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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 (1 = 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 «2,3-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 52,3PSA to PSA ratio (%S52,3PSA) was 0.834 and much superior to PSA
alone (AUC: 0.506) [20]. However, a comparison of %S52,3PSA with the FDA-approved and currently
best available PSA-based serum marker prostate health index (PHI; formula: —2proPSA/free PSA x
\/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 x2,3-sialic acid percentage of serum PSA (%«2,3-SA).
The current study compared PHI with %«2,3-SA in a cohort of 79 patients that included 50 PCa and
29 with BPH [22]. The %a2,3-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 %a2,3-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 %o2,3-SA assay.
It would be further interesting to compare both «?2,3-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 cm? [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 (1 = 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 GANT®61, 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 (ICsy) value around 5 mM, whereas the ICsj in 22Rv1 and DU145 was between 10-20 mM
metformin (Figure S1).
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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).
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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 (GLII) 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.
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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.

AMPK

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 GANTG61 significantly decreased cell survival of PC3 and 22Rv1 cells [19].
Indeed, combining metformin and GANTG61 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 Gl-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 YH2AX 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 uM) 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).
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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
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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),
GANTO61 (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 (1 = 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 GANT®61 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
invivo. 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 PTCHI1 (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
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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 PTCHI. 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 PTCHI. 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 Gl-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%
CO,/95% O, 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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GANT®61 (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 x 10* 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 uM) 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 (JPCR)

RNA isolation and quantitative Polymerase Chain Reaction (qQPCR) reactions were performed as
previously described [19]. Primer sequences for glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
PTCHI, 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 PTCHI1 (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
Image] 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 (DEFO0.5).

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 x 10 22Rv1 cells in
100:100 uL medium /Matrigel (VWR, Radnor, PA, USA). Once tumors reached a volume of 150 mm?3,
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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 x width x height) x 71/6). 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 x 103 mm?. 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 Image].

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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1Csg Half maximal inhibitory concentration

IR ITonizing radiation

LKB1 Liver kinase B1

MEM Minimal essential medium

MF Metformin

mTOR Mammalian target of rapamycin

MVD Microvessel density

(OF) Opverall 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 31 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 (HPCI) 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), 471AAAAG (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 HPCl-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
sGCal 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.
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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 sGCa1 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 3-galactosidase levels. Data shown are
mean values £ standard deviation (SD) of experiments performed in triplicate from three independent
experiments. Student’s {-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 3-actin
levels. Scale bar 10 um; Magnification x63.
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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
(AC (1-335)) or C-terminal 386-741 amino acid residues (lacking ankyrin repeats (AN (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.
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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 (AN 386-741),
Flag-RNase L lacking C-terminal 336-741 amino acid residues (AC 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 3-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 sGCa1 was determined and normalized to GAPDH mRNA
levels. (D) PSA-luciferase promoter activity was determined 18 h after R1881 treatment and normalized
to B-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 pm; Magnification x63.
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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).
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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), a-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 ug/mL) alone or combined with MG132 (20 uM) 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 B-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
HPCl1-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.
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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 sGCa1 normalized to GAPDH
mRNA levels. (D) PSA-luciferase promoter activity 18 h after R1881 treatment and normalized to
-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 (3-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 Polyl:C
(2 ug/mL) and isolation of total RNA. Scale bar 10 pm, Magnification x63.

To further demonstrate that the increased cell migration was due to lack of RNase L, we used
WT and Rnase I/~ (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 6EF).
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.
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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 sShRNA (A-C) and compared to WT MEFs (D-F). Scale bar 100 um, Magnification x10.
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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 ] 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 uM) 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 f-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 pm, Magnification x10.

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.
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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 ] 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 um, Magnification x10.

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.
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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 png/mL each of fibronectin (FN), laminin (LN), collagen I
(C1I), 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 sShRNA or RNase L shRNA were
allowed to attach and spread on surfaces coated with fibronectin (10 ng/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 um, Magnification x63.

