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SUMMARY

Introducing a single missense mutation of the RET gene
identified in Hirschsprung disease recapitulates the disease

in mice. The mice further show genetic interactions with
other susceptibility gene mutations to exacerbate the dis-
ease phenotypes.

BACKGROUND & AIMS: Hirschsprung disease (HSCR) is a
congenital disorder characterized by the absence of the enteric
nervous system (ENS). HSCR potentially involves multiple gene
aberrations and displays complex patterns of inheritance. Muta-
tions of the RET gene, encoding the RET receptor tyrosine kinase,
play a central role in the pathogenesis of HSCR. Although a wide
variety of coding RET mutations have been identified, their
pathogenetic significance in vivo has remained largely unclear.

METHODS: We introduced a HSCR-associated RET missense
mutation, RET(S811F), into the corresponding region (S812) of
the mouse Ret gene. Pathogenetic impact of Ret(S812F) was
assessed by histologic and functional analyses of the ENS and
by biochemical analyses. Interactions of the Ret(S812F) allele
with HSCR susceptibility genes, the RET9 allele and the Ednrb
gene, were examined by genetic crossing in mice.

RESULTS: Ret**'?f/* mice displayed intestinal aganglionosis
(incidence, 50%) or hypoganglionosis (50%), impaired

differentiation of enteric neurons, defecation deficits, and
increased lethality. Biochemical analyses revealed that
Ret(S811F) protein was not only kinase-deficient but also
abrogated function of wild-type RET in trans. Moreover, the
Ret(S812F) allele interacted with other HSCR susceptibility
genes and caused intestinal aganglionosis with full penetrance.

CONCLUSIONS: This study demonstrates that a single RET
missense mutation alone induces intestinal aganglionosis via a
dominant-negative mechanism. The Ret**’?/* mice model
HSCR displays dominant inheritance with incomplete pene-
trance and serves as a valuable platform for better under-
standing of the pathogenetic mechanism of HSCR caused by
coding RET mutations. (Cell Mol Gastroenterol Hepatol 2023;
15:1505-1524; https://doi.org/10.1016/j.jcmgh.2022.12.003)

Keywords: RET; Hirschsprung Disease; Genetic Interactions;
Missense Mutation.

See editorial on page 1533.

irschsprung disease (HSCR) is one of the most
frequent gut obstructive conditions in neonates
and is caused by the absence of the enteric nervous system
(ENS) in the distal gut (intestinal aganglionosis). Genetic
studies have identified mutations in more than 30 genes,1
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among which the RET gene is most frequently mutated. The
RET gene encodes the RET receptor tyrosine kinase that
functions as the signaling receptor of the glial cell line-
derived neurotrophic factor (GDNF) family ligands after
they bind to the glial cell line-derived neurotrophic factor
family receptor a (GFRa) receptors.” The physiological
function of RET in ENS development has been demonstrated
by gene targeting studies that showed that homozygous
deletion of the Ret gene causes nearly complete intestinal
aganglionosis below the stomach in mice.® Ret-deficient
mice also display bilateral kidney agenesis. However, RET
mutations in HSCR are diverse and complex.* Non-coding
mutations in the RET gene are most frequently found and
specifically affect the enhancer regions. In isolated HSCR,
non-coding RET mutations are considered necessary to
confer disease susceptibility. However, they alone are not
sufficient, and additional gene mutations are required to
develop HSCR. Coding RET mutations are identified in 50%
of familial and 15% of sporadic cases of HSCR. As compared
with non-coding mutations, coding mutations are much
more diverse and include a variety of deletion, nonsense,
and missense mutations. They can occur in any exon in the
RET gene; there is no known “hot spot” for HSCR-associated
coding RET mutations. With these genetic features, HSCR
families display complex patterns of inheritance.

Although nearly 25 years have passed since coding RET
mutations in HSCR were first reported,”® their biological
significance remains obscure. Previous in vitro studies
demonstrated that some of coding RET mutations impair
RET function, which led to the notion that HSCR-associated
mutations are null mutations.””” Because only a few of
those mutations have been identified in a homozygous
manner, it is generally thought that HSCR is caused by
inactivation of 1 copy of the RET gene.” However, mice
lacking 1 copy of the Ret gene (Ret'™”" mice) display nearly
normal ENS anatomy. This apparent discrepancy is
currently thought to be due to a potential difference in the
threshold levels of RET function required for ENS devel-
opment between these 2 species; halved RET function is
sufficient for ENS development in mice but not in
humans."’

To understand the pathogenetic effect of HSCR-
associated coding RET mutations, we recently introduced
2 HSCR-associated RET missense mutations, RET(N394K)
and RET(Y791F), into the corresponding regions of the
mouse Ret gene (Ret"*°f and Ret"”*?").!'! Previous studies
suggested that RET(N394K) and RET(Y791F) impair N-
linked glycosylation and proper activation of RET, respec-
tively.">"* Surprisingly, however, Ret">***”" and Ret"”*?/
mice displayed no deficit in the ENS. The fact that single
allele expression of only the mutant allele was sulfficient for
normal ENS development indicated that these RET mutants
can exert near normal physiological function in vivo. These
results demonstrate that HSCR-associated RET mutations
are functionally diverse and can even include non-
pathogenetic mutations. This also raises a fundamental
question: How toxic can a single RET missense mutation be
in HSCR pathogenesis? Importantly, even to date, it has not
been shown whether any of the coding RET mutations alone
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can induce intestinal aganglionosis in vivo. It has also been
unclear whether such pathogenetic missense mutations, if
any, interact with other gene mutations for the expressivity
and severity of HSCR.

To address these issues, we chose a RET missense mu-
tation, RET(S811F), identified in a HSCR patient associated
with unilateral kidney agenesis and oligomeganephronia, a
condition characterized by a decrease in nephron numbers.
In silico analysis of this mutation suggested that it abrogates
RET kinase activity, but no biological evidence was avail-
able. We introduced this mutation into the corresponding
region (S812) of the mouse Ret gene by genome editing. We
found that all the Ret’®™?/* mice showed ENS deficits,
either intestinal aganglionosis (50%) or hypoganglionosis
(50%). Unilateral kidney agenesis was also found in 10% of
the Ret’®?”/" mice, and their remaining kidneys were
smaller in size with decreased numbers of glomeruli. Thus,
Ret*®'2F/* mice recapitulated the clinical manifestations of
the patient. Biochemical analysis indicated that RET(S811F)
exerts dominant-negative effects on wild-type (wt) RET.
Furthermore, the Ret(S812F) allele exhibited genetic in-
teractions with the Ret hypomorphic allele and the endo-
thelin receptor type B (Ednrb) gene, and these compound
mutations displayed complete penetrance in the intestinal
aganglionosis phenotype. RET(S811F) represents the most
severe form among pathogenetic RET missense mutations,
and the Ret*®'?"/" mice provide a valuable platform to un-
derstand the pathology, genetic interactions, and pathoge-
netic mechanisms of HSCR.

