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Abstract

Epigenetic aberrations play crucial roles in prostate cancer (PCa) development and progres-

sion. The DEFB1 gene, which encodes human ß-defensin-1 (HBD-1), contributes to innate

immune responses and functions as a potential tumor suppressor in urological cancers. We

investigated whether differential DNA methylation at the low CpG-content promoter (LCP)

of DEFB1 was associated with transcriptional regulation of DEFB1 in PCa cells. To identify

distinct CpG loci within the DEFB1 LCP related to the epigenetic regulation of DEFB1, we

performed an in vitro methylated reporter assay followed by bisulfite sequencing of the

DEFB1 promoter fragment. The methylation status of two adjacent CpG loci in the DEFB1

LCP was found to be important for DEFB1 expression in PCa cells. Paired epithelial speci-

mens of PCa patients (n = 60), which were distinguished as non-tumor and tumor tissues by

microdissection, were analyzed by bisulfite pyrosequencing of site-specific CpG dinucleo-

tide units in the DEFB1 LCP. CpG methylation frequencies in the DEFB1 LCP were signifi-

cantly higher in malignant tissues than in adjacent benign tissues across almost all PCa

patients. These results suggested that methylation status of each CpG site in the DEFB1

promoter could mediate downregulation of DEFB1 in PCa cells.

Introduction

Prostate cancer (PCa) represents one of the most common non-cutaneous malignant neo-

plasms in men worldwide [1,2]. In a recent study, it was proposed that PCa can serve as a

model for “epigenetic catastrophe” in which epigenetic changes occurring during the earliest

stages of tumor initiation are maintained throughout its progression [3]. DNA methylation

has been shown to play a critical role in regulating the expression of key genes involved in

prostate morphogenesis [4]. Alterations in DNA methylation occur with aging, which is a

major risk factor for PCa [5], and age-induced aberration in the DNA methylome has been

implicated in prostate carcinogenesis [6,7]. DNA hypermethylation is the most extensively

PLOS ONE | DOI:10.1371/journal.pone.0166664 November 11, 2016 1 / 12

a11111

OPENACCESS

Citation: Lee J, Han JH, Jang A, Kim JW, Hong SA,

Myung SC (2016) DNA Methylation-Mediated

Downregulation of DEFB1 in Prostate Cancer Cells.

PLoS ONE 11(11): e0166664. doi:10.1371/journal.

pone.0166664

Editor: Javier S Castresana, University of Navarra,

SPAIN

Received: September 1, 2016

Accepted: November 1, 2016

Published: November 11, 2016

Copyright: © 2016 Lee et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This study was supported by Basic

Science Research Program through the National

Research Foundation of Korea (NRF) funded by the

Ministry of Education (NRF-2013R1A1A2011824).

The funders had no role in study design, data

collection and analysis, decision to publish, or

preparation of the manuscript.

Competing Interests: The authors have declared

that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0166664&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


characterized epigenetic alteration occurring in patients with PCa [2]. Tumor suppressor

genes silenced by promoter hypermethylation in PCa are involved in important cellular pro-

cesses, including cell cycle control, apoptosis, DNA damage repair and hormone response [8].

DNA methylation-based biomarkers for PCa have been classified into early cancer detection,

aggressiveness, and prognosis. Hypermethylation of a CpG island in the promoter of GSTP1,

which encodes a detoxification enzyme, π-class glutathione S-transferase, is a molecular hall-

mark of PCa; it is present in ~70% of high-grade prostatic intraepithelial neoplasia (HG-PIN)

lesions and in more than 90% of adenocarcinomas [3,9]. Further, methylation of GSTP1
appears to perform better in combination with prostate-specific antigen (PSA) and other

methylation biomarkers [7]. Remarkably, the APC gene was frequently found to be methylated

in PCa [10], and methylation of the RASSF1a promoter was strongly correlated with an

increased risk of PCa aggressiveness and tumor progression [11,12]. Notably, a combination

of GSTP1, RARß2, RASSF1a, and APC has been the best at discriminating cancer from non-

cancer specimens [13]. Multigene promoter methylation testing has been suggested to improve

PCa sensitivity [14]. For example, the methylation status of APC, GSTP1, and MDR1 could be

used as a diagnostic and staging biomarker for PCa [15]. In addition, the prognostic potential

of DNA methylation markers for PCa has been demonstrated in multiple studies [16]. Notably,

the combined methylation profile of CD44 and PTGS2 was determined as a prognostic marker

for biochemical recurrence following radical prostatectomy [17]. Furthermore, in the ‘post-

PSA’ era, epigenetic field defects should be considered when analyzing heterogeneous and

multifocal tissues of PCa.

Chronic infection or chronic inflammatory states may play a crucial role in the develop-

ment of various human cancers [1,18]. Epidemiological and histopathological studies indicate

that a history of prostatitis and sexually transmitted infections (STIs) increase the risk of PCa,

suggesting that prostatic carcinogenesis may be triggered by inflammation [18,19]. Data from

a recent study suggested that environmental factors, including infectious agents, can lead to

the development of chronic inflammation and regenerative risk factor lesions such as prolifer-

ative inflammatory atrophy (PIA) in the prostate gland of humans [1]. PIA, which is consid-

ered a precursor of prostatic intraepithelial neoplasia (PIN) and PCa, often develops directly

adjacent to these lesions [18]. It has also been postulated that PIA or proliferative atrophy is a

manifestation of the “field effect” caused by environmental exposure [1].

