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Abstract N\
Previous genetic studies of food allergy (FA) have mainly focused on inherited genotypic effects. The role of parental genotypic effects |
remains largely unexplored. Leveraging existing genome-wide association study (GWAS) data generated from the Chicago Food
Allergy Study, we examined maternal genotypic and parent-of-origin (PO) effects using multinomial likelihood ratio tests in 588
complete and incomplete Caucasian FA trios. We identified 1 single nucleotide polymorphism with significant (P < 5x10~8) maternal
effect on any FA (rs4235235), which is located in a noncoding RNA (LOC101927947) with unknown function. We also identified
3 suggestive (P < 5x10~7) loci with maternal genetic effects: 1 for any FA (rs976078, in a gene desert region on 13g31.1) and 2 for
egg allergy (rs1343795 and rs4572450, in the ZNF652 gene, where genetic variants have been associated with atopic dermatitis).
Three suggestive loci with PO effect were observed: 1 for peanut allergy (rs4896888 in the ADGB gene) and 2 for any FA in boys only
(rs1036504 and rs2917750 in the IQCE gene). Findings from this family-based GWAS of FA provided some preliminary evidence on
maternal genotypic or PO effects on FA. Additional family-based studies are needed to confirm our findings and gain new insight into
maternal and paternal genetic contribution to FA.

Abbreviations: FA = food allergy, GWAS = genome-wide association study, |g = immunoglobulin, LD = linkage disequilibrium,
MAF = minor allele frequency, PA = peanut allergy, PO = parent-of-origin, QC = quality control, RR = relative risk, SNP = single
nucleotide polymorphism, SPT = skin prick test.
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1. Introduction

Food allergy (FA), an immunoglobulin (Ig) E-mediated hyper-
sensitivity reaction to food, affects approximately 5% to 8% of
US children!™?! and is an important clinical and public health
problem worldwide.***! Our current understanding of the causes
and underlying biological mechanisms of FA remains limited.
Previous familial aggregation®! and twin/®®! studies have
demonstrated that FA is under strong genetic control with
heritability estimates ranging from 15% to 82%. To date, few
genetic loci for FA have been consistently identified and replicated,
and there are only 2 published genome-wide association studies
(GWAS) of FA.”1% Genetic variants in HLA Class II genes
have been significantly associated with peanut allergy (PA) in
several candidate genes!"' ™1 and a GWASP!, while the
STAT6,'CD14,"" and FLG!"® genes associated with PA have
mainly been reported in small single-gene studies. As such, similar to
other complex traits, “missing heritability” remains is a major
challenge in dissecting the genetic basis of FA. It should be noted that
all previous genetic studies were primarily focused on individual
genotypes without considering maternal influence during pregnan-
cy and parental origins. As an early onset disorder, maternal
genotypes may play crucial roles in the development of FA, possibly
through their influence on the intrauterine environment. Further-
more, parent-of-origin (PO) effects, where the effect of an inherited
allele depends on being maternally- or paternally transmitted, may
also conceivably underlie the missing heritability. This type of
research is critically needed using a family-based study design.
This study is a natural extension of our published GWAS of FA in
FA families from the Chicago Food Allergy Study cohort, which
aimed to identify offspring inherited susceptibility variants for FA.”!
To extend our early findings, this study sought to test for maternal
genetic effects and PO effects on FA, by leveraging the existing
GWAS data from the trios (FA affected kid and his/her parents).

2. Methods

2.1. Study patrticipants
2.1.1. The Chicago Food Allergy Study. This study included

588 (482 complete and 106 incomplete) Caucasian case-parent trios,
a subset of participants in the Chicago Food Allergy Study cohort. A
detailed description of the GWAS of FA previously conducted in this
cohort has been published.”’ Briefly, a total of 1315 children and
1444 biological parents were genotyped using the Illumina
HumanOmni-Quad Beadchip. We excluded 65 participants whose
data failed quality control (QC) and 497 individuals of non-
European ancestry, as detailed in Hong et al.”! Among the
remaining 2197 individuals of European ancestry, we selected 1 FA
affected child from each family by first considering the index child
and then the first enrolled sibling only if the genotype information for
the FA index child was unavailable. FA was defined in Hong et al and
is also detailed below. A total of 482 complete trios with any FA, 19
father-only FA child pairs, 59 mother-only FA child pairs, and 28
singleton FA children were analyzed in the present study. The
detailed study design is shown in Figure 1. This study was approved
by the Institutional Review Board (IRB) of Ann & Robert Lurie
Children’s Hospital of Chicago and the IRB of Johns Hopkins
Bloomberg School of Public Health.