Results
HSCR-Associated Missense Mutation,
Ret(S812F), Impairs Development of the Enteric
Nervous System and Kidney in a Dominant-
Negative Fashion

To assess the pathogenetic potential of coding RET mu-
tations, we chose to examine a missense mutation,
RET(S811F), identified in a heterozygous fashion in a HSCR
patient. The patient also displayed unilateral kidney agen-
esis and oligomeganephronia."* RET(S811F) is localized at
the kinase domain of the RET protein (Figure 14), and in
silico analysis using AlphaFold Protein Structure Database
(https://alphafold.ebi.ac.uk/) shows that this mutation
Serine 811 is located at the opening of the adenosine
triphosphate binding pocket. Conversion of Serine 811 to

Abbreviations used in this paper: bp, base pair; Ednrb, endothelin re-
ceptor type B; EdU, 5-ethynyl-2'-deoxyuridine; ENS, enteric nervous
system; GDNF, glial cell line-derived neurotrophic factor; GFRe, glial
cell line-derived neurotrophic factor family receptor «; HSCR,
Hirschsprung disease; NAPDH, nicotinamide adenine dinucleotide
phosphate; nNOS, neuronal nitric oxide synthase; PBS, phosphate-
buffered saline; PCR, polymerase chain reaction; wt, wild-type.
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Figure 1.Generation of mice harboring the Ret(S812F) missense mutation. (A) Schematic shows location of the
Ret(S811F) mutation in human RET protein. CLD, cadherin-like domain; CRD, cystein-rich domain; TM, transmembrane
domain; Tyr K, tyrosine kinase domain. (B) Strategy for introducing the Ret(S812F) mutation into the mouse Ret gene.
Sequence of the human RET (top) and mouse Ret (middle) harboring the missense mutation and designed single-stranded
oligo DNA nucleotides (bottom) are shown. Altered amino acids (S to F) by the mutation are encircled. Overline (green);
PAM (NGG) and the following sequences targeted by the sgRNA. Two silent mutations, one disrupting PAM (TTC>TTT) and
the other generating a new Mspl site shown in red letters. (C) Representative genotyping results of wild-type and heterozygous
mutant. After Mspl digestion of PCR products, wild-type vs mutant bands appear as 305 bp vs 200 bp and 105 bp,
respectively. (D) Sequence chromatogram of the Ret(S812F) allele showing Ret(S812F) missense mutation (red), Mspl site

(blue), and mutated PAM (green).

phenylalanine is likely to inhibit adenosine triphosphate
binding in the kinase pocket because a bulky side chain of
Phenylalanine 811 will block the opening of the pocket.'*
We introduced the RET(S811F) mutation into the corre-
sponding site of the mouse Ret gene (S812F) by
electroporation-mediated genome editing in mouse em-
bryos. In brief, mouse zygotes (3 hours after in vitro fertil-
ization) were subjected to electroporation in medium
containing gRNA, Cas9, and single-stranded oligo DNA nu-
cleotides. The single-stranded oligo DNA nucleotides harbored
the S812F mutation and 2 silent mutations, one of which
disrupted the protospacer adjacent motif sequence and the
other introduced the Mspl site for genotyping (Figure 1B).

Mice were screened by polymerase chain reaction (PCR) and
successive Mspl digestion of the PCR product (Figure 1C).
Sequencing analysis on the genomic DNA of mice displaying
the expected restriction digestion pattern revealed successful
insertion of the desired mutations (Figure 1D).

To evaluate the function of the Ret(S812F) allele in vivo,
we crossed Ret*®"?/* mice with Ret/*"~% mijce. The Ret-
tauLacZ allele is the Ret-null allele expressing tauLacZ cDNA
under the Ret promoter, which enables the detection of Ret-
expressing cells by X-gal staining.'™'® Ret*#12F/taulacZ op,
bryos (embryonic day 12.5, E12.5) displayed absence of
developing ENS below the stomach and absent kidneys
(Figure 2A, white arrowheads and white arrows,
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Figure 2. Ret(S812F) impairs ENS development. (A) Representative images of whole-mount X-gal staining of Ret */%au-tacZ,
Ret S812F/tau-LacZ  gnq Ret tau-Lacz/tau-LacZ 5156 embryos (E12.5). Small bowel (white arrowhead) and kidney (white arrow) are
missing in RetS872F/ tau-LacZ gng Ret tau-LacZitau-LacZ gnimals (n = 3 per group). Red arrowheads; cranial parasympathetic ganglia,
red arrows; SCG, yellow arrows; sympathetic chain. (B) Whole-mount TuJ1 immunostainin% of colon of newborn Ret®“:2%4/+ and
RetS872f+ mice. Dense meshwork by enteric ganglia in Ret® "%+ mice (left). In Ret>®2* mice, enteric ganglia are either
completely missing (intestinal aganglionosis, middle) or much sparser (hypoganglionosis, right) than in Ret®®“":%+ mice.
(C) Position of the most distal ganglion cell in mice with distal colon aganglionosis (red dot) (n = 31). (D) Graph shows density of
Phox2B+ neurons in hypoganglionic bowel of Ret>®"2F/+ mice (n = 5 per group). Unpaired two-tailed t test with Welch’s

correction. DC, distal colon; PC, proximal colon; SI, small intestine. Scale bars: (A) 0.1 cm, (B) 100 um.

respectively). They also lacked cranial parasympathetic
ganglia (Figure 24, red arrowheads) and showed thin
sympathetic chains (Figure 24, yellow arrows) with
impaired rostral migration of the superior cervical ganglia
(Figure 24, red arrows). The phenotype of Ret®52f/tautacZ
embryos resembled that of Ret*®lac?/taulacZ (pot._deficient)
embryos (Figure 2A). These data suggest that the
Ret(S812F) allele exerts no physiological function in vivo

(Ret-null) at least at this developmental period. We next
examined the phenotype of the ENS of Ret*®’?/" mice
because these mice recapitulate the patient’s genetic con-
dition (heterozygous mutation). We found that all Ret*82%/*
newborn mice displayed deficits in the ENS. Half of them
exhibited intestinal aganglionosis with varying lengths of
aganglionic regions in the colon (Figure 2B, middle, and C),
and the other half exhibited hypoganglionosis (Figure 2B,
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Table 1.Incidence of Intestinal Aganglionosis and Kidney Agenesis in Newborn RetS82F/+, RetS872F/RETS  and RetS872F/+;

Ednrb -

RetS812F/+ RetS812F/ RET9 RetS812F/+- Eqnrb™'-
Phenotype Male Female Total (ratio) Male Female Total (ratio) Male Female Total (ratio)
ENS Normal 0 0 0 0 0 0 0 0 0
(0%) (0%) 0%)
Oligo-ganglionosis 17 14 31 0 0 0 0 0 0
(50.0%) (0%) (0%)
Aganglionosis 13 18 31 9 12 21 10 2 12
(50.0%) (100%) (100%)
Fisher exact P value 44 1 1
Kidney  Two kidneys 27 28 55 7 11 18 9 2 11
(88.7%) (85.7%) (91.6%)
Unilateral kidney 3 4 7 1 0 1 1 0 1
agenesis (11.3%) (4.8%) (8.4%)
Bilateral kidney 0 0 0 1 1 2 0 0 0
agenesis (0%) (9.5%) (0%)

NOTE. P values (Fisher exact test) for the difference in the incidence of intestinal aganglionosis between male and female

animals.

right, and D; Table 1). There was no difference in the inci-
dence of intestinal aganglionosis between male and female
animals (Table 1, Figure 12B). Furthermore, we found that
approximately 10% of Ret**’?/* mice displayed unilateral
kidney agenesis (Table 1, Figure 84). There was also a
reduction in glomeruli numbers in the remaining kidney of
Ret®®’?F/* mice displaying unilateral kidney agenesis
(Figure 8B and C). The phenotype of Ret**’?/* mice con-
trasted that of the Ret™* L% mice (equivalent to Ret™"
mice), which display normal development of the ENS and
kidneys."” These data collectively suggest that the
Ret(S812F) allele exerts adverse effects on the wt Ret allele
and impairs development of the ENS and kidney, and the
resulting phenotype recapitulates clinical manifestations of
the HSCR patient harboring the RET(S811F) mutation.

