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Abstract
Background—Recent genome-wide association (GWA) studies of lung cancer have shown that
the CHRNA5-A3 region on chromosome 15q24-25.1 is strongly associated with an increased risk
of lung cancer and nicotine dependence, and thought to be associated with chronic obstructive
airways disease as well. However, it has not been established whether the association between
genetic variants and lung cancer risk is a direct one or one mediated by nicotine dependence.

Methods—In this paper we applied a rigorous statistical approach, mediation analysis, to
examine the mediating effect of smoking behavior and self-reported physician-diagnosed
emphysema (chronic obstructive pulmonary disease [COPD]) on the relationship between the
CHRNA5-A3 region genetic variant rs1051730 and the risk of lung cancer.

Results—Our results showed that rs1051730 is directly associated with lung cancer risk, but that
it is also associated with lung cancer risk through its effect on both smoking behavior and COPD.
Furthermore, we showed that COPD is a mediating phenotype that explains part of the effect of
smoking behavior on lung cancer. Our results also suggested that smoking behavior is a mediator
of the relationship between rs1051730 and COPD risk.

Conclusions—Smoking behavior and COPD are mediators of the association between the SNP
rs1051730 and the risk of lung cancer. Also, COPD is a mediator of the association between
smoking behavior and lung cancer. Finally, smoking behavior also has mediating effects on the
association between the SNP and COPD.
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INTRODUCTION
Recent genome-wide association (GWA) studies of lung cancer have shown that the
CHRNA5-A3 region on chromosome 15q24-25.1 is strongly associated with an increased
risk of lung cancer.1–3 However, different etiological explanations for the association
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between genetic variants in this region and lung cancer have been provided. Thorgeirsson et
al.3 suggested that the genetic variants were only associated with smoking behavior, while,
Hung et al.2 found no association with smoking behavior. Our initial study1 suggested a
weak association with nicotine dependence (based on number of cigarettes smoked per day
and pack-years of exposure) but a stronger direct association with lung cancer risk per se.
Further analysis conducted by Spitz et al.4 confirmed the dual pathway between the genetic
variants and lung carcinogenesis. In an accompanying editorial, Wacholder et al.5 stressed
the need for sophisticated statistical analyses to dissect these relationships. In this paper we
have applied a rigorous statistical approach, mediation analysis, to identify the mediation
effect of smoking behavior on the relationship between the CHRNA5-A3 region single
nucleotide polymorphism (SNP), rs1051730, and the risk of lung cancer. Mediation models
for analyzing indirect effects between initial and outcome variables have been widely
applied.6 In this paper, we conducted the mediation analysis based on the procedure
described by Baron and Kenny.7 In addition to smoking behavior, we also evaluated the
potential role of self-reported physician-diagnosed emphysema (chronic obstructive
pulmonary disease [COPD]) as a mediator for CHRNA5-A3 region association with risk of
lung cancer.

METHODS
Case and Control Subjects

This analysis included 1154 lung cancer case subjects who were current or former smokers
and 1136 control subjects frequency-matched to the cases by age, sex, and smoking status.
All the case and control subjects were Caucasian. Lung cancer cases were accrued at The
University of Texas M. D. Anderson Cancer Center and were histologically confirmed.
Controls were ascertained through a multi-specialty physician practice from the same area.
Questionnaire data were obtained by personal interview. This study was approved by the
institutional review board at the University of Texas M. D. Anderson Cancer Center and all
participants provided written informed consent.

Phenotype
To study the possible mediating effects of smoking behavior, we selected pack-years
(PKYRS) smoked as the measurement of smoking intensity and nicotine dependence. In this
study, PKYRS was computed as the number of cigarettes smoked per day divided by 20 and
multiplied by the number of years smoked. All the cases and controls also self-reported
whether a physician had ever diagnosed them with COPD, categorized as present or absent.

