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In rare families RET tyrosine kinase receptor substi-
tutions located in exon 10 (especially at positions
609, 618, and 620) can concomitantly cause the MEN
2A (multiple endocrine neoplasia type 2A) or FMTC
(familial medullary thyroid carcinoma) cancer syn-
dromes, and Hirschsprung’s disease (HSCR). No ani-
mal model mimicking the co-existence of the MEN 2
pathology and HSCR is available, and the association
of these activating mutations with a developmental
defect still represents an unresolved problem. The
aim of this work was to investigate the significance of
the RETC620R substitution in the pathogenesis of both
gain- and loss-of-function RET-associated diseases. We
report the generation of a line of mice carrying the
C620R mutation in the Ret gene. Although RetC620R

homozygotes display severe defects in kidney orga-
nogenesis and enteric nervous system development
leading to perinatal lethality. RetC620R heterozygotes
recapitulate features characteristic of HSCR including
hypoganglionosis of the gastrointestinal tract. Sur-
prisingly, heterozygotes do not show any defects in
the thyroid that might be attributable to a gain-of-
function mutation. The RetC620R allele is responsi-
ble for HSCR and affects the development of kid-
neys and the enteric nervous system (ENS). These
mice represent an interesting model for studying

new therapeutic approaches for the treatment of
HSCR disease. (Am J Pathol 2006, 168:1262–1275; DOI:

10.2353/ajpath.2006.050607)

The RET proto-oncogene encodes a receptor tyrosine
kinase (RTK) that is expressed widely in mammalian
embryos and has diverse roles in development and
disease.1–5 In humans, heterozygous loss-of-function
mutations of RET lead to the absence of enteric ganglia
from the distal colon, characteristic of Hirschsprung’s
disease (HSCR).6 In mice, a kinase-deficient Ret mu-
tant is recessive and the mice lacked all enteric gan-
glia posterior to the stomach leading to intestinal agan-
glionosis, renal agenesis, and a defect in the superior
cervical ganglia.7,8 During embryogenesis, the main
sites of RET expression are the excretory and nervous
systems.9,10 RET is also expressed in other derivatives
of the neural crest including the C-cells of the thyroid
and chromaffin cells of the adrenal gland.9,10 Several
of these tissues are affected in a dominantly inherited
cancer syndrome called multiple endocrine neoplasia
type 2 (MEN 2), which is caused by mutations in the
RET gene. The MEN 2 cancer syndrome is usually
divided into three different clinical subtypes: MEN 2A,
MEN 2B, and familial medullary thyroid carcinoma
(FMTC). The MEN 2A subtype is characterized by med-
ullary thyroid carcinoma (MTC), pheochromocytoma,
and parathyroid hyperplasia11,12 whereas MTC, pheo-
chromocytoma, ganglioneuromas of the intestinal tract,
and skeletal and ocular abnormalities characterize
MEN 2B. MEN 2B is the most aggressive of the three
subtypes, often displaying an earlier age of onset. MTC
is the only feature of FMTC, and it usually develops at
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a later stage of life.12 The course of MTC in FMTC
families is more benign and prognosis is good. In
virtually all MEN 2A and in many FMTC cases, muta-
tions affect the RET cysteine-rich extracellular domain,
each converting a cysteine to another amino acid, at
codons 609, 611, 618, 620 (exon 10),11 or at codons
630 and 634 (exon 11).12

In rare families, MEN 2A/FMTC and HSCR co-segre-
gate,11,13,14 and affected individuals carry a single sub-
stitution at one of the four cysteines in the extracellular
RET domain (codons 609, 611, 618, and 620). The bio-
logical reasons accounting for this double phenotype are
still under investigation. These mutations result in uncon-
trolled cellular proliferation in endocrine tissues and, on
the other hand, result in the lack of neural development in
the enteric system.14

Although experimental data demonstrated that RET
MEN 2A/HSCR mutations markedly decrease RET cell
surface expression,15,16 both transfection experiments
and biochemical analyses have shown that these cys-
teine codon substitutions cause ligand-independent
dimerization, receptor activation, and cellular transforma-
tion15,17 similar to the C634R substitution most frequently
found in MEN 2A patients.18–20 Indeed, the occurrence of
HSCR in many MEN 2A/FMTC pedigrees is difficult to
reconcile with the presence of a gain-of-function mutation
in RET.

In an attempt to create a mouse model of RET MEN
2A/HSCR that recapitulates all of the sequelae of the
human disease, we targeted the mouse c-Ret locus by
homologous recombination to generate a line of trans-
genic mice in which the C620R mutation was knocked-in
to the endogenous Ret locus. Homozygous RetC620R mu-
tant mice die early after birth and display kidney agenesis
and aganglionosis of the gastrointestinal (GI) tracts. Het-
erozygous RetC620R mutant mice are viable but exhibit
features of the human HSCR disease including hypogan-
glionosis of the GI tracts. Surprisingly, although the mice
recapitulate the loss-of-function phenotypes well, no ab-
normalities in the thyroid relating to a gain-of-function
mutation were observed.

Materials and Methods

Gene Targeting

A mouse Ret genomic clone was isolated by screening a
mouse 129/Sv bacteriophage DNA library (129/Sv) using
the Ret cDNA containing exon 10, encoding the cysteine
620, as a probe. A targeting vector was constructed
using a 1.8-kb BamHI-BamHI 5� fragment and a contig-
uous 4-kb BamHI-SacI 3� fragment that contained exons
10 and 11 in pBluescript SK (Stratagene, La Jolla, CA).
In a BglII site immediately downstream of exon 11 a
loxP-flanked pGK/neo/TK selection cassette (a gift from
T.H. Rabbitts, MRC Laboratory of Molecular Biology,
Cambridge, UK) was inserted. Specific mutagenesis of
exon 10 was performed using a mutagenic primer 5�-
AAGAAATGCTTCCGCGAGCCAGAGGACAGCCAG-3�
(bold letter indicates the base change) and the GeneEdi-

