Jpn. J. Cancer Res. 86, 737-742, August 1995

Point Mutations of ras and Gsa Subunit Genes in Thyroid Tumors
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We studied 43 thyroid tumors including 5 adenomatous goiters, 7 follicular adenomas, 22 papillary
carcinomas, and 9 medullary carcinomas with regard to the presence of point mutations in the genes
of Gs alpha subunit (Gse), Gi2 alpha subunit (Gi2e), H-ras, K-ras, and N-ras by a polymerase chain
reaction-direct sequencing method. An adenomatous goiter and a follicular adenoma showed double
mutations at codon 227 and 231, and 4 papillary carcinomas showed mutation at codon 231 of the Gsa
gene. An adenomatous goiter, a follicular adenoma, and a papillary carcinoma showed a missense
mutation in codon 13 of the K.ras gene. There were no such missense mutations of these G-protein or
ras genes in medullary carcinomas. These data indicate that the genetic events involved in the
oncogenesis of parafollicular C-cells are different from those of thyroid follicular cells, in which

missense mutations of Gs@ and ras genes seem to play important roles in tumorigenesis.
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Thyroid tumor is a common neoplasm found in 4-7%
of human adults” or in 50% of autopsied cases.” Thyroid
tumors are classified mainly into two groups: epithelial
tumors derived from thyroid follicular cells and medul-
lary tumors derived from parafollicular C-cells. These
tumors account for more than 90% and 3-10% of thy-
roid carcinomas, respectively.” Since thyroid tumors are
thought to show stepwise progression of hyperplasia to
solitary nodule, differentiated carcinoma and anaplastic
carcinoma, they are an attractive model in which to
identify genetic changes involved in tumorigenesis.

Many factors have been reported to contribute to
thyroid tumorigenesis including irradiation,” iodine de-
ficiency,” inherited defects of the enzymes involved in
thyroid hormone synthesis,” anti-thyroid drugs,® and
genetic changes,”® but no critical events that may dis-
rupt the intracellular signaling systems in thyroid cells
have been reported. Since the proliferation and function
of thyroid follicular cells and parafollicular cells depend
on different signaling mechanisms,” there may be differ-
ences in the genetic events involved in their neoplastic
transformation.

In this study, we investigated whether thyroid tumors
which developed from thyroid follicular cells or parafol-
licular C-cells showed common genetic changes or any
predisposition for ras and G-protein gene mutations. Ras
and G-proteins serve as molecular switches coupling to
many cell-surface receptors for transduction of extra-
cellular signals to intracellular signaling systems.'”
Mutated forms of Ras and G-proteins have been reported
in some endocrine tumors and in several pathological
states involving impaired intracellular signaling.''?

3 To whom requests for reprints should be addressed.

Therefore, we studied 43 thyroid tumors to analyze
the genetic changes in Gsa, Gi2a, H-ras, K-ras and N-ras
genes, using direct sequencing of DNA after amplification
from tumor specimens by use of the polymerase chain
reaction (PCR).

MATERIALS AND METHODS

Patients and thyroid tissues Human thyroid tumors were
obtained by surgery at the University of Tokushima
Hospital and the Tokushima Municipal Hospital with
adjacent normal tissues or peripheral blood leukocytes,
and stored at —80°C. The thyroid tumors included 5
adenomatous goiters, 7 follicular adenomas, 22 papillary
carcinomas and 9 medullary carcinomas.