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 31 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
1 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 31 antibodies to label
cell surface integrin 31. Flow cytometric analysis showed that cell surface integrin 31 was increased
1.5-3-fold following knockdown of RNase L (Figure 9A-C). No changes in protein levels of integrin 31
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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 1. Activation of RNase
L with 2-5A which promotes dimerization, inhibits cell migration (Figure 6E,F) and we observed
decrease in cell surface integrin 31 expression in DU145, PC3 and LNCaP cells transfected with 2-5A
and this effect was not due to decrease in integrin 31 protein levels (Figure 10A-C).
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Figure 9. Cells with reduced levels of RNase L exhibit increased surface expression of integrin
B1. 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 31 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
B1 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 1 in cell lysates was determined on
immunoblots and normalized to levels of -actin.
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Figure 10. Activation of RNase L reduces surface expression of integrin 31. DU145, PC3 or LNCaP
cells were mock-treated (control) or transfected with 2-5A (10 uM) to activate RNase L and plated on
fibronectin-coated dishes and analyzed by flow cytometry for surface staining with antibodies against
integrin 31 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 1
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 31 in cell lysates was determined on immunoblots and
normalized to levels of B-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 1 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.
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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
I/~ (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 3-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 uM) 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 pm, Magnification x10.
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2.8. Increased Racl 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 Racl, 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 Racl (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 Racl 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 Racl activity in response to FN, we measured
Ras-related C3 botulinum toxin substrate 1 (Racl) activity by precipitating active GTP-bound Racl
with GST-PAK-binding domain (GST-PBD) and estimating the abundance relative to total levels of
Racl protein. In both DU145 (Figure 13A,B) and PC3 (Figure 13C,D), adhesion to FN stimulated a
rapid and transient increase in Racl activity which peaked at 30 min and declined by 1 h. In contrast,
RNase L knockdown cells had higher basal level of Racl 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 Racl
activity and cell migration.
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Figure 12. Ras-related C3 botulinum toxin substrate 1 (Racl) 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 Racl (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 ] 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 um, Magnification x10.
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Figure 13. Racl 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-Racl antibodies to
detect the amount of GTP-bound Rac1 (active Racl) and compared to expression of Racl in cell lysates.
Representative immunoblots from experiments performed in triplicate are shown. (B,D) Activity of
Racl was quantitated by comparing the intensities of active Racl with those of total Racl in each lane
using Image J software. Data are mean values = SEM expressed as increase in Racl activity from three
independent experiments. Student’s {-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 HPCl-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.

HPCl-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 31 which is primarily involved in adhesion to fibronectin.
Increased cell surface expression of integrin 31 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 31 and RNase L-depleted cells treated with R1881 showed
a corresponding increase in integrin 1 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 Racl (T17N) significantly inhibited migration
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of RNase L-depleted cells, whereas dominant-negative Cdc42 (T17N) or RhoA (T19N) did not. Racl
activity is regulated by Src in many cell types and elevated expression of Racl is observed in prostate
cancer cells and tumors [71,72]. Our results show higher activity of Racl in response to fibronectin in
RNase L-depleted cells compared to control cells although total levels of Racl protein were very similar.
This is the first evidence of regulation of Racl activity by RNase L. Interestingly, the two proteins that
interact with RNase L, namely, Filamin A and IQGAP1 are reported to regulate Racl 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 31 (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 3-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
5V40 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 ug/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% CO, 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 sShRNA system and knock down cells or controls were selected
with 1 pg/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 uM) 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]. Polyl:C (2 ug/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, AC), Flag-RNase L (386741,
AN) (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), Racl (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 KCI, 5 mM magnesium acetate, 20 mM Tris, pH 7.5, 5 mM {3 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 10,000x 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
at4 °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 ug/mL) alone or combined with MG132
(20 uM) 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 ug), and plasmid pCH110
expressing (-galactosidase (0.1 pg) 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 (3-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 (qQRT-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
PSAF 5'-GCAGCATTGAACCAGAGGAG-3'
PSAR 5'-CCCATGACGTGATACCCTGA-3'
sGCal F 5'-CTGCCTCATTTGCTTCATCA-3'
sGCal R 5-TTGCCATGCTGAGCTGTTTA-3/
ETV1F 5'-CACTGGGTCGTGGTACTCCT-3
ETVIR 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 ] 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 10x 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 um pore size) in growth medium. DU145, PC3 or LNCaP cells (2 x 10°) 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
] 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 pg/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 1x PBS (pH 7.4).
Cells (2 x 10%) 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 ug/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 31 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 uM) 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 pg/mL fibronectin for 30 min or 1 h. Assays for GTP-bound Racl were performed as described [77].
Cells were lysed and precipitated using GST-PBD (PAK-binding domain) beads for pulling down
active Racl. Bead bound proteins (for active Racl) and cell lysates (total Racl) were resolved on a 13%
SDS-PAGE gel and transferred onto nitrocellulose membranes and probed with primary antibodies
against Racl. The levels of active Racl were calculated by comparing the intensities of the active Racl
bands with those of the total Racl bands in each lane using Image J software (National Institutes of
Health). Data are expressed as fold increase in Racl 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 x 10° cells) treated or
not with 2-5A (10 uM) 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.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/3/529/s1.
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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-3/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 SMADA4, suggesting that SENP1
might reduce SMADA4 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-1x) 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 3 (TGF-$), known as a pleiotropic cytokine in regulating various
biological processes, plays dual roles in the cancer development and progression. Under physiological
condition, TGF-f3 exerts biological activities, such as the inhibition of cell proliferation, and induction of cell
apoptosis, via TGF3 /SMADs signaling pathways. However, during cancer progression, TGF-f#/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 SMADA4 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-p/Smads Signaling and Inhibits EMT in PC3M Cells