Antimicrobial peptides (AMPs) play a key role in innate immune response against bacteria,

viruses, fungi, and parasites [20,21]. Defensins are small, polycationic members of the AMP

family, which includes α- and ß-defensins and cathelicidins. In the human genome, genes

encoding various ß-defensins are located in a cluster on chromosome 8p23.1 [22]. Deletion of

this 8p area is frequently observed in patients with PCa [23]. In addition to their direct antimi-

crobial clearance activities as part of the first-line defense mechanism, β-defensins function as

both proinflammatory mediators and suppressors of immune responses [22]. The DEFB1
gene, encoding human ß-defensin-1 (HBD-1), is unique because it is constitutively expressed

in various epithelial tissues, including the skin and respiratory and urogenital tracts [24]. Can-

cer-specific downregulation of HBD-1 was observed in prostatic carcinomas [25]. Moreover,

ectopic overexpression of DEFB1 inhibits the proliferation of prostate, renal, and bladder can-

cer cells [23]. These findings suggested that DEFB1 potentially functions as a tumor suppressor

gene in urological cancers [23].

Here, we investigated whether the downregulation of DEFB1 was associated with the meth-

ylation status of single CpG locus within the DEFB1 LCP in PCa cells. To our knowledge, PCa-

associated epigenetic abnormalities in genes lacking high CpG-content promoters (HCPs)

have not been reported to date. The present study provided the evidence that the methylation

Epigenetic Silencing of DEFB1 in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0166664 November 11, 2016 2 / 12

Abbreviations: AMP, antimicrobial peptides; APC,

adenomatous polyposis coli; DAC, 20-deoxy-5-

azacytidine; GSTP1, glutathione S-transferase pi 1;

HBD-1, human ß-defensin-1; LCP, low CpG-

content promoter; PCa, prostate cancer; PSA,

prostate-specific antigen; RARß2, retinoic acid

receptor ß2; RASSF1a, ras association domain

family protein 1 isoform A; TSS, transcription start

site.



of single CpG sites in the non-CpG island promoter was important for transcriptional regula-

tion of DEFB1 in PCa cells.

Materials and Methods

Ethics statement

This study was approved by the Institutional Review Board of the Chung-Ang University Hos-

pital. All patients gave their written informed consent to participate in the study.

Cell culture and reagents

The human prostate epithelial cell line HPEpiC was obtained from ScienCell Research Labora-

tories (Carlsbad, CA, USA), and the human PCa cell lines LNCaP, DU145, and PC-3 were pur-

chased from the American Type Culture Collection (Manassas, VA, USA). HPEpiC cells were

cultured in Prostate Epithelial Cell medium (ScienCell Research Laboratories), LNCaP cells

were cultured in RPMI-1640 medium (WelGENE, Seoul, Korea), DU145 cells were cultured

in Eagle’s minimum essential medium (WelGENE), and PC-3 cells were cultured in F-12K

medium (WelGENE). Complete growth media for culturing PCa cell lines were supplemented

with 10% fetal bovine serum (FBS), 100 IU/ml penicillin G, and 100 μg/ml streptomycin. All

the cells were maintained at 37˚C in a humidified incubator with an atmosphere of 5% CO2.

PCa cell lines were treated with 20-deoxy-5-azacytidine (DAC; Sigma-Aldrich, St. Louis, MO,

USA) for 72 h.

Tissue samples

PCa tissues isolated by radical prostatectomy (RP) were obtained from the Korea Prostate

Bank (Seoul, Korea). For histopathological diagnoses of matched non-tumor and tumor tis-

sues, 60 frozen tissue samples were sectioned and stained with hematoxylin and eosin (H&E).

Malignant cells and adjacent benign cells were selectively procured from the H&E-stained

slides by microdissection with a 30G1/2 hypodermic needle, as described previously [26].

DNA was extracted using a modified single-step DNA extraction method with proteinase K

treatment [26]. Briefly, the procured cells in 30 μl of DNA extraction buffer [100 mM Tris-HCl

(pH 8.0), 1% Tween 20, and 0.1 mg/ml proteinase K] were incubated at 52˚C for 1−2 days.

The mixture was boiled to inactivate proteinase K at 100˚C for 10 min. The genomic DNA of

microdissected samples was purified using the DNA Clean & Concentrator™-5 Kit (Zymo

Research, Irvine, CA, USA) and was quantified using a spectrophotometer.

Quantitative reverse transcription PCR (RT-PCR)

Total RNA was isolated from the cell lines using the RNeasy Mini Kit (Qiagen, Hilden, Ger-

many), according to the manufacturer’s instructions. Next, cDNA was synthesized from 1 μg

of total RNA using the ImProm-II™ Reverse Transcription System (Promega, Madison, WI,

USA). The sequences of primer used for RT-PCR amplification of DEFB1 cDNA are 50-ATG

AGAACTTCCTACCTTCTGCTGT-30 (forward) and 50-TGGTAAAGATCGGGTAGGCA

GAA-30 (reverse). The cycling conditions were as follows: initial denaturation at 94˚C for 3

min; 33−35 cycles of denaturation at 94˚C for 30 s, annealing at 65˚C for 30 s, and extension at

72˚C for 20 s; and a final extension at 72˚C for 7 min. All amplifications were performed using

AccuPower PCR PreMix (Bioneer, Daejeon, Korea). The human ACTB gene (encoding ß-

actin) was amplified as an endogenous control.

