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Abstract
DNA methylation is important for gene regulation and is vulnerable to early-life exposure to
environmental contaminants. We found that direct waterborne benzo[a]pyrene (BaP) exposure at
24 μg/L from 2.5 to 96 hours post fertilization (hpf) to zebrafish embryos significantly decreased
global cytosine methylation by 44.8% and promoter methylation in vasa by 17%. Consequently,
vasa expression was significantly increased by 33%. In contrast, BaP exposure at environmentally
relevant concentrations did not change CpG island methylation or gene expression in cancer genes
such as ras-association domain family member 1 (rassf1), telomerase reverse transcriptase (tert), c-
jun, and c-myca. Similarly, BaP did not change gene expression of DNA methyltransferase 1
(dnmt1) and glycine N-methyltransferase (gnmt). While total DNMT activity was not affected,
GNMT enzyme activity was moderately increased. In summary, BaP is an epigenetic modifier for
global and gene specific DNA methylation status in zebrafish larvae.
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1. Introduction
Many drugs and environmental chemicals are being identified as epigenetic modifiers that
can cause epimutations, particularly by affecting DNA methylation patterns (Bollati and
Baccarelli 2010). In vitro studies have shown that benzo[a]pyrene (BaP), a carcinogen and
developmental and reproductive toxicant, is also an epigenetic modifier. In the early 1980s,
a few studies used BaP and its mutagenic metabolite anti-7β,8α-dihydroxy-9α,10α-
epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE) to investigate the modulation of DNA
methylation in vitro. They found that modification of DNA with BPDE resulted in
impairment of DNA methyltransferase (DNMT) activity (Pfeifer et al. 1984; Wilson and
Jones 1983; Wilson and Jones 1984; Wojciechowski and Meehan 1984). Furthermore,
treatment of murine cell lines with BaP decreased the DNA 5-methylcytosine content
(Wilson and Jones 1983). BPDE preferentially binds to methylated DNA (Augoustides-
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Savvopoulou et al. 2003; Denissenko et al. 1996; Hu et al. 2003). Two more recent studies
described BaP-induced hypo- and hypermethylation events in in vitro cell line models
(Sadikovic et al. 2004; Sadikovic and Rodenhiser 2006). Despite no alteration in mRNA
expression of dnmt1, dnmt3a, or dnmt13b by BPDE, there was an increased expression of
DNMT1 protein and promoter hypermethylation of several genes of a panel of 30 genes
analyzed in immortalized bronchial epithelial cells (Damiani et al. 2008). However, when
non-transformed cells were treated with BPDE in vitro, no significant change in methylation
status was noted (Tommasi et al. 2010).

All the above studies were performed in cell lines in vitro with high concentrations of BaP
or BPDE. Studies in human cohorts exposed to PAHs are suggesting further relationships
between exposure and potential altered methylation status of offspring (Breton et al. 2009;
Herbstman et al. 2012; Joubert et al. 2012; Suter et al. 2011). In the study described here, an
in vivo model, zebrafish, was used to investigate BaP effects on DNA methylation during
early development. We exposed zebrafish embryos to environmentally relevant
concentrations of waterborne BaP and measured both global and gene specific DNA
methylation of five developmentally important genes, namely vasa, ras-association domain
family member 1 (rassf1), telomerase reverse transcriptase (tert), c-jun and c-myca. In
addition, gene expression and enzyme activity of two methylation related enzymes, DNMT1
and glycine N-methyltransferase (GNMT), were measured. BaP significantly reduced DNA
methylation globally and gene-specifically in vasa promoter but not the other target genes.
GNMT, but not DNMT, activity was increased by BaP exposure.

2. Methods
2.1 Zebrafish care

AB line wild-type zebrafish were purchased from Zebrafish International Resource Center
(ZFIN, Eugene, OR) and raised according to the IACUC approved conditions. Fish were
kept in Aquatic Habitats ZF0601 Zebrafish Stand-Alone System (Aquatic Habitats, Apopka,
FL). Culture water characteristics were: pH of 7.0-7.5; salinity of 60 parts per million (ppm,
Instant Ocean, Cincinnati, OH); and temperature of 24-30°C. The light-dark cycle was
14:10. Adult fish were fed twice daily with both tropical flake fish food (TetraMin, Tetra
Werke, Germany) and live brine shrimp (Salt Creek Inc., Salt Lake City, UT). Sexually
mature fish were selected as breeders and their eggs were collected for the studies described
below.

