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Abstract

 

Hirschsprung’s disease (HSCR) is a common congenital
malformation characterized by the absence of intramural
ganglion cells of the hindgut. Recently, mutations of the
RET tyrosine kinase receptor have been identified in 50 and
15–20% of familial and sporadic HSCR, respectively. These
mutations include deletion, insertion, frameshift, nonsense,
and missense mutations dispersed throughout the RET cod-
ing sequence. To investigate their effects on RET function,
seven HSCR missense mutations were introduced into ei-
ther a 1114–amino acid wild-type RET isoform (RET51) or
a constitutively activated form of RET51 (RET-MEN 2A).
Here, we report that one mutation affecting the extracyto-
plasmic cadherin domain (R231H) and two mutations lo-
cated in the tyrosine kinase domain (K907E, E921K) im-
paired the biological activity of RET-MEN 2A when tested
in Rat1 fibroblasts and pheochromocytoma PC12 cells.
However, the mechanisms resulting in RET inactivation
differed since the receptor bearing R231H extracellular mu-
tation resulted in an absent RET protein at the cell surface
while the E921K mutation located within the catalytic do-
main abolished its enzymatic activity. In contrast, three mu-
tations mapping into the intracytoplasmic domain neither
modified the transforming capacity of RET-MEN 2A nor
stimulated the catalytic activity of RET in our ligand-inde-
pendent system (S767R, P1039L, M1064T). Finally, the
C609W HSCR mutation exerts a dual effect on RET since it
leads to a decrease of the receptor at the cell surface and
converted RET51 into a constitutively activated kinase due
to the formation of disulfide-linked homodimers. Taken to-
gether, our data show that allelic heterogeneity at the RET
locus in HSCR is associated with various molecular mecha-
nisms responsible for RET dysfunction. (

 

J. Clin. Invest.

 

1998. 101:1415–1423.) Key words: RET 
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Introduction

 

Hirschsprung’s disease (HSCR,

 

1

 

 aganglionic megacolon) is a
frequent congenital malformation (1/5,000 live births) respon-
sible for intestinal obstruction in neonates, and characterized
by the absence of parasympathetic intrinsic ganglion cells in
the terminal hindgut (1). Since enteric neuroblasts are derived
from neural crest cells, HSCR is regarded as a neurocristopa-
thy (2, 3). According to segregation analysis suggesting incom-
pletely penetrant dominant inheritance in long-segment HSCR
(4), we and others have mapped a dominant gene for HSCR to
chromosome 10q11.2 (5, 6) and ascribed the disease to het-
erozygous mutations of the 

 

RET 

 

protooncogene (7, 8) that en-
codes a tyrosine kinase receptor (9). Recently, it has been
shown that RET is the signaling component of a multisubunit
complex acting as a receptor for the glial cell line–derived neu-
rotrophic factor (GDNF) (10–13) and neurturin (14) two neu-
rotrophic factors related to the TGF-

 

b

 

 family, both requiring
GPI-linked glycoprotein coreceptors to allow RET dimeriza-
tion (GDNFR

 

a

 

 and GDNFR

 

b

 

) (15). Germline mutations of
RET are also responsible for multiple endocrine neoplasia
type 2 (MEN 2), a group of dominantly inherited cancer syn-
dromes (for reviews see references 16–18). MEN 2 mutations
are missense mutations located in the cysteine-rich region of
the extracellular domain of RET and cause the replacement
of one of five clustered cysteines by a different amino acid
(MEN 2A) or within the catalytic tyrosine kinase domain
(MEN 2B) (19).

Recently, we and others have demonstrated that MEN 2A
mutations convert the RET protooncogene in a dominantly
acting transforming gene due to covalent dimerization of RET
monomers via disulfide bond, resulting in ligand-independent
constitutive activation of the tyrosine kinase (20–23). Con-
versely, several lines of evidence support the view that HSCR
mutations are inactivating and cause the loss of RET function,
namely: (

 

a

 

) the nature of mutations which include both trunca-
tion and missense mutations scattered throughout the RET
gene coding sequence (24); (

 

b

 

) the ability of HSCR missense
mutations to abolish the transforming effects of oncogenic
forms of RET (25–27); and (

 

c

 

