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Abstract
The epitranscriptome comprises more than 100 forms of RNA modifications. Of these, N6methyladenosine (m6A) is the most abundantform of RNA methylation, with roles in
modulating mRNA transcript processing and regulation. The aims of the study weretoexamine

RI
PT

changes inm6A RNA methylation in A549 lung epithelial cells in response to environmental
toxicants, anddifferential gene expression of m6A modulator genes (‘readers’, ‘writers’ and
‘erasers’) in human subjects exposed toparticulate matter (PM) and in lung cancer tissueusing

SC

publicly-available microarray datasets.Global m6A methylation levelsweremeasured in total
RNA after exposuretotwo carcinogens (PM and sodium arsenite) for 24- and 48-hours, and

M
AN
U

totwo endocrine disruptors (bisphenol A and vinclozolin)for 24-hours.Global m6A
methylation level significantly decreased with exposure to >62 µg/mlPM, >1 µM sodium
arsenite, >1µM bisphenol A (BPA), and0.1µM vinclozolin.In an analysis of a published
dataset derived from a population study, we observed that m6A writers (METTL3 and WTAP),

TE
D

erasers (FTO and ALKBH5) and readers (HNRPC) showed significantly higher expression
among participants in the high-PM2.5exposure group compared to those in the low-exposure
control group(all p<0.05).Further, the m6A writer METTL3shows reduced expression in lung

EP

tumors in comparison to normal lung epithelia (p<0.0001).Our findings reveal that m6A RNA

AC
C

methylation can be modified by exposure to environmental toxicants, and exposure to
particulate matter is associated with differential expression level of m6A RNA methylation
modification machinery.
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m6A: N6-methyladenosine, 5mC: 5-methylcytidine, 5hmC: 5-hydroxylmethylcytidine,
mRNA: messenger RNA, rRNA: ribosomal RNA, tRNA: transfer RNAs, snoRNA: small
nucleolar RNAs, A549: Human adenocarcinomic human alveolar basal epithelial, BPA:

RI
PT

Bisphenol A, PM: Particulate Matter, UTRs: Untranslated regions, MTT: 3-(4,5Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide, SDS: Sodium dodecyl sulfate, HCl:
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1.

Introduction

The epitranscriptome refers to the modification of messenger RNAs (mRNAs), ribosomal
RNAs (rRNAs), transfer RNAs (tRNAs), and small nucleolar RNAs (snoRNAs). Since their
first discovery in 1957(Davis and Allen, 1957), more than 100 different RNA modifications

RI
PT

have been reported in a range of organisms(Gilbert et al., 2016). Several modifications of
mRNAs in eukaryotic organisms have been reported, including 6-methyladenosine (m6A),
N6,2'-O-dimethyladenosine, 5-methylcytidine (5mC), 5-hydroxylmethylcytidine (5hmC),

SC

inosine, pseudouridine and N1-methyladenosine (Dominissini et al., 2012; Li et al., 2017;
Meyer et al., 2012; Squires et al., 2012). There isevidence pointing to a critical role of RNA

M
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modifications in tRNA stability (Alexandrov et al., 2006; Motorin and Helm, 2010), cellular
stress responses (Begley et al., 2007; Netzer et al., 2009; Thompson and Parker, 2009),
regulation of cell growth (Emilsson et al., 1992). and post-transcriptional regulation of gene
expression through modulation of alternative pre-mRNA splicing, 3’-end processing, nuclear

TE
D

export, translation, and mRNA decay (Roignant and Soller, 2017).

The m6A modification is the most common form of RNA methylation, accounting for more

EP

than 80% of all RNA modifications(Niu et al., 2013). It is particularly abundant atstop

AC
C

codons, 3′ untranslated regions (3′UTRs) and within internal long exons in mRNA
transcripts(Meyer et al., 2012; Perry and Kelley, 1974), and more than 7000 mRNAs and 300
non-coding RNA transcriptshave been identified as containing m6A in human cells
(Dominissini et al., 2012). This modificationserves to modulate transcript stability, splicing,
export, and translation, and thereby is implicated in the control of tissue development,
circadian rhythms, and DNA damage response (Deng et al., 2018; Fustin et al., 2013), and
serves as an important regulatory mechanism in embryonic stem cell maintenance(Wang et
al., 2014). It is most abundant in the brain (Meyer et al., 2012; Perry and Kelley, 1974)where

4
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it serves in theregulation of neurogenesis(Yoon et al., 2017) and behavioural
adaptation(Widagdo et al., 2016). Furthermore, m6A is the first modification of RNA that has
been characterizedas being modified by ‘readers’, ‘writers’ and ‘erasers’.The ‘writer’
methyltransferase enzymes (METTL3, METTL14, WTAP, and KIAA1429) add a methyl group

RI
PT

to the 6thposition of adenosine in RNA, which can be recognized and utilized by ‘reader’
proteins (HNRNPC, HNRNPA2B1, YTHDF2, YTHDF1, and eIF3) and removed by ‘eraser’
enzymes (FTO/ALKBH9 and ALKBH5) (Cao et al., 2016). RNA modification machineries are

SC

therefore directly involved in the regulation of biological functions (Gilbert et al., 2016), such
as WTAP in mRNA splicing (Little et al., 2000; Ping et al., 2014; Zheng et al., 2013),

M
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YTHDF1 and eIF3 in translation (Wang et al., 2015)(Meyer et al., 2015), and YTHDF2 in
mRNA decay (Cao et al., 2016).Subsequently, disruption of their normal function has
implications for human health, withmutations in m6A RNA methylation machinery genes
associated with obesity (Dina et al., 2007; Frayling et al., 2007; Scuteri et al., 2007) and

TE
D

neurological diseases (McGuinness and McGuinness, 2014). Furthermore, alterations in
normal RNA modification patterns have been reported in a range of cancers (Cui et al., 2017;
Geula et al., 2015; Jaffrey and Kharas, 2017; Wang et al., 2017). However, to date there has

EP

been no study on whether these RNA epigenetic marks are modifiable through exposure to
environmental toxicants, such as carcinogens and endocrine disruptor chemicals. The role of

AC
C

m6A in tissue development and its disruption in cancers may imply an effect of such toxicants,
potentially through altered expression of RNA methylation modulators through oxidative
stress-associated pathways.