2.2 Zebrafish embryo BaP exposure
Fertilized eggs were cleaned and disinfected with 0.4 ppm methylene blue for 1 minute and
then randomly sorted into four treatment groups (3-6 replicates per group), namely control
dimethylsulfoxide (DMSO, 1 μl/mL), 0.24, 2.4 and 24 μg/L BaP (stock solution 23.7 ± 0.9
μg/mL in DMSO; final DMSO concentration was 1 μl/mL in all treatment groups). BaP
concentration in the stock was confirmed by gas chromatography (Agilent 6890) coupled
with mass spectrometry (Agilent 5973N) in selected ion monitoring mode for ions 252 and
253. Thirty fertilized eggs were pooled randomly and raised in 10 ml of zebrafish water in
glass vials. Exposures for each experimental treatment began at approximately 2.5 hpf.
Water was changed and eggs were re-dosed daily. Survival rate and hatching efficiency
were measured daily until 72 hpf. Embryos or larvae were collected at different time-points
(embryos would typically hatch at 48-72 hpf).

For DNA extraction, larvae were put in 100% ethanol, snap frozen in liquid nitrogen and
kept in a −80°C freezer. For RNA extraction, larvae were stored in RNAlater at −80°C
immediately. For GNMT and DNMT enzyme activity assays, larvae were frozen at −80°C
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in 1 ml HEGD buffer (HEPES 10 mM, EDTA 1.5 mM, glycerol 10% v/v, DTT 1 mM,
PMSF 0.5 mM and pH 8.0).

2.3 Global DNA methylation measurement
Genomic DNA was isolated from zebrafish larvae by using DNeasy Blood & Tissue Easy
Kit (Qiagen, Valencia, CA) according to manufacturer’s protocol. DNA samples were
treated with RNase A to remove RNA contaminant. The Methylamp™ Global DNA
Methylation Quantification Kit (Epigentek Group, Farmingdale, NY) was used to quantitate
the percentage of methylated cytosine in the genomic DNA. The methylated cytosine
amount was in proportion to the OD intensity at 450 nm measured with a HTS 7000
Bioassay Reader (Perkin Elmer, Waltham, MA). The cytosine methylation percentage was
calculated by using the formula: cytosine methylation % = (OD (sample-negative control) /
36.5%) / (OD (positive control-negative control) × 10); 36.5% is the GC content in zebrafish
genome (Han and Zhao 2008); and 10 was the dilution factor for the positive control. Each
sample was measured in duplicate.

2.4 Sodium bisulfite sequencing
Genomic DNA was treated with sodium metabisulfite, as described (Raizis et al. 1995).
Desulphonation, purification, and recovery of DNA were done with EZ Bisulfite DNA
Clean-up Kit (ZYMO Research). Bisulfite specific primers were designed with Methyl
Primer Express v1.0 (Applied Biosystems, Foster City, CA) or Methprimer (Table 1). Target
genes were amplified from bisulfite converted DNA by PCR with ZymoTaq™ PreMix (Hot
start DNA taq polymerase, ZYMO Research). PCR products were ligated into pGEM® T
Easy Vector System (Promega, Madison, WI) and transformed into DH5α E.coli competent
cells (Invitrogen, Grand Island, NY). Each treatment had three biological samples and at
least eight white colonies from each sample were selected for sequencing. Plasmid DNA
was isolated in 96-well format using a modified alkaline-lysis method and then sequenced in
the ABI 3730xl sequencer using BigDye v3.1 Terminator/Buffer Ready Rxn Cycle
Sequencing kit (Applied Biosystems). Sequence data was analyzed with DNAstar (SeqMan,
Madison, WI). CpG methylation percentage was calculated as (total number of methylated
CpG) / (number of CpG sites in each gene × number of colonies sequenced).