We defined FA using the same criteria as previously
published®!: self-report of a clear clinical allergic reaction after
ingestion of a specified food (e.g., peanut, egg, cow’s milk, soy,
wheat, walnut, fish, shellfish, and/or sesame seed); and
sensitization to the same specified food with a detectable food-
specific IgE (> 0.10 kU/L) and/or a positive skin prick test (SPT) to
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the specified food (e.g., mean wheal diameter 3 mm or greater
than the saline control). “Any FA” was defined as a child having
FA to any of the nine common food allergens as defined above.

2.2. Statistical methods
2.2.1. Maternal and parent-of-origin effects. We analyzed the

maternal genetic effects and parent-of-origin (PO) effects for any FA
and 3 common types of FA (peanut, egg white, and cow’s milk) using
estimation of maternal, imprinting and interaction effects using
multinomial modelling (EMIM), a tool that directly maximizes
multinomial likelihood by utilizing complete and incomplete
trios.['”?l EMIM has been recommended for testing maternal
and PO effects because of its consistent type I error rate, generally
strong power, and flexible implementation over several other family-
based association tests of maternal and PO effects, such as log-linear
models in the LEM software!?'! and conditional on parental
genotypes and others.*?! We estimated maternal genetic effects by
comparing the likelihood of 2 models: A full model with 2 offspring
genotypic risk parameters and one maternal genotypic risk factor
(under an additive genetic model for the minor allele of each SNP);
and a null model with 2 offspring genotypic risk parameters only. It
should be noted that, to ensure the validity of the likelihood ratio test,
we allowed 2 offspring genotypic risk parameters to saturate the
offspring effects. Similarly, we estimated PO effects by comparing a
full model with 2 offspring and 2 maternal genotypic risk
parameters, and a PO effect parameter with a null model of having
the 4 genotypic parameters only. We declared an SNP with genome-
wide significance based on a conventional P-value of 5x1078; while
suggestive loci were based on a P-value of less than 5x107. Given
that boys are more susceptible to FA than girls (boy/girl ratio=
1.8),1%%! we explored maternal genetic effects and PO effects stratified
by the gender of the FA-affected child.

2.2.2. Gene-based association test. GATEs is an extended
Simes procedure to obtain a gene-level statistical significance by
combining multiple SNP P-values from the single-marker
association test while accounting for the correlations among
SNPs based on their linkage disequilibrium (LD) patterns. Using
the Knowledge-Based Mining System for Genome-Wide Genetic
Studies (KGG),**! we first assigned SNPs within 10 kb of the gene
boundary on either side, and then applied the GATEs methods
for gene-based association tests using SNP P-values from EMIM.
LD structures between SNPs were based on 1000G Phase I
integrated release haplotypes (v3) (http://www.sph.umich.edu/
csg/abecasissMACH/download/1000G.2012-03-14.html).

2.2.3. Bioinformatics and public databases. We used the
following bioinformatics and public databases to help understand
the potential function of the SNPs identified from the tests: SNP
Annotation and Proxy Search (SNAP) to search for proxy SNPs
(high LD measures, 7*>0.8) of the top hits from the 1000 Genome
Pilot 1 database; LDlink to search for proxy SNPs of the top hits
from the 1000 Genome Project Phase 3 database; SNP and CNV
Annotation Database (SCAN)!**! and genotype-tissue expression
(GTEXx) to determine if an SNP is associated with gene expression
(eQTL) across different tissues; RegulomDB to comprehensively
understand the potential regulatory function of an SNP wvia its
annotation to the known or predicted regulatory elements (e.g.,
DNAase hypersensitivity, transcription factors binding sites, etc.);
and SNPinfo Web Server to predict an SNP function.

3. Results

Table 1 lists the demographic and clinical characteristics of the
study participants. The numbers of children affected with any FA,
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Genome-Wide Genotyping and Data Cleaning
2,759 subjects (1,444 parents & 1,315 children) genotyped
[llumina HumanOmni 1-Quad BeadChip

|

QC Step excluded 65 subjects and 62,569 SNPs

1

Maternal and Parent-of-Origin Effects on Food Allergy
Case-parent trios (European ancestry)
Autosomal SNPs with MAF>5%
PREMIM/EMIM Analysis

Food Allergy trios/case-father/case-mother/cases only:  482/19/59/28
Peanut Allergy trios/case-father/case-mother/cases only: 247/7/33/14
Milk Allergy trios/case-father/case-mother/cases only: 230/10/25/10
Egg Allergy trios/case-father/case-mother/cases only: 169/5/19/8

1

Functional Interpretation

eQTL mQTL

--SCAN --SCAN (HapMap CEU)
--GTEXx

--RegulomDB SNPinfo Web Sever (NIEHS)

Figure 1. Workflow diagram of the study.

