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Abstract

SEX-SPECIFIC DIFFERENTIAL DNA METHYLATION RELATED
TO CIGARETTE SMOKING AFRICAN AMERICANS

By Weiyan Li

Tobacco smoking is a leading cause of mortality and morbidity worldwide.
Differential susceptibility to tobacco smoking by sex has been observed in lung
cancer patients. However, how tobacco smoking exerts its harmful health effect,
especially how it may affect two sexes differently, has not been well understood.
DNA methylation is one major mechanism of gene expression regulation that can
be modified by environmental exposures such as cigarette smoking. Previous
studies have reported smoking-related changes in DNA methylation with a loci-
specific resolution. However, little investigation was done on sex-specific effect of
smoking on DNA methylation on autosomal sites, and X chromosome sites were
routinely excluded in epigenome-wide association studies (EWAS) due to
analytical difficulties. In our study, we aim to examine sex-specific effect of
tobacco smoking on DNA methylation across the entire epigenome. After
adjusting for age, top 5 principal components, relatedness and multiple testing
we did not detect any statistically significant sexxsmoking interaction throughout
autosomal CpG sites. For X chromosomal analysis, we did not detect any CpG
sites that was significantly associated with current or ever smoking status after
stratification by sex. However, wedetected site cg12857957 located in LZTFL2
(leucine zipper transcription factor-like 1) on chromosome 3 with marginal
significance in terms of sexxcurrent smoking status interaction (p
value=4.74x10%). Although further validation is needed, our results suggest that
there may be a sex-specific effect of smoking related DNA methylation changes,
which may partially explain the differences in susceptibility to tobacco exposure
between males and females.
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Background

Introduction

Smoking is a leading cause of mortality and morbidity. However, detailed
mechanism of how smoking exerts its harmful effect has not yet been fully
elucidated. Better understanding the pathophysiological process between
smoking and its sequelae will provide insights for better designs of intervention

strategies for tobacco use-associated diseases.

Epigenetic variations of DNA, particularly DNA methylation at CpG sites,
are important molecular machineries to regulate gene expression, genome
stability, and DNA repair. Alterations in DNA methylation, both at the global and
loci-specific level, have been observed and linked to various human diseases. In
cancer, global hypomethylation of repetitive sequence LINE family member L1
has been found in lung, breast, bladder and liver tumor(1). Also, expression of
oncogenes can be activated by hypomethylation at the promoter region, as
observed for SNP100 in pancreatic cancer, SNCG in breast and ovarian cancer
and DPP6 in melanomas(1, 2). Alterations in DNA methylation has also been
linked to autoimmune diseases. Mutations in DNA (cytosine-5-)-
methyltransferase 3 beta (DNMT3B) has been established as the cause of the
immunodeficiency, centromeric instability and facial anomalies (ICF) syndrome.
A wide range of other autoimmune diseases such as systemic lupus

erythematosus (SLE)(2-4), multiple sclerosis(5) and rheumatoid arthritis(6-8)



have also shown hyper- or hypomethylation at various genetic loci that mostly

located within the promoter region of functional genes.

The human epigenome interacts with the environment and affects disease
susceptibility and development. One classic example is the disease concordance
rate between monozygotic (MZ) twins, which ranges from 11—25% for SLE(9, 10),
12—22% for RA(11-13) and 9—31% for MS(14-17). Given that MZ twins share
identical DNA sequence, one potential explanation for this discrepancy in traits is
differences in epigenetic modification induced by environmental exposure.
Indeed, reports have shown that MZ twins differ in epigenetic states at birth(18),
and this divergence was further enhanced as they progressed into later stage of
life(19, 20). However, stochastic drift in epigenetic state can also cause
differences in epigenetic profile between MZ twins, and careful examination is
needed to determine the proportion of these differences that are truly due to

environmental exposure.

Smoking has been associated with altered DNA methylation at both global
and gene-specific level. Whereas methods for assessing methylation at candidate
gene loci and global DNA methylation level have been available for some time,
epigenome-wide microarray technology that provides quantification of DNA
methylation levels simultaneously with a locus-specific resolution has become
available only recently. This study takes advantage of this new genotyping
technology of methylome and builds upon previous epigenetic association study
of cigarette smoking, to further investigate the sex-specific smoking-related

alterations in DNA methylation in an African American population.