A

To reveal molecular interactions between wt and mutant
RET protein, we introduced plasmids expressing wt RET51
(long isoform of human RET), RET51(Y1062F), and
RET51(S811F) into HEK293T cells. RET51(Y1062F) is a
signaling-deficient RET mutant that has been shown to impair
the physiological function of RET in vivo.'® When wt RET51
alone was overexpressed, robust autophosphorylation of RET
was detected (Figure 34, lanes 1 and 7). In contrast, only
marginal or no RET phosphorylation was detected when
RET51(Y1062F) or RET51(S811F) was respectively overex-
pressed (Figure 34, lanes 6 and 12). Co-expression of wt
RET51 and RET51(Y1062F) with varying amounts of mutant
plasmids did not show obvious changes in the phosphoryla-
tion levels of RET in any conditions (lanes 2-5). In contrast,
co-expression of wt RET51 and RET51(S811F) resulted in a

Y1062F S811F 2.0
Mutant RET51 - 025 05075 1 1 - 02505 075 1 (ug) G 154 ]
WidtypeRETS1T 1 1 1 1 1 - 1 1 1 1 - (M9) =
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150— m o RETS1
i

Figure 3. Ret(S812F) impairs ENS development via a dominant-negative mechanism. (A) Biochemical analysis of wt RET
and RET(S811F) and their interactions. Panels show phosphorylated (top, immunoprecipitated RET51 blotted with anti-
phospho-tyrosine antibodies) and total amounts of RET51 protein (bottom, reblotted with anti-RET51 antibodies). (B) Graph
shows phosphorylation levels of RET obtained by normalization with total RET51 levels. Co-expression of wt RET51 and
RET51(S811F) resulted in a dramatic decrease in RET phosphorylation.
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dramatic decrease in RET phosphorylation, and this decrease
occurred in a RET51(S811F) plasmid dose-dependent
manner (Figure 34, lanes 8-11, and B). The impaired phos-
phorylation of wt RET51 is presumably due to lack of

Cellular and Molecular Gastroenterology and Hepatology Vol. 15, Iss. 6

transactivation in dimers formed between wt and the mutant
RET. These biochemical data indicate that RET(S811F) is not
only functionally impaired but also exerts dominant-negative
actions on wt RET.
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Ret(S812F) Impairs Migration, Proliferation, and
Survival of ENS Progenitors

To understand how Ret(S812F) mutation affects devel-
opment of the ENS, we examined Ret**’?/* embryos. We
did not see obvious differences in the structure of the
developing ENS by E11.5 (data not shown). However, gut
colonization by ENS progenitors was delayed at E12.5
(Figure 4A and B). Phox2B and PGP9.5 double labeling
revealed that progenitor density at the ileocecal junction
was comparable (Figure 4C), but their proliferation was
significantly impaired in Ret**’?//* embryos (Figure 4D and
E). Time-lapse imaging of ENS progenitors using Ednrb-
hKikGR'’ revealed that individual ENS progenitors showed
impaired migration toward the distal portion of the hindgut
(Figure 4F, Supplementary Videos 1 and 2). We also noted
abnormal cell death at the proximal portion of the hindgut
(Figure 4G and H, Figure 9). This cell death was not due to
phototoxicity by time-lapse imaging because embryonic gut
subjected to anti-cleaved caspase 3 staining immediately
after dissection also revealed many stained cell bodies in the
same area. Thus, ENS deficits in Ret***?"/* mice are caused
by impaired migration, proliferation, and abnormal cell
death of ENS progenitors that occur during mid-gestation
(E12.5 and thereafter).

Adult Ret®3"?F'* Mice Exhibit Decreased Survival
and Impaired Gut Function With Anatomic
Abnormalities in the ENS

Most of Ret*®?/* mice grew into adulthood despite the
presence of ENS deficits. Nonetheless, they did show
decreased survival as compared with wt mice (approximately
20% of the mutant mice died by 30 weeks, Figure 5A4). Body
weight decrease was detected transiently in male mice at 2
months old, whereas it was more evident in female mutant
mice at 1 and 3 months of age (Figure 5B). Total gastroin-
testinal transit time was significantly longer in 2-month-old
Ret®®2F/* mice than wt mice (Figure 5C). Moreover, water
content in stool was reduced in Ret***?/* mice as compared
with wt mice (Figure 5D). Along with these changes, abnormal
retention of stool was often detected in the distal colon of
Ret*®2F/% mice (Figure 5E). These observations revealed se-
vere constipation in Ret®®12F/+ mice.

HSCR Mouse Model With a RET Missense Mutation 1511

HSCR patients often display gut problems even after
surgery, suggesting that there are deficits in the ENS of the
ganglionated region. We examined neuron numbers and
neuronal subtype specification in the ganglionated gut re-
gions of adult Ret**’?"/"" mice. The numbers of myenteric and
submucosal neurons detected by Phox2B and PGP9.5
immunohistochemistry, respectively, were significantly
decreased in all gut regions of Ret**’?/* mice as compared
with wt mice (Figure 64, Figure 10). Nicotinamide adenine
dinucleotide phosphate (NADPH)-diaphorase staining, which
visualizes primarily inhibitory motor neurons and immuno-
histochemistry of acetylcholinesterase expressing neurons,
revealed that both neuron types were significantly reduced in
number in the myenteric plexus of all gut regions (Figure 6B
and C, Figure 114 and B). We also performed double staining
using anti-Phox2B antibodies, which labels all enteric neu-
rons, and antibodies detecting the neuronal subtype markers,
calretinin, somatostatin, neuronal nitric oxide synthase
(nNOS), or calbindin. The ratio of those individual neuronal
subtypes in all enteric neurons was calculated. This analysis
revealed gut region-dependent impairment in neuronal
subtype specification. For instance, nNOS-positive neurons
were decreased only in the distal colon. Calretinin-positive
neurons were significantly decreased in the distal colon but
not in the proximal colon and small intestine. Somatostatin-
positive neurons did not show any significant differences in
all gut regions, whereas calbindin-positive neurons were
decreased in the proximal colon (Figure 6D-G, Figure 11Cand
D). Ret*®2F/* mice thus display systemic neuron number
decrease with selective and region-dependent impairment in
neuronal subtype specification.

Ret(S812F) Displays Epistatic Interactions With
Gene Mutations Conferring HSCR Susceptibility
Isolated HSCR is a multifactorial disorder and involves
multiple gene mutations. It is therefore possible that HSCR
patients with RET missense mutations carry other gene mu-
tations as well. We examined whether the Ret(S812F) mu-
tation interacts with other HSCR susceptibility genes and
alters expressivity and severity of the ENS phenotype. The
RET?9 allele is a Ret knock-in allele expressing RET9, a short
isoform of RET, at lower levels than normal. Ret"*””" mice

Figure 4. (See previous page). Ret(S812F) impairs proliferation, migration, and survival of ENS ,_progenitors. (A) Whole-

mount staining of embryonic gut (E12.5) using anti-Phox2B antibody. ENS progenitors of Ret>¢"27/

+

embryos displayed a

delay in hindgut colonization at E12.5. Arrowheads depict the most caudally located ENS progenitors. (B) Graph shows ratio of
most caudal Phox2B+ ENS cells to percent of total colon length at E12.5. Unpaired two-tailed t test with Welch’s correction.
(C) Graph shows ENS progenitor density (Phox2B+PGP9.5- cells) at the ileocecal junction was comparable between wt and
RetS872F/+ at E12.5. Unpaired two-tailed t test with Welch’s correction. (D) Representative images showing proliferating cell
populations (labeled by EdU, green) in ENS progenitors EgPhox2B+, magenta) at the ileocecal junction. (E) Graph shows ratio of
EdU-incorporated ENS progenitors (Ret™*, n = 3; Ret>®"2F/* n = 5), unpaired two-tailed t test with Welch’s correction. (F) Gut
organ culture to assess migratory behaviors of ENS progenitors. Bottom left panels show complete colonization of the E13.5
gut by wt ENS progenitors observed after 24 hours. ENS progenitors of E13.5 Ret>®"2F/+ embryos failed to reach the anal end
(bottom right panels). Magnified pictures of insets (24 hours) shown in the bottom panels.,_jG) Immunohistochemical analysis of
cell death (E12.5). Sparser distribution of enteric neurons (TuJ1+, magenta) in RetS812F/+ embryos than wt in the proximal
hindgut (left panels), associated with noticeable increase in cleaved caspase 3-positive cells (green). Magnified pictures of
insets shown in their right panels. (H) Graph shows quantification of numbers of cleaved caspase-3* cells (n = 4 per group),
unpaired two-tailed t test with Welch’s correction. Dashed lines in (A), (H), and (G), gut margins; arrowheads, migratory
wavefront of ENS progenitors. Hg, hindgut; Mg, midgut. Scale bars: (A) 50 um, (D and G) 100 um, (F) 500 um.
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Figure 5. Adult Ret>3"2"’* mice exhibit decreased survival with impaired gut function. (A) Kaplan-Meier curves showing
survival rate of Ret™/* (n = 35) and Ret>8’?/+ (n = 40) mice. Decreased survival rate observed in Ret>®"2"*+ mice (log-rank
test; P = .046). Kaplan-Meier survival function test. (B) Comparison of body weight of Ret*’* and Ret°®’2/* mice from 1 to 3
months of age in each gender. Unpaired two-tailed t test with Welch’s correction. (C and D) Functional analysis of the gut.
Surviving 2-month-old Ret>®"2F/+ mice displaying longer total gastrointestinal transit time (GITT) than wild-type control (C, n =
8 per group) and decreased water content in the stool (D, Ret*/*, n = 7; RetS8’2* n = 9), unpaired two-tailed t test with
Welch’s correction. (E) Abnormal retention of the stool (arrowhead) in the distal gut in Ret>3"2/+ mice.

