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Abstract
Background and Aims
Although the genetic etiology of traditional cigarette smoking is well studied, the genetic
etiology of e-cigarette smoking is not fully elucidated. This study utilizes polygenic risk scores
to examine the potential genetic overlap of traditional and e-cigarette behaviors. Each score
reflects the combined effect of selected risk alleles for smoking.
Method
A polygenic risk score analysis was calculated using the Genes for Good (n=258) sample and
cigarettes per day (CPD) regression weight from UK Biobank (n=19,357). Scores were generated
at six p-value thresholds, with 5e-8 being the most stringent. Scores were then correlated to
cigarettes per day (CPD) and frequency of e-cigarette use.
Results
One correlation between CPD and risk scores at a p-value threshold of 5e-7 approached
significance (p~0.05). No other correlations were significant.
Conclusions
This is the first study, to the knowledge of the investigators, that examines the genetic etiology
of e-cigarettes. However, due to the limited sample size in this study, significant associations
were not detected. As the Genes for Good study continues to grow, further investigation
conducted with sufficient power would be necessary to better elucidate the genetic etiology of
e-cigarette behaviors.
Keywords: polygenic score, genetic association, e-cigarettes, traditional, substance use
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Introduction
Cigarette smoking continues to have a substantial cost on the United States population,
both societally and personally. Currently, about 16 million Americans are living with a disease
caused by smoking, and 443,000 U.S. adults die from smoking-related illnesses each year
(“Current cigarette smoking among adults — United States, 2011,” 2012). Smoking is also
estimated to cost the U.S. about $96 billion in direct medical expenses and $97 billion in lost
productivity annually (“Current Cigarette Smoking Among Adults,” 2012). Fortunately,
smoking rates in the US have been nearly halved since the first Surgeon General’s report
released in 1964, which also marked the beginning of increased tobacco control efforts (US
Department of Health and Human Services, 2014). Despite increased efforts to reduce cigarette
use (i.e., increasing tobacco prices, antitobacco media campaigns, and implementing smoke-free
laws), the decline in smoking rates has tapered off in recent years (Jamal et al., 2016).
The introduction of Electronic Nicotine Delivery Systems in 2003, colloquially known
as electronic cigarettes (e-cigarettes), has also affected the decline of cigarette smoking.
According to a survey conducted in 2013, 73% of the US population is aware of e-cigarettes and
its use occurs in both nondaily smokers and heavy smokers (Adkison et al., 2013). Awareness of
e-cigarettes has doubled from 16.5% in 2009 to 32.2% in 2010, and rates of ever using ecigarettes quadrupled from 2009 (0.6%) to 2010 (2.7%) (Regan, Promoff, Dube, & Arrazola,
2013). Although research on the use of e-cigarettes as a cessation aid is not extensive, there is
some evidence that, when used as an aid, use of e-cigarettes can reduce the number of
cigarettes smoked in current smokers and increase the success of quitting (Siegel et al., 2011).
Present research shows some evidence that the short-term effects of e-cigarettes on
cardiovascular and respiratory functions are exponentially less harmful than smoking
traditional cigarettes (albeit still with some transient negative effects); however, the long-term
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effects of e-cigarettes are still unknown (Farsalinos & Polosa, 2014; Hajek, Etter, Benowitz,
Eissenberg, & McRobbie, 2014).
While rates of cigarette smoking are decreasing, the rates of first time e-cigarette users
continue to increase. E-cigarettes are a relatively new development, and the relationship
between cigarette smoking and e-cigarette smoking are still not well delineated. However, it
has become evident that cigarette smoking as a trait arises due to both environmental and
genetic factors. The collection of family, adoption, and twin studies strongly support the
heritability of cigarettes in tobacco initiation, maintenance of cigarette use, and nicotine
dependence (Sullivan & Kendler, 1999a). For example, studies have indicated that about 60%
of the variance in liability to start smoking is due to genetic factors (Maes et al., 2004). In
addition to the indirect evidence found in these studies for the genetic contribution to
smoking, there have also been attempts to locate the specific genes that contribute to smoking
behaviors (Caporaso et al., 2009; Sullivan & Kendler, 1999b; Vink et al., 2014).
However, for cigarette smoking and other complex traits, it is important to note that
there is not usually one single gene that contributes to smoking behavior. Complex traits like
cigarette smoking appear to be highly polygenic, and analysis using quantitative methods like
the genome-wide association study (GWAS) and the polygenic risk score (PRS) are becoming
increasingly prevalent. A GWAS scans all common genetic variation to determine which
variants are associated with the phenotype of interest. Recent GWAS results have been able to
identify single-polynucleotide polymorphisms (SNPs) that are highly associated with smoking
initiation, cigarettes smoked per day, smoking cessation, and other smoking behaviors (Furberg
& Sullivan, 2010). From GWAS results, which identify single variants associated with a trait,
one can construct polygenic risk scores to evaluate the extent to which hundreds or thousands
of variants, aggregated together, are associated with the phenotype of interest. Both GWAS and
PRS methods have been used successfully in studies of complex traits ranging from mental
