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ABSTRACT
In hereditary medullary thyroid carcinoma (MTC), few genotype-

phenotype correlations have been established. RET genotypes (exons
10, 11, 13, and 14) of 63 patients with hereditary MTC (from Novem-
ber 1994 to October 1999) were correlated with age at diagnosis, sex,
the TNM system, and basal calcitonin levels. Mutations in exons 10,
11, 13, and 14 were demonstrated in 22% (14 of 63), 54% (34 of 63),
21% (13 of 63), and 3% (2 of 63). The median ages at diagnosis differed
significantly (38, 27, 52, and 62 yr; P 5 0.003). When grouped by
cysteine codons (exons 10 and 11 vs. exons 13 and 14), this difference
became even more evident (30 vs. 56 yr; P 5 0.001). Apart from age
at diagnosis, no other significant associations were noted. Based

hereon, three MTC risk groups were devised according to genotype:
a high risk group (codons 634 and 618) with the youngest ages of 3 and
7 yr at diagnosis; an intermediate risk group (codons 790, 620, and
611) with ages of 12, 34, and 42 yr; and a low risk group (codons 768
and 804) with ages of 47 and 60 yr, respectively. Age at diagnosis was
unrelated to specific nucleotide and amino acid exchange within each
codon.

The current data demonstrate that there is a significant genotype-
phenotype correlation, allowing for a more individualized approach to
the timing and extent of prophylactic surgery. (J Clin Endocrinol
Metab 86: 1104–1109, 2001)

MEDULLARY THYROID carcinoma (MTC), a neo-
plasm of parafollicular C cell origin, may be sporadic

or, less frequently, may occur on a hereditary basis. In the
presence of pheochromocytoma or hyperparathyroidism,
hereditary MTC forms part of an autosomal, dominantly
inherited cancer syndrome designated multiple endocrine
neoplasia (MEN) type IIa, which accounts for 90% of MEN
II cases (1, 2). In MEN IIb, an extremely aggressive variant
of MTC appears in conjunction with a marfanoid habitus,
ganglioneuromatosis, and bumpy lips (2, 3). More recently,
evidence has emerged suggesting a separate variant of fa-
miliar MTC (FMTC) that occurs in isolation (4). Traditionally,
biochemical screening for elevated basal and stimulated se-
rum calcitonin levels has been used to identify those patients
at risk to develop hereditary MTC. Unfortunately, false test
results have occurred with biochemical screening, resulting
in some gene carriers being missed.

In 1993, the genetic background of hereditary MTC has
been elucidated (5, 6). Genetic testing for germline mutations
in the RET protooncogene has become available and today
forms the basis for DNA-based screening procedures. Mo-

lecular biology now affords an early identification of carriers
of RET protooncogene germline mutations who are bound to
develop MTC later in life. In these patients, early prophy-
lactic thyroidectomy must be envisaged to ensure definitive
cure. However, no universal consensus exists as to the op-
timal timing and extent of prophylactic surgery in these
patients. Some investigators (1, 7–9) have advocated 2, 5, and
6 yr of age, respectively, for prophylactic surgery, with the
objective of removing the thyroid gland before malignant
progression from C cell dysplasia to medullary carcinoma
has occurred. This strategy would also eliminate the need for
additional lymph node dissection, which results in increased
morbidity (10). Once lymphatic dissemination has occurred,
biochemical cure, as defined by a postoperative normaliza-
tion of serum calcitonin, may be beyond reach despite radical
surgery on the neck and mediastinum.

With the advent of molecular testing for germline muta-
tions, the time may have come to classify hereditary MTC on
the basis of genotype rather than adhering to phenotyping by
the use of calcitonin and pentagastrin stimulation tests.
Genotyping also holds the prospect of replacing the tradi-
tional categories of MEN IIa and FMTC, which may be out-
dated (11). The current study was devised to investigate the
impact of distinct germline mutations on oncological features
of hereditary MTC, thus providing a basis on which indi-
vidual recommendations for the optimal timing of prophy-
lactic surgery can be made. Timely prophylactic surgery
would help avoid additional central lymph node dissection
and thus decrease surgical morbidity (10).
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Subjects and Methods
Patient selection

