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The RET proto-oncogene encodes a tyrosine kinase receptor expressed in neuroectoderm-derived cells.
Mutations in specific regions of the gene are responsible for the tumor syndromes multiple endocrine neoplasia
types 2A and 2B (MEN 2A and 2B), while mutations along the entire gene are involved in a developmental
disorder of the gastrointestinal tract, Hirschsprung’s disease (HSCR disease). Two mutants in the extracel-
lular domain of RET, one associated with HSCR disease and one carrying a flag epitope, were analyzed to
investigate the impact of the mutations on RET function. Both mutants were impeded in their maturation,
resulting in the lack of the 170-kDa mature form and the accumulation of the 150-kDa immature form in the
endoplasmic reticulum. Although not exposed on the cell surface, the 150-kDa species formed dimers and
aggregates; this was more pronounced in a double mutant bearing a MEN 2A mutation. Tyrosine phosphor-
ylation and the transactivation potential were drastically reduced in single and double mutants. Finally, in
cotransfection experiments both mutants exerted a dominant negative effect over protoRET and RET2A
through the formation of a heteromeric complex that prevents their maturation and function. These results
suggest that HSCR mutations in the extracellular region cause RET loss of function through a dominant
negative mechanism.

The RET proto-oncogene encodes a membrane receptor
that expresses tyrosine kinase activity in tissues of neural crest
origin, including the sympathetic ganglia, the adrenal medulla,
thyroid C cells, and the excretory system of the developing
kidney (3, 24, 35, 36). It is also expressed in tumors originating
from neural crest cells, e.g., neuroblastoma, pheochromocy-
toma, and thyroid medullary carcinoma (16, 23, 30).

The RET protein shows some structural features that are
homologous with the extracellular domains of cadherins, in-
cluding putative Ca21 binding sites. These repeats are followed
by a unique cysteine-rich tract and a transmembrane segment.
The intracellular region is formed by a bipartite tyrosine kinase
functional domain (35, 36). Glial-cell-line-derived neurotro-
phic factor (GDNF) and neurturin have recently been shown
to be RET ligands (5, 11, 18, 19). GDNF-deficient mice, in fact,
lacked the enteric nervous system and had abnormalities in the
developing kidney similar to those observed in RET knockout
mice (29, 33, 39). Finally, GDNF and neurturin activate RET
through intermediate receptors, GDNF receptors a and b.
This is a growing family of proteins, anchored through a gly-
cosylphosphatidylinositol (GPI) moiety on the surfaces of the
target cells, that interact with the proper ligands and induce
RET dimerization and activation (5, 18, 19).

Mutations of the RET proto-oncogene have been associated
with several neurochristopathies: multiple endocrine neoplasia
types 2A and 2B (MEN 2A and 2B), familial medullary thyroid
carcinoma (FMTC), and Hirschsprung’s disease (HSCR dis-
ease) (10, 13, 15, 22, 28). MEN 2 neurochristopathies are

autosomal dominant cancer syndromes: MEN 2A is character-
ized by medullary thyroid carcinoma (MTC), pheochromocy-
toma, and hyperplasia of the parathyroid glands, while MEN
2B, in addition to MTC and pheochromocytoma, is character-
ized by developmental abnormalities without involvement of
the parathyroid glands. FMTC has MTC as the only clinical
phenotype (32). Single-base-pair changes in the codons speci-
fying one of five conserved cysteine residues in the cysteine-
rich region are responsible for 85 to 90% of the MEN 2A cases
and the majority of FMTC cases (13). MEN 2B is caused by a
single missense mutation that involves one of the conserved
amino acid residues in the tyrosine kinase domain of RET (15).
In all cases, the result is a “gain of function” of RET that is
believed to be the initiating event that leads to foci of hyper-
plasia in the target organ and, eventually, to tumor formation.
The MEN 2A and MEN 2B alleles behave as dominant onco-
genes in in vitro systems. The MEN 2A mutations constitu-
tively activate the receptor through the formation of covalently
linked dimers, independent of the ligand (2, 31). The MEN 2B
mutation appears to change the specificities of the substrates
that are phosphorylated during intracellular signalling (34).

HSCR disease is a congenital disorder of the autonomic
innervation of the distal gastrointestinal tract that causes its
functional obstruction and results in megacolon (26). One
HSCR susceptibility locus was mapped to the pericentromeric
region of chromosome 10 where RET was localized, and, in-
deed, some HSCR disease patients have partial deletions of
the RET locus (20, 21). Some other familial or sporadic cases
bear missense, nonsense, or frameshift mutations distributed
along the entire gene that cause amino acid substitutions or
protein truncation (1, 12, 13, 28). In all these cases the receptor
is inactivated, producing a clinical picture of a loss of function.
The RET knockout in mice causes, in fact, a lack of enteric
ganglion cells of the Meissner’s and Auerbach’s plexuses in
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homozygous animals, a clinical picture that is reminiscent of
HSCR disease in humans (33). HSCR mutations of the intra-
cellular domain of RET introduced into the RET/PTCII chi-
meric oncogene abolished RET’s biological activity and signif-
icantly decreased its kinase activity. Moreover, they exerted a
dominant negative effect on the RET/PTCII oncogene and on
the “activating” MEN 2A mutation (8, 25). Mutations in the
extracellular domain of RET impair the correct maturation of
the receptor, its exposure on the cell surface, and its biological
activity (2, 6, 17).