SMAD4 can be SUMOylated to regulate expression of TGF-f3 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 SMADA4 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-f3 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.em. * 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-f3)/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.em. ¥ p <0.01, ** p <0.001, vs. PLKO.1-shScramble group.

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

To further investigate the effects of SENP1 on TGF-3/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 SMADA4 protein expression and promoted EMT of
tumor cells.
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Figure 3. SENP1 over-expression decreases TGF-f3/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.
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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 SMADA4. 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 k-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-f3 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-f 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-f3 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-f 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-f receptor II fusion human IgG Fc
fragment (sTGFBRIIFc), which can block TGF-f 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-/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 SMADA4 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-f-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-f 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-f 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, 5TCGAGCGCCAGATTGAAGAACTCGAGTTCTGTTCTTCAATCTGGCGC
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 x 10° cells/well.
24 h later, cells were infected with PLKO.1-shSENP1 or PLKO.1-shScramble at 20 multiplicity of infection
(MQI). 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 x 10° 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 x 10° 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, SMADA4, 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

62



Int. ]. Mol. Sci. 2017, 18, 808

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 Tag™ (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 272C, using B-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
B-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-3/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).
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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 BIII tubulin genes, whose upregulation is involved in the DCT
resistance in PCa [8,9].
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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 BIII 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, BIII tubulin gene
was upregulated in DU-145/2A clones and downregulated in DU-145/3.1 clones (Figure 3D).
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Figure 3. Characterization of DCTR clones. BCL2 (A,B) and BII 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 (A > 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).
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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 gqRT-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.
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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.

Column A *. Column B **,
DCTR-miRNAs Level in DCTR-miRNAs Level in Col A Unpaired t-Test
DCTR/miRNAs DCTR Clones Versus DCT-Treated Versus C((’)ll:;lﬁll: B Pvalue (A
Parental Cells Growth Untreated Cells Growth Versus B)
Medium Medium
miR-4792 *** 8.94 +2.75 1.69 + 0.11 5.27 p <0.05
miR-4532 175.20 =+ 50.66 2.10 4 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 +0.85 213+0.2 1.63 NS
miR-21-3p 17.7 £ 412 3.9 + 049 4.53 p<0.01
miR-21-5p 5.18 &+ 0.43 2.49 £ 0.39 2.07 p <0.001
miR-22-3p 522+1.21 3.86 4+ 0.32 1.35 NS
miR-27b-3p 3.52 £0.77 429 £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.
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Figure 6. Intracellular level of selected DCTR-miRNAs in 22Rv1/DCTR clones. Relative quantification
by gRT-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 |10g2FC | > 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 (A > 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 BIII tubulin expression levels) and
the different levels of MDRI1 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 «
(HIF-1) [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% CO,. 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 x 10° 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 x 10° cells/100 mm diameter dish were grown in presence of DCT of
either 3 nM (22Rv1) or 4 nM (DU-145). Each 34 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 x 10* cells/cm? 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 [lg; (final cell number/initial cell number)/lg; 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 x 10* cells/mL were incubated at
37 °C with 1 pL of Rhodamine 123 (Rh123) (1 mM, SIGMA) and with or without 1 pL 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, B-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
(Ilumina). 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 DESeq?2 [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 DESeq?2 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/
CSAGQG,) 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
NUEF2 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.
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Figure 1. Cancer/Testis Antigen (CTA) expression in recurrent and non-recurrent prostate cancer.
CTA expression in clinically localized prostate cancer with recurrence (Rec (+)) (1 = 43) and without
recurrence (Rec (—)) (1 = 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 (1 = 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