2.5 Quantitative reverse transcription real time PCR (qPCR)
RNA was isolated with RNAzol (Molecular Research Center, Cincinnati, OH) and purified
with RNeasy Mini Kit (Qiagen, Valencia, CA) by following the manufacturer’s protocols.
Total RNA (250 ng) was reverse transcribed to double stranded cDNA libraries by using
TaqMan® Reverse Transcription Reagents (Applied Biosystems). qPCR primers were
designed with Primer Express® Software v2.0 (Applied Biosystems) (Table 1). Relative
abundance of target genes to 18S rRNA transcripts was determined by qPCR with
SYBR®Green in a GeneAmp 7500 Sequence Detection System (Applied Biosystems).
Statistical differences between treatments were determined on the linearized 2−ΔCT values.
Amplification efficiencies of the target genes and 18S rRNA primer pairs were tested to
ensure that they were not statistically different. In addition to melt curve analyses, all the
target gene qPCR products were confirmed by sequencing.

2.6 GNMT and DNMT enzyme activity assay
Cytosolic and nuclear proteins were extracted with NE-PER® Nuclear and Cytoplasmic
Extraction Reagents (Thermo Fisher Scientific, Waltham, MA) and quantified with Bio-rad
Protein Assay using BSA as a standard. The GNMT enzymatic activity in cytosolic extract
was determined using the method of Cook and Wagner (1984) with some modifications
(Fang et al. 2010), and performed in duplicate. Briefly, the GNMT assay mixture (100 μl)
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contained 0.1 M Tris HCl (pH 7.4), 5 mM DTT, 10 mM glycine, 1 mM S-adenosyl-L-
(methyl-3H) methionine (0.02 μCi/reaction) + cold S-adenosylmethionine (SAM), and
180-250 μg sample protein and was incubated at 25°C for 60 min. Unreacted SAM was
removed by the addition of activated charcoal and an aliquot of the subsequent supernatant
was subjected to liquid scintillation counting.

Total DNMT enzyme activities (de novo and maintenance) in nuclear extracts were
measured with the EpiQuik DNA Methyltransferase Activity/Inhibition Assay Kit
(Epigentek Group) by following the manufacturer’s protocol. The OD value was measured
with a HTS 7000 Bioassay Reader. Three biological samples were used per treatment and
each sample was measured in triplicate.

2.7 Statistical analysis
Results were analyzed with GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA) and
presented as mean ± SEM. Statistical differences between treatment groups were determined
using student t-test (p < 0.05) or one-way ANOVA followed by Neuman–Keulls post hoc
test (p < 0.05). For qPCR, statistical differences between treatments were determined on the
linearized 2−ΔCT values. Fold change of gene expression was calculated with the 2−ΔΔCT

method.

3. Results
3.1 BaP decreased survival and hatching efficiency in zebrafish embryos

In the 2.4 μg/L BaP treated group, the survival rate was significantly decreased by 38.5%
compared to controls (Figure 1A). In the 0.24 and 24 μg/L BaP treated groups, the average
survival rates were non-significantly reduced by 25.0%. Death typically occurred within the
first 24 hours of exposure. After that period, the survival rate was stable until 72 hpf.

At 48 hpf, fewer embryos hatched in the 0.24 μg/L BaP treated groups compared to control
(Figure 1B). At 60 hpf, fewer embryos hatched in the groups treated with 0.24 or 24 μg/L
BaP. However, there were no differences in the hatching percentages among all the
treatment groups at 72 hpf. Therefore, although BaP delayed zebrafish hatching, the overall
hatching percentage was not affected. Deformities were observed in BaP treated larvae, but
the incidence was not statistically different from control (data not shown).

3.2 BaP decreased global DNA methylation
Constitutively, 5.2% of cytosines were methylated in zebrafish at 96 hpf. BaP exposure at
2.4 μg/L for 96 hours reduced 5-methylcytosine content by 25.0% compared to control
methylation (Figure 2), which was significantly different from control by using student t-test
(P=0.04). BaP at 24 μg/L significantly reduced 5-methylcytosine content by 44.8%
compared to the control group and by 36.6% compared to the 0.24 μg/L BaP treated group
(P=0.02, one-way ANOVA and Neumann Keuls multiple comparison tests).