) the targeted homozygous dis-
ruption of RET that results in intestinal aganglionosis in mice
(28). However, some observations are difficult to reconcile
with a loss of function model such as the cosegregation of
MEN 2A and HSCR in several families (29). To better under-
stand the molecular mechanisms underlying RET dysfunction,
we have analyzed the biological consequences of seven inde-
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pendent HSCR mutations. Here we report that three HSCR
mutations inhibited the biological action of a constitutively ac-
tive form of RET while one mutation transformed the RET
gene into an oncogene. Finally, three HSCR mutations had no
detectable effect on RET function in our system. Thus, we
demonstrate that RET dysfunction in HSCR could be ascribed
to various mechanisms depending on the location of missense
mutation in the RET protein.

 

Methods

 

Site-directed mutagenesis and production of ecotropic retroviruses.

 

The cDNA coding for the 1,114–amino acid isoform of human RET
(RET51) was cloned into the pBabe Puro retroviral vector (23, 30).
HSCR mutations were introduced by site-directed mutagenesis (Unique
Site Elimination Mutagenesis kit; Pharmacia Biotech, Piscataway,
NJ) with the following primers: R231H: 5

 

9

 

-CTGGGCCCTGGAC-
CACGAGCAGCGGGAGAAGTACG-3

 

9

 

; C609W: 5

 

9

 

-GGCTATG-
GCACCTGGAACTGCTTCCCT-3

 

9

 

; S767R: 5

 

9

 

-GAACGCCTCCCC-
GAGGGAGCTTCGAGACCTG-3

 

9

 

; K907E: 5

 

9

 

-GAGGATTCCTA-
CGTGGAGAGGAGCCAGGGTC-3

 

9

 

; E921K: 5

 

9

 

-GTTAAATG-
GATGGCAATTAAATCCCTTTTTGATCAT-3

 

9

 

; P1039L: 5

 

9

 

-GAG-
GAGGAGACACTGCTGGTGGACTGT-3

 

9

 

; M1064T: 5

 

9

 

-CAAA-
CTCTATGGCACGTCAGACCCGAAC-3

 

9

 

. Each mutation was con-
firmed by DNA sequencing on both strands. Ecotropic retroviruses
were obtained by transient transfection of the pBabe Puro retroviral
vectors into the BOSC 23 packaging cell line according to the proto-
col described by Pear et al. (31). Titrations of the virus supernatants
and infections were performed as described previously (23).

 

Anchorage-independent growth of Rat1 cells.

 

Retroviral infected
Rat1 cells were mass-selected with puromycin and seeded into cul-
ture medium containing 10% FCS and 0.3% agar as described in Ros-
sel et al. (23). Colonies were counted 3 wk after plating.

 

Effects of the expression of mutant RET proteins in PC12 cells.

 

PC12 cells were maintained in DME supplemented with glucose (4.5
g/liter), 6% horse serum (Sigma Chemical Co., St. Louis, MO), 6%
FCS, and antibiotics (32). PC12 cells were plated at 3 

 

3

 

 10

 

5

 

 cells per
60-mm culture dish. The day after plating, cells were incubated with
10

 

6 

 

infectious particles in 3 ml of the culture medium containing 8 

 

m

 

g/ml
of polybrene. 7 h after infection, the medium was removed and re-
placed by fresh medium. Micrographs were taken 4 d after infection.

 

RET protein studies.

 

The antiserum anti-RET was raised against
a peptide corresponding to the 20 amino acids of the carboxy-termi-
nal part of the short RET isoform (prepared by Biocytex, Marseille,
France). This antibody reacts with both the short (RET9) and long
RET (RET51) isoforms (23). Other antibodies used in this study are
commercially available: the monoclonal antiphosphotyrosine 4G10
and the rabbit polyclonal anti-Shc were purchased from Upstate Bio-
technology Inc. (Lake Placid, NY) and Transduction Laboratories
(Lexington, KY), respectively. RET protein analyses were performed
as described by Rossel et al. (23).

 

Immunokinase assay and studies of the RET covalent dimer.

