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Introduction  
 
Background:  

Steroid hormones such as estrogens are known to play a role in the initiation and 

progression of prostate cancer. Recent studies have also proposed environmental 

factors such as xenoestrogens on the prevalence of prostate diseases or cancers. 

Estrogen imprinting of the prostate gland is believed to associate with an increased 

incidence of prostatic lesions including inflammation, epithelial hyperplasia, squamous 

metaplasia, dysplasia and adenocarcinoma. However, there is little information about 

how estrogen imprints prostate gland.  

DNA methylation induced by estrogens may be one of the possible mechanisms of 

the prostate reprogramming. Using the technique called Methylation-sensitive restriction 

fingerprinting (MSRF), I have successfully cloned and identified one candidate gene, 

phosphodiesterase type IV variant (PDE4D4), in lateral prostate lobes in Sprague 

Dawley rats. PDE4D, a cAMP-phosphodiesterase gene, has function of cAMP 

degradation to maintain the second messenger, cAMP, in a narrow range of 

concentrations that is critical for growth and differentiation of the hormone target cells by 

activating several downstream signaling molecules. My preliminary result data showed 

that PDE4D4 was hypomethylated following neonatal exposure to estradiol (EB) or 

bisphenol A (BPA). Importantly, the expression remained at a high level during adult life. 

Taken together, these findings supported the possibility that PDE4D4 dysregulation, via 

CpG island hypomethylation, at its promoter/exon regions in early life, by EB or BPA, 

can alter its expression and activity of the gene. These events could then activate 

several cAMP-dependent signaling pathways leading to abnormal cell proliferation or 

differentiation in prostate gland. 

 

Hypothesis: 

Early estrogen exposure was demonstrated to alter epithelial cell differentiation, 

predispose the gland to the development of hyperplasia, severe dysplasia and 

carcinoma. I hypothesize the PDE4D4 gene dysregulation, via CpG island 

hypomethylation, at its promoter/exon regions in early life by estrogens or 

xenoestrogens can alter the expression and activity of the gene. It will then trigger 
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several cAMP-dependent signaling pathways that lead to cell proliferation and 

differentiation. Since the proliferative rat DP/LP lesion closely resembles human PIN 

that are the purported precursors of prostate cancer, I further hypothesize PDE4D4 

plays an important role in determining cell proliferation of human prostate gland to the 

development of prostatic dysplasia and carcinoma. 

 

Specific Aim1: To investigate the gene regulation of PDE4D4 under the influence of 

estrogen or BPA by studying its promoter activity 

To achieve this aim, genomic DNA isolated from samples will be undergone 

bisulfite genomic sequencing to study the estrogenic effect on PDE4D4 promoter 

methylation status. Moreover, using serial deletion analysis and luciferase reporter 

assay, I can determine how PDE4D4 promoter is regulated by EB and BPA. Results 

from the transcription factors binding assays such as ChIP, I can identify and 

characterize which transcription factors regulate the promoter activity of PDE4D4.  

 

Specific Aim2: To investigate whether PDE4D4 is responsible for determining cell 

proliferation and can be used as a biomarker to diagnosis prostate diseases and 

prostate cancer.  

Rat prostate epithelial cells (NBE-1) will be transient transfected with full-length 

clone of PDE4D4. The intracellular cAMP level, PKA, Ras-PI3K, PKC activity and cell 

proliferation markers expression will be measured by cAMP assay, Western blot 

analaysis and MTS assay. Also, by using technique of immunohistochemistry, 

localization of PDE4D4 in normal or tumor epithelial cells of rat prostate can be 

examined so as to understand whether PDE4D4 involves in tumor cell development.  

 

Specifc Aim3: To study whether PDE4D4 expression is linked to human prostate 

disease.  

Full-length clone transfection or suppression of PDE4D4 variant by methylated 

oligonucleotides or siRNA will be performed in human normal prostate epithelial cells 

(NPrEC) and prostate cancer cells (LNCap, DU145 and PC3) to examine the role of 

PDE4D4 in growth of human prostate cancer cells. 
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Relevance:  

Recently, the National Toxicology Program released a report from the Endocrine 

Disruptors Low-Dose Peer Review Panel which sighted the need for the identification of 

molecular and biochemical markers as sensitive indicators of prostatic abnormalities 

following low-dose estrogen and xenoestrogen exposures during development. MSRF is 

a highly innovative and reliable technique to find out specific and novel genes 

undergone methylation or demethylation following estrogen exposure. My study in 

characterization on PDE4D4 in prostate cancer development will be the first to 

investigate how environmental factors may affect early gene imprinting and the 

incidence rate of prostate disease. If hypomethylaton of PDE4D4 promoter was shown 

to predict prostate carcinogenesis and regulate the cAMP-dependent signaling 

pathways such as PKA and Ras in prostate cancer development, a new paradigm for 

prevention and/or treatment of prostate cancer could be derived. With the advent of 

phosphodiesterase inhibitors new preventive therapies could be devised based on 

expected findings from this proposal. 

  

Body 
 

I. Tasks outlined in the approved Statement of Work 

 

Task 1 
Target: a) To confirm the methylation status of PDE4D4 and b) to study the 

relationships between transcription factors (TF) binding and promoter activity following 

exposure to low- or high-dose of estrogen (EB) or bisphenol A (BPA) 

Time Period: Month 1-6 

Method: a) Bisulfite Genome Sequencing will be applied. Genomic DNA will be first 

modified with sodium bisulfite using the CpGenomeTM DNA Modification Kit (Intergen, 

USA). Bisulphite treatment of DNA specially converts unmethylated cytosine residues, 

but not 5-methylcytosine (5mC), to uracil by deamination. When modified DNA is 

subjected to nested PCR, uracil residues are amplified as thymine and unmodified 

 6



5mCs as cytosines. Using Primer3 and MethPrimer analysis, two pairs of primers were 

specially designed complementary only to the completely converted DNA to allow 

nested-PCR to amplify most of the putative CpG islands. The amplified products will be 

cloned using pCR 2.1 TOPO vector (Invitrogen, USA) and 8-10 clones will be 

sequenced to reveal the methylation status of CpG dinucleotides in the CpG island of 

PDE4D4 in each genomic sample.  

b) Rat prostate epithelial NBE1 cells are used to perform transient transfection 

with a plasmid construct of different deletions in the TF binding sites located on the 

promoter region. Plasmid construct is made after cloning nested PCR products with 

different deletions into pGL3 basic luciferase reporter vector and the estrogen-induced 

promoter activity will be examined by luciferase assay.  

 
Task 2 
Target: To investigate the expression of other PDE4D variants following neonatal 

exposure to EB or BPA 

Time Period: Month 7-8 

Method: I will identify which PDE4D variants expressed most in prostate after estrogen 

exposure by Western blot analysis or real-time PCR with specific antibody or pairs of 

primers complementary to each PDE4D variants respectively. Using the Genome 

Browser from the Center for Biomolecular Science and Engineering, University of 

California, I identified eight more PDE4D variants. Theoretically, only PDE4D4 contains 

CpG island at its 5’ flanking regions. However, I will design 8 exon-exon spanning 

variants-specific primer pairs (which ensure detection of RNA transcripts and not 

products from genomic DNA, if any) to detect all the variants expression.  By using the 

SYBR Green Real Time PCR, I will detect expression of all 9 RNA transcripts in all 

tissue samples. Gene expression level among different variants will be analyzed by 

ΔΔCt method and determined whether there is significantly changes among groups by 

use of ANOVA statistical analysis. 
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Task 3 
Target: a) To investigate whether PDE4D4 variant is responsible for determining cell 

proliferation and b) to determine whether PDE4D4 can be used as a biomarker to 

diagnosis prostate diseases and prostate cancer.  

Time Period: Month 9-18 

Method: a) Rat prostate epithelial NBE1 cells will be transient transfected with full-length 

clone of PDE4D4. Intracellular cAMP in cells transfected with PDE4D4 will be assayed. 

Furthermore, protein extracted from cells can be applied to the PKA assay kit. Beside 

cAMP-dependent PKA signaling pathway, Ras-PI3K, Ras-Raf or PKC signaling 

molecules will also be investigated by Western Blot analysis of the whole protein lysate. 

To see whether PDE4D4 affect cell proliferation, MTS assay on the cells that transfected 

with the full-length PDE4D4 clone will be examined. Also, gene expression level of 

proliferation markers such as p42/p44, cyclin A, cyclin D1, p21WAF, and p27CIP1 will be 

studied by RT-PCR.  

b) Immunohistochemistry (IHC) will be performed by using a specific antibody for 

PDE4D4. Different prostatectomy tissue sections from rat with BPH, PIN, HG-PIN and 

adenocarcinoma will be undergone IHC. Positive staining of PDE4D4 is defined as 

continuous and dark cytoplasmic or apical granular staining pattern in the cells of the 

glands. Each positive case is evaluated for the percentage of the glands/cells that 

reacted with PDE4D4 and scored as <5%, 6-50%, 51-75% and >75%. RNA will be 

extracted, reverse transcribed and undergone real-time PCR with specific primers of 

PDE4D4 from laser capture microdissection (LCM) samples. 

 

Task 4 
Target: To study whether the PDE4D transcripts expression linked to human prostate 

disease 

Time Period: Month 19-24 

Method: PDE4D variants expression level in human normal prostate cells (NPrEC) or 

prostate cancer cells (DU145, PC3 and LNCap) will be illustrated by real time PCR. 

Thereafter, normal cells will be transfected with of full-length clone of PDE4D4. I will 

examine the intracellular cAMP level, protein expressions of cAMP signaling molecules 
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and cell proliferation markers in PDE4D4-transfected NPrEC and compare the results 

from that of prostate cancer cells. Suppression of PDE4D variants by methylated 

oligonucleotides or siRNA in cancer cells will be performed to see whether inhibition of 

PDE4D activity or expression can promote tumor cell death. Cell death can be 

illustrated by Annexin V binding assay or caspases 3, 8 and 9 assays.  
 

II. Work accomplished under Task 1 

 

Part a) Investigation of the methylation status of PDE4D4 among all tissues samples 

 I successfully used the bisulfite genomic sequencing to identify the methylation 

status of PDE4D4 in rat prostate that neonatally exposed to EB and BPA. Figure 1A 

indicated the gene organization of rat PDE4D4 5’ flanking region and the schematic of 

CpG content in its 5’ regulatory region. As shown is Figure 1B, although most CG sites 

were unmethylated, a methylated cluster was noted between CG sites 49 to 56. The 

methylation frequency at this cluster progressively increase in the oil-control prostate as 
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Figure1. Methylation status of PDE4D4 and 
expression levels in rat prostate samples. A) 
Schematic of CpG content (%) in the 5’ flanking region 
of the rat PDE4D4 identifies a CpG island between -
310 to +390bp. Vertical lines, individual CpG sites; 
TSS, transcriptional start site and ATG, translation 
start site. Region between -310to + 390bp for BS-PCR 
was shown. B) Percentage methylation represents 
methylation status of PDE4D4 assayed by bisulfite 
genomic sequencing. Diamond, oil-treated control; 
triangle, low EB; square, high EB and cross, BPA. 



 

 

 

 

 

the animals aged, reaching by 100% methylation by day 200. In contrast, this cluster 

remained unmethylated throughout life in EB/BPA-treated prostates. The data 

suggested that EB or BPA hypomethylated PDE4D4 promoter in rat prostate and this 

phenomenon persist in aging. It also associated with the incidence rate of dysplasia in 

rat prostate (Ho et al., 2006). In order to study the promoter activity and transcription 

factors binding assays in vitro, a cell line model including normal prostate epithelial 

NBE-1 cells and prostate tumor AIT cells should be included. We found that PDE4D4 

was hypomethylated (active transcribed) in tumor AIT cells while silenced in normal 

NBE-1 cells (Figure 2). It mirrored the data we obtained from in vivo studies. We further 

used this cell line model for experiment proposed in Task 1b and Task 3.  
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Figure 2. Methylation status of PDE4D4 and expression 
levels in NBE-1 and AIT cells. A) Schematic of CpG 
content (%) in the 5’ flanking region of the rat PDE4D4 
identifies a CpG island between -310 to +390bp. Vertical 
lines, individual CpG sites; TSS, transcriptional start site 
and ATG, translation start site. B) Methylation status of 
specific region (+190 to + 380bp) of PDE4D4 assayed by 
bisulfite genomic sequencing in NBE-1 and AIT cells. ○, 
unmethylated; ●, methylated. Boxed region, differential 
methylation pattern as compared between NBE-1 and AIT 
cells. C) Expression of PDE4D4 in NBE-1 and AIT cells. 
mRNA level of PDE4D4 and RPL19 assayed by semi-
quantitative PCR.  
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Part b) Characterization of PDE4D4 promoter activity and transcription factors binding 

at its promoter region 

I completed to characterize the promoter activity of NBE-1 cells by both in silico 

analysis and promoter luciferase reporter assay. I first used 5’ Rapid amplification of 

cDNA ends (5’RACE) to characterize/localize the promoter region of PDE4D4. 

Transcription Start Site (TSS) was found at -251 away from the translation start site 

(ATG). Next, I used the Promoter Scan Program provided by UCSC to identify the 

potential regulatory elements along the promoter. Estrogen response element (ERE) 

half site, Sp1 and cAMP response element binding protein (CREB) were 

computationally identified in the CpG island of PDE4D4 (Figure 3). 

Luciferase reporter plasmids containing different deletions in this 5’ flanking 

region were constructed and transfected into NBE-1 cells to determine which region is 

specific for PDE4D4 transcription. As shown in Figure 3, the promoter activity had a 30-

fold increase in luciferase production as compared with a promoter-less construct. The 

promoter construct contained the entire CpG island (-310 to +350) therefore, suggested 

that this CpG island directed transcription more efficiently. Notably, construct 

encompassing CREB binding site (R4) showed a 20-fold luciferase production as 

compared to CREB-deleted construct (R2). It consistent to the data reported that 

PDE4D promoter could be induced by cAMP thru CREB binding (D’Sa C et al., 2002; 

Vicini E and Conti M 1997).  Our findings confirmed this fact and suggested PDE4D4 

may involve in cAMP-dependent signaling pathways that may contribute to cell 

proliferation of prostate,  

 Figure 3. Characterization of 5’ 
PDE4D4 promoter. Upper panel, 
Schematic representation of the 
5'-flanking region of PDE4D4. 
Bases are numbered from the 
translation start site. Potential 
regulatory elements are boxed. In 
lower left panel, a representation 
of the PDE-luc plasmids 
containing different 5'- and 3'-
deletions of the -400 to +400bp 
genomic region is reported. 
Transient luciferase expression in 
NBE-1 cells transfected with the 
PDE-luc plasmids described in 
lower right panel. Luciferase 
activity is expressed as RLU 
normalized by ß-gal activity.  
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III. Work accomplished under Task 2 

Investigation of the expression of other PDE4D variants following neonatal exposure to 

EB or BPA 

 

Figure 4. PDE4D4 mRNA transcript levels as 
determined by real-time PCR. ∆∆Ct method 
was used to quantitate the mRNA transcript 
level. PDE4D4 expression level was normalized 
by a house-keeping gene, RPL19. Relative 
expression ratio of PDE4D4/RPL19 of day 10 
oil samples was set as 1.0. Results represented 
the mean ± SD of three independent sets of 
experiment. All EB/BPA groups at day 90, 200, 
and 200/testosterone+estradiol were 
significantly different from the respective groups 
at day 10. *, P<0.05; **, P<0.01 versus oil 
controls at the same time intervals; +, P<0.05 
versus day 200 oil controls; ++, P<0.05 versus 
day 10 oil controls. 

Based on the NCBI and UCSC nucleotides database, there are nine PDE4D 

variants in rat genome. 9 exon-exon spanning variants-specific primer pairs were used 

to detect all variants expression by real-time PCR. Gene expression level among 

different variants were analyzed by ΔΔCt method and determined whether there were 

significantly changes among groups by use of ANOVA statistical analysis. Results from 

real-time PCR showed that 

there was no difference in gene expressions of eight variants (PDE4D1-3, 5-9) among 

the oil-control and estrogens-treated groups. Only up-regulation of PDE4D4 occurred in 

EB/BPA-treated groups (Figure 4). It matched our preliminary results from in silico 

database analysis among nine variants, suggesting that only PDE4D4 contains CpG 

island at its 5’ flanking regions and its gene regulation can be regulated by DNA 

methylation. As shown in Figure 4, PDE4D4 down-regulated in oil control samples with 

aging. In contrast, PDE4D4 expression levels of prostate neonatally exposed to EB and 

BPA were markedly higher at Day 90 than oil control and remained elevated with aging. 

It concluded that PDE4D4 is normally silenced with aging but remained active 

transcribed in the neonatally estrogenized prostates. Furthermore, I found that the 

elevated expression of PDE4D4 in EB/BPA-treated prostates occurred before a second 
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hit of exposure to hormones (testosterone+estradiol). It suggested that PDE4D4 may 

have potential as a marker for early prostate cancer risk assessment.  

 

IV. Work accomplished under Task 3 

Part a) Investigation on the role of PDE4D4 

in cell proliferation. 

Full-length transcript of PDE4D4 was 

constructed in a pcDNA3.1 plasmid and 

transfected into normal and tumor cells 

followed by cell proliferation assay and 

cAMP assay. In Figure 5A, normal NBE-1 

cells, having lower expression level of 

PDE4D4, increased not only PDE4D4 

mRNA level but also cell viability (>60%) 

after transfection. Transfected AIT cells 

were also found to increase cell 

proliferation (~30%) but the increase was 

less significant as compared to normal cells. 

PDE4D4 is known to hydrolyze intracellular 

cAMP. Therefore, intracellular cAMP level 

after transfection with PDE4D4 construct 

could reflect PDE4D4 activity in cells. Cells 

transfected with PDE4D4 construct showed 

decrease in cAMP level suggesting up-

regulation of PDE4D4 in cells resulted in 

greater amount of cAMP being hydrolysed. 

Although more functional assays such as 

cell death, PKA activity should be 

performed to study how PDE4D4 regulates cell growth and involves in prostate 

carcinogenesis, present data indicated that PDE4D4 could alter the cell proliferation in 

normal NBE-1 and tumor AIT cells. We further decided to investigate the underlying 
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Figure 5. Cell viability and cellular cAMP level in 
NBE and AIT cells after transfection with full-
length transcript of PDE4D4. Panel A. Cell viability 
assayed by MTS assay, Open bar, pcDNA3.1 
plasmid only; solid bar, plasmid construct containing 
full-length transcript (2.4kb) of PDE4D4. Panel B, 
cAMP level assayed by cAMP HTS Immunoassay 
(Upstate) according the manufacturer’s protocol. 
The chemiluminescence intensity was measured by 
a luminometer (Wallac 1420, Perkin Elmer) and 
represented as the Relative Light Units (RLU).   
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mechanism of how PDE4D4 alters prostate cancer growth by using the human prostate 

cancer cells. It is more relevant to human studies and useful for designing new 

treatment for human prostate cancer. 

 

Part b) Determination of the possibility of using PDE4D4 a diagnostic marker for 

prostate diseases and prostate cancer 

Immunohistochemistry (IHC) was performed using a specific antibody against 

PDE4D4. This antibody was custom-made by FabGennix International Inc and could be 

specific for both rat and human homologues. However, I gained the troubles in 

optimizing the IHC working conditions and performing laser capture microdissection 

(LCM). Therefore, I finished this task partially by comparing PDE4D4 expression by IHC 

between normal and cancer samples. Using this antibody I have established that normal 

epithelial cells, both luminal and basal, expressed low levels of PDE4D4, but expression 

is dramatically increased in pre-cancerous lesions (Figure 6).  Using the Noble rat model 

established in our laboratory (T+E2 induced PCa model (Leav et al., 1988), our data 

showed that PDE4D4 is strongly expressed in the nucleus of hyperplasic epithelium of 

prostate gland and highly expressed after T+E2 treatment (Figure 6B). This suggests 

that PDE4D4 may play a role in early neoplastic transformation of prostate epithelial 

cells.    
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Figure 6 PDE4D4 highly expressed in T+E2-induced atypical hyperplasia in Noble rat prostate. 
Assayed by IHC, cytostatic staining of PDE4D4 was observed with less expression in oil-treated prostate 
(A). However, PDE4D4 highly expressed in nucleus of hyperplastic epithelium of prostate gland of rat 
exposed to adult T+E2 treatment (B). 
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In the future, I would like to continue the studies in determining PDE4D4 expression 

using different prostatectomy tissue sections from rat with BPH, PIN, HG-PIN and 

adenocarcinoma. Laser capture microdissection (LCM) will also be performed on the 

sections showing positive staining of PDE4D4 in the cytoplasmic or apical granular cells 

of prostate. RNA will be extracted, reverse transcribed and undergone real-time PCR 

with specific primers of PDE4D4.  Results from this task will help to examine the use of 

PDE4D4 as a diagnostic marker for prostate diseases/caner. However, alternative 

approach will be employed by using DNA from LCM-samples for methylation specific 

PCR (Ho and Tang., 2007). Methylation status changes among normal and tumor will 

help to determine whether PDE4D4 can be used as a marker for early prostate 

disease/cancer assessment.  

 

V. Work accomplished under Task 4 

Investigation of the role of human PDE4D4 homolog on the human prostate cancer 

I have already established PDE4D4 plays an important role in rat prostate 

carcinogenesis and its gene expression was epigenetically modified by early exposure 

to estrogen and BPA (tasks 1-3). Herein, we aimed at finding the target pathways 

regulated by PDE4D4 in human prostate. We first a) investigated the methylation status 

and gene expression of human PDE4D4 homolog in normal prostatic epithelial NPrEC 

cells and prostatic carcinoma DU145, PC3, LNCaP cells. Second, b) we knockdowned 

PDE4D4 in cancer cells by siRNA and determined whether knockdown of PDE4D4 

affects the cell proliferation, apoptosis, PKA and PKC activities.  

 A
ATG TSS 

exon5’
-1200   -1000   -800    -600     -400    -200      +1        200      400      600  bp

MSPCR

G
C

%

B CCCTGGAGGCGGCTACCACTGCCGCCGCCGCCGTTGCTGCTGCTTCTGCA
 
GCCCGAGTTGCTGACAATCCCTGCTCTCGCCGCCGGCGCCCAAAGGAAGG 
 
GAAGAAGAAAGGGAGGAAGAAGGACCAACCTCTGGCGAAACCGGGCACCG 
 
CGCACCCTAGTCTTGGTGACTTGGGGAGCCCGGGAGCGTGTCTCTGCCAT 
 
AGCCTCGGTGGAAGGAGCCCTGCCGCGTTCTGTGACCCCTCCCGCTGGCA 
 
GGGCCCCCTCTCGGTAGCCCTGAGGCTCTGGCGCCTTCAAGTGAGAAGCT 
 
AAGCACCAGCCTCTGCTGGGCTGCAGAAGCGGCGGCGGCGGCAGCAGCAG 
 
CAGCAGCATCAGGAAGGCGCTCGGGCCAGCGCGGTGAACCCGGGCTGGGC 
 
AGCAGGTCGCGGAGCCGCGAGCCAGGATGGAGGCAGAGGGCAGCAGCGCG 
 
CCGGCCCGGGCGGGCAGCGGAGAGGGCAGCGACAGCGCCGGCGGGGCCAC 
 
GCTCAAAGCCCCCAAGCATCTCTGGAGGCACGAGCAGCACCACCAGTACC 
 
CGCTCCGGCAGCCCCAGTTCCGCCTCCTGCATCCCCATCACCACCTGCCC 
 
CCGCCGCCGCCACCCTCGCCCCAGCCCCAGCCCCAGTGTCCGCTACAGCC 
 
GCCGCCGCCGCCCCCCCTGCCGCCGCCCCCGCCGCCGCCCGGGGCTGCCC 
 
GCGGCCGCTACGCCTCGAGCGGGGCCACCGGCCGCGTCCGGCATCGCGGC 
 
TACTCGGACACCGAGCGCTACCTGTACTGTCGCGCCATGGACCGCACCTC 
 
CTACGCGGTGGAGACCGGCCACCGGCCCGGCCTGAAGAAATCCAGGATGT 
 
CCTGGCCCTCCTCGTTCCAGGGACTCAGGCG 
 
GTGAGTGGAGAGCGCCCCCTCCCCCATTCAGGCAAAGGGTCACCTCCCCT 
 
TTTCTCAAATACTCCATCTAAGTCGGCTTATCACCACCAATTCTAGACCC 
 
AGGGTAAAATGCTAGTCTGGAAATTGGGGGAGGACAAACAGGGGTGTGCC 
 
TATCCTTTATTGAGAGTATGCTATTCAGGTGTGTGTAAGAGACCCCCCAA 
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a) PDE4D4 silenced in normal NPrEC while over-expressed in PCa cells 

First, I 

analyzed the human 

homologue of rat 

PDE4D4 (AF031373) 

using NCBI database. 

Human PDE4D4 

homologue (L20969) 

was found to be 

Figure 7. Characterization of 5’  
human PDE4D4 promoter. A) Two 
CpG islands encompassed 5’ flanking 
region. B) Putative TFs binding sites 
and MSPCR-amplicons were indicated 
in the genomic sequence. 
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highly similar to the rat one with average of 92% homology in their mRNA sequence. 

Moreover, their 5’ regulatory regions including 1kb upstream from translational start site 

(ATG) and exon 1, showed 85% homology to each other. Figure 7 showed the gene 

organization of PDE4D4 at its 5’ regulatory region. Two CpG islands (CGIs) were 

located at the 5’ regulatory region of human PDE4D4.  First CGI (CGI 1) of 179 base 

pairs (bp) (-405 to -225) located at upstream of the transcription start site (TSS) and 

another CGI (CGI 2) of 538 bp (-111 to +427) encompassed the 5’ UTR exon and exon 

1 (Figure 7A).  There were total of 75 CG dinucleotides allocated in these CGIs. Several 

putative transcription factor binding sites such as Sp1, AP2, CELF, H4TF2, CIIS1 and 

C/EBP were found in these CGIs (Figure 7B). Specific methylation clusters were first 

identified by comparing the methylation status of the 5’ regulatory region of PDE4D4 

among normal prostate and prostate cancer cell lines. Results indicated that a specific 

CpG rich region with 35 CG dinucleotides from +190 to +450 showed differential 

methylation pattern between normal NPrEC cells and prostate cancer PC3 cells (data 

not shown). Specifically, CG sites 41-42, 60-65 and 70-73 were hypomethylated in 

prostate cancer cells. Methylation specific PCR was next employed to determine the 

methylation status of this CpG cluster of DNA samples from human non-neoplastic 

prostate epithelial and PCa cells. 

 I demonstrated that PDE4D4 was demethylated and over-expressed in prostate 

cancer cell lines in vitro. As shown in Figure 8A, PDE4D4 was up-regulated in DU145, 

PC3 and LNCaP cells but almost silenced in normal epithelial NPrEC cells. Relative 

expression level of PDE4D4 was normalized by β-actin. Moreover, PDE4D4 promoter 

was hypomethylated in all tumor cells but methylated in normal NPrEC cells. Results 

from MSPCR and real-time PCR illustrated that PDE4D4 promoter could be 

demethylated after treatment with 5-aza-deoxycytidine (5-AZA-dC) for 8 days in NPrEC 

cells. PDE4D4 was also reactivated and increased in 4-fold expression in NPrEC cells 

(Figure 8B-C). DU145 and PC3 cells also showed 6-fold and 2-fold increase in the 

expression level after 5-AZA-dC treatment. LNCaP had the highest expression level 

among the prostate cancer cell lines and it might explain there was no further increase 

in gene expression after demethylation treatment. 
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Figure 8. Methylation status of PDE4D4 and expression levels in human normal NPrEC and PCa cells. 
(A) Gene expression of PDE4D4 assayed by semi-quantitative PCR and real-time PCR among normal NPrEC, 
and DU145, PC3 and LNCaP PCa cells. (B and C) PDE4D4 promoter methylation status and gene expression 
were analyzed by MSPCR (B) and real-time PCR (C) respectively after exposing to demthylation agent, 5-AZA-
deoxycytidine for 8 days.  

b) Down-regulation of PDE4D4 inhibited cell proliferation and enhanced apoptosis. 

Over-expression of PDE4D4 was found to be associated with growth of prostate 

cancer cells. I performed gene knockdown by using siRNA oligos against PDE4D4 

(Dharmacon, Lafayette, CO). Negative control siRNA (siCONTROL pool), and 

transfection siRNA control (siTOX) were included to ensure the specificity and 

transfection efficiency of siRNA.  

All cells showed down-regulation of PDE4D4 after siRNA transfection (Figure 9A). 

Since PDE4D4 was silenced in NPrEC, the effect of siRNA knockdown on normal cells 

was not as obvious as that on cancer cells. Except DU145 cells, PC3 and LNCaP cells 

transfected with siRNA oligos against PDE4D4 decreased their cell viability (Figure 9B) 

and DNA synthesis (Figure 9C) with the increase in the caspase-3 activity (Figure 9D). 

These results suggest that PDE4D4 plays an important role in cell proliferation/cell 

death in prostate cancer cells. On other aspects, PDE4D4 functions degradating 
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intracellular cAMP. In our studies, inhibition of PDE4D4 was found to increase the 

intracellular cAMP level (Figure 9E) and lead to PKA activation within 24hr (Figure 9F) 

in PC3 and LNCaP cells. It further suggested that PDE4D4 regulates cell growth is 

mediated by PKA-dependent pathways. Increased cAMP can both inhibit and promote 

apoptosis or may disturb the cell cycle.  
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Figure 9.  Effects of siRNA PDE4D4 knockdown on (A) PDE4D4 gene expression, (B) cell proliferation, (C) 
DNA synthesis, (D) Caspase 3 activity, (E) intracellular cAMP level and (F) PKA activity. 
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Key research accomplishments 

- By completing task 1 and 2, I successfully showed that PDE4D4 is regulated by 

DNA methylation and its expression is associated with the incidence of prostate 

PIN in rat prostate. 

- We published the results from task 1 and 2 in Cancer Research in June 2006, 

Reproductive Toxicology in October 2006 and January 2007, Basic and 

Pharmocology Reviews in February 2007, Reviews in Endocrine and Metabolic 

Disorder in June 2007 and Fertility and Sterility in February 2008. We were the 

first group who reported neonatal estrogen exposure could reprogram the rat 

prostate via DNA methylation. 

- Specific antibody against PDE4D4 was custom-made and it was ready be used 

for IHC studies for normal and tumor sections (task 3). PDE4D4 was found to be 

highly expressed in tumor sections. In the future, I can pursue this study 

including the rat and human samples by using this antibody to find out whether 

PDE4D4 can be used a biomarker for prostate disease/cancer.  

- I found out PDE4D4 plays an important role in prostate carcinogenesis (task 3 

and 4) by modifying PKA activity and its downstream apoptotic pathways. 

Results will help to understand the development of prostate cancer and tailor the 

treatment for prostate disease/cancer.  

- Results from task 3 and 4 were presented in IMPaCT meeting 2007, Department 

of Defense Prostate Cancer Research Program and I have prepared to publish 

this findings.  

 

Reportable outcomes 

- Published papers: 
1. Prins G.S., Tang, W.Y., Belmonte, J. and Ho, S.M. (2008) Developmental 

exposure to bisphenol A increases prostate cancer susceptibility in adult rats: 

epigenetic mode of action is implicated. Fertility and Sterility. Feb;89 (2 

Suppl):e41.

2. Prins G.S., Tang, W.Y., Belmonte, J. and Ho, S.M. (2007) Perinatal Exposure to 

Estradiol and Bisphenol A Alters the Prostate Epigenome and Increases 
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Susceptibility to Carcinogenesis. Basic & Clinical Pharmacology & Toxicology. 

Feb;102(2):134-8.  
  