In this study, we examined the effect of environmental toxicants upon m6A RNA
modifications and the expression ofm6A modulator genes (writers, erasers, and readers). We
analyzed RNA m6A methylation level in human lung epithelial cells after exposure to two
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carcinogens (particulate matter (PM) and sodium arsenite) and two endocrine disruptor
chemicals (bisphenol A (BPA) and vinclozolin). These four represent common toxicants with
key relevance to public health.Air pollution is a global health problem linked with many
diseases including lung cancer (Vineis et al., 2006), chronic obstructive pulmonary disease

RI
PT

(Faustini et al., 2013), asthma (Kelly and Fussell, 2011), and cardiovascular diseases (Watson,
2006). PM2.5 exposure is associated with increased risk of lung cancer(Hamra et al., 2014) and
lung cancer-associated mortality(Turner et al., 2011), and has been shown to impact upon the

SC

epigenome(Byun et al., 2013).Along with PM, arsenic is classified as a carcinogen to humans
by the International Agency for Research on Cancer (IARC) and is associated with lung

M
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cancer, skin and bladder cancers (IARC, 2004). BPAis associated with the development of
type 2 diabetes (Shankar and Teppala, 2011), cardiovascular diseases (Lang et al., 2008),
cancer (Hiroi et al., 2004), reproductive disorders (Galloway et al., 2010), birth defects,
developmental disorders (Bloom et al., 2011; Chou et al., 2011; Miao et al., 2011), and other

TE
D

chronic disorders (Rezg et al., 2014). Vinclozolin is a pesticide that has been implicated in
disorders of the male reproductive system through affecting sperm production (Stouder and
Paoloni-Giacobino, 2010).There has been particular interest in vinclozolin on account of

EP

evidence from animal models of apparent transgenerational inheritance of both exposureassociated aberrant DNA methylation marks (Nilsson et al., 2018) and increased retention of

AC
C

histone proteins associated with sperm DNA that are normally replaced by protamines during
spermatogenesis(Ben Maamar et al., 2018).Such studies may offer mechanistic insight into
transgenerational inheritance of disease or phenotypes followingtransient exposure of
ancestral generations, such as altered development and functionof the kidneys and testes
(Anway et al., 2006; Uzumcu et al., 2004).We selected PM exposure for further analysis by
examining the expression of RNA methylation modulator genes in a published dataset derived
from a population study with high levels of PM exposure and in lung tumor tissue, using
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publicly-available gene expression microarray datasets. Our findings reveal that exposure to
these four carcinogens and endocrine disruptor chemicals decrease global m6A levels, and PM

2.

Methods

2.1. Exposure of A549 cells to environmental toxicants

RI
PT

exposure is associated with differential expression of RNA methylation modulator genes.

The A549 adenocarcinomic human alveolar basal epithelial cell line was purchased from the

SC

American Type Culture Collection (ATCC, Manassas, Virginia, USA) and cultured in
DMEM/F12 medium supplemented with 10% fetal bovine serum and 1% penicillinThe

cells

were

exposed

to

PM

(15-500

M
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U

streptomycin.

µg/ml)

and

sodium

arsenite(NaAsO2,0.25-50µM)for 24- or 48-hours, and exposed to BPA (0.01-50 µM) and
vinclozolin (0.1-100 µM) for 24-hours. The PM mixture was purchased as a standard
reference material (1648a) from the National Institute of Standard Materials (NIST,

TE
D

Gaithersburg, Maryland, USA). The 1648a mixture is atmospheric particulate matter collected
in an urban area that is intended to provide a standardized example of the atmospheric
particulate samples obtained from industrialized urban areas, including respirable materials

EP

[polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polycyclic

AC
C

aromatic hydrocarbons (PAHs), 16 nitro-PAHs, and pesticides], lead, and inorganic metals.
Sodium arsenite was purchased from ChemService (West Chester, PA, USA), while BPA
(98.5% purity) and vinclozolin (99.5% purity) were purchased from LGC Standards (DREC10655500 and DRE-C17920000;Teddington, UK).PM was suspended and sodium arsenite
were dissolved in cell culture medium while BPA and vinclozolin were dissolved in DMSO.
Untreated control cells were exposed to an equal volume of cell culture medium or DMSO (as
appropriate) as the treated cells.The range of concentrations of the toxicantswere initially
identified through the literature before experimental testing, and all concentrations used were
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in line with other published studies (Gawda et al., 2018; Jiang et al., 2013; Sanderson et al.,
2002; Song et al., 2017). All experiments were performed in duplicate.

Cell

Cell cytotoxicity assays
viability

was

determined

by

MTT

(3-(4,

5-Dimethylthiazol-2-yl)-2,

RI
PT

2.2.

