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UTR
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O6-methylguanine-DNA-methyltransferase gene
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Small noncoding regulatory RNA (microRNA)
Methylation-specific PCR
N-acetylated alpha-linked acidic dipeptidase 2 gene
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Quantitative methylation-specific PCR
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INTRODUCTION
Prostate cancer (PCa) is one of the most prevalent malignancies among
men with high mortality rates worldwide [1]. During the last several decades,
there have been numerous advances in basic research on PCa initiation and
progression, as well as novel clinical advances that have improved patients’
outcome [2].
Recently, genome-scale analyses have provided novel insight into the
epigenomic landscape of PCa, including DNA methylation and microRNA
(miRNA) expression profiles [3-8]. Despite the validation of previously known
alterations, newly discovered genetic and epigenetic features were proposed as
measures of PCa aggressiveness, as well as tools for diagnosis [3,5,8,9].
However, most of these genome-wide studies have focused on comparing
tumors with normal tissues rather than stratifying by cancer aggressiveness, i.e.
the likelihood of spreading rapidly outside the prostate. Therefore, further
analysis at a global scale is needed to increase the knowledge about the genetic
and epigenetic differences between indolent and aggressive PCa.
During the last decade, the increased understanding of genetic alterations
in PCa has encouraged the development of molecular biomarker systems in
order to facilitate both the diagnosis of the disease and the selection of the most
effective treatment scheme, as well as to avoid unnecessary clinical procedures
for the patient. However, many of such tests assess similar molecular features
and, thus, occupy only some overlapping clinical niches, whereas the full
phenotypic spectrum of this highly heterogeneous disease might not be
properly covered [10]. At the molecular level, the diversity of PCa has been
proved by numerous studies reporting various PCa biomarkers, only a small
part of which have been further validated in independent cohorts [3,5,8].
Therefore, considering the varying PCa incidence and mortality rates
worldwide, there is a current need for thorough molecular profiling of PCa in
order to get a better insight of ubiquitous genetic features that could be
exploited for PCa diagnostics and prognosis.
9

DNA methylation, as a mechanism for down-regulation of gene
expression, is an early event in tumor development and has been extensively
studied in PCa. However, despite few recent epigenomic investigations, most
of the previously published studies used candidate gene approach and/ or were
small scale (reviewed in [11]). In PCa, methylation at promoter regions has
been implicated in the silencing of over 100 different genes among which
glutathione S-transferase pi 1 gene (GSTP1) is the most prominent (reviewed
in [11]), whereas investigation of most of the other genes resulted in
ambiguous data on their potential clinical value. Aberrant DNA methylation is
a promising source of PCa biomarkers, however, thorough screening and
consecutive validation in clinical samples are needed aiming to identify the
most perspective biomarkers in practice.
Aim and tasks
The aim of the present study was to identify differentially methylated
genes in PCa and to determine their diagnostic and prognostic value for
potential application in clinical practice.
In order to achieve the objective, the following tasks were carried out:
1. To identify promoter methylation frequencies of a set of tumor suppressor
genes (RARB, GSTP1, RASSF1, MGMT, DAPK1, p16INK4a/CDKN2A, and
p14ARF/CDKN2A) in PCa tissues and to determine their diagnostic and
prognostic value.
2. To evaluate the possibility to detect promoter methylation of the genes
RARB, GSTP1, and RASSF1 in urine of PCa patients and to determine their
diagnostic and prognostic value.
3. To investigate genome-wide DNA methylation profile of tumors and
paired noncancerous PCa tissues in order to identify tumor-specific and
biochemical disease recurrence (BCR)-specific epigenomic aberrations and
altered molecular pathways.
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4. To validate promoter methylation differences of a set of 10 protein-coding
genes (PRKCB, CCDC181, ADAMTS12, ZMIZ1, FILIP1L, NAALAD2,
KCTD8, EPAS1, NEK9, and CD44) selected from global DNA methylation
profiling data, to determine their diagnostic and prognostic value, and
suitability for noninvasive testing in urine.
5. To validate promoter methylation differences of a set of 5 miRNA host
genes (MIR155HG/BIC, COPZ2, MIR137HG, MIR31HG, and GIPR)
selected from global DNA methylation profiling data and to determine
their diagnostic and prognostic value.
6. To analyze gene expression levels of selected miRNA targets (DNMT1,
KDM1A, and KDM5B) and to evaluate associations with miRNA host gene
promoter methylation and TMPRSS2-ERG expression.
Scientific novelty and practical value of the study
In the present study, for the first time, aberrant DNA methylation was
analyzed in the Lithuanian cohort of PCa cases using both genome-wide and
candidate-gene approaches. Using clinical samples (tissues and urine), this
study increased the molecular understanding of localized PCa at the epigenetic
level. Tumor suppressor genes (TSGs), widely studied in various tumor types,
have been evaluated for promoter methylation in the Lithuanian PCa cohort
and associated with clinical-pathological characteristics. As these genes are
commonly included in molecular test systems that are currently under
development, the results obtained in the present study may assist in the
selection of the most suitable biomarkers in a particular clinical context.
Genome-wide microarray-based DNA methylation profiling, performed in
a Lithuanian cohort for the first time, led to identification of a set of novel
putative biomarkers with diagnostic and/ or prognostic value that might even
surpass currently available tests. Promoter methylation of these newly
identified genes was also demonstrated to be detectable in urine of PCa
patients, which shows its potential application for noninvasive testing. Besides,
11

methylation of RAS association domain family member 1 gene (RASSF1) was
the first ever reported prognostic PCa biomarker in urine.
Frequently observed methylation differences at miRNA host gene loci in
microarray data encouraged more thorough analysis of such genes. To date, the
diagnostic and prognostic potential of miRNAs has been mostly analyzed at
the miRNA expression level only. In the present study, miRNA host gene
methylation status was shown to have independent prognostic value for BCRfree survival. Besides, mir-155 host gene methylation in PCa was associated
with miRNA silencing for the first time. This is also the first study to associate
the upregulated lysine demethylase 5B gene (KDM5B) expression with the
methylated status of mir-155 and mir-137 host gene promoters.
The results are innovative, since there is a limited number of PCa
biomarkers proven to be potentially useful in the clinics so far, whereas
miRNA host gene methylation studies have been mostly limited to PCa cell
lines. Besides, the role of miRNA host gene (MIR137HG in particular)
methylation was proposed as an additional regulatory layer in the formation of
transmembrane protease, serine 2 (TMPRSS2) and ETS transcription factorrelated (ERG) gene fusion (TMPRSS2-ERG). Although additional validation is
required, the obtained results seem to be rather promising. Protein-coding and
miRNA host genes with newly identified DNA methylation differences in PCa
might be attractive targets for epigenetic therapeutics.
Statements to be defended
1. Promoter methylation of a combination of genes RARB, GSTP1, and
RASSF1 is a sufficiently sensitive and moderately specific molecular tool
for PCa detection in tissues and urine of PCa patients.
2. RASSF1 methylation is a significant predictor of BCR-free survival of PCa
patients and, in combination with tumor stage pT, could be used as a
noninvasive biomarker for follow-up of patients diagnosed with Gleason
score 6 tumor.
12

3. Changes in methylation of protein-coding and miRNA host genes are
abundant in PCa and affect specific biological and molecular processes
associated with tumor development and progression.
4. Promoter methylation of a combination of protein-coding genes PRKCB,
CCDC181, and ADAMTS12 is highly sensitive and specific for PCa and
might be used as a tool for diagnostics.
5. Promoter methylation of genes PRKCB, CCDC181, and NAALAD2 in PCa
tissues might be utilized as independent predictors of BCR-free survival
and may increase the prognostic potential of pathological parameters.
6. Methylation of mir-155, mir-152, and mir-137 host gene promoters is
specific to PCa and could be utilized for PCa diagnostics.
7. Promoter methylation of mir-155, mir-152, and mir-31 host genes have
independent prognostic value for BCR-free survival of PCa patients and
may increase the prognostic potential of pathological parameters.
8. Methylation of mir-137 host gene might be a causal alteration leading to
the formation of TMPRSS2-ERG fusion in PCa through the increased
KDM1A expression.
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1. LITERATURE OVERVIEW
1.1.

Prostate cancer

Prostate cancer (PCa) is a complex, multifactorial disease that continues to
be a significant factor in mortality around the world. Together with lung,
colorectal, and breast cancer, PCa is one of the most common types of cancer.
In 2012, more than 1.1 million new PCa cases were recorded worldwide,
accounting for ~15% of new cancer cases in men (World Cancer Research
Fund International; http://www.wcrf.org). It is the most common noncutaneous malignancy among men and the second leading cause of cancer
death in men worldwide (Fig. 1.1) [12]. In Europe, PCa incidence rates are
among the highest and are expected to increase within the next decades
(European Cancer Observatory; https://www.iarc.fr).

Figure 1.1. Most commonly diagnosed cancers in men in 2012 (adapted from [13]).

In Lithuania, PCa is the most common type of cancer among men and
accounted for 29% of new cases diagnosed with cancer in 2012 (Cancer
Registry, National Cancer Institute; http://www.nvi.lt). In 2006, the prevention
program for early diagnosis of PCa was started, which led to a vast increase in
numbers of newly detected PCa cases during the following year (Fig. 1.2) and,
thus, made a significant impact on PCa diagnosis.
While many PCa lesions are indolent and remain localized, a subset shows
an aggressive course with rapid development of metastases, which is fatal
within a short time following diagnosis [14,15]. This reflects the underlying
14

heterogeneity of PCa and raises the need not only to accurately diagnose the
disease, but also to determine its further course and select the most proper
treatment strategy.
Incidence rate
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Figure 1.2. Trends of prostate cancer incidence rates in Lithuania, UK, and USA.
Incidence rates are provided age-standardized per 100 000 men (European, UK, and
USA age standards for Lithuanian, UK, and USA populations, respectively). Data
compiled from Cancer Registry, National Cancer Institute (Lithuania;
http://www.nvi.lt), European Cancer Observatory (http://eco.iarc.fr), Cancer Research
UK (https://www.cancerresearchuk.org), and American Cancer Society
(http://www.cancer.org).

1.1.1. Prostate gland: pathology and carcinogenesis
The human prostate is a walnut-sized gland (around 4×2×3 cm), composed
of epithelial acini arranged in a fibromuscular stromal network, and weighs
about 20 g. It is located in the male pelvis beneath the base of the urinary
bladder and in front of the rectum. Approximately 70% of the gland consists of
glandular tissue. According to a widely accepted zonal compartment system
developed by McNeal et al., the prostate is divided into four anatomically and
clinically distinct zones ([16] and references therein). The glandular tissue is
subdivided into three glandular zones – central, peripheral, and transitional –
and a fourth nonglandular region, the anterior fibromuscular stroma (Fig.
1.3A). Most of the tumors (70%) arise in the peripheral zone surrounding the
distal urethra, while the transitional zone accounts for 20% of cases (reviewed
in [17]).
At the histological level, there are at least three distinct cell types in
prostate epithelium: luminal secretory, basal, and rare neuroendocrine cells
(Fig. 1.3B). Epithelial cells form prostatic glands that are surrounded by
smooth muscle cells and fibroblasts [18]. Luminal cells are predominant, they
15

form a continuous layer of polarized columnar epithelium, produce prostatic
secretory proteins, and express characteristic markers such as cytokeratins 8
and 18, as well as high levels of androgen receptor (AR). Basal cells are
beneath the luminal epithelium, and express p63 and cytokeratins 5 and 14,
while AR expression is at low or undetectable levels. Neuroendocrine cells are
AR-negative and express endocrine markers such as chromogranin A and
synaptophysin. The function of these cells is largely unclear (reviewed in [2]).

Figure 1.3. The anatomy and histology of the
prostate gland. A – the anterior oblique view
of the prostate; B – histology of the gland.
CZ – central zone, TZ – transitional zone,
PZ – peripheral zone, AFS – fibromuscular
stroma, NE – neuroendocrine cell (images
adapted from [16,19]).

As PCa is characterized by luminal cell expansion and absence of basal
cells, luminal cells are commonly proposed to be the cells of origin for PCa
[2]. Proliferation of basal cells in PCa is very rare. However, the subject is
controversial as recent studies have reported both luminal and basal epithelial
cells as PCa precursors in model systems [20-22]. Besides, gene expression
profiling data do not support molecular subtypes of PCa based on luminal and
basal differentiation as in breast or bladder cancer ([23] and references
therein).
PCa is considered as a multifocal malignancy due to the common presence
of multiple primary tumors (found in 60-90% of cases) that are histologically
independent and often genetically distinct [17,24-26]. As discussed in [2], the
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heterogeneity of PCa is potentially relevant for the understanding the
difference between latent and clinical disease. In general, PCa is a slowly
developing malignancy, which may remain indolent for decades.
Prostate carcinogenesis is a gradual process with a spectrum of
premalignant states of different morphological, histochemical properties and
invasiveness potential (Fig. 1.4) [27-30]. PCa development begins when a
secreting prostate gland cell begins to proliferate uncontrollably. It is thought
that many cancerous lesions give rise only to latent PCa which does not
develop into clinically detectable disease as these foci might remain under
active suppression sufficient to maintain them in subclinical state [2].
However, the aggressive forms show rapid growth and dissemination, which
leads to lethality. Disparate tumor foci can progress at different rates
depending on obtained genetic alterations that determine biological
aggressiveness ([17,31] and references therein). Metastatic PCa may develop
from individual clones which have gained a selective advantage during the
carcinogenesis [31]. It has been reported that circulating tumor cells, which are
able to initiate metastases, mostly originate from distinct foci which can be
down to 0.2 mm3 in size [32]. Recently, whole-genome sequencing of multiple
metastatic lesions from the same patients revealed a common clonal origin
supported by the presence of 40-90% of the total number of mutations [33].

Figure 1.4. Stages of prostate cancer development. The role of proliferative
inflammatory atrophy (PIA) as a stage in prostate carcinogenesis is controversial
(adapted from [27]).

High-grade prostatic intraepithelial neoplasia (PIN or HGPIN) is the only
widely accepted precursor of PCa (Fig. 1.4), which is characterized by
progressive abnormalities of phenotype and genotype that are intermediate
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between benign prostatic epithelium and cancer [28]. PIN is clinically
important due to its high predictive value as a marker for PCa, especially when
multifocal or observed in association with atypical small acinar proliferation
(ASAP). As well as PCa, the majority of PINs develop in the peripheral zone
and are multifocal. The strongest argument for implicating PIN as a precursor
of PCa comes from studies showing a significantly increased prevalence and
extent of PINs in tumor-containing prostates as compared to tumor-free
prostates [34]. PIN and PCa are morphometrically and phenotypically similar.
Besides, PIN and PCa also have similar genetic alterations (e.g. allelic loss at
certain loci, GSTP1 methylation, TMPRSS2-ERG gene fusion) [35,36]. PIN is
most often found in areas which are in continuity with PCa ([28] and
references therein). Moreover, increasing rates of angiogenesis in PIN
progression are further evidence that PIN is precancerous [37]. PCa develops
in most patients with PIN within 5-10 years [28,38].
Other suggested PCa precursors include proliferative inflammatory atrophy
(PIA) and atypical adenomatous hyperplasia (AAH), also known as adenosis.
PIA has been proposed as an intermediate step between normal state and PIN
since it is quite commonly found to be merged with PIN (Fig. 1.4; [29] and
references therein). It is a proliferative regenerative change caused by cellular
injury, which is followed by inflammation-induced regeneration. As
regenerating cells are at increased risk of mutation, this predisposes them to
cancerous initiation [28]. Up to date, it is not clear whether PIA is an
intermediate stage between normal prostatic epithelium and PIN, a direct
precursor of PCa (bypassing PIN), or simply a coexisting lesion, as discussed
in [28,29].
AAH is a small glandular proliferation found only incidentally during
histological examination and may be misdiagnosed as adenocarcinoma,
especially on needle biopsy, as AAH and PIA are both described as
proliferations of small, pale glands. Most AAH foci are microscopic and the
majority are discovered in the transitional zone. Genetic abnormalities do not
18

discriminate between AAH and PCa, however, morphological linkage between
the two is weak to absent [39]. Therefore, the role of AAH as a precursor of
PCa is disputable.
Cellular proliferation in the transitional zone might also result in benign
prostatic hyperplasia (BPH) [40]. BPH is a chronic disease that exclusively
affects the transitional zone, however, it does not lead to cancer. BPH and PCa
are phenotypically distinct in the fact that BPH can show proliferation of the
basal epithelial cell layer, whereas cancer involves pronounced expansion of
luminal cells [41]. Therefore, BPH cases are often utilized as an independent
control or comparison group in various molecular PCa studies. In addition,
recent transcriptomic data indicate that PCa and BPH have different gene
expression profiles [41].
Cell morphological changes leading to a histologically abnormal
appearance of prostate tissues are preceded by a phase during which molecular
alterations occur in a complete absence of any cytological or histological
change [42]. Relatively large areas of a tissue/ organ are affected by a
carcinogenic insult resulting in the development of multifocal independent
premalignant foci and molecular lesions that precede histological change [42].
The concept of expanding field in carcinogenesis, called field cancerization or
field effect, was first introduced by Slaughter et al. and was based on
observations that cancer developed in multifocal areas and that abnormal tissue
surrounded the tumor [43]. This suggested that precancerous cells were present
at histologically normal field [43,44].
Extensive molecular analyses have been conducted on histologically
normal prostate tissues that are tumor-adjacent or distant from cancer,
commonly utilizing them as a control group when compared to cancerous
lesions as it is assumed that cancer-related alterations are absent [45].
However, multiple studies showed that gene and/ or protein expression profile
of tumor-adjacent normal tissue differs from normal tissue which is not
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associated with malignancy [46-48]. DNA methylation-based alterations have
been also reported for various genes in histologically normal prostate tissues
[36,49-54] and more recently confirmed by genome-wide methylation studies
[3,7,53]. Nevertheless, as compared to other tumors, relatively little is known
about field cancerization in PCa. However, the presence of genetic and
epigenetic field effects in PCa is widely accepted, which supports the notion
that histologically normal tissues, especially those adjacent to tumor, might not
be the most ideal controls for molecular studies [48]. On the other hand, in
clinical practice, detection of PCa-specific molecular alterations in normalappearing prostate tissues could potentially be used to increase the diagnostic
sensitivity or justify the need of repeat biopsies in cases with previous negative
biopsies [52,55-58].
1.1.2. Prostate cancer diagnosis, staging, and prognosis
PCa is usually suspected on the basis of digital rectal examination (DRE)
and/ or an increased prostate-specific antigen (PSA) level. In order to confirm
the presence of the tumor, men must undergo biopsy [59]. PCa can be detected
by DRE when the tumor volume is ≥0.2 mL, therefore, as an independent
variable, PSA is a better predictor than DRE or transrectal ultrasound
(TRUS) [59].
The introduction of a blood PSA test for routine use has made a great
impact on early diagnosis of PCa and, at present, it is the first-line serum
biomarker used for PCa detection [60]. However, the lack of a cut-off value
associated with high sensitivity and specificity of this test also increased the
risk of overdiagnosis, i.e. identification of small localized low grade tumors,
many of which presumably represent indolent or latent forms of PCa that may
not develop into symptomatic disease during the lifetime [2,61,62].
Overdiagnosis by PSA testing, which in turn leads to unnecessary biopsies, is
estimated from 5% to 45% for men at 50-69 years of age [63]. Besides, men
might have PCa despite low PSA levels, e.g. the prevalence of PCa was 6.6%
among men with PSA level ≤0.5 ng/µL and increased up to 26.9% in the PSA
20

range 3.1-4.0 ng/µL [64]. Another inherent limitation of PSA testing is its
moderate specificity in the setting of PCa screening, as other noncancerous
conditions (e.g. BPH, prostatitis) may result in elevated PSA level [65].
If there are clinical indications for the repeat biopsy after a previously
negative one, additional information may be gained by currently available
molecular tests, some of which are included in the Guidelines on Prostate
Cancer by European Association of Urology (EAU), European Society for
Radiotherapy & Oncology (ESTRO), and International Society of Geriatric
Oncology (SIOG) [59]. The use of most of such diagnostic tests is suggested
before making the decision for repeat biopsy as this procedure might be
preventable if test results come negative (Table 1.1).
Table 1.1. Currently available molecular tests for prostate cancer.
Test
Prostate Health
Index (PHI) test*
4Kscore Test*
ConfirmMDx*
Progensa*
Prostate Core
Mitomic Test
ProMark
Prolaris*
OncotypeDX
Prostate*
Decipher

Biomarker(s)
Total, free, intact
PSA
Total, free, intact
PSA, and hK2
Methylation of
RASSF1, GSTP1,
APC
Expression of PCA3
Large-scale
mitochondrial DNA
deletions
Quantification of 8
proteins
Expression of 31
cell-cycle related
genes
Expression of 12
cancer-related
genes
Array-based
expression of 22
genes

Test
substrate

Suggested application

Test type

Reference

Serum

After negative biopsy

Diagnostic

[66,67]

Serum,
plasma

After negative biopsy

Diagnostic

[68]

Biopsy

After negative biopsy

Diagnostic

[56]

Urine

After negative biopsy

Diagnostic

[57]

Biopsy

After negative biopsy

Diagnostic

[69]

Biopsy

Active surveillance

Prognostic

[70]

Biopsy

Watchful waiting

Prognostic

[71]

Biopsy

Active surveillance

Prognostic

[72]

Biopsy

Post-prostatectomy
decision making

Prognostic

[73]

CELLSEARCH
CTC

Count of circulating
tumor cells

Blood

Monitoring of CRPC
patients

Prognostic

[74]

ExoDx Prostate
(IntelliScore)

Exosomal RNA
(ERG, PCA3, and
SPDEF as EC)

Urine

Identification of highgrade PCa at the time
of biopsy/ surgery

Prognostic

[75]

CRPC – castration-resistant prostate cancer, EC – endogenous control, PCa – prostate cancer.
*Included in the EAU-ESTRO-SIOG Guidelines on Prostate Cancer [59].
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When PCa is confirmed, the treatment strategy must be appointed. The
treatment decision is based on tumor classification systems, which combine
patients with similar clinical outcome. The Tumor, Node, Metastasis staging
system (TNM) for PCa was first adopted in 1992 by the American Joint
Committee on Cancer and the International Union Against Cancer [76]. The
TNM system is based on three major parameters: T (tumor) is used to evaluate
the size and extent of the primary tumor, N (node) shows the degree of spread
to regional lymph nodes, and M (metastasis) describes the presence of distant
metastasis. According to the current EAU-ESTRO-SIOG Guidelines on
Prostate Cancer [59], the 2009 TNM classification is currently used (Table S1).
Additionally, PCa can be further grouped into clinical stages according to
TNM parameters (Table 1.2).
Table 1.2. Prostate cancer stages based on Tumor, Node, Metastasis (TNM)
parameters.
Stage
I
II
III
IV

T
1 or 2a
2b or 2c
3
4
Any T
Any T

N
0
0
0
0
1
Any N

M
0
0
0
0
0
1

Currently, there are no definitive markers that could differentiate PCa into
indolent and aggressive better than the histopathological Gleason grading
system using biopsy tissues. It was developed by Donald Gleason between
1966-1974 [77]. Gleason score describes a prostate tumor according to its
microscopic appearance. Grades 1 to 5 are assigned to the histologic patterns
of the tumor, while adding the grades of the most and second most common
patterns results in Gleason score ranging from 2 to 10. The primary and
secondary grades are reported in addition to the Gleason score. A global
Gleason score is given for multiple tumors, but a separate tumor focus,
especially with a higher Gleason score, is usually also reported.
Over the years, the Gleason system has been revised in accordance with
the advances in PCa diagnosis and therapy. Treatment decisions using a single
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Gleason score of 7 fail to recognize that tumors evaluated with 3 + 4 and 4 + 3
are very different in their prognosis. Furthermore, in practice the lowest
Gleason score assigned to cancer is 6, which often leads to an incorrect
assumption on the part of patients that their cancer is in the middle of the scale
[78]. To overcome these and other deficiencies of the system, the major
revisions have been made in 2005 [79] and more recently in 2014 [80], when
the grade groups according to International Society of Urological Pathology
(ISUP) were introduced for the use together with Gleason score (Table 1.3).
Table 1.3. International Society of Urological Pathology (ISUP) 2014 grade groups
according to Gleason score (adapted from [80]).
ISUP grade
group
1
2
3
4
5

Gleason score
≤6
7 (3 + 4)
7 (4 + 3)
8 (4 + 4 or 3 + 5 or 5 + 3)
9 or 10 (4 + 5 or 5 + 4 or 5 + 5)

Accurate differentiation between aggressive and indolent PCa is critically
important to reduce overtreatment so that patients with life-threatening disease
will undergo proper treatment while those with indolent disease will be spared
the radical therapy [10]. Presently, the Gleason system with 2005
modifications is the strongest prognostic factor for clinical course of PCa and
response to treatment. Gleason grade 4 or 5, particularly if present in >5% of
the PCa volume, is a prognostic indicator of cancer progression [59].
Other factors associated with PCa prognosis include tumor volume,
location, and surgical margin status. Tumor volume is one of the most
controversial parameters that is sometimes used for prognostic purposes as
tumors tend to have irregular shapes with infiltrative growth patterns. Tumor
volume is variously determined as tumor percentage or tumor dimension, and
there is no consensus that this parameter by itself correlates with adverse
findings in surgical material [81]. On the other hand, the location of the tumor
in the transitional zone is associated with a decreased risk of disease
progression [81]. Surgical margin status is an independent risk factor: although
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evidence is considered insufficient, some indications may be provided
regarding tumor multifocality [59,82].
Clinical observations also suggest that the increased number of
neuroendocrine-like cells in PCa is associated with poor prognosis, however,
the data are inconclusive [83]. It has been hypothesized that these cells arise by
neuroendocrine differentiation or transdifferentiation process from luminal
cells [84]. They do not proliferate and lack the expression of PSA and AR [85],
thus, these cells are very resistant to treatment. Besides, neuroendocrine-like
cells are known to express relatively high levels of various anti-apoptotic genes
and secret a number of growth factors and peptide hormones, supporting the
growth of surrouding tumor cells [85]. In general, neuroendocrine-like cells
may contribute to poor PCa prognosis not only by surviving therapies, but also
by stimulating the proliferation of existing cancer cells.
As PSA provides poor differentiation of PCa prognosis [65] and so far
there are no other molecular biomarkers with high prognostic performance
confirmed by prospective multicenter studies, the current inability to
distinguish aggressive from indolent or latent PCa at diagnosis remains one of
the major clinical challenges [2,61]. Although there are several available
prognostic biomarker tests (Table 1.1), recommendations regarding their
routine application are still being awaited [10,59].
1.1.3. Prostate cancer progression and treatment
As already mentioned, the clinical course of PCa is heterogeneous, ranging
from indolent tumors requiring no therapy during the patient’s lifetime to
highly aggressive PCa developing into a metastatic disease. While localized
cancer is usually treated with radical prostatectomy (RP) or radiotherapy, these
regimens are followed or substituted with androgen deprivation therapy (ADT)
and chemotherapy in cases of advanced PCa [59]. Generally, aggressive
tumors should be identified and treated early, while avoiding overtreatment of
clinically insignificant cases.
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According to the annual report of American Cancer Society, the
probability of developing invasive PCa during 50-59 years interval is 2.1% (1
in 48) for men, who are free of cancer at the beginning of this age decade, and
roughly doubles with each next decade reaching 10.0% (1 in 10) for men in
their 70s [12]. Most of the times, patients become long-term survivals and, as
such, develop multiple medical needs over time, some of which are ageingrelated. This leads to poor symptom control and low quality of life [86].
Men with localized PCa can have very different prognoses and, thus, a
wide selection of treatment options are available. In contrast to other types of
tumors [87], PCa lacks distinct histopathological subtypes that would differ in
disease prognosis and response to treatment. Therefore, treatment options are
mainly based on above-mentioned clinical-pathological parameters, according
to which PCa is divided into risk groups (Table 1.4), with regard to symptoms
and patient’s quality of life. Depending on the severity of PCa, current
treatment options include active surveillance, RP, hormone therapy,
brachytherapy, high-intensity focal ultrasound, cryotherapy, radiotherapy,
chemotherapy, bone-directed treatment, and others [23,59,88].
Table 1.4. Risk groups for biochemical disease recurrence of localized and locally
advanced prostate cancer (PCa; adapted from [59]).
Group
Low-risk
Localized PCa
Intermediate-risk
High-risk
Locally advanced PCa

Definition
PSA <10 ng/µL and Gleason score <7 and T1-2a
PSA 10-20 ng/µL or Gleason score 7 or T2b
PSA >20 ng/µL or Gleason score >7 or T2c
Any PSA, any Gleason score, T3-4 or N1

T and N are parameters of Tumor, Node, Metastasis staging system (TNM), PSA – prostate-specific
antigen.

