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Abstract:

 Prostate cancer (PC) is the most commonly diagnosed neoplasm and the third most common cause of cancer-related death amongst men in the Western world. PC is a clinically highly heterogeneous disease, and distinction between aggressive and indolent disease is a major challenge for the management of PC. Currently, no biomarkers or prognostic tools are able to accurately predict tumor progression at the time of diagnosis. Thus, improved biomarkers for PC prognosis are urgently needed. This review focuses on the prognostic potential of DNA methylation biomarkers for PC. Epigenetic changes are hallmarks of PC and associated with malignant initiation as well as tumor progression. Moreover, DNA methylation is the most frequently studied epigenetic alteration in PC, and the prognostic potential of DNA methylation markers for PC has been demonstrated in multiple studies. The most promising methylation marker candidates identified so far include PITX2, C1orf114 (CCDC181) and the GABRE~miR-452~miR-224 locus, in addition to the three-gene signature AOX1/C1orf114/HAPLN3. Several other biomarker candidates have also been investigated, but with less stringent clinical validation and/or conflicting evidence regarding their possible prognostic value available at this time. Here, we review the current evidence for the prognostic potential of DNA methylation markers in PC.
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1. Introduction

Prostate cancer (PC) is a common malignancy and a major health care problem in Western countries, where up to one in six men will be diagnosed with PC during their lifetime [1,2]. While most PC patients have a slowly progressing tumor with little or no clinical manifestation, other patients suffer from aggressive PC characterized by metastatic dissemination and almost invariably lethal outcome [3]. As a consequence of the widespread use of PSA (prostate specific antigen) testing, most PCs are currently diagnosed at an early organ-confined stage, when curative treatment is still possible by e.g., radical prostatectomy (RP). Nevertheless, more than 30% of RP patients suffer biochemical recurrence (BCR) within 10 years of surgery, many of whom will later develop metastatic castration-resistant PC (CRPC) that is highly morbid and incurable [4]. On the other hand, exaggerated use of PSA testing has led to overdiagnosis and overtreatment of many clinically insignificant PCs, reducing the quality of life for many men due to treatment-associated side effects such as impotence and incontinence, as well as unnecessary anxiety [5].

Distinction between aggressive and indolent disease remains a major challenge for the clinical management of PC, as there are no biomarkers or prognostic tools that can accurately predict tumor progression at the time of diagnosis. Currently available nomograms for PC prognosis are based almost exclusively on routine clinicopathological parameters, i.e., serum PSA, clinical stage, and Gleason score [6,7]. Furthermore, although several nomograms exist, there is no accepted gold standard and many newly diagnosed PC patients are misclassified, leading to suboptimal treatment decisions [8]. Moreover, available clinical nomograms generally do not include molecular events, despite growing evidence for the prognostic value of such molecular biomarkers [9].

Indeed, several promising prognostic molecular tests are beginning to emerge for PC. These include commercial tests based on gene expression measurements, such as the “Prolaris” test that stratifies risk of PC progression based on a 46-gene expression signature [10], and the “MiProstate Score” that estimates the likelihood of aggressive PC by combining urinary measurements of PCA3 and TMPRSS2-ERG transcripts with serum PSA levels [11]. However, none of these assays are as of yet FDA-approved but are available under a Clinical Laboratory Improved Amendments (CLIA) certificate [12]. DNA methylation markers have also shown very promising prognostic potential for PC [13,14,15,16], and thus could be excellent candidates for inclusion into improved prognostic nomograms, either alone or in combination with other types of molecular markers. In this review, we will focus specifically on the prognostic potential of aberrant DNA methylation in relation to PC.

Epigenetic modifications are defined as heritable and reversible biochemical changes affecting gene expression without altering the primary DNA sequence. The most intensively studied epigenetic modification is DNA methylation, which is nearly ubiquitous in multicellular organisms and essential for normal development in mammals [17]. Methylation of the 5' carbon of cytosine (5mC) in CpG dinucleotides in gene promoters is regarded as the most direct epigenetic mechanism for maintaining gene silencing [18]. While CpG dinucleotides are underrepresented at the genomic scale, clusters of CpG dinucleotides (termed CpG islands (CGIs)) are found in the promoter region of approximately half of the genes in the human genome [19]. In normal cells, promoter-associated CGIs are generally unmethylated—a state that is permissive but not sufficient for active gene expression. Consistent with this, DNA methylation is believed to primarily be a mechanisms for long-term gene silencing seen mainly at imprinted, X-inactivated, and germ-cell exclusive genes [19,20].

Alterations in DNA methylation cooperate with genetic events in human carcinogenesis, contributing to cancer initiation, progression, invasion, and metastasis [18,19]. Aberrant hypermethylation of promoter-associated CGIs is the most common and best-characterized epigenetic abnormality in human malignancies, regardless of tissue of origin. Cancer-specific aberrant promoter hypermethylation has been established as a key mechanism for functional loss of e.g., tumor suppressor genes (TSGs), and many of the genes found to be frequently hypermethylated and epigenetically silenced in cancer cells are also commonly affected by genetic mutation or deletion [21]. In PC, aberrant DNA methylation patterns have been observed in precursor lesions and early in tumorigenesis, suggesting that epigenetic alterations may be involved in driving malignant transformation [22]. In addition, DNA methylation changes have been shown to be preserved through PC progression and metastasis, indicating that aberrant DNA methylation may function as driver event also during clonal expansion and metastatic dissemination [23]. At the molecular level, PC is a highly heterogeneous disease, which poses a major challenge for biomarker development. However, epigenetic alterations, such as promoter hypermethylation of GSTP1, occur more frequently and consistently than genetic mutations [24], thus suggesting that DNA methylation changes might be particularly useful as biomarkers for PC.

There are several other factors that make DNA methylation changes attractive for molecular cancer diagnostics [25,26]. First, genomic DNA is more stable than both RNA and protein, in vivo as well as ex vivo [27]. Additionally, DNA can be easily extracted from formalin-fixed and paraffin-embedded (FFPE) tissue specimens, as routinely used in the clinic e.g., for preserving diagnostic prostate needle biopsies. Moreover, contrary to most genetic mutations, DNA hypermethylation generally occurs in a particular region (promoter CGI) of a gene, potentially simplifying assay design [25]. A recent study [28] reported that although intratumor DNA methylation can be highly heterogeneous in advanced PC, methylation alterations in CGIs and at transcription start sites were relatively stable through subclonal evolution. Furthermore, DNA methylation levels can be determined by simple inexpensive methods, such as quantitative methylation-specific PCR (qMSP) that can be easily implemented into clinical practice [29]. The diagnostic potential of DNA methylation has formed the basis for the “ConfirmMDx” commercial test, which can aid PC diagnosis by detecting DNA methylation field effects in histologically benign biopsies [30]. Furthermore, it has been shown that PC cell-derived hypermethylated DNA is detectable in blood and urine samples, potentially allowing for development of non- or minimally-invasive diagnostic tests [31,32,33,34,35,36].

Multiple studies have reported highly promising potential for DNA methylation markers in relation to PC diagnosis, as recently reviewed elsewhere [37,38]. This review focuses on the utility of DNA methylation markers in relation to PC prognosis. Accordingly, we searched Pubmed using the following MESH terms: “Biological markers”, “Prostatic Neoplasms”, “DNA Methylation”, “Prognosis”, “Prognostic”, and/or “Predictive Value of Tests”. As small sample size and insufficient independent clinical validation remain major bottlenecks for translation of novel biomarkers into clinical practice, we have prioritized biomarker studies using large independent training and validation cohorts as well as robust statistical analyses, including adjustment for routine clinicopathological prognostic factors by multivariate analysis. In the following sections, we first emphasize the most extensively validated prognostic methylation marker candidates known for PC to date. Subsequently, we describe several other genes that have shown prognostic potential, but with less stringent clinical validation available at this time. Finally, to provide a more comprehensive overview, we list several additional genes that have been proposed as candidate prognostic methylation markers for PC but based on somewhat more preliminary studies.



2. Top Candidate Prognostic Methylation Markers for PC

This section describes the three aberrantly methylated genomic loci, PITX2, C1orf114, and GABRE~miR-452~miR-224, as well as the three-gene marker panel AOX1/C1orf114/HAPLN3, for which there is currently the strongest experimental support for a prognostic biomarker potential in PC. All candidate methylation markers described in this section have been shown to hold significant independent prognostic value in large multi-center studies including hundreds of PC patients, divided into independent training and validation cohorts. The main findings from these studies are summarized in Table 1 and further described in the text below.


Table 1. Data for the three aberrantly methylated genomic loci, PITX2, C1orf114, and GABRE~miR-452~miR-224, as well as the three-gene signature AOX1/C1orf114/HAPLN3, for which there is currently the strongest experimental support for a prognostic biomarker potential in PC. D/C: Methylation analyzed as a dichotomized/continuous variable. RP: Radical prostatectomy. FFPE: Formalin-fixed, paraffin embedded. FF: Fresh frozen; qMSP: Quantitative methylation-specific PCR; BCR: Biochemical recurrence; HR: Hazard ratio; 95% CI: 95% confidence interval; GS: Gleason score; pT: pathological tumor stage; SM: Surgical margin status; PSA: Pre-operative serum PSA.



