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Le et al. analyzed eight patients with defects in tissue that arose from the neural crest. The patients carried homozygous
or heterozygous variants in ERBB3 or ERBB2, which encode transmembrane epidermal growth factor receptors that bind
neuroregulin 1 (NRG1). Notably, the genetic variants resulted in loss of function with decreased expression or aberrant
phosphorylation of the ERBB3/ERBB2 receptors. Experiments using mice revealed that Erbb3 and Erbb2 were expressed
in enteric neuronal progenitor cells. This study is an outstanding example of descriptive observation that begs for
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influences ENS development.

Developmental defects that

impair gastrointestinal motility
The enteric nervous system (ENS) is the
largest collection of neuronsin the periph-
eral nervous system (PNS) and is the only
peripheral neuronal unit that can mediate
reflexes and integrative neuronal activity
independently of input from the brain
and/or spinal cord (CNS) (1). The ENS
also interacts bidirectionally with the
brain and with the enteric microbiome
(2). The ENS not only directs the details
of bowel behavior, it also acts as an inter-
mediate that translates commands from
the brain to the gut and transmits signals
emanating from the bowel’s microbiota
to the brain. It is, therefore, not surpris-
ing that the genes that must act proper-
ly and with exquisite timing to complete
the jigsaw puzzle of ENS assembly do not
always do so impeccably (3, 4). The best
known and most studied of the defects of

The enteric nervous system mediates reflexes independently of the brain
and spinal cord and transmits signals bidirectionally between the gut and
the brain. Hirschsprung disease and chronic intestinal pseudo-obstruction
(CIPO) and pediatric CIPO are examples of congenital defects that impair
gastrointestinal motility. In this issue of the JCI, Thuy-Linh Le et al. analyzed
eight patients with defects in tissue that arose from the neural crest. The
patients carried homozygous or heterozygous variants in ERBB3 or ERBB2,
which encode transmembrane epidermal growth factor receptors that

bind neuroregulin 1 (NRG1). Notably, the genetic variants resulted in loss
of function with decreased expression or aberrant phosphorylation of the
ERBB3/ERBB2 receptors. Experiments using mice revealed that Erbb3 and
Erbb2 were expressed in enteric neuronal progenitor cells. This study is an
outstanding example of descriptive observation that begs for mechanistic
exploration to reveal precisely how the NRG1/ERBB3/ERBB2 pathway

ENS formation is Hirschsprung disease
(HSCR, aganglionic megacolon, OMIM
142623) (5, 6). In HSCR, ganglia are con-
genitally absent from varying lengths of
the terminal bowel. The ENS is a neural
crest derivative, formed by émigrés that
depart primarily from vagal and sacral
levels of the neuraxis, and secondarily
by Schwann cells that enter the colon
with the extrinsic innervation (4, 5, 7).
Since HSCR is a member of a diverse set
of developmental defects and malignan-
cies that arise in cells of neural crest ori-
gin, it is classified as a neurocristopathy
(5, 8). Short- and long-segment HSCR
and even, rarely, aganglionosis of the
whole bowel can occur. The HSCR lesion
functionally obstructs the gut because
propulsive motility absolutely depends
on reflexes and a functionally integrated
ENS. The aganglionic bowel is thus nar-
rowed, while the bowel, proximal to the

» Related Article: https://doi.org/10.1172/)Cl145837

Conflict of interest: The author has declared that no conflict of interest exists.

Copyright: © 2021, American Society for Clinical Investigation.

Reference information: / Clin Invest. 2021;131(6):e146389. https://doi.org/10.1172/)C1146388.

aganglionic segment, dilates despite
having functional ganglia.

Modern knowledge of HSCR dates
from the 1888 meeting of the German
Pediatric Society, when the anatomical
details of HSCR in two children who died
of the condition were reported by a Dan-
ish pediatrician, Harald Hirschsprung (9).
Hirschsprung himself later added reports
of ten more cases of the disorder that
bears his name, and 6389 publications on
HSCR, currently listed in PubMed (since
1909), have followed. HSCR is not the only
developmental defect that impairs gastro-
intestinal motility. Another, which is both
less common and less studied than HSCR,
is chronic intestinal pseudo-obstruction
(CIPO) (10). PubMed lists 1042 papers
on CIPO, but many of these describe the
condition in adults, at least half of whom
acquired it secondarily. It has, therefore,
been suggested that congenital CIPO in
the pediatric population be called PIPO
(11). Interest in HSCR and CIPO/PIPO
does not stem from the frequency of their
occurrence. Neither HSCR nor CIPO/
PIPO are exactly epidemic; the incidence
of HSCRis approximately 1in 5000 births,
while CIPO/PIPO accounts for about
15% of congenital cases of intestinal fail-
ure, which does not occur often (10). An
exponential rise in interest in HSCR has
occurred since 1994, when three publica-
tions in Cell unexpectedly linked missense
mutations in the endothelin B gene to
HSCR (12-14), and earlier publications that
suggested that loss-of-function mutations
in RET might give rise to HSCR were con-
firmed (15). Isolated HSCR is now consid-
ered an oligogenic condition in which the
most commonly involved genetic defects
are abnormalities in RET, either vertical-
ly transmitted in the coding sequence or
through rare low penetrance noncoding
variants. However, at least 25 additional
genes have also been linked to HSCR (5, 6,
16,17). Congenital aganglionosis, identical
to that of HSCR, also occurs as a compo-
nent of monogenic syndromes. The roster
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Figure 1. Dysregulation of ERBB2 and ERBBS3 signaling as the molecular basis of a diverse array of
developmental disorders. Le et al. (18) described patients with neurocristopathies, developmental
disorders arising from the neural crest; the most prominent included congenital aganglionosis of the
terminal bowel (HSCR) and CIPO or PIPO. Some individuals had arthrogryposis, possibly due to dis-
ordered development of skeletal muscle myotubes. The authors identified variants in ERBB2/ERBB3
genes, which encode transmembrane epidermal growth factor receptors and bind NRG1. ERBB3/
ERBB2 was expressed in enteric neuronal progenitor cells, which derive from the neural crest. The
loss-of-function ERBB3/ERBB2 variants resulted in reduced expression and altered signaling. The
figure was adapted with permission from Rao et al., Hicks et al., and Choi et al. (4, 24, 25).

