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Abstract: Hirschsprung’s disease, also known as aganglionic megacolon, derives from a congenital
malformation of the enteric nervous system (ENS). It displays an incidence of 1 in 5000 live births with
a 4:1 male to female sex ratio. Clinical signs include severe constipation and distended bowel due to a
non-motile colon. If left untreated, aganglionic megacolon is lethal. This severe congenital condition is
caused by the absence of colonic neural ganglia and thus lack of intrinsic innervation of the colon due
in turn to improper colonization of the developing intestines by ENS progenitor cells. These progenitor
cells are derived from a transient stem cell population called neural crest cells (NCC). The genetics of
Hirschsprung’s disease is complex and can involve mutations in multiple genes. However, it is
estimated that mutations in known genes account for less than half of the cases of Hirschsprung’s
disease observed clinically. The male sex bias is currently unexplained. The objective of this review is
to provide an overview of the pathophysiology and genetics of Hirschsprung’s disease, within the
context of our current knowledge of NCC development, sex chromosome genetics and laboratory
models.



Intestinal motility disorders (e.g. gastroesophageal reflux, irritable bowel syndrome and chronic
constipation) are very frequent in the North American population. For instance, the prevalence of
irritable bowel syndrome and chronic constipation ranges between 20-25% and 12-19%, respectively
(1-3). Gastrointestinal motility is controlled by the enteric nervous system (ENS), which operates
largely independently of the central nervous system. The ENS is the largest and most complex part of
the peripheral nervous system, being found throughout the length of the gastrointestinal tract. The ENS
notably coordinates mixing and peristaltic bowel contractions by interacting with enteric smooth
muscle cells. Thus, anything that impairs this interaction can lead to a gut motility disorder.

Hirschsprung’s disease (HSCR) (4) is one of the most severe forms of organic constipation.
This review focuses on the tissue architecture underlying gut motility, the embryonic origin of HSCR,
as well as the genetic mutations known to cause different forms of this severe congenital disease. We
also discuss the currently unexplained male-sex bias seen in HSCR, and present new mouse models to
further our understanding of HSCR pathogenesis.

Structure and function of the enteric nervous system

The enteric nervous system (ENS) is the nervous system intrinsic to the digestive system. It
consists of thousands of interconnected small ganglia embedded in the walls of the entire digestive tract
(Fig.1A). Each ganglion is composed of neurons and associated glial cells. As summarized below, the
extensive neural circuits of the ENS are capable of local autonomous function (5). In addition, the ENS
works in concert with the central nervous system (CNS) through widespread two-way connections, to
control the digestive system in the context of local and whole body physiological demands (5, 6). These
connections are provided by both vagal and sympathetic fibers along mesenteric vessels (Fig.1B)

The gut wall is composed of a mucosal layer, a smooth muscle layer, and a serosal layer. The
muscle layer consists of at least two sheets of parallel muscle fibers typically arrayed at right angles to
one another: a circular layer wrapping around the gut and a longitudinal layer running along it. Most
neurons of the ENS are found in the mucosal and muscle layers, forming two main networks of nerve
ganglia extending from oesophagus to anus, and known as the submucosal plexus and the myenteric
plexus, respectively (Fig.1A). The myenteric plexus lies between the longitudinal and circular muscle
sheets of the gut wall and exerts control primarily over digestive tract motility. The submucosal plexus,
as its name implies, is buried underneath the mucosa. Its principal role is in sensing the environment
within the lumen, regulating gastrointestinal blood flow and controlling epithelial cell function.

