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Hirschsprung disease (HSCR, intestinal aganglionosis) is a multigenic disorder with variable penetrance
and severity that has a general population incidence of 1/5000 live births. Studies using animal models
have contributed to our understanding of the developmental origins of HSCR and the genetic complexity
of this disease. This review summarizes recent progress in understanding control of enteric nervous
system (ENS) development through analyses in mouse models. An overview of signaling pathways that
have long been known to control the migration, proliferation and differentiation of enteric neural pro-
genitors into and along the developing gut is provided as a framework for the latest information on
factors that influence enteric ganglia formation and maintenance. Newly identified genes and additional
factors beyond discrete genes that contribute to ENS pathology including regulatory sequences, miRNAs
and environmental factors are also introduced. Finally, because HSCR has become a paradigm for com-
plex oligogenic diseases with non-Mendelian inheritance, the importance of gene interactions, modifier
genes, and initial studies on genetic background effects are outlined.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Identifying the factors that lead to enteric ganglia deficiencies,
such as Hirschsprung disease (HSCR), has been a long-term goal of
many investigators who study innervation of the intestine. Efforts
have been particularly focused on genetic factors and the mole-
cular effects of discrete coding and non-coding mutations as well
as post-translational mechanisms that impact the enteric neural
crest cells (ENCCs) that populate the fetal intestine to form the
mature enteric nervous system (ENS). Current knowledge has
greatly benefited from exchanges between human geneticists and
researchers using animal models. Because gene targeting techni-
ques and inbred strains have long been available in laboratory
mice, advances in identifying genes that contribute to HSCR sus-
ceptibility and subsequent studies of cellular mechanism have
been possible through analysis of ENS development. In recent
years, the impact of environmental factors on ENS development
has been identified and has been advanced by studies in mouse
models (Fu et al., 2010; Heuckeroth and Schafer, 2016; Schill et al.,
2016).
000 Creteil, France.
. Bondurand),
rd-Smith).
The ENS is an extensive network of neurons and glial cells
within the wall of the bowel that controls gut motility, regulates
transport of ions across the epithelium, and modulates blood flow
(Furness, 2012). In the small and large intestine, neurons and glial
cells are mostly found in two main plexuses: the myenteric plexus
located between the circular and longitudinal muscle layers, and
the submucosal plexus found within the connective tissue of the
submucosa. The essential role of enteric neurons in peristalsis
control is exemplified by bowel obstruction that occurs in agan-
glionic regions of patients presenting with HSCR (Chakravarti
et al., 2004). This multigenic disorder exhibits variable penetrance
and severity with a general population incidence of 1/5000 live
births and a prominent gender bias of 4:1 in males compared to
females (Badner et al., 1990; Spouge and Baird, 1985). Studies
using animal models have contributed to our understanding of
HSCR genetic complexity through genome targeting efforts in mice
that have identified many causative genes for aganglionosis.
Continued studies in mice with complementary work in chick and
zebrafish, have identified many other molecules that are crucial for
ENS development and have aided in understanding cellular pro-
cesses that occur in normal and abnormal ENS development (see
examples included in recent reviews (Goldstein et al., 2013; Har-
rison and Shepherd, 2013; Lake and Heuckeroth, 2013; Obermayr
et al., 2013; Zimmer and Puri, 2015). As a result, we now know that
that neural crest cells, mainly from vagal levels of the neural tube,
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enter the foregut and migrate to colonize the whole length of the
intestine (Burns and Douarin, 1998; Le Douarin and Teillet, 1974;
Young et al., 1998). The principal pathway from vagal levels occurs
in a rostro-caudal wave down the length of the developing
intestine. Upon reaching the hindgut, ENCCs can proceed either
through a trans-mesenteric pathway (Nishiyama et al., 2012) or
migrate through the cecum to populate the distal colon (Druck-
enbrod and Epstein, 2005). Because the gut lengthens sub-
stantially while it is being colonized, vagal ENCCs migrate further
than any other neural crest cell population. Vagal progenitors are
complemented by truncal and sacral ENCC populations that make
smaller contributions to total cell numbers (Burns and Douarin,
1998; Kapur, 2000; Wang et al., 2011). In humans, it takes three
weeks for these cell populations to colonize the whole length of
the bowel, while in mice it takes five days, which is ¼ of the ge-
station period (for recent review see McKeown et al., 2013;
Obermayr et al., 2013). During the whole process, coordinated
proliferation, migration, and differentiation is required, as per-
turbations to ENCCs number, migratory behavior or rate of dif-
ferentiation can result in aganglionosis of the distal bowel. Al-
though apoptosis is not prominent while ENCCs are colonizing the
gut (Gianino et al., 2003), early cell death before vagal crest cells
enter the gut has been reported in the chick (Wallace et al., 2009)
and is also known to occur among mutants that later exhibit in-
testinal aganglionosis (Durbec et al., 1996; Kapur, 1999; Stanchina
et al., 2006).

This review summarizes recent progress in understanding
control of ENS development through analysis of mouse models. An
overview of signaling pathways that have long been known to
control the migration, proliferation and differentiation of ENCCs
into and along the developing gut is provided as a framework for
the latest information on factors that influence enteric ganglia
formation and maintenance. Newly discovered genes that cause
HSCR or other abnormalities of enteric ganglia density such as
hypoganglionosis or hyperganglionosis are described. Beyond
discrete gene identification, the role of regulatory sequences,
miRNAs and environmental factors in the etiology of ENS disorders
are also introduced. Finally because HSCR has become a paradigm
for complex oligogenic diseases with non-Mendelian inheritance,
the importance of gene interactions, modifier genes, and initial
studies on genetic background effects are included.
2. Molecular mediators that control ENS development and
maturation: Key historical genes and new players

Over the years, multiple naturally occurring (“spontaneous”) or
gene-targeted mutations that alter molecules involved in the co-
lonization of the gut by ENCCs have been described. These include
factors secreted by the gut mesenchyme that act on receptors
expressed by ENCCs, transcription factors, guidance factors and
morphogens, as well as proteins that transmit signals from the cell
surface to the cytoskeleton and the nucleus, including adhesion
molecules. Mutations in genes encoding many of these compo-
nents have been associated with HSCR in human patients, and the
majority of these factors are known to affect multiple cellular
processes during development.

Between 2012 and 2013, several reviews described in detail
many of the identified molecules that are known to play key roles
during ENS development (Bergeron et al., 2013; Bondurand and
Sham, 2013; Butler Tjaden and Trainor, 2013; Goldstein et al.,
2013; Harrison and Shepherd, 2013; Lake and Heuckeroth, 2013;
McKeown et al., 2013; Musser and Southard-Smith, 2013; Ober-
mayr et al., 2013; Young, 2012). For details concerning what we
refer to here as “key historical genes”, we encourage readers to go
back to these elegant reviews. In order to highlight new data
published over the last five years, we provide here an overview of
individual genes that cause aganglionosis and their roles in ENS
development when known (Table 1). We complement this with a
summary of known genes that impact the ENS although agan-
glionosis is not evident (Table 2) and a summary of environmental
factors that influence ENS development (Table 3). Finally we in-
clude a summary of known genetic interactions that affect ENS
development (Table 4).

The first mouse model of HSCR was generated by targeting the
Ret gene (Schuchardt et al., 1994). This tyrosine kinase receptor
interacts with four distinct ligands [glial cell line-derived neuro-
trophic factor (Gdnf), neurturin (Nrtn), artemin (Artn) and perse-
phin (Pspn)]. Each of these activates Ret by binding to the glyco-
sylphosphatidylinositol-linked Gdnf family of co-receptors (Gfra1
to 4). In mice, total Ret deficiency causes complete intestinal
aganglionosis. Ret-/- mice additionally present with kidney agen-
esis and die at birth. Gdnf and Gfra1 deletions cause nearly iden-
tical phenotypes, indicating that they are the critical Ret activators
during fetal development (Table 1; (Cacalano et al., 1998; Durbec
et al., 1996; Enomoto et al., 1998; Moore et al., 1996; Pichel et al.,
1996a; Sanchez et al., 1996)). Gdnf haploinsufficiency also leads to
severe hypoganglionosis (Table 1; (Gianino et al., 2003; Shen et al.,
2002)). In contrast, mutants affecting other Ret ligands or co-re-
ceptors present with subtler defects, including reduced nerve fiber
density, abnormalities in neurotransmitter release, or hypo-
ganglionosis (Table 2, and see for example (Obermayr et al., 2013;
Young, 2012; Zimmer and Puri, 2015)). A large variety of Ret mu-
tant mice have been generated over time. These new alleles in-
clude mono-isoformic variants as well as serine and tyrosine
phosphorylation mutation sites (Table 1). Each of the latter, as well
as inactivation of Ret inhibitors, greatly helped decipher down-
stream signaling pathways involved in ENS ontogenesis
(Tables 1 and 2 and references therein). In total, data from these
models show that Ret signaling is essential for ENS precursor
proliferation, migration, differentiation, survival, and neurite
growth. Gdnf/Ret signaling can also influence formation of specific
subtypes of neurons, with reduction of neuronal nitric oxide
synthase (nNOS) in some mutants (Roberts et al., 2008; Uesaka
and Enomoto, 2010). Interestingly, conditional inactivation of Ret
or Gfrα1 after gut colonization by ENCCs causes loss of neurons in
the colon, suggesting that this signaling pathway is also essential
for survival of colonic ENCCs (Uesaka et al., 2007, 2008).

