatment options for
localized PCa deemed low-to-moderate risk entail active surveillance, radical prostatectomy
(RP) by surgery, and radiation therapy (RT) with external beam radiation or brachyther-
apy, while watchful waiting (i.e., observation/no therapy) is the norm for very low-risk
cases [9]. Individual factors, such as patient’s age and health, along with advantages and
disadvantages of each option influence a treatment course [9,10] since regardless of the
option selected, the low-risk disease shows a 10-year PCa-specific survival rate of nearly
99% [11]. Active surveillance helps to avoid health complications from RP and RT and
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therefore is recommended for younger and healthier patients. For high-risk localized PCa,
surgery or external beam radiation is administered regardless of comorbidity-influenced
life expectancy. RP and RT have similar efficacy. RP, however, is preferred over RT as
primary monotherapy since it reduces local recurrence rates; potentially carries less risk for
secondary cancer; allows the full-scale histopathological evaluation of tumor specimens;
and also, potentially helps to avoid ADT [10]. Both RP and RT increase the risk for erectile
dysfunction—with risk being greater for RP, and surgery leads to a higher risk of urinary
incontinence, while the fecal incontinence risk is higher with RT [9]. Surgery is not an
option when radiographic evidence indicates metastasis.

For histologically progressed non-metastatic PCa that is castration sensitive, a multi-
modal treatment design entailing ADT with or without RP and/or RT or combined with
an AR inhibitor offers the greatest potential for improved long-term outcomes for patients
who may harbor occult metastatic disease [9,10]. ADT induces the apoptosis of PCa cells,
which leads to tumor shrinkage and inhibition of new tumor growth. The meta-analysis of
a large dataset for high-risk prostate cancer showed that including external beam RT along
with brachytherapy considerably shortens optimal duration of ADT and extends the period
of metastasis-free survival [12]. This is a significant finding in view of the unpleasant side
effects of ADT and its adverse impact on quality of life. A phase III trial (Stampede) has
shown that ADT combined with an androgen synthesis blocking drug (abiraterone acetate
plus prednisolone) provides improved benefits over ADT alone against non-metastatic
castration sensitive PCa [13]. Therapeutic ADT includes agonists or antagonists for luteiniz-
ing hormone-releasing hormone (LHRH). The LHRH agonists, Leuprolide, Triptorelin,
Histrelin, Goserelin, and two injectable LHRH antagonists, Degarelix (Firmagon®, Fer-
ring Pharmaceuticals, Parsippany, NJ, USA) and orally deliverable Relugolix (Orgovyx®,
Myovant Sciences, Brisbane, CA, USA), are FDA approved for ADT.

The development of non-metastatic CRPC is evidenced by rapidly rising blood PSA
despite ADT. Disease progression in this case can be delayed by AR axis targeted therapy
(ARAT) with a second-generation AR antagonist (enzalutamide, apalutamide or darolu-
tamide) [14,15]. In a meta-analysis, a low proportion (16.5%) of non-metastatic CRPC
patients was found to have avoided relapse within five years of initial therapy [12]. Of note,
a 22-gene expression signature for high-risk localized PCa has recently been identified that
can predict distant metastases and tumor responsiveness to second generation hormone
therapy following radiation treatment in pretreatment biopsies [16]. The signature was
identified based on the transcriptome analysis of archival pretreatment prostatectomy
samples for which follow-up patient data over two to three decades was available. This
genetic score-based predictive tool identified a subgroup of patients who did not addi-
tionally benefit from hormone therapy compared to radiation treatment only. Studies are
ongoing to further validate this gene signature as a potential biomarker panel for stratifying
high-risk primary PCa patients who should not be advised for additional hormone therapy
beyond RT as primary monotherapy [16].

2.2. Targeting Metastatic Prostate Cancer

Androgen sensitive metastatic PCa is managed by ADT monotherapy or with RT
or RP. The disease invariably progresses on ADT to develop into metastatic castration
resistant prostate cancer (mCRPC), when ADT together with ARAT, which employs an AR
antagonist or an androgen biosynthesis inhibitor that prevents intratumoral steroidoge-
nesis, is temporarily successful as a first line treatment. ADT plus chemotherapy (with
docetaxel) is another widely used first line option. Immunotherapy using immune check-
point inhibitors and therapy that targets the DNA repair enzyme PARP (poly (ADP-ribose)
polymerase) are more recent additions to the medical armamentarium as a second line
treatment against mCRPC. Common treatment practices for prostate cancer at different
stages are summarized in Figure 2.
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Figure 2. Schema for treatment modalities at progressively advancing prostate cancer stages. Boxes
in blue indicate disease stages. Pink-colored boxes describe treatment choices. ADT: androgen
deprivation therapy; MSI-H: microsatellite instability-high; dMMR: deficient mismatch repair.

Treatment choices for high-risk, localized PCa and advanced PCa, which has metasta-
sized, are expected to grow in the future due to the discovery of new druggable targets,
many of which are under clinical evaluation. The underlying molecular and biochemical
principles for each therapy shown in Figure 2 are discussed below.

2.2.1. Hormone Therapy

Hormone therapy in prostate cancer implies the inhibition of androgen action in cancer
cells by the systemic ablation of androgens through castration (medical or surgical), or by
ARAT, which entails either inactivation of the AR due to its binding to an antagonist or
suppression of intratumoral androgen biosynthesis by inactivating CYP17A1, a cytochrome
P450 enzyme that catalyzes a rate limiting step in the steroidogenic pathway to testosterone
and DHT production. Hormone therapy reduces cancer spread, prolongs life and controls
disease-associated symptoms, such as skeletal related events. CRPC inhibition by ARAT
is, however, short-lived, effective for about 4 to 5 months. Enhanced AR signaling in
CRPC due to increases in AR expression and de novo androgen production leads to CRPC
progression on hormone therapy. Treatment-induced stress may in part account for the
upregulation of hormonal signaling in the ARAT setting. Elevated CYP17A1 in CRPC
has been reported [17]. Whole genome sequencing of CRPC samples has revealed the
recurrent amplification of genomic AR and its enhancer regions [18–22]. Resistance to
ARAT develops also in response to functional changes in AR and is driven by mutation,
coregulator alteration, and AR splice variants.

AR antagonists, upon binding to AR’s LBD, promote corepressor recruitment to
DNA-bound AR, which in turn triggers regulatory events that lead to androgen action
suppression and tumor growth reduction [3]. Enzalutamide (Xtandi®, Astellas, Northbrook,
IL, USA), and the newer drugs apalutamide (Erleada®, Janssen, Horsham, PA, USA)
and darolutamide (Nubeqa®, Bayer, Whippany, NJ, USA), are second generation non-
steroidal AR antagonists approved for CRPC management. Of the three antagonists,
enzalutamide is deemed inferior due to certain adverse events. Among first generation
AR antagonists (bicalutamide, flutamide and nilutamide), bicalutamide (Casodex, Astra
Zeneca, Cambridge, UK) is still prescribed for ADT-unresponsive PCa. TAS3681 is a novel
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oral AR antagonist that inhibits the full-length AR and also AR splice variants. A first-in-
human study with TAS3681 on mCRPC patients unresponsive to abiraterone, enzalutamide,
and chemotherapy has been conducted [23].

Abiraterone acetate (Zytiga®, Janssen Biotech, Horsham, PA, USA) is a steroidal
CYP17A1 inhibitor approved for blocking the adrenal production of androgen precursors,
which lowers de novo androgen synthesis in tumor tissue. Prednisone co-administered
with abiraterone acetate prevents corticosteroid deficiency. ADT paired with abiraterone-
prednisone is approved for metastatic castration-resistant prostate cancer (mCRPC). A
phase III trial (STAMPEDE) on non-metastatic castration-sensitive prostate cancer has
shown superior patient outcomes with ADT plus abiraterone acetate/prednisone compared
to stand-alone ADT [13]. In a phase III trial (PEACE-1) targeting patients with de novo
metastatic castration-sensitive prostate cancer, adding abiraterone/prednisone to ADT and
docetaxel (a chemotherapeutic) improved radiographic progression-free survival [24].

Ongoing studies are focusing on mechanisms of ARAT resistance, predictive biomark-
ers for resistance, and AR pathway independent targets toward the goal of new and
improved treatments for high-risk non-metastatic PCa and advanced PCa that has pro-
gressed on ARAT. AR ablation as a next-generation therapy (discussed in Section 5) holds
promise in this regard.

2.2.2. Chemotherapy

While not a standard treatment for early stage PCa, chemotherapy is used upon
CRPC progression as combination therapy with ADT alone or ADT plus hormone therapy
with second generation drugs. Docetaxel, cabazitaxel, mitoxantrone and estramustine
are commonly used chemotherapy drugs. Docetaxel is a microtubules-binding taxane
and a first-line chemotherapeutic that prevents nuclear translocation of AR. Castration-
sensitive metastatic PCa can also benefit from ADT plus docetaxel [25]. Cabazitaxel is
prescribed after disease progresses on docetaxel. Mitoxantrone and estramustine are
used for palliation. Mitoxantrone is a type II topoisomerase inhibitor and estramustine
is an estradiol-17β-phosphate conjugated to nor-nitrogen mustard, which is a genotoxic
chemical and anti-mitotic. Estramustine disrupts the microtubular network, inhibits DNA
replication and its estrogen component helps to lower the tumor issue testosterone level.
A combination regimen of docetaxel plus estramustine showed a greater improvement in
patient outcomes compared to docetaxel alone [26,27].

Adverse events are common with chemotherapy drugs. Docetaxel and cabazitaxel
can cause severe allergic reactions and induce peripheral neuropathy, which leads to
numbness, tingling or burning sensation in hands and feet. The use of mitoxantrone may
lead to the development of leukemia a few years later, and estramustine increases the risk
of thromboembolic events. Furthermore, since proliferation of rapidly dividing normal
cells are also inhibited by chemotherapeutics similar to cancer cells, hair loss, sore throat,
loss of appetite, fatigue due to low red blood count, and increased risk of infection from
low count of white blood cells are commonly encountered examples of chemotherapy-
induced morbidity.

Bone metastasis leading to severe morbidity, manifested as bone pain, spinal cord
compression, hypercalcemia, and pathologic fractures, constitutes the most frequent bone-
related complications in advanced PCa. The bisphosphonate class of drugs, such as zole-
dronic acid (Zometa®, Novartis, Cambridge, MA, USA) and denosumab (XGEVA®, Amgen,
Thousand Oaks, CA, USA), which is a human monoclonal antibody against the RANK
ligand (RANKL), are FDA approved for managing adverse skeletal events from bone metas-
tasis [28]. Bisphosphonates prevent bone resorption by inhibiting osteoclast’s resorptive
activity and osteoclast formation, and by inducing osteoclast apoptosis. Bisphosphonates
also suppress the tumor growth of bone metastases. Bisphosphonate therapy prevents
bone loss caused by anti-androgen therapy. Denosumab inhibits osteoclasts by inactivating
the RANK-RANKL signaling pathway, which plays an essential role in the differentiation,
activity, and survival of osteoclasts. RANK activation is prevented when denosumab
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binds to its antigen, i.e., RANKL, the ligand for RANK (receptor activator of nuclear factor
kappa B) [29]. In a phase III study, denosumab was found to be superior to bisphospho-
nate in delaying skeletal related events for mCRPC patients; however, denosumab causes
osteonecrosis in the jaws [30].

Recombinant interleukin-24 (IL24) is potentially a novel therapeutic for preventing
bone metastasis since IL24 suppressed colonization of CRPC cells to bone in a mouse
prostate cancer metastasis model [31]. IL24-directed metastasis suppression was further
enhanced by pharmacologic inhibition of the anti-apoptotic protein MCL-1, which is a
member of the BCL2 protein family. The inactivation of the AKT survival signal also height-
ened metastasis suppression by IL24. IL24 inhibits the RANKL/RANK signaling axis, thus
blocking osteoclast differentiation, which in turn prevents cancer cell dissemination in bone
marrow. AKT and MCL-1 are downstream effectors of the RANK-RANKL pathway [31].
Beyond inhibiting osteoclast formation, IL24 induces apoptosis of PCa cells. In view of its
inhibitory effect on osteoclasts, recombinant IL24 is potentially useful in the management
of PCa bone metastasis, especially in combination with an MCL-1 or AKT inhibitor. Small
molecule inhibitors of MCL-1 and AKT are in clinical trials in combination therapy [32,33].

2.2.3. PSMA-Targeted Radiation Therapy

Prostate specific membrane antigen (PSMA) is a cell surface protein expressed in PCa
cells, not in normal prostate cells. PSMA is targeted for the delivery of a radioactive payload
to metastasized PCa cells. 177Lu-PSMA-617 is one such payload where the radioactive
lutetium-177 is coupled to a ligand that binds PSMA with high selectivity and delivers
radiation to PSMA-expressing cells. The outcome of 177Lu-PSMA-617 radioligand therapy
(RLT) combined with the standard of care was compared with the standard of care alone in a
phase III trial when inclusion of RLT improved OS and progression-free survival (PFS) [34].
AR status may determine treatment outcome since early resistance to 177Lu-PSMA-617
positively correlated to AR amplification detected in circulating DNAs [35]. In addition,
a PSMA-targeting antibody (J591) linked to actinium-225, another radioactive element,
reduced PSA for 70% of mCRPC cases in a phase I trial [36]. 225Ac, an alpha particle emitter,
is 1000-fold more potently radioactive than 177Lu, which emits beta particles.

In contrast to PSMA-targeting radioactive agents, which destroy PCa cells anywhere
in the body, radium-223 dichloride (Xofigo®, Bayer, Whippany, NJ, USA), an injectable
radionuclide, is approved for targeting bone metastasis of ADT-resistant PCa [37]. Radium-
223 is absorbed readily by bone and irradiates PCa cells in the bone environment.

2.2.4. Genome-Targeted Precision Therapy

The exploitation of the DNA repair gene mutation by targeting PARP (poly (ADP-
ribose) polymerase) is an example of genome-targeted precision medicine. PARP inhibition
therapy is approved for mCRPC with inactivating mutations of BRCA2, BRCA1, which
regulate homologous recombination repair (HRR) of DNA double strand breaks (DSBs).
Cases of mCRPC with alterations in other HRR pathway genes, such as ATM, RAD51,
MRE11, ATR, CHK2, MMR, MSH and CDK12, are also known. Cancer genome exome
sequencing identified somatically altered HRR genes in roughly 23% of mCRPC cases and
germline events in 8% of cases [38,39]. Even primary PCa in the TCGA cohort showed
HRR deficiency in 19% of cases [40].

PARP inhibition is synthetically lethal for HRR-mutant cells due to the buildup of
DNA DSBs leading to stalled DNA replication forks. DSBs accumulate due to unrepaired
single strand breaks (SSBs). It was initially thought that, without ADP-ribosylation, XRCC1
(a DNA repair enzyme) cannot be recruited to SSBs, which then prevents activation of base
excision repair (BER), causing the failed repair of DNA SSBs. A more likely model based on
additional results is that the inhibitor-bound PARP is trapped onto SSB repair intermediates,
especially during BER, leading to DNA DSBs. Unresolved DSBs lead to replication block
and cell death. Thus, PARP inhibition induces synthetic lethality in HRR-mutant cells
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(Figure 3). PARP may also regulate DNA repair via an HRR-independent mechanism since
hyper-activated PARP was detected in HRR-mutant cells [41].

 
Figure 3. Schema for synthetic lethality from PARP inhibition in HRR mutant prostate cancer cells.
Unlike HRR-proficient normal cells, HRR-mutant cells, upon PARP inactivation, accumulate DNA
double-strand breaks, which cause replication block leading to cell death.

Two oral PARP inhibitors—Olaparib and Rucaparib—which inactivate PARP1 and
other PARP family members, are approved, as of May 2020, for clinical targeting of mCRPCs
harboring a mutant BRCA2 or BRCA1 genotype [42]. The inhibitors are used in combination
with chemotherapy or ARAT. PARP inhibition may also induce synthetic lethality in PCa
with alterations in other HRR-relevant genes. Breast and ovarian cancers respond to PARP
inhibition when harboring HRR pathway deficiency. Talazoparib, a more potent PARP
inhibitor than Olaparib and Rucaparib, is under study to test for efficacy against mCRPC
with aberrant HRR [43]. Talazoparib is approved for HER2-negative breast cancer with
germline BRCA1/BRCA2 mutation.

The functional interplay of PARP with AR has been demonstrated. For example,
PARP-1 is recruited to AR-occupied genomic sites in PCa cells [44]; PARP-2, a PARP-1
paralog, enhanced AR activity by interacting with chromatin-bound FOXA1, a pioneering
factor that promotes AR-mediated target transcription [45]; and a functional HRR pathway
requires AR activity [46–48]. Diminished DNA damage response and HRR activity was
detected in biopsies from patients receiving ADT plus radiation compared to radiation
alone. Furthermore, ADT led to enhanced PARP activity, evidenced by increased protein
parylation (i.e., poly ADP-ribosylation) in biopsies from patients on ADT [46]. Concurrent
PARP and AR inhibition caused synthetic lethality in PCa experimental models [47,48].
These results suggest that ADT-associated HRR downregulation precedes the development
of castration resistance, and combined PARP and AR inactivation is possibly fruitful for
targeting organ-confined high-risk PCa and castration-sensitive metastatic PCa [46–48].
Mutant DNA repair genes identified in primary PCa support this possibility. The clinical
efficacy of combined ARAT and PARP inhibition against ADT-refractive mCRPC is under
investigation [47].

2.2.5. Immunotherapy

Two FDA-approved immunotherapy options for mCRPC are the vaccine Sipuleucel-T
(Provenge®, Dendreon, Seattle, WA, USA) and the immune checkpoint inhibitor Pem-
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brolizumab (Keytruda®, Merck, Kenilworth, NJ, USA). Sipuleucel-T, approved in 2010 for
mildly symptomatic mCRPC, is an autologous cellular immunotherapy entailing incuba-
tion of patient-derived dendritic cells, isolated from peripheral blood mononuclear cells,
with the vaccine immunogen PA2024 and re-administering the immunogen/dendritic cell
complex to patients [49]. PA2024 is a fusion of prostatic acid phosphatase (PAP), an immuno-
genic prostate-specific antigen elevated in PCa, with GM-CSF (granulocyte macrophage
colony-stimulating factor). GM-CSF activates dendritic cells, which are antigen-presenting
cells (APC). Activated APCs with the exposed PAP antigen stimulate cytotoxic T cells, which
then recognize and kill PAP-positive PCa cells. Common adverse effects of Sipuleucel-T
include fever, headache, influenza-like symptoms, elevated blood pressure, muscle ache
and pain (myalgias), and abnormally excessive sweating.

Immune checkpoint inhibitors (ICIs) are approved against mCRPC and other solid
tumor metastases that harbor genome alterations leading to high microsatellite instability
(MSI-H) or deficient mismatch repair (dMMR) [50,51]. ICI Pembrolizumab is a human
monoclonal antibody against PD-1 (Programmed Death-1), which is a cell surface protein
expressed in cytotoxic CD8+T cells. PD-1 binds to tumor cell-expressed PD-L1 (Pro-
grammed Death Ligand-1), leading to T-cell suppression and immune escape of tumor
cells [52]. PD-1 inhibition is regarded as more efficacious than PD-L1 inhibition since PD-L1
exists in two distinct forms [53]. Pembrolizumab is approved for mCRPC with MSI-H
and/or dMMR. Pembrolizumab efficacy against mCRPCs, which show other categories
of genome alterations, and which have progressed on ADT and enzalutamide, is being
investigated [54]. In the KEYNOTE-365 trial, a small mCRPC cohort showed improved
PSA response rate independent of HRR mutation status by the Pembrolizumab-Olaparib
combination [55]. Pembrolizumab/radium-223 combination against mCRPC is under
investigation (NCT03093428).

Another target for immune checkpoint suppression is CTLA-4 (cytotoxic T-lymphocyte
antigen-4), which is a cell surface protein of CD8+T cells. Normally, immune blockade
results from the inactivation of cytotoxic CD8+T cells following CTLA-4 binding to B7-
1/B7-2 cell surface proteins that are expressed in APCs. Ipilimumab (Yervoy®, Bristol
Myers Squibb, Princeton, NJ, USA) is a monoclonal antibody to CTLA-4 that disrupts the
interaction between B7 and CTLA-4. T-cell receptors’ recognition of exposed antigens and
major histocompatibility complex proteins on APCs and the binding of CD28 to B7-1/B7-2
lead to T-cell activation and tumor cell killing. Ipilimumab plus Nivolumab (anti-PD-1
antibody) reduced mCRPC progression in a phase II study [56].

Somatic biallelic CDK12 inactivation, identified so far in a limited number of mCRPC
cases, may also present an opportunity for immune checkpoint blockade [57]. CDK12
is a cyclin dependent kinase, which partners with cyclin K to regulate various cellular
processes. CDK12-deficient tumors have elevated neoantigen burden due to focal tandem
genomic duplications that generate fusion-mediated chimeric open reading frames. CDK12-
/-tumors showed increased tumor infiltration of T cells, and in a small-scale clinical study,
anti-PD1 monotherapy was clinically effective against these tumors [57,58].

Prostate tumor is generally adept at immune evasion except when the cancer genome
alterations lead to MSI-H or dMMR, as mentioned above. For a subgroup of patients, re-
sponse to immunotherapy may be augmented by reducing neoangiogenesis, a hallmark of
cancer progression. For example, anti-CTLA-4, anti-PD1 and other immune checkpoint inhi-
bition therapies lead to elevated interferon-gamma (IFNγ) in the tumor microenvironment
because of increased IFNγ expression in immune cells [59,60]. IFNγ has anti-angiogenic
and tumor-suppressive activity [61]. The influence of IFNγ on immunotherapy is sup-
ported by the finding that deregulated IFNγ signaling leads to deficient immunotherapy
responsiveness [62]. It has been suggested based on studies in PCa cell models that high-
risk PCa patients, having tumors expressing low miR-221 microRNA and elevated VEGFR2
(i.e., vascular epithelial growth factor receptor 2, an miR-221 target), may benefit from
initial anti-angiogenic therapy entailing VEGFR2 inhibition with a tyrosine kinase inhibitor,
e.g., sunitinib, followed by immune checkpoint inhibition [63].
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A sequential treatment modality as above may suppress PCa with high VEGFR2
and low miR-221 since sunitinib-treated PC3 prostate cancer cells showed increased
miR-221 expression, which is likely an escape response to VEGFR2 inhibition given that
sunitinib-mediated cell proliferation blockade was prevented by ectopic overexpression of
miR-221 [63]. The upregulation of miR-221 may in part contribute to the failure of clin-
ical trials of VEGFR2 inhibition for advanced PCa [64,65]. On the other hand, sunitinib
treatment led to elevated immune-related signaling in PC3 cells, including an elevated
IFN-related gene signature [66]. Notably, IRF2 and SOCS3, which are repressors of IFN
signaling, are miR-221 targets. Increased pro-immunogenic traits also emerged in miR-221
overexpressed PC3 cells [63]. The interrogation of prostate cancer data bases has identified a
subset of high-risk primary PCa cases with tumors having abundant expression of VEGFR2,
but mostly undetectable miR-221. In contrast, primary PCa samples from the TCGA cohort
showed very low VEGFR2 expression [63]. Collectively, in vitro studies and clinical speci-
men analysis of cancer genome database have revealed a microRNA-informed epigenetic
signature that can identify a subset of high-risk PCa patients who are likely to show im-
proved response to immunotherapy with a treatment plan that includes intercepting the
VEGF/VEGFR regulated angiogenesis pathway with a drug such as sunitinib.

2.2.6. Summary of Approved Therapies

Current practices for managing prostate cancer are guided by the stage of malignancy,
the nature of cancer genome alterations and the response of progressively advanced cancer
to chemo-hormonal interventions. While low-to-moderate risk cancer is kept under active
surveillance or subjected to surgery and/or radiation, a more aggressive intervention is
needed for high-risk localized disease. ADT is the foundational hormone therapy and at
biochemical recurrence, an AR antagonist or abiraterone acetate (plus prednisone), which
inhibits intratumoral androgen biosynthesis, is added to ADT. ADT/anti-AR combination
continues to be standard of care for CRPC—both non-metastatic and metastatic. Enza-
lutamide, apalutamide and darolutamide are second generation AR antagonists used
interchangeably and their selection is based on adverse effects profiles. First-line treatment
of mCRPC entails ADT plus AR axis targeted therapy—the latter employing abiraterone
acetate/prednisone or an AR antagonist. Options also include combining ADT with do-
cetaxel, a microtubule binding chemotherapy drug, or sipuleucel-T, an immunotherapy
drug, or radium-223, which selectively targets PCa that has metastasized to bone. Skeletal-
related events ensuing from bone metastasis of PCa are alleviated by osteoprotection with
bisphosphonate therapy or denosumab-mediated antibody therapy. Both therapies inhibit
osteoclast development and activity, albeit through different mechanisms. More recently, a
genome-targeted precision treatment employing PARP inhibitors has been approved for
second-line treatment along with ADT in the case of mCRPC, which shows deregulated
DNA damage response leading to the deficient homologous recombinant repair (HRR) of
DNA double strand breaks. Tumors of mCRPC patients carrying BRCA1 or BRCA2 gene
mutation are approved for PARP inhibition therapy. PARP inhibition in a setting of aberrant
DNA damage response, and thus deficient repair of DNA double-strand breaks, causes
synthetic lethality that culminates in tumor cell death. Promising clinical responses to PARP
inhibition have been observed for mCRPC patients with mutation in additional genes in the
HRR pathway. This raises optimism that PARP inhibition will be an approved therapy for a
wide variety of genomic mutations that interfere with HRR. Finally, immunotherapy with
immune check point inhibitors (ICIs) is an approved second-line treatment for mCRPC
presenting with genome alterations that cause microsatellite instability (MSI) and deficient
mismatch repair (dMMR) and lead to excessive neoantigen burden and strongly immuno-
genic tumor cells as a consequence. These genomic alterations also promote increased
PD-L1 expression and increased tumor infiltration of cytotoxic T cells.
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3. Molecular Subtypes of Early Stage and Late-Stage Prostate Cancer

Genome-wide sequencing revealed distinct PCa subtypes and mechanistic studies
uncovered affected signaling pathways. The TCGA cohort of 333 primary PCa cases
identified 7 major molecular subtypes for 74% of early stage PCa and 26% of cases showed
heterogeneous genome alterations [40]. The subtypes fall into two mutually exclusive
categories—ETS fusion-positive and ETS fusion-negative (Figure 4). ETS family proteins
are oncogenic transcription factors.

 
Figure 4. Molecular subtypes of prostate cancer. The ERG fusion subtype is most prevalent in
primary PCa. The other category (~26%) associates with diverse genomic alterations, including
enrichment for high copy-number alterations, DNA hypermethylation, mutations in TP53, KDM6A
(encoding lysine demethylase 6A), KMT2D (encoding lysine methyltransferase 2D), and deletions
of chromosomes 6 and 16. The amplification of chromosome 8 (spanning MYC oncogene) and
chromosome 11 (spanning cyclin D1 encoding CCND1) is observed in tumors categorized as “other”
(schema is based on Information in ref. [40]).

AR activity is variable across all cases and between seven subtypes. Sub-clonal hetero-
geneity within each subtype, arising from variable genome and epigenome signatures, is
believed to set the disease course. Primary and metastatic PCa show a similar subtype dis-
tribution except that the IDH1-mutant subtype is absent in mCRPC. Actionable alterations
affecting PI3 kinase or MAP kinase pathways were found in 20% of the TCGA cohort. The
clinical translation of these findings holds promise for precision medicine.

3.1. ETS Fusion-Positive Subtypes

This category includes four subtypes of ETS gene fusion with an upstream androgen-
inducible promoter. The most prevalent fusion involves the ETS protein ERG and the
androgen-inducible promoter of TMPRSS2 encoding a transmembrane serine protease.
Less common promoter fusions involve other androgen-inducible genes, such as SLC45A3,
encoding a sucrose: proton symporter [67]. Promoter fusions with the ETS members ETV1,
ETV4 and FLI1 also exist. ETS overexpression without fusion was detected in limited
examples. ETS fusion-positive tumors show chromoplexy leading to extensive genome
rearrangement. The deletion of the PTEN tumor suppressor gene, prevalent in TMPRSS2-
ERG-positive PCa and a likely outcome of chromoplexy, activates the PI3K oncogenic axis.
TP53 alteration, leading to p53 tumor suppressor inactivation, is frequently detected in
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ERG-rearranged PCa. In PTEN-deleted PCa, activating the mutation of PIK3CB (encoding
the PI3K catalytic subunit, β isoform) is a dominant driver of PI3K signaling [68,69].
AR inhibition leading to the inactivation of the androgen-inducible promoter along with
PIK3CB inactivation is expected to inhibit PCa with PTEN deletion and activating mutation
of PIK3CB [70]. In transurethral resections of the prostate (TURP), ETS-rearranged PCa
showed increased aggressiveness [71]. The association of TMPRSS2-ERG positive cancer
with a higher risk of death from PCa is inconclusive since negative and neutral associations
of ETS fusions with PCa aggressiveness were also found [40].

3.2. ETS Fusion-Negative Subtypes

ETS fusion-negative genetic subtypes involve mutations in SPOP (encoding a Speckle
Type BTB/POZ domain protein), FOXA1 (encoding a pioneering factor promoting AR-
mediated transactivation), and IDH1 encoding isocitrate dehydrogenase1, which catalyzes
isocitrate conversion to 2-oxoglutarate.

SPOP mutations are most common (Figure 4, ref [40]). SPOP regulates the proteasomal
degradation of selected proteins, including the AR coactivator SRC3, which is consistent
with the high AR transcriptional activity in SPOP-mutant PCa [72]. SPOP also regulates
ERG degradation. SPOP interacts with the E3 ubiquitin ligase CULLIN3 and E3 ligase
substrates. A role of SPOP in HRR-directed DNA DSBs repair is consistent with the
association of genome instability with SPOP mutation. PCa cells expressing SPOP mutants
are sensitized to PARP inhibitors and other DNA damaging agents [73]. SPOP mutations
frequently associate with the somatic deletion of the genomic locus containing CDH1, which
encodes a chromatin remodeling protein. PCa with both SPOP mutation and CDH1 deletion
is elevated for SPINK1, a secreted serine protease inhibitor. In the tumor microenvironment,
SPINK1 promotes tumor growth and survival, and SPINK1 overexpression correlated
to increased PCa aggressiveness and shortened PFS [74]. The prognostic value of SPOP
mutation is uncertain since in one study pathological parameters did not correlate to SPOP
mutations, while another study linked shortened PFS to reduced SPOP [40].

FOXA1 mutation has been detected in 3% of primary PCa. The molecular features
of FOXA1-mutant and SPOP-mutant tumors are similar—both showing high AR activity.
Primary PCa cases with FOXA1 and SPOP mutations in the same clonal subpopulation
are known.

IDH1 mutation, detected in 1% of primary PCa, appears also in other cancers, and
ongoing trials for IDH1-mutant malignancies highlight its clinical actionability. IDH1
mutation inactivates TET2, a DNA demethylating enzyme that converts methyl cytosine
to hydroxymethyl cytosine leading to cytosine demethylation. IDH1 catalyzes isocitrate
conversion to α-ketoglutarate, which is an essential TET2 cofactor. IDH1-mutant PCa
shows robust genome-wide CpG hypermethylation. ERG fusion positive PCa shows a
heterogeneous CpG methylation profile along with two clusters of elevated methylation.
ETV1 and ETV4 fusions lack these clusters, showing genome-wide heterogeneous methyla-
tion. Homogeneously distributed genome-wide hypermethylation characterizes SPOP and
FOXA1 mutants [40].

4. Metastatic Castration-Resistant Prostate Cancer

The subtype distribution for mCRPC is similar to that for castration-sensitive primary,
locally advanced, and metastatic PCa, except that IDH1 mutation is absent and the mutation
burden is higher. AR activity is more robust, primarily due to AR amplification or mutation—
a feature not found prior to castration resistance. An upward of 65% mCRPC cases show
actionable targets based on altered PI3K/AKT, WNT, and cell cycle and DNA repair
pathways [22,75]. Other treatment-induced common genetic changes are TP53 mutation
or deletion, PTEN deletion, RB1 (retinoblastoma1) loss, along with the loss-of-function
mutation of CDK12, BRCA2, BRCA1. The PI3K/AKT pathway, which regulates tumor
growth, survival, and therapy resistance [76], is activated in nearly 50% of mCRPC cases,
frequently from deletion/mutation of PTEN [38,77]. The activation of PIK3CA, PIK3CB,
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PIK3R1, and AKT1 is less frequent. Beyond gene deletion, PTEN loss-of-function can
occur from mutation, methylation, microRNA directed post-transcriptional regulation and
post-translational modification [78,79].

The reciprocal feedback inhibition of AR and PI3K/AKT signaling, demonstrated in
PCa experimental models, revealed the activation of AKT upon AR inhibition and activation
of AR when AKT is inactivated [80]. In our study, we showed that the dual targeting of
AR and the PI3K/AKT/mTORC1 axis by the antibiotic salinomycin caused PCa inhibition
in cell and xenograft models [81,82]. Salinomycin is a human stem cell inhibitor and an
anti-parasite antibiotic useful in veterinary medicine. The clinical translation of combined
targeting of AR and PI3K/AKT pathways yielded promising results. Ipatasertib (a pan-
AKT inhibitor) plus abiraterone-prednisone improved PFS for a subgroup of mCRPC cases
with PTEN-deficient, AKT hyperactivated tumors [33]. Trials with combined Capivasertib,
another pan-AKT inhibitor, and enzalutamide are ongoing (NCT02525068; NCT03310541).

The aberration of DNA repair genes is found in 20–30% of mCRPC cases. Among
frequently altered genes are BRCA2, BRCA1, and ATM, which have central roles in HRR of
DNA DSBs [39]. HRR gene defects appear as somatic or germline alteration. BRCA2/BRCA1
mutated mCRPCs that progress on ARAT are approved for PARP inhibition therapy. Ex-
ceptional responses to platinum-based chemotherapy for HRR-deficient mCRPC cases are
known [83,84].

Alteration in mismatch repair genes—MSH2, MSH6, PMS2 and MLH1—leads to
deficient mismatch repair (dMMR), genome hypermutation and microsatellite instability-
high (MSI-H). A total of 3–12% of mCRPC cases showed dMMR and/or MSI-H, which
associate with elevated tumor-expressed neoantigens and PD-L1, and increased tumor
infiltration of cytotoxic T cells [50]. MSI-H is a pan-cancer biomarker for clinical response to
immune checkpoint inhibition. PD-1 inhibition by Pembrolizumab is approved for mCRPC
and other solid tumors with dMMR and/or MSI-H [51].

Biallelic somatic CDK12 inactivating mutations are more prevalent in mCRPC than
primary PCa [46]. No germline mutation was found. CDK12 promotes genome stability by
regulating DNA damage response genes. CDK12-/-tumors, which are mutually exclusive
with tumors bearing ETS fusions, SPOP mutations or DNA repair deficiency, show focal
tandem duplications that lead to gene fusions, chimeric coding sequences and expression
of neoantigens. CDK12-/-mCRPC responded to anti-PD-1 monotherapy [57,58].

5. AR Ablation for Intercepting Advanced Prostate Cancer

Heightened AR activity and AR pathway outputs—the outcomes of increased AR ex-
pression, AR activating mutations, and AR splice variants that are activated in an androgen-
independent manner—are prominent features of mCRPC. Copy number gain at the ge-
nomic AR locus and at a far upstream enhancer locus occurs recurrently in mCRPC and
correlates to a shorter time on ARAT without any influence on OS [50]. CRPC metastases
from a cohort of 197 patients showed enhanced AR signaling in 80% cases, with ~57% cases
showing amplification at the AR locus harboring a proximal enhancer [22]. In another
cohort of 101 mCRPC patients, tumors in 81% cases amplified both the enhancer-containing
AR locus and a far-away enhancer at a 66.94 mega base upstream of the AR locus [21]. Copy
number gain exclusively at this far upstream enhancer without AR locus amplification
was also detected. Increased AR mRNA scores strongly associated with the two amplified
loci. The far upstream amplified locus independently associated with upregulation of
AR mRNAs.

An alternative approach to AR pathway inhibition is to reduce the receptor in tumor
cells by its degradation via the ubiquitin-proteasomal pathway, which can be initiated
by a small-molecule SARD (Specific AR Degrader) or AR-selective PROTAC (proteolysis-
targeting chimera) [58,85]. One class of SARDs, which activates the proteasome machinery
by having a hydrophobic degron linked to an AR ligand, caused AR ablation in exper-
imental models, and led to sensitization of enzalutamide resistant PCa cells to AR an-
tagonism [86]. A PROTAC is a bifunctional molecule with affinity for an E3 ubiquitin
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ligase and E3 substrate. By bringing the ligase near the substrate, a PROTAC facilitates
substrate ubiquitination and degradation. The SARD ASC-J9® degrades the wild-type AR
and a clinically relevant mutant AR that confers enzalutamide resistance to PCa. ASC-J9®

inhibited PCa growth/proliferation and prevented AR upregulation in docetaxel-resistant
CRPC [87,88]. AZD-3514 is a moderately active SARD against mCRPC, causing a decline
in PSA and soft tissue tumor burden, and disease stabilization in a subset of patients [89].