83



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

breakpoint 2 (55X2), 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
PAGE#4 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: 094818), 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.
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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].
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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-SA, a NOLA4-S
with missed nuclear localization signal (NLS)) differently regulate the transactivation activities of
the transcription factors Mlrl (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: 094818) 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 D?P? 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 D?2P2 database [127]. The D2P?2 is a database
of predicted disorder for a large library of proteins from completely sequenced genomes [127].
D?P? 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 Pinl 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 389400 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.
WEFA-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
GalNAcB1-4GlcNAc-(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
WEFA. 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
WEFA-reactivity on PCa tissues and PSA recurrence after RP.
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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 ? PCa® BPH-> PCa p@vs.b)
n=442 184 244 14
Age, median (range) 69 (30-87) 68 (44-85) 69 (52-80) ns !
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, 1 (%) n =244
cT1 144 (59.3)
cT2 46 (18.5)
cT3 55 (22.2)
Pbx GS 3, 1 (%) Pbx GG * n=244
3+31 6 (2.4)
3+42 79 (32.4)
4433 29 (11.9)
4+44 30 (12.3)
3+5% 3 (1.2)
4455 72 (29.5)
5+45 20 (8.2)
5455 5 (2.0)
Pathological T stage, 1 (%) n=92 n=38
pT1 4 (4.3) 0 (0)
pT2 53 (57.6) 5 (62.5)
pT3 38 (41.3) 3 (37.5)
Ope GS®, 1 (%) Ope GG © n=92 n=8
3+31 1 (1.1)
3+42 13 (14.1) 2 (25.0)
4433 14 (15.2)
3+54 3 (32) 1 (12.5)
4+44 9 9.8) 1 (12.5)
5+34% 1 (1.1)
4+5° 37 (40.2) 3 (37.5)
5+4°5 12 (13.0) 1 (12.5)
5+5° 2 (22)

T not significantly difference; 2 total PSA; % prostate biopsy Gleason score; # prostate biopsy grade
group; 5 Gleason score after radical prostatectomy; 6 grade group after radical prostatectomy. Pbx:
prostate biopsy;  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 ps.d)  ps.®)  pvs.©)
Total PSA 2 - 0.638 0.586-0.691 - <0.0001 0.0376
PSA-GiP 20 ng/mL 0.795 0.753-0.837  <0.0001 - 0.0003
PSA-Gi/total PSA® - 0.734 0.586-0.691 0.0376 0.0003 -
Total PSA @ - 0.550 0.483-0.618 - <0.0001 <0.0001
PSA-GiP 10 ng/mL 0.752 0.690-0.813  <0.0001 - 0.567
PSA-Gi/total PSA © - 0.719 0.659-0.779  0.0009 0.0009 -

a Total PSA test; ® PSA-Gi test; € 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%).
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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 5¢, 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.

.. WFA-Reactivity 4
Characteristics
Weakly Positive®  Moderately Positive P Strongly Positive ¢ ays bte
n, Total = 260 51 95 112

Age, median (range) 68 (48-75) 68 (56-76) 68 (52-78) 0.555
PSA Y, 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, 1 (%) 0.008 2
pT2,n =163 41 (26.4) 48 (29.4) 72 (44.2) 0.002
pT3,1n=96 10 (10.4) 47 (49.0) 39 (40.6) 0.002
pT4,n=1 0 (0) 0 0) 1 (100) 0.612
OpeGS3,1(%) OpeGG* 0.045 2
3+3,n=11 Ope GG ! 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 * 2 (22.3) 3 (33.3) 4 (44.4) 0.889
3+5n=9 Ope GG # 1 (11.1) 3 (33.3) 5 (55.6) 0.482
4+5n=42 Ope GG ° 4 9.5) 17 (40.5) 21 (50.0) 0.056
5+4,n=14 Ope GG 0 (0) 7 (50.0) 7 (50.0) 0.052

pn 5,1 (%)
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 ©, 1 (%)
RM—, n =188 43 (22.9) 65 (34.6) 80 (42.5) 0.108
RM-+, 1 =72 10 (13.9) 30 (417) 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 )(2 test; 3 Ope GS, Gleason score after radical prostatectomy; 4 Ope GG, grade group after radical
prostatectomy;  pn, perineural invasion; ® RM, resection margin; ® weakly positive; ® moderately positive;
¢ 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! 1.589 0.336 0.168
Grade group 1.246 0.099 0.027
RM 2 2424 0.319 0.006
pn? 1.715 0.447 0.227