Other cell populations in addition to vagal and sacral neural
crest-derived progenitors contribute to formation of enteric
ganglia and are Ret signaling dependent. Using genetic fate map-
ping in mice, Enomoto's group indeed definitively demonstrated
that a subset of Schwann cell precursors (SCPs), that invade the gut
along extrinsic nerves, adopt a neuronal fate in the postnatal
period and contribute to the ENS (Uesaka et al., 2015, 2016). Ge-
netic ablation of Ret in SCPs caused colonic aganglionosis, in-
dicating that SCP-derived neurogenesis is essential for ENS in-
tegrity, providing novel insight into the development and dis-
orders of neural crest-derived tissues.

Endothelin-3 (Edn3, a member of the 21 amino acid family of
peptides, processed by the Ece1 enzyme) and its seven trans-
membrane G-coupled receptor (Ednrb) are members of a second
pathway shown to play crucial roles in ENS development (Table 1,
and references therein). Point mutations in Edn3 and/or deletion of
Ednrb are causative for spontaneous mouse mutants called Lethal
spotting, Piebald lethal and Piebald respectively (Baynash et al.,
1994; Hosoda et al., 1994). The first two mutants, in a manner
similar to the genomic knock-out of these genes, present with
delay in ENCCs migration within the small intestine, and distal
hindgut aganglionosis (Barlow et al., 2003; Baynash et al., 1994;
Hosoda et al., 1994). All mutants in the endothelin pathway ad-
ditionally present with pigmentation defects due to abnormal



Table 1
Single gene mutations in mice that lead to intestinal aganglionosis and their effects on ENS development.

Gene Allele type Developmental effects on ENS Effect on mature ENS Mouse model references Initial gene report in
HSCR patients*

Col6a4 Tg (Sox3-GFP,Tyr)HolNpln Delayed colonization of fetal intestine
by ENCCs. Reduced glial/progenitor cell
ratios.

Homozygotes exhibit aganglionosis in dis-
tal colon accompanied by hypoganglio-
nosis in mid colon.

(Soret et al., 2015) Mutation not reported in
GI patientsCollagen 6α4 (aka “Holstein”)

Untargeted transgene insertion upstream
of Col6a4 leads to up-regulated Col6a4
expression

Ece1 Ece1 tm1Reh / tm1/Reh Defective migration of ENCCs into the
developing hindgut.

Aganglionosis in distal colon (Yanagisawa et al., 1998) (Hofstra et al., 1999)
Endothelin converting enzyme
1, Processes endothelins to
active peptides

(aka Ece1-/- )
Targeted gene knockout

Edn3 Edn3 ls / ls Defective migration of ENCCs into the
developing hindgut.

Aganglionosis in distal colon; decreased
neuronal numbers

(Baynash et al., 1994; Coven-
try et al., 1994; Rothman and
Gershon, 1984)

(Hofstra et al., 1996)
Endothelin 3, peptide, Ednrb
ligand,

(aka “Lethal Spotting” )
spontaneous point mutation
Edn3 tm1Ywa/ tm1Ywa uncharacterized Aganglionosis in distal colon (Baynash et al., 1994)
(aka Edn3 -/- )
Targeted gene knockout

Ednrb Ednrbs/s uncharacterized Hypomorphic allele due to decreased gene
expression. Very rare colonic aganglionosis

(Hosoda et al., 1994; McCal-
lion et al., 2003; Yamada
et al., 2006)

(Puffenberger et al., 1994)
Endothelin receptor type B,
G-coupled Protein Receptor

(aka “piebald” )
spontaneous insertion in intron causes
reduced gene expression.
Ednrbs-l/s-l ENCCs exhibit delayed entry into the

developing hindgut and do not fully
populate the distal colon despite the
fact that they migrate longer during
development.

Aganglionosis of distal colon; Decreased
intensity of AChE fibers in proximal intes-
tine; Alterations in neuron types in gang-
lionated regions of colon in homozygotes;
Decreased density of ganglia in
heterozygotes.

(Cantrell et al., 2004; Fujimo-
to, 1988; Hosoda et al., 1994;
Webster, 1973)

(aka “piebald lethal”)
Spontaneous gene deletion

Ednrbtm1Ywa / tm1Ywa ENCCs exhibit delayed entry into the
developing hindgut.

Aganglionosis in distal colon; hypo-
ganglionosis in regions of small intestine

(Cantrell et al., 2004; Hosoda
et al., 1994)(aka Ednrb -/- )

Targeted gene knockout

FoxD3 FoxD3 tm3Lby/tm3Lby Maintenance of progenitors; control of
progenitor proliferation, neural pat-
terning, and glial differentiation

Lack of neurons in the entire gastro-
intestinal track

(Mundell et al., 2012; Teng
et al., 2008)

Mutation not reported in
GI patientsForkhead Box D3,Transcription

factor
(aka Foxd3 -/- )
Floxed allele in combination with either
Wnt1cre or Ednrb-iCre

Gdnf Gdnf tm1Lmgd / tm1Lmgd Gdnf promotes survival, proliferation,
differentiation and migration.

Total intestinal aganglionosis in homo-
zygotes; hypoganglionosis throughout in-
testine of heterozygotes

(Gianino et al., 2003; Pichel
et al., 1996a, b; Sanchez et al.,
1996; Shen et al., 2002; Wang
et al., 2010)

(Angrist et al., 1996;
Ivanchuk et al., 1996)Glial cell derived neurotrophic

factor, Ligand for Ret
(aka Gdnf -/- )
Targeted gene knockout

Gfra1 Gfra1 tm1Jmi / tm1Jmi Mediates signaling of Gdnf through Ret. Total intestinal aganglionosis in homo-
zygotes. Heterozygotes have decreased
neuron size but normal numbers.

(Cacalano et al., 1998; En-
omoto et al., 1998; Gianino
et al., 2003; Hansen and Li,
2012; Wang et al., 2010)

(Eketjall and Ibanez,
2002)Gdnf family receptor alpha 1,

co-receptor for Ret
(aka Gfra1 -/- )
Targeted gene knockout

Ihh Ihhtm1Amc/tm1Amc Promotes survival of a subpopulation of
ENCCs.

Perinatal lethality in homozygotes. Colonic
aganglionosis

(Ramalho-Santos et al., 2000) Not reported in GI
patientsIndian hedge hog (aka Ihh -/- )

Targeted gene knockout

Itgb1 Itgb1 tm3Ref/tm1Ref, ENCCs do not migrate beyond mid
hindgut. ENCCs exhibit altered migra-
tion and increased aggregation.

Defect in colonization of cecum and prox-
imal hindgut; Altered ganglion geometry.

(Breau et al., 2009; Breau
et al., 2006)

Not reported in GI
patientsIntegrinβ1 subunit Tg HtPA-Cre

(aka Itgb1 BGeo / flox; Tg.HtPA-Cre )
Conditional allele used in combination
with Tg HtPA-Cre removed exons 2-7 in
neural crest
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Table 1 (continued )

Gene Allele type Developmental effects on ENS Effect on mature ENS Mouse model references Initial gene report in
HSCR patients*

Pax3Sp/Sp Pax3Sp/Sp ENCCs fail to enter fetal intestine. Total intestinal aganglionosis in
homozygotes;

(Lang et al., 2000; Lang and
Epstein, 2003)

Mutation not reported in
GI patientsPaired Box 3, Transcription

factor
Spontaneous Null allele

Pds5b Pds5b tm1Jmi/tm1Jmi Delayed entry of ENCCs into distal
hindgut by 12dpc; Altered neuronal
density in regions of small intestina
that are colonized

Perinatal lethality with colonic
aganglionosis.

(Zhang et al., 2007) Mutations of PDS5B in
Cornelia de Lange pa-
tients do not exhibit
aganglionosis.

PDS5 cohesin associated factor
B, Cohesion regulatory pro-
tein involved in sister chro-
matid cohesion

(aka Pds5b -/- )
Targeted gene knockout

Phox2b Phox2b tm1Jbr / tm1Jbr Promotes survival of autonomic
progenitors.

Total intestinal aganglionosis in
homozygotes;

(Pattyn et al., 1999) (Amiel et al., 2003)
Paired-like homeobox 2, Tran-
scription factor

(aka Phox2b-/- )
Targeted gene knockout
Phox2btm2Heno/þ and Phox2b tm1Heno/þ Impaired neuronal differentiation and

decrease proliferation of the enteric
ganglion progenitors

Perinatal lethality of heterozygous mu-
tants;.Hypoganglionosis in Phox2bdel5/þ
and colonic aganglionosis in Phox2bdel8/
þand general hypoganlionosis in other gut
segments

(Nagashimada et al., 2012)
(aka Phox2b del5/þ and Phox2b del8/þ )
931 del5 and 693–700 del8 mutations
lacking nucleotides 931–935 and 693–
700 in the ORF

Ret Ret tm1Cos/tm1Cos Altered migration, proliferation, survi-
val and neuronal differentiation of
ENCCs.

Total intestinal aganglionosis in homo-
zygotes; In heterozygotes normal neuronal
numbers, decreased neuron size and al-
tered cholinergic fibers are reported.

