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Abstract

Background and Purpose—Smoking greatly increases the risk of atherosclerotic plaque and
the effect may vary from individual to individual. A genome-wide scan was performed for
smokingxsingle nucleotide polymorphism (SNP) interactions on carotid plaque burden (CPB) to
identify the potential genetic moderators in Hispanics.

Methods—Carotid B-mode ultrasonography and genotyping by the Affymetrix 6.0 chip were
performed in a discovery sample of 665 Caribbean Hispanics, followed by replication analyses in
264 Caribbean Hispanics. CPB was expressed as the sum of plaque areas over the segments in
common and internal carotid arteries and bifurcation. Smoking was classified as 0, <20, and =20
cigarette pack-years. Assuming an additive genetic model, regression analysis was conducted to
test for smokingxSNP interaction on the cube root transformed CPB while controlling for age,
sex, and the top 3 principal components of ancestry.
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Results—Two SNPs showed a significant interaction with smoking on CPB with the similar
effects in both discovery (P<1.0%7°) and replication (P<0.05) populations. Specifically, for SNP
rs10205487 within MXD1, more smoking was significantly associated with greater CPB in A
allele carriers (betatSE: 0.24+0.08, P=0.005 in AG carriers; betaxSE: 0.48+0.12, P=0.0002 in AA
carriers) but not in GG (P=0.06). For SNP rs7001413 within LY96 and JPH1, more smoking was
significantly associated with greater CPB in GG carriers (betaxSE: 0.24+0.06, P=6.8%"°) but not in
T carriers (P=0.06).

Conclusions—Our study suggests that genetic variants may modulate the effect of smoking on
CPB and highlights several genes for further investigation of their role in atherosclerosis,
especially in smoking population.

Keywords

Smoking; Carotid plaque; Smoking-gene Interaction; Atherosclerosis; Hispanics; Carotid
ultrasonography

1. Introduction

Atherosclerosis is a chronic and multifactorial process underlying most ischemic strokes (IS)
and myocardial infarctions (M), the leading causes of disability and death in the Western
countries [1,2]. Numerous studies have clearly established that intermediate markers of
subclinical atherosclerosis may be useful in risk prediction of clinical vascular events [3-5].
These markers reflecting biological and genetic different phenotypes of atherosclerosis [6]
include artery flow-mediated dilation, arterial stiffness, carotid intima-media thickness
(cIMT), coronary calcification, carotid plaque, and stenosis. Recently, the Tromsg Study, in
a research conducted in 3,240 men and 3,344 women, demonstrated as total plaque area
appears to be a stronger predictor than cIMT for IS [7]. Moreover, compared to other
methods such as measurement of cIMT, carotid plaque burden (CPB), as the sum of plaque
area, has been indicated as the strongest cross-sectional predictor of coronary artery calcium
score suggesting its clinical utility as predictor of future cardiovascular events [8]. Given
that CPB reflects distinct biological and genetic aspects of atherogenesis comparing to other
markers of atherosclerosis [9], evaluation of these individuals may reduce heterogeneity and
facilitate discovery of novel genetic variants that influence susceptibility to atherosclerosis.

Despite several decades of efforts, there were still 21.2% of men and 17.5% of women who
continued to be cigarette smokers among US adults in 2010; and more importantly, overall,
26% of students in grades 9 through 12 reported current tobacco use [2]. Globally, the
number of smokers even continues to increase and is estimated to be 1.7 billion by 2025
[10]. Experimental, epidemiological and clinical data strongly implicate that cigarette
smoking is one of the major modifiable risk factors for cardiovascular disease (CVD) and
IS, and impacts all phases of atherosclerosis [2,11]. Smoking can initiate and accelerate
atherosclerosis either directly or indirectly by multiple mechanisms such as causing
endothelial dysfunction and vascular smooth muscle cell (VSMC) proliferation in the artery
wall, increasing lipid peroxidation and free-radical oxidation stress (ROS) and altering the
procoagulant status [11].
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Population, family and twin studies have demonstrated that atherosclerosis and stroke are
under substantial genetic control [6]. However, the associated genetic variants found in
candidate gene or genome-wide association studies (GWAS) just account for a small
proportion of variation in the atherosclerosis phenotypes [6]. Part of the difficulty in
identifying the associated genes could reflect biological interaction between risk alleles and
exposure to environmental risk factors. Recently, in the Northern Manhattan Study
(NOMAS) cohort population we demonstrated BTB (POZ) domain containing protein 1
(RCBTBL1) gene as a modifier for smoking effect on cIMT, further supporting the
hypothesis that including gene-environment interaction can help identify genes that may be
missed in genome-wide association studies [12].

