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ABSTRACT  
Objective: Maternal smoking is associated with as much as a 50% reduced risk of preeclampsia, 

despite increasing risk of other poor pregnancy outcomes that often co-occur with 

preeclampsia, such as preterm birth and fetal growth restriction. Researchers have long sought 

to understand whether the this perplexing association is biologically based, or a result of non-

causal mechanisms. We examined whether smoking-response genes modify the smoking-

preeclampsia association to investigate potential biological explanations. 

Study Design: We conducted a nested case-control study within the Norwegian Mother, Father 

and Child Birth Cohort (1999-2008) of 2,596 mother-child dyads. We used family-based log-

linear Poisson regression to examine modification of the maternal smoking-preeclampsia 

relationship by maternal and fetal single nucleotide polymorphisms involved in cellular 

processes related to components of cigarette smoke (n=1,915 with minor allele frequency 

≥10%). We further investigated the influence of smoking cessation during pregnancy. 

Results: Three polymorphisms showed overall (p<0.001) multiplicative interaction between 

smoking and maternal genotype. For rs3765692 (TP73) and rs10770343 (PIK3C2G), protection 

associated with smoking was reduced with two maternal copies of the risk allele and was 

stronger in continuers than quitters (interaction P=0.02 for both loci, based on testing 3-level 

smoking by 3-level genotype). For rs2278361 (APAF1) the inverse smoking-preeclampsia 

association was eliminated by the presence of a single risk allele, and again the trend was 

stronger in continuers than in quitters (interaction P=0.01). 

Conclusion: Evidence for gene-smoking interaction was limited, but differences by smoking 

cessation warrant further investigation. We demonstrate the potential utility of expanded dyad 
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methods and gene-environment interaction analyses for outcomes with complex relationships 

between maternal and fetal genotypes and exposures. 

 

Keywords: carbon monoxide; detoxification; gene-environment interaction; genetics; MoBa; 

mother-child dyad; nitric oxide; Norwegian Mother, Father and Child Cohort Study; 

preeclampsia; pregnancy; smoking  

 

Abbreviations:  APAF1: Apoptotic Peptidase Activating Factor 1 (gene); CO: Carbon monoxide; 

HO-1: Heme oxygenase 1; MoBa: Norwegian Mother, Father and Child Cohort Study; PIK3C2G: 

Phosphatidylinositol-4-phosphate 3-kinase C2 domain-containing gamma polypeptide (gene); 

NO: Nitric oxide; sFlt-1: Soluble fms-like tyrosine kinase 1; SNP: Single nucleotide 

polymorphism; TP73: Tumor protein P73 (gene) 

 

Key Points: 

• Maternal and fetal genotype may differentially influence preeclampsia 

• Smoking-related genes did not strongly modify smoking-preeclampsia association 

• Smoking cessation reduced strength of gene by smoking interactions  
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INTRODUCTION 

Preeclampsia is a common pregnancy complication, affecting approximately 2-7% of 

pregnant women, typically characterized by new-onset gestational hypertension and 

proteinuria after 20 weeks gestation.1 Preeclampsia is associated with serious maternal and 

fetal morbidity and mortality  and there are limited options for treatments.1 The etiology of 

preeclampsia is unknown, but poor placental development is hypothesized to be involved, 

which may be influenced by both maternal and fetal factors.2 

Many risk factors for preeclampsia have been identified across studies.1 One of the 

strongest and most consistent associations, yet most poorly understood, is the inverse 

relationship between maternal smoking and preeclampsia. Maternal smoking is associated with 

as much as a 50% reduced risk of preeclampsia, despite increasing risk of other adverse 

pregnancy outcomes that often co-occur with preeclampsia.3,4 The reason for this association 

remains unknown; both biological causes5 and methodological6 reasons (e.g., survival bias) 

have been suggested.  

However, there is good reason to believe that at least some part of the overall smoking-

preeclampsia association is biologically mediated. Some of the effect appears to depend on 

combustion, as Swedish users of snus (an oral tobacco product) have increased risk.7 Further, 

women who stop smoking later in pregnancy have an attenuated reduction in risk, which is not 

compatible with a survival bias scenario.5 One biological hypothesis for the reduced risk of 

preeclampsia among smokers is through the powerful, vasodilatory action of carbon monoxide 

(CO) and nitric oxide (NO),8,9 which are produced by combustion of cigarettes10 and 

endogenously in the body.11–13 NO and CO are thought to be required for fetal trophoblast 



 

 7 

differentiation and invasion into the maternal spiral arteries,9,12 and trophoblast invasion and 

subsequent spiral artery remodeling are required for normal placental development.2  

Reduced NO bioavailability during invasion may result in high vascular resistance and 

hypoxia,14,15 contributing to hypertensive disorders of pregnancy.16 NO production and serum 

metabolites of NO are lower among women with preeclampsia than women with normal 

pregnancy13 and inadequate trophoblast invasion occurs more frequently in pregnancies 

affected by preeclampsia.17 Similarly, high early-pregnancy levels of the antiangiogenic factor 

soluble fms-like tyrosine kinase 1 (sFlt-1) are strongly associated with preeclampia,18 and CO 

directly inhibits sFlt-1.19 CO is produced by degradation of heme catalyzed by heme oxygenase-

1 (HO-1), and HO-1 expression is lower in preeclampsia placentae than those from normal 

pregnancies.11 Experimental induction of HO-1 in rodents reduces hypertension and corrects 

the angiogenic imbalance characteristic of preeclampsia20 and in human studies, women with 

preeclampsia have decreased concentrations of CO in exhaled breath.19,21  

We recently investigated the relationship of genetic variation in NO and CO signaling 

pathways with preeclampsia risk, but not variability by maternal smoking.22 Smoking 

detoxification pathways may differentially influence preeclampsia in the presence of maternal 

smoking, suggesting a potential role for gene-smoking interactions.23 We selected a 

comprehensive list of potentially relevant genes in pathways involved in response to cigarette 

smoke components based on biological plausibility, and prior evidence for interactions with 

smoking in other conditions.24–27 Some of these genes (TNFα, CYP1A1, GSTT1) have been 

investigated for their interaction with smoking for other perinatal outcomes,28,29 but not for 
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preeclampsia; a study of MTHFR and folate is the only other investigation of gene by 

environment interactions for preeclampsia.29   

The investigation of gene-smoking interactions in the etiology of preeclampsia is 

challenging for multiple reasons. First, preeclampsia is a disease that is likely influenced by both 

maternal and fetal genetic features;30,31 maternal and fetal genetics are correlated which must 

be accounted for in the analysis. Second, cigarette smoke is a complex and time-varying 

exposure, consisting of over 5,000 chemicals of potential interest,32 which interact with 

multiple pathways influenced by genetic contributions. A thorough investigation of this 

hypothesis, therefore, requires the consideration of both detoxification and signaling pathways, 

while accounting for the relationship between maternal and fetal genetic contributions.  