tor (Promega, Madison, WI) site-directed mutagenesis
kit. The diphtheria toxin a chain gene contained within the
pKOselectDT plasmid (Stratagene; GenBank Accession
no. K01722; Greenfield and colleagues21) was inserted
into the 5� RsrII site, such that it was outside the 5� region
of homology. The targeting construct was linearized with
NotI and was electroporated into CCB embryonic stem
(ES) cells (a gift from M.J. Evans, Cardiff School of Bio-
sciences, Cardiff, UK) derived from the 129S7 strain. ES
cells were plated on mitomycin C-treated primary embryo
feeder cells grown on gelatin, which were obtained from
a Rosa26 � MF1 cross (and therefore G418-resistant),
followed by selection in G418. Clones that appeared to
have the targeted insertion according to the applied poly-
merase chain reaction (PCR) screening method (P1, 5�-
aagctctctagtcgaggaat-3� and P2, 5�-ggcctctgaaggact-
gaa-3�) were confirmed by Southern blotting. The DNA
was digested with BamHI and hybridized to a probe
obtained by amplifying a fragment containing Ret exon
11 and therefore present in both the targeted and non-
targeted clones (P3, 5�-acagggggaggtggtacagt-3� and
P4, 5�-atgccgtatccaccatctgt-3�). Direct DNA sequencing
was used to confirm that targeted clones carried the
C620R mutation. In the targeted clones (RetC620R-
neoTK/� ES), the floxed selection cassette was excised
in vitro using pCre-Pac (a gift from D.J. Winton, Cancer
Research UK Department of Oncology, University of
Cambridge, Cambridge, UK) according to Taniguchi and
colleagues.22 Cre-mediated excision of the selection
cassette was determined by a PCR screen (P5, 5�-
cagggcttcccaatcagtt-3� and P6, 5�-ccgagtacatgtgtgc-
ctgt-3�) and analysis confirmed positive by DNA
sequencing. A targeted RetC620R�/� ES cell clone
was subsequently expanded and microinjected into
C57BL/6J blastocysts at the Gene Targeting Facility,
Babraham Institute, Cambridge, UK, to give rise to chi-
meric mice, which were used to transmit the mutation
through the germline. Genotypes of these animals were
confirmed using a two-primer assay (P7, 5�-tgccgacatt-
gttggaggaac-3� and P8, 5�-cctggctgttcctctggct-3�). In
this genotyping assay, a 120-bp amplification product is
generated from the wild-type allele that, after digestion
with the restriction enzyme BstUI, is not cleaved. Con-
versely, after digestion with BstUI, the targeted allele
yields a fragment of 98 bp. These PCR restriction digest
products were resolved by agarose gel electrophoresis.
Animals harboring the targeted mutation were bred to
C57BL/6J mice to generation N3 before intercrossing
and therefore segregate C57BL/NJ and 129S7 alleles in
the ratio of 7:1. The official ILAR nomenclature for this
mouse line is C57BL/6JN3TgH(Ret620)Ac620, which has
been abbreviated to B6N3Ac620 and hereafter referred
to as RetC620R.

Animal Husbandry

Mice carrying the RetC620R mutation were maintained on
this mixed genetic background by intercrossing. For
timed matings, the day of the vaginal plug was consid-
ered to be 0.5 dpc. All animals were maintained in barrier
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facilities and treated in accordance with best husbandry
practice and under the respective governmental and leg-
islative requirements. Ethical approval was attained for
these studies.

Reverse Transcriptase (RT)-PCR

RNA isolated from brains of adult mice was used to
generate first strand cDNA, and gene-specific primers
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(P9, 5�-gtgccgacattgttgga-3� and P10, 5�-tgcctgaggag-
gaataactgat-3�) were used to generate the amplification
products of �311 bp, which were then digested with
BstU1 to generate two fragments only when the targeted
mutation is present. Primers for GAPDH were used as
internal control of each reaction (P11, 5�-tgttcctac-
ccccaatgtgt-3� and P12, 5�-gtggaagagtgggagttgct-3�).

Immunoprecipitation and Western Blotting

Neonatal brains were homogenized in lysis buffer (2%
Nonidet P-40, 40 mmol/L Tris-HCl (pH 7.5), 20 mmol/L
ethylenediaminetetraacetic acid) supplemented with
protease inhibitors (Complete Mini A; Roche, Basel,
Switzerland), incubated on ice for 30 minutes and centri-
fuged at 4°C. Immunoprecipitation and Western blotting
were performed according to standard procedures using
protein A-Sepharose beads and a cocktail of monoclonal
antibodies directed against the extracellular domain of
RET (a generous gift of D.J. Anderson, Howard Hughes
Medical Institute, California Institute of Technology, Pas-
adena, CA). Immunoblotting was done using a cocktail of
polyclonal antibodies (Santa Cruz Biotechnologies, Santa
Cruz, CA). As a control, proteins from mouse fibroblast
NIH3T3 cells, which were transfected with pCEP9� plas-
mids containing either RetC620R and RetC634R as previ-
ously reported,20 were extracted in lysis buffer, immuno-
precipitated, and blotted as described above. For whole
cell lysates, frozen tissues were homogenized in sodium
dodecyl sulfate sample buffer containing 80 mmol/L di-
thiothreitol. The lysates containing 50 �g of protein were
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blotting performed accord-
ing to standard procedures using anti-vinculin (Sigma-
Aldrich, St. Louis, MO), anti-Akt, anti-phospho-Akt, anti-
Erk, and anti-phospho-Erk antibodies (Cell Signaling
Technology, Beverly, MA).

Primary Culture of Dorsal Root Ganglia

Embryos were removed from the uterus of timed preg-
nant mice and placed in Petri dishes containing ice-cold

phosphate-buffered saline (PBS). Dorsal root ganglia
were obtained from 14.5 dpc embryos under a stereo-
scopic microscope and washed twice with ice-cold phys-
iological saline and twice with Ham’s F-12 (Gibco Invitro-
gen, Co., Carlsbad, CA). They were digested with 0.15%
collagenase and 0.05% trypsin-ethylenediaminetetraace-
tic acid at 37°C for 5 minutes and mechanically triturated.
Isolated cells were suspended in F-12 and 1.5 vol of
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (BioWhittaker, Walkersville, MD)
were added. The cells were plated on 35-mm-diameter
tissue culture dishes coated with filtrated 0.01% poly-L-
lysine (Sigma) and maintained in a humidified incubator
with 95% air and 5% CO2 at 37°C. The medium was
replaced with serum-free Dulbecco’s modified Eagle’s
medium/F-12 (at a ratio of 1.5 to 1) 48 hours after the
initial plating and kept for 24 hours until immunofluores-
cence analysis.

