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ABSTRACT

BACKGROUND
Hirschsprung’s disease, or congenital aganglionosis, is a developmental disorder of
the enteric nervous system and is the most common cause of intestinal obstruction
in neonates and infants. The disease has more than 80% heritability, including sig-
nificant associations with rare and common sequence variants in genes related to the
enteric nervous system, as well as with monogenic and chromosomal syndromes.

METHODS

We genotyped and exome-sequenced samples from 190 patients with Hirschsprung’s
disease to quantify the genetic burden in patients with this condition. DNA sequence
variants, large copy-number variants, and karyotype variants in probands were con-
sidered to be pathogenic when they were significantly associated with Hirschsprung’s
disease or another neurodevelopmental disorder. Novel genes were confirmed by
functional studies in the mouse and human embryonic gut and in zebrafish embryos.

RESULTS

The presence of five or more variants in four noncoding elements defined a widespread
risk of Hirschsprung’s disease (48.4% of patients and 17.1% of controls; odds ratio,
4.54; 95% confidence interval [CI], 3.19 to 6.46). Rare coding variants in 24 genes that
play roles in enteric neural-crest cell fate, 7 of which were novel, were also common
(34.7% of patients and 5.0% of controls) and conferred a much greater risk than
noncoding variants (odds ratio, 10.02; 95% CI, 6.45 to 15.58). Large copy-number
variants, which were present in fewer patients (11.4%, as compared with 0.2% of
controls), conferred the highest risk (odds ratio, 63.07; 95% CI, 36.75 to 108.25).
At least one identifiable genetic risk factor was found in 72.1% of the patients, and
at least 48.4% of patients had a structural or regulatory deficiency in the gene
encoding receptor tyrosine kinase (RET). For individual patients, the estimated risk
of Hirschsprung’s disease ranged from 5.33 cases per 100,000 live births (approxi-
mately 1 per 18,800) to 8.38 per 1000 live births (approximately 1 per 120).

CONCLUSIONS
Among the patients in our study, Hirschsprung’s disease arose from common non-
coding variants, rare coding variants, and copy-number variants affecting genes
involved in enteric neural-crest cell fate that exacerbate the widespread genetic
susceptibility associated with RET. For individual patients, the genotype-specific
odds ratios varied by a factor of approximately 67, which provides a basis for risk
stratification and genetic counseling. (Funded by the National Institutes of Health.)
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IRSCHSPRUNG’S DISEASE IS CHARAC-

terized by the lack of ganglia in the

myenteric and submucosal plexuses of
the gut. It is a “model” complex disorder because
it exemplifies multifactorial inheritance and yet
has been molecularly tractable.’® The disease (with
an incidence of 15 cases per 100,000 live births)
is characterized by high heritability (>80%) and
marked sex differences (male:female ratio, 4:1).2
Patients have aganglionosis affecting bowel seg-
ments of variable length, as a result of incomplete
rostral-to-caudal enteric neuronal colonization;
on the basis of these segment lengths, the condi-
tion is classified as short, long, or total colonic
aganglionosis (see the Supplementary Appendix,
available with the full text of this article at NEJM
.org). Approximately 18% of patients have multiple
anomalies, some with specific syndromes; ap-
proximately 12% have major chromosomal vari-
ants.?? Features of Hirschsprung’s disease include
its high (3 to 17%) sibling recurrence risk (i.e., the
risk of being born with the disease, given that one
full sibling is affected) and the variation in risk
according to sex, segment length, and familiality.?

Hirschsprung’s disease has multifactorial
causes, although no environmental causes are
known.*> Complex segregation analyses have re-
fined this view by showing genetic heterogeneity
according to the extent of aganglionosis. The long
form is characterized by autosomal dominant in-
heritance and the short form by recessive or mul-
tifactorial inheritance, and the variants associated
with both forms have incomplete penetrance.®
This finding led to the discovery of 17 genes
with approximately 500 rare disease-associated
coding variants, chiefly the genes encoding the
receptor tyrosine kinase RET and the G-protein—
coupled receptor EDNRB (Table S1 in the Sup-
plementary Appendix).>”** Four noncoding vari-
ants, individually conferring moderate risks (odds
ratio, 1.6 to 3.9) but together conferring risk that
can vary by as much as a factor of 30 with increas-
ing risk-allele dosage,”* are genetic modifiers of
Hirschsprung’s disease.!>* These data suggest
widespread and variable genetic susceptibility to
the disease from multiple genes, reflected in the
differing presentations and recurrence risks
among relatives.

We suspected that, in contrast to the genetic
risk factors for other complex diseases, many ge-
netic risk factors make individually large contri-
butions to the risk of Hirschsprung’s disease.

