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Abstract

Structural birth defects are a leading cause of mortality and morbidity in children world-wide, 

affecting as much as 6% of all live births. Among these conditions, neural tube defects (NTDs), 

including spina bifida and anencephaly, arise from a combination of complex gene and 

environment interactions that are as yet poorly understood within human populations. Rapid 

advances in massively parallel DNA sequencing and bioinformatics allow for analyses of the 

entire genome beyond the 2% of the genomic sequence covering protein coding regions. Efforts to 

collect and analyze these large datasets hold promise for illuminating gene network variations and 

eventually epigenetic events that increase individual risk for failure to close the neural tube. In this 

review, we discuss current challenges for DNA genome sequence analysis of NTD affected 

populations, and compare experience in the field with other complex genetic disorders for which 

large datasets are accumulating. The ultimate goal of this research is to find strategies for 

optimizing conditions that promote healthy birth outcomes for individual couples.
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Introduction

Birth defects are a global problem affecting ~6% of all births (Christensen et al., 2016). In 

the United States, birth defects are the leading cause of pediatric hospitalizations (Yoon et 

al., 1997), medical expenditures (Waitzman et al., 1994), and death in the first year of life 

(Statistics., 2015). Further, they continue to rank as a top cause of death for children aged 1–

4 years (#2 cause of death), 5–14 years (#3) and 15–24 years (#6) (Statistics., 2015). Birth 

defects are, therefore, one of the most important childhood healthcare issues.
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Neural tube defects (NTDs), primarily failed caudal neural tube closure (spina bifida) or an 

open cranium with missing cortex (anencephaly), are among the most severe structural 

anomalies. Among live births, NTDs have a prevalence in the US of 1 in 3,000 and a world 

wide prevalence ranging from 1 in 1,000 (in Europe and the Middle East) to 3 in 1,000 (in 

northern China as of 2014 with folate supplementation campaigns, down from 10 per 1,000 

for years 2000–2004) (Salih et al., 2014; Khoshnood et al., 2015; Liu et al., 2016). Despite 

their public health significance, little is known about the etiology of NTDs in humans. While 

folic acid fortification of the food supply has been associated with reductions in the 

prevalence of NTDs, these developmental defects are far from being eradicated. For 

example, in the US, the prevalence of NTDs declined by only 19% following mandatory 

folic acid fortification (Honein et al., 2001), and worldwide it has been estimated that 75% 

of the folic acid preventable NTDs are not prevented due to inadequate or absent 

fortification (Youngblood et al., 2013).

This modest population-based response to folate dietary fortification and supplementation 

was unexpected, since the earlier clinical epidemiological studies indicated an up to 70% 

reduction in NTD recurrence with periconceptional supplementation with folic acid (MRC, 

1991), or indeed similar reduction in first occurrence with empirical maternal folate 

supplementation (Czeizel and Dudas, 1992). The possible interpretations of this experience 

are far ranging. Some NTDs are likely due to folate deficiency in the maternal diet, but this 

has been difficult to document as some studies find no difference in serum folate levels in 

mothers with NTD affected compared to those with healthy pregnancies (Molloy et al., 

1985) and the protective effect of folic acid supplementation has been seen regardless of 

whether maternal blood folate levels fit the clinical definition of folate deficiency (Wald et 

al., 1996). Alternative explanations for this seeming underperfomance of folic acid 

fortification include genetic variation that (i) impacts the efficiency of folate utilization/

transport/metabolism, so that current levels of folate supplementation are inadequate (ii) the 

underlying geneic risk involves folic acid-independent pathways (iii) individual variation in 

folate metabolic pathway function may render exposure to excess folate to have unintended 

consequences for embryo viability (Stover and Garza, 2002; Gray et al., 2010; Marean et al., 

2011). All of these possibilities argue for a need for a comprehensive understanding of 

genetic and physiological variables with which to individualize recommendations for folic 

acid and other micronutrient supplementation.

