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Abstract

Background—Congenital heart defects (CHDs) are among the most prevalent and serious birth
defects, occurring in 8 to 10 of every 1000 live births in the United States. Epidemiologic studies
have reported an association between CHDs and maternal smoking, but it remains unknown how
genes impact the susceptibility of offspring to CHDs in the presence of maternal tobacco use.

Methods—Using data from 403 case- and 219 control-parental triads enrolled in the National
Birth Defects Prevention Study between 1998 and 2008, we investigated the association between
CHDs and maternal and infant genetic variants involved in the tobacco metabolism and DNA
repair pathways among mothers who smoked prenatally.

Results—The maternal genotypes of single nucleotide polymorphisms in the excision repair
cross-complementation group 1 (ERCC1), poly (ADP-ribose) polymerase 2 (PARP2), and ERCC5
genes were identified to be significantly associated with the occurrence of CHDs in the presence
of maternal tobacco use. Our analysis also revealed a moderate association between the infant
genotypes of polymorphisms in the O-sialoglycoprotein endopeptidase (OSGEP) gene and
increased risk of CHDs among mothers who smoked.

Conclusion—Our study provides evidence that maternal and infant polymorphisms within the
ERCC1, PARP2, ERCC5, and OSGEP genes are associated with CHD risk in the presence of
maternal tobacco use. These results may provide insight into the susceptibility of having a
pregnancy affected by CHDs among women who smoke.
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Introduction

Congenital heart defects (CHDs) are among the most prevalent and serious birth defects,
occurring in 8 to 10 of every 1000 live births in the United States (Boneva et al., 2001).
Affected infants who survive often require repeated surgeries and lengthy hospitalizations,
and many will have a lifetime of disability, imposing a significant burden on families (Reller
et al., 2008; Razzaghi et al., 2014). There are several proposed risk factors for CHDs, and
maternal smoking is among them (Malik et al., 2008; Alverson et al., 2011; Patel et al.,
2012; Fung et al., 2013; Lee and Lupo, 2013). In the United States, an estimated 25% of
reproductive-aged women smoke cigarettes, and at least 14% continue smoking during
pregnancy (Tong et al., 2013; Robbins et al., 2014).

Maternal tobacco use and exposure to environmental cigarette smoke during pregnancy have
been linked to intrauterine growth retardation, prematurity, perinatal mortality, and
malformations (English and Eskenazi, 1992; Dejin-Karlsson et al., 1998; Misra and Nguyen,
1999; Woods and Raju, 2001; Secker-Walker and Vacek, 2003). Multiple epidemiologic
studies and meta-analyses have specifically investigated the association between CHDs and
maternal tobacco use (Alverson et al., 2011; Karatza et al., 2011; Patel et al., 2012; Lee and
Lupo, 2013). Hackshaw et al. (2011) reviewed 172 publications from 1959 to 2010 and
included 173,687 malformed cases and 11.7 million controls in a meta-analyses. They
showed a significant positive association between maternal tobacco use and CHDs with an
estimated odds ratio of 1.09 (95% confidence interval [CI], 1.02-1.17).