Demographic characteristics of the Caucasian participants selected from the Chicago Food Allergy Study in the genome-wide study of
maternal and parent-of-origin effects on food allergy.

Variable Any food allergy Peanut allergy Milk allergy Egg allergy
Number of fathers 501 254 240 174
Number of mothers 541 280 255 188
Number of children 588 301 275 201
Number of complete trios 482 247 230 169
Number of father—child pairs 19 7 10 5
Number of mother—child pairs 59 33 25 19
Number of affected child only 28 14 10 8
Children
Age, years Mean =+ SD 59+3.6 6.6+3.7 52+35 5.6+3.4
Male, n (%) 391 (66.5) 202 (67.1) 181 (65.8) 136 (67.7)
Number of FAs, n (%)

1 340 (57.8) 159 (52.8) 107 (38.9) 42 (20.9)

2 140 (23.8) 68 (22.6) 82 (29.8) 68 (33.8)

3+ 108 (18.4) 74 (24.6) 86 (31.3) 91 (45.3)
Other atopic disease*, n (%)

Eczema 421 (711.8) 220 (73.3) 202 (73.5) 160 (79.6)

Asthma 241 (41.1) 138 (46.2) 112 (40.9) 86 (42.8)

Hay fever 239 (40.9) 137 (45.8) 91 (33.3) 78 (39.0)

*Self—reported physician diagnosis.
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Figure 2. Manhattan plots and Q-Q plots for maternal effects on food allergy.

peanut allergy, milk allergy, and egg allergy were 588, 301, 275,
and 201, respectively. The mean age of these FA children was
around 6 years old, and over 65% were boys. A majority of them
had one or more self-reported allergic diseases, such as eczema,
asthma and hay fever.

3.1. Maternal genetic effects

The maternal genetic effects for any FA, peanut allergy, egg
allergy, and milk allergy are shown in the Manhattan plots
(Fig. 2). We summarized maternal genetic effects by listing the top
5 loci identified from each of the 4 tested phenotypes (Table 2),
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Top 5 loci identified in the tests of maternal genetic effects on any food allergy, peanut, milk and egg allergy in 588 complete and

incomplete trios of European ancestry.

P-value of Maternal Genetic Effects

SNP CHR Position Nearest genes Allele” MAF" Food allergy Peanut allergy Milk allergy Egg allergy
rs4235235 4 154182301 LOC101927947 C/T 0.06 4.82E—08 2.81E-05 0.0002 0.0549
rs976078 13 82963398 GYG1P2||RNU6-67P C/A 0.09 3.78E-07 0.0003 0.0007 4.90E—05
152092470 20 16726753 RPL7AP13||SNRPB2 G/A 0.33 6.88E—06 0.0035 0.0006 0.0004
r$13276608 8 64769294 CYp7B1 T/C 0.09 8.52E—06 3.35E—05 0.0020 0.4446
rs493642 11 123226678  LOC105369539||L0OC105369541 T/C 0.37 8.55E—06 0.5770 0.4426 0.7417
r$998706 22 45339725 FAM118A C7 0.46 0.0098 4.31E—06 0.6504 0.7908
rs1830169 5 117713030  LINC00992||LOC100129526 G 0.21 0.0037 4.44E—-06 0.1433 0.8301
1s3747238 22 45344215 SMC1B T/C 0.47 0.0108 5.35E—06 0.6860 0.5544
r$10161215 12 93494763 MRPL42 AG 0.29 0.0022 9.02E—06 0.1616 0.1455
rs17073303 6 144034900  PLAGLT C/7 0.11 0.0267 9.36E—06 0.8955 0.4355
1s2254746 1 44133088 KLF17 AG 0.28 0.0009 0.2478 1.62E—-06 0.0221
rs3848374 16 4624148 MGRN1 G/T 0.19 0.0010 0.1904 4.46E—06 0.0011
151920086 12 62182349 FAM19A2 T/C 0.45 0.0008 0.2133 1.12E-05 0.0018
rs2880005 13 86556362 LOC105370299|| TXNL1P1 AG 0.40 0.0002 0.3970 1.29E—05 0.1040
15652963 11 32890191 PRRG4||QSERT C/T 0.15 0.0004 0.0889 1.94E—05 0.0198
rs1343795 17 49334880 ZNF652 C/A 0.21 0.8250 0.7335 0.0087 4.47E-07
1510471966 5 56068744 LOC105378976 AG 0.25 0.0001 0.0009 0.0046 2.53E—-06
rs2303921 2 9918968 TAF1B C/A 0.41 0.0223 0.0596 0.1522 2.53E—-06
1s6441713 3 103266621 NDUFA4P2||MIR548AB G/T 017 0.0067 0.2502 0.0067 3.57E—06
rs10124568 9 107981011 LOC105376211 AG 0.11 0.0092 0.1779 0.0230 8.58E—06

