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Abstract

Objective To evaluate whether mono (2-ethylhexyl) phthalate (MEHP) affects genomic DNA
methylation and the methylation status of some specific genes such as patched gene (PTCH) and
smoothened gene (SMO) in LNCaP cells.

Methods LNCaP cells were treated with MEHP (0O, 1, 5, 10, and 25 pumol/L) for 3 days. An ELISA assay
was preformed to detect genomic methylation, including 5-methylcytosine (5-mC) and
5-hydroxymethylcytosine (5-hmC) content. A pyrosequencing assay was applied to assess DNA
methylation in PTCH and SMO gene promoters. The correlation between DNA methylation and gene
expression was assessed.

Results The proportion of cytosines with 5-mC methylation in LNCaP cells was significantly decreased
by MEHP (1, 5, 10, and 25 umol/L) in a dose-dependent manner (P < 0.01). For genes in the Hedgehog
pathway, there was no significant MEHP concentration-dependent difference in the DNA methylation of
PTCH and SMO.

Conclusion MEHP might affect the progression of prostate cancer through its effect on global DNA
methylation.
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INTRODUCTION

malignant tumor in men, being the
second leading cause of deaths from
cancer in men®. According to cancer statistics from

the National Institutes of Health (NIH), PCa is most
[2]

P rostate cancer (PCa) is the most common

frequently diagnosed among men aged 65-74 years ™.

PCa patients are initially treated with androgen
ablation therapy that causes regression of
androgen-dependent tumors. However, prolonged
androgen deprivation generally results in relapse of
androgen-independent tumors and is inevitably
fatal®.

Patients undergoing various medical procedures
are inevitably exposed to di (2-ethylhexyl) phthalate
[also known as Bis (2-ethylhexyl) benzene-1,
2-dicarboxylate, DEHP], a major plasticizer
compound that is added to polyvinyl chloride
(PVC)-based medical materials. The Food and Drug
Administration (FDA) has assessed the safety of
DEHP released from PVC-based medical devices and
pointed out the necessity to consider the potential
adverse effects of DEHP in exposed patients. It has
been pointed out that an adult undergoing
extracorporeal membrane oxygenation (ECMO)
could receive a DEHP dose > 4 mg-kg-d”, which is
much higher than the tolerable intake of external
exposure (0.6 mg-kg'l-d'l)m. Further, mono
(2-ethylhexyl) phthalate (MEHP, the primary toxic
metabolite of DEHP) can affect steroidogenesis,
decrease the activity of androgen, and induce
apoptosis in Leydig cells; it can also induce DNA
oxidative damage through the activation of ROS
production[S'B]. Moreover, MEHP has been shown to
induce matrix metalloproteinase 2 (MMP2)
expression that was strongly associated with tumor
metastasis and progression in testicular embryonal
carcinoma NT2/D1 cells®. Exposure of male rats to
DEHP has been shown to induce the increase in
prostatic volumes and weight, as well as the prostate
index with expanded glands, and the degree of
prostatic hyperplasia showed a positive correlation
with the DEHP dose™. Our previous findings
showed that MEHP (1-25 umol/L) activated the
expression of critical genes (patched homolog 1,
PTCH1; and smoothened homolog, SMO) in the
Hedgehog signaling pathway in androgen-sensitive
human prostate adenocarcinoma LNCaP cells
derived from a metastatic lesion of a human
prostatic carcinoma, indicating that MEHP might
advance the progression of pca™.