Active surveillance is offered to patients with assumed low-risk PCa
aiming to avoid unnecessary and potentially harmful treatment and achieve the
proper timing for curative treatment, which is prompted by predefined
thresholds [23,59]. Studies show that men with low-risk PCa can safely avoid
treatment with a risk of death from PCa being as low as 1% at 10 years
(discussed in [23]). RP is a common treatment used to try curing localized PCa
completely, while aiming to avoid urinary incontinence and erectile
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dysfunction, whenever possible. It involves removal of the entire prostate,
together with resection of both seminal vesicles and surrounding tissue [59].
Despite the current technical progress in curative procedures, such as RP,
there is a risk of cancer recurrence after treatment. BCR, described by a rising
PSA level after treatment, indicates treatment failure and precedes metastatic
progression. Therefore, after BCR has been confirmed, it is important to
determine if the recurrence has developed at local or distant sites, while some
patients with BCR after RP do not develop clinically evident disease
recurrence at all [59]. Generally, many patients in the high-risk group (Table
1.4) likely have micrometastases (and, therefore, a higher risk of dying from
PCa) at the time of PSA increase, while those in the low-risk group likely have
a slow-growing local recurrence only [89]. Besides, the rate of PSA increase is
also indicative of the type of disease recurrence: rapidly increasing PSA
usually indicates distant metastases, whereas slow or later increment most
likely shows local recurrence [90]. Therefore, prognostic biomarkers that
would let identify aggressive PCa at its early stages are under investigation.
As the growth and survival of normal prostate and prostate cancer cells is
dependent on androgen, the frontline treatment of patients having advanced
PCa includes ADT. This treatment modality was first accomplished via
surgical castration (discussed in [91]). Now it is usually achieved by medical
castration, i.e. by either suppressing the secretion of testicular androgens or
inhibiting the action of circulating androgens using anti-androgens [59].
Castration reduces the serum testosterone to very low levels. However, the
progression of advanced PCa to castration-resistant prostate cancer (CRPC) in
1-2 years is inevitable and ultimately fatal [92]. The treatment of CRPC is
based on expensive systemic therapy with cytostatic agents and nextgeneration targeted therapy (e.g. abiraterone acetate, enzalutamide), but only a
part of CRPC patients respond to this treatment positively [92]. Furthermore,
the benefits of AR-directed therapies are usually short-lived and resistance
occurs invariably, leading to an incurable disease.
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CRPC is characterized by increased levels of PSA despite low levels of
testosterone. Until recently it has been thought to be a hormone refractory
state, however, it is currently recognized that AR function is almost never lost
(discussed in [93]). Development of CRPC and its further progression is
inevitably linked to various molecular alterations in AR signaling pathway
(e.g. AR gene amplification, increased expression of AR and/ or its regulators,
gain of function mutations, post-translational mechanisms of AR activation,
alternative slicing, etc.) [94]. Besides, although androgens are mainly produced
by testes, extragonadal sources (like adrenal, intraprostatic, and intratumoral)
are clinically important, because they are likely to be sufficient to support
CRPC progression even though the secretion from the testes is suppressed [91].
PCa deaths are typically the result of metastatic CRPC (mCRPC), with the
median survival of ≤2 years of men with mCRPC [91,95,96]. In Lithuania,
about 500-600 men die of PCa each year (Cancer Registry, National Cancer
Institute; http://www.nvi.lt). BCR after RP precedes clinically detectable
metastases by 7-8 years. However, despite new improvements in imaging
techniques PCa recurrence is still difficult to detect early, when salvage
treatment is most beneficial [97,98]. PCa almost invariably metastasizes to
bone (90%), while other common sites are lung (46%), liver (25%), pleura
(21%), and adrenals (13%) [99]. Bone metastasis are a major cause of reduced
quality of life and death of patients with mCRPC. Despite the recent insight on
molecular factors in PCa that might be associated with bone tropism, the key
mechanisms responsible for the dissemination of PCa cells to bone remain
unresolved (reviewed in [100]).
Although several clinical parameters may help to predict the course of PCa
and assist in treatment selection, once BCR is diagnosed the prompt initiation
of salvage therapy is critically important. Elevated PSA indicates disease
relapse only after its actual occurrence, which means that PCa has already
developed into the stage eventually leading to death. Therefore, prognostic
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biomarkers that could lead the way for personalized treatment decisions are
needed.
1.1.4. Prostate cancer etiology
High PCa incidence rates and relatively long patients’ survival contrast
with the lack of evident etiology. The heterogeneity of the PCa, as well as the
complex structure of the gland itself, has imposed difficulties into searching for
an etiological origin of the malignancy [30]. The only established risk factors
are age, African ethnicity/ race, a family history of PCa, and certain inherited
genetic factors. Advancing age and ethnicity are the strongest nonmodifiable
factors which are considered to play a pivotal role in PCa development [12,88].
Age. Age at diagnosis of cancer is a well-recognized prognostic factor.
PCa is identifiable in some very young men and at an increasing rate with age,
suggesting that PCa is usually a slowly developing disease with a long
preclinical phase [101]. Younger men (≤50 years old) are more likely to have
better survival compared with older men [14]. This has been explained by
better tolerance for aggressive therapy, earlier recognition of the disease, as
well as attendant lower stage and/ or grade of PCa [102]. However, among
men with high-grade and locally advanced PCa, the youngest men have been
shown to have a poor prognosis compared with older men [14].
Ethnicity. The risk of PCa is ~70% higher in men with African ancestry
than in Caucasians, while native Chinese, Japanese and other east south-east
Asian men have the lowest reported rates in the world [12,103]. Interestingly,
Caribbean men of African descent have the highest documented PCa incidence
and mortality rates in the world, while tumor stage and grade at diagnosis are
highest among men in sub-Saharan Africa [12,104,105]. Reasons for the
disparities in PCa diagnosis and treatment are complex and multifactorial,
including socioeconomic, psychosocial, cultural, and educational factors,
which affect access to care and treatment options. Furthermore, genetic factors
and the anatomical location of a tumor within the prostate are considered to
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contribute to worse PCa outcomes among men of African ancestry [104]. This
might be partly explained by the fact that African and African-American men
usually have higher PSA levels at the time of diagnosis, which might be
associated with genetic variations. In particular, specific single nucleotide
polymorphisms (SNPs) in kallikrein related peptidase 3 (KLK3) gene,
encoding PSA, are more common among African-Americans and, therefore,
might account for increased serum PSA levels [106].
Family history. Next to age and ancestry, the family history is considered
as one of the most important risk factors for PCa. Genetic studies suggest that
familial predisposition might be responsible for up to 40-50% of PCa cases
(reviewed in [107]). Familial PCa was first described in the 1950s [108]. Since
then various epidemiological studies have reported the familial clustering of
PCa, however, the magnitude of the estimated risk various rather significantly.
In general, the risk of PCa increases from 2.5-fold with a single affected firstdegree relative (i.e. father, son, or brother) to 5-fold with ≥2 affected first
degree relatives [109,110]. The risk is also higher when a proband is younger
[109,111]. PCa is commonly considered as one of the most heritable forms of
cancer [112]. The hereditary prostate cancer 1 susceptibility locus (HPC1) in
ribonuclease L gene (RNASEL) on chromosome 1q24-25 has been the first one
linked to families with a high risk of PCa. Soon after, other loci have been
discovered on various chromosomes (chr2, chr6, chr8, chr10, chr13, chr17,
chrX, and others) [113,114].
Genetic susceptibility. As all cancers, PCa is a genetic disease that can be
causes by both germline and somatic genetic alterations. Genetic susceptibility
and epigenetic changes may predispose individuals to PCa. Mutations and/ or
abnormal gene expression associated with classic genes such as tumor protein
53 (TP53), phosphatase and tensin homolog (PTEN), breast cancer 1 and 2
(BRCA1 and BRCA2) genes might contribute to prostate carcinogenesis
[115,116]. The completion of the Human Genome Project and the subsequent
International Haplotype Map Project led to the identification of >40 PCa
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susceptibility loci which explained up to 25% of PCa risk [117]. Increased PCa
risk-associated conditions also include Lynch syndrome with characteristic
DNA mismatch repair gene (MMR) mutation [118].
Various other modifiable environmental and occupational risk factors have
also been implicated, but mechanisms underlying the link of these factors and
PCa development remain unclear. Several studies suggest that obesity and
smoking are not associated with the overall risk of developing PCa, but may
increase the risk of developing the aggressive form of the disease [12].
According to a recent umbrella review by Markozannes et al., associations
between diet, body size, physical activity and the risk of PCa did not present
strong evidence [15]. Interestingly, only the association of height with the risk
of PCa was highly suggestive, i.e. a 4% higher risk of PCa was observed per 5
cm of greater height. Associations with body-mass index (BMI), weight,
alcohol intake, dietary calcium and PCa incidence and/ or mortality were
reported as moderately suggestive, while intake of dairy foods, waist
circumference, waist to hip ration, and some other factors were supported by
only weak evidence [15]. There is also some indication that firefighters can be
exposed to chemicals which might increase their risk of PCa [119]. Other
studied risk factors include sexually transmitted infections and vasectomy,
however, no firm conclusions have been reached so far [120,121].
At present, due to the lack of conclusive data no definite recommendations
could be provided for PCa prevention [59].

1.2.

Genetic features of prostate cancer

Over the past years significant efforts have been invested in elucidating the
molecular basis of PCa. In several recent studies, multiple recurrent genetic
rearrangements have been identified in PCa, including various mutations, copy
number changes, gene fusions, and other alterations [4,9,35,115,122]. A large
number of studies have pointed towards AR as a central player in prostate
carcinogenesis [123]. Presently, the widespread use of genome-wide profiling,
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primarily aiming to determine molecular PCa subtypes, has significantly
increased the understanding of genetic and epigenetic features of this
malignancy.
1.2.1. Role of androgen receptor in prostate cancer
The role of the AR in the development and progression of prostate cancer
has led to increasing interest in this nuclear receptor. The AR gene (Xq11-12)
encodes a cytoplasmic steroid receptor, a member of the nuclear receptor
superfamily, which acts as a ligand-dependent hormone-inducible transcription
factor. Ligand binding causes AR translocation to the nucleus, where AR
dimers interact with target genes via androgen-responsive elements (AREs)
[124]. Until the widespread use of whole-genome technologies, only a few
androgen-regulated genes have been identified, mostly limited to KLK3 (PSA),
kallikrein related peptidase 2 (KLK2), and NK3 homeobox 1 genes (NKX3-1)
[125]. Increased serum levels of the important biomarker PSA suggest that AR
activity is elevated in PCa patients. Recent gene expression profiling studies
have identified >1000 androgen-responsive genes, of which over 200 genes are
considered as a core set and include prostate cancer associated 3 (non-protein
coding; PCA3), folate hydrolase 1 (FOLH1; also known as prostate-specific
membrane antigen, PSMA), transmembrane protease, serine 2 (TMPRSS2),
ETS transcription factor-related (ERG), dual specificity phosphatase 1
(DUSP1), microseminoprotein β (MSMB), sorbitol dehydrogenase (SORD),
cysteine rich secretory protein 3 (CRISP3), a prostate-specific gene with cell
growth-promoting function (non-protein coding; PCGEM1), and other
commonly studied genes ([126,127] and references therein).
Previous studies have shown that AR binds primarily to enhancers rather
than promoter regions and that 86-96% of AR-binding sites are at nonpromoter
regions. Furthermore, loops of intervening DNA are formed when AR-bound
enhancers are interacting with promoters of AR-regulated genes (discussed in
[128]). Chromatin looping has been also reported to be responsible for the
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formation of androgen-responsive gene rearrangements, such as TMPRSS2ERG fusion, a feature of PCa [129,130].
The amplitude of AR-mediated signaling is modulated by AR coregulators,
which may both enhance (coactivators) and reduce (corepressors) AR
transcription activity. More than 170 proteins are currently known as AR
coregulators, whose role has been assessed in PCa. The most studied AR
coregulators include forkhead box A1 (FOXA1), GATA binding protein 2
(GATA2), and erythroblast transformation-specific proto-oncogene 1 (ETS1),
of which FOXA1 is considered to have an essential role in AR transcriptional
activity [124].
Histone-modifying enzymes compose probably the major group of AR
coregulators (discussed in [123]). Studies have shown that histone lysine
methylation status contributes significantly to AR signaling which correlates
with an increased expression of several histone lysine demethylases (KDMs),
such as lysine demethylase 1A (KDM1A/LSD1) and 4C (KDM4C/JMJD2C) in
prostate cancer [131-133]. Most of KDMs physically interact with AR to
facilitate its recruitment to AREs and subsequent activation of the downstream
target genes [132]. AREs are particularly enriched for histone 3 lysine 4 monoor di-methylation (H3K4me1 or H3K4me2), generally associated with
transcriptional enhancers [134].
The heterogeneity of prostate cancer suggests that there could be multiple
initiating events leading to inactivation of tumor suppressors and/or activation
of tumor promoters/oncogenes that could at some point of disease progression
cross-talk with AR (reviewed in [135]).
1.2.2. Common genetic alterations and affected pathways
Prostate cancer is characterized by a variety of somatic mutations. Despite
the genes and pathways that are deregulated in various cancer types, there are
some distinctive genetic aberrations observed in PCa.
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Unlike other cancers, only few recurrent and/ or actionable protein-coding
mutations are known in PCa, however, a large proportion of tumors harbors
gene fusions. One prominent example is the AR-dependent up-regulation of
members of the E26 transformation-specific (ETS) family of transcription
factors by gene fusions between the AR-regulated TMPRSS2 gene promoter
and the coding region of the ETS family members, ERG and ETS variant 1
(ETV1) genes, which have been observed in ~50% of all PCa cases [129,136].
These fusions confer androgen responsiveness to ETS transcription factors,
which leads to cell-cycle progression [137]. The overexpression of ERG might
be sufficient to initiate the development of neoplastic lesions in the prostate.
Other rearrangements are less frequent [138]. Recent studies have provided
significant insight into cancer-associated molecular mechanisms in TMPRSS2ERG-positive tumors, however, prostate carcinogenesis in fusion-negative
cases remains unclear. Borno et al. showed that fusion-positive PCa contains
more differentially methylated regions than fusion-negative tumors, with a
significant

enrichment

in

methylation

of

homeobox

(HOX)

gene

promoters [139].
The phosphoinositide 3-kinase (PI3K) signaling pathway is activated by
various lesions and affects cell proliferation, invasion, and survival. This
pathway is altered in 25-70% of PCa. The tumor suppressor gene PTEN, the
most important negative regulator of PI3K pathway, is one of the most
commonly mutated genes in PCa. As PTEN mutations are more frequently
identified in metastases than primary PCa, it is suggested that this gene has a
critical role in PCa progression [140]. Like PTEN, the PH domain and leucine
rich repeat protein phosphatase 1 gene (PHLPP1), suggested to play a
redundant role with PTEN, is recurrently deleted in PCa and tightly correlates
with TP53 deletion [141]. Disruptive rearrangements may also inactivate
membrane associated guanylate kinase, WW and PDZ domain containing 2
(MAGI2) gene, encoding a tumor suppressor protein interacting with
PTEN [9].
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Another commonly mutated gene in PCa is speckle type BTB/POZ protein
(SPOP) gene, which encodes a substrate binding unit of a cullin-based E3
ubiquitin ligase. Mutations in this gene are the most common point mutations
in PCa, with the frequency of 6-15%, and are found exclusively in the
substrate-binding cleft of SPOP, indicating altered substrate binding in PCa
[142,143].
Mutations in several genes involved in chromatin modifications have been
identified in PCa, including lysine demethylase 6A (KDM6A), lysine
methyltransferases 2C (KMT2C) and 2D (KMT2D), also known as
myeloid/lymphoid or mixed-lineage leukemia 3 (MLL3) and 2 (MLL2), genes,
respectively [142,144]. Deletions involving the chromodomain helicase DNAbinding protein 1 gene (CHD1) are associated with ETS fusion-negative PCa
and occur at 10-25% frequency in both primary and metastatic PCa. Such
tumors have been shown to contain significant increase in genomic
rearrangements [145]. Overexpression of enhancer of zeste homolog 2 gene
(EZH2) in PCa is associated with aggressive course of the disease by acting
through the activation of AR and other transcription factors [146].
Among the genes involved in cell cycle control, mutations of
retinoblastoma 1 gene (RB1) and TP53 have been commonly observed in PCa.
While TP53 mutations are recurrently detected in both localized and advanced
PCa, RB1 is more commonly mutated (or deleted) in CRPC cases [122,144].
Other signaling pathways shown to be involved in prostate cancer initiation
and progression include the MAPK/ERK and RAS/RAF pathways, although
their role in PCa is less well elucidated (discussed in [115]) and, thus, requires
further investigations, as well as numerous other low-frequency alterations.
1.2.3. Genomic profile of prostate cancer in “-omics” era
Recent years have broadened the understanding of the significance of
genetic alterations in PCa. In the first reported whole-genome PCa sequencing
by Berger et al., a median of 3866 putative somatic base mutations per tumor
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were identified [9]. The mutation frequency in PCa (0.33-0.94 somatic
mutations per Mb) is lower than in lung (3.8/Mb) or breast (~1/Mb) cancer
and, therefore, does not explain the frequently observed deregulation of many
genes [4,147].
Whole-genome data, obtained by Berger et al. [9], also indicated that
complex genomic rearrangements may have a critical role driving prostate
carcinogenesis. Moreover, multiple rearrangements in genes that are spatially
localized together was noted [9], suggesting that genome-wide approaches are
required to unmask the full spectrum of mechanisms responsible for PCa
development and progression.
In a recent study, Fraser et al. [143] not only confirmed frequent gene
fusions in PCa, but also showed that large genome-scale rearrangements in
localized intermediate-risk tumors are much more common than initially
thought. A clustered-mutation phenomenon, called kataegis, commonly
occurring within 10 kbp, was detected in 23% of tumors and was preferentially
found in PCa samples with CHD1 or SPOP mutations [143]. Chromosome
shattering, or chromotripsis, another type of genomic rearrangement where all
or part of a chromosome undergoes massive DNA breakage, partial deletion,
and random rejoining of retained fragments, was identified in 20% of tumors.
The prevalence of such genomic rearrangements in localized PCa highlighted
the differences from the mutational profile of mCRPC, where aberrations in
single genes are observed recurrently [143,148].
The whole-genome analysis approach enabled to define the sequence of
molecular changes in PCa development. As reported by Baca et al., TMPRSS2ERG fusion, mutations in SPOP, FOXA1, and NKX3-1 are early events in
prostate carcinogenesis, which are followed by CHD1 and TP53 alterations
and then by inactivation of PTEN [145]. This supports the notion that loss of
PTEN function triggers the development of aggressive PCa [140].
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A comprehensive molecular analysis of 333 primary prostate carcinomas,
as a part of The Cancer Genome Atlas (TCGA) project (https://cancergeno
me.nih.gov) [4], revealed a molecular taxonomy in which 74% of prostate
tumors fell into one of seven subtypes defined by specific genetic alterations,
most of which have been reported previously. Four of the subtypes were
characterized by cancer-driving gene fusions: ERG fusions (46%), ETV1 (8%),
ETS variant 4 (ETV4; 4%), and Fli-1 proto-oncogene ETS transcription factor
(FLI1; 1%) fusion or overexpression. The other three were defined by cancerdriving mutations in SPOP (11%), FOXA1 (3%), and cytosolic isocitrate
dehydrogenase 1 gene (IDH1; 1%). Gene fusion-driven and mutation-driven
PCa demonstrated different genomic, as well as epigenomic, profiles. The rest
26% of PCa cases could not be categorized into a molecular subtype, all
together confirming that PCa is a highly heterogeneous cancer type [4].
Taken together, the recent genome-wide studies not only delivered robust
insights into PCa genome, but also provided clinically actionable data, which
could be applied for making treatment decisions as well as for the development
of novel therapeutic agents. Due to the heterogeneous nature of PCa, continuity
of genome-wide research would be key to the future improvements in the
personalization of PCa management.

1.3.

Aberrant DNA methylation and prostate cancer

Epigenetic modifications are defined as reversible biochemical changes
affecting gene expression without altering the primary DNA sequence. DNA
methylation at the 5’ carbon of cytosine (5-mC) in cytosine-guanine
dinucleotides (CpGs) is the most intensively studied epigenetic mechanism for
control of gene expression, which is nearly ubiquitous in multicellular
organisms and essential for the normal development in mammals. CpGs in the
genome are distributed unevenly: more than half of the genes contain short
CpG-rich regions known as CpG islands (CGIs), while the rest of the genome
is depleted for CpGs [149]. CGIs span the transcription start site (TSS) of
roughly half of the human genes and mostly represent genes which are actively
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expressed or poised for transcription [150]. Methylated DNA is recognized by
proteins containing methyl-CpG binding domains (e.g. MBD1, MBD2, MBD4,
MeCP2) or C2H2 zinc fingers (e.g. ZBTB33/Kaiso, ZBTB4, ZBTB38), which
determine transcriptional repression of genes with promoter methylation [150].
CGI hypermethylation is frequent in cancer and is often associated with the
silencing of tumor suppressor genes (TSG) and downstream signaling
pathways

[151].

However,

regions

with

CpG

content

undergo

hypomethylation, resulting in an overall decrease of methylation level in
cancer cells. As an exception, CpG-poor distal enhancers that are unmethylated
in normal cells often gain methylation in cancer (Fig. 1.5).

Figure 1.5. A schematic representation of major DNA methylation changes that
occur in cancer cells (adapted from [151]). Black circle – methylated CpG, white
circle – unmethylated CpG, curved line – expressed transcript.

Aberrant promoter hypermethylation is the most frequent and bestcharacterized epigenetic hallmark in human malignancies, including PCa
[152]. During prostate carcinogenesis epigenetic changes in TSGs occur earlier
than genetic aberrations and are more consistent among tumors than mutations
[153,154]. This is suggested to be a key part of PCa development and
progression [11]. Due to the relatively low rate of somatic mutations in PCa
[122] and the reported overexpression of DNA methyltransferases [7], gene
promoter methylation, as a mechanism for downregulating their expression,
has been extensively studied in PCa.
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Regarding the implementation possibilities in clinical practice, DNA
methylation has several advantages over other commonly used biomarkers. In
contrast to mRNA and many proteins, DNA is much more stable both in vivo
and ex vivo, and can withstand harsh conditions for prolonged periods.
Moreover, it can be amplified for increased sensitivity, thus, allowing
measurements on limited amounts of test samples. Applicability to a wide
variety of clinical samples (biopsy specimens, body fluids) and relatively
simple, as well as inexpensive, analysis techniques, such as quantitative PCR,
make DNA methylation changes an attractive source to search for PCa
biomarkers for use in clinical practice.
1.3.1. Methylation of tumor suppressor genes in prostate cancer
The majority of previous DNA methylation studies of PCa have focused on
the analysis of candidate genes. These studies reported over a hundred genes
that are hypermethylated in PCa as compared to benign prostate samples.
Many of these hypermethylated genes are protein-coding and regulate cell
cycle, apoptosis, DNA repair, hormonal response, and invasion/ metastasis
(Table 1.5). However, because of high inter-individual variations, only some of
them are currently recognized as putative diagnostic biomarkers of PCa, most
notably glutathione S-transferase pi 1 (GSTP1), RAS association domain
family member 1 (RASSF1), and several other genes, while evident prognostic
DNA methylation biomarkers are scarce.
GSTP1 is the most commonly studied TSG in PCa, particularly with regard
to diagnostic application [155]. It is involved in detoxification process and
elimination of potentially genotoxic foreign compounds by conjugating
glutathione to them. Therefore, it protects cells from DNA damage. Due to
consistently frequent promoter methylation in PCa (up to 95%) and only rare
presence of this alteration in benign prostate tissues, numerous studies have
reported GSTP1 as a biomarker that could be used for PCa detection (Table
1.5). Besides, methylated GSTP1 promoter has been commonly detected in
samples from patients diagnosed with PIN [156], indicating that this epigenetic
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alteration is an early event in PCa development. Significant correlations
between GSTP1 methylation and clinical factors of poor prognosis were also
identified [157,158], however, evidence regarding the prognostic value of
GSTP1 methylation are so far conflicting [159-164].
Table 1.5. Promoter methylation frequencies of commonly studied genes by targeted
approach in primary prostate cancer.
Methylation
References
frequency*
GSTP1
DNA repair
36-95%
[157,161,164-171]
[157,161,162,164APC
Invasion/ metastasis
27-100%
166,168,169,172,173]
Cell cycle control, apoptosis, DNA
[157,164-166,170,
RASSF1
53-99%
repair
174-176]
RARB
Hormonal response
40-95%
[162,165-167,170,177]
MGMT
DNA damage response/ repair
0-30%
[157,164,165,167,173]
p16/ CDKN2A
Cell cycle control
3-77%
[157,164-166,178]
EDNRB
Cell cycle control, cell adhesion
49-100% [162,164,170,173]
TIMP3
Invasion/ metastasis
0-97%
[157,164,167,173]
CD44
Cell cycle control, cell adhesion
19-72%
[170,171,173,179]
CDH1
Cell adhesion, invasion, metastasis
0-61%
[164-166,171]
p14/ CDKN2A
Cell cycle control
0-35%
[157,164,178]
DAPK1
Apoptosis
0-36%
[164,165,167]
PTGS2
Cell cycle control
65-88%
[162,164,169]
TIG1
Hormonal response
53-96%
[162,172,177]
*Only studies that analyzed ≥40 prostate cancer samples are included.
Gene symbol

Functional category

RASSF1 is another frequently studied TSG in PCa with diverse functions,
including regulation of apoptosis, proliferation, microtubule dynamics during
mitotic progression, association with DNA repair proteins, and others
(discussed in [180]). Methylation of CGIs within RASSF1 promoter is
frequently observed in PCa (Table 1.5) and was reported to be associated with
decreased gene expression [180]. In PCa, RASSF1 methylation is associated
with aggressive course of the disease [158,165], advanced pT [157], and
Gleason score [181], although more recent analysis did not show significant
correlation with the latter [175]. Data on associations between RASSF1
methylation and PSA levels are also contradictory [157,158,165,175].
According to the recent meta-analysis by Pan et al., RASSF1 methylation in
PCa was 14.7 times more frequent than in control cases and was associated
with cancer risk when analyzed in tissues, as well as in urine or blood [182].
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Besides, in this meta-analysis, methylation of RASSF1 was significantly
associated with Gleason score, but not with pT or PSA level [182]. Although
several studies have reported association of RASSF1 methylation with PCa
progression (using various clinical endpoints), the data are inconclusive,
probably due to limited sample sizes in most of the studies [159,160,164,175].
Retinoic acid receptor β gene (RARB) encodes a nuclear receptor, which is
an important mediator in regulating cell growth and differentiation. It is
expressed in most human tissues. Frequent hypermethylation of this gene has
been observed in PCa (Table 1.5), but rarely in normal or BPH tissues
[157,165,167]. Similarly to GSTP1 and RASSF1, promoter methylation of
RARB has been also detected in PIN samples, making this gene one of the most
suitable biomarkers for early PCa detection [167,183]. In a recent study by
Moritz et al., high methylation levels of RARB were associated with BCR and
lymph node involvement [163]. On the contrary, earlier studies could not
detect a significant association between RARB methylation and disease
progression [160,162,184].
CD44 molecule (Indian blood group) gene (CD44) encodes an integral
membrane glycoprotein involved in cell adhesion and migration. Inactivation
of this gene is thought to occur later in PCa development and, thus, is
considered to be important for the disease progression and metastasis [179].
Aberrant methylation of this gene has been observed in PCa at various
frequencies (Table 1.5) and was also found to be predictive of BCR [171,184].
However, another independent study did not confirm this [173]. Therefore, the
importance of CD44 methylation in prostate carcinogenesis remains uncertain.
Other noteworthy genes include adenomatous polyposis coli (APC), O6methylguanine-DNA-methyltransferase (MGMT), death-associated protein
kinase 1 (DAPK1), and cyclin dependent kinase inhibitor 2A (CDKN2A) genes
(Table 1.5). APC encodes a multifunctional protein that acts as a tumor
suppressor which is involved in cell migration, adhesion, and mitosis. APC
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methylation has been reported at early PCa stages and the frequency increased
with disease progression [158,161]. However, its methylation was also
detected in BPH, which might indicate the lack of specificity of this biomarker
[162]. Methylation of MGMT, coding a DNA repair protein, was reported in
various tumors, however, in PCa its diagnostic and/ or prognostic value is
elusive [157,165,173]. DAPK1 is an important regulator of apoptosis, but the
reported methylation frequencies in PCa are also moderate (Table 1.5).
CDKN2A locus encoding several transcript variants, which differ in their first
exon and, thus, have different promoters, namely p16INK4a (p16) and p14ARF
(p14), can be aberrantly expressed in PCa [185]. However, data regarding the
methylation frequencies of the two promoters are contradictory and, despite a
few small-scale outlier studies, methylation rates at these loci are low (Table
1.5). Nevertheless, a recent meta-analysis indicated that methylation of p16
was a risk factor for PCa [186].
The extensive studies of the diagnostic potential of promoter methylation
in PCa have led to the development of the first commercial epigenetic test
“ConfirmMDx for Prostate Cancer” (MDxHealth, Irvine, CA, USA; Table
1.1). It addresses false-negative biopsy concerns and evaluates methylation of
the genes GSTP1, RASSF1, and APC [155], exploiting the previously discussed
concept of field effect in PCa. After the clinical validation in European [55]
and U.S. cohorts [56], which showed a negative predictive value of 88%, this
assay has already been included in the EAU-ESTRO-SIOG Guidelines on
Prostate Cancer 2016 as a tool for gaining additional information before
making the decision for a repeat biopsy [59].
In summary, although a lot of genes have been studied for promoter
methylation in PCa, most of them have insufficient sensitivity and/ or
specificity. Therefore, after initial validation steps, only a few appear to retain
their diagnostic and/ or prognostic potential. Even though the performance
parameters can be increased adding other genes into a multiple-gene assay, the
“ConfirmMDx for Prostate Cancer” test is the only fully developed and
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commercially available DNA methylation-based assay for PCa so far. This
stimulates to search for yet unidentified biomarkers with excelling
performance.
1.3.2. Prostate cancer methylome and identification of novel DNA
methylation biomarkers
Over the most recent years, it has been shown that the epigenome of cancer
cells is altered not less than at the same extend as their genome [3,9,187]. Until
recently, DNA methylation analyses were carried out on particular genetic loci
by assays utilizing traditional PCR or sequencing of genomic DNA, previously
modified by bisulfite treatment or enriched by immunoprecipitation. The
advent of high-density microarray and next-generation sequencing (NGS)
technologies to the market has enabled genome-wide analysis of DNA and
histone modifications and led to new insights into epigenomic profiles of PCa.
Current epigenome-wide analyses, that were initially directed towards
discovery of yet unknown biomarkers [5,8], revealed distinctive DNA
methylation profile of PCa [3,4]. Specific patterns of promoter DNA
methylation have been described around transcription start sites, where
methylation was observed at promoters regardless of the presence/ absence of a
CpG

island

[3].