We undertook genotyping, exome-sequencing,
and functional assays to study pathogenic alleles
in a set of patients with Hirschsprung’s disease
with representative phenotypes. Beyond studying
known genes and identifying new ones, we inves-
tigated the variation in risk according to the type
of pathogenic allele, the contribution of each
type of allele to Hirschsprung’s disease in the
general population, and the distribution of these
types of alleles across phenotypes. Our primary
goal was to enable genetic stratification of pa-
tients in order to determine how genetic suscep-
tibility manifests in clinical disease and its pen-
etrance. Such genetic stratification could be used
to determine whether postsurgical outcome — for
example, continued bowel dysfunction and en-
terocolitis, which is reported in 30 to 50% of
patients'™!® — is related to genotype.

METHODS

PARTICIPANTS AND GENOMEWIDE ANALYSES

We conducted exome sequencing of samples from
190 patients of European ancestry and 47 of their
affected relatives (7 parents, 12 children, 17 sib-
lings, and 11 second-degree relatives) with diverse
phenotypes. The control sample used in exome
sequencing consisted of publicly available, ances-
try-matched exome data on 740 samples from the
1000 Genomes Project and the National Institute
of Mental Health Repository. For the analysis of
common noncoding variant studies, we used a
different set of 627 control samples that were
genotyped in our laboratory: 404 from the 1000
Genomes Project and an additional 223 “pseudo-
controls” (generated from the chromosomes not
transmitted to the affected child in 254 parent—
child trios®). For the analysis of copy-number
variants, we used a third control set of 19,584
adults of European ancestry.”

Sequence variants, genotypes and their frequen-
cies at single-nucleotide variants, small (<50 bp)
insertions or deletions, and copy-number variants
were identified and annotated.””?! Single-nucleo-
tide polymorphism (SNP) arrays were used to vali-
date copy-number variant calls. Genotype calls at
transcription-enhancer variants were from our
previous studies involving the same study popu-
lation.®* The sample ascertainment and analysis
methods are described in detail in the Methods
section, Tables S1 through S5, and Figures S1
through S3 in the Supplementary Appendix.
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PATHOGENIC ALLELES, GENES, AND LOCI

For assessing the effect of common noncoding
variants, we used four disease-associated SNPs
— 1s2435357, rs7069590, and rs2506030 in RET
and rs11766001 in the SEMA3 gene cluster.!*??
We have previously shown that the RET noncoding
variants are located within transcription enhanc-
ers bound by the transcription factors RARB,
GATA2, and SOX10; these variants lead to re-
duced RET expression and an elevated risk of
Hirschsprung’s disease.? Although the causality
of the rs11766001 polymorphism in the SEMA3
locus is unproven, considerable data support
causality or a strong association with a causal
variant in SEMA3C or SEMA3D, which have been
shown to be necessary for gut innervation.'>3
Coding pathogenic alleles at each gene were de-
fined as nonsense or missense changes in codons
encoding amino acids that are conserved (with
respect to their position in the oligopeptide) across
species, splice-site single-nucleotide variants, and
all coding insertion—deletion variants with a fre-
quency of 5% or less. These definitions gave ac-
ceptable levels of true and false positives at known
Hirschsprung’s disease genes (Table S1 in the
Supplementary Appendix).?* Disease-associated
coding variants can have incomplete penetrance
and be present in controls; therefore, we identi-
fied Hirschsprung’s disease—associated genes as
those that had a greater number of unique patho-
genic alleles in patients than in controls (Fig. S4
in the Supplementary Appendix). We assessed
large copy-number variants (deletions of more
than 500 kb and duplications of more than 1 Mb)
with a frequency of less than 1% among controls
to determine whether they were significantly
enriched among patients or had previously been
found to be associated with a developmental
disorder (Tables S8 and S9 and Fig. S5 in the
Supplementary Appendix).}”?* Additional details
are provided in the Methods section in the Sup-
plementary Appendix.

To assess the role of a gene in Hirschsprung’s
disease, we first used reverse-transcriptase poly-
merase chain reaction (RT-PCR) to assess its
RNA expression in the human embryonic gut at
Carnegie stage 22, by which time gut neurogen-
esis is complete (Fig. S6 in the Supplementary
Appendix). Second, we tested gene expression by
RNA sequencing and RT-PCR in the developing
mouse gut during the equivalent developmental
period (embryonic day 10.5) (Fig. S6 in the Sup-

plementary Appendix). Third, we used morpho-
linos (antisense oligonucleotides) to knock down
gene expression in zebrafish embryos at 6 days
after fertilization and enumerated the enteric neu-
rons colonizing the gut relative to controls (Fig.
S7 in the Supplementary Appendix).*

The sequence data generated as part of this
study are available in the National Center for Bio-
technology Information (NCBI) database of Gen-
otypes and Phenotypes (dbGaP) under accession
number phs000497. The RNA sequencing data
used in this study are accessible under NCBI Gene
Expression Omnibus (GEO) accession number
GSE99232.