	
Methylation Marker

	
D/C

	
Sample Size

	
Specimens

	
Method

	
End-Point

	
Univariate

	
Multivariate

	
Factors Adjusted for in Multivariate Analysis:

	
Reference




	
HR

	
95% CI

	
p-Value

	
HR

	
95% CI

	
p-Value






	
PITX2, training cohort

	
D

	
585 *

	
RP (FFPE)

	
qMSP

	
Recurrence

	
3.4

	
1.9–6.0

	
<0.001

	
2.1

	
1.2–3.9

	
0.016

	
GS, pT, SM, PSA

	
Weiss et al. [16]




	
PITX2, validation cohort

	
D

	
476

	
RP (FFPE)

	
EpiChip PITX2 Array

	
BCR

	
2.99

	
1.99–4.48

	
<0.001

	
2.39

	
1.45–3.94

	
<0.001

	
GS, pT, SM, PSA, age

	
Bañez et al. [13]




	
C1orf114, cohort 1

	
C

	
293

	
RP (FFPE)

	
qMSP

	
BCR

	
4.74

	
3.00–7.48

	
<0.001

	
3.1

	
1.89–5.09

	
<0.001

	
GS, pT, SM, PSA, pN

	
Haldrup et al. [14]




	
C1orf114, cohort 2

	
C

	
114

	
RP (FF)

	
qMSP

	
BCR

	
5.37

	
1.99–14.5

	
0.004

	
3.27

	
1.17–9.12

	
0.024

	
GS, pT, SM, PSA

	
Haldrup et al. [14]




	
AOX1/C1orf114/HAPLN3 cohort 1

	
D

	
293

	
RP (FFPE)

	
qMSP

	
BCR

	
2.58

	
1.79–3.71

	
<0.001

	
1.91

	
1.26–2.90

	
0.016

	
GS, pT, SM, PSA, pN

	
Haldrup et al. [14]




	
AOX1/C1orf114/HAPLN3, cohort 2

	
D

	
114

	
RP (FF)

	
qMSP

	
BCR

	
2.64

	
1.55–4.51

	
<0.001

	
2.33

	
1.31–4.13

	
0.004

	
GS, pT, SM, PSA

	
Haldrup et al. [14]




	
GABRE~miR-452~miR-224, cohort 1

	
C

	
293

	
RP (FFPE)

	
qMSP

	
BCR

	
1.75

	
1.37–2.23

	
<0.001

	
1.38

	
1.06–1.81

	
0.019

	
GS, pT, SM, PSA

	
Kristensen et al. [15]




	
GABRE~miR-452~miR-224, cohort 2

	
C

	
198

	
RP (FF)

	
qMSP

	
BCR

	
2.99

	
1.71–5.21

	
<0.001

	
2.45

	
1.26–4.75

	
0.008

	
GS, pT, PSA

	
Kristensen et al. [15]






* Accurate Gleason score information missing for 239 of these samples.





2.1. PITX2

PITX2 encodes the paired-like homeodomain transcription factor 2, which is induced by the Wnt/Beta-catenin pathway and involved in the regulation of cell-type specific proliferation. PITX2 hypermethylation was initially found to correlate with postoperative disease progression in breast cancer [39] and was later found to be aberrantly hypermethylated in PC [16]. Furthermore, promoter specific hypermethylation of PITX2 has been found to correlate with transcriptional downregulation in PC [40]. PITX2 is thought to be an upstream regulator of the insulin-like growth factor 1 receptor and of the androgen receptor, thus potentially linking it to PC initiation and progression [41]. In addition to breast and prostate cancer, aberrant hypermethylation of the PITX2 locus has been found in acute myeloid leukemia and lung cancer [42,43].



The first study investigating the prognostic potential of PITX2 promoter methylation in PC was published by Weiss and colleagues in 2009 [16]. PITX2 methylation analysis was performed using quantitative methylation specific PCR (qMSP) on RP specimens from 585 patients with clinically localized PC from three institutions in the US. The end-point for recurrence analysis was broadly defined as either biochemical recurrence (PSA > 0.2 ng/mL on two consecutive tests), clinical recurrence, or decision to treat based on increased PSA. The authors found that high PITX2 methylation (analyzed as a dichotomized variable, median methylation as cut-off) was significantly associated with early recurrence in both univariate Cox regression (Table 1) and Kaplan-Meier analyses [16]. Moreover, in multivariate Cox regression analysis, PITX2 hypermethylation was shown to hold independent prognostic value when adjusting for the routine prognostic factors Gleason score, pathological tumor stage, surgical margin status, and pre-operative serum PSA (Table 1). Of note, pre-operative PSA and surgical margin status failed in the multivariate analysis. A limitation of this study was the lack of reliable information regarding Gleason score for 41% of the patients. However, multivariate analysis performed on the remaining 356 patient samples with confirmed Gleason score still showed significant independent prognostic value of PITX2 hypermethylation beyond clinicopathological variables [16].

In a later study published by Bañez and colleagues in 2010 [13], the prognostic potential of PITX2 was successfully validated in an independent multicenter cohort counting 476 RP patients from the US and Netherlands. Notably, the end-point in the validation study was more stringent than in the training study, namely BCR defined as PSA > 0.2 ng/mL on two consecutive tests. Furthermore, while the original training study [16] used qMSP for quantification of PITX2 methylation, the validation study [13] used the newly developed EpiChip PITX2 Affymetrix® microarray. Thus, to allow direct comparison, a subset of 157 RP specimens from the training sample set were initially re-analyzed on the array, confirming the prognostic value of PITX2 using the new technique. Moreover, this re-analysis was used to transfer the methylation cut-point for dichotomization to the new platform [44]. In the validation study [13], microarray data showed that high PITX2 methylation was significantly associated with early recurrence after prostatectomy in univariate analysis, and remained significant also in multivariate analysis together with Gleason score, tumor stage, and surgical margin status, whereas pre-operative PSA showed borderline significance.

More recently, with the aim to ease future implementation into the clinic, the same group of authors developed a new qMSP assay for PITX2 [45], which was tested using 157 RP samples from the original training study by Weiss et al. [16,44] and successfully validated in an independent cohort of 523 RP samples, including all 476 patients from the original validation study by Bañez et al. [13]. There was a very good correlation between analyses performed on the EpiChip PITX2 Affymetrix® array and the new qMSP assay [45]. In summary, PITX2 hypermethylation has been found to be an independent adverse prognostic factor for recurrence after radical prostatectomy in two large independent PC patient cohorts, whether analyzed by qMSP [16,45] or using the EpiChip PITX2 Affymetrix® array [13,44]. The new qMSP assay is under development for commercial use by Epigenomics AG (http://www.epigenomics.com).



2.2. C1orf114

To screen for new PC methylation marker candidate genes, Haldrup and colleagues [14] performed genome-wide methylation analysis of nine nonmalignant and nine PC tissue samples using the Illumina Infinium HumanMethylation27 BeadChip (Illumina 27K array), quantifying DNA methylation for 27,578 CpG sites spanning 14,495 genes. Out of hundreds of genes found to be significantly hypermethylated in PC compared to nonmalignant prostate tissue samples, the authors selected six genes (AOX1, C1orf114, GAS6, HAPLN3, KLF8, and MOB3B) for further investigation. After confirming the diagnostic potential of the six genes in a large patient cohort, their potential prognostic value was assessed using qMSP on specimens from two independent sample sets. The training set consisted of 293 RP specimens from PC patients collected in Denmark and Switzerland, whereas the validation cohort consisted of 114 RP specimens from PC patients collected in Germany and Finland. The end-point for both cohorts was BCR. For Danish, Swiss, and German patients, BCR was defined as PSA ≥ 0.2 ng/mL, whereas for Finnish patients (Cohort 2), it was PSA ≥ 0.5 ng/mL. When analyzed as a continuous variable, C1orf114 methylation was found to be significantly associated with BCR in multivariate analysis in both cohorts, and thus identified and validated as a significant independent predictor of PSA recurrence after RP (Table 1). C1orf114, also known as CCDC181, encodes coiled-coil domain containing 181, a protein of unknown function. Notably, methylation of this gene was also significant when analyzed as a dichotomized variable [14].

Haldrup and colleagues proceeded to develop a three-gene prognostic methylation signature by combining the dichotomized methylation status of C1orf114, AOX1, and HAPLN3 [14]. The protein encoded by AOX1 (aldehyde oxidase 1) is involved in toxic compound metabolism, while the protein encoded by HAPLN3 (hyaluronan and proteoglycan link protein 3) may have a function in cell adhesion. Analysis of publicly available data sets showed that both AOX1 and C1orf114 are transcriptionally downregulated in PC, consistent with the observed hypermethylation [14], whereas no significant association between methylation and expression levels was found for HAPLN3. The AOX1/C1orf114/HAPLN3 methylation panel classified patients into low- and high-methylation subgroups, which provided independent prognostic value beyond established clinicopathological parameters in multivariate analysis in both the training cohort and in the independent validation cohort (Table 1). This three-gene methylation signature performed better than any dichotomized single gene or two-gene signature, thus showing added robustness by combining multiple markers [14].