Statistical Model
We implemented mediation analysis to identify the potential mediation effects of PKYRS
and COPD on the relationship between rs1051730 and lung cancer risk. Most often,
mediation analyses are conducted statistically using the procedure described by Baron and
Kenny.7 The total effect of the initial variable (e.g., SNP) on the outcome (e.g., lung cancer)
can be expressed as the sum of their direct and indirect effects, where the indirect effect is
obtained as the product of the effect of the initial variable on the mediator (e.g., smoking
behavior or COPD) and the effect of the mediator on the outcome while controlling for the
initial variable. The total, direct, and indirect effects are obtained from the coefficients of the
regression models. According to the general notations in the mediation analysis 7,8, we
denote the total effect of the initial variable on the outcome variable as c, which is the
regression coefficient of the outcome on the initial variable. We denote the effect of the
initial variable on the mediator as a, which is the regression coefficient of the mediator on
the initial variable. We denote the effect of the mediator on the outcome as b, which is the
regression coefficient of the outcome on the mediator, while controlling for the initial
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variable and we denote the direct effect of the initial variable on the outcome as c’, which is
obtained by regressing the outcome on the initial variable controlling for the mediator.
Finally, the significance of the indirect effect (mediating effect ab) is tested using the Sobel
test.9,10 The Sobel test estimates the standard error of ab as the square root of b2sa

2 + a2sb
2,

where sa and sb are the standard errors of a and b, respectively. The ratio of ab and its
standard error is treated as a standard normal variate. To perform a formal mediation
analysis, the coefficients c, a, and b need to be statistically significant, according to the steps
outlined by Baron and Kenny.

We studied four different models: (i) the mediating effect of smoking behavior on the
relationship between the SNP and lung cancer; (ii) the mediating effect of COPD on the
relationship between the SNP and lung cancer; (iii) the mediating effect of COPD on the
relationship between smoking behavior and lung cancer; and (iv) the mediating effect of
smoking behavior on the relationship between the SNP and COPD. In some models,
outcome or mediator variables are dichotomous, we used logistic regressions in our
analyses. Although the mediation analysis was originally developed for linear regression
models, it has been shown to be valid for logistic regression as well.8,11 The coefficients
obtained from logistic regression were standardized to make them comparable before the
Sobel test was applied for the mediation analysis.8,11,12 Specifically, we multiplied each
coefficient by the standard deviation of the predictor and divided by the standard deviation
of the response variable in the corresponding equation. For more detail regarding these
computations, please refer to the studies of Kenny and Herr.8,11 Because our cases and
controls were matched for sex, this factor was not significant in the analyses. However, age
was found to be significant. Therefore, all analyses were adjusted for age. The genetic
variant (rs1051730) was coded assuming an additive model as in our initial study.1

RESULTS
In our data, the average ages were 62.1 (standard deviation (SD) = 10.8) in cases, 61.1 (SD
= 8.9) in controls. There were 658 males and 496 females in cases and 643 males and 493
females in controls. In cases, 603 individuals were former smokers, and 551 individuals
were current smokers. In controls, 656 individuals were former smokers, and 480
individuals were current smokers. The overall minor allele frequency (MAF) of the SNP
rs1051730 was 36.65%. In the cases, the MAF was 39.77%, and in the controls, the MAF
was 33.49%. PKYRS is not normally distributed, therefore, we performed a Box-Cox
transformation before mediation analyses. A maximum likelihood approach13 was used to
choose the optimal power transformation parameter λ. The estimated value of λ was equal to
0.5. All the results from the mediation analysis are reported in Table 1.

