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Congenital left-sided lesions (LSLs) are serious, heritable malformations of the heart. However, little is known
about the genetic causes of LSLs. This study was undertaken to identify common variants acting through the
genotype of the affected individual (i.e. case) or the mother (e.g. via an in utero effect) that influence the risk
of LSLs. A genome-wide association study (GWAS) was performed using data from 377 LSL case-parent
triads, with follow-up studies in an independent sample of 224 triads and analysis of the combined data.
Associations withboth thecaseandmaternalgenotypeswereassessedusing log-linearanalysesunder anaddi-
tive model. An association between LSLs and the case genotype for one intergenic SNP on chromosome 16
achieved genome-wide significance in the combined data (rs8061121, combined P 5 4.0 3 1029; relative risk
to heterozygote: 2.6, 95% CI: 1.9–3.7). In the combined data, there was also suggestive evidence of association
between LSLs and the case genotype for a variant in the synaptoporin gene (rs1975649, combined P 5 3.4 3
1027; relative risk toheterozygote:1.6,95%CI:1.4–2.0)andbetweenLSLsandthematernalgenotype foran inter-
genic SNP on chromosome 10 (rs11008222, combined P 5 6.3 3 1027; relative risk to heterozygote: 1.6, 95% CI:
1.4–2.0). This is the first GWAS of LSLs to evaluate associations with both the case and maternal genotypes. The
results of this study identify three candidate LSL susceptibility loci, including one that appears to be associated
with the risk of LSLs via the maternal genotype.

INTRODUCTION

Congenital heart defects are the most common, serious type
of birth defect (1–3) and are the leading cause of birth
defect-related infant mortality (4). In addition, as survival
of affected infants has improved, congenital heart defects
have increasingly become an adult healthcare issue (5, 6). In
general, congenital heart defects are thought to be complex con-
ditions that are influenced by the genotype of the developing
embryo as well as in utero exposures, which may be determined
or influenced by the maternal genotype [e.g. (7–10)]. However,
since congenital heart defects include a wide phenotypic spec-
trum, studies of potential risk factors are generally focused on
phenotypic subsets for which there is evidence of a shared
etiology (11).

Congenital left-sided lesions (LSLs), which include hypo-
plastic left heart syndrome, aortic valve stenosis, coarctation
of the aorta, mitral valve anomalies and bicuspid aortic valve
are a common and often serious subgroup of congenital heart
defects. Although a growing body of evidence suggests that
rare de novo mutations and copy number variants contribute to
the burden of congenital heart defects, including LSLs [e.g.
(12–16)], family studies demonstrate that LSLs are highly her-
itable (17). Hence, inherited genetic variation must also contrib-
ute to the risk of LSLs, and both linkage analyses (18, 19) and
candidate-gene association studies (20) have identified
LSL-related genes and regions. However, little is known about
the specific genetic causes of LSLs, or the extent to which the
maternal genotype may influence the development of these con-
ditions (e.g. via an effect on the in utero environment).
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To identify novel susceptibility loci that are associated with
LSLs, we conducted a case-parent triad genome-wide associ-
ation study (GWAS) with follow-up of top associations in an
independent sample of LSL case-parent triads and, analysis of
the combined data. Because the risk of congenital malformations
in offspring may be influenced by the maternal genotype [e.g.
(10, 21–24)] as well as the genotype of the child and because
failure to account for maternal genetic effects can bias estimates
of association with the child’s genotype (25), our study design
and analytical strategy were selected to allow for the evaluation
of associations between LSLs and both the genotypes of affected
individuals (i.e. cases) and their mothers.

