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Abstract: Epigenomic-wide DNA methylation profiling holds the potential to reflect both electronic cigarette exposure-
associated risks and individual poor health outcomes. However, a systemic study in animals or humans is still lack-
ing. Using the Infinium Mouse Methylation BeadChip, we examined the DNA methylation status of white blood cells
in male ApoE-/- mice after 14 weeks of electronic cigarette exposure with the InExpose system (2 hr/day, 5 days/
week, 50% PG and 50% VG) with low (6 mg/ml) and high (36 mg/ml) nicotine concentrations. Our results indicate
that electronic cigarette aerosol inhalation induces significant alteration of 8,985 CpGs in a dose-dependent man-
ner (FDR<0.05); 7,389 (82.2%) of the CpG sites are annotated with known genes. Among the top 6 significant CpG
sites (P-value<1e-8), 4 CpG sites are located in the known genes, and most (3/5) of these genes have been related
to cigarette smoking. The other two CpGs are close to/associated with the Phc2 gene that was recently linked to
smoking in a transcriptome-wide associations study. Furthermore, the gene set enrichment analysis highlights the
activation of MAPK and 4 cardiomyocyte/cardiomyopathy-related signaling pathways (including adrenergic signaling
in cardiomyocytes and arrhythmogenic right ventricular cardiomyopathy) following repeated electronic cigarette use.
The MAPK pathway activation correlates well with our finding of increased cytokine mRNA expression after elec-
tronic cigarette exposure in the same batch of mice. Interestingly, two pathways related to mitochondrial activities,
namely mitochondrial gene expression and mitochondrial translation, are also activated after electronic cigarette
exposure. Elucidating the relationship between these pathways and the increased circulating mitochondrial DNA ob-
served here will provide further insight into the cell-damaging effects of prolonged inhalation of e-cigarette aerosols.
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Introduction

Introduced into the USA market in 2007 [1] as
a healthy alternative to conventional cigarettes,
e-cigarettes have experienced widespread ac-
ceptance among smokers, non-smokers, and
especially the youth ever since [2]. The long-
term health effects of e-cigarettes in humans
are far from clear, and the causal inference
study of e-cigarette user-health outcomes is
time-consuming and costly. As an intermediate
surrogate marker, DNA methylation does not
change nucleotide sequences but partially de-

termines chromatin structure and patterns of
gene expression [3]. Results from traditional
smoking and pilot studies of e-cigarette vaping
suggest that the alteration of DNA methylation
has the potential to reflect smoking/vaporing
exposure and predict health effects, making it
an ideal health biomarker of vaporing [4, 5].

It has been well established that traditional
cigarette smoking modulates DNA methylation
in many CpG sites in an exposure concentra-
tion- and timing-dependent manner, suggesting
that DNA methylation is induced not only by the
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exposure itself but also by the chemical con-
centration within the products [6-9]. The Epi-
genetic Smoking status Estimator, EpiSmokEr,
is recently developed as a smoking status pre-
diction tool by analyzing the DNA methylation
pattern of peripheral blood cells with a machine
learning algorithm (multinomial LASSO regres-
sion) [10]. In contrast to the extensive literature
on cigarette-induced DNA methylation altera-
tion, the study on e-cigarette-induced altera-
tion of DNA methylation is in its early stage
[11]. Using DNA from bronchial brushing sam-
ples of 32 subjects, Song et al. identified 451
differentially methylated CpGs at a false dis-
covery rate (FDR) g<0.1; but in 97% of the
CpGs methylation levels, e-cigarette users are
between smokers and never-smokers [12].
Using leukocyte genomic DNA from 45 sub-
jects, Caliri et al. showed that e-cigarette users
and cigarette smokers have significant loss of
methylation in LINE1 retroelements compared
to controls [4]. These pilot studies clearly sug-
gest that e-cigarette alters DNA methylation
status; however, the small sample size and the
limited number of DNA sequences analyzed
make their results less conclusive or inclusive.

Extensive investigations in the last decade
have suggested that DNA methylation signa-
ture is one of the determinant factors for hu-
man health, as methylation pattern partially
shapes gene expression and sets up pheno-
types, including potential initiation/progression
of diseases and all-cause mortality [5]. In
several common disorders, DNA methylation
appears to explain a more significant portion of
the measurable variance in complex traits than
genetics [13, 14]. In a study using 13 clinical
traits in adipose tissue, methylation of the fatty
acid synthase locus alone could account for
16% of BMI variation [15]. For comparison, 97
genetic variants identified in a large genome-
wide association study explain merely 2.7% of
the BMI variance [16]. Given the established
critical role of genome-wide DNA methylation
signature as a biomarker of cigarette smoking-
induced health effects and exposure status
predicator, we propose that genome-wide DNA
methylation will also serve as a potential bio-
marker for e-cigarette vaping-induced system-
atic health effects and exposure status.

In the current study, ApoE-/- mice were divided
into 3 groups based on different concentra-
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tions of nicotine in e-cigarettes (0, 6 mg/ml,
and 36 mg/ml) and exposed for 14 weeks.
Methylation of DNA from circulating white blood
cells was profiled with Infinium Mouse Methy-
lation BeadChip Kit, interrogated over 285,000
methylated CpGs in the promoters, gene bod-
ies, and enhancer regions for genome-wide
methylation at single-nucleotide resolution. Our
results indicate e-cigarette induces extensive,
dose-related alteration in the methylation pat-
tern of DNA.

Material and methods
Animal use

5-week-old ApoE-/- mice were purchased from
Jackson Laboratories (Bar Harbor, ME). All pro-
cedures were carried out following a protocol
approved by Yale University Institutional Animal
Care& Use Committee (IACUC).

E-cigarette exposure

In a series of experiments, mice were exposed
to E-Cig vapor using the InExpose system spe-
cifically customized by Scientific Respiratory
Equipment Inc. (Canada) for 2 hours/day, 5
days/week, for 14 weeks. The E-Cig formula (6
mg/ml or 36 mg/ml nicotine dissolved in 50%
PG and 50% VG) and exposure setting were
optimized according to the American E-Cig
Liquid Manufacturing Standard and American
Vaping Standard. Sixteen mice per group were
subjected to whole-body exposure, while the
control mice were exposed to HEPA filtered
room air. At the experimental endpoint (12
hours after the last exposure), all mice were
euthanized with CO,, followed by cervical dislo-
cation. 500 pl of whole blood from each mouse
was collected from vena cava, mixed with 50 pl
of 1 unit/pl Heparin (H3393, Sigma), and sub-
jected to flow cytometry for white blood cell
sorting and to DNA extraction for epigenetic
analysis.

Cotinine measurement

Successful intake of e-cigarettes after expo-
sure was confirmed by mouse cotinine tests.
The urine collection was done during the experi-
mental endpoints and within 1 hour after the
last E-Cig exposure. A mouse/Rat Cotinine
ELISA kit (CO096D-100, Calbiotech Inc.) was
used to measure the cotinine level, following
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the protocol supplied by the kit. All tests
were performed at room temperature and
read absorbance on the microplate reader at
450 nm within 15 minutes after adding the
stopping buffer. The standard curve was used
to quantify cotinine concentration in the tested
samples.

Flow cytometry with whole blood samples

100 ul of anticoagulant-treated whole blood
collected from animals at the experimental
endpoint was subjected to red blood cell lysis,
according to the manufacturer’s protocol. After
red blood cell lysis, the remaining cells were
stained with 4 fluorochrome-conjugated anti-
mouse antibodies and analyzed on a FACSCan-
to LSRII flow cytometer (BD Biosciences). The
antibody panel was designed based on various
criteria, such as fluorochrome brightness, anti-
gen density, co-expression, fluorochrome spill-
over of interested immune-cell subsets, and
reagent availability in each panel for the av-
ailable flow cytometer. Isotype controls were
used to set the appropriate gate. Data were
acquired with FACSDiva and analyzed with
FlowJo 6.4.7v10.6. Approximately 20,000 cells
were used to generate a scatter plot for each
sample.

Blood cell DNA extraction, processing, and
methylation profiling

Anticoagulant-treated mouse blood was centri-
fuged at 3500 rpm for 15 minutes to isolate
the white blood cells and plasma. Both white
blood cells and plasma were stored at -80°C
for future tests. The Qiagen DNeasy Blood &
Tissue kit (69506, Qiagen) was used for DNA
extraction from the white blood cells. The ex-
tracted DNA was quantitated with a Qubit
quantification assay (Thermo Fisher Scienti-
fic, Ecublens, Switzerland). Bisulfite-converted
DNA was amplified and hybridized with Infi-
nium Mouse Methylation BeadChip, including
>285,000 markers (lllumina, CA, USA), and
then scanned with Illlumina iScan system
(Mlumina, CA, USA), following the manufactur-
er’s protocols.

Preprocessing of methylation data

DNA methylation data were preprocessed with
the R package ‘Enmix’ [17]. Methylation data
were first corrected for dye bias with the RELIC
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method [18] and then were quantile normal-
ized. For quality control (QC), the samples with
more than 5% of all CpG sites with a detection
P-value larger than 0.01 and samples with mis-
matched sex between phenotype data and
methylation data were removed. At the CpG
level, CpG sites with a detection P-value larger
than 0.01 in more than 5% of all samples (more
than 1 sample in this study) were removed.
Only CpG sites on autosomes were studied,
and the CpG sites on sex chromosomes were
removed in this study. Principal component
analysis of all CpG sites that passed QC was
used to find whether there were any outliers or
clusters in the samples.

Identification of CpG sites with methylation
changing according to e-cigarette exposure
dose

A linear regression model listed below was
used to discover CpG sites in which the meth-
ylation level changes with e-cigarette exposure
dose. There are 3 levels of dosage, namely O, 6,
and 36 mg/ml.

M=B,+ B, * Dose

M is the log2 ratio of methylation over unmeth-
ylation. We used the M value, which is more
statistically valid than the Beta value, the pro-
portion of methylation, for statistical analysis,
Beta value, which has a more intuitive biologi-
cal interpretation, for figure demonstration
[19].

Besides dose-based analysis, we also used
t-test after dichotomizing the data into two dif-
ferent pairs of groups: 0 mg/ml group vs. 6 mg/
ml + 36 mg/ml group and O mg/ml + 6 mg/ml
group vs. 36 mg/ml group.

Gene set enrichment analysis

To identify potential functions of the genes
associated with significant CpG sites, we per-
formed gene set enrichment analysis using
the R package ‘clusterProfiler’ [20] on the gene
sets in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO). We
first identified genes associated with any sig-
nificant CpG sites as significant genes. Then
we only focused on genes with significant CpG
sites in their promoter region for the enrich-
ment analysis.
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Figure 1. Scatter plot of the first two principal components of methylation
data from all samples. The number in the parentheses is the proportion of

variance.