Several AR PROTACs are in clinical or pre-clinical testing. The ARCC-4 PROTAC
ablated cellular AR inhibited PCa cell proliferation, and degraded AR point mutants
that convert enzalutamide to an AR agonist [90]. The ARD-61 PROTAC showed anti-
proliferative and pro-apoptotic effects on enzalutamide-resistant CRPC in cell and xenograft
models [91]. ARV-110 can induce the degradation of the wild-type AR, gene-amplified AR,
and certain AR mutants in preclinical enzalutamide-sensitive and enzalutamide-resistant
models. Phase I study with ARV-110 showed PSA response in two mCRPC patients
who progressed on ARAT—one patient even showing reduced soft tissue tumor burden.
Responding tumors harbor AR mutations that lead to ARAT resistance [92]. The A031
PROTAC caused AR degradation in VCaP prostate cancer cells that contain a high copy
number genomic AR. A031 inhibited VCaP xenograft growth [93]. AR-targeting PROTACs
and SARDs are promising next-generation drugs for managing AR pathway-active PCa
that stops responding to current anti-AR therapy.

Unlike full-length AR, the tumor levels of the splice variant AR-V7 did not correlate
to time on ARAT, although the association of AR-V7 mRNA expression in circulating
tumor cells with time to ARAT resistance and clinical outcome has been reported in other
studies [94,95]. Of note, a long non-coding RNA (lncRNA, designated as NXTAR) is a
negative regulator of AR/AR-V7 expression while NXTAR expression itself is suppressed
by androgen-activated AR [96]. A NXTAR gene-specific oligonucleotide led to the reduction
in AR/AR-V7 and proliferation of PCa cells, while in a xenograft study, a small-molecule
AR inhibitor restored NXTAR expression and blocked the tumor growth of enzalutamide-
resistant PCa.

6. Lineage Switch and mCRPC Progression

RB1 loss has emerged as a strong predictor of poor survival based on a study with
taxane-naïve mCRPC patients receiving ARAT, whereas Rb1, AR and TP53 alterations
associated with a shorter time on ARAT [50]. The RB1-encoded tumor suppressor regulates
the E2F transcription factor activity and G1→S checkpoint. A subset of ARAT-unresponsive
mCRPC tumors bypasses AR pathway dependence due to lineage switch. This switch
leads to a phenotype shift from luminal epithelial-like prostate adenocarcinoma to AR-
independent, basal-like cells expressing neuroendocrine markers, such as synaptophysin
and chromogranin A. RB1 inactivation is the major driver of this lineage crossover to
neuroendocrine-type prostate cancer (NEPC). SOX-2, a stem cell factor and regulator of
neuronal progenitor differentiation, is a downstream effector of RB1-dependent lineage
transition [97].

NEPC is a poorly differentiated mCRPC variant associated with low serum PSA and
poor prognosis. A subset of NEPC histologically resembles small cell carcinoma. Variants
with NEPC/small cell traits are diagnosed in up to 20% of mCRPC patients who progress
on ARAT [98,99]. Prominent molecular features of NEPC/small cell carcinoma include loss
of RB1 and TP53, low or absent AR and AR pathway outputs, and induction of SOX2 and
the epigenetic enzymes EZH2 and DNMT1. EZH2 is a lysine methyltransferase that confers
a repressive epigenetic mark on histone H3 by trimethylating lysine-27 (H3K27-Me3) and
DNMT1 mediates cytosine methylation at genomic context-specific CpG motifs. EZH2 is a
component of polycomb repressive complex2 (PRC2). EZH2 can also coactivate AR in a
PRC2-independent manner [100], which is consistent with our finding that methylation
enhances AR’s transcriptional activity [101]. EZH2 inhibition reversed the lineage switch
for mCRPC variants and restored enzalutamide sensitivity in enzalutamide resistant PCa
models [102,103].
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Aurora kinase A (AURKA), a G2→M regulating cell cycle kinase, and delta-like
protein 3 (DLL3), a cell surface notch signal inhibiting ligand, are other examples of proteins
enriched in NEPC and its small-cell variant compared to adenocarcinoma [98]. N-MYC
oncoprotein is elevated in NEPC—a sequela to AURKA-mediated N-MYC phosphorylation.
AURKA inhibition induces synthetic lethality in CRPC variants exhibiting the combined
loss of RB1 and TP53 [98]. EZH2, AURKA and DLL3 are promising targets for which
clinically relevant inhibitors are in early phase trials against NEPC and small-cell carcinoma
(NCT03480646; NCT04179864; NCT01799278; NCT04702737; NCT04471727). Of note,
combined inhibition of PARP and the G1 phase cyclin dependent kinases CDK4/CDK6
induced apoptosis and suppressed neuroendocrine differentiation of PCa in preclinical
models [104]. Platinum-based chemotherapy, the only treatment option for NEPC and
its variants, has shown limited efficacy. Clinical development of targeted inhibition of
NEPC-enriched proteins is paramount if sustained control is to be achieved against CRPC
variants, such as NEPC and small-cell prostate carcinoma.

7. Concluding Perspectives and Future Directions

Precision medicine entails diagnosis and disease management after considering in-
dividual differences in genomics and gene interactions with environment and lifestyle.
The recent finding that intestinal microbiota produces androgen precursors and promotes
CRPC presents the exciting possibility for antibiotics therapy in future prostate cancer man-
agement [105]. Innovations in managing mCRPC, including small cell/neuroendocrine
carcinoma variants, are facilitated by a growing list of actionable genomic changes revealed
by next-generation genome sequencing. Furthermore, the identification of a 22-gene ex-
pression signature, serving as a potential blueprint to managing high-risk primary PCa [16],
has led to a trial focused on transcriptome profiles of pretreatment biopsy samples as the
guide to treatment decision for high-risk localized disease. The efficacy of the combination
therapy entailing PARP inhibition and anti-PD1 guided immunotherapy for suppressing
mCRPC with gene mutation affecting DNA damage response is an example of how the
cancer genome landscape might fruitfully guide clinical decision.

Immune checkpoint inhibition in monotherapy normally fails to inhibit PCa, in part
due to an immunosuppressive tumor environment—the exception being mCRPC with an
MSI-H or dMMR genotype that leads to enhanced cancer cell immunogenicity from high
neoantigen burden. For a subgroup of mCRPC patients, tumor-suppressive immune func-
tions may be augmented by the prior inhibition of angiogenesis. A microRNA (miR-221)
has been identified as a potential biomarker for selecting patients who would possibly ben-
efit from the neoadjuvant use of an angiogenesis-blocking drug in a cancer immunotherapy
setting [63]. The clinical testing of advanced PCa expressing low miR-221 and high VEGF
receptor-2 (VEGFR2) for responses to sequential treatment at first with a VEGFR2 inacti-
vating drug, such as a clinically active tyrosine kinase inhibitor, to reduce angiogenesis
followed by immunotherapy will be an important future study [63].

The inevitable progression of prostate cancer on hormone therapy leaves other strate-
gies and actionable targets open to experimental probing and clinical validation. AR
degradation by small-molecule PROTACs and SARDs as an approach to overcome AR axis
blockade is in early stage clinical investigation. A clinically viable approach may be in the
horizon where AR expression would be disrupted epigenetically by a long non-coding
RNA known as NXTAR. The reciprocal negative regulation of gene expression for NXTAR
and AR has been demonstrated, and a xenograft study showed that a small-molecule AR
inhibitor restored NXTAR expression and sensitized enzalutamide-resistant prostate tumor
to growth inhibition [96].

Finally, progress in CRISPR/Cas-enzymes assisted gene editing in clinical settings has
ushered optimism for a future arena of prostate cancer management utilizing this cutting-
edge technology. Vast possibilities for genome-targeted interventions as well as other
avenues of intervention that are coming to light from mechanistic studies are advancing

111



Cancers 2022, 14, 892

clinical-translational research on prostate cancer through both personalized approach and
precision targeting.
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Simple Summary: Worldwide, there is an increased focus on reorganizing prostate cancer survivor-
ship care. In this study, we describe for the first time a process evaluation as part of a randomized
controlled trial that is currently comparing the effectiveness of specialist- versus primary care-based
prostate cancer follow-up. We found that within an RCT context, 67% patients and their GPs were
willing to receive/provide primary care-based follow-up. Patients who received primary care-based
follow-up care experienced this to be more personal, efficient, and sustainable. However, patients,
GPs, and specialists also indicated several challenges that are described in this study and should be
addressed to enable a smooth transition of prostate cancer follow-up to primary care.

Abstract: Background: A randomized controlled trial (RCT) is currently comparing the effectiveness
of specialist- versus primary care-based prostate cancer follow-up. This process evaluation assesses
the reach and identified constructs for the implementation of primary care-based follow-up. Meth-
ods: A mixed-methods approach is used to assess the reach and the implementation through the
Consolidated Framework for Implementation Research. We use quantitative data to evaluate the
reach of the RCT and qualitative data (interviews) to indicate the perspectives of patients (n = 15),
general practitioners (GPs) (n = 10), and specialists (n = 8). Thematic analysis is used to analyze
the interview transcripts. Results: In total, we reached 402 (67%) patients from 12 hospitals and
randomized them to specialist- (n = 201) or to primary care-based (n = 201) follow-up. From the
interviews, we identify several advantages of primary care- versus specialist-based follow-up: it is
closer to home, more accessible, and the relationship is more personal. Nevertheless, participants
also identified challenges: guidelines should be implemented, communication and collaboration
between primary and secondary care should be improved, quality indicators should be collected,
and GPs should be compensated. Conclusion: Within an RCT context, 402 (67%) patients and their
GPs were willing to receive/provide primary care-based follow-up. If the RCT shows that primary
care is equally as effective as specialist-based follow-up, the challenges identified in this study need
to be addressed to enable a smooth transition of prostate cancer follow-up to primary care.

Keywords: prostate cancer survivors; follow-up care; primary health care; general practice; process
evaluation; Consolidated Framework for Implementation Research
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1. Introduction

Prostate cancer follow-up care is in need of a more sustainable follow-up care model
because of the increasing number of prostate cancer survivors and the demands to improve
its quality and efficiency [1,2]. Currently, in most Western countries, prostate cancer
survivors are included in a hospital-based follow-up care program [3]. Different models of
follow-up care for (prostate) cancer patients have been proposed [4]; this could be risk-based
on clinical outcomes [5], including shared-care models and primary care-based follow-
up care models. Currently, we are conducting a prospective, randomized, multicenter
study (PROSPEC trial) to compare the (cost-)effectiveness of specialist- (usual care) versus
primary care-based (intervention) follow-up of patients who have completed their primary
treatment for localized prostate cancer [6].

When investigating the efficacy of such a potential shift in the organization of care, it is
important to evaluate a number of relevant process outcomes [7,8]. Reorganizing this routine
demands close collaboration between primary and secondary care providers, and it asks for
change in the behavior of patients, clinicians, and in the organization of care [9]. To date, most
studies have focused on cancer survivors’ preferences for cancer follow-up care [10–13] and
general practitioners’ (GPs) willingness to provide cancer follow-up care [14–16]. Since most of
these studies were conducted in a setting where specialist-based follow-up was current practice,
it is important to investigate primary care-based follow-up in a setting where patients and
clinicians actually have the opportunity to experience primary care-based care as well.

The aim of the current study was, in the context of an ongoing randomized clinical
trial, to analyze the reach of the trial and to identify and evaluate constructs relevant
to the implementation of primary care-based prostate cancer follow-up. We used the
Consolidated Framework for Implementation Research (CFIR) to guide the evaluation of
the implementation of primary care-based prostate cancer follow-up [17].

2. Materials and Methods

2.1. Design and Study Population

This mixed-methods process evaluation investigated a primary care-based follow-up
program for prostate cancer survivors in the Netherlands in an RCT setting. A detailed
description of the design of the RCT has been published previously [6]. Briefly, eligible
prostate cancer survivors who had completed primary treatment (prostatectomy or radio-
therapy) for localized prostate cancer and without evidence of recurrence were recruited
between July 2018 and September 2021. In total, 402 consenting men were randomized to
either specialist- (usual care) or primary care-based (intervention group) follow-up.

For the interviews, we recruited prostate cancer survivors (randomized to primary
care-based follow-up), GPs (those who carried out the follow-up of at least one prostate
cancer patient), and specialists (urologists, radiation oncologists, and physician assistants)
who were participating in the PROSPEC trial for at least one year.

Trial Registration: Netherlands Trial Registry, Trial NL7068 (NTR7266). Prospectively
registered on 11 June 2018.

Ethical approval was obtained from the institutional review board of a comprehensive
cancer center in the Netherlands (IRBd19-251). All participants signed written informed
consents before participating in the study.

2.2. Data Collection

We used a mix of quantitative and qualitative data to describe the reach and to identify
and evaluate constructs relevant to the implementation of the trial (see Table 1). We used
the CFIR determinant framework to guide the evaluation of the implementation of primary
care-based prostate cancer follow-up [17].

To describe the reach, we collected data from the research logbook of the PROSPEC
trial. The reach was calculated over patients who received the information letter of the
trial. In addition, we conducted semi-structured interviews with patients, GPs, and spe-
cialists. We developed an interview guide using the CFIR domains (see Table S1). Data
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about prostate cancer survivors’ socio-demographics (date of birth, marital status, and
educational level) and clinical characteristics (date and type of treatment, and risk group)
were collected as part of the RCT. GPs and specialists completed a brief questionnaire about
socio-demographics (date of birth and sex) and their work situation (type of healthcare
professional and type of GP practice/hospital).

Table 1. Components of the process evaluation, including CFIR domains [17].

Components Definition Source

Reach The number and proportion of the target population
participating in this intervention Research logbook

CFIR Domains Definition Source

Intervention characteristics The characteristics of the intervention when
implemented in an organization Qualitative interview questions

Outer setting characteristics The political and social context within which an
organization resides Qualitative interview questions

Inner setting characteristics The structural, political and cultural context through
which the implementation process will proceed Qualitative interview questions

Individual characteristics The knowledge, beliefs, attitudes and expectations of
the individuals involved in the intervention Qualitative interview questions

Implementation process Processes and change that are needed for a
successful implementation Qualitative interview questions

Abbreviations: CFIR = Consolidated Framework for Implementation Research.

2.3. Study Procedures

For the interviews, we used a purposive sampling strategy to include a maximum
variation of patients, GPs, and specialists. Members of the research team personally invited
participants. The research team informed the participants and provided information letters;
written informed consent was obtained. All interviews were audio-recorded.

2.4. Data Analysis

For the interviews, descriptive statistics were used to characterize the study sample.
The audio recordings of the interviews were transcribed verbatim. To safeguard the
anonymity and confidentiality of the participants, names were removed from the transcripts.
The interviews were analyzed in a systematic way by four researchers (BW, EA, SC, and
AB). The transcripts were analyzed according to the procedure for thematic analysis as
described by Braun and Clarke (see Table 2) [18]. Three researchers independently coded
the transcripts of the interviews, using an inductive approach. We continued to recruit
participants until we reached data saturation. A third author (AB), not involved in the
initial theme development, was consulted to review the themes. Finally, consensus was
reached and the final themes were developed (see Table S2).

Table 2. Overview transcript analysis.

Phase Coding method Performed by

1. Familiarizing yourself with your data BW, EA, SC

2. Generating initial codes Inductive approach BW, EA, SC

Iterative process Consensus-based codebook BW, EA, SC

Review Consensus-based codebook BW, EA, SC, AB

Data saturation Final codebook BW, EA, SC, AB

3. Searching for themes Using CFIR framework BW, EA, SC

4. Reviewing themes Using CFIR framework BW, EA, SC

5. Defining and naming themes Using CFIR framework BW, EA, SC, AB

6. Producing the report BW, AB
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RQDA [19], R package [20] for computer-assisted qualitative data analysis, was used
to perform the thematic analysis.

3. Results

In total, 597 patients with localized prostate cancer from 12 hospitals (1 academic
hospital, 1 comprehensive cancer center, 6 top clinical hospitals, and 4 community hospitals)
across different regions in the Netherlands were invited to participate in the RCT. The reach
of the study is presented in Figure 1: 16 (3%) patients were not eligible, 157 (26%) patients
declined (of whom most preferred follow-up in the hospital), and 22 (4%) GPs declined to
participate. Ultimately, 402 (67%) patients were randomized to specialist- (n = 201) or to
primary care-based (n = 201) follow-up.

Figure 1. Consort flow diagram.

3.1. Interviews

In total, we interviewed 15 patients, 10 GPs, and 8 specialists (see Table 3). From
the thematic analyses, we identified six overarching themes: structure of prostate cancer
follow-up care, communication between primary and secondary care, clinical competencies,
facilitators of and barriers to primary care-based follow-up, and organizational require-
ments for the implementation of primary care-based follow-up (see Table 4; including
quotes to illustrate the data).

Table 3. Characteristics of interview participants.

Demographics
Patients,
n = 15 (%)

GPs,
n = 10 (%)

Specialists,
n = 8 (%)

Age at interview in years, M (SD) 67 (6) 53 (10) 47 (7)
Sex –

Female – 4 (40) 0 (0)

Male 15 (100) 6 (60) 8 (100)

120



Cancers 2022, 14, 3166

Table 3. Cont.

Demographics
Patients,
n = 15 (%)

GPs,
n = 10 (%)

Specialists,
n = 8 (%)

Marital status – –

Partner 14 (93)

No partner 1 (7)

Educational level a – –

Low 3 (20)

Intermediate 1 (7)

High 11 (73)

Clinical characteristics

Primary treatment – –

Radical prostatectomy 13 (87)

Radiotherapy 2 (13)

ADT 1 (7)

Time since treatment in months, M (range) 20 (17–25) – –

LPC risk group b – –

Low 5 (33)

Intermediate 5 (33)

High 5 (33)

Information healthcare professionals

Type GP practice – –

Duo practice 5 (50)

Group practice 5 (50)

Type of healthcare professional – –

Urologist 5 (62)

Radiation Oncologist 2 (25)

Physician Assistant 1 (13)

Type of hospital – –

Academic hospital 1 (12)

Top clinical hospital 3 (38)

Comprehensive cancer center 3 (38)

Community hospital 1 (12)

Abbreviations: GP = general practitioner, ADT = androgen deprivation therapy, M = mean, SD = standard
deviation, LPC = localized prostate cancer, – = not applicable. a Educational level was classified into low (no,
lower (vocational) education), intermediate (secondary vocational education), and high (higher (vocational)
education and university); b LPC risk group was classified according to the EAU guidelines [3].

Table 4. Quotes of patients, GPs, and specialists about primary care-based prostate cancer follow-up
according to the themes from the transcript analysis.

Theme Quotes (Examples)

Structure of prostate cancer follow-up care P3: ‘Once my wife was also very worried, and then I had my PSA checked because
it does not help me if she gets nervous.’

GP3: ‘I see this person more often for all sorts of reasons, so sometimes it
happened that I just, ehm, combined it (i.e., follow-up consult) with complaints of
his respiratory system or something like that.’

S8: ‘We also offer people a psychologist or social worker, if there is a need. But the
physical and oncological examination are the main aspects.’
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Table 4. Cont.

Theme Quotes (Examples)

Communication between primary and
secondary care P1: ‘No, I did not experience any of that (i.e., communication).’

GP9: ‘In general, it is always difficult to reach a specialist, or you will be called
back but not at the moment the patient is with you.’

S6: ‘No, I have never heard anything from the GPs. That shows how redundant we
really are, at least for this part (i.e., follow-up).’

Clinical competencies of primary care-based
follow-up

P4: ‘What the GP did well, I must say, was covering everything . . . like, how is it
going physically, how is it going psychologically, do you have specific questions at
a physical level, about urinary incontinence or erectile dysfunction, or are you
tired, or do you still have . . . ?’

GP8: ‘Especially information about prognosis, what are the chances that things can
come back, I cannot of course, 1,2,3, I do not have those numbers ready of course, no.’

S2: ‘I have actually had no feedback from GPs who said, ‘’Hey, I have a patient
here with erectile problems and I am not sure what to do.” Or you (i.e., study
team) provide GPs with excellent information about this, or they do not have
questions, or they do not call us. I am not quite sure.’

Facilitators of primary care-based follow-up
P5: ‘And compared to the hospital, you know . . . Emotionally that is better. Better
to do this (i.e., follow-up) with your GP. And when that is an option, then that is
very positive.’

GP5: ‘Well, I think it is very patient-friendly when he does not have to go to the
hospital, it will save costs, the effort for me is little, and it is also pleasant for me
that I can speak twice a year to someone who had prostate cancer.’

S3: ‘It really results in extra time in which you can take care of people with bigger
problems, who really need the hospital setting.’

Barriers to primary care-based follow-up
P13: ‘Yes, with the GP you have to undertake action yourself. That is, you know, a
GP does not have a system to call people, so if you have complaints you have to go
to the GP yourself.’

GP1: ‘The disadvantage is that we do not get one extra penny for it. But I do
believe that, uh, primary care is capable of doing this. But then we kind of need
. . . or then we should receive compensation or extra staffing.’

S1: ‘That is my fear you know, that they (i.e., GPs) will not refer them (i.e., patients)
back. Or that they are too late, or not frequently measure their PSA. And then we
will lose the window of curability.’

Organizational requirement for the
implementation See text

Abbreviations: P = patient, GP = general practitioner, S = specialist.

3.2. Structure of Prostate Cancer Follow-Up Care

The structure of prostate cancer follow-up as described by the participants aligned
with the provided guideline. In both primary and secondary care, follow-up visits focused
on PSA measurements. All specialists indicated that they focus primarily on physical
problems and that they only discuss psychosocial problems at the patient’s request, and
they usually refer patients with psychosocial problems to a nurse specialist, the GP, or
a psychologist. The two radiation oncologists we interviewed indicated that they often
speak with their patients who were treated with hormonal therapy about psychosocial
problems (e.g., self-image and relationship issues). All GPs indicated that it was easy for
them to discuss the psychosocial aspects of the cancer, but it was more difficult to discuss
and manage prostate cancer-specific problems. Some of the GPs combined prostate cancer
follow-up with other chronic disease care.

Almost all patients indicated having a good doctor–patient relationship. Some patients
thought their follow-up appointments with the GP were less organized than what they had
experienced in the hospital and some patients reported receiving more PSA measurements
than described in the guideline. Two patients reported not being able to discuss prostate
cancer-specific problems with their GP; one patient believed the GP could not help him and
one patient struggled (in general) with requesting help. Within this theme, we observed

122



Cancers 2022, 14, 3166

that some patients were worried about the PSA value and therefore consulted the GP more
often than the guideline prescribed. Some patients were proactive in consulting their GP,
while others reported being more passive.

3.3. Communication between Primary and Secondary Care

None of the specialists experienced problems in the communication with primary care.
All GPs indicated that the communication between primary and secondary care should be
improved: not all GPs received clinical treatment information from the specialists and direct
access to the specialist was perceived as difficult. GPs believed that the communication with
specialists should be more accessible and transparent, preferably with one (nurse) specialist
per cancer type per hospital. None of the patients was aware of any communication having
taken place between primary and secondary care providers.

3.4. Clinical Competencies of Primary Care Follow-Up

Specialists agreed that GPs could take primary responsibility for follow-up care, but
only when there are national guidelines in place, when the PSA value is normalized,
and when there are no major complications after treatment or prostate cancer-specific
problems that require active treatment. Some specialists indicated that they were not
sure as to whether GPs are able to manage prostate cancer-specific problems because they
had not had any contact or had not received any inquiries from them. In addition, some
specialists specifically mentioned that they expect the GP to be more skilled in the area of
psychosocial care.

All of the GPs believed that they are competent enough to provide prostate cancer
follow-up. Some of the GPs mentioned that it was difficult to answer specific questions
about their patients’ cancer prognoses and to provide follow-up care to patients who had
many prostate cancer-specific problems.

Most of the patients indicated that primary care is the appropriate place for their follow-
up, especially when they have few complaints. Nevertheless, most patients mentioned
they would like to be referred back to the hospital if they develop more prostate cancer-
related symptoms.

3.5. Facilitators of Primary Care-Based Follow-Up

The participants mentioned several advantages of primary care-based follow-up: the
GP is closer to home, it is more accessible, it is more efficient and less expensive, GPs might
combine cancer follow-up with other chronic disease management, and the hospital can
focus on patients who are undergoing active treatment. Patients also mentioned several
advantages of primary care: it is easier to make an appointment, the GP spends more time
with them, the GP knows the patient better, and there is less emotional burden at the GP’s
office, whereas the hospital environment can be emotionally upsetting.

3.6. Barriers to Primary Care-Based Follow-Up

Perceived barriers to primary care-based follow-up included limited knowledge and
expertise among GPs. Some specialists were also concerned that patients would be lost to
follow-up. Most of the GPs indicated having some issues with providing follow-up care,
as it may result in an increased caseload of patients and a greater demand on capacity.
The majority of the patients indicated no barriers to primary care-based follow-up, despite
them having to be more proactive in consulting their GP.

3.7. Organizational Requirements for the Implementation of Primary Care-Based Follow-Up

Throughout the interviews, the participants mentioned several organizational re-
quirements that have to be taken into account before implementing primary care-based
follow-up. These requirements are presented in Figure 2.
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Figure 2. Organizational requirements necessary for the implementation of primary care-based follow-up.

4. Discussion

We found that the PROSPEC trial reached 402 out of 597 prostate cancer survivors
(67%). The reach of this trial was comparable to previously published RCTs investigating
primary versus secondary follow-up care among patients with breast and colorectal cancer
(accrual rates between 55–67%) [21–23]. This indicates that primary care-based follow-up
is acceptable to the majority of cancer patients, and this seems to be similar across cancer
types. Nevertheless, this number might be different outside of an RCT setting.

In line with previous studies, our results also indicated that GPs discussed the psy-
chosocial context of cancer with patients, while not all specialists reported doing so [16,24].
Besides, patients mentioned that the GP-patient relationship is more personal. A previous
study among prostate cancer survivors also reported that patients rate their GP higher than
oncologists in terms of interpersonal relationship [25]. A good doctor–patient relationship is
very important and associated with better health outcomes, especially in longitudinal care
(seeing the same doctor) and with positive consultation experiences (patients’ encounters
with the doctor) [26].

Interestingly, we found that some patients were proactive in consulting their GPs for
PSA measurements or problems. It is known from previous research that active participa-
tion in medical consultations increases commitment to treatment plans, results in better
provision of information and support from physicians, and improves satisfaction with
care [27]. If we want to implement primary care-based follow-up, it is important that future
studies investigate how to support patients to ensure patients receive care according to the
follow-up guideline.

As reported by studies before, GPs also argued that a transition of oncology care to
primary care would result in a greater demand on capacity [15,28]. If we want primary care
to be more involved in the cancer care continuum, it is critical to address this issue of GP
workload and compensation.

Some GPs expressed a lack of confidence in managing prostate cancer-specific prob-
lems. This is in line with previous research, where GPs indicated having confidence in
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performing non-cancer tasks such as pain management and psychosocial support, but
less confidence in surveillance testing and managing long-term effects of cancer [14,29].
Often, this uncertainty is associated with minimal training in follow-up care and a lack
of evidence-based guidelines [14,28,30]. It is, therefore, important to implement (inter-
)national multidisciplinary cancer follow-up care guidelines, including up-to-date disease
management, for a successful implementation of primary care-based follow-up.

Another reason for a lack of confidence in relation to providing primary care-based
follow-up can be the poor communication between primary and secondary care [14,28].
GPs reported that access to specialists and, consequently, access to information is difficult.
Future studies should develop and implement intervention strategies aimed at improving
the communication and information provision between primary and secondary care.

Limitations of this study include the fact that the results of the RCT on the effectiveness,
adoption, and maintenance of primary care-based follow-up care are not yet available. In
addition, we note that participants in the qualitative part of the current study had accepted
the invitation to participate in our RCT. This, by definition, resulted in a selective sample
of patients who most likely had good relationships with their GPs and were positive
toward primary care-based follow-up. In addition, the patients we interviewed were
relatively healthy, despite our attempts to recruit patients with a wide range of prostate
cancer-related problems. Finally, we were unable to investigate attitudes toward primary
care-based follow-up developed after sustained experience with it, as the patients, GPs,
and specialists were experiencing it for the first time.

Strengths of this study include the use of the CFIR implementation research framework.
This framework allows us to systematically evaluate a complex intervention and will
contribute to a successful implementation of primary-based prostate cancer follow-up
care [17]. In addition, the interviews were transcribed verbatim and analyzed by different
researchers using a thematic analysis to assure the robustness of the findings. Furthermore,
we aimed to include a heterogeneous population by including GPs and specialists working
in different types of hospitals and practice sizes. Finally, we included both GPs who were
in favor of and those who were critical toward primary care-based follow-up.

5. Conclusions

In conclusion, the results of this process evaluation indicate that patients, GPs, and
specialists are positive toward primary care-based follow-up. Most of the participants
indicated that primary care could make prostate cancer follow-up care more personal,
efficient, and sustainable. If the RCT shows that primary care is equally as effective and safe
as specialist-based follow-up, this process evaluation can be used to understand how the
intervention is working, what challenges need to be overcome, and which requirements are
necessary to enable successful implementation of prostate cancer follow-up in primary care.
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//www.mdpi.com/article/10.3390/cancers14133166/s1, Table S1: Interview guide based on CFIR
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Simple Summary: Controversy exists regarding prostate cancer (PC) screening using the prostate-
specific antigen (PSA) test. It may reduce PC mortality risk but is associated with false-positive
results. We aimed to evaluate the incidence of false-positive and false-negative results in a general
clinical setting and the associated variables. We found a high rate of false-positive results (46.6%),
resulting in a positive predictive value of 12.7%. Patients also showed a low rate of false-negative
results (3.7%) with a negative predictive value of 99.5%. Age, alcohol intake, and having a urinary
tract infection were associated with a higher probability of false-positive results; having diabetes
mellitus type II was associated with a lower rate of false-positive results. This study showed a higher
rate of false-positive results in clinical practice than in previous clinical trials, mainly in patients over
60 years.

Abstract: (1) Background: There are no real-world data evaluating the incidence of false-positive
results. We analyzed the clinical and analytical factors associated with the presence of false-positive
results in PSA determinations in practice. (2) Methods: A prospective cohort study of patients with
a PSA test was performed in clinical practice. We followed the patients by reviewing their medical
records for 2 years or until the diagnosis of PCa was reached, whichever came first. (3) Results:
False-positive PSA rate was 46.8% (95% CI 44.2–49.2%) and false-negative PSA rate was 2.8% (95% CI
2–3.5%). Patients aged 61–70 years and those over 70 years were more likely to have a false-positive
result than those under 45 years (aOR 2.83, 95% CI 1.06–7.55, p = 0.038, and aOR 4.62, 95% CI
1.75–12.22, p = 0.002, respectively). Patients with urinary tract infection were more likely to have a
false-positive result (aOR 8.42, 95% CI 2.42–29.34, p = 0.001). Patients with diabetes mellitus were
less likely to have a false-positive result (aOR 0.63, 95% CI 0.41–0.98, p = 0.038); (4) Conclusions: This
study has generated relevant information that could be very useful for shared decision making in
clinical practice.

Keywords: prostate-specific antigen; prostate cancer; false-positive results; real world-data

1. Introduction

In recent years there has been a debate regarding the benefits and harms of PSA-based
screening for prostate cancer (PCa) [1,2]. A systematic review of randomized controlled
trials published in 2013 showed that PSA-based PCa screening did not significantly de-
crease PCa-specific mortality. In addition, harms related to the presence of overdiagnosis,
overtreatment, and false-positive results were frequent [3]. Concerning the presence of
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false-positive results, previous evidence has also shown variations in PSA levels accord-
ing to age [4], although there is no evidence of their implications in practice. A recent
systematic review [5] showed that diabetes was significantly associated with lower PSA
levels among asymptomatic men. Though, differences were small and unlikely to influence
PCa detection. Similarly, treatments such as statins [6], metformin [7], or treatment for
benign prostatic hypertrophy [8] can also affect PSA results leading to false-positive or
-negative results. According to previous studies carried out in clinical trials [9], 10–12% of
men undergoing regular PSA testing will experience a false-positive result. False-positive
results can have a major impact on the clinical management and outcome of the patient,
mainly due to possible adverse effects related to the diagnostic process (biopsy, surgery, and
treatment). Biopsies, for instance, can cause infections as well as very serious complications
such as urinary incontinence and sexual dysfunction [10].

These data led some international organizations, such as the US Preventive Services
Task Force (UPSTF) in 2012, to establish recommendations against PSA-based screening for
PCa [11]. In 2018, based on longer follow-up data from large screening trials, the UPSTF
guideline was updated [12]. They stated that men aged 55–69 years should be informed
about the benefits and harms of PCa screening with a grade C recommendation (the
USPSTF recommends selectively offering or providing this service to individual patients
based on professional judgment and patient preferences), while grade D (the USPSTF
recommends against the service) was assigned to screening for men over 70 years. Aiming
to reduce the harms related to false-positive results and overdiagnosis, the European
Association of Urology guidelines have been recently updated [13] and recommend offering
an individualized risk-adapted approach for the early detection of PCa to well-informed
men older than 50 years old with at least 15 years of life expectancy.

However, most of these recommendations are based on randomized clinical trials,
which include populations with different characteristics from those patients in clinical
practice [14] (clinical trials tend to include healthier and younger patients and often rep-
resent a highly selected population of patients). Indeed, PSA levels in patients attending
urology services are higher than those patients of the same age who participate in screening
programs [15]. Therefore, both the baseline levels of the marker and the determinants that
may affect a false-negative or false-positive result should be determined for each setting.

The risk-adapted approach for the early detection of PCa, as the European Association
proposes, should be developed along with the evaluation of the probability of a patient
having a false-positive or -negative result according to his individual characteristics. Nev-
ertheless, at present, there are no real-world data evaluating the incidence of false-positive
and -negative results in practice and the variables associated with them.

We aimed to evaluate the incidence of false-positive and false-negative results in a
general clinical setting, including patients undergoing opportunistic screening or with
symptoms suggestive of disease, and the variables associated.

2. Materials and Methods

This study was carried out and reported according to the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) Statement [16].

2.1. Study Design

A prospective observational cohort study of patients with a PSA determination for
the early detection of PCa or in the presence of prostatic symptoms in general practice.
The study protocol is registered at https://clinicaltrials.gov (ClinicalTrials.gov Identifier:
NCT03978299, accessed on the 11 June 2019) and has been previously published [17].

2.2. Setting

The target population of the study were the residents of the catchment area of the
two participating Health Departments 17 and 19, in the Valencian Community (these
include 20 primary health centers and 2 hospitals: General University Hospital of Sant Joan
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d’Alacant and General University Hospital of Alicante, respectively). These are referral
hospitals for all individuals living in their catchment areas and belong to the National
Health System (NHS). Most of the Spanish population uses it as the main medical service
(the publicly funded insurance scheme covers 98.5% of the Spanish population).

2.3. Study Population

We included men over 18 years with a PSA determination requested in a routine health
examination from January to July 2018. Patients with a previous diagnosis of PCa or those
who were being monitored for previous high PSA values were excluded.

We randomly selected a sample of patients with positive PSA results from within our
cohort (total PSA value >10 mg/L or a total PSA between 4 and 10 mg/L if the value of
the free PSA/total PSA fraction is <25% in at least two determinations) and a sample of
patients with negative results (total PSA value is < 4 mg/L or a total PSA between 4 and
10 mg/L if the value of the free PSA/total PSA fraction is >25%) among a consecutive
cohort of individuals undergoing PSA testing that have been described previously [18].
This previous study aimed to evaluate the potential non-compliance of PSA testing with
current guidelines in general practice. PSA determinations are performed centrally in the
laboratories of these two hospitals using the same protocol. A blood sample is extracted,
and after centrifugation (15 min), the PSA level is determined in the serum using the
chemiluminescent assay technique (the analyte is stable for 4 days at 2–8 ºC). The detection
limit of the technique is 0.05 ng/mL.

2.4. Study Size and Recruitment Procedure

The predictive positive value of PSA is estimated at 21%, and the predictive negative
value at 91%, according to previous evidence [19]. Given that we included symptomatic
and asymptomatic patients, we estimated a prevalence of PCa in our study higher than
5%. We calculated that we needed to include at least 665 patients with a negative PSA
result and 690 PSA-positive patients (for a precision of 2% with 95% CIs). Considering the
potential loss during follow-up, we increased this sample by 20%.

2.5. Data Collection

Both hospitals have digital medical records from which data were extracted.
We recorded the following data from medical records: demographic characteristics

(age) and clinical characteristics (patient who had the PSA test as part of opportunistic
screening or due to the presence of symptoms suggestive of disease), toxic habits (smoking
habit and alcohol consumption), family history of PCa, any pharmacological treatment
prescribed and specifically treatment with statins, metformin, treatment for BPH, diuretics
and ASA, PSA values, anthropometric measures, and other comorbidities.

2.6. Cohort Follow-Up

We followed both cohorts (positive and negative PSA results) for 2 years by reviewing
their medical records (every 3 months for patients with a positive PSA result and annually
for patients with a negative result) until the diagnosis of PCa or end of follow-up, whichever
came first. We also collected results from digital rectal exams and biopsies. For those
patients with a diagnosis of PCa, data regarding the Gleason score and the International
Society of Urological Pathology grade were also collected.