We have analyzed in greater depth the biochemical and
biological impact of two mutations in the outermost region of
the extracellular domain of RET. We demonstrate that these
two RET mutants, one carrying a “natural” HSCR single-base-
pair mutation and the other carrying a stretch of additional
amino acids (Flag epitope), were hampered in the glycosyla-
tion process, were retained in the endoplasmic reticulum, and
were sensitive to endoglycosidase-H (Endo-H) cleavage. Sim-
ilar results were obtained with a double mutant generated by
inserting the Flag epitope in the RET2A cDNA. The immature
150-kDa species, although not exposed on the cell surface, was
able to form dimers and high-molecular-weight complexes.
The phosphorylation and transactivation potential of the mu-
tants were low compared to those of protoRET and RET2A.
Finally, in cotransfection-transactivation experiments the mu-
tants interfered with the maturation and function of the 150-
kDa protoRET and RET2A species through the formation of
heteromeric complexes. We suggest that HSCR mutations in
the extracellular domain cause RET loss of function by exert-
ing a dominant negative effect, i.e., inactive heterodimerization
between wild-type and mutated immature proteins results in
loss of function.

MATERIALS AND METHODS

Plasmid constructions. The pSG-5 expression vector was used as a recipient
plasmid to clone the protoRET full-length cDNA as an EcoRI-HindIII fragment
(8). A DNA fragment carrying the Cys634Arg MEN 2A mutation was obtained
by reverse transcription-PCR from a MEN 2A tumor and was cloned in the same
protoRET cDNA, as described elsewhere (8). The mutation at codon 32 associ-
ated with HSCR involves the substitution of a serine with a leucine residue and
has been described previously (6). To produce the Flag mutants, a 36-bp DNA
fragment coding for a polyaspartic acid epitope was cloned at a unique EagI site
present in the 59 region of both protoRET and RET2A cDNA. The longRET
expression vector carries the cDNA corresponding to the 1,114-amino-acid (aa)
protein, with an extension of 51 aa with respect to the short version of the
receptor (13).

Cell culture and transfections. Cos 7 cells were grown in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum and were transfected by the
calcium phosphate coprecipitation technique (14). Cells were seeded 5 h before
transfection at 106 per 10-cm-diameter plate. Transfections were carried out with
5 mg of DNA, a quantity that was shown not to overload the cells or to interfere
with the expression of other cellular proteins (8). Cotransfection experiments
were performed by introducing a fixed amount of the TRE-TK-CAT reporter
plasmid and increasing amounts of protoRET, RET2A, HSCR32, protoRET-
Flag, and RET2A-Flag expression vectors. Alternatively, a fixed amount of pro-
toRET or RET2A expression constructs was cotransfected with the various RET
mutant expression vectors at 1:1, 1:2, and 1:3 molar ratios. In transactivation-
cotransfection experiments, the mutation-carrying vectors were added to the
transfection mixture containing the TRE-TK-CAT plasmid as the reporter and
the RET2A plasmid as the transactivator at 1:1, 1:2, and 1:3 molar ratios with
respect to the RET2A vector. The same amount of DNA and the same molar
ratios of the mutant forms were employed with the longRET expression vector.
Forty-eight hours after transfection, cells were lysed in a solution of 66 mM
HEPES (pH 7.4), 200 mM NaCl, 1% glycerol, 1% Triton X-100, 2 mM MgCl2,
6 mM EGTA, 10 mg of aprotinin per ml, 10 mg of leupeptin per ml, and 2 mM
phenylmethylsulfonyl fluoride (JS buffer). Alternatively, the cells were harvested
and assayed for chloramphenicol acetyltransferase (CAT) enzymatic activity.

Western blot and immunoprecipitation analysis. Protein concentration was
determined by a modification of the Bradford method (Bio-Rad). Equal amounts
of proteins were separated on a reducing sodium dodecyl sulfate–7.5% poly-
acrylamide gel electrophoresis (SDS–7.5% PAGE) gel, transferred onto a mem-
brane, and, subsequently, immunostained with an antibody directed against a
peptide from the carboxy terminus of the RET protein (Santa Cruz Biotechnol-

ogy, Heidelberg, Germany), an antiphosphotyrosine (anti-p-Tyr) monoclonal
antibody (ICN Biochemicals, Cleveland, Ohio), or an anti-Flag monoclonal
antibody (ICN Biochemicals). The long version of RET was detected with an
immune serum raised against a peptide derived from the unique C terminus
extension of the protein. This immune serum does not recognize the short
version of the receptor or the Flag mutants. Detection was achieved by chemi-
luminescence with the ECL kit (Amersham, Little Chalfont, Buckinghamshire,
United Kingdom). To detect RET dimers, electrophoresis was carried out with
an SDS–7% PAGE gel in nonreducing conditions. Immunoprecipitation was
accomplished by mixing 1 mg of protein extracts from transfected cells with
anti-longRET or anti-Flag antibodies. The components of the immunocomplexes
were subsequently identified by Western blotting using anti-Flag or anti-longRET
antibodies, respectively.

