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Hirschsprung disease (HSCR), the most common hereditary
cause of intestinal obstruction, shows considerable variation
and complex inheritance. Coding sequence mutations in RET,
GDNF, EDNRB, EDN3 and SOX10 lead to long-segment (L-HSCR)
and syndromic HSCR but fail to explain the transmission of the
much more common short-segment form (S-HSCR). We con-
ducted a genome scan in families with S-HSCR and identified
susceptibility loci at 3p21, 10q11 and 19q12 that seem to be
necessary and sufficient to explain recurrence risk and popula-
tion incidence. The gene at 10q11 is probably RET, supporting
its crucial role in all forms of HSCR; however, coding sequence
mutations are present in only 40% of linked families, suggest-
ing the importance of noncoding variation. Here we show oli-
gogenic inheritance of S-HSCR, the 3p21 and 19912 loci as
RET-dependent modifiers, and a parent-of-origin effect at RET.
This study demonstrates by a complete genetic dissection why
the inheritance pattern of S-HSCR is nonmendelian.

The molecular dissection of ‘model’” disorders is crucial to
the elucidation of complex patterns of inheritance, which have
been difficult to assess by other means'=3. HSCR is a neuro-
cristopathy characterized by the absence of ganglion cells in
the myenteric and submucosal plexuses of the gastrointestinal
tract?. The phenotype usually occurs in isolation and is classi-
fied by extent of aganglionosis into long-segment (L-HSCR,
20% of affected individuals) and short-segment (S-HSCR,
80%) forms, each with distinct genetic characteristics®. HSCR
is hereditary but nonmendelian with risk varying by gender,
segment length and co-occurrence of non-enteric pheno-
types®. We have previously concluded that RET is the major
gene involved in HSCR, for several reasons: (i) only one
affected family unlinked to RET has been reported’; (ii) coding
sequence mutations occur in 50% of familial and 15-35% of
sporadic cases®; (iii) even when the major mutation is in

EDNRB, RET variants make some contribution to susceptibil-
ity? and (iv) homozygous Ret-null mice have full sex-indepen-
dent penetrance of aganglinonosis'’. Yet, RET mutations may
not be sufficient to lead to aganglionosis, as the penetrance of
mutant alleles is 65% in males and 45% in females®. RET is the
major gene underlying HSCR primarily in families enriched
for L-HSCR®. The genes critical for the complex inheritance of
the much more common S-HSCR remain unknown.

We carried out a genome search of the number and locations
of genes conferring susceptibility to S-HSCR in 49 affected fami-
lies ascertained through a proband with S-HSCR, using 371 tan-
dem repeat polymorphisms at a map resolution of approximately
10 cM. With an incidence of 1 in 6,250 livebirths and a sibling
recurrence risk of 3% (ref. 5), the risk ratio (1) for S-HSCR is
187.5, which allowed us to identify the major segregating risk
factors®. Consequently, we could both impute or refute the role
of all known candidate genes (see Methods), independently
assess the role of RET and identify new genes involved in HSCR.
As previous segregation analysis of S-HSCR could not specify a
precise genetic model, we used model-free linkage analyses,
which make no assumptions about the numbers and properties
of segregating factors!!~14,

We carried out allele-sharing linkage analysis and detected
significant evidence of co-segregation by the disease with mark-
ers on chromosome 10ql1 between RETint5 and DI10S1099
(Z=5.02, P=2.4 X 1077) at the RET locus (Table 1 and Fig. 1).
Two other regions showed some evidence of linkage: chromo-
some 3p21, between markers D352408 and D3S1766 (Z=3.46,
P=19 x 107%), and chromosome 19q12, between markers
DI19S1037 and DI19S587 (Z=3.23, P=6.6 x 107*). To validate
these results, we carried out two additional tests. First, we
showed that the gene on chromosome 10ql1 conferring sus-
ceptibility is RET by conducting extensive mutation analysis of

Table 1 ¢ Allele-sharing statistics for mapped HSCR susceptibility loci

NPL NPL+ Mean Number of alleles IBD* Risk ratio
Locus score (P value) score (P value) sharing 0 qmat 1pat 2 (A +s.d.)
10911 5.02 (2.4x107) 5.10 (1.6 x 1077) 0.75 0.03 035 0.09 053 83+5.38
3p21 3.46 (1.9x107%) 4.26 (1.0x 1073) 0.69 0.06 0.21 0.29 0.44 42+2.0
19912 3.23 (6.6 x 107%) 3.90 (4.8 x 107%) 0.70 0.05 0.28 022 045 50%2.6