(de Graaff et al., 2001; Giani-
no et al., 2003; Schuchardt
et al., 1994)

(Attie et al., 1995; Attie
et al., 1994; Edery et al.,
1994; Romeo et al., 1994)

Rearranged during transfection;
Receptor Tyrosine kinase,

(aka Ret -/- )
Targeted gene knockout

Ret – hypomorphic isoforms Decreased ENCCs and failure to migrate
into fetal hindgut; compromised neu-
ronal survival. Effects depend on iso-
form that is mutated

Colonic aganglionosis (de Graaff et al., 2001; Schu-
chardt et al., 1994; Uesaka
et al., 2008)

Humanized monomeric isoform, multiple
alleles that produce only one isoform
from the gene or that alter phosphoryla-
tion of the receptor including: Retmi51/

mi51, Ret9/-; RetS697A;
Ret tm3(RET)Jmi/þ uncharacterized Total intestinal aganglionosis in homo-

zygotes; Heterozygotes severe hypo-
ganglionosis and reduced nerve fiber
density in ganglionated intestine

(Jain et al., 2004)
( aka Ret DN/þ )

Targeted mutation of cytoplasmic domain

Ret tm1Cti/þ uncharacterized Total intestinal aganglionosis in homo-
zygotes; Heterozytoes exhibit decreased
neuron numbers and fiber density

(Carniti et al., 2006)
( aka RetC620R/þ )
Targeted amino acid substitution
Ret tm3Cos/tm3Cos Delayed migration of ENCCs into colon. Homozygous mutants exhibit aganglio-

nosis in mid and distal colon.
(Asai et al., 2006)

( aka RetS697A/S697A )
Targeted nucleotide substitution

Sox10 Sox10Dom/þ Decreased ENCCs, Delayed migration in
heterozygotes, vagal cell death in
homozygotes.

Variable aganglionosis in colon of hetero-
zygotes and imbalance of neuron subtypes
in proximal ganglionated intestine.
Homozygotes have complete intestinal
aganglionosis

(Kapur, 1999; Musser et al.,
2015; Southard-Smith et al.,
1998; Walters et al., 2010)

(Pingault et al., 1998)
Sry box 10, Transcription Factor (aka “Dominant Megacolon”) Seen in patients with

Waardenburg-Shah
(WS4) and PCWH
Syndromes

Spontaneous mutation, dominant
negative

Sox10 tm1Weg/þ Altered specification of neural crest
lineages; Decreased numbers of ENCCs;
Loss of mutipotency in ENCCs; Delayed
migration in heterozygotes,

Aganglionosis in distal colon of
heterozygotes.

(Britsch et al., 2001; Paratore
et al., 2002; Paratore et al.,
2001)

(aka Sox10LacZ/þ)
Targeted gene knockout,
haploinsufficient

TashT Tg(SRY-YFP,Tyr)TashTNpln Slower migration of vagal ENCCs into
the fetal intestine. Normal direction-
ality, proliferation, and differentiation
of vagal ENCCs was observed.

Aganglionosis in distal colon of subsets of
homozygous transgenic mice with higher
predominance in male TashT mutants.

(Bergeron et al., 2015) Mutation not reported in
GI patients.(aka “TashT”)

Untargeted transgene insertion in gene
desert near Fam162b leads to
overexpression
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development of neural crest-derived melanocytes. Consistent with
the phenotypes observed in mouse models, mutations in either
gene have been found causative for isolated HSCR or Waarden-
burg-Hirschsprung disease (HSCR combined with pigmentation
defects and deafness) in humans (Table 1, and for reviews see
(Amiel et al., 2008; Pingault et al., 2010). During ENS development,
the primary function of Ednrb and its ligand is to prevent neuronal
differentiation of ENCC progenitors and to keep them in a pro-
liferative state, thereby maintaining a pool of uncommitted cells
with potential to colonize the gut (Bondurand et al., 2006; Hearn
et al., 1998; Nagy and Goldstein, 2006; Wu et al., 1999). En-
dothelins also appear to promote ENCCs migration directly and
perturbation of Ednrb principally affects individual ENCC speed
rather than directionality (Druckenbrod and Epstein, 2009; Young
et al., 2014), however the underlying mechanism is still not clear.

Over the years, a cohort of transcription factors, including
Sox10, Phox2b, Zeb2, as well as Foxd3, Hand2, Ascl1 (formerly
known as Mash1), Pax3, Tlx2 (formerly Hox11L1), Hoxb5, Hlx1, Dlx2
and interacting cofactors such as HipK2 have been implicated in
ENS development. Although each of the corresponding mouse
models present with severe ENS defects (see Tables 1 and 2 and
references therein), only mutations within the first 3 genes lead to
aganglionosis and are observed in syndromic forms of HSCR in
humans, namely Waardenburg-Hirschsprung disease, Haddad
Syndrome (Central Congenital Hypoventilation Syndrome asso-
ciated with HSCR) and Mowat-Wilson Syndrome (Intellectual
disabilities associated with specific craniofacial abnormalities and
HSCR in about 40% of cases), respectively. Homozygous loss of
Phox2b in mice leads to a complete absence of ENS similar to the
phenotype of the Ret mutants (Pattyn et al., 1999). More recently,
generation of mutants bearing variations identical to the ones
identified in CCHS patients (931 del5 and 693–700 del8), revealed
heterozygous animals failing to breath and presenting with colonic
aganglionosis or hypoganglionosis (Nagashimada et al., 2012).
These mutants demonstrate that Phox2b is essential for normal
ENS development but also showed Phox2b variants with altered
transcriptional activation protein domains can function as domi-
nant negatives leading to severe deficits in ENS development with
resulting aganglionosis. The development of the ENS is even more
sensitive to levels and function of Sox10 and Zeb2 (Table 1 and
references therein). Haploinsufficiency of Sox10 leads to distal
colonic aganglionosis, while homozygous mutants die between
E13.5 and birth, with total absence of ENCCs even within the
esophagus (Herbarth et al., 1998; Kapur, 1999; Southard-Smith
et al., 1998). Sox10 is a member of the Sry related family of tran-
scription factors that is expressed early in neural crest develop-
ment, including in the vagal and sacral regions, and later in ENCCs
when they reach the gut and migrate along it. Similar to Edn3
signaling, Sox10 promotes the maintenance of a pool of progenitor
cells for ENS colonization (Bondurand et al., 2006; Kim et al.,
2003). Suppression of Sox10 expression is required for neuronal
differentiation to occur and complete absence of ENCCs within the
digestive tract of homozygous mutants is due to early cell death of
vagal crest cells before they reach the gut (Kapur, 1999; Southard-
Smith et al., 1998), illustrating the critical requirement of this
transcription factor for ENCC survival and differentiation. More
recently, Sox10 was also shown to control cell migration (Cor-
pening et al., 2011) by modulating cell adherence properties
(Watanabe et al., 2013). In vitro studies indicate that Sox10 in
concert with Pax3 regulates expression of Ret, and additional
molecular studies in vitro suggest that Sox10 is capable of binding
regulatory regions for Ednrb and Sox10 itself (Lang et al., 2000;
Wahlbuhl et al., 2012; Zhu et al., 2004). While transcription factors
that participate with Sox10 auto-regulation have been identified
(Wahlbuhl et al., 2012), cofactors that participate with Sox10 in
regulation of Ednrb are not yet known. Analysis of Sox10Dom mouse



Table 2
Gene alterations in mice that impact the ENS without overt intestinal aganglionosis.

Gene Allele typea Role in ENS development Effect on mature ENS References

Araf Araftm1Mmc / tm1Mmc/ Not described Enteric ganglia present but functionally defective
with abnormal architecture. Homozygous mutants
exhibit colonic distension

(Pritchard et al., 1996)

Araf proto-oncogene serine threonine
kinase

(aka Araf-/-)
Targeted gene knockout

Ascl1 Ascl1tm1And / tm1And Promotes survival and development of neuro-
nal subtypes

Decreased neuronal numbers; wide spacing and
erratic arrangement of enteric ganglia

(Blaugrund et al., 1996)

achaete-scute family bHLH transcription
factor

(aka Mash1-/-)
Targeted gene knockout

Bmp4 Bmp4 Not described Regional specific increases in 5HTþ , dopaminer-
gic, and TrkCþ neurons accompanied by increased
glial numbers

(Chalazonitis et al., 2011a, 2008)

Bone morphogenetic protein 4 Tg.(Eno2-Bmp4)3Jake
transgene over-expression in
neurons and entero-endocrine
cells using Neuron Specific En-
olase promoter

Celsr3 Celsr3tm1Agof/tm1Agof Disrupted neurite network with fewer and
shorter longitudinal processes and more cir-
cumferential and orally projecting processes on
developing enteric neurons. Normal differ-
entiation and proliferation of neurons.

Perinatal lethal. Defects in longitudinal tract for-
mation and neurite organization at P0.

(Sasselli et al., 2013)
(aka Celsr3-/-)
Targeted gene knockout

Cadherin, EGF LAG seven-pass G-type
receptor 3

Celsr3tm2Agof/tm2Agof, Tg. Wnt1-Cre) Not described Required for organization of enteric plexus. Inter-
ganglionic strands are reduced in thickness and
have irregular trajectories. Aberrant Colonic Mi-
grating Motor Complexes and deficient ability to
propel luminal contents in the distal bowel.