The SNP with the smallest P-value is shown for each gene.

CHR = chromosome, MAF=minor allele frequency, SNP=single nucleotide polymorphism.
“First allele is minor allele.

"MAF was estimated using all of the parents.

and presenting the SNPs with a P-value of < 10~ (Supplementary
Table 1, http:/links.lww.com/MD/C150). The estimated relative
risk (RR) for any FA ranged from 0.36 to 0.66 and from 1.94 to
3.37 for having one minor allele. We also summarized gene-based
tests of maternal genetic effects by presenting the top 5 genes for
each phenotype (Supplementary Table 2, http:/links.lww.com/
MD/C150) and gender-stratified results for any FA (Supplemen-
tary Fig. 1, http:/links.lww.com/MD/C150).

Only one SNP, rs4235235 on chromosome 4, reached the
genome-wide significance level (P=4.82x107%) for any FA,
which was not supported by any evidence from nearby SNPs. No
other SNPs were in high LD (r*>0.8) with this SNP within 500 kb
in a European population (CEU) according to 2 bioinformatics
browsers: SNAP and LDlink. rs4235235 is annotated to a non-
coding RNA (LOC101927947) with no known function, and
there is no evidence to support this SNP’s functional role
according to several of the bioinformatics databases listed in the
Methods.

We identified 2 suggestive loci annotated by SNPs with P-
values <5x107". One was rs976078 on chromosome 13q31.1
(P=3.78x107") for any FA, and the others were rs1343795 and
rs4572450 (P=4.47x1077) on chromosome 17 for egg allergy.
The corresponding Q-Q plots show some deviations from the
diagonal lines at the end of the scale (Fig. 2). rs976078 is located
in a gene desert region on 13g31.1. Two intronic SNPs
(rs4572450 and rs1343795) suggestively associated with egg
allergy are located in gene ZNF652 for which genetic variants
have been associated with atopic dermatitis.

No statistically significant maternal genetic effects on FA
or any specific FA were identified when we re-analyzed data
among any FA affected boys (N=391) only or any FA affected
girls (N=197) only. In addition, we did not observe any

statistically significant maternal-fetal genetic interaction effects
on any FA (data not shown).

3.2. PO effects

Among the same study participants, we examined the PO effects
on the 4 FA phenotypes. From the Manhattan and Q-Q plots
(Fig. 3), we found that no SNP reached the genome-wide
significance level. One suggestive PO effect on peanut allergy at
rs4896888 in the androglobin (ADGB) gene was observed.
Similar to what was done for maternal effects, we summarized the
results into the top 5 loci for each trait (Table 3), SNPs with P <
10~ (Supplementary Table 3, http:/links.lww.com/MD/C150)
and the top 5 genes from gene-based PO effects (Supplementary
Table 4, http:/links.lww.com/MD/C150). When the data were
stratified by the gender of the FA-affected children, rs1036504
and rs2917750 in gene IQ motif containing E (IQ CE) reached the
suggestive threshold of 5x107 for any FA in boys (Supplemen-
tary Fig. 2, http://links.lww.com/MD/C150). These 3 SNPs have
no potential function according to the bioinformatics databases.
Neither ADGB nor IQCE is imprinted or predicted to be an
imprinted gene in human beings according to the Genomic
Imprinting database (http://www.geneimprint.com/site/home).

