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Abstract

Current smoking contributes to worsened asthma prognosis and
more severe symptoms and limits the beneficial effects of
corticosteroids. As the nasal epithelium can reflect smoking-
induced changes in the lower airways, it is a relevant source to
investigate changes in gene expression and DNA methylation. This
study explores gene expression and DNA methylation changes in
current and ex-smokers with asthma. Matched gene expression and
epigenome-wide DNA methylation samples collected from nasal
brushings of 55 patients enrolled in a clinical trial investigation of
current and ex-smoker patients with asthma were analyzed.
Differential gene expression and DNA methylation analyses were
conducted comparing current smokers with ex-smokers.
Expression quantitative trait methylation (eQTM) analysis was
completed to explore smoking-relevant genes by CpG sites that
differ between current and ex-smokers. To investigate the relevance
of the smoking-associated DNA methylation changes for the lower

airways, significant CpG sites were explored in bronchial biopsies
from patients who had stopped smoking. A total of 809 genes and
18,814 CpG sites were differentially associated with current
smoking in the nose. The cis-eQTM analysis uncovered 171 CpG
sites with a methylation status associated with smoking-related
gene expression, including AHRR, ALDH3A1, CYP1A1, and
CYP1B1. The methylation status of CpG sites altered by current
smoking reversed with 1 year of smoking cessation. We confirm
that current smoking alters epigenetic patterns and affects gene
expression in the nasal epithelium of patients with asthma, which is
partially reversible in bronchial biopsies after smoking cessation.
We demonstrate the ability to discern molecular changes in the
nasal epithelium, presenting this as a tool in future investigations
into disease-relevant effects of tobacco smoke.

Keywords: asthma; nasal epithelium; gene expression; DNA
methylation; smoking

The long-term adverse health effects of
cigarette smoking are well established. Short-
term tobacco smoke exposure negatively
affects lung function, whereas long-term

exposure is linked with chronic respiratory
disease (1). Cigarette smoking increases the
risk of asthma development and severity (2).
Asthma causes 450,000 deaths worldwide

annually, and 350 million people have it (3).
The smoking rate amongpatientswithasthma
is similar to that of the general population, and
theyare less likely toquit (2). Smokingpatients
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with asthma are a complex and vulnerable
population because they are more susceptible
to the development of respiratory diseases
suchas chronicobstructivepulmonarydisease
(COPD), in addition to a poor asthma
prognosis (4). Smoking patients with asthma
experience more life-threatening
exacerbations, making disease management
difficult. The beneficial effect of inhaled
corticosteroids on lung function outcomes is
negated by smoking (5). As such, an altered
physiological response occurs in the airways
because of smoke exposure, causingworsened
asthma disease outcomes (2).

The respiratory airway epithelium is the
body’s first line of defense against inhaled toxic
agentsandexhibitssmoking-associatedchanges
(6).Althoughbronchial samples are considered
themost representative (7), thenasalepithelium
can reflect smoking-induced changes in the
lower airways. Functionally similar genes in
paired nasal and bronchial epithelium samples
can differentiate between healthy never-
smokers andcurrent smokers (7–11).Although
nasal brushings do not perfectly mirror the
lower airways, the response to tobacco smoking
is shown to be reflective of transcriptional
changes, and they are anattractive alternative to
invasive bronchial biopsies.

Epigenetics refers to chemical changes to
the genome that do not alter the nucleotide
sequence (12). DNAmethylation is themost
widely studied epigeneticmark and is known to
influence gene expression.Modifications in
DNAmethylation can be caused by
environmental stimuli, such as cigarette smoke
(13, 14). These changes can persist and
contribute to increased disease susceptibility
(15). As smoking increases asthma severity and
reduces treatment effectiveness, greater
understanding of gene expression and DNA
methylation changes due to smoke exposure is
needed.Methylation commonly occurs at
positions in the DNAwhere a cytosine
nucleotide is followed by a guanine nucleotide,
these locations are referred to as CpG sites.
Differentially methylated CpG sites exist
between current, ex-, and never-smokers in
samples taken from the lung and blood tissues.
These sites are associated with the genes
ALDH3A1,CYP1A1,CYP1B1, andAHRR (16,
17).Most studies investigate DNAmethylation
with blood samples; however, examination of
structural cells is vital because they are exposed
to smoke. Some studies investigate changes in
gene expression and DNAmethylation using
patient-matched lung samples (11, 18, 19) but
arelimitedbysize.Theseanalysesenableadirect
investigation between gene expression and

DNAmethylation, increasing our
understanding of molecular processes that
influence the tobacco smoke response.

The current study investigates nasal
differential gene expression and DNA
methylation profiles between current and
ex-smokers with asthma.We examined
differential gene expression due to current
smoking in two in vitro datasets and in two
in vivo smoking cessation datasets. We tested
these gene expression patterns for an
association with relevant clinical measures in
asthma. Analysis of DNAmethylation and
gene expression using expression quantitative
trait methylation (eQTM) analysis offered
insight into the relationship between DNA
methylationstatusandgeneexpressionrelative
to smoking status. To address the dynamics of
smoking-associated changes in the airways,
significant nasal CpG sites were explored in
bronchial biopsies from patients who had
stoppedsmoking.This studycontributes to the
current understanding of nasal gene
expression as an alternative to invasive
bronchial biopsies. It elucidates mechanisms
andidentifiesappropriatebiomarkersaffecting
processes in smoking patients with asthma.

