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Abstract
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Hirschsprung’s disease (HSCR) is a common pediatric surgical condition causing functional colonic
obstruction. Although surgical treatment for the disease is well known, the underlying etiology and genetic basis
have just gained more interest in recent years. This review focuses on the current concepts of molecular genetic
and basic science as related to HSCR.

RET proto-oncogene on chromosome 10q11.2 is the first susceptibility gene for HSCR. The gene and its
ligand ‘GDNF’ play an important role in transduction of proliferation and differentiation signal into the
neuronal precursors. Mutations of RET proto-oncogene are detected in 10 - 40 % of HSCR cases, the majority
is long-segment cases. The second gene, ENDRB, maps to chromosome 13q22. ENDRB ligands are the
endothelin molecules. Most of ENDRB mutations are found in short-segment HSCR.

Migratory arrest in HSCR could be related to the genetic derangement of the neural crest cells or the
expression deficit of the genes. Moreover, alteration of neurotrophic factors as well as alterations of the
intestinal microenvironment are also involved.

HSCR is classified as a simple form of neurocristopathy. Syndromic neurocristopathy, including MEN2A
and Waardenberg syndromes, are closely linked to the disease, regarding embryology and genetic predisposition.

Screening for oncogenic mutations in familial or long-segment HSCR is recommended.

Hirschsprung’s disease, Congenital megacolon

Hirschsprung’s disease (HSCR) is a congenital
anomalies of the colon affecting about 1:5,000
livebirths."* The principle pathology is the absence of
ganglion cells in the terminal segment of the large

bowel togetherwithincrease in cholinergicinnervation  this secondary change.
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in the submucosa. The aganglionosisleads to sustained
contraction of the diseased colon with secondary
dilatation and hypertrophy of the more proximal
segment. “Congenital megacolon” was named after
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Although surgical treatment of HSCR has been
established since 1950’s,%° the underlying genetic basis
and embryopathogenesis of the disease are not clearly
understood. Recent advances in molecular genetic
research and histochemical studies reactivated the
interest in this area among pediatric surgical society.
HSCR has been classified as a form of neurocristo-

pathies.”®

The susceptibility genes and ligands for
HSCR, especially the long segment disease, have been
discovered and some have certain clinical implication.’
This review is focused on advanced concepts in basic
science research of HSCR which may give us a better
understanding of the etiology and pathophysiology of

the disease.

HSCR as a genetic disease

Sexual preponderance and familial occurrence
have been demonstrated in HSCR. In general, boys
are affected 4 times more often than girls but the ratio

1011 A familialincidence

islessforlong-segmentdisease.
of 8 percent'"'? has been reported and the evidence is
more likely in patients with long-segment aganglio-
nosis, compared to those who have the short-segment
disease. Theriskin siblingsisabout4 percent."*'* The
association between HSCR and various genetic
syndromes hasbeen observed. These linked syndromes
include Down’s syndrome, Waardenberg’s syndrome,
cartilage-hair hypoplasia, central hypoventilation
syndrome (Ondine’s curse) and multiple endocrine
neoplasia (MEN 2A and MEN 2 B).!?*

The epidemiological evidences mentioned above
suggest genetic contribution in the etiology of HSCR,
especiallyin the long-segment form.'® In 1990, Badner
A and his colleagues analysed 487 probands from
HSCR patients and their families in order to charac-
terize modes of inheritance.'*  The families were
classified into separate categories by the extent of
aganglionosis. The inheritance pattern in cases with
aganglionosis beyond the sigmoid colon is compatible
with a dominant gene with incomplete penetrance.
While for caseswith aganglionosis extending no further
than the sigmoid colon, the pattern is equally likely to
be either multifactorial or due to a recessive gene with
very low penetrance.

Interstitial deletion of the long arm of chromo-
some 10 was observed in an infant with total colonic
6

aganglionosis.l Linkage analyses in families with

autosomal dominant pattern mapped HSCR gene to
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10q11.2,'" the same region where MEN 2A gene and
genesassociated with other neurocristopathy had been
earlier located.'”® The gene locus was then matched
with the RET proto-oncogene by mutation studies.?'-*?
Thislocushasbeen the firstdemonstrable gene related
to congenital megacolon (HSCR 1). Mutations of
HSCR 1 in human are heterozygous with incomplete

penetrance.*®

Apart from RET-protooncogene,
another major susceptibility locus was identified in
HSCR cases with recessive inheritance. Puffenberger
and his co workers performed their research in a
group of inbred families and detected the locus on

chromosome 13q22 (HSCR2).%5%7

HSCR genes

To date, there are two systems of major suscep-
tibility genesfor HSCR, the RET system and endothelin
receptor-B (ENDRB) system.”!5