2.3. GABRE~miR-452~miR-224

The GABRE gene encodes the epsilon subunit of the gamma-aminobutyric acid (GABA) A receptor 2, a protein whose function in benign and malignant prostatic cells has yet to be elucidated. The gene also harbors two intronic microRNAs, miR-224 and miR-452.

In a recent study by Kristensen  et al. [15], highly cancer-specific aberrant promoter hypermethylation and significantly downregulated expression levels were observed in PC compared to nonmalignant prostate tissue, indicating that aberrant promoter hypermethylation is associated with coordinated downregulation of the entire GABRE~miR-452~miR-224 locus in PC. In order to investigate the potential prognostic value of this locus, the methylation status of the GABRE~miR-452~miR-224 promoter associated CGI was examined using qMSP in two independent cohorts, counting 293 RP specimens from Denmark and Switzerland, and 198 RP specimens from Germany, Finland and Sweden, respectively [15]. The end-point for both cohorts was BCR, defined as PSA ≥ 0.2 ng/mL for Danish, Swiss, Swedish, and German samples, and PSA ≥ 0.5 ng/mL for the Finnish samples. Uni- and multivariate analyses showed that high GABRE~miR-452~miR-224 promoter methylation was significantly associated with BCR after RP in both the training and the validation cohort after adjusting for routine clinicopathological prognostic factors, whether methylation was analyzed as a continuous (Table 1) or dichotomized variable [15]. The use of two large independent cohorts and sound statistical analyses indicate that hypermethylation of the GABRE~miR-452~miR-224 locus is a significant independent prognostic predictor of biochemical recurrence in PC patients treated by RP. Moreover, this study provided a mechanistic link between promoter hypermethylation and gene silencing, and also showed that induction of miR-452 and miR-224 inhibited proliferation, migration, and invasion of prostate cancer cell lines [15].




3. Emerging Candidate Methylation Markers for PC Prognosis

The candidate methylation markers described in this section have all been investigated in multiple studies, but so far with limited independent validation and/or conflicting evidence reported regarding their prognostic value. Key results from published studies of these candidates are listed in Table 2 and described in more detail below.


Table 2. Data for methylation marker candidates subject to investigation in multiple studies, but with limited validation and/or conflicting evidence regarding their prognostic value. RP: Radical prostatectomy; TURP: Transurethral resection of the prostate; FFPE: Formalin-fixed, paraffin embedded; FF: Fresh frozen; MSP: Methylation-specific PCR; qMSP: Quantitative MSP; BCR: Biochemical recurrence; HR: Hazard ratio; OR: Odds ratio; 95% CI: 95% confidence interval; NA: Not available; GS: Gleason score; pT: pathological tumor stage; SM: Surgical margin status; PSA: Pre-operative serum PSA; EP: Extracapsular penetration; pN: Pathological lymph node status; SV: Seminal vesicles involvement.



	
Methylation Marker

	
Sample Size

	
Specimens

	
Method

	
End-Point

	
Univariate

	
Multivariate

	
Factors Adjusted for in Multivariate Analysis:

	
Reference




	
HR

	
95% CI

	
p-Value

	
HR

	
95% CI

	
p-Value






	
ABHD9

	
223

	
RP (FFPE)

	
qMSP

	
BCR

	
NA

	
NA

	
<0.001

	
NA

	
NA

	
0.016

	
GS, pT, SM

	
Cottrell et al. [57]




	
ABHD9

	
592

	
RP (FFPE)

	
qMSP

	
BCR/Clinical recurrence

	
1.9

	
1.1–3.1

	
0.02

	
NA

	
NA

	
NA

	
NA

	
Weiss et al. [16]




	
ABHD9

	
407

	
RP (FFPE)

	
450K

	
Progression/PC specific death

	
NA

	
NA

	
NA

	
1.16

	
0.77–1.75

	
NA

	
Age, GS, pT, PSA

	
Stott-Miller et al. [58]




	
APC

	
157

	
Benign tissue (RP, TURP, needle biopsies) (FFPE)

	
qMSP

	
PC specific death

	
NA

	
NA

	
0.007

	
1.91

	
1.03–3.56

	
NA

	
GS, methylation in tumor tissue

	
Richiardi et al., 2013 [53]




	
APC/GSTP1

	
157

	
Benign tissue (RP, TURP, needle biopsies) (FFPE)

	
qMSP

	
PC specific death

	
NA

	
NA

	
NA

	
2.4

	
1.15–5.01

	
0.032

	
GS, methylation in tumor tissue

	
Richiardi et al., 2013 [53]




	
APC, cohort 1 + 2

	
459

	
RP, TURP, needle biopsies (FFPE)

	
MSP

	
PC specific death

	
NA

	
NA

	
NA

	
1.49

	
1.11–2.00

	
NA

	
GS

	
Richiardi et al., 2009 [54]




	
APC, cohort 1

	
216

	
RP, TURP, needle biopsies (FFPE)

	
MSP

	
PC specific death

	
NA

	
NA

	
0.11

	
1.42

	
0.98–2.07

	
NA

	
GS

	
Richiardi et al., 2009 [54]




	
APC, cohort 2

	
243

	
RP, TURP, needle biopsies (FFPE)

	
MSP

	
PC specific death

	
NA

	
NA

	
0.02

	
1.57

	
0.95–2.62

	
NA

	
GS

	
Richiardi et al., 2009 [54]




	
APC

	
219

	
RP (FFPE)

	
qMSP

	
BCR

	
NA

	
NA

	
0.028

	
2.22

	
0.78–6.32

	
0.137

	
GS, pT, SM, age

	
Liu et al. [51]




	
APC/TGFB2/HOXD3

	
219

	
RP (FFPE)

	
qMSP

	
BCR

	
NA

	
NA

	
<0.001

	
2.01

	
1.14–3.57

	
0.017

	
GS, pT, SM, age

	
Liu et al. [51]




	
APC

	
74

	
RP (GS 7) (FFPE)

	
qMSP

	
BCR

	
1.6

	
0.8–3.19

	
0.18

	
3

	
1.42–6.32

	
0.004

	
Age, GSTP1 hypermethylation

	
Rosenbaum et al. [55]




	
APC

	
83

	
Needle biopsies

	
qMSP

	
PC specific survival

	
NA

	
NA

	
0.01

	
3.51 (OR)

	
1.23–9.96

	
0.018

	
Age, PSA, pT, GS

	
Henrique et al. [50]




	
APC

	
83

	
Needle biopsies

	
qMSP

	
BCR

	
NA

	
NA

	
0.002

	
2.58 (OR)

	
1.29–5.16

	
0.008

	
Age, PSA, pT, GS

	
Henrique et al. [50]




	
APC

	
151

	
RP (FFPE)

	
MSP

	
BCR

	
1.26 (OR)

	
0.58–2.74

	
0.57

	
NA

	
NA

	
NA

	
NA

	
Alumkal et al. [48]




	
APC

	
84

	
RP (GS ≤ 7) (FFPE)

	
qMSP

	
BCR

	
0.667

	
0.21–2.15

	
0.497

	
NA

	
NA

	
NA

	
NA

	
Moritz et al. [52]




	
Chr3-EST

	
223

	
RP (FFPE)

	
qMSP

	
BCR

	
NA

	
NA

	
<0.001

	
NA

	
NA

	
0.043

	
GS, pT, SM

	
Cottrell et al. [57]




	
Chr3-EST

	
598

	
RP (FFPE)

	
qMSP

	
BCR/Clinical recurrence

	
2.1

	
1.2–3.5

	
0.007

	
NA

	
NA

	
NA

	
NA

	
Weiss et al. [16]




	
GSTP1

	
157

	
Benign tissue (RP, TURP, needle biopsies) (FFPE)

	
qMSP

	
PC specific death

	
NA

	
NA

	
0.02

	
1.6

	
0.80–3.19

	
NA

	
GS, methylation in tumor tissue

	
Richiardi et al., 2013 [53]




	
GSTP1

	
83

	
Needle biopsies

	
qMSP

	
BCR

	
NA

	
NA

	
0.047

	
NA

	
NA

	
NA

	
NA

	
Henrique et al. [50]




	
GSTP1

	
74

	
RP (GS 7) (FFPE)

	
qMSP

	
BCR/metastasis/death

	
0.34

	
0.13–0.88

	
0.03

	
0.29

	
0.11–0.77

	
0.01

	
Age, APC/CCND2 hypermethylation

	
Rosenbaum et al. [55]




	
GSTP1

	
151

	
RP (FFPE)

	
MSP

	
BCR

	
1.07 (OR)

	
0.53–2.18

	
0.85

	
0.30 (OR)

	
0.07–1.24

	
0.1

	
GS, SM, SV, EP, PSA, pN

	
Alumkal et al. [48]




	
GSTP1

	
84

	
RP (GS ≤ 7) (FFPE)

	
qMSP

	
BCR

	
1.772

	
0.76–4.15

	
0.187

	
NA

	
NA

	
NA

	
NA

	
Moritz et al. [52]




	
GSTP1, cohort 1

	
216

	
RP, TURP, needle biopsies (FFPE)

