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Abstract

Background: While there is strong evidence that genetic risk factors play an important role in
the etiologies of structural birth defects, compared to other diseases, there have been relatively few
genome-wide association studies (GWAS) of these conditions. We reviewed the current landscape
of GWAS conducted for birth defects, noting novel insights, and future directions.

Methods: This article reviews the literature with regard to GWAS of structural birth defects. Key
defects included in this review include oral clefts, congenital heart defects (CHDs), biliary atresia,
pyloric stenosis, hypospadias, craniosynostosis, and clubfoot. Additionally, other issues related to
GWAS are considered, including the assessment of polygenic risk scores and issues related to
genetic ancestry, as well as utilizing genome-wide single nucleotide polymorphism array data to
evaluate gene—environment interactions and Mendelian randomization.

Results: For some birth defects, including oral clefts and CHDs, several novel susceptibility loci
have been identified and replicated through GWAS, including 8924 for oral clefts, DGKK for
hypospadias, and 4p16 for CHDs. Relatively common birth defects for which there are currently
no published GWAS include neural tube defects, anotia/microtia, anophthalmia/microphthalmia,
gastroschisis, and omphalocele.

Conclusions: Overall, GWAS have been successful in identifying several novel susceptibility
genes and genomic regions for structural birth defects. These findings have provided new insights
into the etiologies of these phenotypes. However, GWAS have been underutilized for
understanding the genetic etiologies of several birth defects.
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1| INTRODUCTION

Approximately one in 33 babies born in the United States each year is affected by a birth
defect (Centers for Disease Control and Prevention (CDC), 2008); however, individual types
of birth defects are relatively rare. In the United States, birth defects are the leading cause of
infant death (Kochanek, Murphy, Xu, & Arias, 2017), contribute substantially to morbidity
and disability, and in 2013, the estimated annual cost of birth defect-associated
hospitalizations was $22.9 billion (Arth et al., 2017). Substantial stress and disruption of
family life accompany this economic burden. Despite their public health significance, the
causes of most birth defects remain unknown. There are several lines of evidence indicating
that inherited genetic risk factors play an important role in the etiologies of these conditions.
Existing evidence from human studies includes increased concordance among monozygotic
twins compared to dizygotic twins, among full siblings compared to half siblings, and
among first-degree relative compared to second- and third-degree relatives (reviewed in
[Webber et al., 2015]). However, candidate gene studies (i.e., where genes are selected based
on current understanding of the disease) have largely produced equivocal findings related to
genetic susceptibility for structural birth defects (Hobbs et al., 2014; Lupo et al., 2017;
Webber et al., 2015).

Advances in technology that permit affordable and reliable genotyping of millions of single
nucleotide polymorphisms (SNPs) have provided the opportunity to expand beyond
candidate gene association studies to genome-wide studies (GWAS) that do not require prior
hypotheses regarding underlying disease biology. Although the first GWAS, for age-related
macular degeneration, was not published until 2005, the NHGRI-EBI GWAS Catalog
(https://www.ebi.ac.uk/gwas/) currently includes data from over 5,600 GWAS (Buniello et
al., 2019). In GWAS, hundreds of thou-sands or millions of genetic variants are tested for
association. Because of the large number of tests, the commonly accepted threshold for
statistical significance in a GWAS of common variants (i.e., minor allele frequency > 5%) is
p<5 x 1078 (Fadista, Manning, Florez, & Groop, 2016), and thus very large study
populations are required to provide adequate statistical power. Additionally, a tiered
approach is typically used in GWAS, where a subset of SNPs from the first stage (i.e.,
discovery set) is moved to a second stage (i.e., replication set) for confirmation. This process
limits the potential for false positives. Meta-analyses performed across studies are
commonly used to confirm or refute previously reported associations and can identify novel
candidate loci (de Bakker et al., 2008; Willer, Li, & Abecasis, 2010). Meta-analyses also
provide opportunities to identify genes with multiple significant SNPs or regions that might
not be identified in a single GWAS.

In comparison to other diseases, there have been relatively few GWAS of structural birth
defects (Agopian et al., 2014; Birnbaum et al., 2009; Cordell et al., 2013; Mitchell et al.,
2015; van der Zanden et al., 2011). This is largely due to the difficulty of assembling the
large study populations needed for GWAS (i.e., >1,000 affected individuals), especially as
structural birth defects tend to be individually rare. Nonetheless, GWAS have been
completed for some of the most common structural birth defects, and these studies have
provided new insights regarding the genetic contribution to disease etiology. The purpose of
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this review is to outline the discoveries made in GWAS of selected structural birth defects
and to propose strategies for future genomic studies of these conditions.

2| STUDY DESIGNS

The majority of GWAS have used a case—control study design. In this approach, the
frequency of variants in putative disease genes is compared between cases (i.e., individuals
with the condition) and controls (i.e., individuals without the condition). This study design is
particularly useful when studying rare out-comes, such as structural birth defects, and is
often used in genetic association studies of other conditions. For instance, the case—control
study design was used to identify genes associated with neuroblastoma (a relatively rare
pediatric malignancy), which has led to improved therapeutic options for these children
(Bosse & Maris, 2016). However, genetic association studies using the case—control design
are vulnerable to a type of confounding referred to as population stratification bias, where a
false association between a genotype and disease, or the masking of a true genotypic effect,
is induced by the existence of subgroups within a population (e.g., different racial or ethnic
groups) that have different genotype frequencies and frequencies of disease (Campbell et al.,
2005).