Methods

Participants and Sample Collection
Studysubjectswereselectedfromparticipantsof
theOLiVIA(EffectsofExtra-FineParticleHFA-
Beclomethasone Versus Coarse Particle
Treatment in Smokers and Ex-Smokers with
Asthma) study (ClinicalTrials.gov
#NCT01741285) (20). This studywas approved
by the local medical ethics committee, with
written and informed consent received before
collection. Patients were included if they were
eithercurrentorex-smokers(smokingcessation
>6mo), aged 18–65 years old, and had doctor-
diagnosed asthma with a smoking history of 5
pack-years ormore. Exclusion criteria
comprised treatment with oral steroids, forced
expiratoryvolumein1second(FEV1)of<1.2L,
and an upper respiratory tract infection<4
weeks before inclusion, had used inhaled
corticosteroidsintheprevious4–6weeks,andan
asthmaexacerbation<6weeksbeforeinclusion.
A schematic representation of the study design
andanalysis is includedinthesupplementaryfile
(Figure E1 in the data supplement).

Sample Collection, Processing, and
Quality Assessment
Detailed methods are presented in the data
supplement. Nasal brushings were taken from

the inferior turbinateofpatients.Twoseparate
brushings were taken for RNA and DNA
collections. RNAwas isolated from samples
using an RNeasy kit (#74106, Qiagen) and
quality tested before single-end sequencing.
Quality control of gene expression was
performedusingR,withconcordancebetween
reported sex and sex-associated genes (XIST
and Y-chromosome genes) confirmed. Genes
with mean expression of<1 fragments/
million across all samples were removed. The
influence of technical variation was assessed
via principal component analysis using the R
packageEDASeq.Thevariation in library sizes
was explored for gene expression among
samples by making a relative log expression
plots. The library size cut-off ensured that
sequenceswouldbe larger thanone-quarter of
the median of all library sizes. Data were log2
transformed and normalized.

DNA extraction was completed on a
second nasal brushing using a DNA extraction
kit (#51306, Qiagen), according to the
manufacturer’s instructions.DNAmethylation
processing was completed using the Infinium
MethylationEPIC BeadChip array. DNA
methylation data quality and normalization
were also assessed using the R packages
MethylAid andwatermelonwithfivediagnostic
filter variables with the following thresholds:
MU=10,OP=12,BS=11.50,HC=12.75, and
DP=0.95 (the definitions of these variables are
provided in the data supplement). Discordant
samples were discarded as “swapped” or
“contaminated” samples. Probes with high
intensities indistinguishable from the
background, cross-reactive probes, and type I
probes with high-intensity signals were
discarded.Probeswereexcluded if intensities1)
were indistinguishable frombackground levels,
2) were cross-reactive, or 3) were type I probes
displaying high-intensity signals. The final
number of CpG sites tested after filtration was
797,128 sites. Normalization was completed
using the dasenmethod in thewatermelon
package, inwhichtype1andtype2background
intensities are equalized separately using
quantilenormalizationbefore thegenerationof
b values. Detailed sample processing
methodology is included in the data
supplement.

Smoker versus Ex-Smoker: Differential
Gene Expression Analysis
Differential expression was assessed using
least-squares linearmodeling in theRpackage
limma.We corrected for age and sex by
includingeachfactorasacovariate inthelinear
model, whereas smoking status was the tested
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variable. Correction for multiple testing was
applied throughcontrolling the falsediscovery
rate (FDR) using the Benjamin-Hochberg
(BH) procedure. Significant differentially
expressedgenesweredeterminedwithanFDR
of less than0.05andafold-change(FC)greater
than |1.0|.

Cellular Deconvolution Analysis
Cellular deconvolution was completed using
the Cibersort method on single-cell RNA
sequencing signatures for basal, ciliated, and
mucus-secretory cells (club andgoblet cells) to
investigatethecompositionofnasalbrushings.
Cell compositionwas then compared between
current and ex-smokers. The complete
methodology is included in the data
supplement.

Gene Expression Profiling and
Mapping with In Vitro Datasets
Independent publicly available in vitro
datasets on the Gene Expression Omnibus
were used to conduct gene set expression
analysis(GSEA)andgenesetvariationanalysis
(GSVA).GSEAuseddatasetsanalyzingairway
epithelial cells from patients exposed to
cigarette smoke for 30 minutes four times
(GSE30660) before gene expression analysis
and bronchial epithelium air–liquid interface
(ALI) cultures exposed cigarette smoke for 24
hours before gene expression analysis
(GSE82137) (21). We conducted GSVA on a
dataset that analyzed nasal epithelium gene
expression from smokers who had quit
smoking, over a 6-month period (GSE83364)
(22). We also conducted GSVA on datasets
thatanalyzedchangesgeneexpressioninA549
cells in which NRF2 (GSE113519) and AHR
(GSE109576) (23) are inhibited. The
methodology and patient demographics
(where appropriate) are located in the data
supplement.

