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ABSTRACT

Cigarette smoke (CS) exposure has been shown to correlate with changes in DNA methylation levels, however,
the impact of CS on DNA methylation at genome-wide scale is missing. Here, we used whole-genome bisulfite
sequencing to assess the effects of CS extract and aerosol from the Tobacco Heating System (THS) 2.2, a can-
didate modified risk tobacco product, on DNA methylation in lung and liver tissues from apolipoprotein E-
deficient mice during an eight-month period of exposure. We found that in lung tissue, CS mainly induced
hypermethylation of candidate enhancers at late time points, while promoters were less affected. This effect was
strongly reduced upon cessation or switching to THS 2.2. By contrast, chronic exposure to THS 2.2 had a limited
effect on DNA methylation at both promoters and enhancers. We also identified members of the Ets and Fox
families of transcription factors as potential players in the epigenetic response to CS exposure in lung tissue. In

contrast to the lung, DNA methylation in the liver was largely insensitive to all investigated exposures.
In summary, our investigations indicate that CS-related DNA methylation alterations are tissue-specific, occur
mainly at enhancers and are strongly reduced upon smoking cessation or switching to THS2.2.

1. Introduction

Cigarette smoke (CS) is a major long-term risk factor for various
human disorders, including disorders of the respiratory (Doll and Hill,
1950) and cardiovascular (Roth, 1954) systems (Chu et al., 2013). The
effects of CS are thought to be partly mediated by genetic and epige-
netic changes (Zhang et al., 2016; Rogers et al., 2017). DNA methyla-
tion, 5-methylcytosine (5mC), is the most studied epigenetic me-
chanism in relation to CS exposure. 5mC occurs almost exclusively in
the context of CpG dinucleotides and is considered as a repressive
mechanism incompatible with active transcription. 5 mC is catalyzed by
three DNA methyltransferases: DNMT1, DNMT3a, and DNMT3b
(Bestor, 2000). DNMTT1 is a maintenance enzyme that ensures the in-
heritance of 5mC patterns during DNA replication, while DNMT3a and
DNMT3Db are de novo DNA methyltransferases. Cytosine methylation is
dynamic and reversible: 5mC can be converted to 5-hydro-
xymethylcytosine during oxidative reaction catalyzed by ten-eleven
translocation (Tet) enzymes (He et al., 2011).

Previous studies have reported that CS induced modest changes of
DNA methylation mainly in blood cells (Shenker et al., 2013; Joubert
et al., 2012; Breitling et al., 2011; Joehanes et al., 2016). However, the
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majority of these studies assessed DNA methylation using array-based
technologies that are limited mainly to annotated loci and poorly cover the
complex network of distal regulatory elements, such as enhancers, which
can be located hundreds of kilobases (kb) away from their target genes.
DNA methylation alteration is often reported at the single CpG level
without considering the genomic context. This approach may lead to a
misinterpretation of DNA methylation readout. Although DNA methy-
lation was historically associated with gene silencing, recent genome-
scale investigations demonstrated clearly that DNA methylation
readout varies depending on the genomic context. High levels of DNA
methylation at promoters and enhancers are associated with tran-
scriptional silencing, while within the gene body, it correlates positively
with transcriptional activity (Lister et al., 2009; Laurent et al., 2010).
Importantly, advanced quantitative analysis of whole-genome bisulfite
sequencing (WGBS) has shown that the methylome can be segmented
into three distinct classes: fully methylated regions (FMR), un-
methylated regions (UMR) and low-methylated regions (LMR). FMRs
represent 90% of the genome, and UMRs correspond to the majority of
CpG islands and active promoters, while LMRs exhibit enhancer fea-
tures, such as specific histone marks and binding of transcription factors
(TFs) (Stadler et al., 2011a). Furthermore, the WGBS signal itself has
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Abbreviations

5mC 5-methylcytosine

ApoE Apolipoprotein E

bp Base pair

ChIP-Seq Chromatin immunoprecipitation sequencing
CRE Cis-regulatory element

CS Cigarette smoke

dsDNA  DNMT DNA Methyltransferase

dsDNA  Double-strand DNA

ETS E26 transformation-specific family of transcription factors
FDR False discovery rate

FMR Fully methylated regions

FOX Forkhead box family of transcription factors
H3K27ac Acetylated lysine 27 on histone H3
H3K4mel Monomethylated lysine 4 on histone H3
H3K4me3 Trimethylated lysine 4 on histone H3

kb Kilobase

LMR Low methylated region

MRTP  Modified Risk Tobacco Product
Tet Ten-eleven translocation

TF Transcription factor

THS 2.2 Tobacco Heating System 2.2

UMR Unmethylated region

WGBS  Whole genome bisulfite sequencing

been used to identify candidate regulatory elements by detecting LMRs
and UMRs (Burger et al., 2013).