2.7. Outcomes

A false-positive result was defined if the determination of serum PSA was positive
and the result of digital rectal examination(s) and/or subsequent biopsy or biopsies were
negative, according to the recommendations of the European Association of Urology [20].
A false-negative result was defined if the determination of serum PSA was negative and
the patient was diagnosed with PCa within 2 years.
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2.8. Statistical Analysis

We used descriptive statistics to summarize the population and calculated the propor-
tion of false-positive and false-negative results for the diagnosis of PCa and the associated
variables (Chi-squared test). To analyze clinical and analytical factors associated with the
presence of false-positive results in PSA determinations, we calculated odds ratios and
their 95% confidence interval with logistic regression. Independent variables included were
urinary tract infection, diabetes mellitus type II, hyperlipidemia, age, alcohol consumption,
family history of prostate cancer, and prescription of any pharmacological treatment.

The analysis was performed using the Stata IC 15 program. All p values and CIs were
two-sided, 95%.

3. Results

3.1. Description of The Patients Included in Both Cohorts and Accuracy of the PSA Test

Of the 1664 patients included in the study, 833 (51%) had a positive PSA result, and
831 (49%) had a negative PSA result. Out of 833 patients with a positive PSA result,
106 (97.2%) had a diagnosis of PCa; of the 831 patients with a negative PSA result, 3 (2.8%)
had a diagnosis of PCa. The positive predictive value (PPV) of the PSA determination
was 12.7% (95% CI 10.4–15%), and the negative predictive value (NPV) was 99.6% (95%
CI 99.2–100%). The false-positive PSA rate was 46.8% (95% CI 44.2–49.2%), and the false-
negative PSA rate was 2.8% (95% CI 2–3.5%).

Median follow-up was 19.51 months (IQR 14.39–22.24), and median follow-up until
the patient was diagnosed with PCa was 5 months (IQR 11–16).

Of the 1664 patients included in the study, 33 (1.9%) had a family history of PCa and
2 of them (6.1%) developed PCa, 169 (10.1%) had no family history of prostate cancer, and
19 (11.2%) developed cancer; however, no data on family history of PCa were available for
1462 patients (87.9%).

3.2. False-Positive Rate and Associated Sociodemographic and Clinical Characteristics

Table 1 shows the distribution of the number of patients with PCa and the false-
positive PSA rates, according to the different sociodemographic and clinical variables, for
symptomatic and asymptomatic patients.

Overall, there were differences in the false-positive rate according to patients’ age:
the rate increased from 26.3% in patients younger than 45 years to 55.2% in patients
over 70 years (p < 0.001). In asymptomatic patients, a difference in the false-positive rate
according to patients’ age was also found (p < 0.001).

Most patients had a previous PSA (1347/1665; 80.9%), and they were less likely to
have a false-positive result than patients who had a PSA test for the first time (45.1% vs.
53.8%, p = 0.008). In asymptomatic patients, a difference in the false-positive rate according
to having a previous PSA was also found (p = 0.023).

Patients who never had drunk alcohol (386/1665; 23.2%) were less likely to have a
false-positive result (46.2%) than those who were current (56.6%) or ex-drinkers (58.5%)
(p = 0.014). In asymptomatic patients, a difference in the false-positive rate according to
alcohol intake was also found (p = 0.004).

3.3. False-Positive Rate Associated with The Presence of Comorbidities

Table 2 shows the distribution of the number of patients with PCa and the false-
positive PSA rates, according to the different patients’ comorbidities, for symptomatic and
asymptomatic patients.

132



Cancers 2023, 15, 261

T
a

b
le

1
.

D
es

cr
ip

ti
on

of
th

e
so

ci
od

em
og

ra
p

hi
c

an
d

cl
in

ic
al

ch
ar

ac
te

ri
st

ic
s

as
so

ci
at

ed
w

it
h

fa
ls

e-
p

os
it

iv
e

ra
te

s
fo

r
bo

th
sy

m
p

to
m

at
ic

an
d

as
ym

pt
om

at
ic

pa
ti

en
ts

.

T
o

ta
l

S
y

m
p

to
m

a
ti

c
A

sy
m

p
to

m
a

ti
c

V
a

ri
a

b
le

s

T
o

ta
l

C
a

n
-

ce
r/

P
a

ti
e

n
ts

(1
0

9
/1

6
6

4
;

6
.5

%
)

F
a

ls
e

-
P

o
si

ti
v

e
P

S
A

R
a

te
1

(7
2

8
/1

5
5

5
;

4
6

.8
%

)

p-
V

a
lu

e
2

T
o

ta
l

C
a

n
-

ce
r/

P
a

ti
e

n
ts

(1
7

/3
0

3
;

5
.6

)

F
a

ls
e

-
P

o
si

ti
v

e
P

S
A

R
a

te
1

(1
3

7
/2

8
6

;
4

7
.9

)

p-
V

a
lu

e
2

T
o

ta
l

C
a

n
-

ce
r/

P
a

ti
e

n
ts

(9
2

/1
3

6
1

;
6

.8
)

F
a

ls
e

-
P

o
si

ti
v

e
P

S
A

R
a

te
1

(5
9

1
/1

2
6

9
;

4
6

.6
)

p-
V

a
lu

e
2

A
ge

<0
.0

01
0.

07
0

<0
.0

01
<4

5
0/

57
;0

15
/5

7;
26

.3
0/

19
;0

5/
19

;2
6.

3
0/

38
;0

10
/3

8;
26

.3
45

–5
0

1/
81

;1
.2

22
/8

0;
27

.5
1/

14
;7

.1
6/

13
;4

6.
2

0/
67

;0
16

/6
7;

23
.9

51
–6

0
12

/3
69

;3
.3

13
9/

35
7;

38
.9

3/
59

;5
.1

21
/5

6;
37

.5
9/

31
0;

2.
9

11
8/

30
1;

39
.2

61
–7

0
51

/5
27

;9
.7

22
9/

47
6;

48
.1

5/
98

;5
.1

52
/9

3;
55

.9
46

/4
29

;1
0.

7
17

7/
38

3;
46

.2
>7

0
45

/6
30

;7
.1

32
3/

58
5;

55
.2

8/
11

3;
7.

1
53

/1
05

;5
0.

5
37

/5
17

;7
.2

27
0/

48
0;

56
.3

PS
A

pr
ev

io
us

0.
00

8
0.

14
7

0.
02

3
N

o
29

/3
15

;9
.2

15
4/

28
6;

53
.8

6/
55

;1
0.

9
28

/4
9;

57
.1

23
/2

60
;8

.8
12

6/
23

7;
53

.2
Ye

s
80

/1
34

7;
5.

9
57

2/
12

67
;4

5.
1

11
/2

47
;4

.5
10

8/
23

6;
45

.8
69

/1
10

0;
6.

3
46

4/
10

31
;4

5
Fa

m
ily

hi
st

or
y

of
PC

a
0.

00
3

0.
89

9
0.

00
2

N
o

19
/1

69
;1

1.
2

89
/1

50
;5

9.
3

3/
34

;8
.8

16
/3

1;
51

.6
16

/1
35

;1
1.

9
73

/1
19

;6
1.

3
Ye

s
2/

33
;6

.1
17

/3
1;

54
.8

1/
9;

11
.1

4/
8;

50
1/

24
;4

.2
13

/2
3;

56
.5

U
nk

no
w

n
88

/1
46

2;
6

62
2/

13
74

;4
5.

3
13

/2
60

;5
11

7/
24

7;
47

.4
75

/1
20

2;
6.

2
50

5/
11

27
;4

4.
8

To
ba

cc
o

0.
27

4
0.

05
6

0.
67

7
N

ev
er

sm
ok

er
21

/3
77

;5
.6

18
4/

35
6;

51
.7

4/
69

;5
.8

39
/6

5;
60

17
/3

08
;5

.5
14

5/
29

1;
49

.8

C
ur

re
nt

sm
ok

er
27

/3
62

;7
.5

15
4/

33
5;

46
4/

66
;6

.1
24

/6
2;

38
.7

23
/2

96
;7

.8
13

0/
27

3;
47

.6

Ex
-s

m
ok

er
40

/5
46

;7
.3

23
9/

50
6;

47
.2

6/
10

3;
5.

8
49

/9
7;

50
.5

34
/4

4
19

0/
40

9;
46

.5
A

lc
oh

ol
0.

01
4

0.
83

6
0.

00
4

N
ev

er
dr

in
ke

r
22

/3
86

;5
.7

16
8/

36
4;

46
.2

5/
75

;6
.7

38
/7

0;
54

.3
17

/3
11

;5
.5

13
0/

29
4;

44
.2

C
ur

re
nt

dr
in

ke
r

26
/3

46
;7

.5
18

1/
32

0;
56

.6
3/

69
;4

.3
36

/6
6;

54
.5

23
/2

77
;8

.3
14

5/
25

4;
57

.1

Ex
-d

ri
nk

er
3/

56
;5

.4
31

/5
3;

58
.5

0/
7;

0
3/

7;
42

.9
3/

49
/6

.1
28

/4
6;

60
.9

1
Fa

ls
e-

po
si

ti
ve

ra
te

:(
Fa

ls
e-

po
si

ti
ve

re
su

lt
s/

pa
ti

en
ts

w
it

ho
ut

ca
nc

er
)*

10
0;

2
p-

va
lu

e:
D

iff
er

en
ce

s
in

th
e

fa
ls

e-
po

si
ti

ve
PS

A
ra

te
.

133



Cancers 2023, 15, 261

T
a

b
le

2
.

D
es

cr
ip

ti
on

of
th

e
co

m
or

bi
di

ti
es

as
so

ci
at

ed
w

it
h

fa
ls

e-
po

si
ti

ve
ra

te
s

fo
r

bo
th

sy
m

pt
om

at
ic

an
d

as
ym

pt
om

at
ic

pa
ti

en
ts

.

V
a

ri
a

b
le

s

T
o

ta
l

W
it

h
S

y
m

p
to

m
s

W
it

h
o

u
t

S
y

m
p

to
m

s

T
o

ta
l

C
a

n
-

ce
r/

P
a

ti
e

n
ts

(1
0

9
/1

6
6

4
;

6
.5

%
)

F
a

ls
e

-
P

o
si

ti
v

e
P

S
A

R
a

te
1

(7
2

8
/1

5
5

5
;

4
6

.8
%

)

p-
V

a
lu

e
2

T
o

ta
l

C
a

n
-

ce
r/

P
a

ti
e

n
ts

(1
7

/3
0

3
;

5
.6

)

F
a

ls
e

-
P

o
si

ti
v

e
P

S
A

R
a

te
1

(1
3

7
/2

8
6

;
4

7
.9

)

p-
V

a
lu

e
2

T
o

ta
l

C
a

n
-

ce
r/

P
a

ti
e

n
ts

(9
2

/1
3

6
1

;
6

.8
)

F
a

ls
e

-
P

o
si

ti
v

e
P

S
A

R
a

te
1

(5
9

1
/1

2
6

9
;

4
6

.6
)

p-
V

a
lu

e
2

C
ar

di
ov

as
cu

la
r

D
is

ea
se

0.
70

2
0.

84
6

0.
63

7

N
o

10
3/

15
08

;6
.8

66
0/

14
05

;4
7

15
/2

81
;5

.3
12

7/
26

6;
47

.7
88

/1
22

7;
7.

2
53

3/
11

39
;4

6.
8

Ye
s

6/
15

6;
3.

8
68

/1
50

;4
5.

3
2/

22
;9

.1
10

/2
0;

50
4/

13
4;

3
58

/1
30

;4
4.

6
H

yp
er

lip
id

em
ia

0.
01

6
0.

81
4

0.
01

2
N

o
96

/1
39

1;
6.

9
62

4/
12

95
;4

8.
2

16
/2

63
;6

.1
11

9/
24

7;
48

.2
80

/1
12

8;
7.

1
50

5/
10

48
;4

8.
2

Ye
s

13
/2

73
;4

.8
10

4/
26

0;
40

1/
40

;2
.5

18
/3

9;
46

.2
12

/2
33

;5
.2

86
/2

21
;3

8.
9

Ty
pe

II
D

ia
be

te
s

M
el

lit
us

0.
00

2
0.

00
8

0.
01

9

N
o

98
/1

45
0;

6.
8

65
4/

13
52

;4
8.

4
15

/2
75

;5
.5

13
1/

26
0;

50
.4

83
/1

17
5;

7.
1

52
3/

10
92

;4
7.

9
Ye

s
11

/2
14

;5
.1

74
/2

03
;3

6.
5

2/
28

;7
.1

6/
26

;2
3.

1
9/

18
6;

4.
8

68
/1

77
:3

8.
4

U
ri

na
ry

tr
ac

t
in

fe
ct

io
n

<0
.0

01
0.

00
7

<0
.0

01

N
o

10
8/

16
17

;6
.7

69
1/

15
09

;4
5.

8
17

/2
93

;5
.8

12
8/

46
.4

;4
6.

4
91

/1
32

4;
6.

9
56

3/
12

33
;4

5.
7

Ye
s

1/
47

;2
.1

37
/4

6;
80

.4
0

9/
10

;9
0

1/
37

;2
.7

28
/3

6;
77

.8
IM

C
>

30
0.

31
0

0.
92

7
0.

34
8

N
o

48
/6

67
;7

.2
29

1/
61

9;
47

7/
12

7;
5.

5
52

/1
20

;4
3.

3
41

/5
40

;7
.6

23
9/

49
9;

47
.9

Ye
s

20
/3

33
;6

13
7/

31
3;

43
.8

2/
56

;3
.6

23
/5

4;
42

.6
18

/2
77

;6
.5

11
4/

25
9;

44
%

H
TA

0.
17

5
0.

59
0

0.
21

2
N

o
18

/3
52

;5
.1

16
4/

33
4;

49
.1

2/
70

;2
.9

33
/6

8;
48

.5
16

/2
82

;5
.7

13
1/

26
6;

49
.2

Ye
s

82
/1

15
4;

7.
1

48
1/

10
72

;4
4.

9
14

/2
04

;6
.9

85
/1

90
;4

4.
7

68
/9

50
;7

.2
39

6/
88

2;
44

.9
1

Fa
ls

e-
po

si
ti

ve
ra

te
:(

Fa
ls

e-
po

si
ti

ve
re

su
lt

s/
pa

ti
en

ts
w

it
ho

ut
ca

nc
er

)*
10

0;
2

p-
va

lu
e:

D
iff

er
en

ce
s

in
th

e
fa

ls
e-

po
si

ti
ve

PS
A

ra
te

.

134



Cancers 2023, 15, 261

Patients with hyperlipidemia were less likely to have a false-positive result (40% vs.
48.2%, p = 0.016). In asymptomatic patients, a difference in the false-positive rate according
to the presence of hyperlipidemia was also found (p = 0.012). The presence of diabetes
mellitus type II was also associated with a lower probability of having a false-positive
result (36.5% vs. 48.4%, p = 0.002). Both symptomatic and asymptomatic patients with
diabetes mellitus type II had a lower probability of having a false positive than those
without diabetes (p = 0.008 and p = 0.019, respectively). In contrast, the presence of urinary
tract infection was associated with a higher probability of false-positive results (80.4% vs.
45.8%, p < 0.001) for both symptomatic (p < 0.001) and asymptomatic (p < 0.001) patients.

3.4. False-Positive Rate Associated with the Prescription of Medication

Patients with a prescribed pharmacological treatment were less likely to have a false-
positive result (44.8% vs. 54.1%, p = 0.003). In asymptomatic patients, a difference in the
false-positive rate according to the prescription of pharmacological treatment was also
found (p = 0.012) (Table 3). However, there were no differences in the false-positive rate
according to the specific pharmacological treatments.

In multivariable analysis, patients with urinary tract infections were more likely to
have a false-positive result (aOR 8.42, 95% CI 2.42–29.34, p = 0.001). This was also the case
for patients who were current drinkers in comparison with never drinkers (aOR 1.48, 95%
CI 1.10–2.02, p = 0.011). Patients with diabetes mellitus were less likely to have a false-
positive result (aOR 0.63, 95% CI 0.41–0.98, p = 0.038). Moreover, patients aged 61–70 years
and those over 70 years were more likely to have a false-positive result than those under
45 years (aOR 2.83, 95% CI 1.06–7.55, p = 0.038, and aOR 4.62, 95% CI 1.75–12.22, p = 0.002,
respectively).

3.5. Description of the PCa Cases and their Main Characteristics

Of the 109 patients with PCa, 94 (86.2%) were able to be classified according to the
Gleason score: 31 (33%) were classified as Gleason 6, 36 (38.3%) as Gleason 7, and 27 (28.7%)
as Gleason 8–10. There were statistically significant differences in the median PSA value
for each Gleason category (p = 0.006) (Table 4).

According to the International Society of Urological Pathology grade, 43 (39.4%)
patients were classified as: grade 1, 22 (51.2%); grade 2, 7 (16.3%); grade 3, 10 (23.3%); grade
4, 5 (11.6%), and grade 5, 1 (2.3%). There were also differences in the median PSA values
according to this classification: from a PSA median of 4 (IQR 1.67–6.04) in patients with
grade 1 to a PSA median of 10.54 in patients with grade 5 (p < 0.001).

Of the 1665 patients included in the study, 303 (18.2%) had symptoms suggestive
of prostate disease, and 17 (5.6%) developed PCa; of the 1361 (81.8%) patients without
symptoms, 92 (6.8%) developed PCa. Cancer patients who had been symptomatic at the
time of the PSA test had a Gleason score of 6–7 (7, 46.7%) and a Gleason score of 8–10 (8,
53.3%). At the same time, those who had been asymptomatic had a Gleason score < 6 (6,
7.7%), a Gleason score of 6–7 (54, 68.4%), and a Gleason score of 8–10 (19, 24.4%), p = 0.059.

In patients who did not have a PCa diagnosis, there were differences in PSA level
according to age (p = 0.001); these differences were not found in patients with PCa (p = 0.072)
(Figure 1).

In patients without PCa, having hyperlipidemia, diabetes, or a prescribed pharmaco-
logical treatment was associated with lower PSA levels (p = 0.009, p = 0.001, and p < 0.001,
respectively); having an infection of the urinary tract was associated with higher PSA levels
(<0.001). These differences were not observed in patients with PCa (Table 5).
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Table 4. Description of the PSA levels (ng/mL) in those patients with PCa according to Gleason
classification.

Gleason p-Value

PSA Levels 6 7 8–10

PSA (ng/mL)
(median, IQR) 6.66 (4.91–10.13) 6.32 (5.15–8.89) 13.37

(6.44–31.24) 0.004

Figure 1. Comparison of PSA levels (median, IQR) between patients with and without PCa by age
groups.

Table 5. Differences in the PSA levels (ng/mL) according to the presence of some comorbidities and
prescribed pharmacological treatment for patients without and with PCa.

Total Without PCa With PCa

Variables
PSA Levels
(ng/mL) (Median,
IQR)

PSA Levels
(ng/mL) (Median,
IQR)

p-Value
PSA Levels
(ng/mL) (Median,
IQR)

p-Value

Hyperlipidemia 0.009 0.082
• No 4.53 (1.89–6.36) 4.44 (1.67–6.01) 8.20 (5.18–16.84)
• Yes 4.27 (1.24–5.15) 4.24 (1.18–5.13) 5.87 (4.44–6.61)

Diabetes 0.001 0.974
• No 4.53 (1.90–6.26) 4.45 (1.73–5.91) 6.82 (5.08–16.80)
• Yes 4.19 (1–5.39) 4.04 (0.92–5.08) 7.98 (5.93–14.45)

UTI <0.001 0.993
• No 4.45 (1.69–6.07) 4.36 (1.15–5.77) 6.86 (5.09–16.54)
• Yes 5.71 (4.64–10.33) 5.70 (4.64–9.51) 10.33

Pharmacological
treatment <0.001 0.484

• No 4.70 (2.29–6.35) 4.70 (2.29–6.34) 5.68 (5.08–6.28)
• Yes 4.39 (1.64–6.07) 4.32 (1.41–5.74) 7.17 (5.11–16.77)
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4. Discussion

We found a high rate of false-positive results both in symptomatic (47.9%) and asymp-
tomatic patients (46.6%), resulting in a PPV of 12.7% in clinical practice. Patients in this
study also showed a low rate of false-negative results (3.7%) with an NPV of 99.5%.

This is the first study based on real-world data that includes both symptomatic and
asymptomatic patients, and thus, it is difficult to compare our results with similar studies.
However, it was possible to compare our results with previous evidence based on clinical
trials, and we found a greater rate of false-positive results. Results from randomized clinical
trials showed the PPV of an elevated PSA in the 20–30% range [21], higher than the PPV
shown in our study. Furthermore, according to a recent meta-analysis of clinical trials,
4–19% of all screening participants had a false-positive screening result. In our study, PSA
values higher than 4.0 ng/mL were used as an indication for biopsy among men of all ages.
Given that most of the available clinical trials used a 3.0 ng/mL threshold, we consider
that false-positive results in these clinical trials should be higher. These differences in the
false-positive rates could reflect the different populations included in clinical practice (older
patients and with several comorbidities such as UTI) in contrast with clinical trials.

The level of PSA in the blood increases with age by about 3.2% per year [22], leading
to an increase in the false-positive rate in the PSA test. Therefore, according to previous
results, the use of this threshold for recommending prostate biopsy is not adequate for men
of all ages [23]. Nevertheless, the usefulness of age-adjusted PSA thresholds is controversial
due to the risk of missing a high proportion of clinically significant cancers in older men. In
our study, there were no differences in the PSA values in those patients with PCa according
to age, while there were differences in patients without PCa. These results suggest that an
age-adjusted PSA threshold for biopsy may be of limited use despite the increase in the
false-positive results in the PSA test with patients’ age. In addition, given the low incidence
of false-negative results and the PSA levels of the patients with PCa, the value of 4 ng/mL
seems a reasonable threshold. At the same time, prostate cancer overdiagnosis (cases that
would not have caused clinical consequences during a man’s lifetime if left untreated)
has a strong relationship to age [24]. A relevant percentage of the prostate cancer cases
detected in asymptomatic patients included in the study could be overdiagnosed cases.
Hence, restricting screening in patients older than 70 years old, as most available guidelines
recommend, could importantly reduce overdiagnosis.

We have shown that several factors are associated with a higher probability of false-
positive results: age, alcohol consumption, and having a urinary tract infection. In contrast,
having diabetes mellitus type II was associated with a lower rate of false-positive results.
Differences related to the presence of diabetes mellitus, urinary tract infection, and age
were only observed in men who had no urinary symptomatology when the PSA test was
ordered. This could be explained by the lack of precision in patients with symptoms or
that the presence of symptoms acted as an effect modifier. Patients with hyperlipidemia
and diabetes showed lower PSA levels than those without these pathologies. A recent
systematic review showed that diabetes was significantly associated with lower PSA levels
among asymptomatic men older than 60 years, leading to a lower probability of having a
false-positive PSA result [5]. The implication is that the predictive value of a positive test is
higher among patients with diabetes or hyperlipidemia. One could consider that the lower
range of PSA values identified in diabetics compared to non-diabetics and in patients with
hyperlipidemia compared to those without hyperlipidemia justifies a different cut-off point
when considering a positive PSA result in this population. However, given that there were
no differences in PSA values among patients with PCa, it is unlikely that using a specific
cut-off would improve the accuracy of PSA screening.

In any case, this could be a useful observation for clinicians when interpreting PSA
results in routine practice.

Several studies have developed risk prediction models to avoid false-positive results
based on biomarkers and sociodemographic and clinical variables [25]. However, none of
these models have been validated in clinical practice with positive results. The STHLM3
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study [26] developed and validated a model combining plasma protein biomarkers, genetic
polymorphisms, and clinical variables. It demonstrated a significant improvement in the
specificity of PCa screening with the same sensitivity as PSA testing. This study included
men in a specific age range, 50–69 years, whereas those undergoing PSA testing in clinical
practice came from a wider age range. Given the differences between the populations
included in the clinical trials and clinical practice, we consider that further research should
be conducted in clinical practice to evaluate the addition of other clinical and genetic factors.
In contrast with previous studies, we did not show a relationship between BMI and PSA
levels. A previous study of Korean men showed a significant inverse relationship with
BMI in overweight and obese men aged 40–59 years. However, there was no relationship
between serum PSA and BMI in men older than 60 years [27]. In previous studies aimed at
developing a predictive model for PCa diagnosis based on marching learning, the inclusion
of PSA level and patient age increased the accuracy of the model, while BMI had only a
minimal effect [28].

In our study, there were no differences in false-positive and false-negative PSA results
according to whether the patient had a pharmacological prescription in univariate analysis
but not in multivariable analysis. There were also no differences in PSA levels according
to the type of treatment. In a previous longitudinal study [6], PSA levels declined to a
statistically significant extent after the initiation of statin treatment, which can complicate
cancer detection. In another study [7], metformin was found to have a dose-dependent
inverse relationship with serum PSA levels. A previous clinical trial found that finasteride
decreased PSA levels [29] and concluded that new prostate biomarkers should be inter-
preted with caution in patients receiving these treatments. However, another research [30]
concluded that although both dutasteride and finasteride reduced PSA levels, dutasteride
should not be considered equivalent to finasteride in the reduction rate of PSA. In our
study, the absence of statistical significance when analyzing treatment type could perhaps
be explained by the limited statistical power. Moreover, nearly 80% of patients had a
current prescription for a pharmacological treatment (and most of them had two or more
concomitant treatments). Hence, it was difficult to analyze the impact of an individual
treatment on the false-positive rate in the univariate analysis.

There were also no differences in the probability of having a PCa according to the
presence of symptoms (5.6% vs. 6.8%), and the false-positive rate was similar for both
symptomatic and asymptomatic patients. A recent systematic review of randomized clinical
trials [1] showed that in men without symptoms benefits of PSA-based PCa screening did
not outweigh the harms, but our study showed that the presence of symptoms does not
seem to have a relevant impact on the PCa diagnosis.

A population study in Norway showed how opportunistic PSA testing substantially
increased the incidence of localized and regional prostate cancers among men aged 50–
74 years [31]. In our study, there were no statistically significant differences according
to the Gleason score distribution between symptomatic and asymptomatic patients, but
symptomatic patients were more likely to have a Gleason score of 8–10 than asymptomatic
patients. However, given the follow-up period of the study, we were unable to assess the
impact on long-term mortality.

Recently, the European Association of Urology, the European Association of Nuclear
Medicine-European Society for Radiotherapy, the Oncology-European Society of Urogen-
ital Radiology-International, and the Society of Geriatric Oncology have published the
guidelines on screening, diagnosis, and local treatment of clinically localized PCa [20]. As a
screening strategy, they advise a risk-adapted screening to identify men who may develop
PCa, from age 50 based on individualized life expectancy. However, this risk-adapted
screening should be offered to men at increased risk from the age of 45 and to carriers
of breast cancer susceptibility gene (BRCA) mutations. The use of multiparametric MRI
is also recommended to avoid unnecessary biopsies. A retrospective study found that
bi-parametric prostate MRI was a powerful tool in the detection of clinically significant PCa,
but PSA density did not appear to significantly improve its diagnostic performance [32]. In
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addition, a recent clinical trial found that MRI-directed targeted biopsy for screening and
early detection in persons with elevated PSA levels reduced the risk of overdiagnosis [33].

International guidelines strongly recommend incorporating shared decision making
into PSA-based prostate cancer screening [20]. Patients’ knowledge and attitudes toward
PCa screening are decisive factors in the adoption of opportunistic screening [34], and
there are variations across the world [35]. In Italy, for example, knowledge about PCa
screening amongst male subjects is quite high, although knowledge of PCa risk factors,
mainly both genetic/hereditary, is low, and the practice of DRE is underutilized [36].
Considering the new recommendations published by European Commission and Urologist
Associations [20], education interventions should be implemented to allow patients to
participate in shared decision-making regarding PSA opportunistic screening.

This study has several limitations. Firstly, we followed our patients until they were
diagnosed with PCa or for 2 years (whichever came first), and therefore, this period was
too short to assess the effect of PSA determination on mortality. In addition, we aimed to
evaluate the PSA false-positive and -negative rate, and we did not consider the accuracy
of PSA together with the determination of digital rectal examination or other genetic
biomarkers (such as carriers of the Breast Cancer type 2 mutation). Given the high rate of
false-positive results in the PSA determination, these factors should be considered for a
final biopsy decision. Lastly, we collected the data from medical records, and thus, there are
some missing data such as the Gleason classification, smoking habit, or the family history
of PCa, among others.

5. Conclusions

In conclusion, this study showed a high rate of false-positive results in clinical practice
for both symptomatic and asymptomatic patients, mainly in patients over 50 years. This
study has generated relevant information related to the frequency and variables associated
with the presence of false-positive results, which could be very useful for shared decision
making. Although randomized control trials contribute to meaningful results, studies
carried out in clinical practice are also needed to better support approaches to shared
decision making.
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Simple Summary: Multiparametric magnetic-resonance imaging (mpMRI) is a routinely used imag-
ing modality for diagnosing prostate cancer but misses 10–20% of prostate tumours. Recently,
prostate-specific membrane antigen positron-emission tomography (PSMA PET) has been proposed
as an alternative to mpMRI for diagnosis. Our systematic review and meta-analysis aimed to compare
the diagnostic performance between mpMRI and PSMA PET modalities prior to biopsy. Ten articles
directly comparing the performance of both modalities in the same patient cohort were investigated.
PSMA PET/CT was superior in diagnosing patients with prostate cancer over mpMRI, but not in
defining the location of the cancer. Early evidence suggests that the addition of PSMA PET within the
diagnostic pathway may enhance the detection of clinically significant prostate cancer.

Abstract: Multiparametric magnetic-resonance imaging (mpMRI) has proven utility in diagnosing
primary prostate cancer. However, the diagnostic potential of prostate-specific membrane antigen
positron-emission tomography (PSMA PET) has yet to be established. This study aims to systemati-
cally review the current literature comparing the diagnostic performance of mpMRI and PSMA PET
imaging to diagnose primary prostate cancer. A systematic literature search was performed up to
December 2021. Quality analyses were conducted using the QUADAS-2 tool. The reference standard
was whole-mount prostatectomy or prostate biopsy. Statistical analysis involved the pooling of the
reported diagnostic performances of each modality, and differences in per-patient and per-lesion
analysis were compared using a Fisher’s exact test. Ten articles were included in the meta-analysis.
At a per-patient level, the pooled values of sensitivity, specificity, and area under the curve (AUC)
for mpMRI and PSMA PET/CT were 0.87 (95% CI: 0.83–0.91) vs. 0.93 (95% CI: 0.90–0.96, p < 0.01);
0.47 (95% CI: 0.23–0.71) vs. 0.54 (95% CI: 0.23–0.84, p > 0.05); and 0.84 vs. 0.91, respectively. At a
per-lesion level, the pooled sensitivity, specificity, and AUC value for mpMRI and PSMA PET/CT
were lower, at 0.63 (95% CI: 0.52–0.74) vs. 0.79 (95% CI: 0.62–0.92, p < 0.001); 0.88 (95% CI: 0.81–0.95)
vs. 0.71 (95% CI: 0.47–0.90, p < 0.05); and 0.83 vs. 0.84, respectively. High heterogeneity was observed
between studies. PSMA PET/CT may better confirm the presence of prostate cancer than mpMRI.
However, both modalities appear comparable in determining the localisation of the lesions.

Cancers 2022, 14, 3497. https://doi.org/10.3390/cancers14143497 https://www.mdpi.com/journal/cancers143
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1. Introduction

The introduction of multiparametric magnetic-resonance imaging (mpMRI) has im-
proved the diagnostic pathway for suspected prostate cancer (PCa) [1]. Recently, a novel
imaging modality, prostate-specific membrane antigen emission tomography (PSMA PET),
has demonstrated potential as an adjunctive or alternative imaging technique for primary
prostate cancer diagnosis [2]. PSMA, a type 2 transmembrane glycoprotein, is known to be
overexpressed in prostate tumours [3,4], and its level of expression correlates with high
serum levels of prostate-specific antigen (PSA) and a higher Gleason score. As such, PSMA
may provide greater utility as a more targeted and specific marker of prostate cancer [5].

Although mpMRI is now commonly used in the diagnosis process, previous stud-
ies showed that around 10–20% of missed diagnoses are clinically significant prostate
tumours [6,7]. In addition, PSMA PET has demonstrated efficacy as a useful staging tool
for prostate cancer and for detecting metastases [5,8].

It is unclear whether PSMA PET may offer an improved ability to diagnose primary
prostate cancer over mpMRI and whether it has sufficient sensitivity to pinpoint tumour
location. In this study, we systematically reviewed the evidence comparing the diagnostic
accuracies of mpMRI and PSMA-PET for detecting clinically significant diseases. The
comparators tested between the two imaging modalities included sensitivity, specificity,
and overall AUC values for both the presence of PCa (patient-level) and location of the
lesion (lesion-level).

2. Evidence Acquisition

2.1. Study Design

This review was prospectively registered with the PROSPERO International Registry
(CRD42021239296). The protocol for this systematic review and meta-analysis has been
published previously and was based on the Preferred Reporting Items for Systematic
Review and Meta-Analysis Protocols (PRISMA-P) statement [9].

2.2. Literature Search

A systematic literature search was conducted across four databases—MEDLINE,
PubMed, EMBASE, and Cochrane—to retrieve all relevant studies. Controlled Medical
Subject Heading (MeSH) terms were selected to refine the relevance of studies and reduce
the number of unrelated studies. Multiple synonyms of the term “mpMRI” and “PSMA
PET” were used in the search strategy to account for variations in terminology. The final
search strategy contained 17 components linked by AND/OR operator terms: Prostat* AND
(Cancer OR Tumo* OR malignan* OR adenocarcinoma OR lesion* OR Disease) AND (PSMA
OR “prostate-specific membrane antigen positron emission tomography”) AND (MR OR
magnetic resonance imaging OR MP-MRI OR multiparametric MRI OR multiparametric
magnetic resonance imaging OR multiparametric MRI OR “multiparametric magnetic
resonance imaging”) AND Diagnosis.

2.3. Study Selection

All retrieved studies published between July 1977 to December 2021 were uploaded
to Rayyan, a semi-automated tool to assist in the further selection of articles efficiently
and accurately [10]. Figure 1 illustrates an overview of the study selection process. In
order to be included, studies had to compare the diagnostic accuracies of PSMA PET
and mpMRI for the primary diagnosis of prostate cancer. Studies of interest were those
comparing the sensitivity and specificity of both modalities separately. The reference
standard for histopathology was whole-mount prostatectomy or prostate biopsy. Expert
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opinions, correspondence articles, conference abstracts, review articles, and case reports
were excluded. Any studies that were not written in the English language were also
excluded. Included studies made a direct comparison between PSMA PET and mpMRI.
Articles that focused on investigating the combined accuracy of both modalities or solely
on the diagnostic accuracy of PSMA PET or mpMRI alone were also removed.

 

Figure 1. PRISMA flow diagram of evidence acquisition. PRISMA—Preferred Reporting Items for
Systematic Reviews and Meta-Analysis.

2.4. Data Collection

All extracted data were collected using a standardised form and were checked inde-
pendently by each reviewer. The data collection types included the following: the year of
publication and the study authors, the study design and the patient demographics, the
specification concerning the methodology, and the reported number of true/false positives
and true/false negatives [9]. Three investigators (Y.Z., J.M.N. and B.S.S.) independently
screened all eligible studies, assessing both the titles and abstracts for relevance. Reference
sections of included articles were also manually searched to identify missed studies and
additional data. Full-text articles were then retrieved for further review of eligibility.

2.5. Quality Assessment

Risk-of-bias assessment was conducted using the QUADAS-2 score [11]. The descrip-
tion of this method has also been described in previous systematic review articles [12].
Scoring of the QUADAS-2 score is split into four main domains: patient selection, index
test, reference standard, flow, and timing. This bias assessment was conducted to assess the
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applicability and reliability of the data produced. Studies with low quality or suggesting a
high level of bias were excluded or included with appropriate commentary [13].

2.6. Data Synthesis

Primarily, our endpoint was statistically significant differences in quantitative measure-
ments such as sensitivity, specificity, PPV, and NPV in determining diagnostic accuracies
between PSMA PET and mpMRI. An additional focus was to derive critical themes within
the retrieved literature, such as the utility of different mpMRI scoring systems, including
the Prostate Imaging-Reporting and Data System (PI-RADS), Likert score, and other radio-
genomic features, as well as the criteria used to define clinically significant prostate cancer
(csPCa), including PI-RADS or Likert score thresholds.

2.7. Meta-Analysis

The individual study’s true positives (TPs), false negatives (FNs), true negatives (TNs),
and false positives (FPs) were extracted to build a 2 × 2 contingency table based on the
detection of csPCa via mpMRI and PSMA PET/CT. Pooled quantitative sensitivities and
specificities were compared using bivariate analysis, with 95% confidence intervals (CIs)
presented. The summary receiver operating characteristic (SROC) curves were then gener-
ated using the area-under-the-curve (AUC) values presented. Normality was assessed using
density plots for the distribution of untransformed, logit, and double-arcsine-transformed
proportions and confirmed using a Shapiro–Wilk test. The set of values most resembling a
normal distribution was used in the combined analysis. Heterogeneity and inter-study vari-
ation were quantified through I2, and a random-effects model was applied for estimation
with partial pooling. Leave-one-out analysis was performed to detect potential outliers, and
studies with a statistically significant influence on the fitted model were removed and the
model re-fitted. Summary comparisons between PSMA PET and mpMRI were estimated
once heterogeneity had been minimised through outlier removal. A Fisher’s exact test was
conducted to assess statistically significant differences between the two diagnostic tests,
with p < 0.05 considered statistically significant. All data analysis and visualisation were
performed in the R statistical environment (version 4.1.1, 10 August 2021) using the “mada”
and “meta” packages.