display distal colon aganglionosis with incomplete pene- that it confers susceptibility to HSCR. We crossed Ret*52/+
trance.”’ The RET9 allele therefore represents a hypomorphic  mice to Ret™®™/* mice and found that all Ret*®*?7/RET mjce
Ret allele and partially mimics the RET enhancer mutationin  display intestinal aganglionosis, indicating that these
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Figure 6. Decreased numbers of enteric neurons and impaired neuronal subtype specification in ENS of RetS812F/ +

mice. (A-C) Quantification of total numbers of Phox2B* (n

= 3 per group) (A), NADPH-d" (n = 4 per group) (B), and

acetylcholinesterase (AChE™) neurons (n = 4 per group) (C). All gut regions showed significant decrease in enteric neuron

numbers in Ret>872F/

* mice as compared with wt mice. (D-G) Ratio of enteric neuron subtypes (D, nNOS (n = 3 per group); E,

calretinin (Ret*/*, n = 3; Ret®®"27/* n = 5); F, somatostatin (n = 3 per group); G, calbindin (n = 3 per group)). Unpaired two-
tailed t test with Welch’s correction. DC, distal colon; PC, proximal colon; Sl, small intestine.

compound mutations exacerbate the phenotype (Table 1,
Figure 74, compare gray and orange bars). We further
examined the interaction of the Ret(S812F) allele with the
Ednrb gene. Previous studies showed that RET and the Ednrb
genes are epistatic in HSCR patients and in mouse models of
intestinal aganglionosis.”’ Crossings of Ret**’?/* mice to

Ednrb™" mice revealed that all Ret*®*?*/"; Ednrb™/" displayed
intestinal aganglionosis at birth (Table 1, Figure 74 and C,
bottom panels), which contrasted the normal ENS develop-
ment seen in Ret'/; Ednrb™/" mice (Figure 7C, top panels).
The aganglionic region was significantly longer in Ret*®"?/*;
Ednrb™" mice than Ret’*’?*/* (only animals displaying
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Distal colon

intestinal aganglionosis were used for the comparison), but
comparable with Ret*®?f/RET® mijce (Figure 7B). Approxi-
mately half of Ret*®*2/RET? mice (8 of 17 mice) and Ret*®?"/;
Ednrb™/" mice (5 of 11 mice) died within 5 weeks after birth
(Figure 12A). No difference was observed in the severity of
intestinal aganglionosis between males and females of those
compound mutant mice (Figure 12C and D). These results
demonstrate strong epistasis between Ret(S812F) and the
Ednrb gene in both expressivity and severity of the intestinal
aganglionosis.
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n?* o susceptibility genes. (A)
@e\ ;5\\ ,L?I?* d“‘ Severity of mtestlnal a ,_g/rl-

glionosis in

812F/RET9 and
RetS8"2F+: Ednrb *- mice.
B) Comparlson of length
of a an lionic segment in
Rets + RetS 12F/RET9
and RetS812F+; Egnib +-
mice. One- way analysis of
variance with Tukey multi-
ple comparisons test. Note
that P values differ on ba-
sis of the change in the
numbers of RetS872F/+
mice. (C) Immunohisto-
chemical analysis  of
newborn gut with PGP9.5
and Phox2b antibodies.
Normal ENS development
in Ret™; Ednrb*" (top)
and |ntest|nal aganglio-
nosis in Ret>®"27+; Ednrb *"
mice (bottom) Note
absence of Phox2B immu-
noreactivity in Ret>872f+;
Ednrb " mice. PGP9.5"
nerve fibers in these mice

Overlay

likely represent extrinsic
innervation. Scale bar:
100 pm.

Discussion

In this study, we generated mice harboring a Ret(S812F)
mutation, which was identified in a HSCR patient with
unilateral kidney agenesis and oligomeganephronia. The
Ret*®12F/* mice recapitulated the patient’s symptoms, and
molecular analyses revealed that RET(S811F) is not only a
null mutant but abrogates function of wt RET in a dominant-
negative manner. This study demonstrates that a single RET
missense mutation, which was identified in a HSCR patient,
alone can induce intestinal aganglionosis in vivo. This
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finding provides further insight into deeper understanding
of the pathogenetic mechanism of HSCR by RET mutations.

HSCR displays complex patterns of inheritance. In gen-
eral, isolated HSCR displays a non-Mendelian mode of in-
heritance with low penetrance, sex bias, and variable length
of aganglionic segments. In contrast, syndromic HSCR often
shows Mendelian modes of inheritance. However, some
non-syndromic HSCR families display autosomal dominant
inheritance with incomplete penetrance.'*?? In this study,
we have found that all Ret**’?"/" mice harbor deficits in the
ENS, with either intestinal aganglionosis or hypoganglio-
nosis (each with 50% incidence). About 10% of Ret*32f/*
mice also had unilateral kidney agenesis, with the remaining
kidney displaying reduced numbers of glomeruli. This
relatively low penetrance of the kidney phenotype in
Ret®®?F/* mice is consistent with past observations that the
development of the kidney is less sensitive to reduced RET
function than that of the ENS. The incidence of the kidney
phenotype in Ret**'?*/" mice appears less common than in a
series of 106 HSCR cases (20.7%).”* With these genetic and
phenotypic features, Ret**’?/* mice serve as a model for
HSCR families with an isolated renal anomaly that display
dominant inheritance with incomplete penetrance. This in
turn suggests that in such HSCR families, some of the
apparently unaffected siblings may actually have deficits in
the ENS such as oligoganglionosis, as seen in half of Ret*?*%/*
mice. In this respect, it is interesting to note that a recent
review pointed out a possible underdiagnosis of HSCR,
especially in cases displaying oligoganglionosis-like
histopathology.

Genetic crossing of the Ret(S812F) allele with RET9 and
Ednrb-deficient allele revealed their epistatic interactions on
intestinal aganglionosis. All the Ret’*??F/RET® mjce and
Ret*®12¥/; Ednrb™/" mice exhibited intestinal aganglionosis.
When only mice with intestinal aganglionosis are consid-
ered, extent of aganglionosis segment is similar between
Ret’®2F/* and Ret’®?"/RET® mice. In contrast, length of the
aganglionic segment was significantly longer in Ret*®%?7/*;
Ednrb™/" mice than that of Ret*’?"/* The kidney phenotype
was exacerbated in Ret*®'?f/RET® mjce (approximately10%
displaying bilateral renal agenesis, Table 1), whereas it
appeared unchanged in Ret**?"/*; Ednrb™/~ mice. This dif-
ference reflects the physiological requirement of RET, but
not EDNRB, signaling for kidney development. The stronger
epistatic interaction with the Ednrb-deficient allele than
with RET9 allele on the phenotype of the ENS, but not that of
kidneys, suggests that the Ednrb heterozygosity impairs
signaling pathways other than those shared between RET
and EDNRB signaling’* These results in epistatic in-
teractions also suggest that inheritance patterns and
severity of the aganglionic phenotype in HSCR are deter-
mined by the numbers and types of associated gene muta-
tions. The stable shifts to the aganglionic phenotype by
these genetic crossings demonstrate that the RET(S812F)
allele represents one of the most sensitive RET mutant al-
leles for assessing potential epistatic interactions between
RET mutations and other HSCR susceptibility genes.