Further, despite considerable evidence of a genetic contribution to NTDs in humans, there 

are no clinically actionable NTD-related genes, while the few known non-genetic NTD risk 

factors (including lack of folic acid supplementation and low dietary intake of folate) 

account for less than a third of all NTDs (Agopian et al., 2012). This gap in our 

understanding of the causes of NTDs in humans presents a critical barrier to the 

development of new strategies for preventing these serious conditions. With the development 

of more effective next generation DNA sequencing capabilities, it is possible now to 

interrogate complex disorders such as NTDs and gain a better understanding of the genomic 

architecture that underlies susceptibility to this group of congenital malformations.

In this review, we discuss recent insights into technical and analytical requirements for 

illumination of the complex genetics contributing to human NTDs. This is a timely 
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consideration as advances in whole exome and whole genome sequencing (WES and WGS, 

respectively) have enabled the generation of genome data from small amounts of input DNA 

and at a cost enabling testing of substantial cohorts. Common complex genetic diseases such 

as schizophrenia, bipolar disorder, and autism spectrum disorder (ASD) are leading the way 

with analyses of large cohorts. However, recent efforts in applying genome-wide sequencing 

and analysis approaches to NTDs are beginning to expand the repertoire of developmental 

disorders for which the genetic underpinnings in human patients may soon be revealed.

Anticipated complexity of genetic contributions to NTDs

Several lines of evidence support the view that NTDs are of complex genetic causality. 

Among these are twin concordance data showing 6.8% concordant NTDs among same sex 

twins (many assumed to be monozygotic), and 3.7% when considering all twins (Windham 

and Sever, 1982). A couple with one NTD affected pregnancy have a 1-in-20 risk of 

recurrence, while after two affected pregnancies the recurrence risk is 1-in-10, and this risk 

does not increase with further affected progeny. Additionally, a number of case-control 

studies have identified alleles that are associated with increased risk of NTDs in humans, 

depending on the population. Examples include the thermolabile MTHFR C677T variant 

(Shields et al., 1999) and several deleterious variants in the planar cell polarity (PCP) 

pathway (Kibar et al., 2007; Kibar et al., 2011; Robinson et al., 2012; Lei et al., 2013; Lei et 

al., 2014) or the WNT signaling cascade (Lei et al., 2015). Moreover, recent WES data from 

43 severe NTD cases suggest that de novo mutations are significant contributors to spina 

bifida (Lemay et al., 2015).

That numerous gene defects may contribute to NTD is supported by work in animal models 

that collectively indicate over 400 genes in the mouse that are associated with failed neural 

tube closure (Harris and Juriloff, 2010) (http://www.informatics.jax.org/searchtool/

Search.do?query=neural+tube+defects&submit=Quick+Search). Moreover, numerous 

studies have shown that genetic background in mouse models has a major impact on the 

penetrance of NTDs in individuals bearing an NTD associated mutation. Indeed, modifier 

loci have been mapped in several mouse mutant lines (Juriloff et al., 2001; Korstanje et al., 

2008). Thus, genetically determined predisposition is likely to be oligo- or poly-genic with 

relatively small effect size genome variants combining to determine individual risk. Few 

population based genetic studies have been reported in the NTD literature and most involve 

examination of individual or relatively few candidate genes selected on the basis of mouse 

model data and evaluated across small cohorts. In contrast, population studies of two other 

common developmental disorders, autism spectrum disorder (ASD) and schizophrenia, have 

involved thousands of subjects. Those two behavioral disorders provide some insight into 

what we may expect to find using genomic approaches to study NTDs.

