
&p.1:Abstract The evolution of cancer is a multistep phe-
nomenon, and multiple cellular genetic lesions are in-
volved in the emergence of the malignant neoplasm. Sev-
eral early events have been implicated in the neoplastic
transformation of thyrocytes, and recent reports have de-
scribed the involvement of specific genetic alterations in
different types of thyroid neoplasms: ras point mutations
are frequently observed in tumours with follicular histol-
ogy, gsp– the mutated form of the alpha subunit of the
Gs-protein – is encountered in up to 73% of papillary or
follicular thyroid carcinomas, and a high prevalence of
p53point mutations has been found in anaplastic thyroid
carcinomas but not in differentiated follicular tumours.
More recent studies revealed that the RET proto-onco-
gene is involved in the oncogenesis of medullary thyroid
carcinoma (MTC) and papillary thyroid carcinoma
(PTC) by activation of its tyrosine kinase either by point
mutation or rearrangement. In this review the most im-
portant recently published data on alterations of the RET
proto-oncogene in heritable and sporadic MTCs and in
PTCs will be summarized. Emphasis will be directed to
the pathophysiological mechanisms of tumour initiation,
the indications and limitations of DNA testing, and the
clinical implications of identified RETdefects in thyroid
lesions.
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The RET proto-oncogene

The RET proto-oncogene (REaranged during Transfect-
ion) is located on chromosome 10q11.2, has 21 exons
and encodes a transmembrane receptor with cytoplasmic
tyrosine kinase activity [76]. It is composed of a cyto-

plasmic tyrosine kinase domain, a short transmembrane
domain and a large extracellular domain with a number
of highly conserved Ca2+-binding Cys residues near the
transmembrane region and a cadherin-like ligand-bind-
ing site. RET transcripts and protein are expressed in
cells and neoplasms of neuroendocrine differentiation,
including parafollicular C-cells and medullary thyroid
carcinomas (MTCs) [70, 81], adrenal medulla and
phaeochromocytomas [71, 88], neuroblastomas [43],
parathyroid parenchymal cell precursors [80], and pe-
ripheral nerves and their tumours [77].

The RETprotein is a functional receptor for the glial-
cell-line-derived neurotrophic factor (GDNF), a distant
member of the transforming growth factor (TGF) beta
superfamily [19]. Physiological responses to GDNF re-
quire the presence of a novel glycosyl-phosphatidylinosi-
tol-linked protein (designated GDNFR alpha) that is ex-
pressed on GDNF-responsive cells and binds GDNF
with a high affinity. GDNF promotes the formation of a
physical complex between GDNFR alpha and RET,
thereby inducing its tyrosine phosphorylation. Thus,
GDNF uses a multi-subunit receptor system in which
GDNFR-alpha and RET function as the ligand-binding
and signalling components, respectively [51, 98, 99].

RET in medullary thyroid carcinoma

MTCs comprise 5–10% of all thyroid carcinomas. The
majority of these tumours occur sporadically, but about
20% have a familial background [75]. MTCs are as-
sumed to evolve from neural crest-derived C-cells and
are regarded as being closely related to tumours of the
disseminated neuroendocrine system. Familial forms of
MTC are preceded by bilateral, multicentric C-cell hy-
perplasia (CCH) which is defined as the presence of at
least three low-power magnification (×100) microscopic
fields containing more than 50 C-cells and at least 40
cells per cm2. Residual CCH adjacent to MTC is consid-
ered a useful characteristic of familial forms that can aid
in distinguishing them from sporadic forms; however, up
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to 25% of familial MTCs do not show accompanying
CCH, and reactive or secondary CCH has also been
found adjacent to tumours of follicular cell origin and in
various non-neoplastic thyroid lesions, as well as in el-
derly individuals [38, 59].

RETin hereditary MTCs

Several groups have demonstrated that distinct germline
mutations in the RETproto-oncogene are associated with
the dominantly inherited cancer syndromes multiple en-
docrine neoplasia types 2A and 2B (MEN 2A and MEN
2B) and familial medullary thyroid carcinoma (FMTC).
All three of these syndromes share MTCs as part of the
disease phenotype [17]. The MEN 2A subtype, which
accounts for more than 90% of all cases of MEN 2, is
characterized by the additional occurrence of phaeo-
chromocytoma and hyperparathyroidism, resulting from
parathyroid hyperplasia or adenoma. Activating muta-
tions in the cysteine-rich extracellular region cause en-
hanced dimerization of the RET tyrosine kinase receptor
and autophosphorylation and are causative for MEN 2A
and FMTC. Missense germline mutations in one of six
codons for Cys in RETexons 10 (609, 611, 618 and 620)
and 11 (630 and 634) have been identified in 97% of
MEN 2A and 87% of FMTC families [26]. In FMTC
families MTC is the only clinical feature and the course
of the disease is more benign than that of MEN 2A or
MEN 2B. In a few FMTC families additional germline
mutations have been identified at codons 768 and 804 in
RET exons 13 and 14, respectively [7, 25, 29]. The ef-
fects of these mutations are unclear. The former may al-
ter kinase activity by changing the substrate specificity
or the ATP-binding capacity of the receptor [25], and the
latter may activate the receptor by altering its interac-
tions with normal cellular substrates or modifying the
range of substrates the receptor can phosphorylate. In
MEN 2B, which accounts for approximately 5% of all
patients with MEN 2, an activating mutation of the tyro-
sine kinase core domain has been identified in 94% of
patients [15, 42, 72]. This mutation at codon 918 in exon
16 replaces methionine with threonine and causes in-
creased autophosphorylation and alteration of the sub-
strate specificity of the tyrosine kinase. The MEN 2B
subtype (formerly called mucosal neuroma or Wagen-
mann-Froboese syndrome) is characterized by MTC and
phaeochromocytoma, rare involvement of parathyroids,
myelinated corneal nerves, gastrointestinal ganglioneu-
romatosis and a variety of skeletal abnormalities, such as
a marfanoid habitus, pes cavus, talipes equinovarus,
slipped capital femoral epiphysis, kyphosis, scoliosis and
increased joint laxity [17]. The thyroid tumours tend to
occur at an earlier age and pursue a more aggressive
course than in patients with MEN 2A and FMTC. The
germline mutation in MEN 2B frequently represent new
mutations (approximately 50%), and recent studies indi-
cate that de novo mutations nearly always arise on the
paternally derived chromosome [14, 56].

Several recent studies have dealt with the transform-
ing activity of the MEN 2A- and MEN 2B-associated
RETmutations in transfected cell lines [4, 10, 83, 89, 93,
107]. Xing et al. demonstrated that NIH/3T3 stable
transfectants expressing RET with a MEN 2A- or MEN
2B-type mutation gained a transformed morphology,
formed colonies in soft agar and tumours in nude mice.
These results confirmed that both MEN 2A- and MEN
2B-type RETmutations exert dominant transforming ac-
tivities in NIH/3T3 cells [107], and Landsvater et al. re-
cently provided evidence that this is also the case in vivo
[65]. In other studies it had been shown that MEN 2A
mutations induce ligand-independent dimerization of the
RETprotein on the cell surface, leading to activation of
its intrinsic tyrosine kinase and that transport of the RET
protein to the plasma membrane is required for its trans-
forming activity [4]. Further, Pandit et al. demonstrated
that the MEN 2B point mutation alters the substrate
specificity of receptor tyrosine kinases and that the en-
hanced oncogenesis associated with the MEN 2B muta-
tion may be due in part to alterations in receptor regula-
tion [83]. Functional analyses revealed that the mutated
RET proteins were constitutively phosphorylated on ty-
rosine and that their in vitro kinase activity was signifi-
cantly higher than that of the wild-type protein [10].
Most recently it has been demonstrated that the tyrosine
residue 1062 of the mutated RETproteins is essential for
the transforming activity of both types of mutations [5]
and that different additional tyrosine residues may be in-
volved for MEN 2A (tyrosine 905) and MEN 2B (tyro-
sine 864, 952) [46].