Real-time cDNA synthesis was performed by conducting a two-step RT-PCR with 1 μg

total RNA as the template, using the QuantiTect Reverse Transcription Kit (Qiagen). Next,
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1 μl diluted cDNA was used as the template for PCR with the Rotor-Gene SYBR Green PCR

Kit (Qiagen), according to the manufacturer’s instructions. Amplification and quantitative

analysis were performed using the Rotor-Gene Q 5plex HRM system (Qiagen).

Immunohistochemistry

Expression of HBD-1 in prostate cancer tissue samples was studied using the UltraVision LP

Detection System (Lab Vision Corp., Fremont, CA, USA), as described previously[27].

Briefly, slides with prostate cancer tissue sections were dewaxed in xylene for more than 20

min and then sequentially rehydrated in 100%, 95%, 90%, and 80% ethanol solutions. After a

5-min rinse in water, the slides were pretreated with 0.01M sodium citrate buffer and auto-

claved for 1 min at 121˚C for antigen retrieval. After the slides were rinsed, endogenous per-

oxidase activity was blocked by treatment with 3% H2O2 for 30 min. A primary mouse

polyclonal antibody against HBD-1 (1:50, Abcam, Cambridge, MA, USA) was applied to the

sections on the slides, following which the sections were incubated for 2 h in a moist cham-

ber at room temperature. Sections for negative control were incubated with the same

reagents and underwent the same epitope retrieval protocol without the primary antibody

(S1 Fig). After the slides were rinsed with PBS, they were incubated with secondary antibody

for 10 min at room temperature and then rinsed in PBS. The slides were incubated with a

horseradish peroxidase conjugated antibody for 10 min, rinsed in PBS, and incubated with

diaminobenzidine for 10 min. After the slides were counterstained using Mayer’s hematoxy-

lin, they were dehydrated and coverslipped.

In vitro methylated reporter assay

A 790-bp fragment harboring 14 CpG sites located at the 50-end region of DEFB1, a 50 BamHI

site, and a 30 HindIII site was synthesized and cloned into the pCpGfree-basic-Lucia reporter

plasmid (InvivoGen, San Diego, CA, USA) that codes for a secreted coelenterazine-utilizing

variant of luciferase. Briefly, 5 μg of the Lucia reporter plasmid was methylated using 12 U of

M.SssI CpG methyltransferase (New England BioLabs, Ipswich, MA, USA) in vitro at 37˚C for

20 h. After purification with the DNA Clean & Concentrator™-5 Kit (Zymo Research) accord-

ing to the manufacturer’s protocol, methylation of the plasmid was verified by bisulfite pyrose-

quencing of the selected CpG units in the DEFB1 promoter (S2 Fig). Next, HEK293T cells

were transiently transfected with unmethylated or methylated reporter plasmids by using the

jetPEI reagent (Polyplus-transfection, New York, NY, USA). Luciferase activity of the Lucia

reporter in the supernatant of transfected cells at 72 h after the transfection was measured

using the QUANTI-Luc assay reagent (InvivoGen). In each experiment, the cells were cotrans-

fected with pCMV-CLuc 2 Control Plasmid (New England BioLabs), which encoded a secreted

variant of Cypridina luciferase, as a normalization control. Luminescence induced by Cypri-
dina luciferase in the cell supernatant was determined using the BioLux Cypridina Luciferase

Assay Kit (New England BioLabs). Reporter activity was normalized by calculating the ratio of

Lucia to CLuc activities.

DNA methylation analyses

For bisulfite genomic sequencing analysis, genomic DNA was extracted from the cell lines by

using the QIAamp DNA Mini Kit (Qiagen). Bisulfite modification of the genomic DNA was

performed using the EZ DNA Methylation-Lightning™ Kit (Zymo Research), according to

the manufacturer’s instructions. The bisulfite-converted genomic DNA was amplified using

primer sets specific to the proximal promoter region of DEFB1 (nucleotides -624 to -120 bp

upstream of the transcription start site (TSS), which was denoted as +1) containing 6 CpG
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units. The sequences of the PCR primers used were as follows: forward (50-TTGGTAGGGTT

GAAGTGGGAG-30) and reverse (50- TAAAACCCTAATACCAACTCCTC-30). Cycling con-

ditions were as follows: initial denaturation at 94˚C for 10 min; 45−50 cycles of denaturation at

94˚C for 30 s, annealing at 52˚C for 30 s, and extension at 72˚C for 30 s; and a final extension

at 72˚C for 10 min. PCR products were purified and subcloned into the pGEM-T Easy Vector

(Promega) for subsequent sequencing reactions. The nucleotide sequences of 20−25 indepen-

dent clones were analyzed.

Further, the bisulfite-modified genomic DNA obtained from patients with PCa was ampli-

fied using primer sets specific to the DEFB1 LCP. The sequences of the PCR primers used were

as follows: forward (50-TTTTTGTAAGGGAAGAGGGTGAAG-30), 50-biotinylated reverse

(50-TCACACTAAAATCCCTCCTTCTAAATCAC-30), and sequencing (50-AATTAAAGA

GGTTAATATTAGTT-30). Pyrosequencing reactions were performed using the PyroMark

Gold Q96 Reagents (Qiagen) and quantitative analysis was performed using the PyroMark

Q96 ID platform (Qiagen), according to the supplier’s instructions.

Statistical analysis

Data from the quantitative RT-PCR and luciferase assay were analyzed using the Student’s t
test. Significant differences with respect to the quantitative methylation data obtained from the

pyrosequencing measurements between non-tumor and tumor tissue samples were deter-

mined using the Wilcoxon signed-rank test. A P-value of< 0.05 was considered statistically

significant. All statistical analyses were conducted using IBM SPSS Statistics 20 (IBM Corp.,

Armonk, NY, USA).