Immunofluorescence staining. Cos cells seeded on glass coverslips were trans-
fected with protoRET, RET2A, HSCR32, protoRET-Flag, and RET2A-Flag
cDNAs. Forty-eight hours after transfection, cells were fixed with 3.7% formal-
dehyde for 20 min at room temperature, permeabilized with 0.1% Triton X-100
in phosphate-buffered saline for 5 min at room temperature, and processed for
immunofluorescence staining. Cells were incubated with rabbit anti-RET serum
or mouse anti-Flag monoclonal antibody for 20 min at room temperature,
washed, and treated with donkey anti-rabbit immunoglobulin G (IgG; Texas Red
linked) or with donkey anti-mouse Ig (Texas Red linked) (Amersham), respec-
tively, for 20 min at room temperature. Pictures were taken with a 633 magni-
fication lens.

Endo-H digestion. Equal amounts of protein extracts from protoRET, RET2A,
HSCR32, protoRET-Flag, and RET2A-Flag cDNA-transfected cells were dena-
tured at 97°C in a digestion buffer (0.2 M tribasic sodium citrate [pH 5.5], 0.5%
SDS, 1 M b-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride). Some of
the extracts were mixed with Endo-H enzyme (Boehringer GmbH, Mannheim,
Germany), and all were incubated at 37°C overnight. The products were analyzed
by Western blotting with an anti-RET antibody.

CAT assay. Forty-eight hours posttransfection, cells were harvested by scrap-
ing, pelleted at 13,000 3 g for 10 min, resuspended in 100 ml of 250 mM Tris (pH
7.5), and lysed by four cycles of freezing and thawing. The extracts were cleansed
of cell debris by centrifugation at 13,000 3 g for 10 min. The CAT assay was
performed with the CAT-Elisa detection kit (Boehringer GmbH) by following
the manufacturer’s instructions. Normalization for variations in transfection ef-
ficiency was done by quantitating the proteins with the Bio-Rad protein assay kit.

RESULTS

Analysis of RET mutants after transfection into Cos cells.
To investigate the role that modifications in the outermost part
of the extracellular region of RET play in its cellular localiza-
tion and functional activity, two mutants were examined. One
mutant carried an HSCR-associated point mutation at codon
32 that replaces a serine with a leucine residue (6). The other
mutant carried an extra amino acid sequence, which enabled us
to establish whether mutations different from those associated
with HSCR could affect RET function. The latter mutation was
generated by inserting a short DNA segment coding for an
additional polyaspartic acid (Flag epitope) into the 59 region of
protoRET and RET2A cDNAs at a unique EagI restriction
enzyme site. These constructs were designated protoRET-Flag
and RET2A-Flag, respectively. Expression vectors carrying the
various cDNAs, driven either by a viral long terminal repeat
(protoRET and the HSCR32 mutant) or by the simian virus 40
promoter-enhancer cassette (protoRET, RET2A, protoRET-
Flag, and RET2A-Flag), were transiently transfected into Cos
cells, which have negligible levels of endogenous RET protein.
Cos cells constitute a reproducible system with which to ana-
lyze the effects of RET mutations (8). Protein extracts were
prepared 48 h after transfection and analyzed by Western
blotting using anti-RET polyclonal antibodies raised against a
peptide from RET’s carboxy-terminal region. ProtoRET and
RET2A expressed the 150- and 170-kDa species, the immature
and mature forms of the protein, respectively (Fig. 1A, lane 1,
and 1B, lanes 1 and 2). In contrast, only the 150-kDa partially
glycosylated form of the receptor was detected in the extracts
from HSCR32-, protoRET-Flag-, and RET2A-Flag-transfected
cells (Fig. 1A, lane 2, and 1B, lanes 3 and 4).

Subcellular localization of the 150-kDa RET form. To de-
termine the subcellular localization of the 150-kDa form, we
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digested the same protein extracts from transfected Cos cells
with Endo-H. This enzyme digests the N-linked incomplete
oligosaccharides of the proteins before they are processed to
the mature carbohydrate chains in the Golgi complex. Proteins
that have undergone complete glycosylation are insensitive to
Endo-H, whereas partially glycosylated proteins are sensitive
to its action. Equal amounts of protein extracts from pro-
toRET, RET2A, HSCR32, protoRET-Flag, and RET2A-Flag
cDNA-transfected cells were incubated with or without
Endo-H, and the products were analyzed by Western blotting
with anti-RET antibodies. The unique 150-kDa forms of
HSCR32, protoRET-Flag, and RET2A-Flag were completely
digested, and a band of about 120 kDa was detected in all
samples (Fig. 2, lanes 5 to 10). ProtoRET and RET2A pro-
duced the 170- and 150-kDa forms, and in both cases only the
150-kDa species was digested, resulting in the same 120-kDa
band. As expected, the completely glycosylated 170-kDa form
was not digested (Fig. 2, lanes 1 to 4).

We performed immunofluorescence assays to verify these
results. Cos cells grown on coverslips were transfected with
protoRET, RET2A, HSCR32, protoRET-Flag, and RET2A-
Flag expression vectors, fixed with formaldehyde, permeabil-
ized with Triton X-100, and stained with anti-RET antibodies.

