Jpn. J. Cancer Res89, 411-418, April 1998

Novel Point Mutations and Allele Loss at theRET Locus in Sporadic Medullary
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Germline mutations in the RET proto-oncogene have been shown to be the underlying cause of
multiple endocrine neoplasia type 2 (MEN 2A and 2B) and familial medullary thyroid carcinoma
(FMTC). Some cases of sporadic medullary thyroid carcinoma (sporadic MTC) are reported to
have specific codon 918, 883 and 768 mutations of tRET gene in tumor tissues. We examined
RET gene mutations in 40 Japanese cases who had previously undergone surgery for sporadic
MTC. DNA extracted from formalin-fixed tumor tissues and corresponding normal thyroid tissues

or peripheral blood leukocytes was analyzed for mutations of exon 10, 11, 13, 14 and 16 of the
RET gene by DNA sequencing and by mutation-specific restriction enzyme analysis. Germline
RET point mutations were found in six of 40 cases (15%), cysteine residues at codon 618 in two,
codon 634 in three and valine residue at codon 804 in one, and were newly identified as heritable
MTC. Of the remaining 34 sporadic MTC cases, four (12%) had tumor-specifiRET point muta-
tions. Two were found in exon 16; one case showed an ATG to ACG (Met to Thr) mutation at
codon 918, and the other showed two point mutations, ATG to ACG (Met to Thr) at codon 918
and GCA to GTA (Ala to Val) at codon 919 with loss of the wild-type allele, suggesting that both
alleles at theRET locus were altered. The other two were found in exon 13; one case showed a
CCG to TCG (Pro to Ser) mutation at codon 766 and the other showed a silent mutation, GTC to
GTT (Val) at codon 778 with loss of the wild-type allele. There was no association of sporadic
mutations with recurrence or prognosis in patients with sporadic MTCs. The low rate of somatic
RET mutation at codon 918 in our sporadic MTC suggests that as yet unknown factors may be
involved. Genetic alterations in both alleles may have an important role in a small fraction of spo-
radic MTCs.
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Multiple endocrine neoplasia

Specific germline mutations in tHRET proto-oncogene ity gene for MEN 2 was discovered, patients without a
on chromosome 10g11.2 have been shown to be thfamily history of MTC or pheochromocytoma were likely
underlying cause of multiple endocrine neoplasia (MEN)to be regarded as having the sporadic type. Recently,
2A,2B and familial medullary thyroid carcinoma examination ofRET germline mutations from peripheral
(FMTC).> 2 Mutations in MEN 2A and FMTC occur in a blood leukocytes has enabled discrimination between
cysteine-rich extracellular region and are concentrated omereditary and sporadic MT€. Tumor-specific ATG to
cysteine residues at codons 609, 611, 618, 620 or 634 &CG mutations at codon 918 are found in about one-third
exon 10 or 124 In MEN 2B, mutations are found in the of European and American sporadic MTC%' %1% and
intracellular tyrosine kinase domain at codon 918 of exorthis mutation has been reported to correlate with tumor
1657 In addition, mutations at codon 768 of exon 13 andrecurrence or poor progno$fst” Furthermore, a GAG to
codon 804 of exon 14 were reported in some FMTCGAC mutation at codon 768 and a GCT to TTT mutation
families®? at codon 883 were reported in some sporadic MTCs.

More than half of all MTC cases are sporadic MTC. Interestingly, deletion of 3—48 nucleotide sequences in the
Clinically, sporadic MTC is characterized by negative cysteine-rich domain is also found in some sporadic
family history in patients who are usually in their fifties MTCs? 18-20
or sixties when MTC is diagnosed. Occasionally, patients Here we reporRET gene mutations in cases surgically
who undergo thyroidectomy for benign thyroid disease ardreated as sporadic MTC and in addition, novel somatic
diagnosed as MTC postoperatively. Before the susceptibilpoint mutations and the loss of the wild-type allele at the
RETgene locus in sporadic MTCs.

