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Methylmercury (MeHg) is a developmental neurotoxicant, and one potential mechanism of MeHg toxicity is epigenetic dysregulation. In a recent meta-analysis of epigenome-wide association studies (EWAS), associations between prenatal MeHg exposure and DNA methylation at several genomic sites were identified in blood from newborns and children. While EWASs reveal human-relevant associations, experimental studies are required to validate the relationship between exposure and DNA methylation changes, and to assess if such changes have implications for gene expression. Herein, we studied DNA methylation and gene expression of five of the top genes identified in the EWAS meta-analysis, MED31, MRPL19, GGH, GRK1, and LYSMD3, upon MeHg exposure in human SH-SY5Y cells exposed to 8 or 40 nM of MeHg during differentiation, using bisulfite-pyrosequencing and qPCR, respectively. The concentrations were selected to cover the range of MeHg concentrations in cord blood (2–8.5 μg/L) observed in the cohorts included in the EWAS. Exposure to MeHg increased DNA methylation at MED31, a transcriptional regulator essential for fetal development. The results were in concordance with the epidemiological findings where more MED31 methylation was associated with higher concentrations of MeHg. Additionally, we found a non-significant decrease in DNA methylation at GGH, which corresponds to the direction of change observed in the EWAS, and a significant correlation of GGH methylation with its expression. In conclusion, this study corroborates some of the EWAS findings and puts forward candidate genes involved in MeHg’s effects on the developing brain, thus highlighting the value of experimental validation of epidemiological association studies.
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INTRODUCTION
Methylmercury (MeHg), an organic form of mercury, is a developmental neurotoxicant. Epidemiological studies have reported severe neurodevelopmental impairment in population exposed to high concentrations of MeHg (Bakir et al., 1973; Harada, 1995; Grandjean and Landrigan, 2014), and experimental data show that exposure to low concentrations of MeHg interferes with important neurodevelopmental processes such as neural proliferation, neuronal migration and neurite outgrowth (Parran et al., 2001; Tamm et al., 2006; Guo et al., 2013; Fujimura and Usuki, 2015; Attoff et al., 2017).
Exposure to MeHg in the general population occurs predominantly by ingestion of fish and sea food (Sheehan et al., 2014; Nogara et al., 2019). Once absorbed, MeHg mainly binds to hemoglobin and is distributed to different tissues throughout the body (Pan et al., 2022). During pregnancy, MeHg can cross the placenta and the blood-brain barrier (Kajiwara et al., 1996), making the developing brain a sensitive target. There is uncertainty whether MeHg exposure from consumption of fish with background MeHg levels causes neurodevelopmental effects (Grandjean et al., 1997; Debes et al., 2006; Llop et al., 2012; Strain et al., 2015; Vejrup et al., 2016; van Wijngaarden et al., 2017; Barbone et al., 2019; Ke et al., 2021). However, epidemiological studies on epigenetic and other biomarkers of effects have uncovered potential toxicity from MeHg exposure early in life (Al-Saleh et al., 2016; Cardenas et al., 2017; Xu et al., 2019).
One of the mechanisms by which MeHg may induce developmental neurotoxicity is through epigenetic modifications (Pan et al., 2022). In fact, vital neurodevelopmental processes such as neurogenesis, astrogliogenesis, and neuronal differentiation and migration are dependent on epigenetic regulation (Gapp et al., 2014). DNA methylation, the addition of a methyl group at the fifth carbon of a pyrimidine base, is a major type of epigenetic modification with implications on the programming of different cells, including those in the brain (Jang et al., 2017). Moreover, DNA methylation can be affected by chemical exposure (Pan et al., 2022). For example, DNA hypomethylation in neural stem cell has been reported after exposure to 2.5 and 5 nM of MeHg (Bose et al., 2012). Several epidemiological studies have also reported associations between exposure to MeHg and altered DNA methylation at specific loci (Bakulski et al., 2015; Appleton et al., 2017; Cediel Ulloa et al., 2021; Nishizawa-Jotaki et al., 2021). A recent large epigenome-wide association study (EWAS) by Lozano et al. (2022) demonstrated associations between prenatal exposure to MeHg and altered DNA methylation at several loci in blood from newborns (n = 1,462) and children (n = 883), further supporting epidemiological associations between developmental exposure to MeHg and altered DNA methylation. Nonetheless, associations in human data can be confounded by other factors and implications on gene expression and biological functions remain unknown.