Previous studies conducted in the Sun group have discovered smoking-
related, site-specific, differential DNA methylation in autosomal sites.
Interestingly, the DNA methylation level further differentiates between males
and females. More profound changes in DNA methylation at IGF2 has been
reported in male offsprings and associated with prenatal exposure to cigarette
smoking (21). Sex-specific DNA methylation was reported for multiple loci in
smokers with or without COPD in an Epigenome-wide association study(22). In
hepatocellular carcinoma, 75 CpG sites were found differentially methylated by
sex in adjacent non-tumor tissue(23). Higher DNA methylation at GNASAS and
INS was found to be associated with myocardial infarction in women but not
men(24). All these recent reports suggest differences in DNA methylation by sex
in various disease outcomes. In addition, DNA methylation sites located on X
chromosome have been excluded in previous analysis due to an analytical
concern that most of these sites have different distribution of methylation
between males and females. Such bimodal distribution of DNA methylation is
caused by the inactivation of one of the two copies of X chromosome in females
(i.e. X chromosome inactivation (XCI)). This study will further investigate in this
sex-specific effect on smoking-related differential DNA methylation by (1)
examining sexxsmoking interaction across autosomal CpG sites; (2) examine
smoking-related differential DNA methylation of X chromosomal CpG sites in

both sexes.



Tobacco use associated adverse health outcomes

Tobacco smoking is a leading public health concern affecting >1 billion
people worldwide and are accounted for an estimated -3 million deaths per year
(25). The prolonged impact of tobacco smoking on various malignant (26-30)
and non-malignant (31-33) chronic diseases has suggested a role for epigenetic
reprogramming. Along with continuous effort in promotion of smoking cessation,
elucidating the molecular mechanisms linking tobacco smoke exposure to
diseases remains important and may provide potential targets for development of

clinical interventions.

Tobacco smoking accounts for 80% lung cancer burden in men and
approximately 50% in women(34). As the worldwide trend of lung cancer
incidence declining in men but rising in women(34), hypothesis have been
formed on a sex difference in the association of tobacco exposure and lung
cancer. One possible explanation of this sex difference is acceleration of smoking-
related carcinogens through estrogen receptors present in neoplastic lung tissues.
This hypothesis is supported by the higher level of PAHs (polycyclic aromatic
hydrocarbons)-DNA adducts observed in women(35). However, a recent study
with detailed lifetime smoking data showed no support for a higher susceptibility

to tobacco smoking related lung cancer in females(36).

Tobacco use associated epigenetic modifications

All somatic cells share the same genetic information in an organism.

However, not all genes are expressed at all times in each cell. Epigenetics is the



study of potentially heritable mechanisms that regulates gene expression. Various
mechanisms of epigenetic modifications include DNA methylation, histone
modifications, nucleosome positioning and non-coding RNAs (37), among which

DNA methylation has become the most widely studied form.

DNA methylation occurs mostly at rare CpG dinucleotides (~1%) and
tends to cluster into regions known as CpG islands(38, 39). DNA methylation at
CpG sites provides extra flexibility(40-42) and complexity(43) to the human
genome, and may mediate response to external exposure by regulating gene
expression through hypo/hypermethylation(44-47). The global methylation
pattern of genetically identical monozygotic twins shows differences at birth(18),
and as the individuals age this difference grew(19, 20), reflecting different

exposure history.

