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Transforming activity of the c-ret proto-oncogene with multiple endocrine neoplasia (MEN) 2A mutations
was investigated by transfection of NIH 3T3 cells. Mutant c-ret genes driven by the simian virus 40 or
cytomegalovirus promoter induced transformation with high efficiencies. The 170-kDa Ret protein present on
the cell surface of transformed cells was highly phosphorylated on tyrosine and formed disulfide-linked
homodimers. This result indicated that MEN 2A mutations induced ligand-independent dimerization of the
c-Ret protein on the cell surface, leading to activation of its intrinsic tyrosine kinase. In addition to the MEN
2A mutations, we further introduced a mutation (lysine for asparaginic acid at codon 300 [D300K]) in a
putative Ca”>*-binding site of the cadherin-like domain. When c-ret cDNA with both MEN 2A and D300K
mutations was transfected into NIH 3T3 cells, transforming activity drastically decreased. Western blot
(immunoblot) analysis revealed that very little of the 170-kDa Ret protein with the D300K mutation was
expressed in transfectants while expression of the 150-kDa Ret protein retained in the endoplasmic reticulum
was not affected. This result also demonstrated that transport of the Ret protein to the plasma membrane is

required for its transforming activity.

The c-ret proto-oncogene encodes a transmembrane tyrosine
kinase that contains a cadherin-like structure in the extracel-
lular domain (9, 10, 19, 22, 23). Its expression was detected at
high levels in the peripheral nervous systems such as the en-
teric and autonomic nervous systems as well as in the excretory
system during embryogenesis (la, 15, 25). In addition, it is
expressed preferentially in human tumors such as neuroblas-
toma, pheochromocytoma, and thyroid medullary carcinoma
(8, 18, 24). Since the peripheral nervous systems and tumors
mentioned above derive from neural crest cells, the physiolog-
ical function of the c-ret proto-oncogene appears related to
their normal growth and differentiation.

Recent studies revealed that germ line mutations in the c-ret
proto-oncogene are associated with the development of four
different neural crest disorders (neurocristopathies): multiple
endocrine neoplasia (MEN) 2A and 2B, familial medullary
thyroid carcinoma, and Hirschsprung’s disease (2, 4, 5, 7, 13,
16). MEN 2A and MEN 2B are autosomal dominant cancer
syndromes characterized by the development of medullary thy-
roid carcinoma and pheochromocytoma. MEN 2B is distin-
guished from MEN 2A by a more complex phenotype includ-
ing mucosal neuroma, hyperganglionosis of the gastrointestinal
tract, and marfanoid habitus. MEN 2A and familial medullary
thyroid carcinoma mutations always involve cysteine residues
present in the extracellular domain of the c-ret proto-oncogene
(4, 12, 13). These cysteine residues are conserved in both
human and mouse c-ret proto-oncogenes, suggesting that they
are important for normal conformation of the c-Ret protein (9,
22, 23). On the other hand, a single point mutation in exon 16
of the tyrosine kinase domain has been found in 95% of pa-
tients with MEN 2B (6). This difference of the mutation sites
may account for different phenotypes of MEN 2A and MEN
2B. Alternatively, it is possible that the diverse phenotypes
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observed in MEN 2A and MEN 2B are due to mutations in
other modifier genes.

Hirschsprung’s disease is a developmental disorder of the
enteric nervous system, inherited in an autosomal dominant
manner with incomplete penetrance and variant expressivity.
Several mutations have been found in different domains of the
c-ret proto-oncogene, including the extracellular and tyrosine
kinase domains (5, 16). Since mice homozygous for c-ret dis-
ruption showed phenotypes similar to Hirschsprung’s disease
(20), it is likely that the abnormalities observed in Hirsch-
sprung’s disease are caused by inactivation of the c-Ret func-
tion. On the other hand, MEN 2A and MEN 2B mutations
might represent gain-of-function mutations.

To elucidate the mechanism of development of MEN 2A
syndrome, we introduced MEN 2A mutations in the extracel-
lular domain of the c-ret proto-oncogene and analyzed their
functions. Biochemical analysis of the Ret protein with MEN
2A mutations indicated that it is activated by ligand-indepen-
dent dimerization on the cell surface. In addition, we showed
that a mutation in a putative Ca®*-binding site of the cadherin-
like domain significantly decreased the transforming activity of
the Ret protein with MEN 2A mutations by inhibiting its
transport to the cell surface, suggesting a unique function of
the cadherin-like domain.