Results

Specific single CpG dinucleotide sites are important for DNA

methylation-mediated downregulation of DEFB1 in PCa cells

To investigate whether epigenetic silencing of DEFB1 occurred in PCa, we first examined the

mRNA levels of DEFB1 in the human prostate epithelial cell line HPEpiC and the three PCa

cell lines (Fig 1A). The RT-PCR results showed that DEFB1 transcription was prominent in

HPEpiC cells but was slightly low in LNCaP cells. Because DEFB1 transcription seemed to be

silenced in the PCa cell lines DU145 and PC-3, we determined whether the loss of DEFB1
expression in these cells was associated with DNA methylation. Quantitative PCR was per-

formed to examine the transcriptional restoration of DEFB1 in DU145 and PC-3 cells after

treatment with the DNA methyltransferase inhibitor 20-deoxy-5-azacytidine (DAC) (Fig 1B).

DAC-induced DNA demethylation significantly increased DEFB1 mRNA expression in both

DU145 and PC-3 cells (by 5.5- and 39.3-fold, respectively), implying that the loss of DEFB1
expression in the PCa cell lines correlated with epigenetic inactivation involving DNA methyl-

ation. HBD-1 expression is universally detected in normal prostate tissues but is frequently

lost in prostatic intraepithelial neoplasm (PIN), while 82% of PCa specimens exhibited either

complete loss or only minimal expression of HBD-1 [25]. Immunohistochemical analysis of

the HBD-1 protein in PCa sections in the present study confirmed the tumor-specific loss of

HBD-1 expression (Fig 1C).

To determine whether DNA methylation in the 50-end region of DEFB1 was important

for modulating the transcriptional activity of the core promoter, we conducted an in vitro
methylated reporter assay (Fig 2A). Because a previous study demonstrated a region critical

for transcriptional activity of the DEFB1 promoter [23], we synthesized a DEFB1 fragment

(NC_000008.11; −612 to +165 bp, relative to the TSS) containing the core promoter region,

Epigenetic Silencing of DEFB1 in Prostate Cancer Cells
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exon 1, and 14 CpG sites (Fig 2B). In vitro methylation was performed after cloning this frag-

ment into a CpG-free luciferase plasmid to assess the role of CpG methylation in DEFB1 tran-

scription. HEK293T cells transfected with the methylated HBD-1 reporter plasmid showed

markedly decreased luciferase activity compared with cells transfected with unmethylated

DEFB1 plasmid. Moreover, methylation of the 14 CpG dinucleotide units in the 50-end region

of DEFB1 decreased its promoter activity by approximately 86%, suggesting that DNA methyl-

ation directly affected its transcriptional regulation.

To identify site-specific CpG dinucleotide units critical for DEFB1 expression in PCa cell

lines, we performed bisulfite genomic sequencing of the proximal region upstream of the

DEFB1 LCP. Notably, a CpG island plot showed that the 50-end region proximal to the HBD-1
TSS had low GC content and was depleted at CpG loci (Fig 2B). A previous study provided evi-

dence that cancer-specific methylation was not observed in both the proximal core promoter

(i.e., CpG 1 and CpG 2 units; the first CpG dinucleotide located 31-bp upstream of the DEFB1
TSS being assigned as CpG 1) and exon 1 (containing 6 CpG sites) in the 50-end region of

DEFB1 in PCa cell lines and in normal and malignant prostate tissues [23]. Therefore, we

determined the methylation profiles of the remaining 6 CpG dinucleotide units (i.e., CpG 3

−CpG 8) that were initially included in the in vitro methylated reporter assay (Fig 2B). The

methylation profile of the DEFB1 LCP showed a significant difference in the methylation fre-

quency of both the CpG 3 and CpG 4 units in HPEpiC cells compared with that in DU145 and

PC-3 cells. While the region harboring the CpG 3 and CpG 4 dinucleotide units in HPEpiC

Fig 1. Downregulation of the DEFB1 gene in prostate cancer (PCa) cell lines and tissues. (A) DEFB1

mRNA expression in prostate epithelial cell lines was assessed by performing RT-PCR. The human ACTB

gene (encoding β-actin) was amplified as an endogenous control. (B) Quantitative PCR was performed to

evaluate the restoration of DEFB1 mRNA expression in DU145 and PC-3 cells after treatment with DNA

demethylating agent 20-deoxy-5-azacytidine (DAC). *P < 0.05 and **P < 0.01. (C) Immunohistochemical

staining of DEFB1 in prostate cancer tissue samples. PCa, prostate cancer; NT, non-tumor; T, tumor.

doi:10.1371/journal.pone.0166664.g001
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cells, which showed active DEFB1 transcription, exhibited relatively low DNA methylation lev-

els, the same region in DU145 and PC-3 cells, which lacked DEFB1 transcription, showed uni-

formly high DNA methylation levels. Further, bisulfite sequencing of the DEFB1 LCP in the

DAC-treated PC-3 cells indicated that these single CpG units were preferentially affected by

the DNA demethylating agent DAC (Fig 2B), which was consistent with the above findings.

Thus, our results suggested that the differentially methylated CpG 3 and CpG 4 units in the

DEFB1 LCP were particularly important for regulating DEFB1 transcription in PCa cells.