We aimed to investigate the occurrence of multiplicative interactions between maternal 

smoking and genetic variants in pathways involved in the biological response to cigarette 

smoke components on risk of preeclampsia, considering both maternal and fetal genes. 

Observing differential associations between smoking and preeclampsia by genotype may help 

to explain the enigmatic inverse association of smoking with preeclampsia, and potentially 

identify mechanistic targets for future research and ultimate prevention.  

 

MATERIALS AND METHODS 

Study Population 

We performed a nested case-control study within the Norwegian Mother, Father and 

Child Cohort Study (MoBa), a large prospective birth cohort of pregnant women and their 

offspring recruited throughout Norway from 1999 to 2008 (N=112,908 pregnancies), which has 
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been previously described.33 Participants completed two prenatal questionnaires about their 

health and behaviors. Maternal blood was collected at the first ultrasound appointment and 

cord (child) blood was collected at birth. DNA was extracted from both and stored at the MoBa 

Biobank.34  

Women provided informed consent prior to participation in MoBa. Data collection for 

MoBa was approved by the Norwegian Data Inspectorate and the Norwegian Committee for 

Medical and Health Research Ethics. The study was also approved by the Institutional Review 

Board at UNC Chapel Hill. 

 

Outcome Assessment 

Preeclampsia information from MoBa was obtained through linkage with the Medical 

Birth Registry of Norway35 and verified by antenatal records through an independent validation 

study.36 Preeclampsia was defined as de novo hypertension (systolic blood pressure ≥ 140 mm 

Hg or diastolic blood pressure of ≥ 90 mm Hg) with proteinuria (urine protein ≥ 0.3 g/24-hour or 

1+ on urine dipstick) using criteria of the American College of Obstetrics and Gynecologists 

(ACOG) current at the time of the validation study.37 Preeclampsia is diagnosed after 

gestational week 20.  For the present study, we included all women from the validation study 

with a singleton pregnancy who conceived spontaneously, were verified as cases or controls, 

returned both (early and late) pregnancy questionnaires, and had no history of chronic 

hypertension. In total, 2,682 preeclampsia case samples (1,564 maternal and 1,118 fetal blood 

samples) and 1,967 non-preeclampsia control samples (999 maternal and 968 fetal samples) 

met inclusion criteria and were genotyped. 
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Maternal Smoking 

We created a dichotomous smoking variable to indicate self-report of any smoking in 

gestational weeks 11 through 20. We selected this etiological window to capture smoking 

during the time in which physiologic processes facilitate maternal blood flow perfusion and 

trophoblasts become invasive to complete spiral artery remodeling. Women were surveyed in 

early (13-17 weeks) and late (~30 weeks) pregnancy about smoking habits, including smoking 

prior to pregnancy, current smoking, quantity of cigarettes smoked, and gestational week of 

quitting if they stopped smoking during pregnancy. A woman was considered a non-smoker if 

she indicated she never smoked or did not currently smoke, and we had no other evidence of 

smoking after 10 weeks of gestation.  

 

Single Nucleotide Polymorphism Selection 

For this study, 124 genes involved in signaling, metabolism, or dexotification of cigarette 

smoke or its components of were identified from the following 8 canonical pathways 

(Supplementary Table S1): 1) endothelial nitric oxide synthase signaling, 2) heme degradation, 

3) hypoxia-inducible factor 1-alpha, 4) xenobiotic metabolism, 5) aryl hydrocarbon receptor 

signaling, 6) glutathione-mediated detoxification, 7) nicotine degradation II, and 8) nicotine 

degradation III. A total of 1,915 single nucleotide polymorphisms (SNPs; Minor Alelle Frequency 

≥ 10%) were selected and analyzed for this study, using a 10kb upstream and downstream 

margin around the transcription start and end sites of each gene. 
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Genotyping and Quality Control 

SNPs were genotyped by the UNC Mammalian Genotyping Core using the 

HumanCoreExome+ array from Illumina (Illumina, Inc., San Diego, CA). Samples and SNPs in 

controls were examined using PLINK 1.07 (http://pngu.mgh.harvard.edu/purcell/plink) for 

quality control. SNPs were excluded for missing rate > 5%, deviation from Hardy-Weinberg 

Equilibrium (P < 1x10-3) in controls, or minor allele frequency <10%. Known genotype and DNA 

replicates were included on each plate and exhibited high genotyping quality. All subject-

specific call rates were acceptable (minimum 97.2%).  Sex-specific markers were inspected and 

potential inbreeding was examined and parent-child relationships were confirmed by identity 

by descent. Quantile-quantile plots for interaction P values and calculation of genomic control 

lambda (lambda mom=1.01, lambda child=1.03) indicated no systematic test statistic inflation, 

bias due to unidentified relationships, or cryptic admixture. To assess admixture, we plotted 

principal components of genetic variation for our sample with 1000 Genomes reference 

populations; individuals or dyads in which the mother was more than >3 standard deviations 

from the mean were excluded. The final analysis sample (n=4,514 total samples) included dyads 

with both mother and child genotype data as well as incomplete dyads with only mother or 

child genotype data (n=2,596 preeclampsia case samples [1,063 mother/child pairs, 450 mother 

only, 20 child only], n=1,918 control samples [925 mother/child pairs, 45 mother only, 23 child 

only]). Complete exposure and outcome classification and genetic quality control methods are 

described in the Supplementary Methods. 

 

Statistical Analysis 
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 The current analysis is based on version 7 of the MoBa quality-assured data files. Our 

primary goal was to evaluate whether genetic variants in pathways involved in response to 

cigarette smoke components modify the maternal smoking-preeclampsia relationship. We 

extended the case-mother control-mother log-linear modeling approach proposed by Shi et 

al.,38 which simultaneously models effects due to maternal and fetal genotypes, as well as 

maternal smoking and maternal smoking-genotype interaction (both mother and child).  This 

method uses Poisson regression to model expected counts of each possible genetic mating type 

combination (the set of genotypes in the parents) with child genotype under the assumption of 

Mendelian inheritance (full model described in Supplementary Methods). We modeled the 

interaction linearly to improve statistical power, however, present a more flexible model with 

genotype indicator variables in the Supplementary Methods and Supplementary Table S2. 

LEM software39 was used to fit these models. The expectation-maximization algorithm 

was used to incorporate dyads with missing genotypes. The proportion of mothers with missing 

smoking data was low (<5%), so dyads missing smoking information were excluded from 

analysis. Likelihood ratio tests comparing reduced models with terms for main effects for 

mother and child with full models containing either a maternal or child interaction term were 

used to determine interaction P-values. 

