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Abstract  Hereditary C-cell carcinoma is encountered in 
multiple endocrine neoplasia type 2A (MEN 2A), MEN 
2B, and familial medullary thyroid carcinoma (FMTC). 
Mutations of  the RET proto-oncogene are associated with 
all three diseases. To obtain an insight into the molecular 
heterogeneity of  MEN 2 syndromes and FMTC in the 
Netherlands, probands of 20 MEN 2A families, two 
FMTC families, and seven MEN 2B families were ana- 
lyzed by the polymerase chain reaction (PCR), DNA se- 
quencing, and restriction enzyme digestion for abnormal- 
ities in the RET proto-oncogene. RET mutations were 
found in all cases. All MEN 2A families had a mutation 
involving one of five cysteine codons in exons 10 and 11 
of RET. Two novel dinucleotide mutations and a de novo 
mutation were found. Both FMTC families had a muta- 
tion of the Cys at codon 618. All MEN 2B probands car- 
fled a Met to Thr mutation in exon 16. All mutations 
could be confirmed by restriction enzyme digestion of 
PCR amplicons. Identification of the RET mutation in the 
Dutch population with hereditary C-cell carcinoma facili- 
tates genetic testing for families or individuals at risk for 
MEN 2A, FMTC, and MEN 2B. 
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Introduction 

Thyroid C-cell carcinoma is encountered in three different 
hereditary diseases. Multiple endocrine neoplasia type 2A 
(MEN 2A) is a syndrome characterized by medullary thy- 
roid carcinoma (MTC) in almost all gene carriers, pheochro- 
mocytoma in about 50% of the gene carriers, and hyper- 
parathyroidism in about 20% of gene carriers (Sipple 1961). 
Only tumors derived from thyroid C-cells develop in famil- 
ial medullary thyroid carcinoma (FMTC) families (Famdon 
et al. 1986). Multiple endocrine neoplasia type 2B (MEN 
2B) is also characterized by MTC and pheochromocytoma, 
but the age of onset of disease is earlier. In addition, MEN 
2B gene carriers develop mucosal neuromas, intestinal gan- 
glioneuromas, and a marfanoid habitus. Parathyroid glands 
are generally not involved (Schimke et al. 1968). 

In 1993, the RET proto-oncogene was identified as the 
gene associated with MEN 2A, FMTC, and MEN 2B (Do- 
nis-Keller et al. 1993; Mulligan et al. 1993; Carlson et al. 
1994; Eng et al. 1994; Hofstra et al. 1994). MEN 2A and 
FMTC are associated with single missense mutations that 
involve one of five cysteine residues that are encoded by 
exons 10 and 11 of the RET gene. The mutations lead to 
amino acid substitutions in the extracellular part of  the 
protein (Donis-Keller et al. 1993; Mulligan et al. 1993). 
One FMTC family has been shown to have a mutation in 
codon 768 for glutamine in the tyrosine kinase domain of 
RET (Eng et al. 1995). A single RET mutation is found in 
all familial and de novo MEN 2B patients. The T2948C 
mutation in codon 918, in exon 16, leads to the substitu- 
tion of a threonine for a methionine in the tyrosine kinase 
domain of the protein (Hofstra et al. 1994). 

To obtain insights into the molecular heterogeneity of  
MEN 2 syndromes and FMTC in the Netherlands, and to 
facilitate genetic testing for families or individuals at risk, 
probands of 20 MEN 2A families, two FMTC families, 
and seven MEN 2B families were analyzed by the poly- 
merase chain reaction (PCR). DNA sequencing and re- 
striction enzyme digestion for abnormalities in the RET 
proto-oncogene were also used. 
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Table 1 Sequences of oligonucleotides used for PCR, ACRS- 
PCR, and DNA sequencing. The u n d e r l i n e d  nucleotides represent 
a mismatch with the normal RET sequence 