Tobacco smoke is a mixture of volatile compounds and particulate matter comprising
numerous mutagenic compounds, only a few of which have been examined in isolation.
Over two-thirds of all teratogenic chemicals, including tobacco metabolites are substrates
for cytochrome p450 (CYP) enzymes (Guengerich and Shimada, 1991; Guengerich, 2005;
Jalas et al., 2005). Fifteen CYP enzymes catalyze transformation of xenobiotic chemicals,
and 10 of these play a role in tobacco metabolism (Guengerich, 2005). CYP genes are
important in modulating the toxicity of potentially teratogenic intermediates of tobacco
metabolism (Guengerich, 2005). Typically, CYP polymorphisms cause increased enzymatic
activity and increased production of protoxicants (Ingelman-Sundberg, 2001; Wogan et al.,
2004). Clubfoot has been associated with polymorphisms in cytochrome 1A2, although an
association with maternal smoking was not found in this small study (Sommer et al., 2011).
Shi et al. (2007) studied the association between maternal smoking and genetic variants of
CYP and GSTT1 and found an interaction between a GSTT1 variant, maternal smoking and
cleft palate in offspring. It is biologically plausible that polymorphisms in either the
maternal or fetal genotype could alter tobacco metabolism, resulting in increased DNA
damage in mother or fetus, thereby predisposing a smoking mother to having a CHD-
affected infant.
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Maternal tobacco use during pregnancy has been shown to result in DNA damage to fetal
cells (Sram et al., 1999; Shantakumar et al., 2005; Tang et al., 2006). Perera et al. (2004)
found that the amount of DNA damage per unit dose of polycyclic aromatic hydrocarbons,
which are prominent in tobacco smoke, was on the order of 10-fold higher in the fetus than
the mother. Polycyclic aromatic hydrocarbons combine with DNA to form bulky adducts
that have been shown to cause fetal aberrations in cord blood (Whyatt et al., 2001; Phillips,
2002; Perera et al., 2004). If left unrepaired, these generated DNA “damage” intermediates
can cause nucleotide sequence changes that could potentially contribute to teratogenesis
(Ferguson and Ford, 1997). Therefore, cells are equipped with DNA repair enzymes to
repair these DNA modifications. DNA damage repair is a primary defense mechanism
against mutagenic exposures (Helzlsouer et al., 1996; Friedberg and Friedberg, 2006).
Among the four major repair pathways in human cells, the nucleotide-excision repair (NER)
and base-excision repair (BER) pathways are the primary pathways involved in repair of
DNA damage secondary to tobacco exposure (Mohrenweiser et al., 2003).

Current epidemiologic evidence has linked tobacco metabolism and DNA repair genes in
mothers and risk of oral clefts in offspring (van Rooij et al., 2001; Olshan et al., 2005), but
we are just beginning to understand how genes impact susceptibility of offspring to other
birth defects. This study was conducted to investigate the association between CHDs and
maternal and infant genetic variants in the tobacco metabolism and DNA repair pathways in
the presence of maternal tobacco use. A comprehensive list of 274 single nucleotide
polymorphisms (SNPs) from 10 CYP genes and 33 NER or BER pathways candidate genes
was studied. We hypothesized that both maternal and infant genetic variants involved in
tobacco metabolism and DNA repair pathways were associated with the occurrence of
CHDs.

Materials and Methods

ETHICS STATEMENT

The study was approved by University of Arkansas for Medical Sciences’ Institutional
Review Board and the National Birth Defects Prevention Study (NBDPS) with protocol
oversight by the Centers for Disease Control and Prevention National Center on Birth
Defects and Developmental Disabilities. All study subjects gave informed consent. For
minors in legal custody of their parents, informed written consent was obtained from their
legal guardian for DNA collection.

STUDY POPULATION

The NBDPS was a population-based case-control study designed to evaluate genetic,
environmental, and behavior factors associated with the occurrence of major non-syndromic
birth defects (Yoon et al., 2001). All families included in this study were recruited for the
NBDPS and identified through population-based birth defects surveillance systems in 10
sites (Arkansas, California, lowa, Massachusetts, New Jersey, New York, Texas, Georgia,
North Carolina, and Utah). The case-parental and control-parental triads were only included
in this study if (1) the mother completed the interview, (2) DNA samples were available,
including all family members, mother, father, baby or any combination thereof, (3) the
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mother had an expected date of delivery between January 1998 and January 2008, (4) the
mother smoked during any of the following 6 time periods (i.e., exposure window): 3
months before pregnancy (B3), 2 months before pregnancy (B2), 1 month before pregnancy
(B1), the first month of pregnancy (P1), the second month of pregnancy (P2), and the third
month of pregnancy (P3), (5) the case infant was singleton live-born infant with CHD, and
(6) the control infant was singleton live-born infant without any major birth defects. Cases
where the pregnancy was affected by a known single gene disorder or chromosomal
abnormality syndrome were excluded. We included 3-month preconception into the smoking
exposure window to include many mothers who may unknowingly continue smoking in
early pregnancy as up to half of all U.S. pregnancies are unplanned (Finer and Zolna, 2011,
2014). Medical records were abstracted by trained health information specialists. All
diagnostic tests on cardiac NBDPS case infants were reviewed to ensure uniform criteria for
diagnoses. Diagnostic tests included results from echocardiograms, surgical reports, cardiac
catheterizations, and autopsies. Cases were identified using a classification system
developed for NBDPS, which incorporated three dimensions of cardiac phenotype, cardiac
complexity, and extracardiac anomalies (Botto et al., 2007).