Importantly,

promoter-associated

CGI

methylation

significantly increased in accordance to PCa progression [3,188], although
similar numbers of methylation events in PCa and benign adjacent tissues were
observed within intronic and intergenic loci [3]. Moreover, differentially
methylated regions specific to aggressive PCa were identified to be proximal to
the genes with distinct functions from regions shared by indolent and
aggressive disease [189].
Furthermore, TCGA project revealed a diversity of methylation changes
that defined four epigenetically distinct subtypes of primary PCa. In particular,
ERG fusion-positive tumors were subdivided into two subtypes according to
methylation, and epigenetic patterns largely differed from those of ETV1 or
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ETV4 fusion-positive tumors [4]. However, another study reported no obvious
tumor subtypes according to the methylation profile only [7]. In TCGA data,
tumors with mutant SPOP and FOXA1 exhibited similar epigenetic profiles,
whereas IDH1 mutant tumors were distinguishable for strongly elevated
genome-wide DNA methylation and possessed the highest number of silenced
genes [4]. PCa assessment at a genome-wide scale has not only confirmed the
previously proposed key genes for molecular subtyping of PCa [129,142], but
has also shown the diversity among the subtypes. Moreover, it also led to
identification of novel epigenetic alterations further elucidating the extent of
PCa heterogeneity and providing the resource for continued investigation.
Although using rigorous selection criteria, epigenome-wide studies have
produced numerous novel candidate PCa biomarkers. Many of these genes
possess functions that are not clearly related, if known at all, with neither
normal prostate development nor carcinogenesis. Therefore, such putative
biomarkers not only require thorough validation, but also insights into their
potential mode of action are desirable.
In a recent study, Mahapatra et al. analyzed methylation profiles in four
different PCa groups (198 RP samples in total) aiming to identify biomarkers
1) for early detection, 2) associated with recurrence, 3) distinguishing
increasing PSA without or with metastases, and 4) associated with metastatic
spread, which altogether resulted in over 200 genes, and only a few were
further validated (Table 1.6) [8].
In another study by Kim et al., the list of 2481 cancer-specific methylation
events was narrowed down to 3 genes, of which only one has not been reported
previously [3]. Kobayashi et al. found 56 genes, most of which also had not
been previously identified, that were better identifiers of PCa than GSTP1
(Table 1.6) [7]. Other recent studies identified EFEMP1, FZD1, CYB5R2, and
many other genes as novel methylation biomarkers of PCa development and/
or progression [190,191].
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Table 1.6. Several novel putative DNA methylation biomarkers of prostate cancer
identified by genome-wide methylation analysis and validated in at least one cohort.
Gene
symbol
HAAO
CRIP1
FLNC

RASGRF2

PHLDA3
BCL11B
WFDC2
CAPG
RARRES
FILIP1L
CGRRF1

Gene name
3-Hydroxyanthranilate
3,4-dioxygenase
Cysteine rich protein 1
Filamin C
RAS protein specific
guanine nucleotide
releasing factor 2
Pleckstrin homology like
domain family A
member 3
B-cell CLL/lymphoma
11B
WAP four-disulfide core
domain 2
Capping protein (actin
filament), gelsolin-like
Retinoic acid receptor
responder 2
Filamin A interacting
protein 1 like
Cell growth regulator
with ring finger domain 1

Group comparison

Technology

Reference

HM27

[8]

NGS

[3]

Normal vs. PCa vs.
CRPC

RRBS

[188]

PCa vs. adjacent
normal vs. healthy
donors

Microarrays

[53]

PCa vs. matched
normal tissues
Recurrent vs.
nonrecurrent
Recurrent vs.
nonrecurrent; clinical
recurrence vs. BCR;
systemic vs. local
recurrence
Clinical recurrence vs.
BCR
Systemic vs. local
recurrence
PCa vs. benign tissues

ZNF296

Zinc finger protein 296
PCa vs. adjacent
HM27
[7]
Melanoma cell adhesion
normal
MCAM
molecule
HOXD3
Homeobox D3
PCa vs. reference DNA Microarrays
[5]
Bone morphogenetic
BMP7
protein 7
BCR – biochemical recurrence, CRPC – castration-resistant prostate cancer, HM27/ HM450 – Illumina
Infinium HumanMethylation27/ 450K BeadChip, respectively, NGS – next-generation sequencing,
PCa – prostate cancer, RRBS – reduced representation bisulfite sequencing.

The rapid advancement of genome-wide analysis technologies resulted in
identification of a large pool of methylated genes in PCa and, thus, suggested
novel potential biomarkers for PCa diagnosis and prognosis. Although this
significantly increased the knowledge of epigenetic changes in PCa in general,
most of the recently published studies used relatively small PCa sample
cohorts for validating the diagnostic and/ or prognostic potential of the
identified targets or lack this analysis step at all. Therefore, speeding up the
route of novel epigenetic biomarkers from bench to bedside should be the
major focus in future studies.
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1.3.3. DNA methylation biomarkers in urine
PCa-derived methylated DNA is easily detectable in body fluids, such as
urine [192-196], blood [197,198], serum [194,199], plasma [195,200],
ejaculate [194], or prostate secretions [201]. This potentially allows for
development of noninvasive or minimally invasive molecular tests, which are
expected to replace or at least to augment the use of invasive biopsy. Liquid
biopsy could be scheduled more frequently, which is especially important
during PCa treatment through providing timely evidence of disease recurrence
or resistance (discussed in [202]). DNA methylation in body fluids from early
stage PCa patients may better reflect all tumor foci unlike tissue biopsy, which
poorly accounts for PCa heterogeneity. Regarding prostate anatomy and the
common tumor localization in its peripheral zone, which surrounds distal
urethra, urine is the most suitable body fluid for liquid biopsy as it is easily
obtainable and biomarkers are less diluted than in serum or plasma [196].
Methylated DNA in voided urine from PCa patients was first analyzed by
Cairns et al. [193]. Although the authors detected GSTP1 methylation only in
27% of cases, the assay was highly specific as no altered methylation was
detected in BPH [193]. Later studies reported GSTP1 methylation in 30-83%
of urine samples, with specificity for PCa reaching 98% [194-196,203,204]. As
discussed by Truong et al., the varying sensitivity is most probably affected by
the variability in the process of urine collection: although the reported
methylation frequencies were low in the earliest studies, the sensitivity was
improved to 75% by prostatic massage [205]. According to the meta-analysis
by Wu et al., the pooled specificity of GSTP1 methylation in urine was around
90% regardless of the methylation analysis method, however, the pooled
sensitivity ranged from 45% to 75% depending on the method used, although
no particular trend regarding the method was identified [206].
In order to overcome limitations of a single-gene testing, methylation of
various gene panels have been evaluate for PCa detection urine. Hoque et al.
examined a nine gene panel, of which GSTP1, MGMT, p16, and p14 showed a
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combined sensitivity of 87%, while the specificity of the assay reached 100%
[204]. However, analyzing a panel of genes GSTP1, RASSF2, TFAP2E, and
HIST1H4K, Payne et al. did not identify any gene combination that could
outperform a single biomarker [196].
In the study by Roupret et al., the high sensitivity (86%) and specificity
(89%) was observed analyzing a combination of top four most commonly
investigated genes in PCa, i.e. GSTP1, RARB, RASSF1, and APC [203]. In the
multicenter study by Vener et al., the performance of a panel of genes GSTP1,
RARB, and APC was evaluated in urine under different storage and shipment
conditions (234 samples in total) [192]. The sensitivity (55% and 53%) and
specificity (80% and 76%) values were comparable in both cohorts, indicating
that DNA methylation assays in urine are rather robust [192]. The same
combination of genes, i.e. GSTP1, RARB, and APC, was further analyzed in the
following study by Baden et al. and revealed that such an assay (referred to as
ProCaM™) might aid in the biopsy decision-making process in conjuction
with current screening algorithms [207]. Specifically, the assay might improve
the diagnostic accuracy in high-risk men with PSA in the range 2.0-4.0 ng/mL
and in low-risk men with PSA in the range 4.1-10.0 ng/mL [207].
In contrast to a relatively large number of studies investigating diagnostic
biomarkers, only a few have reported the prognostic potential of DNA
methylation biomarkers in body fluids of PCa patients. Despite the reported
GSTP1, protocadherin 17 (PCDH17), and protocadherin 10 (PCDH10)
methylation in serum [208-210], to date only two studies have identified
prognostic PCa biomarkers in urine. In the most recent study by Jatkoe et al.,
genes GSTP1 and APC were analyzed in urine of 665 men, undergoing
prostate needle biopsy, and accurately identified (negative predictive value
100%) men with the low-risk PCa (i.e. without adverse pathology) who could
be candidates for active surveillance [211]. In another study, Zhao et al. found
that a four gene panel (GSTP1, APC, CRIP3, and HOXD8) was able to predict
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reclassification of PCa patients (all with Gleason score 6 tumor) that were on
active surveillance and, thus, disease progression over time [212].
Although major progress has been made in developing noninvasive DNA
methylation-based tests for PCa diagnosis, overcoming low sensitivity remains
the main issue, even using combinations of various genes (discussed in [205]).
Thus, to date none of them are comercially available. Nevertheless, the
specificity reaching 100% is the major advantage of such biomarkers, posing a
minimal risk of false positives, while a reliable urine-based biomarker for PCa
detection and/or prognosis is yet to be identified.

1.4.

MiRNA genes, regulation of their expression, and functional
importance

MiRNAs are approximately 20-22 nt single-stranded noncoding RNAs
(ncRNAs) that regulate physiological and pathological processes at the posttranscriptional level [213,214]. Traditionally, miRNAs are thought to repress
the expression of a protein-coding gene by binding the target gene’s
complementary sequence at the 3’ untranslated region (3’-UTR) with the
miRNA’s seed region (from 2nd to 7th or 8th consecutive nt from the 5’-end of
the mature miRNA [213]. More recently, miRNAs have also been shown to
downregulate or upregulate their targets by binding to 5’-UTR, promoter, and
coding sequences (discussed in [215]). During the last decade, numerous
studies have reported differences in miRNA expression profile that were
associated with PCa development and progression (reviewed in [216]),
however, the mechanisms of their regulation have been less much addressed.
1.4.1. Genomic location of miRNA genes
Based on their genomic location, miRNAs are classified as intragenic
(mostly intronic) or intergenic. In mammalian genomes, the latter are located
in poorly annotated regions and are transcribed from their own promoters as
primary transcripts (pri-miRNAs) [217], whereas roughly about half or more
miRNAs are hosted inside protein-coding genes or genes encoding for other
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ncRNA classes like small nucleolar RNAs (snoRNAs), long intergenic
ncRNAs (lincRNAs), or other unspecified ncRNA classes (Fig. 1.6) [218,219].
Sometimes a miRNA gene can have a “mixed” location, i.e. it can be located
either in an exon or an intron of the same or different (overlapping) host gene
transcripts [218]. According to the canonical model of intronic miRNA
biogenesis, the intron of the miRNA-harboring host gene is considered to be
the pri-miRNA for the intronic miRNAs, and the completely spliced
heterogeneous nuclear RNA (hnRNA, also termed pre-mRNA) becomes the
protein-coding mRNA [220,221]. It has been shown that miRNAs are
processed from intronic regions of hnRNAs before the catalysis of splicing
[220,222].

Figure 1.6. Schematic representation (not scaled) of co-location of miRNA genes and
their host genes (adapted from [219]). 5’-UTR – 5’ untranslated region, lincRNA –
long intergenic noncoding RNA, snoRNA – small nucleolar RNA.

Intragenic

miRNAs

were

found

distributed

among

all

human

chromosomes, although several (chr14, chr19, and chrX) comprised less
miRNAs than others [219]. Interestingly, miRNAs are also located within
genes encoding for components of the miRNA biogenesis machinery (e.g.
DGCR8, DICER1, and SND1) [219].
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MiRNA genes are more frequently located in short host genes than
expected by chance, what is hypothesized as a favorable evolutionary feature
due to the gene’s interaction with the pri-miRNA splicing mechanism [223].
On the other hand, the miRNA host introns (“mirtrons”) are very biased at the
5’-end of the mRNA, indicating that intronic miRNAs are biased at the 5’-end
of the host gene. As it is well known that most of the first introns in genes are
much larger than others and certain genes have enhancer and silencer
sequences within the first introns, it is proposed that miRNAs located in the
first introns are more likely to have a strong functional role [222,223].
Some of human miRNAs (roughly 10%) are located in clusters. According
to miRBase release v21 (http://www.mirbase.org), there are 34 clusters
consisting of ≥3 miRNAs (inter-miRNA distance <5000 bp) in the human
genome (assembly version GRCh38). As miRNA clusters can overlap with a
single host gene and, thus, a particular host gene can contain multiple miRNA
genes, the total number of host genes is lower than the number of intragenic
miRNAs [219]. Clustered miRNAs are generally thought to have a common
primary transcript and, therefore, are co-regulated and co-expressed
[218,219,224].
1.4.2. Regulation of miRNA expression
While intergenic miRNAs have their own unique promoters, expression of
intronic miRNAs has been shown to be in concordance with the expression of
their respective host genes, especially if the miRNA gene and its host gene
share the same strand orientation [213,219,225-227]. Moreover, evolutionary
conserved miRNA genes tend to be co-expressed with their host genes, even
though the non-conserved miRNAs dominate in the human genome [228].
Besides, several studies have shown a functional link between miRNAs and
their host genes [225,229]. Interestingly, genes that are highly co-expressed
with their miRNA gene were shown to be more likely predicted as miRNA
targets [230]. The possibility of existence of independently transcribed human
intronic miRNAs have been also proposed based both on bioinformatics tools
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and experimental evidence ([221] and references therein). However, since most
intronic miRNA genes do not have their own promoters and other regulatory
elements, they may have a stronger tendency to be located towards the 5‘-end
of their host genes, and efficiently utilize the regulatory signals within the
5‘-UTR of the host genes [222,223]. Additionally, it has been shown that most
of the predicted regulatory regions (>94%) of intronic miRNA genes
overlapped with their host gene promoters [231].
1.4.3. Epigenetic silencing of miRNA genes by DNA methylation
Recently, epigenetic silencing of microRNAs (miRNAs) has emerged as
an important mechanism of oncogenesis [232]. According to a recent study,
81.2% of protein-coding miRNA host genes, with a miRNA gene at their
5’ end, were located ~500 bp downstream of CpG islands [233]. Besides,
miRNA expression is more commonly downregulated than upregulated in
human cancers. Taken together, it seems likely that DNA methylation might be
the underlying mechanism for the frequent down-regulation of miRNAs.
Decreased expression of some miRNAs is currently known to be in
association with CGI hypermethylation. MiRNAs showing aberrant gene
methylation in cancer include miR-124, miR-137, miR-31, miR-34, miR-9, and
others (discussed in [232]). In PCa, methylation of mir-130b~310b cluster,
mir-193b, mir-1258, mir-200c, mir-141, and several others has been observed
[234-236]. Besides, as recently reported by Torres-Ferreira et al., miRNA gene
methylation is also detectable in urine of PCa patients [235]. The analysis
revealed that methylation levels of mir-193b, mir-129-2, and mir-34b/c, both in
tissue and urine, might be potential PCa biomarkers for diagnosis and
prognosis [235]. Furthermore, promoter methylation assay of mir-129-2 and
mir-663a in urine successfully distinguished patients with urothelial carcinoma
from those with other urogenital carcinomas, including PCa [237].
It has been also noted that epigenetic regulation might be responsible for
downregulated expression of co-located miRNAs together with their host
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genes [229]. In previous studies, several miRNA genes together with their host
genes cells (e.g. MIR152 & COPZ2; MIR191 & DALRD3; MIR126 & EGFL7)
have been shown to be repressed either by CpG island methylation or/ and
histone modification in the promoter region [226,229,238]. According to
Godnic et al., about half of epigenetically silenced miRNA genes are located
within the 5’-UTR or in the first intron or exon of their host genes, which again
suggests the possibility of shared promoter regions [219].
From a clinical point of view, miRNA gene and/ or host gene methylation
could be a useful biomarker for PCa detection and prediction of its further
progression.
1.4.4. Functional importance of miRNA deregulation in cancer
A particular miRNA can interact with multiple mRNAs and, therefore, it
has a potential to regulate a large network of targets. At present, 2588 mature
human miRNAs (1881 precursors) have been described (miRBase release 21;
http://www.mirbase.org), while tremendous efforts to identify their numerous
targets are ongoing.
Depending on the targets being regulated, miRNAs act as tumor
suppressors (miR-137, miR-152, miR-31), oncogenic miRNAs (miR-21,
miR-9), or have mixed roles (miR-125b, miR-155) [239]. Down-regulation of
a specific miRNA might result in the increased expression of multiple target
genes or reactivation of previously silenced sequences. Such up-regulation of
genes coding epigenetic factors, i.e. epigenetic modulators and other proteins
that are critical for enzymatic complexes, leads to global changes in the
epigenome and, consequently, tumor development [240,241]. Overexpression
of DNA methyltransferase 1 (DNMT1) has been linked to silencing of various
tumor suppressor genes in cancer cells by their promoter methylation [232].
Abnormal histone methylation pattern associated with alterations in expression
of histone modifying genes, such as histone lysine demethylases (KDMs), is
also widely recognized [240].
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Restoration of tumor-suppressive miRNAs, as well as inactivation of
tumor-promoting miRNAs, offers huge prospects in cancer treatment and drug
development. Therefore, the role of various epigenetic mechanisms, such as
miRNA silencing by methylation, responsible for aberrant expression of these
epigenetic factors are being investigated. However, recent data show that the
underlying regulatory mechanisms might be much more complicated than
anticipated. In the study by Godnic et al., each of the residing miRNAs was
predicted to target genes which also host other miRNA genes [219]. Moreover,
if a particular miRNA targets a gene from the miRNA processing machinery,
this might indicate a negative regulatory loop, possibly associated with the
disrupted processing of miRNAs [219].
Currently, the epigenetic inactivation of tumor-suppressive miRNAs is
already recognized as one of the hallmarks of cancer and exciting
developments of the use of such biomarkers are expected in the future [242]. It
is anticipated that studies focusing on relationship between epigenetic
regulation and miRNAs might lead not only to the discovery of novel
biomarkers, but also to the identification of potential therapeutic targets.
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2. STUDY COHORTS AND METHODS
2.1.

Patients and samples

Approval to conduct biomedical research (2007-11-23 Nr. 50; with
extension 2011-09-07 Nr. 6B-11) was obtained from Lithuanian Bioethics
Committee and all patients gave informed consent for participation. The
present study was part of the large-scale PCa biomarker research conducted
according to standardized protocols of sample collection and processing as
reported previously [24,136,243,244].
In the present study, 311 PCa and 35 BPH patients were involved in total.
Prostate tissue samples were collected from RP material of 248 PCa patients
and from open prostatectomy samples of 17 BPH patients, who underwent
surgery at the Urology Center of Vilnius University Hospital Santaros Clinics
(former Santariskiu Clinics) from 2008 to 2014. Tissues were sampled and
tumor cellularity was evaluated by expert pathologist at National Center of
Pathology (NCP). Noncancerous prostate tissues (NPT) collected from 72 PCa
patients were also available for the investigation, including 35 tumor-adjacent
NPTs. Urine (~30 ml) was collected during prostatectomy from 253 PCa and
32 BPH patients. None of the patients had preoperatively received
radiotherapy, chemotherapy, or hormone therapy.
Gleason score was determined according to International Society of
Urological Pathology (ISUP) 2005 guidelines and ISUP grade groups were
formed according to ISUP 2014 recommendations [80,81]. In agreement with
EAU-ESTRO-SIOG Guidelines on Prostate Cancer 2016, BCR was defined by
two consecutive PSA values of >0.2 ng/mL and rising [59]. Follow-up data for
all the cases involved in the study were updated in March 2016. Full follow-up
data were available for 90.0% (280/311) of patients with a mean follow-up
time of 3.8±1.9 years. For the methylation analysis in formalin-fixed paraffinembedded (FFPE) samples and urine implemented during the first stage of the
investigation, the follow-up data revised in July 2013 was used.
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Clinical-pathological

and

molecular

(TMPRSS2-ERG

fusion)

characteristics of the study subgroups are detailed in Table S2. The
identification of TMPRSS2-ERG fusion transcript status was reported
previously [136,243].

2.2.

Sample preparation for nucleic acid extraction

Up to 60 mg of fresh-frozen tissue samples were submerged in liquid
nitrogen and mechanically homogenized into powder using cryoPREP™ CP02
Impactor with tissueTUBE TT1 (Covaris, Woburn, MA, USA; Fig. 2.1A and
B). FFPE tissue blocks of ~4 mm3 (Fig. 2.1C) were cut with a blade into small
pieces and deparaffinized three times with 500 µL of 100% xylene (Carl Roth,
Karlsruhe, Germany) for 10 min at 55 °C followed by treatment with ≥96%
ethanol (Carl Roth) for 10 min at 55 °C (repeated three times in total). Then
samples were incubated at 37 °C until ethanol was fully removed.

Figure 2.1. Prostate tissue samples used for molecular analysis. Fresh-frozen prostate
tissue sample in a specialized bag-type tube is shown in front of a light source prior
(A) and immediately after homogenization (B). Traces of nitrogen vapor are visible.
C – formalin-fixed paraffin-embedded (FFPE) prostate tissue blocks (in 0.2 mL PCR
microtubes).

Urine samples were centrifuged at 1000 rpm for 15 min at 4 °C (Hettich
Universal 320R Centrifuge, DJB Labcare, Buckinghamshire, United Kingdom)
at NCP, then sediments were washed twice with 1× PBS and resuspended in
the same buffer for storage at -70 °C until use. Immediately prior to lysis step,
about 1.5-2.0 mL of thawed urine sediment samples were washed with 1× PBS
one more time and concentrated to ≤100 µL of total sample volume.
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2.3.

DNA extraction

For the isolation of genomic DNA, up to 30 mg of homogenized tissue
powder, all material of the deparaffinized tissue blocks, or total volume of
prepared urine sediment samples were used. Samples were treated with
proteinase K (Thermo Scientific™, Thermo Fisher Scientific, Vilnius,
Lithuania) in 500 µL of lysis buffer for tissue (50 mM Tris-HCl pH 8.5, 1 mM
EDTA, 0.5% Tween-20; all from Carl Roth) or for urine sediment samples (10
mM Tris-HCl pH 8.0, 1% SDS, from Carl Roth; 75 mM NaCl, from SigmaAldrich, St. Louis, MO, USA) for up to 18 hours at 55 °C, and DNA was
extracted following the standard phenol-chloroform purification and ethanol
precipitation.
The concentration and purity of the extracted DNA were evaluated using
the NanoDrop™ 2000 spectrophotometer (Thermo Scientific™, Thermo Fisher
Scientific, Wilmington, DE, USA). Additionally, DNA integrity of the samples
selected

for

genome-wide

methylation

profiling

was

checked

electrophoretically (Fig. 2.2A).

2.4.

Bisulfite conversion

For targeted DNA methylation analysis, 400 ng of extracted DNA were
modified with bisulfite manually or using EZ DNA Methylation™ Kit (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s instructions,
except that the initial incubation of samples was performed at 42 °C for 15
min.
According to the manual protocol, genomic DNA was denatured with 3 M
NaOH (Sigma-Aldrich) for 15 min at 37 °C followed by bisulfite modification
with 2.3 M Na2S2O5 (Sigma-Aldrich) and 10 mM hydroquinone (SigmaAldrich) for 15 h at 50 °C. After the incubation DNA was purified using
Wizard DNA Clean-up System (Promega, Madison, WI, USA) and
desulfonated with 3 M NaOH for 15 min at 37 °C. Modified DNA was

55

precipitated with 70% ethanol, resuspended in 40 µL of sterile water and
immediately used for the analyses or stored at -20 °C.

2.5.

Genome-wide DNA methylation profiling

2.5.1. DNA methylation microarrays
Global DNA methylation profiling of 9 PCa and NPT pairs from the same
patients was performed using two-color Human DNA Methylation 1×244K
(HD) Microarrays (Gene Expression Omnibus, GEO, accession identifier
GSE89243;

https://www.ncbi.nlm.nih.gov/geo/)

according

to

the

manufacturer’s protocol G4170-90012 v2.1 (Agilent Technologies, Santa
Clara, CA, USA). Briefly, 5 µg of purified DNA in 1× PBS was sonicated into
fragments of 150-900 bp in size using Bioruptor system with a cooling
element (Diagenode, Liege, Belgium) applying high intensity mode (Fig.
2.2A-C).

Figure 2.2. Genomic DNA analysis by means of electrophoresis. A – genomic DNA
integrity analysis in 1.5% agarose gel after DNA purification; B – sonicated DNA
analysis in 3% agarose gel; C – immunoprecipitated methylated DNA (IP-DNA) and
reference DNA (Ref-DNA) analysis after purification using 2100 Bioanalyzer system
with Agilent High Sensitivity DNA analysis kit (Agilent Technologies). Agarose gels
were stained with ethidium bromide (Carl Roth). S1-4 – prostate cancer DNA
samples, SM1 – DNA size marker GeneRuler DNA Ladder Mix, ready-to-use
(#SM0333, Thermo Scientific™), SM2 – DNA size marker GeneRuler™ 50 bp DNA
Ladder (#SM0373, Thermo Scientific™).

For the immunoprecipitation of the methylated DNA (IP-DNA), 80% of
the sonicated sample was mixed with 50 µL of the prepared 5-methylcytosine
(5-mC) monoclonal antibody 33D3 (Diagenode) and magnetic beads
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(DynaBeads Pan Mouse IgG, Invitrogen™, Thermo Fisher Scientific,
Carlsbad, CA, USA) mixture and 250 µL of 2× IP buffer, and gently mixed for
18 hours at speed 40 in Stuart tube rotator SB3 (Cole-Parmer, Vernon Hills,
IL, USA) at 4°C. IP-DNA and untreated reference DNA (Ref-DNA) were
purified with phenol-chloroform (Carl Roth) using MaXtract High Density gelfilled tubes (Qiagen, Valencia, CA, USA).
After immunoprecipitation IP-DNA and Ref-DNA labeling was performed
using SureTag DNA Labeling kit followed by purification according to
manufacturer’s protocol (Agilent Technologies). Sample yield and specific
activity of the dyes were determined spectrophotometrically. Cy5- and Cy3labeled IP-DNA and Ref-DNA samples (Fig. 2.3A) were combined in a single
mixture per sample and hybridized onto Human DNA Methylation 1×244K
microarrays, design ID 023795 (Agilent Technologies), for 40 hours at 67°C in
a rotating hybridization oven (Agilent Technologies). After hybridization
microarrays were washed immediately in a buffer system prepared in advance
(Fig. 2.3B) and scanned with Agilent G4900DA SureScan microarray scanner
(Agilent Technologies; Fig. 2.3C).
Feature Extraction software v10.7.3.1 (Agilent Technologies) was used for
data extraction from microarray TIFF images (Fig. 2.3D). The data provided
by the software were further subjected to quality control, pre-processing, and
differential analysis.
2.5.2. Microarray data processing and analysis
All microarray datasets were normalized using the same procedure starting
from the raw data. Saturated, non-uniform, and outlier probe signals were
treated as compromised and removed from the analysis. Normalized log ration
(Cy5/Cy3) representing IP-DNA/Ref-DNA was used for further calculations.
Probe annotations, based on the microarray design identifier, were uploaded
from SureDesign platform (https://earray.chem.agilent.com/suredesign) and
updated using UCSC Genome Browser (https://genome.ucsc.edu) [245,246]
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according to the human genome assembly version GRCh38. Probes undetected
in ≥30% of all samples were filtered out followed by additional group
comparison-specific filtering leaving only probes detected in 100% of samples
in at least 1 of 2 groups to be compared.

Figure 2.3. Several steps of DNA methylation analysis by means of microarrays. A –
immunoprecipitated methylated DNA and reference DNA samples after labeling
followed by purification; B – microarray washing in the buffer system after
hybridization; C – microarray scanning with Agilent G4900DA SureScan scanner
system (Agilent Technologies); D – a magnified fragment of a microarray TIFF
image file (the diameter of a dot on a microarray is 30 µm).

The same microarray dataset was utilized for the analysis of miRNA host
gene-associated loci. MiRBase release 21 (http://www.mirbase.org) was used
for obtaining miRNA annotations which were attributed to microarray probes
[247,248]. Randomly selected annotations (~1%) associated with miRNA host
genes were checked manually. In this analysis, probes not associated with
miRNAs were removed and the rest were filtered for being detected in >30%
of the samples.
Fold change (FC) values were estimated and paired (where applicable) or
unpaired t-tests were used. Initially, a stringent and a non-stringent filtering
approaches were applied and two different P-values were defined, accordingly.
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As the stringent filtering, i.e. absolute FC ≥ 1.5 and corrected P-value <0.0500,
did not yield any significant probes, the non-stringent filtering was used in the
analyses: methylation level according to a probe was classified as different
comparing particular groups, if the absolute FC value was ≥1.2 or ≥1.5 for
different group comparisons and non-adjusted P-value was <0.0500.
Calculations and data visualization were performed with GeneSpring™ GX
v13.1.1 software (Agilent Technologies).
2.5.3. Pathway analysis of differentially methylated genes
Gene Ontology (GO) [249,250] analysis was performed with The
Biological Networks Gene Ontology tool v3.0.3 (BiNGO) [251], as a plug-in
for the open source software platform Cytoscape v3.2.1 (provided by National
Institute of General Medical Sciences, Bethesda, MD, USA) [252]. Only GO
terms belonging to Biological Process category were included in the analysis.
Official gene symbols (approved by HUGO Gene Nomenclature Committee)
were used for input (http://www.genenames.org) [253]. GO annotations for the
differentially methylated genes were retrieved using BiNGO and then tested
for significance using hypergeometric test with Benjamini-Hochberg false
discovery rate (FDR) correction (q-value <0.01). The obtained results were
then visualized with Cytoscape as networks of enriched GO terms.
The gene set enrichment analysis (GSEA) for the identified differentially
methylated genes between groups was performed using publicly available
online GSEA tool and Molecular Signatures Database (MSigDB, v5.2;
http://software.broadinstitute.org/gsea) [254], both maintained by Broad
Institute (Cambridge, MA, USA). Hallmark genes sets (50 in total), which
summarize and represent specific well-defined biological states or processes
and display coherent expression, were utilized for GSEA [255]. FDR q-value
with the cut-off <0.05 was used for multiple testing correction. GSEA data was
visualized using Qlucore Omics Explorer v3.0, trial license (Qlucore, Lund,
Sweden).
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2.6.

Targeted methylation analysis by methylation-specific PCR

Bisulfite-modified DNA served as a template for methylation-specific PCR
(MSP) with primers specific for methylated or unmethylated DNA (Table S3).
Primers were selected from publications or designed with Methyl Primer
Express Software v1.0 (Applied Biosystems™, Thermo Fisher Scientific,
Carlsbad, CA, USA) and ordered from Metabion (Martinsried, Germany). For
the genes selected from the microarray analysis, primers were designed to
overlap with the location of the microarray probes of interest. The contents of
the reaction mixture are provided in Table 2.1. Reaction conditions were
optimized prior to the study and included 35-39 cycles with primer annealing
step at 55-67°C for 45 s (Table S3).
Table 2.1. Composition of the methylation-specific PCR mixture per well.

Reaction component

10× PCR buffer
25 mM MgCl2
16 mM dNTP mix
100 µM forward & reverse primers
Hot Start Taq DNA Polymerase
360 GC Enhancer
Bisulfite-converted template DNA
Sterile H2O

Final concentration/ amount
Maxima Hot Start
AmpliTaq Gold DNA
Taq DNA Polymerase
Polymerase kit
kit (Thermo
(Applied
Scientific™)
Biosystems™)
1×
1×
2.5 mM
2.5 mM
0.4 mM each
0.4 mM each
1 µM each
0.5 µM each
0.05 U/µL
0.05 U/µL
–
1 µL
10-20 ng
10-20 ng
Up to 25 µL
Up to 25 µL

Bisulfite-modified leukocyte DNA from healthy donors served as a
negative control for methylated DNA and CpG methyltransferase-treated
(Thermo Scientific™, Thermo Fisher Scientific, Vilnius, Lithuania) bisulfitemodified leukocyte DNA served as a positive control. No-template controls
(NTCs) were included in each MSP assay. Amplified products were analyzed
in 3% agarose gel prepared using 1× TAE buffer (Thermo Scientific™,
Thermo Fisher Scientific, Vilnius, Lithuania) and stained with ethidium
bromide (Carl Roth; Fig. 2.4).
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Figure 2.4. Examples of promoter methylation analysis of genes PRKCB, NAALAD2,
MIR155HG, ADAMTS12, and GIPR by means of MSP in various prostate samples
(p000). SM – DNA size marker pUC19 DNA/MspI (HpaII) (Thermo Scientific™),
fragments lengths are provided in bp, UC/ MC – unmethylated/ methylated controls,
NTC – no-template control, M/ U – amplification with primers specific for
methylated/ unmethylated DNA.