Given that cigarette smoking is one of well-established risk factors, the degree of the
cigarette smoking-induced damage varies from individual to individual [13], and carotid
plaque is considered a genetic and biologic distinct subclinical phenotype of atherosclerosis
compared to cIMT [14], we conducted a genome-wide interaction study (GWIS) to scan for
smoking x single nucleotide polymorphism (SNP) interactions on CPB and identify the
potential genetic moderators.

2. Materials and Methods

2.1. Study population

Subjects used in this study are nested with the population-based NOMAS, which has been
described extensively before [15,16]. In brief, NOMAS participants had never been
diagnosed with a stroke, were at least 40 years of age, and resided for at least 3 months in a
household with a telephone in Northern Manhattan. Within NOMAS, all Hispanic subjects
who had high resolution B-mode ultrasound measurement of CPB and genotype available
were used for the study (N=929) (Table 1). Demographic, socioeconomic and risk factor
data were collected through direct interview based on the NOMAS instruments. All subjects
provided informed consent and the study was approved by the Institutional Review Boards
of Columbia University and University of Miami.

2.2. Carotid Plaque Phenotypes

High-resolution B-mode 2-dimensional ultrasound was performed for the examination of
carotid plague according to the standard scanning and reading protocols [3]. Carotid
bifurcation and internal and common carotid arteries were examined for plaque defined as
an area of focal wall thickening >50% greater than surrounding wall thickness in
millimeters. Once plaques were detected, in-depth imaging of plaques was performed in
long axes and multiple angles. The optimized and normalized images were analyzed offline
by automated computerized edge detection system M’Ath (Intelligence in Medical
Technologies, Inc, Paris, France) and area of each plaque was measured. The sum of all
plaque areas (mm?2) within each subject was calculated and expressed as a total carotid
plaque area (CPB) [17].
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2.3. Genotyping and Quality Control

Through the two waves of whole-genome genotyping (665 in the first wave and 264 in the
second wave), all subjects included in the current study were genotyped using the Human
SNP Array 6.0 chip (AffyMetrix) at the Genotyping Core of the Hussman Institute for
Human Genomics (HIHG) at University of Miami following manufacturer’s instruction.
Extensive quality control at both sample and SNP levels were carried out to ensure the
integrity of the genotype data. Samples were excluded if they had call rates below 95%,
relatedness, gender discrepancies, or were outliers beyond six standard deviations from the
mean based on Eigenstrat analysis [18]. SNPs with severe deviation from Hardy-Weinberg
equilibrium (p<1075) or a genotyping call rate less than 95% were also removed using
PLINK 1.05 [19].

2.4. Data Analysis

3. Results

For sample characteristics, continuous variables were summarized as means with standard
deviations and compared with t tests or with Mann-Whitney—Wilcoxon test if not normally
distributed, whereas categorical variables were presented as percentages and compared with
Chi-squared tests. In the genome-wide analysis of discovery Hispanic sample, the
interaction between each SNP and smoking cigarette pack-years was evaluated using a
linear regression model given in the following equation:

y=ﬂo+‘[>’gG+ﬁsS+ﬁgsG5+Zkﬁka. Here, y is the level of CPB (after cubic root
transformation), G (G=0, 1 or 2) is the genotype of a SNP assuming an additive genetic
effect, S(S=0, 1, 2 for never smoking, cigarette pack-years <20 and =20, respectively) is the
status of cigarette smoking pack-years, GSis the product of the genotype and category of
smoking, and Cy is the kth covariate (including age, sex and the top 3 eigenvectors of
ancestry derived from principal component analysis with EIGENSTRAT) [18]. In the
model, we tested if fgs=0 against a two-sided alternative hypothesis and performed the
analysis using PLINK [19]. In the replication analysis, the interaction between each SNP
showing an interaction with a P value less than 1x10° and smoking cigarette pack-years
was evaluated using the same linear regression model as in the discovery analysis and was
performed in Hispanic replication sample. To show the modification effects of the SNPs of
interest in the combined Hispanic sample, linear regression model was used to estimate
smoking effect on CPB stratified by the genotype and adjusted for the same covariates using
SAS version 9.3 (SAS Institute Inc., Cary, NC).

3.1. GWIS in the Discovery Sample

After QC, 722,379 SNPs were available in the discovery stage. The characteristics for
discovery and replication Hispanic samples are reported in Table 1. Compared with the
discovery sample, the replication sample had similar distribution of sex, smoking status and
CPB, but was, on average, one year older. Figure 1 is the Manhattan plot displaying the p
values for the interaction effect between each SNP and cigarette smoking on CPB. The
quantile-quantile (QQ) plot of the expected vs. observed genome-wide interaction P values
suggests no inflated type | (Supplementary Figure 1). The most significant interaction was
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found at SNPs on chromosome 12 in the CACNA1C (calcium channel, voltage-dependent, L
type, alpha 1C subunit) gene (P<1.0x107%). We carried forward 11 SNPs that have an
interaction p value less than 1x107° (Table 2) in the discovery stage.