DATA COLLECTION

Both case and control mothers participated in a 1-hr interview carried out by female
interviewers using a computer-assisted telephone questionnaire (Yoon et al., 2001).
Interviews were conducted in English or Spanish between 6 weeks and 24 months after the
expected date of delivery (Yoon et al., 2001). Upon completion of the maternal interviews,
case and control families received a buccal cell collection kit for collecting cheek cell
samples from offspring and both parents if available (Yoon et al., 2001).

GENOTYPING AND QUALITY CONTROL

Laboratories that use NBDPS archival DNA samples must demonstrate their proficiency in
genotyping techniques by passing an External Quality Assessment. The External Quality
Assessment for high-throughput genotyping platforms, such as the Illumina Golden Gate
assay used in this project, consists of genotyping of a single SNP in one externally supplied
blood-buccal trio. Results from the laboratory must be concordant (99%) for paired blood-
derived and buccal-derived DNA and between genomic and whole genome amplified DNA.
In addition, inter-lab results must be concordant as well as concordance between
precharacterized DNA and third-party results. Negative controls must not yield results and
genotypes of trios must be consistent with Mendelian inheritance. The Arkansas Center for
Birth Defects Research and Prevention has consistently scored 100% on NBDPS External
Quality Assessment.

A custom panel of 328 SNPs from 43 genes involved in tobacco metabolism and DNA
repair pathways (i.e., NER and BER pathways) was selected for analysis. DNA was
extracted from buccal cell samples using Puregene DNA purification reagents (Qigen,
Valencia, CA), and genomic DNA was used as a template for whole genome amplification
(WGA) using the GenomePlex WGA kit according to the manufacturer’s protocol (Sigma,
St. Louis, MO), as described by Hobbs et al. (2014). Genotyping was performed using 200
ng of WGA DNA on the lllumina customizable Golden Gate platform (Fan et al., 2006). An
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initial set of genotype calls was generated using GenCall, Illumina’s proprietary genotyping
algorithm. These initial calls, plus the raw fluorescent intensity data from the microarrays,
were used as inputs to SNPMClust, a bivariate Gaussian model-based genotype-clustering
and -calling algorithm developed in-house at the Arkansas Center for Birth Defects
Research and Prevention. SNPMClust is available as a contributed package on the
Comprehensive R Archive Network and provides a likelihood-based measure of call
uncertainty. As described by Hobbs et al. (2014), we observed a 99.2% genotyping
concordance rate between WGA-buccal and blood-derived sources of DNA, in a pilot study
of 94 women who had provided both blood and buccal samples and whose data underwent
the same genotyping and quality control procedures. After running SNPMClust on the 328
SNPs, any genotype call with an uncertainty score greater than 0.5% was set to a no-call.
Following this step, 43 SNPs (11.3%) with no-call rates greater than 10% were considered
unreliable and dropped from analysis. This substantial number of SNPs dropped from the
panel is consistent with earlier projects which have also used a Golden Gate custom-
designed genotyping chip with DNA samples that had undergone WGA (Chowdhury et al.,
2012; Hobbs et al., 2014; Li et al., 2014). We also excluded 11 SNPs which deviated
significantly from Hardy-Weinberg equilibrium (HWE) (p < 10~4). Hardy-Weinberg
equilibrium was tested only in controls, because disequilibrium in a mixture of cases and
controls could be caused by disease association. A total of 1263 individual samples were
genotyped, and 133 samples were removed from analysis due to study ineligibility (N = 5),
high no-call rates (>15%) (N = 18), or high rates of Mendelian inconsistency (N = 110),
resulting in an analytical sample consisting of 1130 individuals from 403 case and 219
control families. The final analysis dataset included genotype data from 1130 (89%)
individuals on 274 (72%) SNPs, with a no-call rate of 1.2%.