Enteric neurons can be classified into three broad classes according to their function: intrinsic
primary afferent neurons (also referred to as sensory neurons), interneurons and motor neurons.
Sensory neurons receive information from receptors in the mucosa and muscle responding to
mechanical, thermal, osmotic and chemical stimuli (7). Mucosal chemoreceptors sensitive to acids,
glucose and amino acids allow sampling of luminal contents whereas sensory receptors in muscle
respond to stretch and tension. Interneurons integrate information from sensory neurons and provide it
to motor neurons. Collectively, motor neurons directly control gastrointestinal motility, blood flow and
secretion through direct interaction with numerous effector cells, including smooth muscle cells.
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Myenteric motor neuron subtypes include excitatory and inhibitory neurons interacting with both the
longitudinal and circular muscle layers. Excitatory circular muscle motor neurons contain cholinergic
markers and tachykinins such as substance P, while inhibitory motor neurons contain nitric oxide
synthase (NOS), as well as vasoactive intestinal peptide (VIP) (8). Enteric glial cells provide support
for neurons. However, unlike individual Schwann cells, enteric glial cells ensheath axons in groups.
Enteric glial cells differ markedly from other glial cells in the peripheral nervous system and are similar
to CNS astrocytes with respect to S-100 protein and glial fibrillary acidic protein (GFAP) expression
(9). These observations have led some researchers to classify the ENS as a distinct nervous system,
outside of the peripheral nervous system, more closely resembling a second CNS.

Neural crest cells: the multipotent precursors of the ENS

Cells forming the ENS are derived from a transient—and vertebrate specific—population of
multipotent cells called neural crest cells (NCC). These cells are initially specified at the border of the
non-neural ectoderm (the future epidermis) and the neural plate (the future central nervous system)
(10). During neurulation, bending of the neural plate places NCC at the dorsal edge of the forming
neural tube. NCC subsequently undergo an epithelial-mesenchymal transition, leading to an
anteroposterior wave of delamination and migration from the neural tube. This results in the eventual
colonization of numerous embryonic structures (Fig.2A). NCC can differentiate into several different
cell types including melanocytes (pigment cells), peripheral neurons and glia, craniofacial
chondrocytes and some cardiac cells, to name a few. However, the NCC population is heterogenous
and NCC are not fully equivalent with respect to their differentiation potential (11). As such, NCC are
subdivided into several subpopulations in accordance with their origin along the anterior-posterior axis:
cranial, cardiac, vagal, trunk and sacral. NCC differentiation is controlled by a combination of their
origin along this axis with their exposure to regionally distinct environmental cues. For instance,
cranial NCC contribute extensively to the cranial nerves (neurons and glia), the head mesenchyme
(cartilage, bone and connective tissue) and the inner ear (sensory hair cells and melanocytes of the stria
vascularis) in addition to generating skin melanocytes.

Much of the ENS is derived from vagal NCC, which are formed adjacent to somites one to
seven. These vagal NCC initially migrate in a dorsal to ventral direction to colonize the foregut (future
oesophagus and stomach), where they are now named enteric (¢) NCC. As illustrated in Fig.2B, vagal
NCC colonize the foregut via two distinct migratory patterns, the most posterior vagal NCC
contributing only a small subset of foregut eNCC (12). Foregut colonization from anterior vagal NCC
is followed by a rostral to caudal migration within the mesenchyme to invade the midgut (future small
intestine) and hindgut (future colon and rectum) (13, 14) (Fig.2B-C). Gut colonization by eNCC occurs
during a relatively long period of time (from embryonic day 9 to 15 in mice and from week 4 to week 7
in humans) and is performed in parallel with gut tissue growth and rearrangement. Such timing appears
important for proper colonization of the hindgut since a subpopulation of eNCC crosses from the
prospective small intestine to the future colon via the mesentery during a developmental time period in
which these gut regions are transiently juxtaposed. These trans-mesenteric eNCC constitute a large part
of the hindgut ENS (15). Finally, a small subset of the ENS is also derived from sacral NCC (formed
adjacent to somite 28 and beyond). This minor contingent of NCC colonizes the hindgut up to the
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cecum in a caudal to rostral direction (Fig.2B,C) but is unable to compensate for a lack of vagal NCC
colonization (16). During and following migration, eNCC will undergo extensive proliferation and
differentiation up to one month after birth in order to form the mature ENS (17).

An introduction to HSCR

HSCR is caused by the absence of myenteric neural ganglia in the terminal regions of the gut
resulting in tonic contraction of the affected segment, which in turn leads to obstruction and massive
distention anterior to this point. The particular migration pattern of eNCC is believed to be the main
contributing factor to the pathogenesis of HSCR. Accordingly, the colon, found furthest from the
original vagal source of eNCC, is the last segment of bowel to be colonized and is the most susceptible
to aganglionosis. However, animal models have shown that deficient cell migration is not the sole
cause of aganglionosis. Indeed, deficient cell proliferation, survival or differentiation of eNCC can also
lead to bowel aganglionosis affecting the rectum up to a varying anterior limit (18, 19).