*Shows probabilities of sharing 0, 1 or 2 alleles IBD. Estimated IBD=1 probabilities are provided separately for maternal (mat) and paternal (pat) meioses.
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the RET coding sequence in all 49 families. We detected 17
sequence changes, relative to the wildtype sequence, excluding
known polymorphisms: ten probands had missense changes,
four probands had nonsense or frameshift mutations, and
three families harbored sequence alterations that could affect
normal splicing (Fig. 2). Thus, RET mutations probably
explain all affected families showing linkage to 10q11, demon-
strating the significant effect of RET in S-HSCR, although
mutations in another closely linked gene cannot be ruled out.
Segregation at 10q11 is not sufficient to explain the inheritance
of S-HSCR, however, as the expected probability of sharing 0
alleles identical-by-descent (IBD) is 1/4A=0.0013 (A=187.5).
Assuming a Poisson distribution, the probability of observing
two or more sibling pairs with IBD=0 is 8.8 X 107.

Second, we re-estimated the significance values of all signifi-
cant and suggestive linkages by using the computer program
GENEHUNTER+!3. Only segregation of markers at 10q11, 3p21
and 19q12 are significant! and mean allele-sharing at each of the
three loci is 75%, 69% and 70%, respectively (Table 1). Many
genes in the signaling cascades mediated by RET and endothelin
receptor type B have been suggested as candidates underlying
HSCR?. The lack of evidence of linkage at their genomic map
locations suggests that none of these genes, except RET, con-
tributes significantly to S-HSCR risk. This view is supported by
previous mutation analysis of these same candidate genes.

The magnitude of the genetic effect of each mapped locus on
HSCR susceptibility can be estimated from the proportion of
affected sibling pairs that show IBD=0 (ref. 15). Thus, the locus-
specific risk ratio conferred by the 10q11, 3p21 and 19q12 factors
is 8.3-, 4.2- and 5.0-fold, respectively (Table 1). In addition, the
estimated IBD=0 probabilities, when compared with the null

hypothesis value of 25%, provide an estimate of the proportion of
families showing segregation at each mapped factor: 88%, 76%
and 80% of families at the 10q11, 3p21 and 19q12 loci, respec-
tively. The joint classification of sharing in the 67 affected sibling
pairs fits a multiplicative model of genetic effects (Table 2). Under
this model, the predicted phenotypic risk ratio for siblings of a
proband carrying susceptibility alleles at all three loci is 8.3 X 4.2 X
5.0, or a 174.3-fold increase, which is similar to the previously
observed value of 187.5 (ref. 6). A parsimonious hypothesis is that
segregation of the three lociat 10q11, 3p21 and 19q12 is both nec-
essary and sufficient to explain disease aggregation.

The linkage data provide additional clues regarding the mode
of inheritance of S-HSCR. The frequency of sharing one allele
IBD is approximately 50% for each locus (Table 1); thus, the
transmission of susceptibility alleles follows an additive model.
For rare mutations, inheritance is probably from a single parent
or in a dominant manner (at least 1,000-fold more likely than
recessive models). Under this assumption, we carried out para-
metric analyses to estimate the frequency of the allele conferring
susceptibility. We maximized the lod score by varying allele fre-
quency and penetrance (2:1 for male:female) across a grid (fre-
quencies of 0.0001, 0.001 and 1% increments from 0.01 to 0.10;
penetrance of 58/29, 80/40 and 40/20). We obtained maximum
lod scores of 6.85, 3.58 and 3.26 for the chromosomes 10ql1,
3p21 and 19q12 loci, respectively, at susceptibility-allele frequen-
cies of 1%, 4% and 5%, respectively. As a consequence, and
under the multiplicative model of penetrance, the frequency of
individuals heterozygous with respect to all three loci, the most
common at-risk genotype, is 14/100,000 and close to the
observed population incidence (Table 2). The proposed genetic
model is therefore consistent with population incidence.

l 20 100 15;\ 20

Fig. 1 Multipoint nonparametric genome scan of S-HSCR. Each panel, indicated by the chromosome number, shows the genetic length of the chromosome in <M
on the x axis and the nonparametric linkage (NPL) score on the y axis. The red dots signify the locations of HSCR candidate genes. The red and green dashed lines

represent statistical thresholds for significant and suggestive linkage.
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Fig. 2 Distribution of RET mutations by protein domain.
RET mutations, when identified in the coding sequence
and intron-exon boundaries, were classified as ‘severe’
(red) when the amino-acid change was nonsense or non- R7(C
conservative or altered a residue evolutionarily conserved
among RET sequences of mouse, chicken, zebrafish and
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tide; CAD, cadherin-like; CYS, cysteine-rich; TM, transmem-
brane segment; TK1, TK2, tyrosine kinase domains.

