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Abstract
Frequent mutations in the GNAQ, MMP8, Akt3, EGFR, and PIK3R1 genes have been reported in
human cancers but mostly have not been well examined in thyroid cancer. Selected exons of
GNAQ, MMP8, AKT3, EGFR, and PIK3R1 genes were sequenced in various thyroid cancers. We
found a G2203A EGFR mutation, resulting in a G735S amino acid change, in one of 21 (5%)
papillary thyroid cancer samples. We did not find any mutation in the MMP8 gene, but observed a
frequent SNP A259G (K87E) genotype switch in various types of thyroid cancer samples. We did
not find any mutation in the GNAQ, AKT3, and PIK3R1genes in various types of thyroid cancer.
No mutation in these genes was found in 12 cell lines derived from various types of thyroid
cancer. Therefore, unlike in other cancers, mutations in these genes are uncommon in thyroid
cancer.
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Introduction
Follicular epithelial cell-derived thyroid cancer is the most common endocrine malignancy
with a high incidence worldwide [1, 2]. This cancer is histologically classified into papillary
thyroid cancer (PTC), follicular thyroid cancer (FTC), and anaplastic thyroid cancer (ATC)
[3]. Thyroid cancers frequently harbor activating mutations in the MAP kinase (MAPK) and
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phosphatidylinositol 3-kinases (PI3K)/Akt signaling pathways [4], as represented by RAS,
BRAF, and RET/PTC mutations in the former and PIK3CA and PTEN mutations in the latter.
As an important mechanism for the tumorigenesis of thyroid cancer and many other human
cancers, aberrant activation of the two signaling pathways by such mutations can cause
uncontrolled cell division, proliferation, and survival.

Somatic mutations of GNAQ, MMP8, Akt3, EGFR, and PIK3R1 genes have been recently
reported in some human cancers with various prevalences and they can activate the MAPK
and PI3K/Akt signaling pathways [5–10]. A particularly frequent somatic mutation of the
GNAQ gene at codon 209, resulting in mutant GNAQQ209L, has been reported in uveal
melanoma and blue nevi [5]. The GNAQ gene encodes a G-protein α subunit that mediates
signals from G-protein-coupled receptors (GPCRs) to the MAPK pathway. The normal
amino acid, glutamine, encoded by codon 209 of the GNAQ gene lies within the RAS-like
domain of GNAQ (corresponding to residue 61 of Ras) and is essential for GTP hydrolysis.
Recent studies found no mutation in GNAQ in PTC, MTC, and FTC, but it has not been
analyzed in the more aggressive type of thyroid cancer, ATC [11–13]. Matrix
metalloproteinases (MMPs) are proteolytic enzymes that degrade components of extra
cellular matrix and basement membranes. Abnormalities of MMPs have been associated
with cancer metastasis. Frequent mutations of the MMP8 gene have been observed in
melanoma [6]. Most of the mutations in this gene have been observed in exon 2. All the
mutants detected in this exon, including S50F, P78S, K87N, and G104R, were shown to be
tumorigenic and the wild type has been shown to inhibit cell growth on soft agar and tumor
formation in vivo [6]. A point mutation in the pleckstrin homology domain (E17K) and a
point mutation in the regulatory C-terminal domain (E438D) of AKT3 were recently found
in melanomas [7, 8]. Expression of the AKT3 E17K in A375 cells has been demonstrated to
increase AKT phosphorylation as compared with the wild-type AKT3 [7]. A recent study
reported an AKT3 mutation in PTC, but FTC and ATC were not examined in this study
[14]. Varying frequencies of EGFR mutation in PTC had been reported in two studies [9,
15]. The status of somatic EGFR mutation is not known in this cancer in the American
patients, while other types of cancers such as FTC and ATC have been reported [4]. The
class IA PI3K lipid kinase has a catalytic subunit (p110α) and a regulatory subunit (p85α),
which is encoded by PIK3CA and PIK3R1 genes, respectively. Somatic mutations of
PIK3CA gene are common in human cancers. Recently, mutations have also been found in
the PIK3R1 gene in human cancers [10]. These mutations in PIK3R1 are all shown to
promote cell survival, anchorage-independent cell growth, and tumorigenesis through AKT
activation in a p110-dependent manner [10]. The mutation status in the GNAQ, MMP8,
AKT3, EGFR, and PIK3R1 genes has therefore mostly been incompletely examined or not
been examined in thyroid cancers. We conducted the present study to investigate mutations
in these genes in thyroid cancers.

