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Abstract

Prior studies have established an inverse association between cigarette-smoking and the risk of 

developing Parkinson's disease (PD), and currently, disease-modifying potential of the nicotine-

patch is being tested in clinical trials. To identify genes that interact with the effect of smoking/

nicotine, we conducted genome-wide interaction studies in humans and in Drosophila. We 

identified SV2C which encodes a synaptic-vesicle protein in PD-vulnerable substantia-nigra 
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(P=1×10-7 for gene-smoking interaction on PD risk), and CG14691 which is predicted to encode a 

synaptic-vesicle protein in Drosophila (P=2×10-11 for nicotine-paraquat interaction on gene-

expression). SV2C is biologically plausible because nicotine enhances release of dopamine 

through synaptic vesicles, and PD is caused by depletion of dopamine. Effect of smoking on PD 

varied by SV2C genotype from protective to neutral to harmful (P=5×10-10). Taken together, 

cross-validating evidence from humans and Drosophila suggest SV2C is involved in PD 

pathogenesis and it might be a useful marker for pharmacogenomics studies involving nicotine.
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INTRODUCTION

PD is a progressive degenerative disorder of the central nervous system. Dopamine-

producing neurons in the substantia nigra selectively degenerate, resulting in a drastic 

reduction in the brain dopamine levels. Dopamine is a neurotransmitter and can impact 

many functions including voluntary movement, cognition, mood, behavior and sleep, all of 

which are altered in PD. Current treatments are directed towards dopamine replacement. 

While they help with early motor difficulties, they do not slow the progression of the disease 

and are associated with several late complications. To date, none of the clinical trials for 

neuroprotective treatments of PD have succeeded. We suspect that the inability so far to 

account for genetic differences that affect drug response has been a hindrance to treatment 

trials.

Epidemiological studies have shown that caffeinated-coffee and cigarette-smoking are 

inversely associated with risk of developing PD 1, 2. Although neuroprotective effects of 

caffeine and nicotine have been demonstrated in animal models of PD 3, 4, there is 

controversy as to whether the inverse associations in humans signify true protective effects 

or a personality trait that renders those predisposed to PD to avoid habit forming 

behaviors 5. Previously, we identified GRIN2A as a novel gene for PD through a genome-

wide interaction study with caffeine, and showed that the genetic association was specific to 

the risk of PD and not to the tendency for caffeine use 6. In the present study, we sought to 

identify genes that influence the effect of smoking on PD.

We conducted genome-wide studies in humans, searching for genes that interact with the 

effect of smoking, and in Drosophila, searching for genes whose expression was affected by 

the interaction between paraquat, which we used to induce parkinsonism in the fly, and 

nicotine, which we used to rescue the flies from paraquat toxicity. Several genetic and toxin 

animal models of parkinsonism are available. We chose the paraquat model in Drosophila 

because paraquat is an environmental risk factor for PD 7-9, and Drosophila is amenable to 

powerful genetic analyses. The paraquat fly model of parkinsonism is created by feeding 

paraquat to flies, which results in selective and progressive loss of dopaminergic neurons, 

motor abnormalities and shortened lifespan 10. Thus, in this model many of the phenotypic 

hallmarks of the human parkinsonism are recapitulated, and the significantly shortened life 
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span provides a parkinsonism-associated phenotype that is amenable to rapid screening. The 

two experiments, conducted in humans and Drosophila, converged on a pair of homologous 

genes, CG14691 and SV2C, which encode a synaptic vesicle protein involved in release of 

dopamine.

MATERIALS AND METHODS

Human Study

All research participants gave informed consent as approved by the Institutional Review 

Boards of the participating institutions. Subjects were from NeuroGenetics Research 

Consortium (NGRC) 11. PD was diagnosed using standard criteria 12. Controls were self-

reported as not having any neurologic disease. Subjects were classified as being an ever- or 

never-smoker, using the common definition of having smoked ≥ 100 cigarettes in the 

lifetime 2. All subjects were unrelated, Caucasian Americans of European ancestry, by self-

report and confirmed by principal component (PC) analysis 11. DNA was extracted from 

whole blood and unamplified. The Illumina HumanOmni1-Quad_v1-0_B array was used for 

genotyping, achieving a call rate of 99.92% and 99.99% reproducibility. Details of 

genotyping procedures and quality control have been published 11. Every NGRC subject for 

whom genome-wide genotype and smoking data were available was included in the present 

study (1 600 persons with PD and 1 506 without PD; see Table S1).