We explored whether additional genetic models of multi-
genic inheritance are compatible with the data. We used a
parametric variance components method!” to test whether dif-
ferent hypotheses about mode of inheritance fit familial pat-
terns (Table 3). Three major conclusions emerged. First,
among two-locus comparisons, chromosome 10 exerts the
major effect (the likelihood of the segregation pattern is 1,000-
fold or greater as compared with the chromosome 3 and 19
loci). Second, all three-locus models show better fit than any
two-locus model. Among three-locus models, a simple hetero-
geneity (additive) model, where any single locus can lead to
HSCR, provides adequate fit; however, the fit is improved by a
million-fold when a multiplicative model is assumed. Alterna-
tively, a model where S-HSCR arises from interactions between
the 10q11 and 3p21 loci in some families and the 10q11 and
19q12 loci in the remaining families shows as good a fit as the
multiplicative model. A model involving epistasis (nonadditive
interaction) between all three loci also fits the data, but
requires the estimation of an additional parameter. When each
model is compared to the full model, the parsimonious con-
clusion is that the multiplicative mode of inheritance is the
best hypothesis. Thus, on the basis of the three-locus segrega-
tion, prediction of disease incidence and familial risk, we con-
clude that additional major gene effects probably do not exist.

We showed conclusively that the susceptibility gene at chro-
mosome 10q11 is RET. However, as the estimated proportion of
RET-linked families was 88% (corresponding to 43 of 49 fami-
lies), the identification of 17 mutations in 43 linked families
(40%) is surprising. We suggest that noncoding mutations
probably make a significant contribution to S-HSCR; such
sequence changes may represent low-penetrance alleles'®-18, As
observed for the coding sequence mutations, the noncoding
mutations are expected to be diverse or recurrent, as we found
no allelic associations with RET polymorphisms. Recent studies
of isolated HSCR have shown association with the RET poly-
morphisms Ala45Ala (exon 2) and Leu769Leu (exon 13)!%20,
However, in our familial cases, frequencies of A45A and L769L
are not different from controls (see Methods). The mutations
show a nonrandom distribution within RET, with a majority
(16/17 changes) of changes in the extracellular domains (Fig.
2). This contrasts with mutations identified in families with
multigenerational HSCR, where sequence changes are observed
throughout the gene’. The molecular basis for this difference,
and how it might relate to S- versus L-HSCR, is unknown.

Previously described multiplex families show a greater than
expected inheritance of HSCR through the maternal lineage.
Of the 49 families studied here, 27 share one allele IBD at RET;
although we expect the shared allele to be equally transmitted
by either parent, we observed, instead, 21 maternal and 6
paternal transmissions (P<0.003; Table 1). This effect is not
gender-specific but a true parent-of-origin effect, as, within
the 27 nuclear families with IBD=1, there are 29 affected males
and 25 affected females. Similar analysis of segregation at 3p21
and 19q12 showed no parent-of-origin effects (Table 1). Con-
sequently, the transmission bias observed at the phenotypic
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level is associated with RET markers and not with those on
chromosomes 3 and 19.

We recently reported evidence of a chromosome 9q31 locus
that increases HSCR susceptibility in families with L-HSCR with
‘mild” RET alleles (see Methods)”. No significant sharing was
detected for this region in the families described here (Z=1.52,
P=0.065), yet the location of a peak maps to approximately the
same region (within 15 cM). In our previous study’, we detected
significant results only when the nature of the RET mutation
was considered. We reanalyzed the present data by classifying
families according to the presence or absence of a ‘severe’ RET
mutation: 9 families harbored a ‘severe’ mutation with random
sharing at 9931 (P=0.55), and the remaining 40 had ‘mild’ or
undetected changes with nonrandom allele sharing (P=0.027).
These are precisely the nature of the results observed in families
with L-HSCR, suggesting the action of a modifier locus at 9q31
that is RET-dependent, although this effect is weaker in S-HSCR.