3. Tang, W.Y. and Ho, S (2007) Epigenetic Reprogramming and Imprinting in 

origins of disease, Reviews in Endocrine and Metabolic Disorder. Jun;8(2):173-

82.  

4. Ho, S., Tang, W.Y. (2007) Techniques used in studies of epigenome 

dysregulation due to aberrant DNA methylation: an emphasis on fetal-based 

adult diseases, Reproductive Toxicology. Apr-May; 23(3):267-282 

5. Prins, G.S., Birch L., Tang, W.Y., Ho, S. (2007) Developmental Estrogen 

Exposures Predispose to Prostate Carcinogenesis with Aging, Reproductive 

Toxicology. Apr-May; 23(3):374-382. 

6. Ho, S.*, Tang, W.Y.*, Belmonte, J. and Prins, G.S. (2006) Developmental 

exposure to estradiol and bisphenol A increases susceptibility to prostate 

carcinogenesis and epigenetically regulates phosphodiesterase type 4 variant 4, 

Cancer Research. 2006 June 66(11):5624-5632 * co-authorship 

 
- Abstract for national meetings: 
1. Tang W.Y., Barker J, Prins G and Ho S.M. (2008) Bisphenol A demethylated rat 

PDE4D4 promoter via alteration of expression levels of demethylases, 99th 

Annual Meeting of American Association for Cancer Research 2008.  

 

2. Tang W.Y., Barker J, Prins G and Ho S.M. (2008) Bisphenol A demethylated rat 

PDE4D4 promoter via alteration of expression levels of demethylases, 99th 

Annual Meeting of American Association for Cancer Research 2008.  

 

3. Tang W.Y. (2007) Investigation of a putative estrogen-imprinting gene, 

Phosphodiesterase type IV variant 4 (PDE4D4) in determining prostate cancer 

risk, IMPaCT meeting, Department of Defense Prostate Cancer Research 

Program 
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4. Tang W.Y., Ho, S. (2007) Bisphenol A demethylates PDE4D4 promoter and 

reactivates gene transcription in a rat epithelial cell line (NbE-1) via up-regulation 

of DNA demethylases, Endocrine Disruptor Meeting, NIEHS/EPA. 

 

5. Tang, W.Y. (2006) Early developmental exposures to estrogen/bisphenol A 

impact a specific prostate epigenome,  Environmental Mutagen Society 37th 

Annual Meeting. 

 
6. Tang, W.Y, Prins, G.S., Belmonte, J. and Ho, S. (2006) Neonatal exposure to 

estradiol or bisphenol A epigenetically alters phosphodiesterase type IV variant 4 

(PDE4D4) and increases susceptibility to adult-induced prostate carcinogenesis, 

97th Annual Meeting of American Association for Cancer Research. 

7. Tang, W.Y., Prins, G.S., Belmonte, J. and Ho, S. (2005) Neonatal estradiol or 

bisphenol A (BPA) exposure increases susceptibility to adult-induced prostate 

carcinogenesis: association with epigenetic changes in gene methylation 

patterns and phosphodiesterase type 4 expression, Environmental Epigenomics 

Conference 2005. 

 

8. Tang, W.Y., Prins, G.S., Belmonte, J. and Ho, S. (2005) Discovery of 

phosphodiesterase type 4 variant (PDE4D4) as a gene susceptible to neonatal 

imprinting by estrdiol or bisphenol A in the rat prostate, Endocrine descriptor 

Workshop, Endocrine Society Annual Meeting 2005.  

 
- Invited presentation at national meetings: 
1. Tang, W.Y. (2006) Early developmental exposures to estrogen/bisphenol A impact 

a specific prostate epigenome, platform session - environmental and physiological 

impact of the epigenome, Environmental Mutagen Society 37th Annual Meeting, 

Vancouver, British Columbia, Canada.  

 
 
 

 - 21 -



Conclusions 
I have made significant progress and obtained important findings during the 

funded period of this training award. In the first year, I successfully found that PDE4D4 

is reprogrammed by early exposure to estrogen and bisphenol A and its expression 

associated with incidence of prostate cancer. This data not only earned me six papers 

but also made me get into several national meetings. Moreover, our findings have 

already raised public concern about the effect of estrogen or environmental estrogens 

such as BPA in the prostate disease and cancer. In the second year, I completed the 

work proposed in Task 3 and 4. First, I optimized the IHC assay to use PDE4D4 

expression/methylation pattern as a biomarker for prostate cancer. Second, I found out 

PDE4D4 regulate cAMP signaling and its downstream apoptotic pathways that involved 

in prostate development. By all respect, this postdoctoral training experience helps me 

to equip myself with basic and clinical aspects of cancer research and to become an 

independent and highly competitive researcher on the prostate cancer. I believe these 

findings will yield new approach that will be relevant to prostate cancer prevention and 

therapy. 
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Similar to the testes, male accessory sex glands are also
vulnerable to environmental endocrine disruptors with
adverse effects in adulthood. The developing prostate gland
is particularly sensitive to estrogens, and high-dose exposures
during a critical developmental window results in intraepithe-
lial prostatic neoplasia (PIN) in adult rodent models.
Bisphenol A (BPA), a ubiquitous environmental contaminant
leached from plastics and expoxy resins, has estrogenic
activity. Although neonatal exposure to environmentally
relevant doses of BPA produced no prostate pathology in
the adult rat, we asked whether it would sensitize the adult
prostate to estrogenic exposures. Relative estrogen levels
rise in the aging male and adult estrogen exposures can be
carcinogenic to the prostate gland. To test this possibility,
newborn rats were exposed to a low dose of BPA (10 mg/kg
body weight) or to a low dose (0.1 mg/kg body weight) or
high dose 2.5 mg/kg body weight) of estradiol (E) on days
1, 3, and 5 of life. In adulthood (day 90), the animals were
given prolonged E exposure with normal levels of testoster-
one (T) via T þ E implants or empty capsules for 16 weeks.
Prostates were examined histologically at 7 months. Rats
treated neonatally to high-dose E with or without adult
T þ E had a high PIN incidence and score. Although
low-dose neonatal E exposure alone mildly increased the
PIN incidence/score, neonatal BPA alone had no pathologic
alteration in the aged prostate. However, rats exposed
neonatally to BPA followed by T þ E in adulthood showed
a significantly higher PIN incidence and score compared
with controls, rats exposed only to BPA neonatally, or those
given only T þ E in adulthood (1). The PIN incidence and
lesions in rats given BPA with adult T þ E appeared similar
to rats treated neonatally with high-dose E. Thus, the present
U
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findings suggest that an environmentally relevant dose of
BPA may increase the susceptibility of the prostate gland to
carcinogenesis following additional adult exposures.

To determine whether neonatal exposures to estradiol or
BPA may be mediated through epigenetic mechanisms, we
screened these prostate tissues for global DNA methylation
changes. Over 30 gene candidates were cloned that showed
consistent methylation changes as a result of neonatal E or
BPA exposures. Phosphodisesterase type 4, variant 4
(PDE4D4), the enzyme involved in degrading cAMP and
regulating the cellular levels of this key cell-signaling
molecule, was identified as a novel imprinted gene (1). In
normal prostates, the 50 CpG island of PDE4D4 is gradually
hypermethylated, and the gene is silenced with aging.
Following neonatal BPA or estradiol exposure, PDE4D4
showed early and persistent hypomethylation of its 50 CpG
island resulting in elevated PDE4D4 gene expression in the
adult prostates. HPCAL, a gene that drives cAMP production,
exhibited a specific methylation and expression alteration in
neonatal BPA animals with aging. Together, these findings
indicate that the prostate epigenome is permanently altered
by early exposures to BPA, resulting in changes in gene
expression. We hypothesize that this epigenetic alteration
may be a molecular underpinning that leads to heightened
predisposition to prostate carcinogenesis with aging.
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Abstract:

 

An important and controversial health concern is whether low-dose exposures to hormonally active environmen-
tal oestrogens such as bisphenol A can promote human diseases including prostate cancer. Our studies in rats have shown
that pharmacological doses of oestradiol administered during the critical window of prostate development result in marked
prostate pathology in adulthood that progress to neoplastic lesions with ageing. Our recent studies have also demonstrated
that transient developmental exposure of rats to low, environmentally relevant doses of bisphenol A or oestradiol increases
prostate gland susceptibility to adult-onset precancerous lesions and hormonal carcinogenesis. These findings indicate that
a wide range of oestrogenic exposures during development can predispose to prostatic neoplasia that suggests a potential
developmental basis for this adult disease. To identify a molecular basis for oestrogen imprinting, we screened for DNA
methylation changes over time in the exposed prostate glands. We found permanent alterations in DNA methylation
patterns of multiple cell signalling genes suggesting an epigenetic mechanism of action. For phosphodiesterase type 4 variant
4 (PDE4D4), an enzyme responsible for intracellular cyclic adenosine monophosphate breakdown, a specific methylation
cluster was identified in the 5

 

′

 

-flanking CpG island that was gradually hypermethylated with ageing in normal prostates
resulting in loss of gene expression. However, in prostates exposed to neonatal oestradiol or bisphenol A, this region
became hypomethylated with ageing resulting in persistent and elevated PDE4D4 expression. In total, these findings indi-
cate that low-dose exposures to ubiquitous environmental oestrogens impact the prostate epigenome during development

 

and in so doing, promote prostate disease with ageing.

 

Prostate cancer is the most common solid cancer in males
and is the second leading cause of cancer deaths in Ameri-
can men. The most recent cancer statistics for 2007 indicate
that prostate cancer incidence continues to rise in the USA
[1]. The reason for this high propensity to develop cancer
within the prostate is not well understood and is an area of
intense investigation. It has been suggested that the unique
embryological origin of the prostate gland – from the endo-
dermal urogenital sinus, as opposed to the mesodermal
Wolffian duct structures that form the other male accessory
sex glands – may play a fundamental role in the high rates
of abnormal growth as men age. During embryonic develop-
ment, the prostate gland is highly dependent on steroid
hormones and it is notable that imbalances in steroid levels
during early life can result in aberrant prostate growth [2,3].
The present review will highlight data from several studies
that support a hypothesis that early life exposures to
oestrogenic compounds, including the environmental
oestrogen bisphenol A, may predispose the prostate gland
towards abnormal growth and carcinogenesis later in life.

 

Influence of oestrogen exposures during prostate development

 

In human beings, prostate development initiates towards the
end of the first trimester in response to rising foetal andro-
gen levels and glandular morphogenesis is largely completed
during the second trimester as circulating androgen levels
peak. During the third trimester of 

 

in utero

 

 development,
foetal androgen production declines while maternal oestro-
gen levels rise resulting in an increased oestrogen/testoster-
one (E/T) ratio. This increased E/T ratio has been shown to
directly stimulate extensive epithelial squamous metaplasia
that regresses after birth as oestrogen levels rapidly decline
[4]. Although the natural role for oestrogens during pros-
tatic development is unclear, it has been proposed that
excessive oestrogen exposures during development may con-
tribute to the high incidence of prostate disease currently
observed in the ageing male population [5,6]. The sons of
women who took diethylstilboestrol during pregnancy
where shown to have persistent abnormalities in prostate
structure shortly after birth [7]. Furthermore, indicators of
pregnancy oestrogen levels such as length of  gestation,
pre-eclampsia and jaundice have shown a high correlation
between elevated oestrogen levels and prostate cancer risk
[8,9]. Interestingly, African-American mothers have elevated
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levels of maternal oestrogens and androgens during early
gestation as compared to their Caucasian counterparts and
it has been postulated that these elevated steroids may con-
tribute to the 2-fold increased risk of prostatic carcinoma in
African-American men [10,11].

Unlike human beings, the rodent prostate gland is rudi-
mentary at birth and undergoes morphogenesis and differ-
entiation during the first 2 weeks of life [12]. Thus, the
neonatal rodent prostate gland is a useful model for foetal
prostate development in human beings. Our laboratory and
others have shown that brief  perinatal exposure of rats to
high doses of natural or synthetic oestrogens alters the pros-
tate gland in a permanent manner resulting in reduced
growth, differentiation defects, aberrant gene expression and
perturbations in cell signalling mechanisms [13,14]. This
process, referred to as developmental oestrogenization or
oestrogen imprinting, leads to prostatic lesions as the ani-
mals age including chronic immune cell infiltration, epithe-
lial hyperplasia and prostatic intraepithelial neoplasia, the
precursor lesion of prostate cancer [15]. We thus propose
that excessive oestrogen exposure during the developmental
critical period may be a predisposing factor for prostatic
disease later in life. It is noteworthy that a comparable
rodent model for female perinatal diethylstilboestrol expo-
sures accurately predicted the uterine and vaginal lesions
found in daughters of diethylstilboestrol-exposed pregnant
women [16] who provide credibility for the rodent model system
in assessing similar pathologies in males. Whether similar
effects may be induced by low-dose oestrogenic exposures
has until recently remained unclear. This is currently a critical
issue because hormonally active xenooestrogens are ubiqui-
tous in the environment and have potential for adverse
health outcomes in both human beings and animals [17].

 

Bisphenol A

 

Bisphenol A, a synthetic polymer, is a prevalent environ-
mental oestrogen that was initially tested for efficacy as a
synthetic oestrogen in 1936 [18]. Shortly thereafter, Dodds
synthesized diethylstilboestrol that possessed much greater
oestrogenic potency and the use of bisphenol A as a synthetic
oestrogen was set aside. Today, bisphenol A is used as a
cross-linking chemical in the manufacture of polycarbonate
plastics, epoxy resins and several other common household
products, and is one of the highest volume chemicals pro-
duced worldwide (>6 

 

×

 

 10

 

9

 

 lbs/year). Unfortunately, bisphe-
nol A monomers leach from plastics and epoxy resins when
heated or after repeated washings and bisphenol A is now
found at significant levels in environments throughout the
world [19,20]. As a result, unconjugated bisphenol A is
found in the serum of 95% of human beings at levels rang-
ing from 0.2–20 ng/ml [21,22]. Importantly, bisphenol A is
found in 3–4-fold higher concentrations in amniotic fluid as
compared to maternal serum [23] and placental and foetal
tissue concentrations can exceed 100 ng/g with the highest
levels found in foetal males [24,25]. While bisphenol A binds
to classical oestrogen receptors with reduced affinity relative

to 17

 

β

 

-oestradiol [26], it possesses equivalent activational
capacity of the non-classical membrane oestrogen receptor
[27]. Thus, there is potential for this compound as a toxicant
for developing human tissues, particularly the oestrogen-sensitive
reproductive end organs. In this regard, foetal exposures to
environmentally relevant doses of bisphenol A in animal
studies have been shown to advance puberty [28], increase
prostatic growth [29], alter pubertal mammary gland develop-
ment [30] and permanently change the morphology and
functionality of female reproductive tract organs in mice [31].

 

Developmental bisphenol A exposure increases prostate gland 
susceptibility to hormonal carcinogenesis

 

It has been shown that that developmental exposure to low
doses of oestrogen augments the responsiveness of female
reproductive end-organs to elevated oestrogens at puberty and
beyond. In this context, we asked whether low-dose oestro-
gens during development might shift the sensitivity of the
prostate gland to adult oestrogenic exposures. This is highly
relevant because prolonged adult exposure to oestradiol is
capable of driving prostatic carcinogenesis in the Noble rat
model [32] and oestrogens are associated with an increased
prostate cancer risk in men [33]. Furthermore, the serum E/T
ratio increases in ageing men, in part, due to increased body
fat and aromatase activity [34], and this coincides with the
increased propensity of ageing men to develop prostate cancer.

We chose to work with Sprague–Dawley rats as an animal
model because this strain is less sensitive than the Noble rat
to adult oestrogen-induced carcinogenesis [35]. A ‘two-hit’
model for carcinogenesis was established. The ‘first hit’ con-
sisted of a brief exposure to a low dose of oestradiol (0.1 

 

µ

 

g/kg
body weight/day) or an environmentally relevant dose of
bisphenol A (10 

 

µ

 

g/kg body weight/day) on neonatal days 1,
3 and 5 when the prostate undergoes branching morpho-
genesis and differentiation. This bisphenol A dosage was
chosen because it provides serum bisphenol A concentrations
that are similar to those measured in the blood of human
foetuses at term (i.e. 0.2–9.2 ng unconjugated bisphenol
A/ml) [25,36]. To avoid intake variability between pups associ-
ated with lactation, precise doses of oestradiol and bisphe-
nol A were delivered via subcutaneous injections using oil
as the vehicle that provides slow release of the compound
over several hours. While this non-oral route avoids first-
pass liver metabolism, it is noteworthy that neonatal rat
pups have limited metabolic capacity for bisphenol A [37].
When the neonatal-exposed rats in our study reached adult-
hood, they were given either oil (control group) or a ‘second
hit’ 4-month exposure to ~75 pg/ml oestradiol that is by
itself  able to drive carcinogenesis in 100% of Noble rats but
only 33% of Sprague–Dawley rats [32,35]. Our goal was to
determine if  neonatal low-dose estradiol or bisphenol A
exposure could increase the susceptibility of the prostate to
adult-induced carcinogenesis.

Individual prostate lobes were histologically assessed at 7
months of age for proliferation, apoptosis and pathologic
lesions including prostatic intraepithelial neoplasia or
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PIN, the precursor lesion for human prostate cancer [38,39].
While neonatal high-dose oestradiol exposure alone and to
a lesser degree, early low-dose oestradiol exposure increased
the incidence of PIN lesions, early exposure to bisphenol A
alone had no effect on prostate pathology, proliferation or
cell death as the animals aged. However, when rats were
exposed to an environmentally relevant dose of bisphenol A
(10 

 

µ

 

g/kg body weight/day) early in life followed by adult
oestradiol exposure for 4 months, the incidence of PIN
lesions significantly increased to 100% as compared to 40%
in control Sprague–Dawley rats that received oil neonatally
and oestradiol in adulthood. Importantly, the lesions were
mostly classified as high-grade PIN and the severity and
incidence was similar to that found in rats exposed neona-
tally to pharmacological levels of oestradiol. As compared
to controls, the PIN lesions in rats exposed to neonatal
bisphenol A and adult oestradiol also exhibited significantly
higher rates of epithelial cell proliferation and apoptosis
that is considered key evidence that these are relevant pre-
cancerous lesions with similarity to human high-grade PIN,
the precursor lesion to prostate cancer [40]. Taken together,
these published findings suggest that early oestradiol expo-
sures predispose the prostate to PIN lesions with ageing
and that an environmentally relevant dose of bisphenol A is
capable of increasing susceptibility of the prostate gland to
carcinogenesis brought on by elevated oestradiol in the age-
ing male animals.

 

Developmental oestradiol and bisphenol A exposures alter the 
prostatic epigenome

 

DNA methylation is one of three epigenetic systems that
regulate mitotically heritable changes in gene expression
that are not coded in the DNA sequence. DNA methylation
occurs at the C

 

5

 

 position of cytosine in cytosine-guanine
(CG) dinucleotides (CpG). In mammalian cells, CpGs are
often found as aggregates, or 

 

CpG islands

 

 (CGI), in the
promoter or 5

 

′

 

-coding region of  genes and methylation
status at these sites can regulate gene transcription [41].
Simplistically, hypermethylation of CGIs will cause stable
heritable transcriptional silencing while hypomethylation
permits transcription. Once established in somatic cells, CpG
methylation patterns within the genome remain relatively
stable and are heritable through cell divisions except during
early embryonic development and tumourigenesis when
drastic alterations in DNA methylation occur. Alterations in
DNA methylation have been shown to contribute to both
cancer initiation and promotion [42,43] including prostate
cancers [44,45]. Furthermore, there is some evidence that
early hormonal exposures can alter DNA methylation in
reproductive tract tissues [46–48].

In this context, we asked whether the molecular under-
pinning whereby brief  exposure to oestradiol or bisphenol A
during development could permanently affect prostate
carcinogenic susceptibility might be a result of epigenomic
alterations in DNA methylation of  specific genes. To
identify potential methylation-regulated genes in prostates

exposed neonatally to oestradiol and bisphenol A, we used
methylation-sensitive restriction fingerprinting that screens
for novel CpG-rich sequences whose methylation status
undergoes alterations following treatments [47,49]. This
approach allowed us to monitor epigenetic alterations over
time as well as with different hormonal treatments. Impor-
tantly, this global screening method does not require the
identities of the genes whose methylation status changes
thus in addition to the suspected genes involved, one can
identify novel genes that may play a role in developmental
oestrogenization of the prostate gland. Our preliminary
screens identified over 50 DNA candidate sequences with
repeatable methylation alterations across multiple samples
and prostate lobes [38].

The candidate sequences were subsequently cloned and
28 unique candidate clones were identified (complete table
in Ho et al. [38]) Sixteen candidates showed no homology
with known rat genes while the remaining eight genes were
identified as PLC

 

β

 

3, NVP3, CARK, GPCR14, PDE4D4,
PDGFR

 

α

 

, CAR-X1 and SLC12A2. Several of these genes
are involved in signal transduction pathways including
Na-K-Cl cotransport (SLC12A2), MAPK/ERK pathway
(PDGFR

 

α

 

), phosphokinase C pathway (PLC

 

β

 

3), cAMP
pathways (PDE4D4 and HPCAL1) and neural/cardiac
development (CARXI, CARK). Because these signalling
pathways play a role in cell cycle and/or apoptosis pathways
within cells and tissues, it is intriguing to speculate that
developmental oestrogenic exposures may perturb prolifera-
tion/apoptosis equilibrium in the prostate gland through an
epigenetic gene (de)regulation mechanism. These findings
may also provide clues to previously unrecognized partici-
pants in prostate carcinogenesis.

We observed overlapping as well as unique methylation
alterations for high-dose oestrogen, low-dose oestrogen and
bisphenol A. This suggests two important points. First,
common prostatic genes may be epigenetically modified by
different oestrogenic compounds and doses suggesting com-
mon pathways that predispose to prostate carcinogenesis
with ageing. These identified candidates could be applicable
not only to developmental oestrogenic exposures but may
provide clues to new participants in prostate cancer. Second,
unique candidate genes specific to an oestrogenic compound
or dose may allow us to formulate specific epigenomic sig-
natures that could serve as useful molecular markers for
specific developmental exposures.

 

Prostatic PDE4D4 expression is methylation-regulated by 
oestradiol and bisphenol A exposure

 

We have initiated studies to determine whether altered DNA
methylation due to neonatal oestrogenic exposures results in
altered gene expression. PDE4D4 was chosen for further
characterization because the differentially methylated DNA
fragment identified by methylation sensitive restriction
fingerprinting corresponded to the 5

 

′

 

-flanking region, the
PDE4D4 fragment was consistently hypomethylated by
all neonatal oestrogenic exposures and the changes were
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identified as early as day 10 of life. PDE4D4 is an intracellular
enzyme that specifically degrades cAMP [50]. Downstream
cAMP signalling pathways include PKA activation and
phosphorylation of  cAMP-responsive element binding
protein that regulates transcription of genes involved in cell
growth and differentiation [51]. Thus, persistent activation
of  cAMP pathways may contribute to neoplastic trans-
formation. In this regard, recent studies have shown a tight
association between PDE4D4 expression and cancer cell
proliferation, including gliomas [52], osteosacromas [53] and
chronic lymphocytic leukaemia [54].

As previously detailed [38], PDE4D4 contains a 700-bp
CpG island with 60 CpG sites in the 5

 

′

 

-regulatory region
that encompasses the gene transcription and translation
start sites. Methylation site mapping was performed by
bisulfite genomic sequencing and a cluster was noted
between 49–56 CG sites that became increasingly methyl-
ated in the normal control rat prostates with ageing, reach-
ing 100% methylation by 7 months of age. In contrast, these
49–56 CG sites remained hypomethylated in ageing pros-
tates exposed neonatally to high- or low-dose oestrogen or
BPA. Importantly, these differential methylation patterns
were inversely correlated to PDE4D4 gene expression as
determined by real-time RT-PCR. Thus, while normal aged
rats contained low prostatic expression of PDE4D4, this
gene was expressed at high levels in rats exposed to oestra-
diol or bisphenol A during development. Importantly, this
differential gene expression pattern was observed prior to
adult exposure to oestradiol that indicates that molecular
changes had occurred in the prostates of neonatal bisphenol
A-exposed rats that may have contributed to its increased
predisposition to hormonal carcinogenesis as an adult. This
later observation suggests that PDE4D4 methylation and/or
gene expression may be a useful early marker of adult-onset
disease initiated by developmental oestrogen exposures in
the prostate gland.

 

Conclusions

 

In summary, we have shown that a range of oestrogenic
exposures during the early period of prostate development,
from low-dose oestradiol and environmentally relevant
doses of bisphenol A to pharmacological doses of oestro-
gens, results in an increased susceptibility to pre-neoplastic
lesions of the prostate gland with ageing. Based on these
findings, we propose that oestrogenic exposures during
critical developmental periods may provide a foetal basis
for adult prostatic diseases. Furthermore, we have obtained
evidence that early exposures to oestradiol or bisphenol A
can alter DNA methylation in a gene-specific manner that
implicates epigenetic alterations as an underlying mechanism
of  action in developmental oestrogenization. Because
several of these genes are interconnected through similar
signalling pathways, we predict that oestrogen-induced
alterations may produce complex changes within the pro-
static cell that ultimately predispose the gland to carcino-
genesis as the animal ages.
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Abstract The traditional view that gene and environment
interactions control disease susceptibility can now be
expanded to include epigenetic reprogramming as a key
determinant of origins of human disease. Currently, epige-
netics is defined as heritable changes in gene expression that
do not alter DNA sequence but are mitotically and trans-
generationally inheritable. Epigenetic reprogramming is the
process by which an organism’s genotype interacts with the
environment to produce its phenotype and provides a
framework for explaining individual variations and the
uniqueness of cells, tissues, or organs despite identical
genetic information. The main epigenetic mediators are
histone modification, DNA methylation, and non-coding
RNAs. They regulate crucial cellular functions such as
genome stability, X-chromosome inactivation, gene imprint-
ing, and reprogramming of non-imprinting genes, and work
on developmental plasticity such that exposures to endoge-
nous or exogenous factors during critical periods perma-
nently alter the structure or function of specific organ
systems. Developmental epigenetics is believed to establish
“adaptive” phenotypes to meet the demands of the later-life
environment. Resulting phenotypes that match predicted
later-life demands will promote health, while a high degree
of mismatch will impede adaptability to later-life challenges
and elevate disease risk. The rapid introduction of synthetic

chemicals, medical interventions, environmental pollutants,
and lifestyle choices, may result in conflict with the
programmed adaptive changes made during early develop-
ment, and explain the alarming increases in some diseases.
The recent identification of a significant number of epige-
netically regulated genes in various model systems has
prepared the field to take on the challenge of characterizing
distinct epigenomes related to various diseases. Improve-
ments in human health could then be redirected from curative
care to personalized, preventive medicine based, in part, on
epigenetic markings etched in the “margins” of one’s genetic
make-up.

Keywords DNAmethylation . Histone modification .

Chromatin remodeling . Nongenomic heritage .

Developmental plasticity . Relaxation of imprinting

1 Epigenetics meets genetics in disease susceptibility

In the past, susceptibility of disease was believed to be
determined solely by inheritable information carried on the
primary sequence of the DNA. Individuals are endowed
with different genotypes that dictate how they respond to
endogenous factors such as development cues, hormones,
and cytokines or to exogenous influences, including
nutrient availability, infection, physical activities, social
behavior, and other environmental factors. Over time, these
responses form the basis of genetic variability to disease
susceptibility. Aberrant changes in linear DNA sequence
result in mutations, deletions, gene fusion, tandem duplica-
tions, or gene amplifications causing dysregulation of gene
expression that underlies the genesis of disease [1–7].
Recently, however, it has become clear that epigenetic
disruption of gene expression plays an equally important
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role in the development of disease [8–10] and, arguably,
that this process is more susceptible than the former to
environmental modulation.

The term epigenetics means outside conventional genetics
[11] and was coined by the developmental biologist Conrad
H. Waddington (1905–1975) [12]. Waddington treated
Drosophila pupae with heat and observed altered wing-
vein patterns [13]. The altered phenotype persisted in the
population long after the stimulus was removed, suggesting
that exposure to an environmental factor during a critical
developmental window could produce a phenotype-change
that lasted a lifetime and was manifested in subsequent
generations. He referred to this phenomenon as “genetic
assimilation,” or “epigenetics” in modern terminology.
According to this paradigm, epigenetics is the process by
which the genotype of an organism interacts with the
environment to produce its phenotype. It provides a
framework to explain the source of variations in individual
organisms [14] and also explains what makes cells, tissues,
and organs different albeit the identical nature of the genetic
information in every cell in the body, since different sets of
genes are expressed in different cells in a distinct temporal
sequence. The concept has thus expanded the “gene-
centric” view of inheritance biology by introducing the
possibility of “nongenomic inheritance” as an adaptive
mechanism for coping with environmental changes [8, 11].

Currently, epigenetics is defined as heritable changes in
gene expression that occur without alterations in DNA
sequence. Epigenetic modifications are mitotically and
transgenerationally inheritable [15–17]. Three distinct and
intertwined mechanisms are now known to regulate the
“epigenome”: small-interfering RNAs, DNA methylation,
and histone modifications [18–20]. These processes affect
transcript stability, DNA folding, nucleosome positioning,
chromatin compaction, and ultimately nuclear organization.
Synergistically and cooperatively they determine whether a
gene is silenced or activated and when and in what tissue it
will be expressed. Thus, epigenetics has greatly expanded
our understanding of the context of gene expression, which
previously was believed to be dictated by the primary
nucleotide sequence of a gene. Disruption of the epigenome
or induction of “epimutations” [21] certainly underlies
disease development [8–10]. Therefore, disease suscepti-
bility is clearly a result of a complex interplay between
one’s genetic endowment and epigenetic marks “imprinted”
on one’s genome by endogenous or exogenous factors [11].

2 Developmental plasticity, adaptive developmental
reprogramming, and early origins of human diseases

Epidemiologic studies now support an early origin of adult
human diseases. Classic examples include association

between low birth weight and a greater risk of coronary
heart disease, hypertension, stroke, depression, type 2
diabetes, and osteoporosis in later life [8, 10, 22–27]. The
paradigm of early origins of adult disease is rooted in the
process of developmental plasticity [8, 28, 29]. Most
human organ systems begin to develop early in gestation
and do not become fully mature until weeks, months, or
years after birth. A relatively long gestation and a period of
postnatal and perhaps prepubertal maturation allow for
prolonged interactions with the environment. These include
episodes of hypoxia; hypo- or hypernourishment; infection;
and hormonal, drug, or toxin exposures. Developmental
plasticity occurs when such exposures, during critical
periods of maturation, result in permanent alterations in
the structure or function of specific organ systems. This
process, commonly referred to as “developmental repro-
gramming or imprinting” [8, 23, 24], is a so-called adaptive
trait since it is an attempt to establish phenotypes that meet
the demands of later-life environment [8, 10, 11, 28, 29].
When the resulting phenotypes match the predicted later-
life demands, the individual will remain healthy. When
there is a high degree of mismatch, however, one’s
adaptability to adult life challenges will be impeded and
disease risk will be elevated. The latter scenario is more
frequent today than in past decades since contemporary
human life is greatly influenced by lifestyle choices, which
often are in conflict with the programmed adaptive changes
made during early development. In addition, synthetic
chemicals that mimic internal cues and artificial reproduc-
tive technologies are introduced into daily life at alarming
rates. These can induce developmental reprogramming with
no apparent late-life adaptive values. Collectively, these
factors have increased the odds of a mismatch between
early developmental programming and later-life demands
that have caused various human diseases in recent decades.

Mechanistically, epigenetics underpins developmental
reprogramming or imprinting. Thus, understanding how
environmental factors influence various epigenetic processes
during developmental reprogramming should provide new
insights into early diagnosis, prevention, and treatment of
these diseases.