Genotypes in the NGRC dataset had been previously cleaned for GWAS 11, but since we 

used only subjects who had smoking data, we rechecked all single nucleotide 

polymorphisms (SNPs) and included only those that had a minor allele frequency (MAF) ≥ 

0.01 in the subset of data used here. This yielded 811 597 genotyped SNPs. Smoking was 

treated as a binary variable as ever- or never-smoked at least 100 cigarettes in the life-time. 

We tested SNP*smoking interaction using logistic regression and adjusting for four 

covariates that associate with PD risk in the NGRC dataset; 11 namely, PC1 and PC2, sex, 

and age at blood draw. We used PLINK software version 1.07 13.

Haplotype blocks were constructed using Haploview 14. Independence of SNPs was tested 

using step-wise conditional analysis 15, 16 performed in R version 2.14.1. Association of 

SV2C with smoking was tested in R using logistic regression and adjusting for sex. A copy 

number variation (CNV) exists in SV2C. Using the PennCNV software 17, we detected 4 

cases and 4 controls with a CNV in SV2C (all were duplications). The detected CNV ranged 

from 6kb to 20kb, and were all contained in intron 2 which is downstream to and does not 

overlap with the region that exhibits evidence for interaction with smoking.

Drosophila study

All experiments were conducted with D. melanogaster w1118 females (Bloomington 

Drosophila Stock Center) kept at consistent conditions at 25°C, 55% humidity, and ambient 

light. Flies were collected within 24 hrs after eclosion, placed on media with or without 

nicotine for eight or ten days, and then placed on food with or without paraquat while 

continuing on nicotine at the dose they were pretreated on. Flies were transferred to new 

vials every other day. Nicotine ([-]–Nicotine in PESTANAL, Sigma-Aldrich) and paraquat 
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(Methyl viologen dichloride hydrate, Sigma-Aldrich) were dissolved in dH2O at stock 

concentrations of 50mg/ml and 1M, respectively. These solutions were prepared fresh before 

each batch of media preparation and were added to warmed, liquefied standard fly food 

(prepared with agar, cornmeal, sucrose and yeast) and mixed thoroughly prior to pouring 

into vials. Food was prepared fresh at least monthly.

Three sets of experiments were conducted: a pilot study, a large-scale survival experiment, 

and a gene expression study. For the pilot study, flies were pretreated with 0, 0.05, 0.1, 0.2, 

or 0.4 mg/ml of nicotine for eight days and then transferred to food containing 0, 2.5, 5, or 

10 mM paraquat while continuing on nicotine at the dose they were pretreated on. For each 

nicotine-paraquat dose combination, we had six vials each with 30 flies for a total of 180 

flies. The number of dead flies was counted daily until nearly all flies were dead (Figure 

S1).

For the full experiment we set up 420 flies (14 vials each containing 30 flies) for each dose 

combination of 0, 0.01, 0.05, 0.1, 0.2, 0.4 mg/ml for nicotine pretreatment for eight days 

followed with addition of 0 or 5 mM paraquat. We did not pursue paraquat at 2.5 mM or 10 

mM. 2.5 mM paraquat was associated with high vial-to-vial variability in survival times. At 

10 mM, nicotine did not have a notable effect on survival. Flies were followed according to 

the same protocol, counting dead flies daily until all were dead. Survival data were plotted 

using Kaplan Meier survival analysis 18, mean and median survival times were calculated, 

and the differences between the survival curves were tested using log rank statistics in SPSS 

(Figure S2).