Of 198 patients operated on for MTC between November 1994 and
October 1999 at this institution, 63 patients (32%) had hereditary MTC
with confirmed germline mutations in exons 10, 11, 13, and 14 and thus
qualified for enrollment in this study. Before undergoing genetic testing,
all patients and their legal guardians, respectively, had given informed
consent in accordance with institutional guidelines and national regu-
lation. To create a more homogeneous study population, carriers of
codon 918 germline mutations (3.5%; 7 of 198) were not considered for
the series because of their well known distinct phenotype, the charac-
teristic onset of MTC in early infancy, and the frequent coincidence of
lymphatic and distant metastases by the time of diagnosis. All patients
received at least a standard total thyroidectomy in conjunction with a
standard systematic cervico-central lymph node dissection, as described
previously (12). For determination of preoperative serum calcitonin
levels, a highly sensitive immunoradiometric assay (CIS-Bio Interna-
tional, Gif-sur-Yvette, France) was employed, with a normal range of less
than 10 pg/mL. Molecular data (germline mutations in exons 10, 11, 13,
and 14 and codons 611, 618, 620, 634, 768, 790, and 804, respectively) were
then correlated with demographic data (patient age at diagnosis of MTC
and patient sex), histopathological features (pT, pN, and M categories
and UICC stage), and biochemical properties (basal calcitonin levels)
from the patients’ charts. In each genotype group, particular attention
was devoted to the youngest MTC patient without (pN0) or with (pN1)
lymph node metastases and without biochemical cure.

Pathological examination and tumor staging

For histopathological analysis, the thyroid gland was divided verti-
cally to separate the left and right lobes, and the two halves were then
sliced horizontally as described previously (13). After fixation in for-
malin, the entire specimen was embedded in paraffin. Soft tissue adja-
cent to lymph nodes was processed separately. Both conventional stain-
ing (hematoxylin and eosin) and calcitonin immunohistochemistry were
performed on every surgical specimen, using the standard avidin-biotin
complex peroxidase approach and a commercial polyclonal antibody
(Immunotech, Marseilles, France). The diagnosis of MTC was made
when there was evidence of extension beyond the basement membrane,
demonstration of lymphatic or vascular invasion on histopathology, or
a combination of both. Tumor staging was performed according to the
current UICC TNM classification (14).

DNA preparation and PCR amplification

For identification of RET germline mutations, genomic DNA was
purified from peripheral blood lymphocytes using the QIAMP blood kit
(QIAGEN, Hilden, Germany). Genomic DNA was amplified using PCR
and the following oligonucleotide primers for exons 10, 11, 13, and 14,
as described previously (15): exon 10, Ret10F (59-GCAGCATTGTT-
GGGGGACA-39) and Ret 10R (59-GTCCCGGCCACCCACT-39; size of
amplified fragment, 140 bp); exon 11, Ret 11F (59-CATGAGGCAGAG-
CATACGCA-39) and RET11R (59-GACAGCAGCACCGAGACGAT-39;
size of amplified fragment, 156 bp); exon 13, Ret13F (59AACTT-
GGGCAAGGCCATCA-39) and Ret13R (59-AGAACAGGGCTGTAT-
GGAGC-39; size of amplified fragment, 108 bp); and exon 14, Ret14F
(59-AAGACCCAAGCTGCCTGAC-39) and Ret14R (59-GCTGGGTGCA-
GAGCCATAT-39; size of amplified fragment, 294 bp). One hundred
nanograms of DNA were amplified in a Perkin-Elmer Corp. 9600 ther-
mocycler (Palo Alto, CA) in a volume of 25 mL containing 1 mmol/L of
each oligonucleotide primer, 10 mmol/L Tris-HCl (pH 8.3), 2.5 mmol/L
MgCl2, and 1 U Taq polymerase (Roche, Branchburg, NJ). The PCR was
started with 1 min of denaturation at 95 C, followed by 35 cycles of 1 min
each at 65, 72, and 95 C, and was completed with 5 min at 72 min. The
amplified DNA was analyzed on a 2% agarose gel and purified with the
QIAGEN Quickspin kit.

Single strand conformational polymorphism analysis and
direct sequencing

For single strand conformational polymorphism analysis of exons 10,
11, 13, and 14, the amplified DNA fragments were denatured in form-

amide-50 mmol/L ethylenediamine tetraacetate and cooled on ice before
loading onto the gel. Separation was carried out in a vertical gel elec-
trophoresis apparatus in an MDE gel (AT Biochem, Malvern, PA) at 4
C (exon 10), and in a 12% polyacrylamide-0.8% bis-acrylamide gel at 45
C (exon 11), 30 C (exon 13), or room temperature (exon 14) at 240–300
mV for 10–16 h. DNA bands were visualized by silver staining according
to standard procedures. PCR-amplified DNA was sequenced by direct
cycle sequencing using the fluorescent-labeled dideoxy terminators
(dRhodamine Terminator Cycle Sequencing Ready Reaction Kit, PE
Applied Biosystems, Foster City, CA) and run on the automated se-
quencer 377 from PE Applied Biosystems.