Plasma cfDNA and mtDNA/nDNA ratio and
oxidization of cell-free DNA

For measurement of in vivo plasma mtDNA/
nDNA ratio, mice plasma was first subjected to
cell-free DNA (cfDNA) extraction using Apostle
minimax cfDNA extraction kit (ApostleBio, CA,
US). Plasma cfDNAs were then used as tem-
plates for SYBR gPCR (Applied Biosystem, CA)
with primers: murine 18S rDNA F: TAGAGGGA-
CAAGTGGCGTTC; murine 18S rDNA R: CGCT-
GAGCCAGTCAGTGT; murine mtCO-1 F: GCCCC-
AGATATAGCATTCCC; murine mtCO-1 R: GTTC-
ATCCTGTTCCTGCTCC. Amplification conditions
were 95°C in 10 min; 95°C in 30 sec, 53°C in
30 sec for 40 cycles; followed by dissociation
at 72°C in 30 sec, 95°C in 1 min, 55°C in 30
sec, and 95°C in 30 sec. The plasma mtDNA/
nDNA ratio was calculated as the ratio of mtCO-
1/18S rDNA. The relative fold-change of mtDNA
was calculated using the 2-AACt method and
compared to the control air group.

6.25 ul of a plasma sample from each mouse
was used to do the DNA oxidization ELISA test
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using the DNA Damage Com-
petitive ELISA Kit (EIADNAD,
Invitrogen). 8-OHAG level in
plasma can be used to indi-
cate the DNA oxidization.

All data were collated using
Microsoft Excel Software and

978 -M-A analyzed using GraphPad Pri-

sm 5.0 (GraphPad, La Jolla,
CA). All data are represented

- as the mean values, and error
m bars represent the mean’s
« standard error (SEM). Sam-
Bk ples in experimental cohorts

were compared using Dun-
nett’'s multiple comparisons
test. The difference was con-
sidered significant when P<
0.05.

10 Results

E-cigarette exposure and
blood cell component

The rodent whole body E-ciga-
rette exposure system adopt-
ed in our study has been wide-
ly used and reported [21, 22].
Successful and dose-dependent E-cigarette
exposure was confirmed by measuring urine
cotinine levels, which average at O, 100, or
300,000 ng/ml for E-cigarette exposure with
the nicotine dose at O, 6, or 36 mg/ml, respec-
tively (Figure S1). It is known that the DNA
methylation in white blood cells could be influ-
enced by the proportion of sub-compositions. A
flow cytometry analysis of white blood cells
showed that E-cigarette exposed mice had no
significant change in the ratio of B lymphocytes,
neutrophils, T lymphocytes, and monocytes
when compared to air-exposed mice (Figure
S2).

Preprocessing of methylation data

After removing CpGs with low quality and CpGs
on chromosomes X and Y, there were 264,286
CpG sites left. Principal component analysis of
the remaining CpG sites revealed differences
among the three dose groups. The samples in
each dose group were more likely to be clus-
tered together. And we did not find any outliers
from PCA (Figure 1). There were two peaks in
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Figure 2. Beta value distribution of CpG sites on au-
tosomes.

the Beta value distribution (Figure 2), similar to
the human methylation profile [23] and consis-
tent with the other mouse methylation study
[24]. After QC, all samples were then subject to
the following analyses.

CpG sites with methylation changing related to
e-cigarette exposure dose

One unique design in the current study is the
nicotine dose escalation, which is not easily
evaluated in human e-cigarette vapers, as mo-
st studies are based on self-reported e-ciga-
rette use. However, few human studies on tradi-
tional cigarette smokers have examined the
potential nicotine dose-escalated effects on
DNA methylation of white blood cells. We calcu-
lated the P-value for each CpG site in the
regression model. A Manhattan plot of the CpG
sites was shown in Figure 3. We observed
8,985 CpG sites that were significantly asso-
ciated with e-cigarette exposure dose (FDR<
0.05, Table S1). Among them, 7,389 sites
(82.2%) were annotated with known genes,
and 2,492 sites (27.7%) were in the promoter
regions of these genes (Transcription Start
Site [TSS] 200, TSS1500). Figure 4 shows the
correlation between nicotine doses and me-
thylation levels of the top 6 significant CpG
sites (P-value<le-8). Two of them were inver-
sely associated with e-cigarette exposure dos-
ages, while the other four were positively as-
sociated with e-cigarette exposure dosages. 4
CpG sites were located in the known genes
(cg44389073: Capnsl; cg34735002: Znf598;
cg46803463: Ccdc33 and Stra6; cg30601-
292: Tac4). Capnsl was found differentially
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expressed in a subpopulation of airway peri-
goblet cells of smokers [25]. Znf598 was
among the top 50 smoking-dysregulated genes
in human airway basal cells [26]. Ccdc33 was
also found to be influenced by smoking [27,
28]. Although not mapped to any known gene,
cg41445486 was very close to Phc2, a risk
gene linked to smoking [29], and miRNA ex-
pression changes in the smokers’ spermatozoa
[30]. Phc2 was also associated with smoking
in a transcriptome-wide associations study
(http://twas-hub.org/traits/UKBB_SMOKING_
STATUS/) [31]. Another CpG site, cg41446118,
which is significantly associated with e-ciga-
rette exposure in a dose-dependent manner
(FDR=0.005), was also located in the gene
body of Phc2 (Table S1).

In the analyses of the data after dichotomi-
zation, we discovered 8,965 and 9,528 sig-
nificant CpG sites for 0 mg/ml group vs. 6 mg/
ml + 36 mg/ml group and O mg/ml + 6 mg/ml
group vs. 36 mg/ml group, respectively (FDR<
0.05, Tables S2, S3). The overlaps of significant
CpG sites from the 3 analyses can be found in
Figure S3. 75.2% of significant CpG sites found
in dose analysis are overlapped with the results
from at least one of the dichotomized analyses.
It is a validation of the dose analysis.

Significant gene sets associated with e-ciga-
rette exposure dose

The studies from our group and others indicate
that e-cigarette exposure resulted in systemat-
ic inflammation, as illustrated by increased
cytokine expression. The recurring inflamma-
tion is partly triggered by TLR9 activation from
elevated cytoplasmic and/or circulating mito-
chondrial DNA [32]. Electronic cigarette expo-
sure significantly increased right ventricle free
wall thickness at systole and diastole in
C57BL/6 wild-type mice [33]. Recent evidence
also showed that e-cigarettes decreased left
fractional ventricular shortening and ejection
fraction in a mouse model [34].

The gene set enrichment analysis with E-ciga-
rette exposure was conducted using the R
package ‘clusterProfiler’. In the KEGG analysis,
33 gene pathways were enriched. The MAPK
signaling pathways were at the top of the list
and clearly related to the elevated cytokine
expression after E-cigarette exposure. Four car-
diomyocyte/cardiomyopathy-related pathways,
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Figure 4. Boxplot of the Beta value of top 6 significant CpGs in 3 e-cigarette

exposure dose groups.

including adrenergic signaling in cardiomyo-
cytes, dilated cardiomyopathy, hypertrophic
cardiomyopathy, and arrhythmogenic right ven-
tricular cardiomyopathy, were also included in
the top 10 gene pathway list (Figure 5, Table
S4). The top 10 list from gene promoter analy-
sis using GO highlighted two pathways rela-
ted to mitochondrial activities: mitochondrial
gene expression and mitochondrial translation
(Figure 6, Table S5).

E-cigarette exposure results in increased mt/
nDNA ratio and enhanced cfDNA oxidization

Circulating mitochondrial DNA is a pro-inflam-

matory damage-associated molecular pattern
that triggers the formation of neutrophil extra-
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cellular traps in sickle cell dis-

ease [35]. It has been pro-

posed as a biomarker for

atrial fibrillation and coronary

heart disease development

in diabetic patients [36, 37].
B3 Air Our study showed that long-
term e-cigarette exposure in-
duced an increased mtDNA/
nDNA ratio in a nicotine dose-
dependent manner (Figure 7),
indicating that mitochondrial
function has been affected
after the E-cigarette expo-
sure. The elevated mtDNA
could be responsible for acti-
vating toll-like receptor 9 and
resulted in cytokine mRNA
expression in cultured mono-
cyte and elevated plasma
cytokine protein levels after
e-cigarette exposure observ-
ed in our previous study [32]. Both cigarette
smoking and e-cigarette vaporing have en-
hanced oxidative stress in cells and circulation
[38]. In the current study, we illustrated that
long-term e-cigarette exposure enhances oxi-
dized cfDNA levels in a nicotine dose-depen-
dent pattern (Figure 8).

Discussion

Most E-cigarette vaporing studies measure the
exposure via self-report or nicotine metabolites
such as cotinine levels. Self-reporting method
is the most direct measurement of external
vaporing, but it fails to measure the absorbed
vapor. Although cotinine could serve as an
internal dose of vaporing, it is only a short-term

Am J Cancer Res 2022;12(8):3679-3692
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Figure 7. Increased mtDNA levels in the circulation
after e-cigarette exposure. The ratio of mtDNA and
nDNA indicates the mtDNA change after the E-cig-
arette exposure. For each group, N=8. Data points
and error bars are means and SEMs, respectively,
analyzed by Dunnett’s multiple comparisons tests,
"P<0.01; ""P<0.005, respectively.

to confirm regulating effect of e-cigarettes on
a CpG point but also have the potential to iden-
tify e-cigarette doses with less harmful health
effects. Currently, no study in the current litera-
ture investigated dose-related DNA methylation
effects of E-cigarette vaporing, and only a few
studies discuss the dose-related methylation
alterations in human smokers. In a study pub-
lished in 2016, Zhang Y et al. demonstrated
that methylation of 40 CpGs, mapped to 22
genes, was significantly associated with indi-
vidual serum cotinine levels. The strongest as-
sociation was found for AHHR ¢cg05575921. A
10 ng/ml upregulation of cotinine resulted in a
3% lower methylation at AHHR ¢g05575921
[41]. This observation was confirmed by Prince
C et al. in a study, which showed that methyl-
ations of cg05575921 and c¢g26703534 in
smokers were both mapped to AHRR and
strongly associated with blood cotinine le-
vels [42]; dose-response in methylation at
Cg05575921 was also related to the duration
of smoking. In another study published in
2018, Park SL et al. showed increasing methyl-
ation beta-values of smokers in six CpG sites at
higher levels of urinary nicotine metabolites.
Four CpG sites were annotated in or near the
FOXK2, PBX1, FNDC7, and FUBP3 genes; two
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Figure 8. cell-free DNA oxidization after e-cigarette
exposure. The value of the 8 OHdG indicates the
level of DNA oxidization. For each group, N=8. Data
points and error bars are means and SEMs, respec-
tively, analyzed by Dunnett’s multiple comparisons
test, "P<0.01.

other locations in non-annotated genetic re-
gions [43].