4. Discussion

As an early onset disorder, FA is likely to be determined not only
by offspring risk factors but also by parental risk factors,
particularly those related to maternal exposures during the
pregnancy (in-utero environment) and breastfeeding period. The
family study design offers the advantage of direct testing for
the effects of fetal and maternal genotypes and allows for the
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Figure 3. Manhattan plots and Q-Q plots for parent-of-origin effects on food allergy.

separation of these effects from

the parental origin in a robust

manner. Based on the published literature to date, our GWAS of
FA in the Chicago Food Allergy Study cohort was the first and is
still the only FA study to use a family-based study design. As such,
it is worth presenting the findings for maternal genotypic effects

and PO effects on FA at a genome-wide level in this well-
phenotyped cohort of children. Findings from ~600 Caucasian
FA trios provided some preliminary evidence for maternal
genotypic effects or PO effects on the risk of FA in the offspring.
Top hits based on loose criteria defined in Section 2
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Top 5 loci identified in the tests of parent-of-origin effects on any food allergy, peanut, milk, and egg allergy in 588 complete and

incomplete trios of European ancestry.

P-value of parent-of-origin effects

SNP CHR Position Nearest genes Allele” MAF" Food allergy Peanut allergy Milk allergy Egg allergy
rs7566508 2 54951869 EML6 C/A 0.44 1.31E-06 0.0007 5.00E—-05 0.0028
rs4862495 4 185051943  LOC101928877 A/C 0.39 1.38E—06 7.74E—05 0.0007 0.0015
152273971 13 113158648  PROZ G/A 0.07 3.71E-06 0.0014 0.0493 01214
rs342821 1 229229244 L0OC105373158)|L0C102723935 C7 0.34 7.92E—06 6.09E—05 0.0011 0.1730
151036504 7 2570131 1QCE CT 0.42 8.29E—06 1.30E—05 0.0071 0.0673
rs4896888 6 146777855  ADGB T/C 0.44 0.0026 2.66E—07 0.4470 0.0111
1s758147 19 1322313 RPS15P9||MUM1 T/C 0.38 1.14E-05 9.86E—07 0.0332 0.0812
rs3786829 19 38523544 RYRT C/7 0.16 1.66E—05 2.22E—06 0.0261 0.0862
1$7290369 22 26747356 MIATNB G/A 0.15 0.0002 4.85E—06 0.4689 0.0131
rs16973813 16 84445975 ATP2C2 C/7 017 0.0167 7.58E—06 0.4564 0.9370
rs17236768 18 70340385 LOC101927481 C/7 0.16 0.0021 0.2378 7.53E-07 0.0181
rs1243607 14 20581400 RNASE9||RNASET1 G/A 0.33 1.38E—06 7.74E—05 4.62E—06 0.0015
rs2093833 9 2220796 LOC107987043 T/C 0.21 0.0031 0.5945 1.01E-05 0.0063
rs12352460 9 109296684  EPB41L4B G/A 0.24 0.0199 0.3679 1.08E—05 0.3522
1$12654130 5 110340482  LOC105379119|| TMEM232 G/A 0.06 0.0004 0.0078 1.13E-05 0.0714
r$12227569 12 13659623 GRIN2B T/C 0.09 0.0052 0.0558 0.1023 2.15E—06
r$131025 22 48779197 LOC105369162||MIR4535 G/A 0.28 0.0127 0.3643 0.2711 7.83E—06
rs1550286 9 88232441 LOC100129340||RPSAP49 C/7 0.13 0.1266 0.4858 0.1115 8.23E—06
r$17306223 11 22770545 GAS2 T/C 017 0.0686 0.0328 0.5909 1.02E—-05
rs7011997 8 1875493 ARHGEF10 AG 0.29 0.4796 0.8282 0.8381 1.13E-05

The SNP with the smallest P-value is shown for each gene.

CHR = chromosome, MAF=minor allele frequency, SNP=single nucleotide polymorphism.
“First allele is minor allele.

"MAF was estimated using all of the parents.