Point estimates and 95% confidence intervals were calculated for the relative risks of 

preeclampsia in relation to maternal smoking, stratified in turn by both maternal and child 

genotype. To account for multiple testing, we calculated Bonferroni corrected  P-values, with a 

threshold of P < 2.6 x 10-5  for an experimentwise error rate of 0.05 and 1,915 statistical tests. 
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Because interaction tests have low power to reject homogeneity, and we also report as 

noteworthy associations yielding uncorrected P-interaction <0.001.  

Exposure-related population stratification bias within family-based studies can occur 

when risk allele frequencies, exposure prevalences, and disease prevalences differ in 

subgroups,40 so we also performed a sensitivity analysis extending the model to include 

smoking by mating-type-stratification interaction parameters. We also examined gene-smoking 

interactions separately for women who smoked during the entire 11-20 week window, and 

those who quit at some point during that window. Further sensitivity analyses stratified our 

data by maternal age (≤ 25 and >25 years) and parity to investigate the potential for residual 

confounding by these factors.  

 

RESULTS 

The final analysis was based on 4,288 individual samples for 1,888 complete mother-

child dyads (1003 cases), 471 dyads with only maternal genotype data (429 cases), and 41 

dyads with only child genotype data (19 cases) (n=2,400 pregnancies) (Table 1). Of the 2,526 

pregnancies for which we had genotype information, 126 (5.0%) were missing information on 

smoking status during our selected etiologic window (gestational weeks 11 to 20). The 

distribution of covariates did not differ between all pregnancies and those missing smoking 

data (data not shown), therefore we performed a complete case analysis, requiring complete 

data for smoking. Of the 2,400 pregnancies for which we had smoking information, 214 (8.9%) 

smoked during weeks 11 to 20. Fewer women with preeclampsia smoked during weeks 11 to 20 

than those without (8.2% vs 10.0%). Overall, smoking intensity was light in this population, with 
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few women (<1%) smoking more than half a pack a day. A higher proportion of smoking women 

who later developed preeclampsia quit smoking during the 11 to 20 week window than those 

without preeclampsia (33% vs 25%).  

 No maternal or child genotype-smoking interactions met a Bonferroni-corrected 

threshold (P < 2.6 x 10-5). However, three maternal SNPs yielded interaction P <0.001 (Table 2). 

No SNPs met this threshold for the child genotype interactions. Of the maternal genes for which 

we found potential interactions, the main effects for each of the SNPs were null. 

 We explored how the smoking-preeclampsia association differed by genotype (Table 2).  

For both rs3765692 in the tumor protein P73 gene (TP73) and rs10770343 in the 

phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 gamma gene (PIK3C2G), the 

reduced relative risk of preeclampsia among smokers was estimated as eliminated with two 

copies of the risk allele (rs3765692 in TP73: RR=0.28, 95% CI: 0.16, 0.51 (CC) and RR=1.00, 95% 

CI: 0.74, 1.56 (TT); rs10770343 in PIK3C2G: RR=0.37, 95% CI: 0.26, 0.53 (CC) and RR=1.07, 95% 

CI: 0.78, 1.48 (AA)). For rs2278361 in the apoptotic peptidase activating factor 1 gene (APAF1), 

the inverse association between smoking and preeclampsia was eliminated by the presence of 

a single copy of the risk allele and increased with two copies of the risk allele (RR = 0.62, 95% CI: 

0.44, 0.86 (TT); RR = 1.04, 95% CI: 0.76, 1.41 (TC); RR = 1.74, 95% CI: 1.41, 2.15 (CC)). RRs for the 

association between smoking and preeclampsia are presented in Table 2 as stratified by 

genotype for ease of interpretation; however, the dose-response relationship is imposed by 

modelling a linear interaction term and should be interpreted with caution. Results of the 

flexible model also demonstrate a dose-response trend for all except rs10770343, where 

estimates were similar for heterozygotes and homozygous carriers (Supplementary Table S2). 
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Results of the sensitivity analysis for exposure-related population stratification are 

similar; the same set of SNPs had the lowest P-values for smoking-SNP interactions in mothers, 

and risk ratios were similar in magnitude and direction for those SNPs (Supplementary Table 

S3a). Two additional smoking-SNP interactions in the fetus emerged as potentially noteworthy, 

but estimates were imprecise due to sparse data (Supplementary Table S3b). 

There were few heavy smokers in our population, limiting our ability to address smoking 

dose. However, we were able to explore the role of smoking cessation, which revealed some 

differences among groups. Table 3 compares risk ratios for the association of smoking and 

preeclampsia by genotype for groups in which smokers consisted of only those who quit during 

weeks 11-20 and only those who did not quit during weeks 11-20. In each case, the effect 

estimate direction was consistent with the overall association among all smokers seen in the 

primary analysis; however it was attenuated in those who quit smoking and stronger in those 

who continued.   

 

COMMENT 

Principal Findings 

The inverse relationship between smoking and preeclampsia is well established but not 

well understood.5 We hypothesized that this association may be in part biological, and 

investigated the plausibility of a biologic mechanism by assessing gene-smoking interactions in 

pathways known to be activated by smoking. A biological mechanism is not implausible. Human 

studies demonstrate associations between NO and CO levels and hypertension in 

pregnancy.13,19,21 Despite the strong relationship between smoking and reduced risk of 
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preeclampsia, we found only limited evidence that smoking-related gene variants modified this 

association.  

 

Clinical and Research Implications 

While none met a Bonferroni corrected threshold, the patterns for our most noteworthy 

SNPs, rs3765692 (TP73), rs1077343 (PIK3C2G), and rs2278361 (APAF1) suggest the potential for 

a biological mechanism related to exposure effects. The P3IK pathway (which includes PIK3C2G) 

may affect placental maternal-fetal resource allocation; mouse fetuses and placentas 

heterozygous for Pik3ca were lighter, vascularization was impaired, and circulating leptin, 

insulin, and plasma tryglyceride levels were reduced.41 Aryl hydrocarbon receptor activation 

represses TP73 and APAF1, resulting in pro-proliferative, anti-apoptotic effects,42 and 

consequently both are plausibly involved in the pathogenesis of preeclampsia. 

Our sensitivity analysis comparing women who report quitting smoking with those who 

did not also suggests the potential for a dose-related effect. Pregnancy is a time in which many 

women quit or try to reduce smoking. When we looked just within our selected biologically 

relevant window, we found that 63 of 214 (29%) reported quitting at some point during that 

period. Although the directions of association were the same comparing quitters to non-

quitters, the inverse associations with smoking were stronger when the mother continued to 

smoke throughout pregnancy (Table 3).   