For gene expression study, we had four dose combinations, each conducted in triplicate, at 

the same time and under the same conditions. 30 flies per vial were pretreated with 0 or 0.1 

mg/ml nicotine for ten days and then co-treated with 0 or 5 mM of paraquat for six days. At 

the end of the treatment period, heads were dissected from 20 flies per vial and frozen at 

-80°C for up to a month. RNA was extracted from each sample using TriReagent and its 

provided protocol, and cleaned using Qiagen RNeasy Cleanup kit and the associated 

protocol. RNA was stored at -80°C for approximately two months. Affymetrix GeneChip 

Drosophila Genome 2.0 arrays were used for genome-wide quantification of transcript 

abundance. Expression data were analyzed using Bioconductor version 2.9 19 packages in R 

version 2.14.1. Raw signal data were examined for signs of RNA degradation using 

AffyRNAdeg implemented in Bioconductor, and for inconsistencies in overall probe 

intensity by visually inspecting log(intensity) density plots. One replicate of the paraquat-

only treatment was found to be an outlier and excluded from data analysis (Figure S3). Data 

were normalized using the GCRMA 20 algorithm including quantile normalization, pmonly 

correction, and median polish summarization. Statistical interaction between nicotine and 

paraquat on gene expression (specified as log2(signal)) was tested using the linear model 

implemented in limma 21. Expression differences were tested for 18 954 transcripts. 

Microarray data P-values were corrected using multiple testing adjustment 22 included in the 

limma package.
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RESULTS

Drosophila and Human studies, independently, revealed a pair of homologous genes as the 

most significant signal for interaction with nicotine and smoking, respectively. We present 

the results of the Drosophila study first because the signal passed the genome-wide 

significance threshold for discovery. The human study was highly significant as 

corroborating evidence for validation.

Drosophila paraquat-nicotine model

It has previously been established that reduced lifespan is a part of the paraquat-induced 

parkinsonism phenotype 10. Consistent with this notion, we found that paraquat shortened 

flies’ lifespan by 63% (P=9×10-168). When co-treated with nicotine, nicotine improved 

survival for paraquat-treated flies in a dose-dependent manner by up to 25% (P=2×10-23). A 

beneficial effect of nicotine on survival was evident in both paraquat-treated (P=1×10-5) and 

untreated (P=4×10-3) flies, up to 0.2 mg/ml nicotine. However, at high dose (0.4 mg/ml), 

nicotine became toxic for flies that were not exposed to paraquat causing a 21% decline in 

median survival (P=1×10-17), though it continued to extend the lifespan of paraquat-treated 

flies up to 25% (P=2×10-23). These results, detailed in Table 1, Figure 1, and Figure S2, 

demonstrate successful construction of a nicotine-paraquat model in Drosophila. 

Furthermore, they reaffirm that nicotine can be protective against paraquat toxicity.

Gene-expression study in Drosophila

Test of statistical interaction between paraquat and nicotine on 18 954 transcripts gave a 

very strong signal for CG14691 (PInteraction=2×10-11, adjusted for multiple testing 

PInteraction=4×10-7), followed by marginal signals for skpB (PInteraction=1×10-6, adjusted 

PInteraction=0.01) and CG1885 (PInteraction=5×10-6, adjusted PInteraction=0.03). Figure 2 

shows that compared to untreated flies, paraquat-treated flies had a modest (8%) but highly 

significant (P=5×10-8) rise in CG14691 expression, whereas flies that were treated with 

nicotine+paraquat or nicotine alone were similar to untreated flies (P=1.0).

CG14691 is predicted to encode a synaptic vesicle membrane protein—(http://

flybase.org/reports/FBgn0037829.html). Genome comparison analysis revealed that the 

Drosophila CG14691 is orthologous to the SV2A/SV2B/SV2C family of synaptic vesicle 

proteins in humans 23. The next step was to look for evidence of interaction between SV2 

genes and the protective effect of smoking on PD in humans.