(Sasselli et al., 2013)
(aka Celsr3flox/flox, Wnt1Cre)
Floxed allele used in combination
with Wnt1-Cre

Cdh2 Cdh2tm1Glr / tm1Glr; Tg. Ht-PA Cre Promotes migration Delayed but complete gut colonization (Broders-Bondon et al., 2012)
(aka Ncadflox / flox)

N-Cadherin cell adhesion molecule Conditional floxed allele used in
combination with Ht-PA Cre

Dicer1 Dicer1tm1Bdh / tm1Bdh; Tg. Wnt1-Cre Controls differentiation and cell survival. ENCCs
migrate normally, but marked reductions in cell
numbers is noticed by E17 with increased
apotosis.

Homozygous lethal at birth. (Zehir et al., 2010)

Ribonuclease type III processes miRNAs (aka Dicerflox / flox; Tg. Wnt1-Cre)
Conditional inactivation of Dicer
with Wnt1-Cre

Dlx2 Dlx2 Not described Enteric neurons are present but newborn pups die
perinatally with massive distension of the in-
testinal lumen

(Qiu et al., 1995)

distal-less homeobox 2, Homeobox tran-
scription factor

(aka Dlx2-/- )
Targeted gene knockout

ErbB2 ErbB2tm1KLee/ tm1Klee; Tg. Nestin-Cre Promotes postnatal survival of neurons and
glial cells

Postnatal loss of neurons and glial cells in the
colon upon deletion of ErbB2 in epithelial cells

(Crone et al., 2003)

Receptor of neuregulin1 (aka ErbB2-/- )
conditional floxed allele used in
combination with Nestin-Cre

ErbB3 ErbB3tm2Cbm / tm2Cbm Aberrant enteric glial development Absent enteric glia (Chalazonitis et al., 2011b; Riethma-
cher et al., 1997)erb-b2 receptor tyrosine kinase 3; (aka ErbB3-/- )

Fgf2 Fgf2tm1Zllr / tm1Zllr Unknown Hyperplastic enteric ganglia with open archi-
tecture of connectives; altered mucosal barrier
function and Cl- secretion.

(Hagl et al., 2008, 2013)
(aka Fgf2-/- )

Fibroblast growth factor 2 Targeted gene knockout
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Fzd3 Fzd3tm1Nat/tm1Nat Required for guidance and growth of enteric
neuronal projections. Normal distribution of
TuJ1þ neurons compared to controls, however
the neurite network is disrupted.

Defects in longitudinal tract formation and neurite
organization at P0

(Sasselli et al., 2013)
frizzled class receptor 3, Wnt receptor (aka Fzd3-/- )

Gas1 Gas1tm2Fan/ tm2Fan Repels enteric axons Homozygous lethal at birth; Increased numbers of
enteric neurons, mislocalized within gut
mesenchyme;

(Biau et al., 2013; Jin et al., 2015)

Growth arrest specific1; blocks entry to S
phase and plays a role in growth
suppression

(aka Gas1LacZ /LacZ )
Targeted gene knock-in

Gdnf Gdnf Not described Increased numbers submucosal neurons; changes
in fiber density; accelerated intestinal transit

(Wang et al., 2010)

glial cell line derived neurotrophic factor Tg.(Myog-Gdnf)1Lich
Gdnf transgene over expression in
muscle

Gfra2 Gfra2tm1Msa/ tm1MSa Promotes neuron survival and outgrowth of
neurites

Reduction of fibers and abnormal motility, defec-
tive pancreas innervation

(Rossi et al., 2003, 1999)

Gdnf family receptor alpha 2 (aka Gfra2-/- )
Targeted gene knockout

Hand2 Hand2tm1Majh/tm1Majh or Promotes terminal differentiation of VIP and
nNOS neuronal subtypes

Disorganized ENS plexus, decreased neuronal
numbers, reduced GI transit

(D’Autreaux et al., 2011; Hendershot
et al., 2007; Lei and Howard, 2011;
Morikawa et al., 2007)

Hand2tm1Cse/tm1Cse
Heart and neural crest derivatives ex-
pressed transcript 2; Transcription
factor

(aka Hand2-/-; Tg. Wnt1-Cre )
conditional floxed allele crossed
to Wnt1-Cre

Hipk2 Hipk2tm1Ejh/tm1Ejh Not described Postnatal increase in glia and progressive loss of
neurons with concurrent arrest of synaptic ma-
turation in enteric neurons

(Chalazonitis et al., 2011b)
Homeodomain interacting protein
kinase 2

(aka Hipk2-/- )

Hlx1 Hlx1tm1Rph/ tm1Rph Reduction of ENCCs in fetal foregut, severe re-
duction of ENCCs in mid- and hindgut.

Homozygotes embryonic lethal with severe
hypoganglionosis

(Bates et al., 2006)

H2.0-like homeobox, Transcription factor, (aka Hlx1-/- )
Targeted gene knockout

Hoxb5 Tg.(CAG-en/Hoxb5-EGFP)#Vchl Dominant negative allele antagonizes normal
Hoxb5; Reduction of Ret expression, reduced
migration of ENCCs

Reduction of neurons or aganglionosis affecting
colon and ileum

(Lui et al., 2008)
Homeobox B5 – engrailed fusion, tran-
scription factor

dominant negative allele; in-
ducible by Cre

Kif26a Kif26atm1.1Noh/ tm1.1Noh Negative regulator of RET signaling Enteric neuronal hyperplasia with
pseudoobstruction

(Zhou et al., 2009)

Kinesin family member 26 a; motor
protein

(aka Kif26a-/- )
Targeted gene knockout

L1cam L1camtm1Mtei / tm1Mtei Enables ENCC migration Delayed but complete gut colonization. (Anderson et al., 2006)
L1 cell adhesion molecule (aka L1cam-/- ) Targeted gene

knockout

Noggin Tg.(Eno2-Nog-EGFP)Alch Increased neuronal numbers in myenteric and
submucosal plexi; reduction of TrkCþ neurons,
altered proportions of 5HTþ , GABAþ and CGRPþ
neurons; altered intestinal transit and stool
composition

(Chalazonitis et al., 2004, 2011a, 2008)

noggin protein (aka NSE-Noggin) Promotes development of TrkCþ neurons
Noggin transgene over expression
in neurons and enteroendocrine
cells using Neuron Specific En-
olase promoter

Nrtn Nrtntm1JMi / tm1Jmi Ret Ligand; Promotes neurite outgrowth Homozygotes have reduced neuron soma size,
neuron fiber density, abnormal GI motility

(Heuckeroth et al., 1999; Yan et al.,
2004)

Neurturin (aka Nrtn-/- )
Targeted gene knockout

Ntf3 Ntf3tm1Par / tm1Par Expressed by mesenchymal cells; promotes
survival and differentiation of developing
neurons

Region specific decrease in enteric neuron number (Chalazonitis et al., 2001)

Neurotrophin-3, ligand for p75 low affi-
nity neurotrophin receptor

(aka Ntf3-/- )
Targeted gene knockout
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Table 2 (continued )

Gene Allele typea Role in ENS development Effect on mature ENS References

Ntrk3 Ntrk3tm1Par / tm1Par unknown Reduction of myenteric and submucosal neuron
subtypes

(Chalazonitis et al., 2001)

Receptor of neurotrophin-3 (aka TrkC-/-)
Targeted gene knockout

Phactr4 Phactr4humdy/humdy Promote migration; regulates directional mi-
gration of ENCCs through PP1, Itgb1signaling;
reduced number of NADPH-diaphorase stained
neurons in the E18 colon

Homozygous lethal at birth (Zhang et al., 2012; Zhang and Nis-
wander, 2012)Phosphatase and actin regulator 4

ENU mutation missense change in
C-terminus; hypomorphic allele

Pofut1 Pofut1tm1Ysa / tm1Ysa;Tg. Wnt1-Cre Promotes proliferation and glial development Premature neurogenesis and reduction of glial
cells; hypoganglionosis

(Okamura and Saga, 2008)

Protein O-fucosyltransferase 1 (aka Pofut1flox /flox )
Conditional Floxed allele crossed
to Wnt1-Cre

Ptch1 Ptch1tm1Bjw / tm1Bjw Reduced proliferation of ENCCs; Reduced neu-
rogenesis; Premature gliogenesis

Embryonic lethal at 12.5dpc (Ngan et al., 2011)

Patched 1 (aka Ptch1-/- )
targeted gene knockout

Pten Ptentm1Hwu / tm1Hwu Inhibits migration and proliferation Hypertrophy and hyperplasia of the ENS; fatal in-
testinal pseudo-obstruction

(Puig et al., 2009)

Phosphatase and tensin homology (aka Ptenflox / flox; Tg. Tyr-Cre)
conditional inactivation using
Tyr-Cre

Rb1 Rb1tm2Brn / tm2Brn, Tg(Tyr-Cre) ( aka
Rb1flox /flox, Tg(Tyr-Cre))

Not described Abnormal intestinal motility; increased enteric
glia; nNOS neurons exhibit large nuclei as a result
of DNA replication without cell division

(Fu et al., 2013)

Retinoblastoma protein1 Conditional inactivation using
Tyr-Cre

Shh Shhtm1Amc / tm1Amc Expressed by epithelial cells; promotes pro-
liferation and concentric patterning

Increased number of neurons in mucosa of
knockout mutant mice

(Ramalho-Santos et al., 2000)

