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Abstract

Hirschsprung disease (HSCR) is a congenital and heterogeneous disorder characterized by the absence of intramural
nervous plexuses along variable lengths of the hindgut. Although RET is a well-established risk factor, a recent genome-wide
association study (GWAS) of HSCR has identified NRG1 as an additional susceptibility locus. To discover additional risk loci,
we performed a GWAS of 123 sporadic HSCR patients and 432 unaffected controls using a large-scale platform with
coverage of over 1 million polymorphic markers. The result was that our study replicated the findings of RET-CSGALNACT2-
RASGEF1A genomic region (rawP= 5.69610219 before a Bonferroni correction; corrP= 4.31610213 after a Bonferroni
correction) and NRG1 as susceptibility loci. In addition, this study identified SLC6A20 (adjP= 2.7161026), RORA
(adjP= 1.2661025), and ABCC9 (adjP= 1.8661025) as new potential susceptibility loci under adjusting the already known
loci on the RET-CSGALNACT2-RASGEF1A and NRG1 regions, although none of the SNPs in these genes passed the Bonferroni
correction. In further subgroup analysis, the RET-CSGALNACT2-RASGEF1A genomic region was observed to have different
significance levels among subgroups: short-segment (S-HSCR, corrP= 1.7161025), long-segment (L-HSCR, corrP= 6.6661024),
and total colonic aganglionosis (TCA, corrP.0.05). This differential pattern in the significance level suggests that other
genomic loci or mechanisms may affect the length of aganglionosis in HSCR subgroups during enteric nervous system (ENS)
development. Although functional evaluations are needed, our findings might facilitate improved understanding of the
mechanisms of HSCR pathogenesis.
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Introduction

Hirschsprung disease (HSCR, or aganglionic megacolon) is a

rare congenital disease (1 in 5000 live births) that leads to intestinal

obstruction or chronic constipation. HSCR manifests a sex-

dependent penetrance (male:female ratio of ,4:1) and involves

mostly sporadic cases; however, 5–20% are familial forms. Based

on the length of aganglionosis, patients can be further classified

into three groups as follows: (1) short-segment (S-HSCR, ,80% of

cases) with aganglionosis affecting the rectum and not extending

beyond the upper sigmoid, (2) long-segment (L-HSCR, ,15%)

with aganglionosis affecting longer tracts of the colon, and (3) total

colonic aganglionosis (TCA, ,5%) [1,2]. Genetic variations in

eight genes, including RET, have been implicated in less than 30%

of HSCR development, indicating the need to identify additional

HSCR-causing variations.

The RET proto-oncogene, encoding a tyrosine-kinase receptor,

has been identified as the major HSCR gene. In particular, a

common variant rs2435357 (also known as RET+3) within a

conserved enhancer-like sequence in intron 1 of RET showed a

PLOS ONE | www.plosone.org 1 October 2014 | Volume 9 | Issue 10 | e110292

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0110292&domain=pdf


significant association with HSCR susceptibility, with different

genetic effects between male and female patients [3]. Since this

variant is located in an enhancer-like sequence, it was further

speculated that additional factors might interact with this variant

to affect RET expression. Two downstream genes that are near

RET, CSGALNACT2 and RASGEF1A, are differentially ex-

pressed between the colon and small intestine [3], although the

functions of these genes have not been adequately characterized.

Mutations in other genes (EDNRB, GDNF, NRTN, SOX10,
etc.) have also been identified as contributing to HSCR

development [1,2,4,5]. Recently, the first genome-wide association

study (GWAS) of HSCR has additionally identified neuregulin 1
(NRG1), one of the molecular regulators in the development and

maintenance of the enteric nervous system (ENS), as a suscepti-

bility locus for HSCR [6]. Follow-up studies have also evaluated

the potential effects of NRG1 on HSCR, including aberrant

NRG1 expression [7,8]; however, results from these studies suggest

that other alleles or epigenetic factors might affect NRG1
expression. Moreover, still other factors (for instance, APOB,
RELN, GAL, etc.) have been proposed that may be associated

with HSCR development [9,10].