STATISTICAL ANALYSIS

Population-level risks were estimated for groups
of pathogenic alleles, genes, or loci with the use
of odds ratios with significance thresholds (cor-
rected for multiple testing) and 95% confidence
intervals.”*? The odds ratios were converted to
estimated population penetrance (equivalent to
the population incidence or risk) with Bayes’ theo-
rem, under the assumption of an incidence of 15
cases per 100,000 European-ancestry live births.!
Allele frequencies among controls were obtained
from a variety of public resources'??® to esti-
mate the population attributable risk. Additional
details are provided in the Methods section in the
Supplementary Appendix.

RESULTS

COMMON REGULATORY VARIANTS AND RISK

Four common transcription-enhancer variants
were associated with a moderate risk of Hirsch-
sprung’s disease in our sample of 190 patients
and 627 controls (Table S2 in the Supplementary
Appendix).’?* The frequency of these variants
allowed us to estimate their total effect according
to dosage in reference to persons with one allele
(none had zero alleles): a risk of Hirschsprung’s
disease (odds ratio >1) is evident only with three
or more alleles (Table 1), but, in view of multiple
comparisons, the risk was considered significant
only when at least five risk alleles were present
(odds ratio, 4.54; 95% confidence interval [CI],
3.19 to 6.46; P=1.22x1071°) (Table 2). Thus, the
population risk of Hirschsprung’s disease varies
by a factor of 24, from approximately 1 case per
19,100 live births (0 or 1 risk allele) to 1 case per
710 live births (seven or eight risk alleles) ac-
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Table 1. Population Risk of Hirschsprung’s Disease as a Function of RET and SEMA3 Noncoding Risk-Allele Dosage.*

No. of Risk Patients Controls

Alleles (N=186) (N=627) 0Odds Ratio (95% Cl) P Value
number (percent)

1 9 (4.8) 87 (13.9) 1.00 (Reference) —

2 13 (7.0) 137 (21.9) 0.90 (0.38-2.13) 8.24x107!

3 40 (21.5) 172 (27.4) 2.16 (1.03-4.52) 4.28x1072

4 34 (18.3) 124 (19.8) 2.55 (1.20-5.42) 1.51x10°2

5 35 (18.8) 84 (13.4) 3.87 (1.81-8.29)F 3.01x10™

6 41 (22.0) 18 (2.9) 20.66 (8.84-48.31)1 6.03x1071

7or8 14 (7.5) 5(0.8) 24.28 (7.68-76.74)F 1.72x10°

* A total of 186 patients and 627 controls (404 samples from persons of European ancestry [excluding Finns] from the
1000 Genomes Project and 223 pseudo-controls (generated from the chromosomes not transmitted to the affected
child from 254 parent—child trios with complete genotype data) were classified according to the number of
Hirschsprung’s disease risk alleles present at RET single-nucleotide polymorphisms (SNPs) rs2435357, rs7069590, and
rs2506030 and SEMA3 SNP rs11766001. All patients had at least one risk allele.

rate of 0.05, after correction for performing six tests.

The odds ratio indicated a significant association (calculated with a two-sided Fisher’s exact test) at a family-wise error

cording to enhancer risk-allele dosage, which
shows the wide differences in basal susceptibil-
ity to Hirschsprung’s disease.

RISK ASSOCIATED WITH RARE CODING VARIANTS

We first tested whether coding pathogenic alleles,
as we defined them, for the 17 known Hirsch-
sprung’s disease genes statistically discriminat-
ed patients from controls (Table S1 in the Sup-
plementary Appendix). As compared with the 29
pathogenic alleles found in 71 (9.6%) of 740 con-
trols, 36 pathogenic alleles were found in 41
(21.6%) of 190 patients, a percentage 2.25 times
as high (P=5.97x10"°) (Table S6 in the Supple-
mentary Appendix), which indicates a higher bur-
den of pathogenic alleles in patients. Furthermore,
the pathogenic alleles that were found in patients
had a significantly lower mean frequency in an
external reference population, the Exome Aggre-
gation Consortium database? (ExAC), than did
the pathogenic alleles found in controls (5.58x10~*
vs. 1.11x1073, P=2.14x10") (Table S6 in the Sup-
plementary Appendix), which indicates that the
rare coding changes observed in patients have
been subject to greater purifying selection than
those observed in controls. That is, even though
pathogenic alleles in both patients and controls
met our definition of pathogenicity, when we
compared the frequency of each set (variants in
the patients being one set and variants in the con-

trols the other) with the frequency of the specific
variants of each set in persons in the EXAC data-
base, those of the patient set were less frequent
in the ExAC database than were those in the
control set.