	
MSP

	
PC specific death

	
NA

	
NA

	
NA

	
1

	
0.64–1.58

	
NA

	
GS

	
Richiardi et al., 2009 [54]




	
GSTP1, cohort 2

	
243

	
RP, TURP, needle biopsies (FFPE)

	
MSP

	
PC specific death

	
NA

	
NA

	
NA

	
1.44

	
0.82–2.54

	
NA

	
GS

	
Richiardi et al., 2009 [54]




	
GSTP1

	
60

	
RP

	
qMSP

	
BCR

	
5.31 (OR)

	
0.63–45.07

	
0.13

	
NA

	
NA

	
NA

	
NA

	
Woodson et al., 2006 [59]




	
HOXD3

	
232

	
RP

	
qMSP

	
BCR

	
NA

	
NA

	
0.043

	
0.5

	
0.19–1.33

	
0.16

	
GS, SM, pT

	
Kron et al., 2010 [60]




	
HOXD3

	
195

	
RP

	
qMSP

	
BCR

	
NA

	
NA

	
0.067

	
1.246

	
0.72–2.15

	
0.431

	
pT, SM, age, GS, PSA

	
Kron et al., 2012 [61]




	
HOXD3

	
407

	
RP (FFPE)

	
450K

	
Progression/PC specific death

	
NA

	
NA

	
NA

	
1.7

	
1.14–2.54

	
NA

	
Age, GS, pT, PSA

	
Stott-Miller et al. [58]




	
PTGS2

	
36

	
RP (FF)

	
qMSP

	
BCR

	
2.82

	
1.07-7.44

	
0.04

	
4.26

	
1.36–13.36

	
0.01

	
GS, pT, PSA

	
Yegnasubramanian et al. [56]




	
PTGS2/CD44

	
60

	
RP

	
qMSP

	
BCR

	
10.56 (OR)

	
2.35–47.54

	
0.002

	
8.87 (OR)

	
1.85–42.56

	
0.006

	
GS

	
Woodson et al., 2006 [59]




	
PTGS2

	
60

	
RP

	
qMSP

	
BCR

	
4.38 (OR)

	
1.13–17.40

	
0.04

	
NA

	
NA

	
NA

	
NA

	
Woodson et al., 2006 [59]




	
RARB

	
84

	
RP (GS ≤ 7) (FFPE)

	
qMSP

	
BCR

	
2.686

	
1.15–6.29

	
0.023

	
1.674

	
0.69-4.06

	
0.254

	
GS, pT, PSA, pN,

	
Moritz et al. [52]




	
RARB

	
74

	
RP (GS 7) (FFPE)

	
qMSP

	
BCR/metastasis/death

	
1.22

	
0.59–2.52

	
0.59

	
NA

	
NA

	
NA

	
NA

	
Rosenbaum et al. [55]




	
RARB

	
60

	
RP

	
qMSP

	
BCR

	
3.34 (OR)

	
0.66–17.29

	
0.14

	
NA

	
NA

	
NA

	
NA

	
Woodson et al., 2006 [59]




	
RASSF1A

	
83

	
Needle biopsies

	
qMSP

	
BCR

	
NA

	
NA

	
0.019

	
NA

	
NA

	
NA

	
NA

	
Henrique et al. [50]




	
RASSF1A

	
219

	
RP (FFPE)

	
qMSP

	
BCR

	
NA

	
NA

	
0.556

	
0.74

	
0.42–1.29

	
0.284

	
GS, pT, SM, age

	
Liu et al. [51]




	
RASSF1A

	
74

	
RP (GS 7) (FFPE)

	
qMSP

	
BCR/metastasis/death

	
0.7

	
0.31–1.59

	
0.39

	
NA

	
NA

	
NA

	
NA

	
Rosenbaum et al. [55]










3.1. APC

This gene encodes the adenomatous polyposis coli (APC) protein, which is a well-characterized tumor suppressor regulating canonical Wnt signaling that is essential for tumorigenesis [46]. The APC promoter region has been found to be frequently hypermethylated in PC [47].

Through our Pubmed search, we found a total of nine studies examining the correlation between APC methylation status in prostate tissue samples and PC disease progression [48,49,50,51,52,53,54,55,56]. In one of these studies, Richiardi et al. [53] reported that APC hypermethylation in histologically non-neoplastic prostate adjacent to PC tumor tissue was predictive of PC specific death in a cohort of 157 patients with more than 14 years follow-up. The tissue sample set consisted of both RP, transurethral resection of the prostate (TURP) and needle-biopsy specimens, and analyses were conducted using qMSP. Not only did the authors find that APC hypermethylation was predictive of PC specific death in univariate and multivariate analysis (although no p-value was reported for the latter), but also that combined high methylation of APC and GSTP1 in adjacent normal tissue was associated with significantly increased risk of PC specific death (Table 2). These results suggest a possible role of hypermethylation of adjacent non-malignant tissue in PC progression. However, a limitation of this study was that multivariate analysis was conducted adjusting for Gleason score only, and that no independent validation cohort was included [53]. In an earlier study by the same group [54], APC methylation was investigated (using MSP) in malignant PC tissue samples from two large patient sets, counting 216 and 243 PC specimens, respectively, and consisting of RP, TURP and diagnostic needle biopsy specimens. APC methylation was found to be a significant predictor of PC specific death when both cohorts were combined and was borderline significant in each of the two cohorts when analyzed separately (Table 2) [54]. Thus, in these studies [53,54], APC hypermethylation in adjacent non-neoplastic prostate and PC tissue, respectively, was found to be predictive of PC specific death. Although this indicates that APC may have independent prognostic value, both studies were limited by missing clinicopathological variables other than Gleason score.

Another study [51] investigated the correlation between APC hypermethylation in PC tumor tissue and BCR using qMSP analysis of 219 RP specimens. In multivariate analysis, APC hypermethylation was a significant predictor of BCR only in the subgroup consisting of 141 patients with tumor stage pT2 (HR (95% CI): 2.174 (1.044–4.530), p = 0.038) [51] (see also Table 2). When the methylation status of APC, TGFB2, and HOXD3 was combined into a panel, the authors found that high methylation of two or more genes significantly predicted PSA recurrence in multivariate analysis (Table 2) [51]. This interesting finding, however, remains to be validated in an independent patient cohort.

In concordance with the three studies described above, two smaller studies [50,55] reported APC hypermethylation to be significantly associated with either BCR, metastasis and/or death in multivariate analysis (Table 2). One of these studies was conducted on RP samples exclusively from patients with Gleason score 7 tumors [55], the other on needle-biopsy samples from PC patients treated by RP, RT and/or androgen deprivation therapy (ADT) [50]. In contrast to the five studies already mentioned, four studies [48,49,52,56] found no significant association between APC hypermethylation and PC progression, which for three of the studies [49,52,56] could be due to small sample size (<85 patients, Table 2). The last of the four negative studies [48] was conducted using MSP on 151 RP specimens, but no significant correlation was found between APC methylation and BCR in univariate analysis.

In summary, several studies have shown a significant correlation between APC hypermethylation and increased risk of PC progression, suggesting that methylation of APC could have prognostic utility for PC. Accordingly, further investigations are warranted for this candidate marker, especially large-scale studies using well-defined PC patient cohorts as well as clearly defined clinical endpoints.





3.2. PTGS2

PTGS2 encodes prostaglandin-endoperoxide synthase 2, or cyclooxygenase-2 (COX-2), a pro-inflammatory enzyme required for prostaglandin biosynthesis. It promotes carcinogenesis by stimulating cell growth, survival, invasiveness, and neoangiogenesis, and high expression of PTGS2 has been associated with adverse clinical outcome in several human hematological malignancies and solid tumors, including PC [62]. In seeming conflict with this, however, several studies have reportedpromoter hypermethylation of PTGS2 in PC [49,63,64]. Hypermethylated PTGS2 has also been detected in body fluid samples from PC patients (discussed below).

The correlation between PTGS2 methylation in RP specimens from PC patients and BCR has been investigated in three studies [49,56,59], all using qMSP on samples from 60 patients or less. In one study [56], including only 36 patients, high methylation of PTGS2 was found to indicate a more than four-fold increased risk of BCR after adjusting for Gleason score, tumor stage, and pre-operative PSA in multivariate analysis (Table 2). Another study [59] found that the combined hypermethylation of PTGS2 and CD44 gave an almost nine-fold increased risk of BCR in multivariate analysis adjusting for Gleason score only (Table 2), although in this study, PTGS2 methylation alone was significant in univariate analysis only (Table 2) [59]. Finally, a single study [49] found no significant correlation between PTGS2 methylation status and BCR. Accordingly, further investigation in larger cohorts is needed to assess the potential prognostic value of PTGS2 methylation in PC and, furthermore, how this may relate to gene expression.



3.3. RARB

RARB encodes the retinoic acid receptor beta, a nuclear transcriptional regulator mediating cellular signaling in cell growth and differentiation. It is expressed in most tissues and is thought to exert a tumor suppressor function by regulating gene expression. Furthermore, RARB is frequently found silenced and hypermethylated in PC [65].