The altered CpG site methylation status shown
in our results overlapped with previous reports
of DNA methylation after e-cigarette exposure.
In a study including 117 smokers, 117 non-
smokers, and 116 non-smoking vapers, epig-
enome-wide DNA methylation profiling from
saliva revealed 7 CpG sites related to e-ciga-
rette use at P<1x10-5. The CpG sites linked
to e-cigarette use were largely distinct from
those related to smoking. Consistent with this
finding, our study showed that 3 out of those 7
genes, including acyl-CoA dehydrogenase 10
(ACAD10), semaphorin 5B, and immunoglobin
superfamily member 21, also contained CpG
sites with significantly altered methylation sta-
tus [44]. Semaphorin 5B gene upregulation was
also identified in another study using ApoE-/-
mice after intermittent electronic cigarette ex-
posure [34]. The altered CpG site methylation
related to semaphorin 5B was also recognized
in human smokers [45]. Previous studies also
confirmed that 4 of the top 6 significant genes
related to nicotine dosage in the e-cigarette,
Capnsl, Znf598, Ccdc33, and Phc2, were as-
sociated with cigarette smoking [25-30]. The

Am J Cancer Res 2022;12(8):3679-3692



E-cigarette and DNA methylation

biological activities of these CpG site-associat-
ed genes are interesting. ACAD10 has been
linked to type 2 diabetes [46] and hypertension
[47]: ACAD10-deficient mice exhibited abnor-
mal glucose tolerance and elevated insulin
level, accumulated excess abdominal adipose
tissue, and developed an early inflammatory
liver process [48]. Phc2 was identified as a
critical modulator of hematopoietic stem and
progenitor cell (HSPC) trafficking. Genetic
knockout of Phc2 in mice results in a severe
defect in HSPC mobilization by depressing
Vcaml expression in bone marrow stromal
cells, finally ending up with a systemic immuno-
deficiency [49].

Smoking is well known to be associated with
systemic and local inflammation in the lungs,
and higher tobacco consumption is associated
with higher systemic inflammation both gene-
tically and observationally [50]. Pro-inflamma-
tory pathways are upregulated, and anti-inflam-
matory ones are downregulated for smoking
exposure. Inflammatory cytokines such as
TNFa, IL6, and RANTES are induced by smoking
[51, 52]. The previous studies reported by our
group and the others have shown that e-ciga-
rette use/exposure results in systematic and
local inflammation [32, 53]. The above obser-
vation correlates very well with the gene set
enrichment KEGG pathway analysis, which
showed MAPK signaling pathway is the most
significant one in our study. It is conceivable
that E-cigarette exposure induces a systema-
tic pro-inflammatory environment by releasing
growth factors and cytokines. These inflamma-
tory agents activate the MAPK signaling path-
ways, further exacerbating the inflammatory
process.

Mitochondria are organelles involved in many
physiological and pathological functions. Re-
cent evidence showed that it could also play
a role as a regulator of the innate immune
response [54]. mtDNA is ideal for inducing an
innate immune response via its escape from
the mitochondria to other organelles, the cyto-
sol, and the extracellular space. Additionally,
our previous study has shown cytoplasmic
mtDNA activates toll-like receptor 9 in mono-
cytes/macrophages and triggers the inflamma-
tory process [32]. The released mtDNA in the
cytosol could also be recognized by other DNA
sensors, including cGAS, a cGAMP, whose acti-
vation leads to an enhanced expression of type

3687

| interferons and active pro-inflammatory cyto-
kines IL-1B. Interaction of mtDNA with the
cGAS-STING signaling axis has been describ-
ed in multiple pathological conditions, which
share the final common pathway of leakage of
mtDNA from mitochondria to the cytosol [55].
Our data showed that cfDNA in the plasma con-
tained more mtDNA after the E-cigarette expo-
sure, illustrated by an increased mtDNA/ncDNA
ratio, indicating that the damaged mtDNA was
released from the cytoplasm to the plasma. In
the DNA methylation profiling data, two mito-
chondrial function-related pathways have been
affected based on the GO pathway analysis in
the promotor region, including mitochondrial
gene expression and mitochondrial translation.
The dysfunction of mitochondria under the mul-
tiple stresses may cause the release of mtDNA,
but the mechanisms triggering the release are
still not fully understood. It is known that loss
of mitophage [56] (selective autophagy pro-
cess in which damaged mitochondria are tar-
geted for lysosomal degradation), cytosolic
ROS induced mitochondrial permeability tran-
sition [57], and opening of mitochondrial per-
meability transition pore [58] are several mech-
anisms for mtDNA release into the cytosol.
Whether mitochondrial transcription and trans-
location are biomarkers for any of the mecha-
nisms above is unknown. Elucidating the rela-
tionship between these pathways and the
increased circulating mitochondrial DNA ob-
served here will provide further insight into the
cell-damaging effects of prolonged inhalation
of e-cigarette aerosols.

In conclusion, our study reveals that e-cigarette
exposure results in extensive DNA methylation
alteration in male ApoE-/- mice in a dose-
dependent manner of nicotine. Our epigenom-
ic-wide CpG site methylation pattern overlaps
with previously published methylation sites in
vapers/smokers. The methylation pattern cor-
relates well with enhanced systematic inflam-
mation reported in animal models and human
vapers.
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Figure S1. Measurement of urine cotinine level after 14 weeks E-cigarette exposure. Cotinine level change column
after E-cigarette exposure. For each group, N=8. Data points and error bars are means and SEMs, respectively,
analyzed by Dunnett’s multiple comparisons tests; “*P<0.01; “""P<0.005, respectively.
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Figure S2. Flow cytometry analysis of white blood cell composition after 14 weeks of E-cigarette exposure. Column of
the cell frequency for each cell type, N=3 for each group, no significant cell type change after E-cigarette exposure.
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Figure S3. Venn graph to show the overlaps of significant CpG sites from dose analysis, comparing O mg/ml group
to 6 mg/ml + 36 mg/ml groups, and comparing O mg/ml + 6 mg/ml groups to 36 mg/ml group.
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Table S4. Significant KEGG pathways when using genes that are associated with any significant CpG sites for the enrichment analysis

ID Description GeneRatio  BgRatio P value FDR genelD Count
mmu04261 Adrenergic signaling ~ 79/2380 239/11633  2.87E-06  0.00049138 Q5SW28/P97718/Q8BUE5/Q9Z1L5/Q01815/Q0OPCR6/P09542/P23299/Q545H6/P97490/ 79
in cardiomyocytes Q923T9/Q8VHW3/Q9ROK7/Q3UHHO/Q8BH52/Q9Z125/A0A0R4J082/P10417/P20444/Q4VA93/

Q9JIV4/QOWUI1/P11798/Q9DBLO/QIERTY/PODP27,/PODP28/Q8CC27,/PI7414/Q60996/SAR2PY/
Q99246/Q6PHS9/QBPHZ2/B2RXCS/P50752/QBP327/Q54AB6/P27699,/Q8VCCS/P84309/A3K-
GF7/P68181/Q02789/Q76MZ3/P08752/Q64518/Q8R0OX5,/Q91783/Q6Q477/P58774/Q9Z1B7/
P51667,/P61014/P63094,/P58771/Q545Y3/Q5RIF7/F8VPL1/QOEQZ6/P62715/Q01341/F8VQ52/
QOWUAB/088602/Q3ZB20/Q7TNP2/008532/Q14BH8/Q7M729/Q8K596/Q8R3Z5/A2A545/
P48787/Q497F1/QBPD03/B1AYL1/Q9JIVI/K3WANT

mmu04010 MAPK signaling 138/2380 474/11633  3.01E-06  0.00049138 P48455/Q3UFB7/Q9Z1L5/QOVG15/Q01815/QOPCR6/Q8CE90/035608/Q1HKZ5,/Q03145/ 138

pathway P25118/Q3U479/P97820/A0A0AGYWRS/P20826,/Q62312/Q61696/P16627/Q9JI11/P70424/
Q8VHW3/E9Q7P2/P14404/P15209/Q9ESLA/QIWTKS5/P18653/Q8BYCE/P20444/QAVA93/
Q9JIV4/Q62132/QOWUI1/QID7X3/Q92517/P31938/Q3TMIS/Q8BWGS/P01132/P52801/
Q04690/P41158/Q8CC27/P27090/Q99246/P61148/Q6ZWS1/QIWVS7/055017/P21237/
Q541P3/QBPHS9/P09535/Q99K90,/P32883/Q5)7N1/P28028/Q04863/A0A0AOMQS7/F8VQLO/
P68181/P17156/Q8BTM9/P30306/Q3U535/QODBNS/Q02789,/P31240/A0A0RAIZWA/Q62073/
P60764/Q14A12/Q9WUL6/009112/008989/Q3TPX5/Q80X90,/035099,/Q9Z1B7/Q91Y86/
P22339/Q61526/P54830/008605/A2A8WS/AOAO87WS83/Q549C9/P27671/QIESNI/P36993/
Q5RIF7/F8VPL1/PA7809/Q543X6/QOWUT3/QOWVI9/Q02858/P97953/P15655/Q541T2/
QOWUAB/P26618/088602/Q3ZB20/Q3UMW7/P49138/Q3U2P8/008532/Q14BH8/Q64729/
P01139/A0A0AOMQS2/QIESS0/Q91246/P63318/Q3UNG6/P21803/E9QK53/P62071/P13504/
Q32MHO0/P10637,/035613/Q3UKR0/P10749/Q9QUGY/Q8R325/A2A545/Q50L42/P63001,/
P17879/008543/Q61161/Q8CFN5/Q7TSIS/P97445/P35639/Q9Z1S3

mmu04520 Adherens junction 46/2380 121/11633  6.15E-06  0.00067065 Q8BUNS/Q62417/Q924A0/E9QQ91/Q9QUIO/Q65CLL/QIILBI/Q62312/P70424/QIIKFL/ 46
Q99NH2/A0AORAI1Y4/Q64727/B2RUSO/QOZ1)1/A1A550/A2A8L5/P39688/Q7TPRA/Q02248/
QOJKFB/F8VQLO/QB4455/E9Q4S7,/P28828/Q6SFM4/Q62073/P60764/Q14A12/P30999/
P39447/F8VPR5/Q8BH43/P70451/Q3TZJ5/E9QNAT/Q64729/Q04736/Q3TJI7/Q9D358/Q561M1/
Q61301/P63001/P27782/Q3TYBO/Q8BGZ9

mmu05414 Dilated cardiomy- 54/2380 153/11633 1.31E-05  0.00107134 Q971L5/Q01815/Q0PCR6/A2A864/P09542/P97490/Q8VHW3/Q91IV4/Q62470/Q8CC27/ 54
opathy Q3TZS3/S4R2P9/P27090/Q99246/Q6PHS9/P50752/Q6P3Z7/Q54AB6/P84309,/P68181/
Q02789/Q64518/Q8R0OX5,/Q91783/P58774/P51667/E9PXZ3/P61014/A0A0BAI1FO/P63094/
062165/P58771/Q545Y3/Q5RIF7/F8VPL1/Q01341/F8VQ52/088602/Q3ZB20/008532/
Q14BH8/P82347/P19137/B8JK39/P11688/Q0OVBD0/070309/Q6PE70/Q8K596/Q8R3Z5/
A2A545/Q60675/P48787/Q497F1

mmu04360 Axon guidance 82/2380 261/11633 1.65E-05  0.00107822 Q80TR4/P22726/P48455/Q697X8/Q812A2/F8VPQ4/Q9JI133/Q8BL65/Q62178/Q03145/ 82
Q9WVB4/Q76179/008644/Q9QUI0/Q8K120/Q923T9/P70206/Q8K1S3/Q62181/Q99NH2/
AOAOR4J1Y4/Q8R4F1/P20444/Q4VA93/P11798/Q9DC04/Q8CBF3/Q8CA63/P52801/P43029/
P39688/Q8C031/Q99PH1/Q6PHZ2/Q6PCX7/055222/P23359/Q60591/P97333/Q80UG2/
P32883/Q5J7N1/Q76KF0/Q8K330/P45591/Q3UHW9/F8VQLO/Q62226/Q60519/Q5SW75/
P52800/Q4FIM3/G1K381/P08752/P60764/Q14A12/088632/Q60629/P00520/P54763/
B2RXS4/009118/P54754/009126/Q03137/Q91Z69/Q9QUQ5/Q9JK84/Q8CIH5/D3Z4M6/
Q9QUR8/Q8CHT1/E9QK62/008747/Q8K4G5/E9QK41/MOMMKO,/054785/035904,/P63001/

