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Preface to “Diagnostic, Prognostic and Predictive 
Biomarkers in Prostate Cancer” 

In recent years, many new developments in prostate cancer (PCa) diagnostics have been 
published. Numerous new biomarkers in serum, plasma or urine have been described. However, it is 
important to know not only the diagnostics, but also the risk stratification and prognostic factors for 
the progress of this disease. 

This Special Issue contains 26 papers consisting of 22 original research studies and four reviews. 
An editorial summarizes all these contributions. The studies cover basic research data using PCa cell 
lines but the vast majority of articles include serum markers with a focus on PCa diagnostic, prognostic 
or evaluation of advanced or metastatic disease stages. Reviews further summarize biomarkers for PCa 
diagnostic and active surveillance or have special topics such as nanoparticles as theranostic vehicles 
or PCa stem cells. Other groups have published results by using immunohistochemistry in prostate, 
lymph node or bone tissue.  

Further specialized topics include seminal plasma biomarkers, improved PET contrast in bone 
metastatic lesions and the preanalytical impact on CTC-mRNA (AR-V7) analysis. Two clinical studies 
on biomarkers for prostate brachytherapy complete the large number of publications within this 
Special Issue of the International Journal of Molecular Sciences on diagnostic, prognostic and predictive 
biomarkers in PCa. 

Carsten Stephan 
Special Issue Editor 
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1. Introduction

Prostate cancer (PCa) is, with an estimated number of 161,360 cases and 26,730 deaths in 2017,
the most common malignancy in the USA [1]. Worldwide, the mortality rates tend to be higher in less
developed regions, including parts of South America, the Caribbean, and Africa [2]. The overall PCa
incidence in all countries with available data for 2008 was counted with almost 900,000 cases while
the mortality rate was estimated with approximately 258,000 deaths from PCa [2]. Thus, worldwide
almost 30% of men with PCa will die of this malignancy.

In recent years, many new developments in PCa diagnostics were reviewed. Numerous new
protein- and nucleic acid-based biomarkers in whole blood and its fractions serum or plasma as
well in urine and its different fractions were described based on novel technologies [3–7]. To reduce
overdiagnosis and overtreatment there is a clear focus to preferentially detect clinical significant PCa
because indolent PCa often do not need treatment or treatment can be delayed. Here a multimodal risk
score was developed in a study on urine samples with two independent prospective multicenter
cohorts [8]. The multimodal approach including the HOXC6 and DLX1 mRNA levels reached
excellent area under the Receiver-Operating-Characteristic (ROC) curve (AUCs) of 0.90 and 0.86
in the training and validation cohort [8]. Beside the diagnostics, also the risk stratification [9] and
prognostic factors [10] are important for the progress of the disease.

The treatment options with several newly available substrates for advanced PCa, including
castration-resistant prostate cancer (CRCP), have been changed dramatically within recent years, but
no biomarker has been validated so far [11]. The androgen-receptor splice variant 7 (AR-V7) protein
expression and its localization in circulating tumor cells (CTCs) should also be highlighted [12], but there
is a need for further prospective studies to validate this biomarker. As an example, the measurement
of epidermal growth factor receptor (EGFR) on CTCs might be promising as a prognostic marker in
metastatic PCa patients [13].

2. Overview

This Special Issue contains 26 papers consisting of 22 original research studies and four reviews.
Five studies present their basic research data using PCa cell lines [14–17] or summarize data on
cancer/testis antigens (CTAs) as potential PCa biomarkers [18]. Serum markers are the subject in the
vast majority of publications (n = 8) with focus on PCa diagnostic and prognostic [19–23] or evaluation
of advanced/metastatic disease stages [24–26]. Two of the four reviews further summarize biomarkers
for PCa diagnostic [27] or active surveillance [28] while the other two reviews have special topics like
nanoparticles as theranostic vehicles [29] or PCa stem cells [30]. Four working groups published results
by using immunohistochemistry in prostate, lymph node or bone tissue [31–34]. This Special Issue
also covered studies on seminal plasma biomarkers [35], improved PET contrast between osteolytic
and osteoblastic bone metastatic lesions with fasting [36] and the impact of the blood collection tube
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and storage time on CTC-mRNA (AR-V7) analysis [37]. Two clinical studies on different biomarkers
for prostate brachytherapy [38,39] complete the large number of publications.

3. Basic Research

Metformin, known as an anti-diabetes drug, has been shown to have anti-neoplastic effects in
several tumors including PCa. Metformin targets Hedgehog (Hh) signaling, which is an important
target for radiosensitization. Gonnissen et al. [14] evaluated the combination of metformin and the Hh
inhibitor GANT61 with or without ionizing radiation in the three PCa cell lines PC3, DU145, and 22Rv1.
Although this drug combination reduced the cell growth and enhanced the radiosensitization effect
compared to single agent in cell lines, both in vitro effects could not be confirmed in vivo [14].
This observation shows the limitation of in vitro testing and the importance of careful translation of
successful in vitro experiments under in vivo setting conditions.

Dayal et al. [15] showed that mutations in RNase L may promote PCa by increasing expression of
androgen receptor (AR)-responsive genes and cell motility and they identified novel roles of RNase L
as a PCa susceptibility gene. For instance, the activity of the two matrix metalloproteinases (MMP)-2
and -9 is significantly increased in cells where RNase L levels are ablated [15]. The imbalance between
MMP-9 activity and its inhibitory counterparts in prostate cancerous tissue already implicated a
rationale of using synthetic inhibitors of MMPs as potential therapeutic tools [40] that was also
confirmed in a prostate cancer standard rat model [41].

In advanced PCa, small ubiquitin-like modifier (SUMO)-specific cysteine protease 1 (SENP1)
is up-regulated. In their study, Zhang et al. [16] developed a lentiviral vector, to silence SENP1
in prostate cancer cells with high metastatic characteristics (PC3M). The researcher further created
an adenovirus vector to over-express SENP1 in prostate cancer cells with low metastatic potential
(LNCaP). The authors could show that silencing of SENP1 promoted cellular apoptosis and they
concluded finally that SENP1 is a potential target for treatment of advanced PCa [16]. Further studies
including first clinical trials are necessary.

Bascetta et al. [17] isolated PCa cells resistant to docetaxel (DCTR) clones from different PCa cell
lines and performed through next-generation sequencing of the released miRNAs. They identified
several miRNAs, which were differentially released in the growth medium [17]. The authors proposed
that the utilization of clones resistant to a given drug as in vitro model to identify the differentially
released miRNAs, could be tested in perspective as predictive biomarkers of drug resistance in tumor
patients under therapy [17]. This is an interesting theory. However, measurements of these miRNAs in
plasma/serum must follow to find evidence of this approach.

As a basic step for numerous experiments, Australian researchers determined the ideal blood
storage conditions to preserve CTC-specific mRNA biomarkers [37]. Luk et al. [37] tested the
preservation of tumor cells and CTC-mRNA over the time in ethylene-diamine-tetra-acetic acid
(EDTA) and acid citrate dextrose solution B (Citrate) blood collection tubes in comparison to special
cell-free DNA, RNA and Cyto-Chex blood collection tubes (Streck, Omaha, NE, USA). Tumor mRNA
biomarkers were readily detectable after 48 h storage in conventional EDTA and Citrate tubes, but not
in the three specially developed preservative-containing collection tubes. Notably, AR-V7 expression
was detected in PCa patient blood samples after 48 h storage in EDTA tubes at room temperature,
leaving a more feasible timeframe compared to previous recommendations [37].

The cancer/testis antigens (CTAs) are a group of proteins that are typically restricted to the
testis in the normal adult but are aberrantly expressed in several other types of cancers including
PCa. Using prostate-associated gene 4 (PAGE4) as an example of a disordered CTA, Kulkami and
Uversky [18] highlighted how intrinsically disordered proteins (IDP) conformational dynamics may
regulate phenotypic heterogeneity in PCa cells, and how it may be exploited both as a potential
biomarker as well as a promising therapeutic target in PCa. The authors favor the theranostic potential
of CTAs that is latent in their lack of structure and casts them as next generation or “smart” biomarker
candidates [18]. This idea should be supported but the markers should be disease specific.
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4. Serum Biomarkers

Hagiwara and colleagues [19] evaluated the performance of Wisteria floribunda agglutinin
(WFA)-reactive glycan-carrying PSA-glycosylation isomer (PSA-Gi) in serum by using an automated
immunoassay system in 244 patients with PCa and 184 with biopsy-proven benign prostate hyperplasia
(BPH). The area under the ROC curve (AUC) for PSA-Gi was almost 0.8, which was higher than for PSA
(0.64) or the PSA-Gi/PSA ratio (AUC 0.73). The correlation between PSA-Gi and the Gleason grade is
a further very positive aspect that implies that PSA-Gi is a promising marker not only for detecting
PCa but also for assessing its aggressiveness [19]. A tissue-based nomogram was also developed as a
predictive tool for determining the PSA-free survival probability [19].

Another research group from Japan worked on the PCa-associated α2,3-linked sialyl
N-glycan-carrying PSA (S2,3PSA) [20]. The authors estimated PSA and S2,3PSA in each of 50 age and
PSA matched biopsy-proven patients with PCa and BPH (from a larger cohort of >550 biopsied men) by a
newly developed automated micro-total immunoassay system with a detection limit of 0.05 ng/mL [20].
The authors can be congratulated for the development of a robust and reproducible immunoassay
with a coefficient of variation within 15% that is superior to their earlier magnetic bead-based S2,3PSA
assay [42]. The AUC for the S2,3PSA to PSA ratio (%S2,3PSA) was 0.834 and much superior to PSA
alone (AUC: 0.506) [20]. However, a comparison of %S2,3PSA with the FDA-approved and currently
best available PSA-based serum marker prostate health index (PHI; formula: −2proPSA/free PSA ×√

PSA) has not been performed. It would be very interesting if %S2,3PSA could further improve PHI
in future prospective multicenter studies.

An independent research group also published data with their 2015 patented PSA glycoform
assay [43], based on the determination of the α2,3-sialic acid percentage of serum PSA (%α2,3-SA).
The current study compared PHI with %α2,3-SA in a cohort of 79 patients that included 50 PCa and
29 with BPH [22]. The %α2,3-SA could distinguish high-risk PCa patients from the rest of patients
better than PHI (AUC 0.971 vs. 0.840), although PHI correlated better with the Gleason score than
the %α2,3-SA [22]. The combination of both markers increased the AUC up to 0.985 resulting in 100%
sensitivity and 94.7% specificity to differentiate high-risk PCa from the other low and intermediate-risk
PCa and BPH patients [22]. The editor is eagerly awaiting multicenter data on the new %α2,3-SA assay.
It would be further interesting to compare both α2,3-sialic acid assays from Ishikawa et al. [20] and
Ferrer-Batalle et al. [22] in view of its introduction as soon as possible in clinical practice.

Friedersdorff et al. [21] investigated the relationship between PHI, Gleason Score and prostate
tumor volume in almost 200 prostatectomy specimen. With an AUC of 0.79, PHI was the most accurate
predictor of a tumor volume > 0.5 cm3 [21]. Most important, PHI correlated significantly with the
tumor volume (r = 0.588), which is significantly better (p = 0.008) than the correlation of the Gleason
score with tumor volume (r = 0.385). This shows that the gold standard of Gleason Score has been
surpassed regarding its value on tumor size. Further, our own data regarding PCa prognosis also show
the value of PHI with an improved prediction of biochemical recurrence (BCR) [44]. PHI obviously
outperforms other diagnostic PCa biomarkers (urinary PCA3, TMPRSS2:ERG) with its good association
to tumor aggressiveness, tumor volume and prognosis [45–47].

PHI was again the topic of a study by Schlack and colleagues [25]. In 25 patients with
metastatic castration resistant prostate cancer (mCRPC), following initiation of Abiraterone-therapy,
the PSA-subforms were analyzed before and at 8–12 weeks under therapy as prognosticators of
progression-free-survival (PFS) and overall survival (OS). Comparing patients with a PFS < vs. ≥ 12,
the relative-median-change of PSA, free PSA and −2proPSA differed significantly [25]. Decreasing free
PSA and −2proPSA values indicated an OS of 32 months compared with 21 months in men with rising
values [25]. Univariate and multivariate Cox regression analyses could not prove all these tests as
suitable predictive PFS and OS markers [25]. However, the authors stressed the limitation of their
study due to the small sample size in a single center.

In the last diagnostic study with serum, high throughput sequencing of small RNAs extracted
from blood from 28 untreated PCa patients and 12 healthy controls was used to identify microRNAs
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as PCa biomarker [23]. Four microRNAs (miR-127-3p, miR-204-5p, miR-329-3p and miR-487b-3p)
were upregulated, three miRNAs (miR-32-5p, miR-20a-5p and miR-454-3p) were downregulated.
ROC curves exhibited a better correlation with PCa than for PSA [23]. It should be emphasized that
the selection of four miRNA as normalization standard is a very positive additional part of this study.
However, the AUCs for the single miRNAs are between 0.75 and 0.95, but the number of patients is
quite low and comparing not only with PSA but also at least %free PSA or better PHI would improve
this comparison. In addition, some of the suggested miRNAs (miR-20a-5p, miR-32-5p, and miR-454-3p)
are hemolysis-affected [48]. The use of such hemolysis-affected circulating miRNAs has been recently
questioned without a special control of hemolysis [49].

Geng et al. [24] checked first whether genetic variants in the Wnt pathway influence clinical
outcomes for advanced PCa patients receiving androgen deprivation therapy (ADT). In 465 PCa
patients, two common single nucleotide polymorphisms (SNPs), the adenomatous polyposis coli
(APC) rs2707765 and rs497844, were significantly associated with both PCa progression and all-cause
mortality [24]. This may implement a preclinical rationale for using APC as a prognostic marker in
advanced PCa by identifying patients who would not benefit from ADT [24].

In 96 patients with mCRPC under a median time of 10 months with Abiraterone treatment a
serum pre-treatment neutrophil-to lymphocyte-ratio (NLR) < 5 was associated with better survival
outcomes [26]. Contrary, the authors found that after eight weeks of Abiraterone therapy, a change
of initially elevated NLR of >5 to <5 was associated with worse survival. Therefore, a deeper
understanding of the underlying immune mechanisms in this setting is highly warranted [26].

5. Reviews

Filella and Foj [27] extensively reviewed all important biomarkers for early detection of PCa,
also regarding the important point of overdetection and false positive results. This excellent compilation
provides an overview of all PSA subforms and the timeline of PCa biomarkers since 1970 [27]. Beside
the emerging role of PHI, also the use of the urine based markers PCA3 (FDA approved in 2012 for
men older than 50 who have at least one previous negative biopsy) and TMPRSS2:ERG fusion gene is
provided. Furthermore, aberrant microRNA and exosomal biomarkers are reviewed [27].

Ferro and colleagues [28] provided a comprehensive overview of biomarkers as predictors of
clinical significant PCa and for PCa patients under active surveillance. The main topics were further
epigenetic signatures with DNA methylation, histone modifications, and noncoding RNA, which all
could potentially provide new tools for PCa prognosis [28].

Individualized targeted theranostic nanomedicine has emerged by using nanoparticles as vehicles
carrying both diagnostic and therapeutic molecular entities. Nanomedicine can increase sensitivity and
specificity on diagnosis and might be used for improved survival or prolonged survival after therapy [29].
A large review by Dr. Elgqvist [29] presents and discusses important and promising different kinds of
nanoparticles, as well as imaging and therapy options, suitable for theranostic applications. Beside breast
cancer, PCa is presented in detail regarding diagnosis, staging, recurrence, metastases, and treatment
options that are available today, followed by possible ways to move forward applying theranostics. This
very comprehensive review encompasses 53 pages and almost 600 references [29].

The hot topic of the last of the four reviews by Zhang et al. [30] included cancer stem cells
biomarkers including a few novel markers discovered recently. Those biomarkers might play an
important role to detect resistance to traditional cancer therapies [30]. Further studies of cancer stem
cells (including specific isolation and targeting on those cells) might be helpful for the discovery of
novel treatments for prostate cancer, especially castration resistant disease [30].

6. Immunohistochemistry and Other Methods

In the first accepted paper of this Special issue by Chen et al. [31] the authors used tissue
microarray and immunohistochemistry to estimate the phosphorylated levels of Akt (p-Akt) in
53 radical prostatectomy (RP) specimen. Within a Cox proportional hazard model a high p-Akt
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image score better predicted (hazard ratio (HR): 3.12) the risk of BCR than a high Gleason score (HR:
1.18) or a high PSA (HR: 0.62, p = 0.57) [31]. It should be noted that the initial 76 RP specimen (23 had
to be excluded) were collected over a relatively long time from 1999 to 2011 [31]. A limitation of this
second study from Taiwan was a much higher mean PSA (almost 30 ng/mL) in the group of high
p-Akt Scores ≥ 8 as compared with the group with a p-Akt Score ≤ 6, where the mean PSA was only
12 ng/mL. Therefore, the conclusion that p-Akt activation can potentially determine BCR in pT2 PCa
patients after RP should be taken with caution. Regarding BCR after RP, a very recent publication of
our own working group by Zhao et al. [50] comprehensively reviews biomarkers with a special focus
on miRNAs and its combinations to improve PCa prognosis. There is obviously a theranostic utility
and a diagnostic, prognostic and future therapeutic potential of miRNAs in prostate cancer [51].

Campos et al. [32] investigated in a pilot study the expression of the epithelial cell adhesion
molecule (EpCAM) in PCa lymph nodes and matched normal lymph nodes, in PCa bone metastases,
and in normal bone by immunohistochemistry. EpCAM was expressed in 100% of lymph node
metastases (n = 21), in 0% of normal lymph nodes (0 out of 21), in 95% of bone metastases (19 out of 20),
and in 0% of normal bone (0 out of 14) [32]. Based on these results, EpCAM may be a feasible imaging
target in PCa lymph node and bone metastases [32]. If prospective trials can confirm these promising
results, EpCAM may help to improve pretherapeutical staging and to detect possible micro metastasis.

Another survey by Genitsch et al. [33] also tested the neuroendocrine differentiation (NED)
by Chromogranin A expression in lymph node metastases, as well as primary tumors, from 119
consecutive PCa patients. The mean percentage of NED cells increased significantly (p < 0.001)
from normal prostate glands (0.4%), to primary prostate cancer (1.0%) and nodal metastases (2.6%).
However, in primary tumors and nodal metastases, tumor areas with higher Gleason patterns tended
to display a higher NED, but no significance was reached [33].

A third study in lymph node metastases evaluated the homeobox protein Hox-B13 (HOXB13),
which has been suggested as a new marker for the detection of prostatic origin [52]. Kristiansen et al. [34]
semi-quantitatively compared the diagnostic value of different immunohistochemically markers such
as PSA, Prostatic acid phosphatase (PSAP), prostate specific membrane antigen (PSMA), homeobox
gene NKX3.1, prostein, androgen receptor (AR), HOXB13, and the ETS-related gene (ERG) in 64 lymph
node metastasis. The detection rate of prostate origin of metastasis for single markers was 100% for
NKX3.1, 98.1% for AR, 84.3% for PSMA, 80.8% for PSA, 66% for PSAP, 60.4% for HOXB13, 59.6% for
prostein, and 50.0% for ERG [34]. Thus, HOXB13 alone lacks sensitivity for the detection of prostatic
origin, so the combination of PSA and NKX3.1 should be preferred.

Based on their previous work on PCa detection with naturally occurring fragments of the larger
seminal proteins semenogelin 1 and 2 in seminal plasma by using CE-MS/MS [53], the group of
Neuhaus et al. [35] identified proteases putatively involved in PCa specific protein cleavage, and further
examined gene expression and tissue protein levels. They found different MMP3 and MMP7 activity in
PCa compared with BPH due to fine regulation by their tissue inhibitor TIMP1 [35]. These data support
the old idea of non-invasive seminal plasma biomarkers as additional tool for PCa detection and risk
stratification. However, tests in seminal plasma seem to be of little acceptance in clinical practice.

A third Japanese research group investigated the influence of fasting on fluciclovine-PET using
a triple-tracer autoradiography in a rat breast cancer model of mixed osteolytic/osteoblastic bone
metastases in which the animals fasted overnight [36]. Their in vivo and in vitro results suggest
that fasting before 18F-fluciclovine-PET improves the contrast between osteolytic and osteoblastic
bone metastatic lesions and background, which might facilitate a clearer visualization of lesions in
fluciclovine-PET imaging [36].

7. Brachytherapy

The last two studies of this Special issue present data on patients receiving prostate
brachytherapy [38,39]. In the sixth study from Germany by PD Ecke et al. [38] PSA, PSA density and
other clinical data were evaluated before and after brachytherapy with external beam radiation in
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79 high-risk PCa patients treated between 2009 and 2016. PSA density and PSA at time of diagnosis
(p = 0.009 and 0.033), and PSA on date of first follow-up after one year (p = 0.025) were significant
predictors for local recurrence during follow-up [38]. The authors further concluded that their
specific radiation therapy for high-risk PCa resulted in high biochemical control rates with minimal
side-effects [38].

In the fourth contribution from Japan, Tsumura et al. [39] measured CTCs before and during
brachytherapy in 30 high-risk and 29 low-risk PCa patients. While no preoperative sample showed
CTCs (0%), they were detected in intraoperative samples in 7 of the 59 patients [39]. The authors
could not find any association of intraoperative CTC increases with clinicopathological data at all [39].
This may reflect the fact that all patients undergoing brachytherapy have a certain risk of intraoperative
haematogenous spillage of prostate cancer cells, irrespective of use of neoadjuvant hormonal therapy,
type of brachytherapy, PSA and other clinical data. This lowers a possible impact of CTCs in the
diagnosis or prognosis of PCa. Further, there is also the possibility that normal epithelial cells are
transiently released into the blood stream due to brachytherapy procedures and therefore additional
tests would need to confirm if cells released in this manner are indeed real CTCs.

8. Summary

In summary, this Special Issue of the International Journal of Molecular Sciences on diagnostic,
prognostic and predictive biomarkers in PCa is an excellent compilation of 26 publications accepted
between July 2016 and July 2017 with authors from 15 different countries.

As recently reviewed by Ali et al. [54], serum, urine, tissue and imaging biomarkers have been
widely evaluated to improve the identification of clinically significant PCa. Importantly, changes in
MRI technology such as multiparametric MRI (mpMRI) have realized a quantum change, and this
facility is now becoming more widely incorporated into diagnostic and disease risk-stratification
protocols [54]. An example on combining biomarker and mpMRI results has been published very
recently (October 2017) by Hendriks et al. [55]. The researchers determined the association between a
urinary biomarker-based risk score (SelectMDx) and the mpMRI based prostate imaging reporting
and data system (PI-RADS) score regarding prostate biopsy results [55]. With an AUC of 0.83 for
SelectMDx (compared to 0.66 for PSA and 0.65 for PCA3) it was further not surprising that there was a
positive association between the SelectMDx score and the PI-RADS score with significant differences
between PI-RADS 3 and 4 (p < 0.01) and between PI-RADS 4 and 5 (p < 0.01) in the SelectMDx
score [55]. Analogous to the older concept of PSA density (PSA divided by prostate volume) the new
term of PHI density (PHI/prostate volume) was described in 2017 as another marker combination by
Tosoian et al. [56].

Beside these new developments in urinary markers [5,8,55] and the PHI density [56], the serum
immunoassays with the PCa-associated aberrant glycosylation of PSA (S2,3PSA) published here should
be highlighted [20,22].

To conclude, the identification of clinically significant PCa by biomarkers and image modalities
(mpMRI) is a step towards personalized diagnosis, which will be the future. Also for advanced PCa,
results of this Special issue [24] might influence personalized PCa management.
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Abstract: The anti-diabetes drug metformin has been shown to have anti-neoplastic effects in several
tumor models through its effects on energy metabolism and protein synthesis. Recent studies show
that metformin also targets Hedgehog (Hh) signaling, a developmental pathway re-activated in
several tumor types, including prostate cancer (PCa). Furthermore, we and others have shown that
Hh signaling is an important target for radiosensitization. Here, we evaluated the combination of
metformin and the Hh inhibitor GANT61 (GLI-ANTagonist 61) with or without ionizing radiation in
three PCa cell lines (PC3, DU145, 22Rv1). The effect on proliferation, radiosensitivity, apoptosis, cell
cycle distribution, reactive oxygen species production, DNA repair, gene and protein expression was
investigated. Furthermore, this treatment combination was also assessed in vivo. Metformin was
shown to interact with Hh signaling by inhibiting the effector protein glioma-associated oncogene
homolog 1 (GLI1) in PCa cells both in vitro and in vivo. The combination of metformin and GANT61
significantly inhibited PCa cell growth in vitro and enhanced the radiation response of 22Rv1
cells compared to either single agent. Nevertheless, neither the growth inhibitory effect nor the
radiosensitization effect of the combination treatment observed in vitro was seen in vivo. Although
the interaction between metformin and Hh signaling seems to be promising from a therapeutic point
of view in vitro, more research is needed when implementing this combination strategy in vivo.

Keywords: prostate cancer; metformin; hedgehog pathway; radiosensitization; xenograft mouse
model

1. Introduction

The biguanide metformin, commonly used for the treatment of patients with type 2 diabetes, has
been associated with a decreased incidence and mortality in several tumor types, including prostate
cancer (PCa) [1–3]. Metformin has also been shown to have anti-neoplastic effects [4], potentially due
to its effects on energy metabolism and protein synthesis by activation of adenosine monophosphate
(AMP)-activated protein kinase (AMPK) signaling and inhibition of the mammalian target of rapamycin
(mTOR) [5–7]. Additionally, several preclinical studies have shown that metformin can increase the effect
of radiotherapy [8–12]. The mechanism of these radiosensitizing effects are not completely understood
but include reoxygenation of hypoxic regions [9], impairment of DNA damage response [11] and
induction of reactive oxygen species (ROS) [12]. The radiosensitizing effect of metformin has been
shown to be highly context-dependent and more research is needed to identify the appropriate
treatment conditions and cell populations to induce radiosensitization by metformin.
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Some recent studies have identified the Hedgehog (Hh) signaling pathway as a novel target of
metformin [13,14]. This pathway is a potential candidate for anti-cancer treatment, since several tumor
types are known to have deregulated Hh signaling, including PCa [15–18]. Of note, metformin has
been shown to inhibit Hh signaling in breast [13] and pancreatic [14] cancer cells.

We have previously shown that inhibition of Hh signaling at the level of the transcription factors
using the small molecule inhibitor GANT61 (GLI-ANTagonist 61) is highly effective in PCa cells and
increased radiosensitivity both in vitro and in vivo [19].

In this study, the link between AMPK and Hh signaling was explored in several PCa cell lines.
Additionally, we investigated whether simultaneous targeting of both pathways with metformin
and GANT61, respectively, could enhance PCa cytotoxicity and/or radiosensitivity both in vitro and
in vivo.

2. Results

2.1. Metformin Decreases Cell Growth and Survival of Prostate Cancer (PCa) Cells

Metformin significantly decreased PCa cell growth in a time- and dose-dependent manner
(Figure 1A). A high dose of metformin (5 mM) was able to induce a significant decrease in cell survival
in all cell lines (Figure 1B). The PC3 cells were the most sensitive with a half maximal inhibitory
concentration (IC50) value around 5 mM, whereas the IC50 in 22Rv1 and DU145 was between 10–20 mM
metformin (Figure S1).

Figure 1. Effect of metformin on prostate cancer (PCa) cells. (A) Cell growth and (B) cell viability after
metformin treatment. Means ± standard error of means (SEM) of three independent experiments.
* p < 0.05 vs. control; (C) Protein expression of the downstream signaling molecules after 72-h metformin
treatment. ACC, Acetyl-CoA carboxylase; AMPK, adenosine monophosphate (AMP)-activated protein
kinase; pACC, phospho-Acetyl-CoA carboxylase; pAMPK, phospho-Adenosine monophosphate
(AMP)-activated protein kinase.
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In line with this, cyclin D1 protein expression was drastically decreased after treatment with 5 mM
metformin, especially in the rapidly proliferating PC3 and DU145 cell lines (Figure 1C). Additionally,
metformin activated its downstream signaling components AMPK and Acetyl-CoA carboxylase (ACC)
in a dose-dependent manner in all PCa cell lines (Figure 1C).

2.2. Metformin Increases Radiosensitivity of PCa Cells Independent of Adenosine Monophosphate
(AMP)-Activated Protein Kinase (AMPK) Activation

Metformin (5 mM) increased radiosensitivity of DU145 and 22Rv1 cells with a dose-enhancement
factor (DEF) of 1.6 ± 0.15 (p < 0.05) and 1.36 ± 0.08 (p < 0.05) respectively. In contrast, the radiosensitivity
of PC3 cells was not affected by metformin (Figure 2A). To evaluate the role of AMPK in the
metformin-induced radiosensitization effect in the DU145 and 22Rv1 cells, AMPK was silenced by
means of silencing RNA (siRNA). Downregulation of (phospho)AMPK did not affect the intrinsic
radiosensitivity of either cell line nor did it change the metformin-induced radiosensitization (Figure 2B).

Figure 2. Effect of metformin (MF) on radiosensitivity of PCa cells. (A) Clonogenic survival after 72-h
treatment with metformin (5 mM) prior to/during ionizing radiation (IR); (B) Clonogenic survival
of DU145 and 22Rv1 cells transfected with AMPK silencing RNA (siRNA) and 72-h treatment with
metformin (5 mM) prior to/during IR. Knockdown was verified with western blotting. Means ± SEM
of three independent experiments. * p < 0.05 vs. control. DEF: dose-enhancement factor.

2.3. Metformin Regulates Hedgehog Signaling in an AMPK-Dependent Manner

Next, we investigated if there was a link between metformin and Hh signaling in PCa cells.
Indeed, metformin (5 mM) significantly decreased glioma-associated oncogene homolog 1 (GLI1) and
patched 1 (PTCH1) gene and protein expression in all cell lines (Figure 3A,B). Although metformin
only significantly decreased glioma-associated oncogene homolog 2 (GLI2) gene expression in the
DU145 cells, we did observe decreased GLI2 protein expression after metformin treatment in all PCa
cell lines (Figure 3A,B). In addition, AMPK activation was shown to be inversely correlated with
GLI1 protein expression. Silencing AMPK expression with siRNA increased GLI1 expression, whereas
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activation of AMPK by metformin decreased GLI1 expression in 22Rv1 cells (Figure 3C). This indicates
that metformin regulates Hh signaling, probably through AMPK signaling.

 

Figure 3. Link between metformin and Hedgehog signaling. (A) GLI1, GLI2 and PTCH1 gene expression
after 72-h metformin treatment. Means ± SEM of two independent experiments. * p < 0.05 vs. control;
(B) PTCH1, GLI1 and GLI2 protein expression after 72-h metformin treatment; (C) (p)AMPK protein
and GLI1 expression in 22Rv1 cells transfected with AMPK siRNA and treated with metformin (5 mM)
72-h prior to protein lysis. GLI1, glioma-associated oncogene homolog 1; GLI2, glioma-associated
oncogene homolog 2; PTCH1, patched 1.

2.4. Combination of Metformin and GANT61 (GLI-ANTagonist 61) Synergistically Decreases PCa Cell Growth

The link between AMPK and GLI1 led to the question as to whether the combination of metformin
with Hh inhibitors could enhance the cytotoxic effect of the individual drugs. We have previously shown
that the GLI1/2 inhibitor GANT61 significantly decreased cell survival of PC3 and 22Rv1 cells [19].
Indeed, combining metformin and GANT61 significantly decreased cell growth of all PCa cell lines,
resulting in an almost complete blockage of cell growth in PC3 and 22Rv1 cells (Figure 4A). Additionally,
we confirmed decreased GLI1 gene expression in all cells treated with the drug combination (Figure S2).
Cell cycle analyses revealed that the drug combination in the PC3 cells led to a G2/M-arrest after only
24 h, which persisted until 72 h of treatment (Figure 4B). This corresponds to the dramatic decrease in
cell growth already observed after 24 h of treatment. The drug combination also significantly increased
the sub-G1 population which peaked at 48 h (Figure 4C). In the DU145 cells, no significant cell cycle
effects were observed after 24–72 h of either treatment (Figure 4B), whereas the combination treatment
did significantly increase apoptosis after 72 h compared to either single agent (Figure 4C). In the 22Rv1
cells, GANT61 induced a G1-arrest after only 24 h. Metformin alone did not have a significant effect on
cell cycle, however, the combination of both drugs resulted in a much more pronounced G1-arrest after
72 h of treatment compared to GANT61 alone (Figure 4B). Apoptosis was also significantly induced by
both individual drugs and even more by the drug combination (Figure 4C). Moreover, we observed
that both drugs and their combination induced DNA damage in all cell lines after 72 h of treatment
assessed by means of γH2AX staining (Figure S3).
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Figure 4. Combination of metformin and GANT61 (GLI-ANTagonist 61) in PCa cells (A) Cell growth;
(B) cell cycle distribution and (C) sub-G1 population after treatment with metformin (5 mM), GANT61
(10 μM) or combination; (B,C) Cells were fixed at 24, 48 and 72 h of treatment. Means ± SEM of three
independent experiments. * p < 0.05 vs. control.G61, GANT61.

2.5. Combining Metformin and GANT61 Enhances the Effect of Ionizing Radiation In Vitro

Short-term survival analyses illustrated that the combination of metformin and GANT61 with
ionizing radiation (IR) significantly decreased cell survival in all cell lines (Figure 5A). In the PC3 and
DU145 cells, the response to IR in the combination treatment is most likely due to metformin since
addition of GANT61 did not significantly decrease cell survival any further. In contrast, in the 22Rv1
cells, a significant decrease in cell survival in the combination group compared to metformin alone
was observed. To assess the effect on the intrinsic radiosensitivity, clonogenic survival assays were
performed. Consistent with previous results, the combination of metformin and GANT61 significantly
enhanced radiosensitivity of 22Rv1 cells compared to either single agent (Figure 6B). In the PC3
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cells, we did not observe an effect of the combination treatment or either single agent, whereas only
metformin had a radiosensitizing effect in the DU145 cells (Figure 5B).

 
Figure 5. Effect of the combination of metformin and GANT61 on radiosensitivity of PCa cells.
(A) Relative short-term cell survival 7 days after treatment with increasing doses of ionizing radiation
after 72-h pretreatment with metformin, GANT61 or combination; (B) Clonogenic survival after 72-h
treatment with metformin, GANT61 or combination prior to/during IR; (C) AnnexinV+/propidium
iodide (PI)− cells and (D) Reactive oxygen species (ROS) production at 24-h post-IR after 72-h
pretreatment with metformin (5 mM), GANT61 (10 μM) or combination. Means ± SEM of three
independent experiments. * p < 0.05 vs. control.
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Figure 6. Effect of the combination of metformin and GANT61 on radiosensitivity in a 22Rv1 xenograft
model. (A) Relative tumor growth of 22Rv1 xenograft mice treated with metformin (250 mg/kg),
GANT61 (50 mg/kg) or combination. At treatment day 5, tumors were irradiated with a single dose
of 6Gy (six mice/group); (B) Immunohistochemical analyses of necrosis, Ki67, cleaved caspase 3,
mean vessel density (MVD), hypoxia and (C) Hedgehog (Hh) target proteins GLI1, GLI2 and PTCH1
(six mice/group, n ≤ 12 tumors). * p < 0.05 vs. control; (D) Protein expression of pAMPK and AMPK
in 22Rv1 xenograft tumors (n = 3 tumors/treatment group).

The combination of IR with either single agent increased apoptosis in the 22Rv1 cells. However,
in the drug combination treatment, addition of IR did not further increase apoptosis; on the contrary,
apoptosis was decreased in this condition indicating that other mechanisms might be important here
(Figure 5C). In the PC3 and DU145 cells, apoptosis was not (further) increased upon addition of IR
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(Figure 5C). Furthermore, we observed that ROS were increased in the 22Rv1 cells when using the
drug combination; an effect which could attribute to the increased radiosensitivity (Figure 5D).

2.6. Combination of Metformin and GANT61 Stimulates Tumor Growth In Vivo

Since the drug combination enhanced the radiosensitivity of 22Rv1 cells in vitro, we used a
22Rv1 xenograft model to assess the effect of the drug combination in vivo. Surprisingly, although we
observed a robust decrease of cell proliferation in vitro, the combination of GANT61 and metformin
appeared to be pro-proliferative in vivo. Metformin and GANT61 alone did not have any effect on
tumor growth (Figure 6A). To investigate why the combination of both drugs resulted in a paradoxical
effect, we looked deeper into the molecular changes that occurred in these tumors. Tumors treated
with the drug combination were less necrotic and had fewer apoptotic cells compared to control
tumors or those treated with either single agent (Figure 6B). In addition, these tumors contained fewer
blood vessels compared to controls or the GANT61-treated tumors. No changes in hypoxia were
observed. Although the drug combination increased tumor growth, this was not reflected by Ki67
expression, which was significantly lower in these tumors compared to controls and either single agent
(Figure 6B). This implies that the growth stimulatory effect of the drug combination is more likely due
to pro-survival effects rather than effects on proliferation.

As for the combination with IR, metformin did not increase radiosensitivity of 22Rv1 tumors,
while GANT61 did result in enhanced radiosensitivity. The combination of metformin and GANT61
with IR also significantly decreased tumor growth, however this was most likely attributed to the
effect of GANT61 (Figure 6A). As previously shown [19], the GANT61-induced radiosensitization is
attributed to decreased proliferation and increased apoptosis. In the tumors treated with the drug
combination, the radiosensitizing effect can also, at least partially, be ascribed to effects on proliferation.
In contrast, the amount of apoptosis is lower in these tumors compared to controls or tumors treated
with a single agent, but we observed more necrosis in the tumors treated with the combined modality,
which could also attribute to the decreased tumor growth (Figure 6B).

Finally, we verified whether both drugs reached their target in the tumors to verify their specificity
in vivo. Immunohistochemical analyses of GLI1, GLI2 and PTCH1 demonstrated that GANT61
was able to specifically inhibit Hh signaling in the tumor (Figure 6C). We also provide evidence
that metformin targets AMPK signaling as phospho-AMPK (pAMPK) was significantly increased
in all tumor of metformin-treated mice (Figure 6D). Additionally, we showed that the link between
metformin and Hh signaling also exists in vivo. Both metformin also significantly decreased protein
expression of GLI1, GLI2 and PTCH1 (Figure 6C).

3. Discussion

Contradicting findings have been reported in PCa patients regarding an association between
metformin use in diabetic PCa patients and biochemical recurrence (BCR) and metastasis. Several
studies have shown that metformin had no effect on BCR-free survival of PCa patients after radical
prostatectomy [20–23]. In contrast, a retrospective study by He et al. [24] did find a beneficial effect
of metformin on overall survival (OS) of PCa patients treated with radical prostatectomy [24]. In a
study by Spratt et al. [25] the authors specifically looked at PCa patients treated with external-beam
radiotherapy (EBRT) and found a significant positive correlation between metformin use and BCR-free
survival and OS [25]. These studies demonstrate that metformin might be an important treatment
option for PCa patients, especially in the combination setting with EBRT.

In this study, we first evaluated the effect of metformin on cell growth and radiosensitivity of PCa
cells. In line with a previous study by Sahra et al. [4], we found that metformin (5 mM) decreased cell
growth of all cell lines, which coincided with reduced protein levels of cyclin D1. The fact that we
could only observe a significant inhibition of cell growth at high doses of metformin is in accordance
with multiple studies using different tumor cell types [4,8,26–28]. Several preclinical studies have
already investigated the effect of metformin on the radiosensitivity of different tumor types and

17



Int. J. Mol. Sci. 2017, 18, 399

multiple mechanisms have been associated with the enhanced radiation sensitivity after metformin
treatment [8–12]. Here, a radiosensitizing effect of metformin was observed in the DU145 and 22Rv1
cells, but not in the PC3 cells. This lack of radiosensitization in the PC3 cells could be a result of
the higher sensitivity of PC3 cells to metformin leading to the absence of any additional effect upon
IR. Data also suggest that metformin may enhance radiation response specifically in certain genetic
backgrounds (p53, liver kinase B1 (LKB1)), but more research is needed to gain better insight in the
specific interactions between metformin and important oncogenic and tumor suppressor genes [28].

We show that metformin also interacts with the Hh signaling pathway, specifically by decreasing
gene and protein expression of the Hh target genes GLI1 and PTCH1. Similar interactions were
described recently in breast [13] and pancreatic [14] cancer cells. Our data demonstrate that this
interaction is mediated by the activation of AMPK signaling, which is in line with the data of
Nakamura et al. [14]. Accordingly, two recent studies have shown the AMPK phosphorylates GLI1,
which results in the proteasomal degradation of GLI1 [29,30]. On top of that, we demonstrate that
metformin also decreased Hh signaling in vivo. Interestingly, we observed a differential inhibition
of Hh signaling in the three PCa cell lines at the gene level. In the PC3 and 22Rv1 cells, metformin
significantly inhibited GLI1 and PTCH1 gene expression, whereas in the DU145 cells, metformin
strongly inhibited GLI2 gene expression in addition to inhibiting GLI1 and PTCH1. Nevertheless,
we did not observe a different phenotype in these cell lines in response to metformin treatment.

In a previous study by our group, we demonstrated that Hh inhibition increased the intrinsic
radiosensitivity of 22Rv1 cells and not of PC3 and DU145 cells, which appeared to be dependent
on functional p53 signaling [19]. Furthermore, it seems unlikely that the effect of metformin
on radiosensitivity is through its effects on Hh signaling, as we have shown that metformin
regulates Hh signaling in an AMPK-dependent manner, whereas it increases radiosensitivity of
PCa cells independent of AMPK activation. Therefore, Hh inhibition and metformin both increase
radiosensitivity of PCa cells but in a different manner.

This interesting interaction between metformin and Hh signaling suggests that the combination of
metformin with Hh inhibition has the potential to further enhance the cytotoxic and/or radiosensitizing
effect of either single agent. To our best knowledge, this combination has never been tested before.
Our results show that this combination treatment is highly effective against PCa proliferation in vitro.
This was associated with an increase of apoptosis and the induction of DNA damage in all cell
lines. Additionally, we observed G2/M-arrest after just 24 h in the PC3 cells, these being the most
sensitive to this drug combination. In the 22Rv1 cells, the cells treated with the drug combination
experienced G1-arrest, which was at least partially ascribed to GANT61. In contrast with the high
cytotoxicity of the drug combination observed in vitro, combining metformin and GANT61 appeared
to be pro-proliferative in a 22Rv1 xenograft mouse model. Strangely, the amount of proliferation in
these tumors was significantly decreased compared to control or either single agent, suggesting that
the increased tumor growth was more likely attributed to decreased apoptosis and necrosis.

Our data also suggest that the combination of metformin and GANT61 only increases
radiosensitivity of cells that are sensitized by both individual drugs, as was the case with the 22Rv1
cells. The PC3 cells were not radiosensitized by either drug or the combination, whereas the DU145
cells were only sensitized by metformin and not by GANT61 due to its p53 mutation [19], resulting
in no extra benefit upon drug combination. In the 22Rv1 cells we observed a radiosensitizing effect
of both metformin and GANT61 which was further enhanced by the drug combination. This was
not the case in the in vivo situation, where we only observed a radiosensitizing effect of GANT61
and no additive effect on radiosensitivity by metformin. In line with our previously published data,
the GANT61-induced radiosensitization was associated with decreased proliferation and increased
cell death [19]. In tumors treated with the drug combination and IR, the amount of necrosis was
significantly increased. One potential reason for the lack of radiosensitization of metformin in vivo
might be the dosage of metformin used. In vitro, high-doses of metformin (5 mM) are needed to
induce cytotoxic and radiosensitizing effects. These high levels of metformin are typically not achieved
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in an in vivo situation. We used 250 mg/kg intraperitoneally, which is also considered quite high
compared to the typical metformin dosing in diabetic patients which lies around 30 mg/kg orally.
However, considering the interspecies differences between mice and humans, the Food and Drug
Administration (FDA) applies a standard scaling factor of 12.3 [31] which makes our in vivo dosage
used definitely acceptable.

Several Smoothened (SMO) inhibitors are currently in the early stages of clinical investigation
in PCa patients. Despite the high efficacy of SMO inhibition in patients with basal cell carcinoma
and medulloblastoma, which are characterized by the presence of Hh mutations, the efficacy of these
inhibitors in ligand-dependent Hh-activated cancer types such as PCa has not yet been established.
Early phase clinical trials demonstrated little or no responsiveness to Hh inhibition in these tumor
types so far. Multiple clinical trials are currently ongoing to investigate the potential of Hh inhibition
as monotherapy or in combination with hormonal therapy in PCa [32]. The use of Hh inhibitors more
downstream the signaling cascade has not yet been investigated in patients. Based on our results, the
combination of GANT61 with radiotherapy might also be a promising strategy to test in the clinic [19].

Although the combination of metformin and GANT61 therapy appeared very effective in an
in vitro situation, the interaction of metformin and GANT61 in the in vivo setting resulted in a
paradoxical (pro-survival) effect. This suggests that the tumor microenvironment could play an
important role in the anti-tumor activity of drug combinations in vivo. We have previously shown
that Hh inhibition indeed also targets the stromal compartment of the tumor and that this results in an
increased efficacy of radiotherapy and Hh inhibition in two PCa xenograft models [19]. This was in
line with other reports indicating that the tumor-associated stroma is also influenced by Hh inhibition
and this might have an impact on the tumor cells [33,34]. Additionally, metformin has also been shown
to influence the tumor microenvironment. A study by Martin et al. [35] has found that metformin
induced vascular endothelial growth factor A (VEGF-A) expression in a BRAF-driven melanoma tumor
model. This resulted in increased angiogenesis and accelerated tumor growth [35]. Although we also
observed an enhanced tumor growth in the combination group, we did not observe any changes in
microvessel density in our study.

This observation highlights the importance of testing drug interactions in an in vivo setting.
The effect of drug interactions is often overlooked in preclinical studies, resulting in the failure of
many novel medications in clinical trials. Therefore, more research into the interaction between Hh
inhibition and metformin should be performed in multiple tumor models to guarantee the safety of
Hh inhibition in diabetic patients using metformin.

4. Materials and Methods

4.1. Cell Culture and Drug Exposure

The androgen-unresponsive PCa cell lines PC3 and DU145 were obtained from the American Type
Culture Collection (ATCC; Manassas, VA, USA). The PC3 cells were grown in minimal essential medium
(MEM, Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Life
Technologies). The DU145 cells were cultured in MEM (Life Technologies) supplemented with 10% FBS,
1% sodium pyruvate (Life Technologies) and 1% non-essential amino acids (Life Technologies). The
androgen-responsive 22Rv1 cells (European Collection of Cell Cultures, ECACC, Salisbury, UK) were
cultured in RPMI 1640 medium without phenol red (Sigma-Aldrich, St. Louis, MA, USA), supplemented
with 10% FBS, 1% L-glutamine and 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (Life Technologies). All cells were maintained at 37 ◦C in a humidified incubator with 5%
CO2/95% O2 atmosphere.

Stock solutions of metformin (Sigma-Aldrich) were prepared in sterile water or saline for in vitro
and in vivo experiments, respectively. For in vitro experiments, stock solutions of GANT61 were
prepared in dimethyl sulfoxide (DMSO; Adipogen, San Diego, CA, USA). For the in vivo experiment,
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GANT61 (Tocris, Bristol, UK) was dissolved in 100% EtOH and was further dissolved in saline (9:1
saline:EtOH). Control conditions were treated with the corresponding drug solvent.

4.2. Cell Growth and Survival

Cells were seeded in a 96-well plate at a density of 2.5–45 × 104 cells per well and treated for
72 h with different concentrations of the inhibitors. Cell growth was assessed using the Incucyte
Zoom system (Essen BioScience, Ann Arbor, MI, USA). Short-term survival assays were performed
by pretreating the cells with GANT61 (10 μM) and metformin (5 mM) for 72 h followed by IR (2, 4,
or 6 Gy). After 24 h, fresh medium was added and cell survival was assessed 7 days thereafter by
means of sulforhodamine B (SRB) assay [36].

4.3. Quantitative Real-Time Polymerase Chain Reaction (qPCR)

RNA isolation and quantitative Polymerase Chain Reaction (qPCR) reactions were performed as
previously described [19]. Primer sequences for glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
PTCH1, GLI1 and GLI2 are enlisted in Supplemental Table S1. Gene expression was calculated as
expression per 100,000 copies of the household gene GAPDH.

4.4. Immunoblot Analysis

Immunoblotting was performed as done before [19]. Primary antibodies against ACC (#3662,
1:1000), phospho-acetyl-CoA carboxylase (pACC) (#3661, 1:500), AMPK (#2532, 1:1000), pAMPK (#2535,
1:500), GLI1 (#2534, 1:500) from Cell Signaling Technologies (Beverly, MA, USA), cyclin D1 (CCND1)
(sc-8396, 1:200) and PTCH1 (sc-6149, 1:200) from Santa Cruz (Dallas, TX, USA) and GLI2 (600-401-845,
1:1000) from Rockland Immunochemicals (Limerick, PA, USA) were used. B-actin (Cell Signaling
Technologies, #4967, 1:1000) was used as loading control. An enhanced chemiluminescence detection
system (Perkin Elmer, Waltham, MA, USA) was used to visualize immune-reactive proteins using
Fujifilm LAS-3000 mini camera (Fujifilm, Germany). Protein expression was quantified using
ImageJ 1.50.

4.5. Flow Cytometry

Apoptotic cell populations (AnnexinV+/PI−),DNA damage and cell cycle distribution were
measured as previously described [19]. Reactive oxygen species (ROS) were detected using
2′,7′-dichlorodihydrofluorescein diacetate [37]. FACSVerse Flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) was used for flow cytometric analysis.

4.6. Colony Formation

Clonogenic formation assays were performed as previously described [19]. After 72-h drug
treatment, cells were seeded at low density and irradiated with 2, 4 and 6 Gy using a Baltograph
(Balteau NDT, Hermalle-sous-argenteau, Belgium) or mock irradiated. Fresh medium was added
16 h post-irradiation. After 11–21 days post-irradiation, cells were fixed with 2.5% glutaraldehyde
in phosphate buffered saline (PBS) and stained with 0.4% crystal violet. The colonies containing
≥50 cells were counted with ColCount (Oxford Optronix, Oxford, UK). Survival fractions normalized
for drug-induced toxicity. Dose-enhancement factor (DEF) was calculated as the ratio of the dose
needed for the control cells to the dose needed for the treated cells to reach a survival fraction of
0.5 (DEF0.5).

4.7. Animal Experiments

Animal experiments were approved by the ethics committee of KU Leuven (P131/2014). Male
NMRI Nu/Nu mice (Janvier, France) were inoculated in both flanks with 2 × 106 22Rv1 cells in
100:100 μL medium/Matrigel (VWR, Radnor, PA, USA). Once tumors reached a volume of 150 mm3,
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mice were treated by intraperitoneal injection with solvent (9:1 saline/EtOH), metformin (250 mg/kg,
every day), GANT61 (50 mg/kg every other day) or the combination of both drugs for 7 weeks. At day
5 of drug treatment, tumors were irradiated with a single dose of 6 Gy. During the entire treatment
period, tumor growth was followed by 2-weekly caliper measurements and tumor volumes were
calculated (V = (length × width × height) × π/6). In addition, the body weight of the mice was
monitored to assess potential treatment toxicity. Mice were euthanized at the end of drug treatment or
when tumors reached the maximum ethically permitted volume of 2 × 103 mm3. Thirty min before
euthanasia, pimonidazole was intraperitoneally injected. Afterwards, tumors were excised and half of
the tumor was fixed in formalin and embedded in paraffin for immunohistochemical analysis and the
other half was snap-frozen for protein analysis.

4.8. Immunohistochemistry

Immunohistochemistry for Ki67, cleaved caspase3, pimonidazole, cluster of differentiation 31
(CD31), GLI1, GLI2 and PTCH1 was performed as previously described [19]. Protein expression was
quantified using ImageJ.

4.9. Statistical Analysis

One-way ANOVA with Tukey’s multiple comparison test or a two-tailed student’s t-test were
used for the in vitro experiments. For the in vivo experiment, a Kolmogorov–Smirnov method was
used to test for normality. Thereafter, either a two-tailed student’s t-test was used when the data
were normally distributed with equal variance or nonparametric analysis using the Mann–Whitney
rank-sum test in other conditions. All statistical tests were performed using the software package
Statistica 12 (StatSoft Inc., Tulsa, OK, USA). A p-value of <0.05 was considered statistically significant.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/2/399/s1.
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ACC Acetyl-CoA carboxylase
AMP Adenosine monophosphate
AMPK AMP-activated protein kinase
CCND1 Cyclin D1
CD31 Cluster of differentiation 31
qPCR Quantitative Polymerase Chain Reaction
DEF Dose-enhancement factor
DMSO Dimethyl sulfoxide
EBRT External-beam radiotherapy
ECACC European Collection of Cell Cultures
FBS Fetal bovine serum
GANT61 GLI-ANTagonist 61
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GLI Glioma-associated oncogene homolog
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hh Hedgehog
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IC50 Half maximal inhibitory concentration
IR Ionizing radiation
LKB1 Liver kinase B1
MEM Minimal essential medium
MF Metformin
mTOR Mammalian target of rapamycin
MVD Microvessel density
OS Overall survival
pACC Phospho Acetyl-CoA carboxylase
pAMPK Phospho AMP-activated protein kinase
PBS Phosphate buffered saline
PI Propidium iodide
PTCH1 Patched 1
PCa Prostate cancer
ROS Reactive oxygen species
SEM Standard error of means
siRNA Silencing RNA
SMO Smoothened
VEGF-A Vascular endothelial growth factor A
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Abstract: The interferon antiviral pathways and prostate cancer genetics converge on a regulated
endoribonuclease, RNase L. Positional cloning and linkage studies mapped Hereditary Prostate Cancer
1 (HPC1) to RNASEL. To date, there is no correlation of viral infections with prostate cancer, suggesting
that RNase L may play additional roles in tumor suppression. Here, we demonstrate a role of RNase
L as a suppressor of androgen receptor (AR) signaling, cell migration and matrix metalloproteinase
activity. Using RNase L mutants, we show that its nucleolytic activity is dispensable for both AR
signaling and migration. The most prevalent HPC1-associated mutations in RNase L, R462Q and E265X,
enhance AR signaling and cell migration. RNase L negatively regulates cell migration and attachment
on various extracellular matrices. We demonstrate that RNase L knockdown cells promote increased cell
surface expression of integrin β1 which activates Focal Adhesion Kinase-Sarcoma (FAK-Src) pathway
and Ras-related C3 botulinum toxin substrate 1-guanosine triphosphatase (Rac1-GTPase) activity to
increase cell migration. Activity of matrix metalloproteinase (MMP)-2 and -9 is significantly increased in
cells where RNase L levels are ablated. We show that mutations in RNase L found in HPC patients
may promote prostate cancer by increasing expression of AR-responsive genes and cell motility and
identify novel roles of RNase L as a prostate cancer susceptibility gene.

Keywords: RNase L; androgen receptor; filamin A; prostate cancer

1. Introduction

RNase L is an interferon-regulated endoribonuclease that provides cellular defense against
virus infections by targeting diverse RNA substrates [1,2]. Other non-canonical roles of RNase L in
regulating barrier function, cellular differentiation, senescence, development of diabetes, lipid storage
and demyelination of axons indicate broader roles than the established antiviral functions [3–7]. Genetic
association of Hereditary Prostate Cancer 1 (HPC1) to RNASEL expands the role of RNase L to include
tumor suppression [8]. However, beyond the established antiviral effect via nucleolytic function,
little is known about the antitumor function of RNase L. Four germline mutations in HPC1/RNASEL
have been identified in hereditary prostate cancer cases: M1I (start codon substitution), E265X (stop
codon at 265), 471ΔAAAG (deletion causing a frameshift and stop codon) and R462Q (missense
mutation at 462) [8–11]. The variant RNase L R462Q, which is defective in inducing apoptosis and
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has a three-fold decrease in enzymatic activity, was reported in 43% of early onset cases of hereditary
prostate cancer [12]. However, in some studies, no clear correlation of prostate cancer with RNase L
R462Q mutation has been observed indicating heterogeneous disease with more complex etiology
involving multiple genes and factors [13–15]. Previous studies show that prostate cancer cells depleted
of RNase L were resistant to apoptosis by the combined treatment of anti-cancer drugs, TNF-related
apoptosis-inducing ligand (TRAIL) and Camptothecin, suggesting that mutations in RNase L may
render tumor cells refractory to cell death by conventional therapies [16].

RNase L is expressed in all cell types as a latent enzyme. It is activated by a unique and specific
oligonucleotide ligand, 2–5A, that is produced from cellular adenosine 5′-triphosphate (ATP) by
oligoadenylate synthetase (OAS) and double-strand RNA (dsRNA) during interferon exposure or
viral infections [2,17]. In the absence of 2–5A, RNase L exists as an inactive monomer. Binding to the
activator, 2–5A, induces conformational change and dimerization to produce an active endoribonuclease
which cleaves diverse RNA substrates. The cleaved RNA products amplify interferon production [18],
activate inflammasome [19] and promote a switch from autophagy to apoptosis [20]. Recent reports
show that RNase L negatively regulates cell migration and downregulates messenger RNAs (mRNAs)
for cell adhesion [21,22]. While these established roles of RNase L may contribute to tumor development,
they do not provide understanding of how mutations in RNase L predispose to prostate cancer.

RNase L interacts with several cellular proteins like Filamin A, IQ (isoleucineglutamine) motif
containing GTPase activating protein 1 (IQGAP1), ligand of numb protein X (LNX), androgen receptor
(AR), extracellular matrix (ECM) and cytoskeletal proteins that may provide alternative mechanisms
by which it mediates biological functions [3,23–26]. Recently, we have shown a nuclease-independent
role of RNase L in regulating actin dynamics by interacting with an actin-binding protein, Filamin A,
to regulate virus entry [3]. RNase L was also reported to interact with AR in breast cancer cells [25].
Filamin A interacts with AR, and a cleaved fragment of Filamin A colocalizes with AR in the nucleus to
repress AR-responsive gene expression suggesting important roles for these interactions in regulating
androgen signaling [27–29]. Several studies demonstrate the importance of microtubules and actin
cytoskeleton in shuttling of AR from cytoplasm to the nucleus in cell lines and in clinical samples
of prostate cancers [30–32]. Considering the requirement of AR to promote prostate cancer and the
association of RNase L with genetic predisposition to HPC, we explored the mechanisms that underlie
tumor suppression. In this study, we demonstrate the role of RNase L, which did not rely on enzyme
activity, as a suppressor of AR signaling, cell migration and matrix metalloproteinase activity. The
most prevalent HPC1-associated mutations in RNase L, R462Q and E265X, enhanced AR signaling and
cell migration and our studies identify a novel role of RNase L as a prostate cancer susceptibility gene.

2. Results

2.1. RNase L Negatively Regulates Androgen Signaling

Mutations in RNase L correlate with HPC and RNase L interacts with AR and Filamin A
(FLNA) [3,25]. To determine the role of RNase L in HPC, we first examined the effect of androgen,
R1881, on the interaction of RNase L with AR and FLNA. Androgen-responsive LNCaP cells were
transfected with Flag-RNase L and treated with R1881 (1 nM), and the interaction with AR and FLNA
was analyzed by coimmunoprecipitation. In untreated cells, Flag-RNase L interacts with AR and
FLNA (Figure 1A). Following treatment with R1881 for 1 h, AR dissociates from Flag-RNase L and
there was reduced FLNA associated with Flag-RNase L which decreased further at 24 h. In the absence
of ligand, AR remains in the cytoplasm and translocates to the nucleus on binding to androgens to
regulate transcription of androgen-responsive genes [33,34]. To determine the impact of RNase L on
AR subcellular localization, RNase L was depleted in LNCaP cells using short hairpin RNA (shRNA)
and stimulated with R1881 (1 nM) for 24 h and analyzed by confocal microscopy. Increased nuclear
AR staining was observed only after R1881 treatment (Figure 1B, top) as quantified by measuring
fluorescence intensity from three or more fields from three independent experiments (Figure 1B,
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bottom). Since RNase L interacts with FLNA in addition to AR, we knocked-down expression of FLNA
or both RNase L and FLNA in LNCaP cells (Figure 1E) and stimulated with R1881 for 24 h. Cells
lacking FLNA expression showed increased nuclear AR staining which was further increased when
both RNase L and FLNA were depleted (Figure 1B). To test if the effect of RNase L on AR nuclear
accumulation impacts AR-responsive gene expression, mRNA levels of AR target genes PSA, ETV1 and
sGCα1 were determined in response to R1881 (Figure 1C). The effect of RNase L on AR-transcriptional
activity was determined in cells expressing prostate specific antigen (PSA)-luciferase reporter construct,
which has copies of AR-response elements fused to luciferase reporter, after stimulating with R1881
(Figure 1D). Increased expression of AR-responsive genes and AR-transcriptional activity correlated
with increase in AR nuclear localization in cells lacking RNase L or FLNA and the effect was potentiated
in cells lacking both RNase L and FLNA. These results suggest that RNase L negatively regulates
androgen signaling and these effects may be mediated, in part, by interaction with FLNA.

 
Figure 1. RNase L negatively regulates androgen signaling. (A) RNase L interacts with androgen
receptor (AR) and Filamin A (FLNA) and dissociates on androgen treatment. LNCaP cells expressing
Flag-RNase L were treated with vehicle or R1881 (1 nM) for 1 h or 24 h and immunoprecipitated with
Flag-M2 agarose beads or isotype control immunoglobulin G (IgG) beads. The samples were separated
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the presence of AR
or FLNA was determined using specific antibodies by Western blot analysis (WB). (B) Localization of
endogenous AR in LNCaP cells expressing short hairpin RNA (shRNA) to knockdown RNase L, Filamin
A or both compared to control shRNA. Cells grown in 2% charcoal stripped serum media were treated
with vehicle (mock) or R1881 (1 nM) for 24 h, stained with AR antibody followed by Alexa 647-conjugated
secondary antibodies and analyzed under confocal microscope. Images are representative of experiments
performed in triplicate. AR localization in the nucleus (stained with diamidino-2-phenylindole (DAPI)
in blue) was quantitated by measuring fluorescence intensity using Image J software. More than 10
cells (from at least three fields) were analyzed from three independent experiments. RNase L inhibits
AR-mediated gene expression. LNCaP cells expressing shRNAs (as in B) were treated or mock-treated
and (C) quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) of messenger RNA
(mRNA) levels of PSA, ETV1 and sGCα1 was determined and normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA levels. (D) Prostate specific antigen (PSA)-luciferase promoter activity
was determined 18 h after R1881 treatment and normalized to β-galactosidase levels. Data shown are
mean values ± standard deviation (SD) of experiments performed in triplicate from three independent
experiments. Student’s t-test was used to determine p-values. * p < 0.01, ** p < 0.001 and compared to
cells expressing control shRNA and treated with R1881. (E) Cell lysates were analyzed on immunoblots
for knockdown of RNase L or Filamin A and increase in AR on R1881 treatment normalized to β-actin
levels. Scale bar 10 μm; Magnification ×63.
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RNase L has an N-terminal ankyrin repeat domain, a pseudokinase domain in the middle and
a C-terminal ribonuclease domain. RNase L binds to its activator, 2–5A, via the ankyrin repeat and
pseudokinase domains allowing dimerization which is required for nuclease activity. To identify
the region of RNase L that is required for suppression of androgen signaling, we over-expressed
full-length Flag-RNase L (FL 1–741), N-terminal 1–335 amino acid residues (lacking nuclease domain
(ΔC (1–335)) or C-terminal 386–741 amino acid residues (lacking ankyrin repeats (ΔN (386–741)) or
vector alone in LNCaP cells (Figure 2B) and stimulated with R1881 for 24 h. Compared to cells
expressing endogenous levels of RNase L (Figure 2, labeled as none), over-expression of RNase L
suppressed AR nuclear localization two-fold (Figure 2A) which correlated with decrease in expression
of AR-responsive genes (Figure 2C) and AR-transcriptional activity (Figure 2D). Interestingly, the
N-terminal domain of RNase L which lacks nuclease activity suppressed androgen signaling, whereas
expression of C-terminal domain alone increased AR nuclear localization, mRNA levels of AR target
genes as well as AR-transcriptional activity (Figure 2A–D). Taken together, our results show that RNase
L suppresses androgen signaling in LNCaP cells and the N-terminal ankyrin repeat domain is required
for this effect.

Figure 2. Over-expression of RNase L suppresses AR signaling. (A) LNCaP cells expressing full-length
Flag-RNase L (FL 1–741), Flag-RNase L lacking N-terminal 385 amino acid residues (ΔN 386–741),
Flag-RNase L lacking C-terminal 336–741 amino acid residues (ΔC 1–335) or vector alone (none)
were grown in 2% charcoal stripped serum containing media and treated with R1881 or vehicle
for 24 h, analyzed under confocal microscope for AR nuclear localization and quantitated as in
Figure 1B. (B) Cell lysates were analyzed on immunoblots for expression of Flag-RNase L (full-length
and truncated proteins) and normalized to β-actin levels. LNCaP cells overexpressing full-length or
truncated RNase L mutants as above were treated with R1881 or mock-treated and (C) quantitative
RT-PCR of mRNA levels of PSA, ETV1 and sGCα1 was determined and normalized to GAPDH mRNA
levels. (D) PSA-luciferase promoter activity was determined 18 h after R1881 treatment and normalized
to β-galactosidase levels. Data shown are mean values ± SD of experiments performed in triplicate
from three independent experiments. Student’s t-test was used to determine p-values. * p < 0.01,
** p < 0.001, # not significant, and compared to cells expressing vector alone and treated with R1881.
Scale bar 10 μm; Magnification ×63.
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2.2. The Effect of RNase L on AR Signaling Is Not Due to Altered AR Stability

Our results show that knockdown of endogenous RNase L increased AR signaling and
over-expression of RNase L in LNCaP cells resulted in marked reduction of nuclear AR levels.
We analyzed the subcellular distribution of AR in cells with endogenous levels of RNase L and
FLNA, knockdown of either RNase L or FLNA and knockdown of both RNase L and FLNA by cellular
fractionation following R1881 treatment. We validated the knockdown of RNase L and or FLNA and
induction of AR expression in response to R1881 in immunoblots (Figure 3A). Cytosolic and nuclear
extracts of cells with and without R1881 treatment were analyzed for AR protein levels. Consistent
with our imaging experiments (Figure 1B), treatment of cells with R1881 resulted in translocation of
AR from the cytosolic to the nuclear fraction. Quantitation of immunoblots for AR protein shows that
depleting RNase L or FLNA increased AR nuclear-to-cytoplasmic ratio (N/C ratio), and depleting
both resulted in further increase in nuclear AR levels (Figure 3B).

 
Figure 3. Increased AR localization in the nucleus in RNase L-depleted cells is not due to altered
AR stability. LNCaP cells expressing shRNA to knockdown RNase L, FLNA or both and control
shRNA were grown in 2% charcoal-stripped serum containing media and treated with vehicle or
R1881 and (A) Cell lysates were analyzed on immunoblots for knockdown and AR expression levels.
(B) Cells were fractionated and AR from nuclear (N) and cytosolic (C) extracts were analyzed by
immunoblotting with anti-AR, histone H3 (marker for nuclear extract), α-tubulin (marker for cytosolic
extract) antibodies. Nuclear-to-cytoplasmic (N/C) ratio of AR protein with or without R1881 was
determined by densitometric analysis of band intensities using Image J software. LNCaP cells with
control shRNA (C) or RNase L shRNA (D) in growth medium were treated with cycloheximide (CHX,
50 μg/mL) alone or combined with MG132 (20 μM) or R1881 (1 nM) for 4 h or 8 h. Cell lysates were
prepared in 2% SDS and levels of AR were normalized on immunoblots with β-actin and relative
changes in AR levels compared to CHX treatment for 0 h (band intensity set as 1) was determined.
Similar results were observed in three independent experiments.
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Due to the inhibitory effect of RNase L on AR nuclear accumulation, we tested the possibility
that RNase L may affect AR protein stability. Control and RNase L shRNA expressing LNCaP cells
were treated with cycloheximide (CHX) for the indicated times to block de novo protein translation
and combined with either proteasome inhibitor, MG132, to block AR degradation or R1881 to induce
AR protein levels. As demonstrated by other studies, AR protein levels declined in cells treated with
CHX alone [35] and the reduced levels were comparable in cells depleted or expressing RNase L
(Figure 3C,D). No differences in MG132 stabilized AR was observed in both cells suggesting that
RNase L does not alter AR stability.

2.3. Hereditary Prostate Cancer 1 (HPC1)-Associated Mutants of RNase L Enhance AR Transcriptional Activity

To understand how mutations in RNase L contribute to HPC, we examined the effect of
HPC1-associated RNase L mutants on androgen signaling. To further address if RNase L enzyme
activity is required for androgen signaling, other mutations in RNase L were generated by site-directed
mutagenesis of Flag-RNase L construct including R667A (nuclease-dead), K166E (reduced enzyme
activity), K240/274N (defective 2–5A binding and lacks enzyme activity), Y312A (defective 2–5A
binding and lacks enzyme activity). Expression of Flag-RNase L Wild type (WT) and mutant proteins is
shown in immunoblots (Figure 4E). RNase L activity of the WT and mutant constructs was determined
by rRNA cleavage in response to PolyI:C transfection in HeLa cells which lack detectable RNase L
activity (Figure 4F) [36,37]. As endogenous RNase L may mask some of the effects of mutants we
express, we used a knockdown/rescue approach in which endogenous RNase L levels were depleted
in LNCaP cells with shRNA targeting the 3′-UTR (Figure 1E) and reconstituted with Flag-RNase L
(WT) or RNase L mutants and stimulated with R1881 for 24 h. We then monitored the subcellular
localization of AR by confocal microscopy (Figure 4A) and quantitated the amount of nuclear AR
(Figure 4B). Expression of WT RNase L suppressed nuclear translocation of AR as we observed in
Figure 2. However, cells expressing HPC1-associated mutants, R462Q and E265X showed increased
AR in the nucleus. Since both mutants compromised RNase L enzyme activity, we tested other RNase
L mutants which had reduced activity (K166E), lacked enzyme activity due to defect in binding the
activator 2–5A (K240/274N and Y312A) or in the nuclease domain (R667A) to determine if enzyme
activity of RNase L was required for androgen signaling. In contrast with other mutants, RNase L
Y312A, which is defective in 2–5A binding and lacks enzyme activity, was able to suppress nuclear AR
localization like WT RNase L (Figure 4A, arrows). We did not observe any change in AR subcellular
localization in the absence of R1881. The increase in nuclear AR correlated with mRNA levels of
AR target genes and AR-transcriptional activity (Figure 4C,D). Together, these results suggest that
HPC1-associated RNase L mutants may contribute to HPC by regulating androgen signaling. Further,
the effect of RNase L on androgen signaling appears to be independent of nucleolytic functions
(Figure 4F).

2.4. Cell Migration Is Increased in Cells with Reduced Levels of RNase L

Our published observation that RNase L interacts with the actin-binding protein, FLNA,
to regulate actin dynamics [3] suggests that RNase L may have additional roles in HPC besides
regulating androgen signaling. The ability of RNase L to modulate actin cytoskeleton prompted us
to explore whether RNase L affected cell migration in prostate cancer cells. To investigate the role of
RNase L in prostate cancer cell motility, RNase L levels were knocked-down using shRNA in DU145,
PC3 and LNCaP cells and compared to cells expressing endogenous RNase L levels (expressing control
non-targeting shRNA) (Figure 5B, inset). Confluent monolayer of cells in serum-free media were
scratched and replaced with growth media. Cell migration to close the wound was imaged (Figure 5A)
and quantitated (Figure 5B) over time as indicated. In all three prostate cancer cells, depletion of RNase
L had marked effect (1.5–2-fold) in enhancing cell migration and the effect was most significant at 24 h
experimental endpoint. No significant difference in cell proliferation was observed between control
and knockdown cells over the 24 h time course of the experiment (data not shown). The difference in
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cell migration was quantitated by transwell cell migration assays in response to serum (Figure 5C).
Consistent with scratch wound healing assays, RNase L knockdown cells migrated significantly more
(1.5–2-fold) through fibronectin-coated filters in response to serum.

Figure 4. Hereditary Prostate Cancer 1-associated mutants of RNase L enhance AR transcriptional
activity. (A) Endogenous RNase L-knockdown LNCaP cells were reconstituted with Flag-Wild-type
(WT) or mutated RNase L as indicated and treated with vehicle (−R1881) or R1881 (1 nM) for 24 h.
AR nuclear localization was analyzed under confocal microscope; and (B) quantitated by measuring
fluorescence intensity using Image J software as described in Figure 1B. White arrows point to lack of
nuclear localization in WT and RNase L Y312A mutant expressing cells. AR transcriptional activity
was monitored in LNCaP cells reconstituted with WT and RNase L mutants treated with vehicle or
R1881 by (C) quantitative RT-PCR of mRNA levels of PSA, ETV1 and sGCα1 normalized to GAPDH
mRNA levels. (D) PSA-luciferase promoter activity 18 h after R1881 treatment and normalized to
β-galactosidase levels. Data shown are mean values ± SD of experiments performed in triplicate
from three independent experiments. Student’s t-test was used to determine p-values. * p < 0.01,
** p < 0.001, # not significant, and compared to RNase L knockdown cells (shown with arrow on graphs)
treated with R1881. (E) Cell lysates were analyzed for expression of Flag-RNase L (WT) and mutants as
indicated using anti-Flag antibodies and normalized to β-actin levels. (F) HeLa cells were transfected
with Flag-RNase L (WT) and RNase L mutants and enzyme activity was determined by monitoring
rRNA cleavage (shown by arrows) as determined in RNA chips by transfecting cells with PolyI:C
(2 μg/mL) and isolation of total RNA. Scale bar 10 μm, Magnification ×63.

To further demonstrate that the increased cell migration was due to lack of RNase L, we used
WT and Rnase l−/− (RNase L KO) primary mouse embryonic fibroblasts (MEFs) and monitored
wound closure by wound healing assays and cell migration in transwell assays. Migration of RNase
L KO MEFs was enhanced 2–3-fold in response to serum or fibronectin compared to WT MEFs
(Figure 5D–F). In addition, we reconstituted RNase L expression in DU145 or PC3 RNase L knockdown
cells and compared wound closure in cells with endogenous levels of RNase L, depleted of RNase
L or over-expressing RNase L (Figure 6A,C). Expression of RNase L is shown in immunoblots as
inset in Figure 6B,D. At 24 h experimental endpoint wound closure was 47% in DU145 cells with
endogenous RNase L (WT), 76% in RNase L-depleted cells and 29% in over-expressing cells. In PC3
cells, endogenous RNase L expressing cells (WT) showed 45%, RNase L-depleted cells showed 68%
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and over-expressing cells showed 27% wound closure. To determine the consequence of RNase L
activation on cell migration, DU145 cells were transfected with activator, 2–5A which causes RNase
L dimerization, or mock transfected and wound closure was imaged and quantitated (Figure 6E,F).
2–5A treatment of cells decreased migration of DU145 cells by 48% compared to mock transfected cells.
Taken together, these results demonstrate that RNase L inhibits cell migration in prostate cancer and
primary cells. Furthermore, activation of RNase L by 2–5A, which results in conformational change
and dimerization of RNase L, also suppresses cell migration.

 
Figure 5. Cell migration is increased in cells with reduced RNase L levels. DU145, PC3 or LNCaP cells
expressing control or RNase L shRNA (A–C) and WT or RNase L KO mouse embryonic fibroblasts
(MEFs) (D–F) were grown to confluence. (A,D) The cell monolayer was scratched and wound closure
was imaged under phase-contrast microscope at indicated times. (B,E) Cells migrated (%) to close the
wound was quantitated by Image J software. Knock-down of RNase L on immunoblots is shown as
inset in (B). (C,F) Transwell chambers coated with fibronectin were used to measure cell migration at
6 h and 24 h in response to growth medium with 10% serum by counting cells that migrated to the
lower surface of the filters from experiments performed in triplicate. Data shown are mean values ±
SD of experiments performed in triplicate from three independent experiments. Student’s t-test was
used to determine p-values. * p < 0.01, ** p < 0.001, # not significant, and compared to cells expressing
control shRNA (A–C) and compared to WT MEFs (D–F). Scale bar 100 μm, Magnification ×10.

32



Int. J. Mol. Sci. 2017, 18, 529

Figure 6. Over-expression or activation of RNase L inhibits cell migration. DU145 (A,B) or PC3
(C,D) cells expressing control shRNA and expressing endogenous levels of RNase L (WT), shRNA
to knockdown RNase L (RNase L KD) or overexpressing RNase L after knockdown of endogenous
RNase L (pcDNA3-RNase L) were grown to confluence. (A,C) Cell monolayers were scratched and
wound closure was imaged under phase-contrast microscope at indicated times. (B,D) Cells migrated
(%) to close the wound was quantitated by Image J software. RNase L protein levels were analyzed
on immunoblots using anti-RNase L antibody and shown as inset in B and D. Data shown are mean
values ± SD of experiments performed in triplicate from three independent experiments. Student’s
t-test was used to determine p-values. * p < 0.01, ** p < 0.001, # not significant, and compared to
control cells expressing endogenous levels (WT) of RNase L. (E) DU145 cells were mock transfected
(control) or transfected with 2–5A (10 μM) to activate RNase L. The monolayer was scratched and
wound closure was imaged under phase-contrast microscope at indicated times. (F) Cells migrated
(%) to close the wound was quantitated by Image J software. Data shown are mean values ± SD of
experiments performed in triplicate from three independent experiments. Student’s t-test was used to
determine p-values. * p < 0.01, ** p < 0.001, and compared to mock-treated (control) cells (E,F). Scale bar
100 μm, Magnification ×10.

2.5. Hereditary Prostate Cancer-Associated Mutants of RNase L Promote Cell Migration

We have shown that RNase L suppresses AR signaling and cell migration. Because the most
common RNase L mutations associated with HPC enhance AR signaling, we investigated whether
these RNase L mutants also affect cell migration. To further explore if RNase L enzyme activity is
required for cell migration, we also tested the RNase L mutants we generated that have reduced
enzyme activity (K166E) or lack enzyme activity due to mutation in the nuclease domain (R667A) or
defect in binding the activator, 2–5A (K240/274N, Y312A). Loss of heterozygosity of RNase L has
been observed in HPC1 prostate tumors [8]. Therefore, we depleted RNase L in DU145 and PC3
cells and reconstituted with vector alone (none), Flag-RNase L (WT) or Flag-RNase L mutants as
indicated (Figure 7A–F). Confluent monolayers of cells were scratched and wound closure was imaged
(Figure 7A,C) and quantitated (Figure 7B,D). Differences in cell migration between cells expressing
various RNase L mutants were also quantitated by transwell assays through fibronectin coated filters in
response to serum (Figure 7E,F). Consistent with our observations, RNase L knockdown cells showed
increased migration and expression of WT RNase L suppressed cell migration. HPC1-associated RNase
L mutants, R462Q and E265X, showed increase in cell migration compared to cells expressing WT
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RNase L (shown by arrows in Figure 7B,D–F). RNase L K166E, which has reduced enzyme activity,
R667A, which is nuclease-dead, and K240/274N which lacks enzyme activity showed 1.5–2-fold
increase in migration compared to WT expressing cells. In contrast with other RNase L mutants which
lack enzyme function, the Y312A mutant which also lacks enzyme activity due to its inability to bind
2–5A, suppressed cell migration (shown by arrows in Figure 7B,D–F). This effect was comparable to
WT RNase L indicating that different regions of RNase L, presumably through interacting proteins,
may contribute to cell migration rather than enzyme activity.

 
Figure 7. Hereditary prostate cancer-associated mutants of RNase L promote cell migration.
Endogenous RNase L was knocked down in DU145 or PC3 cells and reconstituted with Flag vector
(none), Flag-RNase L (WT) or Flag-RNase L mutants as indicated. (A,C) Cell monolayers were
scratched and wound closure was imaged under phase-contrast microscope at indicated times. (B,D)
Cells migrated (%) to close the wound was quantitated by Image J software. (E,F) Transwell chambers
coated with fibronectin were used to measure cell migration at 6 h and 24 h in response to growth
medium with 10% serum by counting cells that migrated to the lower surface of the filters from
experiments performed in triplicate. Arrows are used to highlight RNase L mutants that suppress
migration as WT RNase L. Data shown are mean values ± SD of experiments performed in triplicate
from three independent experiments. Student’s t-test was used to determine p-values. * p < 0.01,
** p < 0.001, # not significant, and compared to cells expressing shRNA to knockdown RNase L. Scale
bar 100 μm, Magnification ×10.

2.6. RNase L-Depletion Increases Cell Attachment and Cell Spreading

Interaction of the cell with extracellular matrix (ECM) causes engagement of specific
transmembrane receptors and signaling molecules which modulate cytoskeletal organization resulting
in distinct cell morphology, attachment and migration [38]. To characterize the consequence of RNase
L on cell attachment, RNase L was knocked-down using shRNA in DU145, PC3 or LNCaP cells and
compared to control shRNA expressing cells. Cells were allowed to attach to dishes coated with
fibronectin (FN), laminin (LN), collagen I (C I), collagen IV (C IV) or vitronectin (VN) for 1 h. Wells
were then washed and attached cells were quantitated by staining. Knockdown of RNase L in all three
prostate cancer cell lines tested showed increase in cell attachment to all the ECM substrates, and
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the difference was 2–2.5-fold greater in response to fibronectin (Figure 8A–C). We monitored DU145
and PC3 cells for both shape and cell spreading after incubation on FN substrates. Expression of
RNase L appeared to result in the presence of more rounded cells which spread slowly. In contrast
RNase L-depleted cells tend to spread rapidly and the cell area increased in a time-dependent manner
(Figure 8D,E). Both the rate and extent of cell spreading were significantly lower at all the time
points in RNase L expressing cells. These results suggest that RNase L inhibits cell attachment and
cell spreading.

 
Figure 8. RNase L depletion increases cell attachment to extracellular matrix substrates and cell
spreading. (A) DU145; (B) PC3; or (C) LNCaP cells expressing control shRNA or RNase L shRNA were
allowed to attach to wells coated with 10 μg/mL each of fibronectin (FN), laminin (LN), collagen I
(C I), collagen IV (C IV) or vitronectin (VN) for 1 h. Plates were washed and attached cells were stained.
Cell attachment (%) was determined from means ± SD of experiments performed in triplicate from
three separate experiments. (D) DU145; or (E) PC3 expressing control shRNA or RNase L shRNA were
allowed to attach and spread on surfaces coated with fibronectin (10 μg/mL) at various time points,
fixed and F-actin was labeled with Alexa 488-labeled phalloidin and imaged by confocal microscope.
Areas of individual cells from at least 30 measurements were determined by Image J software. Data
shown represent the mean of cell area ± standard error of mean (SEM) of three experiments performed
in triplicate. Student’s t-test was used to determine p-values. * p < 0.01, ** p < 0.001, # not significant,
and compared to cells expressing control shRNA. Scale bar 10 μm, Magnification ×63.

2.7. Depletion of RNase L Promotes Integrin Activation and FAK-Src Signaling in Response to Fibronection

Integrins are transmembrane receptors that physically link ECM to intracellular actin
cytoskeleton [39]. Trafficking and recycling of integrin β1 to the cell membrane and clustering is
required for cell attachment, spreading and migration [40]. Clustering of integrins activates signaling
events involving focal adhesion kinase (FAK) and Src [41,42]. Since RNase L regulates cell attachment
and migration, we investigated if the effects were mediated by integrin-regulated Focal Adhesion
Kinase-Sarcoma (FAK-Src) signaling pathways. To assess the role of RNase L in regulating integrin
β1 expression and activation, prostate cancer cells depleted of RNase L or WT were allowed to
spread on FN and cell suspensions were fixed and incubated with integrin β1 antibodies to label
cell surface integrin β1. Flow cytometric analysis showed that cell surface integrin β1 was increased
1.5–3-fold following knockdown of RNase L (Figure 9A–C). No changes in protein levels of integrin β1
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were observed between WT and RNase L knockdown cells. Consistent with roles in cell migration,
attachment and spreading, RNase L is important for activation of integrin β1. Activation of RNase
L with 2–5A which promotes dimerization, inhibits cell migration (Figure 6E,F) and we observed
decrease in cell surface integrin β1 expression in DU145, PC3 and LNCaP cells transfected with 2–5A
and this effect was not due to decrease in integrin β1 protein levels (Figure 10A–C).

 
Figure 9. Cells with reduced levels of RNase L exhibit increased surface expression of integrin
β1. DU145, PC3 or LNCaP cells expressing control shRNA or RNase L shRNA were plated on
fibronectin-coated dishes and analyzed by flow cytometry for surface staining with antibodies against
integrin β1 and Alexa-488 conjugated secondary antibodies. (A) Representative histograms; and (B)
bar graphs for the mean fluorescence intensity of at least three independent experiments for integrin
β1 are shown. Student’s t-test was used to determine p-values. * p < 0.01, ** p < 0.001 and compared
to cells expressing control shRNA. (C) Expression of integrin β1 in cell lysates was determined on
immunoblots and normalized to levels of β-actin.

 
Figure 10. Activation of RNase L reduces surface expression of integrin β1. DU145, PC3 or LNCaP
cells were mock-treated (control) or transfected with 2–5A (10 μM) to activate RNase L and plated on
fibronectin-coated dishes and analyzed by flow cytometry for surface staining with antibodies against
integrin β1 and Alexa-488 conjugated secondary antibodies. (A) Representative histograms; and (B) bar
graphs for the mean fluorescence intensity of at least three independent experiments for integrin β1
are shown. Student’s t-test was used to determine p-values. * p < 0.01, ** p < 0.001 and compared to
mock-treated cells. (C) Expression of integrin β1 in cell lysates was determined on immunoblots and
normalized to levels of β-actin.
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FAK is recruited to sites of integrin clustering and activated by autophosphorylation at Y397
which in turn facilitates Src binding [43–45]. Phosphorylation of Src at Y416 can lead to formation of
FAK-Src signaling complex which acts with downstream regulators including RhoGTPases to control
cell shape and turnover of focal adhesion during cell migration [46,47]. We tested FAK activation after
integrin β1 clustering in response to FN in PC3 cells with endogenous or knockdown of RNase L
and in WT and RNase L KO MEFs. FAK Y397 phosphorylation was increased 43% in PC3 RNase L
knockdown cells and 48% in RNase L KO MEFs compared to PC3 control or WT MEFs, respectively
(Figure 11A,B). Src is activated by binding to pY397-FAK and we observed a corresponding 60%
increase in pY416 Src in PC3 RNase L knockdown cells and 70% in RNase L KO MEFs compared to
PC3 control or WT MEFs respectively (Figure 11A,B). In PC3 RNase L knockdown cells, we observed
increase in basal levels of phospho-FAK and phospho-Src which increased further on FN stimulation.

To further demonstrate that Src activity is involved in cell migration, RNase L-depleted PC3 cells
were treated with Src inhibitor, PP2, and monolayers were scratched and cell migration to close the
wound was imaged and quantitated. In mock-treated cells 85% of wound closure was observed at 24 h
compared to 43% in PP2-treated cells (Figure 11C,D). These results suggest that integrin clustering in
response to FN in RNase L-depleted cells was significantly enhanced over control cells which in turn
reflected in increased phosphorylation of FAK and Src which effects cell migration.

Figure 11. Increased FAK and Src phosphorylation in response to fibronectin in RNase L-depleted
cells effects cell migration. (A) PC3 cells expressing control or RNase L shRNA; and (B) WT and Rnase
l−/− (RNase L KO) MEFs were serum starved and plated on fibronectin-coated plates for indicated
times. Phospho-FAK (Y397) and phospho-Src (Y416) was detected in cell lysates using phospho-specific
antibodies on immunoblots followed by Western blotting with anti-FAK, anti-Src antibodies and β-actin
for loading control. (pY397)-FAK and (pY416)-Src intensity values were normalized to total-FAK and
total-Src intensities respectively using Image J software. Representative immunoblots from experiments
performed in triplicate are shown. (C) PC3 RNase L-depleted cells growing in confluent monolayers
were pretreated with vehicle (mock) or Src inhibitor (PP2, 10 μM) for 1 h. Cell monolayers were
scratched and wound closure was imaged under phase-contrast microscope at indicated times in
growth medium containing PP2 inhibitor. (D) Cells migrated (%) to close the wound was quantitated
by Image J software. Data shown are mean values ± SD of experiments performed in triplicate from
three independent experiments. Student’s t-test was used to determine p-values. * p < 0.01, ** p < 0.001,
and compared to vehicle-treated (mock) cells. Scale bar 100 μm, Magnification ×10.
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2.8. Increased Rac1 Activity Mediates Enhanced Cell Migration in RNase L-Depleted Cells

Signaling pathways triggered by integrins regulate FAK-Src activity and involve Rho GTPases
which are crucial for remodeling cytoskeleton and cell mobility [48,49]. To investigate which of the
Rho family, GTPases-RhoA, Cdc42 or Rac1, mediate RNase L-dependent migration, RNase L-depleted
DU145 or PC3 cells were transfected with empty vector (mock), or dominant-negative forms of RhoA
(T19N), Cdc42 (T17N) or Rac1 (T17N) [50]. Expression of the proteins on immunoblots is shown in
Figure S1. Monolayers of cells were scratched and wound closure was imaged and quantitated at
indicated times (Figure 12A–D). Expression of the dominant-negative Rac1 significantly inhibited
migration of RNase L-depleted cells whereas RhoA (T19N) and Cdc42 (T17N) had marginal effects.
To examine the effect of reduced RNase L levels on Rac1 activity in response to FN, we measured
Ras-related C3 botulinum toxin substrate 1 (Rac1) activity by precipitating active GTP-bound Rac1
with GST-PAK-binding domain (GST-PBD) and estimating the abundance relative to total levels of
Rac1 protein. In both DU145 (Figure 13A,B) and PC3 (Figure 13C,D), adhesion to FN stimulated a
rapid and transient increase in Rac1 activity which peaked at 30 min and declined by 1 h. In contrast,
RNase L knockdown cells had higher basal level of Rac1 which increased further on FN stimulation
and was sustained at 1 h (Figure 13A–D). Our data support the observation that increased integrin
and FAK-Src signaling in response to FN in RNase L knockdown cells contributes to increased Rac1
activity and cell migration.

Figure 12. Ras-related C3 botulinum toxin substrate 1 (Rac1) mediates enhanced cell migration in
RNase L-depleted cells. RNase L shRNA expressing (A) DU145 cells; or (B) PC3 cells were transfected
with empty vector (mock), dominant negative Cdc42 (T17N), dominant negative Rac1 (T17N) or
dominant negative RhoA (T19N) expressing plasmids. After 24 h, cell monolayers were scratched and
wound closure was imaged under phase-contrast microscope at indicated times. (C,D) Cells migrated
(%) to close the wound was quantitated by Image J software. Data shown are mean values ± SD of
experiments performed in triplicate from three independent experiments. Student’s t-test was used to
determine p-values. * p < 0.01, ** p < 0.001, # not significant, and compared to RNase L-depleted cells
mock transfected with empty vector. Scale bar 100 μm, Magnification ×10.
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Figure 13. Rac1 activity in response to fibronectin is increased in RNase L-depleted cells. (A) DU145;
or (C) PC3 cells expressing control or RNase L shRNA were plated on fibronectin-coated dishes for
indicated times. Cell lysates were incubated with agarose-immobilized GST-PAK1 binding domain
(GST-PBD) and co-precipitated proteins were subject to immunoblotting with anti-Rac1 antibodies to
detect the amount of GTP-bound Rac1 (active Rac1) and compared to expression of Rac1 in cell lysates.
Representative immunoblots from experiments performed in triplicate are shown. (B,D) Activity of
Rac1 was quantitated by comparing the intensities of active Rac1 with those of total Rac1 in each lane
using Image J software. Data are mean values ± SEM expressed as increase in Rac1 activity from three
independent experiments. Student’s t-test was used to determine p-values. * p < 0.01, ** p < 0.001, and
compared to control shRNA expressing cells.

2.9. RNase L Regulates MMP-2 and MMP-9 Activities

Matrix metalloproteinases (MMPs) remodel the ECM and play a critical role in cell migration,
invasion, tissue metastasis and impact tumor progression [51]. Elevated levels of MMP-2 and MMP-9
are observed in prostate cancer and correlate with increased metastasis [52,53]. To determine if
activity of MMP-2 and -9 are regulated by RNase L, culture supernatants of control and RNase L
knockdown DU145, PC3 and LNCaP cells were analyzed for activity of secreted MMP-2 and -9 by
gelatin zymography. MMP-2 and -9 gelatinase activity, observed by cleared areas on gels, was higher in
RNase L-depleted cells than in control cells (1.5–5-fold increase in MMP-2 activity compared to control
cells and 1.5–2-fold increase in MMP-9 activity compared to control cells) (Figure 14A,B). Similar
increase in MMP-2 and -9 activities was also observed in RNase L KO MEFs compared to WT MEFs
(Figure S2). Activation of RNase L by transfecting 2–5A inhibited cell migration (Figure 6E,F) and we
observed a decrease in MMP-2 and -9 activity in culture supernatants following 2–5A transfection
compared to control cells (Figure 14A,C). Taken together, these results demonstrate that depleting
RNase L leads to increased activity of MMP-2 and -9 in prostate cancer cells which correlates with
increased cell migration. Silencing of RNase L or activation of RNase L did not affect expression of
MMP-9 mRNA (Figure S3).
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Figure 14. RNase L regulates matrix metalloproteinases (MMP) -2 and MMP-9 activities. (A) Gelatin
zymography analysis of MMP-2 and MMP-9 activities in conditioned media harvested from DU145,
PC3 or LNCaP cells expressing control or RNase L shRNA or transfected with 2–5A complexed with
lipofectamine 2000 and added to cells to activate RNase L. Data shown are representative of three
independent experiments. Quantitative analysis of MMP-2 and MMP-9 activities in (B) Cells expressing
RNase L shRNA compared to control shRNA, and (C) Cells transfected with 2–5A to activate RNase L
compared to control cells. Data shown are mean values ± SEM from three independent experiments.
Student’s t-test was used to determine p-values. * p < 0.01, ** p < 0.001, and compared to control shRNA
expressing cells (B); and control cells (C).

3. Discussion

In the present study, we demonstrate the role of RNase L as a suppressor of AR signaling, cell
migration and activity of matrix metalloproteinases identifying an unrecognized role of RNase L in
prostate cancer. Importantly, the nuclease function of RNase L was not required for suppression. The
relevance of the HPC1 (RNASEL) mutations in prostate cancer is poorly understood. We provide
evidence that the most prevalent HPC1-associated mutations in RNase L, R462Q substitution and
E265X truncation, enhance AR nuclear translocation, transcriptional activity and cell migration. This
study not only identifies Androgen Receptor as a target of RNase L regulation, but also demonstrates
that the effect of HPC1-associated mutations on AR signaling and cell migration is amenable to
regulation by physiological conditions that exist in prostate cancer cells.

In androgen-treated cells, the interaction between RNase L, Filamin A and AR is disrupted and
AR translocates to the nucleus to induce AR-responsive gene expression. In LNCaP cells lacking
RNase L significantly higher nuclear AR was observed, similar to FLNA-depleted cells, and cells
lacking both proteins showed further increase in nuclear AR which was reflected by increase in AR
transcriptional activity, and expression of AR target genes (Figure 1). Increased nuclear AR was
only observed in cells treated with R1881 indicating that RNase L effect on AR is ligand-dependent.
As would be expected for a dynamic interaction, over-expression of full-length RNase L suppressed AR
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nuclear localization and AR nuclear activities. In other studies, over-expression of Filamin A inhibited
AR transcriptional activity on androgen treatment indicating common underlying mechanisms [27].
Interestingly, the N-terminal fragment of RNase L which interacted with FLNA inhibited AR signaling
similar to the full-length protein, while the C-terminal nuclease domain that fails to interact with
FLNA, enhanced AR signaling (Figure 2) [3]. Analysis of subcellular AR distribution following
R1881 treatment demonstrated increase in nuclear/cytoplasmic ratio in cells lacking RNase L or
FLNA which was exacerbated when both proteins were lacking (Figure 3B). Taken together, our
data show that RNase L, along with FLNA, may sequester AR in the cytoplasm and in response
to R1881 the dissociation of the complex facilitates nuclear localization of AR. In the absence of
the ligand, AR remains in the cytoplasm as a part of a multiprotein complex that includes HSP70
and HSP90 [54–56]. We have not ruled out the possibility that RNase L may alter AR interaction
with HSP proteins. However, given that RNase L has been shown to regulate actin dynamics [3],
interact with ECM and cytoskeletal proteins [24,26] and, importantly, inhibition of microtubule and
cytoskeletal dynamics inhibits androgen-dependent AR nuclear translocation and AR transcriptional
activity [30,31,57,58]; together these data suggest significant involvement of RNase L-regulated actin
dynamics in AR translocation.

Sustained signaling through AR is a hallmark of castration-resistant prostate cancer (CRPC)
and alternative splicing variants of AR (AR-Vs) that lack ligand-binding domain and constitutively
active are reported to be upregulated [59–61]. It is established that AR-Vs upregulate transcription of
canonical AR-responsive genes and other unique set of target genes [60,62]. Unlike full-length AR,
transcriptional activities of the constitutively active AR-Vs are refractory to treatment with taxanes
which do not block nuclear translocation of AR-V [63]. Future studies will address if RNase L impacts
AR-V-mediated signaling activity.

In addition to transcriptional regulation, AR activity and abundance is regulated at the level
of protein degradation and stability [64]. Inhibition of ubiquitin-proteasome degradation pathway
has been reported to increase AR levels and several ubiquitin ligases bind to AR and regulate AR
functions [65–67]. AR levels decreased to similar levels in WT and RNase L knockdown LNCaP
cells (Figure 3) in the absence of ligand, R1881, when de novo protein translation is inhibited by
cycloheximide treatment. Furthermore, inhibiting proteasome-mediated AR degradation by treating
cells with MG132 did not result in altered stability of AR protein when RNase L was depleted. Thus, the
inhibitory effect of RNase L on AR signaling does not appear to be due to the effect on AR degradation
or stability. These observations support the notion that the final activity of AR in any given cell may
eventually reflect balance and coordination of several regulators, including RNase L.

HPC1-associated mutations in RNase L have been studied in the context of RNase L enzyme
activity and inducing apoptosis [12] as possible explanation for HPC, but do not address how the
mutations contribute specifically to prostate cancer. RNase L R462Q mutant had reduced ability to
dimerize into an active enzyme and had three-fold reduced activity and E265X produced a truncated
protein which lacked the nuclease domain [12]. Since both mutants compromised RNase L enzyme
activity, we raised the possibility that nuclease activity may be important. Recent description of RNase
L structure allowed identification of residues critical for recognition of 2–5A, dimerization and nuclease
function and we designed mutants based on the structural predictions and tested the ribonuclease
activity (Figure 4E,F) [37,68]. In addition to the HPC1-associated mutants, we analyzed the RNase L
mutants we generated that either lacked enzyme activity due to mutations in nuclease domain (R667A),
or have reduced enzyme activity (K166E) or lack activity due to defects in binding activator, 2–5A
(Y312A, K240/274N) for effects on AR signaling. The Y312A mutant lacks enzyme activity like the
K240/274N and R667A mutations; however it can suppress AR signaling like WT RNase L indicating
that enzyme activity may be dispensable (Figure 4). We conclude that in normal prostate cells RNase L
is a negative regulator of AR signaling and loss of RNase L function in HPC can enhance AR signaling
which is a hallmark of most prostate cancers.
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RNase L regulates actin dynamics suggesting a possible role in cell migration [3]. Our results,
consistent with other published data [21,22], shows that prostate cancer cells depleted of RNase L show
greater migration in wound healing and transwell migration assays in response to fibronectin and
serum (Figure 5). In reconstitution experiments, over-expression of RNase L suppressed cell migration
compared to both endogenous levels and knockdown cells while activation of RNase L, which requires
RNase L dimerization, inhibited cell migration (Figure 6). Unlike WT RNase L, HPC1-associated
mutants, R462Q and E265X supported enhanced cell migration. Other RNase L mutants which have
reduced activity (K166E) or lack activity (R667A and K240/274N) show enhanced cell migration.
RNase L Y312A is an exception in that it lacks enzyme activity but suppresses cell migration like
WT RNase L. The difference in the effect of K240/274N and Y312A may reflect the roles each of the
residues play in contacting 2–5A versus disrupting domain interactions. K240 and K274 are critical
residues in the P-loop motifs in the ankyrin repeats and may disrupt ankyrin repeat-protein kinase
domain interaction and prevent 2–5A binding thereby affecting RNase activity [69]. It is possible that
K240/274N mutant alters binding of proteins that contact RNase L through ankyrin repeats and the
pseudokinase domains. Y312 is one of the residues that have been shown to provide direct contact with
2–5A and Y312A substitution may therefore lack activity while possibly retaining folding [37]. The
precise mechanism by which these mutants affect interactions with other proteins will be addressed in
future studies.

The mutations we have tested for AR signaling and cell migration span all the functional domains
of RNase L. Mutations in the N-terminal ankyrin repeat domain, which serves as protein interaction
domain, have variable effects on nuclear AR and cell migration and mutation in the C-terminal
catalytic domain fails to suppress like WT. Biochemical studies showed that RNase L associated with
the cytoskeleton assumes an inactive conformation and exists as a monomer while retaining the ability
to bind with interacting proteins [24,70]. 2–5A binds to ankyrin repeat 2 and 4 and the pseudokinase
domain facilitating dimerization and enzymatic activation. Activation of RNase L may cause dramatic
conformational change and dimerization that induces its release from interacting proteins. Based on
our results, we propose that the effect of RNase L on AR signaling and cell migration is mediated,
in part, by protein-protein interactions and does not require enzymatic activity. Several proteins like
Filamin A, LNX and or other cytoskeletal proteins may contribute to both these effects by interacting
with RNase L [3,24,26]. Additional studies are required to investigate if the effect of the RNase L
mutants is mediated by altered interaction with any of these interacting proteins. RNase L also inhibits
cell attachment to ECM substrates and cell spreading on fibronectin. An earlier report showed that
activity of RNase L downregulates transcripts involved in cell adhesion both transcriptionally and
post-transcriptionally [22]. In contrast, we observed the suppressive effect of RNase L on cell migration
in cells expressing endogenous RNase L in the absence of activation or with mutants that lacked
enzyme activity.

We explored the underlying mechanisms for increased cell migration in RNase L-depleted
cells by analyzing activation of integrin β1 which is primarily involved in adhesion to fibronectin.
Increased cell surface expression of integrin β1 in RNase L-depleted cells corresponded with increase
in cell migration and decrease correlated with activation of RNase L and inhibition of cell migration
(Figures 9 and 10). Further, in androgen responsive LNCap cells, treatment with R1881 resulted in
increase in cell surface expression of integrin β1 and RNase L-depleted cells treated with R1881 showed
a corresponding increase in integrin β1 expression on cell surface (Figure S4). Activated integrins
recruit and induce phosphorylation of FAK and Src which initiate signaling events to activate Rho
GTPases to control cell shape and motility [41,42,47]. Accordingly, increase in integrin-stimulated
FAK and Src phosphorylation was observed in RNase L-depleted cells and RNase L KO MEFs in
response to fibronectin. Inhibiting Src activity with PP2 inhibitor in RNase L-depleted cells decreased
cell migration compared to mock-treated cells demonstrating the involvement of the pathway for cell
migration. Activity of Rho GTPases is required for cell migration and our testing of small Rho GTPases
revealed that expression of dominant-negative form of Rac1 (T17N) significantly inhibited migration
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of RNase L-depleted cells, whereas dominant-negative Cdc42 (T17N) or RhoA (T19N) did not. Rac1
activity is regulated by Src in many cell types and elevated expression of Rac1 is observed in prostate
cancer cells and tumors [71,72]. Our results show higher activity of Rac1 in response to fibronectin in
RNase L-depleted cells compared to control cells although total levels of Rac1 protein were very similar.
This is the first evidence of regulation of Rac1 activity by RNase L. Interestingly, the two proteins that
interact with RNase L, namely, Filamin A and IQGAP1 are reported to regulate Rac1 activity [73].
Based on these observations and published data, RNase L appears to regulate cytoskeletal events,
including AR signaling and cell migration, by virtue of its association and interaction with cytoskeletal
and motor assembly proteins [26]. Apart from effects on cell migration, RNase L regulates activity
of MMP-2 and MMP-9. Knockdown of RNase L increases gelatinase activity of both MMP-2 and -9
(Figure 14) which can enhance ECM remodeling and invasive potential of cells. Consistent with our
observations, activation of RNase L inhibited integrin activation, cell migration as well as activity of
MMP-2 and -9. MMP activities can be regulated at the level of transcription and post-transcriptionally
by activators and inhibitors [74]. Levels of MMP-9 mRNA did not change in knockdown cells and
while not explored here, RNase L may affect MMP activity by regulating natural MMP inhibitors,
tissue inhibitors of metalloproteinases (TIMPs).

Collectively, the results presented here identify RNase L as a suppressor of AR signaling, cell
migration and MMP activity. Using RNase L mutants we show that nucleolytic activity is dispensable
for both AR signaling and migration. HPC1-associated mutations in RNase L enhance AR signaling and
cell migration and our study has identified a novel role of RNase L as a prostate cancer susceptibility
gene. It is likely that RNase L mutations identified as risk factors in other types of cancers may affect
cell migration and contribute to tumor development extending the antitumor role of RNase L beyond
prostate cancer.

4. Materials and Methods

4.1. Chemicals, Reagents and Antibodies

Chemicals, unless indicated otherwise, were from Sigma Aldrich (St. Louis, MO, USA). Synthetic
androgen R1881 was from Sigma Aldrich, extracellular matrices fibronectin, vitronectin, laminin,
collagen I, collagen IV and Src inhibitor PP2 were from Millipore (Billerica, MA, USA). Cycloheximide
(Sigma-Aldrich) and MG132 (EMD-Millipore, Billerica, MA, USA) were used at indicated concentrations.
Antibodies to AR (N-20), Integrin β1 (M-106) and Filamin A were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), Rac-1 (clone 102) was from BD Biosciences (San Jose, CA, USA). Total FAK,
phospho-FAK (Y397), total Src, phospho-Src (Y416) were from Cell Signaling, Inc. (Danvers, MA,
USA). RNase L monoclonal antibody was kindly provided by Robert Silverman (Cleveland Clinic).
Antibodies to β-actin, monoclonal and polyclonal antibodies to Flag tag, Flag-M2 agarose beads were
from Sigma Aldrich. Anti-mouse IgG and anti-rabbit IgG HRP linked secondary antibodies were from
Cell Signaling, Inc. (Danvers, MA, USA) and ECL reagents were from GE Healthcare (Piscataway, NJ,
USA) and Boston Bioproducts (Ashland, MA, USA). Alexa 488-labeled Phalloidin, and Alexa fluor 647
donkey anti-rabbit IgG were from Life Technologies, Carlsbad, CA, USA.