It is commonly believed that DNA methylation is
the major epigenetic regulatory mechanism of gene
expression and is involved in the progression of
pca™. For the present study, genome-wide DNA
methylation and methylation of specific genes was
considered. A reduction in genomic methylation
intermediates, such as 5-methylcytosine (5-mC) and
5-hydroxymethylcytosine (5-hmC), can result in
tumor heterogeneity and relapsem'”]. Moreover,
the abnormal methylation status of specific genes
can induce gene overexpression or silencing,
accelerating the proliferation and metastasis of
cancer. There is a great deal of evidence supporting
that DNA methylation of PTCH and SMO in the
Hedgehog pathway is involved in the progression of

Therefore, this study was designed to
investigate the effect of MEHP on DNA methylation
through ELISA and pyrosequencing assays, including
an assessment of the relationship between 5-mC and
5-hmC content in genomic DNA and the methylation
status of specific genes, PTCH and SMO. Further, the
aims of the study included exploring whether MEHP
can affect DNA methylation in LNCaP cells, as well as
the potential role of DNA methylation in the
progression of PCa.

MATERIALS AND METHODS

Cells and Reagents

The human PCa cell line LNCaP (Cat. No.
TCHu173) was obtained from the Chinese Academy
of Science Cell Bank (Shanghai, China). Fetal bovine
serum (FBS), charcoal-stripped FBS (CS-FBS),
RPMI1640  (phenol-red free), and 0.25%
Trypsin-EDTA were bought from Gibco (Grand Island,
NY). MEHP and dimethylsulfoxide (DMSO) were
obtained from Sigma (St. Louis, MO) and TRC
(Toronto, Canada) respectively. Gene primers were
synthesized by Sangon Biotech (Shanghai, China).
The QlAamp® DNA Mini Kitwas from Qiagen (Hilden,
Germany). The 5-mC DNA ELISA Kit, Quest 5-hmC™
DNA ELISA Kit, and EZ DNA Methylation™ Kit were
from Zymo Research (Orange, California). GoTaq®
Hot Start was obtained from Promega (Madison,
USA). PyroMark® Gold Q96 Reagents were bought
from Qiagen (Germany).

LNCaP Cell Culture and Treatment with MEHP

LNCaP cells were cultured in RPMI1640
containing 10% FBS in a humidified atmosphere of
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5% CO, at 37 °C. The cells were seeded in 100-mm
dishes at a density of 1 x 10° cells per dish and
treated with MEHP (0, 1, 5, 10, and 25 pmol/L) in
CS-FBS medium for 3 days, as described previously[m.
The equivalent volume of DMSO (final concentration
< 0.1%) served as the vehicle.

DNA Extraction

Genomic DNA was extracted using the QlAamp®
DNA Mini Kit according to the manufacturer’s
recommended protocol. The concentration and
quality of DNA were assayed with a NanoDrop 2000
spectrophotometer (Thermo Fisher, Inc.). The
obtained DNA was stored at -80 °C until further use.

Quantification of 5-mC and 5-hmC

The percentage of 5-mC (%) and 5-hmC (%) in
genomic DNA was assessed using the 5-mC DNA
ELISA Kit and Quest 5-hmC™ DNA ELISA Kit
respectively according to the manufacturer’s
protocol. Briefly, 100 ng of genomic DNA was
denatured and incubated with a mix consisting of
anti-5-mC or anti-5-hmC monoclonal antibodies and
the corresponding secondary antibodies. The
absorbance at 405 nm was measured using an ELISA
plate reader. The percentage of 5-mC (%) and 5-hmC
(%) was separately calculated using the standard
curve equation and the DNA controls in the same
experiment.

Bisulfite Modification, PCR, and Pyrosequencing for
DNA Methylation

DNA methylation was evaluated using bisulfite-

converted DNA by pyrosequencing, a quantitative
assay based on PCR. A total of 500 ng DNA was
modified by using the Zymo EZ DNA Methylation Kit.
The bisulfite-converted DNA was eluted in 30 pL of
M-Elution buffer and stored at -20 °C until analysis.
Then the DNA was amplified using GoTagR Hot Start
Polymerase to generate PCR-amplified templates;
the primers are shown in Table 1. The
bisulfite-converted DNA of SMO was amplified by
nested PCR. The primers, SMObisl and SMObis2,
were used for the outer and inner PCRs respectively.
The  biotinylated PCR  product underwent
pyrosequencing using PyroMark Gold Q96 Reagents
in the PyroMark Q96 ID Pyrosequencing System
(Qiagen, Germany). The methylation value was
calculated as the percentage of cytosine bases that
are methylated at each CpG site. The percentage of
methylated cytosines was quantified for four CpG
sites in PTCH and six CpG sites in SMO. The
methylation (%) of each CpG site and the average
methylation (%) of all studied CpG sites were
calculated.