MATERIALS AND METHODS

Plasmid construction. A cDNA clone containing the entire coding sequence
(for 1,072 amino acids) of the human c-ret gene was inserted between the HindIII
and Smal sites of the pSV2neo plasmid or between the HindIII and EcoRI sites
of the Re/CMYV plasmid (Invitrogen, San Diego, Calif.). Each mutation (arginine
for cysteine at codon 634 [C634R], C634Y, or D300K) was introduced by PCR.
In brief, primers containing these mutations were synthesized and used for
amplification of c-ret sequences of approximately 200 to 300 bp. The correspond-
ing sequences of the c-rer gene were replaced with the amplified fragments with
the mutations. The amplified fragments were sequenced to confirm that proper
mutations were introduced.

Transfection. Each recombinant plasmid (0.2 to 0.5 pg) was transfected into
NIH 3T3 cells (5 X 10° cells in a 60-mm-diameter dish) with 10 ug of NIH 3T3
DNA as described previously (23). Transformed foci were scored on day 14 after
transfection. Then foci were picked up and grown into cell lines.

To isolate cell lines expressing the wild-type c-Ret protein, two pg of pSV2c-
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FIG. 1. Schematic illustration of the c-Ret protein. S, signal sequence; CAD,
cadherin-like domain; CYS, cysteine-rich region; TM, transmembrane domain;
TK, tyrosine kinase domain; aa, amino acids. Mutant cDNAs in which cysteine at
codon 634 was replaced by arginine or tyrosine were used in this study. cDNA
that substituted lysine for asparaginic acid at codon 300 was also constructed.

ret was cotransfected with 100 ng of pSV2neo plasmid and 10 ug NIH 3T3 DNA.
After 24 h, cells were split 1 to 5 and fed with Dulbecco modified Eagle medium,
8% calf serum, and 0.5 mg of G418 per ml. G418-resistant colonies expressing
the wild-type c-Ret protein were selected after 2 weeks.

Western blotting (immunoblotting). Total cell lysates were prepared from
NIH 3T3 cells and transfectants as described previously (24). The lysates were
subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride membranes (Nihon Millipore Ko-
gyo, KK, Tokyo, Japan). After membranes were reacted with anti-Ret antibody
against the carboxy-terminal 19 amino acids of the c-Ret protein (21) or an-
tiphosphotyrosine antibody (Zymed Laboratories, Inc., South San Francisco,
Calif.), the reaction was examined by the avidin-biotin complex immunoperoxi-
dase method (24) or '*I-protein A (ICN, Irvine, Calif.).

Cell labeling. Cells were labeled for 4 to 5 h in methionine-free RPMI medium
supplemented with 10% dialyzed fetal calf serum and [**S]methionine (500
wCi/ml; Amersham, Aylesbury, England). Similarly, they were labeled in phos-
phate-free RPMI medium containing 3P; (500 p.Ci/ml; ICN). After washing with
phosphate-buffered saline (pH 7.2), cells were lysed in radioimmunoprecipita-
tion assay buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100) containing 1 mM phenylmethylsulfonyl fluoride, 0.5 mM sodium
orthovanadate, and 10 mM iodoacetamide. The lysates were clarified by centrif-
ugation (100,000 X g) for 1 h and used for immunoprecipitation.

Immunoprecipitation. Cell lysates were incubated with Sepharose beads con-
jugated with antibodies at 4°C overnight and washed with radioimmunoprecipi-
tation assay buffer four times. The resulting antigen-antibody complex was sus-
pended in SDS sample buffer (20 mM Tris-HCI [pH 6.8], 2 mM EDTA, 2% SDS,
10% sucrose, 20 pg of bromophenol blue per ml) in the presence or absence of
80 mM dithiothreitol and boiled for 3 min. The samples were subjected to
SDS-polyacrylamide gel electrophoresis.

Phosphoamino acid analysis. Phosphorylated c-Ret proteins were cut out
from gels and eluted in 1.5 ml of 50 mM NH,HCO;. The proteins were digested
with 50 pg of proteinase K per ml at 37°C overnight. After lyophilization, the
samples were subjected to acid hydrolysis in 50 wl of 6 N HCI for 2 h at 110°C.
Then they were suspended in 1 ml of distilled water and lyophilized three times.
Phosphoamino acids were resolved by two-dimensional electrophoresis at pH 1.9
and 3.5 on cellulose thin-layer plates.