RET proto-oncogene and its ligand genes

RET (REarranged during Transfection) proto-
oncogene encodesareceptor protein “tyrosine kinase”
which can be detected in the developmental period of
neural crest-derived cells including the neurons of the
enteric nervoussystem.'>#*# A receptor tyrosine kinase
molecule consists of three domains; an intracellular
tyrosine kinase domain, a transmenbrane domain and
an extracellular domain which harbors a catherin-like,
cysteinerichregion.” Thisligand-dependentreceptor
functions as a signal transduction pathway to phos-
phorylate asecond messenger protein in the cytoplasm.
The signaling process plays a critical role in the
development of the enteric nervous system.

The incidence of the RET proto-oncogene
mutation has been reported in the range of 10-40 per
cent of all HSCR, depending on familial or sporadic
occurrence of the disease and the length of agangli-
onosis.”*#*3 In general, rates of mutation are higher
in familial cases and cases with long-segment disease.
Missence and nonsence mutations and a few base-pair
deletions or insertions were detected through the
length of 20 exons by different investigators.®*
Homozygous RET knockout mice exhibits total
intestinal aganglionosis together with renal agenesis
whereas the heterozygous mutants have normal
phenotype.® The alleic status in RET mutant humans
are almost always heterozygous. This discrepancy may
be attributable to the difference in genetic back-
grounds among the two species and to the different
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threshold of enteric precursors to RET proto-oncogene
derangement. Heterozygous mutation in human is
embryonically lethal.”*®

Ligand of RET receptor has recently been dis-
covered as glial-cell-line-derived neurotrophic factor
(GDNF).%3 GDNF is a distant member of the trans-
forming growth factor-beta superfamily, a group of
molecules which play an important roles in the
regulation of cell survival, proliferation and different-
iation.”** GDNF gene was mapped to chromosome
5pl2 - p13.1.* Moreover, a new glycosylphosphati-
dylinositol-linked protein GDNFR-alpha was found to
be the RET’s co-receptor for GDNF binding. GDNF-
GDNFR-alpha-RET complex provides dimerization and
phosphorylation of the tyrosine kinase domains of
RET receptor, leading to intracellular signaling.®*
Mutation of GDNF was detected in 0.9-5.5 per cent of
all HSCR cases.>**** Although some can be regarded
as dominant mutations, other GDNF mutations may
not be related to HSCR phenotype.'>?

ENDRB and its ligands

In the same year when RET proto-oncogene was
recognized as HSCR1, Puffenberger E and his col-
leagues demonstrated that endothelin receptor B
(ENDRB) was the affected gene in their previously
detected locus at chromosome 13q22.2027  ENDRB is
one of the receptors for endothelins (ET) peptides
which comprise of ET1, ET2 and ET3. In human
fetuses, ENDRB and ET3 are expressed in enteric
neurons and intestinal mesenchymal cells, suggesting
their roles in regulation of neurons-mesenchyme
interaction during developmental period.” Missence
and nonsence mutations of ENDRB gene were
reported in both isolated and syndromic HSCR.?"-#3:4¢
Penetrance in human mutationis 74 % for homozygotes
and 21 % for heterozygotes.”” The effect of ENDRB
mutation in HSCR is, therefore, dosage dependent
and the mutation is neither fully dominant nor fully
recessive. Contrary to RET proto-oncogene mutation,
in which the majority of cases haslong segment HSCR,
aganglionosis in most of the ENDRB mutants confines
to the rectosigmoid colon.*047

Homozygous mutations of the ET3 gene on chro-
mosome 20 have been identified in consanguineous
HSCR families with associated Shah-Waardenberg
syndrome (pigmentation defects and deafness).*®*
However, mutation of ET3 gene in non-syndromic
HSCR is rare.”

A
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Complete deletion of ENDRB gene can be found
in the piebald lethal (s’/s’) mutant mouse which
expresses phenotype of megacolon and white spotting
in coat color.”® Natural mutation of ET3 is also found
in lethal spotted mouse mutant (Is/ls), which habor a
point mutation on ET3 gene and distal colonic
aganglionosis.” The inheritance pattern of both genes
in mice is autosomal recessive. These animal models
confirm the roles of endothelin signaling system in the
etiology of HSCR.