Name Sequence oligonucteotide 

Table 2 Results of screening for mutations of the RET proto- 
oncogene in probands with MEN 2A. FMTC, and MEN 2B in The 
Netherlands 

Mutation ~' Amino acid Probands t' Phenotype Enzyme ~ 

10F 
10R 
IIF 
IlR 
16F 
16R 
ACRS-C611Y 
ACRS-C618S 

5"-GAGGCTGAGTGGGCTACGTC-3" 
5"-AGACCTCTGTGGGGCTGGGA-3" 
5"-CCTCTGCGGTGCCAAGCCTC-3" 
5"-TCCGGAAGGTCATCTCAGCT-3" 
5"-AGGGATAGGGCCTGGGCTTC-3* 
5"-TAACCTCCACCCCAAGAGAG-3" 
5"-TGGCTATGGCACCTGCACCT-3" 
5"-CTTCCCTGAGGAGGAGGAGT-3" 

G2027A C611Y 2 MEN 2A ACRS Pvu 11 - 
G2048A C618Y 1 FMTC Rsal  + 

G2048C C618S 1 FMTC ACRS Hinf I  + 

CT2052TC C620R 1 MEN 2A NJlil + 
T2095G C634G 1 MEN 2A Sau961 + 

T2095C C634R 12 (2) MEN 2A Qol + 
G2096A C634Y 2 MEN 2A Rsal  + 

C2097G C634W I (~) MEN 2A Cjbl + 
CC2097GG C634WR635G 1 (l) MEN 2A Bmvl  + 

T2948C M918T 7 (4) MEN 2B Fok l  - 

Materials and methods 

Families were categorized as MEN 2A when several members had 
both MTC and pheochrolnocytoma. Families were classified as 
FMTC when affected members developed only MTC without evi- 
dence of pheochromocytoma or parathyroid disease. All 29 MEN 
2A, FMTC, and MEN 2B probands were of Dutch-Caucasian ori- 
gin. This study was reviewed by the ethics committee of our hos- 
pital, and all persons included in the study gave their informed 
consent. 

High-molecular-weight DNA was isolated from white blood 
cells according to established procedures. Exons 10, 11, and 16 of 
the RET gene were araplified by PCR using the primers mentioned 
in Table 1. The amplification was performed for 33 cycles of 1 min 
at 94~ 1 rain at 60~ and I min at 72~ The reaction mixture 
contained 400 ng DNA, 400 ng of each primer, 50 btg/ml bovine 
serum albumin, 10% dimethyl sulfoxide, 0.2 mM of each dNTP, 
16.6 mM (NH4)2SO4, 67 mM TRIS/HC1 pH 8.8, 6.7 mM MgCI> 
6.7 btM EDTA pH 8.0, 10 mM 13-mercaptoethanol, 1 U AmpliTaq 
polymerase (Perkin Elmer Cetus, USA). The amplified DNA was 
purified by gel electrophoresis on 1% ultra-low gelling-tempera- 
ture agarose (Sigma, St. Louis, USA). The excised fragments were 
directly sequenced by the dideoxy chain termination reaction with 
a pUC sequencing kit (Boehringer Mannheim, Germany), using 
the PCR oligonucleotides as sequencing primers. 

The detected family-specific point mutations in RET were con- 
firmed by analysis of the PCR products by restriction enzyme di- 
gestion. All mutations, with the exception of Cys61 lTyr and 
Cys618Ser, resulted in the creation or disappearance of a cleavage 
site for a restriction enzyme. For the mutations Cys611Tyr and 
Cys618Ser, an amplification-created restriction site (ACRS)-PCR 
was applied to identify the mutation. The Cys611Tyr mutation was 
identified by PCR with the forward primer ACRS-C611Y, as it 
leads to the loss of a PvulI restriction site when a G2027C muta- 
tion is present. The forward oligonucleotide primer ACRS-C618S 
creates a novel H i n f l  site after PCR when a G2048C mutation is 
present. Restriction enzyme digests were analyzed on ethidium- 
bromide-stained 3% agarose gels. 

