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Abstract

DNAmethylation is a complex, tissue-specific phenomenon that can
reflect both endogenous factors and exogenous exposures. Buccal
brushings represent an easily accessible source of DNA, which may
be an appropriate surrogate tissue in the study of environmental
exposures and chronic respiratory diseases. Buccal brushings were
obtained from a subset of current and former smokers from the
COPDGene study. Genome-wide DNA methylation data were
obtained in the discovery cohort (n = 82) using the Illumina
HumanMethylation450K array. Empirical Bayes methods were used
to test for differential methylation by current smoking status at
468,219 autosomal CpG sites using linear models adjusted for age,
sex, and race. Pyrosequencing was performed in a nonoverlapping
replication cohort (n = 130). Current smokers were significantly
younger than former smokers in both the discovery and replication

cohorts. Seven CpG sites were associated with current smoking at
a false discovery rate less than 0.05 in the discovery cohort. Six of the
seven significant sites were pyrosequenced in the replication cohort;
five CpG sites, including sites annotated to CYP1B1 and PARVA,
were replicated. Correlations between cumulative smoke exposure
and time since smoking cessation were observed in a subset of the
significantly associated CpG sites. A significant correlation between
reduced lung function and increased radiographic emphysema with
methylation at cg02162897 (CYP1B1) was observed among female
subjects. Site-specific methylation of DNA isolated from buccal
mucosa is associated with exposure to cigarette smoke, and may
provide insights into the mechanisms underlying differential
susceptibility toward the development of smoking-related chronic
respiratory diseases.
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Tobacco smoke is a well-established
contributor to the development of respiratory
diseases (1). However, our understanding of
the mechanisms and loci that are associated

with differential susceptibility toward
disorders such as lung cancer and chronic
obstructive pulmonary disease (COPD)
remains incomplete. Gene expression studies

have documented extensive changes in
transcription in the aerodigestive tract in
response to cigarette smoke (2–4). Because
gene expression is tissue specific, the majority
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of these studies have been performed using
epithelial cells isolated from the lower
respiratory tract and lung tissue, both of
which must be obtained invasively and
are not suitable for studies involving large
populations. Samples isolated from buccal
mucosa swabs and biopsies have been
investigated as a noninvasive lung surrogate
tissue; however, concern regarding the
degradation of samples from salivary RNAses
has limited the widespread use of this sample
type for gene expression studies (4–6).

In contrast to RNA, DNA isolated from
buccal samples is relatively stable, and has
been used for a wide variety of applications,
including genotyping and DNA methylation
analysis (7). Buccal DNA methylation
patterns have been shown to correlate with
prenatal tobacco smoke exposure (7) and
particulate air pollution levels in children
(8, 9); subgroup analyses in these studies
have been suggestive of links between
buccal methylation patterns and childhood
wheeze/asthma and exhaled nitric oxide
phenotypes. To date, the majority of studies
using buccal methylation patterns to study
environmental exposures have examined
global methylation (10) (including Alu
and LINE-1 repetitive elements [7]) or
candidate gene methylation (7–9, 11).
Studies examining the effects of tobacco
smoking on genome-wide, site-specific
methylation in buccal mucosa from adults
have not been reported. Some of the results
in the current article have been previously
reported in the form of an abstract (12).

Materials and Methods

Cohort and Samples
A subset of current and former smokers
participating the COPDGene Study

(www.clinicaltrials.gov [NCT000608764]),
recruited at Brigham and Women’s
Hospital and Morehouse School of
Medicine, were included in this study.
Enrollment and exclusion criteria have
been previously described (13). Briefly,
all study participants were self-described
non-Hispanic white or African American,
between 45 and 80 years of age with 10 or
more pack-years of smoking. All subjects
completed questionnaire data, pre- and
post-bronchodilator spirometry, as well as
inspiratory and expiratory computed chest
tomography. Current smoking was defined
as an affirmative answer to the question
“Do you currently smoke cigarettes (as
of 1 month ago)?” Quantitative percent
emphysema was calculated as the
percentage of voxels with an attenuation
less than 2950 Hounsfield units (13).
A buccal sample for DNA extraction was
collected at the time of enrollment. This
study was approved by the Institutional
Review Board of each participating center,
and informed consent was obtained from
all subjects.