RESULTS

Stage 1 association analysis

After making exclusions based on standard quality control
metrics, data were available for 486,840 genotyped SNPs with
a minor allele frequency (MAF) .5% in 923 individuals, repre-
senting 377 triads (Stage 1). The demographic and clinical char-
acteristics of the cases used in Stage 1 are summarized in Table 1.
The genomic inflation factor was 1.06 for associations with the
case genotype and 1.00 for associations with the maternal geno-
type and quartile–quartile (Q–Q) plots provided no evidence of
a systematic deviation from the expected distribution for the
test statistics (see Supplementary material online, Figures S1A
and B, last accessed on 25 August 2014). Since tests involving
the case genotype using triad data are not subject to bias due to
population stratification (26), no attempt was made to reduce
the genomic inflation factor (e.g. by adjusting for principal com-
ponents) for the associations with the case genotype. Log-linear
analyses of these data identified five case genotypes and two
maternal genotypes with association P , 1025 (see Supplementary
material online, Figures S2A and B and Table S1, last accessed
on 25 August 2014).

Using the subset of non-Hispanic Caucasian triads, data for
non-genotyped autosomal variants were imputed. After
making exclusions based on standard quality control metrics,
data were available for 1,712,604 imputed SNPs with a MAF
.5% in 716 individuals, representing 284 non-Hispanic Cauca-
sian triads. The genomic inflation factor for genotyped and
imputed SNPs was 1.01 for associations with the case genotype
and 1.00 for associations with the maternal genotype and Q–Q

plots provided no evidence of a systematic deviation from the
expected distribution for the test statistics (see Supplementary
material online, Figures S1C and D, last accessed on 25
August 2014). Log-linear analyses of the genotyped and
imputed variants in this subset of triads identified an additional
23 case and 47 maternal genotypes with association P , 1025

(see Supplementary material online, Figures S2C and D and
Table S1, last accessed on 25 August 2014). As P , 1025 was
used to identify suggestive associations in both the analyses of
genotyped SNPs only, and analyses of genotyped plus imputed
SNPs, it is not surprising that more suggestive associations were
identified in the latter than in the former.

Stage 2 association analysis

We genotyped 77 SNPs with association P-values ,1025 (for
associations of LSLs with either the case or maternal genotype)
in an additional 224, predominantly non-Hispanic Caucasian,
LSL triads (Stage 2). The demographic and clinical characteris-
tics of the cases used in Stage 2 are summarized in Table 1. Log-
linear analyses of the variants that passed the quality control
metrics identified two case and one maternal genotypes that
were associated with LSLs with unadjusted P , 0.05. In the
combined data, the P-values for the association between LSLs
and these three genotypes were smaller than the corresponding
P-values in Stage 1 and the case genotype for an intergenic
variant on chromosome 16 achieved genome-wide significance
(rs8061121, P ¼ 4.0 × 1029; relative risk to heterozygote: 2.7,
95% CI: 1.9–3.7) (Table 2). The estimated sibling relative risk
(lS) attributable to this variant was 1.20. There was also suggest-
ive evidence, in the combined data, of an association between
LSLs and the case genotype for a SNP in the synaptoporin
(SYNPR) gene (rs1975649, P ¼ 3.4 × 1027; relative risk to
heterozygote: 1.7, 95% CI: 1.4–2.0,lS ¼ 1.06) and the maternal
genotype for an intergenic SNP on chromosome 10 (rs11008222,
P ¼ 6.3 × 1027; relative risk to heterozygote: 1.6, 95% CI: 1.3–
2.0) (Table 2).

In Stage 1, genotypes for two of the top SNPs (rs1975649 and
rs1100822) were derived from the array data (see Supplementary
material online, Figures S3A and B for cluster plots, last
accessed on 25 August 2014) and genotypes for the third SNP
(rs8061121) were based on imputation. In the samples from
Stage 1 that were successfully genotyped in Stage 2, genotype
concordance was ≥97% (concordance for rs8061121, which
was imputed in Stage 1, was 100%). Further, regional associ-
ation plots demonstrate that SNPs in linkage disequilibrium
with these three variants (i.e. rs8061121, rs1975649 and
rs11008222) were also nominally associated (P , 0.05) with
LSLs in Stage 1 (Fig. 1A–C). In particular, the maternal geno-
type for several SNPs in linkage disequilibrium with
rs11008222 had association P-values between 0.001 and
0.0001. Although no other SNPs were strongly associated with
LSLs in the regions surrounding rs8061121 and rs1975649
(Figs 1A and C), there were also no genotyped or imputed
SNPs in strong linkage disequilibrium with these variants.
Further, as no proxies for rs8061121 and rs1975649 were identi-
fied using SNAP (http://www.broadinstitute.org/mpg/snap/
ldsearch.php, default settings), imputation of a denser SNP
panel would be unlikely to provide additional evidence either
for or against an association in these regions.