Immunofluorescence and Confocal Laser
Microscopy

For primary cultures of DRG, cells were plated on
35-mm-diameter tissue culture dishes coated with fil-
trated 0.01% poly-L-lysine before immunofluorescence
analysis with anti-RET antibodies. Cells were fixed in
4% paraformaldehyde and 2% sucrose and then per-
meabilized with 0.5% Triton X-100 in PBS. They were
then subjected to indirect immunofluorescence with a
cocktail of anti-RET polyclonal antibodies (H-300 and
C-19, Santa Cruz Biotechnology). NIH3T3 fibroblasts
were seeded at low confluence on glass coverslips
and cultured for 24 hours. Cells were fixed in 4%
paraformaldehyde and 2% sucrose and then perme-
abilized with 0.5% Triton X-100 in PBS. For surface
labeling experiments, cells were incubated at 4°C with
anti-RET rabbit-polyclonal antibodies raised against
the N terminus of the protein (H-300, Santa Cruz Bio-
technology) before cell fixation, permeabilization, and
incubation with anti-RET goat polyclonal antibodies
specific for the C terminus of RET (C-20, Santa Cruz
Biotechnology). Immunostaining with primary antibod-

Figure 1. Introducing a MEN 2A/HSCR-associated mutation into the Ret locus. A: Structure of the normal protein encoded by the Ret gene. The location of the
Cys620 is indicated. B: Site-directed mutagenesis to introduce the Cys620Arg mutation that generates a BstU1 recognition sequence (CGCG). C: Schematic
representation of the targeting strategy. i: A fragment of the normal Ret gene including exons 10 to 12 (gray boxes). ii: The targeting vector includes a segment
of genomic DNA containing exons 10 and 11. Exon 10 contains the mutation at position 620 so that the Cys in the Ret protein is replaced by an Arg. A selection
cassette containing the neo gene flanked by two lox P sites has been inserted into the BglII site in the intron adjacent to exon 11. Lox P sites are indicated by
black triangles. iii: Homologous recombination between the Ret genomic locus and the targeting construct introduced the mutant exon 10 and the loxP-neo-loxP
gene in the intron adjacent to exon 11, to produce the RETC620R-neo allele. iv: The RetC620R allele was produced by Cre-mediated excision of the selection
cassette. The restriction enzyme sites shown are B, BamHI; Bg, BglII; S, SacI; X, XhoI; and Xb, XbaI. D: PCR-based screening for the analysis of targeted ES cell
clones. DNA extracted from G418-resistant ES cell clones was amplified by PCR (P1, 5�-aagctctctagtcgaggaat-3� and P2, 5�-ggcctctgaaggactgaa-3�) to produce both
a 2-kb fragment corresponding to the insertion in one allele of targeted clones (black arrows) and/or a 1.5-kb fragment in the wild-type ES cells (white arrow)
and in the nontargeted clones. E: PCR results were confirmed by Southern blot analysis in which BamHI-digested DNA was hybridized to a probe containing exon
11 and therefore present in both targeted and nontargeted clones. The probe was obtained by amplifying across the region using PCR (P3, 5�-acagggggaggtg-
gtacagt-3� and P4, 5�-atgccgtatccaccatctgt-3�). In this confirmatory screen the expected size of the targeted allele was 8 kb (black arrows), compared to 5 kb for
the wild-type allele (white arrow). The position of the two alleles is indicated in C, iii and i, respectively. F: PCR-based analysis of targeted clones after
Cre-mediated recombination. Targeted clones that had undergone Cre-mediated excision of the selection cassette displayed a band of the expected size (black
arrows) after DNA amplification across the region of the inserted cassette. As a loxP site remains in the targeted allele this PCR amplification across the region
(P5, 5�-cagggcttcccaatcagtt-3� and P6, 5�-ccgagtacatgtgtgcctgt-3�) yields a band of �500 bp, which is �50 bp larger than the wild-type (white arrow) or
nontargeted alleles. The location of the P5 and P6 primers is indicated in C, iv. G: PCR-based genotyping of tail biopsies from a representative litter of pups from
a heterozygous breeding pair. A 120-bp amplification product (P7, 5�-tgccgacattgttggaggaac-3� and P8, 5�-cctggctgttcctctggct-3�) was generated from the wild-type
allele, which is not cleaved after digestion with the restriction enzyme BstUI. Conversely, amplification and BstUI digestion produced a product corresponding
to 98 bp for the allele bearing the targeted C620R substitution. The products of the amplification and restriction enzyme digestion of wild-type DNA (white arrow)
and DNA from the targeted RetC620R vector (black arrow) were loaded on the gel as internal controls. The genotype of each pup is indicated. �/� wild-type;
�/� heterozygous; �/� homozygous Ret620 mutant.
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ies was followed by incubation with rhodamine-conju-
gated AffiniPure donkey anti-goat IgG or fluorescein
isothiocyanate-conjugated AffiniPure donkey anti-rab-
bit IgG from Jackson Immunoresearch (West Grove,
PA). The confocal images were obtained using a Bio-
Rad MRC-1024 confocal microscope.

Whole-Mount Immunostaining

For whole-mount immunostaining, embryos were
dissected in PBS, fixed in 4% paraformaldehyde
(in PBS) at 4°C for 1 to 2 hours. After two washes in
PBS, they were incubated overnight in 0.1% H2O2 in
PBT (PBS and 1% Triton X-100), washed again in PBT,
and incubated for several hours in PBT containing 2
mg/ml bovine serum albumin and 10% goat serum.
Incubation with anti-RET polyclonal antibodies (R787,
IBL, Hamburg, Germany) was performed for 3 days at
4°C in PBT and 10% sheep serum. After extensive
washes in PBT, the tissue was incubated with the poly-
clonal goat alkaline phosphatase-conjugated anti-rab-
bit immunoglobulins (DAKO Cytomation, Carpinteria,
CA) for 12 to 16 hours and color development per-
formed by incubating the embryos in BM Purple AP
substrate (Roche).