4.2. Cell Culture and Transfections

DU145, PC3 cells, WT and Rnasel−/− MEFs ((RNase L KO) primary and transformed with
SV40 large T antigen, kindly provided by R.H. Silverman, Cleveland Clinic) and LNCaP cells (ATCC,
Manassas, VA, USA) were grown in Roswell Park Memorial Institute (RPMI) 1640 supplemented
with 100 μg/mL penicillin/streptomycin, 2 mM L-glutamine and 10% heat-inactivated fetal bovine
serum (Sigma-Aldrich, St. Louis, MO, USA). For experiments involving androgen treatment, cells
were transferred to phenol red-free medium supplemented with 2% charcoal-stripped serum (Hyclone,
Logan, UT, USA) at least 24 h prior to addition of the synthetic androgen R1881 (1 nM) or ethanol
vehicle (0.01%). Cells were maintained in 95% air, 5% CO2 at 37 ◦C. RNase L-silencing (targeting
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the 3′-UTR), Filamin-A silencing, and non-silencing shRNAs were generated as suggested by the
manufacturer using a GIPZ-lentiviral shRNA system and knock down cells or controls were selected
with 1 μg/mL of puromycin as described previously [3] (Open Biosystems, Thermo Scientific, PA, USA).
In some experiments, RNase L was knocked down using shRNA plasmid as described previously [16].
Knock-down of endogenous proteins was determined by western blotting. Transfection of 2–5A
(10 μM) was performed using lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol as described previously [75]. Briefly, cells were
plated 1 day before transfection, so that the cells are 80%–90% confluent at the time of transfection.
2–5A was diluted into serum-free media and then mixed with lipofectamine 2000 reagent for 15 min
before being added to cells in growth media. Preparation of 2–5A using ATP and recombinant 2–5A
synthetase (a generous gift from Rune Hartmann, University of Aarhus, Aarhus, Denmark) has been
described previously [75]. PolyI:C (2 μg/mL) was transfected into cells using Polyjet reagent (SignaGen
Laboratories, Gaithersburg, MD, USA). Activity of RNase L in intact cells was determined in HeLa
cells reconstituted with Flag-RNase L mutant constructs as described previously [75]. In experiments
involving inhibitors, cells were preincubated with inhibitor for 1 h prior to treatment and then replaced
with growth medium.

4.3. Plasmids

Plasmids Flag-RNase L, Flag-RNase L R667A, Flag-RNase L (1–335, ΔC), Flag-RNase L (386–741,
ΔN) (kindly provided by Robert Silverman, Cleveland Clinic) were transfected using lipofectamine
2000 as per manufacturer’s instructions. The Flag-RNase L mutants were constructed by site-directed
mutagenesis using the primers listed in Table 1 and QuikChange Lightning Multi Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA). The constructs were sequenced to
confirm the mutations and expression confirmed by immunoblot analysis. The dominant negative
Myc-tagged RhoA (T19N), Rac1 (T17N) and Cdc42 (T17N) eukaryotic expression constructs were
described previously [50].

Table 1. List of primers used for mutagenesis.

Primer Name Sequence of Primer

K274N R 5′-CAAGCAGCAGTGCTGTATTGCCATCACTGTCTGTG-3′
K274N F 5′-CACAGACAGTGATGGCAATACAGCACTGCTGCTTG-3′
K240N R 5′-GGATCAGGGGAGTATTCCCTCTTTCTCCCC-3′
K240N F 5′-GGGGAGAAAGAGGGAATACTCCCCTGATCC-3′
R667A R 5′-CAATGTGTTCTCCCAAATTCGCGATGAACTTTAGCAGATCAC-3′
R667A F 5′-GTGATCTGCTAAAGTTCATCGCGAATTTGGGAGAACACATTG-3′
R462Q R 5′-TAAATATAGATGACAGGACATTTTGGGCAAATTCATCTTCCTCATTT-3′
R462Q F 5′-AAATGAGGAAGATGAATTTGCCCAAAATGTCCTGTCATCTATATTTA-3′
E265X R 5′-CTGTGTCATTAATCTATATGTGCTCTTGCTCCAGAAGC-3′
E265X F 5′-GCTTCTGGAGCAAGAGCACATATAGATTAATGACACAG-3′
K166E F 5′-AGAGCGGCTGAGGGAGGGAGGGGCCACAG-3′
K166E R 5′-CTGTGGCCCCTCCCTCCCTCAGCCGCTCT-3′
Y312A R 5′-CAAGGGAATGGTCAGCATTCCGCCTCGCTGTCATAACAAGAT-3′
Y312A F 5′-ATCTTGTTATGACAGCGAGGCGGAATGCTGACCATTCCCTTG-3′

4.4. Co-Immunoprecipitation and Immunoblotting

LNCaP cells expressing Flag-RNase L plasmid were either not treated, treated with R1881 (1 nM)
for 1 h or 24 h and harvested. Cells were washed with ice cold PBS and lysed in buffer containing
0.5% NP-40, 90 mM KCl, 5 mM magnesium acetate, 20 mM Tris, pH 7.5, 5 mM β mercaptoethanol,
0.1 M phenylmethylsulfonyl fluoride (PMSF), 0.2 mM sodium orthovanadate, 50 mM NaF, 10 mM
glycerophosphate, protease inhibitor (Roche Diagnostics, Indianapolis, IN, USA) on ice for 20 min. The
lysates were clarified by centrifugation at 10,000× g (at 4 ◦C for 20 min). Clarified cell lysates were
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precleared and mixed with control IgG or FlagM2-agarose beads and rotated end-to-end 1 h or overnight
at 4 ◦C. The beads were collected and washed five times in lysis buffer. The immunoprecipitated proteins
were dissociated by boiling in Laemmli sample buffer, separated on 10% SDS-polyacrylamide gels,
transferred to nitrocellulose membrane (Biorad, Hercules, CA, USA) and subjected to immunoblotting.
Membranes were probed with different primary antibodies according to the manufacturer’s protocols.
Membranes were washed with Tris Buffered Saline (TBS) with 1% Tween 20 and incubated with goat
anti-mouse or goat anti-rabbit antibody tagged with horseradish peroxidase (Cell Signaling, Danvers,
MA, USA) for 1 h. Proteins in the blots were detected by enhanced chemiluminesence (GE Healthcare).
Cell extracts from LNCaP cells treated with cycloheximide (50 μg/mL) alone or combined with MG132
(20 μM) or R1881 (1 nM) were prepared in 2% sodium dodecyl sulphate (SDS) and subjected to
immunoblotting. PC3 (control and RNase L knockdown) cells or WT and RNase LKO MEFs were
serum starved for 16 h and plated on fibronectin coated dishes for 1 h. FAK and Src phosphorylation
was detected by immunoblotting using anti-phospho FAK (Y397) or anti-phospho Src (Y416) antibodies
(Cell Signaling, Danvers, MA, USA).

4.5. Immunofluorescence Assays

LNCaP cells (WT, RNase L knockdown, Filamin A knockdown or RNase L and Filamin A
knockdown) on glass coverslips were treated with phenol red-free RPMI medium supplemented with
2% charcoal-stripped serum (Hyclone, Logan, UT, USA) at least 24 h prior to addition of the synthetic
androgen R1881 (1 nM) or ethanol vehicle (0.01%) for 24 h. In some experiments, LNCaP RNase
L-knockdown cells were reconstituted with Flag-RNase L (WT) or various Flag-RNase L mutants
and plated on coverslips and treated as described above. Cells were fixed in 4% paraformaldehyde
(Boston Bioproducts, MA, USA) for 15 min and permeabilized with 5% goat serum, 0.3% Triton-X-100
in PBS for 1 h. After washing and blocking in 1% Bovine Serum Albumin (BSA) in PBS, the cells
were reacted with anti-AR antibody (N-20, Santa Cruz Biotechnology, CA, USA, 1:200 in 1% BSA,
0.3% Triton-X-100 in PBS) at 4 ◦C for 16 h followed by washing and incubation with fluorescent
dye-conjugated secondary antibodies, Alexa-647 Goat anti-rabbit IgG (1:200, 1 h at 4 ◦C, Molecular
probes, CA, USA). Cells were mounted in Vectashield with DAPI to stain the nucleus (Vector Labs,
Burlingame, CA, USA). Fluorescence and confocal microscopy assessments were performed with Leica
CS SP5 multi-photon laser scanning confocal microscope (Leica Microsystems, Weitzler, Germany)
and quantitated using Image J software (National Institutes of Health). Images were processed using
Adobe Photoshop CS4 (Adobe, San Jose, CA, USA). More than 10 cells (from at least three fields) were
analyzed for each condition from three independent experiments.

4.6. Luciferase Reporter Gene Assays

LNCaP cells (WT, RNase L knockdown, Filamin A knockdown or RNase L and Filamin A
knockdown) were transfected with AR-responsive PSA-luciferase [76] (1.0 μg), and plasmid pCH110
expressing β-galactosidase (0.1 μg) to normalize transfection efficiency in phenol red-free RPMI
medium supplemented with 2% charcoal-stripped serum (Hyclone, Logan, UT, USA) at least 24 h prior
to addition of the synthetic androgen R1881 (1 nM) or ethanol vehicle (0.01%). Cells were harvested
in luciferase lysis buffer 24 h after treatment, and luciferase activity was determined using luciferase
assay kit (Promega, Madison, WI, USA) and normalized to β-galactosidase levels. Experiments were
performed in triplicate, and the results are representative of three independent experiments and shown
as ± SD.

4.7. RNA Isolation and Quantitative Real Time Polymerase Chain Reaction

RNA was isolated using Trizol reagent (Invitrogen, Thermo Fisher Scientific,) as per the
manufacturer’s instructions and used for cDNA synthesis using random decamers and a RETROscript
cDNA synthesis kit (Life Technologies; Thermo Fisher Scientific). Expression of androgen-responsive
genes was determined by quantitative reverse transcription polymerase chain reaction (qRT-PCR) using
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SYBR Green PCR Master Mix (Bio-Rad Laboratories Inc., Hercules, CA, USA) using the gene-specific
primers and normalized to GAPDH expression. Primer sequences used are listed in Table 2 below.
Experiments were performed in triplicate, and the results are representative of three independent
experiments and shown as ± SD.

Table 2. List of primers for quantitative real-time polymerase chain reaction.

Primer Name Sequence of Primer

PSA F 5′-GCAGCATTGAACCAGAGGAG-3′
PSA R 5′-CCCATGACGTGATACCCTGA-3′

sGCα1 F 5′-CTGCCTCATTTGCTTCATCA-3′
sGCα1 R 5′-TTGCCATGCTGAGCTGTTTA-3′
ETV1 F 5′-CACTGGGTCGTGGTACTCCT-3′
ETV1 R 5′-TACCCCATGGACCACAGATT-3′
MMP9 F 5′-GCCATTCACGTCGTCCTTAT-3′
MMP9 R 5′-TTGACAGCGACAAGAAGTGG-3′

4.8. Cell Fractionation

LNCaP cells (WT, RNase L knockdown, Filamin A knockdown or RNase L and Filamin A
knockdown) were treated with R1881 or vehicle for 24 h and harvested. Twenty-five percent of the cells
were saved as input, and the remaining portion was fractionated into nuclear and cytosolic fractions
using Nuclear/Cytosol Fractionation Kit (MBL International Corp., Woburn, MA, USA). The fractions
were then subjected to immunoblotting as described above to measure AR levels and quantitated
using NIH Image J software.

4.9. Wound Healing Assay

Confluent monolayers of cells in 6-well plates were incubated in serum-free medium for 24 h.
Monolayers were scratched with a micropipette tip and washed in phosphate buffer saline (PBS), and
replaced with complete growth medium. Migration of cells to close the wound was monitored at
indicated times and phase-contrast images were acquired on an Olympus IX81 inverted microscope
using a 10× objective lens and a XM10 camera (Olympus, Tokyo, Japan). Wound closure was
calculated from at least three independent experiments using NIH Image J software. Data shown are
representative of three independent experiments and quantitation is shown as ± SD.

4.10. Cell Migration Assay

Transwell cell migration assays were performed using a modified Boyden chamber (Corning Inc.,
Corning, NY, USA) containing a fibronectin-coated polycarbonate membrane filter (6.5 mm diameter,
8 μm pore size) in growth medium. DU145, PC3 or LNCaP cells (2 × 105) cells (control or RNase L
knockdown) and WT or RNase L KO MEFs were incubated in serum-free medium for 24 h and plated
in the upper chamber and allowed to migrate for indicated times to lower chamber that contained
growth medium with 10% fetal bovine serum (FBS). Non-migrated cells on the upper chamber were
scraped with a cotton swab, and migrated cells on the bottom surface were trypsinized and counted
with a hemocytometer. Experiments were performed in triplicate, and the results are representative of
three independent experiments and shown as mean ± SEM.

4.11. Cell Spreading Assay

DU145 or PC3 (control or RNase L-knockdown) were plated on fibronectin-coated coverslips for
indicated times up to 100 min. Attached and spread cells were fixed with 3.7% paraformaldehyde in
PBS (Boston Bioproducts, Ashland, MA, USA) for 10 min and permeabilized with 0.1% Triton-X-100
for 5 min. F-actin was labeled with Alexa 488-labeled phalloidin (Life Technologies, CA, USA) and
mounted in Vectashield with DAPI (4′,6-diamidino-2-phenylindole, Vector Laboratories, Burlingame,
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CA, USA). Cells were imaged by the use of a Leica TCS SP5 multiphoton laser scanning confocal
microscope (Leica Microsystems, Weitzler, Germany), and cell area was quantitated using NIH Image
J software. Experiments were repeated in triplicate with at least 30 measurements per time point for
each experiment. Data are shown as mean area at indicated time points ± SEM.

4.12. Cell Attachment Assay

To quantitate cell attachment to different extracellular matrix substrates, 96-well plates were
coated with 10 μg/mL each of fibronectin, vitronectin, laminin, collagen I or collagen IV (EMD
Millipore, Billerica, MA, USA). Prior to use, the wells were treated with 1% BSA in 1× PBS (pH 7.4).
Cells (2 × 105) in single cell suspension in serum-free medium were added per well in triplicate and
incubated at 37 ◦C for 1 h. Wells were washed three times with PBS, fixed in 95% ethanol and stained
with 0.1% crystal violet for 30 min at room temperature. The wells were washed extensively to remove
excess stain. Cells were lysed in 0.2% Triton-X-100 and absorbance measured at 570 nm. Percent cell
attachment was determined from three independent experiments performed in triplicate and shown
as mean ± SEM.

4.13. Flow Cytometry and Analysis

DU145, PC3 or LNCaP cells (control or RNase L-knockdown) were grown in 100 mm dishes
to 80%–90% confluence and then plated on dishes coated with 10 μg/mL fibronectin for 2 h. Cells
were harvested and resuspended in ice-cold HEPES-buffer (20 mM HEPES, 125 mM NaCl, 45 mM
glucose, 5 mM KCl, 0.1% albumin, pH 7.4) and incubated with anti-integrin β1 antibodies (Santa
Cruz Biotechnologies, Santa Cruz, CA, USA) for 1 h. Isotype-specific antibodies were used as controls.
Cells were washed three times in HEPES-buffer and incubated with Alexa-fluor-488 labeled secondary
antibodies. Flow cytometry was performed using a FACSCalibur System (BectonDickinson, Heidelberg,
Germany) equipped with Cell Quest software (Becton-Dickinson, San Jose, CA, USA). In some
experiments, cells were transfected with 2–5A (10 μM) for 4 h and subject to flow cytometry analysis.

4.14. Rac Activity Assays

DU145 or PC3 cells (control and RNase L knockdown) were plated on dishes coated with
10 μg/mL fibronectin for 30 min or 1 h. Assays for GTP-bound Rac1 were performed as described [77].
Cells were lysed and precipitated using GST-PBD (PAK-binding domain) beads for pulling down
active Rac1. Bead bound proteins (for active Rac1) and cell lysates (total Rac1) were resolved on a 13%
SDS-PAGE gel and transferred onto nitrocellulose membranes and probed with primary antibodies
against Rac1. The levels of active Rac1 were calculated by comparing the intensities of the active Rac1
bands with those of the total Rac1 bands in each lane using Image J software (National Institutes of
Health). Data are expressed as fold increase in Rac1 activity over control and are representative of
three independent experiments.

4.15. Gelatin Zymography

Gelatin zymography was performed under non-reducing conditions on 8% polyacrylamide gels
copolymerized with 0.1% gelatin (Sigma-Aldrich, St. Louis, MO, USA). Activity of MMP-9 and -2 was
determined in culture supernatants of control and RNase L knockdown cells (2 × 105 cells) treated or
not with 2–5A (10 μM) as described previously [78]. Clear bands representing MMP-9 and -2 activities
were imaged and quantitated using Image J software (National Institute of Health). Data shown are
representative of three independent experiments and quantitation is shown mean as ± SD.

4.16. Statistical Analysis

All values are presented as mean ± SEM from at least three independent experiments or are
representative of three independent experiments performed in triplicate and shown as mean ± SD.
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Student’s t-tests were used for determining statistical significance between groups. p-values are shown
for all experiments and p < 0.05 was considered significant.

5. Conclusions

In this study, we demonstrate a role of RNase L as a suppressor of Androgen Receptor (AR)
signaling, cell migration and matrix metalloproteinase activity. Using RNase L mutants, we show
that its nucleolytic activity is dispensable for both AR signaling and migration. The most prevalent
HPC1-associated mutations in RNase L, R462Q and E265X, enhanced AR signaling and cell migration
and our studies identify a novel role of RNase L as a prostate cancer susceptibility gene.
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Abstract: In advanced prostate cancer, small ubiquitin-like modifier (SUMO)-specific cysteine protease 1
(SENP1) is up-regulated. However, the role of SENP1 in regulating deSUMOylation of TGF-β/SMADs
signaling is unknown. In this study, we developed a lentiviral vector, PLKO.1-shSENP1, to silence
SENP1 in prostate cancer cells with high metastatic characteristics (PC3M). Likewise, we also created an
adenovirus vector, Ad5/F11p-SENP1 to over-express SENP1 in prostate cancer cells with low metastatic
potential (LNCaP). We showed that silencing of SENP1 promoted cellular apoptosis, and inhibited
proliferation and migration of PC3M cells. Moreover, SENP1 silencing increased the SMAD4 expression
at protein level, up-regulated E-cadherin and down-regulated Vimentin expression, indicating the
inhibition of epithelial mesenchymal transition (EMT). Furthermore, SMAD4 interference abolished
SENP1-mediated up-regulation of E-cadherin, suggesting that SENP1 regulated E-cadherin expression
via SMAD4. SENP1 over-expression in LNCaP cells reduced SMAD4 protein, and promoted EMT via
decreasing E-cadherin and increasing Vimentin. Moreover, down-regulation of SMAD4 and E-cadherin
were blocked, after transfection with two SUMOylation sites mutated SMAD4, suggesting that SENP1
might reduce SMAD4 levels to regulate E-cadherin expression via deSUMOylation of SMAD4. In
conclusion, SENP1 deSUMOylated SMAD4 to promote EMT via up-regulating E-cadherin in prostate
cancer cells. Therefore, SENP1 is a potential target for treatment of advanced prostate cancer.

Keywords: SENP1; deSUMOylation; EMT; SMAD4; E-cadherin; prostate cancer

1. Introduction

Small ubiquitin-like modifier (SUMO) is an ubiquitin-like protein, and SUMOylation regulates
many cellular events, including nuclear signaling, transcription activities, and DNA repair [1,2].
SUMOylation is a dynamic process, and can be reversed by SUMO-specific cysteine proteases (SENPs).
One such protease SENP1 has been widely investigated in many cancers including prostate cancer,
breast cancer and colon cancer [3,4]. Prostate cancer is the most commonly diagnosed cancer in United
States and is also on rapid rise in China [5]. It has been reported that SENP1 is up-regulated in prostate
cancer patients, and promotes both androgen receptors (ARs)-dependent and ARs-independent cell
proliferation [6,7]. Importantly, high levels of SENP1 have been linked to advanced pathological stages,
higher Gleason grade, positive lymph node status, and prostate specific antigen (PSA) recurrence [8].
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Some reports have shown that SENP1 stabilizes hypoxia inducible factor 1 (HIF-1α) to promote tumor
growth and metastasis, and increases vascular endothelial growth factor (VEGF) expression to increase
angiogenesis in the tumors [9,10].

Transforming growth factor β (TGF-β), known as a pleiotropic cytokine in regulating various
biological processes, plays dual roles in the cancer development and progression. Under physiological
condition, TGF-β exerts biological activities, such as the inhibition of cell proliferation, and induction of cell
apoptosis, via TGFβ/SMADs signaling pathways. However, during cancer progression, TGF-β/SMADs
signaling-mediated growth inhibition is generally blocked, due to the loss and inactivition of the
mother against decapentaplegic homolog (SMAD) molecules [11]. Among the SMADs, SMAD4 is
an important tumor suppressor, which has also been recognized as a potential molecular maker for
diagnosis of prostate cancer [12,13]. It has been reported that SUMOylation of SMAD4 increases protein
expression and stability of SMAD4, which can enhance the transcriptional activities of SMAD4 target
genes [14,15]. However, the role of SENP1 in regulating deSUMOylation of SMAD4 in prostate cancer
is largely unknown.

In this study, we silenced SENP1 in PC3M cells, a prostate cancer cell line with high metastatic
potential, and over-expressed SENP1 in LNCaP cells, prostate cancer cells with low metastatic
phenotype. Using these transduced cells, we examined the biological characteristics, SMAD4 protein,
and epithelial mesenchymal transitions (EMT) markers, including E-cadherin and Vimentin. Then,
the role of SENP1-mediated SMAD4 deSUMOylation in regulating E-cadherin expression was analyzed
by SMAD4 silencing, as well as by introducing SMAD4 mutations in the SUMOylation sites.

2. Results

2.1. SENP1 Silencing Induces Apoptosis, Inhibits Cell Growth and Migration in PC3M,
an Androgen-Independent Prostate Cancer Cell Line

To study the effects of SENP1 on the biological effects of prostate cancer cells, we constructed a
lentiviral vector expressing short hairpin RNA targeting SENP1, PLKO.1-shSENP1, and a control vector,
PLKO.1-shScramble. Transduction of PC3M cells with PLKO.1-shSENP1 down-regulated the SENP1
expression, both at protein (Figure 1A) and mRNA level (Figure 1B). Then, the biological characteristics
were analyzed in PC3M cells infected with lentiviral vectors. We found that PLKO.1-shSENP1-mediated
SENP1 silencing induced cellular apoptosis (Figure 1C), inhibited cell proliferation (Figure 1D) and
reduced cell migration (Figure 1E). These results suggest that SENP1 interference might be a potential
therapeutic approach to inhibit tumor growth and prevent tumor metastasis.

2.2. SENP1 Interference Enhances TGF-β/Smads Signaling and Inhibits EMT in PC3M Cells

SMAD4 can be SUMOylated to regulate expression of TGF-β target genes. To test if SENP1 could
deSUMOylate SMAD4 in prostate cancer cells, we analyzed SMAD4 expression in PC3M cells after
infection with PLKO.1-shSENP1 or PLKO.1-shScramble. Interestingly, SENP1 silencing increased
the expression of SMAD4 at the protein level (Figure 2A), but not at the mRNA level (Figure 2B),
which suggested that SENP1 regulates the protein expression of SMAD4 at post-translational level.
Furthermore, SENP1 interference increased E-cadherin protein, and reduced vimentin protein
expression, which indicated the inhibition of EMT (Figure 2C,D). This is consistent with previous
reports that TGF-β could promote the EMT in various tumor cells.
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Figure 1. Effect of small ubiquitin-like modifier (SUMO)-specific cysteine protease 1 (SENP1) on the
biological characteristics of PC3M prostate cancer cells. (A,B) Lentiviral vector mediated silencing
of SENP1 in PC3M cells. PC3M cells were infected with 20 MOI (multiplicity of infection) of
PLKO.1-shSENP1 or PLKO.1-shScramble. 48 h after infection, the SENP1 protein expression was
detected by Western-blotting (A); At 24 and 48 h after infection, the total RNA was isolated and
the mRNA expression of SENP1 was also analyzed by real-time reverse transcript polymerase chain
reaction (RT-PCR) (B); (C) PLKO.1-shSENP1 induces apoptosis in PC3M cells. PC3M cells were
infected with lentiviral vectors using 20 MOI. Forty-eight hour later, cells were collected, labeled with
Annexin-V-APC and cellular apoptosis was analyzed by flow cytometry; (D) Proliferation of PC3M
cells transduced with lentiviral vectors. PC3M cells were labeled with dye670, and then infected
with lentiviral vectors. At indicated time points after infection, cells were collected and analyzed
by flow cytometry. The proliferation index was calculated, using uninfected PC3M cells as control;
(E) PLKO.1-shSENP1 inhibits the migration of PC3M cells. Confluent PC3M cells were scratched to
generate wounds, at 24 h following infection with lentiviral vectors. 6 and 24 h later, the percentages
of wound area filled were determined and analyzed. All the data were obtained from at least three
independent experiments, and are shown as mean ± s.e.m. * p < 0.05, ** p < 0.01, *** p < 0.001,
vs. PLKO.1-shScramble group; ### p < 0.001 vs. control group.
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Figure 2. SENP1 interference enhances transforming growth factor (TGF-β)/SMADs signals, and
inhibits epithelial mesenchymal transition (EMT) in PC3M cells. (A) PLKO.1-shSENP1 increases SMAD4
protein expression. PC3M cells were infected with 20 MOI PLKO.1-shSENP1 or PLKO.1-shScramble.
48 h later, cells were collected and SMAD4 protein was detected by Western-blotting; (B) SENP1 silencing
decreased SMAD4 mRNA expression. At 24 and 48 h post-infection, cells were collected, and SMAD4
mRNA expression was detected by real-time RT-PCR; (C,D) SENP1 interference up-regulates E-cadherin
protein, and reduces vimentin protein in PC3M cells. At 48h after infection with lentiviral vectors,
protein expression of E-cadherin (C) and vimentin (D) was analyzed by Western-blotting as described
above. All the data were obtained from at least three independent experiments, and are shown as mean
± s.e.m. ** p < 0.01, *** p < 0.001, vs. PLKO.1-shScramble group.

2.3. SENP1 Over-Expression Impairs TGF-β/Smads Signaling and Promotes EMT of Androgen-Dependent
Prostate Cancer Cells, LNCaP

To further investigate the effects of SENP1 on TGF-β/SMADs signals and EMT markers,
a chemic fiber modified replication deficiency adenovirus, Ad5/F11p.SENP1, and control adenovirus,
Ad5/F11p.Null were constructed. In low endogenous SENP1 expressing prostate cancer cells, LNCaP,
Ad5/F11p.SENP1 infection produced SENP1 protein efficiently (Figure 3A,B). Moreover, SENP1
over-expression reduced SMAD4 protein expression at 48 h after infection (Figure 3A,C). However,
the mRNA expression of SMAD4 was up-regulated at 36 h and 48 h post-infection (Figure 3D), which
again suggested that SENP1 regulated the protein expression at post-translation level, in consistent with
the results in PC3M cells. Moreover, SENP1 down-regulated E-cadherin protein and increased vimentin
protein in LNCaP cells, at 48 h after Ad5/F11p-SENP1 transduction, indicating that SENP1 promoted the
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EMT of LNCaP cells (Figure 3E,F). Taken together, these studies suggest that in low-expressing SENP1
LNCaP cells, SENP1 over-expression down-regulated SMAD4 protein expression and promoted EMT of
tumor cells.

Figure 3. SENP1 over-expression decreases TGF-β/SMADs signals and promotes EMT of LNCaP
cells. (A–C) SENP1 over-expression inhibits SMAD4 protein expression in LNCaP cells. LNCaP
cells were infected with 10 MOI Ad5/F11p.SENP1 or Ad5/F11p.Null. At 24 h, 36 h and 48 h
after infection, cells were collected and protein expression of SENP1 and SMAD4 was detected
by Western-blotting (A), and the corresponding semi-quantitative results were shown in B and C
respectively; (D) SENP1 increases SMAD4 mRNA expression in LNCaP cells. At 24 h, 36 h and
48 h after infection with adenoviruses, cells were collected, and SMAD4 mRNA expression was
evaluated by real-time RT-PCR, and normalized by its expression in normal cultured LNCaP cells;
(E,F) SENP1 reduces E-cadherin expression and promotes vimentin expression in LNCaP cells. 48 h
after transduction with Ad5/F11p.SENP1 or Ad5/F11p.Null, the protein expression of E-cadherin
(E) and vimentin (F) was detected by Western-blotting, and the semi-quantitative data are shown.
All the data were obtained from at least three independent experiments, and are shown as mean ± s.e.m.
* p < 0.05, ** p < 0.01, *** p < 0.001, vs. Ad5/F11p.Null group; ## p < 0.01, ### p < 0.001, vs. Ad5/F11p.Null
group at the same time point.
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2.4. SENP1 Regulates deSUMOylation of SMAD4 and Promotes EMT of Tumor Cells

Our studies described above have shown that SMAD4 is up-regulated by SENP1 silencing in
PC3M cells, while it is down-regulated in SENP1 over-expressing LNCaP cells. Next, we investigated
if SENP1 regulates the EMT of tumor cells via controlling SMAD4 expression. Specific short interfering
RNAs targeting SMAD4 were transfected into PC3M cells for analyzing interference efficiency.
Among these, siRNA621 was the most promising one, and was selected for SMAD4 knockdown.
siRNA621 was transfected into PC3M cells or SENP1-silenced PC3M cells (Figure 4A,B). We found
that siRNA621 transduction reduced the SMAD4 protein expression in PC3M cells. Moreover,
siRNA621 prevented SENP1 interference-mediated up-regulation of SMAD4 protein (Figure 4A,C).
Importantly, at 48 h after transduction, siRNA621 abolished SENP1 silence induced E-cadherin
expression (Figure 4A,D), suggesting that SENP1 silencing could elevate E-cadherin protein levels via
increasing SMAD4 protein expression. Interestingly, both SENP1 interference and SMAD4 silencing
reduced Vimentin expression in PC3M cells (Figure 4A,E). These results indicated that SENP1 silencing
down-regulated Vimentin expression by other mechanisms, but not via up-regulating SMAD4 protein.
Importantly, our data also showed that SMAD4 silencing could partly recover the ability of migration
in SENP1 silenced PC3M cells (Figure 4F,G). Therefore, SMAD4 plays pivotal roles in SENP1-mediated
regulation of E-cadherin expression, EMT and migration in PC3M cells.

Figure 4. Cont.
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Figure 4. SMAD4 interference abolishes PLKO.1-shSENP1 induced E-cadherin expression in PC3M
cells. PC3M cells were infected with 20 MOI PLKO.1-shScramble or PLKO.1-shSENP1. 24 h later,
cells were transfected with siRNA targeting SMAD4 (siRNA/621) or control (siRNA/NC). After 48 h
incubation, cells were collected and the protein expression of SENP1, SMAD4, E-cadherin and Vimentin
was detected by Western-blotting (A). The semi-quantitative analysis of SENP1, SMAD4, E-cadherin
and Vimentin was conducted, and are presented in (B–E), respectively. Moreover, the ability of
migration was analyzed by transwell at 24 h after transfection with siRNAs. The representative images
were shown in (F), and the statistical results were shown in (G). * p < 0.05, ** p < 0.01, *** p < 0.001, vs.
corresponding group.

As described above, SENP1 could regulate SMAD4 protein expression at the post-translation
level. Therefore, we investigated if SENP1 deSUMOylated SMAD4 in prostate cancer cells.
In PC3M cells, we showed that PLKO.1-shSENP1 transfection could enhance the SUMOylation of
SMAD4 via improving SUMO-1-SMAD4 complex (Figure 5A). To further confirm SENP1-mediated
deSUMOylation of SMAD4, we constructed a plasmid vector pcDNA3.0-mutSMAD4 expressing
SMAD4 with two mutation at SUMOylation sites, K113R and K159R; and using pcDNA3.0-SMAD4 as
a control vector expressing wild type SMAD4. Both of these vectors were shown to produce SMAD4
protein in LNCaP cells (Figure 5A). Next, Ad5/F11p.SENP1 and Ad5/F11p.Null were transduced
in SMAD4 over-expressing LNCaP cells (Figure 5B,C). We found that SENP1 could down-regulate
SMAD4 protein level, both in control and wild SMAD4 over-expressing LNCaP cells. However,
in mutated SMAD4 over-expressing LNCaP cells, SENP1 had no effect on SMAD4 expression,
indicating that SENP1 could first deSUMOylate SMAD4 protein that leads to protein degradation
(Figure 5B,D). Furthermore, SENP1 reduced E-cadherin expression both in the control and wild
SMAD4 over-expressing LNCaP cells, but not in mutSMAD4 expressing LNCaP cells (Figure 5B,E).
These results suggested that SENP1 could deSUMOylate and degrade SMAD4 protein to inhibit
E-cadherin expression. Therefore, we propose that SENP1 up-regulation in prostate cancer cells
deSUMOylates SMAD4, which in turn regulates E-cadherin, induces EMT of tumor cells and promotes
tumor metastasis.
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Figure 5. Mutations in SMAD4 at the SUMOylation sites of prevent SENP1-mediated degradation of
SMAD4 and the down-regulation of E-cadherin. PC3M cells were transfected with lentiviral vectors,
PLKO.1-shScramble and PLKO.1-shSENP1. 48 h later, cells were collected for immunoprecipitation
analysis. The representative images were shown in (A). LNCaP cells were transfected with
pcDNA3.0-SMAD4, pcDNA3.0-mutSMAD4 or pcDNA3.0 (control). 48 h later, cells were infected
with 10 MOI Ad5/F11p.SENP1 or Ad5/F11p.Null. Cells were incubated for another 48 h, and then,
the SENP1, SMAD4 and E-cadherin expression was detected by Western-blotting. The representative
images are shown in (B); the semi-quantitative results of SENP1, SMAD4, and E-cadherin were analyzed
and are presented in (C–E) respectively. All the data were obtained from at least three independent
experiments, and are shown as mean ± s.e.m. * p < 0.05, *** p < 0.001, vs. corresponding group.

3. Discussion

In advanced stage of prostate cancer, a majority of patients develop distant metastasis, such as
bone metastasis. Patients with metastases are insensitive to conventional treatments, including
androgen-deprivation, chemotherapy and radiotherapy [16,17]. For bone metastatic patients,
bisphosphonates and denosumab, a human monoclonal antibody against receptor activator of nuclear
factor κ-B ligand (RANKL) could inhibit bone resorption and improve bone density to relieve pain and
tumor-induced hypercalcemia [18,19]. However, the effective approaches to improve patients’ overall
survival are still lacking. Therefore, it is urgent to discover novel and more promising therapeutic
targets for advanced and metastatic prostate cancer.

TGF-β is considered to be a potent growth inhibitor under physiological conditions, and inhibits
tumor growth at the early stage of cancers. However, during the advanced stages, TGF-β is aberrantly
activated and cross-talks with several cell signaling pathways, both canonical and non-canonical,
to facilitate tumor growth and metastases [20]. For example, TGF-β can increase VEGF expression
via Src/Fak/Akt signaling to promote angiogenesis, and activate HIFs through PI3K/Akt/mTOR
signaling to regulate metabolism and growth of tumor cells. Therefore, several TGF-β inhibitors have
been developed, and show effective anti-tumor responses in animal models [21,22]. Our group has
also developed oncolytic adenoviruses expressing soluble TGF-β receptor II fusion human IgG Fc
fragment (sTGFβRIIFc), which can block TGF-β signaling and inhibit tumor bone metastasis [23,24].

In addition to crosstalk with several cell signaling pathways, which promotes tumor growth
and metastasis, the blockade of TGF-β/SMADs-mediated growth inhibition and transcriptional
activities also plays pivotal roles to tumor progression [11,20]. SMAD4, which lies downstream of
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SMAD2/3, is known to be an important tumor suppressor. It has been reported that down-regulation
or inactivation of SMAD4 could promote the development and progression of prostate cancer,
and SMAD4 has been emerged as a potential biomarker for diagnosis [12,13]. The SMAD4 levels are
not only determined by transcription activities, but also influenced by post-translation modification,
such as ubiquitinoylation, acetylization and SUMOylation [25,26]. Several reports have shown that
SUMOylation could improve the stability and enhance the expression levels of SMAD4, which not only
increases TGF-β-mediated transcription, but also negatively regulates ARs in prostate cancer [14,15].
However, SENP1, which could reverse the SUMOylation of protein, is significantly up-regulated in
prostate cancers. In this study, we have shown that SENP1 silencing up-regulated SMAD4 in PC3M
cells at protein level, but not at mRNA level, suggesting that SENP1 regulates SMAD4 expression
at post-translation level. Moreover, in LNCaP cells, over-expression of SMAD4 protein with two
mutations at SUMOylation sites could not be down-regulated by SENP1 over-expression. Therefore,
we believe that SENP1 down-regulates SMAD4 protein through deSUMOylation.

EMT is an essential event during tumor metastasis to distant sites, and is associated with
tumor cells to lose epithelial makers, such as E-cadherin, while acquiring mesenchymal makers,
such as vimentin and N-cadherin. During advanced stages of cancers, TGF-β can induce EMT in
tumor cells via both SMADs-dependent and -independent activation of EMT related transcription
factors [27,28]. However, whether SENP1 participates in TGF-β induced EMT in prostate cancers has
not been previously reported. In this study, we have shown that SENP1 silencing enhanced E-cadherin
expression, while it inhibited vimentin expression in PC3M cells, indicating its role in the inhibition of
EMT. We have also shown that the interference of SMAD4 could abolish this inhibitory effect of EMT.
Taken together, these studies suggest that SENP1 silencing could inhibit the EMT of prostate cancer
cells via up-regulating SMAD4 expression.

4. Materials and Methods

4.1. Cell Lines

Human androgen-independent prostate cancer cell, PC3M, was kindly provided by the Institute
of Urology, Peking University (Beijing, China). Human androgen-dependent prostate cancer cell
LNCaP was obtained from the Institute of Basic Medicine, Chinese Academy of Medicine Science
(Beijing, China). Human embryonic kidney cell line HEK293 and 293T were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). All the cells were maintained in Dulbecco’s
Minimal Essential Medium (DMEM, Gibco, Grand Island, NY, USA) supplemented with 10% fetal calf
serum (FCS, Logan, UT, USA).

4.2. Vectors

Lentiviral short hairpin RNA (shRNA) vector targeting SENP1 (PLKO.1-shSENP1) was
constructed according to the protocol of PLKO.1-puro vector (Addgene, Cambridge, MA, USA). Briefly,
the forward oligo, 5′TCGAGCGCCAGATTGAAGAACTCGAGTTCTGTTCTTCAATCTGGCGC
TTTTTG3′ and reverse oligo, 5′GATCCAAAAAGCGCCAGATTGAAGAACAGAACTCGAGTTCTGT
TCTTCAATCTGGCGC3′ were annealed and inserted into the PLKO.1-puro vector. Control vector
PLKO.1-shScramble was also purchased from addgene. Lentiviruses were produced in 293T cells after
co-transfection of PLKO.1-shSENP1 or PLKO.1-shScramble, packing plasmid psPAX2 and envelope
plasmid pMD2.G using the phosphate co-precipitation kit (Promega, Madison, WI, USA). Viruses were
purified and concentrated by PEG, followed by determination of viral titers on HT1080 cells.

A chemic fiber-modified and replication-deficient adenovirus-expressing SENP1, Ad5/
F11p.SENP1, and control vector, Ad5/F11p.Null, were constructed as previously described [29]. Wild
type SMAD4 gene and mutated SMAD4 gene with two mutations (K113R and K159R) was synthesized
(AuGCT, Beijing, China), and inserted into the multiple cloning sites to generate pcDNA3.0-SMAD4
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and pcDNA3.0-mutSMAD4, respectively. siRNA621, targeting human SMAD4, and the corresponding
control, siRNANC were purchased from GenePharma (Shanghai, China).

4.3. Biological Analysis of PC3M Cells after Infection with Lentiviruses

4.3.1. Apoptosis Analysis

Exponentially growing PC3M cells were seeded into 6-well plate at a density of 2.0 × 105 cells/well.
24 h later, cells were infected with PLKO.1-shSENP1 or PLKO.1-shScramble at 20 multiplicity of infection
(MOI). After 24 h incubation, 1 mL of fresh complete culture media was added. 24 h later, cells were
collected, labeled with APC conjugated Annexin-V and PI (Sungene Biotech Co., Ltd., Tianjin, China),
and analyzed by flow cytometry on FACSCalibur (BD Bioscience, San Jose, CA, USA).

4.3.2. Proliferation Assay

Exponentially growing PC3M cells were collected and labeled with Dye eFluor® 670 (eBioscience,
San Diego, CA, USA) according to the manufacturers’ instructions. Labeled cells were plated into
6-well plates at a density of 2 × 105 cells per well. Next day, cells were infected with PLKO.1-shSENP1
and PLKO.1-shScramble at 20 MOI. At 0, 24, 48 and 72 h after infection, cells were collected and
the fluorescence intensity of Dye 670 was measured by flow cytometry, and the proliferation index
was calculated.

4.3.3. Migration Assay

Exponentially growing PC3M cells were seeded into 6-well plate at a density of 2 × 105 cells per
well. Next day, cells were infected with 20 MOI of PLKO.1-shSENP1 and PLKO.1-shScramble, and the
incubation continued for 24 h. Then, confluent cells were scratched to generate wounds, as described
previously [30]. Cells were incubated for 0, 6, 24 h. Live cell images were taken, the distances between
the two margins of the wounds were measured, and percentages of wound area filled were determined
and analyzed as described previously [30].

For transwell assay, PC3M cells were infected with lentiviral vectors. 24 h later, cells were
transfected with siRNAs. After another 24 h incubation, the migration ability of treated PC3M cells
was examined by transwell. Briefly, the transwell insert was added to the well by merging the bottom
of the insert into the medium in the lower compartment. Then, the cells were seeded into the transwell
insert. After 20 h incubation, migrated cells were fixed, stained and counted.

4.4. Western-Blotting and Immunoprecipitation

48 h post-infection with PLKO.1-shSENP1 or PLKO.1-shScramble, the protein expressions
of SENP1, SMAD4, E-cadherin and Vimentin in PC3M cells were detected by Western-blotting.
Various antibodies used were rabbit anti-human SENP1 monoclonal antibody (Abcam, Cambridge,
MA, USA), rabbit anti-human SMAD4 monoclonal antibody (Cell Signaling Technology, CST, Danvers,
MA, USA), rabbit anti-human E-cadherin monoclonal antibody (Abcam), and rabbit anti-human
Vimentin monoclonal antibody (Abcam). The relative expression levels were normalized by the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In LNCaP cells, the SENP1, SMAD4, E-cadherin
and Vimentin expression were also detected by Western-blotting at 24, 36 and 48 h following infection
with Ad5/F11p.SENP1 and Ad5/F11p.Null adenoviruses.

To analyze the role of SMAD4 in SENP1-mediated up-regulation of E-cadherin, PC3M cells were
transduced with PLKO.1-shSENP1 and PLKO.1-shScramble. 24 h later, cells were transfected with
siRNAs (siRNA621 or siRNANC), and the incubations continued for 48 h. Then, protein expression of
SENP1, SMAD4, E-cadherin and Vimentin was analyzed by Western-blotting.

To investigate if SENP1 deSUMOylates SMAD4 to up-regulate E-cadherin, mutated SMAD4
expressing vector pcDNA3.0-mutSMAD4, wild type SMAD4 encoding vector pcDNA3.0-SMAD4
or control vector pcDNA3.0 were transfected into LNCaP cells. 24 h later, cells were infected with
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adenoviruses, Ad5/F11p.SENP1 or Ad5/F11p.Null. After 48 h incubation, the protein expression of
SENP1, SMAD4 and E-cadherin were detected by Western-blotting.

At 48h after infection with PLKO.1-shScramble and PLKO.1-shSENP1, PC3M cells were used to
conduct immunoprecipitation analsysis, using the primary antibodies anti-SMAD4 (CST), anti-SUMO-1
(CST) and anti-IgG, according to the manufacturer’s instructions.

4.5. Real-Time Reverse Transcript Polymerase Chain Reaction (RT-PCR)

PC3M cells infected with lentiviruses were collected at 24 and 48 h after infection. LNCaP cells
were obtained at 24, 36 and 48 h post-infection with adenoviruses. Then, total RNA was extracted,
and cDNA was synthesized by using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific,
Wilmington, DE, USA). The mRNA expressions of SENP1 and SMAD4 were quantified by using SYBR®

Premix Ex Taq™ (Tli RNaseH Plus) (Takara, Shiga, Japan) on 7500 Fast Real-Time PCR System (Applied
Biosystems/Life Technologies, Foster City, CA, USA). The relative expression levels were calculated
by 2−ΔCt, using β-actin as the control. The primers for SENP1 and SMAD4 were as following, SENP1:
forward, 5′ATCAGGCAGTGAAACGTTGGAC3′ and reverse, 5′GCA GGCTTCATTGTTTATCCCA3′;
SMAD4: forward, 5′GGACTGCACCATACACCT3′ and reverse, 5′AATGGGCTGGAATGCAA3′; and
β-actin: forward, 5′CATCCTCACCCTGAAGTACCC3′ and reverse, 5′AGCCTGGATAGCAACGTA
CATG3′.

4.6. Statistical Analysis

Data are presented as mean ± s.e.m. and statistically analyzed by using GraphPad Prism software
version 5 (GraphPad software, San Diego, CA, USA). One-way ANOVA followed by Bonferroni post
hoc tests were performed to analyze multiple groups. Difference were considered significant at two
sided p < 0.05.

5. Conclusions

Up-regulation of SENP1 promotes deSUMOylation of SMAD4 in prostate cancer cells,
which reduces the SMAD4 levels and impairs TGF-β/SMADs-mediated transcription activities.
SENP1 silencing leads to the increased expression of E-cadherin, and inhibition of EMT of tumor cells.
We believe SENP1 silencing leads to the increased SMAD4 levels due to improved stability of SMAD4
in the tumor cells. Moreover, silencing of SENP1 promoted apoptosis, and inhibited the proliferation
and migration of tumor cells. Therefore, SENP1 should be considered as a potential target for the
treatment of advanced and metastatic prostate cancer.
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Abstract: On the grounds that miRNAs present in the blood of prostate cancer (PCa) patients are
released in the growth medium by PCa cells, it is conceivable that PCa cells resistant to docetaxel
(DCT) (DCTR) will release miRNAs that may be found in PCa patients under DCT therapy if resistant
PCa cells appear. We isolated DCTR clones respectively from 22Rv1 and DU-145 PCa cell lines and
performed through next-generation sequencing (NGS) the miRNAs profiles of the released miRNAs.
The analysis of the NGS data identified 105 and 1 miRNAs which were differentially released in
the growth medium of the 22Rv1/DCTR and DU-145/DCTR clones, respectively. Using additional
filters, we selected 12 and 1 miRNA more released by all 22Rv1/DCTR and DU-145/DCTR clones,
respectively. Moreover, we showed that 6 of them were more represented in the growth medium of
the DCTR cells than the ones of DCT-treated cells. We speculated that they have the pre-requisite
to be tested as predictive biomarkers of the DCT resistance in PCa patients under DCT therapy. We
propose the utilization of clones resistant to a given drug as in vitro model to identify the differentially
released miRNAs, which in perspective could be tested as predictive biomarkers of drug resistance in
tumor patients under therapy.

Keywords: prostate cancer cell lines; docetaxel resistance; circulating miRNAs; predictive biomarkers

1. Introduction

Prostate cancer (PCa) evolves into a condition known as castration-resistant prostate cancer
(CRPC) when the androgen deprivation therapy fails. At this stage, docetaxel (DCT) represents the gold
standard treatment [1]. Unfortunately, most patients develop resistance to the drug within a year from
the beginning of the therapy, and the disease progresses [2]. The identification of biomarkers capable
to predict in advance the onset of the DCT resistance could facilitate the shift towards alternative
effective therapies, thus increasing the life expectancy of the patients.
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MicroRNAs (miRNAs), and more recently circulating miRNAs (c-miRNA), have been proposed
as molecules with a diagnostic and prognostic value for PCa [3,4] but only few studies explored
c-miRNAs as predictive biomarker of DCT resistance [5,6].

We have already reported that PCa cells in vitro specifically released in the growth medium
the same miRNAs found in the peripheral blood of PCa patients [7]. Therefore, it is conceivable
that PCa cells resistant to DCT will release in the growth medium miRNAs that, if detected in the
blood of PCa patients, could reveal the presence of DCT-resistant cells. To approach the problem, we
isolated PCa cells resistant to DCT and used the next-generation sequencing (NGS) technology and
bioinformatics tools to identify miRNAs differentially released in the growth medium by DCT-resistant
cells (DCTR-miRNAs). We also discussed that DCTR-miRNAs may represent potential predictive
biomarkers of the DCT resistance suitable to be tested in PCa patients under DCT therapy.

2. Results

2.1. Isolation of DCTR Clones from 22Rv1 and DU-145 Prostate Cancer Cell Lines

We exposed for three days either 22Rv1 or DU-145 PCa cells to increasing concentrations of
DCT and observed a dose-dependent inhibition of cell proliferation which reached a plateau phase
at 4 nM concentration and 3 nM, respectively (Figure 1A,C). We then grew continuously 22Rv1 cells
and DU-145 cells respectively in 4 nM and 3 nM DCT-containing medium until we observed colonies
presumably resistant to DCT. We isolated and expanded as clones 6 independent colonies from both
22Rv1 cells (22Rv1/DCTR clones) and DU-145 cells (DU-145/DCTR clones). Afterwards, we tested
them for the DCT resistance. We treated cells with increasing DCT concentration and showed that
22Rv1/DCTR and DU-145/DCTR clones were more resistant to DCT with respect to parental cell lines
(Figure 1B,D).

Figure 1. Effect of docetaxel (DCT) on DU-145 cell proliferation. Relative cell proliferation of 22Rv1
cells (A), 22Rv1/DCTR clones (B), DU-145 cells (C) and DU-145/DCTR clones (D) exposed to increasing
concentrations of docetaxel for 72 h.
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In addition, we showed that 22Rv1/DCTR as well as DU-145/DCTR clones presented expanded
generation times (Figure 2A,B) and an acquired capability to extrude Rhodamine 123 (Figure 2C,D).
These results, together with the upregulation of MDR1 gene (Figure 2E,F), indicated that the drug
export increase through the ABC transporters was at the basis of the DCT resistance in all clones. We
tested also the expression of BCL2 and βIII tubulin genes, whose upregulation is involved in the DCT
resistance in PCa [8,9].

Figure 2. Characterization of DCTR clones. Generation times (calculated dividing the hours in culture
by the number of cell doublings) (A,B), percentage of cells which extruded Rh123 (C,D), MDR1 mRNA
relative quantification with qRT-PCR (E,F) in 22Rv1/DCTR or DU-145/DCTR clones with respect to
parental cells (dotted line). Data were shown as mean ± SD from three independent experiments
(* p < 0.05, ** p < 0.01, *** p < 0.001, unpaired t-test).
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It is worth noting that while in 22Rv1/DCTR clones the expression level of both BCL2 (Figure 3A)
and βIII tubulin (Figure 3B) genes did not change, these genes showed slight but significant variations
in DU-145/DCTR clones. In particular, BCL2 was upregulated in DU-145/2B and DU-145/4 clones
and downregulated in DU-145/2.1 and DU-145/6.7 clones (Figure 3B). In addition, βIII tubulin gene
was upregulated in DU-145/2A clones and downregulated in DU-145/3.1 clones (Figure 3D).

Figure 3. Characterization of DCTR clones. BCL2 (A,B) and βIII tubulin (C,D) mRNA relative
quantification with qRT-PCR in 22Rv1/DCTR or DU-145/DCTR clones with respect to parental cells
(dotted line). Data were shown as mean ± SD from three independent experiments (* p < 0.05,
*** p < 0.001, unpaired t-test).

2.2. Identification of miRNAs Differentially Released by DCTR Clones

We collected the growth medium of each 22Rv1/DCTR and DU-145/DCTR clone as well as the
one of parental cells and performed the miRNAs expression profile using next-generation sequencing
(small RNA-seq). We conducted the differential analysis to identify, for each PCa cell line, the miRNAs
that were differentially released with a statistical significance from all DCTR clones with respect to the
corresponding parental cells. The analysis was performed using two different methods, i.e., DESeq2
and edgeR. For DU-145/DCTR clones, the small RNA-seq experiment was conducted in two different
runs. To test whether the experiment could suffer a batch effect on distribution of detected miRNAs,
we performed a principal component analysis and observed a significant bias (Figure S1). Therefore,
for DU-145/DCTR clones, we use an additive model formula in the design formula of DESeq2 and
edgeR. We identified 134 (with DESeq2) and 127 (with edgeR) miRNAs differentially released (FDR ≤
0.01) by 22Rv1/DCTR clones (Table S1) and 1 (with DESeq2) and 3 (with edgeR) miRNAs differentially
released (FDR ≤ 0.01) by DU-145/DCTR clones (Table S2). We then considered only the miRNAs
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identified by both algorithms which were 105 miRNAs for 22Rv1/DCTR clones (44 more released
miRNAs, 61 retained/less released miRNAs) and 1 more released miRNA for DU-145/DCTR clones
(Figure 4A). We then focused on miRNAs more released (red in Figure 4A) and we selected those
whose average number of normalized reads (NR) in all 22Rv1/DCTR (or DU-145/DCTR) clones or in
the corresponding parental cells was greater than 100 (Figure 4A, box i). Among them, we selected
those with a difference greater than 10 NR (Δ > 10) between the clone with the lowest value and the
biological replicate of the parental cells with the highest value (Figure 4A, box ii). Thus, we identified
12 miRNAs for 22Rv1/DCTR clones (Figure 4B) and 1 miRNA (miR-146a-5p) for DU-145/DCTR clones
(Figure 4C and Figure S2).

 

Figure 4. Extracellular miRNA profile of DCTR clones. (A) Schematic representation of the selective
criteria used to identify DCTR-miRNAs in both 22Rv1/DCTR and DU-145/DCTR clones (+, more
released; −, retained/less released); (B) Heatmap representing the result of DCTR-miRNAs in
22Rv1/DCTR clones and parental cells biological replicates (22Rv1WT1-3); (C) Normalized reads
of miR-146a-5p in DU-145/DCTR clones (red spots) and parental cells biological replicates (blue spots)
of DU-145/2A, /2B and /4 clones (see Figure S2 for DU-145/2.1, /3.1 and /6.7 clones).
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Finally, we validated the expression of these miRNAs (DCTR-miRNAs) in the growth medium of
both 22Rv1/DCTR and DU-145/DCTR clones by qRT-PCR. With the exception of miR-1307-5p (whose
level showed a slight change), the levels of all DCTR-miRNAs were higher in the growth medium of
the DCTR clones (Figure 5A,B) thus confirming the NGS data.

Figure 5. DCTR-miRNAs validation. Relative quantification with qRT-PCR of DCTR-miRNAs in the
growth medium of 22Rv1/ (A) or DU-145/ (B) DCTR clones with respect to parental cells (dotted line).

2.3. DCTR-miRNAs as Possible Biomarkers of DCT Resistance

To evaluate whether the level of the DCTR-miRNAs was affected by DCT, we measured by
qRT-PCR the level of the 12 DCTR-miRNAs in the growth medium of parental cells (22Rv1 or DU-145)
treated for three days with DCT and we calculated the fold change of these miRNAs in comparison to
that found in the growth medium of untreated cells (column B, Table 1). Then, we evaluated the mean
fold change of the DCTR-miRNAs (measured by qRT-PCR) in the growth medium of 22Rv1/DCTR

or DU-145/DCTR clones with respect to that of the corresponding parental cells line (column A,
Table 1). Finally, for each DCTR-miRNAs, we calculate the ratio between the fold change value of
DCT-treated versus untreated cells and the mean fold change of DCTR-miRNA in 22Rv1/DCTR or
DU-145/DCTR clones versus parental cells (column A/column B, Table 1). We observed that the level
of 6 DCTR-miRNAs was similar in cells either resistant to or treated with DCT, whereas the level of the
remaining 6 DCTR-miRNAs was higher (more than 2-fold) in cells resistant to DCT versus cells treated
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with DCT (Table 1, miRNAs underlined and in bold), suggesting that their differential release was
specific of the DCT-resistant phenotype.

Table 1. DCTR-miRNAs level in the growth medium of DCTR clones or DCT-treated cells.

DCTR/miRNAs

Column A *.
DCTR-miRNAs Level in

DCTR Clones Versus
Parental Cells Growth

Medium

Column B **.
DCTR-miRNAs Level in

DCT-Treated Versus
Untreated Cells Growth

Medium

Column A/
Column B

Unpaired t-Test
Pvalue (A
Versus B)

miR-4792 *** 8.94 ± 2.75 1.69 ± 0.11 5.27 p < 0.05
miR-4532 175.20 ± 50.66 2.10 ± 0.48 83.42 p < 0.01
miR-5096 48.61 ± 10.00 1.28 ± 0.03 37.97 p < 0.001

miR-210-3p 8.80 ± 1.13 2.28 ± 0.19 3.86 p < 0.001
miR-27a-3p 3.48 ± 0.85 2.13 ± 0.2 1.63 NS
miR-21-3p 17.7 ± 4.12 3.9 ± 0.49 4.53 p < 0.01
miR-21-5p 5.18 ± 0.43 2.49 ± 0.39 2.07 p < 0.001
miR-22-3p 5.22 ± 1.21 3.86 ± 0.32 1.35 NS

miR-27b-3p 3.52 ± 0.77 4.29 ± 0.25 0.82 NS
miR-500a-3p 6.11 ± 1.01 3.78 ± 0.03 1.61 p < 0.05
miR-186-5p 3.82 ± 0.86 3.64 ± 0.43 1.05 NS

miR-146a-5p **** 5.87 ± 1.86 10.21 ± 1.46 0.57 NS

* Each value represents the mean ± SD of the DCTR/miRNAs level in the DCTR clones. ** Each value represents the
mean ± SD of the DCTR/miRNAs level in six biological replicates. *** DCTR-miRNAs whose column A/column
B value was higher than 2 are underlined and in bold. **** miR-146a-5p was the only miRNA selected from
DU-145/DCTR clones. NS, not significant.

2.4. Expression Level of Selected DCTR-miRNAs in DCTR Clones

To gain more insight into the differential release of the DCTR-miRNAs by the DCTR clones we
measured the intracellular level of the DCTR-miRNAs specifically associated with DCT-resistant
phenotype (Table 1, underlined and in bold) in 22Rv1/DCTR clones with respect to parental cell
lines (Figure 6). We found that DCTR-miRNAs were upregulated in 22Rv1/DCTR clones (particularly
miR-4532, miR-5096 and miR-210-3p) except for miR-21-3p and miR-21-5p whose level did not change
significantly, suggesting that the release of DCTR-miRNAs by DCTR PCa cells could be mediated by
both active or passive mechanisms.

Figure 6. Intracellular level of selected DCTR-miRNAs in 22Rv1/DCTR clones. Relative quantification
by qRT-PCR of DCTR-miRNAs in the growth medium of 22Rv1/DCTR clones with respect to parental
cells (dotted line).
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3. Discussion

Docetaxel (DCT) is the first line chemotherapy for patients who become insensitive to androgen
deprivation therapy (castration-resistant prostate cancer, CRPC). Unfortunately, the DCT therapy
frequently favors the development of DCT resistance in metastatic CRPC patients [2]. Hence, the
discovery of biomarkers that indicate in advance the onset of DCT resistance could allow the early
switch to other effective treatment options such as abiraterone acetate and enzalutamide [10,11].
While the detection of circulating miRNAs (c-miRNAs) in tumor patients is widely applied in
clinical research [12–14], the detection of c-miRNAs in cancer patients under medical treatment
is under-investigated, especially in PCa patients as confirmed by the poor availability of published
data. So far, the change of miR-21 [5] and miR-210 [6] levels in the blood of PCa patients under DCT
treatment have been associated with the clinical outcome. In addition, miR-141 [15,16], miR-146b-3p
and miR-194 [16] have been shown to predict PCa clinical progression after therapies. Finally, in a
recent work Lin et al. [17,18] demonstrated that miR-200a, miR-200b, miR-200c, miR-132, miR-375,
miR-429 were associated with overall survival after DCT treatment.

In this work, we detected the miRNAs released by clones of 22Rv1 and DU-145 PCa cells resistant
to DCT with the aim to identify those preferentially released by the DCT-resistant cells. The decision to
isolate DCTR clones from the androgen-dependent (22Rv1) and androgen-independent (DU-145) cell
lines was due to the fact that DCT-based chemotherapy has become a therapeutic option not only for
CRPC patients but also for those who have not yet reached the full androgen-independence [19]. In line
with other data [20,21], we showed that the main molecular mechanism at the basis of the resistance
of the DCTR clones was the increase in the activity of the ABC membrane transporters, a family of
ATP-dependent membrane-bound drug efflux pump that protects the tumor cells by cytotoxic drugs.
In addition, we showed that both 22Rv1/DCTR and DU-145/DCTR clones had a generation time
longer than those of the parental cell line. These data were in line with those obtained by Corcoran
et al. [22]. We cannot exclude that the reduced growth rate of the DCTR clones may contribute to the
DCT-resistant phenotype.

Once the DCTR clones were obtained, we detected miRNAs differentially released in the growth
medium and selected those that passed several filters. First, we considered the miRNAs differentially
released by all DCTR clones derived from each cell line and this increased the probability that they
could be those really released by DCT-resistant cells. Second, we focused on miRNAs that were more
released and on these miRNAs we imposed a cut-off on normalized reads (NR > 100) as we believe
that this level was adequate for an easier detection. Third, we selected miRNAs whose level were
significantly different between DCTR clones and parental cells by selecting not only the miRNAs
more released by a |log2FC| > 1, but also the miRNAs whose level between the DCTR clone with
the lower NR and the parental line replicate with the highest NR was greater than 10 (Δ > 10). At the
end, we selected 12 DCTR-miRNAs and 1 DCTR-miRNA released by 22Rv1/DCTR and DU-145/DCTR

clones respectively. In our opinion, the low abundance of DU-145/DCTR-miRNAs in comparison with
22Rv1/DCTR-miRNAs depends on the fact that DU-145/DCTR clones are more heterogeneous than
22Rv1/DCTR clones as suggested by the molecular data (BLC2 and βIII tubulin expression levels) and
the different levels of MDR1 activation. Another observation is that 22Rv1/DCTR and DU-145/DCTR

clones did not release the same miRNAs. This finding is not completely surprising given that DCTR

clones derived from different tumor contexts and therefore the resistant phenotype may be different.
As DCT resistance in PCa patients may arise from different tumor context as well, this observation
underlines the importance of using more PCa cell lines to have a higher chance of identifying miRNAs
which could potentially predict DCT resistance.

We then examined whether DCTR-miRNAs could be potential biomarkers of DCT resistance.
In particular, we evaluated whether the release of the DCTR-miRNAs was affected also by the DCT
treatment. We obtained promising results from the comparison of the DCTR-miRNAs released in the
growth medium by DCTR clones and by parental cells treated with DCT for 3 days. We showed that
the release of miR-4792, miR-4532, miR-5096, miR-210-3p, miR-21-3p and miR-21-5p were higher in
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the growth medium of DCTR clones than in DCT-treated cells thus rendering these miRNAs specific of
DCT-resistant cells and then promising putative biomarkers of DCT resistance.

To be a good biomarker, a miRNA should be highly released before the onset of the DCT resistance.
So far, many c-miRNAs diagnostic/prognostic of PCa have been identified, but it is still unclear if
these c-miRNAs are useful in the management of PCa patients under DCT therapy. At the moment,
only two c-miRNAs (miR-21, miR-210) have been associated to the outcome of DCT therapy [5,6] and,
as such, have characteristics of predicting the DCT resistance of PCa patients. It has been shown that
miR-21 level was elevated in CRPC patients, especially in those who developed resistance after DCT
chemotherapy [5]. In the same way, it was demonstrated that the serum levels of miR-210 was higher
in patients whose disease was resistant to DCT treatment as assessed by change in prostate specific
antigen (PSA) [6]. It is worth noticing that both miR-21 and miR-210 belong to the 6 DCTR-miRNAs
that were highly released only by cells resistant to DCT, suggesting that our approach to isolate
DCTR PCa cells and to select the differentially released miRNAs not affected by DCT treatment could
represent a manner to discover miRNAs to be tested as predictive biomarkers of the DCT resistance.
As a consequence, the other DCTR-miRNAs specifically released by DCTR cells (miR-4792, miR-4532,
miR-5096), and not yet tested in PCa patients, represent promising candidates to be tested as DCT
predictive biomarkers in PCa patients.

Finally, we considered the intracellular level of the 6 DCTR-miRNAs in DCTR clones to gain more
insight on the miRNA release mechanism. We found that not all DCTR-miRNAs were upregulated in
all 22Rv1/DCTR clones suggesting that the release of these miRNAs by DCT-resistant PCa cells may
be also mediated by an active mechanism. There are several reports in favor of either a specific or
non-specific secretion of miRNAs by the cells (for review see [23,24]).

Among the miRNAs that were more upregulated (i.e., miR-210-3p, miR-4532 and miR-5096),
miR-210 has been found to be transcriptionally activated by the hypoxia-inducible factor 1 α

(HIF-1α) [25]. In particular, Cheng et al. [6] demonstrated that the treatment of PCa cells with hypoxic
conditions determined the upregulation and the release of miR-210 in the growth medium. In addition,
they demonstrated that high miR-210 serum level is associated with therapy (hormone therapy in
combination with chemotherapy) resistance in CRPC patients. Given that it is known that tumor
hypoxia is associated with therapy resistance [26], the author suggested that an increased hypoxia
response signaling is present in a subset of CRPC patients, leading to increased miR-210 level and
therapy resistance. So, the upregulation/release of miR-210-3p by 22Rv1/DCTR clones is in line with
these data: we can only speculate that an increased hypoxia signaling could be associated with DCT
resistance mechanism of 22Rv1/DCTR clones. However, miR-210 has a central role in promoting
cancer-associated fibroblast (CAF) formation in PCa [27], hence in cancer progression, suggesting
that it may act as a signal molecule in tumor microenvironment. Regarding miR-5096 and miR-4532,
since they have been recently discovered, there are no reports on their biological functions. However,
there are two studies that demonstrated that the transfer of miR-5096 through the gap junctions from
glioma cells to astrocyte [28] or to human microvascular endothelial cells [29] promotes the glioma
invasion with an unknown mechanism suggesting an oncogenic role of this miRNA, in line with its
upregulation in 22Rv1/DCTR clones.

In conclusion, we showed that DCT resistant PCa cells release in the growth medium miRNAs
whose level change in PCa patients resistant to DCT therapy, suggesting that clones resistant to DCT
represent a good in vitro model to identify potential DCT predictive miRNAs to be tested as c-miRNA
in PCa patients during DCT treatment. In addition, we showed that not all miRNA specifically released
by DCTR clones were upregulated, suggesting that the miRNAs release may be mediated also by an
active mechanism. In perspective, this in vitro approach for discovering miRNAs predictive of the
onset of drug resistance may be applied to other tumor types as well as other anticancer drugs.
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4. Materials and Methods

4.1. Cells and Culture Conditions

DU-145 and 22Rv1 cell lines were grown in RPMI 1640 medium added of 10% fetal bovine serum,
1% penicillin/streptomycin 2 mM and 1% L-glutammine 2 mM (Euroclone, Milan, Italy). Cells were
incubated at 37 ◦C in a humidified atmosphere containing 6% CO2. For DCT treatment, cells were
grown for 24 h and treated with DCT (Taxotere, 20 mg/mL, Sanofi Aventis, Milan, Italy) for 3 days.

4.2. Dose Response Curves

2 × 105 cells were seeded per well (6 wells multiplate) and exposed to increasing concentration
of DCT (Taxotere, 20 mg/mL, Sanofi Aventis). At specified time points, cells were fixed in 2%
paraformaldehyde in PBS (Oxoid, Altrincham, Cheshire, UK), and subsequently stained with 0.1%
crystal violet (SIGMA, St. Louis, MO, USA) dissolved in 20% methanol (SIGMA) and let dry at room
temperature. Cells were then lysed with 10% acetic acid and the optical density (OD 590 nm) of the
solution, detected with ChroMate Microtetraplate Reader apparatus (Awareness Technology, Westport,
CT, USA), was used to measure cell proliferation.

4.3. Isolation and Characterization of DCT-Resistant (DCTR) Clones

To obtain DCTR clones, 5 × 105 cells/100 mm diameter dish were grown in presence of DCT of
either 3 nM (22Rv1) or 4 nM (DU-145). Each 3–4 days, the medium was removed and replaced with
fresh selective medium until colonies formation (30–50 days). Thereafter, independent colonies were
isolated and expanded to clonal populations. To verify whether clones were still resistant to DCT,
cells were seeded at density of 2 × 104 cells/cm2 and 24 h later exposed at increasing concentrations
of DCT (range 1–20 nM). After 72 h exposure, cell proliferation was determined as reported above.
The generation times were calculated dividing the hours in culture by the number of cell doublings
calculated as [lg2 (final cell number/initial cell number)/lg2 2].

4.4. Rhodamine 123 Exclusion Assay

The assay was performed as previously described [30] with some modifications. Briefly, for each
sample of DU-145 or 22Rv1 cells and DCTR clones, 2 aliquots of 4 × 104 cells/mL were incubated at
37 ◦C with 1 μL of Rhodamine 123 (Rh123) (1 mM, SIGMA) and with or without 1 μL of Verapamil
(50 mM, SIGMA). After 30 min, cells were harvested and centrifuged and each aliquot was split into
two aliquots and analyzed with FACScalibur cytofluorimeter (BD Biosciences, San Jose, CA, USA)
immediately (aliquot 1) and after 1 h (aliquot 2). Rh123 green was recorded on FL1 channel and the
gate was set to exclude fluorescence of both aliquot 1 samples and verapamil minus aliquot 2 sample.
The Rh123 extrusion was detected in the verapamil plus aliquot 2 sample and expressed as percentage
of cells with a fluorescence different from the one excluded from the gate.

4.5. Total RNA Isolation

Intracellular total RNA was extracted with miRNeasy mini kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. For NGS experiment, extracellular total RNA was isolated
from 2 mL growth medium with QIAamp circulating nucleic acid kit (Qiagen), following the
manufacturer’s instructions. For qRT-PCR analysis, extracellular total RNA extraction was performed
as previously described [7].

4.6. miRNAs and mRNA Quantification

miRNAs and mRNAs quantification were performed as previously described [7]. Transcripts
values were normalized to those obtained from the amplification of the internal control (GAPDH,
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HPRT1, β-actin for mRNAs and U6, sno-44, sno-55, sno-110 for intracellular miRNA and cel-miR-39
for extracellular miRNAs).

4.7. miRNA Profiling with Next-Generation Sequencing (NGS) Technology (Small RNA-Seq)

The small RNA libraries were constructed using TruSeq Small RNA kit (Illumina, San Diego, CA,
USA) according to the manufacturer’s suggestions. cDNA libraries were loaded at six-plex level of
multiplexing (~4 million reads per samples) into a flow cell V3, and sequenced in a single-reads mode
(50 bp) on a MiSeq sequencer (Illumina). Raw reads were analyzed as described in Barsanti et al. [31].
Briefly, raw sequences were de-multiplexed using the Illumina pipline CASAVA v.1.8.2. software
(Illumina). FastQC was used for quality check and primary reads were trimmed of adapters sequence
using Cutadapt v1.2.1 [32]. Remaining reads, with a minimum length of 17 bzp and maximum 35 bp
after trimming, were clustered for unique hits and mapped to pre-miRNA sequences present into the
miRBase (rel. 21) employing miRExpress tool v 2.1.3 [33].

4.8. Statistical Analysis

Data are expressed as mean ± SD of at least three independent experiments, and analyzed with
Student’s t-test.

The differential analysis was performed using two different statistical methods implemented
in the two packages, edgeR [34] and DESeq2 [35] of the R Bioconductor repository. Exact p-values
were adjusted for multiple testing according to Benjamini–Hochberg procedure. In order to control
the batch effect of the two sequencing runs of the DU-145/DCTR clones experiment, the analysis was
corrected for baseline differences between the batches using an additive model in the design formula
of both edgeR and DESeq2 approaches.

The hierarchical clustering was performed using the mean centered Log2 normalized reads, the
Euclidean distance and complete agglomerative method.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/7/1512/s1.
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Abstract: A clinical dilemma in the management of prostate cancer (PCa) is to distinguish men with
aggressive disease who need definitive treatment from men who may not require immediate intervention.
Accurate prediction of disease behavior is critical because radical treatment is associated with high
morbidity. Here, we highlight the cancer/testis antigens (CTAs) as potential PCa biomarkers. The CTAs
are a group of proteins that are typically restricted to the testis in the normal adult but are aberrantly
expressed in several types of cancers. Interestingly, >90% of CTAs are predicted to belong to the realm
of intrinsically disordered proteins (IDPs), which do not have unique structures and exist as highly
dynamic conformational ensembles, but are known to play important roles in several biological processes.
Using prostate-associated gene 4 (PAGE4) as an example of a disordered CTA, we highlight how IDP
conformational dynamics may regulate phenotypic heterogeneity in PCa cells, and how it may be
exploited both as a potential biomarker as well as a promising therapeutic target in PCa. We also discuss
how in addition to intrinsic disorder and post-translational modifications, structural and functional
variability induced in the CTAs by alternate splicing represents an important feature that might have
different roles in different cancers. Although it is clear that significant additional work needs to be
done in the outlined direction, this novel concept emphasizing (multi)functionality as an important
trait in selecting a biomarker underscoring the theranostic potential of CTAs that is latent in their
structure (or, more appropriately, the lack thereof), and casts them as next generation or “smart”
biomarker candidates.

Keywords: biomarkers; prostate cancer; cancer/testis antigens; intrinsically disordered protein;
prostate-associated gene 4 (PAGE4); nucleolar protein 4 (NOL4); centrosomal protein of 55 kDa
(CEP55)

1. Introduction

Prostate cancer (PCa) is one of the most prevalent forms of cancer in older men over the age of
50. Worldwide, >1 million men are diagnosed with PCa each year and more than 300,000 die of the
disease. Current US statistics show that one in five or six men will be diagnosed with PCa during their
lifetime. In fact, by extrapolating statistical data from the past 40 years (1973–2013) it is estimated that
in little over 100 years, one in two men will develop the disease [1]. Although these numbers appear
daunting, only a fraction of those diagnosed have forms of the disease that can be considered to be
“lethal” in nature.
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As is true for other types of cancer, early diagnosis is believed to be crucial for the selection of
the most successful and suitable PCa treatment strategy. Therefore, it follows that regular screening
of men over the age 50 may be a logical thing to do. However, even today, there is no reliable
test other than prostate-specific antigen (PSA), and there is no unanimous opinion in the medical
community regarding the benefits of PSA screening [2,3]. Those who advocate regular screening
believe that early diagnosis and treatment of PCa offers men a better chance to address the disease.
On the other hand, urologists who recommend against regular screening note that because PCa is
typically slow growing, the side effects of treatment would likely outweigh any benefit that might
be derived from detecting the disease at a stage when it is unlikely to cause problems. Consistently,
in 2012, the United States Preventive Services Task Force (USPSTF), an independent panel of experts in
primary care and prevention that systematically reviews the evidence of effectiveness and develops
recommendations for clinical preventive services, recommended against PCa screening in adult men
of all ages. Indeed, in a roundtable discussion organized by Lee et al. to analyze studies of screening
in two large randomized trials, it became obvious that the benefits of screening may not occur for 10 or
more years after screening given the long natural history of the disease and that, perhaps as many as
1000 men will need to be screened and about 50 will need to be treated to save one life from PCa [4].

Many factors, including an increase in the aging population and widespread screening for PSA
have contributed to the rise in the diagnoses of men who present early-stage (low or intermediate
Gleason scores (GS)) or “low-risk” disease. While immediate treatment is recommended for patients
with high GS (≥8), the appropriate treatment for patients with low GS (≤6) or intermediate GS
(=7) remains ambiguous. Patients with low-risk disease are typically recommended the “wait and
watch” or “active surveillance” protocol but are routinely monitored including repeat biopsies with
the intention of avoiding treatment unless there is evidence of disease progression [5–7]. It is, therefore,
not surprising that a staggering number of biopsies—>1 million in the US alone—are performed every
year adding to the burgeoning healthcare cost and undesirable risk of serious complications requiring
hospitalization [8].

While the intent of the active surveillance protocol is to minimize over-treatment, the concern is
that active surveillance may miss the opportunity for early intervention of tumors that are seemingly
low risk but that are actually aggressive. Indeed, despite the cautious approach, up to 40% of patients
enrolled in active surveillance develop full-blown PCa [6]. Thus, a clinical dilemma today in the
management of PCa is to distinguish men with aggressive disease who need definitive treatment from
men whose disease does not require such intervention. Furthermore, accurate prediction of disease
behavior is critical because radical treatment is associated with high morbidity.

Currently, at the time of diagnosis, most PCa cases present as localized disease and are
preferentially treated by radical prostatectomy or radiation therapy with curative intent. During the
last decade, a significant shift towards localized, well-differentiated tumors at radical prostatectomy
(so-called stage migration) has occurred [9,10] perhaps due to the widespread use of PSA screening
or a change in PCa biology [11], although, the latter would seem less likely. Therefore nowadays,
PCa detected by PSA alone is often characterized by small-size and low-grade tumors in relatively
younger male populations. In fact, it is reported that around 30% of cancers treated with radical
prostatectomy in the US are “insignificant” tumors [12]. On the other hand, nearly 30% patients are
reported to experience an isolated increase in serum PSA with long-term follow-up [13–19]. Therefore,
it is important for physicians and patients to know the likelihood of disease progression following
radical prostatectomy. Considered together, it follows that there is a critical need to identify reliable
biomarkers that may be used for better diagnosis as well as to distinguish most of the low-GS tumors
that will remain indolent from the few that are truly aggressive to better treat and manage PCa.
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The advent of advanced technologies and sophisticated bioinformatics algorithms has fueled
the discovery of novel biomarkers that include serum-, urine- and tissue-based assays that may
supplement PSA testing, or even replace it over time (reviewed in [20–28]). These include
extracellular vesicles [29], long noncoding RNAs [30,31], microRNAs [32–34] and circulating tumor
cells (CTCs) [35,36], among many others. These advances have provided new insights into the
individual patient’s tumor biology, and several biomarkers with specific indications for disease
diagnosis, prediction and prognosis, as well as risk stratification of aggressive PCa at the time of
diagnosis are now commercially available.

For example, Decipher™ (GenomeDx Biosciences, Vancouver, Canada) is a tool based on
22 genes that evaluates the risk of adverse outcomes (metastasis) after radical prostatectomy [37],
while Oncotype DX® (Genomics Health, Redwood City, CA, USA) was developed for use with
fixed paraffin-embedded (FFPE) diagnostic prostate needle biopsies and measures expression of
12 cancer-related genes representing four biological pathways and five reference genes to calculate
the Genomic Prostate Score (GPS) [38]. This assay has been analytically and subsequently clinically
validated as a predictor of aggressive disease [38]. Prolaris (Myriad Genetics, Salth Lake City, UT, USA),
on the other hand, is a 46-gene prognostic test that quantitatively determines the risk of recurrence
in patients who have undergone prostatectomy. The assay measures the expression of 31 cell cycle
progression (CCP) genes and 15 housekeeping genes that act as internal controls and normalization
standards in each patient sample. The assay is also performed on FFPE samples and the results are
reported as a numerical score along with accompanying interpretive information [39]. Of note, since the
expression of CCP genes is likely to represent a fundamental aspect of tumor biology, the rationale
for selecting these genes for prediction of outcome in PCa is based on a common biological function
of the individual genes in this panel. Interestingly, the other two genomics tests also include genes
associated with cell proliferation. Finally, ProMark® (Metamark Corp., Waltham, MA, USA) s based
on a multiplexed proteomics assay [40] and predicts PCa aggressiveness in patients found with similar
features to Oncotype DX®. These biomarkers can be helpful for post-biopsy decision-making in
low-risk patients and post-radical prostatectomy in selected risk groups. These biomarkers that are
intended to be used in combination with the accepted clinical criteria (i.e., GS, PSA, clinical stage) to
stratify PCa according to biological aggressiveness and direct initial patient management have gained
considerable popularity; however, additional studies are needed to investigate the clinical benefit of
these new technologies, the financial ramifications and how they should be utilized in clinics.

2. Cancer/Testis Antigens (CTAs) as Novel PCa Biomarkers

The cancer/testis antigens (CTAs) are a group of proteins that are typically restricted to the testis
in the normal adult but are aberrantly expressed in several types of cancers [41]. To date, ~250 genes
encoding CTAs have been identified [42] that can be broadly divided into two groups: CT-X antigens
located on the X chromosome and non-X CTAs located on various autosomes. Furthermore, members of
the CT-X antigens, in particular, are typically associated with advanced disease characterized by poorer
outcomes in several types of cancers, including PCa [43–48]. Because of these intriguing expression
patterns, the CTAs serve as unique biomarkers for cancer diagnosis/prognosis.

A systematic study by Suyama et al. [48] using a custom DNA microarray revealed that several
CT-X antigens from melanoma-associated antigen A/chondrosarcoma-associate gene (MAGE-A/
CSAG) subfamilies are coordinately upregulated in castrate-resistant PCa, but not in primary PCa.
Interestingly, however, the CT-X antigen prostate-associated gene 4 (PAGE4) was found to be highly
upregulated in primary PCa but silent in castrate-resistant PCa, thereby raising the possibility that
CTA-based “gene signature” could potentially be developed to distinguish men with aggressive PCa
who need treatment from men with indolent disease not requiring immediate intervention [48].
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To test this possibility, Shiraishi et al. [49] devised a multiplex real-time polymerase chain
reaction (PCR) assay. From a panel of 22 CTAs that showed differential expression, they selected a
subpanel of 5 CTAs that included 4 non-X CT antigens (centrosomal protein of 55 kDa—CEP55, NUF2,
lymphokine-activated killer T-cell-originated protein kinase—PBK and the dual specificity protein
kinase TTK) and the CT-X antigen, PAGE4 [49]. The authors found that while the non-X CTAs were
upregulated, the CT-X antigen, PAGE4, was downregulated in patients with recurrent PCa after radical
prostatectomy (Figure 1). Kaplan-Meier curves revealed that higher levels of expression of CEP55 and
NUF2 were significantly correlated with shorter biochemical recurrence-free time [49]. In contrast,
higher expression of PAGE4 was significantly correlated with longer biochemical recurrence-free time
(Figure 2). Further, with the exception of TTK, the other CTAs were significantly correlated with
prostatectomy GS, but none were correlated with age, preoperative PSA and tumor stage [49]. It is
important note that, like in the case of the genomics tests that include several cell cycle progression
genes, the five CTAs used in the study by Shiraishi et al. [49] are also associated with the cell cycle and
proliferation. In fact, some of the CTAs are common to both gene sets highlighting the potential of this
CTA panel.

 
Figure 1. Cancer/Testis Antigen (CTA) expression in recurrent and non-recurrent prostate cancer.
CTA expression in clinically localized prostate cancer with recurrence (Rec (+)) (n = 43) and without
recurrence (Rec (−)) (n = 29). (A) centrosomal protein of 55 kDa (CEP55); (B) NDC80 kinetohore
complex component NUF2; (C) prostate-associated gene 4 (PAGE4); (D) lymphokine-activated killer
T-cell-originated protein kinase (PBK); (E) the dual specificity protein kinase TTK. Reproduced with
permission from ref. [49].
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Figure 2. Kaplan-Meier analyses. Kaplan-Meier curves showing biochemical recurrence-free survival
against time after radical prostatectomy stratified by the mRNA expression of (A) CEP55; (B) NUF2;
(C) PAGE4; (D) PBK; and (E) TTK (high versus low groups dichotomized by median value).
Reproduced with permission from ref. [49].

Despite the promise however, there are some limitations to the study by Shiraishi et al. [49].
First, the sample number was limited (n = 72), and they were not derived from patients who were
consecutively and prospectively recruited for this study. Second, a high-risk cohort was used as a
result of selection of specimens with large-volume tumors appropriate for frozen tissue collection,
not reflecting contemporary, newly screened radical prostatectomy population. Third, there was no
significant difference in the CT-X antigens (synovial sarcoma antigen X (SSX), synovial sarcoma X
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breakpoint 2 (SSX2), chondrosarcoma-associated gene 2/3 protein (CSAG2), melanoma-associated
antigen 2 (MAGE-A2) and melanoma-associated antigen 12 (MAGE-A12)) between patients with
or without recurrence [49]. However, von Boehmer et al. [50] observed that the CT-X antigen
melanoma-associated antigen C2/Cancer-testis antigen 10 (MAGE-C2/CT10) may be a predictor
of biochemical recurrence after radical prostatectomy, even though its expression was detected only in
3.3% of primary PCa samples.

More recently, the same research group employed the nCounter Gene Expression Assay
(NanoString Technologies, Seattle, WA, USA) instead of quantitative multiplex PCR to evaluate
the CTA gene signature in PCa patients [51]. The nCounter Analysis System utilizes a novel digital
technology that is based on direct multiplexed measurement of gene expression and offers high
levels of precision and sensitivity (<1 copy per cell). The technology uses molecular “barcodes” and
single molecule imaging to detect and count hundreds of unique transcripts in a single reaction.
Each color-coded barcode is attached to a single target-specific probe corresponding to a gene of
interest. Mixed together with controls, they form a multiplexed CodeSet. The assay does not rely on
enzymes for processing or amplification and enables highly sensitive detection and quantification of
gene expression from a wide variety of sample types including direct measurement from purified total
RNA, cell and tissue lysates, RNA extracted from FFPE samples and blood without globin mitigation.

The nCounter Analysis System is an integrated system comprised of a fully-automated assay
and is designed to provide a sensitive, reproducible, quantitative and highly multiplexed method
(up to 800 transcripts in one tube) with a wide dynamic range with superior gene expression
quantification results when compared to real-time PCR without RNA purification, cDNA preparation,
or amplification [51]. Of the 22 CTAs selected initially by Shiraishi et al. [49], Takahashi et al. [51]
found that, in mRNA samples extracted from surgical samples, at least 5 CTAs (CEP55, NUF2, TTK,
PBK, and PAGE4) appeared to be differentially expressed between metastatic and localized PCa both
by quantitative PCR and the nanowire technology. As expected, CEP55 (p < 0.01), PBK (p < 0.01),
NUF2 (p < 0.01) and sperm-associated antigen 4 (SPAG4) (p < 0.01) were significantly upregulated
and PAGE4 (p < 0.01) was downregulated in metastatic PCa compared to localized disease. Further,
using this assay FFPE samples, the authors found that RNA expression levels of the CTAs CSAG2 and
nucleolar protein 4 (NOL4) were significantly higher in men with GS 8–10 disease than those with GS
≤ 4 + 3 disease [51]. By contrast, the RNA expression level of PAGE4 was lower in men with GS 8–10
disease than those with GS ≤ 6 disease. Notwithstanding the slight disparity in the CTAs that appear
to discriminate disease progression, this study further demonstrated the potential of the CTAs as PCa
biomarkers [51] using achieved samples.

3. A Vast Majority of CTAs Are Predicted to Be Intrinsically Disordered

A bioinformatics study by Rajagopalan et al. [52] discovered that a majority of CTAs (>90%)
are predicted to be intrinsically disordered proteins (IDPs). IDPs and hybrid proteins containing
ordered domains and intrinsically disordered protein regions (IDPRs) are biologically active proteins
that correspondingly lack rigid 3D structure either along their entire length or in localized regions,
at least under physiological conditions in vitro [53–55]. Indeed, computational studies revealed that
the per-proteome amounts of IDPs/IDPRs are high and increase with the increase in the organism
complexity [56–58]. Indeed, all the CTAs selected by Shiraishi et al. [49] and Takahashi et al. [51] are
predicted to be IDPs or as hybrid proteins containing long IDPRs (Figure 3 and Table 1). Despite the lack
of unique structures, many IDPs/IDPRs can transition from disordered to ordered state upon binding
to various targets [59]. The structural plasticity and conformational adaptability of IDPs/IDPRs, their
ability to react and change easily and quickly in response to the changes in their environment, their
capability to fold under the variety of conditions [53–55,60–69] combined with their binding promiscuity
and unique capability to fold differently while interacting with different binding partners [66,70]
define a wide set of functions exerted by IDPs/IDPRs in different biological systems. These same
features determine the broad participation of IDPs/IDPRs in various biological processes [59,71,72]
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where they are involved in numerous signaling processes [73,74], regulation of different cellular
pathways [75–80], cell protection [81], protein protection [82,83], cellular homeostasis [84,85] and cell
cycle regulation [86–90]. Thus, biological activities of many IDPs/IDPRs are known to be precisely
and tightly controlled and regulated by extensive posttranslational modifications (PTMs), such as
phosphorylation, acetylation, glycosylation, etc. [59,91–93] and by alternative splicing (AS) [94–96].

Furthermore, IDPs/IDPRs are often associated with dosage sensitivity and are frequently engaged
in highly promiscuous interactions, especially when concentrations of these proteins are increased [97].
Importantly, IDPs/IDPRs can interact with numerous binding partners of different natures, and many
of these proteins are known to serve as essential hubs within various protein-protein interaction
networks [68,98–102], where intrinsic disorder and related disorder-to-order transitions could enable
one protein to interact with multiple partners (one-to-many signaling) or to enable multiple partners
to bind to one protein (many-to-one signaling) [103].

Consistent with these observations, several CTAs are also predicted to bind DNA, and their
forced expression appears to increase cell growth implying a potential dosage-sensitive function [52].
Furthermore, the CTAs appear to often occupy “hub” positions in protein-regulatory networks that
typically adopt a “scale-free” power law distribution. Thus, the observations by Rajagopalan et al. [52]
provide a novel perspective on the CTAs, implicating them in integrating and interpreting information
in altered physiological states in a dosage-sensitive manner (see [52] and references therein).
Considered together, these observations emphasizing the functional role of CTAs together with the
development of a biomarker panel based on functionality (e.g., cell cycle progression), underscore the
potential of CTAs to differentiate and discern diseased states of the prostate that is latent in their
structure or lack thereof.

4. The Functional Role of Intrinsic Disorder in CTAs as Biomarkers

Here, using PAGE4 as an example, we illustrate how intrinsic disorder in CTAs may cast them as
“next generation” biomarker candidates. More specifically, we discuss how conformational dynamics of
this intrinsically disordered CTA may regulate the phenotype of the PCa cell and how the functionality
of this IDP may be exploited as a potential biomarker in PCa.

PCa that is androgen-dependent is responsive to androgen-ablation therapy (ADT), the first line
of treatment against advanced PCa, as well as an adjuvant to local treatment of high-risk disease.
Although most patients initially respond to ADT, they eventually progress to a hormone-refractory
state, which can prove fatal (reviewed in [104]). Yet the mechanism(s) underlying hormone resistance
in PCa remains quite elusive. However, contrary to conventional wisdom, a new treatment paradigm
called Bipolar ADT or BAT [105] is being tested where chemotherapy patients cycle through ADT
followed by a supra-physiological dose of androgen. The results of this pilot study indicate that BAT
may be more beneficial than ADT alone [105].

PAGE4 is a highly (~100%) intrinsically disordered CTA (Figure 3 and Table 1) that bears the
hallmarks of a proto-oncogene; thus, it is highly expressed in the fetal human prostate, is undetectable
in the normal adult gland, but is aberrantly expressed in androgen-dependent primary PCa and
not in androgen-independent metastatic disease [106–108]. PAGE4 is also a strong potentiator of the
transcription factor, AP-1, which is implicated in PCa [109] and is phosphorylated by two kinases namely,
homeodomain-interacting protein kinase 1 (HIPK1) and CDC-like kinase 2 (CLK2). HIPK1 phosphorylates
PAGE4 at predominantly T51, which is critical for its transcriptional activity [110]. In contrast, CLK2
is responsible for hyperphosphorylation of PAGE4 at multiple S/T residues. Furthermore, while
HIPK1-phosphorylated PAGE4 potentiates AP-1, CLK2-phosphorylated PAGE4 attenuates its activity.
Consistently, biophysical measurements indicate that HIPK1-phosphorylated PAGE4 exhibits a relatively
compact conformational ensemble that binds AP-1 [111], while hyperphosphorylated PAGE4 is more
expanded, resembles a random coil and is characterized by the diminished affinity for AP-1 [112].
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Figure 3. Variability of predicted intrinsic disorder levels and peculiarities of intrinsic disorder
distributions within amino acid sequences of several CATs, PAGE4 (A, UniProt ID: O60829), nucleolar
protein 4—NOL4 (B, UniProt ID: O94818), CEP55 (C, UniProt ID: Q53EZ4), TTK (D, UniProt ID:
P33981), NUF2 (E, UniProt ID: Q9BZD4) and PBK (F, UniProt ID: Q96KB5). Intrinsic disorder profiles
for query proteins generated by PONDR® VLXT [113], PONDR® VL3 [114], PONDR® VSL2 [114,115],
PONDR® FIT [116], IUPred_short and IUPred_long [117] are shown by black, red, green, pink, yellow
and blue lines, respectively. Cyan dash-dot-dotted lines show the mean disorder propensity calculated
by averaging disorder profiles of individual predictors. Light pink shadow around the PONDR® FIT
curve shows error distribution. In these analyses, the predicted intrinsic disorder scores above 0.5 are
considered to correspond to the disordered residues/regions, whereas regions with the disorder scores
between 0.2 and 0.5 are considered flexible.
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AP-1 can negatively regulate AR activity [119,120], and AR inhibits CLK2 expression [112].
Furthermore, cells resistant to ADT often have enhanced AR activity (AR protein expression can
increase >25 fold), suggesting a positive correlation between ADT resistance and AR activity [121].
Based on these interactions, Kulkarni et al. constructed a circuit representing the PAGE4/AP-1/AR/
CLK2 interactions that drives non-genetic phenotypic heterogeneity in PCa cells and developed a
mathematical model to represent the dynamics of this circuit [112]. The model predicts that this circuit
can display sustained or damped oscillations; i.e., androgen dependence of a cell need not be a fixed
state, but can vary temporally. Thus, the model suggests that an isogenic population of PCa cells
displays a continuum of phenotypes with varying androgen-dependence. These cells can reversibly
switch between androgen-dependent and androgen-independent states, without any specific genetic
perturbation [112]. These findings appear to explain why BAT treatment appears more beneficial than
ADT alone.

If this model is correct, then it suggests that higher levels of PAGE4 could be used as an indicator
of a better PCa prognosis. Indeed, as noted by Shiraishi et al. [49], PAGE4 expression is significantly
correlated with longer biochemical recurrence-free time (Figure 2). Furthermore, Sampson et al. [107]
observed that in hormone-naive PCa, the median survival of patients with tumors expressing high
PAGE4 levels was 8.2 years compared with 3.1 years for patients with tumors expressing negative/low
levels of PAGE4 lending further credence to the model (Figure 4). Taken together, the work by
Kulkarni et al. demonstrates a plausible functional link between IDP conformational dynamics and
state switching in cancer [112]. Therefore, in theory, PAGE4 and its various phosphorylated variants
represent novel biomarkers, as well as therapeutic targets to treat and manage PCa. For example,
the detection of high levels of HIPK1-phosphorylated PAGE4 may imply that it can potentiate AP-1 and
thus render the cells androgen sensitive and such patients may benefit from ADT alone. On the other
hand, high levels of hyperphosphorylated PAGE4 would imply that the cells are heading towards an
androgen-resistant state and thus, patients may benefit from BAT. Finally, pharmacologically targeting
PAGE4 may also emerge as a viable option to treat PCa, especially low-risk disease.

 

Figure 4. PAGE4 levels correlate with survival of patients with hormonenaive PCa. Overall survival
of patients with hormone-naive PCa after transurethral resection of the prostate (TURP) for local
advanced obstructive PCa stratified for high versus negative/low (neg/low) epithelial PAGE4 levels
on the advanced PCa tissue microarray (TMA) (third quartile of mean epithelial PAGE4 intensity was
set as the cut-off level). Reproduced with permission from ref. [107].

88



Int. J. Mol. Sci. 2017, 18, 740

Curiously, two other highly disordered CTAs, NOL4 and CEP55, were shown to be associated
with different types of cancer. For example, aberrant methylation of CpG islands in the NOL4 gene
promoter was shown to be associated with cervical [122] and head and neck squamous cell carcinoma
(HNSCC) [123]. These studies showed that NOL4 is methylated in 85% of cervical cancers [122]
and in 91% HNSCC samples [123] and therefore the analysis of the epigenetic alteration of this gene
can be used for early detection and risk prediction of cancers. Furthermore, NOL4 was recently
shown to be one of the 20 aberrantly expressed genes in the most common and the most lethal
primary brain tumor, glioblastoma (GBM) [124]. Although the exact biological function of NOL4
protein is not known as of yet, recent analysis revealed that different AS variants of mouse NOL4
(canonical NOL4-L, NOL4-S that lacks the N-terminal tail of NOL4-L and NOL4-SΔ, a NOL4-S
with missed nuclear localization signal (NLS)) differently regulate the transactivation activities of
the transcription factors Mlr1 (Mblk-1-related protein-1, where Mblk stands for mushroom body
large-type kenyon cell-specific protein) and Mlr2 [125]. According to UniProt [126], human NOL4
(UniProt ID: O94818) also might exist in 4 isoforms generated by AS, such as canonical form containing
the full-length polypeptide chain, isoform-2 missing 413–514 region, isoform-3, where residues 1–87
(MESERDMYRQ...KQVLYVPVKT) are changed to a shorter sequence MADLMQETFLHHA and
isoform-4 with missing N-terminal residues 1–285. Analysis of the functional disorder profile generated
by the D2P2 platform [127] (see Figure 5A) suggests that the disorder-based functionality of this protein
that includes the peculiarities of the PTM distribution and presence of the molecular recognition
features (which are specific binding sites that undergo disorder-to-order transition at binding to
biological partners) is dramatically affected by AS, providing further support to the important idea
that functionality of NOL4 can be regulated by AS (see also Table 1).

Like NOL4, CEP55 is also known to be expressed in various cancers [128,129], being barely
detectable in normal tissues except for testis and thymus [130]. In fact, enhanced levels of this protein
can be found in breast carcinoma, colorectal carcinoma and lung carcinoma tissues [130], as well as in
human gastric carcinoma [131], urinary bladder transitional cell carcinoma [132] and in lung and liver
cancers [129]. This protein is also induced at all stages of cervical cancer [133]. Furthermore, in breast
cancer, CEP55 is one of the 16 genes, genomic alterations of which may be involved in tumorigenesis
and in the processes of invasion and progression of disease [134]. CEP55-derived peptides were shown
to serve as suitable candidates for the vaccine therapy of colorectal carcinoma [135]. Aberrant expression
levels of the CEP55 genes are known to serve as prognostic marker of the estrogen receptor (ER) positive
breast cancer [136]. In HNSCC, genomic instability and malignant transformation might involve CEP55
activation by aberrantly upregulated Forkhead box protein M1 (FOXM1) [137]. In gastric cancer, CEP55
plays a role in the induction of cell transformation in the RAC-alpha serine/threonine-protein kinase
(AKT) signaling pathway-dependent manner [131]. CEP55 regulates cytokinesis via interaction with
the peptidyl-prolyl isomerase Pin1 followed by the Polo-like kinase 1 (Plk1)-mediated phosphorylation
of CEP55 needed for the function of this protein during cytokinesis.
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Figure 5. Intrinsic disorder propensity and some important disorder-related functional information
generated for human NOL4 (A) and CEP55 (B) by the D2P2 database [127]. The D2P2 is a database
of predicted disorder for a large library of proteins from completely sequenced genomes [127].
D2P2 database uses outputs of IUPred [117], PONDR® VLXT [113], PrDOS [138], PONDR®

VSL2B [114,115], PV2 [127] and ESpritz [139] and is further supplemented by data concerning location
of various curated posttranslational modifications and predicted disorder-based protein binding
sites. Here, the green-and-white bar in the middle of the plot shows the predicted disorder agreement
between nine predictors, with green parts corresponding to disordered regions by consensus. Yellow bar
shows the location of the predicted disorder-based binding sites (molecular recognition features,
MoRFs which are predicted by ANCHOR algorithm [140,141]), whereas colored circles at the bottom
of the plot show location of various posttranslational modifications (PTMs).
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In fact, pathologic levels of Pin1 being associated with tumorigenesis [142] and with Plk1
activity being needed for the negative regulation of the CEP55 function in cytokinesis [143]. In the
BRCA2-dependent manner, CEP55 forms CEP55-ALIX (ALG-2 interacting protein X, also known
as programmed cell death 6 interacting protein) and CEP55-TSG101 (another component of the
ESCRT-1 (endosomal sorting complex required for transport-1) complex) complexes during abscission,
whereas cancer-associated mutations in BRCA2 disrupts these interactions leading to the enhanced
cytokinetic defects [144].

CEP55 is known to homodimerize, likely via its coiled-coil domains that are also responsible for
protein-protein interactions, and can directly interact with centrosome components [128]. In agreement
with this hypothesis, and with the emphasized ability of CEP55 to be engaged in interaction with the
ALIX (which is a protein associated with the ESCRT), structural analysis revealed that the 160–217
region of CEP55 forms a non-canonical coiled-coil dimer that binds the Pro-rich sequence of ALIX
(residues 797–809) [145]. Although no structural information is available for the remaining parts of
human CEP55, Figures 3D and 5B and Table 1 show that this protein is predicted to contain high
levels of intrinsic disorder. Furthermore, human CEP55 (UniProt ID: Q53EZ4) is expected to have
two AS-generated isoforms [126], a canonical full-length form and an isoform-2 with the missing
401–464 region and the 389–400 region NQITQLESLKQL being changed to KNNTVGILETAS. Figure 5B
and Table 1 show that alternative splicing causes elimination of several phosphorylation sites and
one MoRF in human CEP55. In other words, it is likely that similar to NOL4, the physiological and
pathological functionalities of human CEP55 can be modulated by AS.

5. Conclusions and Future Directions

Preliminary evidence in the literature indicates PAGE4 protein is detected in serum [146].
Although the authors evaluated PAGE4 as a biomarker to discern symptomatic and asymptomatic
benign prostate hypertrophy (BPH), it is plausible that serum PAGE4 levels could discern PCa from
normal and hence substitute for PSA given that, in the adult human male, PAGE4 is remarkably
prostate-specific marker and is undetectable in the normal adult prostate [108,147]. Furthermore, it is
even conceivable that a minimally invasive test could potentially also be developed to discern “good”
(organ-confined/androgen-dependent disease) and “bad” (metastatic/androgen -independent disease)
PCa given the positive correlation between PAGE4 and biochemical recurrence-free survival following
radical prostatectomy. Additionally, monoclonal antibodies against the differentially phosphorylated
forms of PAGE4 could be explored as novel tools to discern any correlation with disease prognosis.
With advances in technology, estimating the levels of PAGE4 RNA and/or protein in CTCs using
single-cell transcriptome (RNA-Seq) and single-cell westerns, respectively could be developed as
minimally invasive tests for diagnosis and/or disease prognosis.

Although the corresponding data on the differential involvement of different AS isoforms of
NOL4 and CEP55 in cancer are lacking at the moment, it is tempting to conjecture that in addition to
intrinsic disorder and PTMs, structural and functional variability induced in proteins by AS represents
an important feature that might have different roles in different cancers. In fact, AS was indicated
as one of the cellular mechanisms (such as chromosomal translocations, altered expression, PTMs,
aberrant proteolytic degradation and defective trafficking) that might cause pathogenic transformations
in IDPs [148]. Furthermore, the indicated structural plasticity and multifunctionality of PAGE4,
NOL4 and CEP55 are in line with the proteoform concept, according to which a functional protein
product of a single gene exists in different molecular forms generated by genetic variations, alternative
splicing and PTMs [149], as well as by intrinsic conformational plasticity and as a result of protein
functioning [150].

Therefore, as opposed to current practice wherein any analyte such as a protein(s), RNA (structural,
messenger, small interfering, long non-coding), DNA and its genetic and/or epigenetic modifications,
metabolite(s) or circulating tumor cells themselves are selected as biomarkers merely based on their
potential for disease diagnostics or prognostics, here we emphasize functionality as an additional
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trait in selecting a biomarker. For example, the standard biomarker for PCa is PSA, which is a
kallikrein protease, whose function in the disease remains poorly understood. By contrast, PAGE4,
which is a remarkably prostate-specific cancer/testis antigen in the adult male, is an IDP. Therefore,
when overexpressed, PAGE4 can engage in promiscuous interactions resulting in pathological changes,
that is, it is dosage-sensitive (see [52] and cross references therein). Furthermore, PAGE4 is a
putative proto-oncogene that also appears to contribute to phenotypic heterogeneity in PCa cells
due to its conformational plasticity. In other words, PAGE4 not only serves as a biomarker but
also represents a therapeutic target (a theranostic). Therefore, PAGE4 and other examples of CTAs
discussed here, by virtue of their functionality (for example, cell cycle progression), represent a set of
“smart” biomarkers.

Considered together, these observations and considerations support an important notion:
the analysis of the protein expression levels in biological fluids may not be the optimal focus of
clinical proteomic research and that novel proteomic approaches are needed for the discovery of
structure- and function-based next generation or smart biomarkers [151,152].