3 Epigenetics as a mechanism of developmental
reprogramming

The two most studied epigenetic mechanisms recognized as
having a role in adaptive developmental programming are
histone modifications [30] and DNA methylation [31, 32]. In
simple terms, histone modifications refer to post-translational
modifications of histone tails and DNA methylation involves
the methylation of cytosine at the carbon-5 position in CpG
dinucleotides. These processes work together to affect chro-
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matin packaging, which in turn determines which gene or gene
set is transcribed. Changes mediated by either process are
heritable; not only are they transmittable to the daughter cells
but to subsequent generations. More recently, the roles of
small/micro antisense RNA transcripts in gene regulation have
come under intense scrutiny [33, 34]. Disruption of gene
expression, via one or more of these mechanisms, likely
underpins early origins of adult diseases.

DNA methylation refers to the covalent addition of a
methyl group derived from S-adenosyl-L-methionine to the
fifth carbon of the cytosine ring to form the fifth base, 5-
methyl cytosine (5meC) [31, 32, 35]. The reaction is
catalyzed by DNA methyltransferases and accessory pro-
teins (Dnmt1, Dnmt3a, Dnmt 3b, Dnmt2, and Dnmt 3L).
Across eukaryotic species, methylation occurs predomi-
nantly in cytosines located 5′ of guanines, known as CpG
dinucleotides (CpGs). In the mammalian genome, the
distribution of CpG dinucleotides is nonrandom [36]. CpG
dinucleotides are greatly underrepresented in the genome
because of evolutionary loss of 5meCs through deamination
to thymine. However, clusters of CpGs known as CpG
islands (CGIs) are preserved in 1–2% of the genome.
Typically, they range in length from 200 bp to 5 kb. Most
are unmethylated (in which occur near the transcription
start sites) under normal circumstances except those
associated with imprinted genes, genes subjected to X-
chromosome inactivation, and transposable elements [31,
32, 35, 36]. In this regard, DNA methylation is thought to
repress inappropriate expression of endogenous transposons
that may disrupt the genome and are involved in parental-
specific silencing of one allele of imprinted genes [31, 35,
37]. In addition, about 70% of CGIs are associated with
DNA sequences 200 bp to 2 kb long located in the
promoter, the first and second exons, and the first intron
regions of all genes (5′ CGIs), suggesting that CGIs are
important for gene regulation [31, 35, 36]. There is usually
an inverse relationship between the extent of methylation of
a regulatory CGI and gene transcription. Two mechanisms
have been proposed to explain how cytosine methylation
leads to repression of gene transcription [31]. First, the
methyl group of the 5meC extends into the major groove
of DNA and inhibits binding of transcription factors (TFs)
to their CpG-containing recognition sites. Second, a class
of proteins known as methyl cytosine binding proteins
(MeCPs) specifically binds methylated CGIs and create
steric hindrance to the access by TFs to their regulatory
elements. Both mechanisms will suppress gene transcription.
Furthermore, upon binding to methylated CGIs, MeCPs
recruit histone deacetylases (HDACs) and histone methyl-
transferases (HMTs). These enzymes mediate complex
histone modifications (discussed below) and result in the
establishment of repressive chromatin structures that perma-
nently silent gene transcription [31, 35].

DNA methylation patterns are established through
defined phases during the development of an organism.
With the exception of imprinted genes, gamete methylation
patterns are erased by a genome-wide demethylation at
around the eight-cell stage of blastocyst formation. During
the implantation stage, methylation patterns are established
via de novo methylation. During adulthood, the amount and
pattern of methylation are tissue- and cell-type-specific.
Disruption of these preset patterns of DNA methylation in
adult life has been linked to aging and disease development
[38–40]. Furthermore, dysregulation of developmental pro-
gramming by maternal factors or environmental mimics
is now believed to induce abnormal DNA methylation of
specific genes that permit them to undergo inappropriate
expression in adult life, leading to disease development.
Recent evidence strongly supports DNA methylation is a
key mechanism of the developmental basis of adult diseases.
Contemporary methodologies needed to identify these target
genes have been reviewed [41].

Linear DNA is wrapped by an octameric complex
composed of two molecules of each of the four histones
H2A, H2B, H3, and H4 to form an array of nucleosomes.
The amino termini of histones contain a diversity of post-
translational modifications [42]. Among them, acetylation
and methylation of lysine residues in the amino termini of
histones H3 and H4 are most highly correlated with
transcriptional activities. Histone acetylation is usually
associated with transcriptional activation due to the lower
affinity of the acetylated histone for DNA, therefore
allowing relaxation of the chromatin. Conversely, deacety-
lation of histone correlates with transcriptional silencing
and the heterochromatic state. In addition to histone
acetylation, methylation of histone H3 lysine 9 (H3 Lys9)
correlates with a repressed state and heterochromatin
assembly. Each lysine residue may be methylated in the
form of mono-, di-, or trimethylation, adding to the
complexity of the “histone code” [42]. Methylation of
the histone tails increases the basicity and hydrophobicity
of the histones , as well as its affinity for anionic molecules
such as DNA. Thus, histones with methylated tails are
found in heterochromatin harboring transcriptionally in-
active genes. Acetylation is catalyzed by histone acetyl-
transferases (HATs) and is removed by opposing histone
deacetylases (HDACs). Methyl substitution is catalyzed by
the histone methyltransferases (HMTs) and may be removed
by yet-unidentified histone demethylases (HDMs). It is now
known that histone modifications work hand in hand with
DNA methylation to regulate chromatin structure and gene
expression. However, it remains tenuous whether early life
or environmental factors influence the “histone code” in a
manner similar to their influence on DNA methylation.

Evidence is rapidly emerging of a role of noncoding
RNA transcripts (ncRNAs) in gene regulation [33, 34].
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These ncRNAs have been shown to modulate stability and
translation of mRNAs by modulating polysome functions
and chromatin structure. However, little to no information
is available on whether early life and/or environmental
factors could have an impact on these molecules. This will
be a very fertile field of future investigation.

4 Early life and environmental factors in epigenetic
reprogramming

Table 1 lists the studies demonstrating the epigenetic
modifications induced by early-life and environment
factors and their associated diseases/disorders. We choose
to focus heavily on experimental models that provide
more-mechanistic insights, while highlighting relevant
epidemiologic studies. Several reviews have provided
extensive accounts on this topic [8, 43–47].

4.1 Dietary factors

Maternal nutritional status and dietary factors are important
developmental cues for fetal reprogramming that impact

adult diseases. In animal studies we can pinpoint the exact
developmental stages of exposure and the mechanism of
reprogramming. However, population-based studies often
provide only correlation data for extrapolations.

4.1.1 Dietary methyl donors and cofactors

Folate, methionine, choline, and vitamin B12 are dietary
methyl donors and cofactors involved in S-adenosylmethione
(SAM)-substrated methylation. Waterland and Jirtle first
demonstrated that supplementation of the diets of female
mice with methyl donors before and after pregnancy
permanently increased DNA methylation at the viable
yellow agouti (Avy) metastable epiallele in their offspring
[48]. These investigators further showed epigenetic plasticity
to methyl-donor diets at another metastable epiallele, axin
fused (AxinFu). The window of susceptibility was not
restricted to early embryos but extended to mid-gestation
[49]. Several population studies have demonstrated a strong
correlation between folate status and coronary artery disease.
Patients with the atherosclerotic vascular disease often exhibit
higher homocysteine and S-adenosylhomocysteine (SAHC)
and lower genomic DNA methylation status [50]. However,

Table 1 Epigenetic effects of diet and environment in endocrine and metabolic disorders

Dietary Factors Epigenetic Effects Found in endocrine and metabolic disorders References

Dietary Methyl Donors and Cofactors N/A [48], [49], [50], [51]
Fat intake Mammary glands tumor [52]
Glucose intake Type 2 Diabetes [53], [54]
Phytoestrogens
Coumestrol Hypermethylation of oncogen, c-H-ras in rat pancreas [58]
Genistein Prostate disease, obesity, female reproductive tract disorders [59], [60], [61]
(−)-epigallocatechin-3-O-gallate
(EGCG)

N/A [62], [63]

Environmental Factors
Heavy Metal
Chromium Sperm cells development [64], [65]
Cadmium N/A [66], [67]
Arsenic Ovarian, adrenal glands tumor, cardiovascular disease [68], [69]
Lead N/A [71]
Nickel N/A [72], [73]
Xenochemicals
Diethylstilbestrol (DES) Uterine cancer, testicular cancer [75], [76], [77], [78], [79],

[80], [81]
Bisphenol A (BPA) Prostate cancer, mammary cancer [82], [83], [84]
Vinclozolin and methoxychlor Infertility; abnormalities in prostate, testis, mammary gland; and

mate preference
[17], [85], [86]

2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)

N/A [87], [88]

Phthalate esters N/A [90]
Polychlorinated biphenyls (PCBs) Reproductive system disruption [91], [92]
Chlorine disinfection by-products
(DBPs)

N/A [93]

N/A represents that particular factor that shows epigenetic effect on the genome but not directly associates with endocrine and metabolic disorders.

176 Rev Endocr Metab Disord (2007) 8:173–182



no specific genes have been identified as the target of reduced
methylation in these patients. Another intriguing example of
disease susceptibility related to methyl donor diet was
illustrated in a population study reporting an association
between folate status and a mutation in the gene encoding
methylenetetrahydrofolate reductase, a key enzyme in deter-
mining genomic DNA methylation. This study suggests an
interplay between nutritional epigenetics and genetic suscep-
tibility in the modulation of gene expression [51]. Collectively,
these findings offer valuable insights into the pathophysiology
of diseases associated with nutritional epigenetics. This
knowledge may also inspire novel prevention strategies by
modifying the nutritional status of at-risk populations.

4.1.2 High fat or glucose intake

Typical western diets are high in fat and refined sugar
(glucose). It is now known that a high-fat diet during
pregnancy is associated with an elevated fetal estrogenic
environment and a higher incidence of mammary cancer in
the offspring. In Sprague–Dawley rats, during normal
aging, mammary estrogen receptor (ER) undergoes pro-
gressive hypermethylation-mediated transcriptional silenc-
ing, which may offer a protective mechanism against cell
growth and tumorigenesis. However, in utero exposure to a
high-fat diet resulted in hypomethylation of the receptor’s
promoter and overexpression of ER in rat mammary glands,
which is associated with a higher incidence of tumorigen-
esis in the exposed offspring [52]. Thus, early exposure to a
high-fat diet has permanently disrupted a natural develop-
mental program that might afford protection against
mammary tumorigenesis.

Prenatal glucose levels influence the risk of developing type
2 diabetes in later life, suggesting the presence of epigenetic
memory that may persist in insulin/glucose target tissues [53].
Furthermore, the development of obesity or type 2 diabetes is
associated with glucose-induced, persistent changes in gene
expression. Among the affected genes is glucose transporter 4
(GLUT4), which is the major glucose transporter in adipose
tissue, and skeletal and cardiac muscles. With 3T3-L1 used as
a cell model, it was shown that both methylation of specific
CpG sites and a methylation-sensitive transcription factor
contribute to GLUT4 gene regulation during preadipocytes to
adipocytes differentiation [53]. Additionally, differential DNA
methylation was observed in promoters of genes involved in
glucose metabolism. These include the facilitative glucose
transporter 4 [54] and the uncoupling protein 2 [55]. Both are
major targets involved in the development of type 2 diabetes.

4.1.3 Bioflavonoids and Tea catechins

Recently, there have been grave concerns about the health
impacts of the isoflavones, a class of phytoestrogens readily

found in the diet, particularly in soy products. They are
biologically active and can signal via ER- and non-
ER-mediated pathways [56, 57]. Moreover, early develop-
mental exposure to the phytoestrogens equol and coumestrol
induced hypermethylation of the c-H-ras promoter and gene
silencing in the rat pancreas [58]. Adult dietary supplement
with genistein, a major isoflavone in soy, was shown to
hypermethylate a set of genes in rat prostate [59]. In
contrast, maternal supplementation with genistein was
shown to shift the coat color and protect Avy mouse
offspring from obesity by modifying the fetal epigenome
[60]. Additionally, genistein treatment of neonatal mice
caused significant abnormalities in the reproductive
systems of the female mice [61]. Collectively, these animal
studies raise concerns about the safety of developmental
exposure to genistein. Questions related to the susceptibility
of developmental plasticity to phytoestrogens and long-term
epigenetic memories remain unanswered. Beside bioflavo-
nids, the tea polyphenol (-)-epigallocatechin-3-O-gallate
(EGCG), is another natural compounds found to have
modulating effects on DNA methylation [62]. EGCG was
found to inhibit DNA methyltransferases and reactivate
specific methylation-silenced genes in human colon and
prostate cancer cell lines [63].

4.2 Environmental factors

4.2.1 Heavy metals

The adverse health effects of occupational or environmental
exposure to heavy metals can be mediated by epigenetic
mechanisms. Heavy metals such as chromium (Cr),
cadmium (Cd), arsenic (As), lead (Pb), and nickel (Ni)
have been reported to exert epigenetic effects on the
genome. Paternal exposure to Cr(III) was shown to modify
the epigenome/genome and to induce transgenerational
carcinogenesis [64]. Paternal exposure to Cr(III) increases
tumor risk in offspring. One allele of the 45S rRNA spacer
promoter was found to be hypomethylated in sperm germ
cells after exposure to the heavy metal, leading to
speculation that this epimutation may increase tumor risk
in the offspring [65]. Short-term exposure of rat liver cells
to cadmium inhibited DNA methyltransferase activity, but
prolonged exposure to this metal ion caused neoplastic
transformation and attended increases in DNA methylation
and DNA methyltransferase activity [66]. The pathologies
of heavy metal (Ni, As, and Cd) toxicity in rodents
resemble those seen in animals fed a methyl-deficient diet
(lacking choline and folate) [67]. The metal ions, as well as
the diet, significantly inhibited DNA methyltransferase
activity, perhaps leading to hypomethylation of disease-
causing genes. Epidemiologic data corroborate experimen-
tal findings and consistently show a broad range of
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disorders associated with arsenic exposure in humans.
These include cancer, atherosclerosis, neurologic distur-
bance, and cardiovascular diseases [68]. Moreover, expo-
sure to arsenic in utero induces cancer of the liver, lungs,
urinary bladder, and kidneys [69]. In this regard, arsenic is
classified as a "complete" transplacental carcinogen in
mice. In addition to its potent mutagenic action, arsenic
can act through epigenetic mechanisms that modify DNA
methylation patterns. The metal ion has been shown to
deplete SAM and repress DNMT1 and DNMT3A [70].
Other metals, such as lead and nickel, have also been
reported to have relevance in transplacental exposures and
later carcinogenic effects by acting through epigenetic
mechanisms [71, 72]. More recent studies have also
reported heavy metal-associated histone modifications and
chromatin organization [72, 73]. Specifically, nickel ions
induce the silencing of the gpt transgene in G12 Chinese
hamster cells by increasing histone H3K9 dimethylation via
inhibition of H3K9 demethylation [73].

4.2.2 Xenochemicals and endocrine disruptors

The link between in utero exposure to the synthetic
estrogen diethylstilbestrol (DES) and increased incidence
of reproductive tract cancers in “DES daughters” has been a
difficult lesson learned by the health-care community [74].
DES was prescribed during 1938 to 1971 to women to
prevent miscarriages It is a long-acting estrogen and hence
a potent endocrine disruptor. In humans and experimental
animals, exposure to DES during critical windows in early
development disrupts the differentiation of the reproductive
tract and results in a high incidence of structural and
functional abnormalities, as well as of cancers in hormone-
sensitive organs. Neonatal exposure of mice to DES
induced demethylation of a single CpG site in the promoter
of the lactoferrin gene [75] and exon-4 demethylation in
the c-fos gene [76] in the uteri of the exposed animals.
Prenatal exposure of mice to this xenoestrogen increased
both liver weight and ribosomal DNA hypermethylation
[77]. Recently, with the use of restriction landmark
genomic scanning (RLGS), which can analyze genome-
wide DNA methylation, seven loci of the genomic DNA
were found to be demethylated and one locus methylated in
the epididymis of fetal and neonatal DES-treated mice [78].
In collaboration with Newbold and associates, we recently
reported that neonatal treatment of mice with DES or
genistein prevents the ovarian steroid-induced silencing of
NSBP1 gene in the uteri of intact mice after the onset of
puberty, via DNA hypermethylation [79]. The developmen-
tally reprogrammable gene was identified by methylation-
sensitive restriction fingerprinting (MSRF) [41]. In this
model, neonatal exposure to DES or genistein induces high
incidences of endometrial cancer in intact mice approaching

18 months of age. Therefore, we hypothesize that the
normal silencing of NSBP1 by ovarian steroids is disrupted
by neonatal estrogen exposure. In this regard, epigenetic
reprogramming by ovarian steroids during adult life may
serve as a protective mechanism against endometrial cancer
development. Early life disruption of this program could be
the culprit of DES/genistein-induced endometrial cancer.
Most important, it has been proposed that the adverse
effects of DES can be transmitted across generations [80,
81]. The molecular targets that mediate this process are yet
to be discovered.

Bisphenol A (BPA) was first synthesized as an estrogen
mimic. At present, it is commonly used in the manufacture
of polycarbonate plastics and epoxy resins. Developmental
exposure to BPA results in morphologic and functional
alterations of the male and female genital tracts and
mammary glands and subsequently in an increase in
susceptibility to infertility and the development of malig-
nancies of the breast and prostate [82, 83]. In collaboration
with Prins and associates, we first reported that neonatal
exposure to environmentally relevant doses of BPA alters
the prostate epigenome [84]. Using MSRF as an unbiased
screening platform, we identified prostate phosphodiester-
ase type 4 variant 4 (PDE4D4) to be a target of epigenetic
reprogramming (Fig. 1). PDE4D4 is destined to undergo
age-dependent transcriptional silencing via progressive
hypermethylation of its promoter. However, neonatal
exposure of mice to BPA or estrogen disrupts this develop-
mental program and leaves the promoter of PDE4D4
resistance to a predetermined “shut-off’ program. This
aberration allows persistent overexpression of the gene
throughout adult life. Since we recently found that PDE4D4
promotes prostate cell growth (Tang, unpublished data), we
therefore hypothesize that chronic aberrant overexpression of
PDE4D4 leads to unscheduled growth of the prostate that may
predispose it to neoplastic transformation. Indeed, our data
[84] showed an increased incidence of precancerous lesions
in the prostates of mice neonatally treated with estrogen/BPA.

Anway, Skinner, and co-workers [17, 85, 86] have
provided the first evidence that in utero exposure of male
mice to vinclozolin, a pesticide and an antiandrogen,
induced epigenetic changes that could be transmitted across
four generations. The epigenetic modification in specific
DNA sequences is associated with adult phenotypes such as
decreased spermatogenic capacity and increased incidence
of infertility [17]; abnormalities in the prostate, breast,
kidney, testis, and immune system [85]; and aberrant
mating behavior [86]. The latter phenotype has significant
ramifications in evolutionary biology as it suggests that
epigenetic transgenerational inheritance of endocrine dis-
ruptor action impacts sexual selection and natural selection.
In this regard, epigenetics could play a determinant role in
evolution and natural selection of species [86].
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is an envi-
ronmental contaminant that has been reported to disrupt the
normal development of experimental animals [87]. Expo-
sure of mouse pre-implantation embryos to TCDD inhibited
fetal growth, a response strongly associated with the
changes in the methylation status of the imprinted genes
H19 and IGF2 [88]. TCDD also induced histone modifica-
tions in normal human mammary epithelial cells [89]. Other
environmental contaminants such as phthalate esters [90],
polychlorinated biphenyls [91, 92], and chlorine disinfec-
tion by-products [93] also affect the reproductive system or
induce tumor development by altering DNA methylation
and/or steroid hormone metabolism and signaling.

5 Conclusions

Although this review has focused heavily on the interaction
between environmental factors and epigenetics, early
origins of disease can easily be determined by endogenous
factors such as steroid hormones. In particular, estrogens
and androgens play crucial roles in development, as well as
in the genesis of diseases and cancer. They are now known

to have profound epigenetic influences by acting upon
developmental plasticity [17, 41, 85], although their
traditional actions are still mediated via classical nuclear
receptor signaling pathways. The fact that the epigenetic
“memory” can be transmitted to daughter cells and across
several generations, influence sexual behavior, and thus
impact Darwinian evolution makes this a field of investi-
gation that should be highly valuable for generating new
insights into the basis of disease development. The pioneer
research examining a few epigenetic targets at a time are
the proof-of-principle studies (McLachan [75, 76], New-
bold [61, 80], Prins [94], Ho [41, 79], Soto [82], Skinner
[17, 85] and Hilakivi-Clarke [46, 52]). To attain the next
level of excellence, research in this area should focus
on high-throughput comprehensive characterization of an
entire epigenome susceptible to specific or multifaceted
developmental reprogramming. Large-scale projects such as
those defining an estrogen-sensitive epigenome are in order.
Yet these investigations can progress only with adequate
support from high-throughput modern technology platforms
such as promoter tiling arrays, pyrosequencing, mass
spectrometry, and bioinformatics analyses. The relatively
long duration of developmental plasticity in humans (months

Estrogens or Xenoestrogens “reprogram” the male reproductive system 
at early life via DNA methylation

Neonate 
Oil

HDAC DNM
Ts

MeCP2
HAT

MBDs

Adult

•PDE4D4 silenced in normal animal with aging

HDAC DNM
Ts

MeCP2
?

PDE4D4 actively transcribed throughout the life

T+E2

E2/BPA

T+E2

HAT
MBDs

?HAT
MBDs
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Fig. 1 Schematic diagram of our hypothesis on how neonatal estrogen
(E2) and bisphenol A (BPA) alter the prostate genome via DNA
methylation and histone modifications with phosphodiesterase type 4
variant 4 (PDE4D4) used as an example. Without exposure to E2 and
BPA, PDE4D4 is silenced with aging. A group of enzymes, including
histone deacetylases (HDACs), DNA methyltransferases (DNMTs),
and methylated DNA-binding protein (MeCP2), may be involved in
gene silencing. Nevertheless, after exposure to E2 and BPA, PDE4D4

fails to “shut-off” and is actively transcribed throughout life. We
propose that chromatin structure is remodeled by opening the
chromatin in the presence of histone acetyltransferase (HAT),
methylation binding domains (MBDs) and other unknown factors
and that this remodeling further prevents HDACs, DNMTs, and
MeCP2 from binding to silence the gene. Persistent elevation of
PDE4D4 expression is associated with the increase in incidence of
prostate cancer later in life
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to years) will allow the environment to have a significant
impact on reprogramming. Furthermore, some of the
phenotypes will take many years to be manifested. The
challenges to fully understand the basis of a disease could
thus be overwhelming. Optimistically, however, since the
epigenetic processes are long term and potentially reversible,
once the origin of the disease is understood, intervention and
prevention strategies could be devised and applied to reverse
the course. These may include dietary interventions, life-
style changes, and drug treatment. Future clinical practices to
improve human health thus should shift from curative/
palliative care to personalized preventive medicine which
could be based, in part, on the epigenetic marks engraved
along the “book-margins” of one’s genetic make-up.

6 Key unanswered questions

Q1: How long or how many generations does it take to
reverse an epigenetic imprint? How plastic is the
system for reversal? What are the therapeutic or life-
style opportunities? Are there non-invasive remedies?

Q2: Does each class of environmental factor work on a
unique set of reprogrammable genes? How much
overlap between two unrelated environmental fac-
tors? Can one identify a distinct set of epigenetic
marks for each stimulus and could these be developed
into early predictors of diseases?

Q3: What are the mechanisms responsible for integrating
the various epigenomic changes induced by the vast
number of environmental stimuli?

Q4: What are the critical windows for epigenetic reprogram-
ming? How long will it take for the ultimate phenotype
to emerge? Could surrogate markers be used for
prediction of disease and prescription of intervention?
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bstract

Prostate morphogenesis occurs in utero in humans and during the perinatal period in rodents. While largely driven by androgens, there is
ompelling evidence for a permanent influence of estrogens on prostatic development. If estrogenic exposures are abnormally high during the
ritical developmental period, permanent alterations in prostate morphology and function are observed, a process referred to as developmental
strogenization. Using the neonatal rodent as an animal model, it has been shown that early exposure to high doses of estradiol results in an
ncreased incidence of prostatic lesions with aging which include hyperplasia, inflammatory cell infiltration and prostatic intraepithelial neoplasia
r PIN, believed to be the precursor lesion for prostatic adenocarcinoma. The present review summarizes research performed in our laboratory to
haracterize developmental estrogenization and identify the molecular pathways involved in mediating this response. Furthermore, recent studies
erformed with low-dose estradiol exposures during development as well as exposures to environmentally relevant doses of the endocrine disruptor
isphenol A show increased susceptibility to PIN lesions with aging following additional adult exposure to estradiol. Gene methylation analysis

evealed a potential epigenetic basis for the estrogen imprinting of the prostate gland. Taken together, our results suggest that a full range of
strogenic exposures during the postnatal critical period – from environmentally relevant bisphenol A exposure to low-dose and pharmacologic
stradiol exposures – results in an increased incidence and susceptibility to neoplastic transformation of the prostate gland in the aging male which
ay provide a fetal basis for this adult disease.
2006 Elsevier Inc. All rights reserved.
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. Introduction

The prostate is a male accessory sex gland that receives
great deal of interest not because of its physiologic role,

ut rather due to the high incidence of abnormal growth and
umor formation with aging in humans. Currently, prostate can-
er is the most common non-skin cancer in males and is the
econd leading cause of cancer deaths in American men [1].
ccording to the American Cancer Society, prostate cancer
Please cite this article in press as: Prins GS, et al., Developmental estrogen
Toxicol (2006), doi:10.1016/j.reprotox.2006.10.001

ates have been on the rise since 1975. With the 1987 intro-
uction of PSA testing, the newly enhanced ability to diagnose
he disease caused incidence to spike to 240 age-adjusted cases
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er 100,000 men by 1992. After this “catch-up” period, rates
ropped for 3 years, but have been rising again since 1998.
dditionally, benign prostatic hyperplasia (BPH) is the most

ommon benign neoplasm, occurring in ∼50% of all men by
he age of 60. Despite extensive research in the field, the basis
or these high rates of abnormal prostatic growth is not well
nderstood. It is recognized, however, that steroid hormones
lay a role in the initiation and progression of prostate cancer
hich is the basis for hormonal treatment strategies. Eunuchs
ith low levels of circulating testosterone do not develop pro-

tatic carcinoma [2] and cancer regression can be initially
chieved by castration and androgen blockade [3]. Although
rimarily under androgenic control, the prostate gland is also
n estrogen target organ. Furthermore, estrogen involvement in
exposures predispose to prostate carcinogenesis with aging, Reprod

he etiology of BPH and prostatic cancer has been postulated
4–6] and the use of antiestrogens has been recently recog-
ized to have a therapeutic role in prostate cancer management
7,8].
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It is has long been speculated that early developmental events
hich are regulated by steroids in the prostate gland may be

inked to its predisposition to high rates of disease in adult
en [9]. Thus, it is noteworthy that relative to adult estrogenic

esponses, the prostate gland is particularly sensitive to estrogen
xposures during the critical developmental period. In this con-
ext, the present review will focus on the potential role of fetal or
erinatal estrogens in permanently imprinting the prostate gland
uring development which in turn sets the stage for increased
usceptibility to prostate carcinogenesis with aging.

. Prostate gland development

Unlike other male accessory sex glands which develop
mbryologically from the mesodermal Wolffian ducts, the
rostate gland originates from the urogenital sinus (UGS) and
s endodermal in origin. It has been suggested for decades
hat the high rates of prostate cancer in men compared to the
aucity of carcinoma in the seminal vesicles, vas deferens or
pididymis may have a basis in this unique embryologic origin
or an accessory sex gland. Prostate development commences
n utero as UGS epithelial cells form outgrowths or buds that
enetrate into the surrounding UGS mesenchyme in the ven-
ral, dorsal and lateral directions posterior to the bladder. In
umans, prostate morphogenesis occurs during the second and
hird trimester and is complete at the time of birth [10,11]. This
ontrasts with the rodent prostate gland where bud initiation
ommences in late fetal life and at the time of birth, a rudi-
entary structure is present consisting of a few main epithelial

ucts. Extensive branching morphogenesis and cellular differ-
ntiation subsequently take place during the first 15 days of life
12]. Thus, the neonatal rodent prostate gland has emerged as a
seful model for fetal prostate development in humans.

The initiation of prostatic development is dependent upon
ndrogens produced by the fetal testes [9] and studies with 5�
eductase inhibitors have shown that dihydrotestosterone (DHT)
s the active androgen required for prostate formation [13]. Nor-

al development, differentiation and onset of secretory activity
equires the presence of androgens throughout the developmen-
al process [14]. Androgen receptors (AR) are highly expressed
n the UGS mesenchyme prior to and during prostate morpho-
enesis [15,16] and evidence by Cunha et al. [17] using mice
as demonstrated that androgen-stimulated mesenchymal fac-
ors drive the morphogenetic process. Since AR are induced
n rat prostate epithelium by postnatal days 1–3, it is possi-
le that androgen-driven epithelial signals also contribute to
orphogenesis and differentiation of the prostate [15].
The developing prostate gland also expresses other members

f the steroid receptor superfamily including estrogen recep-
ors ER� and ER� and retinoic acid receptors RAR�, � and �
hich are liganded by all-trans or 9-cis retinoic acid as well as
XR�, � and � which are activated by 9-cis retinoic acid alone.
tudies in rodent prostate glands have shown relatively high
Please cite this article in press as: Prins GS, et al., Developmental estrogen
Toxicol (2006), doi:10.1016/j.reprotox.2006.10.001

tromal cell ER� expression during perinatal morphogenesis of
he gland which significantly declines thereafter suggesting a
pecific role for ER� in prostate development [16,18,19]. In the
at and murine prostate, ER� is primarily localized to differen-
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iated luminal epithelial cells [20–22]. ER� expression is low at
irth, increases as epithelial cells cytodifferentiate and reaches
aximal expression with onset of secretory capacity at puberty
hich suggests a role for ER� in the differentiated function of

he prostate [20]. In humans, ER� is also consistently observed
n stromal cells during fetal development [23]. It is noteworthy,
owever, that the developmental pattern for ER� in the human
rostate differs markedly from the rodent. As early as fetal week
, ER� is expressed throughout the urogenital sinus epithelium
nd stroma [23]. This strong expression is maintained in most
pithelial and stromal cells throughout gestation, particularly in
he active phase of branching morphogenesis during the sec-
nd trimester suggesting the involvement of ER� and estrogens
n this process [16,23]. While this pattern is maintained post-
atally for several months, ER� expression declines thereafter
ith a noticeable decrease in adluminal cells at puberty [16]

gain suggesting a specific developmental role for estrogens.

. Estrogen imprinting of the developing prostate: fetal
asis for adult disease

Similar to androgens, circulating levels of estradiol are high
uring the fetal and early neonatal life in both humans and rodent
odels [24] and there is compelling evidence that the develop-

ng prostate gland is particularly sensitive to these estrogens.
uring the third trimester of in utero development in humans,

ising maternal estradiol levels and declining fetal androgen pro-
uction result in an increased estrogen/testosterone (E/T) ratio.
his relative increase in estradiol has been shown to directly
timulate extensive squamous metaplasia within the developing
rostatic epithelium which regresses rapidly after birth when
strogen levels drop precipitously [25–27]. Although the natural
ole for estrogens during prostatic development is unclear, it has
een proposed that excessive estrogenization during prostatic
evelopment may contribute to the high incidence of BPH and
rostatic carcinoma currently observed in the aging male popu-
ation [28,29]. African–American men have a two-fold increased
isk of prostatic carcinoma as compared to their Caucasian coun-
erparts and it has been postulated that this is related, in part, to
levated levels of maternal estrogens during early gestation in
his population [30,31]. Indicators of pregnancy estrogen levels
uch as length of gestation, pre-eclampsia and jaundice indi-
ate a significant correlation between elevated estrogen levels
nd prostate cancer risk [32,33]. Further, maternal exposure to
iethylstilbestrol (DES) during pregnancy was found to result in
ore extensive prostatic squamous metaplasia in male offspring

han observed with maternal estradiol alone [34]. While prostatic
etaplasia eventually resolved following DES withdrawal, ecta-

ia and persistent distortion of ductal architecture remained [35].
his has lead to the postulation that men exposed prenatally to
ES may be at increased risk for prostatic disease later in life

lthough this has not been borne out in the limited population
tudies conducted to date [36]. However, extensive studies with
exposures predispose to prostate carcinogenesis with aging, Reprod

odent models predict marked abnormalities in the adult prostate
ncluding increased susceptibility to adult-onset carcinogenesis
ollowing early estrogenic exposures [28,37–39]. Although use
f DES during pregnancy was discontinued in the early 1970s,

dx.doi.org/10.1016/j.reprotox.2006.10.001
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he recent realization that certain environmental chemicals have
otent estrogenic activities [40] has lead to a renewed interest in
he effects of exogenous estrogens during prostatic development
41].