Although several groups have shown that a single
RETmutation is sufficient to activate and transform RET
in vitro, there are huge differences in the age of MTC
onset among members of MEN 2 families, and the clini-
cal penetrance of the MEN 2 syndrome is not 100%.
Therefore it is reasonable to postulate that a germline
RETmutation may be sufficient to induce CCH but that
secondary events are required for the development of
MTCs. Thus, several somatic defects, such as loss of
parts of chromosomes 1p, 3p and 22q and somatic RET
mutations, have been described in MTCs of MEN 2 pa-
tients [68, 73]. However, further studies on larger series
of tumours from MEN 2 patients are necessary to sub-
stantiate this hypothesis.

In families with MEN 2, genetic analysis of the RET
proto-oncogene can be used to confirm the diagnosis and
to identify asymptomatic family members with the syn-
drome. Furthermore, to a certain extent, it allows the pre-
diction of a particular phenotype in a disease gene carrier.
Thus, studies on the correlation between genotype and
disease phenotype in 477 MEN 2 families revealed that
disease gene carriers with codon 634 mutations more fre-
quently develop phaeochromocytoma and that a specific
mutation at codon 634, changing Cys to Arg, is associat-
ed with hyperparathyroidism [26]. However, the latter
correlation has been questioned by other groups [30, 91].

Molecular screening for RETmutations is most easily
performed by PCR-based methods using single-strand
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conformation polymorphism (SSCP), heteroduplex or
denaturing gel electrophoresis, followed by direct se-
quencing or restriction endonuclease digestion of PCR
products [6, 52, 60, 67]. Furthermore, we and others
have demonstrated that DNA testing can also be per-
formed on DNA extracted from paraffin-embedded tis-
sues, allowing retrospective analyses [58, 61].

First-degree family members of MEN 2A or FMTC
gene carriers should be tested for RETmutations before
the age of 5 years [102], since measurement of calcitonin
levels after stimulation with pentagastrin can yield false-
positive and false-negative results [66, 102]. In MEN 2B
families DNA testing should be performed as soon as
possible, since MTC may develop at a younger age than
in the MEN 2A and FMTC subtypes. Disease gene carri-
ers should be tested for MTC, phaeochromocytoma and
hyperparathyroidism on a regular basis and offered pro-
phylactic thyroidectomy [102]. The appropriate age for
prophylactic thyroidectomy, however, is still debated.
Hence, the penetrance of MEN 2 is approximately 70%
at 70 years of age, but more than 95% of all disease gene
carriers will have positive pentagastrin stimulation tests
(due to CCH or MTC) by the age of 35 [22]. Prophylac-
tic thyroidectomy in childhood appears to be the therapy
of choice for asymptomatic disease gene carriers. Most
specialists recommend surgery before the age of 5 in
MEN 2A gene carriers and as soon as possible in chil-
dren with MEN 2B [35, 64, 81, 85], since metastatic
MTC may also arise in children as young as 3 and 5
years of age in MEN 2B and MEN 2A gene carriers, re-
spectively [35, 53]. Prophylactic thyroidectomy appears
to be associated with minimal morbidity and virtually no
mortality [64]. Furthermore, autotransplantation of para-
thyroids is not required and lymph nodes of the central
compartment need not be dissected in prophylactic thy-
roidectomy, in contrast to therapeutic thyroidectomy in
patients with established MTC or positive pentagastrin
stimulation tests [62]. Moreover, a significant number of
patients who undergo thyroidectomy after the diagnosis
of MTC have persistent or recurrent disease in the long
term [92]. Total parathyroidectomy together with hetero-
topic autotransplantation, however, is advocated in gene
carriers of MEN 2A families with hyperparathyroidism,
since recurrent or persistent hyperthyroidism frequently
occurs after selective or subtotal parathyroidectomy, as a
result of either missed glands or interval development of
neoplasia in previously normal parathyroid glands left in
situ [39].

RETin sporadic MTCs

Somatic mutations in REThave also been found in a pro-
portion of patients with sporadic MTCs. By far the most
common mutation involves codon 918 (Met→Thr). This
type of missense mutation in exon 16 has been described
in 23–85% of sporadic MTCs and in our own series of
16 tumours we found 44% MTCs harbouring this type of
RET mutation. Other groups found additional mutations

at codon 768 (Glu→Asp) of exon 13 [25, 72], at codon
883 (Ala→Ser) of exon 15 [24], codon 634 of exon 11
[54, 86] and exon 10 [24] in a small proportion of tu-
mours. Furthermore, microdeletions causing the loss of a
Cys residue at codon 630 or 634 have been described in
sporadic MTCs by several groups [1, 18, 49, 54]. The
differences in mutational frequencies and codons in-
volved that have been reported by various centres sug-
gest that either regional and environmental or technical
factors might be involved. Thus, in a recent study Eng et
al. examined microdissected subpopulations from spo-
radic MTCs and multiple metastases from these tumours
and found that approximately 80% of sporadic MTCs
had at least one subpopulation with the RETcodon 918
mutation [27]. The distribution of this mutation was non-
homogeneous, occurring only in subpopulations in most
tumours and among subsets of multiple metastases, thus
implying that although the codon 918 mutation could be
an early event, it is not necessarily an early or essential
event in oncogenesis. These findings suggest either that
the codon 918 mutation can arise as an event in progres-
sion within a metastatic clone or within a single tumour,
or that MTC can be of polyclonal origin. In the same
study the authors also reported that one of two MTCs
from MEN 2A patients carried a somatic mutation at co-
don 918 in addition to the RET mutation present in the
germline.

Romei et al. and Zedenius et al. recently demonstrat-
ed that somatic mutations of the RETproto-oncogene in
sporadic medullary thyroid carcinoma were significantly
correlated with a poor outcome with regard to distant
metastasis or tumour recurrence [88, 108]. Marsh et al.,
however, in a study on 32 patients, reported that the pres-
ence or absence of the somatic mutation at the RETco-
don 918 was not correlated with age at diagnosis, tumour
size, presence or absence of metastases, MTC-related
morbidity, or baseline calcitonin levels at diagnosis or
most recent follow-up [69]. Thus, the clinical signifi-
cance of RETmutations in sporadic MTCs remains to be
determined in larger series of patients with longer peri-
ods of follow-up.

We and others have demonstrated that the analysis of
germline DNA for RETmutations may be helpful to de-
termine the hereditary or sporadic nature of MTCs [29,
60] and that DNA analysis can also be performed on
DNA extracted from paraffin-embedded tissues [58, 61].
In patients with hereditary MTCs, the specific RETmu-
tation will be present both in tumour DNA and in all nor-
mal tissues and blood cells harbouring constitutional
(germline) DNA. The absence of a germline RET exon
10, 11, 13, 14 or 16 mutation appears to rule out MEN
2A, 2B or FMTC with a high probability, although a fa-
milial form of MTC other than classical MEN 2 cannot
be conclusively excluded [23]. Thus, the presence of a
few MEN 2 families without detectable RET mutations
[97] indicates that hereditary MTCs might also be caused
by germline mutations in the gene encoding the GDNF
receptor alpha or other genes. Rates of de novo muta-
tions in MEN 2A and FMTC appear to be approximately
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6% and those of MEN 2B, around 50% [23, 106]. The
best policy for evaluating apparently sporadic cases of
MTC and phaeochromocytoma is still debated. We and
others recommend routine application of RET proto-on-
cogene testing in all patients with apparently sporadic
MTCs and phaeochromocytomas [106], whereas others
prefer a more conservative and cost-effective approach
with the histopathological features of surgical specimens
and the patient’s age at presentation taken into consider-
ation. Only if the patient is less than 40 years old or has
CCH together with MTC or multifocal tumours should
DNA testing be performed [22]. Since a subset of phaeo-
chromocytomas may be associated with von Hippel-Lin-
dau disease, patients with familial, multiple, or early-on-
set phaeochromocytoma should not only be investigated
for RETbut also for germline VHL gene mutations [16].