Widely observed persistent effect of tobacco smoking on pulmonary(48,
49), cardiovascular(50, 51) and malignant diseases(52, 53) has indicated
involvement of epigenetic reprogramming in disease etiology. Particularly,
alterations in DNA methylation at both global(27, 54-56) and loci-specific(57, 58)
level have been associated with various diseases and are one potential
mechanism mediating the harm caused by environmental exposure to tobacco
smoke. The recent characterization of a human DNA methylome at single
nucleotide resolution now make it possible to undertake large-scale epigenomic
studies. Maternal smoking during pregnancy (PTS) has been found to be
associated with decreased global DNA methylations as measured by repeated

sequences including Sat2(59), Alu, and LINE1(60). Site-specific association with



PTS exposure has also been reported for AXL and PTPRO (60, 61)and IGF2(21).
A recent epigenome wide scan performed on the Infinium
HumanMethylation450 Beadchip identified more than 20 CpG sites mapped to
10 genes as associated with PTS after stringent Bonferroni correction(62).
Recently, Breitling et al.(57) performed a genome-wide analysis on differential
DNA methylation related to tobacco-smoking. The authors examined DNA
methylation with loci-specific resolution and genome-wide coverage
simultaneously by using the Illumina Infinium HumanMethylation 27 assay, and
identified a CpG site located in F2RL3 gene, which encodes thrombin protease-
activated receptor-4 (PAR4) and has not been previously recognized in tobacco
smoking research. The same group later showed in patients with stable coronary
heart disease, lower methylation intensities at F2RL3 were associated with
mortality(63). Wan et al(58) adopted similar technology and investigated
alterations in DNA methylation associated with current smoking, cumulative
smoke exposure and time since smoking cessation; they not only detected F2RL3
but also a novel locus (GPR15) as being significant in all three analyses from their
COPD cohort. A more recent epigenome-wide association study using 450K
platform also replicated the finding on F2RL3 along with several other novel

sites(64).

Recent discoveries relating tobacco smoke exposure to altered DNA
methylation at specific loci has been largely restricted to Caucasian population.
Given the natural occurring genetic/epigenetic variations among different

ethnicity groups, whether similar phenomenon exists in other population



remains an important research question. To explore and confirm the dynamic
DNA methylation modification in response to adult tobacco smoke exposure, the
Sun group conducted an epigenome-wide screen for CpG sites with differential
DNA methylation related to cigarette smoking in an African American population
and confirmed previous findings in Caucasian populations(65). However, due to
random XCI in females, DNA methylation pattern at X chromosome differs
significantly by sex. Our previous studies on autosomal CpG sites showed
different methylation pattern by sex. Interestingly, a recent study reported more
profound prenatal smoking related differential DNA methylation at IGF2 in male
offsprings(21) compared to females. To address the sex-specific effect of cigarette
smoking on DNA methylation, we examined the sexxsmoking interaction for
autosomal sites and performed stratified (by sex) analysis for X chromosome

sites.



Methods

Study Population

The study population consists of African American individuals initially
recruited from Jackson, Mississippi for the Genetic Epidemiology Network of
Arteriopathy (GENOA) study. The GENOA cohort was initially ascertained
through sibships in which at least two siblings were diagnosed with essential
hypertension before the age of 60 and all siblings were invited to participate in
the study. The main exposure variable, cigarette smoking, was collected from a
self-reported questionnaire as “smoked within the past year”, “not smoked within
the past year”, and “never smoked”. Two binary variables, “current smoker” (1 for
individuals smoked within the past year) and “ever smoker” (1 for individuals
ever smoked more than 100 cigarettes) were derived from the original smoking
status accordingly. The number of pack-years smoking was also calculated based
on the number of years of smoking history and the average amount of cigarette
smoking. Age, sex and other phenotypic data were collected from the physical
examination and laboratory assessment at the time of the Phase II study visit.
The GENOA study was approved by the Institutional Review Boards of all

participating institutions. Each participant gave written informed consent.
DNA Methylation Data

Genomic DNA was extracted from stored peripheral leukocytes (PLCs) of

1,008 GENOA Phase II African American (AA) participants, bisulfite converted



and then epityped for methylation profiling of 27,578 CpG loci using the Illumina
Infinium HumanMethylation27 BeadChip (Illumina, San Diego, CA). On each
Ilumina Infinium HumanMethylation27 BeadChip, there are 56 control probes
representing a) sample independent measures of processing procedures:
staining, hybridization, target removal, and DNA extension and b) sample
dependent measures of bisulfite conversion, G/T mismatch, non-polymorphic
and negative controls(65). The sample independent controls allow for the
evaluation of the quality of the chip processing steps, while the sample dependent
controls allow for the evaluation of the performance across samples. Due to poor
quality of the intensity measurements of control probes, a total of 49 probes were
excluded from the analysis(65). The cleaned data set included DNAm profiles of