Since data presented in Figures 3 and 5 and Table 1 are the results of computational analyses used
to show that some CTAs (PAGE4, NOL4 and CEP55) could be IDPs, this raises a legitimate question
of whether any current biological methods can be utilized to confirm that these putative IDPs are
really intrinsically disordered in cancer cells. Although earlier on there was some skepticism about the
existence of disorder in proteins in the crowded cellular environment, this has been refuted by several
studies that demonstrate that IDPs remain disordered in vivo both in bacterial and mammalian cells
using in-cell NMR [153–155]. Clearly, conducting detailed structural and functional characterization of
CTAs in vitro and in vivo represents an important future direction in this field. Another important
question is related to the existence of the PAGE4-AR (androgen receptor) axis, namely, are the
expression levels of PAGE4 as a PCa biomarker associated with the AR expression in the tissue
specimens collected from PCa patients? Unfortunately, currently there are no direct data correlating
PAGE4 and AR levels. However, as indicated in [112], one might suspect that there is an inverse
correlation between the two, since PAGE4 is downregulated in metastatic disease, whereas AR is known
to be upregulated at protein and/or mRNA level. Obviously, finding an exact answer to this question
constitutes a very important subject for future research. Finally, it would be important to know if there
is a link between PAGE4 and resistance to anti-cancer drugs, such as abiraterone or enzalutamide.
Although we are not aware of any publication addressing this issue, and do not have corresponding
data, we suspect an inverse correlation, since PAGE4 is downregulated in androgen-independent PCa
cells. Again, careful analysis of this subject should be conducted in the future.
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Abstract: Wisteria floribunda agglutinin (WFA) preferably binds to LacdiNAc glycans, and its reactivity
is associated with tumor progression. The aim of this study to examine whether the serum LacdiNAc
carrying prostate-specific antigen–glycosylation isomer (PSA-Gi) and WFA-reactivity of tumor tissue
can be applied as a diagnostic and prognostic marker of prostate cancer (PCa). Between 2007 and
2016, serum PSA-Gi levels before prostate biopsy (Pbx) were measured in 184 biopsy-proven benign
prostatic hyperplasia patients and 244 PCa patients using an automated lectin-antibody immunoassay.
WFA-reactivity on tumor was analyzed in 260 radical prostatectomy (RP) patients. Diagnostic and
prognostic performance of serum PSA-Gi was evaluated using area under the receiver-operator
characteristic curve (AUC). Prognostic performance of WFA-reactivity on tumor was evaluated via
Cox proportional hazards regression analysis and nomogram. The AUC of serum PSA-Gi detecting
PCa and predicting Pbx Grade Group (GG) 3 and GG ≥ 3 after RP was much higher than those
of conventional PSA. Multivariate analysis showed that WFA-reactivity on prostate tumor was an
independent risk factor of PSA recurrence. The nomogram was a strong model for predicting PSA-free
survival provability with a c-index ≥0.7. Serum PSA-Gi levels and WFA-reactivity on prostate tumor
may be a novel diagnostic and pre- and post-operative prognostic biomarkers of PCa, respectively.

Keywords: prostate-specific antigen; N-glycan; LacdiNAc; Wisteria floribunda agglutinin (WFA)
lectin; biomarker

1. Introduction

Prostate cancer (PCa) is a common cancer in men worldwide [1,2]. The most important issues
regarding PCa is overdiagnosis and overtreatment [3,4]. Although the majority of patients diagnosed
as clinically localized PCa, 30%–40% of patients who receive aggressive treatment such as radical
prostatectomy (RP) experience biochemical recurrence [5,6]. Although, active surveillance (AS) is
also proposed for low-risk PCa patients who meet the Prostate Cancer Research International Active
Surveillance (PRIAS) criteria, 10%–30% of AS patients experience extraprostatic extension, and 42%–80%
of AS patients experience an upgrade of the Gleason score after RP (ope GS) [7–10]. Pre-operative
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prostate-specific antigen (PSA) levels and biopsy GS are also powerful indicators of biological outcomes
after RP [11]. Nevertheless, these indicators are not sufficient to prevent the overtreatment of PCa,
and there is a need for more accurate diagnostic and prognostic indicators to select an appropriate
treatment option for localized PCa.

N- and O-glycosylation plays important roles in disease progression. The nonreducing terminal
GalNAcβ1-4GlcNAc-(LacdiNAc) structure is found in N- and O-glycans of many mammalian
glycoproteins though in very small amounts [12]. Wisteria floribunda agglutinin (WFA) is a good probe
for LacdiNAc glycan [12]. Several researchers reported about LacdiNAc expression in cancer using
WFA. They stated that LacdiNAc in N-glycans significantly decreases during progression of human
breast cancer [13,14]. In contrast, the enhanced expression of LacdiNAc has been shown to be associated
with the progression of human prostate, ovarian, colon, and liver cancers [12,15–17]. Therefore, the
quantification of LacdiNAc glycan carrying glycoproteins or tissue-specific expression of LacdiNAc
glycan detected by the WFA has shown promise as cancer glycobiomarkers [17–19]. In particular,
regarding PCa, there are only three papers about LacdiNAc distribution in prostate biopsy (Pbx) and RP
specimens using WFA [15,16,20], and they did not report the relation between WFA-reactivity in tissues
and PCa prognosis. Although there are only a few reports including our group’s about PCa-associated
aberrant LacdiNAc carrying PSA-glycosylation isomer (PSA-Gi) (Figure 1) [21,22], we demonstrate a
pilot study of serum PSA-Gi as a diagnostic biomarker by using an automated two-step WFA–anti-PSA
antibody sandwich immunoassay using high-sensitivity surface plasmon field-enhanced fluorescence
spectrometry (SPFS) (Figure 2) [22]. Therefore, in this study, we retrospectively evaluated diagnostic
and pre-operative prognostic performance of serum PSA-Gi and examined the association between
WFA-reactivity on PCa tissues and PSA recurrence after RP.

 

Figure 1. Prostate cancer (PCa)-associated aberrant N-glycosylation of prostate-specific antigen (PSA).
PSA derived from PCa serum and culture supernatant of LNCaP carries Wisteria floribunda agglutinin
(WFA)-reactive LacdiNAc glycans; this is not the case for PSA derived from benign prostatic hyperplasia
(BPH) serum. PCa-associated aberrant LacdiNAc carrying PSA glycosylation isomer designated as
PSA–glycosylation isomer (PSA-Gi) [21]. Carbon linkage positions are denoted by the bond position
drawn on each monosachharide. IRNK indicate N-glycosylation site of PSA.
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Figure 2. The schematic representation of serum PSA-Gi detection using a two-step surface plasmon
field-enhanced fluorescence spectrometry (SPFS)-based WFA lectin-anti-PSA antibody immunoassay.
Gray line arrows indicated that reagent dispense from reagent container to mixing reactor using pump.
Gray dotted line arrows indicated mixing the content of mixing reactor by pump.

2. Results

2.1. Diagnostic Performance of Serum PSA-Gi before Pbx Much Superior to Total PSA

Serum PSA-Gi levels before Pbx was measured in patients with benign prostatic hyperplasia
(BPH) (n = 184) or PCa (n = 244) to evaluate diagnostic performance. Patients’ characteristics in
the BPH and PCa groups are shown in Table 1. Serum PSA-Gi levels in the both total PSA range
≤20 ng/mL (Figure 3a,b) and ≤10 ng/mL (Figure 3d,e) were significantly higher in patients with PCa
(median: 0.1680 U/mL and median: 0.1140 U/mL, respectively) than in patients with BPH (median:
0.0715 U/mL and median: 0.0670 U/mL, respectively), p < 0.0001. The area under the receiver-operator
characteristic curve (AUC) of PSA-Gi predicting PCa in any concentration range of total PSA (0.795,
95% CI; 0.753–0.837 and 0.752, 95% CI; 0.690–0.813, respectively) was much higher than those of
PSA-Gi/total PSA (0.734, 95% CI; 0.686–0.782 and 0.718, 95% CI; 0.659–0.779, respectively) and total
PSA (0.638, 95% CI; 0.586–0.691 and 0.550, 95% CI; 0.483–0.618, respectively) (Table 2, Figure 3c,f).
At the cutoff PSA-Gi levels (0.0495 U/mL) for the prediction of PCa, the specificity at 90% sensitivity
was 36.8%—much higher than the specificity of total PSA (18.8%). Furthermore, we found that higher
PSA-Gi levels (≥0.1140 U/mL) in patients with BPH at first Pbx moderately predicted a diagnosis
of PCa within 1–4 years after the first Pbx (Figure 3a,d). The nonparametric spearman correlation
coefficient between the PSA-Gi level in BPH and total PSA in BPH was 0.3294 (95% CI, 0.1989–0.4559,
p < 0.0001) and that between the PSA-Gi level in PCa and total PSA in PCa was 0.4613 (95% CI,
0.3531–0.5573, p < 0.0001) (Figure 3g). This means the PSA-Gi level was positively correlated with total
PSA in BPH and PCa patients.
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Figure 3. Serum levels of the PSA-Gi at Pbx in the patients who diagnosed as BPH or PCa by an
SPFS-based lectin-antibody immunoassay. (a) PSA-Gi and (b) total PSA levels in patients with a
diagnosis of BPH or PCa at a total PSA ≤ 20 ng/mL; (c) receiver-operator characteristic (ROC) curve
analysis of total PSA, PSA-Gi, and PSA-Gi/total PSA in patients who had a diagnosis of BPH or PCa at
a total PSA ≤ 20 ng/mL. The areas under the ROC curve (AUCs) for the prediction of PCa of PSA-Gi,
total PSA, and PSA-Gi/total PSA were 0.795, 0.638, and 0.734, respectively; (d) PSA-Gi and (e) total
PSA levels in patients with BPH or PCa at total PSA ≤ 10 ng/mL; (f) ROC curve analysis of total PSA,
PSA-Gi, and PSA-Gi/total PSA in patients with BPH or PCa at a total PSA ≤ 10 ng/mL. The AUCs for
the prediction of PCa by means of PSA-Gi, total PSA, and PSA-Gi/total PSA were 0.752, 0.550, and
0.718, respectively; (g) correlation between PSA-Gi and total PSA. Correlation coefficient was analyzed
by non-parametric Spearman’s r-test. (a–g) The cutoff level at 90% sensitivity of PSA-Gi and/or total
PSA is presented as a blue dotted line.
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Table 1. Characteristics of BPH patients and PCa patients.

Characteristics BPH a PCa b BPH-> PCa p (a vs. b)
n = 442 184 244 14

Age, median (range) 69 (30–87) 68 (44–85) 69 (52–80) ns 1

PSA 2, ng/mL, median (range) 6.8 (0.4–19.7) 9.0 (1.2–62.6) 6.3 (5.9–19.7) <0.001
PSA-Gi, U/mL, median (range) 0.0715 (0.001–0.86) 0.165 (0.002–2.43) 0.113 (0.04–0.87) <0.001

PSA-Gi/total PSA, U/ng, median (range) 0.0100 (0.00–0.1150) 0.0200 (0.002–0.1980) 0.0135 (0.003–0.0640) <0.001

Clinical T stage, n (%) n = 244

cT1 144 (59.3)
cT2 46 (18.5)
cT3 55 (22.2)

Pbx GS 3, n (%) Pbx GG 4 n = 244

3 + 3 1 6 (2.4)
3 + 4 2 79 (32.4)
4 + 3 3 29 (11.9)
4 + 4 4 30 (12.3)
3 + 5 4 3 (1.2)
4 + 5 5 72 (29.5)
5 + 4 5 20 (8.2)
5 + 5 5 5 (2.0)

Pathological T stage, n (%) n = 92 n = 8

pT1 4 (4.3) 0 (0)
pT2 53 (57.6) 5 (62.5)
pT3 38 (41.3) 3 (37.5)

Ope GS 5, n (%) Ope GG 6 n = 92 n = 8

3 + 3 1 1 (1.1)
3 + 4 2 13 (14.1) 2 (25.0)
4 + 3 3 14 (15.2)
3 + 5 4 3 (3.2) 1 (12.5)
4 + 4 4 9 (9.8) 1 (12.5)
5 + 3 4 1 (1.1)
4 + 5 5 37 (40.2) 3 (37.5)
5 + 4 5 12 (13.0) 1 (12.5)
5 + 5 5 2 (2.2)

1 not significantly difference; 2 total PSA; 3 prostate biopsy Gleason score; 4 prostate biopsy grade
group; 5 Gleason score after radical prostatectomy; 6 grade group after radical prostatectomy. Pbx:
prostate biopsy; a BPH; b PCa.

Table 2. Comparison of areas under the receiver-operator characteristic curve (AUCs) of PSA, PSA-Gi,
and PSA-Gi/total PSA for the detection of PCa.

Test Name PSA Range AUC 95% CI p (vs. a) p (vs. b) p (vs. c)

Total PSA a - 0.638 0.586–0.691 - <0.0001 0.0376
PSA-Gi b 20 ng/mL 0.795 0.753–0.837 <0.0001 - 0.0003

PSA-Gi/total PSAc - 0.734 0.586–0.691 0.0376 0.0003 -

Total PSA a - 0.550 0.483–0.618 - <0.0001 <0.0001
PSA-Gi b 10 ng/mL 0.752 0.690–0.813 <0.0001 - 0.567

PSA-Gi/total PSA c - 0.719 0.659–0.779 0.0009 0.0009 -
a Total PSA test; b PSA-Gi test; c PSA-Gi/total PSA test.

2.2. Serum PSA-Gi before Pbx Can Discriminate between Pbx Grade Group 2 and 3

Serum PSA-Gi levels before Pbx was measured in 244 PCa patients to evaluate the pre-operative
predictor for a prostate biopsy. PSA-Gi levels were significantly correlated with Pbx grade group
(GG) [23] (Figure 4a,b). Although total PSA could not discriminate between Pbx GG 2 and 3, serum
PSA-Gi levels were significantly higher at ope GG 3 (median: 0.2500 U/mL, p = 0.0118) than at
ope GG 2 (median: 0.1280 U/mL, Figure 4a,b). The AUC of PSA-Gi predicting Pbx GG 3 tumors
was 0.649 (95% CI, 0.5221–0.7735) in contrast to the total PSA AUC of 0.520 (95% CI, 0.4091–0.6312;
p = 0.162; Figure 4c). At the cutoff PSA-Gi level (0.1930 U/mL) for the prediction of GG 3 tumors at
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Pbx, sensitivity was 57.1%, and specificity was 80.8%—muchhigher than the specificity of the total
PSA test (47.4%).

 

Figure 4. The serum PSA-Gi levels at Pbx in PCa patients who underwent radical prostatectomy (RP).
(a) PSA-Gi levels before Pbx among PCa patients classified by the Pbx grade group (Pbx GG); (b) total
PSA level before Pbx of PCa patients classified by the Pbx GG. Cutoff levels at 57.1% sensitivity of
PSA-Gi and/or total PSA is presented as a blue dotted line; (c) ROC curve analysis of total PSA and
PSA-Gi in PCa patients with Pbx GG 2 and Pbx GG 3. The AUCs for the prediction of patients with
Pbx GG 3 of PSA-Gi and total PSA were 0.649 and 0.520, respectively.

2.3. Serum PSA-Gi before Pbx Can Discriminate between Ope Grade Group ≤2 and ≥3

Serum PSA-Gi levels before Pbx was measured in 92 PCa patients who underwent RP to evaluate
the pre-operative prognostic performance. PSA-Gi levels were moderately correlated with grade
group after RP (ope GG) [23] (Figure 5a,b). Although total PSA could not discriminate tumors with
ope GG ≥ 3, serum PSA-Gi levels was significantly higher at ope GG ≥ 3 (median: 0.1885 U/mL,
p = 0.0068) than at ope GG ≤ 2 (median: 0.0985 U/mL, Figure 5c,d). The AUC of PSA-Gi predicting
ope GG ≥ 3 tumors was 0.724 (95% CI, 0.603–0.845) in contrast to the total PSA AUC of 0.618 (95% CI,
0.442–0.794; p = 0.202; Figure 5e). Furthermore, the PSA-Gi levels tended to be higher in patients with
a GG upgrade from 2 at Pbx to ope GG ≥ 3 and were associated with a GG downgrade from ≥3 at Pbx
to ope GG ≤ 2 (Figure 5f,g). At the cutoff PSA-Gi level (0.1445 U/mL) for the prediction of GG ≥ 3
tumors, sensitivity was 60.3%, and specificity was 78.6%—much higher than the specificity of the total
PSA test (50.0%).
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Figure 5. The serum PSA-Gi levels at Pbx in PCa patients who underwent RP. (a) PSA-Gi levels before
Pbx among PCa patients classified by the grade group after RP (ope GG); (b) total PSA level before
Pbx of PCa patients classified by the ope GG; (c,d) PSA-Gi and total PSA levels before Pbx between
patients with ope GG ≤ 2 and ope GG ≥ 3. Cutoff levels at 60% sensitivity of PSA-Gi and/or total PSA
is presented as a blue dotted line; (e) ROC curve analysis of total PSA and PSA-Gi in PCa patients with
ope GG ≤ 2 and ope GG ≥ 3. The AUCs for the prediction of patients with ope GG ≥ 3 of PSA-Gi and
total PSA were 0.724 and 0.618, respectively; (f,g) PSA-Gi and total PSA levels in patients with a GG
upgrade from 2 at Pbx to ope GG ≥ 3 and a GG downgrade from ≥3 at Pbx to ope GG ≤ 2.

2.4. Tumors Strongly and Moderately Positive for WFA Is an Independent Risk Factor of PSA Recurrence

Immunohistochemical staining of RP specimens by WFA was performed to examine the association
between WFA-reactivity of tumor site and clinicopathological status. Patients’ characteristics in the
260 RP patients are shown in Table 3. WFA-reactive glycan was expressed in both benign prostate
glands and tumors. On the basis of the reciprocal intensity of a tumor site [24], the WFA-reactivity
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was classified into three groups: weakly positive (median 78.5, range 74–85), moderately positive
(median 98.5, range 86–104), and strongly positive (median 132, range 105–170; Figures 6a and A1).
When collated with these criteria, tumors strongly and moderately positive for WFA were significantly
associated with a higher ope GS, pathological stage (≥pT3), and perineural invasion (pn)-positive
status (Figure 6b and Table 3). As shown in Figure 5c, patients with tumors strongly and moderately
positive for WFA had a much shorter period of PSA recurrence after RP than patients with tumors
weakly positive for WFA (log-rank test, p = 0.0044). Multivariate Cox regression analysis revealed
that WFA-reactivity was an independent risk factor of PSA recurrence (Table 4) and developed
post-operative nomogram including WFA-reactivity, age, grade group, pT, RM, and pn status for
prediction of PSA-free survival provability (Figure 6d). The c-index of nomogram was 0.754 (95% CI,
0.697–0.812) [25].

Table 3. Characteristics of PCa patients who underwent RP categorized by WFA-reactivity.

Characteristics
WFA-Reactivity p

Weakly Positive a Moderately Positive b Strongly Positive c a vs. b + c

n, Total = 260 51 95 112

Age, median (range) 68 (48–75) 68 (56–76) 68 (52–78) 0.555
PSA 1, ng/mL, median (range) 7.5 (2.3–18.4) 7.4 (0.6–27.6) 7.5 (0.5–35.9) 0.473

Pathological T stage, n (%) 0.008 2

pT2, n = 163 41 (26.4) 48 (29.4) 72 (44.2) 0.002
pT3, n = 96 10 (10.4) 47 (49.0) 39 (40.6) 0.002
pT4, n = 1 0 (0) 0 (0) 1 (100) 0.612

Ope GS 3, n (%) Ope GG 4 0.045 2

3 + 3, n = 11 Ope GG 1 5 (45.4) 3 (27.3) 3 (27.3) 0.035
3 + 4, n = 112 Ope GG 2 28 (26.5) 34 (27.9) 50 (44.6) 0.108
4 + 3, n = 63 Ope GG 3 13 (19.3) 28 (45.2) 22 (35.5) 0.955
4 + 4, n = 9 Ope GG 4 2 (22.3) 3 (33.3) 4 (44.4) 0.889
3 + 5, n = 9 Ope GG 4 1 (11.1) 3 (33.3) 5 (55.6) 0.482

4 + 5, n = 42 Ope GG 5 4 (9.5) 17 (40.5) 21 (50.0) 0.056
5 + 4, n = 14 Ope GG 5 0 (0) 7 (50.0) 7 (50.0) 0.052

pn 5, n (%)

pn−, n = 56 21 (37.5) 18 (32.1) 17 (30.4) <0.001
pn+, n = 204 32 (15.7) 77 (37.7) 95 (46.6) <0.001
RM 6, n (%)

RM−, n = 188 43 (22.9) 65 (34.6) 80 (42.5) 0.108
RM+, n = 72 10 (13.9) 30 (41.7) 32 (44.4) 0.108

PSA failure, n (%)

−, n = 194 49 (25.3) 66 (34.0) 79 (40.7) <0.001
+, n = 66 4 (6.1) 29 (43.9) 33 (50.0) <0.001

1 total PSA; 2 χ2 test; 3 Ope GS, Gleason score after radical prostatectomy; 4 Ope GG, grade group after radical
prostatectomy; 5 pn, perineural invasion; 6 RM, resection margin; a weakly positive; b moderately positive;
c strongly positive.

Table 4. Multivariate analysis to determine an independent predictor of PSA recurrence.

Variable Hazard Ratio Standard Error p

Age 1.046 0.027 0.099
WFA-reactivity 2.831 0.529 0.049

pT 1 1.589 0.336 0.168
Grade group 1.246 0.099 0.027

RM 2 2.424 0.319 0.006
pn 3 1.715 0.447 0.227

1 pathological T stage; 2 resection margin; 3 perineural invasion.
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Figure 6. Immunohistochemical analysis of RP specimens using WFA lectin and post-operative
nomogram predicting PSA-free survival probability. (a) Representative hematoxylin-eosin (HE) staining
and WFA reactive-glycan expression of tumors of RP specimens. WFA-reactivity was classified into
three groups: weakly positive, moderately positive, and strongly positive at a tumor site, respectively.
Scale bar indicated 500 μm; (b) association between with WFA-reactive glycan expression and ope
GG (ope GS), pathological stage, and perineural invasion-status; (c) PSA-free survival was evaluated
using Kaplan–Meier curves and differences between three groups were assessed using the log-rank
test. Patients with tumors strongly or moderately positive for WFA had a much shorter period of PSA
recurrence after RP than did patients with tumors weakly positive for WFA; (d) Cox hazard regression
analysis-based post-operative nomogram predicting PSA-free survival probability after RP. The c-index
(0.754, 95% CI, 0.697–0.812), which is similar to the area under a receiver operating characteristic curve,
was used to estimate the discrimination ability of the nomogram [25].
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3. Discussion

One of the most important problems with PCa is overdiagnosis [3]. PSA-based screening
has become controversial due to false positive results of total PSA in the PSA gray zone [4].
Overtreatment is also a major problem among certain segments of PCa patients [3] such as localized
PCa and active surveillance patients [7–10]. Current biomarkers are not sufficient to prevent the
overtreatment of PCa. Several serum-based testing (Phi, %p2PSA, and 4KScore), urine-based testing
(PCA3) and MRI imaging has shown promising results in terms of diagnosis, localization, risk
stratification, and staging of clinically significant PCa [26,27]. However, these promising biomarkers
and imaging data are not yet cost-effective enough for routine clinical practice [28]. Therefore, there
is a need for more accurate and cost-effective diagnostic and prognostic biomarkers. PCa-associated
aberrant glycosylation of PSA is one of the candidate biomarkers. Fukushima et al. demonstrated
that PSA derived from PCa serum and culture supernatant of LNCaP carries WFA-reactive LacdiNAc
glycans; this is not the case for PSA derived from BPH serum [21] (Figure 1).

In the present study, we evaluated the diagnostic and pre-operative prognostic performance of
WFA-reactive glycan-carrying PSA-Gi by using an SPFS-based automated immunoassay system [22].
We demonstrated that the AUC of PSA-Gi predicting PCa was much higher than that of the total PSA
and PSA-Gi/total PSA (Figure 3c,f). We also demonstrated that a higher PSA-Gi level in BPH patients
was moderately associated with a diagnosis of PCa within 1–4 years after first biopsy (Figure 3a,d).
These results suggested that the diagnostic performance of a PSA-Gi single marker was much superior
to conventional total PSA.

Furthermore, we showed that PSA-Gi before Pbx significantly higher in patients with Pbx GG 3
than that of patients with Pbx GG 2 and specificity for prediction of Pbx GG 3 was much higher
than PSA (Figure 4a–c). This suggests that PSA-Gi can discriminate between GG 2 and GG 3 tumors
and may be used as a predictor for a prostate biopsy to discriminate between non-aggressive and
aggressive tumors in the active surveillance program. We also showed that the AUC of PSA-Gi
predicting ope GG ≥ 3 tumors was higher than that of the total PSA and specificity for prediction
of ope GG ≥ 3 was much higher than PSA (Figure 5e). The PSA-Gi levels before Pbx tends to be
higher in patients with GG upgraded from 2 at Pbx to ope GG ≥ 3. A similar result was reported
that pre-operative fucosylated haptoglobin (Fuc-Hpt) levels is significantly higher in patients with
GS ≥ 7 than those with GS ≥ 6 [29]. Nevertheless, the serum Fuc-Hpt levels is also higher in patients
with pancreatic, ovarian, and hepatocellular cancers [30,31]. In addition, Li et al. reported that the
serum fucosylated PSA (Fuc-PSA) levels is significantly higher in patients with GS ≥ 7 than those
with GS ≥ 6 [32]. It is well-known that PSA is a prostate-specific protein, and aberrant glycosylation
of PSA including Fuc-PSA and PSA-Gi was thus found to be a more specific glycobiomarker of PCa
than Fuc-Hpt. Although our sample size is small and retrospective, these results suggest that aberrant
glycosylation of PSA is associated with PCa aggressiveness. Stark et al. demonstrated that GG 3
tumors are associated with a three-fold increase in lethal PCa compared with GG 2 tumors in RP
specimens [33]. More recently, Epstein et al. also demonstrated that there are large differences in
5-year recurrence rates between both the GG 2 and GG 3 in a large multi-institutional surgical cohort
and hazard ratios for GG 3 disease were generally threefold higher than for GG 2 [34]. Therefore,
discrimination between GG 2 and GG 3 is an important task for the reduction of overtreatment of
PCa. Thus, our PSA-Gi may be a promising pre-operative prognostic biomarker predicting Pbx GG
3 tumors and ope GG ≥ 3 tumors, particularly in very low-risk PCa patients who have met PRIAS
criteria and PCa patients at an intermediate risk.

Moreover, we examined WFA-reactivity of prostate tumors showed that tumors strongly and
moderately positive for WFA are significantly associated with higher ope GG, pT, and pn-positive status
(Figure 6b) and worse PSA-free survival as compared to patients with weakly positive tumors for WFA
(Figure 6c). Cox regression analysis here provided WFA-reactivity in tumors was an independent risk
factor of PSA recurrence (Table 4). Thus, nomogram developed in this study including WFA-reactivity
in the tumor site combined with clinocopathological parameters seemed to be a strong model for
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predicting PSA-free survival provability with a c-index (0.754) (Figure 6d). Further internal and
external validation study was required for the evaluation of predictive performance in this nomogram.

Our results reveal that serum PSA-Gi levels before Pbx is useful for the discrimination of PCa
as well as Pbx GG 3 and ope GG ≥ 3 patients and the WFA-reactivity of tumors is also useful for
the prediction of PSA recurrence. Thus, both PSA-Gi and WFA-reactivity of tumors may reduce
overdiagnosis and overtreatment of PCa.

4. Materials and Methods

This study was performed in accordance with the ethical standards of the Declaration of Helsinki
and was approved by the Ethics Committee of Hirosaki University Graduate School of Medicine
(“The Study about Carbohydrate Structure Change in Urological Disease”; approval number: 2014-195;
approval date: 22 December 2014). Informed consent was obtained from all patients.

4.1. Serum Samples from Patients with BPH and PCa

A total of 442 patients with benign prostatic hyperplasia (BPH) and PCa were treated at our
hospital between June 2007 and August 2016. Serum samples from patients with BPH (n = 184),
PCa (n = 244 of whom 92 patients underwent RP), or PCa who diagnosed as BPH at first Pbx (n = 14)
were obtained before the first Pbx. The final diagnoses of BPH or PCa were confirmed using the
histopathological findings of prostate biopsies. Staging and grading information of the tumors for RP
patients was obtained from medical charts. The grade group of prostate biopsy and prostatectomy
specimens were evaluated according to the International Society of Urological Pathology (ISUP)
guidelines [23]. Patient demographics are shown in Table 1. All samples were stored at −80 ◦C
until use.

4.2. Detection of Serum PSA-Gi and Total PSA

The serum PSA-Gi was detected by using an SPFS-based two-step WFA–anti-PSA antibody
sandwich immunoassay with a disposable sensor chip as described previously [22]. The system was
developed by Konica Minolta Inc. (Figure 1). Two-step sandwich SPFS immunoassays of PSA-Gi
were carried out automatically by moving a cylindrical pump between the anti-total-PSA monoclonal
antibody (No. 72, Mikuri Immunological Laboratories Co., Ltd., Osaka, Japan) immobilized on a thin
gold film in a disposable sensor chip and a reagent container in a self-developed assay machine.
The reagent container already contained a number of separate reagents, including wash buffer
(TBS 0.05% Tween 20, 10× TBS (Nippon Gene Co., Ltd., Tokyo, Japan) and polysorbate 20 (MP
Biomedicals, LLC., Santa Ana, CA, USA)), AF647-WFA (WFA (vector laboratories, Inc., Burlingame,
CA, USA) labeled using an Alexa Fluor 647-labeling kit (A20186, Thermo Fisher Scientific Inc., Waltham,
MA, USA)) and the sample for measurement. The 20 μL of serum was diluted by 100 μL of a PBS-based
dilution buffe. Then the 100 μL diluted serum samples and AF647-WFA solution (10.0 μg/mL in 1%
BSA in PBS) were allowed to react for 10 min, and unreacted lectins were removed with washing
buffer (four washes) after the WFA lectin reaction. After four washes, the final washing buffer was
kept for SPFS optical measurement in the microchannel of each disposable sensor chips. After the final
washing step, AF647 in the microchannel of disposable sensor chips were sequentially excited by laser
light, which was applied on the backside of a thin gold film through the plastic prism. The laser light
was already p-polarized and collimated by the internal laser diode system. A laser diode (635 nm, 0.95
mW; Edmund Optics Japan, Ltd., Tokyo, Japan) was used as a light source with a Neutral Density
filter (AND20C-10 (10%), Sigmakoki Co., Ltd., Saitama, Japan). The fluorescent signal of AF647 that
passed through the emission filter (DIF-BP-1 (half width: 668 ± 5 nm), Optical Coatings Japan, Tokyo,
Japan) was detected by a photomultiplier tube (H7421-40, Hamamatsu Photonics K.K., Shizuoka,
Japan), which was located at the end of a light-converging optical system (numerical aperture, NA
= 0.6; Edmund Optics Japan Ltd., Tokyo, Japan). All assays were conducted automatically at 25 ◦C;
four immunoassays were carried out simultaneously. Standard PSA-Gi sample was obtained from
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culture supernatant of LNCaP cells (RCB2144, RIKEN Bio-resource Center through the National
Bio-Resource Project of the MEXT, Tsukuba, Japan), as reported previously [22]. In brief, LNCaP
cells were cultured in the RPMI 1640 medium (Thermo Fisher Scientific Inc., Waltham, MA, USA)
supplemented with 10% fetal calf serum (FCS) at 5% CO2 at 37 ◦C. PSA secreted into the medium
by the human PCa cell line, LNCaP cells, was used as a standard material of PSA-Gi in this study.
The standard PSA-Gi concentration in the medium of the human LNCaP cell line was measured by
WFA agarose column chromatography combined with a total-PSA enzyme-linked immunosorbent
assay, as reported previously [22]. Fifty-five percent of total PSA in the medium of the LNCaP cell line
possessed PSA-Gi (data not shown) [22]. Serum total PSA was measured by Architect i1000 system
(Abbott Japan, Tokyo, Japan) and special reagents for total PSA (Abbott Japan) in a PSA range from
0.001 to 100 ng/mL.

4.3. Immunohistochemical Analysis of RP Specimens by WFA

A total of 260 paraffin-embedded RP specimens were obtained from PCa patients who underwent
RP without neoadjuvant therapy between June 2007 and August 2016 in Hirosaki University Hospital.
Patient demographics are shown in Table 3. Staging and grading information regarding the tumors and
patient follow-up have been described previously [35]. In brief, PSA recurrence after RP was defined by
two consecutive PSA values of >0.2 ng/mL with a 1-month interval and after a postoperative decrease
below the detection limit (<0.001 ng/mL). Time zero was defined as the day of surgical treatment.
Patients with constantly undetectable PSA levels (<0.001 ng/mL as the detection limit) after surgery
were considered as patients without biochemical recurrence. Follow-up intervals were calculated
from the date of the operation to the last recorded follow-up. Information on patients with PCa and
tumor characteristics was obtained from medical charts. The grade group of prostate biopsy and
prostatectomy specimens were evaluated according to the International Society of Urological Pathology
(ISUP) guidelines [23]. Deparaffinized RP specimens were incubated with the biotinylated-WFA (Vector
Laboratories, Burlingame, CA, USA) in PBS containing 5% of bovine serum albumin (1:500 dilution)
at 4 ◦C, overnight. Biotinylated-WFA was detected by Vectastain Elite ABC kit (Vector Laboratories).
WFA-reactivity was classified into three groups according to the reciprocal intensity scale as described
previously [24]. Representative images of each Gleason grade tumor are shown in Figure A1.

4.4. Statistical Analysis

All calculations for clinical data were performed in the SPSS software, ver. 21.0 (SPSS, Inc., Chicago,
IL, USA) and in GraphPad Prism 6.03 (GraphPad Software, San Diego, CA, USA). Intergroup differences
were statistically analyzed by a Student’s t-test for normally distributed variables or by the Mann–Whitney
U-test for non-normally distributed models. Data with p < 0.05 were considered significant. ROC curves
developed using the library “rms” in R (available on: http://www.r-project.org/) [25] and the statistical
difference of AUCs were calculated by the same program. The χ2 test was used to analyze the association
of the WFA-reactivity status with clinicopathological parameters. PSA-free survival was evaluated using
Kaplan–Meier curves, and differences between groups were assessed by the log-rank test. Multivariate
test by Cox proportional hazards regression analysis was performed to detect significant and independent
parameters with which PSA recurrence after RP can be predicted. Post-operative nomogram predicting
PSA-free survival provability after RP was developed using the library “rms” in R (available on:
http://www.r-project.org/), and the c-index was also calculated by same program [25].

5. Conclusions

At present, the majority of promising markers such as Phi, 4KScore, and tissue-based markers [26]
are used in multiplex testing to improve diagnostic and prognostic accuracy. PSA-Gi is used as a
single marker and yields results comparable to the diagnostic and prognostic performance of multiplex
markers. PCA3 was also a promising urine marker for repeat biopsy decision-making [26]. However,
there are a few cumbersome procedures for sample handling for avoiding RNA degradation. In this
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study, although we used frozen serum samples stored from 2007 to 2016, diagnostic and prognostic
performance of PSA-Gi was substantially superior to total PSA. The serum sample handling of PSA-Gi
was almost the same as the PSA test. Therefore, serum PSA-Gi is a promising pre-operative marker for
detecting PCa and assessing the aggressiveness of PCa and has an advantage of cost-effectiveness and
sample handling for routine clinical practice. Furthermore, the nomogram developed in this study is
also a promising predictive tool for determining PSA-free survival probability. Larger clinical trials are
warranted to confirm our findings.
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Abbreviations

SPFS surface plasmon field-enhanced fluorescence spectrometry
WFA Wisteria floribunda agglutinin
PSA prostate-specific antigen
PCa prostate cancer
BPH benign prostatic hyperplasia
LacdiNAc GalNAcβ1-4GlcNAc-
Gal galactose
Man mannose
Fuc fucose
Sia sialic acid
GalNAc N-acetylgalactosamine
GlcNAc N-acetylglucosamine
Pbx GS prostate biopsy Gleason Score
Pbx GG prostate biopsy grade group
cT clinical T stage
pT pathological T stage
Ope GS gleason score after radical prostatectomy
Ope GG grade group after radical prostatectomy
RP radical prostatectomy
pn perineural invasion
RM resection margin
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Appendix A

 

Figure A1. Representative hematoxylin-eosin (HE) staining and WFA reactive-glycan expression of
tumors of each Gleason grade among RP specimens. WFA staining intensity was classified into three
groups: weakly positive, moderately positive, and strongly positive at a tumor site, respectively.
Scale bar indicated 500 μm.
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Abstract: The low specificity of the prostate-specific antigen (PSA) for early detection of prostate
cancer (PCa) is a major issue worldwide. The aim of this study to examine whether the serum
PCa-associated α2,3-linked sialyl N-glycan-carrying PSA (S2,3PSA) ratio measured by automated
micro-total immunoassay systems (μTAS system) can be applied as a diagnostic marker of
PCa. The μTAS system can utilize affinity-based separation involving noncovalent interaction
between the immunocomplex of S2,3PSA and Maackia amurensis lectin to simultaneously determine
concentrations of free PSA and S2,3PSA. To validate quantitative performance, both recombinant
S2,3PSA and benign-associated α2,6-linked sialyl N-glycan-carrying PSA (S2,6PSA) purified from
culture supernatant of PSA cDNA transiently-transfected Chinese hamster ovary (CHO)-K1 cells
were used as standard protein. Between 2007 and 2016, fifty patients with biopsy-proven PCa were
pair-matched for age and PSA levels, with the same number of benign prostatic hyperplasia (BPH)
patients used to validate the diagnostic performance of serum S2,3PSA ratio. A recombinant S2,3PSA-
and S2,6PSA-spiked sample was clearly discriminated by μTAS system. Limit of detection of S2,3PSA
was 0.05 ng/mL and coefficient variation was less than 3.1%. The area under the curve (AUC) for
detection of PCa for the S2,3PSA ratio (%S2,3PSA) with cutoff value 43.85% (AUC; 0.8340) was much
superior to total PSA (AUC; 0.5062) using validation sample set. Although the present results are
preliminary, the newly developed μTAS platform for measuring %S2,3PSA can achieve the required
assay performance specifications for use in the practical and clinical setting and may improve the
accuracy of PCa diagnosis. Additional validation studies are warranted.

Int. J. Mol. Sci. 2017, 18, 470 117 www.mdpi.com/journal/ijms
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1. Introduction

Serum prostate-specific antigen (PSA) is widely used as a powerful biomarker for detecting prostate
cancer (PCa) [1,2]. However, PSA-based PCa screening has resulted in over-diagnosis, leading to
unnecessary prostate biopsies and overtreatment of indolent cancer [3–5]. Therefore, novel, more specific
screening methods are urgently needed, especially for young healthy men. Of the various molecular
isoforms of PSA, proPSA is one of the most promising potential biomarkers [6–10]. A multi-biomarker
test for identifying aggressive prostate cancer that combines total PSA, free PSA, intact PSA, and
human kallikrein-2 has been developed [11,12]. In contrast, we focused on the cancer-associated glycan
alterations that have frequently been observed during carcinogenesis [13,14]. More importantly, some
glycans, for example α-fetoprotein [15] and human chorionic gonadotropin [16], have been found to
have specific cancer-associated carbohydrate alterations compared with their normal counterparts. The
glycoprotein PSA has an N-glycosylation site on its 45th amino acid from the N-terminus. In a prior
study, we cleaved a PSA-specific sequence (Ile-Arg-Asn-Lys, IRNK) that includes the glycosylated-Asn
(N) and performed an intensive structural analysis of the glycan profile of PSA using matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry [17]. This resulted in our
identification of a PCa-associated aberrant glycosylation of PSA, which produces α2,3-linked sialyl
N-glycan that is readily observed on free PSA (S2,3PSA), whereas α2,6-linked sialyl N-glycan on free
PSA (S2,6PSA) is exclusive to benign prostatic hyperplasia (BPH) [18] (Figure 1).

Figure 1. Prostate cancer-associated aberrant glycosylation of N-glycan on prostate-specific antigen
(PSA). In normal PSA, the terminal sialic acids link to galactose residues with an α2,6 linkage whereas
in prostate cancer (PCa)-associated PSA, the linkage between the terminal sialic acid and galactose
residues is an α2,3 linkage [18]. Carbon linkage positions are denoted by the bond position drawn on
each monosaccharide. Ile-Arg-Asn-Lys, (IRNK): N-glycosylation site of PSA.
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We have also previously developed a magnetic bead-based S2,3PSA assay (Luminex method) that
more accurately diagnoses early PCa than the conventional PSA test [19]. However, this method cannot
measure benign S2,6PSA and does not have enough quantitative capability for clinical application.
With the aim of overcoming these issues, we investigated using microfluidic technology, also referred
to as micro-total analysis systems (μTAS system) [20–23], to quantitate both S2,6PSA and S2,3PSA
in patient serum samples with a one-time measurement. μTAS immunoassays incorporating an
automated platform can achieve the required assay performance specifications in clinical laboratories
more efficiently than existing methodologies. In this study, we developed an automated μTAS system
for measuring serum S2,3PSA ratio (%S2,3PSA) in clinical settings.

2. Results

2.1. Preparation of FLAG-Tag-Fused Recombinat S2,3 and S2,6 PSA in Chinese Hamster Ovary (CHO) Cells

To construct S2,3PSA and S2,6PSA recombinant standard protein, FLAG-tag-fused human PSA
cDNA (PSA–FLAG) was transiently transfected into CHO cells. Results of immunoblotting of
PSA–FLAG-transfected CHO culture supernatant are shown in Figure 2a. Using an Agrocybe cylindracea
(ACG) lectin affinity column and gel filtration column chromatography, S2,3PSA and S2,6PSA
containing asialo-type N-glycan carrying recombinant PSA standard protein was purified from
culture supernatants of human PSA expressed by CHO cells (Figure 2b,c). Lectin array analysis then
revealed the putative glycan structure of purified S2,3 and S2,6PSA recombinant standard (Figure 2d).
Signal intensity of recombinant S2,3PSA against Mackkia amurensis lectin (MAL) that preferentially
bound the sialic acid α2,3-linked galactose structure was much higher than that of recombinant
S2,6PSA. Signal intensity of recombinant S2,3PSA against Sambucus Nigra lectin (SNA) and Sambucus
Sieboldiana lectin (SSA) that preferentially bound the sialic acid α2,6-linked galactose structure was
much lower than that of recombinant S2,6PSA. These results suggest that the culture supernatant
of PSA–FLAG-transfected CHO cells contained both α2,3- and α2,6-linked sialyl N-glycan-carrying
recombinant PSA and could be utilized as a standard protein of μTAS system measuring S2,3PSA
ratio (%S2,3PSA).

 
Figure 2. Cont.
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Figure 2. Preparation of α2,3-linked sialyl N-glycan-carrying PSA (S2,3PSA) and α2,6-linked
sialyl N-glycan-carrying PSA (S2,6PSA) in Chinese hamster ovary (CHO)-K1 cells transfected with
PSA–FLAG. CHO-K1 cells were transfected with FLAG-tag-fused human PSA cDNA (PSA–FLAG).
(a) Culture supernatant (CS) with serum free media were blotted onto polyvinylidene fluoride
(PVDF) membrane and probed with anti-FLAG antibodies; (b) Chromatograms obtained using
Agrocybe cylindracea (ACG) lectin column chromatography for α2,3-linked sialyl N-glycan-carrying
recombinant PSA (S2,3rPSA) collected from 0.2 M lactose eluted fraction and other glyco-isoform
free PSA containing α2,6-linked sialyl N-glycan (S2,6rPSA) or asialo-type N-glycan collected from
washed fraction. S2,3rPSA and S2,6PSA was further purified by gel filtration column chromatography;
(c) Washed fraction (lane 1) and 0.2 M lactose-eluted fraction (lane 2) (indicating chromatogram)
(b) were blotted onto PVDF membrane and probed with anti-FLAG antibodies; (d) Lectin array
profiling of S2,3rPSA and S2,6rPSA proteins. Purified S2,3rPSA and S2,6rPSA was applied to the
lectin array, including triplicate spots. The glass slides were scanned using a GlycoStationReader1200
(Glycotechnica, Sapporo, Japan). MWM: molecular weight markers; MAL: Mackkia amurensis lectin;
SNA: Sambucus Nigra lectin; SSA: Sambucus sieboldiana lectin.

2.2. S2,6PSA and S2,3PSA Separation in a Microfluidic Channel Filled with Electrophoresis Leading Buffer
Containing Maackia Amurensis Lectin

Simultaneous quantitative measurement of S2,6PSA and S2,3PSA was achieved by performing
microchip capillary electrophoresis and liquid-phase binding assay (LBA) on a μTAS Wako i30 auto
analyzer with microfluidic chip IO6 (Wako Pure Chemical Industries, Hyogo, Japan) for electrokinetic
analyte transport assay (EATA) (Figure 3a–c). Total assay time of μTAS system measuring %S2,3PSA
ratio was 9 min, substantially shorter than the previously developed Luminex method (4 h). The
reaction time during transport of DNA conjugate and bound free PSA analyte through the chip channels
is short (25–50 s), and the binding kinetics are greatly increased by isotachophoresis (ITP) stacking
and concentration of the reactants (Figure 3b) [24,25]. Figure 3c shows a typical electropherogram of
S2,6PSA and S2,3PSA in a microfluidic channel separated by lectin affinity electrophoresis. Because
S2,3PSA is reactive to Mackkia amurensis lectin (MAA), electrophoretic migration of the sandwich
complex of DNA–labeled anti-total PSA Fab′ (DNA–Fab′), S2,3PSA, and HiLyte Fluor 647–labeled
anti-free PSA Fab′ (HiLyte–Fab′) in the separation channel is slower than that of the immunocomplex
of DNA–Fab′, S2,6PSA, and HiLyte–Fab′.
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Figure 3. %S2,3PSA test using micro-total immunoassay systems (μTAS)-based microcapillary
electrophoresis. (a) Molded plastic chip with top wells for reagents and precision microchannels
on the bottom. Red line indicates microchannels. Highlight green line indicates microcapillary
separation channel. Fluorescence signals are detected through the thin film closing the channels on
the bottom of the chip; (b) Schematic diagram of a chip showing the electrokinetic analyte transport
assay (EATA) method. Waste wells (WWs), trailing buffer (TB) well, leading buffer (LB), handoff (HO),
DNA–labeled anti-total PSA Fab′ (DNA–Fab′) (DW), serum sample and HiLyte Fluor 647–labeled
anti-free PSA Fab′ (HiLyte–Fab′) mixture (SW), and stacking buffer (ST) wells are shown. Vacuum
applied to the WWs loads the reagents and sample-to-chip channel segments and voltage applied
between cathode and anode mixes the sample and reagents for the binding reaction. Switching the
voltage from the TB well to the HO well switches from isotachophoresis (ITP) stacking mode to capillary
gel electrophoresis (CGE) mode. Separation of S2,3PSA from other glyco-isoform of free PSA occurs in
the Mackkia amurensis lectin (MAA)-filled CGE separation channel prior to laser-induced fluorescence
(LIF) detection. (c) Typical electropherogram of S2,6PSA and S2,3PSA peak separation. Fluorescent
markers have been coelectrophoresed to identify the PSA protein peak positions (data not shown).
RFU: relative fluorescence units.

When MAA was eliminated from leading buffer (LB) in the separation channel, both S2,6PSA
and S2,3PSA immunocomplex co-migrated to the same position (Figure 4a). Furthermore, using
affinity-based separation with MAA lectin against aberrant glycosylation, we also confirmed a capture
efficiency of applied S2,3rPSA standard of almost 100% in this assay (Figure 4b,c).
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Figure 4. Capture efficiency of applied S2,3PSA standard in μTAS assay. (a) Electropherogram of
S2,6rPSA and S2,3rPSA without MAA lectin. S2,6rPSA (b) and S2,3rPSA (c) standard were applied to
the detection of peak separation respectively in a microfluidic channel filled with leading buffer (LB)
containing MAA lectin (+) or not (−). The capture efficiency was evaluated by the peak mobility shift
based on the specific interaction with lectin reactivity.

2.3. Assay Linearity and Sensitivity of %S2,3PSA Test by μTAS System

To demonstrate that our assay is robust for determining %S2,3PSA, recombinant standard samples
were serially diluted with control PSA protein and %S2,3PSA determined at a constant concentration of
free PSA. As shown in Figure 5a,b, there was a linear relationship between percentage of S2,3PSA and
fluorescence intensities in the two prepared samples tested. The assay’s sensitivity was determined by
testing samples of buffer spiked with serially diluted S2,3PSA with the means ± 2 standard deviations
(SD) being calculated for five replicates. As shown in Figure 5c, 0.05 ng/mL S2,3PSA was clearly
detectable over the zero sample, there being no overlap of the 2SD range with zero. The reproducibility
of the peak area detection for the 0.05 ng/mL level was within 15% coefficient of variation (CV) for
%S2,3PSA, indicating that the limits of detection of quantitation of the assay are 0.05 ng/mL.

Figure 5. Cont.
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Figure 5. Assay linearity for measurement of S2,3PSA ratio (%S2,3PSA) and limit of detection of
S2,3PSA measurement. (a) Sample was a prepared sample, the original sample having an PSA
concentration of 1.5 ng/mL and %S2,3PSA of 50.0%; (b) Sample was prepared by spiking with PSA
(0.4 ng/mL) and %S2,3PSA at 50%. The two samples were serially diluted by control PSA containing
S2,6 sialylation or asialo at the same concentration. PSA concentrations and %S2,3PSA were determined
by the μTAS system; (c) The limit of detection (LOD) was 0.05 ng/mL, this level showing no overlap
between the 2 standard deviation (SD) ranges for S2,3PSA concentration and negative control.

2.4. Assay Reproducibility of %S2,3PSA Test Using the μTAS System

Assay reproducibility was examined by measuring two samples at each concentration with total
of free PSA and %S2,3PSA, using 10 replicate measurements of each sample. We confirmed the assay’s
very good reproducibility. The CV was calculated to within 3% for free PSA and 4% for %S2,3PSA for
all ranges tested (Table 1).

Table 1. Assay reproducibility of S2,3PSA test.

Sample Number
1.0 ng/mL Free PSA 5.0 ng/mL Free PSA

Free PSA %S2,3PSA Free PSA %S2,3PSA

1 1.04 50.5 5.06 38.1
2 0.99 50.7 5.08 38.1
3 1.04 49.4 5.00 38.3
4 1.05 50.1 5.07 37.9
5 1.04 47.7 5.05 37.7
6 1.03 50.4 5.24 37.7
7 1.13 50.3 5.13 38.3
8 1.10 46.8 5.01 37.9
9 1.05 47.1 5.04 38.1

10 1.01 48.5 5.21 37.9
Ave. 1 1.04 49.1 5.09 38.0
SD 2 0.03 1.51 0.08 0.21
CV 3 2.8% 3.1% 1.6% 0.6%

1 Ave.: average; 2 SD, standard deviation; 3 CV: coefficient variation.

2.5. Validation of %S2,3PSA Test

Relevant clinical details of patients from whom samples were obtained are shown in Table 2.
In this study, age and PSA level of 100 matched serum samples were assessed, comprising 50 from
patients with PCa and 50 from BPH cases (Table 2, Figure 6a). Figure 6c shows that %S2,3PSA was
significantly higher in patients with PCa than in patients with BPH (p < 0.0001). Total PSA level was
not significantly different between the groups (Figure 6d). Receiver operating characteristic curve
analyses were then used to compare the diagnostic potential of total PSA and %S2,3PSA (Figure 6e).
The area under the curve (AUC) showed that results of conventional PSA testing did not differ between
patients with BPH and PCa (AUC 0.5062, 95% CI 0.3922–0.6202), whereas there was a good separation
for %S2,3PSA (AUC 0.8340, 95% CI 0.7555–0.9125, p < 0.0001) without any correlation between each
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assay (Figure 6b). The optimum cutoff point giving high specificity (72.0%) at 80% sensitivity was
determined to be 42.20% of %S2,3PSA, with positive and negative predictive values of 75.5% and
78.7%, respectively, and much superior total PSA specificity (14.0%) at 80% sensitivity was determined
to be 4.45 ng/mL of total PSA, with positive and negative predictive values of 48.2% and 41.2%,
respectively. In this validation sample set, 54% (n = 27/50) of patients with PCa were found to be in
the low Grade Group (GG) [26], with GG 1 (Gleason Score, GS 3 + 3) and GG 2 (GS 3 + 4) tumors.
In addition, 46% (n = 23/50) of patients with PCa were found to have a greater than GG 3 (GS 4 + 3)
tumor by prostate biopsy (Pbx) (Table 2). Figure 6g,f shows the total PSA and %S2,3PSA ratio of
PCa patients classified by the prostate biopsy grade group (Pbx GG). The %S2,3PSA and total PSA
level showed no significant difference between Pbx GG ≤ 2 and Pbx GG ≥ 3. In the case of greater
than 50% S2,3PSA ratio, %S2,3PSA of Pbx GG ≥ 3 patients (range 50.7%–71.7%)(47%, n = 11/23) was
significantly higher than that of Pbx GG ≤ 2 patients (range 50.3%–52.6%) (26%, n = 7/27) (p = 0.0019).

 

Figure 6. Serum %S2,3PSA and total PSA level in the validation sample set. (a) Fifty patients with PCa
were pair-matched for age and PSA level with the same number of patients with BPH; (b) Correlations
between %S2,3PSA and total PSA value in patient serum samples; (c) Serum %S2,3PSA was significantly
higher in patients with PCa than BPH (p < 0.0001). The grand mean represents the overall mean of
the Y variable; (d) Serum total PSA was not significantly different between PCa and BPH (e) Receiver
operating characteristics (ROC) curve analysis for detection of PCa showed that the areas under the
curve (AUC) for %S2,3PSA and conventional total PSA tests were 0.8340 and 0.5062, respectively;
(f) %S2,3PSA among PCa patients classified by the Pbx GG; (g) total PSA level of PCa patients classified
by the Pbx GG. Red triangle indicates %S2,3PSA over 50%; (h) Comparison between Pbx GG ≤ 2 and
Pbx GG ≥ 3 patients that had an %S2,3PSA ratio over 50% (p = 0.0019).
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Table 2. Age and total PSA BPH and PCa patients in the validation study.

Characteristics BPH a PCa b p (a vs. b)

n = 100 50 50

Age, median (range) 66.5 (51–85) 67 (51–86) ns 1

PSA 2, ng/mL, median (range) 6.45 (1.9–20.4) 6.6 (1.5–21.4) ns 1

%S2,3PSA, median (range) 38.55 (22.9–59.1) 45.70 (34.7–71.7) <0.0001
pbx GG 3 n (%)

GG 1 15 (30%)
GG 2 12 (24%)
GG 3 8 (16%)
GG 4 9 (18%)
GG 5 6 (12%)

1 no significant difference; 2 total PSA; 3 pbx GG: prostate biopsy grade group; a benign prostatic hyperplasia;
b prostate cancer.

3. Discussion

The use of aberrant PSA glycosylation for early detection of prostate cancer has been
reported [27–30]. In particular, we have previously identified that the terminal N-glycan structure of
PSA from patients with PCa is rich in sialic acid α2,3-linked to the galactose residue, whereas the
terminal N-glycan structures of PSA from seminal plasma are exclusively α2,6-linked [17]. We have
also developed a magnetic bead-based S2,3PSA assay (Luminex method, [19]) that more accurately
diagnoses early PCa than conventional PSA testing; however, this method is not sufficiently versatile
and does not have enough quantitative capability for clinical application. To overcome these issues,
we here developed an automated microcapillary electrophoresis-based immunoassay system (μTAS
system) to be able to measure serum %S2,3PSA in clinical settings.

In this study, we developed a μTAS system based on the principles of EATA and LBA,
precision-injection molded microfluidic plastic chips, and instrumentation optimized for running
microfluidic chips and demonstrated that this EATA method can utilize affinity-based separation involving
noncovalent interaction between the immunocomplex of α2,3-linked sialylated PSA glyco-isoform and
MAA to simultaneously determine concentrations of total free PSA and its glyco-isoform, S2,3PSA.
We have previously demonstrated that the migration speed of an immunocomplex of DNA–Fab in a
microfluidic channel can be controlled by changing the length of the DNA fragment [31]; capillary gel
electrophoresis (CGE) is also known to be capable of separating molecules on the basis of size and charge.

In this study, we established an assay standard with recombinant S2,3PSA protein expressed by
CHO cells and a standard curve for the quantitative measurement of %S2,3PSA according to assay
linearity (Figure 5a,b). We also confirmed a capture efficiency of applied S2,3PSA standard of almost
100% in this assay (Figure 4b,c). By using specific lectin MAA to recognize α2,3-linked sialylation
directly, the calculating analyte percentage excluded an unspecified factor contributed by different
glyco-isoforms like asialo-type glycan as compared to the indirect assay with other lectin-based
approaches [32]. These observations suggest that our assay strategy allows the reliable determination
of the percentage ratio of S2,3PSA without loss of capturing the specific PSA glyco-isoform.

In terms of assay performance, the sensitivity for detection of S2,3PSA was 0.05 ng/mL using
the μTAS immunoassay system. As noted in previous studies of EATA methods [33], up to 140-fold
concentrations of sample and reagent mixtures can be achieved by ITP stacking, greatly enhancing
assay sensitivity and binding kinetics. The newly developed μTAS system has higher analytical
sensitivity than our previous methods [18,19] and %S2,3PSA can be determined at lower free PSA
concentrations. This higher analytical sensitivity enables low CVs (<4%) for a precise percentage ratio
of S2,3PSA and should improve the clinical utility of %S2,3PSA in patients with small tumors. Clinical
studies employing the μTAS system are currently underway; the results will be published separately.
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In addition to its high sensitivity, the μTAS in %S2,3PSA assay also shortens time to first result
from the 4 h required for our previous assay using the Luminex method, [19] to less than 10 min.
We achieved this improvement by combining the LBA principle and microchip capillary electrophoresis.
Because LBA does not rely on diffusion of antigen to antibody immobilized on the surfaces of a
solid phase, the immunoreaction is quick and stoichiometric. Furthermore, in the on-chip system,
electrophoresis can be performed quickly by applying higher voltage under better thermal control;
the principle of EATA results in a concentration of reactants that shortens binding and separation
times [25,33].

In the present study, a novel assay system for measuring %S2,3PSA with a μTAS system
discriminated patients with PCa from patients with BPH with 72.0% specificity at 80.0% sensitivity
with a α2,3-sialic acid percentage cut-off of 42.20%, as indicated by an AUC of 0.8340 which was
significantly higher than that for conventional PSA testing (0.5062, p < 0.0001 Figure 6e). According to
some reports [10–12], combination assay containing multiple biomarkers such as the 4K test or Prostate
Health Index would be applicable for improving diagnostic accuracy. In contrast, since %S2,3PSA test
is a single biomarker assay based on the measurement of aberrant glycosylation, this simple assay
strategy would achieve easy-to-use clinical application with a higher accuracy of diagnosis of PCa.
Additionally, %S2,3PSA of Pbx GG ≥ 3 patients (range 50.7%–71.7%) was significantly higher than
that of Pbx GG ≤ 2 patients (range 50.3%–52.6%) in the case of an over-50% S2,3PSA ratio (p = 0.0019)
(Figure 6h). Although sample size was small, this result suggests that an over-50% S2,3PSA ratio
holds the promise to discriminate between GG 2 and GG 3 tumors and may be used as a predictor
for a prostate biopsy to discriminate between non-aggressive and aggressive tumors in the active
surveillance program. To address this issue, we would need larger cohort study in the future.

4. Materials and Methods

4.1. Immunoassay Reagents

DNA (245-bp) and HiLyte Fluor 647 dye (AnaSpec, San Jose, CA, USA) were coupled to Fab′

prepared from anti-total PSA and anti-free PSA monoclonal antibodies (clones PSA10 and PSA12,
respectively) that had been selected from our panel of mouse immunoglobulin G antibodies. These
antibodies were digested with pepsin, followed by reduction of F(ab′)2 using 50 mM 2-aminoethanethiol
to form Fab′. Each Fab′ was purified by Diol 200 gel filtration column chromatography (Wako Pure
Chemical Industries, Osaka, Japan).

DNA-labeled anti-total PSA Fab′ (clone PSA10) was prepared as follows, a 245-bp DNA fragment
was amplified by polymerase chain reaction using lambda DNA as a template and 5′ amine-modified
primer as a forward primer to provide the amino group needed to couple the DNA fragment to anti-total
PSA (clone PSA10) Fab′ antibody via bifunctional linker. Gene Taq polymerase (Wako Pure Chemical
Industries) was used as polymerase. The DNA fragment was purified by using Diol-200 gel filtration
and DEAE ion exchange chromatography on a DEAE-P5 W column (Tosoh, Tokyo, Japan). Next, 10 μM
of the 245-bp DNA fragment was reacted with 10 mM N-(6-maleimidocaproyloxy)succinimide (EMCS)
linker (Wako Pure Chemical Industries), a bifunctional linker having both maleimide and succinimide
groups, at 37 ◦C for 30 min in 50 mM phosphate-buffered saline (PBS, pH 7.5). The linker-modified,
245-bp DNA fragment was purified by Diol-200 gel filtration, concentrated to 10 μM, and reacted with
500 μM PSA10 Fab′ at 4 ◦C for 3 h in 50 mM PBS (pH 6.5). To remove DNA-coupled Fab′ that had more
than one DNA fragment, the conjugate was further purified by both Diol-200 gel filtration and DEAE
column chromatography.

HiLyte Fluor 647 labeled anti-free PSA Fab′ (clone PSA12) was prepared as follows, anti-free PSA
monoclonal antibody (clone PSA12) Fab′ was reacted with 1 mM HiLyte Fluor 647 C2 maleimide (Wako
Pure Chemical Industries) at 4 ◦C for 2 h in 50 mM PBS (pH 7.5), after which 1 mM N-ethylmaleimide
was added to the reaction mixture to block free thiol groups on the Fab′ molecule after the labeling
reaction. Excess unreacted HiLyte Fluor 647 C2 maleimide was removed by Diol-200 gel filtration.
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Electrophoresis leading buffer (LB) and trailing buffer (TB) for isotachophoresis (ITP) and capillary
electrophoresis (CE) were formulated by adding nonionic surfactants to block the plastic chip surface
and facilitate chip filling. The composition of the LB was 4.5% (w/v) polyethylene glycol (PEG8000),
3% (w/v) glycerol, 75 mM Tris–HCl (pH 7.5), 10 mM NaCl, 6.0% (w/v) dextran sulfate, 0.01% bovine
serum albumin (BSA), and 4 mg/mL Maackia amurensis lectin (MAA). The composition of the sample
buffer (SB) was 5.0% (w/v) PEG20000, 3% (w/v) glycerol, 75 mM Tris–HCl (pH 7.5), 150 mM NaCl,
0.01% BSA, and 10 mM 2-(N-morpholino)ethanesulfonic acid (MES). The TB consisted of 2.0% (w/v)
PEG20000, 3% (w/v) glycerol, 75 mM Tris, 0.01% BSA, and 125 mM Hepes. The stacking buffer (ST)
was composed of 2.0% (w/v) PEG20000, 3% (w/v) glycerol, 75 mM Tris–HCl (pH 7.5), and 0.01% BSA.

4.2. Microfluidic Electrophoresis Assay

Simultaneous quantitative measurement of S2,6PSA and S2,3PSA was achieved by performing
microchip capillary electrophoresis and liquid-phase binding assay (LBA) on a μTAS Wako i30 auto
analyzer with microfluidic chip IO6 (Figure 2a,b; Wako Pure Chemical Industries) for electrokinetic
analyte transport assay (EATA). The details of the EATA method have been described by us
previously [24] and are shown in Figure 2b. In brief, HyLite–Fab′ was mixed with the serum sample
in SB and the resulting mixture loaded into a sample well. DNA–Fab′, the LB containing MAA, and
the TB were also loaded into their designated wells, and the ST and focusing dye solutions into the
ST well and focusing dye solution well, respectively. After all buffers and sample had been loaded,
positive pressure (+20 psi) was applied to all wells to equilibrate all zones. Next, an electrical field was
applied from the cathode to the anode to initiate ITP stacking of the DNA–Fab′. The stacked DNA–Fab′

migrated from the DNA–Fab′ zone into the sample + HiLyte–Fab′ zone to initiate formation of the
sandwich immunocomplex of DNA–Fab′, PSA, and HiLyte–Fab′. The resulting immunocomplex was
then further transported to the separation zone by ITP. During the ITP step, unreacted HiLyte–Fab′

was left behind in the serum sample and HiLyte–Fab′ zone. When the boundary of TB and LB reached
the handoff junction, the electrical field was automatically switched from cathode–anode wells to
handoff–anode wells and capillary gel electrophoresis (CGE) started to both separate the remaining
noise components from the immunocomplex and S2,3PSA from S2,6PSA by affinity electrophoresis
in an MAA-containing separation gel. Fluorescence signals from laser-induced fluorescence (LIF)
detection were analyzed by software developed to use internal fluorescent markers to align and
identify the peaks for S2,6PSA and S2,3PSA. The analyte peaks were integrated for peak area, which
was then used to quantitate their ratio, as shown in Figure 2c.

4.3. Prostate Biopsy and Serum Samples

Between June 2007 and June 2016, 1494 transrectal ultrasound-guided prostate biopsies were
performed in response to detection in regional PCa screening programs of PSA concentrations
of ≥4.0 ng/mL or palpable prostate nodules in Hirosaki University Hospital, Akita University hospital,
Tohoku University Hospital and McMaster University (Juravinski Hospital, Hamilton, ON, Canada).
Serum samples were obtained from all patients at the time of biopsy and stored at −80 ◦C until use.
The final diagnoses were established by histopathological examination of prostate biopsies. The grade
group of prostate biopsy specimens were evaluated according to the International Society of Urological
Pathology (ISUP) guidelines [26]. This study was performed in accordance with the ethical standards
of the Declaration of Helsinki and was approved by the Ethics Committees of all participating institute
including Hirosaki University Graduate School of Medicine (“The Study about Carbohydrate Structure
Change in Urological Disease”; approval number: 2014–195). Informed consent was obtained from all
patients. Table 2 shows relevant clinical characteristics of the study subjects. To evaluate diagnostic
performance of serum S2,3PSA ratio, fifty patients with biopsy-proven PCa were pair-matched for age
and PSA level with the same number of BPH patients selected from our serum bank.
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4.4. Forced Expression of FLAG-Tag-Fused S2,3 and S2,6PSA in Chinese Hamster Ovary (CHO)-K1 Cells

CHO-K1 cells were obtained from the American Type Culture Collection and grown in Ham’s
F12 Nutrient Mixture medium supplemented with penicillin, streptomycin, and 10% fetal bovine
serum at 37 ◦C with 5% CO2. FLAG-tag (N-DYKDDDDK-C)-fused human PSA (kallikrein-3, KLK3)
cDNA was amplified from RNA isolated from the prostate of a patient with benign prostatic
hyperplasia using the primers hPSA-F1 5′-CCCAAGCTTACCACCTGCAC-3′ and hPSA-FLAG-Xho-R1
5′-TTTCTCGAGCTACTTGTCATCGTCGTCCTTGTAATCAGCGGGGTTGGCCACGATGGT-3′ and
subcloned into the PCaG-Neo vector (Wako Pure Chemical Industries). The PSA–FLAG vector was
then transiently transfected into CHO-K1 cells. After transfection, recombinant PSA was purified
using a FLAG-tag system (Sigma, St. Louis, MO, USA) from serum free media. S2,3PSA and S2,6PSA
containing asialo-type standard protein was purified utilizing an ACG lectin column and gel filtration
column chromatography.

4.5. Lectin Microarray

One hundred microliters of purified S2,6PSA and S2,3PSA (31.25–2000 ng/mL) were applied
to a lectin array (LecChipver1.0; GlycoTechnica, Sapporo, Japan), including triplicate spots of
lectins in each of seven divided incubation baths on glass slides [34]. After incubation at 20 ◦C
for 17 h, the reaction solution was discarded and the glass slides scanned using a GlycoStation
Reader1200 (GlycoTechnica). Abbreviation of lectins are as follows: MAL, maackia amurensis lectin; SNA,
sambucus nigra lectin; and SSA, Sambucus sieboldiana lectin.

4.6. Statistical Analysis

All calculations for clinical data were performed in the SPSS software, ver. 21.0 (SPSS, Inc.,
Chicago, IL, USA) and in GraphPad Prism 6.03 (GraphPad Software, San Diego, CA, USA). Intergroup
differences were statistically analyzed by a Student’s t-test for normally distributed variables or by
the Mann–Whitney U-test for non-normally distributed models. Data with p < 0.05 were considered
significant. Receiver operating characteristics (ROC) curves were developed using the library “rms” in
R (available on: http://www.r-project.org/) [25] and the statistical difference of AUCs were calculated
by the same program.

5. Conclusions

In conclusion, although the present results are preliminary, they suggest that the newly developed
serum %S2,3PSA test may have superior diagnostic accuracy to currently available tests. Additionally,
we believe that the %S2,3PSA assay with μTAS system has great potential for further application in the
clinical laboratory when rapid and quantitative testing is required. Larger-scale studies are warranted
to confirm these findings.
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Abbreviations

μTAS micro-total analysis system
MAA maackia amurensis lectin
EATA electrokinetic analyte transport assay
LBA liquid-phase binding assay
C.V. coefficient of variation
ITP isotachophoresis
LIF laser-induced fluorescence
LB leading buffer
TB trailing buffer
CE capillary electrophoresis
SB sample buffer
ST stacking buffer
CGE capillary gel electrophoresis
LOD limit of detection
PSA prostate-specific antigen
PCa prostate cancer
BPH benign prostatic hyperplasia
Pbx GG prostate biopsy grade group
LacdiNAc GalNAcβ1-4GlcNAc-
Gal galactose
Man mannose
Fuc fucose
Sia sialic acid
GalNAc N-acetylgalactosamine
GlcNAc N-acetylglucosamine
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Abstract: The Prostate Health Index (PHI) has been used increasingly in the context of prostate cancer
(PCa) diagnostics since 2010. Previous studies have shown an association between PHI and a tumor
volume of >0.5 cm3. The aim of this study was to investigate the correlation between PHI and tumor
volume as well as the Gleason score. A total of 196 selected patients with prostate cancer treated
with radical prostatectomy at our institution were included in our study. The tumor volume was
calculated and preoperative serum parameters total prostate-specific antigen (tPSA), free PSA (fPSA),
[−2]proPSA, and PHI were evaluated. The association between the pathological findings such as
Gleason score, pathological T-stage (pT stage), and tumor volume were evaluated. We further used
logistic regression and Cox proportional hazard regression analyses for assessing the association
between tumor volume and PHI and for predicting biochemical recurrence. With an area under the
curve (AUC) of 0.79, PHI is the most accurate predictor of a tumor volumes >0.5 cm3. Moreover,
PHI correlates significantly with the tumor volume (r = 0.588), which is significantly different
(p = 0.008) from the correlation of the Gleason score with tumor volume (r = 0.385). PHI correlates
more strongly with the tumor volume than does the Gleason score. Using PHI improves the prediction
of larger tumor volume and subsequently clinically significant cancer.

Keywords: prostate cancer; Prostate Health Index; tumor volume

1. Introduction

Prostate cancer (PCa) is still one of the most frequent illnesses in men. Since the introduction
of screening with prostate-specific antigen (PSA) in the early 1990s, the incidence of PCa has risen
sharply, though the age at first diagnosis has been shifting toward younger patients with less advanced
stages of PCa [1]. The number of deaths from PCa has been reduced in recent years, though not
proportionally with the rise in incidence.

The degree of tumor expansion is the most important factor for both PCa prognosis and therapy [2].
The PCa tumor volume has a substantial influence on the course of the illness. Growth exceeding the
capsule and lymph node metastases occurs mainly with larger tumors [3–5]. There is an approximately
proportional relationship between the tumor volume and the stage of differentiation. Tumors that are
smaller than 0.5 cm3 are classified as “insignificant”, since the tumor grows so slowly that there is a high
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probability that it will never reach a significant size before the death of the patient [6]. The probability
of the existence of a tumor larger than 0.5 cm3 can be calculated, for example, with a nomogram [7].

The Prostate Health Index (PHI) is currently one of the most promising new markers of PCa.
Initial studies have shown that PHI preferentially detects aggressive carcinomas and, due to its high
specificity, can reduce the number of unnecessarily performed biopsies [8,9]. Furthermore, tumors
larger than 0.5 cm3 have significantly higher PHI values than tumors with smaller volumes [10–12].
However, it is still not known whether PHI correlates continuously with tumor volume. A marker that
is able to reliably predict the tumor volume would be advantageous for therapeutic decision-making.
PHI and [−2]proPSA are currently the best available serum parameters for PCa detection [9]. At 90%
sensitivity, the specificity of PHI for PCa detection is on average 31.6% [9]. The use of PHI in the
framework of PCa screening reduces the use of biopsies by 15%–41%, in comparison to classic screening
with only total prostate-specific antigen (tPSA) measurement [8,13]. Moreover, there is an association
between PHI and carcinomas with unfavorable prognostic characteristics [12,14].

The use of PHI appears quite promising in patients with diagnosed PCa who are following
an active surveillance strategy. Approximately 30%–37% of these tumors advance to stages requiring
intervention [15,16]. With a PHI score >43, there is a 3.6 times higher risk for disease progression,
according to a study by Hirama et al. [15]. Carcinomas with an elevated tendency for deterioration
can be identified earlier this way and subjected to a definitive therapy. Overall, the integration of PHI
into active surveillance appears to be also economically useful. The increased expenditures from this
additional blood test would be outweighed since the reduction of unnecessary biopsies, doctor visits,
and laboratory tests would reduce the costs in comparison to examinations based only on tPSA [17,18].

The aim of the present study was to determine if there is a continuous correlation between PHI
and tumor volume over the entire range of values commonly seen.

2. Results

2.1. Clinicopathological Characteristics of the Study Cohort

All clinicopathological characteristics are summarized in Table 1. One-third of the patients (n = 65)
had a well-differentiated tumor (Gleason < 7). A total of 131 patients had a poorly differentiated tumor
(Gleason ≥ 7). Within this group, a Gleason 7 tumor was found in 57.6% of the patients and 9.7% of
the patients had a Gleason 8 or 9, Table 1). About 80% of the patients had a locally confined tumor
(pT ≤ 2c). An “insignificant” carcinoma (≤0.5 cm3, range 0.03 to 0.48 cm3) was found in 39 specimens
(20%) and a “significant” tumor (>0.5 cm3, range 0.57 to 22.8 cm3) in 157 cases (80%).

Table 1. Clinicopathological data (median and range) of the study cohort.

Variable Median (Range) Mean ± S.D.

Age (years) 71 (49–85) 70 ± 7
Prostate volume (cm3) 36.7 (9.2–264) 42.9 ± 27.1
Tumor volume (cm3) 1.57 (0.03–22.8) 2.76 ± 3.47

Percentage of tumor volume 4.3 (0.02–80.4) 7.8 ± 10.6

Number (Percent)

Pathological tumor stage

≤2c 154 (78.6)
3a 29 (14.8)
3b 11 (5.6)
4 2 (1.0)

Gleason Score

<7 65 (33.2)
7a (3 + 4) 77 (39.2)
7b (4 + 3) 36 (18.4)

≥8 18 (9.2)

Resection margin status

R0 143 (73.0)
R1 50 (25.5)
Rx 3 (1.5)
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2.2. PSA Parameters in Relation to Clinicopatholological Factors and Tumor Volume

In Table 2, the data of all four PSA derivatives and the prostate and tumor volumes are compiled in
relation to the pathological Gleason score (well and poorly differentiated tumors) and the pathological
stage (locally limited and advanced tumors). While percent free PSA (%fPSA) did not differ between
the two tumor staging groups nor prostate volume both between the Gleason and staging groups,
all other parameters were significantly different. The highest significance levela of p < 0.0001 were
reached for the tumor volume and the percentage of tumor as well as for [−2]proPSA and PHI.
In addition, Table 3 shows that all four serum parameters had significantly higher (tPSA, [−2]proPSA,
PHI) or lower (%fPSA) values in patients with tumor volumes larger than 0.5 cm3, the so-called
significant tumors. Additional details are summarized in the Supplementary Table S1.

Table 2. Prostate volume, tumor volume, and prostate-specific antigen (PSA) analytes (median
and range) in dependence on Gleason score and pathological tumor stage.

Variable
All Patients Gleason Score <7 ≥7

p-Value
pT Stage ≤2c ≥3

p-Value
(n = 196) (n = 65) (n = 131) (n = 154) (n = 42)

Prostate volume (cm3) 36.7 (9.2–264) 36.8 (17.6–167) 36.1 (9.2–264) 0.568 35.3 (14.7–167) 39.8 (9.2–264) 0.295

Tumor volume (cm3) 1.58 (0.03–22.8) 0.66 (0.03–10.9) 2.26 (0.04–22.8) <0.0001 1.21 (0.03–18.6) 4.36 (0.87–22.8) <0.0001

Percentage of tumor (%) 4.3 (0.02–80.4) 1.4 (0.02–40.3) 6.6 (0.1–80.4) <0.0001 3.1 (0.02–50.0) 10.0 (3.1–80.4) <0.0001

tPSA (ng/mL) 5.0 (0.7–61.6) 4.2 (0.7–17.7) 5.4 (0.7–61.6) <0.001 4.6 (0.7–61.6) 5.6 (1.8–32.6) 0.005

%fPSA (%) 12.3 (4.0–76.6) 14.4 (4.9–36.9) 11.3 (4.0–76.6) <0.001 12.7 (4.0–76.6) 11.5 (4.9–28.2) 0.154

[−2]proPSA (pg/mL) 12.3 (2.3–117) 10.0 (2.3–46.7) 14.2 (3.2–117) <0.0001 11.7 (2.3–117) 17.4 (3.7–58.2) 0.0005

Prostate Health
Index (PHI) 47.6 (9.3–228) 37.5 (10.5–102) 55.3 (9.3–228) <0.0001 43.4 (9.3–211) 67.1 (22.3–228) <0.0001

Statistical significances were calculated using the Mann–Whitney U-test.

Table 3. PSA parameters (medians and ranges) in dependence on the tumor volume.

Variable
Tumor Volume

p-Value
≤0.5 cm3 (n = 39) >0.5 cm3 (n = 157)

tPSA (ng/mL) 2.8 (0.7–10.8) 5.4 (0.7–61.6) <0.0001
%fPSA 15.8 (6.0–35.0) 11.7 (4.0–76.6) 0.0006

[−2]proPSA (pg/mL) 9.4 (2.3–32.0) 13.6 (3.2–117) <0.0001
PHI 32.9 (16.1–66.4) 53.7 (9.3–228) <0.0001

Statistical significance calculated using the Mann–Whitney U-test.

The further associations between the clinicopathological variables and the PSA analytes were
examined using correlation calculations and receiver-operating characteristi (ROC) curve analyses.
Table 4 shows the correlations between the serum PSA parameters and the clinicopathological variables.
PHI showed a significantly higher correlation to tumor volume than Gleason score (0.588 vs. 0.385;
p = 0.008). Moreover, [−2]proPSA showed a significantly higher correlation with tumor volume than
Gleason score (0.659 vs. 0.385, p = 0.0002). Interestingly, [−2]proPSA correlated significantly more
with tumor volume than pT stage (0.659 vs. 0.522; p = 0.037). The correlation comparison between
PHI and [−2]proPSA showed no difference (p = 0.25). PHI correlated significantly better with tumor
volume than PSA (0.588 vs. 0.363; p = 0.004). The scatter plots of the PHI values in relation to the tumor
volume as well as to the Gleason score categories and pT classifications are displayed in Figure 1A–C.

The areas under the ROC curves (AUCs) of the individual serum parameters are presented in
Table 5. At 0.79, PHI reaches the greatest AUC value in differentiating tumor volumes ≤0.5 cm3 from
those >0.5 cm3. In general, PHI is the best parameter to predict aggressive PCa with Gleason score
(GS) ≥ 7 and locally advanced stages with ≥pT3a. Furthermore, PHI reached a significantly higher
AUC than that of the pT stage in predicting a tumor volume of >0.5 cm3 (0.79 vs. 0.69; p = 0.04).
Thus, to show the mutual influence and interdependence between all these variables, we performed
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a logistic regression analysis as a multivariable approach. For that purpose, the categorized Gleason
score and pT stage in combination with PHI were analyzed to differentiate between the two tumor
volume categories. All three variables showed a significant odds ratio (Gleason score: 6.61 with
a 95% confidence interval of 2.72 to 16.1), p-value < 0.001; pT stage: (1.60 (1.01–2.55), p = 0.047; PHI:
1.04 (1.02–1.07, p = 0.002)). This combination distinctly increased the AUC value to 0.87 (0.82–0.91)
indicating the improved prediction between the insignificant and significant tumor volume.

Table 4. Pearson correlation of the serum parameters and the pathology findings.

Parameter Tumor Volume (cm3) Tumor (%) Gleason Score (≤6, 7a, 7b, ≥8) pT Stage (≤2c, 3a, 3b, 4)

tPSA 0.363 (<0.0001) 0.287 (<0.0001) 0.153 (0.032) 0.237 (0.0008)
%fPSA −0.101 (0.158) −0.145 (0.043) −0.157 (0.028) −0.071 (0.324)

[−2]proPSA 0.659 (<0.0001) 0.389 (<0.0001) 0.246 (0.0005) 0.344 (<0.0001)
PHI 0.588 (<0.0001) 0.478 (<0.0001) 0.309 (<0.0001) 0.317 (<0.0001)

Gleason Score 0.385 (<0.0001) 0.373 (<0.0001) - 0.397 (<0.0001)
pT Stage 0.522 (<0.0001) 0.486 (<0.0001) 0.397 (<0.0001) -

The table presents the r values, with the p-values in parentheses.

Figure 1. PHI values in relation to tumor volume, pT stage and Gleason score as indicated in (A–C).

Table 5. Calculated areas under the receiver operating characteristic (ROC) curves of the serum
parameters (left column) to predict tumors with particular characteristics (top row). The 95% confidence
intervals of the area under the curves (AUCs) are given in parentheses.

Parameter Gleason Score ≥ 7 vs. <7 pT Stage ≥3a vs. ≤2c Tumor Volume >0.5 vs. ≤0.5 cm3

tPSA 0.64 (0.56–0.73) 0.64 (0.55–0.73) 0.74 (0.65–0.83)
%fPSA 0.64 (0.56–0.72) 0.57 (0.48–0.67) 0.68 (0.58–0.77)

[−2]proPSA 0.66 (0.59–0.74) 0.68 (0.58–0.77) 0.72 (0.64–0.81)
PHI 0.72 (0.65–0.80) 0.70 (0.62–80.0) 0.79 (0.72–0.86)

135



Int. J. Mol. Sci. 2017, 18, 488

2.3. PHI and Tumor Volume as Independent Predictors of Biochemical Relapse

To evaluate the relationships between the conventional clinicopathological variables
(Gleason score, pathological tumor stage, resection status) and age, tumor value, and PHI as predictors
of the biochemical recurrence, we performed Cox regression analyses (Table 6). Both tumor volume
and PHI were statistically significant predictors of a biochemical recurrence (follow-up time: 37 months
(95% confidence interval 31 to 44)) in the univariate Cox regression model but also remained, despite
the limited number of patients and events (n = 25) and the independent factors in the multivariable
model (p = 0.048 and 0.0009).

Table 6. Cox proportional hazard regression analyses of tumor volume and PHI in relation to conventional
clinicopathological variables for predicting biochemical recurrence after radical prostatectomy.

Variable a
Univariable Analysis Multivariable Analysis b

Hazard Ratio (95% CI c) p-Value Hazard Ratio (95% CI) p-Value

Age (continuous) 1.05 (0.98–1.12) 0.159 not included
pT stage 4.27 (1.91–9.56) 0.0004 3.92 (1.60–9.56) 0.003

Gleason Score 1.97 (1.22–3.18) 0.006 1.91 (1.01–3.57) 0.042
Margin resection status 3.34 (1.52–7.35) 0.003 1.65 (0.67–4.01) 0.273

Tumor volume 1.12 (1.01–1.24) 0.047 0.83 (0.68–0.99) 0.048
PHI 1.02 (1.01–1.03) <0.0001 1.02 (1.01–1.03) 0.0009

a Age and tumor volume were used with their continuous values, the pathological factors as categorized data as
indicated in the previous tables; b The multivariable analysis included all variables with p-values < 0.10 obtained in
the univariable analysis; c CI = confidence interval.

3. Discussion

The use of PHI as a marker with high specificity for aggressive PCa and tumors with a low grade
of differentiation has been proven [10,11,19]. In the present study, PHI correlates significantly with the
tumor volume (r = 0.588). This is significantly stronger (p = 0.008) than the correlation of the Gleason
score with tumor volume (r = 0.385). The hypothesis was supported by the significantly higher PHI
value for tumor volumes >0.5 cm3 [10–12,14]. Furthermore, it seems plausible that the PHI values rise
with increasing carcinoma volumes, since there is a proven relationship between tumor size and tumor
differentiation [4,5,12,20]. Previous studies have shown that PHI can predict a tumor volume >0.5 cm3

even more precisely (AUC: 0.72–0.94) than Gleason score ≥7 (AUC: 0.64–0.74) or a pT-stage ≥ 3a
(AUC: 0.72–0.85) [10,11,14,21,22]. The strong correlation between PHI and tumor volume found in this
study describes a further partial aspect of the association of this marker with aggressive carcinomas.

PHI as a preoperative parameter shows significant explanatory power to predict a significant
tumor volume in the prostatectomy preparation. In the present study, PHI reached a test strength
(AUC) of 0.79 in the detection of clinical significant tumors. The portion of substantial tumors in
our analysis was 80%. Comparable results for the test strength of PHI were reported in the work by
Guazzoni et al. [11]. In 350 preparations, PHI detected tumors >0.5 cm3 with an AUC of 0.8. In that
study, the portion of substantial tumors was 93%. Somewhat lower AUC values were found in the
work from Tallon et al. [21]. In the framework of that study, 154 prostate preparations were examined.
A volume >0.5 cm3 was found in 88% of the study participants. The calculated AUC value of PHI
for the detection of substantial tumors was 0.72. In that study and in the present study, T3 tumors
were included. In a study by Ferro et al., the AUC of PHI for the detection of substantial tumors
was 0.94 [10]. The more advantageous results of that study might be explainable by the different
composition of their study sample. On the one hand, that study limited itself to locally limited tumors
(T1–T2); on the other hand, a comparatively smaller portion of the carcinomas (17%) had a substantial
size (≥0.5 cm3). In the most recent study on 135 Asian patients by Chiu et al. [12], PHI reached a
comparable high AUC of 0.82 to predict a tumor volume of >0.5 cm3, but only about half (52.3%)
of all patients had a tumor volume >0.5 cm3. Since the portion of significant tumor volumes was
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80% in our present study, comparability seems to be given more with the studies by Guazzoni et al.
and Tallon et al. [11,21]. Furthermore, there is an association between the serum marker PHI and the
pathological Gleason score. In our present study, PHI was the best parameter to detect tumors with
a Gleason score ≥7 (AUC: 0.72) while the other parameters tPSA, %fPSA, and [−2]proPSA showed
comparatively smaller AUCs of 0.64, 0.64, and 0.66, respectively. In other studies, the calculated AUC
of PHI for the detection of tumors with a Gleason score ≥7 was between 0.67 and 0.74 [11,19,22]. In the
work by Ferro et al. [10], an exceptionally high-test strength (AUC: 0.83) of PHI was found for the
detection of tumors with a Gleason score ≥7. In addition, in this case, the clearly advantageous results
from the research group of Ferro et al. [10] might be due to a different composition of the study group.
Chiu et al. [12] provided only data for prediction of pathological Gleason score ≥7 or pathological pT3
stage and reached an AUC of exactly 0.8.

The relationship between PHI and biopsy Gleason score has already been investigated in
numerous studies. According to a meta-analysis from 2014, PHI detects carcinomas with a Gleason
≥7 with an AUC of 0.90 [19]. That value is clearly above the calculated test strength of the present
study for the detection of low differentiated tumors (AUC: 0.72). One possible source of such a large
difference in results is that the biopsy Gleason score and the pathological Gleason score differ in many
cases. The tissue samples of the core needle biopsy harbor a comparatively higher risk to incorrectly
evaluate the Gleason grade more favorably than it actually is, since this technique of examination is
inherently not capable of imaging the entire PCa. Since the Gleason score can differ according to the
methods chosen, that meta-analysis is only conditionally comparable with the present study. Moreover,
the processing of a prostatectomy preparation is the more precise method to characterize a PCa and,
thus, to estimate the relation of Gleason score and PHI.

There is an association between PHI and the extensiveness of the local tumor. In the present study,
PHI detected tumors with growth exceeding the capsule with an AUC of 0.70. The AUCs of other
parameters were lower (tPSA: 0.64, %fPSA: 0.57, [−2]proPSA: 0.68). In other studies, the AUC for the
detection of T3 tumors was reported as 0.69–0.72 [11,20], which is comparable to our study. In the
study by Ferro et al. [10], PHI detected tumors exceeding the capsule with an AUC of 0.85.

In the present study, it is apparent that PHI shows the highest AUCs for the prediction of the
tumor characteristics (0.79 for tumor volume, 0.72 for Gleason score ≥7, 0.70 for pT ≤ 3a). In other
studies, it has been shown that PHI predicts the tumor volume more precisely than the Gleason
score of the T-stage does [10–12,14,21]. Consequently, it can be assumed that the levels of PSA, fPSA,
and [−2]proPSA (the components of the PHI) are influenced not only by the cell differentiation but
likewise by the amount of carcinoma cells (tumor volume). According to the results of this study, it is
conceivable that the tumor volume is the strongest determining factor. This is also supported by the
high Pearson’s correlation factors of 0.588 and 0.478 for PHI with the tumor volume and the percentage
of tumor, respectively. The correlation of PHI with the Gleason score (r = 0.309) and pT stage (r = 0.317)
is weaker in our cohort. All these correlation data were unfortunately not provided by all previous
studies. Furthermore, tumor volume (borderline significance with p = 0.048) and PHI (p = 0.0009)
remained as independent factors in multivariable analysis to predict a biochemical recurrence (Table 6)
beside the known pathological data pT stage and Gleason score. For example, the resection margin
status could not reach significance (p = 0.27) in this Cox proportional hazard regression model, which
emphasizes the importance of tumor volume and PHI.

The tumor volume is an important predictor of the further disease course and, correspondingly,
should be kept in mind in planning therapy including focal therapy. Our method very precisely
estimates tumor volume and has not been described before. Other earlier studies do not focus on
methodological aspects. In the present work, the median tumor volume was 1.58 cm3, and the median
PHI was 47.6. The results of this work show that a high PHI value is most likely connected with
a large tumor volume, which could be a contraindication for a therapy approach of active surveillance.
The integration of PHI into active surveillance could reduce the frequency of biopsies. Larger intervals
between follow-up biopsies would be a clear advantage for the patient. Nevertheless, large-scale
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studies about this are needed in order to rule out the possibility that a lower frequency of biopsies in
combination with regular PHI determinations leads to a worse outcome for the patient. The use of PHI
in the preparation of a prostatectomy is likewise conceivable. High PHI values indicate a large tumor
volume, which in turn makes the possibility of performing a nerve-sparing operation more improbable.
Correspondingly, it could be advantageous to advise the patient of this aspect before operating. Future
studies might be able to answer the question of whether there is a PHI limit value, above which
a nerve-sparing operation becomes very improbable. This could lead to a more transparent risk
prognosis before surgery.

The serum markers PHI and [−2]proPSA are accurate predictors of the tumor volume in
prostatectomy preparations. Further, it was shown in the AUC analysis that PHI shows a stronger
association to tumor volume than the established predictive parameters of the Gleason score and
T-stage. It is important to integrate PHI into active surveillance of PCa patients, since an estimate of
the tumor volume, as an important predictor of the illness progression, could support an adequate
therapy decision.

4. Materials and Methods

4.1. Study Population

The study was approved by the Charité Ethics Committee. All patients provided written informed
consent for this research study. Preoperative serum samples (tPSA, free PSA (fPSA), [−2]proPSA) were
collected from 460 men who underwent radical prostatectomy between 2001 and 2014. The surgical
approach was retroperitoneal, laparoscopic, or da Vinci based. The exclusion criteria were incomplete
(n = 233) or missing pathological sections (n = 24), lack of appropriate serum samples (n = 2), or use of
neoadjuvant therapies (n = 5) so that finally 196 patients were included in the analysis.

The study groups (Table 1) were defined as follows: carcinomas with a pathological GS of 4–6
were assembled into the GS < 7 group (well differentiated, n = 65) and carcinomas with a GS of 7–10
(n = 131) were assembled into the GS ≥ 7 group (poorly differentiated). The stage “locally limited”
(n = 154) included tumors with pathological T-stage (pT stage) 2a, 2b, and 2c. The stage “locally
advanced” included tumors in the pT-stages 3a, 3b, and 4 (n = 42). The volume of the tumors was
divided into two categories: “insignificant” (≤0.5 cm3, n = 39) and “significant” (>0.5 cm3, n = 157)
according to the Epstein criteria [23].

The prognostic potential of the tumor volume in relation to the other clinicopathological
parameters including PHI was assessed to predict tumor recurrence after radical prostatectomy.
The conventional criterion of biochemical recurrence of increased PSA after surgery was used.
Biochemical recurrence was defined as the first postoperative PSA value of >0.1 ng/mL following
a nadir PSA level after surgery and confirmed by persistent increased PSA values >0.1 ng/mL.
The interval between radical prostatectomy and biochemical recurrence was calculated in months as
time to the development of this event, while patients without biochemical recurrence were censored at
the last follow-up visit.

4.2. Pathology Assessment

After the macroscopic assessment, the preparations were weighed and measured in three planes
(apico-basal, horizontal, ventro-dorsal). The prostates were sliced first medially along the urethra and
then the apex and base were cut off. Both mid-pieces, the apex, and the base were each divided into
approximately 5 mm thick tissue blocks and then embedded in paraffin. The entire paraffin blocks
were sliced by machine into 2–4 μm thin sections and then mounted onto specimen slides. They were
then stained with hematoxyline and eosin (H&E). The prostatectomy preparations of this study had
a mean (range) of 28 (10–63) sections; in total, over 5500 H&E sections were examined microscopically.
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4.3. Serological Diagnosis and Volumetric Analysis

The preoperative determination of serum tPSA, fPSA, and [−2]proPSA was performed on the fully
automated immunoassay device Access® (Beckman Coulter, Brea, CA, USA) as described before [24].
PHI was calculated according to the equation [−2]proPSA/fPSA × √

PSA.
All tissue sections were examined under a microscope, and carcinomas were outlined in color.

The appraisal of the preparation was performed together with an experienced pathologist (EK).
As Figure 2 illustrates, carcinomas were surrounded with a hand-drawn line. The surfaces of the

prostate and the surface of the tumor on the H&E sections were identified by means of a gridwork
screen (3 mm × 3 mm). The gridwork screen was placed on the slides, and the surfaces were
enumerated. The boxes were evaluated as “1”, “0.5”, and “0” when they were covered with clearly
more than 50%, approximately with 50%, or clearly less than 50% by tumor, respectively. For each H&E
section, the number of boxes for prostate and for cancer were recorded separately. Periprostatic soft
tissue and intraprostatic parts of the seminal vesicle were excluded from the evaluation. The volume
of the prostate was calculated with the aid of the ellipsis formula (π/6 × height × width × depth).
The percentage portion of the carcinoma was calculated as follows: %tumor = (total number of
tumor boxes/total number of prostate boxes) × 100. The tumor volume was then calculated with the
following formula: tumor volume = (%tumor × prostate volume)/100.

 

Figure 2. Outlining of the prostate carcinoma. (Hematoxyline-eosin stain; magnification: 20×).

4.4. Statistical Analysis

All statistical analysis was performed with SPSS 22.0 (IBM Corporation; Armonk, NY, USA)
and MedCalc 16.8.4 (MedCalc software bvba, Ostend, Belgium). Several tests were performed
(Mann–Whitney U-test, Kruskal–Wallis test, Pearson correlation coefficient, logistic regression, and Cox
hazard regression). ROC analysis was used for estimating the AUCs. A p-value < 0.05 was considered
statistically significant.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/3/488/s1.
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Abstract: Prostate Specific Antigen (PSA) is the most commonly used serum marker for prostate
cancer (PCa), although it is not specific and sensitive enough to allow the differential diagnosis
of the more aggressive tumors. For that, new diagnostic methods are being developed, such as
PCA-3, PSA isoforms that have resulted in the 4K score or the Prostate Health Index (PHI), and PSA
glycoforms. In the present study, we have compared the PHI with our recently developed PSA
glycoform assay, based on the determination of the α2,3-sialic acid percentage of serum PSA
(% α2,3-SA), in a cohort of 79 patients, which include 50 PCa of different grades and 29 benign
prostate hyperplasia (BPH) patients. The % α2,3-SA could distinguish high-risk PCa patients from
the rest of patients better than the PHI (area under the curve (AUC) of 0.971 vs. 0.840), although the
PHI correlated better with the Gleason score than the % α2,3-SA. The combination of both markers
increased the AUC up to 0.985 resulting in 100% sensitivity and 94.7% specificity to differentiate
high-risk PCa from the other low and intermediate-risk PCa and BPH patients. These results suggest
that both serum markers complement each other and offer an improved diagnostic tool to identify
high-risk PCa, which is an important requirement for guiding treatment decisions.

Keywords: diagnosis; glycosylation; prostate cancer; prostate specific antigen; proPSA; PHI;
α2,3-sialic acid

1. Introduction

Prostate cancer (PCa) is an important problem in public health and a major disease that affects
men’s health worldwide. It was the most commonly diagnosed male neoplasia in western countries
and Japan last year. It is expected that around one of each six men will be diagnosed with PCa during
his life. In addition, as the number of older people increase, the incidence of the disease will raise
dramatically in the coming decades [1].

The serum marker Prostate Specific Antigen (PSA), adopted in the early 1990’s, has been the
widely used and preferred assay for prostate diseases, including PCa, with important levels of success,
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and represents the gold standard marker as an essential tool for urologists [1,2]. In addition, since PCa
has a long natural history, the PSA assay predicts a prostate pathology decades before a confirmatory
diagnostic [3]. This means that a majority of men diagnosed with PCa could be detected at early
stages and with localized prostate cancer. Epidemiologic studies indicate an important and continuous
decrease in prostate cancer mortality since the application of the PSA screening test [4].

However, the PSA test presents some limitations. It is organ specific but not cancer specific [5].
Serum PSA levels could also be elevated in benign prostate hyperplasia (BPH), prostatitis, and prostate
manipulations (as DRE and bicycling), and cannot discriminate between aggressive and non-aggressive
cancers. PSA assays present a high rate of false positives that leads to over-diagnosis, unnecessary
biopsies, and over-treatments [6]. Actually only 25% of men biopsied after an elevated PSA level have
PCa, and many of these cancers are slow growing, with no impact in the patient’s life [7].

New non-invasive biomarkers with greater sensitivity and specificity that are capable of
distinguishing aggressive tumors from indolent ones are required [5]. To improve the specificity
of the PSA as a biomarker, different strategies using several PSA isoforms (ratio free PSA/total PSA,
PSA density and velocity, proPSA forms, 4K score, and Prostate Health Index (PHI)) have been
developed [7], recently including, PSA glycoforms [8–10].

Regarding proPSA forms, these were first identified in the serum of patients with prostate cancer
in 1997 [11]. ProPSAs were preferentially elevated in the peripheral zone of prostatic tissue containing
cancer, whilst remaining largely undetectable in the transitional zone of the prostate [12]. These proPSA
forms comprised the complete sequence of inactive zymogen [−7]proPSA, and also shorter forms
as [−5] [−4] and [−2]proPSA. [−2]proPSA was present in the sera of prostate cancer patients and
it was a more specific serum marker that could improve a PSA assay. [−7] and [−5]proPSA did not
give adequate results as biomarkers [13]. The interesting positive results of the [−2]proPSA detection
moved Beckman & Coulter Inc. (Brea, CA, USA), in partnership with the NCI Early Detection Research
Network, to develop a mathematical algorithm with [−2]proPSA, tPSA, and fPSA serum levels, the so
called Prostate Health Index: PHI = ([−2]proPSA/fPSA) ×√

tPSA [14]. PHI received the FDA approval
in 2012 [7]. Several works, including numerous international multicenter studies, have indicated that
PHI score outperforms its individual components for the prediction of overall and high-grade prostate
cancer [6,15–17]. PHI score has a high diagnostic accuracy rate and may be useful as a tumor marker in
predicting patients harboring more aggressive disease. PHI also predicts the likelihood of progression
during active surveillance. PHI score has been reported to correlate with PSA serum levels and
Gleason scores. Nowadays, PHI has regulatory approval in more than 50 countries worldwide and is
now being incorporated into prostate cancer guidelines for early prostate cancer detection and risk
stratification [18]. However, others studies do not completely agree with these results and indicated
that when the goal is to detect at least 95% of the aggressive tumors, PHI does not seem to be much
more effective than the %fPSA and the PSA density [19].

To address the problem of the discovery of new non-invasive PCa markers that can predict PCa
aggressiveness, several authors have determined the glycosylation pattern of PSA from healthy donors,
PCa cancer cell lines, and PCa serum patients, and have shown specific changes in the PSA core
fucosylation and sialylation levels in PCa patients [8,10,20–27]. In this regard, we have developed
a methodology to quantify the ratio of core fucosylation of serum PSA and the percentage of α2,3-sialic
acid of serum PSA and have shown a decrease in the content of core fucose and an increase in α2,3-sialic
acid of PSA N-glycans in patients with high-risk PCa [9]. In particular, the percentage of α2,3-sialic
acid of PSA was increased in the high-risk PCa patients compared with low or intermediate-risk PCa
and BPH patients and gave an AUC of 0.971, with 85.7% sensitivity and 95.3% specificity. Interestingly,
the percentage of α2,3-sialic acid of PSA also correlated with the Gleason score of PCa patients.

With the aim of searching for new serum markers that could assist in the identification of the
aggressive prostate cancers, the present study compared the potential of PHI and the percentage of
α2,3-sialic of PSA, alone and in combination, to identify high risk PCa cancer in a cohort of 79 patients’
serum samples.
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2. Results

2.1. Clinical and Pathological Characteristics of the Patients

A cohort of 79 serum samples containing 29 BPH and 50 PCa samples was used for the study
of the two blood-based biomarkers, PHI and the percentage of α2,3-sialic of PSA. PCa staging was
determined according to the International Union Against Cancer (IUAC) and patients were classified
in high-risk (N = 22), intermediate-risk (N = 21) and low-risk (N = 7). Clinical data of the subjects
included in this study are summarized in Table 1.

The seven low-risk PCa patients had tPSA levels below 10 ng/mL and Gleason scores ≤6.
The 21 intermediate-risk PCa group comprised five patients with a Gleason score of six and clinical
stage >pT2a; 15 patients with a Gleason score of seven and one subject presenting a focal Gleason score
of eight. Their tPSA levels were between 3.73 and 12.42 ng/mL. The 22 high-risk PCa included 18 with
a Gleason score ≥8, two with a Gleason score of seven and metastasis, and two other subjects with
an undetermined Gleason score who also presented metastasis. Data corresponding to the age and
total and free PSA values of all groups of patients are shown in Table 1.

Evaluation of the clinical outcome of the PCa patients showed a PCa recurrence one year after
treatment of 0%, 4.8%, and 59% in the low, intermediate, and high-risk PCa groups respectively. Data of
the five-year relapse-free survival was reported for all patients in the low-risk group being 100%.
However, this information was not available for all patients in the other two groups. The five-year
relapse-free survival was 95% for the intermediate-risk group corresponding to 20 out of the 21 patients,
and it was 40% in the high-risk group corresponding to 15 out of the 22 patients.

2.2. Analysis of α2,3-Sialic Acid PSA in Serum Samples

For the analysis of percentage of α2,3-sialic acid PSA, 0.75 mL of each serum were required. First,
the serum samples were treated with ethanolamine, in order to release PSA from its complex with
α1-antichymotrypsin. Then, total PSA from the serum samples was immunoprecipitated and loaded
into a SNA lectin column. This lectin chromatography, which binds to α2,6-sialylated glycoconjugates,
allows for the separation of α2,3-sialylated from α2,6-sialylated PSA glycoforms [9]. After the lectin
chromatography, free PSA in the unbound (α2,3-sialylated PSA) and bound fractions (α2,6-sialylated
PSA) was measured, and from these data the percentage of fPSA in both fractions was calculated.
The percentage of the unbound fraction corresponded to the percentage of α2,3-sialic acid PSA.

The potential of the percentage of α2,3-sialic acid PSA as a blood biomarker for aggressive PCa
was assessed in the cohort of sera (29 BPH, seven low-risk, 21 intermediate-risk and 22 high-risk PCa).
Three different PCa serum samples, containing different values of tPSA (12.87, 23.08, and 40.61 ng/mL)
were repeatedly analyzed in the different batches of samples in order to calculate the inter-assay
variation of the method that was lower than 12%.

The plot of the percentage of α2,3-sialylated PSA is represented against the concentration of
the total PSA of each sample (Figure 1A) and in the four groups (Figure 1B). A significant increase
of percentage of α2,3-sialylated PSA in the group of high-risk PCa patients (26.8–61.4%) compared
with the other three groups, intermediate-risk PCa (12.7–35.5%; p < 0.001), low-risk PCa (12.3–29.9%;
p = 0.006), and BPH (10.9–33.5%; p < 0.001) was shown. However, no significant differences were found
between BPH and low and intermediate-risk PCa patients. The correlation of α2,3-sialylated PSA
values of the samples with their corresponding tPSA levels was tested and resulted to be non-significant
in any of the BPH and PCa groups. Both parameters were then independent, indicating that a high or
a low percentage of α2,3-sialylated PSA could be found in sera with either low or high tPSA levels in
any group of patients (Figure 1A).
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Figure 1. α2,3-SA percentage of Prostate Specific Antigen (PSA) (% α2,3-SA) of the cohort of 79 serum
samples. Benign Prostate Hyperplasia (BPH) samples are represented with an open circle (o), low risk
PCa with a cross (×), intermediate risk PCa with a filled triangle (�) and high risk PCa with a filled
circle ( ). (A) Representation of % α2,3-SA against tPSA serum levels; dotted line (- - -) shows the
cutoff value for discriminating high risk PCa samples from the other three groups; (B) Representation
of % α2,3-SA against the pathology. The center line indicates the median, and the top and bottom lines,
the 75th and 25th percentiles, respectively; (C) Representation of the Receiver operating characteristic
(ROC) curves for % α2,3-SA, tPSA, and %fPSA; (D) Correlation plot of % α2,3-SA from the PCa
serum samples with their Gleason score. The mean of % α2,3-SA of each Gleason score is shown with
a horizontal line (-).

In order to compare the performance of PSA α2,3-sialic acid percentage with that of tPSA and
the %fPSA values, the Receiver operating characteristic (ROC) curves of these three parameters were
compared (Figure 1C). The ROC assay showed that % α2,3-sialic acid had the highest performance
and could separate high-risk PCa patients from BPH, low, or intermediate-risk prostate cancers with
81.8% sensitivity and 96.5% specificity with a cutoff of 30%, resulting in an AUC of 0.97. In addition,
this biomarker, which is based on the detection of specific PSA glycoforms, significantly correlated with
the Gleason score of the tumor (correlation coefficient 0.554, p < 0.001) (Figure 1D), which highlights
its potential as a marker for aggressive PCa.