Histological and Immunohistochemical Analysis

New born mice were killed by exposure to a rising
concentration of CO2 by inhalation, 1 hour after birth.
They were fixed whole in 4% buffered formalin for 2
days after abdominal incision, and then decalcified in
10% ethylenediaminetetraacetic acid solution for 7
days. Each embryo was sectioned transversally in six
parts, dehydrated in a graded ethanol series, and em-
bedded in paraffin. Five-�m-thick transverse sections
of the abdomen were taken every 250 �m and stained
by hematoxylin and eosin (H&E) to evaluate the pres-
ence/absence of the kidneys as well as the morphol-
ogy of each organ.

Adult animals of various ages were killed by cervical
dislocation. The main organs of each mouse (heart, lung,
thyroid, GI tract, liver, spleen, uterus, ovaries or testis,
and kidneys) were collected, fixed in 10% buffered for-
malin, routinely processed for histological examination
and paraffin-embedded. Transverse sections of small
segments at defined locations along the GI tract were
performed: the stomach was dissected from the cardias
to the pyloric junction, the duodenum in the first part
immediately below the pylorus, the jejunum in the middle
of the tenue length, and the ileum immediately above the
ileo-cecal junction. Both the apex and the body of the
cecum and proximal and distal colon were collected.
Immunohistochemistry with neuronal-specific enolase
primary antibody (NSE, rabbit anti-human polyclonal an-
tibody; DAKO) was performed on the sections. The num-
ber of ganglia and neurons in three �400 fields was
counted.

Digital Image Analysis

Histological sections were studied using a Jenaval re-
search microscope (Zeiss, Jena, Germany) equipped
with a video camera and connected to the image-analy-
sis and morphometry system. Microphotographs were
taken with a digital camera (Coolpix 990; Nikon, Tokyo,
Japan). Three images for each of the GI segments de-
scribed above were acquired at �100 magnification.
Morphometric analysis of the thickness of circular and
longitudinal muscular layers was performed using Image-
Pro Plus software according to the method described by
J.M. Starck and G.H. Rahmaan.23 At least five measure-
ments of the muscular layer thickness were performed in
each section and the mean value calculated.

Statistical Analysis

Student’s t-test (two-tailed) was used to compare the
number of neurons and the thickness of circular and
longitudinal muscular layers in heterozygous and control

Figure 2. Expression of the RetC620R alleles. A: RT-PCR analysis of total RNA from neonatal brain. The 311-bp product specific for Ret mRNAs is generated in each
sample (P9, 5�-gtgccgacattgttgga-3� and P10, 5�-tgcctgaggaggaataactgat-3�) but BstU1 digestion gives rise to a cleaved fragment only in samples derived from animals
carrying at least one copy of RetC620R. Amplification of Gapdh mRNA (P11, 5�-tgttcctacccccaatgtgt-3� and P12, 5�-gtggaagagtgggagttgct-3�) verified the integrity of the
mRNA. The product of the amplification and digestion of control wild-type RNA (black arrow) is loaded on the gel as a control. Genomic contamination was assayed
by PCR omitting the reverse transcriptase (�RT). The genotypes of the animals used are shown: �/�, wild-type; �/�, heterozygous RetC620R; �/�, homozygous
RetC620R mutant. B: Expression of the Ret protein and activation of Erk and Akt in RetC620R mice. Protein extracts from neonatal brain were immunoprecipitated and
subjected to Western blot analysis using specific antibodies for Ret. Homozygous RetC620R mice (�/�) predominantly express the p140 band of Ret whereas
heterozygous RetC620R mice (�/�) express comparable levels of both the p140 and p160 bands. Wild-type animals (�/�) mainly express the p160 band. As a control,
proteins from NIH3T3 fibroblasts stably transfected to express RetC620R or RetC634R were immunoprecipitated and blotted with the same antibodies and loaded on the
gel (for each genotype, n � 10). Whole cell lysates (WCLs) (50 �g) of neonatal brains of homozygous RetC620R mice (�/�), heterozygous RetC620R mice (�/�), and
wild-type mice (�/�) were immunoblotted with anti-vinculin, anti-Akt, anti-phospho-Akt, anti-Erk, and anti-phospho-Erk antibodies. Immunoblotting with phospho-Erk
and phospho-Akt antibodies highlighted that Erk and Akt activation is prevalent in wild-type (�/�) whereas weaker signals are detected in RetC620R heterozygous (�/�)
and homozygous mice (�/�) although similar signals are present in Akt and Erk immunoblots for all of the mutants. To verify equal protein loading, anti-vinculin
antibodies were used. As control, proteins from NIH3T3 fibroblasts stably transfected to express RetC620R or RetC634R were immunoblotted with the same antibodies, and
loaded on the gel. C: Ret cellular localization in primary cultures of DRG. Cells from homozygous and wild-type animals were plated on 35-mm-diameter tissue culture
dishes coated with filtrated 0.01% poly-L-lysine before immunofluorescence analysis with anti-RET antibodies. Cells were fixed in 4% paraformaldehyde and 2% sucrose
and then permeabilized with 0.5% Triton X-100 in PBS. They were then subjected to indirect immunofluorescence with a cocktail of anti-RET polyclonal antibodies (H-300
and C-19, Santa Cruz Biotechnology). D: RetC620R cellular localization. NIH3T3 cell clones expressing RetC620R or RetC634R were examined by immunofluorescence
confocal microscopy. For surface localization, cells were incubated at 4°C with an anti-RET antibody raised against the extracellular domain of the protein (H-300, Santa
Cruz Biotechnology). They were then fixed, permeabilized, and stained with an antibody directed against RET carboxy-terminus to reveal the receptor intracellular
distribution (C-20, Santa Cruz Biotechnology). Note that RetC634R mutant receptor but not RetC620R is localized at the cell surface, as revealed by surface staining obtained
with the extracellular specific antibody (red staining). Staining with RET carboxy-terminus-specific antibody detects the presence of both mutant receptors in intracellular
compartments (green staining). Scale bars: 150 �m (C); 50 �m (D).
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wild-type mice. Results are expressed as the mean �/�
SE of n observations. Statistical significance was deter-
mined by analysis of variance, where P � 0.001 was
considered significant.

