

  ijms-20-01025




ijms-20-01025







Int. J. Mol. Sci. 2019, 20(5), 1025; doi:10.3390/ijms20051025




Article



5hmC Level Predicts Biochemical Failure Following Radical Prostatectomy in Prostate Cancer Patients with ERG Negative Tumors



Gitte Kristensen 1,*[image: Orcid], Siri H. Strand 2, Martin Andreas Røder 1, Kasper Drimer Berg 1, Birgitte Grønkær Toft 3, Søren Høyer 4, Michael Borre 5, Karina Dalsgaard Sørensen 2[image: Orcid] and Klaus Brasso 1





1



Copenhagen Prostate Cancer Center, Department of Urology, Rigshospitalet, University of Copenhagen, 2100 Copenhagen, Denmark






2



Department of Molecular Medicine, Aarhus University Hospital, 8200 Aarhus, Denmark






3



Department of Pathology, Rigshospitalet, University of Copenhagen, 2100 Copenhagen, Denmark






4



Department of Pathology, Aarhus University Hospital, 8200 Aarhus, Denmark






5



Department of Urology, Aarhus University Hospital, 8200 Aarhus, Denmark









*



Correspondence: gittekristensen01@gmail.com; Tel.: +45-35-45-61-8; Fax: +45-35-45-61-99







Received: 15 January 2019 / Accepted: 21 February 2019 / Published: 27 February 2019



Abstract

:

This study aimed to validate whether 5-hydroxymethylcytosine (5hmC) level in combination with ERG expression is a predictive biomarker for biochemical failure (BF) in men undergoing radical prostatectomy (RP) for prostate cancer (PCa). The study included 592 PCa patients from two consecutive Danish RP cohorts. 5hmC level and ERG expression were analyzed using immunohistochemistry in RP specimens. 5hmC was scored as low or high and ERG was scored as negative or positive. Risk of BF was analyzed using stratified cumulative incidences and multiple cause-specific Cox regression using competing risk assessment. Median follow-up was 10 years (95% CI: 9.5–10.2). In total, 246 patients (41.6%) had low and 346 patients (58.4%) had high 5hmC level. No significant association was found between 5hmC level or ERG expression and time to BF (p = 0.2 and p = 1.0, respectively). However, for men with ERG negative tumors, high 5hmC level was associated with increased risk of BF following RP (p = 0.01). In multiple cause-specific Cox regression analyses of ERG negative patients, high 5hmC expression was associated with time to BF (HR: 1.8; 95% CI: 1.2–2.7; p = 0.003). In conclusion, high 5hmC level was correlated with time to BF in men with ERG negative PCa, which is in accordance with previous results.
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1. Introduction


Prognostication of outcome for prostate cancer (PCa) is currently based on clinicopathological parameters [1,2,3]. Several studies have shown that active surveillance of patients with low risk disease is safe, but not without risk of progression [4,5]. In contrast, some localized PCas treated with a curative intent turn out to be more aggressive than predicted by the clinicopathological variables [6]. Applying biomarkers that reflect the biology of the tumor could potentially be a supplementary approach to the clinicopathological variables, and refine prognostication of PCa patients. Despite the enormous number of potential biomarkers reported in the literature and the clear clinical need for better prognostication and individualized treatments, no biomarkers, except for a prostate-specific antigen (PSA), are used routinely. One repeating issue is the lack of validation studies of potential novel biomarkers.



Approximately 40%–60% of PCa patients carry the TMPRSS2-ERG gene fusion resulting in ERG protein expression [7]. Even though there is conflicting evidence whether ERG could be a biomarker for PCa aggressiveness, several studies indicate that distinct molecular mechanisms are at play in ERG negative vs. ERG positive tumors; thus, ERG in combination with other biomarkers might be a valuable biomarker for PCa aggressiveness [8,9,10].



Epigenetic modifications of the human genome have been shown to be important at all stages of carcinogenesis and progression [11], particularly dysregulation in methylation has been shown to have promising potential as a marker for cancer aggressiveness [12]. The DNA methylation variant 5-hydroxymethylcytosine (5hmC) plays an important role in epigenetic reprogramming and regulation of tissue-specific gene expression [13,14]. In the first large-scale study of 5hmC immunoreactivity in PCa patients, we have previously shown that high immunoreactivity of 5hmC is a significant adverse predictor of biochemical failure (BF) following radical prostatectomy (RP) in patients with ERG negative PCas [15,16]. Thus, the combination of 5hmC level and ERG protein expression might hold predictive value as biomarkers for PCa aggressiveness [15,16]. However, to facilitate implementation in the clinic the results need to be validated.



In the present study, we aimed to investigate the generalizability of the previously reported predictive value of 5hmC level in combination with ERG expression by adding another large-scale consecutive RP cohort from another institution. Our results indicate that 5hmC level can predict BF following RP for PCa in patients with ERG negative tumors, which is consistent with previous results.