Materials and Methods
Cell Lines, Tumor Samples, and DNA Extraction

The thyroid cancer cell lines (K1, K5, OCUT-1, OCUT-2, FB-1, SW1736, BCPAP, HTh7,
HTh74, KAT 18, FTC133, and C643) and thyroid tumor, melanoma, and colon cancer
samples used were as described previously with local Institutional Review Board approval
[16]. Cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine
serum, streptomycin (100 μg/mL), penicillin (100 units/mL), and 2 mM glutamine. Genomic
DNA from cell lines and tumors was isolated by standard phenol-chloroform extraction and
ethanol precipitation procedures [16].
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PCR Amplification and Sequencing of GNAQ, MMP8, AKT3, EGFR, and PIK3R1 Genes
The primer sequences and PCR conditions for the amplification of exon 5 of the GNAQ
gene, exon 2 of the MMP8 gene, and exons 18, 19, and 21 of the EGFR gene are as
described previously [5, 6, 17]. The primer sequences for the amplification of exon 2 and
exon 12 of the AKT3 gene are as follows: (exon 2) AKT3-2F 5′-
TGGAGGCCAGTGTTGTAGGAC-3′; AKT3-2R 5′-ATAGCCTAAGATATCTGACAC-3′,
(exon 12) AKT3-12F 5′-AGCGACTCAGCATTGTAGACT-3′; AKT3-12R 5′-
TCACTGTGGAATTTGATCTTG-3′. PCR reaction conditions were as follows, after initial
denaturation, at 94°C for 2 min, amplification was performed at 94°C for 1 min, 60°C for 1
min for 35 cycles with final extension at 72°C for 7 min and the same PCR conditions were
followed for the amplification of exon 12 of AKT3 except for the annealing temperature at
58°C. The primers sequences PIK3R1-14F 5′-AAACTGCTGGGAAACCATAGT-3′,
PIK3R1-14R 5′-TAACTCATCCTGAATTGTAGC-3′, PIK3R1-16F 5′-
AAGACAGCAAGGCAGGCTGAT-3′, PIK3R1-16R 5′-
CTATGTCAAATCTTTGCCCCC-3′, PIK3R1-17F 5′-TGA-
GACTGCACAATAATGCTT-3′ and PIK3R1-17R 5′-CTCAATTCACAGATCAGACTG-3′
were used for the PCR amplification of exon 14, 16, and 17, respectively. Annealing
temperature was 57°C for exon 14 and 17 and 60°C for exon 16. The PCR products were
directly sequenced using a Big Dye terminator v3.1 cycle sequencing ready reaction kit
(Applied Biosystems). These exons were examined because they harbored most of the
reported mutations in these genes. Gene Bank accession numbers are NM_002072.2
(GNAQ), NM_002424.2 (MMP8), NM_005465.3 (AKT3), NM_005228.3 (EGFR), and
NM_181523.1 (PIK3R1).

Results
We examined exon 5 of the GNAQ gene for mutations in the present study since all of the
known GNAQ mutations have been reported in codon 209 in this exon. Exon 2 of the MMP8
gene and exons 18, 19, and 21 of the EGFR gene were selected for sequencing as they have
recently been shown to carry somatic mutations in other human cancers. Exons 2 and 12 of
AKT3 were similarly chosen for analysis for their carrying mutations in other cancers. Exons
14, 16, and 17 of the PIK3R1gene were selected for analysis also because they were the
most mutated exons in PIK3R1.