The incidence of HSCR is approximately one in 5000 live births (20). Males are much more
frequently affected than females with an overall ratio of 4:1. In 12% of cases, HSCR is associated with
chromosomal anomalies such as trisomy 21, and in 18% of cases, it is part of a syndrome in recurrent
combination with other defects (20).

Infants affected by HSCR frequently present in the first two months of life with symptoms of
impaired intestinal motility such as failure to pass meconium (within the first 48 hours of life),
constipation, and abdominal pain or distention. However, HSCR can also be diagnosed later in life (in
childhood or even in adulthood) in individuals with lifelong severe constipation. The aganglionic
segment includes the distal rectum and a variable length of contiguous proximal gut (21). Accordingly,
HSCR is classified in four sub-categories:

- In 80% of individuals, aganglionosis is restricted to the rectosigmoid colon (short-segment disease).
The incidence of short-segment disease is around five times greater in males than in females.

- In approximately 15%-20%, the aganglionosis extends proximal to the sigmoid colon (long-segment
disease). The male sex bias is less than 2:1 for long-segment HSCR.

- In approximately 5% of individuals, aganglionosis affects the entire large intestine (total colonic
aganglionosis).

- Rarely, the aganglionosis extends into the small bowel or even more proximally to encompass the
entire bowel (total intestinal aganglionosis).

Modern treatment for HSCR, performed as early as 1948 (22), involves surgical resection of the
aganglionic segment and reconnection of the proximal bowel to the anus (a procedure nicknamed "pull-
through"). Alternatively, individuals with extensive intestinal aganglionosis and irreversible intestinal
failure may be candidates for intestinal transplantation (23). However, these surgical procedures
essentially convert the lethal defect into a chronic medical ailment that frequently involves
constipation, fecal soiling and enteritis (24). Thus, there is a need for novel therapeutic strategies to
better address this condition and stem cell therapy approaches are a very promising avenue (25).
Indeed, mammalian (including human) neural crest progenitors derived from foetal or neonatal guts are
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able to form distinct neurogenic and gliogenic structures in culture and, when transplanted into rodent
aganglionic guts, reconstruct ganglionic function (26-28). Enteric glial cells are a particularly
interesting candidate for transplantation into affected gut segments, as they possess neurogenic
potential, even in adult mice (29, 30).

Gene mutations linked to HSCR

The genetics of HSCR is complex: whereas a mendelian mode of inheritance has been
described for syndromic HSCR, isolated HSCR (>70% of patients) stands as a model for genetic
disorders with complex patterns of inheritance. Mutations in several genes have been implicated in
HSCR and tend to display incomplete penetrance. Collectively, known mutations account for slightly
more than 50% of the familial (mostly long-segment HSCR) and around 20% of the sporadic cases
(mostly short-segment HSCR), thus contributing to only a small proportion of the genetic heritability of
HSCR (31). HSCR-associated genes and susceptibility loci as well as animal models have been
extensively reviewed previously (19, 20, 32). A comprehensive and updated list (including relevant
references) is presented in Table 1 but will not be discussed in detail here.

Most of known HSCR-associated genes encode players of two main signaling pathways: the
RET (proto-oncogene REarranged during Transfection) and EDNRB (endothelin receptor, type B)
pathways (Table 1). Both of these pathways regulate survival, differentiation, migration, and
proliferation of neural crest-derived cells (33-36). Furthermore, cross talk between RET and EDNRB
pathways in the coordination of ENS development has been demonstrated both in vitro and in vivo (33,
37, 38). RET is the main gene associated with HSCR: the majority of patients harbor either
heterozygous mutations in the coding region or a hypomorphic allele in a conserved enhancer sequence
in its first intron. Mutations within RET account for about 15% of patients with sporadic HSCR and
50% of familial cases (20).