DNA Methylation—Sample
Preparation, Data Processing,
and Analysis
DNA was collected and extracted from
buccal brushes using the Gentra Puregene
Buccal Cell Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol.
DNA (1 mg) was bisulfite converted using
the EZ DNA Methylation Gold Kit (Zymo
Research, Irvine, CA). DNA methylation at
485,512 CpG sites throughout the genome
was obtained in the discovery cohort
(n = 82) using the Illumina (San Diego,
CA) HumanMethylation450K array. Data
preprocessing and quality control were
performed using the Bioconductor
packages minfi (v1.4.0) (14) and sva
(v3.4.0) (15), as implemented in the R
programming language (release 2.15.0);
a summary of the data-cleaning process
is provided in Table E1 in the online
supplement.

Quantile normalization, adjustment for
batch effects using the ComBat function
(v3.4.0) (15), and subsequent analyses were
performed separately by probe chemistry.
Empirical Bayes mediated models were
used to test for differential methylation
by current smoking status at 468,219
autosomal CpG sites that passed quality
control. All models were adjusted for age,
sex, and race. A false discovery rate (FDR)

of less than 0.05 was used to denote
significance in the discovery cohort.
Pyrosequencing was performed on
bisulfite-converted DNA from a
nonoverlapping replication cohort (n = 130)
at EpigenDx, Inc. (Hopkinton, MA).
A Student’s t test was used to test for
differential methylation; a P value less
than 0.05 with a consistent direction of
effect was considered significant.

In Silico Analysis of Public Gene
Expression Data
Using publically available data downloaded
from the Gene Expression Omnibus
repository (datasets GSE7895, GSE17913,
GSE43079, GSE34517, GSE27002, GSE994,
GSE37147, GSE19407, GSE2125, GSE32537),
we explored the impact of current smoking
on gene expression in various aerodigestive
tissues at the differentially methylated loci
identified from our analyses. A Student’s
t test was used to assess for differences by
current smoking status in the log-
transformed transcript levels.

Functional Annotation Clustering
Functional annotation clustering under
the high-stringency classification option
was performed using the Database for
Annotation, Visualization, and Integrated
Discovery (version 6.7) (16, 17); gene names
annotated to CpG sites with an association
P value less than 0.001 from our primary
analyses were used as input.

Results

Technical replicates that passed bisulfite
conversion (n = 4) demonstrated very high
reproducibility at all probes assayed,
with a minimum correlation coefficient
of 0.996 between replicates (Figure E1).
Characteristics of the subjects included in
our analyses are summarized in Table 1.
Current smokers in both cohorts were
significantly younger than former smokers.
There were significantly fewer African
American subjects in the replication cohort
relative to the discovery cohort. There
were no differences in sex distribution,
spirometric lung function, or prevalence of
COPD by current smoking status in either
cohort.

Seven CpG sites were significantly
associated with current smoking in the
discovery cohort. The sites most strongly
associated with smoking in the Infinium I

Clinical Relevance

Site-specific methylation of DNA
isolated from buccal mucosa is
easily accessible and can reflect
environmental exposures, such
as cigarette smoking. Differential
methylation by cigarette smoke
exposure may provide insights into the
mechanisms underlying differential
susceptibility toward the development
of chronic respiratory diseases, such as
chronic obstructive pulmonary disease.
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and Infinium II analyses are shown in Tables
E2a and E2b, respectively. A qualitative
representation of the analysis is presented
in Figure 1 (volcano plot) and Figure E2
(Manhattan plot). Adjusting the models for
post-bronchodilator FEV1 % predicted did
not significantly change the top results
(Table E3). When we examined both type
I and II probes together, six probes,
including cg02162897 (CYP1B1) and
cg03126561 (PARVA), were significant
at an FDR less than 0.05 (Table E4).
Two probes that had previously been
significant in the Infinium II–only analysis,
cg16187635 and cg2131809 (FRMD4A),
had an FDR of 0.05 in the combined
analysis.

Although our original analyses
included a covariate adjustment for race, we
explored alternative approaches to account
for the impact of race on our results.
When we examined non-Hispanic white
subjects only (n = 60), three of the seven
significantly associated sites remained
significant at an FDR, 0.05 (Table E5).
Among African American subjects (n = 22),
there were no significant differentially
methylated sites (Table E6); however, one
site in the African American–only analysis
(cg04396288 annotated to the non-SMC
element homolog 1 (NSMCE1) gene)
had an FDR of 0.06. Whether this site
represents a race-specific signal will need
to be explored in future studies. We
performed a sample-size weighted meta-
analysis of the separate non-Hispanic white

and African American analyses using
METAL software (18). Many of the most
highly associated sites in the original
analysis remain strongly associated in the
race-stratified meta-analysis (Table E7).