Methylation frequencies of two single CpG sites in the DEFB1 LCP were

higher in tumor tissues than in non-tumor tissues of PCa patients

To determine the distinct epigenotype of DEFB1 in a series of matched PCa specimens, we

focused on the epialleles of the DEFB1 LCP containing the CpG 3 and CpG 4 units (Fig 2B)

and compared the methylation frequencies of these two adjacent CpG sites in the microdis-

sected samples. Table 1 presents the 60 matched tissue samples obtained from patients with

PCa. The samples were classified primarily into the following four groups on the basis of their

Gleason scores: GS� 6; GS = 7 (3 + 4); GS = 7 (4 + 3); and GS� 8.

Each group included 15 pairs of matched samples, and each bisulfite pyrosequencing exper-

iment was performed in triplicate. Almost all the methylation frequencies of the two CpG sites

Fig 2. DNA methylation analyses of the low CpG-content promoter (LCP) of DEFB1 in prostate cancer

cell lines. (A) Promoter reporter assay of the 50-end region of DEFB1 in HEK293T cells using the pCpGfree-

basicLucia reporter plasmid. The synthesized fragment contained 14 CpG dinucleotide sites (represented by

lollipops). Of these, 8 CpGs were previously studied and are not shown here. (B) Bisulfite sequencing analysis

of the DEFB1 promoter harboring CpG 3−CpG 8 sites in prostate epithelial cell lines. Columns represent

single CpG sites, and each row represents the DNA sequence of an individual clone. Unmethylated and

methylated CpG units are depicted as white and black boxes, respectively.

doi:10.1371/journal.pone.0166664.g002
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in the DEFB1 LCP were significantly higher in malignant tissues (i.e., T; tumor) than in the

adjacent benign tissues (i.e., NT; non-tumor) examined, which was indicative of the tumor

suppressor gene (Fig 3).

The highest significant difference was observed in the methylation frequency of the CpG 3

unit in the DEFB1 LCP. Similar results were obtained for both the CpG units in the DEFB1
LCP in malignant and adjacent benign tissues in patients with PCa classified according to the

T stage. Thus, our results suggested that alterations in the DNA methylation status of these

two differentially methylated CpG units in the DEFB1 LCP might be associated with malignant

prostatic epithelium.

Discussion

Previous studies have been conducted in attempt to elucidate possible mechanisms underly-

ing DNA methylation-dependent regulation of DEFB1 in patients with PCa [23] and chronic

obstructive pulmonary disease (COPD) [28]. However, no significant differences were

observed in the methylation statuses of CpG sites in the DEFB1 LCP among different PCa

cell lines, between normal and malignant prostate tissues, and between patients with COPD

and controls. Because the 50-end region of DEFB1 is devoid of any defined CpG island

(length,� 200 bp; GC content,� 50%; and ObsCpG/ExpCpG,� 0.6) [29], previous studies

might not have analyzed subtle differences in the methylation patterns of the limited number

of CpG loci that are important for DEFB1 transcription. Here, our findings suggested that

differentially methylated single CpG sites within the non-CpG island promoter of DEFB1
might be correlated with transcriptional regulation of DEFB1 in PCa cells. In addition, rela-

tively small differences were observed in the methylation levels of each CpG unit in the

DEFB1 LCP between malignant lesions and the neighboring benign tissues. This result might

be explained in part by the finding that HCPs linked to CpG islands are predominantly hypo-

methylated, whereas LCPs, which do not contain CpG islands, are primarily methylated [30].

Moreover, each individual CpG locus of DEFB1 may be assigned to methylation variable

position (MVP) candidates, which can be considered as the epigenetic equivalent of single

nucleotide polymorphisms [31].

Promoter methylation patterns in specific genes have emerged as important biomarkers for

prostate carcinogenesis [32,33]. DNA methylation-based PCa biomarkers could be chosen for

Table 1. Clinical Characteristics of Patients with PCa.

Characteristics n

Age, yrs

Median (range) 66.5 (54–76)

PSA, ng/ml

Median (range) 7.79 (1.55–90.3)

Gleason score

� 6 15 (25%)

7 (3 + 4) 15 (25%)

7 (4 + 3) 15 (25%)

� 8 15 (25%)

T stage

T2 25 (42%)

T3a 21 (35%)

T3b 14 (23%)

doi:10.1371/journal.pone.0166664.t001
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cancer detection in non-invasive screening using biofluids (e.g., urine, ejaculate, and expressed

prostate secretion), ancillary tools for histopathological observation for diagnosis following

short term re-biopsy, pre-therapeutic prediction of recurrence and progression, and assess-

ment of prognosis [2,7]. Intriguingly, multiple biomarkers support the presence of the “field

effect,” which can be observed during PCa progression, when the cancer develops in multifocal

areas and when neoplastic or pre-neoplastic cells are present in histologically normal fields

proximal to cancer tissues [34,35]. For instance, GSTP1 hypermethylation was more confined

to PCa cells, whereas APC and RARß2 were frequently methylated in adjacent normal tissues

as well as in HG-PIN lesions [36]. Because DNA methylation markers are being commercially

utilized in PCa management, additional studies on epigenetic alterations of DEFB1 in PCa

development and progression will provide promising potential for DEFB1 as a new PCa-asso-

ciated biomarker candidate.