In 18% of cases, HSCR is found as a feature of a larger developmental syndrome for which a
mendelian inheritance pattern is typically observed (20). Most of these HSCR-associated syndromes
are neurocristopathies, i.e. NCC developmental defects leading to disease (39). Given the extensive
NCC contribution to the developing embryo, such associations are not surprising. A classical example
is Waardenburg-Shah syndrome which features aganglionic megacolon in combination with
sensorineural hearing loss (and balance problems in some patients), as well as pigmentary
abnormalities of the hair, skin and eyes. Three genes have been implicated in WSS: SOX10 as well as
two members of the EDNRB signaling pathway (EDNRB and ET3) (40).

The male sex bias of HSCR

The 4:1 male sex bias seen clinically for HSCR is currently poorly understood at the molecular
level, in part because it is poorly replicated in animal models. A weak male sex bias (around or less
than 2:1) is only occasionally detected in single and double mutant animal models of short-segment
aganglionosis involving hypomorphic Ret and Ednrb alleles. Interestingly, these models—which depend



on gene dosage as well as genetic background—have shown that gender correlated with extent of
aganglionosis (38, 41, 42).

It has been previously proposed that a X-linked gene may be responsible for the HSCR sex bias.
In this regard, it is noteworthy that a small subset of patients suffering from hydrocephalus associated
with mutations of the X-linked gene L1CAM, also display HSCR (43). However, the estimated
incidence of HSCR among patients with mutations in the LLCAM gene is low (~3%) and no mutation
in L1ICAM or any other X-linked gene have been identified through genome-wide association studies
thus far (20, 44). Interestingly, in mouse models, L1cam has been shown to act as a modifier gene for
aganglionosis-causing mutations of S0X10 but not for mutations of the major HSCR-associated genes
Ret and Gdnf (45). These observations suggest that the genetic basis of the male-sex bias of HSCR is
likely to be complex and we now propose the novel hypothesis that a Y-linked gene may be involved.
Among the very few genes on the Y chromosome that are not involved with aspects of
spermatogenesis, SRY is such a candidate.

SRY (Sex determining region Y) is expressed in the male genital ridge where it functions as the
key genetic switch for sex determination in mammals (46). SRY was the first SOX gene identified (47),
and conferred its name to the family (SOX: SRY-related HMG bOX). Although not well appreciated,
extra-genital ridge expression of SRY has been reported in a variety of cell types including developing
and mature neurons (48-51). At the functional level, it has been suggested that the SRY protein might
compete with other SOX proteins via their well conserved HMG-box domain, which is involved in
DNA binding as well as protein-protein interactions (52). Accordingly, it is postulated that SRY could
be involved in the etiology of multiple male-biased neurological disorders such as Parkinson’s disease,
autism and schizophrenia (53). Endogenous SRY expression has not been reported in the normal
developing ENS. However, it is noteworthy that the SRY promoter of several species (including human)
contains sequences that can define a NCC expression pattern (including eNCC) in transgenic mice
(54). Taken together, these observations suggest that, for some individuals, SRY gene expression might
be inappropriately turned on in ENS progenitors where it could interfere with the critical function of at
least one other SOX member, SOX10. This possibility is strongly supported by very recent data
indicating that the SRY protein is detected in HSCR tissues and can repress the RET promoter by
preventing the formation of a SOX10-containing transcriptional complex (55). Therefore, among the
sex-specific genes that may contribute to the male-sex bias seen in HSCR, the candidacy of SRY should
now be seriously considered.

New mouse models for HSCR and associated syndromes

Coding sequence mutations of most known HSCR-associated genes result in long-segment as
well as syndromic HSCR but fail to explain the transmission of the more frequent short-segment form
(56). This suggests the importance of non-coding variations and implies that additional genes involved
in ENS development still await discovery. In order to identify new loci involved in NCC development
and ENS formation, we generated new mouse models through a random transgene insertional mutation
approach. To this end, we used mice from the inbred FVB/n strain which are albino due to a
homozygous mutation in their Tyrosinase gene. A minigene including functional Tyrosinase sequences
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was injected as a transgene (57). Animals were screened for rescue of pigmentation, with concurrent
pigmentation abnormalities indicative of NCC development defects. This approach yielded multiple
lines with pigmentation flaws (to be described elsewhere) from which two have been confirmed to have
disruption of a novel locus regulating NCC development and exhibit a phenotype resembling human
HSCR:

- TashT mice display uniform spotted pigmentation in all individuals, irrespective of zygosity.
Interestingly, aganglionic megacolon develops in a fraction of homozygotes with a strong male sex
bias; female are very rarely affected. Moreover, the penetrance of this defect can be increased by
exogenous stress. The TashT transgene insertion was localised to mouse chromosome 10 in a large
gene-free region near the cytoband B2-B3 boundary. This region is syntenic with human chromosome
6q16.3 which is devoid of known HSCR-associated loci.

- Spot mice possess a few spots of faint pigmentation. A fraction of second generation individuals
display increased pigmentation defects and aganglionic megacolon concomitant with hyperactive
circling behavior, a symptom of balance problems. This new mouse line is thus a model for
Waardenburg-Shah syndrome (WSS), combining HSCR with hypopigmentation and inner ear
abnormalities. The Spot transgene insertion was localised to mouse chromosome 10 cytoband D2. This
region is syntenic to human chromosome 12ql15 which is devoid of any known HSCR- or WSS-
associated genes.

Conclusions

Clinical expression of HSCR suggests it is a multifactorial disease, involving at least one major
gene (i.e. RET) and genetic structural variants (modifier loci) conferring risk to HSCR. Intriguingly, in
some mouse models of short-segment HSCR typically involving gene-dosage dependence, there is no
direct correlation between the extent of aganglionosis and severity of the megacolon phenotype. A
fraction of animals possessing a substantial aganglionic colon segment even fail to present with signs
of intestinal dysmotility or abdominal distension, especially within females (38) (unpublished
observations). Moreover, non-genetic exogenous factors like oxidative stress (58, 59) and vitamin A
deficiency (60) compromise NCC development and can contribute to the etiology of HSCR, at the very
least in animal laboratory models. Altogether, these observations suggest that our understanding of
HSCR pathophysiology is still incomplete and that further studies are required to identify additional
genetic and non-genetic factors. In this regard, it is anticipated that our work with the mouse models
described above will lead to a new understanding of ENS formation in health and disease, with the
objective of converting basic research discoveries into the improved clinical management (screening,
diagnosis and treatment) of HSCR as well as other gut motility disorders.
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Table 1: Human and mouse loci associated with intestinal aganglionosis or hypoganglionosis