Table 1. Characteristics of cases with left-sided lesions

Stage 1 Stage 2
n (%) n (%)

Race/ethnicity
Non-Hispanic Caucasian 284 (75.3) 216 (96.4)
Other 93 (24.7) 8 (3.6)

Sex
Male 240 (63.7) 151 (67.4)
Female 137 (36.3) 72 (32.1)

Lesion
Hypoplastic left heart syndrome 198 (52.5) 64 (28.6)
Coarctation of the aorta 111 (29.4) 93 (41.5)
Aortic stenosis 68 (18.0) 65 (29.0)
Mitral valve anomalies 0 (0.0) 2 (0.9)

Total 377 (100.0) 224 (100.0)
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Pathway analysis

Using data for both genotyped and imputed SNPs in the Stage 1,
Caucasian subset, we assessed enrichment of Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) terms for regions containing SNPs with association
P-values ,1025 using INRICH (27). Analyses were performed
separately for inherited and maternal genotypes and were
repeated using regions containing SNPs with association
P-values ,1024. No pathways with a corrected P-value , 0.05
were identified.

Annotation

The suggestive association with the maternal genotype involved
a variant at 10p11.23 (rs11008222) that is located in the inter-
genic region between a predicted gene (AK302694) and
coding gene ZNF438 (�91 kb downstream), a C2H2-type zinc
finger gene that is likely a transcriptional repressor (28). The pre-
dicted gene, AK302694, is highly similar to the F-actin-binding
protein Supervillin and is likely to be transcribed and translated
into a protein (txCdsPredict score, 1874). Upstream, the nearest
known coding gene is LYZL2 (MIM 612748) (�124 kb), which
encodes lysozyme-like 2. LYZL2 is expressed in the placenta and
may play a role in host defense against infection (29). There are
also clusters of transcription factor-binding sites �600 bp up-
stream (binding sites for GATA-1, GATA-2, GABP, CCNT2,
RNA Pol II and TAL1) and 600 bp downstream (binding sites
for EBF and EBF1) of rs11008222 and areas of open chromatin
at �11, 30 and 64 kb downstream of this variant. The area of
open chromatin at 30 kb coincides with a cluster of transcription
factor binding sites.

The GWAVA scores for rs11008222 range from 0.14 to 0.30,
and the GWAVA-TSS score (0.30) falls at approximately the
median value for GWAS SNPs that have been externally repli-
cated. Among the SNPs in linkage disequilibrium (r2 . 0.80)
with rs11008222, the highest GWAVA scores were obtained
for rs10826861 (range: 0.37–0.43), which had a P-value ¼
0.0005 in the Stage 1 analysis in the Caucasian subset. The
GWAVA-TSS score (0.43) for this variant falls within the
third quartile of scores for GWAS SNPs that have been external-
ly replicated. The relatively high scores for this variant appear to
be driven by evolutionary conservation at this site (GERP score:
4.09). Expression quantitative trait analyses provided no evi-
dence that rs11008222 is associated with gene expression.

The suggestive association with the inherited genotype
involved a variant at 3p14.2 (rs1975649) that is located in
intron 2 of the synaptoporin (SYNPR) gene. SYNPR is a synaptic
membrane protein of synaptic vesicles and a member of the
synaptophysin gene family that is involved in the regulation of
neurotransmitters. In adults, SYNPR appears to be expressed in
the brain (30) and the atrium (31). The GWAVA scores for
this variant ranged from 0.15 to 0.18, and the GWAVA-TSS
score (0.15) falls below the median value for GWAS SNPs
that have been externally replicated. Expression quantitative
trait analyses provided no evidence that rs1975649 is associated
with gene expression.