Some MEN 2A families present with skin amyloido-
sis, and Hofstra et al. recently demonstrated that individ-
uals with autosomal dominant familial cutaneous lichen
amyloidosis, which is more generalized, in their pedi-
grees do not carry RET mutations. They concluded that
the dermal amyloidosis found in some MEN 2A families
and in familial cutaneous lichen amyloidosis are differ-
ent conditions [40]. Consequently, patients with appar-
ently familial cutaneous lichen amyloidosis do not ap-
pear to be at risk for MEN 2A and need not be screened
for RET mutations.

RET in papillary thyroid carcinoma

The RETproto-oncogene has also been implicated in the
causation of PTCs, which compose approximately 80%
of all thyroid carcinomas [75], especially in iodine-rich
areas, indicating that stimulation of follicular cells by el-
evated TSH is of lesser importance in the oncogenesis of
PTCs than of follicular thyroid carcinomas. Several stud-
ies have demonstrated that RET is activated through so-
matic rearrangements in a subset of PTCs. The RET/PTC
oncogenes are rearranged forms of the RETproto-onco-
gene and encode fusion proteins in which proto-RET ty-
rosine kinase and C-terminal domains are fused to differ-
ent donor genes. The respective RET/PTC oncoproteins
display constitutive tyrosine kinase activity and tyrosine
phosphorylation. Three major forms of the RET/PTC on-
cogene have been identified; the RET/PTC-1 oncogene
(where c-RET rearranges with the H4 gene D10S170 on
chromosome 10q21), the RET/PTC-2 oncogene (where
c-RETrearranges with the regulatory subunit R1 alpha of
the protein kinase A on 17q23) and the RET/PTC-3 on-
cogene (where c-RET rearranges with the RFG2/Ele1
gene on 10q11.2) [8, 94, 96]. Thus, the two most com-
mon forms, RET/PTC-1 and RET/PTC-3, both result
from a paracentric inversion of the long arm of chromo-
some 10. More recently, a novel type of Ele1/RET rear-
rangement designated RET/PTC-4 has been described,
where the exon 5 of Ele1 is joined to exon 11 instead of
exon 12 of RET and the cDNA sequence is 93 nucleo-
tides larger than the regular one [32]. The RET/PTC-4

oncogene has been found in a post-Chernobyl PTC, indi-
cating that targeted radiation effects could be responsible
for the atypical RETrearrangement.

Identification of RET proto-oncogene activation in
PTCs has been achieved by several different methods.
These include Southern blotting, requiring high-quality
DNA extracted from unfixed tumour and nontumour tis-
sues [31] and reverse transcription (RT)-PCR-based
techniques to identify both specific RET rearrangements
[95] and gene activation [104]. The latter methods are
also suitable for the analysis of archival materials, and
Williams et al. have demonstrated that the use of a nest-
ed RT-PCR approach for the analysis of RETtyrosine ki-
nase expression can significantly improve the sensitivity
of their assay [104]. A third method of analysing RET
overexpression in PTCs is the immunohistochemical de-
tection of the RETgene product in tissue sections [100].
In our own experience, however, the currently commer-
cially available RETantibodies usually yield high back-
ground staining and the results are therefore difficult to
interpret.

Wide differences (2.5–60%) in frequency of RETacti-
vation by RET/PTC in PTCs of different populations
have been reported, and it is not clear whether these are
due to environmental factors, racial differences or techni-
cal reasons [31, 37, 78, 101, 104, 109]. However, several
studies have shown an association between ionizing radi-
ation and development of PTC [31, 45, 57]. In addition,
in vitro irradiation of tumour cell lines induced rear-
rangements of RET similar to those observed in human
PTCs [44]. These two observations could be related to
the reported increased incidence of PTCs in children liv-
ing in contaminated areas around Chernobyl, given that
it has been demonstrated that about 60% of them present
a REToncogenic activation. However, Williams et al. re-
cently identified a similar proportion of RET/PTC-1-pos-
itive PTCs in nonirradiated patients [105], and Bongar-
zone et al. demonstrated that age per se also plays a part
in the development of RET-positive PTCs. The latter au-
thors found in a series of 92 consecutive patients that the
frequency of RETactivation is significantly higher in the
group of patients aged 4–30 years, supporting the con-
cept that age could be contributing to this thyroid-specif-
ic carcinogenic process [9]. Furthermore, Viglietto et al.
recently showed, by using a combined immunohisto-
chemical and RT-PCR-based approach, that RET/PTC
activation is present in 11 out of 26 (42%) occult PTCs
and concluded that RET/PTC rearrangement represents
an early event in the process of thyroid cell transforma-
tion [100].

Recently, two groups demonstrated that transgenic
mice with thyroid-targeted expression of the RET/PTC-1
oncogene developed thyroid carcinomas with consider-
able similarities to human PTCs, particularly in the nu-
clear cytological features and the presence of local inva-
sion [50, 90]. Furthermore, it has been shown that Tyr-
539 of RET/PTC-2 (Tyr-761 on the proto-RET product)
is an essential docking site for the full transforming po-
tential of the oncogene. In addition, PLC-gamma has
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been identified as a downstream effector of RET/PTCs,
and it has been suggested that this transducing molecule
could play a crucial role in neoplastic signalling trig-
gered by RET/PTC oncoproteins [11]. Other studies have
shown that only the dimerization domain of R1 alpha
fused to RET is required and that two tyrosines outside
the conserved kinase core are also essential for full mito-
genic activity of RET/PTC-2. These two tyrosines, Tyr-
350 and Tyr-586, are potential sites for Src homology 2
and phosphotyrosine-binding domain interactions [20].

The clinical relevance of RET/PTC rearrangements in
PTCs is still controversial. Some have suggested that
RET/PTC expression could serve as an indicator of ag-
gressive behaviour in PTCs, specifically for distant meta-
static disease [47, 48]. In a recent study Sugg et al. anal-
ysed 60 thyroid carcinomas by RT-PCR for RET/PTC ex-
pression to determine a possible correlation with clinical
history, disease stage, or tumour morphology. RET/PTC
oncogene rearrangements were found in 3 of 60 (5%)
thyroid carcinomas. One papillary carcinoma (1.7%) was
positive for RET/PTC-1, none for RET/PTC-2, and 2
(3.4%) were positive for RET/PTC-3. Although
RET/PTC oncogene rearrangements were not present in
tumours with aggressive morphological features, they
found RET/PTC rearrangements in young patients (<45
years of age) with small thyroid carcinomas showing a
predisposition for lymphatic involvement, suggesting a
possible role in the development of this subgroup of tu-
mours [95]. Thus, more data are necessary to determine
whether molecular analysis of RET/PTC rearrangements
are required in patients with PTCs.