2.3. Prostate Health Index (PHI) Score Analysis of Serum Samples

For this analysis, patients’ sera were analyzed for total PSA (tPSA), free PSA (fPSA), and [−2]proPSA.
Then the Prostate Health Index (PHI) score was calculated [PHI = ([−2]proPSA /fPSA) × √

tPSA].
This methodology was used to analyze the cohort of serum samples tested previously for α2,3-sialic
acid percentage of PSA.
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The plot of the PHI score is shown against the concentration of total serum PSA of each sample
(Figure 2A) and in the four groups (Figure 2B). There was a significant increase of PHI score in the
group of high-risk PCa patients compared with the other two groups, low-risk PCa (p = 0.006) and
BPH (p < 0.001). The intermediate-risk PCa group showed also a significant increase of PHI compared
with low-risk PCa (p = 0.006) and BPH (p = 0.022). No significant differences were found between
high-risk PCa patients and intermediate-risk PCa neither between BPH and low-risk PCa patients.

Figure 2. Prostate Health Index (PHI) values of the cohort of 79 serum samples. BPH samples are
represented with an open circle (o), low risk PCa with a cross (×), intermediate risk PCa with a filled
triangle (�) and high risk PCa with a filled circle ( ). (A) Representation of PHI value against tPSA
serum levels; dotted line (- - -) shows the cutoff value for discriminating high risk PCa samples from the
other three groups; (B) Representation of PHI value against the pathology. The center line indicates the
median, and the top and bottom lines, the 75th and 25th percentiles, respectively; (C) Representation
of the ROC curves for the PHI value, tPSA and %fPSA (D) Correlation plot of PHI value of the PCa
samples with their Gleason score. The mean PHI value of each Gleason score is shown with a horizontal
line (-).

PHI values correlated with the tPSA levels of the sample in the high-risk PCa group (correlation
coefficient 0.758, p < 0.001), while there was no correlation for the other individual groups.

ROC analysis of the PHI score gave an AUC of 0.840 to discriminate high-risk PCa patients from
the other groups, BPH and low- and intermediate-risk PCa. With a PHI cutoff of 102.28, the sensitivity
was 81.8% and the specificity was 84.2%. The performance of the PHI score was higher than that of
tPSA and %fPSA (Figure 2C). PHI score values showed a significant correlation with the Gleason score
of the prostate tumor tissues (correlation coefficient of 0.664; p < 0.001) (Figure 2D).

Since PHI values of the high risk group were dependent on tPSA values, a subcohort of patients
with tPSA levels lower than 13 ng/mL (N = 67, 28 BPH, seven low-risk, 21 intermediate-risk and
11 high-risk PCa) was evaluated. This subcohort reduced basically the number of high-risk PCa
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patients, which had high levels of tPSA. In this subcohort, there was no correlation of PHI values and
tPSA levels within the high-risk group. The AUC of PHI in this subcohort for identifying high-risk
PCa was 0.81, slightly lower than when analyzing the whole cohort.

When PHI was assayed to discriminate PCa from BPH, the AUC was of 0.735, sensitivity of 84%
and specificity 45%, with a cutoff of 55.7. The diagnostic performance of PHI was higher than tPSA
(AUC of 0.506) and %fPSA (AUC of 0.632), in agreement with bibliographic studies. In the subcohort
of patients with tPSA levels lower than 13 ng/mL (N = 67, 28 BPH, seven low-risk, 21 intermediate-risk
and 11 high-risk PCa), PHI performance for PCa diagnosing (AUC of 0.694) was still higher than tPSA
(AUC of 0.382) and %fPSA (AUC of 0.630).

2.4. Combinatorial Analysis of PHI and α2,3-Sialic Acid PSA

In order to assess the performance of the combination of PHI and α2,3-sialic acid PSA, the R
statistic package was used. The combination of both biomarkers showed a high performance to
differentiate the high-risk PCa group from the other groups with an AUC of 0.985, much higher than
PHI alone (Figure 3A,C). The combination of PHI and α2,3-sialic acid PSA also correlated with the
Gleason score of the PCa patients and interestingly the two high-risk PCa patients with GS = 7 were
classified correctly and were differentiated from 14 out of 15 patients of GS = 7 of the intermediate-risk
PCa group (Figure 3B).

Figure 3. % α2,3-SA and PHI combination of the cohort of 79 serum samples. BPH samples are
represented with an open circle (o), low risk PCa with a cross (×), intermediate risk PCa with a filled
triangle (�) and high risk PCa with a filled circle ( ). (A) Representation of % α2,3-SA and PHI
combination values against the pathology. The center line indicates the median, and the top and
bottom lines, the 75th and 25th percentiles, respectively; dotted line (- - -) shows the cutoff value for
discriminating high risk PCa samples from the other three groups; (B) Correlation plot of % α2,3-SA
and PHI combination of the PCa samples with their Gleason score. The mean % α2,3-SA and PHI
combination value of each Gleason score is shown with a horizontal line (-); (C) ROC curves for the
diagnosis of high-risk PCa versus low- and intermediate-risk PCa and BPH. Diagnostic performance of %
α2,3-SA and PHI combination (solid line) compared with PHI (dotted line) and % α2,3-SA (dashed line).
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With the aim of implementing the combination of PHI and % α2,3-SA in clinics, an algorithm
that includes both variables was developed. This consisted of a generalized lineal model (GLM) with
a binomial response. After the introduction of PHI and α2,3-sialic acid percentage values, the GLM
allowed to classify the patients as high-risk PCa with 100% sensitivity and 94.7% specificity. The cutoff
for PHI score was 65.4 and for α2,3-sialic acid percentage of PSA was 29.94%. The model calculates the
probability of a patient to be diagnosed as high-risk PCa or not (either low and intermediate-risk PCa
or BPH). For a probability equal to, or higher than 23.2% (that corresponds to the point with maximum
sensitivity and specificity) the patient will be classified as high-risk PCa with a sensitivity of 100% and
a specificity of 94.7%. For a probability lower than 23.2% the patient will be classified either as a low-
or intermediate-risk PCa, or a BPH. The probability for each patient is calculated with the following
function using the patient values of PHI and α2,3-sialic acid percentage of PSA (% α2,3-SA), where β0,
β1 and β2 are parameters estimated by the model:

Prob(High − riskPCa) =
e(β0+β1PHI+β2%α2,3−SA)

1 + e(β0+β1PHI+β2%α2,3−SA)
.

3. Discussion

New generation of tumor markers for PCa diagnosis should be able to discriminate between
patients with aggressive tumors and those without cancer or low aggressive tumors. Thus, the skills
required for the new generation of markers of PCa are high sensitivity and specificity for aggressive
tumors. This way, an unnecessary biopsy in men who do not have an aggressive or asymptomatic
PCa could be avoided [19,28]. Early diagnosis of PCa frequently, involves the over-detection of
non-aggressive tumors.

In the next future, PCa diagnosis and prognosis will probably depend on panels of biomarkers
that will allow a more accurate prediction of PCa presence, stage and aggressiveness, so they will be
key factors in a clinician making decisions. These markers could include serum non-invasive markers,
as well as imaging markers, such as multi-parametric prostate magnetic resonance (mpMRI), which has
also been proposed as a means to avoid the incidental detection of low-grade cancers [29–31].

PHI is a simple and affordable blood test that could be used as part of a multivariable approach
to screening. In this sense, PHI has shown good performance for PCa diagnosis [16]. Our results are in
agreement with the reported data and have shown that PHI identifies PCa from BPH with an AUC
of 0.735 with higher performance than tPSA (AUC = 0.506) and %fPSA (AUC = 0.632). Since PHI
has been recommended for PSA levels between 4–10 ng/mL, we examined PHI performance in the
subcohort with levels of tPSA lower than 13 ng/mL and the AUC decreased to 0.694, but was still
higher than tPSA (AUC = 0.382) and %fPSA (AUC = 0.630).

However, the performance of PHI in identifying high-risk PCa from the non-aggressive PCa and
BPHs is much higher than for identifying PCa from BPH in both the whole cohort and the subcohort,
which can be explained because PHI correlates with the Gleason score, as has also been described
previously by other studies [32].

The potential of % α2,3-SA to identify high-risk PCa has been confirmed in this study. The AUC
was 0.97 with a cutoff of 30%, as previously described. Interestingly, % α2,3-SA performance was not
influenced by the tPSA levels of the samples, and had the same performance in the subcohort of tPSA
levels lower than 13 ng/mL.

% α2,3-SA test identifies PSA glycoforms containing α2,3-sialic acid, which have been linked
to PCa aggressiveness [9,10,33]. PHI score comprises other PSA isoforms linked to PCa, namely
[−2]proPSA, fPSA and tPSA. In this work, we have assessed whether these different PSA forms
could complement each other to better identify high-risk PCa. The combination of both markers,
% α2,3-SA and PHI, has given the best performance to identify high-risk PCa, with an AUC of
0.985 (100% sensitivity, 94% specificity), although larger independent cohorts are required to validate
these promising results. In this regard, the methodology to determine the percentage of α2,3-sialic
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acid of PSA is currently being implemented to make it more automated so that it could be used in
a clinical setting.

These results highlight that the future of prostate cancer diagnosis might rely on the combination
of a panel of markers based on PSA forms that can give accurate molecular diagnosis and staging and
indicate the likelihood of aggressive behavior.

4. Materials and Methods

4.1. Serum Samples

The study population included 79 patients (29 BPH and 50 PCa) from Hospital Universitari
Dr. Josep Trueta (Girona, Spain) between 2006 and 2013. The study was approved by the Hospital
Ethics Committee (Refs. 169.06 and 023.10) and all patients provided written informed consent before
being enrolled. Patients’ sera were collected and stored at −80 ◦C. Urology and Pathology units
from Hospital Universitari Dr. J. Trueta (Girona, Spain) performed the diagnosis using Transrectal
Ultrasound-guided biopsy and/or adenomectomy/prostatectomy followed by pathological analysis.

The 29 BPH patients of the study (age range 44–76 years old) had a medical follow-up for a minimum
of 2 years. 24 BPH patients had, at least, two negative biopsies with no evidence of high-grade Prostatic
Intraepithelial Neoplasia (PIN). The 5 BPH left were subjected to prostate surgery (adenomectomy or
prostate transurethral resection) and confirmed not to have prostate cancer by the Pathology Unit.

The 50 PCa patients of the study (age range 46–84 years old) were graded according to the
Tumor-Node-Metastasis (TNM) classification following the general guidelines of the European
Association of Urology. PCa patients were treatment naïve when serum samples were collected,
except one PCa patient of the high-risk group, who was receiving hormonal therapy. High-risk PCa
group comprised 22 patients with Gleason scores ≥8 (4 + 4) and/or with metastasis. The low-risk
PCa group included 7 patients with Gleason scores of ≤6 (3 + 3), tPSA levels <10 ng/mL and clinical
stage ≤pT2a. The group of intermediate-risk patients was comprised of 21 patients that did not meet
the above criteria. They had Gleason scores of 7 (3 + 4 or 4 + 3) and 6 (3 + 3) and also included
a patient with focal Gleason 8, tPSA levels <10 ng/mL and clinical stage pT2a considering his 10-year
relapse-free survival.

The average of tPSA serum levels for BPH patients was 7.59 ng/mL (range, 3.89 to 14.47 ng/mL).
The average of tPSA for the PCa groups was: 17.83 ng/ml (range, 1.96 to 87.51 ng/mL) for high-risk PCa
patients, 6.44 ng/mL (range, 3.73 to 12.42 ng/mL) for intermediate-risk PCa patients, and 4.56 ng/mL
(range, 2.45 to 6.33 ng/mL) for low-risk PCa patients.

4.2. Analysis of α2,3-Sialic Acid of Serum PSA

The determination of % α2,3-sialic acid of PSA was performed using a previously published
method [9]. Briefly, ethanolamine 5 M was added to 0.75 mL of each serum sample to a final
concentration of 1 M to release the PSA complexed to α1-antichymotrypsin. Total PSA was
immunopurified using the Access Hybritech PSA assay Kit (Beckman Coulter, Brea, CA, USA).
Amicon Ultra-0.5 3K Centrifugal Filter Devices (Millipore, Cork, Ireland) were used for desalting and
concentrating the immunopurified tPSA samples up to a final volume of 40 μL. Samples were then
applied to a lectin chromatography using Sambucus nigra (SNA)-agarose lectin (Vector Laboratories, Inc.,
Burlingame, CA, USA). Eluted unbound and bound chromatographic fractions were collected by
centrifugation and quantification of free PSA of these fractions was performed using the Roche
ELECSYS platform and used to determine the percentages of fPSA in the unbound fraction, corresponding
to α2,3-sialic acid PSA, and in the bound fractions, which correspond to α2,6-sialic acid PSA.

4.3. Quantification of tPSA, fPSA and [−2]proPSA

Patient sera were analyzed for total PSA (tPSA), free PSA (fPSA), and [−2]proPSA on the Beckman
Coulter Access 2 analyzer using WHO-standard-calibration. The Prostate Health Index (PHI) score
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was then calculated [PHI = ([−2]proPSA/fPSA) × √
tPSA]. Assays kits used were: Hybritech total

PSA assay kit (Beckman Coulter, Fullerton, CA, USA; cat. no. 37200; Lot no. 523610), Hybritech free
PSA assay kit (Beckman Coulter, Fullerton, CA, USA; cat. no. 37210; Lot no. 570228) and Hybritech
p2PSA assay kit (Beckman Coulter, Fullerton, CA, USA; cat. no. P090026; Lot no. 527739). Assays were
performed according to the instructions of their manufacturer and calibration and control materials
used in each assay where the ones recommended by the manufacturer.

4.4. Statistics

Statistical analyses of both PHI and % α2,3-SA as PCa biomarkers were performed using IBM
SPSS Statistics 23 for Windows and graphics were generated with SPSS software and GraphPad Prism
5 (GraphPad Software, Inc., La Jolla, CA, USA).

Patients were classified into four groups (BPH, low-risk PCa, intermediate-risk PCa, and high-risk
PCa) and Shapiro-Wilk and Levene’s tests were used to assess the normality and homoscedasticity
of variables. Differences of % α2,3-SA and PHI value between groups were analyzed using
a Mann–Whitney U test. Receiver operating characteristic (ROC) curves were analyzed for tPSA,
fPSA, % α2,3-SA, and PHI for distinguishing between high-risk PCa from the group of low-risk PCa,
intermediate-risk PCa, and BPH, and also for distinguishing between PCa from BPH.

Bivariate regression (Pearson correlation) was used to analyze the correlation of % α2,3-SA and
PHI with either the Gleason score or the tPSA levels.

To combine PHI and % α2,3-SA, a logistic regression was performed, in which the response
variable corresponded to the probability that the event of interest was a high-risk PCa (variable taking
the value 1) or the group comprising low- and intermediate-risk PCa and BPH (variable taking the
value 0). An R statistical package was used to develop a generalized lineal model (GLM) with binomial
response. The construction and the comparison of the AUC of the ROC curves were performed using
the Epi [34,35] and pROC libraries [36].

In all these analyses, p < 0.05 was considered statistically significant.
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PCa Prostate cancer
PSA Prostate Specific Antigen
PHI Prostate Health Index
BPH Benign Prostate Hyperplasia
AUC Area Under the Curve
% α2,3-SA Percentage of α2,3 sialic acid of PSA
DRE Digital rectal examination
tPSA Total PSA
fPSA Free PSA
FDA Food and Drug Administration
%fPSA Free-to-total prostate-specific antigen ratio
PIN Prostatic Intraepithelial Neoplasia
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TNM Tumor-Node-Metastasis
ACT α1-Antichymotrypsin
SNA Sambucus nigra lectin
CV Coefficient of variation
mpMRI Multi-parametric magnetic resonance imaging
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Abstract: Prostate cancer is the most common non-cutaneous cancer among men; yet, current
diagnostic methods are insufficient, and more reliable diagnostic markers need to be developed.
One answer that can bridge this gap may lie in microRNAs. These small RNA molecules impact
protein expression at the translational level, regulating important cellular pathways, the dysregulation
of which can exert tumorigenic effects contributing to cancer. In this study, high throughput
sequencing of small RNAs extracted from blood from 28 prostate cancer patients at initial stages
of diagnosis and prior to treatment was used to identify microRNAs that could be utilized as
diagnostic biomarkers for prostate cancer compared to 12 healthy controls. In addition, a group
of four microRNAs (miR-1468-3p, miR-146a-5p, miR-1538 and miR-197-3p) was identified as
normalization standards for subsequent qRT-PCR confirmation. qRT-PCR analysis corroborated
microRNA sequencing results for the seven top dysregulated microRNAs. The abundance of four
microRNAs (miR-127-3p, miR-204-5p, miR-329-3p and miR-487b-3p) was upregulated in blood,
whereas the levels of three microRNAs (miR-32-5p, miR-20a-5p and miR-454-3p) were downregulated.
Data analysis of the receiver operating curves for these selected microRNAs exhibited a better
correlation with prostate cancer than PSA (prostate-specific antigen), the current gold standard
for prostate cancer detection. In summary, a panel of seven microRNAs is proposed, many of
which have prostate-specific targets, which may represent a significant improvement over current
testing methods.

Keywords: microRNA; high throughput RNA sequencing; small RNA sequencing; qRT-PCR;
prostate cancer; PSA

1. Introduction

Prostate Cancer (PCa) is the most common non-cutaneous cancer among men, yet current
diagnostic methods are insufficient at detecting this disease, and more reliable biomarkers need
to be developed. Currently, the prostate-specific antigen (PSA) is used as a diagnostic marker for PCa;
however, many factors have been found to elevate PSA levels. Age, infection, trauma, ejaculation,
urinary retention, instrumentation, certain medications and even bike riding can lead to false positive
diagnoses, generating unnecessary concern and over-treatment with dire outcomes for the patient [1–4].
Even worse are the chances of false negative diagnoses, which result in PCa remaining undetected
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until its later stages. Therefore, although the use of the PSA level has had its clinical advantages,
it has failed to sufficiently bridge the gap to accurately diagnose disease or distinguish indolent from
aggressive disease. One answer that might close this gap and enable more efficient diagnoses may lie
in microRNAs (miRs) [5].

Small RNAs play an extremely important role in gene regulation. Their function in the suppression
of unwanted genetic materials is vital to the proper operation of the cell. Small RNAs fall into three
classifications: microRNAs, siRNA and PIWI-interacting RNAs (piRNA), the most dominating of
which are microRNAs [6]. MicroRNAs are small non-coding RNA molecules (18–22 nts in length) that
are evolutionarily conserved and associated with the Argonaute family of proteins. These microRNAs
function at the translational level through silencing mechanisms to regulate gene expression.

MicroRNAs have been shown to be significantly altered throughout the course of disease
progression [7]. This is especially true in cancer where abnormal cell growth and angiogenesis are
critical for tumorigenesis to occur. The loss of microRNAs that suppress the translation of oncogenes,
termed tumor suppressors, has been shown to contribute to the development and progression of many
cancers [7]. These microRNAs are primarily responsible for controlling apoptotic pathways and cell
cycle checkpoints [7].

Since the discovery of microRNAs, many research groups have analyzed blood in hopes of
establishing a correlation to disease. Mitchell et al. first reported that PCa cells released microRNAs
into the bloodstream in protective capsules, the content of which could be monitored by PCR-based
methods [8]. Schultz et al. studied whole blood for the identification of microRNAs that could be
used as biomarkers for the detection of pancreatic cancer [9]. By confirmatory qRT-PCR, they found
38 microRNAs dysregulated and were able to identify two diagnostic microRNA panels that could
distinguish between patients with pancreatic cancer from healthy controls [9]. Another study compared
microRNA levels between plasma and serum from PCa patients by measuring four microRNAs:
hsa-miR-15b, hsa-miR-16, hsa-miR-19b and hsa-miR-24. Interestingly, they found a strong correlation
in the microRNA content of these two types of body fluids supporting either serum or plasma as a
sufficient source of material for disease studies [8]. Using qRT-PCR, Cochetti et al. suggested a panel
of serum microRNAs that could distinguish PCa from benign prostatic hyperplasia in age-matched
patients with elevated PSA levels [10]. Thus, the use of blood, serum or plasma as a worthwhile source
of material to diagnose disease is well documented [8–10].

To date, a number of studies have used PCR technology to identify microRNAs that could be
used as relevant biomarkers to diagnose PCa [11,12]. Certainly, these are important studies, but for
the most part, they have used preformed panels of microRNA arrays or focused qRT-PCR assays for
specific microRNAs suggested from studying a wide range of different cancers and then applied to
PCa. By this approach, only predetermined, known microRNAs are being evaluated. In an effort to
widen the scope of microRNA candidates, high throughput sequencing (HTS), also referred to as deep
sequencing or RNA sequencing, would better evaluate all possible microRNAs, as well as permitting
the discovery of new, novel microRNAs. Keller et al. used HTS of whole blood samples collected with
PAXgene blood tubes to study microRNA profiles in lung cancer patients [13]. However, in this case,
samples were pooled prior to sequencing, thereby preventing an analysis of microRNA dysregulation
across individual samples. To our knowledge, only two reports have used HTS to identify microRNAs
diagnostic for PCa. In one case, HTS was used to compare the microRNA content of prostate tumors
to adjacent tumor-free margins with the discovery of a loss of miR-143 and miR-145 expression in
tumor tissues [14]. A second report applied HTS to exosomal material isolated from blood and found
miR-1290 and miR-375 as prognostic markers for castration-resistant prostate cancer (CRPC) [15].
However, in this case, these microRNAs would be useful for identifying late stage prostate cancers.

To better define microRNAs that could be used to more accurately predict PCa at early, not later
stages of disease, in this pilot study, we have used HTS of blood from PCa patients at initial stages of
diagnosis and before undergoing treatment compared to healthy controls. Moreover, samples were
analyzed individually rather than as a pool so that variability between patients or control samples

155



Int. J. Mol. Sci. 2017, 18, 1281

could be followed. RNA sequencing results were also analyzed to identify normalization microRNAs
that could be used as endogenous controls for subsequent qRT-PCR analyses. Confirmatory qRT-PCR
was then used to corroborate HTS results for the top seven dysregulated microRNAs. Data analysis of
the area under the curve (AUC) of the receiver operating curves (ROC) for these selected microRNAs
exhibited a better correlation with prostate cancer (AUC range = 0.819–0.950) than the reported value
for PSA (AUC 0.678 comparing PCa to non-cancer) [16]. In summary, a panel of seven microRNAs is
proposed, many of which have prostate-specific targets, which upon follow-up confirmatory studies
could represent a significant improvement over current testing methods.

2. Results

2.1. High Throughput Sequencing Results

A summary of the characteristics and pathological data for patients (n = 28) and controls (n = 12)
selected for this study is compared in Table 1. Data for each individual can be found in Appendix A
Table A1. Blood was retrieved from patients at early stages of diagnosis and prior to treatment. For
most cases, age, ethnicity, PSA and Gleason scores obtained from biopsy were reported. The Gleason
score was obtained by microscopic analysis by a trained pathologist and is the combined score of the
most common and second most abundant cell type based on cell morphology. When the Gleason score
or PSA were not available, it is designated as unknown. Although some mix of ethnicity was obtained,
Caucasian was most prevalent with no ethnicity or age recorded for nine individuals. Low Gleason
scores of G6 and G7 and PSA values ranging from 3.4–22 predominated, since samples were taken
from patients at early stages of diagnosis. Although Gleason scores were not reported for four patients,
elevated PSA levels including the high of 22 was found within this group supporting their inclusion to
analyze as many samples as possible in this pilot study. Every effort was made to select a control group
that had no evidence of PCa either for the individual or within the family. PCa being predominately a
disease of the elderly, the average age of the patient group did exceed that of the controls, but since all
data were analyzed as individuals, we could subsequently evaluate differences within each group.
In this case, we did not find notable discrepancies in data within either the patient or control group due
to age or the group of four with elevated PSA values, but unknown Gleason scores, further supporting
their inclusion in this study.

Table 1. Characteristics and pathological data of patients and controls involved in the study.

Characteristics PCa (n = 28) Controls (n = 12)

AGE (years)
Range Age 55–92 (n = 19) 23–91 (n = 12)
Mean Age 65.9 50
Unknown 9 0

ETHINICITY (race)
Caucasian 12 9
African American 6 1
Asian/Hawaiian 1 1
Unknown 9 0

PSA (Prostate Specificity Antigen)
Range 3.2–22 (n = 19) –
Mean 7.39 –
Elevated n = 3 –
Unknown n = 6 –

PATHOLOGY (Gleason Score)
G6 n = 9 –
G7 n = 11 –
G8 n = 2 –
G9 n = 2 –
Unknown n = 4 –
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Blood was collected and small RNAs extracted from individual patient and control samples as
described in the Materials and Methods. The HTS data revealed that among the 2588 microRNAs
present in the miRBase (mature 21 June 2014) [17], about 550 were found at detectable levels in the
samples tested. To better refine this list of potential candidates, p-values were adjusted using the
Benjamini-Hochberg method to yield a False Detection Rate, or FDR value. The FDR value indicates
the possible false detection rate using a generalized linearization model. This method is considered
a Type 1 error expansion multiple comparison model that reduces the risk of rejecting a true null
hypothesis. In order to include as many positive hits as possible in the HTS screening, a cutoff FDR
value of <0.2 was selected. An FDR value of 0.2 would mean that 20% of selected microRNAs may
be false positives. Since all HTS results would be subsequently confirmed by qRT-PCR, it was felt
that lowering the stringency to include more potential microRNA candidates for future confirmation
was acceptable at this initial stage. In fact, lowering the stringency of this selection generated a list
of 10 possible dysregulated microRNAs for future study (Table 2). Subsequently, miR-5582-3p and
miR-543 were dropped because there were no manufactured primers readily available in the market,
and their abundance was low. In addition, miR-500b-3p was also dropped due to its low abundance.
Thus, seven microRNAs were chosen for future analysis.

Table 2. HTS differential expression analysis the top 10 dysregulated miRNA candidates.

MicroRNA LogCPM LogFC p-Value FDR

miR-5582-3p 0.861 −2.477 2.36 × 10−6 0.001
miR-32-5p 2.436 −2.036 1.23 × 10−5 0.003

miR-500b-3p 1.141 2.035 5.77 × 10−4 0.105
miR-329-3p 1.760 2.096 1.11 × 10−3 0.132

miR-487b-3p 0.854 2.596 1.20 × 10−3 0.132
miR-454-3p 5.239 −0.933 1.50 × 10−3 0.138
miR-204-5p 1.646 1.781 1.93 × 10−3 0.151
miR-20a-5p 9.049 −1.085 2.97 × 10−3 0.167
miR-127-3p 4.337 1.433 3.16 × 10−3 0.167

miR-543 3.353 1.359 3.48 × 10−3 0.167

LogFC = Log2 comparing patients to controls. FDR = false detection rate.

During the bioinformatics analysis, the HTS total reads for patients and controls were not
significantly different from each other, suggesting that blood from normal and patient groups contained
similar amounts of total microRNA (Figure 1). This similarity increased the confidence of dysregulation,
as it could be confirmed that the differential expression of certain microRNAs was not due to differences
in library size.
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Figure 1. Analysis of HTS reads in blood from PCa patients and controls. HTS was performed on a
total number of 40 samples (28 patients and 12 controls) with an RNA concentration of 100 ng/μL.
Total reads are shown before and after the Partek Flow® (St. Louis, MO, USA) process.
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Processed raw reads were further normalized using the Trimmed Mean of M-values (TMM)
method provided by the Edge R program [18]. Based on the hypothesis that most genes are not
differentially expressed, the TMM method generates a scaling factor applied to library sizes, which
attempts to minimize the intra-group variation in gene expression. This normalization method can
further minimize the effect of technical variations caused by sequencing depth and batch variation.
The TMM method is a very powerful method when varying library size, and high-count genes can
exist [19]. Compared to the commonly-used normalization methods of Total Counts (TC) or Reads
Per Kilobase per Million mapped reads (RPKM), the TMM method is more reliable, because it not
only normalizes the library size, but also takes into account the effect of RNA composition [18].
The effectiveness of the TMM method in normalizing the microRNA sequencing results was later
confirmed via qRT-PCR.

The seven dysregulated microRNAs indicated by HTS differential expression analysis showed
great differences in normalized reads between control and patient groups (Figure 2a–g). According
to the HTS data, four microRNAs were upregulated (miR-127-3p, miR-204-5p, miR-329-3p and
miR-487b-3p) in patients’ blood samples (Figure 2a–d), while three microRNAs (miR-32-5p, miR-20a-5p
and miR-454-3p) were downregulated (Figure 2e–g).
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Figure 2. HTS data show dysregulation of seven microRNAs in blood from PCa patients (red) compared
to controls (blue). (a–g) Box plots of the top seven dysregulated microRNAs as indicated on each
panel are based on Edge R differential expression analysis. p-Values and FDR values were generated
by Edge R using the generalized linear method. Box-and-whiskers graphs were plotted using Prism.
The minimum, the 25th percentile, the median, the 75th percentile and the maximum are shown on
each box plot as the bottom to the top lines, respectively. An FDR < 0.2 was considered significant.

2.2. Identification of MicroRNAs as Normalization Standards for qRT-PCR

In order to confirm HTS data by qRT-PCR, a normalization method needed to be developed
to ensure that microRNA dysregulation was due to true biological variation and not technical
error. Ideally, microRNA normalizers should exhibit small standard deviations and display similar
expression levels to the dysregulated microRNAs under study. To this end, the concentration of small
RNAs in each sample was determined from bioanalyzer results, set to a constant amount, and the
Cq value determined by qRT-PCR. Results were analyzed using the NormFinder program, which
scrutinizes intra- and inter-group variations to determine which microRNA candidates are best suited
for normalization using an algorithm to calculate a stability value for each microRNA, i.e., the lower
the value, the lower the variation.

The NormFinder program selected eight microRNAs as exhibiting stable expression patterns;
miR-146a-5p, miR-1538, miR-197-3p, miR-1468-3p, miR-26b-5p, miR-296-5p, miR-1248 and miR-23a-3p
(Figure 3a; raw data Appendix A Table 2). Due to limiting amounts of material, the search for potential
microRNA normalizers was initially monitored in a subset of samples, i.e., eight patients and eight
controls. Of these, the first four candidates, which exhibited the closest stability values (ranging
from 0.009–0.0016) with minimal differences in expression between control and patient samples, were
subsequently analyzed in a fuller spectrum of samples (26 patients and 10 controls). Unfortunately,
two samples from each group of HTS data had to be dropped from further analysis due to a lack
of material (Figure 3b; raw data Appendix A Table 3). NormFinder suggested that the single best
candidate was miR-146a-5p. However, when there is no obvious single, outstanding normalization
candidate, NormFinder suggests using a combination of microRNAs to increase reliability and
produce less intra- and inter-group variability. Since the top four microRNAs (miR-146a-5p, miR-1538,
miR-197-3p, miR-1468-3p) all showed very close stability values, the Cq value of each was compared
to each other, as well as the geometric mean of the top two candidates (miR-146-5p and miR-1538) or
all four top candidates together (Figure 3b). The top two candidates showed decreased intra-group
variation, especially for the patient group (Figure 3b). However, the geometric mean of all four
candidates together showed even smaller intra- and inter-variations within and between both control
and patient groups (Figure 3b). Therefore, these four microRNAs were selected as a group of
normalizers to be used for downstream qRT-PCR analyses.
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Figure 3. Analysis by the NormFinder program identified four microRNAs as the best normalization
candidates for qRT-PCR studies. (a) Eight stably-expressed microRNAs (miR-146a-5p, miR-1538,
miR-197-3p, miR-1468-3p, miR-26b-5p, miR-296-5p, miR-1248 and miR-23a-3p) suggested by HTS
data were confirmed by qRT-PCR in triplicate (eight controls and eight patients). The small RNA
concentration for each sample was normalized to roughly 0.012 ng/μL in each reaction. A stability
value was generated for each candidate by the NormFinder program, where the lower the value,
the better; (b) The Cq value of the top four microRNA candidates (miR-1468-3p, miR-146a-5p, miR-1538,
miR-197-3p) was subsequently evaluated in 26 patients and 10 controls and plotted individually
as box plots versus the geometric (Geo) mean of two candidates (miR-146a-5p and miR-1538) or
four candidates (miR-146a-5p, miR-1538, miR-197-3p and miR-1468-3p ) as analyzed in triplicate
by qRT-PCR.

2.3. Validation of HTS Data by qRT-PCR Analysis

The elucidation of valid microRNA normalizers permitted further analysis of HTS results via
qRT-PCR. The individual dot plots of dCq (ΔCq) values are shown for the seven dysregulated
miRs suggested by HTS data (Figure 4). According to the qRT-PCR results, miR-127-3p, miR-204-5p,
miR-329-3p and miR-487b-3p were all upregulated in patients compared to controls (Figure 4a–d),
while miR-32-5p, miR-20a-5p and miR-454-3p were downregulated (Figure 4e–g) The differences in
expression in control versus patient samples was calculated for each microRNA as the –ddCq (Log2
fold change) and shown in Figure 4h. Raw and normalized Cq values for controls and patients are
included in Appendix A Tables 3 and 4, respectively. Thus, the qRT PCR results agreed with the HTS
data, confirming that all seven microRNAs were dysregulated in PCa patients.
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Figure 4. Confirmatory qRT-PCR results for dysregulated miRNA candidates suggested by HTS
data. (a–g) A comparison between normalized Cq values (dCq) from qRT-PCR analysis of blood from
patients and controls and plotted as dot blots. qRT-PCR was performed on 36 samples (10 controls and
26 patients) in triplicate. Samples were adjusted to the same small RNA concentration (0.012 ng/μL)
per reaction. Raw Cq values were normalized by subtracting the geometric mean Cq value of the
top four normalization candidates (miR-146a-5p, miR-1538, miR-197-3p and miR-1468-3p) suggested
by the NormFinder program from individual Cq values to generate dCq. A p-value was obtained
using the Mann–Whitney nonparametric test assuming that data do not follow a Gaussian distribution.
A p-value < 0.05 was considered significant. The minimum, median and maximum values are shown as
respective lines from the bottom to the top; (h) The −ddCq values of the seven dysregulated microRNAs
are shown. The −ddCq for each candidate was obtained by taking the mean of the normalized dCq of
all controls minus the normalized dCq of each patient sample. This value equals the fold change on a
Log2 scale.
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In order to further assess whether the seven microRNAs could serve as good biomarkers, Receiver
Operator Curves (ROC) were drawn based on the qRT-PCR data. ROC analysis demonstrates the
trade-off between sensitivity and specificity where a good biomarker should display both high
sensitivity and high specificity [20]. The ROC curve for each microRNA is shown in Figure 5. In ROC
analysis, the Area Under the Curve (AUC) quantifies the biomarker potential for each candidate
where the higher the AUC value, the better a candidate microRNA is at distinguishing PCa patients
from controls. Via ROC analysis, the currently used PCa biomarker, PSA, has a reported AUC value
of 0.678 for distinguishing PCa from no cancer [16]. The seven microRNAs identified in our study
exhibited a respectable range of AUC values from 0.7538 for miR-127-3p up to 0.9462 for miR-329-3p,
all significantly better than that reported for PSA, with p-values ranging from 1.9435 × 10−6 to 0.0094
(Figure 5a–g).
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Figure 5. Receiver operator curves for dysregulated microRNAs. (a–g) Analysis was performed based
on the qRT-PCR results in triplicate of individual microRNAs as indicated on each graph and plotted
as sensitivity versus specificity. An AUC > 0.5 is considered significant.

2.4. Comparison of Blood Results to TCGA Database

The expression of our panel of blood microRNAs was compared to expression levels in tumor
tissue by our analysis of data in The Cancer Genome Atlas (TCGA) database. Although the TCGA
microRNA sequencing data were annotated with the stem-loop transcripts instead of the mature
strands, all seven microRNAs from our study derive from the major expressed mature strand of their
stem-loop precursor based on data in miRBase [17]. Therefore, the expression of these seven mature
microRNAs is directly proportional to the abundance of their stem-loop precursors. The mature
miR-127-3p, miR-204-5p, miR-487b-3p, miR-32-5p, miR-20a-5p and miR-454-3p are derived from
precursors miR-127, miR-204, miR-487b, miR-32, miR-20a and miR-454, respectively. The mature
miR-329-3p was derived from two precursors, miR-329-1 and miR-329-2.

The expression of each precursor in PCa tissues compared to their disease-free matched margins
showed significant dysregulation, and the direction of dysregulation agreed with the literature results
(Figure 6). However, the pattern of dysregulation for each microRNA in tumor tissue was opposite to
that pattern observed in our blood samples. For example, miR-127, miR-204, miR-329-1, miR-329-2
and miR-487b were all upregulated in PCa tissue, which suggested that their major mature strands
(miR-127-3p, miR-204-5p, miR-329-3p and miR-487b-3p) were also upregulated. However, these four
microRNAs were shown to be downregulated in our blood samples. The inverse correlation was
observed for the three microRNAs (miR-32-5p, miR-20a-5p and miR-454-3p) that are downregulated
in blood. Again, their precursor transcripts and presumably major, mature microRNA products were
upregulated in the TCGA tissue data. A comparison of the fold changes between our HTS blood data
versus that from the TCGA database are included in the Appendix A (Table 5).
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Figure 6. An analysis of microRNA sequencing results from the TGCA matched tissue database for the
seven microRNA candidates. (a–h) Reads for each microRNA candidate as indicated were normalized
using the Edge R TMM method and plotted as a dot blot with a line (bottom to top, respectively)
representing the minimum, median (or mean) and maximum value for the tumor versus the disease-free
matched tissue (free-margin) from PCa patients. A p-value was obtained using the Mann–Whitney
nonparametric test assuming that that data do not follow a Gaussian distribution. A p < 0.05 was
considered significant. TCGA, The Cancer Genome Atlas.

3. Discussion

Analysis of HTS sequencing results suggested a panel of seven microRNAs that could be useful
in diagnosing PCa in blood. Previously, the lack of reliable microRNA standards for normalization
across different samples had been detrimental to subsequent qRT-PCR validation studies. In some
studies, snRNAs have been used for this purpose, but since these are not normally secreted and
are not produced by pathways that correlate with microRNA synthesis, their use as normalizers
for complex body fluids such as blood is questionable. A review of our HTS data selected four
microRNAs (miR-197-3p or -5p, miR-1538, miR-1468-3p and miR-146a-5p) that were consistently
expressed across all patient and control samples and could be used as reliable normalization standards
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for future qRT-PCR studies. Kirschner et al. also found miR-146a to be stably expressed in plasma
and serum, not affected by hemolysis, in agreement with our results in blood [21]. Moreover,
the enhanced geometric mean of these microRNAs was shown to be significantly better than any single
microRNA alone.

With a proven group of normalization standards, it was important to confirm HTS results via
qRT-PCR. Significantly, results from these two very different methodologies agreed well, further
supporting the validity of our approach. All of the microRNAs with low p- and FDR-values via
HTS data showed significant p-values with qRT-PCR and notable AUC values upon ROC analysis.
This agreement was encouraging because thus far, investigators had been determining diagnostic
microRNAs by screening of pre-selected microRNA arrays, which represented only a small subset of
microRNAs from the database of >2580 total microRNAs [17]. This approach is limited to analyzing
only those microRNAs that have already been shown to be dysregulated in some disease and then
selected for analyzing PCa. However, HTS permits the identification of all possible diagnostic
miRNAs, both known and perhaps novel, expanding the spectrum of microRNA candidates evaluated.
Interestingly, a few novel microRNA species were identified, but these always turned out to be a
single report; thus, their relevance as a “new” molecule warranting further verification was hard to
justify in this pilot study due to their low abundance. More importantly, HTS results were validated
by qRT-PCR for all seven candidates generating ROC curves with individual AUC values better than
PSA (AUC = 0.678), the current gold standard for diagnosing PCa [16].

Another value of our suggested panel is that four microRNAs are upregulated in blood, whereas
three are downregulated. This result means that each group can serve as an additional internal control
for each other, thereby further serving to verify the accuracy of results, i.e., they do not all go up or all
go down. Constructing a diagnostic panel with only downregulated microRNAs is always hard to
justify; however, by pairing the loss of three microRNAs with an increase in the other four allows for
greater diagnostic confidence.

In some previous studies, PCa samples were pooled in order to obtain sufficient material for
subsequent analysis [22,23]. This approach prevents an analysis of variability across individual samples
and blocks any correlation to the stage of disease when Gleason scores are available. Not only is it
important to diagnose PCa, but eventually to identify biomarkers that could serve to stage disease and,
more importantly, discern indolent from aggressive disease, thereby impacting subsequent treatment
options. Thus, the fact that valid HTS data could be acquired from individual samples without
requiring pooling might enable a correlation between microRNA and tumor stage in future studies.
Samples analyzed here were predominately from lower Gleason-scored patients (Table 1: 9 or 11
patients with a G6 or G7 score respectively with only 2 samples scored as G8 or G9). Thus, our
panel is more diagnostic for early detection and, if these patients could be followed, might elucidate
microRNAs useful for separating indolent from more aggressive disease. In any case, more patient
samples are needed particularly with higher Gleason scores to determine microRNAs that could
identify later stages of disease as proposed for miR-1290 and miR-375 in CRPC [15].

3.1. Literature Review of Diagnostic Panel of Dysregulated MicroRNAs in Cancer

A brief review of these diagnostic seven microRNAs, their Chromosomal (Chr) location and
known targets was carried out to determine if their dysregulation might support a functional role in
prostate tumorigenesis.

3.1.1. miR-127-3p, miR-204-5p, miR-329-3p and miR-487b-3p as Tumor Suppressors

miR-127-3p (Chr 14) is situated near a cluster of microRNAs (has-miR-431, hsa-miR-433,
hsa-miR-432 and hsa-miR-136) susceptible to epigenetic silencing [24]. It has been shown to target
BCL6 and is downregulated in breast cancer tissue where overexpression of miR-127-3p or depletion
of BCL6 supported its role as a tumor suppressor [25]. In addition, BCL6 plays an important role in
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cell proliferation by suppressing transcription of the anti-apoptotic BCL-XL gene and the adhesion
molecule VCAM [26,27].

miR-204-5p (Chr 9) is highly downregulated in many tumor types including breast, kidney and
prostate [28]. The absence of miR-204-5p led to a decrease in Kir7.1 proteins, which connect TGF-BR2
and maintain potassium homeostasis, thereby playing a crucial role in maintaining epithelial barrier
function and cell physiology [28]. miR-204-5p has been shown to suppress the growth, migration and
invasion of endometrial carcinomas by binding to TrkB mRNA and interfering with JAK2 and STAT3
phosphorylation [29].

miR-329-3p (Chr14) is part of an extensive microRNA cluster containing over 40 microRNAs. Yang
et al. found miR-329-3p to be downregulated in metastatic, neuroblastoma tumor tissue compared
to the primary tumor [30]. One promising target for miR-329-3p is KDM1A, which has been shown
to be significantly upregulated in the androgen-dependent LnCaP prostate cell line [30,31]. Upon
depletion of KDMA1 using siRNA, VEGF-A expression was also decreased, which in turn blocked
androgen-induced VEGF-A, PSA and Tmprss2 expression, suggesting a role for miR-329-3p as a
tumor suppressor.

miR-487-3p (Chr 14 within the same microRNA cluster as miR-329) has been found to be
downregulated in neuroblastomas and in PCa [32,33]. Moreover, 10 microRNAs from this cluster
were found to be significantly downregulated in PCa as Gleason scores increased, thereby playing
an important role in regulating proliferation, apoptosis, migration and invasion in metastatic PCa
cells [32]. An interesting predicted target for miR-487b-3p is ALDH1A3, aldehyde dehydrogenase 1A3,
an enzyme known to be upregulated four-fold in the LnCaP PCa cell lines [34] when exposed to the
androgen Dihydrotestosterone (DHT).

3.1.2. miR-32-5p, miR-20a-5p and miR-454-3p as OncomiRs

miR-32-5p (Chr 9) has been found to be an androgen-regulated microRNA that targets BTG2 [35].
Its overexpression has been shown to block apoptosis and promote PCa in CRPC. Furthermore,
this microRNA was discovered to be regulated by DHT and displays putative upstream androgen
receptor-binding sites (ARBS).

miR-20a-5p (Chr 13) is part of the miR-17–92 cluster, which plays an important role in cell cycle
progression, proliferation, apoptosis and other cellular processes [36]. One of the most studied targets
of miR-20a is the E2F family, particularly E2F2 and E2F3 [37]. The overexpression of miR-20a-5p in the
PC3 PCa cell line was shown to regulate the cell cycle via targeting of E2F2 and E2F3 mRNAs [36].
In addition, this microRNA also targets several cyclin-dependent kinases, including p21 and p57,
which halt cell cycle progression. Finally, another notable target is FasI, which promotes cell death [37].
Thus, the major targets of miR-20a-5p promote tumorigenesis and angiogenesis by blocking cell cycle
checkpoints [36].

miR-454-3p is located on Chr 17 in the first intronic region of its host gene SKA2 (Spindle and
Kinetochore-Associated Complex Subunit 2). SKA2 is essential for proper chromosome segregation.
During the cell cycle, both SKA2 and miR-454-3p have been shown to be upregulated. miR-454-3p
targets the tumor suppressor gene, BTG1 (B cell Translocation Gene 1), which plays an important
role in cell cycle progression and is involved in the stress response [38]. This anti-proliferative
gene is expressed at its highest concentration during the G0/G1 phases of the cell cycle and is then
downregulated when the cell progresses through the G1 phase. In renal carcinoma cells, an increase in
miR-454-3p displayed a marked decrease in BTG1 via a direct interaction with the 3′-UTR of BTG1
mRNA [38].

3.1.3. Summary of the Literature Review for Targets of Panel MicroRNAs

A summary of these results is shown in Table 3. The four upregulated microRNAs in patient blood
(miR-127-3p, miR-329-3p, miR-487b-3p and miR-204-5p) cumulatively target BCL6, TrkB, KDM1A
and ALDH1A3, all of which have been shown to be important regulators in PCa [24–34]. Since these
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proteins exert oncogenic effects in prostate tissue, their regulators are viewed as tumor suppressors,
the loss of which could contribute to tumorigenesis. On the other hand, the three downregulated
microRNAs in patient blood (miR-20a-5p, miR-32-5p and miR-454-3p) have been shown to target
the tumor suppressor proteins E2F2/3, BTG2 and BTG1, respectively [35–38]. Although they were
downregulated in our patient blood samples, they have been shown to be oncomiRs in tumor tissue,
the retention of which could promote tumor progression. A review of this literature supports how
these microRNAs could play a role in PCa progression.

Table 3. Summary of targets and their role in prostate cancer for the miRNA panel.

MicroRNA Validated Target Possible Role in Cancer

miR-127-3p BCL6 [24–27] Tumor suppressor
miR-204-5p TrkB [28,29] Tumor suppressor
miR-329-3p KDMA1 [30,31] Tumor suppressor

miR-487b-3p ALDH1A3 [32–34] * Tumor suppressor
miR-32-5p BTG2 [35] OncomiR
miR-20a-5p E2F family, P21, p57 [36,37] OncomiR
miR-454-3p BTG1 [38] OncomiR

* A predicted target.

Interestingly, three of the microRNAs in our panel belong to the same mega cluster on Chr 14.
A post-review of our data did note differential expression for several additional members from this
cluster. However, due to their low abundance, slightly higher FDR values and limited budget, they
were not included in subsequent qRT-PCR confirmatory studies. Analysis of the HTS data showed
that five mega cluster members (miR-654-5p, miR 654-3p, miR-493-3p, miR-493-5p and 433-5p) were
present in the top 50 dysregulated microRNAs ranking 17th–59th from the top (Appendix A Table 6).
A review of the TGCA data showed that all were downregulated to different degrees in tumor tissue,
fitting with their loss as tumor suppressors. Interestingly, one of these microRNAs, miR-433-3p, has
been shown to target CREB (cAMP Response Element Binding protein), a nuclear transcription factor
shown to be involved in tumor initiation, progression and metastasis [39]. Sun et al. showed that
overexpression of miR-433-3p could counteract the effects of CREB. Studies have shown that the
microRNAs in this Chr 14 cluster are downregulated through unknown mechanisms. If increases
in these microRNAs are found in blood, it is possible to hypothesize that the expression of these
microRNAs is not just being turned off at the transcriptional level, but that they are being shuttled out
of the tumor cell and into the blood as a survival and growth mechanism for the developing tumor.

3.2. Relevance of Comparing Blood HTS and qRT-PCR Data to the TCGA Database

An unanticipated discovery from this study was the inverse relationship between blood and tumor
microRNA expression levels (Figures 2 and 4 compared to Figure 6). Since all of our blood microRNAs
displayed an inverse expression level with our analysis of data from the TCGA database, we propose
that it is possible that tumors are retaining oncomiRs for the purpose of driving tumorigenesis and
angiogenesis, and therefore, less of these oncomiRs are released into the blood (Figure 7). Conversely,
tumor suppressors block tumor growth and may need to be disposed of to enhance tumorigenesis
and ultimately metastasis; hence, the increase in blood levels of these microRNAs. If this were the
case for only one or two members of our diagnostic panel of seven microRNAs, perhaps not, but the
recurrence for all seven candidates lends credibility to this hypothesis. Moreover, a review of their
known targets and the roles they could play in PCa further supports this idea (Table 3).
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Figure 7. Relationship between microRNA content in prostate tumor cell derived from the TCGA
database versus our analysis of blood in prostate cancer patients. The tumor cell retains oncomiRs,
but disposes of tumor suppressors to enhance tumorigenesis.

It has been shown that cancer cells secrete vesicles containing not only mature microRNAs to
modify their environment for future metastasis, but the entire processing machinery (dicer, RISC
with premiR) to ensure that once taken up by the target cell, the microRNA is efficiently processed
and actively moved into the translational silencing mechanism of target mRNAs [40]. It is proposed
that if only the mature microRNA were delivered to a secondary site, it might not be as efficient in
modifying translation within the target cell. Thus, the preferential cellular export of certain microRNAs
as “hormomirs” may function to modulate gene expression at secondary sites, thereby affecting disease
pathology [41,42]. With this in mind, it is not much of a stretch to propose a developing tumor wants to
dispose of compromising microRNAs that could restrict its growth; thus, excluding tumor suppressor
microRNAs. Concomitantly, holding onto an oncomiR to quickly modulate the proteome is fast
and efficient, faster than modifying gene expression at the transcriptional level. In support of this
hypothesis, Selth et al. found a similar inverse relationship between the loss of miR-146b-3p expression
in the prostate tumor with a concomitant increase in circulation [41]. Conversely, in the same study,
a direct correlation between increased expression of miR-194 in the tumor and in circulation was
noted, suggesting that microRNAs may vary in their expression and patterns of secretion. Since
overexpression of miR-194 blocks cell proliferation, induces apoptosis, caspase-3/-9 activities and
p53/p21 signaling while suppressing PI3K/AKT/FoxO3a signaling, it is difficult to understand how a
tumor could tolerate an increase in the expression of this microRNA, which was not discussed [43].
Another study found miR-194 to be decreased in prostate tumors, befitting its function as a tumor
suppressor [44]. On the other hand, miR-1 and miR-133a have been shown to be increased in serum
in response to acute myocardial infarction where the levels of both are reduced in the infarcted
myocardial tissue [45]. Thus, some evidence for an inverse correlation between tissue expression and
microRNAs in circulation exists, but at this time, additional studies in PCa with more patient samples
and expansion to other cancers and disease states need to be completed to determine the overall merits
of this hypothesis.

3.3. Comparison of HTS Data to Screens of MicroRNA Panels and qRT-PCR Analysis

To date, the elucidation of microRNAs to identify PCa has been mostly generated from screens
of preformed microRNA panels or qRT-PCR assays for microRNAs already shown to be involved in
cancer. In both cases, the decision as to what microRNAs should be surveyed has already been made
rather than using a technology like HTS, which uses no preselection and permits the identification of
any potential microRNA. Cochetti et al. chose 23 microRNAs from an in silico survey of predicted
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target genes to analyze serum from PCa patients [10]. A review of a variety of such studies using
serum or plasma has suggested miR-141, -21, -200b, -375, -221, -26a, -195, -15b, -16, -19b, -24, -451
or let-7i as biomarkers to distinguish PCa patients from healthy individuals [5,8,14,41,42]. Some of
these microRNAs have also been proposed as biomarkers for other cancers not being unique to PCa
(miR-141, -21, -16, -451) or are heavily influenced by hemolysis (miR-15b, -16, -451), making their
utility for PCa diagnosis debatable [8,42]. Interestingly, we did not find any of these microRNAs to
be significantly altered in our HTS data. In part, this could be due to differences in analyzing serum
or plasma versus blood, a very different source of body fluid, as well as the use of HTS data as the
starting point for investigation.

HTS has been applied to a very limited number of studies for identifying microRNAs diagnostic
for PCa. Szczyrba et al. looked at microRNA profiles of prostate carcinoma compared to normal tissue
and cell lines [14]. Here, the loss of miR-143 and miR-145 targeting myosin VI (MYO6) was suggested
as a diagnostic marker for prostate carcinoma. However, we did not find these two microRNAs to
be dysregulated in blood. Of more significance to our study was the reported HTS data of blood
exosomal material isolated from CRPC patients [15]. Here, as well, a group of normalizing RNAs
(miR-301a/e-5p, miR-99a-5p, let-7c, miR-125a-5p, miR-16-5 and RNU6B) was proposed for subsequent
qRT-PCR analysis. Since RNU6B is not a secreted microRNA, it is doubtful that it should have been
included in this analysis, but discounting this snRNA, the rest would be useful normalizers for
exosomal material. Interestingly, we found a completely different group of normalizing microRNAs
with no overlap of this group, supporting how different an exosomal pool might be to the blood
samples analyzed here. Upon normalization, these authors proposed miR-1290 and miR-375 as
prognostic markers for CRPC. Since this was only for CRPC patients, perhaps it is not surprising that
we did not find these two microRNAs in our analysis, since we are not focused on CRPC. Perhaps our
panel of seven microRNAs would be better suited for identifying early stages of prostate cancer, rather
than this later stage. Again, additional studies for CRPC versus patients that have not progressed to
later stage disease are needed to clarify this hypothesis.

3.4. Limitations to This Pilot Study

This study was meant as a pilot study and, as such, suffers from some limitations, which should
be addressed. First, to obtain sufficient material for HTS analysis, blood was used as the initial
source of small RNAs. Thus, small RNAs will be contaminated with cellular microRNAs, not just
circulating microRNAs. However, circulating microRNAs can come in many forms as exosomes,
microvesicles, apoptotic bodies or bound to HDL, argonaute 2 or RNA-binding proteins, such as
nucleophosmin 1 [42]. At this time, it is not clear which of these forms or combinations thereof
would be the most diagnostic as biomarkers for PCa. Thus, focusing on some particles (exosomes
or microvesicles) at the exclusion of the others might not be the most relevant source. Isolation of
small RNAs from whole blood rather than purification of a subset of these particles seemed like a
more inclusive starting point. More importantly, it was assumed that control samples will contain the
same contaminates as patient samples, and thus, contaminating cellular microRNAs should cancel
out and not be found amongst the dysregulated microRNAs, if samples are handled consistently.
In support of this premise, it was reassuring that microRNAs known to reflect WBC (miRs-15- and
-230), RBCs affected by hemolysis (miR-16-485-3p, -532-3p, -15b, -16 and -451), RBCs not-affected
by hemolysis (miR-1274b, -142-3p and 146a), myeloid (miR-7a, -223, -197 and 574-3p) or lymphoid
(miR-150) cells were not found in our panel of dysregulated microRNAs [21,41,42,46]. Our final panel
of seven microRNAs was unique amongst those proposed in the literature, perhaps due to the fact
that they were compiled from HTS data rather than screens of predetermined miR array panels or
primer sets. Second, PSA values were not reported for control samples, making it impossible to obtain
an AUC value for this cohort. Thus, an AUC value for PSA was taken from the literature [16], and it
could be higher for our control group with its younger age, a problem encountered by other such
studies [42]. However, all seven panel members yielded individual AUC values considerably better
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than the reported value for PSA, which when used as a panel should be stronger than any single
microRNA. In fact, in a review by Selth, it was proposed that “no single analyte is likely to achieve
the desired level of diagnostic or prognostic accuracy for PCa . . . requiring a signature of multiple
microRNAs rather than a single miR”, as proposed here [42]. Third, validation of HTS results by
qRT-PCR was on the same cohort of samples analyzed by HTS. In a future study, a third larger cohort
should be evaluated independently to better validate panel members as relevant biomarkers. Finally,
these samples did not span the spectrum of higher Gleason scores, but reflect earlier stages of PCa.
Thus, at this time, they are not useful for staging or separating indolent from aggressive disease,
an important future correlate. Nevertheless, it is proposed that despite these limitations, this initial
pilot study does present new novel microRNAs that have not been previously suggested, which
warrant inclusion in future studies sampling larger cohorts.

Here, we have proposed a panel of seven microRNAs generated from HTS data rather than
pre-judged screens of microRNA arrays proposed from other cancers with unknown relevance to PCa.
The same criticism exists for data generated by qRT-PCR studies, since again, only a subset of chosen
total microRNAs is being investigated. We propose that HTS data confirmed by qRT-PCR analysis are
a worthwhile approach for deducing biomarkers for PCa. Certainly, our ROC curves and AUC values
appear superior compared to the current PSA gold standard [16]. As a group, the value of a panel
of diagnostic microRNAs is substantial. However, additional studies with more extensive patient
sampling are required to determine their future usefulness in not only identifying PCa, but ultimately
staging prostate cancer and separating indolent versus aggressive disease. This will require sampling,
preferably individually, of a vast number of patient and control samples, but our initial study certainly
justifies the merits of future investigation.

4. Materials and Methods

4.1. Sample Extraction and HTS Sequencing

Whole blood samples from patients and controls were obtained from the Nelson Urology Clinic,
VCU (Virginia Commonwealth University) Medical Center and Mcguire Veterans Hospital following
approval by the ethics committee (IRB Panel D Approval #HM14344). All patients provided written
consent. Blood samples were taken prior to treatment, radiotherapy or prostatectomy. In most cases,
age, ethnicity, PSA values and Gleason scores from biopsies were provided (Table 1). Controls were
carefully selected to not have any history of PCa either as an individual or within the family, and written
consent was obtained. A complete analysis of information provided to us for each individual is
included in Appendix A Table A1. Samples were collected in PAXgene blood tubes (PreAnalytiX,
Qiagen/BD, Franklin Lakes, NJ, USA), which contain a manufacture’s additive to stabilize RNA.
The total RNA, including microRNAs in each sample, was extracted using a corresponding PAXgene
blood miRNA kit following the manufacture’s protocol, which removes DNA and results in the
purification of pure RNA. The quality and concentration of small RNAs ranging from 10–40 nts were
measured using the small RNA Chip Assay (Agilent) based on the manufacturer’s instructions. A total
number of 40 samples (12 controls and 28 patients) with a small RNA concentration >100 ng/μL was
selected for HTS microRNA sequencing using the Illumina® TruSeq Small RNA Library Preparation
kit (New England Biolabs, Ipswich, MA, USA) and HiSeq 2500 system (Illumina, San Diego CA, USA)
according to the manufacturer’s protocol.

4.2. Bioinformatics Analysis

The raw deep sequencing data were processed using Flow® v 3.0 (Partek Incorporated, St. Louis,
MO, USA). The adapter sequence “AGATCGGAAGAGCACACGTCT” (TruSeq Adapter, Index 7),
frequently detected from all reads, was removed from both the 5′- and 3′-ends. A second trimming was
performed to further eliminate bases at both ends with a Phred quality score lower than the average 35,
indicating a probability that every 1 in 5000 bases was incorrect; accuracy of 99.95%. The minimum
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read length detected by the program was changed from 25 to 16 nts in order to include all possible
microRNA reads in a suitable range. The trimmed data were aligned to the human genome (GRCh38)
with only 1 seed mismatch allowed. The three best alignments satisfying such criteria were reported
for each read using Bowtie 1.0. The parameters used by Bowtie while performing the alignment were
as follows: alignment mod = quality limit, seed mismatch limit = 1, seed length = 28 and quality
limit = 70, both strand alignment and alignments reported per read = 3. The aligned reads were
annotated with miRBase (mature 21, Version 2). The differential expression analysis was conducted on
the annotated sequencing reads exported from Partek Flow® using Edge R (Version 3.12) (Roswell Park
Cancer Institute, Buffalo, NY, USA) [18,47]. The reads were normalized using the default “Trimmed
Mean of M values” (TMM method) algorithm, which aims at minimizing the effect of sequencing
depth and RNA composition [47].

4.3. Quantitative Real Time-Polymerase Chain Reaction

The search for microRNA candidates serving as good qRT-PCR endogenous controls was
attempted using NormFinder software [48]. The microRNAs showing a relative high abundance
and minimal intergroup variation suggested by the HTS data were selected for exploratory qRT-PCR
on 16 samples (8 controls, 8 patients) in triplicate (Appendix A Table 2). Each RNA sample (3 ngs) was
converted to cDNA (final volume 20 μL) using the qScript™ synthesis kit (Quanta Biosciences Inc.,
Gaithersburg, MD, USA) following the manufacturer’s protocol and qPCR conducted as previously
described [49]. Briefly, the cDNA was diluted with RNase-free water 1:1 (v/v), and 2 μL were used
for each PCR reaction run in triplicate. Each PCR reaction was scaled down to 6.25 μL SYBR® Green
Master Mix, 0.25 μL primer, 4.0 μL RNase-free H2O for the purpose of saving reagents without
compromising the results. qRT-PCR was conducted in an Applied Biosystems 7500 real-time PCR
instrument (Life Technologies, Foster City, CA, USA) using the following conditions: 50 ◦C for 2 min,
followed by 40 cycles at 95 ◦C for 15 s, 60 ◦C for 15 s and 70 ◦C for 30 s. Data were collected at 70 ◦C
and analyzed using SDS software v1.3.1 (Life Technologies), using automatic threshold and baseline
settings. Negative amplification controls and DNase-treated controls were routinely included for each
microRNA and did not impact analysis. PCR efficiency for each microRNA primer set was tested and
found to be within the acceptable range (80–110%). The Cq values of each candidate microRNA were
imported into the NormFinder program, which generated stability values for each candidate after
evaluating both intra- and inter-group variations. Lower stability values suggested higher consistency
of a microRNA across different samples and groups. A combination of the four microRNAs with the
lowest stability values showed a greater stability and consistency. Therefore, a normalization factor for
each plate was determined by taking the geometric mean of the Cq values of the four microRNAs.

Next qRT-PCR was performed on dysregulated candidate microRNAs using 10 controls and
26 patients (raw and normalized values in Appendix A Tables 3 and 4, respectively) analyzed in
triplicate (SD < 0.2). Unfortunately, material from two patient and control samples evaluated by HTS
was found to be insufficient for confirmatory qRT-PCR analysis. For all other samples, the protocol was
the same as described above. Raw Cq values were normalized by subtracting the geometric mean Cq
value of the top four normalization candidates (miR-146a-5p, miR-1538, miR-197-3p and miR-1468-3p)
from individual Cq values to generate dCq. A p-value was obtained using the Mann–Whitney
nonparametric test assuming that data do not follow a Gaussian distribution. A p-value <0.05 was
considered significant. The −ddCq value for each candidate was obtained by taking the mean of the
normalized dCq for all controls minus the normalized dCq of each patient sample. The −ddCq values
were equivalent to Log2 fold change, as the fold change was calculated by 2−ddCq.
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4.4. The Cancer Genome Atlas Tissue Data Analysis

Illumina HiSeq level 3 miRNA sequencing data of 50 prostate tumor tissue samples and
their matched normal margins were selected and downloaded from The Cancer Genome Atlas
database (TCGA database) for analysis. The reads were annotated with stem-loop transcripts of
each microRNA [50]. The raw reads were normalized in the same way as described above using the
Edge R software [18].

4.5. Statistical Analysis

Differential expression analysis was conducted on the normalized next generation sequencing
reads for both blood samples and TCGA tissue data using EdgeR [18]. As the distribution of microRNA
sequencing reads remains unclear, the dispersion of reads was estimated via the Cox–Reid profile
adjusted likelihood method default in Edge R [51]. The reads matrix was fitted to a generalized linear
model and a likelihood ratio test was performed on the fitted data. The p-value was adjusted to the
number of comparisons (equal to total number of microRNAs detected in the sequencing) using the
Benjamini–Hochberg method, which yields a False Discovery Rate (FDR) to minimize Type I error [52].
In order to maximize the screening results, a FDR value smaller than 0.2 was considered significant in
this experiment.

For dysregulated microRNA PCR results, the normalized dCq values of each candidate between
control and patient groups were compared using the Mann–Whitney nonparametric test assuming
that the data do not follow a Gaussian distribution on Prism (GraphPad Software Inc., Version 6,
2015). A p-value lower than 0.05 was considered significant. ROC curves were generated for candidate
microRNAs showing a statistically-significant difference between two groups [20]. The ROC was
obtained by plotting sensitivity against specificity using the pROC package (Version 1.8). An area
greater than 0.5 under the curve (AUC) suggests the diagnostic potential of each microRNA candidate.

5. Conclusions

In summary, we propose a group of four microRNAs (miR-146a-5p, miR-1538, miR197-3p and
miR-1468-5p) that could be used as normalization standards for the comparative analysis of blood
samples at least for PCa and perhaps other cancers, as well. In addition, a panel of seven microRNAs
(miR-127-3p, miR-204-5p, miR-329-3p, miR-487b-3p, miR-32-5p, miR-20a-5p and miR-454-3p) might be
useful for diagnosing PCa dependent on further validation. Individual members of this panel display
better diagnostic capabilities than PSA alone and as a group are superior.
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Abbreviations

ALDH1A3 Aldehyde Dehydrogenase 1A3
ARBS Androgen Receptor-Binging Sites
AUC Area Under the Curve
BCL6 B-Cell Lymphoma 6 Protein
BCL-XL B-Cell Lymphoma-Extra Large
BTG1 B Cell Translocation Gene 1
Chr Chromosome
CPM Counts Per Million
CREB Cyclic-AMP Response Element Binding Protein
CRPC Castration-Resistant Prostate Cancer
Cq Quantification Cycle
FC Fold Change
FDR False Detection Rate
hsa A Human microRNA
HTS High Throughput Sequencing
JAK2 Janus Kinase 2
KDM1A Lysine Demethylase 1A
LnCaP Androgen-Sensitive Human Prostate Adenocarcinoma Cells derived from the left

supraclavicular lymph node metastasis from a 50-year old caucasian male
miR MicroRNA
PIWI P-Element-Induced Wimpy Testis
PSA Prostate-Stimulating Antigen
PCa Cancer of the Prostate
qRT-PCR Quantitative Reverse Transcription Polymerase Chain Reaction
RPKM Reads Per Kilobase of transcript per Million mapped reads
SKA2 Spindle and Kinetochore-Associated Complex Subunit 2
siRNA Small interfering RNA
snRNA Small nuclear RNA
STAT3 Signal Transducer and Activator of Transcription 3
TGF-BR2 Transforming Growth Factor Beta Receptor, Type II
TC Total Counts
TCGA The Cancer Genome Atlas
TMM Trim Mean of M values
Tmprss2 Transmembrane protease, serine 2
TRKB Tropomyosin Receptor Kinase B
UTR Untranslated Region
VEGF-A Vascular Endothelial Growth Factor A
VCAM Vascular Cell Adhesion Protein
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Table 5. Comparison of fold change in blood HTS data to tissue HTS data from the TCGA database.
Fold change was calculated in the same method as panel members using the Edge R program.

MicroRNA Fold Change in Blood * Fold Change in TCGA **

hsa-miR-32-5p −4.11 1.71
hsa-miR-329-3p 4.29 −1.27

hsa-miR-487b-3p 6.06 −1.66
hsa-miR-454-3p −1.91 1.26
hsa-miR-204-5p 3.43 −3.81
hsa-miR-20a-5p −2.11 2.19
hsa-miR-127-3p 2.69 −1.43

* FDR < 0.2; ** FDR < 0.05.

Table 6. Chromosome 14 q32.31 dysregulated microRNAs in our analysis of blood samples compared
to data from the TCGA tissue database. In addition to our proposed panel members (miR-329-3p,
miR-487b-3p and miR-127-3p), subsequent analysis of HTS data uncovered five other microRNAs
from this locus (miR-654-5p, miR-654-3p, miR-493-3p, miR-493-5p and miR-433-3p) to be upregulated
in blood. Since these microRNAs were not within the top ten potential candidates, they were not
carried forth for qRT-PCR confirmation. However, analysis of the TCGA database did confirm these
microRNAs to be tumor suppressors lost in tumor tissue compared to matched tumor-free margins,
fitting with our model that tumors may strive to get rid of tumor suppressors in order to progress. Fold
change is shown in a Log2 scale and was calculated with the same method as panel members using the
edge R program.

miRNA Dysregulation Ranking in Blood Log Fold Change in Blood Log Fold Change in TCGA

miR-329-3p 4 2.10 −0.34
miR-487b-3p 5 2.60 −0.73
miR-127-3p 9 1.43 −0.52
miR-654-5p 17 1.96 −0.61
miR-654-3p 36 1.08 −0.61
miR-493-3p 37 1.74 −0.58
miR-493-5p 59 1.29 −0.58
miR-433-3p 43 1.30 −0.16
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Abstract: Aberrant Wnt signaling has been associated with many types of cancer. However,
the association of inherited Wnt pathway variants with clinical outcomes in prostate cancer patients
receiving androgen deprivation therapy (ADT) has not been determined. Here, we comprehensively
studied the contribution of common single nucleotide polymorphisms (SNPs) in Wnt pathway genes to
the clinical outcomes of 465 advanced prostate cancer patients treated with ADT. Two SNPs, adenomatous
polyposis coli (APC) rs2707765 and rs497844, were significantly (p ≤ 0.009 and q ≤ 0.043) associated with
both prostate cancer progression and all-cause mortality, even after multivariate analyses and multiple
testing correction. Patients with a greater number of favorable alleles had a longer time to disease
progression and better overall survival during ADT (p for trend ≤ 0.003). Additional, cDNA array and
in silico analyses of prostate cancer tissue suggested that rs2707765 affects APC expression, which in
turn is correlated with tumor aggressiveness and patient prognosis. This study identifies the influence
of inherited variants in the Wnt pathway on the efficacy of ADT and highlights a preclinical rationale
for using APC as a prognostic marker in advanced prostate cancer.
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1. Introduction

Prostate cancer is the most common type of cancer in men worldwide, with 1.1 million cases and
307,000 related deaths in 2012. Most cases of prostate cancer are diagnosed and treated while the disease
is localized. However, 10%–20% present with advanced-stage or metastatic prostate cancer, and others
develop disseminated disease after definitive treatment [1]. Once an advanced-stage or metastatic
prostate cancer is diagnosed, androgen deprivation therapy (ADT), which can be accomplished with
either bilateral surgical or medical castration, is the standard systemic therapy [2,3]. Although the
initial response rate of prostate cancer to ADT has been reported to be as high as 80%, ADT is
not curative for prostate cancer, and many patients receiving ADT progress to castration-resistant
prostate cancer (CRPC) within 18–30 months [4]. Once CRPC develops, a patient’s life expectancy is
approximately 16–18 months [5]. Several parameters, including the prostate-specific antigen (PSA)
doubling time, PSA nadir, PSA level at ADT initiation, stage and Gleason score, have been reported as
useful prognostic predictors of disease progression or survival in patients receiving ADT. However,
the predictive ability of these parameters remains limited and might be improved by incorporating
information on genetic variants, which may help to estimate disease progression and identify novel
therapeutic targets.

The Wnt pathway is an evolutionarily-conserved signal transduction pathway that governs
embryonic growth by directing processes, such as cell fate decisions, proliferation, neural patterning,
polarity, migration and apoptosis [6,7]. The accumulated evidence has demonstrated that Wnt
pathway aberrations are frequently associated with tumor development and the progression of
many types of cancer, including colorectal cancer, hepatocellular cancer, breast cancer [8–15] and
prostate cancer [16–20]. The best-known example, familial adenomatous polyposis, is an autosomal,
dominantly inherited disease characterized by the development of polyps in the colon and rectum. It is
most frequently caused by a mutation of the gene adenomatous polyposis coli (APC) [21,22]. In addition,
mutations in β-catenin (CTNNB1) and APC have been identified in sporadic colorectal cancers and
various other tumor types [15]. Although oncogenic mutations in Wnt pathway genes are rare in
prostate cancer, increased expression levels of Wnt family proteins have been observed in clinical
prostate cancer samples [18,23]. Additionally, the treatment of LNCaP human prostate cancer cells
with conditioned medium containing the growth factor Wnt3a significantly enhanced cell growth in
the absence of androgens, demonstrating that the Wnt pathway may represent a novel mechanism
contributing to prostate cancer progression [24]. Therefore, it is reasonable to hypothesize that genetic
variants in the Wnt signaling pathway could influence prostate cancer progression and might also
contribute to the development of CRPC. In this study, we comprehensively evaluated the prognostic
significance of 17 tagged single nucleotide polymorphisms (SNPs) in three key genes related to the
Wnt pathway, WNT1, APC and CTNNB1, with regards to disease progression and all-cause mortality
(ACM) in a cohort of prostate cancer patients treated with ADT.

2. Results

The demographic and clinicopathologic characteristics of the study participants are summarized in
Table S1. With a median follow-up time of 92 months, 429 (92.3%) prostate cancer patients experienced
disease progression after ADT. A total of 143 (30.8%) patients died at a median follow-up of 65 months.
The clinical stage, Gleason score, PSA at ADT initiation, PSA nadir, time to PSA nadir and treatment
modalities were associated with both disease progression and ACM (p ≤ 0.004). The age at diagnosis
was only correlated with the disease progression (p < 0.001).
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Seventeen tagging SNPs in three core Wnt pathway genes, namely CTNNB1, APC and WNT1,
were analyzed in this study. Details of the SNPs and their associations with disease progression and
ACM during ADT are shown in Table S2. Seven APC SNPs were associated with disease progression
or ACM with a nominal p < 0.05, according to a multivariate Cox model adjusted for age, clinical
stage, Gleason score, PSA at ADT initiation, PSA nadir, time to PSA nadir and treatment modality.
After adjusting for the false discovery rate (FDR) at the <0.05 level, four SNPs, namely APC rs3846716,
rs2707765, rs41115 and rs497844, remained significantly associated with time to progression (q ≤ 0.012;
Table 1). Intriguingly, APC rs2707765 and rs497844 correlated significantly with a decreased risk of
both disease progression and ACM (q ≤ 0.043; Table 2). A gene-dosage effect on disease progression
and ACM was found when two genetic loci of interest were analyzed in combination, with the hazards
ratio decreasing as the number of protective alleles increased (p for trend ≤ 0.003; Table 3 and Figure 1).

Table 1. Association between htSNPs in APC and disease progression in prostate cancer patients
treated with ADT.

SNP Location Allele Event a No Event a Best Model HR (95% CI) b p b q

rs3846716 5′ upstream G>A 295/117/12 22/11/2 Dominant 0.67 (0.53–0.84) <0.001 0.009
rs2289485 Intron T>G 371/54/2 30/5/1 Additive 0.74 (0.56–0.99) 0.040 0.093
rs2707765 Intron G>C 210/176/38 16/15/4 Additive 0.78 (0.67–0.91) 0.002 0.009
rs2431238 Intron C>T 343/76/2 30/4/1 Additive 0.77 (0.60–0.99) 0.044 0.093
rs41115 Thr1493Thr T>C 300/114/14 25/9/2 Dominant 0.71 (0.57–0.89) 0.003 0.012
rs497844 3′ downstream C>T 301/107/15 24/10/1 Dominant 0.68 (0.54–0.85) 0.001 0.009

Abbreviations: htSNP, haplotype tagging single nucleotide polymorphism; APC, adenomatous polyposis coli; ADT,
androgen deprivation therapy; HR, hazards ratio; CI, confidence interval; p, p-value; q, q-value. a The number
represents major allele homozygotes, heterozygotes and minor allele homozygotes, respectively; b Multivariate
Cox models adjusted for age, clinical stage, Gleason score, prostate-specific antigen (PSA) at ADT initiation,
PSA nadir, time to PSA nadir and treatment modality. The major allele homozygotes were considered as the
reference group, with a fixed HR = 1.00. p < 0.05 is in boldface.

Table 2. Association between htSNPs in APC and ACM in prostate cancer patients treated with ADT.

SNP Location Allele Event a No Event a Best Model HR (95% CI) b p b q

rs3846716 5′ upstream G>A 106/32/2 211/96/12 Additive 0.65 (0.44–0.95) 0.026 0.055
rs2289485 Intron T>G 129/12/0 272/47/3 Additive 0.46 (0.25–0.86) 0.014 0.054
rs2707765 Intron G>C 77/54/9 149/137/33 Additive 0.68 (0.51–0.91) 0.009 0.043
rs17134945 Intron A>G 130/12/0 276/43/3 Additive 0.52 (0.28–0.95) 0.033 0.057
rs41115 Thr1493Thr T>C 108/31/3 217/92/13 Dominant 0.62 (0.41–0.95) 0.026 0.055
rs497844 3′ downstream C>T 110/27/3 215/90/13 Dominant 0.51 (0.33–0.80) 0.003 0.043

Abbreviations: ACM, all-cause mortality. a The number represents major allele homozygotes, heterozygotes and
minor allele homozygotes, respectively; b Multivariate Cox models adjusted for age, clinical stage, Gleason score,
PSA at ADT initiation, PSA nadir, time to PSA nadir and treatment modality. The major allele homozygotes
were considered as the reference group, with a fixed HR = 1.00. p < 0.05 is in boldface.

As a preliminary assessment of the putative functional roles of these SNPs, we investigated
whether rs2707765 and rs497844 were associated with the differential expression of APC.
The Genotype-Tissue Expression (GTEx) database revealed a significant trend toward increased
APC mRNA expression in the prostate tissues of rs2707765 protective allele (C) carriers (p = 0.018;
Figure 2, left) and rs497844 protective allele (T) carriers (p = 0.21; Figure 2, right). We used HaploReg to
annotate these risk-associated SNPs and discover their potential causal link with the disease. rs2707765,
rs497844 and several SNPs in strong linkage disequilibrium with them (r2 > 0.8) (e.g., rs2431514 and
rs2464803 for rs2707765 and rs712671 and rs455469 for rs497844) are situated within a locus showing
promoter and enhancer histone marks, DNase hypersensitivity peaks and transcription factor binding
in several cell lines (Tables S3 and S4). Together, rs2707765 and rs497844 might affect transcription
factor binding, increase APC mRNA expression and reduce the aggressiveness of prostate cancer.
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Figure 1. Kaplan-Meier curves of time to progression (left panel) and all-cause mortality (ACM)
(right panel) during androgen deprivation therapy (ADT) for patients with 0, 1, 2 or 3–4 protective
alleles at APC rs2707765 and rs497844. The protective alleles refer to C in rs2707765 and T in rs497844.
The more protective alleles a prostate cancer patient carries, the longer their time to progression and
ACM. Numbers in parentheses indicate the number of patients.

Figure 2. Correlation of rs2707765 and rs497844 genotypes and APC gene expression in prostate
tissues. Boxplots represent APC mRNA expression according to the rs2707765 (left panel) and rs497844
(right panel) genotypes in 87 human prostate tissues (Genotype-Tissue Expression (GTEx) dataset).
There is a trend toward increased APC mRNA expression in the prostate tissues of rs2707765 protective
allele C carriers and rs497844 protective allele T carriers. The numbers in parentheses indicate the
number of cases.

To determine whether APC expression is linked to prostate cancer progression, we performed
a quantitative real-time polymerase chain reaction (qRT-PCR) analysis of APC transcripts using
a prostate cancer complementary DNA (cDNA) array containing 48 tissue samples. A significant
downregulation of APC expression was observed in cancer and more advanced stage cancer samples
(p ≤ 0.048; Figure 3A). To further confirm the relationship between APC expression and prostate
cancer aggressiveness, we performed an in silico evaluation using publicly-available Memorial
Sloan-Kettering Cancer Center Prostate Oncogenome datasets [25]. Our analysis revealed that more
clinically-advanced prostate cancers, such as those with metastasis, had significantly lower levels of
APC expression (p < 0.001; Figure 3B). Follow-up of this cohort established that APC homozygous
deletion, mutation and mRNA downregulation were strongly associated with a worse recurrence-free
survival (p < 0.001, Figure 3B).
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Table 3. Cumulative effect of predictive markers on disease progression and ACM in prostate cancer
patients treated with ADT.

No. of Protective
Alleles a

Overall
Patients, n

Disease Progression ACM

Events, n Median, mo HR (95% CI) b p b Events, n Median, mo HR (95% CI) b p b

0 225 109 17 1.00 - 77 108 1.00 -

1 93 86 20 0.91
(0.70–1.18) 0.467 30 142 0.76

(0.48–1.20) 0.240

2 105 96 23 0.72
(0.55–0.93) 0.012 27 145 0.60

(0.37–0.97) 0.037

3–4 35 32 29 0.56
(0.38–0.83) 0.004 6 NR c 0.36

(0.16–0.84) 0.018

Trend - - - 0.84
(0.76–0.93) <0.001 - - 0.75

(0.62–0.90) 0.003

Abbreviations: mo, month. a Protective alleles refer to C in rs2707765 and T in rs497844; b Multivariate Cox
models adjusted for age, clinical stage, Gleason score, PSA at ADT initiation, PSA nadir, time to PSA nadir and
treatment modality; c NR means the median time-to-event has not been reached. p < 0.05 is in boldface.

Figure 3. Correlation of APC mRNA expression with prostate cancer progression. (A) APC mRNA
expression in 40 prostate cancers and eight normal human prostate tissue specimens, as determined by
qRT-PCR, indicates that APC is downregulated in the cancer tissues, especially in those from patients
with more advanced stages of cancer; (B) The associations between APC expression and prostate cancer
aggressiveness were analyzed using an independent set of Memorial Sloan-Kettering Cancer Center
Prostate Oncogenome data. Primary and metastatic prostate cancers display significantly lower APC
mRNA expression. rho, Spearman’s rank correlation coefficient. Data points beyond the quartiles
are outliers. Kaplan-Meier curves of recurrence-free survival according to the alterations in APC are
shown. Patients were dichotomized with or without APC homozygous deletion, mutation and mRNA
downregulation. Numbers in parentheses indicate the number of patients.

3. Discussion

In this hypothesis-driven association study, we identified two SNPs in APC, namely rs2707765 and
rs497844, as being associated with the efficacy of ADT. Notably, the relationships of these SNPs with
disease progression and ACM persisted despite controlling for known prognostic factors and multiple
comparison testing. This suggests that the patient genotype adds information beyond conventional
factors. Moreover, rs2707765 affects APC expression, and a lower APC expression correlated with more
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aggressive cancer and a worse clinical outcome. These results support the connection between the
Wnt pathway and prostate cancer progression.

APC is a multifunctional protein involved in a variety of cellular processes. Its best-known role
is as a negative regulator of the Wnt pathway, but recent evidence also suggests that it has a role
in regulating microtubule dynamics in mitosis. APC was found to associate with the plus-ends of
microtubules that interact with kinetochores and to be required for the spindle checkpoint to prevent
chromosome missegregation [26]. Many tumors exhibit chromosomal instability, which is probably
caused by chromosome missegregation [27]. APC mutant mouse embryonic stem cells were reported to
have multipolar spindles, indicating that APC mutations could lead to chromosomal instability through
defective mitosis [28,29]. Therefore, it was postulated that mutations in APC lead to chromosomal
instability and induce aberrant Wnt signaling, thus contributing to tumor progression. While APC is
highly relevant with respect to chromosomal aberrations in human colorectal cancers [21,22], mutations
in APC are rare in human prostate cancer [30]. Many studies have focused on APC hypermethylation,
which might cause APC downregulation [31,32] and has been associated with clinicopathological
features of tumor aggressiveness. In a systematic review and meta-analysis of studies on tissue samples,
APC promoter hypermethylation was found to correlate with more advanced stages of prostate
cancer [33]. Functional annotations derived from the Encyclopedia of DNA Elements (ENCODE) and
Roadmap Epigenomics data indicate that rs2707765 and rs497844, as well as their linked SNPs, coincide
with open chromatin regions that likely correspond to promoters or enhancers of APC (Tables S3 and
S4). In addition, rs2707765 and rs497844 are predicted to influence the binding of several transcription
factors, such as fetal Alz-50 reactive clone 1 (FAC1), activating transcription factor 3 (ATF3) and the
E2 factor (E2F) family of transcription factors. These data were consistent with our findings that the
protective alleles, rs2707765 C and rs497844 T, tend to have a higher expression of APC and a better
response to therapy. Interestingly, our previous study also demonstrated a potential prognostic role of
APC rs3846716 (although it did not reach the predefined significance threshold of q < 0.05 in ACM)
with regards to post-radical prostatectomy recurrence for localized prostate cancer [34]. Taken together,
these results highlight the importance of APC throughout all stages of cancer treatment.

The present study has several strengths. This is the first study to have assessed whether genetic
variants in the Wnt pathway influence clinical outcomes for advanced prostate cancer patients receiving
ADT. Using a cDNA array and after validation with a published dataset, we have also presented
additional evidence for a role of APC in prostate cancer, namely that downregulated APC gene
expression was associated with more aggressive cancer and a poor prognosis. The haplotype-tagging
SNP approach ensured the exhaustive and detailed coverage of susceptibility alleles across the whole
APC gene region. Moreover, complete clinical information and follow-up data allowed us to control for
potential confounding factors. However, our study population comprised homogeneous Han Chinese
individuals, and therefore, the findings might be less applicable to other ethnic groups. There are many
important Wnt pathway genes that have not been investigated in the present study. Thus, further
validation in larger interethnic cohorts and additional functional studies will be necessary to elucidate
the underlying biological mechanisms.

4. Materials and Methods

4.1. Patient Selection and Data Collection

Our study population included prostate cancer patients treated from 1995–2009 at three medical
centers in Taiwan: Kaohsiung Medical University Hospital (Kaohsiung, Taiwan), Kaohsiung Veterans
General Hospital (Kaohsiung, Taiwan) and National Taiwan University Hospital (Taipei, Taiwan),
as described previously [35]. The clinical characteristics at diagnosis were compiled from medical
records, and patients were followed-up prospectively to evaluate whether the tested genetic variations
could represent prognostic factors of clinical outcomes during ADT. After excluding patients with
inadequate clinicopathological characteristics or follow-up periods, 465 patients remained in the
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cohort. Written informed consent was obtained from all participants, and the study was approved
by the Institutional Review Board of Kaohsiung Medical University Hospital (#KMUHIRB-2013132;
21 January 2014; Kaohsiung, Taiwan).

Treatment outcomes, disease progression and ACM were measured and updated recently during
a prospective follow-up in 2014. The PSA nadir was defined as the lowest PSA value achieved at
any time during ADT treatment [36,37]. The time to PSA nadir was defined as the duration from
the initiation of ADT to the PSA nadir [38]. Disease progression was defined as the presence of at
least two consecutive increases in the PSA value more than one week apart that exceeded the PSA
nadir [39]. The use of secondary hormone treatment for increasing PSA was also considered to be a
progression event. The time to progression was defined as the duration from the start of ADT until
disease progression. In this study, patients underwent regular monthly follow-up evaluations and
PSA testing at three-month intervals. Causes of death were determined from the official cause of death
registry provided by the Department of Health, Executive Yuan, Taipei, Taiwan. ACM was defined as
the interval from ADT initiation to death from any cause.

4.2. Single Nucleotide Polymorphism (SNP) Selection and Genotyping

We used a tagging SNP approach to select genetic variants for the investigation of the genetic
variability in three core genes of the Wnt pathway, namely WNT1, APC and CTNNB1. Eighteen
tagged SNPs were selected from Han Chinese in Beijing HapMap data using Tagger with r2 ≥ 0.8
and a minor-allele frequency ≥ 0.2 [40,41]. Genomic DNA was extracted from the peripheral blood
using QIAamp DNA Blood Mini Kit (Qiagen, Venlo, The Netherlands) following the manufacturer’s
instruction, and stored at −80 ◦C. Genotyping was performed using iPLEX® matrix-assisted laser
desorption/ionization time-of-flight mass-spectrometry technology (Agena Bioscience, Hamburg,
Germany) at the National Center for Genome Medicine, Academia Sinica, Taipei, Taiwan, as described
previously [42]. The average genotype call rate for genotyped SNPs was 99.7%, and the average
concordance rate was 100% among five duplicated control samples. One SNP, rs1798802, significantly
deviated from the Hardy-Weinberg equilibrium (p < 0.05) and was removed, leaving 17 SNPs for
further statistical analysis.

4.3. Human Tissue cDNA Array and TaqMan® qRT-PCR Analysis

The expression levels of APC and β-actin (ACTB) were measured using the TissueScan™ human
prostate cancer cDNA array II, including 8 normal and 40 prostate cancer samples (OriGene
Technologies, Rockville, MD, USA). qRT-PCR was performed using prevalidated TaqMan® gene
expression assays (Applied Biosystems, Foster City, CA, USA) for APC (Hs01568269_m1) and ACTB
(Hs01060665_g1), on a 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions. The quantification of each sample was normalized
using the house-keeping gene ACTB.

4.4. Statistical Analysis

The clinical characteristics of the study population were summarized as numbers and percentages
of patients or median values with interquartile ranges. Associations of clinical characteristics with
disease progression and ACM were estimated using the log-rank test or Cox regression analysis.
The median follow-up time and 95% confidence intervals of disease progression and ACM were
assessed using the reverse Kaplan-Meier method. Associations of genotyped SNPs with the time to
progression and ACM were assessed using multivariate Cox models adjusted for known prognostic
factors, including age, clinical stage, Gleason score, PSA at ADT initiation, PSA nadir, time to PSA
nadir and treatment modality. For each SNP, three genetic models (dominant, recessive and additive) of
inheritance were assessed. The model with the strongest likelihood was considered to be the best model
for each SNP. Only additive and dominant models were assessed if the variant homozygotes were
observed in <0.05 of the study population. While testing the selected 17 SNPs, the FDR was calculated
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to determine the degree to which the tests for association were prone to yielding false positive
results, using the q-values method [43]. q-Values and two-sided p-values < 0.05 were considered to
be statistically significant. SPSS software, Version 22.0.0 (IBM, Armonk, NY, USA), was used for the
statistical analyses.

4.5. Bioinformatics Analysis

HaploReg Version 4.1 [44] was used to assess the evidence of regulatory potential for the associated
SNPs. We used the GTEx data to examine the correlations between SNPs and gene expression levels in
human prostate tissues [45]. To further validate our findings, the association between APC expression
and prostate cancer aggressiveness was analyzed using data from the Memorial Sloan-Kettering Cancer
Center Prostate Oncogenome [25].

5. Conclusions

We comprehensively evaluated haplotype-tagging SNPs in core genes of the Wnt pathway and
provided the first evidence of an association between APC gene variants and outcomes in advanced
prostate cancer patients. Our findings might influence personalized prostate cancer management by
identifying patients who would not benefit from ADT.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/12/1970/s1.
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Abstract: The purpose of this study was to evaluate the prognostic ability of early changes of
total prostate specific antigen (tPSA), free PSA (fPSA), [−2]proPSA and the Prostate Health Index
(PHI) following initiation of Abiraterone-therapy in men with castration resistant prostate cancer
(mCRPC). In 25 patients, PSA-subforms were analyzed before and at 8–12 weeks under therapy as
prognosticators of progression-free-survival (PFS) and overall survival (OS). Comparing patients with
a PFS < vs. ≥12 months by using Mann–Whitney–Wilcoxon Tests, the relative-median-change of tPSA
(−0.1% vs. −86.8%; p = 0.02), fPSA (12.1% vs. −55.3%; p = 0.03) and [−2]proPSA (8.1% vs. −59.3%;
p = 0.05) differed significantly. For men with ≤ vs. >15 months of OS there was a non-significant trend
for a difference in the relative-median-change of fPSA (17.0% vs. −46.3%; p = 0.06). In Kaplan–Meier
analyses, declining fPSA and [−2]proPSA were associated with a longer median PFS (13 months,
95% confidence interval (CI): 9.6–16.4 vs. 10 months, 95% CI: 3.5–16.5; p = 0.11), respectively.
Correspondingly, decreasing fPSA and [−2]proPSA values indicated an OS of 32 months (95% CI:
not reached (NR)) compared to 21 months in men with rising values (95% CI: 7.7–34.3; p = 0.14),
respectively. We concluded that the addition of fPSA- and [−2]proPSA-changes to tPSA-information
might be further studied as potential markers of early Abiraterone response in mCRPC patients.

Keywords: mCRPC; surrogate biomarker; abiraterone acetate; prognosticators; prostate cancer;
[−2]proPSA; fPSA; PHI; tPSA

1. Introduction

During the past few years, there has been significant progress in treatment options for
metastatic castration resistant prostate cancer (mCRPC). After prostate cancer develops, resistance
to androgen-deprivation therapy (ADT), patients can be treated with different agents including
chemotherapy, next generation ADT drugs, Sipuleucel-T or Radium-223 [1–8]. Amongst these,
Abiraterone acetate (Abiraterone), a selective CYP450 17A1 inhibitor, is available in the pre- and
post-chemotherapy setting and is broadly accepted as a standard of care due to its life-prolonging
potential and generally low toxicity [1,2,9].
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A challenging aspect for clinicians in this setting is the early determination of treatment success,
particularly the early identification of response or failure in patients whose lack of symptoms makes
a clinical decision difficult. Except a decline in total prostate specific antigen (tPSA), there are no
easily available prognostic biomarkers besides clinical parameters to determine therapeutic success.
Therefore, the decision whether to continue or to change a therapy regime is mainly based on clinical
factors (e.g., eastern cooperative oncology group performance status (ECOG)) and tPSA, which is still
the most commonly used therapy control marker in mCRPC.

However, there are several limitations concerning tPSA, especially in mCRPC. The parameter
does not always decline right away even though patients might still benefit from therapy. Thus,
in the registration trials, tPSA could not be validated as an independent prognosticator for therapy
response [1,2]. Furthermore, an early rise of tPSA during the first 12 weeks of therapy followed by
a delayed decline (PSA-flare) during Abiraterone-therapy was recently found to be a prognosticator for
an improved median progression free survival (PFS) [10]. PSA-flare occurs in about 10% of the patients
treated with Abiraterone. A larger proportion of patients with initial increase of tPSA (nearly 50%),
however, will suffer a continuous rise of tPSA over time followed by clinical progression [10]. In clinical
routines, the differentiation between PSA-flare and continuous rise is difficult, resulting in either early,
sometimes premature, interruption of therapy or waiting for the potential benefit of a delayed
tPSA-decline with, in many cases, a treatment beyond true progression. Therefore, additional
biomarkers to distinguish between true progression and a delayed tPSA response are desperately
needed for these situations.

Several biomarkers, including circulating tumor cells (CTCs) and lactate dehydrogenase (LDH),
have recently been discussed as response-indicators [11,12].

CTC counts at baseline are considered to be prognostic for the duration of treatment with
a resulting shorter time of treatment for ≥5 CTCs [11]. However, the sensitivity of detection of
CTCs is limited in patients with low tumor load and differs depending on the site of metastasis [13].
Additionally, CTC-assays are expensive and not broadly available.

Similar data show that the combination of ≥5 CTC count and an elevated LDH level after 12 weeks
of therapy may be a surrogate for poor overall survival (OS) [12]. However, for broad acceptance
and use, more easily available as well as more sensitive, validated and non-expensive assays are
required [14].

In 1991, the low specificity of PSA for the detection of prostate cancer was improved by the
identification of two major molecular subforms of PSA, an unbound proportion (free PSA, fPSA) and
a form complexed with the protease inhibitor alpha-1-antichimotrypsin [15]. It was shown that the
chance of detecting prostate cancer was lower with increasing proportion of fPSA (%fPSA) [16,17].
Following the detection of precursor forms of fPSA (proPSA), further investigation concluded that
proPSA was associated with prostate cancer with a higher probability of cancer as the percentage of
proPSA in fPSA increases [18,19]. Within the proPSA fraction, further discrimination could be made by
the detection of truncated forms which are more resistant to activation to mature PSA, with [−2]proPSA
being the most consistent of these [20]. According to recent investigations, the ratio of [−2]proPSA to
fPSA (%[−2]proPSA) and the Prostate Health Index (PHI = ([−2]proPSA/fPSA) × √

tPSA) seem to
be the strongest predictors of prostate cancer compared to tPSA and its subforms [21,22]. In addition,
there was evidence for a correlation with more aggressive variants of prostate cancer since the variables
increased with increasing Gleason-Score [23,24].

In this study, we aimed to investigate whether PSA subforms could be helpful for predicting
treatment response and prognosticating survival outcomes in patients with mCRPC treated with
Abiraterone. When added to tPSA in the setting of organ confined prostate cancer, the Supplementary
Materials of fPSA, [−2]proPSA and PHI help to diagnose and identify more aggressive forms of
prostate cancer [25,26]. Therefore, we assumed that these markers could also be useful to facilitate
decision making in the treatment of mCRPC.
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2. Results

2.1. Characteristics of the Study Group

For the patients alive at the time of analysis, the median follow-up was 25 months (Interquartile
range (IQR) 14.5–28.0) in July 2015. The median time on Abiraterone-therapy was 13 months
(IQR 10.5–19.0) with six (24%) patients on therapy at the time of last data acquisition. No dose
modifications were necessary for any patients. Descriptive characteristics of the cohort are given in
Table 1. The median age of the patients was 71 years (IQR 63–74). Bone metastases were present
in 76%, lymphonodal metastases in 64% and visceral metastases in 8% of patients at the beginning
of Abiraterone-therapy. An unfavorable Gleason-Score of ≥8 at initial diagnosis of PCa was found
in 60%. Median baseline levels were 61.7 ng/mL for tPSA (IQR 29.0–299.5), 11.2 ng/mL for fPSA
(IQR 5.2–29.1), 485.3 pg/mL for [−2]proPSA (IQR 272.8–1107.9) and 327.3 for PHI (IQR 212.5–612.0).
No patient showed elevated liver enzyme- or creatinine-concentrations during the course of the study.

Antiresorptive therapy (Zoledronic acid or Denosumab) was administered in 12 patients (48%).
All of these remained on a stable dose of the drug during the course of Abiraterone-therapy.

Table 1. Baseline characteristics of patients with mCRPC under therapy with Abiraterone IQR,
interquartile range; ECOG, eastern cooperative oncology group performance status.

Variable Number

Patients (n) (%) 25 (100)

Age, median (years) (IQR) 71.0 (62.5–74.0)

Median follow-up (months) (IQR) 25.0 (14.5–28.0)

Median duration of therapy (months) (IQR) 13.0 (10.5–19.0)

Presence of lymphnode metastases (n) (%) 16 (64.0)

Presence of bone metastases (n) (%) 19 (76.0)

Presence of visceral metastases (n) (%) 2 (8.0)

Pre chemotherapy (n) (%) 20 (80.0)

Post chemotherapy (n) (%) 5 (20.0)

Antiresorptive therapy (n) (%) 12 (48.0)
Zoledronic acid (n) (%) 7 (28.0)
Denosumab (n) (%) 5 (20.0)

ECOG (all) (n) (%)

0–1 22 (88.0)
>1 3 (12.0)

Gleason Score ≥ 8 (n) (%) 15 (60.0)

Median tPSA baseline (ng/mL) (IQR) 61.7 (29.0–299.5)

Median fPSA baseline (ng/mL) (IQR) 11.2 (5.2–29.1)

Median [−2]proPSA baseline (pg/mL) (IQR) 485.3 (272.8–1107.9)

Median PHI baseline (IQR) 327.3 (212.5–612.0)

Best clinical outcome (n) (%)

Complete remission 1 (4.0)
Partial remission 10 (40.0)
Stable disease 10 (40.0)
Progressive disease 4 (16.0)

tPSA decrease ≥ 50% (n) (%) 12 (48.0)

tPSA decrease ≥ 90% (n) (%) 7 (28.0)

Patients died (n) (%) 11 (44.0)
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2.2. Value of PSA Subforms as Prognostic Markers

Alterations of the baseline values are presented as relative change of median values in percent
(Figure 1). The definition of progressive disease is explained in paragraph 4 (Materials and Methods).
For patients with shorter response to therapy (PFS < 12 months and OS ≤ 15 months) the median
fPSA and [−2]proPSA increased at 8–12 weeks. In contrast to these two subforms, the median tPSA
showed stable values at the same time for these patients. The other parameters (PHI, %[−2]proPSA
and %fPSA) seem to play a minor role, considering the scope of our study, since changes did not differ
between the groups (Table 2).

Figure 1. Relative median changes of PSA subforms at 8–12 weeks and at progression or last follow-up
compared to baseline for (a) PFS < 12 months vs. ≥12 months; and (b) OS ≤ 15 months vs. >15 months.

Table 2. Relative changes of median PSA-subform values (%) in 25 patients at 8–12 weeks for OS and
PFS OS, overall survival; PFS, progression free survival.

Variable OS ≤ 15 Months OS > 15 Months p

tPSA −1.1 (−54.5–66.3) −55.1 (−74.6–13.2) 0.20
[−2]proPSA 10.5 (−50.7–62.0) −29.1 (−66.9–19.9) 0.15

PHI 2.6 (−42.9–39.0) −25.9 (−41.4–19.0) 0.32
%[−2]proPSA 449.0 (260.6–588.4) 242.1 (149.5–577.7) 0.27

fPSA 17.0 (−41.8–50.3) −46.3 (−72.0–8.1) 0.06
%fPSA −0.9 (−19.6–28.1) 7.0 (−27.6–41.3) 0.61

PFS < 12 Months PFS ≥ 12 Months

tPSA −0.1 (−0.1–71.3) −86.8 (−60.9–9.4) 0.02
[−2]proPSA 8.1 (−21.2–60.1) −59.3 (−74.0–18.5) 0.05

PHI 1.7 (−24.4–63.6) −32.1 (−47.8–4.1) 0.12
%[−2]proPSA 416.0 (159.8–754.2) 335.5 (163.2–550.7) 0.73

fPSA 12.1 (−22.7–43.8) −55.3 (−83.3–13.6) 0.03
%fPSA −5.2 (−28.3–16.7) 9.1 (−17.3–42.0) 0.15

In patients with < vs. ≥12 months of PFS, the relative change of median tPSA values (−0.1% vs.
−86.8%; p = 0.02 (Mann–Whitney–Wilcoxon Test)) at 8–12 weeks compared to baseline differed
significantly. Similar results were shown for decreasing [−2]proPSA- (8.1% vs. −59.3%; p = 0.05) and
fPSA values (12.1% vs. −55.3%; p = 0.03), respectively.

For men with ≤ vs. >15 months of OS, there was a non-significant trend for a difference in relative
changes of median fPSA values (17.0% vs. −46.3%; p = 0.06). Considering OS, no conclusive change of
median values was seen for the other parameters (tPSA, [−2]proPSA, PHI, %[−2]proPSA and %fPSA).
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In univariate Cox-regression analysis, rising [−2]proPSA and fPSA were non-significant
prognosticators of shorter PFS (Hazard ratio (HR): 2.0, (95% confidence interval (CI): 0.8–4.8); p = 0.14
for both parameters). Analogously, the results for OS showed a non-significant trend for rising
[−2]proPSA and fPSA regarding the prognostication of poor OS (HR: 2.5 (95% CI: 0.7–9.1); p = 0.16
for both parameters). In this analysis, PHI also showed a trend towards shortened PFS in case of an
early increase (HR: 2.0 (95% CI: 0.9–5.0); p = 0.11). For OS, however, PHI did not show any trend for
shortened survival (HR: 1.5 (95% CI: 0.4–5.4); p = 0.49). Of note, rising tPSA changes did not prove to
be a prognosticator for worse PFS (HR: 1.6 (95% CI: 0.6–4.0); p = 0.29) or OS (HR: 1.3 (95% CI: 0.4–4.5);
p = 0.72) (Table 3).

Table 3. Changes of median PSA-subform values in univariate analysis OS, overall survival; PFS,
progression; HR, hazard ratio; CI, confidence interval.

Univariate Analysis for OS Univariate Analysis for PFS

Variable HR (95% CI) p Variable HR (95% CI) p

tPSA increase
1.3 (0.4–4.5) 0.72

tPSA increase
1.6 (0.6–4.0) 0.29yes vs. no yes vs. no

fPSA increase
2.5 (0.7–9.1) 0.16

fPSA increase
2.0 (0.8–4.8) 0.14yes vs. no yes vs. no

[−2]proPSA increase
2.5 (0.7–9.1) 0.16

[−2]proPSA increase
2.0 (0.8–4.8) 0.14yes vs. no yes vs. no

PHI increase
1.5 (0.4–5.4) 0.49

PHI increase
2.0 (0.9–5.0) 0.11yes vs. no yes vs. no

%[−2]proPSA increase
23.1 (0–∞) 0.57

%[−2]proPSA increase
1.8 (0.2–13.5) 0.57yes vs. no yes vs. no

%fPSA increase
0.4 (0.1–1.7) 0.23

%fPSA increase
1.2 (0.5–2.8) 0.73no vs. yes no vs. yes

2.3. Kaplan–MEIER Survival Analysis

The Kaplan–Meier analyses for PFS and OS are presented in Figures 2–4. Here, the strongest
marker for longer PFS in Mann–Whitney–Wilcoxon comparison of median values, declining fPSA,
also showed better survival outcomes. A declining fPSA value at 8–12 weeks was associated with
a median PFS of 13 months (95% CI: 9.6–16.4 months) compared to 10 months (95% CI: 3.5–16.5 months)
in patients with increasing values (log-rank p = 0.11).

Correspondingly, in the analysis of OS, a decreasing fPSA at 8–12 weeks of therapy indicated
a median OS of 32 months (95% CI: not reached (NR)) compared to 21 months (95% CI: 7.7–34.3 months)
in men with rising fPSA (p = 0.14) (Figure 2).

The Kaplan–Meier analysis of PFS and OS with declining and rising [−2]proPSA showed similar
results (Figure 3).

In contrast, in the analysis of PFS for tPSA, there was less difference between rising and declining
values. A tPSA decrease was associated with a median PFS of 12 months (95% CI: 8.4–15.6 months)
compared to 10 months (95% CI: 7.1–13.0 months) in the case of increasing values (p = 0.26).
Correspondingly, the evaluation of OS did not show differences between tPSA values in both groups
with 32 months (95% CI: NR) vs. 28 months (95% CI: 17.2–38.8 months, p = 0.72) (Figure 4).

196



Int. J. Mol. Sci. 2016, 17, 1520

(a) (b)

Figure 2. Kaplan–Meier analyses of (a) progression free survival; and (b) overall survival of mCRPC
patients treated with Abiraterone with rising or declining fPSA values after 8–12 weeks of therapy.

(a) (b)

Figure 3. Kaplan–Meier analyses of (a) progression free survival; and (b) overall survival of mCRPC
patients treated with Abiraterone with rising or declining [−2]proPSA values after 8–12 weeks
of therapy.