To assess the enrichment of pathogenic al-
leles for each gene, we estimated the probability
(P value) of finding as many or a greater number
of distinct pathogenic alleles in patients, restrict-
ing our analysis to 15,963 single-nucleotide vari-
ants in 4027 genes for which there was at least
one identified pathogenic allele in both patients
and controls. We identified 3 genes, EDNRB,
ADAMTS17, and ACSS2, that exceeded the signifi-
cance threshold of 1.24x10~ (5% significance
across 4027 genes) (Fig. S4 in the Supplementary
Appendix). More broadly, at a P value threshold
of 0.001, we found 10 genes instead of the ex-
pected 4 (P=1.3x10"%) (Table 3). We performed
functional tests on these 10 genes to distinguish
false from true candidates.

The top 10 genes had a minimum of 4 patho-
genic alleles each and included both of the major
genes, RET and EDNRB. We also found evidence of
7 novel Hirschsprung’s disease genes — ACSS2,
ADAMTS17, ENO3, FAM213A, SH3PXD2A, SLC27A4,
and UBR4 — on the basis of both an excess of
pathogenic alleles and enteric nervous system gene
expression in humans and mice during enterogen-
esis; assays in zebrafish further confirmed ACSS2,
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Table 2. Distribution of Hirschsprung’s Disease Risk According to the Molecular Class of Risk Alleles.

Independent
Risk-Allele Class Genes or Loci Frequency Odds Ratio (95% ClI)* P Value
Patients Controls
number percent
Transcription enhancers, com- 2 48.4 17.1 4.54 (3.19-6.46) 1.22x10716
mon variants, knownz:
Coding genes, rare variants§
Known and novel loci 24 34.7 5.0 10.02 (6.45-15.58) 3.41x107%
Known loci 17 21.6 3.9 6.70 (4.06-11.04) 9.65x1071
CNVs, rare variants
Known and novel loci 9 11.4 0.2 63.07 (36.75-108.25) 4.19x107%1
Known locil| 1 5.9 0.1 73.69 (34.97-155.29) 1.23x10°%

Population
Attributable
Risky

percent

37.7

311
18.2

11.3
9.1

* Although the differences were not significant, the odds ratios in males were consistently larger than those in females (Table S10 in the

Supplementary Appendix).

7 The combined population attributable risk for all three classes of pathogenic alleles, under the assumption of independent effects, is 61.9%

for all 24 known and novel loci and 53.7% for the 18 known
i Five or more common disease variants were observed in 90

loci.
of 186 patients and 107 of 627 controls.

§ Rare coding sequence variants were identified in 66 of 190 patients and in 37 of 740 controls.

9§ The copy-number variants (CNV) that were considered to be pathogenic, as reported in this table and in all our other analyses of risk, were
clinically identified alterations (e.g., trisomy 21 or 22q deletion) or deletions of more than 500 kb or duplication of more than 1000 kb, with
a frequency of less than 1% among controls, that had previously been significantly associated with a developmental disorder. CNVs were

identified in 21 of 185 patients and in 40 of 19,584 controls.
| The only copy-number variant that was previously known to

be associated with Hirschsprung’s disease was trisomy 21.

ENO3, SH3PXD2A, and UBR4 (Fig. S6 in the Sup-
plementary Appendix). The 7 novel genes harbored
39 distinct pathogenic alleles occurring in 40
patients (21.1%), as compared with 23 distinct
pathogenic alleles occurring in 28 controls (3.8%)
(P=3.46x107). Of the 39 pathogenic alleles in
patients, only 6 were identified in 8 controls (1.1%).
When all 24 Hirschsprung’s disease genes were
considered, we identified 75 unique pathogenic
alleles occurring in 34.7% of patients (66 of 190),
a percentage significantly higher than the 5.0%
observed among controls (37 of 740; odds ratio,
10.02; 95% CI, 6.45 to 15.58; P=3.41x10"%) (Ta-
ble 2). The mean allele frequencies of the patho-
genic alleles in patients and controls in the EXAC
database are 4.22x10™* and 8.26x107*, respective-
ly, a difference similar in magnitude to the differ-
ence we observed for alleles in the 17 previously
known Hirschsprung’s disease genes. The cau-
sality of these variants is further confirmed by
higher-than-expected genotype concordance be-
tween probands with coding pathogenic alleles
and their affected relatives (P=0.005) (Tables S6
and S7 and the Methods section in the Supplemen-
tary Appendix).