The RET/PTC rearrangements are undoubtedly cru-
cial to the understanding of PTC oncogenesis and may
be especially important in radiation-induced thyroid can-
cers; however, a substantial proportion of PTCs do not
show RET/PTC rearrangements. Those tumours are
probably caused by other genetic alterations, including
rearrangements of the TRK tyrosine kinase [101] or oth-
er, still unidentified, genes. Furthermore, the activation
of RETby other mechanisms or rearrangements that are
currently not yet identified might also be involved in the
carcinogenesis of PTCs. These might explain the slightly
higher proportion of PTCs with RETactivation identified
by Williams et al. using an RT-PCR approach to identify
RET mRNA expression compared with results obtained
from studies identifying specific types of RETrearrange-
ments with Southern blotting or RT-PCR [104].

RET in other sporadic neuroendocrine tumours
and Hirschsprung′s disease

In an attempt to investigate the role of the RETproto-on-
cogene in sporadic neuroendocrine tumours, we exam-
ined a series of 112 tumours for the presence of RETmu-
tations. In none of the investigated neuroendocrine tu-
mours of the pancreas, gastrointestinal tract, bronchopul-
monary system, pituitary, adrenal medulla or skin has a
mutation in RETexons 10, 11, 13, 15 or 16 been found

[63]. These findings have been challenged by a Japanese
group who described somatic mutations in codon 664 of
RET in a few small cell cancers [33, 34]. However, the
absence of RETmutations in neuroblastomas has recent-
ly been confirmed by Hofstra et al., who performed an
SSCP analysis of all RET exons on 16 sporadic and fa-
milial tumours. From this study the authors concluded
that the high expression of RET in neuroblastoma most
probably reflects the differentiation status of the tumour
cells and that RETdoes not have a crucial role in onco-
genesis in neuroblastoma [41]. In a further study we
have found none of the previously described MEN 2A or
2B mutations in the DNA of 33 sporadic hyperplastic
and neoplastic lesions of the parathyroid gland [82], a
finding which has recently been confirmed by others [55,
84, 103]. Collectively, these results indicate that RET
might not be generally important in the formation of spo-
radic neuroendocrine tumours other than MTC and
phaeochromocytoma.

A variety of inactivating mutations of the RETproto-
oncogene, which result in defective protein formation, as
well as mutations in GDNF, have been found in 10–40%
of patients with Hirschsprung’s disease, a congenital dis-
order characterized by absent enteric innervation [3, 13,
21, 79]. It occurs in 1 in 5000 live births and can be spo-
radic or familial. When it is familial, it can be autosomal
dominant or recessive and its penetrance is low (approxi-
mately 30%). In contrast to the RETmutations in MEN
2, the mutations in Hirschsprung’s disease are scattered
along the length of the gene and lead to an inactivation
of the receptor by truncation or missense mutation. Inter-
estingly, the combination of MEN 2 and Hirschsprung’s
disease has been described in several families [2, 12, 74].
All these families had RET mutations in codon 618 or
620 and different degrees of penetrance in various tissues
and the existence of modifier loci have been invoked to
explain the cosegregation of MEN 2 and Hirschsprung’s
disease in these kindreds.

From a clinical point of view it is not practical to of-
fer routine testing for RETmutations in all patients with
Hirschsprung’s disease because the penetrance of the
gene is low and the mutation causing the disease can oc-
cur in any of the 21 exons of RET[22].

Summary and conclusions

The RETproto-oncogene has not only been conclusively
identified as responsible for the three subtypes of the in-
herited cancer syndrome MEN 2, but also shown to be
involved in the molecular evolution of sporadic MTCs
and PTCs and of Hirschsprung’s disease. A variety of re-
cent studies have elucidated the pathophysiological
mechanisms leading to neoplastic disease, and we now
understand that dominant activating germline mutations
lead to MEN 2A, MEN 2B and FMTC, somatic muta-
tions to sporadic MTCs, RET rearrangements to PTCs
and inactivating alterations to Hirschsprung’s disease.
The clinical significance of RETalterations, especially in
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sporadic thyroid tumours, is still controversial. Thera-
peutic concepts in MEN 2 gene carriers are only starting
to emerge. We are now challenged by the task of collect-
ing more clinical, biochemical and molecular data from
patients with hereditary and sporadic MTCs and PTCs in
order to evaluate the clinical importance of identified
RET abnormalities in particular patients. Furthermore,
we should centralize the data on MEN 2 families and pa-
tients with thyroid carcinoma in order to achieve an in-
ternational interdisciplinary consensus on the diagnostic
and therapeutic approaches to be adopted in disease gene
carriers. In this way we will improve our understanding
of the influence of environmental and racial factors in
oncogenesis in sporadic MTCs and PTCs.

&p.2:Acknowledgements I am grateful to P. U. Heitz and J. Roth for
general support, P. Saremaslani and S. Muletta-Feurer for excel-
lent technical assistance and C. Eng for helpful discussions.

References

1. Alemi M, Lucas SD, Sallstrom JF, Akerstrom G, Wilander E
(1996) A novel deletion in the RET proto-oncogene found in
sporadic medullary thyroid carcinoma. Anticancer Res
16:2619–2622

2. Angrist M, Bolk S, Thiel B, Puffenberger EG, Hofstra RM,
Buys CH, Cass DT, Chakravarti A (1995) Mutation analysis
of the RET receptor tyrosine kinase in Hirschsprung disease.
Hum Mol Genet 4:821–830

3. Angrist M, Bolk S, Halushka M, Lapchak PA, Chakravarti A
(1996) Germline mutations in glial cell line-derived neurotro-
phic factor (GDNF) and RET in a Hirschsprung disease pa-
tient. Nat Genet 14:341–344

4. Asai N, Iwashita T, Matsuyama M, Takahashi M (1995)
Mechanism of activation of the ret proto-oncogene by multi-
ple endocrine neoplasia 2A mutations. Mol Cell Biol 15:
1613–1619

5. Asai N, Murakami H, Iwashita T, Takahashi M (1996) A mu-
tation at tyrosine 1062 in MEN2A-Ret and MEN2B-Ret im-
pairs their transforming activity and association with shc
adaptor proteins. J Biol Chem 271:17644–17649

6. Blank RD, Sklar CA, Martin ML (1996) Denaturing gradient
gel electrophoresis to diagnose multiple endocrine neoplasia
type 2. Clin Chem 42:598–603

7. Bolino A, Schuffenecker I, Luo Y, Seri M, Silengo M, Tocco
T, Chabrier G, Houdent C, Murat A, Schlumberger M, et al
(1995) RET mutations in exons 13 and 14 of FMTC patients.
Oncogene 10:2415–2419

8. Bongarzone I, Butti MG, Coronelli S, Borrello MG, Santoro
M, Mondellini P, Pilotti S, Fusco A, Della PG, Pierotti MA
(1994) Frequent activation of ret protooncogene by fusion
with a new activating gene in papillary thyroid carcinomas.
Cancer Res 54:2979–2985

9. Bongarzone I, Fugazzola L, Vigneri P, Mariani L, Mondellini
P, Pacini F, Basolo F, Pinchera A, Pilotti S, Pierotti MA
(1996) Age-related activation of the tyrosine kinase receptor
protooncogenes RET and NTRK1 in papillary thyroid carci-
noma. J Clin Endocrinol Metab 81:2006–2009

10. Borrello MG, Smith DP, Pasini B, Bongarzone I, Greco A,
Lorenzo MJ, Arighi E, Miranda C, Eng C, Alberti L, et al
(1995) RET activation by germline MEN2A and MEN2B
mutations. Oncogene 11:2419–2427