STATISTICAL METHODS

Descriptive statistics were expressed as mean (standard deviation) for continuous variables,
and frequency (percentage) for categorical variables. Because both case-parental and
control-parental triads were genotyped, a hybrid design was used for statistical analysis
(Weinberg and Umbach, 2005). The use of a hybrid design allows the simultaneous
evaluation of maternal and infant genetic effects, with estimates of infant genetic effects
largely insensitive to population admixture. A log-linear model was fitted for each SNP as a
function of mating type, case—control status, an interaction between case—control status and
maternal genotype, and an interaction between case/control status and infant genotype. This
model was designated to assess the main effects of maternal and infant genotypes on the risk
of CHDs. When fitting the models, mating symmetry was assumed, and thus six different
mating types were used. We also assumed multiplicative risk per allele (log-additive genetic
effect), under which the indicators for both maternal and infant genotypes were coded as 0,
1, or 2, representing the number of copies of the variant allele.

We computed Bayesian false-discovery probabilities (BFDPs) for evaluating the chance of
false-positive associations using the relative risk (RR) estimates and their 95% ClIs obtained
from the log-linear models (Wakefield, 2007). BFDP is used to find a balance between the
relative costs of false negative and false positive; in the results section, we reported
associations where BFDP < 0.80, which is a commonly used threshold suggested by
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Wakefield (Wakefield, 2007; Liu et al., 2010; Oh et al., 2010; Park et al., 2010). Data were
analyzed using the LEM (Vermunt, 1997) software for fitting log-linear models, R v3.1.0
(Team, 2013) for computing descriptive statistics and BFDPs, and HaploView 4.2 (Barrett,
2009) for assessing the linkage disequilibrium.

POPULATION CHARACTERISTICS

The final population sample included 403 case-families and 219 control-families. Among
403 cases, there were 17 (4%) cases affected with anomalous pulmonary venous return, 14
(3%) cases affected with atrioventricular septal defects, 69 (17%) cases affected with
conotruncal heart defects, 61 (15%) cases affected with left obstructive heart defects, 68
(17%) cases affected with right obstructive heart defects, and 174 (43%) cases affected by
septal defects. The maternal demographics and behaviors are summarized for case and
control-families respectively in Table 1. Case mothers were slightly older than the control
mothers (25.9 + 6.0 years vs. 24.9 + 5.4 years, respectively, p = 0.03), but the two groups
were similar with respect to all other demographic and behavioral characteristics (p > 0.05).

MATERNAL GENETIC VARIANTS

A total of 274 SNPs in 43 genes were included in the final analysis. The counts of SNPs in
each gene and chromosome are displayed in Supplemental Table S1, which is available
online. The maternal genotypes of SNP rs3212948 in the excision repair cross-
complementation group 1 (ERCCL) gene, SNP rs3093930 in the poly (ADP-ribose)
polymerase 2 (PARP2) gene, and SNP rs4150386 in the excision repair cross-
complementation group 5 (ERCCS5) gene were significantly associated with the occurrence
of CHDs among mothers who smoked during the exposure window (Table 2, BFDP < 0.8).
The risk of delivering infants with CHDs among women who smoked during the exposure
window and carried CG genotype for rs3212948 was 24% less (95% Cl, 6-38%) than that
among women carrying the GG genotype. Accordingly, the risk among women carrying CC
genotype for rs3212948 was 42% (95% ClI, 12-62%) less than the risk among those carrying
GG genotype. Under the multiplicative (log-linear) genetic model, the estimated RR (95%
Cl) for carrying 2 copies of the risk allele is the square of the estimated RR (95% CI) for
carrying 1 copy of the risk allele, with 0 copies of the risk allele as the reference group. For
simplicity, only the estimated RR (95% CI) for carrying 1 copy of the risk allele compared
with 0 copies was reported in the following results. Similarly, the risk of delivering infants
with CHDs among women who smoked during the exposure window and carried AG
genotype for rs3093930 was 23% (95% ClI, 6-37%) less than that among women carrying
the GG genotype. The risk of delivering infants with CHDs among women carrying AC
genotype for rs4150386 was estimated to be 39% (95% CI, 13-58%) less than those
carrying AA genotype.