Another study design that emerged in the 1990s has proven to be very useful in genetic
association studies of structural birth defects: the case-parent trio design (or child-parent
trio). Studies of birth defects that employed this design (e.g., [Mitchell, 2008]) were initiated
shortly after the advent of this method. The trio is composed of the affected child and his or
her biological parents. This design is particularly useful for studies of birth defects and
conditions with early disease onset, since parents of children with these conditions are
generally available. Several methods for analyzing the data generated in a case-parent trio
study have been developed, including the transmission disequilibrium test (Schaid &
Sommer, 1993; Spielman, McGinnis, & Ewens, 1993) and approaches using log-linear
models (Weinberg, Wilcox, & Lie, 1998). The child—parent trio design has the advantage (as
compared to case—control studies) of being immune to population stratification bias when
assessing the effects of the inherited genotype. Furthermore, this design can be used to
assess maternal genetic effects (i.e., the effect of the maternal genotype on the phenotype of
offspring) without incurring additional genotyping expenses (i.€., in the case—control design,
evaluation of the maternal and case genotype would require genotyping cases and controls as
well as the mothers of these individuals).

3| GWAS OF SELECTED BIRTH DEFECTS
3.1| Oral clefts

Oral clefts represent a group of structural birth defects where there is a gap or break in
normal features of the mouth, most commaonly the roof of the mouth (the palate) or the upper
lip or both. The most common anatomical forms of orofacial clefts include cleft lip (CL),
cleft palate (CP), and cleft lip and palate (CL/P). The overall prevalence of oral clefts is one
in 1,000, and because it is one of the most common groups of birth defects, there have been
a large number of genetic association studies to map genes underlying susceptibility (Beaty,
Marazita, & Leslie, 2016). Not surprisingly, several novel genes and genomic regions
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underlying the occurrence of oral clefts have been identified through these efforts, including
8924, /RF6, and NOG. A list of these genes and regions is presented in Table 1.
Additionally, oral cleft-associated loci reported in the NHGRI-EBI GWAS Catalog (https://
www.ebi.ac.uk/gwas/) are displayed in Figure 1. Of these loci (Figure 1), four (/RF6, 8924,
17922, and 10g25.3) appear to account for 20-25% of the estimated heritability to CL/P, a
much larger proportion of the estimated heritability attributable to markers identified by
GWAS than seen for many other complex disorders (Beaty et al., 2016).

GWAS have confirmed the genetic contribution to the etiology of oral clefts. However, it has
also demonstrated that these defects can result from variation in multiple genes. Therefore,
compared to other birth defects where less is known in terms of genetic etiologies, the next
challenge will be to develop strategies for characterizing the function of these genes in
relation to oral cleft development and to trans-late this information into prevention
strategies.

Congenital heart defects

With a birth prevalence of ~1%, congenital heart defects (CHDs) are the most common
group of birth defects. Consequently, it is not surprising that CHDs are one of the few birth
defects for which there have been several GWAS (Table 2). These studies have identified
variants in several genes and regions of the genome with genome-wide significant (p <
5x1078) or suggestive (commonly defined as 5 x 1078 < p< 1 x 1075 [Aminkeng et al.,
2015; Kraja et al., 2017; Sung et al., 2018]) evidence of association with CHDs as a broad
group, narrower subtypes of CHDs (e.g., septal or conotruncal defects), and even individual
CHD phenotypes (e.g., tetralogy of Fallot). The top hits reported from these studies do not
overlap, which—given the stringent threshold for declaring significance—is not uncommon
for GWAS. Several of the implicated variants have, however, showed evidence of association
in replication samples evaluated as part of the original GWAS (Cordell et al., 2013; Cordell,
Bentham, et al., 2013; Lin et al., 2015), and a few have been independently replicated. In
particular, the association of atrial septal defects (ASDs) and a locus at chromosome 4p16
(Cordell, Bentham, et al., 2013), has been independently replicated in two studies of ASDs
in Chinese populations (Zhao et al., 2014; Zhao, Li, et al., 2015).

Attempts to replicate the associations uncovered by GWAS have generally been conducted
using data from cases with the same CHD phenotypes that were included in the original
GWAS. However, there have been attempts to determine whether associations detected in
one phenotypic group (e.g., ASDs) are also observed in other CHD subtypes. These studies
indicate that some associations are phenotype-specific, whereas others apply to a range of
different phenotypes. For example, the association reported in the 4p16 region appears to be
specific to ASDs (Cordell, Bentham, et al., 2013; Zhao et al., 2014), several of the
associations reported by Lin and colleagues seem to apply to a broad range of CHD
phenotypes (Lin et al., 2015), and the rare variant identified as being strongly associated
with coarctation of the aorta is associated with other CHDs (e.g., bicuspid aortic valve, p=
7.3 x 1078), as well as other cardiovascular disease phenotypes (e.g., atrial fibrillation, p=
1.1 x 10714; Bjornsson et al., 2018).
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In addition to the traditional GWAS of inherited variants (summarized above and in Table 2),
several additional GWAS of CHDs have been conducted. These include a study of inherited
compound heterozygous genotypes (Jiang et al., 2018), and a study of inherited genotypes
and neurodevelopmental outcomes following cardiac surgery in infancy (Kim et al., 2012).
In addition, three GWAS have focused on the maternal genotype (Agopian et al., 2014;
Agopian et al., 2017; Mitchell et al., 2015). There have also been two GWAS conducted in
syndromic populations: Down syndrome (Ramachandran et al., 2015) and the 22q11
deletion syndrome (Guo et al., 2017). Each of these studies focused on the inherited
genotype and identified genes and genomic regions with at least suggestive evidence of
association. For example, a genome-wide significant association between tetralogy of Fallot
and an intronic variant in GPR98 (p= 3.0 x 1078) was identified in the study of individuals
with the 22911 deletion syndrome. However, given the relatively unique approaches used in
each of these studies, there has been little to no internal or external replication of these
findings.