! pathological T stage; % resection margin; ® 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 um; (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% ClI, 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
WEFA-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 6¢). 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 (1 = 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, 10x 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 uL of serum was diluted by 100 uL of a PBS-based
dilution buffe. Then the 100 pL diluted serum samples and AF647-WFA solution (10.0 pg/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% CO, 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
WEFA 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).
WEFA-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 Al.

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 x? 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
WEFA Wisteria floribunda agglutinin

PSA prostate-specific antigen

PCa prostate cancer

BPH benign prostatic hyperplasia

LacdiNAc GalNAcR1-4GIcNAc-

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

T 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

WFA lectin WFA lectin WFA lectin

GS3+3

GS3+4

GS4+3

GS3+5

GS4+4

GS4+5

GS5+4

+: weakly-positive, ++: moderately-positive, +++: strongly-positive at tumor site 500 pm

Figure Al. 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 pm.
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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 «2,3-linked sialyl N-glycan-carrying PSA (52,3PSA) ratio measured by automated
micro-total immunoassay systems (UTAS system) can be applied as a diagnostic marker of
PCa. The uTAS 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
52,3PSA and benign-associated «2,6-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 uTAS system. Limit of detection of 52,3PSA
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 uTAS 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.
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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 x-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 «2,3-linked sialyl
N-glycan that is readily observed on free PSA (S2,3PSA), whereas «2,6-linked sialyl N-glycan on free
PSA (S2,6PSA) is exclusive to benign prostatic hyperplasia (BPH) [18] (Figure 1).
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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 «2,6 linkage whereas
in prostate cancer (PCa)-associated PSA, the linkage between the terminal sialic acid and galactose
residues is an «2,3 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 S52,3PSA 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 (UTAS system) [20-23], to quantitate both S2,6PSA and 52,3PSA
in patient serum samples with a one-time measurement. uTAS 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 uTAS system
for measuring serum S2,3PSA ratio (%S2,3PSA) in clinical settings.

2. Results

2.1. Preparation of FLAG-Tag-Fused Recombinat 52,3 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
(ACQG) 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 52,3 and S2,6PSA recombinant standard (Figure 2d).
Signal intensity of recombinant S2,3PSA against Mackkia amurensis lectin (MAL) that preferentially
bound the sialic acid «2,3-linked galactose structure was much higher than that of recombinant
52,6PSA. Signal intensity of recombinant S2,3PSA against Sambucus Nigra lectin (SNA) and Sambucus
Sieboldiana lectin (SSA) that preferentially bound the sialic acid «2,6-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 «2,3- and «2,6-linked sialyl N-glycan-carrying
recombinant PSA and could be utilized as a standard protein of uTAS system measuring S2,3PSA
ratio (%S2,3PSA).
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Figure 2. Preparation of «2,3-linked sialyl N-glycan-carrying PSA (S2,3PSA) and «2,6-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

MAL SNA SSA

Agrocybe cylindracea (ACG) lectin column chromatography for «2,3-linked sialyl N-glycan-carrying
recombinant PSA (S2,3rPSA) collected from 0.2 M lactose eluted fraction and other glyco-isoform
free PSA containing «2,6-linked sialyl N-glycan (S2,6rPSA) or asialo-type N-glycan collected from
washed fraction. 52,3rPSA 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. 5§2,6PSA 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 u'TAS Wako i30 auto
analyzer with microfluidic chip 106 (Wako Pure Chemical Industries, Hyogo, Japan) for electrokinetic
analyte transport assay (EATA) (Figure 3a—c). Total assay time of pTAS 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
52,6PSA and S2,3PSA in a microfluidic channel separated by lectin affinity electrophoresis. Because
52,3PSA is reactive to Mackkia amurensis lectin (MAA), electrophoretic migration of the sandwich
complex of DNA-labeled anti-total PSA Fab’ (DN A-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’, $2,6PSA, and HiLyte-Fab'.
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Figure 3. %S2,3PSA test using micro-total immunoassay systems (uTAS)-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 52,3rPSA standard of almost 100% in this assay (Figure 4b,c).
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Figure 4. Capture efficiency of applied S2,3PSA standard in uTAS assay. (a) Electropherogram of
52,6rPSA 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 uTAS 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 52,3PSA with the means =+ 2 standard deviations
(SD) being calculated for five replicates. As shown in Figure 5¢, 0.05 ng/mL S2,3PSA was clearly
detectable over the zero sample, there being no overlap of the 25D 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.