Six of the seven CpG sites with an FDR
less than 0.05 in the discovery cohort
(Table 2[b]) were pyrosequenced in
a nonoverlapping replication cohort
(n = 130). Five of six sites assayed
demonstrated significant differential
methylation by current smoking status with
a consistent direction of effect (Table 2).
Of the six sites assayed, only cg21371809
(FRMD4A) did not demonstrate a significant
association with current smoking status;
however, relative hypermethylation in
current smokers (consistent with the
direction observed in the discovery cohort)
was observed (data not shown). Use of
nonparametric tests (Wilcoxon rank-sum)
did not significantly change the results.

We explored the correlation between
additional smoking metrics and the seven
sites associated with current smoking in
the discovery cohort. Four CpG sites
demonstrated a significant (P, 0.05)
correlation with cumulative pack-years
(Table 3), with a fifth site, cg16199747,
demonstrating a trend toward significance
(P = 0.06). The strength of association
between cumulative smoke exposure
and CpG methylation appeared to vary
by current smoking status (Figure E3);
at cg03126561 and cg16199747, the
associations appeared stronger in current

smokers, whereas, at cg16187635 and
cg2131809, the associations were primarily
driven by former smokers.

Although our cohort was cross-
sectional in nature, we assessed the
association between methylation levels with
the time since smoking cessation among
former smokers in the discovery cohort
to explore the possibility of dynamic
changes in methylation. Three CpG sites
demonstrated significant correlations with
time since quitting (Figure 2). In each
instance, the direction of effect was the
opposite of that observed in the current
smoking analysis—this is suggestive of
dynamic reversal of the effects of current
smoking at these loci (19).

Because cigarette smoking may impact
males and females differently, we examined
each of the significant loci in the discovery
cohort for differences in methylation by
sex. At cg16323911 and cg02162897,
significant correlationswith cumulative smoke
exposure were noted in females only (Figure
E4). At cg16187635, a significant correlation
between time since smoking cessation
and percent methylation was observed in
females only (Figure E5). Interestingly,
methylation at cg02162897, which is located
in the CpG shore of the cytochrome p450,
family 1, subfamily B, polypeptide 1
(CYP1B1) gene, was correlated with FEV1 %
predicted, FEV1/FVC ratio, and percent
emphysema in females only (Table 4).

To explore expression patterns at
differentially methylated loci in the

Table 1. Cohort Characteristics by Current Smoking Status

Discovery Replication

Current Smokers Former Smokers Current Smokers Former Smokers

n 30 52 43 87
Age, yr 60.4 (8.8)* 66.8 (8.4) 59.7 (8.1)* 65.3 (8.1)
Sex, % male 66.7 48.1 43.7 46.5
African American, % 26.7 26.9 14.0* 2.3
Pack-years 52.6 (41.6) 42.4 (29.0) 51.4 (26.3)* 41.2 (23.5)
Time since quit, yr — 17.3 (11.8) — 16.7 (12.3)
Body mass index 26.4 (5.1)* 29.7 (6.6) 28.8 (5.3) 29.0 (7.2)
FEV1 % predicted† 79.8 (25.6) 73.6 (26.6) 78.7 (19.7) 76.9 (27.1)
FVC % predicted† 89.0 (20.0) 84.8 (18.9) 88.9 (14.6) 87.4 (19.4)
FEV1/FVC

† 0.67 (0.14) 0.65 (0.16) 0.68 (0.13) 0.65 (0.16)
COPD (>GOLD 2), % 33.3 42.3 37.2 35.6
% emphysema (2950 HU) 4.4 (0.5)* 9.7 (0.5) 5.0 (6.3) 9.3 (12.1)