2. Results


This study included 592 patients who underwent RP for PCa (Figure 1). Pre- and postoperative clinicopathological parameters are outlined in Table 1. The median PSA was 10.6 µg/L (interquartile range: 7.1–16.0). A total of 66.3% had pT2 PCa and 87.5% of patients had RP Gleason score (GS) ≤7. The median follow-up time following RP was 10 years (95% CI: 9.5–10.2).



Immunohistochemical (IHC) analysis of tumor tissue showed that 246 (41.6%) patients had a low 5hmC level while 346 (58.4 %) patients had a high 5hmC level. Furthermore, 238 (40.2%) were ERG negative and 354 (59.8%) were ERG positive. We found a significant association between 5hmC level and lower age at RP (p = 0.003), lower clinical tumor-stage (p = 0.03), lower biopsy GS (p = 0.05), lower RP GS (p = 0.001) and positive ERG expression (p < 0.0001). In contrast, no association between 5hmC level and preoperative PSA (p = 0.7), pathological tumor-stage (p = 0.5) and surgical margin status (p = 0.8) was found (Table 1).



Biochemical Failure


The 10-year cumulative incidence of BF was 47.1% (95% CI: 42.8–51.4). There was no association between 5hmC level or ERG expression and time to BF (p = 0.2 and p = 1.0, respectively) (Supplementary Figure S1). Moreover, no association between 5hmC level and time to BF was found when stratifying for ERG expression (p = 0.09) (Figure 2A). However, in ERG negative patients, the 10-year cumulative incidence of BF was 42.4% (95% CI: 33.6–51.2) in the 5hmC low group compared to 55.4% (95% CI: 45.2–65.6) in the 5hmC high group (p = 0.01) (Figure 2B). In contrast, no association between 5hmC level and time to BF was found in ERG positive patients (p = 0.6) (Figure 2C).



In multiple cause-specific Cox regression analyses high 5hmC level was an independent predictor of BF following RP in patients with ERG negative tumors (HR: 1.8; 95% CI: 1.2–2.7; p = 0.003) (Table 2A), whereas 5hmC level did not have a predictive value in terms of BF in patients with ERG positive tumors (Table 2B). The sensitivity and specificity of the models with and without 5hmC for predicting BF are presented in the receiver operating characteristic (ROC) plot for ERG negative (Figure 3A) and ERG positive (Figure 3B) tumors. The areas under the curve (AUC) value for the model without 5hmC was 79.2% which increased to 80.3% with the addition of 5hmC level in the model for ERG negative tumors. There was no difference in the AUC for the models with and without 5hmC level of BF for ERG positive tumors.





3. Discussion


Treatment of PCa with RP is intended to be curative, but a long-term follow-up indicates that approximately 40% will experience BF and 15% will progress to a metastatic disease [17,18]. Several nomograms have been established to estimate the risk of progression [1,2,3], but all lack accuracy. Therefore, new tools, including the identification of novel biomarkers for more precise prognostication of PCa aggressiveness, are essential.



Epigenetic modifications regulate gene expression by either DNA methylation, histone modifications or microRNA. Changes in epigenetic modifications may result in inaccurate activation or inhibition of signaling pathways leading to the development of cancer [11]. It is well established that PCa has a low number of somatic gene mutations [19]. Consequently, epigenetic alterations are considered hallmarks for PCa development and progression [20,21]. Particularly, dysregulation in DNA methylation has shown to be important in the initiation and progression of cancer [11,22]. DNA methylation at the 5 position of cytosine (5mC) is important for various biological as well as pathological processes [11]. 5mC can be converted to 5hmC by the ten-eleven translocation (TET) family of DNA hydroxylases [13]. Several studies have indicated that changes in DNA methylation may reflect PCa aggressiveness [16,21,23,24]. Furthermore, 5hmC has previously been associated with several cancer types [12,25,26] including PCa [14,15,16,25,26,27], but so far the only study that analyzed the association between 5hmC level in tumor tissue and PCa aggressiveness was our previous study [15,16].



Since the combination of 5hmC level and ERG expression was found to be associated with BF following RP for PCa, we aimed to validate the biomarkers in the present study by including another RP cohort (cohort B) and extending the follow-up by three years in the original cohort (cohort A). In the present study, we found that 5hmC level was associated with RP GS and ERG expression. Furthermore, consistent with our previous results, we confirmed that a high 5hmC level predicted BF in patients with ERG negative tumors [15,16]. Thus, our findings suggest that 5hmC level is predictive of BF in patients with ERG negative tumors, including 5hmC level in the predictive model only increased the AUC by 0.7%.