The protoRET-Flag- and RET2A-Flag-transfected cells were
stained also with anti-Flag-specific monoclonal antibodies. The
positive immunofluorescence signal detectable in cells trans-
fected with protoRET and RET2A was distributed in the rough
endoplasmic reticulum through the Golgi complex to the
plasma membrane (Fig. 3A and B). In cells transfected with
HSCR32, protoRET-Flag, and RET2A-Flag there was a posi-
tive perinuclear staining, particularly evident around the nu-
clear membrane, suggesting a localization in the endoplasmic
reticulum (Fig. 3C, D, and E). The same pattern was obtained
with anti-Flag antibodies (Fig. 3F and G). No staining was
observed with either antibody in mock-transfected or nonper-
meabilized cells (data not shown).

The 150-kDa RET species can form homodimers. To char-
acterize the biochemical properties of the 150-kDa RET spe-
cies, protein extracts from protoRET, RET2A, HSCR32, pro-
toRET-Flag, and RET2A-Flag cDNA-transfected cells were
fractionated on nonreducing SDS–7% PAGE gel. Equal
amounts of proteins were loaded on twin gels, transferred onto
a membrane, and immunoblotted with anti-RET polyclonal
antibodies or anti-Flag monoclonal antibodies. As expected, a
band of about 340 kDa was clearly detectable in the extracts
from RET2A-transfected cells, due to the disulfide-bonded
170-kDa species (Fig. 4A, lane 2). A band of approximately
300 kDa was barely visible in extracts from cells transfected
with protoRET and was more intense with HSCR32, pro-
toRET-Flag, and RET2A-Flag (Fig. 4A, lanes 1, 3, 4, and 5).
Since the 150-kDa species is the only species produced by the
last three constructs, the band detected can only result from
the dimerization of this form. Similar results were obtained
with protoRET-Flag and RET2A-Flag extracts by using the
anti-Flag antibody (Fig. 4B, lanes 1 and 2). In addition to the
dimer bands, bands corresponding to the monomeric forms of
RET were detected in the lanes corresponding to protoRET,
HSCR32, and protoRET-Flag (Fig. 4A, lanes 1, 3, and 4, and
4B, lane 1) and were barely visible, if at all, in lanes corre-
sponding to RET2A and RET2A-Flag (Fig. 4A, lanes 2 and 5,
and 4B, lane 2). These forms appeared slightly smudged be-
cause of the long gel run. Finally, very large protein complexes
or aggregates were stained by both anti-RET and anti-Flag
antibodies (Fig. 4). The possibility that GDNF receptor a
could participate in these complexes was excluded, as it is not
expressed in Cos cells, as proved by reverse transcription-PCR
(data not shown).

Phosphorylation of the RET mutants. Phosphorylation on
tyrosine residues in vivo was then examined to evaluate the
kinase activities of HSCR32, protoRET-Flag, and RET2A-
Flag compared to those of protoRET and RET2A. Equal
amounts of proteins from transfected cells were loaded on twin
gels and immunoblotted with anti-RET antibodies or an anti-
p-Tyr monoclonal antibody. Although all different RET pro-
teins were expressed at high and comparable levels (Fig. 5A,
lanes 1 to 5), a variable phosphorylation was detected.
HSCR32 and protoRET-Flag displayed phosphorylation levels
that were lower than the basal one associated with protoRET
(Fig. 5B, lanes 1, 3, and 4); RET2A-Flag was much less phos-
phorylated than the activated RET2A (Fig. 5B, lanes 2 and 5).

Transactivation potentials of the RET mutants. The various
RET constructs were tested for their abilities to transactivate a
reporter plasmid in transient cotransfection assays. The TRE-
TK-CAT plasmid, in which the TK-CAT gene was fused to a
tetradecanoyl phorbol acetate-responsive element oligonucle-
otide (TRE), was used as the target gene. The TRE is the
binding site for the AP1 complex and is derived from the
collagenase promoter region. Following the binding of RET
with the cognate ligand, the Ras-Raf mitogen-activated protein

FIG. 1. Expression of RET mutants in Cos cells. (Top) Scheme of the short
isoform of the RET protein (35). SP, signal peptide; CAD, cadherin-like domain;
CYS, cysteine-rich tract; TM, transmembrane region; TK, tyrosine kinase do-
main; 1072, the number of amino acids in the protein. The positions of the
mutants analyzed are also shown. (A and B) Cos 7 cells were transfected with 5
mg of each RET construct. Forty-eight hours later, cells were harvested and
protein extracts were prepared. Equal amounts of proteins (100 mg) from the
transfectants (indicated above the lanes) were loaded in each lane and fraction-
ated on an SDS–7.5% PAGE gel. After transfer, the proteins were detected by
using anti-RET antibodies. The migration of the mature and immature RET
forms is indicated on the side.

FIG. 2. Endo-H sensitivities of the different RET forms. Cos cells were
transfected with the RET constructs indicated above the lanes and harvested 48 h
later. Protein extracts were prepared and treated with Endo-H or were left
untreated. The products were analyzed on an SDS–7.5% PAGE gel and immu-
nostained with anti-RET antibodies. The migration of the fully glycosylated and
partially glycosylated proteins and of the digestion product is shown on the left.
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kinases constitute, in fact, the major intracellular signalling
pathway activated (40). This cascade of events leads to the
formation of Jun-Fos dimers and binding to responsive ele-
ments of the target genes. A constant amount of the reporter
plasmid was cotransfected with different ratios (1:1, 1:2, and
1:3) of the various RET mutants. A dose-response curve that
was repeatedly observed with different DNA preparations and
in at least three independent experiments was obtained (Fig.
6). The empty vectors alone showed no activity; protoRET
caused a basal level of induction, while RET2A induced a level
of CAT activity about fourfold higher than that induced by
protoRET. The HSCR32 mutant and the Flag-containing con-
structs did not transactivate the reporter plasmid. The

HSCR32 data confirmed in our system the findings obtained
with PC12 cells (6).