Sonic Hedghog (aka Shh-/- )
targeted gene knockout

Slc6a2 Slc6a2tm1Mca /tm1Mca Unknown Decreased numbers of myenteric neurons; Re-
duced numbers of neuronal subsets including
5HTþ and calretininþ

(Li et al., 2010)

solute carrier family 6 (neurotransmitter
transporter, noradrenalin), member 2

(aka Net -/- )
Targeted gene knockout

Spry2 Spry2tm1Ayos/tm1Ayos Negative regulator of Gdnf signaling; Alters
neonatal development or survival of enteric
neurons

Enteric neuron hyperplasia, oesophagal achalasia (Taketomi et al., 2005)

Sprouty homolog 2 (aka Sprouty2-/- )
Targeted gene knockout

Sufu Sufutm1Hui / tm1Hui; Tg. Wnt1-Cre Neurons and glia highly disorganized in all Sufu
mutants at E13.5; neuron to glia ratios reduced.
Severe axonal fasciculation defects; delay in gut
colonization observed in 14% of mutants

Unknown- Sufu mutants died around E14 but
show hypoganglionosis

(Liu et al., 2015)
Suppressor of Fused (aka Sufuflox/flox;Wnt1-Cre)
negative regulator of Gli transcription
factors

Conditional invalidation using
Wnt1-Cre

Tcof1 Tcof1tm1Mjd/þ (aka Tcof-/þ) Delayed and prolonged migration of ENCCs Neonatal lethality of heterozygotes prevents
functional analysis of any motility deficits.

(Barlow et al., 2012)
Treacher Collins Franceschetti syn-
drome1, homolog; nucleolar factor

Targeted gene knockout

Tfam Tfamtm1Lrsn/tm1Lrsn;Tg. CNP-Cre Not described Postnatal death of specific subsets of enteric
neurons

(Viader et al., 2011)

Transcription factor A, mitochondrial (aka Tafmflox/flox )
Floxed allele crossed to CNP-Cre
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Tlr2 Tlr2tm1Kir / tm1Kir Not described Aberrant connectivity of enteric ganglia; Altered
intestinal contractility; Abnormal mucosal secre-
tion; Altered inflammatory responses in colon

(Brun et al., 2013)
(aka Tlr2-/- )

Toll-like receptor 2 Targeted gene knockout

Tlx2 Tlx2tm1Sjk / tm1Sjk Not described Hyperinnervation of the proximal colon accom-
panied by megacolon at 3–5 weeks of age

(Hatano et al., 1997; Shirasawa et al.,
1997)

T cell leukemia, homeobox 2, Hox Tran-
scription factor

(aka Hox11L1-/- )
Targeted gene knockout

Tph2 Tph2tm1Lex/tm1Lex Promotes differentiation Homozygotes show decreased neuronal density in
the ileum, reduced proportions of dopaminergic
neurons with resulting slowed GI transit and co-
lonic emptying.

(Li et al., 2011)

Tryptophan Hydroxylase 2, neuronal ex-
pressed form of enzyme critical for
serotonin synthesis

(aka Tph2-/- )
Targeted gene knockout

Zic2 Zic2m1Nisw/m1Nisw Potential negative regulator of nerve fiber
growth.

Homozygous lethal. Increased density of enteric
ganglia and neurite extension

(Zhang and Niswander, 2013)
Zinc finger protein of the cerebellum 2,
transcription factor

ENU-induced missense mutation

a Mutant strains are identified by Mouse Genome Nomenclature (http://informatics.jax.org) that designates the specific allele studied. Fields marked as “unknown” indicate data not reported, or mouse model not tested.

Table 3
Environmental factors that impact the ENS in mice.

Environmental factor Gene Allele type** Role in ENS development Effect on mature ENS References

Vitamin A Aldh1a2 Aldh1a2tm1lpc /tm1lpc Severe reduction of post-otic vagal neural crest and
absence of Retþ ENCCs in foregutAldehyde dehydrogenase family 1,

enzyme essential for production of
retinoic acid

(aka Raldh2-/-)
Targeted gene
knockout

Homozygous lethal (Niederreither et al.,
2003)

MPA mycophenolic
acid

Impdh2 Impdh2tm2Bmi / tm2Bmi;
Tg. Wnt1-Cre

Reduces the number of migrating ENCC with lamelli-
podia, reduces DNA synthesis and induces ENCC
apoptosis.

Mycophenolate treatment induces bowel aganglio-
nosis and increases the penetrance and severity of
HSCR of Ret9/� and Sox10LacZ/+ mutants

(Lake et al., 2016,
2013)inosine 5’ monophosphate

dehydrogenase
(aka Impdh2flox/flox,
Wnt1-Cre)

Impdh2 mutants present with multiple NCC de-
fects, including highly penetrant intestinal
aganglionosis,

Vitamin A Rbp4 Rbp4tm1Gott / tm1Gott In absence of dietary Vitamin A, mutants lack ENCC
migration into hindgut; Vitamin A affects lamellipodia
formation and ENCC migration in response to GDNF

Colorectal aganglionosis; distal from stomach if
deprived of dietary retinoid from E7.5

(Fu et al., 2010)

Retinal binding protein 4 plasma;
binds Vitamin A in serum

Targeted gene
knockout
(aka Rbp4 -/- )

Ibuprofen Gene unknown Reduced migration in Retþ /- heterozygotes with de-
creased lamellipodia and levels of RAC1/CDC42.

(Schill et al., 2016)
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Table 4
Summary of genetic interactions that impact the ENS based on double mutant mouse studies.

Interacting genes Alleles used Effect on mature ENS and developmental origin Molecular basis References

Ret x Ednrb Retþ /- Ednrbs, Ednrbsl Highly penetrant aganglionosis present in double mutants. unknown (Carrasquillo et al., 2002;
McCallion et al., 2003)

Ret x Edn3 Ret51 Edn3ls Removal of Edn3 activity in Ret51/51 animals results in increased in-
testinal aganglionosis length compared to Edn3-deficient or Ret51/51

embryos.

Intercrossed signaling pathways- PKA
involvement

(Barlow et al., 2003)

Presence of a single Ret51 allele partially rescues the aganglionosis of
Edn3ls/ls animals.
Synergistic effect and antagonistic roles of these pathways on pro-
liferation and migration of ENS progenitors, respectively.

L1cam x Ednrb L1cam-/y Ednrbs, Ednrbsl, Loss of L1cam exacerbates the hypoganglionosis in the caudal colon of
Ednrbs/s mice.

unknown (Wallace et al., 2011)

Haploinsufficiency of L1cam increases the severity of the aganglionosis
in Ednrbsl/sl.

L1cam x Edn3 L1cam-/y Edn3þ /- Loss or haploinsufficiency of L1cam increases the severity of the
aganglionosis in Edn3 mutant mice. Double mutants also present with
hypoganglionosis.

unknown (Wallace et al., 2011)

Sox10 x Ednrb Sox10LacZ Sox10Dom Ednrbs, Ednrbsl, Double heterozygotes present with increased intestinal aganglionosis
length compared to Sox10 heterozygotes.

SOX10 activates Ednrb enhancer in vivo (Cantrell et al., 2004; Stanchina
et al., 2006; Zhu et al., 2004)

Defects partly due to increased cell death of vagal crest cells prior to
entry into foregut and increased neuronal differentiation.

Sox10 x Edn3 Sox10LacZ Sox10Dom Edn3ls Double heterozygotes and double mutants present with increased
intestinal aganglionosis length compared to single mutants.

SOX10 activates Ednrb enhancer (Stanchina et al., 2006; Zhu
et al., 2004)

Sox10 x Sox8 Sox10LacZ Sox8LacZ Loss or haploinsufficiency of Sox8 increases the severity of the agan-
glionosis in Sox10 heterozygotes.

unknown (Maka et al., 2005)

Defects are partly due to increased cell death of vagal crest cells before
gut entry and reduction of glial cells in double heterozygotes.

Sox10 x Zeb2 Sox10LacZ Zfhx1bΔex7 Zeb2 heterozygosity increases the severity of the aganglionosis in
Sox10 heterozygotes from E11.5 onwards. Double heterozygotes also
present with hypoganglionosis.

unknown (Stanchina et al., 2010)

Defects are partly due to decreased progenitor proliferation and in-
creased neuronal differentiation.

Sox10 x L1cam Sox10LacZ L1cam-/y Loss of L1cam increases the penetrance of the aganglionic phenotype
observed in Sox10LacZ/þ embryos from E11.5 onwards. Double mutants
present with additional hypoganglionosis.

SOX10 regulates L1cam expression (Wallace et al., 2011)

Defects partly due to increased cell death of vagal crest cells prior to
entry into foregut.

Sox10 x Itgb1 Sox10LacZ Sox10Dom Ht-PA-Cre;
Itgb1f/neo

Double mutants present with increased intestinal aganglionosis
length and more severe neuronal network disorganization from E11.5
onwards, due to altered cell migration capacities

Unknown (Watanabe et al., 2013)

Sox10 x Ets1 Sox10LacZ Variable spotting Hypoganglionosis in Sox10LacZ/þ ; Ets1-/- Est1 activates Sox10 enhancer element
MCS4/U3 in vitro

(Saldana-Caboverde et al., 2015)

Sox10 x Sufu Sox10NGFP Wnt1-Cre;
Sufuflox / flox

Reduction of Sox10 attenuates glial differentiation defects of Sufu
mutants.

