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Epigenome-wide methylation studies have identified biomarkers of lifetime smoking; this study shows
these are also related to lung function. While mechanisms are not clear, these studies could identify
gene targets for prevention, screening and treatment. http://bit.ly/30F63i2
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IMBODEN et al. [1] have produced a well-conducted epigenome-wide association study examining DNA
methylation in blood across the genome in relation to lung function. The major finding is that various
sites in the DNA from blood, previously identified in many studies to be strongly differentially methylated
by smoking, are also reproducibly differentially methylated in relation to lung function in smokers.

The authors suggest that these smoking-related methylation signals might be on the causal pathway for the
well-documented and strong effects of smoking on lung function measures. They based this suggestion on
some additional analyses. They replicated the C-phosphate-G sites (CpGs) in DNA that they found in
their discovery cohorts to be differentially methylated in relation to lung function, in additional study
populations. They found that all of the replicated CpGs had previously been identified as differentially
methylated in relation to smoking in the literature. They then adjusted the analysis of methylation in
relation to lung function for smoking status and pack-years, based on questionnaire self-report, and thus
identified the small proportion of their replicated smoking-related CpGs that remained significantly
associated with lung function after taking smoking into account. To investigate whether these replicated
methylation signals, related to both lung function and smoking, might be on the causal pathway between
exposure and lung function impairment, they used two statistical techniques commonly employed to
interpret epigenome-wide association study findings: Mendelian randomisation and mediation analysis [2].
Below I discuss some issues that make determining whether smoking-related methylation signals are causal
for smoking-related disease challenging.

The authors interpret the finding that the smoking-related methylation signals remain significantly associated
with lung function after adjustment for questionnaire-based smoking metrics as strengthening the likelihood
that CpGs differentially methylated by smoking might be causal for effects of this exposure on these
outcomes. However, they acknowledge that this might occur because these CpGs capture smoking history
better than questionnaire-based metrics. The fact that such a small proportion of the CpGs that replicated in
their additional studies remained associated with lung function after adjustment for questionnaire-based
smoking metrics confirms that unadjusted analyses of the association between methylation and lung function
are substantially confounded by smoking, which could raise the possibility of incomplete exposure
adjustment. Notably, the top CpG among those that both replicated and survived smoking adjustment was
cg05575921 in the aryl hydrocarbon receptor repressor (AHRR) gene. This CpG is among the top
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genome-wide significant sites differentially methylated in relation to smoking in nearly all studies, both in
adults from their own smoking [3] and in newborns from maternal smoking during pregnancy [4]. AHRR
cg05575921 is such a remarkable biomarker of lifetime smoking that it has been patented as a commercial
test for the insurance industry [5]. Not only this, but many other smoking-related CpGs, quantitatively
capture lifetime smoking history, and for past smokers, the time since quitting [3, 6, 7].

The discovery of reliable biomarkers of lifetime smoking history is a major contribution of
epigenome-wide methylation studies. Previously, only biomarkers of recent smoking, mainly cotinine, were
available, and so lifetime smoking history could only be assessed using self-reported questionnaire
variables. The quantitative measure of lifetime smoking history estimated from questionnaires is
pack-years, generally calculated by multiplying the usual number of cigarettes per day by the number of
years of smoking. Pack-years can underestimate lifetime smoking history for several reasons. First, some
smokers report being nonsmokers: about 5% in a representative sample of the US population [8]. Second,
in developed countries, public health efforts to discourage smoking over recent decades have been
successful in reducing both smoking prevalence and daily cigarette consumption among smokers [9].
Thus, the number of cigarettes per day reported at entry into a study is likely to be lower than amounts
smoked earlier. In addition, some surveys only classify individuals as smokers if they smoked daily for
some minimum period of time, perhaps 6 months. However, a substantial proportion of smokers do not
smoke daily [10] and thus would not be analysed as smokers in some studies. Notably, AHRR cg05575921,
the top CpG related to both smoking and lung function in this study, appears to indicate smoking history
of as little as a half pack-year [11]. This and other smoking-related CpGs also reflect smoking of other
tobacco products, including pipes, cigars and marijuana cigarettes [6], which impact lung function [12].
Maternal smoking during pregnancy also has an influence on lung function [12]. Smoking-related CpGs
also are reliable biomarkers of maternal smoking during pregnancy in newborns [13], in children [14] and
even adults [15]. Finally, even if the self-reported amount and duration of smoking were 100% accurately
measured by smoking status and pack-years, differences in exposure to tobacco combustion products
across cigarette brands and over time are typically not captured. In contrast, smoking-related differential
methylation CpG biomarkers capture all of the additional relevant exposure sources mentioned above.
Importantly, they also reflect the biologically relevant internal dose that is impacted by all of these
exposures combined with individual variability in metabolism. Hence, it is not surprising that a small
proportion of methylation signals that are most strongly related to lifetime smoking history remain
significantly related to lung function, even after adjustment for questionnaire-based smoking metrics.