Given that HSCR is a heterogeneous disorder, new confounders

with small-to-modest effects on HSCR development have yet to be

discovered. RET coding sequence mutations account for about

50% in familial HSCR and 15–20% in sporadic HSCR [1]. In this

study, we have performed GWAS using sporadic HSCR to

discover additional risk loci and to validate previous discoveries

using a larger number of single nucleotide polymorphism (SNP)

markers.

Subjects and Methods

Study subjects
Study subjects were collected from Samsung Medical Center,

Asan Medical Center, Severance Children’s Hospital, and Seoul

National University Children’s Hospital in Korea. The study

protocol was approved by the Institutional Review Board of each

hospital (IRB No. SMC_2010-02-028-003 of Samsung Medical

Center; 2010-0395 of Asan Medical Center; 4-2010-0436 of

Severance Children’s Hospital; 1006-129-322 of Seoul National

University Children’s Hospital), and guardians of all subjects

provided written informed consent. All subjects were of Korean

ethnicity. A total of 124 sporadic HSCR patients (102 males and

22 females) were recruited, and their biopsy specimens or surgical

materials were used to make the diagnosis of HSCR by histological

examination based on the absence of the enteric ganglia. Patients

were composed of 76 S-HSCR, 31 L-HSCR, and 17 TCA. For

the controls, 450 unaffected subjects (250 males and 200 females)

with no history of HSCR based on the questionnaire information

about concomitant disease, but without exclusion criteria for other

neurological diseases or gastroenterological diseases, were included

from Ansan cohort provided by Korea BioBank, Center for

Genome Science, National Institute of Health, Korea Centers for

Disease Control and Prevention. However, 19 subjects (1 S-HSCR

patient and 18 controls) were excluded from all analyses because

they were detected as outliers based on the principal component

analysis (PCA) and revealed as mixed-bloods.

Genome-wide genotyping
Genomic DNAs were extracted from the peripheral blood

lymphocytes of the patients and unaffected controls, using the

Wizard Genomic DNA Purification Kit (Promega, WI, USA),

according to the manufacturer’s protocol. A whole-genome

genotype scan was performed using about 200 ng of the genomic

DNAs on Illumina’s HumanOmni1-Quad BeadChip (Illumina,

San Diego, USA), according to the manufacturer’s protocol. All

samples were scanned using the Illumina iScan system (Illumina),

and the normalized bead intensity data were loaded into the

GenomeStudio software (Illumina). Considering a potential

association between rare variants and rare diseases such as

HSCR, this study included all polymorphic markers for association

analysis. For 1,140,419 markers on the chip, SNP marker quality

control (QC) was applied as follows: (1) only SNP with call rate (.

98%, 995,666 markers) in both cases and controls was included, (2)

221,556 monomorphic markers were excluded, and (3) visual

inspection of the genotype cluster image was performed for the

SNPs with deviation from Hardy-Weinberg equilibrium (HWE,

P,0.0001), and 16,850 SNPs deviating from HWE were excluded

from the analysis. The 757,260 markers that remained after QC

were ultimately used for further association analysis.

Statistics
Associations of genotype distributions were calculated by logistic

regression analysis using HelixTree software (Golden Helix,

Bozeman, MT, USA). The possible population stratification was

examined by PCA using HelixTree software. A Bonferroni

correction applied by the number of independent SNPs

(757,260), which resulted in the threshold of GWAS significance

(corrP=6.661028), was calculated. In order to remove the effects

of primary top signals from the known RET-CSGALNACT2-
RASGEF1A genomic region on chromosome 10q11.2 and the

effect of the first GWAS-discovered NRG1 on chromosome 8p12,

four SNPs, including rs2435357, rs1800860, and rs7078220 on

RET-CSGALNACT2-RASGEF1A region and rs16879552 on

NRG1, were adjusted as covariates. In the case of the three SNPs

on RET-CSGALNACT2-RASGEF1A region, they were likely to

make a major contribution to the strongest signal according to our

GWAS results. Therefore, P-values were defined as follows: rawP
for raw P-value before a Bonferroni correction, corrP after a

Bonferroni correction, and adjP under adjusting the known RET-
CSGALNACT2-RASGEF1A and NRG1 loci. The FaST-LMM