Statistical Analysis

The methylation levels (%) were presented as
the mean t standard deviation (SD) values from
triplicate experiments. For group comparisons,
one-way analysis of variance (ANOVA) followed by
Bonferroni’s test was performed using SPSS Statistics
software (version 19.0, IBM, Inc.) for statistical data
analysis. The correlations between the DNA
methylation of PTCH and SMO and gene expression
were tested separately using Pearson correlation.
Differences were considered significant at P values

Table 1. PCR and Pyrosequencing Primers for PTCH/SMO CpG Site Amplification and Analysis (5'-3')

Items PTCH™™ sMo™
SMObis1 F:GAYGATTTTAGATTAAGTAAGGTGTT
PCR primers F:GGGGATAGAATGGTTTAG R:TCCCACCATTAAAACCACCT
R:Biotin-ACTCCAAAAACTACTACT SMObis2 F:TTYGTGTATTTTAGAGAGTTTAG
R:Biotin-TCCCACCATTAAAACCACCT
Annealing 52.0°C 55.6 °C (SMObis1)
temperatures ’ 53.6 °C (SMObis2)

Pyrosequencing

primers AGGAGTATAAGAAAGTAGAGTT

Analyzed sequences

and regions GTTYGA (from -310 to -269 bp)®

AGTAGTTATYGYGAATTTAGTAGTTAGAGTTYGAGTA

GAGTTAGAGTAATAAAGGAGT

GGTYGTYGGYGGGGAGAGTTYGGGGGGTTGYGGYG
(from -479 to -445 bp)®

Note. °The transcription initiation sites of PTCH and SMO were separately designated as 0. YG indicates

the detected CpG site.
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< 0.05. Plotting of the figures was performed using
the GraphPad Prim 5 software package (GraphPad
Software, Inc.).

RESULTS

Effect of MEHP on the Percentage of 5-mC (%) and
5-hmcC (%)

The methylation status of LNCaP cells treated
with MEHP was detected for 3 days because our
previous findings showed that MEHP can regulate
the expression of PTCH and SMO after 3 days of
treatment. The effects of MEHP on genomic
methylation (including the content of 5-mC and
5-hmC) in LNCaP cells were also tested. The
proportion of 5-mC (%) detected in the control group
was 2.28% * 0.09%. Compared to that in the control,
the amount of 5-mC (%) significantly decreased in
the groups treated with MEHP (1, 5, 10, and 25
umol/L) for 3 days (P < 0.01), decreasing by 28.16%
in the group treated with 25 pumol/L MEHP (Figure
1A). However, the proportion of 5-hmC (%) in the
control group was 0.06% + 0.01%. Compared to after
the control treatment, there was no significant
difference in the percentage of 5-hmC (%) after
treatment with MEHP (1, 5, 10, and 25 pmol/L) for 3
days (Figure 1B).

Influence of MEHP on the DNA Methylation of PTCH
and SMO

In the CS-FBS control group, the mean methyla-
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tion levels of PTCH in CpG 1, CpG 2, CpG 3, and CpG
4 were 6.35% * 1.03%, 4.25% + 2.10%, 9.13% *
2.27%, and 6.60% * 0.62% respectively. Compared to
the control, there were no significant changes in the
methylation levels of each CpG site in groups treated
with MEHP (1, 5, 10, and 25 umol/L). Moreover, the
average methylation of all of the studied CpG sites of
PTCH also showed no significant differences (Figure
2). Interestingly, compared to the CS-FBS control, the
methylation levels of each CpG site in SMO showed
significant differences following MEHP treatment
(Figure 3). Moreover, the average methylation level
of the six studied CpG sites in SMO in the CS-FBS
control was 14.76% t 0.54%. Compared to the
control, there were also significant changes in the
average methylation levels of SMO and the
methylation levels were observably upregulated
after treatment with MEHP doses of 5 and 10
umol/L.