In summary, GWAS have provided evidence that common genetic variants are associated
with CHDs and identified new candidate CHD genes and genomic regions. These studies
provide support for a genetic model of CHDs that includes genes that influence specific
CHD phenotypes (e.g., ASD) as well as genes that are associated with a broader spectrum of
CHD phenotypes. In addition, GWAS conducted in syndromic populations indicate that
common genetic variants may also contribute to variability in CHD phenotypes observed
across affected individuals. As has been observed for other complex traits (e.g., autism),
additional insights regarding the genetic basis of CHDs are expected to be gained by further
analyses of the existing GWAS datasets (e.g., meta-analyses, analyses of specific CHD
phenotypes) and through the evaluation of new GWAS samples.

defects

3.3.1| Biliary atresia—Biliary atresia is a birth defect characterized by inflammation
and obliteration of the extrahepatic and intrahepatic bile ducts (Lee, Lewis, Schoen, Brand,
& Ricketts, 2001; Sanchez-Valle et al., 2017; Sundaram, Mack, Feldman, & Sokol, 2017).
While this condition is relatively rare with an estimated birth prevalence of 0.7-0.9 per
10,000 births (Caton, Druschel, & McNutt, 2004; Yoon, Bresee, Olney, James, & Khoury,
1997), biliary atresia is the most common cause of extrahepatic obstructive jaundice in the
newborn and the most frequent indication for liver transplantation in children (Sundaram et
al., 2017; Yoon et al., 1997). Four independent GWAS of biliary atresia among relatively
small cohorts of patients (35-499 patients) have identified four novel biliary atresia
susceptibility loci (Table 3): (a) an intergenic locus on 10g24.2 between ADD3and
XPNPEPI (Garcia-Barcelo et al., 2010); (b) a deletion in 2937.3 that included AGXT and
GPCI (Cui et al., 2013); (c) ARF6 (Ningappa et al., 2015); and (d) EFEMPI (Chen et al.,
2018).

3.3.2| Pyloric stenosis—Pyloric stenosis is characterized by a narrowing of the
pyloris, a sphincter muscle connecting the stomach and the duodenum (Ranells, Carver, &
Kirby, 2011). It regulates the movement of food into the small intestine. The incidence of
pyloric stenosis varies between two and five per 1,000 live births and there is a four- to five-
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fold higher risk in males than females (Peters, Oomen, Bakx, & Benninga, 2014). Three
GWAS have been conducted using surgery-confirmed cases and controls from Denmark in
the discovery phase (Fadista et al., 2019; Feenstra et al., 2012; Feenstra et al., 2013).
Replication samples were drawn solely from the same population as the discovery phase in
the earliest study (Feenstra et al., 2012) while the 2013 study (Feenstra et al., 2013) also
included replication samples from the United States (mostly non-Hispanic white) and
Sweden. In the most recent study, Fadista et al. (2019)) conducted a genome-wide meta-
analysis, combining their previous GWAS cohort with an additional 427 surgery-confirmed
cases and 2,031 controls, all of Danish descent, in their discovery phase. Genome-wide
significant results were replicated in populations of European descent followed by
confirmation in a Hispanic population. The meta-analysis confirmed the genome-wide
significant SNPs identified in the two earlier GWAS (SNPs located close to MBNL1 and
NKX2-5 (Feenstra et al., 2012), and APOAI (Feenstra et al., 2013)) and reported two novel
loci that included EML4, MTA3, and BARXI (Table 3).

MBNL1 is a member of the muscleblind protein family that is involved in regulation of
alternative splicing and NKX2-5 is crucial for the formation of pyloric sphincter muscle
tissue (Ho et al., 2004; Self, Geng, & Oliver, 2009). The three genome-wide significant
SNPs located close to MBNL1 and NKX2-5 collectively explain 1.8% of the variance in
liability to pyloric stenosis (Feenstra et al., 2012). Due to the excess risk in males,
heterogeneity of effects between the sexes was assessed for the three SNPs with no evidence
of a difference between males and females. However, a variant on chromosome 19p13.2 had
a strong effect in males with no effect in females, warranting further investigation.
Apolipoprotein A-1 is the major protein component of HDL cholesterol in plasma (Davidson
& Thompson, 2007) and pyloric stenosis is a clinical feature in patients with Smith-Lemli—
Opitz syndrome, which is characterized by low cholesterol levels. The relationship between
lipid levels and pyloric stenosis warrants further study. EML4, MTA3, and BARX1 are
expressed in the fetal and adult stomach (Kim, Woo, Kanellopoulou, & Shivdasani, 2011;
The Human Protein Atlas, 2019), establishing them as strong candidate genes for pyloric
stenosis.