Gene expression patterns are controlled directly by DNA cis-reg-
ulatory elements (CRE). Promoters and enhancers are the two major
types of CREs in eukaryotes. While promoter features are well char-
acterized, distal regulatory elements, such as enhancers, are cell type-
specific, and their activity states are highly dynamic and depend
strongly on the physiological conditions (Heintzman et al., 2007, 2009;
Creyghton et al., 2010; Bulger and Groudine, 2011; Shen et al., 2012).
Therefore, building a universal set of enhancers for all cell types and
environments remains challenging. It is also known that enhancers are
much more dynamic than promoters and may reflect genomic changes
that are not observed in annotated loci or at the level of gene expression
(Choukrallah et al., 2015).

We have previously shown that in the apolipoprotein E-deficient
(ApoE’/ ) mouse model cessation or switching to the aerosol from a
modified risk tobacco product (MRTP), the Tobacco Heating System
(THS) 2.2, retarded the progression of atherosclerotic and emphyse-
matous changes associated with CS exposure and that exposure to THS
2.2 aerosol alone had no obvious adverse effects (Phillips et al., 2016).
Furthermore, in contrast to CS, THS 2.2 had no significant effect on
gene expression profiles in the lung (Phillips et al., 2016). In contrast to
lung tissue, both CS and THS 2.2 aerosols had a weak effect on gene
expression in liver tissue (Lo Sasso et al., 2016). Although these in-
vestigations provided important insights about CS effects on various
biological processes, the impact of CS and THS 2.2 on the epigenome
remained to be elucidated.

Here, we assessed the effect of the conventional CS (from a 3R4F
reference cigarette) and the aerosol from THS 2.2 on DNA methylation
in the lung and liver using WGBS. The samples used in the current re-
port are from the same ApoE /" mice that were used in our previous
reports (Phillips et al., 2016; Lo Sasso et al., 2016) to investigate other
biological endpoints.

DNA methylation was quantified at different genomic targets, in-
cluding annotated promoters, gene bodies, and candidate enhancers
identified as LMRs. Our results show that CS induced mainly hy-
permethylation at hundreds of candidate lung enhancers. The number
of affected loci increased with prolonged exposure times, while hy-
permethylation was reduced by cessation or switching to THS 2.2. In
contrast to CS, chronic exposure to THS 2.2 altered DNA methylation at
very few loci. Surprisingly, we found that both CS and THS 2.2 exposure
had a limited effect on promoter methylation. In contrast to lung tissue,
the effect of CS and the aerosol from THS 2.2 affected the methylation
of a limited number of enhancers and promoters in the liver.

2. Material and methods
2.1. Study design and mice experimental conditions

The study design and experimental conditions were identical to
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those in our previously published study that reported on other biolo-
gical endpoints for the same exposures and from the same animals
(Phillips et al., 2016). Female ApoE /" mice were randomized into five
groups (Fig. 1A): (1) Sham (exposed to air), (2) 3R4F (exposed to CS
from the 3R4F reference cigarette), (3) THS 2.2 (exposed to mainstream
aerosol from THS 2.2 at nicotine levels matched to those of 3R4F CS),
(4) smoking cessation, and (5) switching to THS 2.2 aerosol. To model
the effects of smoking cessation and switching to THS 2.2 aerosol, mice
from the cessation and switch groups were first exposed to 3R4F for two
months and then switched to air or THS 2.2 aerosol, respectively, for up
to six additional months (Fig. 1A).

The mice were whole body-exposed to diluted mainstream smoke
from 3R4F cigarettes (600 mg TPM/m?>, equivalent to 29.9 mg nicotine/
m?>), THS 2.2 aerosol (nicotine-matched to 3R4F, 29.9 mg/m3), or fil-
tered air for 3h per day, five days per week, for up to eight months.
Intermittent daily exposure to fresh filtered air for 30 min after the first
hour of smoke exposure and for 60 min after the second hour of ex-
posure (Fig. 1B) was provided to avoid a buildup of excessive carbox-
yhemoglobin concentrations in the 3R4F group. For the Sham group,
mice were exposed to air.