S2,3PSA ratio of 1.5 ng/mL free PSA S$2,3PSA ratio of 0.4 ng/mL free PSA
50 2.0 50 ) 2.0

. . @ S2,3PSA ratio (%)

[ ) & fPSA (ng/mL)
—_= ] —_=
S 15 2z 15 _
o3 & o3 &
7S50 b4 5 S0 @

@ 1.0 5 2 1.0 5
38 20 ‘a 33 20 ° ‘a
& E 3 9 E 3

= £ i =
a5 0.5 a5 —a . = g 0.5
@ £ 10 ® S2,3PSA ratio (%) P 510

~ & fPSA (ng/mL) ~

0 0.0 o 0.0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
S2,3PSA ratio (%) S2,3PSA ratio (%)
(theoretical value) (theoretical value)
(@) (b)

Figure 5. Cont.

122



Int. ]. Mol. Sci. 2017, 18,470

Limit of detection (LOD) of S2,3PSA

<)

Peak Area
»H

N

04
0.00 0.05 0.10 0.15 0.20
§2,3PSA concentration (ng/mL)

(0

Figure 5. Assay linearity for measurement of S2,3PSA ratio (%S2,3PSA) and limit of detection of
52,3PSA 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
52,6 sialylation or asialo at the same concentration. PSA concentrations and %S2,3PSA were determined
by the uTAS 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 %S52,3PSA Test Using the u'TAS 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.

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

7 113 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. ! 1.04 49.1 5.09 38.0
SD? 0.03 1.51 0.08 0.21
cvs 2.8% 3.1% 1.6% 0.6%

1 Ave.: average; 28D, standard deviation; 3 CV: coefficient variation.

2.5. Validation of %S52,3PSA 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 6¢c 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% (1 = 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 %S52,3PSA 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).
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Figure 6. Serum %S52,3PSA 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 %52,3PSA 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 ? PCa? p@vs.b)
n =100 50 50
Age, median (range) 66.5 (51-85) 67 (51-86) ns!
PSA 2, ng/mL, median (range) 6.45 (1.9-20.4) 6.6 (1.5-21.4) ns?!
%S2,3PSA, median (range) 38.55 (22.9-59.1) 45.70 (34.7-71.7) <0.0001
pbx GG 3 n (%)
GG1 15 (30%)
GG2 12 (24%)
GG3 8 (16%)
GG4 9 (18%)
GG5 6 (12%)

! no significant difference; ? total PSA;  pbx GG: prostate biopsy grade group; * 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 «2,3-linked to the galactose residue, whereas the
terminal N-glycan structures of PSA from seminal plasma are exclusively «2,6-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 (LWTAS
system) to be able to measure serum %S2,3PSA in clinical settings.

In this study, we developed a nTAS 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 «2,3-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 «2,3-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 uTAS 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 uTAS 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 uTAS system are currently underway; the results will be published separately.

125



Int. ]. Mol. Sci. 2017, 18,470

In addition to its high sensitivity, the uTAS 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 uTAS system
discriminated patients with PCa from patients with BPH with 72.0% specificity at 80.0% sensitivity
with a «2,3-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 uM
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 1M, and reacted with
500 1M 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.