2.7.

Quantitative methylation-specific PCR

Quantitative MSP (QMSP) primers and hydrolysis probes for genes
PRKCB, CCDC181, and ADAMTS12 were designed using either Methyl
Primer Express Software v1.0 (Applied Biosystems™) or MethPrimer
software v1.0 (http://www.urogene.org/methprimer/index.html) [256], while
others (for RARB, GSTP1, RASSF1, and ACTB) were selected from
publications (Table S4). Endogenous control gene (ACTB) was included in
each assay to normalize for DNA input.
QMSP was performed in separate wells in triplicates for each set of
primers. For the methylation analysis of genes RARB, GSTP1, and RASSF1,
Maxima™ Probe qPCR Master Mix (2X), ROX Solution provided (Thermo
Scientific™) was used, while for genes PRKCB, CCDC181, and ADAMTS12 –
TaqMan Universal Master Mix II (Applied Biosystems™). The contents of
reaction mixtures are provided in Table 2.2. All assays were carried out on
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Mx3005P qPCR System (Agilent Technologies) under the following
conditions: 95°C for 10 min followed by 50 cycles of 95°C for 15 s and 60°C
for 1 min.
Table 2.2. Composition of the quantitative methylation-specific PCR mixture per
well.

Reaction component

2× Master Mix
10 µM forward & reverse primers
100 µM probe
5 µM ROX
Bisulfite-converted template DNA
Sterile H2O

Final concentration/ amount
Maxima™ Probe qPCR
TaqMan Universal
Master Mix (2X), ROX
Master Mix II no UNG
Solution provided
(Applied Biosystems™)
(Thermo Scientific™)
1×
1×
0.3 µM each
0.3 µM each
50 nM
50 nM
30 nM
[included in Master Mix]
~10 ng
~10 ng
Up to 20 µL
Up to 20 µL

Figure 2.5. An example of quantitative methylation-specific PCR amplification
curves. Methylation of the genes RARB, GSTP1, and RASSF1 was analyzed using
ACTB as an endogenous control in two urine samples (pS000). Baseline-subtracted
fluorescence signal normalized to the passive reference dye ROX is provided in
logarithmic scale in relative fluorescence units (RFU). MC – methylated control.

The results were generated using MxPro v4.0 software (Agilent
Technologies) (Fig. 2.5). A run was considered valid when routinely included
MCs gave a positive signal and there was no amplification in NTC wells. A
sample was classified as valid if the cycle of quantification (Cq)-value of
ACTB did not exceed 40 and amplification above threshold (automatically
determined applying the amplification-based algorithm) was detected in all
replicates for a particular gene. Methylation level of a particular gene was
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estimated as a percentage of methylated reference DNA (PMR), which was
calculated based on ΔΔCq algorithm using MC as a reference (the calibrator)
and expressed in percentage [257].

2.8.

RNA extraction

Total RNA (including miRNA fraction) was extracted using mirVana™
miRNA Isolation Kit (Ambion, Thermo Fisher Scientific, Foster City, CA,
USA) as described previously [243,244]. Briefly, ~30 mg of homogenized
tissue powder were treated with 500 µL Lysis/ Binding Buffer and 50 µL of
miRNA Homogenate Additive for 10 min in ice-water bath. Total RNA was
extracted with 500 µL of acid-phenol:chloroform and purified using the
supplied Filter Cartridges. One hundred µL of preheated (95°C) Elution
Solution was used to recover purified RNA.
Concentration of total RNA was evaluated spectrophotometrically with
NanoDrop 2000 (Thermo Scientific™). The RNA integrity number (RIN) was
≥7.0 (mean 8.3, range 7.0-9.7), as measured with 2100 Bioanalyzer system
using RNA 6000 Nano kit and 2100 Expert software, version B.02.08.SI648
(Agilent Technologies; Fig. 2.6). Samples were stored at -80°C until further
use.

Figure 2.6. Evaluation of extracted total RNA integrity using 2100 Bioanalyzer
(Agilent Technologies). Profiles of several samples with different RNA integrity
numbers (RIN), automatically calculated by the software, are shown. Peaks of 5S,
18S, and 28S ribosomal RNA are marked.
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2.9.

Gene expression analysis by RT-qPCR

For cDNA synthesis, 250 ng of RNA was reverse transcribed (RT) using
High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor
according to the manufacturer‘s instructions (Applied Biosystems™).
Expression levels of 5 protein-coding genes PRKCB, CCDC181,
ADAMTS12, NAALAD2, ZMIZ1, 3 miRNA target genes DNMT1, KDM1A,
KDM5B, and endogenous control HPRT1 were evaluated by means of
quantitative PCR (RT-qPCR) using TaqMan Gene Expression Assays
(Hs00176998_m1, Hs00221792_m1, Hs00229594_m1, Hs01119919_m1,
Hs00277476_m1, Hs00945900_g1, Hs01002741_m1, Hs00981910_m1, and
Hs02800695_m1, respectively; Applied Biosystems™). The reaction mix
(20 µL) consisted of 10 µL of TaqMan Universal Master Mix II no UNG
(Applied Biosystems™), 0.6 µL of TaqMan assay, and 2 µL of RT reaction
product (equivalent to 25 µL of total RNA). RT-qPCR was performed on the
Mx3005P qPCR System (Agilent Technologies) in triplicates per gene.
Thermal cycling conditions consisted of 95°C for 10 min, followed by 40
cycles of 95°C for 15 s and 60°C for 1 min. Multiple NTCs were included in
each RT-qPCR run. Data preprocessing was performed separately for proteincoding and miRNA target genes with GenEx v6.0.1 software (MultiD Analyses
AB, Göteburg, Sweden). Relative gene expression values in a linear scale were
used for the analysis.

2.10. MiRNA expression analysis
Quantitative miRNA expression data was extracted from our previous
study based on the samples from the same PCa cohort and described in detail
elsewhere [244]. For the reanalysis, raw Cq-values of miRNA expression from
the TaqMan Low Density Array-based (TLDA) screening using Human
MicroRNA A+B Cards Set v3.0 (Applied Biosystems™) were obtained for a
set of 41 PCa and 12 NPT samples (Table S2). Data preprocessing was
performed using GenEx v6.0.1 software (MultiD Analyses AB). Considering
the epigenetic silencing of miRNA expression, missing Cq-values (due to the
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amplification below the threshold or none at all) were equated to 40.
Expression levels of miR-155-5p, miR-152-3p, miR-137, and miR-31-5p were
normalized to RNU44 and RNU48 as endogenous controls, as suggested by the
manufacturer, and converted to relative values in a linear scale. Expression of
miR-155-3p was undetected in all of the selected samples, therefore, it was
omitted from the analysis.

2.11. The Cancer Genome Atlas Dataset of prostate cancer
Publicly available data from TCGA, a collaboration between the National
Cancer Institute (NCI, USA) and National Human Genome Research Institute
(NHGRI, USA), were used to verify the significant findings. Clinical
annotation of the samples was obtained from the marker TCGA PRAD
publication [4]. Global DNA methylation profiling data using Illumina
Infinium HumanMethylation450K (HM450) platform, RNA and miRNA
expression by RNA-seq and miRNA-seq, respectively, were utilized in this
study. Level 3 data were obtained from the cBioPortal (http://www.cbiopor
tal.org) [258] and methHC (http://methhc.mbc.nctu.edu.tw) [259] data analyses
portals in July 2016. Samples with significant degradation levels, as described
in [4], were excluded from the analysis yielding 333 tumors and 19 NPT in
total.

2.12. Statistical analysis
Statistical analysis was performed using STATISTICA™ v8.0 (StatSoft,
Tulsa, OK, USA) and GraphPad Prism v5.03 software (GraphPad Software, La
Jolla, CA, USA). The two-sided Fisher’s exact test or Kruskal-Wallis test were
used for comparison of categorical variables, while continuous variables were
compared by Student’s t-test or by Mann-Whitney U test for normally or nonnormally distributed variables, respectively. Pearson (RP) and/ or Spearman‘s
rank (RS) correlation coefficients were calculated to test the associations
between two continuous variables. TCGA dataset of PRAD was used for
comparison. For the analysis of RT-qPCR and TCGA data, appropriate
parametric tests were applied. For BCR-free survival analysis, Kaplan-Meier
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curves were compared with log-rank test and Cox proportional hazards
modeling was performed. Hazard ratios (HR) with 95% confidence intervals
(CI) were estimated. To avoid overfitting of models, only up to 4 covariates
were included in multivariate analysis. Differences and associations were
considered statistically significant at P < 0.0500.
Microarray data and pathway enrichment analyses were performed as
described above, using specialized software.
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3. RESULTS
The present study of DNA methylation biomarkers of PCa consisted of two
stages of experimental work. During the first stage, several TSGs, previously
reported to be aberrantly methylated in various malignancies, were selected for
promoter methylation in tissue samples of PCa patients followed by evaluation
of the most potential biomarkers for noninvasive screening in urine. Although
the obtained results were promising, the relatively low methylation frequencies
and specificity for PCa in Lithuanian cohort encouraged to search for new
biomarkers with better performance. Therefore, the second stage of the study
was oriented towards identification and validation of novel DNA methylation
biomarkers of PCa, evaluating both their diagnostic and prognostic potential.
All the genes analyzed in the present study are listed in Table S5.

3.1.

DNA methylation analysis of selected tumor suppressor
genes in prostate cancer

The first stage of the study was focused on the qualitative methylation
analysis of 7 promoters of TSGs selected from previous publications (RARB,
GSTP1, RASSF1, MGMT, DAPK1, p16INK4a/CDKN2A, and p14ARF/CDKN2A)
in the FFPE set of PCa and tumor-adjacent NPT samples. Snap-frozen BPH
tissue samples were included in the analysis as an additional control group.
The 3 most frequently methylated genes – RARB, RASSF1, and GSTP1 – were
quantitatively analyzed in urine of PCa and BPH patients in order to assess
their potential as noninvasive biomarkers (Fig. 3.1).

Figure 3.1. The analysis workflow of the selected tumor suppressor genes as DNA
methylation biomarkers of prostate cancer (PCa). NPT – noncancerous prostate
tissues, BPH – benign prostatic hyperplasia, MSP – methylation-specific PCR,
QMSP – quantitative methylation-specific PCR.
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3.1.1. DNA methylation of tumor suppressor genes in prostate tissues
First, DNA methylation of the selected TSGs was analyzed in PCa tissue
samples (Fig. 3.2). The most frequent aberrant methylation was identified in
promoter regions of RARB (97 of 149; 65.1%), GSTP1 (84 of 149; 56.4%), and
RASSF1 (80 of 148; 54.1%), and less frequently occurred in promoters of
MGMT (38 of 149; 25.5%), DAPK1 (16 of 149; 10.7%), p16 (12 of 149;
8.1%), and p14 (10 of 149; 6.7%). In overall, at least one gene of the gene
panel was methylated in 90.6% of PCa cases (135 of 149).

Figure 3.2. Promoter methylation profile of RARB, GSTP1, RASSF1, MGMT,
DAPK1, p16, and p14 genes in prostate cancer samples.

Methylation of the 3 most frequently methylated genes in PCa tissues –
RARB, GSTP1, and RASSF1 – was further analyzed in NPT (N = 37) and BPH
(N = 17) samples. Methylation of RARB and GSTP1 rarely occurred
(P < 0.0500) in NPT and BPH as compared to PCa. Methylation of RASSF1
was more prevalent (P = 0.0283) in PCa than in NTP, while the difference to
BPH was not statistically significant (P > 0.0500; Fig. 3.3). Methylation of at
least one of the three genes was detected in 85.2% (127 of 149) of PCa tissues,
while the specificity was 62.2% (23 of 37) and 47.1% (8 of 17) according to
NPT and BPH, respectively.
In addition, quantitative comparison of methylation levels in randomly
selected 15 PCa and 15 BPH tissues showed higher average PMR values (all
P < 0.0500) for all 3 genes in PCa cases (Fig. 3.4A).
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Figure 3.3. Methylation frequencies of RARB, GSTP1, and RASSF1 according to
prostate tissue histology. PCa – prostate tumors, NPT – noncancerous prostate tissues,
BPH – benign prostatic hyperplasia samples. Significant P-values are in bold.
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Figure 3.4. Distribution of methylation intensity values (PMR) of genes RARB,
GSTP1, and RASSF1 in samples of prostate cancer (PCa) and benign prostatic
hyperplasia (BPH) patients. A – PMR values in tissues of PCa and BPH patients; B –
in urine samples of PCa and BPH patients. Mean values with standard errors (SE) are
given below for each group. Statistically significant P-values are in bold.

3.1.2. RARB, GSTP1, and RASSF1 methylation analysis in urine
QMSP was used for the detection of DNA methylation of RARB, GSTP1,
and RASSF1 in urine samples of 253 PCa and 32 BPH patients (Table S2). In
urine from PCa patients, the observed PMR values were higher than in BPH
cases (Fig. 3.4B). However, only the difference of RASSF1 promoter
methylation intensity was statistically significant (P = 0.0175).
For each gene, the mean PMR value in BPH was used as a cut-off for the
qualitative assessment of DNA methylation status in urine sediments.
Methylation of RASSF1 was found in 44.7% (113 of 253) of PCa samples, but
was less frequent for the other two genes (29.2%; 74 of 253 and 11.1%; 28 of
253 for RARB and GSTP1, respectively). Aberrant methylation of at least one
of the 3 genes was detected in 152 of 253 (60.1%) urine samples of PCa
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patients. The combined specificity of this assay was 68.8% (22 of 32), while it
reached 81.3% (26 of 32), 96.9% (31 of 32), and 84.4% (27 of 32) for RARB,
GSTP1, and RASSF1, respectively.
3.1.3. Tumor suppressor gene methylation according to clinicalpathological and molecular characteristics
Methylation frequencies in PCa tissues were compared according to
clinical-pathological characteristics and TMPRSS2-ERG fusion status (Table
S2). Preoperative PSA level was significantly higher in cases with RASSF1
methylation (P = 0.0098), while GSTP1 methylation was more frequent in PCa
of pT3 than ≤pT2 (P = 0.0190). Higher methylation frequency of GSTP1 was
also observed in tumors with Gleason score ≥7 as compared to 6 (P = 0.0072;
Table S6), whereas the analysis according to ISUP grade groups revealed that
the largest difference of methylation frequencies was between groups I and II
(43.2% and 70.0%, respectively, P = 0.0056; data not shown).
In urine, methylation of GSTP1 was more common (P = 0.0073) and more
intense (P = 0.0059) in cases with Gleason score ≥7 in comparison to Gleason
score 6 (Table S6). Similarly to the analysis in tumors, largest differences of
both the frequency and the level of GSTP1 methylation were observed
comparing ISUP grade groups I and II (P = 0.0036 and P = 0.0042,
respectively; data not shown). There were also inter-correlations among the
PMR values of the genes: PMR of GSTP1 correlated both with RARB and
RASSF1 (RS = 0.17, P = 0.0083, and RS = 0.18, P = 0.0034, respectively; data
not shown).
No significant associations were observed between gene methylation and
TMPRSS2-ERG fusion status or patients’ age. Some other associations are
presented in Table S6.
3.1.4. Tumor suppressor gene methylation and BCR-free survival
More frequent methylation of RASSF1 was identified in PCa tissues of
BCR-positive cases in comparison to BCR-negative cases (Fig. 3.5). In
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Kaplan-Meier analysis, the advanced pT and Gleason score, and RASSF1
methylation in tumor were significant predictors of BCR (Fig. 3.6A-C).
Specifically, RASSF1 methylation correlated with the higher rate of BCR in
Gleason score 6 but not in Gleason score ≥7 tumors (Fig. 3.6D). In a univariate
Cox proportional hazard models (Table S7), the presence of RASSF1 and
DAPK1 promoter methylation in PCa significantly correlated with shorter
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Figure 3.5. Promoter methylation frequencies of tumor suppressor genes in prostate
tumors according to biochemical disease recurrence (BCR) status (last updated in
July 2013). Significant P-values are in bold.
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status. Significant P-values are in bold.
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In multivariate analysis, pT showed significant prognostic value, while
none of the methylation biomarkers was an independent predictor for BCR.
However, in patients diagnosed with Gleason score 6 tumor, multivariate
analysis using stepwise backward entering of covariates revealed the
combination of pT and RASSF1 methylation in PCa tissue as significant
predictors of BCR-free survival (model’s P = 0.0007). Similarly, RASSF1
methylation in urine samples was predictive for time to BCR of patients with
Gleason 6 tumor, when included in multivariate model together with pT
(Table S7).

3.2.

Identification of novel DNA methylation biomarkers of
prostate cancer

Although the BCR-free survival analysis of RASSF1 promoter methylation
yielded promising results, the relatively low methylation frequencies of the
analyzed genes in Lithuanian cohort prompted the search for new biomarkers
with superior performance. A small set of well-characterized PCa cases were
selected for the initial screening using DNA methylation microarrays. Based
on comparisons by tissue histology and BCR status, 15 genes – 10 proteincoding and 5 miRNA host genes – with differences in methylation levels were
selected for validation in an expanded set of samples. Expression analysis of
the 5 most promising protein-coding genes and 4 miRNAs was performed by
means of RT-qPCR and associated with promoter methylation status of the
respective genes. For protein-coding genes, promoter methylation of 3 selected
genes was also analyzed quantitatively in a subset of urine samples. For
miRNA host genes, in silico target analysis of the 3 respective miRNAs was
performed and 3 target genes (each gene being regulated by 2 of the selected
miRNAs) were chosen for the expression analysis. The PRAD dataset of
TCGA [4] was utilized as an independent validation cohort of the findings. The
workflow is summarized in Fig. 3.7.
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Figure 3.7. Scheme of the workflow for the search of novel DNA methylation
biomarkers of prostate cancer. PCa – prostate tumors, NPT – noncancerous prostate
tissues, BPH – benign prostatic hyperplasia, miRNA – microRNA, TCGA – The
Cancer Genome Atlas project, PRAD – the prostate cancer cohort of TCGA, MSP –
methylation-specific PCR, QMSP – quantitative methylation-specific PCR, RT-qPCR
– reverse-transcription quantitative PCR.

3.2.1. Genome-wide DNA methylation profiling
To elucidate the extent of epigenetic changes in prostate tumors, global
DNA methylation profile was analyzed of 9 pairs of PCa and NPT samples
(Fig. 3.8A-C). Significant methylation differences (FC ≥ 1.5, P < 0.0500) were
associated with 1143 genes in PCa as compared to NPT samples, of which 199
(17.4%) genes were hypermethylated and 954 (83.5%) genes were
hypomethylated, including 10 (0.9%) genes with concurrent changes (Fig.
3.8A). In intragenic regions, the number of hypomethylated genes was much
higher than the number of hypermethylated genes (87.3 and 13.4%,
respectively). The same difference, only to a lesser extent, was also observed
in promoter regions (59.9% and 40.1%, respectively; Fig. 3.9A). The list of the
top 50 genes with the most significant differences between PCa and NPT
samples is provided in Table S8.

73

Figure 3.8. DNA methylation profile of genes with significant differences between
analyzed groups. A – profile of significant methylation differences comparing
prostate tumors (PCa) and noncancerous prostate tissues (NPT); B – profile of
significant methylation differences comparing cases according to biochemical disease
recurrence positive/ negative (BCR+/-) status; C – Venn diagram of genes with
significantly different methylation levels according to tissue histology and disease
progression.

Smaller-scale methylation differences were observed comparing BCRpositive and BCR-negative PCa cases and, therefore, the cut-off FC value was
set to ≥1.2 for this analysis (Fig. 3.8B). Of 1804 genes with significant
methylation differences, 969 (53.7%) genes were hypermethylated and 868
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(48.1%) genes were hypomethylated, including 33 (1.8%) overlapping genes.
In promoter regions, increase of methylation level was more commonly
detected than reduction (53.2% and 47.6%, respectively, with 0.9% overlap) in
BCR-positive cases as compared to BCR-negative cases, whereas the reverse
tendency was observed in intragenic loci (44.8% and 56.8%, respectively; Fig.
3.9B). The list of the top 50 genes with the most significant differences
between BCR-positive and BCR-negative cases is provided in Table S9.
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Figure 3.9. DNA methylation differences according to various genomic regions. A –
between prostate tumors and noncancerous tissues, B – between biochemical disease
recurrence (BCR)-positive and BCR-negative cases.

Hypermethylation of 33 overlapping genes was detected comparing both
PCa vs. NPT and BCR-positive vs. BCR-negative tumor samples, while 122
genes were hypomethylated in both comparisons (Fig. 3.8C). Interestingly,
some genes also showed both gain and loss of methylation according to
different probes (Fig. 3.8C).
In both group comparisons, differences of methylation levels were also
observed in intergenic regions. Hypomethylation events were more frequent
than hypermethylation in PCa as compared to NPT samples (94.2% and 5.8%,
respectively), while the opposite tendency was observed comparing BCRpositive and BCR-negative cases (37.1% and 62.9%, respectively). Variation
of methylation levels was also detected in unannotated loci (Fig. 3.9A and B).
According to the DNA methylation microarray design, 7.1% of biological
probes (16853 of 237203) were annotated as associated with miRNA host
genes, representing 88.6% (1248 of 1409) of miRNA genes residing in host
genes in total (Fig. 3.10A). According to the NCBI Gene database
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(www.ncbi.nlm.nih.gov/gene), 93.8% (917 of 978) of the host genes covered
by the microarray were annotated as protein-coding genes, while the rest
consisted of 4.1% (40 of 978) ncRNA genes and 2.0% (20 of 978) of uncertain
type. Regarding the location of miRNA genes, the majority of them were found
to be located within introns of the protein-coding host genes (80.3%, 736 of
917).

Figure 3.10. DNA methylation differences in miRNA host genes obtained from
microarray data. A – DNA methylation profile according to all miRNA host geneassociated probes; B – Venn diagram of genes with significantly different
methylation levels according to tissue histology and disease progression. PCa –
prostate cancer, NPT – noncancerous prostate tissue, BCR+/- – biochemical disease
recurrence status (positive/ negative).

Comparing PCa to NPT samples, significant methylation differences (FC ≥
1.2; P < 0.0500) were identified in 522 miRNA host genes of which 333 were
hypermethylated and 283 were hypomethylated, including 94 overlapping
genes. In BCR-positive as compared to BCR-negative PCa cases, methylation
differences were less common and significantly differed according to 129 host
genes (FC ≥ 1.2, P < 0.0500), consisting of 58 hypermethylated and 74
hypomethylated genes with 3 gene overlap (Fig. 3.10B). Lists of top 50 genes
with significant methylation differences in group comparisons are provided in
Tables S10 and S11.
3.2.2. Functional term enrichment analysis of differentially
methylated genes
In order to gain a better insight of the cellular processes that might be
altered due to the aberrant methylation of the genes, the Biological Process
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category of GO terms was analyzed for all the differentially methylated genes
identified in group comparisons.
Analyzing the genes that showed promoter or intragenic methylation
changes in PCa as compared to NPT samples (FC ≥ 1.5), enrichment of the
gene groups related to cell differentiation, cell fate commitment, regulation of
gene expression and transcription was identified (Fig. S1). Among the genes
with methylation differences between BCR-positive and BCR-negative cases
(FC ≥ 1.2), GO terms like cell differentiation, cell death, cellular response to
hormone stimulus, regulation of gene specific transcription were significantly
overrepresented (Fig. S2).
Analysis of the miRNA host genes showed significant over-representation
of rather general GO terms (e.g. negative regulation of biological or cellular
process, cellular component morphogenesis). However, some more specific
GO terms, such as epithelial-mesenchymal transition (EMT), maintenance of
cell polarity, and histone H3 or H4 deacetylation, were enriched among the
miRNA host genes differentially methylated between BCR-positive and BCRnegative cases (Fig. S3).
To further elucidate the molecular mechanisms that occur during prostate
carcinogenesis and disease progression, GSEA was performed. Gene sets
involved in cell cycle regulation, estrogen response, and apical junction were
among the most significantly enriched hallmark pathways in PCa as compared
to NPT samples (Fig. 3.11A). The increase of methylation levels was the most
significant among the genes downregulated in response to ultraviolet (UV)
exposure, involved in EMT or TNFα signaling via NF-κB, while decreased
methylation was commonly observed in genes associated with mitotic spindle
or estrogen response. Similar gene sets (e.g. EMT, response to UV) were
enriched for hypermethylated genes between BCR-positive and BCR-negative
cases, while response to androgens or estrogen and hypoxia-related gene sets
were enriched for the decrease of methylation (Fig. 3.11A).
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Figure 3.11. Gene set enrichment analysis of differentially methylated genes
identified in genome-wide methylation profiling. A – functional gene sets for all
identified differentially methylated genes; B – functional gene sets for differentially
methylated miRNA host genes. Genes with significant methylation differences with
fold change values ≥1.2 were included. The collection of Hallmark gene sets
(pathways) as defined in MSigDB (http://software.broadinstitute.org/gsea/) were
selected for the enrichment analysis. The color intensities indicate the level of false
discovery rate (FDR) adjusted P-values (q-values). PCa – prostate cancer, NPT –
noncancerous prostate tissue, BCR+/ - – biochemical disease recurrence status
(positive/ negative), prom – promoter regions, intra – intragenic regions.

In the analysis of the differentially methylated miRNA host genes,
estrogen response and WNT signaling through accumulation of β-catenin
pathways were significantly enriched among genes with decreased methylation
levels analyzing both PCa vs. NPT and BCR-positive vs. BCR-negative
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groups. However, no pathways were significantly enriched for increased
methylation levels comparing samples according to BCR status (Fig. 3.11B).
In general, GO and GSEA analysis revealed that biological and molecular
processes occurring during tumor development and progression were
commonly enriched among the sets of genes found to be differentially
methylated comparing groups of samples from PCa patients.
3.2.3. Promoter methylation analysis of selected protein-coding genes
For further validation steps, 9 genes – PRKCB, CCDC181, ADAMTS12,
ZMIZ1, FILIP1L, NAALAD2, KCTD8, EPAS1, and NEK9 – were selected
based on differences according to prostate tissue histology and BCR status
observed in genome-wide DNA methylation data (Fig. 3.12A and B), while
CD44 was mainly included for comparison with regard to the previous reports
[171,184], making a total of 10 genes.

Figure 3.12. Volcano plots of DNA methylation profiling in tissues of prostate cancer
(PCa) patients. A – methylation differences between PCa and noncancerous tissues;
B – methylation differences in tumors of biochemical disease recurrence (BCR)positive and BCR-negative cases. All probes are depicted as squares colored
according to cut-off fold change (FC) and P-values. Due to different ranges of
significant methylation differences, cut-off FC values of ≥1.5 and ≥1.2 were used for
the analysis according to tissue histology and BCR status, respectively. Labels
indicate genes selected for further validation. All significant probes per gene are
highlighted.
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Significantly higher methylation frequencies of genes PRKCB, CCDC181,
ADAMTS12, ZMIZ1, FILIP1L, NAALAD2, KCTD8, and CD44 were identified
in PCa samples, ranging from 22.5% to 91.5%, as compared to NPT (range
0-37.1%) or BPH (0% for all genes; all P < 0.0500; Fig. 3.13A).
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Figure 3.13. Promoter methylation frequencies of protein-coding genes in prostate
samples according to tissue histology (A), grade groups by International Society of
Urological Pathology (ISUP; B), tumor stage (C), and TMPRSS2-ERG fusion status
(D). PCa – prostate tumors, NPT – noncancerous prostate tissues, BPH – benign
prostatic hyperplasia tissues. Significant P-values are in bold.
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The combined sensitivity for PCa of the genes PRKCB, CCDC181, and
ADAMTS12 was 94.6% (122 of 129), while the specificity reached 88.6% (31
of 35) and 100% (17 of 17) according to NPT and BPH, respectively. Besides,
quantitative analysis showed that methylation levels of the three genes were
higher in randomly selected 15 PCa than in 15 BPH tissue samples
(P < 0.0001, P < 0.0001, and P = 0.0001, respectively; Fig. 3.14A).
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Figure 3.14. Distribution of methylation intensity values (PMR) of genes PRKCB,
CCDC181, and ADAMTS12 in samples of prostate cancer (PCa) and benign prostatic
hyperplasia (BPH) patients. A – PMR value distribution in tissues of PCa (N = 15)
and BPH (N = 15) patients; B – PMR value distribution in urine samples of PCa
(N = 54) and BPH (N = 15) patients. Mean values with standard errors (SE) are given
below for each group. Statistically significant P-values are in bold.

No aberrant methylation events at promoter regions of genes EPAS1 and
NEK9 were detected in a subset of 51 PCa and 15 NPT samples (data not
shown) and, therefore, their further analysis was discontinued.
For the quantitative analysis of the promoter methylation of protein-coding
genes, the PRAD dataset of TCGA was used (333 cases in total). In accordance
with our data, significantly higher methylation levels were identified in tumors
as compared to normal tissues for all 8 genes (all P < 0.0001; Fig. S1).
Additionally, in tumors, methylation levels of genes CD44 and KCTD8
(median β-values 0.26 and 0.15, respectively) were lower than those of the
other genes (median β-values ≥0.48), while FILIP1L was characterized by
relatively high methylation in normal tissues (median β-values 0.89 and 0.84 in
tumors and normal tissues, respectively; Fig. S1).
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3.2.4. Association of protein-coding gene promoter methylation with
clinical-pathological variables and TMPRSS2-ERG status
Aberrant promoter methylation of the protein-coding genes was further
analyzed according to clinical-pathological patient’s characteristics and
TMPRSS2-ERG

fusion

status.