3RA4F reference cigarettes were purchased from the University of
Kentucky (http://www.ca.uky.edu/refcig). The candidate MRTP, THS
2.2, heats a specially designed tobacco product with an electronically
controlled heating blade that does not exceed the maximum operating

Month 1 2 3 6 8
Sham —E E E
SRAF S —
THS2.2 o ——

Switch _
(to THS2.2) P E ;
B th  05h 1h  05h  1h

3R4F or THS2.2 (29.9mg/m? nicotine)
Il Fresh air

Fig. 1. Study design.

A. Experimental groups and time points are indicated. Mice were exposed to CS
(3R4F), aerosols from THS 2.2 (THS 2.2), or fresh air (Sham = control).
Cessation or switching to THS 2.2 were also assessed. B. Daily exposure sche-
dule.
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temperature of 350 °C.

2.2. DNA extraction, bisulfite conversion, and sequencing

Genomic DNA was extracted manually from lung and liver slices
without grinding using a QiaAMP tissue mini kit (QIAGEN, Hilden,
Germany) and resuspended in 50 pl buffer. The concentration of the
extracted DNA was checked using a Qubit (Thermo Fisher Scientific,
Ecublens, Switzerland). After isolation, 100 ng of genomic DNA and
0.5ng of unmethylated lambda DNA (Promega, Madison, USA) were
resuspended in 52.5 pl TE buffer. The DNA was sheared using a Covaris
E220 sonicator (Covaris Inc., Brighton, UK) to obtain double-strand
DNA (dsDNA) fragments of about 200 base pairs (bp). After ligation of
indexed sequencing adapters from the Ovation Ultralow Methyl-Seq
Library System (NuGEN Technologies, Inc., San Carlos, CA, USA), bi-
sulfite conversion of the dsDNA was carried out using the EpiTect
Bisulfite Kit (QIAGEN). The converted dsDNA was recovered using the
MinElute PCR purification Kit (QIAGEN), amplified by PCR, and
cleaned on Agencourt RNAClean XP beads (Beckman Coulter, Nyon,
Switzerland). The concentrations and sizes of the sequencing libraries
were verified on a Bioanalyzer (Agilent, Santa Clara, CA, USA).
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Normalized libraries were pooled together in multiplexes of six to 14
libraries and clustered on Illumina PE high-output flow cell v3 using an
[lumina cBot (Illumina Inc., San Diego, California, USA) and Illumina
TruSeq PE Cluster Kit v3 — cBot — HS kits. Sequencing of the flow cells
was performed on an Illumina HiSeq 2500 (Illumina Inc.) using
Ilumina TruSeq SBS v3 — HS kits 200 cycles and Illumina TruSeq PE
Cluster Kit v3 — cBot — HS in a 2 x 101 paired-end mode.

2.3. Data processing

Sequencing reads were aligned to the mouse genome (version
mm10) using the qAlign function in the QuasR package (v 1.10.0)
(Gaidatzis et al., 2015), which internally uses bowtie (v 1.10.0) with
alignment parameters fitting directional bisulfite-converted libraries.
Methylation was quantified using the qMeth function from the QuasR
package. Only cytosines in a CpG context were considered, and the
counts were strand-combined. Counts were summed per region, and
methylation levels corresponding to the ratio between methylated and
total events were presented as a 0 to 1 range, with 0 being a fully un-
methylated state (methylated counts = 0) and 1 being a fully methy-
lated state (methylated counts = total counts). The significance of
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Fig. 2. Assessment of DNA methylation at promoters and comparison with gene expression profiles in the lung.

A. Barplot representing the number of differentially expressed genes based on the FDR cut-off (0.05) between the indicated treatments (x-axis) and the corresponding
Sham samples from the respective time points (data from (Phillips et al., 2016)). B. Barplot representing the number of differentially methylated promoters
(transcription start site [TSS] —/+ 500 bp) based on the FDR cut-off (0.05). Sham samples were used as controls.
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differential methylation between the treatment groups and the re-
spective Sham samples was assessed using the false discovery rate
(FDR)-adjusted p-value from the betabinomial model implemented in
the betabin function from the aod package (https://cran.r-project.org/
web/packages/aod/index.html). The coupled values (number of me-
thylated reads and number of total reads) per replicate were used as
input as follows: betabin(formula cbind(y, n - y) ~ 1 + group,