3To whom reprint requests should be addressed.
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PATIENTS AND METHODS 94°C for 12 min, PCR was carried out as follows: 35
cycles each consisting of denatioa for 1 nmin & 94°C,
Patients Forty cases sgically treated as sporadic MTC annealing reamn for 1 min at 55 to 67°C and po
were analyzed foRET gene mutations. Tke cases had merase reaction for 1 min at 72°C, followed by 7 min of
undegone surgery between 1965 and 1996 at Noguchifinal extension at 72°C.
Thyroid Clinic and Hospital Foundation. There was no Sequencing and mutation-specificrestriction enzyme
apparent family history of hereditary MTC, pheochro- analyss For nonisotopic sequencing, DNA products
mocytoma or parathyroid disease at the time of initialwere purified with a QIA quick PCR purification kit
evaluation. No other diseases, including pheochromocy{Qiagen, Germany). These purified products were sub-
toma, hyperparathyroidism, skeletal abnormalities, muco4jected to a further 25 PCBycles with sense or antisense
sal neuromas or Hirschspruegdisease, coupled with primer by fluorescence-based dideoxy terminator cycle
MTC had been detected in these cases. sequencing (Applied Biosystems). The products were
DNA extraction and polymerase chainreaction (PCR)  then eluted through a Centri-sep spin-column (Applied
conditions DNA was extracted from formalin-fixed Biosystems) and subjected to capillary gel electrophoresis.
tumor tissues and corresponding nonneoplastic thyroid tisbata collection and analysis were performed on an auto-
sues or peripheral blood leukocytes. Formalin-fixed tumormated DNA sequencer (Model 310, Applied Biosystems).
tissues from 40 cases were used in thisystAd nonneo- When a mutation was present, samples were subjected
plastic samples, formalin-fixed nonneoplastic thyroid tis-to mutation-specific restriction enzyme analysis. In addi-
sues fom 17 cases and periphkblood samples from 23 tion, we performd Fokl digestion in the PCR products of
cases were obtained. These patients gave written informeskon 16 of all cases examined in this study to confirm the
consent for theRET gene stugd For formalin-fixed tissue presence of codon 918 mation. PCR products were
samples, two 5@im sections were sliced from each block, restricted in a volume of 50l of low-salt buffer with the
and in the case of tumor tissue, a portion containing onlyestriction enzymeFokl, Munl (Takara Shuzo,Tokyo)
the stroma of cancer cells as determined by hematoxylixXhd or EcoNI (Daiichi Pure Chemicalslokyo) for 2 h at
and eosin staining was collected. The ffatawas  37°C. Restriction fragments were analyzed by 4% agarose
removed by placing the specimen in xylene for 30 mingel electrophoresiand ethidium bromide staining.
followed by dehydration ith 100% ¢hanol and drying.
The preparations were then incubated with fIF6f Tris- RESULTS
disodum ethylenediaminetetraactta (Tris-EDTA, pH
9.0), 0.95% sodium dodecgulfae, and 500ug of pro- Germline and somatic mutations ofetRET gene in
teinase K at 48°C with shaking for three days. DNA wasthis study are summarized Table I.We identified germ-
extracted by the phenol/chloroform method as describedine RET point mutations in six of 40 cases (15%). Muta-
previousy.?? High-molecular-weight DNA from periph- tions at codon 618 were found in two; TGC to GGC (Cys
erd blood leukocytes was #acted by use of a DNA to Gly) and AGC (Cys to Ser). Three mutations were
extractor WB kit {Wako Chemicals, Osaka). found at codon 634; TGC to AGTQAC, and TCC (Cys
Oligonucleotide primers for exons 101, 13, 14 and to Se, Tyr and Se respectively). One case had a GTG to
16 of theRET gene for PCR amplification were synthe- ATG (Val to Met) mutation at codon 804. All 6 cases
sized as described by Ceccheret al?? [5'-CTC AGG  were identified as heritable MTC. It is possible that these
GGG CAG QAT TGT T-3 and 5CAC TCA CCC TGG  germline mutations are de novo. Four of the 6 mutations
ATG TCT T-3 for exon 10, 5CCT CTG CGG TGC are also present in first-degree relatives and we have not
CAA GCC TC-3 and 5TGT GGG CAA ACT TGT yet examined family members of the remaining 2 fami-
GGT AGC A-3 for exon1l, 5-GCA GGC CTC TCT lies. None of the 6 cases had received total thyroidgctom
GTC TGA ACT T-3 and 5GGA GAA CAG GGC TGT In two of these subjects, recurrent MT®as dem-
ATG GA-3 for exon 13, 5CCT GGC TCC TGG AAG onstrated. One case, a 74-year-old woman with a TGC to
ACC CA-3 and 3AGT GGT GGG TCA GGG TGT AGC mutdion & codon 634, had a hemithydectomy at
GG-3 for exon 14, and 'BAGG GAT AGG GCC TGG the age of 55, recurrence in the residual thyroid six
GCT T-3 and 5TAA CCT CCA CCC CAA GAG-3for months later and subsequentla total thyroidectom
exon 16] and purified on an oligonucletg puification After genetic diagnosis, adrenal examination revealed
column. The PCR amplification reaction was carried outpheochromocytoma of the left adrenal gland and left
in a 50 ul mixture containing 100 ng of template DNA, adrenalectomy was performed. The othe 28-year-old
1.0 or 1.5 mM MgGl 0.2 mM dNTP,5 pmol of each  woman with a TGC to TCC mutation at codon 634, had a
sense and antisense pritnand 1 unit of AmpliTaq Gold  subtotal thyroidectomy at the age of 16. High levels of
(Applied Biosystems, CA) with a PC-700 programmed serum calcitonin were found after genetiaghosis and
thermal cycler (AstecTokyo). After initial denaturation at she is scheduled to unde total thyroidectom No pheo-
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Table I. Summary ofRET Gene Mutations in Patientseated as Sporadic MTC