3.3.3| Hypospadias—Hypospadias is one of the most common genitourinary
malformations and occurs when the urethral opening develops ventrally at varying degrees
of severity rather than at the distal end of the glans penis (Carmichael, Shaw, & Lammer,
2012). The first GWAS of hypospadias identified two loci in or near DGKK on the X
chromosome that were associated with risk (Table 3) (van der Zanden et al., 2011). Notably,
these associations were relatively strong (odds ratios [ORs] >2.0). Additionally, there is
emerging evidence that these variants have subtype specificity. Specifically, genetic variation
in DGKK appears to be limited to mild forms of hypospadias as compared to moderate or
severe phenotypes (Richard et al., 2019). This supports hypotheses related to etiologic
heterogeneity of hypospadias by classifications of severity.

A subsequent GWAS by Geller et al. (2014)) not only confirmed the role of DGKK
(represented by another locus, rs4554617) on hypospadias risk, but also identified 21
additional SNPs (17 of which reached genome-wide level significance) associated with
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hypospadias. When considering these 22 SNPs together, they jointly explain 9.4% of the
variance in liability to hypospadias.

3.3.4| Craniosynostosis—Craniosynostosis (CS), the premature fusion of one or
several sutures of the skull, is a common birth defect that affects ~1 in 2,250 births (Boulet,
Rasmussen, & Honein, 2008; Lajeunie, Le Merrer, Bonaiti-Pellie, Marchac, & Renier,
1995). The defect presents as nonsyndromic (i.e., without unrelated, major birth defects or
developmental delay) or as a component of more than 100 genetic syndromes (Boulet et al.,
2008; Kimonis, Gold, Hoffman, Panchal, & Boyadjiev, 2007). These syndromes account for
only 15% of all cases, leaving the etiology undetermined for most individuals with CS.
Major sutures involved in CS include sagittal (40-58%), coronal (20-29%), metopic (4—
10%), and lambdoid (2-4%; Kimonis et al., 2007).

To date, the only GWAS completed for CS included cases with sagittal nonsyndromic CS
and their parents (Justice et al., 2012). An international consortium identified candidate loci
on chromosome 7, within BBS9, and on chromosome 20, near BMPZ, and successfully
replicated these findings in an independent, population-based case—control sample of
newborn residual blood spots. Notably, the loci had opposite effects on risk; the locus on
chromosome 7 showed a strong negative association (OR = 0.2; 95% ClI: 0.2-0.3) and the
locus on chromosome 20 showed a strong positive association (OR = 4.4; 95% CI: 3.5-5.5)
with CS risk. In addition, genotyping of the common variant located near BMPZ2in CS
patients with rare heterozygous SMADG mutations has provided the first evidence for a 2-
locus disease mechanism (Timberlake et al., 2016). SMADG is an inhibitor of BMP-induced
osteoblast differentiation and this 2-locus model was estimated to account for approximately
3.5% of all CS cases.

3.3.5| Clubfoot—Clubfoot is a birth defect of the lower limb with a birth prevalence of
~1in 1,000. An important role for genetic factors in clubfoot etiology is supported by high
concordance rates in identical twins compared to fraternal twins (33% vs. 3%), and an
increased risk to first-degree relatives compared to the general population. We identified one
published GWAS of isolated clubfoot, which included 766 cases (discovery + replication) of
European ancestry (Zhang et al., 2014). In this assessment, no SNP reached genome-wide
level significance. The strongest evidence for genetic association was found with an
intergenic SNP on chromosome 12g24.31 between NCORZ2and ZNF664 (rs7969148,
combined OR = 0.6, p=1.9 x 107).

Overall, GWAS have demonstrated that common genes are involved in the etiologies of
many birth defects and have identified previously unrecognized functional components of
the human genome. In fact, these findings may lead to new biological insights and
prevention strategies for these conditions. Further analyses of existing GWAS datasets (e.g.,
meta-analyses), as well as GWAS in new datasets, will continue to mitigate knowledge gaps
in birth defects research. Due to the demonstrated genetic and clinical heterogeneity of these
birth defects, analyses of specific phenotypes (e.g., individual types of orofacial clefts,
CHDs, CS, or hypospadias; isolated defects vs. multiple defects) would be informative.
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4| THE VALUE OF GWAS IN THE AGE OF SEQUENCING

There is a debate about the utility of GWAS for identifying the role of inherited genetic
variation on disease susceptibility utilizing SNP array data in the age of sequencing (Tam et
al., 2019). Whole-exome and whole-genome sequencing (WES and WGS, respectively)
studies have moved to the forefront of genomic research in recent years. This is largely due
to advances in technology that have led to reductions in the cost and time required to
sequence DNA. However, there are still important advantages to GWAS in relation to WES/
WGS. In terms of WES, the focus is strictly on genetic variants that alter protein sequences,
which only constitute 1% of the human genome. While this could be important in clinical
settings for highly penetrant pathogenic variants (Yang et al., 2013), these account only for a
small proportion of cases. In fact, most replicated SNPs from GWAS are in noncoding
regions of the genome and would, thus, likely have been excluded from analyses of WES
data. While interpreting findings from noncoding regions is challenging, it has led to new
insights into the underlying biology of birth defects (e.g., 8q and oral clefts).