Conclusion

We identified specific epialleles of DEFB1 in PCa cells that represented hypomethylated single

CpG sites in DEFB1-expressing cells and hypermethylated single CpG sites in cells lacking

DEFB1 expression. Our data suggested that DNA methylation pattern of the non-CpG island

Fig 3. Association of the methylation frequencies of the (A) CpG 3 and (B) CpG 4 sites in the DEFB1 LCP with the

corresponding Gleason scores and T stages of PCa tissues. Data shown in the blue box plots represent the methylation

levels in non-tumor tissue samples, and data shown in the red box plots represent the methylation levels in tumor tissue

samples. NT, non-tumor; T, tumor. **P < 0.01 and ***P < 0.001.

doi:10.1371/journal.pone.0166664.g003
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promoter of DEFB1 might affect epigenetic silencing of DEFB1 in PCa cells. Consistent with

the possible mechanism underlying the “field effect,” which suggests the progressive accumula-

tion of methylated copies of genes such as APC and RARß2, we hypothesized that alteration of

the DNA methylation status in the DEFB1 LCP could help in diagnosing PCa.

Supporting Information

S1 Fig. Negative control of IHC experiment in Fig 1C.

(TIF)

S2 Fig. Quantitative methylation analysis of the unmethylated and in vitro methylated

luciferase reporter plasmids. Four CpG dinucleotide sites located in the DEFB1 promoter

were assessed by bisulfite pyrosequencing: white and black boxes; unmethylated and methyl-

ated CpG sites, respectively.

(TIF)

Acknowledgments

The authors thank Chung-Ang University Hospital Biomedical Research Institute for kindly

offering research equipment. This study was supported by Basic Science Research Program

through the National Research Foundation of Korea (NRF) funded by the Ministry of Educa-

tion (NRF-2013R1A1A2011824).

Author Contributions

Conceptualization: JL SCM.

Data curation: JL JWK.

Funding acquisition: SCM.

Investigation: JL AJ.

Methodology: JL SAH.

Resources: SCM SAH.

Supervision: SCM.

Visualization: JL AJ.

Writing – original draft: JL.

Writing – review & editing: JL JHH SCM.

References
1. De Marzo AM, Platz EA, Sutcliffe S, Xu J, Gronberg H, Drake CG, et al. (2007) Inflammation in prostate

carcinogenesis. Nat Rev Cancer 7: 256–269. doi: 10.1038/nrc2090 PMID: 17384581

2. Jeronimo C, Bastian PJ, Bjartell A, Carbone GM, Catto JW, Clark SJ, et al. (2011) Epigenetics in pros-

tate cancer: biologic and clinical relevance. Eur Urol 60: 753–766. doi: 10.1016/j.eururo.2011.06.035

PMID: 21719191

3. Perry AS, Watson RW, Lawler M, Hollywood D (2010) The epigenome as a therapeutic target in pros-

tate cancer. Nat Rev Urol 7: 668–680. doi: 10.1038/nrurol.2010.185 PMID: 21060342

4. Keil KP, Vezina CM (2015) DNA methylation as a dynamic regulator of development and disease pro-

cesses: spotlight on the prostate. Epigenomics 7: 413–425. doi: 10.2217/epi.15.8 PMID: 26077429

Epigenetic Silencing of DEFB1 in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0166664 November 11, 2016 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166664.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166664.s002
http://dx.doi.org/10.1038/nrc2090
http://www.ncbi.nlm.nih.gov/pubmed/17384581
http://dx.doi.org/10.1016/j.eururo.2011.06.035
http://www.ncbi.nlm.nih.gov/pubmed/21719191
http://dx.doi.org/10.1038/nrurol.2010.185
http://www.ncbi.nlm.nih.gov/pubmed/21060342
http://dx.doi.org/10.2217/epi.15.8
http://www.ncbi.nlm.nih.gov/pubmed/26077429


5. Patel AR, Klein EA (2009) Risk factors for prostate cancer. Nat Clin Pract Urol 6: 87–95. doi: 10.1038/

ncpuro1290 PMID: 19198622

6. Kwabi-Addo B, Chung W, Shen L, Ittmann M, Wheeler T, Jelinek J, et al. (2007) Age-related DNA meth-

ylation changes in normal human prostate tissues. Clin Cancer Res 13: 3796–3802. doi: 10.1158/

1078-0432.CCR-07-0085 PMID: 17606710

7. Blute ML Jr., Damaschke NA, Jarrard DF (2015) The epigenetics of prostate cancer diagnosis and prog-

nosis: update on clinical applications. Curr Opin Urol 25: 83–88. doi: 10.1097/MOU.

0000000000000132 PMID: 25405932

8. Graca I, Pereira-Silva E, Henrique R, Packham G, Crabb SJ, Jeronimo C (2016) Epigenetic modulators

as therapeutic targets in prostate cancer. Clin Epigenetics 8: 98. doi: 10.1186/s13148-016-0264-8

PMID: 27651838

9. Nakayama M, Bennett CJ, Hicks JL, Epstein JI, Platz EA, Nelson WG, et al. (2003) Hypermethylation of

the human glutathione S-transferase-pi gene (GSTP1) CpG island is present in a subset of proliferative

inflammatory atrophy lesions but not in normal or hyperplastic epithelium of the prostate: a detailed

study using laser-capture microdissection. Am J Pathol 163: 923–933. PMID: 12937133

10. Chen Y, Li J, Yu X, Li S, Zhang X, Mo Z, et al. (2013) APC gene hypermethylation and prostate cancer:

a systematic review and meta-analysis. Eur J Hum Genet 21: 929–935. doi: 10.1038/ejhg.2012.281

PMID: 23299921

11. Liu L, Yoon JH, Dammann R, Pfeifer GP (2002) Frequent hypermethylation of the RASSF1A gene in

prostate cancer. Oncogene 21: 6835–6840. doi: 10.1038/sj.onc.1205814 PMID: 12360410

12. Kuzmin I, Gillespie JW, Protopopov A, Geil L, Dreijerink K, Yang Y, et al. (2002) The RASSF1A tumor

suppressor gene is inactivated in prostate tumors and suppresses growth of prostate carcinoma cells.