Identification of Biological Pathways
Altered by Smoke Exposure in
the Nose
Pathwayanalysiswascompletedtoidentify the
biological pathways that involve significant
differentially expressed genes in nasal
epithelium. The g:Profiler web-based tool was
used to conduct the analysis, using a subset of
the top 25 significant (FDR, 0.05 and
FC. |1.0|) genes.

Association between Gene Expression
Variation and Clinical Parameters
The top 25 significantly increased genes from
the differential expression analysis were

analyzed by GSVA to generate gene variation
enrichment scores for each patient. This
“smoking score” was analyzed for correlation
with multiple clinical parameters, including
pack-years, age, lung function (FEV1/forced
vital capacity), and peripheral immune cell
counts. Data were analyzed using a
nonparametric Spearman’s correlation test,
with statistical significance determined at
P, 0.05.

Smoker versus Ex-Smoker: Differential
DNA Methylation Analysis
Differential DNAmethylation analysis used
robust linear modeling in the R package
limma. To remove the dependence of the
mean (heteroscedasticity),b valueswere logit-
transformed toM values. Smoking status, age,
and sex were covariates in the linear model.
Major principal components, explaining 95%
of the variation in technical control probes,
were included as covariates to account for
variation, as recommended by Lehne and
colleagues (24).TheDb valueswere calculated
bysubtractingtheaveragebvalueperCpGsite
for the current smoker group fromtheaverage
b value for the ex-smoker group. Correction
for multiple testing was controlled at
FDR, 0.05 using the BH procedure. The BH
correction method was preferred to the
Bonferroni method to ensure consistency
across analyses; because BH is the standard
method for differential gene expression, it was
used for DNAmethylation analysis. As such,
DNAmethylation analysis was less restrictive
to enable an appropriate comparison with
gene expression. Bonferroni significance was
still indicated in the figures for reference.

Expression Quantitative Trait
Methylation Analysis
cis-eQTManalysis was performed using the R
package MatrixEQTL (version 2.2). Age and
sex were entered as covariates in the model.
Fortheanalysis,a1-Mbregiononeithersideof
the gene was selected. The analysis was
completed for each significant gene from the
differential gene expression analysis
(FDR, 0.05 and FC. |1.0|) individually
against significant CpG sites from the
differential DNAmethylation analysis
(FDR, 0.05). Correction for multiple testing
was completed using the BH procedure.

Mapping of DNA Methylation Sites with
Transcription Factor Binding Sites
The relevance of significant differential DNA
methylation siteswas profiled by comparison
with independent online chromatin IP

sequencing (ChIP-Seq) datasets. GSE90550
investigates the binding locations of
smoking-related transcription factors AHR
and AHRR inMCF-7 cells treated with
DMSO or 2,3,7,8-Tetrachlorodibenzodioxin
(TCDD) for 24 hours (25), whereas
GSE75812 investigates transcription factor
NRF2 binding locations in BEAS-2B cells
treated with sulforaphane for 5 hours (26).
The location of transcription binding sites
was aligned with gene transcript locations
and significantdifferentiallymethylatedCpG
sites identified in the eQTM analysis.

Longitudinal Analysis of Changes to
DNA Methylation Sites with
Smoking Cessation
The longitudinal effects of smoking cessation
were evaluated using an independent 1-year
smoking cessation model (27). The
independent study completed differential
DNAmethylation analysis on paired
bronchial biopsies taken from smokers with
COPD before and after they had stopped
smoking for 1 year. From a total of 63
participants, only19patientshad successfully
ceased smoking by the end of the study.
Significant cis-eQTM CpG sites identified in
the nasal epithelium as part of the current
study were extracted from the differential
DNAmethylation results of the smoking
cessation analysis. We investigated how the
DNAmethylation sites affected by current
smoking the nasal epithelium are altered in
bronchial samples upon 1 year of smoking
cessation.

Statistical Analysis
Differential gene expression, differentialDNA
methylation, and eQTM analyses were all
conductedusingRsoftware (version4.0.1).All
other analyses were performed using the
GraphPad Prism software (version 8), with
statistical significance determined at P, 0.05.

Results

Patient Demographics and
Sample Processing
Ten samples were removed after mRNA
quality checking processes, leaving a final
number of 55 high-quality samples for
analysis. Gene expression data were collected
from these brushings. After processing, 31
samples had sufficient quality DNA to
undergo DNAmethylation analysis. Finally,
29 samples remained in which both gene
expression and DNAmethylation data were
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available for eQTM analysis. Patient
information and demographics are
summarized in Table 1.