3.3 BaP decreased vasa promoter methylation and increased vasa gene expression
Waterborne 24 μg/L BaP exposure from 2.5 to 96 hpf significantly decreased the overall
methylation percentage by 17.2% in the five CpG sites measured in vasa promoter (Figure
3A and Supplemental Figure 1A). The reduction of methylation was not specific to any
single CpG site (Supplemental Figure 1B). Consistent with promoter DNA demethylation,
BaP exposure at 24 μg/L from 2.5 to 96 hpf significantly increased the vasa mRNA
expression by 33.0% (Figure 3B).
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3.4 BaP effects on methylation and gene expression of rassf1, tert, c-jun and c-myca
BaP treatment (24 μg/L) did not significantly change CpG methylation patterns or
percentage in rassf1 CGI-1 (Figure 4A and Supplemental Figure 2A), rassf1 CGI-2 (Figure
4B and Supplemental Figure 2B), tert (Figure 5A and Supplemental Figure 3), c-jun (Figure
5C and Supplemental Figure 4) or c-myca (Figure 5E and Supplemental Figure 5). Gene
expression of total rassf1 (Figure 4C), tert (Figure 5B), c-jun (Figure 5D) and c-myca
(Figure 5F) was also not changed in the zebrafish that were exposed to BaP. However, the
transcript rassf1-001 was significantly increased by 49% by BaP at 24 μg/L (Figure 4D).

3.5 BaP effects on gene expression and enzyme activity of DNMT1 and GNMT
Neither expression of dnmt1 (Figure 6A) nor gnmt (Figure 6B) was affected in zebrafish
larvae that were exposed to BaP from 2.5 to 48, 60 or 96 hpf. The total DNMT enzyme
activity includes the activities from all DNMT iso-zymes in zebrafish, namely DNMT 1, 3,
4, 5, 6, 7 and 8. BaP exposure did not change the total DNMT enzyme activity in the nuclear
extracts of larvae at 96 hpf (Figure 7A). BaP at 0.24 μg/L increased GNMT activity by ~2-
fold compared to the activity in control zebrafish at 96 hpf (Figure 7B). This induction was
significantly different from control by using student t-test (P=0.035). BaP exposure at 2.4
and 24 μg/L non-significantly increased GNMT enzyme activity by 51% and 75%,
respectively.

4. Discussion
BaP is teratogenic to zebrafish embryos with LC50 of 5.1 μM (1285 μg/L) and EC50 (the
dosage that causes teratogenic changes in 50% of the animals) of 0.52 μM (131 μg/L)
(Weigt et al. 2011). The pure water solubility of BaP ranges from 2.3 (Agency for Toxic
Substances and Disease Registry (ATSDR 1995)) to 4 μg/L (Mackay and Shiu 1977).
However, BaP is highly lipophilic and likely to accumulate to higher concentrations in the
lipid-rich ova. In this study, we used environmentally relevant concentrations of BaP at 0.24,
2.4 and 24 μg/L for all the embryonic exposures. Decreased survival rate and delayed
embryo hatching indicated that BaP caused adverse developmental consequences as has
been previously reported in BaP-exposed zebrafish (Weigt et al. 2011; Incardona et al.
2011). Similarly, in mice, in utero exposure to BaP leads to long-term adverse effects
including cardiovascular dysfunction (Jules et al. 2012), ovotoxicity (Sobinoff et al. 2012),
testicular malformation (Mohamed et al. 2010), and cancer (Turusov et al. 1990).

Increasing evidence shows that prenatal exposure to different chemicals leads to abnormal
DNA methylation patterns (Heindel 2006; Singh and Li 2012). In this study, BaP caused
global loss of DNA methylation in the exposed zebrafish larvae (Figure 2). This
demethylation effect supports reports of DNA hypomethylation triggered by air pollution or
cigarette smoke both of which can contain BaP as one of their major toxic constituents
(Baccarelli and Bollati 2009; Ma et al. 2011). DNA hypomethylation may increase the
vulnerability to many diseases by altering gene expression, elevating mutation rates,
increasing genome instability, or triggering apoptosis (Kisseljova and Kisseljov 2005).
Importantly, altered DNA methylation patterns can be stably inherited during DNA
replication and can mediate persistent toxicological consequences in subsequent generations
(Guerrero-Bosagna and Skinner 2012; Skinner et al. 2012; Szyf 2011; Szyf 2012).