(a) (b)

Figure 4. Kaplan–Meier analyses of (a) progression free survival; and (b) overall survival of mCRPC
patients treated with Abiraterone with rising or declining tPSA values after 8–12 weeks of therapy.
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3. Discussion

To our knowledge, the relevance of fPSA and [−2]proPSA as well as PHI in patients with mCRPC
under Abiraterone has not been investigated thus far. Standard monitoring of therapy is mainly based
on the measurement of tPSA as well as radiological criteria and the general condition of the patients
like the assessment of ECOG performance status [27].

Among the group of patients with mCRPC, a large proportion of up to 90% shows bone
metastases [28]. During early imaging, especially in the first three to six months of therapy, an early
“bone-flare“ can occur in a relevant amount of patients, which can lead to incorrect classification as
progressive disease (PD) [29,30].

The most common parameter being used for determination of treatment success under any
therapy for mCRPC is tPSA. Here, comparable to the above-mentioned “bone-flare”, a “PSA-flare”
can occur under therapy with Abiraterone [10]. These common phenomena of everyday practice
leave the burden to decide whether a therapy should be terminated or continued to the clinician.
This dilemma holds especially true in asymptomatic or oligosymptomatic patients, since lack of clinical
information can render decision making in some cases impossible. Therefore, in the case of biochemical
progression only, current guidelines recommend continuing treatment until unequivocal information
on progression is evident [31].

The data concerning monitoring of response or progression at an early stage of treatment
are contradictory. PSA-flare has been reported to occur under other therapies than Abiraterone,
like Docetaxel [32] and could be caused by a delayed response or rapid cell destruction with release of
tPSA to the circulation [10]. Under treatment with Abiraterone, immediate or delayed tPSA-responses
are common, but there are patients who will not show a tPSA-decline at all [10,33]. In our cohort,
as well, a PSA-flare was seen in three patients, which is in line with the previously described 10% in
other cohorts [10]. These three patients showed various duration of response to Abiraterone and stayed
under treatment for nine, 26 and 38 months. Thus, the early differentiation between “PSA-flare” and
true PD is difficult and remains mostly unresolved. This clinical dilemma can be even more complex if
a possible “bone-flare” is suspected [29,30].

Although a significant tPSA decline of at least 50% from baseline was found in a large proportion
of the patients treated within the registration trials for Abiraterone (COU-AA-301 and COU-AA-302),
tPSA-changes were not found to be independent prognosticators for survival outcomes [1,2].
These non-straightforward findings are in line with our results. In our cohort, the median change
of tPSA at 8–12 weeks of Abiraterone-therapy was a prognosticator for a PFS < 12 vs. ≥12 months
(p = 0.02) with a decline resulting in a longer PFS, but the univariate cox-regression analysis showed
no significant association (HR 1.6, p = 0.29); this may be due to our relatively small cohort. For this
reason, no multivariate analysis was performed.

Some alternative biomarkers were recently evaluated. In contrast to tPSA, CTCs do not show a “flare”
phenomenon and therefore could be ideal as a surrogate for OS [34]. In this context, several studies
reported that the post-therapy CTC enumeration could be considered to be an independent prognostic
parameter for OS [9,35]. However, due to costs, a relevant rate of falsely negative results and a lack of
easily available assays the broad use of CTC enumeration remains limited [34].

Additionally, few retrospective studies report a trend for baseline LDH values above the range
of normal limits being inversely associated with survival outcomes [12,35]. However, LDH is a very
unspecific biomarker of cell necrosis in many tumor types including mCRPC and probably only reflects
tumor burden as well as cell turnover as a marker of cancer aggressiveness [34].

Because of this lack of broadly available surrogate markers, we analyzed the potential of readily
accessible biomarkers that are already being used in different settings within prostate cancer.
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Until now, the role of fPSA is limited to the diagnosis of prostate cancer [19]. A lower proportion
of %fPSA can be found in men with prostate cancer compared to patients with benign prostate
enlargement [36]. Clinicians aim to avoid unnecessary biopsies by the measurement of fPSA, especially
in cases with a mild tPSA elevation of 4–10 ng/mL. Additionally, a correlation between fPSA and the
aggressiveness of the prostate cancers was shown [37].

More recent investigations demonstrated that this correlation with aggressiveness is even higher
for the subform-proportion of %[−2]proPSA and PHI [23,24]. In addition, both parameters are
currently considered to be the strongest predictors for presence of prostate cancer [21–23,38] with
a higher specificity compared to fPSA and tPSA [22].

Due to the correlation between PSA subforms and the aggressiveness of the tumor we assumed
that these parameters could play a role as surrogate biomarkers under therapy of mCRPC as well.
Our results underline the non-straightforward data regarding early rising tPSA measurements with
no validity concerning therapy outcomes. In contrast, we were able to show a trend towards rising
[−2]proPSA, fPSA and, less importantly, PHI in patients with shorter OS and PFS at an early stage
of treatment. Compared to tPSA, we need to consider that tPSA was taken into account for the
definition of PD during treatment with Abiraterone. This might be an explanation for the less
obvious separation of the curves during Kaplan–Meier analyses when comparing tPSA to fPSA
and [−2]proPSA. However, our data suggest that fPSA and [−2]proPSA might be further studied
as potential parameters for the prognostication of therapy response under early treatment with
Abiraterone in case of non-straightforward development of PSA-values. The relative changes of both,
median [−2]proPSA and fPSA values, were shown to be almost equal.

Our study is limited due to its relatively small cohort of only 25 patients recruited in a single
center. Further larger studies are needed to explore the potential prognostic and predictive impact of
fPSA and [−2]proPSA in mCRPC treated with Abiraterone.

4. Materials and Methods

4.1. Patients

Twenty-five patients with mCRPC presenting at the Prostate Center of the University Hospital
Muenster (Münster, Germany), and receiving Abiraterone-therapy between March 2012 and
July 2014, were reviewed. They had given written informed consent before participating and ethics
committee-approval was granted for this study.

All patients presented with confirmed mCRPC, defined by prostate cancer working group 2
(PCWG2) criteria [31], in either pre- or post-chemotherapy setting (20 of them received Abiraterone in
a pre- and 5 in a post-chemotherapy setting) suitable for Abiraterone-treatment. The pre-chemotherapy
patients were asymptomatic or oligo-symptomatic, not requiring opiates and had a pain level
of no more than 3 out of 10 on the numeric-rating-scale. Patients receiving Abiraterone in the
post-chemotherapy setting had previously documented PD either on or after docetaxel chemotherapy.
One of the 25 patients had received Enzalutamide previously. All patients in our study were either
on a stable dose of an antiresorptive agent (i.e., Zoledronic acid or Denosumab) at least three months
prior to the start of Abiraterone and during the whole treatment phase or did not receive antiresorptive
medication at all. The patients were not systematically followed up with 12-weekly imaging when
no PD was suspected, but when biochemical progression was evident, or when clinical progression
occurred, even when there was no biochemical progression. CT-, MRI- or PSMA-PET-CT-scans of
thorax, abdomen and pelvis were used for the evaluation of soft tissue metastases. Bone scans were
done to acquire additional information on baseline bone metastases. PD was defined by RECIST
1.1 criteria [39] for cross-sectional imaging and by PCWG2 criteria for bone scans [31].
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A physician with large expertise in the treatment of mCRPC assessed the current response status
i.e., complete remission (CR), partial remission (PR), stable disease (SD) or PD at each visit. For defining
PD, deterioration of general condition, worsening of pain or laboratory constellations (rising tPSA) and
imaging were taken into account, according to PCWG2 criteria. Rising tPSA alone was not sufficient to
define progression. The results of PSA-subform analysis, which was done in a retrospective setting,
were not taken into consideration for therapeutic decisions.

All patients presented the day before the start of Abiraterone-therapy to have blood drawn for
baseline analysis, two and four weeks after initiation of therapy and every four weeks thereafter.

4.2. Analysis of PSA Subforms

Blood samples were allowed to clot at room temperature and then centrifuged at 1600× g
for 15 min at 4 ◦C. Taking into account the stability issue of [−2]proPSA, serum samples were
frozen at −80 ◦C within 3 h after blood draw [40]. After thawing of the frozen samples at room
temperature, samples were processed immediately and used to determine tPSA, fPSA, [−2]proPSA on
the Access II instrument, WHO-calibrated (Beckman Coulter, Krefeld, Germany) for the timepoints
‘baseline’, ‘8–12 weeks under therapy’ and ‘progression’. Furthermore, %fPSA, %[−2]proPSA and PHI
were calculated.

We carried out the analyses according to the manufacturers’ instructions on the AccessII-
instrument (Beckman-Coulter, Krefeld, Germany)—batch numbers: tPSA (470206), fPSA (470202) and
[−2]proPSA (434426). The results for PSA-subforms exceeded the measuring range of the instrument
in many cases, with [−2]proPSA values up to 8000 pg/mL. Therefore, dilution was necessary. Due to
a nonlinear response with serial dilution of the proPSA kit diluent, we used the LowCross-Buffer®

(CANDOR Bioscience GmbH, Wangen, Germany, lot number 100A766f) as sample diluent in order
to reduce nonspecific binding and cross-reactivities of the antibodies and matrix effects from blood
serum. This procedure helped to minimize interferences in this assay and improves the reliability
of the results. When dilution of serum samples was necessary due to very high [−2]proPSA values,
all the other parameters were measured within the same diluted sample.

4.3. Statistical Methods

The descriptive statistics are reported as medians with IQR for continuous variables and as
populations and frequencies for categorical variables. We performed the Mann–Whitney–Wilcoxon
Test to determine the significance of the differences between categorical and continuous variables,
respectively. We used the Kaplan–Meier-estimates for survival analyses. Univariate analysis of
the different biomarkers was done with Cox-regression-models. Hazard ratios are given with 95%
confidence intervals. All reported p-values are two-sided and statistical significance was assumed with
a p ≤ 0.05. SPSS-Statistics V.22 (IBM Inc., Armonk, NY, USA) was used for statistical assessment.

5. Conclusions

When added to tPSA information, which is traditionally used as therapy response indicator,
changes of fPSA and [−2]proPSA at 8–12 weeks of Abiraterone-therapy may be a promising therapy
control marker to help physicians make meaningful decisions on whether to stop or to continue
Abiraterone-therapy in men with mCRPC but need to be further studied. Due to its better availability,
the measurement of fPSA seems to be more feasible than [−2]proPSA.
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Abbreviations

mCRPC metastatic Castration Resistant Prostate Cancer
ADT Androgen-Deprivation Therapy
PSA Prostate Specific Antigen
tPSA total PSA
ECOG Eastern Cooperative Oncology Group performance status
PFS Progression Free Survival
CTC Circulating Tumor Cells
LDH Lactate Dehydrogenase
OS Overall Survival
fPSA free PSA
PHI Prostate Health Index
IQR Interquartile Range
HR Hazard Ratio
CI Confidence Interval
NR Not Reached
PD Progressive Disease
PCWG2 Prostate Cancer Working Group 2
CR Complete Remission
PR Partial Remission
SD Stable Disease
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Abstract: The purpose of this study was to examine the prognostic capability of baseline neutrophil-to-
lymphocyte-ratio (NLR) and NLR-change under Abiraterone in metastatic castration-resistant
prostate cancer patients. The impact of baseline NLR and change after eight weeks of treatment on
progression-free survival (PFS) and overall survival (OS) was analyzed using Kaplan-Meier-estimates
and Cox-regression. 79 men with baseline NLR <5 and 17 with NLR >5 were analyzed. In baseline
analysis of PFS NLR >5 was associated with non-significantly shorter median PFS (five versus
10 months) (HR: 1.6 (95%CI:0.9–2.8); p = 0.11). After multivariate adjustment (MVA), ECOG > 0–1,
baseline LDH>upper limit of normal (UNL) and presence of visceral metastases were independent
prognosticators. For OS, NLR >5 was associated with shorter survival (seven versus 19 months) (HR:
2.3 (95%CI:1.3–4.0); p < 0.01). In MVA, ECOG > 0–1 and baseline LDH > UNL remained independent
prognosticators. After 8 weeks of Abiraterone NLR-change to <5 prognosticated worse PFS (five
versus 12 months) (HR: 4.1 (95%CI:1.1–15.8); p = 0.04). MVA showed a trend towards worse PFS
for NLR-change to <5 (p = 0.11). NLR-change to <5 led to non-significant shorter median OS (seven
versus 16 months) (HR: 2.3 (95%CI:0.7–7.1); p = 0.15). MVA showed non-significant difference for
OS. We concluded baseline NLR <5 is associated with improved survival. In contrast, in patients
with baseline NLR >5, NLR-change to <5 after eight weeks of Abiraterone was associated with worse
survival and should be interpreted carefully.

Keywords: neutrophil-to-lymphocyte ratio; castration-resistant prostate cancer; prognostic biomarker;
treatment response; abiraterone
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1. Introduction

Lately, several agents were approved for treatment of metastatic castration-resistant prostate
cancer (mCRPC). These include, prior to Docetaxel chemotherapy, Abiraterone [1], Enzalutamide [2]
and Sipuleucel-T [3], or after Docetaxel chemotherapy, Abiraterone [4], Enzalutamide [5] and
Cabazitaxel [6], or when no chemotherapy is indicated in bone-predominant mCRPC without visceral
metastases, radium-223 [7]. All of these medications prolong overall survival (OS). However, there
is a shortage of available biomarkers to predict response to each therapy and no data concerning the
optimal sequence of therapies. Therefore, the decision which medication to choose is largely based
on empirical data, experience, or matters like drug availability or the possibility of reimbursement.
Further, early imaging, especially in bone mCRPC can be misleading due to the bone flare phenomenon
which can represent a response to treatment, although suggesting progressive disease (PD) [8].

Inflammation is recognized to be a relevant driver of cancer progression [9]. The neutrophil-to-
lymphocyte ratio (NLR) as an indicator of cancer-related inflammation has been shown to be predictive
for treatment response or even suggested as a marker of therapy control in various tumour entities,
for example in renal cell cancer, oesophageal cancer, gastrointestinal cancer, and many others [10–13].
In mCRPC patients treated with Ketoconazole, a NLR cut-off of <3 was identified for differentiation
between patients with longer or shorter progression-free survival (PFS) [14]. In the SUN-1120-trial
on Sunitinib vs. Placebo in mCRPC Sonpavde found that a NLR > 2.5 and even more so >5 was
prognostic of poor OS [15]. And in a post hoc analysis of men treated with Docetaxel within the
TAX-327 and VENICE-trials a NLR >than the median of 2, 2.1 was associated with worse survival [16].
A retrospective study on mCRPC patients treated with Abiraterone identified a baseline NLR of <5 in
combination with the extent of metastatic spread to be associated with prostate-specific antigen (PSA)
response, and overall survival [17].

We hypothesize that in mCRPC patients treated with Abiraterone, the NLR might not only be
useable as a predictor of treatment response at baseline, but also as a marker of early treatment response.

2. Results

2.1. Patient Characteristics

The descriptive characteristics of the cohort are presented in Table 1. The study cohort consisted
of 96 mCRPC patients, of whom 52 were treated within the pre- and 44 in the post-Docetaxel setting.
The median follow-up was 20.0 months (interquartile range (IQR): 11.0–28.0). The median time of
Abiraterone treatment was 10.0 months (IQR: 6.0–14.3). No dose modification was necessary for any
patient. The median age of the patients was 70.0 years (IQR: 62.0–76.3). Visceral metastases were
present in 28.1% at the beginning of Abiraterone treatment. An unfavourable Gleason-Score of ≥8 was
seen in 59.8% of the men. The median baseline values of PSA, alkaline phosphatase (ALP) and LDH
(lactate dehydrogenase) were 134 ng/mL (IQR: 45–349), 126 U/L (IQR: 86–296) and 251 U/L (IQR:
210–358), respectively.

At baseline, a NLR of <5 was present in 79 (82.3%) of the patients. Compared with men
with a NLR >5, patients with a NLR <5 had a significantly lower median baseline PSA-level
(91 vs. 224 ng/mL; Mann-Whitney U-test: p = 0.04) and lower baseline median LDH-levels (240 vs.
308 U/L; p = 0.04). Further, the baseline LDH was elevated above the upper limit of normal (ULN) at
baseline in a larger proportion in the men with a NLR >5 (88.2% vs. 59.5%; χ2-test: p = 0.03). The other
baseline characteristics were not statistically different. Bone protective medication (Denosumab or
Zoledronic acid) was well balanced between both groups (58.8% vs. 59.5%; χ2-test: p = 0.96) (Table 1).

According to prostate cancer working group 2 (PCWG2)-criteria, PSA-response is defined as
a PSA decline of ≥50% and was seen in 35.4% of the patients with a baseline NLR >5 compared with
53.2% of the men with a baseline NLR <5 (χ2-test: p = 0.18). A decline of ≥90% was found in 5.9% vs.
27.8% (χ2-test: p = 0.06).
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Table 1. Characteristics of patients with metastatic castration-resistant prostate cancer (mCRPC) on
Abiraterone with a neutrophil-to-lymphocyte-ratio (NLR) <5 and >5.

Variable All NLR <5 NLR >5 p

Patients (n) (%) 96 79 (82.3) 17 (17.7)
Median NLR Baseline (ng/mL) (IQR) 3.2 (2.5–4.5)
Age, median (years) (IQR) 70.0 (63.0–76.3) 70.0 (62.0–76.0) 70.0 (65.0–78.0) 0.60
Median follow-up 20.0 (11.0–28.0) 17.5 (11.0–26.8) 29.0 (29.0–29.0) 0.28
Median duration AA therapy (months) (IQR) 10.0 (6.0–14.3) 11.0 (7.0–15.0) 7.0 (5.0–11.5) 0.08
GS ≥8 (n) (%) 55 (59.8) 46 (60.5) 9 (56.3) 0.75
Lnn. Metastases (n) (%) 61 (63.5) 50 (63.3) 11 (64.7) 0.91
Visceral Metastases (n) (%) 27 (28.1) 24 (30.4) 3 (17.6) 0.38
Bone Metastases (n) (%) 85 (88.5) 69 (87.3) 16 (94.1) 0.68

Pre CTX (n) (%) 52 (54.2) 44 (55.7) 8 (47.1)
0.52Post CTX (n) (%) 44 (45.8) 35 (44.3) 9 (52.9)

Patients died (n) (%) 67 (69.8) 51 (64.6) 16 (94.1) 0.02

ECOG (all) (n) (%)
0 19 (20.0) 16 (20.5) 3 (17.6)

0.911 57 (60.0) 47 (60.3) 10 (58.8)
2 19 (20.0) 15 (19.2) 4 (23.5)

Antiresorptive therapy (n) (%) 57 (59.4) 47 (59.5) 10 (58.8) 0.96
Zoledronic acid (n) (%) 40 (41.7) 33 (41.8) 7 (41.2) 0.96
Denosumab (n) (%) 19 (19.8) 15 (19.0) 4 (23.5) 0.67

Best clinical outcome (n) (%)
CR 1 (1.1) 1 (1.3) 0 (0)

0.61
PR 54 (56.8) 46 (59.0) 8 (47.1)
SD 27 (28.4) 20 (25.6) 7 (41.2)
PD 13 (13.7) 11 (14.1) 2 (11.8)

PSA red. ≥50% (n) (%) 48 (50.0) 42 (53.2) 6 (35.3) 0.18
PSA red. ≥90% (n) (%) 23 (24.0) 22 (27.8) 1 (5.9) 0.06
Median PSA Baseline (ng/mL) (IQR) 134 (45–349) 91 (35–334) 224 (107–589) 0.04
Median LDH Baseline (U/L) (IQR) 251 (210–358) 240 (205–357) 308 (245–386) 0.04
LDH BL >UNL (n) (%) 62 (64.6) 47 (59.5) 15 (88.2) 0.03
Median ALP Baseline (U/L) (IQR) 126 (86–296) 126 (91–297) 103 (77–266) 0.43

Abbreviations: NLR: neutrophil-to-lymphocyte ratio; IQR: interquartile range; Lnn: lymphonodal; CTX:
chemotherapy; CR: complete remission; PR: partial remission; SD: stable disease; PD: progressive disease; ECOG:
Easter collaborative Oncology Group; GS: Gleason score; PSA: prostate specific antigen; LDH: lactate dehydrogenase;
ALP: alkaline phosphatase; BL: baseline; UNL: upper normal limit.

2.2. Prognostication of Survival Outcomes at Baseline

Results of univariate and multivariate analyses for PFS and OS based on baseline NLR (>5 vs. <5)
are displayed in Tables 2–4.

Table 2. Univariate analysis for baseline biomarkers for progression-free survival in (a) 96 mCRPC-patients
prior to Abiraterone therapy and (b) in 17 patients with a baseline NLR >5 after eight weeks of therapy.

(a) Univariate Analysis PFS at Baseline (b) Univariate Analysis of PFS in n = 17 Patients with
Baseline NLR > 5 after Eight Weeks of Abiraterone

Variable HR (95%CI) p Variable HR (95%CI) p

ECOG
<0.01

ECOG
0.570–1 1 (reference) 0–1 1 (reference)

2 2.9 (1.7–4.9) 2 1.4 (0.4–4.8)

LDH baseline >UNL
<0.01

LDH baseline >UNL 1 (reference)
0.52No 1 (reference) No

Yes 2.6 (1.6–4.3) Yes 2.0 (0.3–15.4)

Visceral metastases
0.02

Visceral metastases
0.85No 1 (reference) No 1 (reference)

Yes 2.2 (1.4–3.5) Yes 0.9 (0.2–3.3)

ALP baseline >UNL
0.13

ALP baseline >UNL
0.55No 1 (reference) No 1 (reference)

Yes 1.4 (0.9–2.1) Yes 1.4 (0.5–3.9)
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Table 2. Cont.

(a) Univariate Analysis PFS at Baseline (b) Univariate Analysis of PFS in n = 17 Patients with
Baseline NLR > 5 after Eight Weeks of Abiraterone

Variable HR (95%CI) p Variable HR (95%CI) p

NLR
0.11

NLR
0.04<5 1 (reference) No change 1 (reference)

>5 1.6 (0.9–2.8) Change to <5 4.1 (1.1–15.8)

Abiraterone
0.10

PSA decline ≥50%
0.14Pre-Docetaxel 1 (reference) Yes 1 (reference)

Post-Docetaxel 1.4 (0.9–2.2) No 2.7 (0.7–10.2)

Gleason Score
0.10

Abiraterone
0.41<8 1 (reference) Pre-Docetaxel 1 (reference)

≥8 1.5 (0.9–2.3) Post-Docetaxel 1.6 (0.5–4.6)

Lymphonodal metastases
0.77

Gleason Score
0.63No 1 (reference) <8 1 (reference)

Yes 0.9 (0.6–1.5) ≥8 1.3 (0.4–3.9)

Bone Metastases
0.82

Lymphonodal metastases
0.41No 1 (reference) No 1 (reference)

Yes 1.1 (0.5–2.2) Yes 0.6 (0.2–1.9)

Abbreviations: PFS: progression free survival; HR: hazard ratio; 95%CI: 95% confidence interval; ECOG: Eastern
Collaborative Oncology Group; LDH: lactate dehydrogenase; UNL: upper normal limit; PSA: prostate-specific
antigen; NLR: neutrophil-to-lymphocyte ratio; ALP: alkaline phosphatase; OS: overall survival.

Table 3. Univariate analysis for baseline biomarkers for overall survival in (a) 96 mCRPC-patients prior
to Abiraterone therapy and (b) in 17 patients with a baseline NLR >5 after eight weeks of therapy.

(a) Univariate Analysis OS at Baseline (b) Univariate Analysis of OS in n = 17 Patients with
Baseline NLR >5 after Eight Weeks of Abiraterone

Variable HR (95%CI) p Variable HR (95%CI) p

ECOG
<0.01

ECOG
0.600–1 1 (reference) 0–1 1 (reference)

2 3.4 (1.9–6.0) 2 1.4 (0.3–4.5)

LDH baseline >UNL
<0.01

LDH baseline >UNL
0.65No 1 (reference) No 1 (reference)

Yes 3.1 (1.7–5.8) Yes 0.7 (0.2–3.3)

Visceral metastases
0.35

Visceral metastases
0.76No 1 (reference) No 1 (reference)

Yes 1.3 (0.8–2.2) Yes 0.8 (0.2–2.9)

ALP baseline >UNL
<0.01

ALP baseline >UNL
0.83No 1 (reference) No 1 (reference)

Yes 1.9 (1.2–3.2) Yes 0.9 (0.3–2.5)

NLR
<0.01

NLR
0.15<5 1 (reference) No change 1 (reference)

>5 2.3 (1.3–4.0) Change to <5 2.3 (0.7–7.1)

Abiraterone
0.06

PSA decline ≥50%
0.08Pre-Docetaxel 1 (reference) Yes 1 (reference)

Post-Docetaxel 1.6 (1.0–2.6) No 2.9 (0.9–9.4)

Gleason Score
0.67

Abiraterone
0.38<8 1 (reference) Pre-Docetaxel 1 (reference)

≥8 1.1 (0.7–1.9) Post-Docetaxel 1.6 (0.6–4.6)

Lymphonodal metastases
0.35

Gleason Score
0.93No 1 (reference) <8 1 (reference)

Yes 0.8 (0.5–1.3) ≥8 1.1 (0.4–3.0)

Bone metastases
0.62

Lymphonodal metastases
0.64No 1 (reference) No 1 (reference)

Yes 1.3 (0.5–3.2) Yes 0.8 (0.3–2.2)

Abbreviations: PFS: progression-free survival; HR: hazard ratio; 95%CI: 95% confidence interval; ECOG: Eastern
Collaborative Oncology Group; LDH: lactate dehydrogenase; UNL: upper normal limit; PSA: prostate-specific
antigen; NLR: neutrophil-to-lymphocyte ratio; ALP: alkaline phosphatase; OS: overall survival.
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Table 4. Multivariate analysis for significant baseline biomarkers for (a) progression-free and (b) overall
survival in 96 mCRPC-patients prior to Abiraterone therapy and (c) progression-free survival and (d)
overall survival in 17 patients with a baseline NLR >5 after eight weeks of therapy.

(a) Multivariate Analysis PFS at Baseline (c) Multivariate analysis of PFS in n =17 Patients with
Baseline NLR >5 after Eight Weeks of Abiraterone

Variable HR (95%CI) p Variable HR (95%CI) p

ECOG
0.01

NLR
0.110–1 1 (reference) No change 1 (reference)

2 2.6 (1.5–4.5) Change to <5 3.4 (0.8–15.2)

LDH baseline >UNL
0.01

PSA decline ≥50%
0.14No 1 (reference) Yes 1 (reference)

Yes 2.2 (1.3–3.8) No 1.5 (0.3–6.4)

Visceral metastases
0.04No 1 (reference)

Yes 1.7 (1.0–2.9)

ALP baseline >UNL
0.25No 1 (reference)

Yes 1.3 (0.8–2.1)

NLR
0.71<5 1 (reference)

>5 1.1 (0.6–2.0)

(b) Multivariate analysis OS at baseline (d) Multivariate Analysis of OS in n = 17 Patients with
Baseline NLR >5 after Eight Weeks of Abiraterone

Variable HR (95%CI) p Variable HR (95%CI) p

ECOG
<0.01

NLR
0.470–1 1 (reference) No change 1 (reference)

2 3.0 (1.6–5.5) Change to <5 1.6 (0.5–5.6)

LDH baseline >UNL
0.01

PSA decline ≥50%
0.25No 1 (reference) Yes 1 (reference)

Yes 2.4 (1.2–4.6) No 2.2 (0.6–8.1)

Visceral metastases
0.56No 1 (reference)

Yes 1.2 (0.7–2.1)

ALP baseline >UNL
0.05No 1 (reference)

Yes 1.7 (1.0–2.9)

NLR
0.10<5 1 (reference)

>5 1.7 (0.9–3.0)

Abbreviations: PFS: progression free survival; HR: hazard ratio; 95%CI: 95% confidence interval; ECOG: Eastern
Collaborative Oncology Group; LDH: lactate dehydrogenase; UNL: upper normal limit; PSA: prostate-specific
antigen; NLR: neutrophil-to-lymphocyte ratio; ALP: alkaline phosphatase; OS: overall survival.

In univariate analysis (Table 2), baseline LDH >ULN (hazard ratio (HR): 2.6 (95% confidence
interval (95%CI): 1.6–4.3); p < 0.01), Eastern Collaborative Oncology Group performance status (ECOG)
≥ 2 (HR: 2.9 (95%CI: 1.7–4.9); p < 0.01), and the presence of visceral metastases (HR: 2.2 (95%CI:
1.4–3.5); p = 0.02) were associated with worse PFS.

At baseline there was a trend for improved median PFS of patients with a NLR <5 (10 months
(95%CI: 8.1–11.9)) compared with men with a NLR >5 (five months (95%CI: 1.0–9.0), log-rank p = 0.09)
(Figure 1a).

After adjusting for the parameters significant in univariate analysis and clinically-important
variables, ECOG ≥2 (HR: 2.6 (95%CI: 1.5–4.5); p = 0.01), baseline LDH >UNL (HR: 2.2 (95%CI:
1.3–3.8); p = 0.01) and the presence of visceral metastases (HR: 1.7 (95%CI: 1.0–2.9); p = 0.04) remained
independent prognosticators of poor PFS (Table 4).
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The univariate analysis for OS showed that a baseline NLR >5 (HR: 2.3 (95%CI: 1.3–4.0); p < 0.01),
ECOG ≥2 (HR: 3.4 (95%CI: 1.9–6.0); p < 0.01), baseline LDH >UNL (HR: 3.1 (95%CI: 1.7–5.8); p < 0.01)
and baseline ALP >UNL (HR: 1.9 (95%CI: 1.2–3.2); p < 0.01) were associated with worse OS (Table 3).

In Kaplan-Meier analysis the median OS (Figure 1c) of men with a baseline NLR <5 (19 months
(95%CI 13.0–25.0) was significantly longer than in patients with a NLR >5 (seven months (95%CI:
4.0–10.0), log-rank p = 0.04).

In multivariate analysis of OS (Table 4), only ECOG ≥2 (HR: 3.0 (95%CI: 1.6–5.5); p < 0.01) and
baseline LDH >UNL (HR: 2.4 (95%CI: 1.2–4.6); p = 0.01) remained independent prognosticators of
worse survival. For NLR >5, OS was reduced but not significantly (HR: 1.7 (95%CI: 0.9–3.0); p = 0.10).

Figure 1. Kaplan-Meier analysis for progression-free survival probability of patients with mCRPC
under therapy with Abiraterone (a) with baseline neutrophil-to-lymphocyte ratio (NLR) < 5 vs. ≥5;
(b) Patients with or without change of NLR to <5 after eight weeks of therapy and (c) overall survival
probability with baseline NLR < 5 vs. ≥5; and (d) patients with or without change of NLR to <5 after
eight weeks of therapy.

2.3. Prognostication of Survival Outcomes with Change of Neutrophil-to-Lymphocyte Ratio (NLR) to <5 in
Patients with a Baseline NLR > 5 vs. no Change after Eight Weeks of Abiraterone

Seventeen men (17.7%) of the whole cohort had a NLR >5 at baseline. In the patients with a change
of NLR from >5 to <5 after eight weeks of treatment with Abiraterone (n = 10) the neutrophils declined
in all but one of the cases in which the lymphocytes increased. Seven patients remained with an NLR
of >5 after eight weeks of therapy.

For PFS the univariate Cox-regression analysis (Table 2) showed that change of NLR to <5 at eight
weeks of Abiraterone therapy was associated with worse survival (HR: 4.1 (95%CI: 1.1–15.8); p = 0.04).
All other variables, including decline of PSA ≥50%, were no significant prognosticators.

In the Kaplan-Meier analysis of PFS (Figure 1b), equally, the median survival was in favour
of no change of NLR (12 months (95%CI 3.3–20.7) compared to change to NLR <5 (five months
(95%CI 3.6–6.4), log-rank p = 0.02)).

After adjusting for decline of PSA ≥50%, there was only a trend for prognostication of worse PFS
for change of NLR to <5 (HR: 3.4 (95%CI: 0.8–15.2); p = 0.11) (Table 4).
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The univariate analysis of OS (Table 3) showed a trend for change of NLR to <5 (HR: 2.3 (95%CI:
0.7–7.1); p = 0.15) and no decline of PSA ≥50% (HR: 2.9 (95%CI: 0.9–9.4); p = 0.08) towards poor survival.

In Kaplan-Meier analysis of OS (Figure 1d) the change of NLR to <5 was associated with a shorter
survival of 7 months (95%CI 5.5–8.5) compared with 16 months (95%CI N/D-39.1) in patients with no
change of NLR. However, this difference was not statistically significant (log-rank p = 0.12).

In multivariate Cox-regression analysis (Table 4) there was no significant difference for the
prognostication of worse OS in patients with change of NLR to <5 and no decline of PSA ≥50%
(p = 0.47 and 0.25, respectively).

In Kaplan-Meier analysis of the 79 patients with an initial NLR of <5 at baseline (Figure 2) there
was no difference between the subgroup of patients with change of NLR to >5 and in the subgroup
with no change of NLR for both PFS and OS (log rank p = 0.21, respectively).

Figure 2. Kaplan-Meier analysis of the subgroup of patients with a NLR <5 at baseline for (a) overall
survival (OS) and (b) progression-free survival (PFS). There was no difference of median survival in
the subgroup of patients with a NLR <5 at baseline and change of NLR to >5 vs. no change after eight
weeks of Abiraterone therapy (log rank p = 0.21). There equally was no difference of median PFS for
change of NLR to >5 vs. no change after eight weeks of Abiraterone therapy (log rank p = 0.21).

3. Discussion

The NLR was found to be prognostic for survival outcomes and recurrence rate in various tumour
entities [18,19]. For prostate cancer, especially in mCRPC, the NLR was equally shown to be prognostic
for survival [10,17]. In a study on mCRPC patients treated with Abiraterone, Leibowitz-Amit et al.
found that a composite score of baseline NLR <5 and extent of metastatic spread was associated with
PSA-response [17]. Our results support these findings. In our cohort of mCRPC patients treated
with Abiraterone the baseline NLR with a cut-off of <5 without addition of metastatic spread equally
was a prognosticator for prolonged OS. However, after adjustment for other important variables
in multivariate analysis there was only a trend towards statistical significance regarding survival.
Maybe the limited number of patients with a baseline NLR >5 (n = 17) included in this study, precluded
reaching significant values in multivariate analyses for survival endpoints.

The underlying immunologic mechanisms are still unclear, but most likely the interactions
between tumour cells and immunologic cells and mediators undergo specific changes [9]. An elevated
(expected unfavourable) NLR can be caused by rising neutrophils or declining lymphocytes or both.
Assuming that a high baseline NLR is prognostic for outcomes under given treatments it would be
reasonable to presume that a change of an elevated (expected unfavourable) NLR to a lower (potentially
favourable) NLR under treatment could be useful to identify patients with exceptionally good and
lasting responses to therapy.
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So far, there is very little evidence on NLR as a therapy control marker. For mCRPC there is
only one study by Lorente et al., which addressed this matter [10]. Here, in a post hoc analysis of
the large registration trial of Cabazitaxel vs. Mitoxantrone, a baseline NLR of <3 was identified to
be associated with better survival, better PSA-response and better objective response rate according
to RECIST-criteria. Our study is the first to address change of NLR as a treatment response marker
in patients treated with Abiraterone. Interestingly, in that study the conversion of an unfavourable
NLR of >3 to a favourable NLR < 3 under therapy was independently associated with an improved
OS. This result was in line with the expectable. In contrast and most surprisingly, in our study we
found that a change of a supposedly unfavourable NLR > 5 to the expected to be favourable NLR
<5 after eight weeks of Abiraterone therapy in mCRPC patients was associated with both worse
PFS and OS. The reasons for these findings are unclear. One possible explanation could be the
immunomodulating effect of Prednisone, which has to be administered to prevent mineral corticoid
excess under Abiraterone therapy. In our study, all patients received the recommended dose of 5 mg
Prednisone bi-daily with the start of Abiraterone, but no patient had prior prednisone therapy. In the
trial of Lorente et al. [10] 45% of the patients had already been on a stable dose of a corticosteroid before
initiation of Cabazitaxel-/Mitoxantron-therapy and, thus, at the time when the baseline NLR was
determined. The subgroup analysis of patients with or without baseline Prednisone use showed that
the patients with Prednisone use had a significantly higher NLR of 3.9 vs. 2.9 (p < 0.001) and patients
with NLR > 3 were more likely to receive baseline Prednisone (p = 0.016). However, Lorente et al. tested
for confounding variables and showed that the NLR < 3 was predictive of survival with or without
corticosteroid use. This basically supports the role of corticosteroids for elevating the NLR in general.
In our study all patients had been treated with Prednisone starting with initiation of Abiraterone
therapy. This difference could explain our unexpected findings. Prednisone physiologically leads
to an increase of neutrophils first by about 20% by demarginalisation of the intravascular pool, and
consecutively, by a greater increase caused by mobilization of the bone marrow neutrophil reserve [20].
Naturally, this effect would be evident for all patients treated with Prednisone and Abiraterone. In the
subset of patients with a change of NLR from >5 to <5 after eight weeks of Abiraterone therapy in
our study the neutrophils declined in almost all of the cases. An explanation for this may be that
these patients had a higher tumour load especially of bone metastases thus leading to a depletion
of functioning bone marrow with the production of neutrophils most likely being impaired by bone
marrow insufficiency as a result of tumour progression under Abiraterone. The immunomodulating
effect of Prednisone under Abiraterone may have a stronger impact due to increasingly depleted bone
marrow reserves in case of disease progression.

Recently there were findings that PSA change within four weeks after the start of therapy may be
prognostic for survival outcomes. For example, Facchini et al. showed that PSA-change after 15 days
of Abiraterone was a surrogate for PFS and OS [21]. Therefore, for future studies, research on change
of NLR and the possibility of complement of PSA and change of NLR in this very early setting may
be promising.

Our study is limited by problems inherent to the retrospective approach and a relatively small
sample size. This holds especially true for the subset of patients with change of NLR to <5. Therefore,
our findings need to be validated by prospective studies. The single parameter NLR cut-off of less
than, or greater than five needs to be validated as well. We did not do imaging in a per protocol routine
fashion and, therefore, could not calculate radiographic PFS.

The underlying effects of the NLR and changes of NLR in relationship to cancer are still unclear and
especially our findings concerning unexpected changes under therapy with Prednisone/Abiraterone
need to be elucidated.
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4. Materials and Methods

4.1. Patients

After ethics committee-approval (2007-467-f-S), we retrospectively reviewed all patients with
mCRPC presenting at the Department of Urology in the Muenster University Medical Center between
December 2009 and July 2015 and receiving Abiraterone to analyse the impact of the NLR on
progression-free and overall survival. All patients gave written informed consent before participating.
We performed the study according to the declaration of Helsinki.

The study cohort consisted of confirmed mCRPC patients as defined by PCWG2-criteria [22]
in pre- or post-chemotherapy setting. All patients met the requirements for Abiraterone-treatment.
The men receiving Abiraterone prior to Docetaxel all had to be asymptomatic or oligo-symptomatic with
no need to use opiates and degree of pain of no more than three out of 10 on the numeric-rating-scale.
Patients receiving Abiraterone after Docetaxel all had progressive disease on or after chemotherapy.
During the reviewed timeframe a total of 96 patients presented with evaluable NLR-data of which
52 patients were treated prior to, and 44 after, chemotherapy, respectively. Five patients (4.8%) had
received Enzalutamide prior to Abiraterone. All patients included in the analysis were on a stable dose of
anti-bone resorptive medication (Denosumab or Zoledronic acid) at least three months prior to the start of
Abiraterone, and during the whole treatment phase, or did not receive antiresorptive medication at all.

The day before start of Abiraterone therapy all patients had blood drawn for baseline analysis
of PSA, neutrophils, lymphocytes, and serum chemistry. The analysis of PSA was repeated
two and four weeks after initiation of therapy, and four weekly thereafter. Neutrophils and
lymphocyte measurements were repeated after eight weeks. PSA-progression was defined according
to PCWG2-criteria, i.e., PSA-progression at the date that a 25% or greater increase and an absolute
increase of 2 ng/mL or more from the nadir is documented, which is confirmed by a second value
obtained three or more weeks later [22].

For documentation of baseline values and changes of soft tissue metastases CT- or MRI-scans
of thorax, abdomen and pelvis were performed. For information on bone metastases bone scans
were used. Imaging was repeated during the course of the Abiraterone-therapy whenever clinically
indicated but not in routine fashion. PD was defined according to RECIST 1.1 criteria for axial cross
sectional imaging [23] and by PCWG2 criteria for bone scans [22].

The current response status, i.e., complete remission (CR), partial remission (PR), stable disease
(SD) or PD was assessed after each visit. PD was considered evident upon deterioration of general
condition or worsening of pain when unequivocally caused be prostate cancer, when PSA-progression
occurred or when radiographic progression was detected. The baseline cohort was subdivided
according to NLR (group-1 (favorable): NLR < 5; group-2 (non favorable): NLR > 5).

4.2. Statistical Methods

For descriptive statistics we report medians with 95% CI or IQR for continuous variables and
as populations and frequencies for categorical variables. We used the χ2-test, Fisher’s exact-test
or Mann-Whitney U-test for determining the significance of differences between categorical and
continuous variables. For analysis of survival outcomes were applied Kaplan-Meier-analysis. For uni-
and multivariate analysis of significance for survival outcomes we used Cox-regression-models.
All reported p-values are two-sided and we assumed statistical significance when p ≤0.05. We used
SPSS-Statistics V.23 (IBM Inc., Armonk, NY, USA) for statistical assessment.

5. Conclusions

In patients with mCRPC under Abiraterone treatment a pre-treatment NLR < 5 is associated
with better survival outcomes. Unexpectedly, after eight weeks of Abiraterone therapy, a change of
initially elevated NLR of >5 to <5 was associated with worse survival. The immunomodulating effect
of concomitant Prednisone next to Abiraterone combined with insufficient bone marrow reserves in
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patients with advanced (bony) disease may be the reason for this phenomenon. Thus, a putatively
favourable change of NLR to <5 may represent worsening of disease and should be interpreted
cautiously. A deeper understanding of the underlying immune mechanisms in this setting is highly
warranted. Therefore, larger prospective trials on the matter are needed prior to application of change
of NLR in mCRPC.
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Abbreviations

mCRPC Metastatic castration resistant prostate cancer
OS Overall survival
PD Progressive disease
NLR Neutrophil-to-lymphocyte ratio
PFS Progression-free survival
PSA Prostate specific antigen
IQR Interquartile range
ALP Alkaline phosphatase
LDH Lactate dehydrogenase
ULN Upper normal limit
PCWG2 Prostate cancer working group 2
HR Hazard ratio
95%CI 95% confidence interval
ECOG Eastern Collaborative Oncology Group Performance Status
CR Complete remission
PR Partial remission
SD Stable disease
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Abstract: Prostate specific antigen (PSA) remains the most used biomarker in the management of
early prostate cancer (PCa), in spite of the problems related to false positive results and overdiagnosis.
New biomarkers have been proposed in recent years with the aim of increasing specificity and
distinguishing aggressive from non-aggressive PCa. The emerging role of the prostate health index
and the 4Kscore is reviewed in this article. Both are blood-based tests related to the aggressiveness
of the tumor, which provide the risk of suffering PCa and avoiding negative biopsies. Furthermore,
the use of urine has emerged as a non-invasive way to identify new biomarkers in recent years,
including the PCA3 and TMPRSS2:ERG fusion gene. Available results about the PCA3 score showed
its usefulness to decide the repetition of biopsy in patients with a previous negative result, although its
relationship with the aggressiveness of the tumor is controversial. More recently, aberrant microRNA
expression in PCa has been reported by different authors. Preliminary results suggest the utility of
circulating and urinary microRNAs in the detection and prognosis of PCa. Although several of these
new biomarkers have been recommended by different guidelines, large prospective and comparative
studies are necessary to establish their value in PCa detection and prognosis.

Keywords: prostate cancer detection; biomarker; prostate specific antigen (PSA); prostate health
index; 4Kscore; PCA3 score; miRNAs; exosomal biomarkers

1. Introduction

Prostate cancer (PCa) remains a medical challenge, since it is one of the most frequently diagnosed
tumors and a common cause of cancer death among men in western countries [1]. The introduction
of the measurement of prostate specific antigen (PSA) in the mid-eighties of last century represented
a major innovation in the management of patients with PCa. PSA, or human kallicrein 3 (hK3),
is a glandular kallikrein with abundant expression in the prostate encoded by the KLK3 gene.
The sequential measurement of PSA allows the monitoring of the response to treatment and the
assessment of its effectiveness. PSA is also widely used in the detection of PCa, despite its low
specificity, with false positive results in patients with benign prostatic hyperplasia (BPH). Biopsy is
only positive in around 25% of patients with PSA in the range between 2 and 10 μg/L. Elevated levels
of PSA are particularly found in patients with enlarged prostate volume [2]. Age-specific PSA reference
ranges and PSA density have been proposed to avoid this effect, increasing the specificity of PSA.
Moreover, prostate volume is a key element in multivariate PCa risk calculators [3].
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More recently, several studies have shown that single nucleotide polymorphisms (SNPs) in the
KLK3 gene or other related genes can influence PSA serum levels. Gudmundsson et al. [4] detected a
significant association between PSA serum levels and SNPs at six loci, finding the strongest association
for SNPs located near or in the KLK3 gene. Furthermore, some of these SNPs could be associated
with predisposition to PCa and PCa aggressiveness [5]. Genetic effect on PSA expression advocates
a genetic correction of PSA serum levels. Unnecessary biopsies could be avoided in genetically
high PSA producers, while necessary biopsies could be performed in genetically low PSA producers.
Helfand et al. [6] suggested a genetically personalized interpretation of PSA serum levels to obtain
more accurate results. According to these authors, genetic correction of PSA serum levels could
decrease the number of potentially unnecessary biopsies by approximately 18% to 22%, improving the
use of PSA as a screening tool.

A major harm of PCa screening is overdiagnosis, defined as the diagnosis of patients whose cancer
never surfaces clinically during lifetime. Active surveillance is now accepted as a valuable strategy in
the management of low-risk PCa, decreasing the negative effects of overdiagnosis and overtreatment.
The criteria for the selection of patients for active surveillance include several variables, such as a PSA
lower than 10 μg/L, a Gleason score lower than 7 and a low number of cylinders affected by the tumor [7].
However, PCa characterization based on these findings is not ideal [8]. The availability of more accurate
inclusion criteria would lead to an improvement in the management of patients with early PCa.

The introduction of a new biomarker in PCa should fulfil the dual purpose of providing increased
specificity and—being related to the aggressiveness of the tumor—differentiating aggressive cancers
from non-aggressive cancers. Several PSA derivatives have been proposed as PCa biomarkers with
this aim. The percentage of free PSA to total PSA (%fPSA) was introduced three decades ago for the
detection of PCa, but this test improves clinical information only when levels reach extreme values [9].

More recently, fPSA has been found to include the isoforms BPSA, proPSA and iPSA [10]
(Figure 1), with usefulness in the detection of PCa. A commercial immunoassay for the measurement
of [−2]proPSA, the most stable form of proPSA, has been developed. The Prostate Health Index has
been proposed as a new index for PCa detection, combining serum concentrations of [−2]proPSA,
fPSA and total PSA, according to the formula ([−2]proPSA/fPSA)*

√
total PSA. In addition, an

index based on the measurement of total PSA, fPSA, intact PSA (iPSA) and human kallicrein 2 (hK2)
in combination with clinical and demographic data, called the 4Kscore, has been proposed for the
detection of high-risk PCa.

Furthermore, the development of molecular biology has allowed the study of genes associated
with PCa. Numerous studies have evaluated the utility of the PCA3 gene and more recently the
TMPRSS2:ERG fusion gene has also been investigated. On the other hand, the study of microRNAs
(miRNAs) has opened an emerging field for the research of these biomarkers in the detection and
prognosis of PCa.

Several sources for the study of these potential novel biomarkers for PCa are being analyzed,
each one with its advantages and disadvantages. The measurement in plasma or serum has the
advantage of being a consolidated media, for which commercial automated assays are available.
However, the study of the PCA3 gene in urine obtained after performing a prostate massage has
opened a new way for the study of new biomarkers for PCa. Urine, due to the anatomic proximity of
the prostate gland to the urethra, may allow the detection of biomarkers for PCa, particularly when the
sample is enriched with prostate cells by performing a slight prostate massage. In addition, the protein
content of the urine is lower than in serum and plasma, so that some interferences caused by excess of
proteins can be reduced, thus facilitating the detection of new biomarkers. Finally, exosomal biomarkers
obtained from blood or urine have been suggested as novel diagnostic and prognostic indicators for
several cancers, e.g., PCa. Figure 2 shows a timeline for the identification of PCa biomarkers from the
discovery of PSA till the current moment.

The aim of our article was to review the usefulness of blood and urine biomarkers in the detection
and prognosis of PCa.
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Figure 1. Molecular forms of PSA. The arrows with dashed line mean the forms of PSA that go
from the cell to the blood. PSA: prostate specific antigen, BPSA: benign PSA, iPSA: intact PSA,
PSA-ACT: Alpha 1-antichymotrypsin-PSA, PSA-API: alpha1-trypsin inhibitor PSA, PSA-A2M: alpha 2
macroglobulin, hK-2: human kallicrein 2, hk-4: human kallicrein 4.

Figure 2. Timeline for the identification of PCa biomarkers. Most important events related
to PCa markers from 1970 till the present. PSA: prostate specific antigen, miRNA: microRNA,
PCa: prostate cancer, fPSA: free PSA, PHI: prostate health index.
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2. Blood-Based PCa Biomarkers

2.1. Prostate Health Index (PHI)

The Prostate Health Index (PHI) was approved by the Food and Drug Administration (FDA) in
June 2012 for the detection of PCa in men aged 50 or older, with a PSA between 4 and 10 μg/L
and a non-suspicious digital rectal examination (DRE). Also, this test is recommended by the
National Comprehensive Cancer Network for patients who have never undergone a biopsy or
after a negative biopsy, considering that results higher than 35 are related to a high probability
of PCa [11]. Several authors agree with the usefulness of the PHI and percentage of [−2]proPSA to
fPSA (%[−2]proPSA) to predict the biopsy outcome. Two multicenter studies, including 1362 and
646 patients, highlight the value of these tests in patients with PSA values between 2 and 10 μg/L.
Stephan et al. [12] reported an area under the curve (AUC) of 0.72 and 0.74 for %[−2]proPSA and the
PHI, respectively, while Lazzeri et al. [13] reported an AUC of 0.67 for both biomarkers.

Two meta-analyses published in 2013 and 2014 corroborate these results, documenting AUCs
from 0.635 to 0.78 for %[−2]proPSA and from 0.69 to 0.781 for the PHI [14,15]. Both meta-analyses
underlined that these tests outperform the results obtained with PSA and %fPSA. This point has been
confirmed by a subsequent meta-analysis comparing the PHI and %fPSA in patients with total PSA
between 2 and 10 μg/L [16], showing an AUCs of 0.74 and 0.63, respectively for the PHI and %fPSA.

The three mentioned meta-analyses also agree regarding the relation of the PHI and %[−2]proPSA
with the aggressiveness of the tumor. This fact has been documented by Loeb et al. [17] in a study that
evaluated 658 male candidates to biopsy with PSA values between 4 and 10 μg/L. The authors noted
that the AUC to identify a clinically significant PCa was 0.698 for the PHI, while it was only 0.654 for
%fPSA. Also, Fossati et al. [18] indicated that both the PHI and %[−2]proPSA predicted a pathologic
stage T3 and a Gleason score ≥7 in the surgical specimen after evaluating a series of 489 patients
treated with radical prostatectomy.

Moreover, several studies have suggested that the addition of the PHI and %[−2]proPSA to
multivariate models based on the combination of PSA and various clinical and demographic variables
provides better clinical performance for the prediction of PCa. Stephan et al. [19] reported that the
AUC increased from 0.69 to 0.75 when [−2]proPSA or the PHI were added to a multivariable model
based on patient age, prostate volume, DRE, PSA and %fPSA. Similarly, Guazzoni et al. [20] showed
an improvement in the AUC by including %[−2]proPSA (0.82) or the PHI (0.83) in a model based on
the patient age, prostate volume, PSA and %fPSA (0.72). Finally, Filella et al. [21] showed that the AUC
increased from 0.762 to 0.802 (using a logistic regression analysis) or 0.815 (using an artificial neural
network) when the PHI and %[−2]proPSA were included in a multivariate model based on patient
age, prostate volume, PSA and %fPSA. Moreover, this study showed a relationship between prostate
volume and the PHI values, highlighting that prostate volume is a key factor in the interpretation of
PHI results. According to these authors, the performance of the PHI changed in relation to prostate
volume, finding AUCs of 0.818, 0.716 and 0.654 for patients with small, medium and large prostate
volume, respectively.

Lughezzani et al. [22] developed a PHI based nomogram for predicting PCa evaluating
729 patients undergoing prostate biopsy. The PHI increased significantly the accuracy obtained
using a multivariable logistic regression model based on patient age, prostate volume, DRE and biopsy
history from 0.73 to 0.80. External validation of this model was provided by a multicenter European
study based on 833 patients, showing an accuracy of 0.752 [23]. More recently, Roobol et al. [24]
showed analogous results validating this nomogram on 1185 men from four European sites, obtaining
an accuracy of 0.75 for all PCa and 0.69 for clinically relevant PCa (clinical stage > T2b and/or a
biopsy Gleason score ≥ 7). Similar results were found in this study by adding the PHI to the European
Randomized Study of Prostate Cancer (ERSPC) risk calculator, obtaining an accuracy of 0.72 for all
PCa and 0.68 for clinically relevant PCa. Despite these positive results, the authors concluded that only
limited reductions in the rate of unnecessary biopsies are possible when models are updated adding
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the PHI. More optimistic are the conclusions of a recent cost-effectiveness study of PCa detection using
the PHI [25]. The authors used a micro simulation model based on the results of the ERSPC trial to
compare the effects of screening using the PHI and those using only PSA. The model predicted a
reduction of 23% in negative biopsies for men with PSA between 3 and 10 μg/L, concluding that PHI
testing is 11% more cost-effective than screening only based on PSA.

2.2. Kallikrein Panel

The 4Kscore is a risk calculation for the detection of PCa on the biopsy based on the measurement
of a 4-kallikrein panel combined with the patient age, DRE and biopsy history. The 4-kallikrein panel
includes the measurement of total PSA, fPSA, iPSA and hK2, a kallikrein with high homology with
PSA. The test provides information about the probability of having a high-risk PCa. Therefore, the aim
is no longer to indicate a biopsy to detect PCa, but it is intended only to detect aggressive tumors with a
Gleason score of 7 or higher. Although the 4Kscore does not have the approval of the FDA, in June 2015
the National Comprehensive Cancer Network recommended the use of this test for the detection of
high-risk PCa for patients who have never undergone biopsy or after a negative biopsy [11].

The test was developed after studies performed by the group led by Lilja and Vickers,
from Memorial Sloan-Kettering Cancer Center, who conducted an extensive research in collaboration
with several European centers. The AUCs for the 4-kallikrein panel reported in all these studies for the
detection of high-risk PCa were higher than those for a PSA based model [26–32]. The AUCs obtained
for the 4-kallikrein panel ranged between 0.793 and 0.870, while the AUCs for the PSA based model
ranged from 0.658 to 0.816. Similar differences were observed when the corresponding clinical models
to predict high-risk PCa were compared. The AUCs for the model combining PSA, patient age and
DRE ranged from 0.709 to 0.868, while the AUCs ranged from 0.798 to 0.903 when fPSA, iPSA and hK2
were also included.

Prostate volume is a crucial factor influencing PSA serum levels and it is usually included in PCa
risk calculators. However, according to results published by Carlsson et al. [33], prostate volume is not
affecting the performance of a 4-kallicrein panel in PCa detection. This group studied these biomarkers
in two cohorts of 2914 and 740 patients with PSA ≥3 μg/L. In the first cohort, the AUC increased
from 0.856 to 0.860 when the prostate volume was added to a model based on a 4-kallikrein panel,
patient age and DRE, while in the second cohort the AUC was identical including or not prostate
volume (0.802).

All results published about the 4Kscore before 2014 were obtained in retrospective European
cohorts. In 2015, a prospective multicenter study developed in United States was published [34].
This evaluation, which included 1012 patients scheduled for prostate biopsy, confirmed the results
shown in previous studies. The AUC obtained for the 4Kscore test in the detection of high-risk PCa
was 0.82. The study documented that 58% of biopsies could be saved using a cut-off value of 15%,
although 4.7% of high-risk PCa would not be detected. Using a cut-off value of 6%, the reduction in
the number of biopsies was of 30%, but in contrast, only 1.3% of high-risk tumors were not detected.

On the other hand, a study based on a cohort collected in Sweden since 1986, in which samples
of included subjects were collected at the age of 40, 50 and 60, showed the predictive value of the
4Kscore [35]. The result of this test assessed at 50 and 60 years old allowed the classification of the
patients into two groups according to the probability of developing distant metastasis 20 years later.
Patients with PSA ≥3 μg/L at 60 years old were classified using a cut-off for the 4Kscore of 7.5 in two
groups with a significantly different risk of developing distant metastasis. Similarly, the 4Kscore was
also predictive using a cut-off of 5 considering patients with PSA ≥2 μg/L at 50 years old.

3. Urine-Based PCa Biomarkers

3.1. PCA3

PCA3 (prostate cancer gene 3, previously referred as DD3) is a gene that transcribes a long
non-coding mRNA that is overexpressed in PCa tissue (Figure 3). The PCA3 test is the score calculated
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measuring the concentration of PCA3 mRNA in relation to PSA mRNA, which is used to normalize
PCA3 signals. Measurements are performed in the urine obtained after performing a prostate massage
to enrich prostate cell content. This test, based on quantitative real time polymerase chain reaction
(qRT-PCR) technology, obtained the European Conformity in November 2006 and was approved by the
FDA in 2012 with the aim of deciding the repetition of a prostate biopsy in men more than 50 years old
who have one or more previous negative biopsies and results of PCA3 score higher than 25. The 2015
clinical guide of the National Comprehensive Cancer Network for the early detection of PCa [11]
considered PCA3 score as a useful test to decide the repetition of a biopsy in patients with a previous
negative biopsy, suggesting the use of 35 as the discriminating value.

 

Figure 3. PCA3 gene structure. The most frequent transcript contains exons 1, 3, 4a, and 4b.

The available results suggest that the PCA3 score can be useful in detecting PCa, especially in
patients with a previous negative biopsy [36]. However, the definition of the best discriminating value
is controversial. A multicenter study led by Haese [37] indicated that a score of 35 provides the optimal
balance between sensitivity (47%) and specificity (72%). Similar results have been recently reported in
a meta-analysis published by Hu et al. [38] including 16 studies that used 35 as the cut-off to decide
when to perform a biopsy. These authors documented an overall sensitivity of 57% and an overall
specificity of 71%, concluding that, although high quality further studies are missing, the PCA3 score
is a useful test in the detection of PCa. However, a large group of tumors were not diagnosed when a
biopsy was indicated in patients with a PCA3 score higher than 35. In the aforementioned study of
Haese et al. [37], 67% of biopsies would have been saved using the discriminating value of 35, but 21%
of high-grade PCa would not have been diagnosed. In the same study, using a discriminating value
of 20, the saved biopsies were only from 44%, but 9% of high-grade PCa were not detected.

These data have been confirmed by Crawford et al. [39] in a multicenter study involving 1913
patients, 802 of which with PCa. These authors point out that the traditional score of 35 allowed a
reduction of 77% in biopsies, but the number of false negatives was large, because PCa was detected in
413 of 1275 patients (32%) with a PCA3 score lower than 35, of which 195 had a Gleason score of 7 or
higher. However, by lowering the discriminating value to 10, the number of undiagnosed tumors was
reduced to 108, of which 52 had a Gleason score lower than 7. This study also points out that PCa was
only detected in 86 of 114 patients with a PCA3 score ≥100. It is somewhat paradoxical because initial
studies presented PCA3 as an overexpressed gene in PCa tissue between 10- and 100-fold relative to
non-neoplastic tissue [40]. In this way, Schröder et al. [41] showed a low positive predictive value
(38.9%) for a PCA3 score ≥100, even when significant efforts to detect a PCa were performed.

Finally, the relationship between PCA3 score and the aggressiveness of the tumor is also
controversial. Merola et al. [42], in a group of 114 patients with PCa, observed a significant association
between the PCA3 score and Gleason score (p = 0.02). Moreover, Chevli et al. [43] in a study
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based on 3073 patients observed that the PCA3 score is related to the Gleason score, with mean
values of 47.5 and 58.5 for patients with a Gleason score of 6 and 7 or higher, respectively. However,
this study also shows that the AUC to predict high-grade PCa is lower than that obtained with PSA
(0.679 vs. 0.682, respectively). Other authors do not find any correlation between the PCA3 score and
Gleason score, without explanations for this divergence [44,45].

The accumulated data on the PCA3 score generate an important expectation. Nevertheless,
the available evidence about its usefulness is not enough, as noted by a comparative analysis published
by Bradley et al. [46] based on 34 observational studies. The majority of studies suggest that the
diagnostic accuracy of the PCA3 score is clearly superior to that of PSA. In this regard, however,
Roobol et al. [47] highlight the influence of the bias caused by the use of PSA in the selection of the
population included in PCA3 studies. In their report, the authors try to minimize this bias by not only
performing the biopsy when PSA was greater than 3 μg/L, but also when the PCA3 score was lower
than 10. The obtained data showed less difference in the AUCs than in other studies (0.581 and 0.635
for PSA and PCA3 score, respectively).

3.2. TMPRSS2:ERG Fusion Gene

The gene fusion involving ERG (v-ets erythroblastosis virus E26 oncogene homologs) and the
androgen regulated gene TMPRSS2 (transmembrane serine protease isoform 2) (Figure 4) was reported
in 2005 by Tomlins et al. [48]. Aberrant fusion of the TMPRSS2 gene with the ERG gene is observed
in 15%–59% of PCa [49], but there are not unanimous results regarding its association with disease
prognosis. Differences could be explained in relation to the exon involved in the fusion [50] or due to
the presence of multiple copies of the fusion gene, showing a reduced prostate cancer-specific survival
in those patients whose tumor had multiple copies of the fusion gene [51].

Figure 4. The TMPRSS2:ERG fusion gene and its most frequent transcripts. The most frequent
transcripts of the TMPRSS2:ERG fusion gene consist in the fusion of exon 1 of TMPRSS2 to either exon
2 or 4 of ERG (T1-E4 or T1-E2). These transcripts encode for N-terminal truncated ERG proteins. Exon 1
from TPRSS2 is non-codifying. Transcription of the gene TMPRSS2 can start not only from its first
exon, exon 1, but also from an alternative first exon (exon 0).

The TMPRSS2:ERG gene rearrangements are studied in urine samples obtained after a prostate
massage using qRT-PCR. A ratio with PSA mRNA is used to normalize TMPRSS2:ERG signals.
The combination of the TMPRSS2:ERG score with the PCA3 score has been proposed as a way to
improve the prediction of the presence of PCa on the biopsy. A multicenter study published by
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Leyten et al. [52] prospectively evaluated the diagnostic utility of PCA3 and TMPRSS2:ERG scores in
443 patients who underwent a biopsy and found that both scores significantly increased the predictive
value obtained with the risk calculator ERSPC, which includes PSA and several clinical variables.
The AUC increased from 0.799 to 0.833 for the risk calculator ERSPC when PCA3 score was added,
and to 0.842 when PCA3 and TMPRSS2:ERG scores were added. In addition, TMPRSS2-ERG, but not
PCA3, was associated with the Gleason score and the tumor clinical stage.

More recently, Tomlins et al. [53] also proposed the combination of PCA3 and TMPRSS2:ERG
scores with PSA serum levels as a useful tool for detecting PCa. The study, prospectively conducted
in three centers and based on 1244 patients who underwent biopsy, showed the value of PCA3
and TMPRSS2:ERG scores when they were added to the PCPT (Prostate Cancer Prevention Trial) risk
calculator, also based on PSA and several clinical variables. The AUC increased from 0.639 for the PCPT
risk calculator to 0.739 and to 0.762 by adding the TMPRSS2:ERG score alone or the TMPRSS2:ERG
score plus the PCA3 score, respectively. Both biomarkers were also evaluated to predict high-risk PCa,
being the respective AUCs of 0.707 (for the PCPT risk calculator), 0.752 (plus TMPRSS2:ERG) and 0.779
(plus TMPRSS2:ERG and PCA3). The model that brings together the PCPT risk calculator, PCA3 and
TMPRSS2:ERG scores, called My Prostate score (MiPS), would allow the avoidance of 36% of biopsies
using a discriminating value of 15%, although it would cease to diagnose 1.6% of high-risk tumors.

The value of MiPS has been questioned by Stephan et al. [54] comparing PCA3, TMPRSS2:ERG,
PSA and PHI in a series of 246 patients, including 110 patients with PCa. The authors obtained an
AUC for MiPS of 0.748. The highest accuracy was found for a model including PCA3 and the PHI,
with AUCs of 0.757 and 0.752, when an artificial neural network and the logistic regression analysis
were used, respectively. The authors argued that the clinical potential of the TMPRSS2:ERG score is
limited because of its low prevalence in PCa patients.

4. miRNAs

miRNAs are small (17–22 nucleotides) non-coding RNAs, which negatively regulate the gene
expression at the posttranscriptional level by base-pairing to the complementary sites in their
target mRNAs, resulting in a repression or degradation of the target. The number of identified
miRNAs has progressively increased since 1993, when the first miRNA was described in the
nematode Caenorhabditis elegans. Currently, the number of miRNAs described according to the database
mirbase.org is 28,645 miRNAs (miRBase, release 21 June 2014) [55], 2588 of which are found in humans,
targeting the vast majority of mRNAs.

Several studies have shown their participation in the development and progression of cancer.
Calin et al. [56] showed in 2002 that some miRNAs were suppressed or downregulated in chronic
lymphocytic leukemia. The number of studies that evaluate their usefulness as biomarkers has been
increasing since 2008, when Lawrie et al. [57] proposed a profile of circulating miRNAs as a diagnostic
tool in patients with B-cell lymphoma. Many research findings prove the usefulness of circulating
miRNAs in the detection and prognosis of various tumors and in the prediction of the response to
treatment, revealing robust signatures of miRNAs that distinguish healthy controls from patients with
cancer. However, these results should be contextualized because of differences in the methodology
used in the available studies. Witwer [58] underlines that limited overlap has been observed between
the findings of similar studies in the same disease, probably due to methodological reasons. Indeed,
although miRNAs are stable enough in plasma and serum, optimization and standardization of the
methodology used for the miRNAs measurement is required to obtain high quality results. So far,
there are still differences due to the type of sample (with differences between serum and plasma, and
also related to plasma, among the different anticoagulants); the specific reagent used in the isolation of
miRNA; the performance of a preamplification to obtain more Cdna; and the platform used for the
qRT-PCR (AbiPrism, LightCycle, etc.), the use of endogenous (none of which behaves as ideal control)
or exogenous controls (e.g., cel-miR-39) to normalize the results, and the calculation method used,
of which probably ΔΔCt is the most frequent (Figure 5).
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The development of digital PCR could improve the performance of qRT-PCR and would remove
the dependence for a reference miRNA for normalization. Besides, the introduction of digital count
technologies, such as next-generation sequencing (NGS) and the NanoString nCounter System has
supplied new tools for miRNA profiling [59]. As opposed to microarrays and qRT-PCR, NGS enables
the discovery of new miRNAs in addition to the confirmation of known miRNAs. It beats the
limitations of microarrays that have background signal and cross-hybridization problems. Another
recent novelty for miRNA profiling is the NanoString nCounter system, a hybridization-based
technology, which consists on direct digital detection of RNA molecules of interest using target-specific,
colour-coded probe pairs without the requirement of reverse transcription or cDNA amplification.

Figure 5. Sources of lack of concordance across the different studies. miRNA: microRNA, NGS: next
generation sequencing.

The expression of aberrant miRNAs has been demonstrated in PCa, playing a critical role in tumor
initiation, development and progression [60]. Mitchell et al. [61] were the first to show that miRNAs
are present in the plasma of patients with PCa in a remarkably stable manner, noting that miR-141
is significantly elevated in patients with advanced PCa compared to healthy controls. Subsequently,
several studies based on microarrays have identified several miRNAs signatures with utility in
the diagnosis and prognosis of PCa. However, the differences among these panels are substantial
and only miR-141, miR-375 and miR-21 repeatedly appear in various studies [62]. Prominently,
Mihelich et al. [63] retrospectively studied the serum levels of 21 miRNAs in 100 PCa patients in
stages T1–T2. The authors found a signature composed by 14 miRNAs (let-7a, miR-24, miR-26b,
miR-30c, miR-93, miR-100, miR-103, miR-106a, miR-107, miR-130b, miR-146a, miR-223, miR-451, and
miR-874) to distinguish accurately (negative predictive value of 0.939) high-grade PCa from low-grade
PCa. Seven of these miRNAs (miR-451, miR-106a, miR-223, miR-107, miR-130b, let-7a and miR-26b)
were also significantly lower in PCa patients with biochemical recurrence after radical prostatectomy
compared with those without biochemical recurrence. Similarly, Chen et al. [64] identified, in plasma,
a panel of five miRNAs (miR-622, miR-1285, let-7e, let-7c, and miR-30c) to discriminate CaP from
BPH and healthy controls with high sensitivity and specificity. On the other hand, Moltzahn et al. [65]
found AUCs from 0.812 to 0.928 for miR-106a, miR-1274, miR-93, miR-223, miR-874, miR-1207 and
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miR-24, showing a trend to correlate with the CAPRA score, a PCa risk assessment based on patient
age, PSA serum levels, clinical tumor stage, the Gleason score and the percentage of positive biopsy
cores. The authors reported the up-regulation of miR-30c, miR-93, miR-106a, miR-223 and miR-451 in
patients with high-risk PCa compared with low-risk PCa. It should be noted that opposite results have
been indicated by Mihelich et al. [63], showing that these miRNAs were highly expressed in BPH and
low-risk PCa compared with high-risk PCa. These differences could be attributed to deficiencies in the
standardization of the collection and measurement of miRNAs.

Although the clinical usefulness of miRNAs in urine has been investigated by several authors,
no comprehensive evaluation has been reported till the present moment. Studies have been done
in several urine fractions, including whole urine, urinary pellet and the cell-free urinary fraction.
The enrichment with prostatic cells after a prostate massage has been also assayed. Preliminary results
suggest that the measurement of urinary miRNAs may be valuable as biomarkers in the management
of patients with early PCa, although conclusions of the available studies are based on a short series of
patients [62]. Recently, Salido-Guadarrama et al. [66] identified a miR-100/200b signature in the urine
obtained after prostate massage comparing 73 patients with high-risk PCa and 70 patients with BPH.
The AUC for this signature (0.738) was higher than the obtained AUCs for total PSA (0.681) and %fPSA
(0.710). Adding the miR-100/200b signature to a multivariate model based on age, DRE, total PSA and
%fPSA the AUC increased from 0.816 to 0.876.

Contributions regarding the clinical usefulness of miRNAs in blood and urine are summarized in
Table 1.

5. Exosomal Biomarkers

Exosomes are small (30–150 nm) double lipid membrane vesicles of endocytic origin secreted
by most cell types, that contain proteins, lipids and nucleic acids. Information about the molecules
identified in exosomes from multiple organisms is provided in the ExoCarta database (http://exocarta.
org/). Currently, ExoCarta contains information on 41,860 protein entries, 4946 mRNA entries and
2838 miRNA entries that have been identified from 286 exosomal studies. Exosomes were initially
described by Trams et al. [67] as exfoliated membrane vesicles, obtained from neoplasic cell cultures.
Their presence has later been confirmed in serum and plasma as well as in other biological fluids,
including urine, saliva, ascites, breast milk and amniotic fluid. The study of new biomarkers in
exosomes is a promising field because they are remarkably stable in body fluids and their content is
protected from enzymatic degradation by the exosomal lipid bilayer [68,69].

Cancer cells have been shown to release high levels of exosomes, which may influence tumor
initiation, growth and progression as well as drug resistance. Actually, a significantly higher amount
of exosomes has been found in serum from ovarian cancer patients in comparison with healthy
subjects or patients with benign ovarian diseases. Also, the amount of exosomes has been correlated
with the clinical stage in ovarian cancer, showing high levels in patients at an advanced stage [70].
Duijvesz et al. [71] showed that CD9 and CD63 exosomal biomarkers in urine collected after DRE were
significantly higher in men with PCa. Analogous results have been found in other tumors, including
lung cancer, colorectal cancer and chronic lymphocytic leukemia [72–74].

The emerging involvement of exosomes in intercellular communication focuses on their role
in carcinogenesis. Tumor derived exosomes exchange information with other cancer cells and
also with other cell types, including stroma and extracellular matrix cells, establishing favorable
conditions for tumor growth and invasion. Exosomes can stimulate target cells through different ways,
including the interaction with specific membrane receptors, endocitosis and the horizontal transfer of
proteins and RNA species, such as mRNA, large non-coding RNA molecules and miRNAs [75].
Available evidence showed that exosomes derived from cancer cells actively contribute to the
progression of disease [76]. Franzen et al. [77] reported that epithelial-to-mesenchymal transition
in urothelial cells is induced by muscle invasive bladder cancer exosomes. Similar data have been
shown in PCa. Abd Elmageed et al. [78] demonstrated that exosomes from PCa cells can induce the
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neoplastic transformation of adipose derived stem cells through the horizontal transfer of several
oncogenic factors, including the oncomiRs miR-125b, miR-130b and miR-155. Besides, according to
Hosseini-Beheshti et al. [79], exosomes derived from PCa cells could contribute to cancer progression,
reducing apoptosis, increasing cancer cell proliferation, and inducing cell migration in LNCaP and
RWPE-1 cells.

In spite of the growing interest in the role of exosomes in several diseases and their use for
functional studies and biomarker discovery, no standard method is available to acquire highly pure
and well-characterized exosomes. The most common method for exosomes isolation is differential
ultracentrifugation, which consists of multiple centrifugation steps with increasing centrifugal
strength to sequentially pellet cells (300 g), microvesicles (10,000 g) and exosomes (100,000 g) [80].
Many variations to these speeds are implemented in practice. Serial filtration through 0.45 and
0.2 mm filters is used optionally before exosome pelleting. Furthermore, density gradient based
isolation, using sucrose or iodixanol (OptiPrep™, Sigma-Aldrich, St. Louis, MO, USA), can be used
to obtain more pure exosome preparations. Commercial easy-to-use reagents have recently been
developed, including precipitation solutions, such as ExoQuick™ or Total Exosome Isolation™ kits,
and column-based assays, such as exoRNeasy Serum/Plasma. Transmission electron microscopy or
immuno electron microscopy can be performed to check the presence of exosomes. Furthermore,
Western blot and ELISA assays can be used to detect several exosomal markers (such as CD9, CD63
and CD81) in order to identify the isolated vesicles as exosomes (Figure 6).

Few studies have evaluated exosomal biomarkers in PCa detection and prognosis. Proteome of
urinary exosomes has been analyzed using mass spectrometry to identify proteins by Øverbye et al. [81]
in 15 healthy subjects and 16 PCa patients. This study showed that 246 proteins were significantly
altered in urinary exosomes of PCa patients. The authors found that 17 proteins presented sensitivities
above 60% at 100% specificity. The highest sensitivities were observed for transmembrane protein
256 (TM256) (94%), LAMTOR1 (81%) and ADIRF (81%). Furthermore, the authors reported an AUC of
0.87 for TM256, which increased to 0.94 by combining with LAMTOR1.

Comparison of PCA3 and TMPRSS2:ERG between urinary sediment and exosomes has been
reported by Dijkstra et al. [82], concluding that exosomes seem to be a more robust source of biomarkers,
although a significant proportion of samples are not assessable because they do not reach the analytical
detection limit. Exosomal PCA3 and TMPRSS2:ERG levels were significantly higher when urine was
collected after a prostate massage. More recently, published results by this group based on 29 men
undergoing prostate biopsies showed that PCA3 and ERG perform better in whole urine than in urinary
sediment or exosomes [83]. No significant differences were found for both biomarkers in exosomes
comparing PCa and non-PCa patients.

Opposite results have been reported by Donovan et al. [84] evaluating the combination of
exosomal PCA3 and ERG mRNA in the detection of high-grade PCa. The authors studied both
biomarkers in first-catch urine samples obtained without prostate massage from 195 patients submitted
for initial biopsy because of PSA serum levels within the gray zone. They showed that the EXO106
score (the sum of normalized exosomal PCA3 and ERG mRNA levels) is related to the Gleason
score, showing higher results in patients with a Gleason score ≥7. The authors proposed to combine
the EXO106 score with PSA, age, race and PCa family history for the detection of high PCa,
showing negative and positive predictive values of 97.5% and 34.5%, respectively (AUC: 0.803).

Several authors suggested that exosomes obtained from blood and urine are a consistent source
of miRNA for disease biomarker detection [85–88], although some doubts have been presented by
other researchers underlying that exosomes in standard preparations do not carry a biologically
significant amount of miRNAs [89]. Moreover, according to Arroyo et al. [90], vesicle associated
miRNAs only represent a minority, while around 90% of miRNAs in the circulation are present in a
non-membrane-bound form. Instead, Gallo et al. [91] showed that the majority of miRNAs detectable
in serum and saliva are concentrated in exosomes. Moreover, Cheng et al. [85] showed that in urine
the highest proportion of miRNA was extracted from exosomes.
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Figure 6. Exosome isolation procedures. The different size particles contained in body fluids or
conditioned media are drawn as different color circles.

Actually, some studies have evaluated the usefulness of exosomes’ miRNAs in PCa management
(Table 1). Li et al. [92] showed that the level of the miR-141 was significantly higher in exosomes
compared with the whole serum. Also, these authors reported that the level of serum exosomal
miR-141 was significantly higher in PCa patients compared with BPH patients and healthy controls,
finding the most elevated levels in patients with metastatic PCa. Moreover, Huang et al. [93] found
that the levels of plasma exosomal miR-1290 and miR-375 were significantly associated with poor
overall survival. The addition of these new biomarkers into a clinical prognostic model improved
predictive performance with a time-dependent AUC increase from 0.66 to 0.73. On the other hand,
Bryzgunova et al. [94] demonstrated promising results in the detection of PCa, analyzing miR-19b in
urinary exosomes isolated by differential centrifugation. Finally, Samsonov et al. [95] indicated
that miR-21, miR-141 and miR-574 were upregulated in PCa patients compared with healthy
controls in urinary exosomes isolated by a lectin-based exosomes agglutination method. Nevertheless,
only miR-141 was found to be significantly upregulated when urinary exosomes were isolated by
differential centrifugation.
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More recently, NGS technologies revealed the presence of sequence variants of miRNAs,
called isomiRs, showing their utility as biomarkers. They are generated from a single miRNA locus
through the miRNA processing and maturation process. Koppers-Lalic et al. [96] identified that
isomiRs of miR-21, miR-375 and miR-204 measured in urinary extracellular vesicles could distinguish
control men from PCa patients. The authors found an AUC of 0.821 for these set of isomiRs, meanwhile
the AUC corresponding to the mature miRNA was 0.661. The existence of isomiRs could explain
disagreements about the usefulness of miRNAs in PCa detection.

Preliminary results about exosomal biomarkers are promising, although contradictory results
have been published. New advances in standardization of isolation and characterization procedures
together with larger clinical studies are required to assess the clinical usefulness of exosomes.

6. Conclusions

PCa is a very heterogeneous tumor, including patients with a low-risk of progression, in which
cancer-specific survival rates exceeded 99% at a 15-year follow-up. The percentage of low-risk PCa
has been estimated by Klotz [97] to be between 50% and 60% of new diagnosed cases. However,
the survival rate decreases considerably for men with aggressive PCa. Specific gene-expression
patterns have been identified for PCa subclasses. Recently, Rubin et al. [98] have reported specific
genomic profiles related to the Gleason score, showing that few driver mutations and no polyploidy
are associated with tumors with a Gleason score lower than 7. In this regard, to label those patients
with a Gleason 6 or lower as having cancer has been put into question [99,100].

New biomarkers have been recently introduced for the management of early PCa,
offering improvement in detection and some are useful in differentiating between aggressive and
non-aggressive PCa. In this article, we have underlined recent advances in the discovery of PCa
biomarkers related to aggressiveness. The 4kscore is defined to identify with high accuracy an individual
patient’s risk for aggressive PCa. Also, high values of PHI are associated with tumor aggressiveness.
Besides, both tests outperform the specificity of tPSA and %fPSA. Furthermore, although the most
appropriate cut-off for the PCA3 score still has to be established, it outperforms better than tPSA
and %fPSA, although its relationship with the aggressiveness of the tumor is controversial. More
results are necessary to identify more accurately the usefulness of emerging biomarkers based on
molecular techniques, including the TMPRSS2:ERG fusion gene and exosomal and non-exosomal
miRNAs. Furthermore, new efforts in the standardization of these methods are necessary to use these
novel biomarkers routinely.

Available studies comparing PCa biomarkers showed non-conclusive results, although several
studies have evaluated these biomarkers. Scattoni et al. [101] evaluated the PHI and PCA3 score
in 211 patients undergoing initial (116) or repeat (95) prostate biopsy, finding that the PHI was
significantly more accurate than the PCA3 score for predicting PCa (AUC 0.70 vs. 0.59). However,
Stephan et al. [102] evaluated 246 patients, showing no significant differences in accuracy between the
PCA3 score and the PHI (AUC 0.74 vs. 0.68), whereas the urinary TMPRSS2:ERG fusion gene failed to
significantly improve the ability to detect PCa. On the other hand, only PSA and the PHI correlated
with the Gleason score, whereas PCA3, %fPSA, and the TMPRSS2:ERG fusion gene did not. Instead,
Tallon et al. [103] concluded that the PHI and urinary PCA3 and TMPRSS2:ERG fusion gene are
complementary predictors of cancer aggressiveness at radical prostatectomy. According to this group,
the PCA3 score was related to tumor volume ≥0.5 mL and multifocality, while the PHI was related to
tumor volume ≥0.5 mL, the Gleason score ≥7 and extracapsular extension. The TMPRSS2:ERG fusion
gene was only related to the pathological T stage.

A comparison between the 4Kscore and the PHI was provided by Nordström et al. [104] evaluating
the performance of these biomarkers in a series of 531 men with PSA levels between 3 and 15 μg/L.
No significant differences were found between both tests in the detection of any-grade PCa as well
as in the detection of high-grade PCa (AUCs: 0.69 and 0.718, respectively, for the 4Kscore; and 0.704
and 0.711, respectively, for the PHI). On the other hand, Vedder et al. [105] compared PCA3 and the
4Kscore in 708 patients in which biopsy was done when PSA was ≥3 μg/L or PCA3 score was ≥10.
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The 4Kscore outperforms the PCA3 score (AUC 0.78 vs. 0.62) in men with elevated PSA, although the
accuracy of the PCA3 score was higher in the global population (AUC 0.63 for PCA3 vs. 0.56 for the
4Kscore). Additionally, the authors showed that both tests increased the value of a base multivariate
model (from 0.70 to 0.73 adding the PCA3 score and 0.71 adding the 4kscore), but significant differences
were only found adding the PCA3 score (p = 0.02).

To summarize, in recent years, several new promising PCa biomarkers have been identified
and found to be associated with tumor aggressiveness (Box 1). Multicenter prospective studies
showed the utility of the PHI, the 4Kscore and the PCA3 score to reduce the number of unnecessary
prostate biopsies in PSA tested men. Actually, these biomarkers have been recommended for different
guidelines [11,106,107]. However, large prospective studies, avoiding bias due to preselection of
patients according to PSA serum levels, are necessary to compare the value of these biomarkers. Also,
new efforts are necessary to standardize the methodology for the measurement of exosomal and
non-exosomal miRNAs to analyze accurately their usefulness in the management of patients with early
PCa. Finally, the combined role of these biomarkers together with magnetic resonance imaging data
would be elucidated [108–110]. Additionally, results obtained using blood and urinary biomarkers
must be compared with promising data obtained with Prostate-specific membrane antigen (PSMA).
PSMA is a transmembrane glycoprotein overexpressed in PCa cells. Results of PSMA serum levels
in the detection of the PCa are inconclusive, but its expression is correlated with a higher Gleason
score, PSA at diagnosis and advanced clinical stage. PSMA features enable this biomarker as an
optimal target for developing imaging strategies for PCa. Recent results show that the use of PET
probes targeting PSMA for imaging prostate cancer might improve detection of cancerous foci within
the prostate, especially in patients with a previous negative prostate biopsy [111]. Further studies
are necessary to better characterize new PCa biomarkers, but available publications show promising
results to detect PCa and to distinguish patients with aggressive and non-aggressive PCa.

Box 1. Biomarkers in PCa detection and prognosis.

Prostate health index
Biomarkers measured: PSA, fPSA, [−2]proPSA
Sample: serum
Approved by the Food and Drug Administration (FDA)
Recommended by the National Comprehensive Cancer Network
Related to PCa aggressiveness

4Kscore
Biomarkers measured: PSA, fPSA, iPSA, hK2
Sample: serum
The test provides information about the probability of having a high-risk PCa
Recommended by the National Comprehensive Cancer Network
Related to PCa aggressiveness

PCA3 score
Biomarkers measured: mRNA PCA3 in relation to mRNA PSA
Sample: urine obtained after prostate massage
Approved by the Food and Drug Administration (FDA)
Recommended by the National Comprehensive Cancer Network
Inconclusive results about its relationship with PCa aggressiveness

TMPRSS2:ERG fusion gene
Biomarkers measured: mRNA TMPRSS2:ERG in relation to mRNA PSA
Sample: urine obtained after prostate massage
Preliminary results

miRNAs and other exosomal biomarkers
Sample: blood and urine
Directly related to development and progression of cancer
No standardized methodology
Preliminary results
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Abstract: Widespread prostate-specific antigen (PSA) testing notably increased the number of prostate
cancer (PCa) diagnoses. However, about 30% of these patients have low-risk tumors that are not lethal
and remain asymptomatic during their lifetime. Overtreatment of such patients may reduce quality
of life and increase healthcare costs. Active surveillance (AS) has become an accepted alternative
to immediate treatment in selected men with low-risk PCa. Despite much progress in recent years
toward identifying the best candidates for AS in recent years, the greatest risk remains the possibility
of misclassification of the cancer or missing a high-risk cancer. This is particularly worrisome in men
with a life expectancy of greater than 10–15 years. The Prostate Cancer Research International Active
Surveillance (PRIAS) study showed that, in addition to age and PSA at diagnosis, both PSA density
(PSA-D) and the number of positive cores at diagnosis (two compared with one) are the strongest
predictors for reclassification biopsy or switching to deferred treatment. However, there is still no
consensus upon guidelines for placing patients on AS. Each institution has its own protocol for AS
that is based on PRIAS criteria. Many different variables have been proposed as tools to enrol patients
in AS: PSA-D, the percentage of freePSA, and the extent of cancer on biopsy (number of positive cores
or percentage of core involvement). More recently, the Prostate Health Index (PHI), the 4 Kallikrein
(4K) score, and other patient factors, such as age, race, and family history, have been investigated
as tools able to predict clinically significant PCa. Recently, some reports suggested that epigenetic
mapping differs significantly between cancer patients and healthy subjects. These findings indicated
as future prospect the use of epigenetic markers to identify PCa patients with low-grade disease, who
are likely candidates for AS. This review explores literature data about the potential of epigenetic
markers as predictors of clinically significant disease.
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1. Introduction

AS has recently become an accepted alternative for patients with low-risk prostate cancer
(PCa)-related mortality, allowing for delayed curative intervention if there is reclassification of
cancer risk or evidence of disease progression [1]. It has been widely accepted that pre-treatment
prostate-specific antigen (PSA) below 10 ng/mL, a biopsy Gleason score of 6 or less, and clinical
stage T1c or T2a identify low-risk PCa [2]. Moreover, Klotz et al. [3] recently suggested that patients
with a Gleason score of 3 + 4 PCa may be selected for active surveillance (AS), since most of these
patients are at a low risk of progression. Risk factors for reclassification and progression have still not
been adequately characterized. Low-risk PCa patients were monitored through PSA levels, clinical
examination, and repeated prostate biopsies. Changes in biopsy results suggest a need for intervention.
Widespread AS use has been prevented because under-sampling prostate biopsies may result in occult
high-grade cancer. Moreover, biopsies are invasive tests, not free from side effects such as bleeding
and infection risks, suggesting a need to avoid unnecessary repeated prostate biopsies in AS regimens.
Several approaches to selecting patients for AS have been proposed. One of these includes the addition
of biomarkers to currently used clinical and demographical variables [4]. Biomarker levels can ideally
be obtained non-invasively, allowing for controlled follow-up of patients in AS in order to avoid
overtreatment and the consequent impairment of quality of life.

In this review, we focused our attention on the potential use of epigenetic mapping as prognostic
factors in the clinical management of PCa patients.

1.1. Biomarkers and Active Surveillance: Current Status

PCa patients are classified at diagnostic biopsy as very low-risk when they meet the following
criteria: clinical stage T1c disease, PSA-D less than 0.15 ng/mL, a Gleason score ≤6, two or fewer biopsy
cores with cancer, and a maximum of 50% involvement of any core with cancer [5]. Thaxton et al.
showed that the number of patients eligible for AS, who have fatal disease at radical prostatectomy
(RP), depends upon the criteria used for AS selection [6]. However, the optimal patient selection
and follow-up protocol is still a matter of debate. Prostate biopsy risks, such as bleeding and
infections, highlight the need for non-invasive tools for the selection and follow-up of AS patients [7].
The Prostate Health Index (PHI) may play a role in monitoring men under active surveillance (AS) [8,9].
Tosoian et al. [10] found an association between baseline and longitudinal PHI, but not PCA3 [11]
values and reclassification during active surveillance. Sottile et al. [12] demonstrated significantly
higher p2PSA and PHI levels in men with metastatic disease as compared to those without clinical
metastasis. Collectively, PHI and/or PCA3 improve the selection of eligible patients for AS and decision
curve analysis demonstrated that PHI outperforms PCA3 [13]. A Canadian report indicated that
neutrophil-to-lymphocyte ratio (NLR) is a less expensive and more easily accessible test able to predict
Gleason score upgrading and biochemical recurrence in patients with low-risk PCa eligible for AS [14].
Recently, Ferro et al. [15] found a significant association between low serum testosterone levels and
upgrading, upstaging, and unfavorable disease, suggesting a new cheap parameter useful to identify
low-risk patients eligible for AS. A recently published preliminary study [16] showed that the presence
of primary circulating prostate cells is associated with aggressive disease, suggesting that these patients
are not eligible for active surveillance. Several authors have shown that, besides the PHI index, the
PCA3 score can improve the Epstein and PRIAS protocol’s ability to predict insignificant PCa in subjects
eligible for AS [17,18]. Lin et al. found that [19] the combination of urine TMPRSS2-ERG and PCA3
were associated with aggressive cancer in men with low-risk PCa on AS. Berg et al. found a significant
association between tissue ERG expression and progression during AS [20]. Other authors have recently
shown that Ki67 and DLX2, two cancer cell proliferation markers, are predictive of increased metastasis
risk and may aid patient selection for AS [21]. It has been repeatedly demonstrated [22–24] that PTEN
loss is uncommon in clinically localized PCa, suggesting the potential use of this histopathological
biomarker as a predictor of unfavorable prognosis in patients on AS.
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Tissue-based prognostic panels as OncotypeDX1 and Prolaris1 have been validated for routine
clinical use on men with low-risk PCa. The first is a quantitative RT-PCR assay performed using biopsy
samples. This test measures the expression of several genes involved in four different pathways to
calculate the Genomic Prostate Score (GPS), which is predictive of aggressive disease in low- and
intermediate-risk PCa patients [25]. The Prolaris 1 test provides a proliferative index, called CCP (cell
cycle progression) score, on the basis of the expression of 31 cell cycle progression and 15 housekeeping
genes [26]. In a multicentric study, the biopsy CCP score from low-risk patients was associated with
aggressiveness at radical prostatectomy [27].

1.2. Epigenetic Biomarkers and PCa Prognosis: Future Challenge

The term “epigenetics” defined heritable changes in gene expression that are independent
from those occurring in the genome. The epigenetic mechanisms contribute to gene regulation
throughout the whole life course of an organism, by changing chromatin architecture and/or access by
transcription factors. They include different processes, such as DNA methylation, histone modifications,
and post-transcriptional gene regulation by non-coding RNAs. Together, they regulate gene expression
by changing chromatin organization and DNA accessibility.

The most well studied epigenetic modification in human diseases is DNA methylation. It involves
an enzymatic process mediated by DNA methyltransferases (DNMTs) that catalyze the addition
of a methyl group, using S-adenosyl methionine (SAM) as the methyl supplier, to the 5-carbon of
the cytosine within CpG dinucleotides to form 5-methylcytosine. CpG are normally methylated
when dispersed in the genome or in DNA repetitive region, but remain unmethylated to enable gene
expression when they are clustered as a CpG island at the 5’ ends of many genes [28]. The conventional
view is that DNMT1 is responsible for the maintenance of tissue-specific methylation patterns during
cell replication, while DNMT3A and DNMT3B catalyze the addition of methyl groups de novo during
embryogenesis [29,30]. In tumorigenesis, DNA methylation and demethylation are associated with
silencing tumor suppressor genes and activating oncogenes, respectively [31].

Histone post-translational modifications (PTMs) include acetylation, biotinylation, methylation,
phosphorylation, ubiquitination, SUMOylation, ADP (adenosine diphosphate) ribosylation, proline
isomerization, citrulination, butyrylation, propionylation, and glycosylation, which are known as “the
histone code” and strongly contribute to the control of gene expression [32].

Such modifications alter the affinity of the histone tails to the DNA and change the conformation
of chromatin structure, resulting in transcriptional genes activation or repression. For instance,
di- and trimethylation and poor acetylation of lysine 9 residue on histone H3 are associated with
the silencing of gene expression. By contrast, the acetylation of histones H3 and H4, together
with the methylation of lysine 4 residue on histone H3, results in gene expression. In general,
acetylation promotes transcriptional activity and is catalyzed by histone acetyltransferases (HAT).
Conversely, histone deacetylases (HDACs) remove acetyl groups leading to a silent chromatin state.
Depending on the specific amino acid residues modified and the number of methyl groups added,
histone methylation may be associated with the activation or repression of transcription. In general,
histone methyltransferases (HMTs) and histone demethylases (HDMs) catalyze the addition or the
removal of methyl groups from histone proteins, respectively [33].

There is good evidence that another epigenetic modification, known as noncoding RNAs
(ncRNAs), can influence gene expression [34].

The best-characterized class of non-coding RNAs is represented by microRNA (miRNAs),
which are single-stranded RNAs, about 19–24 nucleotides in length. They regulate gene expression
through the binding to mRNAs, resulting in degradation or translational inhibition [35]. It was
estimated that at least 30% of human genes are regulated by miRNA. In metazoans, each mRNA can be
combined with multiple miRNAs and each miRNA regulates multiple mRNAs. It is noteworthy that
miRNAs regulate a large spectrum of biological processes and play an important role in tumorigenesis,
activating oncogenes or restraining tumor suppressor genes [36,37].
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Development and progression of PCa are usually associated with global DNA hypomethylation
with a lower overall content of 5-methylcytosine (m5C) found in metastatic tissue [38]. The global
DNA hypomethylation in PCa causes a loss of IGF2 imprinting (with expression of both parental
alleles) both in cancerous and in distant areas within the peripheral zone, indicating that the epigenetic
defect in histologically normal tissue might be employed to identify PCa in patients [39] (Figure 1).
Conversely, promoter hypermethylation is widespread during neoplastic transformation of prostate
cells; indeed, this is one of the first aberrations, seen early in pre-invasive lesions, and appears to be
clonally maintained during metastatic progression of PCa [40]. Thus far, several genes, including tumor
suppressor genes, have been described as de novo methylated in morphologically normal prostate
tissue and in pre-invasive lesions, such as PIN (Prostatic Intraepithelial Neoplasia), and persisting
during prostate carcinogenesis [40]. As an example, the relative frequency of methylation of Ras
association domain family protein 1, isoform A (RASSF1A) promoter was higher in more aggressive
tumors compared to less malignant tumors [41,42]. Aberrant promoter methylation was also found
in different genes involved in important molecular pathways of carcinogenesis, such as DNA
repair/protection, cell cycle regulation, and signal transduction. As an example, the frequency
of methylation at the promoter region of Glutathion S-transferase Pi 1 (GSTP1), a gene involved
in DNA repair, was found elevated not only in more than 90% of PCa cases, but also in over 50%
of PCa precursor lesions, confirming that this is an early event in prostate carcinogenesis [42–44].
Further supporting the relevance of DNA methylation in PCa progression, different authors have
related CpG methylation patterns to clinical outcomes and revealed that methylation of certain loci
(e.g., AOX1 and RARB) predicted disease progression [45,46].

Figure 1. Potential epigenetic biomarkers in patients on AS. The figure shows the epigenetic
modifications that have been tested as biomarkers. Green arrows represent down- and up-regulation
of epigenetic biomarkers. The aberrant epigenetic changes have been described and cited in the text.
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Histone modifications were also found to relate to the pathogenesis of prostate cancer and
regulation of cancer cell proliferation. Ellinger and co-authors analyzed H3K4 methylation in patients
with advanced PCa and found that this epigenetic modification was a significant predictor of PSA
recurrence following radical prostatectomy. Moreover, they also found that H3K4me1, H3K4me2,
and H3K4me3 levels were significantly increased in hormone-refractory prostate cancer (HPRC) [47].
One of the most studied epigenetic enzymes in PCa is the histone methyltransferase EZH2 responsible
for H3K27 trimethylation. Its overexpression, particularly found in mCRPC [48], correlates with
promoter hypermethylation and repression of some tumor suppressor genes [48,49]. Other epigenetic
enzymes, such as SET9, SMYD3, JHDM2A, JMJD2C, and LSD1, have been demonstrated to play
a role in prostate carcinogenesis [50–54]. LSD1, whose activity is associated to both transcriptional
activation or repression, was associated with aggressive CRPC and a high risk of disease relapse [55,56].
Strong expression of all HDAcs was accompanied by enhanced tumor cell proliferation. High rates
of HDAC1 and HDAC2 expression were significantly associated with tumor dedifferentiation,
and HDAC2 expression is associated with shorter PSA relapse time after radical prostatectomy [57,58].
Moreover, AR transcriptional activity is regulated by HAT or HDAC activities, i.e., acetylation
facilitates its binding to target DNA sequences, while HDAC1 and HDAC2 abrogate its activity [59].
These data confirm the role of HATs and HDACs in influencing the acetylation status of non-histone
proteins. Additionally, the NAD-dependent deacetylase sirtuin-1 (SIRT1) is involved in PCa where
its downregulation leads to the upregulation of different oncogenes as a consequence of H2A.Z
overexpression [60].

Important biomarkers for PCa have been identified in microRNAs. Recently, Al-Kafaji et al.
demonstrated that miR-18a expression increased in peripheral blood of patients with prostate cancer,
indicating miR-18a as a potential noninvasive biomarker for prostate cancer tissue [61] (Figure 1).
On the contrary, miRNA-129 was found downregulated in prostate cancer. Thus, its overexpression
could prevent prostate cancer growth by developing tumor suppressive functions [62].

Zhao et al. [63] recently reported that a 4-gene methylation classifier panel (APC, CRIP3, GSTP1,
and HOXD8) was able to predict patient reclassification on AS.

Epigenetic alterations are commonly found in PCa and play a role in carcinogenesis and tumor
spreading. Moreover, new technologies, such as next-generation sequencing (NGS), have been
implemented, allowing us both to expand our knowledge on prostate tumorigenesis and to obtain
new epigenetic biomarkers useful to PCa patient clinical management.

Collectively, no single epigenetic biomarker has been identified as a marker of
aggressive phenotypes.

However, several studies have identified potentially useful epigenetic biomarkers in PCa (Table 1)
mainly in tissue samples.

Table 1. Overview of prostate cancer epigenetic biomarkers.

Biomarker Type of Epigenetic Modification Sample References

IGF2 DNA hypo- and hyper-methylation Tissue [38–40]
RSSF1A DNA hypermethylation Tissue [41,42]
GSTP1 DNA hypermethylation Tissue [42–44]
AOX1 DNA hypermethylation Tissue [45,46]
RARB DNA hypermethylation Tissue [45,46]
EZH2 Increased H3K27 trimethylation Tissue [48]

SET9, SMYD3, JHDM2A, JMJD2C, LSD1 Histone modifications Tissue [50–54]
HAT Variation in histone acetylation Tissue [59]

HDAC1, HDAC2 Histone deacetylation Tissue [59]
SIRT1 Downregulation Tissue [60]

miR-18a Overexpression Peripheral blood [62]
miRNA-129 Downregulation Peripheral blood [62]

APC, CRIP3, GSTP1, HOXD8 DNA hypermethylation Urinary [63]
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The most studied epigenetic alteration is DNA methylation. Consequently, it is conceivable that
methylation markers will be the first that will be translated into clinical practice for the management
of PCa patients.

DNA methylation alterations, measured in cell-free circulating and urinary tumor DNA, can
potentially be used as PCa biomarkers. A large number of specific DNA methylation alterations
are cancer-specific and not detectable in unaffected subjects. Examples of such alterations may be
represented by CpG island methylation in the regulatory regions of GSTP1, APC, PTGS2, RASSF1A,
and RARB [64].

GSTP1, RARB, and RASSF1 DNA promoter methylation has been widely investigated in body
fluids as a non-invasive biomarker for the early diagnosis of PCa [65,66]. Other authors [67–69] have
suggested that urine cell-free DNA could represent a non-invasive and inexpensive biomarker for
assessing specific promoter region methylation.

Chromatin remodeling and non-coding RNA regulation represent an expanding research field.
Collectively, based on literature data and on the improvement of new technologies such as

next-generation sequencing (NGS), epigenetic signatures seem to be promising tools for stratifying PCa
patients for progression risk. Nevertheless, some obstacles may contribute to the lack of translating
such biomarkers for PCa in clinical practice. In particular, an important role was played by the
limitation of available methods for analysis, the consistency of experimental design to validate the
biomarkers, and the relevance of the epigenetic alteration in prostate carcinogenesis. Moreover, it
should be taken into account that epigenetic modifications are affected by aging and prostate cancer is
an age-related disease.

Further studies on larger population will define the clinical benefit of epigenetic markers in
body fluids.

2. Conclusions

Follow-up of patients on AS can prevent overtreatment and the related impairment of quality of
life. Diagnosis of true low-risk PCa is essential to address this therapeutic strategy. As recently reported
by Klotz [70], AS is harmless in the medium to long term with a very low cancer-specific mortality
of 10–15 years. Many studies have been focused on tools able to provide further improvement of the
safety of this conservative therapeutic option.

Several serum and urine biomarkers, including the PHI, the 4K score, and urinary TMPRSS2-ERG
or PCA3 mRNA, have been evaluated in men on AS. However, the association with tumor
aggressiveness and thus prognostic value remains controversial [71]. Consequently, new players
have to be considered to predict cancer progression in an AS regimen.

In this scenario, it could be advantageous to implement epigenetic signature identification of
clinically significant PCa in the setting of active surveillance. Such studies represent an urgent
need to identify indolent cancer and avoid overtreatment. DNA methylation, histone modifications,
and noncoding RNA could potentially provide new tools for prognosis of prostate cancer, affecting
clinical management of patients. In particular, since these biomarkers lack specificity, further studies are
needed to ascertain if a panel of multiple epigenetic targets may be helpful in planning AS strategies.
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Abstract: Prostate and breast cancer are the second most and most commonly diagnosed cancer in
men and women worldwide, respectively. The American Cancer Society estimates that during 2016
in the USA around 430,000 individuals were diagnosed with one of these two types of cancers, and
approximately 15% of them will die from the disease. In Europe, the rate of incidences and deaths
are similar to those in the USA. Several different more or less successful diagnostic and therapeutic
approaches have been developed and evaluated in order to tackle this issue and thereby decrease the
death rates. By using nanoparticles as vehicles carrying both diagnostic and therapeutic molecular
entities, individualized targeted theranostic nanomedicine has emerged as a promising option to
increase the sensitivity and the specificity during diagnosis, as well as the likelihood of survival
or prolonged survival after therapy. This article presents and discusses important and promising
different kinds of nanoparticles, as well as imaging and therapy options, suitable for theranostic
applications. The presentation of different nanoparticles and theranostic applications is quite general,
but there is a special focus on prostate cancer. Some references and aspects regarding breast cancer
are however also presented and discussed. Finally, the prostate cancer case is presented in more
detail regarding diagnosis, staging, recurrence, metastases, and treatment options available today,
followed by possible ways to move forward applying theranostics for both prostate and breast cancer
based on promising experiments performed until today.

Keywords: nanoparticles; theranostics; nanomedicine; prostate cancer; breast cancer

1. Introduction

In order to be able to combine both a therapeutic and a diagnostic function into a single
molecular entity, the research on and development of theranostic nanoparticles (TNPs) have increased
continuously during the last couple of years (the MeSH (Medical Subject Headings) term “theranostics”
gave 0 hits for 2004 but 801 for 2016 on Pubmed) [1–8]. These type of nanosized drug vehicles have
been developed and tested in different settings such as, for example, iron oxide, gadolinium, gold,
manganese, or polymeric nanoparticles (NPs), quantum dots, and liposomes for the diagnosis and
treatment of various diseases [1–18]. The dimensions of these different molecular nanostructures is
generally less than 100 nm, and two of the common goals for all different settings is to maximize the
drug loading capacity, and increase the specificity of the TNPs towards cancer cells [1]. The key benefit
of TNPs is that they have the possibility to increase the therapeutic efficacy, partly due to ameliorated
drug circulation times increasing the tumor uptake, but also to lessen the risk of unwanted toxic effects
on healthy tissue [16–20]. Another important feature of the TNPs is that the diagnostic and therapeutic
functionality could be localized to the exact same position due to the attachment of both these agents
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on the same molecular drug vehicle. Compared to other larger molecular vehicles these small NPs has
a larger surface-area-to-volume ratio. This feature allows the TNPs to reach the capillary bed while at
the same time carry a large variety of therapeutic and diagnostic agents themselves.

When considering the use of NPs for cancer treatment or diagnosis, the enhanced permeability
and retention (EPR) effect plays a central role, although this effect seems to vary among individuals in
the human population [2,19,21]. The EPR effect is also believed not to be present or even similar for all
types of tumors, as well as not being the only parameter responsible for the efficacy of a certain NP
application [22]. Parameters such as the level of unwanted drug release into the systemic circulation
and the intra-tumoral allocation as well as the amount and kinetics of the intra-tumoral drug release
will also determine the final efficacy [22].