008543/P35235
mmu05410 Hypertrophic cardio-  53/2380 152/11633  2.32E-05  0.00126214 Q971L5/Q01815/Q0OPCR6/A2A864/P09542/Q91WG5/054950/Q3TWR3/Q8VHW3/Q9JIV4/ 53
myopathy Q6PAMO/Q62470/Q8CC27/Q3TZS3/S4R2P9/P27090/Q99246/Q6PHS9/P50752/Q6P327/

Q54AB6/Q02789/Q64518/Q8R0X5/Q91783/P58774/P51667/E9PXZ3/A0A0B4J1F0/Q62165/
P58771/Q545Y3/Q5RJF7/F8VPL1/088602/Q32B20/008532/Q14BH8/P82347/P19137/B8JK39/
P09470/Q3TU20/P11688/Q0VBD0/070309/Q6PE70/Q8K596/Q8R325/A2A545/Q60675/
P48787/Q497F1



mmu04070

mmu04020

mmu05412

mmu00533

mmu04072

mmu04310

mmu01521

mmu04725

Phosphatidylinositol
signaling system

Calcium signaling
pathway

Arrhythmogenic right

ventricular cardiomy-

opathy

Glycosaminoglycan
biosynthesis - kera-
tan sulfate

Phospholipase D
signaling pathway

Wnt signaling
pathway

EGFR tyrosine
kinase inhibitor
resistance

Cholinergic synapse

44/2380

121/11633

105/2380 360/11633

46/2380

13/2380

72/2380

76/2380

41/2380

53/2380

130/11633

22/11633

233/11633

251/11633

119/11633

167/11633

E-cigarette and DNA methylation

3.52E-05

4.18E-05

5.19E-05

8.16E-05

9.52E-05

0.00012846

0.00025053

0.00037097

0.00164624

0.00170898

0.00188415

0.00266843

0.0028289

0.00350054

0.00630179

0.00808725

Q7TT16/E9QANS/QSCDAL/P20444/Q4VA93/Q8K3R3/QOEPWO,/FEV2U0/Q3UEQL/PODP27/
PODP28/Q62QB6/Q7TNC9/P98191/QIR1C6/Q6P549/Q7TS72/E9Q7S0/QSBYN3/QBPD10/A3K-
GF7/088673/D3YXJ0/Q8BKCS/D3YWQO/E9PUQS/P70227/Q8R3B1/B2RXC2/070167/Q80XI4/
Q8CIH5/070161/Q9D2G5/QIES52/Q8CBQ5,/Q6NS52/A2ARP1/P63318/Q3UNGG/Q99L43/
035904/Q91WG7/P11881

P97718/Q8BUES,/P48455/Q3UFB7,/008786/Q0VG15/Q01815/Q0PCRE/Q01098/Q60613/
Q970J4/P97490,/Q923T9/P35438/P70424/QIR0K7/Q3UHHO/E9Q7P2/P15209/QIQVPI/
Q3UDE9/Q03391/Q62463/Q3UMR5,/Q02152/P20444/Q4VA93/Q8BWGY,/P11798/QIDBLO/
Q92517/Q8K3R3/P30678/P01132/QOERZ4/PODP27/PODP28/S4R2P9/Q99246/P61148/Q6Z-
WS1/055017/Q7TS72/Q6PHZ2/P26928/A3KGF7/F8VQLO/P6S181/P29477/Q3UIZ8/Q02789/
P35546/054803/P31240/A0A0RAIZW4/Q64518/Q8ROX5/Q62035/Q6Q477,/P30549/Q3KP20/
P70227/B1B1A8/Q61616/Q61526/P61014/Q60930/A0A087WSS3/Q9Z1MO0/C8YIX4/Q8R3B1/

P63094/Q8BSY0/P35375/B2RXC2/009161/Q8CIH5/P97953/P15655/Q541T2/P21278/Q3UPA1/

P26618/009165/Q61125/P47937/P97772/P30677/P01139/P30558/Q3UR32/P63318/
Q3UNGB/P21803/E9QK53/Q91VB2/E9PZQ0/Q8K596/Q8VCRS/P35436/P11881/P32304/
Q7TSI8/Q99J21/PI7445

Q971L5/Q01815/QOPCR6/A2A864,/Q924A0/E9QQ91/QB5CLL/Q8VHWS/Q9JIVA/Q62470/
Q971J1/A1A550/Q8CC27/Q02248/Q3TZS3/S4R2P9/Q99246/Q6PHSI/E9Q557/Q02789/
Q64518/Q8ROX5/E9PXZ3/A0A0B4J1F0/Q62165/Q5RIF7/F8VPLL/088602/Q3ZB20,/008532/
Q14BHS/P82347/P19137/B8JK39/P11688/QOVBD0/070309/Q6PE70/Q8K596/Q61301/
Q8R3Z5/A2A545/Q60675/P27782/Q3TYBO/Q8BGZ9

Q9EQCO/Q11204/Q9R1I11/A0AORAI1CI/P54751/Q544T4/P15535/Q3U478/P97325/Q9CZ48/
Q80WV3/Q972Y2/Q9JJ04

Q5SW28/035083/A0A0R4J263/P39053/Q9QUI0/PI7490/P20826/Q9D517/Q9QX11/QIQVPY/
Q3UDE9/Q62463/P20444/Q4VA93/Q8BMC3/Q92517/P31938/Q3TMI8/P01132/P39688/
Q9JIW9/QIR1C6E/P32883/Q5J7N1/Q8VCCS/P84309/Q61469/A0A0A0MQST/A3KGF7/P62331/
Q3U0D7/Q9QYY0/088673/D3YXJ0/Q8BZ98/P31240/A0A0RAIZWA/Q03385/D3YWQO,/P39054/
E9PUQS/Q5NCHI/QBSED2/008989/Q3TPX5,/PA7743/Q9JLNS/Q99JYS/QBSEF4/AOAL40TSRE/
P63094/Q9EQZ6/Q8CIHE/070161/P63034/Q01341/F8VQ52/QOWUAG/P27601/Q9D034/
P26618/P97772/QBNS52/P30558/Q61120/Q8KAX7/P62071/Q7TT21/035904/Q91WG7/
Q50L42/P35235

P22726/P48455/Q9WVB2/Q3UN01/Q8BUN5/P56546/Q3UGL5/Q99MH6/Q924A0/E9QQ91/
Q8C4U3/Q9QUI0/Q8K120/Q9Z1N6/Q923T9/Q80296/Q08122/P20444/Q4VA93/P11798/
Q971)1/A1A550/Q8BHJ5/088572/A0A0R4J0A9/QOWUG6/A0AOR4J001/Q02248/P17553/
Q6PHZ2/P97298/Q60591/Q80Y24/A7YQ68/A3KGF7/Q64527/P68181/035468/Q2TBAG/
Q62073/P60764/Q14A12/P30282/Q3TSW4/QOWTX6/Q91Y86/Q8BQD1/P27467/Q549C9/
Q97139/D376Q6/P48755/Q3UMK5/Q3UVD5/Q91VNO/A2ARI4/088712/F8VPR5/035927/
E9QKH8/Q61473/Q3ULA2/P63318/Q3UN66/054908/Q97132/B1ASC1/Q3UN27/P97299/
Q3UI35/088566/Q8VE28/P63001/P27782/Q3TYBO/Q8BGZ9

Q62120/P70424/P10417/P20444/Q4VA93/Q8BMC3/Q92517/P31938/Q3TMJ8/P01132/
Q04690/D3YZR2/P32883/Q5J7N1/P28028/Q8BSK8/A0AOAOMQ87/F8VQLO/Q9QYYO/P31240/
AOAOR4IZW4/Q9WVH4/Q61526/Q9JLN9/Q61337/054918/Q542N5/Q8CIH5/P15655/Q541T2/
Q61592/Q9WUAG/P26618/Q3UTA9/Q61120/P63318/Q3UN66/P21803/E9QK53/035904/
Q7TSI8

Q9JMF3/Q5SW28/P32211/Q62120/Q01815/QOPCR6/PI7490/Q923T9/Q9JKI7/P21836/
054371/Q8BH52/Q9Z125/A0A0R4J082/Q61011/P10417/P20444/Q4VA93/P11798/P31938/
Q3TMJ8/QOERZ4,/P63250/P39688/P97414/Q99246/055017/Q6PHZ2/Q8RAGY/P32883/
Q5J7N1/P84309/A3KGF7/P68181/Q02789/P52187/P08752/Q61017/P70227/P48542/
QOVB45,/P18872/Q01341/F8VQ52/QOWUAB/P21278/Q3UPA1L/P29387/P63318/Q3UNG6/
035904/P11881/P97445

44

105

46

13

72

76

41

53



mmu04928

mmu04371

mmu05223

mmu04724

mmu04722

mmu04024

mmu04720

mmu00562

mmu04713

Parathyroid hormone
synthesis, secretion
and action

Apelin signaling
pathway

Non-small cell lung
cancer

Glutamatergic
synapse

Neurotrophin signal-
ing pathway

CAMP signaling
pathway

Long-term potentia-
tion

Inositol phosphate

metabolism

Circadian entrain-
ment

53/2380

61/2380

41/2380

53/2380

56/2380

94/2380

34/2380

31/2380

47/2380

167/11633

199/11633

122/11633

169/11633

182/11633

338/11633

E-cigarette and DNA methylation

0.00037097

0.00039893

0.00045299

0.0005111

0.00060978

0.0006349

0.00808725

0.00815304

0.00871336

0.00928489

0.01038057

0.01038057

99/11633 0.00086934 0.01327786

88/11633 0.00089331 0.01327786

150/11633 0.00105152 0.0143293

P28700/009102/A0A0R4J021/E9Q394/Q9QUIO/P97490/Q8BH52/Q97125/A0A0R4)082/
Q06219/Q3TYI4/P10417/P20444/Q4VA93/Q3UEI1/P31938/Q3TMJ8/Q8BWG8/088572/A0A0R-
4J0A9/035235/Q9R0S3/Q08775/P28028/P84309/Q01063/P48281/A3KGF7/Q68FM7/P68181/
Q9DBPO/P0O8752/P70227/Q60929/Q61210/P63094/Q9D2V6/Q91VNO/Q01341/F8VQ52/
P21278/Q3UPA1/Q9QY96/P27601/Q9D034/P70670/Q06186/Q5FW64,/P63318/Q3UNGG/
Q64441/P11881/Q8CFN5