N ENGL ) MED 380515

PATHWAYS AND FUNCTIONAL GROUPS

Owing to genetic heterogeneity and chance fluc-
tuations, the overall contribution of pathways to
Hirschsprung’s disease can be estimated more
accurately than that of individual genes (Table
S7 in the Supplementary Appendix). In Hirsch-
sprung’s disease, the RET and EDNRB signaling
pathways play major roles with strong epistatic
interactions.”®!! Thus, we considered members
of the RET (GDNF, NRTN, GFRA1, and RET) and
EDNRB (ECE1, EDN3, and EDNRB) signaling mod-
ules for burden analysis. A third pathway, also
epistatic to RET, involves the class 3 semaphorins
and their receptors: here we consider only SEMA3C
and SEMA3D because of their association with
Hirschsprung’s disease.’>* A fourth class consists
of the transcription-factor genes (SOX10, ZEB2,
PHOX2B, and TCF4) that are critical to the early
development of the enteric nervous system and
harbor rare coding variants that cause Hirsch-
sprung’s disease—associated syndromes (Table S1
in the Supplementary Appendix). We considered
two additional categories: other known genes
(KIF1BP, L1CAM, IKBKAP, and NRGI)** and the
seven novel genes identified in this study.
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Table 3. Genes with an Excess of Rare Coding Pathogenic Alleles in Hirschsprung’s Disease.
No. of Distinct Zebrafish Cell
Pathogenic Alleles Embryonic Intestinal Gene Migratory Defect

Gene (N=190) P Value Expression Present* Present

Observed Expected Human Mouse
EDNRBi 6 0.22 1.35x1077 Yes Yes Yes
ADAMTS17% 5 0.23 4.45%107° Yes Yes NT
ACSS2i: 6 0.45 8.08x10°° Yes Yes Yes
RET 7 0.99 7.73x107 Yes Yes Yes
SLC27A4 4 0.22 8.48x107 Yes Yes No
SH3PXD2A 4 0.22 8.88x107 Yes Yes Yes
MMAA 4 0.23 9.26x107° No No No
ENO3 5 0.45 1.03x107* Yes Yes Yes
FAM213A 4 0.40 7.51x107* Yes Yes No
UBR4 11 3.47 9.52x107 Yes Yes Yes

* The human embryonic gut samples were evaluated at Carnegie stage 22, and mouse embryonic gut samples were eval-

uated at embryonic day 10.5.

T NT indicates that the gene was not tested owing to a lack of an identifiable zebrafish orthologue.
I The number of distinct pathogenic alleles was significant after multiple-test correction for 4027 genes.

We compared the total numbers of pathogen-
ic-allele genotypes in each of these six classes or
pathways among the 66 variant-positive patients
with their corresponding frequencies among con-
trols (Table S7 in the Supplementary Appendix).
Genes encoding members of the EDNRB pathway
(odds ratio, 69.03; 95% CI, 8.68 to 547.92), tran-
scription-factor genes (odds ratio, 35.73; 95% CI,
4.15 to 307.72), and novel genes (odds ratio, 23.2;
95% CI, 11.04 to 48.72) had the largest risk ef-
fects, followed by genes encoding members of
the RET pathway (odds ratio, 16.03; 95% CI, 5.21
to 49.28) and SEMA3C and SEMA3D (odds ratio,
2.65; 95% CI, 1.25 to 5.60). Other known genes
(odds ratio, 3.15; 95% CI, 1.22 to 8.09) also made
measurable risk contributions, but with an order
of magnitude smaller effect. These risk rankings
were reflected in the inverse contributions of
these classes to the total risk of Hirschsprung’s
disease. Pathogenic alleles causing greater risk
probably have higher penetrance and are there-
fore selected against with greater intensity. If so,
the abundant coding variants in genes of the RET
pathway have lower penetrance than coding vari-
ants in the genes of the EDNRB pathway, the genes
encoding transcription factors, and the novel
genes.

These data also indicate that RET has a small-
er coding-variant risk burden than previously be-

lieved: 6.3% of the patients (12 patients) had RET
coding pathogenic alleles, in contrast to approxi-
mately 50% from the older data.>” This difference
could arise from differing definitions of patho-
genicity or from the preponderance of familial
and severe cases in earlier studies. Nevertheless,
RET regulatory pathogenic alleles, which have even
lower penetrance than coding pathogenic alleles,’
were prevalent and, together with RET coding vari-
ants, conferred substantial risk in 92 of 190
patients (48.4%); this finding highlights the fact
that reduced RET expression is the predominant
cause of Hirschsprung’s disease. Moreover, cod-
ing or noncoding (in the case of RET transcrip-
tion-enhancer variants) pathogenic alleles in af-
fecting genes that encode members of the RET
regulatory network,* which is made up of RET,
its transcription factors (RARB, GATA2, and
S0OX10), its ligands (GDNF and NRTN), and its
coreceptor (GFRA1), were found in 120 of our
patients (63.2%). In contrast, genes of the EDNRB
pathway contributed to only 8 cases (4.2%).

FREQUENCY OF COPY-NUMBER VARIANTS

IN HIRSCHSPRUNG’S DISEASE

Of the 190 patients, 17 (8.9%) had syndromic
presentations or known major chromosomal vari-
ants (Table 4). To detect subkaryotypic changes,
we examined the exome data to identify large copy-
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Table 4. Karyotypes and Large CNVs in Hirschsprung’s Disease.