Codons 618 634 804 766 778 918 919
Wild-type TGC TGC GTG CCG GTC ATG GCA

Base changes GGC (1 AGC (1) ATG (1) TCG (1) GTT (1) ACG (2) GTA (1)
AGC (1) TAC (1)

TCC (1)
Tota 2 3 1 1 1 29 19
Type of mutation GY G G oY S S S

a) Numbers in parenthesis are numbers of cases.

b) One case, case B, had both 918 and 919 mutations.
¢) Germline mutation.

d) Somatic mutation.

case A case B O OO A= OO 300 OO SME 30000 I 00 e MO =
T+IC
G AR W ERA GACGGTAA

Fig. 2. Results of agarose gel electrophoresis for mutation spe-
. . . . cific-restriction enzyme analysis of exon 16 ire tRET gene.
Fig. 1. Sequencing results of DNA from sporadic MTC tissue pcr products of exon 16 (193 bp) were cut viAgk or Munl

of cases A and B at exon 16 inetRET gene. Sequencing of g then electrophoresed in 4% agarose and stained with ethid-
case A showed ATG to ACG (Met to Thr) mutation at codon j,m bromide. The wild-typ RET gene was cut into 118 and 75

918. In case B, two point mutations, ATG to ACG (Met to Thr) bp fragments withFoki and 111 and 82 bp fragments with

at codon 918 and GCA to GTA (Ala to Val) at codon 919, with \jyn; respectively, but specific mutations at codons 918 and

loss of the wild-type allelewere detected. 919 eliminate these restriction enzyme sites. Lanes 1-3, periph-
eral blood from healthy human; lanes 4-6, peripheral blood from
case B; lanes 7-9, tissues from MTC of case B; lanes 10-12, tis-
sues from MTC of case A, lanes 1, 4, 7 and 10, undigested PCR
products; lanes 2, 5, 8 and 11, products digested Faik;

chromocytoma, parathyroid disease or recurrent MTC wadanes 3, 6, 9 and 12, products digested vithnl, lane M,

apparent in the other four subjects, one of whom died in gwolecular size markers. In lanes 8 and 9, codon 918 and 919