While WGS provides more complete coverage of the genome (like GWAS), there are still
advantages to performing GWAS utilizing SNP array data. First, the costs of SNP arrays are
lower compared to WGS (Tam et al., 2019). In fact, WGS remains the most costly of these
three options (i.e., SNP arrays, WES, and WGS). Therefore, WGS in large sample sizes is
often cost prohibitive. Second, the technology underlying SNP arrays is highly accurate and
more mature compared to WGS. Third, the analytic pipelines for GWAS of SNP arrays are
well-established and require less computational complexity. While some of these factors
may be mitigated in the future (e.g., cost), there is still a clear rationale for GWAS using
SNP arrays compared to WGS (Tam et al., 2019). Further, as illustrated in the study of
coarctation of the aorta (Bjornsson et al., 2018), sequencing data can be used to impute rare
variants into array-based data, thereby allowing for the evaluation of both common and rare
inherited variants without the need to sequence all study participants.

5| OTHER CONSIDERATIONS AND FUTURE DIRECTIONS
5.1| Defects in need of GWAS

As previously noted, while GWAS have been successful in identifying genetic susceptibility
loci associated with other complex traits (Visscher et al., 2017), there have been relatively
few GWAS of birth defects (Agopian et al., 2014; Birnbaum et al., 2009; Cordell, Bentham,
et al., 2013; Mitchell et al., 2015; van der Zanden et al., 2011). Those studies that have been
conducted are limited by small sample sizes and single ancestry populations, leaving us with
much to gain from this approach for future studies of these conditions.

Most birth defects have unknown causes (Nelson & Holmes, 1989); however, there is strong
evidence that genetic factors contribute to their etiologies. To date, much of what is known
about the genetics of birth defects includes effects of high-risk alleles that cause rare
multiple malformation syndromes (Belmont, Mohapatra, Towbin, & Ware, 2004; de Munnik
et al., 2015; Lewin, Glass, & Power, 2004; Maslen, 2004; Mori & Bruneau, 2004; Yates,
Turner, Firth, Berg, & Pilz, 2017). Such alleles occur at very low frequency in the general
population and explain relatively little of the population burden of birth defects. Common
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modest-risk alleles may explain a much greater proportion of overall cases (Reich & Lander,
2001). However, aside from structural birth defects outlined above, to date, most structural
birth defects have not been included as part of GWAS. The main barrier to the GWAS
approach for relatively rare individual birth defects is the need for large numbers of
specimens. Collaborations between researchers with access to specimens and environmental
data, such as the National Birth Defects Prevention Study (NBDPS) (Reefhuis et al., 2015;
Yoon et al., 2001), will provide opportunities to discover novel gene-birth defect
associations, and environmental factors with which they may interact. Such discoveries will
improve the accuracy of risk assessment information, provide information about the
biological mechanisms underlying birth defects, and identify potential therapeutic targets.
Notably, GWAS is likely to be more useful for birth defects that are relatively common and
for which there is evidence of multifactorial etiologies (Agopian, Eastcott, & Mitchell, 2012;
Jenkins et al., 2019). A short list of birth defects with no GWAS to date, and for which this
approach would be beneficial, include but are not limited to:

a. congenital anomalies of the nervous system, including spina bifida,
encephalocele, anencephaly, and hydrocephalus;

b. congenital anomalies of the eye, including anophthalmia/microphthalmia and
anterior chamber segment defects;

C. congenital anomalies of the ear, including anotia/microtia; (d) gastroschisis; and
(e) omphalocele. Rare birth defects, and birth defects where de novo mutations
are likely to play a role, would likely be better candidates for WES/WGS studies
(Veltman & Brunner, 2012).

Race/ethnicity in GWAS

Over 80% of subjects included in all published GWAS have been of European ancestry
(Bustamante, Burchard, & De la Vega, 2011; Rosenberg et al., 2010). In part, this is to limit
the impact of population stratification bias. However, this exclusive focus on a few selected
ancestry groups raises a number of critical questions. For example, are findings from studies
dominated by those of European ancestry transferable to other populations (loannidis, 2009;
Ntzani, Liberopoulos, Manolio, & loannidis, 2012)? Can disease biology be different among
populations and thus characterized by distinct risk factors (Torgerson et al., 2011)? What is
the contribution of ancestry-related genetic variation to ethnic differences in birth
prevalence? These issues are of particular relevance to structural birth defects, where the
prevalence varies substantially by race/ethnicity. While some GWAS of structural birth
defects have not been limited to those of European ancestry (Tables 1-3), it is incumbent on
genetic epidemiologists to conduct GWAS of structural birth defects among multi-ethnic
populations.

Gene—environment interactions

Evidence of gene—environment interactions in birth defect etiologies has been observed for
many years (e.g., [Christensen et al., 1999; Etheredge et al., 2012; Lacasana et al., 2012;
Padula et al., 2018; Shaw et al., 2005; Wu et al., 2010]). Assessing these interactions is
critical to uncovering genetic and/or environmental contributions that might otherwise be
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undetectable (i.e., genetic variants related to the birth defect might only be expressed in the
subgroup of the population that is exposed to a specific environmental factor).

Although many gene—environment interaction studies of birth defects have included small
study populations and modest numbers of variants, the approach has been expanded recently
using GWAS data to assess common exposures among pregnant women (e.g., maternal
alcohol consumption, maternal active and passive smoking, and multivitamin supplement
use) (Beaty et al., 2011; Haaland et al., 2018; Wu et al., 2014). In these studies, both
increased and reduced orofacial cleft risks were observed between the exposures and genetic
variants identified in the GWAS (i.e., association with the genetic variant differed as a
function of the environmental exposure). The transition from assessment of candidate genes
to genome wide investigations should continue to increase in the foreseeable future due to
decreasing costs of GWAS.