The genome-wide significant association with the inherited
genotype involved a variant at 16q24.2 (rs8061121) that is
located within the predicted gene AK125749 (txCdsPredictT

a
b

le
2
.

S
u
m

m
ar

y
d
at

a
fo

r
v
ar

ia
n
ts

rs
1
9
7
5
6
4
9
,
rs

1
1
0
0
8
2
2
2

an
d

rs
8
0
6
1
1
2
1

in
le

ft
-s

id
ed

le
si

o
n
s

in
S

ta
g
es

1
an

d
2

S
N

P
(g

en
o
ty

p
ed

/i
m

p
u
te

d
in

S
ta

g
e

1
)

C
h
ra

M
A

F
b

P
o
si

ti
o
n

c
(b

p
)

G
en

ed
F

u
n
ct

io
n

P
-v

al
u
es

G
en

o
ty

p
e

re
la

ti
v
e

ri
sk

e
(9

5
%

co
n
fi

d
en

ce
in

te
rv

al
)

S
ta

g
e

1
S

ta
g
e

2
S

ta
g
e

1
+

2
S

ta
g
e

1
S

ta
g
e

2
S

ta
g
e

1
+

2

In
h
er

it
ed

ef
fe

ct
s

rs
8
0
6
1
1
2
1

(i
m

p
u
te

d
)f

1
6

0
.1

1
8
5
7
5
0
5
8
5

(A
C

1
3
6
2
8
5
.1

)
In

te
rg

en
ic

2
.4

4
×

1
0

2
7

0
.0

0
5

4
.0

4
×

1
0

2
9

2
.9

4
(1

.9
1

–
4
.5

4
)

2
.1

6
(1

.2
4

–
3
.7

6
)

2
.6

5
(1

.8
9

–
3
.7

1
)

rs
1
9
7
5
6
4
9

(g
en

o
ty

p
ed

)
3

0
.3

3
6
3
4
1
3
9
2
6

S
Y

N
P

R
In

tr
o
n

1
.0

8
×

1
0

2
6

0
.0

3
3
.3

8
×

1
0

2
7

1
.8

7
(1

.4
5

–
2
.4

3
)

1
.3

8
(1

.0
3

–
1
.8

7
)

1
.6

5
(1

.3
6

–
2
.0

1
)

M
at

er
n
al

ef
fe

ct
s

rs
1
1
0
0
8
2
2
2

(g
en

o
ty

p
ed

)
1
0

0
.4

9
3
1
0
8
2
7
5
0

(Z
N

F
4
3
8
)

In
te

rg
en

ic
9
.6

0
×

1
0

2
6

0
.0

2
6
.2

7
×

1
0

2
7

1
.6

8
(1

.3
2

–
2
.1

3
)

1
.5

5
(1

.0
6

–
2
.2

6
)

1
.6

4
(1

.3
4

–
2
.0

0
)

a
C

h
ro

m
o
so

m
e.

b
M

A
F

am
o
n
g

st
u
d
y

p
ar

ti
ci

p
an

t
fo

u
n
d
er

s
(i

.e
.
m

o
th

er
an

d
fa

th
er

).
c
H

g
1
8
/N

C
B

I
b
u
il

d
3
6
.

d
F

o
r

S
N

P
s

m
ap

p
in

g
w

it
h
in

g
en

es
,
g
en

e
n
am

es
ar

e
li

st
ed

,
an

d
fo

r
in

te
rg

en
ic

S
N

P
s,

th
e

n
ea

re
st

g
en

e
is

li
st

ed
in

p
ar

en
th

es
es

.
e
R

el
at

iv
e

ri
sk

es
ti

m
at

e
fo

r
ca

rr
y
in

g
o
n
e

co
p
y

o
f

th
e

h
ig

h
-r

is
k

al
le

le
co

m
p
ar

ed
to

n
o

co
p
ie

s,
an

d
co

rr
es

p
o
n
d
in

g
9
5
%

co
n
fi

d
en

ce
in

te
rv

al
.

f P
-v

al
u
e

fo
r

th
is

v
ar

ia
n
t

in
S

ta
g
e

1
is

b
as

ed
o
n

th
e

an
al

y
se

s
o
f

th
e

su
b
g
ro

u
p

o
f

n
o
n
-H

is
p
an

ic
C

au
ca

si
an

tr
ia

d
s.