With a current US prevalence of approximately 1 in 3,000 live births, NTDs are among the 

most common of the serious structural birth defects, second only to congenital heart 

anomalies (Statistics., 2015). However, they are not as common as ASD with prevalence as 

high as 1 in 68 children or schizophrenia, which affects 0.5–1% of the adult population 

(Saha et al., 2005; Christensen et al., 2016). Genome wide association studies (GWAS) and 

exome data across populations indicate that schizophrenia and ASD are complex disorders 
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in which genetic variants underlie susceptibility to the condition, including chromosome-

wide deletions/duplications, small mutations and insertions/deletions (indels), and de novo 
mutations. A GWAS of SNP array data encompassing 13,000 individuals suffering from 

schizophrenia, followed by replication of SNPs at 168 locations in 7,413 cases and 19,726 

controls revealed 22 loci with genome wide significance, 13 of which had not been found in 

previous studies (Ripke et al., 2013). Studies of trios indicate that while most genetic risk of 

schizophrenia comes from inherited alleles, a small proportion of cases are associated with 

de novo mutations including copy number variants (CNVs) disproportionally involving 

synaptic proteins (Fromer et al., 2014). These and numerous additional genome-wide studies 

of schizophrenia indicate a polygenic model in which multiple common and rare variants 

contribute to a threshold above which the disorder is manifested. Indeed, a meta-analysis of 

data encompassing around 50,000 healthy and schizophrenic subjects has strongly supported 

such a threshold model (Cross-Disorder Group of the Psychiatric Genomics et al., 2013)

A somewhat different picture is emerging for ASD (reviewed in (Mullins et al., 2016)). 

Several GWA studies based on array CGH and whole exome sequencing (WES) have led to 

estimates that ASD risk alleles involve between 400–1,200 genes (De Rubeis and Buxbaum, 

2015; Geschwind and State, 2015). In contrast to schizophrenia, a seemingly large 

proportion of ASD (as much as 22%) appears to be accounted for by de novo mutations 

(Iossifov et al., 2014). In both behavioral disorders, the compilation of risk alleles converge 

in a relatively discrete collection of functional pathways, with components of synaptic 

function and regulators of the epigenetic landscape prominent between both disorders 

(Cross-Disorder Group of the Psychiatric Genomics et al., 2013; Mullins et al., 2016). These 

behavioral disorders studies suggest that genetic factors conferring NTD risk will similarly 

be found clustered within functional molecular pathways that are important for successful 

neurulation.

GWAS data for schizophrenia, autism spectrum and other common medical disorders have 

shown that the original assumptions were incorrect that common disorders would be caused 

by common variants having large effect sizes. Data outcomes demonstrated that with few 

exceptions, the disease effect size of common variants is much smaller than previously 

assumed. Notable exceptions include the APOEε4 allele found in 14% of the population that 

confers a >4 fold risk of developing Alzheimer's Disease (Ringman and Coppola, 2013) or 

the CFH allele that increases the risk of macular degeneration in the aged by 2–5 times 

(Fritsche et al., 2014). No such common alleles with large effect sizes have emerged in 

genetic studies of ASD, schizophrenia or candidate gene investigations of NTDs. Thus, it 

appears that much of the disease burden in NTD will derive from rare variants, likely to 

occur as a mix of inherited and de novo mutations. This has borne out in the results of a 

recent WES investigation of severe NTDs in 43 sporadic cases and their parents (Lemay et 

al., 2015).

In addition to SNPs and indels, complete sequence analyses should include assessments of 

copy number variants (CNVs), a mutation class that has been associated with ASD as well 

as NTDs (Bassuk et al., 2013; Chen et al., 2013). While CNVs are still often detected by 

high density microarrays, methods for detection of CNVs using massively parallel, next-

generation sequencing (NGS) data can be used to identify CNVs with reasonable sensitivity, 
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especially for deletion CNVs (Krumm et al., 2012; Tan et al., 2014; Wang et al., 2014; 

Miyatake et al., 2015; Sudmant et al., 2015).