Biotinylation of cells. Cells (3 X 10°) were washed with biotinylation buffer (10
mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid [HEPES; pH 8.8], 150
mM NaCl) three times. Biotin N-hydroxysuccinimide ester (Vector Laboratories,
Inc., Burlingame, Calif.) was dissolved in dimethyl sulfoxide at a concentration of
10 mg/ml and added to cells at a final concentration of 150 wg/ml in 1 ml of the
biotinylation buffer. After incubation for 15 min at 20°C, the reaction was ter-
minated by addition of Tris-HCI (pH 7.4) to a final concentration of 50 mM.
Cells were washed with 10 mM Tris-HCI (pH 7.4) containing 150 mM NaCl and
lysed in radioimmunoprecipitation assay buffer. The resulting lysate was used for
immunoprecipitation.

RESULTS

Transforming activity of c-Ret protein with MEN 2A muta-
tions. Mutations identified in MEN 2A affected one of five
cysteine residues (codons 609, 611, 618, and 620 in exon 10 and
codon 634 in exon 11) encoded in the extracellular domain of
the c-ret proto-oncogene (12). The most frequent mutation was
cysteine to arginine at codon 634, and the second most fre-
quent was cysteine to tyrosine at the same codon (Fig. 1).
These mutations account for 54 and 11% of all mutations,
respectively. Thus, we introduced these two mutations (C634R
and C634Y) into c-ret cDNA encoding a protein of 1,072
amino acids. The cDNA with each mutation was inserted into
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TABLE 1. Transfection of NIH 3T3 cells with ret constructs

. No. of scid mice with
Focus-forming

DNA activity (focijug  "W™OT formation/ - Latency
of DNA) scid mice” (dar)
pSV2c-ret <0.2 2/5 34-38
CMVc-ret <0.2 ND
pSV2ret(C634R) 100-200 3/3 6-8
pSV2ret(C634Y) 100-200 ND
CMVret(C634R) 30-60 3/3 6-8
CMVret(C634Y) 30-60 3/3 6-8
pSV2ret(D300K) <0.2 1/3 53
pSV2ret(C634R, D300K) 5-10 3/3 23-27
NIH 3T3 <0.02 2/6 37-41

“ Cells (3 X 10°) expressing each construct were subcutaneously injected in
female scid mice. Mice were checked for tumor formation until 60 days after
injection. ND, not done.

expression vectors containing the simian virus 40 or cytomeg-
alovirus promoter. When these constructs were transfected
into NIH 3T3 cells, both mutations showed similar transform-
ing activities although the constructs driven by the simian virus
40 promoter appeared to be more active than those driven by
the cytomegalovirus promoter in this assay (Table 1). In con-
trast, the constructs containing the wild-type c-ret cDNA
(pSV2c-ret and CMVc-ret) induced no foci.

We established cell lines expressing the wild-type or mutant
c-Ret protein. Each cell line expressed 150- and 170-kDa
c-Ret proteins at high levels (Fig. 2). Cells expressing the
wild-type c-Ret protein were morphologically flat (Fig. 3A),
while cells transformed by the mutant c-Ret protein were
spindle shaped and highly refractile (Fig. 3B). When trans-
formed cells (3 X 10°) were injected subcutaneously into
female scid mice (6 to 8 weeks old), they gave rise to visible
tumors with a short latency after injection (6 to 8 days) (Table
1). On the other hand, NIH 3T3 cells and nontransformed cells
expressing the wild-type c-Ret protein induced tumors with a
long latency (34 to 41 days) or no tumors by 60 days after
injection.
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FIG. 2. Expression of the c-Ret protein in transfectants. Total cell lysates
were prepared from the designated transfectants of NIH 3T3 cells. pSV2c-ret
is a cell line expressing the wild-type c-Ret protein. pSV2ret(C634R),
CMVret(C634R), and CMVret(C634Y) represent independent cell lines ex-
pressing the mutant c-Ret proteins that were established from transformed foci.
The lysates containing 20 g of proteins per ml were separated on SDS-8%
polyacrylamide gels under reducing conditions and reacted with anti-Ret anti-
body. The reaction was detected by the avidin-biotin complex immunoperoxidase
method. The 150- and 170-kDa Ret proteins are indicated.
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mutant c-Ret protein. Cells expressing the wild-type c-Ret protein (A) or mutant
c-Ret protein with the C634R mutation (B) or with C634R and D300K mutations
(C) were photographed. The scale bar represents 100 pm.