972 AA individuals from 493 sibships.

Sites with control probe values greater than 4 standard deviations from
their mean values were removed. In addition, a normalization scheme to reduce
batch and chip effects by linearly regressing the methylated and non-methylated
intensity signals onto the set of control probes that are orthogonal (i.e.
independent) predictors of the control spot distributions(65). We also excluded
sites that are located on the X and Y chromosomes for autosomal analysis.
Finally, 2,984 sites that have non-specific binding probes (over 10% of the probes
map to highly homologous genomic sequences at 40 or more of their base pairs)
were removed(65, 66). Another 875 sites that have probes overlapping with SNPs
reported in dbSNP were also excluded due to possible influence the methylation

levels reported by the microarray(65). These nonspecific and polymorphic sites
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were filtered out after all analyses to facilitate the interpretation of results. The
data set used in the final analysis included 22,927 for autosomal analysis. For X
chromosomal analysis, we selected the 1085 CpG site that mapped to the X
chromosme. Also, as the linear regression to control for batch and chip effects
mentioned above is not applicable to sites with bimodal distribution, we used

raw beta values for analysis for X chromosome analysis.

Statistical Analysis

The signal intensities from methylated (M) and unmethylated (U) bead
types were used to calculate a beta value as = M/(U + M) for each DNAm site in
each individual. The lambda inflation factor were calculated as
lambda=median[obs]/median[exp](67). We modeled DNAm status using beta
values as the dependent variable, and binary variables “current smoker”, “ever
smoker” and “packyears” defined above as the primary independent variables in
the association analysis. For autosomal analysis, we assessed sex-specific effect of
smoking by adding a sexxsmoking interaction term. Females were coded as 1 and
males as 0. We adopted the linear mixed model to adjust for the relatedness (i.e.
sibship) among our analysis cohort and included age and sex as potential
confounders. Since many X chromosomal DNAm sites do not fit unimodal
distribution with pooled-sex, we first stratified the data by sex and then
performed similar regression analysis adjusting for age and relatedness. A
Bonferroni-corrected p-value of 0.05 or False Discovery Rate (FDR) g-value of

0.05 were applied to adjust for multiple testing of 22,927 autosomal or 1085 X

chromosomal DNAm sites. We calculated the top principal components of
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22 927 autosomal CpG sites to adjust for potential confounders, and to control
for the inflation of low p-values in the EWAS. The beta-values of each CpG site
were first standardized by subtracting the mean beta-value. Using the
standardized beta value, the top principal components and the corresponding
eigen vectors were calculated for each individual using the princomp package in

R.

All statistical analyses were performed in the R statistical environment

version 2.12.1.



12

Results

A total of 972 AA participants from the GENOA study were included in this
analysis. Among these participants, 58.3% had never smoked (“never smoker”),
29.1% had smoked but not within one year before the visit (coded as “former
smoker”), and 12.6% had smoked within the past one year (“current smoker”).
Males (29.3%) have higher rates of smokers, both former and current, compared
to females (Table 1). Females had significantly higher BMI than males. Age is not
significantly different between males and females. At the time of the visit, 70.9%

of males and 75.8% of females were on antihypertensive medications.

The analysis cohort is consisted of 972 related individuals of 493 different
sibships. As shown in Table 2, the size of sibship varies from 1—10, with over 50%

of participants from sibships of 2 to 3 individuals.