Our sequencing results showed no mutation in and around the hot spot codon 209 in the
GNAQ gene in 12 thyroid cancer cell lines and 40 thyroid cancer samples (including 20 FTC
and 20 ATC). We did not examine PTC as this cancer was found to harbor no GNAQ
mutation previously [11]. The normal amino acid, glutamine, encoded by codon 209 of the
GNAQ gene lies within the RAS-like domain of GNAQ (corresponding to residue 61 of Ras)
and is essential for GTP hydrolysis. In members of RAS family, mutations at this site and at
codon 12 cause loss of GTPase activity with constitutive activation of Ras. Given this
similarity of GNAQQ209L mutation with Ras mutations and the fact that melanoma and
colon cancer are similar to thyroid cancer in terms of their high prevalence of Ras mutations,
we additionally analyzed 20 cutaneous melanoma and 20 colon cancer samples for the
GNAQ mutation and found that none of them harbored this mutation. We did not find any
novel MMP8 mutation in 12 thyroid cancer cell lines and 31 PTC, 20 FTC, and 20 ATC
tumor samples. As illustrated in Fig. 1, we observed a frequent homozygous/heterozygous
A>G transition at nucleotide position 259, resulting in codon 87 switch between AAA and
GAA and amino acid 87 switch between lysine and glutamic acid (K87E) in exon 2 of
MMP8. This represents a single nucleotide polymorphism (SNP) (rs1940475) reported in the
SNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/). We found the G259 pattern in
25 of 31 (80.6%) PTC, 14 of 19 (73.6%) FTC, and 8 of 9 (88.8%) ATC. Conversely, the
A259 pattern was found in 19.4%, 26.4%, and 11.2% of these tumors, respectively. We did
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not find any AKT3 mutation in 12 thyroid cancer cell lines and 20 PTC, 20 FTC, and 20
ATC tumor samples. We also did not find any PIK3R1 mutation in 12 thyroid cancer cell
lines and 20 PTC, 32 FTC, and 32 ATC samples. However, we found an EGFR mutation in
1 of 21 (5%) PTC tumor samples. This mutation was not found in 12 thyroid cancer cell
lines. As illustrated in Fig. 1, this mutation is a homozygous missense mutation resulting in
G>A transition at nucleotide position 2203 of the EGFR gene. This mutation caused codon
735 to change from GGT>AGT, resulting in the amino acid change G735S in the EGFR
protein. We also found a rare and novel silent mutation resulting in G>A transition at the
nucleotide position 2271 and it has not been reported in the SNP data base (Fig. 1). Figure 1
shows the mutations and SNP identified and their related protein domain.

Discussion
We examined the MMP8, AKT3, and PIK3R1 genes for their mutation status in various
thyroid cancers and GNAQ in anaplastic thyroid cancer and found no mutation in them. A
positive finding in the present study is the discovery for the first time a G735S EGFR
mutation in thyroid cancer although it is an infrequent event. This mutation was first
identified in lung cancer and subsequently in prostate cancer [18, 19]. The G735 residue is
located on the beta-strand of the N-terminal lobe. Three-D rendering of the tyrosine kinase
domain has suggested that a possible mechanism for EGFR deregulation by the G735S
mutation is a conformational change of the kinase domain, leading to its activation [19].
Functional analyses demonstrated that the G735S EGFR mutant was a gain-of-function
mutation with increased tyrosine kinase activity associated with increased signaling
activities of the STAT, MAPK, and PI3K/Akt pathways, as reflected by the phosphorylation
of STAT, AKT, and ERK as well as increased cell proliferation, anchorage-independent
colony formation and invasion [20]. EGFR mutations of other types have been also reported
in PTC of Greek [15] and Japanese patients [9] and no mutation of this gene was found in
FTC and ATC of American patients [4]. The prevalence of the EGFR mutation in the PTC
patients in the present study was 5% (1/21), same to the prevalence (5%, 2/43) of EGFR
mutations in Greek PTC patients [15], but lower than that (30%, 7/23) in Japanese PTC
patients [9]. Different ethnic backgrounds may explain this variation in prevalence. It is
likely that PTC patients harboring mutations in the EGFR gene may respond to therapeutic
targeting using specific EGFR inhibitors or dually targeting the PI3K/Akt and MAPK
pathways using MEK and AKT inhibitors.