A C
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random = ~1, data = data.frame (y, n, group), link = “logit”). The
variables y and n respectively indicate the number of methylated reads
and the total number of reads and the variable “group” indicates the
experimental group. For every contrast (treatment versus control), only
loci covered by at least 15 reads in all of the computed samples were
considered. Promoters were defined as non-overlapping —500-bp to

+500-bp intervals around transcription start sites from refseq data base
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Fig. 3. Workflow for identification of LMRs and assessment of differential DNA methylation at these elements.
A. Workflow to detect differentially methylated LMRs between the treatments and the corresponding Sham samples. B. Smooth scatterplots representing the number

of CpGs

(logs) per region and the methylation median. Two populations of loci can be distinguished: unmethylated CpG-rich loci (mainly CpG islands) and low methylated
CpG-poor loci (candidate enhancers). C. Chromatin profiles (GEO: GSE29184, lung samples from eight-week-old mice) at LMRs and UMRs detected in Sham samples
at the one-month time point, which corresponds to 12- to 14-week-old mice. Enhancer marks are enriched at LMRs, and promoter marks are enriched at UMRs. D.

Genome browser snapshot illustrating UMR and LMR profiles.
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(https://www.ncbi.nlm.nih.gov/refseq/). Gene bodies were defined as
transcripts with unique start and end coordinates from the same data-
base.

2.3.1. LMR and UMR identification

LMRs and UMRs were identified using methylSeekR package with
default parameters and without partially methylated domain filtering.
LMRs were detected for every experimental group by merging the
counts for the respective replicates. Then, the LMRs from all of the
experimental groups were combined in one unified catalog for each
tissue, whereby elements with more than 60% overlap were merged to
reduce the redundancy. Methylation levels for all of the elements in the
unified sets of LMRs were quantified separately for every replicate and
used to compute differential methylation between the treatment sam-
ples and the respective Sham samples.

2.3.2. TF motif analysis

TF motif discovery was performed using the HOMER software
(Version 4.8.3) (Heinz et al., 2010) with the following command:
findMotifsGenome.pl input mm10 output_directory -nomotif, with the
input being the different sets of LMRs.

2.3.3. ChlIP-seq data analysis

Sra files were downloaded from the GEO DataSets website (https://
www.ncbi.nlm.nih.gov/gds) and converted to fastq format using the fastq-
dump function from the SRA-tools kit (https://www.ncbi.nlm.nih.gov/
books/NBK158900/). Sequencing reads were mapped to the mouse
genome (mm10) using the gAlign function in the QuasR package with
default settings. Quantification of chromatin immunoprecipitation se-
quencing (ChIP-seq) signals at LMRs and UMRs was performed using
QuasR qCount function. The following ChIP-Seq samples were used: Lung
H3K4mel (GSM722860), Lung H3K27ac(GSM851276), Lung H3K4me3
(GSM722861), Lung Input(GSM722864), Liver H3K4mel(GSM722760),
Liver H3K27ac(GSM851275), Liver H3K4me3(GSM722761) and Liver
Input(GSM722764).

3. Results
3.1. Generation of high-resolution methylomes

ApoE ™/~ transgenic mice were exposed to CS or the aerosol from
THS 2.2 (nicotine concentration matched to CS: 29.9 ug/L) over an
eight-month period. DNA methylation was assessed after one, two,
three, six, and eight months of exposure to CS or aerosol from THS 2.2.
Cessation or switching from CS to THS 2.2 were also assessed: after two
months of CS exposure, one group of animals was switched to THS 2.2,
and a second group underwent cessation (Fig. 1). Fresh air (Sham) was
used as control. Every experimental group contained eight biological
replicates corresponding to eight different animals, leading to a total of
168 methylomes for each tissue.

3.2. CS-dependent transcriptomic alteration in the lung is largely unrelated
to DNA methylation at promoters and gene bodies

We have shown previously that CS alters the expression of thou-
sands of genes in murine lung tissue (Fig. 2A) (Phillips et al., 2016). To
evaluate the effect of the different treatments on DNA methylation and
a possible link to the previously observed changes in gene expression,
we first quantified DNA methylation at promoter regions, defined as
1 kb window flanking transcription start sites. DNA methylation levels
correspond to the ratio between the number of reads overlapping with
methylated events and the total number of reads. This ratio ranges from
0 to 1, where 0 indicates an unmethylated state, and 1 indicates a fully
methylated state.