In total, five studies have investigated methylation of RARB in RP or needle-biopsy specimens, all using sample sets counting <100 specimens, various clinical end-points, and either quantitative or non-quantitative MSP [49,50,52,55,59]. Only one study [52] reported significant association between RARB hypermethylation and BCR in a sample set of 84 RP specimens from tumors with Gleason score ≤7, where RARB hypermethylation was a significant predictor of BCR in univariate Cox regression analysis when analyzed as a continuous variable, and also in Kaplan-Meier analysis as a dichotomized variable. It was, however, not found significant in multivariate analysis (Table 2) [52].

Thus, so far, the correlation between RARB methylation and PC progression has only been subject to investigation in small sample sets, and further studies examining the association to PC prognosis in large patient cohorts are needed.



3.4. RASSF1A

This gene encodes the RAS association domain-containing protein 1, which exerts classic tumor suppressor functions through its involvement in DNA repair and induction of cell cycle arrest. Loss or altered expression of RASSF1A has been found in many cancers, and gene silencing has been found correlated with promoter-associated CGI hypermethylation in PC [66].

A total of four studies have investigated the correlation between RASSF1A methylation status in either RP or needle-biopsy specimens and risk of PC progression (various clinical endpoints) using qMSP [50,51,55,56]. Small sample size was a limiting factor in three of the four studies [50,55,56]. In one of the smaller studies [50], RASSF1A hypermethylation was investigated in 83 needle-biopsy specimens from PC patients treated by RP, RT, and/or ADT. A significant association between RASSF1A hypermethylation and BCR was found in univariate log-rank, but not in multivariate analysis (Table 2) [50]. The only study using a larger cohort, counting 219 PC patients [51], did not find a significant correlation between RASSF1A methylation status and BCR (Table 2), nor did the remaining two small-scale studies [55,56].

So far, rather preliminary results have been reported for RASSF1A methylation in relation to PC progression, and further studies are needed to investigate whether RASSF1A hypermethylation adds independent prognostic value to the established clinicopathological parameters.



3.5. ABHD9

ABHD9, or EPHX3, encodes epoxide hydrolase 3. Little is known about this protein, except that it is involved in detoxification and processing of epoxides. The ABHD9 promoter region was found to be significantly hypermethylated in high grade PC in a genome-wide screening study using a methylation microarray for analysis of 304 PC tumor specimens [57]. The authors tested these findings in a new independent patient sample set of 223 RP specimens using qMSP [57]. Here, ABHD9 hypermethylation was found to be predictive of BCR in univariate as well as multivariate analysis, adjusting for Gleason score, tumor stage, and surgical margin status (Table 2). Another study [16], using qMSP on 592 RP specimens, reported a significant association between ABHD9 hypermethylation and PC progression (BCR or clinical recurrence) in univariate, but not in multivariate analysis (Table 2). Finally, a more recent study [58] investigated the methylation status in RP specimens from 407 PC patients using the Illumina Infinium HumanMethylation450 BeadChip (Illumina 450K array), which interrogates >450,000 CpG sites in the human genome. Here, ABDH9 hypermethylation was not found to be significantly associated with time to progression (Table 2), however in this study, progression was very broadly defined as either BCR (PSA ≥ 0.2 ng/mL), receipt of secondary treatment, positive imaging results, prostate bed or lymph node biopsy showing tumor content, diagnosis of tumor recurrence, or PC-specific death.

Based on these studies, which all include large sample sizes, there is some evidence supporting ABHD9 hypermethylation as a possible independent prognostic marker for PC and further investigation is warranted.



3.6. HOXD3

This gene (also known as HOX4, HOX1D, HOX4A and Hox-4.1) encodes homeobox D3, a protein that may play a role in the regulation of cell adhesion processes, but a clear function has yet to be elucidated. In PC, the HOXD3 promoter region has been found hypermethylated [60,67], but there is no clear indication of differential HOXD3 expression between benign and malignant prostate tissue according to publicly available datasets [68].

By methylation analysis of 232 RP specimens using qMSP [60], Kron and colleagues found that HOXD3 was a significant independent predictor of BCR in univariate log-rank analysis, but not in multivariate Cox regression analysis adjusting for Gleason score, tumor stage, and surgical margin status (Table 2). However, when analyzing the combined methylation status of HOXD3, APC, and/or TGFB2, high methylation was shown to be predictive of BCR in multivariate analysis [51]. Furthermore, a more recent study by Kron et al. [61] failed to confirm the significant association between HOXD3 methylation and BCR in univariate as well as multivariate analysis of 195 RP specimens using qMSP (Table 2).

The Illumina 450K methylation array was recently used to analyze methylation of 407 RP specimens, using a broad spectrum of clinical end points for progression [58]. When analyzed as a dichotomized variable, HOXD3 methylation was found significantly associated with progression in univariate log-rank analysis as well as in multivariate analysis adjusting for age, Gleason score, pre-operative PSA, and pathological tumor stage (Table 2). However, the median time for progression-free survival was very long in the low (19.4 years) as well as in the high methylation group (17.0 years) [58].

Thus, based on these analyses, there is some evidence supporting a prognostic value of HOXD3 methylation, but further investigation is needed.



3.7. Chr3-EST

Chr3-EST, an expressed sequence tag on chromosome 3, was reported as hypermethylated in high grade tumors in a genome-wide screening study using a methylation microarray for profiling of 304 RP tumor specimens [57]. Further investigation, using qMSP on an independent sample set of 223 RP specimens, showed that hypermethylated Chr3-EST was a borderline significant predictor of BCR in univariate log-rank analysis, and also significant in multivariate Cox regression analysis adjusting for Gleason score, tumor stage, and surgical margin status (Table 2) [57]. However, another study [16] investigating Chr3-EST methylation in 598 RP specimens using qMSP, reported that Chr3-EST was a significant predictor of biochemical or clinical recurrence in univariate analysis only (Table 2). These results from two studies using large patient cohorts provide some preliminary evidence of a prognostic potential of Chr3-EST methylation in PC and thus warrant further investigations.



3.8. GSTP1

GSTP1 encodes glutathione S-transferase, a tumor suppressing enzyme involved in drug metabolism and detoxification, working to protect DNA from oxidative damage. Hypermethylation of the GSTP1 promoter-associated CGI is the most extensively studied epigenetic biomarker for PC, particularly with regards to diagnostic applications [69]. GSTP1 hypermethylation has been observed in >90% of PC tissues, but is rarely seen in the histologically normal prostate or in other human tissues, occurring with significant frequency only in liver and breast cancers [56,70]. Thus, GSTP1 hypermethylation has been suggested as a diagnostic PC biomarker in tissue as well as body fluids.

A total of nine studies have investigated GSTP1 promoter methylation in either adjacent non-malignant or prostate cancer tissue samples in relation to risk of PC recurrence by multivariate analysis. First, Richiardi et al. [53] investigated GSTP1 hypermethylation in 157 samples of non-malignant tissue adjacent to tumor from RP, TURP, or needle-biopsy specimens using qMSP. In this study, GSTP1 methylation was significantly correlated to PC specific death in univariate analysis, but GSTP1 was not independent of Gleason score in multivariate analysis (Table 2) unless combined with APC, as mentioned above (Table 2) [53].

Furthermore, a smaller study [50] investigated GSTP1 methylation in malignant tissue samples from 83 diagnostic needle-biopsy specimens from PC patients treated by RP, RT and/or ADT, and showed a moderate correlation between GSTP1 hypermethylation and time to BCR in log-rank univariate analysis, but no significance in multivariate Cox regression analysis (Table 2). Another small-scale study [55] analyzed GSTP1 methylation in 74 RP specimens from PC tumors with Gleason score 7. Here, patients with high levels of GSTP1 methylation in fact were found to have significantly decreased risk of progression (BCR, metastasis, or death) after RP as compared to the low-methylation group in multivariate analysis (Table 2) [55]. The remaining six studies reported no significant correlation between GSTP1 methylation status in malignant tissue samples and PC progression [48,49,52,54,56,59]. Amongst these was a large scale study [54] comprising two large independent sample sets counting 216 and 243 RP, TURP, and needle biopsy PC tumor specimens, respectively, reporting no significant correlation between GSTP1 methylation and PC specific death (Table 2). Taken together, conflicting evidence has been published regarding the prognostic value of GSTP1 hypermethylation, and further investigations are needed.




4. Other Genes Investigated as Potential Methylation Markers for PC Prognosis

Table 3 lists several other genes that have been investigated as prognostic candidate methylation biomarkers for PC in at least two cohorts, and for which statistically significant correlation between methylation levels and PC progression was found in univariate but not in multivariate analysis. Table 3 also lists a number of candidate methylation markers that have shown prognostic potential in only a single patient cohort so far.


Table 3. Data for genes investigated as prognostic methylation biomarkers candidates for PC in at least two cohorts, showing statistically significant correlation to PC progression in univariate analysis only, in addition to candidate methylation markers that have shown prognostic potential in a single cohort; RP: Radical prostatectomy; TURP: Transurethral resection of the prostate; FFPE: Formalin-fixed, paraffin embedded; FF: Fresh frozen; MSP: Methylation-specific PCR; qMSP: Quantitative MSP; BCR: Biochemical recurrence; HR: Hazard ratio; OR: Odds ratio: 95% CI: 95% confidence interval; NA: Not available; GS: Gleason score; pT: pathological tumor stage; SM: Surgical margin status; PSA: Pre-operative serum PSA; EP: Extracapsular penetration; SV: Seminal vesicle involvement; pN: Pathological lymph node status.