Increased tyrosine phosphorylation of the 170-kDa Ret pro-
tein on the cell surface. We next examined tyrosine phosphor-
ylation in the established cell lines by Western blotting with
antiphosphotyrosine antibody. Figure 4A shows that the anti-
body detected 150- and 170-kDa tyrosine phosphorylated
bands in cell lysates expressing the mutant c-Ret protein. The
level of tyrosine phosphorylation of the 170-kDa band was
approximately 10-fold higher than that of the 150-kDa band. In
the case of cells expressing the wild-type c-Ret protein, both
150- and 170-kDa proteins were weakly phosphorylated on
tyrosine. In addition, a 60-kDa phosphorylated band was de-
tected specifically in MEN 2A transfectants.

To investigate whether these phosphorylated bands repre-
sent the c-Ret protein, the samples immunoprecipitated with
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antiphosphotyrosine antibody were subjected to Western blot-
ting with anti-Ret antibody. As a consequence, the highly phos-
phorylated 170-kDa band in the immunoprecipitate prepared
from a MEN 2A transfectant was found to be the c-Ret protein
(Fig. 4B, lane 1). Similarly, small amounts of the 150- and
170-kDa tyrosine phosphorylated proteins were detected by
anti-Ret antibody in the immunoprecipitate prepared from
cells expressing the wild-type c-Ret protein (lane 3). These
results thus demonstrated that the 170-kDa Ret protein was
phosphorylated on tyrosine at high levels in the MEN 2A
transfectants.

Phosphoamino acid analysis of the mutant c-Ret proteins
was performed after the MEN 2A transfectants were metabol-
ically labeled with *P,. As shown in Fig. 4C and D, the 150-
and 170-kDa Ret proteins were phosphorylated in transfec-
tants and contained all phosphoserine, phosphothreonine, and
phosphotyrosine. However, the level of phosphotyrosine de-
tected in the 170-kDa protein was much higher than that in the
150-kDa protein (Fig. 4D), confirming the result of Western
blotting.

In the previous study, it was suggested that the 170-kDa Ret
protein represents a mature glycosylated form present on the
cell surface and the 150-kDa protein is an immature glycosy-
lated form in the cytoplasm (21). To directly show this, cell
surface proteins of the transfectants were biotin labeled and
their cell lysates were precipitated with anti-Ret antibody. As a
consequence, the 170-kDa protein but not the 150-kDa protein
was biotinylated (Fig. 5, lanes 1 and 3), indicating that the
170-kDa protein is a cell surface protein. On the other hand,
the 150-kDa protein seems to be a glycoprotein carrying high-
mannose oligosaccharides that is present in the endoplasmic
reticulum, because experiments of digestion with endoglycosi-
dase H showed that the electrophoretic mobility of the 150-
kDa protein but not the 170-kDa protein was largely affected
by endoglycosidase H treatment (data not shown). Thus, the
present data revealed that transformation induced by MEN 2A
mutations was associated with high levels of tyrosine phosphor-
ylation of the 170-kDa Ret protein on the cell surface.

Mechanism of transformation by MEN 2A mutations. To
investigate further the mechanism of transformation by MEN
2A mutations, cells expressing the wild-type or mutant c-Ret
protein were metabolically labeled with [*>S]methionine. The
c-Ret proteins were immunoprecipitated from each transfec-
tant and analyzed on SDS-6% polyacrylamide gels. As ex-
pected, radiolabeled 150- and 170-kDa c-Ret proteins were
precipitated under reducing conditions (Fig. 6A). In addition
to these proteins, a 340-kDa band was detected specifically in
the immunoprecipitates of MEN 2A transfectants under non-
reducing conditions (Fig. 6B). Since an apparent molecular
mass of 340 kDa is consistent with that of a dimer form of the
170-kDa Ret protein, the 340-kDa band was cut out from the
gel and separated under reducing conditions. As shown in Fig.
6C, we found a single band (lane 3) that showed the same
electrophoretic mobility as that of the 170-kDa Ret protein
(lane 2), indicating that the 340-kDa band represents disulfide-
linked homodimers of the 170-kDa Ret protein.