DNA extraction and PCR High-molecular-weight DNA
was extracted from tumor tissues and peripheral leuko-
cytes by proteinase K digestion and phenol/chloroform
extraction. Oligonucleotide primers were synthesized by
the phosphoramidite method using a 392 DNA synthe-
sizer (Applied Biosystems, Inc., Foster City, CA). A set
of PCR primers flanking exons 7 and 8 of the Gsa gene
(total 13 exons), exons 5 and 6 of the Gi2a gene (total
8 exons), and exons 1 and 2 of H-ras, N-ras, and K-ras
genes were used to generate a single specific amplification
product from each sample. The nucleic acid sequence
of each primer and conditions for PCR amplification are
shown in Table 1. The PCR reaction was performed in a
100 ul reaction mixture containing 10-20 ng of template
DNA, a pair of primers, 60 gmol/liter of each deoxy-
nucleotide triphosphate, 20 mmol/liter Tris-HCI buffer
(pH 8.8), 1.5 mmol/liter MgCl,, 25 mmol/liter KCland 5
units of Taq polymerase (Perkin-Elmer Cetus, Norwalk,
CT). The template DNA was initially denatured at 95°C
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Table I. PCR Primers and Conditions
Gene Exon Primer set F:jsi Annealing Extension Cycle g;z;fcrl [I(b:]f)
Gsa 89 5-GTGATCAAGCAGGCTGACTATGTG-3’ 36 55°C, 72°C, 40 541
5-GCTGCTGGCCACCACGAAGATGAT-3’ 1 min 1 min
Gi2a 5 6 5'-CCCCCCATCCCCAGCTACCT-3’ 36 55°C, 72°C, 40 579
5-TCTCACCATCTCCTCGTCCTC-3’ 1 min 1 min
H-ras 1 5'-CAGGCCCCTGAGGAGCGATG-3’ 90 60°C, 72°C, 40 110
5 TTCGTCCACAAAATGGTTCT-3’ 1 min 2 min
2 5'-TCCTGCAGGATTCCTACCGG-3’ 90 60°C, 7€, 50 87
5'-GGTTCACCTGTACTGGTGGA-3’ 1 min 2 min
N-ras 1 5-GACTGAGTACAAACTGGTGG-3’ 100 60°C, 729G, 50 118
5-GGGCCTCACCTCTATGGTG-3' 1 min 2 min
2 5-GGTGAAACCTGTTTGTTGGA-3’ 100 60°C, 127G, 50 103
5"-ATACACAGAGGAAGCCTTCG-3’ 1 min 2 min
K-ras 1 5-GGCCTGCTGAAAATGACTGA-Y 100 55°C, 72°C, 50 162
5-GTCCTGCACCAGTAATATGC-3’ 1 min 2 min
2 5-TTCCTACAGGAAGCAAGTAG-3' 100 55°C, 72°C, 50 128
5".CACAAAGAAAGCCCTCCCCA-3’ 1 min 2 min

for 10 min, followed by successive cycles of annealing
for 1 min, extension at 72°C for 2 min and denaturation
at 95°C for 1 min in each PCR procedure.

Direct sequencing The nucleotide sequences of PCR-
amplified fragments were analyzed as described previ-
ously.'” Briefly, the PCR products were subjected to
electrophoresis in 1.6% agarose gels, and the amplified
products were excised and purified with a Gene Clean kit
(Biol01, La Jolla, CA). The purified double-stranded
PCR products (0.5 ng/ 26 p1) were sequenced with a
dsDNA cycle sequencing system using 7-deaza-dGTP
(Gibco BRL, Canada) according to the manufacturer’s
protocol.

RESULTS

Clinical history and data of patients All patients had not
been irradiated, not received any drug treatment and
were in a euthyroid state at surgery. Two papillary carci-
noma patients were complicated with Basedow’s disease
and three papillary carcinoma patients with Hasimoto’s
disease. An adenomatous goiter patient was complicated
with Basedow’s disease. Nine medullary carcinomas con-
sisted of a MEN 2A, five MEN 2B and three sporadic
types.