. Rat model of developmental estrogenization

To carefully examine and elucidate a potential role for early-
ife estrogen exposures in adult prostate disease, we have made
xtensive use of the rat model for developmental estrogenization.
he initial model used in our laboratory is the Sprague–Dawley

at given injections of 25 �g estradiol benzoate on neonatal days
, 3 and 5 of life (Fig. 1). It is important to mention that while this
s considered “high-dose”, the majority of neonatally adminis-
ered estradiol is bound to �-fetoprotein which circulates at high
evels in neonatal rat serum [42]. Consequently, neonatal estra-
iol is 75-fold less potent than an equivalent dose of DES [43]
r, put another way, 25 �g estradiol/pup is equivalent to 0.33 �g
ES/pup. As observed in earlier studies with mice and rats fol-

owing early DES exposure [44,45], neonatal estradiol exposure
onsistently led to prominent pathology of the rat prostate gland.
istologic analysis of the young adult (day 90) ventral prostates
f neonatally estrogenized prostates revealed disorganization of
he epithelium with loss of basal/apical orientation, epithelial
yperplasia, inflammatory cell infiltrates and a relative increase
n stromal elements [46–48]. Of significant interest, the patho-
ogic lesions of the epithelium progress with aging such that
y 18–22 months of age, ventral and dorsal lobes exhibited
xtensive hyperplasia (epithelial piling and cribiform patterning
ithin the lumens), adenoma formation and moderate-to-high
rade prostatic intraepithelial neoplasia (PIN) lesions character-
zed by nuclear enlargement, anisokaryosis and hyperchromasia
49]. Since neonatal estrogen exposure also results in decreased
irculating testosterone (T) levels, a group of aged estrogenized
ats were given 2 cm T implants for the last 6 months of life
hich restored T levels to normal. This treatment resulted in a
00% incidence of high-grade PIN throughout the ventral lobes
y 18 months of age. Aged male rats exposed neonatally to DES
ave also been shown to develop profound squamous metaplasia
Please cite this article in press as: Prins GS, et al., Developmental estrogen
Toxicol (2006), doi:10.1016/j.reprotox.2006.10.001

n the dorsolateral prostate and development of solid tumors with
ighly invasive squamous cell carcinoma in some animals [44].
imilar results have been observed in neonatal DES-exposed
ice [37,45]. Together these findings support the hypothesis

g
f
t
fi

ig. 1. Schematic representation of rat animal model for developmental estrogeniza
ale pups were given s.c. injections of high dose estradiol benzoate (25 �g) or oil as

ignificant differentiation defects and dysplasia are observed in the prostate gland as
 PRESS
xicology xxx (2006) xxx–xxx 3

hat early high-dose estrogen imprinting may be a predisposing
actor to malignant transformation of the prostate gland in the
ging male.

To better understand the processes by which high-dose neona-
al estrogens drive hyperplasia and PIN lesions within the adult
rostate gland, we further characterized the estrogenized pheno-
ype at the anatomic and cellular level. Brief neonatal estrogen
xposure permanently retards growth and development of the
rostate gland such that all lobes are hypomorphic, reaching
nly 20–50% of normal adult prostate size [48]. In the dorsal
nd lateral lobes, not only is growth reduced but severe branch-
ng deficiencies exist such that elongating ducts fail to develop
econdary and tertiary branch points and complex morphology
50]. While reduced growth is in part a function of reduced circu-
ating T levels following neonatal estrogen exposure [48], organ
ulture studies also demonstrated a direct effect of estrogens
n growth retardation as well as altering prostate differentiation
51,52].

Following neonatal exposure to high-dose estradiol, both
pithelial and stromal cell proliferation and differentiation are
arkedly disturbed leading to defects that persist throughout the

ifespan of the animal [15,53–56]. For epithelial cells, cytod-
fferentiation during development is perturbed or, for some
nd-points, permanently blocked by neonatal estrogens as deter-
ined by alterations in basal and luminal cell markers (p63,

ytokeratins 5/15 and 8/18) and decreased production of secre-
ory proteins (PBP, DLP proteins, urokinase, 26 kDa protease)
15,22,53]. Furthermore, alterations in the expression of e-
adherin and the gap junction proteins connexins 32 and 43 in the
dult prostate epithelial cells result in impaired cell–cell adhe-
ion and defective cell–cell communication [56]. In this regard,
t is noteworthy that the epithelial cell differentiation defects are

ost prominent in the ventral prostate which also has the highest
ncidence of aging-associated PIN lesions [49].

Stromal-epithelial communication is also perturbed in the
strogen-exposed prostate through increased proliferation of
eriductal fibroblasts immediately adjacent to the outgrowing
ucts during early development [53]. Direct cross-talk between
pithelial cells and adjacent smooth muscle cells via secreted
exposures predispose to prostate carcinogenesis with aging, Reprod

rowth factors and extracellular matrix components is essential
or normal prostate development [57]. The immediate prolifera-
ion and differentiation of mesenchymal cells into a multicellular
broblast layer between the epithelial and smooth muscle cells

tion of the prostate gland. Day of birth (DOB) is considered day 0. Newborn
controls on days 1, 3 and 5. Rats are weaned on day 25. In young adulthood,

described in the text.

dx.doi.org/10.1016/j.reprotox.2006.10.001
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ffectively blocks this critical stromal–epithelial cell interac-
ion and interrupts growth factor communication as has been
hown specifically for transforming growth factor �1 (Tgf�1)
53]. Altogether, the above findings indicate that neonatal estro-
en exposure interrupts intercellular communication and blocks
ertain epithelial cells within the rat prostate from entering a
ormal differentiation pathway. These persistent alterations in
ifferentiation and gene expression may be a key mechanism
hrough which changes towards a dysplastic state are mediated.

. Molecular pathways for developmental
strogenization of the prostate

We next sought to determine the molecular pathways which
ediate permanent alterations in prostate growth and function

ong after the hormone is withdrawn. It was observed in early
tudies that the activational response to androgens during adult-
ood is permanently blunted in estrogenized rats [46] and we
etermined that this effect is mediated, in part, through an
mmediate and permanent reduction in prostatic AR expression
15,48,58,59]. Furthermore, the temporal expression patterns
nd quantitative levels of several other members of the steroid
eceptor superfamily are dysregulated by early exposure to high
oses of estradiol. Thus, ER� and progesterone receptor (PR) are
ransiently up-regulated in stromal cells [18,38], ER� is perma-
ently down-regulated in luminal epithelial cells [20], RAR�
s up-regulated in basal cells while RAR� is up-regulated in
oth epithelial and stromal cells [60]. This has led us to propose
hat early estrogen exposure effectively switches the develop-
ng prostate gland from an androgen-AR dominated tissue to
ne that is primarily regulated by estrogens and retinoids. We
urther hypothesize that this irretrievably alters the prostate by
hanging organizational signals that determine prostate behavior
hroughout life.

Developmental genes that dictate normal prostate gland mor-
hogenesis were next examined as potential direct targets of
he altered steroid signaling milieu. Specific perturbations in
xpression of key homeobox transcription factors as well as
ecreted morphoregulatory genes were observed which serves
o explain some of the common and lobe-specific estrogenized
henotypes. As this has been the subject of two recent reviews
39,61], the findings will be briefly summarized here. In the
rostate gland, the posterior Hox13 genes are involved in posi-
ional identity and differentiation. Of these, Hoxb13 is expressed
n the epithelium where it plays a specific role in differentia-
ion [62,63]. In the rat prostate, Hoxb13 epithelial expression
ncreased postnatally and was expressed at the highest levels in
he ventral lobe [38]. Following neonatal exposure to high-dose
strogen, Hoxb13 expression was immediately and permanently
uppressed in all prostate lobes with the most significant reduc-
ion (80%) observed in the ventral prostate gland. Another
ritical homeobox gene, the androgen-regulated Nkx3.1, is nor-
ally expressed in UGS-derived prostate epithelium where it
Please cite this article in press as: Prins GS, et al., Developmental estrogen
Toxicol (2006), doi:10.1016/j.reprotox.2006.10.001

lays a role in differentiation and growth [64,65]. In control
ats, a marked peak in Nkx3.1 expression was observed postna-
ally between days 6 and 15 of life which subsequently declined
o steady-state levels thereafter. While adult levels where not
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isturbed, the transient postnatal Nkx3.1 peak was completely
bolished following high-dose neonatal estrogen exposure [61].
e propose that estrogen-initiated loss of prostatic epithelial
oxb-13 and Nkx3.1 genes may play a critical role in mediat-

ng the differentiation defects observed in the developmentally
strogenized prostate gland.

In addition to developmental regulation by homeobox
enes, branching morphogenesis occurs as a complex inter-
lay between epithelial and mesenchymal cells through secreted
orphoregulatory genes [66]. We have recently examined the

ntogeny and localization of bone morphogenic protein 4
Bmp4), sonic hedgehog (Shh) and fibroblast growth factor-
0 (Fgf10) in the normal developing rat prostate lobes and
hose exposed neonatally to estradiol to determine if alterations
n their signaling pathways are involved in mediating specific
spects of the estrogenized phenotype. Bmp4 has been impli-
ated as a negative regulator of prostate growth [67] and levels
n the rat prostate lobes rapidly decline postnatally. Following
strogen exposure however, Bmp4 expression remained high
hrough postnatal day 30 and we propose that this contributes
o hypomorphic growth throughout the prostatic complex [61].
ur recent studies on epithelial Shh [50] and mesenchymal
gf10 [68] demonstrated a critical role for these two genes in

egulating branching morphogenesis of the prostate gland. Inter-
stingly, early estrogen exposure led to a lobe-specific reduction
n Shh and Fgf10 signaling in the dorsolateral prostate which is
he site of severe branching deficiencies in response to estro-
enization. Furthermore, the data suggest that reduced Fgf10
xpression in the stromal cells by estrogens is the proximate
ause of Shh reductions and branching deficiencies [68]. Since
precise temporal expression pattern of these and other mor-

horegulatory genes is normally required for appropriate growth
nd differentiation of the prostatic epithelium and stroma, the
strogen-initiated disruption in this pattern would lead to per-
anent growth, branching and differentiation defects of the

rostate gland. In summary, we propose that these and other
et unidentified molecular defects as a result of developmen-
al estrogenization initiate permanent disturbances in prostate
omeostasis which contributes to the development of prostatic
eoplasia, PIN lesions and carcinoma as the animals age.

. Neonatal exposure to low-dose estradiol and
isphenol A

The above effects of developmental estrogen exposures were
n response to pharmacologic levels of estrogens as a model for
arly maternal exposures to agents such as DES or continued
ontraceptive use of ethinyl estradiol during pregnancy. A sep-
rate yet equally important issue is whether lower estrogenic
xposures during development, such as elevated maternal estro-
ens or environmental estrogenic exposures, produce permanent
rostatic abnormalities. Initial studies by vom Saal and col-
eagues to address the low-dose estrogen effects on the prostate
exposures predispose to prostate carcinogenesis with aging, Reprod

land found that in contrast to high-dose exposures, low-doses
f estradiol or bisphenol A (BPA) during fetal life increased pro-
tatic bud number, cell proliferation and adult prostate size in
ice [69,70]. However, no histopathologic abnormalities were

dx.doi.org/10.1016/j.reprotox.2006.10.001
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bserved in young adulthood. Furthermore, the low-dose estro-
enic response in the prostate gland has not been consistently
eported [71], due in part to species/strain differences, back-
round estrogen levels and other experimental variables, and
s a matter of considerable debate [72,73]. To examine this
ssue in the neonatal rat model, we administered estradiol over

7-log range of doses on neonatal days 1, 3 and 5 in both
prague-Dawley rats and the more estrogen-sensitive Fischer
44 rats [74]. We observed that only high-dose neonatal estradiol
roduced consistent prostatic pathology at 3 months whereas
xposure to lower estradiol levels produced no permanent pro-
tatic weight change or pathologic alterations [74] despite the
dvancement of puberty [75].

Although low-dose estrogens by themselves did not appear
o drive prostate pathology in early adulthood, we asked whether
ow-dose exposures during development might shift the sensi-
ivity of the prostate gland to adult estrogenic exposures as has
een recently observed for some female reproductive endpoints
76,77]. This question is biologically relevant since circulat-
ng estradiol levels and the serum estrogen:testosterone ratio
ncrease in aging men partly due to increased body fat content
nd aromatase activity, at a time when prostate cancer incidence
ises [78]. Furthermore, prolonged adult exposure to estradiol at
evels within a physiologic range is capable of driving prostatic
arcinogenesis in the Noble rat model [4]. To address this pos-
ibility, we established a “second-hit” model as schematized in
ig. 2. Briefly, newborn male rats were exposed to either high-
ose estradiol (2.5 mg/kg BW), low-dose estradiol (0.1 �g/kg
W), an environmentally relevant dose of BPA (10 �g/kg BW)
r oil as controls on neonatal days 1, 3 and 5 as a “first hit”.
t day 90 of life, a “second hit” of estradiol (E) was given by

mplanting T + E (or empty) capsules for 16 weeks. The T cap-
ules result in 3 ng/ml serum T levels [79] and were necessary
o maintain prostate homeostasis since E treatment alone results
n feedback inhibition of endogenous T secretion with resultant
rostatic involution. The E capsules produce serum levels of
75 pg/ml in rats which, although elevated for males, is not con-

idered pharmacologic [79]. These T + E capsule for 16 weeks
roduce PIN in the dorsolateral prostates at 100% incidence in
Please cite this article in press as: Prins GS, et al., Developmental estrogen
Toxicol (2006), doi:10.1016/j.reprotox.2006.10.001

oble rats [4] but only 33% incidence in Sprague–Dawley rats
80]. At 28 weeks of age, the prostates were examined for hyper-
lasia, inflammation and PIN, the presumed precursor lesion of
rostate cancer.

c
a
t
d

ig. 2. Schematic representation of “two-hit” rat animal model for low-dose expos
mplants on day 90. Newborn rats were injected with oil, high-dose estradiol benzoat
n days 1, 3 and 5. At day 90, they were implanted with empty capsules or T + E cap
 PRESS
xicology xxx (2006) xxx–xxx 5

PIN scores, based on grade and frequency, and PIN inci-
ence showed marked differences across treatment groups [81].
eonatal exposure to either high-dose estradiol or to low-dose

stradiol alone resulted in elevated PIN scores and incidence
ith aging (66% and 55%, respectively) while BPA alone had
o effect on prostate pathology. As expected, prolonged adult
+ E exposure increased PIN incidence to 40% in control rats

iven oil neonatally. This was further increased to a 100% inci-
ence with significantly elevated PIN scores by initial early
xposure to high-dose estradiol. Neonatal low-dose estradiol
rior to adult hormones, however, did not augment PIN lesions
urther than that seen with neonatal low-dose estradiol alone.
n contrast, neonatal exposure to an environmentally relevant
ose of BPA produced a significant augmentation of PIN lesions
o 100% incidence when followed by adult T + E exposure.
he overall PIN score was significantly higher than both oil-

reated rats (P < 0.05) and those given BPA alone (P < 0.01) and
as equivalent to the PIN score observed following high-dose

stradiol exposure. Histologically, severe atypia was common
ith nuclear elongation and irregular size, cellular piling, and

denoma formation. These findings are highly significant since
hey are the first observation of a link between developmental
ow-dose BPA exposure and adult prostatic pathologic lesions.
ogether, this new experimental paradigm suggests that low-
ose exposures to estradiol alone increase susceptibility to adult
nset prostate dysplasia while environmentally relevant doses of
PA increase the sensitivity of the prostate gland to carcinogene-

is following additional adult insults such as elevated circulating
strogens.

. Epigenetic changes in DNA methylation as a
olecular mediator for estrogen imprinting of the

rostate gland

While we have identified both transient and permanent alter-
tions in the expression of multiple cell signaling pathways
ollowing high-dose estradiol exposure (see above), the molec-
lar basis of these changes has remained elusive. One distinct
ossibility is through epigenetic modifications of DNA via
exposures predispose to prostate carcinogenesis with aging, Reprod

ytosine methylation or demethylation which would result in
berrant and heritable silencing or activation of genes. Impor-
antly, there is evidence that early hormonal exposures during
evelopmental sensitive periods can permanently alter DNA

ure to estradiol or bisphenol A (BPA) followed by second exposure to T + E
e (EB, 2500 �g/kg BW), low-dose EB (0.1 �g/kg BW) or BPA (10 �g/kg BW)
sules for 16 weeks. Arrowheads indicate times for tissue collection.

dx.doi.org/10.1016/j.reprotox.2006.10.001
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ethylation of specific genes. McLachlan showed demethyla-
ion of CpG/−464 in the lactoferrin promoter of mouse uteri
ollowing neonatal high-dose DES exposure which persisted as
umors developed [82]. Similarly, neonatal phytoestrogen expo-
ure was associated with hypermethylation of c-H-ras in the
at pancreas [83] while fetal DES and methoxychlor exposure
esulted in altered methylation of ribosomal DNA in mouse uteri
84].

To examine whether epigenomic alterations in DNA methyla-
ion play a role in prostate imprinting by estrogens, we screened
or global methylation changes using methylation sensitive
estriction fingerprinting, or MSRF, using prostates exposed
eonatally to high-dose estradiol, low-dose estradiol or envi-
onmentally relevant doses of BPA without or with adult T + E
xposure (see above). As recently described [81], over 50 DNA
andidates were identified as potential leads with repeatable
ethylation alterations across multiple samples and lobes. Of the

dentified candidates, 16 showed no homology with known rat
enes, six were identified one time (PLC�3, HPCAL1, CARK,
PCR14, PDE4D4 and PDGFR�) and two were identified mul-

iple times (CAR-X1 and SLC12A2) with similar methylation
atterns observed each time. It is noteworthy that several can-
idate genes involve signal transduction pathways: Na–K-Cl
otransport (SLC12A2), serotonin receptor/G-protein coupled
eceptor (GPCR14), MAPK/ERK pathway (PDGFR�), phos-
hokinase C pathway (PLC�3), cAMP pathways (PDE4D4 and
PCAL1) and neural or cardiac development (CARXI, CARK).
urthermore, these signaling pathways are involved in cell cycle
nd/or apoptosis, suggesting that neonatal estrogen exposures
ay perturb proliferation/apoptosis equilibrium through epige-

etic gene (de)regulation.
We initiated further studies to determine whether altered
Please cite this article in press as: Prins GS, et al., Developmental estrogen
Toxicol (2006), doi:10.1016/j.reprotox.2006.10.001

NA methylation due to neonatal estrogenic exposures results in
ltered gene expression. Our initial studies focused on phospho-
iesterase type 4, variant 4 (PDE4D4), an intracellular enzyme

e
e
e

ig. 3. Proposed model for epigenetic mechanism of developmental estrogenization
uch as BPA. See text for description.
 PRESS
xicology xxx (2006) xxx–xxx

hat specifically degrades cAMP [85]. This gene was chosen
ince the differentially methylated DNA fragment identified
y MSRF corresponded to the 5′-flanking region of the gene,
t was consistently hypomethylated by all neonatal estrogenic
xposures and the changes were identified by day 10 of life.
mportantly, PDE4D4 controls the intracellular levels of cAMP
hich activates multiple downstream cell signaling pathways,

egulating transcription of genes involved in cell growth and
ifferentiation [86]. Thus, persistent activation of cAMP path-
ays may contribute to neoplastic transformation. In this regard,

ecent studies have shown a tight association between PDE4
xpression and cancer cell proliferation, including glioma cells
87], osteosacromas [88] and chronic lymphocytic leukemia
89]. Furthermore, PDE4 is currently being pursued as a possible
hemotherapeutic target [90].

The 5′-flanking/promoter region of PDE4D4 was iden-
ified with a 700-bp CpG island that encompassed the
ranscription/translation start site [85]. Using bisulfite genomic
equencing, a specific methylation cluster was identified in the
′-flanking region of this PDE4D4 CpG island that was grad-
ally hypermethylated with aging in the normal prostates. It
s significant that this age-related PDE4D4 hypermethylation
as directly associated with loss of gene expression as deter-
ined by real-time RT-PCR. In contrast to normal prostates,

he PDE4D4 CpG island became hypomethylated with aging
n all prostates exposed neonatally to high or low-dose estra-
iol or to BPA. Furthermore, this was directly associated with
ontinued elevated PDE4D4 expression throughout life. Cell
ine studies confirmed that site-specific methylation is involved
n transcriptional silencing of the PDE4D4 gene and showed
ypomethylation of this gene in the prostate cancer cells.
mportantly, PDE4D4 hypomethylation with increased gene
exposures predispose to prostate carcinogenesis with aging, Reprod

xpression was distinguishable in all neonatally estrogen/BPA-
xposed prostates as early as day 90 of age before any secondary
xposure to estrogens had commenced. This raises the pos-

of the prostate gland by exposures to estradiol, E2 or environmental disruptors

dx.doi.org/10.1016/j.reprotox.2006.10.001


 IN+Model
R

ve To

s
f
d

8

g
e
m
a
g
a
g
p
p
r
t
l
d
g
w
d
t
i
t
a
a
p
m
B
l
T
f
i
o
m
t

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

ARTICLETX-5952; No. of Pages 9

G.S. Prins et al. / Reproducti

ibility that PDE4D4 could be used as a molecular marker
or prostate cancer risk assessment as a result of endocrine
isruptors.

. Summary and conclusions

In summary, we have shown that a full range of estro-
enic exposures during the developmental critical period – from
nvironmentally relevant BPA exposure to low-dose and phar-
acologic estradiol exposures – results in an increased incidence

nd susceptibility to neoplastic transformation of the prostate
land in the aging male which may provide a fetal basis for this
dult disease. Our working hypothesis is that abnormal estro-
enic exposures during developmental critical periods initiate
ermanent molecular and cellular changes early in life which
redispose the prostate to neoplasia in adulthood. Further, our
ecent findings provides evidence that developmental exposures
o environmental endocrine disruptors (such as BPA), pharmaco-
ogic and natural estrogens (E2) impact the prostate epigenome
uring early life which suggests an epigenomic basis for estro-
en imprinting of the prostate gland. Based upon these findings,
e propose a model for prostate cancer susceptibility due to
evelopmental estrogen exposures in Fig. 3. As depicted on the
ime-line, prostate development normally proceeds from fetal
nitiation and prostatic budding of progenitor cells, to neona-
al morphogenesis and cytodifferentiation to pubertal growth
nd maturation with functional secretions which continue into
dulthood. Developmental exposure to estrogens {high-dose
harmacologic exposure, low-dose exposures such as elevated
aternal E2, or environmentally relevant xenoestrogens (e.g.
PA exposure)} lead to epigenetic changes (altered DNA methy-

ation) which are heritable through subsequent cell divisions.
his initially results in the expansion of progenitor cells with dif-

erentiation defects as the prostate develops. Subsequent adult
nsults such as rising E2 with aging (or injury, inflammation
r other mutation-generating events) are then required to pro-
ote these initial alterations leading to prostatic dysplasia and

umor-formation with aging.
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Abstract

Epigenetic changes are heritable modifications that do not involve alterations in the primary DNA sequence. They regulate crucial cel-
lular functions such as genome stability, X-chromosome inactivation, and gene imprinting. Epidemiological and experimental observations
now suggest that such changes may also explain the fetal basis of adult diseases such as cancer, obesity, diabetes, cardiovascular disor-
ders, neurological diseases, and behavioral modifications. The main molecular events known to initiate and sustain epigenetic modifications
are histone modification and DNA methylation. This review specifically focuses on existing and emerging technologies used in studying
DNA methylation, which occurs primarily at CpG dinucleotides in the genome. These include standard exploratory tools used for global
profiling of DNA methylation and targeted gene investigation: methylation sensitive restriction fingerprinting (MSRF), restriction landmark
genomic scanning (RLGS), methylation CpG island amplification-representational difference analysis (MCA-RDA), differential methylation
hybridization (DMH), and cDNA microarrays combined with treatment with demethylating agents and inhibitors of histone deacetylase.
The basic operating principals, resource requirements, applications, and benefits and limitations of each methodology are discussed. Valida-
tion methodologies and functional assays needed to establish the role of a CpG-rich sequence in regulating the expression of a target or
candidate gene are outlined. These include in silico database searches, methylation status studies (bisulfite genomic sequencing, COBRA,
MS-PCR, MS-SSCP), gene expression studies, and promoter activity analyses. Our intention is to give readers a starting point for choos-
ing methodologies and to suggest a workflow to follow during their investigations. We believe studies of epigenetic changes such as DNA
methylation hold great promise in understanding the early origins of adult diseases and in advancing their diagnosis, prevention, and treat-
ment.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Cytosine methylation; Chromatin remodeling; Fetal-based adult disease; Epigenetics; Genome-wide methylation profiling; Methylation sensitive
restriction fingerprinting; Restriction landmark genomic scanning (RLGS)
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. DNA methylation as an epigenetic mechanism of
etal-based adult diseases

.1. Epigenetic modulation of fetal programming

Past research has identified mutations, deletions, gene fusion,
andem duplications, and gene amplifications as key mecha-
isms that dysregulate expression of disease-predisposing or
isease-determining genes at the linear DNA level [1–7]. How-
ver, it has become clear that disruption of epigenetic regulation
f gene expression plays an equally important role in the devel-
pment of diseases [8–10].

The term epigenetic means outside conventional genetics
11]. Epigenetic changes are reversible, heritable modifications
hat do not involve alterations in the primary DNA sequence.
hree distinct and intertwined mechanisms are now known to

nitiate and sustain epigenetic modifications: small-interfering
NAs, DNA methylation, and histone modification [12–14].
hese processes affect transcript stability, DNA folding, nucleo-
ome positioning, chromatin compaction, and ultimately nuclear
rganization. Singularly or conjointly, they determine whether
gene is silenced or activated. Dysregulation of these processes
ertainly is the possible mechanism underpinning the epigenetic
asis of disease development [8,9]. Disease susceptibility, there-
ore, is a result of a complex interplay between one’s genetic
ndowment and epigenetic modulations induced by endogenous
r exogenous environmental cues.

Epigenetic modifications of disease risk could begin as early
s during fetal development and be transmitted transgenera-
ionally [15–20]. The paradigm of fetal basis of adult disease
rst emerged from large-cohort epidemiological studies linking
oor growth in utero with adult diseases [16,21,22]. During
regnancy, maternal conditions such as nutritional deficits,
nfection, hypertension, diabetes, or hypoxia expose the fetus to
ormonal and metabolic cues that induce “fetal programming.”
t alters the courses of cellular and organ differentiation in utero

nd permanently affects the functional capacity of adult organs
n later stages of life [15,22]. From an evolutionary perspective,
etal programming is an “adaptive” trait since it allows the fetus
o make anticipatory responses to the external environment to
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ain advantages for later life challenges. However, contempo-
ary human life is greatly influenced by lifestyle choices that are
n conflict with the programmed adaptive changes made during
etal development. In addition, synthetic agents that mimic inter-
al cues can alter the course of fetal programming adversely.
oth could cause insufferable consequences in later life, leading

o heightened disease susceptibility. Classical examples include
he association of lower birth weight with a greater risk for
dult onset of cardiovascular disease [23], Type 2 diabetes
ellitus [24], osteoporosis [25], and depression [26]. The link

etween exposure to the synthetic estrogen diethylstilbestrol
DES) in utero and increased incidence of reproductive tract
ancers in “DES daughters” has been a difficult lesson learned
y the health care community [27]. Genetic factors, such as
elomere attrition [28] and polymorphisms in mitochondrial
NA [29], may in part mediate fetal programming. However,

pigenetic dysregulation of gene expression is currently a
idely accepted mechanism of fetal-based adult disease

15–20].
The two main epigenetic mechanisms currently recognized

s playing a role in the fetal basis of adult disease are histone
odification and DNA methylation [15–20]. A comprehensive

eview of how these processes affect gene transcription is beyond
he scope of this review. In simple terms, the histone modifica-
ion refers to post-translational modifications of histone tails,
hile DNA modification involves methylation of cytosine at the

arbon-5 position in CpG dinucleotides. The two processes work
ogether to affect chromatin packaging of DNA, which, in turn,
etermines which gene or gene set is transcribable. Changes
ediated by either process are heritable, not only transmittable

o the daughter cells, but to subsequent generations [19,30].
hus, interest in the field of epigenetic control of fetal-based
isease has increased dramatically within the last few years.
ur intention with this review is to give readers a starting point

or choosing methodologies and a workflow to follow during
heir investigations. The past decade has witnessed an exponen-

ial increase in novel approaches to the conduct of epigenetic
nalysis [31]. Methodologies applicable for the investigation of
istone modifications have recently been reviewed [13]. This
eview will focus primarily on contemporary methods designed
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o elucidate DNA methylation—regulated gene expression as a
echanism of early origins of adult diseases.

.2. DNA methylation: chemistry, developmental dynamics,
nd proposed functions

DNA methylation refers to the covalent addition of a methyl
roup derived from S-adenosyl-l-methionine to the fifth car-
on of the cytosine ring to form the fifth base, 5-methyl
ytosine (5meC; Fig. 1) [32,33]. The reaction is catalyzed
y DNA methyltransferases and accessory proteins (Dnmt1,
nmt3a, Dnmt 3b, Dnmt2, and Dnmt 3L). Across eukaryotic

pecies, methylation occurs predominantly in cytosines located
′ of guanines, known as CpG dinucleotides (CpGs), although
ethylation also takes place in non-CpGs such as CpNpG and

onsymmetrical CpA and CpT at a lower frequency.
In the mammalian genome, the distribution of CpG sequences

s nonrandom [34]. Because of the high susceptibility of 5meC
o undergo spontaneous deamination to yield thymine (Fig. 1),
he mammalian genome has become progressively depleted
f CpGs through the course of evolution. CpGs are normally
nder-represented, appearing at a low frequency of 1 per 80
inucleotides in 98% of the mammalian genome. In contrast,
pGs are found as clusters known as CpG islands (CGIs) in
–2% of the genome. Typically, a CGI ranges in length from
00 bp to 5 kb, has a high percentage of CG (>60%), and a ratio
f CpG to GpC of at least 0.6. CGIs are normally unmethy-
ated and presumably protected from spontaneous deamination.
mportant exceptions to the unmethylated status of CGIs include
hose that are associated with imprinted genes, genes subject to
-chromosome inactivation, and transposable elements [33,35].
bout 70% of CGIs are associated with DNA sequences 1- to

-kb long located in the promoter, the first and second exons,
nd the first intron regions of all genes (5′ CGIs) [36]. Most
′ CGIs are found overlapping with the transcription start site,
uggesting that they are important for gene regulation.

d
m
p
t

ig. 1. DNA methylation machinery and transcriptional repression. (A) Diagrams
nd mutagenesis of cytosine and 5-metC [33]. DNA methylation by addition of a
ethyltransferases (DNMTs), and demethylation is catalyzed by demethylase. 5-Met

t CpG occurs because 5meC is more susceptible than cytosine to deamination and bec
B) Methylation at cytosine of DNA blocks transcription. Singal and Ginder have pr
etails are in the text.
oxicology 23 (2007) 267–282 269

It has been proposed that over half of the 5′ CGIs partici-
ate in the regulation of gene transcription [33,35], although, it
s important to note, not all CGIs are involved in gene regula-
ion. An inverse relationship usually exists between the extent of
ethylation of a regulatory CGI and gene transcription [35]. Two
echanisms have been proposed to explain how cytosine methy-

ation leads to repression of gene transcription [33]. First, the
ethyl group of the 5meC extends into the major groove of DNA

nd inhibits binding of transcription factors (TFs) to their CpG-
ontaining recognition sites. Second, a class of proteins known
s methyl-binding proteins (MBDs) specifically bind methylated
GIs and create steric hindrance to access by TFs to their regu-

atory elements. Both scenarios will suppress gene transcription.
urthermore, upon binding to methylated CGIs, MBDs recruit
istone deacetylases (HDACs) and histone methyltransferases
HMTs). These enzymes mediate complex histone modifica-
ions and result in the establishment of repressive chromatin
tructures that permanently silent gene transcription [35,37].