Genome-wide gene-environment interaction in Human

As depicted in the Manhattan plot of genome-wide interaction with smoking (Figure 3), 

none of the SNPs achieved the genome-wide significance threshold of P<5×10-8. However, 

the highest peak was on chromosome 5 and mapped to the 5’ of the synaptic vesicle protein 

SV2C gene (Figure 3, Table S2). Although the significance of SV2C (P=2×10-6 for the top 

SNP and P=1×10-7 for the joint effect of two independent SNPs) did not meet genome-wide 

significance criteria for discovery, it surpassed the significance threshold for validation of a 

candidate gene that was discovered, at genome-wide significance, in Drosophila.
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Eighteen SNPs spanning from ~90kb upstream in 5’ prime to intron 1 of SV2C achieved 

10-3>PInteraction≥2×10-6 for interaction with smoking. Most of the SNPs were in moderate to 

strong linkage disequilibrium (LD) with each other, with correlation-coefficients (r2) 

ranging from 0.66 to 0.98, and formed one large haploblock (Figure 4). The top SNP, 

rs30196 (minor allele frequency (MAF) =0.46, PInteraction=2×10-6), was in this block. 

Another SNP, rs183766 (MAF=0.33, PInteraction=4×10-4), showed weak LD with the SNPs 

in the large block (r2=0.3-0.4). And finally, rs10214163 (MAF=0.21, PInteraction=4×10-4), 

which showed virtually no correlation with other SNPs (r2=0.01-0.06). When conditioned on 

rs30196*smoking interaction, the rs183766*smoking signal was abolished 

(PInteraction=0.51), but rs10214163*smoking remained significant (PInteraction=0.01). This 

analysis suggested that rs183766 was not an independent signal so we removed it from 

further consideration. There was no evidence for three-way interaction between rs30196, 

rs10214163 and smoking (P=0.71). Considered individually, rs30196 and rs10214163 

yielded PInteraction=2×10-6 and PInteraction=4×10-4 for interaction with smoking (Figure 3, 

Table 2 top row); considered together in an additive two-SNP model (see below), the 

interaction test yielded PInteraction=1×10-7.

The following analyses were performed for rs30196 and rs10214163 individually and then 

jointly. We used the additive model throughout where genotypes are defined by the number 

of minor alleles (rs30196_A, rs10214163_C). For a single-SNP, the genotypic classes are 0, 

1, 2. For two-SNPs, the genotypic classes are 0, 1, 2, 3 and 4 where 0 denotes homozygous 

for common allele at both SNP (CC-TT), 1 denotes presence of one minor allele at one or 

the other locus (CA–TT or CC–CT), 2 is having two minor alleles which could be 

homozygous at one locus (AA-TT or CC-CC) or heterozygous at both loci (CA-CT), 3 is 

having three minor alleles which must be homozygous at one locus and heterozygous at the 

other (AA-CT or CA-CC) and 4 is homozygous for minor alleles at both loci (AA-CC).

We tested whether SV2C was associated with smoking per se. The test was conducted in 

cases and controls combined. We found no evidence for association of smoking with 

rs30196 genotype (OR=1.02, P=0.70), rs10214163 genotype (OR=1.07, P=0.27) or the joint 

genotype of rs30196 and rs10214163 (OR=1.03, P=0.36). Therefore, the signal for SV2C-

smoking interaction on PD risk (P=1×10-7) cannot be attributed to an association between 

the gene and the smoking habit.

We performed stratified analysis to see whether the evidence for interaction was uniform or 

varied across subtypes (Table 2). The evidence for interaction was robust across all disease-

related strata (familial and sporadic PD, early and late onset, males and females), the four 

sites of data collection (Washington, Oregon, Georgia and New York), and the ethnic and 

geographic origin of the ancestors (Jewish vs. non-Jewish ancestry, and European country of 

origin).

Overall (ignoring genotype), smoking was associated with 19% risk reduction in our dataset 

(OR±SE=0.81±0.06). The evidence for interaction implies that the magnitude of risk 

reduction conferred by smoking varies by genotype and that the overall estimate (19%) is 

only an average for all genotypes combined. To gain an insight to genotype-specific effects, 

we stratified the data by genotype, tested the association of smoking with PD risk for each 
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genotype separately, and then performed formal tests of heterogeneity to determine whether 

the genotypic differences were statistically significant. The effect of smoking on PD risk 

was significantly different across genotypes (PHeterogeneity=5×10-10, Table 3). The strongest 

protective effect was observed for individuals homozygous for the common alleles: 