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illnesses like schizophrenia to physical traits like height and body mass index (Dudbridge,
Whittaker, Iorio, Balding, & Lange, 2013).
Despite extensive research on the genetic etiology of cigarette smoking, there has been
little to no research conducted on the genetic etiology of the use of e-cigarettes. Although there
are many behavioral similarities between cigarette smoking and the use of e-cigarettes, only
about 12-14% of electronic cigarette smokers become daily users, indicating that satisfaction
may not be as high as traditional cigarette smoking (Hajek et al., 2014). The purpose of the
current study is to assess whether or not there is a common genetic etiology between
traditional cigarette smoking and electronic cigarette smoking.
To do this, we constructed polygenic risk scores for smoking based on a in-house
GWAS of cigarettes smoked per day among current smokers in the UK BioBank, a large study
of 150,000 subjects dedicated to investigating the genetic and nongenetic determinants of
disease (Sudlow et al., 2015). This GWAS identified variants in the genome that are associated
with cigarettes smoked per day. The risk alleles and weights calculated from the UK BioBank
GWAS were then used to generate polygenic risk scores for each participant in Genes for
Good, a study unrelated to the UK Biobank that measured cigarette and e-cigarette use in
thousands of participants. These scores indicated the predicted genetic cumulative effect of all
the variants in each individual that contributed to cigarettes smoked per day. By correlating
these scores with a measure of e-cigarette use, we were then able to compare the genetic
etiology of cigarette and e-cigarette smoking.
Methods
Discovery Sample from UK Biobank
The UK Biobank is a large ongoing collection of diagnostic healthcare information
from over 500,000 volunteers across the UK. The phenotype utilized in this study was
cigarettes per day (CPD) (n=19,357) which was defined as average number of cigarettes smoked
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per day, either as a current or former smoker. These quantitative measures were then binned
into five categories (1: 1-5 cigarettes, 2: 6-15 cigarettes, 3: 16-25 cigarettes, 4: 26-35 cigarettes, 5:
36+ cigarettes). Those who either never smoked or whom there is no available data were set to
missing.
The UK Biobank is genotyped on 2 arrays, the UK BiLEVE array and the UK Biobank
array. However, only those genotyped on the BiLEVE array were utilized in this study. The
BiLEVE subsample consists only of heavy smokers and never smokers, but only heavy smokers
were utilized in this study (Wain et al., 2015).
Genotypes were imputed to a reference panel including the UK10K and 1000 Genomes
whole genome sequence datasets. Only those of European ancestry were included in the
analysis. Summary statistics of the GWA meta-analysis of CPD were obtained through the
GWAS and Sequencing Consortium of Alcohol and Nicotine Use (GSCAN), a large consortium
utilizing the UK Biobank data.
Target Sample from Genes For Good
The target sample consisted of subjects from Genes for Good, a genetic research study
whose primary recruitment method is as an application on the popular social media website
Facebook. When individuals over 18 consent to the study, they are asked to fill out various
health-related surveys. After the participant fills out 18 surveys, they then have the opportunity
to be genotyped via a mail in saliva kit, thus contributing data to the study while also receiving
personal ancestry information and their raw genotypic data. At the time of writing, over 26,026
people have participated in the study and over 6,610 DNA samples have been genotyped.
The current study utilized phenotypic data specifically from the Tobacco Use survey in
Genes for Good, which consisted of 11,945 participants. However, only participants who also
had genotypic information and were e-cigarette users (n=258) were included in the polygenic
risk score analysis.
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All DNA extraction and genotyping was conducted at the University of Michigan
Sequencing Core. Genotyping was done using the Illumina Human Core Exome array, which
genotypes 500,000 variants. Genotypes underwent standard quality control, were phased by
software SHAPEIT (Delaneau, Marchini, & Zagury, 2011), and then imputed to the 1000
Genome phase 3 whole genome reference panel using Minimac3 (Das et al., 2016). In this
sample, a genetic principal component analysis (PCA) was constructed and superimposed onto
1000 Genomes PCAs for comparison. Those of European ancestry were then selected out for
analysis. Additionally, variants were removed if they were in linkage disequilibrium with a
more significant variant. We considered the most significant SNP and removed all variants in
linkage disequilibrium r2 > 0.1 within 500 kilobases.
The e-cigarette phenotype was developed around the GFG survey question “How often
do you smoke e-cigarettes?” with answer options as less than once a day, once a day, a few
times per day, and all day long. The cigarettes per day (CPD) phenotype (n=1287) was a
combination of two GFG survey questions involving former and current smokers. When asked
how many cigarettes participants formerly or currently smoked, they were given the option of
selecting 1 through 40+ in a drop-down menu.
Polygenic risk scores and statistical analysis
A polygenic risk score is a weighted sum across variants in an individual, with each
weight being equal to the effect size for that variant in the UK Biobank GWAS for CPD. The
primary function of a polygenic risk score analysis is to reflect the combined effect of selected
risk alleles into one quantifiable score. For individual i, the polygenic risk score for variants j
through n is more formally depicted below:
;