11. Borrello MG, Alberti L, Arighi E, Bongarzone I, Battistini C,
Bardelli A, Pasini B, Piutti C, Rizzetti MG, Mondellini P, Ra-
dice MT, Pierotti MA (1996) The full oncogenic activity of
Ret/ptc2 depends on tyrosine 539, a docking site for phos-
pholipase Cgamma. Mol Cell Biol 16:2151–2163

12. Borst MJ, VanCamp JM, Peacock ML, Decker RA (1995)
Mutational analysis of multiple endocrine neoplasia type 2A
associated with Hirschsprung’s disease. Surgery 117:386–
391

13. Carlomagno F, De VG, Berlingieri MT, de Franciscis V, Mel-
illo RM, Colantuoni V, Kraus MH, Di Fiore P, Fusco A, San-
toro M (1996) Molecular heterogeneity of RET loss of func-
tion in Hirschsprung’s disease. EMBO J 15:2717–2725

14. Carlson KM, Bracamontes J, Jackson CE, Clark R, Lacroix
A, Wells SJ, Goodfellow PJ (1994) Parent-of-origin effects in
multiple endocrine neoplasia type 2B (see comments). Am J
Hum Genet 55:1076–1082

15. Carlson KM, Dou S, Chi D, Scavarda N, Toshima K, Jackson
CE, Wells SA Jr, Goodfellow PJ, Donis-Keller H (1994) Sin-
gle missense mutation in the tyrosine kinase catalytic domain
of the ret protooncogene is associated with multiple endo-
crine neoplasia type 2B. Proc Natl Acad Sci USA 91:1579–
1583

16. Crossey PA, Eng C, Ginalska MM, Lennard TW, Wheeler
DC, Ponder BA, Maher ER (1995) Molecular genetic diagno-
sis of von Hippel-Lindau disease in familial phaeochromocy-
toma. J Med Genet 32:885–886

17. De Lellis RA (1995) Multiple endocrine neoplasia syndromes
revisited. Clinical, morphologic and molecular features. Lab
Invest 72:494–505

18. Donis KH, Dou S, Chi D, Carlson KM, Toshima K, Lairmore
TC, Howe JR, Moley JF, Goodfellow P, Wells SJ (1993) Mu-
tations in the RET proto-oncogene are associated with MEN
2A and FMTC. Hum Mol Genet 2:851–856

19. Durbec P, Marcos GC, Kilkenny C, Grigoriou M, Wartiowa-
ara K, Suvanto P, Smith D, Ponder B, Costantini F, Saarma
M, Sariola H, Pachnis V (1996) GDNF signalling through the
Ret receptor tyrosine kinase. Nature 381:789–793

20. Durick K, Yao VJ, Borrello MG, Bongarzone I, Pierotti MA,
Taylor SS (1995) Tyrosines outside the kinase core and di-
merization are required for the mitogenic activity of
RET/ptc2. J Biol Chem 270:24642–24645

21. Edery P, Lyonnet S, Mulligan L, Pelet A, Dow E, Abel L,
Holder S, Nihoul-Fékété C, Ponder B, Munnich A (1994)
Mutations of the RET proto-oncogene in Hirschsprung’s dis-
ease. Nature 367:378–380

22. Eng C (1996) The RET proto-oncogene in multiple endocrine
neoplasia type 2 and Hirschsprung’s disease. N Engl J Med
335:943–951

23. Eng C, Mulligan LM, Smith DP, Healey CS, Frilling A, Raue
F, Neumann HP, Ponder MA, Ponder BA (1995) Low fre-
quency of germline mutations in the RET proto-oncogene in
patients with apparently sporadic medullary thyroid carcino-
ma. Clin Endocrinol (Oxf) 43:123–127

24. Eng C, Mulligan LM, Smith DP, Healey CS, Frilling A, Raue
F, Neumann HPH, Pfranger R, Behmel A, Lorenzo MJ,
Stonehouse TJ, Ponder MA, Ponder BAJ (1995) Mutation of
the RET protooncogen in sporadic medullary thyroid carcino-
ma. Genes Chromosom Cancer 12:209–212

25. Eng C, Smith DP, Mulligan LM, Haely CS, Zvelebil MJ,
Stonehouse TJ, Ponder MA, Jackson CE, Waterfield MD,
Ponder BAJ (1995) A novel point mutation in the tyrosine ki-
nase domain of the RET proto-oncogene in sporadic medul-
lary thyroid carcinoma and in a family with FMTC. Onco-
gene 10:509–513

26. Eng C, Clayton D, Schuffenecker I, Lenoir G, Cote G, Gagel
RF, Ploos van Amsel H-K, Lips CJM, Nishisho I, Takai S-I,
Marsh DJ, Robinson BG, Frank-Raue K, Raue F, Xu F, Noll
WW, Romei C, Pacini F, Fink M, Niederle B, Zedenius J,
Nordenskjöld M, Komminoth P, Hendy G, Gharib H, Thibod-
eau SN, Lacroix A, Frilling A, Ponder BAJ, Mulligan LM
(1996) The relationship between specific RET proto-onco-
gene mutations and disease phenotype in multiple endocrine
neoplasia type 2: International RET Mutation Consortium
analysis. JAMA 276:1575–1579

27. Eng C, Mulligan LM, Healey CS, Houghton C, Frilling A,
Raue F, Thomas GA, Ponder BA (1996) Heterogeneous mu-

6



tation of the RET proto-oncogene in subpopulations of med-
ullary thyroid carcinoma. Cancer Res 56:2167–2170

28. Fagin JA (1992) Molecular defects in thyroid gland neopla-
sia. J Clin Endocrinol Metab 75:1398–1400

29. Fink M, Weinhusel A, Niederle B, Haas OA (1996) Distinc-
tion between sporadic and hereditary medullary thyroid carci-
noma (MTC) by mutation analysis of the RET proto-onco-
gene. “Study Group Multiple Endocrine Neoplasia Austria
(SMENA)”. Int J Cancer 69:312–316

30. Frank-Raue K, Hoppner W, Frilling A, Kotzerke J, Dralle H,
Haase R, Mann K, Seif F, Kirchner R, Rendl J, Deckart HF,
Ritter MM, Hampel R, Klempa J, Scholz GH, Raue F (1996)
Mutations of the ret protooncogene in German multiple endo-
crine neoplasia families: relation between genotype and phe-
notype. German Medullary Thyroid Carcinoma Study Group.
J Clin Endocrinol Metab 81:1780–1783

31. Fugazzola L, Pilotti S, Pinchera A, Vorontsova TV, Monde-
llini P, Bongarzone I, Greco A, Astakhova L, Butti MG,
Demidchik EP, et al (1995) Oncogenic rearrangements of the
RET proto-oncogene in papillary thyroid carcinomas from
children exposed to the Chernobyl nuclear accident. Cancer
Res 55:5617–5620

32. Fugazzola L, Pierotti MA, Vigano E, Pacini F, Vorontsova
TV, Bongarzone I (1996) Molecular and biochemical analysis
of RET/PTC4, a novel oncogenic rearrangement between
RET and ELE1 genes, in a post-Chernobyl papillary thyroid
cancer. Oncogene 13:1093–1097

33. Futami H, Egawa S-I, Yamaguchi K (1994) A novel point
mutation of the ret proto-oncogene in small cell lung carcino-
ma cell lines. Proc Jpn Acad 70B:210–214