In the first model, the initial variable is the SNP, the outcome variable is lung cancer, and
the mediator variable is PKYRS. Following the Baron and Kenny steps7, the total effect of
the SNP on lung cancer risk was statistically significant (c = 0.1056, SE = 0.0232, Z =
4.5428, p < 0.0001). Both the effects of the SNP on PKYRS and of PKYRS on lung cancer
were also statistically significant (a = 0.0682, SE = 0.0205, Z = 3.3317, p = 0.0009; b =
0.1178, SE = 0.0239, Z = 4.9379, p < 0.0001). Therefore, the first three steps for mediation
analysis as described by Baron and Kenny were satisfied. Our analysis based on the Sobel
test concluded that smoking behavior (PKYRS) was a mediator of the relationship between
the SNP and lung cancer (ab = 0.0080, SE = 0.0029, Z = 2.7619, p = 0.0057). The direct
effect of the SNP on lung cancer (c’ = 0.0980, SE = 0.0232), controlling for the mediator
(PKYRS), was still statistically significant (Z = 4.2167, p < 0.0001), suggesting that PKYRS
only partially explains the effect (and only a small portion of the effect) of the SNP on lung
cancer (ab/(ab+c’) = 7.6%).14 Therefore, the SNP is both directly and indirectly associated
with lung cancer.
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In the second model, we studied the effect of COPD on the association between the SNP and
lung cancer. The initial and outcome variables remained the SNP and lung cancer
respectively, while the mediator was COPD. The total effect of the SNP on lung cancer was
the same as in the first model. The effects of the SNP on COPD and of COPD on lung
cancer were statistically significant (a = 0.1047, SE = 0.0315, Z = 3.3258, p = 0.0009; b =
0.1116, SE = 0.0128, Z = 8.7319, p < 0.0001). After controlling for COPD, the direct effect
of the SNP on lung cancer (c’ = 0.0899, SE = 0.0237) was statistically significant (Z =
3.7906, p = 0.0002). The result from the Sobel test showed that COPD was a more
significant mediator than PKYRS on the effect between the SNP and lung cancer (ab =
0.0117, SE = 0.0038, Z = 3.1080, p = 0.0019) and that it accounts for a higher proportion of
the association (ab/(ab+c’) = 11.5%). Therefore, it can be concluded that the SNP is a direct
risk factor associated with lung cancer and COPD is a significant mediator of the effect of
the SNP on lung cancer.

The third model tested the effect of COPD on the relationship between smoking behavior
(PKYRS) and lung cancer. In the mediation analysis, the total effect of PKYRS on lung
cancer (c = 0.1246, SE = 0.0239) was statistically significant (Z = 5.2129, p < 0.0001). The
effects of PKYRS on COPD and of COPD on lung cancer were also statistically significant
(a = 0.3426, SE = 0.0331, Z = 10.3404, p < 0.0001; b = 0.1057, SE = 0.0130, Z = 8.1256, p
< 0.0001). COPD was a mediator for smoking behavior and lung cancer, as evidenced by the
highly significant p value obtained from the Sobel test (ab = 0.0362, SE = 0.0057, Z =
6.3890, p < 0.0001). Furthermore, COPD explained about one-third of the effect of smoking
behavior on lung cancer (ab/(ab+c’) = 32.1%), and we observed that the direct effect of
smoking behavior on lung cancer, controlling for COPD (c’ = 0.0767, SE = 0.0247), was
still statistically significant (Z = 3.1093, p = 0.0019). Therefore, we can conclude that COPD
is a mediator of the relationship between smoking behavior and lung cancer according to
Baron and Kenny steps.

We also investigated the mediating effect of both smoking behavior and COPD on the
association between the SNP and lung cancer. Since smoking behavior and COPD are
highly correlated (Kendall Tau b test p value < 0.0001), it is not recommended to perform an
analysis with both as mediators.8

Recently, it was suggested15 that CHRNA5-A3 variants are also directly associated with the
risk of COPD. The aim of the last model in our study was to examine the indirect effect of
smoking behavior (PKYRS) on the relationship between the SNP and COPD. In this
situation, the initial and outcome variables were the SNP and COPD, and the mediator was
PKYRS. In addition to age, all the regressions in this model were also adjusted for lung
cancer status. The total effect of the SNP on COPD (c = 0.0827, SE = 0.0321) was
statistically significant (Z = 2.5726, p = 0.0101). The effects of the SNP on PKYRS and of
PKYRS on COPD were also statistically significant (a = 0.0585, SE = 0.0205, Z = 2.8584, p
= 0.0043; b = 0.3287, SE = 0.0339, Z = 9.6944, p < 0.0001). While controlling for PKYRS,
the direct effect of the relationship between the SNP and COPD (c’ = 0.0621, SE = 0.0311)
was still statistically significant (Z = 1.9966, p = 0.0459). The result of the Sobel test
showed that PKYRS is a mediator of the effect of the SNP on COPD (ab = 0.0192, SE =
0.0070, Z = 2.7417, p = 0.0061), and that it explains about one-fourth of the association
between the SNP and COPD (ab/(ab+c’) = 23.6%).