(Factored Spectrally Transformed Linear Mixed Models) program

was applied to correct for hidden relatedness [11]. Statistical

power of the sample size was calculated using the Power for

Genetic Association Analyses (PGA) software [12], with false

positive rate of 5%, disease prevalence of 0.02% (1 in 5000 live

births) [1], given minor allele frequencies of the most significant

allele and sample sizes of case (n = 123) and control (n = 432), and

assuming a relative risk of 1.5, resulting in the statistical

power = 58.5%. Analysis of linkage disequilibrium (LD) among

the SNPs was performed using the Haploview v4.2 software

downloaded from the Broad Institute (http://www.broadinstitute.

org/mpg/haploview) based on LD coefficients (|D’| and r2)
between all pairs of biallelic loci.

Results

Characteristics of study subjects
After excluding outliers based on the PCA (Figure S1), a total of

555 subjects (123 sporadic HSCR patients and 432 unaffected

controls) were involved in the GWAS. Although our study subjects

showed genomic control inflation factor (l) of 1.077, this inflation
factor was reduced to 1.015 after correcting for hidden relatedness

using FaST-LMM. Male:female ratio was ,4.9:1, as was expected

based on general sex differences in HSCR. Patients were classified

into groups of 75 S-HSCR (60.1% of cases; 65 male, 10 female),

31 L-HSCR (25.2% of cases; 24 male, 7 female), and 17 TCA

(13.8% of cases; 13 male, 4 female), indicating that the proportion
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of patients with L-HSCR and TCA in this study was slightly

higher than the expected prevalence of each subgroup.

Association analysis and identification of new
susceptibility locus
A quantile-quantile (Q-Q) plot for the association test with

HSCR showed a significant deviation of measures at the tail

(Figure 1A), even after excluding SNPs in the RET-CSGAL-
NACT2-RASGEF1A region on chromosome 10q11.2 (Figure S2),

indicating potentially true associations between the SNPs and

HSCR. Our GWAS confirmed two facts previously reported.

First, the strongest significant association was observed at the

RET-CSGALNACT2-RASGEF1A genomic region (Figure 1B),

with top signal at kgp4676284 (rs1864400, rawP=5.69610219

before a Bonferroni correction; corrP=4.31610213 after a

Bonferroni correction, Table S1). Second, NRG1 also showed

association signals (Table S2).

No other individual SNPs reached a genome-wide significance

(Bonferroni-corrected significance) level, except for five SNPs (two

intronic rs12739262 and rs35198051; three intergenic

rs12752277, rs2809867, and rs36019094; Figure 1B and Table

S3). To identify additional signals under exclusion of effects from

the RET-CSGALNACT2-RASGEF1A region and from the first

GWAS-discovered NRG1, further analysis was employed by

adjusting for four SNPs, rs2435357, rs1800860, and rs7078220 on

the RET-CSGALNACT2-RASGEF1A region (these three SNPs

were confirmed to sufficiently represent the region) and

rs16879552 on NRG1. The strongest association was detected at

SLC6A20 encoding solute carrier family 6, proline IMINO

transporter, member 20 (rs4299518, adjP=2.7161026;

rs2159272, adjP=2.6661025; Table 1 and Figure 2). In the

regional association of 400 kb around SLC6A20 on chromosome

3p21.3 (Figure 3A), seven SNPs of SLC6A20 showed relatively

robust association signals (minimum adjP=2.7161026, Table S4).

LD analysis revealed that SLC6A20 SNPs showing potential

associations with HSCR were likely to not be in LD with nearby

genes (Figure 3A). In addition, RORA (minimum

adjP=1.2661025) and ABCC9 (minimum adjP=1.8661025),

along with relatively strong regional associations (Figure 3B and

3C), were detected as potential risk loci for HSCR (Table 1 and

Table S4).

In the further analysis under adjusting the known RET-
CSGALNACT2-RASGEF1A and NRG1 loci, other genes includ-

ing CDKAL1 (adjP=1.9661025), ACCSL (adjP=1.1361025), and

ASTN1 (adjP=7.6361025) also showed potential associations

with HSCR (Table 1 and Table S5).

Analysis of HSCR subgroups
In addition to RET, two of its downstream genes, CSGAL-

NACT2 and RASGEF1A, showed similar levels of significance

regarding HSCR susceptibility and were in tight LD (Figure S3).