. . . . mutations eliminate theFokl and Munl restriction sites with loss
traffic accident without recurrent MTC five years after of the wild-type allele, respectively. In lane 11, codon 918 muta-

sugery. The paient with germline mtation & codon 804, o eliminates thé ok site without loss of hetergmosity.
whose preoperative clinical diagnosis was Graves’ dis-

ease, underwent subtotal thyroidecypnand a micro-

scopic MTC was found after postoperative histological

examination. No simultaneous somatic mutation besides

germline mutation was found in six cases newly identifiedin this case was subjected to restriction analysis and the

as heritable MTC. Fokl restriction site was found to have been eliminated by
Of the remaining 34 sporadic MTC cases, four hadthe codon 918 mutation (Fig. 2, lanes 10-12). Constitu-

somatic (tumor-specifjcRET mutations (12%). One case, tional DNA (nonneoplastic thyroid $sue) did not have

case A, showedTG to ACG (Met to Thr) mutation at this mutation and the wild-type allele of tRET genein

codon 918 (Fig. 1, case A). The PCR product of exon 16he tumor DNA was retained, based on the results of
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Fig. 3. Sequencing results of DNA from sporadic MTC tissue
of cases C and D at exon 13 in tRET gene. Sequencing of
case C showed CCG to TCG (Pro to Ser) mutation at codon
766. In case D, a silent mutation, GTC to GTT (Val) at codon
778, and loss of the wild-type allele were detected.

Fig. 4. Results of agarose gel electrophoresis for mutation spe-

. _— . cific-restriction enzyme analysis of exon 13 in tRET gene.
sequencing and restriction enzyme analysis. The maxip-g products of exon 13 (297 bp) were cut VitaN| or Xha

mum diameter of this tumor was 8.0 cm and subtotahng then electrophoresed in 4% agarose and stained with ethid-
hemithyroidectomy without lymph node dissection wasium bromide. Wild-typeRET gene was cut into 170 and 127 bp
performed. This patient, who had been disease-free, dieflagments withEcaNl and has no restriction site fothd. Spe-
of cerebral infarction 14 years after thyroidectomy. cific GTC to GTT mutation at codon 778 eliminated &eoNI

The tumor from case B showed two point mutations,sfite- A CCG to TCG mutation at codon 766 made a new restric-
ATG to ACG (Met to Thr) at codon 918 and GCA to tion site forXhd giving fragments of 169_ and 128 bp. Lane 1,

. .~ tissue from MTC of case D; lane 2, peripheral blood from case

(_BTA (Ala to Val) at_ codon 919 (Fig. 1, case B). Restric- D; lane 4, tissue from MTC of case C; lane 5, peripheral blood
tion enzyme analysis revealed that the codon 918 and 918,m case C; lanes 3 and 6, peripheral blood from healthy
mutations had eliminated theokl and Munl restriction  human; lanes 1-3, products digested wiboNl; lanes 4-6,
sites, respectively (Fig. 2, lanes 7-9), and constitutionaproducts digested witXhd; lane M, molecular size markers.
DNA (peripheral blood leukocyte and nonneoplastic thy-
roid tissue) had neither mutation (Fig. 2, lanes 4-6). As
shown in Figs. 1 and 2, the wild-type band was lost in
this tumor. Furthermore, sequencing of exon 13 in periph-
eral blood leukocytes and nonneoplastic thyroid tissueThis patient remains disease-free 14 years after thyroidec-
from case B showed CTT/CTG polymorphism at codontomy.
769, but only the CTT sequence was found in tumor tis- Case D showed a silent mutation, GTC to GTT (Val) at
sue (data not shown). These results imply that this tumocodon 778 (Fig. 3, case D) and tBeoNl restriction site
has two point mutations in one allele at tRET gene  was found to have been eliminated (Fig. 4, lane 1). The
locus and the opposite wild-type allele was lost. The maxwild-type allele of theRET gene in this tumor DNA was
imum diameter of this tumor was 3.0 cm and partial thy-lost, based on the results of sequencing of codon 778 and
roidectomy without lymph node dissection was per-codon 769 polymorphic sites and restriction enzyme anal-
formed. This patient remains disease-free 24 years afteysis. The maximum diameter of this tumor was 2.9 cm
thyroidectomy. and subtotal thyroidectomy with central lymph node dis-