Dominant negative effect of the RET mutants. To establish
whether HSCR32 and the Flag mutants exert a dominant neg-
ative effect, we performed transient cotransfections with a fixed
amount of protoRET and three molar ratios of the various
mutants (1:1, 1:2, and 1:3). protoRET and HSCR32 mutant
plasmids, individually transfected, produced the 170- and 150-
kDa bands and the 150-kDa band, respectively (Fig. 7A, lanes
1 and 2). When protoRET and HSCR32 were cotransfected,
the mature 170-kDa form was detected at low levels at the 1:1
ratio and completely disappeared with the increase of the co-
transfected mutant plasmid (Fig. 7A, lanes 3 to 5). The 150-

FIG. 3. Immunofluorescence analysis of the RET mutants. Cos cells grown on coverslips were transfected with the various RET constructs as indicated. They were
then fixed, permeabilized, and stained with anti-RET (aRET) (A to E) or anti-Flag (aFlag) (F and G) antibodies.

3324 COSMA ET AL. MOL. CELL. BIOL.



kDa band, on the other hand, markedly increased. Transfec-
tions with protoRET and protoRET-Flag plasmids, carried out
under the same experimental conditions, produced similar re-
sults. In this case also, cotransfections of the mutant plasmid
caused a drastic reduction of the 170-kDa form even at the 1:1
ratio and complete abrogation at higher proportions (Fig. 7B,
lanes 1 to 5). Cotransfection of protoRET with increasing
amounts of an empty vector did not affect the accumulation of
the 170-kDa form, excluding promoter competition effects. In
contrast, the amount of the mature form increased proportion-

ally with the amount of proteins loaded in each lane (Fig. 7,
panel C).

The same extracts were analyzed for the maturation of an
endogenous protein to control the glycosylation process. The b
subunit of the membrane-bound ATPase is a membrane pro-
tein only in its fully glycosylated form. This 55-kDa protein was
detected as a single band of the expected size in all extracts
analyzed, ruling out the possibility that the glycosylation ma-
chinery was saturated or slowed down by overproduction of the
transfected proteins (data not shown). To confirm that the data
obtained were not due to an overload of the cells with exoge-
nous proteins but rather to a specific heterodimerization event,
the converse experiment was performed. Constant amounts of
HSCR32 or protoRET-Flag were cotransfected with increasing
ratios of protoRET. A proportional increase of the 170-kDa
band occurred in the lanes corresponding to the cotransfec-
tants, together with an increase of the 150-kDa band (Fig. 7D
and E, lanes 1 to 5). This effect was specific because cotrans-
fection of an empty vector or a plasmid expressing an unrelated
protein did not produce the 170-kDa band (Fig. 7D and E,
lanes 6 and 7). We also demonstrated that the formation of the
RET2A 170-kDa form was impeded in cotransfections with
increasing amounts of the RET2A-Flag mutant expression vec-
tor, as shown for protoRET (Fig. 8A, lanes 1 to 5).

To correlate the maturation block with the biological activ-
ities of the various RET forms, we performed transactivation-
cotransfection experiments. The TRE-TK-CAT and the
RET2A plasmids were used as the target and transactivating
vectors, respectively. The RET2A construct was the only one
able to transactivate a reporter gene and was used at the 1:3
ratio shown before to produce the highest level of induction
(Fig. 6). The addition of RET2A-Flag vector to the cotrans-
fection mixture at 1:1, 1:2, and 1:3 ratios, with respect to the
RET2A vector, nearly abolished the CAT activity of the target
gene (Fig. 8B). Similar results were obtained with HSCR32

FIG. 4. Dimer formation of the different RET mutants. (A) Equal amounts
of proteins from Cos cells transfected with the protoRET, RET2A, HSCR32,
protoRET-Flag, and RET2A-Flag constructs were fractionated on nonreducing
SDS–7% polyacrylamide gel, transferred, and stained with anti-RET (aRET)
antibodies. (B) Equivalent protein extracts from cells transfected with pro-
toRET-Flag and RET2A-Flag constructs were processed similarly and stained
with anti-Flag (aFlag) antibodies. The migration of the monomers, dimers, and
high-molecular-mass aggregates (h.m.w.a.) is indicated on the left. The sizes of
the dimers were determined on the basis of the migration of size markers of
known molecular weights.

FIG. 5. Expression and tyrosine phosphorylation of RET mutants. Equiva-
lent amounts of protein extracts from cells transfected with the various constructs
were analyzed by Western blotting for the expression levels of the various forms
of RET with anti-RET (aRET) antibodies (A). The same amounts of proteins
were analyzed for tyrosine phosphorylation with an anti-p-Tyr (apTyr) antibody
(B). The migration of the 170- and 150-kDa RET monomers is indicated at the
right of both panels.