In our further analysis among subgroups, this RET-CSGAL-
NACT2-RASGEF1A genomic region showed different signifi-

cance levels among subgroups (corrP=1.7161025 in S-HSCR;

corrP=6.6661024 in L-HSCR; corrP.0.05 in TCA; Table S6 and

Figure 4).

Discussion

HSCR is a complex and heterogeneous disease. In addition, the

incidence of HSCR is much higher in males, and a higher

maternal inheritance than paternal (largely transmitted to the son)

is observed in RET coding sequence mutations, based on the

assumption of parent-of-origin effect [13]. Although mutations in

RET (in particular, a common variant rs2435357 within a

conserved enhancer-like sequence) and other genes (such as

GDNF, SOX10, and endothelin-related genes) have partially

accounted for HSCR development [3–5,14], comprehensive

genetic implications for HSCR and ENS development are still

not fully understood. Inspired by the discovery of NRG1 as an

additional susceptibility locus from GWAS of HSCR, we

performed another GWAS using a large-scale platform with

coverage of over 1 million markers to identify additional risk

factors and to investigate potential genetic effects among HSCR

subgroups. As a result, this study identified SLC6A20 and ABCC9
as potential susceptibility loci and the possible reduced effects of

the RET-CSGALNACT2-RASGEF1A genomic region according

to length of aganglionosis.

Consistent with results of the first GWAS [6], we also replicated

the finding that NRG1 on chromosome 8 might be a susceptibility

locus for HSCR (Figure 1B and Table S2). Due to the different

GWAS array platforms, only NRG1 rs16879552 in our GWAS

was matched and could be compared to that of the previous

GWAS. This study showed a nominal relevance at rs16879552

(Table S2), whereas the first GWAS revealed a higher association

signal [6]. Since this study included no hereditary HSCR cases,

Figure 1. Overview of genome-wide association results. (A) Q-Q plot. The observed P-value (y-axis) is compared with the expected rawP-value
(x-axis, under null distribution) before a Bonferroni correction. (B) Graphical summary (Manhattan plot) presenting rawP-values for the association with
HSCR in 123 sporadic HSCR patients and 432 unaffected controls. The 2log10P (logistic regression analysis) is plotted against its physical position on
successive chromosomes. Gray line represents the threshold for GWAS significance after a Bonferroni correction.
doi:10.1371/journal.pone.0110292.g001
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this discrepancy between the Chinese and Korean studies might

be due to ethnic differences among Asian populations or different

inclusion ratios of the subgroups. However, among 41 NRG1 SNP

markers in our GWAS, several variants (for instance, rs7005606,

rs4733130, and rs6996957) also showed increased association

signals for HSCR (Table S2).

Five SNPs (rs12739262, rs12752277, rs2809867 on chromo-

some 1; rs36019094 on chromosome 5; rs35198051 on chromo-

some 11) showed genome-wide significance levels (Table S3).

Among these SNPs, PPP1R12B rs12739262 and SHANK2
rs35198051 (corrP=0.005 for both SNPs) are positioned at the

intron of the genes, whereas others are in intergenic or gene desert

regions. However, despite potential associations of SHANK2 with

the nervous system and neurodevelopmental diseases [15,16], no

observation of additionally significant associations of SHANK2
and PPP1R12B SNPs in our regional association results suggests

that these loci with genome-wide significance might be false-

positive findings. This study identified SLC6A20, RORA, and

ABCC9 as new potential susceptibility loci for HSCR. Four, nine,

and nineteen SNPs of SLC6A20, RORA, and ABCC9, respec-
tively, showed relatively robust association signals (adjP,0.001,

Table S4), suggesting that these genes might play a role in HSCR

susceptibility without the effects of the RET-CSGALNACT2-
RASGEF1A and NRG1 regions.