Although gene targeting studies have revealed a number
of genes whose disruption leads to intestinal aganglionosis

HSCR Mouse Model With a RET Missense Mutation 1515

in mice,?%%°2° establishing a HSCR mouse model has still

not been a straightforward exercise. Even in mice harboring
mutations in the Ret gene, artificial genetic settings are
required to develop the intestinal aganglionosis phenotype.
To date, 9 types of Ret mutant alleles, including Ret-defi-
cient,**° Ret51,>" Ret(C620R),** Ret(S697A),°°
Ret(Y981F),** Ret(Y1015F),** Ret(Y1062F),'® Ret(RET9),?°
and RetDN alleles,’” have been reported to cause intesti-
nal aganglionosis in mice. Among these, only C620R is a
naturally occurring mutation identified in HSCR patients
who also display MEN2A. However, Ret“*“’®* mice do not
show an overt intestinal aganglionosis phenotype, although
the numbers of their enteric neurons appear to decrease.
The other mutations were not identified in HSCR but were
artificially generated for understanding the biological role of
signaling pathways downstream of RET. In vivo, most of

these mutant alleles require either homozygosity (Ret”’,
Ret51/51, RetCéZOR/C620R Ret5697A/5697A, RetY981F/Y981F‘

)
Ret"1015F/YI015F | potY1062F/Y1062FY o1 mono-allelic expression

(Ret®:™/7) to induce intestinal aganglionosis. Although the
RetDN allele alone (Ret”™™") can induce intestinal agan-
glionosis, the allele harbors double point mutations inad-
vertently generated during cloning in RET9 cDNA.*’
Collectively, to understand the pathologic significance of
coding RET mutations in HSCR, development of a novel
HSCR mouse model carrying a natural HSCR mutation was
required. The Ret*®’?/* mice are the first HSCR mouse
model that meets such a demand.

Because Ret*®'?/* mice faithfully reproduce the genetic
condition (heterozygous missense mutation) of the patient
and recapitulate the clinical manifestations, these mice
serve as a valuable platform to understand the pathology of
HSCR. For instance, it is currently unknown why HSCR pa-
tients often continue to have gut problems even after sur-
gery. In this respect, it is noteworthy that Ret**’?"/* mice
display a significant decrease in enteric neuron numbers
throughout the gut and impaired differentiation in broad
neuronal subtypes. This implies that differentiation of
multiple neuronal subtypes depends on RET signaling,
although it is currently unknown whether RET signaling
functions in a permissive or instructive manner. Impaired
neuronal differentiation may account, at least in part, for the
persistent gut problems in HSCR patients. Physiological
analysis of the gut in Ret’*’?"/* mice will elucidate how
these anatomic changes influence the gut motility, neuro-
transmitter release, secretion, and blood flow. Such infor-
mation will provide vital information toward development
of novel strategies for postoperative management of HSCR.

Ret*®"?*/* mice can also be used as a model for devel-
oping new therapeutic strategies for HSCR. A single
Ret(S812F) mutation induces ENS deficits (intestinal agan-
glionosis or hypoganglionosis) with 100% penetrance,
which enables the efficient production of diseased mice. In
addition, most of the Ret*’?"/* mice (about 80%) survive
up to 35 weeks. With their long survival and complete
penetrant ENS deficits, Ret’®2F/* mice serve as an ideal
recipient for cell transplantation experiments. Moreover,
scores of defecation problems are relatively constant among
Ret*®12F/* mice, which facilitates evaluation of the effects
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brought by cell transplantation. A recent study using some
HSCR mouse models has shown that GDNF enema amelio-
rates intestinal aganglionosis by inducing enteric neuro-
genesis.>® Because RET is a signaling receptor for GDNF, it
will be interesting to examine whether GDNF exerts similar
rescuing effects in Ret**’?/" mice. Such analyses will be
required to assess the potential application of GDNF-
induced enteric neurogenesis in HSCR patients in which
RET mutations play a major role in their pathogenesis.
RET mutations in HSCR occur mostly in a heterozygous
manner, and many of HSCR-associated RET mutations
impair RET function in vitro. These observations have led to
the notion that loss of function of RET on a single allele of
the RET gene (RET heterozygosity) causes HSCR. However,
some previous in vitro studies implied a potential dominant-
negative action by HSCR-associated RET mutants.’’ Our
study has clearly demonstrated the existence of such a
dominant-negative mutant acting in vivo to induce intestinal
aganglionosis. Our in silico analysis suggests that at least
several HSCR-associated RET missense mutations in the
kinase domain® exert the dominant-negative effect similar
to that of RET(S811F) (Figure 13). Moreover, HSCR-

Figure 8.Renal abnor-

malities in RetS%"2F/+
B3 mice. (A) Representative
> images showing unilateral
kidney agenesis in Ret>8"27+
mice. (B) Hematoxylin-eosin
(HE) staining of kidney sec-
tions. Overall structure of
remaining kidney in Ret>8"27+
with unilateral kidney agen-
esis appeared  grossly
normal. (C) Graph shows
density of glomeruli (B, ar-
rows in right pictures) (n = 4
kidneys, 4 animals per
group). Unpaired two-tailed
t test with Welch’s correc-
tion. AG, adrenal gland; B,
bladder; K, kidney. Scale
bar: (A) 0.1 cm, (B) 100 um.
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associated coding RET mutations include many frameshift
mutations that result in generation of a truncated RET
protein.* Such RET mutants can act as dominant-negative
mutants, which is similar to reports of other receptor
tyrosine kinases.***° Collectively, it is possible that a sig-
nificant fraction of HSCR-associated RET mutants exhibit
dominant-negative actions. In this respect, we may have to
revise the current consensus that RET heterozygosity is
sufficient to induce HSCR in humans. It is possible that
similar to mice, induction of intestinal aganglionosis in
humans requires impairment of RET function below half of
its normal levels. To address this issue, it is necessary to
investigate the exact amount of RET protein and levels of
RET signaling in HSCR patients. Functional analysis of RET
mutations in vivo is equally important. Recent advances in
genome editing in mouse zygotes using electroporation
enables production of mutant mouse strains in a short
period of time at reasonable costs.*' By generating a series
of RET mutant mice with such a technology, an in vivo
structure-function analysis will be possible. Such analyses
will provide vital information toward better understanding
of the pathogenesis of HSCR.
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Figure 9.Abnormal cell
death in  RetS®"2F/+
mouse embryos. (A)
Representative images
show abundance of cell
debris in E12.5 Ret®8"2F/*
mouse embryonic gut. (B)
Graph shows total number
of cell debris (A, white ar-
rows) (n = 4 per group).
Unpaired two-tailed t test
with  Welch’'s correction.
Scale bar: 100 um.

Methods
Animals

All procedures that include animal subjects were
approved by the Institutional Animal Care and Use Com-
mittee (permission number: P200416) and carried out ac-
cording to the Kobe University Animal Experimentation
Regulations. The mouse lines used in this study were pre-
viously described: RetRET/+ 20 Rett? 15 and Ednrb-hKiku-
meGR,"® Ednrb*/". Mice were bred and maintained at the
Institute of Experimental Animal Research of Kobe Univer-
sity Graduate School of Medicine under specific pathogen-
free conditions. The mice were housed in plastic cages
(White PSF, CL-0123-3; CLEA Japan, Tokyo, Japan) with
animal bedding (white flake, 9201100; Jackson Laboratory,
Japan) at 25°C in a room with an automatically controlled
12-hour light: dark cycle. The mice were fed a normal diet
(DC-8, 23.1% crude protein and 3590 kcal/kg; CLEA Japan)
and had free access to water (mixture of hypochlorite water
[50 ppm] and tap water [50 ppm], final concentration, 5-10

ppm).
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Genotyping

Primer sequences for genotyping of mice were as fol-
lows: Ret"“L4°%/* using primers 5'-CAGCGCAGGTCTCTCAT-
CAGTACCGCA-3’ (forward), 5'-ACGTCGCTTTCGCCATCGC-
CCGTGCGC-3’ (wild-type reverse), and 5-AGGGCGAGGA-
CAGTAGAGGGAGGCA-3' (mutant reverse), Ednrb-hKikume,
5'-GAGATGAAGATCGAGCTGAGGATGG-3’ (forward) and 5'-
TCTGCTTGAAGTAGTCCACGATCTC-3' (reverse), Ednrb™,
5'-CTGAGGAGAGCCTGATTGTGCCAC-3' (forward) and 5'-
CGACTCCAAGAAGCAACAGCTCG-3'  (reverse), RetfET?/+,
5’-CGAGACCCGCCTGCTCCTCAACCGC-3' (forward), 5'-AGCG-
CTAACTTCACCCCGGCCCCTACCGTC-3' (wild-type reverse),
5’-AGGCGGAAGCTGGGCACCTCCTCA-3' (mutant reverse).