FIG. 6. Transactivation abilities of RET mutants. Cos cells were transfected
with a constant amount (5 mg) of the TRE-TK-CAT reporter gene and three
different molar ratios (from left to right, for each expression vector, 1:1, 1:2, and
1:3) of each of the expression vectors for protoRET, RET2A, HSCR32, pro-
toRET-Flag, and RET2A-Flag. Each CAT activity is reported as relative induc-
tion and represents the mean of at least three independent experiments per-
formed with different DNA preparations. Standard deviations are indicated by
error bars.
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(Fig. 8C) and protoRET-Flag (data not shown) expression
vectors. Taken together these results demonstrate a clear cor-
relation between the lack of production of the 170-kDa form
and the loss of RET biological function.

Finally, to demonstrate that both the wild-type and mutant
RET forms were expressed during the course of the experi-
ments, we transfected Cos cells with plasmids expressing pro-
teins that could differentially be identified by specific antibod-
ies. This strategy allows the determination of the type and the
amount of each protein synthesized from the transfected
cDNAs. The protoRET-Flag expression vector was cotrans-
fected in three increasing molar ratios (1:1, 1:2, and 1:3) with
a constant amount of a plasmid expressing longRET. This
protein contains an additional stretch of 51 aa at its C terminus
(13) and is recognized by a specific antiserum that does not
identify either protoRET or protoRET-Flag. LongRET and
the Flag mutant cDNAs were also transfected alone, as con-
trols (Fig. 9A and B, lanes 1 and 2). Protein extracts from the
transfected cells were loaded as described above on twin gels,
fractionated by SDS-PAGE, transferred, and immunostained
with anti-longRET or anti-Flag antibodies. The anti-RET an-
tibodies recognized both longRET species: the 170-kDa form
was already diminished at the 1:1 ratio and completely disap-
peared at the 1:2 and 1:3 ratios (Fig. 9A, lanes 3 to 5); the
150-kDa form was present and increased in the extracts at the
1:2 and 1:3 ratios. The anti-Flag antibodies recognized only the

150-kDa form produced by the Flag mutant, which increased
with the amount of the proteins loaded (Fig. 9B, lanes 3 to 5;
see also the experiments described above). Similar results were
obtained in cotransfections of longRET cDNA with HSCR32
and RET2A-Flag expression vectors (data not shown).

To investigate whether longRET and the Flag mutant were
capable of interacting and forming heterodimers, protein ex-
tracts from cotransfected Cos cells were immunoprecipitated
with anti-longRET or anti-Flag antibodies. The complexes were
subsequently immunoblotted with anti-Flag or anti-longRET
antibodies, respectively. In the anti-longRET immunoprecipi-
tates derived from cotransfected Cos cells, the immunoblot
with the same antibodies identified a single band of 150 kDa
(Fig. 9C, lane 5). A similar band was recognized by the anti-
Flag antibodies (lane 6). In contrast, when the extracts from
cells transfected with the longRET construct alone were im-
munoprecipitated and immunostained with the same antibod-
ies, both 170- and 150-kDa longRET forms were recognized
(lane 1). The anti-Flag antibodies did not recognize any band
in these immunocomplexes (lane 2). In the reverse experiment,
when the extracts derived from the same cotransfected cells
were immunoprecipitated and immunoblotted with the anti-
Flag antibodies, a single band of 150-kDa was detected; im-
munoblotting with the anti-longRET antibodies revealed also
a 150-kDa band (lanes 7 and 8). Protein extracts from the
protoRET-Flag single transfectant immunoprecipitated and

FIG. 7. HSCR32 and protoRET-Flag mutants exert a dominant negative effect over protoRET. (A) Cos cells were cotransfected with 5 mg of protoRET and 5, 10,
and 15 mg of protoRET-Flag expression vectors. Parallel transfections were carried out with 5 mg of protoRET and protoRET-Flag expression vectors alone. A Western
blot analysis was performed with increasing amounts of proteins from the transfected cells. Lane 1, protoRET (50 mg); lane 2, HSCR32 (50 mg); lanes 3 to 5, protoRET
and HSCR32 at ratios of 1:1 (100 mg) (lane 3), 1:2 (150 mg) (lane 4), and 1:3 (200 mg) (lane 5). After the immunoblotting, the RET species were stained with anti-RET
antibodies. The migration of the 170- and 150-kDa RET monomers is indicated. (B) Western blot analysis performed as described for panel A on different amounts
of protein extracts from cells individually transfected with protoRET and protoRET-Flag expression plasmids (lanes 1 and 2) or cotransfected at three molar ratios
(lanes 3 to 5). The migration of the 170- and 150-kDa RET monomers is indicated. (C) Western blot analysis performed on protein extracts from cells individually
transfected with protoRET or an empty vector (lanes 1 and 2) or cotransfected in three molar ratios (lanes 3 to 5). The RET species were identified by immunoblotting
with anti-RET antibodies. (D) Western blot analysis performed as described for panel A on different amounts of proteins from cells transfected with protoRET and
HSCR32 alone (lanes 1 and 2) or with a combination of a fixed amount of HSCR32 and three ratios of protoRET expression vector (lanes 3 to 5). In lanes 6 and 7
extracts from cells transfected with an empty vector alone or cotransfected with HSCR32 and an empty vector at a 1:3 ratio are shown. The RET species were identified
with anti-RET antibodies. (E) Western blot analysis of protein extracts from cells transfected with protoRET and protoRET-Flag expression vectors alone (lanes 1 and
2) or cotransfected with a fixed amount of protoRET-Flag and three proportions of protoRET (lanes 3 to 5). Extracts from cells transfected with an empty vector or
with protoRET-Flag and an empty vector at a 1:3 ratio were loaded in lanes 6 and 7. The RET species were identified with anti-RET antibodies.
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immunoblotted with the anti-Flag antibodies recognized only
the 150-kDa species (lane 3); no bands were recognized by the
anti-longRET antibodies on the same immunocomplexes (lane
4). These results demonstrate that the 150-kDa mutant form is
capable of heterodimerizing with the 150-kDa wild-type spe-
cies.