5-

Diphenyltetrazolium Bromide) assay, using the Vybrant® MTT Cell Proliferation Assay Kit
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Briefly, 104

SC

cells were seeded into each well, washed after 24hours, and the toxicants added. Cells were
exposed to each toxicant dosage in duplicate, with the MTT assay then performed in triplicate

M
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for each biological replicate. Cell viability was calculated by optical density (OD) as
follows:(OD treated well [−blank]) / (OD control well [−blank]) × 100.

2.3. RNA m6A methylation measurement

TE
D

Global RNA m6A methylation was quantified using the EpiQuik™ m6A RNA Methylation
Quantification Kit (# P-9005, Epigentek, Farmingdale, NY, USA) according to the
manufacturer’s instructions. Briefly, total RNA (100 ng) wasbound to each well and detected

EP

via a two-antibody colorimetric system. m6Aabundance was quantified by measuring the
absorbance at 450nm, with the m6A methylation level proportional to the OD intensity

AC
C

measurement. Samples were analyzedin triplicate with standard curves used for relative
quantification of m6A methylation levels, calculated as below:
m6A %= ((Sample OD – Negative Control OD)/S)/((Positive Control OD – Negative Control
OD)/P) x100. S is the amount of input sample RNA in nanogram. P is the amount of input
positive control in nanogram.

2.4. Publicly-available gene expression microarray datasets

8
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To examine the effect of PM exposure upon the expression of RNA methylation modulator
genes, gene expression microarray data from a study of chronic PM exposure
(GSE60767)(Rossner et al., 2015) was utilized. Briefly, blood samples were obtained from
healthy male non-smokers aged 22-63 who were residents of Ostrava (high-PM2.5;133

RI
PT

participants) or Prague(control; 49 participants) at 1-3 timepoints in winter 2010. Personal PM
exposure levels were calculated using data from samplers worn by the participants. The
personal PM2.5exposure levels inthe high exposuregroup ranged from 6.0 to119.0 µg/m3,

SC

while in the control group they ranged from 7.6 to 55.1 µg/m3.

expression

data

from

lung

M
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To examine the same genes in malignancies of the lung, we utilized publicly available gene
adenocarcinoma

(LUAD),squamous

cell

carcinoma

(LUSC)andnormal lung epithelial tissue from the Cancer Genome Atlas (TCGA) and
Genotype-Tissue Expression (GTEx) (Carithers et al., 2015; Tang et al., 2017). A total of 483

TE
D

samples of LUAD, 347 LUAD-paired adjacent normal tissues, 486 samples of LUSC and 338
LUSC-paired adjacent normal tissues were analyzed.

EP

2.5. Data analysis

Analyses of data obtained after exposure of A549 cells to environmental toxicantswere

AC
C

performed by one-way ANOVA, with Bonferroni’s multiple comparison post-hoc tests.
Statistical significance was defined as p<0.05. We applied the Benjamini& Hochberg
correction for false discovery rate (FDR) method to adjust p values using the Limma (Linear
Models for Microarray Analysis) R package to analyse gene expression microarray data from
a study of chronic PM exposure (GSE60767). Considering the different stratifications of sex,
age, ethnicity in tumor and normal samples, multivariable analysis, (MANOVA) was applied
using sex, age, ethnicity and diseases state (tumor or normal) as variables for calculating

9
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differential analysis using the TCGA and GTEx data using GEPIA which is a newly
developed interactive web server for analyzing the RNA sequencing expression data of TCGA
and the GTEx projects.
Gene expression ̴ sex + age + ethnicity + diseases state

RI
PT

The expression data was first log2 (TPM+1) transformed and the log2FC was defined as
median (tumor)-median (normal). The Benjamini&Hochberg FDR method was used to adjust
the pvalues (Tang et al., 2017).Data analyses were performed using GraphPad Prism (version

Results

M
AN
U

3.

SC

5.02, GraphPad Software Inc.) and R (version 3.4.4).

3.1. Alterations in m6A RNA methylationfollowing exposure to carcinogens
Global m6A RNA methylation levels were measured in adenocarcinomic human alveolar
basal epithelial (A549) cells after exposure to PM (0-500 µg/ml) and sodium arsenite (0-50

TE
D

µM) for 24h and 48h. Exposure to PM at concentrations of >62 µg/ml induced significant
changes in m6A methylation, decreasing from 100% in unexposed cells to between 46% (62
µg/ml) and 31% (500 µg/ml) following 24h of exposure (Fig. 1A). The same pattern was

EP

observed after 48h of exposure, with significant decreases following exposure to 62, 125, 250

AC
C

and 500 µg/ml PM. A dose-response effect was observed, with m6A levels significantly and
negatively decrease with PM concentration (R2=-0.56, p<0.05 for 24h exposure).No doseeffect was observed for 48h exposure (p >0.05, linear regression analysis).

10
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Figure 1. RNA m6A methylation levels following exposure to PM (A), and sodium arsenite
(B) for 24h and 48h, and to bisphenol A (C) and vinclozolin (D) for 24h
(Mean±SD).*=p<0.05

TE
D

Exposure to >2.5µM sodium arsenite for 24h significantly decreased m6A methylation levels
to between 58% (2.5µM) and 23% (10µM) of levels observed in untreated cells (Fig. 1B).