Mutations of Gse and Gi2a genes Missense mutation of
the Gsa gene was identified at codon 227, where CAG
(glutamine) was mutated to CTG by an A-to-T transver-
sion, in an adenomatous goiter which was not compli-
cated with Basedow’s discase and a follicular adenoma
from patients in a clinically euthyroid state (Fig. 1A).
The adenomatous goiter and the follicular adenoma
which showed the mutation at codon 227 also showed a
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Fig. 1. Missense mutation of the Gsa gene in thyrmd
follicular neoplasms. PCR-amplified DNA fragments from
the tumor tissue were purified and sequenced by the dideoxy
termination method using Taq polymerase. A: Result of
direct sequencing of a DNA fragment amplified from a
follicular adenoma showing substitution of CTG for CAG at
codon 227. B: Result of direct sequencing of a DNA frag-
ment amplified from normal thyroid tissue of the follicular
adenoma patient. C: Result of direct sequencing of a DNA
fragment from a papillary carcinoma showing double muta-
tions substituting CTC for CGC at codon 231 and ATC for
AAC at codon 239. D: Result of direct sequencing of DNA
fragment from normal thyroid tissue of the papillary carci-
noma patient.

mutation at codon 231, CGC (arginine) to CTC (leu-
cine), i.e., they exhibited double mutations of codons
227 and 231. Four papillary carcinomas which were
not complicated with Basedow’s or Hasimoto’s disease
showed mutation at codon 231, CGC (arginine) to CTC
(leucine). One of these four papillary carcinomas showed
an additional mutation at codon 239, AAC (asparagine)



to ATC (isoleucine) (Fig. 1C). There has been no previ-
ous report of mutations at codons 231 and 239 of the
Gsa gene. No mutation was identified at codon 201.
The Gi2a gene, including codons 179 and 205, showed no
mutation. The 9 medullary carcinomas showed no Gsa
or GiZa mutations.

Mutations of ras genes Missense mutations of K-ras gene
were identified at codon 13; GGC (glycine) was con-
verted to GCC (alanine) by a G-to-C transversion in an
adenomatous goiter, a follicular adenoma and a papillary
carcinoma (Fig. 2A). A neutral mutation substituting
GGC for GGA at codon 10 was identified in 2 follicular
adenomas and 4 papillary carcinomas (Fig. 2B). Since
DNAs from non-tumor thyroid tissues and peripheral
leukocytes showed similar mutations, this mutation is
thought to be a polymorphism. There was no mutation of
H-ras or N-ras genes, including codons 12, 13 and 61, in
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Fig. 2. Missense mutation of the K-ras gene in thyroid
follicular neoplasms. PCR-amplified DNA fragments from
tumor tissues were purified and sequenced by the dideoxy
termination method using Taq polymerase. A: Result of
direct sequencing of a DNA fragment amplified from a
follicular adenoma showing missense mutation at codon 13
substituting GCC for GGC and a neutral mutation at codon
10 substituting GGC for GGA. B: Result of direct sequenc-
ing of a DNA fragment from a follicular adenoma showing
the neutral mutation at codon 10 only. C: Result of direct
sequencing of a DNA fragment from a medullary carcinoma
showing a neutral mutation at codon 30 substituting GAT for
GAC.

Table II. Missense Mutations of G-Protein Genes in Thyroid Tumors

G Protein Gene Mutation in Thyroid Tumor

our series. Nine medullary carcinomas showed no mis-
sense mutations of the ras genes except a neutral muta-
tion of K-ras substituting GAT for GAC at codon 30
(Fig. 2C).

Table IT summarizes the incidence of missense muta-
tions of G protein gene and ras genes in thyroid tumors.