We have shown evidence of oligogenic inheritance in a com-
plex human disease. The action of three loci, RET and two as-
yet unidentified genes on chromosomes 3p21 and 19q12, seem
to be necessary and sufficient for S-HSCR, although a model
where S-HSCR arises from the action of either RET and a 3p21
gene or RET and a 19q21 gene cannot be currently refuted.
These three genes seem to act in all families, as subdivision of
families by the presence of L-HSCR versus S-HSCR or by cod-
ing versus noncoding mutations does not alter any of the con-
clusions. Our failure to detect segregation of all three loci in
some families does not contradict the joint action of all three
loci, as the presence of new mutations or homozygous suscepti-
bility factors, in a collection of ascertained families, cannot be
negated. The evidence that S-HSCR does not usually segregate
in the absence of RET (Table 3) suggests that the actions of the

Table 2 ¢ Classification of each HSCR sibpair by allele sharing
at 3p21, 10q11 and 19q12

Locus Number of sibpairs
10911 3p21 19912 observed expected
+ + + 55 56.2
+ + - 5 3.7
+ - 5 4.9
- + 2 1.7
All other types 0 0.5
Lod score 6.85 3.58 3.26
Allele frequency/ 0.01  0.04 0.05  16/10,000 14/10,000
incidence
Risk ratio 830 420 5.00 187.5 174.3

Probabilities of IBD allele sharing at each locus were discretized using a thresh-
old value of 90%. Each affected sibling pair was classified as either showing
allele sharing (+, sharing 2 or 1 alleles IBD) or not (-, no IBD sharing) for all three
loci, and by considering all possible pairs from the triply and quadruply affected
families. The observed numbers were compared to those expected under the
hypothesis of multiplicative penetrance across the three unlinked loci, or, equiv-
alently, statistical independence. The fit was excellent (y2=1.49, 1 d.f., P>0.22).
Parametric linkage analysis was carried out for markers on chromosomes 3,10
and 19 only (lod score values; see Methods).
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Table 3 ¢« Multilocus models of S-HSCR inheritance

Model assumed No. parameters lod score
(a) full models
10 1 6.87
3 1 3.00
19 1 3.19
10, 3 3 9.98
10,19 3 10.11
3,19 3 6.04
10,3, 19 7 13.22
(b) three-locus submodels
heterogeneity/additive 3 7.15
[10 +3 +19]
multiplicative 3 13.07
[10x3x19]
mixed multiplicative 3 12.22
[10x (3 +19)]
epistatic 4 13.09

[10x(3+19+(3-19))]

The parameters evaluated are variance components divided by the popula-
tion probability of an affected sibling pair. The parameters were maximized
by likelihood analysis of the IBD sharing data at each linked locus and
assuming dominance; thus, only additive variance components were consid-
ered. We estimated both main effects and interactions (epistatic effects)
between loci and contrasted models, based on the number of estimated
parameters and the maximum lod score. For each genetic model, both the
number of estimated parameters and maximum lod score are presented.
Each model is designated by the chromosome number (3, 10 and 19). The
total genetic effect on S-HSCR is a combination of each locus effect in either
an additive (or/+; heterogeneity model) or a multiplicative (and/x) manner.
The allowance of epistatic interactions between loci, in addition to joint
additive and multiplicative effects, is denoted as ‘full’ models and indicated
by the *." symbol.

chromosome 3p21 and 19q12 loci are RET-dependent, and are,
consequently, modifiers of RET expression. Given the estimated
high frequencies (4% and 5%) of the putative variants, these
alleles as a class are polymorphic in the human population,
although individual alleles may be rare. We have shown that
noncoding mutations in RET are important in S-HSCR and
that their frequency is probably higher in S- than in L-HSCR’.
This latter factor may contribute to the lower penetrance in S-
versus L-HSCR!®-18, Finally, the three loci detected recapitulate
all major aspects of the genetic epidemiology of S-HSCR, sug-
gesting that this approach can be extended to dissect complex
genetic diseases using contemporary genetic tools.

Methods

Families studied. We ascertained 61 multiplex families after obtaining
informed consent and classified them into those with three or more
affected individuals in several generations (group A enriched for L-
HSCR: 12 families), and multiplex nuclear families with no further evi-
dence of HSCR (group B enriched for S-HSCR: 49 families). The affect-
ed sibships (group B) had 2, 3 or 4 affected individuals in 43, 4 and 2
families, respectively, comprising 67 distinct affected sibling pairs and
106 affected individuals. The parents in 46 families were clinically unaf-
fected; the remaining families had one affected parent (2 male, 1 female)
and two affected children each. The affected individuals were enriched
for males (1.54:1) and S-HSCR (40/62). We extracted genomic DNA and
established lymphoblastoid cell lines from participating members using
standard techniques.