Case C showed a CCG to TCG (Pro to Ser) mutation a¢ection was performed. This patient remains disease-free
codon 766 (Fig. 3, case C). Restriction enzythel anal- 3 years after thyroidectomy.
ysis revealed a new restriction site generated by the codon Among 30 cases without somatiRET mutation,
766 mutation and the wild-type allele of tRET gene in  median follow-up time was 11 years and tumor recurrence
the tumor DNA was retained (Fig. 4, lane 4). The maxi-was found in four, one of whom died of the disease.
mum diameter of this tumor was 1.7 cm and partial thy-Three patients died of other diseases while the other 26
roidectomy with modified neck dissection was performed.are alive and well.
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DISCUSSION RET mutation or the wild-type allele requires additional
RET alteration. In the study of Landsvatet al,’® no
Among 40 cases surgically treated as sporadic MTGsomatic mutations were found on the wild-type allele by
with no family history of MEN 2A, 2B or FMTC, germ- examining the entire coding region of tRET gene in
line RET mutations at codons 618, 634 and 804 weresome MEN 2A and 2B tumors. However, Mamshal'¥
found in 6 and newly identified as heritable MTC. reported both simultaneous germline mutations in exon 10
Though reoperative total thyroidectomy may be necessargr 11 and somatic mutations at codon 91&R&T in 3 of
for these cases, 4 of 6 have not recurred since initial opet5 MTCs and in a sample with C-cell hyperplasia.
ation. The incidence dRET germline mutations in appar- Miyauchi et al?” also found both simultaneous germline
ent sporadic MTC ranges from 1.5 to 24.89%4-152-29  codon 768 mutation and somatic mutation at codon 919 in
Cases of hereditary MTC may be treated as sporadian FMTC. However, they did not clarify on which allele
MTC, and therefore genetic testing fRET mutations in  the additional somatic mutation occurred. In the present
peripheral blood leukocytes and tumor DNA is indispens-study, a sporadic MTC showed two mutations at codons
able preoperatively or postoperatively. We should not918 and 919 with loss of the wild-typ&ET allele, which
operate on MTC until we have a genetic diagnosis. In ouseems consistent with loss of function as proposed by
institute, we now employ &ET gene screening system Knudson's two-hits theory for tumor suppressor gefles.
for preoperative patients with MTC using peripheral bloodThis is the first report of both somatic mutations and loss
leukocytes or aspiration cytology samples. of the wild-type allele of th&®ET gene in sporadic MTCs.
Several European and American studies report a higiRET gene encodes a receptor tyrosine kinase and binding
incidence of somatic methionine to threoniRET gene  of this receptor with a ligand causes signal transduction
mutation at codon 918 in sporadic MTC>'2 Somatic  for cell growth and differentiation. We have not yet clari-
mutations at codon 918 was found in 6 of 18 (33%) spofied the biological significance of allelic deletion of the
radic MTCs from Hollan®, 5 of 12 (38%) sporadic RET gene (e.g., change of phosphorylation level of the
MTCs from Switzerland and Spaifi,and 15 of 65 (23%) RET protein or tyrosine kinase activation). Wild-type and
sporadic MTCs from the Human Cancer Geneticsmutant RET transcripts are supposed to be expressed at
Research Grou! In contrast, in the present study, only 2 similar levels in a single tumé?. The codon 918 muta-
of 34 (6%) sporadic MTCs had somatic mutations attion which changes methionine to threonine would result
codon 918. The incidence &®ET somatic mutations at in RET autophosphorylation even if an additional codon