Human Locus Gene Details Human etiology Mouse synteny Mouse models’
10q11.21 RET ret proto-oncogene, HSCR1 non-syndromic HSCR, multiple 6F1 Ret, Ret’', Ret®®’",
endocrine neoplasia type 2 | N
S5pl13.2 GDNF glial cell line-derived non-syndromic HSCR 15A1 Gdnf”~
neurotropic factor, HSCR3
19p13.3 NRTN neurturin, NTN non-syndromic HSCR 17D no ENS phenotype
reported
10g25.3 GFRal GDNF family receptor alpha 1 *E 19D2 Gfral”
8p21.3 GFRa2 GDNF family receptor alpha 2 ok 14D2 Gfra2”
12p13.31 NTF3 neurotrophin 3, NT3 wox 6F3 NT3"
15g25.3 NTRK3 neurotrophic tyrosine kinase *x 7D2 TrkC
receptor type 3, TRKC
13q22.3 EDNRB endothelin-B receptor, HSCR2 WSS and non-syndromic HSCR 14E2.3 ypiebald lethal (sl), Ednrb
20q13.32 ET3 endothelin 3, EDN3, HSCR4 WSS and non-syndromic HSCR 2H4 lethal spotted (Is), Et3
1p36.12 ECEl endothelin converting enzyme 1 non-syndromic HSCR 4D3 Ece
2q36.1 PAX3 paired box 3 o 1C4 Pax3*
22q13.1 SOX10 sex determining region Y-box 10 WSS and non-syndromic HSCR 15E1 Sox10°™, Sox 10"
2q22.3 ZEB2 zinc finger E-box binding Mowat-Wilson syndrome 2B Zthx1b’
homeobox 2, SIP1, ZFHX1B with HSCR
4p13 PHOX2b paired-like homeobox 2b Haddad syndrome with HSCR 5C3.1 Phox2b’
12g23.2 ASCL1 achaete-scute complex homolog 1, Haddad syndrome with HSCR 10C1 Ascll”
MASHI1
18g21.2 TCF4 transcription factor 4 Pitt-Hopkins syndrome 18E2 no ENS phenotype
with HSCR reported
10g22.1 KBP kinesin family member 1 (KIF1) Goldberg-Shprintzen syndrome 10B4 *
binding protein, KIAA1279
Xq28 L1CAM L1 cell adhesion molecule X-linked hydrocephalus XA7.3 Llcam’
with HSCR (Sox10 modifier locus)
8pl2 NRGlI neuregulin 1 susceptibility locus 8A3 no ENS phenotype
reported
9q31 * HSCRS5 susceptibility locus 4B1-3 *
3p21 * HSCR6 susceptibility locus 5G1.3; 9F1-4; 14A3-B *
19q12 * HSCR7 susceptibility locus 7B2-3; *
13A3.2; 14A2
1623 * HSCRS8 susceptibility locus 8D3-El
4q31.3-32.3 * HSCR9 susceptibility locus 3E3-F1;
8B3.1-3.3
2q35 IHH indian hedgehog *ox 1C4 Thh
20q13.2 SALL4 sal-like 4 *x 2H3 Sall4
1q41 HLX H2.0-like homeobox ** 1H5 HIx
20q11.21 POFUTI1 protein O-fucosyltransferase 1 ok 2H1 Pofutl”
10p11.22 ITGB1 integrin beta 1 *x 8E2 Itgb1
4q34.1 HAND2 heart and neural crest derivatives *x 8B2 Hand2"
expressed transcript 2
1p35.3 PHACTR4  phosphatase and actin regulator 4 % 4D2.3 Phactr4™™®

* not determined/ not available

** no known causative mutation in humans

T see Guillemot et al., 1993 (61) ; Heanue and Pachnis, 2007 (19); Amiel et al., 2008 (20); Okamura et al., 2008 (62) ; Wallace and
Anderson, 2011 (32); Lei et al., 2011 (63) ; Zhang et al., 2012 (64).
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Figure 1. Structure of the enteric nervous system.

A) Simplified cross-section of the gut showing the relative positions of the different muscle, neural and
mucosal layers. Adapted from Heanue and Pachnis, 2007 (19).

B) Side view of a SRYp[1.4kb]-YFP (65) transgenic mature mouse intestine displaying intrinsic as well as
extrinsic (along mesenteric vessels) in vivo innervations. The magnified section shows the fluorescently-
labeled neurons of the muscle layers and reveals the typical lattice-like organization of the myenteric plexus.
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Figure 2. Neural crest cell migration.

A) Wntl-Cre::R26R-YFP (66) double transgenic mouse embryo at embryonic day (e) 9.5. The dashed line
indicates the level at which the transverse section shown in the inset was made. Fluorescently labeled NCC
originate from the dorsal neural tube (NT in the inset) and migrate extensively through the embryo to
colonize various structures (white arrows in the inset). Note that the ENS is entirely derived from NCC of the
vagal and sacral levels (red and blue arrows).

B) Vagal (red arrows) and sacral (blue arrows) NCC initially reach gut tissue from the neural tube via a
dorsal to ventral migratory route. Colonization is then completed by migration within the embryonic gut
mesenchyme. Note that, during a relatively short window of time, a subset of enteric NCC of vagal origin
also takes a shortcut from the midgut to the hindgut via the mesentery. Adapted from Farlie et al., 2004 (67).
C) Gata4p[5kb]-GFP (66) transgenic mouse colons at different stages of development showing the migration

13



of enteric NCC to form the colonic ENS between e11.5 and e15.5. The distal-most part of the colon is
outlined in red to facilitate visualization of the whole colon tissue. White arrows indicate the directional
migration of enteric NCC of vagal origin. Note that colonization of the hindgut by sacral NCC is preceded by
an accumulation of these NCC bilateral to the caudal hindgut at e13.5 (middle panel).
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