Western blot analysis with antiphosphotyrosine antibody un-
der nonreducing conditions revealed that a highly tyrosine
phosphorylated band of 340 kDa was detected only in the
MEN 2A transfectant (Fig. 7). This band was also confirmed to
represent the c-Ret protein by subjecting the sample immuno-
precipitated with antiphosphotyrosine antibody to Western
blotting with anti-Ret antibody (data not shown). In addition,
the level of tyrosine phosphorylation of the 170-kDa protein in
the MEN 2A transfectant was almost the same as that in cells
expressing the wild-type c-Ret protein (Fig. 7). These findings
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FIG. 4. Analysis of tyrosine phosphorylation of the c-Ret protein in transfectants. (A) Total cell lysates of the designated cell lines were separated on SDS-8%
polyacrylamide gels under reducing conditions and reacted with antiphosphotyrosine antibody. Binding of the antibody was detected with '>*I-protein A. (B) The lysates
prepared from pSV2ret(C634) (lane 1) and pSV2c-ret (lanes 2 and 3) transfectants were immunoprecipitated with antiphosphotyrosine antibody and subjected to
Western blotting with anti-Ret antibody. Autoradiographic exposures were 16 h for lanes 1 and 2 and 5 days for lane 3. (C) Cell lines were metabolically labeled with
32p,, and their lysates were immunoprecipitated with normal rabbit immunoglobulin G (lanes 1 and 3) or anti-Ret antibody (lanes 2 and 4). The 150- and 170-kDa
phosphorylated Ret proteins are indicated. (D) Phosphoamino acid analysis of the phosphorylated Ret proteins detected in panel C. The 170-kDa (upper panel) and
150-kDa (lower panel) Ret proteins were analyzed. PS, phosphoserine; PT, phosphothreonine; PY, phosphotyrosine.

strongly suggested that high levels of tyrosine phosphorylation
of the 170-kDa Ret protein observed under reducing condi-
tions (Fig. 4A) were mainly due to its disulfide-linked ho-
modimerization that could be responsible for transformation
of NIH 3T3 cells.

A mutation in the cadherin-like domain impairs transform-
ing activity of c-Ret protein with MEN 2A mutations. The
structure of the extracellular domain in the c-Ret protein is
unique because of the presence of a cadherin-like sequence.
To examine whether this sequence is required for transforming
activity, we introduced a mutation (D300K) in a putative Ca** -
binding site identified in the cadherins (Fig. 1) (9, 14).

When c-ret cDNA with both C634R and D300K mutations
under the control of the simian virus 40 promoter was trans-
fected into NIH 3T3 cells, transforming activity drastically de-
creased (Table 1). To establish cell lines expressing the c-Ret
protein with the D300K mutation, the constructs were cotrans-
fected with pSV2neo plasmid. After selection in G418, we
isolated cell lines expressing the c-Ret protein either with the
D300K mutation or with the C634R and D300K mutations.
Cells expressing the c-Ret protein with C634R and D300K
mutations showed a partially transformed phenotype (Fig. 3C),
while cells expressing the c-Ret protein with only the D300K
mutation were morphologically flat. Consistent with these phe-
notypes, subcutaneous injection of partially transformed cells
formed tumors in scid mice with a relatively long latency (23 to
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FIG. 5. Biotinylation of the 170-kDa Ret protein present on the cell surface.
Cells expressing the wild-type (lanes 1 and 2) or mutant (C634R) (lanes 3 and 4)
Ret protein were labeled with biotin as described in Materials and Methods and
immunoprecipitated with anti-Ret antibody. The samples were separated on
SDS-polyacrylamide gels and reacted with streptavidin-biotin peroxidase com-
plex (lanes 1 and 3). To identify the locations of the 150- and 170-kDa Ret
proteins, half of the immunoprecipitated samples were also reacted with anti-Ret
antibody (lanes 2 and 4).

27 days) as compared with the MEN 2A transfectants (Table
1). Cells expressing the c-Ret protein with the D300K mutation
induced a tumor on day 53 or no tumor by 60 days after
injection.