codon 918 in our study was very low and this result sug919 mutation is presefff. In our case with two somatic
gests that different, as yet unknown, factors may be ass®18 and 919 mutations and loss of heterozygosity (LOH),
ciated with sporadic MTCs. all RET molecules would be mutants and the phosphory-
Mutation at codon 918 has also been reported to correation level in this tumor may be very high compared to
late with tumor recurrence and poor prognosis. Zedeniushat in tumors with codon 918 mutation without LOH.
et al'® reported somatic mutations at codon 918 in 29 ofFurthermore, we found a case with a silent mutation at
46 (63%) sporadic MTCs and the presence of the somaticodon 778 with loss of the wild-type RET allele. This
918 mutation in a tumor was significantly correlated with tumor may have another mutation with amino acid change
a poor outcome. Jhiargt al'® also reported somatic 918 or frame-shift change in another exon besides those we
mutations in 6 of 6 apparent sporadic MTC tumors andexamined in this study. Somatic or germline mutation of
almost all of the cases with somatic 918 mutation hadhe RET gene causes continuous inappropriate activation
shown recurrent disease. In this study, only 4 casesf RET protein and the subsequent loss of R locus
showed recurrence of MTC, of which none had mutationdgtself may lead to MTC development. Thus, a sedeBd
at codon 918, and 2 cases with somatic 918 mutatiogenetic alteration may exist in MTC.
were free of disease for 14 years and 24 years after thy- Tumor suppressor genes are well-known to be involved
roidectomy, respectively. Our findings contradict the in inherited cancers, including Li-Fraumeni syndrome, ret-
reported association of somatic codon 918 mutation withnoblastoma, and adenomatous polyposis cpb3( Rb
tumor recurrence or prognosis. Because of the small numand APC genes are responsible, respectively). Tumor sup-
ber of cases, association BET mutation with somatic pressor genes are inactivated by the loss of one allele and
codon 918 mutation needs to be confirmed in a largethe mutation of the remaining allefe®® On the other
series of Japanese cases. Some factor(s) other thdmand, specific germline or somatic mutations have been
somatic codon 918 mutations probably plays an importanfound in only one allele at thRET locus, and so this
role in Japanese sporadic MTC progression. gene is considered to be activated in a dominant manner.
Although single germline or somatiRET gene muta- No genetic change(s) of thRET gene besides single
tion apparently contributes to C-cell hyperplasia and MTCmutation at previously well-known hot spots has been
development, it is not clear whether the allele with thefound in sporadic MTC. In MTC as in other tumors, accu-
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mulation of genetic alterations, functional loss of tumor progression of MTC and phenotypic variation among fam-
suppressor genes, and activation of oncogenes contributiées with MEN 2A with the sam&ET germline mutation.

to tumor development. Mulligaet al®® found that fre-

It is necessary to investigate alterations in other coding

guent LOH on chromosomes 1p, 3p, 3g and 22qg occurrednd intronic regions throughout the entRET gene, LOH
somatically in MTCs and pheochromocytomas of MEN at the site of candidate tumor suppressor genes and activa-
type 2 cases. LOH on chromosomes 1, 3, 11, 17 and 22 ion of other oncogenes in sporadic MTCs.

MTCs or pheochromocytomas has also been repétéy.

(Received October 27, 1997/Revised February 5, 1998/Accepted

Alterations in other gene(s) may also contribute to theFebruary 12, 1998)
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