Factors to account for in genome wide studies

Assessment of data quality and choice of sequence alignment method

Critical to any massively parallel sequencing project is the meticulous assessment of data 

quality that allows for confidence in the variants called. Robust sequence data and analysis 

are dependent on even and comprehensive coverage of the exome/genome, with an average 

of 40× coverage common for WES and 30× for WGS with an expected 98% representation 

of the reference genome (83% at a depth of at least 20×) (Taylor et al., 2015). However, 

subsequent work has demonstrated that these coverage guidelines for WGS data are only 

germane to SNVs and very small indels, since larger indels (>5bp) require at least 60× 

coverage (Fang et al., 2014). Moreover, validation experiments have shown the WGS data 

can detect indels with greater accuracy than WES approaches (84% vs. 57% validation), 

primarily due to the greater evenness of coverage and simpler experimental protocols for 

sample processing and library construction.

In a recent analysis of the success of WGS across 156 cases encompassing a broad spectrum 

of illnesses, the greatest accuracy was achieved when jointly calling variants across samples 

(especially important for trios), filtering against both internal and external databases, and 

using several annotation tools (Taylor et al., 2015). Currently the most widely used sequence 

alignment tools are GATK (Genome Analysis Toolkit) (DePristo et al., 2011) and CASAVA 

(Illumina's Consensus Assessment of Sequence and Variation program), and the variant-

calling methods that employ local sequence assembly approaches (like GATK) are the most 

accurate (Fang et al., 2014). Variants are readily annotated with the ANNOVAR package 

(Wang et al., 2010) by comparing new sequences against publically available reference 

datasets, including Ensembl (Cunningham et al., 2015), refseq, dbSNP, and functional 

enhancers annotated in the VISTA browser (Visel et al., 2007).

Finally, work in both DNA and RNA sequencing has shown the need to avoid batch effects, 

or if unavoidable, to employ means to remove them. This includes tracking metadata and 

annotation for the types of sequencers that are used (SEQC Consortium, 2014, Li, Tighe, et 

al., 2014), the algorithms for processing the data (Mason, Porter, Smith, 2014), and also the 

means of removing false positives for potential batch effects (Li et al, 2014). There are 

synthetic controls that be now be used for RNA-sequencing, such as the External RNA 

Control Consortium (ERCCs) spike-ins (Munro et al, 2014) and also the clinical-standard 

DNA sample called the Genome in a Bottle (GIAB) sample from the National Institute of 

Standards and Technology (NIST), which serve as a set of positive and negative controls for 

genome sequencing and processing (Zook et al., 2016). Methods and controls for epigenetics 

that can quantify and track changes such as epigenetic clonality (Li et al, 2016) are not yet 

developed but are under active development at NIST and the FDA.
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Biogeography, Ancestry and familial relatedness

There is no doubt that ethnic background is a significant factor in the assessment of case-

control comparisons as allele frequencies can vary significantly according to population 

admixture (Kidd et al., 2012; Tennessen et al., 2012). Nevertheless, there is reason to believe 

that while admixture will impact the power of association, the heterogeneity in the growing 

databases (HapMap, 1000 Genomes Project, ExAC, etc.) will ensure that the effects will 

likely be small with low expectation of introducing false positive results (Clark et al., 2005). 

Indeed, the available population databases and the available human exomes or genomes have 

grown by orders of magnitude over the past 5 years and the size of datasets are accelerating 

to a point that population admixture effects are of diminishing impact as sources of false 

positives in the search for potentially pathological rare variants (Figure 1A,B). Moreover, at 

the current size of ~100GB per compressed human genome and the exponential or super-

exponential increase in the rate of DNA/RNA sequence generation, within 10 years we will 

likely reach a yottabyte (a trillion terabytes) of sequence data (Stephens et al, 2015). This is 

a particularly important point when considering analytical approaches to genome sequence 

data derived from patient populations that will, of necessity, be small compared to common 

diseases like diabetes.