3.2. Replication in an Independent Sample

Table 2 reports interactions between the top 11 SNPs identified in the discovery sample in
the replication Hispanic data set. Among those, two SNPs have nominal interaction P values
less than 0.05. Specifically, interaction was found for SNP rs10205487 within MXD1 (MAX
dimerization protein 1) gene (P<8.0x107% in Hispanic discovery sample; P=0.041 in the
replication Hispanic dataset); and for SNP rs7001413 located within LY96 (lymphocyte
antigen 96) gene and JPH1 (junctophilin 1) gene (P<1.0x107° in Hispanic discovery
sample; P=0.046 in replication Hispanic dataset).

3.3. Stratified Analysis in the Combined Sample

To explore the modification effects of the two replicated SNPs, we examined the
relationship between smoking and CPB in the combined sample stratified by the genotype of
the two SNPs. As shown in Table 3, for SNP rs10205487 within MXD1, more smoking was
significantly associated with greater CPB in A allele carriers (beta£SE: 0.24+0.08, P=0.005
in AG carriers; beta£SE: 0.48+0.12, P=0.0002 in AA carriers) but tended to show no effect
in GG carriers (betatSE: —0.21+0.11, P=0.06). For SNP rs7001413 within LY96 and JPH1,
more smoking was significantly associated with greater CPB in GG carriers (beta+SE:
0.24+0.06, P=6.8e-5) but tended to show no effect in TG carriers (betatSE: —0.21+0.11,
P=0.06).

4. Discussion

Atherosclerosis is a complex and multifactorial disease caused by the combination of
vascular risk factors, environment and genetic factors. Experimental researches using both
linkage and candidate gene association studies identified several genes that potentially play
a role in the processes leading to atherosclerosis in human [6,14]. Currently, however,
genetic studies on atherosclerosis have not reached consistent results. In the Cohorts for
Heart and Aging Research in Genomic Epidemiology (CHARGE) study, which consists of
four prospective epidemiological cohorts of nearly 19,600 subjects, just two independent
loci achieved the genome-wide significance threshold in the combined meta-analysis of
carotid plaque [20]. Different issues may account for the inconsistent findings, among those
one of the main limitations is represented by genetic—environment (vascular risk factors)
interaction that may influence the impact of genetics on different atherosclerotic phenotypes.

Cigarette smoking is an important risk factor for atherosclerosis [11]. However, recently
using NOMAS we demonstrated that the variation in CPB is largely unexplained by
traditional and less traditional vascular risk factors, including smoking, suggesting that other
unaccounted environmental and genetic factors play an important role in the determination
of atherosclerotic plaque [17]. By performing genome-wide gene-smoking interaction study,
here we identified novel genetic variants that modify the association between smoking and
atherosclerosis. Using a multi-stage design, we found MXD1, LY96, and JPH1 as potential
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modifier genes for smoking’s effect on inter-individual variance on CPB, which were
replicated in an independent Hispanic dataset.

MXD1 encodes a member of the MYC/MAX/MAD network of basic helix-loop-helix
leucine zipper transcription factors. This network mediates cellular proliferation,
differentiation and apoptosis through different mechanisms including telomerase silencing
and activation [21]. Its deregulation is an important aspect of Myc’s ability to stimulate
tumor formation such as leukemia [22]. In fact, MXD1 is designated as antagonizer of myc
transcriptional activity. The advanced stages of atherosclerosis, similarly to cancer, are
characterized by a local increase in tissue mass that may be hard to control. Myc has been
involved in both endothelial dysfunction and atherogenesis as well [23]. Therefore, different
MXD1 genetic variants may have diverse ability in inhibit myc-dependent signaling by
playing opposed roles in mechanisms leading to atherosclerosis such as carotid plaque.
Moreover, regulation of myc has been strongly associated in experimental studies with
carcinogenesis induced by cigarette smoke [24].