Two small-scale studies have previously shown that 5hmC level was reduced in prostate tumor tissue when compared to normal prostate tissue [25,26]. Haffner MC et al. analyzed 30 PCa tissue samples and found that 5hmC immunoreactivity was not associated with tumor grade and stage [25]. In accordance, we did not find an association between 5hmC level and pathological tumor-stage, but in contrast, we demonstrated a significant negative association between 5hmC level and RP GS. This difference from other studies might be a consequence of power. A high 5hmC level has previously been shown to be associated with a poor outcome in patients with acute myeloid leukemia [28]. In contrast to that, a low 5hmC level has been found to be associated with a poor outcome in various cancers including breast cancer [29], malignant melanoma [30], non-small cell lung cancer [31], renal cell carcinoma [32] and cervical squamous cell cancer [33]. When including the results of the present study it seemed reasonable to suggest that different mechanisms are at play in different types of cancer. An explanation could be that different phenotypic effects of epigenetic regulation are influenced by the global level of specific DNA methylations and their genomic distribution in the different cell types, as well as by specific patterns of genomic aberrations in cancer types.



We previously demonstrated that the presence of ERG can predict progression of early and low-risk PCa [34]. In contrast, ERG expression does not seem to add any predictive information regarding the risk of BF following RP [35], which is consistent with our results. However, in line with previous studies, we demonstrated that ERG status can be used to distinguish between different PCa molecular subtypes [8,9,10]. Moreover, our results contribute to the perception that ERG stratification is important in predicting PCa outcome and when investigating new biomarkers for PCa aggressiveness.



Despite enormous research activity, no IHC based tissue biomarker is routinely used in the daily clinical practice of handling PCa patients. One likely explanation is the lack of validation studies, which are needed to verify the accuracy of the biomarker [36]. Another issue is the missing consensus regarding the selection of antibodies and standardization of the IHC technique. Finally, scoring of the IHC staining is done semi-quantitatively, and known to be associated with inter- and intra-observer variation, which may limit its reproducibility [37]. As our previous study was the first large-scale investigation of 5hmC immunoreactivity in combination with ERG in PCa, it is a strength of the present study that it seeks to validate our results in another study population, as the addition of a cohort from another institution increases the generalizability of the results across study populations. Furthermore, it is a strength that we used the same antibody and the same protocol for the IHC staining, and that the scoring of 5hmC immunoreactivity was done in accordance with our first study. Although the scoring of the IHC staining was done by different observers for the two cohorts, the observer of cohort B had thorough instructions from one of the observers of cohort A. Since inter-observer agreement was high in our first publication [15], we assessed that one observer for cohort B would be sufficient. Moreover, the study cohorts were two consecutive series of men who underwent RP with curative intent and long-term follow-up, and few lost-to-follow-up. Finally, even though the cohorts were historical, the indication for RP has not changed through the study period and the RP GS was updated according to the International Society of Urological Pathology (ISUP) 2005 Gleason grading system for both cohorts [38].



Our study has some limitations, besides those related to its retrospective nature. First, only a small fraction of the tumor tissue from the RP specimen was evaluated for 5hmC level and ERG expression, and the fact that PCa is known to have intratumoral heterogeneity can hamper the reliability of the biomarker status. Second, even though GS 3 + 4 and GS 4 + 3 are generally accepted as two different risk groups, we analyzed them as a single group because we did not have access to primary and secondary Gleason grade for all the patients. Third, we used BF as an endpoint, acknowledging that BF is only a surrogate endpoint for PCa aggressiveness. Whether 5hmC in combination with ERG can predict a more clinically relevant endpoint, such as metastasis and PCa specific death, needs to be investigated. Finally, we used antibodies from two different companies to analyze ERG expression in the two cohorts, but as the antibodies are from the same clone EPR3864 we expect that they bind equally. Furthermore, investigation of ERG protein expression by the antibody clone, EPR3868, has previously shown to be specific for ERG gene fusion status [39,40,41].



Based on our findings it can be hypothesized that 5hmC level in combination with ERG status can be used to select patients who would benefit more from a closer follow-up and/or early adjuvant or salvage therapy. Furthermore, it can be speculated whether the combination of 5hmC level and ERG expression can be used to select the most eligible low-risk PCa patients for an initial observational strategy. Logically, further research, including more patients and other outcomes, is needed to determine the true predictive as well as prognostic value of 5hmC in PCa.




4. Materials and Methods


4.1. Patient Cohort


The study included two historical consecutive RP cohorts from two independent urological departments at university hospitals in Denmark (Copenhagen & Aarhus). We used tissue microarrays (TMAs) generated from formalin-fixed paraffin-embedded RP specimens from both tumor and normal prostate tissue. The cohort included 552 men who underwent RP from 1998 until 2009 at the Department of Urology, Aarhus University Hospital, Aarhus, Denmark (cohort A), and 336 men who underwent RP from 2002 until 2005, at the Department of Urology, Copenhagen University Hospital, Rigshospitalet, Copenhagen, Denmark (cohort B) (Figure 1). Production of the TMAs and collection of the clinicopathological data has previously been described in detail [15,42]. The study was approved by the Danish National Committee on Health Research Ethics (Journal no.: 2000-0299, 28 March 2017 and H-6-2014-111, 6 February 2015) and The Danish Data Protection Agency (file#2013-41-2041 and file#2006-1-6256).