Gli1 and Gli2 activate SOX10 MCS4/U3 and
MCS7/U1 enhancers þ SOX10 represses
Sufu

(Liu et al., 2015)

Tcof x Pax3 Tcof1þ /� Pax3Sp/þ Colonic aganglionosis in double heterozygotes. unknown (Barlow et al., 2013)
Phenotype partly due to cumulative apoptosis and decreased pro-
liferative capacity.

Cdx x Pax3 Gt(ROSA)26Sortm1(en/Cdx1-EGFP)

Npln; Pax3Pro-Cre
Pax3Sp/þ Hypoganglionosis is present in double heterozygotes. Transactivation of a neural crest enhancer

of Pax3 by Cdx
(Sanchez-Ferras et al., 2016;
Sanchez-Ferras et al., 2012)

(aka,
R26REnRCdx1, P3Pro-Cre)
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mutants revealed that alterations in this transcription factor not
only lead to distal aganglionosis, but can also disrupt normal
proportions of neuron subtypes in ganglionated small intestine
that lead to deficits in intestinal transit (Musser et al., 2015). Si-
milarly, Zeb2 plays essential roles in enteric neurogenesis by pro-
moting ENCC proliferation and early migration within the fetal
bowel (Stanchina et al., 2010; Van de Putte et al., 2003) via in-
teractions with Sox10.

In addition to transcription factor networks, cell surface mo-
lecules, including the cell adhesion molecule L1CAM, β1Integrins,
and N-cadherin, also play crucial roles during ENS cell migration
and adhesion processes (Tables 1 and 2 and references therein).
The gut microenvironment expresses several extracellular matrix
components (ECM) molecules including fibronectin, laminins,
collagens, tenascin-C and proteoglycans of various families (Ak-
bareian et al., 2013; Breau et al., 2009). The major ECM receptors
are integrins, and in 2006 deletion of Itgb1, encoding the In-
tegrinβ1 subunit, in ENCCs was performed (Breau et al., 2006).
Abnormal cellular adhesion, delayed migration and distal agan-
glionosis was documented in the resulting mutants. The migratory
defect seems to occur specifically in the cecum/proximal hindgut
and is thought to be due to a requirement for Integrinβ1-mediated
interactions between ENCC and extracellular matrix components
tenascin-C and fibronectin (Breau et al., 2009). More recently,
studies that analyzed N-cadherin and Integrinβ1 interactions
highlighted the complex regulation that exists between cell–cell
and cell–matrix adhesion molecules and revealed how the correct
balance between these two types of adhesion processes is crucial
for ENS ontogenesis (Broders-Bondon et al., 2012).

In 2015, a novel role for collagen, the most abundant extra-
cellular matrix protein, has been identified in ENS development.
Soret and colleagues identified a new mechanism that causes
HSCR-like disease in mice and involves deposition of excess col-
lagen VI in the intestine by migrating ENS precursors as they co-
lonize the fetal bowel (Soret et al., 2015). The description of a new
mouse model, named Holstein, which was generated through an
insertional mutagenesis screen that led to altered gene expression
of the collagen-6α4 (Col6a4) gene is described further in the sec-
tion entitled “Beyond genes: role of regulatory sequences, miRNAs
and environmental factors”.

Besides these well-known molecules, additional factors have
been implicated in the development of the ENS from animal stu-
dies including Neurotrophin-3, Sonic hedgehog (Shh), Indian
Hedgehog (Ihh), Bone morphogenic proteins (Bmp2 and 4), Notch,
Small GTPases, Neuregulin (Nrg1), Serotonin, planar cell polarity
genes Celsr3 and Fzd3, nucleolar protein Treacle (Tcof1) and
Sprouty 2 among others (see Tables 1 and 2 for lists of genes and
functional effects on the ENS). Some of these mice recapitulate
simple aganglionosis that is the hallmark of HSCR (Table 1).
However, a number of them are models of more complex gastro-
intestinal (GI) disease, affecting only specific neuronal subtypes or
glial cells in late embryogenesis or adulthood and/or leading to
hypo- or hyperganglionosis (Table 2 and references therein). For
example, inactivation of negative regulators of the Ret signaling
pathway (such as Sprouty 2 or Kinesin superfamily protein 26A;
Kif26A) lead to hyperganglionosis and motility disorders due to
over activated Ret signaling, such as esophageal achalasia (Take-
tomi et al., 2005; Zhou et al., 2009). Use of conditional gene in-
activation to specifically ablate some of these signaling pathways
in ENCCs or in the developing fetal bowel when ENCCs are emi-
grating has provided greater support for their involvement in ENS
development. This is the case for intracellular components of
signaling pathways with wide spatio-temporal functionality, such
as Retinoblastoma protein (Rb1), Rho GTPases, the miRNA pro-
cessing enzyme Dicer, the phosphatase and actin regulator Pten,
the Tryptophan hydroxylase 2 enzyme Tph2 (Fu et al., 2013; Fuchs
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et al., 2009; Huang et al., 2010; Li et al., 2011; Puig et al., 2009) and
more recently Suppressor of Fused (Sufu) (Liu et al., 2015). The
recent identification of missense mutations affecting the GLI1,
2 and 3 transcriptions factors in patients presenting with HSCR
and the analysis of the Sufu mutants indeed confirmed the es-
sential role of the whole hedgehog signaling pathway (Liu et al.,
2015). Hedghog proteins have important roles as morphogens.
Both ligands are expressed in the gut, but have very different ef-
fects. Targeted Shh mutation results in ectopic enteric neurons
(Shh has been shown to promote proliferation, inhibits neuronal
differentiation and prevents premature centripetal invasion of gut
by ENCC), whereas loss of Ihh causes aganglionosis in parts of the
gut (see Table 2 and references therein). Ablation of Gas1 that
mediates Shh signaling leads to ENS deficits comparable to tar-
geted deletion of Shh (Biau et al., 2013). Ectopic expression of the
transcriptional effector Gli1 produces an effect similar to loss of
Ihh, with hypoganglionosis (Yang et al., 1997). This data well cor-
relates with the five gain of function missense mutations newly
identified in GLI1, 2 and 3 in HSCR patients (Liu et al., 2015). Al-
though prevalence of these mutations is surprisingly high, these
data prompted Liu et al. to further analyze the role of this signaling
pathway during ENS development, and focused on Sufu, which
negatively regulates the activities of GLI proteins. Previous studies
demonstrated that hedgehog signaling is required for the normal
migration of enteric neural progenitors and glial cell generation
through Sox10 regulation (Liu et al., 2015; Ngan et al., 2011). In
Sufu mutants, the networks of enteric ganglia were disorganized
and neuron:glial cell ratios were reduced, a defect reminiscent of
that recently described in Sox10 and Raldh1,�2, and �3 mutants
(Musser et al., 2015; Wright-Jin et al., 2013). Because mice lacking
Sufu in neural crest cells die before the gut is completely colonized
by ENCCs, the authors were however not able to determine whe-
ther loss of Sufu results in an absence of neurons in the distal
bowel and thus a HSCR-like phenotype. Altogether, these studies
emphasize the importance of conditional models in ENCC devel-
opmental studies. Use of Cre driver lines such as Wnt1-Cre, Ht-PA-
Cre, Nestin-Cre or Tyr-Cre that differ in their temporal and cell
type specific expression of Cre can produce gene deletions that
affect distinct phases of neural crest and ENCC development. These
conditional approaches are complementary and essential for un-
derstanding the complexity of genes that contribute to HSCR;
however caution is needed in comparing phenotypes across dif-
ferent crosses if the Cre line used differs between studies.

Recent studies of the ENS in mouse models have also identified
roles for specific molecules in enteric neuron neurotransmitter
specification, axon growth and navigation, target selection, sy-
napse formation and development of mature electrical properties
in late development and in adult (see Tables 2 and 3 and refer-
ences therein). The diversity of molecules and mechanisms that
contribute to the entire process of ENS ontogeny is not surprising
as ENS maturation continues after the gut has been initially co-
lonized by ENCCs, with additional neuron types exiting the cell
cycle even after birth (Pham et al., 1991). While an increasing
number of genes that contribute to the etiology of HSCR have been
identified, surprisingly these genes account for only a small pro-
portion of known cases. Generation of new models, identification
of gene interaction studies and environmental factors that affect
ENS development is therefore of high importance. Recently, the
pace of identifying new mutations that lead to aganglionosis in
mice has declined. This may be due in part to the oligogenic in-
heritance of the disease that greatly complicates generation of
relevant genetic models and the time required for thorough
functional validation. Fortunately, candidate gene approaches have
been replaced by more general unbiased strategies. Indeed, a
number of the recently published models were generated via in-
sertional mutation or N-Ethyl-N-Nitrosourea (ENU) screens,
looking for new neural crest regulators. This is the case of of the
TashT and Holsteinmouse models that will be described in the next
section (Bergeron et al., 2015), and of Zic2m1Nisw presenting with
enteric hyperplasia and dysplasia (Zhang and Niswander, 2013).
Analysis of mutant phenotypes emerging from these screens will
hopefully lead to the identification of novel HSCR genes in the
coming years.
3. Beyond genes: Roles for regulatory sequences, miRNAs and
environmental factors

Beyond HSCR gene identification, human genetic studies have
highlighted the major importance of variations within regulatory
sequences of known genes as causative factors in aganglionosis.
The increasing number of non-coding mutations within or near
the RET locus are a reminder that although these types of changes
may have low penetrance, they are capable of acting synergisti-
cally with other mutations to affect a disease phenotype (see for
examples (Brooks et al., 2005; Emison et al., 2005; Griseri et al.,
2007; Sribudiani et al., 2011). Deletion or point mutations identi-
fied within regulatory sequences of other genes including SOX10
and DSCAM are consistent with significant effects of regulatory
variants on HSCR susceptibility (Jannot et al., 2013; Lecerf et al.,
2014). Non-coding regulatory alterations around known HSCR
genes and genes that may affect the ENS therefore need to be
carefully considered, as some of the missing heritability in chil-
dren with HSCR might result from noncoding variants that alter
gene expression. In mice, at least three models bearing altered
regulatory sequences have been described that present with
neural crest defects, including aganglionosis phenotype, and are
consistent with an effect of regulatory sequences perturbing es-
sential gene function in the ENS. All three models were generated
via insertional mutation screens looking for new neural crest
regulators. In each case traditional “knockout” approaches would
never have led to the discovery of these new HSCR susceptibility
loci because the insertions alter noncoding regions of the genome
that were poorly characterized at the time of publication and the
affected genes are overexpressed in two of these models.