Results

Generation of RetC620R Knock-In Mice

To target the mouse Ret locus by homologous recombi-
nation in ES cells, codon 620 of murine Ret, the equiva-
lent of human codon 620, was mutated in vitro to encode
arginine rather than cysteine (Figure 1, A and B). A tar-
geting vector was constructed to insert the mutant exon
into the mouse genome along with a selection cassette
(Figure 1C). After linearization, the targeting construct
(Figure 1C) was electroporated into CCB ES cells iso-
lated as described.24 Four of one hundred clones had the
targeted insertion according to the applied PCR screen-
ing method (Figure 1D). Southern blotting and direct DNA
sequencing confirmed the presence of the targeted allele
of the expected size and the presence of the C620R Ret
mutation (Figure 1E and unpublished data). The selection
cassette was removed after Cre-mediated excision ac-
cording to Taniguchi and colleagues22 as shown by PCR
analysis performed on the DNA of the ES cell clones
(Figure 1F). One targeted Ret C620R�/� ES cell clone
was expanded and microinjected into C57BL/6J blasto-
cysts to obtain chimeric mice. The chimera with the great-
est ES cell contribution was chosen and used to transmit
the mutation through the germline. The genotypes of
these animals were confirmed using a two-primer assay:
a 120-bp amplification product is generated from the
wild-type allele that is not cleaved after digestion with the
restriction enzyme BstUI (CGCG), which would otherwise
generate a 98-bp fragment for the allele bearing the
C620R substitution (Figure 1, B and G). The whole Ret
gene was sequenced to exclude the presence of other
mutations apart from the C620R Ret mutation we had
introduced (data not shown). Animals were bred to
C57BL/6J mice to generation N3 before intercrossing
and therefore segregate C57BL/6J and 129S7 alleles in
the ratio of 7:1, respectively. The official nomenclature for
this mouse line is C57BL/6JN3TgH(Ret620)Ac620, which
has been abbreviated to B6N3Ac620 and hereafter re-
ferred to as RetC620R.

Characterization of the RetC620R Mice

To examine the products of the RetC620R alleles, RNA
from embryos or newborn brain tissue was analyzed by
RT-PCR using allele-specific primers and restriction en-
zyme analysis. As expected, homozygous RetC620R mice
expressed only the RetC620R mRNA and lacked the wild-
type c-Ret transcripts, whereas heterozygous animals
expressed both the wild-type and the targeted allele
(Figure 2A).

Using cell systems such as NIH3T315–17 or Madin-
Darby canine kidney (MDCK) cells25 in which diverse
RET constructs have been introduced, different groups

have demonstrated that the expression of the 160-kd
isoform of RET bearing the Cys620 mutation was very
low compared with that of wild-type RET, suggesting
that this mutation impairs the transport of RET to the
plasma membrane.15–17 The 140-kd product is en-
doglycosidase H-sensitive, suggesting that the 140-kd
band corresponds to an incompletely glycosylated
precursor of RET present in the endoplasmic reticulum
whereas the 160-kd band is the mature RET protein,
fully glycosylated and expressed at the cell sur-
face.18,26 To analyze the products of the RetC620R al-
leles in our mouse model that represents a physiolog-
ical system for the study of the effects of the RETC620R

mutation, protein extracts from embryos and newborn
brain tissue of RetC620R homozygous, RetC620R het-
erozygous, or wild-type animals were immunopre-
cipitated with a cocktail of three different hamster anti-
RET hybridoma supernatants (3A61D7, 3A61C6, and
2C42H1, kindly provided by D.J. Anderson) and the
immunoprecipitates were characterized by Western
blotting using specific antibodies for RET. In line with
what was found in cell systems,15–17,25 Western blot
analysis in RetC620R homozygous mice showed the
prevailing expression of the Ret 140-kd isoform. (Fig-
ure 2B). In contrast, wild-type mice showed almost
exclusively the 160-kd isoform. As predicted by the
genetic situation of RetC620R heterozygous mice in
which just one RetC620R allele is present, the related
brain protein extracts showed an expression pattern of
Ret that included both the 160-kd and 140-kd isoforms
(Figure 2B). Cell lysates prepared from NIH3T3 fibro-
blasts stably expressing comparable levels of either
the RetC620R or the RetC634R mutant were used as
controls in immunoprecipitation and Western blotting.
In agreement with previous studies15–17 the expression
of the RetC620R mutants in fibroblasts was similar to the
one detected in the homozygotes with the 140-kd iso-
form being the prevailing band present whereas the
RetC634R mutant mainly expressed the 160-kd iso-
forms. Activation of Erk and Akt was assessed in the
same tissues by immunoblotting. Staining with phos-
pho-Erk and phospho-Akt antibodies highlighted that
Erk and Akt activation is prevalent in wild-type mice
whereas weaker signals are detectable in RetC620R

heterozygous and homozygous mice suggesting that
the RetC620R mutation can affect Erk and Akt signaling.

Given the expression of c-ret in all cranial ganglia and in
dorsal root ganglia (DRG) in 13.5- to 14.5-day embryos9 to
try to assess the cellular localization of the RetC620R mu-
tants, we performed primary DRG cell cultures from 14.5
dpc RetC620R homozygous, heterozygous, and wild-type
mice that were examined for Ret positivity by immunofluo-
rescence confocal microscopy. It was impossible to stain
for the receptor at the surface of the living cells because the
primary cultures tended to detach when incubated on ice
with the anti-RET polyclonal antibody before fixation. Cells
had to be fixed and were then subjected to indirect immu-
nofluorescence with a cocktail of anti-RET polyclonal anti-
bodies (H-300 and C-19, Santa Cruz Biotechnology) spe-
cific for RET extracellular and RET intracellular domains,
respectively, and demonstrated to recognize both the
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mouse Ret wild-type and mouse RetC620R proteins in West-
ern blotting experiments (data not shown). Few cells ob-
tained from the primary cultures of 14.5 dpc RetC620R ho-
mozygous mouse brains expressed the receptor. In these
cells, Ret seemed to be localized mainly intracellularly (Fig-
ure 2C) whereas for wild-type mouse cells (Figure 2C) and
for RetC620R heterozygous mouse cells (data not shown),
the antibody outlined the shape of the cells indicating a
prevailing surface localization of the receptor (Figure 2C).
Specificity of RET antibodies was ascertained by staining
wild-type NIH3T3 cells, which lack Ret receptors, and
NIH3T3 cells transfected with a Ret construct as described
above (data not shown).