Although the functions of SLC6A20 and its gene product are

poorly understood, there are a few intriguing clues to the

relationship between SLC6A20 and HSCR. The human

SLC6A20 that is abundantly expressed in much of the gastroin-

testinal tract has been suggested as a target gene for a renal tubular

disorder of iminoaciduria [17,18]. Also, the combined mutations

in SLC6A20 and other genes have been observed to affect its

related human phenotypes [19], suggesting that genetic variations

Figure 2. Result of the analysis adjusted by RET-CSGALNACT2-RASGEF1A and NRG1 and top SNPs within the gene region. The adjP-value
(y-axis) after adjustment by rs2435357, rs1800860, and rs7078220 on RET-CSGALNACT2-RASGEF1A region and rs16879552 on NRG1 is plotted against
its physical position on successive chromosomes.
doi:10.1371/journal.pone.0110292.g002

Figure 3. Regional association and LD plots of SLC6A20, RORA, and ABCC9 SNPs for HSCR. Associations of SNPs across approximately (A) a
400 kb region around SLC6A20 on chromosome 3p21.3, (B) a 1,065 kb region around RORA on chromosome 15q22.2, and (C) a 500 kb region around
ABCC9 on chromosome 12p12.1, under analysis adjusted by RET-CSGALNACT2-RASGEF1A and NRG1, are shown. In the upper panel of each regional
association, strong associations are shown as large black circles; relatively weak associations are shown as small gray diamonds. In the lower panel,
LDs are indicated with LD coefficient (r2) between all pairs of biallelic loci.
doi:10.1371/journal.pone.0110292.g003
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of SLC6A20may also contribute to the development of the enteric

system when combined with other risk factors. On the other hand,

since LIMD1, a nearby gene of SCL6A20, has been shown to

affect cell migration that is essential during development [20], we

also analyzed LD between the seven SLC6A20 SNPs (adjP,0.01)

and two nearby genes (LIMD1 and SACM1L) that were most

likely to be in LD with SLC6A20. However, SLC6A20 showed no

LD with the nearby genes (Table S7), indicating that SLC6A20
may have roles without correlation to nearby genes, but may

interact with other regulators [21]. For other potential genes of

RORA and ABCC9, no literature clues related to HSCR or ENS

development could be found.

This study confirmed strong associations of SNPs on CSGAL-
NACT2 and RASGEF1A as nearby genes of RET and being in

tight LD with one another. However, the functions of CSGAL-

NACT2 and RASGEF1A are little understood. Only differential

expressions of these three genes have been previously observed in

human tissues: for instance, higher expression of RASGEF1A in

the colon but lower in the small intestine, when compared to RET
expressions [3]. Despite the insufficient sample size (in particular,

the low number of L-HSCR and TCA cases), our results also

identified other potential loci (Figure 4) that might contribute to

the phenotypes, such as length of aganglionosis, of the L-HSCR

and TCA subgroups. This evidence suggests that other regulators,

including distant-acting factors or chromosomal abnormalities,

may affect the development of ENS as well as HSCR [22,23].

Therefore, further studies, including replications in large cohorts

and deep sequencing of the RET-CSGALNACT2-RASGEF1A
region in HSCR patients, are needed.

Notably, there are additional observations from this study. First,

although the common RET rs2435357 within a conserved

enhancer-like sequence has been evaluated to be associated with

HSCR, possibly by affecting RET expression [3,24], this study has

found more significant associations at the top three intronic SNPs,

kgp4676284 (rs1864400, corrP=4.31610213, Table S1),

kgp3302846 (rs741968, corrP=4.31610213), and kgp11922846

(rs2742233, corrP=9.54610213), which are in tight LD with each

other but not in LD with rs2435357 (Figure S4). However, in our

further in silico prediction analysis of potential branch point (BP)

sites for alternative splicing using the Human Splicing Finder

(http://www.umd.be/HSF/), these top three intronic SNPs did

not emerge as potential BP sites. Second, in the case of DSCAM as

a candidate gene in this study (Table S5), a most recent study has

reported that this gene may be a predisposing locus in HSCR [25].

Therefore, further functional evaluations of these new observa-

tions may also be required.

To date, the association between RET genetic variations and

HSCR has been identified in less than 30% of sporadic HSCR

cases [1]. To investigate the genetic heterogeneity for genomic

regions that showed the Bonferroni-corrected significances for

HSCR, SNPs across approximately a 196 kb region around the

RET-CSGALNACT2-RASGEF1A on chromosome 10 were

further analyzed. As a result, this genomic region showed a

relatively strong LD block (Figure S3). In addition, when a

multidimensional scaling (MDS) of the RET-CSGALNACT2-
RASGEF1A region for genetic heterogeneity was plotted, patients

were not divided into subgroups with specific genotypes, showing a

single cluster (Figure S5). Therefore, it is suggested that there may

be no genetic heterogeneity in these RET-CSGALNACT2-
RASGEF1A genomic regions showing significant associations

with HSCR.