The first model, Sox10Hry, was published in 2006, well before
the full description of Sox10 enhancers (Antonellis et al., 2006).
This mutant presents with distal intestinal aganglionosis and se-
vere hypopigmentation due to a 16 kb deletion upstream of the
Sox10 gene that helped define and validate the importance of
distant Sox10 regulatory elements. Over the last two years, the
description of two new mouse models further validated the im-
portance of regulatory sequences by identifying the Fam162b and
Col6a4 genes (Bergeron et al., 2015; Soret et al., 2015). The first
new mouse model, a transgenic line named TashT, displays a
partially penetrant aganglionic megacolon phenotype shown to
result from delayed migration of ENCCs, concomitant with in-
sensitivity towards Gdnf and Edn3. This insertional mutation lies
in a gene desert containing multiple highly conserved elements
that exhibit repressive activity in reporter assays. RNASeq and 3 C
assays revealed the insertion results, at least in part, in loss of
repression of the uncharacterized Fam162b gene in ENCCs. Inter-
estingly, the partially penetrant aganglionic megacolon phenotype
mostly affects males and may through future studies explain the
prominent gender bias of 4:1 in males compared to females that is
known to occur in human HSCR disease (for review see (Amiel
et al., 2008)). The second model named Holstein, which was gen-
erated in the same genetic screen, led to the altered expression of
the Col6a4 gene (Soret et al., 2015). Holstein mice model HSCR and
present with delayed colonization of fetal bowel by ENCCs due to
slower cell migration. A smaller percentage of enteric glia-fated
derivatives, and a larger percentage of undifferentiated ENCCs
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were also observed in Holstein fetal intestine, suggesting that the
mutation slows glial differentiation. The transgene insertion site
maps between collagen-6α4 (Col6a4) and glycerate kinase (Glyctk).
RNA-Seq analysis on isolated E12.5 ENCCs revealed that Col6a4
mRNA is markedly increased (about 250-fold) in Holstein mutants;
however, collagen VI protein levels are only about 3-fold higher, an
observation ascribed to the need to incorporate Col6a4 protein
into trimeric collagen monomers that also contain Col6a1 and
Col6a2, which are encoded by genes that are not overexpressed in
mutant mice.

Other recent work suggests that post-translational regulatory
mechanisms also contribute to ENS abnormalities. MicroRNAs are
a class of small RNAs that bind to specific mRNA targets, leading to
mRNA degradation or translational inhibition. Dicer, an RNase III
endonuclease, is one of the critical enzymes for miRNA biosynth-
esis. Only one Dicer gene (Dicer1) exists in the mouse genome
(Eppig et al., 2015), which presumably mediates the processing of
all miRNAs. In order to reveal miRNA function in neural crest de-
velopment, a tissue specific Dicer knockout mouse was generated
through crosses with Wnt1-Cre (Huang et al., 2010; Nie et al.,
2011; Zehir et al., 2010). Neural crest-restricted deletion of Dicer1
is perinatal lethal with mutants exhibiting severe defects of the
craniofacial skeleton as well as the enteric, sensory and sympa-
thetic systems. Deletion of Dicer1 does not affect neural crest cell
migration and target tissue colonization; however, the post-mi-
gratory neural crest derivatives are dependent on Dicer for survi-
val. In the ENS Dicer and the poorly characterized miRNAs it
processes, are required to prevent apoptosis just before and during
differentiation of ENCCs. As a result, no defects in ENS develop-
ment were apparent before E14.5, but loss of Dicer dramatically
decreased ENS cell density along the whole length of the fetal
intestine from E17. Huang et al. also demonstrated that miRNAs
were required for the differentiation and survival of dopaminergic
neurons in other parts of the peripheral nervous system, but de-
tailed analysis of how Dicer loss leads to ENS deficits remains to be
investigated further. To date, very few studies have investigated
the roles of miRNAs in HSCR. To our knowledge, fewer than ten
studies (most of them from the same group) have been published
on this topic. In 2014, Tang W et al. collected close to 100 serum
samples from HSCR cases and matched controls, and an initial
screening of genes within which miRNAs reside or downstream
regulated mRNAs was performed. Alterations of Ret, Pten, Diexf,
CD47/Cul3, Sox9, and Nid1 were reported (Lei et al., 2014; Li et al.,
2014; Mi et al., 2014; Sharan et al., 2015; Tang et al., 2014; Zhu
et al., 2015). However, no specific deletion/mutation of miRNA
leading to aganglionosis in mouse models has been reported to
date. The exact role of miRNA and Dicer on major ENS players’
regulation therefore needs further investigation.

Most recently the effects of environmental factors were ex-
plicitly shown to contribute to HSCR susceptibility. To test the
hypothesis that certain metabolites of common medicines might
increase HSCR risk, Heuckeroth's team treated cell cultures and
animal models with several drugs commonly used during early
human pregnancy. Retinoic acid, a metabolite of vitamin A, was
the first tested molecule shown to influence the proliferation and
differentiation of mouse ENCCs in vitro (Sato and Heuckeroth,
2008). Subsequently, retinol binding protein 4 (Rbp4-/- ) mutants
depleted of Vitamin A were shown to present with colorectal
aganglionosis due to impaired lamellipodia formation and reduced
ENCCs migration in response to Gdnf. This led to the suggestion
that Vitamin A deficiency may be a non-genetic risk factor that
increases HSCR penetrance and expressivity (Fu et al., 2010).
Consistent with this possibility, retinaldehyde dehydrogenase
(Raldh2) mutant mice typically die by E9.5, but viability can be
prolonged by exogenous RA supplementation. However even after
supplementation in utero with Vitamin A Raldh2-/- mutants still
lack ENCCs in the fetal intestine, a finding that shows the extreme
sensitivity of vagal neural crest to levels of Vitamin A (Nie-
derreither et al., 2003). Combinatorial inactivation of the three
Raldh enzymes (Raldh1� /� , Raldh2þ /� , Raldh3þ /�) identified re-
duced neuron density and altered ratios of myenteric neurons to
glial in the colons of Raldh1KO, Raldh2Het, Raldh3Het mutants
compared to the wild type mice. It was also found that Raldh
mutants have altered colonic motility in response to mucosal sti-
mulation. These findings indicate that each of the Raldh genes
contribute to ENS development and function (Wright-Jin et al.,
2013). Generation of conditional knock-outs are now needed to
confirm the tissue specific requirement of retinoic acid during ENS
development.

The immunosuppressant mycophenolic acid (MPA) was also
shown to induce aganglionosis in mice, and enhances the pene-
trance and phenotype severity of mutations that model HSCR
(Lake et al., 2013). In culture, MPA drastically decreases Retþ cell
migration out of bowel explants, by decreasing the percentage of
migrating ENCCs with lamellipodia, reducing DNA synthesis and
by inducing ENCCs apoptosis. In vivo, MPA treatment induces bo-
wel aganglionosis and increases the penetrance and severity of
aganglionosis in Ret9 and Sox10lacZ mutant mice. MPA blocks the
rate-limiting step of de novo guanine nucleotide synthesis by in-
hibiting inosine 5’ monophosphate dehydrogenase (IMPDH), a
ubiquitous metabolic enzyme whose expression is relatively en-
riched in ENCCs. To further explore the role for this basic metabolic
pathway, Lake et al. recently deleted Impdh2 using a conditional
allele crossed with the Wnt1-Cre transgene, and observed defects
in multiple neural crest derivatives, including highly penetrant
intestinal aganglionosis, agenesis of the craniofacial skeleton, and
cardiac outflow tract with great vessel malformations (Lake et al.,
2016). ENS defects in mutants lacking Impdh2 within the neural
crest are clearly visible from E13.5 and demonstrate a critical role
for de novo guanine nucleotide biosynthesis in ENS development.
These exciting findings in mouse models suggest that some cases
of HSCR may be preventable through dietary supplementation.