To further assess that the predominant presence of the
140-kd band reflected a decreased level of the RetC620R

receptor present at the plasma membrane, NIH3T3 fibro-
blasts stably transfected to express either the RetC620R or
RetC634R mutants, were examined by immunofluores-
cence confocal microscopy. The cells were incubated on
ice with an anti-RET polyclonal antibody specific for RET
extracellular domain (H-300, Santa Cruz Biotechnology)

before fixation to stain for the receptor at the cell surface
of the living cells. After fixation and permeabilization,
cells were stained with the carboxy-terminus-specific an-
tibody to reveal the receptor intracellular distribution (C-
20, Santa Cruz Biotechnology). The carboxy-terminus-
specific serum detected the presence of both the mutant
receptors in intracellular compartments (Figure 2D, green
staining). Signal was particularly intense in perinuclear
regions suggesting a prevailing localization in the endo-
plasmic reticulum. Furthermore, the RetC634R mutant re-
ceptor but not the RetC620R, was localized at the cell
surface, as revealed by surface staining obtained with
the extracellular specific antibody in Figure 2D, red stain-
ing. Taken together these data indicate that even in these
mice as it happens in cell transfection experiments, the
RetC620R allele mainly encodes a p140 product, which
corresponds to an intracellularly localized form of Ret
present in the endoplasmic reticulum.26 These findings
therefore suggest that in our mouse model the RetC620R

mutant receptor might lack from the plasma membrane of
the RET-expressing cells.

Figure 3. Immunohistochemical analysis of the enteric nervous system of RetC620R homozygous mice. Immunohistochemistry performed with antibodies specific
for NSE identifies ganglion cells (arrows) in the wall of the GI tract of wild-type animals whereas no staining is present in RetC620R homozygous mice (for each
genotype, n � 5). Scale bar, 50 �m.
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RetC620R Homozygous Mice Die
Soon after Birth

All heterozygous RetC620R mice appeared healthy, grew,
and reproduced normally. The genotype distribution of
the newborn mice obtained from RetC620R heterozygote
intercrosses was as follows: wild-type 24%, heterozygous
51%, and homozygous 25%, indicating that there was no
appreciable embryonic lethality of homozygous RetC620R

mice. At birth, homozygous mutants were the same size
as their wild-type and heterozygous littermates, re-
sponded to tail pinch, and nursed normally. However, all
RetC620R homozygous mice died within 24 hours of birth
as confirmed by genetic analysis performed on the DNA
extracted from the mice tails.

Enteric Nervous System Deficits and Kidney
Agenesis in RetC620R Homozygous Mice

Necropsy of postnatal homozygous RetC620R mice re-
vealed that many of them had milk in the esophagus

(which was not observed in wild-type animals) and little
milk beyond the proximal small bowel, suggesting de-
fects in GI peristalsis. Given the absence of enteric neu-
rons beyond the stomach in Ret-, Gdnf-, and Gfr�-1-
deficient animals, it seemed likely that these observations
similarly reflected defects in the enteric nervous system
of RetC620R homozygous mice. To determine the pres-
ence of neurons from the enteric nervous system (ENS) of
the mice, antibodies specific for neuron-specific enolase
(anti-NSE) as a general neuronal marker27 were used.
Microscopic analysis and immunohistochemistry per-
formed with anti-NSE demonstrated that enteric ganglion
cells were absent in the stomach, and in the small or
large bowel of RetC620R homozygous animals (Figure 3)
although they were present in both wild-type and het-
erozygous mice. The absence of enteric neurons in the
foregut, midgut, and hindgut highlights similarities be-
tween these mice and both the Ret- and Gdnf-deficient
mice.7,28 This fact indicates that, at least in this genetic

Figure 4. Kidney agenesis in RetC620R homozygous mice. Newborn mice, if
they were not already dead, as in the case of the homozygotes, were killed
by exposure to CO2, 2 hours after birth. Macroscopic analysis revealed the
absence of both the kidneys in RetC620R homozygous mice as well as empty
bladder (top). Each embryo was sectioned transversally in six parts, dehy-
drated, and embedded in paraffin. Five-�m-thick transverse sections of the
abdomen were taken and stained for H&E to further evaluate the presence/
absence of the kidneys (bottom). Kidneys were absent in RetC620R homozy-
gous mice. B, bladder; K, kidney; V, vertebral body; A, adrenal; L, liver; S,
stomach (for each genotype, n � 5).

Figure 5. Expression of Ret in RetC620R homozygous mice detected by
whole-mount immunostaining with an antibody specific for Ret. A: Whole-
mount immunostaining showing the location of Ret expression. Lateral view
of mouse embryo 10.5 days postcoitum (dpc) with strong expression in the
developing peripheral nervous system. In wild-type animals, in the 10.5 dpc
mouse embryo, a Ret-specific signal is observed in populations of cell
(arrows) in the postbranchial region and in the developing foregut. B: In
RetC620R homozygous embryos of the same age no Ret staining is visible in
these areas whereas specific staining is observed probably corresponding to
the fascioacoustic ganglion (arrow). C: In 11.5 dpc wild-type embryos, the
same two populations of cells are present, the ventrally located one that will
probably invade the foregut mesenchyme (arrows) and the more dorsal
group in the postbranchial region proximal to the dorsal aorta (arrows),
probably corresponding to ENS progenitors that will colonize the gut. D: In
11.5 dpc RetC620R homozygous embryos, no Ret staining is visible in these
areas indicating that there are no Ret-positive cells contributing to the for-
mation of the ENS (for each genotype and stage, n � 5). Scale bars, 400 �m.
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background, the introduction of the RetC620R mutation
has effects comparable to deleting either Ret or Gdnf.

Kidney formation depends on a succession of interac-
tions that occur between the ureteric bud (UB) and the
metanephric mesenchyme. RET is produced in the neph-
ric duct and in the nascent UB, and subsequently its
activity is restricted to the tips of the branching bud.
Compelling evidence has demonstrated that, consistent
with a similar expression pattern of GFR�-1 and GDNF,
GDNF is a morphogen and exhibits paracrine activity in
the UB. Gdnf-, Gfr�-1-, and Ret-null mice show renal
agenesis or have hypoplastic kidneys because of the
lack of UB growth, suggesting a crucial role for this
receptor in UB development.29 In line with this, the anal-
ysis of the homozygous RetC620R newborn mice demon-
strated agenesis of the kidneys as well as empty blad-
ders (Figure 4). All of the mice lacked both kidneys.