We found no mutation in the MMP8 gene. However, we found a common A259G SNP
(rs1940475), resulting in a K87E amino acid switch in the proteoglycan binding domain of
MMP8. The more common nucleotide pattern is G259, resulting in amino acid glutamic acid
at position 87 of MMP8 and seen in about 70–90% of thyroid cancer cases. The less
common nucleotide pattern is A259, resulting in amino acid lysine at position 87 and
conversely seen in about 10–30% of the cases of thyroid cancer. The biological and
pathological relevance of this missense genetic change resulting in the K87E amino acid
switch in MMP8 and its particular role in thyroid tumorigenesis remain to be studied. We
speculate that the type of amino acid at position 87, i.e., lysine or glutamic acid, could,
through certain mechanisms such as affecting the binding with proteoglycans of proteins in
the intercellular matrix, significantly affect the function of MMP8 and its role in the
invasion, metastasis, and ultimately clinicopathologicl outcomes of human cancers.

Somatic mutations in MMP8 and PIK3R1 have not been investigated previously in thyroid
cancer. Akt3 has not been analyzed in follicular and anaplastic thyroid cancer and GNAQ has
not been analyzed in anaplastic thyroid cancer. Our mutational analyses in the present study
showed absence of somatic mutations in these genes in thyroid cancer. These findings
suggest that genetic alterations in these genes may not play a significant role in the
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tumorigenesis of this cancer. It is probably not surprising that GNAQ, MMP8, AKT3, and
PIK3R1 gene mutations are not common in thyroid cancer since many of the upstream
effectors such as EGFR, RET/PTC, RAS, BRAF, PTEN, PIK3CA, PIK3CB, and PDK1 are
commonly activated via mutations or genetic amplifications that can independently activate
the MAPK or the PI3K/Akt pathway in thyroid cancers [4]. Moreover, unlike AKT1 and
AKT2, AKT3 may not play a significant role in the tumorigenesis of thyroid cancer [21, 22].
Therefore, genetic alterations in the AKT3 gene might predictably unnecessary for thyroid
cancer tumorigenesis (Table 1).
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Fig. 1.
Detection of MMP8 and EGFR mutations. a Schematic diagram of domains of MMP8
protein showing a single nucleotide polymorphism (K87E) identified in thyroid cancer. The
MMP8 gene is located on chromosome 11q22.3 contains 10 exons and intervening
sequences. b The sequencing results were shown with a representative sense and antisense
sequence profile of a single nucleotide polymorphisms (A259G) found in exon 2 of MMP8
gene. c Schematic diagram of EGFR showing a mutation (G735S) and a single nucleotide
polymorphism (K757K) identified in thyroid cancer. The EGFR gene is located on
chromosome 7p11.2 contains 28 exons and intervening sequences. d The sequencing results
were shown with sense and antisense sequence profiles of a mutation (G2203A) and a single
nucleotide polymorphism (G2271A) found in exon 19 of EGFR gene. Arrow indicates
mutated nucleotide. The nucleotide and amino acid alterations are indicated above the
arrow. Nucleotide numbers refers to the position within coding sequence, where position 1
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corresponds to the first position of the initiation codon. All the samples were sequenced in
two repeated examinations with independent PCR by forward and reverse primers
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