PRS$ =

UK Biobank 0$1 ×(no. of risk alleles$1 )
1<=
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The coding of the risk alleles and the beta were generated with the in-house UK
Biobank GWAS for CPD. After computing the polygenic risk score, we tested for an
association between the score and the two constructed phenotypes (i.e., frequency of e-cigarette
use and CPD) from Genes for Good. We first considered the polygenic risk scores of all of the
genome-wide-significant variants that had a p value of 5e-8 (number of SNPs = 22) in the UK
Biobank GWAS. This threshold was gradually made less stringent, and the polygenic risk
scores for the following thresholds were also considered: 5e-7 (n SNPs = 26), 5e-6 (n SNPs = 51),
5e-5 (n SNPs=294), 5e-4 (n SNPs=2,054), and 5e-3 (n SNPs=17,864) with a total of 20,311 SNPs
analyzed. An association between a polygenic risk score and an outcome variable was
considered significant if P < 0.05.
Results
Descriptive statistics for the Genes for Good sample are displayed below in Table 1.
Most participants in the Tobacco Use survey were primarily from 22 to 30 years old with a
large majority being female (Table 1). This mimics the demographic of Facebook users overall.
Figure 2 below displays a histogram for the cigarettes per day measure in Genes for Good
(M=12.53, Mdn=10, SD=7.34) (Figure 2). Most participants smoked around 10 cigarettes per day
or 20 cigarettes per day. For the e-cigarette measure in Genes for Good, most participants
reported that they smoked less than once a day and were primarily females (Table 2).
Figure 1 displays a summary of the traditional cigarette and e-cigarette usage in the
Tobacco Use survey. Non-smokers make up the largest percentage of this survey, with about
27% of the sample being solely traditional cigarette smokers. There are more individuals that
smoke both cigarettes and e-cigarettes than those who smoke e-cigarettes alone.
Lastly, Figure 3 displays the results from the polygenic risk score analysis. The figure
shows the correlation between the phenotypes and the risk score at each p-value threshold.
The only polygenic risk score association approaching significance was the correlation of CPD
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with the risk score at the p-value threshold of 5e-7 (p ~ 0.05) with r=0.11. No correlations at any
other threshold approached significance.
Discussion
Although e-cigarette use is becoming more popular, from our sample it is evident that a
large portion of the population is still solely smoking traditional cigarettes. Despite this fact, ecigarette rates of use continue to increase due to its role as a safer and healthier alternative to
traditional cigarette smoking (Regan et al., 2013). This recent development raises questions
about the genetic etiology of e-cigarette use and whether or not it is shared with traditional
cigarette use.
The aim of this study was to investigate the genetic overlap between e-cigarette and
traditional smoking behaviors. By using the association results of cigarettes per day from the
UK Biobank GWAS, we were able to calculate a polygenic risk score for each individual in the
Genes for Good sample. These scores were then correlated with two different phenotypes,
cigarettes per day and frequency of e-cigarette use. From the results of this study there is no
evidence to suggest that cigarette use and e-cigarette use share the same genetic etiology, with
small to negative correlations between the frequency of e-cigarette use and risk scores.
However, these results must be viewed in light of the study’s limitations. Firstly, the
study lacked power. In order to detect a correlation of 0.1 with a standard beta of 0.2, the study
would have required a sample size of at least 646 participants, at least twice the amount in the