of genes that disrupt ENS formation is by
no means full; ERBB genes now make their
debut in an elegant publication in the cur-
rent issue of the JCI (18).

Patients carrying variants in
ERBB3 or ERBBZ2

In this issue of the JCI, Thuy-Linh Le et
al. (18) report a comprehensive analysis
of eight patients carrying homozygous or
heterozygous variants in ERBB3 or ERBB2,
which encode transmembrane epidermal
growth factor receptors (19). ERBB2 and
ERBB3 are members of the erb-b2 recep-
tor tyrosine kinase family, which activate
signaling cascades that include PI3K/AKT
and ERK. The main ligands of ERBB2 and
ERBB3 are neuregulins (NRGs), especial-
ly NRGI1 (20). Binding of ligand to ERBB2
leads to homo- or heterodimerization
of ERBB2 with ERBB3, cross-phosphor-
ylation, and activation of downstream

pathways (19). Signaling through ERBB2/
ERBB3 is essential for regulating cell pro-
liferation, survival, and differentiation.
The patients in the current report with
ERBB3/ERBB2 defects presented with a
strikingly diverse array of developmental
anomalies that involve the neural crest
and its derivatives (Figure 1) (18). Among
the most prominent of these anomalies
were defects that caused intestinal dysmo-
tilities. The defects included rectal agan-
glionosis, thickened extrinsic nerves in the
aganglionic segment, but also atrophy of
the outer longitudinal muscle coat of the
colon and the presence of ectopic ganglia
in the colonic longitudinal muscle layer.
In some patients, the immunoreactivity
of smooth muscle actin was also deficient
in the inner circular smooth muscle of the
colon. The pathohistological character-
ization of the associated disorders were
complimented by elegant in vitro exper-
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iments, which revealed that the genetic
variants are loss-of-function or hypomor-
phic alleles with decreased expression or
aberrant phosphorylation of the ERBB3/
ERBB2 receptors. In one patient, HSCR
and CIPO actually coexisted, which has
not previously been reported.

Clinical considerations

Patient care and counseling might be
improved if patients with syndromic
HSCR who exhibit dysmotility that per-
sists after surgery to remove the agan-
glionic bowel were screened for ERBB3/
ERBB2 mutations. Thuy-Linh Le et al.
(18) were not in a position to clarify how
the ERBB3/ERBB2 mutations affected
intestinal smooth muscle development
that resulted in the abnormalities that
they observed. The ENS and smooth mus-
cle can interact during development (21)
and Thuy-Linh Le et al. (18) did observe
ectopic ganglia in some of the disordered
bowel segments. Most clinical cases of
CIPO/PIPO, however, are diagnosed as
myogenic and linked to smooth muscle-
associated genes (FLNA, RAD21, SGOLI,
ACTG2, MYHII), although the CIPO/
PIPO associated with ERBB3 or ERBB2
variants appears to be neurogenic (18).
Conceivably, ERBB3/ERBB2 dysregula-
tion affects gliogenesis in the develop-
ing ENS, which might contribute to the
ectopic location of ganglia. Enteric gan-
glia are normally enveloped by glia, and
ErbB3 plays a critical role in enteric glio-
genesis (22). Smooth muscle can develop
independently of the ENS in vivo and in
vitro (21). It is therefore difficult to accu-
rately attribute the primary clinical cause
of CIPO/PIPO when it is associated with
abnormalities of ERBB3 or ERBB2. In
contrast, Thuy-Linh Le et al. (18) also
observed that some subjects had limited
joint flexibility (arthrogryposis), which
was likely myogenic and due to ERBB3/
ERBB2 signaling abnormalities in devel-
oping skeletal muscle myotubes (23).

The impressive observations of Thuy-
Linh Le et al. are essentially descriptive.
that
exactly how the genetic variants in ERBB3/
ERBB2 cause the multitude of defects that
Thuy-Linh Le et al. have elegantly doc-

Mechanistic ~experiments reveal

umented are now needed. Mechanistic
studies will give others in the field some-
thing to do. For the moment, Thuy-Linh
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Le et al. have presented a state-of-the-art
analysis and an advance in knowledge (18).
The study is also a pleasure to read.
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