Finally, several well-known HSCR- and/or enteric develop-

ment-related genes (EDNRB, GDNF, NRTN, SOX10, PHOX2B,
etc.) [1,2,26] showed no significant association signals in this study

(corrP.0.05, Table S8). Only, SNPs of EDNRB and ECE1
revealed nominal associations. The lack of associations in NRTN
and SOX10 is consistent with reports that have conflicting results

[27,28]. For EDN3 and ZFHX1B, the genetic diversity or the

complex phenotypes of patients with combined clinical features

might affect no replication of associations in this study [1,29,30].

This study found a small amount of inflation of test statistics as

the genomic control inflation factor is around 1.07. We applied the

linear mixed models (FaST-LMM) to correct for hidden related-

ness and found that inflation factor becomes 1.015. This indicates

that the linear mixed models successfully removed effects of hidden

relatedness as our inflation factor is close to 1. It was also found

that P-values of most of significant associations detected before

correcting for relatedness were consistent with P-values after

applying the linear mixed models.

In conclusion, our preliminary findings suggest that new

potential susceptibility loci, including SLC6A20, RORA, and

ABCC9 under adjusting the RET-CSGALNACT2-RASGEF1A
and NRG1 regions, may be related to the development of HSCR

or ENS-related disorders. However, there are several limitations of

this study, such as insufficient sample size and lack of replication.

In the case of statistical power of the sample size, it was calculated

as 58.5% due to the low numbers of subjects (in particular, L-

HSCR and TCA cases due to the rareness of the conditions).

Therefore, further replication study with independent samples and

functional evaluations of candidate genes are required. In order to

share data for further meta-analysis elsewhere, the summary

statistics (SNP ID, chromosome, position, allele variation, MAF,

OR with 95% CI, and P-value) for SNPs with association signals

(42,447 SNPs, rawP,0.05) were summarized in Table S9. In

addition, further observation on differential expressions of RET,
CSGALNACT2, and RASGEF1A among HSCR subgroups may

Figure 4. Manhattan plots of HSCR subgroup analysis. The strongest association RET-CSGALNACT2-RASGEF1A genomic region is observed at
chromosome 10. Other potential loci are indicated by arrows. P-value indicates the significance before a Bonferroni correction. (A) short-segment (S-
HSCR); (B) long-segment (L-HSCR); (C) total colonic aganglionosis (TCA).
doi:10.1371/journal.pone.0110292.g004

GWAS of Hirschsprung Disease

PLOS ONE | www.plosone.org 6 October 2014 | Volume 9 | Issue 10 | e110292



help our understanding of HSCR pathogenesis and/or ENS

development.

Supporting Information

Figure S1 The result of principal component analysis.
(DOC)

Figure S2 Q-Q plot after excluding SNPs in the RET-
CSGALNACT2-RASGEF1A region on chromosome
10q11.2.
(DOC)

Figure S3 Regional and LDs of SNPs on RET, CSGAL-
NACT2 and RASGEF1A region on chromosome 10.
(DOC)

Figure S4 LDs of top three SNPs (kgp4676284,
kgp3302846, kgp11922846) and major known risk allele
rs2435357 of RET.
(DOC)

Figure S5 MDS plot of the RET-CSGALNACT2-RAS-
GEF1A region on chromosome 10 that shows Bonfer-
roni-corrected significances for the HSCR association.
(DOC)

Table S1 Top 100 SNPs from association in GWAS
analysis.
(DOC)

Table S2 NRG1 SNPs with significance (GWAS Raw
P,0.05 in this study.
(DOC)

Table S3 SNPs with genome-wide significance except
for RET-CSGALNACT2-RASGEF1A genomic region.
(DOC)

Table S4 List of all SNPs of SLC6A20, RORA, and
ABCC9 in this GWAS.