Differential Gene Expression in Nasal
Epithelium between Current and
Ex-Smokers
Differential gene expression analysis identified
809 genes being upregulated or downregulated
in the nasal epithelium by current smoking. In
total, 153 genes showed increased expression
and 656 showed decreased expression
(FDR, 0.05 and log-fold change. |1.0|;
Figure 1A). Using hierarchy clustering, the
majority of smokers clustered separately from
the ex-smokers. Table E1 lists the top
significantly differentially expressed genes.
Among the significantly upregulated genes in
active smoker nasal epitheliumwere CYP1A1,
CYP1B1,ALDH3A1,NQO1, andAHRR. The
most significant downregulatedgenes included
SAA1, SAA2,CYP4X1, COL9A2, andCHST4
(Figure 1B). Of particular note are genes
CYP1A1 and CYP1B1, which were greatly
upregulated in current smokers.with a log-fold
change of 7.44 (FDR=5.803 10219) and 4.31
(FDR=8.193 10214), respectively(Figure1B).

Cellular Composition of Nasal
Brushings Are Similar between Current
and Ex-Smoker Patients
To assess the uniformity of nasal samples and
whether epithelium from current and

ex-smokers differs, we conducted cellular
deconvolution using the support vector
regression (SVR) and non-negative least
squares (NNLS) analytical methods. The
following four cell types were most abundant
across the samples: goblet cells, basal
epithelium, dendritic cells, and ciliated
epithelium.Both techniques reportedminimal
variability incellcompositionbetweensamples
taken from current and ex-smokers (Figure
E2). Therefore, we observed no difference in
sample cell composition from nasal brushings
between current and ex-smokers.

Smoking Affected Genes in the Nose
Are Similarly Altered in Independent
In Vitro Analysis of Airway Cells
To investigate whether differences in gene
expressionwere caused by changes in the nasal
epithelium or to inflammatory cells, we
analyzed in vitro datasets of airway epithelial
cells exposed to gaseous tobacco smoke. Using
GSEA, we investigated whether the 809 genes
altered by current smoking in nasal epithelium
are similarly affected by cigarette smoke in
independent ALI cell culture datasets. The
genesALDH3A1,AHRR, CYP1A1, CYP1B1,
CYP1B1-AS1,andSLC7A11werecoreenriched
among the genes that had increased expression
by smokeexposure in thehumanepithelialALI
dataset (GSE30660; Figure 2A) and the
bronchial epithelial ALI dataset (GSE82137;
Figure 2B). The genesCYP4X1, COL9A2,

SAA1, and SAA2 were core enriched among
genesdownregulatedby smoke exposure in the
ALIdatasets (Figures2Aand2B). InFigures2A
and2B,enrichedgenesarerepresentedbyblack
vertical lines indicating the amount these
differentially expressed genes from the dataset
are overrepresented in nasal epithelium gene
expression. Core enriched genes, represented
by red vertical lines, are genes that are highly
represented in a gene set, indicating that they
are highly likely to be associated with the
stimulus. This shows that gene expression
changes caused by smoke exposure in the nasal
epithelium align with independent findings,
indicating thatgeneexpressionoccurring in the
upper airways in response to cigarette smoke is
reflected in airway epithelial cells in an in vitro
setting.

AHR and NRF2 Biological Signaling
Pathways Are Involved in the Nasal
Response to Smoking
Next, to determine which pathways are
enriched in our analysis, we conducted a
pathway analysis using g:Profiler. Here, we
identified five pathways, including general
pathwayssuchasresponsetoexternal stimulus
andmetabolism of xenobiotics together with
well-known smoking-related pathways
such as the AHR pathway and the NRF2
pathway (Table 2).

To investigate these pathways, we
analyzed two publicly available datasets that

Table 1. Clinical Characteristics of the Study Population

Characteristic

Differential Gene Expression Analysis Differential Methylation Analysis eQTM Analysis

Current Smoker Ex-Smoker Current Smoker Ex-Smoker Current Smoker Ex-Smoker

N 26 29 14 17 13 16
Female, % 53.85 55.17 53.85 55.17 46.15 56.25
Age, yr 40611 50610* 386 11 50611† 38612 49611*
Pack-years 22613 21619 186 10 17610 1969 17610
Daily cigarettes 17.68610.54 — 17.686 10.54 — 18.1567.18 —
FEV1% predicted 86.08613.75 89.34618.17 82.146 12.45 85.06617.97 82.38610.03 87.69616.81
FEV1/FVC, % 83.87611.73 82.64613.82 82.086 10.21 80.86612.29 82.88611.16 81.88610.80

Peripheral blood cell absolute count, 3103 cell/ml
Leukocytes 9.1462.15 6.6461.50‡ 9.146 2.15 6.6461.50† 9.1062.19 6.3961.72†