Clinical and pathological information were collected from patient records. The RP GS was reclassified according to the ISUP 2005 Gleason grading system [38]. BF was defined as PSA ≥ 0.2 ng/mL. Survival was specified using the Danish Central Person Registry that is updated daily. Patients were excluded if neoadjuvant endocrine treatment was administrated, length of follow-up was less than 3 months, BF occurred within the first 3 months following RP, or if malignant tissue was not present in the TMA (Figure 1).




4.2. Immunohistochemistry


Freshly cut sections of each TMA block were used for IHC staining for 5hmC (1:1000 dilution; anti-5hmC 39769 Rabbit Polyclonal antibody, Active Motif, Carlsbad, CA, USA) and ERG (cohort A: anti-ERG clone EPR3864 Rabbit Monoclonal Antibody, Epitomics, Burlingame, CA, USA, and cohort B: anti-ERG clone EPR3864 Rabbit Monoclonal Antibody, Roche Ventana, Indianapolis, IL, USA), as previously described in detail [15,42]. A separate hematoxylin & eosin (HE) stained section was used for validation of the presence of cancer in each core.



Whole field inspection of 5hmC and ERG immunoreactivity for each TMA core was done by two independent observers for cohort A (SHS, SH) [15] and one observer (GK) for cohort B. For each TMA core, nuclear 5hmC immunoreactivity in malignant prostate epithelial cells was evaluated and scored for the predominant intensity and categorized as 0 = negative, 1 = moderate or 2 = strong (Figure 4) [15]. As each patient had multiple cores, and a mean 5hmC score (∑ intensity for each core/number of cores) was calculated for each patient. Patients with a mean 5hmC score ≤1 were classified as having a low 5hmC level and patients with a mean 5hmC score >1 were classified as having a high 5hmC level. Nuclear ERG immunoreactivity in malignant prostate epithelial cells was evaluated and scored as negative if all cores were negative, and positive if any of the cores were positive [15,42]. The assessment of the biomarkers was blinded to study end-points.




4.3. Statistics


Association of 5hmC expression in tumor tissue and clinicopathological variables was analyzed using the χ2-test for categorical variables and the Mann-Whitney U test for continuous variables. The median time of follow-up was calculated using the reverse Kaplan-Meier method [43]. Follow-up was calculated until April 2018 for cohort A and July 2017 for cohort B.



Cumulative incidences of BF were analyzed using the Aalen-Johansen method for competing risks. Death before BF was treated as a competing event. Gray’s test was used to assess differences in the cumulative incidence of BF between biomarker subgroups [44]. Uni- and multivariate cause-specific Cox proportional hazard regression models were performed for risk of BF, with results presented as hazard ratios (HR) and a 95% confidence interval (CI). The analysis included age at RP, log2-transformed PSA, pT-stage, RP GS, surgical margin status, ERG expression and 5hmC level. The overall ability of the models to predict BF was analyzed using the ROC curve, generated for the multivariate cause-specific Cox regression models with and without 5hmC level, and quantified using the AUC.



All tests were two-sided and p < 0.05 was considered as statistically significant. All statistical analyses were performed using SPSS (software version 22; IBM) or R (R Development Core Team, Vienna, Austria).





5. Conclusions


In conclusion, we found that a high 5hmC level was associated with BF in patients with ERG negative PCa, while 5hmC level did not have a significant predictive value in ERG positive PCa. Our findings suggest that 5hmC level in combination with ERG status holds potential as a biomarker for PCa aggressiveness.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/5/1025/s1.





Author Contributions


Conceptualization, G.K., S.H.S., M.A.R., K.D.S. and K.B.; formal analysis, G.K., M.A.R. and K.D.B.; funding acquisition, G.K. and M.A.R.; Investigation, G.K., S.H.S., M.A.R., K.D.B., B.G.T. and S.H.; Methodology, G.K.; project administration, G.K. and M.A.R.; supervision, M.A.R., K.D.B., B.G.T., S.H., M.B., K.D.S. and K.B.; validation, S.H.S., M.A.R., B.G.T. and S.H.; Visualization, G.K.; writing—original draft, G.K.; writing—review and editing, S.H.S., M.A.R., K.D.B., B.G.T., S.H., M.B., K.D.S. and K.B.




Funding


This research was funded by the Danish Cancer Society and Beckett-Fonden.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Cooperberg, M.R.; Hilton, J.F.; Carroll, P.R. The CAPRA-S Score: A Straightforward Tool for Improved Prediction of Outcomes after Radical Prostatectomy. Cancer 2011, 117, 5039–5046. [Google Scholar] [CrossRef] [PubMed]

	



Cooperberg, M.R.; Pasta, D.J.; Elkin, E.P.; Litwin, M.S.; Latini, D.M.; Du Chane, J.; Carroll, P.R. The University of California, San Francisco Cancer of the Prostate Risk Assessment Score: A Straightforward and Reliable Preoperative Predictor of Disease Recurrence after Radical Prostatectomy. J. Urol. 2005, 173, 1938–1942. [Google Scholar] [CrossRef] [PubMed]

	