QOJMF3/Q5SW28/P12242/Q8BUN5,/P09542/070343/Q91WG5/Q9Z0J4/Q61982/PI7490/
054950/Q3TWR3/Q8CGNS/PODMC4/P16054,/Q61011/Q6PAMO/P31938/Q3TMJS/PODP27/
PODP28/Q3UJF1/S4R2P9/Q60843/P32883/Q5)7N1/P84309/Q8BSKS/A3KGF7,/P68181/
P29477/Q3U1Z8/P11214/P08752/Q61017/P70227/Q60929/008989/Q3TPX5/B1B1A8/P51667/
QOJLN9/P54310/Q01341/F8VQ52/QOWUAB/P27601,/Q9D034/QOWU00,/Q8COTY/Q64729/
P29387,/Q9CQV6/P62071/E9PZQ0/Q8K596/Q8VCRS,/P11881/Q61409/E9QLQ3/Q8CFN5

P28700,/008734/P42230,/Q9JIA0/Q9JI11/P70424/P42232/P20444/Q4VA93/Q64261/P31938/
Q3TMJ8/P01132/Q5EBH1,/P51480/P22605/QBDFX0/P32883/Q5)7N1/P28028/A0AOAOMQS7/
F8VQLO/P35546/Q9WVH4,/Q62137/A0A0RAJOR7/P22339/Q549C9/Q61337/PI7793/Q8CIH5/
089106/Q9WUAB/Q61768/P28738/Q3UMY5,/A0A3Q4EHVI/A7ISPI/P63318/Q3UNG6/035904

Q9JMF3/P48455/Q8BMF5/Q01815/QOPCR6,/Q01098/Q3TXX4/P97490,/P35438/Q03391/
QS8BLE7/AOAOR4JOAG/P43006/Q3UYK6/QID415/Q61011/P20444/Q4AVA93/QODCP2/P63250/
P23818/Q7TNB5,/Q99246/D3Z7P3/P84309/B1AS29/A3KGF7/P68181/P08752/D3YZU1/
061017/P70227/Q5NCHY/QB8ED2/PAT743/Q62108/P18872/Q68EF4/AOAL40T8RE/P63094/
Q80738/Q99MKS/Q01341/F8VQ52/PI7772/P29387/P63318/Q3UN66/P35436/P11881/
Q99JP6/Q50L42/PI7445

Q3UFB7/Q8CE90/E9Q9B7,/QOQUI0/Q923T9/QBPHUS/P15209/P18653/P10417/QOWUIL/
P11798/Q8BMC3/P31938/Q3TMJ8/Q9Z1E3/PODP27,/PODP28/QOWVST7,/P21237/Q541P3/
QBPHZ2/P41242/P32883/Q57N1/P28028/A0A0AOMQS7/Q8K4B2/Q3UHCL/Q3UGXS/QIQYY0/
Q61144/Q3U4P5/009039/P00520,/QIWVH4/035099/Q9Z1B7/Q60778/Q91Y86/Q549C9/
Q61337/24YK94,/Q9JIP2/Q99PT1/QOWUT3/Q8CIH5/QOWUAG/P49138/Q3U2PS/P01139/
Q61120/P28867/Q53YN4/035904,/P63001,/P35235

E1AZ71/Q91WA8/Q7TN16/Q01815/Q0PCR6/Q01098/P30873/Q543T0/Q60613/P22389/
Q9QUIO/P97490/Q9EPLY/Q923T9/P35438/Q9R0K7/Q3UHHO/Q92239/Q03391/Q8BH52/
Q97125/A0A0R4J082/Q8BWG9/P11798/Q3UEI1/P31938/Q3TMJ8/Q60992/Q7TSI6/Q9Z1E3/
Q9ERZ4/PODP27/PODP28/Q61224/P23818/Q7TNB5/Q9EQX0/Q99246/P21237/Q541P3/
Q6PHZ2/P57774/Q60829/P28028/Q8VCC8/P84309/Q01063/P68181/P70205/Q6NXJ9/
Q02789/Q60612/P08752/P60764/Q14A12/Q64518/Q8R0OX5/E9Q236/Q3UW12/Q6Q477/
Q91Y86/Q61616/Q8CA95/P61014/Q61337/P63094/P54310/Q80T41/Q9EQZ6/Q0P543/
P23204/Q542P9/F8VPR5/Q6P1D6/Q01341/F8VQ52/Q9WUAG/Q8COTI9/P30558/Q60748/
Q3UQP0/Q61602/Q9R0C8/P62071/035904/Q9JJ28/P35436/P48787/Q497F1/P63001/
Q61409/E9QLQ3/035659/Q9EP66

P48455/Q01815/Q0PCR6,/Q01098/P97490/Q923T9/P35438/Q03391/P18653/P20444/
Q4VA93/P11798/P31938/Q3TMJ8/Q9ERT9/PODP27/PODP28/P23818/Q7TNB5/Q6PHZ2/
P32883/Q5J7N1/P28028/Q8VCC8/A3KGF7/P68181/P70227/Q9WUT3/F8VPRS/PO7772/
P63318/Q3UN6G6/P35436/P11881

Q7TT16/E9QAN8/Q8CDA1/P17751/Q8K3R3/Q9EPW0O/F6V2U0/Q3UEQ1/Q7TNC9/Q6P549/
Q7TS72/E9Q7S0/Q8BYN3/A2AP18/A3KGF7/Q8BKC8/P59644/Q91WF7/Q8R3B1/Q6U7H8/
B2RXC2/070167/Q80XI4/Q8CIH5/070161/Q9D2G5/Q9ES52/Q8CBQ5/Q972L6/Q9JHU9/035904

Q9JMF3/Q01815/Q0PCR6/Q01098/Q970J4/P97490/Q923T9/P35438/E9Q7P2/Q03391/
Q61011/P20444/Q4VA93/P11798/070361/P63250/PODP27/PODP28/P23818/Q7TNB5/
Q99246/Q6PHZ2/P84309/A3KGF7/P68181/P70205/Q6NXJ9/POC605/Q8BND1/P08752/
Q61017/P70227/P48542/Q0VB45/P18872/P63094/054943/A0A0R4J0U3/Q01341/F8VQ52/
Q8C0T9/P29387/P63318/Q3UN66/E9PZQ0/P35436/P11881

53

61

41

53

56

94

34

31

47



mmu05034 Alcoholism

mmu04510 Focal adhesion

mmu04015 Rapl signaling
pathway

mmu04270 Vascular smooth
muscle contraction

mmu04921 Oxytocin signaling
pathway

mmu04810 Regulation of actin
cytoskeleton

62/2380

84/2380

92/2380

61/2380

66/2380

88/2380

E-cigarette and DNA methylation

210/11633 0.00105169 0.0143293

304/11633 0.00147578 0.01891567

338/11633  0.001504  0.01891567

209/11633 0.00156268 0.01892578

230/11633 0.00165647 0.01934523

323/11633 0.00182587 0.02058824

Q9JMF3/Q01098/Q60613/Q64478/P84228/Q64525/P35438/Q8VBY2/P15209/Q03391/
Q8BH52/P62806/P24529/COHKES/P10853/Q92125/A0A0R4J082/Q61011/Q8BMC3/P31938/
Q3TMJ8/Q64524/Q64522/PODP27/PODP28/Q3UJF1/P84244/P21237/Q541P3/P57774/
Q60829/Q64523/P32883/Q5J7N1/P28028/P84309/A0A0A0OMQ87,/P68181/P08752/POCOS6/
Q61017/Q61616/COHKES/Q91WA3/P18872/P63094/Q6GSS7/Q99N13/A0A0R4J1F3/035852/
P13346/Q8CGP5/P68433/Q9JIM1/P29387/Q8CGP7/Q61120/Q8CCKO/Q6ZWY9/P35436/
Q8CGP2/COHKET7

P11087/008863/A2CGA5,/Q61711/A2A864/Q9EPC1/Q8BURA/QIQUIO/QOESA6/PT0424/
E9Q2T3/Q64727/Q62523/P10417/P20444/Q4AVA93/E9PYTO/QSBMC3/Q62470/Q92517/
P31938/Q3TMJ8/Q71LX4/E9PUM4/Q8CDMI/Q61140/P01132/Q60992/Q7TSI6/P39688/
Q7TPR4/Q02248/Q3TZS3/Q60841,/P02463/055222/P28028/A0A0A0MQS7/F8VQLO/Q3UHCL/
Q3UGX8/Q3UIZ8/Q05895/A6HB44/P31240/A0A0RAIZWA/PEO764/Q14A12/P30282/Q3TSW4/
Q80X90/B1B1A8/Q91Y86/P51667/Q91YM2/Q61292/E9PXZ3/Q62082/A0A0BAI1F0/Q61337/
P27671/070161/Q9QZR9/PI7953/QIWUAB/P26618/Q3UMT1/P19137/B8IK39/QOR0OCS/
Q61120/P63318/Q3UN6G6/P11688/Q0VBD0/008529/070309/Q6PE70/Q8VCRS/035904/
060675/P63001/Q8BYI9/Q80YQ1

QOVG15/A2ALS5,/035608/Q6RHRI/Q03145/Q60613/Q9QUI0/PI7490/G3X9J0/Q80TEA/
P20826/Q9JJV2/P35438/E9QOY4/QI9NH2/AOAORAI1Y4/P20444/Q4VA93/QIWUIL/QIWVQL/
Q92517/P31938/Q3TMJ8/Q71LX4/E9PUM4/Q8CDMY,/Q61140/P01132/Q60992/Q7TSI6/
P52801/PODP27/PODP28/Q9JIW9/Q02248/Q5EBH1/P61148/Q6ZWS1,/P32883/Q5)7N1/
P28028/Q8VCC8/P84309/A3KGF7/F8VQLO/Q3UHCL/Q3UGXS/Q3UV74/Q8COT5,/P31240/
AOAOR4IZW4,/Q03385/P08752/P60764/Q14A12/P30999,/008989/Q3TPX5/Q9Z1B87/Q8BZ03/
P18872/P63094,/Q8C0Q9/Q9DAD6/Q9JK84/G5ESF1/QIEQZ6/Q02858/P97953/P15655/
Q541T2/Q6P1D6/Q01341/F8VQ52/QOWUAG/P26618/P01139/P30558/Q8K1Y2/QIROCS/
P63318/Q3UN6G6/P21803/E9QK53/035904,/P35436/Q9QUGY,/P70429/P63001/008543/
Q7TSI8/Q80YQ1

P97718/QSBUES/E9QA16/Q01815/QOPCRE/QBURWE,/Q08460,/A0A286YD35/Q60613/P22389/
QOQUIO/PI7490/Q62463/P16054/P20444/Q4AVA93/QIDBLO/P31938/Q3TMI8/PODP27/
PODP28/Q99246/P28028/P84309/A3KGF7/Q68FM7/P68181/Q3UI1Z8/ABH644/Q02789/
POC605/Q8BND1/QOWUP1/Q3URA44/G5ESV5,/P70227/B1B1AS/Q61210/P63094/P63268/
03UJ36/Q8VC81/PI7391/Q6GTW1/Q01341/F8VQ52/P21278/Q3UPAL/P27601/Q9D034/
QOEPR2/Q3UMT1,/P63318/Q3UNG6/P28867/Q53YN4/Q61879/Q3UH59/Q8VCRS/P11881/
Q50L42