Very little of the 170-kDa Ret protein was detected in all
established cell lines expressing the c-Ret protein either with
the D300K mutation or with C634R and D300K mutations,
while expression of the 150-kDa Ret protein was not affected
(Fig. 8A). In addition, the 150- and 170-kDa tyrosine phos-
phorylated bands were undetectable or very faint in the lysates
of these transfectants (Fig. 8B). These results suggested that
the D300K mutation inhibited transport of the c-Ret protein to
the cell surface. Again, cell lines were metabolically labeled
with [>**S]methionine and their lysates were immunoprecipi-
tated with anti-Ret antibody. As shown in Fig. 9, a band rep-
resenting homodimers of the 170-kDa protein was undetect-
able in the immunoprecipitate of cells expressing the c-Ret
protein with C634R and D300K mutations, confirming that a
significant amount of homodimers of the 170-kDa protein is
required for full transforming activity.

DISCUSSION

In the present study, we investigated the mechanism of ac-
tivation of the c-ret proto-oncogene with MEN 2A mutations.
The c-ret cDNA with MEN 2A mutations showed a high level
of transforming activity by transfection of NIH 3T3 cells. Since
NIH 3T3 cells do not express the endogenous c-ret gene, this
result supported the view that the MEN 2A mutations repre-
sent dominant activating changes rather than dominant nega-
tive changes. In this respect, the c-ref proto-oncogene is unique
because most genes responsible for hereditary cancer syn-
dromes are believed to be tumor suppressor genes.

Biochemical analysis of the c-Ret protein with MEN 2A
mutation demonstrated that it is activated by ligand-indepen-
dent homodimerization. All mutations identified in MEN 2A
patients involve cysteine residues present in the extracellular
domain of the c-Ret protein (4, 11, 12). Amino acid sequencing
revealed that 27 of 28 cysteine residues in the extracellular
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FIG. 6. Immunoprecipitation of the c-Ret protein in transfectants. Cells were metabolically labeled with [*>S]methionine, and their lysates were immunoprecipitated
with normal rabbit immunoglobulin G (lanes 1, 3, 5, and 7) or anti-Ret antibody (lanes 2, 4, 6, and 8). The immunoprecipitates were separated on SDS-6%
polyacrylamide gels under reducing (A) or nonreducing (B) conditions. (C) The 150-kDa (lane 1), 170-kDa (lane 2), and 340-kDa (lane 3) bands detected in lane 8

of panel B were cut out from the gel and separated under reducing conditions.

domain are conserved in the human and mouse c-Ret proteins,
suggesting that most of these cysteine residues could be in-
volved in the formation of intrachain disulfide bonds that are
crucial for appropriate tertiary structure of the c-Ret protein
(9, 22, 23). As a result of the MEN 2A mutations in which one
cysteine residue is lost, it is possible that another cysteine is
unpaired and involved in the formation of aberrant intra- or
intermolecular disulfide bonds in the mutant protein. Indeed,
we found homodimerization of the 170-kDa c-Ret protein
present on the cell surface of the MEN 2A transfectant by
immunoprecipitation under nonreducing conditions, while

s

FIG. 7. Tyrosine phosphorylation of homodimers of the 170-kDa protein.
Total cell lysates prepared from the designated cells were separated on SDS-7%
polyacrylamide gels under nonreducing conditions and reacted with antiphos-
photyrosine antibody. The 340-, 170-, and 60-kDa tyrosine phosphorylated bands
are indicated.

dimerization did not occur in cells expressing the wild-type
c-Ret protein. In addition, homodimers of the 170-kDa c-Ret
protein in MEN 2A transfectants were phosphorylated on ty-
rosine at high levels, showing activation of its intrinsic tyrosine
kinase.

On the other hand, we could not detect dimerization of the
150-kDa Ret protein in the MEN 2A transfectant. Since the
150-kDa Ret protein represents an immature glycosylated
form present in the endoplasmic reticulum that is sensitive to
endoglycosidase H treatment (1), this suggested that dimeriza-
tion occurs after the protein passes through the Golgi complex,
where the N-linked oligosaccharides of the protein are pro-
cessed to complex carbohydrate chains, and that cell surface
expression of the 170-kDa Ret protein is required for its ho-
modimerization.