D’Amico, A.V.; Whittington, R.; Malkowicz, S.B.; Schultz, D.; Blank, K.; Broderick, G.A.; Tomaszewski, J.E.; Renshaw, A.A.; Kaplan, I.; Beard, C.J.; et al. Biochemical Outcome After Radical Prostatectomy, External Beam Radiation Therapy, or Interstitial Radiation Therapy for Clinically Localized Prostate Cancer. JAMA 1998, 280, 969–974. [Google Scholar] [CrossRef] [PubMed]

	



Klotz, L.; Vesprini, D.; Sethukavalan, P.; Jethava, V.; Zhang, L.; Jain, S.; Yamamoto, T.; Mamedov, A.; Loblaw, A. Long-Term Follow-up of a Large Active Surveillance Cohort of Patients with Prostate Cancer. J. Clin. Oncol. 2015, 33, 272–277. [Google Scholar] [CrossRef] [PubMed]

	



Tosoian, J.J.; Mamawala, M.; Epstein, J.I.; Landis, P.; Wolf, S.; Trock, B.J.; Carter, H.B. Intermediate and Longer-Term Outcomes From a Prospective Active-Surveillance Program for Favorable-Risk Prostate Cancer. J. Clin. Oncol. 2015, 33, 3379–3385. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Schiffmann, J.; Wenzel, P.; Salomon, G.; Budäus, L.; Schlomm, T.; Minner, S.; Wittmer, C.; Kraft, S.; Krech, T.; Steurer, S.; et al. Heterogeneity in D’Amico Classification-Based Low-Risk Prostate Cancer: Differences in Upgrading and Upstaging According to Active Surveillance Eligibility. Urol. Oncol. 2015, 33, 329.e13–329.e19. [Google Scholar] [CrossRef] [PubMed]

	



St. John, J.; Powell, K.; Conley-Lacomb, M.K.; Chinni, S.R. TMPRSS2-ERG Fusion Gene Expression in Prostate Tumor Cells and Its Clinical and Biological Significance in Prostate Cancer Progression. J. Cancer Sci. Ther. 2012, 4, 94–101. [Google Scholar] [CrossRef] [PubMed]

	



Silva, M.P.; Barros-Silva, J.D.; Ersvaer, E.; Kildal, W.; Hveem, T.S.; Pradhan, M.; Vieira, J.; Teixeira, M.R.; Danielsen, H.E. Prostate Cancer Prognosis Defined by the Combined Analysis of 8q, PTEN and ERG. Transl. Oncol. 2016, 9, 575–582. [Google Scholar] [CrossRef] [PubMed]

	



Hernández-Llodrà, S.; Juanpere, N.; de Muga, S.; Lorenzo, M.; Gil, J.; Font-Tello, A.; Agell, L.; Albero-González, R.; Segalés, L.; Merino, J.; et al. ERG Overexpression plus SLC45A3 (Prostein) and PTEN Expression Loss: Strong Association of the Triple Hit Phenotype with an Aggressive Pathway of Prostate Cancer Progression. Oncotarget 2017, 8, 74106–74118. [Google Scholar] [CrossRef] [PubMed]

	



Hägglöf, C.; Hammarsten, P.; Strömvall, K.; Egevad, L.; Josefsson, A.; Stattin, P.; Granfors, T.; Bergh, A. TMPRSS2-ERG Expression Predicts Prostate Cancer Survival and Associates with Stromal Biomarkers. PLoS ONE 2014, 9, e86824. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, S.; Kelly, T.K.; Jones, P.A. Epigenetics in Cancer. Carcinogenesis 2010, 31, 27–36. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Shi, X.; Guo, L.; Li, Y.; Luo, M.; He, J.; Chen, Z.; Shi, X.; Guo, L.; Li, Y.; et al. Decreased 5-Hydroxymethylcytosine Levels Correlate with Cancer Progression and Poor Survival: A Systematic Review and Meta-Analysis. Oncotarget 2015, 8, 1944–1952. [Google Scholar] [CrossRef] [PubMed]

	



Branco, M.R.; Ficz, G.; Reik, W. Uncovering the Role of 5-Hydroxymethylcytosine in the Epigenome. Nat. Rev. Genet. 2011, 13, 7–13. [Google Scholar] [CrossRef] [PubMed]

	



Kamdar, S.N.; Ho, L.T.; Kron, K.J.; Isserlin, R.; Van Der Kwast, T.; Zlotta, A.R.; Fleshner, N.E.; Bader, G.; Bapat, B. Dynamic Interplay between Locus-Specific DNA Methylation and Hydroxymethylation Regulates Distinct Biological Pathways in Prostate Carcinogenesis. Clin. Epigenet. 2016, 8, 32. [Google Scholar] [CrossRef] [PubMed]

	



Strand, S.H.; Hoyer, S.; Lynnerup, A.-S.; Haldrup, C.; Storebjerg, T.M.; Borre, M.; Orntoft, T.F.; Sorensen, K.D. High Levels of 5-Hydroxymethylcytosine (5hmC) Is an Adverse Predictor of Biochemical Recurrence after Prostatectomy in ERG-Negative Prostate Cancer. Clin. Epigenet. 2015, 7, 111. [Google Scholar] [CrossRef] [PubMed]