 

Mass-selected NIH 3T3 cells stably expressing mutant RET proteins
were rinsed with PBS, scraped into 1 ml of lysis buffer (20 mM Tris-
HCl, pH 7.8, 150 mM NaCl, 1 mM sodium orthovanadate, 1% Nonidet
P-40, 1 mM PMSF, 10 

 

m

 

g/ml aprotinin, 10 

 

m

 

g/ml leupeptin and 2 mM
EDTA), and incubated on ice for 15 min. Lysates were precleared
with the rabbit preimmune serum, then subjected to immunoprecipi-
tation with the anti-RET serum. Immune complexes were absorbed
on protein A coupled to Sepharose beads (protein A–Sepharose
CL4B; Pharmacia Biotech) and successively washed twice in immu-
noprecipitation buffer and twice in immunokinase assay buffer (50
mM Hepes, pH 7.2, 5 mM MnCl

 

2

 

, 1 mM PMSF). The immunoprecipi-
tates were then incubated for 20 min at room temperature in 30 

 

m

 

l of
immunokinase buffer containing 4 

 

m

 

Ci of [

 

g

 

-

 

32

 

P]ATP (5,000 Ci/
mmol; ICN Biomedicals Inc., Irvine, CA) diluted with unlabeled
ATP to a final concentration of 26 pmol with 7 

 

m

 

M myelin basic pro-

tein (MBP). The reaction was stopped by addition of Laemmli buffer
(20 mM Tris-HCl, pH 6.8, 2 mM EDTA, 2% SDS, 20% glycerol, and
20 

 

m

 

g/ml of bromophenol blue) in the presence of 1.4 M of 2-mercap-
toethanol. Proteins were boiled 3 min, then loaded on a 15% SDS
polyacrylamide gel. 

 

32

 

P-labeled bands were revealed by autoradiogra-
phy of the dried gel and quantified on an imaging densitometer
(model GS 670; Bio-Rad Laboratories, Richmond, CA). To detect
the disulfide-linked RET homodimer, the same immunokinase assay
protocol was used, except that 2-mercaptoethanol was omitted at the
last step. Proteins were boiled 3 min and separated on a 6% SDS
polyacrylamide gel.

 

Biotin labeling of cell surface proteins.

 

NIH3T3 cells stably ex-
pressing mutant RET proteins were washed with biotinylation buffer
(10 mM Hepes, pH 8.8, 150 mM NaCl) then biotin (Biosys, Com-
piègne, France) was added to a final concentration of 150 

 

m

 

g/ml of
biotinylation buffer and incubated 15 min at 20

 

8

 

C. The biotinylation
reaction was stopped by the addition of Tris-HCl, pH 7.4, to a final
concentration of 50 mM. Cells were washed with 10 mM Tris-HCl, pH
7.4, containing 150 mM NaCl (21, 26). Cell pellets were precipitated
by streptavidin agarose (20347; Pierce Chemical Co., Rockford, IL)
and analyzed on an 8% SDS-PAGE gel.

 

Analysis of Shc phosphorylation.

 

NIH3T3 cells stably expressing
the various RET alleles were starved overnight in medium containing
0.5% of FBS and then lysed as described previously (23). Shc proteins
were immunoprecipitated with a polyclonal anti-Shc antibody (Trans-
duction Laboratories). Immunoprecipitates were subjected to 12%
SDS-PAGE and transferred to a polyvinylidene difluoride mem-
brane (Immobilon P; Millipore Corp., Bedford MA). To analyze the
phosphotyrosine content of Shc, immunoblots were incubated with
the antiphosphotyrosine monoclonal antibody 4G10 (Upstate Bio-
technology Inc.), then incubated with anti–mouse antibody conju-
gated to horseradish peroxidase (HRP) (Amersham France, Les Ulis,
France). The immunoreactive complexes were visualized using che-
miluminescence (ECL Western blotting system; Amersham France).
The membranes were then stripped by incubation in stripping buffer
(100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.8)
and treated at 55

 

8

 

C for 30 min. To study the Shc proteins, the filters
were sequentially reacted with the polyclonal anti-Shc serum (Trans-
duction Laboratories) for 2 h at room temperature, then with biotiny-
lated protein A (Amersham France) for 1 h and finally with HRP
conjugated to streptavidin (Pierce, Interchim, France) for 1 h. The
ECL system was used for the revelation of immunoreactive bands.
2 

 

m

 

g of Shc antibody was used for each immunoprecipitation experi-
ment and the same serum was diluted at a final concentration of 1 

 

m

 

g/
ml for Western blot; biotinylated protein A was diluted 1:500; strepta-
vidin-HRP was used at a final concentration of 1 

 

m

 

g/ml.