Syndrome
Karyotype or CNV Size* Present Detection Method CNVs:
Patients Controls
(N=185)  (N=19,584)
kilobases number
Recurrent variant
Free and mosaic trisomy 21§ 47,710 Yes Karyotyping (9 of 11) 11 179
16pll.2delf 740-985 Yes (1 of 3), Karyotyping (1 of 3), exome 3 12
no (2 of 3) sequencing (3 of 3)
1q21.1dup 509-1,185 No Exome sequencing (3 of 3) 3 27
1q21.1del§ 1,425 Yes Exome sequencing 1 6
22qll.2del§ 8,000 Yes Karyotyping 1 0
Tetrasomy 22q§ 1,447 Yes Karyotyping 1 0
17pl1l.2dup (CMT1A)§ 1,835 No Exome sequencing 1 5
Nonrecurrent variant
47 XX,+der(15)t(4:15)§ 7,768 (chr 4); Yes Karyotyping, exome 1 0
3,800 (chr 15) sequencing
1p33del 582 No Exome sequencing 1 0
12p13.31del 554 Yes Exome sequencing 1 0
13q21.33-g31.1del§** 14,356 Yes Karyotyping 1 0
2q21.2-g22.2delf 8,847 Yes Exome sequencing 1 0
8p23.3del 579 Yes Exome sequencing 1 0
2p25.3dup 1,377 No Exome sequencing 1 1
7q21.12dup 1,498 No Exome sequencing 1 11
10924.3-q26.13inv 25,600 Yes Karyotyping 1 —

P Value

6.68x1071]
3.38x107¢|

2.72x1073
6.37x1072
9.36x1073
9.36x1073
5.49x1072

9.36x1073

9.36x1073
9.36x1073
9.36x1073
9.36x1073
9.36x1073
1.86x1072
1.06x107*

* The estimated smallest region determined on the basis of karyotype, exome sequencing, or SNP array data is shown. The abbreviation chr

denotes chromosome.

7 Variants were detected by karyotyping, exome sequencing, or both, with validation by SNP array, including in two patients with trisomy 21

for whom we did not have a submitted karyotype.

I The control data are from the study by Coe et al.’’; however, the numbers for the variant 47,XX,+der(15)t(4:15) are for the two duplications
at the translocation site, not for the translocation, and the control numbers were not available and not expected for the 10g24.3-q26.13 in-

version.

§ The variant had previous evidence of pathogenicity in another developmental disorder.
The number was estimated from population data (Table S8 in the Supplementary Appendix).

| The P value was significant after multiple-test correction.
** The 13q21.33-q31.1del CNV deletes EDNRB.

number variants. In total, we identified 16 dis-
tinct copy-number variants; 14 of these variants
(and their loci) were not previously known to be
associated with Hirschsprung’s disease (Table 4).
We assessed the pathogenicity of each variant on
the basis of its enrichment in patients or their
association with a known developmental disor-
der to identify 9 chromosomal variants and copy-
number variants in 11.4% of patients (21 of 185),
with a corresponding frequency of 0.2% (40 of
19,584) in controls, a highly significant effect

N ENGL ) MED 380515

(odds ratio, 63.07; 95% CI, 36.75 to 108.25;
P=4.19x10"1) (Tables 2 and 4, and Table S9 in
the Supplementary Appendix).>*®

Of the 21 instances of pathogenic chromo-
somal variants in patients, 18 (86%) were recur-
rent and 3 were nonrecurrent, and 18 were in
patients with syndromic presentations (Table S9
in the Supplementary Appendix). The most fre-
quent (11 variants, 52%) recurrent finding was
trisomy 21, but the other 7 occurred at well-known
loci for other genomic disorders. The elevated fre-
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quency of trisomy 21 among patients with
Hirschsprung’s disease (odds ratio, 73.69; 95% CI,
34,97 to 155.29; P=1.23x10"?%) (Table 2) is not
surprising, given previous observations.”* How-
ever, the 16p11.2del copy-number variant, which
is usually associated with autism,” is also sig-
nificantly enriched (odds ratio, 30.03; 95% CI,
9.70 to 92.97; P=3.62x10"). Overall, the 9.7%
frequency of patients with Hirschsprung’s dis-
ease who have recurrent chromosomal variants
is significantly higher than the expected fre-
quency (odds ratio, 53.30; 95% CI, 30.30 to 93.76;
P=2.60x10"%). These recurrent chromosomal
changes are known to be associated with intel-
lectual disability, autism, neurodevelopmental de-
lay, epilepsy, and Charcot—Marie-Tooth disease
type 1A,%7* perhaps owing to pathways common
to the enteric and central nervous systems. The
three nonrecurrent variants, one of which deletes
EDNRB, were unique, and all occurred in patients
with syndromic presentations (Table 4).