3. Evidence Synthesis

3.1. Study Characteristics

Overall, 516 articles were retrieved: 135 from EMBASE, 71 from Medline, 373 from
PubMed, and none from Cochrane. From these studies, ten articles were eligible for further
analysis (Table 1) [14–23]. The included studies were published between 2016 and 2021. A
total of 918 patients and 540 lesions were included for intra-individual comparison between
mpMRI and PSMA PET/CT imaging. All studies used 3.0 Tesla for MRI imaging, and
two studies used both 1.5 Tesla power and 3.0 Tesla power in mpMRI imaging [15,19].
One study used the PI-RADS scoring system version 1.0 [22], while eight studies adopted
PI-RADS v2 [14–21], and one study adopted the newest PI-RADS v2.1 [23]. For mpMRI, a
lesion with a PI-RADS score > 3 was considered highly indicative of clinically significant
prostate cancer in nine studies [14,15,17–23]. One study used a PI-RADS score > 4 as the
threshold for clinically significant prostate cancer [16]. All but two studies used a 68 Ga-
PSMA-11 tracer (HBED-CC), with one study using an 18 F-PSMA-1007 tracer and one
using 68 Ga-PSMA-617 [21,23]. The range of the PSMA tracer injected was between 131.7
and 310 MBq in all studies. PSMA PET images were interpreted visually where regions
of interest were compared with background uptake in all studies. A high suspicion of
clinically significant cancer was defined using a 3- or 4-point Likert scale [17–19], based on
the SUVmax value [14] or higher update to the background activity [15,21–23]. A score of
equivocal and above, or probably positive and above, was considered a clinically significant
cancer [18,19]. The histopathological definition of csPCa was based on a Gleason score
≥ 7 (3 + 4 or 4 + 3) [16–18,21–23] or the International Society of Urological Pathology
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(ISUP) grading [14,19,20], with three studies incorporating the tumour size in their csPCa
definition [15,16,22]. The age of the included patients ranged from 62–69 years old. The
range of mean PSA values in the included studies was 5.6–17.4 ng/dL (Table 1). Four articles
were identified for PSMA PET/MRI analysis, but were not considered for meta-analysis
due to the different definitions of PSMA PET/MRI [16,24–26].

3.2. Meta-Analysis

Sensitivity and specificity for both mpMRI and PSMA PET/CT were reported sep-
arately at per-patient and per-lesion levels. In the per-patient-level analysis, each case
was regarded as an individual patient receiving both imaging modalities. In the per-
lesion-level analysis, each case was regarded as an individual lesion identified in each
histopathological sample.

3.2.1. Per-Patient Analysis

Four studies were included in the paired analysis between mpMRI and PSMA PET/CT
(Figure 2) [18–21]. A total of 707 patients were included, with 464 patients having proven
csPCa. The pooled sensitivity for mpMRI and PSMA PET/CT was 0.87 (95% CI: 0.83–0.91)
vs. 0.93 (95% CI: 0.90–0.96, p = 0.001657), and the pooled specificity was 0.47 (95% CI:
0.23–0.71) vs. 0.54 (95% CI: 0.23–0.84, p = 0.5225), respectively (Figure 2). The AUC values
were 0.84 vs. 0.91, respectively (Figure 2). The heterogeneity between studies was large
for specificity analysis for mpMRI (I2 = 0.94) and PSMA PET/CT (I2 = 0.97), with statically
significant Cochrane Q statistics p < 0.01.

Figure 2. (A–F) Reported sensitivity and specificity values for both mpMRI and PSMA PET/CT with
AUC values on SROC curves for per-patient analysis. Forest plots for pooled sensitivities and specificities
are displayed in bold and as diamonds in the graphs for mpMRI (A,B) and PSMA PET/CT (C,D). The
SROC curves indicate the summary estimates in circles (E for mpMRI; F, PSMA PET/CT). Triangles
represent included study, with dotted lines representing the confidence interval and solid lines for the
SROCs. AUC values are displayed in the legend. mpMRI = multiparametric magnetic-resonance imag-
ing; PSMA PET/CT—prostate-specific membrane antigen positron-emission tomography/computed
tomography; AUC—area under the curve, SROC—summary receiver operating characteristic.
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3.2.2. Per-Lesion Analysis

Six studies investigated the diagnostic accuracy of mpMRI and PSMA PET/CT at a lesion
level (Figure 3) [14–17,22,23]. A ‘’lesion” was defined as individual tissue slices analysed
by both imaging modalities with histopathological confirmation of the lesion location in the
included studies. Of the 2175 lesions included in the analysis from 211 patients, 1325 were
considered csPCa (Table 1). The pooled sensitivity values of mpMRI and PSMA PET/CT
were lower at 0.63 (95% CI: 0.52–0.74) vs. 0.79 (95% CI: 0.62–0.92, p = 1.848 × 10−12), and
the pooled specificity values were 0.88 (95% CI: 0.81–0.95) vs. 0.71 (95% CI: 0.47–0.90,
p = 0.0226), respectively (Figure 3). The AUC values were 0.83 vs. 0.84, respectively
(Figure 3). Heterogeneity remained large for the pooled sensitivity of mpMRI and for both
the sensitivity and specificity of PSMA PET/CT, with statically significant Cochrane Q
statistics p < 0.01.

Figure 3. (A–F) Reported sensitivity and specificity values for both mpMRI and PSMA PET/CT with
AUC values on SROC curves for per-lesion analysis. Forest plots for pooled sensitivities and specificities
are displayed in bold and as diamonds in the graphs for mpMRI (A,B) and PSMA PET/CT (C,D). The
SROC curves indicate the summary estimates in circles (E for mpMRI; F, PSMA PET/CT). Triangles
represent included study, with dotted lines representing the confidence interval and solid lines for the
SROCs. AUC values are displayed in the legend. mpMRI—multiparametric magnetic-resonance imag-
ing; PSMA PET/CT—prostate-specific membrane antigen positron-emission tomography/computed
tomography; AUC—area under the curve; SROC—summary receiver operating characteristic.

3.3. Risk of Bias

The risk of bias analysis was assessed using the QUADAS-2 tool [11]. The overall
risk of bias was high for the included studies (Figure 4). Although most studies recruited
patients prospectively, eight patients were recruited with known prostate cancer retrospec-
tively [14,15,17,18,20,22,27].
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Figure 4. QUADAS-2 score indicates the risk of bias analysis in assessing the low, high, or unclear
risk for patient selection, index test, reference standard, flow, and timing for individual studies. An
add-on analysis on applicability concerns is also included.

Three studies investigated the index tests without the knowledge of histopathol-
ogy [18,20,21], and five studies investigated the reference test unblinded [17–21]. All but
one study stated the time interval between mpMRI and PSMA PET/CT [18]. For applicabil-
ity concerns of this meta-analysis, all studies had low concern for patient selection, while
one study had high concern for the index test [17] and three studies had high concern for
the reference standard [17,19,21].

4. Discussion

We reported the first meta-analysis comparing the diagnostic accuracy of mpMRI and
PSMA for detecting clinically significant cancer in matched-patient cohorts. The meta-
analysis showed that PSMA PET/CT might be favourable in identifying patients with
csPCa (Figure 2). However, we were unable to confirm if this modality is superior in
identifying suspected csPCa lesions (Figure 3). The results should be interpreted with the
large heterogeneity observed in our study.

The performance of mpMRI and PSMA PET/CT in the per-patient analysis was
comparable with the existing literature investigating individual imaging modalities in
diagnosing PCa. Zhen et al. investigated the pooled diagnostic accuracy for mpMRI from
29 studies, reporting a good sensitivity of 0.87 (95% CI: 0.81–0.91) and a moderate specificity
of 0.68 (95% CI: 0.56–0.79) [28]. Satapathy et al. reported the pooled diagnostic accuracy of
PSMA PET/CT from seven studies, with a favourable sensitivity of 0.97 (95% CI: 0.90–0.99)
and a moderate specificity of 0.66 (95% CI: 0.52–0.78) [2]. Our meta-analysis revealed a
comparable sensitivity of mpMRI (0.87) and slightly reduced sensitivity in PSMA PET/CT
(0.93) (Figure 2). The difference may be because our meta-analysis focused on the diagnosis
of csPCa as opposed to the diagnosis of PCa in both Zhen et al. and Satapathy et al. [2,28].
However, the specificity for both modalities was remarkably reduced in our analysis
compared with the existing literature (mpMRI: 0.47 vs. 0.68; PSMA PET/CT: 0.54 vs.
0.66). The PRECISION trial showed an inverse association of negative MRI-targeted
biopsies with lesion conspicuity reported by the PI-RADS v2.0 criteria [29]. Starvrinides
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and colleagues attempted to capture the characteristics of false-positive MRI lesions, which
are distinct from clinically significant diseases [30]. The authors highlighted the use of
MRI-calculated PSA density (PSAD) and apparent diffusion coefficient (ADC) as potential
predictors of significant disease, a finding verified by the literature [30–32]. Although ADC
was incorporated in the PI-RADS v2.0 criteria, benign diseases such as prostatitis and
prostatic atrophy are known to decrease the signal on the ADC map. Moreover, PSMA
expression in non-cancerous prostatic conditions such as inflammation and benign tumours
may explain the false-positive cases of PSMA PET/CT as observed in the per-patient
analysis [21,33]. Comprehensive interpretations of imaging findings with patient-specific
variables, including PSAD and clinical histories, may aid in the distinction of lesions that
are likely to be PCa [33]. In our review, PSAD was reported in three studies, while the
clinical histories of the included patients were absent from the included studies [17,18,20].
Future studies should include the PSAD and the diagnosis of other prostatic diseases to
reduce the diagnosis of false-positive cases.

The purpose of conducting per-lesion analysis was to assess the multifocality of pa-
tients with PCa; however, the pooled sensitivity in per-lesion analysis for both the mpMRI
and PSMA-PET/CT were unsatisfactory in our review (Figure 3). Previous literature has
shown the drawback of segmenting the prostate into sextants. This may lead to the inap-
propriate assignment of tumour foci on boundaries between sextants, thereby reducing
the diagnostic performance compared to only examining targeted histopathological find-
ings [25,34]. In our review, three studies in the per-lesion analysis segmented the specimen
into different segments, which may have contributed to the limited diagnostic perfor-
mance [15,22,23]. In addition, Rhee et al. and Berger et al. conducted their studies when
the use of PSMA PET/CT in the diagnosis of prostate cancer was relatively new and lacked
the reporting guidelines to make accurate diagnoses [14,22]. Both studies investigated the
diagnostic performance from a small patient sample, thereby limiting the generalisability
of the results [14,22]. Heterogeneity remained high for both the sensitivity and specificity
results, which limits the ability of our study to detect differences between these techniques.
Multifocality is a common feature of prostate cancer, as more than one distinct tumour
nodule may be present within a prostate gland [22,35]. Although secondary lesions may
present with a smaller volume than the index lesions, recent studies suggest that the volume
of a tumour may not indicate the biological significance, and smaller tumours may be of
greater clinical significance in their impact on prognosis [35]. The per-lesion diagnostic
accuracy of PSMA PET/CT has been widely discussed in the context of the staging of
prostate cancers [36,37]. However, in the context of primary prostate cancer diagnosis,
the existing literature focused on the diagnostic accuracy of per-patient analysis [2]. The
accurate localisation of prostate cancer lesions is critical to accurate biopsy and treatment
planning [29,38,39]. The low sensitivity for both mpMRI and PSMA PET/CT reported in
our study may highlight the need for methods that improve the ability of these techniques
to define a lesion’s specific location.

It is noteworthy that the histological criteria for csPCa varied between studies, which
may affect the reporting of clinically significant cases and, therefore, the sensitivities
and specificities of both modalities. This may also contribute to the high inter-study
heterogeneities observed at both the patient and lesion levels. Although GS 7 remains the
most common histopathological definition for csPCa [16–18,21–23], the existing literature
has highlighted the clinical significance of the GS 3 + 4 and GS 4 + 3 groups. The GS
4 + 3 groups have a worse prognosis than their counterparts in terms of risk of progression,
metastasis, and survival [40,41]. The ISUP grading system has attempted to address the
clinical discrepancy between GS 3 + 4 (ISUP 2) and GS 4 + 3 (ISUP 3) by differentiating the
two groups in their scoring [42]. However, given the low representation of pattern 4 in <5%
of overall tumour volume and the recent introduction of ISUP, it is recommended to report
both ISUP grading and GS in the current reporting of prostate cancer [42,43]. The use of a
stricter diagnostic criterion for clinically significant prostate tumours may lead to larger
estimates of false positives for both mpMRI and PSMA PET/CT. Kalapara et al. showed a
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lower specificity than other studies in the per-patient analysis [20]. The authors defined
clinically significant disease as having ISUP grades of 3–5, which was higher than other
studies adopting the ISUP grading system [19]. Future studies, therefore, may be improved
through a more standardised classification of csPCa.

Factors affecting the interpretation of mpMRI and PSMA PET/CT images may warrant
further investigation. For mpMRI, most included studies commonly used a PI-RADS score of
>3 as being potentially indicative of csPCa, but one study in our analysis highlighted that 11 out
of 15 patients with PI-RADS 2 scores were proven to have csPCa following histopathological
assessment [18]. This may prompt further insight into the more modern PI-RADS v2.0 and
v2.1 scoring systems in reducing false-negative reports. It is known that inter-reader variability
and reader experience in assigning PI-RADS scores and the subsequent detection of csPCa
has been shown to affect the detection rates of csPCa [44–46]. However, image quality has
also been shown to significantly affect the diagnostic performance of mpMRI [47,48]. Future
studies may provide information on image quality using metrics such as the Prostate Imaging
Quality (PI-QUAL) score [49].

In PSMA PET/CT analysis, the discrepancies in scoring criteria were more apparent
in the clinical suspicion of csPCa. It was not apparent, from the retrieved studies, what
the effect is of different volumes of tracer being used and how this may affect imaging
interpretation or scores, such as the measurement of SUVmax and MI-ES scores [14,16].
These scoring systems may require further studies concerning a suitable threshold for
detecting clinically significant prostate cancer at primary diagnosis, and inter-observer
variability within this context [50]. Differences in the PSMA PET/CT scoring criteria may
also have contributed to the high observed inter-study heterogeneity within our study,
which warrants further analysis in the future. Similar to mpMRI, imaging quality and reader
experience have been reported to impact interpretation and diagnostic performance [51,52].
A recent guideline proposed the E-PSMA criteria, which showed lower inter-observer
variability and may contribute to the future standardisation of PSMA PET/CT scoring [51].

Studies comparing mpMRI and PSMA PET/MRI were excluded from this meta-
analysis owing to differences in PET/MRI methodologies observed in the literature. For
example, two studies conducted PET/MRI scans using a hybrid imaging system whereby
both MRI and PET imaging acquisition were acquired, simultaneously, in one setting [24,25].
Another two studies defined PSMA PET/MRI as a combination of imaging analyses for
mpMRI and PET/CT imaging whereby the images were acquired separately [16,26]. Due to
the intrinsic differences in PSMA PET/MRI methods, the number of articles for each PSMA
PET/MRI method was insufficient to conduct a meta-analysis. The performance of hybrid
PSMA PET/MRI in primary diagnosis has been reported previously [37]. The pooled
sensitivity and specificity for the per-patient and per-lesion analyses were 61.5% and 90.9%,
and 94.9% and 62.5%, respectively [37]. However, the study did not investigate the per-
formance of combined mpMRI and PSMA PET/CT imaging analysis, which may warrant
further systematic review. Moreover, as the study aimed to investigate the performance
of PSMA PET/MRI solely. Further diagnostic test accuracy analysis comparing mpMRI
alone, PSMA PET alone, and PSMA PET/MRI may be useful to evaluate the optimum
imaging technique for the diagnosis of primary csPCa. The aforementioned study was
particularly interesting as mpMRI showed high sensitivity in the per-patient analysis and
high specificity in the per-lesion analysis. This result was contrary to the reported strengths
of PSMA PET/MRI [37].

Genetic factors contributing to mpMRI- or PSMA PET/CT-visible and -invisible
prostate cancers may explain the results in our study [12,33]. Visible mpMRI tumours
are associated with increased Decipher and Oncotype scores and a greater frequency of
phosphatase and tensin homologue (PTEN) loss; no comparable genetic evidence of in-
creased aggression in mpMRI-invisible tumours has been reported [12]. However, genes
involving cell structure (such as the actin filament-based process and cytoskeleton or-
ganisation) were downregulated in mpMRI-invisible tumours and associated with lower
tissue density [12,27,53]. The findings may explain the misdiagnosis of low-cellularity
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prostate cancer, as mpMRI primarily investigates water molecule content and movement in
cancerous prostate cells with high cellularity and contributed to limited sensitivity in our
meta-analysis (Figures 2 and 3) [54]. Further validation trials such as the ReIMAGINE Trail
(NCT04063566) may depict the role of genetic biomarkers in the use of mpMRI for prostate
cancer diagnosis. In contrast to mpMRI, PSMA PET/CT imaging is not dependent on the
degree of cellularity, but instead, on the expression of PSMA ligands [33]. It remains to be
seen whether PSMA PET/CT also identifies the most high-risk lesions.

Furthermore, the apical expression of PSMA is markedly increased in PCa cells com-
pared with non-cancerous cells [33]. This may require an alternative imaging modality to
detect mpMRI-invisible tumours, as PSMA ligand expression is associated with the FOLH1
gene, which is a separate genetic pathway to cell structure expression [12,27,53,55,56].
PSMA induces the activation of phosphoinositide 3-kinase (PI3K) independently of PTEN
loss, which contributes to the proliferation of prostate cancer [56]. However, the association
between PSMA expression and cellularity remains unknown, currently. Therefore, the com-
bination of PSMA PET/CT and mpMRI imaging for mpMRI-invisible tumours, identified
via pre-imaging genetic risk stratification, may be appropriate regarding overall diagnos-
tic accuracy and cost-effectiveness. Previous studies have demonstrated high sensitivity
and specificity in combination imaging approaches [16,26]. However, the studies did not
categorise patients according to mpMRI-visible and mpMRI-invisible PCa, as all patients
were examined using uniform imaging methodologies. Therefore, the additional diagnostic
value of PSMA PET when a lesion is mpMRI-invisible may warrant further investigation.

There were several limitations to this systematic review and meta-analysis. First,
the limited number of studies investigating the paired analysis between mpMRI and
PSMA PET/CT may hinder the robustness of our results. Second, many studies used
different definitions of csPCa, and it was impossible to conduct subgroup analysis based on
these csPCa definitions to determine their effect. This may explain the high heterogeneity
amongst included studies. Third, the insignificant statistical result in the per-patient analysis
may require further investigation to determine if any differences exist in the specificity of
mpMRI and PSMA PET/CT. Our meta-analysis was unable to be conducted for PSMA
PET/MRI fusion techniques owing to the different definitions for PET/MRI fusion.

Nevertheless, our study represents the first meta-analysis of the diagnostic accuracy
of mpMRI and PSMA PET/CT on primary prostate cancer. It is based on a robust research
methodology with strict criteria for study selection. Given the current limitations, further
research should continue to contribute to the evidence base and address the heterogeneity
observed in the study. Future research should standardise the interpretation of PSMA PET/CT
images and histopathology scoring systems to address the methodological discrepancies.

5. Conclusions

This meta-analysis shows that, at the per-patient level, PSMA PET/CT may perform
better than mpMRI in detecting primary prostate cancer. In contrast, both modalities
were comparable in locating specific lesions in patients. PSMA PET/CT is a whole-body
procedure and may add intrinsic value compared to pelvic mpMRI. However, considerable
heterogeneity was observed in our study. Therefore, there is a need to standardise imaging
interpretation and histopathology scoring systems to reduce variation between studies.
Further analyses should focus on the diagnostic performance of combined mpMRI and
PSMA PET/CT imaging modalities.
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Simple Summary: The prostate specific membrane antigens, abbreviated as PSMAs, are type II
membrane proteins that are highly ex-pressed on the surface of malignant prostate tissue in prostate
cancer (PCa), particularly in aggressive, andro-gen-deprived, metastatic, and hormone-refractory
PCa. Today, radionuclides that bind to these PSMA peptides are widely available for diagnostic and
therapeutic purposes to specifically image and target prostate tumor cells at molec-ular level. In this
descriptive review, we aimed to emphasize the usefulness of PSMA positron emission tomography
(PET) examination in the management of patients with various stages of PCa. In addition, we outlined
the main pitfalls and limitations of this scan to avoid misinterpretation of the results and to improve
the decision making process in rela-tion to the patient’s further treatment. We concluded that PSMA
PET examination in primary PCa patients has an es-sential role in the high-risk group. It is the new
imaging standard in patients with in biochemical recurrence PCa and plays an important role in
treatment decision. Furthermore, PSMA PET scan is a gold standard for the evaluation of PSMA
targeted therapies in patients having progress of the disease. Future prospective studies, particularly
on the im-pact of PSMA PET on therapy stratification, may further strengthen the role of PSMA in
the treatment of PCa patients.

Abstract: With the progressive aging of the population in industrially developed countries, as well as
advances in diagnostic and biopsy techniques and improvements in patient awareness, the incidence
of prostate cancer (PCa) is continuously increasing worldwide. Therefore, PCa is currently considered
as the second leading cause of tumor-related death. Early detection of the tumor and its metastasis
is essential, as the rate of disease recurrence is high and occurs in 27% to 53% of all patients who
underwent curative therapy with radical prostatectomy or local radiotherapy. In this regard, the
prostate specific membrane antigens, abbreviated as PSMAs, are type II membrane proteins that
are highly expressed on the surface of malignant prostate tissue in PCa, particularly in aggressive,
androgen-deprived, metastatic, and hormone-refractory PCa, and they are inversely associated with
the androgen level. Up to 95% of adenocarcinomas of the prostate express PSMA receptors on their
surface. Today, radionuclides that bind to these PSMA peptides are widely accepted for diagnostic
and therapeutic purposes to specifically image and target prostate tumor cells at the molecular
level, a process referred to as targeted theranostics. Numerous studies have demonstrated that the
integration of these peptides into diagnostic and therapeutic procedures plays a critical role in the
primary staging and treatment decisions of especially high-risk PCa, expands therapeutic options for
patients with advanced stage of prostate tumor, and prolongs patients’ survival rate. In this review
article, we intend to briefly spotlight the latest clinical utilization of the PSMA-targeted radioligand
PET imaging modality in patients with different stages of PCa. Furthermore, limitations and pitfalls
of this diagnostic technique are presented.

Keywords: prostate cancer; diagnosis; PSMA; PSA; tumor; PET scan

Cancers 2022, 14, 3768. https://doi.org/10.3390/cancers14153768 https://www.mdpi.com/journal/cancers157



Cancers 2022, 14, 3768

1. Introduction

Prostate cancer (PCa) remains one of the primary causes of tumor-related deaths in
men. It is estimated that, after lung cancer, PCa is the second leading cause of cancer death,
with the average age of men at time of diagnosis being about 66 years. Since the 5 year
survival rate of PCa is highly dependent on tumor stage (ranging from 100% in early-stage
tumors to as low as 30% in patients with advanced cancer), early detection and accurate
staging of the disease are essential [1,2]. Prostate-specific antigen (PSA) that is produced
by the epithelial cells of the prostate predicts prostate cancer and provides an important
indicator of tumor recurrence after primary therapy for PCa [3]. Although surgical radical
prostatectomy (RP) is the curative therapy of PCa, up to 50% of all patients might develop
an increase in PSA in terms of biochemical recurrence (BCR) after 5 years. At this clinical
stage, systemic androgen deprivation therapies (ADT) may be considered the treatment of
choice in most patients. In addition to the serious side-effects of this therapy, such as hot
flashes, impotence and sexual dysfunction, metabolic syndrome, bone loss, and increased
risk of cardiovascular disease, which negatively affect the quality of life of these patients,
patients develop castration resistance after a certain period of therapy.

Prostate-specific membrane antigen, which is abbreviated as PSMA and called glu-
tamate carboxypeptidase type II, is a type II membrane protein, composed of collectively
750 amino acids and located on chromosome 11. Its level increasingly expressed of the
surface of the inflammatory, benign, and malignant prostatic tissues. However, the level of
this antigen increases up to thousand times its normal level in the case of prostate cancer
(PCa), especially in the case of aggressive types with high Gleason scores (GS), as well as in
androgen-deprived, metastatic, and hormone-refractory PCa [4].

PSMA was discovered in late 1980s and. since then, it has become an attractive target
for the diagnosis and therapy of prostate cancer and its associated metastasis. Therefore,
it has become the focus of numerous therapeutic approaches such as PSMA-based im-
munotherapies, including anti-PSMA antibodies and PSMA-targeted prodrug treatments.
In the early 2000s, antibodies directed against the cytoplasmic part of the PSMA antigen
were labeled with [111indium] and used for the first time for the scintigraphical imag-
ing [5]. However, to improve image quality and reduce radiation exposure for the patients,
the researchers at Heidelberg University were able to develop in 2012 for the first time
a [68Ga]Gallium-labeled PSMA ligand suitable for positron emission tomography (PET)
scanning that targets the extracellular component of PSMA [6]. In the General Hospital of
Vienna, Medical University of Vienna, Austria, we could perform the first [68Ga]Gallium
PSMA PET examination for patients with PCa in May 2013. Since then, we have conducted
more than 5000 PSMA PET examinations for patients with primary PCa, as well for patients
with biochemical recurrent PCa and patients with metastatic hormone-sensitive (mHSPC)
and castration-resistant PCa (mCRPC) [7–10].

Meanwhile, there are many available PSMA ligands labeled either with [68Ga]Gallium
or [18F]Fluoride such as [68Ga]Ga-PSMA-11, [68Ga]Ga-PSMA-I&T, [68Ga]Ga-PSMA-11 goze-
totide, [18F]F-PSMA-1007, [18F]F-DCFPyL, [18F]rh-PSMA7, [18F]JK-PSMA-7, and [68Ga]Ga-
PSMAR2. Until now, the United States FDA has only approved [18F]F-DCFPyL and
[68Ga]Ga-PSMA-11 gozetotide for clinical use, and they are, therefore, the only PSMA PET
tracers that are currently commercially available. The approval of these tracers via FDA
was based on clinical outcomes of the phase II/III multicenter Osprey study [11,12], as
well as Condor [13] and Vision trials [14], which could demonstrate the safety and the
diagnostic performance of these tracers in patients with locally advanced PCa, as well as in
patients with metastatic and biochemical recurrent tumor.

In this brief review, we aimed to focus on the current clinically relevant indications
of PSMA PET examinations in patients with various stages of PCa. In addition, we aimed
to outline the main pitfalls and limitations of this scan to improve the diagnostic and
therapeutic management of patients with PCa.
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2. Clinical Report of the PSMA PET Scan

Before writing the clinical report and interpreting the PSMA PET scan results, it is
important to know that PSMA is not specific to prostate tissue and is physiologically
expressed on the cellular surface of other organs such as the lacrimal, parotid, and salivary
glands as well as brain, proximal tubule of kidneys, small intestine, liver, and spleen [15].
This physiological expression of PSMA in these organs varies from organ to organ, with
the highest PSMA expression in the kidneys and salivary glands and the lowest in brain
tissue. However, the intense upregulation of this receptor beyond its normal level results
in lesions and metastases associated with PCa having visually and quantitatively much
higher PSMA tracer avidity on PET scan; this greatly facilitates their differentiation from
background and neighboring organs physiologically expressing PSMA. Furthermore, the
presence of computed tomography (CT) and magnetic resonance imaging (MRI) as a part of
the integrated PET examination might sometimes play a critical role in the morphological
confirmation of these lesions. Nevertheless, PSMA PET scans in patients with PCa should
be carefully assessed to avoid pitfalls and misinterpretation of results and findings. After
all, this has a direct impact on further steps in the therapy and management of these
patients. Moreover, the biodistribution of all abovementioned PSMA PET tracers are almost
similar except for [18F]F-PSMA-1007, as this tracer is almost exclusively excreted via the
hepatobiliary duct [16].

For lesion evaluation, the European Association of Nuclear Medicine recommends
visual and quantitative evaluation of the lesions expressing PSMA. Visual evaluation
involves determining the PSMA expression level of the lesion compared to background,
also called PSMA expression V. Quantitative evaluation involves measuring the standard
uptake values (SUV) of the focal tracer uptake and is referred to as PSMA expression Q [16].
This recommendation was based on the results of the PROMISE study that divided PSMA
expression into four scores. Score 0 is when there is no PSMA expression or expression
below the blood pool. Score 1 is when expression is low or equal to or above the blood pool
and lower than the liver. Score 2 is intermediate with expression equal to or above the liver
and lower than the parotid gland. Score 3 is high with expression equal to or above the
parotid gland [16]. Lesions with scores of 2 and 3 are considered very typical for prostate
cancer-related lesions, and they are favorable for PSMA-directed radioligand therapy.

3. Clinical Indications of PSMA PET Examinations in Prostate Cancer

The most clinically relevant indications for PSMA PET examinations in patients with
PCa are in the primary staging of the tumor, in BCR and castration-resistant PCa, and in
the evaluation for PSMA targeted therapies. However, it is important to know that up to
5% of prostate adenocarcinomas do not express PSMA [17,18].

3.1. Roles of PSMA PET in Primary Staging of Prostate Cancer

In this setting, although studies showed that the primary tumor is nearly always
detected by PSMA PET reaching a sensitivity up to 99.3%, and that the PET metrics
correlate with histology grades and International Society of Urological Pathology (ISUP)
classifications and GS, high variation in sensitivity (between 33% to 92%) with a very good
specificity of 82% to 100% was found in the detection of lymph node metastases [7,19].
Current guidelines of European Association of urology recommend this examination only
for high-risk PCa patients, i.e., patients who have an initial PSA level ≥ 20 ng/mL, a
pathologically ISUP grade of 3 to 5, or a clinical stage of T3 or greater at the time of PCa
diagnosis, which means the tumor has exceeded the prostate capsule. In this context and
in relation to local grading of the tumor, studies have compared integrated PSMA PET-
MRI with multiparametric (mp)MRI in patients with primary PCa. These studies showed
that integrated PET-MRI has superior diagnostic accuracy compared with mpMRI and is
particularly useful in tumors with equivocal Prostate Imaging Reporting and Data System
(PIRADS) classification of 3 [20–22]. Recently, we were able to confirm these results in a
meta-analysis of five prospective studies with collectively 497 men and could highlight the
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favorable diagnostic precision of PSMA PET targeted biopsy to detect clinically significant
PCa [23]. Furthermore, local characteristics of the tumor such as tumor infiltration into the
seminal vesicle, as well as into the other neighbor organs like the urinary balder, rectum, and
neurovascular bundle, can exactly be determined using combined PET-MR examination [7].
Muehlematter et al. could illustrate in a retrospective assessment of 40 consecutive men
who performed mpMRI and PSMA PET-MRI followed by a RP due to intermediate- to
high-risk PCa a better sensitivity of PSMA-PET/MRI to detect extracapsular extension
and infiltration of the seminal vesicle than with mpMRI [24]. Actually, despite the limited
availability of comparative head-to-head studies with [18F]F-PSMA-1007 and [68Ga]Ga-
PSMA-11 for prostate tumor staging, several studies have reported that both these tracers
can equally identify predominant prostate lesions in patients with intermediate- or high-
risk PCa, although the nonurinary excretion of [18F]F-PSMA-1007 may help evaluate lesions
near the urinary bladder better than [68Ga]Ga-PSMA-11 [25–27].

Concerning the primary staging of the disease, results of the proPSMA study were
recently published in Lancet (2020), which was a prospective multicenter two-arm ran-
domized controlled trial including more than 300 patients with histologically confirmed
high-risk PCa being considered for curative therapies [28]. One arm received CT and bone
scans for the primary staging of their tumor, and the other arm received only PSMA PET
scan. Results showed that PSMA PET staging is a suitable replacement for conventional
imaging, providing superior accuracy to the combined findings of CT and bone scans, a
higher proportion of management changes, and fewer equivocal results. In addition, the
radiation exposure of the patients was significantly lower with PSMA PET scan than with
the CT and bone scan. Concerning this topic and modifications in the therapy management
of patients with primary PCa, Figure 1 presents the PSMA PET-CT images of a 56 year old
man, newly diagnosed with PCa: GS (5 + 5) and a PSA value of 45.96 ng/mL at the time
of diagnosis. The patient was scheduled for RP and extended pelvic lymphadenectomy.
However, the PSMA-PET-CT examination prior to his surgical approach could detect two
PSMA-avid bone lesions (frontoparietal in the left side of the skull and in the ninth thoracic
vertebra left side), in addition to the primary tumor in the prostate and bilateral iliac lymph
node metastases (Figure 1). Both these bone lesions were not visible on CT examination sep-
arately performed for the patient. The patient was then treated systemically with hormonal
and chemotherapy instead of the primary surgical intent.

3.2. PSMA PET in Biochemical Recurrence PCa

Current guidelines of the European Association of Urology suggest a PSMA PET scan
in any case of proven BCR, as well as in patients where the results of the examination will
influence the subsequent treatment decisions. Indeed, the cutoff value for the definition
of a PSA recurrence, which usually suggests the relapse of the disease, depends strongly
on the type of primary tumor treatment. European Association of Urology defines a BCR
of PCa as an increase in PSA to at least 0.2 ng/mL after RP with a cutoff value above
0.4 ng/mL most likely to predict further metastases. However, in patients treated primarily
with local radiotherapy with or without hormonal therapy, a rise in PSA level of 2 ng/mL
or more above the nadir level is determined as BCR based on RTOG-ASTRO Phoenix
Consensus Conference in 2006 [29]. In this regard, identification of lesions responsible
for the recurrence of the PCa in such a patient cohort, however, could sometimes be like
searching for a needle in a haystack, especially in patients with very low PSA recurrence
levels. Considering the role of imaging, conventional imaging with bone scan provides very
low sensitivity for patients with a PSA level below 2 ng/mL, and positive bone scintigraphy
can only be identified in approximately 9.4% of patients at that PSA level. Furthermore,
findings indicated that the ability of CT scan to detect biochemical recurrence is only
11–14%. Kane et al., in a retrospective analysis of 132 men with biochemical relapse after
RP, displayed a mean PSA level of 27.4 ng/mL, and a PSA velocity of 1.8 ng/mL/month
was associated with a positive CT result [30]. Although [18F]choline and [18F]fluciclovine
PET examinations have higher sensitivity (up to 90%) and specificity (up to 100%) than
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bone scans for finding bone metastases in patients with BCR [31,32], sensitivity of both
these tracers is highly dependent on the PSA level and is less than 50% at PSA lower
than 1.0 ng/mL [33], with poorer sensitivity of [18F]choline for detecting lymph node
metastases than [18F]fluciclovine PET scan. However, if we compare PSMA PET with both
these tracers, we can see that prospective and retrospective studies could demonstrate
significantly higher sensitivity and detection rate of PSMA (58%) than choline (35%) or
fluciclovine (23%), especially in patients with a PSA level lower than 0.5 ng/mL [34,35].
Regardless of the PSA level, PSMA PET can also detect small, choline PET-negative lymph
node metastasis as could be demonstrated in previous studies, which showed PSMA-
positive lymph nodes having diameters of only 6 mm [34]. Furthermore, PSMA PET
offers not only higher sensitivity than choline PET but also higher contrast and higher
specificity [34,36].

Figure 1. PSMA PET examination for primary staging of a high-risk prostate cancer. PSMA PET-CT
Images for primary staging of a 56 year old man, newly diagnosed with PCa: Gleason score (5 + 5)
and a PSA value of 45.96 ng/mL showing two PSMA-avid bone lesions frontoparietal in the left side
of the skull and the ninth thoracic vertebra (blue arrows) in addition to the primary tumor in the
right lobe of the prostate (yellow arrow) and bilateral iliac lymph node metastases (red arrows). Both
these bone lesions were not visible on CT examination separately performed for the patient.

Furthermore, the presence and the timepoint of certain treatments, such as ADT,
chemotherapy, and immunotherapy, could have an important influence on the sensitivity
and specificity of the PSMA PET scan [37]. Although both in vivo and in vitro studies [38–40]
have shown that ADT upregulates PSMA expression, with enhanced PSMA expression
demonstrated in 55% of patients with high-grade and advanced PCa treated with ADT,
it appears that PSMA expression rises with a short duration of ADT and declines with a
longer duration of therapy [41,42]. Thus, it is not yet clear exactly how ADT affects the
diagnostic value of this scan, necessitating further potential clinical prospective studies to
address this issue, since the duration of ADT represents a critical factor.