 

Results

 

Six HSCR mutations were introduced into a cDNA encoding
a constitutively activated MEN 2A mutant form of RET
(RET51-C634R, Fig. 1). The C609W HSCR mutation leads to
the replacement of a cysteine involved in MEN 2A (19). This
mutation was likely to result in RET activation and thus was
introduced into the RET51 wild-type cDNA.

 

Consequences of HSCR mutations on RET-induced bio-
logical effects.

 

To investigate the biological effects of HSCR
mutations, we assessed the anchorage-independent growth ca-
pacity of Rat1 cells stably expressing various RET mutants. 3 wk
after seeding in soft agar, Rat1 cells expressing RET-634R
containing mutations S767R, P1039L, and L1064T gave rise to
colonies (Table I). Conversely, the R231H, HSCR mutant sig-
nificantly reduced the number of colonies in transduced RAT1
cells, and mutations K907E and E921K produced a number of
colonies not significantly different from the background levels
observed with the wild-type RET control (Table I). Since mu-
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tations S767R, P1039L, and M1064T did not substantially
modify the transforming capacity of RET-634R, we could not
formally exclude that they might be activating. To address this
question, these mutations were introduced in RET wild-type.
Rat1 cells transduced with retroviruses expressing these
mutants did not produce colonies in agar (data not shown).
Finally, HSCR mutation C609W on a wild-type RET back-
ground gave rise to RAT1 cell colonies, although the trans-
forming effect was weaker than the one observed with RET-
634R (Table I).

Previous reports have shown that the expression of MEN 2
forms of RET is transforming in rodent fibroblasts and induces
neuronal differentiation of rat pheochromocytoma PC12 cells
(20–23). PC12 cells infected with retroviruses expressing RET-
634/767R, RET-634R/1039L, RET-634R/1064T, and RET-
609W elaborated neurites and displayed morphological changes
similar to those observed with RET-634R. On the contrary,
PC12 cells expressing RET-634R with HSCR mutations
R231H, K907E, and E921K did not show any phenotypic
change as compared with PC12 cells expressing wild-type RET
(Fig. 2).

These results indicate that several HSCR mutations abolish
(K907E and E921K) or dramatically reduce (R231H) the
biological activity of RET-634R, whereas HSCR mutations
S767R, P1039L, and M1064T did not substantially modify the
capacity of RET-634R to transform fibroblasts and to induce
neuronal differentiation of PC12 cells. Finally, the RET-609W
HSCR mutant exhibited the same transforming and neural dif-
ferentiation abilities as the RET MEN 2 mutants, although to
a weaker extent.

 

Biochemical analyses of RET HSCR mutants.

 

To address

the effects of HSCR mutations on RET intrinsic kinase activ-
ity, the mutant RET proteins were immunoprecipitated and
analyzed by Western blot technique. As previously described,
two immunoreactive bands migrating at 150 and 170 kD were
detected. These two RET species are assumed to correspond
to an incompletely glycosylated RET product present in the
endoplasmic reticulum (150 kD) and to the fully glycosylated
protein expressed at the plasma membrane (170 kD) (21, 33).
Fig. 3 shows that the amount of 170-kD RET isoform is de-
creased in cells expressing RET-609W and RET-634R/231H as
compared with cell lines expressing wild-type RET or other
RET mutants. Conversely, the level of the 150-kD product is
markedly increased in cell lines expressing RET-609W and
RET-634R/231H (Fig. 3 

 

A

 

). To test the catalytic activity of
RET HSCR mutants, we measured the level of steady-state
phosphorylation on tyrosine residues. In accordance with pre-
vious reports, the RET-634R mutant showed a significant in-
crease of phosphotyrosine content (20–23). Three RET HSCR
mutants were not phosphorylated (RET-609W, RET-634R/
231H, and RET-634R/921K, Fig. 3 

 

B

 

). Conversely, RET-634R
protein carrying each of the four HSCR mutants K907E,
S767R, 1039L, and M1064T was phosphorylated on tyrosine,
although at a reduced level for the three latter mutants. Fi-
nally, mutations S767R, P1039L, and M1064T did not activate
the RET wild-type catalytic activity (Fig. 3 

 

B

 