DISTRIBUTION OF DIVERSE PATHOGENIC ALLELES

Pathogenic alleles in at least 32 genes and loci
contribute to Hirschsprung’s disease: rare coding
variants in 24 genes, common noncoding variants
at four sites within 2 loci, and large copy-number
variants and chromosomal anomalies in at least
8 additional loci (not including 13q21.33-q31.1del,
which overlaps EDNRB). The common noncoding
risk genotypes (five or more risk alleles), rare
coding variants, and copy-number variants occur
at decreasing (by orders of magnitude) frequen-
cies in the general population — 17.1%, 5.0%, and
0.2% — but with increasing odds ratios of 4.54,
10.02, and 63.07, respectively (Table 2). In conse-
quence, all three variant classes make major
contributions to the risk of Hirschsprung’s dis-
ease, with population attributable risks of 37.7%,
31.1%, and 11.3%, respectively, and a total attrib-
utable fraction of 61.9%. In addition, although
the differences are not significant, the odds ratios
among males are consistently higher than those
among females (Table S10 in the Supplementary
Appendix). Thus, the sex effect in Hirschsprung’s
disease is not caused by a specific gene or vari-
ant but is a property of the disorder. We conclude
that, first, even in this rare disorder, common
variants are responsible for the majority of cases
of Hirschsprung’s disease, despite their individ-
ually lower risks, because of their high population
prevalence. Second, the total risk from all rare

coding pathogenic alleles (which have a much
higher penetrance) is also high but is differen-
tially spread over 24 genes. Third, the population
risk from copy-number variants is the lowest,
spread over the effects of 9 loci but with a major-
ity contribution from trisomy 21. These risks from
both known and novel genes and loci are almost
certainly overestimates owing to the “winner’s
curse.” Consequently, we reestimated the risks,
taking into consideration only the well-estab-
lished risk factors and genes known before this
study, and we found the same pattern: these vari-
ant classes occur at frequencies of 17.1%, 3.9%,
and 0.1% in the general population, but with
increasing risks — odds ratios of 4.54, 6.70, and
73.69, respectively (Table 2). These three catego-
ries contribute to the population attributable
risks of 37.7%, 18.2%, and 9.1%, respectively, or
a total attributable fraction of 53.7%.

Finally, we quantified the risk associated with
combinations of pathogenic alleles (Table S11 in
the Supplementary Appendix).” We classified each
patient’s total burden of pathogenic alleles ac-
cording to sex, segment length, familiality, and
the presence or absence of additional anomalies;
we pooled all patients with copy-number variants
into one class, given the low frequency of this
type of variant. The results showed three cardinal
features (Table 5). First, genetic risk factors of
any type were identifiable in 72.1% of patients,
and patients harbored various combinations of
different types of pathogenic alleles, all in sig-
nificant excess relative to controls. Second, each
of the three variant classes (five or more com-
mon noncoding variants, rare coding variants,
and copy-number variants) were present in sub-
stantial percentages of diagnoses (48.4%, 34.7%,
and 11.4%, respectively) (Table 2). One, two, or
three different classes of molecular lesion were
present in 51.9%, 18.4%, and 1.7% of patients,
respectively — roughly their expected frequen-
cies — with no evidence of interaction, a finding
consistent with multifactorial expectations, al-
though the statistical power for such detection
is probably low (Table 5, and Table S11 in the
Supplementary Appendix). Third, the genotype-
specific odds ratios for Hirschsprung’s disease,
estimated in reference to the class with no iden-
tifiable genetic risk factor, vary by a factor of 67
and increase with the pathogenic allele burden.
These data allow us to estimate the absolute risk
of Hirschsprung’s disease, given a person’s geno-

N ENGLJ MED 380;15 NEJM.ORG APRIL 11, 2019

The New England Journal of Medicine

Downloaded from nejm.org at UNIVERSITY OF WASHINGTON on April 11, 2019. For personal use only. No other uses without permission.

Copyright © 2019 Massachusetts Medical Society. All rights reserved.



GENETIC ANATOMY AND RISK PROFILE OF HIRSCHSPRUNG’S DISEASE

type. Persons with no identifiable risk factors
have an estimated population risk of 5.33 per
100,000 (approximately 1 per 18,800), a low risk
of disease. At the other extreme, persons with
both common enhancer risk genotypes and rare
coding variants and those with copy-number
variants have substantial estimated risks of 2.85
per 1000 (approximately 1 per 350) and 8.38 per
1000 (approximately 1 per 120), respectively.
We did not detect any significant genotype—
phenotype associations with respect to sex, seg-
ment length, familiality, or syndromic status.
However, patients with a copy-number variant
and patients with both a common transcription-
enhancer risk genotype and a rare coding vari-
ant — the two classes with the highest relative
risks — are characterized by an excess represen-
tation of males and of nonfamilial cases. The
sex ratio in classes with no evident pathogenic
alleles or those with rare coding single-nucleo-
tide variants only is approximately 1. This latter
class is most often seen in persons with an af-
fected relative (familial disease), which suggests
that most segregating pathogenic alleles in affect-
ed families are rare coding variants. There was
also a greater tendency for Hirschsprung’s disease
to be syndromic among patients in higher risk
classes than among those in lower risk classes.