Definition of abbreviations: COPD, chronic obstructive pulmonary disease; GOLD, Global Initiative for Chronic Obstructive Lung Disease;
HU, Hounsfield units.
Data are presented as mean (SD) or percent.
*P, 0.05 relative to former smokers.
†Post-bronchodilator measurements.
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discovery cohort, we examined public data
generated in airway and lung-related tissues
available through the Gene Expression
Omnibus (2, 3, 20–26). Transcripts
demonstrating nominally significant
differences in expression (Student’s t test
P, 0.05) by current smoking status from
selected studies are summarized in Table
E8; at the majority of the loci examined, the
direction of the expression changes were
anticorrelated with the methylation changes
observed in our analysis. A significant
positive correlation between cumulative
smoke exposure (pack-years) and
expression levels of several CYP1B1
transcripts was noted in a study performed
in small airway epithelial cells (Figure E6)
(25). Interestingly, no correlation between
pack-years and expression at the CYP1B1
locus was noted in a study by Steiling and
colleagues (24) conducted in large airway
epithelium. In this study, significant
positive correlations between the expression
of transcripts annotated to FRMD4A and
PARVA, but not CYP1B1, were correlated
with FEV1 % predicted (24) (Figure E7).

To explore the biological context
of differential methylation by current
smoking status observed in our analysis,
we performed functional annotation
clustering through the online Database for

Annotation, Visualization, and Integrated
Discovery resource (version 6.7) (16, 17). A
total of 1,031 CpG sites had an unadjusted
P value of less than 0.001 from our primary
analyses in the discovery cohort in both
Infinium I and Infinium II probes. From
these, 283 CpG sites were not annotated
to any known genes. After removing
redundant entries, 713 unique gene names
were used as input. Functional annotation
clustering under high stringency showed
significant enrichment (FDR, ,0.05) of
several functional categories and structural
domains, including PXXP repeats, and
cadherin and pleckstrin homology domains
(Table E9).

Discussion

DNA methylation is a complex
phenomenon, which can serve as a
unique reflection of both the genetic and
environmental factors that contribute to
the changing phenotype of an organism.
Analogous to gene expression, DNA
methylation patterns are partially tissue
specific; thus, appropriate sampling for the
disease or exposure of interest is paramount.
In this study, we examine site-specific
changes in DNA methylation throughout

the genome relative to current cigarette
smoking and smoking-related phenotypes
in buccal mucosa, a tissue that, in addition
to being a major site of direct exposure, may
have utility as a surrogate tissue in the study
of smoking-related lung diseases, such as
COPD (4, 27).

A number of the differentially
methylated loci reported in our article are
biologically plausible, and have previously
been described as being associated with
smoking or smoking-related phenotypes.
The CYP1B1 gene product is involved
in xenobiotic metabolism, including
the activation of procarcinogens (28).
Induction of expression of CYP1B1 in oral
and respiratory tissues by cigarette smoke
has been well established (3, 6). Relative
hypomethylation with concurrent increases
in gene expression at this locus has been
previously described in small airway
epithelium (21) and suggests a potential
role for buccal methylation at CYP1B1 as
a biomarker for lung tissue. In addition
to xenobiotic metabolism, CYP1B1 is
also known to play a role in estrogen
metabolism, and may contribute to
differential susceptibility by sex toward
smoking-related diseases. Genetic
polymorphisms in CYP1B1 have been
associated with an increased risk of lung
cancer and early menopause in women;
notably, interactions between single-
nucleotide polymorphisms in CYP1B1 and
smoking history appear to increase the risk
of both of these outcomes (29–31). The
differential correlations by sex between
methylation at CYP1B1 and lung function
and radiographic emphysema reported in
our study warrant further investigation.

Additional loci identified in this study,
which have been associated with smoking
or related phenotypes, include the FERM
domain containing 4A (FRMD4A) and
parvin, a (PARVA) genes. The gene
product of FRMD4A is an epidermal stem
cell marker (32); genetic polymorphisms
at this locus have been associated with
nicotine dependence in East Asian
populations (33), and a smoking cessation
genotype success score (34) in European
populations. The product of the PARVA
gene is a focal adhesion protein (35);
relative hypermethylation at this locus
has been reported in the small airway
epithelium of smokers (21).