In fact, the detection rate of PSMA PET increases with higher PSA levels and higher
GS as can be seen in a study that included more than 200 patients with PCa. The sensitivity
of PSMA PET imaging reached 46% even with a PSA level lower than 0.2 ng/mL [43]. This
high sensitivity of PSMA to detect metastasis plays an important role in the treatment
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decision of prostate cancer patients. In a large meta-analysis that included 15 studies with
more than 1100 patients mainly with BCR but also with primary PCa, the high impact of
PSMA on changing the therapy and management of patients was demonstrated. With the
help of the PSMA PET imaging, patients received more surgery and more radiation therapy
than systemic treatments with hormonal or chemotherapies [44].

In this setting, it is further important to mention the study by Jentjens et al. [45]
that included 34 patients with BCR, which prospectively underwent a PSMA PET-CT
followed by PSMA PET-MRI scan. Results revealed significantly higher sensitivity of PET-
CT and PET-MRI compared to CT and MRI. Although PET-MRI could detect more lesions
than PET-CT, results indicated no significant differences between these two modalities in
the detection of the presence of local recurrence or distant metastases. One other study
could indicate the superiority of PET-MRI over PET-CT in the identification of local PCa
recurrence in 119 patients with BCR due to the additional diagnostic information derived
from MRI [46].

3.3. Evaluation of PCa Patients for Possibility of PSMA Radioligand Therapies

Another important clinical indication of PSMA PET examination in patients with
PCa is to reveal whether their tumor-related metastases express PSMA for the purpose
of potential PSMA radioligand therapies. The most common radionuclide for therapy is
[177Lu]Lutetium-labeled PSMA-617 ligand, which is generally abbreviated as PSMA-RLT.
Although the rate of response to this therapy varies from 60–75% [47,48], treatment options
for mCRPC patients have expanded since the introduction of this therapy, and numerous
studies have verified the antitumor efficacy, as well as the good tolerability and favorable
response rates, of PSMA-RLT [49–52]. However, it is currently used mainly as a last-line
treatment when other available standard therapies fail, and the therapeutic protocols are
very heterogeneous in terms of different treatment cycles, as well as different therapy
doses and different inter-cycle intervals, depending on the general medical status of the
patients. Multiple baseline characteristics such as the distribution of metastases, history of
pretreatment with hormonal and chemotherapies, number and interval between PSMA-
RLT, and the baseline serum levels of PSA, platelets, hemoglobin, alkaline phosphatase, and
lactate dehydrogenase have been found to play an essential role in helping to anticipate the
response to PSMA-RLT [47,53–56]. In addition, identification of the metabolic activity of
the metastatic tumors using [18F]fluorodeoxyglucose (FDG) aids in detecting the aggressive
nature of these lesions [57] and allows prediction of their response to PSMA-RLT prior to
therapy; lesions that are [18F]FDG-positive but PSMA-negative on PET examination repre-
sent more aggressive and metabolically active lesions with worse outcome and response to
PSMA-RLT than PSMA-positive but FDG-negative ones [58,59].

In this context, two significant studies in the field of PSMA-RLT are worth mentioning.
One is the TheraP study, which was a multicenter, unblinded randomized phase II trial,
involving 11 centers in Australia and including about 200 mCRPC patients; 98 of these
patients were treated with the PSMA-RLT and 85 were treated with cabazitaxel chemother-
apy at the same stage of the disease [60]. Results of the study revealed that patients who
received PSMA-RLT hade a significantly higher percentage of PSA response and fewer
serious adverse events than patients receiving cabazitaxel. Another important study is the
VISION study sponsored by Novartis, which was an international prospective randomized
open-label multicenter phase III study [14]. The study included two groups of patients
with mCRPC; one group received PSMA RLT plus best standard of care (551) compared
to a group of patients that received only best standard of care in the control arm. In this
trial, all patients with one and/or more PSMA-negative lesions on PSMA PET scan were
excluded from the study. Results showed that men in the investigational arm had a 38%
reduction in risk of death and a 60% reduction in risk of radiographic disease progression
or death compared to men in the control group, with a significant improvement in time to
first symptomatic skeletal event, overall response rate, and disease control rate. Notably,
the VISION study had 20% fewer patients with PSA reductions greater than 50% than the
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TheraP trial. Factors that might contribute to these results were the higher exclusion rate of
patients in the TheraP study compared with the VISION study, as the study excluded all
patients with FDG-positive but PSMA-negative lesions on their PET scan, and the stricter
selection criteria in the TheraP study than in the VISION study, as only patients with lesions
with a maximum standardized PSMA uptake value of ≥20 were enrolled.

Figure 2 is an example of the role of PSMA PET examination in a patient with mCRPC,
who had a PSA level of 65.74 ng/m before PSMA-RLT. After receiving six cycles of this
therapy, the PSA level declined to 1.15 mg/mL, and the metastases largely disappeared on
the PSMA PET scan.

Figure 2. PSMA PET examination for evaluation of PSMA radioligand therapy. PSMA PET examina-
tion of a patient with metastatic castration-resistant prostate cancer and a PSA level of 65.74 ng/mL.
Before PSMA-RLT (left), showing multiple bone and lymph node metastasis with highly increased
PSMA-expression. After six cycles of PSMA-RLT and a PSA decline to only 1.15 ng/mL (right),
showing a clear reduction in the number of PSMA-expressing bone and lymph node metastases.

4. Pitfalls and Limitation of PSMA PET Examination

As mentioned earlier, PSMA is not specific to prostate tissue, and physiologically
PSMA-expressing areas or organs (lacrimal glands, parotid and salivary glands, brain, and
proximal tubules of kidneys, small intestine, liver, and spleen) should be well distinguished
from lesions that pathologically express PSMA. Furthermore, PSMA radioligand and
especially [68Ga]Ga-PSMA will be excreted via kidney and urinary bladder. Thus, an
accumulation of this tracer throughout the urinary tract or in a specific segment of the
ureter might be misinterpreted as a suspicious lymph node. Furthermore, [68Ga]Ga-PSMA
ligand uptake in sympathetic ganglia such as cervical, celiac, and sacral ganglia is very
common should be carefully taken into consideration. These focal uptakes, however, are
usually symmetrical and bilateral, and they could radiologically be differentiated from
lymph nodes [61]. Moreover, some comparative studies demonstrated identification of
nonspecific bone lesions with [18F]PSMA-1007 but not with other PSMA PET tracers in
patients with PCa [62,63].
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Figure 3 displays the case of a 74 year old PCa patient treated with RP in 2011 with
initial PSA of 14 ng/mL and GS 7 (3 + 4). After prostatectomy, the patient received no further
therapies. Seven years later, the patient developed BCR with a PSA level of 0.7 ng/mL; a few
months later, the PSA reached 1.22 ng/mL with a PSA doubling time of about 12 months.
A PSMA PET examination was performed for the patient. The scan showed PSMA-positive
bone lesions in the left iliac bone and in the vertebral arch of the fourth lumbar spine.
In addition, PSMA-positive intrahepatic lesions were detected in liver segments IVa and
IVb. However, no local recurrence and no suspicious lymph nodes were found. This case
was discussed by our institutional tumor board, and a histological clarification of these
intrahepatic PSMA-avid lesions was strongly recommended as PSA levels and the extent of
liver metastases did not match well. Histopathology results demonstrated hepatocellular
carcinoma rather than prostate cancer metastases in these lesions.

 

 
(A) (B) 

Figure 3. PSMA PET examination for biochemical recurrence of prostate cancer. [68Ga]Ga-PSMA
PET-CT of a 74 year old patient with biochemical recurrence of prostate cancer revealed (A) PSMA-
positive bone lesions in the left iliac bone with corresponding bone changes on the CT scan (red circle)
and the vertebral arch of the fourth lumbar spine. (B) Additional PSMA-avid and contrast-enhanced
intrahepatic lesions in liver segments IVa and IVb. Histological examination of these hepatic lesions
demonstrated hepatocellular carcinoma.

Indeed, expression of PSMA is not specific to prostate tissue and PCa, as it might be in-
creasingly expressed in the process of neovascularization of numerous solid tumors such as
renal cell cancer [64], hepatocellular carcinoma, and squamous cell carcinoma of head and
neck [65] (see Figure 4). In a prospective pilot study by Kessler et al. including 37 suspected
malignant hepatic lesions of seven patients, results revealed that more than 95% hepatocel-
lular carcinoma lesions expressed PSMA [66]. Consequently, in cases of low PSA levels and
large PSMA-expressing organ lesions, possible etiologies other than PCa should be consid-
ered for the lesion. In this sense, in a review publication by Osmany et al. [67], the authors
could show a list of benign and malignant conditions that might be associated with the
increased expression of PSMA, including hepatic hemangioma, fractures, neuroendocrine
tumor, lymphoma, multiple myeloma, osteosarcoma, breast cancer, and adenocarcinoma of
the lung.
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Figure 4. PSMA PET examination for primary staging of a high-risk prostate cancer. PSMA PET
examination for primary staging of a 60 year old patient with a newly diagnosed high-risk prostate
cancer (PSA value: 30.9 ng/mL) revealed the primary tumor in the right lobe of the prostate with a
clear PSMA-expression (red arrow) and an incidental detection of a suspicious lesion with marked
PSMA expression in the right piriform sinus (area of the right vocal cord) with multiple suspicious
lymph nodes in the right neck region (blue arrows). The final histological examination of this neck
lesion confirmed squamous cell carcinoma of the larynx.

5. Conclusions and Outlooks

This review, which is descriptive rather than systematic, emphasized the usefulness
of PSMA PET examination in the management of patients with various stages of PCa. It
should provide clinicians with a concise overview of the clinical potential of this diagnostic
imaging modality in patients with PCa. In addition, it was intended to help ascertain the
pitfalls and vulnerabilities associated with this scan to avoid misinterpretation of the results
and to facilitate the decision making process in relation to the patient’s further treatment.

We concluded that PSMA PET examination in PCa patients has an essential role
in the high-risk group. It is the new gold standard in patients with BCR and plays an
important role in treatment decision and selection of possible therapy options such as
surgery, radiation, hormone, or chemotherapy treatment. Additionally, PSMA PET is a
gold standard for the evaluation of PSMA targeted therapies in patients having progress of
the disease after obtaining other available standard therapies.

Future prospective studies, particularly on the impact of PSMA PET on therapy
stratification, may further strengthen the role of PSMA in the treatment of PCa patients.
Nevertheless, the main issue with this investigation lies in its limited availability and
reimbursement in hospitals and clinical centers, which reduce patients’ access to this
valuable diagnostic imaging modality.
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Simple Summary: As the population ages, the number of elderly prostate cancer patients is increas-
ing, and the choice of treatment options for elderly patients with poor general condition is becoming
more difficult. The aim of our retrospective study is to assess the clinical outcomes after carbon-ion
radiotherapy for elderly patients with high-risk prostate cancer. We compared 173 patients ≥75 years
as the elderly group and 754 patients <75 years as the young group. Disease-specific and biochemical
relapse-free survivals did not differ significantly between the young and elderly groups, and there
were also no significant differences in adverse events between the two groups. Although this study is
retrospective, carbon-ion radiotherapy may be a safe and effective treatment for elderly high-risk
prostate cancer patients.

Abstract: Carbon-ion radiotherapy (CIRT) is a high-dose intensive treatment, whose safety and
efficacy have been proven for prostate cancer. This study aims to evaluate the outcomes of CIRT
in elderly patients with prostate cancer. Patients aged 75 years or above at the initiation of CIRT
were designated as the elderly group, and younger than 75 years as the young group. The overall
survival (OS), disease-specific survival (DSS), biochemical control rate (BCR), biochemical relapse-free
survival (BRFS), and adverse events were compared between the elderly and young patients with
high-risk prostate cancer treated with CIRT. The elderly group comprised 173 of 927 patients treated
for high-risk prostate cancer between April 2000 and May 2018. The overall median age was 69 (range:
45–92) years. The median follow-up period was 91.9 (range: 12.6–232.3) months. The 10-year OS, DSS,
BCR, and BRFS rates in the young and elderly groups were 86.9%/71.5%, 96.6%/96.8%, 76.8%/88.1%,
and 68.6%/64.3%, respectively. The OS (p < 0.001) was longer in the younger group and the BCR was
better in the elderly group (p = 0.008). The DSS and BRFS did not differ significantly between the
two groups. The rates of adverse events between the two groups did not differ significantly and no
patient had an adverse event of Grade 4 or higher during the study period. CIRT may be as effective
and safe in elderly patients as the treatment for high-risk prostate cancer.

Keywords: carbon-ion radiotherapy; elderly patients; high-risk prostate cancer; radiotherapy; particle
beam therapy

1. Introduction

In Japan, the incidence of prostate cancer has increased in recent years, partially
due to the popularity of prostate-specific antigen (PSA) screening; the reported incidence
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was 92,021 in 2018, making it the most commonly diagnosed cancer, surpassing stomach,
colorectal, and lung cancers [1]. The incidence rate increased with age, with 23.3 cases
per 100,000 persons in the 50–54 age years group and 75.1 cases in the 55–59 age years
group, with a particularly sharp increase in those aged 60 and over, and a high rate of
about 650 cases in those aged 75 and over [1]. Japan is one of the fastest aging countries in
the world, and it is clear that the incidence of prostate cancer will rise with the increase
in the number of elderly individuals. On the other hand, the decline in the performance
status (PS) and activities of daily living (ADLs) in elderly individuals prior to treatment
often makes healthcare providers, patients, and their families hesitant to consider curative
treatment even after the diagnosis of malignancy [2–4].

There are two types of treatment for prostate cancer: curative and noncurative. For
the elderly, androgen deprivation therapy (ADT) may be chosen as noncurative treatment
based on the predicted prognosis. However, with the increase in life expectancy, prostate
cancer may become resistant to castration and, progress and metastasize before death from
other diseases. In particular, prostate cancer is known to metastasize to bones, and bone
fractures in the elderly people have been reported to reduce prognosis as well as quality
of life [5,6]. Against this background, minimally invasive curative treatment that can be
undergone by the elderly is desired.

The two principal types of curative treatment for localized prostate cancer are surgery
and radiotherapy. The use of robot-assisted laparoscopic prostatectomy (RALP) has become
more widespread, while the precision of radiotherapy, especially external-beam radiother-
apy (EBRT), has increased with the development of image-guided radiotherapy [7–9].
Surgery is usually not performed for men over 75 years of age due to the high risk of
perioperative mortality, whereas radiotherpay is minimally invasive and can be performed
for those over 75 years of age if they are in a good general condition [10]. Therefore, the
patient population undergoing radiotherapy tends to be relatively older compared to that
undergoing surgery, and there is potential for further growth in the number of patients,
owing to the aging of the population. However, radiotherapy in the elderly is characterized
by a greater likelihood of deterioration in the quality of life affecting the performance of
daily activities, especially during long treatment periods, which is exacerbated by adverse
events, such as frequent urination during treatment and hematuria and hematochezia after
treatment [11].

Particle beam therapy, an EBRT technique, uses atoms accelerated at a high speed
by an accelerator. The efficacy of particle beam therapy has also been reported for the
treatiment of pancreatic, liver, and other cancers [12–19]. Particle beam therapy can be
further categorized into proton beam therapy and carbon-ion radiotherapy (CIRT). CIRT is
known to have a smaller peripheral effect and greater biological effectiveness compared
to proton beam therapy. Therefore, a previous study reported that CIRT can facilitate
a further reduction in the irradiation to the surrounding organs, including the rectum,
thereby reducing adverse events and enabling the effective treatment of prostate cancer
over a shorter therapeutic period [20,21].

CIRT has been used for the treatment of prostate cancer since 1995 [20]. Although the
previous studies have reported on the treatment results and toxicity, none have focused on
elderly patients [22–34]. Therefore, this study aims to assess and report the outcomes and
toxicity of CIRT for prostate cancer in patients aged 75 years and older, compared to those
in their younger counterparts.

2. Materials and Methods

2.1. Patients

We retrospectively searched for patients who underwent CIRT for prostate cancer at
our institution between April 2000 and May 2018. The eligibility criteria for CIRT at our
institution have been described in previous studies [28,29,32,33]. The inclusion criteria
for this study were as follows: (1) prostate cancer diagnosis confirmed by biopsy, whose
Gleason score (GS) was evaluated by a pathologist; (2) patients who met the diagnostic
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criteria for high-risk disease based on the National Comprehensive Cancer Network risk
classification: initial PSA ≥ 20 ng/mL, or T3a-T3bN0M0, or GS ≥ 8 [35]; (3) endocrine
therapy started 3–6 months before the initiation of CIRT; (4) patients aged 20 years or
older at the start of therapy; and (5) PS in the range of 0–2. The exclusion criteria for this
study included the following: (1) lymph node or distant metastasis prior to the initiation
of treatment, (2) previous treatment of prostate cancer with a modality other than ADT,
(3) active and refractory infections of the prostate, and (4) presence of other active cancers.
The participants provided informed consent for participation or had the opportunity to
opt-out of the study.

2.2. ADT

ADT was based on the luteinizing hormone-releasing hormone (LHRH) analog or cas-
tration combined with anti-androgen therapy. The LHRH analog alone was also acceptable
in case of liver dysfunction. ADT was to be started at least 3 months prior to the start of
CIRT and continued for the duration of treatment and for at least 1 year after completion.
However, in cases where it was difficult to continue the treatment due to side effects or
other reasons, discontinuation of the treatment was allowed.

2.3. CIRT

The details of the CIRT regimen for prostate cancer have been reported previously [20,23].
In the past, thermoplastics were used to fix the head, trunk, and pelvis, but due to advances
in image guidance equipment, treatment is gradually being performed using only a pelvic
fixture. CT is obtained in 2 mm slices and combined with MRI to improve prostate
positioning accuracy. In addition, about 100 mL of urine was stored in the bladder at the
time of CT imaging, and ultrasound was used to confirm that the same amount of urine
was stored at the time of treatment. Laxatives were also occasionally used to keep the
rectum as empty as possible. Briefly, the entire prostate and proximal third or half of the
seminal vesicle (SV) for T1–T3a and as much of the SV as possible for T3b were designated
as the clinical target volume. The radiation dose of CIRT was expressed as the photon
equivalent dose (Gy) (i.e., the relative biological effect (RBE)-weighted absorbed dose)
and defined as the physical dose multiplied by the carbon-ion RBE [36]. Total dose and
number of fractions (fr) were treated at 66 Gy/20 fr from January 1998 to August 2005,
63 Gy/20 fr from September 2005 to August 2007, 57.6 Gy/16 fr from September 2007
to March 2013, 54 Gy/16 fr from September 2011 to July 2012, and 51.6 Gy/12 fr from
April 2013 to the present, respectively, as the clinical trials were conducted at different times
when treatment was performed [20]. In April 2013, CIRT using the scanning irradiation
method was started instead of the passive irradiation method [23]. Treatment planning for
CIRT was performed with HIPLAN (NIRS, Chiba, Japan) until March 2013, and after that,
XiO-N (ELEKTA, Stockholm, Sweden). Patient background and treatment details and their
respective numbers and percentages are shown in Table 1.

2.4. Evaluation

After the completion of CIRT, patients were required to undergo a follow-up exami-
nation at 3-month intervals for 2 years initally, and at 6-month intervals thereafter. Blood
samples were collected during each visit. After the completion of CIRT, patients were
required to undergo a follow-up examination at 3–6-month intervals for the first 5 years,
and at 6–12-month intervals thereafter if no sign of the recurrences were observed. Even
after a 10-year follow-up examination, patients basically came to the hospital as long as
they could in order to evaluate the risk of subsequent primary second cancers in patients
with prostate cancer after CIRT [37], but patients whose regular follow-up was interrupted
were contacted directly by mail or telephone to check on their condition. Blood samples
were collected during each visit. Post-treatment biochemical recurrence (BR) was defined
as a PSA value exceeding 2.0 ng/mL over the minimum value during treatment according
to the Phoenix definition [35]. In the event of BR, bone scintigraphy, computed tomography
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(CT), and magnetic resonance imaging (MRI) were performed to confirm the presence of
recurrence. Local recurrence was defined as regrowth, as observed on CT and MRI. Adverse
events were assessed in accordance with the Common Terminology Criteria for Adverse
Events (CTCAE) version 4.0, and the previous studies [38–40]. Acute-phase adverse events
were defined as those occurring within 3 months of treatment; and late-phase adverse
events were defined as those occurring 3 months after treatment.

Table 1. Patient, tumor, and treatment characteristics.

Overall Study Population Young Group Elderly Group p-Value

age Median: 69
(range 45–92)

Median: 67
(range: 45–74)

Median: 77
(range: 75–92)

Initial PSA (ng/mL) Median: 16.7
(range 2.1–329.7)

Median: 16.92
(range: 2.1–320.0)

Median: 16.0
(range: 3.3–329.7) 0.590

Clinical T stage
1c/2a/2b/2c/3

139/159/22/149/458
15.0%/17.2%/2.4%/16.1%/49.4%

112/122/20/115/385
14.9%/16.2%/2.7%/15.3%/51.1%

27/37/2/34/73
15.6%/21.4%/1.2%/19.7%/42.2% 0.110

GS sum
5/6/7/8/9/10

2/45/301/212/364/3
0.2%/4.9%/32.5%/22.9%/39.3%/0.3%

1/37/258/163/292/3
0.1%/4.9%/34.2%/21.6%/38.7%/0.4%

1/8/43/49/72/0
5.8%/4.6%/24.9%/28.3%/41.6%/0% 0.114

Primary GS
~3/4/5

255/621/51
27.5%/67.0%/5.5%

211/502/41
28.0%/66.6%/5.4%

44/119/10
25.4%/68.8%/5.8% 0.792

Total ADT duration
(months)

Median: 20.9
(range: 0.6–63.6)

Median: 22.0
(range: 0.6–63.5)

Median: 18.2
(range: 0.6–63.6) 0.265

Total dose (Gy)/fraction
51.6/20, 54/16, 57.6/16,

63/20, 66/20

311, 4, 331, 128, 153
33.5%, 0.4%, 35.7%, 13.8%, 16.5%

251, 3, 267, 104, 129
33.3%, 0.4%, 35.4%, 13.8%, 17.1%

60, 1, 64, 24, 24
34.7%, 0.6%, 37.0%, 13.9%, 13.9% 0.881

Treatment planning system
HIPLAN/Xio-N

686/231
74.8%/25.2%

570/184
75.6%/24.4%

116/47
71.2%/28.8% 0.360

Abbreviation: PSA: prostate-specific antigen, GS: Gleason score, ADT: androgen-deprivation therapy, Gy: Gray.

2.5. Statistical Analysis

The Mann–Whitney U and χ2 tests were used for the statistical analysis of the continu-
ous and categorical variables, respectively. The Kaplan–Meier method was used to analyze
overall survival (OS), disease-specific survival (DSS), biochemical control rate (BCR), and
biochemical relapse-free survival (BRFS), and the log-rank test was used for a comparison
of these parameters. SPSS software version 28.0 (IBM Inc., Armonk, NY, USA) was used for
all analyses. p-values < 0.05 were considered statistically significant.

2.6. Ethics Approval

This research was conducted in accordance with the Declaration of Helsinki (1964)
and the subsequent Code of Ethics, and the study design was approved by the Institutional
Review Board (permit number: N21-005).

3. Results

3.1. Patient Characteristics

A total of 927 patients with prostate cancer who started CIRT between April 2000
and May 2018 met the eligibility criteria. Of these, 173 were aged 75 years or older and
placed in the elderly group, and others who were younger than 75 years were defined as
the young group. The median age of the entire patient population was 69 years (range:
45–92 years), and the median PSA level before treatment initiation was 16.7 ng/mL (range:
2.1–329.7). The other patient characteristics are presented in Table 1. There were no
significant differences in the patient factors between the young and elderly groups.

The median follow-up duration for the entire patient population and elderly group was
91.9 (range: 12.6–232.3 months) and 84.4 (range: 13.5–214.8 months) months, respectively.
During the observation period, there were 147 and 38 instances of all-cause motality in the
entire patient population and elderly group, respectively, including 31 and 4 deaths due to
prostate cancer, respectively. Recurrences during the observation period were as follows:
BCR was observed in 161 patients (17.4%) in the entire patient population and 15 patients

174



Cancers 2022, 14, 4015

(8.7%) in the elderly group. The distributions of local, regional, and distant metastases
are shown in Figure 1. One patient developed regional recurrence and another developed
regional and distant recurrences concurrently, neither of whom had BCR.

Figure 1. Form of recurrences after carbon-ion radiotherapy in the overall study population and
elderly group. Abbreviation: R: region, D; distant, BR: biochemical recurrence.

3.2. Adverse Events

The gastrointestinal (GI) and genitourinary (GU) adverse events that occured during
the observation period are shown in Table 2. CTCAE grades 4 or 5 adverse events were
not observed in any patient during the study period. The occurence of adverse events,
especially the higher grades, in the elderly group was similar or lower than that in the
young group.
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3.3. Outcomes

The OS, DSS, BCR, and BRFS in the young group at 5 and 10 years were 96.3% and
86.9%, 99.0% and 96.6%, 89.7% and 76.8%, and 87.1% and 68.6%, respectively (Figure 2).
The corresponding rates in the elderly group were 92.6% and 71.5%, 98.2% and 96.8%,
93.4% and 88.1%, and 87.4% and 64.3%, respectively.

Figure 2. Comparison of the Kaplan–Meier curves for (a) overall survival, (b) disease-specific survival,
(c) biochemical recurrence control rate, and (d) biochemical relapse-free survival for the young and
elderly groups.

The OS was significantly longer in the younger group, while the BCR was significantly
better in the elderly group (p < 0.001 and p = 0.008, respectively). The DSS and BRFS did
not significantly differ between the two groups (p = 0.736 and p = 0.597, respectively).

The survival times according to age in the present study were compared with the
expected life expectancy by age for Japanese men in 2020 [41]. No obvious differences were
observed in the two groups under 74 years of age. However, the survival time was better
for those aged 75–79 and 83 years in the group treated with CIRT (Figure 3).
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Figure 3. Expected life expectancy by age in Japan in 2020 compared to the average overall survival
time by age at the start of carbon-ion radiotherapy.

4. Discussion

This study examined the efficacy and toxicity of CIRT for high-risk prostate cancer in
patients aged above and below 75 years. The OS was significantly better in the young group,
while the DSS and BRFS did not differ significantly between the two groups. This suggests
that while the curative effect of CIRT for prostate cancer was equivalent for both groups, the
OS was shortened by other diseases that occur more frequently in the elderly population,
such as death due to other cancers and cardiovascular events. On the other hand, the BCR
was significantly better in the elderly, although there were no differences in the prostate
cancer risk category and treatment methods between the two groups. The difference in
BCR may be attributed to the age-related decline in androgen secretion. Androgens are
among the factors that promote the progression of prostate cancer, and their secretion is
also known to decrease with age [42–44]. Thus, there may be background factors that may
decrease the likelihood of prostate cancer recurrences in the elderly, or it may take a long
time for the PSA to rise sufficiently to the diagnostic range.

More hypofractionated radiotherapy for prostate cancer is becoming more com-
mon with intensity-modulated radiotherapy and stereotactic body radiotherapy. A meta-
analysis, including a phase III prospective study, found 14.6% of GI adverse events and
19.4% of GU adverse events to be grade 2 or higher, which is a higher percentage than
either group in this study [45]. Another meta-analysis of prospective studies found 1.1% of
GI adverse events and 2.0% of GU adverse events to be grade 3 or higher, also a higher rate
than in the present study. Thus, CIRT may be safer than existing EBRT [46]. No grade 4 or
higher adverse events were observed in this study, and the occurence of adverse events
in each category was either similar or, in some cases, slightly higher in young group. Al-
though the OS of the elderly group was shorter than that of the young group, the duration
of follow-up was comparable. These results suggest that the frequency and severity of
adverse events may be similar between the elderly and young groups. The occurence of
cardiovascular disease, such as atrial fibrillation, is often higher in elderly patients, who are
frequently prescibed anticoagulants, exposing to a higher risk for bleeding-related adverse
events [47–49]. These medications were not withdrawn or discontinued at the time of CIRT,
and patients were allowed to continue taking them afterwards. The fact that there was no
apparent difference in the frequency of adverse events, especially the GU and GI adverse
events, suggests that CIRT is a safe treatment modality for elderly as well as young patients.
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A comparison of the mean OS rates and expected life expectancy of the patient groups
included in the study with the general population revealed that OS for patients treated
with CIRT was similar or superior, especially in the 75–79-year-old group. This suggests
that even elderly patients with high-risk prostate cancer can survive up to their respective
age-adjusted mean life expectancies after radical treatment with CIRT. The encouraging
results in the 76–80-year-old age group in the present study may be partially attributed to
the fact that, historically, age was one of the criteria for surgery in Japan. Urologists were
first consulted when the PSA screening results required further investigation; moreover,
urologists often prescribed surgery for patients up to 75 years of age, when the expected life
expectancy was 10 years or less, before the widespread use of RALP [7]. Therefore, patients
aged older than 76 years who underwent CIRT were referred to our hospital because they
were not considered as suitable surgical candidates due to their advanced age. However, it
is possible that the results of the present study are the product of enrolling patients whose
PS and ADLs are better than those of their (age-matched) contemporaries. At present,
RALP is widely used, and is performed even for patients aged 76–80 years if their PS and
ADLs are good. The accumulation of patients in the future will clarify whether this is the
reason for good life expectancy in the 76–80-year-old age group observed in the study.

The elderly population continues to grow in Japan, with a corresponding rise in the
incidence of prostate cancer. In the real-world clinical setting, younger patients may be
ready for radical treatment, while elderly patients are often hesitant because of concerns
about worsening of the general condition and adverse events after treatment, which may
discourage healthcare providers, the patient, and family members from proceeding with
treatment. In this context, guidelines and reports have been devised for elderly cancer
patients [2,4,11]. The common desires binding all patients is the wish to complete the
treatment in as short a time as possible with high precision, and in as few days as possible,
especially for elderly patients. In this regard, CIRT is considered to be a guideline-compliant
treatment, which offers highly precise physical dose distribution and allows for hypofrac-
tionation. Further advancements in hypofractionation in the future may enable even more
elderly patient-friendly treatment.

The limitations of this study included its retrospective design, bias arising from the
patients’ background, relatively small sample size of the elderly group (n = 173), single-
center setting, variation in the time of CIRT initiation, and differences in the total dose and
fractionation. On the other hand, no other study has examined the prognosis after CIRT by
exclusively focusing on elderly patients with prostate cancer. Furthermore, the GS, which
varied depending on each individual pathologist, was evaluated by only one pathologist
at our institution for more than 25 years, rendering the reliability of risk classification to
be high. In addition, this study included missing data from 83 (8.9%) of the 927 patients
(43 in the young group and 40 in the elderly group) because of being lost to follow-up
until 10 years after CIRT. However, the median follow-up times for the 43 young and
40 elderly patients were 81.3 and 85.3 months, respectively. Since these follow-up times
were similar to those of the entire cohort in the present study, the impact of the missing
data on comparing treatment outcomes of the young and elderly groups may be limited.
Further studies with a longer follow-up period, larger sample size, and prospective design
are needed to validate the results of this study.

5. Conclusions

The evaluation of the efficacy and toxicity of CIRT in elderly patients with prostate
cancer revealed that CIRT may yield a good therapeutic effect on these patients, comparable
to that of their younger counterparts.
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Simple Summary: The primary goal of radical prostatectomy is oncologic efficacy, but mitigation of
the side effects related to prostatectomy is also important to preserve quality of life in these patients.
In recent decades, robotic prostatectomy has become increasingly popular due to advantages related
to better visualization of the anatomical structures, surgical precision, reduced blood loss, and shorter
hospital stay. However, the available literature shows no difference in oncologic outcomes between
robotic and open. Some authors suggest differences in its potential to improve functional outcomes,
i.e., erectile function and urinary continence. The first is certainly more common but more accepted
than urinary incontinence, considering that some patients already suffer from it before surgery and
others are not particularly interested in recovering from it, unlike urinary incontinence, which causes
psychophysical changes that are often difficult to resolve.

Abstract: (1) Background: Radical prostatectomy is considered the gold-standard treatment for patients
with localized prostate cancer. The literature suggests there is no difference in oncological and functional
outcomes between robotic-assisted radical prostatectomy (RARP) and open (RRP). (2) Methods: The aim
of this study was to compare continence recovery rates after RARP and RRP measured with 24 h pad
weights and the International Consultation on Incontinence Questionnaire—Short Form (ICIQ-SF). After
matching the population (1:1), 482 met the inclusion criteria, 241 patients per group. Continent patients
with a 24 h pad test showing <20 g of urinary leakage were considered, despite severe incontinence, and
categorized as having >200 g of urinary leakage. (3) Results: There was no difference between preoperative
data. As for urinary continence (UC) and incontinence (UI) rates, RARP performed significantly better
than RRP based on objective and subjective results at all evaluations. Univariable and multivariable Cox
Regression Analysis pointed out that the only significant predictors of continence rates were the bilateral
nerve sparing technique (1.25 (CI 1.02,1.54), p = 0.03) and the robotic surgical approach (1.42 (CI 1.18,1.69)
p ≤ 0.001). (4) Conclusions: The literature reports different incidences of UC depending on assessment
and definition of continence “without pads” or “social continence” based on number of used pads per
day. In this, our first evaluation, the advantage of objective measurement through the weight of the 24 h
and subjective measurement with the ICIQ-SF questionnaire best demonstrates the difference between
the two surgical techniques by enhancing the use of robotic surgery over traditional surgery.

Keywords: prostate cancer; male incontinence; robotic prostatectomy
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1. Introduction

RP is considered the gold-standard treatment for patients with localized prostate
cancer (PCa) and a life expectancy of more than 10 years [1]. The main goal of RP is
oncological efficacy, but care is taken to preserve the anatomical structures surrounding the
prostate to reduce the receipt of side effects, without compromising oncologic outcomes.
Over the last twenty years, RARP has gained popularity and is now used on more than
half of patients undergoing surgery for PCa [2]. The robotic platform allows an immersive
surgical experience with magnified 3D high-definition vision and depth perception. The
surgeon can see tissue planes clearly, identify structures, and dissect with a higher level of
precision. This is expected to result in better oncological and functional outcomes [3].

However, the available literature suggests that there is no difference in oncological
outcomes between RARP and RRP. The robotic approach has undeniably reduced blood
loss and length of stay, but questions remain as to its ability to improve functional outcomes,
such as erectile function and UC. Erectile dysfunction (ED) is a common side effect and
those who experience ED after surgery and are motivated to regain erectile function can rely
on several effective non-surgical and surgical treatments. Conversely, UI is less common
but can be more psychologically challenging due to the fact that very few patients have
underlying pre-RP UI. Due to this impact of de novo post-RP incontinence, all are strongly
motivated to regain continence after surgery, but treatment options can often require
additional surgical procedures, which can be a daunting prospect.

Prospective randomized trials comparing open and robotic surgery demonstrated com-
parable results in terms of early (85% vs. 84%, p = 0.8) [4] and late (91% vs. 90%, p = 0.6) [5]
continence recovery following both techniques, whereas systematic reviews and meta-
analyses showed better continence recovery at 12 months in favor of RARP (OR: 1.53,
p = 0.03) (R: 2.84, p = 0.002) [6,7].

Therefore, due these above conflicting data, the aim of this study was to compare the
continence recovery rates after RARP and RRP using pad weights over a 24 h period and to
determine predictive factors for continence recovery.

2. Materials and Methods

2.1. Eligibility Criteria

The Da Vinci Xi surgical system has been available at our institution since January 2016;
since then, RARP has become the preferred approach for RP, with RRP being performed
only in the few patients who refuse or are not considered fit for robotic surgery due to their
comorbidities.

For the present study, we queried our Internal-Review-Board-approved prospective
database on PCa to identify patients that underwent RARP (n = 600), had a minimum
follow-up of 12 months, and a matched population of patients that underwent RRP (n = 945)
between January 2010 and December 2015. Patients with incomplete clinical data or those
who had adjuvant treatment after surgery were excluded. Additionally, the first 100 patients
who underwent RARP were excluded due to the possible impact of the learning curve on
functional outcomes [8].

According to our policy [9–11], all patients had uroflowmetry with evaluation of peak
flow rate (Q-max) and a post-void residual urinary volume (PVR). Transrectal ultrasound
was used to measure both Pvol and to calculate PSA density.

For RRP, we used the technique described by Walsh [12], whereas for the RARP we
used an intraperitoneal access and an anterograde dissection through the space of Retz-
ius [13,14]. Pelvic lymph node dissection was carried out according to Briganti nomogram
indications using an extended template as recommended by EAU guidelines [1]. The
criteria for neurovascular bundle preservation were identical for both procedures and were
carefully balanced against the risk of positive surgical margins [15–17]. The vesicourethral
anastomosis, always preceded by posterior reconstruction [18], required 6 stitches in RRP,
while RARP required 2 barbed running sutures. A drain was always placed at the end
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of each procedure and all patients underwent a retrograde cystogram prior to bladder
catheter removal.

UC was assessed and discussed by two dedicated “Continence Nurses” before surgery
and then 7 days after catheter removal. Patients were seen weekly for the first post-
operative month in a formal pelvic floor rehabilitation program and then at 3, 6, and 12
months. During all visits, the ability to perform Kegel exercises was assessed; in addition,
data on 24 h pad test and ICIQ-7 questionnaire were recorded.