 

Strengths and Limitations 
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Our approach has several strengths. Given the suspected pathophysiology of 

preeclampsia, both maternal and child genotypes influence susceptibility. Our method 

accounted for the parent-child relationship by simultaneously modeling effects of mother and 

child genotypes, each adjusting for the other. Although some studies have measured child 

genotype,30,43,44 none have modeled both mother and child genotype while addressing gene by 

environment interactions. The case-mother control-mother design also improves our statistical 

power as compared to a traditional case-control study. By applying the expectation 

maximization algorithm to account for missing data we could include families where only the 

mother or the child was genotyped. Finally, gene-by-environment studies may be vulnerable to 

exposure-related population stratification, which has been shown to bias results if both 

smoking exposure and mating type frequencies differ across exposure categories.40 We were 

able to address this concern by including additional family-based exposure parameters, and 

found little evidence for bias (Supplementary Table S3). And finally, a significant strength of our 

study is the careful validation of preeclampsia status by antenatal medical and hospital 

discharge records.36  

Although we assessed exposure-related population stratification and found none, the 

model structure is limited by the assumption of genetic homogeneity. Additionally, self-

reported smoking is subject to measurement error by under-reporting. A validation study of 

self-reported smoking and plasma cotinine indicated that reported smoking on the MoBa 

questionnaire as a marker of tobacco exposure has a sensitivity of 82% and specificity of 99%.45 

To the extent that the nonsmoker category could have actually had some smokers in it this 

ascertainment error could have biased our results and reduced our power to detect differences.  
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Our most significant limitation is the large sample size required to confidently identify 

gene-based effect modification, despite a multiple-testing penalty. Even with our large study, 

we were underpowered for minor allele frequencies < 0.3. To maximize our power, we 

modeled interactions on the log-additive scale. We also limited our analysis to SNPs with both a 

plausible biological relationship or known interactions with smoking, and minor allele 

frequencies greater than 10%.  

  

Conclusions 

In conclusion, we found little evidence of multiplicative gene-smoking interactions with 

preeclampsia. However, for the three variants that appeared to be effect modifiers, differences 

by smoking cessation supported a biological interpretation. The case-mother control-mother 

design as well as environmental interaction analysis may be useful methods to include in the 

toolkit for the genetic study of pregnancy outcomes, particularly preeclampsia; however very 

large studies or consortia will be needed to ensure adequate power to find multiplicative gene-

by-exposure interactions. 
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Table 1. Characteristics of Participants by Case and Control Status (N=2,400 Pregnancies) 

 

 Preeclampsia Cases 
(N = 1,451) 

Controls 
(N = 949) 

 No. % No. % 
Maternal Agea     
     ≤ 20 years 45 3.1 14 1.5 
     21 – 30 years 834 57.5 462 48.7 
     31 – 40 years 551 38.0 468 49.3 
     ≥ 41 years 20 1.4 5 0.5 
     
Maternal Educationa     
     < High School 127 9.3 69 7.8 
     High School Graduate 431 31.6 255 28.7 
     University Degree 804 59.0 565 63.6 
     
Body Mass Index (kg/m2)a     
     Underweight (<18.5) 23 1.6 32 3.5 
     Normal weight (18.5-24.9) 686 48.8 612 66.6 
     Overweight (25.0-29.9) 437 31.1 181 19.7 
     Obese (30.0+) 259 18.4 94 10.2 
     
Any Maternal Smoking (11-20 weeks) 119 8.2 95 10.0 
     Smokers who quit during 11-20 wksb 39 32.8 24 25.3 
Smoking Intensitya, b     
     0-2 cigarettes/day 34 36.5 37 46.3 
     3-5 cigarettes/day 30 31.3 19 23.8 
     6-10 cigarettes/day 28 29.2 19 23.8 
     >10 cigarettes/day 3 6.3 5 3.1 
     
Nulliparousa 954 65.8 392 41.3 
Preterm (< 37 weeks)a 305 21.2 28 3.0 
Small for gestational age (SGA)  
(< 10th percentile)a, c 323 22.5 74 7.8 

Severe preeclampsia 285 19.7 -- -- 
Birthweight (mean grams (SD))a 3173.4 (820.3) 3676.74 (512.4) 

aMissing observations for each covariate: maternal age (1), maternal education (149), body mass index (76), 
smoking intensity (39), parity (1), preterm birth (11), small for gestational age (16), birthweight (1). 
b Percentage calculated as proportion of women who smoked during 11-20 week window. 
c Population percentiles derived from Norwegian distribution, eSnurra Norway. 
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Table 2. Relative Risks for the Association of Smoking and Preeclampsia for All Maternal and Child Smoking-SNP Interactions With Interaction p < 
0.001, Stratified by Genotype. 
 
 
 

      Mother  Child 

      
 Number of copies of risk allele    Number of copies of risk allele 

0 copies 1 copy 2 copies   0 copies 1 copy 2 copies 
Marker Chr Position MAF Gene Alleles1 RR 95% CI RR 95% CI RR 95% CI P-Int  RR 95% CI RR 95% CI RR 95% CI P-Int 
rs3765692 1 3584771 0.22 TP73 T/C 0.28  0.16, 0.51 0.53  0.34, 0.79 1.00  0.74, 1.56 5.9 x 10-4  0.48  0.28, 0.82 0.66  0.45, 0.97 0.91 0.66, 0.97 0.09 
rs10770343 12 18414253 0.31 PIK3C2G A/C 0.37  0.26, 0.53 0.63  0.45, 0.88 1.07 0.78, 1.48 5.9 x 10-4  0.43  0.32, 0.61 0.67  0.48, 0.93 1.02 0.73, 1.43 0.02 

rs2278361 12 99043207 0.21 APAF1 C/T 0.62 0.44, 0.86 1.04 0.76, 1.41 1.74  1.41, 2.15 7.5 x 104  0.66 0.47, 0.92 0.99  0.72, 1.37 1.49 1.15, 1.94 0.02 
1Risk allele/other allele 
 
 
 
  



 

 26 

Table 3. Relative Risks for the Association of Smoking and Preeclampsia for all Maternal Smoking-SNP Interactions with Interaction p < 0.001 in the 
Original Analysis (of All Smokers, n=214 smokers), Stratified by Genotype. Smokers were included as: 1) only smokers who quit smoking during 11-
20 weeks gestation (n=63 smokers) and 2) only smokers who did not quit during 11-20 weeks gestation (n=151 smokers). 
 