To further study the BaP demethylation effects, five specific genes, i.e. vasa, rassf1, tert, c-
jun and c-myca, were selected for bisulfite sequencing analysis. These genes were selected
based on three criteria: 1) they are essential for embryogenesis (Coussens et al. 2006;
Hilberg et al. 1993; Soucek and Evan 2010), 2) their expression is disrupted by exposure to
high doses of BaP (Fields et al. 2004; Qin and Meng 2006), and/or 3) altered methylation or
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expression of these genes is involved in carcinogenesis (Jochum et al. 2001; Nesbit et al.
1999; Nowak 2000).

Vasa is a germ cell specific gene and its expression can be disrupted by exposure to
polycyclic aromatic hydrocarbons (Kee et al. 2010). Effects on embryonic vasa methylation
and expression may compromise developmental success and affect fertility in the offspring
(Kee et al. 2010). We found that BaP exposure significantly reduced vasa promoter
methylation and increased vasa mRNA expression in 96 hpf zebrafish larvae (Figure 3A and
3B). This indicates that demethylation in the vasa promoter is permissive to gene activation,
suggesting an inverse relationship of vasa promoter methylation and gene expression.
Because vasa is required for primordial germ cell differentiation and migration, the
alteration in epigenetic regulation of vasa gene expression may affect the number,
distribution, and migration of primordial germ cells, leading to reproductive toxicities
(Gruidl et al. 1996; Kuznicki et al. 2000; Li et al. 2009; Weidinger et al. 2003).

Our previous study found that BaP exposure to Fundulus heteroclitus (killifish) larvae leads
to CYP1 gene activation and increased incidence of liver lesions and tumors in adulthood
(Wang et al. 2010). Altered DNA methylation is implicated in carcinogenesis in zebrafish
(Mirbahai et al. 2011a; Mirbahai et al. 2011b). It is critical to investigate whether early life
BaP exposure can cause aberrant DNA methylation patterns in cancer-related genes,
persistently affect gene expression, and lead to carcinogenesis in later life.

The tumor suppressor gene rassf1 was selected because it is one of the most frequently
silenced genes by promoter hypermethylation in many cancer types (Richter et al. 2009; van
der Weyden and Adams 2007). Expression of rassf1a is predominantly controlled by DNA
methylation, but it also can be inactivated by gene deletions or point mutations (Pan et al.
2005). In mammals, rassf1 has multiple transcript variants that utilize two different CGI
promoters (Hesson et al. 2007). Similarly, zebrafish rassf1 has five transcripts that are
possibly regulated by three CpG rich promoters. Based on the cDNA alignment with the
genomic DNA, it could be predicted that control of rassf1-001 is by the first promoter,
rassf1-201 and rassf1-203 is by the second promoter, and rassf1-002 and rassf1-202 is by the
third promoter. Because the transcripts that are regulated by the first and second promoters
have the highest similarity with human rassf1a and rassf1c, we selected them for DNA
methylation analysis. Notably, the first promoter is frequently reported to be
hypermethylated in many types of cancers and is responsible for silencing rassf1a
(Dammann et al. 2000). On the contrary, the methylation of the second promoter is not
affected in cancer, and thus, rassf1c is usually not deactivated (Li et al. 2004; Vos et al.
2000). In this study, BaP did not alter DNA methylation in either of these two promoters.
Although the total rassf1 transcription was not changed, rassf1-001, which is the most
similar transcript to human rassf1a, was significantly increased by BaP at 24 μg/L. This
indicates that other mechanisms besides DNA methylation could be mediating the BaP
effects on the expression of rassf1-001.

tert is a catalytic subunit of the enzyme telomerase, which is essential for telomerase activity
(Liu et al. 2000). As a proto-oncogene, its upregulation is involved in tumorigenesis (Nowak
2000; Sirera et al. 2011). Epigenetic mechanisms, including DNA methylation and histone
modulation, are important for regulation of the expression of tert promoter (Kyo et al. 2008).
In this study, however, neither the DNA methylation nor gene expression of tert was
affected by the BaP exposure.