Q5SW28/P48455/Q05769/Q9Z1L5/Q01815/Q0PCRE/Q9QUI0/Q8K120/Q91WG5,/PI7490/
054950/Q3TWR3/Q923T9/Q8VHW3/P20444/Q4VA93/Q9JIV4/QBPAMO/P11798/P31938/Q3T-
MJ8/P63250,PODP27,/PODP28/Q8CC27/Q99246/QOWVST7/QBPHS9/Q6PHZ2/Q60591/P32883/
Q5J7N1/P84309/A3KGF7/P68181/Q3UIZ8/ABHB44/Q02789/P52187/P08752/P70227/B1B1A8/
P48542/Q0VB45/P18872/P63094/Q5RIF7/F8VPLL/Q01341/F8VQ52/088602/Q3ZB20/
008532/Q14BH8/Q9JHG6/Q3UMT1/P63318/Q3UNG6/QI1VB2/E9PZQO/Q8VCRS/QSR3Z5/
A2A545/P11881/Q50L42/Q8CFN5

Q3UQ44/Q5DU57/EO0CYUO/P32211/Q0VG15/Q6URW6E/A2A864/Q76179/Q8BUR4/Q9QUIO/
Q9JIV2/Q55QX6/Q9JKF1/Q64727/QOWTL4/Q62470/Q92517/P31938/Q3TMI8/Q61140/Q8K1X4/
P01132/Q60992/Q7TSI6/Q9ERZ4/Q7TPR4/Q3TZS3/P61148/Q6ZWS1/P26043/P32883/
Q5J7N1/P28028/Q8K330/P45591/Q3UHW9/A0AOAOMQ87/Q3UIZ8/P26040/Q4KML7/A6HG44/
Q3UV74/Q58W75/P31240/A0A0R41ZW4/P60764/Q14A12/008989/Q3TPX5/B1B1A8/P51667/
Q91YM2/E9PXZ3/Q62082/A0A0B4J1F0/Q61210/Q9DAD6/G5E8F1/Q80XI4/070161/P15655/
Q541T2/Q6P1D6/Q8BH43/P27601/Q9D034/P26618/Q61125/P30558/Q3UMT1/B8JK39/
Q9R0OC8/P11688/P21803/E9QK53/Q0VBD0/Q61879/Q3UH59/070309/Q6PE70/P62071/
054785/P13020/Q8VCR8/035904/P63001/Q91VR8/Q7TSI8
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84
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mmu04728

mmu05206

mmu04911

mmu04730

mmu05210

mmu04912

Dopaminergic
synapse

MicroRNAs in cancer

Insulin secretion

Long-term depres-
sion

Colorectal cancer

GnRH signaling
pathway

58/2380

73/2380

41/2380

31/2380

43/2380

42/2380

200/11633

263/11633

134/11633

96/11633

144711633

141/11633

E-cigarette and DNA methylation

0.00235795

0.00256124

0.00344146

0.00424655

0.00456737

0.00526992

0.0257016

0.02701696

0.03516747

0.04207943

0.04392732

0.04923616

Q9JMF3/P48455/Q01815/Q0PCR6/Q923T9/Q8BH52/P24529/Q97125/A0A0R4)082/Q61011/
P20444/Q4VA93/Q9WUI1/P11798/Q8BWG8/QOWTL8/P63250/PODP27/PODP28/P23818/
Q7TNB5/Q60996/Q2NL51/Q99246/055017/Q6PHZ2/B2RXC8/Q60829/P84309/A3KGF7/
P68181/A1Y919/008785/Q76MZ3/P08752/Q61017/P70227/Q9Z1B7/Q91Y86/Q61616/P48542/
QOVB45/P18872/P63094/P62715/Q9WUAG/Q7TNP2/Q61768/P28738/P30728/P29387/
A2APX8/P63318/Q3UN66/P35436/P11881/Q6PD03/P97445

Q9R0G7/Q05769/035516/008734/Q9ID3F7/Q9QUI0/Q61982/P31695/P70424/Q61823/
P21447/E9Q2T3/P16054/088898/P10417/P20444/Q4VA93/P58462/Q64261/P13864/
P31938/Q3TMJ8/P61979/Q5FWJ5/QIQXVS/P52801/Q61188/QBAXH7/Q3UJF1/P51480/P27090/
P17553/P26043/D3Z7P3/P32883/Q5J7N1/AOAOAOMQS7,/F8VQLO/P26040/Q4KML7/P30306/
Q3U535/Q9DBNS/P31240/A0A0R4IZW4,/P00520/Q61526/P48754/Q9JLN9/Q09143/Q3UGD6/
P27467/Q549C9/P58771/Q545Y3/054918/Q542N5/Q8CIH5/F8VPR5,/P26618/PO6869/QOV-
BAS/P63318/Q3UNG6/P11688/Q64441/P46414/035904/Q1PSWS/008543/Q8BYI9/Q7TSIS/
Q80YQ1
008786/Q01815/QOPCR6,/Q08460,/A0A286YD35/035526/Q497P1/P97490/Q923T9/Q8BH52/
Q97125/A0A0R4J082/P20444/Q4VA93/P11798/Q99246/Q6PHZ2,/P63011/QOPD63/QOEQZ7/
P84309/Q7TN37/A3KGF7/P68181/P70205/Q6NXJ9/Q61743/Q02789/P70227/P63094/
P09240,/Q9EQZ6/P58391/Q9QYX7/Q01341/F8VQ52/P21278/Q3UPAL/P63318/Q3UNGG/035659

Q9Z0J4/P20444/Q4VA93/P31938/Q3TMI8/P23818/Q7TNB5/P32883/Q5)7N1/P28028/A3K-
GF7/P0C605/Q8BND1/Q76MZ3/P08752/P70227/P18872/P63094/P62715/P21278/Q3UPAL/
P27601/Q9D034/Q7TNP2/P97772/P63318/Q3UNG6/E9PZQ0,/P11881/Q50L42/PO7445

Q8BUN5/Q9JK91/008734/Q924A0/E9QQ91,/070201/Q549P2/Q9QUI0/Q62312/P10417/
P31938/Q3TMJ8/Q9Z1J1/A1A550,/P01132/Q9JIW9/Q02248/P27090/Q8K3H0/P32883/Q5)7TN1/
P28028/Q8BSKS/AOAOAOMQ87,/Q03385/P60764/Q14A12/Q91Y86/P22339/Q9JLNY/Q549C9/
Q61337/054918/Q542N5/Q56A15/QOWUAB/Q64729/035904/088566/P63001,/P27782/
Q3TYBO/Q8BGZ9

Q01815/QOPCR6,/Q8CE90,/PI7490/Q923T9/QOQVPY/Q3UDEY/P20444/Q4VA93/QOWUIL/
P11798/P31938/Q3TMJ8/PODP27,/PODP28/Q99246/Q6PHZ2/P32883/Q5)7N1/P84309/
AOAOAOMQ87/A3KGF7,/P68181/Q02789/P70227/Q9Z1B7/Q91Y86/P63094/PA47809/Q543X6/
Q01341/F8VQ52/P21278/Q3UPA1/Q06186/Q5FW64,/P33434/Q3UG07/P28867/Q53YN4/
P11881/Q50L42
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E-cigarette and DNA methylation

Table S5. Significant gene sets in GO when using genes that are associated with any significant CpG sites in promoter region for the enrichment