 

       Number of copies of risk allele  
       0 copies 1 copy 2 copies  

Marker Chr Position MAF Gene Alleles1 Smoking Group2 RR 95% CI RR 95% CI RR 95% CI P-Interaction 
rs3765692 1 3584771 0.22 TP73 T/C         

      Quit smoking 0.48  0.19, 1.24 0.78 0.40, 1.52 1.24 0.72, 2.16 0.12 
      Did not quit smoking 0.25  0.11, 0.54 0.48  0.29, 0.79 0.92 0.65, 1.32 5.7 x 10-3 

rs10770343 12 18414253 0.31 PIK3C2G A/C         

      Quit smoking 0.57  0.32, 1.04 0.87 0.49, 1.56 1.32  0.74, 2.35 0.10 
      Did not quit smoking 0.28  0.15, 0.51 0.54  0.34, 0.84 1.04  0.71, 1.52 2.8 x 10-3 

rs2278361 12 99043207 0.21 APAF1 C/T         
      Quit smoking 0.92 0.51, 1.64 1.20  0.68, 2.14 1.57  0.90, 2.75 0.33 
      Did not quit smoking 0.49 0.33, 0.75 0.97  0.68, 1.39 1.92  1.81, 2.02 2.6 x 10-4 

1Risk allele/other allele 
2The reference group was non-smokers. The ‘quit smoking’ group excludes smokers who did not quit from the index and reference groups; The ‘did not quit’ group excludes 
smokers who quit from the index and reference groups. 
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Supplementary Methods 

We performed a nested case-control study within the Norwegian Mother and Child 

Cohort Study (MoBa),1 a large prospective birth cohort of pregnant women and their offspring 

recruited throughout Norway from 1999 to 2008 (N=112,908 pregnancies).1 All consenting 

pregnant women living in Norway who gave birth at a hospital or maternity unit with more than 

100 births annually and who could speak Norwegian were eligible. Pregnant women were 

recruited by mail prior to their routine ultrasound appointment at 17 to 20 weeks of gestation. 

Of all women invited to participate, 41% enrolled in the study.1 Participants completed two 

prenatal questionnaires about their health and environment. Survey completion rate was 91% 

for the early pregnancy questionnaire and 83% for the late pregnancy questionnaire.1 Maternal 

blood was collected at the first ultrasound appointment and cord (child) blood was collected at 

birth. Maternal blood was received from 89% of participants and child blood from 81% of 

children in the cohort.1 DNA was extracted at the time of collection before being stored at the 

MoBa Biobank. 

Women provided informed consent prior to participation in MoBa and the study was 

approved by the Institutional Review Board of the Norwegian Institute of Public Health. The 

current study was approved by the Institutional Review Boards of the Norwegian Institute for 

Public Health and the University of North Carolina at Chapel Hill. 

 

Outcome Assessment 

Preeclampsia was defined by the American College of Obstetrics and Gynecologists  

(ACOG),2 which specifies that both the following be present:  
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1) Systolic blood pressure ≥ 140 mm Hg or diastolic blood pressure of ≥ 90 mm Hg 

occurring after 20 weeks gestation in a woman whose blood pressure has been 

previously normal, and 

2) Proteinuria, with excretion of ≥ 0.3 g of protein in a 24-hour urine specimen or as 

measured by 1+ on urine dipstick. 

 

Preeclampsia information from MoBa was obtained through linkage with the Medical 

Birth Registry of Norway (MBRN).3 A 2013 revision of the ACOG definition also included clinical 

symptoms, however, we used the above criteria, current at the time of the validation study. We 

also considered as “true cases” any case with an ICD-10 code of severe PE (O14.1) or HELLP 

syndrome (O14.2) and delivery < 37 weeks, or ICD-10 code of eclampsia (O15), which are 

routinely validated by the MBRN.  

All registered preeclampsia cases (n=3500) and a random sample of 2000 pregnancies 

registered as being unaffected by preeclampsia were selected from the MoBa cohort to be 

verified by antenatal records through an independent validation study4 Of the 3500 registered 

preeclampsia cases and 1840 registered to be unaffected by preeclampsia for which records 

were received, 2936 pregnancies identified as preeclampsia cases based on the Medical Birth 

Registry of Norway (MBRN) were verified to have been affected by preeclampsia, and 1745 

pregnancies identified as unaffected by preeclampsia were found to be negative for 

preeclampsia. For the current study, we included all women from the validation study with a 

singleton pregnancy who conceived spontaneously, were verified cases or controls, returned 

both the early and late pregnancy questionnaires, and had no history of chronic hypertension. 
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In total, 2682 preeclampsia case samples (1564 maternal and 1118 fetal blood samples) and 

1967 non-preeclampsia control samples (999 maternal and 968 fetal samples) met inclusion 

criteria and were genotyped. 

 

Maternal Smoking Assessment 

We created a dichotomous smoking variable to indicate self-report of any smoking in 

gestational weeks 11 through 20. We selected this time period to specifically capture smoking 

during the window in which maternal blood flow perfusion into the intervillous space occurs 

and trophoblasts move to an invasive state completing spiral artery remodeling.5 Women were 

surveyed twice during pregnancy about smoking habits. In the early survey (13-17 weeks), 

women were asked whether they had smoked prior to pregnancy, whether they currently 

smoked, and if so, how many cigarettes per day or week. If they were not current smokers, they 

were also asked if they had stopped smoking after becoming pregnant, and if so, at what 

gestational age. In the late questionnaire (~30 weeks), women were asked whether they 

currently smoked and if so, how much. They were also asked if they had quit smoking during 

pregnancy, and if so, at what gestational age they stopped. 

 For our primary smoking variable during the window of 11 to 20 weeks gestation, we 

used smoking information from the early pregnancy questionnaire unless it was missing or 

ambiguous, in which case we supplemented with information from the late pregnancy 

questionnaire. A woman was considered to be a non-smoker if she indicated she had never 

smoked and that she did not currently smoke, and we had no other evidence of smoking after 

10 weeks of gestation. A woman was considered a smoker in weeks 11 to 20 if she indicated 
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that she currently smoked or quit after 10 weeks gestation on either survey. To determine the 

week in which a woman quit smoking, we obtained the latest quit week reported on either the 

early or late pregnancy questionnaire. If a woman was missing smoking information on the 

early questionnaire and indicated being a daily smoker on the late questionnaire, we assumed 

she had also been smoking in weeks 11 to 20. To determine smoking quantity, we categorized 

smoking quantity as number of cigarettes reported daily or weekly. In a sensitivity analysis, we 

separately considered women who smoked during the entire 11-20 week window, and women 

who quit during the 11-20 week window.  