EP

Exposure to 1.0, 2.5, 10 and 50µM for 48h significantly decreased m6A levels to 25-36% of
normal levels. Linear regression analysis results showed that there was no dose‐dependent

AC
C

decrease in the m6A levels (p>0.05)

3.2. Alterations in RNA m6A methylation following exposure to endocrine disruptor
chemicals

Global m6A RNA methylation levels were measured in A549 cells afterexposureto BPA and
vinclozolin for 24h at concentrations of 0-50 µM and 0-100 µM, respectively.Exposure to
>0.1 µM BPA resulted in significantly decreased m6A methylation levels, from 100% in
unexposed cells to 51% in those exposed to 50 µM BPA. No dose-effect was observed for 24h
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exposure (p >0.05, linear regression analysis) (Fig. 1C). Similarly, exposure to vinclozolin at
all concentrations (0.1-100 µM) resulted in significantly decreased m6A methylation levels
(Fig. 1D).The greatest reduction was observed with 1µM vinclozolin, which decreased m6A
levels to 52% of that observed in untreated cells. However, no dose-effect was observed(p

RI
PT

>0.05, linear regression analysis).

3.3. Cell viability in responseto exposure to carcinogens and endocrine disruptor

SC

chemicals

Cell viability remained high with the lower concentrations of toxicants used, but was

M
AN
U

substantially reduced at the highest levels of exposure. The level of PM exposuresfor 24h and
48h were negatively associated with cell viability (r=-0.98, p =0.005 and r=-1.0, p =0.0001,
respectively;Spearman’s rho)(Fig. 2A). Similarly, the level of exposure to sodium arsenite
was also negatively associated with cell viability at 24 (r=-0.94, p=0.005) and 48h (r=0.94, p

AC
C

EP

p =0.01)(Fig. 2C and D).

TE
D

=0.005) (Fig. 2B), as was exposure to BPA (r=-1.0, p =0.01) and vinclozolin for 24h (r=-1.0,
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Figure 2. Cell viability following PM (A), and sodium arsenite (B) treatment for 24h and 48h,
bisphenol A (C) and vinclozolin (D) treatment for 24h (Mean±SD).*=p<0.05, **=p<0.01,
***=p<0.001

RI
PT

3.4. Expression of RNA methylation modulator genes in in response to PM exposure
The expression of RNA methylation modulator genes (readers, writers and erasers) were
analyzed in a published dataset derived from a population study of human participants with

SC

high and low exposure to fine PM (PM diameter >2.5 microns; PM2.5). Expression of the
writers`METTL3 and WTAP were 1.27- and 2.11-fold higher in the high-PM2.5 group in

M
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U

comparison to the control group (p<0.05 for METTL3 and p<0.01 for WTAP; Fig. 3A and B).
Similarly, expression of the erasers FTO and ALKBH5 were 1.31- and 1.29-fold higher in the
high-PM2.5 group in comparison to the control group (p<0.05 for FTO and p<0.001 for
ALKBH5; Fig. 3C and D), while the reader gene HNRNPC was 1.52-fold higher in the high-

TE
D

PM2.5 group (p<0.05; Fig. 3E). However, expression of the writers METTL14 and KIAA1429

AC
C

EP

showed no significant difference between the groups (data not shown).

Figure 3. Expression of RNA methylation modulator genes by PM exposure. Expression of
the METTL3 (A), WTAP (B), FTO (C), ALKBH5 (D), and HNRHPC (E) genes in subjects
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exposed to high levels of PM2.5 (‘PM High’) and controls (‘PM Low’). * = p<0.05; *** =
p<0.01**; p<0.001.
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3.5. Expression of RNA methylation modulator genes in lung cancer patients
To investigate the relevance of PM exposure-associated changes inm6A RNA methylationand
RNA methylation modulator gene expressionto the development of malignancies, we

SC

analyzed the expression of the RNA methylation writers, erasers and readers in publiclyavailable LUAD and LUSC expression microarray datasets(Carithers et al., 2015; Tang et al.,

M
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2017). Our analysis revealedthat expression of the m6A writerMETTL3was 2.1-fold lower in
patients with LUAD (n=483) than in normal lung tissues (n=347) (24.0 and 50.5 Transcripts
Per Million; TPM, respectively)(ANOVA, p<0.0001)(Fig. 4A). In patients with LUSC
(n=486), METTL3 expression was 2.4-fold lower than in normal lung tissues (n=338) (21.3

TE
D

and 50.8 TPM, respectively)(ANOVA, p<0.0001)(Fig. 4B).With the exception ofMETTL3,
wedid not identifysignificantly differentexpression ofany other m6A RNA methylation

AC
C

EP

modulatorgenes in either LUAD or LUSC in comparison to normal tissue.

Figure 4. Expression of METTL3inlung adenocarcinomas(A; LUAD) and squamous cell
carcinomas (B; LUSC)in comparison to normal tissues.* = p<0.05; ** = p<0.0001.
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4.

Discussion

In this study, we observedthat global m6A RNA methylation decreased after exposure to
carcinogens and endocrine disruptor chemicals in a lung adenocarcinoma cell line.
Concordantly, human subjectsexposed to high levels of PM2.5showed significantly higher

RI
PT

expression of m6A methylation erasers.Further, we found that them6A writer geneMETTL3is
more highly expressed in lung tumors than in normal lung epithelia.Together, our findings
indicate that exposure to endocrine disruptors and carcinogens are associated with

SC

dysregulation of normal m6A RNA methylation marks. To the best of our knowledge, our
study isthe first to identify alterations in m6A RNA methylationin response to environmental

M
AN
U

exposures.

Our observation ofdecreasedm6A following exposure to environmental toxicants is
concordant with other studies that have identified alterations in the expression of RNA

TE
D

methylationwriterand eraser genes in response to exposure. Arsenic exposure is associated
with decreased expression of the erasersMETTL3(Zheng et al., 2005), and WTAP(Clancy et
al., 2012), while expression of readers such as HNRNPC, HNRNPA2B1, and YTHDF2are also

EP

affected(Liu et al., 2010; Mattingly et al., 2009; Udensi et al., 2014; Wang et al., 2003).