	



Storebjerg, T.M.; Strand, S.H.; Høyer, S.; Lynnerup, A.-S.; Borre, M.; Ørntoft, T.F.; Sørensen, K.D. Dysregulation and Prognostic Potential of 5-Methylcytosine (5mC), 5-Hydroxymethylcytosine (5hmC), 5-Formylcytosine (5fC), and 5-Carboxylcytosine (5caC) Levels in Prostate Cancer. Clin. Epigenet. 2018, 10, 105. [Google Scholar] [CrossRef] [PubMed]

	



Røder, M.A.; Berg, K.D.; Gruschy, L.; Brasso, K.; Iversen, P. First Danish Single-Institution Experience with Radical Prostatectomy: Biochemical Outcome in 1200 Consecutive Patients. Prostate Cancer 2011, 2011, 236357. [Google Scholar] [CrossRef] [PubMed]

	



Røder, M.A.; Brasso, K.; Christensen, I.J.; Johansen, J.; Langkilde, N.C.; Hvarness, H.; Carlsson, S.; Jakobsen, H.; Borre, M.; Iversen, P. Survival after Radical Prostatectomy for Clinically Localised Prostate Cancer: A Population-Based Study. BJU Int. 2014, 113, 541–547. [Google Scholar] [CrossRef] [PubMed]

	



Barbieri, C.E.; Tomlins, S.A. Reprint of: The Prostate Cancer Genome: Perspectives and Potential. Urol. Oncol. Semin. Orig. Investig. 2015, 33, 95–102. [Google Scholar] [CrossRef] [PubMed]

	



Dobosy, J.R.; Roberts, J.L.W.; Fu, V.X.; Jarrard, D.F. The Expanding Role of Epigenetics in the Development, Diagnosis and Treatment of Prostate Cancer and Benign Prostatic Hyperplasia. J. Urol. 2007, 177, 822–831. [Google Scholar] [CrossRef] [PubMed]

	



Chiam, K.; Ricciardelli, C.; Bianco-Miotto, T. Epigenetic Biomarkers in Prostate Cancer: Current and Future Uses. Cancer Lett. 2014, 342, 248–256. [Google Scholar] [CrossRef] [PubMed]

	



Hao, X.; Luo, H.; Krawczyk, M.; Wei, W.; Wang, W.; Wang, J.; Flagg, K.; Hou, J.; Zhang, H.; Yi, S.; et al. DNA Methylation Markers for Diagnosis and Prognosis of Common Cancers. Proc. Natl. Acad. Sci. USA 2017, 114, 7414–7419. [Google Scholar] [CrossRef] [PubMed]

	



Haldrup, C.; Mundbjerg, K.; Vestergaard, E.M.; Lamy, P.; Wild, P.; Schulz, W.A.; Arsov, C.; Visakorpi, T.; Borre, M.; Høyer, S.; et al. DNA Methylation Signatures for Prediction of Biochemical Recurrence after Radical Prostatectomy of Clinically Localized Prostate Cancer. J. Clin. Oncol. 2013, 31, 3250–3258. [Google Scholar] [CrossRef] [PubMed]

	



Brothman, A.R.; Swanson, G.; Maxwell, T.M.; Cui, J.; Murphy, K.J.; Herrick, J.; Speights, V.O.; Isaac, J.; Rohr, L.R. Global Hypomethylation Is Common in Prostate Cancer Cells: A Quantitative Predictor for Clinical Outcome? Cancer Genet. Cytogenet. 2005, 156, 31–36. [Google Scholar] [CrossRef] [PubMed]

	



Haffner, M.C.; Chaux, A.; Meeker, A.K.; Esopi, D.M.; Gerber, J.; Pellakuru, L.G.; Toubaji, A.; Argani, P.; Iacobuzio-Donahue, C.; Nelson, W.G.; et al. Global 5-Hydroxymethylcytosine Content Is Significantly Reduced in Tissue Stem/Progenitor Cell Compartments and in Human Cancers. Oncotarget 2011, 2, 627–637. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Liu, Y.; Bai, F.; Zhang, J.-Y.; Ma, S.-H.; Liu, J.; Xu, Z.-D.; Zhu, H.-G.; Ling, Z.-Q.; Ye, D.; et al. Tumor Development Is Associated with Decrease of TET Gene Expression and 5-Methylcytosine Hydroxylation. Oncogene 2013, 32, 663–669. [Google Scholar] [CrossRef] [PubMed]

	



Smeets, E.; Lynch, A.G.; Prekovic, S.; Van den Broeck, T.; Moris, L.; Helsen, C.; Joniau, S.; Claessens, F.; Massie, C.E. The Role of TET-Mediated DNA Hydroxymethylation in Prostate Cancer. Mol. Cell. Endocrinol. 2018, 462, 41–55. [Google Scholar] [CrossRef] [PubMed]

	