 

Tag SNP Selection for the Parent Study 

Genotyping for the current study was completed as part of a larger parent study of 

genetics of preeclampsia. Genotyping was done using the HumanCoreExome+ array from 

Illumina (Illumina, Inc., San Diego, CA). Additional custom selected SNPs for the parent study 

included SNPs on the Illumina Cardio-Metabolic chip not already included in the 

HumanCoreExome+ manifest, with particular emphasis on three regions of interest: 1) regions 

associated with systolic blood pressure, diastolic blood pressure, and hypertension; 2) regions 

associated with myocardial infarction, chronic heart disease, and chronic kidney disease; and 3) 

regions associated with body mass index, lipids, and C-reactive protein. Additional candidate 

genes were selected based on the following pathways and sources: 1) existing associations with 

preeclampsia and/or commonly hypothesized genes, 2) inflammation, 3) angiogenesis, 4) 

apoptosis, 5) smoking detoxification, 6) carbon monoxide signaling, 7) smoking addiction, and 

8) novel pathways including Vitamin D and in vitro studies. For each gene, the Illumina database 
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was queried for all polymorphism design scores within the genes of interest, allowing for 20kb 

upstream and 10kb downstream margins. A scoring algorithm for each SNP was created, taking 

into account Illumina design score, Illumina error codes, DNA coding changes, and presence in a 

possible 5’ promoter site. The composite SNP database was then analyzed using TagZilla 

(http://tagzilla.nci.nih.gov) to identify haplotype tagging SNPs with an R2 criteria of 80%. In 

total, 525,125 variants were genotyped for the larger parent study of genetics and 

preeclampsia. 

 

SNP Selection  

For current study, 124 genes involved in cigarette smoke component signaling, 

metabolism, and detoxification were identified from 8 canonical pathways (Table S2), which 

included: 1) endothelial nitric oxide synthase (eNOS) signaling pathway, 2) heme degradation, 

3) hypoxia-inducible factor 1-alpha (HIF1A), 4) xenobiotic metabolism, 5) aryl hydrocarbon 

receptor signaling, 6) glutathione-mediated detoxification, 7) nicotine degradation II, and 8) 

nicotine degradation III. A total of 1,915 SNPs (MAF ≥ 10%) were selected and analyzed for this 

study, using a 10kb upstream and downstream margin around the transcription start and end 

sites of each gene. 

 

Genotyping and Quality Control 

SNPs were genotyped by the UNC Mammalian Genotyping Core using the 

HumanCoreExome+ array from Illumina (Illumina, Inc., San Diego, CA). Samples and SNPs were 

examined using PLINK 1.07 (http://pngu.mgh.harvard.edu/purcell/plink) for quality control. 
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SNPs were excluded if the missing rate exceeded 5%, there was substantial deviation from 

Hardy-Weinberg Equilibrium (p < 1x10-3) or minor allele frequency was <10%. Known genotype 

(n = 84) and DNA replicates (n = 51) were included on each plate and generally exhibited high 

genotyping quality; however, one pair of discordant duplicate samples was excluded. All other 

quality control samples on the implicated plates were found to be perfectly concordant. All 

subject-specific call rates were acceptable (minimum 97.2%).  Sex-specific markers were 

inspected and 3 samples with sex discrepancies were excluded. Parent-child relatedness and 

inbreeding within the cohort was confirmed by identity by descent. Thirteen mother-child pairs 

were dropped because relatedness could not be confirmed (expected pi-hat = 0.5, observed pi-

hat<0.128). Additionally, 16 pairs of siblings or cousins among the mothers were flagged as 

related (pi-hat>0.125). For each such pair of related mothers, we preferentially included the 

parent-child pair with the most complete genetic data, or in the case of equivalence, randomly 

sampled between them.  

Quantile-quantile plots and calculation of genomic control lambda6 (lambda mom=1.01, 

lambda child=1.03) indicated no systematic test statistic inflation, unidentified relationships, or 

cryptic admixture. To assess admixture, we plotted principal components of genetic variation 

for our sample with 1000 Genomes reference populations (CEU: Utah Residents with Northern 

and Western Ancestry; CHB: Han Chinese in Beijing, China; PUR: Puerto Ricans from Puerto 

Rico; MXL: Mexican Ancestry from Los Angeles, USA; CLM: Colombians from Medellin, 

Colombia; YRI: Yoruban in Ibadan, Nigeria).7 Outliers for each of the first three principal 

components >3 standard deviations from the mean were excluded. The final analysis sample 

(n=4514 total samples) included dyads with both mother and child genotype data as well as 
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incomplete dyads with only mother or child genotype data (n=2596 preeclampsia case samples 

[1063 mother/child pairs, 450 mother only, 20 child only], n=1918 control samples [925 

mother/child pairs, 45 mother only, 23 child only]). 

 

Statistical Analyses 

We extended the case-mother control-mother log-linear modeling approach proposed 

by Shi et al.,8 which simultaneously models effects due to maternal and fetal genotypes, as well 

as maternal smoking and maternal smoking-genotype interaction (both mother and child).  This 

method uses Poisson regression to model expected counts of each possible genetic mating type 

combination (the set of genotypes in the parents) with child genotype under the assumption of 

Mendelian inheritance as follows:  

ln[𝐸𝐸(𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)] = 𝜃𝜃𝑚𝑚𝑚𝑚 + 𝛿𝛿𝛿𝛿 + 𝛾𝛾𝐼𝐼𝑒𝑒 + 𝜎𝜎𝜎𝜎𝐼𝐼𝑒𝑒 + 𝛼𝛼1𝑑𝑑𝐼𝐼𝑚𝑚=1 + 𝛼𝛼2𝑑𝑑𝐼𝐼𝑚𝑚=2 + 𝛽𝛽1𝑑𝑑𝐼𝐼𝑐𝑐=1 + 𝛽𝛽2𝑑𝑑𝐼𝐼𝑐𝑐=2

+ 𝜔𝜔𝑑𝑑𝑑𝑑𝑒𝑒 × 𝐺𝐺 

 

Where E (Nmcde) is the expected value of the counts of families with the subscript-specified 

maternal genotype, child genotype, case or control status, and smoking status; m or c = 0, 1, or 

2 for the number of copies of the variant allele carried by the mother or child, respectively; 𝑑𝑑 =

1 for a case and 𝑑𝑑 = 0 for a control; I(e=1) is an indicator for maternal smoking; and G=m when 

assessing maternal interaction or G=c when assessing child interaction. The 𝜃𝜃𝑚𝑚𝑚𝑚  parameters are 

constrained as in Table 1 of Shi, et al.,8 to impose parent-child relatedness for controls but 

otherwise allow flexibility of the control-mother distribution (avoiding the need to assume 
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Hardy-Weinberg for the source population) and ensure that the parental genotype distribution 

is only constrained by the family relationships.  