	
Methylation Marker

	
Sample Size

	
Specimens

	
Method

	
End-Point

	
Univariate

	
Multivariate

	
Factors Adjusted for in Multivariate Analysis:

	
Reference




	
HR

	
95% CI

	
p-Value

	
HR

	
95% CI

	
p-Value






	
AIM1

	
95

	
RP (GS 7) (FFPE)

	
qMSP

	
BCR

	
0.4

	
0.18–0.89

	
0.02

	
0.45

	
0.2–1.0

	
0.05

	
pN, age

	
Rosenbaum et al. [55]




	
CD44

	
60

	
RP

	
qMSP

	
BCR

	
6.83 (OR)

	
1.67–27.99

	
0.008

	
NA

	
NA

	
NA

	
NA

	
Woodson et al., 2006 [59]




	
CDH13

	
151

	
RP (FFPE)

	
MSP

	
BCR

	
1.80 (OR)

	
0.90–3.61

	
0.1

	
5.51 (OR)

	
1.34–22.67

	
0.02

	
GS, SM, SV, EP, PSA

	
Alumkal et al. [48]




	
CDH13/ASC

	
151

	
RP (FFPE)

	
MSP

	
BCR

	
NA

	
NA

	
NA

	
5.64 (OR)

	
1.47–21.7

	
0.01

	
GS, SM, SV, EP, PSA

	
Alumkal et al. [48]




	
CDKN2A

	
151

	
RP (FFPE)

	
MSP

	
BCR

	
0.43 (OR)

	
0.19–0.98

	
0.05

	
0.43 (OR)

	
0.10–1.90

	
0.27

	
GS, SM, SV, EP, PSA

	
Alumkal et al. [48]




	
GPR7

	
596

	
RP (FFPE)

	
qMSP

	
BCR/clinical recurrence

	
2.3

	
1.4–3.9

	
0.002

	
NA

	
NA

	
NA

	
NA

	
Weiss et al. [16]




	
GPR7

	
153

	
RP (FFPE)

	
Methylation array

	
BCR

	
NA

	
NA

	
0.0002

	
NA

	
NA

	
NA

	
NA

	
Cottrell et al. [57]




	
HSBP1

	
415

	
Needle biopsies, TURP (FF/FFPE)

	
Pyro-sequencing

	
PC specific death

	
1.12

	
1.02–1.23

	
0.02

	
1.18

	
0.98–1.41

	
0.075

	
GS, PSA, % PC in biopsy, age

	
Vasiljevic et al. [76]




	
KLK10

	
124

	
RP

	
qMSP

	
BCR

	
NA

	
NA

	
0.046

	
2.11

	
1.10–4.02

	
0.028

	
GS, pT, SM

	
Olkhov-Mitsel et al. [73]




	
miR-205

	
149

	
RP (FF)

	
qMSP

	
BCR or local recurrence

	
2.62

	
1.2–5.7

	
0.012

	
2.23

	
0.99–5.0

	
0.05

	
GS, pT

	
Hulf et al. [72]




	
RUNX3 (cohort 1)

	
216

	
RP, TURP, needle biopsy (FFPE)

	
MSP

	
PC specific death

	
NA

	
NA

	
0.32

	
1.22

	
0.70–2.14

	
NA

	
GS

	
Richiardi et al., 2009 [54]




	
RUNX3 (cohort 2)

	
243

	
RP, TURP, needle biopsy (FFPE)

	
MSP

	
PC specific death

	
NA

	
NA

	
0.05

	
1.56

	
0.95–2.56

	
NA

	
GS

	
Richiardi et al.,2009 [54]




	
SOCS3

	
35

	
RP (FFPE)

	
MSP

	
BCR/local recurrence/metastasis

	
13.01

	
2.58–65.47

	
0.0019

	
11.17

	
1.288–96.96

	
0.029

	
GS, pT, PSA, SM

	
Pierconti et al. [77]




	
TBX15

	
195

	
RP

	
qMSP

	
BCR

	
NA

	
NA

	
0.003

	
1.241

	
0.731–2.104

	
0.424

	
pT, SM, age, GS, PSA

	
Kron et al., 2012 [61]




	
TBX15/HOXD3

	
195

	
RP

	
qMSP

	
BCR

	
NA

	
NA

	
0.002

	
1.409

	
0.864–2.299

	
0.17

	
pT, SM, age, GS, PSA

	
Kron et al., 2012 [61]









Amongst the listed candidate genes is GPR7 (also known as NPBWR1). This gene encodes neuropeptide B/W receptor 1, a protein with neuroendocrine function but its potential role in prostate tissue is unknown. So far, two studies have conducted methylation analysis of the GPR7 promoter region on large sample sets counting 153 and 598 RP specimens, respectively [16,57]. In both studies, hypermethylation of GPR7 was a significant predictor of BCR or local recurrence in univariate, but not multivariate analysis (Table 3). Likewise, aberrant promoter hypermethylation of CD44 has been observed in PC and loss of CD44 expression has been associated with PC aggressiveness [71]. CD44 encodes a cell-surface glycoprotein involved in cell-cell interaction, cell migration and adhesion. Hypermethylation of the CD44 promoter region was found to be predictive of BCR in univariate analysis in a single study [59], using a small sample set of 60 RP specimens, whereas a larger study [48] of 151 RP specimens was unable to confirm this (Table 3).

Another study [72], comprising one sample set of 149 RP specimens, showed that hypermethylation and downregulation of miR-205 was a significant predictor of PC progression in both univariate and multivariate analysis (Table 3). Moreover, another study [73] investigated the DNA methylation of KLK6 and KLK10 in two large RP sample sets (ncohort1 = 150, ncohort2 = 124) using qMSP. However, clinical follow-up data was not available for cohort 1 and the prognostic potential was therefore investigated in cohort 2 only, where it was found that hypo methylation of KLK10 was a significant predictor of BCR in both univariate and multivariate analysis (Table 3). While these results are clearly interesting, the prognostic potential of both miR-205 and KLK10 has been demonstrated only in a single cohort so far. Thus, further investigations are needed to assess their potential value for PC prognosis.



5. Genome-Wide Methylation Profiling

In recent years, new technologies such as methylation microarrays and next-generation sequencing (NGS) have made it possible to conduct genome-wide DNA methylome profiling studies, in turn uncovering focal hypermethylation at multiple gene loci at single base resolution. Thus, biomarker discovery studies using these novel technologies for genome-wide screening of DNA methylation aberrations are now beginning to produce long lists of novel candidate methylation markers for PC diagnosis and prognosis.

In one study [74], the Illumina 27K methylation array was used to investigate DNA methylation in 238 tissue samples from PC patients. Binary analyses were conducted for PC (n = 198, RP specimens) vs. non-malignant prostate tissue samples (n = 40), recurrence (clinical recurrence or BCR, n = 123) vs. non-recurrence (n = 75), as well as for specific recurrence sub-groups (clinical vs. BCR, local vs. systemic). These analyses generated lists of several significantly differentially methylated genes, with a total of 147 genes in the comparison of PC vs. nonmalignant prostate tissue, 75 in the recurrence vs. non-recurrence analysis, 16 in the comparison of clinical vs. biochemical recurrence, and 68 in the local vs. systemic recurrence analysis. For each comparison, three to five genes were selected for validation by pyrosequencing in an independent patient set, in each case counting a total of 20 samples relevant to the groups being analyzed. Additionally, in order to more directly predict relapse and risk of BCR, uni- and multivariate Cox regression analyses were conducted [74]. In multivariate analysis, adjusting for Gleason score and tumor stage, 183 genes were found to predict PC recurrence. Here, 16 of the 75 genes found through binary analysis of recurrence vs. non-recurrence were reported to be among the 183 genes significant in the multivariate analysis, and three of these (FLNC, HS3ST2 and RASGRF2) were also amongst the candidates validated by pyrosequencing [74].

Another study [75] used the more recently developed Illumina 450K methylation array to investigate global methylation patterns in a small sample set of 19 PC (RP) and four non-malignant specimens. A total of 7031 genes were identified as significantly differentially methylated between cancerous and non-malignant prostate tissue, of which 122 were also inversely correlated to expression. However, when comparing recurrent (BCR) vs. non-recurrent PC, only two CpG sites were significantly differentially methylated, but these were not subjected to further validation [75]. In a separate study, also using the Illumina 450K array, Stott-Miller et al. [58] investigated the methylation status of a set of 14 previously reported candidate methylation markers for PC prognosis (ABHD9, APC, ASC, CD44, CDH13, GPR7, GSTP1, HOXD3, MDR1, PITX2, PTGS2, RARB, RASSF1A, and RUNX3) in 407 PC specimens from RP patients. A gene was considered to be validated as a prognostic candidate marker if at least 50% of the promoter-associated CpG sites interrogated by the array were significantly hypermethylated in tumor samples from recurrent patients compared to non-recurrent patients. Thus, only ABHD9 and HOXD3 were deemed significant [58], as discussed above for the respective genes. However, statistical significance was the sole criteria for significant hypermethylation, whereas the absolute difference in methylation levels between the two investigated groups was not considered in this study [58].