Regardless of the experimental groups, DNA methylation levels at
promoter regions showed a bimodal distribution where highly
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methylated promoters were either not expressed or weakly expressed
(Fig. S1A). Methylation levels at promoters in samples belonging to the
3RA4F, THS 2.2, cessation, and switching groups were compared to those
of the Sham group from the respective time points. Differentially me-
thylated promoters were identified based on FDR-adjusted p-values
derived from the betabinomial model and using a cut-off of 0.05 (see
Section 2). With these criteria, we found that all of the treatments had a
minor effect on DNA methylation at promoters in both lung (Fig. 2B)
and liver (Fig. S2B) tissues. Only a few promoters underwent significant
changes in methylation upon treatment, with the maximum number of
50 differentially methylated promoters observed for the 3R4F-treated
group at six months in the lung (Fig. 2B). This observation is in striking
contrast to the changes observed in gene expression in the lung, where
more than 3000 genes were found to be differentially expressed in the
3R4F-treated samples.

DNA methylation within the gene body positively correlates with
expression level in some cell types and is unrelated to expression status
in others (Lister et al., 2009). Gene bodies are often found to be highly
methylated, except at intragenic enhancer elements. In both lung and
liver samples, we found that the majority of gene bodies were highly
methylated regardless of gene expression level (Fig. S1B).

Taken together, our analysis indicated that the changes observed in
gene expression in the lung due to CS exposure were largely unrelated
to DNA methylation changes at annotated promoters and gene bodies.

3.3. CS, but not THS 2.2, alters DNA methylation at enhancer elements in
the lung but not in the liver

Enhancers are distal regulatory elements that control gene expres-
sion in a temporal and cell type-specific manner. They are characterized
by specific histone marks, such as monomethylated lysine 4 (H3K4me1)
and acetylated lysine 27 (H3K27ac) on histone 3 (Heintzman et al.,
2007; Creyghton et al., 2010). Enhancers are also characterized by re-
duced local methylation (Stadler et al., 2011a). Therefore, identifying
LMRs in high-resolution methylomes directly predicts TF binding sites
and enhancer activity (Burger et al., 2013; Boller et al., 2016; Xu et al.,
2016).

To assess DNA methylation at enhancers, we first identified LMRs in
every experimental condition and tissue (Fig. 3) using MethylSeekR
algorithm (Burger et al., 2013). LMRs from all of the experimental
conditions were combined into one unified set for each tissue. To re-
duce loci redundancy, LMRs with more than 60% overlap were merged.
These unified sets were used in all subsequent analyses.

To ensure the accuracy of LMR detection and the role of these re-
gions as potential enhancers, we took advantage of the public ChIP-Seq
data performed from lung and liver chromatin of eight-week-old mice
(GEO: GSE29184) (Shen et al., 2012). We quantified H3K4mel, tri-
methylated lysine 4 on histone 3 (H3K4me3), and H3K27ac histone
marks and the input control (DNA extracted from the chromatin prior to
the immunoprecipitation) at LMRs and UMRs detected in Sham-ex-
posed mice at the one-month time point, corresponding to 12- to 14-
week-old mice. As expected, LMRs harbored an enhancer signature that
consists of high H3K4mel and H3K27ac and low H3K4me3 signals
(Figure 3C, S2A). By contrast, UMRs were enriched in H3K4me3 and
H3K27ac signals, which are hallmarks of active promoters, and showed
a low level of H3K4mel signal (Fig. 3C, Fig. S2A). Therefore, this
comparison of our data with public data from independent samples and
with distinct methods consolidated the approach used in our study to
identify regulatory elements.