The primary GxE analysis imposes a linear constraint on the smoking by genotype 

interaction term. Here, we present the flexible model that includes the smoking by maternal 

interaction:  

ln[𝐸𝐸(𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)] = 𝜃𝜃𝑚𝑚𝑚𝑚 + 𝛿𝛿𝛿𝛿 + 𝛾𝛾𝐼𝐼𝑒𝑒 + 𝜎𝜎𝜎𝜎𝐼𝐼𝑒𝑒 + 𝛼𝛼1𝑑𝑑𝐼𝐼𝑚𝑚=1 + 𝛼𝛼2𝑑𝑑𝐼𝐼𝑚𝑚=2 + 𝛽𝛽1𝑑𝑑𝐼𝐼𝑐𝑐=1 + 𝛽𝛽2𝑑𝑑𝐼𝐼𝑐𝑐=2

+ 𝜔𝜔1𝑑𝑑𝑑𝑑𝑒𝑒 × 𝐼𝐼𝑚𝑚=1 + 𝜔𝜔2𝑑𝑑𝑑𝑑𝑒𝑒 × 𝐼𝐼𝑚𝑚=2 

 

Where E (Nmcde) is the expected value of the counts of families with each of maternal 

genotypes, child genotypes, case or control status, and smoking status; m or c = 0, 1, or 2 for 

the number of copies of the variant allele carried by the mother or child, respectively; 𝑑𝑑 = 1 for 

a case and 𝑑𝑑 = 0 for a control; I(e=1) is an indicator for maternal smoking. The 𝜃𝜃𝑚𝑚𝑚𝑚  parameters 

are constrained as in Table 1 of Shi, et al. 8, to impose parent-child relatedness for controls but 

otherwise allow flexibility of the control-mother distribution (avoiding the need to assume 

Hardy-Weinberg for the source population) and ensure that the parental genotype distribution 

is only constrained by the family relationships. Likewise, the model including the smoking by 

child genotype interaction is similar but contains indicator variables for the child genotypes 

instead of the maternal genotypes in the interaction terms. The results for these flexible 

models are presented in Table S2. 

Exposure-related population stratification bias within family-based studies can occur 

when risk allele frequencies, exposure prevalences, and disease prevalences differ in subgroups 
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9, so we also performed a sensitivity analysis extending the model to include smoking by 

mating-type-stratification interaction parameters. This model is as follows:  

ln[𝐸𝐸(𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)] = 𝜃𝜃𝑚𝑚𝑚𝑚 + 𝜃𝜃′𝑚𝑚𝑚𝑚𝐼𝐼𝑒𝑒 + 𝛿𝛿𝛿𝛿 + 𝛾𝛾𝐼𝐼𝑒𝑒 + 𝜎𝜎𝜎𝜎𝐼𝐼𝑒𝑒 + 𝛼𝛼1𝑑𝑑𝐼𝐼𝑚𝑚=1 + 𝛼𝛼2𝑑𝑑𝐼𝐼𝑚𝑚=2 + 𝛽𝛽1𝑑𝑑𝐼𝐼𝑐𝑐=1 + 𝛽𝛽2𝑑𝑑𝐼𝐼𝑐𝑐=2

+ 𝜔𝜔𝑑𝑑𝑑𝑑𝑒𝑒 × 𝐺𝐺 

in which 𝜃𝜃′𝑚𝑚𝑚𝑚𝐼𝐼𝑒𝑒 is now a correction to the mating type stratification parameters to account for 

possible allele-frequency differences in the subpopulation where the mother smoked. In this 

model, both 𝜃𝜃𝑚𝑚𝑚𝑚  and 𝜃𝜃𝑚𝑚𝑚𝑚 + 𝜃𝜃′𝑚𝑚𝑚𝑚 must satisfy the constraints of Table 1 in Shi et al.8 This model 

assumes no population stratification, as it presumes the same set of stratification parameters 

for the case parents and control parents. 
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Supplementary Tables 

Table S1. Canonical pathways related to response to cigarette smoke components selected for 
this analysis. 

Pathway Description Genes* 
Endothelial nitric 
oxide synthase 
signaling 

Describes the synthesis of nitric oxide 
from L-arginine. Endothelial nitric oxide 
synthase plays a crucial role in the state of 
blood vessel vasodilation and blood 
pressure regulation. 

CASP9, ADCY3, CASP8, CASP3, 
CCNA2, GUCY1A3, GUCY1B3, 
ESR1, CAV1, ADCY8, GUCY1A2, 
CHRNA3, CHRNA5, EPAS1, 
STAT1, PDE1C, PDGFA, PON1, 
ENG, TLR4, GUCY2C, MPO, 
PRKCA, PDGFB, PDGFC, NOS3, 
PIK3C2G, AKT1, FIGF, MAPK10, 
MAPK9, MAPK13, MAPK14, 
MAPK8, MAPK3, MAPK1, 
MAPK11, MAPK12, NOS1, 
NOS2 

Heme degradation Describes the breakdown of hemoglobin 
into carbon monoxide, biliverdin, iron, and 
bilirubin. 

HBB, HBA1, HBA2, HMOX2, 
HMOX1, CA9, NGB, HP, MB 

Hypoxia-inducible 
factor 1-alpha 
signaling 

Describes regulation of oxygen 
homeostasis and response to hypoxia. 
Activates transcription of nitric oxide 
synthase. Also involved in the xenobiotic 
response via aryl hydrocarbon receptor 
nuclear translocator. 

PDGFC, NOS3, PIK3C2G, AKT1, 
FIGF, MAPK10, MAPK9, 
MAPK13, MAPK14, MAPK8, 
MAPK3, MAPK1, MAPK11, 
MAPK12, NOS1, NOS2, ARNT, 
NCOA1, EDN1, EPO, MAPK15, 
MMP12, MMP3, MDM2, 
APEX1, HIF1A, MAPK6, MMP2, 
MAPK7, MAPK4, EGLN2, 
MMP9 

Xenobiotic 
metabolism 

Describes the three groups of enzymes 
that metabolize, eliminate, and detoxify 
harmful substances. Phase I: introduces 
polar moiety, Phase II: conjugates toxins 
to small hydrophilic molecules, Phase III: 
transporters that export toxins. 