Correlation between DNA Methylation and PTCH
and SMO Expression under the Treatment of MEHP

To explore the relationship between DNA
methylation and the genetic expression of PTCH and
SMO, the methylation levels of these genes were
compared with their mRNA expression levels at day
3 of treatment with MEHP. Correlation analysis
showed that there were no significant correlations
between DNA methylation and the expression
of PTCH and SMO under treatment with MEHP
(Table 2).

0.10
0.08 |
T T [ T
0.06 |
0.04 +
0.02 F
0.00
o] > J > R
& &g § S g
'\/Q 4.;7 QQ b;?
5\ ﬁ\ NN

Figure 1. Effect of MEHP on the amount of 5-mC and 5-hmC in LNCaP cells. Cells were treated with
MEHP (0, 1, 5, 10, and 25 umol/L) for 3 days. Then the proportion of cytosines with 5-mC (A) and 5-hmC
(B) was assessed in LNCaP cells. Bars represent the mean + SD values from triplicate experiments. ( P <

0.01, compared to the CS-FBS control group).
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Figure 2. Effect of MEHP on the DNA methylation of PTCH. The methylation (%) of each of the four CpG

sites in PTCH and the average methylation (%) of all of the studied CpG sites were calculated. Results

are presented as the mean + SD values from triplicate experiments.
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Figure 3. Effect of MEHP on the DNA methylation of SMO. The methylation (%) of each of the six CpG

sites in SMO and the average methylation (%) of all of the studied CpG sites were calculated. Results

*k

*

are presented as the mean + SD values from triplicate experiments. ( P < 0.05 and P < 0.01, compared

to the CS-FBS control group).
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DISCUSSION

DNA methylation is the predominant epigenetic
mechanism during the growth and development of
PCa in humans. In the present study, MEHP was
shown to reduce 5-mC methylation in genomic DNA
and affect PTCH and SMO expression independent of
DNA methylation in LNCaP cells. The findings
indicated that MEHP might affect the progression of
PCa by influencing the methylation status of
genomic DNA.

A decrease in the level of genomic DNA
methylation induces genetic instabilitylzo'm, and
causes tumor initiation and progression[ZZ'B]. 5-mCis
an important marker of genomic DNA methylation,
where the methylation occurs at the fifth carbon
atom of cytosine. Moreover, 5-mC can transform
into 5-hmC under the catalysis of Ten-eleven
translocation (TET) protease, participating in the cell
proliferation and differentiation process. A decrease
in 5-mC and 5-hmC genomic DNA content can induce
tumor heterogeneity and relapsem'”]. A great deal
of evidence supports that high exposure to
environmental endocrine disruptors, such as
polybrominated diphenyl ethers (PBDE) and
polychlorinated biphenyl (PCB), might induce
genomic hypomethylationm'zsl. In the present study,
MEHP (1, 5, 10, and 25 pmol/L) decreased the
amount of 5-mC in LNCaP PCa cells in a
dose-response relationship. The hypomethylation
level of 5-mC was previously proven to be a critical
factor in the heterogeneity of metastatic PCa, and
might contribute to the progression and relapse of
PCa®*?". For instance, Brothman et al. performed a
semi-quantitative analysis to detect 5--mC content by
immunohistochemistry and immunostain
densitometry, and found that the proportion of

5-mC methylation in prostate tumors, 77.76% =
7.68%, significantly decreased in comparison with
that in normal tissue, 99.00% * 14.60%, and benign
regions adjacent to the tumor, 100.22% + 16.75%, P
< 0.001"™. The 5-mC content in prostate metastatic
cancer quantified by high-performance liquid
chromatography, 3.29% + 0.24%, was also
significantly lower than that in the normal control,
4.01% +0.11%.