In order to corroborate the findings from Lozano et al. and to elucidate whether these could be relevant for the developing brain (the main target of MeHg toxicity), we studied DNA methylation changes in an in vitro model previously used for the study of developmental neurotoxicity, the SH-SY5Y cell-line which displays characteristics of dopaminergic neurons (Presgraves et al., 2004; Lopes et al., 2010). We selected the five top differentially methylated genes from Lozano et al. (MED31, MRPL19, GGH, GRK1, and LYSMD3), and analyzed DNA methylation changes induced by exposure to MeHg during cellular differentiation. MED31, GGH and GRK1 were selected based on the fact that they were the only genes whose DNA methylation consistently associated with MeHg exposure in all cohorts included in the Lozano meta-analysis. Additionally, MRPL19 and LYSMD3, whose DNA methylation associated with MeHg in some studies, were selected since their expression has been reported to change upon exposure to MeHg in human embryonic stem cell-derived neural ectodermal progenitor cells (Waldmann et al., 2017). Moreover, in order to investigate whether the methylation changes could influence gene expression during neurodevelopment, we analyzed the expression of the selected genes.
METHODS
Human SH-SY5H cell culture
SH-SY5Y cells were cultured in accordance with an established protocol (Attoff et al., 2016), routinely checked for mycoplasma contamination and used between passages 60–65. Cells were maintained in Minimum Essential Media containing 10% FBS, 1% Non-Essential Amino Acids, 2 mM L-glutamine, and 1% Penicillin-Streptomycin (all reagents from Life Technologies). Cell cultures were sub-cultivated once every week, cells were seeded at a density of 27,000 cells/cm2 in 75 cm2 cell culture flasks, and kept in an incubator at 37°C and 5% of CO2. For the experiments, SH-SY5Y cells were seeded in 60 mm × 15 mm dishes at a density of 12,500 cells/cm2. One day after seeding, the routine culture medium was removed and replaced with differentiation medium composed of DMEM:F12 supplemented with 100 IU/ml penicillin and 100 μg/ml streptomycin, 2 mM L-glutamine, 1% N2 supplements and 1 µM retinoic acid (Merck), dissolved in ethanol (final concentration 0.1%). The exposure to MeHg took place over 6 days while the cells were differentiating. For this, the exposure was started the first day of differentiation and 50% of the differentiation medium was replaced with fresh differentiation medium containing 1X MeHg 3 days later.
At the end of the differentiation and exposure, the media from the SH-SY5Y cells was removed and the cells were washed once with PBS (Gibco/Life technologies). To detach the cells, 1 ml of TrypLE (Gibco/Life technologies) were added to each well and left to incubate for 5 min at room temperature. The cells were then re-suspended in 2 ml of routine culture media, transferred to 15 ml tubes and centrifuged for 5 min at 300 g. The supernatant was then removed and the cells were kept at −80°C until the RNA and DNA extraction was carried out.
Exposure to MeHg
MeHgCl (Alfa Aesar, CAS 115-09-3) was dissolved in DMSO in polypropylene Eppendorf tubes and stock solutions of 1 mM were stored at −20°C until use. In order to cover the range of MeHg concentrations (2–8.5 μg/L) in cord blood observed in Lozano et al. (2022), SH-SY5Y cells were exposed to 8 and 40 nM of MeHg. These concentrations were calculated based on a molecular weight of 213.63 g/ml for MeHgCl and are equivalent to 1.7 and 8.5 μg/L respectively. Control cells were exposed to 0.1% DMSO. Effects on cell viability were assessed by visual examination at the end of the exposure.
RNA and DNA extraction
For extraction of RNA and DNA, the AllPrep DNA/RNA Mini Kit (Qiagen) was used following the manufacturer’s instructions. The concentrations of the extracted RNA and DNA were quantified with a plate reader (Tecan Spark, Zürich, Switzerland) or with a Nanophotometer P-class (IMPLEN GmbH), and the samples were stored at −80°C until further processing.