analysis
Ontology ID Description GeneRatio  BgRatio P value FDR genelD Count
BP G0:0032543 mitochondrial trans- 21/2100 93/30636 9.95E-07  0.00255328 Mrps11/Yars2/Mrpl43/Alkbhl/Mrps14/Mrps14/Ndufa7/Gatb/Uqcc2/Mrpl57/Mrps21/ 21
lation Mrps21/Shmt2/Trmt10c/Tsfm/Miefl/Lars2/Mrps34/Mtg2/Mrpl2/Mrpl23
BP G0:0050796 regulation of insulin 48/2100 335/30636 1.04E-06 0.00255328 Rptor/Nnat/Nnat/Nnat/Nnat/Jak2/Mpc2/Gpr39/Uqcc2/Pdedc/Uts2/Sirt4/Ghrl/ 48
secretion Stx4a/Kcenjl1/Vsnl1l/Epha5/Epha5/Nosl1/Tardbp/Tardbp/Tardbp/Foxa2/Anol/Anol/
Anol/Phptl/Bad/Bad/Per2/Per2/Adra2a/Tfap2b/Kenql/Kenbd/Tef712/Tef712/Tcf712/
Nrid1/Srebfl/Alox5/111b/Pfkfb2/Pfkfb2/Pfkfb2/Pfkfb2/Pde3b/Pde3b
BP G0:0140053 mitochondrial gene 27/2100 142/30636  1.18E-06  0.00255328 Mrpsll/Yars2/Twnk/Mrpl43/Trmt5/Alkbhl/Mrps14/Mrps14/Mterfla/Ndufa7/ 27
expression Chchd10/Gatb/Uqcc2/Mrpl57/Mrps21/Mrps21/Shmt2/Trmt10c/Tsfm/Miefl/Lars2/
Foxo3/Mrps34/Mtg2/Mrpl2/Mettld/Mrpl23
BP G0:0071696 ectodermal placode 12/2100 41/30636 1.27E-05  0.02048432 Pou2fl/Pou2fl/Pou2fl/Lrp6/Lrp6/Nrpl/Gnas/Gnas/Gnas/Ctnnbl/Gnas/Pou2fl 12
development
BP G0:0071875 adrenergic receptor 14/2100 60/30636 4.19E-05 0.03670044 Adrala/Adrala/Akap13/Akapl3/Adralb/Gsk3a/Arrdc3/Nos1/Gnas/Gnas/Gnas/ 14
signaling pathway Adra2a/Kcngl/Gnas
BP G0:0060788 ectodermal placode 11/2100 40/30636 5.52E-05 0.03670044 Pou2fl/Pou2fl/Pou2fl/Lrp6/Lrp6/Gnas/Gnas/Gnas/Ctnnbl/Gnas/Pou2fl 11
formation
BP G0:0071697 ectodermal placode 11/2100 40/30636 5.52E-05 0.03670044 Pou2fl/Pou2fl/Pou2fl/Lrp6/Lrp6/Gnas/Gnas/Gnas/Ctnnbl/Gnas/Pou2fl 11
morphogenesis
BP G0:0014003 oligodendrocyte 17/2100 85/30636 5.54E-05 0.03670044 Prdm8/Prdm8/Shh/Ulk4/Ulk4/Hdac11/Tenm4/Abca2/Tcf712/Tcf712/Tcf712/Eif2b5/ 17
development Zfp488/Fgfr3/Fgfr3/Fgfr3/Fgfr3
BP G0:0009743 response to carbo- 45/2100 358/30636  6.38E-05 0.03670044 Nnat/Nnat/Nnat/Nnat/Ccdc186/Mpc2/Gpr39/Pdedc/Sin3a/Ghrl/Rmil/Pck2/Stx4a/ 45
hydrate Aqp4/Aqp4/Vsnll/Epha5/Epha5/Mapk13/Foxa2/Anol/Anol/Anol/Phptl/Bad/Bad/
Adra2a/Grk2/Grk2/Kenb1/Tef712/Tcf712/Tef712/Nrld1/Srebf1/Eif2b5/P2rx3/111b/
Pfkfb2/Pfkfb2/Pfkfb2/Pfkfb2/Pde3b/Pde3b/Thbs1
BP G0:0002089 lens morphogenesis 13/2100 55/30636 6.78E-05  0.03670044 Hipk1l/Pou2f1/Pou2fl/Pou2f1/Cryaa/Cryaa/Cryaa/Ctnnbl/Pou2fl/Fgfr3/Fgfr3/Fgfr3/ 13
in camera-type eye Fgfr3
BP G0:0030073 insulin secretion 50/2100 415/30636 7.73E-05 0.03670044 Rptor/Nnat/Nnat/Nnat/Nnat/Jak2/Cckar/Ccdc186/Mpc2/Gpr39/Uqcc2/Pdedc/Uts2/ 50
Sirt4/Ghrl/Stx4a/Kenjl1/Vsnll/Ephab5/Epha5/Nos1/Tardbp/Tardbp/Tardbp/Foxa2/
Ano1/Ano1/Anol/Phptl/Bad/Bad/Per2/Per2/Adra2a/Tfap2b/Kenql/Kenbl/Tef712/
Tef712/Tef712/Nr1d1/Srebfl/Alox5/111b/Pfkfb2/Pfkfb2/Pfkfb2/Pfkfb2/Pde3b/Pde3b
BP G0:0090276 regulation of peptide 51/2100 426/30636 7.76E-05 0.03670044 Rptor/Nnat/Nnat/Nnat/Nnat/Jak2/Cckar/Mpc2/Gpr39/Uqcc2/Pdedc/Uts2/Rasl10b/ 51
hormone secretion Sirt4/Ghrl/Stx4a/Aimpl/Kenjl1/Vsnll/Epha5/Epha5/Nos1/Tardbp/Tardbp/Tardbp/
Foxa2/Ano1/Ano1/Anol1/Phptl/Bad/Bad/Per2/Per2/Adra2a/Tfap2b/Kenql/Kenbl/
Tcf712/Tef712/Tef712/Nrld1/Srebfl/Alox5/111b/Pfkfb2/Pfkfb2/Pfkfb2/Pfkfb2/Pde3b/
Pde3b
BP G0:0032024 positive regulation of  26/2100 168/30636  8.05E-05  0.03670044 Nnat/Nnat/Nnat/Nnat/Jak2/Mpc2/Gpr39/Ghrl/Stx4a/Vsnl1l/Tardbp/Tardbp/Tardbp/ 26
insulin secretion Ano1/Anol/Anol/Phptl/Bad/Bad/Tcf712/Tcf712/Tcf712/Pfkfb2/Pfkfb2/Pfkfb2/Pfkfb2
BP G0:0009749 response to glucose 42/2100 330/30636  8.30E-05 0.03670044 Nnat/Nnat/Nnat/Nnat/Ccdc186/Mpc2/Gpr39/Pde4c/Sin3a/Ghrl/Rmil/Pck2/Stx4a/ 42
Agp4/Aqp4/Vsnll/Epha5/Epha5/Foxa2/Anol/Anol/Anol/Phptl/Bad/Bad/Adra2a/
Grk2/Grk2/Kenb1/Tcf712/Tcf712/Tcf712/Nrld1/Srebfl/Eif2b5/Pfkfb2/Pfkfb2/Pfkfb2/
Pfkfb2/Pde3b/Pde3b/Thbs1
BP G0:0071880 adenylate cyclase- 12/2100 49/30636 8.86E-05 0.03670044 Adrala/Adrala/Akap13/Akapl3/Adralb/Arrdc3/Nosl/Gnas/Gnas/Gnas/Adra2a/ 12

activating adrenergic
receptor signaling
pathway

Gnas



BP

BP

BP

BP

BP

BP

BP

BP

BP

BP

BP

BP

BP

cC

cc

G0:0006884

G0:0009746

G0:0033131

G0:0033133

G0:0034284

G0:0016579

G0:0048384

G0:0006333

G0:0002791

G0:0006334

G0:1903391

G0:0090087

G0:1903322

G0:0000313

G0:0005761

cell volume homeo-
stasis

response to hexose

regulation of glucoki-
nase activity

positive regulation of
glucokinase activity

response to mono-
saccharide

protein deubiquiti-
nation

retinoic acid receptor
signaling pathway

chromatin assembly
or disassembly

regulation of peptide
secretion

nucleosome as-
sembly

regulation of
adherens junction
organization
regulation of peptide
transport

positive regulation of
protein modification
by small protein con-
jugation or removal

organellar ribosome

mitochondrial ribo-
some

16/2100

42/2100

7/2100

6/2100

42/2100

26/2100

14/2100

28/2100

51/2100

19/2100

6/2100

51/2100

32/2100

22/2120

22/2120

E-cigarette and DNA methylation

80/30636

333/30636

18/30636

13/30636

335/30636

173/30636

67/30636

195/30636

440/30636

111/30636

14/30636

442/30636

238/30636

112/31010

112/31010

9.08E-05

0.00010185

0.00011419

0.00011607

0.00011644

0.00013183

0.00015055

0.0001651

0.00017408

0.00018739

0.00019132

0.00019445

0.000205

6.21E-06

6.21E-06

0.03670044

0.03765758

0.03765758

0.03765758

0.03765758

0.04060335

0.0442625

0.0464301

0.04658265

0.04658265

0.04658265

0.04658265

0.04735421

0.00235933

0.00235933

Slc12a7/Aqp11/CIn3/CIn3/Agqp4/Aqp4/Slc12a8/Ano6/Sctr/Sctr/Clen3/Clcn3/Clen3/
Add1/Add1/Add1

Nnat/Nnat/Nnat/Nnat/Ccdc186/Mpc2/Gpr39/Pde4c/Sin3a/Ghrl/Rmil/Pck2/Stx4a/
Agp4/Aqp4/Vsnll/Epha5/Epha5/Foxa2/Anol/Anol/Anol/Phptl/Bad/Bad/Adra2a/
Grk2/Grk2/Kenb1/Tcf712/Tcf712/Tcf712/Nr1d1/Srebf1/Eif2b5/Pfkfb2/Pfkfb2/Pfkfb2/
Pfkfb2/Pde3b/Pde3b/Thbs1

Foxa2/Bad,/Bad,/Pfkfb2/Pfkfb2,/Pfkfb2/Pfkfb2

Bad,/Bad,/Pfkfb2,/Pfkfb2/Pfkfb2/Pfkfb2

Nnat/Nnat/Nnat/Nnat/Ccdc186/Mpc2/Gpr39/Pdedc/Sin3a/Ghrl/Rmil/Pck2/Stx4a/
Aqp4/Aqp4/Vsnll/Epha5/Epha5/Foxa2/Anol/Anol/Anol/Phptl/Bad/Bad/Adra2a/
Grk2/Grk2/Kenb1/Tef712/Tcf712/Tcf712/Nrdd1/Srebf1/Eif 205/ Pfkfo2/Pfkfo2/Pfkfo2/
Pfkfb2/Pde3b/Pde3b/Thbs1
Usp10/Usp7/Usp7/0tud4/0Otud4/Usp31/Sart3/0tud7a/Shmt2/Usp29/Usp29/Usp48/
Usp48/Usp2/0tud6b/0Otud6b/Usp19/Usp19/Uspl19/Uspl9/Atxn3/Atxn3/Atxn3/
Mindy1/0tub2/Yod1
Rarg/Tgif1/Tgif1/Cnot1/Cnot1/Cnot1/KIf2/Ctbp2/Rxra/Rxra/Esrrg/Rara/Rara/Zfp536

Nap1l5/H2bc9/H2bc18/H2bc7/Hira/H2bc21/Smarcc2/Smarcc2/Sart3/H3f3a/0ip5/
Rrp8/Chd3/Chd3/H4c8/Spty2d1/Naa60/Naa60/Naa60/H3c8/Suv39h2/Suv39h2/
Noc2l/Smarca5/Smarcd2/H2bc4/H2bc22/Brd2

Rptor/Nnat/Nnat/Nnat/Nnat/Jak2/Cckar/Mpc2/Gpr39/Uqcc2/Pdedc/Uts2/Rasl10b/
Sirt4/Ghrl/Stx4a/Aimpl/Kenjl1/Vsnll/Epha5/Epha5/Nosl/Tardbp/Tardbp/Tardbp/
Foxa2/Ano1/Anol/Anol/Phptl/Bad/Bad/Per2/Per2/Adra2a/Tfap2b/Kengl/Kenbl/
Tcf712/Tef712/Tef712/Nr1d1/Srebf1/Alox5/111b/Pfkfb2/Pfkfb2/Pfkfb2/Pfkfb2/Pde3b/
Pde3b

Nap1l5/H2bc9/H2bc18/H2bc7/Hira/H2bc21/Sart3/H3f3a/0ip5/H4c8/Spty2d1/
Naa60/Naa60/Naa60/H3c8/Smarcab/H2bc4/H2bc22/Brd2

Rdx/Rdx/Ptpn23/Add1/Add1/Add1

Rptor/Nnat/Nnat/Nnat/Nnat/Jak2/Cckar/Mpc2/Gpr39/Uqcc2/Pdedc/Uts2/Rasl10b/
Sirt4/Ghrl/Stx4a/Aimpl/Kenjl1/Vsnll/Epha5/Epha5/Nosl/Tardbp/Tardbp/Tardbp/
Foxa2/Ano1/Anol/Anol/Phptl/Bad/Bad/Per2/Per2/Adra2a/Tfap2b/Kcngl/Kenbl/
Tcf712/Tef712/Tef712/Nrld1/Srebf1/Alox5/111b/Pfkfb2/Pfkfb2/Pfkfb2/Pfkfb2/Pde3b/
Pde3b

Birc3/Birc3/Pttglip/Pefl/KIhl40/Smad7/Sart3/Gsk3a/Dcun1d3/Arrdc3/Mtal/Mtal/
Rasd2/Ubb/Commd1/Kdmla/Kdmla/Dcunld5/Pdcd6/Brcal/Rnf180/Traf7/Traf7/
Dcunl1d1/Dcunldl/Piasl/Piasl/Ctr9/Fgfr3/Fgfr3/Fgfr3/Fgfr3

Mrps11/Mrpl43/Mrps14/Mrps14/Ndufa7/Mrpl40/Mrpl30/Mrpl14/Mrpl57/Mrpl32/
Mrps21/Mrps21/Mrpl50/Miefl/Mrps34/Mrpld5/Mtg2/Mrpld8/Mrpl48/Mrpl2/Dap3/
Mrpl23
Mrps11/Mrpl43/Mrps14/Mrps14/Ndufa7/Mrpl40/Mrpl30/Mrpl14/Mrpl57/Mrpl32/
Mrps21/Mrps21/Mrpl50/Miefl/Mrps34/Mrpld5/Mtg2/Mrpl48/Mrpl48/Mrpl2/Dap3/
Mrpl23