Methylation

frequency

of

NAALAD2

significantly increased according to ISUP grade groups (P = 0.0291; Fig.
3.13B). Promoter methylation of ADAMTS12, ZMIZ1, and KCTD8 was more
frequent in ≥pT3 tumors as compared to pT2 (P = 0.0451, P = 0.0309, and
P = 0.0037, respectively) and the same tendency was observed for PRKCB
(P > 0.0500; Fig. 3.13C). Furthermore, genes PRKCB, ADAMTS12, KCTD8,
and CD44 were more commonly methylated in tumors positive for TMPRSS2ERG fusion (P = 0.0151, P = 0.0406, P = 0.0015, and P = 0.0286, respectively;
Fig. 3.13D). Associations with other clinical-pathological characteristics are
provided in Table S12.
3.2.5. Protein-coding gene expression and association with promoter
methylation and clinical-pathological variables
Based on promoter methylation frequencies and with regard to correlations
with clinical-pathological variables and fusion transcript status, genes PRKCB,
CCDC181, ADAMTS12, NAALAD2, and ZMIZ1 were selected for expression
analysis. RNA of sufficient quality was available of 81 PCa, 25 NPT, and 17
BPH samples (Table S2). Expression levels of PRKCB, CCDC181,
ADAMTS12 and NAALAD2 were significantly lower in PCa as compared to
NPT and BPH samples (all P < 0.0500; Fig. 3.15A-D). In the case of ZMIZ1,
lower expression was observed in PCa than in NPT, but higher than in BPH
samples (all P < 0.0500; Fig. 3.15E). Furthermore, lower expression levels of
PRKCB, CCDC181, ADAMTS12, and NAALAD2 in tissues of PCa patients
correlated with methylated promoter status (all P ≤ 0.0001; Fig. 3.15F-I), while
no such association was observed for ZMIZ1 (P > 0.0500; Fig. 3.15J).
Consistent with our data, lower expression levels of PRKCB, CCDC181,
ADAMTS12, and NAALAD2 were observed in tumors as compared to normal
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tissues in the PRAD cohort of TCGA (all P < 0.0500), however, the same
association for ZMIZ1 was not confirmed (P > 0.0500; Fig. S5). Moreover, the
PRKCB, CCDC181, and ZMIZ1 were expressed at lower levels in PCa samples
with higher methylation intensity (all P < 0.0500), while no such association
was observed for ADAMTS12 and NAALAD2 (P > 0.0500; Fig. S6).

Figure 3.15. Relative expression levels of PRKCB, CCDC181, ADAMTS12,
NAALAD2, and ZMIZ1 in prostate tissues. A-E – expression of the genes in prostate
tumors (PCa), noncancerous tissues (NPT), and benign prostatic hyperplasia (BPH)
samples; F-J – expression of the genes in PCa according to the methylated/
unmethylated promoter status (M/ U). The box extends from the 25th to 75th
percentiles; the line in the middle of the box is plotted at the median; the plus sign
depicts the mean; the whiskers represent the range. Significant P-values are in bold.

In the Lithuanian cohort, decreasing expression levels of CCDC181 and
NAALAD2 were significantly associated with higher ISUP grade group
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(P = 0.0225 and P = 0.0139, respectively; Table S13). Furthermore, higher
expression levels of CCDC181 were specific for tumors expressing TMPRSS2ERG transcript (P = 0.0136). No associations between gene expression and
tumor stage pT, PSA level, or prostate mass were identified, however,
expression of NAALAD2 positively correlated with patients’ age (RS = 0.27,
P = 0.0153; Table S13).
3.2.6. Quantitative methylation analysis of protein-coding genes in
urine
Genes PRKCB, CCDC181, and ADAMTS12 were selected for further
quantitative evaluation of promoter methylation levels in urine. Methylation of
the three genes was detectable in urine of PCa cases (N = 54), while lower or
undetectable methylation levels were observed in BPH cases (N = 17),
however, none of the differences were significant (all P > 0.0500; Fig. 3.14B).
As in the previous analysis, the PMR value in BPH of each gene was used
as a cut-off for qualitative evaluation. Methylation of PRKCB, CCDC181, and
ADAMTS12 was detected in 5.6% (3 of 54), 14.8% (8 of 54), and 3.7% (2 of
54) of urine samples, with the combined sensitivity of 14.8% (8 of 54). The
combined specificity of this assay reached 88.2% (15 of 17), whereas it was
88.2% (15 of 17), 94.1% (16 of 17), and 88.2% (15 of 17) for PRKCB,
CCDC181, and ADAMTS12, respectively. No associations were detected
between gene methylation intensity or frequency in urine and clinicalpathological variables (data not shown).
3.2.7. Prognostic value of protein-coding gene methylation
To investigate the prognostic value of the newly identified genes showing
tumor-specific promoter methylation, the BCR-free survival analysis was
performed. Aberrant methylation of PRKCB, ADAMTS12, and NAALAD2 was
significantly more frequent in BCR-positive than BCR-negative cases
(P = 0.0038, P = 0.0030, and P = 0.0010, respectively; Fig. 3.16).
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Figure 3.16. Protein-coding gene promoter methylation frequencies in prostate
tumors according to biochemical disease recurrence (BCR) status. Significant Pvalues are in bold.

Kaplan-Meier curve comparison showed significantly earlier BCR in PCa
cases with methylated PRKCB, ADAMTS12, and NAALAD2 promoter status
(P = 0.0066, P = 0.0036, and P = 0.0005, respectively), while no associations
were observed for the other analyzed genes (Fig. 3.17). The significance of
PRKCB, ADAMTS12, and NAALAD2 promoter methylation as independent
prognostic factors was supported by univariate and multivariate Cox
proportional hazard analyses, however, regarding gene expression levels only
NAALAD2 showed significant prognostic value (all models’ P < 0.0500; Tables
S14 and S15). Furthermore, methylation status of the three genes was also
prognostic for BCR-free survival in combination with TMPRSS2-ERG fusion
status (all P < 0.0500; Table S15). Forward entering of covariates revealed that
promoter methylation of PRKCB or NAALAD2 together with tumor stage pT
surpassed the prognostic value of the pathological variable alone (models’
P < 0.0001 and P < 0.0001, respectively), and the similar impact was observed
of NAALAD2 methylation status on ISUP grade group (model’s P < 0.0001).
Some other combinations with clinical-pathological variables are provided in
Table S15.
Additionally, methylation status of PRKCB, ADAMTS12, and NAALAD2
was a significant independent predictor of BCR-free survival in subgroups of
patients <60 years of age (P = 0.0038, P = 0.0088, and P = 0.0124,
respectively), diagnosed with pT2 tumors (P = 0.0024, P = 0.0092, and
P = 0.0087, respectively), ISUP grade group I or II tumors (P = 0.0069,
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P = 0.0024, and P = 0.0005, respectively), or in cases with <10 ng/µL
preoperative PSA level (P = 0.0163, P = 0.0036, and P = 0.0011, respectively;
data not shown).
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Figure 3.17. Kaplan-Meier curve analysis of PRKCB (A), CCDC181 (B),
ADAMTS12 (C), ZMIZ1 (D), FILIP1L (E), NAALAD2 (F), KCTD8 (G), and CD44
(H) gene promoter methylation status. M/ U – methylated/ unmethylated promoter
status. Significant P-values are in bold.

Quantitative DNA methylation analysis of PRKCB, CCDC181, and
ADAMTS12 in urine of PCa patients did not show any significant associations
with BCR-free survival (data not shown).
For TCGA data, disease-free survival, in addition to BCR-free survival,
was utilized as an endpoint for the evaluation of prognostic potential of the
selected biomarkers. PCa cases with prior cancer diagnosis and/ or prior
neoadjuvant therapy, having Gleason score 10, and metastatic cases were
filtered out in survival analysis in order to better match the Lithuanian cohort.
In the PRAD dataset of TCGA, methylation levels of the analyzed protein-
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coding genes were not associated with neither BCR nor disease progression in
univariate Cox models, however, decreased expression levels of PRKCB and
ADAMTS12 were prognostic for BCR-free survival (both P < 0.0500; Table
S14). Among the multivariate models, significant prognostic value was
confirmed only for methylation levels of PRKCB or NAALAD2 in combination
with pT and methylation of NAALAD2 together with ISUP grade group (all P <
0.0500; Table S15).
3.2.8. Validation of miRNA host gene promoter methylation
Based on methylation levels according to tissue histology or BCR status
and with regard to the number of a particular gene-associated probes showing
significant methylation differences, five miRNA coding loci were selected for
further DNA methylation analysis (Table 3.1).
Table 3.1. MiRNAs and their host genes selected for promoter methylation analysis.

miRNA

Host gene

DNA
methylation
differences
(probes, N)
PCa
BCR+
vs.
vs.
NPT
BCR-

Mature
miRNA

Gene
symbol

Location
(strand)

Gene
symbol

Biotype

miRNA
location

miR-155-5p,
-3p

MIR155

21q21.3
(+)

MIR155HG/
BIC/
MIRHG2

ncRNA

exon

2

0

miR-152-5p,
-3p

MIR152

COPZ2

proteincoding

intron

1

2

miR-137

MIR137

MIR137HG

ncRNA

exon

9

0

MIR31HG

ncRNA

intron

5

0

GIPR/
PGQTL2

proteincoding

intron*

2

3

miR-31-5p,
MIR31
-3p
miR-642a-5p,
MIR642A
-3p
miR-642b-5p,
MIR642B
-3p

17q21.32
(-)
1p21.3
(-)
9p21.3
(-)
19q13.32
(+)
19q13.32
(-)

Nomenclature of miRNAs and genes is given according to miRBase release 21
(http://www.mirbase.org) and GeneCards databases (http://www.genecards.org).
PCa – prostate cancer, NPT – noncancerous prostate tissue, BCR+/- – biochemical
disease recurrence status (positive/ negative).
*5’-UTR/ exon of predicted transcripts.

DNA methylation status of the regulatory regions of the 5 selected
miRNAs was examined by means of MSP. Promoter-associated CGIs of
mir-155, mir-152, and mir-137 host genes were frequently hypermethylated in
87

PCa, but not in NPT and/ or BPH samples (all P < 0.0500; Fig. 3.18A).
Hypermethylation of mir-31 and mir-642a, -b host gene promoters was rarely
detected in PCa, while mir-642a, -b was the only miRNA whose
hypermethylation was observed in BPH (Fig. 3.18A).
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Figure 3.18. MiRNA host gene promoter methylation frequencies in prostate samples
according to tissue histology (A), tumor stage (B), Gleason grade group by
International Society of Urological Pathology (ISUP; C), and TMPRSS2-ERG fusion
transcript (D). PCa – prostate tumors, NPT – noncancerous prostate tissues, BPH –
benign prostatic hyperplasia tissues. Significant P-values are marked in bold.

In accordance with our data, mir-155, mir-152, mir-137, and mir-31
showed significantly higher methylation levels in tumors than in normal
prostate tissues in the PRAD cohort of TCGA (all P < 0.0001; Fig. S7).
Besides, in this dataset, the difference of methylation levels was also
significant for mir-642a, -b host gene (P = 0.0013).
3.2.9. Association of miRNA host gene promoter methylation with
clinical-pathological variables and TMPRSS2-ERG status
Methylation frequencies in PCa samples were further analyzed according
to clinical-pathological patients’ characteristics and TMPRSS2-ERG fusion
status. No significant associations were observed between miRNA host gene
methylation and pT (Fig. 3.18B). Mir-152 and mir-137 methylation frequency
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significantly increased according to ISUP grade group, while a trend was
observed for mir-155 (P = 0.0252, P = 0.0355, and P > 0.0500, respectively;
Fig. 3.18C). Comparing two adjacent ISUP grade groups, promoter
methylation frequencies of mir-152 and mir-137 showed the most significant
difference between ISUP groups I and II (P = 0.0163 and P = 0.0367,
respectively). Promoter methylation of mir-137 host gene was more frequent in
tumors expressing TMPRSS2-ERG fusion transcript (P = 0.0010; Fig. 3.18D).
Associations with other parameters are provided in detail in Table S16.
3.2.10. MiRNA expression and association with host gene promoter
methylation
To assess whether the host gene promoter methylation status was
associated with the deregulation of the analyzed miRNAs, the expression
levels of the predominant mature miRNA sequences – miR-155-5p,
miR-152-3p, miR-137, and miR-31-5p – were reanalyzed in a set of 41 PCa
and 12 NPT cases from our previous study [244]. Highly significant downregulation of miR-155-5p, miR-152-3p, and miR-31-5p was observed in PCa
as compared to NPT samples, however, there was no difference in expression
levels of miR-137 (Fig. 3.19A-D).
Matched miRNA expression and DNA methylation data were available for
a subset of 30 PCa and 7 NPT cases. Decreased miR-155-5p expression
significantly correlated with the methylated promoter status (P = 0.0375),
however, no associations between miRNA expression and host gene promoter
methylation was observed for miR-152-3p, miR-137, and miR-31 (all
P > 0.0500; Fig. 3.19E-H).
For the validation in a larger set of samples, expression of the selected
miRNAs was also investigated in the PRAD cohort of TCGA. In this dataset,
down-regulation of mir-155 and mir-152 significantly correlated with higher
promoter methylation levels of their host genes (RP = -0.23, P < 0.0001 and
RP = -0.25, P < 0.0001, respectively; Fig. S8). Besides, promoter methylation
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was associated with the decreased expression of mir-155 and mir-152 host
gene mRNAs (RP = -0.32, P < 0.0001 and RP = -0.57, P < 0.0001,
respectively). Expression analysis also indicated that these two miRNAs were
co-expressed with their host gene mRNAs (RP = 0.74, P < 0.0001 and
RP = 0.32, P < 0.0001, respectively). Expression levels of mir-137 and mir-31
did not correlate with promoter methylation (both P > 0.0500; Fig. S8), while
expression data on host genes of these miRNAs was not obtainable for more
thorough analysis.
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Figure 3.19. Comparison of the relative expression levels of the analyzed miRNAs
according to prostate tissue histology and promoter methylation status of the
respective host genes. A-D – miRNA expression in prostate tumors (PCa) and
noncancerous prostate tissues (NPT). E-H – miRNA expression in prostate tissues
according to the methylation status of the respective miRNA host gene promoters. M/
U – methylated/ unmethylated promoter status. The box extends from the 25th to 75th
percentiles; the line in the middle of the box is plotted at the median; the plus sign
depicts the mean; the whiskers represent the range. Significant P-values are in bold.

3.2.11. Analysis of miRNA target genes
MiRNAs with the most frequent methylation of the host gene promoters in
PCa – miR-155-5p, miR-152-3p, and miR-137 – were selected for their target
gene analysis. The putative transcriptional targets of these miRNAs were
obtained querying six online databases that utilize different methods of target
prediction (Table S17). Large numbers of obtained predicted targets were
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screened for genes associated with epigenetic modulation as defined in
EpiFactors

database

(http://epifactors.autosome.ru)

epigenetic

regulator

genes

were

chosen

for

[260].
the

Overlapping

analysis.

DNA

methyltransferase 1 (DNMT1) was selected as a target of miR-155-5p and
miR-152-3p, while lysine demethylases 1A (KDM1A/ LSD1) and 5B (KDM5B/
JARID1B) – as targets of miR-155-5p and miR-137 (Fig. 3.20A and B, and
Table S18).

Figure 3.20. MiRNA-targeted genes associated with epigenetic regulation and
identified in at least 2 of 6 databases (A) and interaction of miRNAs with
transcriptional targets selected for gene expression analysis (B).

In our cohort, expression levels of DNMT1 and KDM5B were higher in
tumors and noncancerous tissues of PCa cases as compared to BPH and, thus,
distinguishing PCa and BPH patients (Fig. 3.21A-C). Only expression of
KDM5B was higher in PCa than in NPT cases, while no significant differences
of KDM1A expression levels were observed among the histological groups.
Expression of the selected target genes was further linked to the promoter
methylation status of the corresponding miRNA host genes. KDM5B was
expressed at higher levels in samples with methylated mir-137 or mir-155 host
gene promoters (P = 0.0001 and P < 0.0001, respectively), whereas increased
expression of DNMT1 and KDM1A was significantly associated with mir-152
and mir-155 host gene methylation, respectively (P = 0.0093 and P = 0.0302;
Fig. 3.21D-F).
Expression of KDM1A and KDM5B correlated inversely with preoperative
PSA level (RS = -0.29, P = 0.0096 and RS = -0.26, P = 0.0184, respectively;
Fig. 3.21G and H). Moreover, the two genes were upregulated in PCa cases
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expressing TMPRSS2-ERG fusion transcript (P = 0.0048 and P = 0.0011,
respectively; Fig. 3.21I). No associations between DNMT1, KDM1A, or
KDM5B and pT, ISUP grade group, prostate mass, or patients’ age were
observed (data not shown).
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Figure 3.21. Relative expression levels of DNMT1, KDM1A, and KDM5B in prostate
tissues. A-C – expression of the genes in prostate tumors (PCa), noncancerous tissues
(NPT), and benign prostatic hyperplasia (BPH) samples; D-F – expression of the
genes in PCa according to the promoter methylation status of the miRNA host genes;
G and H – correlations between gene expression and PSA level; I – expression of the
genes according to TMPRSS2-ERG fusion transcript status. Only significant
associations with PSA and fusion transcript status are shown. The box extends from
the 25th to 75th percentiles; the line in the middle of the box is plotted at the median;
the whiskers represent the range. Significant P-values are in bold.

In TCGA cohort, significant correlations were validated between KDM5B
expression and mir-155 or mir-137 promoter methylation (RP = 0.18,
P = 0.0007; and RP = 0.32, P < 0.0001, respectively) and between KDM1A
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expression and mir-155 methylation (RP = 0.28, P < 0.0001; Fig. S9).
Conversely to our data, mir-137 methylation level correlated with increased
KDM1A expression (RP = 0.40, P < 0.0001), while higher methylation levels of
mir-155 were linked to increased DNMT1 expression (RP = 0.16, P = 0.0032).
The up-regulation of DNMT1 in association with methylated mir-152 promoter
was also supported by the data from TCGA cohort (RP = 0.12, P = 0.0236;
Fig. S9).
3.2.12. Prognostic value of miRNA host gene promoter methylation
Having shown the impact of miRNA host gene methylation on target
mRNA expression, we aimed to determine the prognostic value of these
observations. Methylation of mir-152 and mir-31 was significantly more
common in BCR-positive than BCR-negative cases (P = 0.0213 and
P = 0.0191, respectively) and the same tendency was observed for mir-155
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(P > 0.0500; Fig. 3.22).
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Figure 3.22. MiRNA host gene promoter methylation frequencies in prostate tumors
according to biochemical disease recurrence (BCR) status. Significant P-values are in
bold.

Kaplan-Meier analysis revealed that methylation of mir-155, mir-152, or
mir-31 promoter had significant negative impact on BCR-free survival,
whereas no association was observed for mir-137 (P = 0.0371, P = 0.0193,
P = 0.0102, and P > 0.0500, respectively; Fig. 3.23A-D). For mir-155, mir-152,
and mir-31, the 5-year BCR-free survival was 51.9% vs. 75.6% (23.7%
difference), 27.3% vs. 69.7% (42.4%), and 0% vs. 67.4% (67.4%) in cases with
methylated and unmethylated promoter status, respectively. Expression levels
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of miRNA target genes DNMT1, KDM1A, and KDM5B were not associated
with BCR status (all P > 0.0500; data not shown).
Univariate Cox proportional hazard analysis confirmed the association of
promoter methylation status of mir-155, mir-152, and mir-31 host genes with
BCR-free survival (models‘ P = 0.0447, P = 0.0236 and P = 0.0168,
respectively; Table S14). Combinations of methylation status of various
miRNA host genes also showed prognostic value in multivariate models,
among which a combination of mir-152 and mir-31 was the most significant
(model’s P = 0.0130). Moreover, multivariate analysis revealed that promoter
methylation of mir-155 host gene alone or together with mir-152 was
prognostic for BCR-free survival in combination with TMPRSS2-ERG fusionnegative status (models‘ P = 0.0333 and P = 0.0151, respectively; Table S19).
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Figure 3.23. Kaplan-Meier curve analysis of mir-155 (A), mir-152 (B), mir-137 (C),
and mir-31 (D) host gene promoter methylation status. Numbers of patients at risk
and survival proportions are provided below each graph. M/ U – methylated/
unmethylated promoter status. Significant P-values are in bold.

Among clinical-pathological parameters, various combinations were
prognostic of BCR-free survival, but only pT and ISUP grade group showed
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independent prognostic value (models‘ P = 0.0001 and P < 0.0001,
respectively; Table S14). Forward entering of covariates revealed that
methylation status of mir-152 or mir-31 host genes together with pT even
better predicted BCR-free survival than the pathological variable alone (both
models‘ P < 0.0001). Moreover, methylation of mir-31 also had the same effect
in combination with ISUP grade group (model‘s P < 0.0001). Other
combinations of miRNAs with clinical-pathologic variables were also rather
promising (Table S19).
In TCGA cohort, higher methylation levels of mir-137 and mir-31 host
genes were associated with disease-free (P = 0.0110 and P = 0.0130,
respectively), but not with BCR-free survival (both P > 0.0500; data not
shown), and these associations were supported by univariate Cox models
(models’ P = 0.0122 and P = 0.0188, respectively; Table S14). In multivariate
analysis, forward entering of covariates showed that methylation levels of
mir-137 or mir-31 host genes increased the prognostic value of pT (models’
P = 0.0006 and P = 0.0007, respectively; Table S19).
Although expression of the analyzed miRNA targets was not prognostic
for BCR status in the Lithuanian cohort, higher expression levels of KDM5B
were characteristic to shorter BCR-free survival in TCGA cohort (P = 0.0093),
while increased DNMT1 expression significantly predicted time to disease
relapse (P = 0.0033; Table S14). Various multivariate models of target genes
alone or in combinations with promoter methylation of the respective
regulatory miRNAs were also prognostic for BCR-free and/ or disease-free
survival. However, none of these multivariate models surpassed the
significance of the individual variables (data not shown).

95

4. DISCUSSION
Despite the emerging improvements in diagnosis and treatment, PCa
remains one of the most prevalent malignancies and a leading cause of death in
men. Early diagnosis of PCa, as well as the selection of the most proper
treatment strategy, is critical for successful management of the disease.
Although the introduction of PSA test has significantly decreased the numbers
of men diagnosed with already metastatic PCa, it has also resulted in the
increase of overdiagnosis and/ or overtreatment of men with non-life
threatening disease. This encouraged the search of new molecular tools with
better performance in risk stratification. DNA methylation of tumor suppressor
genes is a potential source of such biomarkers.

4.1.

DNA methylation of known tumor suppressor genes in
prostate cancer

In the first stage of the present study, we tested a panel of RARB, GSTP1,
RASSF1, MGMT, DAPK1, p16INK4a/CDKN2A, and p14ARF/CDKN2A promoters
for the DNA methylation status in 149 PCa tissues and 253 urine samples from
PCa patients. Aberrant methylation of at least one of the genes was identified
in 90.6% of PCa cases, and the most informative biomarkers were RASSF1,
GSTP1, and RARB. Methylation analysis of this 3-gene panel in urine showed
60.1% sensitivity and 68.8% specificity for PCa. Moreover, in patients with
Gleason score 6 tumors, RASSF1 methylation together with pT were
significant predictors of BCR when analyzed in tissue or urine samples.
In consistency with previous studies [162,164,165,261], RARB, GSTP1,
and RASSF1 were the most commonly methylated genes in PCa with the
frequencies of over 50%, whereas aberrant methylation of MGMT, DAPK1,
p16, and p14, was detected in ≤25% of PCa cases in our study. Similarly to
other studies [157,262], promoter methylation of RARB or GSTP1 rarely
occurred in NPT or BPH tissues, resulting in the specificity of these
biomarkers of up to 85%. Although the specificity of RASSF1 methylation for
PCa was relatively low (67%) in the qualitative analysis, the quantification of
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methylation levels revealed statistically significant differences from BPH and
NPT. Similarly, quantification of methylation levels in RASSF1 and some other
genes revealed significant differences in PCa in comparison to BPH and
HGPIN in another QMSP-based study [157], showing a progressive increase of
methylation levels in RASSF1 during prostate carcinogenesis.
Since methylation assessment in panels of several genes shows increased
diagnostic and prognostic power, multiple gene combinations have been
analyzed in PCa [157,160,162,175]. In the present study, the 3-gene panel
(RARB, GSTP1, and RASSF1) showed 85.2% sensitivity for PCa when
analyzed in tumors and 60.1% sensitivity when assayed in urine samples. In
other studies, more than 85% sensitivity has been reported for panels of 2-4
genes in PCa tissues [160,162,175], with lower sensitivity (≥50%) obtained in
similar studies of urine samples [203,204,196]. Although GSTP1 has been
recurrently reported as the most commonly methylated gene in body fluids of
PCa patients (reviewed in [205]), RASSF1 was the most frequently methylated
gene in urine in our study. Methylation of RASSF1 was detected in 45% of
urine samples, with the mean methylation level close to 20%. In several
previous studies [203,204], even higher frequencies (≥73%) of RASSF1
methylation has been detected in urine samples. High frequency and intensity
of RASSF1 methylation in urine samples from PCa patients makes it an easily
detectable and specific biomarker of PCa. In the present study, RARB and
GSTP1 methylation in urine was less frequent, but in agreement with the recent
meta-analysis [182,206] the specificity of these biomarkers, especially of
GSTP1, was very high (>96%), exceeding that of the PSA test. The limited
sensitivity of biomarkers in body fluids is a common issue [182,206]. This
might be at least partly explained by varying amounts of tumor-derived DNA
in the context of nontumor cells, such as leucocytes, which might be present at
considerable amounts in urine. Nevertheless, the high specificity of such assays
could be particularly useful for appointing or changing the treatment strategy
as reported in the recent studies [211,212].
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In agreement with previous reports [175,263], advanced pT and higher
Gleason score were significant predictors of BCR in our study. Promoter
methylation of a single particular gene is rarely found to be an independent
predictor for disease outcome (discussed in [152]). In this study, methylation
of RASSF1 in PCa tissue correlated with PSA level and BCR. In combination
with pT, methylated promoter status of RASSF1 was a significant predictor of
BCR-free survival following RP in cases with Gleason score 6 tumor, i.e. the
group of low- or intermediate-risk PCa, and such association was also observed
in urine samples. In fact, this is the first study ever to report the potential
prognostic value of a DNA methylation biomarker in urine of PCa. The reason
why methylation of RASSF1 was a significant predictor for BCR-free survival
only in Gleason score 6 tumors may be related to higher intratumoral
morphological heterogeneity of Gleason score 7 tumors, which, according to
the most recent ISUP recommendations [78], are currently subdivided into
3 + 4 and 4 + 3 tumors based on differences in prognosis. Besides, based on
the accumulating data from genome-wide PCa studies [8,188], it might be
presumed that other prognostic factors might overwhelm the impact of RASSF1
methylation in higher-grade PCa. No correlations between RASSF1
methylation and BCR have been reported in previous studies [160,164], which
might be also due to the small-size samples analyzed.
GSTP1 is the most frequently studied gene in PCa, but the data regarding
its prognostic value are quite contradictory [263]. In the present study,
methylation of GSTP1 in PCa tissues and in urine showed associations with
clinical markers of poor prognosis, but was not BCR-predictive. However, the
combination of DAPK1 and RASSF1 methylation was a significant predictor
for BCR-free survival. In agreement with other studies, this suggests that
panels of genes, in addition to improved sensitivity, might also provide a
superior power to predict the aggressive PCa course after curative treatment.
To date, a DNA methylation biomarker-based PCa test, “ConfirmMDx for
Prostate Cancer”, is commercially available, which has been developed at
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around the same time as the implementation of this study. Aiming to assist in
treatment decision-making process after a negative biopsy, the test evaluates
methylation of three TSGs, two of which, namely GSTP1 and RASSF1, have
been also analyzed in the present study. As this test has been already included
in the EAU-ESTRO-SIOG Guidelines on Prostate Cancer 2016 [59], this is an
excellent example of translating DNA methylation research into clinical
applicability.
Presented findings support the notion that aberrant promoter methylation
of a limited panel of genes might provide additional information on PCa
aggressiveness. Aberrant promoter methylation of RASSF1 in both tissues and
urine could be considered as a biomarker of a potentially unfavorable course of
the disease in low- or intermediate-risk PCa patients after RP. Further studies
are mandated to validate the prognostic significance of this biomarker.

4.2.