Expanded approaches that include analyses to assess gene—environment interactions using
GWAS data are referred to as gene—environment wide interaction studies (GEWIS; Khoury
& Wacholder, 2009) or genome-wide environmental interactions (GWEI; Aschard et al.,
2012). Methods that improve limitations inherent in these early designs have been developed
and include approaches that can account for the complex correlations between individuals in
admixed populations (Chen et al., 2019), assess the impact of exposure misclassification
(Boonstra et al., 2016), evaluate interactions using case subjects only (vs. the traditional
method using case and control subjects) (Cornelis et al., 2012; Helbig et al., 2012), and
assess interactions using exposed subjects only (Zhao, Fan, et al., 2015).

Of note, these approaches are limited by the exposure data available and novel approaches
are needed to measure and estimate exposure. However, it is important to conduct these
studies or risk missing a key component to understanding the biological mechanisms causing
birth defects, improving the accuracy of risk assessment, and identifying potential targets for
prevention.

Polygenic risk scores

Polygenic risk scores (PRS) are quantitative measures of risk summed across multiple risk
alleles identified through GWAS. More specifically, the goal of PRS is to utilize aggregated
genetic information, often obtained from GWAS, to better estimate the likelihood of a
specific outcome (Gibson, 2019; Sugrue & Desikan, 2019). PRS have been generated for
several conditions, including coronary artery disease, atrial fibrillation, Crohn’s disease, and
Type 2 diabetes, in each case identifying a threshold above which a small percentage of the
population has disease risk at least threefold higher than the general population (Khera et al.,
2018). In one study of breast cancer risk, a PRS combined with conventional risk factors was
able to identify 16% of the population who could benefit from earlier screening and 32%
who could delay screening (Maas et al., 2016). While there is promise for the use of PRS in
identifying at-risk populations, these tools have not become part of routine clinical care or
prevention strategies (Sugrue & Desikan, 2019). However, there have been no large-scale
studies to generate PRS for birth defects, much less evaluate the clinical utility of these
models.
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Gene-level GWAS

The genotype data (e.g., array and imputed) and summary statistics (e.g., association p-
values, estimates of relative risk) generated as part of SNP-level (i.e., variant by variant)
GWAS can be used for genome-wide studies conducted at the level of the gene. Gene-level
analyses are therefore extremely cost-effective and also have the advantage of a reduced
multiple correction burden relative to SNP-level GWAS (i.e., correction for approximately
20,000 genes vs. millions of SNPs). Thus, gene-level GWAS provide a useful complement to
SNP-level GWAS, providing the opportunity for additional gene discovery (Tam et al.,
2019).

Although statistical methods for gene-level GWAS are not as well established as the
methods for SNP-level analyses, several approaches have been described and can be
implemented using publically available programs (e.g., (de Leeuw, Mooij, Heskes, &
Posthuma, 2015); (Wang et al., 2017)). Nonetheless, despite the availability of both data and
methods, there has been only one published gene-based GWAS for birth defects (Sewda et
al., 2019). This study identified eight candidate genes for conotruncal heart defects and
provided additional evidence that genes involved in chromatin-modification and in
ribonucleic acid splicing are associated with CHDs.

Mendelian randomization

In Mendelian randomization, investigators use genetic variants to determine whether an
observational association between a nongenetic risk factor and an outcome is consistent with
a causal effect (Davies, Holmes, & Davey Smith, 2018; Ross et al., 2015). The underlying
assumption of Mendelian randomization relies on the natural, random assortment of genetic
variants. More specifically, individuals are naturally “assigned” at birth a genetic variant that
is associated with certain traits (e.g., elevated body mass index [BMI]). When determining
the role of BMI on the risk of a disease, it is often difficult to disentangle the confounding
effects of other variables. However, genetic variants associated with BMI are not likely to be
associated with the confounders in question. Therefore, by leveraging information from
GWAS of BMI or other cardiometabolic traits, investigators can evaluate the impact of these
factors on the risk of a given disease. As GWAS of several traits and conditions (e.g.,
smoking, alcohol intake, infection) continue to grow, this information can be used to more
fully characterize associations between nongenetic factors and structural birth defects.

RESEARCH PRIORITIES AND CONCLUSIONS AND FUTURE

DIRECTIONS

Overall, GWAS have been successful in identifying novel susceptibility loci for common
structural birth defects. These findings have provided new insights into the etiologies of
these phenotypes. In spite of these successes, GWAS have been under-utilized and as a
result, understanding of the genetic contribution to birth defects etiologies lags behind that
of other conditions. As GWAS continue to evolve to include rare and coding variants,
variants optimized for multi-ethnic populations, as well as improved capability to interrogate
copy number variants (CNVs), the application of this approach to all structural birth defects
will continue to improve. Future assessments could expand on these findings to better
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ascertain the mechanisms (e.g., evaluation of phenotypic heterogeneity) underlying these
associations, lever-age existing GWAS data for additional studies (e.g., gene-level analyses,
Mendelian randomization), expand GWAS to individuals of non-European ancestry, and
follow up with functional studies on genes that have been identified.
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FIGURE 1.