126



Int. ]. Mol. Sci. 2017, 18,470

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-HCI (pH 7.5), 10 mM NacCl, 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—-HCI (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 uTAS Wako i30 auto
analyzer with microfluidic chip 106 (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 52,3 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% CO,. 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 (LecChipverl.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 pTAS 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

uTAS micro-total analysis system
MAA maackia amurensis lectin
EATA electrokinetic analyte transport assay
LBA liquid-phase binding assay
C.V. coefficient of variation

TP 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 GalNAcR1-4GIcNAc-

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 cm®. 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 c¢m3. 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 cm? 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 cm? 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 cm? 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 (1 = 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 < 2¢). An “insignificant” carcinoma (<0.5 cm3, range 0.03 to 0.48 cm®) was found in 39 specimens
(20%) and a “significant” tumor (>0.5 cm?, range 0.57 to 22.8 cm?) 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 (cm®) 36.7 (9.2-264) 429 4271
Tumor volume (cm®) 1.57 (0.03-22.8) 2.76 4 3.47
Percentage of tumor volume 4.3 (0.02-80.4) 7.8 £10.6
Number (Percent)

Pathological tumor stage

<2¢ 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
RO 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 cm?, 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.

All Patients Gleason Score <7 >7 pT Stage <2c¢ >3
Variable p-Value p-Value
(1 =196) (n = 65) (n=131) (n=154) (n=42)

Prostate volume (cm3) 367 (92-264)  36.8(17.6-167)  36.1 (9.2-264) 0.568 353 (14.7-167)  39.8 (9.2-264) 0.295
Tumor volume (ecm?)  1.58 (0.03-22.8)  0.66 (0.03-109)  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) 42(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) 144 (49-369)  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) 123 (2.3-117) 100 (23-467)  142(32-117)  <0.0001  117(23-117)  174(37-582)  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.

Tumor Volume

Variable p-Value
<05cm® =39 >0.5cm?® (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 cm® from
those >0.5 cm®. 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 cm? (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.

pT Stage (<2¢, 3a, 3b, 4)

Parameter Tumor Volume (cm®) Tumor (%) Gleason Score (<6, 7a, 7b, >8)
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) -

A:PHIlvs.tumor volume

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

B: PHI, tumor volume and pT stage
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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 >3avs. <2c

Tumor Volume >0.5 vs. <0.5 cm?

tPSA
%fPSA
[—2]proPSA
PHI

0.64 (0.56-0.73)
0.64 (0.56-0.72)
0.66 (0.59-0.74)
0.72 (0.65-0.80)

0.64 (0.55-0.73)
0.57 (0.48-0.67)
0.68 (0.58-0.77)
0.70 (0.62-80.0)

0.74 (0.65-0.83)
0.68 (0.58-0.77)
0.72 (0.64-0.81)
0.79 (0.72-0.86)
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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 (1 = 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.

Univariable Analysis Multivariable Analysis P
Variable 2
Hazard Ratio (95% CI€)  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

@ Age and tumor volume were used with their continuous values, the pathological factors as categorized data as
indicated in the previous tables; ® The multivariable analysis included all variables with p-values < 0.10 obtained in
the univariable analysis; © 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 cm® [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 cm’
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 cm?® 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 cm® 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 cm?). 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 cm®. 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, %{PSA, 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 (1 = 24), lack of appropriate serum samples (1 = 2), or use of
neoadjuvant therapies (1 = 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 em®, 1 = 39) and “significant” (>0.5 cm?®, 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 pum 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 x /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 x 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 (71/6 x height x width x depth).
The percentage portion of the carcinoma was calculated as follows: %tumor = (total number of
tumor boxes/total number of prostate boxes) x 100. The tumor volume was then calculated with the
following formula: tumor volume = (%tumor x prostate volume)/100.

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

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.
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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 «2,3-sialic acid percentage of serum PSA
(% «2,3-SA), in a cohort of 79 patients, which include 50 PCa of different grades and 29 benign
prostate hyperplasia (BPH) patients. The % «2,3-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 % «2,3-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;
«2,3-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) x /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 «2,3-sialic
acid of serum PSA and have shown a decrease in the content of core fucose and an increase in x2,3-sialic
acid of PSA N-glycans in patients with high-risk PCa [9]. In particular, the percentage of «2,3-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 «2,3-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
«2,3-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 «2,3-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 a2,3-Sialic Acid PSA in Serum Samples

For the analysis of percentage of «2,3-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
al-antichymotrypsin. Then, total PSA from the serum samples was immunoprecipitated and loaded
into a SNA lectin column. This lectin chromatography, which binds to «2,6-sialylated glycoconjugates,
allows for the separation of a2,3-sialylated from «2,6-sialylated PSA glycoforms [9]. After the lectin
chromatography, free PSA in the unbound («2,3-sialylated PSA) and bound fractions («2,6-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 «2,3-sialic acid PSA.