DISCUSSION

Role of the extracellular region in the maturation of the
RET receptor. We investigated the effects of two mutations
located at the extreme N terminus of the extracellular region of
the product of the RET proto-oncogene on the biochemical
and biological activity of the whole receptor. The HSCR32
mutation affects an amino acid residue which is highly con-
served among species and is associated with a long form of
HSCR (6, 17). In this respect, HSCR32 is similar to all other
mutants associated with this disease. We asked whether mu-
tants carrying an insertion at the N-terminal part, such as the
Flag-containing mutant analyzed here, could have similar ef-
fects. The two mutants behaved similarly: they inhibited the
production of the mature 170-kDa form and its exposure on
the cell membrane by interfering with the glycosylation pro-
cess. The immature 150-kDa form accumulated in the endo-
plasmic reticulum, as shown also by immunofluorescence stud-
ies and by the sensitivity of this form to Endo-H digestion.
Other HSCR mutants with mutations in the extracellular do-
main (6, 17) and at the putative calcium binding site of the
cadherin-like domain interfered with RET maturation (2).
From these data it appears that the correct folding of the
extracellular region plays a crucial role in the maturation, in
the intracellular transport, and, ultimately, in the function of

RET. This region, with the exclusion of the cysteine-rich tract,
behaves as an independent structural and functional domain,
because the maturation block was detected also with the dou-
ble mutant RET2A-Flag, a RET mutant with a MEN 2A mu-
tation.

The 150-kDa species can form homodimers. The results of
this study show that the 150-kDa RET form was able to form
dimers before its insertion into the plasma membrane and in
the absence of the ligand. Therefore, accumulation of the
protein in the endoplasmic reticulum seems to facilitate dimer-
ization, and the larger the amount of protein retained, the
greater the number of dimers formed. In fact, dimers were
barely detectable in protoRET, were abundant in protoRET-
Flag, and were more abundant in RET2A-Flag. This increase
is probably a result of their higher degree of stability brought
about by the covalent bonds generated by the mispaired cys-
teine residues. As a consequence, the monomeric forms, prac-
tically undetectable in the RET2A constructs, were still evident
in the protoRET plasmid. The data suggest that the processing
of the receptor may involve a dimerization step of the 150-kDa
form. We also detected high-molecular-weight aggregates, the

FIG. 8. RET2A-Flag mutant exerts a dominant negative effect over an acti-
vated RET2A. (A) Western blot analysis of equivalent protein extracts from cells
transfected with the RET2A and RET2A-Flag expression vectors alone (lanes 1
and 2) or together at three different molar ratios (lanes 3 to 5). The RET forms
were stained with anti-RET antibodies. The migration of the 170- and 150-kDa
RET monomers is indicated. (B and C) Transactivation-cotransfection assay
performed with the TRE-TK-CAT plasmid (2 mg) as the reporter, the RET2A
carrying vector as the transactivator at a 1:3 ratio (6 mg), and the RET2A-Flag
(B)- or HSCR32 (C)-containing plasmid in three molar ratios with respect to
RET2A plasmid (6, 12, and 18 mg). An empty vector was used as the negative
control of the experiments. CAT activity is reported as relative induction and
represents the mean of at least three independent experiments performed with
different DNA preparations. The standard deviation is indicated by error bars.
1, species is present; 2, species is absent.

FIG. 9. LongRET and the Flag mutant are coexpressed and form het-
erodimers in cotransfected cells. (A and B) Cos cells were cotransfected with 5
mg of longRET and 5, 10, and 15 mg of protoRET-Flag expression vectors.
Parallel transfections were carried out with 5 mg of longRET and protoRET-Flag
expression vectors alone. A Western blot analysis was performed with increasing
amounts of proteins from the transfected cells. Lane 1, longRET (50 mg); lane 2,
protoRET-Flag (50 mg); lanes 3 to 5, protoRET and protoRET-Flag at a 1:1
ratio (100 mg) (lane 3), at a 1:2 ratio (150 mg) (lane 4), and at a 1:3 ratio (200 mg)
(lane 5). After the immunoblotting, the RET species were stained with either
anti-longRET- or anti-Flag-specific antibodies, as indicated. The migration of
the 170- and 150-kDa RET monomers is shown. (C) Immunoprecipitation and
immunoblotting experiments. One milligram of protein extracts from Cos cells
transfected with longRET and protoRET-Flag expression vectors alone or co-
transfected at a 1:1 molar ratio was subjected to immunoprecipitation with
anti-longRET (alongRET) (lanes 1, 2, 5, and 6) or anti-Flag (aFlag) antibodies
(lanes 3, 4, 7, and 8). The anti-longRET immunocomplexes were subsequently
stained with the same antibodies (lanes 1 and 5) or with the anti-Flag antibodies
(lanes 2 and 6). The anti-Flag immunoprecipitates were stained with the same
antibodies (lanes 3 and 7) or with anti-longRET antibodies (lanes 4 and 8). The
migration of the 170- and 150-kDa RET monomers is shown.
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biological significance of which is not yet clear. More experi-
ments are required to elucidate their origin and composition.
They were, in fact, resistant to heat and to denaturing condi-
tions; disulfide bonds and noncovalent interactions may be
responsible for their formation, and other proteins may par-
ticipate in these complexes.