34. Futami H, Egawa S, Tsukada T, Maruyama K, Bandoh S, No-
guchi M, Yamaguchi K (1995) A novel somatic point muta-
tion of the RET proto-oncogene in tumor tissues of small cell
lung cancer patients. Jpn J Cancer Res 86:1127–1130

35. Gill JR, Reyesmugica M, Iyengar S, Kidd KK, Touloukian RJ,
Smith C, Keller MS, Genel M (1996) Early presentation of
metastatic medullary carcinoma in multiple endocrine neopla-
sia, type IIA: implications for therapy. J Pediatr 129:459–464

36. Goretzki PE, Lyons J, Stacy-Phillips S, Rosenau W, Demeure
M, Clarck OH, McCormick F, Roher H-D, Bourne HR (1992)
Mutational activation of ras and gsp oncogenes in differenti-
ated thyroid cancer and their biological implications. World J
Surg 16:576–582

37. Grieco M, Santoro M, Berlingieri MT, Melillo RM, Donghi
R, Bongarzone I, Pierotti MA, Della PG, Fusco A, Vecchio G
(1990) PTC is a novel rearranged form of the ret proto-onco-
gene and is frequently detected in vivo in human thyroid pap-
illary carcinomas. Cell 60:557–563

38. Guyétant S, Rousselet M-C, Durigon M, Chappard D, Franc
B, Guerin M, Saint-André J-P (1997) Sex-related C cell hy-
perplasia in the normal human thyroid: a quantitative autopsy
study. J Clin Endocrinol Metab 82:42–47

39. Herfarth K, Bartsch D, Doherty GM, Wells SA, Lairmore TC
(1996) Surgical management of hyperparathyroidism in pa-
tients with multiple endocrine neoplasia type 2A. Surgery
120:966–973

40. Hofstra R, Sijmons RH, Stelwagen T, Stulp RP, Kousseff BG,
Lips C, Steijlen PM, Vanvoorstvader PC, Buys C (1996) RET
mutation screening in familial cutaneous lichen amyloidosis
and in skin amyloidosis associated with multiple endocrine
neoplasia. J Invest Dermatol 107:215–218

41. Hofstra RM, Cheng NC, Hansen C, Stulp RP, Stelwagen T,
Clausen N, Tommerup N, Caron H, Westerveld A, Versteeg
R, Buys CH (1996) No mutations found by RET mutation
scanning in sporadic and hereditary neuroblastoma. Hum
Genet 97:362–364

42. Hofstra RMW, Landsvater RM, Ceccherini I, Stulp RP,
Stelwagen T, Luo Y, Pasini B, Höppener JWM, Ploos van
Amstel HK, Romeo G, Lips CJM, Buys CHCM (1994) A
mutation in the RET proto-oncogene associated with multiple
endocrine neoplasia type 2B and sporadic medullary thyroid
carcinoma. Nature 367:375–376

43. Ikeda I, Ishizaka Y, Tahira T, Suzuki T, Onda M, Sugimura T,
Nagao M (1990) Specific expression of the ret proto-onco-
gene in human neuroblastoma cell lines. Oncogene 5:1291–
1296

44. Ito T, Seyama T, Iwamoto KS, Hayashi T, Mizuno T, Tsuy-
ama N, Dohi K, Nakamura N, Akiyama M (1993) In vitro ir-
radiation is able to cause RET oncogene rearrangement. Can-
cer Res 53:2940–2943

45. Ito T, Seyama T, Iwamoto KS, Mizuno T, Tronko ND, Ko-
missarenko IV, Cherstovoy ED, Satow Y, Takeichi N, Dohi
K, et al (1994) Activated RET oncogene in thyroid cancers of
children from areas contaminated by Chernobyl accident (let-
ter). Lancet 344:8917

46. Iwashita T, Asai N, Murakami H, Matsuyama M, Takahashi
M (1996) Identification of tyrosine residues that are essential
for transforming activity of the ret proto-oncogene with
MEN2A or MEN2B mutation. Oncogene 12:481–487

47. Jhiang SM, Mazzaferri EL (1994) The ret/PTC oncogene in
papillary thyroid carcinoma. J Lab Clin Med 123:331–337

48. Jhiang SM, Caruso DR, Gilmore E, Ishizaka Y, Tahira T,
Nagao M, Chiu IM, Mazzaferri EL (1992) Detection of the
PTC/retTPC oncogene in human thyroid cancers. Oncogene
7:1331–1337

49. Jhiang SM, Fithian L, Weghorst CM, Clark OH, Falko JM,
O′Dorisio TM, Mazzaferri EL (1996) RET mutation screen-
ing in MEN2 patients and discovery of a novel mutation in a
sporadic medullary thyroid carcinoma. Thyroid 6:115–121

50. Jhiang SM, Sagartz JE, Tong Q, Parker TJ, Capen CC, Cho
JY, Xing S, Ledent C (1996) Targeted expression of the
ret/PTC1 oncogene induces papillary thyroid carcinomas. En-
docrinology 137:375–378

51. Jing S, Wen D, Yu Y, Holst PL, Luo Y, Fang M, Tamir R, An-
tonio L, Hu Z, Cupples R, Louis JC, Hu S, Altrock BW, Fox
GM (1996) GDNF-induced activation of the ret protein tyro-
sine kinase is mediated by GDNFR-alpha, a novel receptor
for GDNF. Cell 85:1113–1124

52. Kambouris M, Jackson CE, Feldman GL (1996) Diagnosis of
multiple endocrine neoplasia [MEN] 2A, 2B and familial
medullary thyroid cancer [FMTC] by multiplex PCR and het-
eroduplex analyses of RET proto-oncogene mutations. Hum
Mutat 8:64–70

53. Kaufman FR, Roe TF, Isaacs HJ, Weitzman JJ (1982) Meta-
static medullary thyroid carcinoma in young children with
mucosal neuroma syndrome. Pediatrics 70:263–267

54. Kimura T, Yoshimoto K, Yokogoshi Y, Saito S (1995) Muta-
tions in the cysteine-rich region of the RET proto-oncogene
in patients diagnosed as having sporadic medullary thyroid
carcinoma. Endocr J 42:517–525

55. Kimura T, Yoshimoto K, Tanaka C, Ohkura T, Iwahana H,
Miyauchi A, Sano T, Itakura M (1996) Obvious mRNA and
protein expression but absence of mutations of the RET pro-
to-oncogene in parathyroid tumors (see comments). Eur J En-
docrinol 134:314–319

56. Kitamura Y, Scavarda N, Wells SJ, Jackson CE, Goodfellow
PJ (1995) Two maternally derived missense mutations in the
tyrosine kinase domain of the RET protooncogene in a pa-
tient with de novo MEN 2B. Hum Mol Genet 4:1987–1988

57. Klugbauer S, Lengfelder E, Demidchik EP, Rabes HM (1995)
High prevalence of RET rearrangement in thyroid tumors of
children from Belarus after the Chernobyl reactor accident.
Oncogene 11:2459–2467

58. Komminoth P, Kunz E, Hiort O, Schröder S, Matias-Guiu X,
Christiansen G, Roth J, Heitz PU (1994) Detection of RET
proto-oncogene point mutations in paraffin-embedded pheo-
chromocytoma specimens by non-radioactive single strand
conformation polymorphism analysis and direct sequencing.
Am J Pathol 145:922–929

59. Komminoth P, Roth J, Saremaslani P, Matias-Guiu X, Wolfe
HJ, Heitz PU (1994) Polysialic acid of the neural cell adhe-
sion molecule in the human thyroid: a marker for medullary
thyroid carcinoma and primary C-cell hyperplasia. Am J Surg
Pathol 18:399–411