Sex-specific effect of smoking on autosomal DNAm sites

The main predictor variable, smoking, was characterized by three different
methods: current vs. non-current smoking, ever vs. never smoking and pack-
years of smoking. We first assessed sex-specific effect of smoking by looking at
sexxsmoking interaction for autosomal DNAm sites. For all analysis on
autosomal DNA methylation sites, age and sex were both included as potential
confounders as well as top 5 principal components calculated as mentioned in
methods section, and a linear mixed regression model was applied to control for
the relatedness among our participants. A total of 972 participants were included

in all autosomal analysis.
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Current smoking vs. Non-current smoking

We generated a dichotomous covariate for current smoking based on the
questionnaire data. Participants who have answered “Yes” to “smoked within the
past year” were coded 1 for “current smoking”, while others were coded o
regardless of whether they had recently quitted smoking (in the past year) or had
never smoked. Sex as a binary variable (“1” for females) was also derived from
the questionnaire. There is no missing data on either sex or current smoking
status for all 972 individuals included in this analysis. Figure 1 shows the
distribution of linear mixed regression P values for each autosomal DNAm locus
for the sexxcurrent smoking interaction term. One site, cg12857957 located in
LZTFL2 (leucine zipper transcription factor-like 1), deviated from the pattern.
However, Psexxcurrent smoking Was 4.74x10°¢ and did not pass the 0.05 alpha cutoff

line after stringent Bonferroni correction (Bonferroni corrected p value=0.11).

We also performed similar regressions with either top 3 or 10 principal
components added into the model. Although after correcting for top 10 principal
components site ¢g12857957 did yield a p-value for the interaction term that
passed our threshold (p value=9.72x107, Bonferroni corrected p value=0.02), the
inflation factor from the top 10 principal components analysis was higher
(inflation factor=1.113) compared to that of the top 5 principal components
analysis (inflation factor=1.054), suggesting a more sever global inflation.
Therefore, we decided to report results from the model that controlled for the top
5 principal components. Since current smoking status is considered as the most

robust exposure among all smoking variables and thus treated as our main
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model, we applied top 5 principal components analysis to all association analysis
with other smoking variables (as discussed below) for consistency purpose,
though in those particular models top 5 principal components analysis may not

necessarily give the best distribution of p values or lowest inflation factor.

Because differential DNAm between sexes was suggested in previous
studies smoking without the interaction term (as discussed in Background), we
also specifically looked at the DNAm sites that showed top 15 associations from
the previous studies to determine if there is any statistical significant interaction
by sex. As shown in table 3, although for all these 15 sites DNAm was significantly
associated with current smoking status in previous studies(65) none showed a

significant sex by current smoking interaction model.

Ever smoking v.s Never smoking

Participants who had ever smoked more than 100 cigarettes were
considered as ever smokers (coded as “1”) while people who had smoked less than
100 cigarettes or never at all were considered as never smokers (coded as “0”).
Figure 2 shows the distribution of linear mixed p values of sexxever smoking
interactions controlling for age, sex and top 5 principal components. No sites
showed clear deviation from the pattern and no significant p values were detected

after either Bonferroni or FDR correction.

Pack-years of smoking among ever smokers

To investigate whether the accumulated effect of smoking on DNA

methylation differs by sex, we performed a linear mixed regression using pack-
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years of smoking as the main predictor outcome and added a sexxpack-years of
smoking interaction term to the model. Given we were trying to assess the
accumulated effect, rather than the dose-dependent effect of smoking, all 405
ever smokers (Table 1) were included in the analysis. Figure 3a shows the
distribution of linear mixed p values of sexxpack-years of smoking interaction
controlling for age, sex and top 5 principal components. One DNA methylation
site, cg03491181 located in FKBP3 (FK506 binding protein 3, 25kDa), deviated
from the pattern with a p value of 1.18x107 that passed the epigenome-wide
cutoff point after Bonferroni correction p value=0.05/22927=2.18x10"°.
However, after closer examination, the observed association at this particular site
was mainly driven by one individual with extreme high level of both pack-years of

smoking and DNAm, and exclusion of this individual leads to a null association.

Sex-specific effect of smoking on X chromosome DNAm sites

Similar to autosomal DNAm sites analysis, we treated smoking as a
dichotomous covariate for the X chromosome sites analysis. Linear mixed model
as described above in methods section were applied to 1085 X chromosomal
DNAm sites. Participants were first stratified by sex before applying the
regression model to account for different DNAm distribution of X chromosome
CpG sites. In the male stratum, a total of 285 individuals were included in the

analysis compared to 687 for the female stratum.