DISCUSSION

Hirschsprung’s disease can arise both from low-
penetrance genetic disorders**® and from high-
penetrance monogenic syndromes.>® Risk pre-
diction and genetic counseling therefore depend
on family history, risk factors (sex and segment
length), and targeted assessment for syndromic
features.® Thus, in a small subset of patients,
classical genetic testing of RET, EDNRB, and genes
that are associated with syndromes may be infor-
mative. The results reported here, however, sug-
gest that widespread genomic analyses may be
useful for clinical research and improved risk
stratification.

Hirschsprung’s disease is usually an isolated
condition and unassociated with family history.
However, genetic causal factors can be identified
in approximately 72% of cases, for which mo-
lecular class, frequency, and disease risk can be
quantified on the basis of sequence data alone,
explaining between 53.7% and 61.9% of popula-
tion attributable risk. Approximately 21% of pa-

tients have multiple risk factors, with the geno-
type-specific incidence increasing by a factor of
more than 100 (risk ranging from approximately
1 in 18,800 to 1 in 120) as the number of geno-
typic risk factors increases from zero to three.
Therefore, we have sufficient quantification of
disease risk according to genotype to address
questions of underlying causes and genetic archi-
tecture and to provide genetic counseling for the
highest-risk 21% of patients and their relatives.

We have made considerable strides in under-
standing the functional basis of Hirschsprung’s
disease. The majority of the 32 genes and loci
are known to have roles in the development of the
enteric nervous system. In contrast, the majority
of patients (63.2%) have identifiable pathogenic
alleles only within the known RET regulatory net-
work, which lead to decreased RET signaling. The
RET effect is potentially even larger, affecting
78.9% of patients, because an additional 5.8% of
patients harbor pathogenic alleles in UBR4, a novel
E3 ligase gene identified in this study and a can-
didate for RET signal termination; 5.9% of pa-
tients have trisomy 21, which results in an elevat-
ed dosage of SOD1, encoding a negative regulator
of RET*; and 4.2% of cases involve EDNRB,
which is SOX10-regulated.?®3' Thus, genetic test-
ing of at least the RET regulatory network is
warranted for risk stratification.

In order to understand the biology of enteric
nervous system cell proliferation, migration, colo-
nization, and neuronal specialization, it is im-
portant to understand the steps subsequent to
the transition and differentiation of enteric ner-
vous system cells, such as the likely axonal guid-
ance functions of SEMA3C and SEMA3D.!? The
seven novel genes identified here, all of which
are expressed in the human gut at the appropri-
ate developmental stages, probably control some
aspects of axonal guidance, cell proliferation, and
local inflammation (Table S12 in the Supplemen-
tary Appendix). We hypothesize that screening the
genes regulating these processes in early gut de-
velopment will further resolve the remaining ap-
proximately 40% of Hirschsprung’s disease risk.

A continuing challenge in the study of Hirsch-
sprung’s disease is to understand the cellular
mechanisms underlying the disease. Whether we
consider the persons with the highest (1 in 120)
or lowest (1 in 18,800) risk, the absolute risk of
disease is still small. What are the cellular events
that trigger or prevent aganglionosis, given a par-
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ticular genotype? A part of the answer is the ex-
istence of very rare de novo gene mutations af-
fecting the enteric nervous system,* which require
larger cohorts of trios for the detection of an as-
sociation. However, the incomplete penetrance of
most Hirschsprung’s disease variants implies that
stochastic, environmental, or epigenetic factors
must be important.

In our study, we found that the risk of the
complex phenotype that is Hirschsprung’s dis-
ease stemmed from a combination of variants in
numerous genes and different classes of genetic
variants: noncoding variants, single-nucleotide
variants and copy-number variants, and both rare
and common variants. Despite the current think-
ing in human medical genetics, most of the risk
of Hirschsprung’s disease arose from a common
widespread genetic susceptibility, on top of which

rare coding and rarer copy-number variants exac-
erbated the risk. Despite this molecular diversity,
the implicated genes clustered, on the basis of
their known function, into gene regulatory net-
works (which, in Hirschsprung’s disease, regulate
the transition from enteric neural-crest cells to
enteric neuroblasts, axonal guidance, and neuro-
blast proliferation), a model that may be relevant
to the understanding of other complex disorders.
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