Results and discussion 

All 22 probands from MEN 2A and FMTC families 
showed heterozygosity for missense mutat ions of the RET 
gene in which one of the codons for cysteine was in- 
volved. The seven probands with MEN 2B showed het- 
erozygosity for the missense mutat ion in codon 918. The 
results of the genetic testing are summarized in Table 2. 
For MEN 2A, seven different mutations,  including two 
novel mutations,  were found at the codons for Cys611 and 
Cys620 in exon 10, and Cys634 in exon 11. A Cys634Arg 

:' The number denotes the position of the nucleotide substitution in 
the cDNA sequence, where nucleotide 1 is the start of transcription 
b The number in parenthesis is the number of families reported in 
Hofstra et al. (1994) and Lips et al. (1994) 

+ denotes the creation of a new restriction site, denotes the dis- 
appearance of an existing restriction site by the mutation 

mutation was found in 12 out of 20 probands investigated. 
One of these 12 probands presented with an apparently 
sporadic MTC. However, a Cys634Arg mutation was 
found both in the tumor DNA and in DNA from peripheral 
blood lymphocytes. MTC was not observed in other family 
members. It was possible to analyze DNA from both par- 
ents of this subject. Since the Cys634Arg mutation could 
not be demonstrated in either parent, it was concluded that 
this subject had a de novo MEN 2A mutation. The 
Cys611Tyr and Cys634Tyr mutations were each found 
twice. Mutations Cys634Trp, Cys634Gly, and Cys620Arg 
were found once. The proband with the Cys620Arg substi- 
tution showed a dinucleotide change, TTC TGC to TTT 
CGC, involving codons 619 and 620. The C-T transition in 
codon 619 does not result in an amino acid substitution. In 
the family with the Cys620Arg mutation, MEN 2A is asso- 
ciated with Hirschsprung's disease. 

One proband showed a dinucleotide change involving 
codons 634 and 635, TGC CGC to TGG GGC, causing a 
CysTrp to ArgGly substitution. This proband represents a 
family where MEN 2A is associated with cutaneous 
lichen amyloidosis.  The two FMTC families both have a 
mutat ion of codon 618: one proband had the mutation 
Cys618Ser, and the other Cys618Tyr. All seven MEN 2B 
probands had a Met918Thr mutation. 

The sequence data were confirmed by analysis of the 
PCR products by restriction enzyme digestion. This was 
possible because all mutations,  with the exception of 
Cys61 lTyr  and Cys618Ser, result in the creation or disap- 
pearance of a cleavage site for a restriction enzyme. For 
the mutat ions Cys611Tyr and Cys618Ser, an ACRS-PCR 
was applied to identify the mutation. For identification of 
the Cys611Tyr mutation, PCR with the forward primer 
ACRS-C611Y ( T G G C T A T G G C A C C T G C A G C T )  leads 
to the loss of a PvulI  restriction site (CAGCTG)  when the 
G2027C mutat ion is present. The forward oligonucleotide 
primer ACRS-C618S ( C T T C C C T G A G G A G G A G G A G T )  



Fig. 1 A DNA sequence analysis of exon l0 of the RET gene in 
the proband with the CT2055TC mutation (P) and a normal con- 
trol (N). Heterozygosity is indicated by arrows. The sequencing 
primer was 10F. B Analysis of the exon 10 amplicon by digestion 
with restriction enzyme NruI in the proband with the CT2055TC 
mutation (P) and a normal control (N). + = with NruI, - = without 
NruI. C DNA sequence analysis of exon 11 of the RET gene in the 
proband with the CC2097GG mutation (P) and a normal control 
DNA (N). Heterozygosity is indicated by arrows. The sequencing 
primer was 11R. D Analysis of the exon 11 amplicon by digestion 
with restriction enzyme BmyI in the proband with the CC2097GG 
mutation (P) and a normal control (N). + = with BmyI, - = without 
Bmyl 