OR(±SE)=0.52±0.08 for rs30196 _CC, OR=0.67±0.07 for rs10214163_TT, and 

OR=0.44±0.08 for being homozygous at both rs10214163_TT and rs30196 _CC. The 

protective effect of smoking waned with the increasing numbers of minor alleles from 56% 

risk reduction (P=2×10-6) for individuals homozygous for the common alleles, to 223% risk 

increase (P=0.04) for individuals homozygous for the minor alleles. The pattern was evident 

for rs30196 and rs10214163 individually and together (Table 3). When data were stratified 

by the site of data collection, Washington, Oregon and New York (but not Georgia, small N) 

exhibited similar effect sizes and directions indicating decreasing protection by increasing 

number of minor alleles (Table S3). There was no evidence for heterogeneity across the four 

sites (1.0≥P>0.42). Our data suggest that only a fraction of the population benefits from the 

protective effect of nicotine, and that this group can be identified by genotyping SV2C.

DISCUSSION

We set out to find genes that modulate the effect of smoking on PD risk reduction, with the 

goal of carrying them forward as markers into upcoming clinical trials of nicotine for PD. 

We used an integrated approach where we conducted genome-wide studies in Drosophila 

and in humans, in parallel. The human genome-wide interaction study did not achieve the 

genome-wide significance threshold of 5×10-8; which was not surprising considering that 

detecting interactions requires much larger sample sizes than the standard genome-wide 

association studies 24. The Drosophila study, however, revealed a gene with genome-wide 

significance. We had planned that if the Drosophila study were successful in identifying a 

gene, we would test the association of its human homologue with PD to establish its 

relevance to disease. Surprisingly, the gene that emerged from the Drosophila study 

(CG14691) was a homologue of the gene that displayed the most significant evidence for 

interaction with smoking in the human study (SV2C). Thus, while SV2C did not achieve the 

genome-wide significance level of 5×10-8 required to qualify as a discovery, it did reach a 

highly significant level (P=2×10-6, or 1×10-7) to qualify as a validation of the discovery 

made in the fly. We also noted that SV2C genotype was not associated with the smoking 

habit. Thus, our data point to an interactive effect of SV2C genotype and nicotine on 

protection against parkinsonism.

The Drosophila and the human experiments were set up with the same goal of identifying 

genes that are involved in protection by smoking, although the study designs were inherently 

quite different. The fly experiment was done on a uniform genetic background, 

parkinsonism was induced with a single neurotoxin, and rescue was with controlled doses of 

pure nicotine. In contrast, humans were genetically diverse, represented an unknown level of 

heterogeneity in the causes of PD, and were exposed to all ~600 toxins in cigarettes. 

Furthermore, in flies, paraquat and nicotine were the predictors and gene expression the 

outcome; whereas in humans, genes and smoking were the predictors and PD the outcome. 

That two distinct, hypothesis-free experiments conducted in two species converge on a pair 
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of homologues (CG14691 and SV2C) as the most significant genes argues for an important 

role for SV2C in the pathogenesis of parkinsonism and protection by nicotine.

In the brain, nicotine binds to nicotinic acetylcholine receptors with high affinity and 

enhances vesicular release of dopamine 25. Dopamine depletion is a hallmark of PD. A 

growing body of work has implicated altered synaptic transmitter release in the pathogenesis 

of PD 26. Synaptic vesicle proteins SV2A/SV2B/SV2C are integral membrane components 

of synaptic vesicles and have been implicated in storage and release of 

neurotransmitters 27, 28. A recent study has shown that modest changes in SV2 expression, in 

either direction, can have a significant impact on synaptic function 29. SV2C is densely 

expressed in dopaminergic neurons in substantia nigra 30. The findings of our study may 

therefore reflect a connection between nicotinic enhancement of vesicular dopamine release 

and altered neurotransmission due to changes in expression of SV2C.