).
We next examined the catalytic activity of HSCR mutants

with an immunocomplex-kinase assay using the MBP as an ex-
ogenous substrate (Fig. 4). Quantification of the reactive bands
showed that the level of MBP phosphorylation correlated to
RET autophosphorylation allowing further classification of
the kinase activity of the various RET mutants (RET-634R;

Figure 1. Schematic representation of the 
HSCR mutations introduced into RET 
wild-type or RET-MEN 2A. (Top) HSCR 
missense mutations analyzed in this study. 
(Bottom) The RET-MEN 2A mutant 
C634R was used as a constitutively acti-
vated form of RET. The various domains 
of the RET protein are indicated: SP, sig-
nal peptide; wavy line, cadherin-domain; 
shaded oval, cysteine-rich domain; TM, 
transmembrane domain; striped box, ty-
rosine kinase domain.

 

Table I. Transformation Effects of RET51 Wild-Type and Mutant Protein on RAT1 Cell Lines

 

WT 634R 634R/231H 609W 634R/767R 634R/907E 634R/921K* 634R/1039L 634R/1064T

 

First assay

 

,

 

 3 113 41 40 130 6 3 100

 

,

 

 3 100 50 62 100 19 10 130 ND

 

,

 

 3 110 52 60 112 26 3

 

P

 

 

 

,

 

 10

 

2

 

9

 

P

 

 

 

,

 

 10

 

2

 

9

 

NS

 

P

 

 

 

,

 

 10

 

2

 

9

 

P

 

 

 

,

 

 10

 

2

 

3

 

NS
Second assay

 

,

 

 3 130 25 45 180 7 4 207 134

 

,

 

 3 130 29 67 175 11 2 180 113

 

,

 

 3 170 55 59 165 8 2 110

 

P

 

 

 

,

 

 10

 

2

 

9

 

P

 

 

 

,

 

 10

 

2

 

8

 

P

 

 

 

,

 

 0.04

 

P

 

 

 

,

 

 10

 

2

 

3

 

P

 

 

 

,

 

 10

 

2

 

3

 

P

 

 

 

,

 

 10

 

2

 

2

 

NS

Two independent infection assays were carried out on 10

 

3

 

 RAT1 cells. Foci were scored 3 wk after plating. The number of foci is indicated for each
plate. 

 

ND

 

, Not determined. A 

 

x

 

2

 

 test was performed. *Student’s 

 

t

 

 test was performed due to the very low number of colonies.
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RET-609W

 

 . 

 

RET-634R/767R; RET-634R/907E; RET-
634R/1064T

 

 . 

 

RET-634R/1039L

 

 . 

 

RET-634R/231H

 

 . 

 

RET-
WT

 

 . . 

 

RET-634R/921K). These results are consistent with
the analysis of the steady-state phosphorylation of RET
HSCR mutants, although it should be noted that the immu-
nokinase assay allowed detection of a clear increase of RET-
609W kinase activity.

We then studied the tyrosine phosphorylation of Shc, a
transduction protein that bridges receptor tyrosine kinases to
the Ras-mitogen activated protein kinase pathway (34) and that
has been shown to be phosphorylated by MEN 2 forms of RET
(35–37). Fig. 5 shows that equivalent amounts of the three Shc
isoforms were present in each lane (46, 52, and 66 kD). How-
ever, the phosphotyrosine content of p52

 

Shc

 

, p46

 

Shc

 

 and, to a
lesser extent, of p66

 

Shc 

 

was markedly increased in NIH3T3 cells
expressing RET-609W as well as RET-634R carrying HSCR
mutations S767R, K907E, P1039L, and M1064T. Conversely,
the tyrosine phosphorylation of Shc was comparable to that of
RET wild type in cell lines expressing RET-634R/231H or
RET-634R/921K (Fig. 5). Therefore, both sets of data indicate
that two RET HSCR mutants inactivate RET-634R catalytic
functions (R231H, E921K), while the C609W leads to RET ac-

tivation. The last four HSCR mutants do not significantly im-
pair RET, MBP, or Shc phosphorylation.

 

HSCR mutations affecting the extracytoplasmic domain re-
sult in a reduced level of RET protein expressed at the cell sur-
face.