Ret Expression in RetC620R Homozygous
Embryos

Whole-mount immunostaining experiments using an an-
tibody specific for RET were performed in RetC620R em-
bryos to assess possible abnormalities in the distribution
of the RetC620R-expressing cells. As shown in Figure 5A,
consistent with previously reported data,8 in 10.5 dpc
wild-type embryos a Ret-specific signal is observed in a
population of cells located ventral to, and apparently in
association with, the cervical branches (Figure 5A, ar-
rows). In RetC620R homozygotes of the same age, no RET
staining is visible in these areas, however specific stain-
ing is observed to correspond with the fascioacoustic
ganglion (Figure 5B). In 11.5 dpc wild-type embryos, two
populations of cells are present, a ventrally located one
that will probably invade the foregut mesenchyme (Figure
5C, arrows), and a more dorsal group located proximal to
the dorsal aorta (Figure 5A, arrows). In 11.5 dpc RetC620R

homozygotes, no Ret staining is visible in these areas
indicating that there are no Ret-positive cells contributing
to the formation of the ENS. These findings suggested
that Ret is crucial for the migration and proliferation of
ENS progenitors expressing this receptor tyrosine kinase
during embryogenesis.

Reduced Enteric Innervation and Muscle Layer
Thickness of the GI Tract in Adult RetC620R

Heterozygous Mice

When comparing heterozygous RetC620R mice to wild-
type counterparts of the same age and sex, no differ-
ences in morphological features were found. The animals
were the same size and during necroscopies, all of the
major organs were removed, weighed, and analyzed. We
noted a somewhat variable distribution of histopatholog-
ical findings that were not related to the genotype but,
rather, could be ascribed to the age of the animals (data
not shown). To evaluate the number and mesh density of
enteric neurons to discern subtle differences between
wild-type animals and heterozygotes, the whole GI tract

was sectioned and immunohistochemical analysis with
NSE antibody was used to detect neurons and their ex-
tension along GI tracts (Figure 6A). We evaluated the
number of ganglia and neurons for each tract in three
different �400 fields. For each section, the ganglia were
identified as an aggregation of NSE-positive cells, lo-
cated either between the smooth muscle layers (myen-
teric plexus) or between the mucosa and circular smooth
muscle layer (submucosal plexus). Within the ganglia,
neurons were considered as cells with NSE-positive cy-
toplasm and hematoxylin-stained nuclei. Quantitative
analysis performed according to Sanovic and col-
leagues,30 indicated that the numbers of ganglionic cells
were reduced in heterozygous animals when compared
to wild-type littermates. In particular, male heterozygotes
had a lower number of neurons in the stomach, duode-
num, jejunum, ileum, cecum (apex and body), and in the
colon (Figure 6B). Heterozygote females showed the
same features in the duodenum, ileum, cecum (apex and
body), and both in the distal and proximal part of the
colon (Figure 6C). The size of the ganglion cells was also
small in some heterozygous mice (Figure 6A). Taken
together these data indicate that there is a general hy-
poganglionosis in the GI tracts of RetC620R heterozygous
mice.

Together with the observed hypoganglionosis, his-
tological analysis of the muscular layer along the GI
tract displayed a reduction in thickness (visible in Fig-
ure 6A) that was further evaluated using morphometric
analysis on the whole GI tract. At least three images for
each tract were evaluated according to the method
described by Starck and Rahmaan.23 In male RetC620R

heterozygous mice the muscular layer of the stomach,
duodenum, cecum (apex and body), proximal and dis-
tal colon was thinner than that of wild-type mice (Figure
6D). RetC620R female heterozygotes displayed a re-
duced muscle layer thickness in the stomach, duode-
num, jejunum, cecum (apex), proximal and distal colon
(Figure 6E).

Discussion

The occurrence of HSCR in many MEN 2A/FMTC pedi-
grees is difficult to clarify. Proposed explanations vary
based on the cell system used. A decreased cell surface
expression of RET,15,16 an inability to respond to GDNF
and to protect RET-expressing cells from apoptosis,31 or
a kinase activity under a threshold otherwise required for
cell survival,14 were all offered as reasons possible for
the dual phenotypes associated with mutation of the RET
Cys620.

These earlier hypothesis encouraged us to generate
an in vivo model to facilitate studying the effects of this
mutation. Through the introduction of the Cys620Arg sub-
stitution in the murine Ret receptor tyrosine kinase, we
provide evidence that the mutant RetC620R allele exerts a
dramatic loss-of-function effect. All of the homozygous
mutant animals die within 12 to 24 hours of birth, exhibit
renal agenesis, and lack enteric ganglia along the whole
GI tract. Moreover, this knock-in mouse model has sev-
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eral features characteristic of HSCR disease. Mice het-
erozygous for the mutant RetC620R allele display hy-
poganglionosis of the GI tract.

Previous studies have established the absolute re-
quirements for Ret in the development of the enteric
nervous system and kidneys.7,8,29 The phenotype of

Figure 6. Quantitative analysis of neuronal densities and mucosal thickness along the GI tract. A: Immunohistochemical analysis of the enteric nervous system
of RetC620R heterozygous mice with NSE staining that identifies a consistent number of ganglion cells (arrows) in the wall of the GI tract of wild-type animals
whereas less staining is present in RetC620R heterozygous mice. The number of neurons, defined as cells with NSE-positive cytoplasm and hematoxylin-stained
nuclei, was counted in three �400 fields in each GI tract in adult wild-type and RetC620 heterozygous male (B) and female (C) mice. Hypoganglionosis in the
GI tract in the RetC620R heterozygous mice was also associated with a reduction in the thickness of the muscular layer. Muscular thickness of three �100
fields/mouse in each GI tract was measured. The results of the digital image analysis of muscular thickness along GI tracts in adult wild-type and RetC620

heterozygous male (D) and female (E) mice are shown. The arrows indicate the tracts where a correlation between low muscular thickness and low neuron
number was observed. S, stomach; Du, duodenum; Je, jejunum; CeB, cecum (body); CeA, cecum (apex); Col P, proximal colon; Col D, distal colon. Data represent
the mean values obtained from 10 mice per group. Error bars indicate the 95% confidence interval. Statistical significance of heterozygous (filled columns) versus
control wild-type mice (open columns) was assessed by two-sided Student’s t-test (*P � 0.001). Scale bars, 50 �m.
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RetC620R homozygous mice showing complete bilateral
kidney agenesis and hypoganglionosis along the GI
tract is similar to that of Ret-deficient animals indicating
that this substitution completely impairs Ret function
during development. In addition, mice expressing null
mutations in either Gdnf or Gfr�-1 also die shortly after
birth and lack the ENS in the bowel.4,26,32 These knock-
out mice show renal agenesis or have hypoplastic
kidneys because they lack UB growth.4,28,32