2.2. Statistical Analysis

The primary study objective was to compare the rates of patients continent at 1 week,
1 month, 6 months, and 1 year after the two procedures.

To control for measured potential confounders in the data set, a 1:1 propensity score
(PS)-matched population of patients undergoing RP was selected using age at surgery, PSA,
Biopsy Gleason Grade Group (GGG), and digital rectal exam (DRE). After PS matching,
the quality of covariate balance was checked by assessment of standardized differences.
Continuous variables were reported as median and interquartile range and compared by
the Mann–Whitney U-test, whereas categorical variables were reported as rates and tested
by the Fisher’s exact test or the chi-square test, as appropriate. A Kaplan–Meier curve of
the probability of urinary continence recovery following RP over time was created. Finally,
uni- and multivariable Cox regression analysis, involving the entire study cohort, was used
to evaluate predictors of continence. Statistical analyses were performed using Stata-SE 15
(StataCorp LP, College Station, TX, USA). All tests were 2-sided with a significance level set
at p < 0.05.

3. Results

After propensity score matching of the patient population, 482 met the inclusion
criteria, 241 patients per group; Table 1 shows the preoperative characteristics of the study
population. Of note, there were no differences in age, DRE, PSA, preoperative IIEF-5 score,
IPSS, maximum peak flow rate (Q-max), PVR, Pvol, and biopsy GGG.

Table 1. Preoperative characteristics of the study population after propensity matching.

Characteristics
RRP 1

n = 241 (50%)
RARP 1

n = 241 (50%)
p-Value 2

Age at surgery (y) 66.0 (62.0, 71.0) 66.0 (61.0, 70.0) 0.2
PSA, (ng/mL) 6.2 (4.6, 9.1) 6.2 (4.8, 9.2) 0.6
DRE, n (%)

Negative 125 (52%) 119 (49%) 0.6
Positive 116 (48%) 122 (51%)

Biopsy GGG, n (%)
1 110 (46%) 110 (46%) 0.9
2 57 (24%) 64 (27%)
3 42 (17%) 41 (17%)
4 22 (9%) 19 (8%)
5 10 (4%) 7 (3%)

Prostate volume
(cm3)

40.0 (31.0, 56.0) 40.0 (32.0, 55.0) 1

Q-max (mL/s) 15.6 (12.0, 18.6) 14.0 (11.7, 21.0) 0.7
PVR (mL) 20.0 (1.0, 40.0) 30.0 (1.0, 50.0) 0.060
Pre-operative IPSS 7.0 (4.0, 12.0) 7.0 (3.0, 12.0) 0.3
Pre-operative IIEF 19.0 (11.0, 22.0) 20.0 (15.0, 23.0) 0.067
Nerve Sparing

Non nerve sparing 172 (71.4%) 141 (58.5%) 0.002
Unilateral 26 (10.8%) 23 (9.5%)
Bilateral 43 (17.8%) 77 (32.0%)

1 Median (IQR); n (%). 2 Wilcoxon rank-sum test, Pearson’s Chi-square test.
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As for UC rates (Table 2), RARP performed significantly better than RRP at all time
points. The continence rate for RARP and RRP was 58% vs. 47% at 1 week (p = 0.018), 82%
vs. 61% at 1 month (p < 0.0001), 92% vs. 75% at 6 months (p < 0.0001), and 94% vs. 80% at
1 year (p < 0.0001), respectively.

Table 2. Continence recovery rates (pad 0–20 gr) in patients undergoing RRP and RARP at 1 week,
1 month, 6 month, and 1-year follow-up.

Characteristic
RRP 1

n = 241 (50%)
RARP 1

n = 241 (50%)
p-Value 2

1 week
Pad < 20 gr, n (%) 114 (47%) 140 (58%) 0.018

ICIQ score * 9.0 (5.0, 13.0) 7.0 (4.0, 10.0) 0.011

1 month
Pad < 20 gr, n (%) 148 (61%) 198 (82%) <0.0001

ICIQ score * 8 (5, 21) 7 (0, 21.0) 0.001

6 months
Pad < 20 gr, n (%) 180 (75%) 222 (92%) <0.0001

ICIQ score * 5 (0, 10) 4 (0, 6) 0.029

1 year
Pad < 20 gr, n (%) 193 (80%) 227 (94%) <0.0001

ICIQ score * 5 (0, 8) 3 (0, 6) 0.09
1 Median (IQR); n (%). 2 Wilcoxon rank-sum test, Pearson’s Chi-square test. * ICIQ: International Consultation
Incontinence Questionnaire—short form (ICIQ-short form).

Further, RARP performed significantly better than RRP in UI (Table 3), since severe
leakage (>200 gr/24 h) was 40.9% vs. 15.8% at 6 months (p = 0.04) and 39.6% vs. 7.1% at
1 year (p = 0.02), in favor of RARP. Furthermore, Table 3 shows the trends in the score on the
ICIQ questionnaire, which reflects the trend in the overall severity of urinary incontinence.

Table 3. Incontinence recovery rates (pad > 20 gr) in patients undergoing RRP and RARP at
1 week, 1 month, 6 month, and 1-year follow-up.

Characteristic
RRP 1

n = 241 (50%)
RARP 1

n = 241 (50%)
p-Value 2

1 Week n = 127 n = 101
21–200 gr, n (%) 63 (49.6%) 82 (81.2%) 0.00001

ICIQ score * 20.5 (18, 21) 20.5 (18, 21) 0.27
>200 gr, n (%) 64 (50.4%) 19 (18.8%) 0.00001
ICIQ score * 21 (21, 21) 21 (21, 21) 0.72

1 Month n = 93 n = 43
21–100 gr, n (%) 44 (47.3%) 35 (81.4%) 0.00001

ICIQ score * 15 (9, 21) 10 (7, 15) 0.27
>200 gr, n (%) 51 (54.8%) 8 (18.6%) 0.00001
ICIQ score * 21 (21, 21) 21 (21, 21) 0.4

6 Month n = 61 n = 19
21–100 gr, n (%) 36 (59.1%) 16 (84.2%) 0.04

ICIQ score * 10 (7, 17) 10 (6, 16) 0.52
>200 gr, n (%) 25 (40.9%) 3 (15.8%) 0.04
ICIQ score * 21 (18, 21) 15 (10, 16) 0.58

1 Year n = 48 n = 14
21–100 gr, n (%) 29 (60.4%) 13 (82.9%) 0.02

ICIQ score * 10 (8, 15) 10 (7, 10) 0.51
>200 gr, n (%) 19 (39.6%) 1 (7.1%) 0.02
ICIQ score * 21 (21, 21) 21 (21, 21) 0.52

1 Median (IQR); n (%). 2 Wilcoxon rank-sum test, Pearson’s Chi-square test. * ICIQ: International Consultation
Incontinence Questionnaire - short form (ICIQ-short form).
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Kaplan–Maier curves (Figure 1) confirmed a significant difference in continence rates
between techniques (Figure 1a), especially in those who received a bilateral nerve sparing
(Figure 1b).

  
(a) (b) 

Figure 1. Continence recovery rates between RRP and RARP at follow-up after propensity matching,
Pr > chi2 ≤ 0.0001 (a). Continence recovery rates divided by nerve sparing grade on the entire
population study, Pr > chi2 = 0.0012 (b).

In Table 4, the analysis on the entire study population (n = 482 patients) identified the
bilateral nerve-sparing technique and robotic surgical approach as having significant pre-
dictor value of continence rates (1.25 (CI 1.02,1.54), p = 0.030; 1.42 (CI 1.18,1.69), p ≤ 0.001).

Table 4. Univariable and multivariable Cox Regression Analysis to predict continence recovery in
the entire population.

Univariable Cox Regression Analysis Multivariable Cox Regression Analysis

Covariate Haz. Ratio 95% CI p Value Haz. Ratio 95% CI p Value

Age 0.99 0.98, 1.00 0.174

GGG biopsy
1 Ref. Ref.
2 1.05 0.84, 1.31 0.661 1.02 0.82, 1.28 0.857
3 0.87 0.67, 1.13 0.301 0.90 0.69, 1.17 0.430
4 0.88 0.68, 1.14 0.329 0.98 0.75, 1.28 0.876
5 1.03 0.72, 1.47 0.877 1.15 0.80, 1.65 0.462

Prostate
volume

1.00 0.99, 1.00 0.231

Q-max 1.00 1.00, 1.01 0.464
PVR 1.00 1.00, 1.01 0.397
IPSS 0.99 0.97, 1.00 0.155
IIEF 1.01 1.00, 1.02 0.163

Nerve sparing
No Ref. Ref.

Unilateral 1.06 0.79, 1.43 0.711 1.01 0.75, 1.37 0.932
Bilateral 1.35 1.10, 1.64 0.003 1.25 1.02, 1.54 0.030

Catheters days
≥8 Ref.
<8 0.85 0.72, 1.00 0.056 0.88 0.75, 1.05 0.159
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Table 4. Cont.

Univariable Cox Regression Analysis Multivariable Cox Regression Analysis

Covariate Haz. Ratio 95% CI p Value Haz. Ratio 95% CI p Value

Surgery type
RRP Ref. Ref.

RARP 1.46 1.23, 1.73 <0.001 1.42 1.18, 1.69 <0.001

4. Discussion

This study demonstrates better early and late recovery continence and lower rates
of UI favoring RARP. Further, we show an overall benefit of the bilateral nerve-sparing
approach as a factor in facilitating urinary recovery. Further, regarding time to continence,
our data showed not only better but also faster continence recovery with RARP than
with RRP. Indeed, RARP performed better than RRP at all evaluation times, considering
continence rates were 47% vs. 58% at 1 week (p = 0.018), 61% vs. 82% at 1 month (p = 0.001),
75% vs. 92 % at 6 months (p = 0.018), and 80% vs. 94% at 1 year (p = 0.001).

UC rates after open and robotic prostatectomy vary widely in the available litera-
ture and several factors may explain these differences. The robotic approach has clear
advantages, including better visualization of delicate structures involved in continence
recovery [14–20] and higher surgical precision in the reconstructive phase. However, on
the flip side, in reported series, up to 31% might have UI (pad > 0) at 1 year [7]. Patient
and cancer characteristics, operative techniques, surgical experience, surgeon dexterity,
high-volume centers, post-operative urinary rehabilitation, and adjuvant treatments are all
factors to be consider when comparing post-prostatectomy results [21,22]. In this setting,
the only existing randomized prospective study showed similar and comparable results in
oncological and functional aspects, both in the short and long term [4–7,21,22], although
the functional domain was judged on data acquired from questionnaires administered at
follow-up and with no mention of postoperative rehabilitation.

The level of evidence of most of the published data is retrospective and, by nature,
limited by selection bias. Furthermore, in the first ten years after the introduction of robotic
technology, many studies were characterized by a significant publication bias, with post-
RARP continence rates (pad 0) reported up to 50–80%, 90–96%, and 89% to 98%, interesting
values after catheter removal compared with open at 6 and 12 months, respectively [23].
Further, Patel et al. [24] reported his technique of RARP provided a 1-year continence rate
(pad 0) of 96.4% and Menon et al., a 6-month continence rate (pads ≤ 1) of 92% [13].

Subsequent data have been conflicting in nature regarding any advantages in conti-
nence with the robotic approach. An early meta-analysis compared the two techniques
in terms of recovery of UC at 12 months and showed significant advantages to a robotic
approach (OR: 1.53; 95% CI, 1.04–2.25; p = 0.03). Indeed, after RARP, continence recovery
ranged from 89% to 100% compared to RRP, which ranges from 80% to 97% [7,25–27].
However, this new technology still exposed patients to IU, though with less impact (11% vs.
7%). Similarly, Seo et al. compared 10 matching studies between open and robotic RP with
2214 patients and reported a lower incontinence rate after RARP (RR 0.66, 95% CI 0.45–0.99,
I2 = 45%; p = 0.040) [28].

Subsequently, several authors began to present data that demonstrated minimal dif-
ferences in continence between the open and robotic approaches. A 2017 meta-analysis
included 78 studies, in which Kun Tang showed no statistical differences in the 3-month
and 12-month UC within the two surgical techniques (3 months: OR:1.54; 95% CI: 0.92 to
2.58; p = 0.10; 12 months: OR:1.03; 95% CI: 0.84 to 1.27; p = 0.75, respectively) [29]. Similarly,
Lan Cao et al. published a systematic review and meta-analysis in 2019 with 8522 patients
and found no difference in the 12-month continence rates among the two procedures. UC
was defined as either no pad use or no leakage (71.6% vs. 70.8%; OR 1.14, 95% CI 0.99 to
1.31, p = 0.08) [30]. In a 1:2 matching population series between 294 and 588 patients under-
going RARP and RRP, one-year continence recovery rate (security pad) was overlapping
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(93.7% vs. 91.8%; p = 0.34) also [31]. Several meta-analyses pointed out that the data were
insufficient to define a technique as superior, given variables related to surgeon experience,
patient history, and oncologic finding.

Quantifying the degree and severity of urinary incontinence has been an area of
ongoing debate. Even though pad weight and pad usage are well correlated with quality of
life [32], the variability in the definitions used in the literature makes it difficult to objectify
an outcome and, therefore, make a real comparison among the results of traditional and
technological surgery. The above-mentioned studies in recent years have only assessed
incontinence by interviewing the patient based on the number of pads used per day (0, 0–1,
one safety pad). Therefore, the differences between the two techniques are not highlighted,
emphasizing the use of technology but not for functional advantages.

The rate of functional recovery also varies widely in proportion to pad use. As a
result, one study pointed out that the continence rate after RP at 3 and 12 months was
44% and 68% when defined as “pad 0” and increased to 71% and 90% when defined as
“pad 0–1” [33]. In addition, a systematic review, reported average values of post-RARP
incontinence at 1 year of 16% and 9% according to the definition of “dry” or “a safe pad” [7].
Although Holze et al. argues zero pads best reflects the perception of “dry” [33], Moore
et al., suggests a minimum value greater than 4 g/day of leakage as incontinence after
prostatectomy, but greater than 20 g/day is characterized as symptomatic incontinence [34].
We, therefore, chose the threshold of a 24 h pad weight test greater than 20 g as a reasonable
value for assessing symptomatic male incontinence after an RP. However, a 0 g pad in 24
h is not easy to obtain, as sweat can also increase the weight of the pad and can classify
a continent patient as incontinent. For this reason, other definitions are established, such
as socially continent. With this, 20 g as a threshold seems reasonable and easy to assess to
define a patient as socially continent.

Based on our experience, we have historically chosen to avoid testing UC through
interviews about pad count, which is strongly related to subjective feelings of “wetness”.
Instead, we choose “third-party” assessment by a urinary specialist nurse who objectively
records the 24 h pad weight test at follow-up. We believe it is a reliable tool for assessing
the presence and degree of urinary leakage and combining it with those obtained from the
recognized ICIQ-7 subjective questionnaire for UI [35].

Others have used 24 h pad weight as an objective measurement of the degree of
incontinence. In 2010, Dubbelman was the first to present functional outcomes after
RRP using the 24 h pad weight test at 6 months in a series of 66 patients. He reported
recovery of continence, defined as 4 g per day, in 44% of patients who were receiving a
“Continence Nurses” or folder-guided approach [36]. In 2017, Sathianathen was the first
to present functional outcomes after RARP using 24 h pad weight test. Using zero grams
as a definition, Sathianathen reported continence recovery after RARP in 20% and 38% of
patients, respectively, after 4 and 12 weeks, with average continence recovery at 10 weeks.
They also pointed out the fact that if the number of pads had been used as the definition, it
would probably have produced better results than UC [37].

However, currently, the 24 h pad test is used by less than 1 out of 10 clinicians [38].
It is considered a controversial way of objectively reporting a measure of male post-
prostatectomy UI [39], because the weight of the 24 h pad is directly influenced by daily
activity and fluid intake and the same weight can vary by 51 g (95% CI 30.3–72.1, p < 0.001)
in those who do not change their activity level. On the other hand, what is perceived to be
a single wet pad can range from 23 to 121 g and it is these values that make an objective
comparison of the degree of leakage possible. More importantly, for each 1-unit increase in
pads used, the average pad weight increased by 114.1 g (95% CI 74.8–153.4, p < 0.001) [40].
With this in mind, the definition of “Pad 0–1” may not reflect continence status as it may
include symptomatic urinary leakage [34]. The added value of our study is to better stratify
patients and define already symptomatic incontinent patients with >20 g or more of leakage
who, in other definitions, would be continent.
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Additional studies suggest that characteristics, such as age, body mass index (BMI),
Pvol, and lower urinary tract disorders (LUTS), influence functional outcomes [40–42]. As
we have previously shown, age did not influence continence recovery in RRP [43], even
though Jeong found advantages in young patients, both in early and long-term follow-
up [44] and Becker claims that beyond the age of 50, the recovery rate drops from 97.4% to
91.6% [45].

Another interesting insight of the analysis suggests that bilateral sparing of the neu-
rovascular bundles is advantageous in facilitating recovery of UC on an entire study popu-
lation, especially in RARP, as shown in multivariate analysis (Table 4) and Kaplan–Meier
curves (Figure 1b). In this context, the benefits of nerve sparing on continence recovery, both
in the short term and long term for RRP and RARP, have already been reported [46–48].
These findings are so strong that Steineck continues to recommend nerve sparing, regardless
of age and preoperative erectile function, as the benefits are significant [49].

One of the strengths of our study was the management and evaluation of the prostate-
ctomized matching pair population that was entrusted to the “urinary nurse” who trained
and collected the data ensuring an unbiased evaluation. The definition was based on the
objective measurement of a 24 h pad test in grams rather than on the pad use together with
the subjective data obtained from the ICIQ-SF questionnaire. Having stated that, the results
obtained justify the use of robotic surgery, not only for less blood loss and hospitalization
but also for its impact on the recovery of UC and quality of life.

This work certainly has limitations; first, this is a retrospective analysis of prospec-
tively collected data. Further, body mass index (BMI) and an assessment of preoperative
continence were not assessed. However, in the second case, we have a subjective com-
parison of LUTS through the IPSS questionnaire with overlapping results between the
two groups.

5. Conclusions

In urologic oncologic surgery, to date, robotic surgery has brought advantages in
terms of decreases in blood loss, shorter hospitalization, and, possibly, improved quality
of life. When it comes to treating localized prostate cancer, a prostatectomy not only has
oncologic but also functional implications. In terms of continence recovery, our study
demonstrates that, with a rigorous objective evaluation of postoperative urinary leakage,
robotic prostatectomy has advantages over traditional surgery, in both short- and long-term
measures of continence.
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Simple Summary: Indocyanine green (ICG) administration in robot-assisted partial nephrectomy
(RAPN) can minimize warm ischemia time and preserve more parenchyma resulting in exceptional
preservation of renal function and reduced incidence of postoperative complications. However,
previous studies have seldom compared how ICG-RAPN use differs when used to treat benign
versus malignant renal tumors because the baseline patient and tumor characteristics as well as
treatment goals are completely different. The aim of our retrospective study was to compare the
intraoperative and postoperative outcomes and the differences in the results of ICG administration
between patients with benign and malignant tumors. We have demonstrated that ICG-RAPN yielded
superior preservation of short-term renal function. Of the patients with malignant renal tumors, it
had less operative blood loss without a more positive margin rate than standard RAPN.

Abstract: Background: To compare the intraoperative and postoperative outcomes of indocyanine
green (ICG) administration in robot-assisted partial nephrectomy (RAPN) and report the differences
in the results between patients with benign and malignant renal tumors. Methods: From 2017 to
2020, 132 patients underwent RAPN at our institution, including 21 patients with ICG administration.
Clinical data obtained from our institution’s RAPN database were retrospectively reviewed. Intraop-
erative, postoperative, pathological, and functional outcomes of RAPN were assessed. Results: The
pathological results indicated that among the 127 patients, 38 and 89 had received diagnoses of benign
and malignant tumors, respectively. A longer operative time (311 vs. 271 min; p = 0.006) but supe-
rior preservation of estimated glomerular filtration rate (eGFR) at 3-month follow-up (90% vs. 85%;
p = 0.031) were observed in the ICG-RAPN group. Less estimated blood loss, shorter warm ischemia
time, and superior preservation of eGFR at postoperative day 1 and 6-month follow-up were also
noted, despite no significant differences. Among the patients with malignant tumors, less estimated
blood loss (30 vs. 100 mL; p < 0.001) was reported in the ICG-RAPN subgroup. Conclusions: Patients
with ICG-RAPN exhibited superior short-term renal function outcomes compared with the standard
RAPN group. Of the patients with malignant tumors, ICG-RAPN was associated with less blood
loss than standard RAPN without a more positive margin rate. Further studies with larger cohorts
and prospective designs are necessary to verify the intraoperative and functional advantages of the
green dye.

Keywords: robot-assisted partial nephrectomy; renal cell carcinoma; indocyanine green; nephron sparing
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1. Introduction

Partial nephrectomy (PN) is the standard surgical treatment for small renal masses,
as it has exhibited superior renal functional preservation and long-term patient survival
relative to radical nephrectomy [1–4]. Compared with other methods for PN, robot-assisted
PN (RAPN), which has become increasingly prominent in recent years, yields fewer in-
traoperative and postoperative complications, superior renal functional outcomes, and
lower rates of positive margins and conversion to radical nephrectomy than open and
laparoscopic PN [5–7]. Near-infrared fluorescence (NIRF) using indocyanine green (ICG)
has been adopted as a safe and practical tool to identify anatomical structures in both
oncological and non-oncological surgeries, helping verify devascularization and indicate
resection margins, offering a benefit in terms of preserving short-term renal function [8–21].
Studies have mainly discussed the outcomes of ICG in aiding selective clamping without
ischemia time or with reduced warm ischemia time (WIT) [14,17–19,22,23]; however, they
have seldom compared how ICG-RAPN use differs when used to treat benign versus
malignant renal tumors because the baseline patient and tumor characteristics as well
as treatment goals are completely different [3,4,24,25]. Therefore, in this study, we not
only compared the outcomes of ICG-RAPN and standard RAPN but also reported the
differences in the results between patients with benign and malignant tumors.

2. Materials and Methods

2.1. Patients

From January 2017 through December 2020, 132 patients received RAPN for kidney
tumor at a tertiary center and 5 patients were excluded due to off-clamp method; the group
included 21 patients who underwent intraoperative administration of ICG. All the patients
had completed either a preoperative computed tomography (CT) scan or magnetic reso-
nance imaging to allow health care personnel to examine the anatomical structures of their
kidneys and the characteristics of their kidney tumors. We retrospectively reviewed the
demographic data, tumor complexity (using RENAL nephrometry scoring), preoperative
hemoglobin (Hb), renal function (using serum estimated glomerular filtration rate (eGFR)
determined using the CDK-EPI equation), operative variables (WIT, operative time, and
estimated blood loss), postoperative outcomes (pathological results, length of admission in
days, intraoperative and postoperative complications according to Clavien–Dindo classifi-
cation (CD)), 1-year recurrence, trifecta achievement (defined as WIT ≤ 25 min, negative
surgical margins, and the absence of ≥3a CD complications), Hb at postoperative day 1,
and renal function at postoperative day 1 as well as 3- and 6-month follow-ups.

2.2. ICG Injection

RAPN was performed using either a fluorescence-capable da Vinci Si system or the
Xi surgical system (Intuitive Surgical, Sunnyvale, CA, USA), and the surgeon determined
whether to use ICG depending on the appearance of an unfavorable kidney anatomical
structure or high RENAL score. After the renal pedicle was controlled with Bulldogs,
3 to 5 mL of ICG (25 mg, dissolved in 10 mL of distilled water, with a final concentration of
2.5 mg/mL) was applied intravenously to confirm renal ischemia with NIRF imaging. The
fluorescence could be seen in the main renal vessels after 75 s. Thereafter, unclamped the
renal artery for margin identification then clamped the renal artery again before resection.

2.3. Statistical Analysis

Statistical analysis was performed with SPSS for Mac, version 25.0 (Chicago, IL, USA).
Continuous variables are presented using median values with interquartile ranges (IQR),
and categorical variables are presented as counts and proportions (percentages). The Mann–
Whitney U test and Fisher’s exact test or chi-square analysis were employed as appropriate
to compare the intraoperative and postoperative data, with statistical significance defined
at p < 0.05.
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3. Results

3.1. Patients Characteristics

Among the 132 patients who had undergone RAPN, 5 were excluded due to the use of
off-clamp surgery. A total of 127 patients were included in the final analysis; 38 (30%) and
89 (70%) patients had received diagnoses of benign and malignant renal tumors, respec-
tively. Significant differences between the benign and malignant tumor groups in terms
of the preoperative and postoperative patient characteristics at baseline were observed.
More male patients (p < 0.001), more hypertension cases (p = 0.003), higher preoperative
and postoperative Hb levels, lower preoperative and postoperative eGFR, and smaller
tumor size (p = 0.001) were recorded in the malignant renal tumors group. Significantly
longer operative time (311 vs. 271 min; p = 0.006) and superior eGFR preservation rate at
3-month follow-up (90% vs. 85%; p = 0.031) were observed in the ICG-RAPN groups. Less
estimated blood loss (50 vs. 100 mL; p = 0.09), shorter WIT (21 vs. 24 min; p = 0.25), and
higher postoperative eGFR preservation rate at day 1 and 6-month follow-up were noted in
the ICG-RAPN groups, despite no significant differences. Furthermore, no other significant
differences were noted in terms of the postoperative outcomes, and no ICG-related adverse
effects were recorded. Demographic and preoperative characteristics of our study partici-
pants are listed in Table 1, and intraoperative and postoperative variables are summarized
in Table 2.

Table 1. Baseline and clinical data of participants.

Variable Total (n = 127)

Patients, n ICG (21) No ICG (106) p-Value

Age (years), median (IQR) 58 (42–67) 57 (49–66) 0.343
Male, n (%) 12 (57) 60 (57) 0.964

BMI (kg/m2), median (IQR)
26.5

(23.2–29.2)
25.1

(23.1–28.1) 0.219

Hypertension, n (%) 8 (38) 51 (48) 0.4
Diabetes, n (%) 4 (19) 30 (28) 0.59

ASA score, median (IQR) 2 (2–2) 2 (2–2) 0.819
ASA score, n (%) 0.933

1 4 (19) 25 (24)
2 15 (71) 69 (65)
3 2 (10) 12 (11)

Left side, n (%) 8 (38) 43 (41) 0.833
RENAL score, median (IQR) 8 (6–8) 8 (6–9) 0.763

Tumor complexity, n (%) 0.78
Low (4–6) 7 (33) 28 (26.9)

Intermediate (7–9) 12 (57) 63 (60.6)
High (10–12) 2 (10) 13 (12.5)

Tumor diameter in CT/MRI (cm), median (IQR) 3.5 (2.7–7.3) 3.2 (2.5–4.8) 0.239
Preoperative Hb (g/dL), median (IQR) 14.4 (12.7–16.0) 13.7 (12.5–15.0) 0.188

Preoperative eGFR (mL/min/1.73 m2), median (IQR) 91.9 (74.3–109.1) 91.5 (74.4–110.5) 0.731

Abbreviations: BMI = body mass index; CT = computed tomography; eGFR = estimated glomerular filtration rate;
Hb = hemoglobin; ICG = indocyanine green; IQR = interquartile range; n = number; MRI = magnetic resonance
imaging; RAPN = robot-assisted partial nephrectomy.

Table 2. Intraoperative and postoperative data of participants.

Variable Total (n = 127)

Patients, n ICG (21) No ICG (106) p-Value

Operative time (min), median (IQR) 311 (263–360) 271 (217–310) 0.006
Estimated blood loss (mL), median (IQR) 50 (30–200) 100 (50–200) 0.09
Warm ischemia time (min), median (IQR) 21 (16–27) 24 (17–35) 0.25

Tumor size (cm), median (IQR) 3.3 (2.5–5.8) 2.9 (2.3–4.1) 0.174
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Table 2. Cont.

Variable Total (n = 127)

Stay length (day), median (IQR) 7 (6–8) 7 (6–8) 0.545
Positive surgical margins, n (%) 2 (11) 8 (8) 0.66

Postoperative complications, n (%) 4 (19) 25 (24) 0.781
Minor (Clavien-Dindo I–II) 3 (14) 20 (19) 0.902

Major (Clavien-Dindo III–IV) 1 (5) 5 (5)
Clavien-Dindo III ≥ 3, n (%) 1 (5) 5 (5) 1
One-year recurrence, n (%) 0 (0) 3 (4) 1
Trifecta achievement, n (%) 9 (56) 44 (46) 0.462

Post-op Hb at day one (g/dL), median (IQR) 12.9 (11.1–14.4) 12.2 (10.8–13.6) 0.223
Preservation rate of post-op Hb at day one (%), median (IQR) 89 (84–92) 89 (86–95) 0.398
Post-op eGFR at day one (mL/min/1.73 m3), median (IQR) 81.0 (64.0–93.8) 68.6 (51.5–93.9) 0.296

Preservation rate of post-op eGFR at day one (%), median (IQR) 84 (70–96) 79 (68–90) 0.2
Post-op eGFR at 3-months (mL/min/1.73 m3), median (IQR) 74.3 (62.8–91.7) 77.7 (65.1–94.0) 0.762

Preservation rate of post-op eGFR at 3-months (%), median (IQR) 90 (85–97) 85 (77–91) 0.031
Post-op eGFR at 6-months (mL/min/1.73 m3), median (IQR) 71.5 (65.6–94.6) 76.1 (64.9–90.1) 0.735

Preservation rate of post-op eGFR at 6-months (%), median (IQR) 83 (80–91) 81 (74–94) 0.346

Abbreviations: eGFR = estimated glomerular filtration rate; Hb = hemoglobin; ICG = indocyanine green;
IQR = interquartile range; n = number; RAPN = robot-assisted partial nephrectomy; RCC = renal cell carcinoma.

3.2. Patients with Benign Renal Tumors

Among the 38 patients with benign renal tumors, 10 received ICG-RAPN, and 28 received
standard RAPN. No significant differences in terms of baseline patient characteristics, tumor
complexity, or laboratory data were noted between these two groups. However, larger
tumor sizes in preoperative images (7.3 cm vs. 4.4 cm; p = 0.172) were observed in the
ICG-RAPN group despite the difference being nonsignificant. ICG-RAPN entailed a longer
operation time (325 vs. 228 min; p < 0.001). Greater estimated blood loss was noted in ICG-
RAPN, but the difference was nonsignificant. The WIT was 20 min for both groups. Two
(20% [of subgroup]) and four (14%) patients reported postoperative complications in the
ICG-RAPN and standard RAPN groups, respectively, but none of these complications had
a CD classification of ≥3. The ICG-RAPN group exhibited lower day 1 postoperative Hb
preservation (87% vs. 89%; p = 0.351) but superior postoperative eGFR preservation at day 1
as well as 3- and 6-month follow-ups; nevertheless, these differences were all nonsignificant.
Angiomyolipoma (AML) was the most common benign kidney tumor in both the ICG and
standard groups, accounting for 90% and 96% of such tumors, respectively. Intraoperative
and postoperative variables of benign tumors group are summarized in Table 3.

Table 3. Intraoperative and postoperative data of benign and malignant tumors group.

Variable Benign (n = 38) Malignant (n = 89) Variable

Patients, n ICG (10) No ICG (28) p ICG (11) No ICG (78) p Value

Operative time (min), median (IQR) 325
(275–396)

228
(187–291) 0.001 298

(247–350)
280

(222–325) 0.25

Estimated blood loss (mL), median (IQR) 200 (50–350) 90 (50–200) 0.272 30 (20–50) 100 (50–200) <0.001
Warm ischemia time (min), median (IQR) 20 (16–25) 20 (15–29) 0.722 24 (15–28) 26 (18–36) 0.207

Tumor size (cm), median (IQR) 5.6 (2.3–9.2) 3.8 (2.7–5.5) 0.36 2.9 (2.5–3.7) 2.7 (2.2–3.7) 0.447
Stay length (day), median (IQR) 8 (6–8) 7 (6–8) 0.317 6 (5–8) 7 (6–8) 0.074
Positive surgical margins, n (%) 1 (13) 4 (18) 1 1 (9) 4 (5) 0.491

Post-op complications, n (%) 2 (20) 4 (14) 0.644 2 (18) 21 (27) 0.721
Minor (Clavien-Dindo I–II) 2 (20) 4 (14) 0.644 1 (9) 16 (21) 0.627

Major (Clavien-Dindo III–IV) 0 (0) 0 (0) 1 (9) 5 (6)
Clavien-Dindo III ≥ 3, n (%) 0 (0) 0 (0) 1 (9) 5 (6) 0.558
One-year recurrence, n (%) 0 (0) 2 (8) 1 0 (0) 1 (2) 1
Trifecta achievement, n (%) 6 (67) 10 (48) 0.44 3 (43) 34 (46) 1
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Table 3. Cont.

Variable Benign (n = 38) Malignant (n = 89) Variable

Post-op Hb at day one (g/dL),
median (IQR)

11.5
(10.9–13.3)

11.5
(11.0–12.2) 0.66 13.7

(11.4–15.2)
12.5

(10.8–14.0) 0.1

Preservation rate of post-op Hb
at day one (%), median (IQR) 87 (83–90) 89 (86–93) 0.351 91 (84–96) 90 (86–95) 0.985

Post-op eGFR at day one
(mL/min/1.73 m3), median (IQR)

80.0
(66.0–119.1)

89.2
(71.7–114.1) 0.66 81.0

(39.9–85.1)
64.2

(45.0–84.4) 0.48

Preservation rate of post-op eGFR
at day one (%), median (IQR) 93 (75–98) 85 (79–99) 0.961 77 (68–97) 76 (65–87) 0.313

Post-op eGFR at 3-months
(mL/min/1.73 m3), median (IQR)

73.5
(65.1–139.6)

98.6
(83.7–121.3) 0.775 75.0

(56.3–84.4)
73.9

(61.2–90.1) 0.736

Preservation rate of post-op eGFR
at 3-months (%), median (IQR) 93 (86–111) 86 (80–89) 0.095 88 (81–94) 85 (76–92) 0.201

Post-op eGFR at 6-months
(mL/min/1.73 m3), median (IQR)

97.1
(69.2–98.8)

85.9
(67.3–100.0) 0.787 68.5

(54.3–83.3)
73.8

(64.2–88.1) 0.348

Preservation rate of post-op eGFR
at 6-months (%), median (IQR) 84 (79–91) 80 (72–96) 0.516 83 (80–95) 81 (74–94) 0.448

Abbreviations: eGFR = estimated glomerular filtration rate; Hb = hemoglobin; ICG = indocyanine green;
IQR = interquartile range; n = number; post-op = postoperative.

3.3. Patients with Malignant Renal Tumors

Among the 89 patients with malignant renal tumors, 11 received ICG-RAPN, and
78 received standard RAPN. The ICG-RAPN group was 11 years younger, on average, than
the standard group, but the age difference was nonsignificant (p = 0.059). No significant
differences were evident in body mass index (BMI), underlying diseases, preoperative
tumor size (in images), RENAL score, or preoperative Hb and eGFR. The ICG-RAPN
group exhibited longer operation times (298 vs. 280 min; p = 0.25) and shorter WIT
(24 vs. 26; p = 0.207), but neither difference was significant. Furthermore, estimated blood
loss was significantly less in the ICG-RAPN group (30 vs. 100 mL; p < 0.001) than in the
standard one. Two patients (18%) reported postoperative complications in the ICG-RAPN
group, one of which a CD classification of ≥3 (postoperative renal pseudoaneurysm was
discovered, and the patient underwent transarterial embolization). Twenty-one patients
(27%) reported postoperative complications in the standard RAPN group, five (6%) of
whom had complications with a CD classification of ≥3 (one patient underwent reopen
surgery after the initial RAPN due to hemogenic shock). The patients with high-grade
complications and subsequent interventions are listed in Table 4. The preservation rate
of postoperative Hb and eGFR at day 1, 3 months, and 6 months were higher in the ICG-
RAPN group but with a nonsignificant difference. No statistically significant differences
in terms of length of hospital stay, positive surgical margin rate, or trifecta achievement
were observed between these two groups. For the histopathologic type, both the ICG and
standard RAPN groups had renal cell carcinoma (RCC), and the clear cell subtype was the
most prevalent, appearing in 46% and 73% of patients, respectively. The pathologic stage
distribution was pT1a (91%), pT1b (9%) in ICG-RAPN and pT1a (77%), pT1b (17%), pT2a
(1%) and pT3a (5%) in standard-RAPN. Intraoperative and postoperative variables of the
malignant tumors group are summarized in Table 3.

Table 4. High-grade complications and subsequent interventions.

Complication (Clavien-Dindo ≥ 3) Benign Malignant Intervention

Patients, n ICG (0) No ICG (0) ICG (1) No ICG (5) ICG (0)

Renal pseudoaneurysm, n (%) 0 0 1 (100) 3 (60) Transarterial embolization
Hemogenic shock, n (%) 0 0 0 1 (20) Emergent re-open surgery

Urine leakage with urinoma and UPJ obstruction, n (%) 0 0 0 1 (20) Stent placement
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4. Discussion

The main goal of PN is to achieve favorable functional outcomes with oncological
safety equivalent to radical nephrectomy when treating small renal tumors [1–4,24].