INFANT GENETIC VARIANTS

The infant genotypes of four SNPs in the O-sialoglycoprotein endopeptidase (OSGEP) gene
were significantly associated with the occurrence of CHDs in the presence of maternal
tobacco use (Table 2). The risk of CHDs among infants carrying AG genotype for
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rs1320150 was estimated to be 1.39 (95% Cl, 1.11-1.75) times more than those carrying AA
genotype for the same SNP. In addition, infant genotypes for three other SNPs (rs938881,
rs2275007, and rs883037) within the same gene were found to have similar infant genetic
effects as rs1320150 on the risk of CHDs (all BFDP < 0.8). All four significant SNPs in the
OSGEP gene were determined to be in high linkage disequilibrium (D’ = 0.99).

The same analyses were replicated among Caucasians only. Similarly, we identified the
maternal genotype of SNP rs3212948 in the ERCC1 gene and the infant genotypes of the
same four SNPs in the OSGEP gene to be significantly associated with the occurrence of
CHDs (data not shown).

Discussion

Our findings indicate that multiple genetic variants in genes involved in the DNA repair
pathways have modest effects on the risk of CHDs through either maternal or infant genetic
effects in the presence of maternal tobacco use. These findings provide insights into the
genetic susceptibility of CHDs. Among 274 CYP, NER, and BER polymorphisms, multiple
SNPs were identified to influence risk of CHDs. All three SNPs with significant maternal
effects were located in 3 respective genes (ERCC1, PARP2, and ERCC5), and the minor
alleles of these SNPs were identified to be associated with decreased risk of CHDs among
mothers who smoked during the exposure window. In infants, the minor alleles of four SNPs
in the OSGEP gene were associated with increased CHD risk in the presence of maternal
tobacco use.

Our study revealed associations between the risk of CHDs and polymorphisms in the
ERCC1 and ERCCS5 genes through maternal genetic main effects among mothers who
smoked. The ERCC1 gene encodes a 297 amino acid product, which comprises a subunit of
the NER complex required for the incision step (Lu et al., 2014). The ERCCS5 gene encodes
the 3’-endonuclease xeroderma pigmentosum G (XPG), which is involved in the excision
step of NER (Garcia-Closas et al., 2006; Lu et al., 2014). Mutations in the XPG genes can
lead to change in the function of DNA damage repair (Lu et al., 2014). Huang et al. (2006)
showed that polymorphisms in the NER genes can modify smoking related risk of cancer; it
is possible that this genetic variation may be associated with a protective effect (Huang et
al., 2006). Gene—environment interactions involving maternal smoking have been implicated
in the etiology of cleft palate (Beaty et al., 2011; Reiter et al., 2012), and maternal exposure
to toxicants has been associated with genetic variants in the ATP-binding cassette, sub-
family B (MDR/TAP), member 1 (ABCB1) gene, and CHD (Wang et al., 2013), but no
studies have studied the association between NER gene-variants and CHD.

The maternal genotype of one SNP in the PARP2 gene was identified to be significantly
associated with a decreased risk of CHDs in the presence of maternal tobacco use. Poly
(ADP-ribose) polymerases (PARPSs) are enzymes involved in various cytoplasmic and
nuclear processes, including inflammation, mitochondrial metabolism, DNA damage repair,
and transcriptional regulation (De Vos et al., 2012; Gibson and Kraus, 2012; Liang et al.,
2013). The PARP2 gene belongs to the PARP superfamily (Ame et al., 1999; Szanto et al.,
2014). Recent studies show that the PARP2 gene represses transcription by decreasing the
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activities or the amounts of transcription factors (Szanto et al., 2012; Liang et al., 2013).
However, the molecular basis of how PARP2 directly represses promoters and the resultant
cellular outcomes remain largely unknown (Liang et al., 2013).

Our analysis also revealed a moderate association between polymorphisms in the OSGEP
gene of infants and increased risk of CHDs among mothers who smoked during the
exposure window. The OSGEP gene is a unique enzyme that specifically cleaves the
polypeptide backbone of those membrane glycoproteins that contain clusters of O-linked
sialoglycans (Abdullah et al., 1992; Ikeda et al., 2002). Based on the evidence that both the
OSGEP and APEX genes exhibited the same expression pattern in several different tissues
using the Northern blot analysis, it was suspected that a common regulatory mechanism may
be involved in the transcription of OSGEP and APEX (Seki et al., 2002). The APEX
nuclease (multifunctional DNA repair enzyme) 1 (APEX1) gene has been found to play a
major role in cardiovascular development in zebra fish, and mutations have been found to
affect cardiac looping and cause pericardial effusions (Wang et al., 2006). It has also been
shown that the genetic variation in the APEX1 gene was associated with a decreased risk of
oral clefts (Olshan et al., 2005). However, there are no published genetic studies
investigating associations between polymorphisms in the OSGEP gene with any human
diseases.