AC
C

Endocrine disruptor chemicals have similarly been shown to affect the expression of RNA
methylation

machinery

genes

including

METTL3(Ali

et

al.,

2014),

METTL14,

ALKBH5(Villeneuve et al., 2011), WTAP, YTHDF1(Ali et al., 2014; Villeneuve et al., 2011),
FTO(Ali et al., 2014; Tait et al., 2015), HNRNPC, HNRNPA2B1(Ali et al., 2014; GuerreroBosagna et al., 2013; Ljunggren et al., 2016; Nilsson et al., 2012; Skinner et al., 2008) and
YTHDF2(Ali et al., 2014; Verbanck et al., 2017). Such observations are supported by
evidence for the epigenetic regulation of these genes changing following environmental
exposures, including to arsenic (Rojas et al., 2014). In our study, we similarlyobserved

15

ACCEPTED MANUSCRIPT
increased

expression

of m6Aerasers

(FTO

and

ALKBH5) with high

levels

of

PM2.5exposure,thereby supporting our in vitro observation of decreased global m6A following
exposure. Interestingly, we also observed decreasedexpression of the writer METTL3 in lung

disrupted regulation of mRNA transcript turnover.
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tumors,supporting a role for m6A dysregulation in lung carcinogenesis that could produce

However, our finding of decreased m6A RNA methylation following short-term exposure to

SC

arsenite is in contrast to findings elsewhere of increased m6A in bronchial epithelial cells
exposed to arsenite for 13 weeks (Gu et al., 2018) and a neuronal cell line exposed for six

M
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months(Bai et al., 2018). Neurons display altered sensitivity to arsenite by differentiation
status in anYTHDF2-mediated manner(Li et al., 2018), which may therefore imply a cell typespecific effect of arsenite exposure upon RNA methylation, which we speculate may be the
basis for the discrepancy in our observations.Nonetheless, with the field of epitranscriptomics

TE
D

at a nascent stage, further studies are required to examine the interaction between RNA
methylation modulators and response to environmental exposures by tissue type, in
conjunction with longitudinal studies to examine the dynamics of m6A in response to chronic

EP

exposures.Furthermore, findings using in vitro and in vivo models require validation in human
population studies, as there are inherent difficulties in the extrapolation of observations in

AC
C

such models to the ‘real world’ effects of environmental exposures upon humans, not least in
regard to accurately modelling dosage.

Decreased global m6A RNA methylation has been reported in cancers and type 2 diabetes
(Shen et al., 2015) among others, and it is frequently associated with alterations in the
expression or functions of RNA methylation readers, writers and erasers (He et al., 2018). In
concordance with this, we have identified decreased global m6A and increased expression of
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the writers, erasers, and readers in response to PM exposure, and decreased expression of the
writerMETTL3 in lung tumors. Such alterations may result in expansive changes in the
epitranscriptome, and the subsequent dysregulation of mRNA processing is likely to have
wide-ranging

effects

upon

normal

cellular

processes,

which

cannot

be

easily

RI
PT

predicted.Importantly, dysregulation of FTO promotes lung squamous cell carcinoma via
decreased m6A RNA methylation, in part through decreased stability of tumor-suppressing
MZF1 transcripts (Liu et al., 2018)while conversely METTL3 promotes the translation of

SC

oncogenes (Ljunggren et al., 2016). Our findings may therefore support a role for m6A

M
AN
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dysregulation in promoting PM-associated transformation of lung epithelia.

We note that cell viability decreased markedly at the highest level of toxicant exposures.
Mitkus et al (Mitkus et al., 2013) reported highly similar findings of a marked decrease in cell
viability (<75%) with 24-hour exposure to >62 µg/ml PM2.5 (standard 1648a) in the A549

TE
D

lung adenocarcinoma cell line, and A549 cells are also highly sensitive to sodium arsenite
exposures of >20 µM(Jiang et al., 2013). Importantly, we observed significant changes in
global m6A content at doses that did not affect cell viability(62 µg/ml PM for 24h, 1-10 µM

EP

sodiumarsenite, all concentrations of BPA and vinclozolin), thereby supporting the hypothesis
that changes in the epitranscriptome are not the product of cell death. Indeed, changes in m6A

AC
C

may in fact lead to alterations in the processing and turnover of mRNA transcripts that
regulate apoptosis, as has been observed in response to arsenite exposure(Gu et al., 2018).

We acknowledge several limitations to our study. Firstly, we could not measure the
expression of the RNA methylation modulator genes in the exposed cell line that could have
helped to elucidate the mechanisms by which environmental toxicants affect m6A levels.
Secondly, we measured total m6A levels in response to exposure and we were therefore
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unable to identify transcript-specific changes that may again provide important insight into
dysregulation of key cell processes. This work and the cell viability assays were also
performed in duplicate, rather than triplicate, which may have inhibited the obtainment of
statistically significant results. Further, it should be noted that the tissues differed between

RI
PT

ourin vitro study (lung epithelial cells) and the human PM study (leukocytes), and the effect
of PM exposure and inherent expression of RNA methylation modulators may differ between
these. Although we identified complementary effects (that is, loss of m6A methylation and

SC

increased expression of m6A methylation erasers), which may support the use of blood as a
surrogate tissue to study the effects of PM exposure, our observations required validation in

M
AN
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further studies.Finally, our in vitro system utilized a lung adenocarcinoma cell line. Therefore,
while directly relevant to the effects of PM exposure, caution must be taken in extrapolating
our results to healthy human tissues.