Generation of Ret>®"2* Mutant Mice

Female C57BL/6 mice at postnatal day 26-30 (P26-30)
were superovulated by injection with 100 uL CARD
HyperOva (Kyudo Company, Japan), followed by 7.5 IU
intraperitoneal injection of human chorionic gonadotropin
(Aska Pharmaceutical, Japan) 48 hours later. Sperm was

150+

Figure 10. Enteric
neuronal numbers in sub-
mucosal plexus are
decreased in Ret>®'2F/+
mice. (A) Whole-mount
PGP9.5 staining of submu-
cosal plexus in small intes-
tine (left) and colon (right) of
adult mice (2 months old). (B)
Quantification of total num-
ber of PGP9.5" neurons in
submucosal plexus (Ret™'*,
n = 4; Ret>™27+ n = ).
Unpaired two-tailed t test
with  Welch’s  correction.
Scale bars: 100 um.
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collected from cauda epididymides of mature male C57BL/6
mice and incubated in human tubal fluid medium (101
mmol/L NaCl, 4.6 mmol/L KCl, 0.37 mmol/L KH,;PO,, 0.2
mmol/L MgS0,7H,0, 25 mmol/L NaHCO3, 2.78 mmol/L d-
glucose, 2 mmol/L CaCl,, 0.33 mmol/L Na-pyruvate, 21.4
mmol/L Na-lactate, 0.2 mmol/L penicillin G, 0.008 mmol/L
streptomycin, 0.001 mmol/L phenol red, 0.004 mmol/L
bovine serum albumin) for 1 hour at 37°C in a humidified
incubator containing 5% CO,. Ova were collected from the
ampulla of the superovulated oviduct and mixed with 1.5 uL of
sperm in human tubal fluid medium and incubated for 3 hours
at 37°C. Fertilized eggs were collected in drops of modified
Whitten’s medium (109 mmol/L NaCl, 4 mmol/L KCI, 1 mmol/
L KH,PO,4, 2 mmol/L MgS0,7H,0, 22 mol/L NaHCO3, 5 mmol/
L d-glucose, 0.2 mmol/L Na-pyruvate, 2 mmol/L Ca-lactate, 0.2
mmol/L penicillin G, 0.008 mmol/L streptomycin, 0.001 mmol/

Cellular and Molecular Gastroenterology and Hepatology Vol. 15, Iss. 6
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Figure 11. Histochemical
analysis of enteric neurons
and their differentiation. (A)
Nicotinamide adenine dinucle-
otide phosphate-diaphorase
(NADPH-d) staining. (B)
Acetylcholinesterase (AChE)
histochemistry. (C and D)
Immunohistochemical dete-
ction of calretinin- (C) and
nNOS- (D) expressing neu-
ronal subtypes among
enteric neurons (Phox2B™).
Scale bars: 100 um.
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L phenol red, 0.01 mmol/L 2-mercaptoethanol, 0.05 mmol/L
EDTA-2Na, 0.004 mmol/L bovine serum albumin), and washed
3 times by modified Whitten’s medium to remove cumulus
cells and extra sperms. Fertilized eggs were then washed with
Opti-MEM 1 (Life Technologies, USA) to remove the serum-
containing medium to facilitate the following electroporation.*

Electroporation

The 40-60 fertilized eggs were placed in a line within
the electrode gap (LF501PT1-10, BEX, Japan) filled with
total 5 uL volume of Opti-MEM 1 solution containing
0.24 ug/uL guide RNA (synthesized by Integrated DNA
Technologies, USA), 0.5 ug/uL single-stranded oligo DNA
nucleotides  (synthesized by  Eurofin  Genomics,
Luxembourg), and 0.2 ug/uL Cas9 protein (Integrated DNA
Technologies). Electroporation was performed using CUY21
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EDIT in vivo electroporator (BEX) with the subsequent
conditions: 25V (3 msec ON + 97 msec OFF) x 5 times. The
sequences of the single-stranded oligo DNA nucleotides
were as follows: Ret (S812F): (5'-TACCGAGACTGG-
GCCCGACTCCTTGACTCTCTCTGTCCCCAGGGCCACTTCTTCT-
CATTGTGGAGTATGCCAAGTATGGCTTCCTCCGGGGATTTCT-
CCGTGACAGCCGCAAGATTGGGCCTGCCTATGTGAGCGGTGGA-
GGCAGCCGCAACTCCAGCTC-3'). After electroporation, the eggs
were collected immediately from the electrode gap and
washed with modified Whitten’s medium 3 times. The eggs
were then cultured overnight in modified Whitten's medium at
37°C in a humidified incubator containing 5% CO,. On the next
day, surviving 2-cell stage zygotes were transferred into the
oviducts of 0.5 days post-coitum pseudo-pregnant ICR females.
The Ret (S812F) was genotyped as follows: PCR products
amplified with primers (forward: 5'-GTGGTCAATGTAGGC-
CAAGAGTGA-3’; reverse: 5'-GTCAGTACCCTTTCATCTGGGTGG-
3') were digested with Mspl. The wt allele does not contain the
Msp I site, resulting in 305 base pairs (bp), whereas the
mutant allele results in 200 bp and 105 bp bands. PCR prod-
ucts of the mutant allele were cloned into a pBluescript vector
and sequenced (Macrogen, Kyoto, Japan). Ret (S812F) missense
mutation mice (mosaic F0) were identified by Sanger
sequencing and then crossed with wt C57BL/6 mice to obtain
F1 generation mice. All experiments were performed on mice
with a C57BL/6 background.

Tissue Preparation and Histologic Analysis

For immunostaining, harvested small intestine (ileum)
and colon tissue were placed in cold phosphate-buffered
saline (PBS), open along the mesenteric border and pin-
ned onto Silicone Elastomer (Sylgard 184; Dow Corning,
Australia), serosa up, using insect pins. Muscle was peeled
from the mucosa and submucosa to separate myenteric and
submucosal plexus. Peeled gut was fixed overnight in 4%
paraformaldehyde/PBS at 4°C. Samples were treated with
1% TritonX-100/PBS for 1 hour at room temperature to
make them permeable as well as block non-specific staining.
Samples were placed on a shaker, washed 3 times with PBS,
each time for 30 minutes, and then primary antibodies were
applied overnight at 4°C. After washing with PBS 3 times
(30 minutes each), samples were incubated with secondary
antibodies overnight at 4°C. Primary and secondary anti-
bodies (Table 2) were applied in blocking solution. Immu-
nofluorescence images were captured on a BZ-9000
microscope (Keyence, Japan) or a LSM 700 confocal micro-
scope (Zeiss, Germany). For acetylcholinesterase staining,
the tissue was postfixed in 4% paraformaldehyde/PBS for
1-2 hours at 4°C. The tissues were then transferred to
saturated sodium sulfate and stored overnight at 4°C. The
gut was then incubated in buffer (ethopropazine HCI
[Sigma-Aldrich, USA] 0.2 mmol/L, acetylthiocholine iodide
[Sigma-Aldrich] 4 mmol/L, glycine 10 mmol/L, cupric
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Figure 13.Spatial configuration of HSCR-associated
missense mutations in the RET tyrosine kinase domain.
(A) Ribbon model of the tyrosine kinase domain of human RET
(Protein Data Bank ID: 4CKJ) constructed by UCSF Chimera
software. Dotted circle shows an adenosine triphosphate
(ATP)-binding pocket. Side chains of S765, S767, S811, F893,
and R897 residues are shown. Cyan and magenta ribbons
represent a-helices and g-strands, respectively. S811F mu-
tation likely impairs binding of ATP to the kinase domain
because of hindrance effect of bulky side chain of phenylala-
nine. F893L and R897Q mutations can partially disrupt the
conformation of the ATP-binding pocket because both resi-
dues form the base under the bottom of the ATP-binding
pocket. S765/767R mutations potentially change the open-
ing width and electrostatic charge of the ATP-binding pocket,
thereby preventing interaction of the kinase domain with ATP
and/or substrates. (B) Space-filling model of (A). Red and or-
ange spheres show molecular surfaces of S811 and S765/767
residues, respectively. Note that F893 and R897 residues are
buried under the ATP-binding pocket.