Gene expression
Extracted RNA was diluted to a concentration of 1,000 ng in 20 µl RNase free water, and cDNA was synthetized with iScript Synthesis Kit (BioRad), following the manufacturer’s instructions. Upon cDNA synthesis, the samples were diluted in 60 µl of RNAse free water and stored at −20°C until processing. The quantitative polymerase chain reaction (RT-qPCR) was performed using 4 µl of cDNA (4 ng), 5 µl SsoAdv supermix (BioRad), primers, and RNase free water. Amplification was carried out with a CFX384 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, California) using a program of 95°C for 2 min; 95°C, 5 s and 60°C, 30 s with 40 cycles and melt curve analysis at 65–95°C for 5 s. The primers were purchased as PrimePCR assays from Bio-Rad and the assay information is provided in the (Supplementary Table S1). Data were analyzed with the CFX Maestro software (Bio-Rad, version 1.1), the CT values of SH-SY5Y samples were normalized against three reference genes (RPL19, TBP, and POLR2B). The relative gene expression was calculated using the 2ˆ–delta delta CT (2^-ΔΔCT) method (Livak and Schmittgen, 2001), and the analyzed data are presented as Log2-fold change in expression of each gene at different MeHg concentrations.
DNA methylation
Bisulfite treatment was performed on 200 ng DNA using the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA, United States) following the manufacturer’s instructions. The bisulfite treated DNA was stored at −20°C and used for pyrosequencing. Gene fragments were amplified with a T100 Thermal Cycler (Bio-Rad, Hercules, California). For pyrosequencing, 10 µl of the PCR products were mixed with binding buffer (Qiagen), beads (Cytiva) and ultrapure Milli-Q water. After shaking at 1,400 rpm for 20–25 min, the beads containing immobilized template DNA were captured onto filter probes and run through different buffers. Subsequently, the attached DNA templates were released into the plate containing sequencing primer, and incubated at 80°C for 2 min. Finally, substrate, enzyme, and nucleotides (dNTP; deoxynucleoside triphosphate) from PyroMark Gold Q24 Reagents (Qiagen) were loaded into the reagent cartridge, allowing them to be injected into the plate. The assay conditions used for PCR and pyrosequencing of the analyzed genes are presented in Supplementary Table S2. PyroMark Q24 ID (Qiagen, Hilden, Germany) was used for sequencing and the percentage of DNA methylation was calculated with PyroMark Q24 software (Qiagen PyroMark Q24, v. 5.0).
Prediction of transcription factor binding sites
The prediction of transcription factor binding to the analyzed sequences was carried out with the University of California-Santa Cruz Genome Browser (http://genome.ucsc.edu/) and the JASPAR2022 TFBS hg19 track (Castro-Mondragon et al., 2022). This track permits the visualization of genome-wide transcription factor binding sites (TFBS) available in the JASPAR database CORE collection. The predicted TFBS are reported in Supplementary Table S3.
Statistics
Comparison between controls and treatment was carried out with One-way Analysis of variance (ANOVA) with Dunnett’s post-hoc test. Bonferroni correction was carried out to adjust for multiple comparisons, unadjusted and adjusted p-values are reported in Supplementary Table S4. Correlation analyses between DNA methylation and gene expression were performed with Spearman correlations. Statistical significance was considered for p-values <0.05. All the statistical analyses were executed with RStudio Version 1.2.5033 (RStudio, 2019).
RESULTS
In human SH-SY5Y cells, exposure to MeHg 8 nM led to a significant increase (p = 0.00175, adjusted p = 0.0385) in DNA methylation of one of the CpG sites in MED31 (Figure 1A). This CpG is located 3 base pairs (bp) from cg24184221, which was the one identified in Lozano et al. (2022) to be more methylated with higher exposure to MeHg. A similar, but non-significant (p = 0.0988, adjusted p = 1) change was found on DNA methylation of cg15288800 (Figure 1B), another CpG in the MED31 identified by Lozano et al. (2022) to be more methylated with higher exposure to MeHg. Exposure to 40 nM MeHg did not produce significant changes on MED31 methylation nor was MED31 expression significantly altered, although a trend towards downregulation was observed (Figure 1C). MeHg exposure did not reveal any statistically significant changes (p > 0.05) on DNA methylation and gene expression of MRPL19, GGH, GRK1, and LYSMD3 (Figures 2A,B and Supplementary Figures S1, S2), nonetheless, trends were observed that were in accordance with the EWAS findings.
[image: Figure 1]FIGURE 1 | MED31 DNA methylation and gene expression in MeHg-exposed SH-SY5Y cells; (A) DNA methylation levels at position chr17: 6,555,443 located 3 bp from cg24184221; (B) DNA methylation levels at position chr17: 6,555,742; (C) MED31 expression levels. The results are presented as the mean ± SD of three independent biological replicates and were analyzed with One-way Analysis of variance (ANOVA) with Dunnett’s post-hoc test. Statistical significance was considered when the p-value was below 0.05.