Identification of novel DNA methylation biomarkers of
prostate cancer

The

rapid

development

of

novel

technologies

applicable

for

high-throughput profiling, such as microarrays and NGS, have made it possible
to conduct genome-wide methylation analysis in cancer, primarily searching
for novel biomarkers that could outperform the currently existing ones. Indeed,
recent studies utilizing these methods have made significant insights into PCa
methylome in general and identified a large number of novel potential DNA
methylation biomarkers. However, only a few of these biomarkers have been
successfully validated in clinical samples, usually in a single cohort [3,53,190],
while the vast majority have not been further tested at all.
In the present study, microarray-based approach was used for screening of
diagnostic and prognostic DNA methylation biomarkers in a small set of well
characterized PCa and matched NPT samples. In agreement with other studies
[3,7,53,190,264], differential methylation of numerous loci comparing PCa vs.
NPT and BCR-positive vs. BCR-negative groups was identified in our study,
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and the gene sets were significantly enriched for genes involved in various
pathways commonly deregulated in cancer. Consistent with previous reports
[3,5], methylation differences were observed in both intragenic and intergenic
loci. Several previously reported genes, such as MAGI2 [3,9], CCDC181 [265],
HOXA7 [266], HOXD3 [5], TERT [267], and SEPT9 [268], were among those
with the most significant methylation differences in PCa. However, the
majority of the top-listed genes identified in our study have never been
examined in PCa or in other types of cancer before, and similar observations
have been made in previous studies [5,190]. Interestingly, none of the most
established DNA methylation biomarkers for PCa, namely GSTP1, RASSF1,
RARB, and APC, were detected as differentially methylated in our analysis,
which could have been caused by the limited sample size. Consistently, Kron
et al. were also unable to capture differential methylation of GSTP1, the most
characteristic epigenetic aberration in PCa [5], whereas Devaney et al. reported
evidence of methylation of both GSTP1 and RASSF1 promoters, although
neither of the two genes was present in the top list of cancer vs. reference
[190]. Despite the variable sample numbers and different analysis techniques
used for PCa methylome profiling in these studies, the inability to detect
significant methylation differences of widely studied TSGs might be
attributable to PCa heterogeneity and/ or multifocality.
Although the microarray design, utilized in the present study, covered
various CGIs regardless of their co-localization with annotated regulatory
regions, for further target gene validation we focused on promoter-associated
methylation differences as downregulated gene expression by DNA
methylation has been extensively described in PCa [269]. However, recent
genome-wide methylation studies have provided contradictory data. Although
a previous study [3] showed that increasing promoter CGI methylation indeed
correlated with gene repression, another study determined this association in
only 12.5% of CGIs [53]. As we did not examine the transcriptome in the
current study, our selection of targets for validation was primarily based on the
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fact that gene silencing is commonly induced by methylation of CpGs that are
in proximity to promoter or exon 1 loci.
Among the large number of differentially methylated genes identified in
the present study, 10 protein-coding genes (PRKCB, CCDC181, ADAMTS12,
ZMIZ1, FILIP1L, NAALAD2, KCTD8, EPAS1, NEK9, and CD44) were
selected for further validation in 129 PCa, 35 NPT, and 17 BPH tissue samples.
Methylation of the three gene panel, PRKCB, CCDC181, and ADAMTS12,
showed high sensitivity (94.6%) and specificity for PCa (≥88.6%), and was
also detectable in urine.
Protein kinase C beta (PRKCB) belongs to the family of genes coding
serine/ threonine kinases, which are associated with diverse functions in cancer
cells, including transformation, proliferation, and inhibition of apoptosis, and
mainly acts through microtubule regulation in mitosis [270]. In the present
study, methylation of PRKCB was frequent (73.6%) and specific (100%) to
PCa. Besides, it was also successfully detected in urine of PCa patients. To
date, promoter methylation of PRKCB has only been investigated in lung
tumors by QMSP and the reported methylation levels ranged up to ~25%
[271]. Intriguingly, by analyzing TCGA dataset of lung cancer authors
identified a positive correlation between methylation of two CpGs and gene
expression [271]. In our analysis of PCa and control tissues both in the
Lithuanian and TCGA cohorts, hypermethylated PRKCB promoter status was
strongly associated with tumor-specific down-regulation of gene expression. In
support, treatment with demethylating agent has been previously shown to
restore PRKCB expression [272]. However, this is contradictory to several
gene expression studies that all reported up-regulation of PRKCB in PCa
[273,274] and its oncogenic role through increased proliferation of PCa cells
and activated angiogenesis [275]. Analysis of PRKCB 5’-promoter revealed
two Sp1 binding sites, an important transcriptional regulator, in a region
between -110 bp and the first exon [272]. Furthermore, Metzger et al. showed
that PRKCB interacts with both KDM1A and AR, and specifically associates
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with AREs at promoter or enhancer regions of androgen-regulated genes [274].
In fact, the authors demonstrated that PRKCB determines the dual specificity
of KDM1A by phosphorylation of histone H3 at threonine 6 (H3T6) and,
therefore, controls AR-dependent gene expression during PCa progression
[274]. Owing to the known fact that PRKCB encodes several distinct isoforms,
the role of promoter methylation on PRKCB expression and its function in PCa
requires further investigation.
The function of coiled-coil domain containing 181 gene (CCDC181; also
known as C1orf114) is currently unknown. Highly PCa-specific methylation of
CCDC181 was first reported by Haldrup et al. [265] and most recently by
Moller et al. [52]. In our study, CCDC181 was the most frequently methylated
gene (91.5%) of the 10-gene panel, with 100% specificity for PCa. Besides,
our analysis revealed that methylation of CCDC181 could be also detectable in
urine of PCa patients and, thus, shows potential for noninvasive diagnostics.
Consistent to our observations, a four-gene panel including CCDC181 was
recently proposed to increase sensitivity for PCa diagnostics through detection
of epigenetic field effects in histologically-normal prostate tissues [52].
Although in our study the prognostic potential of CCDC181 was not
determined neither in the Lithuanian nor TCGA cohorts, methylation of this
gene contained independent predictive value for BCR-free survival in two RP
patient cohorts in the previous analysis [265].
ADAM metallopeptidase with thrombospondin type 1 motif 12 gene
(ADAMTS12) gene, associated with angiogenesis [276-278], was also selected
for validation in the present study. So far, ADAMTS12 has never been
evaluated for promoter methylation in PCa, thus, this is the first study to report
the potential diagnostic value of this sensitive (84.5%) and highly PCa-specific
(100%) biomarker. Besides, methylation of this gene was also observed in
urine. Epigenetic silencing of ADAMTS12, as a novel TSG, has been
previously reported in colon cancer and, similarly to our data, was associated
with disease progression [279].
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NAALAD2 gene encodes N-acetylated alpha-linked acidic dipeptidase 2,
which has been mostly studied only from the biochemical point of view.
Despite the representative member of this NAALADase gene family, prostatespecific membrane antigen gene (PSM/PSMA/FOLH1), a marker of PCa, little
is known about NAALAD2 itself. To the best of our knowledge, this is the first
study to investigate NAALAD2 promoter methylation and gene expression in
clinical samples. Our analysis revealed potential diagnostic and prognostic
value of this putative biomarker. Despite its high sensitivity (72.1%) and
specificity (100%) for PCa, promoter methylation of NAALAD2 had
independent predictive value for BCR-free survival in various combinations
with PRKCB and/ or ADAMTS12. Besides, NAALAD2 methylation in
combination with pT or ISUP grade group increased the prognostic power of
the pathological variable alone. Further investigation is needed to confirm our
preliminary observations, as well as to evaluate the potential of NAALAD2
methylation as a noninvasive DNA methylation biomarker.
The protein encoded by zinc finger MIZ-type containing 1 gene (ZMIZ1) is
a transcription factor, best known as a modulator of AR-dependent
transcription [280]. Our study indicated that in the Lithuanian cohort promoter
methylation of ZMIZ1 was frequent in PCa (86.0%) and also moderately
common, as compared to the other genes, in NPT samples (37.1%), although
the frequencies were still significantly different. Surprisingly, down-regulation
of ZMIZ1 was not associated with the promoter methylation in Lithuanian
samples, although this correlation was observed in TCGA dataset. Besides, in
TCGA cohort, the differences of both methylation frequencies and levels were
the largest among the analyzed genes, while no differential expression was
observed between PCa and normal tissues. This suggests that other
mechanisms,

despite

DNA

methylation,

might

be

responsible

for

transcriptional regulation of this gene. Previously, ZMIZ1 recruitment on the
promoter of KLK3 (PSA) gene was demonstrated in PCa cells [281], indicating
the potential significance of this gene in PCa progression to CRPC under
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androgen deprivation therapy. Consistently, PSA level in combination with
ZMIZ1 methylation status was predictive of BCR-free survival in the
Lithuanian cohort, however, neither variable had independent prognostic value.
Until now, promoter methylation of ZMIZ1 in cancer has not been reported
and, therefore, its role in PCa development and progression remains to be
elucidated in the future.
Filamin A interacting protein 1 like gene (FILIP1L; also known as
downregulated in ovarian cancer 1, DOC1) encodes an important regulator of
cell invasion and metastasis and acts as a TSG. In agreement with the previous
study [282], promoter methylation of FILIP1L was frequent in PCa tissues
(84.5%) and significantly differentiated tumors from benign lesions (≥88.6%
specificity). It has been noted that methylation of this gene, particularly coding
isoform 2, was associated with downregulated expression in various tumors,
including PCa [282-284]. Most of the studies also reported a significant
association of FILIP1L methylation and/ or down-regulation with an invasive
cancer phenotype [283,284]. In our study, no significant differences of
methylation frequencies were observed in association with BCR or other
clinical-pathological parameters, most likely due to the stringent inclusion of
early or intermediate stage, non-metastatic PCa cases in the study group.
Analysis results of the rest four genes were less promising, primarily due
to the relatively rare or absent promoter methylation in PCa. Methylation of
CD44 and potassium channel tetramerization domain containing 8 gene
(KCTD8) was uncommonly detected in PCa (≤35.7%), although cancerspecific (≥97.1% specificity). CD44 encodes a transmembrane glycoprotein (a
receptor of hyaluronic acid, growth factors, and cytokines), which is important
in cell adhesion, migration, and cell-cell interactions [285]. Although CD44
showed some evidence of differential methylation in microarray-based
screening, inclusion of this gene in the validation set was merely based on
previously observed promoter methylation and decreased expression in PCa
associated with aggressive course of the disease [171,184]. In the present
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study, CD44 methylation was more common in PCa than in benign tissue
samples. However, we were not able to confirm the prognostic value of this
gene, which is in agreement with the previous study by Alumkal et al. [173].
These discrepancies might be at least partly explained by the differences in
cohort structures among the studies.
No significant associations with clinical-pathological variables, including
BCR status, were observed between KCTD8 methylation and clinicalpathological parameters, with the exception of higher KCTD8 methylation
frequency in tumors of more advanced stage. Similarly, in the only reported
KCTD8 methylation study, higher median methylation levels of this gene were
detected in breast tumors than in normal tissues and differed significantly
between invasive and in situ carcinomas [286]. Together this indicates that
promoter methylation of KCTD8 might have a putative role in cancer
progression, although its diagnostic potential appears to be uncertain.
Due to the complete absence of methylation events in both PCa and
control tissues of a pilot set of samples, investigation of endothelial PAS
domain protein 1 (EPAS1; also known as hypoxia-inducible factor 2 alpha,
HIF2A) and NIMA related kinase 9 (NEK9) genes was suspended. Both genes
had been chosen for validation based on their differential methylation in PCa
tissues comparing BCR-positive and BCR-negative cases. EPAS1 was the only
gene showing hypomethylation that was selected for validation in this study.
This is contradictory to the studies reporting epigenetic silencing of EPAS1 in
other tumors [287,288]. Presently, no studies exist describing methylation
analysis of NEK9. Considering its vital function even in cancerous cells [289],
it could be speculated that DNA methylation-induced repression of this gene
might not be attributable to PCa. Nevertheless, further analysis is required to
elucidate the role of epigenetic mechanisms in regulating NEK9 and EPAS1
expression.
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4.3.

Clinical significance of miRNA host gene promoter
methylation in prostate cancer

For the last decade, the role of miRNAs in the maintenance of cellular
homeostasis and tumor development has been widely accepted. A rapidly
growing amount of miRNA expression profiling studies has revealed a wide
range of alterations in miRNA expression. Although the mechanisms
responsible for deregulated miRNA expression are still not fully understood,
miRNA silencing linked to aberrant DNA methylation at promoter regions
appears to be of major importance in disrupting miRNA profile in various
cancer types [290,291], including prostate cancer [234,292-294].
The present study let us identify PCa-specific promoter methylation of
mir-155 host gene accompanied by significant down-regulation of the mature
miRNAs. To date, DNA methylation, as a mechanism involved in mir-155
regulation, has been described in few studies analyzing breast cancer [291],
multiple myeloma [295], and gastric cancer cell lines [296], therefore, this is
the first study to report mir-155 host gene methylation in PCa associated with
miRNA silencing. Due to interactions with its various targets, miR-155-5p is
considered as a multifunctional miRNA as ambiguous data have been obtained
from different types of cancer [297-299]. This discrepancy might be partly
explained by differences in cohort composition and/ or model systems used.
MiR-152 is another frequently studied miRNA, however, only a few
publications investigating its regulation by CpG island methylation exist
[300,301]. In addition to aberrant methylation in PCa samples as compared to
NPT or BPH, our results showed that the promoter of mir-152 host gene was
also more frequently methylated in higher ISUP grade tumors and was
associated with higher PSA level, demonstrating potential clinical significance.
Supporting our data, miR-152 inactivation was found associated with promoter
methylation in PCa cell lines by other authors [293]. Interestingly, decrease in
miR-152 expression was more common in PCa tissues of African American
patients as compared to Caucasians [293].
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Recently, extensive methylation of mir-137 locus has emerged as a
significant phenomenon in different types of tumors [290,291,302] including
preclinical PCa cell models of localized and castrate resistant cancer [294]. In
our study, more frequent promoter methylation of mir-137 host gene was
detected in PCa vs. NPT and BPH samples. Similarly to the analysis of a
clinical dataset in a recent study [294], this miRNA was more commonly
methylated in tumors of higher ISUP grade groups in the present study.
However, promoter methylation-associated miR-137 silencing was confirmed
only in TCGA data, most likely due to a limited number of cases in our cohort.
Survival analysis revealed that promoter methylation status of mir-155,
mir-152, and mir-31 host genes was significant as independent predictors of
BCR-free survival in univariate and various multivariate models and even
enhanced

the

prognostic

potential

of

clinical-pathological

variables.

Methylation status of mir-155 as a covariate contributed to various multivariate
models. In particular, mir-155 alone or together with mir-152 significantly
predicted time to BCR in PCa cases with negative TMPRSS2-ERG fusion
status. Despite the low methylation frequency in PCa, mir-31 augmented the
prognostic value of pT and ISUP grade group and also significantly predicted
disease-free survival in TCGA data analysis. To date, the prognostic potential
of these miRNAs has been mostly evaluated at the miRNA expression level
[303,304], whereas studies analyzing the effect of epigenetic repression on PCa
patient’s survival are lacking [227]. Consistent to our data, loss of miR-155,
miR-152, miR-137, and miR-31 and other tumor-suppressive miRNAs has
been associated with BCR or disease progression in PCa, but the main set of
these studies has been performed on treatment-resistant cell lines and rarely in
large groups of PCa cases [244,293,303-305].
Recent evidence suggest the idea that deregulated miRNAs may lead to
aberrant DNA methylation and histone modification profile observed in cancer
(reviewed in [239]). Therefore, after querying 6 miRNA target databases, as
well as recent publications, we focused on epigenetic regulatory genes,
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previously shown to be essential in cancer epigenome remodeling. DNA
methyltransferase 1 (DNMT1), mainly responsible for maintaining methylation
patterns following DNA replication, has been validated as a target of
miR-152-3p in endometrial tumors and PCa cell lines [226,293,306], whereas
targeting by miR-155-5p is predicted by bioinformatic tools and is weakly
substantiated [307]. Our results indicated higher DNTM1 expression levels in
cancerous and NPT samples as compared to BPH. In support with previous
studies, up-regulation of DNMT1 was determined in PCa cases with
methylated mir-152 promoter, but no such correlation was observed for
mir-155. However, associations of DNMT1 expression with promoter
methylation levels of the host genes were observed for the both miRNAs
analyzing TCGA data, which might be produced due to different samples sizes
and other characteristics. Besides the epigenetic regulation of DNMT1, a direct
binding of miR-155-5p to the catalytic region of DNMT1 enzyme was recently
shown [241] suggesting further need for functional studies of miR-155-5p in
cancer cells.
KDMs play important roles in PCa progression and particularly in
transition from the androgen-dependent to androgen-independent state.
KDM1A is the first identified and the most deeply studied lysine demethylase.
It specifically demethylates H3K4me1/2 and, therefore, favors gene silencing.
However, when recruited by AR, KDM1A mainly acts as a coactivator in PCa
by removing H3K9me1/2 repressive marks and leading to the activation of AR
signaling [308,309]. In the present study, no expression differences of KDM1A
were observed between PCa and NPT samples or in association with BCR
status in Lithuanian cohort. However, higher KDM1A levels alone or in
combination with other molecular markers had prognostic significance
predicting BCR-free and/ or disease-free survival in TCGA data. High KDM1A
expression in primary PCa has been also shown to predict higher risk of
relapse after prostatectomy in other studies [309].
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A recent study has provided mechanistic insight into the formation of the
TMPRSS2-ERG fusion and showed that KDM1A is critically important for this
gene rearrangement, as well as for the expression of the fusion transcript [310].
Supporting the fact, we found significantly higher KDM1A expression in PCa
cases with TMPRSS2-ERG fusion. MiR-137 has been previously shown to
target KDM1A in colorectal cancer cells [311], while miR-155-5p interaction
with this lysine demethylase is only predicted. In support to this notion, we
determined higher KDM1A expression in cases with methylated mir-155
promoter status both in Lithuanian and TCGA datasets, however, similar
association with mir-137 methylation was observed only in TCGA cohort. In
consideration with the recent study [310] and owing to the above-mentioned
associations and the frequent mir-137 host gene promoter methylation in
TMPRSS2-ERG-positive cases, we hypothesize that this rearrangement might
be induced by mir-137 host gene promoter methylation through the increased
KDM1A expression (Fig. 4.1).
Overexpression of another H3K4me3/2 demethylase, KDM5B, has been
observed in PCa [312]. Consistently, we found significant differences of
KDM5B levels in prostate tissues, with the highest expression observed in PCa.
Similarly to KDM1A, the expression of KDM5B was also significantly higher
in TMPRSS2-ERG positive PCa cases. KDM5B has been recently identified as
a target of miR-137 in PCa cell lines [294], while the same role of miR-155-5p
has been only predicted by computational methods. To the best of our
knowledge, our study for the first time associated the upregulated KDM5B
expression with methylated status of mir-137 and mir-155 host gene
promoters. This was validated in TCGA cohort further signifying the
importance of these two miRNAs in PCa development. However, further
experimental evidence supporting the direct regulation of KDM5B, as well as
KDM1A, expression by miR-155-5p is needed. Previous studies have
confirmed that KDM5B, like KDM1A, also interacts with AR and acts as an
oncogene [312], although the mechanism is not yet fully understood. Taken
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together, this data suggests that KDMs might play a far more complex role in
prostate carcinogenesis that transcends our current knowledge.

Figure 4.1. The hypothesized role of mir-137 host gene promoter methylation in the
formation of TMPRSS2-ERG fusion in PCa. Methylation of mir-137 host gene
(MIR137HG) promoter represses mir-137, as well as MIR137HG, expression (upper
left). In the absence of the mature miR-137, translation of KDM1A, a key player in
TMPRSS2-ERG formation, is not blocked and, therefore, this lysine demethylase can
form complexes with other proteins involved in fusion formation. In the absence of
methylation at MIR137HG promoter, both MIR137HG and mir-137 genes are
transcribed (upper right). The mature miR-137 can suppress KDM1A expression at
post-transcriptional level and, therefore, decrease the amount of KDM1A. As recently
demonstrated by Metzger et al. (lower part) [310], histone methyltransferase EHMT2
methylates KDM1A at lysine 114 (K114me2), which is a key event controlling
androgen-dependent gene transcription. The assembly of methylated KDM1A and
chromodomain helicase DNA binding protein 1 (CHD1), the reader of K114me2, at
the enhancer (ARE in yellow) and breakpoint (ARE in blue) regions drives ARdependent loop formation and TMPRSS2-ERG fusion. Red lightning bolts show
double-strand breaks, transcription start sites are depicted as arrows. Lower part of
the figure adapted from [310].

In conclusion, the present study has shown aberrant promoter methylation
of mir-155, mir-152, mir-137, and mir-31 host genes as promising diagnostic
and/ or prognostic biomarkers of PCa. Our observations suggest that
methylation status of particular miRNA genes as independent variables or in
combinations can predict BCR-free survival and even increase the prognostic
value of clinical-pathological variables. Aberrantly methylated miRNA host
genes, as well as epigenetic factors regulated by these miRNAs, might be
attractive targets for epigenetic therapeutics.
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As a result of the recent technological advancement in molecular sciences,
significant insights have been made in the genomic and epigenomic landscape
of PCa. This led to identification of numerous putative biomarkers aiming to
overcome the limitations of the ones that are currently used, however, few of
them have been thoroughly validated in clinical datasets. DNA methylation at
gene promoter regions is probably the best source of such biomarkers as
detection of such alterations could be easily applicable for noninvasive testing.
Within the next decade, new DNA methylation-based biomarker tests are
expected to become available that would assist clinicians not only in early PCa
diagnostics, but, more importantly, in timely differentiation of aggressive from
indolent malignancy and, thus, the most proper treatment selection.
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CONCLUSIONS
1. In PCa tissues, promoter methylation of genes RARB, GSTP1, and
RASSF1 was ≥54.1%, while methylation of MGMT, DAPK1, p16, and
p14 was ≤25.5%. The combined sensitivity for PCa of RARB, GSTP1,
and RASSF1 was 85.2%, while the specificity was 62.2% or 47.1%
analyzing NPT or BPH samples, respectively.
2. In urine of PCa cases, promoter methylation frequencies of RASSF1,
RARB, and GSTP1 were 44.7%, 29.2%, and 11.1%, respectively, with
the combined sensitivity of 60.1%. The specificity according to BPH
was 68.8%.
3. Promoter methylation of RASSF1 and DAPK1 in PCa tissues had
independent prognostic value for BCR-free survival (both P < 0.0500).
In patients diagnosed with Gleason score 6 tumor, RASSF1 methylation
analyzed both in PCa tissues and urine was a significant predictor for
BCR-free survival when combined with pT (both models’ P < 0.0010).
4. Significant (P < 0.0500) methylation differences in 1143 protein-coding
(FC ≥ 1.5) and 522 miRNA host genes (FC ≥ 1.2) were identified
comparing PCa and NPT samples, and in 1804 protein-coding
(FC ≥ 1.2) and 129 miRNA host genes (FC ≥ 1.2) comparing BCRpositive and BCR-negative PCa cases by microarray-based DNA
methylation profiling. Biological and molecular processes occurring
during tumor development and progression were commonly enriched
among the sets of differentially methylated genes.
5. Methylation frequencies were ≥72.1% for PRKCB, CCDC181,
ADAMTS12, ZMIZ1, FILIP1L, and NAALAD2, but did not exceed
35.7% for KCTD8 and CD44, while only unmethylated promoter status
(0%) was observed for EPAS1 and NEK9. The combined sensitivity for
PCa of PRKCB, CCDC181, and ADAMTS12 was 94.6%, while the
specificity reached 88.6% and 100% analyzing NPT and BPH,
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respectively. Methylated promoter status was associated with lower
expression levels of PRKCB, CCDC181, ADAMTS12, and NAALAD2 in
PCa (all P ≤ 0.0001). Methylation of PRKCB, CCDC181, and
ADAMTS12 was also detectable in urine of PCa patients.
6. Promoter methylation of PRKCB, ADAMTS12, and NAALAD2 in PCa
tissues had independent prognostic value for BCR-free survival (all
models’ P < 0.0500). Methylation of PRKCB and NAALAD2 augmented
the prognostic value of pT and/ or ISUP grade group (all P < 0.0001).
7. Promoter methylation frequencies of mir-155, mir-152, and mir-137
host genes ranged from 14.7% to 64.3% in PCa and significantly
differed from NPT and/ or BPH samples (all P < 0.0500), while
methylation of mir-31 and mir-642a, -b host genes was rare (≤5.4%).
Methylated mir-155 host gene promoter status correlated with decreased
miR-155-5p expression (P = 0.0375). Mir-137 host gene was more
frequently methylated in tumors expressing TMPRSS2-ERG fusion
transcript (P = 0.0010).
8. Promoter methylation status of mir-152 and mir-31 host genes was
independent prognostic factors for BCR-free survival and augmented
the prognostic value of pT and/ or ISUP grade group (all models‘
P < 0.0500). Promoter methylation of mir-155 host gene alone or
together with mir-152 was prognostic for BCR-free survival in
combination with TMPRSS2-ERG fusion-negative status (both models‘
P < 0.0500).
9. Higher KDM5B expression was detected in samples with methylated
mir-155 or mir-137 host gene promoters, whereas upregulation of
KDM1A and DNMT1 was associated with mir-155 and mir-152
methylation status, respectively (all P < 0.0500). KDM1A and KDM5B
were upregulated in PCa cases expressing TMPRSS2-ERG fusion
transcript (both P < 0.0050).
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TRANSLATIONAL RELEVANCE
In the present study, selected TSGs and novel proposed targets, identified
from PCa methylome screening, were evaluated as potential diagnostic and/ or
prognostic DNA methylation biomarkers. With moderate sensitivity and
specificity, PCa was successfully detected in urine using a set of 3 TSGs
(RARB, RASSF1, and GSTP1). Furthermore, in patients diagnosed with
Gleason 6 tumor, methylation of RASSF1 in combination with pT was
predictive of BCR-free survival in tissues or urine. This indicates the potential
value of this epigenetic alteration for PCa prognosis and, thus, treatment
decision making at early stages of the malignancy.
PCa methylome profiling data revealed numerous differential methylation
events between PCa and NPT, as well as BCR-positive and BCR-negative
cases. This further led to identification of a novel putative PCa biomarkers
(PRKCB, CCDC181, ADAMTS12, and others) with excelling diagnostic and/
or prognostic potential, which were validated in two independent cohorts.
Associations between promoter methylation and downregulated gene
expression showed the significance of these genes in PCa development and/ or
progression, while the detectability of these putative biomarkers in urine
indicated their potential utility for noninvasive routine testing.
Common methylation of miRNA host genes proved to be cancer-specific
and predictive of PCa progression. Moreover, together with pT or ISUP grade
group, methylation of mir-152 and mir-31 host genes augmented the
prognostic value of the pathological variables. Furthermore, analysis of
epigenetic factors regulated by the miRNAs indicated potential targets for
epigenetic therapeutics.
In summary, the present study proposed novel putative DNA methylation
biomarkers for PCa diagnosis and/ or prognosis, especially for low- or
intermediate-risk PCa, and also provided some new insights into the
dysregulated epigenetic mechanisms in PCa development.
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SUPPLEMENTARY MATERIAL
All sources cited in supplements are listed in References section.

Table S1. Currently used Tumor, Node, Metastasis staging system (TNM) for
classification of prostate cancer (adapted from [59]).
Primary tumor (T)
TX
T0
T1

T2

T3

T4

Primary tumor cannot be assessed
No evidence of primary tumor
Clinically inapparent tumor not palpable or visible by imaging
T1a
Tumor incidental histological finding in 5% or less of tissue resected
T1b
Tumor incidental histological finding in more than 5% of tissue resected
Tumor identified by needle biopsy (e.g. because of elevated prostate-specific antigen
T1c
(PSA) level)
Tumor confined within the prostate
T2a
Tumor involves one half of one lobe or less
T2b
Tumor involves more than half of one lobe, but not both lobes
T2c
Tumor involves both lobes
Tumor extends through the prostatic capsule
Extracapsular extension (unilateral or bilateral) including microscopic bladder neck
T3a
involvement
T3b
Tumor invades seminal vesicle(s)
Tumor is fixed or invades adjacent structures other than seminal vesicles: external sphincter,
rectum, levator muscles, and/or pelvic wall

Regional lymph nodes (N)
NX
N0
N1

Regional lymph nodes cannot be assessed
No regional lymph node metastasis
Regional lymph node metastasis

Distant metastasis (M)
M0
M1

No distant metastasis
Distant metastasis
M1a Non-regional lymph node(s)
M1b Bone(s)
M1c
Other site(s)
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Table S2. Clinical-pathological and molecular characteristics of the analysis groups.
Parameter
Group
composition

All cases
3

PCa
NPT
(N = 311) (N = 72)

Methylation
Methylation analysis in snapMethylation
analysis in FFPE
1
frozen tissues
analysis in urine
1
tissues
adjacent
4
BPH
PCa
PCa
NPT
BPH
PCa
BPH
NPT
(N = 35) (N = 149)
(N = 129) (N = 35) (N = 17) (N = 253) (N = 32)
(N = 37)

Gene expression
2
analysis
PCa
(N = 81)

NPT
(N = 25)

miRNA
expression
analysis
PCa
NPT
(N = 41) (N = 12)

Tumor stage, N
≤pT2

234

-

≥pT3
77
ISUP grade group (Gleason score), N

-

114

-

84

-

-

196

-

51

-

28

-

-

35

-

45

-

-

57

-

30

-

13

-

I (3 + 3)

132

-

-

74

-

32

-

-

123

-

13

-

13

-

II (3 + 4)

119

-

-

50

-

70

-

-

89

-

48

-

22

-

III (4 + 3)

26

-

-

12

-

19

-

-

12

-

14

-

3

-

II or III (7)

11

-

-

5

-

0

-

-

11

-

0

-

0

-

IV (8)

6

-

-

4

-

3

-

-

4

-

2

-

2

-

V (9)

5

Unknown
12
Tumor cellularity of tissues, N

-

-

2

-

3

-

-

2

-

3

-

0

-

-

-

2

-

2

-

-

12

-

1

-

1

-

90-100%

69

-

-

-

-

63

-

-

-

-

48

-

19

-

70-89%

30

-

-

-

-

30

-

-

-

-

24

-

5

-

50-69%

36

-

-

-

-

36

-

-

-

-

8

-

12

-

30-49%

5

-

-

-

-

0

-

-

-

-

0

-

5

-

1-3%

-

3

-

-

-

-

3

-

-

-

-

0

-

0

0%

-

37

-

-

-

-

32

-

-

-

-

25

-

12

Undefined
BCR status, N
Yes (mean time
to BCR, mo)
No (mean
follow-up, mo)
Unknown

149

5

-

149

-

-

-

-

-

-

-

5

37

5

37

5

66 (21)

6

23 (20)

6

-

36 (22)

12 (23)

32 (18)

12 (17)

-

52 (20)

-

30 (19)

7 (20)

11 (23)

2 (8)

216 (44)

48 (54)

-

99 (43)

24 (46)

86 (39)

23 (57)

-

176 (39)

-

49 (42)

17 (58)

29 (50)

10 (48)

29

1

-

14

1

11

0

-

25

-

2

1

1

0
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Table S2. Continued.
Parameter
Group
composition

All cases
3

PCa
NPT
(N = 311) (N = 72)

Methylation
Methylation analysis in snapMethylation
analysis in FFPE
1
frozen tissues
analysis in urine
1
tissues
adjacent
4
BPH
PCa
PCa
NPT
BPH
PCa
BPH
NPT
(N = 35) (N = 149)
(N = 129) (N = 35) (N = 17) (N = 253) (N = 32)
(N = 37)

Gene expression
2
analysis
PCa
(N = 81)

NPT
(N = 25)

miRNA
expression
analysis
PCa
NPT
(N = 41) (N = 12)

PSA, ng/mL
Mean±SD
9.0±9.4 8.0±6.8 8.9±12.2 8.8±8.6 7.6±4.9 10.9±11.6 9.3±8.5 7.3±6.6 8.7±9.4 7.3±6.6 10.8±9.4 10.0±9.5 11.6±14.7 4.6±1.6
(range)
[0.1; 84.2] [2.5; 44.0] [0.8; 69.8] [0.9; 69.8] [3.0; 24.0] [2.5; 84.2] [2.5; 44.0] [0.8; 28.1] [0.1; 84.2] [0.8; 28.1] [2.5; 44.0] [2.5; 44.0] [2.8; 84.2] [2.6; 7.9]
Unknown
7
1
2
3
0
2
0
0
6
0
2
1
1
0
Prostate mass, g
Mean±SD
52±25
50±19
54±25
47±15
48±17
51±21
53±26
48±17
48±20
52±19.8 58±27
(range)
[16; 197] [16; 104]
[23; 186] [26; 95] [16; 123] [16; 104]
[16; 197]
[16; 123] [16; 104] [26; 126] [28; 104]
Unknown
4
1
1
1
0
0
3
0
0
1
0
TMPRSS2-ERG fusion transcript, N
Yes

118

-

-

46

-

77

-

-

83

-

46

-

24

-

No

71

-

-

36

-

44

-

-

55

-

26

-

17

-

Unknown

122

-

-

67

-

8

-

-

115

-

9

-

0

-

62±7
[41; 82]

61±7
[46; 77]

72±8
[58; 83]

62±7
[43; 77]

61±6
[48; 77]

61±8
[41; 82]

62±7
[46; 74]

70±8
[59; 80]

62±7
[42; 82]

72±8
[58; 83]

61±8
[41;82]

61±6
[48; 74]

Age, years
Mean±SD
(range)

62±8
63±4
[48; 73] [57; 70]

BCR – biochemical disease recurrence, FFPE – formalin-fixed paraffin-embedded samples, PCa – prostate cancer, NPT – noncancerous prostate tissue, BPH – benign
prostatic hyperplasia, PSA – prostate-specific antigen, SD – standard deviation.
1
BCR-free survival data last updated in July 2013 was used for the analysis in the first stage of the study.
2
The same sub-set of BPH samples as in "Methylation analysis in snap-frozen tissues" was also included in gene expression analysis.
3
Tissue samples were available for 248 cases in total
4
Tissue samples were available for 17 cases in total
5
Tumor cellularity was not quantitatively evaluated in FFPE samples. For some cases, both snap-frozen and FFPE tissue samples were available.
6
Incomplete survival data for 2 cases.