Kroeze, L.I.; Aslanyan, M.G.; van Rooij, A.; Koorenhof-Scheele, T.N.; Massop, M.; Carell, T.; Boezeman, J.B.; Marie, J.-P.; Halkes, C.J.M.; de Witte, T.; et al. Characterization of Acute Myeloid Leukemia Based on Levels of Global Hydroxymethylation. Blood 2014, 124, 1110–1118. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, K.-W.; Li, G.-C.; Chen, C.-H.; Yeh, M.-H.; Huang, J.-S.; Tseng, H.-H.; Fu, T.-Y.; Liou, H.-H.; Pan, H.-W.; Huang, S.-F.; et al. Reduction of Global 5-Hydroxymethylcytosine Is a Poor Prognostic Factor in Breast Cancer Patients, Especially for an ER/PR-Negative Subtype. Breast Cancer Res. Treat. 2015, 153, 219–234. [Google Scholar] [CrossRef] [PubMed]

	



Saldanha, G.; Joshi, K.; Lawes, K.; Bamford, M.; Moosa, F.; Teo, K.W.; Pringle, J.H. 5-Hydroxymethylcytosine Is an Independent Predictor of Survival in Malignant Melanoma. Mod. Pathol. 2017, 30, 60–68. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Gu, J.; Wu, Y.; Long, X.; Ge, D.I.; Xu, J.; Ding, J. Low Level of 5-Hydroxymethylcytosine Predicts Poor Prognosis in Non-Small Cell Lung Cancer. Oncol. Lett. 2016, 11, 3753–3760. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.; Zhang, J.; Guo, Z.; Ma, Q.; Xu, Z.; Zhou, Y.; Xu, Z.; Li, Z.; Liu, Y.; Ye, X.; et al. Loss of 5-Hydroxymethylcytosine Is Linked to Gene Body Hypermethylation in Kidney Cancer. Cell Res. 2016, 26, 103–118. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.-Y.; Han, C.-S.; Li, P.-L.; Zhang, X.-C. 5-Hydroxymethylcytosine Expression Is Associated with Poor Survival in Cervical Squamous Cell Carcinoma. Jpn. J. Clin. Oncol. 2016, 46, 427–434. [Google Scholar] [CrossRef] [PubMed]

	



Berg, K.D.; Vainer, B.; Thomsen, F.B.; Røder, M.A.; Gerds, T.A.; Toft, B.G.; Brasso, K.; Iversen, P. ERG Protein Expression in Diagnostic Specimens Is Associated with Increased Risk of Progression during Active Surveillance for Prostate Cancer. Eur. Urol. 2014, 66, 851–860. [Google Scholar] [CrossRef] [PubMed]

	



Pettersson, A.; Graff, R.E.; Bauer, S.R.; Pitt, M.J.; Lis, R.T.; Stack, E.C.; Martin, N.E.; Kunz, L.; Penney, K.L.; Ligon, A.H.; et al. The TMPRSS2:ERG Rearrangement, ERG Expression, and Prostate Cancer Outcomes: A Cohort Study and Meta-Analysis. Cancer Epidemiol. Biomark. Prev. 2012, 21, 1497–1509. [Google Scholar] [CrossRef] [PubMed]

	



Huber, F.; Montani, M.; Sulser, T.; Jaggi, R.; Wild, P.; Moch, H.; Gevensleben, H.; Schmid, M.; Wyder, S.; Kristiansen, G. Comprehensive Validation of Published Immunohistochemical Prognostic Biomarkers of Prostate Cancer—What Has Gone Wrong? A Blueprint for the Way Forward in Biomarker Studies. Br. J. Cancer 2014, 112, 140–148. [Google Scholar] [CrossRef] [PubMed]

	



Kirkegaard, T.; Edwards, J.; Tovey, S.; McGlynn, L.M.; Krishna, S.N.; Mukherjee, R.; Tam, L.; Munro, A.F.; Dunne, B.; Bartlett, J.M.S. Observer Variation in Immunohistochemical Analysis of Protein Expression, Time for a Change? Histopathology 2006, 48, 787–794. [Google Scholar] [CrossRef] [PubMed]

	



Epstein, J.I.; Allsbrook, W.C.; Amin, M.B.; Egevad, L.L.; ISUP Grading Committee. The 2005 International Society of Urological Pathology (ISUP) Consensus Conference on Gleason Grading of Prostatic Carcinoma. Am. J. Surg. Pathol. 2005, 29, 1228–1242. [Google Scholar] [CrossRef] [PubMed]

	



Svensson, M.A.; Perner, S.; Ohlson, A.-L.; Day, J.R.; Groskopf, J.; Kirsten, R.; Sollie, T.; Helenius, G.; Andersson, S.-O.; Demichelis, F.; et al. A Comparative Study of ERG Status Assessment on DNA, MRNA, and Protein Levels Using Unique Samples from a Swedish Biopsy Cohort. Appl. Immunohistochem. Mol. Morphol. 2014, 22, 136–141. [Google Scholar] [CrossRef] [PubMed]

	