Statistical analysis

Associations between categorical and metric parameters were tested
using two-tailed Fisher’s exact test and the Mann-Whitney-Wilcoxon
and Kruskal-Wallis rank sum tests, respectively. To assess correlations
between metric parameters, Spearman’s correlation coefficient was cal-
culated. The level of significance was set at 0.05.

Results
Patient age at diagnosis by exon mutation

With 54% of cases, germline mutations in codon 634 of
exon 11 dominated the series (Tables 1 and 2), followed by
mutations in codons 618 and 790 (14% each), codon 768 (6%),
codon 611 (5%), and codons 620 and 804 (3% each). With
respect to patient age at diagnosis, the hereditary MTC dif-
fered significantly (Table 1) when broken down by mutated
exon (median ages of 38, 27, 52, and 62 yr in exons 10, 11, 13,
and 14; P 5 0.003; r 5 0.24). When the mutated exons were
grouped by cysteine (exons 10 and 11) and noncysteine
codons (exons 13 and 14), this difference (median ages of 30
vs. 56 yr; P 5 0.001; r 5 0.42) was even more pronounced. A
similar rank order (7, 3, 12, and 60 yr in exons 10, 11, 13, and
14, respectively) was found when the youngest age at diag-
nosis was regarded subsequently.

Patient age at diagnosis by codon mutation

Broken down by mutated codon in a subsequent analysis
(Table 2), the differences in age presentation remained sig-
nificant (median ages of 44, 29, 36, 27, 60, 39, and 62 in codons
611, 618, 620, 634, 768, 790, and 804; P 5 0.009; r 5 0.22).
Codons predisposing to younger age at diagnosis (codons
634 and 618) tended to be more common (54% and 14%) than
those (codons 768 and 804) associated with a high age at
diagnosis (6% and 3% each). When grouped by their respec-
tive genotypes, MTC patients markedly differed in their
youngest age at diagnosis regardless of whether they had
lymph node metastases. These appreciable differences in age
presentation allowed us to establish a hierarchy in codon
mutations and to devise risk categories for the development
of MTC according to mutated codon: a high risk group
(codons 634 and 618) with youngest ages of 3 and 7 yr at
diagnosis; an intermediate risk group (codons 790, 620, and
611) with youngest ages of 12, 34, and 42 yr; and a low risk
group (codons 768 and 804) with youngest ages of 47 and 60,
respectively. The youngest patient with MTC and additional
lymph node metastases, who was 9 yr old and not biochem-
ically cured, revealed a Cys634Arg germline mutation. As
illustrated in Tables 1 and 2, lymph node metastases fre-
quently precluded biochemical cure.
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Patient sex, TNM classification, and serum calcitonin by
RET mutation

Neither mutated exons nor codons differed significantly
with regard to sex distribution. There were no significant
differences among the pT, pN, and M categories, UICC tu-
mor stages, and preoperative basal serum calcitonin regard-
less of whether the figures had been grouped by mutated
exon (Table 1) or codon (Table 2).

Oncological features and biochemical properties in index
and nonindex patients

Of the 63 patients, 36 were index patients. In these index
patients, patient age at diagnosis significantly differed by

RET mutation. Grouped by exon (P 5 0.003; r 5 0.41), the
median ages at diagnosis were 40 yr (exon 10), 30 yr (exon
11), 57 yr (exon 13), and 62 yr (exon 14), respectively.
Grouped by codon (P 5 0.019; r 5 0.38), the median ages at
diagnosis were 44 yr (codon 611), 35 yr (codon 618), 36 yr
(codon 620), 30 yr (codon 634), 60 yr (codon 768), 57 yr (codon
790), and 62 yr (codon 804), respectively. RET mutations in
cysteine codons (exons 10 and 11) significantly correlated
with younger patient age at diagnosis (medians of 33 vs. 59
yr; P , 0.001; r 5 0.60) relative to RET mutations in non-
cysteine codons (exons 13 and 14). In the 27 nonindex pa-
tients, there were no significant associations between exon or
codon mutations and patient age at diagnosis. Apart from