145

Table S3. Primers used for methylation-specific PCR, location of amplicons, and amplification conditions.
Gene symbol

Primer
pair ID

Forward primer sequence (5'-3')

Reverse primer sequence (5’-3’)

Product
size, nt

Amplicon
location
from TSS

Primer Number
annealing of PCR
T, °C
cycles

Ref.

Protein-coding genes
RASSF1
RARB
GSTP1
MGMT
DAPK
p14
p16
PRKCB
KCTD8
FILIP1L
EPAS1
CCDC181/
C1orf114

M

GGGTTTTGCGAGAGCGCG

GCTAACAAACGCGAACCG

169

-73/+96

61

U

GGTTTTGTGAGAGTGTGTTTAG

CACTAACAAACACAAACCAAAC

169

-72/+97

63

M

TCGAGAACGCGAGCGATTCG

GACCAATCCAACCGAAACGA

146

+106/+251

U

TTGAGAATGTGAGTGATTTGA

AACCAATCCAACCAAAACAA

146

+106/+251

39

[313]

60

39

[314]

60

37

[315]

37

[316]

66

36

[315]

66

36

[317]

64

36

[318]

56

36

This
study

58

37

This
study

57

36

This
study

56-57

37-38

This
study

57

35

This
study

M

TTCGGGGTGTAGCGGTCGTC

GCCCCAATACTAAATCACGACG

91

+78/+168

U

GATGTTTGGGGTGTAGTGGTTGTT

CCACCCCAATACTAAATCACAACA

97

+74/+170

M

ATTTGGTGAGTGTTTGGGTCGTTTC

AAAACGCACCTAAAACTCGCCC

159

+103/+261

67

U

ATTTGGTGAGTGTTTGGGTTGTTTT

AAAACACACCTAAAACTCACCC

159

+103/+261

64

M

GGATAGTCGGATCGAGTTAACGTC

CCCTCCCAAACGCCGA

98

+44/+141

U

GGAGGATAGTTGGATTGAGTTAATGTT

CAAATCCCTCCCAAACACCAA

106

+41/+146

M

GTGTTAAAGGGCGGCGTAGC

AAAACCCTCACTCGCGACGA

122

+167/+288

U

TTTTTGGTGTTAAAGGGTGGTGTAGT

CACAAAAACCCTCACTCACAACAA

132

+161/+292

M

TTATTAGAGGGTGGGGCGGATCGC

GACCCCGAACCGCGACCGTAA

150

+227/+376

U

TTATTAGAGGGTGGGGTGGATTGT

CAACCCCAAACCACAACCATAA

151

+227/+377

M

TAAGCGTAGTTGGACGAGC

AAAACGACGACCGCTACTAC

124

-7/+117

U

TGTTAAGTGTAGTTGGATGAGT

AAAACAACAACCACTACTACACC

127

-10/+117

M

TTTTTATTGTCGTCGTCGTATC

CTCCGCGTACTCCTAACG

169

+45/+213

U

GTTTTTTTATTGTTGTTGTTGTATT

ACCCTCCACATACTCCTAACA

175

+42/+216

M

TACGGTTCGTTTATACGGTC

CGACCTATAAACGTTACGTCA

160

-151/+9

U

GGAATTATGGTTTGTTTATATGGTT

CCCAACCTATAAACATTACATCAC

167

-156/+11

M

ATATATTCGCGTCGGTGTTC

CGCTCGCGAATATAAAACTC

118

-100/+18

U

TGTTTATATATTTGTGTTGGTGTTTG

CCACTCACAAATATAAAACTCCC

124

-105/+19

M

CGGTATTTCGCGAGTTTTTATAAC

CGAAAACGACAAAAATCTACG

164

-166/-3

U

TAGTGGTATTTTGTGAGTTTTTATAAT

ACAAAAACAACAAAAATCTACACA

168

-169/-2
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Table S3. Continued.
Gene symbol

Primer
pair ID

Forward primer sequence (5'-3')

Reverse primer sequence (5’-3’)

Product
size, nt

Amplicon
location
from TSS

Primer Number
annealing of PCR
T, °C
cycles

Ref.

Protein-coding genes
NEK9
NAALAD2
ZMIZ1
ADAMTS12
CD44

M

TTAATAGATTCGAGAGGTCGTATC

CGCGAAACTCGATAATAACTC

253

-210/+43

U

GGGTTAATAGATTTGAGAGGTTGTATT

CCACAAAACTCAATAATAACTCCT

257

-213/+44

M

TATTTATTATGTTCGGGTTATTGC

CCTACTACATTCGCGAACTTC

244

-116/+128

U

GTTATTTATTATGTTTGGGTTATTGT

CCTACTACATTCACAAACTTCAA

246

-118/+128

M

TCGTTTCGAAAATTTTTTAAATC

AACTCCCGAAACGCTATC

246

-188/+58

U

TGTAGTTTGTTTTGAAAATTTTTTAAA

AACTCCCAAAACACTATCACC

252

-194/+58

M

GAGTTCGGGAGGAAGATGTATC

ACAACGACTACAAAACTACCCG

241

-195/+46

U

GAGTTTGGGAGGAAGATGTATT

AAACAACAACTACAAAACTACCA

243

-195/+48

M

TCGTTGAGTTTGGCGTAGATC

ACTACCGCCGAATCCGCG

89

+480/+568

U

GTGTTGTTGAGTTTGGTGTAGATT

CAAAAAAACTACCACCAAATCCACA

99

+477/+575

M

GGTCGTACGTTCGTAGGC

ACGAAAACGCGAAACTAAAAT

178

-36/+142

U

AAGGGTTGTATGTTTGTAGGT

AAACAAAAACACAAAACTAAAATC

183

-39/+144

M

TTCGAGGAAAGGGAGGTTAC

GTAACCAAACCTCGAACCG

136

-82/+54

U

GTTTTGAGGAAAGGGAGGTTAT

ACATAACCAAACCTCAAACCAC

140

-84/+56

M

TTCGTAAGGACGGTTGTTC

CAAACGTTTTCGTAAACGAA

124

-4417/-4294

U

GTTTTTGTAAGGATGGTTGTTT

AACCAAACATTTTCATAAACAAA

130

-4420/-4288

M

CGTTTAGCGTAGTTTTAGGGTAATC

AACCGTATACACGCGAAACT

221

+914/+1134

U

TTTTGTTTAGTGTAGTTTTAGGGTAATT

AAACCATATACACACAAAACTCC

225

+911/+1135

M

TGCGGGAACGTTTATTTTC

CGAACGTAAAACCTACGAACC

127

-113/+14

U

AAGGTGTGGGAATGTTTATTTTT

CAAACATAAAACCTACAAACCCC

131

-117/+14

57

38

This
study

58

35

This
study

55

38

This
study

62

35

This
study

58

35

This
study

56

35

This
study

56

37

This
study

55

38

This
study

56

38

This
study

58

36-37

This
study

miRNA host genes
MIR155HG/ BIC/
MIRHG2
COPZ2
MIR137HG
GIPR/PGQTL2
MIR31HG

TSS – transcription start site, M/ U – primers specific for methylated/ unmethylated sequence.
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Table S4. Primers used for quantitative methylation-specific PCR and location of amplicons.
Gene
symbol
ACTB

Primer
ID
Fw
Rv
Probe
Fw

RASSF1

Rv
Probe

RARB

CCDC181

GCCCCAATACTAAATCACGACG

ADAMTS12

+45/+119

[319]

92

+63/+154

[314]

140

+29/+168

[195]

AAACTACGACGACGAAACTCCAA

100

+142/+241

[320]

131

-167/-37

This study

145

-28/+117

This study

138

-190/-53

This study

FAM-AAACCTCGCGACCTCCGAACCTTATAAAA-BHQ-1
GCGGTATTTCGCGAGTTTTTAT
TATCCTCAAACCACCGACC
FAM-AGTATCGGGATGGGTGTCGGGA-BHQ-1
CGTAGTTGGGGTTAGCGGTG
AAAACGACGACCGCTACTACA
JOE-TTAGAGTCGGCGTAGGGGAAGCG-BHQ-1

Fw

CGGGAGGAAGATGTATCGAGC

Rv

TCAACTAACAATATCCGCTTTCG

Probe

75

GTCGGCGTCGTGATTTAGTATTG

Rv

Rv

[319]

FAM-CGGTCGACGTTCGGGGTGTAGCG-BHQ-1

Fw

Probe

-1629/-1497

FAM-TGTCGAGAACGCGAGCGATTCG-BHQ-1

Rv

Fw
PRKCB

CCCGTACTTCGCTAACTTTAAACG

AGTTGCGCGGCGATTTC

Probe

133

FAM-ACAAACGCGAACCGAACGAAACCA-BHQ-1

Fw

Rv

Reference

GCGTTGAAGTCGGGGTTC

TACCCCGACGATACCCAAAC

Probe

Amplicon location
from TSS

FAM-ACCACCACCCAACACACAATAACAAACAC A-BHQ-1

GGGATTAGAATTTTTTATGCGAGTTGT

Fw
GSTP1-2

AACCAATAAAACCTACTCCTCCCTTAA

Rv

Probe

Amplicon
size, bp

TGGTGATGGAGGAGGTTTAGTAAGT

Fw
Probe
GSTP1-1

Primer sequence (5'-3')

Cy5-TTTCGTTTTGGTTTATTTTATATTTCG-BHQ-3

Two primer sets for GSTP1 were tested at the initial stage of the study, data obtained using GSTP1-1 primer set was used in the analysis.
TSS – transcription start site, Fw/ Rv – forward/ reverse primer.
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Table S5. The list of genes analyzed in the present study.
Official gene name1

Genomic coordinates in
GRCh38.p7 (strand)
Chr3:24829323..25597932 (+)

No.

Gene symbol

1

RARB

2

GSTP1

3

RASSF1

4

MGMT

5

DAPK1

6

p14ARF/
CDKN2A2

7

p16INK4a/
CDKN2A2

8

ACTB

9

PRKCB

10

CCDC181/
C1orf114

11

ADAMTS12

12

ZMIZ1

13

NAALAD2

14

HPRT1

15

FILIP1L

16

KCTD8

17

EPAS1

18

NEK9

19

CD44

20

MIR137HG

MIR137 host gene

Chr1:97988000..98049693 (-)

21

MIR155HG/
BIC/ MIRHG2

MIR155 host gene

Chr21:25562145..25575168 (+)

Retinoic acid receptor beta
Glutathione S-transferase pi
Chr11:67583595..67586653 (+)
1
Ras association domain
Chr3:50329786..50340936 (-)
family member 1
O-6-methylguanine-DNA
Chr10:129467184..129770983 (+)
methyltransferase
Death associated protein
Chr9:87497228..87708634 (+)
kinase 1
Cyclin dependent kinase
inhibitor 2A (transcript
Chr9:21967752..21995043 (-)
variant 4, encoding p14arf)
Cyclin dependent kinase
inhibitor 2A (transcript
Chr9:21967752..21995043 (-)
variant 1, encoding p16ink4a
protein)
Actin beta
Chr7: 5527148..5530601 (-)
Protein kinase C beta

Coiled-coil domain
Chr1:169394870..169462221 (-)
containing 181
ADAM metallopeptidase with
thrombospondin type 1 motif
Chr5:33523535..33892180 (-)
12
Zinc finger MIZ-type
Chr10:79068994..79316528 (+)
containing 1
N-acetylated alpha-linked
Chr11:90131694..90193577 (+)
acidic dipeptidase 2
Hypoxanthine
ChrX: 134460145..134500668 (+)
phosphoribosyltransferase 1
Filamin A interacting protein
Chr3:99833144..100114513 (-)
1 like
Potassium channel
tetramerization domain
Chr4:44173903..44448885 (-)
containing 8
Endothelial PAS domain
Chr2:46297402..46386703 (+)
protein 1
NIMA related kinase 9
Chr14:75082115..75127075 (-)
CD44 molecule (Indian
Chr11:35138870..35232402 (+)
blood group)

Coatomer protein complex
subunit zeta 2
Gastric inhibitory
23 GIPR/ PGQTL2
polypeptide receptor
22

24
25
26
27

COPZ2

MIR31HG

Chr16:23835979..24220611 (+)

MIR31 host gene

DNMT1
DNA methyltransferase 1
KDM1A/ LSD1 Lysine demethylase 1A
KDM5B/
Lysine demethylase 5B
JARID1B

Chr17:48026167..48048091 (-)
Chr19:45668187..45683724 (+)

Type of analysis
Methylation
Methylation
Methylation
Methylation
Methylation
Methylation

Methylation
Methylation (EC)
Methylation, gene
expression
Methylation, gene
expression
Methylation, gene
expression
Methylation, gene
expression
Methylation, gene
expression
Gene expression
(EC)
Methylation
Methylation
Methylation
Methylation
Methylation
Methylation, miRNA
expression
Methylation, miRNA
expression
Methylation, miRNA
expression
Methylation

Chr19:10133344..10195135 (-)
Chr1:23019443..23083691 (+)

Methylation, miRNA
expression
Gene expression
Gene expression

Chr1:202725185..202809470 (-)

Gene expression

Chr9:21454268..21559698 (-)

EC – endogenous control.
1
The provided gene names are approved by HUGO (Human Genome Organization) Genome
Nomenclature Committee.
2
Transcripts 1 and 4, encoding p16INK4a and p14ARF proteins, have distinct first exons which
contain the translation start codon, and share a common second exon, which is translated in different
reading frames.

149

Table S6. Associations of promoter methylation frequencies of tumor suppressor
genes with clinical-pathological patients’ characteristics and TMPRSS2-ERG fusion
status in prostate tumor tissues and urine from patients diagnosed with the
malignancy.
Tumor
suppressor gene
Tissue
RARB
RASSF1
GSTP1
MGMT
DAPK1
p14
p16
Urine
RARB
RASSF1
GSTP1

Tumor
suppressor gene

Tumor stage
pT3 vs.
P
≤pT2, %
77.1 vs. 61.4
68.6 vs. 49.6
74.3 vs. 50.9
34.3 vs. 22.8
20.0 vs. 7.9
8.6 vs. 6.1
5.7 vs. 8.8

0.1063
0.0544
0.0190
0.1881
0.0596
0.7000
0.7326

Discrete variables
Gleason score
≥7 vs. 6, %

69.1 vs. 59.5 0.2937
58.8 vs. 50.7 0.3980
66.2 vs. 43.2 0.0072
25.0 vs. 24.3 >0.9999
11.8 vs. 9.5 0.7864
10.3 vs. 4.1 0.1947
7.4 vs. 9.5
0.7670

24.6 vs. 30.6 0.4126 31.4 vs. 26.8
52.6 vs. 42.3 0.1768 45.8 vs. 43.1
17.5 vs. 9.2 0.0929 16.9 vs. 5.7

PSA
Zad.

P

P

0.4794
0.6988
0.0073

Continuous variables
Prostate mass
Zad.
P

TMPRSS2-ERG status
Yes vs. no, %

P

71.7 vs. 69.4
67.4 vs. 66.7
54.4 vs. 52.8
23.9 vs. 19.4
8.7 vs. 0.0
6.5 vs. 5.6
8.7 vs. 8.3

>0.9999
>0.9999
>0.9999
0.7892
0.1270
>0.9999
0.6364

30.1 vs. 25.5
51.8 vs. 56.4
12.1 vs. 20.0

0.5698
0.6067
0.2314

Age
Zad.

P

Tissue
RARB
0.0101
-0.36
0.7213
-2.57
-1.54
0.0928
RASSF1
0.0098
2.58
-1.46
0.1451
0.07
0.9416
GSTP1
1.48
0.1392
-0.48
0.6325
-0.52
0.6325
MGMT
1.85
0.0648
1.34
0.1805
1.49
0.1374
DAPK1
-0.19
0.8509
0.63
0.5307
0.30
0.7611
p14
-0.36
0.7215
-0.53
0.5953
-1.27
0.2031
p16
-0.15
0.8839
-1.05
0.2951
0.50
0.6149
Urine
RARB
-0.77
0.4399
0.21
0.8300
-0.82
0.4114
RASSF1
-0.15
0.8810
0.36
0.7192
1.54
0.1224
GSTP1
1.87
0.0612
-1.36
0.1740
-0.84
0.3985
ISUP – International Society of Urological Pathology, PSA – prostate-specific antigen, Zad – MannWhitney’s Z adjusted parameter. Significant P-values are in bold.
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Table S7. Cox regression analysis of biochemical prostate cancer recurrence
including selected clinical-pathological variables and gene methylation markers
analyzed in tumor tissue and urine.
No.

HR (95% CI)

Covariate’s
P-value

Model’s
P-value

3.91 (2.29; 6.66)
2.51 (1.54; 4.10)
1.00 (0.99; 1.01)
1.02 (1.00; 1.04)
1.06 (0.50; 2.25)
1.03 (0.99; 1.07)
2.27 (1.12; 4.63)
2.55 (1.11; 5.84)

<0.0001
0.0002
0.4916
0.0544
0.8716
0.1454
0.0242
0.0276

<0.0001
0.0005
0.5050
0.0945
0.8709
0.1403
0.0194
0.0454

2.20 (1.06; 4.54)

0.0348

0.0268

15.46 (3.35; 71.23)
5.81 (1.08; 31.22)

0.0005
0.0415

0.0007*

Covariates

Univariate models (tissue, all cases)
1
2
3
4
5
6
7
8
9

pT (3 vs. ≤2)
Gleason score (≥7 vs. 6)
Prostate mass (cont.)
PSA (cont.)
TMPRSS2-ERG (yes vs. no)
Age (cont.)
RASSF1 (M vs. U)
DAPK1 (M vs. U)
RASSF1 and/ or DAPK1
(at least one M vs. both U)

Multivariate models (Gleason 6 cases only)
Tissue
10

pT (3 vs. ≤2)
RASSF1 (M vs. U)

Urine

0.0015
pT (3 vs. ≤2)
10.59 (2.49; 45.08)
0.0003*
RASSF1 (M vs. U)
0.0007
8.78 (2.53; 30.46)
M/U – methylated/ unmethylated promoter status, cont. – continuous variable, TMPRSS2-ERG –
fusion transcript status, HR – hazard ratio, CI – confidence intervals, pT – tumor stage, PSA –
prostate-specific antigen. Significant P-values are in bold.
*Backward entering of covariates.
11
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Table S8. Genes showing the most significant differences of methylation levels
comparing prostate tumors vs. noncancerous tissues. Values are given for the most
significant probe per gene/ annotated locus.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Gene/ locus
MAGI2
PNMA6A
CCDC181
C8orf33
NAALAD2
FGD5
MTA1
HOXA7
ABCD1
GPR149
CEBPG
KCNH7
CDKN2A
POU4F2
PCSK1
ADAMTS12
SLC6A17
VSTM2B
EFCAB4A
BTBD6
SPON2
BDNF
CALCR
HCN1
GNAS
TERT
FGF5
STK40
RHOU
RASAL1
TRMT2B
RAI1
PARD6G
ARHGAP36
FLJ44511
SNTG1
PCGF3
SHANK3
FUT6
MGRN1
AGAP3
TAL1
IRF2BP1
TNRC18
KCNJ6
SPATA6
CDC34
ZNF865
FASN
TLX2

Probe location
Intragenic
Intragenic
Promoter
Intragenic
Promoter
Promoter
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Promoter
Promoter
Intragenic
Promoter
Intragenic
Intragenic
Intragenic
Promoter
Intragenic
Intragenic
Intragenic
Promoter
Intragenic
Intragenic
Promoter
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Promoter
Intragenic
Promoter
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic

FC – absolute fold change value.
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Methylation
Up
Down
Up
Down
Up
Up
Down
Up
Down
Up
Down
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Up
Up
Up
Down
Down
Up
Down
Down
Down
Down
Up
Down
Up
Up
Up
Down
Down
Down
Down
Down
Up
Down
Up
Up
Up
Down
Down
Down
Up

FC
1.5
1.6
1.5
1.5
1.5
1.6
1.5
1.6
1.5
1.5
1.5
1.6
1.5
1.5
1.5
1.5
1.6
1.5
1.5
1.5
1.5
1.5
1.6
1.5
1.7
1.6
1.5
1.7
1.5
1.5
1.8
1.5
1.5
1.5
1.5
1.6
1.5
1.6
1.5
1.5
1.5
1.7
1.6
1.5
1.5
1.5
1.6
1.5
1.6
1.5

P-value
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0004
0.0004
0.0004
0.0004
0.0004

Table S9. Genes showing the most significant differences of methylation levels
comparing biochemical disease recurrence (BCR)-positive vs. BCR-negative cases.
Values are given for the most significant probe per gene/ annotated locus.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Gene/ locus
COL23A1
HOXC9
MATN4
POU4F3
MECOM
CAMTA1
C7orf51
BMP8A
RAPGEFL1
BARHL1
C1orf170
TMEM233
C1D
NFATC1
CLDN5
PLK1
CACNG7
GSX2
C19orf20
EPHA10
SPRY4
WNT10B
TRIM54
SV2A
HOPX
RSPH9
HOXB4
SYP
C2orf88
CALY
FAM43B
IGFBP7
PLCXD1
WBP2
SCNN1B
LOC400043
ZNF778
MMP25
LOC100287042
NRXN2
EXOC3L2
INSM1
SEPT9
C1orf190
SPOCK2
ALLC
MIR152
FAM100A
SPTBN4
ZNF471

Probe location
Intragenic
Promoter
Promoter
Intragenic
Promoter
Intragenic
Intragenic
Intragenic
Promoter
Promoter
Promoter
Intragenic
Intragenic
Promoter
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Promoter
Intragenic
Intragenic
Intragenic
Promoter
Promoter
Promoter
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Intragenic
Promoter
Promoter
Promoter
Intragenic
Promoter
Promoter
Promoter
Promoter
Promoter

FC – absolute fold change value.
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Methylation
Up
Up
Up
Up
Down
Up
Up
Up
Up
Up
Up
Up
Down
Down
Up
Up
Up
Up
Up
Up
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Up
Up
Up
Up
Down
Up
Up
Up
Up
Up
Up
Up
Up
Down
Up
Down

FC
1.3
1.2
1.2
1.3
1.2
1.4
1.3
1.2
1.3
1.2
1.5
1.2
1.2
1.3
1.3
1.3
1.3
1.2
1.3
1.3
1.2
1.3
1.2
1.4
1.2
1.3
1.3
1.2
1.2
1.3
1.2
1.4
1.3
1.2
1.2
1.2
1.2
1.3
1.3
1.4
1.3
1.3
1.3
1.2
1.2
1.6
1.4
1.2
1.3
1.3

P-value
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005

Table S10. MiRNA host genes showing the most significant differences of
methylation levels comparing prostate tumors vs. noncancerous tissues. Values are
given for the most significant probe per gene.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

Gene/ locus
HOXC4
ARMC9
LINGO2
PCDH15
ADGRB2
LOC101929710
MIR9-3HG
ANKRD34C-AS1
MIR124-2HG
PACSIN3
HOXD3
CADM2
C1orf61
TAF4
RGS6
AEN
CHRM2
OSBP2
KIFC3
DCC
RPL28
CALCR
CTNNA2
SCUBE2
LRP1B
NOTCH3
FBRSL1
SREBF2
TTC28
MIR31HG
MRE11A
DSCAM
PAX5
BCL3
SFRP1
CPNE4
FOXF2
MIR137HG

39

PKD1

40
41
42
43
44
45
46
47
48
49
50

MEIS2
MAP7D2
SLC12A7
CAMK1D
IGF2
TRPM3
TENM3
ATF5
PTPRN2
JAK1
KCNT2

pre-miRNA
mir-615
mir-4777
mir-873, mir-876
mir-548f-1
mir-4254
mir-583
mir-9-3
mir-184
mir-124-2
mir-6745
mir-10b
mir-5688
mir-91-1
mir-3195
mir-7843
mir-7-2, mir-1179, mir-3529
mir-490
mir-3200
mir-6772
mir-4528
mir-6805
mir-489, mir-653
mir-4264, mir-8080
mir-5691
mir-7157
mir-6795
mir-6763
mir-33a
mir-5739
mir-31
mir-548l
mir-4760
mir4476, mir-4540
mir-8085
mir-548ao
mir-5704
mir-6720
mir-137, mir-2682
mir-1225, mir-4516, mir-4616,
mir-6511b
mir-8063
mir-23c
mir-4635
mir-548q, mir-4480, mir-4481
mir-483
mir-204
mir-1305
mir-4751
mir-153-2, mir-595
mir-101-1, mir-3671
mir-4735

FC – absolute fold change value.
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Methylation
up
down
up
up
up
up
up
up
up
up
up
up
up
down
up
up
up
up
up
up
up
up
up
up
up
down
down
down
up
up
up
up
up
down
up
up
up
up

FC
1.3
1.2
1.6
1.5
1.3
1.3
1.4
1.3
1.3
1.3
1.3
1.4
1.3
1.2
1.4
1.3
1.3
1.2
1.2
1.3
1.4
1.6
1.4
1.4
1.3
1.3
2.0
1.5
1.3
1.3
1.2
1.2
1.3
1.4
1.2
1.4
1.3
1.5

P-value
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0003
0.0003
0.0003
0.0003
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0005
0.0005

down

1.5

0.0005

up
up
down
down
up
up
up
down
up
down
up

1.3
1.2
1.6
1.3
1.3
1.3
1.4
1.2
1.4
1.3
1.3

0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0006
0.0006
0.0006

Table S11. MiRNA host genes showing the most significant differences of
methylation levels comparing biochemical disease recurrence (BCR)-positive vs.
BCR-negative prostate cancer cases. Values are given for the most significant probe
per gene.
No.
1
2
3
4
5
6
7
8
9

Gene/ locus
RAPGEFL1
HOXB3
SEPT9
COPZ2
PRKCB
TAF4
USP15
ESRP2
TRIM28

10

HDAC4

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

S1PR2
ESPN
CELSR3
GRID1
CACNG8
ARL10
IGF2
COL18A1
NPR1
FSTL4
CPSF6
ROBO1
MAST1
LOC100130691
RBPMS2
TENM3
H19
GNG7
SNCB
PTPRN2
GRK5
MEST
ELMO1
OPLAH
EIF3CL
IGF1R
DLEU2
BZRAP1-AS1
KDM2B
ANKRD28
STXBP1
SLC7A5
GABRE
FOXF2
FOXP2
RYR2
NCOR2
LASP1
ANK1
MAP7D2

pre-miRNA
mir-6867
mir-10a
mir-4316
mir-152
mir-1273h
mir-3195
mir-6125
mir-6773
mir-6807
mir-2467, mir-4269, mir-4440,
mir-4441
mir-4322
mir-4252
mir-4793
mir-346
mir-935
mir-1271
mir-483
mir-6815
mir-8083
mir-1289
mir-1279
mir-3923
mir-6794
mir-6512
mir-1272
mir-1305
mir-675
mir-7850
mir-4281
mir-153-2, mir-595
mir-4681
mir-335
mir-1200
mir-6846
mir-6862
mir-4714
mir-15a, mir-16-1, mir-3613
mir-142, mir-4736
mir-7107
mir-3134
mir-3911
mir-6775
mir-224, mir-452
mir-6720
mir-3666
mir-4428
mir-6880
mir-6779
mir-486-1, mir-486-2
mir-23c

FC – absolute fold change value.
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Methylation
up
up
up
up
up
down
down
down
up

FC
1.3
1.3
1.3
1.4
1.3
1.5
1.2
1.2
1.2

P-value
0.0001
0.0003
0.0005
0.0005
0.0006
0.0007
0.0008
0.0010
0.0011

down

1.3

0.0011

up
up
up
down
up
up
down
down
up
down
down
down
up
up
up
down
down
up
up
down
down
down
down
up
up
down
down
down
up
down
up
down
down
down
down
down
down
down
up
up

1.2
1.3
1.3
1.3
1.2
1.3
1.4
1.2
1.2
1.2
1.4
1.4
1.3
1.4
1.3
1.4
1.2
1.2
1.3
1.3
1.3
1.3
1.4
1.2
1.3
1.2
1.4
1.2
1.3
1.3
1.3
1.2
1.3
1.2
1.2
1.3
1.2
1.2
1.3
1.4

0.0012
0.0018
0.0019
0.0021
0.0022
0.0023
0.0023
0.0030
0.0032
0.0033
0.0033
0.0034
0.0035
0.0035
0.0036
0.0036
0.0037
0.0039
0.0042
0.0042
0.0045
0.0050
0.0051
0.0058
0.0064
0.0065
0.0068
0.0073
0.0074
0.0085
0.0086
0.0087
0.0087
0.0089
0.0090
0.0091
0.0093
0.0102
0.0103
0.0103

Table S12. Associations of protein-coding gene promoter methylation with
continuous clinical-pathological variables in prostate tumors.
Proteincoding
gene
PRKCB

Zad

P

Zad

P

Zad

P

1.51

0.1305

-0.77

0.4433

0.19

0.8515

CCDC181

-0.02

0.9828

0.43

0.6705

1.00

0.3193

ADAMTS12

0.91

0.3621

-0.42

0.6743

1.20

0.2320

ZMIZ1

2.06

0.0390

-0.14

0.8855

1.61

0.1076

FILIP1L

0.02

0.9814

0.04

0.9660

0.00

0.9974

NAALAD2

1.64

0.1015

-0.34

0.7303

0.52

0.6010

CD44

-1.16

0.2469

0.24

0.8095

1.95

0.0510

KCTD8
0.54
0.5859
-0.99
0.3244
0.48
PSA – prostate-specific antigen, Zad – Mann-Whitney’s Z adjusted parameter.
Significant P-values are in bold.