Current smoking v.s Non-current smoking
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Figure 4 and 5 shows the distribution of p values of the current smoking
term after controlling for age. Clear deviation from the diagonal line starts from
the lower left corner of the plot, together with an inflation factor of 5.548 suggest
strong inflation. Results from the males suggest more inflation compared to
females. The sites with the lowest p values were cgo5327750 (nominal p value:
0.0005) and cg09283007 (nominal p value: 0.0007) from males and females,
respectively. However, among the 1085 X chromosome DNAm sites tested, none
showed a p value that passed the Bonferroni corrected p

value=0.05/1085=4.61x105.

Ever smoking v.s Never smoking

Figure 6 and 7 shows the distribution of p values of the ever-smoking term
after controlling for age. In contrast to current smoking analysis where males
showed inflation of a much higher magnitude compared to females, results
generated from male ever smokers were deflated (inflation factor = 0.7724). Ever
smoking analysis in females is still inflated (inflation factor = 1.169), though not
as strongly as in previous analysis on X chromosome current smoking analysis.
The sites with the lowest p values were c¢g04906538 (nominal p value: 0.002)
and cgo07897414 (nominal p value: 0.001) from males and females, respectively.
Still, none of the 1085 sites yielded a p value for ever smoking status that passed

the Bonferroni corrected threshold.
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Discussion

To investigate whether the association between DNA methylation and
cigarette smoking is significantly different by sex, we performed an epigenome-
wide association study to examine sex-specific effect of cigarette smoking on
DNA methylation across autosomal and X chromosomal DNAm sites. After
controlling for age and top 5 principal components, no sexxsmoking association
passed the stringent Bonferroni corrected threshold across autosomal DNAm
sites. No significant associations between X chromosome DNAm and smoking
exposure was detected. However, we detected site cg12857957 located in LZTFL1
with marginal significant p values for sexxcurrent smoking status interaction. In
the analysis of X chromosome CpG sites analysis controlled for age, inflation
remains a main issue, possibly due to insufficient control of batch and chip

effects.

The results for site cg12857957 across sexxcurrent smoking models were
around the significance threshold but not robust in models with various number
of principal components. With top 10 principal components added to the model,
cg12857957 yielded a p value for the sexxcurrent smoking term of 9.72x10-
7(Bonferroni correct p value: 0.02). However, in models with top 3 and 5
principal components, the same site did not show significant interaction of
DNAm and current smoking status by sex (top 3 PCA model: nominal p
value=1.18x105, Bonferroni corrected p value=0.27; top 5 PCA model: p
value=4.74x10%, Bonferroni corrected p value=0.11). We performed principal

components analysis (PCA) to control for undetected confounders and inflation
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of low p values due to EWAS study design. However, there is no consensus
process of choosing the best PCA model. We chose top 5 PCA in our report based
on the low inflation factor and reasonable global distribution of p values observed
from the Q-Q plot. However, this analysis strategy may not be the best correction
for this specific site cg12857957 and either inflation or deflation may still leads to
the observed results. Also, since this site is relatively sensitive to PCA analysis, it
is possible that the association it shows is actually due to undetected confounders
that PCAs are mainly dealing with. The site cg12857957 located in gene LZTFL1
and it has not been linked it to tobacco exposure. Studies on schizophrenia
showed differential methylation at cg12857957 based on data that come from
peripheral blood cells and acquired by the Illumina Infinium
HumanMethylation27 BeadChip array(68). The LZTFL1 gene encodes a
ubiquitously expressed protein, leucine zipper transcription factor-like 1, which
localizes to the cytoplasm where it interacts with Bardet-Biedl Syndrome (BBS)
proteins and affects ciliary functions by regulating protein trafficking. Although
this protein is more frequently studied for BBS, it may also serve as a tumor

suppressor by interacting with cytoskeleton and E-cadherin(69).