However, the EPR effect can make TNPs accumulate, and be retained, to a higher degree in
tumor tissue as compared to normal tissue, due to leakiness of the increased vasculature in the tumor
tissue [19,20,23]. Magnetic resonance imaging (MRI) is a valuable tool for image and evaluate the
degree of accumulation due to its high spatial resolution in both tumors and healthy tissue [24]. During
MRI, Gd(III) (Gd3+) based contrast agents are very effective and highly paramagnetic substances,
enhancing the contrast by increasing the T1 relaxation rate R1 (=1/T1), due to its rare electronic
configuration of seven unpaired electron spins. By combining Gd(III) with different kind of NPs it
would be possible to increase the accumulation and retention time in tumors, and therefore even more
increase the MRI contrast [25–34]. TNPs could then be developed with the Gd(III)-based MRI contrast
agent combined with, for example, a therapeutic drug for cancer such as gemcitabine [35,36].

Another strong argument for developing a NP based anti-cancer technology is that it could enable
earlier detection of the disease. Early detection is most often absolutely crucial and decides whether
a cancer patient will have the possibility to be cured, or just receive a treatment extending survival
before finally succumbing to the disease. It is a well-known fact that the major cause of mortality in
cancer is due to tumor metastasis [37–39]. In most cases, the dissemination of the cancerous disease is
caused by tumor cells that have shed from the primary tumor and enters into the systemic circulation,
i.e., circulating tumor cells CTCs. The idea of CTCs was first noticed by Dr. Tomas Ashworth already
in 1869 [40]. However, while CTCs can only be confirmed and monitored in patients having a more or
less advanced cancerous disease [39,41–54], the goal for a nanomedical approach would be to detect
the CTCs at a much earlier time point compared to what is possible today [55,56].

The significance of the TNP technology regarding cancer in general is that it potentially could
diagnose better, using multimodal imaging, and at the same time more effectively treat these diseases,
especially in the disseminated cases. To achieve this, different types of isotopes could be attached to
the TNPs. By attaching, for example, specific monoclonal antibodies (mAbs), fraction of mAbs, or
peptides to these multifunctional TNPs highly specific and therefore targeted imaging and radiation
therapies could be achieved. Personalized medicine might be possible using TNPs, since the imaging
of drug accumulation in individual patients would be possible. Such imaging would refer to both
tumor as well as healthy tissue and would then make it possible to estimate and predict, to a better
degree than what is possible today, the therapeutic efficacy, and also make possible adjustments of
ongoing regimens [2,19–21,23].

This article presents different type of NPs, imaging, and therapy options, as well as promising
theranostic applications utilizing those techniques, with a focus on prostate cancer (PCa) and breast
cancer (BC). Relevant PCa and BC references are presented and discussed in every section, but towards
the end of the article the PCa case is given extra focus regarding diagnosis, staging, recurrence,
metastases, and treatment options available today. Finally, possible ways to move forward applying
theranostics for both PCa and BC are suggested and discussed based on promising experiments
performed until today.
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2. Nanoparticles for Prostate and Breast Cancer

The development of different and innovative NPs for various medical applications has increased
tremendously during the past couple of years. Despite some problems with relatively low tumor
uptake in some cancer applications, there is today a number of promising alternatives that have been
tested or are under the development [57–90]. Below follows a presentation of important and interesting
NP alternatives suitable for PCa and BC, some of which already have been tested for these type of
diseases while some are still to be explored more thoroughly. For example, since the Nobel Prize
in 2010 to Dr. Geim and Dr. Novoselov for their pioneering work on the two-dimensional material
graphene, several promising NPs have since been suggested, developed, and tested based on that
material. A prerequisite although, before any translation into clinical use of any NPs, is a meticulous
survey of their pharmacological and toxicological properties. The presentation below summarizes the
most important general characteristics of the NP options, and to what extent they have been used in
the PCa and BC context so far. When possible, theranostic applications are referenced to and discussed
shortly for each type of NP. In addition to theranostic applications, some studies in which only an
imaging or therapeutic approach has been used are also referenced to for each type of NP.

2.1. Iron Oxide Nanoparticles

Due to their magnetic properties, with a diameter ranging from a few nanometers up to
approximately 100 nm, iron oxide particles have been evaluated and used in several magnetic resonance
technology-based biomedical applications such as multifunctional theranostic complexes combining
tumor targeting, imaging as well as cancer nanotherapy in personalized cancer treatment [91–100].
The superparamagnetic iron oxide NPs (SPIONs) are most often used, and the subpopulation of
ultrasmall SPIONs denoted as USPIOs defined as having a diameter of less than ~20 nm. A schematic
representation of an iron oxide NP is shown in Figure 1. Three main variants of this NP are magnetite
(Fe3O4), hematite (α-Fe2O3), and maghemite (γ-Fe2O3). The two latter being differently structured
(rhombohedral and cubic, respectively) allotropic oxidized forms of magnetite. γ-Fe2O3 and Fe3O4 are
preferred in medical applications due to their lack of toxicity and good biocompatibility in humans.
Since SPIONSs tend to aggregate due to magnetic, van der Waals, and/or hydrophilic/hydrophobic
forces it is important to minimize this effect in biomedical applications by different kind of surface
modifications, for example, by PEGylation. PEGylation of a NP means attaching polyethylene glycol
(PEG) molecules to its surface, thereby not only hindering aggregation but also masking the NP from
the immune system. Other type of coatings can also be necessary for certain applications. For example,
if SPIONs is used as a contrast agent during photoacoustic imaging, using near-infrared (IR) light, the
NPs could be coated with silica (SiO2), enhancing the light absorption compared to the bare iron oxide
NP [101–103]. Regarding diagnosis iron oxide NPs have been used for atherosclerotic evaluation, gene
expression analysis, inflammation, angiogenesis, stem-cell tracking and also for cancer diagnosis.

Specifically, for PCa and BC there is ongoing research on different applications using these kind of
NPs [93,104–115]. For example, regarding PCa, Zhu et al. have performed synthesis, characterization, an
in vitro binding assay, and an in vivo magnetic resonance imaging (MRI) evaluation of prostate specific
membrane antigen (PSMA) targeting SPIONs. They showed specific uptake of their polypeptide-based
SPIONs by the PSMA expressing cells, and that the MRI signal could be specifically enhanced. They
concluded that PSMA-targeting SPIONs might provide a new strategy for imaging PCa [107]. As an
example regarding BC, Pasha Shaik et al. recently performed experiments on blocking the IL4-α receptor
(IL4Rα) using PEGylated SPIONs to inhibit BC cell proliferation [111]. They found that for 4T1 cells,
blocking of this receptor caused a significant decrease in cell viability and induced apoptosis. They also
concluded that a combined treatment using SPION-IL4Rα-doxorubicin caused significant increases in
cell death, apoptosis, and oxidative stress, compared to either SPION-IL4Rα or doxorubicin alone.
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Figure 1. Functionalized iron-oxide nanoparticle. Functional biocompatible polymers are grafted onto
an inorganic core of magnetite (Fe3O4) or maghemite (Fe2O3) through an anchoring group, such as an
amine, carboxylic acid or phosphonic acid group. The polymeric shell improves the stability of the iron
oxide nanoparticles (NPs) in solution, and also allows the encapsulation of, for example, therapeutic
agents. An alternative coating in the form of a fluorescent silica (SiO2) produces a type of iron oxide
NPs often referred to as SCIONs, i.e., silica coated iron oxide NPs. It should be noted that the polymeric
shell has to be very opaque in order not to block the fluorescent silica-based core, if used simultaneous.
Most commonly, experiments with only a polymeric or a silica core have been evaluated. The custom
size of an iron oxide NP is in the range of 10–20 nm, as exemplified by a 10 nm in diameter iron core in
the figure. Indicated in the figure are also the magnetic field lines created by this type of NP.

2.2. Gadolinium, Manganese, Gold, Silver, and Platinum Nanoparticles

For many years, gadolinium (Gd3+, Gd(III)) has been used in different contrast media for magnetic
resonance imaging (MRI) during, for example, angiography or brain tumor imaging due to its
paramagnetic characteristics, ability to shorten the T1 relaxation time, and to cross a degraded
blood-brain barrier [116]. The research on contrast media based on the paramagnetic element
manganese (Mn2+, Mn(II)) intended for MRI and NPs has just started to accelerate in recent years.
For example, carbon and Mn2+ based NPs have been evaluated as contrast agents for MRI, or as
manganese enhance MRI (MEMRI) during in vivo studies or for functional brain imaging [117–122].
Different applications such as Mn(II)–Au NPs as MRI contrast agents in stem cell labeling or Mn(II)
based prussian blue(Fe7(CN)18)-based NPs as a theranostic agent having ultrahigh pH-responsive
longitudinal relaxivity have also been investigated [123,124].

Gold NPs (AuNPs) in the form of nano-cages, -spheres, -beacons, -stars, -shells, -seeds, -sheets,
or nanorods is being evaluated in many different settings, for example, for both PCa and BC
(Figure 2) [8,125–141]. By changing the AuNPs’ shape, size, or surface characteristics it is possible
to fine-tune their properties in order to maximize their applicability as a tool for cancer diagnosis,
photo-dynamic/thermal therapy, therapy-drug carrier, radiotherapy drug enhancer, targeted gene
therapy, or as a combined theranostic nanovehicle [142–155]. Regarding the gene therapy approach, in
which for example, small-interference RNA (siRNA) could be utilized in order to knock out specific
gene expressions in cancer cells, it has received increased attention recent years. For example, Guo
et al. have recently shown interesting results on the PCa cells PC-3 and LNCaP indicating that two
of their investigated formulations with transferrin and folate-receptor targeting ligands respectively
(AuNPs-PEG-Tf and AuNPs-PEI-FA) show potential as non-viral gene delivery vectors in the treatment
of PCa [141]. The photo-dynamic/thermal technique has also shown some progress recent years for
both PCa and BC [156–165]. For example, Oh et al. have shown promising PCa cell killing efficacy
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by using a 55 nm small icosahedral phage that was engineered to display a gold-binding peptide as
well as a PCa cell-binding peptide and applying a 60 mW/cm2 light irradiation [156]. Mkandawire
et al. have recently investigated an alternative way to treat BC cells inducing apoptosis by targeting
their mitochondria using AuNPs during photothermal treatment [164]. Regarding tumor detection,
surface enhanced Raman spectroscopy (SERS) can be used for in vivo applications, and some studies
have been performed recent years investigating its applicability for PCa and BC [129,161,166–170].
Ramaya et al. investigated the overexpression of prostate specific antigen (PSA) in LNCaP cells by
using tetraphenylethylene (TPE) appended organic fluorogens adsorbed on AuNPs. Indoline-based
TPE-AuNPs were efficient recognizing PSA overexpressing LNCaP cells using SERS mapping. For BC
for example, Butler et al. investigated MCF-7 (Michigan Cancer Foundation-7) cells incubated with
150 nm AuNPs and concluded that they were a good starting point for near-infrared (NIR) or infrared
(IR) SERS analysis [168].

Figure 2. Image showing an example of a nanosphere of gold (Au). Gold nanoparticles (NPs) can
also be based on, for example, nano-rods, -sheets, -stars, -or nanoshells, as indicated to the right with
typical dimensions. The Au-nanospheres are most often produced in the size interval of 5 to 400 nm in
diameter, approximately. The characteristics of AuNPs, and therefore their application possibilities,
strongly depend on size, shape, and surface functionalities. Indicated in the image are also a protective
and a biocompatible shell encapsulating the Au nanosphere, enabling the attachment of different kind
of targeting vectors, imaging agents, therapeutic drugs, as well as polyethylene glycol (PEG) molecules.
The latter an important parameter in order to protect the NPs from the immune system, to avoid
reticuloendothelial system (RES) uptake, and to minimize nonspecific binding.

The use of silver NPs (AgNPs) for medical applications has not been as intense as that of AuNPs.
Regarding PCa and BC, however, there have been some studies published for different applications
during recent years [171–182]. For example, Wang et al. developed a Ag-hybridized-silica-NP-based
electrochemical immunosensor for the sensing of PSA in human serum with promising results [172],
and Swanner et al. investigated the radiosensitizing and cytotoxic effect on triple-negative BC using
AgNPs with good results at doses that have little effect on nontumorigenic BC cells [178].

Platinum-based NPs (PtNPs) is also a technique with a relatively low number of publications for
PCa and BC applications, and then most often in the context of AuNPs, FeONPs, or for immunosensor
applications [183–192]. Cui et al. developed an immunoassay based on mesoporous PtNPs, evaluated
its efficacy against the BC tumor markers CA125, CA153, and CEA, and concluded its high potential
clinic value [185]. Spain et al. recently proposed an electrochemical immunosensor based on PtNPs
conjugated to a recombinant scFv antibody for the detection of PSA during PCa diagnosis, and
showed that picomolar PSA concentrations could be detected without the need for further PCR or
nucleic-acid-sequence-based amplification (NASBA) techniques [188].
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2.3. Quantum and Cornell Dots

The semi-conductor metal based NPs called quantum dots (QDs) have, due to their adjustable
properties, been used and tested in many electronic applications such as LCD displays and solar
cells [193,194]. However, lately they are also evaluated in cancer research and medical-imaging
applications and are usually fabricated in sizes of approximately 2–7 nm in diameter [195–197].
Examples of such, from blood rapidly excreted NPs based on combinations of different semi-conductor
and heavy metals, are CdSe, CdS, PbS ZnS, InP, and CdTe, having fluorescence emission spectra in
the region of 450–950 nm depending mainly on size and which type of coating the QDs have for a
certain application [198,199]. A common coating is polyethylene glycol (PEG), which has the effect of
increasing the blood circulation time by decreasing the kidney clearance.

Due to concerns regarding the heavy metal involvement in the QDs alternatives have been
developed. One such option is the silica based Cornell dots (C dots) [200], first invented by Uli Wiesner
(Wiesner Group, Cornell University, USA). The spherically shaped C dots are constructed with a silica
based core, in which fluorescent molecules (fluorophores) are embedded, surrounded by a PEGylated
silica shell [201]. In order to turn these C dots into targeted cancer probes one possibility is then to
label chains in the PEG molecule with peptides or (fraction of) monoclonal antibodies (mAbs) that
are site specific for certain cancer cell receptors. If the cancer cell bound C dots are illuminated using
a near-infrared light source they fluoresce and can then serve as, for example, optical guidance for
surgeons. Besides this diagnostic and surgical tool the C dots can of course also be labeled with
suitable anticancer drugs or radioactive isotopes, and therefore also serve as a nanovehicle for targeted
cancer therapy. It should be noted that PEGylation of C dots causes them to be rapidly excreted via
the kidneys, as opposed to the QDs, decreasing blood circulation times [202–205]. A first clinical trial
performed at the Memorial Sloan Kettering Cancer Center (MSKCC) in New York, USA, investigated
radioactive iodine-labeled 7 nm C dots on five metastatic melanoma patients regarding positron
emission tomography (PET) traceability and toxicity. The results showed that, under the U.S. Food
and Drug Administration’s (FDA’s) Investigational New Drug (IND) guidelines, these type of NPs
were safe for the use in humans [204].

Regarding applications for PCa and BC there are some publications using QDs or
C dots [86,206–209]. For example, Zhao et al. recently evaluated QDs in a Cerenkov-imaging PCa
model. [210]. They developed three different near-infrared QDs and 89Zr dual-labeled NPs and
demonstrated the applicability of such self-illuminating NPs for imaging of lymph nodes and PCa
tumors. For BC, applications of QDs is exemplified with a paper by Bwatanglang et al., in which
they present results after investigating folic-acid functionalized chitosan-encapsulated QDs [208].
They found both enhanced binding affinity and internalization of their NP platform for folate
receptor-overexpressing MCF-7 and MDA-MB-231 cells, and therefore concluded it to be a promising
candidate for theranostic applications.

2.4. Carbon Based Nanoparticles

The research on NPs based on carbon and allotropes of carbon such as fullerenes and graphene
(e.g., nanohorns or nanotubes) have increased in recent years (Figure 3) [57,58,211–215]. These
kind of NPs have received increased attention due to their chemical stability, favorable surface
chemistry, high drug loading capacity, as well as high degree of variability. When it comes to
medical applications attention has been particularly directed towards applications such as drug
delivery, photothermal therapy, and imaging. Examples of this kind of NPs are fullerenes (spherical
(i.e., buckyballs), ellipsoidal, or tube-shaped), carbon nanotubes (CNTs) such as single-walled CNTs
(SWCNTs), double-walled CNTs (DWCNTs), or multi-walled CNTs (MWCNTs), carbon quantum dots
(CQDs), graphene quantum dots (GQDs), and graphene oxide (GO). Regarding fullerenes they have
been evaluated and utilized as for both X-ray and MRI imaging contrast agents, but also in applications
for bringing a therapeutic substance to its target, such as gene delivery [216]. Different forms of
CNTs can all be produced and chemically modified enabling labeling with, for example, radioactive
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isotopes [217,218]. Although promising applications of CNTs have been shown the question regarding
toxicity of this nanovehicle is still under debate [219]. For example, it has been demonstrated that
under certain circumstances the CNTs are able to cross the cell membranes of healthy tissue and
induce harmful inflammatory and fibrotic responses, as well as cell death [220–224]. It should be noted
though, that elevated risks are especially connected to chronic exposure to CNTs, which is not the case
for medical applications for which the administration is performed under a limited period of time.

Figure 3. Examples of carbon-based nanotubes and fullerenes. (A) Single-walled carbon nanotube
(SWCNT); (B) Double-walled carbon nanotube (DWCNT); (C) Multi-walled carbon nanotube
(MWCNT); (D) Fullerene based on 20 carbon atoms (20-fullerene); (E) Fullerene based on 60 carbon
atoms (60-fullerene); and (F) Fullerene based on 100 carbon atoms (100-fullerene). The top size indicator
applies for panels A–C. The 3D-structures were created using Avogadro molecule editor. For panels
A–C a rod-based representation, and for panels D–F a ball-based representation, was chosen for best
clarity of the 3D-distribution of carbon atoms and the covalent bindings between them. For panels D–F
is also shown 2D-representations of the fullerene structures, as well as individual size indicators. Note,
the 100-fullerene has an obloid-like structure for its global energy minima, compared to the spherical
20- and 60-fullerenes, as discussed, for example, by Yoshida et al. [225].

Regarding PCa and BC applications utilizing carbon-based NPs there is an increasing number
of publications during the last couple of years, both for imaging and therapy but also for different
kind of electrochemical biosensor systems [226–234]. For instance, regarding PCa, Heydari-Bafrooei et
al. and Pan et al. have both developed different kind of CNT-based biosensor systems able to detect
prostate specific antigen (PSA) in serum and vascular endothelial growth factor (VEGF) and PSA
in serum, respectively, for early diagnosis of PCa [227,229]. For example, regarding BC, Misra et al.
developed a carbon NP-DNA complex (CNPLex) used to transfect green fluorescent protein (GFP)
reporter gene containing plasmid DNA (pDNA) pEGFP-N1 targeting BC cells MCF-7 and MDA-MB231
with promising results [234].

2.5. Liposomes

The phospholipid, principally phosphatidylcholine, based bilayer structure, constituting the
body of the spherical vesicle called liposome, can be arranged in such a way as to produce a small
unilamellar liposome vesicle (SUV) (Ø < 100 nm), large unilamellar vesicle (LUV) (Ø = 100–1000 nm),
giant unilamellar vesicle (GUV) (Ø > 1000 nm), multilamellar vesicle (MLV), or a cylindrically shaped
nanocochleate vesicle (NCV). An example of a hypothetical spherical unilamellar liposome is shown in
Figure 4. The MLV’s are constructed by one or more unilamellar liposomes being encapsulated within
a larger one. By disrupting the bilayer structure by ultra-sonication the liposomes can be prepared and
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loaded with, for example, different pharmaceutical drugs, either hydrophobic or hydrophilic. In such
a way, the liposomes can act as vehicles for drugs directed against different diseases. The persistent
and important work over several decades by the biophysicist Alec D Bengham on liposomes paved
the way for its application as NPs in current biomedical research [235]. Depending on which type of
liposome under consideration, the size ranges from around 20–100 nm (SUV), 100–1000 nm (LUV), to
over 1000 nm for the MLV, and up to 200 μm for the GUV. The negative charges of the hydrophilic
phospholipid heads on the surface of the liposome could be utilized for binding positively charged
molecules and/or radioisotopes by electrostatic interaction [236]. Also, by specifically blocking these
negatively charged heads using PEGylation, it is possible to increase the blood circulation time by
minimizing the kidney clearance rate [237].

 

Figure 4. Schematic presentation of a spherical PEGylated liposome. Indicated are the different
available spaces and surfaces that could carry different kind of targeting molecules as well as therapeutic
drugs and imaging agents. In this hypothetical example, an antibody chelated to the outer surface
is used for targeting. On that surface is also attached an imaging agent. Some kind of therapeutic
drug is carried by the hydrophobic space between outer and inner shell. And in the core cavity, two
hydrophilic drugs are situated, here exemplified by a radionuclide and a DNA-based drug such as
strings of DNA, RNA, or small-interference RNA (siRNA). Unilamellar liposomes lies mostly in the
size range of >150 nm, exemplified by a 200 nm liposome in the figure.

Studies utilizing liposomal-based NPs for PCa and BC theranostic techniques are few [238–247],
although applications for therapy or imaging alone are significantly more frequently published [248–261].
For example, Yeh et al. recently published results from experiments investigating peptide-conjugated
liposomal NPs in a theranostic approach for PCa. They found that the administration of liposomal
doxorubicin and vinorelbine conjugated with targeting peptides increased the inhibition human PCa
growth, and concluded that the targeting peptide SP204 has significant potential for both targeted imaging
and therapy of PCa [238]. A liposomal-based theranostic approach against BC could be exemplified
by the work by Rizzitelli et al. in which they evaluated the release of doxorubicin from liposomes
monitored by MRI and triggered by ultrasound stimuli. The treatment led to a complete tumor
regression in their BC mouse model [241].

2.6. Polymer Based Nanoparticles

These type of biodegradable block-copolymer based NPs can encapsulate and carry relatively
large pharmaceutical molecules such as proteins, individual genes, or pieces of DNA [262]. Examples of
polymers used for these types of NPs are polycyanoacrylate (PCA), poly D,L-glycolide (PLG), polylactic
acid (PLA), polylactide-co-glycolide (PLGA), poly(isohexyl cyanoacrylate) (PIHCA), or polybutyl
cyanoacrylate (PBCA) [262]. Among these polymers, PBCA and PIHCA have shown to be the fastest
regarding biodegradability. For example, 24 h post an intravenous injection of PBCA it showed a
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level of reduction in the order of 80% [263]. PIHCA is currently undergoing clinical trials in phase
III for hepatocellular carcinomas using the drug doxorubicin (Livatag® (Doxorubicin Transdrug™),
Paris, France). Three main NP structures, or micelles, can be achieved using polymers, namely
nanocapsules, nanospheres, and nanoparticles. In the first case the pharmaceutical is encapsulated
and completely surrounded by a spherical or rod-shaped shell of block-copolymers. In the second
case, the pharmaceutical is embedded in a polymeric spherically shaped matrix. In the last case, the
pharmaceutical is attached on the surface of the polymer based nanostructure [262]. The encapsulated,
embedded, or attached pharmaceutical can of course be a radioactive agent of some sort [264]. Covalent
pegylation of polymeric NPs can increase blood circulation times as well as facilitate uptake of the
drug at targets aimed for [265]. Dendrons and symmetrical dendrimers (Figure 5) are a type of
branched polymer based macromolecule that could be used as NPs [266,267]. Dendrimers have
attracted much attention regarding theranostic applications, and the subject could easily fill a review
on its own [268–270]. For example, hyperbranched PAMAM (polyamidoamine) dendrimer, based on
hydrophilic ethylene diamine and investigated for medical purposes, can be labelled with monoclonal
antibodies due to suitable amino groups in its structure [271]. The PAMAMs can be produced
with multifunctional terminal surfaces and a narrow molecular weight distribution [272]. Finally,
polymersomes is a type of polymeric NP for which amphiphilic synthetic block-copolymers are utilized
to construct the membrane of the vesicle. Polymersomes have many similarities with liposomes, built
by natural lipids (see above), but exhibit decreased permeability and increased stability compared to
liposomes. The polymersomes have a size span of approximately 50–5000 nm.

 

Figure 5. Schematic presentation of one type of spherical PEGylated dendrimer based on a central
core (A), which in itself can be a dendrimer or some other type of NP (i.e., if so, a NP-cored dendrimer
(NPCD)). A standard size of a dendrimer shown in A is 5–10 nm, exemplified by a 10 nm dendrimer in
the figure. The surface monomers enable attachment of imaging and/or drug payloads, also able to be
entrapped in the void space. The network of covalently bound interior monomers connects the surface
monomers to the core. The number of radially emerging branch points defines the generation of the
dendrimer; in this case four, denoted G-4. If instead, NPs are situated inside the network of monomers
the term used is dendrimer-encapsulated nanoparticles (DENPs). Hyper-branched polymers are a
variant similar to dendrimers, except that the branches emanating from the core differ from each other
with regard to number of branch points. To the right is shown an example of a dendron (B), i.e., a
small fragment of a dendrimer that also could be used as a NP. An example of a dendrimer-stabilized
nanoparticle (DSNP) is shown in the lower right corner (C). Depending on if the functionalization is
located on the surface, in the void space, or at the core of the dendrimer it is usually denoted as surface,
interior, or core functionalized, or as a combination of all three possibilities.
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There are very few theranostic polymer-based NP studies reported for both PCa and BC.
In one such study Ling et al. evaluated multifunctional dual docetaxel/superparamagnetic iron
oxide (SPIONs) loaded polymer vesicles (147 nm in diameter) for both imaging and therapy of
PCa [273]. Enhanced cellular uptake and anti-proliferative effect for the PC3 cell line was observed
which, in conjunction with the SPION-based MRI possibility, made the authors conclude that these
polymer-based NP vesicles were promising for simultaneous imaging, drug delivery, and real-time
monitoring of the therapeutic effect. For BC, a theranostic polymer based technique has been published
by Abbasi et al. in which they experimented with Mn-oxide and docetaxel co-loaded fluorescent
polymer-based NPs for dual-modal imaging and therapy of BC [274]. The authors concluded this
type of polymer-based NP as a good candidate for cancer theranostic applications. Other interesting,
however not yet fully theranostic, applications of polymer-based NP for PCa and BC have been
published [275–279].

2.7. Solid Lipid Nanoparticles

The methodology of solid lipid NPs (SLNPs, or SLNs) is a promising emerging research
field of lipid nanotechnology [280–285], which offers good possibilities to incorporate drugs into
nanosized targeted vehicles having great biotolerability and low biotoxicity due to their constitution of
physiological lipids [286]. Examples of such lipids are mono-, di-, and tri-glycerides, steroids, and fatty
acids. Among the advantages of SLNPs could be mentioned the possibility of incorporating both hydro-
and lipophilic drugs, good drug stability, and the lack of organic solvents in its composition [286]. The
size of the SLNPs vary between 10 and 1000 nm, and the most common geometrical shape is spherical
(Figure 6). The core is composed of solid lipids which is stabilized by emulsifiers, which also has the
effect of decreasing the risk of NP agglomeration [286,287].

 
Figure 6. Solid lipid NP (SLNP). Although liquid lipid NPs are possible to produce, the most common
form of lipid-based NPs investigated for medical purposes are SLNPs. The lipids most often used are
fatty acids or different forms of glycerides. The smallest forms of SLNPs are in the shape of micelles, in
which the fully dehydrated tails of the phosphatidylcholine molecules meet in the center, producing
SLNPs in the size of 10 nm in diameter. Typical sizes for SLNPs are, however, most commonly in the
interval of 5 to 500 nm in radii, exemplified by a hypothetical SLNP with a radius of approximately 30
nm in the figure.

Until today, no fully theranostic application has been reported for neither PCa nor BC utilizing
SLNPs. However, some studies have been published investigating the possibility using this NP
system for either imaging or therapy alone [288–298]. For example, Radaic et al. investigated the
possibility of gene therapy using SLNPs and tested the capacity of their NPs to accommodate DNA
(and withstand DNase degradation), their colloidal stability and in vitro cytotoxicity, as well as the
transfection efficiency in PCa cells [288]. For BC, Jain et al. recently published results investigating
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the anticancer efficacy of lycopene loaded SLNPs [294]. They found that the concentration and time
dependent cell survival of MCF-7 BC cells was significantly reduced by LYC-SLNPs, as compared to
their free lycopene counterparts.

3. Multimodal Imaging Options for Prostate and Breast Cancer

The use of various biomedical imaging techniques in preclinical and clinical applications, during
both diagnosis and treatment has increased tremendously during the past decades, and is now
considered a central part in many of such applications. Computed tomography, positron emission
tomography, single photon emission computed tomography, magnetic resonance imaging, ultrasound
imaging, Cherenkov luminescence imaging, photoacoustic imaging, and optical imaging are examples
of images techniques used, and still under development. The images these different technologies
produce enable early detection, screening, image-guided treatment, as well as the possibility of
estimating the level of progression or retrogression of the disease investigated [299]. By using a
NP-based targeted vehicle it is possible to use combinations of these imaging techniques simultaneously
in order to increase the level of accuracy, possibly also at a cellular or even a molecular level. This
NP-based multifunctionality in biomedical imaging could be referred to as multimodal imaging (MMI).
Most often, only two imaging techniques is utilized simultaneously, which then is referred to as
bimodal imaging (BMI). Below follows a condensed presentation of each of these different biomedical
imaging techniques and their basic characteristics. When applicable, examples on how they have
been used in NP-settings for PCa and BC applications so far, e.g., in MMI or BMI contexts, are shortly
mentioned and referenced to.

3.1. Computed Tomography and Tomosynthesis

Regarding computed tomography (CT), contrast enhancers such as barium or iodine compounds
(e.g., Gastrografin) could be used to increase the absorption of X-rays and thereby enhancing the
contrast of tissues in an image, taking up these contrast agents. A targeted NP platform carrying such
contrast enhancers could thus improve the anatomical visualization of organs and other structures,
compared to non-targeted regions. But also some NPs themselves can improve the contrast, exemplified
by AuNPs increasing the contrast approximately three times as compared to the same amount of
iodine [300]. Differently sized AuNPs have been evaluated for micro CT for example, and some
are under the consideration for approval for use in the clinic [301–303]. A low-density lipoprotein
(LDL)-based iodinated nanoparticle targeting the LDL receptor (LDLR), expressed in PCa, for example,
has also been evaluated for CT imaging [304–306], as well as polyvinyl pyrrolidone coated bismuth
sulfide (Bi2S3) based nanocrystals [307]. For tomosynthesis, the same general principle applies as
described above for CT, namely that the contrast in an image could be increased approximately three
times using AuNPs as compared to using the same amount of iodine-based contrast agent. For
contrast-enhanced breast tomosynthesis (CE DBT), temporal or dual-energy subtraction techniques
are of course still possible to use regardless of which type of contrast agent is utilized [308].

Most applications of CT in NP contexts are based on positron emission and single photon
emission computed tomography (see below). However, one example in which CT has been used
is described by Kim et al., in which they investigated a multifunctional gold-based NP system for
both contrast-enhanced imaging and therapy of PCa [309]. RNA-aptamer functionalized gold NPs
targeting PSMA enabled specific imaging of PCa. When also loaded with doxorubicin their theranostic
NPs showed good therapeutic efficacy against LNCaP cells. For BC, a study performed by Naha et
al. evaluated gold silver alloy NPs as an imaging probe for BC screening using conventional CT as
well as dual-energy mammography (DEM) [310]. In vivo experiments in mice exhibited good tumor
accumulation of the NPs and produced high contrast DEM and CT images, enabling the authors to
conclude that their NP system has potential for both blood pool imaging and BC screening.
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3.2. Positron Emission and Single Photon Emission Computed Tomography

Radio imaging using positron emission tomography (PET) and/or single photon emission
computed tomography (SPECT) they have been evaluated for several NP applications using both
organic and inorganic NPs, for example, in PET/CT or SPECT/CT settings [311–314]. Using a NP
platform makes it possible to increase the contrast in an image due to the possibility to label each NP
with a large number of radionuclides. For PET, examples of radionuclides used in such applications
are 18F, 124I and 64Cu, and for SPECT examples are 125I and 125Cd.

Regarding PCa, PET (or PET/CT) and SPECT (or SPECT/CT) has been used in several NP
applications [131,315–321]. For example, Pressley et al. evaluated an amphiphilic NP for natriuretic
peptide clearance receptor (NPRC) targeting and DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) chelator for high specific activity 64Cu PET-radiolabeling. PET/CT images revealed
high blood pool retention, low renal clearance, enhanced tumor uptake, and decreased hepatic burden
relative to a nontargeted NP version [317], indicating the possibility of a new nanoagent for PCa
PET imaging, according to the authors. In NP-based BC applications, PET and SPECT have been
utilized in several studies [322–326]. For example, Lee et al. recently published a study in which they
assessed the EPR effect in nineteen patients with HER2-positive metastatic BC using a 64Cu-labeled
NP (64Cu-labeled HER2-targeted PEGylated liposomal doxorubicin) using PET/CT [322]. The authors
concluded that the results provide evidence and quantification of the EPR effect in human metastatic
BC tumors, as well as support NP-deposition imaging as a potential technique for identifying patients
well-suited for NP-based therapeutics.

3.3. Magnetic Resonance Imaging

The magnetic resonance imaging (MRI), or magnetic resonance tomography (MRT), technology is
today widely used for imaging physiological processes as well as the anatomy during both preclinical
research and in the clinic [327]. Varieties of this technique includes functional MRI (fMRI), measuring
levels of cerebral blood flow, as well as techniques to increase the contrast in MRI images such as
dynamic contrast-enhanced MRI (DCE-MRI), utilizing a contrast agent such as gadolinium, and
diffusion-weighted MRI (DW-MRI), utilizing the Brownian motion of water molecules. The MRI tool
plays an important role in the staging of PCa (see below in section Prostate Cancer) and will most
likely be applicable and show an increased importance also for other types of cancers, such as BC, for
both diagnosis and staging, especially if used in a NP setting, discussed in this paper.

The 19F-based MRI [328–332] offers many advantages, despite the difficulty of providing
suitable non-toxic 19F-based compounds in sufficient amounts for in vivo imaging, compared to
common proton-based 1H-MRI such as decreased background levels, quantitative determination
of pharmacokinetics, and estimation of tissue oxygenation [300,333,334]. The use of 19F-MRI in NP
applications is a developing research field investigating, for example, the applicability compared to
SPIONs, the efficacy of fluorinated dendrimers and multifunctional micelle-based core–shell NPs,
and the detection of folate-receptor positive tumors in a 19F/florescence-based bimodal imaging
setting [331,335–337]. Just recently, a 19F based nanoemulsion has been FDA approved for noninvasive
clinical cell-tracking imaging [338].

Regarding MRI/MRT used in PCa related NP settings the number of publications is constantly
increasing [104,339–344]. Jin et al., for example, evaluated MRI-guided focal NP-based (porphysomes)
photothermal therapy (see below) in an orthotropic PCa mouse model, and concluded that it might be
an effective and safe technique to treat PCa, with a low risk of progression of disease [343]. For BC,
there is also a large number of publications [91,345–349]. In a study by Turino et al. L-ferritine-coated
paclitaxel- and Gd-loaded NPs were evaluated for simultaneous delivery of a therapeutic drug and
a MRI-contrast agent in a MCF7 BC model [345]. According to the authors, the theranostic potential
of this NP system was demonstrated by, for example, evaluating signal-intensity enhancements in
T1-weighted MRI images.
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As for CT, by combining the MR-imaging mode with PET enables localization and biodistribution
at the same time. Very few studies are however reported until today using this technique in NP settings
for PCa and BC [350–352].

3.4. Ultrasound Imaging

During ultrasound imaging (USI), utilizing contrast agents to improve the contrast, particle sizes
used often exceed 250 nm. Although the most commonly used size definition for NPs is 1–100 nm,
the USI contrast agents is still appropriate to mention here since USI can play an important role in
MMI. Two examples of commercially available USI contrast agents are Definity and Optison based on
microbubbles. Both type of bubbles contain octafluoropropane gas, while Definity uses a phospholipid
spherical shell and Optison an albumin based shell to enclose the gas. Experimentally, SPIONs,
liposomes, AuNPs, and nanodroplets have also been evaluated as contrast agents and drug carriers
during NP-based US applications [353–358]. All types of microbubbles can serve as platforms for not
only imaging, but also for the distribution of drugs for therapy by encapsulating the drug into the
bubbles [359,360]. Targeted microbubbles for use during both imaging and therapy, or at the same time
as targeted theranostic vehicles, can be achieved by attaching ligands on the surface of the bubbles
which specifically bind to receptors on, for example, tumor cells.

In the study by Tong et al. mentioned above for PCa, a protamine cationic microbubble
(Ø ≈ 500 nm) was constructed for simultaneous gene therapy (androgen-receptor siRNA) and
ultrasound imaging [360]. The authors concluded that the gene-transfection efficiency was better than
that of a liposomes-based comparable system, and that their microbubble system could be used as a
gene-loading and ultrasound-imaging technique of tumors. For BC, Zhao et al. recently investigated a
near-infrared (808 nm) photothermal responsive dual aptamers-targeted docetaxel-containing NPs
for both cancer therapy and USI [353]. The dual-ligand functionalization increased uptake in MCF-7
cells and made USI possible at tumor site. The authors therefore concluded their system to be a
promising theranostic option involving light-thermal response, dual ligand targeted triplex therapy
(chemotherapy, photothermal therapy, and biological therapy), and USI.

3.5. Cherenkov Luminescence Imaging

The Cherenkov luminescence imaging (CLI) technology, named after Pavel Alekseyevich Cherenkov
who shared the Nobel Prize in physics in 1958 for the discovery of the now called Cherenkov
effect, has during recent years emerged as an alternative imaging technique for several different
applications [361–367]. The electromagnetic Cherenkov radiation, emitted when charged particles passes
through a medium at a speed greater than light propagates through the same medium, could be used to
image, for example, the uptake of a charged-particle emitter in tumors during radioimmunotherapy. There
are very few publications on PCa and BC using CLI [368–371], among which very few have a NP approach.
Lohrman et al. found a positive correlation between the radioactivity uptake and CLI signal from the 90Y
labeled gastrin-releasing peptide-receptor (GRPR) antagonist DOTA-AR in xenografted PCa tumors [370].
Regarding using CLI in NP applications besides PCa and BC there are some publications [372–375]. For
example, Madru et al. investigated the usability 68Ga-labeled SPIONs for multi-modality PET/MR/CLI
imaging of sentinel lymph nodes (SLNs). Based on promising biodistribution experiments, the authors
concluded that 68Ga-SPIONs can enhance the identification of SLNs by combining PET and MR
imaging, and potential also enable Cherenkov luminescent-guided resection of SLNs [372].

3.6. Photoacoustic Imaging

A relatively new emerging imaging modality is photoacoustic imaging (PAI), although already
with some PCa and BC orientated studies published the past decade [376–383]. PAI could be achieved
by irradiating a biological site with a pulsed laser-beam in the megahertz range, which energy is
then absorbed by, for example, targeted NPs. The absorbed energy creates acoustic pressure waves,
caused by thermoelastic expansion, in the irradiated site. These waves could then be detected
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by using an ultrasonic transducer, enabling an image to be constructed. If instead of using a
laser, pulses in radio-frequency range are used, the technique is called thermoacoustic imaging
(TAI). Su et al. investigated recently mesoporous-silica coated and PEG modified multifunctional
doxorubicin-loaded prussian-blue nanocubes (PB@mSiO2-PEG/DOX). Good both MRI and PAI ability,
as well as a synergistic photothermal and chemical therapeutic efficacy, for BC was found [377].
For PCa, Levi et al. evaluated a PAI agent (AA3G-740) targeting the gastrin-releasing peptide receptor
(GRPR), highly overexpressed in PCa [380]. The study showed that, even for poorly vascularized
tumors, AA3G-740 was able to bind to GRPR and led to a significantly higher photoacoustic signal
relative to a control agent.

Regarding NP applications using PAI there are some studies published for both PCa and
BC [230,382,384–391]. By using PCa cells, Tian et al., for example, constructed PEGylated and RGD
(Arginine-Glycine-Aspartic)-peptide functionalized AuNPs and evaluated them as a contrast agent for
PAI of single PCa cells. The authors concluded that these NPs provide a platform for detection and
imaging of individual cancer cells, with a potential impact on clinical diagnostic [384]. Pham et al. used
mouse models based on orthotopic primary triple-negative BC xenografts (including patient-derived
xenografts) to evaluate the efficacy of bevacizumab (a VEGF pathway-targeting antiangiogenic drug)
in combination with CRLX101, an NP-drug conjugate containing camptothecin (a cytotoxic quinoline
alkaloid inhibiting DNA topoisomerase). PAI was used in the study to show that the use of CRLX101
led to an improved tumor perfusion as well as reduced hypoxia. The authors concluded that pairing
antiangiogenic therapy with a cytotoxic NP construct may be a promising way to treat metastatic
BC [391].

3.7. Optical Imaging

The Optical imaging (OI) technology (sometimes referred to as biophotonics), the inclusive
term often used for different types of infrared, ultraviolet, and visible light, as well as sometimes
also photoacoustic (see above) applications in biomedical imaging, have a number of interesting
publications regarding NP applications for both PCa and BC [319,392–400]. Generally, a NP-based OI
approach could enable or optimize an optical excitation energy in, for example, tumor tissue, enable
multispectral imaging by combining spectroscopy and OI, or make possible multiplex imaging by
using different color emitters for different targets simultaneously [300]. For cancer applications, Ahir
et al. recently developed a copper oxide-nanowire NP decorated with folic acid and studied its effect
on triple negative BC (TNBC). They found that their NPs induced apoptosis and retarded migration
of the TNBC cells, and used optical fluorescence imaging to monitor its distribution in tumors and
different organs [392]. Regarding PCa, Behnam et al. constructed and investigated a PSMA-targeted
bionized nanoferrite (BNF) NP in an experimental PCa model [319]. The study used near-infrared
fluorescence microscopy, SPECT, Prussian blue staining, immunohistochemistry, and biodistribution to
show an enhanced NP uptake in PSMA-positive tumors, with a maximum uptake 48 h post injection.

3.8. Electron Microscopy

Regarding electron microscopy (EM) in general, but especially transmission electron microscopy
(TEM), it has an important role to play for the in vitro and ex vivo analyses due to its often
sub-nanometer spatial resolution. Nanoparticles based on heavy elements such as gold could therefore
be used for TEM applications in order to retrieve information on, for example, NP distribution on
the organelle level. So far though, this technique has only been used occasionally in PCa and BC NP
applications. Since EM is not considered to be an imaging technique possible to use in theranostic
contexts, its value lies instead in in vitro and ex vivo analyses, as mentioned above, or during the
production process of the NPs in order to be able to characterize them properly [401–408].
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4. Multimodal Therapy Options for Prostate and Breast Cancer

Due to differences in metabolic and chemical stability, level of solubility in blood serum and
interstitial fluid, degree of toxicity, and most important level of specificity for a certain tumor type
as well as potency once properly targeted, several different drugs have been evaluated and some
approved for targeted therapies against cancer [409,410]. For a detailed compilation of the NP-based
technology and therapy of cancer in general the reader is referred to Professor P.N. Prasad’s fine
textbook on the subject [300]. A NP-based therapeutic, in some cases also potentially synergistic,
multifunctionality can be referred to as multimodal therapy (MMT), or if only two therapies are used
simultaneously, as bimodal therapy (BMT). Below follows a presentation of different therapy options
that all could be implemented in various NP settings. The basic characteristics and principles of each
modality are presented briefly. References are also listed and some specific examples on how some
of the available therapy modalities have been utilized in NP-settings for PCa and BC are discussed
shortly, e.g., in MMT or BMT contexts.

4.1. Chemotherapy

Treatments using chemotherapy (CTH), since many years successfully applied and still under
development for a wide category of cancers including PCa and BC, has limitations due its relatively
high degree of non-specificity, inducing toxicity [411–415]. A targeted NP-based approach has shown
to be beneficial and has been evaluated by many research teams. Some such NP-based CTH drugs
have been FDA approved; the albumin-paclitaxel-based Abraxane® and the PEG-doxorubicin-based
Doxil® for metastasized BC, the latter being the first FDA approved nanodrug [416,417]. But also other
formulations are being evaluated in the clinic, or have already been approved or are being marketed
in, for example, Europe. Such examples for BC is the non-pegylated liposomal-doxorubicin-based
Myocet® or the polymeric micelle-paclitaxel-based Genexol-PM® [418,419]. An update from 2014 of
FDA approved NP-based cancer drugs, and also others at various stages of development, has been
published [420]. Regarding targeting of NP-based CTH drugs research are ongoing in order to, instead
of relying on the passive targeting caused by the EPR effect, develop strategies for active targeting
using, for example, mAbs (or fraction of mAbs) directed against the PSA receptor in the PCa case [421].

However, a large number of studies, using different techniques, have been published with
a NP and CTH-based approach for both PCa and BC, of which only a tiny fraction are listed
here [105,253,315,353,422–431]. For example, Belz et al. recently designed ultra-small silica NPs
containing the radiosensitizing drug docetaxel for combined chemoradiation therapy, with potential
benefit for patients with PCa [425]. For BC, Li et al. found synergistic inhibition of both migration
and invasion of 4T1 BC cells by doubly loaded NPs (docetaxel + the Akt inhibitor quercetin), via the
Akt/matrix metallopeptidase 9 (MMP-9) pathway [431].

4.2. Gene Therapy

The gene therapy (GTH) alternative has during the last two decades evolved as a promising
tool for the treatment of cancer, either as a stand-alone therapy or in conjunction with chemotherapy,
surgery, and/or radiation therapy [432,433]. The development of GTH towards treatment based on an
individual’s specific genome, immune status, and tumor characteristics, together with new vectors for
transferring the genetic material such as synthetic viruses as well as non-viral methods will further
refine this still experimental, treatment option [434]. By adopting an NP-based GTH approach, the
treatment is believed to be improved even further, especially when implemented as TNPs enabling
imaging simultaneous with therapy. For the two main groups of genes associated with cancer, i.e.,
tumor-suppressor genes and oncogenes, examples of nucleic-acid based therapeutic molecules that are
being evaluated for GTH are cytotoxic or corrective genes, small interfering RNA (siRNA) or short
hairpin RNA (shRNA) [435].
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Regarding NP-based GTH techniques for BC there are very few, however an increasing number,
publications the last decade [234,436–444]. Su et al., for example, investigated recently the efficacy
of a combinational technique including photothermal therapy (see below), CTH, and GTH for triple
negative BC [442]. Indocyanine green, paclitaxel, and survivin siRNA was integrated into a NP and
was found to exhibit very good tumor efficacy with low toxicity. The protein survivin, encoded by
the BIRC5 oncogene in the human genome, and which inhibits the caspase activation and therefore
downregulates the apoptotic pathway, has received much attention lately. Several attempts, also
including NPs, have been made to distribute anti-survivin siRNA in order to silence the BIRC5
gene [445–447]. For NP-based GTH applications for PCa, there are also quite few publications the last
decade [141,448–452]. Guo et al. investigated, for example, gene silencing using siRNA-based AuNPs
for LNCaP cells, overexpressing PSMA. With AuNPs conjugated with folate-receptor targeting ligands
it was found that siRNA was specifically delivered into the LNCaP cells, and produced enhanced
endogenous gene silencing [141].

4.3. Photon Activation Therapy

The photon activation therapy (PAT), sometimes also referred to as photon activated therapy,
involving Auger electrons and mentioned for the first time for medical applications over three decades
ago, shows a limited amount of publications but is an interesting option for TNPs and therefore
discussed here [453–461]. The PAT technique is based on the principle of specific tumor localization
of a high-Z compound such as platinum (Pt), incorporated in, for example, a CTH drug, after which
synchrotron radiation or X-rays directed against the tumor site is used to, via the photoelectric effect,
trigger a cascade release of high linear energy transfer (high-LET) Auger electrons. Except Pt, other
nuclides investigated for PAT have been Au, Tl, Gd, I, and Fe. In the Pt case, the photon energy
suitable for triggering this effect should be just above the binding energy of the K-shell electrons, i.e.,
78.4 keV. As for α-particles, the mean LET value for Auger electrons is considerable higher than that
of, for example, beta-particles; ~100, ~15, and ~0.2 keV/μm, respectively. This means that, as for
α-particles, the Auger electrons will create densely ionization tracks causing damages in the cells, such
as double strand breaks (DSB), which are very difficult to repair. An additional advantage with Auger
electrons, compared to α-particles, is that their range in tissue is on the nanometer scale, compared to
50–100 μm for α-particles. So, provided that the Auger-electron emitting nuclide is being properly
targeted in close proximity to, or incorporated into, the DNA of the tumor cells, a highly targeted
high-LET irradiation will be achieved.

Regarding PCa and BC utilizing a NP-based PAT approach there is only one study published,
having only a tentative BC relevance [462]. In that experiment Choi et al. investigated the therapeutic
efficacy on colon cancer tumor-bearing mice injected with FeO NPs and irradiated using 7.1 keV
synchrotron X-rays, an energy near the Fe K-shell binding energy. For example, one group that
received FeO NPs and an absorbed tumor dose of 10 Gy showed 80% complete tumor regression
after 15–35 days. As noted by the authors however, the use of 7.1 keV X-rays, having a high tissue
attenuation, makes the treatment only suitable for superficial skin malignancies, and possibly also for
superficial chest wall recurrence of BC.

4.4. Photodynamic Therapy

Photodynamic therapy (PDT), also referred to as photochemotherapy, utilizes a photosensitizing
chemical substance called a photosensitizer (PS) that is irradiated with light at certain wavelengths to
induce the production of molecular oxygen in the form of reactive oxygen species (ROS). The ROS,
e.g., superoxide, peroxide, singlet oxygen, or hydroxyl radicals, have the capacity to induce cell death
at the site of production and can therefore, if targeted properly, be used as a therapeutic option against
several diseases [463]. Acne and psoriasis, or to some extent even herpes experimentally, are treated
using PDT. But also different type of cancers, in particular different types of skin cancer, are being
treated with PDT techniques [464]. Both wavelength and fluence of the light are important parameters
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to monitor in order to target and trigger the PS properly, using a laser-equipped endoscope as a special
case for reaching, for example, intestinal cancers [465].

An interesting version of PDT is the two-photon excitation (TPE) based PDT for the treatment
of cancer. This technique combine the advantages of TPE near-infrared (NIR) photosensitizers and
nanotechnology and has been reviewed by Shen et al. [466]. The absorption of two relatively low-energy
NIR photons will enable the emission of high-energy photons in the visible spectrum, which in its
turn will sensitize oxygen producing singlet oxygen and reactive oxygen species (ROS) able to kill
targeted cancer cells due to its cytotoxic effect. Compared to single-photon based PDT the possibility
of reaching further into tissues, due to the relatively long wavelength of the light used in TPE PDT, has
great advantages enabling to reach tumors more deep seated. There are some publications using the
TPE technique, both for imaging and therapy, in different NP and theranostic settings [467–471]. The
paper by Gary-Bobo et al. [471] was the first two-photon based PDT experiment in vivo using NPs.

Regarding PCa, PDT approaches have been evaluated both preclinically and for patients [472,473].
Especially, studies using PDT as a theranostic approach for PCa has lately also been published.
For example, Chen et al. recently investigated a low-molecular-weight theranostic photosensitizer
denoted YC-9 for PSMA-targeted optical imaging and PDT [474]. The study indicates that YC-9 is a
promising therapeutic agent for targeted PDT of PSMA-expressing tissues, such as PCa. Similarly,
Wang et al. synthesized two PSMA-targeting PDT conjugates (PSMA-1-Pc413 and PSMA-1-IR700),
both having the potential to aid in the detection and resection of PCa [475]. Lin et al. developed a
novel nano-platform for targeted delivery of heat, ROS, as well as the heat shock-protein 90 (Hsp90)
inhibitor for the treatment of PCa [476]. Vaillant et al. investigated targeting a membrane lectin
using a mannose-6-phosphate analogue grafted onto the surface of functionalized mesoporous silica
NPOs [477].

For BC, several approaches have been evaluated. For example, Feng et al. investigated a
multimodality theranostic agent based on mesoporous copper sulfide NPs encapsulating doxorubicin,
enabling both PAI as well as chemo- and ROS generating phototherapy of BC [400]. Against TNBC, Choi
et al. developed photosensitizer-conjugated and camptothecin-encapsulated hyaluronic acid NPs as
enzyme-activatable theranostic NPs for near-infrared fluorescence imaging and photodynamic/chemo
dual therapy [478]. Both in vitro and in vivo, Wang et al. performed experiments evaluating the effects
of sinoporphyrin sodium-mediated PDT on tumor cell proliferation and metastasis for the highly
metastatic 4T1 BC cells and a mouse xenograft model [479]. Targeting the TrkC (tropomyosin receptor
kinase C) receptor, which tends to be overexpressed in metastatic BC, with a ROS photosensitizer-labeled
small molecule enabled Kue et al. to investigate the therapeutic efficacy of PDT in nude mice [480].
Finally, Shemesh et al. used a liposomal-based theranostic delivery system, with indocyanine green as
a photosensitizer, for investigating real-time biodistribution monitoring as well as the efficacy of PDT
against TNBC [244].

4.5. Photothermal Therapy

The photothermal therapy (PTT) approach builds on the PDT principle (see above) in
that it via passive (e.g., via the EPR effect) or active (e.g., via mAbs) tumor accumulation of
nanoheaters/photosensitizers enables a localized temperature increase. This could cause the destruction
of DNA/RNA molecules as well as proteins, leading to cell death by membrane rupture or
necrosis [300,481]. The difference of PTT compared to PDT is that the former does not need oxygen
present in order to induce cell killing. Especially one version of PTT has attracted increased attention,
namely plasmonic PTT (PPTT) [482–484]. The PPTT technology is based on the principle that when
AuNPs are irradiated using infrared or near-infrared light coherent excitation of its conduction electrons
at the surface will take place, due to the surface plasmon resonance (SPR) effect. When these electrons
deexcite, they will produce localized heat waves causing wanted cell destruction.

Regarding PCa and BC there are several publications investigating PTT in different NP
settings [91,156,228,230,247,343,422,485,486]. For example, Hosoya et al. evaluated a theranostic
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hydrogel-based NP platform combining both targeting of the tumor cells, photon-to-heat conversion,
as well as triggered drug delivery enabling controlled release of the anticancer drug and multimodal
imaging [247]. Their results showed the possibility of simultaneous targeted delivery of an anticancer
drug and noninvasive imaging for both PCa and BC in a mouse model. Also, Cantu et al. investigated
polymeric NPs (<100 nm in diameter) in a photothermal ablation setting. When experimenting on
MDA-MB-231 BC cells they were able to show complete cancer cell ablation in vitro using an 808-nm
laser, indicating the potential benefit of their NP platform utilizing the PTT technology.

4.6. Radioimmunotherapy

The cancer treatment modality termed radioimmunotherapy (RIT) is since many years a
well-established technique to specifically irradiate targeted tumor cells using monoclonal antibodies
(mAbs), or fraction of mAbs, labeled with suitable radioactive isotopes such as α-, β-, or Auger-electron
emitters. Review papers regarding the current RIT status for PCa and BC is referred to for further
reading [487–492]. Regarding NP-based platforms for cancer utilizing RIT, sometimes referred to as
radioimmunonanoparticles (RINPs), there is a small but increasing number of publications [493–496].
For PCa and BC, there have been only a few papers presenting some promising results [497–501].
Natarajan et al., for example, published a paper in 2008 presenting a potential theranostic approach
in a PCa and BC experiment [501]. They developed a novel 111In-radioconjugate NP based on
anti-MUC-1-scFv antibody fragments and functionalized NPs.

4.7. Neutron Capture Therapy

The radiation-based technique called neutron capture therapy (NCT) is based on a neutron source
in order to generate a targeted internal radiation therapy at the specific tumor site, and has been
described in several publications [300,502–504]. The technique is still a highly active research area,
and applications in which it is evaluated now also includes theranostic NP-based settings [505]. Most
applications so far have been exploiting the nuclear reaction 10B(n,α)7Li, i.e., bombarding boron atoms
with thermal neutrons to produce internally emitted α-particles. This technique is called boron neutron
capture therapy (BNCT). The isotope 157Gd has also been evaluated for NCT, although it has been
questioned due to toxicity concerns regarding Gd3+ ions. However, chelation using DTPA has been
promising and capable of producing stable Gd-DTPA complexes, and therefore nontoxic. The isotope
157Gd has some advantages over 10B, including, for example, a 67 times higher cross section for thermal
neutrons as well as Gd3+ ions being paramagnetic and thereby able to function as contrast enhancers
during MRI [300]. Regarding NP-based applications of NCT, it could help to increase the accumulation
of 10B or 157Gd in the targeted tumor tissue. Liposome-based NP techniques is a possible approach
and some experiments have shown promising results [504,506–508].

Regarding PCa and BC there are very few studies published using NP-based NCT techniques.
Only two BC-related publications are to be found on PubMed, investigating dendrimer- and lipid-based
gadolinium NPs [509,510].

4.8. Magnetic Therapy

In addition, for magnetic NPs being able to serve as contrast enhancers during MRI (see above),
these type of NPs could also be used for therapy, i.e., magnetic therapy (MTH), and thus used as a
theranostic platform. Both alternating-current (AC) and direct-current (DC) based magnetic fields
could be utilized for this type of technique, although the most commonly used option called magnetic
hyperthermia uses AC-based magnetic fields [300]. The Brownian and Neel relaxation processes
are the two sources of heat generation during the AC-based magnetic hyperthermia option [511].
The smaller the NP used the more the Neel relaxation process will dominate over the Brownian in
contributing to the heat generation in targeted tissue. If instead using a DC-based magnetic field is
used the process of magnetocytolysis is utilized in order to induce cellular disruption.
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Regarding PCa and BC related applications using a NP-based MTH technique there are only a
few publications available [493,512–516]. For example, Han et al. recently evaluated a theranostic
strategy based on Fe3O4/Au NPs used for prostate-specific antigen detection, MRI, as well as magnetic
hyperthermia [512]. For BC, Yao et al. recently investigated a multifunction therapy platform based
on silica NP and quantum dots for controlled and targeted drug (doxorubicin) release, NIR-based
PTT, and AC-based magnetic hyperthermia in a 4T1 BC model, indicating a significant synergistic
therapeutic effect [515].

5. The Prostate Cancer Case

TNPs might play an important role in the future for the detection, diagnosis, and staging, as well
as for the therapy of cancerous diseases at different stages. In order to specifically up-date the reader
on the current situation regarding the statistics, diagnosis options, staging, recurrence, metastases,
as well as some available treatment options for PCa, a short presentation of this is given below.

5.1. Background Statistics

Worldwide, PCa is the second most frequently diagnosed cancer in men, and the fourth most
common in both sexes combined. Approximately 1.1 million men were diagnosed with PCa in the
world during 2012, which is approximately 15% of all cancers diagnosed in men [517]. Prostate
cancer is also the fifth leading cause of death related to cancer in men, with 307,000 deaths worldwide
during 2012 [517]. In the USA, PCa is the second leading cause of cancer-related deaths and the
second most frequently diagnosed cancer, while in Europe it is number one. The American Cancer
Society estimated that 180,890 men would be diagnosed with PCa during 2016 in USA, and about
26,120 would die from the diseases [518]. The International Agency for Research on Cancer (IARC)
concluded that during 2012 in Europe close to 345,000 men were diagnosed with PCa. Although
more effort has been directed towards early detection through screening, 72,000 men died of PCa in
Europe in 2012 [519–526]. Notably, there is less variation in mortality worldwide than is observed
for the incidence. This is explained by the PSA testing having greater effect on incidence than on the
mortality [517]. The development of improved therapy modalities should therefore be prioritized and
targeted therapies based on TNPs are promising candidates to increase the therapeutic efficacy and
chance for survival of this category of patients. Several studies of the therapeutic efficacy and toxicity
of RIT against PCa have been performed [492,527–544].

5.2. Diagnosis, Staging, Recurrence, and Metastases

A transrectal ultrasonography—guided pathologic examinational procedure is applied during
tumor diagnosis of PCa. The extent of the localized PCa tumor is also estimated by digital rectal
examination and PSA testing, sometimes supplemented using CT, bone scanning, or multiparametric
MRI [545]. The staging procedure for malignant PCa tumors as outlined in the National Comprehensive
Cancer Network (NCCN) guidelines [546], should follow the TNM (Tumor—regional lymph
Nodes—Metastasis) classification developed by the Union for International Cancer Control (UICC) and
published by the American Joint Committee on Cancer (AJCC), as well as the International Federation
of Gynecology and Obstetrics (FIGO), staging manuals [547].

Positron emission tomography in combination with CT is used for the staging of lymph-node
metastasis involvement. Depending on stage, 18F-FDG, 18F-choline, or 11C PET could be used [548–556].
The use of PET in combination with MRI may also help detect PCa as well as improve accuracy of
staging [557–560]. Regarding the estimation if the PCa under investigation is clinically insignificant/
indolent (CIPC) or significant/aggressive the Epstein criteria could be used, taken into account its
limitations and many variations [561–566]. Better criteria deciding CIPC or not CIPC could help
minimize the amount of under- and overtreated men having PCa [521]. Regardless whether CIPC or
not CIPC, monitoring the disease is usually performed using PSA testing, complemented with MRI
and/or PET/CT if PSA level is rising [567].
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Regarding the treatment of localized PCa radiation therapy (RT) and radical prostectomy (RP)
are established protocols, although resulting in up to 50% of PSA recurrence often referred to as
biochemical recurrence (BCR) [568]. The PSA doubling time, the Gleason score, and the pathologic
T-stage determines the time between BCR and when metastases are confirmed [488,569]. In order to be
able to determine if the recurrence is local or in the form of metastases, 11C-choline based PET/CT
and/or MRI are often used [488,545,551,570–573]. Regarding metastases, the skeleton and regional
lymph nodes are the most common sites, with >80% of the men succumbing to PCa having metastases
in the skeleton [574]. Bone scintigraphy, as SPECT in conjunction with CT (SPECT/CT), using
Technetium-99 (99mTc)-methylene di-phosphonate is often used to estimate the degree of metastases in
the skeleton [567,575]. The use of 18F-fluoride PET/CT might also be an option to be used for detecting
and classifying metastases in the skeleton [545].

6. Theranostic Nanoparticles for Prostate and Breast Cancer

For cancer applications in general there is an increasing number of publications regarding
multifunctional TNPs, exemplified by a limited selection of references [1,76,576–591]. For PCa and BC
there is only a limited number of publications, some of which already have been mentioned above
in conjunction with the presentation of the different type of NPs as well as different imaging and
therapy options available for TNPs [1,131,230,345,358,476–478,592,593]. As TNPs combine into one
nanovehicle both imaging and therapy, the presentation of selected representative examples below
illustrate some of these combinations evaluated so far for PCa and BC.

Lin et al. developed and evaluated a novel multifunctional NP-based platform for simultaneous
imaging and therapy of PCa using LNCaP and PC3 cells in a mouse model [476]. The imaging was
achieved by using NIR activatable fluorescence NPs enabling optical imaging and therefore real-time
monitoring of the drug delivery. The therapy was achieved by simultaneous targeted delivery of heat,
ROS, and heat-chock protein 90 (Hsp90) inhibitor. Their porphyrine-based system was able to generate
enough heat and ROS simultaneous with light activation in order to achieve a dual PTT/PDT therapy.
The developed formulations of Hsp90 inhibitors also enabled a decrease of the level of pro-survival
and angiogenic signaling induced by the PTT and PDT treatment, which sensitizes the tumor cells to
the phototherapy. The authors concluded that by using their PCa-specific and image-guided minimally
invasive NP-based PTT/PDT drug delivery system, in conjunction with the Hsp90 inhibitors, could
enhance the therapeutic efficacy for PCa.

In a paper by Vaillant et al. it was investigated the possibility of developing and using a targeting
molecule against the cation-independent mannose 6-phosphate receptor (M6PR), over-expressed in
especially the LNCaP cell line [477]. The targeting molecule was a mannose 6-phosphate analogue,
synthesized in six steps, which was grafted onto functionalized silica NPs. Experiments were
performed both in vitro and in vivo using PDT and showed promising results regarding both targeting,
imaging, and therapy of PCa. Regarding the developed biomarker and the M6PR investigated, the
authors especially emphasize that the target fulfill important characteristics, namely (i) over-expression
in 84% of PCa tissues; (ii) no expression in normal tissues or non-cancerous hypertrophy of prostate;
and (iii) over-expression in low-grade cancers. Therefore, M6PR is according to the authors a
promising target for non-invasive personalized therapy of PCa, with the possibility of future
theranostic applications.

In a paper by Agemy et al. the targeting of the tumor vasculature was investigated for both
therapy and imaging of PCa [358]. By screening phage-displayed peptide libraries they identified
specific targets in the vessels of PCa tumors. One such peptide, the penta-peptide Cys-Arg-Glu-Lys-Ala,
recognizes a fibrin-fibronectin complex located in tumor vasculature. By using SPIONs coated with this
peptide in 22Rv1-and LAPC9-PCa cells xenograft mice models an accumulation in tumor vessels was
achieved after intravenous injection, which in its turn caused additional clotting and thereby additional
sites for the TNPs to bind to in the tumors. No clotting was seen in other parts of the body. Imaging
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was performed by MRI. The addition of an anti-cancer drug, to these tumor vasculature-blocking
TNPs, is hypothesized by the authors to increase the therapeutic efficacy even further.

In a study by Li et al. a BC xenograft-mice model was used to evaluate the imaging and
therapeutic efficacy of self-assembled gemcitabine-Gd(III)-based pegylated 50 nm TNPs [1]. The
anti-cancer drug gemcitabine combined with the MRI contrast agent Gd(III) used in this setting for
the BC cell line MDA-MB-231 showed a high in vivo antitumor efficacy compared to saline control;
median tumor volume equal to 188 and 695 mm3 28 days post injection, respectively. The level of
toxicity was indistinguishable compared to controls, drug loading capacity of the TNPs higher than
compared to other systems [35,36], and the in vivo MRI-signaling efficacy comparable with other
similar NPs [30,594].

In vitro experiments were performed by Choi et al. in which they evaluated enzyme-activatable
TNPs for NIR-fluorescence imaging and a combination of PDT and CTH of TNBC [478]. The
photosensitizer chlorin e6 (Ce6) conjugated to hyaluronic acid (HA) formed Ce6-HA NPs by
self-assembly. Then, the anticancer topoisomerase-1 inhibitor camptothecin (CPT) was encapsulated
inside these NPs forming the final TNPs. Treatment using the enzyme hyaluronidase induced activation
of singlet oxygen generation and NIR fluorescence, as well as the release of CPT from the TNPs. The
light irradiation of treated TNBC cells further enhanced the therapeutic efficacy significantly. An
up-dated and well written review on the subject of targeted NPs for image-guided treatment of TNBC
has been written by Miller-Kleinhenz et al. and discusses, for example, subtypes, biomarkers, and
potential surface targets for TNBC [242].

Ansari et al. demonstrated in a study the feasibility of a TNP incorporating both tumor specificity,
enzyme-activated prodrugs, and in vivo imaging possibilities by conjugating the FDA-approved
magnetic iron-oxide NP ferumoxytol to a matrix metalloproteinase-activatable peptide conjugate
of the colchicine analogue azademethyl-colchicine [592]. Intravenous injections of the TNPs into
MMTV-PyMT (mouse mammary tumor virus-polyoma middle-T-antigen) BC tumor-bearing mice
resulted in a significant anti-tumor efficacy compared to controls, with no detectable normal-tissue
toxicity, explained by a significant tumor accumulation of the TNPs shown by MRI. The results are
important since the MMTV-PyMT cells are considered to be a good model for BC metastasis [595].
It should be noted that by March 30, 2015, FDA changed its prescription instructions for the
ferumoxytol-based anemia drug Feraheme® due to risk of serious allergic reactions [596].

In conclusion, theranostic NPs applied in an individualized targeted nanomedicine setting have
a high potential to become one of the most valuable technologies for the detection, diagnosis, and
therapy of PCa and BC. The tumor cell specific multifunctionality of such nanovehicles could enable
earlier detection of the diseases, as well as increased sensitivity and specificity during diagnosis. The
TNPs also have the potential to increase the likelihood of survival as well as decreasing systemic
toxicity for treated patients, compared to the options available today. There are many combinatorial
possibilities when constructing TNPs, and all of them have pros and cons as illustrated in this paper.
Clinical trials need to be performed in order to give the U.S. Food and Drug Administration, its
European Union equivalence European Medicines Agency, and other national medicine-regulatory
authorities, the possibility to evaluate relevant TNP options further. This will hopefully add to the list
of NP-based drugs under clinical evaluation or already clinically approved, and listed in Table 1 below,
also theranostic applications for both PCa and BC.
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Abstract: Currently there is little effective treatment available for castration resistant prostate cancer,
which is responsible for the majority of prostate cancer related deaths. Emerging evidence suggested
that cancer stem cells might play an important role in resistance to traditional cancer therapies,
and the studies of cancer stem cells (including specific isolation and targeting on those cells) might
benefit the discovery of novel treatment of prostate cancer, especially castration resistant disease.
In this review, we summarized major biomarkers for prostate cancer stem cells, as well as their
functional mechanisms and potential application in clinical diagnosis and treatment of patients.

Keywords: prostate cancer; cancer stem cell; stem cell biomarker

1. Introduction

Prostate cancer (PCa) is the most common non-skin cancer in American men [1,2]. Standard PCa
treatment includes radical prostatectomy, radiotherapy, chemotherapy and castration (either by drug
or by surgery, mainly for androgen sensitive PCa), as well as immunotherapy and palliative therapy
(mainly for castration resistant PCa (CRPC)). CRPC is responsible for majority of the PCa-related
deaths [3], and currently there are two major hypotheses of CRPC carcinogenesis, the adaptive
mechanism and the selective mechanism [4]. The adaptive mechanism suggests gene mutations in PCa
cells (e.g., mutations of androgen receptor (AR)), dysregulated expression of genes, etc., contribute
to CRPC development [5]. The selective mechanism, which is emerged in the last few decades,
suggests that pre-existing castration-resistant subclones in primary PCa tissues and cancer stem cell
selection dominates CRPC development (Figure 1) [6–8]. Recently, it has been suggested that stem-cell
directed differentiation therapy could promote differentiation of cancer stem cells and sensitize them
to anticancer drugs (such as synergistic androgen signaling blocking agents) [9].
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Cancer stem cells (CSCs) were defined as cells with capacity of self-renewal and proliferation
in cancer tissue [8]. Over years, scientists have been arguing about the origin of cancer stem cells.
CSCs were suggested to originate from mutated normal stem cells, from mutated progenitor cells
in the process of differentiation which re-gains the characteristics of stem cells, or from mature cells
that re-acquired self-renewal ability [10]. Various cell surface markers were used to isolate CSCs,
whose proliferative potential was verified by in vitro andin vivo assays (Tables 1 and 2). This review
summarizes recent research progress of current stem cell markers in PCa.

Table 1. Summary of prostate cancer stem cell biomarkers based on location and function.

Biomarker Transmembrane
Protein Glycoprotein Enzyme Transcription

Factor
Extracellular

Protein mRNA

Integrins Yes - - - - -
CD44 Yes - - - - -
CD133 Yes Yes - - - -
CD166 Yes - - - - -
Trop2 Yes Yes - - - -
CD117 Yes - Yes - - -

ALDH1 - - - Yes - -
ABCG2 Yes - - - - -
SOX2 - - - Yes - -
EZH2 - - Yes - - -
cPAcP - - Yes - - -

AR splice
variants - - - - - Yes

HGF - - - - Yes -
TGM2 - - Yes - - -

Trop2, tumor-associated calcium signal transducer 2; ALDH1, aldehyde dehydrogenase 1; ABCG2, ATP binding
membrane transporters; cPAcP, cellular prostatic acid phosphatase; HGF, hepatocyte growth factor; TGM2,
transglutaminase II; SOX2, SRY-box 2; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit.

Table 2. Summary of verifying studies and possible pathways of prostate cancer stem cell biomarkers.

Markers PCa Cell Lines Primary PCa Tissues Mouse Models Possible Involved
Pathway in PCa

Integrins Yes Yes - -
CD44 Yes Yes - -
CD133 Yes Yes - -
CD166 - - Yes -
Trop2 - - Yes -
CD117 - - Yes -

ALDH1 Yes - - -
ABCG2 Yes Yes - -
SOX2 - Yes - -
EZH2 - Yes - -
cPAcP Yes - - -

AR splice variants Yes - - AR
HGF Yes - - AR

TGM2 Yes - - NF-κB

PCa, Prostate cancer.

2. Integrins

Integrins are a family of transmembrane receptors known to participate in cell-cell adhesion and
cell-surface mediated signaling, serving as bridges for cell-cell and cell-extracellular matrix (ECM)
interactions [11]. Integrin could interact with specific ligands to transfer signals through cell-cell or
cell-ECM interactions and stimulate expression of downstream target genes. Integrins were generally
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overexpressed in PCa [12,13]. In PCa, expression of α2-integrin and EZH2 is observed in a small
fraction of cancer cells, which is supportive for their role as stem cell marker [14]. α2β1 integrin
plays an important role in epithelia-stroma interaction, which is suggested to contribute to selective
bone metastasis [12]. In the meantime, it could be a new marker to screen for prostate stem cells.
Collins et al. [15] has discovered that the prostate stem cells expressing α2β1 integrin locate at basal
epithelial layer. Approximately 1% of basal cells examined by confocal microscopy were integrin
positive, and these cells could be isolated directly from the tissue on the basis of rapid adhesion to type
I collagen. This isolated cell population displays basal cell phenotype, marked by expression of CK5
and CK14 and lack of expression of differentiation-specific markers (such as prostate specific antigen
(PSA) and prostatic acid phosphatase (PAP)). These prostate stem cells could be cultivated in vitro and
display much greater capability to form colonies in vitro (comparing to total basal cell population).
When α2β1 overexpressing cells and stromal cells were transplanted subcutaneously into nude mouse,
they could form structure of normal prostate gland prostate-specific differentiation [15].

Microarray experiments performed by several independent groups found that Integrin-α6
(also known as CD49f) is consistently overexpressed in hematopoietic, neural, and embryonic
stem cells, and it is suggested as an effective cell stemness marker [16]. It has been used for
characterization of prostatic progenitor cells [17,18], and was suggested as an emerging biomarker for
PCa evaluation [14,19,20].

3. CD44

CD44 is a single-pass type I transmembrane protein and an important cellular adhesion molecule
related to signaling to extracellular matrix. CD44 was considered as a marker of cancer stem cells
from many organs including prostate [21–23]. It was located extensively on cell membrane and is
important for cell adhesion and signal transduction. It was reported that CD44 positive cells from
primary prostatic tumor tissues possess cell stemness [24]. Molecular studies demonstrated that CD44+

PCa cells retain certain intrinsic properties of progenitor cells [25]. CD44+ cells express high levels
of stemness genes including Oct-3/4, Bmi, β-catenin and Smoothened (SMO) [2,26,27]. Kasper et al.
discovered that in PCa cells (such as LNCaP, DU145 and PC3), CD44 positive cells had much greater
proliferative capability than CD44 negative cells [28]. Van et al. isolated the DU145 cells from CD44+

and CD44´ Cells and tested the gene expression of stem cells by RT-PCR. Low expression of luminal
cell markers (e.g., CK18) and AR were observed in CD44+ cells, whereas the genes highly related
to stem cell proliferation and differentiation were overexpressed [29]. Recently, CD44 expression
level was reported to be correlated with PCa grade in prostate biopsy samples [30], and proteomics
analysis showed that CD44+ cells had positive correlation with genes related to cancer proliferation
and metastasis [31]. However, Ugolkov discovered that expression of CD44 and Oct4 were observed
in large populations of benign and malignant cells in the prostate, which is somewhat contradictory to
the definition of stem cells as a small fraction of the total cell population [32]. Their results suggested
that combined expression of embryonic stem cell markers EZH2 and SOX2 might be used to identify
potential cancer stem cells as a minor (<10%) subgroup in CD44+ prostatic adenocarcinoma cells [32].

Recently, quite a few thorough analyses have been done on CD44 isoforms that are generated
through alternative splicing of CD44 precursor mRNA. Those CD44 variants function distinctly in
PCa and might serve as independent markers comparing to total CD44 expression level. For example,
CD44v2 correlated with a better recurrence-free survival rate in PCa patients and is underexpressed in
metastatic PCa cell lines [33]. Another well-studied isoform is CD44v6, which is associated with
PCa proliferation, invasion, adhesion, metastasis, chemo-/radioresistance, and the induction of
epithelial–mesenchymal transition (EMT) as well as the activation PI3K/Akt/mTOR and Wnt signaling
pathways, and CD44v6 expression was closely associated with conventional prognostic factors and
is identified as significant predictor for biochemical recurrence in PCa [34,35]. CD44v7–10 were
overexpressed in PCa, and knock-down of CD44v7–10 by RNAi would significantly decrease invasion
and migration in PCa cells [36].

305



Int. J. Mol. Sci. 2016, 17, 1163

Taken together, those results demonstrated CD44 RNA isoforms, but not total CD44 protein,
might serve as specific marker for prostate cancer stem cells, though total CD44 protein level might
still serve as a stem cell marker for other types of cancers [29].

4. CD133

CD133 is a glycoprotein with five transmembrane domains, generally expressed in various stem
cells and endothelial progenitor cells but not in mature endothelial cells [37]. CD133 has been widely
used, usually in combination with other stem cell markers such as CD44 and α2β1 integrin, to isolate
cancer stem cells from prostate tumors with different Gleason grade, including cells from both primary
and metastatic lesions [38–41]. Approximately 0.1% of cells in any prostate tumor displayed this
phenotype, though there was no correlation between the number of CD44+/α2β1hi/CD133+ cells
and tumor grade [23]. In normal prostate tissues, CD133 expression was observed in both basal and
luminal cells [42]. Although its expression in normal prostate tissue is pretty low, CD133 is usually
overexpressed in inflammation cell population [43].

Prostatic basal cells could be enriched based on α2β1 integrin (hi) expression and further enriched
for stem cells using CD133 in non-tumorigenic BPH-1 cells [44]. It is demonstrated that the tumorigenic
potential did not reside in the CD133+ stem cells but was consistently observed in the CD133´
population [45]. These data confirmed that benign basal cells include cells of origin of prostate cancer
and suggested that proliferative CD133´ basal cells are more susceptible to tumorigenesis compared
to the CD133+-enriched stem cells. These findings challenged the current dogma that normal stem
cells and cells of origin of cancer are the same cell type(s) [45]. Intensive studies need to be done to
learn more about the role of CD133 in PCa origination.

5. ALDH1

ALDH1 was suggested as a stem cell marker for both normal and tumor tissues [46]. As a
cytoplasmic enzyme, ALDH1 has multiple intracellular aldehydes which can be converted into
carboxylic acids, and could be involved in intracellular degradation of cell toxic substances [47].
ALDH1 expression was reported to be correlated with tumor grade and prognosis in PCa patients [48].
Burger et al. [49] found that cells with high ALDH enzymatic activity have greater in vitro proliferative
potential than cells with low ALDH activity. Similar results were observed in an in vivo prostate
reconstitution assay [49]. Thus, ALDH enzymatic activity might be used as a functional marker of
prostate stem/progenitor cells and allow for simple, efficient isolation of cells with primitive features.
ALDH α2+/α6+/αV + CD44+ cells also displayed high colonization in vitro and highly invasive
tumorigenesis and aggressive metastasis characteristics in vivo [50]. p63 cytoplasmic aberrance is
associated with high ALDH1A1 expression, and it was found that cytoplasmic p63 levels were
significantly associated with the frequency of proliferating cells and cells undergoing apoptosis in
prostate cancers [51]. These components are suggested to have an important role in prostate cancer
progression and may be used as a panel of molecular markers [52].

The aldehyde dehydrogenase enzymes are likely to protect stem cells by detoxification of cell toxic
compounds, which indicates that ALDH1 might prevent prostate cancer stem cells from conventional
chemotherapy attack, while effective inhibition of ALDH1 could enhance the chemotherapy efficiency.
Thus, ALDH1 could not only be used as a prostate cancer stem cell marker for prognosis, but also as a
potential drug target in cancer treatment.

6. ATP Binding Membrane Transporters (ABCG2, Also Known as Breast Cancer Resistant Protein
or BCRP)

Studies have shown that prostate cancer contains side population cells (SP cells), which could be
isolated by flow cytometry techniques based on behavioral characteristics of stem cells. SP cells have
stem cell properties that are exclusively mediated by ABCG2. As a result, ABCG2 is considered as a
marker of SP cells, as well as a cancer stem cell marker.
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ABCG2 is ATP binding membrane transporters, and is related to prostate cancer multi-drug
resistance [10]. After castration, ABCG2+/AR´ prostate cancer stem cells could be isolated from
prostate cancer tissues, and it is suggested that ABCG2 expression might protect prostate cancer
stem cells from castration, chemotherapy and hypoxic environment. ABCG2 has been suggested as a
biomarker for treatments targeting on prostate cancer stem cells [53]. Interestingly, Patrswala et al. [54]
found that ABCG2(+) cells could produce ABCG2(´) cells, and both types of cells have similar
tumorigenicity and colony formation ability. 30% of human cancer cell lines (and more in the bone
marrow) and xenografts contain 0.04% to 0.20% of SP cells (low but detectable), yet most of the primary
tumor cells have only a very small portion of the SP cells, almost impossible to detect [55,56]. Giving
the evidence that non-recurrent PCa samples presented relatively lower level of ABCG2, compared to
both normal tissue and recurrent samples, it might be associated with chemo-sensitivity [57]. Whether
ABCG2 could be used as a specific biomarker in PCa diagnosis and prognosis is still unclear and
requires further research.

7. SOX2 and EZH2

SOX2 and EZH2 are essential for the development of human embryonic stem cells. SOX2
is a transcription factor and plays a key role in maintaining undifferentiated status and keeping
self-renewal ability of embryonic stem cells [58]. EZH2 is critical for embryonic stem cells rebuilding
and embryonic development. Studies show that they play a key role in prostate cancer stem
cells [32]. Recently, SOX2 and EZH2 are also suggested as markers in malignant glioma patients [59].
Ugolkov et al. [32] analyzed expression of CD44, CD133, Oct4, SOX2 and EZH2 in benign prostate
tissues, high grade prostatic intraepithelial neoplasia (HGPIN) and PCa tissues, and found that EZH2
and SOX2 were expressed in <10% of benign prostate tissue, HGPINs and prostate cancer. In addition,
82% (27/33) of SOX2+ prostate cancer cases were EZH2+ type, and 100% (33/33) of cases were CD44+.
On the other hand, CD44 was found in 97% of benign prostate and HGPIN cases, and in 72% of prostate
cancer cases. CD133 was found in only a small portion of PCa tissues (6%, 4/67). Oct4 expression was
found to be closely correlated with benign and HGPIN, but not with PCa. It is believed that CD44
and Oct4 were expressed in most of benign and malignant prostate cells, which is not likely to be
representative for a very small proportion of cancer cells (such as cancer stem cells).

8. CD166

CD166 is a newly discovered molecular surface marker of prostate cancer stem cells [60]. CD166
belongs to the Ig family of type I transmembrane proteins, which mediate cell-cell interactions, and
have been used as prognostic markers for a variety of cancers [1]. CD166 was reported to enrich
sphere-forming activity of WT LSC (hi) and Pten null LSC (hi), and enhance the sphere-forming ability
of benign primary human prostate cells in vitro and induce the formation of tubule-like structures
in vivo [60]. CD166 could be used to identify and isolate human, murine prostate cancer stem cells and
hormone refractory prostate cancer [61]. CD166 protein level is upregulated in human PCa, especially
in CRPC patients. Although genetic deletion of murine CD166 in the Pten null PCa model does
not interfere with sphere formation or block prostate cancer progression and CRPC development,
the presence of CD166 on prostate stem/progenitors and castration resistant sub-population of cells
suggest that it could be a surface marker of cell stemness. It could be a potential therapeutic target for
prostate cancer therapies, as reduced expression of CD166 might be able to interfere or reverse prostate
cancer metastasis.

9. cPAcP

cPAcP is a prostate specific differentiation antigen. In PCa cells, decreased cPAcP expression
is associated with androgen-independent cell proliferation and tumorigenicity as seen in advanced
hormone-refractory prostate carcinomas [62]. It was demonstrated that HDAC inhibitor treatment
could result in increased cPAcP protein level in cPAcP positive cells, increase androgen responsiveness,
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and exhibit higher inhibitory activities on AR/cPAcP-positive PCa cells than on AR/cPAcP-negative
PCa cells. These data indicate that cPAcP has potential clinical importance serving as a useful biomarker
in the identification of PCa patient sub-population suitable for HDAC inhibitor treatment [63,64].

10. Hepatocyte Growth Factor

It was found that prostate cancer stem-like cells (CSCs)/cancer initiating cells (CICs) express
hepatocyte growth factor (HGF) and that the HGF/c-MET proto-oncogene product (c-MET) signal has a
role in the maintenance of prostate CSCs/CICs in an autocrine fashion. Immunohistochemical staining
of HGF was compared to biochemical recurrence after radical prostatectomy, and patients with PCa
tumors exhibiting HGF positivity of 5% or more had a significantly shorter biochemical recurrence-free
period than that of patients whose tumor HGF positivity was less than 5% (p = 0.001). In multivariate
Cox regression, preoperative PSA and HGF positivity had the potential to be independent predictors
of biochemical recurrence following prostatectomy [65].

11. Tumor-Associated Calcium Signal Transducer 2

Tumor-associated calcium signal transducer 2 (also known as Trop2) is a type I membrane
glycoprotein which transduces intracellular calcium signal and acts as a cell surface receptor [66,67].
Trop2 is highly expressed in epithelial related cancers, and its protein level often correlates with
poor prognosis [68–73]. Trop2 positive cells could be identified as a subpopulation of prostate basal
cells with stem cell characteristics, and it has been used as an effective marker for isolation of basal
prostate progenitor cells [74–76]. In prostate cancer, scientists discovered that Trop2 regulate cancer
cell proliferation, self-renewal, cell-cell adhesion and metastasis through β-catenin and β1-integrin
signaling pathways [77–79]. Interestingly, Trop2 expression in prostate cancer cells was regulated by
energy restriction, glucose deprivation and methylation [80–82], making it a potential drug target
in cancer treatment. Moreover, anti-Trop2 bispecific antibody was approved to effectively lead
pre-targeted immunoPET and radioimmunotherapy of PCa in preclinical models, which significantly
increased PCa related survival [83,84].

12. CD117

CD117 (also known as c-Kit) is a receptor tyrosine kinase protein, and has been used as an
important cell surface marker to identify hematopoietic progenitors in bone marrow [85–87]. CD117
overexpression was observed in several types of solid tumors including prostate [88,89], and is
correlated with the capacity of cell self-renewal and cancer progression [90,91]. Circulating CD117
positive cell percentage is correlated with cancer progression and PSA values in advanced PCa [92].
CD117 could be activated by its ligand, Stem Cell Factor (SCF), to promote bone marrow cell migration,
tumor dissemination and potential bone metastasis [91–94].

13. AR Splice Variants

AR splice variants were found to promote EMT as well as induce the expression of stem cell
signature genes [95]. Over 10 different AR splice variants were discovered in PCa cell lines, PCa
xenografts and human patient samples, and a few of them were dissected to understand their functions
in cancer progression [96–103]. More importantly, AR splice variants, such as AR-V7, were suggested
to contribute to the drug resistance after suppression of AR signaling, especially in CRPCs [104,105].
High level of AR-V7 was observed in CRPC specimen, but rarely in hormone-naïve specimen [102].
It was suggested that transition from negative to positive status of AR-V7 might reflect the selective
pressures on tumor, which makes it a dynamic marker for PCa diagnosis based on liquid biopsy
samples, such as circulating tumor cells (CTC) [106].

308



Int. J. Mol. Sci. 2016, 17, 1163

14. TGM2

Transglutaminases are enzymes that catalyze the crosslinking of proteins by epsilon-γ glutamyl
lysine isopeptide bonds. While the primary structure of transglutaminases is not conserved, they
all have the same amino acid sequence at their active sites and their activity is calcium-dependent.
The protein encoded by this gene acts as a monomer, is induced by retinoic acid, and appears to
be involved in apoptosis. TGM2 expression is shown to negatively regulate AR expression and to
attenuate androgen sensitivity of prostate cancer cells [107]. TGM2 activation of NF-κB expression
induces NF-κB binding to DNA elements in the AR gene to reduce AR gene expression, and triggers
epithelial–mesenchymal transition [107]. This suggests that TGM2-regulated inflammatory signaling
may contribute to the androgen dependence of prostate cancer cells [107]. Thus, TGM2 is concluded as
a cancer stem cell survival factor in various types of cancers, including prostate cancer [108].

15. Conclusions

Studies of prostate cancer stem cells have gained much progress in the past few years and
numerous potential approaches were discussed for novel PCa treatment [109,110]. This review
summarizes the major intracellular PCa stem cell biomarkers, including a few novel markers discovered
recently. The normal or pathological process and potential drug response reflected by those biomarkers
were discussed, which might help with early diagnosis, prevention, drug target identification, drug
response evaluation and so on. With the progress in study of circulating biomarkers, we expect
that more candidates would be identified to facilitate PCa biopsies, especially those soluble markers
(circulating tumor cells (CTCs), circulating tumor nucleic acid (ctNAs), miRNA, lncRNA, exosomes,
etc.) for liquid biopsies.
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Abstract: Our previous work demonstrated the epithelial-mesenchymal transition factor, Snail, is
a potential marker for predicting the recurrence of localized prostate cancer (PCa). Akt activation
is important for Snail stabilization and transcription in PCa. The purpose of this study was to
retrospectively investigate the relationship between the phosphorylated level of Akt (p-Akt) in
radical prostatectomy (RP) specimens and cancer biochemical recurrence (BCR). Using a tissue
microarray and immunohistochemistry, the expression of p-Akt was measured in benign and
neoplastic tissues from RP specimens in 53 patients whose cancer was pathologically defined as T2
without positive margins. Herein, we observed that the p-Akt level was higher in PCa than in benign
tissues and was significantly associated with the Snail level. A high p-Akt image score (ě8) was
significantly correlated with a higher histological Gleason sum, Snail image score, and preoperative
prostate-specific antigen (PSA) value. Moreover, the high p-Akt image score and Gleason score sum
(ě7) showed similar discriminatory abilities for BCR according to a receiver-operator characteristic
curve analysis and were correlated with worse recurrence-free survival according to a log-rank test
(p < 0.05). To further determine whether a high p-Akt image score could predict the risk of BCR, a
Cox proportional hazard model showed that only a high p-Akt image score (hazard ratio (HR): 3.12,
p = 0.05) and a high Gleason score sum (ě7) (HR: 1.18, p = 0.05) but not a high preoperative PSA
value (HR: 0.62, p = 0.57) were significantly associated with a higher risk of developing BCR. Our data
indicate that, for localized PCa patients after an RP, p-Akt can serve as a potential prognostic marker
that improves predictions of BCR-free survival.
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1. Introduction

Globally, prostate cancer (PCa) accounts for 15% of male cancers and 6.6% of total male cancer
mortality [1]. A radical prostatectomy (RP) is recognized as the gold standard for treating patients
with localized PCa. The most important advantage of an RP is its potential to cure without damaging
adjacent tissues and provide accurate staging because of the total removal of the organ. Although most
patients are cured after surgery, around 23%–35% of PCa patients progress to biochemical recurrence
(BCR) due to serum prostate-specific antigen (PSA) elevation, indicating that they have an increased
risk of developing advanced PCa among 10 years after an RP [2,3]. To now, the challenge of
PCa patients after an RP has been to determine which patients harbor high-risk disease requiring
aggressive/curative therapy and which patients harbor indolent disease that can be managed with
active surveillance.

Clinical prognostic risk factors such as the Gleason score, pathological stage, a positive surgical
margin, and preoperative PSA value are used to estimate patient outcomes postoperatively [4,5].
However, the sensitivity of predicting BCR of individual patients using such parameters is
insufficient [4,5]. Hence, novel biomarkers are needed to predict BCR in PCa patients after an RP to help
provide better patient counseling, to help with more-precise clinical decision-making, and to search for
therapeutic targets. Recently, studies have identified several molecular alterations involved in prostate
recurrence. For example, we previously identified that the epithelial-mesenchymal transition (EMT)
factor, Snail, is upregulated in PCa and is a predictive factor for subsequent localized PCa recurrence
after an RP [6]. However, the precise mechanisms underlying Snail expression in this malignancy has
not been fully elucidated.

Activation of the serine threonine kinase, Akt (phosphorylated (p)-Akt), was reported to regulate
the stability and transcription of Snail in several cancer types, such as colorectal [7], oral [8],
and prostate [9] cancers. A previous report indicated that p-Akt was expressed in around 8%
of non-neoplastic prostate and 50% of PCa cases, indicative of its overexpression in cancer [10].
Increased Akt phosphorylation was observed in high-Gleason-score PCa and was correlated with
proliferation in human PCa as estimated by the expression of the cell proliferation antigen, Ki67 [11,12].
Bedolla et al. recruited 65 PCa patients including T1~T3 stages with positive margins and showed that
p-Akt is an important predictor of the risk of BCR [13]. Based on these results, we hypothesized an
important role for Akt in PCa recurrence.

To further investigate the role of Akt activation in localized PCa recurrence, this study recruited
53 PCa patients at the T2 stage without positive margins after an RP. We evaluated the p-Akt expression
pattern in these PCa patients using immunohistochemistry (IHC), and correlated expression levels with
Snail and other clinicopathological parameters. We report for the first time that expression of p-Akt
was highly correlated with Snail expression in localized PCa, and the cytoplasmic p-Akt protein level
has potential to serve as an independent biomarker to improve estimation of localized PCa prognoses.

2. Results

In this study, we recruited 76 PCa patients who had not received neoadjuvant therapy and
had undergone a whole-mount pathological assessment of their tumor after an RP. Next, we further
excluded patients with a positive surgical margin and seminal vesicle invasion, and 53 of 76 patients
who had organ-confined disease were ultimately recruited. Demographic and clinical characteristics
are summarized in Table 1. Among the 53 PCa patients, the age at the time of the RP ranged 48–88
(mean, 70.7 ˘ 15.2) years. The histologic type of all tumors was an adenocarcinoma. According to the
American Joint Committee on Cancer (AJCC) TNM staging system, tumors were classified into T2a
(n = 6), T2b (n = 4), and T2c (n = 43). At a mean follow-up time of 71 months, 25 of 53 patients had BCR.
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Table 1. Characteristics of prostate cancer (PCa) patients at the pT2 stage who underwent a radical
prostatectomy (RP).

Characteristic Total (%)

Total number of patients 53
Median age at RP (years) 71, mean 70.7 ˘ 15.2 (48–88 y/o)

Mean preoperative PSA level (ng/mL) 10.31 (1–21.64 ng/mL)
Biochemical failure 25 (47.2)

Pathological stage
T2a 6 (11.3)
T2b 4 (7.5)
T2c 43 (81.2)

Gleason score
ě7 34 (64.2)
ď6 19 (35.8)

Snail image score
ě8 35 (66)
ď6 18 (34)

Phosphorylated-Akt image score
ě8 32 (60.4)
ď6 21 (39.1)

Median follow-up time (months) 99, mean: 71 ˘ 49.5 (53–184 m)

RP, radical prostatectomy; PSA, prostate specific antigen; y/o, years old; m, months.

Figure 1A–D shows that p-Akt expression was observed in PCa tissue with a wide distribution of
IHC scores. Immunostaining was almost completely restricted to the cytoplasm of epithelial tumor
cells, and the pattern of expression was usually homogeneous. The p-Akt score was determined by
multiplying the staining intensity (1–3) by the distribution rate (1–4) to represent p-Akt expression in
PCa tissues, and representative examples of tumors showing overall low (with an image score of ď6)
and high (with an image score of ě8) p-Akt expressions are illustrated in Figure 1A–D. In contrast to
PCa, non-tumor adjacent tissues or benign prostatic hyperplasia (BPH) expressed p-Akt very weakly
or not at all (Figure 1D,E), indicating that high levels of p-Akt were almost exclusively expressed in
cancer tissues.

Figure 1. Cont.
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Figure 1. Phosphorylated (p)-Akt expression levels in representative primary prostate cancer (PCa)
and non-neoplastic prostate tissues. Tissue microarrays (TMAs) of primary PCa and non-neoplastic
prostate (benign prostatic hyperplasia; BPH) tissues were immunohistochemistry (IHC) analyzed for
p-Akt. (A) Patient with a weak p-Akt expression level (intensity score 1 ˆ extent score 1 = p-Akt
image score 1); (B) Patient with T2cN0M0 cancer, a Gleason score of 3 + 4 = 7, and a moderate p-Akt
expression level (intensity score 2 ˆ extent score 3 = p-Akt image score 6); (C) Patient with T2cN0M0
cancer, a Gleason score of 4 + 3 = 7, and marked p-Akt immunostaining in the cytoplasm (intensity
score 2 ˆ extent score 4 = Snail image score 8); (D) Patient with T2cN0M0 cancer and a Gleason score
of 4 + 5 = 9 and who displayed marked p-Akt immunostaining in the cytoplasm and discrete, diffuse
staining in the nucleus (intensity score 3 ˆ extent score 4 = image score 12) (200ˆ); (E,F) No p-Akt
immunostaining signal was detected in non-tumor adjacent tissues (E) or BPH (F). The high-power
fields (200ˆ) are magnified fields in the black boxed area in the right panel.

Previous studies indicated that Akt activation is important for Snail stabilization and transcription
in PCa cells [9,14]. To further examine the correlation between expression levels of p-Akt and Snail
in PCa, the same PCa TMA cohort was used. Representative IHC staining of p-Akt and Snail with
different image scores on serial section of the same patients are shown in Figure 2A. IHC analysis
of PCa specimens revealed a significant positive correlation between p-Akt and Snail expressions
(Spearman correlation coefficient r = 0.851, p < 0.0001; Figure 2B).

Figure 2. Cont.

319



Int. J. Mol. Sci. 2016, 17, 1194

≥ ≤

Figure 2. Phosphorylated (p)-Akt expression is positively correlated with Snail protein levels of patients
with localized prostate cancer (PCa). (A) IHC staining analysis of p-Akt and Snail proteins in serial
sections (200ˆ magnification). Note the positive correlation of p-Akt and Snail protein expressions in
tumor cells; (B) A significant positive correlation was observed between p-Akt expression levels and
Snail expression levels (Spearman’s correlation coefficients: r = 0.851, p < 0.0001).

As we showed earlier [6] , staining for Snail was significantly correlated with postoperative BCR
of PCa. We further investigated relationships between p-Akt expression and selected clinicopathologic
factors. Table 2 shows that among the 53 recruited patients, 32 patients (60.4%) were identified as
having a high p-Akt image score (of ě8), and the remaining 21 patients had a low p-Akt image score
(of ď6). High p-Akt (score of ě8) expression was significantly associated with a higher histological
Gleason sum (score of ě7) (p = 0.024), Snail image score (score of ě8) (p = 0.035), and preoperative PSA
value (p = 0.026). Moreover, we also observed that high p-Akt expression was significantly correlated
with postoperative BCR (p = 0.012). Moreover, according to an ROC analysis, the areas under the
ROC curve for high p-Akt image score (score of ě8) and Gleason score sum (score of ě7) were similar,
indicating that the high p-Akt image score and Gleason score sum showed similar discriminatory
capacities for BCR (Figure 3).

Figure 3. Sensitivity and specificity of gain of a high Gleason score or high p-Akt in specimens with
respect to biochemical recurrence (BRC). Areas under the ROC (AUC) for high p-Akt image score (ě8)
and high Gleason score (ě7) were 0.62 and 0.624, indicating similar discriminatory abilities for BRC.
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Table 2. The association of phosphorylated (p)-Akt staining and clinicopathological features of prostate
cancer (PCa) patients.

Characteristic
No. of Patients (%)

p Value
pAkt Score ě 8 pAkt Score ď 6

Total number of patients 32 (60.4) 21 (39.6)

Age (years)
<50 1 0

50–59 5 3
60–69 11 6
ě70 15 12

Pathological stage
T2a 2 (6.25) 3 (14.3) 0.540
T2b 2 (6.25) 2 (9.5)
T2c 28 (87.5) 16 (76.2)

Gleason score
ě7 28 (87.5) 8 (38.1) 0.024
ď6 4 (12.5) 13 (61.9)

Snail image score
ě8 29 (90.6) 6 (28.6) 0.035
ď6 3 (9.4) 15 (71.4)

Recurrence 18 (56.3) 7 (33.3) 0.012
PSA, mean (ng/mL) 29.9 12.1 0.026

PSA: prostate specific antigen.

According to the Kaplan-Meier test, we observed that patients with higher p-Akt expression (with
scores of ě8) had shorter recurrence-free survival times compared to those with lower expression
(with scores of ď6) of the protein (Figure 4A). For patients who had higher p-Akt tumor expression,
the median recurrence-free survival was 62 months, whereas for those who demonstrated lower p-Akt
tumor expression, it was 88 months (p = 0.03) (Figure 4A). Moreover, results of the Kaplan-Meier test
also showed that patients with a higher Gleason score sum (of ě7) or a higher Snail expression (with a
score of ě8) all had significantly shorter recurrence-free survival times (p = 0.03 and 0.05) (Figure 4B,C).
These results showed that the p value of the Kaplan-Meier test used to compare the higher p-Akt group
was the same and smaller than the higher Gleason score group and higher Snail group, respectively.

Figure 4. Cont.
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Figure 4. Kaplan-Meier survival curves showing relationships of the phosphorylated (p)-Akt image
score (A), Gleason score sum (B), and Snail image score (C) in primary tumors with recurrence-free
survival in 53 patients with clinically-localized prostate cancer. The recurrence-free survival of patients
with a higher p-Akt, Snail image score (ě8) or Gleason score sum (ě7) was significantly lower than
that of patients with a lower p-Akt, Snail image score (ď6) or Gleason score sum (ď6) (p ď 0.05,
log-rank test).

A Cox proportional hazard model was conducted to further explore relationships of p-Akt
and Snail expressions with recurrence-free survival of the 53 patients with PCa after an RP. Table 3
summarizes the associations between the recurrence-free survival rate of the 53 patients with PCa and
clinicopathologic parameters. In this analysis, we only observed that a high p-Akt image score (ě8)
(hazard ratio (HR): 3.12, p = 0.05) or a high Gleason score sum (ě7) (HR: 1.18, p = 0.05), but not a high
pre-operative PSA value (>10 ng/mL) (HR: 0.62, p = 0.57), was significantly correlated with worse
recurrence-free survival (Table 3). In conclusion, our results suggest that a high p-Akt image score and
a high histological Gleason score sum but not the preoperative PSA value can predict organ-confined
PCa recurrence in our study. Moreover, we observed that patients with a high Snail image score (ě8)
also tended to correlate with BCR (HR: 1.31, p = 0.06). Furthermore, our data indicated that patients
with a high p-Akt image score (HR: 3.12) showed a higher risk for BRC than patients with a high
Gleason score sum (HR: 1.18) or a high Snail image score (HR: 1.31) (Table 3).

Table 3. Survival analyses of biochemical progression predictors in patients with prostate cancer at pT2
who underwent a radical prostatectomy (RP) according to a Cox proportional hazards regression model.

Factor Hazard Ratio (95% CI) p Value

PSA > 10 ng/mL 0.62 (0.12–3.19) 0.57
Pathological Gleason sum ě 7 1.18 (0.23–1.32) 0.05

Snail image score ě 8 1.31 (0.09–3.03) 0.06
P-Akt image score ě 8 3.12 (0.95–10.27) 0.05

3. Discussion

PCa is the most common cancer and the second leading cause of male cancer deaths in the United
States [15]. This underscores the need for a more-thorough molecular understanding of this resilient
disease. Generally, patients with clinically-localized PCa will be cured after receiving radical surgery.
However, a fraction of patients with localized PCa harbor microscopic localized or metastatic residual
disease. The lethal consequences of PCa are related to its metastasis to other organ sites. Although the
preoperative PSA value, surgical margin status, and Gleason score sum have been extensively used
in assessing biochemical disease recurrence risk after RP, the sensitivities of these approaches are
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insufficient [16,17]. Therefore, it is of critical significance to discover a new marker for the early
prediction of tumor recurrence, and earlier adjuvant therapy is very important for clinicians.

The EMT is a critical cellular mechanism during tumor progression and development of metastasis.
It was suggested that the EMT is co-opted by PCa cells during their metastatic dissemination
from a primary organ to secondary sites [18]. We previously showed that increased expression
of the EMT promoter, Snail, in the prostatic epithelium is a good predictor of BCR following a
prostatectomy [6]. The phosphatidylinositol 3’-kinase (PI3K)/Akt pathway is frequently activated in
various cancers and plays an important role in promoting the EMT through regulating Snail stability
in PCa [9,19]. Our current results indicated that the Akt activation status was significantly correlated
with Snail expression levels in tissues from patients with clinically-localized PCa (T2 stage only).
Representative IHC staining patterns of p-Akt and Snail from consecutive serial sections were nearly
identical in PCa specimens, further implying their highly correlated expressions. Compared to our
previous study [6], we extended the postoperative follow-up time (an average of 51 to 71 months) of
localized PCa patients and further investigated the correlation between the Akt activation status in PCa
specimens and BRC of patients. Our data showed that p-Akt was predominantly expressed in PCa,
but not in non-neoplastic tissues. Cox proportional hazard models suggested that the p-Akt index (HR:
3.12, p = 0.05) is a better postoperative marker than the preoperative PSA value (HR: 0.62, p = 0.57) in
localized PCa in our patient cohort. Although the Gleason score sum showed a similar discriminatory
capacity with the p-Akt index and was also a useful predictor of BRC in our patient cohort, it was not
as good as p-Akt. Compared to a high p-Akt image score, a high Gleason score sum showed a lower
HR (HR: 1.18, p = 0.05) for BRC. Moreover, our previous study [6] indicated that the Snail index might
be a useful predictor of BRC in the same patient cohort. However, after we extended the postoperative
follow-up time in this study, the high Snail image score only showed a borderline significant trend
(p = 0.06) of correlating with BRC, suggesting that p-Akt might show higher sensitivity than Snail
for predicting organ-confined PCa recurrence. In addition to Snail, other transcription factors such
as Slug, Zeb1, and Zeb2 are also involved in the control of EMT [20]. A previous report indicated
that Akt activation can upregulate Snail and Zeb2 and promote EMT in squamous cell carcinoma [21].
However, the roles of Akt and Zeb2 in prostate cancer progression and recurrence are still unclear and
worth further investigation in our future work.