7



60. Komminoth P, Kunz EK, Hiort O, Matias-Guiu X, Christian-
sen G, Roth J, Heitz PU (1995) Analysis of RET proto-onco-
gene point mutations distinguishes heritable from nonherita-
ble medullary thyroid carcinomas. Cancer 76:479–489

61. Komminoth P, Muletta-Feurer S, Saremaslani P, Kunz EK,
Matias-Guiu X, Hiort O, Schröder S, Seelentag WKF, Roth J,
Heitz PU (1995) Molecular diagnosis of multiple endocrine
neoplasia (MEN) in paraffin-embedded specimens. Endocr
Pathol 6:267–278

62. Komminoth P, Muletta FS, Soltermann A, Gemsenjager E,
Burgi H, Staub JJ, Schonle E, Fried M, Vetter W, Spinas GA,
Heitz PU (1996) Detection of RET-proto-oncogene mutations
in the diagnosis of type 2 endocrine neoplasia (MEN 2).
Schweiz Med Wochenschr 126:1329–1338

63. Komminoth P, Roth J, Muletta-Feurer S, Saremaslani P, Se-
elentag WKF, Matias-Guiu X, Heitz PU (1996) RET proto-
oncogene point mutations in sporadic neuroendocrine tumors.
J Clin Endocrinol Metab 81:2041–2046

64. Lairmore TC, Frisella MM, Wells SA (1996) Genetic testing
and early thyroidectomy for inherited medullary thyroid car-
cinoma. Ann Med 28:401–406

65. Landsvater RM, Dewit MJ, Zewald RA, Hofstra RMW, Buys
CCM, Vanamstel HKP, Hoppener JWM, Lips CJM (1996)
Somatic mutations of the RET proto-oncogene are not re-
quired for tumor development in multiple endocrine neopla-
sia type 2 (MEN 2) gene carriers. Cancer Res 56:4853–4855

66. Lips CJM, Landsvater RM, Höppener JWM, Geerdink RA,
Blijham G, Jansen-Schillhorn von Veen JM, Gils APG van,
Wit MJ de, Zewald RA, Berends MJH, Breemer FA,
Brouwers-Smalbraak J, Jansen RPM, Amstel HKP van,
Vroonhoven TJMV van, Vroom TM (1994) Clinical screen-
ing as compared with DNA analysis in families with multiple
endocrine neoplasia type 2A. N Engl J Med 331:828–835

67. Marsh DJ, Robinson BG, Andrew S, Richardson AL, Pojer
R, Schnitzler M, Mulligan LM, Hyland VJ (1994) A rapid
screening method for the detection of mutations in the RET
proto-oncogene in multiple endocrine neoplasia type 2A and
familial medullary thyroid carcinoma families. Genomics
23:477–479

68. Marsh DJ, Andrew SD, Eng C, Learoyd DL, Capes AG, Po-
jer R, Richardson AL, Houghton C, Mulligan LM, Ponder
BA, Robinson BG (1996) Germline and somatic mutations in
an oncogene: RET mutations in inherited medullary thyroid
carcinoma. Cancer Res 56:1241–1243

69. Marsh DJ, Learoyd DL, Andrew SD, Krishnan L, Pojer R,
Richardson AL, Delbridge L, Eng C, Robinson BG (1996)
Somatic mutations in the RET proto-oncogene in sporadic
medullary thyroid carcinoma. Clin Endocrinol (Oxf) 44:249–
257

70. Matias-Guiu X, Komminoth P, Ricklan D, Wolfe HJ (1993)
Expression of the ret proto-oncogene in human medullary
thyroid carcinoma: an in-situ hybridization study (abstract).
Lab Invest 68:39a

71. Matias-Guiu X, Colomer A, Mato R, Cuatrecasas M, Kom-
minoth P, Prat J, Wolfe HJ (1995) Expression of the ret proto-
oncogene in pheochromocytoma. An in-situ hybridization
and northern blot study. J Pathol (Lond) 176:63–68

72. Mulligan LM, Ponder BAJ (1995) Genetic basis of disease:
multiple endocrine neoplasia type 2. J Clin Endocrinol Metab
80:1989–1995

73. Mulligan LM, Gardner E, Smith BA, Mathew CG, Ponder
BA (1993) Genetic events in tumour initiation and progres-
sion in multiple endocrine neoplasia type 2. Genes Chrom-
osom Cancer 6:166–177

74. Mulligan LM, Eng C, Attié T, Lyonnet S, Marsh DJ, Hyland
VJ, Robinson BG, Frilling A, Verellen-Dumoulin C, Safar A,
Venter DJ, Munnich A, Ponder BAJ (1994) Diverse pheno-
types associated with exon 10 mutations of the RET proto-
oncogene. Hum Mol Genet 3:2163–2167

75. Murray D (1991) The thyroid gland. In: Kovacs K, Asa S
(eds) Functional endocrine pathology, vol 1. Blackwell, Bos-
ton, pp 293–374

76. Myers SM, Eng C, Ponder BAJ, Mulligan LM (1995) Char-
acterization of RET proto-oncogene 3′ splicing variants and
polyadenylation sites: a novel C-terminus for RET. Oncogene
11:2039–2045

77. Nakamura T, Ishizaka Y, Nagao M, Hara M, Ishikawa T
(1994) Expression of the ret proto-oncogene product in hu-
man normal and neoplastic tissues of neural crest origin. J
Pathol (Lond) 172:255–260

78. Namba H, Yamashita S, Pei HC, Ishikawa N, Villadolid MC,
Tominaga T, Kimura H, Tsuruta M, Yokoyama N, Izumi M,
et al (1991) Lack of PTC gene (ret proto-oncogene rearrange-
ment) in human thyroid tumors. Endocrinol Jpn 38:627–632

79. Ohmichi M, Decker SJ, Saltiel AR (1992) Activation of
phosphatidylinositol-3 kinase by nerve growth factor involves
indirect coupling of the trk proto-oncogene with src homolo-
gy 2 domains. Neuron 9:769–777

80. Pachnis V, Mankoo B, Costantini F (1993) Expression of the
c-ret proto-oncogene during mouse embryogenesis. Develop-
ment 119:1005–1017

81. Pacini F, Romei C, Miccoli P, Elisei R, Molinaro E, Mancusi
F, Iacconi P, Basolo F, Martino E, Pinchera A (1995) Early
treatment of hereditary medullary thyroid carcinoma after at-
tribution of multiple endocrine neoplasia type 2 gene carrier
status by screening for ret gene mutations. Surgery 118:
1031–1035

82. Padberg BC, Schröder S, Jochum W, Kastendieck H, Roth J,
Heitz PU, Komminoth P (1995) Absence of RET proto-onco-
gene mutations in sporadic hyperplastic and neoplastic le-
sions of the parathyroid gland. Am J Pathol 147:1600–1607

83. Pandit SD, Donis KH, Iwamoto T, Tomich JM, Pike LJ
(1996) The multiple endocrine neoplasia type 2B point muta-
tion alters long-term regulation and enhances the transform-
ing capacity of the epidermal growth factor receptor. J Biol
Chem 271:5850–5858

84. Pausova Z, Soliman E, Amizuka N, Janicic N, Konrad EM,
Arnold A, Goltzman D, Hendy GN (1996) Role of the RET
proto-oncogene in sporadic hyperparathyroidism and in hy-
perparathyroidism of multiple endocrine neoplasia type 2. J
Clin Endocrinol Metab 81:2711–2718