There are several strengths of this study including population-based ascertainment of cases,
and a rigorous analytic inquiry into both the maternal and infant genetic effects on CHD
risk. There are also limitations. First, there was a substantial number of SNPs removed from
analysis because of poor fluorescent intensity data quality. As described above, however, we
applied stringent standards which give us confidence in the accuracy of those SNPs which
are included in the analysis. Second, our study was restricted to mothers who smoked
prenatally and we were therefore unable to test for gene—environment interactions. In
addition, the potential confounding effects from other environmental/behavioral factors were
not considered. We were unable to test for paternal or environmental tobacco smoke which
has been shown to have an association with CHD (Chevrier et al., 2008; Deng et al., 2013).
Third, due to the relative small sample size for each sub-phenotype, the analysis was not
replicated among each sub-phenotype of CHDs. Finally, the interview data were self-
reported, and thus not objectively measured. Although there were potential measurement
errors in the collected interview data, the measurement errors were equally distributed
among case and control families, and thus the RR estimates were not biased toward either
side.

Smoking-cessation programs in pregnancy have not incorporated genetic polymorphisms but
have historically shown higher rates of smoking cessation by conventional methods, such as
counseling (Lawrence et al., 2003; de Weerd et al., 2004). Ito et al. (2006) showed a 10.8%
decrease in smoking among female patients who were told that they had a polymorphism
that would increase their risk of esophageal and lung cancer if they smoked (Ito et al., 2006).
We hope the results of this study will eventually add to a high risk maternal profile that
would identify mothers who would benefit from preconceptional counseling. Our results
provide evidence for the impact of polymorphisms in the DNA repair pathways on the
etiologies of CHDs in the presence of maternal tobacco use. However, individual SNP
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associations must be considered provisional and will need to be replicated in another
population. Further studies, will need to incorporate functional genetics and targeted deep
sequencing while improving and enhancing information collected on environmental and
maternal factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TABLE 1

Summary of Maternal Demographic and Lifestyle Data among Case and Control Mothers Separately

Case Control

(N=403)  (N=219)

Age at delivery (years) Mean (SD) 25.9(6.0) 24.9(5.4)

Mother’s race, N (%)

African American 31 (8%) 19 (9%)

Caucasian 314 (78%) 177 (81%)

Hispanic 35 (9%) 16 (7%)

Others 23 (6%) 7 (3%)
Mother’s education, N (%)

<12 years 82 (20%) 51 (23%)

High school degree or equivalent 178 (44%) 81 (37%)

1-3 years of college 99 (25%) 61 (28%)
At least 4 years of college or Bachelor degree 43 (11%) 25 (11%)

Missing information 1 1
Household income, N (%)

< $10,000 100 (26%) 57 (27%)

$10,000 to < $30,000 155 (41%) 77 (36%)

$30,000 to < $50,000 62 (16%) 41 (19%)

>$50,000 61 (16%) 36 (17%)

Missing information 25 8
Folic acid supplementation,® N (%)

Unexposed 238 (59%) 117 (53%)

Exposed 165 (41%) 102 (47%)
Alcohol consumption,® N (%)

Unexposed 273 (68%) 132 (61%)

Exposed 128 (32%) 86 (39%)

Missing information 2 1
Maternal BMI (kg/m?), N (%)

Underweight (BMI <18.5) 29 (7%) 18 (8%)

Normal weight (18.5 <=BMI <25) 184 (46%) 99 (46%)

Overweight (25 <=BMI <30) 89 (22%) 46 (21%)
Obese (>=30) 97 (24%) 52 (24%)
Missing information 4 4

Summary statistics were expressed as mean (standard deviation (SD)) for age, and frequency (percentage) for other categorical variables. Some
percentages do not add up to 100% due to rounding.

Folic acid supplement use was defined as use for at least 2 months during the exposure window that was defined as one month prior to conception
and 2 months after conception.

Alcohol consumption is defined as maternal alcohol consumption during the first trimester.
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