Neutrophils 5.2161.23 3.7461.57† 5.216 1.23 3.7461.57† 5.3661.65 3.6561.47†

Lymphocytes 2.8060.81 2.0460.46‡ 2.806 0.81 2.0460.46† 2.6860.81 1.9160.33†

Monocytes 0.7060.17 0.5360.16† 0.706 0.17 0.5360.16† 0.6860.15 0.5160.16†

Eosinophils 0.3660.20 0.2760.18 0.366 0.20 0.2760.18 0.3260.18 0.2660.19

Definition of abbreviations: eQTM=expression quantitative trait methylation; FEV1= forced expiratory volume in 1 second; FVC= forced vital
capacity.
Data are presented as arithmetic mean6SD and analyzed using a Mann-Whitney test.
*P, 0.05 (current smoker vs. ex-smoker).
†P, 0.001 (current smoker vs. ex-smoker).
‡P, 0.0001 (current smoker vs. ex-smoker).
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specifically inhibited NRF2 (GSE113519) or
AHRR (GSE109576) in airway epithelial cells.
To understand the function of differentially
expressed genes from these datasets in nasal
epithelium from smokers with asthma, GSVA
analysis was conducted. Because of limited
genes indicating increased expression
(FDR, 0.05) in these datasets, we focused on

gene expression decreased byNRF2 andAHR
inhibition. Genes that decreased in expression
upon inhibition of either protein demonstrate
an increased amount of expression in current
smoker nasal epithelium (Figures 2C and2D).
These results indicate that both NRF2 and
AHRhaveasignificantrole in theregulationof
genes associated with current smoking.

Gene Expression Levels Reverse with
Smoking Cessation
To explore the effect of smoking cessation on
genes that change with smoke exposure, we
performed a GSVA using an independent
in vivonasal smoking cessation dataset (22). A
subset of the 25 top significantly increased and
a second subset of the 25 top significantly
decreased genes in the nasal epithelium were
analyzed for changes associated with smoking
cessation. Gene expression was analyzed 4, 8,
16, and24weeks after cessation.After 4weeks,
genes upregulated by current smoking in the
nasal epithelium are downregulated, which is
sustained over 24 weeks (Figure 3A).
Comparatively, genes downregulated by
current smoking in the nasal epithelium are
upregulated 8 weeks after smoking cessation,
which is sustained after 16 weeks (Figure 3B);
at 24weeks, thiswas no longer significant. It is
unclear what might be the physiological effect
of this change.

GSVA Smoking Score Correlates with
Clinical Parameters
After this, we investigated whether
transcriptional signatures were associated
with clinical parameters (measures of lung
function and peripheral inflammation). The
subset of the top 25 significantly increased
genes (FDR, 0.05 and FC. 1) in the nasal
epithelium was used to generate a GSVA
enrichment “smoking score.”Figure4 showsa
positive correlation with our gene expression
signature and pack-years (P=0.0077). A
significant correlation was also observed for
peripheral blood cells such as leukocytes
(P, 0.0001), neutrophils (P=0.0012),
monocytes (P=0.0015), and lymphocytes
(P=0.0010); these have been included in the
data supplement (Figure E3). However, when
the correlation analysis is completed within
each group, no significant correlation is
observed for either current or ex-smokers
(P. 0.05). No correlation was observed with
age, FEV1/forced vital capacity, number of
cigarettes per day, or absolute eosinophil
counts. No correlation is reported within the
current smoker group for the clinical
parameters against the GSVA smoking
enrichment score, despite a correlation
observed for pack-years. This might be
explainedbyalackofabroadrangeofsmoking
levels within the current smoker group.
Therefore, the inclusion of a greater range of
smoking levelswill offermorenuanced insight
between the ability to measure the effects of
smoking on clinical parameters using this
methodology.
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Figure 2. Analysis of smoking affected genes expressed in the nasal epithelium within
independent in vitro datasets. (A) Gene set expression analysis (GSEA) enrichment of genes
upregulated and downregulated in air–liquid interface (ALI) cultures of primary airway epithelial
cells exposed cigarette smoke compared with nasal epithelium genes from patients with asthma.
(B) GSEA enrichment of genes increased or decreased in bronchial epithelial ALI cultures upon
cigarette smoke exposure compared with nasal epithelium genes from patients with asthma.
Colored horizontal bars represent genes identified in each independent dataset ranked by t value;
red indicates a positive association with gene expression, whereas blue indicates a negative
association. The black vertical lines represent differentially expressed genes between smokers
and ex-smokers in the nasal epithelium. The height of the black lines indicates the running
enrichment scores of each gene, signifying the amount that the genes are overrepresented in the
nasal epithelium. Red bars indicate core enriched genes; these are genes highly represented in
the gene set. (C and D) Gene set variation analysis analyzing genes that indicate decreased
expression in A549 cells upon NRF2 (C) or AHR inhibition (D) in A549 cells have increased
expression in current smoker (red) nasal epithelial compared with ex-smokers (blue). Dots
represent individual patients from nasal differential gene expression analysis. Data are presented
as mean6SEM and analyzed using Student’s parametric t test. Statistical significance between
ex-smoker and current smoker groups is indicated by *P, 0.05 and ****P,0.0001. n=26 (current
smokers) and 29 (ex-smokers) for all analyses. AHR = aryl-hydrocarbon receptor.
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Differential DNA Methylation Patterns
Exist between Current and Ex-Smokers
To investigate the effect of current smokingon
epigenetics (DNAmethylation), we
conducted a differential DNAmethylation
analysis. We identified 18,814 CpG sites
altered by current smoking, with 10,697 sites
with higher methylation and 8,117 sites with
lower methylation (FDR, 0.05) in current
smokers relative to ex-smokers (Figure 5A).
TableE3 lists the topsignificantlydifferentially
methylatedCpGsites. Figure 5Bhighlights the
most significant CpG sites that are associated
with either increased (red) or decreased (blue)
methylation (Db value) in current smokers
compared with ex-smokers. Figure E5
illustrates this relationshipwith respect to log-
fold change.