Similarly to promoters, DNA methylation levels at LMRs from the
different samples were compared to those in Sham samples from the
respective time points. We found that CS induced a change in DNA
methylation level at hundreds of LMRs in the lung when compared with
Sham control. At the early time points (one, two, and three months), CS
altered the DNA methylation levels of approximately 200 LMRs, and
this number increased over time, reaching a maximum of
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approximately 1000 LMRs at eight months. The majority of affected
LMRs underwent hypermethylation, while only a small number were
hypomethylated (Fig. 4). In contrast to CS, THS 2.2 altered DNA me-
thylation of a small set of LMRs, with the maximum number observed at
one month (75 hypermethylated and 74 hypomethylated LMRs) and
deceasing over time. At eight months, only 53 LMRs were hy-
permethylated and 37 hypomethylated in the THS 2.2-treated samples
(Figs. 4 and 5). Interestingly, at the later time points (six and eight
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months) the number of affected LMRs in the cessation and switching
samples was higher than in the samples from the continuous exposure
to THS 2.2 group. Surprisingly, we observed a limited overlap between
differentially methylated LMRs at different time points from the same
exposure group, suggesting heterogeneous and stochastic events. In
contrast to the lung, DNA methylation levels at LMRs in liver methy-
lomes were largely unchanged in all experimental conditions (Fig. S2C).
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Fig. 4. Assessment of DNA methylation changes at LMRs in the lung.

A. Barplot representing the number of differentially methylated LMRs based on the FDR cut-off (0.05). The respective Sham samples were used as controls. B. Volcano
plots representing the amplitude and significance of methylation changes between the indicated treatment and the respective Sham samples. Methylation difference
(treatment vs. Sham) is plotted on the x-axis, and the statistical significance, calculated as -log;, (FDR-adjusted p-value) is plotted on the y-axis. Yellow and blue dots
indicate hypermethylated and hypomethylated LMRs, respectively, relative to the Sham samples.
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3.4. Ets and Fox TF motifs are enriched in lung enhancers and member of
these families are downregulated in CS-treated samples

TF motif analysis of the unified catalogue of LMRs from lung me-
thylomes showed that these loci were enriched mainly for motifs cor-
responding to the E-twenty-six (Ets) and forkhead (Fox) families of TFs
and the insulator factor CTCF, with the ERG, ETV2, ETS1, and FLI1
motifs having the lowest p-values (Supplementary Table 1). By contrast,
LMRs detected from liver methylomes were enriched in motifs corre-
sponding to TFs known to be involved in liver function, including Foxal
(Moya et al., 2012), Foxa2 (Wolfrum et al., 2004), and HNF4a as well as
CTCF (Costa et al., 1989; Drewes et al., 1996) (Supplementary Table 2).

It has been shown that TF binding shapes DNA methylation profiles
by creating LMRs (Stadler et al., 2011b). We hypothesized that the
3R4F-induced hypermethylation of lung LMRs may be due to the
downregulation of some of the TFs that bind to these elements. In line
with this hypothesis, we found that Erg Etsl, and Flil genes were
downregulated in 3R4F-treated groups, mainly at the eight-month time
point, but not in the other experimental groups (Fig. 6A). Similarly,
many genes coding for FOX TFs were downregulated in 3R4F-treated
samples (Fig. 6B). Interestingly, the CTCF motif, which is highly en-
riched in the common LMR catalogue (p-value < le—50) is not en-
riched in the 3R4F hypermethylated LMRs in the lung ((Supplementary
Tables 1 and 3). This suggests that CS may specifically target members
of the Ets and Fox families of TFs, leading to reduced binding to their
target loci and therefore to reduced protection from the DNA methy-
lation machinery that ultimately causes the observed hypermethylation
of these loci.

4. Discussion

Previous studies reported that CS can alter DNA methylation in
various human tissues. However, the majority of these studies inter-
rogated DNA methylation at genomic loci covered by methylation ar-
rays, which consist mainly of annotated regulatory elements, such as
promoters and a small subset of enhancers. This strategy is convenient
for large-scale clinical studies but has major limitations given the
complexity of mammalian genomes and the central role of distal reg-
ulatory elements (enhancers), which are tissue- and cell type-specific
and therefore conceptually impossible to capture with arrays. Genome-
wide investigations of genomic and epigenetic alterations related to CS
are crucial to better understand the subsequent phenotypes linked to
this exposure and to develop candidate genomic biomarkers to assess

507

the harm of cigarettes or alternative tobacco products.