Several of the CpG sites exhibiting
differential methylation by smoking status
are not annotated to known protein-coding
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Figure 1. Volcano plot of methylation by current smoking status in Infinium II analysis. The difference
in mean methylation for each CpG site is plotted on the x axis, whereas the log-transformed P value is
plotted on the y axis. Each point represents an individual CpG site. The dotted red line denotes
the threshold for significance at a false discovery rate less than 0.05, whereas the blue dashed line

corresponds to an unadjusted P value less than 0.001.
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sequences. cg16323911 is located within
long intervening non–protein coding RNA
673 (LINC00673), whereas cg16199747 is
annotated to STXBP5 antisense RNA 1
(STXBP-AS1); both transcripts belong to
a novel class of molecules known as long
noncoding RNAs, which may play
regulatory and other roles in the cell (36).
cg09853702 maps to 12q13.11; although no
transcripts have yet been identified for
this region, the region is a DNase
hypersensitivity region in 72 of 125 cell
lines assayed through the Encyclopedia of
DNA Elements (ENCODE) project, and
has been identified as a potential binding
region for multiple transcription factors
(37, 38).The mechanisms by which
differential methylation at these loci relate
to cigarette smoke exposure remains
unknown.

Notably, the most highly associated loci
identified in our analyses appear distinct
from the sites identified in epigenome-wide
studies performed in peripheral blood or
blood-derived tissues. Strong associations
between methylation at the coagulation

factor II receptor–like 3 (F2RL3) and
aryl-hydrocarbon receptor repressor (AHRR)
have been reported in independent
populations (19, 39–42), some of which
employed the same array-based platform
used in our study (40, 42). A total of 27
sites annotated to AHRR and four sites
annotated to F2RL3 were nominally
associated (unadjusted P, 0.05) with
current smoking in our analysis (data not
shown); however, none of these sites were
significant after adjustment for multiple
comparisons. The results at these two loci
were unchanged when we implemented
a sliding window approach to identify
differentially methylated regions (43).
The different loci identified in studies
performed in blood relative to tissues
derived from the aerodigestive tract, as well
as the magnitude of differential methylation
observed at significant loci, may highlight
tissue-specific effects of cigarette smoking
on DNA methylation.

Whether changes in buccal mucosal
methylation are representative of changes
occurring in lung and lung-related tissues

is a topic that warrants additional
investigation. In silico changes in gene
expression at protein coding loci identified
in our analyses (CYP1B1, FRMD4A, and
PARVA) are highly consistent across
a variety of airway and lung-derived tissues
(2, 3, 20–26). In addition, two of these loci
(CYP1B1 and PARVA) were also reported
to be differentially methylated in small
airway epithelium (21). The association
between methylation at these loci with
smoking-related phenotypes, such as
cumulative cigarette smoke exposure and
time since smoking cessation, as well as
spirometric lung function and radiographic
emphysema, suggests that DNA
methylation patterns in buccal source DNA
may capture additional dimensions of
cigarette smoke exposure relevant to the
development of lung disease, including the
differential susceptibility by sex reported in
epidemiological studies (44–46). A separate
study examining the DNA methylation
patterns of small airways epithelium among
former smokers with COPD demonstrated
multiple loci associated with both

Table 2. Replicated CpG Sites with Differential Methylation by Current Smoking Status in Buccal Mucosa

CpG Site Gene Symbol Chromosome

Discovery Cohort Replication Cohort

Difference in
Mean Methylation* P Value†

Difference in
Mean Methylation* P Value‡

cg09853702 12 10.15 6.843 10208 10.08 7.043 1023

cg16323911 LINC00673 17 20.04 1.263 10207 20.07 4.523 1023

cg02162897 CYP1B1 2 20.20 3.413 10207 20.22 5.803 1028

cg03126561 PARVA 11 10.08 3.643 10207 10.06 1.463 1022

cg16199747 STXBP5-AS1 6 10.08 4.643 10207 10.04 5.383 1023

*Difference in mean methylation defined as: (mean methylation in current smokers)2 (mean methylation in former smokers) (i.e., plus symbol denotes
relative hypermethylation in current smokers).
†P value from Bayes mediated linear models, adjusted for age, sex, and race.
‡P value from Student’s t test.