TABLE 1. Oncological features and biochemical properties grouped by exon mutation

Exons 10 11 13 14 P Cys1a Cys2a P

n (%) 14 (22) 34 (54) 13 (21) 2 (3) 48 (76) 15 (24)
Index patient (%) 64 50 62 100 0.58 54 67 0.55
Median age at diagnosis, yr

(25/75% quartiles)
38 (19–44) 27 (12–41) 52 (31–66) 62 (60–63) 0.003 30 (13–42) 56 (33–63) 0.001

Youngest patient (yr)
With MTC 7 3 12 60 3 12
With pN1 21 9 56 60 9 56
Without biochemical cure 37 9 56 60 9 56

Sex (% male) 43 56 23 100 0.09 52 33 0.25
pT1 (%) 43 62 77 50 56 73
pT2 (%) 43 29 8 50 33 13
pT3 (%) 7 3 15 0 4 13
pT4 (%) 7 6 0 0 0.31 6 0 0.18
pTXb (%) 50 82 62 50 0.09 72 60 0.52
pN1 (%) 57 50 38 100 0.48 52 47 0.77
pN1b (%) 77 56 40 50 0.51 63 43 0.41
M1 (%) 0 12 15 0 0.50 8 13 0.62
UICC stage 1 (%) 36 44 62 0 42 53
UICC stage 2 (%) 7 6 0 0 6 0
UICC stage 3 (%) 57 41 23 100 46 33
UICC stage 4 (%) 0 9 15 0 0.44 6 13 0.50
Median basal calcitonin, pg/

mL (25/75% quartiles)
38 (8–763) 125 (34–490) 170 (5–1484) 1596 (791–2400) 0.36 101 (17–516) 204 (7–1811) 0.67

a Mutations in cysteine domains (exons 10 and 11) vs. mutations outside cysteine domains (exons 13 and 14).

TABLE 2. Oncological features and biochemical properties grouped by codon mutation

Codon 611 618 620 634 768 790 804 P

n (%) 3 (5) 9 (14) 2 (3) 34 (54) 4 (6) 9 (14) 2 (3)
Index patient (%) 100 44 100 50 50 67 100 0.42
Median age at diagnosis, yrs

(25/75% quartiles)
44 (42–45) 29 (14–48) 36 (34–38) 27 (12–41) 60 (48–73) 39 (23–61) 62 (60–63) 0.009

Youngest patients (yr)
With MTC 42 7 34 3 47 12 60
pN1 45 21 38 9 68 56 60
Without biochemical cure 45 37 38 9 68 56 60

Sex (% male) 33 56 0 56 0 33 100 0.13
pT1 (%) 33 44 50 62 75 78 50
pT2 (%) 67 33 50 29 0 11 50
pT3 (%) 0 11 0 3 25 11 0
pT4 (%) 0 11 0 6 0 0 0 0.61
pTXb (%) 33 56 50 82 100 44 50 0.06
N1 (%) 33 67 50 50 50 33 100 0.72
pN1b (%) 100 71 100 56 50 33 50 0.94
M1% 0 0 0 12 25 11 0 0.79
UICC stage 1 (%) 33 33 50 44 50 67 0
UICC stage 2 (%) 33 0 0 6 0 0 0
UICC stage 3 (%) 33 67 50 41 25 22 100
UICC stage 4 (%) 0 0 0 9 25 11 0 0.66
Median basal calcitonin, pg/

mL (25/75% quartiles)
9 (2–518) 45 (16–1500) 125 (34–490) 187 (44–11200) 20 (5–1483) 1596 (791–2400) 0.53
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patient age at diagnosis, none of the other oncological and
biochemical parameters significantly correlated with RET
mutations when analyzed separately for index and nonindex
patients (data not shown).

Patient age at diagnosis by nucleotide and amino
acid exchange

Except for codon 634, all nucleotide and amino acid ex-
changes within the codons 611, 618, 620, 768, 790, and 804
occurred at more or less comparable rates (Table 3). In codon
634, the Cys634Arg (TGC3CGC) genotype prevailed, ac-
counting for 50% (17 of 34) of affected patients and 52% (11
of 21) of affected families. This finding suggests that the
Cys634Arg (TGC3CGC) genotype occurs more frequently
than would be expected merely by chance. Age at diagnosis
did not seem to differ significantly among the various nu-
cleotide and amino acid exchanges within each codon, in-
dicating a similar degree of RET protooncogene activation.