High levels of p-Akt are associated with earlier recurrence, clearly indicating that p-Akt is
associated with aggressiveness and disease progression in PCa. In addition to the Akt-mediated
Snail expression and EMT induction in an androgen-independent PC3 cell line [14], Akt was also
shown to be involved in a number of proliferative, metabolic, and antiapoptotic pathways that are
dependent on PI3K signaling for activation [22]. Activated Akt was suggested to regulate a number
of intracellular targets such as p27Kip1, Bcl-2-associated death promoter (BAD), and caspase-9 which
are involved in PCa progression and androgen independence [23–25]. Androgen deprivation therapy
on androgen-dependent PCa cells such as LNCaP was reported to stimulate Akt activation, which
finally resulted in androgen independence of the cells [26]. The pro-survival role of Akt activities was
further shown in several clinical studies. For instance, increased levels of Akt or p-Akt expression were
associated with a high Gleason grade and a worse prognosis in PCa [27–29]. Herein, we also showed
that high levels of p-Akt were associated with more-aggressive features of the disease, as patients with
high levels of p-Akt were identified as having a high PSA level and a high Gleason score.

Although the clinical application of p-Akt in predicting BCR of PCa was previously reported [10,13],
the patient cohort recruited in this study was totally different from those of previous studies.
Previous studies [10,13] enrolled PCa patients after an RP at different stages (pT1–pT3), and included
those with lymph node metastasis, extracapsular extension, positive margins, and seminal vesicle
invasion. However, in our study, we excluded PCa patients with positive margins or seminal vesicle
involvement and only included true organ-confined PCa patients (pT2a–pT2c) after an RP. To our
best knowledge, this is the first report to investigate the relationships of p-Akt and Snail with the
prognostic role of p-Akt in patients with clinically-localized PCa. The pathological definition of
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T2a–T2c stages is involvement of tumor cells in the prostate: in T2a, the tumor involves ď50% of one
lobe; in T2b, the tumor involves >50% of one lobe, but not both lobes; and in T2c, the tumor involves
both lobes [30]. A previous report indicated that tumor focality can significantly influence the BCR-free
survival rate [31]. However, more-recent reports indicated that tumor focality did not predict the risk
of BCR after an RP in men with clinically-localized PCa, even if the tumor involved both lobes of
the prostate [32], suggesting that tumor focality might not be a suitable predictive marker for BCR
in patients with organ-confined PCa. Our study observed that p-Akt expression level should be a
better predictive marker of BCR in this PCa population. In addition to Akt, its downstream signaling
pathways such as GSK-3β inactivation and NF-κB activation were also involved in Akt-mediated Snail
expression in prostate cancer cells as well as in other cancer types [7,14,21]. Our future work will
further investigate the correlation between these downstream effectors and BCR-free survival rate in
patients with localized PCa.

4. Materials and Methods

4.1. Patient Selection and Specimen Collection

Pathology files of Wan Fang Hospital and Taipei Medical University Hospital were searched,
and 76 radical prostatectomy specimens with a pathologic diagnosis of prostatic adenocarcinoma
were found from March 1999 to December 2011. The pathologic diagnosis and Gleason scoring were
microscopically reconfirmed by pathologists. Each case was pathologically staged using the 2002
American Joint Committee on Cancer TNM staging system. In our recruited patients, 13 patients
with advanced stage were excluded. Another 10 patients who had positive surgical margins were
also excluded from the study. Ultimately, 53 cases fulfilling the selection criteria were included for
further study. Follow-up information was obtained from a cancer registration database. A PSA level of
ě0.2 ng/mL on at least two occasions over a 2-month period was used to define biochemical failure [33].

4.2. Tissue Microarrays (TMAs)

Two independent PCa TMA sets were used in this study. PCa samples from patients were obtained
with informed consent (Taipei Medical University-Wan Fang Hospital Institutional Review Board
No. 99049). TMAs were constructed using a manual tissue-arraying instrument (Beecher Instruments,
Sun Prairie, WI, USA). Briefly, carcinoma areas were manually punched, and duplicate tissue cores
measuring 2.5 mm in diameter were inserted into recipient paraffin blocks. Sections measuring 5 μm
in thickness were cut and transferred to glass slides. The presence of tumor tissue was further verified
on a hematoxylin and eosin (H and E)-stained section.

4.3. Immunohistochemical (IHC) Staining

In brief, tissue microarray (TMA) sections were deparaffinized and immersed in 10 mM sodium
citrate buffer (pH 6.0) in a microwave oven twice for 5 min to enhance antigen retrieval. After washing,
slides were incubated with 0.3% H2O2 in methanol to quench the endogenous peroxidase activity. Slides
were washed with phosphate-buffered saline (PBS) and incubated with anti-p-Akt (rabbit polyclonal
antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Snail (monoclonal mouse anti-Snail
antibody, Biorbyt, Cambridge, UK), and appropriate negative control antibodies for 2 h at room
temperature. After washing in PBS, slides were developed with a VECTASTAIN® ABC (avidin-biotin
complex) peroxidase kit (Vector Laboratories, Burlingame, CA, USA) and a 3,3,9-diaminobenzidine
(DAB) peroxidase substrate kit (Vector Laboratories) according to the manufacturer’s instructions. All
specimens were stained with H and E, which was used as a light counterstain.

4.4. Scoring of Immunoexpression

IHC results of p-Akt and Snail were classified into two groups according to the intensity and
extent of staining. The intensity was scored semi-quantitatively as 0, negative; 1 point, weakly positive;
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2 points, moderately positive; or 3 points, strongly positive. To determine the extent of Snail expression,
1000 consecutive malignant cells were counted in the area of the strongest staining. Numbers of cells
with positive cytoplasmic staining for p-Akt and positive cytoplasmic and nuclear staining for Snail
were recorded. The extent of p-Akt and Snail staining was semi-quantitatively scored as 0, positive
in <1% of cells; 1 point, positive in 1%–25% of cells; 2 points, positive in 25%–50% of cells; 3 points,
positive in 50%–75% of cells; or 4 points, positive in 75%–100% of cells. We then developed a p-Akt or
Snail image score as previously described [6] by multiplying the intensity score (0–3 points) by the
extent score (0–4 points) to represent the expression of p-Akt or Snail in cancer tissues. Low and high
expression levels of p-Akt or Snail were respectively defined as 0–6 and 8–12 points. All sections were
independently scored by the authors.

4.5. Statistical Analysis

SPSS 17.0 statistical software (SPSS, Chicago, IL, USA) was used for all statistical analyses.
Differences in the clinicopathological features and Akt image scores of the tumors were assessed
using paired t-tests for continuous and categorical variables. A Cox proportional hazards regression
model was used for a univariate analysis when assessing predictors of biochemical progression.
The Kaplan-Meier method was used to compare the time to recurrence among the groups.
The diagnostic value of potential biomarkers as predictors of biochemical failure was evaluated with
receiver-operator characteristic (ROC) curves. The area under the ROC curve (AUC) was determined
from the plot of sensitivity versus 1–specificity (true positive rate versus false positive rate) and is a
measure of the predictability of a test. Statistical significance was defined at p < 0.05.

5. Conclusions

Our data demonstrate, for the first time, that p-Akt expression is highly correlated with Snail
expression in a Taiwanese population with primary localized PCa. We also documented that p-Akt
exerts its tumor-promoting role because of its associations with various aggressive clinicopathological
characteristics and BCR in men with clinically-localized PCa. Our results highlight that, in patients
with clinically-localized PCa, and a high p-Akt image score in cancer tissues, adjuvant radiotherapy or
hormone therapy might be suggested to prevent early BCR. However, larger prospective cohorts and
experimental studies are needed for comprehensive functional validation and better understanding of
the clinical significance of p-Akt and Snail expression in PCa.
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Abstract: There is an urgent need for new imaging modalities in prostate carcinoma staging.
A non-invasive modality that can assess lymph node and bone metastases simultaneously is preferred.
Epithelial cell adhesion molecule (EpCAM) is a membranous protein of interest as an imaging
target since it is overexpressed in prostatic carcinoma compared with benign prostate epithelium
and compared with stroma. However, EpCAM expression in lymph node metastases is sparsely
available in the literature and EpCAM expression in bone metastases is yet unknown. The current
study evaluates the expression of EpCAM in prostate carcinoma lymph nodes, in matched normal
lymph nodes, in prostate carcinoma bone metastases, and in normal bone by immunohistochemistry.
EpCAM was expressed in 100% of lymph node metastases (21 out of 21), in 0% of normal lymph nodes
(0 out of 21), in 95% of bone metastases (19 out of 20), and in 0% of normal bone (0 out of 14). Based
on these results, EpCAM may be a feasible imaging target in prostate carcinoma lymph node and
bone metastases. Prospective clinical trials are needed to confirm current results. Preoperative
visualization of prostate carcinoma metastases will improve disease staging and will prevent
unnecessary invasive surgery.

Keywords: molecular imaging; imaging target; prostate carcinoma; metastases; epithelial cell
adhesion molecule (EpCAM); immunohistochemistry

1. Introduction

Epithelial cell adhesion molecule (EpCAM), also known as CD326 and 17-1A antigen, is a
transmembrane glycoprotein originally identified as a marker for carcinoma [1]. EpCAM functions as
a cell adhesion molecule in benign and malignant epithelial cells [2]. However, its role also includes
signaling, cell migration, proliferation, and differentiation [1,3,4].

EpCAM has been found expressed in various types of carcinoma, including colon and
rectum, gallbladder, liver, esophagus, lung, head and neck, pancreas, ovarian, breast, and prostate
carcinoma [3–5].

There are several studies that show a significantly elevated expression of EpCAM in prostatic
carcinoma compared with benign prostate epithelium [5–7]. Next, Poczatek et al. and Benko et al.
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found that there was no expression of EpCAM in prostate stroma [5,7]. Based on these results, EpCAM
would be an attractive specific target for imaging purposes in prostate carcinoma. Several preclinical
trials targeted EpCAM for fluorescent and nuclear imaging [8–11]. Results of preclinical fluorescent
imaging are promising for the accurate assessment of tumor margins intraoperatively [11,12]. Thus,
nuclear imaging of EpCAM would be of special interest for prostate carcinoma staging and for
monitoring of treatment response. The importance of correct staging lies in the fact that staging has
huge treatment implications. Metastasized prostate carcinoma cannot be treated curatively. However,
current imaging modalities in prostate carcinoma staging have limitations.

Prostate carcinoma lymph node staging is limited by poor sensitivity and specificity of anatomical
imaging modalities [13–15]. Molecular imaging of lymph node metastases by positron emission
tomography (PET) is booming nowadays. 11C- or 18F-choline PET/CT has good specificity for the
detection of lymph node metastases. However, the sensitivity ranges from 10% to 73% [16,17]. This might
result from the target choline, which is not prostate carcinoma-specific. Pelvic lymph node dissection
remains the gold standard for nodal staging. Lymph node dissection has been associated with regional
disease control and better outcome, but this can lead to poor patient outcome (complications such as
lymph edema and thrombosis) and the overtreatment of patients with a low risk of metastases [18–20].
Therefore, a noninvasive imaging modality to assess lymph node metastases would be preferred.

For the assessment of bone metastases, skeletal scintigraphy is the most sensitive method.
However, false positive skeletal scintigraphy occurs, for example, from degenerative disease,
inflammation, and trauma. Furthermore, skeletal scintigraphy is hampered by the osteoblastic
response that accompanies bone healing, which can also lead to a false positive diagnosis of disease
progression [21–23]. Furthermore, skeletal scintigraphy lacks anatomical detail, and treatment response
can take about 6 to 8 months before response can be visualized [24,25].

To summarize, there is an urgent need for new imaging modalities in prostate carcinoma staging.
A non-invasive modality, that can assess lymph node and bone metastases simultaneously, is preferred.
This imaging modality should be based on a prostate carcinoma-specific target such as EpCAM.

However, EpCAM expression in prostate carcinoma metastases has been evaluated in only
one study. EpCAM was significantly overexpressed in metastasized prostate carcinoma compared
with benign prostate hyperplasia, which served as a normal control [6]. Since specimens were
collected at autopsies, results should be interpreted with caution. A decay of antigens can be seen in
postmortem specimens.

The current research evaluates the expression of EpCAM in prostate carcinoma lymph nodes,
in matched normal lymph nodes, in prostate carcinoma bone metastases, and in normal bone in order
to determine the feasibility of EpCAM as a specific marker for prostate carcinoma staging.

EpCAM was expressed in 100% of lymph node metastases (21 out of 21), in 0% of normal lymph
nodes (0 out of 21), in 95% of bone metastases (19 out of 20), and in 0% of normal bone (0 out of 14).
Based on these results, EpCAM may be a feasible imaging target in prostate carcinoma lymph node
and bone metastases. Preoperative visualization of these metastases will improve disease staging and
will prevent unnecessary invasive surgery.

2. Results

After immunohistochemistry, one prostate carcinoma lymph node metastasis and four prostate
carcinoma bone metastases were not evaluable due to bad morphology. The matched normal lymph
node was also excluded from statistical analysis. In the end, 20 bone metastases (of 20 patients),
14 normal bone (of 14 patients) and 21 lymph node metastases, and 21 normal lymph node metastases
(of 16 patients) were available for statistical analysis. Clinicopathological parameters of these patients
are presented in Tables 1–3.
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Table 1. Normal lymph nodes and lymph node metastases.

Patient Tissue Type Hormonal Therapy Radiotherapy PS IS TIS

1
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 2 8

2

Lymph node normal No No 0 0 0
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 2 8
Lymph node metastasis No No 4 2 8

3
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 3 12

4
Lymph node normal No No 0 0 0

Lymph node metastasis No No 3 1 3

5
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 3 12

6
Lymph node normal No No 0 0 0

Lymph node metastasis No No 3 3 9

7
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 2 8

8
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 3 12

9

Lymph node normal No No 0 0 0
Lymph node normal No No 0 0 0
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 2 8
Lymph node metastasis No No 4 2 8
Lymph node metastasis No No 4 3 12

10

Lymph node normal No No 0 0 0
Lymph node normal No No 0 0 0

Lymph node metastasis No No 3 2 6
Lymph node metastasis No No 3 1 3

11
Lymph node normal No No 0 0 0

Lymph node metastasis No No 3 1 3

12
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 3 12

13
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 2 8

14
Lymph node normal No No 0 0 0

Lymph node metastasis No No 3 3 9

15

Lymph node normal Yes Yes 0 0 0
Lymph node normal Yes Yes 0 0 0

Lymph node metastasis Yes Yes 4 3 12
Lymph node metastasis Yes Yes 3 3 9

16
Lymph node normal No No 0 0 0

Lymph node metastasis No No 4 2 8

PS: proportion score; IS: intensity score; TIS: total immunostaining score.
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Table 2. Bone metastases.

Patient Tissue Type Hormonal Therapy Radiotherapy PS IS TIS

1 Bone metastasis Unknown Unknown 4 3 12
2 Bone metastasis Unknown Unknown 4 3 12
3 Bone metastasis Yes No 4 3 12
4 Bone metastasis Unknown Unknown 4 3 12
5 Bone metastasis Yes No 4 3 12
6 Bone metastasis No No 4 2 8
7 Bone metastasis Unknown Unknown 0 0 0
8 Bone metastasis Yes Yes 4 2 8
9 Bone metastasis Unknown Unknown 4 3 12

10 Bone metastasis Yes No 3 2 6
11 Bone metastasis Unknown Yes 4 3 12
12 Bone metastasis Yes Yes 4 3 12
13 Bone metastasis Yes Yes 4 3 12
14 Bone metastasis No No 4 3 12
15 Bone metastasis Yes No 3 3 9
16 Bone metastasis Unknown Yes 4 3 12
17 Bone metastasis Unknown Unknown 1 1 1
18 Bone metastasis No No 4 3 12
19 Bone metastasis No No 4 3 12
20 Bone metastasis No No 4 3 12

PS: proportion score; IS: intensity score; TIS: total immunostaining score.

Table 3. Normal bone.

Patient Tissue Type Hormonal Therapy Radiotherapy PS IS TIS

1 Normal bone Unknown Unknown 0 0 0
2 Normal bone Unknown Unknown 0 0 0
3 Normal bone Unknown Unknown 0 0 0
4 Normal bone Unknown Unknown 0 0 0
5 Normal bone Unknown Unknown 0 0 0
6 Normal bone Unknown Unknown 0 0 0
7 Normal bone Unknown Unknown 0 0 0
8 Normal bone Unknown Unknown 0 0 0
9 Normal bone Unknown Unknown 0 0 0

10 Normal bone Unknown Unknown 0 0 0
11 Normal bone Unknown Unknown 0 0 0
12 Normal bone Unknown Unknown 0 0 0
13 Normal bone Unknown Unknown 0 0 0
14 Normal bone Unknown Unknown 0 0 0

PS: proportion score; IS: intensity score; TIS: total immunostaining score. Epithelial cell adhesion molecule
(EpCAM) expression was observed in 21 out of 21 lymph node metastases (100%) and was absent in 21 out of
21 matched normal lymph nodes (100%). Median EpCAM expression (TIS) in lymph node metastases was 8.
Even after hormonal therapy and radiotherapy EpCAM expression was high in 2 lymph node metastases of a
single patient (patient 15). Heterogeneous EpCAM expression was seen in 3 lymph node metastases of patient 9,
in 2 lymph node metastases of patient 10, and in 2 lymph node metastases of patient 15.

EpCAM expression was observed in 19 out of 20 bone metastases (95%) and was absent in 14 out
of 14 cases of normal bone (100%). Median EpCAM expression in bone metastases (TIS) was 12.
After either hormonal therapy or radiotherapy, TIS was high. Even after both hormonal therapy and
radiotherapy, EpCAM expression was high (Table 2).

EpCAM expression was membranous in prostate carcinoma cells of lymph node (Figure 1) and
bone metastases (Figure 2).
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Figure 1. EpCAM expression in lymph node (LN) metastases. Matched normal lymph nodes
without EpCAM expression (left panel) and lymph node metastases of prostate carcinoma with
EpCAM expression of intensity score 1: weak; 2: moderate; and 3: strong (right panel). Original
magnification: 200×.

 

Figure 2. EpCAM expression in prostate carcinoma bone metastases. Bone metastases with EpCAM
expression of intensity score 1: weak; 2: moderate; and 3: strong. Arrow points towards an area of bone
metastasis in bone without EpCAM expression. Original magnification: 200×.
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3. Discussion

In the current study, EpCAM was expressed in 100% of prostate carcinoma lymph node metastases
and 95% of prostate carcinoma bone metastases. The median EpCAM expression was high, with a TIS
of 8 and 12 for lymph node and bone metastases, respectively. EpCAM was not expressed in matched
normal lymph nodes and in non-matched normal bone.

EpCAM expression in prostate carcinoma metastases has been evaluated in only one study
previously. However, bone metastases were not included. EpCAM was significantly overexpressed in
metastasized prostate carcinoma compared with benign prostate hyperplasia, which served as a normal
control [6]. Since specimens were collected at autopsies, results should be interpreted with caution.

The current study is the first to compare EpCAM expression between matched normal lymph
nodes and lymph node metastases and to evaluate EpCAM expression in bone metastases and normal
bone. Absent EpCAM expression in normal lymph nodes and normal bone supports the use of EpCAM
as a target with high specificity for prostate carcinoma.

Went et al. and Benko et al. investigated a possible correlation between EpCAM expression
and nodal stage (N0, N1, or N2) in primary prostate carcinoma. EpCAM expression was defined
as negative, weak to moderate and strong [1]. No correlation was found, presumably caused by
small sample sizes of 10 and 3 primary prostate carcinoma cases, respectively. Moreover, lymph node
specimens were not available in both studies [1,7].

In previous literature EpCAM overexpression was described as TIS > 4 [26]. In the current study,
EpCAM overexpression was found in both lymph node and bone metastases regardless of previous
treatment. This is in agreement with a study from Benko et al. in which a correlation was found
between high EpCAM expression and biochemical recurrence of prostate carcinoma [7]. Next, EpCAM
expression was seen in 82.3% of salvage prostatectomy specimens taken from patients with locally
recurrent prostate carcinoma after external beam radiotherapy or brachytherapy [27].

4. Materials and Methods

Formalin-fixated paraffin-embedded prostate carcinoma lymph node metastases, normal lymph
nodes, prostate carcinoma bone metastases, samples of normal bone, and samples of normal colon were
retrieved from the archives of the Department of Pathology of University Medical Center Groningen.
Lymph node metastases (n = 22) and matched normal lymph nodes (n = 22) were available in 17 patients
who underwent a pelvic lymph node dissection because of a suspicion of nodal involvement on
computed tomography (CT). Of 12 patients, 1 prostate carcinoma lymph node metastasis and 1 normal
lymph node was included; of 3 patients, 2 prostate carcinoma lymph node metastases and 2 normal
lymph nodes were included; of 1 patient, 3 prostate carcinoma lymph node metastases and 3 normal
lymph nodes were included.

Prostate carcinoma bone metastases (n = 24) were available in 24 patients who underwent surgery
to confirm clinical suspicion of prostate carcinoma or to treat skeletal related events. Bone metastases
were taken from several surgical procedures (biopsy (n = 6), osteosynthesis (n = 1), laminectomy (n = 6),
extramedullary excision (n = 1), corporectomy (n = 2), during procedures of hip prosthesis implantation
(n = 1), and other, unknown procedures (n = 7)). Matched normal bone was not available. Fourteen
cases of non-matched normal bone were available in 14 patients who underwent hip prosthesis
implantation. All tissue specimens were anonymously coded. According to Dutch law, no further
Institutional Review Board approval was required (http://www.federa.org/).

Immunohistochemistry was performed in order to determine EpCAM expression. Normal
colon was used as a positive control and omission of the primary antibody on positive control
specimens served as a negative control. After deparaffinization with decreasing grades of alcohol,
antigen retrieval was performed by incubation with 0.1% protease for 30 min at room temperature.
Endogeneous peroxidase was blocked with 0.3% hydrogen peroxide in phosphate buffered saline
(PBS) for 20 min. Slides were incubated with primary mouse monoclonal antibody anti-EpCAM
(clone VU-1D9, Leica Biosystems, Newcastle, UK) diluted at 1:100 in 1% bovine serum albumin and
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phosphate buffered saline (BSA/PBS) for 1 h at room temperature. In the secondary step, slides were
incubated with a rabbit anti-mouse antibody conjugated to polymer-horseradish peroxidase (DAKO,
Glostrup, Denmark), diluted at 1:100 in 1% BSA/PBS with 1% AB serum. In the tertiary step, a goat
anti-rabbit antibody conjugated to polymer-horseradish peroxidase (DAKO, Glostrup, Denmark) was
used, diluted at 1:100 in 1% BSA/PBS with 1% AB serum. Both secondary and tertiary steps required
incubation for 30 min at room temperature. Next, slides were immersed for 10 min in a solution of
0.05% 3,3’-diaminobenzidine (Sigma-Aldrich, Steinheim, Germany) and 0.03% hydrogen peroxide
in PBS for visualization of the signal as brown staining. After washing with demineralized water,
slides were slightly counterstained with hematoxylin, dehydrated, and mounted with Tissue Tec film
(Sakura Finetek, Leiden, The Netherlands).

A pathologist (GJLHvL), blinded to clinical data, scored EpCAM immunoreactivity according to a
previous established method [28]. This method determines a total immunostaining score (TIS), which
is the product of a proportion score (PS) and an intensity score (IS). The PS represents the estimated
amount of positively stained cells (0: none; 1: <10%; 2: 10%–50%; 3: 51%–80%; 4: >80%). IS describes
the estimated staining intensity (0: no staining; 1: weak; 2: moderate; 3: strong). TIS (TIS = PS × IS)
ranges from 0 to 12 with only 9 possible values (0, 1, 2, 3, 4, 6, 8, 9, or 12) [28].

Sensitivity and specificity of EpCAM expression were determined. Specificity of EpCAM
expression could be determined for lymph node specimens only. For bone specimens, specificity could
not be determined due to the lack of negative control bone specimens. Sensitivity is the percentage of
cases with EpCAM expression out of the total amount of either histopathological proven lymph node
metastases or histopathological proven bone metastases. Sensitivity is the percentage of cases without
EpCAM expression in histopathological proven lymph nodes without prostate carcinoma metastasis.

Descriptive statistics were used to describe the results. For ordinal data, the median is presented.

5. Conclusions

In conclusion, the purpose of the current study was to establish the feasibility of EpCAM as
an imaging target for prostate carcinoma lymph node and bone metastases. EpCAM has proved to
be a target with high sensitivity (100%) and specificity (100%) for lymph node metastases and high
sensitivity (95%) and specificity (100%) for bone metastases. Based on previous literature, EpCAM
may be used as imaging target for locally recurrent prostate carcinoma [7,27]. Based on the current
study, EpCAM may be additionally used as an imaging target for prostate carcinoma lymph node
and bone metastases. Preoperative visualization of metastases will improve disease staging and will
prevent unnecessary invasive surgery. Prospective clinical trials are needed to confirm current results.

Author Contributions: Anna K. Campos, Hilde D. Hoving and Igle J. de Jong conceived and designed the
experiments. Anna K. Campos and Hilde D. Hoving performed the immunohistochemistry. Stefano Rosati
contributed materials. Geert J. L. H. van Leenders scored EpCAM immunoreactivity. Anna K. Campos,
Hilde D. Hoving and Igle J. de Jong analyzed data and wrote the manuscript.

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

References

1. Went, P.; Vasei, M.; Bubendorf, L.; Terracciano, L.; Tornillo, L.; Riede, U.; Kononen, J.; Simon, R.; Sauter, G.;
Baeuerle, P.A. Frequent high-level expression of the immunotherapeutic target Ep-CAM in colon, stomach,
prostate and lung cancers. Br. J. Cancer 2006, 94, 128–135. [CrossRef] [PubMed]

2. Litvinov, S.V.; Velders, M.P.; Bakker, H.A.; Fleuren, G.J.; Warnaar, S.O. Ep-CAM: A human epithelial antigen
is a homophilic cell–cell adhesion molecule. J. Cell Biol. 1994, 125, 437–446. [CrossRef] [PubMed]

3. Went, P.T.; Lugli, A.; Meier, S.; Bundi, M.; Mirlacher, M.; Sauter, G.; Dirnhofer, S. Frequent EpCAM protein
expression in human carcinomas. Hum. Pathol. 2004, 35, 122–128. [CrossRef] [PubMed]

4. Trzpis, M.; McLaughlin, P.M.; de Leij, L.M.; Harmsen, M.C. Epithelial cell adhesion molecule: More than a
carcinoma marker and adhesion molecule. Am. J. Pathol. 2007, 171, 386–395. [CrossRef] [PubMed]

334



Int. J. Mol. Sci. 2016, 17, 1650

5. Poczatek, R.B.; Myers, R.B.; Manne, U.; Oelschlager, D.K.; Weiss, H.L.; Bostwick, D.G.; Grizzle, W.E. Ep-CAM
levels in prostatic adenocarcinoma and prostatic intraepithelial neoplasia. J. Urol. 1999, 162, 1462–1466.
[CrossRef]

6. Zellweger, T.; Ninck, C.; Bloch, M.; Mirlacher, M.; Koivisto, P.A.; Helin, J.H.; Mihatsch, M.J.; Gasser, T.C.;
Bubendorf, L. Expression patterns of potential therapeutic targets in prostate cancer. Int. J. Cancer 2005, 113,
619–628. [CrossRef] [PubMed]

7. Benko, G.; Spajic, B.; Kruslin, B.; Tomas, D. Impact of the EpCAM expression on biochemical recurrence-free
survival in clinically localized prostate cancer. Urol. Oncol. 2013, 31, 468–474. [CrossRef] [PubMed]

8. Leung, K. DiD-Labeled anti-EpCAM-directed NK-92-scFv(MOC31) zeta cells. In Molecular Imaging and
Contrast Agent Database (MICAD) Bethesda (MD); National Center for Biotechnology Information (US):
Bethesda, MD, USA, 2004.

9. Hall, M.A.; Pinkston, K.L.; Wilganowski, N.; Robinson, H.; Ghosh, P.; Azhdarinia, A.; Vazquez-Arreguin, K.;
Kolonin, A.M.; Harvey, B.R.; Sevick-Muraca, E.M. Comparison of mAbs targeting epithelial cell adhesion
molecule for the detection of prostate cancer lymph node metastases with multimodal contrast agents:
Quantitative small-animal PET/CT and NIRF. J. Nucl. Med. 2012, 53, 1427–1437. [CrossRef] [PubMed]

10. Hall, M.A.; Kwon, S.; Robinson, H.; Lachance, P.-A.; Azhdarinia, A.; Ranganathan, R.; Price, R.E.; Chan, W.;
Sevick-Muraca, E.M. Imaging prostate cancer lymph node metastases with a multimodality contrast agent.
Prostate 2012, 72, 129–146. [CrossRef] [PubMed]

11. Zhu, B.; Wu, G.; Robinson, H.; Wilganowski, N.; Hall, M.A.; Ghosh, S.C.; Pinkston, K.L.; Azhdarinia, A.;
Harvey, B.R.; Sevick-Muraca, E.M. Tumor margin detection using quantitative NIRF molecular imaging
targeting EpCAM validated by far red gene reporter iRFP. Mol. Imaging Biol. 2013, 15, 560–568. [CrossRef]
[PubMed]

12. Tavri, S.; Jha, P.; Meier, R.; Henning, T.D.; Müller, T.; Hostetter, D.; Knopp, C.; Johansson, M.; Reinhart, V.;
Boddington, S. Optical imaging of cellular immunotherapy against prostate cancer. Mol. Imaging 2009, 8,
15–26. [PubMed]

13. Pinto, F.; Totaro, A.; Palermo, G.; Calarco, A.; Sacco, E.; D’Addessi, A.; Racioppi, M.; Valentini, A.L.; Gui, B.;
Bassi, P.F. Imaging in prostate cancer staging: Present role and future perspectives. Urol. Int. 2012, 88,
125–136. [CrossRef] [PubMed]

14. Jung, A.J.; Westphalen, A.C. Imaging prostate cancer. Radiol. Clin. N. Am. 2012, 50, 1043–1059. [CrossRef]
[PubMed]

15. Talab, S.S.; Preston, M.A.; Elmi, A.; Tabatabaei, S. Prostate cancer imaging: What the urologist wants to know.
Radiol. Clin. N. Am. 2012, 50, 1015–1041. [CrossRef] [PubMed]

16. Brogsitter, C.; Zophel, K.; Kotzerke, J. 18F-Choline, 11C-choline and 11C-acetate PET/CT: Comparative
analysis for imaging prostate cancer patients. Eur. J. Nucl. Med. Mol. Imaging 2013, 40 (Suppl. 1), 18–27.
[CrossRef] [PubMed]

17. Poulsen, M.H.; Bouchelouche, K.; Hoilund-Carlsen, P.F.; Petersen, H.; Gerke, O.; Steffansen, S.I.;
Marcussen, N.; Svolgaard, N.; Vach, W.; Geertsen, U.; et al. [18F]fluoromethylcholine (FCH) positron emission
tomography/computed tomography (PET/CT) for lymph node staging of prostate cancer: A prospective
study of 210 patients. BJU Int. 2012, 110, 1666–1671. [CrossRef] [PubMed]

18. Heidenreich, A.; Ohlmann, C.H.; Polyakov, S. Anatomical extent of pelvic lymphadenectomy in patients
undergoing radical prostatectomy. Eur. Urol. 2007, 52, 29–37. [CrossRef] [PubMed]

19. Briganti, A.; Blute, M.L.; Eastham, J.H.; Graefen, M.; Heidenreich, A.; Karnes, J.R.; Montorsi, F.; Studer, U.E.
Pelvic lymph node dissection in prostate cancer. Eur. Urol. 2009, 55, 1251–1265. [CrossRef] [PubMed]

20. Berney, D.M.; Wheeler, T.M.; Grignon, D.J.; Epstein, J.I.; Griffiths, D.F.; Humphrey, P.A.; van der Kwast, T.;
Montironi, R.; Delahunt, B.; Egevad, L.; et al. International Society of Urological Pathology (ISUP) Consensus
Conference on Handling and Staging of Radical Prostatectomy Specimens. Working group 4: Seminal
vesicles and lymph nodes. Mod. Pathol. 2011, 24, 39–47. [CrossRef] [PubMed]

21. McGregor, B.; Tulloch, A.G.; Quinlan, M.F.; Lovegrove, F. The role of bone scanning in the assessment of
prostatic carcinoma. Br. J. Urol. 1978, 50, 178–181. [CrossRef] [PubMed]

22. Messiou, C.; Cook, G.; deSouza, N.M. Imaging metastatic bone disease from carcinoma of the prostate.
Br. J. Cancer 2009, 101, 1225–1232. [CrossRef] [PubMed]

335



Int. J. Mol. Sci. 2016, 17, 1650

23. Cook, G.J.; Venkitaraman, R.; Sohaib, A.S.; Lewington, V.J.; Chua, S.C.; Huddart, R.A.; Parker, C.C.;
Dearnaley, D.D.; Horwich, A. The diagnostic utility of the flare phenomenon on bone scintigraphy in
staging prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2011, 38, 7–13. [CrossRef] [PubMed]

24. Smith, P.H.; Bono, A.; Calais da Silva, F.; Debruyne, F.; Denis, L.; Robinson, P.; Sylvester, R.; Armitage, T.G.
Some limitations of the radioisotope bone scan in patients with metastatic prostatic cancer. A subanalysis of
EORTC trial 30853. The EORTC Urological Group. Cancer 1990, 66 (Suppl. 5), 1009–1016. [PubMed]

25. Scher, H.I. Prostate carcinoma: Defining therapeutic objectives and improving overall outcomes. Cancer
2003, 97 (Suppl. 3), 758–771. [CrossRef] [PubMed]

26. Gastl, G.; Spizzo, G.; Obrist, P.; Dünser, M.; Mikuz, G. Ep-CAM overexpression in breast cancer as a predictor
of survival. Lancet 2000, 356, 1981–1982. [CrossRef]

27. Rybalov, M.; Ananias, H.J.; Hoving, H.D.; van der Poel, H.G.; Rosati, S.; de Jong, I.J. PSMA, EpCAM, VEGF
and GRPR as imaging targets in locally recurrent prostate cancer after radiotherapy. Int. J. Mol. Sci. 2014, 15,
6046–6061. [CrossRef] [PubMed]

28. Spizzo, G.; Fong, D.; Wurm, M.; Ensinger, C.; Obrist, P.; Hofer, C.; Mazzoleni, G.; Gastl, G.; Went, P. EpCAM
expression in primary tumour tissues and metastases: An immunohistochemical analysis. J. Clin. Pathol.
2011, 64, 415–420. [CrossRef] [PubMed]

© 2016 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 (http://creativecommons.org/licenses/by/4.0/).

336



 International Journal of 

Molecular Sciences

Article

Neuroendocrine Differentiation in Metastatic
Conventional Prostate Cancer Is Significantly
Increased in Lymph Node Metastases Compared
to the Primary Tumors

Vera Genitsch 1, Inti Zlobec 1, Roland Seiler 2, George N. Thalmann 2 and Achim Fleischmann 1,*
1 Institute of Pathology, University of Bern, Bern 3008, Switzerland; vera.genitsch@pathology.unibe.ch (V.G.);

inti.zlobec@pathology.unibe.ch (I.Z.)
2 Department of Urology, University of Bern, Bern 3010, Switzerland; roland.seiler@insel.ch (R.S.);

george.thalmann@insel.ch (G.N.T.)
* Correspondence: achim.fleischmann@stgag.ch; Tel.: +41-(71)-6862285

Received: 27 April 2017; Accepted: 7 July 2017; Published: 28 July 2017

Abstract: Neuroendocrine serum markers released from prostate cancers have been proposed for
monitoring disease and predicting survival. However, neuroendocrine differentiation (NED) in
various tissue compartments of metastatic prostate cancer is poorly described and its correlation
with specific tumor features is unclear. NED was determined by Chromogranin A expression on
immunostains from a tissue microarray of 119 nodal positive, hormone treatment-naïve prostate
cancer patients who underwent radical prostatectomy and extended lymphadenectomy. NED in the
primary cancer and in the metastases was correlated with tumor features and survival. The mean
percentage of NED cells increased significantly (p < 0.001) from normal prostate glands (0.4%), to
primary prostate cancer (1.0%) and nodal metastases (2.6%). In primary tumors and nodal metastases,
tumor areas with higher Gleason patterns tended to display a higher NED, although no significance
was reached. The same was observed in patients with a larger primary tumor volume and higher total
size and number of metastases. NED neither in the primary tumors nor in the metastases predicted
outcome significantly. Our data suggest that (a) increasing levels of neuroendocrine serum markers
in the course of prostate cancer might primarily derive from a poorly differentiated metastatic tumor
component; and (b) NED in conventional hormone-naïve prostate cancers is not significantly linked
to adverse tumor features.

Keywords: prostate cancer; lymph node metastases; neuroendocrine; chromogranin A; prognosis

1. Introduction

The current World Health Organization (WHO) classification of prostate neoplasms with
neuroendocrine (NE) differentiation (NED) comprises of: (1) adenocarcinomas with NED;
(2) well-differentiated NE tumors (carcinoid); (3) small-cell NE carcinomas; and (4) large cell NE
carcinomas [1]. While the last three entities are exceedingly rare, the first occurs frequently. In 10–100%
of the conventional adenocarcinomas, NED can be demonstrated immunohistochemically in the form
of scattered NE cancer cells, depending on the number of slides evaluated and the number of antibodies
used [1].

NE cells in prostate cancer most likely emerge from the secretory prostate cancer cells by
trans-differentiation [2–4]. Each NE cell may store a single, or a mix of neuropeptides in cytoplasmic
granules, including Chromogranin A, the most frequently detected and most intensely studied NE
product in prostate tissue [5], serotonin, somatostatin and bombesin [6]. The exact biological function
of neuropeptides in prostate cancer is largely unknown; however, data indicate that they may stimulate
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growth, differentiation and secretory processes [5,7]. While small and large cell NE carcinomas are
particularly aggressive [8], the prognostic significance of NE cells in conventional adenocarcinomas of
the prostate is still controversial [4,9,10]. Importantly, neuropeptides released from the NE prostate
cancer cells may appear in the circulation [6]. These serum markers have recently attracted considerable
attention for their ability to monitor disease [6,11] and predict survival [12,13]. NE serum markers have
been suggested as beneficial surrogates for tumor burden [6] and mirror prostate cancer progression
when raising. In line with this, serum levels of Chromogranin A are significantly higher in metastatic
compared to non-metastatic prostate cancers [14]. However, despite this interest in NE serum markers,
little is known about the distribution of their source, which are the NE tumor cells, in the various
growth patterns and in the metastases of prostate cancer. In this study, we more accurately describe
the extent of NED in the different tissue compartments of metastasizing prostate cancer, and determine
its correlations with different tumor features and survival.

2. Results

2.1. Patient Characteristics and Expression of Chromogranin A in Benign Prostate, Primary Tumors and
Lymph Node Metastases Considering the Gleason Patterns

The patient, prostatectomy and lymphadenectomy characteristics are specified in Table 1. A higher
proportion of 92% of primary tumors displayed any positivity for Chromogranin A compared to lymph
node metastases with a positive expression in 77%. When the density of NE cancer cells was recorded,
a progressive and significant increase in expression from non-neoplastic prostate glands (0.4% mean of
Chromogranin A positive cells) to primary tumors (1.0%) and lymph node metastases (2.6%; p < 0.001)
was noted for Chromogranin A (Figure 1A).

A tendency for higher Chromogranin A expression in less-differentiated tumor areas (reflected by
a higher Gleason pattern (GP)) was observed in the primary tumors (GP3: 0.8% mean of Chromogranin
A positive cells; GP4: 1.0%; GP5: 1.4%; p > 0.05) and in the nodal metastases (GP3: 0.0%; GP4: 1.8%;
GP5: 7.8%; P = NE), but no statistical significance was reached (Figure 1B).

Table 1. Characteristics of 119 nodal positive prostate cancer patients.

Patient Data (n = 119)

Age (median, range) at surgery (years) 65 (45–75)
Follow-up (median, range) (years) 5.9 (0.1–15.2)

Patients with biochemical failure at last follow-up (n) 103
Patients dead of disease at last follow-up (n) 33

Patients dead at last follow-up (n) 40

Prostatectomy Data

pT2 (n) 14
pT3a (n) 55
pT3b (n) 50

Prostate cancer volume (median, range) (cm3) 12.6 (0.66–127)
Gleason score 6 (n) 12
Gleason score 7 (n) 63
Gleason score 8 (n) 21
Gleason score 9 (n) 23

Lymphadenectomy Data

Evaluated nodes per patient (median, range) (n) 22 (9–68)
Positive nodes per patient (median, range) (n) 2 (1–24)
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Figure 1. Mean density of Chromogranin A positive cells is significantly different between normal
prostate glands, primary prostate cancer and matched lymph node metastases ((A) p < 0.001).
The difference between the Gleason patterns is not significant ((B) p > 0.05).

2.2. Correlations of Chromogranin A Expression in Primary Tumors and Lymph Node Metastases with
Clinico-Pathological Tumor Characteristics and Survival

Primary tumors with Chromogranin A expression were larger (mean 21.5 ± 24.9 cm3 versus
18.0 ± 15.4 cm3; p = 0.821) and the tumor burden of a Chromogranin A positive metastasizing component
was higher for mean total size and number of metastases (36.4 ± 49.4 mm versus 19.4 ± 31.7 mm;
p = 0.458 and 5.3 ± 6.9 versus 3.3 ± 3.4; p = 0.279) (Table 2); however, these differences were not
statistically significant. Chromogranin A expression in primary tumors or lymph node metastases
was not associated with categorical tumor characteristics as stage of the primary tumor. In univariate
analysis, Chromogranin A expression in primary tumors or lymph node metastases did not significantly
predict biochemical recurrence-free, cancer-specific, or overall survival (Figure 2). Only the total size of
metastases independently predicted all three endpoints in a multivariate analysis (Table 3).

Table 2. Tumor features according to Chromogranin A expression.

CgA Expression Parameters of the Primary Tumor (Mean ± SD) Parameters of Nodal Metastases (Mean ± SD)

Age p Tumor volume (cm3) p Total size (mm) p Total number p

Primary Tumor

CgA negative 64.4 ± 6.1 0.978 18.0 ± 15.4 0.821 19.6 ± 34.8 0.989 3.3 ± 3.8 0.813
CgA positive 64.3 ± 5.8 21.5 ± 24.9 17.2 ± 24.4 3.0 ± 3.3

Nodal Metastases

CgA negative 64.3 ± 5.9 0.027 19.1 ± 19.5 0.819 19.4 ± 31.7 0.458 3.3 ± 3.4 0.279
CgA positive 59.3 ± 6.3 18.9 ± 13.7 36.4 ± 49.4 5.3 ± 6.9

Figure 2. Cont.
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Figure 2. Chromogranin A expression in primary tumors and metastases is not significantly correlated
with outcome.

Table 3. Multivariate analyses for the prognostic impact of Chromogranin A (CgA) expression in
primary prostate cancer (upper half) and in lymph node metastases (lower half), after adjustment
for total size of metastases and Gleason score of primary tumor: Only nodal tumor burden predicts
survival independently. HR, hazard ratio; and CI, confidence interval.

Parameter Cut-Off
Overall Survival Disease-Specific Survival Recurrence-Free Survival

HR (95% CI) p HR (95% CI) p HR (95% CI) p

CgA in Primary
Tumor

Positive 1.0 0.132 1.0 0.241 1.0 0.66
Negative 1.65 (0.9–3.1) 1.54 (0.8–3.1) 1.1 (0.7–1.7)

Metastases size
<7.5 mm 1.0 <0.001 1.0 0.002 1.0 0.036
≥7.5 mm 4.34 (2.0–9.6) 4.12 (1.7–10.0) 1.58 (1.1–2.4)

Gleason score
6 to 8 1.0 0.571 1.0 0.375 1.0 0.074
9 to 10 1.23 (0.6–2.5) 1.41 (0.7–3.0) 1.57 (1.0–2.6)

CgA in Nodal
Metastases

Positive 1.0 0.571 1.0 0.5 1.0 0.327
Negative 0.73 (0.2–2.2) 0.65 (0.2–2.8) 0.69 (0.3–1.4)

Metastases size
<7.5 mm 1.0 <0.001 1.0 0.003 1.0 0.063
≥7.5 mm 5.3 (2.0–14.1) 6.44 (1.9–22.1) 1.58 (1.0–2.5)

Gleason score
6 to 8 1.0 0.365 1.0 1.88 1.0 0.082
9 to 10 1.43 (0.7–3.1) 1.75 (0.8–4.0) 1.62 (0.9–2.8)

3. Discussion

Only a few studies on prostate cancers have evaluated NED in metastatic tissues from lymph
nodes and various other organs with immunohistochemistry [15–20]. Reported incidences for bone
metastases were 19% [18] and 52% [16], those for lymph node metastases 12% [19], 37.5% [17] and
46% [16]. A wide range in the extent of NED in metastases was also noted in an autopsy series
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by Roudier et al. [20], specifically between patients, and also between different metastases of a
single patient. In our series, NED in lymph node metastases was present in 77% of the patients.
The metastases had a lower prevalence for NED positivity compared to the primary tumors, which
showed NE differentiation in 92%. This decrease was consistent with the only two series on NED in
surgically treated nodal positive prostate cancer reported by Bostwick et al. [17] and Quek et al. [19].
However, when considering not only the presence or absence of NED, but also the density of positive
cells in primary tumors and metastases, we noticed a significant increase in NED in metastases when
compared to primary tumors. Furthermore, NED increased in higher Gleason patterns in the primary
tumors, and was even more striking in the metastases where tumor growths of Gleason pattern
5 showed the highest levels of NED among all evaluated cancer components. Our findings were
consistent with reports on a positive correlation of the extent of NED and the Gleason score in primary
tumors [21,22]. Together with the previously described correlation of Chromogranin A expression by
the tumor tissue with its serum level [23], our data might suggest that elevated NE serum markers in
metastatic prostate cancer [14] may primarily reflect the metastatic, frequently poorly differentiated
tumor burden [24–26].

The presence of NED in our prostate cancer patients showed a tendency for association with
adverse tumor characteristics. Patients with detected NED in primary tumors had larger tumors, and
those with NED present in metastases had a greater nodal tumor burden, indicated by more metastases
and greater total diameter of metastases when compared with patients without NED. Consistent
with our data, Quek et al. [19] reported the association of high NED with an advanced tumor stage.
Furthermore, NED in the primary tumors of our patients translated into long-term survival. After
five years, the curves for disease-specific and overall survival segregate clearly indicated a poorer
outcome for patients with NED when compared to those without NED. However, this was not
significant, most likely due to the size of our cohort. Contrarily, survival curves based on NED in
lymph node metastases intersected repeatedly. Only two other studies have evaluated NED in nodal
positive prostate cancer patients treated by radical prostatectomy and bilateral lymphadenectomy.
NED detected by Chromogranin A was not a risk factor in the study by Bostwick et al. [17], neither
in the primary tumors nor in the metastases, whereas Queck et al. [19] reported significantly poorer
median recurrence-free and overall survival for patients with high NED in the primary tumor and
metastases, respectively, when compared to patients with low NED. However, survival curves were
not presented in the latter study and other outcome measures were not significantly different.

Previous studies on NED in prostate cancer tissues assessed expression on large sections (for
comprehensive review of the literature see Table 3 in Bostwick et al. [17]) and cancers were categorized
as negative (absence of NE cells), or positive (presence of NE cells). While it was generally noticed that
NED in prostate cancer is a very focal, dispersed phenomenon, reported incidences for NED varied
between 24 and 98.5% [17]. This wide range was attributed to differences between the cohorts, sample
types, types and extent of fixation, the antibodies used in determining the presence of malignant
NE cells, variance in interpretation and, most importantly, a sampling error related to the focal and
unequal distribution of NE cells in most tumors [27]. It is evident that the amount of tumor tissue
evaluated may impact on reported prevalence in cases of only focally expressed biomarkers like NED.
We determined NED in primary tumors and metastases by tissue microarray (TMA). This technology
has also been considered to be useful for these focally expressed biomarkers in prostate cancer by a
study comparing the expression of NE markers on whole tissue sections to a TMA [28]. Investigating
these focally expressed biomarkers on large sections may have also been problematic as tissue slides
from primary prostate cancer generally contain much greater amounts of tumor tissue than the usually
scarce metastatic tissue that makes the comparison of incidences difficult. However, the use of a TMA
certainly remains a limiting factor in our study. Finally, for a delicate biomarker like NED in prostate
cancer, the size of the cohort may play a major role in detecting significant correlations between tumor
features and survival. Our cohort was comparably large for surgically treated nodal positive prostate
cancer and therefore allowed detection of a significant increase in NED in nodal metastases and trends
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between biomarker expression levels, tumor features and survival. However, it may have been too
small to demonstrate these trends as significant.

4. Materials and Methods

4.1. Patients

In total, 119 consecutive prostate cancer patients without demonstrable metastases (physical
and radiological examination), but with nodal metastases upon histological investigation of the
lymphadenectomy specimens were studied. All patients had undergone standardized surgery at the
Department of Urology, University of Bern between 1989 and 2006 with bilateral extended pelvic
lymphadenectomy and radical prostatectomy as a single procedure. Follow-up was performed
prospectively. Neoadjuvant therapy was not implemented and no adjuvant treatment, especially
androgen deprivation, was suggested before symptomatic disease progression.

4.2. Surgical Technique of Lymphadenectomy

A bilateral pelvic lymphadenectomy was performed in all patients as previously described [29].
Summarized, lymph nodes were dissected along the external iliac vein down to the deep circumflex
iliac vein and femoral canal, up to the bifurcation of the common iliac artery and the obturator fossa.
Thereafter, the lymphatic tissue along the medial and lateral aspect of the internal iliac artery and
vein was excised. Three tissue samples from each side were submitted separately for pathological
examination. Frozen sections were not carried out.

4.3. Pathology

All specimens were processed at the Institute of Pathology, University of Bern [24,30].
The prostatectomies were completely embedded as described in references [24,30]. The following
microscopic tumor characteristics were noted: type, Gleason score [31], tertiary Gleason pattern,
tumor stage, and the percentage of prostate tissue area on the sections occupied by the tumor.
NE tumors/carcinomas of the prostate were excluded. Tumor volume was estimated by multiplying
the percentage of the specimen involved by cancer by the prostate volume.

The fatty tissue of lymphadenectomy specimens was dissolved in aceton after formalin fixation
and all lymph nodes were entirely embedded. One section per paraffin block was stained with
hematoxylin and eosin. The length and width of the metastatic deposits were measured. A Gleason
score (primary and secondary pattern) and a tertiary Gleason pattern (if present), were determined
based on the entire metastatic tissue.

All Gleason patterns present in the primary tumors and lymph node metastases were accurately
marked for subsequent TMA construction. Staging was completed according to the 8th edition of the
International Union Against Cancer (UICC) TNM Classification [32].

4.4. Tissue Microarray

For TMA construction, one 0.6 mm tissue core of benign prostatic tissue (peripheral zone) and
every Gleason pattern present in primary tumors and matched lymph node metastases was retrieved
from the paraffin blocks. The TMA contains overall 403 prostate tissue samples, 119 normal prostate
tissues and 284 primary cancers (mean per patient, 3.3; range, 2–4; including 101, 112 and 71 samples
from Gleason patterns 3, 4 and 5, respectively) and 167 lymph node metastases (mean per patient, 1.4;
range, 1–3; including 35, 103 and 29 samples from Gleason patterns 3, 4 and 5, respectively). In the vast
majority of primary tumors, all Gleason patterns sampled were present in the index tumor. Additional
tissue from separate tumor foci was included only rarely, when a Gleason pattern not present in the
index tumor was detected here. Although sampling from the primary tumor was more extensive, the
relative tumor amount in the TMA was larger from the metastases due to their smaller volume.
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4.5. Immunohistochemistry

Freshly cut TMA sections were pre-treated by steam with target retrieval solution, pH 9 (Dako,
Glostrup, Denmark). For Chromogranin A detection, a monoclonal mouse antibody cocktail (clone
LK2H10 + PHE5; Bicarta; Hamburg, Germany) was used at 1:500 antibody dilution. Bound primary
antibodies were detected using the Envision Plus system (Dako, Glostrup, Denmark). Chromogranin
A was expressed in the cytoplasm of the prostate cancer cells (Figure 3). The percentage of positive
neoplastic cells was determined for every tissue sample.

 
Figure 3. No Chromogranin A expression in (A) primary prostate cancer; and (B) high Chromogranin
A expression in a lymph node metastasis.

4.6. Statistical Analysis

Chromogranin A expression in normal prostate, primary tumors and lymph node metastases
was evaluated using the Wilcoxon Signed Rank test and the Friedman test for differences between
Gleason pattern 3, 4 and 5 within primary carcinomas and nodal metastases. Chromogranin A
expression was compared with normally distributed quantitative and categorical tumor attributes
using Wilcoxon Signed Rank test and χ-Square test, respectively. Suitable cut-off values for positive
(more than 0 positive cells) and negative (0 positive cells) Chromogranin A expression in primary
tumors and lymph node metastases were defined using Receiver-operating characteristic curves [33].
Outcome was analyzed for Prostate-Specific Antigen (PSA) recurrence-free, cancer-specific and overall
survival defined as the intervals from surgery to the date of biochemical recurrence (PSA failure defined
as values >0.2 ng/mL), death from prostate carcinoma, and death from any cause, respectively. Patients
without event for the respective endpoints were censored at the date of last follow-up. The above
time-to-events were performed using log-rank test; p values < 0.05 were regarded as significant.
The Cox proportional hazards model was used to identify independent prognostic factors for all three
endpoints. Statistical analysis was made using SAS 9.2 (The SAS Institute, Cary, NC, USA).

5. Conclusions

Our data suggest that, firstly, increasing serum levels of neuroendocrine serum markers in
prostate cancer primarily mirror growth of a poorly differentiated metastatic tumor component and,
secondly, NED in early metastasizing, hormone-naïve prostate cancer is only weakly linked to adverse
tumor features.
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Abstract: Aims: Determining the origin of metastases is an important task of pathologists to allow for
the initiation of a tumor-specific therapy. Recently, homeobox protein Hox-B13 (HOXB13) has been
suggested as a new marker for the detection of prostatic origin. The aim of this study was to evaluate
the diagnostic sensitivity of HOXB13 in comparison to commonly used immunohistochemical
markers for prostate cancer. Materials and methods: Histologically confirmed prostate cancer lymph
node metastases from 64 cases were used to test the diagnostic value of immunohistochemical
markers: prostate specific antigen (PSA), Prostatic acid phosphatase (PSAP), prostate specific
membrane antigen (PSMA), homeobox gene NKX3.1, prostein, androgen receptor (AR), HOXB13,
and ETS-related gene (ERG). All markers were evaluated semi-quantitatively using Remmele’s
immune reactive score. Results: The detection rate of prostate origin of metastasis for single markers
was 100% for NKX3.1, 98.1% for AR, 84.3% for PSMA, 80.8% for PSA, 66% for PSAP, 60.4% for
HOXB13, 59.6% for prostein, and 50.0% for ERG. Conclusions: Our data suggest that HOXB13 on its
own lacks sensitivity for the detection of prostatic origin. Therefore, this marker should be only used
in conjunction with other markers, preferably the highly specific PSA. The combination of PSA with
NKX3.1 shows a higher sensitivity and thus appears preferable in this setting.

Keywords: prostate cancer; metastasis; immunohistochemistry; detection; PSA; PSAP; PSMA;
NKX3.1; prostein; HOXB13; ERG; AR

1. Introduction

Determining the origin of the primary tumor in metastases is an important task of pathologists to
allow for the initiation of a tumor-specific therapy. Since its description in the 1970s, prostate specific
antigen (PSA) has in due course become the dominant prostate marker in serum [1,2]. PSA could be
detected by immunohistochemistry in tissue and was quickly adopted by pathologists as a diagnostic
marker [3,4]. PSA is still regarded as a highly specific marker of prostatic origin, but due to its
decreased or even lost expression in higher grade or metastatic tumors, which was already noted in
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initial studies, its sensitivity is clearly limited, which necessitates the use of additional markers in PSA
negative cases [5]. Prostein, coded by the SLC45A3 gene and identified by transcript profiling studies
of prostate cancer, was found to be highly specific for prostatic origin and displays a characteristic
Golgi-type cytoplasmic staining pattern [6,7]. As seen with PSA, prostein expression also shows a
slightly diminished expression with tumor progression, but in combination with PSA it proved to be
a valuable tool to identify prostatic origin [8,9]. An alternative marker for prostatic origin was the
protein coded by the homeobox gene NKX3.1, which shows nuclear staining on immunohistochemistry
and which was also found to be highly though not exclusively specific for prostate tissues [10,11].
At the 2014 consensus conference of the International Society of Urological Pathology (ISUP), it was
recommended to use immunohistochemistry for PSA, NKX3.1 and prostein to ascertain a prostatic
origin in doubtful cases [5].

Another diagnostic candidate marker that was not considered at that conference was
homeobox protein Hox-B13 (HOXB13), which was characterized as a marker for prostate cancer
by Edwards et al. [12]. HOXB13 also has a nuclear staining pattern and has been recommended by
several studies as a prostate specific marker [13–16]. To date, the diagnostic value and especially the
performance of HOXB13 immunohistochemistry as a marker of prostatic origin in direct comparison
to the commonly used prostate markers (PSA, prostein, ERG, the androgen receptor (AR), NKX3.1,
Prostatic acid phosphatase (PSAP) and prostate specific membrane antigen (PSMA)) in metastases has
not been evaluated, which was therefore the aim of this study.

2. Results

2.1. Immunohistochemical Staining Patterns

All markers showed the expected patterns of immunoreactivity in metastatic prostate cancer.
Prostate specific antigen (PSA) and prostatic phosphatase (PSAP) displayed diffuse cytoplasmic
staining (Figure 1A,C), where prostein showed the characteristic Golgi-type staining (Figure 1B).
Prostate specific membrane antigen (PSMA, Figure 1D) showed a predominantly membranous but
also cytoplasmic immunoreactivity. Nuclear staining was seen for the androgen receptor (AR), ERG,
NKX3.1, and HOXB13 (Figure 1E–H).

Figure 1. Cont.
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Figure 1. Immunohistochemistry of candidate diagnostic prostate markers. (A) Prostate specific
antigen (PSA) shows diffuse cytoplasmic staining with a higher degree of heterogeneity in this
case. (B) Prostein immunoreactivity is restricted to the Golgi apparatus area. (C) Prostate specific
alkaline phosphatase (PSAP) also displays a diffuse cytoplasmic staining pattern. (D) Prostate specific
membrane antigen (PSMA) has characteristic cytoplasmic but also membranous staining. (E) Androgen
receptor shows epithelial nuclear staining. (F) ERG is also located in the nucleus and has a higher
degree of heterogeneity, as seen here. (G) Homeobox gene NKX3.1 commonly displays strong nuclear
staining. (H) Homeobox protein HOXB3 is also seen in nuclei, however, the staining intensity is weaker.
All images are taken in 400×.

2.2. Statistical Evaluation of Prostate Markers

The highest detection rate was seen with NKX3.1 followed by the androgen receptor and PSMA.
PSA, as the most commonly used antibody to specifically recognize prostate cancer, correctly detected
nearly 81% of cases. ERG labeled, as expected, only 50% of prostate cancer metastases. Prostein, PSAP,
and HOXB13 were only slightly superior, detecting approximately two thirds of cases (Table 1).

Table 1. Detection rates of prostate markers in prostate cancer metastases.

Marker Detection Rate (%) Mean IRS Number of Cases

PSA 80.8 6.3 52
PSAP 66.0 3.5 53
PSMA 84.3 6.0 51

Prostein 59.6 4.2 52
Androgen receptor (AR) 98.1 6.7 53

ERG 50.0 2.6 52
NKX3.1 100.0 8.0 50
HOXB13 60.4 4.7 53

Abbreviations: IRS = immunoreactive Score according to Remmele.

A Spearman rank correlation analysis of IRS values of these markers revealed the following
significant associations: AR and HOXB13 (correlation coefficient (CC) = 0.358, p = 0.009), AR and
NKX3.1 (CC = 0.505, p = 0.001), AR and PSAP (CC = −0.277, p = 0.047), ERG and HOXB13 (CC = 0.283,
p = 0.044), PSA and Prostein (CC = 0.367, p = 0.008), PSA and PSAP (CC = 0.623, p = 0.001), PSA and
PSMA (CC = 0.350, p = 0.012), prostein and PSAP (CC = 0.277, p = 0.049), and prostein and HOXB13
(CC = −0.296, p = 0.035).
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We then investigated which combination of prostate markers would achieve the highest
detection rate by combining the most commonly used marker PSA with the other markers in cross
tables. PSAP recognized 10% of PSA negative cases, which did not add significant information.
PSMA performed slightly better, labelling 50% of PSA negative cases. HOXB13 correctly recognized
70%, and finally NKX3.1 correctly detected all PSA negative cases, leading to a detection rate (of the
combination of PSA and NKX3.1) of 100% in this dataset. Prostein and PSA correctly detected 82% of
cases, HOXB13 and PSA labeled 94.2% of cases correctly, AR and PSA detected 100% of cases, and ERG
and PSA recognized 88% of prostate cancer metastases.

In a direct analysis of HOXB13 and NKX3.1 expression, both markers together recognized 100%,
as NKX3.1 labeled 100% of HOXB13 negative cases. NKX3.1 combined with AR also achieved a
detection rate of 100%.

3. Material and Methods

3.1. Case Selection and Construction of Tissue Microarray

First, prostate cancer patients who underwent radical prostatectomy (RP) and lymphadenectomy
and who were diagnosed at the Institute of Pathology, Charité–Universitätsmedizin Berlin between
1998 and 2005 were identified. Histologically confirmed metastases from 64 cases were used for tissue
microarray construction with one spot per case and a punch size of 1 mm. The tissue microarray
comprised of two blocks. The metastases consisted of 57 local lymph node metastases and seven
systemic metastases (4× bone, 1× penis, 1× oral mucosa, 1× cervical lymph node). Lymph nodes
were submitted to frozen section analysis prior to RP, which was usually not performed in case of a
positive node. Only 13 RPs were performed. Therefore, histopathological RP data on the primary
tumor was not available for the majority of cases. For the thirteen RP cases that were completed,
the Gleason scores (GS) were: GS7-2, GS8-4, GS9-4, GS10-3. The pT categories (according to Union for
International Cancer Control (UICC) TNM classification of malignant tumors, 8th edition) were: pT2-2,
pT3a-1, pT3b-10. Positive margins were seen in 11 cases. The bilateral lymphonodectomy specimens
(n = 57) contained a median of 12 lymph nodes (range 1 to 23). Twenty-nine cases had a single positive
lymph node, 15 cases had two metastases, seven cases had three metastases and six cases had four or
more positive nodes (maximum 11). The use of this tissue was approved by the Charité University
Ethics Committee (EA1/06/2004). No animals were involved in this study.

3.2. Immunohistochemistry

Immunohistochemistry was conducted using semi-automated platforms (Benchmark Ultra,
Roche, and Autostainer, Medac) with protocols that are in routine use at the Institute of Pathology,
University of Bonn (Table 2).

Table 2. Antibodies used for immunohistochemistry in this study.

Antigen Clone Provider Dilution Platform Protocol

PSA Polyclonal, rabbit DAKO 1:20,000 Autostainer No pretreatment
PSAP PASE/4LJ Cell Marque 1:6000 Autostainer HIER (pH 6, 20 s 98 °C)
PSMA 3E6 DAKO 1:500 Benchmark CC1 (pH 8), ultraview

Prostein 10E3 DAKO 1:100 Benchmark CC1 (pH 8), ultraview
Androgen Receptor (AR) AR441 DAKO 1:400 Autostainer HIER (pH 6, 20 s 98 °C)

ERG EPR3864 Biologo 1:100 Autostainer HIER (pH 6, 20 s 98 °C)
NKX3.1 EP356 Cell Marque 1:200 Benchmark CC1 (pH 8), ultraview
HOXB13 F-9 Santa Cruz 1:50 Benchmark CC1 (pH 8), optiview

Abbreviations: HIER-Heat Induced Epitope Retrieval.

3.3. Evaluation of Immunohistochemistry

All markers were evaluated semi-quantitatively using the immune reactive score (IRS), which
gives the product of categorized percentage of stained cells (0: negative, 1: 1–10%, 2: 11–50%, 3:
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51–80%, and 4: >80%) and staining intensity (ranging from negative (0) to strong (3)), and hence has a
range from 0 to 12. For statistical evaluation, an IRS below 3 was considered a negative test and higher
values were considered as positive, as suggested by Remmele and Stegner in their original proposal
of the IRS scoring system [17]. The evaluation was carried out under the immediate supervision of a
Genito–Urinary pathologist with broad expertise in immunohistochemistry (Glen Kristiansen).

3.4. Statistics

All data were processed using SPSS (IBM SPSS Statistics for Macintosh, Version 22.0, IBM Corp.,
Armonk, NY, USA). Spearman Rank correlations were used to analyze the associations among markers.

4. Discussion

This study evaluates the sensitivity of prostate markers to detect lymph node and distant
metastases of prostate cancer. It confirms that PSA, as the most commonly used antibody for routine
purposes, has a relatively high detection rate of nearly 81%. The value of PSA is its high specificity,
as apart from prostate cancer only breast cancer may be PSA positive, but this is usually not in the closer
differential diagnosis [18]. The loss of PSA expression with tumor dedifferentiation and progression is
long known and constitutes the necessity to use other markers in a combination.

As prostate cancer is an androgen-driven disease, the high rates of androgen receptor expression
found in primary and metastatic prostate tumors are not surprising, and again this study confirms
that metastases retain their AR expression well. The disadvantage of AR is the relative lack of
specificity, as other neoplasms including urothelial carcinoma or salivary gland tumors may also be
AR positive [19,20].

The overexpression of ERG, often resulting from the Transmembrane protease, serine
2-erythroblast transformation-specific-related gene TMPRSS2-ERG translocation which is found in
nearly half of primary prostate cancer cases, is therefore typical of prostate cancer, but with a detection
rate of 50% it clearly lacks sensitivity [21]. It is less well known that even though the genomic
translocation is highly specific for prostate cancer, ERG protein expression is seen in a variety of other
tumors, too. This includes, apart from vascular tumors, round cell sarcomas and leukemias, the more
common differential diagnosis of urothelial carcinoma and, according to the human protein atlas
(hppt://www.proteinatlas.org), also melanoma, testicular, and gastrointestinal tumors [22–24].

Prostein was described and characterized by Xu et al. as a prostate specific protein, which was
quickly used by surgical pathologists for the differential diagnosis of prostate cancer, especially to rule
out urothelial carcinoma, which is almost consistently prostein-negative [6,7,9,25,26]. Prostein also has
the advantage of a distinctive Golgi-type staining pattern, which can be reassuring in cases with only
weak positivity. In primary prostate cancer, prostein expression is inversely correlated with Gleason
scores and is a prognostic marker of disease progression [27]. As our study confirms, the sensitivity of
prostein in metastases is fairly limited with a detection rate of 59%, and even in conjunction with PSA
only 82% of cases can be confirmed as prostatic in origin, which equals the detection rate of PSA alone
in our cohort. As we found that both markers correlated, this redundancy of diagnostic information
is not surprising. The same holds true for PSAP, which we found strongly and highly positively
correlated to PSA, and this did not add significant information as only 10% of PSA negative cases were
picked up by PSAP. A larger cohort may be necessary to demonstrate the additional diagnostic value
of prostein or PSAP to PSA.

Prostate specific membrane antigen (PSMA) is overexpressed during tumor progression,
and Bostwick et al. found 82% positivity rates in primary prostate cancer [28]. However, despite its
name it is not prostate specific at all, but is also seen in a wide variety of tumors including colon,
bladder, and renal cancer, so its use as a marker for prostatic differentiation is now discouraged [29].

NKX3.1 is a homeobox gene that shows a prostate and testis specific expression pattern, but may
also be found in breast cancer. Its crisp nuclear staining pattern and its high rate of positivity in
metastases (98.6%, Gurel et al. [30]), which this study confirms, have made it a popular diagnostic
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marker that is already endorsed by ISUP in their recommendations on diagnostic markers for
genito–urinary pathology [11,30–33]. In particular, its combination with PSA is promising, as the high
detection rate of 100% found in this study witnesses.

HOXB13 is another, so far less acknowledged diagnostic marker candidate, which has been
recommended lately as a prostate specific marker [12,13,15,16]. Barresi et al. analyzed 15 prostate
cancer metastases and found all of them strongly positive (in >75% of tumor cells) which equates a
sensitivity of 100% [15]. Minimally lower rates were reported by Varinot et al., who analyzed 74 cases
of lymph node metastases and 15 additional bone metastases. They found HOXB13 positivity in 33%
of bone metastases and 93% of lymph node metastases. Interestingly, the expression of HOXB13 was
also found as an independent prognostic marker in primary prostate cancer and to correlate with AR
expression [14]. While our study confirms the significant association with AR, the diagnostic value of
HOBX13 appears less convincing, as only 60.4% of prostate cancer metastases were positively stained.
Of course, besides aspects of cohort composition that may influence the tumor biology, technical
issues of the immunohistochemistry protocol or the tissue micro array construction may also explain
this rather significant discrepancy. This detection rate increased markedly to 94.2% if combined with
PSA, but it remains inferior to the combination of PSA with NKX3.1. HOXB13 is also expressed in
other carcinomas including endometrial cancer, which in itself does not limit its diagnostic value,
but also in pancreatic cancer and hepatocellular carcinoma [34–36]. In light of these data, we do not
recommend HOXB13 as a sole marker to detect a prostatic origin in a metastasis, but rather prefer
PSA in conjunction with NKX3.1. However, prostein or HOXB13 may well be considered as third line
markers in doubtful cases, and here combinations are advisable and often necessary [5,37].

This study has several weaknesses. The number of cases is relatively small, which precludes a
more detailed analysis of combinational subgroups. Still, the cohort size is large enough to confirm
the known expression rates of the markers under question and it is the first study to critically analyze
HOXB13 in direct comparison to these other markers in prostate cancer metastases. This study is
restricted to the correct detection of prostate markers in known prostate metastases and hence only
evaluates the sensitivity of these markers. Also, this study lacks data on the Gleason scores of biopsies
of primary tumors, which precludes further correlation analyses of biomarker expression. Finally,
we did not aim to verify the specificity of our candidate biomarkers, which would have necessitated
an additional large analysis of non-prostatic neoplasms [38].

In summary, our data suggest that the novel marker candidate HOXB13 alone is not a good
diagnostic marker for the detection of prostatic origin. Only in combination with PSA does it achieve
satisfactory detection rates. Alternatively, the combination of PSA with the already well-established
marker NKX3.1 shows an even higher sensitivity and is therefore recommended in this setting.
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Abstract: Previously, we described prostate cancer (PCa) detection (83% sensitivity; 67% specificity) in
seminal plasma by CE-MS/MS. Moreover, advanced disease was distinguished from organ-confined
tumors with 80% sensitivity and 82% specificity. The discovered biomarkers were naturally occurring
fragments of larger seminal proteins, predominantly semenogelin 1 and 2, representing endpoints of
the ejaculate liquefaction. Here we identified proteases putatively involved in PCa specific protein
cleavage, and examined gene expression and tissue protein levels, jointly with cell localization in
normal prostate (nP), benign prostate hyperplasia (BPH), seminal vesicles and PCa using qPCR,
Western blotting and confocal laser scanning microscopy. We found differential gene expression of
chymase (CMA1), matrix metalloproteinases (MMP3, MMP7), and upregulation of MMP14 and tissue
inhibitors (TIMP1 and TIMP2) in BPH. In contrast tissue protein levels of MMP14 were downregulated
in PCa. MMP3/TIMP1 and MMP7/TIMP1 ratios were decreased in BPH. In seminal vesicles, we
found low-level expression of most proteases and, interestingly, we also detected TIMP1 and low
levels of TIMP2. We conclude that MMP3 and MMP7 activity is different in PCa compared to BPH
due to fine regulation by their inhibitor TIMP1. Our findings support the concept of seminal plasma
biomarkers as non-invasive tool for PCa detection and risk stratification.

Keywords: seminal plasma biomarkers; matrix metalloproteinase (MMP); tissue inhibitor of MMP
(TIMP); qPCR; confocal laser scanning microscopy; Western blotting

1. Introduction

Prostate cancer (PCa) is the main gender-specific malignancy in men and prostate specific antigen
(PSA) testing is the gold standard in PCa detection [1]. However, comprehensive PSA screening
resulted in significant overdiagnosis and overtreatment [2] and in consequence PSA screening is
recommended only for men aged 55 to 69 years by the AUA [3]. New PCa biomarkers are urgently
needed to identify patients who may be candidates for curative intervention and guide clinical
decisions [4].

Int. J. Mol. Sci. 2017, 18, 976 354 www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2017, 18, 976

Recently, seminal fluid has been acknowledged as a promising source of PCa related biomarkers
as it directly reflects the pathological processes within the prostate [5]. The high biological variability
of prostate cancer [6] necessitates a distinct and clearly defined set of biomarkers, rather than a single
or a combination of few biomarkers for efficient description of the disease on a molecular level [7].
In a previous study, we defined distinct panels of small peptide biomarkers in seminal plasma by
capillary electrophoresis mass spectrometry (CE-MS), which could be used for PCa detection and
stratification [8]. The procedure distinguished PCa from benign prostate hyperplasia (BPH), chronic
prostatitis (CP) and normal prostate (nP) with 83% sensitivity and 67% specificity (AUC 75%, p < 0.0001)
in a small clinical validation cohort of 125 patients. A further set of biomarkers correctly identified
advanced (≥pT3a) and organ-confined (<pT3a) tumors (AUC 83%, p = 0.0055) with 80% sensitivity
and 82% specificity [8].

The discovered biomarkers were fragments of larger parental seminal proteins, such as N-acetyl
lactosaminide β-1,3-N-acetyl glucosaminyl transferase, prostatic acid phosphatase, stabilin-2 and most
dominantly semenogelin-1 and -2. Although the parental proteins were also detected earlier [9–11], the
use of these naturally occurring fragments reflecting natural proteolytic liquefaction is a new concept.

There are mutual activation and inhibition mechanisms within the liquefaction cascade, which
could lead to different downstream proteolytic cleavage patterns [12]. The investigation of
these disease-associated proteinase networks [13] represents a challenging task to close the gap
between the classical protein expression based biomarker concept and the hypothesis-free proteomic
profiling concepts.

We suggest that seminal polypeptide panels may be the smoking gun that links the complex
proteolytic alterations of seminal proteins to PCa providing novel insights into PCa biology with
special emphasis on disease-associated proteolytic activities. The aim of this study was to identify
potential proteinases and inhibitors involved in the formation of the specific seminal biomarkers.

2. Results

2.1. Sequence Analysis and Putative Proteolytic Cleavage Sites

Of the 141 seminal peptides discovered in our previous study, representing a total of 47 different
parental proteins, almost 60% were fragments of semenogelin-1 or -2 (SEMG1 and SEMG2). Therefore,
we focused our data base searches on SEMG1 and SEMG2 cleavage patterns. Using MEROPS database
(Available online: http://merops.sanger.ac.uk/cgi-bin/specsearch.pl) we could assign SEMG1 (316–344)
to kallikrein-3 (KLK3, PSA) cleavage at site 315 (peptide-SSIY//SQTE-peptide). Limiting searches from
octa- to hexamere recognition (peptide-IY//SQ-peptide) resulted in chymase (CMA1) and cathepsin
G (CTSG) as potential alternative proteinases (Table 1). In contrast, KLK3 activity may not account for
biomarker SEMG2 (194–215) cleaved at position 193 (peptide-SQSS//YVLQ-peptide. Searching cleavage
site 193 (peptide-SS//YV-peptide) revealed matrix metallopeptidase-3 (MMP3), -7 (MMP7), -13 (MMP13),
-14 (MMP14) or -20 (MMP20) as potentially involved proteases (Table 1). KLK3 activity may also promote
for cleavage between Q and T at position 197 (peptide-QVLQ//TEEL-peptide), resulting in biomarkers
SEMG1 (198–215) and SEMG2 (198–215) (Table 1). Although KLK3 Q//T-cleavage is reported for SMG1
and SMG2 at position 235, position 197 remains inconclusive (see MEROPS database). KLK cleavage
of SEMG1 and SEMG2 at position 194 (peptide-QSSY//VLQT-peptide) between Y and V, results in the
observed non-marker fragments starting from position 195 (Table 1).
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Table 1. Semenogelin derived seminal peptides and their putative proteolytic cleavage sites.

Peptide ID PCa
Biomarker Peptide Sequence Peptide

Identification Cleavage Site Putative Protease

15331 Yes YVLQTEELVVN
KQQRETKNSHQ SEMG2 (194-215) SQSS//YVLQ MMP3, MMP7, MMP13,

MMP14, MMP20

1677 No VLQTEELVA SEMG1 (195-203) QSSY//VLQT KLK3

6925 No VLQTEELVANKQQ SEMG1 (195-207) QSSY//VLQT KLK3

7186 No VLQTEELVVNKQQ SEMG2 (195-207) QSSY//VLQT KLK3

10289 No VLQTEELVANKQQRET SEMG1 (195-210) QSSY//VLQT KLK3

11260 No VLQTEELVVNKQQRETK SEMG2 (195-211) QSSY//VLQT KLK3

11899 Yes TEELVANKQQRETKNSHQ SEMG1 (198-215) YVLQ//TEEL KLK3

12083 Yes TEELVVNKQQRETKNSHQ SEMG2 (198-215) YVLQ//TEEL KLK3

18990 Yes SQTEEKAQGKSQKQI
TIPSQEQEHSQKAN SEMG1 (316-344) SSIY//TEEL KLK3, CMA1, CTSG

Peptide sequences including LC-MS/MS data have been recently published by our group [8]. ID: polypeptide
identifier annotated by the structured query language (SQL) database (ID); known cleavage sites are indicated for
semenogelin-1 (P04279, Swiss-Prot Acc.No.) and semenogelin-2 (Q02383) with their putative proteases, as supported
by literature research of web databases: http://merops.sanger.ac.uk/, http://pmap.burnham.org/proteases and
http://www.proteolysis.org/proteases.

2.2. Gene Expression of Proteases in Human Prostate Samples

Gene expression of KLK3, prostatic acid phosphatase (ACPP) and ACPP-V1 (isoform 1) was
high, while matrix metalloproteinases MMP3, MMP7, MMP14 showed low abundance expression by
qPCR (Figure 1). KLK3 showed a tendency of increased levels in BPH (Figure 1A). Significant higher
transcript levels in BPH were found for MMP7, MMP14 and CMA1 compared to PCa (Figure 1C).
Some of the low abundance genes (CTSG, MMP3) also showed a tendency for higher expression in
BPH (Figure 1B). MMP13 and MMP20 were at the detection limits (data not shown).

Figure 1. Cont.
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Figure 1. Gene expression analysis. (A–C) Expression levels compared to h36B4, global normalization;
(A) High abundance genes (ratio > 1.0); KLK3 (PSA): kallikrein related peptidase 3; ACPP: total
prostatic acid phosphatase; ACPP-V1: splice variant 1 (short secreted isoform of ACPP). The observed
differences in mRNA levels between PCa (n = 12), benign prostatic hyperplasia (BPH) (n = 10) and
normal Prostate (nP; n = 7) were not significant. However, range of KLK3 expression was much higher
in BPH and PCa; (B) TIMP1 and TIMP2 expression was significantly different between BPH and nP
samples; (C) Low abundance genes (ratio < 1.0); ACPP-V2: splice variant 2 (long intracellular isoform);
CMA1: chymase 1, CTSG: cathepsin G, and MMP: matrix metalloproteinase. Differential expression
levels were detected for CMA1, MMP3, MMP7 and MMP14. Symbols represent medians, whiskers
indicate interquartile range. Global normalization; interquartile range: 25%–median–75%; significance:
Kruskal–Wallis test and Dunn’s multiple comparison test; * p < 0.05, ** p < 0.01).

2.3. Protein Levels of Proteinases in Human Prostate and Seminal Vesicles

Highest tissue levels were seen for KLK3 and ACPP-V1 by Western blotting (Figure 2A,B;
lanes 1 and 2) and epithelial cells showed highest immunofluorescence in CLSM (Figure 3A,M and
Figure 4A,B). Differences in total IF among groups were not significant (Figure 3M), except for TIMP1-IF
(p = 0.0368) as were the calculated ratios: MMP3/TIMP1 (p = 0.0119) and MMP7/TIMP1 (p = 0.0145;
Figure 3M). TIMP1-IF was especially high in epithelium and in interstitium of the prostate, comprising
smooth muscle cells (orange labelling in Figure 3E) and interstitial cells (red labelling) in BPH, while
being markedly diminished in epithelium and interstitial cells in PCa (Figure 3H). ACPP-V1 (short,
secreted isoform of ACPP) showed significant lower immunofluorescence in grade 4 PCa (Figure 4B).
Differences between MMP3-IF, MMP7-IF and TIMP2 were not significant (Figure 4C,D,I), whereas
trends of lower TIMP2-IF compared to nP were evident in PCa-gp3 (Figure 4I). Total MMP14-IF was
lower in PCa-gp3 (p < 0.05) and in PCa-gp4 (trend, not significant), and TIMP1-IF was significantly
higher in epithelial cells of BPH compared to PCa-gp3 (Figure 4H).
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Figure 2. Western blot analysis of prostate and seminal plasma. KLK3 and ACPP were detected in high
abundance in prostate tissue (lanes 1, 2) and seminal plasma (lanes 3, 4) at the predicted molecular
weight of 34 and 50 kDa, respectively (A,B); occasionally multiple banding indicated isoforms or
post-translational modification (glycosylation); CTSG was detected exclusively in prostate tissue
showing three to four distinct bands at ~35, ~45; ~60 and ~80 kDa (C); MMP7 could be detected in
prostate tissue and seminal plasma at ~30 kDa (D) and we found very low levels of TIMP1 (E). MMP14,
MMP3, TIMP2 and CMA1 were negative in all examined samples (data not shown; n = 4 prostate; n = 6
seminal plasma); (F) loading controls; note negative staining for β actin in seminal.

CLSM clearly revealed the different contributions of the epithelial cells and smooth muscle cells
to the observed alterations in total IF. Interestingly, KLK3-IF (=PSA) was not different between groups
(Figure 4A). Also, MMP3-IF and MMP7-IF showed no differences (Figure 4E,F) whereas MMP14-IF
was lower in PCa-gp3 than in nP (Figure 4G); and significant differences were detected for TIMP1-IF
(Figure 4H). TIMP2-IF was low in PCa-gp3 but did not reach statistical significance (Figure 4I).

We calculated the specific MMP/TIMP ratios as a surrogate of MMP activity. We found that MMPs
and TIMP2 were almost balanced in case of MMP3 and MMP7 (values around 1.0; data not shown),
while TIMP1 was present in excess indicated by ratios < 1.0 (Figure 5A,B). In contrast, expression of
MMP14 well exceeded TIMP2 in nP and PCa as indicated by ratios > 1.0 (Figure 5C), while expression
in BPH was balanced.
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Figure 3. Protein expression analysis using confocal immunofluorescence imaging. Immunohistochemical
tissue expression of selected proteases and tissue inhibitors of metalloproteinases. (A–L) Confocal
images demonstrating tissue distribution of target proteins (red); alpha-smooth muscle cell actin
(aSMCA; green). Phase contrast images are merged for tissue structure. Immunofluorescence (IF)
of KLK3, TIMP1 and TIMP2 in normal prostate (A–C), BPH (D–F); PCa Gleason pattern 4 (PCa-gp4;
G–I) and seminal vesicle (J–L). Note the marked upregulation of TIMP1 in BPH especially in SMC
(E; orange colored cells) and the downregulation of TIMP1-IF in the smooth muscle cells of PCa-gp4
(H); TIMP2-IF is almost completely lost in PCa-gp4 tissue (I); KLK3-IF in seminal vesicle was low,
TIMP1-IF moderate and TIMP2-IF was very low (J–I); Scale bar indicating 100 μm in (A) applies to all
micrographs; staining control (inset in A); (M) Scatter plot of fluorescence intensities; lines indicate
medians. Normal prostate (black symbols) are depicted as median with interquartile range. p-Values
are based on nonparametric Kruskal–Wallis test.
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Figure 4. Cellular distribution in prostate tissue. Data (mean (SEM)) are presented as fluorescence
intensity [FItarget/FIcontrol]; background fluorescence (bkgrd) = 1. Total fluorescence included complete
tissue area omitting the lumen. Smooth muscle cells (SMC) were identified by anti-smooth muscle
cell actin staining (green fluorescence, cf. Figure 2); epithelial cells (EC) area was delineated from DIC
images. Note the differences in Y-axis scaling. Differences in fluorescence intensities were not significant
for KLK3-IF (A), MMP3-IF (E), MMP7-IF (F) and TIMP2-IF (I). Note that the total-IF and SMC-IF is
unaltered for ACPP-V1 (B), CMA1 (C) and CTSG (D) whereas epithelial (EC)-IF is significantly lower
in PCa compared to BPH, indicating contribution of interstitial cells to total-IF. A comparable trend
not reaching significance level (p < 0.05) is seen for MMP14 (G). In contrast, the significant reduction
of TIMP1 total-IF is reflected by significant reduction of EC-IF (H). Kruskal–Wallis test with post-hoc
Dunn’s Multiple Comparison test as indicated by bars (* p < 0.05; ** p < 0.01); § indicates significant
difference between EC and SMC; § p < 0.05; §§ p < 0.01.
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Figure 5. Cellular distribution of MMP/TIMP ratios. Ratios (mean (SEM)) were calculated from
means of FItarget/FIbkgrd of the respective MMP-TIMP pairs and presented as FI-ratio. Note
that MMP14/TIMP2 ratios are >1.0 indicating excess of MMP14 (C), while MMP3/TIMP1 and
MMP7/TIMP1 ratios are <1.0 indicating excess of TIMP1 (A,B). Kruskal–Wallis test with post-hoc
Dunn’s Multiple Comparison test as indicated by bars (* p < 0.05; ** p < 0.01); no significant differences
were observed between EC and SMC.

To address the contribution of seminal vesicles in protease and inhibitor production, we also
investigated seminal vesicles (SV) by CLSM and compared the expression to nP. We found no significant
differences (Mann–Whitney test) but considerably lower IF for KLK3 and ACPP-V1 especially in
epithelial cells (EC IF, Figure 6).

Figure 6. Cont.
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Figure 6. CLSM analysis in seminal vesicles (SV). (A–C) Immunofluorescence in SV (n = 6) was
normalized to the IF in nP (n = 6). Parameter-free Mann–Whitney test detected no significant differences
between expression levels in nP and SV, but considerably lower IF was found for KLK3 and ACPP-V1,
especially in epithelial cells (EC, B).

3. Discussion

Based on our previous study, which defined small protein fragments within the seminal plasma
as biomarker fingerprint of prostate carcinoma [8], we were interested in the molecular background of
the production of these small peptides (≤20 kDa). We therefore explored the cellular expression of
certain proteases and their specific inhibitors within the prostate and seminal vesicle tissues. Most
of the small peptides that make up the biomarker pattern were derived from SEMG1 and SEMG2.
Cleavage site analysis revealed, that the observed SEMG1 and SEMG2 derived biomarkers cannot be
explained by KLK3 cleavage alone, implicating the presence of additional cleavage events. From the
available sequence data and proteolytic cleavage site searches we hypothesized proteolysis schemes
for SEMG1 and SEMG2 based on the involvement of KLK3, CMA1, CTSG, MMP3, MMP7, MMP13,
MMP14 or MMP20 as well as the pleiotropic functions of TIMP1 and TIMP2 [14].

As major findings of our study we highlighted that biomarkers found in seminal fluids represent
the endpoint of a complex liquefaction proteolytic cascade that involves matrix metalloproteinases
MMP3, MMP7 and MMP14 particularly when associated with down-regulation of TIMP1.
Downregulation of TIMP1 and TIMP2 has been found by in situ hybridization in the stroma of
PCa with higher Gleason scores (GS 8–10) compared to tissue of low Gleason scores [15], supporting
our immunohistochemical findings. MMPs are generally more active in advanced stages, caused
either by upregulation of MMPs and/or downregulation of their specific TIMPs and MMP activity has
been linked to metastasis [16]. MMPs can interfere with growth signals, inhibit apoptosis, and induce
angiogenesis and lymphangiogenesis all promoting tumor progression and metastasis. However,
MMPs may also possess nonproteolytic functions, like triggering cell migration by chemotaxis
(MMP14/TIMP2-MMP2 complex) or interfering with the complement proteinase cascade by interaction

362



Int. J. Mol. Sci. 2017, 18, 976

with C1q [17]. In line with existing literature, we found significant downregulation of TIMP1 in
PCa-gp3, while downregulation of TIMP2 did not reach significant levels. TIMP1- and TIMP2-levels
were also lower in PCa-gp4 compared to BPH (Figure 4). In most cases, fluorescence intensity was
significantly higher in epithelial cells (EC) than in interstitial smooth muscle cells (SMC), supporting
the notion, that malignant transformation of epithelial cells is responsible for the altered protease and
inhibitor levels. Further studies, using tumor or tumor stem cell specific markers are needed to analyze
the subpopulations of epithelial cells and their contribution to the protease pattern [18].

Except for TIMP1 (Figures 3B and 4H) gene expression and protein expression was not correlated.
This is in line with the finding that the concordance between transcript levels and protein expression
is only 48–64% in prostate specific proteome [19]. We used immunofluorescence techniques to study
cellular protein expression levels. Therefore, variations in the protein detection might be due to weak
antibody staining in the case of MMPs complex formation with TIMP1 and TIMP2 [20] or due to
epitope masking [21].

Our findings that MMP3/TIMP1 and MMP7/TIMP1 ratios were significantly lower in BPH
compared to nP and PCa (Figure 5A,B) is in line with the significant higher transcript expression levels
in BPH (Figure 1B) and the higher protein expression in confocal analysis (Figure 4H,I). In consequence,
activity of those two MMPs would be lower in BPH tissue, resulting in less cleavage activity in seminal
plasma as well.

Although western blotting analysis of seminal plasma consistently detected KLK3, ACPP and
MMP7 (Figure 2, lanes 3,4), the detection of CTSG, CMA1, MMP3, MMP14, TIMP1 and TIMP2 failed in
seminal plasma even though they were detectable in prostate tissue samples. These results could reflect
the complexation of MMPs with TIMPs that may mask the antibody recognition site as discussed
above. Concerning CTSG and CMA1, it is well known that seminal plasma contains several specific
CTSG inhibitors [22,23] and several classes of proteinases (e.g., Metalloproteinases, serine and cysteine
proteinases) may be able to activate and degrade CTSG and CMA1 [24,25].

In case of MMP14 discrepancies between gene expression (significantly up regulated in BPH
and PCa compared to nP) and protein tissue levels (significantly down regulated in PCa, compared
to nP and BPH) cannot be explained by complexation with TIMP2. Our findings indicate that cells
of the prostate interstitium (included in “total IF” columns) have increased protein expression and
may account for levelling the decrease in protein expression in epithelial cells (Figure 4). Additionally,
it should be taken into account that the protein content within cells considerably depends on secretion
rates and secretory status. Thus, especially high MMP14 secretion rates from epithelial cells in PCa
might account for the low levels of MMP14-IF measured in PCa tissues (Figure 4G).

In addition, we investigated seminal vesicles as a source of proteases and inhibitors. We found
low-level expression of most proteases and, interestingly, we also detected TIMP1 and low levels of
TIMP2 in seminal vesicles (Figure 3K,L).

So far, TIMP1 has been detected only in bovine tissue [26]. To our best knowledge, this study
is the first evidence for TIMP expression in human seminal vesicles. Of noteworthy, TIMPs play an
independent role beyond MMP inhibition, e.g., inhibition of tumor growth, invasion and metastasis,
growth factor-like activity, inhibition of angiogenesis and suppression of programmed cell death [27,28].
TIMPs have also been detected in seminal plasma and peculiar secretion by human seminal vesicles
has been suggested [29,30].

Our findings suggest that the proteinase cocktail provided for semen liquefaction varies
considerably between nP (60.71 ± 6.80 years; mean ± SD), BPH (70.30 ± 6.45 years) and PCa
(65.17 ± 6.83 years). Significant alterations in TIMP1 expression strongly suggests that altered
proteinase activities could lead to formation of seminal protein fragments and could be a candidate
for prostate cancer biomarkers. Although we did not directly measure MMP activity, the observed
increases in MMP/TIMP-ratios might indicate disruption/degradation of physiological extracellular
matrix associated to tumor growth. Interestingly, MMP3/TIMP1 and MMP7/TIMP1 ratios were not
different in nP and PCa, while they were significantly lower in BPH (Figure 5). As the prevalence of
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BPH constantly rises with age affecting 50–70% in men in the 5th and 6th decade, respectively [31],
it should be differentiated from PCa which occurs in the same age group. This view is supported by
our previous study demonstrating the need of a two-step procedure using two different biomarker
panels to reach accurate separation of groups: (1) 21PP for separation of PCa + BPH from CP + HC
and (2) 5PP for final detection of PCa (PCa vs. BPH) [8].

At the moment the effect of alterations in single proteases cannot be clearly linked to the
appearance of a specific cleavage product in seminal plasma due to unidentified co-players (e.g.,
endopeptidases) in the complex liquefaction cascade. However, elevated serum MMP7 levels
were reported to be significantly associated with metastatic and advanced PCa and was therefore
considered to be a biomarker candidate to detect metastatic PCa [32]. In addition, TIMP1 was
found downregulated in adenocarcinoma compared to BPH [33] and loss of TIMP1 correlated
with biochemical recurrence in patients with localized PCa [34]. These results are in line with our
findings and support the idea of regulation of MMP activity by TIMPs as crucial event in PCa growth
and progression.

The complex network of proteinases found in the seminal plasma during prostate diseases
(Figure 7) seems to generate many small proteolytic protein fragments, which represent the prostate
cancer microenvironment and may be useful for both understanding prostate biology and as potent
novel PCa biomarkers.

Figure 7. Proteolytic network in human seminal plasma. The role of some enzymes in liquefaction
cascade is still obscure (?).
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Semen liquefaction is the result of a complex proteolytic cascade involving different and
multidirectional protease-protease interactions. Although the interactions involve proteinases from
several families, at least three proteinases have been identified in seminal fluid with unknown
direct/indirect interactions/functions with other protease classes (adaptation from reference data [13]
and web databases: http://merops.sanger.ac.uk/, http://pmap.burnham.org/proteases; asterisks
= proteinases with significant changes in MS/MS [8] and qPCR analyses (CMA1, MMP3, MMP7,
MMP14, TIMP1, TIMP2; this study).

The major limitation of the present retrospective study was the restricted sample size. However,
the aim of this study was to explore the role of MMP/TIMP network in prostate and seminal vesicles
in the production of prostate cancer specific peptide patterns found in the seminal plasma. Future
extended studies, including metastatic castration-resistant prostate cancer (CRPC) patients, are needed
to validate this concept and to encourage the use of urine diagnostic markers as a tool for prostate
cancer diagnosis and prognosis.

4. Material and Methods

4.1. Ethics Statement

The study was approved by the Ethics Committee of the University of Leipzig (Reg.No.
084-2009-20042009; 305-12-24092012) and was conducted according to the principles expressed in
the Declaration of Helsinki. Written informed consent was obtained from all patients.

4.2. Quantitative Real-Time Polymerase Chain Reaction (qPCR)

We included samples from radical prostatectomies of patients with PCa (n = 12), transurethral
resection of BPH (n = 10) and normal prostate tissue (nP; n = 7) after instantaneous section evaluation
by our pathologist (LCH; Table 2).

Table 2. Characteristics of patients used for qPCR analysis.

Group n Age (Mean ± SD)
(95% CI)

PSA [ng/mL]
(95% CI) Gleason Score Histology

nP 7 60.71 ± 6.80
(54.43–67.00) n.a. n.a. normal prostate

BPH 10 70.30 ± 6.447
(65.69–74.91) n.a. n.a. BPH

PCa 12 65.17 ± 6.834
(60.82–69.51)

6.097 ± 1.868
(4.910–7.284)

≤6 (n = 6)
7 (n = 2)

>7 (n = 4)

pT2a (n = 2)
pT2c (n = 7)
pT3a (n = 3)

Age was not significantly different between groups (p = 0.0556; Kruskal–Wallis test, Dunn’s Multiple Comparison
Test). PSA values were not available for nP and BPH patients (n.a.).

Total RNA was extracted from deep frozen tissue specimens using peqGOLD TriFast extraction
kit (peQLab, Erlangen, Germany) according to the manufacturers protocol and transcribed into cDNA
using the Maxima First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany). Quantitative
PCR was performed with the real-time PCR-System realplex2 Mastercycler (Eppendorf, Hamburg,
Germany) using the SYBR-Green quantitative PCR Mastermix (Fermentas) and custom primers
(MWG-Biotech, Ebersberg, Germany; Table 3). Human 36B4 (acidic ribosomal phosphoprotein P0)
served as internal standard for normalization using the 2−ΔΔCt method for relative quantification [35].
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Table 3. Primer pairs used for qPCR analysis of the liquefaction cascade. KLK3 (PSA): kallikrein related
peptidase 3; MMP: matrix metalloproteinase; CMA1: chymase 1; CTSG: cathepsin G; ACPP: prostatic
acid phosphatase; h36B4: ribosomal protein P0 (housekeeping gene).

Gene Acc. No. Sequence
(F) forward, (R) reverse

Binding to
Exon

ACPP
(both isoforms) NM_001099.4

(F) 5′-cga agt ccc att gac acc tt-3′ 2
(R) 5′-atc aaa gtc cgg tca acg tc-3′ 4

ACPP-V1
(transcript variant 1) NM_001099.4

(F) 5′-tgt gag tgg cct aca gat gg-3′ 9
(R) 5′-tgt act gtc ttc agt acc ttg a-3′ 10

ACPP-V2
(transcript variant 2) NM_001134194.1

(F) 5′-gga ctc ctt cct ccc tat gc-3′ 9
(R) 5′-agg caa cag caa aga tga cc-3′ 11

PSA/KLK3 NM_001030047.1
(F) 5′-cat gct gtg aag gtc atg ga-3′ 3
(R) 5′-agc aca cag cat gaa ctt gg-3′ 4

MMP3 NM_002422.1
(F) 5′-gca gtt tgc tca gcc tat cc-3′ 1

(R) 5′-gag tgt cgg agt cca gct tc-3′ 2

MMP7 NM_002423.3
(F) 5′-gag tgc cag atg ttg cag aa-3′ 2
(R) 5′-gcc aat cat gat gtc agc ag-3′ 3

MMP13 NM_002427.3
(F) 5′-ttg agc tgg act cat tgt cg-3′ 1

(R) 5′-gga gcc tct cag tca tgg ag-3′ 2

MMP14 NM_004995.2
(F) 5′- caa gca ttg ggt gtt tga tg-3′ 8
(R) 5′-tcc ctt ccc aga ctt tga tg-3′ 9

MMP20 NM_004771.3
(F) 5′-ctc atc ctt tga cgc tgt ga-3′ 6
(R) 5′-ctt cgt aag ctg cat cca ca-3′ 7

CMA1 NM_001836.2
(F) 5′-tgc aag agg tga agc tga ga-3′ 4
(R) 5′-gag att cgg gtg aag aca gc-3′ 5

CTSG NM_001911.2
(F) 5′-ata atc agc gga cca tcc ag-3′ 3
(R) 5′-tgc cta tcc ctc tgc act ct-3′ 4

h36B4 NM_002775.1
(F) 5′-ccg act cct ccg act ctt c-3′ 6

(R) 5′-aac atg ctc aac atc tcc cc-3′ 8

4.3. Protein Analysis by Indirect Immunofluorescence

We performed semi-quantitative analyses of the immunofluorescence (IF) and distribution of
target proteins in tissue samples of normal prostate (n = 6), BPH (n = 6), seminal vesicles (n = 6) and
PCa (n = 10; Table 4) using confocal laser scanning microscopy (CLSM).

Table 4. Characteristics of patients used for immunofluorescence analysis.

Group n Age (95% CI) PSA [ng/mL]
(95%CI) Gleason Score Histology

nP 6 62.17 ± 4.79
(57.14–67.20) n.a. n.a. normal prostate

BPH 6 67.50 ± 5.93
(61.28–73.72) n.a. n.a. BPH

PCa 10 61.50 ± 9.25
(54.88–68.12) 19.44 ± 12.62 (n = 8) 6 (n = 2)

7 (n = 8)
pT1c (n = 7)
pT2c (n = 3)

SV 6 61.17 ± 8.68
(52.06–70.28) 11.41 ± 4.87 (n = 5) 6 (n = 2)

7 (n = 4)
normal, not
infiltrated

Age was not significantly different between groups (p = 0.3997; Kruskal–Wallis test, Dunn’s Multiple Comparison
Test). PSA values were not available for nP and BPH patients (n.a.).
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Seven micron thick paraffin sections of prostate biopsies and material from radical prostatectomies
were deparaffinized, rehydrated and processed for antigen retrieval in 10 mM citrate buffer (pH 6.0,
100 ◦C) in a steamer (Braun, Kronberg, Germany). Slices were then washed in phosphate-buffered
saline (pH 7.4) and transferred to Tris-buffered saline (50 mM TBS, pH 7.4). Following treatment
with TBS (0.1% Triton X-100) for 10 min and blocking unspecific binding (TBS, 0.1% Triton X-100,
1% bovine serum albumin, 3% fat-free milk powder) for 15 min at room temperature, slices were
incubated overnight in a cocktail of anti-alpha smooth muscle cell actin monoclonal mouse IgG2a
antibody (1:2000) and target antibody in blocking buffer at 4 ◦C (Table 5).

Table 5. Antibodies used in indirect immunofluorescence (IF) and Western blotting (WB). Sources:
1 Acris Antibodies GmbH, Herford, Germany; 2 antibodies online, Aachen, Germany; 3 Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA; 4 Proteintech Group Inc., Manchester, UK; 5 Histo-line
Laboratories, Milan, Italy; 6 Abcam Inc., Cambridge, MA, USA; 7 QED Bioscience Inc., San Diego,
CA, USA; 8 Novus Biologicals Europe, Abingdon, UK; 9 Sigma-Aldrich Chemie GmbH, Steinheim,
Germany; 10 LI-COR Biosciences GmbH, Bad Homburg, Germany; Rb (rabbit); Ms (mouse); polyclonal
(poly); monoclonal (mono).

Antigen/Primary Antibodies Source Type Order-No. Dilution

KLK3 1 Rb, poly AP15748PU-S 1:200 (IF), 1:500 (WB)
CMA1 2 Rb, poly ABIN679853 1:200 (IF), 1:400 (WB)
CTSG 2 Rb, poly ABIN731843 1:200 (IF), 1:500 (WB)
MMP3 2 Rb, poly ABIN668301 1:200 (IF)
MMP3 3 Ms, mono sc-21732 1:500 (WB)
MMP7 2 Rb, poly ABIN668451 1:200 (IF)
MMP7 4 Rb, poly 10374-2-AP 1:500 (WB)

MMP14 5 Rb, poly 29025 1:200 (IF)
MMP14 6 Rb, poly ab3644 1:500 (WB)

ACPP-V1 2 Rb, poly ABIN966903 1:80 (IF), 1:500 (WB)
TIMP1 7 Rb, poly 29022 1:200 (IF), 1:1000 (WB)
TIMP2 2 Rb, poly ABIN373976 1:200
β Actin 8 Ms, mono NB600-501 1:4000 (WB)
GAPDH 3 Ms, mono sc-47724 1:1000 (WB)

alpha-smooth muscle actin 9 Ms, mono A2547 1:2000
goat-anti Ms IRDye® 680RD 10 Goat IgG 926-68070 1:8000 (WB)
goat-anti Rb IRDye® 680RD 10 Goat IgG 926-68071 1:8000 (WB)

For visualization, the sections were incubated with Alexa Fluor® 488 goat-anti-mouse IgG2a
and Alexa Fluor® 555 goat anti-rabbit antibodies (Invitrogen, Karlsruhe, Germany) at a dilution
of 1:500 for 1 h at room temperature. For semi-quantitative analysis scans were acquired at a
LSM5 Pascal (Carl Zeiss, Jena, Germany) using a Plan-Neofluar 20x/0.5 Objective (Carl Zeiss, Jena,
Germany) at 488 and 543 nm excitation wavelengths. Pinholes were adjusted to give an optical slice
of <5.0 μm. Hematoxylin/Eosin stained sections were evaluated by the pathologist and regions of
defined histological grading were defined. Five images were taken randomly in corresponding
immunofluorescence stained sections and analysed in ImageJ 1.49t (Rasband WS. ImageJ. U S
National Institutes of Health, Bethesda, Maryland, USA, available online: http://rsb.info.nih.gov/ij/,
1997–2006) using self-written analysis tools. Data were transferred to Apache OpenOffice™ 3
(Apache Software Foundation, available online: https://www.apache.org) for calculations. Target
mean fluorescence intensities were normalized to staining control (omission of primary antibody)
fluorescence intensities.

4.4. SDS Page and Western Blotting

We used six samples of normal prostate tissue that was excised following radical resection of
the prostate and examined by our pathologist (LCH) to ensure tumor-free samples. Seminal plasma
samples were collected and stored in liquid nitrogen at −196 ◦C until use. For SDS-PAGE (sodium
dodecyl sulphate polyacrylamide gel electrophoresis), prostate tissue specimens were thawed on
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ice and later extracted using 500 μL/100 mg 50 mmol/L Tris-HCL supplemented with 1% sodium
dodecyl sulphate (SDS), 5 μL protease inhibitor cocktail (Sigma-Aldrich, Steinheim, Germany) and
5 μL phenylmethylsulfonylfluoride. The tissue was homogenized on ice using an Ultra Turrax T10 (Ika
GmbH & Co., Staufen, Germany), further extracted for 1 h at 4◦C and thereafter centrifuged at 500× g
for 2 min at 4 ◦C. Protein concentration of the supernatant was determined by Pierce™ BCA Protein
Assay Kit (Thermo Fischer Scientific, Rockford, IL, USA) using a NanoDrop 1000 spectrophotometer
(PEQLAB Biotechnologie GmbH, Erlangen, Germany). Seminal plasma probes were thawed on ice
and protein concentration was determined as indicated above. 30 or 50 μg protein was used per lane
on NuPage Bis-Tris 4–12% gradient mini gels (Life Technologies, Darmstadt, Germany).