DISCUSSION

Growth and differentiation of thyroid cells depend on
many factors which interact with cell surface receptors to
activate intracellular signal transduction pathways. The
ras gene product (c-Ras) mediates signal transduction
from growth factor binding to receptor tyrosine kinases
to the mitogen-activated protein (MAP) kinases,'” and
heterotrimeric G-proteins transduce the signal of TSH
from seven-transmembrane domain receptors to adenyl-
ate cyclase. The By-subunit of heterotrimeric G proteins
activates MAP kinase in a Ras-dependent manner'¥ and
Ras and heterotrimeric G-proteins interact cooperatively
in the transmission of the proliferative signal from the
cytoplasmic membrane to the nucleus. Thus, we analyzed
the DNA of various thyroid tumors for mutations of
representative G-protein genes, H-ras, K-ras, N-ras, Gsa
and Gi2a, simultaneously. Mutations of Arg” and GIn®™
of Gs-protein are known to reduce intrinsic GTPase
activity and to cause constitutive activation of adenylate
cyclase, leading to tumorigenesis of some endocrine
tumors.'” It is also known that Arg'” and GIn** of Gi2-
protein are equivalent to Arg™' and GIn*' of Gs-protein.
Since exon 7 of Gsa gene contains codon 201, exon 8 of
Gsa gene codon 227, exon 5 of Gi2e gene codon 179 and
exon 6 of Gi2a gene codon 205, we analyzed exons 7 and
8 of the Gsa gene and exons 5 and 6 of the Gi2a gene.

There have been many studies on genetic changes in
thyroid neoplasia, including chromosomal abnormali-
ties'® and mutations of ras,'™" Gsa,?® p53,%° pic/ret*”
and trk®™ genes. For example, rearrangement of the ret
proto-oncogene in 19% of papillary thyroid carcino-
mas,”” mutations at the cysteine-rich extracellular
domain of the ret proto-oncogene in 97% of multiple

Gane Codon Muitation Adeno'matous Follicular Pap}[lary Med.ullary
goiter adenoma carcinoma carcinoma
Gsa 227 CAG—CTG 1/5% 1/79 0/22 0/9
231 CGC—CTC 1/59 /72 47229 0/9
239 AAC—ATC 0/5 os7 1/22% 0/9
K-ras 13 GGC—GCC 1/5 1/7 1722 0/9

a) An adenomatous goiter and a follicular adenoma showed double mutations at codons 227 and 231

of the Gsa gene.

b) A papillary carcinoma showed double mutations at codons 231 and 239 of the Gsa gene.
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endocrine neoplasia (MEN) 2A and 86% of familial
medullary thyroid carcinoma® and mutations at the
tyrosine kinase domain of the ret proto-oncogene in
100% of MEN 2B and 33% of sporadic medullary
thyroid carcinoma® have been reported. However, con-
sistent data have not been reported on the incidences of
these genetic changes. Most previous reports have
utilized indirect methods such as PCR-dot blot hybridi-
zation using allele-specific oligoprobes or PCR-single
strand conformation polymorphism (PCR-SSCP)
methods for the detection of mutated genes. However,
these indirect methods of DNA sequence analysis may
afford false-positive or false-negative results. For exam-
ple, we found a Gsa gene mutation of the pituitary
adenoma which could not be detected by PCR-SSCP.*)
In this study, therefore, we analyzed the nuclectide se-
quences of all samples from follicular and parafollicular
neoplasms of the thyroid directly using a PCR-direct
sequencing method. This is the first report of oncogene
analysis of thyroid tumors using this direct sequencing
method without prior screening.

We found missense mutations of ras genes and the Gsa
gene in 3/34 (9%) and 6/34 (18%), respectively, of the