 

The reduction of the 170-kD RET product observed in
NIH3T3 cells expressing RET-634R/231H or RET-609W sug-
gested that inhibition of RET transport to the cell surface
might account for the disease-causing effects of HSCR muta-
tion (Fig. 6). To test this hypothesis, NIH3T3 cells expressing
equal amounts of RET protein were biotinylated in vivo.
Western blot analysis shown in Fig. 6 

 

A

 

 revealed that the
RET-634R/231H and RET-609W 170-kD isoforms were dra-
matically reduced at the cell surface. Fig. 6 

 

B

 

 shows that RET
wild-type proteins bearing mutation affecting the intracyto-
plasmic domain (S767R, P1039L, M1064T, as well as RET51-
634R/907E and RET-634R/921K) were readily detected at the
plasma membrane, thus supporting the view that HSCR muta-
tions located in the extracytoplasmic domain decrease the
amount of mature receptor present at the cell surface.

 

HSCR mutation C609W has a dual effect on RET.

 

To in-
vestigate whether the C609W HSCR mutation might result in
RET dimerization, we performed an immunocomplex kinase

Figure 2. Effects of RET 
carrying HSCR mutations 
on PC12 cell morphology. 
The PC12 pheochro-
mocytoma cell line was 
infected with retro-
viruses expressing nor-
mal RET51 (RET WT), 
mutant RET alleles, and 
control (RET51/634R, 
RET-918T, and LacZ 
NIH3T3 expressing b 
galactosidase). Micro-
graphs were taken 4 d 
after infection. Neuronal 
differentiation was ob-
served for RET-609W, 
RET-634R/767R, RET-
634R/1039L, and RET-
634R/1064T.
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assay. The 340-kD product corresponding to RET homodimer
and specific to RET MEN 2 mutants carrying a cysteine muta-
tion was detected in NIH3T3 cells expressing RET-609W and
RET-634R (Fig. 7). Together with the results showed in Fig. 6

 

A

 

, these findings support the view that the C609W HSCR mu-
tation exerts a dual effect on RET resulting in both a reduced
expression at the cell surface and the formation of a covalent
dimer.

 

Discussion

 

Recent work has suggested that HSCR point mutations in the
RET gene are invariably inactivating mutations although
through distinct molecular mechanisms (25–27). In this report,
we have investigated the effects of seven distinct HSCR mis-
sense mutations on RET function. Three mutations were se-
lected owing to their location in the RET protein, namely, the
cadherin-like domain (R231H), the cysteine-rich motif at a
cysteine codon involved in MEN 2A (C609W), and the car-
boxy-terminal region specific for the long RET isoform
(M1064T). Four mutations were chosen based on the pheno-
type of HSCR patients including the length of the aganglionic

segment (total colonic aganglionosis for mutations S767R and
E921K) and the associated malformations (unilateral renal
agenesis and congenital central hypoventilation syndrome for
mutation K907E and P1039L, respectively). This study has re-
vealed that three mutations disrupted the biological activity of
the MEN 2A form of RET (R231H, K907E, E921K), while
one mutation resulted in the oncogenic activation of RET due
to the constitutive stimulation of the tyrosine kinase (C609W).
Finally, in our system three HSCR mutations did not signifi-
cantly change the biological effects mediated by RET-MEN
2A (S767R, P1039L, M1064T).

Arginine 231 is located in the RET cadherin domain. It is
one of the four residues of the motif Leu-Asp-Arg-Glu
(LDRE) that is highly conserved in most cadherins and forms
one of the loops involved in calcium-binding (38, 39). How-
ever, while the RET cadherin domain can be superimposed to
the amino-terminal cadherin domains of E-cadherin (Legrand,
P., and M. Billaud, unpublished results) its function is not yet
defined, especially as RET does not display clear Ca21-depen-
dent homophilic adhesive properties (40). The substitution of
arginine 231 for histidine leads to a drastic reduction of the
mutant RET protein present at the cell surface. Similarly, mu-

Figure 2 (Continued)
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tations of either codon Asp 264 (D264K) or Asp 300 (D300K)
which are part of the putative Ca21-binding site of the RET
cadherin domain, and mutation of arginine 287 (R287Q) which
is also located in the cadherin domain resulted in the intracel-

lular accumulation of the immature 150-kD product (21)
(Chappuis, S., and M. Billaud, unpublished results). Other
HSCR mutations affecting the extracytoplasmic domain, out-
side the cadherin domain, have the same disruptive effect as
mutation R231H. Thus, these data therefore support the idea
that most extracellular missense mutations of RET might alter
the protein folding and cause inappropriate intracellular traf-
ficking (26, 27).