16

42

42

14

28

51

19

51

32



cC

cc

cc
cC

cc

cc

cc

cC
cc

cc

cc
cc
cc

MF

MF

MF

MF

10

G0:0005814

G0:0005759

G0:0070369

G0:0071664

G0:0060199

G0:0060203

G0:0005840

G0:0042581
G0:0044391

G0:0001650

G0:0000315

G0:0005762

G0:0060198

G0:0047696

G0:1990380

G0:0004703

G0:0004843

centriole

mitochondrial matrix

beta-catenin-TCF7L2
complex
catenin-TCF7L2
complex
clathrin-sculpted
glutamate transport
vesicle

clathrin-sculpted
glutamate transport
vesicle membrane

ribosome

specific granule

ribosomal subunit

fibrillar center

organellar large
ribosomal subunit

mitochondrial large
ribosomal subunit

clathrin-sculpted
vesicle

beta-adrenergic
receptor kinase
activity
Lys48-specific deu-
biquitinase activity
G protein-coupled
receptor kinase
activity
thiol-dependent
deubiquitinase

31/2120

49/2120

7/2120

7/2120

6/2120

6/2120

43/2120

8/2120
36/2120

31/2120

13/2120

13/2120

6/2120

7/2082

11/2082

7/2082

24/2082

E-cigarette and DNA methylation

207/31010

394/31010

17/31010

18/31010

13/31010

13/31010

352/31010

25/31010
279/31010

228/31010

68/31010

68/31010

18/31010

12/30629

34/30629

16/30629

148/30629

3.21E-05

3.82E-05

7.29E-05

0.0001123

0.00011437

0.00011437

0.00016479

0.00017755
0.00018662

0.00019959

0.0006211

0.0006211

0.00091898

3.88E-06

9.24E-06

4.39E-05

6.17E-05

0.00725808

0.00725808

0.01086509

0.01086509

0.01086509

0.01086509

0.0126405

0.0126405
0.0126405

0.0126405

0.03371695

0.03371695

0.04656152

0.00490966

0.00584814

0.01215592

0.01215592

Hyls1/Cetn4/Top2a/Bnip2/Bnip2/Ccp110/Mdm1/Mdm1/Mdm1/Mdm1/Ccsap/
Hspala/Cep76/0df2/Wdr90/Hap1/Sdccag8/Cepl70/Cepl70/Kif3a/Scltl/Glel/
Alms1/Alms1/Saxo2/Akna/Tsks/Fam161a/Ccdc78/Cchcrl/Ccherl
Mrps11/Twnk/Mrpl43/Hadha/Hadhb/Trmt5/Mrps14/Mrps14/Mterfla/Ndufa7/Prdx1/
Ugcc2/Mrpld0/Mrpl30/Acotl1/Acsm2/Sirtd/Mrpll4/Mrpl57/Mrpl32/Mrps21/Mrps21/
Shmt2/Mrpl50/Trmt10c¢/Tsfm/Miefl/Pdel12/Acss3/Foxo3/Brcal/Mrps34/Acot13/
Atxn3/Atxn3/Atxn3/Mrpl45/Mtg2/Mrpl48/Mrpl48/Polg/Mrpl2/Iscu/Mettl4/Dhx30/
Dap3/Snca/Acatl/Mrpl23

Tefd/Tef4/Ctnnb1/Tef712/Tef 712/ Tef 712/ Tefd

Tcf4/Tef4/Ctnnbd/Tef712/Tef712/Tef 712/ Tef4

Otof/Otof/Otof/Dnajc5/Rab3a/Rab3a

Otof/Otof/Otof/Dnajc5/Rab3a/Rab3a

Mrps11/Mrpl43/Mrps14/Mrps14/Ndufa7/Rpl12/Rpl12/Mrpl40/Mrpl30/Larp4b/
Mrpl14/Mrpl57/Mrpl32/Mrps21/Mrps21/Rps13/Rps13/Fau/Fau/Rpl6/Rpl6/Mrpl50/
Rps15/Rps15/Miefl/Mrps34/Mrpld5/Mtg2/Rps14/Mrpl48/Mrpld8/Mrpl2/Rpl30/
Rpl30/Nufip2/Dap3/Elavl4/Elavli4/Snca/Mcts2/Rpl15/Mrpl23/Uba52

Adam8/Adam8/Adam8/Vamp1/Stx4a/Clcn3/Clcn3/Clcn3
Mrps11/Mrpl43/Mrps14/Mrps14/Rpl12/Rpl12/Mrpl40/Mrpl30/Mrpld14/Mrpl57/
Mrpl32/Mrps21/Mrps21/Rps13/Rps13/Fau/Fau/Rpl6/Rpl6/Mrpl50/Rps15/Rps15/
Miefl/Mrps34/Mrpld5/Rps14/Mrpl48/Mrpld8/Mrpl2/Rpl30/Rpl30/Dap3/Mcts2/
Rpl15/Mrpl23/Uba52

Cilk1/Uso1l/Rnmt/Garl/Smugl/Mril/Smad7/Maltl/Nrip1/Acaca/Fblim1/Ncl/Ip6k1/
Nuak1/Cc2d1a/Rpain/Rpain/Rpain/Rpain/Akna/Wdr33/Wdr33/Wdr33/Mtdh/Nufipl/
Exosc8/Smarca5/Cd2bp2/Mrpl23/Mbd6/Mbd6

Mrpl43/Mrpl40/Mrpl30/Mrpl14/Mrpl57/Mrpl32/Mrpl50/Miefl/Mrpl45/Mrpl48/
Mrpl48/Mrpl2/Mrpl23
Mrpl43/Mrpl40/Mrpl30/Mrpl14/Mrpl57/Mrpl32/Mrpl50/Mief1/Mrpl45/Mrpld8/
Mrpl48/Mrpl2/Mrpl23

Otof/Otof/Otof/Dnajc5/Rab3a/Rab3a

Grk2/Grk2/Grk6/Grk6/Grke/Grk6/Grk6

Usp7/Usp7/Uspl19/Usp19/Usp19/Usp19/Atxn3/Atxn3/Atxn3/Mindyl/Yod1

Grk2/Grk2/Grk6/Grk6,/Grk6/Grk6/Grk6

Usp10/Usp7/Usp7,/0tud4/0Otud4/Usp31/0tud7a/Usp29/Usp29/Usp48/Usp48/Usp2/
Otud6b/0tud6b/Usp19/Usp19/Usp19/Usp19/Atxn3/Atxn3/Atxn3/Mindy1l/Otub2/Yod1

31

49

43

36

31

13

13

11

24



MF

MF

MF

MF

MF

MF

MF

MF

MF
MF

MF

MF

MF

MF

MF

G0:0047391

G0:0008242

G0:0035254

G0:0101005

G0:0035256

G0:0019783

G0:0031681

G0:0010851

G0:0031208
G0:0031628

G0:0072542

G0:0031698

G0:0042171

G0:0001093

G0:0003735

alkylglycerophos-
phoethanolamine
phosphodiesterase
activity

omega peptidase
activity

glutamate receptor
binding
deubiquitinase
activity

G protein-coupled
glutamate receptor
binding
ubiquitin-like protein-
specific protease
activity

G-protein beta-
subunit binding
cyclase regulator
activity

POZ domain binding
opioid receptor
binding

protein phosphatase
activator activity
beta-2 adrenergic
receptor binding
lysophosphatidic
acid acyltransferase
activity

TFlIB-class transcrip-
tion factor binding

structural constitu-
ent of ribosome

8/2082

25/2082

22/2082

24/2082

6/2082

26/2082

10/2082

7/2082

5/2082
7/2082

6/2082

7/2082

7/2082

6/2082

30/2082

E-cigarette and DNA methylation

12/30629

158/30629

131/30629

150/30629

24/30629

176/30629

38/30629

20/30629

10/30629
21/30629

16/30629

23/30629

23/30629

17/30629

236/30629

6.33E-05

6.64E-05

7.20E-05

7.68E-05

0.00012335

0.00015333

0.00016723

0.0002338

0.00027246
0.00033018

0.00043278

0.00061721

0.00061721

0.00063049

0.00071536

0.01215592

0.01215592

0.01215592

0.01215592

0.01735095

0.01924642

0.01924642

0.02466558

0.02653348
0.029858

0.03652676

0.04434476

0.04434476

0.04434476

0.04766526

Gnas/Gnas/Gnas/Gnall/Gnall/Gnas

Usp10/Usp7/Usp7,/0tud4/0Otud4/Usp31/0tud7a/Usp29/Usp29/Usp48/Usp48/Usp2/
Otud6b/0tud6b/Ggt7/Usp19/Usp19/Usp19/Uspl19/Atxn3/Atxn3/Atxn3/Mindy1l/
Otub2/Yod1

Adora2a/Cabp1/Cabpl/Prnp/Prnp/Calm1/Calm1/Shankl/Gnas/Gnas/Gnas/Grial/
Grial/Ctnnb1/Camk2a/Camk2a/Dlgd/Gnas/Il1r1/111r1/Grin2a/Homer3

Usp10/Usp7/Usp7/0tud4/0Otud4/Usp31/0tud7a/Usp29/Usp29/Usp48/Usp48/Usp2/
Otud6b/0Otud6b/Usp19/Usp19/Usp19/Uspl19/Atxn3/Atxn3/Atxn3/Mindy1/0tub2/Yod1
Adora2a/Cabp1/Cabpl/Prnp/Prnp/Calm1/Calm1/Homer3

Usp10/Usp7/Usp7/0tud4/0Otud4/Usp31/0tud7a/Usp29/Usp29/Usp48/Usp48/Usp2/
Otud6b/0Otud6b/Usp19/Usp19/Usp19/Uspl9/Atxn3/Atxn3/Atxn3/Mindy1/Otub2/
Yod1/Senp8/Senp8

Gngl13/Rasd2/Rgs7/Gnas/Gnas/Gnas/Grial/Grial/Gngt2/Gnas
Gucalb/Calm1/Calm1/Gnas/Gnas/Gnas/Gnas

Zbtb21/Zbtb21/Zbtb21/Zbtb21/KIhI17

Penk/Gnas/Gnas/Gnas/Grk2/Grk2/Gnas

Calm1/Calm1/Ptpa/Ptpa/Ppp2r5c/Ppp2r5a

Gnas/Gnas/Gnas/Grial/Grial/Dlg4/Gnas

Agpatl/Agpat3/Abhd4/Abhd4/Pnpla3/Pnpla3/Agpatl

Tbp/Tcf4/Tcf4/Crebbp/Crebbp/Tcf4

Mrps11/Mrpl43/Mrps14/Mrps14/Ndufa7/Rpl12/Rpl12/Mrpl30/Mrpl14/Mrpl57/
Mrpl32/Mrps21/Mrps21/Rps13/Rps13/Fau/Fau/Rpl6/Rpl6/Rps15/Rps15/Mrps34/
Rps14/Mrpl2/Rpl30/Rpl30/Dap3/Rpl15/Mrpl23/Uba52

25

22

24

26

10

30

11