Conclusions

TE
D

5.

In summary, our study has revealed thatm6A RNA methylation is modified by exposure to
carcinogens and endocrine disruptor chemicals. In addition,exposure to particulate matter is

EP

associated with differential expression of m6A RNA methylation machinery, which

AC
C

mayprovide insight intothe mechanisms by which m6A is altered. Further work is required in
population studies to validate our in vitro observations and to examine the impact of m6A
alterations in the mediation of environmental exposures and development of disease.

Acknowledgments
Publicly available gene expression datasets were obtained from The Cancer Genome Atlas
(TCGA) project established by the NIH and National Human Genome Research Institute. This

18

ACCEPTED MANUSCRIPT
study was supported by The Scientific and Technological Research Council of Turkey
(TUBITAK-115Z684) and by Canakkale Onsekiz Mart University BAP (FHD-2017-1087).

Authors' contributions

RI
PT

AC designed and performed the experiments and analyzed the data. TB, LG and HMB aided
in the analysis and interpretation of the data and provided project guidance. AC and TMB
wrote the manuscript, which HMB and LG revised. All authors read and approved the final

SC

manuscript.

M
AN
U

Competing interests

AC
C

EP

TE
D

The authors declare that they have no competing interests.

19

ACCEPTED MANUSCRIPT

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

References
Alexandrov, A., et al., 2006. Rapid tRNA decay can result from lack of nonessential
modifications. Molecular cell. 21, 87-96.
Ali, S., et al., 2014. Exposure to low-dose bisphenol A impairs meiosis in the rat seminiferous
tubule culture model: a physiotoxicogenomic approach. PloS one. 9, e106245.
Anway, M. D., et al., 2006. Endocrine disruptor vinclozolin induced epigenetic
transgenerational adult-onset disease. Endocrinology. 147, 5515-5523.
Bai, L., et al., 2018. m6A Demethylase FTO Regulates Dopaminergic Neurotransmission
Deficits Caused by Arsenite. Toxicol Sci. 165, 431-446.
Begley, U., et al., 2007. Trm9-catalyzed tRNA modifications link translation to the DNA
damage response. Molecular cell. 28, 860-870.
Ben Maamar, M., et al., 2018. Epigenetic Transgenerational Inheritance of Altered Sperm
Histone Retention Sites. Sci Rep. 8, 5308.
Bloom, M. S., et al., 2011. Serum unconjugated bisphenol A concentrations in men may
influence embryo quality indicators during in vitro fertilization. Environmental
toxicology and pharmacology. 32, 319-323.
Byun, H. M., et al., 2013. Evolutionary age of repetitive element subfamilies and sensitivity
of DNA methylation to airborne pollutants. Part Fibre Toxicol. 10, 28.
Cao, G., et al., 2016. Recent advances in dynamic m6A RNA modification. Open biology. 6,
160003.
Carithers, L. J., et al., 2015. A novel approach to high-quality postmortem tissue procurement:
the GTEx project. Biopreservation and biobanking. 13, 311-319.
Chou, W.-C., et al., 2011. Biomonitoring of bisphenol A concentrations in maternal and
umbilical cord blood in regard to birth outcomes and adipokine expression: a birth
cohort study in Taiwan. Environmental health. 10, 94.
Clancy, H. A., et al., 2012. Gene expression changes in human lung cells exposed to arsenic,
chromium, nickel or vanadium indicate the first steps in cancer. Metallomics. 4, 784793.
Cui, Q., et al., 2017. m 6 A RNA methylation regulates the self-renewal and tumorigenesis of
glioblastoma stem cells. Cell reports. 18, 2622-2634.
Davis, F. F., Allen, F. W., 1957. Ribonucleic acids from yeast which contain a fifth
nucleotide. Journal of Biological Chemistry. 227, 907-915.
Deng, X., et al., 2018. Role of N6-methyladenosine modification in cancer. Current opinion in
genetics & development. 48, 1-7.
Dina, C., et al., 2007. Variation in FTO contributes to childhood obesity and severe adult
obesity. Nature genetics. 39, 724.
Dominissini, D., et al., 2012. Topology of the human and mouse m 6 A RNA methylomes
revealed by m 6 A-seq. Nature. 485, 201.
Emilsson, V., et al., 1992. Thiolation of transfer RNA in Escherichia coli varies with growth
rate. Nucleic acids research. 20, 4499-4505.
Faustini, A., et al., 2013. Air pollution and multiple acute respiratory outcomes. European
Respiratory Journal. 42, 304-313.
Frayling, T. M., et al., 2007. A common variant in the FTO gene is associated with body mass
index and predisposes to childhood and adult obesity. Science. 316, 889-894.