IL1A, MAPK1, HS2ST1, 
CYP3A7, MAPK13, IL6, NFKB1, 
MAPK11, PTGES3, ARNT, 
HMOX1, GSTT1, MAOB, 
CYP1A2, ALDH1A1, MAPK3, 
NOS2, AHR, GSTK1, PRKCA, 
ATM, GSTA3, ABCB1, GSTM1, 
CYP1A1, GSTM3, GSTA4, 
NQO1, MAPK8, PIK3C2G, 
MAPK9, NFKB2, MAPK12, 
GSTO1, CYP1B1, AIP, MAPK14, 
SULT1A1, NCOA1, IL1B, 
CYP2B6, MAPK7, GSTO2, TNF, 
UGT1A9, GSTP1, MAOA 

Aryl hydrocarbon 
receptor signaling 

Describes mediation of halogenated and 
polycyclic aromatic hydrocarbons by the 
aryl hydrocarbon receptor. Activates 

CDKN2A, MAPK1, TP73, IL6, 
CCND1, ARNT, MYC, RB1, 
ALDH1A1, CYP1A2, CCND3, 



 

 xiii 

xenobiotic metabolizing enzymes and 
other growth factors and proteins 
involved in cell cycle progression and 
apoptosis. 

TGFB1, MAPK3, AHR, FASLG, 
GSTK1, ATM, TP53, CCNE2, 
GSTM3, CDK6, NFKB2, CCND2, 
E2F1, TGFB3, ESR1, TNF, 
GSTP1, CDK2, IL1A, CDK4, 
NFKB1, PTGES3, FAS. CCNA2, 
GSTT1, TGFB2, CHEK2, GSTA3, 
GSTM1, CYP1A1, GSTA4, 
NQO1, APAF1, MAPK8, 
MDM2, BAX, CYP1B1, GSTO1, 
AIP, CCNE1, CDKN1A, IL1B, 
ATR, CDKN1B GSTO2 

Glutathione-mediated 
detoxification 

Describes detoxification in which the first 
step is catalyzed by glutathione 
transferases. 

GSTA3, GSTM1, GSTT1, 
GSTM3, GSTA4, GSTO2, 
GSTP1, GSTO1, GSTK1 

Nicotine degradation 
II and III 

Describes degradation of nicotine 
primarily through the metabolic action of 
cytochrome P450. 

CYP2D6, ADH7, CYP1A1, 
CYP1A2, CYP2E1, CYP2A7, 
CYP3A7, CYP2A6, CYP2B6, 
UGT1A9, CYP1B1 

*Some genes are involved in multiple pathways 
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Table S2. Relative risks for the association of smoking and preeclampsia for all maternal and child smoking-SNP Interactions, stratified by genotype 
for mother and child genotype interactions for SNPs with p<0.001 presented in the primary analysis. Multiplicative smoking by genotype 
interactions were modeled flexibly using indicator variables for maternal or child genotype. 
 

      Mother  Child 

      
 Number of copies of variant allele    Number of copies of variant allele 

0 copies 1 copy 2 copies   0 copies 1 copy 2 copies 
Marker Chr Position MAF Gene Alleles1 RR 95% CI RR 95% CI RR 95% CI P-Int  RR 95% CI RR 95% CI RR 95% CI P-Int 
rs3765692 1 3584771 0.22 TP73 T/C 0.99 0.73, 1.35 0.58 0.31, 1.06 0.14 0.02, 0.99 6.1 x 10-3  0.93 0.68, 1.28 0.65 0.32, 1.31 0.72 0.28, 1.82 0.20 
rs10770343 12 18414253 0.31 PIK3C2G A/C 1.13 0.82, 1.55 0.53 0.28, 0.99 0.57 0.28, 1.16 0.01  1.03 0.74, 1.46 0.64 0.32, 1.31 0.49 0.20, 1.20 0.41 

rs2278361 12 99043207 0.21 APAF1 T/C 0.63 0.45, 0.89 0.98 0.51, 1.86 2.01 1.04, 3.89 0.02  0.66 0.47, 0.94 0.97 0.47, 1.99 1.59 0.69, 3.63 0.27 
1Major allele/minor allele; The minor allele is considered the variant allele. 
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Table S3a. Relative risks for the association of smoking and preeclampsia for maternal and child smoking-SNP interactions stratified by genotype, in 
the sensitivity analysis model allowing smoking exposure to vary by mating type. Results are presented for SNPs that had interaction p < 0.001 in 
the original model presented in the main manuscript. 
 

      Mother  Child 

      
 Number of copies of variant allele    Number of copies of variant allele 

0 copies 1 copy 2 copies   0 copies 1 copy 2 copies 
Marker Chr Position MAF Gene Alleles1 RR 95% CI RR 95% CI RR 95% CI P-Int  RR 95% CI RR 95% CI RR 95% CI P-Int 
rs3765692 1 3584771 0.22 TP73 T/C 1.16 0.81, 1.66 0.45 0.29, 0.71 0.18 0.11, 0.30 5.5 x 10-4  1.02 0.71, 1.46 0.58 0.39, 0.88 0.34 0.21, 0.53 0.03 
rs10770343 12 18414253 0.31 PIK3C2G A/C 0.99 0.71, 1.39 0.67 0.43, 1.05 0.46 0.27, 0.78 0.07  0.99 0.70, 1.42 0.69 0.45, 1.06 0.48 0.30, 0.79 0.12 

rs2278361 12 99043207 0.21 APAF1 T/C 0.63 0.44, 0.91 1.01 0.69, 1.47 1.62 1.10, 2.37 0.04  0.68 0.47, 0.99 0.93 0.64, 1.37 1.29 0.88, 1.89 0.20 
1Major allele/minor allele; The minor allele is considered the variant allele. 
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Table S3b. Additional child SNPs with interaction p < 0.001 in the sensitivity analysis model allowing smoking exposure to vary by mating type. As in 
Table S2a, table presents relative risks for the association of smoking and preeclampsia for all maternal and child smoking-SNP interactions 
stratified by genotype, in the model allowing smoking exposure to vary by mating type.  
 

      Mother  Child 

      
 Number of copies of variant allele    Number of copies of variant allele 

0 copies 1 copy 2 copies   0 copies 1 copy 2 copies 
Marker Chr Position MAF Gene Alleles1 RR 95% CI RR 95% CI RR 95% CI P-Int  RR 95% CI RR 95% CI RR 95% CI P-Int 
rs995647 2 24810255 0.13 NCOA1 A/G 0.66 0.48, 0.91 1.54 0.85, 2.80 3.61 1.65, 7.88 0.10  0.58 0.42, 0.81 1.93 1.14, 3.27 6.39 3.27, 12.47 3.0 x 10-5 

rs7929753 11 106795127 0.25 GUCY1A2 C/T 1.00 0.68, 1.46 0.68 0.48, 0.97 0.47 0.34, 0.64 0.01  1.38 0.94, 2.03 0.50 0.34, 0.73 0.18 0.12, 0.26 1.2 x 10-4 
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