Other candidate genes for HSCR were identified
in animal aganglionosis. Dominant megacolon genes
of mice (Dom) is the only gene that shows semido-
minantinheritance pattern, whereas the other natural
and artificial mutation in mice inherited as autosomal
recessive.” Endothelin converting enzyme 1 (ECE1)
gene is suspected to play an essential role for the
endothelins signaling pathways.”* Recently Sry related
SOX10 was the third susceptibility gene detected in
patientswith HSCR associated with Shah-Waardenberg
syndrome.”

Embryopathogenesis of HSCR

The enteric ganglion cells are derived from the
vagal neural crest cells which migrate in head-to-toe
direction from the neural tube to the esophagusin the
fifth week of gestation, and to the entire length of
gastrointestinal tract within the twelfth week.”*%
Repeated cycles of cellular proliferation, differentiation
and cell-to-cell and cell-to-matrix interaction are
essential in the progression of the migratory process.”

The premature arrest of the craniocaudal
migration of the neural crest-derived enteric neuron
suggested by Okamoto and Ueda in 1967 is the most
widely accepted hypothesis of the HSCR.”* However,
itisunclear whether the cessation of migration belongs
to the incompetency of the neuroblastsin the migratory
pathway or at the intestinal microenvironment where
the cells should settle down.

Cellular genetic defects

Alteration of gene function isnotonly explainable
by the mutated genetic structures, but could be the
result of defects in the transcription or translation
into the functional protein. Study of RET protein
expression and tyrosine kinase activity in human fetal
rectum by immunohistochemical techniques
demonstrated that RET protein immunostaining was
more intense in the enteric nervous system during the
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early development and the tyrosine kinase activity of
ganglion cells increases progressively with advancing
gestational age.” The small ganglion cells in
hypoganglionic transitional segment of HSCR also
showed strongly staining of the antibodies against RET
protein and low tyrosine kinase activity.®”®" The
evidences suggest that the pattern of “developing”
arrest at the hypoganglionic segment could be
secondary to functional disorder of the protein product
of RET, the tyrosine kinase receptor, or the lack of an
appropriate ligand. KusafugaT. conducted an evalua-
tion of RET mRNA expression in the colon of HSCR
patients.”” The signal intensity in aganglionic segment
was low compared to the transitional segment and
ganglionic segment, suggesting the contribution RET
expression deficit at the diseased segment.

Neurotrophic factors deficiency

The ligand of RET receptor, GDNF, is previously
known as a neurotrophic factor, which is necessary for
the survival of various kinds of neurons including
enteric ganglia.”** GDNF mRNA expression in
newborn rectum is prominent in the muscularis
mucosae whereas the ganglion cells of the enteric
nervous plexuses showed no expression by in situ
hybridization.® Muscularis mucosa is then suspected
toplayanimportantrole in the developmentof enteric
nervous system. Immunofluorescence study showed
reduction of GDNF immunoreactivity in aganglionic
colon compared to normoganglionic segment.*%
GDNF expression deficit in the aganglionic segment
may explain missed activation and phosphorylation of
the RET receptor in the RET non-mutated patients.®

To test the neurotrophic roles of GDNF and ET3,
cells from vagal neural crest were isolated and con-
ditionally cultured.®® Surprisingly, the stimulatory
effect of GDNF on neuron numbers was strikingly
diminished by the simultaneous presence of ET3.
Hearn CJ and his co-authors discussed that ET3
modulated the action of GDNF by means of inhibiting
neuronal differentiation to maintain the amount of
precursor cells, and ensure sufficient cell population
numbers to reach the entire length of gastrointestinal
tract.

Certain neurotrophic factors have an important
role in the development of central and peripheral
nervous system.?”% Nerve growth factors (NGF), brain
derived neurotrophic factors (BDNF) and the
neurotrophins 3 interact with tyrosine kinase family of
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receptors in the enteric neurons to promote cellular
developmentand survival.* Hoehner etal investigated
the intensity of neurotrophin receptors in normal
colon and segments from HSCR patients.”” They
reported that all three neurotrophin receptors are
localized with cellular specificity to the enteric nervous
system of normal and proximal ganglionic colon of
HSCR. However,none wasdetected in the hypertrophic
nerve fibers of aganglionic segments from HSCR.
Kuroda T and his co-workers reported that the signal
of NGF mRNA in the aganglionic segment of conge-
nital megacolon mice was less intense than in the
rectum of normal mice.”