Among HSCR mutations located in the RET tyrosine ki-
nase domain tested in this study, two out of three inhibited the
biological activity of the MEN 2A form of RET (K907E,
E921K). Although the functional consequences of each muta-
tion were the same, biochemical analyses suggested that the
underlying molecular mechanisms were different. Mutation
K907E did not abrogate the tyrosine kinase activity of RET-
MEN 2A since this mutant was still able to efficiently phos-
phorylate substrates such as MBP and Shc. These results indi-
cate that the K907E mutation might interfere with one of the
RET-signaling pathways required for mitogenesis. Since Lys
907 is located in the close vicinity of Tyr 905 (41), a residue
whose autophosphorylation creates a putative docking site for
Grb10 and possibly Grb7, it is tempting to speculate that the
K907E mutation might uncouple Grb7 and/or Grb10 from
RET, thus dampening down the RET signal (27, 42–44). The
negative effect of mutation E921K on RET-MEN 2A enzy-
matic activity implies that Glu 921, an amino acid strictly con-
served in all serine/threonine and tyrosine kinases identified
thus far, participates in the folding of the RET kinase domain
(45). Similarly, three other HSCR mutations located in the ty-
rosine kinase domain have been shown to abolish or decrease
the kinase activity of oncogenic forms of RET (25).

The RET C609W mutation occurred in an HSCR family

Figure 3. Expression and tyrosine phosphorylation of mutant RET proteins. Comparable amounts of RET proteins were immunoprecipitated 
from mass populations of puromycin-resistant NIH3T3 cells expressing the various RET mutants. Controls were NIH, RETWT, RET-634R, and 
LacZ. (A) RET monomer detection. Samples were fractionated on an 8% SDS polyacrylamide gel and analyzed by Western blotting with an 
anti-RET polyclonal serum. The two RET species of 170 and 150 kD are indicated. (B) Tyrosine phosphorylation of RET. Western blots were 
reprobed with the monoclonal antiphosphotyrosine antibody 4G10. The 170-kD phosphorylated band was absent for three constructions, 
namely RET-634R/231H, RET-609W, and RET-634R/921K and was decreased for RET-634R/1039L and the RET-634R/1064T.

Figure 4. Immunocomplex kinase assay. Equal amounts of RET pro-
teins were immunoprecipitated from lysates of NIH3T3 cells stably 
expressing various RET mutants. The immunocomplexes were sub-
jected to an in vitro kinase assay using MBP as an exogenous sub-
strate. Bands corresponding to autophosphorylated RET and to 
phosphorylated MBP are indicated.
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without any clinical manifestation involving either thyroid or
adrenals (24) while other missense mutations at codon 609
have been identified in 8% of MEN 2A (19) . Thus, it ap-
peared likely that the replacement of cysteine 609 by a tryp-
tophan exerted a disruptive effect on RET. Yet, the C609W
mutation was found to cause RET covalent dimerization simi-
lar to the one observed with MEN 2A cysteine mutations.
However, the amount of the mature 170-kD form of RET
present at the cell membrane was significantly decreased as
compared with RET wild type or RET-634R, thereby indicat-
ing that mutation C609W also impaired the RET maturation.
Consequently, the transforming capacity of RET-609W was
approximately twofold less than the one displayed by RET-
634R. It is thus tantalizing to hypothesize that the weak level
of the RET dimer cannot compensate for the marked decrease
of RET at the plasma membrane of enteric neuroblasts result-

ing in the HSCR phenotype. We cannot exclude the possibility
that the covalent dimerization of RET-609W requires the
overexpression of RET, the same as achieved in NIH3T3 cells
and that, under physiological conditions, the dimer is not
formed in enteric neuroblasts. Along the same lines, it is worth
noting that two mutations, previously reported in MEN 2A pa-
tients have been identified in HSCR patients without evidence
of MEN 2 phenotype (C609Y, C620R) (46). Finally, the same
dual impact (the formation of disulfide-bound RET ho-
modimer and inhibition of RET maturation) (47) might ex-
plain the occurrence of both HSCR and MEN 2A in rare fami-
lies with RET mutation at codons 618 or 620.