Cancer Res 62: 3498–3502. PMID: 12067994

13. Roupret M, Hupertan V, Yates DR, Catto JW, Rehman I, Meuth M, et al. (2007) Molecular detection of

localized prostate cancer using quantitative methylation-specific PCR on urinary cells obtained following

prostate massage. Clin Cancer Res 13: 1720–1725. doi: 10.1158/1078-0432.CCR-06-2467 PMID:

17363525

14. Valdes-Mora F, Clark SJ (2015) Prostate cancer epigenetic biomarkers: next-generation technologies.

Oncogene 34: 1609–1618. doi: 10.1038/onc.2014.111 PMID: 24837368

15. Enokida H, Shiina H, Urakami S, Igawa M, Ogishima T, Li LC, et al. (2005) Multigene methylation analy-

sis for detection and staging of prostate cancer. Clin Cancer Res 11: 6582–6588. doi: 10.1158/1078-

0432.CCR-05-0658 PMID: 16166436

16. Strand SH, Orntoft TF, Sorensen KD (2014) Prognostic DNA methylation markers for prostate cancer.

Int J Mol Sci 15: 16544–16576. doi: 10.3390/ijms150916544 PMID: 25238417

17. Woodson K, O’Reilly KJ, Ward DE, Walter J, Hanson J, Walk EL, et al. (2006) CD44 and PTGS2 meth-

ylation are independent prognostic markers for biochemical recurrence among prostate cancer patients

with clinically localized disease. Epigenetics 1: 183–186. PMID: 17998819

18. Nelson WG, De Marzo AM, Isaacs WB (2003) Prostate cancer. N Engl J Med 349: 366–381. doi: 10.

1056/NEJMra021562 PMID: 12878745

19. Dennis LK, Lynch CF, Torner JC (2002) Epidemiologic association between prostatitis and prostate

cancer. Urology 60: 78–83.

20. Selsted ME, Ouellette AJ (2005) Mammalian defensins in the antimicrobial immune response. Nat

Immunol 6: 551–557. doi: 10.1038/ni1206 PMID: 15908936

21. Lai Y, Gallo RL (2009) AMPed up immunity: how antimicrobial peptides have multiple roles in immune

defense. Trends Immunol 30: 131–141. doi: 10.1016/j.it.2008.12.003 PMID: 19217824

22. Semple F, Dorin JR (2012) beta-Defensins: multifunctional modulators of infection, inflammation and

more? J Innate Immun 4: 337–348. doi: 10.1159/000336619 PMID: 22441423

23. Sun CQ, Arnold R, Fernandez-Golarz C, Parrish AB, Almekinder T, He J, et al. (2006) Human beta-

defensin-1, a potential chromosome 8p tumor suppressor: control of transcription and induction of apo-

ptosis in renal cell carcinoma. Cancer Res 66: 8542–8549. doi: 10.1158/0008-5472.CAN-06-0294

PMID: 16951166

24. Prado-Montes de Oca E (2010) Human beta-defensin 1: a restless warrior against allergies, infections

and cancer. Int J Biochem Cell Biol 42: 800–804. doi: 10.1016/j.biocel.2010.01.021 PMID: 20100591

25. Donald CD, Sun CQ, Lim SD, Macoska J, Cohen C, Amin MB, et al. (2003) Cancer-specific loss of

beta-defensin 1 in renal and prostatic carcinomas. Lab Invest 83: 501–505. PMID: 12695553

26. Lee JY, Dong SM, Kim SY, Yoo NJ, Lee SH, Park WS (1998) A simple, precise and economical micro-

dissection technique for analysis of genomic DNA from archival tissue sections. Virchows Arch 433:

305–309. PMID: 9808431

Epigenetic Silencing of DEFB1 in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0166664 November 11, 2016 11 / 12