Activation by a point mutation in the extracellular domain
was also reported in the fins and #rk receptor tyrosine kinases
(3, 17, 27). Substitution of serine for leucine at codon 301 was
detected in the fins gene, resulting in activation of its trans-
forming potential. In the case of the frk proto-oncogene, cys-
teine at codon 345 was replaced by serine. It is possible that
this change also caused an aberrant intermolecular disulfide
bond in the #k gene product, although it was not directly
demonstrated. In addition, the erythropoietin receptor that
does not have a tyrosine kinase domain was activated by a
point mutation of the extracellular domain where arginine
residue at codon 129 was replaced by cysteine (28). Cells ex-
pressing the mutant erythropoietin receptor acquired the abil-
ity to induce hormone-independent growth and tumorigenicity.
Homodimerization of the mutant receptor, probably through
the mutated cysteine residue, was demonstrated by biochemi-
cal and mutagenesis studies (26). Although activation of the
c-Ret protein by MEN 2A mutations is reminiscent of that of
these genes, this type of mutation of the c-Ret protein might
represent the first example for the mechanism of development
of human neoplastic disease.

In contrast to MEN 2A mutations, a mutation that substi-
tutes threonine for methionine at codon 918 in the tyrosine
kinase domain was identified in 95% of MEN 2B patients (6,
7). It is therefore expected that different mechanisms are in-
volved in activation of the c-ret gene between the MEN 2A and
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FIG. 8. Analysis of the c-Ret protein with the D300K mutation by Western blotting. (A, left panel) Cell lysates (20 pg of proteins) prepared from four independent
lines expressing the c-Ret protein with D300K mutation (lanes 1 to 4) or with both C634R and D300K mutations (lanes 5 to 8) were reacted with anti-Ret antibody.
(A, right panel) The expression of the c-Ret protein was compared among the designated cell lines. pSV2ret(D300K) and pSV2ret(C634R, D300K) correspond to the
cell lines of lanes 2 and 7 in the left panel, respectively. The reaction was detected by the avidin-biotin complex immunoperoxidase method. (B) The lysates from the
designated cells were reacted with antiphosphotyrosine antibody and probed with '**I-protein A.

MEN 2B mutations, leading to diverse phenotypes observed in
patients. Our preliminary data indicated that unlike c-Ret with
the MEN 2A mutation, the c-Ret protein with a MEN 2B
mutation does not form homodimers in transfectants (9a).
The role of the cadherin-like structure in the c-Ret protein
is unknown. In the previous study, we reported that unlike
cadherins, the c-Ret protein did not have homophilic binding
activity when the c-Ret protein was expressed in mouse L cells
(21). In order to examine whether this structure is necessary
for transforming activity, we introduced a mutation (D300K) in
a putative Ca®"-binding site of this structure. In the case of
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FIG. 9. Immunoprecipitation of the c-Ret protein with the D300K mutation.
Cells were metabolically labeled with [3*S]methionine, and their lysates were
immunoprecipitated with normal rabbit immunoglobulin G (lanes 1, 3, and 5) or
anti-Ret antibody (lanes 2, 4, and 6). The resulting immunoprecipitates were
separated on SDS-6% polyacrylamide gels under nonreducing conditions.

cadherins, this type of mutation almost abolished their ho-
mophilic binding activity (14). Interestingly, the D300K muta-
tion largely impaired the transforming activity of the c-Ret
protein with MEN 2A mutations. As a result of the mutation,
expression of the 170-kDa Ret protein present on the cell
surface drastically decreased although expression of the 150-
kDa Ret protein present in the endoplasmic reticulum was not
affected. A partially transformed phenotype observed in cells
expressing the c-Ret protein with MEN 2A and D300K muta-
tions might be due to expression of a small amount of ho-
modimers of the 170-kDa Ret protein. These findings also
indicated that the cell surface expression is necessary for trans-
forming activity of the mutant Ret protein and that the D300K
mutation impairs intracellular transport of the immature c-Ret
glycoprotein to the plasma membrane or the posttranslational
processing. Thus, the cadherin-like domain may contain a se-
quence necessary for transport through the Golgi complex or
influence the processing of oligosaccharides. Alternatively, it is
possible that inhibition of transport to the cell surface results
simply from incorrect folding of the Ret protein with the
D300K mutation.
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