Finally, three HSCR mutations did not substantially mod-
ify the biological activity of RET-MEN 2A in our systems
(S767R, P1039L, M1064T). Mutation S767R was found in a
sporadic case, while the two other mutations were inherited

Figure 5. Tyrosine phosphorylation of Shc 
by RET mutants. Retroviral infected 
NIH3T3 cells stably expressing the various 
RET mutants were starved overnight in 
0.5% FBS and then whole cell lysates were 
prepared. (A) Shc proteins were immuno-
precipitated with a rabbit polyclonal anti-
Shc antibody (Transduction Laboratories) 
and the resultant immunoprecipitates were 
subjected to Western blot analysis using a 
monoclonal antiphosphotyrosine antibody 
(4G10; Upstate Biotechnology Inc.). (B) 
Filters were reprobed with the anti-Shc an-
tibody; the three Shc isoforms of 66, 52, 
and 46 kD are indicated.

Figure 6. Cell surface expression of mu-
tant RET proteins. NIH3T3 cells stably 
expressing equivalent amount of mutant 
RET proteins were labeled with biotin 
and immunoprecipitated with streptavi-
din conjugated to agarose. The resultant 
immunoprecipitates were separated on 
an 8% SDS polyacrylamide gel and 
Western blotted with an anti-RET poly-
clonal serum. The immunoreactive band 
corresponds to the fully glycosylated 
RET product of 170 kD present at the 
cellular membrane.
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from an unaffected parent (24). These mutations have not
been identified in 100 control chromosomes and it seems un-
likely that they are rare polymorphisms, although this possibil-
ity cannot be completely ruled out. However, it is possible that
these mutations can reduce the activation of RET in response
to GDNF, a hypothesis that should be tested in cells that stably
express the RET coreceptor GDNFRa (data not shown). It is
also possible that the signaling pathways activated from RET
in enteric neurons depend on an array of transduction effec-
tors which might not be expressed in fibroblasts or PC12 cells,
while these mutations would indeed interfere with the ability
of RET to mediate either the GDNF or the neurturin signal.
Our data emphasize the necessity to develop fibroblast and/or
neuronal cell cultures expressing RET coreceptors (GDNFRa
and/or GDNFRb) providing better insights into the conse-
quences of these mutations on RET function.

Hitherto, the biochemical and biological effects of 16
HSCR missense mutations affecting the RET protein have
now been reported in four independent studies, including the
present work (25–27). A survey of these results allow us to
draw several conclusions: (a) the vast majority of HSCR mis-
sense mutations (12/16) result in RET inactivation, therefore
implying that HSCR can be merely ascribed to the loss of RET
function or a reduced dosage of RET protein; (b) however,
rare HSCR-causing mutations could be activating (e.g., C609W);
and (c) the molecular mechanisms of RET dysfunction highly

depend on the location of the mutation in the protein. We then
propose to classify HSCR missense mutations of RET into
four groups. Class I mutations are located in the extracytoplas-
mic domain, causing impairment in RET maturation and pre-
venting the protein from reaching the cell surface. Class II mu-
tations in the cysteine-rich domain might be responsible for
both the formation of covalently linked RET dimers and the
transport defect of the protein. Class III mutations are located
in the tyrosine kinase domain altering either the catalytic activ-
ity or the stability of the enzyme structure. Finally, class IV
mutations are found in the intracytoplasmic domain and might
prevent the interaction between RET and cytosolic proteins
which would be critical to signaling events. However, the ab-
sence of correlation between the nature or the position of the
RET mutations and the clinical phenotype as well as the low
penetrance of the disease indicates that other genetic factors
might contribute to the HSCR phenotype. The recent demon-
stration that germline mutations in the gene encoding GDNF
might either be responsible for or modify the HSCR clinical
manifestations strengthens the view that the role of the multi-
component RET/GDNFR-a receptor is crucial during enteric
neurogenesis (48–50). The identification of such components
of the RET-signaling pathways should extend our understand-
ing of the molecular bases of HSCR.

Note added in proof: Since the submission of this manuscript, Ta-
kahashi and co-workers reported on the biochemical analysis of the
C609W mutation with results paralleling our data regarding C609W
HSCR mutation (51).
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