sulfate 2 mmol/L, and sodium acetate 65 mmol/L, pH = 5.5)
for 2-4 hours. Staining for acetylcholinesterase was devel-
oped by incubating for 1.5 minutes in sodium sulfide
(1.25%, pH 6). Tissue was rinsed extensively with water
before photographing under a dissecting microscope. High-
power photomicrographs were obtained by opening the gut
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along the mesenteric border, flattening the tissue with the
serosal side up, and mounting in 50% glycerol before
photographing.**

For NADPH-diaphorase staining,"” tissue specimens that
had been fixed in 4% paraformaldehyde/PBS for 1 hour at
room temperature were rinsed with PBS and then were
incubated in 1 mg/mL G-NADPH (Sigma-Aldrich), 0.1 mg/
mL nitro blue tetrazolium (Sigma-Aldrich), and 0.3% Triton-
X, 0.1 mol/L phosphate buffer (pH 7.4) at 37°C for 1 hour,
until having a robust staining in the nitrergic neurons and
nerves. After rinsing the specimens 3 times in distilled
water for 10 minutes, they were mounted in 50% glycerol
and were photographed.

For whole-mount 5-bromo-4-chloro-3-indolyl-G-D-
galactoside (X-gal) staining,"* embryos were fixed in 0.2%
glutaraldehyde, 5 mmol/L EGTA, 2 mmol/L MgCl,, 0.1%
NP-40, 0.1 mol/L phosphate buffer (pH 7.2) for 30 mi-
nutes at 4°C and incubated in X-gal solution (0.01% so-
dium deoxycholate, 5 mmol/L potassium ferricyanide, 5
mmol/L potassium ferrocyanide, 0.1% NP-40, and 2
mmol/L MgCl, diluted in 0.1 mol/L phosphate buffer (pH
7.3), and add X-gal (5-bromo-4-chloro-3-indolyl-3-D-
galactoside) (Nacalai Tesque, Japan) to a final concentra-
tion of 1 mg/mL before use for 4 hours at room temper-
ature. Embryos were post-fixed in 4% paraformaldehyde
to stop the reaction.

For 5-ethynyl-2’-deoxyuridine (EdU) staining, Re
male crossed with wt C57BL/6 female mice. One milligram
of EAU (Invitrogen, USA) was injected into pregnant mice at
E12.5 intraperitoneally and killed 2 hours later. Peeled gut
was fixed overnight in 4% paraformaldehyde/PBS at 4°C.
Samples were treated with 0.3% TritonX-100/PBS for 20
minutes at room temperature, and then 5-ethynyl-2’-deox-
yuridine Alexa Fluor 594 imaging kit (Invitrogen) solution
was added. Samples were placed on a shaker for 30 mi-
nutes, washed with PBS, and mounted in 50% glycerol
before photographing.

Images for bright-field were captured on EOS Kiss X5
camera (Canon, Japan), which were set under MZ FL III
stereomicroscope (Leica, Germany). Representative images
were selected from animals or experiments that had been
repeated at least 3 times. Photoshop CC software (Adobe,
USA) was used for global adjustments in levels, contrast, or
brightness.

¢SBI12E/+

Cell Counts

The numbers of Phox2B-, nNOS-, calretinin-, somato-
statin-, calbindin- acetylcholinesterase-, and NADPH-
diaphorase-, PGP9.5-positive cells in myenteric or submu-
cosal ganglia from the ileum, proximal-mid colon, and mid-
distal colon were counted (manual counting) in 10
randomly selected fields of view (0.36 mm?) (Phox2B, n = 5
per group; NADPH-diaphorase, n = 4 per group; acetyl-
cholinesterase, Ret ™/ ", n = 4; Ret’®’?/* n = 3; nNOS, n = 3
per group; calretinin, Ret*/", n = 3; Ret*?/*, n = 5; so-
matostatin, n = 3 per group; calbindin, Ret™™*, n = 3;
Ret’®1?F/* n = 4; PGP9.5, Ret™/*, n = 4; Ret’®'2F/* n = 7)
captured with a 20 x objective (Zeiss Axioskop 2 Plus). The
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Table 2.List of Primary and Secondary Antibodies

Primary antibody Dilution Source Catalog number RRID
Mouse anti-Tuj1 1:1000 Covance MMS-435P AB_2313773
Rabbit anti-UCHL1/PGP9.5 1:500 Cosmo Bio ABIN704396 AB_11184960
Guinea pig anti-Phox2B 1:700 Hideki Enomoto - Kobe University Guinea pig anti-Phox2b AB_2895590

(Enomoto 2012)

Rabbit anti-Calretinin 1:500 Millipore AB5054 AB_2068506
Rat anti-Somatostatin 1:200 Merck Millipore MAB354 AB_2255365
Rabbit anti-Cleaved caspase-3 1:1000 Cell Signaling 9661 AB_2341188
Rabbit anti-Calbindin 1:1000 Millipore AB1778 AB_2068336
Rat anti-nNOS 1:500 Invitrogen 61-7000 AB_88207
Goat anti-hRET (C-20) 1:1000 Santa Cruz Biotechnology Inc sc-1290 AB_631316
Phospho-tyrosine (PY20) 1:2000 BD Biosciences 610007 AB_397428
Secondary antibody Dilution Source Catalog number RRID
CF488 donkey anti-rabbit IgG 1:500 Biotium 20015 AB_10559669
Alexa Fluor 488 goat anti-rat IgG 1:500 Thermo Fisher A-1100 AB_2534074
CF488A donkey anti-mouse IgG 1:500 Biotium 20014 AB_10561327
CF568 goat anti-guinea pig IgG 1:500 Biotium 20108 AB_10559186
HRP-conjugated goat anti-rabbit 1:5000 Santa Cruz Biotechnology Inc sc-2004 AB_631746
HRP-conjugated donkey anti-mouse 1:40,000 Jackson Immunoresearch 115-035-146 AB_2307392

proportions of nNOS™, calretinin®, and somatostatin® neu-
rons to Phox2B* neuron ratio in myenteric ganglia were
evaluated by normalizing the total number of nNOS™,
calretinin®, and somatostatin® cells to Phox2B™ neurons.
For cell proliferation quantification, the proportion of EdU-
positive cells was quantified in the ileocecal region from 3
wt and 5 Ret’??/* E12.5 mouse embryos. For cell
apoptosis quantification, the numbers of cleaved-caspase 3
positive cells were quantified in proximal hindgut of E12.5
mouse embryos from 4 mice per group.