current study, in order to have 80% power to detect a polygenic correlation. Furthermore, the
polygenic risk score correlation between CPD of Genes for Good and CPD of UK Biobank was
conducted as a baseline for comparison to the actual phenotype of interest, frequency of ecigarette use. However, even CPD was not statistically significantly predicted by the CPD-based
polygenic risk score generated from the UK Biobank. Only one PRS approached significance at
a PRS p threshold of 5e-7 with r=0.11. This indicates that the power in this study is not sufficient
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to confidently conclude that e-cigarette and cigarette behaviors do not have similar genetic
etiologies.
Another contribution to the lack of power could potentially be the size of the discovery
sample. In a polygenic risk score, power increases with the size of the discovery sample (Vink et
al., 2014). The subset of data used from UK Biobank only had a sample size of around 20,000
smokers. This is considered small in many studies of quantitative genetics, with some samples
reaching up to 70,000 participants before power is sufficient to detect significance. Additionally,
the discovery sample in this study consisted only of heavy smokers, reducing chances of detecting
a significant correlation due to a decreased range of behaviors (Wain et al., 2015).
The lack of correlation may also be due to the nature of the Genes for Good study.
Because of its mode of delivery through the popular Facebook App, it is highly available and
easy to access. This availability allows it to reach more participants; however, it also provides an
opportunity for users to answer haphazardly, incentivized by the promised complimentary
ancestry analysis and raw genotypes after completing the necessary number of surveys. This effect
may be magnified due to the self-report nature and perceived anonymity of the application, since
participants do not have to meet in-person to fill out information in the surveys.
Although the conclusion of the current study is limited, this is the first study, to the
knowledge of the investigators, to examine the genetic etiology of e-cigarette behaviors, as well
as examine the genetic overlap between e-cigarette use and traditional cigarette use. We expect
that the sample size of Genes for Good will grow with time, as it is an ongoing study. Further
investigation conducted with sufficient power would be necessary to better elucidate the genetic
etiology of e-cigarette behaviors.
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Tables and Figures
Table 1
Age Range in Genes for Good Target Sample (n=11,303)
Age Range

N (%)

Male

Female

% Male

18 – 21

680 (6.01%)

215

465

32.0%

22 – 30

3708 (32.81%)

1177

2530

31.8%

31 – 40

2680 (23.71%)

742

1938

27.7%

41 – 50

1708 (15.11%)

405

1303

23.7%

51 – 60

1416 (12.53%)

356

1059

25.2%

61 – 70

882 (7.80%)

251

631

28.5%

71 – 99

229 (2.03%)

72

157

31.4%

Total

11,303

3,218

8,083

28.5%

16

17
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Table 2
Distribution of e-cigarette variable in the Genes for Good (GFG) Target Sample (n=238)
Categories

N (%)

Male

Female

% Male

Less than once a day

114 (47.9%)

49

65

42.9%

Once a day

6 (2.52%)

3

3

50.0%

A few times per day

67 (28.15%)

30

37

44.8%

All day long

51 (21.43%)

23

28

45.1%

Total

238

105

133

44.1%
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Figure 1
Summary of Cigarette and E-Cigarette Behaviors
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Figure 2
Histogram of CPD in Former and Current Smokers in Genes for Good Sample (n=1287)
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Figure 3
Correlations of PRS and E-Cigarette Frequency and CPD in Genes for Good
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