Human Molecular Genetics, 2015, Vol. 24, No. 1 267



Figure 1. Regional association plots for three loci with genome-wide significant or suggestive associations with LSLs. Each pane: (A) rs1975649 (B) rs11008222
(C) rs8061121, shows the association statistic (2log10 P for the likelihood ratio test) from Stage 1 for the variant (diamond) and nearby markers (squares) on the
left y-axis. The red shading indicates linkage disequilibrium (r2) between the variant and nearby markers. The light blue lines indicate recombination rates across
each region in 1000 Genomes Pilot 1 CEU data (right y-axis). Chromosome position (hg18) and nearby genes are shown on the x-axis.
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score, 148). The nearest upstream genes (�578 kb), FOXC2
(forkhead box protein C2, MIM:602402) and FOXL1 (forkhead
box protein L1, MIM:603252), are members of the forkhead
family of transcription factors that are involved in cardiac devel-
opment (32–34). Deletion of these genes has been associated
with multiple congenital malformations including hypoplastic
left heart syndrome (35). The closest downstream gene
(�143 kb), C16orf95, has unknown function, but deletion of
this gene, as part of a de novo copy number variant, has been
reported in a patient with tetralogy of Fallot (12). This variant
(rs8061121) is located within 50 bp of a predicted binding site
for NKX2.5, a transcription factor critical to cardiac develop-
ment and congenital heart disease (36, 37). Further, a cluster of
transcription factor binding sites (FOS, GATA2, JunB, JunD
and NR4A1) is located �14 kb upstream, and a FOS binding
site is located �15 kb downstream of rs8061121. Binding sites
for the transcriptional repressor, CTCF, are also located
�14 kb upstream and 15 kb downstream of rs8061121. There
are also several regions of open chromatin between rs8061121
and FOXL1 as well as downstream of this variant. Finally, a
cluster of miRNA targets (miR-138/138ab, miR-455–5p,
miR-338/338–3p, miR-9/9ab, miR-133abc, miR-26ab/1297/
4465 and miR-143/1721/4770) is predicted to occur �18 kb
upstream of rs8061121. The GWAVA scores for this variant
ranged from 0.07 to 0.31, and the GWAVA-TSS score (0.08)
falls below the median value for GWAS SNPs that have been
externally replicated. Expression quantitative trait analyses
were not performed for rs8061121 because this variant was not
identified in the Geneva GenCord database.

DISCUSSION

Congenital heart defects occur in �1 in 200 live births and are
associated with significant infant mortality and morbidity
(1–4). LSLs are among the most common, severe congenital
heart defects, accounting for �13% of all affected infants.
Family studies, which demonstrate that the various LSL sub-
types (e.g. hypoplastic left heart, coarctation of the aorta,
aortic valve stenosis) co-segregate within families, indicate
that the LSL subtypes are genetically related and highly heritable
(17). These studies, in conjunction with emerging evidence
that de novo mutations (13) and rare copy number variants
(12, 14–16) are associated with LSLs, suggest that both inher-
ited variation and de novo events contribute to the risk of
LSLs. Further, epidemiological studies have identified associa-
tions between LSLs and a range of exposures [e.g.(38–41)],
many of which may be determined (e.g. maternal obesity) or
modulated (e.g. exposure to medications) by the genotype of
the mother, suggesting that the maternal genotype may also
influence the risk of LSLs in offspring.