Here we investigated DNA methylation alterations related to CS or
aerosol from THS 2.2 exposure in the ApoE™/~ mouse model in lung
and liver tissues. Considering the genomic context readout of CpG
methylation, we first investigated DNA methylation at promoters and
gene bodies. While DNA methylation at promoters showed a clear bi-
modal distribution and anticorrelated with gene expression levels, DNA
methylation inside gene bodies was equally high, with no correlation
with gene expression, which is similar to what has been observed in
human embryonic stem cells (Lister et al., 2009). DNA methylation
levels at promoters were largely unchanged in all experimental condi-
tions in both lung and liver tissues. These results strongly suggest that
the massive changes observed in gene expression levels for 3R4F-ex-
posed samples in the lung (Phillips et al., 2016) were not related to DNA
methylation at promoters or at gene bodies. The observed transcrip-
tional changes may be a result of other epigenetic mechanisms or the
activity of TFs. Theoretically, almost every promoter in mammalian
genomes is regulated by at least one enhancer, and the transcriptomic
dynamics are often associated with changes in enhancer activity. To
investigate the effect of CS and THS 2.2 aerosol exposure on enhancer
activity, we used methylome data to identify candidate enhancers as
regions with low methylation levels in every experimental group. We
found that CS altered DNA methylation at almost 1000 candidate lung
enhancers. This effect was largely reduced in THS 2.2 aerosol-exposed
lung samples and in the cessation and switching groups. Interestingly,
CS exposure had a limited effect on DNA methylation in liver tissue at
both enhancers and promoters, arguing for a tissue-specific impact of
CS on the epigenome.

Importantly, we observed that the amplitudes of DNA methylation
changes observed in lung samples upon CS exposure were modest
(median = 15%) and did not increase with exposure time. Rather, we
observed an increase in the number of affected loci; those loci were
different between time points, suggesting highly dynamic and poten-
tially stochastic epigenetic events induced by CS exposure.

CS-induced DNA methylation changes observed in the lung were
largely oriented toward hypermethylation. To determine whether this
directional change is linked to dysregulation of DNA methylation-as-
sociated enzymes, we verified the expression levels of genes coding for
DNMTs and Tet proteins and found that none of these genes were de-
regulated by all of the exposures tested. This strongly suggests that the
observed alterations in DNA methylation are not linked to a general
perturbation of DNA methylation machinery but rather result from
locus-specific events, probably involving sequence-specific DNA
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binding proteins, such as TFs.

TF motif analysis of lung data suggests that members of the Ets and
Fox families may play roles in the epigenetic and transcriptional re-
sponse to CS exposure. The Ets family of TFs are important regulators of
a variety of genes that control endothelial homeostasis (Oh et al., 2015;
Yuan et al., 2009). For example, ERG and FLI1 play important roles in
lung homeostasis by controlling the expression of many inflammatory
genes (Grzegorzewska et al., 2017). Members of the Fox family have
also been reported to be involved in lung development (Mahlapuu
et al., 2001; Yang et al., 2010), function (Clevidence et al., 1994), and
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related diseases (Kim et al., 2006). Many genes coding for Ets and Fox
TFs were found to be downregulated in CS-exposed samples, in agree-
ment with the enrichment of their respective motifs in hypermethylated
LMRs. This observation suggests that CS-related hypermethylation of
regulatory elements may occur through the perturbation of TF binding
profiles. It is known that TF binding protects DNA from methylation
(Stadler et al., 2011a; Boller et al., 2016). Downregulation of some TFs
may lead to aberrant hypermethylation of their genomic targets. Fur-
ther investigations of the binding profiles of these TFs using ChIP-Seq
approach are necessary to better understand the relationship between
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CS exposure and TF activity. It is also important to mention that cell
type heterogeneity in lung tissue may dilute cell type-specific altera-
tions. Investigating homogenous cell populations may lead to the
identification of more obvious differences in the activity of these TFs
and their target loci.

Linking changes in enhancer activity to the expression of target
promoters is a challenging task without information about the physical
interaction between enhancers and promoters. This type of information
can be achieved by chromosome capture strategies (Lieberman-Aiden
et al., 2009; van Berkum et al., 2010), but to date, the implementation
of such an approach in a large-scale systems toxicology study is chal-
lenging because of the high sequencing depth that is required to gen-
erate high-resolution maps. Future improvements of sequencing stra-
tegies may allow to circumvent these limitations.

5. Conclusions

This study reveals that the effect of CS exposure on DNA methyla-
tion mainly occurs at distal regulatory elements. This effect is tissue-
specific, as it is observed in the lung but not in the liver. The majority of
affected loci underwent hypermethylation at the late time points, after
six months of exposure. The observed DNA methylation alterations are
strongly reduced after the cessation of CS exposure or after switching to
THS 2.2. The affected loci were enriched for motifs corresponding to
the ETS and FOX families of TFs, suggesting a potential role of these
proteins in the epigenetic response to CS exposure.
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