Discussion
The RET protooncogene

The RET protooncogene is expressed in cells of neuronal
and neuroepithelial origin and encodes a receptor tyrosine
kinase (3). The first 10.5 exons encode the extracellular re-
gion, which includes a cadherin-like and a cysteine-rich do-
main. The intracellular tyrosine kinase domains and the C-
terminal tail are encoded by the remaining exons (16, 17). The
highly conserved cysteine domains are pivotal in maintain-
ing the secondary and tertiary structures of the RET extra-
cellular domain (18). Mutations in these cysteine domains, i.e.
in codons 609, 611, 618, and 620 of exon 10, and of codon 634
of exon 11, enhance the ligand-independent dimerization
and cross-phosphorylation, thus allowing constitutive pro-
tein tyrosine kinase activity in the absence of the ligand (19).
Other mutations in the intracellular region of the RET pro-
tooncogene, i.e. in codons 768 and 790 of exons 13 and in
codon 804 of exon 14, are located in or near a region impli-
cated in ATP binding (20, 21). Mutations in codon 918 of exon
16 directly alter the substrate recognition pocket of the cat-
alytic core within the tyrosine kinase domain, improving its
affinity to the ligand. Its hallmark is an early-onset variant of

MTC as part of the MEN II syndrome, which is frequently
fatal, having already spread to lymph nodes and distant
organs by the time of diagnosis (2). As may be inferred from
the different mechanisms of receptor activation, the location
of individual RET protooncogene mutations on the subcellular
level may have a direct impact on the disease phenotype.

RET protooncogene mutations and disease phenotype

Most genotype-phenotype correlations to date have fo-
cused on the relationship between specific RET protoonco-
gene genotypes and disease phenotype. Correlating 477
MEN II families from 18 tertiary referral centers, a statisti-
cally significant association (P , 0.001) was found between
the presence of any mutation at codon 634 and the presence
of pheochromocytoma and hyperparathyroidism (2). Within
the codon 634 mutations, C634R (TGC3CGC; Cys3Arg)
mutations, as opposed to any other codon 634 mutation, were
significantly (P 5 0.002) associated with the presence of hy-
perparathyroidism. Of note, there were no C634R mutations
among patients with FMTC (2, 3). Conversely, no mutations at
codon 768 (E768D) and codon 804 (V804L) have been observed
until very recently in MEN IIA or MEN IIB families (2). Con-
comitant Hirschsprung’s disease, which represents a loss of
function mutation in the RET protooncogene, segregated with
codons 620 (5 of 6) or 618 (1 of 5) only. In each case, a TGC
to CGC mutation was present, resulting in an exchange of
asparagine for cysteine (2). Conversely, coexistent cuta-
neous lichen amyloidosis exclusively (18 of 18) segregated
with codon 634 (2).

RET protooncogene mutations and oncological features

A systematic correlation of patient age at diagnosis of
MCT, tumor aggressiveness as measured by the TNM clas-
sification, and basal calcitonin secretion with individual RET
protooncogene mutations has not yet been undertaken. The
current investigation provides evidence for the first time that
there is a clear, probably genetically encoded, hierarchy of
RET protooncogene mutations with respect to the onset of
hereditary MTC. Obviously, germline mutations in the cys-
teine domain of exon 11 (codon 634) engender an extremely
strong activation of the RET protooncogene, accounting for

TABLE 3. Age at diagnosis of medullary thyroid carcinoma grouped by RET genotype

Exon Codon Nucleotide
exchange

Amino acid
exchange

Patients
[n/N (%)]

Families
n/N (%)

Median age at diagnosis
(25/75% quartiles)