Like tert, in zebrafish larvae, in vivo BaP exposure did not change c-jun expression or DNA
methylation. c-jun is involved in many different mechanisms of oncogenesis (Jochum et al.
2001; Vogt 2001). c-jun expression is upregulated in chemically-induced tumors through
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hypomethylation in the c-jun promoter (Tao et al. 2000). Several studies have shown that
high concentrations of BaP were able to induce c-jun expression in vitro (primary human
macrophages, 2 μM (504.6 μg/L) BaP) (Sparfel et al. 2010) and in vivo (Wistar rats, 3 mg/
animal) (Qin and Meng 2006). BPDE activated the JNK pathway and subsequently activated
the downstream activity of c-jun (Dreij et al. 2010). Another study found that low dose
BPDE (0.05 μM) exposure inhibited c-jun expression in normal human amnion epithelial
cells (Lu et al. 2010).

c-myc is a universal transcription regulator that participates in the activation or repression of
approximately 10-15% of all genes (Dang et al. 2006; Patel et al. 2004). c-myc is
overexpressed in most tumor cells (Adhikary et al. 2005; Leder et al. 1986; Nesbit et al.
1999) and is associated with altered DNA methylation status. For example, in colorectal
cancers and hepatocellular carcinomas, upregulation of c-myc is correlated with DNA
hypomethylation in the third exon (Sharrard et al. 1992; Shen et al. 1998). In chemical-
induced liver tumors, elevated expression of c-myc mRNA and protein was associated with
hypomethylation in the c-myc promoter (Tao et al. 2000). Expression of c-myc can be
disrupted by BaP or BPDE exposure. For example, in human bronchial epithelial cells, BaP
exposure at 0.03-3 μM (7.6-756.9 μg/L) dose-dependently increased c-myc expression
(Fields et al. 2004). In human placental choriocarcinoma JEG-3 cells, BaP exposure at 10
μM (2523.1 μg/L) decreased c-myc mRNA expression by 61% (Zhang and Shiverick 1997).
Additionally, BPDE exposure from 0.01 to 3 μM decreased c-myc expression in normal
human cell lines (Akerman et al. 2004; Lu et al. 2009). Notably, all of these effects were at
concentrations significantly higher than used in this study. Lower BaP concentrations can be
the reason that the c-myca expression and gene body methylation were not changed (Figure
5E and 5F).

In order to identify the mechanism of BaP induced global hypomethylation, we measured
the gene expression and enzyme activity of two important methyltransferases, namely
DNMT and GNMT. In zebrafish, eight isozymes of DNMT are known. All the isozymes
except DNMT2 are involved in DNA methylation. In this study, we focused on gene
expression of the best known isozyme in zebrafish, which is dnmt1. In embryos/larvae
exposed to BaP, alteration of dnmt1 mRNA expression was not seen (Figure 6A). Similarly,
total DNMT activity (including the seven DNMT isozymes) was not affected (Figure 7A).
This result is contradictory to the previous findings that BPDE, the metabolite of BaP, was
capable of inhibiting DNMT activity in vitro (Pfeifer et al. 1984; Wilson and Jones 1983;
Wilson and Jones 1984; Wojciechowski and Meehan 1984). The explanation for the
discrepancy can be that high doses of BPDE (1251.5 or 1650 μg/L) were used in the cell
experiments. Not only were our BaP doses lower (0.24-24 μg/L), the majority of BaP would
be metabolically deactivated, and the expected BPDE concentration in embryos would be
very low. Another possible reason is that we were using whole embryo extracts for the
DNMT assay. Although BaP did not affect the overall DNMT activity, the binding of BaP or
BPDE to DNA may change the accessibility and activity of DNMT locally, leading to DNA
demethylation (Wojciechowski and Meehan 1984).