Strengths and limitations

One of the main strength in this study is that we used stringent Bonferroni
correction to minimize type 1 error, which is a common concern in EWAS due to
the issue of multiple testing. Also, we controlled for undetected confounders
using principal component analysis. Moreover, we have 3 different set of smoking

variables, each had a different mechanistic focus that allowed us to assess
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current, past and accumulated smoking exposure and their association with DNA

methylation respectively.

Our study examined whether the sex-specific susceptibility to tobacco
exposure could be partially mediated by sex-specific susceptibility to smoking-
related changes in DNA methylation. Although there has been report on sex-
specific susceptibility to tobacco exposure, little investigation has been done to
elucidate the mechanisms mediating this phenomenon. Higher risks of lung
cancer were found for female smokers compared to their male counterpart after
controlling for the level of smoking, and the differences were more profound in
younger age(70, 71). Whether the differences in smoking-related risk is caused by
a biologic or behavioral mechanism is still under debate. DNA methylation, as an
important intermediate layer between environmental exposure and biologic
consequences, has shown to be altered by smoking behavior and may also
capture this differential effect of smoking between the sexes. In a recent study on
prenatal exposure to cigarette smoke and methylation changes in offspring, more
profound changes in DNAm were found in male offsprings at IGF2 (insulin-like
growth factor 2) DMR(21). The impact of smoking on DNAm on X chromosome
may be different in men and women, as one copy of X chromosome in females
undergo random inactivation and become highly methylated. However, due to
different DNAm patterns in males and females, X chromosome sites are
commonly excluded in previous analysis. Our study filled in the gap and looked
at sex-specific effect of smoking on DNAm in both autosomal and X

chromosomal sites. The lack of significant interaction by sex as reported in this
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study, could be due to a relatively small sample size and small effect size that
made it statistically difficult to identify potential associations without a priori
hypothesis. Also, we have not yet performed principal components analysis or
controlled for batch and chip effects for X chromosome, which could mask the

true association.

Another limitation in our study is the limited statistical power due to large
number of multiple testing, relatively small sample size and small potential effect
size. However, this limitation is the trade-off for the hypothesis-generating study
design, and is true to most other genome-wide or epigenome-wide association
studies as well. Possible solutions to this issue includes performing meta-analysis
to increase sample size, or including only extreme cases (heavy smoker versus

never smoker) to increase the potential effect size aimed to be detected.

DNA methylation patterns are dynamic and vary significantly among
different cell types. This leads to ne major concern about using peripheral
leukocytes (PLCs) to obtain DNA methylation data: it may not reflect the DNA
methylation pattern of target disease tissue. In our case, since we were not
focusing on a particular disease and cigarette smoking has been shown to have a
global health impact, PLCs serves as a good surrogate of biologic changes we look
for. Also, as the PLCs are a mixture of cell population usually with distribution of
each subtype unknown, changes in DNAm may reflect lineage rather than inter-
individual differences(72). Traditional methods of determining cell subtype
proportions such as Flow cytometry is not feasible due to both high cost and

limited quantity of human biological samples. Fortunately, recent studies have
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showed promising results on re-constitution of cell mixture distribution using
array data(73), which can provide finer measurements of DNA methylation

changes and increase the power to detect any meaningful differences.

Future directions

One analysis that can be implemented to improve the quality of our results
is principal components analysis on X chromosome sites, which allows control of
batch and chip effects underlying our seemly uniform ethnic group in addition to
adjustment of unmeasured confounders. It would also be extremely helpful to
perform validation analysis of our top association sites (sites with smallest p
values) in an independent replication cohort, given that the small number of tests
we would perform would require less over correction by stringent Bonferroni
methods. Also, facilitated by the wide adoption of the 450K platform, replication
of our findings in another cohort with data acquired from a different assay can
serve as an even more convincing validation of findings in our discovery cohort of

GENOA using 27K platform.