The cellular composition of samples can
affect results from differential DNA
methylation analysis (28). We completed a
sensitivity analysis by including the cellular
deconvolution data as covariates in the linear
model. These results reported that 95% of
significantly affected methylation sites were
retained when cell composition was adjusted
for, compared with the original analysis.

Changes in DNA Methylation Are
Associated with Changes in the
Expression of Smoking-related Genes
The cis-eQTM analysis aimed to investigate
whether an association exists between
significantlydifferentially expressedgenes and
methylated CpG sites in response to current
smoking. A total of 171 cis-eQTM
relationships were identified with key
smoking-related genes (ALDH3A1,AHRR,
BPIFA2,CYP1A1,CYP1B1,CYP1B1-AS1, and
SLC7A11); the most significant cis-eQTM
relationships per gene are listed in Table E4.
Figures 6A–6G illustrate the relationship
between gene expression (counts per million)
and DNAmethylation status for the most
significant CpG sites identified by eQTM
analysis. Figure 6A indicates that increased
methylation of cg19949948 correlates with
decreased expression ofALDH3A1
(FDR=5.743 10204). Conversely, Figure 6G
shows that increased methylation of the CpG
site cg13779050 correlates with increased
transcription of SLC7A11
(FDR=3.813 10202).

Mapping of Smoking Affected Genes in
an Independent In Vitro Dataset
To explore a possible explanation for how
DNAmethylation sites may influence the
expression of the identified genes, we

Table 2. Summary of g: Profiler Pathway Analysis Investigating the Top
20 Significantly Upregulated Genes by Current Smoking

Pathway Name Term ID FDR

Cellular response to xenobiotic stimulus GO:0071466 7.98310204

Metabolism of xenobiotics by cytochrome P450 KEGG:00980 8.53 310203

Aryl Hydrocarbon receptor pathway WP:WP2873 5.20 310207

Nuclear receptors meta-pathway WP:WP2882 1.43 310205

NRF2 pathway WP:WP2884 5.21 310203

Definition of abbreviations: FDR= false discovery rate; GO=Gene Ontology; ID= identification;
KEGG=Kyoto Encyclopedia of Genes and Genomes; WP=WikiPathways.
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Figure 3. Gene set variation analysis demonstrating gene expression reverses upon smoking
cessation. (A) Upon smoking cessation, genes upregulated by current smoking in the nasal
epithelium are downregulated for 24 weeks. (B) Smoking cessation causes genes that are
downregulated by current smoking in the nasal epithelium to increase in expression up to 16 weeks.
Data are presented as mean6SEM and analyzed using Student’s parametric t test. Statistical
significance to baseline (Week 0) is indicated by *P,0.05, **P,0.01, and ***P, 0.001. n=8.
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Figure 4. Correlation between the gene variation score of smoking-related upregulated genes
and pack-years. A gene enrichment score of 0 is indicated by a dotted line, a solid regression line
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intervals indicated by a dotted line. Triangles represent current smokers. Circles indicate
ex-smokers. Data were analyzed by nonparametric Spearman’s correlation (r = correlation
coefficient). Statistical significance was determined at P, 0.05. n=26 (current smokers) and 29
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investigated publicly available ChIP-Seq
datasets of well-known smoking-related
transcription factorsAHR,AHRR, andNRF2.
WitheQTManalysis,we identified threegenes

with a total of 17 CpG sites to be located in
proximity to AHR and AHRR binding sites.
No results were found for NRF2.
Supplementary Figure E6 maps the transcript

location for CYP1B1, CYP1B1-AS1, and
AHRR, with AHR and AHRR transcription
factor binding sites indicated in dark and light
blueupstreamof thegene.Multiple significant
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CpG sites identified by eQTM analysis were
shown to be located within these sites,
potentially influencing the binding of the
transcription factors and therefore gene
transcription.

We conducted a bootstrap analysis to
increase the confidence that the identified list
of CpG sites did not occur by chance. Across
1,000 permutations, an average of 1.23 CpG
sites were identified with a 95% confidence
interval of 1.15–1.31 CpG sites. Therefore, the

total number of 17 CpG sites found in the
original analysiswas significant,with aP value
of less than 0.0001.A frequency histogramhas
been included in the supplementary material
to illustrate the results of thebootstrapanalysis
(Figure E7).

DNA Methylation of Specific CpG Sites
Reverses with Smoking Cessation
Next, to investigate the long-term effect of
smoking cessation on DNAmethylation

profilesandaddress therelevance for the lower
airways, we used a bronchial biopsy dataset
that followed current smokers for 1 year after
smokingcessation(27).Atotalof25cis-eQTM
CpG sites in the nasal epithelium were
significantly altered in the reverse direction in
bronchial biopsies after 1 year of smoking
cessation (Table 3). GSVA of all differentially
methylated CpG sites in the nasal epithelium
indicated an overall reversal of DNA
methylation status in the biopsies. Sites more
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highlymethylated in current smokers become
more lowlymethylatedwith 1 year of smoking
cessation, and the opposite effect occurs for
lowly methylated sites (Figures 6H and 6I).