DNA methylation is viewed, at the global level, as a gen-
ralized repression system in more complex genomes [38]. It
s thought to repress inappropriate expression of endogenous
ransposons that may disrupt the organization and integrity
f the genome and to be the key mechanism responsible for
-chromosome inactivation and genomic imprinting [33,35].
ecent evidence suggests that DNA methylation plays a cru-
ial role in the establishment and/or maintenance of cell- or
issue-specific gene expression in adult somatic tissues.

DNA methylation pattern is established through defined
hases during the development of an organism. Gamete methy-
ation patterns are erased by a genome-wide demethylation at
round the eight-cell stage of blastocyst formation. During the
mplantation stage, methylation patterns are established via

e novo methylation. In adulthood, the amount and pattern of
ethylation are tissue- and cell-type specific. Disruption of these

reset patterns of DNA methylation in adult life has been linked
o aging and disease development [39–41]. Furthermore, dereg-

showing the biochemical pathways for cytosine methylation, demethylation,
methyl group to carbon 5 position of the cytosine ring is catalyzed by DNA
hyl cytosine (5meC) undergoes hydrolytic deamination to thymidine. Mutation
ause some of the T-G mismatches produced by deamination are poorly repaired.
oposed three mechanisms of how methylation inhibits gene transcription [33].
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To identify candidates under methylation regulation and to determine
whether a newly identified CGI is involved in gene regulation, one needs
undertake a comprehensive and vigorous investigative approach (Fig. 2).
The typical experimental workflow for a discovery platform involves: (1)
identification of candidates through genome-wide screening methods, (2) in

Fig. 2. The work-flow chart outlines how to discover the methylated genes in a
step-by-step manner. First, one of the methylation profiling techniques is used
to pool out several candidate clones showing differential methylation patterns.
After subcloning and sequencing, candidate clones are identified by aligning
sequences into BLAST (from NCBI) or BLAT (from UCSC) database. Next, in
silico database analysis, such as promoter and CpG island search on the candidate
clones, is done to characterize the gene structure and design primers for subse-
quent data validation assays. Several methods, such as RT-PCR, Western blotting
analysis, bisulfite sequencing (BS), methylation-specific PCR (MS-PCR), com-
70 S.-m. Ho, W.-y. Tang / Reprodu

lation of fetal programming by suboptimal maternal factors
r environmental mimics is now believed to involve abnormal
NA methylation of specific genes that permit them to undergo

ither inappropriate or untimely expression in adult life, leading
o disease development. Recent and limited evidence supports
his as a key mechanism of the fetal basis of adult disease
see below).

.3. DNA methylation in fetal basis of adult disease

Several lines of direct and indirect evidence support the
ypothesis that DNA methylation is a key mechanism medi-
ting fetal-based adult disease development. Fetal exposure of
gouti mice to methyl donors (folic acid, choline, and betaine),
hich is expected to induce global DNA methylation changes,

auses shifts in the coat color from yellow to brown and reduces
he risk of obesity, diabetes, and cancer [42]. Global gene pro-
ling identified altered expression of 27 genes with regulatory
′ CGIs in mice born to mothers on a choline-deficient diet [43].
hese mice also exhibited abnormal hippocampal development
nd loss of memory function in adult life.

McLachlan and associates [44] provided the first evidence in
upport of the effects of early-life exposure on DNA methylation
f specific genes that may show dysregulated expression in dis-
ase target organs later in life. These investigators found a high
ncidence of uterine cancer and elevated expression of c-fos and
actoferrin genes in mice exposed neonatally to diethylstilbe-
trol (DES) [45]. In concordance with epigenetic regulation of
ene expression as a underpinning the early origin of adult dis-
ase, these investigators reported demethylation of a single CpG
ite in the lactoferrin promoter and hypomethylation of the pro-
oter and intron-1 regions of c-fos in the uterus of adult mice

xposed neonatally to DES [46]. In a multi-generations study,
kinner and associates [19,47] demonstrated induction of 15

mprinted-like genes/DNA sequences with altered methylation
atterns in sperm obtained from mice exposed developmentally
o vinclozolin. Importantly, the altered methylation patterns in
hese sequences persist in sperm of subsequent non-exposed
enerations. Although these findings did not provide a direct
ink between changes in methylation status of the susceptible
enes and disruption of their expression in later life, they are
ighly suggestive that such a relationship exists. More direct
vidence linking epigenetic re-programming via DNA methyla-
ion and aberrant gene expression in adult tissues and altered
isease susceptibility was provided by a recent study show-
ng increased prostate cancer risk in rats exposed neonatally
o bisphenol A or estradiol [20]. In this study, the investigators
emonstrated concomitant, aberrant overexpression of phospho-
iesterase 4 variant 4 (PDE4D4) and hypomethylation in a 5′
GI of PDE4D4 in the prostate of rats exposed early in life to

he estrogen and its mimic. Additional cell-culture experiments
urther substantiated the claim for this interrelationship.

Since the fetal basis of adult disease is a rapidly growing

eld, it would be timely to provide a comprehensive review of
ethods and techniques available to interested investigators.

t is our intention to provide readers with a starting point in
heir choice of methodologies and a workflow to follow during

b
c
t
a
M

oxicology 23 (2007) 267–282

heir investigations. The basic operating principals, resource
equirements, applications, and benefits and limitations of each
ethodology are discussed below. Validation methodologies

nd functional assays necessary to establishing the role of a
pG-rich sequence in regulating the expression of a target or
andidate gene are briefly outlined. We recognize that this is a
apidly growing field, with many innovative methodologies and
pproaches emerging daily, and thus that it will be impossible
or us to cover this topic exhaustively.

. Techniques and methods

In this review, we will outline methodologies that would allow investigators
o globally discover CpGs or CGIs that are differentially methylated in different
issues/cells or under different experimental conditions. Many of the methods are
lso applicable to investigations in which researchers already have target genes
n mind. In the course of describing methodologies, we will first introduce the
perating principals, then give examples of applications, and finally discuss the
enefits and limitations for each technique. Table 1 summarizes some of the key
eatures of each methodology and their advantages and limitations for easy read-
ng and for facilitating decision-making regarding the choice of a methodology
or a particular study.
ined bisulfite restriction analysis (COBRA), methylation-specific single strand
onformation polymorphism (MS-SSCP), and MethyLight, are used to validate
he methylation level and gene expression of the target genes. If target genes
re ready the methylation studies, it is not necessary to start from the first step.
ethylation studies start from any step, depending on the researcher’s needs.
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Table 1
Advantages and limitations of different approaches to methylation profiling

Methods Global/gene specific Sample amount Advantages Limitations Examples

MSRF Global 100 ng–1 �g Simple set-up Small scale [20,49]
Screen for novel genes

RLGS Global 1–5 �g High-throughput Landmark site only [59–61]
Special gel electrophoresis set-up
Software is not avaliable for every species

MCA-RDA Gene specific 5 �g High-throughput Need of prior knowledge of sequences (except RDA) [63–65]
Global (RDA) CpG islands specific

DMH/MSO Gene specific 2 �g High-throughput Need of prior knowledge of sequences [71,81]
CpG islands specific

CGI/ChIP-chip Global 1–10 �g High-throughput High cost [79]
Promoter array Platform specific [106,107]

Not popular

LUMA Global/gene specific 200–500 ng High-throughput Relative high cost [108,112,113]
Platform specific
Limited length of sequence

MALDI-TOF/HPLC Gene specific 10 ng–1 �g High-throughput Relative high cost [123,130]
Platform specific [131,132]
Still in stage of optimization of the protocol
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ilico database analyses to shortlist candidates that contain 5′ CGIs or CpGs, (3)
onfirmation of changes in methylation status in the candidate CpGs under the
xpected experimental conditions, (4) establishment of a causal or correlative
elationship between increased cytosine methylation and gene silencing, and (5)
ther supportive functional assays to uncover the functionality of the cognate
enes. However, if a target gene is to be studied, the entry point could begin at
tep (2). All the subsequent steps are applicable for target-gene studies.

.1. Methods for identification of candidates

Currently, there is a wide range of approaches to obtaining quantitative and
ualitative information on changes in genomic DNA methylation. Several stan-
ard exploratory tools, including methylation sensitive restriction fingerprinting
MSRF), restriction landmark genomic scanning (RLGS), methylation CpG
sland amplification-representational difference analysis (MCA-RDA), differ-

ntial methylation hybridization (DMH), methylation-specific oligonucleotide
icroarrays (MSO), methylation target array (MTA), and cDNA microarrays

ombined with treatment of demethylating agents, are routinely used to iden-
ify putative regulatory CGIs at the genome-wide level, as well as to analyze
ethylation status of specific CGIs of known genes in large sample sets. Other

t
e
C
b
u

ig. 3. Principle of methylation sensitive restriction fingerprinting (MSRF). (A) Meth
ith an intact methyl group can be amplified in PCR. (B) A schematic diagram depic

omparing samples A and B. If there is no difference in methylation status, no differ
eing methylated in sample A, none of the BstUI sites in the CpG-rich sequence wil
ill be absent in the lane of sample A (MseI/BstUI) if this candidate is unmethylated
Mostly on specific target gene

dvanced techniques, such as chromatin immunoprecipitation (ChIP)-on chips,
olymerase extension assay by pyrosequencing, mass spectrometry, and HPLC,
ave emerged as high-throughput methods for obtaining information of CpG
ethylation outside/inside CGIs. These techniques also have the potential for

eing used in a whole-genome screen.

.1.1. Methylation sensitive restriction fingerprinting (MSRF)
MSRF (Fig. 3) is a sensitive PCR-based method that allows one to screen for

ovel CpG-rich sequences that exhibit differential changes in cytosine methy-
ation under different physiological or pathological conditions [48]. Multiple
amples can be compared simultaneously. Genomic DNA isolated from tissues
s subjected to MseI restriction digestion. Since the restriction site of MseI is
TAA, which is rarely found in CG-rich regions, cellular DNA is digested into
mall fragments, leaving most of the CG-rich region intact. The MseI-digested
NA is then divided into two aliquots with one aliquot left unmodified and
he other subjected to digestion with BstUI, a methylation-sensitive restriction
nzyme. BstUI cuts at CGCG, a sequence that occurs in more than 80% of
GIs, and therefore will cut most CG-rich regions unless they are protected
y methylation. Short DNA sequences with methylated BstUI sites are left
ncut and can subsequently be amplified by PCRs, whereas sequences with

ylated cellular DNA that will be digested by enzymes MseI and BstUI and DNA
ting expected results. In this comparison, the methylation status was defined by
ence in methylation status will be observed for both cases. If that candidate is
l be digested and they can be amplified in PCR. If vice versa, DNA fragments
in sample A.
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Fig. 4. Diagram showing the procedures of restriction landmark genomic scan-
ning (RLGS). Methylation detection in the RLGS profile depends on the
methylation sensitivity of NotI. NotI, which recognizes CG-rich regions and
cannot cleave DNA sequences when 5-cytosine is methylated, acts as the land-
mark in the profiles. Three types of methylation status are expected, depending on
which allele is methylated. mNotI represents the methylated site of the enzymes.
Following further endonuclease digestion of EcoRV (1D gel electrophoresis) and
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nmethylated BstU1 sites are cut and will not yield any PCR products.
liquots of the single (MseI)- or double (MseI and BstUI)-digested DNA are

hen subjected to PCR amplification using different pairs of short arbitrary
rimers (10mer with at least one CG site in the primer) [48] in the presence
f radiolabeled [32P]-dNTPs. Labeled PCR products are size-fractionated on
% polyacrylamide gels. “Candidates” with differentially methylated patterns
mong different samples are visualized with autoradiography, which is used to
uide excision of “candidates” from the dried sequencing gels. Amplification
nd sequencing of the candidates followed by sequence database analyses
eveal the identities of the candidates and possibly their innate genes.

We have successfully used MSRF to globally profile the prostate epigenome
or genes whose promoter/5′ CGIs undergo aberrant cytosine methylation fol-
owing neonatal exposure to estrogens or bisphenol A [20]. Among the initial
0 candidate sequences identified, three were confirmed to be part of the
romoter regions of genes regulated by methylation. One of the genes, phospho-
iesterase 4D4, was further characterized for its functional role in modulating
rostate cancer risk in adulthood [20]. In an earlier study [49], using a similar
pproach, we identified hypermethylation of peroxisome membrane protein 24
s a marker/modifier for the transition of prostate cancer cells from an androgen-
ependent to an androgen-independent state. Others have used this method to
dentify genes whose promoters are aberrantly methylated in breast cancers
48], nasopharyngeal carcinoma [50], and hepatocellular carcinoma [51]. This
ethod has also been used to identify novel epigenetically modified candidates

uring stem cell differentiation [52].
With radiolabeling of PCR products, only a small amount of genomic DNA

rom each sample is required (100 ng–1 �g) (Table 1). Therefore, this method
s highly applicable to studies using laser-capture microdissected samples or
or developmental studies in which tissue availability is a key concern. Usually
roducts from 4–8 sets of arbitrary primers are run on each gel and only a limited
umber of candidates (30–40) can be identified in one autoradiograph. The ease
f setting up MSRF for methylation profiling of multiple samples is definitely
n advantage of this methodology, since it only requires the use of a simple
equencing gel set-up, standard PCR protocols, and routine amplification and
equencing techniques. By increasing the number of arbitrary primers used in

SRF, one can increase the coverage of the genome and the number of candidate
equences identified. For example, in two of the experiments we have conducted
20,49], both using 4 primers and 6 permutations of primer pairs, we identified
pproximately 50 candidate sequences. However, if 9 primers were to be used, a
otal of 40 [n × (n − 1)/2; n is the number of primers] permutations for arbitrary
CRs could be achieved, likely yielding over 1400 candidates.

.1.2. Restriction landmark genomic scanning (RLGS)
The RLGS approach was first developed to identify imprinting genes [53]

nd later adapted for genome-wide screening of methylation changes in CGIs
Fig. 4). It can evaluate the methylation status of thousands of CG-rich sequences
nd simultaneously obtain information on copy number of their cognate genes
53–56]. Methylation detection in RLGS profiles depends on the methylation
ensitivity of the restriction enzymes used to cut the genomic DNA. NotI, which
ecognizes GC-rich sequences, is most commonly used to generate thousands
f landmark sites on the gel. Differences in digestion are assessed by radiola-
eling the DNA at cleaved NotI sites. Following further endonuclease digestion,
wo-dimensional electrophoretic separation, and autoradiography, the intensity
f a DNA fragment on the resulting RLGS profile quantitatively reflects the
opy number and methylation status of the NotI fragment (Fig. 4). Early appli-
ations of RLGS for identification of novel differentially methylated genes
ere hampered by the tedious task of having to obtain sequence information
n the identified sequences. With the completion of several commonly used
enome databases (human and mouse), development of interactive informatics
ools, and tailored software programs, it is now possible to conduct auto-

ated RLGS fragment prediction and to download corresponding sequences
or mouse [57] and human studies [58]. Users can directly upload or query
LGS databases at http://genome.gsc.riken.go.jp/RLGS/RLGShome.html or
ttp://dot.ped.med.umich.edu:2000/VGS/index.html).
RLGS has been used to analyze epigenetic changes due to aberrant DNA
ethylation for breast cancer [59], ovarian cancer [60], and hepatocellular

arcinoma [61]. Recently, Sato and co-workers applied this method to illustrate
he aberrant methylation of genomic DNA in the epididymis of mice neonatally
xposed to DES [62]. Seven loci of the genomic DNA were found to be

d
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infI (2D gel electrophoresis), the RLGS profile will result in a change in spot
ntensity that quantitatively reflects the copy number and methylation status of
he NotI fragment.

berrantly demethylated, and one locus in the epididymis of DES-treated
ice was found to be methylated. Among these putative candidates, four were

onfirmed to have promoter or 5′ CGIs. However, additional experiments
ecessary to establish the regulatory role of these CGIs on their cognate
ene expression were not included in this study. This omission of validation
xperiments has prevented the authors from drawing definitive conclusions
n the significance of DNA methylation changes in these CG-rich sequences
r their cognate genes in mediating DES-induced abnormalities in this
rgan.

An obvious advantage of RLGS is its ability to identify thousands of
oci/landmark fragments in a single run (Table 1). With continued improve-

ents on the various RLGS sequence databases, sequence identification of the
oci should no longer be a limitation of this methodology. At least for human
nd mouse studies, the current automated RLGS fragment prediction programs
nd sequence databases are quite adequate, yet challenges still exist for studies
sing samples from other species. Furthermore, since the methodology requires
t least a few micrograms of DNA, sample availability may be a limitation
or some investigations. Other demands for successful utilization of RLGS are
he requirements for a fairly elaborate gel electrophoresis set-up and a powerful
mage analysis system. Finally, limited library coverage is another constraint for
his approach unless new advanced genome sequence-based tools are developed
n the future.

.1.3. Methylation CpG island amplification-representational difference
nalysis (MCA-RDA)
Methylated CGI amplification (MCA) coupled with representational
ifference analyses (RDA) [63,64] provides a powerful approach [65] for
imultaneous identification and cloning of novel differentially methylated
equences between two samples (Fig. 5). The fundamental principle of

CA involves amplification of DNA sequences with closely spaced (<1 kb)

http://genome.gsc.riken.go.jp/RLGS/RLGShome.html
http://dot.ped.med.umich.edu:2000/VGS/index.html
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Fig. 5. Schematic diagram for methylation CpG island amplification (MCA)
coupled with representational difference analysis (RDA). CpG sites are labeled
as 1 to 4. In the comparison of the methylation status of sample A and sample
B, CpG site 2 is methylated in both cases whereas CpG site 4 is methylated
only in sample A. For MCA, unmethylated CpGs are digested by methylation-
sensitive restriction enzyme (SmaI), resulting in the formation of the blunt end
fragments. Those methylated CpGs are then digested with XmaI and generate
sticky end fragments. Following ligation into linker and PCR amplification,
amplicons of short sequences can then be directly hybridized to enable study
of the methylation status of the gene of interest for which a probe is available.
As shown in the figure, differential methylation of CpG sites 2 and 4 between
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a two-channel scanner. Differences in methylation of a particular CGI between
two samples are reflected in fluorescence intensities detected from the Cy3-
and Cy5-labeled targets hybridized on the corresponding CGI probe in the
microarray.

Fig. 6. Schematic diagram for differential methylation hybridization (DMH).
In brief, genomic DNA is first digested with MseI and ligated to linkers and
then digested with methylation-sensitive BstUI. Both MseI or Mse/BstUI diges-
tion products are amplified to generate probes for hybridization to a microarray
that is prescreened by their CGI library array. The hybridization output is the
measured intensities of the two fluorescence reporters with red (sample B) and
green (sample A). Yellow spots indicate equal amounts of bound DNA from each
amples A and B can be found in dot-blot analysis. Besides, MCA amplicons
i.e., fragments containing CpG site 4) showing differentially methylation status
n sample A can be cloned by RDA to identify any novel candidates.

ethylated SmaI (CCCGGG) sites, which are commonly found in CGIs.
ince only short fragments (400–600 bp) flanked by two SmaI sites are
mplified, MCA ensures enrichment of CGIs [65]. A pair of enzymes, SmaI
methylation-sensitive) and XmaI (methylation insensitive), that cut the same
ecognition sequence CCCGGG are used in the protocol (Fig. 5). The two
NA samples under investigation are first subjected to SmaI digestion to

emove unmethylated SmaI sites, generating only blunt end fragments in
NA regions that with no methylated SmaI sites; i.e., hypomethylated CGI

egions. These blunt end sequences will not be amplified by subsequent steps
f the protocol and thus are eliminated from the DNA pools. The samples
re then digested with the SmaI isoschizomer XmaI, which cuts at methylated
maI sites, generating fragments with a four-base overhang. Adaptors are

igated to this overhang before the fragments are amplified by PCR using
rimers complementary to the adaptors. Southern or dot blotting analysis is
mployed to determine if a candidate CGI is differentially methylated among
amples.

To identify novel CGIs that are differentially methylated in two different
amples, RDA, a subtraction technique developed to clone small differences
etween genomes [63], is used following MCA, a technique referred to as MCA-
DA. The RDA technique is based on subtraction of “tester” sequences from

he “driver” pool of sequences, followed by PCR amplification of the tester
equences left un-hybridized. Differentially present clones, after the subtraction,
re identified by subcloning and sequencing.

MCA-RDA was first used to identify novel hypermethylated CGIs in colorec-
al cancer [65]. More recently, several groups have used this method to identify
enomic clones that are hypermethylated in microsatellite instability-positive
poradic colorectal cancers [66], hypermethylated DNA fragments as putative

iomarkers of prostate cancer [67], and hypermethylated sequences uniquely
xpressed in pancreatic carcinoma but not in normal pancreatic cells [68].

The MCA assay can be adapted for medium-throughput determination of
he methylation status of a large number of target genes through the utilization
f “printed” membranes or highly reproducible dot-blots [69]. The costs and
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fforts for these set-ups will depend largely on the numbers of samples and
enes under investigation. Similarly, the combined MCA-RDA approach has
roven to be highly effective in identifying hundreds of CGIs containing genomic
ragments between two samples. However, its limitation resides in the inability to
ompare more than two samples in a single subtraction experiment. Furthermore,
he method is not conducive to the identification of aberrantly hypomethylated
equences.

.1.4. Differential methylation hybridization (DMH) using CGI arrays
An affinity column that contained the methyl-CpG binding domain of the

at MeCP2 protein was constructed to isolate CGIs from human genomic DNA
70]. Using this CGI library (close to 8000 CGIs), Huang et al. developed a novel
rray-based method called DMH that allows for a genome-wide screening for
ifferential methylated CGIs between two different samples [71]. The method
as been widely used in the identification of aberrantly methylated gene pro-
oters that are differentially expressed in various cancers [71–75]. In addition

o its use in cancer research, DMH has been used to uncover specific CGIs that
re altered in the prostates of mice fed genistein-rich diets [76]. Details of the
ethodology have been reviewed [77] and here we have illustrated only key

teps and general principles underlying the procedures (Fig. 6). Genomic DNA
solated from two different samples is first digested with MseI to generate small
NA fragments (100–200 bp), leaving most CGIs intact. The cut ends of the
NA fragments are ligated to linkers. Repetitive sequences are removed from

he digests using Cot-1 subtractive hybridization [78]. The remaining DNA frag-
ents are then subjected to methylation-sensitive endonuclease BstUI digestion.
ollowing BstUI digestion, DNA fragments in the two samples are amplified
nd labeled with cyanine (Cy) 3 or Cy5. The fluorescent-labeled amplicons,
epresenting differentially methylated DNA fragments between the two sam-
les, are co-hybridized to a high-density CGI microarray with approximately
000 thousand probes. Cy3 and Cy5 fluorescence on each probe is detected in
mplicon (i.e., amplicon a), signifying no methylation differences between sam-
le A and B genomes. Spots hybridized predominantly with sample B amplicon
ut not with sample A amplicon would appear red (i.e., amplicon b), which
s indicative of the presence of hypermethylated CpG island loci in the tumor
enome. Methylation level of each CG clone can be analyzed.
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Fig. 7. Diagram illustrating how to analyze DNA methylation by methylation-
specific oligonucleotide (MSO). Genomic DNA is first modified with sodium
bisulfite before the assay. The probes on the MSO array are a set of short oligonu-
cleotides (∼20-mers) designed for specific methylated CG or unmethylated
C/TG sites to test all the CpG sites within the CGI of a known gene. Both
methylated and unmethylated DNA can be amplified, labeled with Cy5 dye, and
then hybridized to oligonucleotide probes attached to the glass plate/membrane.
Signals from MSO arrays can be recorded with a fluorescence scanner, and
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Although the “first-generation” CGI arrays contain approximately 8000
robes, most published reports [71–75] found that only 0.5–1.5% (40–120 can-
idates) of the probes on the arrays were differentially methylated in the two
amples under comparison. Following additional post hoc conformational anal-
ses, most studies identified only a handful (8–15) of genes with promoter CGIs
hat play a role in gene regulation. The original DMH utilized CGIs dotted
n nylon membranes, which have high background signal, thus creating prob-
ems with a high noise-to-signal ratio. The fabrication of current arrays on glass
lides has minimized this problem. Recently, the availability of new high-density
uman and mouse CGI arrays have greatly expanded the power of using DMH
or a whole-genome screen of differential methylation [79].

In summary, DMH is a useful tool for the discovery of differentially
ethylated CGIs in two samples. When combined with bioinformatic tools

or analyzing expression microarray data, DMH can readily be used to clas-
ify samples into biologically or clinically relevant groups on the basis of their
ethylation profiles (see above references). However, the method does present

ome limitations for individual investigators if their institutional microarray core
acility is not set up to run the arrays. On the technical side, since most genes are
ingle-copy genes, the differences in Cy3 and Cy5 signal intensities for most loci
spots) may not be as strong and readily discernable as those in transcriptional
rofiling arrays in which fold changes for many probes could be more signif-
cant. Furthermore, problems arising from dye bias (Cy5 versus Cy3) would
ffect DMH more than transcriptional profiling. Furthermore, since the method
equires approximately 2–5 �g of high-quality genomic DNA as starting materi-
ls, it may put constraints on experiments in which sample availability is an issue
e.g,. microdissected samples). Finally, only two samples can be compared at a
ime. If multiple samples or treatment groups (several experimental groups over

ultiple time points) were to be compared, high-order bioinformatic analysis
ools would be needed to facilitate these comparisons.

.1.5. Bisulfite sequencing
Bisulfite sequencing is a “gold-standard” method used to determine the

ethylation status of each cytosine over an amplified region of a given gene, a
ethod now used routinely for studies of CGIs [80]. The underlying principle

s based on the ability of sodium bisulfite to deaminate cytosine (C) residues
nto uracil (U) in genomic DNA, whereas the methylation cytosine residues are
esistant to this modification. After PCR amplication, the Us are amplified as
hymines (Ts). Cloning and subsequent sequencing of the DNA fragments con-
aining the CGIs then provide information on the methylation status of each C
ithin the island (Figs. 2 and 11).

The method is used routinely in analyzing the methylation status of any
arget or candidate DNA sequence containing CpGs. It has the advantage of
evealing the methylation status of each CpG dinucleotide within the sequence
nd also the interrelationship between the methylation status of multiple CpG
ites. However, it is more labor intensive than other shot-gun approaches, such as
ethylation-sensitive PCR (see below). Its successful application also depends

n whether nested PCR primers could be designed to amplify the fragment of
nterest. Furthermore, DNA integrity that is less than optimal, as is the case
f DNA isolated from microdissected samples or paraffin-embedded tissues,
resents significant challenges for this application.

.1.6. Methylation-specific oligonucleotide (MSO)/methylation target
icroarrays

As an alternative to bisulfite sequencing, methylation-sensitive oligonu-
leotide (MOS) array was initially designed to provide a high-throughput
ethod for fine mapping of CpG sites in a known CGI using a hybridization-

ased microarray protocol [81–83] (Fig. 7). Subsequently, the methodology
as adapted to interrogate simultaneously the methylation status of multiple
GIs [84]. Test DNA is restricted with KpnI and NdeI, bisulfite modified and
mplified, and labeled with Cy5, resulting in a pool of labeled targets with
ltered nucleotide sequences due to their differential methylation status. Sets
f short oligonucleotides (∼21–25-mers), corresponding to the methylated and

nmethylated versions of the CGI, are designed to provide coverage of the
ntire region. These pair of oligonucleotides are synthesized and immobilized
n triplicates as probes on glass slides. After hybridization of the targets to
he probes, hybridization signals are captured, quantified, and analyzed. The
ercentage of methylation for each short CG-rich fragment (2–4 CpG sites) is

t
h
c
i
m

ignal intensities between the pair of probes are compared to arrive at the per-
entage of methylation of the CpG within the short region represented by the
ligonucleotides, usually 2–3 CpG sites [81].

etermined by comparison of signal intensities between the paired “methylated”
nd “unmethylated” oligonucleotide probes.

Gitan et al. were successful in using this method to compare the methylation
tatus of the estrogen receptor � CGI in breast cancer cell lines, normal fibrob-
asts, breast cancers, and control tissues [81]. Yang et al. used this method to
xamine the androgen receptor gene promoter in 76 cases of non-Hodgkin lym-
homa [83]. Hou et al. also used MSO arrays to study the methylation status of
16 in gastric carcinomas [84]. Yu and associates identified a subset of aberrantly
ethylated genes/ESTs (25/105) in prostate cancer using MSO arrays printed
ith probes for 105 CGIs [85]. Similarly, MSO arrays were used to examine
56 loci involving 38 genes to identify those with DNA methylation patterns
hat differentiate between three types of small B-cell lymphomas [86].

To increase the throughput for screening of methylation changes in the
romoter of a given gene among multiple samples simultaneously, Zhou and
o-workers have described two versions of methylation target arrays (MTAs)
87]. In their investigation of the promoter region of IGFBP7 gene in ten cases
f breast cancer tissues and six cases of responding normal breast tissues, the
nvestigators have fabricated two arrays, a bisulfite PCR product array and a
isulfite genomic DNA array, and compared the sensitivity and reliability of
hese two arrays to detect methylation changes in this promoter. They found that
he bisulfite genomic DNA array is less suitable than the bisulfite PCR product
rray for analyzing methylation changes using tissue samples. Hence, the lat-
er methods warrant future development for high-throughput analysis of target
enes.

Undoubtedly, MSO array hybridization is a versatile and high-throughput
ethod for comparing the methylation status of known CGIs among multiple

amples. Approximately 2–3 �g of genomic DNA is needed as starting material
85]. However, reproducibility of results could be drastically affected by the
erformance of the bisulfite treatment, which would impact the quality of the

argets. Furthermore, since only a few samples could be processed with a single
ybridization, the method is insufficient for effective analyses of hundreds of
linical samples. The efficiency of the various hybridizations may vary signif-
cantly. The success of the methodology also depends on the specificity of the
ethylated/unmethylated oligonucleotides.
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.1.7. Transcriptional profiling of genes reactivated by demethylating
gents or inhibitors of histone deacetylation

DNA methylation and histone deacetylation are two major mechanisms
esulting in epigenetic silencing of genes through direct and indirect methylation
f CGIs. Hence, several investigators have taken the approach of using DNA
emethylating agents or inhibitors of histone deacetylation to reactivate epige-
etically silenced genes and then using transcription profiling [88] to identify
he reactivated genes. This approach allows a pool of candidates to be identi-
ed, i.e., those genes that are reactivated after the treatment. Post hoc validation
ethods (see below) are then used to identify among these candidates which

romoters play a regulatory role in transcription through cytosine methylation
89–91].