Through out this study we focused DNA methylation at CpG islands using
array-based technology, which covers only a small fraction of the methylome
compared to approximately 28 million CpG sites in the human genome(74, 75).
Moreover, these selected sites are restricted to previously known CpG islands. In
contrast, next generation sequencing based measurement of epigenetic profile
provides finer resolution and more complete measurement of DNA methylation,
requires no previous knowledge on DNAm sites, and can detect methylation of

non-CG context. Being more cost-effective in population studies, these
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sequencing-based technology will provide a more comprehensive examination of
the epigenome and enable us to detect alterations in epigenetic profile that help

explains smoking-related disease etiology.
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Tables

Table 1. Characteristics of the study population

Variable Male Female Total
(n=285) (n=687) (n=972)
N (%) N (%) N (%)
Smoking
Never 93 (32.63%) 474 (69.00%) 567 (58.33%)

Not in last year

Smoker within 1
Ever smoking

Yes

No
Antihypertention

Yes

No

Age
Pack-years of smoking
Blood pressure average
Diastolic
Systolic
BMI

135 (47.37%)
57 (20.00%)

192 (67.37%)
93 (32.63%)

202 (70.88)
83 (29.12%)
Mean (SD)
66.75 (7.68)
30.43(24.31)2

80.24 (11.17)

137.75 (20.79)
28.95 (4.83)4

148 (21.54%)
65 (9.46%)

213 (31.00%)
474 (69.00%)

521 (75.84%)
166 (24.16%)
Mean (SD)
66.09 (7.56)
20.53 (17.64)°

77.54 (10.84)
140.86 (21.62)

32.06 (6.58)¢

283 (29.12%)
122 (12.55%)

405 (41.67%)
567 (58.33%)

723 (74.38%)
249 (25.62%)
Mean (SD)
66.28 (7.60)
25.22 (21.61)°

78.33 (11.00)
139.95 (21.42)
31.15 (6.28)f

a. n=213; b. n=192; c. n=405; d. Three males missing BMI data; e. One female

missing BMI data; f. Four individuals missing BMI data.

Table 2. Summary table for sibship size.

Sibship size Count Number of

10 1
7 1
6 4
5 7

4 31 124

3 71 213

2 181 362

1 197 197

Total 493 972




Table 3. Sex x Current smoking interaction in top 15 DNAm sites

previously identified from no interaction model.

DNAm Gene ABeta SE t-stat p-value
€g00353953 ZNF384 0.0051  0.0068 0.7612 0.4469
€g01500140 LIM2 -0.0036 0.0054 -0.6697 0.5034
€g03330058 ABTB1 0.0125 0.0133 0.9373 0.3491
€g03340878 OR2B6 -0.0095 0.0075 -1.2608 0.2080
€g03636183 F2RL3 0.0098 0.0124 0.7926 0.4284
€g04983977 GPR25 0.0002 0.0073  0.0260 0.9793
cg11314684 AKTs3 -0.0070 0.0068 -1.0270 0.3050
cg13500388 CBFB -0.0016 0.0084 -0.1846 0.8536
cg13633560 LRRC32 -0.0108 0.0070 -1.5445 0.1232
cg13668129 HNRPUL1 -0.0058 0.0042 -1.3647 0.1730
cg13745870 SPATA12 0.0074  0.0062 1.1996 0.2309
cg14223444 NCBP1 0.0024  0.0079 0.3020 0.7628
€g17791651 POU3F1 -0.0092 0.0143 -0.6462 0.5184
€g19859270 GPR1j5 -0.0026 0.0037 -0.7117 0.4770
€g26259865 LOC124220 -0.0132 0.0068 -1.9398 0.0530
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Figure 1. Linear mixed regression p values of the sexxcurrent
smoking interaction term adjusted for sex, age and top 5
principle components.
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Figure 2. Linear mixed regression p values of the sexxever
smoking interaction term adjusted for sex, age and top 5
principle components.
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Figure 3. Linear mixed regression p values of the sexxpack-
years of smoking interaction term adjusted for sex, age and top
5 principle components.
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Figure 4. Linear mixed regression p values of the current
smoking term for X chromosome CpG sites in males, adjusted
for age.
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Figure 5. Linear mixed regression p values of the current
smoking term for X chromosome CpG sites in females, adjusted
for age.