To explore the potential contribution of both inherited case
and maternal genotypes to LSLs, a case-parent triad GWAS
was undertaken. Using log-linear models, one genome-wide sig-
nificant association (rs8061121) and two suggestive associations
(rs1975649 and rs11008222) were identified, one of which was
associated with LSLs via the maternal genotype (rs11008222).
When we began this study, there were no reported GWAS of con-
genital heart defects. While three such studies have subsequently
been published, none of them evaluated associations between the

Figure 1. Continued
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maternal genotype and LSLs. Further, two of these studies
focused on heart defects other than LSLs [i.e. tetralogy of
Fallot (42) and septal defects (43)]. The third study included a
broad range of congenital heart defects (44), but conducted a sub-
group analysis of LSLs (�400 cases). However, no genome-
wide significant (P , 5 × 1028) associations were identified
in the LSL subgroup. Our data provided no evidence of associ-
ation between LSLs and any of the top hits in these three
studies (P ≥ 0.29). Further, in the GWAS of tetralogy of Fallot
(the only one of the three published GWAS to provide access
to summary data from all SNPs), only one of our top hits was
evaluated (rs1975649), and there was no evidence for an associ-
ation between this variant and TOF (P ¼ 0.38). Given the etio-
logic complexity and heterogeneity of heart defects, it is not
entirely surprising that there is no overlap between the genes/
regions identified in these distinct studies.

The results of this study should be interpreted in light of its
limitations, including the relatively small sample sizes available
for both Stages 1 and 2. However, as little is known about the spe-
cific genes that influence the risk of LSL, the identification of
three loci with at least suggestive evidence of association with
LSLs provides new insights regarding the potential genetic
underpinnings of this condition. Further, our finding of a sug-
gestive association with the maternal genotype highlights the
importance of considering maternal genetic effects in studies
of LSLs and other conditions that have their origin in utero.
Nonetheless, given that genome-wide significance (i.e. P ,
1028) was attained for only one variant and only in the combined
data, these findings require follow-up in additional cohorts.

This study also had several strengths, including well-
phenotyped cases ascertained from a single centre. In addition,
the family-basedapproach is robust to the potentiallybiasing influ-
ences of population stratification and provides unbiased assess-
ment of associations with both the case and maternal genotypes.

In summary, our findings, as well as those from other recent
genomic studies of LSLs, highlight the potential utility of
genome-wide approaches for LSLs, despite the relatively
small sample sizes that are generally available for this condition.
Future studies should seek to confirm the associations reported
here. Larger studies, with increased power to detect associations
with LSLs, are also warranted and should include consideration
of both the case and maternal genotypes.

MATERIALS AND METHODS

Human subjects

Cases with an LSL and their parents were recruited from the
Cardiac Center at The Children’s Hospital of Philadelphia
with approval from the Institutional Review Board for the Pro-
tection of Human Subjects. Written informed consent and,
when appropriate, assent was obtained for each study subject.

Cases used in Stage 1 (n ¼ 405 LSL case-parent triads) were
recruited between 1997 and 2007, and those used in Stage 2
(n ¼ 236 triads), was recruited between 1997 and 2010. Cases
in both stages included males and females with an LSL includ-
ing: hypoplastic left heart syndrome, coarctation of the aorta
with or without bicuspid aortic valve, aortic valve stenosis and
isolated mitral valve anomalies. A detailed cardiac phenotype
was ascertained from all available cardiac medical records,

including echocardiography, cardiac MRI, cardiac catheteriza-
tion and/or operative notes. If there was any discrepancy or
ambiguity in the diagnosis, then original images were inspected
by one reviewer (E.G.). Individuals with variants of hypoplastic
left heart syndrome, such as mal-aligned atrioventricular canal
defects and double outlet right ventricle with mitral valve
atresia, were excluded from the study. Medical records were
also reviewed to identify other medical conditions, and cases
with a recognized or suspected genetic syndrome were excluded
from the study. Cases in Stage 1 included individuals of all races
and ethnicities, whereas cases in Stage 2 were selected to be pre-
dominantly non-Hispanic Caucasian.