Discussion

The genes that most consistently associated
with current smoking in patients with asthma
includeALDH3A1, CYP1A1, CYP1B1,
CYP1B1-AS1, andAHRR. These genes were
identifiedinthenasalepitheliumandvalidated
in controlled in vitro smoke exposure using
ALI and in vivo airway cell models,
demonstrating immediate changes in gene
expressionupon smoke exposure.Weobserve
that genes that are increased by smoke
exposure are downregulated with smoking
cessation in upper and lower airways. Gene
expression increased by current smoking
correlate with peripheral blood immune cell
counts, which may suggest a relationship
between these genes and the innate immune
response. Differentially methylated CpG sites
were located in the proximity of key
transcription factor binding sites, possibly

affecting the expression of the nearby genes.
We also demonstrate changes in DNA
methylation in the nasal epithelium are
reflected in bronchi, highlighting a “field of
injury” throughout the airways.

Genes significantly upregulated by
current smoking in nasal epithelium of
patients with asthma include ALDH3A1,
CYP1A1, CYP1B1, andAHRR. CYP1A1/B1
catalyze the breakdown of drug components
producing reactive metabolites that can cause
DNA damage (11, 19). Hence, prolonged
expression of these genes increases the
susceptibility of cancer development (29).
ALDH3A1 increases expression in response to
aldehydes in smoke and other teratogenic
components (30). Prolonged exposure to
tobacco smoke products causes increased
expressionof thesegenes.This is reinforcedby
changes to DNAmethylation, possibly at
transcription factor binding sites, potentially
influencing gene expression. The majority of
the CpG sites indicated lower methylation
levels in the nasal epithelium of current
smokers, thus indicating that smoking may
demethylate transcription factor binding sites,
facilitating gene expression. Transcription

factor binding is known to be impacted by
DNAmethylation; however, the findings
presented in our study require experimental
validation to confirm this interaction. DNA
methylation at AHRR and AHR binding sites
need to be investigated to completely
understand the dynamics between
methylation and the ability of transcription
factors to initiate gene transcription. AHRR
has been linked to cigarette smoke and
immuneresponse invarious tissues (1,31–33).
AHRR inhibits the transcription factor AHR,
whichregulates theexpressionofCYP1A1and
CYP1B1. Dysregulated gene expression may
prolong inflammation, leading to
exacerbations in diseases such as asthma and
COPD(34).CYP1B1-AS1 is anantisenseRNA
that showed increased expression because
of current smoking, indicating an effect of
tobacco smoke on the regulation of
protein translation.

Concurrent investigation of DNA
methylation status and gene expression
demonstrated a correlation between smoking
status andmethylation of CpG sites in
proximity to smoking-related genes. Tobacco
smoke has a heterogeneous effect on DNA

Table 3. List of cis-eQTM CpG Sites in Nasal Epithelium Altered after 1 Year of Smoking Cessation

CpG Site Gene

Nasal Epithelium Current Smoking Bronchial Biopsy 1 Year after Smoke Cessation

Log FC FDR
Change in DNA
Methylation Log FC FDR

Change in DNA
Methylation

cg11183875 AKR1B10 20.951 3.58310204 Decreased 0.341 2.55310202 Increased
cg04530175 AKR1B10 21.112 4.52310202 Decreased 0.458 2.23310202 Increased
cg27638168 ALDH3A1 20.694 3.15310205 Decreased 0.337 1.25310202 Increased
cg01375106 ALDH3A1 20.375 4.15310202 Decreased 0.425 1.20310202 Increased
cg12828741 ALDH3A1 20.518 2.30310202 Decreased 0.421 1.19310202 Increased
cg24752487 BPIFA2 20.732 1.32310202 Decreased 0.424 4.16310202 Increased
cg02790305 BPIFA2 20.720 4.72310202 Decreased 0.264 3.73310202 Increased
cg02162897 COL9A2 21.701 1.36310203 Decreased 0.489 3.06310202 Increased
cg08761909 COL9A2 21.086 8.77310203 Decreased 0.500 6.81310203 Increased
cg04968473 CYP1B1 0.565 1.99310202 Increased 20.269 2.89310202 Decreased
cg01838114 CYP1B1 20.887 8.92310205 Decreased 0.274 4.81310202 Increased
cg20408276 CYP1B1 21.390 5.47310203 Decreased 0.432 2.65310202 Increased
cg26144569 CYP1B1 20.663 4.73310203 Decreased 0.384 4.93310202 Increased
cg24577031 CYP1B1 0.435 3.97310202 Increased 20.308 1.17310202 Decreased
cg12099669 CYP1B1-AS1 1.095 1.54310202 Increased 20.543 2.20310202 Decreased
cg00305453 LHX6 20.657 1.85310202 Decreased 0.274 4.62310202 Increased
cg13921444 MTNR1A 20.734 2.09310202 Decreased 0.333 2.19310202 Increased
cg20385913 MTNR1A 20.507 1.15310203 Decreased 0.442 2.96310202 Increased
cg13127741 SAA2 20.507 2.70310203 Decreased 0.246 4.87310202 Increased
cg03296424 SAA4 20.672 1.78310204 Decreased 0.319 2.12 310202 Increased
cg06589222 SNTG2 20.648 1.88310202 Decreased 0.243 1.98310202 Increased
cg07921828 STC1 21.105 3.56310202 Decreased 0.524 2.61310202 Increased
cg26267490 STC1 0.812 2.72310202 Increased 20.281 3.75310202 Decreased
cg03041510 SUSD2 0.398 1.05310202 Increased 20.463 1.56310202 Decreased
cg05575921 TRHDE 20.719 2.29310202 Decreased 0.341 1.90310202 Increased