http://dx.doi.org/10.1038/ncpuro1290
http://dx.doi.org/10.1038/ncpuro1290
http://www.ncbi.nlm.nih.gov/pubmed/19198622
http://dx.doi.org/10.1158/1078-0432.CCR-07-0085
http://dx.doi.org/10.1158/1078-0432.CCR-07-0085
http://www.ncbi.nlm.nih.gov/pubmed/17606710
http://dx.doi.org/10.1097/MOU.0000000000000132
http://dx.doi.org/10.1097/MOU.0000000000000132
http://www.ncbi.nlm.nih.gov/pubmed/25405932
http://dx.doi.org/10.1186/s13148-016-0264-8
http://www.ncbi.nlm.nih.gov/pubmed/27651838
http://www.ncbi.nlm.nih.gov/pubmed/12937133
http://dx.doi.org/10.1038/ejhg.2012.281
http://www.ncbi.nlm.nih.gov/pubmed/23299921
http://dx.doi.org/10.1038/sj.onc.1205814
http://www.ncbi.nlm.nih.gov/pubmed/12360410
http://www.ncbi.nlm.nih.gov/pubmed/12067994
http://dx.doi.org/10.1158/1078-0432.CCR-06-2467
http://www.ncbi.nlm.nih.gov/pubmed/17363525
http://dx.doi.org/10.1038/onc.2014.111
http://www.ncbi.nlm.nih.gov/pubmed/24837368
http://dx.doi.org/10.1158/1078-0432.CCR-05-0658
http://dx.doi.org/10.1158/1078-0432.CCR-05-0658
http://www.ncbi.nlm.nih.gov/pubmed/16166436
http://dx.doi.org/10.3390/ijms150916544
http://www.ncbi.nlm.nih.gov/pubmed/25238417
http://www.ncbi.nlm.nih.gov/pubmed/17998819
http://dx.doi.org/10.1056/NEJMra021562
http://dx.doi.org/10.1056/NEJMra021562
http://www.ncbi.nlm.nih.gov/pubmed/12878745
http://dx.doi.org/10.1038/ni1206
http://www.ncbi.nlm.nih.gov/pubmed/15908936
http://dx.doi.org/10.1016/j.it.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19217824
http://dx.doi.org/10.1159/000336619
http://www.ncbi.nlm.nih.gov/pubmed/22441423
http://dx.doi.org/10.1158/0008-5472.CAN-06-0294
http://www.ncbi.nlm.nih.gov/pubmed/16951166
http://dx.doi.org/10.1016/j.biocel.2010.01.021
http://www.ncbi.nlm.nih.gov/pubmed/20100591
http://www.ncbi.nlm.nih.gov/pubmed/12695553
http://www.ncbi.nlm.nih.gov/pubmed/9808431


27. Kim HJ, Jung JR, Lee SY, Chang IH, Lee TJ, Kim W, et al. (2011) Expression of human beta-defensin-2

in the prostate. BJU Int 107: 144–149. doi: 10.1111/j.1464-410X.2010.09469.x PMID: 20575976

28. Andresen E, Gunther G, Bullwinkel J, Lange C, Heine H (2011) Increased expression of beta-defensin

1 (DEFB1) in chronic obstructive pulmonary disease. PLoS One 6: e21898. doi: 10.1371/journal.pone.

0021898 PMID: 21818276

29. Gardiner-Garden M, Frommer M (1987) CpG islands in vertebrate genomes. J Mol Biol 196: 261–282.

PMID: 3656447

30. Weber M, Hellmann I, Stadler MB, Ramos L, Paabo S, Rebhan M, et al. (2007) Distribution, silencing

potential and evolutionary impact of promoter DNA methylation in the human genome. Nat Genet 39:

457–466. doi: 10.1038/ng1990 PMID: 17334365

31. Rakyan VK, Down TA, Balding DJ, Beck S (2011) Epigenome-wide association studies for common

human diseases. Nat Rev Genet 12: 529–541. doi: 10.1038/nrg3000 PMID: 21747404

32. Richiardi L, Fiano V, Vizzini L, De Marco L, Delsedime L, Akre O, et al. (2009) Promoter methylation in

APC, RUNX3, and GSTP1 and mortality in prostate cancer patients. J Clin Oncol 27: 3161–3168. doi:

10.1200/JCO.2008.18.2485 PMID: 19470943

33. Van Neste L, Herman JG, Otto G, Bigley JW, Epstein JI, Van Criekinge W (2012) The epigenetic prom-

ise for prostate cancer diagnosis. Prostate 72: 1248–1261. doi: 10.1002/pros.22459 PMID: 22161815

34. Chai H, Brown RE (2009) Field effect in cancer-an update. Ann Clin Lab Sci 39: 331–337. PMID:

19880759

35. Nonn L, Ananthanarayanan V, Gann PH (2009) Evidence for field cancerization of the prostate. Pros-

tate 69: 1470–1479. doi: 10.1002/pros.20983 PMID: 19462462

36. Henrique R, Jeronimo C, Teixeira MR, Hoque MO, Carvalho AL, Pais I, et al. (2006) Epigenetic hetero-

geneity of high-grade prostatic intraepithelial neoplasia: clues for clonal progression in prostate carcino-

genesis. Mol Cancer Res 4: 1–8. doi: 10.1158/1541-7786.MCR-05-0113 PMID: 16446401

Epigenetic Silencing of DEFB1 in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0166664 November 11, 2016 12 / 12

http://dx.doi.org/10.1111/j.1464-410X.2010.09469.x
http://www.ncbi.nlm.nih.gov/pubmed/20575976
http://dx.doi.org/10.1371/journal.pone.0021898
http://dx.doi.org/10.1371/journal.pone.0021898
http://www.ncbi.nlm.nih.gov/pubmed/21818276
http://www.ncbi.nlm.nih.gov/pubmed/3656447
http://dx.doi.org/10.1038/ng1990
http://www.ncbi.nlm.nih.gov/pubmed/17334365
http://dx.doi.org/10.1038/nrg3000
http://www.ncbi.nlm.nih.gov/pubmed/21747404
http://dx.doi.org/10.1200/JCO.2008.18.2485
http://www.ncbi.nlm.nih.gov/pubmed/19470943
http://dx.doi.org/10.1002/pros.22459
http://www.ncbi.nlm.nih.gov/pubmed/22161815
http://www.ncbi.nlm.nih.gov/pubmed/19880759
http://dx.doi.org/10.1002/pros.20983
http://www.ncbi.nlm.nih.gov/pubmed/19462462
http://dx.doi.org/10.1158/1541-7786.MCR-05-0113
http://www.ncbi.nlm.nih.gov/pubmed/16446401