Ideally, it would be advantageous to filter experimental datasets for population admixture 

before pooling to assess for rare variants. In some non-familial population treatments, 

individuals may be removed from comparison if their relatedness to the data pool examined 

(using PLINK (Purcell et al., 2007) or BEAGLE (Browning and Browning, 2010) is too high 

(π_hat>0.9) or too low (π_hat<0.2) compared to individuals in the collection (Stevens et al., 

2011; Ruderfer et al., 2014). However, this will reduce the statistical power of the 

comparisons, and is only practical in variant searches in complex genetic disorders for which 

large numbers of cases are available (Ruderfer et al., 2014; Ruderfer et al., 2015). For 

smaller cohorts, admixture is not routinely assessed, but rather rare and private variants are 

the focus of study (Lemay et al., 2015; Turner et al., 2016). This becomes an increasingly 

valid approach as the publically available control databases enlarge (Figure 1). Currently, 

datasets in frequent use include the 1000 Genomes Project (containing over 2,500 

individuals) (Abecasis et al., 2012), the NHBLI Exome Project (containing over 6,500 

exomes) (Fu et al., 2013), and the Exome Aggregation Consortium (ExAC, containing over 

60,500 exomes, (Consortium). Just released in mid-2016 is the Simons Simplex Collection 

(SSC) with over 6,000 whole genomes.

When a particular variant arises in multiple cases and not in the public databases, it becomes 

necessary to evaluate the relatedness of the affected individuals. There are several 

approaches to such an assessment. A first analysis is to use BEAGLE (v3.3.2) to calculate 

identical by decent (IBD) segments in the region surrounding the variant in question, 

compared between pairs of cases. PRIMUS (v1.8.0) can then be used to calculate the 

relatedness degree (first, second, third etc.) of the samples. In addition haplotypes in the 

region surrounding the locus in question can be imported using GATK to recall the genomes 

locally and globally at sites in the 1000 genomes database. After the local variants are 

converted to the PLINK format (v1.90b3w), Haploviewer (v4.1) can be used to calculate and 

graphically visualize haplotype blocks.
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Once first-degree relationships are excluded, it becomes particularly interesting to use 

population admixture to infer the geographic origins of individuals with rare variants found 

in common. One such effective tool is the Geographical Population Structure (GPS) 

algorithm (Elhaik et al., 2014). This examines some 114,000 SNPs that overlap the 

Genochip SNPs (Elhaik et al., 2013) to convert the genetic distances between a test 

individual and nine putative reference populations. These genetic distances can then be used 

to infer ancestry (Das et al., 2016) and likely country of origin for a person. Using this 

approach, it is possible to pinpoint the recent geographical origin of individuals to a region 

or even community within a country; indeed these methods have even been used to re-

construct the U.S. Census demographic data from DNA left on public surfaces across New 

York City (Afshinnekoo et al., 2015). While not conclusive proof, that individuals bearing a 

particular variant share geographic population structure leaves open the possibility of a 

founder effect and replication studies of samples collected from that region may yield 

convincing validation.

Rare variant enrichment as indicator of risk

A combination of open source tools may be used to identify variants present in cases and 

absent in controls or publically available sequence of healthy individuals. These include 

BEDtools, GATK, and vcftools (Quinlan and Hall, 2010; Danecek et al., 2011; DePristo et 

al., 2011). Disease-associated variants are expected to impair the normal function of its 

encoded gene and may be either likely deleterious (nonsense or frameshift SNPs) or 

missense variants that are predicted to be damaging when assessed by a number of 

computational tools (e.g., SIFT (Kumar et al., 2009), PolyPhen-2 (Adzhubei et al., 2010), 

CADD (combined annotation dependent depletion (Kircher et al., 2014)). These likely 

deleterious mutations can then be assessed for several features--for example, whether their 

transcribed or encoded proteins are expressed during embryogenesis and are known to be 

expressed in the neural tube or surrounding mesenchyme. Another indication of an NTD 

association may be whether the variant is rare, occurring only in cases and not internal 

controls or available databases, or found with a mean allele frequency of less than 0.01 

(MAF<1%). It is important to ensure that correction is made for multiple comparisons to 

estimate the false discovery rate or FDR correction such as the Benjamini-Hochberg method 

(Benjamini and Hochberg, 1995).