The previous study revealed that preoperative renal function, the volume of preserved
parenchyma and WIT effect the postoperative short-term renal function outcomes after
PN [19]. With the help of ICG-RAPN, it can minimize WIT and preserve more parenchyma
resulting in exceptional preservation of renal function and reduced incidence of postopera-
tive complications [12–15,17–23,26] Our study also compared the differences in the results
of ICG administration between patients with benign and malignant tumors. We have
demonstrated that ICG-RAPN yielded superior preservation of short-term renal function.
Of the patients with malignant renal tumors, it had less operative blood loss without a
more positive margin rate than standard RAPN.

The preoperative characteristics of benign and malignant tumors differ; for instance,
RCC, which is the most common malignant tumor, is more common in men and is associ-
ated with obesity, hypertension, and chronic kidney disease; our previous study results
affirmed these associations [27,28]. Furthermore, the indicators and treatment goals of
benign and malignant renal tumors are entirely different. Malignant renal tumors such
as RCC are mostly found by accident in cross-sectional images prior to symptom mani-
festation; once clinical T1 cancer is suspected, the latest guidelines recommend surgical
intervention (especially PN) as the first option [3,4]. In addition to preserving renal function,
negative surgical margins should always be a priority, and enucleation should even be
considered in some situations [3,4].

However, for benign renal tumor, active surveillance represents a reasonable strategy,
and surgical intervention is usually performed when malignancy is suspected, increasing
the risk of hemorrhage in patients with symptoms or large tumors [29–31]. PN remains
the first option of surgical intervention, but negative surgical margins are not emphasized
because of the low recurrence rate after surgery [29,31]. Therefore, when evaluating the
benefit of ICG-RAPN on surgical margins, benign renal tumors should be excluded from
the analysis, with many of them having unrecognizable surgical margins, as in the case
of 8 of the 38 (21%) such patients enrolled in our study.

ICG-RAPN can assist surgeons with the following three tasks. First, it can be em-
ployed for identifying the arterial blood supply of renal tumors and can even be used
with selective clamping to minimize the ischemia of normal renal parenchyma [8,9,16].
This is because ICG binds with plasma proteins rapidly after its intravenous application,
rendering the perfusion of renal arteries easily visible [16]. Treatment of larger tumors,
especially malignant ones, can benefit from this method substantially because such tumors
tend to have more accessory and complex blood supplies that are difficult to thoroughly
identify with preoperative imaging [15]. In our study’s malignant tumor group, the es-
timated blood loss in the ICG-RAPN subgroup (30 mL) was significantly less than that
of the benign tumor group and was much less than reported in previous studies (range:
75–300 mL) [14–16,18,19,22,23]. For the high-grade postoperative complications like re-
open surgery due to hemorrhagic shock or postoperative urinary leakage, they were only
seen in our malignant group with standard-RAPN. Though there was no statistical differ-
ence in complications just like in the previous studies, it may be explained by the already
low rate of complications in RAPN [12,32]. Furthermore, other cases with complicated
anatomic renal structures, such as horseshoe, solitary, or pelvic kidneys, or duplex kidneys
with non-functioning symptomatic upper or lower moiety in pediatric patients, can also
warrant ICG administration [12,21].

Second, ICG-RAPN can render renal tumors hypofluorescent (i.e., the tumor tissue
is darker than normal) in near-infrared light, which allows for easy identification of the
margin of the tumor and enables precision resection in real-time [8,9,16,20,21]. This method
complements perioperative ultrasound, which is often inadequate because it cannot pro-
vide a real-time image due to the probe interfering when resection is performed [11]. The
mechanism of hypofluorescence is based on ICG binding to a transmembrane protein called
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bilitranslocase (BLT), which expresses high concentrations in normal renal proximal and
distal tubules (but not in glomeruli) and emits fluorescent light [33,34]. Previous studies
have suggested that cells of AML and RCC do not express BLT and do not store ICG
intracellularly [8,16]. Thus, their hypofluorescence is visible under NIRF, simplifying the
differentiation of cancer cells from normal renal parenchyma. The aforementioned advan-
tages have allowed ICG-RAPN to significantly shorten the WIT in most studies (WIT range:
11.5–24 min), and our study’s malignant group also displayed this trend finding despite
the difference with the standard RAPN group being nonsignificant (24 vs. 26 min) [12].
This was critical because a WIT longer than 25 min is an independent predictor of newly
diagnosed chronic kidney disease (CKD) in patients with a solitary kidney [26]. Finally,
ICG-RAPN allows the blood supply of the remaining renal parenchyma to be evaluated
after renorrhaphy because renorrhaphy itself can result in ischemic injury, especially in
patients who already have CKD [11,15,35,36].

Nevertheless, ICG-RAPN has some limitations, such as being more suitable for su-
perficially localized tumors due to its limited tissue penetration [16,23]. To increase its
penetration depth and allow it to be performed in endophytic renal masses, the ICG was
mixed with lipiodol, which was used to avoid a quick ICG washout from the renal tumor,
in a previous study. Preoperative superselective transarterial delivery of the lipiodol–
ICG mixture was initially employed, and then a postprocedural CT scan was completed
for localization [11]. This method of using RAPN to deal with a completely endophytic
tumor demonstrated acceptable renal functional outcomes and a lack of intraoperative
and postoperative complications [11]. Another limitation of ICG-RAPN is that it offers
the surgeon only one opportunity to evaluate the renal blood supply because once ICG
is applied, it remains in the circulation system [15]. Furthermore, although none of our
patients presented adverse effects from ICG usage, a previous study reported some rare
allergic reactions associated with ICG usage in a population without known allergy-related
vulnerabilities [37].

Our results suggested that ICG-RAPN’s advantage over standard RAPN in functional
outcomes seemed to decrease with time because the postoperative eGFR preservation
at 6 months was lower than at 3 months in both the benign and malignant groups. A
similar phenomenon was also reported in a previous study [19]. Two possible mechanisms
may explain the significant long-term decrease in renal function observed in our study.
First, the greater recovery from kidney injury in patients who received standard RAPN
(because they are more susceptible to acute tubular necrosis owing to increased renal
ischemia) compared with the ICG-RAPN group at 6-month follow-up may explain their
greater decrease from day 1 postoperative eGFR. Second, the compensation of the normal
contralateral kidney (a feature in most patients of both groups and none of our patients had
solitary kidney) for loss of renal function may have partially normalized the eGFR over
the time leading up to the 6-month follow-up. Although superior short-term preservation
of eGFR in the ICG-RAPN group may have implied less renal parenchyma ischemia, this
benefit could have been masked over time by the compensation of the normal contralateral
kidney, minimizing the difference between ICG and standard groups [38]. Therefore, for
patients with a normal contralateral kidney, serum eGFR may not be a sensitive measure of
ICG-RAPN’s value. Some studies have suggested the use of renal scan, CT scan with 3D
volume rendering, or magnetic resonance renography to estimate the single residual renal
volume more accurately [14,15,19].

Our study entailed several limitations. First, the relatively small number of patients
and the retrospective analysis may have made the study susceptible to underrepresentation
bias. In both the benign and malignant tumor groups, ICG-RAPN exhibited superior short-
and long-term renal functional outcomes relative to standard RAPN. Although comparing
the benign and malignant tumor groups one by one suggested only a nonsignificant
advantage of ICG-RAPN over standard RAPN, a significant advantage in short-term renal
functional outcomes was noted when we combined the benign and malignant tumor
groups together. Therefore, if the number of patients is increased, the intraoperative and
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postoperative outcomes may reach significance. Second, because the individual surgeons
determined whether to perform ICG-RAPN, selection would have been strongly biased
toward standard RAPN. Third, serum eGFR could not reveal the exact residual kidney
function and the contralateral normal kidney may have hampered the estimation of residual
kidney function. Incomplete laboratory data and image examinations during follow-up
might also have occurred, and different routines of the various surgeons may have resulted
in a failure to accurately reflect all the outcomes.

5. Conclusions

In summary, although patients who underwent ICG-RAPN had longer operative times,
they demonstrated superior short-term renal functional outcomes relative to those who
received standard RAPN. For patients with malignant renal tumors, ICG-RAPN resulted in
less operative blood loss than standard RAPN without increased positive surgical margin
rates. Therefore, ICG-RAPN is an ostensibly safe procedure with potentially superior
short-term renal functional outcomes. Further prospective randomized controlled trials are
required to confirm whether this technique effectively provides the discussed intraoperative
and functional advantages.
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Simple Summary: Clinical trials have demonstrated the effectiveness of pazopanib as a primary
treatment for metastatic renal cell carcinoma (mRCC). The approval of tyrosine kinase inhibitors and
checkpoint-inhibitors represented further progress in the mRCC treatment landscape. Yet, with the
recent changes in treatment options, there are scarce real-world data on these substances, including
pazopanib. The PAZOREAL study investigated the effectiveness and safety of pazopanib (first-line),
nivolumab (second-line), and everolimus (second- and third-line) in a real-life setting. This study
included 376 mRCC patients who received first-line treatment with pazopanib and assessed the
treatment’s effectiveness, safety, and resultant quality of life. The median time on the drug for the
study population was 10.0 months; for primary treatment with pazopanib, it was 6.3 months. The
median overall survival (mOS) for the entire study population was 35.9 months. No new safety
signals were detected. PAZOREAL provides valuable real-world data for the primary treatment of
mRCC with pazopanib.

Abstract: The approval of tyrosine kinase inhibitors and checkpoint inhibitors represented a remark-
able progression in the therapeutic landscape for the treatment of metastatic renal cell carcinoma
(mRCC). Yet, in the ever-evolving landscape of mRCC treatment, real-world data on these agents,
including pazopanib, are scarce. The non-interventional PAZOREAL study investigated the effec-
tiveness and safety of pazopanib (first-line), nivolumab (second-line), and everolimus (second- and
third-line) in a real-life setting. The multicentric study included 376 mRCC patients who received
first-line treatment with pazopanib and assessed time on the drug (primary endpoint), overall sur-
vival, best responses, disease control rates, as well as safety signals and health-related quality of life.
The median overall time on the drug was 10.0 months, with first-line pazopanib having a median
time on drug of 6.3 months. The median overall survival was 35.9 months. The disease control
rate for first-line pazopanib was 56.9%. No new safety signals were detected. PAZOREAL provides
valuable real-world data for first-line treatment with pazopanib.

Keywords: pazopanib; renal cell carcinoma; real-world data; non-interventional study; time on drug;
nivolumab; everolimus; trial-eligibility

Cancers 2022, 14, 5486. https://doi.org/10.3390/cancers14225486 https://www.mdpi.com/journal/cancers205



Cancers 2022, 14, 5486

1. Introduction

Renal cell carcinoma (RCC) is considered the most common malignant tumor of
the kidney and is diagnosed in about 17,300 patients per year in Germany [1]. At the
time of diagnosis, most patients are between 60 and 80 years of age, with considerably
more men being afflicted with RCC than women [2]. Clear cell RCC is by far the most
common subtype, accounting for about 75% of all RCC cases [3]. When diagnosed, up to
16% of patients already have metastatic RCC (mRCC), and up to 30% recur after curative
therapy [4,5].

The introduction of tyrosine kinase inhibitors (TKI), such as pazopanib, was considered
a milestone in the first-line treatment of mRCC [6]. Treatment with everolimus, a serine
threonine kinase inhibitor (mTOR), commonly followed as a second-line treatment [7,8].
In addition, the approval of nivolumab by the European Medicines Agency (EMA) in
April 2016 paved the way for the routine clinical use of checkpoint inhibitors (CPI) for
the treatment of mRCC [6,9]. Several CPI-based combination therapies have since been
approved for the treatment of mRCC, and are currently considered the standard of care [10].
Despite these other treatment options, pazopanib is still recommended in guidelines as the
first-line treatment for all types of RCC when the standard of care is not an option; it is still
used in routine clinical practice [11,12].

To achieve a better understanding of the use of pazopanib in routine clinical practice,
and the outcomes achieved in this setting, it is important to collect and evaluate real-world
data. Additionally, efficacy and safety outcomes should be followed across subsequent
treatments to gain information about the entire course of treatment. To date, real-life data
for the treatment with pazopanib in first-line and sequential treatment are scarce. Although
the safety and efficacy of pazopanib for the first-line treatment of mRCC had been evaluated
in pivotal, randomized, double-blind, placebo-controlled, and multinational trials and other
clinical studies [13–15], further real-world data are needed to evaluate the effectiveness,
safety, tolerability, and quality of life (QoL) in routine clinical practice. Currently, we lack
data that reflect the clinical use of pazopanib and associated outcomes within the constantly
evolving treatment landscape of mRCC.

The non-interventional study called PAZOREAL, presented here, aims at providing
some of the first insights into this knowledge gap.

2. Materials and Methods

2.1. Study Design and Patients

PAZOREAL is a prospective, multi-center, non-interventional observational study that
evaluates the effectiveness, tolerability, safety, and QoL in mRCC patients that have been
treated with pazopanib as first-line treatment and nivolumab or everolimus as second-line
or third-line treatments. A total of 450 patients were planned to be enrolled from about
150 sites in Germany, including patients of oncologists in hospitals and outpatient clinics,
as well as in independent oncology practices. PAZOREAL started in December 2015 (first
patient enrolled) and lasted until February 2021 (end of observation). Eligible patients
were adults with advanced or metastatic RCC and a life expectancy of at least 6 months
who started first-line treatment with pazopanib or third-line everolimus no earlier than 8
weeks prior to giving informed consent. The current paper focuses on patients in routine
care under first-line treatment with pazopanib at the start of the study. Data on patient
demographics, vital signs, concomitant diseases, Karnofsky Performance Status (KPS) or
ECOG score (Eastern Cooperative Oncology Group) [16], as well as disease history were
assessed at baseline. If available, patient disease history comprised the primary diagnosis
of RCC, including the type of histology, tumor staging, and risk assessment, according to
the IMDC (International Metastatic RCC Database) Heng score [17,18]. Data concerning
nephrectomy and metastasis were also documented at baseline.
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2.2. Endpoints and Assessments

The primary endpoint of the study was the time on drug (ToD), defined as the time
between the date of first and last administration of study medication in the respective
treatment line. Further assessment of effectiveness was based on overall survival (OS).
Clinical response rates were determined as SOC every 12 weeks during the course of the
study and radiologically or clinically categorized by local investigators according to local
clinical practice. Categories included progressive disease (PD), complete response (CR),
stable disease (SD, i.e., non-CR, non-PD), and not evaluable.

In addition to the data collected at baseline, further assessments were performed at
subsequent visits every 12 weeks throughout the study: ECOG score or KPS [16] and either
administered dose of pazopanib (first-line) or nivolumab (second-line). If applicable, any
dose modifications, treatment interruptions, or discontinuation of treatment were recorded
together with corresponding reasons. Quality of life (QoL) was reported via the EQ-5D-5L
questionnaire [19].

To assess for safety, all adverse events (AE), including serious AE (SAE), treatment
emergent AE (TEAE), adverse drug reactions (ADR), and serious ADR (SADR), were docu-
mented for the study medications from the start of therapy until 30 days after completion
of the treatment phase. Any AE that was temporally related to the study medication
were considered TEAE. Toxicities were classified and documented according to common
terminology criteria for adverse events (CTCAE).

Additional information about adverse events, disease progression, subsequent thera-
pies, and survival status was recorded at follow-up visits every 6 months.

2.3. Statistical Analysis

Descriptive statistical methods were mainly used for the analysis and presentation of
data. Time-to-event data, including OS and ToD, were estimated using the Kaplan–Meier
method [20], and presented as median and quartiles together with the corresponding 95%
confidence intervals (CI) and the frequency and percentage of events and censored cases.
For ToD and OS, a sensitivity analysis with trial-eligible patients was performed [14,21,22].
Trial-eligibility was defined as not matching any of the three “trial-ineligibility criteria”, i.e., a
definition based on Marschner et al. [22] and the exclusion criteria that were frequently applied
in mRCC clinical trials during the TKI study period of the pivotal phase III trials [14,21]. These
criteria included: a Karnofsky Performance Status < 70%, hemoglobin below the lower normal
limit, and non-clear cell carcinoma. On the other hand, patients fulfilling at least one of these
criteria were considered “trial-ineligible”.

The primary analysis population (i.e., full analysis set, FAS) of this paper included all
patients for whom documentation started with first-line treatment with pazopanib (FAS-cohort
I) and who received at least one dose of the observed drug. Patients for whom documentation
started with third-line treatment with everolimus were not examined in this paper. Where
applicable, results focused on the treatment course irrespective of the treatment sequence and
in-detail results are presented for first-line treatment with pazopanib; detailed data of the specific
treatment sequences are only presented in supplementary manner.

The secondary analysis population (i.e., safety analysis set, SAF) included all patients
from FAS-cohort I who received at least one dose of the observed drugs and for whom
at least one further post-baseline result (e.g., laboratory tests) was available. Any safety-
related analyses, such as those concerning any type of adverse events (AE), were based on
the SAF.

3. Results

3.1. Study Population

A total of 398 patients were treated in the study period; 16 of these patients were
omitted from analysis (9 due to participation in another clinical trial; 7 due to inspection
findings). In total, 382 study subjects were enrolled from 119 sites. Of these, 376 study
subjects had documentation beginning with first-line treatment with pazopanib (i.e., FAS-
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cohort I; see Figure 1). The SAF of FAS-cohort I comprised 375 patients with first-line
pazopanib treatment. Of these, 163 patients received nivolumab as second-line treatment, 5
patients received everolimus as second-line treatment, and 9 patients received everolimus
as third-line treatment.

Figure 1. CONSORT flow chart for PAZOREAL with retrospective subset definition.

At baseline, patients in FAS-cohort I were aged between 38 and 89 years, with a median
age of 69.7 years. Just over one third of all patients (n = 132, 35.1%) were aged <65 years at
the beginning of the study, whereas 244 patients (64.9%) were 65 years or older. Two thirds
of the patients were male (n = 257, 68.4%; see Table 1 for all baseline characteristics). The
median observation time for FAS-cohort I was 44.6 months (95% CI: 43.2–47.1).

The most common initial doses of pazopanib were 800 mg (n = 248, 66.0%) and
400 mg (n = 100, 26.6%). Other initial doses between 200 and 600 mg were administered
in considerably fewer patients (14 patients; less than 3.7% of the total study population).
Doses were adjusted in 250 patients (66.5%), increased in 1 patient (0.4%), reduced in 227
patients (90.8%), and interrupted in 114 cases (45.6%).

For first-line treatment with pazopanib, the reasons for discontinuation of treat-
ment were documented for 349 patients (92.8%). The most common reason for the
end of treatment was progression of the disease (n = 197, 52.4%), followed by therapy-
related toxicity (n = 51, 13.6%), non-therapy related AE (incl. SAE) (n = 22, 5.9%), death
(n = 22, 5.9%), and other reasons such as patient’s wish or investigator’s decision. For 23 pa-
tients (6.1%), treatment with pazopanib was ongoing after the end of the observation period,
and for 4 patients, there was no documented reason for discontinuation of treatment.

After first-line treatment with pazopanib, 163 patients (43.4%) received second-line
treatment with nivolumab. The reasons for a discontinuation of second-line treatment
with nivolumab were documented for 143 patients (87.7%); details can be found in Table
S1. As the focus of this paper is on the results for pazopanib, the second-line nivolumab
treatment is only briefly touched upon in the main text; it can be viewed in more detail in
the supplementary section. Due to the small number of patients treated with everolimus in
second- (5 patients) or third-line treatments (6 patients), results for sequential treatment
with everolimus were omitted.
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In FAS-cohort I (n = 376), 146 patients (38.8%) were deemed “trial-eligible” as they
did not meet any of the three “trial-ineligibility criteria”. A total of 184 patients (48.9%)
were classed as trial-ineligible. For 46 patients (12.2%), a response to at least one of the
three “trial-ineligibility criteria” was missing, and therefore could not be assigned to one of
the groups.

Table 1. Baseline characteristics of FAS-cohort I.

Characteristic FAS-Cohort I, n = 376

Sex, n (%)
Women 119 (31.6%)
Men 257 (68.4%)

Median age (range), in years 69.7 (38.5–89.2)

Age group at start of treatment with pazopanib
<65 years 132 (35.1%)
≥65 years 244 (64.9%)

Median weight at baseline (range), in kg 79.0 (42.0–160.0)

Median BMI at baseline (range), in kg/m2 26.4 (16.8–58.4)

Number of “trial-eligible” patients, n (%) * 146 (38.8%)

Median time interval from primary diagnosis of RCC to first
administration of pazopanib (range), in months 11.0 (0.2–339.3)

ECOG performance status, n (%)
0 197 (52.4%)
1 (good) 104 (27.7%)
2 (moderate) 40 (10.6%)
3 (poor) 1 (0.3%)
4 (completely disabled) 1 (0.3%)
Not done/Missing 32 (8.5%)/1 (0.3%)

Histology, n (%)
Clear cell 304 (80.9%)
Non-clear cell 38 (10.1%)
Unknown 34 (9.0%)

Patients with tumor in both kidneys at primary diagnosis, n (%) 16 (4.3%)

Metastatic or non-metastatic disease at enrollment, n (%)
Metastatic disease 353 (93.9%)
Non-metastatic disease 23 (6.1%)

Number of metastatic sites, n (%)
0 23 (6.1%)
1–3 322 (85.6%)
4–6 31 (8.2%)

5 most frequent localization of metastases, n (%)
Lung 218 (58.0%)
Bone 96 (25.5%)
Liver 61 (16.2%)
Lymph nodes, regional 53 (14.1%)
Lymph nodes, distal 45 (12.0%)

* Defined as patients fulfilling none of the three ‘trial-ineligibility criteria’: (1) Karnofsky Performance Status <70%;
(2) hemoglobin < lower limit of normal; (3) non-clear cell carcinoma histology.

3.2. Effectiveness
3.2.1. Time on Drug

The median overall time on drug (ToD) for FAS-cohort I was 10.0 months (95% CI: 8.5–
11.7), from the start date of the first pazopanib administration until the end date of the last
administration of any study medication (i.e., either first-line pazopanib, second-line nivolumab
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or everolimus, or third-line everolimus). The median ToD of pazopanib was 6.3 months (95% CI:
5.6–7.4), the median ToD of nivolumab was 4.8 months (95% CI: 3.7–6.5), and the median ToD
of everolimus was 2.2 months (95% CI: 1.6–NA; second-line) and 3.6 months (95% CI: 0.6–11.2;
third-line). The 6-month ToD-rate across all treatment lines was 66.7% (95% CI: 61.6%–71.2%)
and the 6-month ToD-rate of pazopanib was 52.2% (95% CI: 47.0–57.1). A third of patients were
still receiving pazopanib 12 months after starting first-line treatment with pazopanib (n = 111,
29.5%). Of the remaining patients, 99 patients (26.3%) were deceased, 55 patients (14.6%) ended
the study for reasons other than death, and 44 patients (11.7%) received second-line treatment
with nivolumab. All other patients were either in-between treatments, in follow-up, or under
observation without treatment.

Based on the sensitivity analysis, the median overall ToD was 11.3 months (95% CI:
9.2–14.3) for trial-eligible patients in FAS-cohort I; the median ToD of pazopanib was 7.7
months (95% CI: 6.1–9.0). Further details on nivolumab are listed in Table S2.

3.2.2. Overall Survival

The median overall survival (OS) of FAS-cohort I was 35.9 months (95% CI: 28.2–48.3)
(Figure 2). Of the 376 evaluable patients, 174 patients died (46.3%), and the remaining
202 patients (53.7%) were censored at the last date known alive. The sensitivity analysis
based on trial-eligible patients revealed a median OS of 53.2 months (95% CI: 38.9-NA). Of
the 146 evaluable patients, 59 patients died (40.4%), whereas the remaining patients were
censored at the last date known alive (n = 87, 59.6%). However, the 12-month OS rates of
FAS-cohort I and trial-eligible patients were comparable, at 71.5 (95% CI: 66.4–76.0%) and
77.9% (95% CI: 69.9–84.0%), respectively. Further sensitivity analyses of OS for FAS-cohort I
were performed on sex and age (<65 years, ≥65 years) at start of therapy line (Table 2). The
median OS of patients receiving first-line pazopanib and second-line nivolumab, compared
with patients with other second-line therapies, is shown in Figure S1.

Figure 2. Overall survival of FAS-cohort I.
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Table 2. Sensitivity analyses for OS of FAS-cohort I on subgroup sex and age.

Sex Age at Start of Therapy Line

Variable Women Men <65 Years ≥65 Years

Patients (n) 119 257 132 244
Events n (%) 64 (53.8%) 110 (42.8%) 69 (52.3%) 105 (43.0%)

Median [95% CI] 31.2 [19.7–35.9] 46.7 [26.9–56.3] 30.4 [23.0–43.4] 43.4 [29.5-NA]
12-month OS rate [95% CI] 67.7% [58.1–75.5] 73.3% [67.1–78.5] 69.6% [60.7–76.9] 72.5% [66.1–77.9]

3.2.3. Best Response and Disease Control Rate

Based on radiological or clinical assessments by local investigators according to local
clinical practices, 36 patients (9.6%, 95% CI: 7.0–13.0) receiving first-line treatment with
pazopanib achieved a complete response (CR) as their best response, whereas stable dis-
ease (SD) was reported as the best response for 178 patients (47.3%, 95% CI: 42.4–52.4).
Thus, the disease control rate (DCR), comprising patients with CR and SD, was 56.9%
(95% CI: 51.9–61.8). PD was reported in 81 patients (21.5%, 95% CI: 17.7–26.0). The best
response was assessed by radiologic assessment (259 patients, 68.9%) or clinical assessment
(38 patients, 10.1%). No best response was evaluable for 2 patients, and in 79 patients
(21.0%), no assessments were performed. The results of the response analysis for the 163
patients receiving nivolumab as second-line treatment are shown in Table S2.

3.3. Safety

Under first-line treatment with pazopanib, 1923 TEAE were documented in 337 pa-
tients (89.9%). Of those events, 1038 (54.0%) were judged to be related to pazopanib, which
occurred in 270 patients (72.0%). The most common TEAE included diarrhea, nausea, and
stomatitis (Table 3). Furthermore, there were 368 grade 3/4 TEAE (19.1%) occurring in
179 patients (47.7%), out of which 151 grade 3/4 TEAE (7.9%) in 95 patients (25.3%) were
assessed as being related to pazopanib (Table 4). A total of 129 patients (34.4%) experi-
enced TEAE that led to the discontinuation of treatment, and 66 of these patients (17.6%)
were assessed to have TEAE related to pazopanib. In addition, 75 fatal TEAE (3.9%) were
reported, of which 3 events (0.2%), occurring in 3 patients (0.8%), were judged as being
related to pazopanib by the respective investigators. For each (0.3%) respective patient,
the following reasons were reported: death without witnesses, disease progression, and
neoplasm progression.

Table 3. Related TEAE of CTCAE severity grade 1/2 under first-line pazopanib with an occurrence
of at least 5%.

Primary System Organ Class Preferred Term SAF, n = 375

Patients with any event 250 (66.7%)

Gastrointestinal disorders Patients with any event 167 (44.5%)
Diarrhea 116 (30.9%)
Nausea 60 (16.0%)
Stomatitis 19 (5.1%)

General disorders and administration site
conditions Patients with any event 75 (20.0%)

Fatigue 47 (12.5%)

Skin and subcutaneous tissue disorders Patients with any event 75 (20.0%)
Hair color changes 33 (8.8%)

Nervous system disorders Patients with any event 71 (18.9%)
Dysgeusia 39 (10.4%)

Metabolism and nutrition disorders Patients with any event 40 (10.7%)
Decreased appetite 35 (9.3%)

Vascular disorders Patients with any event 34 (9.1%)
Hypertension 25 (6.7%)

Adverse event terms were encoded according to MedDRA version 20.0.
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Table 4. Related TEAE of CTCAE severity grade 3/4 under first-line pazopanib occurring in at least
5 patients.

Primary System organ Class Preferred Term SAF, n = 375

Patients with any event 95 (25.3%)

Investigations Patients with any event 28 (7.5%)
Gamma-glutamyl transferase increased 8 (2.1%)
Alanine aminotransferase increased 5 (1.3%)
Aspartate aminotransferase increased 5 (1.3%)

Vascular disorders Patients with any event 28 (7.5%)
Hypertension 16 (4.3%)
Hypertensive crisis 9 (2.4%)

Gastrointestinal disorders Patients with any event 19 (5.1%)
Nausea 7 (1.9%)
Diarrhea 6 (1.6%)

General disorders and administration site
conditions Patients with any event 11 (2.9%)

Fatigue 5 (1.3%)

Adverse event terms were encoded according to MedDRA version 20.0.

In 120 out of the 163 patients (73.6%) receiving second-line treatment with nivolumab
following first-line treatment with pazopanib, a total of 400 TEAE were reported; further
details on nivolumab are listed in Table S3.

3.4. Quality of Life

Among patients receiving first-line pazopanib treatment, 279 patients (74.2%) fulfilled the
inclusion criteria for assessment of quality of life (QoL) with the EQ-5D-5L questionnaire—i.e.,
patients consented to data collection via questionnaire. Out of the 229 questionnaires handed
out to patients, 219 (78.5%) questionnaires were available for analysis at baseline. Questionnaires
from 58 patients (20.8%) were returned for analysis after 12 months of treatment. The EQ-5D-5L
scores generally remained unchanged under treatment. After 12 months, most patients (n = 49,
84.5%) experienced no problems regarding self-care, whereas more patients reported problems
ranging from “slight” to “severe problems/extreme discomfort” for the dimensions “Usual
activity” (n = 34, 58.6%) and “Pain/Discomfort” (n = 37, 63.8%). About half of the patients
reported no problems for the dimensions “Mobility” (n = 28, 48.3%) and “Anxiety/Depression”
(n = 31, 53.4%) (Figure 3).

Figure 3. Quality of life under pazopanib for the “mobility” dimension at baseline and after 6 and
12 months of treatment. Percentages refer to the number of returned questionnaires. For other
dimensions, see Figures S2–S5.

212



Cancers 2022, 14, 5486

It should be noted that return rate of questionnaires was low. Therefore, results need
to be interpreted with caution and should be understood as a description of the situation,
rather than used for generalization. Likewise, for nivolumab as second-line treatment,
there was also a low return rate of questionnaires. However, EQ-5D-5L scores generally
remained unchanged. Further details on second-line nivolumab are listed in Table S4.

4. Discussion

The results from the non-interventional PAZOREAL study presented here offer first
insights into the routine care of mRCC with first-line treatment with pazopanib.

As the primary endpoint, the median ToD for patients receiving first-line treatment
with pazopanib was more than 6 months, under routine clinical conditions. Specifically, the
median ToD was 6.3 months for first-line pazopanib treatment in FAS-cohort I and median
ToD for trial-eligible patients was 7.7 months. This is similar to published results from
clinical studies with a ToD of 7.4 months in the pazopanib arm of VEG105192 [13,21], 8.1
months in the overall results for pazopanib of the COMPARZ-study [14,23], and a median
ToD of 8.4 months for Asian patients and 7.2 months for non-Asian patients in a subsequent
Asian vs. non-Asian subgroup analysis [24]. Overall, this indicates that real-world data are
comparable to randomized controlled trial (RCT) settings.

Importantly, although non-interventional studies, including PAZOREAL, cannot de-
rive any conclusions on the superiority of a treatment, they also have certain advantages
compared with clinical trials. As data are coming from a less homogeneous patient pool,
subpopulations of the patient group can give valuable insights into treatment options for
special patient groups, e.g., older patients [25]. One prominent difference between the
current real-world data population and those of published RCT studies was the age of
the patients. In PAZOREAL, the median age of patients receiving first-line treatment with
pazopanib was higher, with a median age of 69.7 years, compared with the median age
of 59 (VEG105192) and 65 years (VEG107769) in other clinical trials [13,21,26]. Crucially,
despite this difference, results of PAZOREAL are comparable to those of the clinical studies.
Still, real-world studies have inherent limitations, such as low internal validity, various
biases, and less quality control in data collection, and these factors must be considered
when interpreting the results [25].

OS analyses showed a median OS of close to three years; as such, the median OS was
longer compared with previous data from the COMPARZ study [23]. Additionally, more
than half of the patients achieved either CR or SD. The CR rate under pazopanib was nearly
10%, much higher than expected from previous studies with CR rates of about 0.3 [21] or
0.4% [14]. This could be due to evaluation bias between study physicians as the assessment
was not standardized. The CR must therefore be interpreted with caution and should be
considered as a clinical complete response rate.

Furthermore, our results suggested that pazopanib was well-tolerated and no new
safety signals were detected in PAZOREAL, making the safety profile comparable with
findings of clinical studies [27,28]. Additionally, PAZOREAL provided valuable real-world
data on trial-ineligible patients, as these patients were not represented in clinical studies
in the initial pivotal phase III trials of sunitinib and pazopanib [14,21], despite making up
a notable proportion of mRCC patients [29]. It is important to note that criteria on trial
ineligibility have changed over time.

Whereas data on ToD is an important effectiveness endpoint of a therapy, it cannot
be used to draw conclusions about the well-being of patients on the drug; accordingly, we
also examined the quality of life of patients. However, considering the low return rates of
the QoL questionnaires, these results must be regarded with caution, as they may be biased
and may not be representative of the entire study population. Nevertheless, the results—as
a non-generalizable description of the data—are in line with previous findings from pivotal
studies that showed no discernible changes in QoL over the course of treatment with
pazopanib [21]. Despite the low return rates of questionnaires, PAZOREAL added valuable
information to the growing dataset on treatment strategies for mRCC, by assessing health-
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related QoL in mRCC patients in a real-world setting under treatment with pazopanib.
This is particularly important given the lack of data on QoL.

The real-world assessment of routine practice also revealed that Heng scores and
MSKCC risk scores were recorded for less than a quarter of all patients. Although the as-
sessment of MSKCC risk scores was still used, further refinement has since been introduced
with the IMDC score [11].

Although not the standard of care, pazopanib is approved as the first-line treatment
for mRCC when drug combinations including CPI cannot be used and is still recommended
in current guidelines [10–12]. The approval of nivolumab for the second-line treatment
of mRCC provided a new treatment option for patients with disease progression after
first-line treatment with pazopanib [30]. PAZOREAL shows that this sequence is already
being used in clinical practice in Germany, as the majority of patients received nivolumab
after pazopanib. This is also in line with clinical trials and previous analyses from PA-
ZOREAL [31–33]. However, examination of differences between treatment sequences is
still needed.

5. Conclusions

PAZOREAL provides real-world data from a study population encompassing patients
receiving first-line pazopanib treatment in routine clinical care. Results from this non-
interventional study support findings from clinical studies suggesting that pazopanib is
an effective and safe first-line treatment for patients with mRCC who are not eligible for
IO-based combinations. Crucially, this was true even though the real-world data showed a
less homogenous patient pool than clinical studies; for instance, patients in PAZOREAL
were older than in published clinical studies. With the approval of targeted substances
for the treatment of mRCC, treatment options have increased and allowed for a more
directed approach tailored to patient needs. PAZOREAL provides routine data on the use
of pazopanib as the first-line treatment for mRCC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14225486/s1, Figure S1: Kaplan–Meier plot of overall sur-
vival under nivolumab, compared with other substances; Figure S2: Quality of life under pazopanib
regarding the “self-care” dimension at baseline and after 6 and 12 months of treatment; Figure S3:
Quality of life under pazopanib regarding the “usual activity” dimension at baseline and after 6 and
12 months of treatment; Figure S4: Quality of life under pazopanib regarding the “pain/discomfort”
dimension at baseline and after 6 and 12 months of treatment; Figure S5: Quality of life under
pazopanib regarding the “anxiety/depression” dimension at baseline and after 6 and 12 months of
treatment; Table S1: Main reasons for discontinuation under second-line nivolumab; Table S2: Time
on drug (ToD), best response, and disease control rate (DCR) under second-line nivolumab; Table S3:
Summary of treatment-emergent adverse events (TEAEs) under second-line nivolumab; Table S4:
Quality of life under second-line nivolumab at baseline and after 6 and 12 months of treatment.

Author Contributions: Conceptualization, C.D., V.G., M.W., R.E. and P.J.G.; data curation, C.D. and
V.G.; investigation, C.D., M.B., V.G., J.B., M.S. and T.W.; methodology, C.D., V.G., M.W., R.E. and
P.J.G.; data interpretation, C.D., M.B., V.G., M.W., J.B., M.S., T.W., R.E., E.D., S.W. and P.J.G.; project
administration, R.E. and E.D.; supervision, P.J.G.; writing—review and editing, C.D., M.B., V.G., M.W.,
J.B., M.S., T.W., R.E., E.D., S.W. and P.J.G. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Novartis Pharma GmbH, Nürnberg, Germany. Additional
statistical analyses were initiated and funded by APOGEPHA Arzneimittel GmbH. The APC was
funded by APOGEPHA Arzneimittel GmbH.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee at the University Hospital Erlangen, Germany
(283_15B and date of approval 12 November 2015).

Informed Consent Statement: All patients provided written informed consent before enrollment.
The study was conducted in accordance with Good Clinical Practice guidelines.

214



Cancers 2022, 14, 5486

Data Availability Statement: Data available upon request to the corresponding author or sponsor of
the clinical study.

Acknowledgments: We thank the patients who participated in the study and their families. We
acknowledge the investigators who contributed to the study. Special thanks to iOMEDICO AG
(Germany) for data and project management, including statistical analysis, as well as to co.medical®

for original draft preparation.