creates a novel  Hinf I  site ( G A N T C )  after PCR when the 
G2048C muta t ion  is present  (Table 2). The sequence 
analysis  and analysis  with restr ict ion enzymes  of  ampl i -  
cons o f  the probands  with the Cys620Arg  and the 
Cys634Trp /Arg635Gly  mutat ion,  which represent  M E N  
2A mutat ions  not  repor ted  before,  are shown in Fig. 1. 
Both  p robands  show mutat ions  of  two nucleot ides  affect- 
ing two consecut ive  codons.  The restr ict ion enzymes  NruI  
(for Cys620Arg)  and BmyI  (for Cys634Trp /Arg635Gly)  
spec i f ica l ly  recognize  these d inucleot ide  changes.  

In ear l ier  studies,  haplo types  o f  the al le les  harbor ing 
the M E N  2A or F M T C  muta t ion  could  be establ ished.  Al-  
though some o f  the famil ies  have ident ical  muta t ions  of  
the RET gene, no inter- famil ia l  re la t ionships  could  be 
demons t ra ted  (data not shown).  The nature and distr ibu-  
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t ion of  the muta t ions  repor ted  in this s tudy are s imilar  to 
those in previous  reports  (Mul l igan  et al. 1993, 1994; 
Quadro  et al. 1994). Two novel  mutat ions,  both compris -  
ing d inucleot ide  changes,  have been found. Don i s -Ke l l e r  
et al. (1993) have repor ted a low incidence of  Cys634 mu- 
tat ions for North Amer ican  families.  In our panel,  17 out 
of  20 M E N  2A famil ies  have a Cys634 mutat ion;  in 12 of  
these 17 cases,  the cyste ine  is rep laced  by an arginine.  In- 
terestingly,  the two Dutch F M T C  famil ies  have a mutat ion 
of  Cys618.  In other  reports  F M T C  is not conf ined  to 
codon  618 and F M T C  mutat ions  are found in all cys te ine  
codons  that are also involved  in M E N  2A. However ,  no 
F M T C  fami ly  had the Cys634Arg  mutat ion that seems to 
pred ispose  to a more  severe course of  the disease,  includ-  
ing deve lopmen t  o f  p h e o c h r o m o c y t o m a  and hyper-  
para thyroid ism.  As  more  mutat ion studies are publ ished,  
it may  become clear  that the course of  the d isease  in M E N  
2A and F M T C  famil ies  is related to specif ic  muta t ions  
(Mul l igan  et al. 1994). The M E N  2B phenotype  is c lear ly  
related to the Met918Thr  mutat ion (Car lson et al. 1994; 
Eng et al. 1994; Hofs t ra  et al. 1994). 

The probands  o f  all famil ies  were tested only for muta-  
tions of  exons 10, 11, and 16 o f  the RET pro to-oncogene .  
In the Nether lands,  there were no famil ies  with heredi tary  
MTC without  a const i tut ional  RET muta t ion  of  one of  
these exons. The ident i f icat ion of  specif ic  d isease-re la ted  
muta t ions  in the RET gene enables  a h ighly  rel iable,  
p re symptomat i c  d iagnosis  for fami ly  members  at r isk for 
M E N  2A, FMTC,  or M E N  2B. This  is important  because  
ear ly d iagnosis  and appropr ia te  t reatment,  e.g., p r e symp-  
tomatic  thyroidec tomy,  s ignif icant ly  decrease  the morbid-  
ity of  the d isease  (Lips et al. 1994; Wells  et al. 1994). Fur-  
thermore,  it is now poss ib le  to ident i fy gene carriers  on an 
individual  basis,  once the fami ly-spec i f ic  RET mutat ion is 
known,  without  the manda tory  involvement  of  other  fam- 
ily members .  
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