(e.g., P<5x1077) suggest that maternal metabolic alterations
that occur pre- and peri-natally might increase the risk of any FA
as well as peanut allergy in the offspring. Our findings also
suggest that maternal genetic susceptibility to atopic dermatitis
might lead to a high incidence of egg allergy in the offspring.
rs4235235 and rs976078 are the top hits for maternal
genotypic effects on any FA phenotype. rs4235235 is located
in an unknown function ncRNA, and this SNP itself appears to
have no potential function either. According to RegulomDB,
rs976078 is located at the C/EBP motif and may affect distal C/
EBP beta target gene expression through its influence on
chromatin looping. rs976078 also may influence the structure
or activity of its annotated IncRNA, which then regulates
transcription by targeting transcription factors, such as C/EBP
beta, to promoters of its target genes. In examining NCBI’s
Phenotype-Genotype Integrator, we found that rs976078’s
nearby SNPs (within 3MB) are enriched for GWAS significant
signals (<5x107%) for the following phenotypes: Follicle-
Stimulating Hormone (rs10507928), C Reactive Protein
(rs10507919), low-density lipoprotein cholesterol
(rs10507949), type II diabetes (rs1359790) and intra-abdominal
fat (rs1556775 and rs7328488). We suspect that 1 or 2 common
genetic features in region13q31 could represent the underlying
causal sequences for endocrine and metabolic outcomes, though
none of the above mentioned genetic variants are in moderate or
high LD with rs976078 and its nearby SNPs. It is possible that
maternal metabolic alterations or their triggers that occurred
during pregnancy (e.g., stress, weight gain) may interact with
maternal genetic variants that influence the intrauterine envi-
ronment or induce infant epigenetic variations from the prenatal
period onwards, which in turn may increase FA risk in the
offspring. The causal maternal genetic variants in this region will
first need to be determined, and the nature of the underlying

mechanisms will require further investigation using functional
studies.

Other suggestive maternal genetic effects were observed on egg
allergy. rs4572450 and its nearby SNPs are located in gene
ZNF652, for which genetic variants were found to be
significantly associated with blood pressure!*®! and atopic
dermatitis.'*”! One of these previously reported GWAS hits,
rs16948048, showed a marginally significant maternal genetic
effect on egg allergy (RR=1.38, 95%CI: 1.02-1.87, P=.03) in
the present study. Findings from the HealthNuts study showed
that maternal eczema was associated with a high risk of offspring
egg allergy but not peanut allergy.*®! We suspect that maternal
genetic variations in the ZNF652 gene may be associated with
maternal eczema during pregnancy followed by the development
of egg allergy in the offspring.

We only observed one suggestive locus with a PO effect on
peanut allergy. This top hit has no evidence of support from
nearby SNPs typed in the same Beadchip Array. According to the
1000 Genomes Project Database, SNPs that were un-typed but in
high LD with rs4896888 in CEU are all located in the ADGB
gene. When stratifying the samples by the gender of the FA-
affected child, we found suggestive PO effects of IQCE genetic
variants on any FA. Neither the ADGB nor the IQCE gene is
known imprinted gene and neither appears to be regulated by any
imprinted genes. Further exploration is warranted to identify
whether allele-specific methylation of these 2 genes could explain
the observed boy-specific PO effect on food allergy.

The notable limitations of our study were the small sample size
in genome-wide tests and the lack of a replication study in an
independent population. We had reasonable power to detect
maternal effects. With 500 complete trios, when the RR for
maternal effects was 2 the power was >0.90 for an SNP with an
MAF between 0.2 and 0.5 at alpha=1e—8. Our statistical power
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to detect imprinting effects of 2, however, was very limited
(<1%). Maternal genetic variants with weak effects or exert their
effects only through interaction with offspring’s in utero
environmental exposures cannot be detected with our current
sample size. In contrast to several GWAS of common cancers,
cardiovascular disease-related traits and even other allergic
diseases (e.g., asthma, atopic dermatitis), the Chicago Food
Allergy Study cohort was the first and is still the only FA study to
use a family-based study design. We could not find another
appropriate family-based, well-defined FA study to confirm our
promising findings. Instead, we have presented the results and
tentative interpretations based on the most current and best
knowledge to inform future proof-of-concept studies. Finally,
rather than exploring the effects of millions of un-typed SNPs, we
searched for SNPs in high LD (R*>0.8) within 500kb on each
side of the top hits in the 1000 Genomes Project’s database. No
potentially functional proxy was identified for any of the
suggestive SNPs, and thus we conclude that the imputed data
could not be more informative than the genotyped data.

The significance of this study is that it represents the first
attempt to explore maternal genotypic effects and PO effects on
FA. While it is impractical to retrospectively obtain concise and
timely measurements of various environmental exposures and
epigenetic data before and at birth, the observed maternal genetic
associations could be considered to be a proxy for the complex
gene-environment interaction effects on the intrauterine envi-
ronment and subsequently on fetal development. The family-
based GWAS carried out here provides a unique opportunity to
address the study questions. Additional family-based studies are
needed to confirm our findings and gain new insight on early life
origins of FA and offer new strategies for the prevention of FA.
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