Coding variants and assessment of mutation burden

Beyond simple enrichment estimates, it is possible to estimate the burden of coding 

mutations in cases with approaches such as SKAT (sequence kernel association test) (Ionita-

Laza et al., 2013). This approach can assess the cumulative effect of both common and rare 

variants in a particular gene coding sequence. It has the attractive characteristic of permitting 

combining SNP array and exome data and can also be applied to deep re-sequencing data.

Another approach to assessment of deleterious variants is the estimation of genic tolerance. 

The premise underlying Residual Variation Intolerance (RVIS) (Gussow et al., 2016) is that 

genes known to contain few common variations in healthy individuals are relatively 

intolerant of deleterious changes. For example, genes known to be associated with 

monogenic inherited disorders are significantly less likely to contain sequence variations 
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(i.e. are more highly conserved across a population) than genes that are not currently 

connected to any known disease (Petrovski et al., 2013). Scores are compared across the 

entire coding region. Moreover, by paring down to specific exons, it is possible to identify 

pathogenic mutations within subregions of genes (Gussow et al., 2016).

Functional pathway enrichment of coding variants as indicator of risk

The challenge continues to identify candidate genes for association to NTDs in human cases 

using genome-wide sequencing in relatively modest sized cohorts, in which only hundreds 

of cases may be available. An interesting strategy is to assess molecular pathways for 

enrichment of likely deleterious mutations. This can be approached using Gene Ontology 

(GO) relationships and Ingenuity Pathway Analysis (IPA) (O'Roak et al., 2012). Once 

candidates within these pathways are identified, it will then be possible to launch direct 

sequencing using new high throughput methods.

Intergenic features and new methods needed to assess individual risk

The advent of relatively low-cost, rapid methods for DNA sequencing of whole exomes 

using small amounts of input DNA have revolutionized the analysis of genome variation. 

However, WES data represent only approximately 2% of the human genome. Intergenic 

regions encompassing the other 98% must ultimately be interrogated in WGS data to 

provide sensitive assessment of NTD risk conferred by variation in the entire genome. This 

is more challenging for a number of reasons, including the faster evolutionary sequence 

divergence within non-coding sequences, the relatively high degree of repetitive sequences 

with little or no known function, the broad cell type and temporal specificity of regulatory 

region action that complicates expression mapping of functional genomic domains, 

epigenetic modifications in non-coding regions, and the importance of 3D relationships of 

cis- and trans- genomic DNA interactions that can modulate the transcriptome. Two 

approaches to investigation of intergenic DNA regions are the interrogation of sequence 

variations within ENCODE-defined enhancer regions, and the use of expression quantitative 

trait loci (eQTLs) to assess functionally relevant rare sequence variants.

Rare non-coding variants, enhancer peak annotation

The Encyclopedia of DNA elements (ENCODE) consortium continues to amass a 

comprehensive map of enhancer and other elements in the human genome (Rosenbloom et 

al., 2012; Won et al., 2013) or mouse genome (Stamatoyannopoulos et al., 2012), along with 

work from the BluePrint Project in the European Union (http://www.blueprint-

epigenome.eu/). Numerous techniques are used, among them chromatin IP-sequencing 

(ChIP-seq), enhancer traps for identification of elements that regulate restricted anatomical 

localization of gene expression, and methods for determining stretches of DNA that are open 

for transcription (e.g. Assay for Transposase Accessible Chromatin (ATAC)-seq). Many of 

these enhancer elements are accessible through the VISTA genome browser (Visel et al., 

2007; Dubchak et al., 2014). When dealing with modest case cohorts, a variant analysis can 

be used that first searches for rare variants (MAF<1%) and then for statistically significant 

enrichment of variants in cases compared to controls. Larger case collections (500 or more) 

may be amenable to linkage disequilibrium assessment of variant association with NTDs. 