Genome scan markers. We carried out a genome scan using microsatellite
markers from the Weber screening set 8.0 and additional markers from
Genethon. We reconstructed the meiotic map based on markers used and
MultiMap (see Web Table A online)?!. This genetic map spanned 3,669 cM
and covered over 92% of the human genome. We carried out genotyping
using semi-automated fluorescence-based protocols on an ABI 377 auto-
mated sequencer (Perkin-Elmer). We assembled PCRs in 96-well formats
using a multichannel pipettor to aliquot 1 pl of genomic DNA (20 ng) and
a Hamilton workstation to dispense 4 pl of a PCR mixture (10 mM Tris-
HCI, 50 mM KCl, 0.75-3.0 mM MgCl2, 200 mM dNTPs, 0.3 mM each of
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dye-labeled forward and unlabeled reverse primer and 0.125 U Taq poly-
merase), for a final volume of 5 pl. We carried out 31 cycles (15 s at 94°C,
10 s at 55-58 °C, 15 s at 72 °C) of PCR using MJR Tetrad thermocyclers.
Approximately 1.5 ul of each of 10-12 PCRs for each DNA sample were
pooled using a Hamilton workstation, of which 0.7 ul was combined with
loading solution (deionized formamide, 50 g ul~! Dextran Blue) and a
TAMRA-500 molecular weight size standard, heat-denatured and loaded
onto the ABI 377 for gel electrophoresis. We assigned allele sizes using
Genescan v. 2.02 and Genotyper v. 1.0 software and using the known geno-
type of a reference individual (CEPH 1331-01).

Linkage analysis. Allele frequencies were estimated from 86 of the 98
unrelated parents and compared with those in public databases; no statisti-
cally significant differences were identified. All alleles were recoded into
integers, and mendelian inheritance was assessed within families using
PedCheck??; we re-analyzed or re-genotyped all inconsistencies to correct
errors. We used the genotypes for all 371 markers and the ‘kinship’ pro-
gram within ASPEX to verify relationships between individuals in each
family. This likelihood analysis verified the full sibling relationships among
all affected individuals in each nuclear family. We used GENE-
HUNTER!'H2 to estimate the genetic length of each chromosome in each
family to check for gross genotyping errors resulting in map inflation; we
found no significant differences. To assess genotyping accuracy, we re-
genotyped 22 markers in 96 DNA samples and detected 5 discrepancies,
for an error rate of approximately 0.2%.

Genes relevant to HSCR specifically tested for linkage include: (i) RET,
GDNF, EDNRB, EDN3 and SOXI0, given their known roles in HSCR
pathology®; (ii) additional components of RET signaling: NRTN, neur-
turin, an alternative RET ligand?*; GFRA1, a GPI-linked RET co-recep-
tor?»?> and GRBIO, a RET adaptor protein®% (iii) an additional
component of endothelin receptor type B signaling, ECEI, an EDN3 pro-
cessing enzyme?’; (iv) a knockout mouse model of aganglionosis and cran-
iofacial abnormalities, DLX2 (ref. 28) and (v) IKBKAP, a gene underlying

familial dysautonomia®.

RET mutation analysis. We carried out mutation analysis by screening 21
exons of RET comprising 3,474 bp and 1,700 bp of adjacent intronic
sequence as wildtype standards. We screened one affected individual from
each family and used three methods on each sample: single-strand confor-
mational polymorphism (SSCP), denaturing gradient gel electrophoresis
(DGGE) and automated nucleotide sequencing using dye terminator
chemistry. A sequence alteration was defined as a mutation if it failed to
occur in a group of 100 control individuals; otherwise, it was termed a vari-
ant or polymorphism. All mutations were classified by the nature of the
predicted change in the RET protein as ‘severe’ if the substitution was
either a nonconservative change based on BLOSUM62 (ref. 30) or any
change at an evolutionary conserved site (defined as a site unchanged in
protein sequence comparisons of human, mouse, Drosophila, zebrafish
and C. elegans RET), or ‘mild” if the change was conservative.

Test of allelic association between RET and HSCR. We genotyped five
common RET polymorphisms (Ala45Ala: exon 2, Ala432Ala: exon 7,
Gly691Ser: exon 11, Leu769Leu: exon 13 and Ser904Ser: exon 15) in 47
probands and found no significant allele frequency differences between the
15 probands with an identified mutation (47%, 53%, 33%, 33%, 27%,
respectively) and the 22 probands without an identified mutation (53%,
47%, 22%, 31%, 16%, respectively), and, indeed, all probands, with
reported population frequencies!®2.

URLSs. Marker characteristics and allele frequencies were obtained from
the public databases http://www.chlc.org, http://www.genethon.fr, http://
www.resgen.com and http://www.marshmed.org (Weber screening set
8.0). The computer program ASPEX was obtained from http://www.
lahmed.stanford.edu/pub/aspex.

GenBank accession numbers. RET genomic data, AJ243297; RET mRNA,
X15262.

Note: Supplementary information is available on the Nature
Genetics website.
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