GWAS genotyping and quality control

Pre-transfusion blood samples were collected from cases at the
time of admission to the hospital and blood or saliva samples
were collected from available parents. DNA was extracted
from the study samples using standard methods (Puregene
DNA isolation kit by Gentra Systems, Inc., Minneapolis, MN,
USA). For Stage 1, genotyping was performed at the Center
for Applied Genomics at The Children’s Hospital of Philadel-
phia, using the Illumina InfiniumTM II HumanHap550K (V3),
as previously described (45). Standard quality control measures
included exclusion of BeadChips with call rates ,97.5% and in-
dividual SNPs with ,95% genotyping yields. In addition, we
excluded from statistical analyses data for: non-autosomal
SNPs; SNPs with a MAF ,5%; SNPs for which the genotype
distribution in parents deviated from the Hardy–Weinberg equi-
librium (P , 1 × 1025); SNPs for which .1% of triads had a
Mendelian inheritance errors; triads with Mendelian inheritance
errors for .1% of the genotyped variants and individuals with a
genotype call rate ,95%.

Imputation

Imputation for non-genotyped autosomal SNPs was carried out
using MACH version 1.0.16 (46) (http://www.sph.umich.edu/
csg/abecasis/MACH/). Phased haplotypes for HapMap II CEU
subjects (n ¼ 60 founders) were used as the reference for imput-
ing genotypes in the subset of Stage 1 triads in which all members
were reported to be non-Hispanic and Caucasian (n ¼ 284
triads). Imputation was based on genotyped SNPs with a MAF
.10% and that met all other quality control criteria. Imputed
SNPs with imputation ri

2 (i.e. estimated squared correlation
between imputed and actual genotypes) ,0.3 were excluded.
Data for imputed SNPs that were non-autosomal or that had a
MAF ,5% were also excluded from all statistical analyses.

SNP selection and genotyping

SNPs (genotyped or imputed) with association P , 1 × 1025 in
Stage 1 were genotyped in Staged 2. This genotyping was per-
formed using the Illumina Veracode GoldenGate assay (47) in
The Center for Applied Genomics at The Children’s Hospital
of Philadelphia. Samples from 24 Stage 1, case-parent triads
were also genotyped using this platform, for comparisons with
genotypes that were imputed in Stage 1. Quality control filters
for SNPs genotyped in Stage 2 were identical to those used for
genotyped SNPs in Stage 1.
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Statistical analysis

The log-linear likelihood approach (26, 48), implemented using
the MI-GWAS platform (49) was used to assess the association
between LSLs and both the case and maternal genotypes for each
variant. This approach has been widely applied in candidate gene
and genome-wide association studies of birth defects and other
pediatric conditions [e.g. (22, 50–56)]. Briefly, each triad is
characterized by the number of high-risk alleles (0, 1, 2) in the
genotypes of the father, mother and child. Asymmetry in the
distribution of the case genotypes, conditional on parental geno-
types, permits estimation of the case genotypic effects and asym-
metry in the distribution of reciprocal mating types permits
estimation of maternal genotypic effects. The likelihood ratio
test comparing log-linear models with and without parameters
characterizing the case genotypic effects is a generalization of
the transmission disequilibrium test that is not subject to popula-
tion stratification bias (although the power to detect an associ-
ation in a stratified sample may be reduced if the association
is not present in all sub-populations) and provides results that
are comparable with PLINK (http://pngu.mgh.harvard.edu/
~purcell/plink/) (49). However, unlike the analyses implemen-
ted in PLINK, the log-linear approach can be used to assess the
association of the maternal genotype with the offpsring pheno-
type. Further, use of the expectation-maximization algorithm
allows for the inclusion of data from incomplete triads (e.g.
triads missing data for one parent) without invalidation of the
results and relatively little loss of power compared to analyses
based on a similar number of complete triads (57).