(DOC)

Table S5 Potential genes showing significant associa-
tions (adjP,1024) with HSCR under adjusted analysis
(only SNPs with P,0.05 shown).

(DOC)

Table S6 Top 10 SNPs of RET-CSGALNACT2-RASGEF1A
region in each subgroup.

(DOC)

Table S7 LD of SLC6A20 SNPs with significant associ-
ations (adjP,0.01) with SNPs of LIMD1 and SACM1L.

(DOC)

Table S8 SNPs (in this GWAS) of previously known
HSCR-related genes.

(DOC)

Table S9 Summary statistics for SNPs with association
signals (42,447 SNPs, rawP,0.05).

(XLSX)

Acknowledgments

The authors thank the patients and their parents without whom this study

would not have been possible.

Author Contributions

Conceived and designed the experiments: JHK HDS. Performed the

experiments: JHK JSB. Analyzed the data: JHK HSC JHS JSB.

Contributed reagents/materials/analysis tools: JMS DYK JTO KWP

HYK SMJ KJ MJC. Contributed to the writing of the manuscript: JHK

HDS.

References

1. Amiel J, Sproat-Emison E, Garcia-Barcelo M, Lantieri F, Burzynski G, et al.

(2008) Hirschsprung disease, associated syndromes and genetics: a review. J Med

Genet 45: 1–14.

2. Heanue TA, Pachnis V (2007) Enteric nervous system development and

Hirschsprung’s disease: advances in genetic and stem cell studies. Nat Rev

Neurosci 8: 466–79.

3. Emison ES, McCallion AS, Kashuk CS, Bush RT, Grice E, et al. (2005) A
common sex-dependent mutation in a RET enhancer underlies Hirschsprung

disease risk. Nature 434: 857–63.

4. Carrasquillo MM, McCallion AS, Puffenberger EG, Kashuk CS, Nouri N, et al.

(2002) Genome-wide association study and mouse model identify interaction

between RET and EDNRB pathways in Hirschsprung disease. Nat Genet 32:

237–44.

5. Shen L, Pichel JG, Mayeli T, Sariola H, Lu B, et al. (2002) Gdnf

haploinsufficiency causes Hirschsprung-like intestinal obstruction and early-

onset lethality in mice. Am J Hum Genet 70: 435–47.

6. Garcia-Barcelo MM, Tang CS, Ngan ES, Lui VC, Chen Y, et al. (2009)
Genome-wide association study identifies NRG1 as a susceptibility locus for

Hirschsprung’s disease. Proc Natl Acad Sci U S A 106: 2694–9.

7. Tang CS, Tang WK, So MT, Miao XP, Leung BM, et al. (2011) Fine mapping

of the NRG1 Hirschsprung’s disease locus. PLoS One 6: e16181.

8. Tang W, Li B, Xu X, Zhou Z, Wu W, et al. (2012) Aberrant high expression of

NRG1 gene in Hirschsprung disease. J Pediatr Surg 47: 1694–8.

9. Evangelisti C, Bianco F, Pradella LM, Puliti A, Goldoni A, et al. (2012)

Apolipoprotein B is a new target of the GDNF/RET and ET-3/EDNRB

signalling pathways. Neurogastroenterol Motil 24: e497–508.

10. Saeed A, Barreto L, Neogii SG, Loos A, McFarlane I, et al. (2012) Identification

of novel genes in Hirschsprung disease pathway using whole genome expression

study. J Pediatr Surg 47: 303–7.

11. Lippert C, Listgarten J, Liu Y, Kadie CM, Davidson RI, et al. (2011) FaST

linear mixed models for genome-wide association studies. Nat Methods 8: 833–
5.

12. Menashe I, Rosenberg PS, Chen BE (2008) PGA: power calculator for case-

control genetic association analyses. BMC Genet 9: 36.

13. Jannot AS, Amiel J, Pelet A, Lantieri F, Fernandez RM, et al. (2012) Male and
female differential reproductive rate could explain parental transmission

asymmetry of mutation origin in Hirschsprung disease. Eur J Hum Genet 20:

917–20.

14. Sham MH, Lui VC, Fu M, Chen B, Tam PK (2001) SOX10 is abnormally

expressed in aganglionic bowel of Hirschsprung’s disease infants. Gut 49: 220–6.