Loci identified in genome-wide association studies (GWAS) of oral clefts (obtained from the
NHGRI-EBI GWAS Catalog (https://www.ebi.ac.uk/gwas/)
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A sample of genes and genomic regions identified in GWAS of oral clefts (adapted from Beaty et al., 2016)

Locus
1p36.13
1p36
1q32.2
2p21
2p24
3pll
3q12
8024
10g25.3
13g31.2
15¢22
15024
16p13
17p13.1
17922
20q12

Gene

PAX7
GRHL3
IRF6
THADA
FAMA49A
EPHA3
COL8AI/FILIPIL
Gene Desert
VAX1
SPRYZ2
TPM1
ARID3B
CREBBP
NTNI

NOG
MAFB

Phenotype
CL/P
CP
CL/P
CL/P
CL/P
CL/P
CL/P
CL/P
CL/P
CLP
CL/P
CL/P
CL/P
CL/P
CL/P
CL/P

p-valuea
6x10713
4x107°
9x 10722
9x1078
6x1072
4x1078
4x1077
8 x 1074
7x10713
8x 1070
4x1077
2x1078
9x 10712
8 x 1072
9x107°
9x 10713

Abbreviations: CL/P, cleft lip with or without cleft palate; CLP, cleft lip and palate; CP, cleft palate.

aLowest p-value for representative SNP in gene or genomic region as reported in the GWAS Catalog (https://www.ebi.ac.uk/gwas/).

Birth Defects Res. Author manuscript; available in PMC 2020 May 26.


https://www.ebi.ac.uk/gwas/

Page 21

Lupo etal.

(ST-zT) €T ,-0T%xT6 6989/ TTS! 12040 TTebyT
pue£ggEen 7S Usamiaq ‘alusbisiu|
(§T-2T)€T  ,0Tx.T  9v060¥9GS! OTINH €yedg
pue 72240 UdaMmiaq ‘o1uablisiu]
(L0%0)S0 ,0Tx€L  885G68TTS! (uonun) grgd7 T2ebe 0v6'T (00 + 1s1+dld
1d0) YN
(92-9T)0C 0TxTZ  +920282.8 IINH €vzd9
pue 1722-+0 usamiaq ‘a1usbisiu|
(90-€0)¥0 ,0TxST  ZE6V6RTTSI (uonu) veLvow ZTIbZ 605 (LdO) VN s
(@e+¥1)8T ,0Tx.T 19298895/ (Buipoouou) /868790071 Zrdg 1eV'T 0o+ S3leIS palun awo (L102)
1d2) YN ‘e 10 uerdoby
(02+1T)9T ,0Tx¥¢e 6795.6TS! (uonun) YdNAS Zy1de
(Le6T)9C 60Tx0V 12179088/ G64109719 Zvebat 109 1do sajels palun 87 (sT02)
pue 7 7X0+ Usamiaq ‘olusbiai| ‘[ 19 |ISYdUIN
(0TT-92)2S  ¢-0Tx0T 800V 198! TLNSF gztdoz
pue zgmg usamiaqg ‘otuabiaiug
(TG6T)TE o 0TxVT 98€.922s! (uonun) rvoy/ T'eTbzz 80T'T 1d0 SaYeIS panun alo (¥102)
‘[e 18 ueldoby
(@TTTZT ¢ 0Tx2T ¥15061S1 1¥did Z1boz
(6:0-80)80 ¢-0Tx0T 25.e€ves) GXE.L puegxg. 40 weansdn eT'vebzt
FT-C¢T)ET 10T x L€ 066£98/51 ZVOH VNS 01 8S0[0 Z'vede
(T-TT)ZT 60Tx9T 85G00¥ TSI V&NGF $0 weansdn z21Eby £50'9 20 asaulyD ueH aHo (ST02) ‘re30 UM
(ST-€T¥T £-0Tx0G 0L0TESTS! TNV T1eby
(OT-€TD¥T 0T x¥8 LE6YL1Zs) SIXEL Zrdt 160'€ 20 asaulyo ueH asn (€102) "le 18 NH
pue/I9vHS Usamiaq ‘oluabiaju| Jo/pue sy
(UN) ST 10T x9¢C 2v10.8sd IXSW oTdy 16. 20 epeued asvso (e102)
puegIX LS Udamiaq ‘oluabiaiu| pue ‘eljessny ‘[e 18 ‘ydo] ‘||api0D
‘adoin3
(ST-2T) €T 110Tx0€ 119286181 (uonun) §o49 zebet
FT-TT) €T 110TxLL  /86S90TTSI TINdLd ‘3vepipued jsabuons vebzt €€9'T 20 epeued 401 (e7102) 1219
‘sauab g1 Buipnjoul adAojdey pue ‘eljessny ‘weyiuag ‘|j9piod
‘PanIasuU0d AjLieuOnN|OAS ‘qIN 9'T ‘adoun3
(1D %S6) 4O anpen-d dNS [S=11=15) uoibey sased ubsag uole|ndod adAouayd 20ud oY
fawaosowouyd JO 'ON
$199)8p Leay |enuabuod Jo SO woly sbuipuly Jo Arewwns
¢ 319vL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Birth Defects Res. Author manuscript; available in PMC 2020 May 26.



Page 22

Lupo etal.