This approach was proven successfully in identifying dysregulated genes
aused by aberrant cytosine methylation in colorectal cancer and gastric can-
er [89]. A recent study [91] compared the gene sets reactivated by 5-aza-2′
eoxycytosine (5-AZA), a DNA demethylating agent, and trichostatin (TSA),
n inhibitor of histone deacetylation, in HepG2 cells. They found distinct and
ommon gene sets that are reactivated by the individual agents and their combi-
ation, respectively, suggesting that the two epigenetic mechanisms may regulate
ifferent sets of genes. In contrast, Li and associates used an integrated “triple”
icroarray system to elucidate the “epigenetic hierarchies” on gene regula-

ion. Analyses of data with established statistical models demonstrate that genes
eactivated by DNA demethylation and histone hyperacetylation are highly cor-
elative [92]. A comparable approach was recently applied to study the effects
f maternal care, an early-life experience, in stable epigenetic programming of
ene expression in the hippocampus that mediates stress responsivity. Adult off-
pring exhibiting anxiety behavior due to maternal care were centrally infused
ith TSA or methionine. Global transcriptional profiling identified over 900
enes that were reactivated by these two reagents, and these genes are likely as
andidates mediating adult anxiety disorder caused by early life experience.

5-AZA is a commonly used DNA demethylating agent [93]; it causes
ytosine demethylation by covalently binding to the maintenance DNA methyl-
ransferase (DNMT1) and inhibiting its “proofreading” ability during DNA
eplication. In this manner, the hemimethylated DNA can escape methylation
nd thereby become fully unmethylated after one further round of DNA repli-
ation. Treatment of cells with 5-AZA has repeatedly been demonstrated to
eactivate genes silenced by DNA methylation. However, a few precautionary
otes are noteworthy regarding its use in the aforementioned approaches: (1)
-AZA could cause a low frequency of mutations that affect patterns of gene
xpression; (2) the agent has a short half-life and must be freshly prepared and
dded to the cell cultures repeatedly; (3) 5-AZA works best when cells are repli-
ating rapidly; and (4) a period of recovery after treatment is necessary for the
ew DNA methylation patterns to be established.

Trichostatin A (TSA) belongs to the hydroxamic acid type of histone deacety-
ase (HDAC) inhibitors with very high potency [94]. TSA is widely used in many
xperimental settings due to its potency and wide coverage, i.e., it inhibits both
lass I and II HDAC isoforms. Treatment of cells with TSA has been shown to
eactivate about 10% of genes but also to cause silencing of close to an equal
umber of expressed genes in melanoma cell lines [95]. Most HDAC inhibitors
re able to induce expression of genes related to the cell cycle and apoptosis, and
herefore genes reactivated by HDAC inhibitors are not necessarily related to
pigenetic regulation. Hence, similar to the use of DNA demethyating agents in
xpression array studies, post hoc experiments are needed to verify that the can-
idates identified are directly regulated by cytosine methylation of their promoter
GIs.

Finally, since the promoters of many genes and ESTs remain unknown, the
se of transcriptional profiling to identify DNA methylation-regulated genes still
aces significant challenges since confirmation of a regulatory CGI for a given
ene is possible only if its promoter region is published or in public databases.
he use of genome walking techniques to find the 5′ upstream sequence of a
ene of interest could be tedious.

.1.8. Genome-wide methylation array/promoter arrays

The initial CGI library was first produced by Cross and co-workers by isolat-

ng CG-rich DNA fragments with methyl-CpG binding protein affinity columns
see above). Subsets of these CG-rich clones (9-k set or 12-k set) were used in
he construction of several arrays for the detection of differentially methylated
GIs [70,71]. However, not all the CG-rich clones correspond to CGIs and not all
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GIs are in the promoter regions. Promoter arrays have recently become readily
vailable through the University Health Network Microarray Center (UHNMC)
n Toronto (www.microarray.ca). More than 20K CG-rich sequence clones can
e assessed and used to distinguish promoter methylation status of human and
ouse genome. The UHNMC’s human CpG island array contains 12,192 spot-

ed clones, while the mouse array contains 7296 probes. These probe sets cover
large percentage of CGIs found in the human and mouse genomes. Moreover,

he UHNMC provides a web interface for users to download the correspond-
ng sequences of the clones. These arrays clearly provide a high-throughput,
enome-wide screen of promoters with CGIs undergoing methylation changes
ue to experimental or pathological conditions. Since these arrays have become
ommercially available, an increasing number of studies using this approach
ave been published and yield insightful data on epigenetic gene regulation
75,79,96–98]. A new approach that combines methylation-sensitive enzyme
igestion with the comparative genomic hybridization (CGH) technique was
eveloped to screen the entire genome for changes in methylation pattern [99].

The above technology remains most suitable for running by a core facility,
here inter-array variations could be minimized and high-throughput could be

chieved. The expenditure for setting-up routine hybridization is relatively high
ince it requires hybridization stations, equipment for quality controls of the tar-
ets (e.g., Nanodrop), and a scanner for capturing signals. In addition, because of
he large volume of data generated in one experiment, pre- and post-experimental
onsultations on experimental design and data mining are critical elements for
his kind of study. Specific software packages provided by the vendors and others
eveloped in-house are required to generate meaningful results.

Custom designed or small-scale promoter methylation arrays have recently
ecome commercial available that simultaneously profile the methylation status
f the gene of interests from one sample (NimbleGen System; Panomics). This
s a high-throughput analysis of promoter methylation that costs less than the
enome-wide CGI array.

.1.9. Chromatin immunoprecipitation (ChIP) on DNA microarray
ChIP-chip)

Chromatin immunoprecipitation (ChIP) was developed to identify and
haracterize the interactions of specific genomic DNA sequences associated
ith a target protein such as a transcriptional factor in the context of intact

ells [100]. An antibody specific to the target protein is used to immuno-
reprecipitate the protein–DNA complexes. After the crosslink between the
wo is reversed, the identities of the DNA sequences are then uncovered by
mplification and sequencing. Recently, with the advent of bioinformatics on
romoter/transcription start site [101] and DNA microarrays, it has become pos-
ible to use the DNA fragments isolated from a ChIP assay as targets to probe a
icroarray in a protocol known as the ChIP-chip [102–106] (Fig. 8). The logical

pproach to applying the ChIP-chip methodology to study the effects of DNA
ethylation/chromatin structure on gene expression is to use groups of antibod-

es specific for histone deacetylase/methylases to pull down DNA, followed by
NA array analysis. A human promoter array has recently been developed for
hIP experiments (Affymetrix). It is a single array comprising more than 4.6
illion probes titled through more than 25,500 human promoter regions proxi-
al to transcriptional start sites and probes for approximately 59% CpG islands

nnotated by UCSC in the NCBI human genome assembly (Build 34).
An example of the use of the ChIP-chip approach for methylation studies is

he identification of the “methylome,” which refers to the complete set of DNA
equences susceptible to methylation in a cell [107]. Genomic DNA is sonicated
nto smaller fragments. Anti-5′-methylcytosine antibody is used to enrich methyl
ytosine-rich genomic DNA fragments, a procedure known as methylated DNA
mmunoprecipitation (MeDIP). The MeDIP-enriched fragments are then labeled
ith Cy3, while the non-MeDIP DNA (or the input DNA) is labeled with Cy5.
he two samples are co-hybridized to a sub-megabase resolution tiling (SMRT)
rray or a CGI array. Relative signal intensity at each locus (spot) represented
n the array indicates methylation status. DNA methylation profiles could be
btained simultaneously at both genome-wide and locus-specific levels.

This approach provides an unbiased, whole-genome view of changes in

ethylation status that are mapped to chromosomal regions. It is one of the
ost exciting of the recently developed applications of the ChIP-chip technol-

gy for DNA methylation studies. However, the limitations in this technique
emain the high cost of setting up the array technology platform and the depen-
ence on the efficiency of the antibody to pull down DNA fragments. The

http://www.microarray.ca/
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umber of probes on the CGI arrays will continue to grow, hence increasing the
overage.

.1.10. Luminometric methylation assay (LUMA) using pyrosequencing
The underlying principal of LUMA is based on DNA cleavage by a pair of

soschizomer endonucleases followed by bioluminometric polymerase exten-
ion to quantify the extent of restriction cleavage using pyrosequencing [108].
he method is a modern version of one of the earliest method used to detect
ethylated cytosine in genomic DNA [109] in which HpaII (methylation-

ensitive) and MspI (methylation-insensitive) were used to cut at the recognition
ite CCGG. HpaII is not able to cut if the internal internal cytosine is methylated
CmCGG). After the DNA cleavage, the methylation status can be determined
y Southern blotting or by PCR analysis [109]. With the advent of pyrose-
uencing [110], a new sequencing methodology that dispenses labeled primers,
abeled nucleotides, and gel-electrophoresis, the extent of methylation at each
pG sites could be determined accurately and rapidly. The LUMA workflow

Fig. 9) started with DNA digestion in parallel reactions using either MspI or
paII in combination with EcoRI. MspI or HpaII both leave 5′CG overhangs

fter DNA cleavage, but in the HpaII reaction, CmCGG sites are protected. As
n internal reference, EcoRI generates 5′-AATT overhangs. These overhangs
re then filled in a polymerase extension assay with stepwise addition of dNTPs
four steps: dATP�S, dGTP + dCTP, dTTP, and dGTP + dCTP). As each dNTP
s extended, inorganic pyrophosphate (PPi) is released and converted to ATP
y ATP-sulfurylase and adenosine-5-phosphosulfate. This reaction is coupled
o the conversion of luciferin to oxyluciferen by luciferase and ATP to generate
proportional amount of visible light, which is quantified by a charge-coupled-
evice camera in the Pyrosequencer. The signals corresponding to dATP�S and
TTP additions both represent EcoRI cleavage and are equal in the two DNA
amples (MspI + EcoRI-treated versus HpaII + EcoRI-treated). The signal inten-

ities generated by the additions of dCTP and dGTP are added together, and the
um represents an HpaII or MspI cleavage. The degree of methylation at a CpG
ite can be derived from the (HpaII/EcoRI)/(MspI/EcoRI) ratio.

LUMA can be used to access cytosine methylation level of the whole
enome [108]. However, the technology has more commonly applied to stud-

t
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m
m

ig. 8. Workflow of chromatin immunoprecipitation (ChIP) on DNA microarray (Ch
ntact genomic DNA with transcription factors (TF) is then isolated, and the chro
ntibody to that intact TF. After reverse crosslinking, DNA is extracted and purified
mmunoprecipitation are labeled with Cy5, and Cy3 is used to label input reference a
an be utilized to study the interaction between particular TFs and specific CpG sites
oxicology 23 (2007) 267–282

es of targeted CGIs [111]. LUMA has been used to determine changes in
ethylation status associated with disease development [112–114] or as diag-

ostic/prognostic markers of cancers [115–118]. It is limited by the length of
he sequence read and thereby the number of CpGs that can be analyzed in one
equencing reaction. In addition, the relatively high cost of the pyrosequencing
achine has limited the use of the technology without the support of a core

acility.

.1.11. Matrix-assisted laser desorption/ionization time-of-flight mass
pectrometry (MALDI-TOF-MS)/high-performance liquid chromatography
HPLC)

Matrix-assisted laser desorption/ionization time-of-flight mass spectrome-
ry (MALDI-TOF-MS) [119,120] is a promising and powerful technique for
NA methylation analysis. Various MS approaches have been developed for

he measurement of levels of DNA methylation, including rapid screening of
ingle nucleotide polymorphisms (SNPs), and quantitative allele studies. It has
een used to monitor nucleotide digestion and DNA sequencing [121,122]. The
ommonly used approach involves bisulfite conversion of genomic DNA [80]
ollowed by DNA sequencing, resulting in accurate determination of methylation
tatus in genomic DNA.

As an alternative, Schatz et al. introduced RNA-mediated analysis of methy-
ation status of individual CpGs using MALDI-TOF-MS based on in vitro
ranscription of bisulfite PCR product and base-specific cleavage [123]. After
reatment with sodium bisulfite, DNA samples are subjected to PCR in which
he amplicons are tagged with T7 RNA polymerase promoter as well as with a
omplementary sequence with low guanosine content. After T7-mediated tran-
cription, these guanosine residues in the newly transcribed RNA are subjected
o cleavage by RNase T1 and the methylation fingerprint (RNA fragmentation
attern) is visualized by MALDI-MS (Fig. 10). This approach was applied to

he analysis of artificially methylated and unmethylated DNA, mixtures thereof,
nd colon DNA samples.

Recently, Tos et al. combined the bisulfite conversion genomic DNA
ethod with the GOODs [124,125] assay for accurate quantification of
ethylation status of CpG dinucleotides using MALDI-MS. They analyzed

IP-chip) analysis. At first, living cells are fixed by formaldehyde crosslinking.
matin-protein complex of interest is immunoprecipitated (IP) with a specific

before PCR to generate chromatin amplicons. Amplicons from experimental
mplicons. Labeled probes are applied on the CGI array for hybridization. Data
of genes.
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Fig. 9. Procedures for analysis global DNA methylation with luminometric
methylation assay (LUMA). Genomic DNA is digested with combinations of
restriction enzymes, EcoRI/MspI or EcoRI/HpaII, to leave the TTAA (EcoRI)
and CG (HpaII [methylation-sensitive] or MspI [methylation-insensitive]) over-
hangs. Next, the extent of the cleavage is determined by a polymerase extension
assay based on a four-step pyrosequencing reaction. Inorganic pyrophosphate
(PPi) is generated at each nucleotide addition in the polymerase extension assay.
Signals are generated based on the utilization of PPi in a luciferase-based reac-
tion. The amount of light generated is directly proportional to the number of
overhangs produced by respective restriction enzymes. The A and T peaks
represent signals from Steps 1 and 3. The C + G peaks resulting from Step
2 illustrate HpaII or MspI cleavage. The second C + G peak originating from
Step 4 is an internal control for the completion of Step 2. Unmethylated CG is
cleaved by HpaII, and a CG overhang is left after the cleavage and amplified in
polymerase extension. Methylation status can be determined by analyzing the
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If the CGI is located in the promoter or 5′ region of a gene, it usually has a
higher chance of being involved in transcriptional regulation. After promoter/5′
sequences of a candidate gene are identified, the next step is to locate the CGI
and discern its location relative to the transcriptional start site and to the 5′ exons

Fig. 10. Analysis of CpG methylation patterns using RNase T1 cleavage and
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS). Genomic DNA is modified by sodium bisulfite to convert
unmethylated cytosines to uracils followed by PCR amplification with forward
primer containing a control tag and reverse primer carrying T7 promoter. RNA
paII/MspI ratio at CG peaks from Step 2. The HpaII/MspI ratio is close to 1
n the unmethylated sample but close to zero in the methylated sample.

everal paraffin-embedded tissue biopsies and found the MS results com-
arable to those of chip hybridization. Furthermore, Ehrich et al. applied
ase-specific cleavage of DNA following MALDI-TOF-MS analysis to
easure the degree of methylation in normal and neoplastic lung cancer

issue samples, allowing accurate classification of samples according to their
istopathology [126]. This method is applicable to methylation studies of target
enes.

Another related technology for global profiling involves the use of high-
erformance liquid chromatograph (HPLC). It is the routine and most widely
sed separation technique for the measurement of 5-methylcytosine and/or DNA
ethylation [127–129] involving the digestion of DNA to nucleotides, nucleo-

ides, or bases, followed by high-resolution separation and quantification with
V detection. HPLC has been implicated in the study of p16 methylation sta-

us of gastric dysplasia/carcinomas [130,131] and a study of tamoxifen-induced
epatocarcinogenesis in rat [132]. Recently, Song et al. reported a novel method
tilizing liquid chromatography-electrospray ionization tandem mass spec-
rometry to measure 5-methyl-2′-deoxycytidine levels [133]. Tissue-specific
ifferences in DNA methylation in various mammals has been reported by
sing HPLC analysis [134]. Several other chromatographic and electrophoretic
echniques, including gas chromatography, thin layer chromatography, and cap-
llary electrophoresis, have also been used to determine DNA methylation
135–137].

Both MALDI-TOF-MS and HPLC are tools suitable for high-throughput,

ulti-channel detection with the benefits of high speed, accuracy, and automa-

ion. They either can measure the content of methyl-cytosine in the whole
enome or can detect methylation patterns of specific target genes. Relatively
igh cost or the need for standardization of the protocols would be the major
itfalls of applying these techniques to methylation studies.
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.2. Characterization of a target or candidate sequence and
alidation of its involvement in gene regulation

The various global discovery platforms mentioned above would undoubtedly
dentify many novel genes that are epigenetically regulated and that might be
mportant in the development of diseases. However, the major challenge remains
n designing an efficient strategy for post hoc validation of the involvement of
he CGI in gene regulation. It has to be re-emphasized that multiple validation
pproaches need to be conducted before one can lay claim to its role in gene
egulation. These include, but are not limited to, database searches and in silico
nalyses, studies of methylation status using bisulfite sequencing (Section 2.1.5),
ombined bisulfite restriction analysis (COBRA), methylation-sensitive PCR
MS-PCR), methylation-sensitive single strand conformational polymorphism
MS-SSCP), MethyLight analysis, and gene expression studies (Figs. 2 and 11).
ome of these techniques are summarized briefly below, and most of them can
e used both for target gene studies and for studies of novel candidates identified
y discovery platforms.

.2.1. In silico database analysis
The first step in post hoc validation starts at in silico analysis of the candi-

ate genes of interest. Detailed searches of public databases such as the National
entre for Biotechnology Information (NCBI) and the University of California
anta Cruz (UCSC) Genome Bioinformatics group are the logical first steps.
ranscription generates G-sites at originally methylated C sites and G-specific
leavage with RNase T1 is done. Control tag is used to monitor the successful
ull-length transcription and followed RNase T1 cleavage. RNA fragments are
ubjected to MALDI-TOF analysis. By comparison of the profile of m/z values
f all fragments in the samples, methylation status of genes can be found.
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Fig. 11. Different approaches can be chosen to yield the information on
the overall characterization of genes showing differential methylation status.
Unmethylated DNA is distinguished from methylated DNA with a sodium
bisulfite modification of DNA used as a standard procedure prior to valida-
tion assays. The underlying principle is based on the ability of sodium bisulfite
to deaminate cytosine (C) residues into uracil (U) in genomic DNA, whereas
the methylation cytosine residues are resistant to this modification. After PCR
amplication, the U residues) are amplified as thymines (Ts). Cloning and sub-
sequent sequencing of the DNA fragments containing the CpGs then provide
information on the methylation status of each C within the CpGs. Details
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f methylation-specific PCR (MS-PCR), combined bisulfite restriction anal-
sis (COBRA), methylation-specific single-strand conformation polymorphism
MS-SSCP), and MethyLight are discussed in the text.

nd introns. Information generated from these analyses provides clues as to (1)
hether a CGI exists in the sequence and (2) if it has a high probability of playing
regulatory role in gene expression. These in silico analyses could be laborious,
ut several open-source tools are now available through the Internet: Met-
rimer (http://www.urogene.org/methprimer/index.html), Promoter Inspector
http://www.genomatix.de), BIMAS (http://thr.cit.nih.gov/molbio/index.shtml),
nd Database of Transcription Start Sites (http://dbtss.hgc.jp).

.2.2. Validation assays of gene of interest
Once a “potential” CGI has been identified in the 5′ region of a gene, phys-

cal and functional characterization of the CGI is in order. The first criterion
f a regulatory CGI is that an inverse relationship can be established between
ts degree of methylation and the expression of its cognate gene. Determina-
ion of the methylation status of the CGI and its adjacent sequences could be
chieved by one or more of the following methods: MS-PCR, COBRA, MS-
SCP, MethyLight, or bisulfite DNA sequencing. For cell-culture experiments,
NA could be extracted from cultures under different conditions or exposed to
NA-demethylating agents or inhibitors of histone deacetylase. By extracting
oth DNA for methylation studies and RNA for transcript quantification, one
an determine if an inverse relationship exists between the extent of methylation
n the CGI and gene transcription [20]. Bisulfite genomic sequencing [80] is the
referred method (see Section 2.1.5) of initial characterization because it can
eveal the methylation status of individual CpG in the CGI. Detailed mapping
f a CGI could uncover important “methylation hotspots” that could be used to
esign methylation oligonucleotides for use in gene silencing experiments by
argeting these hotspot sequences [138].

After initial characterization of the putative CGI, other methods are available
or more-rapid or higher-throughput analyses. MS-PCR [139,140] can be used
o assess the methylation status of a cluster of CpGs within a CGI by conducting
CRs with primers designed for the methylated or unmethylated version of the
equence of interest. MS-PCR has the advantage of requiring small amounts of
NA, with a sensitivity of detecting 0.1% methylated alleles in a given sample.

t can be applied to DNA extracted from paraffin-embedded samples which most
f the DNA is fragmented.
One of the limitations of MS-PCR is that it is not highly quantitative. Hence,
ther more quantitative methods have recently been developed. COBRA is sim-
lar to MS-PCR but provides more quantitative information on the degree of
ethylation of the targeted sequence. Restriction-enzyme digestion is used to

eveal methylation-dependent sequence differences in PCR products of sodium

m
O
s
v
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isulfite-treated DNA as described previously [141]. The method has the advan-
age of accessing methylation levels of a target sequence in a small amount of
NA samples and provides linear quantification across a wide spectrum of DNA
ethylation levels. The technique can be reliably applied to DNA obtained from
icrodissected paraffin-embedded tissue samples. COBRA thus combines the

owerful features of ease of use, quantitative accuracy, and compatibility with
rchival samples. MS-SSCP also provides a fairly quantitative method to access
he methylated and unmethylated allele populations. It uses high-resolution gel
lectrophoresis to generate a specific methylation pattern for determining the
ercentages of methylation in a targeted sequence. In SSCP, methylated alleles,
ue to the difference in conformation from the unmethylated alleles, can be sep-
rated by MDE-gel electrophoresis and visualized by SYBR-Gold staining or
adiolabeling [142,143]. A high-throughput technology, known as MethyLight,
as recently been developed for cytosine analysis. It utilizes fluorescence-based
eal-time PCR Taq-Man technology [144,145] and thus is highly quantitative.

ethyLight assays have good precision and linearity. It can be used effectively
n a high-thoughput manner for analysis of DNA methylation of small amounts
f DNA.

After the methylation status of the CGI has been established by the afore-
entioned methods, it is imperative to determine the expression of its cognate

ene. Modern laboratory procedures such as quantitative reverse transcriptase-
CR or real-time PCR are most appropriate for such studies because they
rovide quantitative data and are adaptable to high-throughput application. If
evels of transcripts can not be accessed directly (e.g., if only archival paraffin-
mbedded samples are available), then immunostaining of sections [138] or
n-situ hybridization could be attempted to ascertain gene expression. In addition,
ell cultures treated with DNA demethylating agents and inhibitors of histone
eacetylase can further elucidate the regulatory role of the CGI. More recently,
e have used a class of methylation oligonucleotides to induce sequence-specific
ethylation in cellulo that subsequently leads to gene silencing. In this manner,
e have provided additional evidence that DNA methylation is involved in the

egulation of estrogen receptor � [138].

. Discussion

In this section, we would like to point out some important
ssues that should be noted when methylation techniques are
mployed in epigenetic studies. The above validation assays
ould be used for whole-tissue analyses [20]. However, a tissue
ontains multiple cell types and any change in the methylation
tatus and gene expression of that CGI might occur in only one
ell type. In this scenario, it would be beneficial to have laser-
apture microscope-assisted microdissection to enrich a specific
ell population [138]. Alternatively, enzymatic digestion of the
issue followed by isolation of the specific cell population would
lso enhance the experimental outcome.

Methods including BSPCR, MS-PCR, MS-SSCP, COBRA,
r MethyLight depend on whether nested PCR primers could be
esigned to amplify the fragment of interest. Furthermore, if the
ntegrity of the DNA is less than optimal, as is in the case of DNA
solated from microdissected samples or paraffin-embedded tis-
ues, the amplified fragment would be limited in size. Also,
fficiency of bisulfite modification on DNA samples would be
nother major pitfall affecting the sensitivity and accuracy of the
CR results.

On the other hand, if 5AZA and/or TSA treatments are
erformed to determine the relationship between the transcrip-
ion level and methylation status of target genes, dosage of the
odifiers and incubation period for the treatment are critical.
ptimization of the protocol is necessary. Additional studies

uch as site-directed mutagenesis and luciferase reporter assay in
itro and in vivo can be involved to establish the gene regulatory

http://www.urogene.org/methprimer/index.html
http://www.genomatix.de/
http://thr.cit.nih.gov/molbio/index.shtml
http://dbtss.hgc.jp/
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unction of the CGIs. Briefly, deletion constructs at specific CG
ites are generated by using a commercial site-directed muta-
enesis kit according to the manufacturer’s recommendations.
odified promoters are re-subcloned into reporter vector fol-

owed by a promoter reporter assay. ChIP or transcription-factors
inding assay may also be included to determine which regula-
ory elements on promoters are associated with the methylation
hanges.

In summary, multiple methods and technologies are available
o determine changes in global and regional methylation of
ytosine in genomic DNA; each has advantages, disadvantages,
nd areas of applicability. Because of variations in sample
ize, the nature of the samples, the number of samples in the
tudies, the experience of the investigators, and the resources
f the laboratory or the institution, there is no “gold” standard
r “standard operation procedure” for conducting a DNA
ethylation analysis. This review simply attempts to provide

n overview of the currently available techniques and to discuss
ome of the advantages and limitations of each technology. With
he rapid growth in interest in understanding the epigenetic reg-
lation of disease development, a variety of new and improved
ethodologies are certain to emerge in the coming years.
hese technologies will undoubtedly change the landscape of
pigenetic studies and provide valuable new insights into areas
uch as the developmental basis of disease and reproductive
oxicology.

cknowledgments

Grant support: NIH grants ES12281 (S.-M. Ho) and ES13071
S.-M. Ho) and the Department of Defense awards DAMD

81XWH-06-1-0373 (W.-Y. Tang).
We thank Dawn Ho for technical contribution to the gen-

ration of the artwork. We also thank Suresh Babu, Yuet-kin
eung, and Neville N.C. Tam for discussions in preparation of

he manuscript.

eferences

[1] Liu Y, Freedman BI. Genetics of progressive renal failure in diabetic
kidney disease. Kidney Int Suppl 2005:S94–7.

[2] Kroll TG. Molecular events in follicular thyroid tumors. Cancer Treat Res
2004;122:85–105.

[3] Moore MA. Converging pathways in leukemogenesis and stem cell self-
renewal. Exp Hematol 2005;33:719–37.

[4] Scher HI, Sawyers CL. Biology of progressive, castration-resistant
prostate cancer: directed therapies targeting the androgen-receptor sig-
naling axis. J Clin Oncol 2005;23:8253–61.

[5] Tusie Luna MT. Genes and type 2 diabetes mellitus. Arch Med Res
2005;36:210–22.

[6] Soussi T, Ishioka C, Claustres M, Beroud C. Locus-specific mutation
databases: pitfalls and good practice based on the p53 experience. Nat
Rev Cancer 2006;6:83–90.

[7] Garg V. Insights into the genetic basis of congenital heart disease. Cell
Mol Life Sci 2006;63:1141–8.
[8] Verschure PJ, Visser AE, Rots MG. Step out of the groove: epigenetic
gene control systems and engineered transcription factors. Adv Genet
2006;56:163–204.

[9] Jiang YH, Bressler J, Beaudet AL. Epigenetics and human disease. Annu
Rev Genomics Hum Genet 2004;5:479–510.
oxicology 23 (2007) 267–282 279

[10] Rodenhiser D, Mann M. Epigenetics and human disease: translating basic
biology into clinical applications. CMAJ 2006;174:341–8.

[11] Jaenisch R, Bird A. Epigenetic regulation of gene expression: how
the genome integrates intrinsic and environmental signals. Nat Genet
2003;33(Suppl):245–54.

[12] Morris KV. siRNA-mediated transcriptional gene silencing: the potential
mechanism and a possible role in the histone code. Cell Mol Life Sci
2005;62:3057–66.

[13] Cheung P, Lau P. Epigenetic regulation by histone methylation and histone
variants. Mol Endocrinol 2005;19:563–73.

[14] Esteller M. Aberrant DNA methylation as a cancer-inducing mechanism.
Annu Rev Pharmacol Toxicol 2005;45:629–56.

[15] Gluckman PD, Hanson MA. The developmental origins of the metabolic
syndrome. Trends Endocrinol Metab 2004;15:183–7.

[16] Dolinoy DC, Weidman JR, Jirtle RL. Epigenetic gene regulation: link-
ing early developmental environment to adult disease. Reprod Toxicol
2007;23:297–307.

[17] Santos F, Dean W. Epigenetic reprogramming during early development
in mammals. Reproduction 2004;127:643–51.

[18] Weidman JR, Maloney KA, Jirtle RL. Comparative phylogenetic anal-
ysis reveals multiple non-imprinted isoforms of opossum Dlk1. Mamm
Genome 2006;17:157–67.

[19] Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epigenetic trans-
generational actions of endocrine disruptors and male fertility. Science
2005;308:1466–9.

[20] Ho SM, Tang WY, Belmonte dF, Prins GS. Developmental exposure to
estradiol and bisphenol A increases susceptibility to prostate carcino-
genesis and epigenetically regulates phosphodiesterase type 4 variant 4.
Cancer Res 2006;66:5624–32.

[21] Dolinoy DC, Weidman JR, Waterland RA, Jirtle RL. Maternal genistein
alters coat color and protects Avy mouse offspring from obesity by mod-
ifying the fetal epigenome. Environ Health Perspect 2006;114:567–72.

[22] Fernandez-Twinn DS, Ozanne SE. Mechanisms by which poor early
growth programs type-2 diabetes, obesity and the metabolic syndrome.
Physiol Behav 2006;88:234–43.

[23] Barker DJ, Osmond C, Simmonds SJ, Wield GA. The relation of small
head circumference and thinness at birth to death from cardiovascular
disease in adult life. BMJ 1993;306:422–6.

[24] Ravelli AC, van der Meulen JH, Michels RP, et al. Glucose tolerance in
adults after prenatal exposure to famine. Lancet 1998;351:173–7.

[25] Dennison EM, Arden NK, Keen RW, et al. Birthweight, vitamin D recep-
tor genotype and the programming of osteoporosis. Paediatr Perinat
Epidemiol 2001;15:211–9.

[26] Thompson C, Syddall H, Rodin I, et al. Birth weight and the risk of
depressive disorder in late life. Br J Psychiatry 2001;179:450–5.

[27] Veurink M, Koster M, Berg LT. The history of DES, lessons to be learned.
Pharm World Sci 2005;27:139–43.

[28] Demerath EW, Cameron N, Gillman MW, et al. Telomeres and telom-
erase in the fetal origins of cardiovascular disease: a review. Hum Biol
2004;76:127–46.

[29] Lee HK, Park KS, Cho YM, et al. Mitochondria-based model for fetal
origin of adult disease and insulin resistance. Ann N Y Acad Sci
2005;1042:1–18.

[30] Rakyan VK, Blewitt ME, Druker R, et al. Metastable epialleles in mam-
mals. Trends Genet 2002;18:348–51.

[31] Tollefsbol TO. Methods of epigenetic analysis. Methods Mol Biol
2004;287:1–8.

[32] Chiang PK, Gordon RK, Tal J, et al. S-Adenosylmethionine and methy-
lation. FASEB J 1996;10:471–80.

[33] Singal R, Ginder GD. DNA methylation. Blood 1999;93:4059–70.
[34] Murphy SK, Jirtle RL. Imprinted genes as potential genetic and epigenetic

toxicologic targets. Environ Health Perspect 2000;108(Suppl 1):5–11.
[35] Costello JF, Plass C. Methylation matters. J Med Genet 2001;38:285–303.

[36] Antequera F, Bird A. Number of CpG islands and genes in human and

mouse. Proc Natl Acad Sci USA 1993;90:11995–9.
[37] Lyko F, Brown R. DNA methyltransferase inhibitors and the develop-

ment of epigenetic cancer therapies. J Natl Cancer Inst 2005;97:1498–
506.