Similar to dnmt, zebrafish gnmt mRNA expression was not affected by the same BaP
waterborne exposure up to 96 hpf (Figure 6B). However, BaP at 2.4 μg/L significantly
increased GNMT enzyme activity (Figure 7B). GNMT is the enzyme responsible for the
transfer of a methyl group from SAM to glycine forming S-adenosylhomocysteine and
sarcosine; thus it regulates the SAM/SAH ratio, which is a metabolic indicator of cellular
methylation capacity. Evidence has shown the relationship between altered GNMT
expression, SAM concentrations, DNA methylation, and gene expression (Lu and Mato
2012; Luka et al. 2006; Martinez-Chantar et al. 2008). When GNMT activity was increased
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by BaP, it could be expected that the SAM supply would be decreased in the embryos, and
this could be an explanation for the DNA hypomethylation (Figure 2).

Notably, the GNMT results from zebrafish were different from the results of our previous
work in Fundulus where GNMT mRNA was increased and enzyme activity was decreased
by BaP (Fang et al. 2010). In fact, we found that the constitutive GNMT enzyme activity
was about 7.7-fold higher in zebrafish compared to the activity in Fundulus during early
development (data not shown). The lower GNMT activity and subsequently higher SAM
concentrations in Fundulus may protect this fish against the demethylating effects induced
by BaP, which may contribute to Fundulus’ ability to tolerate PAH exposure (Wills et al.
2009).

In summary, BaP is a demethylating agent for global and gene specific DNA methylation
status in zebrafish larvae at environmentally relevant concentrations. The reduction in DNA
methylation is possibly mediated by increased GNMT activity. BaP did not cause gene
specific loss of methylation in rassf1, tert, c-jun and c-myca, but it significantly decreased
DNA methylation in the vasa promoter and subsequently increased vasa mRNA expression
at environmentally relevant concentrations. Future studies are needed to assess the long-term
phenotypic changes caused by BaP-induced DNA hypomethylation in early life.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CpG Cytosine phosphate guanine

CGI CpG island

dnmt DNA methyltransferase
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hpf Hours post fertilization

gnmt Glycine N-methyltransferase

rassf1 Ras association domain family member 1

SAM S-adenosylmethionine

tert Telomerase reverse transcriptase

TSS Transcriptional start site
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Highlights

• BaP decreased global DNA methylation in zebrafish larvae

• BaP decreased vasa promoter methylation and increased vasa gene expression

• BaP did not change methylation or gene expression of rassf1, tert, c-jun, or c-
myca

• GNMT, but not DNMT, enzyme activity was moderately increased by BaP

• BaP is an epigenetic modifier of DNA methylation status in zebrafish larvae
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Figure 1.
BaP effects on the embryo survival rate (A) and hatching efficiency (B). Embryos were
exposed to waterborne BaP (0-24 μg/L) from 2.5 to 72 hpf (n=4 pools, 30 embryos/pool; *,
P<0.05; different letters indicate significantly different).
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Figure 2.
BaP effects on global DNA methylation in zebrafish larvae. Methylation was measured with
the Methylamp™ Global DNA Methylation Quantification Kit (Epigentek Group). Embryos
were exposed to waterborne BaP (0-24 μg/L) from 2.5 to 96 hpf (* p<0.05, n=3 pools, 20
embryos/pool).
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Figure 3.
BaP effects on vasa promoter methylation percentage (A) and gene expression (B). Fold
change of vasa expression was normalized to 18S rRNA expression and relative to controls
(n=6 pools, 20-30 embryos/pool; * P<0.05).
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Figure 4.
BaP effects on rassf1 DNA methylation percentage and gene expression. (A) and (B) show
the methylation percentage of CpG island 1 (CGI 1) and CGI 2, which are located in the first
and second promoter, respectively. (C) and (D) show the gene expression of total rassf1 and
rassf1-001, respectively. Fold change of gene expression was normalized to 18S rRNA
expression and relative to control gene expression (n=3 pools, 20 larvae/pool).
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Figure 5.
BaP effects on the methylation percentage of tert (A), c-jun (C), and c-myca (E) and on the
gene expression of tert (B), c-jun (D), and c-myca (F). Gene expression was normalized to
18S rRNA expression and relative to control gene expression (n=3 pools, 20 larvae/pool).
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Figure 6.
BaP effects on dnmt1 (A) and gnmt (B) mRNA expression in zebrafish embryos at 48, 60
and 96 hpf. Each sample was measured by qPCR in duplicate. Bars ± SEM indicate fold
change of gene expression normalized to 18S rRNA expression and relative to individual
time-point controls (n=3 pools, 20-30 embryos/pool).
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Figure 7.
BaP effects on total DNMT (A) and GNMT (B) activity in zebrafish larvae at 96 hpf.
Enzyme activity assay was tested in 3 times for each biological sample. Each bar ± SEM
represents n = 3 pools, 20 embryos/pool (* P<0.05).
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Table 1