85. Roher HD, Simon D, Goretzki PE, Hoppner W, Lederbogen
S, Seppel T (1995) Preventive radical surgery of C-cell carci-
noma in MEN-2 syndrome based on genetic screening. Chir-
urg 66:1196–1202

86. Romei C, Elisei R, Pinchera A, Ceccherini I, Molinaro E,
Mancusi F, Martino E, Romeo G, Pacini F (1996) Somatic
mutations of the ret protooncogene in sporadic medullary
thyroid carcinoma are not restricted to exon 16 and are asso-
ciated with tumor recurrence. J Clin Endocrinol Metab 81:
1619–1622

87. Salvatore D, Celetti A, Fabien N, Paulin C, Martelli ML,
Battaglia C, Califano D, Monaco C, Viglietto G, Santoro M,
Fusco A (1996) Low frequency of p53 mutations in human
thyroid tumours; p53 and Ras mutation in two out of fifty-six
thyroid tumours. Eur J Endocrinol 134:177–183

88. Santoro M, Rosati R, Grieco M, Berlingieri MT, D’Amato
GL, Franciscis V de, Fusco A (1990) The ret proto-oncogene
is consistently expressed in human pheochromocytomas and
thyroid medullary carcinomas. Oncogene 5:1595–1598

89. Santoro M, Carlomagno F, Romano A, Bottaro DP, Dathan
NA, Grieco M, Fusco A, Vecchio G, Matoskova B, Kraus
MH, Di Fiore PP (1995) Activation of RET as a dominant
transforming gene by germline mutations of MEN2A and
MEN2B. Science 267:381–383

90. Santoro M, Chiappetta G, Cerrato A, Salvatore D, Zhang L,
Manzo G, Picone A, Portella G, Santelli G, Vecchio G, Fusco
A (1996) Development of thyroid papillary carcinomas sec-
ondary to tissue-specific expression of the RET/PTC1 onco-
gene in transgenic mice. Oncogene 12:1821–1826

91. Schuffenecker I, Billaud M, Calender A, Chambe B, Ginet N,
Calmettes C, Modigliani E, Lenoir GM, GETC (1994) RET
proto-oncogene mutations in french MEN 2A and FMTC
families. Hum Mol Genet 3:1939–1943

8



92. Skinner MA, DeBenedetti MK, Moley JF, Norton JA, Wells
SJ (1996) Medullary thyroid carcinoma in children with mul-
tiple endocrine neoplasia types 2A and 2B. J Pediatr Surg
31:177–181

93. Songyang Z, Carraway KL III, Eck MJ, Harrison SC, Feld-
man RA, Mohammadi M, Schlessinger J, Hubbard SR, Smith
DP, Eng C, Lorenzo MJ, Ponder BAJ, Mayer BJ, Cantley LC
(1995) Catalytic specificity of protein-tyrosine kinases is crit-
ical for selective signalling. Nature 373:536–539

94. Sozzi G, Bongarzone I, Miozzo M, Borrello MG, Blutti MG,
Pilotti S, Della PG, Pierotti MA (1994) A t(10;17) transloca-
tion creates the RET/PTC2 chimeric transforming sequence
in papillary thyroid carcinoma. Genes Chromosom Cancer
9:244–250

95. Sugg SL, Zheng L, Rosen IB, Freeman JL, Ezzat S, Asa SL
(1996) ret/PTC-1, -2, and -3 oncogene rearrangements in hu-
man thyroid carcinomas: implications for metastatic poten-
tial? J Clin Endocrinol Metab 81:3360–3365

96. Tong Q, Li Y, Smanik PA, Fithian LJ, Xing S, Mazzaferri EL,
Jhiang SM (1995) Characterization of the promoter region
and oligomerization domain of H4 (D10S170), a gene fre-
quently rearranged with the ret proto-oncogene. Oncogene
10:1781–1787

97. Toogood AA, Eng C, Smith DP, Ponder BA, Shalet SM
(1995) No mutation at codon 918 of the RET gene in a fami-
ly with multiple endocrine neoplasia type 2B. Clin Endo-
crinol (Oxf) 43:759–762

98. Treanor JJ, Goodman L, de Sauvage F, Stone DM, Poulsen
KT, Beck CD, Gray C, Armanini MP, Pollock RA, Hefti F,
Phillips HS, Goddard A, Moore MW, Buj BA, Davies AM,
Asai N, Takahashi M, Vandlen R, Henderson CE, Rosenthal
A (1996) Characterization of a multicomponent receptor for
GDNF (see comments). Nature 382:80–83

99. Trupp M, Arenas E, Fainzilber M, Nilsson AS, Sieber BA,
Grigoriou M, Kilkenny C, Salazar GE, Pachnis V, Arumae U,
Sariola H, Saarma M, Ibanez CF (1996) Functional receptor
for GDNF encoded by the c-ret proto-oncogene. Nature
381:785–788

100. Viglietto G, Chiappetta G, Martinez Tello F, Fukunaga FH,
Tallini G, Rigopoulou D, Visconti R, Mastro A, Santoro M,

Fusco A (1995) RET/PTC oncogene activation is an early
event in thyroid carcinogenesis. Oncogene 11:1207–1210

101. Wajjwalku W, Nakamura S, Hasegawa Y, Miyazaki K, Satoh
Y, Funahashi H, Matsuyama M, Takahashi M (1992) Low
frequency of rearrangements of the ret and trk proto-onco-
genes in Japanese thyroid papillary carcinomas. Jpn J Cancer
Res 83:671–675

102. Wells SA Jr, Chi DD, Toshima K, Dehner LP, Coffin CM,
Dowton SB, Ivanovich JL, DeBenedetti MK, Dilley WG,
Moley JF, Norton JA, Donis-Keller H (1994) Predictive DNA
testing and prophylactic thyroidectomy in patients at risk for
multiple endocrine neoplasia type 2A. Ann Surg 220:237–250

103. Williams GH, Williams ED (1995) Identification of the tu-
mour specific translocations in archival material. J Pathol
(Lond) 175:279–281

104. Williams GH, Rooney S, Carss A, Cummins G, Thomas GA,
Williams ED (1996) Analysis of the RET proto-oncogene in
sporadic parathyroid adenomas. J Pathol (Lond) 180:138–141

105. Williams GH, Rooney S, Thomas GA, Cummins G, Williams
ED (1996) RET activation in adult and childhood papillary
thyroid carcinoma using a reverse transcriptase-n-polymerase
chain reaction approach on archival-nested material. Br J
Cancer 74:585–589

106. Wohllk N, Cote GJ, Bugalho M, Ordonez N, Evans DB, Go-
epfert H, Khorana S, Schultz P, Richards CS, Gagel RF
(1996) Relevance of RET proto-oncogene mutations in spo-
radic medullary thyroid carcinoma. J Clin Endocrinol Metab
81:3740–3745

107. Xing S, Smanik PA, Oglesbee MJ, Trosko JE, Mazzaferri EL,
Jhiang SM (1996) Characterization of ret oncogenic activa-
tion in MEN2 inherited cancer syndromes. Endocrinology
137:1512–1519

108. Zedenius J, Larsson C, Bergholm U, Bovee J, Svensson A,
Hallengren B, Grimelius L, Backdahl M, Weber G, Wallin G
(1995) Mutations of codon 918 in the RET proto-oncogene
correlate to poor prognosis in sporadic medullary thyroid car-
cinomas. J Clin Endocrinol Metab 80:3088–3090

109. Zou M, Shi Y, Farid NR (1994) Low rate of ret proto-onco-
gene activation (PTC/retTPC) in papillary thyroid carcinomas
from Saudi Arabia. Cancer 73:176–180

9