2 ctive T
80 S.-m. Ho, W.-y. Tang / Reprodu

[38] Bird A, Tate P, Nan X, et al. Studies of DNA methylation in animals. J
Cell Sci Suppl 1995;19:37–9.

[39] Monk M, Boubelik M, Lehnert S. Temporal and regional changes in
DNA methylation in the embryonic, extraembryonic and germ cell lin-
eages during mouse embryo development. Development 1987;99:371–
82.

[40] Kafri T, Ariel M, Brandeis M, et al. Developmental pattern of gene-
specific DNA methylation in the mouse embryo and germ line. Genes
Dev 1992;6:705–14.

[41] Issa JP. CpG-island methylation in aging and cancer. Curr Top Microbiol
Immunol 2000;249:101–18.

[42] Waterland RA, Jirtle RL. Transposable elements: targets for early nutri-
tional effects on epigenetic gene regulation. Mol Cell Biol 2003;23:
5293–300.

[43] Niculescu MD, Craciunescu CN, Zeisel SH. Gene expression profiling of
choline-deprived neural precursor cells isolated from mouse brain. Brain
Res Mol Brain Res 2005;134:309–22.

[44] Li S, Washburn KA, Moore R, et al. Developmental exposure to diethyl-
stilbestrol elicits demethylation of estrogen-responsive lactoferrin gene
in mouse uterus. Cancer Res 1997;57:4356–9.

[45] Newbold RR, Padilla-Banks E, Jefferson WN. Adverse effects of the
model environmental estrogen diethylstilbestrol are transmitted to subse-
quent generations. Endocrinology 2006;147:S11–7.

[46] Li S, Hansman R, Newbold R, et al. Neonatal diethylstilbestrol exposure
induces persistent elevation of c-fos expression and hypomethylation in
its exon-4 in mouse uterus. Mol Carcinog 2003;38:78–84.

[47] Anway MD, Leathers C, Skinner MK. Endocrine disruptor vinclozolin
induced epigenetic transgenerational adult onset disease. Endocrinology
2006;147:5515–23.

[48] Huang TH, Laux DE, Hamlin BC, et al. Identification of DNA methylation
markers for human breast carcinomas using the methylation-sensitive
restriction fingerprinting technique. Cancer Res 1997;57:1030–4.

[49] Wu M, Ho SM. PMP24, a gene identified by MSRF, undergoes DNA
hypermethylation-associated gene silencing during cancer progression in
an LNCaP model. Oncogene 2004;23:250–9.

[50] Lo KW, Tsang YS, Kwong J, et al. Promoter hypermethylation of
the EDNRB gene in nasopharyngeal carcinoma. Int J Cancer 2002;98:
651–5.

[51] Lv Z, Zhang M, Bi J, et al. Promoter hypermethylation of a novel gene,
ZHX2, in hepatocellular carcinoma. Am J Clin Pathol 2006;125:740–6.

[52] Rodic N, Oka M, Hamazaki T, et al. DNA methylation is required
for silencing of ant4, an adenine nucleotide translocase selectively
expressed in mouse embryonic stem cells and germ cells. Stem Cells
2005;23:1314–23.

[53] Hatada I, Hayashizaki Y, Hirotsune S, et al. A genomic scanning method
for higher organisms using restriction sites as landmarks. Proc Natl Acad
Sci USA 1991;88:9523–7.

[54] Akama TO, Okazaki Y, Ito M, et al. Restriction landmark genomic scan-
ning (RLGS-M)-based genome-wide scanning of mouse liver tumors for
alterations in DNA methylation status. Cancer Res 1997;57:3294–9.

[55] Yoshikawa H, de la MS, Nagai H, et al. Chromosomal assignment of
human genomic NotI restriction fragments in a two-dimensional elec-
trophoresis profile. Genomics 1996;31:28–35.

[56] Costello JF, Plass C, Cavenee WK. Aberrant methylation of genes in
low-grade astrocytomas. Brain Tumor Pathol 2000;17:49–56.

[57] Matsuyama T, Kimura MT, Koike K, et al. Global methylation screening
in the Arabidopsis thaliana and Mus musculus genome: applications of
virtual image restriction landmark genomic scanning (Vi-RLGS). Nucleic
Acids Res 2003;31:4490–6.

[58] Rouillard JM, Erson AE, Kuick R, et al. Virtual genome scan: a tool for
restriction landmark-based scanning of the human genome. Genome Res
2001;11:1453–9.

[59] Asaga S, Ueda M, Jinno H, et al. Identification of a new breast cancer-

related gene by restriction landmark genomic scanning. Anticancer Res
2006;26:35–42.

[60] Wu R, Lin L, Beer DG, et al. Amplification and overexpression
of the L-MYC proto-oncogene in ovarian carcinomas. Am J Pathol
2003;162:1603–10.
oxicology 23 (2007) 267–282

[61] Motiwala T, Ghoshal K, Das A, et al. Suppression of the protein tyrosine
phosphatase receptor type O gene (PTPRO) by methylation in hepatocel-
lular carcinomas. Oncogene 2003;22:6319–31.

[62] Sato K, Fukata H, Kogo Y, et al. Neonatal exposure to diethylstilbe-
strol alters the expression of DNA methyltransferases and methylation of
genomic DNA in the epididymis of mice. Endocr J 2006;53:331–7.

[63] Lisitsyn N, Lisitsyn N, Wigler M. Cloning the differences between two
complex genomes. Science 1993;259:946–51.

[64] Schutte M, da Costa LT, Moskaluk CA, et al. Isolation of YAC insert
sequences by representational difference analysis. Nucleic Acids Res
1995;23:4127–33.

[65] Toyota M, Ho C, Ahuja N, et al. Identification of differentially methylated
sequences in colorectal cancer by methylated CpG island amplification.
Cancer Res 1999;59:2307–12.

[66] Koinuma K, Kaneda R, Toyota M, et al. Screening for genomic fragments
that are methylated specifically in colorectal carcinoma with a methylated
MLH1 promoter. Carcinogenesis 2005;26:2078–85.

[67] Yamada Y, Toyota M, Hirokawa Y, et al. Identification of differen-
tially methylated CpG islands in prostate cancer. Int J Cancer 2004;112:
840–5.

[68] Ueki T, Toyota M, Skinner H, et al. Identification and characterization
of differentially methylated CpG islands in pancreatic carcinoma. Cancer
Res 2001;61:8540–6.

[69] Asada K, Asada R, Yoshiji H, et al. DNA cytosine methylation profile in
various cancer-related genes is altered in cultured rat hepatocyte cell lines
as compared with primary hepatocytes. Oncol Rep 2006;15:1241–8.

[70] Cross SH, Charlton JA, Nan X, Bird AP. Purification of CpG islands using
a methylated DNA binding column. Nat Genet 1994;6:236–44.

[71] Huang TH, Perry MR, Laux DE. Methylation profiling of CpG islands in
human breast cancer cells. Hum Mol Genet 1999;8:459–70.

[72] Yan PS, Perry MR, Laux DE, et al. CpG island arrays: an application
toward deciphering epigenetic signatures of breast cancer. Clin Cancer
Res 2000;6:1432–8.

[73] Ahluwalia A, Yan P, Hurteau JA, et al. DNA methylation and ovarian
cancer. I. Analysis of CpG island hypermethylation in human ovar-
ian cancer using differential methylation hybridization. Gynecol Oncol
2001;82:261–8.

[74] Yan PS, Shi H, Rahmatpanah F, et al. Differential distribution of DNA
methylation within the RASSF1A CpG island in breast cancer. Cancer
Res 2003;63:6178–86.

[75] van Doorn R, Zoutman WH, Dijkman R, et al. Epigenetic profiling
of cutaneous T-cell lymphoma: promoter hypermethylation of multiple
tumor suppressor genes including BCL7a, PTPRG, and p73. J Clin Oncol
2005;23:3886–96.

[76] Day JK, Bauer AM, DesBordes C, et al. Genistein alters methylation
patterns in mice. J Nutr 2002;132:2419S–23S.

[77] Yan PS, Wei SH, Huang TH. Differential methylation hybridization using
CpG island arrays. Methods Mol Biol 2002;200:87–100.

[78] Craig JM, Kraus J, Cremer T. Removal of repetitive sequences from
FISH probes using PCR-assisted affinity chromatography. Hum Genet
1997;100:472–6.

[79] Heisler LE, Torti D, Boutros PC, et al. CpG Island microarray
probe sequences derived from a physical library are representative of
CpG Islands annotated on the human genome. Nucleic Acids Res
2005;33:2952–61.

[80] Frommer M, McDonald LE, Millar DS, et al. A genomic sequencing
protocol that yields a positive display of 5-methylcytosine residues in
individual DNA strands. Proc Natl Acad Sci USA 1992;89:1827–31.

[81] Gitan RS, Shi H, Chen CM, et al. Methylation-specific oligonucleotide
microarray: a new potential for high-throughput methylation analysis.
Genome Res 2002;12:158–64.

[82] Shi H, Wei SH, Leu YW, et al. Triple analysis of the cancer epigenome:
an integrated microarray system for assessing gene expression, DNA

methylation, and histone acetylation. Cancer Res 2003;63:2164–
71.

[83] Yang H, Chen CM, Yan P, et al. The androgen receptor gene is prefer-
entially hypermethylated in follicular non-Hodgkin’s lymphomas. Clin
Cancer Res 2003;9:4034–42.



ctive T
S.-m. Ho, W.-y. Tang / Reprodu

[84] Hou P, Shen JY, Ji MJ, et al. Microarray-based method for detecting
methylation changes of p16(Ink4a) gene 5′-CpG islands in gastric carci-
nomas. World J Gastroenterol 2004;10:3553–8.

[85] Yu YP, Paranjpe S, Nelson J, et al. High throughput screening of
methylation status of genes in prostate cancer using an oligonucleotide
methylation array. Carcinogenesis 2005;26:471–9.

[86] Guo J, Burger M, Nimmrich I, et al. Differential DNA methylation of
gene promoters in small B-cell lymphomas. Am J Clin Pathol 2005;124:
430–9.

[87] Zhou D, Qiao W, Yang L, Lu Z. Bisulfite-modified target DNA array for
aberrant methylation analysis. Anal Biochem 2006;351:26–35.

[88] Kramer JA, Pettit SD, Amin RP, et al. Overview on the application
of transcription profiling using selected nephrotoxicants for toxicology
assessment. Environ Health Perspect 2004;112:460–4.

[89] Suzuki H, Gabrielson E, Chen W, et al. A genomic screen for genes upreg-
ulated by demethylation and histone deacetylase inhibition in human
colorectal cancer. Nat Genet 2002;31:141–9.

[90] Chiba T, Yokosuka O, Arai M, et al. Identification of genes up-regulated
by histone deacetylase inhibition with cDNA microarray and explo-
ration of epigenetic alterations on hepatoma cells. J Hepatol 2004;41:
436–45.

[91] Dannenberg LO, Edenberg HJ. Epigenetics of gene expression in human
hepatoma cells: expression profiling the response to inhibition of DNA
methylation and histone deacetylation. BMC Genomics 2006;7:181.

[92] Li L, Shi H, Yiannoutsos C, et al. Epigenetic hypothesis tests for methy-
lation and acetylation in a triple microarray system. J Comput Biol
2005;12:370–90.

[93] Holliday R, Ho T. DNA methylation and epigenetic inheritance. Methods
2002;27:179–83.

[94] Boyle GM, Martyn AC, Parsons PG. Histone deacetylase inhibitors and
malignant melanoma. Pigment Cell Res 2005;18:160–6.

[95] Glaser KB, Staver MJ, Waring JF, et al. Gene expression profiling of
multiple histone deacetylase (HDAC) inhibitors: defining a common gene
set produced by HDAC inhibition in T24 and MDA carcinoma cell lines.
Mol Cancer Ther 2003;2:151–63.

[96] Weber M, Davies JJ, Wittig D, et al. Chromosome-wide and promoter-
specific analyses identify sites of differential DNA methylation in normal
and transformed human cells. Nat Genet 2005;37:853–62.

[97] Gebhard C, Schwarzfischer L, Pham TH, et al. Genome-wide profiling of
CpG methylation identifies novel targets of aberrant hypermethylation in
myeloid leukemia. Cancer Res 2006;66:6118–28.

[98] Shi H, Guo J, Duff DJ, et al. Discovery of novel epigenetic markers in
non-Hodgkin’s lymphoma. Carcinogenesis 2007;28:60–70.

[99] Wojdacz TK, Hansen LL. Techniques used in studies of age-related DNA
methylation changes. Ann N Y Acad Sci 2006;1067:479–87.

[100] Kuras L. Characterization of protein–DNA association in vivo by chro-
matin immunoprecipitation. Methods Mol Biol 2004;284:147–62.

[101] Davuluri RV, Grosse I, Zhang MQ. Computational identification of pro-
moters and first exons in the human genome. Nat Genet 2001;29:412–7.

[102] Weinmann AS, Yan PS, Oberley MJ, et al. Isolating human transcription
factor targets by coupling chromatin immunoprecipitation and CpG island
microarray analysis. Genes Dev 2002;16:235–44.

[103] Ren B, Robert F, Wyrick JJ, et al. Genome-wide location and function of
DNA binding proteins. Science 2000;290:2306–9.

[104] Ren B, Cam H, Takahashi Y, et al. E2F integrates cell cycle progres-
sion with DNA repair, replication, and G(2)/M checkpoints. Genes Dev
2002;16:245–56.

[105] Mao DY, Watson JD, Yan PS, et al. Analysis of Myc bound loci identified
by CpG island arrays shows that Max is essential for Myc-dependent
repression. Curr Biol 2003;13:882–6.

[106] Oberley MJ, Tsao J, Yau P, Farnham PJ. High-throughput screening of
chromatin immunoprecipitates using CpG-island microarrays. Methods
Enzymol 2004;376:315–23.
[107] Wilson IM, Davies JJ, Weber M, et al. Epigenomics: mapping the methy-
lome. Cell Cycle 2006;5:155–8.

[108] Karimi M, Johansson S, Stach D, et al. LUMA (LUminometric Methyla-
tion Assay)—a high throughput method to the analysis of genomic DNA
methylation. Exp Cell Res 2006;312:1989–95.
oxicology 23 (2007) 267–282 281

[109] Cedar H, Solage A, Glaser G, Razin A. Direct detection of methylated
cytosine in DNA by use of the restriction enzyme MspI. Nucleic Acids
Res 1979;6:2125–32.

[110] Ronaghi M. Pyrosequencing sheds light on DNA sequencing. Genome
Res 2001;11:3–11.

[111] Tost J, El Abdalaoui H, Gut IG. Serial pyrosequencing for quantitative
DNA methylation analysis. Biotechniques 2006;40, 721-2, 724, 726.

[112] Shiao YH, Crawford EB, Anderson LM, et al. Allele-specific germ cell
epimutation in the spacer promoter of the 45S ribosomal RNA gene after
Cr(III) exposure. Toxicol Appl Pharmacol 2005;205:290–6.

[113] Mill J, Dempster E, Caspi A, et al. Evidence for monozygotic twin (MZ)
discordance in methylation level at two CpG sites in the promoter region
of the catechol-O-methyltransferase (COMT) gene. Am J Med Genet B
Neuropsychiatr Genet 2006;141:421–5.

[114] White HE, Durston VJ, Harvey JF, Cross NC. Quantitative analysis of
SNRPN (correction of SRNPN) gene methylation by pyrosequencing as
a diagnostic test for Prader-Willi syndrome and Angelman syndrome.
Clin Chem 2006;52:1005–13.

[115] Shaw RJ, Liloglou T, Rogers SN, et al. Promoter methylation of P16,
RARbeta, E-cadherin, cyclin A1 and cytoglobin in oral cancer: quantita-
tive evaluation using pyrosequencing. Br J Cancer 2006;94:561–8.

[116] Xinarianos G, McRonald FE, Risk JM, et al. Frequent genetic and epi-
genetic abnormalities contribute to the deregulation of cytoglobin in
non-small cell lung cancer. Hum Mol Genet 2006;15:2038–44.

[117] Kang S, Kim J, Kim HB, et al. Methylation of p16INK4a is a
non-rare event in cervical intraepithelial neoplasia. Diagn Mol Pathol
2006;15:74–82.

[118] Mirmohammadsadegh A, Marini A, Nambiar S, et al. Epigenetic silencing
of the PTEN gene in melanoma. Cancer Res 2006;66:6546–52.

[119] Smith LM. The future of DNA sequencing. Science 1993;262:530–2.
[120] Hillenkamp F, Karas M, Beavis RC, Chait BT. Matrix-assisted laser

desorption/ionization mass spectrometry of biopolymers. Anal Chem
1991;63:1193A–203A.

[121] Puapaiboon U, Jai-Nhuknan J, Cowan JA. Characterization of a multi-
functional metal-mediated nuclease by MALDI-TOF mass spectrometry.
Nucleic Acids Res 2001;29:3652–6.

[122] Fu DJ, Tang K, Braun A, et al. Sequencing exons 5 to 8 of the p53 gene
by MALDI-TOF mass spectrometry. Nat Biotechnol 1998;16:381–4.

[123] Schatz P, Dietrich D, Schuster M. Rapid analysis of CpG methylation
patterns using RNase T1 cleavage and MALDI-TOF. Nucleic Acids Res
2004;32:e167.

[124] Tost J, Schatz P, Schuster M, et al. Analysis and accurate quantification
of CpG methylation by MALDI mass spectrometry. Nucleic Acids Res
2003;31:e50.

[125] Sauer S, Lechner D, Berlin K, et al. A novel procedure for efficient
genotyping of single nucleotide polymorphisms. Nucleic Acids Res
2000;28:E13.

[126] Ehrich M, Nelson MR, Stanssens P, et al. Quantitative high-throughput
analysis of DNA methylation patterns by base-specific cleavage and mass
spectrometry. Proc Natl Acad Sci USA 2005;102:15785–90.

[127] Fraga MF, Esteller M. DNA methylation: a profile of methods and appli-
cations. Biotechniques 2002;33:632, 634, 636–42, 649.

[128] Ramsahoye BH. Measurement of genome wide DNA methylation
by reversed-phase high-performance liquid chromatography. Methods
2002;27:156–61.

[129] Chakrabarty D, Yu KW, Paek KY. Detection of DNA methylation changes
during somatic embryogenesis of Siberian ginseng (Eleuterococcus sen-
ticosus). Plant Sci 2003;165:61–8.

[130] Sun Y, Deng D, You WC, et al. Methylation of p16 CpG islands associated
with malignant transformation of gastric dysplasia in a population-based
study. Clin Cancer Res 2004;10:5087–93.

[131] Luo D, Zhang B, Lv L, et al. Methylation of CpG islands of p16
associated with progression of primary gastric carcinomas. Lab Invest

2006;86:591–8.

[132] Tryndyak VP, Muskhelishvili L, Kovalchuk O, et al. Effect of long-term
tamoxifen exposure on genotoxic and epigenetic changes in rat liver:
implications for tamoxifen-induced hepatocarcinogenesis. Carcinogene-
sis 2006;27:1713–20.



2 ctive T
82 S.-m. Ho, W.-y. Tang / Reprodu

[133] Song L, James SR, Kazim L, Karpf AR. Specific method for the
determination of genomic DNA methylation by liquid chromatography-
electrospray ionization tandem mass spectrometry. Anal Chem
2005;77:504–10.

[134] Gama-Sosa MA, Midgett RM, Slagel VA, et al. Tissue-specific differ-
ences in DNA methylation in various mammals. Biochim Biophys Acta
1983;740:212–9.

[135] Fisher DH, Giese RW. Determination of 5-methylcytosine in DNA
by gas chromatography-electron-capture detection. J Chromatogr
1988;452:51–60.

[136] Leonard SA, Wong SC, Nyce JW. Quantitation of 5-methylcytosine by
one-dimensional high-performance thin-layer chromatography. J Chro-
matogr 1993;645:189–92.

[137] Cortacero-Ramirez S, Segura-Carretero A, Cruces-Blanco C, et al. Simul-
taneous determination of multiple constituents in real beer samples of

different origins by capillary zone electrophoresis. Anal Bioanal Chem
2004;380:831–7.

[138] Zhu X, Leav I, Leung YK, et al. Dynamic regulation of estrogen receptor-
beta expression by DNA methylation during prostate cancer development
and metastasis. Am J Pathol 2004;164:2003–12.
oxicology 23 (2007) 267–282

[139] Herman JG, Graff JR, Myohanen S, et al. Methylation-specific PCR: a
novel PCR assay for methylation status of CpG islands. Proc Natl Acad
Sci USA 1996;93:9821–6.

[140] Derks S, Lentjes MH, Hellebrekers DM, et al. Methylation-specific PCR
unraveled. Cell Oncol 2004;26:291–9.

[141] Xiong Z, Laird PW. COBRA: a sensitive and quantitative DNA methyla-
tion assay. Nucleic Acids Res 1997;25:2532–4.

[142] Bian YS, Yan P, Osterheld MC, et al. Promoter methylation analysis on
microdissected paraffin-embedded tissues using bisulfite treatment and
PCR-SSCP. Biotechniques 2001;30:66–72.

[143] Clement G, Bosman FT, Fontolliet C, Benhattar J. Monoallelic methyla-
tion of the APC promoter is altered in normal gastric mucosa associated
with neoplastic lesions. Cancer Res 2004;64:6867–73.

[144] Eads CA, Danenberg KD, Kawakami K, et al. MethyLight: a high-
throughput assay to measure DNA methylation. Nucleic Acids Res

2000;28:E32.

[145] Ogino S, Kawasaki T, Brahmandam M, et al. Precision and performance
characteristics of bisulfite conversion and real-time PCR (MethyLight)
for quantitative DNA methylation analysis. J Mol Diagn 2006;8:
209–17.



Developmental Exposure to Estradiol and Bisphenol A Increases

Susceptibility to Prostate Carcinogenesis and Epigenetically

Regulates Phosphodiesterase Type 4 Variant 4

Shuk-Mei Ho,
1
Wan-Yee Tang,

1
Jessica Belmonte de Frausto,

2
and Gail S. Prins

2

1Department of Environmental Health, University of Cincinnati, Cincinnati, Ohio and 2Department of Urology,
University of Illinois at Chicago, Chicago, Illinois

Abstract

Early developmental perturbations have been linked to adult-
onset prostate pathology, including excessive exposure to
estrogenic compounds; however, the molecular basis for this
imprinting event is not known. An important and contro-
versial health concern is whether low-dose exposures to
hormonally active environmental estrogens, such as bisphenol
A, can promote human diseases, including prostate cancer.
Here, we show that transient developmental exposure of rats
to low, environmentally relevant doses of bisphenol A or
estradiol increases prostate gland susceptibility to adult-onset
precancerous lesions and hormonal carcinogenesis. We found
permanent alterations in the DNA methylation patterns of
multiple cell signaling genes, suggesting an epigenetic basis
for estrogen imprinting. For phosphodiesterase type 4 variant
4 (PDE4D4), an enzyme responsible for cyclic AMP breakdown,
a specific methylation cluster was identified in the 5¶-flanking
CpG island that was gradually hypermethylated with aging in
normal prostates, resulting in loss of gene expression. Early
and prolonged hypomethylation at this site following neonatal
estradiol or bisphenol A exposure resulted in continued,
elevated PDE4D4 expression. Cell line studies confirmed that
site-specific methylation is involved in transcriptional silenc-
ing of the PDE4D4 gene and showed hypomethylation of this
gene in prostate cancer cells. Importantly, the PDE4D4
alterations in the estrogen-exposed prostates were distin-
guishable before histopathologic changes of the gland, making
PDE4D4 a candidate molecular marker for prostate cancer
risk assessment as a result of endocrine disruptors. In total,
these findings indicate that low-dose exposures to ubiquitous
environmental estrogens affect the prostate epigenome during
development and, in so doing, promote prostate disease with
aging. (Cancer Res 2006; 66(11): 5624-32)

Introduction

There are increasing human health and wildlife concerns about
low-dose estrogenic exposures because hormonally active xenoes-
trogens are ubiquitous in the environment (1). Bisphenol A, initially
synthesized as a synthetic estrogen (2), is widely used as a cross-
linking chemical in the manufacture of polycarbonate plastics and

epoxy resins. Although bisphenol A binds to classic estrogen
receptors with reduced affinity relative to 17h-estradiol (3), it
possesses equivalent activational capacity of the nonclassic mem-
brane estrogen receptors (4). Importantly, bisphenol A leaches from
food and beverage containers as well as dental sealants and is
found in the serum of humans with higher concentrations in
placental and fetal tissues (5). Thus, there is potential for this
compound as a toxicant for developing human tissues, particularly
the sensitive reproductive end organs (6, 7).

Prostate gland development, which occurs during fetal life in
humans and the perinatal period in rodents, is exquisitely sensitive
to estrogen imprinting. The in utero estrogen environment of
African-American mothers has been suggested to affect the
elevated prostate cancer risk of their offspring because they have
higher estradiol levels during pregnancy when compared with their
Caucasian counterparts (8, 9). In rodent models, brief perinatal
exposure to pharmacologic doses of natural or synthetic estrogens
permanently alters prostate growth and differentiation (10–12) and
results in precancerous lesions and tumors with aging (13).
However, although perinatal exposures to environmentally relevant
doses of bisphenol A or estradiol have been shown to augment
prostatic size (14), they have not, as yet, been shown to induce
pathologic prostatic lesions. Thus, it remains unclear whether low-
dose exposures to estradiol or environmental estrogens can in-
fluence prostate cancer risk.

Because early exposure to low-dose estrogen augments estrogen
responsiveness of adult female reproductive organs (15, 16), we
asked whether analogous circumstances exist in the prostate. This
is particularly relevant because relative estradiol levels increase in
the aging male, partly due to increased body fat content and
aromatase activity, at a time when prostate cancer incidence
increases (17). Furthermore, estrogens have been associated with
increased prostate cancer risk in men (18), whereas, in the Noble
rat model, prolonged adult exposure to conjoint estradiol and
testosterone drives prostatic carcinogenesis (19). In this context,
we established a carcinogenesis model that involved neonatal
exposure to high- or low-dose estradiol or low-dose bisphenol A
followed by adult exposure to elevated but nonpharmacologic
testosterone plus estradiol in the Sprague-Dawley rat, a strain less
sensitive to hormone-induced prostate carcinogenesis. Our goal
was to determine if neonatal low-dose exposures to estradiol or
bisphenol A might increase cancer susceptibility as a result of adult
exposure to elevated estradiol. We herein present the first evidence
that indeed low-dose as well as high-dose estrogenic exposures
predispose to neoplastic prostatic lesions in the aging male.

We next sought to determine the molecular underpinnings by
which developmental estrogenic exposures can imprint or trans-
form the prostate long after the initial hormone exposure. One
distinct possibility is through permanent epigenetic modifications
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of the genome by DNA methylation at CpG-rich regions (CpG
islands), which can silence (hypermethylation) or activate (hypo-
methylation) gene transcription (20). Once established in somatic
cells, CpG methylation patterns within the genome are stable and
heritable through subsequent cell divisions, except during early
embryonic development and tumorigenesis. Importantly, alter-
ations in DNA methylation have been shown to contribute to both
cancer initiation and promotion (20, 21). Furthermore, previous
studies have revealed an association between aberrant CpG
methylation of specific genes in the reproductive tract and neo-
natal exposures to phytoestrogens, diethylstilbestrol, and the
environmental toxicants vinclozolin and methoxychlor (22–25).
To determine whether neonatal estrogenic exposures imprint the
prostate gland via this epigenetic modification, we did methyla-
tion-sensitive restriction fingerprinting (MSRF) followed by specific
methylation analysis to identify and characterize candidate genes
as methylation targets in prostate glands exposed to our two-hit
model. We herein present evidence for altered methylation pat-
terns of several candidate genes and characterize phosphodiester-
ase type 4 variant 4 (PDE4D4), the enzyme involved in cyclic AMP
(cAMP) degradation, as an estrogen-imprinted gene directly
associated with preneoplastic prostatic lesions.

Materials and Methods

Animal housing and treatments. All animal treatments were approved

by the Animal Use Committee at the University of Illinois (Chicago, IL).

Pregnant Sprague-Dawley rats (Zivic-Miller Laboratories, Pittsburgh, PA)
were shipped on gestation day 12 and immediately transferred to strict

housing conditions. Rooms were maintained at 21jC with 50% relative

humidity and a 14-hour-light/10-hour-dark schedule. To avoid bisphenol A
leaching from polycarbonate plastic, all rats were housed in new poly-

sulfone solid-bottom cages with steel covers, and water was supplied from

glass bottles. Animals were fed ad libitum a special soy-free, phytoestrogen-

reduced diet (Zeigler Reduced Rodent Diet 2, Zeigler Brothers, Inc.,
Gardners, PA) with 12 ppm phytoestrogens as determined by high-pressure

liquid chromatography. To avoid variability, a single feed lot was purchased

for the entire study, packaged in 25-pound bags, autoclaved, and stored at

�30jC to minimize growth of microbes that might contribute estrogenic
by-products. Pregnant dams were monitored, and the day of birth was

designated postnatal day 0. The pups were sexed by anogenital distance,

and each litter was culled to 10 pups by removing or adding female pups as
necessary.

The hormonal treatment regime, consisting of newborn rats briefly

exposed to estrogens followed by prolonged adult exposure to elevated

estradiol with appropriate controls, resulted in a total of eight animal
groups. Newborn pups were assigned to one of four neonatal treatment

groups with 20 to 30 pups per group: (a) controls given tocopherol-stripped

corn oil vehicle alone (ICN Biomedicals, Inc., Aurora, OH), (b) high-dose

17h-estradiol 3-benzoate (EB) at 25 Ag/pup (or 2,500 Ag EB/kg body weight),
(c) low-dose EB at 0.001 Ag EB/pup (or 0.1 Ag EB/kg body weight), or (c)

bisphenol A at 0.1 Ag/pup (or 10 Ag/kg body weight). All steroids were

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). The high-dose

EB was chosen based on our published data of an estrogenized phenotype
with adult-onset prostatic intraepithelial neoplasia (PIN; ref. 13). The low-

dose EB was chosen because this dose delayed puberty and permanently

affected other reproductive structures in our dose-response study (26).
An environmentally relevant dose of bisphenol A was chosen based on a

predicted exposure range from leached bisphenol A in the environment

(27). To avoid litter effects, male pups within each litter were randomly

assigned to a treatment and toe clipped for permanent identification.
Treatments were given on postnatal days 1, 3, and 5 by s.c. injections in the

nape of the neck. The pups were weaned at postnatal day 21, and siblings

were housed three per cage until postnatal day 90 and individually

thereafter. At postnatal day 90, half of the rats from each treatment group

were given implants of Silastic capsules (inside diameter 1.5 mm, outer
diameter 2.0 mm; Dow Corning, Midland, MI) packed with estradiol (one

1-cm tube) and testosterone (two 2-cm tubes) for 16 weeks (replaced after

8 weeks), whereas the remaining half were given empty tubes. The

testosterone capsules were necessary to maintain physiologic levels of
testosterone because estradiol treatment alone results in hypothalamic-

testicular feedback inhibition of endogenous testosterone secretion with

resultant prostatic involution. These testosterone plus estradiol capsule

lengths result in f75 pg/mL serum estradiol and 3 ng/mL serum
testosterone (28) and produce PIN in the dorsolateral prostates at 100%

incidence in Noble rats (29) but only 33% incidence in Sprague-Dawley

rats (30). At 28 weeks of age, the animals were sacrificed by decapitation,

and prostate glands were quickly removed and microdissected into ventral,
lateral, and dorsal lobes. Half of each lobe was snap frozen and stored in

liquid nitrogen for subsequent methylation analysis, whereas the contra-

lateral lobe was fixed in 10% buffered formalin overnight and stored in
70% ethanol for histopathologic diagnosis. In addition to the above ani-

mals sacrificed on day 200, rats from the four neonatal treatment groups

were sacrificed, and prostates were removed on postnatal days 10 and

90 (n = 5-7 per group) for DNA methylation analysis.
Histopathology. Fixed prostatic tissues were processed, paraffin

embedded, and sectioned along the longitudinal axis at three levels of the

tissue block (10 sections per lobe). The sections were coded to prevent

reader bias and stained with H&E. Each lobe was scored in a blinded
fashion for epithelial and stromal hyperplasia, inflammation, and the

presence of PIN and other notable pathology (adenoma, metaplasia,

basement membrane breakdown, microinvasion, etc). PIN lesions were
characterized by the presence of nuclear atypia (enlarged and elongated

nuclei, hyperchromasia, and prominent nucleoli) with or without aberrant

cellular piling and ductal formation (31). PIN lesions were graded on a

scale of 0 to 3 (0, no atypia; 1, low-grade PIN; 2, focal high-grade PIN;
and 3, extensive high-grade PIN). For PIN lesions, the incidence and the

mean PIN score per treatment group were determined. Incidence was

analyzed by m2, and PIN scores were analyzed by ANOVA after square root

transformation of the data followed by Fisher’s exact test with significance
accepted at P < 0.05.