Primers used in this study.

Gene (Genbank
accession) Experiment Primer (5′-3′) Product

size (bp) Comments

gnmt
(NM_212816.1) qPCR F: TCATTGACCACCGCAACTATG

R: GTAGTCCAGTGTGATCATGTG 149 Spans exon 4 and 5.

dnmt1
(NM_131189.1) qPCR F: GGGCTACCAGTGCACCTTTG

R: GATGATAGCTCTGCGTCGAGTC 76 Spans exon 26 and 27.

vasa
(NM_131057) qPCR F: CAGACAAGTTGGATCAAGAAGGAA

R: GGCGGCGGCACATAAAC 64 Spans exon 15 and 16.

rassf1 (total)
(NM_001004550.1) qPCR F: TGTGCTGGACCCAATGAGAA

R: TTATCACGAGCCAGAGTGTATCG 176 Spans exon 5 and 6.

rassf1-001
(NM_003335970.1) qPCR F: AGCGACAACGCGAATGAAG

R: GGCAGAAAGATGAATTCCTCAAG 60 Within exon 1

tert
(NM_001083866) qPCR F: GAAAGCCGGTTCTGCTGGA

R: AGAGTGAACGCCAAGACCTC 142 Span exon 1 and 2.

c-jun
(NM_199987.1) qPCR F: CGCTTTCTCTCAGCATGACAGT

R: GATTGAGCGTCATGTTGTGTTTC 74 Does not span exons.

c-myca
(NM_131412.1) qPCR F: GAAACAATTCTGGAACGGCATT

R: AGGTTGAGTCTGTCCTTGCTGAT 168 Spans exon 1 and 2.

18S rRNA
(FJ915075.1) qPCR F: TGGTTAATTCCGATAACGAACGA

R: CGCCACTTGTCCCTCTAAGAA 95 Internal control.

vasa a
(NM_131057)

BS-seq F: ATTGGGAATTTTAGTAGTATATTGATAGT
R:TTTAATTTAAAACCTCATTAATCTAAATCA 207 Contains 5 CpGs in the

promoter

rassf1-CGI 1
(NM_001004550.1) BS-seq F: TTGTTTTTTTAAGAATGAGTTTAAT

R: AACAAAAAAATAAATTCCTCAAA 314 Contains 26 CpGs
crosses the TSS1.

rassf1-CGI 2
(NM_001004550.1) BS-seq F: AGTGATTTATGTTTGTGGATATGTAA

R: TATACAAACCCCAAATAAACTCTCC 438 Contains 17 CpGs
crosses the TSS2.

tert a
(NM_001083866)

BS-seq F: ATAGTAGGATAGGGTTTTGGTTTTG
R: CCTTCAATTCTTCAAAAATTAACTC 233 Contains 13 CpGs in

the promoter.

c-jun
(NM_199987.1) BS-seq F: TGAGGGTATTGGTTGAGTTGTA

R: AAAAATCCTCTCCAATTTCCTCT 425 Contains 36 CpGs in
the gene.

c-myca
(NM_131412.1) BS-seq F: TAAGTGTTAAAATGTTGGTGAGTG

R:TACTATCAAACATCAATTCCTTCC 444 Contains 26 CpGs in
the gene.

a
(Lindeman et al. 2010)
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