10 611 TGC3TAC Cys3Tyr 2/63 (3) 1/38 (3) 43 (42–44)
10 611 TGC3TTC Cys3Phe 1/63 (2) 1/38 (3) 45 (2)
10 618 TGC3AGC Cys3Ser 4/63 (6) 2/38 (5) 35 (13–62)
10 618 TGC3GGC Cys3Gly 4/63 (6) 1/38 (3) 18 (13–33)
10 618 TGC3TTC Cys3Phe 1/63 (2) 1/38 (3) 56 (2)
10 620 TGC3AGC Cys3Ser 1/63 (2) 1/38 (3) 38 (2)
10 620 TGC3CGC Cys3Arg 1/63 (2) 1/38 (3) 34 (2)
11 634 TGC3CGC Cys3Arg 17/63 (27) 11/38 (29) 27 (8–47)
11 634 TGC3GGC Cys3Gly 1/63 (2) 1/38 (3) 27 (2)
11 634 TGC3TAC Cys3Tyr 8/63 (13) 4/38 (11) 29 (18–39)
11 634 TGC3TTC Cys3Phe 3/63 (5) 2/38 (5) 34 (11–63)
11 634 TGC3TCC Cys3Ser 5/63 (8) 3/38 (8) 23 (10–32)
13 768 GAG3GAC Glu3Asp 4/63 (6) 2/38 (5) 60 (48–73)
13 790 TTG3TTC Leu3Phe 4/63 (6) 3/38 (8) 57 (36–62)
13 790 TTG3TTT Leu3Phe 5/63 (8) 3/38 (8) 33 (15–54)
14 804 GTG3ATG Val3Met 2/63 (3) 1/38 (3) 62 (60–63)
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the very early onset of MTC and the frequent MEN IIA
phenotype. Germline mutations in the cysteine domains of
exon 10 (codons 609, 611, 618, and 620) seemingly entail a
lesser activation of the RET protooncogene, resulting in later
malignant transformation and in both the MEN IIA and
FMTC phenotypes. In contrast, germline mutations in non-
cysteine domains of exons 13 and 14 (codons 768, 790, and
804) afford a weaker activation, resulting in a seemingly
attenuated form with late-onset MTC and the FMTC phe-
notype only (2, 22). The clinical distinction between MEN IIA
and FMTC may thus be arbitrary, merely reflecting the in-
tensity of RET protooncogene activation and hence disease
penetrance and expression (23). It is conceivable that the
genetically encoded degree of RET protooncogene activation
also accounts for the striking disparity between codons in the
penetrance of pheochromocytoma and parathyroid hyper-
plasia. These accompanying tumors have been reported in
approximately 50% and 10% of patients, respectively, asso-
ciated with codon 634 mutations. Some FMTC patients with
low activity mutations in exon 13 and 14 (e.g. in codons 768,
790, and 804) may simply not live long enough to see any of
these tumors develop in their lifetime. The former concept of
FMTC being restricted to exons 13 and 14 mutations (2) was
not falsified until recently when Nilsson and co-workers (24)
reported an association between pheochromocytoma and
hereditary MTC in two of four family members with an exon
14 V804L germline mutation, suggesting an MEN IIa phe-
notype. The type of nucleotide and amino acid exchange
apparently has no bearing on the pace of malignant trans-
formation and hence on patient age at diagnosis of MTC. As
pathological confirmation of MTC was a prerequisite for
enrollment, patients with mutations in the high activity
codon were recruited more frequently, raising their overall
share of the study population. In keeping with the current
investigation, Decker and associates (23) found codon 634
mutations in 51% of hereditary MTC, with the TGC3CGC
missense change prevailing within this codon.

Interestingly, no correlations were encountered between
RET protooncogene mutations and the pT, pN, or M cate-
gory; the UICC stage; or basal serum calcitonin levels before
surgery. These findings suggest that even a low transforming
capacity, genetically encoded by a distinct RET protoonco-
gene mutation, may be adequate for malignant progression
and may ultimately lead to widespread metastatic MTC.
Provided that tumor aggressiveness is genetically encoded,
a correlation between the pT, pN, or M category; UICC tumor
stage; and, to a lesser extent, the preoperative basal serum
calcitonin level should have been found at least in the 36
index patients in whom the disease has naturally evolved
without medical interference. In contrast, differences in on-
cological features that are genetically encoded are more dif-
ficult to detect in asymptomatic nonindex patients, as many
of these RET gene carriers will today have thyroidectomy
before an MTC will have emerged.

RET protooncogene mutations and transforming capacity
on the cellular level

This idea is further supported by experimental data. When
the transforming capacity of c-RET was examined after trans-

fection into NIH-3T3 cells (25), Cys634 mutants had a 3- to
5-fold higher transforming capacity compared with exon 10
Cys mutants (codons 609, 611, 618, and 620). In this exper-
imental model the transforming activity of each mutant pro-
tein was directly paralleled by the expression of RET on the
cellular surface (25). Expression of RET codon 634 mutants
was increased compared with that of 609, 611, 618, or 620
mutants. In addition, this experiment clearly indicated that
different amino acid substitutions at any given Cys mutation
of exon 10 (codons 609, 611, 618, and 620) yielded comparable
transforming activity (25).