Ross et al. Page 8

Birth Defects Res. Author manuscript; available in PMC 2018 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.blueprint-epigenome.eu/
http://www.blueprint-epigenome.eu/


One can then determine the expression pattern of the genes most proximal to the enriched 

element to suggest whether genome variation in that element may impact expression of 

genes known to be utilized in relevant embryonic structures expected to impact neurulation. 

As for candidate variants in coding regions, it will ultimately be necessary to demonstrate 

that mutation in that element indeed contributes to failed neural tube closure.

Utility of eQTLs in assessing impact of intergenic variation

The effect of genome variation on gene expression can be assessed using eQTLs using an 

outbred (e.g. human) population for which one has both WGS and RNAseq data from each 

individual in that population (reviewed in (Albert and Kruglyak, 2015). Comparison 

between genotype and expression levels is used to find association between variants and 

gene expression at the transcriptional level. Statistical treatment tests whether a given variant 

that occurs in a particular subset of individuals has a reproducible association with a 

particular gene expression level that differs from another subgroup, and can identify which 

RNA(s) are affected. This is amassed for every DNA variant across the genome to produce 

an eQTL scan. This massive effort has thus far generated human eQTL datasets for a number 

of organ systems including circulating blood cells and brain tissue regions, though many age 

groups and larger cohorts are needed. However, SNPs and indels associated with a disease 

under study can be examined for enrichment or linkage disequilibrium in the case vs. control 

cohort and for location of those variants within regions that have been connected by eQTLs 

to regulation of particular genes. The target genes regulated by that region may be a great 

distance from the non-coding element and may be either cis- or trans-acting. This approach 

has been successfully used in several disease studies, including for Parkinson's Disease (Zou 

et al., 2012; Ramasamy et al., 2014).

Concluding remarks

Technological advances have only recently enabled the generation of WGS data from the 

typically small input amounts of DNA available from samples collected from infants. 

Resources of large and growing DNA databases offer critical tools for case-control studies, 

while many groups are now training efforts on the collection of patient-parent trios for the 

assessment of de novo mutation vs. inherited risk alleles. We can look forward to important 

genome-wide studies of NTD risk that will of necessity begin with relatively modest sample 

numbers but that will be used for meta-analyses by consortia of investigators willing to pool 

their datasets. Replication studies will no doubt follow as high throughput resequencing 

methodologies are perfected. Further development of computational tools is needed for the 

assessment of complex gene-gene interactions and eventually gene-environment interactions 

modulating the epigenetic landscape. This will require not only expansion of the ENCODE 

resources but also eQTL maps at various ages in appropriate tissues in both human and 

animal models, especially mouse. Studies of highly prevalent complex genetic disorders are 

leading the way for analytical approaches. However, strategies for the evaluation of complex 

genetic disorders that affect somewhat more modest sized populations must be agreed upon. 

It seems likely that the most fruitful approaches will rely on genome wide analyses in 

hundreds of cases to find candidates in an unsupervised manner followed by direct 

sequencing on a large scale, involving thousands of subjects.
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Figure 1. Rapid Growth of Genomic and Sequence Data
(A) The total number of whole genome sequences for humans has grown at an exponential 

or super-exponential rate in the past ten years, with an estimated nearly one million genomes 

to be completed by the end of 2016. (B) The size of sequence data in exabytes (right axis, 

red) and the total number of bases (left axis, blue) are also increasing at an exponential or 

super-exponential pace, indicating that a yottabyte of sequence data should be generated by 

the late 2020s. Exabyte (EB)=1×1018 bytes = a million terabytes; Yottabyte (YB)=1×1024 

bytes = a trillion terabytes
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