20

ACCEPTED MANUSCRIPT

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

Fustin, J. M., et al., 2013. RNA-methylation-dependent RNA processing controls the speed of
the circadian clock. Cell. 155, 793-806.
Galloway, T., et al., 2010. Daily bisphenol A excretion and associations with sex hormone
concentrations: results from the InCHIANTI adult population study. Environmental
health perspectives. 118, 1603-1608.
Gawda, A., et al., 2018. Air particulate matter SRM 1648a primes macrophages to
hyperinflammatory response after LPS stimulation. Inflamm Res.
Geula, S., et al., 2015. m6A mRNA methylation facilitates resolution of naïve pluripotency
toward differentiation. Science. 347, 1002-1006.
Gilbert, W. V., et al., 2016. Messenger RNA modifications: Form, distribution, and function.
Science. 352, 1408-1412.
Gu, S., et al., 2018. N(6)-methyladenosine mediates the cellular proliferation and apoptosis
via microRNAs in arsenite-transformed cells. Toxicol Lett. 292, 1-11.
Guerrero-Bosagna, C., et al., 2013. Environmentally induced epigenetic transgenerational
inheritance of altered Sertoli cell transcriptome and epigenome: molecular etiology of
male infertility. PloS one. 8, e59922.
Hamra, G. B., et al., 2014. Outdoor particulate matter exposure and lung cancer: a systematic
review and meta-analysis. Environ Health Perspect. 122, 906-11.
He, L., et al., 2018. The dual role of N6-methyladenosine modification of RNAs is involved
in human cancers. J Cell Mol Med. 22, 4630-4639.
Hiroi, H., et al., 2004. Differences in serum bisphenol a concentrations in premenopausal
normal women and women with endometrial hyperplasia. Endocrine journal. 51, 595600.
IARC, 2004. Some drinking-water disinfectants and contaminants, including arsenic. IARC.
Jaffrey, S. R., Kharas, M. G., 2017. Emerging links between m 6 A and misregulated mRNA
methylation in cancer. Genome medicine. 9, 2.
Jiang, X., et al., 2013. Sodium arsenite and arsenic trioxide differently affect the oxidative
stress, genotoxicity and apoptosis in A549 cells: an implication for the paradoxical
mechanism. Environ Toxicol Pharmacol. 36, 891-902.
Kelly, F. J., Fussell, J. C., 2011. Air pollution and airway disease. Clinical & Experimental
Allergy. 41, 1059-1071.
Lang, I. A., et al., 2008. Association of urinary bisphenol A concentration with medical
disorders and laboratory abnormalities in adults. Jama. 300, 1303-1310.
Li, M., et al., 2018. Ythdf2-mediated m(6)A mRNA clearance modulates neural development
in mice. Genome Biol. 19, 69.
Li, X., et al., 2017. Epitranscriptome sequencing technologies: decoding RNA modifications.
Nature methods. 14, 23.
Little, N. A., et al., 2000. Identification of WTAP, a novel Wilms’ tumour 1-associating
protein. Human molecular genetics. 9, 2231-2239.
Liu, J., et al., 2018. m(6)A demethylase FTO facilitates tumor progression in lung squamous
cell carcinoma by regulating MZF1 expression. Biochem Biophys Res Commun. 502,
456-464.

21

ACCEPTED MANUSCRIPT

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

Liu, Q., et al., 2010. The NRF2-mediated oxidative stress response pathway is associated with
tumor cell resistance to arsenic trioxide across the NCI-60 panel. BMC medical
genomics. 3, 1-12.
Ljunggren, S. A., et al., 2016. Altered heart proteome in fructose-fed Fisher 344 rats exposed
to bisphenol A. Toxicology. 347, 6-16.
Mattingly, C. J., et al., 2009. Perturbation of defense pathways by low-dose arsenic exposure
in zebrafish embryos. Environmental health perspectives. 117, 981-987.
McGuinness, D. H., McGuinness, D., 2014. m6a RNA methylation: the implications for
health and disease. Journal of Cancer Science and Clinical Oncology. 1.
Meyer, K. D., et al., 2015. 5′ UTR m 6 A promotes cap-independent translation. Cell. 163,
999-1010.
Meyer, K. D., et al., 2012. Comprehensive analysis of mRNA methylation reveals enrichment
in 3′ UTRs and near stop codons. Cell. 149, 1635-1646.
Miao, M., et al., 2011. In utero exposure to bisphenol‐A and anogenital distance of male
offspring. Birth Defects Research Part A: Clinical and Molecular Teratology. 91, 867872.
Mitkus, R. J., et al., 2013. Comparative physicochemical and biological characterization of
NIST Interim Reference Material PM2.5 and SRM 1648 in human A549 and mouse
RAW264.7 cells. Toxicol In Vitro. 27, 2289-98.
Motorin, Y., Helm, M., 2010. tRNA stabilization by modified nucleotides. Biochemistry. 49,
4934-4944.
Netzer, N., et al., 2009. Innate immune and chemically triggered oxidative stress modifies
translational fidelity. Nature. 462, 522-526.
Nilsson, E., et al., 2018. Vinclozolin induced epigenetic transgenerational inheritance of
pathologies and sperm epimutation biomarkers for specific diseases. PLoS One. 13,
e0202662.
Nilsson, E., et al., 2012. Environmentally induced epigenetic transgenerational inheritance of
ovarian disease. PloS one. 7, e36129.
Niu, Y., et al., 2013. N 6-methyl-adenosine (m 6 A) in RNA: an old modification with a novel
epigenetic function. Genomics, proteomics & bioinformatics. 11, 8-17.
Perry, R. P., Kelley, D. E., 1974. Existence of methylated messenger RNA in mouse L cells.
Cell. 1, 37-42.
Ping, X.-L., et al., 2014. Mammalian WTAP is a regulatory subunit of the RNA N6methyladenosine methyltransferase. Cell research. 24, 177.
Rezg, R., et al., 2014. Bisphenol A and human chronic diseases: current evidences, possible
mechanisms, and future perspectives. Environment international. 64, 83-90.
Roignant, J.-Y., Soller, M., 2017. m6A in mRNA: an ancient mechanism for fine-tuning gene
expression. Trends in Genetics. 33, 380-390.
Rojas, D., et al., 2014. Prenatal arsenic exposure and the epigenome: identifying sites of 5methylcytosine alterations that predict functional changes in gene expression in
newborn cord blood and subsequent birth outcomes. Toxicological sciences. 143, 97106.