Clinical implications

The significant correlation between RET protooncogene
mutation and patient age at diagnosis of MTC has important
clinical implications. Based on youngest age at diagnosis,
three groups can be devised by RET protooncogene mutation
according to the speed of malignant transformation: a high
risk group, encompassing codons 634 and 618, with youngest
ages of 3 and 7 yr, respectively; an intermediate risk group,
including codons 790, 620, and 611, with youngest ages of 12,
34, and 42 yr, respectively; and a low risk group, comprising
codons 768 and 804, with youngest ages of 47 and 60 yr,
respectively. Considering these data, it may be prudent to
perform prophylactic thyroidectomy in the high risk group
at 5 yr of age at the latest, in the intermediate risk group at
age 10 yr, and in the low risk group at age 20 yr. Infants with
high risk mutations below the age of 5 yr may have to
undergo prophylactic surgery even earlier, i.e. upon dem-
onstration of elevated basal or stimulated serum calcitonin
levels. On the other hand, normal serum calcitonin does not
reliably exclude MTC (1, 9). In line with this recommenda-
tion, Gill and co-workers (8) suggested yearly provocative
screening beginning at age 1 yr and prophylactic thyroid-
ectomy in MEN IIA patients as young as 5 yr after observing
a 5-yr-old girl with MTC and nodal metastases and her 3-yr-
old sister with MTC focus both harboring the C634R geno-
type (TGC3CGC; Cys3Arg). Some researches even pro-
ceed with prophylactic thyroidectomy as early as age 2 yr
because MTC has been reported in MEN IIA at this young
age (26). In the German and Austrian multicenter study on
prophylactic thyroidectomy below the age of 20 yr, all three
patients with lymph node metastases, aged 14, 15, and 19 yr,
belonged to the high risk group, harboring codon 634 mu-
tations. In our study no lymph node metastases were found
below the age of 10 yr, which would argue against perform-
ing central lymph node dissection before that age on a pro-
phylactic basis (9). In the present series the youngest patients
with hereditary MTC and lymph node metastases was 9 yr
old and not biochemically cured. The youngest patients with
hereditary MTC and lymph node metastasis reported in the
biomedical literature outside the MEN IIb setting were 5 and
6 yr of age (8, 27). For this reason, Skinner and co-workers
(28) favor prophylactic thyroidectomy with central lymph
node dissection at age 5 yr for MEN IIA patients.

Conclusion

A risk classification based on RET protooncogene geno-
type holds the promise of eliminating a nascent hereditary
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MTC by timely prophylactic thyroidectomy, i.e. before lym-
phatic or distant metastases have developed. Such a genet-
ically driven approach would circumvent the increased mor-
bidity attendant to central lymph node dissection (10) and
ensure high rates of biochemical cure. This benefit obviously
outweighs the lower quality of life scores in RET mutation
carriers associated with knowledge about the genetic pre-
disposition to cancer (29). Furthermore, the genetic approach
is cost effective, as continuous biochemical screening is ren-
dered superfluous in the majority of patients. An institu-
tional approach, as presented in this article, offers the ad-
vantage of standardized genetic typing procedures,
standardized operative strategies, and standardized bio-
chemical testing using the same calcitonin assay and the
same stimulatory agent. The limitations in patient numbers
obviously are the most significant drawback of this ap-
proach. The median age at diagnosis of 62 yr in codon 804
mutations, which was based on just two patients in this
institutional series, epitomizes this problem. Considering the
fact that metastatic MTC has been observed at 30 and 32 yr
of age in two families with V804M (GTG3ATG) germline
mutations (30), this information might understate the ma-
lignant potential of this genotype in some patients and hence
may be misleading, as it could lead to recommendations of
a too late prophylactic thyroidectomy. With a view to further
optimizing the timing of prophylactic thyroidectomy, a mul-
ticenter study is clearly needed to provide more exact data
for the more common (codons 611, 618, 620, 634, 768, 790, and
804) and additional information on less frequent (codons 609,
630, 791, and 891) RET genotypes. To this end, standardiza-
tion of genetic typing, operative strategies, and biochemical
testing would be highly recommended.
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