Most recently, Ibuprofen was shown to decrease migration and
inhibit bowel colonization by ENCCs in zebrafish, chick and mouse
(Schill et al., 2016). Ibuprofen treated ENCCs exhibit reduced mi-
gration, fewer lamellipodia and lower levels of active Rac1/cdc42.
Additionally, inhibiting ROCK, a RhoA effector and known Rac1
antagonist, reverses Ibuprofen effects on migrating mouse ENCCs
in culture. It also inhibits colonization of Retþ /- mouse bowel by
ENCCs in vivo, but mice deficient in Ptgs1 (COX 1) and Ptgs2 (COX
2) show normal bowel colonization, suggesting COX-independent
effects. These findings raise the concern that Ibuprofen may in-
crease HSCR risk in some genetically susceptible families.

In addition to identifying critical molecules for ENS develop-
ment, study of mouse models has also recently clarified several
fundamental developmental processes that occur in ENS forma-
tion. The migratory path taken by ENCCs to colonize the gut is one
example. Identification of trans-mesenteric migrating cells was
revealed by engineered mouse models expressing a photo-con-
vertible reporter that enabled live cell imaging of ENCC by live-cell
video microscopy (Nishiyama et al., 2012). Such time-lapse ima-
ging showed that ENCCs reach the hindgut by migrating though
the mesentery, effectively cutting across between the midgut and
the hindgut, as opposed to migrating along the full length of the
fetal intestine around the loop from midgut to cecum and then on
to hindgut. The interdependent relationship between vasculature
and ENCCs studies also benefited from analysis of mouse models.
The vasculature and nervous system indeed share striking simi-
larities in their networked, tree-like architecture and in the way
they are super-imposed in mature organs. It has previously been
suggested that the intestinal microvasculature network directs the
migration of ENCCs along the gut to promote the formation of the
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ENS based on experiments in the chick (Nagy et al., 2009). How-
ever, fate-mapping and intravascular dye injection recently re-
vealed that in early development both networks form in-
dependently of each other and that blood vessel networks are not
necessary to guide migrating ENCCs during mouse ENS develop-
ment (Delalande et al., 2014). As mentioned above, new cell po-
pulations contributing to ENS development have also been re-
cently described (Uesaka et al., 2015). Interestingly, Schwann cell
precursors (SCPs) give rise to up to 20% of enteric neurons in the
large intestine under physiological conditions, and these cells give
rise mainly to calretinin-expressing neurons. Another develop-
mental aspect that was clarified is the notion of the “time window”

during which the fetal bowel can be colonized. Indeed, grafting
experiments previously suggested that if ENCCs have not finished
migration by E14.5, aganglionosis will result. However, continued
colonization has been observed between E14.5 and E18.5 in Tcof1
mutants, arguing that the delayed migration is not always pre-
dictive or sufficient for the pathogenesis of aganglionosis (Barlow
et al., 2012). Rather, a balance between ENCCs proliferation in
concert with differentiation and extrinsic gut micro-environ-
mental influences are required to complete ENS formation. An-
other interpretation of these data could rely on the specific defects
observed in Tcof1 mutants, where unlike most other genes, Tcof1
haploinsufficiency affects pre-migratory neural crest cells in the
neural tube and not during migration. Hence, ENCCs seem to sense
their own density and normally have considerable compensatory
ability, but ENCCs with mutations in genes affecting proliferation
or in maintaining progenitors in an uncommitted state, are unable
to increase their rate of proliferation sufficiently to compensate
when density falls below critical levels (hypothesized by Ober-
mayr et al., 2013).
4. Gene interactions that impact the ENS

Because ENS development is highly complex, ENCCs must
concurrently receive and respond to the activity of multiple fac-
tors. Initial evidence from human genetic studies suggested that
interactions between variants at the RET and EDNRB genes in some
HSCR patients could influence disease severity of some HSCR pa-
tients (Auricchio et al., 1999; Carrasquillo et al., 2002). The initial
genetic association studies in human patients were confirmed by
subsequent crosses between Ret knockout and Ednrb hypomorphic
mutant mice that resulted in increased severity and penetrance of
aganglionosis in Ret:Ednrb double mutants (Carrasquillo et al.,
2002). Interaction between the Ret and Ednrb pathways in mice
was further supported by altered ENS phenotypes in Edn3:Ret
double mutants relative to single mutant animals (Barlow et al.,
2003). Subsequently, combined effects between the ligands Gdnf
and Edn3 in vitrowere documented. While both Gdnf and Edn3 act
synergistically to enhance ENCCs proliferation, they have antag-
onistic roles with respect to differentiation and migration with
Edn3 inhibiting Gdnf-mediated effects (Barlow et al., 2003). These
studies have illustrated how the coordinated activity between
these two pathways is essential, particularly in the cecum where
Gdnf is strongly up-regulated at the stage ENCCs begin populating
this region of the intestine.

Additional interactions between signaling pathways and mo-
lecules that may underlie the variability of aganglionosis seen in
HSCR patients have been identified by examining ENS deficits in
double mutant offspring produced by crossing distinct single gene
mouse mutants (Table 4 and references therein). Not surprisingly
given the prominent expression of Sox10 early in ENCC develop-
ment, multiple genes have been identified that interact with this
transcription factor-encoding gene. Genes that have been found to
interact with Sox10 via double mutant crosses include Ednrb, Edn3,
Sox8, Zeb2, Itgb1, L1Cam, Ets1, and Sufu. Separate analysis in mouse
mutants supports interactions between EdnrB and L1Cam, Itgb1
and Cdh2, as well as Pax3 and Tcof1 or Cdx. Some of these genetic
interactions may be the result of direct crosstalk between the in-
dividual genes as indicated by in vitro studies showing that Sox10
binds to Ret and Ednrb regulatory regions (Lang and Epstein, 2003;
Zhu et al., 2004). Other gene interactions that lead to increased
aganglionosis may be indirect, and are likely mediated by common
downstream signaling molecules, such as protein kinase A in the
case of Ret and Ednrb interaction. These types of crosses aid in
understanding the coordinated function of each molecule tested,
particularly when careful detailed studies of multiple time points
in ENCC migration and differentiation are analyzed.

While double mutant crosses can identify genes that exacer-
bate aganglionosis in HSCR models, they require knowledge of the
pathway under investigation and availability of mouse mutants in
specific genes. In contrast genome-wide linkage studies have the
potential to identify genes that might be missed by candidate gene
approaches and are capable of identifying variants that alter
transcription, protein levels, or regulatory RNAs. To date there has
been only a single modifier screen to identify genomic regions that
influence penetrance and severity of aganglionosis in mouse
models despite the ready availability of many inbred strains
(Owens et al., 2005). Using Sox10Dom mutant mice bred onto dis-
tinct inbred genetic backgrounds Southard-Smith's team identified
five genomic regions that alter aganglionosis in an unbiased gen-
ome-wide survey. Because this effort did not introduce any new
mutations into the genome, as is done in ENU mutagenesis, the
intervals identified harbor naturally occurring variants that inter-
act with the initial Sox10Dom allele to increase the severity or pe-
netrance of aganglionosis in this HSCR model. Since modifier in-
tervals are so large future fine mapping is needed to determine
whether the regions on mouse chromosomes 3, 5, 8, 11 and 14 in
this study correspond to previously known HSCR susceptibility
genes or are indications of novel genes that remain to be identi-
fied. Developmental studies performed by the same group de-
termined that differences in the genetic backgrounds of C57BL6J
and C3HeB/FeJ strains not only altered migration of ENCCs in the
fetal bowel of Sox10Dom mutants but also affected the develop-
mental potential of ENS progenitors (Walters et al., 2010). While
these studies provide insight into the genome regions that influ-
ence the Sox10Dom allele, the identified modifier genes will differ
depending on the initial HSCR mutation incorporated into crosses
(Sox10 versus Ednrb versus Ret). As a result such approaches offer
fertile ground for identifying naturally occurring variants that in-
fluence ENS development and maturation.

A large number of candidate genes that are associated with
HSCR disease susceptibility have been identified by comparative
genome hybridization (Jiang et al., 2011). A number of these genes,
such as the Semaphorins, have not yet been implicated as causa-
tive for aganglionosis in mouse models despite the fact that knock
down experiments in zebrafish suggest an interaction between Ret
and Sema3C/3D (Jiang et al., 2015). These differences may be the
result of lethality in haploinsufficient Sema mouse mutants that
complicates analysis of vagal ENCCs in double mutant crosses
(Feiner et al., 2001). Further investigation with carefully designed
mouse alleles that reduce gene expression in specific neural crest
lineages will enable validation of the gene interactions detected in
HSCR patients and future mechanistic analysis of the gene inter-
actions in double mutant mouse crosses.
5. Conclusion

Mouse models have provided un-precedented insight into the
genes and developmental processes that are essential for
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formation of the elaborate neural network that makes up the ENS
in the bowel. Not only have single gene mutations elaborated our
understanding of individual gene function, but double mutant and
modifier studies of mouse HSCR models also provide a means to
investigate the genetic basis of oligogenic inheritance in HSCR.
New HSCR susceptibility genes are likely to emerge from ongoing
mutagenesis screens and emerging genetic resources like the
collaborative cross and diversity outbred lines (Churchill et al.,
2004; Churchill et al., 2012; Threadgill et al., 2002). While im-
portant advances have been made in understanding the genetic
basis of HSCR, it is clear that mouse models will continue to aid in
identifying the genes and developmental mechanisms that lead to
this complex disorder.
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