‘sisAjeur-elowW ‘wIN ‘Apnis o1y Juared-ased ‘| 42 ApnIs 0U09—ased ‘D7) 198)ap [e1das JejnaLiusA ‘gsSA ‘1ojjed 4o ABojensl ‘4O ‘19a4ep [eidas [elie
WINPUNJas WNNSO ‘@SSO ‘U0ISa| PapIs-Ya] ‘1S $199)8p Meay [eauniouod ‘gl ‘eroe sy Jo UOIeIdIe0d ‘vod ‘(UonIuLap peoiq) 19849p Leay [eiuabuod ‘gHD ‘108)ap [e1dss [eLie ‘gsSy :SuoneInsIgqgy

(§96-G02) T¥y 5z-0Tx0G diLTz/ivd
(UN) 9T 60T x0€ £0.8809s!
(1D %s6) 4O anfen-d dNS

GHANW

dVrOdML
pUe ‘SS9 ‘G665-HIU V66-HIW
‘g/HAw Buipnjour ‘uoiBal g 002

1)

TThyT

22 TTbOZ

uoifey
/oWOoSoWo YD

0zt 20 puesd]

8L, 20 eLIsny

'sajels papun

sased ubsaQg uoire|ndod
JO 'ON

V00

as1

adAjouayd

(8102)
‘[e 18 uossulolg

(9102)
‘e 38 pJeyoueH

soUR BRY

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Birth Defects Res. Author manuscript; available in PMC 2020 May 26.



Page 23

Lupo etal.

‘sisAeue-elaw ‘vIA ‘Apnis oLy Jualed-ased ‘] 4O ‘Apnis |03U09-ased ‘DD SUOIRIAIAY

(€000 -0Tx9G  €5/2920TSI 6584 $0 uoifai o3 9T eyTds 20e
(S5-G€) vy 0T xTT  COEY88ISI ZdNg JO WeaLIsumop g Gve ¢'grdoe 20e (00 aNYM OluedsiH (z102) "1e 30 donSNC
+1d2) VIN -uou ‘ueadoing
[e110es ‘sisojsoufsoluel)
(UN) €T 10T x 9T 8568865/ (@1 9'1) 00aXd I 816'C 20 ueadoun3 (#702) "2 18 J3]139
(0e-LT)€ZT 60T x6C  9TTEIOLS! 94
(e-6T)9C [0TxSZ  6LIVECTSI 94 X Ge8 D0 UBPaMS ‘spuepiRYieN  (0TOZ) ‘e 18 UspueZ Jap UeA
selpedsod/H
(12T €T 60T xTE  EBIEEHTS TXYVd 40 Weslsumop o T FAXAATS 8LT'E
(§2-T2)€C 0T x0€  ETBYELYS rINg Tede 6.T'€ (00) VIN S9JEIS palluNn (6102) '[e 10 E3slpe
‘Uspams “Jewusq
(8T-¥T)9T -0 x6T G2OTZLLTIS! TVOdV 40 Weaisumop saseq T0g e'eehrt 959'2 (00) viN sajels papun (€7102) 12 30 eaISUBRS
‘UspPams Jewuaq
(OT-€T¥T -0TxTT 816281 GZXIN 0 WeansumMop g #9 Z'5ebg 769'T
(OT-€T VT HOTxEV 2L8eL58! 7INgnN Z'Gede €69'T
10 Weansumop g\ €T 'o1uablaug
(8T-¥T)9T ,;;-0Tx ST  990CTLITSI TINGW J0 weansdn oy 05T T'Gede 00L'T (00) v rewusq (2702) 'Ie 10 BAISUDRS
SISouUa)s u.tb\\ﬂn\
AN g OTxEV  8/8/2/S)
AN g 0Tx¥'€  £68T9/9S
YN g 0T x /€ T625980TS! Ve EEE T'9Tdg 661 (02) VI uedLawy-ueadoing (8102) e 30 UBYD
(¥N) Lz ,-0Tx9'G  99€0vTOTS!
(&N) 22 ,0Tx6S  ¥BT9ZIES! 994Y €Tyt €9 20 uelseanen (5T02) *Ie 30 eddebuIN
Joj uoiBal J1adueyua Bunjuely €
AN 0T x ¥'¥ AND 1049 €.2bz 19 20 swsned dOHO (€102) ‘B9 IND
(€z-¥T)8T 40T x69 GGEG60LTSI £0Qay PUe [dFdNdX UsamBeg 1'GzboT vee (00) viN asaulyD ueH  (0TOZ) ‘[e 19 0[90Ieg-RIOIED
vIsalje Aseljig
(12 %S6) 4O anpend dNs AU Uolbey  seseo Jo 'ON ubse@ uolre|ndod W RPY
/AWOSoWo Iyd
$109J3p JeIPJRIUOU JO SWYAMWD wol) sBulpuly Jo Arewwng
€ 3149avl

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Birth Defects Res. Author manuscript; available in PMC 2020 May 26.



	Abstract
	INTRODUCTION
	STUDY DESIGNS
	GWAS OF SELECTED BIRTH DEFECTS
	Oral clefts
	Congenital heart defects
	Other defects
	Biliary atresia
	Pyloric stenosis
	Hypospadias
	Craniosynostosis
	Clubfoot


	THE VALUE OF GWAS IN THE AGE OF SEQUENCING
	OTHER CONSIDERATIONS AND FUTURE DIRECTIONS
	Defects in need of GWAS
	Race/ethnicity in GWAS
	Gene–environment interactions
	Polygenic risk scores
	Gene-level GWAS
	Mendelian randomization

	RESEARCH PRIORITIES AND CONCLUSIONS AND FUTURE DIRECTIONS
	References
	FIGURE 1
	TABLE 1
	TABLE 2
	TABLE 3