In a recent NGS study, Lin et al. [78] used enhanced reduced representation bisulfite sequencing (eRRBS) to investigate DNA methylation at >2.5 million single CpG sites in seven matched pairs of PC and non-malignant tissue samples as well as six CRPC specimens with neuroendocrine phenotype, leading to the identification of a panel of 13 gene-associated CGIs (GSTP1, GRASP, TMP4, KCNC2, TBX1, ZDHHC1, CAPG, RARRES2, SAC3D1, NKX2-1, FAM107A, SLC13A3, FILIP1L) that exhibited increased methylation in disease progression concurrent with downregulation of expression. The ability of the 13-gene panel to distinguish non-malignant prostate tissue from PC, as well as localized PC from CRPC, was confirmed in a small independent patient set. While these results are interesting, further studies in large PC patient cohorts with long follow-up are needed to assess the actual clinical value of these 13 CGIs as potential diagnostic and/or prognostic biomarkers [78].

In summary, the development of new technologies for genome-wide methylation analysis has led to the identification of a vast number of genes aberrantly methylated in PC and thereby has accelerated the discovery of novel candidate biomarkers for PC diagnosis and prognosis. However, most of the studies published so far have been conducted using relatively small discovery cohorts and/or lack sufficient independent clinical validation. Furthermore, it largely remains to be investigated to which extent aberrant methylation patterns in genomic regions outside of gene promoters and outside of CGIs might be used for biomarker development in PC.



6. DNA Methylation in Biofluids

DNA methylation of circulating cell-free DNA (cfDNA) is detectable in body fluids, including whole blood, plasma, serum, urine, and semen [36,79,80], and thus holds promise for future clinical use as it may enable detection of tumor-specific epigenetic aberrations by non-invasive testing. Moreover, non-invasive biomarkers can be analyzed repeatedly in the same patient, potentially allowing for real-time monitoring of e.g., disease progression and therapy response. A meta-analysis of 22 peer-reviewed studies concluded that GSTP1 hypermethylation has great potential as a body fluid biomarker for PC diagnosis [80]. Indeed, detection of GSTP1 hypermethylation in plasma, serum and/or urine samples was found to predict PC with much higher specificity (>90%) than PSA (approximately 20%), although the sensitivity of GSTP1 was modest [80]. In contrast, few studies have investigated the prognostic potential of measuring DNA methylation in biofluids.

Bastian and colleagues [31] used qMSP to investigate the association between BCR and GSTP1 methylation in pre-operative serum samples from 85 PC patients treated by RP. In univariate analysis, GSTP1 hypermethylation was associated with 24-fold increased risk of BCR (HR (95% CI): 24.0 (2.5–231.2); p = 0.006), but only four patients suffered BCR in this cohort. Therefore, GSTP1 hypermethylation was investigated in pre-operative serum samples from a larger cohort of 110 PC patients of which 50% suffered BCR after RP [31]. Of note, the two sub-groups in this second cohort were matched for Gleason score. Consistent with the initial findings, GSTP1 hypermethylation was found to be significantly associated with BCR in univariate (HR (95% CI): 3.0 (1.4–6.4); p < 0.001) as well as in multivariate analysis, where hypermethylated GSTP1 in serum was associated with 4.4-fold increased risk of BCR (HR (95% CI): 4.4 (2.2–8.8), p < 0.001) [31]. However, in another study using qMSP analysis, Ellinger and colleagues [32] found no significant association between BCR and detection of hypermethylated GSTP1 (or of PTGS2, Reprimo, or TIG1) in pre-operative serum samples from 122 PC patients treated by RP [32].

Another study [33] analyzed whole blood samples from 76 CRPC patients, treated by maximum androgen blockage, in order to detect circulating tumor cells (CTCs) and methylated DNA (using qMSP) for a five-gene candidate marker panel (GSTP1, APC, PTGS2, MDR1 and RASSF1A). Here, detection of CTCs was highly significantly correlated with detection of DNA methylation, suggesting that CTCs contribute genomic DNA to the methylation analysis. Detection of at least one methylated marker gene (vs. none) in whole blood was highly statistically significant for poor overall survival in univariate (p < 0.001) as well as multivariate analysis (HR (95% CI) of 1.83 (1.07–2.96), p < 0.001). Detection of CTCs also remained significant in the multivariate model (p = 0.019), whereas Gleason score and pre-operative PSA failed. The prognostic potential of individual marker genes was not reported [33].

Future prognostic tests for PC may also be urine-based. An early study [36] reported that GSTP1 hypermethylation was detectable by qMSP in urine specimens after prostatic massage with high sensitivity and specificity for PC. Furthermore, Payne and colleagues [34] reported that all four investigated PC methylation marker candidates in their study, including GSTP1, performed better in qMSP analysis of urine compared to plasma samples, raising the possibility that urine samples may be particularly useful for detection of PC tumor-specific DNA methylation. As proof of principle, these preliminary studies show that detection of aberrant cancer-specific DNA methylation in biofluids is feasible and may be useful for development of clinically relevant prognostic biomarkers for PC.



7. Discussion

The routine prognostic indicators available today cannot distinguish clearly between aggressive and non-aggressive PC at the time of diagnosis [81]. Combined with excessive use of PSA testing for early detection, this has led to overdiagnosis and overtreatment of many clinically insignificant PCs [82]. Accordingly, there is an urgent need for novel PC biomarkers that can pave the way for better and more personalized treatment.

Several published studies have shown that aberrant focal DNA methylation has the potential to make excellent biomarkers for early cancer detection as well as prediction of outcome [37,38,83,84]. DNA methylation analysis may also increase the sensitivity of PC diagnosis upon biopsy, as aberrant methylation has been detected in histologically normal prostate biopsy specimens from patients with a subsequent cancer diagnosis [30,85,86]. Moreover, PC cell-derived aberrant DNA methylation is detectable in body fluids, making non-invasive testing a possibility [36,79,80]. Several studies have shown that DNA methylation levels correlate with clinicopathological markers of aggressiveness, such as Gleason score and tumor stage [51,52,57,60,61,77,87,88]. Thus, classification based on methylation profiles alone, or in combination with routine clinicopathological variables, could be useful for predicting the clinical course of PC and thus guide treatment decisions [26]. We note that most of the prognostic methylation marker candidates described in this review have been reported to be highly cancer-specific and thus hold potential also as diagnostic biomarker candidates for PC (for recent review see e.g., [37,38]).

Of the methylation marker candidates investigated to date, PITX2, C1orf114, GABRE~miR-452~miR-224 and the three-gene panel AOX1/C1orf114/HAPLN3 currently hold the strongest experimental support for independent prognostic biomarker potential beyond routine clinicopathological variables. The prognostic potential of these candidates for prediction of BCR after RP has been demonstrated in retrospective studies characterized by careful experimental design, including the use of large multi-center PC patient cohorts, stringent independent clinical validation, and multivariate analysis adjusting for routine clinicopathological prognostic factors [13,14,15,16]. Of note, GABRE~miR-452~miR-224 and C1orf114 were found to be highly significant in multivariate analysis not only as dichotomized variables but also as continuous variables, in further support of their potential as independent prognostic biomarkers (see below). Furthermore, combining C1orf114 with two other genes (AOX1 and HAPLN3) in a dichotomized methylation signature was found to increase the prognostic value [14]. Several other studies have also reported that the combination of several biomarker candidates into “signatures” or “panels” has the potential to improve specificity as well as sensitivity, compared to a single biomarker [51,53,55,59,61]. The combination of multiple markers may be particularly useful for PC, which is a notoriously highly heterogeneous disease at the molecular level [89].

The prognostic potential for the remaining candidate biomarkers discussed in this review is supported only by more preliminary evidence. These candidates showed significant prognostic potential in some studies, but not in others, or completely lacked validation. The conflicting findings may be explained by variations in experimental setup and study designs, such as differences in patient cohorts, methods for methylation analysis, sample type and processing, combined with the use of rather small cohorts with limited follow-up in some of the studies. Moreover, we found that many studies did not report results from multivariate analysis unless statistically significant, and there was great variability as to which extent the studies adjusted for known prognostic factors, including tumor stage, Gleason score, pre-operative serum PSA, surgical margin status, and ethnicity (when applicable).