Alteration in intestinal microenvironment

Abnormality in the development of enteric
nervous system may be attributable to the road where
they migrate and/or the house where they have to
colonize and mature. The extracellular matrix proteins
have been recognized as an important microenvi-
ronmental factor of neuronal processing pathway, a
matrix for cellular adhesion and locomotion.”
Moreover, the extracellular matrix molecules may
serve as a latticework on which neurotrophic or
signalling molecules might accumulate.” Fujimoto T
and colleagues studied the extracellular matrix proteins
as the migration pathway of neural crest cellsin human
embryo, using immunohistochemistry techniques.”™
The authors postulated that enteric neurogenesis is
dependenton extracellular matrices. Fibronectin and
hyaluronicacid provide amigration pathwayfor neural
crest-derived cells in the developing gut whereas
laminin and collagen type IV promote maturation of
neurons. The abnormal in these extracellular matrix
molecules, could inhibit the neuronal precursor cells
from reaching their ultimate location and getting
matured.

Distribution and intensity of different extracellular
matric proteins in HSCR were studied by immuno-
histochemistry technique. The immunoreactivity of
laminin and collagen type IV was less intense in
aganglionic bowel compared tonormal and ganglionic
segment whereas those of fibronectin and tenascin
were increased.”

HSCR as a neurocristopathies

Neural crest cells migrate and differentiate into
diverse cell types, not only the ganglion cells of enteric
nervous system, but also the neurons and glia of the
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sensory, autonomic ganglia, neuroendocrine cells,
adrenal medulla, pigmented cells, and facial cartil-
ages.” The term “neurocristopathies” was first stated
byBolande Pin 1974 to describe diseases or syndromes,
of which the pathophysiological processeswere related
to maldevelopment of neural crest cells.”® Diseases
and syndromes arising from neurocristopathies are
diverse in organ systems involvement. They include
neurological, endocrinological, and cutaneous
While HSCR is classified as the simple
neurocristopathy, most of the syndromes, known to be

disorders.

epidemiologically associated with HSCR, are complex
neurocristopathies.” The most studied HSCR-related
neurocristopathies are MEN 2A and Waardenberg
syndromes.

HSCR and MENZ2A share the same susceptible
gene.””™ Point mutations of RET proto-oncogene in
MEN2A are observed in 97 percentof cases.”*” MEN2A-
identical RET proto-oncogene mutations in sporadic
and familial HSCR patients are 2.5- 5 per cent.?>#*38!
Although the RET mutations in HSCR span thorough
the entire length of RET gene and cause functional
deficit, mutations detected in HSCR-related MEN2A
patients limit to the cysteine residue in the exon 10 of
extra cellular domain (codons 609, 618 and 620),
resulting in auto-phosphorylation of the RET recep-
tor.?**? Penetrance of the index lesion, the medullary
thyroid carcinoma, is essentially 100 per cent.* Besides
MENZ2A, other HSCR-associated neoplastic neuro-
cristopathies which harbor mutated RET at exon 10
include MEN2B and familial medullary thyroid
carcinoma.”

Mutation of ENDRB gene and ET3 gene affectin
aganglionosis associated with pigmentary defect in
mice.”®? In Puffenberger’s study, nine of seventeen
inbred population having point mutation of ENDRB
gene exhibited phenotypes compatible to Shah-
Waardenberg syndromes without aganglionosis.”

Clinical perspectives

Clinical utility of the basic information regarding
genetic background of HSCR can be demonstrated in
the aspects of prenatal diagnosis and oncologic
prevention. The ability to determine the presence of
relevant gene mutations in material acquired by
amniocentesis may prove to be advantageous for the
management of HSCR. Prenatal diagnosis in families
with previously affected children may lead to earlier
postnatal management, before the occurrence of
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complications from colonic obstruction.’

Certain points of mutation, especially at the exon
10 of RET proto-oncogene predispose the HSCR
patients to MEN2A. Children with familial HSCR are
thenrecommended for genetic screening of this cancer.
Because medullary thyroid carcinoma (MTC) develops
in essentially all patients with MEN2, and is the only
component of the syndrome that is uniformly
malignant, prophylactic thyroidectomy is indicated as
early as the age of two or five years in a child with
disease-specific mutation.”®?# In sporadic cases, family
history of MTC should be obtained.

SuMMARY

Researches in molecular genetic and immuno-
histopathology have become a new frontier in the
understanding of this old surgical disease. There are
strong evidences of genetic contributionin the etiology
of HSCR, although the single gene model is not
applicable. More detailed research in the interactive
roles of multiple genes and their products should
clarify not only the cause of the disease, but our
comprehension in the regulation of enteric nervous
system development in molecular language.
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