Analyses were performed using data from Stage 1 triads and
repeated using data from the subset of Stage 1 triads in which
both parents were self-reported non-Hispanic Caucasian. This
subset was selected for analysis, a priori, because the inclusion
of triads with mixed parental races/ethnicities (e.g. mother non-
Hispanic Caucasian × father Hispanic) can bias estimates of
maternal genetic effects (58). Data from this subset were also
assessed for enrichment of GO and Kyoto Encyclopedia of
Genes and Genomes (KEGG) terms. Enrichment analyses
were performed separately for inherited and maternal genotypes
using INRICH (27) for regions containing SNPs with association
P-values ,1025 and were repeated for regions containing SNPs
with association P-values ,1024. Pathways with P-values
,0.05, after correction for the total number of pathways evalu-
ated, were considered to be significantly enriched.

All log-linear analyses were performed using an additive
model for the genotype being tested (e.g. case genotype) and
an unrestricted model for the other (e.g. maternal) genotype.
Statistical significance was assessed using a one-degree of
freedom likelihood ratio test to compare models that included
a parameter for the genotype being tested to models that
excluded this parameter. Quartile–quartile (Q–Q) plots and
estimates of lambda were generated using R version 2.15 (http://
www.r-project.org/).

SNPs with association P-values ,1025 in Stage 1 were
assessed in Stage 2 and SNPs with unadjusted P-values ,0.05
in Stage 2 were assessed in the combined data. Pooled data from
the two stages were analyzed, rather than conducting a
meta-analysis, because the two sets of triads were ascertained
using identical protocols at a single institution during overlapping
time periods.SNPsfor which the P-value in thecombined analysis

was lower than that in Stage 1 were considered to be potential LSL
susceptibility loci. For these loci, data from Stage 1 were used to
generate regional association plots with SNAP version 2.2 (http
://www.broadinstitute.org/mpg/snap/ldplot.php). In addition,
the relative increase in risk to a sibling attributable to each poten-
tial inherited LSL susceptibility locus (lS) was calculated (59),
using the MAF among parents to estimate the frequency of the
high-risk allele and parameter estimates from the additive log-
linear models to estimate genotype relative risks.

Variant annotation

For each potential susceptibility locus, the UCSC genome
browser (http://genome.ucsc.edu/) was used to identify coding
and predicted genes flanking variants of interest and to determine
TXCdsPredict scores. Visualization of transcription factor-
binding sites, regions of open chromatin and miRNA-binding
sites was performed using ENCODE transcription factor
binding tracks, ENCODE Open Chrom Synth tracks and the Tar-
getScan track on the UCSC genome browser. Transcription
factor binding sites were also identified using TESS (http
://www.cbil.upenn.edu/tess/). Genome-wide annotation of var-
iants (GWAVA) scores (http://www.sanger.ac.uk/resources/
software/gwava/), which range from 0 to 1, were used to assess
the potential impact of non-coding variants on gene regulation
(60). In addition, the GWAVA-TSS score, which is based on
comparisons with a control set of SNPs matched for distance
to the nearest transcription factor start site, was compared with
the distribution of GWAVA-TSS scores for GWAS SNPs
that have been externally replicated (60). When appropriate,
GWAVA scores were also assessed for SNPs in linkage disequi-
librium with our top hits. In addition, eQTL analyses were per-
formed for each non-coding variant using Genevar (61). For
variants associated with the risk of LSLs via the case genotype,
Genevar was run using data from three cell types (fibroblast,
lymphobastoid cell lines and T-cells) derived from umbilical
cords of 75 Geneva GenCord individuals. For variants associated
with the risk of LSLs via the maternal genotype, Genevar was run
using data from three tissue types (adipose, lymphoblastoid cell
lines and skin) from twin 1 of �90 MuTHER healthy female
twin pairs. The significance of SNP–probe associations was
assessed using a non-parametric permutation P-value, based
on 10,000 permutations, and P values ,0.05 were considered
significant.

SUPPLEMENTARY MATERIAL

Supplementary material is available at HMG online.
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