15. Raab M, Boeckers TM, Neuhuber WL (2010) Proline-rich synapse-associated

protein-1 and 2 (ProSAP1/Shank2 and ProSAP2/Shank3)-scaffolding proteins

are also present in postsynaptic specializations of the peripheral nervous system.

Neuroscience 171: 421–33.

16. Tse MT (2012) Neurodevelopmental disorders: exploring the links between

SHANK2 and autism. Nat Rev Drug Discov 11: 518.

17. Procopis PG, Turner B (1971) Iminoaciduria: a benign renal tubular defect.

J Pediatr 79: 419–22.

18. Takanaga H, Mackenzie B, Suzuki Y, Hediger MA (2005) Identification of

mammalian proline transporter SIT1 (SLC6A20) with characteristics of classical

system imino. J Biol Chem 280: 8974–84.

19. Broer S, Bailey CG, Kowalczuk S, Ng C, Vanslambrouck JM, et al. (2008)

Iminoglycinuria and hyperglycinuria are discrete human phenotypes resulting

from complex mutations in proline and glycine transporters. J Clin Invest 118:

3881–92.

20. Bai SW, Herrera-Abreu MT, Rohn JL, Racine V, Tajadura V, et al. (2011)

Identification and characterization of a set of conserved and new regulators of

cytoskeletal organization, cell morphology and migration. BMC Biol 9: 54.

21. Dierking K, Polanowska J, Omi S, Engelmann I, Gut M, et al. (2011) Unusual

regulation of a STAT protein by an SLC6 family transporter in C. elegans

epidermal innate immunity. Cell Host Microbe 9: 425–35.

22. Panza E, Knowles CH, Graziano C, Thapar N, Burns AJ, et al. (2012) Genetics

of human enteric neuropathies. Prog Neurobiol 96: 176–89.

23. Tang CS, Cheng G, So MT, Yip BH, Miao XP, et al. (2012) Genome-wide copy

number analysis uncovers a new HSCR gene: NRG3. PLoS Genet 8: e1002687.

24. Miao X, Leon TY, Ngan ES, So MT, Yuan ZW, et al. (2010) Reduced RET

expression in gut tissue of individuals carrying risk alleles of Hirschsprung’s

disease. Hum Mol Genet 19: 1461–7.

25. Jannot AS, Pelet A, Henrion-Caude A, Chaoui A, Masse-Morel M, et al. (2013)

Chromosome 21 scan in Down syndrome reveals DSCAM as a predisposing

locus in Hirschsprung disease. PLoS One 8: e62519.

GWAS of Hirschsprung Disease

PLOS ONE | www.plosone.org 7 October 2014 | Volume 9 | Issue 10 | e110292



26. Garcia-Barcelo M, Sham MH, Lui VC, Chen BL, Ott J, et al. (2003) Association

study of PHOX2B as a candidate gene for Hirschsprung’s disease. Gut 52: 563–
7.

27. Fernandez RM, Ruiz-Ferrer M, Lopez-Alonso M, Antinolo G, Borrego S (2008)

Polymorphisms in the genes encoding the 4 RET ligands, GDNF, NTN, ARTN,
PSPN, and susceptibility to Hirschsprung disease. J Pediatr Surg 43: 2042–7.

28. Pan ZW, Lou J, Luo C, Yu L, Li JC (2011) Association analysis of the SOX10
polymorphism with Hirschsprung disease in the Han Chinese population.

J Pediatr Surg 46: 1930–4.

29. Edery P, Attie T, Amiel J, Pelet A, Eng C, et al. (1996) Mutation of the

endothelin-3 gene in the Waardenburg-Hirschsprung disease (Shah-Waarden-

burg syndrome). Nat Genet 12: 442–4.

30. Yamada K, Yamada Y, Nomura N, Miura K, Wakako R, et al. (2001) Nonsense

and frameshift mutations in ZFHX1B, encoding Smad-interacting protein 1,

cause a complex developmental disorder with a great variety of clinical features.

Am J Hum Genet 69: 1178–85.

GWAS of Hirschsprung Disease

PLOS ONE | www.plosone.org 8 October 2014 | Volume 9 | Issue 10 | e110292