Our results suggest that the RetC620R gene encodes a
140-kd protein that was shown to be mislocalized in
different cell systems (Figure 2C and Robertson and
colleagues24) and in primary culture obtained from
RetC620R homozygous brains (Figure 2B). It is therefore
likely that in our mouse model the RetC620R substitution,
rendering the receptor unable to localize correctly at the
cell surface, impairs the formation of an essential com-
plex with GDNF and GFR�-1 required for ENS and kidney
development.28,29,32 The reduced innervation along the
GI tract of RetC620R heterozygous mice might be ex-
plained by the fact that Ret activation by GDNF is not only
essential for formation of the ENS, but GDNF availability
also determines the total number of enteric neurons in
both the colon and the small intestine.33 Enteric neuron
number is determined by controlled cell proliferation
rather than by apoptosis in wild-type mice and is depen-
dent on an adequate amount of trophic factors.33 Gene
dosage effects, such as the reduction in neuron number
seen in Gdnf�/� mice34 suggest that quantity and quality
of neurotrophic factor signaling can limit neuronal sur-
vival or proliferation.33 Interestingly, Ret mutations that
cause HSCR disease in humans are inactivating muta-
tions penetrant in the heterozygous state. The partial
reduction in enteric neuron size and neuronal fiber counts
observed in Ret�/� mice33 and the more substantial one
observed in our mouse model, might imply that in hu-
mans ENS precursors have more limiting Ret expression
than the corresponding murine cells. Recent data also
suggest that in humans, the penetrance of Ret mutations
may depend on the presence of second site modifiers
that could affect Ret expression.35

It has been nicely shown that HSCR disease is caused
by defects in neural crest stem cell (NCSC) function.36 In
the esophagus of E13.5 Ret-null mice, a partially detect-
able reduction in the number of NCSCs has been de-
scribed whereas the effect was more striking in the stom-
ach and intestine of E13.5 Ret-null mice, indicating that
few stem cells could migrate beyond the esophagus thus
explaining the absence of enteric ganglia in the distal
stomach and intestine of Ret-deficient animals. Moreover,
Gdnf did not affect NCSCs survival or proliferation but the
reduction in NCSC frequency in the stomach and intes-
tine is likely caused by a defect in migration.36 Most
neural crest cells that colonize the gut are Ret-dependent
and derive from the vagal neural crest, whereas a minor-
ity of neural crest cells that colonize the esophagus are
Ret-independent and derive from the trunk neural crest.37

RET signaling therefore is required for the colonization of
the gut by NCSCs.36 This is consistent with reports that
Gdnf is expressed in the gut in advance of migrating
neural crest cells thereby acting as a chemoattractant for

neural crest cells in culture38,39 in which GDNF/RET sig-
naling is required for invasion of the foregut and the
subsequent migration of enteric NC cells along the length
of the bowel.39 In E10.5 and E11.5 RetC620R homozygous
mice, no Ret-expressing cells invading the foregut were
detected as is the case in normal mice. These findings
would suggest that the migration of RetC620R-expressing
cells is impaired but future studies will be necessary to
clarify whether this Ret mutation impairs most vagal-de-
rived NCSC migration as in the case of Ret-null mice.36

Still, the HSCR phenotype outlined in RetC620R mice
seems to reflect defects in the ability of Ret-expressing
cells to migrate toward defined stimuli necessary for in-
vasion of the bowel by neural crest precursor cells. Ex-
pression of key guidance cues and activation of recep-
tors on the cell surface are necessary for the generation
of directional cell migration.40,41 On the other hand, we
cannot exclude the possibility that these cells die before
the colonization of the gut.

To our surprise, none of our mice developed significant
dysfunctions in the thyroid gland (data not shown) even
when maintained up to 2 years. When monitoring calci-
tonin serum levels of heterozygous mice we were never
able to find increments (data not shown). This together
with careful analysis of the thyroid and adrenal glands,
tissues in which humans with MEN 2A typically develop
cancer, indicates absence of C-cell hyperplasia and neo-
plasia. It seems possible that the oncogenic signals trig-
gered from physiological levels of the RetC620R mutant
are insufficient to drive tumor formation. Alternatively,
modifier genes may exist that must also be expressed in
addition to activated Ret for the development of MTC.
Moreover these modifier genes may or may not be
present in any particular strain of inbred mouse. Recent
findings by Cranston and Ponder,42 demonstrated that in
a Ret transgenic mouse model the proportion of mice with
bilateral MTC was different depending on the strain back-
ground in which the transgene was expressed therefore
raising the possibility of modifier effects attributable to
genetic background. In light of this it would be interesting
to use different genetic backgrounds to assess suscep-
tibility to both HSCR and MTC in our RetC620R knock-in
mouse model.

In conclusion, in this study we elucidated the in vivo
role of the signaling via RetC620 by targeted mutagenesis
of the Ret receptor tyrosine kinase. This signaling ap-
peared to play a crucial role in the migration and/or
proliferation of ENS progenitors because the neuron
number and distribution in the intestine of RetC620R het-
erozygous mice were markedly reduced and absent in
RetC620R homozygous mice. Moreover, signaling via
RetC620 was required for kidney formation. In addition to
facilitating the elucidation of the signal transduction
events triggered by this RET mutant, this mouse model
provides the opportunity to explore further the patho-
physiological manifestation of HSCR disease induced by
this mutation. This knock-in mouse model could also
represent a very interesting system for the study and
testing of new therapeutic approaches for the treatment
of HSCR disease such as neural stem cell transplantation
to reconstruct the innnervation of the GI tracts.
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