Immunohistochemistry and in situ apoptosis labeling. Proliferation
was measured by immunohistochemistry using a polyclonal Ki-67 primary
antibody (1:2,500; Novocastra, Newcastle upon Tyne, United Kingdom). For

apoptosis assessment, terminal deoxynucleotidyl transferase–mediated

dUTP nick end labeling (TUNEL) staining was used with ApopTag

peroxidase in situ apoptosis detection kit (Chemicon International,
Temecula, CA). To calculate the proliferation and apoptotic indices, mul-

tiple representative areas of each lobe were captured with a color digital

AxioCam camera on an Axioskop microscope (Carl Zeiss, Inc., Thornwood,

NY). Positive and negative Ki-67-stained or TUNEL-labeled epithelial cells
were counted using Zeiss Image version 3.0 (Carl Zeiss), with an average of

1,000 cells counted per slide. Data were analyzed by ANOVA and post hoc

Bonferroni tests, and P < 0.05 was considered significant.

Methylation-sensitive restriction fingerprinting. MSRF was done as

described (32), with minor modifications. In brief, 1 Ag genomic DNA

extracted from tissues with the DNeasy Tissue kit (Qiagen, Valencia, CA)

was digested with MseI alone or double digested with BstUI and MseI

(New England Biolabs, Beverly, MA). Digested DNA was amplified by PCR

using 2 ACi [a-32P] dCTP (3,000 Ci/mmol; NEN, Boston, MA) with vari-

ous combinations of paired arbitrary primers chosen from the following:

Bs7 , 5¶-GAGGTGCGCG; Bs11 , 5¶-GAGAGGCGCG; Bs17 , 5¶-GGGGACGCGA;
PCG1 , 5¶-AAGGAAGACG; and PCG4 , 5¶-TCCTTCCTCG. PCR products

were separated on 6% nondenaturing polyacrylamide gels, which were

dried and exposed to Kodak MS film (Kodak, New Haven, CT) to visualize

the labeled bands. Candidate bands displaying the appropriate differential

methylation status among ‘‘control’’ and ‘‘comparative’’ samples were cut,

reamplified, and cloned directly into pCR2.1 vector (Invitrogen, Carlsbad,

CA) for sequencing. The sequence obtained was aligned with database from

Genbank and RefSeq using BLAST, expressed sequence tag homology

(National Center for Biotechnology Information), and BLAT search

(University of California Genome Research, Santa Cruz, CA).
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5¶-Rapid amplification of cDNA ends. The first-strand cDNA of
PDE4D4 was amplified using a reverse specific primer (5¶-AAAGACGA-
GGGCCAGGACAT-3¶) and the GeneRacer 5¶ Primer (Invitrogen). Nested

PCR was done, and products were subcloned into pCR4-TOPO vector

(Invitrogen). At least 10 clones were chosen and sequenced.
Bisulfite genomic sequencing. Genomic DNA (200 ng) from rat

prostate tissue samples or rat cell lines was modified with sodium bisulfite

using CpGenome DNA Modification kit (Chemicon International) and used

in nested PCR for bisulfite sequencing. Primers for amplifying the PDE4D4
gene promoter/exon 1 region in completely converted DNA were designed

with Primer3 and MethPrimer (33). First PCR was done using forward

(5¶-AGTGGTTTTGGAGAAGTTAGAGTTTA-3¶) and reverse (5¶-CCAAAACA-
TCCTAAATTTCTTCAAA-3¶) primers. Nested PCR was done with forward
(5¶-TTATTGTTGTGAAGAGTAGATTTTGTG-3¶) and reverse (5¶-ATCCTAA-
ATTTCTTCAAACCTAACC-3¶) primers. Both PCRs were done at 94jC for

9 minutes, 40 cycles of denaturing (94jC for 30 seconds), annealing (56jC
for 1 minute), and extension (72jC for 1 minute) followed by a 12-minute

final extension. The PCR product was gel purified and cloned into pCR2.1

vector. Six clones were picked from each sample for sequencing (Macrogen,

Rockville, MD), and at least three sets of samples from each group were
used. The DNA methylation data from sequencing were analyzed by BiQ

Analyzer (34).

Methylation-specific PCR. PCR was done on bisulfite-treated DNA

samples (40 ng) using primers specific for methylated (5¶-GGTACG-
AGTAGTATTATTAGTATTCGTTTC-3¶ and 5¶-CACGACAATACAAATAA-
CGCTCCGT-3¶) or unmethylated (5¶-GGTATGAGTAGTATTATTAGTATTT-
GTTTT-3¶ and 5’-CACAACAATACAAATAACACTCCAT-3¶) DNA. Forty PCR
cycles were done with the following conditions: denature at 94jC for

30 seconds, anneal at 58jC for 1 minute, and extension at 72jC for 1 minute

followed by 12-minute final extension. PCR products were separated on

2% agarose gel and visualized with ethidium bromide.
Real-time reverse transcription-PCR. Total RNA was isolated and

reverse transcribed, and PDE4D4 expression was quantitated by a

fluorogenic method with 2� SYBR Green Master Mix using an iCycler iQ

Real-time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) as
described previously (35). Primers specific for PDE4D4 (AF031373) were

designed in the exon/exon spanning region and were as follows: PDE4D4,

5¶-ACGAGCAGCACCACC AGTA-3¶ ( forward) and 5¶-CTTGAGGCGTAGC-
GACCAC-3¶ (reverse). PDE4D4 mRNA levels were normalized to RPL19 and

the postnatal day 10 oil-treated control value was arbitrarily assigned an

abundance value of 1. All data groups were analyzed by ANOVA followed by

post hoc Bonferroni tests.
Prostate cell cultures and demethylation assay. Normal prostate

epithelial NbE-1 cells and tumorigenic AIT cells were established from the

Noble rat and immortalized as described previously (36). Cell cultures were

treated with 0.5 or 1 Amol/L 5-aza-2¶-deoxycytidine (5-Aza-dC; Sigma-
Aldrich) for 8 days. Drugs were replenished every 4 days, and equivalent

concentrations of DMSO were added in replicate control samples. At the

end of the treatment, DNA and RNA were extracted from the cells and

subjected to bisulfite genomic sequencing to determine the methylation
status of the 5¶-flanking region of the PDE4D4 gene and real-time reverse

transcription-PCR (RT-PCR) to quantitate PDE4D4 gene expression.

Results

Low-dose estradiol and bisphenol A increase susceptibility
to prostate neoplastic lesions. Responses to neonatal and adult
hormone treatments were similar among the separate prostate
lobes with only minor lobe-specific differences noted, and
representative data are presented from the dorsal prostate (see
Supplementary Fig. S1 for ventral and lateral data). Similar to our
previous studies with rats (26), neonatal exposure to high-dose
estrogen decreased adult prostate weights, whereas developmental
exposure to low-dose estradiol or bisphenol A did not affect
prostate size (Fig. 1A). Adult testosterone plus estradiol increased
prostate weights but did not change the response pattern to

neonatal exposures (Fig. 1A). Prostate histopathology was assessed
in a blinded manner for hyperplasia, chronic inflammation, and
PIN, the precursor lesion of prostate cancer. PIN scores, based
on grade and frequency, and PIN incidence showed marked dif-
ferences across treatment groups (Fig. 1B-D). The oil-control group
had a low PIN incidence (11%) and score (0.11) and normal
prostate histology. Neonatal exposure to high-dose EB alone
resulted in a 66% incidence of high-grade PIN and a markedly
increased PIN score (1.12; P < 0.05). Areas of severe nuclear atypia,
adenoma, and cellular piling were typically observed (Fig. 1D).
Importantly, exposure to low-dose estradiol alone also increased
the PIN incidence to 56% with mixed low-grade and high-grade PIN
and elevated the PIN score (0.8). Focal areas of mild nuclear atypia
were frequently observed in low-dose estradiol prostates. In con-
trast, neonatal low-dose bisphenol A alone did not induce PIN
lesions in the aged prostates. Stromal and epithelial hyperplasia
as well as inflammatory cell infiltration were observed in the high-
dose EB prostate but not in the low-dose EB or the bisphenol
A–exposed animals (data not shown).

As expected (19), prolonged adult testosterone plus estradiol
exposure increased PIN incidence (40%) and score (0.52) in oil-
control prostates (Fig. 1B and C), and this was further increased
(incidence, 100% and score, 1.3; P < 0.05) by initial early exposure to
high-dose EB. Neonatal low-dose EB before adult hormones did not
augment PIN lesions further than that seen with adult testosterone
plus estradiol or neonatal low-EB exposures alone. In contrast,
neonatal exposure to low-dose bisphenol A significantly increased
the PIN incidence (100%, mostly high-grade PIN) and score (1.3;
P < 0.01) following adult exposure to elevated testosterone plus
estradiol. Further, the neoplastic severity produced by bisphenol A
was equivalent to high-dose EB exposures. Histologically, severe
atypia was common with nuclear elongation and irregular size,
cellular piling, and adenoma formation (Fig. 1D).

The prostatic tissues were assessed for alterations in epithelial
cell proliferation and apoptosis, which are normally low in the adult
prostate gland. Low rates of proliferation and apoptosis were
consistently observed in all areas of the treated prostates, except
for those exposed neonatally to high-dose EB or bisphenol A
(Fig. 2A-B). Neonatal high EB treatment alone or with adult hor-
mones increased basal proliferation rates throughout the tissue,
with a higher rate observed in high-grade PIN regions (Fig. 2B,
inset). Bisphenol A exposure followed by adult hormones also
significantly increased proliferation in regions with high-grade PIN
(Fig. 2A and B, inset). Similarly, low basal rates of apoptosis were
detected throughout the prostate tissues, except for regions of high-
grade PIN in the animals exposed neonatally to high-dose EB or
bisphenol A with adult hormones (Fig. 2C-D). This provides support
for the hypothesis that developmental estrogenic exposures initiate
or activate precancerous pathways, resulting in an imbalance in cell
proliferation and apoptosis that may contribute to prostatic pathol-
ogy with aging. Taken together, the present experimental paradigm
suggests that early low-dose estrogen exposures predispose the
prostate to PIN with aging and that environmentally relevant
doses of bisphenol A during development increase prostatic sus-
ceptibility to carcinogenesis following additional adult insults.
Neonatal estrogens epigenetically modify the prostate

through alterations in DNA methylation. We sought to deter-
mine whether permanent alterations in prostate growth and
carcinogenic susceptibility long after early estrogenic exposures
could be mediated through epigenetic alterations. To examine
genome-wide methylation changes, MSRF was done using DNA
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from the neonatally exposed tissues removed on days 10, 90 (before
adult hormone treatment), and 200 (schematized in Supplementary
Fig. S2). Differential methylation changes were sought between
control versus neonatally treated tissues across time. We were
additionally interested in identifying candidates with early onset
methylation changes that can potentially be used as markers for
risk assessment. More than 50 candidate bands were chosen for
cloning and sequencing, and 28 unique DNA candidate clones were
identified (Table 1). Of the identified candidates, 16 showed no
homology with known rat genes, 6 were identified once, and 2
(CAR-XI and SLC12A2) were identified multiple times with
similar methylation patterns observed each time. Importantly,
these eight candidate genes were homologous (>95%) to known
genes involved in signal transduction pathways: Na-K-Cl cotrans-
porter (SLC12A2), mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) pathway (GPCR14 and
PDGFRa), phosphokinase C pathway (PLCb3), cAMP pathways
(PDE4D4 and HPCAL1), and neural or cardiac development (CARXI
and CARK).

PDE4D4, which breaks down intracellular cAMP, was chosen
for further characterization because the differentially methylated
candidate clone corresponded to the 5¶-region of the gene, and
the methylation differences between control and estrogen-
exposed tissues were observed as early as postnatal day 10.

The 5¶-flanking/promoter region of PDE4D4 was first identified
by 5¶-rapid amplification of cDNA ends and a 700-bp CpG
island with 60 CpG sites was found to encompass its transcrip-
tion and translation start sites (Fig. 3A). Importantly, multiple
transcription factor response elements, including cAMP response
element, estrogen response element half-site, and Sp1, were
computationally identified in this CpG island (Supplementary
Fig. S3).

Methylation site mapping of this CpG island was done by
bisulfite genomic sequencing in prostates from all treatment
groups at postnatal days 10, 90, and 200. Figure 3B shows an
example of methylation mapping at the 60 CpG sites in day 200
oil (Fig. 3B, top) and bisphenol A–treated prostates (Fig. 3B,
bottom), whereas Fig. 3C shows the percentage methylation at
the 60 CpG sites in all dorsal prostate tissues calculated over
time for the different treatment groups. Although most CpG sites
were unmethylated, a methylated cluster was noted between
CpG sites 49 to 56 (Fig. 3B, boxed region), and methylation
frequency at these sites progressively increased in the oil-control
prostates as the animals aged, reaching 100% methylation by day
200 (Fig. 3C, solid diamonds). In contrast, the CpGs 49 to 56
remained relatively hypomethylated in aging prostates exposed
neonatally to high- or low-dose estradiol or low-dose bisphenol A
(Fig. 3B-C).

Figure 1. Effects of neonatal estrogens on adult prostate.
Representative data for the dorsal prostate at 6 months.
A, dorsal prostate weights at day 200. *, P < 0.05 versus oil/
testosterone + estradiol (T + E ). B, columns, mean PIN scores;
bars, SE. *, P < 0.05 versus oil alone; **, P < 0.05 versus
oil/testosterone + estradiol; c, P < 0.01 versus bisphenol A
(BPA) alone. C, incidence of PIN lesions across treatment
groups at day 200. LGPIN, low-grade PIN; HGPIN, high-grade
PIN. D, representative H&E sections from dorsal prostates of
the eight treatment groups. Bar, 50 Am.

Estradiol and Bisphenol A Regulate Prostatic PDE4D4 Expression

www.aacrjournals.org 5627 Cancer Res 2006; 66: (11). June 1, 2006



Direct association of DNA methylation at CpGs 49 to 56 and its
resultant effect on PDE4D4 gene expression were shown by using
methylation-specific PCR and real-time RT-PCR. There were no
differences in DNA methylation or gene expression between
treatment groups at day 10 (Fig. 4A-B). However, as the animals
aged, CpGs 49 to 56 became entirely methylated in oil-control
prostates, whereas neonatal high EB-treated, low EB-treated, and
bisphenol A–treated prostates possessed completely unmethylated
sequences (Fig. 4A). Importantly, these differential methylation
patterns were inversely correlated to PDE4D4 gene expression
(Fig. 4B). PDE4D4 message levels in prostates exposed neonatally
to estradiol or bisphenol A were markedly higher at day 90 than
control tissues and remained elevated with aging. We thus con-
clude that the prostatic PDE4D4 gene is normally silenced with
aging through promoter hypermethylation but remains expressed
in neonatally estrogenized prostates by virtue of hypomethylation
at CpGs 49 to 56. Notably, this phenomenon was observed in all
neonatal high- and low-dose EB and low-dose bisphenol A groups
before the ‘‘second hit’’ of hormones and before adult-onset PIN
lesions. Thus PDE4D4 may have potential as a marker for prostate
cancer risk assessment.

We further showed that PDE4D4 transcription is dependent on
the methylation status of its promoter region, specifically at CpGs
49 to 56, by using rat prostate NbE-1 cells, an immortalized normal
epithelial cell line, and AIT, a dorsal prostate tumor-derived cell
line. We found low levels of PDE4D4 expression and a methylated
49 to 56 CpG cluster in NbE-1 cells but high levels of gene
expression in AIT cells and unmethylated cluster at CpGs 49 to

56 (Fig. 5A-C). These in vitro findings mirror the in vivo data of
control versus estrogenized prostate tissues. Treatment of NbE-1
cells with 5-Aza-dC induced loss of methylation at CpGs 49 to 56
and increased PDE4D4 gene expression (P < 0.01; Fig. 5A and C).
Similar treatment of AIT cells completely demethylated these
previously hypomethylated CpG sites; however, it did not further
increase the already high levels of PDE4D4 expression (Fig. 5B-C).
Taken together, these data provide direct evidence that hyper-
methylation of the PDE4D4 promoter at CpGs 49 to 56 is involved
in PDE4D4 transcriptional silencing and that deregulation of
methylation at this locus occurs in prostate cancer cells.

Discussion

The present findings provide the first evidence of a direct link
between developmental low-dose bisphenol A or estradiol exposures
and carcinogenesis of the prostate gland. Specifically, the data show
that exposure to low doses of estradiol or environmentally relevant
doses of bisphenol A during the neonatal developmental period in
rats increases susceptibility to precancerous prostatic lesions as
the animals aged and sensitizes the prostate gland to adult-induced
hormonal carcinogenesis. This data thus contribute to the
increasing body of evidence for a link between fetal exposures to
endocrine disruptors and cancer (37–39). The human male fetus
is exposed to elevated levels of maternal and exogenous estrogenic
compounds, including bisphenol A (5, 40), and these estrogens could
sensitize the prostate, perhaps through epigenetic mechanisms.
Furthermore, relative increases in estradiol levels in the aging male

Figure 2. Proliferation and apoptosis rates following
estrogenic exposures. A, proliferation index for
dorsal prostate epithelial cells as determined by Ki-67
immunostaining. Black and red-hatched columns,
counts in histologically normal regions; red-stripped
columns, areas of high-grade PIN. Basal proliferation
was elevated in high-dose EB prostates. Proliferation
rates were further elevated in high-grade PIN lesions
of high-dose EB and bisphenol A/testosterone +
estradiol prostates. *, P < 0.05 versus oil and
low-dose EB; **, P < 0.01 versus oil and high-dose
EB/testosterone + estradiol/PIN region; c, P < 0.05
versus bisphenol A/testosterone + estradiol/normal
region; cc, P < 0.001 versus normal regions of all
testosterone + estradiol treatment groups.
B, representative regions of histologically normal
dorsal prostates immunostained for Ki-67. Inset,
regions of high-grade PIN within each group.
C, apoptotic index for dorsal prostate epithelial cells
as determined by TUNEL. Areas of high-grade PIN
in high-dose EB and bisphenol A/testosterone +
estradiol tissues showed increased apoptosis. *,
P < 0.05 versus bisphenol A/testosterone + estradiol;
**, P < 0.01 versus normal regions of all testosterone
+ estradiol treatment groups; ***, P < 0.001 versus
normal regions in all treatments. D, representative
TUNEL-labeled dorsal prostates. Normal region
for oil and high-grade PIN region for all others.
Bar, 50 Am.

Cancer Research

Cancer Res 2006; 66: (11). June 1, 2006 5628 www.aacrjournals.org



(17) are adequate to promote carcinogenesis in a sensitized organ.
Alternatively, a neonatally sensitized organ may be more vulnerable
to adult exposures to bisphenol A or other xenoestrogens that
bioaccumulate in fat cells. In this regard, recent evidence has
shown that low-dose bisphenol A inappropriately activates the
androgen receptor and mitogenesis in prostate adenocarcinoma
cells in vitro and sensitizes cells with previous mutations (41). It is
particularly relevant that the developmentally estrogenized rodent
has accurately modeled multiple male and female reproductive tract
lesions in humans (42). Thus, the present findings may have
implications for human prostatic adenocarcinoma, which occurs
with a relatively high frequency in the aging population and whose
etiology remains unclear.

Although the mechanism(s) by which developmental exposures
to endogenous and environmental estrogens alter the carcino-
genic potential of the prostate have not been fully clarified, the
present findings support the hypothesis, initially proposed by
McLachlan (43), that altered epigenetic memory by endocrine
disruptors may play a critical role. In this study, we have provided
direct evidence in support of this premise. Our data show that
several genes exhibit methylation changes in response to the
neonatal estrogen treatments, many of which are permanent. It is
noteworthy that several of these genes encode signaling pathway
proteins that are involved in cell cycle and/or apoptosis,
suggesting that neonatal estrogen exposures may perturb
proliferation/apoptosis equilibrium through epigenetic gene

Table 1. Differentially methylated candidate genes identified with MSRF

Clone

name

Primer 1 Primer 2 Hypermethylation Chromosomal

band

Gene

homology

Location Related pathways

2p717 7 17 Low estradiol, high estradiol,

bisphenol A (10, 90, 200)

1q22 CAR-XI 5¶-End Neural cell development

3p717 7 17 Low estradiol (200) 1q22 CAR-XI 5¶-End Neural cell development

1P11G1 11 G01 Low estradiol, bisphenol A (200) 1q43 PLC h 3 Exon19 PKC and phospholipase signaling

3p11G1 11 G01 Low estradiol, bisphenol A (200) 7q12 NA
4p11G1 11 G01 Low estradiol, bisphenol A(90,200) 18q12.1 SLC12A2 Exon17 Na-K-2Cl cotransport

5p11G1 11 G01 Low estradiol, bisphenol A (200) 18q12.1 SLC12A2 Exon17 Na-K-2Cl cotransport

6p11G1 11 G01 Low estradiol, bisphenol A (200) 18q12.1 SLC12A2 Exon17 Na-K-2Cl cotransport

8p11G1 11 G01 Control (10, 90) 6q32 NA
9p11G1 11 G01 Low estradiol, bisphenol A (200) 6q16 HPCAL1 Intron1 cAMP signaling

10p11G1 11 G01 Low estradiol, bisphenol A (200) 18p12 NA

11p11G1 11 G01 Control (10, 90) 2q14 NA

12p11G1 11 G01 Low estradiol (10, 90, 200) 6q32 NA
3p11G4 11 G04 Low estradiol, high estradiol,

bisphenol A (90,200)

7q34 NA

5p11G4 11 G04 Low estradiol, high estradiol,

bisphenol A (90, 200)

6q24 NA

6p11G4 11 G04 Low estradiol, high estradiol,

bisphenol A (90,200)

18q12.1 SLC12A2 Exon17 Na-K-2Cl cotransport

7p11G4 11 G04 Low estradiol, high estradiol,
bisphenol A (90, 200)

8q22 NA

8p11G4 11 G04 Low estradiol, high estradiol,

bisphenol A (90, 200)

2q45 CARK 5¶-End Ca2+ dependent signaling

9p11G4 11 G04 Low estradiol (90, 200) 4q31 NA
10p11G4 11 G04 Low estradiol, bisphenol A (90, 200) 4q31 NA

11p11G4 11 G04 Low estradiol, bisphenol A (90, 200) 4q31 NA

14p11G4 11 G04 Low estradiol (90, 200) 4q31 NA

15p11G4 11 G04 Low estradiol (90, 200) 19q12 NA
17p11G4 11 G04 Low estradiol (90, 200) 8q32 GPCR14 5¶-End G-protein coupled

receptor signaling

18p11G4 11 G04 Control (10, 90, 200) 2q14 PDE4D4 5¶-End cAMP signaling
2p1117 11 17 Low estradiol, high estradiol, bisphenol A

(200 testosterone + estradiol)

20q13 NA

3p1117 11 17 bisphenol A (10) 7q11 NA

4p1117 11 17 Low estradiol, high estradiol,
bisphenol A (10)

17p12 NA

5p1117 11 17 Control (10) 114p11 PDGFR a Intron4 MAPK, ERK signaling

NOTE: Fragments were identified based on SWISS-PROT, TrEMBL, mRNA, and RefSeq search. Shown for each candidates are MSRF primers used, the
hypermethylation pattern observed in the control, high and low estradiol, and bisphenol A samples (days of adult testosterone + estradiol treatment),

the chromosomal band to which the fragment localized, the gene homology, and the location of the methylated fragment on the gene and the known

related pathways.

Abbreviation: NA, not available.
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(de)regulation. It is also interesting that overlapping as well as
unique methylation alterations were observed for high- and low-
dose estrogen and bisphenol A. This suggests two important
points. First, common prostatic genes may be epigenetically
imprinted by different estrogenic compounds and doses, suggest-
ing common pathways that predispose to prostate carcinogenesis
with aging. Second, unique candidate genes specific to the
neonatal estrogenic exposure and/or dose may mediate the subtle
differences in phenotypes that were observed following the
separate neonatal exposures.

The epigenetic regulation of gene expression by neonatal
estrogen exposure was confirmed by detailed analysis of the
PDE4D4 gene. The estradiol and bisphenol A–initiated alterations
in PDE4D4 gene methylation occurred at a CpG island that
spans the promoter/exon 1 region, a site typically involved in
epigenetic regulation. Importantly, the degree of methylation at

this site was inversely related to PDE4D4 gene expression in
the prostate tissues. Thus, the PDE4D4 promoter undergoes
gradual hypermethylation with aging in normal prostates,
resulting in PDE4D4 gene repression in the adult gland. In
contrast, it remains hypomethylated in animals briefly exposed to
neonatal estradiol or bisphenol A, thus engendering persistent
PDE4D4 overexpression throughout life. This pattern of PDE4D4
methylation and transcriptional regulation was also observed in
normal and malignant prostate epithelial cells where normal
NbE-1 cells with hypermethylated PDE4D4 gene had low gene
expression, whereas tumorigenic AIT cells had hypomethylation at
the CpG island and elevated PDE4D4 expression. Taken together,
these findings suggest the potential involvement of epigenetically
mediated PDE4D4 dysregulation in prostate epithelial cell
transformation.

At present, it is premature to suggest that PDE4D4 dysregula-
tion is a direct mediator of the prostatic dysgenesis as a result
of early exposures to low- and high-dose estradiol or low-dose
bisphenol A, particularly because the phenotypic response to the
hormonal agents has specific differences widely, whereas the
PDE4D4 methylation and expression alterations are quite similar.
Nonetheless, PDE4 is a promising lead candidate that deserves
further discussion. PDE4 is a member of a large family of intra-
cellular PDE enzymes involved in cyclic nucleotide monophos-
phate breakdown, and it specifically degrades cAMP (44). There
are multiple downstream signals for cAMP in the cell, including

Figure 3. Bisulfite genomic sequencing of prostatic PDE4D4 gene methylation.
A, schematic of CpG content (%) in the 5¶-flanking region of the rat PDE4D4
gene identifies a CpG island (blue ) between �310 to +390 bp. Vertical lines,
individual CpG sites and the translation start site (ATG+1 ) and transcription start
site (TSS ). Blanket, 700-bp nested PCR-amplified region used for bisulfite
sequencing. B, bisulfite genomic sequencing data from 4 to 6 clones each of
three individual DNA samples taken from day 200 oil/testosterone + estradiol and
bisphenol A/testosterone + estradiol dorsal prostates. Methylation status of
specific CpG sites. o, unmethylated; ., methylated. Boxed region, potential
CpG sites epigenetically altered by bisphenol A. C, percentage methylation at
each CpG site within the 5¶-CpG island of PDE4D4 in the separate treatment
groups at days 10, 90, and 200 with or without adult testosterone + estradiol. The
percentage methylation at each site was averaged from three individual sample
sets. y, oil control; 5, high-dose estradiol; D, low-dose estradiol; �, bisphenol A.

Figure 4. Comparison of PDE4D4 CpG methylation and mRNA transcript
levels. A, methylation-specific PCR analysis: dorsal prostate genomic DNA
was bisulfite treated followed by methylation-specific PCR using methylated
specific (M ) or unmethylated-specific (U ) primer sets. The amplified region is
indicated in Fig. 3. The PCR products are representative data from three
individual sets of samples. B, PDE4D4 mRNA transcript levels as determined by
real-time RT-PCR. Relative expression of day10 oil samples was set to 1.
Columns, mean; bars, SD. All EB/bisphenol A groups at days 90, 200, and
200/testosterone + estradiol were significantly different (P < 0.05) from
respective groups at day 10. *, P < 0.05; **, P < 0.01 versus oil controls at the
same time interval; c, P < 0.05 versus day 200 oil controls; cc, P < 0.05
versus day 10 oil controls.
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activation of protein kinase A with resultant phosphorylation of
cAMP-responsive element binding protein, which regulates
transcription of genes involved in cell growth and differentiation
(45). PDE4D has been shown to regulate cAMP levels in hormone-

targeted cells, and the PDE4D4 variant, which localizes to the
cytoskeletal structures, is itself activated by hormones (46).
Sustained expression of PDE4D4 by hypomethylation could thus
result in decreased intracellular cAMP in specific subcellular
locations, creating a potential for aberrant cell signaling and
potentially neoplastic transformation. In this regard, recent
studies have shown a tight association between PDE4 expression
and cancer cell proliferation, including glioma cells (47),
osteosarcomas (48), and chronic lymphocytic leukemia (49).
Importantly, PDE4 is currently being pursued as a possible
chemotherapeutic target (50).

In addition to providing insight into the molecular underpin-
nings of estrogen imprinting, the methylated candidate genes
identified herein have potential to serve as molecular markers
for risk assessment of prostate disease due to early environ-
mental exposures. PDE4D4 shows particular promise in this
regard because alterations in both gene methylation and
expression were apparent before adult hormonal exposures
and, importantly, before the onset of histopathologic changes
in the prostate gland. This suggests that subtle alterations in
gene expression may be more sensitive indicators of underlying
pathology than the histologic alterations that occur when the
disease is further progressed. Future studies are planned to
develop a panel of methylated genes that may be used as
markers for prostatic disease following early bisphenol A
exposures.

In summary, we have shown that a range of estrogenic
exposures during the developmental critical period, from
environmentally relevant bisphenol A exposure to low-dose and
pharmacologic estradiol exposures, results in an increased
incidence and susceptibility to neoplastic prostatic lesions in
the aging male, which may provide a fetal basis for this adult
disease. Furthermore, the present findings provide evidence that
developmental exposure to environmental endocrine disruptors
(bisphenol A) and natural estrogens impacts the prostate
epigenome during early life, which suggests an epigenetic basis
for estrogen imprinting of the prostate gland. Methylation
patterns and/or expression of candidate genes, such as PDE4D4 ,
may serve as early biomarkers of prostate malignancy due to
developmental exposure to endocrine disruptors or the in utero
estrogenic environment.
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Figure 5. Alterations in PDE4D4 CpG methylation and gene expression in
NbE-1 and AIT cell lines by a demethylating agent. A, percentage CpG
methylation for PDE4D4 CpGs 49 to 56 in normal NbE-1 cells without (y) or
with 5-Aza-dC treatment (5, 0.5 Amol/L 5-Aza-dC; D, 1 Amol/L 5-Aza-dC).
B, percentage CpG methylation for PDE4D4 CpGs 49 to 56 in tumorigenic AIT
cells without (y) or with 5-Aza-dC treatment. C, relative PDE4D4 mRNA levels in
NbE-1 and AIT cells.White columns, control cells (A0 ); bars, SD. Black columns,
cells treated with 5-Aza-dC. Expression of control NbE-1 cells was set to 1.
**, P < 0.01 versus controls; b, P < 0.05 versus control NbE-1 cells.
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