LY96 encodes a protein which provides a link between the toll-like receptor (TLR) 4 and
lipopolysaccyaride (LPS) signaling. TLR4 and LPS have been strongly associated with
tissue inflammatory mechanisms related to smoking [25]. Endothelial cells are activated
through TLRs to express inflammatory mediators implicating in both acute and chronic
inflammatory states such atherosclerosis. TLR4 is not only located intracellularly but also
functions intracellularly and internalization of LPS is required for activation. In human
coronary artery endothelial cells it has been demonstrated as LPS uptake may happen only
in the presence of LPS binding proteinencoded by LY96 [26]. Therefore, LY96
polymorphisms may be relevant to initiating inflammatory responses in the vasculature
finally leading to atherosclerosis. SNP rs7001413 is also located near to JPH gene which is
a member of the junctophilin gene family and encodes for junctional complexes located
between the plasma membrane and endoplasmic/sarcoplasmic reticulum which mediates
cross talk between cell surface and intracellular ion channels. Junctophilin proteolysis has
been shown to contribute to skeletal muscle weakness and cardiac dysfunction in a range of
circumstances such as ischemia-reperfusion [27]. In fact, JPH1 knockout mice show no milk
suckling and die shortly after birth [28]. Interesting, a study investigating gene-disease
association and gene-environment interaction, after GWAS conducted in 479 smokers,
included JPH1 in a group of genomic markers associated with successful quitting from
cigarette smoking [29].

Since today, unfortunately no information is available regarding function of FAM89A gene.
We just know that its homologous in rat plays important roles in maintaining normal eye
function and disease [30]. Further studies are needed to clarify the role of the protein
encoded by this gene in human physiology and pathology.

In a recent study conducted in the same NOMAS samples by using GWIS analysis we
demonstrated a strong interaction between RCBTB1 gene and smoking in modifying risk for
cIMT [12]. In the present study, which is aimed to investigate risk in carotid plaque, the lack
in the replication data regarding genetic interactions with smoking previously found in cIMT
study may further support the hypothesis suggesting as plaque and cIMT are two distinct
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phenotypes of atherosclerosis under different genetic and environmental control. Genome-
wide gene-smoking interaction study allows us to catch up interesting genes associated with
subclinical markers of atherosclerosis, although the gene-environment investigation further
increases inter-subject variability to the disease. So far the studies that analyzed the
interactions between cigarette smoking and gene variants in relation to risks for vascular
disease did not reach consistent results. Cigarettes can modify genes quantitatively by
changing expression levels and qualitatively by causing DNA mutations [31]. Mainly, Wang
XL et al. [31] summarized these results as: “although relationships between increased
exposure to cigarette smoking or genetic risk and vascular disease can be expected to be
linear, the relationships are significantly modified when cigarette and genesinteract in real
life”. In fact, various animal models have been exposed to cigarette smoking to observe
smoking effects on atherogenesis and most of them have shown accelerated atherogenesis
under smoke influence. However, none of the studied genes in these animals are specific and
direct targets of cigarette smoking [31]. A possible reason could be just the difficulty in
reproducing the real-life human effect of cigarette smoking in which lungs process smoke
toxins before they get to the target via the blood stream. Of particular interest may be to
analyze the interaction between smoking effect and genetic variants associated with
endothelial dysfunction [32] as precursor of overt atherosclerosis that may allow anticipating
the possible biases present when the disease already exist in the vessel, such as the carotid
plaque. Moreover, further studies could be important to understand the impact of smoking/
genetics interactions in different circulatory systems such as coronary microcirculation with
a specific blood flow hemodynamic and diverse genetic variants associated with risk for
atherosclerosis [33,34]. Therefore, to continue to explore gene-smoking interaction in
relationship with vascular disease such as atherosclerosis will help us in better
understanding not just the harmful effect of this noxious vicious but also it would serve as a
good model system in understanding gene-environment interaction and its implications to
different health problems.

We acknowledge several limitations in the current study. First, only common tagging SNPs
were used for the genome-wide interaction study. Such approach is cost-efficient for
screening large numbers of genes and individuals by capturing the majority of common
variants in the population. Additional follow up studies, however, are often required to
identify the functional variants responsible for the detected interaction. Second, the
replication data sets are small. Lack of significance in replication sample might be due to
small sample size. Additional validation in larger data sets including samples with different
race-ethnicities other than Hispanics are imperative. Moreover, further analyses including
risk factors such as hypertension, diabetes mellitus, and dyslipidemia should be pursued to
evaluate whether the observed interactions are independent of these risk factors.

In conclusion, using a non-biased genome-wide approach, we have identified novel genetic
variants that may act as modifier for smoking effect on inter-individual variance on carotid
plaque burden. Further studies are required to confirm and validate our results and to explore
the biological effects of these intriguing interactions.
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Figure 1.
Manhattan plot showing genome-wide interaction P values (—log10) of single nucleotide

polymorphisms (SNPs) with smoking on carotid plaque burden (CPB) in Hispanic discovery
sample. Horizontal line indicates the threshold for suggestive significance (P=1.08~°) for
replication.
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