Park, K.; Tomlins, S.A.; Mudaliar, K.M.; Chiu, Y.-L.; Esgueva, R.; Mehra, R.; Suleman, K.; Varambally, S.; Brenner, J.C.; Macdonald, T.; et al. Antibody-Based Detection of ERG Rearrangement–Positive Prostate Cancer 1,2. Neoplasia 2010, 12, 590–598. [Google Scholar] [CrossRef] [PubMed]

	



Berg, K.D.; Brasso, K.; Thomsen, F.B.; Røder, M.A.; Holten-Rossing, H.; Toft, B.G.; Iversen, P.; Vainer, B. ERG Protein Expression over Time: From Diagnostic Biopsies to Radical Prostatectomy Specimens in Clinically Localised Prostate Cancer. J. Clin. Pathol. 2015, 68, 788–794. [Google Scholar] [CrossRef] [PubMed]

	



Kristensen, G.; Røder, M.A.; Berg, K.D.; Elversang, J.; Iglesias-Gato, D.; Moreira, J.; Toft, B.G.; Brasso, K. Predictive Value of Combined Analysis of Pro-NPY and ERG in Localized Prostate Cancer. APMIS 2018, 126, 804–813. [Google Scholar] [CrossRef] [PubMed]

	



Schemper, M.; Smith, T.L. A Note on Quantifying Follow-up in Studies of Failure Time. Control. Clin. Trials 1996, 17, 343–346. [Google Scholar] [CrossRef]

	



Gray, R.J. A Class of K-Sample Tests for Comparing the Cumulative Incidence of a Competing Risk. Ann. Stat. 1988, 16, 1141–1154. [Google Scholar] [CrossRef]








[image: Ijms 20 01025 g001 550]





Figure 1. Flowchart of patients who met study inclusion/exclusion criteria. 
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Figure 2. The cumulative incidence of biochemical failure (BF) following radical prostatectomy (RP). Competing events are death without BF. Patients are stratified according to (A) biomarker status and 5hmC level for (B) ERG negative and (C) ERG positive, respectively. The p-values for Gray’s test are added. 
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Figure 3. Receiver operating characteristic (ROC) curves for the multivariate cause-specific Cox regression model with and without 5hmC level for predicting biochemical failure of (A) ERG negative and (B) ERG positive patients. Area under the receiver operating characteristic curve (AUC) are added. 
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Figure 4. IHC 5hmC staining in representative prostate cancer samples showing negative, moderate and strong immunoreactivity. 
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Table 1. Baseline characteristics of the study cohort.
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	Baseline Characteristic of the Study Cohort
	Study Population

n = 592
	5hmC Low

n = 246
	5hmC High

n = 346
	p-Value





	Age at baseline, years, median (IQR)
	63.2 (59.5–67.0)
	64.1 (60.3–67.7)
	62.5 (59.0–66.6)
	0.003 *



	PSA, µg/L, median (IQR)
	10.6 (7.1–16.0)
	10.9 (7.2–16.1)
	10.6 (7.1–16.0)
	0.7 *



	Clinical T-stage
	
	
	
	0.03 **



	cT1
	161 (27.2%)
	53 (21.5%)
	108 (31.3%)
	



	cT2
	423 (71.6%)
	190 (77.2%)
	233 (67.5%)
	



	cT3
	7 (1.2%)
	3 (1.2%)
	4 (1.2%)
	



	Missing
	1
	0
	1
	



	Biopsy Gleason score
	
	
	
	0.05 **



	≤6
	361 (69.4%)
	133 (63.6%)
	228 (73.3%)
	



	7
	125 (24.0%)
	58 (27.8%)
	67 (21.5%)
	



	8–10
	34 (6.5%)
	18 (8.6%)
	16 (5.1%)
	



	Missing
	72
	37
	35
	



	Pathological T-stage
	
	
	
	0.5 **



	pT2
	392 (66.3%)
	167 (67.9%)
	225 (65.2%)
	



	pT3-4
	199 (33.7%)
	79 (32.1%)
	120 (34.8%)
	



	Missing
	1
	0
	1
	



	Radical prostatectomy Gleason score
	
	
	
	0.001 **



	≤6
	202 (34.1%)
	64 (26.0%)
	138 (39.9%)
	



	7
	316 (53.4%)
	141 (57.3%)
	175 (50.6%)
	



	8–10
	74 (12.5%)
	41 (16.7%)
	33 (9.5%)
	



	Margin status
	
	
	
	0.8 **



	R−
	329 (56.0%)
	135 (55.3%)
	194 (56.6%)
	



	R+
	258 (44.0%)
	109 (44.7%)
	149 (43.4%)
	



	Missing
	5
	2
	3
	



	ERG
	
	
	
	<0.0001 **



	Negative
	238 (40.2%)
	141 (57.3%)
	97 (28.0%)
	



	Positive
	354 (59.8%)
	105 (42.7%)
	249 (72.0%)
	







Abbreviations: IQR: inter quartile range; PSA: prostate specific antigen. * Mann-Whitney U test, ** χ2-test.
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