Gut Organ Culture and Time-Lapse Imaging
Time-lapse imaging of enteric neural crest-derived cells
(ENCCs) was performed using previously described
methods."® Briefly, the embryonic whole guts (the midgut,
cecum, and hindgut) from E12.5 Ednrb-hKikumeGR; Ret*5?/
* mice were dissected with surrounding connective tissues
and the mesentery. A half length of midgut was removed,
and the midgut-mesentery junction was cut to make
dissected guts straight. These midgut-cecum-hindgut sam-
ples were attached to a thin strip of filter membrane (Mil-
lipore) by pressing a part of connective tissues and the
mesentery to the membrane strip. The gut-attached filter
paper was suspended with the gut-side down on paraffin
bridges streaked in parallel on a 35-mm glass-bottomed
dish (IWAKI, Japan) to avoid direct contact of the gut tis-
sue to the glass bottom. The guts were cultured in Dulbecco
modified Eagle medium/F12 containing 10% fetal bovine
serum and penicillin/streptomycin at 37°C with 5% CO, in a
microscope incubation chamber and subjected to time-lapse
imaging by an inverted fluorescent microscopy (Olympus
[X81, Japan) equipped with confocal spinning disk unit
(CSU-X1; Yokogawa Electric Corporation, Japan), high-

sensitive EMCCD camera (Hamamatsu Photonics, Japan),
and Piezo motor (PI, Germany) for high-speed Z-scanning.
The time-lapse system was controlled by Metamorph soft-
ware (Molecular Device, USA). Z-series images (50-60
partially overlapping slices) were obtained every 5 minutes
for 36 hours. Under these conditions, no obvious photo-
toxicity was observed.

To examine the migration assay, Ednrb-hKikumeGR;
Ret*®"?F/* embryos at E13.5 were obtained by crossing
Ednrb-hKikume with Ret**??"/* mice. Cultured-gut samples
were captured by immunofluorescence microscope at 0, 18,
and 24 hours to evaluate the progression of ENS precursors
in the colon of E13.5 mouse embryos.

Survival Analysis

Survival was determined by following the respective
cohorts of animals weekly to determine mortality. Cohort
sizes were as follows: wt, n = 35; Ret’®?/* n = 40
animals. Newborn mice (0-week) were defined as starting
point, and 35-week-old mice were defined as endpoint.
Mice that died, were dying, or did not move were
considered to have died for these analyses. Dying mice
were those that were unable or unwilling to walk and lack
of response to manipulation. We analyzed survival by
using the Kaplan-Meier survival function. Pairwise com-
parisons of survival curves were performed with a log-
rank test.

Analysis of Body Weight, Gastrointestinal
Motility, and Stool Water Content

Body weight of wt control and Ret**?/" mice was
assessed in the morning at 1 month, 2 months, and 3
months old by using a digital scale.
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Gastrointestinal Motility Assays

Before the assay, mice had free access to food and water.
Total gastrointestinal transit was assessed as previously
described.* Briefly, mice were administered a solution of 6%
carmine red dye (C1022-5G; Sigma-Aldrich) dissolved in 0.5%
methylcellulose (M262-100G; Sigma-Aldrich) via oral gavage (10
uL per g of weight). For the total gastrointestinal transit, mice
were then returned to individual cages without food, and cages
were inspected every 5 minutes for the presence of red pellets.
Total gastrointestinal transit was expressed as the time (in mi-
nutes) required from gavage to expulsion of the first red pellet.

Stool Collection

Stool collection and measurement were performed as
described previously.*® Each animal was removed from its
home cage and placed in a clean, clear plastic cage without
food or water for 1 hour. Stools were collected immediately
after expulsion and sealed in preweighted tubes. The total
stools were weighed to provide a wet weight, dried at 65°C
overnight, and weighed again to provide a dry weight. The
difference between wet and dry weights of stool was
measured as the stool water content.

Generation of hRET51 (S811F)-Expression

Plasmid

Insertion of S811F mutation into human RET51 cDNA was
done according to the standard PCR-based site-directed
mutagenesis protocol (Toyobo). Primers (forward: 5'-
TGGAGTACGCCAAATACGGCTTCCTGCGGGGCTTCCTCCG-3';
reverse: 5-TCGCGGAGGAAGCCCCGCAGGAAGCCGTATTT-
GGCGTACT-3’) containing the S811F mutation were used.
The PCR products were then treated with Dpnl to destroy
the parental methylated DNA from the newly synthesized
unmethylated mutant DNA and transformed into Escher-
ichia coli. The mutagenized plasmid was taken up and then
replaced the wt fragment with mutated fragment DNA into
human Ret51 cDNA inserted into the pcDNA3.1 (Thermo
Fisher Scientific, USA). The inserted mutant Ret51 cDNA
was sequenced to confirm that proper mutation was
introduced.

Immunoprecipitation

HEK293T cells that were cultured in 5% CO, in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine
serum without coating were plated on a 6-well culture dish at
2.5-4 x 10° cells/well 1 day before transfection. The cells
were transfected with expression vectors encoding RET51 and
its point mutants by using FUGENE6 transfection reagent
(Promega) according to the manufacturer’s instructions. The
transfected cells were washed twice with ice-cold PBS at
24-36 hours after transfection and then lysed with lysis buffer
(Tris-buffered saline [pH 7.4] containing 1 mmol/L EGTA, 1
mmol/L EDTA, 1% Triton X-100, 0.5% NP-40, 5 mmol/L so-
dium pyrophosphate, 10 mmol/L NaF, 1 mmol/L Na3V04, 10
mmol/L B-glycerophosphate, and 1 mmol/L phenyl-
methylsulfonyl fluoride). After centrifugation at 15,000 rpm
for 20 minutes at 4°C, the supernatants were incubated with 1
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ug of goat anti-Ret51 antibody (C-20; Santa Cruz Biotech-
nology) and 30 uL of Protein G-Sepharose beads (50% slurry;
GE Healthcare) overnight at 4°C with gentle agitation. Fifty
microliters of 1x sodium dodecyl sulfate-polyacrylamide gel
electrophoresis sample buffer (50 mmol/L Tris-HCl [pH 6.8],
2% sodium dodecyl sulfate, 10% glycerol, and 5% beta-
mercaptoethanol) was added to the beads after 3 times
washing with ice-cold lysis buffer and then boiled for 5 mi-
nutes. Five microliters of samples was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.

Immunoblotting

After transfer to the nitrocellulose membranes (GE;
10600004), they were blocked with Tris-buffered saline con-
taining 3% skim milk and 0.05% Tween-20 and probed with
primary antibody diluted in blocking buffer overnight at 4°C.
Primary antibodies were as follows: phospho-tyrosine (PY20,
BD transduction; 610007, 1:2000), RET51 (Santa Cruz
Biotechnology; C-20, AB_631316, 1:1000). After washing with
Tris-buffered saline containing 0.05% Tween-20 three times,
the membrane was probed with corresponding secondary
antibody (horseradish peroxidase-conjugated goat anti-
rabbit, Santa Cruz Biotechnology, sc-2004, 1:5000; horse-
radish peroxidase-conjugated donkey anti-mouse, Jackson
Immunoresearch, AB_2307392, 1:40,000). Bound antibody
was visualized with Supersignal West Dura kit (Thermo
Fisher) and imaged with AI600 imager (GE Healthcare).

Glomerular Counting

Glomerular number was analyzed in Ret™ " mouse kidneys
and smaller size of Ret**”*//* mouse kidneys at postnatal day
0 (P0). Kidneys were fixed for 24 hours in Bouin’s solution
(Sigma-Aldrich), embedded in paraffin, sectioned at 7 um, and
stained with hematoxylin-eosin. Glomerular numbers were
estimated by counting the number of glomeruli in 20 randomly
selected field-of-view (n = 4 kidneys, 4 animals per group),
captured on a BZ-9000 Keyence microscope (bright-field im-
age). The number of glomeruli per field-of-view was then
converted to per mm?.

Statistics

We used GraphPad Prism 5 (GraphPad Software) soft-
ware. The experimental data are shown as means + stan-
dard error of the mean. The unpaired two-tailed t test with
Welch’s correction was used for all experiments except
Figure 7 (one-way analysis of variance with Tukey multiple
comparisons test). Survival data were plotted by the
Kaplan-Meier method and analyzed by the log-rank test. A
cutoff of P < .05 was considered as statistically significant,
and in each figure, P value was provided.

All authors had access to the study data and reviewed
and approved the final manuscript.
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