Western blotting was performed onto PVDF membranes according to supplier’s protocol in a
Bio-Rad Mini Trans-Blot® system (Bio-Rad Laboratories GmbH, München, Germany). Membranes
were blocked for 1 h with 2% BSA (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) followed by
incubation with primary antibody incubation at 4 ◦C (Table 5). Anti-beta actin and anti-GAPDH
antibodies were used as loading controls. For detection, we used goat-anti mouse IRDye 680 or
goat-anti rabbit IRDye 680 secondary antibodies diluted at 1:8000 (LI-COR Biosciences GmbH, Bad
Homburg, Germany). Blots were scanned using an Odyssey Infrared Imaging System (LI-COR).

4.5. Statistical Analysis

Statistics and graphing were done with Prism 5 (GraphPad Software Inc., La Jolla, CA, USA).
Parameter free tests were used as indicated in the figure legends. All numbers are given as mean ±
SEM (standard error of the mean), unless indicated otherwise.

5. Conclusions

We conclude that tissue levels of MMP3 and MMP7 (finely regulated by their inhibitors TIMP1
and TIMP2) are altered in PCa compared to benign prostatic hyperplasia, which is of special relevance
in elderly men. These findings link tissue alterations to altered liquefaction cascade, indicating
disease-related alterations in prostate tissue and hence in liquefaction cascade. For the first time, we
present evidence for a contribution of seminal vesicles to the fine-tuning of the liquefaction protease
network. Our findings thus support the concept of seminal plasma biomarkers as non-invasive tool
for PCa detection and risk stratification in men aged 60–70 years.
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Abstract: 18F-fluciclovine (trans-1-amino-3-18F-fluorocyclobutanecarboxylic acid) is an amino acid
positron emission tomography (PET) tracer used for cancer staging (e.g., prostate and breast). Patients
scheduled to undergo amino acid-PET are usually required to fast before PET tracer administration.
However, there have been no reports addressing whether fasting improves fluciclovine-PET
imaging. In this study, the authors investigated the influence of fasting on fluciclovine-PET using
triple-tracer autoradiography with 14C-fluciclovine, [5,6-3H]-2-fluoro-2-deoxy-D-glucose (3H-FDG),
and 99mTc-hydroxymethylene diphosphonate (99mTc-HMDP) in a rat breast cancer model of mixed
osteolytic/osteoblastic bone metastases in which the animals fasted overnight. Lesion accumulation
of each tracer was evaluated using the target-to-background (muscle) ratio. The mean ratios of
14C-fluciclovine in osteolytic lesions were 4.6 ± 0.8 and 2.8 ± 0.6, respectively, with and without
fasting, while those for 3H-FDG were 6.9 ± 2.5 and 5.1 ± 2.0, respectively. In the peri-tumor bone
formation regions (osteoblastic), where 99mTc-HMDP accumulated, the ratios of 14C-fluciclovine were
4.3 ± 1.4 and 2.4 ± 0.7, respectively, and those of 3H-FDG were 6.2 ± 3.8 and 3.3 ± 2.2, respectively,
with and without fasting. These results suggest that fasting before 18F-fluciclovine-PET improves
the contrast between osteolytic and osteoblastic bone metastatic lesions and background, as well
as 18F-FDG-PET.

Keywords: bone metastasis; breast cancer; FACBC; fluciclovine; FDG; positron emission tomography;
prostate cancer

1. Introduction

The most used positron emission tomography (PET) tracer for cancer imaging is
2-deoxy-2-18F-fluoro-D-glucose (18F-FDG), which is an analogue of D-glucose. Cancer cells take up
this PET tracer because 18F-FDG shares its transport routes (i.e., glucose transporters) with D-glucose.
High concentrations of plasma glucose may compete with 18F-FDG at glucose transporters in cancer
cells and elevates plasma insulin which unfavorably alters the biodistribution to the radiotracer [1].
Thus, patients scheduled to undergo 18F-FDG-PET are required to fast for 4 h to 6 h to lower plasma
glucose concentration before PET imaging.
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Several amino acid (AA) PET tracers, including 11C-methionine, have been used for diagnostic
purposes in cancer patients [2]. Although studied previously, issues regarding the necessity of fasting in
clinical PET with AA tracers [3] have yet to be resolved. Fasting is routinely recommended for patients
undergoing AA-PET as well as 18F-FDG-PET. There have been few studies investigating the influence
of fasting or food intake before AA-PET. The authors of one study investigating 11C-methionine-PET
for head and neck cancer concluded that food ingestion may decrease 11C-methionine uptake in
tumors, although the image quality remained satisfactory after food ingestion [4].

18F-fluciclovine, also known as trans-1-amino-3-18F-fluorocyclobutanecarboxylic acid (FACBC; code
name: NMK36, Nihon Medi-Physics; brand name: Axumin, Blue Earth Diagnostics, Burlington, MA,
USA), is an AA-PET tracer, and has been approved by the United States Food and Drug Administration
for the detection of prostate cancer (PCa) recurrence since 2016. Even in 18F-fluciclovine-PET imaging,
patients usually fast for ≥4 h before tracer administration without any conclusive evidence supporting
the influence of fasting for 18F-fluciclovine uptake in tumors [5]. Although one clinical research study
involving non-fasted breast cancer (BCa) patients has been published, PET imaging was performed for
the chest only and no comparison was made to control fasted subjects [6]. Thus, it is not known whether
fasting influences tumor uptake of 18F-fluciclovine in PCa and BCa patients.

Most patients with advanced PCa and BCa present with mixed osteolytic and osteoblastic
bone metastases [7]. To investigate the influence of fasting on 18F-fluciclovine accumulation in bone
metastatic lesions, we established a rat bone metastatic model, which forms both osteolytic and
osteoblastic lesions in the tibia and/or femur, by intra-arterial injection of MRMT-1 cells, a rat BCa
cell line with a 100% success rate for skeletal metastases. Using this animal model, triple-tracer
autoradiography was performed using trans-1-amino-3-fluoro[1-14C]cyclobutanecarboxylic acid
(14C-fluciclovine), [5,6-3H]-2-Fluoro-2-deoxy-d-glucose (3H-FDG), and 99mTc-hydroxymethylene
diphosphonate (99mTc-HMDP) to compare the tracers’ accumulation at identical bony lesions. Our
findings suggest that overnight fasting influenced the uptake of 18F-fluciclovine in the bony lesions,
and that the tumor-to-muscle uptake ratios in osteolytic and osteoblastic lesions were higher in the
fasted condition compared with the fed condition.

2. Results

2.1. In Vitro Experiments

14C-fluciclovine is a synthetic AA and is transported by AA transporters (AATs). To investigate
which transport system mediates the transport of this tracer in MRMT-1 cells, in vitro uptake inhibition
experiments were performed. As shown in Figure 1a, the uptake of 14C-fluciclovine decreased
to 38.4% in choline buffer compared with sodium buffer, corresponding to contributions of the
Na+-dependent and -independent carriers for 14C-fluciclovine transport in MRMT-1 cells of 61.6%
and 38.4%, respectively. To narrow the subtypes of AATs involved in 14C-fluciclovine transport
in MRMT-1 cells, competitive uptake experiments were performed in the absence or presence of
several synthetic and naturally-occurring AAs as inhibitors. As shown in Figure 1b, small neutral
AAs, such as glutamine and serine, showed strong inhibitory effects for 14C-fluciclovine uptake
(82.4% and 77.0% decreases vs. control, respectively), while phenylalanine, a branched-chain AA,
and 2-amino-bicyclo[2,2,1]heptane-2-carboxylic acid (BCH) demonstrated smaller inhibitory effects
(33.3% and 37.6% decreases, respectively, vs. control) in the presence of sodium ion. In contrast,
phenylalanine and BCH inhibited 14C-fluciclovine transport by more than 90% versus control in the
absence of sodium ion. Proline, 2-(methylamino)-isobutyric acid (MeAIB), arginine, and glutamate
had no statistically-significant inhibitory effect on 14C-fluciclovine transport into MRMT-1 cells. These
results suggest that the strong inhibitory effects of glutamine and serine in the presence of sodium
ion mean that the alanine-serine-cysteine (ASC) system, especially the ASC transporter 2 (ASCT2),
is the primary carrier in Na+-dependent AATs. On the other hand, the intense inhibitory effects of
phenylalanine and BCH in the absence of sodium ion suggest that system L, especially the L-type AA
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transporter (LAT1), is the primary carrier in Na+-independent AATs for the transport of 14C-fluciclovine
in MRMT-1 cells.

Figure 1. Characteristics of 14C-fluciclovine transport in MRMT-1 cells. (a) Contributions of
Na+-dependent and -independent carriers on the uptake of 14C-fluciclovine. The transport of
14C-fluciclovine in sodium buffer was normalized to 100%. (b) Competitive inhibition of 10 μmol/L
14C-fluciclovine transport by naturally-occurring and synthetic amino acids (2.0 mmol/L). The control
transport (absence of inhibitors) of 14C-fluciclovine in sodium and choline buffer was normalized to
100%. Each bar represents the mean ± standard deviation (SD) (n = 6). * p < 0.05, ** p < 0.01. Arg:
arginine, BCH: 2-amino-bicyclo[2,2,1]heptane-2-carboxylic acid, Cont: control, Gln: glutamine, Glu:
glutamate, MeAIB: 2-(methylamino)-isobutyric acid, Phe: phenylalanine, Pro: proline, Ser: serine.

2.2. In Vivo Experiments

The distribution patterns of 14C-fluciclovine in the tibia and/or femur were basically similar
to 3H-FDG in both fasted and fed conditions, as shown in Figure 2. Visualization of the tumor
mass in bone marrow cavities was clearer with 3H-FDG because the physiological accumulation of
14C-fluciclovine in bone marrow was higher than 3H-FDG. Although 14C-fluciclovine and 3H-FDG
accumulated at the peri-tumor bone formation (pTBF) in osteoblastic lesions, characterized by
99mTc-HMDP accumulation, the images were obscure compared with the tumor parenchyma (Figure 2).

Figure 3 shows the results of histological examination in osteolytic and osteoblastic bone
metastasis lesions in a representative rat that was fed. In the osteolytic lesion (black frame on the
toluidine blue (TB) image in Figure 3b), the absorption pits with tartrate-resistant acid phosphatase
(TRAP) activity indicating osteoclast infiltration was observed. Hematoxylin and eosin (H&E) staining
revealed many osteoclasts, characterized by multiple nuclei on the surface of cortical bone in the
pits (Figure 3c). On the other hand, the osteoblastic lesions (the yellow frame on the TB image
in Figure 3b) revealed alkaline phosphatase (ALP) activity and pTBF, indicating the appearance of
osteoblasts and osteoids, respectively, between tumor mass and the surface of cortical bone (H&E and
TB images in Figure 3c). Almost all of the tumor cells in the osteolytic lesion were positive for ASCT2
(upper row in Figure 3c). On the other hand, ASCT2 expression in intra-tumoral cells was scant
compared with that in the peripheral cells of the tumor mass and osteoblasts on the bone surface in
the osteoblastic lesion (lower row in Figure 3c). LAT1-positive cells were scattered in all of the tumor
tissues from both osteolytic and osteoblastic lesions (Figure 3c). No obvious differences were observed
in the expression of ASCT2 and LAT1 between the fasted and fed rats (supplementary Figure S1).
These results demonstrate that 14C-fluciclovine and 3H-FDG accumulated in histologically confirmed
osteolytic and osteoblastic bone metastasis lesions.
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Figure 2. Triple-tracer autoradiography using 14C-fluciclovine, 2-deoxy-2-18F-fluoro-d-glucose
(3H-FDG), and 99mTc-hydroxymethylene diphosphonate (99mTc-HMDP) in breast cancer bone
metastasis model rats. Macroscopic images (schema, gross, toluidine blue (TB) staining) and
autoradiograms of each tracer in (a) fasting and (b) fed rats are shown. Each image was adjusted
for optimal contrast and color scale bars on each autoradiogram represent Bq range for each tracer.
The high-power microscopic fields of typical osteolytic and osteoblastic lesions corresponding to
the blue and green frames on the macroscopic images in Figure 2a,b are shown in Figure 3 and
supplementary Figure S1, respectively. The lesions correspond to 99mTc-HMDP-positive areas, except
for physiological accumulation in growth plates, which were considered peri-tumor bone formation
(pTBF) in osteoblastic lesions (yellow arrows).

Semi-quantitative analyses were used to evaluate tumor-to-muscle accumulation ratios of
14C-fluciclovine and 3H-FDG are shown in Figure 4 and Table 1. The targetmean (metastatic
lesion)-to-backgroundmean (muscle) (T/BG) ratio of both tracers were statistically higher in the fasting
condition than in the fed condition in osteolytic and pTBF lesions (p < 0.01). Comparing tracers, the
ratios of 3H-FDG were statistically higher than 14C-fluciclovine in osteolytic lesions (p < 0.01), but not
in pTBF lesions, under fasting and fed conditions. The distributions of T/BG ratios of 3H-FDG in both
lesions were wider than that of 14C-fluciclovine, as shown in Figure 4 and Table 1.

Table 1. Summary of the distributions of T/BG ratios of 3H-FDG and 14C-fluciclovine in the osteolytic
lesions and pTBF in osteoblastic lesions of breast cancer bone metastasis model rat with and without
overnight fasting.

Lesion Tracer Diet Min. Max. Median 1st Qu. 3rd Qu. Mean ± S.D.

OL
3H-FDG

Fasting 2.9 13.2 6.2 5.5 7.0 6.9 ± 2.5
Feeding 1.6 10.7 5.0 3.7 6.1 5.1 ± 2.0

14C-fluciclovine
Fasting 3.1 6.8 4.4 3.9 5.1 4.6 ± 0.8
Feeding 1.4 5.9 2.7 2.4 3.1 2.8 ± 0.6

pTBF
3H-FDG

Fasting 1.6 12.8 5.6 3.7 10.5 6.6 ± 3.8
Feeding 0.6 8.2 2.8 1.7 4.3 3.3 ± 2.2

14C-fluciclovine
Fasting 2.6 7.6 4.1 3.8 4.9 4.5 ± 1.4
Feeding 1.0 3.9 2.5 1.8 2.9 2.4 ± 0.7

1st Qu.: first quartile, 3rd Qu.: third quartile, 3H-FDG: 2-deoxy-2-18F-fluoro-d-glucose, Max.: maximum value of
T/BG ratios, Min.: minimum value of T/BG ratios, pTBF: peri tumor bone formation, OL: osteolytic, S.D.: standard
deviation, T/BG: targetmean (metastatic lesion)-to-backgroundmean (muscle).
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Figure 3. Comparison of the tracer accumulations of 14C-fluciclovine, 2-deoxy-2-18F-fluoro-d-glucose
(3H-FDG) and 99mTc-hydroxymethylene diphosphonate (99mTc-HMDP), and the histological
characteristics of typical osteolytic and osteoblastic lesions in a representative breast cancer bone
metastasis model rat that was fed. (a) The enlarged autoradiograms and the schema and
(b) the histological images (toluidine blue (TB), tartrate-resistant acid phosphatase (TRAP), alkaline
phosphatase (ALP)) correspond to the blue frame on the schema in Figure 2b are represented. The
lesions corresponding to 99mTc-HMDP-positve were considered peri-tumor bone formation (pTBF) in
osteoblastic lesions (yellow arrows). (c) The high-power microscopic fields (hematoxylin and eosin
(H&E), TB, alanine-serine-cysteine transporter 2 (ASCT2), L-type amino acid transporter 1 (LAT1))
correspond to the black, red, yellow, and cyan frames on the TB image in Figure 3b are shown. The red,
yellow, and white scale bars on each panel correspond to 50 μm, 200 μm, and 500 μm, respectively. BM:
bone marrow, CB: cortical bone, Ob: osteoblasts, Oc: osteoclasts, Os: osteoids, Tu: tumor.
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Figure 4. Beeswarm and box plots showing the distributions of targetmean (metastatic
lesion)-to-backgroundmean (muscle) (T/BG) ratios of 2-deoxy-2-18F-fluoro-D-glucose (3H-FDG) and
14C-fluciclovine in (a) osteolytic lesions (OL), and (b) peri-tumor bone formation (pTBF) in osteoblastic
lesions in breast cancer bone metastasis model rats, with and without overnight fasting. The numbers
under each box indicate the number of lesions. n.s.: not significant.

3. Discussion

We aimed to determine whether fasting before 18F-fluciclovine-PET imaging improved
visualization of bone metastasis lesions using a rat BCa bone metastasis model exhibiting osteolytic
and osteoblastic lesions. Our findings suggest that fasting before fluciclovine-PET imaging improves
the background contrast between osteolytic/osteoblastic bony lesions and muscle.

First, we investigated the AATs involved in the uptake of 14C-fluciclovine in MRMT-1 cells, a
rat BCa cell line. We confirmed that ASCT2 and LAT1 were the primary AATs for 14C-fluciclovine
transport in MRMT-1 cells, as well as prostate and brain cancer cell lines [8–12]. Second, we designed
a bone metastasis model and injected MRMT-1 cells into the saphenous artery of the hind legs of rats.
In this model, the mixed lesions of osteolytic and osteoblastic metastases, closely mimicking clinical
findings [7], were formed in the tibia and/or femur.

Using this animal model, we performed triple-tracer autoradiography with 14C-fluciclovine/
3H-FDG/99mTc-HMDP and evaluated the accumulation of each tracer in identical bony lesions.
Comparing the T/BG ratios of 14C-fluciclovine accumulation in rats that were fasted overnight with
those in rats fed ad libitum, the ratios were higher in both osteolytic and osteoblastic lesions under the
fasted condition than in the fed condition. It has been reported that the sum concentration of all plasma
AAs decrease by 10% in rats fasted for one day, although the decreases do not involve drastic changes,
unlike blood glucose (−35%) [13]. Among the AAs, proline (−48.9%), alanine (−21.8%), histidine
(−18.2%), and glutamine (−13.1%), which are substrates of the ASC or L systems, demonstrated
relatively high reduction rates in this experiment [13]. Thus, we expected that the concentration of
these neutral AAs in rat plasma would be decreased by fasting before the injection of 14C-fluciclovine
and, consequently, that the autoradiography images of tumor lesions would be improved by increased
14C-fluciclovine transport into the cancer cells. The T/BG ratios of 14C-fluciclovine were, in fact,
statistically higher under the fasted condition compared with the fed condition. Thus, we believe
that it is reasonable to prescribe fasting to PCa patients before fluciclovine-PET, not only to decrease
plasma AA concentration, but to force the AA concentration toward favoring fluciclovine transport,
thus achieving a more quantitative fluciclovine-PET scan.
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There have been some reports describing the influence of meal or plasma AAs on AA-tracer
accumulation in tumors. Lindholm et al. [4] performed an intra-individual clinical study to investigate
whether the ingestion of a liquid meal influenced the accumulation of 11C-methionine, which is
transported by LAT1 [10,11], in patients with head and neck cancer. In that study, initial PET imaging
was performed after an overnight fast; the second PET imaging was then performed after ingesting the
liquid meal containing L-methionine and branched-chain AAs 6 to 7 days after the first PET imaging.
PET imaging was initiated 45 min after ingestion. The standard uptake values of 11C-methionine in the
tumor after ingestion decreased to a statistically lower level than that in tumors after fasting, although
the tracer entering rate (i.e., K1) into the tumor was not changed substantially [4]. Additionally,
11C-methionine uptake in gliomas and normal brain tissue, while the patient received an intravenous
infusion of branched-chain AAs, decreased [14]. Similar results were observed in glioma patients
injected with 3-123I-Iodo-L-α-methyltyrosine (123I-3-IMT), which is known to be transported by LAT1,
with intravenous infusion of a mixture of naturally-occurring L-AAs during imaging [15]. The
decreasing level of tracer accumulation in tumors observed in these three studies was believed to
be caused by competitive inhibition between the exogenous AAs and tracers on LAT1. Thus, it is
believed that ingesting food containing abundant AAs before, or intravenous infusion of AAs during,
fluciclovine-PET imaging decreases the tumor accumulation of 18F-fluciclovine in PCa patients because
18F-fluciclovine is also transported by LAT1.

ASCT2 and LAT1 are obligatory AA exchangers with a 1:1 stoichiometry. If cancer cells are
preloaded with AAs, which can trans-stimulate the influx of extracellular AAs (trans-stimulators),
the velocity of AA transport through the AA exchangers is accelerated [8]. Thus, the preinjection
of trans-stimulators into cancer patients would be expected to accelerate the uptake of PET tracers
into cancer cells. Based on this hypothesis, Lahoutte et al. investigated the effect of intraperitoneal
preinjection (30 min before tracer injection) of each naturally-occurring AA (arginine, aspartate,
glutamate, phenylalanine, proline, tryptophan) on the uptake of 123I-3-IMT into the subcutaneous
tumor of Rhabdomyosarcoma (R1M) tumor-bearing rats fasted for 4 h [16]. They found that the
strongest effect was observed with the preinjection of tryptophan, which is a substrate of LAT1,
although all AAs used in the study accelerated the uptake of 123I-3-IMT into the tumor. This increase
of 123I-3-IMT transport into the subcutaneous tumor is explainable and based on trans-stimulation
by preloaded tryptophan via LAT1. Accordingly, it is believed that 18F-fluciclovine transport also
would be accelerated by the preinjection of trans-stimulators because this PET tracer is also recognized
by ASCT2 and LAT1. On the other hand, Lahoutte’s findings are discrepant with findings involving
11C-methionine reported by Lindholm et al. [4]. The reason for the discrepancy may be the result of
differences in experimental protocols between the studies: the injected substance (liquid meal vs. AA),
the injection route (oral vs. intravenous), the species (rats vs. human), and fasting duration before
tracer injection (4 h vs. non-fasting). Although fasting and preloading AAs appear to be conflicting
treatments, there is a possibility that both may improve the visualization of PCa on fluciclovine-PET.
Sophisticated, non-clinical studies are needed to determine the optimal imaging conditions for
fluciclovine-PET, including variables such as fasting duration, type and dose of trans-stimulators, and
timing of 18F-fluciclovine administration after fasting, or preinjection of trans-stimulators, because the
metabolism of AAs in rats differs from that in humans.

We demonstrated that the T (tumor)/BG (muscle) ratios of 14C-fluciclovine in osteolytic and
osteoblastic lesions in fasted rats were higher than in rats that were fed. We believe that the increased
rate of 14C-fluciclovine uptake in cancer cells was greater than in muscular cells under experimental
starvation. Our hypothesis for these findings is as follows: the most abundant and important neutral
AA for mammalian cells is glutamine, which is transported by ASCT2 and sodium-dependent neutral
amino acid transporter 2 (SNAT2) [17]. In muscle, SNAT2 is abundantly expressed compared with
ASCT2 [18], and regulates intramuscular glutamine concentration [19–21]. A portion of intracellular
glutamine is used for transport exchange with extracellular leucine via LAT1, and leucine regulates
the production and degradation of protein in muscle as an activator for the mammalian target of
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rapamycin complex 1 (mTORC1), a key player in cellular functions such as protein and lipid synthesis,
glycolysis, autophagy, etc. [22,23]. Decreases in intramuscular leucine represses mTORC1 signaling
under fasting conditions, followed by the activation of the autophagic pathway, protein degradation,
and the production of AAs [24]. The AAs are released from muscle and delivered to the liver and
used for glycogenesis [25]. Thus, the efflux of AAs from muscular cells is facilitated under the
starvation condition.

On the other hand, many types of cancers co-express ASCT2 and LAT1 on the cell surface [26],
and these AATs function as key players for AA transport including glutamine and leucine in cancer
cells [17]. In fact, many studies have reported that the co-expression of ASCT2 and LAT1 correlates with
malignancy and prognosis in several types of cancer [27–33]. Although cancer cells can also actuate an
autophagic process during starvation, the AAs produced by protein degradation in cancer cells are
used for cancer-cell survival [34]. Instead, cancer facilitates the autophagic process in muscle tissue [35].
Thus, it is believed that cancer cells accelerate the influx of AAs rather than efflux, unlike muscle
under fasting conditions. Because ASCT2 and LAT1 are the primary AATs mediating 14C-fluciclovine
transport, we speculate that the increased rate of 14C-fluciclovine uptake in cancer cells is greater than
in muscle cells under conditions of starvation. Therefore, the T/BG ratios of 14C-fluciclovine in the
bone metastatic lesions in fasted rats were higher than in rats that were fed.

As mentioned, AA metabolism is a complex process, and different in humans and rats.
The duration of fasting for fluciclovine-PET (4 to 6 h) scans in clinical settings and our animal
experiment (17 to 18 h) is quite different. Thus, there is a possibility that the influence of fasting
on 18F-fluciclovine accumulation in cancer tissue is reduced in clinical practice compared with the
influence observed in our animal experiments. Additionally, the imaging time in the current study was
30 min, which falls within the plateau phase of 18F-fluciclovine uptake in orthotopic transplanted PCa
of a previously described animal model [36]. On the other hand, imaging results at 30 min correspond
to the late phase of a clinical fluciclovine-PET scan (typically 5 to 30 min); by that time, 18F-fluciclovine
uptake decreases in prostate, lymph node, and bone lesions [37,38]. Consequently, uptake may have
been underestimated in the current animal experiment. Further in vitro and in vivo studies are needed
to extrapolate our findings to humans. Furthermore, intra-individual clinical studies are required
to elucidate whether fasting and/or preloading trans-stimulators before fluciclovine-PET influences
tumor accumulation of 18F-fluciclovine and improves fluciclovine-PET imaging in cancer patients.

4. Materials and Methods

4.1. Reagents

All reagents were purchased from Life Technologies (Carlsbad, CA, USA), Sigma-Aldrich
(St. Louis, MO, USA), Nacalai Tesque (Kyoto, Japan), and Wako Pure Chemical Industries (Osaka,
Japan), unless otherwise indicated. 14C-labeled fluciclovine (14C-fluciclovine) and 3H-labeled
FDG (3H-FDG) were used instead of 18F-labeled tracers because their long half-lives make them
more suitable for experiments than tracers labeled with 18F (t 1

2 = 110 min). 14C-Fluciclovine
(specific activity, 2.08 GBq/mmol; radiochemical purity (RCP) >98%), which has the same chemical
structure as 18F-fluciclovine, with the exception of the position of the radioisotope, was commercially
synthesized by Nemoto Science (Tokyo, Japan), as described previously [8]. 3H-FDG (specific actvity
2.22 TBq/mmol; RCP, >99%) was purchased from American Radiolabeled Chemicals (St. Louis,
MO, USA). The authors’ company, Nihon Medi-Physics (Tokyo, Japan), produced 99mTc-HMDP
(740 MBq/vial; RCP, >95%). All AAs used in this study were the L-form.

4.2. Cell Culture

A rat BCa cell line, MRMT-1, was procured from RIKEN BioResource Center (Tsukuba, Japan;
obtained in January 2014) and maintained in RPMI 1640 medium supplemented with 10% fetal bovine
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serum (American Type Culture Collection, Rockville, MD, USA), 100 μg/mL streptomycin, and
100 U/mL penicillin.

4.3. Competitive Inhibition Assay

The contributions of Na+-dependent and -independent AATs to 14C-fluciclovine transport was
estimated using competitive inhibition assays between 14C-fluciclovine and naturally-occurring or
synthetic AAs, as described in a previous report [8]. Briefly, MRMT-1 cells were cultured in 24-well,
flat-bottom tissue culture plates, and culture medium was replaced with sodium buffer (140 mmol/L
NaCl, 5 mmol/L KCl, 5.6 mmol/L glucose, 0.9 mmol/L CaCl2, 1.0 mmol/L MgCl2 and 10 mmol/L
HEPES (pH 7.3)) or choline buffer (NaCl of the sodium buffer was preplaced with 140 mmol/L choline
chloride) containing 10 μmol/L 14C-fluciclovine in the presence or absence of 2.0 mmol/L inhibitor.
Cells were placed in an incubator at 37 ◦C for 5 min, and radioactivity was measured using a liquid
scintillation counter (Tri-Carb 2910TR, Perkin Elmer, Waltham, MA, USA). Protein concentrations of
cell lysates were determined using the BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Tracer uptake was calculated as pmol/mg protein and the control transport (absence of
inhibitors) of 14C-fluciclovine in sodium/choline buffer was normalized to 100%. In this study, the
following synthetic and naturally-occurring AAs were used as inhibitors: BCH, MeAIB, phenylalanine,
proline, glutamine, serine, arginine, and glutamate; the specificity of each AA to AATs have been
described in a previous report [8].

4.4. Animal Handling

All animal handling procedures and experimental protocols were conducted in accordance with
Japanese laws as stipulated in the Act on Welfare and Management of Animals, and approved by the
Institutional Animal Care and Use Committee of Nihon Medi-Physics (No. 142-019) on 24 October 2014.
Male Sprague-Dawley rats (9–12 weeks old; CLEA Japan, Tokyo, Japan) were used for all experiments.
Rats were housed in a 12 h light-dark cycle and were maintained on a standard laboratory diet,
Labo MR Stock (Nosan Corporation, Kanagawa, Japan) containing approximately 9.2% water, 18.8%
crude protein, 3.9% crude fat, 6.6% crude fiber, 6.9% crude ash, 54.7% of nitrogenous compounds,
amino acids (1.09% arginine, 0.46% histidine, 0.67% isoleucine, 1.36%, leucine, 0.89%, lysine, 0.26%
methionine, 0.84% phenylalanine, 0.64% threonine, 0.21% tryptophan, 0.79% valine, 0.28% cystein),
and drinking water. All animals were anesthetized using 1% isoflurane (Pfizer Japan, Tokyo, Japan).
In the surgical procedures, 0.5% meloxicam (Boehringer Ingelheim Vetmedica, Tokyo, Japan) was
injected subcutaneously to relieve pain.

4.5. BCa Bone Metastatic Model

A BCa bone metastatic model, described previously [39], was used. Briefly, 100 mL of a cell
suspension containing 2.5 × 104 MRMT-1 cells in Hank’s Balanced Salt Solution without Ca2+ and
Mg2+ was injected into the saphenous artery of the right hind legs. Development of osteolytic lesions
was monitored using a microfocus X-ray imaging system (μFX-1000; FUJIFILM Corporation, Tokyo,
Japan) or a preclinical imaging system (FX3000 CT, TriFoil Imaging, Chatsworth, CA, USA) and
triple-tracer autoradiography was performed 12 ± 1 days after the cell injection. Osteolytic lesions
were induced in the tibia and/or femur of the experimental rats.

4.6. Triple-Tracer Autoradiography

To compare the distribution of each tracer visually in identical lesions, triple-tracer
autoradiography was performed using 14C-fluciclovine, 3H-FDG, and 99mTc-HMDP in the BCa
osteolytic model as described in the supplementary material. Briefly, rats with (n = 5) or without
(n = 6) fasting overnight (17 h to 18 h) were injected (tail vein) with three tracers (14C-fluciclovine:
2.75 MBq/kg, 3H-FDG: 18.5 MBq/kg, 99mTc-HMDP: 74 MBq/kg). 14C-Fluciclovine and 3H-FDG
were allowed to remain in circulation for 30 min; 99mTc-HMDP was allowed to remain for 2 h before
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euthanizing the animal. The tibiae and femora were removed and frozen in isopentane/dry ice; the
frozen bone was then embedded in Super Cryoembedding Medium (SCEM) (Section-Lab, Hiroshima,
Japan), followed by freezing again in isopentane/dry ice until the SCEM set. The frozen samples
were sectioned using a CM3050S cryostat (Leica Microsystems, Tokyo, Japan) at −20 ◦C with an
adhesive film (Cryofilm Type 2C(9), Section-Lab) using Kawamoto’s film method (5 μm slices and
10 μm slices for the histological and autoradiography specimens, respectively) [40]. The frozen samples
were provided for triple-tracer autoradiography and each 14C-, 3H-, and 99mTc-image was created
as described in the supplementary materials. The regions-of-interest (ROIs) were manually drawn
around each lesion while referring to the histological images from H&E and TB staining. In the
14C-fluciclovine and 3H-FDG images, tumor lesions with bone absorption were defined as OL (typical
osteolytic lesions) and the lesions corresponding to 99mTc-HMDP accumulation were defined as
peri-tumor bone formation (pTBF) in the osteoblastic lesions (typical osteoblastic lesions). Furthermore,
three ROIs of random size were manually positioned on the normal regions of muscle surrounding
tibiae and/or femora and the average ROI count from the three ROIs was calculated as the background
radioactivity. The targetmean (metastatic lesion)-to-backgroundmean (muscle) (T/BG) ratios were then
calculated and lesion-based analyses were performed.

4.7. Histological Analysis

The following procedures for each histological stain were performed on 5 μm serial sections using
general methods: H&E and TB staining for histological changes at the lesion sites; ALP for osteoblast
and fibroblast activity; and TRAP staining for osteoclast-activity. Anti-ASCT2 (J-25) polyclonal antibody
(1:40; Santa Cruz Biotechnology, Dallas, TX, USA) and anti-LAT1 (H-75) polyclonal antibody (1:200;
Santa Cruz Biotechnology) for the amino acid transporters were used in the immunohistochemical
assessments with EnVision+ System HR-labeled polymer anti-rabbit (Dako Japan, Tokyo, Japan) and
Liquid DAB+ Substrate Chromogen System (Dako Japan). A BZ-9000 HS all-in-one fluorescence
microscope (Keyence Corporation, Osaka, Japan) was used for pathological examinations.

4.8. Statistical Analysis

Data are presented as mean ± the standard deviation. To create beeswarm plots with box plots,
R version 3.3.2 (R Foundation, Vienna, Austria) for Windows (Microsoft Corporation, Redmond,
WA, USA) was used. In these plots, each dot represents a T/BG ratio in each lesion and the center
lines in the boxes represent the medians; box limits indicate the 25th and 75th percentiles; whiskers
extend 1.5 times the interquartile range from the 25th and 75th percentiles. All statistical analyses were
performed using SAS version 9.4 (SAS Institute, Cary, NC, USA). The two groups were compared using
Wilcoxon rank-sum tests for non-normal distribution datasets, or the F-test, followed by two-tailed
unpaired Student’s t-test or Welch’s t-test for datasets with normal distribution. In all analyses, p < 0.05
was considered to be statistically significant.

5. Conclusions

Our findings suggest that fasting influences the uptake of 18F-fluciclovine in osteolytic and
osteoblastic bone metastasis lesions, and can facilitate clearer visualization of lesions in fluciclovine-PET
imaging. However, because AA metabolism is a complex process, further animal and clinical studies
are required to confirm our findings.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/5/934/s1.
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Abbreviations

AA amino acid
AAT amino acid transporter
ALP alkaline phosphatase
ASC alanine-serine-cysteine
ASCT2 alanine-serine-cysteine transporter 2
BCa breast cancer
BM bone marrow
11C carbon-11
14C carbon-14
CB cortical bone
18F fluorine-18
FDG 2-deoxy-2-fluoro-D-glucose
3H tritium-3
H&E hematoxylin-eosin
HMDP hydroxymethylene diphosphonate
LAT1 L-type amino acid transporter 1
mTORC1 mammalian target of rapamycin complex 1
99mTc technetium-99m
Ob osteoblasts
Oc osteoclasts
Os osteoids
PET positron emission tomography
PCa prostate cancer
pTBF peri-tumor bone formation
RCP radiochemical purity
ROI region-of-interest
SCEM Super Cryoembedding Medium
SNAT2 sodium-dependent neutral amino acid transporter 2
TB toluidine blue
T/BG targetmean (metastatic leion)-to-backgroundmean (muscle)
TRAP tartrate-resistant acid phosphatase
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Abstract: Circulating tumour cells (CTCs) are an emerging resource for monitoring cancer biomarkers.
New technologies for CTC isolation and biomarker detection are increasingly sensitive, however,
the ideal blood storage conditions to preserve CTC-specific mRNA biomarkers remains undetermined.
Here we tested the preservation of tumour cells and CTC-mRNA over time in common anticoagulant
ethylene-diamine-tetra-acetic acid (EDTA) and acid citrate dextrose solution B (Citrate) blood tubes
compared to preservative-containing blood tubes. Blood samples spiked with prostate cancer cells
were processed after 0, 24, 30, and 48 h storage at room temperature. The tumour cell isolation
efficiency and the mRNA levels of the prostate cancer biomarkers androgen receptor variant 7 (AR-V7)
and total AR, as well as epithelial cell adhesion molecule (EpCAM) were measured. Spiked cells were
recovered across all storage tube types and times. Surprisingly, tumour mRNA biomarkers were
readily detectable after 48 h storage in EDTA and Citrate tubes, but not in preservative-containing
tubes. Notably, AR-V7 expression was detected in prostate cancer patient blood samples after 48 h
storage in EDTA tubes at room temperature. This important finding presents opportunities for
measuring AR-V7 expression from clinical trial patient samples processed within 48 h—a much more
feasible timeframe compared to previous recommendations.

Keywords: circulating tumour cell; biomarker; androgen receptor; AR-V7; droplet digital polymerase
chain reaction (ddPCR); blood storage tube

1. Introduction

Circulating tumour cells (CTCs) are cells shed from tumours into the peripheral blood, and are
believed to be the mechanism for metastasis [1,2]. The enumeration of CTCs has great prognostic
value, and further molecular profiling of CTCs has great potential in providing insights on cancer
progression, identifying CTC specific molecular therapeutic targets, determining prognostic and
relapse indicators, and allowing longitudinal monitoring of disease response to treatments [3,4].
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Therefore, relatively simple, non-invasive CTC analysis has exciting potential to investigate changes
in tumour biomarkers during a cancer patient’s disease progression. In prostate cancer, CTC counts
have been associated with prognosis and importantly, isolated CTCs can function as a surrogate
tumour samples to detect therapy-determining biomarkers, including the mRNA based androgen
receptor variant AR-V7 in CTCs [5–8]. However, CTC analysis is still a rapidly-evolving field due
to the complexities of isolation and detection of true CTCs. While it is estimated that 106 CTCs are
shed per 1 g of tumour tissue per day, CTCs are thought to have a short half-life of less than 3 h in the
bloodstream [9–12]. Hence, a major technical challenge for CTC analysis has been efficient recovery
of rare CTCs from a background of approximately 109 erythrocytes and 107 leukocytes per mL of
blood, and this has spurred the development of improved technologies for CTC isolation [13–15].
Despite these advances, feasible CTC analysis for clinical trials involving multiple sites are particularly
challenging, due to strict requirements for pre-analytical conditions of blood samples in transport
and storage, and time restrictions to ensure CTC integrity and biomarker detectability is maintained.
Parameters, such as blood tube composition, storage or shipping temperature, sample agitation,
and delays in sample processing in a large-throughput laboratory need to be considered before such
measurements are conducted for clinical trials. Ideally, CTCs should be protected from apoptosis or
cell lysis and, importantly, preserve relevant tumour biomarkers, an issue that is considered especially
challenging for mRNA-based biomarkers.

Ethylene-diamine-tetra-acetic acid (EDTA) and acid citrate dextrose solution B (Citrate) are
commonly used as anticoagulants in blood tubes for pathology blood tests. These tubes are compatible
with downstream polymerase chain reaction (PCR) analysis [16,17] and have also been used for CTC
isolation. However, as these tubes do not contain fixatives, early studies recommended that blood
should be processed within 24 h, and ideally within 5 h, as it was thought that CTCs rapidly enter
apoptosis [18]. To target this problem, new blood tubes have been designed with preservatives intended
to extend time before sample processing. Cell-free DNA blood collection tubes (DNA BCT) and Cell-free
RNA blood collection tubes (RNA BCT) (Streck, Omaha, NE, USA) are proposed to stabilise nucleated
blood cells, preventing the release of cellular DNA and RNA into the plasma, and also inhibiting
degradation of cell-free DNA and RNA [19,20]. Therefore, these tubes might be advantageous for CTC
sample analysis. Additionally, Cyto-Chex blood collection tubes (Cyto-Chex BCT) were originally
designed to preserve cell surface antigens for white blood cell immunophenotyping [21] which may
allow improved CTC recovery by immunomagnetic isolation.

There have been previous reports suggesting the added preservatives in BCTs indeed aids CTC
stability [22,23]. However, the preservative effects on actionable mRNA-based tumour biomarkers,
such as AR-V7 has, to our knowledge, not been tested thoroughly in CTCs isolated from any
blood collection tube type. We have previously reported a very sensitive method to detect AR-V7,
an emerging RNA-based prostate cancer biomarker in prostate cancer patient CTC samples, showing
that AR-V7 is not expressed in residual blood cells, and is expressed heterogeneously in CTCs [7].
In this study, we compare the effects of preservative-containing BCTs to commonly used EDTA and
Citrate blood tubes on tumour cell isolation and detection of AR-V7 using our sensitive method.

2. Results

2.1. Spiked Cell Recovery

To test CTC preservation and recovery from the five different blood tubes, CTCs were modelled
by spiking defined cell numbers of the 22Rv1 prostate cancer cell line into healthy female donor blood.
At 0, 24, 30, and 48 h after spiking, tumour cells were enriched and enumerated. Three experiments
were performed using 192 mL blood each from three healthy donors. The mean recovery of spiked
cells ranged from 13% to 44% across all time points. All blood tubes showed preservation of spiked
cells up to 48 h, with mean recovery between 24% and 39% (Figure 1a). The mean recovery of all blood
tubes at each time point was compared against recovery at 0 h. Processing samples at 24 and 30 h
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resulted in significantly lower recovery than when processed at 0 h (p < 0.05). Within each time point,
the recovery of each blood tube was compared to EDTA. No blood tube had significantly different
recovery from EDTA, but the mean recovery of RNA BCT exceeded EDTA at each time point (p < 0.05).

Figure 1. (a) Recovery of spiked 22Rv1 cells after tumour cell enrichment. The mean recovery at 24 h
and 30 h was significantly different from recovery at 0 h (* p < 0.05). (b) Total cell count (recovered
spiked cells and residual leukocytes after cell enrichment) from samples processed 0 h, 24 h, 30 h,
and 48 h after spiking. At 48 h, DNA blood collection tubes (DNA BCT) cell count was significantly
different from ethylene-diamine-tetra-acetic acid (EDTA) (* p < 0.05). For both (a,b), symbols represent
the mean from three independent experiments, and whiskers represent the range.

2.2. Leukocyte Contamination

DNA BCT and RNA BCT generally had increased total cell counts (tumour cells plus residual
co-purified leucocytes) when samples were processed later (Figure 1b). In comparison, EDTA, Citrate
and Cyto-Chex BCT cell counts remained similar across all time points. When compared to EDTA
tubes, DNA BCT and RNA BCT had higher mean cell counts at each time point, whereas Citrate tubes
gave lower cell counts. A two-way ANOVA of each blood tube compared to EDTA at the same time
point indicated that for samples processed at 48 h, DNA BCT total cell counts were significantly higher
than for EDTA tubes (p < 0.05).

2.3. Cellular RNA Recovery

To evaluate the ability of each blood tube in preserving cellular RNA, tumour cell-specific gene
expression (AR-V7, total AR and epithelial cell adhesion molecule (EpCAM)) was measured by
droplet digital PCR (ddPCR) for each blood tube at each tumour cell enrichment time point (Figure 2).
Cells from EDTA and Citrate tubes generally showed decreased mRNA detection the longer the sample
storage time, with mRNA biomarkers still readily detectable even after 48 h. In all BCT samples,
gene expression was low when processed immediately and undetectable after any storage duration.
Thus, while mRNA detection from Citrate and EDTA blood tube samples was similar, BCT samples
showed a striking loss in detectable gene expression compared to EDTA tube samples (p < 0.01).
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Figure 2. Expression of spiked tumour cell specific genes in samples processed 0 h, 24 h, 30 h, and 48 h
after spiking. Symbols represent mean expression from three independent experiments, whiskers
represent the range, and are not shown when smaller than the data symbol. The mean gene expression
in DNA BCT, RNA BCT, and Cyto-Chex BCT were significantly different from EDTA (** p < 0.01,
*** p < 0.001, **** p < 0.0001). AR-V7: androgen receptor variant 7; AR: androgen receptor.

2.4. Increased Proteinase K Treatment

We also investigated the effect of increased proteinase K digestion on the cellular RNA recovery
as per manufacturer’s suggestions for the BCTs. 22Rv1 cells were spiked into a new set of blood tubes
(EDTA, Citrate, DNA BCT, and RNA BCT), followed by enrichment after 48 h of storage. RNA was
extracted with and without additional 2 h proteinase K treatment, and gene expression was measured
in RNA samples from two independent experiments. In EDTA and Citrate blood tubes, increased
proteinase K digestion did not aid RNA recovery but decreased the number of measured copies of
all three genes (Figure 3). In DNA BCT and RNA BCT, there was no detectable AR-V7, total AR or
EpCAM with standard RNA extraction, and with increased digestion there was a small, but statistically
insignificant, increase in the detection of total AR and AR-V7 in DNA BCT and RNA BCT, respectively.

Figure 3. Effect of increased proteinase K treatment on the detection of spiked cell specific genes in
samples processed 48 h after spiking. Symbols represent the mean expression from two independent
experiments, whiskers represent the range, and are not shown when smaller than the data symbol.
EpCAM: epithelial cell adhesion molecule.

2.5. Patient CTC Cellular RNA Detection

Given that spiked cell-specific gene expression was detectable even in samples processed 48 h
following spiking of 22Rv1 cells into fresh blood in EDTA and Citrate tubes, we wished to confirm
that AR-V7 also remains detectable that long in patient-derived CTCs. Common EDTA tube blood
samples from three prostate cancer patients were processed at 4, 24, and 48 h after collection. After CTC
enrichment, all patient samples had detectable AR-V7, total AR and EpCAM at all time points (Figure 4).
AR-V7 expression varied between the three patients, while being comparable to the expression detected
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for these patients in a sample collected previously (Table 1). The AR-V7 and total AR detected in patient
samples decreased with longer time before processing, but the decrease was not statistically significant.

Figure 4. Detection of gene expression in prostate cancer patient circulating tumour cells (CTCs)
isolated 4, 24, and 48 h after blood collection in EDTA tubes. Error bars represent 95% confidence
intervals of droplet digital polymerase chain reaction (ddPCR) measurements, and error bars smaller
than the data symbols are not shown.

Table 1. Androgen receptor variant 7 (AR-V7) and total AR expression in prostate cancer patient
blood samples.

Patient
Hormone

Sensitivity Status 1
CTC Count/mL Blood AR-V7 Copies/mL Blood Total AR Copies/mL Blood

<4 h * <4 h * 4 h 24 h 48 h <4 h * 4 h 24 h 48 h

1 CRPC 9 * 2 * 7 5 3 96 * 155 49 84

2 CRPC 2 * 110 * 126 128 74 19,140 * 7963 6083 4191

3 CRPC 6 * 45 * 210 135 102 2610 * 11,392 5994 3848
1 CRPC = castrate resistant prostate cancer. Patients who had 7–9 month previously high AR-V7 levels detected [7]
were chosen for this study (* for comparison previous data are presented; note in the previous study CTC isolation
was performed using a different instrument (IsoFlux, Fluxion, San Francisco, CA, USA), CTC counts are normalized
per mL blood). New AR-V7 and total AR expression data of the same patients are presented.

3. Discussion

3.1. Tumour Cell Preservation

New blood tubes such as DNA BCT, RNA BCT, and Cyto-Chex BCT contain formaldehyde-free
fixatives in addition to traditionally used anticoagulants in blood tubes [19–21]. As these BCTs were
previously shown to preserve leukocytes and prevent the release of cellular RNA into plasma, even after
over three days of storage at room temperature [20,24,25], our study compared commonly-used EDTA
and Citrate tubes with BCTs in terms of the ability to preserve modelled CTCs (spiked cultured tumour
cells) and of greater interest, cellular RNA.

From our study, the total cell count by Hoechst staining showed that leukocyte retention after
tumour cell enrichment increased over time in DNA BCT compared to other blood tubes. Since BCTs
were designed for analysis of plasma cell-free nucleic acids, this has not previously been a concern.
However, downstream analysis of CTCs can be adversely affected by contaminating leukocytes,
such as for single CTC isolation or CTC nucleic acid analysis. Disregarding background leukocytes,
intact tumour cells were visible under bright field microscopy from all blood tubes after 48 h (data not
shown), and enumeration of cell tracker-stained cells indicated that the recovery of spiked tumour
cells was not significantly different across all blood tube types within each time point. Furthermore,
although spiked cell recovery generally decreased with longer storage time before processing, there
was no significant difference between recovery at 0 and 48 h, with a mean recovery of 35% and 30%,
respectively. Our results are in agreement with a previous study which found that CTC yields from
lung cancer patients did not decline significantly when processed after 24, 48, or 72 h storage in EDTA
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tubes [26]. We suggest that the observed variation in spiked cell recovery in our data can be mostly
attributed to the difficulties of spiking exact cell numbers of the 22Rv1 cell line, which shows a very
strong tendency towards cell clustering. Nevertheless, this line was chosen due to its high AR-V7
expression, and cell strainers were used to keep the effects of cell aggregates to a minimum. Conversely,
our results differ from a recent study which reported that the recovery of 2000 spiked MCF-7 breast
cancer cells from DNA BCT after one day and four days was very similar at 60% and 58%, respectively,
while the recovery decreased from 32% to 16% for EDTA tubes [23]. The discrepancies between the
results may be attributed to the difference in the spiked cell line, spiked cell numbers, method of
tumour cell isolation, and detection and blood storage time. Importantly, the observed differences in
the limited number of studies in this area highlights the need for more research to further compare
and improve methods of CTC isolation after blood storage.

Despite common recommendations to process blood samples as soon as possible to reduce cell
lysis, our data indicates that cell fixation is not necessary for the recovery of tumour cells, and common
EDTA or Citrate tubes are sufficient for tumour cell detection within 48 h.

3.2. Cellular RNA Preservation

Analysis of gene expression from CTCs can provide valuable information on CTC activity and
cancer progression, but is particularly challenging as delays in blood sample processing may cause
alterations in CTC gene expression, and existing mRNAs may have a short half-life. DNA BCT and
RNA BCT were designed to preserve cellular DNA and RNA, respectively, from being released and,
hence, were expected to perform better than commonly-used EDTA and Citrate tubes, which only
contain anticoagulants. We used our previously-reported, highly-sensitive and specific ddPCR assay
to screen for AR-V7, total AR, and EpCAM; this assay has shown before that AR-V7 and total AR were
highly expressed in the 22Rv1 cell line or patient CTCs while having no, or negligible, expression in
healthy control peripheral lymphocytes [7]. We were surprised to find AR-V7, total AR, and EpCAM
readily detectable after 48 h in common EDTA and Citrate tubes. The data suggest that mRNAs
encoding these genes have relatively long half-life and/or are continuously expressed by viable
tumour cells during storage in a blood sample. Additionally, the detection of mRNA confirms that
cells remain intact in the blood sample as it is well established that any released free RNA will be
quickly degraded by RNases in the blood [27]. Since cultured 22Rv1 cells are potentially more robust
and survive extended storage in blood samples better than CTCs, we confirmed that AR-V7 detection
after 48 h storage was translatable to patient CTC samples by testing three patients previously shown
to have high CTC AR-V7 expression [7]. Although a small decrease in AR-V7 levels after 48 h was
detected in these patient samples, the decrease was marginal in this time frame and even in patient
blood with low AR-V7, CTC derived AR-V7 was still detectable after 48 h blood storage at room
temperature. AR-V7 expression was comparable to the previous testing of the same patients [7].

In contrast to our data from blood storage in common blood tubes, the BCT samples processed
immediately produced much lower detectable tumour cell specific mRNA, and any storage of spiked
blood samples in these tubes prevented detection of gene expression completely. We propose that the
preservative in the tubes renders RNA inaccessible, likely due to RNA cross-linking with proteins and
DNA, which would be incomplete when samples are processed immediately, explaining the limited
gene expression detected for our 0 h samples. This interpretation is supported by a report that spiked
breast cancer cells could be retrieved from DNA BCTs after up to 72 h storage and had accessible DNA,
however, whole genome amplification (WGA) yielded consistently significantly less DNA than WGA
from EDTA tubes [22]. Alternatively, RNA could have degraded in the BCTs in our study, however,
mRNA was reported detectable by in situ hybridisation from spiked tumour cells isolated from blood
stored for four days at room temperature in DNA BCTs [23], suggesting that RNA remains intact
but possibly cross-linked, which would interfere less with in situ hybridisation than RNA extraction.
While, according to the manufacturers guidelines, RNA should be extractable from samples stored in
BCTs, an extended protein K digest is recommended, which might help to reverse cross-linking effects.
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We, therefore, investigated whether increased proteinase K treatment during RNA extraction would
allow relevant gene expression detection for samples stored for 48 h. However, increased proteinase K
digest failed to produce relevant effects and decreased RNA detectability in EDTA and Citrate tubes.

Previous studies showed BCTs to preserve leukocyte cellular RNA, and prevent cellular RNA
contamination of cell-free RNA [20,24]. Additionally, the detection of cellular GAPDH, c-Fos and
p53 RNA was reported to show variation in expression in neutrophils from blood samples stored over
three days in EDTA tubes, whereas there was no change when stored in RNA BCT [25]. While the
reasons for the difference to our data are not completely clear, it stands out that all genes tested in
that study are abundantly-expressed genes in common blood cells, which might be easier to detect.
We have not extended testing past 48 h, as blood samples from within Australia can be processed in
this time frame in our facility; however, it is an area of interest for future studies to determine the
maximum storage time for EDTA and Citrate tubes.

From our data, it is evident that CTC-derived AR-V7 can be detected from blood stored in
commonly-used EDTA and Citrate tubes for up to 48 h, while blood tubes with preservatives
(DNA BCT, RNA BCT, and Cyto-Chex BCT) should not be used for CTC isolation if downstream RNA
analysis by PCR is intended.

4. Materials and Methods

4.1. Blood Collection

Prostate cancer patients (n = 3) and healthy female blood donors (n = 4) provided written informed
consent to participate in the study. The study was approved by the South Western Sydney Local
Healthy District Ethics Committee, Australia (HREC/13/LPOOL/158; 02/09/2013). Peripheral blood
was drawn by venipuncture into blood tubes with the initial 3 mL discarded to prevent keratinocyte
contamination and false positive CTCs being present. For the main comparison experiment, a total
of 192 mL blood from each healthy donor (n = 3) was drawn into a total of 24 blood tubes including:
4 × 9 mL K3EDTA tube (Greiner Bio-One, Kremsmünster, Austria), 4 × 9 mL acid citrate dextrose-B
tube (Greiner Bio-One, Kremsmünster, Austria), 4 × 10 mL Cell-free DNA BCT (Streck, Omaha, NE,
USA), 4 × 10 mL Cell-free RNA BCT (Streck, Omaha, NE, USA), and 4 × 2 × 5 mL Cyto-Chex BCT
(Streck, Omaha, NE, USA). In the follow-up experiment to test increased proteinase K treatment, 38 mL
blood from two healthy donors was drawn into one set of EDTA, Citrate, and DNA BCT and RNA
BCT tubes. In the experiment with prostate cancer patients, blood was drawn into 3 × 6 mL K2EDTA
tubes (BD, Franklin Lakes, NJ, USA) available in the clinic.

4.2. Cell Spiking

The human prostate cancer cell line 22Rv1 was purchased from the American Type Culture
Collection (In Vitro Technologies, Melbourne, Australia). Cells were routinely passaged in Roswell
Park Memorial Institute culture medium (RPMI 1640) (Lonza, Basel, Switzerland) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) in a humidified incubator
with 5% CO2 at 37 ◦C. For spiking experiments, 22Rv1 cells, cultured for two days after passaging,
were gently detached with accutase (Sigma-Aldrich, St. Louis, MO, USA), washed with phosphate
buffered saline (PBS), and passed through a 20 μm pre-separation filter “cell strainer” (Miltenyi Biotec,
Bergisch Gladbach, Germany) to remove cell aggregates. Cells were then incubated with 15 μM
CellTracker Green CMFDA (Life Technologies, Carlsbad, CA, USA) in 100 μL serum-free RPMI media
at 37 ◦C for 1 h. Stained 22Rv1 cells were washed with PBS and a known number (100–200 cells)
were spiked into blood tubes. The spiked input cell numbers were verified by aliquoting the same
volume onto glass slides in between inoculating blood samples, Hoechst staining, and enumeration by
fluorescent microscopy.
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4.3. Tumour Cell Enrichment from Whole Blood

Spiked blood samples were enriched for tumour cells after storage (dark, room temperature) for
0, 24, 30, and 48 h. The peripheral blood mononuclear cell (PBMC) layer was extracted using 50 mL
SepMate tubes and Lymphoprep according to the manufacturer’s instructions (Stemcell Technologies,
Vancouver, BC, Canada). PBMCs were washed with separation buffer (PBS with 0.5% FBS and
2 mM EDTA), then incubated at 4 ◦C for 30 min with 50 μL FcR blocking reagent (Miltenyi Biotec,
Bergisch Gladbach, Germany), 50 μL EpCAM conjugated immunomagnetic microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany), 1 μL 50× Hoechst (Fluxion, San Francisco, CA, USA), and made up to a
total volume of 500 μL with separation buffer. Cell separation was performed with the Posselds program
on the AutoMACS Pro Separator (Miltenyi Biotec, Bergisch Gladbach, Germany). After separation, the
positive selected fraction was separated into two aliquots: one was kept on ice until enumeration on the
same day, while the other was centrifuged at 400× g for 10 min, and the pellet frozen at −80 ◦C until
RNA extraction. For testing of extended proteinase K treatment, samples were enriched after 48 h, with
both aliquots frozen at −80 ◦C until RNA extraction. For prostate cancer patient samples, one blood
tube from each patient was processed within 4 h of blood draw, and the other two blood tubes were
processed after 24 and 48 h of storage, respectively, before freezing at −80 ◦C until RNA extraction.
Supplementary Figure S1 illustrates the different work flows.

4.4. Cell Enumeration

The enriched enumeration sample was mounted onto slides coated with 2% bovine serum
albumine (BSA), then visualised and scanned at 20× magnification with a CellCelector microscope
(ALS GmbH, Jena, Thüringen, Germany). The exposure times for the instrument’s DAPI and FITC
channels were 50 ms and 100 ms, respectively. Scanned images were analysed with ALS CellCelector
software v3.0 (ALS GmbH). Nucleated (Hoechst-positive) cells were detected for total cell counts,
while cells positive for both Hoechst and CellTracker were considered recovered spiked cells.

To calculate the percentage recovery of spiked cells, the number of cells enumerated after tumour
cell enrichment was multiplied by two (to account for CTCs being enumerated in half of the sample
while the other half was processed for RNA) and then divided by the original number of spiked cells
as determined from input controls.

4.5. Cellular RNA Extraction

Total RNA was extracted from the second enriched sample or from CTC-enriched patient samples
with the Total RNA Purification Micro Kit (Norgen Biotek Corp., Thorold, ON, Canada). RNA was
double-eluted in 20 μL followed by 10 μL molecular-grade H2O. For complementary DNA (cDNA)
synthesis, 15 μL of eluted RNA was added to form a total volume of 20 μL with the SensiFAST cDNA
Synthesis Kit (Bioline, London, UK). For testing increased proteinase K digestion, 0.5 mg of DNAase
and RNAase free proteinase K (Bioline) was added with buffer RL at the cell lysate preparation step,
and the sample was incubated for 2 h at 60 ◦C before the addition of ethanol.

4.6. Digital Droplet PCR

Quantification by ddPCR was performed for three tumour cell specific genes. Total androgen
receptor (total AR), androgen receptor splice variant 7 (AR-V7), and epithelial cell adhesion molecule
(EpCAM) using primers and probes shown in Table 2. In brief, 20 μL ddPCR reactions contained 10 μL
ddPCR Supermix for Probes (No dUTP) (Bio-Rad, Hercules, CA, USA), 500 nM of each relevant primer
and 250 nM probe Fluorescein (6-FAM) or HEX. Total AR and AR-V7 reactions were multiplexed as
previously-described [7]. Droplets were generated with 70 μL oil using a QX200 droplet generator
(Bio-Rad). Amplification was performed at 95 ◦C for 10 min, followed by 40 cycles of 94 ◦C for 30 s
and 55 ◦C for 1 min using a C1000 Touch Thermo Cycler (Bio-Rad). After amplification, the droplets
were read with a QX200 Droplet Reader (Bio-Rad) and analysed with QuantaSoft software v1.7.4.
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The fluorescence thresholds used were 6-FAM 2000 for AR-V7, HEX 2500 for total AR, and HEX 1500
for EpCAM. Readings with ≥5 droplets were considered positive. The total error calculated by the
software was used as the 95% confidence intervals of ddPCR measurements.

Table 2. Primers and probes.

Gene Primers (5′→3′) Probes (5′→3′)

Total AR F: GGA ATT CCT GTG CAT GAA AGC
R: CGA TCG AGT TCC TTG ATG TAG TTC [HEX] CTT CAG CAT TAT TCC AGT G [BHQ1]

AR-V7 F: CGG AAA TGT TAT GAA GCA GGG ATG A
R: CTG GTC ATT TTG AGA TGC TTG CAA T [6FAM] TCT GGG AGA AAA ATT CCG [BHQ1]

EpCAM F: CGT CAA TGC CAG TGT ACT TCA
R: TTT CTG CCT TCA TCA CCA AA [HEX] TAC TGT CAT TTG CTC AAA GC [BHQ1]

AR: androgen receptor; AR-V7: androgen receptor variant 7; EpCAM: epithelial cell adhesion molecule;
6FAM: Fluorescein; BHQ1:black hole quencher 1. F: Forward, R: Reverse.

4.7. Statistical Analysis

Analysis of cell and RNA recovery was performed by two-way Analysis of Variance (ANOVA),
using GraphPad Prism software v6.07 (GraphPad Software Inc., San Diego, CA, USA).

5. Conclusions

While spiked cell recovery was not affected by the blood tube type even after 48 h of storage,
tumour cell-specific RNA was undetectable by ddPCR in CTCs from stored blood samples containing
preservatives, likely due to crosslinking effects suppressing RNA accessibility. Surprisingly, AR-V7
was readily detectable in patient CTCs enriched from common EDTA blood tubes after up to 48 h.
Although BCTs have been thoroughly tested for circulating tumour nucleic acid detection [28–33],
and some initial studies of blood storage in BCTs for tumour cell analysis were also encouraging
when using image-based cell analysis involving fluorescent probing for proteins or nucleic acids [23],
our data suggests that RNA extraction and downstream analysis by PCR-based methods is severely
impeded by the preservatives.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/5/1047/s1.
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Abstract: High-dose-rate brachytherapy (HDR-BT) with external beam radiation therapy (EBRT) is a
common treatment option for locally advanced prostate cancer (PCa). Seventy-nine male patients
(median age 71 years, range 50 to 79) with high-risk PCa underwent HDR-BT following EBRT
between December 2009 and January 2016 with a median follow-up of 21 months. HDR-BT was
administered in two treatment sessions (one week interval) with 9 Gy per fraction using a planning
system and the Ir192 treatment unit GammaMed Plus iX. EBRT was performed with CT-based
3D-conformal treatment planning with a total dose administration of 50.4 Gy with 1.8 Gy per fraction
and five fractions per week. Follow-up for all patients was organized one, three, and five years after
radiation therapy to evaluate early and late toxicity side effects, metastases, local recurrence, and
prostate-specific antigen (PSA) value measured in ng/mL. The evaluated data included age, PSA at
time of diagnosis, PSA density, BMI (body mass index), Gleason score, D’Amico risk classification
for PCa, digital rectal examination (DRE), PSA value after one/three/five year(s) follow-up (FU),
time of follow-up, TNM classification, prostate volume, and early toxicity rates. Early toxicity rates
were 8.86% for gastrointestinal, and 6.33% for genitourinary side effects. Of all treated patients, 84.81%
had no side effects. All reported complications in early toxicity were grade 1. PSA density at time
of diagnosis (p = 0.009), PSA on date of first HDR-BT (p = 0.033), and PSA on date of first follow-up
after one year (p = 0.025) have statistical significance on a higher risk to get a local recurrence during
follow-up. HDR-BT in combination with additional EBRT in the presented design for high-risk PCa
results in high biochemical control rates with minimal side-effects. PSA is a negative predictive
biomarker for local recurrence during follow-up. A longer follow-up is needed to assess long-term
outcome and toxicities.
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1. Introduction

High-dose-rate brachytherapy (HDR-BT) with additional external-beam radiation therapy (EBRT)
is an important therapeutic option for men diagnosed with clinically localized and locally advanced
high-risk prostate cancer (PCa) [1–3].

Regarding the actual European guidelines for the treatment of patients with intermediate- and
high-risk PCa, a life expectancy of at least 10 years should be mandatory for treatments like radical
prostatectomy (RP) or radiation therapy. Nevertheless, until now, there are no randomized clinical
trials that compare the oncological outcome of HDR-BT vs. RP [4]. In general, there are not much data
available regarding the oncological outcome of HDR-BT [5,6]. Especially, HDR-BT in combination
with EBRT seems better than EBRT alone, with respect to biochemical recurrence (BCR)-free survival
rates and aspects of quality of life [5,7]. PCa cells seem to have a low α/β ratio. This encourages the
use of HDR-BT, where higher doses per fraction can be performed, therefore making it one of the most
efficient interventions of hypofractionated radiotherapy. Most reported series combining HDR-BT and
EBRT describe impressive results for the treatment of intermediate and high-risk PCa [8–10].

It has been reported by Schiffmann et al. that additional androgen deprivation therapy (ADT)
shows higher BCR-free survival rates [11]. In this study, we focused on patients with intermediate-
and high-risk PCa that were treated with HDR-BT plus ERBT plus ADT regarding complication rates
and oncological outcome. It is difficult to determine an early treatment failure after therapy based
on prostate-specific antigen (PSA) fluctuation and a potential benign PSA-rebound phenomenon [12].
In other studies, a benign PSA-rebound rate of up to 30% was described within the first 36 months
after treatment [12–14]. The aim of this study was to determine early toxicity rates and the influence of
PSA as a predictive marker of clinical outcome.

2. Results

The parameters age, IPSS, PSA (ng/mL) at time of diagnosis, PSA density, BMI, Gleason score,
D’Amico risk classification for PCa, PSA value after one year FU, and time of FU are shown in Table 1.
In that table, for all main clinical parameters, minimum, median, mean, maximum, standard deviation
(SD), and 10%, 25%, 75%, and 90% intervals have been calculated. The median follow up time in our
study was 21 months (6–80 months). In total, 8 out of 79 patients (10%) reached a FU time of more than
five years. The frequencies of all important clinical parameters—PSA at time of diagnosis, Gleason
score, T staging, and D’Amico risk classification for PCa—are detailed in Tables 2–5. Of the study
cohort, 64.5% had an initial PSA value of more than 10 ng/mL, the Gleason score of more than 90%
of the patients was ≥7, more than 80% of the patients had a clinical T staging of 3 (positive digital
rectal examination and/or positive for tumor in transrectal ultrasound examination). According to the
D’Amico risk classification for PCa, more than 90% are classified to risk group 3. In conclusion, all
patients in that study for HDR-Brachytherapy treatment are high-risk PCa patients.

Table 1. Main clinical parameters. BMI: body mass index; FU: follow-up; IPSS: international prostate
symptom score; PSA: prostate-specific antigen.

Parameter Min 10% 25% Median Mean 75% 90% Max SD

Age 50.000 59.800 66.000 71.000 69.241 74.000 76.000 79.000 6.622
IPSS 0.000 2.000 3.000 5.500 6.271 9.000 11.100 19.000 4.426

PSA Diagnosis 1.360 4.464 7.045 14.550 22.345 24.995 44.736 226.000 29.506
PSA Density 0.053 0.126 0.250 0.463 0.764 0.828 1.760 4.969 0.924

BMI 20.761 23.397 25.282 27.099 27.385 28.572 31.760 44.379 3.713
Gleason Score 6.000 7.000 7.000 7.000 7.354 8.000 9.000 9.000 0.848

D’Amico 2.000 3.000 3.000 3.000 2.962 3.000 3.000 3.000 0.192
PSA FU 1a 0.000 0.010 0.030 0.040 0.167 0.165 0.304 2.300 0.357

time FU 6.000 8.800 11.000 21.000 26.620 35.500 57.400 80.000 18.912
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Table 2. Frequency of important clinical parameters for the study cohort. Pre-treatment PSA value.

PSA Diagnosis N %

PSA < 10 28 35.44
10 ≤ PSA < 20 22 27.85

PSA ≥ 20 29 36.71
Total 79 100.00

Table 3. Frequency of important clinical parameters for the study cohort. Gleason Score.

Gleason Score N %

6 7 8.86
7 49 62.03
8 11 13.92
9 12 15.19

Total 79 100.00

Table 4. Frequency of important clinical parameters for the study cohort. Clinical T Stage.

T Stage N %

2a 1 1.27
2b 5 6.33
2c 7 8.86
3 66 83.54

Total 79 100.00

Table 5. Frequency of important clinical parameters for the study cohort. D’Amico risk classification
for PCa.

D’Amico N %

1 0 0
2 3 3.80
3 76 96.20

Total 79 100.00

During follow-up, one patient (1.27%) died due to progressive disease and bone metastases
63 months after initial diagnosis of PCa. This patient was also the only one with the detection of
metastases. In total, a local recurrence was detectable in three patients (3.80%).

Another focus of that study report is the description of side effects regarding early toxicity rates
of the demonstrated treatment. Of all treated patients, 84.81% had no side effects. All reported
complications in early toxicity were grade 1. The most reported side effects were anal pain (5.06%),
symptomatic proctitis (1.27%), and diarrhea (2.53%) for the gastro-intestinal tract; high urinary
frequency (3.80%), and urgency (2.53%) were the most complained side effects for the urinary tract.
All complications are shown in Table 6.

After descriptive analyses of the documented data, we focused on the influence of PSA value
while follow-up for local recurrence, metastases, and/or death. As only one patient died during
follow-up, no statistical significance was calculable. However, the presence of local recurrence (n = 3)
was used for the evaluation of PSA for risk assessment. Table 7 shows the p-value of all important
parameters during follow-up regarding the influence on the presence of local recurrence. We could
show that PSA density at time of diagnosis (p = 0.009), PSA on date of first HDR-BT (p = 0.033),
and PSA on date of first follow-up after one year (p = 0.025) have statistical significance on a higher risk
of having a local recurrence during follow-up. We found no statistical significance for Gleason score
(p = 0.463) or D’Amico risk classification (p = 0.995).
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Table 6. Early toxicity rates after radiation therapy.

Side Effects N %

None 67 84.81
Intestinal

Pain 4 5.06
Proctitis 1 1.27
Diarrhea 2 2.53

Hemorhage 0 0
Genitourinary

Frequency 3 3.80
Urgency 2 2.53

Incontinence 0 0
Hematuria 0 0
Renetntion 0 0

Pain 0 0
Total 79 100.00

Table 7. p-Value for relevant parameters regarding local recurrence during follow-up.

Variable OR 2.5% 97.5% p-Value

BMI 1.035 0.778 1.376 0.814
Age 0.876 0.755 1.016 0.080
IPSS 0.401 0.145 1.104 0.077

PSA pre-therapeutic 1.011 0.990 1.033 0.311
PSA density 3.102 1.331 7.228 0.009

No. of lymphnodes 0.973 0.795 1.190 0.789
PSA

Lymphadenectomy 1.004 0.997 1.032 0.758

PSA HDR1 1.123 1.009 1.250 0.033
PSA HDR2 1.095 0.985 1.217 0.093
PSA FU 1a 8.022 1.306 49.287 0.025
PSA FU 3a 1.977 0.258 15.134 0.511
PSA FU 5a 4.204 0.422 41.914 0.221

HDR: high dose rate. Statistical significance is written in italics.

3. Discussion

HDR brachytherapy is one of the minimally invasive techniques of delivering conformal
hypofractionated radiotherapy with steep fall-off of dose beyond the prostate gland. The prostate
gland lays very close to critical normal tissues—the anterior rectum wall, urethra, and bladder neck.
Because of that biological fact, HDR-BT is ideal for the treatment of PCa [15]. Many groups have shown
that HDR-BT boost in combination with EBRT provides better results compared to EBRT alone [2,3].
Moreover, brachytherapy boost has the convenience of decreasing total treatment time, leading to
decreased traveling time and expenses.

In the published data describing the experience of HDR-BT boost in combination with EBRT,
various fractionation schedules have been used: 15 Gy in three fractions, 11–22 Gy in two fractions,
and 12–15 Gy in one fraction. All of them had excellent results, so the Groupe Européen de
Curiethérapie—European Society Therapy Radiation Oncology (GECESTRO) and the American
Brachytherapy Society (ABS) do not recommend one fractionation schedule over another [16–18].
In this study, all patients were treated with two fractions of 9 Gy each following EBRT as reported
above. In our cohort, 84.8% of the treated patients had no side effects. All reported side effects were
defined as acute toxicity grade 1; most relevant were pain (5.06%), proctitis (1.27%), and diarrhea
(2.53%) as intestinal; and frequency (3.8%) and urgency (2.53%) as genitourinary side effects. None of
the patients developed acute GU or GI morbidity higher than Grade 2.
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Hoskin et al. [19] reported about early ≥Grade 3 GU and GI morbidity was 3%–7% and 0%,
respectively. Late Grade 3 GU toxicity was 3%–16% with no late Grade 3 or 4 GU or GI toxicity.
Barkati et al. [20] reported 88% and 85% three-year and five-year biochemical control rates, respectively.
They reported all acute GU toxicity as Grade 1. Chronic Grade 3 urinary toxicity was <10% with no
Grade 4 toxicity seen.

4. Materials and Methods

4.1. Subjects

In this retrospective study, we report on 79 male patients (median age 71 years, range 50 to 79)
who were treated between December 2009 and January 2016 at the Department of Urology and the
Department of Radio-Oncology of HELIOS Hospital Bad Saarow, Germany. All patients selected for
that treatment have been classified as intermediate and high-risk PCa patients.

4.2. Study Design

All included patients (n = 79) underwent HDR-BT after informed patient consent at the time of
their treatment. Digital rectal examination, PSA, computerized tomography (CT), and a Technecium-99
bone scan was mandatory. Risk stratification was done as per the National Comprehensive Cancer
Network (NCCN), which defines low-risk as PSA ≤ 10 ng/mL, T1c-T2 and a Gleason score (GS) ≤ 6;
intermediate risk as PSA 10–20 ng/mL or GS 7; and high risk as a PSA > 20 ng/mL, T3, or GS 8–10.
PSA measurements were performed with ElektroChemiLumineszenzImmonoAssay (ELCIA) by Roche
Diagnostics GmbH, in accordance with WHO standards. We evaluated and documented the D’Amico
risk stratification for PCa for each patient. Exclusion criteria were surgically positive lymph node
metastases, distant metastasis, and prior pelvic radiotherapy. Patients with bladder outlet obstruction,
patients who already had transurethral operations, and patients with a prostate volume of more than
100 cm3 were also excluded. All patients had neoadjuvant and adjuvant androgen deprivation therapy
(ADT) for at least two years starting after laparoscopic pelvic lymphadenectomy.

HDR-BT was administered before EBRT, based on transrectal ultrasound imaging, using a
planning system and the Ir192 treatment unit GammaMed Plus iX (by Varian). HDR-BT was
administered in two treatment sessions (one week interval) with 9 Gy per fraction. Overall, 18 Gy
was applied to the prostate plus 2 mm margin. The maximal dose for the urethra and rectal wall
was 8.0 and 5.0 Gy, respectively.

The HDR-BT procedure was done under general anesthesia. The patient was placed in the
lithotomy position, a square lightweight template having a 5 mm grid array was fixed on a stepper
stand on which a transrectal ultrasound machine (TRUS) was mounted, and the template was jammed
against the perineal skin. There was a grid faceplate fixed onto the template, corresponding to the grid
of the TRUS for accurate placement of the ProGuide needles. Under TRUS guidance, metallic trocars
were inserted transperineally through the holes in the template to ascertain the position in the prostate
as published before by Deger et al. [21]. Seven to twenty needles were inserted into the prostate,
then the trocars were removed and replaced by the 6F ProGuide plastic needles in the same position.
We always started with the peripheral and anterior needles, and then moved towards the center.
As far as possible, the needles were placed at 1 cm intervals. No needles were placed within 7 mm
of the urethra, in order to have control over the urethral dose. The needles were pushed beyond the
prostate base, and the posterior needles were placed 2–3 mm anterior to the anterior wall of the rectum
to avoid overdosing the rectum.

The planning target volume (PTV) was contoured by the radiation oncologist on each ultrasound
slice and included the prostate with a 3 mm margin all around, except posteriorly, where no margin
was given to avoid overdosing the anterior rectal wall. Superiorly, a margin of 5–7 mm was given to
compensate for any post-implant edema and inadvertent caudal movement of the catheters in between
the fractions. The PTV constraints were D90 (dose delivered to 90% of PTV) ≥ 97%, V95 ≥ 100%,
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and V150 ≤ 35%. Isodoses in transrectal ultrasound image are shown in Figure 1. A three-dimensional
image with simulation of radiation is shown in Figure 2.

 

Figure 1. Isodoses in transrectal ultrasound image (red: 15 Gy; yellow: 9 Gy; blue: 8 Gy; brown: 5 Gy).

 

Figure 2. Three-dimensional image with simulation of radiation (red: prostate, green: urethra, blue:
rectum, dark green: needle positions).

EBRT started a week after HDR-BT. EBRT was performed according to the standardized protocol
with CT-based 3D-conformal treatment planning. The clinical target volume included prostate,
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the periprostatic region, and the basis of seminal vesicles; the planning target volume included the CTV
(clinical target volume) and a margin—margin of 0.6 cm (posterior) and 1.0 cm in all other directions.
The reference dose is defined in accordance with the International Commission on Radiation Units and
Measurements report 50/63. All patients were irradiated in a supine position with a CT-planed
IMRT/VMAT-technique (intensitivity modulated radiotherapy/volume modulated arc therapy)
with 6 MV megavoltage photons (Varian, CClinac DHX, PaloAlto, CA, USA). A total dose of 50.4 Gy
with 1.8 Gy per fraction and five fractions per week was administered.

Follow-up for all patients was organized one, three, and five years after radiation therapy
in the department of Radiooncology to evaluate early and late toxicity side effects, metastases,
local recurrence, and PSA value.

4.3. Evaluated Data

The evaluated data included the parameters age, PSA (ng/mL) at time of diagnosis, PSA density,
body mass index (BMI), Gleason score, D’Amico risk classification for PCa, digital rectal examination
(DRE), PSA value after one/three/five year(s) follow-up (FU), time of follow up, TNM classification,
prostate volume, and early toxicity in follow-up. Pretreatment international prostate symptom
score (IPSS), uroflow, and rest urine after voiding were also documented. All relevant dates were
documented: date of birth, date of death, date of diagnosis, date of lymphadenectomy, date of ADT,
date of HDR-BT, and date of follow-up after one, three, and five years.

A radiation oncologist and a urologist performed the follow-up evaluations, including digital
rectal examinations and PSA level during follow-up scheme one, three, and five years after initial
treatment. PSA failure was defined in terms of the American Society for Therapeutic Radiology and
Oncology Consensus Panel recommendations [22]. Acute toxicities were scored according to the
Common Terminology Criteria for Adverse Events, Version 4.0 (CTCAE v4.3), by the National Cancer
Institute (Common Terminology Criteria for Adverse Events, Version 4.0. Available online: http:
//evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03_2010-06-14_QuickReference_8.5x11.pdf). Acute toxicity
was defined as symptoms that were observed during or after treatment and had been completely
resolved 6 months after treatment. Following a strict plan for FU, all treated patients were investigated
after six months, one, three and five years. Besides clinical investigation including DRE, an interview
with a focus on acute toxicities following the Common Terminology Criteria for Adverse Events as
written above was included.

4.4. Statistical Analysis

Bravais–Pearson correlation coefficients were estimated for pairs of variables. Odds ratios (OR),
95% confidence intervals (95% CI), and p-values of the Wald test were estimated using unadjusted
logistic regression for local recurrence as dependent variable.

The level of significance was α = 0.05. All tests and calculations were performed using the
software R, version 3.1.2 (R Development Core Team 2014).

In our group, we could show that PSA density at time of diagnosis (p = 0.009), PSA on date of
first HDR-BT (p = 0.033), and PSA on date of first follow-up after one year (p = 0.025) have statistical
significance with respect to a higher risk of having a local recurrence during follow-up, but not age,
Gleason score, or clinical stage. Concerning the number of patients (n = 79 in total), we are in average
position compared to others and in a good position for a single-center study. Though the series
of Yoshiaka et al. performed a monotherapeutic HDR-BT, they found the initial PSA level to be a
significant prognostic factor (p = 0.029) along with younger age (p = 0.019) [23].

In the data published by Hoskin et al., Zwahlen et al., and Kestin et al. [3,5,8,24], they could show
a better biological recurrence-free survival after HDR-BT in combination with EBRT, compared to EBRT
alone. Combination of both modalities may also improve overall survival (OS) [25]. An explanation
could be the high radiation dose that can be prescribed when HDR-BT is combined with EBRT.
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Deger et al. [26] presented data of 422 patients with localized PCa treated between 1992 and
2001 with HDR-BT and 3DRT. As also performed in our treatment protocol, all patients underwent
laparoscopic pelvic lymph node dissection to have an exact pathological lymph node staging and to be
sure to exclude patients with lymphatic involvement. The biological non-evidence of disease (bNED)
according to risk group were 100% for low risk, 75% for intermediate risk, and 60% for high risk
at 5 years. Five-year bNEDs were 81% in the low risk, 65% in the intermediate risk, and 59% in the
high risk group. Five-year OS and bNED were 87% and 94%, respectively. The authors also observed
that initial PSA value, risk group, and age were significantly related to bNED. In contrast to our
results, we found no statistical significance for D’Amico risk classification (p = 0.995) or Gleason score
(p = 0.463). This could be caused by the fact that the presented cohort consists mainly of patients with
high risk PCa and also high Gleason scores.

Most studies of radiotherapy in PCa focus on two points: not only the effectiveness of the
treatment, but also its tolerance. However, due to different classifications of radiation reactions,
it seems to be difficult to compare the toxicity rates.

There are still different opinions about the use of ADT for patients with intermediate- and
high-risk PCa. Martinez et al. [27] published with a large number of patients (n = 1260) treated
with pelvic RT and HDR-BT. The first group was treated with additional ADT up to six months
prior to radiation, and the second group was not. The results for OS, disease free survival (DFS),
and bNED have been similar. They observed that additional ADT did not confer a therapeutic
advantage, but only side effects and cost. No statistically significant benefit on bNED rates with the
use of additional ADT could be shown in any of the groups in that study.

The main limitation of this study is the relatively small number of patients and the short follow-up
time regarding the influence on cancer-specific survival, overall survival, and biochemical relapse.
Our study adds to the already existing evidence for the effectiveness of HDR-BT combined with EBRT
for high-risk PCa.

In conclusion, this study demonstrates that HDR-BT combined with EBRT is effective in the
radical radiotherapy of intermediate- and high-risk localized and locally advanced PCa. A longer
follow-up is needed to assess long-term outcome and toxicities.

5. Conclusions

HDR-BT in combination with additional EBRT in the presented design for local advanced and
high-risk PCa results in high biochemical control rates with minimal side-effects. PSA is a negative
predictive biomarker for local recurrence during follow-up.
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Abstract: Despite the absence of local prostate cancer recurrence, some patients develop distant
metastases after prostate brachytherapy. We evaluate whether prostate brachytherapy procedures
have a potential risk for hematogenous spillage of prostate cancer cells. Fifty-nine patients who
were undergoing high-dose-rate (HDR) or low-dose-rate (LDR) brachytherapy participated in this
prospective study. Thirty patients with high-risk or locally advanced cancer were treated with HDR
brachytherapy after neoadjuvant androgen deprivation therapy (ADT). Twenty-nine patients with
clinically localized cancer were treated with LDR brachytherapy without neoadjuvant ADT. Samples
of peripheral blood were drawn in the operating room before insertion of needles (preoperative)
and again immediately after the surgical manipulation (intraoperative). Blood samples of 7.5 mL
were analyzed for circulating tumor cells (CTCs) using the CellSearch System. While no preoperative
samples showed CTCs (0%), they were detected in intraoperative samples in 7 of the 59 patients
(11.8%; preoperative vs. intraoperative, p = 0.012). Positive CTC status did not correlate with
perioperative variables, including prostate-specific antigen (PSA) at diagnosis, use of neoadjuvant
ADT, type of brachytherapy, Gleason score, and biopsy positive core rate. We detected CTCs from
samples immediately after the surgical manipulation. Further study is needed to evaluate whether
those CTCs actually can survive and proliferate at distant sites.

Keywords: prostate cancer; brachytherapy; circulating tumor cell

1. Introduction

Brachytherapy approaches have been accepted as a useful method to control localized and locally
advanced prostate cancers [1–5]. One of the most appealing reasons for selecting this treatment is
favorable long-term outcome with a low degree of toxicity [6]. Low-dose-rate (LDR) brachytherapy
provides superior outcomes in patients with low- and intermediate-risk diseases [1,2]. The combination
of high-dose-rate (HDR) brachytherapy and external irradiation is an effective treatment for delivering
radiation doses more precisely in prostate cancer, even if patients have extracapsular invasion and
seminal vesicle invasion [3–5]. Technical modifications for prostate brachytherapy are being developed
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to obtain the better treatment outcome [2,7–10]. However, approximately 5%–20% of those patients, as
it now stands, show recurrence within 5 years after brachytherapy [1,2,5,11,12].

When patients are suspected to have treatment failure, evaluation—including abdominal
computed tomography scan, pelvic magnetic resonance imaging, a bone scan, and prostate biopsy—are
usually conducted to identify the site of relapse. Some patients develop distant metastases despite
the absence of local recurrence. In those cases, micrometastasis that was not detected by radiographic
images may have been present at initial diagnosis. Another possibility is that surgical manipulation
that involves needles being inserted into prostate tissue may pose a potential risk for hematogenous
spillage of prostate cancer cells and play a role in distant metastases in patients undergoing prostate
brachytherapy. A no-touch isolation technique, in which vascular control is achieved prior to tumor
manipulation, is generally considered to reduce cancer dissemination and subsequently reduce future
disease recurrence in various cancer-related surgeries [13–17]. However, this technique is not used
during brachytherapy procedures. In addition, needles being inserted into prostate tissue directly
penetrate the cancer lesions at a certain rate.

Elucidating the mechanism and causes of relapse is a key challenge for the enhancement of
treatment outcome [18,19]. We suspect that iatrogenic circulating tumor cell (CTC) spillage can convert a
nonmetastatic cancer to a systemic one. In this study, we evaluated whether brachytherapy procedures
can provoke hematogenous spillage of prostate cancer cells. We detected perioperative CTCs using the
CellSearch System and compared preoperative CTC counts with intraoperative ones. We analyzed
whether intraoperative CTC increases were associated with perioperative clinicopathological features.

2. Results

Characteristics of the 59 patients are shown in Table 1. As shown in Figure 1, no CTCs were
detected in preoperative samples. CTCs were detected from samples collected immediately after
insertion of needles in 7 of 59 patients (11.8%). Intraoperative CTC detection rates were significantly
higher than preoperative ones (11.8% vs. 0%, p = 0.012).

Table 1. Patient characteristics (n = 59).

Factors
HDR (n = 30) LDR (n = 29) Total (n = 59)

Median (Range) Median (Range) Median (Range)

Age (year) 71.5 (58–82) 70 (51–77) 71 (51–82)
PSA at diagnosis (ng/mL) 26.8 (4.5–396) 6.5 (4.2–14.1) 10.1 (4.2–396)

Prostate volume (cc) * 14.4 (4.6–29.7) 30.7 (20.3–58.4) 22.2 (4.6–58.4)
Number of needles 18 (18–18) 21 (17–29) – –

Duration of NHT (months) 16 (7–25) 0 (0) – –

n (%) n (%) n (%)

Gleason Score
≤6 0 (0) 8 (28) 8 (14)
7 7 (23) 19 (65) 26 (44)

8 to 10 23 (77) 2 (7) 25 (42)
Clinical T Stage

1c–2a 6 (20) 20 (69) 26 (44)
2b–2c 6 (20) 9 (31) 15 (25)

3a 11 (37) 0 (0) 11 (19)
3b 6 (20) 0 (0) 6 (10)
4 1 (3) 0 (0) 1 (2)
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Table 1. Cont.

Factors
HDR (n = 30) LDR (n = 29) Total (n = 59)

Median (Range) Median (Range) Median (Range)

n (%) n (%) n (%)

Biopsy Positive Core Rate
<34% 8 (27) 21 (73) 29 (49)

34%–67% 12 (40) 7 (24) 19 (32)
>67% 10 (33) 1 (3) 11 (19)

NCCN Risk Criteria (2015)
Low 0 (0) 6 (21) 6 (10)

Intermediate 0 (0) 21 (72) 21 (36)
High 20 (67) 2 (7) 22 (37)

Very high 10 (33) 0 (0) 10 (17)

* Prostate volume was measured by transrectal ultrasound sonography immediately before insertion of
needles. HDR: high-dose-rate brachytherapy; LDR: low-dose-rate brachytherapy; PSA: prostate-specific antigen;
NHT: neoadjuvant hormonal therapy; NCCN: National Comprehensive Cancer Network.

Figure 1. Comparison of circulating tumor cell (CTC) detection rates between pre- and intraoperative
blood specimens in all patients undergoing high-dose-rate or low-dose-rate brachytherapy (n = 59).

Figure 2A,B showed perioperative CTC detection rates in patients undergoing HDR and LDR
brachytherapy, respectively. Intraoperative CTCs were detected in 4 of 30 (13.3%) patients and 3
of 29 (10.5%) patients with HDR and LDR brachytherapy, respectively. While intraoperative CTC
detection rates were relatively high when compared with preoperative ones in each group, according
to a Fisher’s exact test, the differences did not reach statistical significance in the HDR brachytherapy
group (p = 0.112) or in the LDR brachytherapy group (p = 0.236).

Table 2 lists the characteristics of the 7 patients who became positive for CTCs intraoperatively.
The intraoperative CTC count was 1 CTC in 3 patients and 2 CTCs in 1 patient treated with HDR
brachytherapy, and 1 CTC was detected in 3 patients who underwent LDR brachytherapy.

To investigate the secondary outcome measures, patients were divided into two groups according
to positive or negative status for intraoperative CTCs. Positive status did not correlate with
clinicopathological and perioperative variables, including use of neoadjuvant hormonal therapy, type
of brachytherapy, age, prostate-specific antigen (PSA) at diagnosis, Gleason score, clinical stage, biopsy
positive core rates, prostate volume at brachytherapy, or National Comprehensive Cancer Network
(NCCN) risk criteria 2015 (Table 3). Neither patients with positive status nor those with negative status
for intraoperative CTCs had postoperative clinical progression, with a median follow-up of 18 months
(range, 15–24 months).
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Figure 2. Comparison of circulating tumor cell (CTC) detection rates between pre- and intraoperative blood
specimens in patients undergoing high-dose-rate (A, n = 30) and low-dose-rate (B, n = 29) brachytherapy.

Table 2. Characteristics of seven patients who changed to positive status for intraoperative circulating
tumor cells (CTCs).

Type of Brachytherapy HDR HDR HDR HDR LDR LDR LDR

Case number 9 26 34 36 8 19 43
Number of CTC counts (/7.5 mL) 2 1 1 1 1 1 1

Age (years) 71 75 65 75 58 65 67
Duration of NHT (months) 17 16 16 17 0 0 0

PSA nadir during NHT (ng/mL) 0.014 <0.008 <0.008 0.14 – – –
PSA at diagnosis (ng/mL) 31 13.5 17.6 66.7 8.6 4.6 14.1

Prostate volume (cc) * 7 29.7 21.3 13.9 26.1 38.4 37
Number of needles 18 18 18 18 24 28 18

Gleason score 8 8 7 9 6 7 7
Clinical T stage 1c 3a 3b 2c 2a 2a 2c

Biopsy positive core rate (%) 75 50 25 100 10 16.6 33.3
NCCN risk criteria 2015 H H VH H L I I

* Prostate volume was measured by transrectal ultrasound sonography immediately before insertion of needles;
HDR: high-dose-rate brachytherapy; LDR: low-dose-rate brachytherapy; NHT: neoadjuvant hormonal therapy;
PSA: prostate-specific antigen; NCCN: National Comprehensive Cancer Network; H: high risk; VH: very high
risk; L: low risk; I: intermediate risk.

Table 3. Association of positive status for intraoperative circulating tumor cells (CTCs) with
perioperative features (n = 59).

Factors CTC Positive
Rates (n) p

Age (>70 vs. ≤70 years) 8.8% vs. 16.0% (3/34 vs. 4/25) 0.442
Type of brachytherapy (HDR vs. LDR) 13.3% vs. 10.3% (4/30 vs. 3/29) >0.999
NHT (yes vs. no) 13.3% vs. 10.3% (4/30 vs. 3/29) >0.999
PSA at diagnosis (≥10 vs. <10 ng/mL) 16.1% vs. 7.1% (5/31 vs. 2/28) 0.424
Prostate volume (cc) 14.8% vs. 9.3% (4/27 vs. 3/32) 0.691
Prostate volume/number of needle (≥1 vs. <1 cc/needle) 14.2% vs. 8.3% (5/35 vs. 2/24) 0.689
Gleason score (≥8 vs. <8) 12.0% vs. 11.7% (3/25 vs. 4/34) >0.999
Clinical T stage (≥3a vs. ≤2c) 11.7% vs. 11.9% (2/17 vs. 5/42) >0.999
Biopsy positive core rate (>34% vs. ≤34%) 10.0% vs. 13.7% (3/30 vs. 4/29) 0.706
NCCN risk criteria 2015 (H or VH vs. I or L) 12.5% vs. 11.1% (4/32 vs. 3/27) >0.999

3. Discussion

In this study of clinically nonmetastatic prostate cancer patients, we detected CTCs from samples
immediately after insertion of needles in patients undergoing prostate brachytherapy. Intraoperative
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CTC detection rates were significantly higher than preoperative ones. Our results may support a
potential risk for hematogenous spread of cancer cells during the procedure.

Historically, transurethral resection of prostate (TURP) was generally performed to relieve the
urinary tract obstruction caused by prostate cancer. In 1986, Levine et al. reported the possibility that
cancer cells might be disseminated during TURP in patients with clinically evident cancer confined
to the prostate [13]. They noted that the 5-year survival rate in those patients undergoing TURP
was significantly lower than those not undergoing the procedure (p = 0.02). Several investigators
then measured perioperative CTCs and reported the possibility of hematogenous spillage of cancer
cells during radical prostatectomy in clinically nonmetastatic cancer patients [20–24]. Eschwege et al.
investigated the dissemination of malignant prostatic cells during open radical prostatectomy [20],
and they confirmed prostate-specific membrane antigen (PSMA) using reverse-transcription nested
PCR for CTC detection. The incidence of positive CTC status increased from 21% before the surgery to
86% immediately afterward, supporting the possibility of intraoperative hematogenous dissemination
during the open radical prostatectomy. They concluded that surgeons should minimize prostate
manipulation to avoid seeding from the gland for the prevention of metastatic disease.

Prostate needle biopsy is one of the most similar procedures to prostate brachytherapy in that
needles being inserted into prostate tissue directly penetrate the cancer lesions. Hara et al. examined
PSA-mRNA-bearing cells in peripheral blood of the 108 patients before and after prostate biopsy [25].
Of 46 patients who were diagnosed with prostate cancer, the incidence of positive PSA-mRNA-bearing
cells increased from 3% before the biopsy to 45% immediately afterward. In addition, the incidence
of positive PSA-mRNA status after prostate biopsy in patients diagnosed with prostate cancer were
higher than those without prostate cancer (45% vs. 25%, p < 0.001). This study supported the possibility
of tumor spreading by prostate biopsy.

While we detected intraoperative hematogenous spillage of prostate cancer cells during
brachytherapy procedures, it is still controversial whether the CTCs spilled iatrogenically into
circulation have the biological capability to implant into distant sites and subsequently develop
metastatic foci. Most studies—including the present study that detected the intraoperative CTC
increase during radical treatment for primary lesion and prostate biopsy—had a small sample size
and lacked a long follow-up period. Thus, the clinical significance of intraoperative CTC increase
remains unclear, and we still have the question of whether this kind of iatrogenic CTC is clinically
metastable. Eschwege et al. evaluated the cancer-cell seeding impact on recurrence-free survival [23].
Hematogenous spread of prostate cells was assessed by a dual PSA/PSMA PCR assay using very
specific PSMA and PSA primers. Ninety-eight patients with negative status for preoperative CTC
were divided into two groups according to status for intraoperative CTC: 53 (54%) remained negative
and 45 (46%) became positive. Median biological and clinical recurrence-free time did not significantly
differ between the two groups (69.6 vs. 65 months). The authors concluded that intraoperative
hematogenous spillage of prostate cancer cells does not have a statistically significant adverse effect on
recurrence. Their results seem to exclude tumor surgical management as a major cause of metastatic
development. Some studies demonstrated that a primary tumor contains subpopulations of metastatic
and nonmetastatic cancer cells. Only a restricted fraction of the cells in a primary tumor are considered
to be highly metastatic [26,27]. Mareel et al. reported that 0.1% of CTC is responsible for the formation
of metastatic foci [28]. When intraoperative hematogenous spillage of prostate cancer cells occurs
during surgical procedures, we suspect that it may provoke distant metastases. However, the possibility
of metastatic foci formation caused by the iatrogenic CTC spillage from a primary tumor may occur
fairly infrequently.

We could not find any association of intraoperative CTC increases with perioperative
clinicopathological features in the present study. This may reflect the fact that all patients undergoing
brachytherapy have a risk of intraoperative hematogenous spillage of prostate cancer cells, irrespective
of use of neoadjuvant hormonal therapy, type of brachytherapy, age, PSA at diagnosis, Gleason score,
clinical stage, and biopsy positive core rates. In our regiment of HDR brachytherapy for high-risk and
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locally advanced cancers, we administered at least 6 months of neoadjuvant androgen deprivation
therapy (ADT). Nonetheless, intraoperative CTCs were detected in 13.3% of patients in that group.
Although the use of neoadjuvant ADT may reduce the cellular viability of iatrogenic CTCs enough to
prevent implantation into distant sites, this could not completely eliminate the hematogenous spillage
of CTCs during the procedure.

Several potential limitations of this study must be considered. The sample size for the present
study was not calculated to detect a statistical difference in clinical progression between patients
with intraoperative CTC increases and those without increases. A large-scale study involving more
patients is needed to clarify whether intraoperative CTC increases actually affect the postoperative
progression. Second, samples for CTC detection were not drawn before neoadjuvant ADT in patients
treated with HDR brachytherapy. These patients were classified with clinically high-risk or locally
advanced cancer and were more likely to have occult distant metastasis than lower-risk patients.
Some of these patients may have had positive status for CTC before neoadjuvant ADT [29]. In addition,
samples for CTC detection were not drawn a few days or months after the brachytherapy procedures
in patients with positive status for intraoperative CTCs [20]. Longer detection of CTCs may have
a higher risk of later metastases than others. Third, the CellSearch System may lack sensitivity in
nonmetastatic cancer patients and consequently underestimates the incidence of perioperative CTCs.
In addition, this system only detects the epithelial cancer cells and does not detect the mesenchymal
ones. In metastatic formation from primary epithelial cancers, epithelial–mesenchymal transition at
primary sites is considered to be important for cancer metastasis [30,31]. This cellular transition allows
epithelial cancer cells to acquire the more invasive characteristics. The mesenchymal cancer cells may
have a higher metastatic potential than the epithelial ones. In future clinical series, the detection of
such highly metastatic potential cells may be helpful in assessing the possibility of metastatic diseases
caused by iatrogenic CTCs during prostate brachytherapy procedures.

4. Materials and Methods

4.1. Patient Selection

From October 2014 to July 2015, 59 patients with clinically nonmetastatic prostate cancer who
underwent HDR or LDR brachytherapy participated in this prospective study. Thirty patients with
high-risk or locally advanced prostate cancer were treated with HDR brachytherapy. Twenty-nine
patients with clinically localized prostate cancer were treated with LDR brachytherapy. Samples
of peripheral blood were drawn before insertion of needles (preoperative) and again immediately
after the surgical manipulation (intraoperative) in each patient. Pretreatment evaluation included
clinical history, physical examination, blood laboratory findings, pelvic computed tomography, pelvic
magnetic resonance imaging, and a bone scan. Exclusion criteria were a history of cancer, previous
surgery for benign prostatic hyperplasia, or concomitant active urinary tract infection. Patients who
had a suspicious lesion of cancer other than prostate cancer on the pretreatment evaluation were also
excluded. Patients were removed from the study if they wished to discontinue. All biopsy slides
were reviewed by our institutional pathologists. Approval was granted by the ethics committee of our
institution (B14-20), and all patients signed written informed consent.

4.2. HDR Brachytherapy and Blood Sample Collection

The protocol and procedure for HDR brachytherapy and hormonal therapy in high-risk or locally
advanced prostate cancer were reported previously [5,32]. All patients underwent ≥6 months of
neoadjuvant ADT, which combined nonsteroidal anti-androgen agents with luteinizing hormone-releasing
hormone agonist injections. Either flutamide (375 mg/day) or bicalutamide (80 mg/day) were prescribed
as the nonsteroidal anti-androgen agents. Either goserelin (10.8 mg/3 months or 3.6 mg/month) or
leuprorelin (11.25 mg/3 months or 3.75 mg/month) were administrated as luteinizing hormone-releasing
hormone agonist therapy.
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In the operating room, preoperative samples of peripheral blood were drawn in a supine position
before epidural anesthesia. Patients were then placed in a lithotomy position. Metallic marker
seeds were placed transperineally into the base and apex for the purpose of image-guided external
beam radiotherapy following HDR brachytherapy. Treatment was started using placement of a
closed transperineal hollow needle under transrectal ultrasound guidance. Multiple 25 cm long,
closed-end, 15-G plastic hollow needles were inserted transperineally using a 15-G Prostate Template
(Best Medical International Inc., Springfield, VA, USA). Eighteen needles were routinely implanted.
Flexible cystoscopy was conducted to check that the urethra had not been penetrated by the implanted
needles. The needle tips were left within the urinary bladder, 15 mm above the sonographically
or cystoscopically defined base of the prostate. Immediately after all of these procedures had been
completed, intraoperative samples of peripheral blood were drawn from each patient again.

4.3. LDR Brachytherapy and Blood Sample Collection

The protocol and procedure for LDR brachytherapy were performed as previously reported [8].
No patients were treated with ADT and external beam radiation therapy before and after
LDR brachytherapy.

In the operating room, preoperative samples of peripheral blood were drawn in a supine position
before spinal anesthesia. Patients were then placed in a lithotomy position. Results of transrectal
ultrasonography in the axial plane were imported into the VariSeed brachytherapy planning system
(Varian Medical Systems, Palo Alto, CA, USA). The prostate, urethra, and rectal wall were contoured
by radiation oncologists. Seed number and location for both peripheral and centrally located needles
were determined manually. The prescribed dose was set at 145 Gy. Dose–volume histograms and
isodose lines were evaluated based on predetermined dosimetric parameters. Needle insertion and
implantation were done by urologists. As needed, modifications to the plan can be made, and the
software recalculates the dose–volume histograms and isodose lines by using a real-time intraoperative
dosimetry technique [7]. Patients were assigned to receive loose or intraoperatively built custom-linked
(IBCL) seed brachytherapy based on the week of the month, with loose or IBCL seeds used during
alternate weeks. In the present study, 14 and 15 patients were implanted with loose and IBCL seeds,
respectively. Loose seeds were implanted using a Mick applicator (Mick Radio Nuclear Instruments,
Mount Vernon, NY, USA). IBCL seeds were constructed using a Quicklink device (CR Bard, Covington,
GA, USA) and implanted. Zauls et al. described the detailed mechanisms of constructing IBCL
seeds [33], and we applied the same devices in our study. Immediately after all seeds had been
implanted, intraoperative samples of peripheral blood were drawn from each patient.

4.4. CTC Detection

Twenty milliliters of peripheral blood was collected into 10 mL CellSave Preservation Tubes
(Immunicon, Hatboro, PA, USA), which contained ethylenediaminetetraacetic acid (EDTA) as an
anticoagulant and a cellular preservative. Samples were maintained at room temperature and
processed within 72 h of collection. Blood samples of 7.5 mL were analyzed for CTCs.

The CellSearch system was used for the isolation and enumeration of CTCs. This system consists
of the CellTracks AutoPrep and the CellTracks Analyzer II unit (Veridex LLC, Raritan, NJ, USA).
The AutoPrep is a semiautomated sample preparation for the isolation of CTCs. The procedure enriches
the sample for cells expressing epithelial cell adhesion molecule (EpCAM) using antibody-coated
magnetic beads. After the magnetic separation, these cells were stained with the fluorescent
nucleic acid dye 4′,6-diamidino-2-phenylindole (DAPI) and fluorescently labeled with anticytokeratin
8,18,19-phycoerythrin peridinin and anti-CD45 chlorophyll protein to distinguish epithelial cells from
leukocytes. The stained and fluorescently labeled cells were analyzed for the identification of CTCs
using the Analyzer II (Veridex LLC). The criteria for CTC included positive staining for DAPI and the
cytokeratin and negative staining for the CD45. A CTC must show round or oval morphology.
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4.5. Statistical Analysis

The primary outcome measures were changes in CTC detection rates from preoperative
to intraoperative blood samples. As secondary outcome measures, incidence of increase in
the intraoperative CTC count relative to the preoperative one was tested for association with
clinicopathological and perioperative variables. For the purpose of analysis, clinicopathological and
perioperative variables including age (>70 vs. ≤70), PSA at diagnosis (≥10 ng/mL vs. <10 ng/mL),
Gleason score (≥8 vs. ≤7), clinical T stage (T1c–2c vs. T3a–4), biopsy positive core rates (>34% vs.
≤34%), prostate volume at brachytherapy (>25 cc vs. ≤25 cc), and NCCN risk criteria 2015 (high/very
high vs. intermediate/low) were evaluated as dichotomous variables. A Fisher’s exact test was used
to evaluate the primary and secondary outcome measures.

Sample size calculations determined that 60 patients would be needed to detect a 15% rise from
preoperative to intraoperative CTC detection rates with α equal to 0.05 and power equal to 80%.
A rise from preoperative to intraoperative CTC detection rates was estimated from the first 30 cases in
this study.

Differences were regarded as statistically significant at the p < 0.05 level. Analyses were performed
using SPSS, version 11.0 for Windows (SPSS, Inc., Chicago, IL, USA) and Microsoft Excel (Microsoft,
Redmond, WA, USA).

5. Conclusions

We detected CTCs from samples immediately after insertion of needles in patients undergoing
prostate brachytherapy for clinically nonmetastatic prostate cancer. Further research is needed to
assess whether those cancer cells actually can survive and proliferate at distant sites. Although the
brachytherapy approaches have demonstrated favorable long-term outcomes [6], understanding
the mechanism of relapse should lead to the better treatment outcomes in patients undergoing
prostate brachytherapy.
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