The potential of the percentage of «2,3-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 x2,3-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 «2,3-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 «2,3-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 «2,3-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. «2,3-SA percentage of Prostate Specific Antigen (PSA) (% «2,3-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 (X), intermediate risk PCa with a filled triangle (A) and high risk PCa with a filled
circle (®). (A) Representation of % «2,3-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 % «2,3-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 % «2,3-SA, tPSA, and %fPSA; (D) Correlation plot of % «2,3-SA from the PCa
serum samples with their Gleason score. The mean of % «2,3-SA of each Gleason score is shown with
a horizontal line (-).

In order to compare the performance of PSA «2,3-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 % «2,3-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) x /tPSA].
This methodology was used to analyze the cohort of serum samples tested previously for «2,3-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.
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Figure 2. Prostate Health Index (PHI) values of the cohort of 79 serum samples. BPH samples are
represented with an open circle (0), low risk PCa with a cross (X ), intermediate risk PCa with a filled
triangle (A) 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 «2,3-Sialic Acid PSA

In order to assess the performance of the combination of PHI and «2,3-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 «2,3-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).
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Figure 3. % 2,3-SA and PHI combination of the cohort of 79 serum samples. BPH samples are
represented with an open circle (0), low risk PCa with a cross (X ), intermediate risk PCa with a filled
triangle (A) and high risk PCa with a filled circle (®). (A) Representation of % «2,3-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 % «2,3-SA
and PHI combination of the PCa samples with their Gleason score. The mean % «2,3-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 %
«2,3-SA and PHI combination (solid line) compared with PHI (dotted line) and % «2,3-SA (dashed line).
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With the aim of implementing the combination of PHI and % «2,3-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 «2,3-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 a2,3-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 «2,3-sialic acid percentage of PSA (% «2,3-SA), where {3,
1 and 3, are parameters estimated by the model:

o(Bo+B1PHI+ B,%a2,3-SA)

1 + e(Bo+B1PHI+B,%a23-SA) *

Prob(High — riskPCa) =

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 % «2,3-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, % «2,3-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.

% «2,3-SA test identifies PSA glycoforms containing «2,3-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,
% «2,3-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 «?2,3-sialic

149



Int. J. Mol. Sci. 2017, 18, 845

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 naive 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 «2,3-Sialic Acid of Serum PSA

The determination of % o2,3-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 ol-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 uL. 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 a2,3-sialic acid PSA, and in the bound fractions, which correspond to «2,6-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) x VtPSA]. 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 % «2,3-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 % «2,3-SA and PHI value between groups were analyzed using
a Mann-Whitney U test. Receiver operating characteristic (ROC) curves were analyzed for tPSA,
fPSA, % «2,3-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 % «2,3-SA and
PHI with either the Gleason score or the tPSA levels.

To combine PHI and % «2,3-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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PSA Prostate Specific Antigen

PHI Prostate Health Index
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AUC Area Under the Curve

% «2,3-SA Percentage of «2,3 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
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SNA Sambucus nigra lectin

Ccv 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. gRT-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 (1822 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
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could be followed. RNA sequencing results were also analyzed to identify normalization microRNAs
that could be used as endogenous controls for subsequent gqRT-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 (1 = 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 Al. 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
African American
Asian/Hawaiian
Unknown

PSA (Prostate Specificity Antigen)
Range 32-22(n=19) -
Mean 7.39 -
Elevated n=3 -
Unknown n==6 -

PATHOLOGY (Gleason Score)

G6 n
G7 n
G8 n
n

n

—
o=
O = =0
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—
= o
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Blood was collected and small RN As 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 —2477 236 x107° 0.001
miR-32-5p 2.436 —2.036 123x107° 0.003
miR-500b-3p 1.141 2.035 5.77 x 10~* 0.105
miR-329-3p 1.760 2.096 1.11 x 1073 0.132
miR-487b-3p 0.854 2.596 1.20 x 1073 0.132
miR-454-3p 5.239 —0933 150 x 1073 0.138
miR-204-5p 1.646 1.781 1.93 x 1073 0.151
miR-20a-5p 9.049 —-1.085 297 x 1073 0.167
miR-127-3p 4.337 1433 3.16 x 1073 0.167

miR-543 3.353 1.359 3.48 x 1073 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 dysre