22

ACCEPTED MANUSCRIPT

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

Rossner, P., et al., 2015. Reduced gene expression levels after chronic exposure to high
concentrations of air pollutants. Mutation Research/Fundamental and Molecular
Mechanisms of Mutagenesis. 780, 60-70.
Sanderson, J. T., et al., 2002. Induction and inhibition of aromatase (CYP19) activity by
various classes of pesticides in H295R human adrenocortical carcinoma cells. Toxicol
Appl Pharmacol. 182, 44-54.
Scuteri, A., et al., 2007. Genome-wide association scan shows genetic variants in the FTO
gene are associated with obesity-related traits. PLoS genetics. 3, e115.
Shankar, A., Teppala, S., 2011. Relationship between urinary bisphenol A levels and diabetes
mellitus. The Journal of Clinical Endocrinology & Metabolism. 96, 3822-3826.
Shen, F., et al., 2015. Decreased N(6)-methyladenosine in peripheral blood RNA from
diabetic patients is associated with FTO expression rather than ALKBH5. J Clin
Endocrinol Metab. 100, E148-54.
Skinner, M. K., et al., 2008. Transgenerational epigenetic programming of the brain
transcriptome and anxiety behavior. PloS one. 3, e3745.
Song, H., et al., 2017. Bisphenol A induces COX-2 through the mitogen-activated protein
kinase pathway and is associated with levels of inflammation-related markers in
elderly populations. Environ Res. 158, 490-498.
Squires, J. E., et al., 2012. Widespread occurrence of 5-methylcytosine in human coding and
non-coding RNA. Nucleic acids research. 40, 5023-5033.
Stouder, C., Paoloni-Giacobino, A., 2010. Transgenerational effects of the endocrine disruptor
vinclozolin on the methylation pattern of imprinted genes in the mouse sperm.
Reproduction. 139, 373-379.
Tait, S., et al., 2015. Bisphenol A affects placental layers morphology and angiogenesis
during early pregnancy phase in mice. Journal of Applied Toxicology. 35, 1278-1291.
Tang, Z., et al., 2017. GEPIA: a web server for cancer and normal gene expression profiling
and interactive analyses. Nucleic acids research. 45, W98-W102.
Thompson, D. M., Parker, R., 2009. The RNase Rny1p cleaves tRNAs and promotes cell
death during oxidative stress in Saccharomyces cerevisiae. The Journal of cell biology.
185, 43-50.
Turner, M. C., et al., 2011. Long-term ambient fine particulate matter air pollution and lung
cancer in a large cohort of never-smokers. Am J Respir Crit Care Med. 184, 1374-81.
Udensi, U. K., et al., 2014. Proteomics-based identification of differentially abundant proteins
from human keratinocytes exposed to arsenic trioxide. Journal of proteomics &
bioinformatics. 7, 166-178.
Uzumcu, M., et al., 2004. Effect of the anti-androgenic endocrine disruptor vinclozolin on
embryonic testis cord formation and postnatal testis development and function.
Reproductive Toxicology. 18, 765-774.
Verbanck, M., et al., 2017. Low-dose exposure to bisphenols A, F and S of human primary
adipocyte impacts coding and non-coding RNA profiles. PloS one. 12, e0179583.
Villeneuve, D. L., et al., 2011. Ecotoxicogenomics to support ecological risk assessment: a
case study with bisphenol A in fish. Environmental science & technology. 46, 51-59.
Vineis, P., et al., 2006. Air pollution and risk of lung cancer in a prospective study in Europe.
International journal of cancer. 119, 169-174.

23

ACCEPTED MANUSCRIPT

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

Wang, H., et al., 2003. Gene expression profile changes in NB4 cells induced by realgar.
Chinese medical journal. 116, 1074-1077.
Wang, S., et al., 2017. Roles of RNA methylation by means of N6-methyladenosine (m6A) in
human cancers. Cancer letters. 408, 112-120.
Wang, X., et al., 2015. N 6-methyladenosine modulates messenger RNA translation
efficiency. Cell. 161, 1388-1399.
Wang, Y., et al., 2014. N6-methyladenosine modification destabilizes developmental
regulators in embryonic stem cells. Nat Cell Biol. 16, 191-8.
Watson, K. E., 2006. Air pollution and heart disease. Reviews in cardiovascular medicine. 7,
44.
Widagdo, J., et al., 2016. Experience-Dependent Accumulation of N6-Methyladenosine in the
Prefrontal Cortex Is Associated with Memory Processes in Mice. J Neurosci. 36,
6771-7.
Yoon, K. J., et al., 2017. Temporal Control of Mammalian Cortical Neurogenesis by m(6)A
Methylation. Cell. 171, 877-889 e17.
Zheng, G., et al., 2013. ALKBH5 is a mammalian RNA demethylase that impacts RNA
metabolism and mouse fertility. Molecular cell. 49, 18-29.
Zheng, P.-Z., et al., 2005. Systems analysis of transcriptome and proteome in retinoic
acid/arsenic trioxide-induced cell differentiation/apoptosis of promyelocytic leukemia.
Proceedings of the National Academy of Sciences of the United States of America.
102, 7653-7658.

24

ACCEPTED MANUSCRIPT
Highlights

RI
PT
SC
M
AN
U
TE
D
EP

•

Alterations in m6A RNA methylation in A549 cells with environmental exposures.
Global m6Adecreasedwithparticulate matter, arsenite, BPA & vinclozolin exposure.
Expression of METTL3, WTAP, FTO, ALKBH5, and HNRPC increased with
particulate matter exposure.
Expression of the m6A writerMETTL3 is lower in lung tumours than normal tissue.
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