Intracellular dimerization has been reported for the prod-
ucts of other activated oncogenes and is due to protein do-
mains artificially fused after translocation or genomic rear-
rangements. RET/PTCII codes for a protein in which the RET
tyrosine kinase domain is fused to the N terminus from the
R1a regulatory subunit of the protein kinase A that provides
the structural motifs for intracellular dimerization (4). Also,
the Trk gene is activated in several tumors via a mechanism of
gene rearrangement, in which its kinase domain becomes jux-
taposed to heterologous sequences, such that the resulting
protein can form intracellular homodimers (9). A structurally
altered form of the Ron gene product is not exposed on the cell
surface; the products are retained intracellularly as dimers and
oligomers stabilized by intermolecular disulfide bonds (7). Fi-
nally, an intragenic deletion of the Met oncogene leads to the
formation of a mutant protein that has an uneven number of
cysteine residues in the extracellular domain and that is altered
in its folding and blocked in its maturation (27). In all these
cases, the mutant proteins display constitutive tyrosine phos-
phorylation and cause the expressing cells to become trans-
formed. The mutations of the RET proto-oncogene described
in this report behave differently.

Phosphorylation, transactivation potentials, and biological
effects of the mutants analyzed. The mutations analyzed in this
study hampered the kinase activity of the receptor. HSCR32
and the Flag mutants showed low-level, if any, tyrosine phos-
phorylation compared with the basal level of phosphorylation
of protoRET and with the high level of phosphorylation of
RET2A. This low level of phosphorylation activity was associ-
ated with a lack of the transactivation potential and therefore
with a lack of function. RET2A, in fact, induced CAT activity,
while protoRET caused only a slight increase; HSCR32, pro-
toRET-Flag, and RET2A-Flag showed no significant induction.
The low level of phosphorylation activity of the HSCR32 and
Flag constructs may be attributed to inter- and intramolecular
phosphorylation of the 150-kDa species accumulated as dimers
in the endoplasmic reticulum. The 150-kDa dimers, however,
were not active in transactivation (Fig. 6). The low levels of
phosphorylation and transactivation potential associated with
protoRET could, instead, be ascribed to the mature 170-kDa
species and to its low level of intrinsic kinase activity (37).

The cotransfection experiments demonstrated that the RET
mutants interfere with the formation of the 170-kDa species
derived from the cotransfected protoRET and RET2A plas-
mids. This effect was very intense at a ratio of 1:1, suggesting
that, already in this condition, the mutant RET impairs the
synthesis of the mature 170-kDa species from the wild-type
allele and its exposure on the membrane. At higher propor-
tions of the mutant plasmids, the mature 170-kDa form com-
pletely disappeared. As shown by the reverse experiments and
by the controls, the effects observed were specifically due to the
mutant RET species produced over the wild-type form. The
cotransfection and immunoprecipitation experiments with the
longRET expression vector demonstrated that the mutant RET
species were expressed together with the wild-type forms and
were capable of interacting and forming a heteromeric com-
plex with the corresponding 150-kDa form from the normal
allele. The transactivation-cotransfection experiments finally
demonstrated that the heteromeric complexes did not transac-
tivate a target gene: RET2A CAT activity was diminished to

complete abrogation in the presence of increasing amounts of
the mutants. The maturation block thus correlates with the
reduction and abolition of the biological function of the RET
receptor.

On the basis of the data reported in this manuscript, we
propose a molecular mechanism to explain the pathogenesis of
the HSCR disease cases due to mutations in the extracellular
region of RET. The 150-kDa mutant form accumulates in the
endoplasmic reticulum and heterodimerizes with the RET pre-
cursors derived from the normal allele. These are “seques-
tered” by the mutant forms and are impeded from maturing
fully and from being inserted into the cell membrane. The
mutant HSCR forms, then, act as dominant negative forms
overwhelming the wild-type RET protein and preventing it
from functioning. This effect is very evident at a 1:1 ratio, a
condition similar to the heterozygous state of HSCR disease
patients, suggesting that an active RET receptor is critical for
the full development of the enteric ganglia in humans. The
mechanism proposed here for HSCR mutations in the extra-
cellular region of RET parallels the one proposed for intracy-
toplasmic HSCR mutations (8, 25). In conclusion, all HSCR
disease cases in which RET is involved are caused by mutations
scattered throughout the associated gene that result in a clin-
ical picture typical of loss of function of the receptor by a
mechanism of negative dominance.
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