Conflicts of Interest: E.D. and R.E. are employees of Novartis Pharma GmbH. S.W. is an employee
of APOGEPHA Arzneimittel GmbH. Novartis Pharma GmbH had a role in the design of the study,
statistical analysis plan, data interpretation, review of the manuscript, and decision to publish.
APOGEPHA Arzneimittel GmbH had a role in planning additional statistical analysis, data inter-
pretation, review of the manuscript, and decision to publish. The other authors declare no conflict
of interest.

References

1. Padala, S.A.; Barsouk, A.; Thandra, K.C.; Saginala, K.; Mohammed, A.; Vakiti, A.; Rawla, P.; Barsouk, A. Epidemiology of Renal
Cell Carcinoma. World J. Oncol. 2020, 11, 79–87. [CrossRef] [PubMed]

2. Robert Koch Institut. Krebs in Deutschland. Available online: https://www.krebsdaten.de/Krebs/DE/Content/Krebsarten/
Nierenkrebs/nierenkrebs_node.html (accessed on 5 November 2021).

3. Linehan, W.M.; Pinto, P.A.; Srinivasan, R.; Merino, M.; Choyke, P.; Choyke, L.; Coleman, J.; Toro, J.; Glenn, G.; Vocke, C.; et al.
Identification of the genes for kidney cancer: Opportunity for disease-specific targeted therapeutics. Clin. Cancer Res. 2007, 13,
671s–679s. [CrossRef] [PubMed]

4. Abdelaziz, A.; Vaishampayan, U. Cabozantinib for Renal Cell Carcinoma: Current and Future Paradigms. Curr. Treat Options
Oncol. 2017, 18, 18. [CrossRef]

5. Capitanio, U.; Bensalah, K.; Bex, A.; Boorjian, S.A.; Bray, F.; Coleman, J.; Gore, J.L.; Sun, M.; Wood, C.; Russo, P. Epidemiology of
Renal Cell Carcinoma. Eur. Urol. 2019, 75, 74–84. [CrossRef]

6. Posadas, E.M.; Limvorasak, S.; Figlin, R.A. Targeted therapies for renal cell carcinoma. Nat. Rev. Nephrol. 2017, 13, 496–511.
[CrossRef] [PubMed]

7. Escudier, B.; Porta, C.; Bono, P.; Powles, T.; Eisen, T.; Sternberg, C.N.; Gschwend, J.E.; De Giorgi, U.; Parikh, O.; Hawkins, R.; et al.
Randomized, controlled, double-blind, cross-over trial assessing treatment preference for pazopanib versus sunitinib in patients
with metastatic renal cell carcinoma: PISCES study. J. Clin. Oncol. 2014, 32, 1412–1418. [CrossRef] [PubMed]

8. Ljungberg, B.; Bensalah, K.; Canfield, S.; Dabestani, S.; Hofmann, F.; Hora, M.; Kuczyk, M.A.; Lam, T.; Marconi, L.; Merseburger,
A.S.; et al. EAU guidelines on renal cell carcinoma: 2014 update. Eur. Urol. 2015, 67, 913–924. [CrossRef] [PubMed]

9. Motzer, R.J.; Escudier, B.; McDermott, D.F.; George, S.; Hammers, H.J.; Srinivas, S.; Tykodi, S.S.; Sosman, J.A.; Procopio, G.;
Plimack, E.R.; et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2015, 373, 1803–1813.
[CrossRef]

10. Leitlinienprogramm Onkologie, Deutsche Krebsgesellschaft; Deutsche Krebshilfe, A.D., Therapie und Nachsorge des Nieren-
zellkarzinoms, Kurzversion 2.0, AWMF Registernummer: 043/017OL. Available online: https://www.leitlinienprogramm-
onkologie.de/leitlinien/nierenzellkarzinom/ (accessed on 5 November 2021).

11. Escudier, B.; Porta, C.; Schmidinger, M.; Rioux-Leclercq, N.; Bex, A.; Khoo, V.; Grunwald, V.; Gillessen, S.; Horwich, A. Renal cell
carcinoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2019, 30, 706–720. [CrossRef]

12. Ljungberg, B.; Albiges, L.; Abu-Ghanem, Y.; Bedke, J.; Capitanio, U.; Dabestani, S.; Fernandez-Pello, S.; Giles, R.H.; Hofmann, F.;
Hora, M.; et al. European Association of Urology Guidelines on Renal Cell Carcinoma: The 2022 Update. Eur. Urol. 2022, 75,
799–810. [CrossRef]

13. Sternberg, C.N.; Hawkins, R.E.; Wagstaff, J.; Salman, P.; Mardiak, J.; Barrios, C.H.; Zarba, J.J.; Gladkov, O.A.; Lee, E.; Szczylik, C.;
et al. A randomised, double-blind phase III study of pazopanib in patients with advanced and/or metastatic renal cell carcinoma:
Final overall survival results and safety update. Eur. J. Cancer 2013, 49, 1287–1296. [CrossRef] [PubMed]

14. Motzer, R.J.; Hutson, T.E.; Cella, D.; Reeves, J.; Hawkins, R.; Guo, J.; Nathan, P.; Staehler, M.; de Souza, P.; Merchan, J.R.; et al.
Pazopanib versus sunitinib in metastatic renal-cell carcinoma. N. Engl. J. Med. 2013, 369, 722–731. [CrossRef] [PubMed]

15. Welsh, S.J.; Fife, K. Pazopanib for the treatment of renal cell carcinoma. Future Oncol. 2015, 11, 1169–1179. [CrossRef] [PubMed]
16. Oken, M.M.; Creech, R.H.; Tormey, D.C.; Horton, J.; Davis, T.E.; McFadden, E.T.; Carbone, P.P. Toxicity and response criteria of

the Eastern Cooperative Oncology Group. Am. J. Clin. Oncol. 1982, 5, 649–655. [CrossRef]
17. Motzer, R.J.; Bacik, J.; Murphy, B.A.; Russo, P.; Mazumdar, M. Interferon-alfa as a comparative treatment for clinical trials of new

therapies against advanced renal cell carcinoma. J. Clin. Oncol. 2002, 20, 289–296. [CrossRef]
18. Escudier, B.; Eisen, T.; Porta, C.; Patard, J.J.; Khoo, V.; Algaba, F.; Mulders, P.; Kataja, V.; Group, E.G.W. Renal cell carcinoma: ESMO

Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2012, 23 (Suppl. 7), VII65–VII71. [CrossRef]
19. Herdman, M.; Gudex, C.; Lloyd, A.; Janssen, M.; Kind, P.; Parkin, D.; Bonsel, G.; Badia, X. Development and preliminary testing

of the new five-level version of EQ-5D (EQ-5D-5L). Qual. Life Res. 2011, 20, 1727–1736. [CrossRef]
20. Kaplan, E.L.; Meier, P. Nonparametric Estimation from Incomplete Observations. J. Am. Stat. Assoc. 1958, 53, 457–481. [CrossRef]

215



Cancers 2022, 14, 5486

21. Sternberg, C.N.; Davis, I.D.; Mardiak, J.; Szczylik, C.; Lee, E.; Wagstaff, J.; Barrios, C.H.; Salman, P.; Gladkov, O.A.; Kavina, A.;
et al. Pazopanib in locally advanced or metastatic renal cell carcinoma: Results of a randomized phase III trial. J. Clin. Oncol.
2010, 28, 1061–1068. [CrossRef]

22. Marschner, N.; Staehler, M.; Muller, L.; Nusch, A.; Harde, J.; Koska, M.; Janicke, M.; Goebell, P.J.; Group, R.C.C.R. Survival of
Patients With Advanced or Metastatic Renal Cell Carcinoma in Routine Practice Differs From That in Clinical Trials-Analyses
From the German Clinical RCC Registry. Clin. Genitourin. Cancer 2017, 15, e209–e215. [CrossRef]

23. Motzer, R.J.; Hutson, T.E.; McCann, L.; Deen, K.; Choueiri, T.K. Overall survival in renal-cell carcinoma with pazopanib versus
sunitinib. N. Engl. J. Med. 2014, 370, 1769–1770. [CrossRef] [PubMed]

24. Guo, J.; Jin, J.; Oya, M.; Uemura, H.; Takahashi, S.; Tatsugami, K.; Rha, S.Y.; Lee, J.L.; Chung, J.; Lim, H.Y.; et al. Safety of
pazopanib and sunitinib in treatment-naive patients with metastatic renal cell carcinoma: Asian versus non-Asian subgroup
analysis of the COMPARZ trial. J. Hematol. Oncol. 2018, 11, 69. [CrossRef] [PubMed]

25. Di Maio, M.; Perrone, F.; Conte, P. Real-World Evidence in Oncology: Opportunities and Limitations. Oncologist 2020, 25,
e746–e752. [CrossRef] [PubMed]

26. Sternberg, C.N.; Davis, I.D.; Deen, K.C.; Sigal, E.; Hawkins, R.E. An open-label extension study to evaluate safety and efficacy of
pazopanib in patients with advanced renal cell carcinoma. Oncology 2014, 87, 342–350. [CrossRef] [PubMed]

27. McCann, L.; Amit, O.; Pandite, L.; Amado, R.G. An indirect comparison analysis of pazopanib versus other agents in metastatic
renal cell carcinoma (mRCC). J. Clin. Oncol. 2010, 28, e15128. [CrossRef]

28. Gupta, S.; Spiess, P.E. The prospects of pazopanib in advanced renal cell carcinoma. Ther. Adv. Urol. 2013, 5, 223–232. [CrossRef]
[PubMed]

29. Ishihara, H.; Tachibana, H.; Fukuda, H.; Yoshida, K.; Kobayashi, H.; Takagi, T.; Iizuka, J.; Ishida, H.; Kondo, T.; Tanabe, K.
Prognostic Impact of Trial-Eligibility Criteria in Patients with Metastatic Renal Cell Carcinoma. Urol. Int. 2021, 106, 368–375.
[CrossRef]

30. Méndez-Vidal, M.J.; Molina, Á.; Anido, U.; Chirivella, I.; Etxaniz, O.; Fernández-Parra, E.; Guix, M.; Hernández, C.; Lambea,
J.; Montesa, Á. Pazopanib: Evidence review and clinical practice in the management of advanced renal cell carcinoma. BMC
Pharmacol. Toxicol. 2018, 19, 77.

31. Bedke, J.; Boegemann, M.; Schostak, M.; Hering-Schubert, C.; Welslau, M.; Schleicher, J.; Petzoldt, A.; Doehn, C.; Gruellich, C.;
Goebell, P.-J.; et al. Sequential treatment with pazopanib followed by nivolumab in patients with renal cell carcinoma: Updated
interim results of the non-interventional study PAZOREAL. J. Clin. Oncol. 2020, 38, e17075. [CrossRef]

32. Boegemann, M.; Bedke, J.; Schostak, M.; Hering-Schubert, C.; Welslau, M.; Schleicher, J.; Wolf, T.; Petzoldt, A.; Doehn, C.; Grüllich,
C.; et al. Sequential treatment with pazopanib (PAZO) followed by nivolumab (NIVO) in patients with advanced or metastatic
renal cell carcinoma (mRCC): Third interim results of the non-interventional study PAZOREAL. J. Clin. Oncol. 2019, 37, 4574.
[CrossRef]

33. Boegemann, M.; Bedke, J.; Schostak, M.; Welslau, M.; Hering-Schubert, C.; Wolf, T.; Schleicher, J.; Petzold, A.; Doehn, C.; Grüllich,
C.; et al. Effectiveness and safety of pazopanib (PAZO) and everolimus (EVE) in a changing treatment (Tx) landscape: Interim
results of the non-interventional study PAZOREAL. J. Clin. Oncol. 2018, 36, 4584. [CrossRef]

216



Citation: Ha, J.S.; Jeon, J.; Ko, J.C.;

Lee, H.S.; Yang, J.; Kim, D.; Kim, J.S.;

Ham, W.S.; Choi, Y.D.; Cho, K.S.

Intravesical Recurrence after Radical

Nephroureterectomy in Patients with

Upper Tract Urothelial Carcinoma Is

Associated with Flexible Diagnostic

Ureteroscopy, but Not with Rigid

Diagnostic Ureteroscopy. Cancers

2022, 14, 5629. https://doi.org/

10.3390/cancers14225629

Academic Editors: José I. López and

Claudia Manini

Received: 11 October 2022

Accepted: 12 November 2022

Published: 16 November 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

Intravesical Recurrence after Radical Nephroureterectomy
in Patients with Upper Tract Urothelial Carcinoma Is Associated
with Flexible Diagnostic Ureteroscopy, but Not with Rigid
Diagnostic Ureteroscopy

Jee Soo Ha 1, Jinhyung Jeon 1, Jong Cheol Ko 1, Hye Sun Lee 2, Juyeon Yang 2, Daeho Kim 1, June Seok Kim 1, Won

Sik Ham 3, Young Deuk Choi 3 and Kang Su Cho 1,4,*

1 Department of Urology, Prostate Cancer Center, Urological Science Institute, Gangnam Severance Hospital,
Yonsei University College of Medicine, Seoul 06273, Republic of Korea

2 Biostatistics Collaboration Unit, Yonsei University College of Medicine, Seoul 03722, Republic of Korea
3 Department of Urology, Urological Science Institute, Severance Hospital,

Yonsei University College of Medicine, Seoul 03722, Republic of Korea
4 Center of Evidence Based Medicine, Institute of Convergence Science, Yonsei University,

Seoul 03722, Republic of Korea
* Correspondence: kscho99@yuhs.ac; Tel.: +82-2-2019-3471

Simple Summary: Diagnostic ureteroscopy (URS) before radical nephroureterectomy is a risk factor
for intravesical recurrence in patients with upper tract urothelial carcinoma. Although flexible URS
requires a higher-pressure inflow of irrigation fluid than that of rigid URS, previous studies have not
considered mechanical differences in relation to the type of URS. In this manuscript, we assessed the
impact of diagnostic URS on intravesical recurrence following radical nephroureterectomy for upper
tract urothelial carcinoma according to the type of URS.

Abstract: (1) Background: We assessed the impact of diagnostic ureteroscopy (URS) on intravesical
recurrence (IVR) following radical nephroureterectomy (RNU) for upper tract urothelial carcinoma
according to the type of URS. (2) Methods: Data on 491 consecutive patients who underwent RNU
at two institutions between 2016 and 2019 were retrospectively reviewed. The study population
was classified according to the type of URS performed before RNU as follows: non-URS, rigid URS,
and flexible URS. The study outcome was IVR occurring within 1 year of RNU. Univariable and
multivariable Cox proportional hazards models were used to estimate the risk of IVR. (3) Results:
Altogether, 396 patients were included for analysis. Rigid and flexible URS were performed in
178 (45%) and 111 (28%) patients, respectively, while 107 (27%) patients did not undergo URS.
IVR was identified in 99 (25%) patients. Multivariable Cox regression analysis revealed that the
flexible URS group was significantly associated with increased IVR, compared to the non-URS group
(HR = 1.807, p = 0.0416). No significant difference in IVR was observed between the non-URS and
rigid URS groups (HR = 1.301, p = 0.3388). (4) Conclusions: In patients with UTUC undergoing RNU,
rigid URS may not increase the risk of IVR, whereas flexible URS appears to be associated with a
higher risk of IVR.

Keywords: ureteral neoplasms; urinary bladder neoplasms; ureteroscopy

1. Introduction

Upper urinary tract urothelial carcinoma (UTUC) is a rare malignancy, accounting for
5–10% of all urothelial carcinomas [1,2]. According to a recent meta-analysis, computed
tomography (CT)-urography shows a 92% sensitivity and 95% accuracy [3] in the diagnoses
of UTUC, and diagnostic ureteroscopy (URS) is recommended only when imaging studies
and cytology are insufficient for diagnosis [4]. However, although diagnostic URS can
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reduce the misdiagnosis rate to 2.1% [5], it is reportedly a risk factor for intravesical
recurrence (IVR) after radical nephroureterectomy (RNU) [6–8].

The rate of IVR after RNU for UTUC is reportedly 22–47% [9,10]. Downward seeding,
as well as field cancerization, is understood to be a mechanism of IVR [11–13]. Shigeta et al.
recently revealed that IVR tumors after RNU exhibit molecular characteristics similar to
those in UTUC via a comparative study of UTUC origin and primary bladder tumor [14].
Seisen et al. reported several predictors of IVR in their systematic review, including patient-
specific (male sex, previous bladder cancer, preoperative chronic kidney disease), tumor-
specific (positive preoperative urinary cytology, ureteral location, multifocality, invasive
pathological T stage, necrosis), and treatment-specific (laparoscopic RNU, extravesical
bladder cuff removal, positive surgical margin) predictors [15]. Other studies suggested
that diagnostic URS prior to RNU is a risk factor for higher IVR, although this remains
controversial [6,7,16]. Two recent studies, however, demonstrated that URS prior to RNU
increases the risk of IVR only when combined with endoscopic biopsy, albeit with no
concurrent impact on the other long-term survival outcomes [8,17].

Over the last decade, flexible URS has become a popular modality in the exploration
of the entire upper urinary tract, offering improved diagnostic accuracy due to advances in
endourologic technologies. Several novel optical diagnostic techniques, such as narrow
band imaging, photodynamic diagnosis, and optical coherence tomography, have been
introduced in combination with flexible URS to improve UTUC detection [18]. In addition,
flexible URS provides clinicians with a means of performing endoscopic treatment for low-
risk UTUC, raising new concerns for the selection of eligible patients for kidney-sparing
surgery. Apart from the advantages of flexible URS, research suggests that diagnostic URS,
including flexible URS, has an adverse effect on cancer control. To date, such research
has focused on the impact of diagnostic URS on IVR, regardless of the type of URS. In
this retrospective study, we assessed the impact of diagnostic URS on IVR following RNU,
according to the type of URS, either flexible or rigid.

2. Materials and Methods

2.1. Ethics

This study was performed in accordance with the tenets of the Declaration of Helsinki.
The Institutional Review Board of Gangnam Severance Hospital approved the study proto-
col (approval number: 3-2020-0199, approval date: 2 July 2020).

2.2. Study Design and Population

This multicenter retrospective study involved two tertiary hospitals in the Republic
of Korea. Medical records of 491 consecutive patients who underwent RNU between
2016 and 2019 were reviewed. Patients whose pathological diagnosis was not urothelial
carcinoma were excluded. Other exclusion criteria were as follows: patients who underwent
radical cystectomy prior to RNU or simultaneously with RNU, those who experienced IVR
within 90 days after RNU, and patients whose follow-up period was <90 days. Finally,
396 patients were enrolled for analysis, with a median follow-up of 30 months (interquartile
range [IQR]: 19–43).

2.3. Operation Techniques and Postoperative Management

A retrograde pyelography was performed with a 5-Fr ureteral catheter and diluted
contrast media. Then, a guide wire was placed under visual and fluoroscopic control.
The type of URS was selected at the surgeon’s discretion. For rigid URS, gravity-based
irrigation was used; the irrigation fluid was placed 60 to 80 cm above the patient. For
flexible URS, a ureteral access sheath was introduced along the guide wire below the tumor,
and selective ureteral cytology was collected. Irrigation was provided with normal saline
and a pressurized pump to ensure clear vision.

RNU was performed via open, laparoscopic, or robotic surgery in compliance with
oncological principles. Bladder cuff resection was performed in all patients using an
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extravesical technique, and the intramural portion of the ureter was completely dissected.
Lymph node dissection was performed at the surgeon’s discretion. No postoperative dose of
intravesical chemotherapy, such as mitomycin, was administered. Adjuvant chemotherapy
was administered to patients who had adverse pathological features such as pT3 or higher
stage, lymph node involvement, lymphovascular invasion, or aggressive variant histology.
All patients who underwent RNU were followed-up with abdomen-pelvis CT and chest
CT every 3–6 months and with cystoscopy and urine cytology every 3 months.

2.4. Definitions of Groups, Outcomes, and Covariates

The study cohort was divided into three groups according to the type of diagnostic
URS prior to RNU: non-URS, rigid URS, or flexible URS. The study outcome was defined
as pathologically proven IVR occurring within 1 year of RNU. Time-to-event was defined
as the duration between the date of RNU and the first IVR. The tumor locations for UTUC
were divided into the renal pelvis and ureter. Tumor grade and pathological T stages of
UTUC were described according to the 2016 World Health Organization/International
Society of Urologic Pathology consensus classification and the 2010 American Joint Com-
mittee on Cancer and the International Union for Cancer Control tumor–node–metastasis
classification [19,20].

2.5. Statistical Analysis

Demographic and clinicopathological factors were described and compared according
to the type of diagnostic URS. Differences in categorical variables between the three groups
were compared using Pearson’s chi-square test or Fisher’s exact test. Continuous variables
were compared using the Mann–Whitney U test and described in a non-parametric manner.
IVR-free survival curves were generated using the Kaplan–Meier method and compared us-
ing the log-rank test. A log–log plot and interaction test confirmed that the proportionality
assumption was satisfied. Univariable and multivariable Cox proportional hazard models
were used to estimate the risk of IVR according to covariates. A multivariable model
was generated using the enter method, including factors that were significant (p < 0.05)
or neared significance (p < 0.1) in univariate analysis, as well as factors known to affect
IVR. Significance was set at p < 0.05, and all statistical tests were two-sided. All study
analyses were performed using SAS® System for Windows® (version 9.4; SAS Institute Inc.,
Cary, NC, USA).

3. Results

In our study cohort, rigid and flexible URS was performed in 178 (45%) and 111 (28%)
patients, respectively, and 107 (27%) patients did not undergo diagnostic URS (Table 1).
Table 2 summarizes the comparisons of clinicopathological features according to the type
of diagnostic URS. Significant differences in sex, urine cytology, tumor location, tumor
grade, previous or concurrent bladder cancer, and smoking history were observed among
the groups.

IVR was identified in 99 (25%) patients, specifically in 21, 41, and 37 patients in the
non-URS, rigid URS, and flexible URS groups, respectively (Table 2). The univariable Cox
regression analysis demonstrated that the flexible URS group had a higher IVR rate than
the non-URS group (hazard ratio [HR] = 1.866; 95% confidence interval [CI], 1.092–3.188;
p = 0.0224), with no significant difference between the rigid URS and non-URS groups
(HR = 1.161; 95% CI, 0.686–1.966, p = 0.577) (Table 3 and Figure 1).
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Table 1. Clinicopathological characteristics of 396 patients with UTUC.

Age at RNU *, years 68.0 (60.0–76.0)

Sex
Female 127 (32.07)
Male 269 (67.93)

HTN 236 (59.60)
DM 87 (21.97)

CAOD 46 (11.62)
COPD, asthma 35 (8.84)

CVA 26 (6.57)
CKD 45 (11.36)

Smoking history
Never smoked 210 (53.03)

Ex- or current smoker 186 (46.97)

Tumor location
Renal pelvis 220 (55.56)

Ureter 176 (44.44)

Laterality
Left 198 (50.00)

Right 198 (50.00)

Previous/concurrent bladder cancer 81 (20.45)

Urine cytology
Not done 136 (34.34)
Negative 140 (35.35)

Atypical cell 69 (17.43)
Positive 51 (12.88)

Type of URS
Non-URS 107 (27.02)
Rigid URS 178 (44.95)

Flexible URS 111 (28.03)

Ureteroscopic biopsy 140 (35.35)

Surgical modality
Open 105 (26.52)

Laparoscope or robot 291 (73.48)

Pathologic T stage
pTa 35 (8.84)
pT1 126 (31.82)
pT2 80 (20.20)

pT3–4 155 (39.14)

Tumor grade
Low grade 44 (11.11)
High grade 352 (88.89)

Pathologic N stage
pN0 47 (11.87)
pNx 332 (83.84)
pN+ 17 (4.29)

Tumor size
<2 cm 66 (16.67)
≥2 cm 330 (83.33)

Lymphovascular invasion 89 (22.59)

Carcinoma in situ 55 (13.89)
Adjuvant chemotherapy 114 (28.79)

UTUC, upper tract urothelial carcinoma; URS, ureteroscopy; RNU, radical nephroureterectomy; HTN, hypertension;
DM, diabetes mellitus; CAOD, coronary artery obstructive disease; COPD, chronic obstructive pulmonary disease;
CVA, cerebrovascular accident; CKD, chronic kidney disease. Data are presented as n (%); * Age at RNU is presented
as a median (interquartile range).
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Table 2. Comparison of clinicopathological features according to the type of diagnostic URS.

Non-URS Group Rigid URS Group Flexible URS Group p-Value

No. of patients 107 (27%) 178 (45%) 111 (28%)

Age at RNU *, years 69 (62–76) 68 (60–76) 68 (60–76) 0.633

Sex <0.0001
Female 45 (42.06) 64 (35.96) 18 (16.22)
Male 62 (57.94) 114 (64.04) 93 (83.78)

HTN 58 (54.21) 111 (62.36) 67 (60.36) 0.3901
DM 25 (23.36) 30 (16.85) 32 (28.83) 0.0527

CAOD 6 (5.61) 26 (14.61) 14 (12.61) 0.0665
COPD, asthma 8 (7.48) 18 (10.11) 9 (8.11) 0.7124

CVA 8 (7.48) 13 (7.30) 5 (4.50) 0.5853
CKD 16 (14.95) 14 (7.87) 15 (13.51) 0.1326

Smoking history 0.0343
Never smoked 66 (61.68) 95 (53.37) 49 (44.14)

Ex- or current smoker 41 (38.32) 83 (46.63) 62 (55.86)

Tumor location <0.0001
Renal pelvis 56 (52.34) 69 (38.76) 95 (85.59)

Ureter 51 (47.66) 109 (61.24) 16 (14.41)

Laterality 0.4409
Left 57 (53.27) 91 (51.12) 50 (45.05)

Right 50 (46.73) 87 (48.88) 61 (54.95)

Previous/concurrent
bladder cancer 31 (28.97) 30 (16.85) 20 (18.02) 0.037

Urine cytology 0.0166
Not done 24 (22.43) 69 (38.76) 43 (38.74)
Negative 41 (38.32) 56 (31.46) 43 (38.74)

Atypical cell 17 (15.89) 33 (18.54) 19 (17.12)
Positive 25 (23.36) 20 (11.24) 6 (5.40)

Ureteroscopic biopsy 0 (0) 85 (47.75) 55 (49.55) <0.0001

Surgical modality 0.4928
Open 31 (28.97) 42 (23.60) 32 (28.83)

Laparoscope or robot 76 (71.03) 136 (76.40) 79 (71.17)

Pathologic T stage 0.2172
pTa 10 (9.35) 13 (7.30) 12 (10.81)
pT1 31 (28.97) 53 (29.78) 42 (37.84)
pT2 25 (23.36) 42 (23.60) 13 (11.71)

pT3–4 41 (38.32) 70 (39.33) 44 (39.64)

Tumor grade 0.0224
Low grade 10 (9.35) 14 (7.87) 20 (18.02)
High grade 97 (90.65) 164 (92.13) 91 (81.98)

Tumor size 0.6782
<2 cm 15 (14.02) 32 (17.98) 19 (17.12)
≥2 cm 92 (85.98) 146 (82.02) 92 (82.88)

Lymphovascular
invasion 23 (21.50) 41 (23.16) 25 (22.73) 0.9475

Carcinoma in situ 12 (11.21) 30 (16.85) 13 (11.71) 0.303
Adjuvant chemotherapy 26 (24.30) 60 (33.71) 28 (25.23) 0.1466

IVR within 1 year 21 (19.63) 41 (23.03) 37 (33.33) 0.0467
URS, ureteroscopy; RNU, radical nephroureterectomy; HTN, hypertension; DM, diabetes mellitus;
CAOD, coronary artery obstructive disease, COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular
accident, CKD, chronic kidney disease; IVR, intravesical recurrence. Data are presented as n (%); * Age at RNU is
presented as a median (interquartile range).
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Table 3. Univariable and multivariable Cox regression analysis.

Univariable Model Multivariable Model
HR (95% CI) p-Value HR (95% CI) p-Value

Type of URS
Non-URS Ref. Ref.
Rigid URS 1.161 (0.686–1.966) 0.577 1.301 (0.759–2.230) 0.3388

Flexible URS 1.866 (1.092–3.188) 0.0224 1.807 (1.023–3.192) 0.0416

Age at RNU 0.995 (0.976–1.015) 0.6428

Sex
Female Ref.
Male 1.150 (0.746–1.772) 0.5279

HTN 1.428 (0.940–2.170) 0.0945 1.332 (0.869–2.041) 0.1884
DM 1.036 (0.650–1.652) 0.8813

CAOD 1.536 (0.887–2.661) 0.1258
COPD, Asthma 1.558 (0.810–2.999) 0.1841

CVA 0.832 (0.364–1.898) 0.6613
CKD 1.630 (0.954–2.784) 0.0737 1.795 (1.043–3.092) 0.0348

Smoking history
Never smoked Ref. Ref.

Ex- or current smoker 1.446 (0.974–2.148) 0.0676 1.390 (0.928–2.080) 0.1099

Tumor location
Renal pelvis Ref.

Ureter 0.742 (0.494–1.115) 0.151

Laterality
Left Ref.

Right 0.909 (0.613–1.348) 0.6355

Previous/concurrent bladder cancer 1.341 (0.847–2.124) 0.2105 1.170 (0.724–1.890) 0.5218

Urine cytology
Negative Ref.

Atypical cell 0.959 (0.548–1.676) 0.8823
Positive 1.378 (0.789–2.410) 0.26

Ureteroscopic biopsy 1.133 (0.755–1.698) 0.5468

Surgical modality
Open Ref.

Laparoscope or Robot 0.985 (0.629–1.541) 0.9463

Pathologic T stage
pTa Ref.
pT1 1.391 (0.614–3.150) 0.4293
pT2 1.747 (0.755–4.038) 0.1922

pT3–4 1.277 (0.567–2.875) 0.5547

Tumor grade
Low grade Ref.
High grade 1.364 (0.688–2.707) 0.3743

Tumor size
<2 cm Ref.
≥2 cm 1.028 (0.602–1.755) 0.9202

Lymphovascular invasion 0.731 (0.434–1.234) 0.2412
Carcinoma in situ 1.582 (0.968–2.584) 0.0669 1.530 (0.926–2.527) 0.0969

Adjuvant chemotherapy 0.630 (0.389–1.021) 0.0605 0.603 (0.368–0.989) 0.0450
URS, ureteroscopy; RNU, radical nephroureterectomy; IVR, intravesical recurrence; HTN, hypertension;
DM, diabetes mellitus; CAOD, coronary artery obstructive disease; COPD, chronic obstructive pulmonary disease;
CVA, cerebrovascular accident; CKD, chronic kidney disease; DM, diabetes mellitus; CI, confidence interval;
HR, hazard ratio; Ref., reference.
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Figure 1. Kaplan–Meier estimates for intravesical recurrence-free survival.

Multivariable Cox regression analysis also revealed that flexible URS was indepen-
dently associated with an increased risk of IVR (HR = 1.807; 95% CI, 1.023–3.192; p = 0.0416),
although rigid URS did not increase the risk of IVR (HR = 1.301; 95% CI, 0.759–2.230;
p = 0.3388). A history of chronic kidney disease was also an independent predictor for
an increased risk of IVR (HR = 1.795; 95% CI, 1.043–3.092; p = 0.0348). Adjuvant sys-
temic chemotherapy was associated with a decreased risk of IVR (HR = 0.603; 95% CI,
0.368–0.989; p = 0.045) (Table 3). Carcinoma in situ, smoking history, and a history of
hypertension showed some significance in the univariable analysis, but failed to reach
statistical significance in the multivariable analysis.

4. Discussion

The impact of diagnostic URS on IVR remains controversial. Ishikawa et al. first
described the impact of diagnostic URS on IVR, and several related studies have been
performed [21]. Ishikawa et al. concluded that diagnostic URS has no adverse effects on
IVR, and subsequent studies also drew a similar conclusion [16,21]. On the other hand,
several studies did report adverse effects for diagnostic URS on IVR [17,22–24]. A recent
meta-analysis consistently demonstrated an adverse effect of diagnostic URS on IVR [6–8].
Furthermore, differences according to the timing of diagnostic URS (simultaneously with
RNU or before RNU) or whether the accompanied ureteroscopic biopsy was performed
were also reported [25,26]. The mechanism through which diagnostic URS accelerates IVR
has been explained by intraluminal seeding and cancer cell implantation promoted by
either massive irrigation or ureteroscopic biopsy.

With the widespread use of flexible diagnostic URS, flexible URS allows urologists
to examine all collecting systems, including the lower calyx, which cannot be visualized
using rigid URS. Flexible URS has a smaller working channel than rigid URS, which results
in a weaker irrigation capability. To maintain a better view for diagnostic purposes, a
higher-pressure inflow of irrigation fluid is required, compared to that of rigid URS. Owing
to these mechanical differences, flexible URS and rigid URS might pose different risks of
IVR. To the best of our knowledge, this is the first study to investigate differences in the
impact of diagnostic URS on IVR according to the type of URS, either rigid or flexible.
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Herein, multivariable analysis revealed that flexible URS was significantly associated with
an increased risk of IVR, compared to non-URS, however, rigid URS was not. We conducted
propensity score matching to adjust for demographic heterogeneity among three groups; it
also supported these observations (Tables S1 and S2). Therefore, diagnostic URS should
be performed as a guideline only when imaging and cytology are insufficient for the
diagnosis of UTUC and/or for risk stratification of a tumor [4]. In particular, surgeons
should consider that the risk of IVR might be increased when flexible diagnostic URS
is indicated.

The potential mechanisms by which flexible URS increases the risk of IVR can be
explained as follows. First, a high-pressure inflow of irrigation fluid is required to secure
a clear field of view, owing to their smaller working channel, compared to rigid URS. To
maintain a sufficient amount of irrigation fluid, the height of the irrigation fluid should be
higher than usual or an irrigation pump is needed. Second, due to the smaller size of forceps
used for ureteroscopic biopsy, considerably greater manipulation of cancer cells might occur
to obtain a sufficient amount of tissue [27]. Third, an access sheath should be introduced
to keep the intrarenal pressure low while performing flexible URS [28,29], resulting in
increased irrigation fluid running through the collecting system. Therefore, cancer cells are
likely to be exfoliated during flexible URS. From this point of view, the difference between
rigid and flexible URS observed in this study may be due to a difference in the irrigation
method rather than the difference in the instrument itself. These hypothetical explanations
should be proven in clinical and preclinical studies.

Increased intrarenal pressure causes pyelovenous and pyelolymphatic backflow, which
is theorized as a potential source of cancer cell transfer [8]. A recent literature review sug-
gested that intrarenal pressure should remain <30 cm H2O during endoscopic procedures.
However, the actual oncological risk promoted by diagnostic endoscopic procedures is un-
certain due to the lack of strong evidence in real intrarenal pressure threshold [28]. Results
of subsequent studies suggest that URS may not have a negative effect on cancer-specific
survival or overall survival [17]. As aforementioned, although mechanical differences exist
between flexible URS and rigid URS, previous studies do not distinguish the type of URS
as either flexible or rigid. Since this study included relatively recent patients with UTUC
to focus on IVR according to the type of URS, the follow-up period was insufficient to
estimate either cancer-specific survival or overall survival. A longer follow-up period is
required to estimate the effect of flexible URS on oncological outcomes other than IVR.

This study has several advantages in revealing the occurrence of IVR in patients who
underwent RNU. Since most previous studies on IVR enrolled patients who underwent
RNU for a period close to a decade, several confounding factors, such as surgeon factors
and surgical modality, may have inevitably affected the analysis. However, this study was
able to reduce heterogeneity because of the relatively short and recent period of study; thus,
our study can reflect the current trends in real-world clinical practice. We attempted to
minimize the possibility of newly developed primary bladder cancer independent of UTUC
by limiting IVR to 1 year within RNU. Therefore, we focused on URS-induced IVR. In the
period of this study, the two institutions rarely conducted neoadjuvant chemotherapy even
in patients with T3 or higher clinical stage. Additionally, all bladder cuff management pro-
cedures were performed using an extravesical approach, and no postoperative intravesical
instillation was noted, despite this being a known prevention therapy for IVR [30]. While
this hindered us from estimating the effects of bladder cuff management, postoperative
intravesical instillation, and neoadjuvant chemotherapy, it did allow us to concentrate on
the effect of the type of URS on IVR.

Although we attempted to report IVR according to the type of diagnostic URS, this
study has a few limitations. Owing to the retrospective design of this study, the absence of
randomization resulted in heterogeneity among the three groups. A randomized clinical
trial is needed to obtain definite conclusions on this issue, although it is rarely conducted for
practical and ethical reasons. Moreover, we did not have objective data on the duration of
the diagnostic URS procedure and the amount of irrigation fluid used during the procedure.
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Therefore, further research using more constructed data with a larger patient population is
needed to account for differences in such characteristics among the study groups according
to the type of URS.

5. Conclusions

In patients with UTUC, rigid URS may not increase the risk of IVR following RNU;
however, flexible URS appears to be associated with a higher risk of IVR. When the
diagnostic URS is inevitably implemented, physicians should consider that the risk of IVR
may increase, especially when flexible URS is required. Our findings should be reproduced
in large-population studies. Additionally, clinical and preclinical evidence supporting our
results should be accumulated.
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