DISCUSSION
Recent GWA studies have provided different possible explanations for the association
between the CHRNA5-A3 region on chromosome 15q24-25.1 and the increased risk of lung
cancer: a direct association, an indirect association mediated through nicotine dependence,
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or dual pathways. In this paper, we performed mediation analysis to investigate the
mediating effect of smoking behavior and COPD on the relationship between the SNP,
rs1051730, and the risk of lung cancer. The mediation analysis was conducted according to
the Baron and Kenny steps.8

Four different models were investigated in this paper. In the first model, we showed that the
SNP is directly associated with lung cancer risk, and it is also associated with lung cancer
through smoking behavior. However, smoking behavior only explains a small portion of this
relationship between the SNP and the risk of lung cancer (7.6%). This result supports our
initial analysis1,4, which suggested a weaker association of the SNP and smoking behavior,
but a stronger association between the SNP and the risk of lung cancer.

One may argue that the best way to identify the association between the SNP and lung
cancer would be to examine the effect of the SNP among never smokers. In 452 never
smoking cases and 487 never smoking controls, we found no significant effect of the SNP
on the risk of lung cancer (p value = 0.0697, OR = 0.83, 95% confidence interval CI = [0.69
to 1.02]), further confirming the mediating effect of smoking on the association between the
SNP and lung cancer risk. Importantly, the mediation analyses showed that the association
of the SNP on lung cancer risk is only marginally explained by smoking. In other words,
smoking behavior is necessary-but-not-sufficient for the association between the SNP and
lung cancer risk.

COPD is an independent risk factor of lung cancer and may be a stronger risk factor
compared to smoking behavior.16 Our analyses also showed that COPD is a mediating
phenotype that explains about one-third of the effect of smoking behavior on lung cancer.
Furthermore, we found that COPD is a stronger mediator than smoking behavior to explain
the relationship between the SNP and lung cancer risk (11.5% versus 7.6%).

We further explored the effect of this lung-cancer-related SNP on COPD risk. The result
suggested that smoking behavior is also a mediator of the relationship between the SNP and
COPD and that the SNP is also associated with COPD through smoking behavior. One of
the limitations of this analysis is that our study was not designed to study COPD. However,
we adjusted for lung cancer status while performing mediation analysis with COPD as
outcome variable. One may argue that the use of self-reported physician-diagnosed
emphysema as a COPD measure might result in misclassification of the disease and that
documentation through pulmonary function tests or radiological evidence are the gold
standard. However, previous studies have shown that the questionnaire-based approach to
defining COPD is quite accurate for epidemiologic studies.17–19 For example, the study of
Barr et al.17 showed that 78% of questionnaire-based self-reported COPD cases were
validated by a blinded medical records review. Another validation study of Eisner et al.19

indicated that about 90% of participants who had spirometry data had airflow obstruction.

It is important to note that, in this paper, when we refer to the direct association between the
SNP and the risk of lung cancer, we mean the association between the SNP and the risk of
lung cancer that is not mediated through smoking behavior or COPD. However, this
association between the SNP and the risk of lung cancer, which is not explained by smoking
behavior or COPD, could still be explained by other, unmeasured risk factors, or attributed
to measurement error with smoking behavior and level of carcinogen exposure. Also a
recent study by Le Marchand et al.20 suggested that the risk variant rs1051730 is associated
with higher levels of tobacco-specific metabolites after controlling for smoking intensity.

In summary, our findings showed that the SNP rs1051730 has a direct association with lung
cancer risk, as well as an indirect (and lesser) association through its effect on both smoking
behavior and COPD. Furthermore, our results suggested that smoking behavior is also a
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mediator of the association of the same SNP with risk for COPD. Further, COPD is a
mediating phenotype of the relationship between smoking behavior and lung cancer risk.
Importantly, our study findings show direct role of variant(s) in CHRNA5-A3 gene in
smoking, lung cancer and COPD. These study findings suggest that statistical models can
help tease out the complex relationship between the candidate SNP, smoking behavior,
COPD and lung cancer risk, and therefore can offer a direction for future research, either in
laboratory experiments or in statistical risk modeling, to obtain more precise insights into
these complex relationships.
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