The authors included Mendelian randomisation analysis. In the current paper, this involved using single
nucleotide polymorphisms, significantly related to methylation levels of the smoking-related CpGs, as
genetic instrumental variables to infer causality. The authors were able to identify genetic instrumental
variables for eight of the 57 CpGs that replicated in additional cohorts; these analyses included CpGs that
no longer remained related to lung function after smoking adjustment. Unfortunately, the top CpG AHRR
cg05575921 had no genetic instrument. The authors report that the results support causal effects.
However, additional detail on strength of the associations of the genetic instrumental variables with
methylation levels of the CpGs, would be useful to properly evaluate the Mendelian randomisation
conclusions. Limitations of Mendelian randomisation of this method for drawing causal conclusions
regarding methylation results, including weakness of the genetic instrumental variables used, power issues,
and potential biases, have been recently discussed [2, 16].

The authors also used mediation analysis, another statistical technique [17] to assess the likelihood that an
association in observational data is causal. They formed an index of several smoking-related CpGs recently
reported to mediate the effects of smoking on lung function in one of their replication cohorts [18] and
they again found evidence of mediation. However, in mediation analyses of smoking-related CpGs in
relation to a smoking-related health outcome, when the smoking-related CpGs better reflect the relevant
smoking exposure than self-reported smoking, false-positive evidence of mediation can result [19]. As
noted above, substantial evidence indicates that smoking-related methylation signals are superior
biomarkers of lifetime smoking history compared with questionnaire-based metrics. While correction for
exposure measurement error can mitigate, to some degree, the resulting false-positive mediation results [19],
it was not used here. Even when measurement error correction methods are applied, extreme caution is
required in interpreting mediation analyses as evidence that smoking-related CpGs cause smoking-related
outcomes [19]; in the current study, reduced lung function. The authors note that the top CpG for both
smoking and lung function, AHRR cg05575921, is also differentially methylated in relation to smoking in
lung macrophages [20], strengthening the plausibility of a causal role in lung pathogenesis. However, the
lung is directly exposed to smoking combustion products and finding smoking-related AHRR differential
methylation may be interpreted as supporting the validity of some blood-based methylation biomarkers to
detect exposure in disease-relevant target tissues [21].
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Although many studies document widespread gene-specific methylation differences according to smoking,
the mechanism for these specific exposure effects is not well understood. A leading hypothesis is the
transcription factor occupancy theory [22], whereby transcription factors activated or repressed in
response to exposure either deny or allow access to the DNA methylation machinery, resulting in
gene-specific reduced or increased methylation. Thus, smoking-related DNA methylation changes may
themselves result from alterations of transcription factor binding. Alternatively, or in addition,
exposure-related methylation changes may be proxies for histone modifications that lead to altered gene
function and exposure-related disease pathogenesis [2]. Under these alternative biological mechanisms, or
ones yet to be discovered, attempting to determine whether exposure-related methylation differences are
themselves the causes of exposure-induced disease, might be expecting too much of available statistical
techniques, such as Mendelian randomisation or mediation [2].

Given these complicating issues, can epigenome-wide methylation studies help us understand mechanisms
of exposure-related disease processes? Can they inform risk prediction for lung function decline? When
considered in light of the various cautions discussed above, analyses such as those presented in this paper
can help to highlight the specific smoking–methylation signals worthy of follow-up in mechanistic studies
for their role in smoking-related lung function impairment. Further, identifying robust circulating
biomarkers of smoking, that reflect processes in target tissues, can facilitate disease risk prediction, even if
they are not the underlying causal events. Valid quantitative biomarkers can also help identify previously
undetected health effects of exposure to smoking combustion products. In addition, many environmental
exposures, such as ambient air pollutants, have effects that are weaker or harder to detect than those of
smoking. In this setting having robust smoking biomarkers to remove residual confounding by smoking
has important public health relevance. Indeed, many CpGs differentially methylated in relation to smoking
are correlated with gene expression, highlighting their potential biological relevance [3]. In addition,
epigenome-wide association studies of smoking have identified genes that had not been previously shown
to play a role in biological responses to this environmental cause of myriad adverse health outcomes.
Surprisingly, despite many years of research, the specific mechanisms underlying many health effects of
smoking remain incompletely understood. Studies such as the current one can identify new gene targets
for prevention, screening, and treatment of lung disease. Thus, integrating results from epigenome-wide
association studies of smoking and smoking-related health outcomes, such as lung function in this study,
has great potential clinical relevance.
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