Definition of abbreviations: cis-eQTM= cis-expression quantitative trait methylation; FDR= false discovery rate (Benjamini-Hochberg method);
LogFC= log-fold change.
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methylation status, potentially increasing or
decreasing gene expression depending on the
location of the site within a gene body (35). A
similar investigation in small airway
epithelium found changes in the methylation
status of CpG sites associatedwithALDH3A1,
CYP1A1, and CYP1B1 (18). The lower
methylation of CpG site cg05575921 is
observed to downregulate expression of
AHRR in various tissues and cell types (19, 31,
36–38). Analysis of differential DNA
methylation data in conjunction with
independent ChIP-Seq data of AHR and
AHRR illustrates the proximity of smoking-
related DNAmethylation sites to gene
promoter regions. This reinforces the
significance of these transcription factors as
key regulators of the physiological response to
tobacco smoke.

A correlation between the GSVA
smoking score in the nose and the immune
response is observed through increased
peripheral blood neutrophil, lymphocyte, and
monocyte absolute counts, whereas no
association with peripheral eosinophil
numbers was observed. Our findings agree
with those of previous studies showing that
current smoking increases peripheral blood
neutrophils and that the nasal epithelium can
reflect smoking-induced neutrophilic
inflammation (39). Therefore, altered nasal
gene expression andDNAmethylation due to
current smoking might relate to increased
immune cell count and worsening asthma
symptoms.

We identify a correlation between
smoking-induced changes in DNA
methylation and gene expression in nasal
brushed cells. Investigating an independent
in vivo smoking dataset demonstrated a
reversal of smoking-associated upregulated
geneswithin4weeksof cessation.Areversal in

the expression of smoking affected genes is
sustained for 6 months with continued
smoking cessation. In bronchial samples, we
observeda reversal ofDNAmethylationstatus
after1yearof smokingcessation.Weobserved
no strong cell-type contribution through
cellular deconvolution. Surprisingly, a lack of
goblet cell hyperplasia, which has been
associatedwith smoking, was reported. This is
possibly due to themaximal collectionof these
cells, reducing the sensitivity of the
comparison. A consistent pattern and
alteration of DNAmethylation from the nose
to bronchus reflects the concept of a “field of
injury” throughout the respiratory tract
caused by tobacco smoke exposure. Studies in
adipose tissue support this, with cessation
causing some reversal in methylation of CpG
sites (19). Our analysis involved comparing
nasal with bronchial epithelium CpG sites in
different patient cohorts. Therefore, further
investigation into the dynamics of changes in
DNAmethylation and the effect on gene
expression within the same tissue in response
to smoke is necessary.

A strength of our investigation is the
ability to analyze both gene expression and
DNAmethylation in nasal epithelial samples
from the same patients. This enables a direct
study of the correlation between expression
and DNAmethylation status. However, there
were a number of limitations in the current
study. Our investigation compares data
collected from varying cell types, limiting the
ability to interpret relationships and
correlations and to determine conclusions.
However, these analyses, in combination with
the primary analysis of paired gene and DNA
methylation samples, offer valuable insight
into potential mechanisms driving the
biological response to tobacco smoke.We
acknowledge the relatively low number of

patients in our study. Therefore, follow-up
studies are required using a larger cohort, and
the inclusionof a thirdnever-smoker group in
suchastudywouldalsobeadvisable, as itoffers
a more holistic understanding of the effect of
tobacco smoke on the studied parameters.

This studyconfirms that currentcigarette
smoking alters epigenetic patterns and affects
gene expression in nasal brushed cells of
individuals with asthma. Current smoking
affects the genesALDH3A1, CYP1A1,
CYP1B1, and AHRR,which are involved in
physiological responses in detoxification and
oxidative stress. Moreover, differentially
methylated CpG sites due to current smoking
demonstratearelationshipwiththeexpression
of these identified genes. Smoking cessation
for 6 months indicates a reversal in gene
expression pattern caused by smoking, with a
similar pattern seen for DNAmethylation
levels after 1 year of cessation. Hence, a
complex and dynamic relationship between
DNAmethylation and gene expression exists.
Ourfindings contribute to the application and
understanding of nasal gene expressions, such
as the identificationofappropriatebiomarkers
for disease prognosis and the elucidation of
mechanisms contributing to pathological
processes in smoking patients with
asthma.�
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