DNA methylation analysis for biomarker applications is often based on dichotomized variables, which in a clinical setting eases interpretation of test results for individual patients. However, it has been argued that dichotomization of variables should not be used in clinical research (including biomarker discovery studies), as cut-point models invariably lead to loss of information and statistical power, as well as increase the probability of false positive results [90]. Moreover, cut-points such as the “median” or “75th percentile” are inherently data-dependent, and the exact cut-off value will thus vary between sample sets. Furthermore, data-derived “optimal” cut-points can introduce over-optimism (over-fitting) bias into the data [90]. Accordingly, future studies investigating the prognostic utility of DNA methylation biomarkers as dichotomized variables should report how the cut-off point was obtained as well as the exact cut-off value. Moreover, methylation marker candidates should be investigated in multiple independent cohorts with large sample sizes, providing sufficient power for statistical analysis and thus also validating the cut-off point in independent sample sets. Compliance to these measures would ease comparison of results between studies and cohorts, and thus help facilitate the translation of novel prognostic biomarker candidates into actual clinical utility. Furthermore, a well-defined clinical end-point is essential. Notably, the very definition of BCR varied between studies reviewed here. In addition, analyses of more clinically relevant end-points are needed, including metastasis, cancer-specific survival, and overall survival. To allow this, it is crucial that cohorts have sufficient follow-up for such analyses, which due to the slowly progressing nature of PC should be at least 15 years [3].

Due to technological advancement, new methods are making it possible to profile epigenetic alterations at a genome-wide scale with high sensitivity, using e.g., microarray technology or NGS-based methods. Whereas previous methods, such as MSP or qMSP, were largely restricted to analysis of a few genes, the new platforms have potentiated global DNA methylome analysis in cancer and normal tissue. Such studies have led to the discovery of genome-wide aberrant DNA methylation patterns in PC, and identification of a large number of DNA methylation changes, many of which have potential as novel diagnostic and some also as prognostic biomarkers [14,74,75,78,91,92,93]. In general, these studies have reported an increase in DNA methylation in PC compared to non-malignant tissue, specifically centered at CGIs and promoter regions, and studies have found an overall inverse correlation between promoter DNA methylation and gene expression [78,91,92]. Moreover, increasing levels of CGI DNA methylation has been found to correlate with increasing disease severity [78,92].

Age is a major risk factor for many cancers, including PC. Interestingly, it has also been established that DNA methylation patterns are subject to age-related alterations, seemingly due to stochastic processes as well as environmental exposures. The aging methylome is characterized by a genome-wide loss of DNA methylation, accompanied by site-specific hypermethylation, similar to the changes observed in cancer. Moreover, most age-related hypermethylation events occur in CGIs, whereas the hypomethylation mainly targets non-CGI regions, and this pattern appears to be consistent across different tissues [94]. Age dependent DNA methylation alters cell physiology and may predispose to malignant transformation [26], and it has been proposed that age induced alterations in DNA methylation may contribute to PC development [95]. Whether age-related changes in methylation can be used as biomarkers for cancer remains to be investigated.

PC often arises in multiple foci from independent precursor cells [96]. The highly heterogeneous and multifocal nature of this disease poses extra challenges to clinicians and researchers, as biopsy samples taken from the prostate may not represent the most clinically relevant lesion and may also not reflect intratumor heterogenetity. Molecular analysis of liquid tumor biopsies (blood, urine or other body fluids) may present a solution to this problem, as circulating cell-free DNA in body fluids may better represent the entire tumor burden, potentially “leaking” tumor DNA into the circulation [97].

In healthy subjects, cfDNA has been found at an average of 30 ng/mL blood [98]. Increased levels of cfDNA are generally associated with pregnancy, as well as disease states such as cancer [99], where the average concentration of cfDNA in blood has been reported at ~180 ng/mL [98]. The exact source and release mechanism of DNA into the circulation is unknown. Most cfDNA is thought to originate from apoptotic and necrotic cells, giving rise to short (70–200 bp) and long (<21 kb) DNA fragments, respectively [97]. Another potential mechanism of cfDNA release is thought to be lysis of intact cancer cells that have intravasated into circulation. Moreover, it has been proposed that cancer cells can actively secrete DNA-nucleoprotein complexes into blood [98]. Most cfDNA seem to be double stranded and present in nucleoprotein or vesicular complexes, presumably protecting the DNA from degradation by plasma nucleases [98,100]. Nevertheless, cfDNA is subject to quick removal from circulation, as studies have shown that fetal cfDNA in maternal blood has a half-life in the range of 4–30 min [101]. The clearance is partly due to plasma nucleases, but cfDNA is also removed by the liver, spleen, and kidneys [101]. In addition to blood, cfDNA isolated from urine is a potential candidate for detection of tumor-specific DNA methylation. A potential problem associated with using urine samples as a source of cfDNA, however, is the inherent variance in urine concentration as urine is not subject to homeostatic regulation. Possibly, this could be overcome by adjusting for creatinine content [102]. Finally, another factor that has been reported to have impact on the yield of cfDNA recovery from urine is the use of prostatic massage or palpation, which has been found to improve sensitivity [100].

As discussed in this review, tumor-specific DNA methylation detected in cfDNA in body fluids has shown potential as prognostic biomarkers for PC. However, this field of research is still at an early stage, and somewhat contradictory results have been reported in different studies [31,32,33], but may at least partly be explained by small sample sizes. Moreover, different sampling and storage protocols for biofluids, as well as variability between methods of DNA extraction and quantification may also cause variations in study results [98], as yield and efficiencies of extracted DNA can differ by orders of magnitude due to different methods [99]. In line with this, several studies have highlighted the need for standardized procedures in order to truly unveil the diagnostic and prognostic biomarker potential of cfDNA and, thus, also tumor-specific cfDNA methylation [97,98,99].

In conclusion, several promising prognostic methylation marker candidates have been identified, the most prominent being PITX2, GABRE~miR-452~miR-224, C1orf114, and the marker panel AOX1/C1orf114/HAPLN3 which have all been reported as independent predictors of BCR after RP. So far, these biomarker candidates have been examined only in tissue samples from RP specimens, and thus have yet to be investigated in needle biopsy specimens or body fluids. Although these top candidate markers provide statistically significant independent predictive values in multivariate analysis, the relative contributions are rather modest with HRs ranging from 1.38 to 3.27. Thus, it remains to be established whether these candidate biomarkers provide sufficient independent prognostic information to justify methylation analysis in the clinic. However, in a preoperative setting, where only clinical factors are available (i.e., biopsy Gleason score, PSA level at diagnosis, and clinical stage), it is likely that the methylation markers would contribute relatively more independent prognostic information than at post-surgery and thus potentially could be useful in guiding preoperative treatment decisions. Moreover, the possible prognostic value in relation to other and perhaps more clinically relevant endpoints (e.g., overall and cancer-specific survival) also remains to be investigated for these candidate methylation markers. Future studies should aim at stringent study designs, including multivariate analysis on samples from large, well-defined cohorts with equally well-defined clinical end-points. The most reliable prognostic information is expected to be obtained from cohorts with long follow-up, potentiating analysis of end-points such as metastasis, PC specific- or overall survival. For studies investigating methylation as a dichotomized variable, the cut-point defining high and low methylation needs to be clearly stated and validated in multiple cohorts.



8. Perspectives

Identification of clinically relevant biomarkers for PC remains a major challenge, especially due to the marked heterogeneity and multifocality of this disease. Thus far, no single genetic or epigenetic lesion has been identified as a hallmark of PC, and as of yet, there is no clearly defined phenotype of aggressive PC [89]. However, evidence suggests that PC progresses along a limited number of genetic pathways that may generate distinct PC subtypes [89]. While single markers may lack sensitivity and specificity required for a prognostic test, an increase in the predictive capability can be achieved using biomarker panels [14,51,53,55,59,61]. While this review has focused on the prognostic utility of DNA methylation markers, in the future, a possible scenario could be the use of multi-parametric marker panels, with inclusion of molecular markers, such as DNA methylation, mutations, gene expression signatures, and copy-number variations, into algorithms of existing clinicopathological parameters, thus potentially generating more robust tools for predicting PC outcome [89]. Such biomarker panels may also be applied to liquid biopsies, thus allowing for longitudinal monitoring of disease progression or treatment response in cancer patients. One of the main obstacles for using liquid biopsies in diagnostic and prognostic applications may be the current lack of standardized laboratory procedures. Nevertheless, liquid biopsies hold great potential for future use in medicine, and improved accuracy may be granted using NGS based methods and digital PCR [100].

Finally, although the biological importance and biomarker potential of aberrant promoter hypermethylation in cancer, including PC, is widely appreciated, the possible role of DNA methylation changes beyond promoter CGIs has been almost completely overlooked [19]. This also means that a huge potential source for methylation marker discovery remains to be explored. Furthermore, to fully understand the role of epigenetic reprogramming in PC, it is crucial to develop maps of the complete DNA methylome in both normal prostatic cells and in PC cells with different malignant potential. Whole-genome bisulfite sequencing (WGBS) now allows studies of the full DNA methylome at single-base resolution [103]. WGBS studies have revealed that methylation patterns are highly dynamic also beyond promoters and that the position of methylation in the transcription unit influences its role in gene control [19,104,105]. Studies of normal and cancer cells have also revealed the existence of thousands of hypomethylated regions [105,106,107,108,109], many of which overlap with enhancers critical for determination of cell identity, function, and regulation of key cancer genes [110,111]. Recent findings suggest that enhancer methylation is a better predictor of cancer gene expression than promoter methylation [112] and most known PC susceptibility loci are located in distal enhancers [113]. Accordingly, deeper understanding of epigenetic reprogramming in PC may not only provide new biomarker candidates, but could also form the basis for development of new therapeutic strategies [114].
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