The association of smoking with PD was genotype-specific and varied from highly 

protective to neutral and even harmful depending on SV2C genotype. This suggests that 

efficacy of nicotine as a neuroprotective treatment will not be uniform for all individuals and 

that clinical trials may benefit from pre-classification of subjects as high and low responders 

based on genotype. Nicotine has long been considered as a possible therapeutic agent for 

PD 31. Clinical studies of the symptomatic efficacy of transdermal nicotine treatment for PD 

have been relatively small, and most, but not all, have shown a beneficial effect on motor 

and cognitive functions 32-35. A randomized, placebo-controlled, double-blind multi-center 

trial was recently launched, with a larger sample size than attempted previously, to examine 

for the first time disease modifying potential of a nicotine patch for early PD (http://

www.michaeljfox.org/research). This study provides an opportunity to evaluate utility of 

SV2C genotype for improving power and precision in assessing the efficacy of transdermal 

nicotine treatment. We acknowledge the distinction that our study examined risk of 

developing PD, whereas the trials are aimed at disease modification after onset of 

symptoms. It is however possible that nicotine plays a similar role in disease process before 

and after the onset of symptoms, a simple hypothesis that can be tested easily in a clinical 

trial setting.

The study had a number of limitations which need to be addressed in future studies. The 

interaction of SV2C genotype with the protective effect of smoking must be independently 

replicated. The molecular mechanism of the observed interactions needs to be worked out. 

Although the human data point to SV2C, the signal may be originating from another locus 

that is physically linked to SV2C. Similarly, the change in the expression of SV2C in the fly 

does not necessarily mean that this gene is directly involved in nicotine protection of 

neurons after toxic insult of paraquat. Experiments withSV2C mutant flies would be 

necessary to determine if the effect of nicotine is actually via SV2C pathway.

In summary, we have identified a novel PD-associated gene via interaction with protective 

effect of smoking/nicotine. Taken together, the cross-validating evidence from human and 

Drosophila studies, and the biological plausibility of the pathway that has emerged, suggest 

that SV2C plays a role in the pathogenesis of PD and that SV2C genotype might be a useful 

marker for pharmacogenomics studies of PD involving nicotine. The study provides leads 
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and several testable hypotheses that have the potential to make a significant positive impact 

on personalized prevention and treatment strategies for PD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Drosophila: Effects of paraquat and nicotine on survival
Nicotine improved survival of paraquat-treated flies in a dose-dependent manner. Each 

treatment combination was started with 420 flies. Survival Curves were plotted using 

Kaplan Meier survival analysis, and differences between survival curves were calculated 

using log rank statistics (P=4×10-30).
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Figure 2. Drosophila: Effects of paraquat and nicotine on gene expression
CG14691 gene expression was increased significantly (P=5×10-8) in response to paraquat 

and restored to normal with co-treatment with nicotine (paraquat-nicotine interaction 

P=2×10-11).
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Figure 3. Human: Genome-wide SNP*smoking interaction study
(A) Manhattan plot of -log10(P) values for interaction tested between 811 597 genotyped 

SNPs and smoking. The strongest signal came from SNPs in two closely linked haploblocks 

in SV2C on chromosome 5. The best P for any SNP was 2×10-6 (Black dots). The region 

contained two independent signals, which when considered together in an additive model, 

yielded P=1×10-7 (the red dot was added manually to the Manhattan plot to depict the two-

SNP effect). (B) Quantile-quantile plot of SNP*smoking interaction P values. Black: full 

data. Red: excluding SV2C region.
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Figure 4. Human: Linkage disequilibrium in SV2C region
Genotyped SNPs that achieved PInteraction < 10-3 for SNP*smoking interaction in the SV2C 

region were tested for LD; the numbers in the grid represent the correlation (r2) between 

each pair of SNPs. Although there appear to be three haploblocks, the SNP in the far-right 

block (rs183766 shown in grey box) did not have an effect independent of the other blocks. 

Signals from the other two haploblocks (rs30196 and rs10214163 shown in black boxes) 

appeared to be independent and additive, as indicated by persistent significance of one when 

conditioned on the more significant one. In line with this evidence for independent effects, 

joint consideration of genotypes at rs30196 and rs10214163 improved significance level for 

interaction with smoking to P=1×10-7.
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