Table 3. Correlations between Site-Specific Methylation and Cumulative Smoke Exposure (Pack-Years) in the Discovery
Cohort (n = 82)

All Subjects Current Smokers Former Smokers

CpG Site r* P Value r* P Value r* P value

cg09853702 0.12 0.27 20.03 0.88 0.12 0.40
cg16323911 (LINC00673) 20.17 0.14 20.26 0.16 0.14 0.31
cg02162897 (CYP1B1) 20.23 0.04 20.29 0.13 20.08 0.60
cg03126561 (PARVA) 0.35 1.3 3 1023 0.52 3.63 1023 0.21 0.14
cg16199747 (STXBP5-AS1) 0.21 0.06 0.42 0.02 20.09 0.52
cg16187635 20.37 5.33 1024 20.28 0.14 20.43 1.53 1023

cg21371809 (FRMD4A) 0.32 3.0 3 1023 0.20 0.28 0.38 5.93 1023

*Pearson’s product-moment correlation coefficient.
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quantitative lung function and cumulative
smoker exposure (47).

Functional annotation clustering
revealed a significant enrichment of several
domains. The pleckstrin homology domain
is comprised of approximately 100 amino
acids organized into seven antiparallel
b sheets with an a helix at the carboxy
terminus surrounding a ligand binding
pocket (48). Pleckstrin homology domains
are contained in a wide range of proteins,
and are believed to be instrumental in cell
signaling pathways; their relationship to
current smoking status has not previously
been explored. In contrast, the cadherins
represent a family of calcium-dependent
transmembrane proteins involved in cell
adhesion and morphogenesis (49)—as such,
their role in establishing and maintaining
barrier functions against environmental
toxins, such as cigarette smoke, has been
studied extensively. Exposure to cigarette
smoke has been shown to alter methylation
patterns (50) and to decrease the expression
of epithelial cadherin (E-cadherin) in
human lung-derived tissues (50–52);
thus, our finding of an enrichment of
cadherin-associated domains is
biologically plausible.

We acknowledge the following
limitations to our study. First, our sample
size was limited, which may have reduced
our power to detect moderate or small
differences in methylation.We are, however,
encouraged that many of the most highly
associated sites demonstrated considerable
differences in methylation; notably, the
difference in methylation by current
smoking status are greater than the
differences reported in studies conducted in
blood (19, 39). Second, although the impact
of ancestral (racial) heterogeneity on
site-specific DNA methylation patterns is
incompletely characterized, the inclusion of
African American subjects (which account
for z27% of our cohort) in our analyses
increases the generalizability of our
findings. In addition, we contend that our
results our robust, given: (1) the majority of
the most highly associated sites remained
robust when we performed a race-stratified
analysis; and (2) the lack of known probe
sequence polymorphisms (single-nucleotide
polymorphisms, etc.) within 10 base pairs
of the differentially methylated CpG sites
reported. Third, the lack of simultaneous
gene expression data limits our ability
to directly assess associations between
methylation changes and gene expression
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Figure 2. Correlation between buccal DNA methylation and time since smoking cessation in former
smokers (n = 52) in the discovery cohort. Time since smoking cessation (in years) is plotted on the x

axis, whereas percent methylation is plotted on the y axis for (A) cg09853702 (Pearson’s r =20.57;
P=9.43 1026), (B) cg02162897 (Pearson’s r=0.58; P=6.23 1026), and (C) cg21371809 (Pearson’s
r=20.30; P=0.03). Males are represented by triangles, whereas females are represented by circles.

ORIGINAL RESEARCH

Wan, Qiu, Carey, et al.: Smoking Effects on Buccal DNA Methylation 251



in our samples. We assert that the findings
from publicly available datasets, including
an integrated methylation and gene
expression dataset from small airways (21),
support our findings. Fourth, we rely upon
self-reported smoking status and lack
confirmatory serum/urine cotinine
measurements. It should be noted, however,
that, except in populations where current
smoking may be perceived negatively (such
as among teenagers or pregnant women),
self-reported smoking status has been
shown to be highly reliable (53–55). Fifth,
we were unable to validate the array-based,
site-specific methylation estimates
using a second technology, such as
pyrosequencing, due to lack of sufficient
remaining biological material from the
initial (discovery) cohort. We believe
that this shortcoming is mitigated by
the pyrosequencing performed in the
independent replication cohort. Finally,
the lack of longitudinal data and never-
smokers in our cohort limits our ability to
assess permanent changes in methylation
due to ever smoking—these questions
serve as the basis for future work in the
COPDGene cohort. We conclude that
buccal mucosal methylation can serve as
a biomarker of environmental exposures
relevant to chronic respiratory diseases.
Future studies should strive to obtain
contemporaneously ascertained buccal
and lower airway tract samples to directly
evaluate the correlation in methylation
and expression patterns between these
two sites. n
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