follicular tumors (Table IT). On the other hand, medul--

lary thyroid carcinoma showed no missense mutation of
ras or G-protein genes, and only a neutral mutation in
codon 30 of the K-ras gene was detected. Although we
did not have the opportunity to examine any anaplastic
carcinomas or functioning adenomas of the thyroid, in
which very high incidences of ras and Gsa gene muta-
tions have been reported, respectively, our data on the
incidence of mutated ras gene in follicular neoplasms do
not differ greatly from previous reports.'*”? With regard
to the Gise gene, we found the incidence of mutation to
be several-fold higher as compared with previous re-
ports®2?; we detected a missense mutation in codon 231
of CGC (coding for the polar amino acid arginine) to
CTC (non-polar leucine) in 4/22 (18%) papillary carci-
nomas. This region does not contain the GTP binding
site or the intrinsic GTP activity site, but is well con-
served in the G-protein family, indicating functional
importance of this region. As for mutation in codon 239,
the polar amino acid Asn is replaced by non-polar Ile.
Therefore, these mutations may reduce intrinsic GTPase
activity and contribute to tumorigenesis of the thyroid
follicular cells. We also found double mutations of
codons 227 and 231 in an adenomatous goiter and a
follicular adenoma. The GIn*" of Gs-protein is equiva-
lent to GIn® of p21"™, a known site of oncogenic muta-
tion in ras. Point mutations in codon 227 of the Gsa gene
reduce intrinsic GTP activity and probably contribute to
the tumorigenesis. Although the functional consequences
of these mutations should be determined by expression
analysis, our results showed the superiority of the
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PCR-direct sequencing methods to dot-blot or primer-
introduced restriction analysis, which cannot detect novel
mutations.

Several authors have tried to correlate the presence of
a mutated gene with clinical parameters, namely mutated
ras and metastatic capability,’® or mutated Gse and
hypersecretion of thyroid hormone.'>*” Others have
suggested that ras or Gsa gene mutations play no major
role in the development or progression of thyroid neo-
plasms because of their low frequency. ?® Both of these
viewpoints depend on data-from rather small numbers of
cases using indirect screening methods. As the prevalence
of oncogene mutation may vary with various factors,
such as genetic predisposition to mutation, environ-
mental exposure to radiation, dietary supply of iodine,
serum levels of TSH and exposure to other mutagenic
environmental or infectious agents, care is needed in
interpreting the results. Moreover, thyroid adenoma and
carcinoma were reported to be monoclonal in origin,*®
but a heterogenous distribution of mutated ras and Gsa
genes in thyroid follicular tumor was also reported.’®
Since chronic stimulation of thyroid follicular cells by
TSH has been shown to enhance growth and progression
of thyroid neoplasms,™ it is likely that ras or Gsa gene
mutations act supportively on the development of the
tumor cells at any stage of thyroid tumor, and the
mutational event may not be limited to a specific stage
of thyroid tumorigenesis.

Medullary thyroid carcinoma (MTC) is a tumor aris-
ing from thyroid parafollicular C-cells originating from
neural crest ceils, and has distinctive biochemical and
genetic features.>* It occours sporadically, familially, or
as a component of MEN type 2. Despite extensive genetic
analysis, MTC showed no genetic changes in ras, myc or
P53 genes,”™ such as are found commonly in human
neoplasms. Our results also showed the absence of ac-
tivating mutations of ras and Gsa genes in MTC. These
results suggest two possibilities; parafollicular cells may
be protected from mutational events to a greater extent
than follicular cells, or activation of ras and Gsa genes
may be beneficial to the tumorigenic process in follicular
cells but not in parafollicular cells. ‘

In this respect, the effects of transfection of TT cells, a
cell line derived from a sporadic MTC patient, with the
v-ras gene arc very interesting. Expression of the v-ras
gene in TT cells resulted in their dramatic differentiation,
characterized by slowing of cell growth, increased tran-
scription of the calcitonin gene, and the appearance of
abundant mature cytoplasmic neurosecretory granules.*®
These events are associated with stimulation of the pro-
tein kinase C (PKC) pathway and increased expression
of the nuclear oncogene cjun.*® As activation of the
PE.C pathway and expression of c-fun were also observed
in fibroblasts transformed by v-ras, this complete discrep-



ancy of cell response to v-ras between TT cells and
fibroblasts was thought to be due to differences at a more
distal point of the signal transduction pathway.’® These
findings suggest that the Ras-dependent signaling path-
way transmits the signal for differentiation but not for
proliferation in thyroid parafollicular cells. Therefore,
the absence of G-protein mutation in MTC may be due to
failure of tumor development in the parafollicular cells
harboring activated G-protein genes. This suggests the
presence of cell type-specific regulatory mechanisms of
proliferation and differentiation between follicular cells
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