0.6332

PSA

Prostate mass

Age

Table S13. Associations of protein-coding gene expression with clinical-pathological
variables and TMPRSS2-ERG fusion status in prostate tumors.
Proteincoding
gene

Discrete variables
TMPRSS2-ERG status

PRKCB

-0.45

0.6528

ISUP grade group
H
P
2.33
0.5075

CCDC181

-0.65

0.5154

9.58

0.0225

2.47

0.0136

ADAMTS12

-0.35

0.7248

2.70

0.4396

0.97

0.3323

ZMIZ1

-0.29

0.7692

3.04

0.3856

-0.09

0.9313

NAALAD2

-1.07

0.2864

10.63

0.0139

-0.03

0.9742

Proteincoding
gene

Tumor stage pT
Zad
P

Zad
0.17

P
0.8674

Continuous variables
PSA

Prostate mass

Age

RS

P

RS

P

RS

P

PRKCB

-0.17

0.1362

0.00

0.9815

0.13

0.2456

CCDC181

-0.20

0.0755

-0.01

0.9482

0.15

0.1698

ADAMTS12

-0.12

0.2958

0.05

0.6676

0.01

0.9334

ZMIZ1

0.11

0.3433

0.03

0.8052

0.02

0.8385

NAALAD2
0.0153
-0.19
0.0972
-0.03
0.8003
0.27
ISUP – International Society of Urological Pathology, PSA – prostate-specific antigen, Zad – MannWhitney’s Z adjusted parameter, H – Kruskal-Wallis’s H parameter, RS – Spearman’s correlation
coefficient.
Significant P-values are in bold.

156

Table S14. Univariate Cox proportional hazard analysis of molecular and/or clinicalpathological variables in Lithuanian and The Cancer Genome Atlas (TCGA) prostate
cancer cohorts. For simplicity, only models’ P-values are provided for TCGA data.

Covariate's
P-value

Model's
P-value

Model's
P-value

TCGA
cohort
(diseasefree)
Model's
P-value

0.0203

0.0028

0.0795

0.2302

0.2294

0.1411

0.0702

0.7190

0.9499

0.0003

0.0624

0.3107

0.1215

0.0670

0.6455

0.3578

0.2924

0.2517

0.1497

0.0561

0.0051

0.0002

0.0911

0.1695

0.3865

0.3990

0.9625

0.8106

0.9973

0.9957

0.1054

0.3811

0.0574

0.0447

0.2564

0.3231

0.0142

0.0236

0.4708

0.7989

0.2753

0.2806

0.0928

0.0122

0.0052

0.0168

0.4990

0.0188

0.2118

0.1836

0.0378

0.3147

0.1329

0.1111

0.1856

0.3035

0.7375

0.7387

0.0321

0.2170

0.4090

0.3960

0.0548

0.0703

0.0205

0.0059

0.7077

0.9964

0.2842

0.2648

0.2181

0.0033

0.3664

0.3555

0.0894

0.5037

0.7331

0.7309

0.0093

0.9132

0.3328

0.3375

n.a.

n.a.

0.0001

0.0001

0.0001

0.0002

<0.0001

<0.0001

<0.0001

<0.0001

0.1221

0.1461

n.a.

n.a.

0.0621

0.1048

0.4881

0.4723

0.9470

0.9462

0.4655

0.6256

TCGA
cohort
(BCR-free)

Lithuanian cohort (BCR-free)
No.

Covariates
HR (95% CI)

Promoter methylation
PRKCB
1
(M vs. U/ cont.)
CCDC181
2
(M vs. U/ cont.)
ADAMTS12
3
(M vs. U/ cont.)
ZMIZ1
4
(M vs. U/ cont.)
FILIP1L
5
(M vs. U/ cont.)
NAALAD2
6
(M vs. U/ cont.)
KCTD8
7
(M vs. U/ cont.)
CD44
8
(M vs. U/ cont.)
mir-155
9
(M vs. U/ cont.)
mir-152
10
(M vs. U/ cont.)
mir-137
11
(M vs. U/ cont.)
mir-31
12
(M vs. U/ cont.)
Gene expression

5.45
(1.31; 22.66)
3.40
(0.47; 24.67)
>1000
3.10
(0.75; 12.92)
1.90
(0.58; 6.24)
7.81
(1.87; 32.69)
1.41
(0.65; 3.03)
1.00
(0.48; 2.07)
2.19
(0.98; 4.91)
2.63
(1.22; 5.67)
1.48
(0.74; 2.96)
3.93
(1.51; 10.23)

0.60
(0.27; 1.34)
0.00
14
CCDC181 (cont.)
(0.00; 28.14)
2.26
15
ADAMTS12 (cont.)
(0.02; 262.82)
0.94
16
ZMIZ1 (cont.)
(0.82; 1.09)
0.00
17
NAALAD2 (cont.)
(0.00; 0.17)
0.09
18
DNMT1 (cont.)
(0.00; 7.16)
0.95
19
KDM1A (cont.)
(0.84; 1.06)
0.96
20
KDM5B (cont.)
(0.75; 1.22)
Other molecular and clinical-pathological variables
TMPRSS2-ERG
0.70
21
(yes vs. no)
(0.34; 1.44)
4.32
22
pT (3 vs. 2)
(2.08; 8.94)
ISUP grade group (5
3.23
23
groups)
(2.09; 4.99)
Prostate mass
1.01
24
(cont.)
(1.00; 1.03)
1.02
25
PSA (cont.)
(1.00; 1.04)
1.00
26
Age (cont.)
(0.95; 1.05)
13

PRKCB (cont.)

M/U – methylated/ unmethylated promoter status, cont. – continuous variable, TMPRSS2-ERG –
fusion transcript status, pT – tumor stage, ISUP – International Society of Urological Pathology,
PSA – prostate-specific antigen, HR – hazard ratio, CI – confidence intervals. Significant P-values are
in bold.
*Forward entering of covariates.
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Table S15. Multivariate Cox proportional hazard analysis of protein-coding gene
methylation and other molecular and/or clinical-pathological variables in Lithuanian
and The Cancer Genome Atlas (TCGA) prostate cancer cohorts. Selected
combinations are shown. For simplicity, only models’ P-values are provided for
TCGA data.
TCGA
cohort
(BCR-free)

TCGA
cohort
(diseasefree)

Model's
P-value

Model's
P-value

Model's
P-value

0.0003

0.1353

0.4563

0.0002

0.1314

0.3260

0.0001

0.1132

0.3580

0.0001

0.2001

0.5197

0.0007

0.2267

0.3891

0.0113

n.a.

n.a.

0.0003

n.a.

n.a.

0.0003

n.a.

n.a.

<0.0001*

0.0002

0.0007

<0.0001*

0.0001

0.0005

<0.0001*

<0.0001

<0.0001

0.0031*

0.5813

0.6454

Lithuanian cohort (BCR-free)
No.

Covariates
HR (95% CI)

Combinations of gene promoter methylation
PRKCB
3.02
(M vs. U/ cont.)
(0.73; 12.54)
1
ADAMTS12
>1000
(M vs. U/ cont.)
PRKCB
3.22
(M vs. U/ cont.)
(0.76; 13.69)
2
NAALAD2
5.77
(M vs. U/ cont.)
(1.34; 24.90)
ADAMTS12
>1000
(M vs. U/ cont.)
3
NAALAD2
4.44
(M vs. U/ cont.)
(1.05; 18.73)
PRKCB
2.83
(M vs. U/ cont.)
(0.68; 11.80)
ADAMTS12
4
>1000
(M vs. U/ cont.)
NAALAD2
4.33
(M vs. U/ cont.)
(1.02; 18.45)
Combinations with gene expression
NAALAD2
5.10
(M vs. U/ cont.)
(1.18; 22.08)
5
NAALAD2
0.00
(expression, cont.)
(0.00; 2.70)
Combinations with fusion transcript status
TMPRSS2-ERG
1.61
(yes vs. no)
(0.80; 3.27)
6
PRKCB
5.30
(M vs. U/ cont.)
(1.26; 22.25)
TMPRSS2-ERG
1.97
(yes vs. no)
(0.96; 4.04)
7
ADAMTS12
>1000
(M vs. U/ cont.)
TMPRSS2-ERG
1.48
(yes vs. no)
(0.73; 3.00)
8
NAALAD2
8.57
(M vs. U/ cont.)
(2.04; 35.92)
Combinations with clinical-pathological variables
3.77
pT (3 vs. 2)
(1.82; 7.84)
9
PRKCB
4.36
(M vs. U/ cont.)
(1.04; 18.25)
3.85
pT (3 vs. 2)
(1.86; 7.98)
10
NAALAD2
6.87
(M vs. U/ cont.)
(1.63; 28.84)
ISUP grade group (5
2.80
groups)
(1.80; 4.35)
11
NAALAD2
5.51
(M vs. U/ cont.)
(1.29; 23.53)
1.02
PSA (cont.)
(1.00; 1.05)
PRKCB
5.34
12
(M vs. U/ cont.)
(1.28; 22.29)
ZMIZ1
5.78
(M vs. U/ cont.)
(0.79; 42.25)

Covariate's
P-value

0.1306
0.9516
0.1157
0.0195
0.9528
0.0434
0.1542
0.9528
0.0488

0.0303
0.0828

0.1872
0.0233
0.0646
0.9484
0.2748
0.0035

0.0004
0.0450
0.0003
0.0089
<0.0001
0.0219
0.0463
0.0221
0.0855

158

Table S15. Continued.
TCGA
cohort
(BCR-free)

TCGA
cohort
(diseasefree)

Model's
P-value

Model's
P-value

Model's
P-value

0.0163

0.7824

0.5044

0.0027

n.a.

n.a.

0.0003

n.a.

n.a.

0.0096

n.a.

n.a.

0.0003

n.a.

n.a.

Lithuanian cohort (BCR-free)
No.

Covariates
HR (95% CI)

Combinations with clinical-pathological variables
1.02
PSA (cont.)
(1.00; 1.04)
13
ZMIZ1
5.78
(M vs. U/ cont.)
(0.79; 42.25)
Prostate mass
1.02
(cont.)
(1.00; 1.04)
14
PRKCB
5.65
(M vs. U/ cont.)
(1.35; 23.58)
Prostate mass
1.02
(cont.)
(1.00; 1.04)
15
ADAMTS12
>1000
(M vs. U/ cont.)
Prostate mass
1.02
(cont.)
(1.00; 1.04)
16
ZMIZ1
6.86
(M vs. U/ cont.)
(0.94; 50.15)
Prostate mass
1.02
(cont.)
(1.00; 1.04)
17
NAALAD2
7.56
(M vs. U/ cont.)
(1.80; 31.66)

Covariate's
P-value

0.0996
0.0855
0.0505
0.0180
0.0491
0.9502
0.0462
0.0593
0.0932
0.0059

M/U – methylated/ unmethylated promoter status, TMPRSS2-ERG – fusion transcript status, pT –
tumor stage, ISUP – International Society of Urological Pathology, PSA – prostate-specific antigen,
HR – hazard ratio, CI – confidence intervals. Significant P-values are in bold, n.a. – not available/ not
analyzed.
*Forward entering of covariates.
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Table S16. Associations of miRNA host gene promoter methylation status with
continuous clinical-pathological parameters in prostate tumors.
PSA

Prostate mass

Age

miRNA host
gene

Zad

P-value

Zad

P-value

Zad

P-value

mir-155

1.05

0.2945

1.40

0.1615

1.65

0.0996

mir-152

2.21

0.0275

1.16

0.2458

0.55

0.5794

mir-137

-0.64

0.5207

0.05

0.9608

-0.30

0.7673

1.13

0.2583

0.0430
mir-31
0.09
0.9295
2.02
PSA – prostate-specific antigen, Zad – Mann-Whitney's Z adjusted parameter.
Significant P-values are in bold.

Table S17. Numbers of genes targeted by selected miRNAs as determined by the
online tools with a focus on epigenetic regulation-associated targets (EFs) [260].
Numbers of identified targets*

Source

miRDB [321]
(http://mirdb.org)

TargetScan 7.1 [322]
(http://www.targetscan.org)

miRTarBase [323]
(http://mirtarbase.mbc.nctu.e
du.tw)

miR-155-5p
Total # of Total #
targeted
of
EFs
targets

miR-152-3p
Total # of Total #
targeted
of
EFs
targets

miR-137
Total # of Total #
targeted
of
EFs
targets

25

311

36

559

44

544

48

552

60

795

92

1305

64

920

9

131

9

122

85

1384

28

783

57

1060

158

5445

138

7389

148

5487

9

184

29

340

28

357

miRWalk 2.0 [324]
(http://zmf.umm.uniheidelberg.de/apps/zmf/mirw
alk2/)

microRNA.org [325]
(http://www.microrna.org)

PicTar [326]
(http://pictar.mdc-berlin.de)

*Database search was performed in April 2016.
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Table S18. Genes defined as epigenetic regulation-associated targets (EFs) [260] of
the selected miRNAs that were determined by the online tools.
Source*

miR-155-5p

miR-152-3p

miR-137

Determined
by at least
4 of 6
databases

AICDA, ARID2, BRD1, CDC73,
CHAF1A, CHD7, CHD8, CHD9,
YWHAE, YWHAZ, JARID2,
KDM2A, KDM3A, KDM5B,
MASTL, PHC2, PSIP1, RCOR1,
SAP30L, SATB1, SIRT1,
SMARCA4, SP1, TADA2B,
TAF5L, TLE4

BRPF1, CHD7, CHD9, CLOCK,
CUL5, DNMT1, GADD45A, INO80,
YWHAB, JARID2, KDM2B, LBR,
MLLT10, PPARGC1A, PRKAA1,
PRKAG2, RPS6KA5, SIRT7, SKP1,
TAF4, UBE2D1, ZNF217

ARID4B, BAZ1A, BAZ2A, BRD1,
CHD7, CHD9, CTBP1, DR1,
E2F6, HCFC2, HLTF, HMGN3,
JDP2, KDM1A, KDM2A,
KDM4A, KDM5B, MBD6,
MYO1C, NCOA2, NCOA3,
NFYB, PPARGC1A, PRDM1,
PRKAB1, SYNCRIP, TAF12,
TDRD7, TRIM33, UBE2H,
ZNF217, ZNF516

Determined
by at least
2 of 6
databases

ACTR8, ANKRD32, ARID4A,
ARNTL, ATAD2B, AURKA,
AURKB, BCORL1, BRPF3,
BRWD3, C11orf30, CDK2,
CDK5, CHAF1B, CHRAC1,
CHTOP, CUL4B, DDB2, DEK,
DNAJC2, DNMT1, DR1, EYA2,
EPC2, EXOSC2, EZH1,
GATAD2B, HCFC2, YEATS2,
ING3, KANSL1, KAT2A,
KDM1A, MAP3K7, MBTD1,
MECP2, MOV10, MSH6, MSL3,
NASP, NFYC, PAK2, PBRM1,
PHF14, POLE3, PPM1G,
PRMT2, RAD51, RING1, RNF2,
RPS6KA3, RPS6KA5, RSF1,
SATB2, SETD7, SETD8, SF3B1,
SIN3A, SMARCAD1,
SMARCD2, SMARCE1, SRSF1,
SUZ12, TRIM24, UBE2D3,
UBE2H, USP44, WDR82,
WHSC1L1, ZBTB16, ZMYM2,
ZMYND11

BAZ2B, CDK1, CHD1, CHUK, EYA3,
KAT7, KMT2A, NAP1L1, NCOA1,
PHF20, SYNCRIP, TBL1XR1, TET2,
UBE2D3, WHSC1, BAZ2A, BRWD3,
EP300, GATAD2B, HCFC2, IKZF1,
ING2, INO80C, KANSL1, KDM6B,
MAX, MECP2, MTA2, PADI1, PHC3,
PHIP, RAG1, RYBP, RLIM,
RPS6KA4, SCML2, SMARCD1,
USP7

ASH1L, AURKA, BCOR,
C11orf30, CHD1, CUL3, CUL4A,
EPC2, ERBB4, EZH2, FOXP1,
FOXP2, IKZF1, ING2, KAT2B,
KAT5, KMT2A, L3MBTL4,
MAP3K7, MAX, MBD5, MRGBP,
MTA3, NAP1L2, NCOA1, NFYC,
NIPBL, PAK2, PCGF5, PHF20,
PHF20L1, PHIP, PPP4R2,
PRDM2, PRKAA1, PRKAB2,
PRKCB, PRMT7, RCC1, SAP18,
SATB1, SATB2, SETD6, SIRT6,
SMARCA5, SMEK1, SUPT7L,
SUZ12, TADA2B, TAF5L,
TBL1XR1, TLE4, TSSK6, UBN1,
USP36, USP46, ZMYM2,
ZMYND11

Determined
by only 1 of
6
databases

ACTL6A, ANP32B, ANP32E,
APOBEC3G, ASF1A, ASXL3,
BARD1, BAZ2A, BAZ2B,
BRMS1L, BRWD1, CDC6,
CDY1, CDK1, CDK7, CECR2,
CHD6, CTCFL, CUL3, CUL5,
DPPA3, EED, EYA1, EYA4,
EID2, ENY2, EP300, ERCC6,
EXOSC7, FOXP1, FOXP2,
GFI1, HDAC2, HDAC4, HDAC6,
HDAC9, HLTF, HMGN4,
HMGN5, ING2, JADE1, JAK2,
KAT2B, KAT6A, KDM4C,
KDM5A, KDM6A, KDM7A,
L3MBTL4, MBD2, MBD5, MBIP,
MGA, MINA, MORF4L2,
NAP1L2, NIPBL, PARP1,
PCGF5, PHC3, PHF20L1,
PHF8, PIWIL4, PPARGC1A,
PPP2CA, PRDM13, PRDM2,
PRDM5, PRKAA1, PRKAB2,
PRKCB, PRKDC, RAD54B,
RBBP7, RLIM, RUVBL1, SAP18,
SCML2, SFMBT1, SHPRH,
SMARCA1, SMARCAL1,
SMYD2, SPOP, SRCAP,
SUV39H2, TADA1, TAF12,
TAF2, TAF7, TET2, TLE1,
TOP2A, TRRAP, UBE2N, UBR2,
UCHL5, UHRF2, UIMC1,
USP15, VDR, WHSC1, ZNF711

ACTL6A, ANKRD32, ANP32E,
APBB1, APOBEC3D, ARID1B,
ARID2, ARID4B, ATF7IP, BAHD1,
BPTF, BRCA2, BRD9, BUB1, CBX5,
CDY1, CHD1L, CHD2, CHD4, CIT,
CSNK2A1, CSRP2BP, CTCF, DEK,
DNMT3B, DTX3L, ELP2, EPC2,
EXOSC1, FAM175B, FBRSL1,
FOXP1, FOXP2, HDAC9, HDGF,
HIF1AN, HIRA, HMG20A, HMGN2,
HP1BP3, YY1, ING3, JMJD1C,
KAT2B, KDM4C, KDM5A, KDM5B,
MASTL, MBD1, MBD6, MGA,
MLLT1, MLLT6, MTA3, MTF2,
NCOR1, NIPBL, NSD1, OGT,
PARP1, PCGF5, PHF14, PHF20L1,
PHF8, PPP2CA, PPP4C, PRDM16,
PRDM2, PRDM4, PRKAG3, RAD51,
RBBP5, RCOR3, SAP18, SATB1,
SCML4, SET, SETD7, SETDB1,
SF3B3, SFMBT1, SHPRH, SIRT6,
SMARCA2, SMARCA4, SMARCD2,
SP140, SPEN, SPOP, SUDS3,
SUV420H1, TAF5L, TAF9, TFDP1,
TLE1, TRIM27, TRIM33, TRRAP,
TTK, UCHL5, UHRF2, USP12,
USP15, USP3, ZBTB16, ZMYND8,
ZNF532, ZNF711, ZZZ3

ANKRD32, APOBEC1,
APOBEC2, ARID1B, ARID2,
ASXL2, ATAD2B, ATF7IP, ATM,
ATXN7, BCORL1, BRWD3,
CDC6, CDC73, CDK3, CHD6,
CREBBP, CSNK2A1, CUL5,
DAXX, DNMT3A, DPF3, ELP3,
EP300, ERCC6, EXOSC8,
EXOSC9, EZH1, FAM175A,
FOXP4, GTF3C4, HAT1,
HDAC2, HDAC4, HELLS, HLCS,
HMGN5, YEATS4, YY1, ING3,
YWHAB, JADE1, KDM4C,
KDM5D, KDM6A, KDM6B,
KDM7A, MBD1, MBD2, MBTD1,
MECP2, MYSM1, MTF2,
NAT10, PADI4, PARG, PHC3,
PRDM13, PRDM16, PRDM6,
PRKAG1, PRKAG2, PRMT6,
PSIP1, RAD54L2, RCOR3,
RNF8, RPS6KA5, SETD1B,
SETD3, SETD7, SF3B1,
SFMBT2, SFPQ, SMARCA1,
SMARCE1, SNAI2, SP1, SP100,
SS18L2, STK4, SUDS3,
SUV420H1, TAF7, TDRD3,
TET2, TET3, TLE1, TLK2,
TRIM24, UBE2B, UBE2D1,
UBR7, USP15

Targets selected for gene expression analysis are in bold.
*All 6 databases are listed in Table S17.
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Table S19. Multivariate Cox proportional hazard analysis of miRNA host gene
methylation and other molecular and/or clinical-pathological variables in Lithuanian
and The Cancer Genome Atlas (TCGA) prostate cancer cohorts. Selected
combinations with significant model’s P-value are shown. For simplicity, only
models’ P-values are provided for TCGA data.

Model's
P-value

TCGA
cohort
(BCRfree)
Model's
P-value

TCGA
cohort
(diseasefree)
Model's
P-value

0.0265

0.5181

0.5917

0.0172

0.6854

0.0632

0.0130

0.5551

0.0512

0.0175

0.7529

0.1123

0.0333

n.a.

n.a.

0.0151

n.a.

n.a.

<0.0001*

0.0003

0.0008

0.0002

0.0004

0.0006*

<0.0001*

0.0007

0.0007*

Lithuanian cohort (BCR-free)
No.

Covariates

HR
Covariate's
(95% CI)
P-value
Combinations of miRNA host genes
mir-155
1.83
0.1581
(M vs. U/ cont.)
(0.79; 4.23)
1
mir-152
2.17
0.0583
(M vs. U/ cont.)
(0.98; 4.84)
mir-155
1.89
0.1347
(M vs. U/ cont.)
(0.82; 4.35)
2
mir-31
3.15
0.0229
(M vs. U/ cont.)
(1.18; 8.42)
mir-152
2.14
0.0691
(M vs. U/ cont.)
(0.95; 4.83)
3
mir-31
2.95
0.0368
(M vs. U/ cont.)
(1.07; 8.12)
mir-155
1.67
0.2417
(M vs. U/ cont.)
(0.71; 3.92)
mir-152
1.87
4
0.1419
(M vs. U/ cont.)
(0.81; 4.29)
mir-31
2.62
0.0648
(M vs. U/ cont.)
(0.95; 7.24)
Combinations with fusion transcript status
TMPRSS2-ERG
0.62
0.2062
(yes vs. no)
(0.30; 1.29)
7
mir-155
2.85
0.0258
(M vs. U/ cont.)
(1.14; 7.12)
TMPRSS2-ERG
0.67
(yes vs. no)
(0.32; 1.41)
0.2961
mir-155
2.37
8
(M vs. U/ cont.)
(0.93; 6.06)
0.0732
mir-152
2.31
(M vs. U)
0.0441
(1.03; 5.20)
Combinations with pathological variables
4.14
pT (3 vs. 2)
0.0002
(1.99; 8.61)
9
mir-152
2.36
0.0302
(M vs. U/ cont.)
(1.09; 5.11)
4.30
pT (3 vs. 2)
0.0001
(2.07; 8.93)
10
mir-137
1.43
0.3148
(M vs. U/ cont.)
(0.71; 2.88)
4.33
pT (3 vs. 2)
0.0001
(2.09; 8.99)
11
mir-31
3.94
0.0053
(M vs. U/ cont.)
(1.51; 10.30)
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Table S19. Continued.

Lithuanian cohort (BCR-free)
No.

Covariates

TCGA
cohort
(BCRfree)
Model's
P-value

TCGA
cohort
(diseasefree)
Model's
P-value

HR
Covariate's
Model's
(95% CI)
P-value
P-value
Combinations with pathological variables
4.47
0.0001
pT (3 vs. 2)
(2.13; 9.36)
mir-152
2.17
<0.0001
0.0013
0.0007
12
0.0513
(M vs. U/ cont.)
1.00; 4.71)
mir-31
3.57
0.0103
(M vs. U/ cont.)
(1.36; 9.41)
ISUP grade
3.30
<0.0001
group (5 groups)
(2.09; 5.21)
<0.0001* <0.0001
<0.0001*
13
mir-31
3.23
0.0172
(M vs. U/ cont.)
(1.24; 8.43)
1.02
0.0371
PSA (cont.)
(1.00; 1.04)
0.0176*
14
0.7860
0.1818
mir-152
2.74
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Figure S1. Networks of Gene Ontology (GO) terms for genes differentially
methylated comparing prostate tumors and noncancerous tissues. A – for genes with
methylation changes in promoter region; B – for genes with methylation changes in
intragenic regions. Genes having fold change (FC) value of ≥1.5 were included in the
analysis. The area of the node is proportional to the number of genes in the test set
annotated to a particular GO term. The color scale is based on false discovery rate
(FDR) adjusted P-value (q-value). White nodes are not significantly overrepresented, they are included to show other nodes in the context of GO hierarchy.
Nodes having only “parent” terms are depicted as bold circles.
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Figure S2. Networks of Gene Ontology (GO) terms for genes differentially
methylated comparing biochemical disease recurrence (BCR)-positive and BCRnegative cases. A – for genes with methylation changes in promoter region; B – for
genes with methylation changes in intragenic regions. Genes having fold change (FC)
value of ≥1.2 were included in the analysis. The area of the node is proportional to
the number of genes in the test set annotated to a particular GO term. The color scale
is based on false discovery rate (FDR) adjusted P-value (q-value). White nodes are
not significantly over-represented, they are included to show other nodes in the
context of GO hierarchy. Nodes having only “parent” terms are depicted as bold
circles.
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Figure S3. Networks of Gene Ontology (GO) terms for differentially methylated
miRNA host genes in prostate cancer (PCa). A – for miRNA host genes with
methylation differences between PCa and noncancerous tissues (NPT); B – for
miRNA host genes with methylation changes between biochemical disease
recurrence (BCR)-positive and BCR-negative cases. Genes having fold change (FC)
value of ≥1.2 were included in the analysis. The area of the node is proportional to
the number of genes in the test set annotated to a particular GO term. The color scale
is based on false discovery rate (FDR) adjusted P-value (q-value). White nodes are
not significantly over-represented, they are included to show other nodes in the
context of GO hierarchy. Nodes having only “parent” terms are depicted as bold
circles.
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Figure S4. DNA methylation levels of genes PRKCB, CCDC181, ADAMTS12,
ZMIZ1, FILIP1L, NAALAD2, KCTD8, and CD44 in the prostate cancer dataset
(PRAD) of The Cancer Genome Atlas (TCGA) [4]. Level 3 DNA methylation data,
obtained using Illumina HumanMethylation450K (HM450) platform, was used to
generate the plots. The box extends from the 25th to 75th percentiles; the line in the
middle of the box is plotted at the median; the plus sign depicts the mean; the
whiskers represent the 10-90% range; data values outside the range are marked as
dots. Significant P-values are in bold.
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Figure S5. Relative expression levels of genes PRKCB (A), CCDC181 (B),
ADAMTS12 (C), NAALAD2 (D), and ZMIZ1 (E) in the prostate cancer (PCa) cohort
(PRAD) of The Cancer Genome Atlas (TCGA) [4]. Level 3 PRAD RNA-seq RSEM
data were used to generate the plots. The box extends from the 25th to 75th
percentiles; the line in the middle of the box is plotted at the median; the plus sign
depicts the mean; the whiskers represent the 10-90% range; data values outside the
range are marked as dots. Significant P-values are in bold.
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Figure S6. Correlations between promoter methylation and gene expression for
PRKCB (A), CCDC181 (B), ADAMTS12 (C), ZMIZ1 (D), and NAALAD2 (E) in the
prostate cancer (PRAD) cohort of The Cancer Genome Atlas (TCGA) [4]. Level 3
DNA methylation data, obtained using Illumina HumanMethylation450K (HM450)
platform, and level 3 PRAD RNA-seq RSEM data were used to generate scatter
plots. RNA-seq data is plotted on log2 scale. Pearson’s R (RP) and Spearman’s R
(RS) correlation coefficients are provided with respective P-values. Significant Pvalues are in bold.
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Figure S7. DNA methylation levels of mir-155, mir-152, mir-137, mir-31, and
mir-642a, -b host gene promoter-associated loci in the prostate cancer cohort (PRAD)
of The Cancer Genome Atlas (TCGA) [4]. Level 3 DNA methylation data, obtained
using Illumina Human Methylation450K (HM450) platform, was used to generate the
plots. The box extends from the 25th to 75th percentiles; the line in the middle of the
box is plotted at the median; the plus sign depicts the mean; the whiskers represent
the 10-90% range; data values outside the range are marked as dots. Significant Pvalues are in bold.
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Figure S8. Expression of the selected miRNAs and their host genes in the prostate
cancer cohort (PRAD) of The Cancer Genome Atlas (TCGA) [4]. A-D – correlations
of miRNA host gene promoter methylation and expression of the respective
miRNAs; E and F – correlations of miRNA host gene promoter methylation and
expression of mRNAs; G and H – correlations of host gene mRNA expression and
respective miRNAs. Level 3 DNA methylation data, obtained using Illumina
HumanMethylation450K (HM450) platform, and level 3 PRAD RNA-seq and
miRNA-seq RSEM data were used to generate scatter plots. RP and RS – Pearson’s R
and Spearman’s R correlation coefficients, respectively. Significant P-values are in
bold.
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Figure S9. Correlations between miRNA host gene promoter methylation and target
gene expression in the prostate cancer cohort (PRAD) of The Cancer Genome Atlas
(TCGA) [4]. A-C – correlations between mir-155 host gene (MIR155HG)
methylation and expression of DNMT1, KDM1A, and KDM5B; D – correlation
between mir-152 host gene (COPZ2) methylation and expression of DNMT1; E and F
– correlations between mir-137 host gene (MIR137HG) methylation and expression
of KDM1A and KDM5B. Level 3 DNA methylation data, obtained using Illumina
HumanMethylation450K (HM450) platform, and level 3 PRAD RNA-seq RSEM
data were used to generate scatter plots. RNA-seq data is plotted on log2 scale.
Pearson’s R (RP) and Spearman’s R (RS) correlation coefficients are provided with
respective P-values. Significant P-values are in bold.
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