[image: Figure 2]FIGURE 2 | GGH DNA methylation and gene expression in MeHg-exposed SH-SY5Y cells; (A) DNA methylation levels, (B) gene expression, and (C) Spearman correlation between gene expression and DNA methylation. The results are presented as the mean ± SD of three independent biological replicates and were analyzed with One-way Analysis of variance (ANOVA) with Dunnett’s post-hoc test. Statistical significance was considered when the p-value was below 0.05.
Although we did not evidence gene expression changes on any of the studied genes, we used the data to clarify if DNA methylation at the studied regions is correlated with mRNA expression, which would indicate a functional role of the DNA methylation changes observed in humans. Our results showed a positive correlation between DNA methylation and gene expression of GGH CpG2 (rS = 0.9, p = 0.0046) (Figure 2C). No other statistically significant correlations were observed (Supplementary Table S5).
DISCUSSION
The aim of this study was to corroborate and address functionality of associations between prenatal MeHg exposure and DNA methylation levels identified in an EWAS with experimental data. We were able to corroborate findings for MED31 at an adjacent CpG site of the one reported in the EWAS meta-analysis, even after adjusting for multiple comparisons. MED31 encodes for the mediator complex subunit 31 and is expressed in a variety of mouse fetal tissues with the highest expression in the developing brain (Risley et al., 2010). MED31 is part of the mediator complex transcriptional activator responsible for mediating polymerase II promoter-enhancer interactions, and hence functioning as a major transcriptional regulator (Richter et al., 2022). Due to its function, the mediator complex is essential for fetal development, including neurodevelopment. For example, in neural stem cells (NSC), the mediator complex regulates expression of neurogenic transcription factors and genes linked to NSC identity (Quevedo et al., 2019). While MED31 expression was not significantly changed by MeHg in the differentiated SH-SY5Y cells, the observed DNA methylation alteration could still be relevant for gene expression in other cell types. Indeed 14 transcription factors (HIF1A, HES5, HES7, MYC, MYCN, MXI1, BHLHE40, CLOCK, HES1, HEY1, HEY2, MAX, MNT, and NPAS2, Supplementary Table S3) are predicted to bind to the analyzed region. Binding of some of these transcription factors is affected by DNA methylation, e.g., HIF1A, MYCN, and MAX whose binding is inhibited by DNA methylation (Cusack et al., 2020; D’Anna et al., 2020; Perini et al., 2005; Weinmann and Farnham, 2002) or NPAS2 that preferentially binds to methylated CpGs (Zhu et al., 2016). Thus, changes in MED31 methylation could be functionally implicated in the neurodevelopmental effects of MeHg.
Moreover, we identified correlations between DNA methylation and gene expression for GGH, implicating that altered DNA methylation at these positions influences gene expression. GGH encodes Gamma-glutamyl hydrolase, an enzyme involved in folate metabolism (Gibson et al., 2011). GGH is widely expressed, however, its expression is particularly high in dopaminergic neurons in the substantia nigra (Licker et al., 2014), which is interesting considering that SH-SY5Y are a model of dopaminergic cell differentiation. We found a positive correlation between DNA methylation and gene expression in SH-SY5Y, indicating increased gene expression with higher DNA methylation. This correlation was found at a CpG site located 1 bp away from GGH cg02212000. As this CpG site is not covered by the Illumina EPIC and 450K arrays which the EWAS was based on, we do not have information on potential associations between its methylation pattern and developmental exposure to MeHg in humans. Transcription factor binding site analysis predicted binding of transcription factors MGA, ATF3, PAX2, HIFLA, GMEB2, and FOXO4 to the region (Supplementary Table S3), out of which Atf3 acts as a transcriptional repressor. DNA binding of Atf3 has been reported to be impaired by DNA methylation (Zhang et al., 2021). Hence, the observed decrease in GGH DNA methylation in the EWAS (Lozano et al., 2022) could potentially lead to increased Atf3 binding and a reduction of gene expression.
No other statistically significant effects and correlations were found in our study, which could imply that MeHg exposure has no direct effect on the other investigated genes. However, we cannot exclude such effects in blood cells (as analyzed in the EWAS) or other cell types and tissues not addressed by the in vitro model we have chosen in this study. Additionally, the lack of statistically significant results could be secondary to the small sample size used in this study.
In conclusion, our study highlights the value of experimental validation of epidemiological association studies and suggests a role for MED31-controlled processes in the developmental neurotoxicity of MeHg.
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