Genome-wide 5-mC can be catalyzed into 5-hmC,
where 5-hmC as a tumor biomarker is associated
with cancer development and exhibits tissue
specificityBO]. The proportion of 5-hmC is high in the
brain (0.67%), relatively low in the lungs (0.18%), and
very low in the breast (0.05%)[31]. Yang et al.
reported that compared to tumor-adjacent normal
tissues, the 5-hmC content decreased significantly in
tumors of the breast, liver, lung, and prostatem]. A
reduction in 5-hmC (%) was also observed in PCa in
another studym]. The present results show that
MEHP lowers 5-hmC content, although there was no
statistically significant difference between the
MEHP-treated groups.

Although the relationship between 5-mC and
5-hmC content is still unknownm], MEHP can
significantly reduce 5-mC content (%). There are
several orders of magnitude of difference between
the 5-mC and 5-hmC content (2.28% vs. 0.06%). Thus,
the genomic methylation analysis results indicate
that environmental exposure to MEHP might
advance the progression of PCa by affecting
genome-wide DNA methylation. This potential
relationship between MEHP and PCa was also
supported by reports of phthalate altering DNA
methyltransferase function and inhibiting the
binding of methyl-CpG binding proteins by increasing
the production of ROS!®34.

Table 2. Correlation between Methylation and PTCH and SMO Expression under MEHP Treatment®

Item Pearson Coefficient P Value Item Pearson Coefficient P Value
PTCH CpG 1 0.168 0.788 SMO CpG 1 -0.234 0.705
CpG 2 0.537 0.351 CpG 2 0.064 0.919
CpG3 0.000 1.000 CpG3 0.405 0.499
CpG 4 0.577 0.308 CpG 4 0.711 0.178
Average 0.164 0.792 CpG5 0.494 0.397
CpG 6 -0.048 0.938
Average 0.400 0.504

Note. “The correlation coefficients between the gene methylation levels and gene expression when
treated with MEHP for 3 days were analyzed by Pearson’ correlation test.
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PTCH and SMO, two critical genes in the
Hedgehog pathway, have been demonstrated to play
an important role in the growth and survival of
human PCa®>. The results from previous research
showed that there were no significant effects of
MEHP (1, 5, 10, and 25 pumol/L) on the methylation
of PTCH and SMO.

The present study provides the advanced
reported evidence that MEHP, the major metabolite
of DEHP, can downregulate the percentage of 5-mC
in genomic DNA. Genome-wide DNA methylation
might be involved in the effect of MEHP on PCa
progression, indicating that exposure to MEHP
through medical materials in hospitals might
advance the progression of PCa. More attention
should be paid to PCa patients under medical
treatment. The weaknesses of our study include the
in vitro study design, no detection of the expression
levels of DNA methyltransferases (DNMTs), and no
application of DNA methylation inhibitors such as
5-aza-2’-deoxycytidine to further determine the
effect of MEHP on DNA methylation. The slight
evidence found in the current study supports that
MEHP may affect the progression of PCa by changing
global DNA methylation. Considering phthalates are
ubiquitous in the environment and medical
instruments, more  evidence-based studies,
especially human epidemiological studies, are
needed in the future to explore the effect of
phthalates on the progression of PCa and the
potential regulation mechanisms involved.

CONCLUSION

Patients in hospitals are inevitably exposed to
MEHP, the ubiquitous endocrine disruptor widely
existing in various medical materials. The results of
the present study indicate that MEHP could affect
the progression and relapse of PCa by reducing 5-mC
content in genomic DNA. More attention should be
paid to the exposure of patients to MEHP from
medical materials. Further studies are needed to
explore the potential regulation mechanisms
involved.
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