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Abstract: Papillary carcinoma and follicular carcinoma are types of differentiated 
thyroid carcinomas, develop from the same thyroid follicular epithelial cells and 
show distinct biological behavior. Although several studies have demonstrated 
differences in the biological characteristics of these carcinomas, little is known 
about the genetic backgrounds that underlie these differences. The clarification of 
the genetic background can lead to the understanding of thyroid carcinogenesis, 
proper therapeutic strategies, and development of the molecular targeting drugs. 
Recently, aberrant activation of RAS-RAF -MEK -MAP kinase signaling pathway is 
frequently found in thyroid carcinoma. The pathway transmits a mitogenic signal 
to the nucleus, and constitutive activation of the pathway is thought to promote 
uncontrolled cell division. In our series, BRAF mutation was detected exclusively 
in papillary carcinoma (54%), and was exclusively V599E (a single nucleotide change 
of A -T at nucleotide 1796). NRAS mutation was observed in follicular carcinoma 
(50%) and in anaplastic carcinoma (28%), and was exclusively Q61R (a single 
nucleotide change of A -G at nucleotide 182). No mutations were found in KRAS or 
HRAS. 

In this chapter, we explain the role of RAS-RAF-MEK-MAP kinase pathway 
in carcinogenesis of the thyroid and its clinical implication based on our study. In 
addition, we review the current knowledge in this field. 
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INTRODUCTION 

Papillary carcinoma and follicular carcinoma are types of differentiated thyroid 
cancers that are thought to arise from thyroid follicular epithelial cells. They 
account for 95% of all thyroid cancers and are classified into papillary and follicular 
cancers. In Japan, 80 and 20% of differentiated thyroid cancers are papillary and 
follicular cancers, respectively. They are known to differ biologically as follows: 
papillary cancers metastasize frequen~ly to regional lymph nodes but rarely to 
distant sites, whereas follicular cancers metastasize rarely to regional lymph nodes 
but relatively frequently to distant sites such as the lungs and bones. However, 
knowledge on the molecular biological mechanisms in these differences and causing 
transformation of thyrocytes into papillary or follicular phenotypes is scarce!). 

The RAS and RAF proteins are components of RAS-RAF-MEK-Mitogen
activated protein kinase (MAPK) pathway. The pathway transmits an extracel
lular mitogenic signal to the nucleus. Aberrant activation of this pathway is 
frequently found in human cancers, particularly in adenocarcinomas, and is thought 
to promote uncontrolled cell division. The RAS mutations found in tumors produce 
constitutively active RAS proteins. Papillary carcinoma and follicular carcinoma 
of the thyroid, both of which are adenocarcinomas, exhibit RAS mutations at a rate 
of 5 to 30%2l. RAF proteins are serine/threonine kinases that are located down
stream of RAS in the signaling pathway. Recently, point mutations of the BRAF 
gene were reported in 60% of melanomas and at lower rates in lung, colon, and 
ovarian cancers3- sl. BRAF abnormalities in papillary thyroid cancers were report-· 
ed with frequencies as high as 30-60%, having a great impact on investigations of 
thyroid cancers6 - 10l. 

In this review, we discuss the role of RAS and BRAF mutations in the thyroid 
carcinogenesis. 

ROLES OF RAS AND BRAF PROTEIN IN THE INTRACELLULAR SIGNAL TRANSDUCTION 

(FIGUREl) 

The extracellualr signals bind first to receptors on the cell surface. These 
receptors, such as the platelet-derived growth factor receptor, the epidermal growh
th factor receptor, and the fibroblast growth factor receptor, are the receptor-type 
tyrosine kinase with an intracellular tyrosine kinase domain, which bind to the 
ligand to form a dimer resulting in phosphorylation of tyrosine residues each other. 
The self-phosphorylated receptors bind to various adaptor molecules to activate the 
small G protein RAS by catalyzing replacement of GDP with GTplll. When RAS 
is activated, RAF translocates from the cytosol to the cell membrane. The active 
GTP-bound RAS binds to the RAS-binding domain of RAF protein, resulting in 
activation of RAF protein by changing its conformation12l. Activated RAF proteins 
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Figure 1. MAP kinase pathway. 
Growth factor binds to receptor. These signals transduce through the activation 
of RAS protein, which leads to activation BRAF, and then to activation MAPK 
kinase. Then MAPKK phosphorylates MAPK. It is this sequential phosphor
ylation of BRAF, MEK and ERK that is called the MAP kinase cascade. 
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phosphorylate serine and/or threonine residues in the kinase domain of MAP kinase 
kinase, such as MEKI/2. Activated MEKs phosphorylate tyrosine and threonine 
residue in the kinase domain of MAP kinase, known as extracelluar signal regulated 
kinase (ERK). Activated MAPK is known to ultimately promote progression of the 
cell cycle from the Gl to S phase by regulating transcription of immediate early 
genes such as c-fos, promoting cyclin Dl transcription and activating the cyclin
dependent kinase CDK4/6. In this way, growth stimuli are transmitted from the 
cell membrane to the cytosol, and this cascade controls cell growth, differentiation 
and survival. 

RAS AND BRAF MUTATIONS IN THYROID CARCINOGENESIS 

Mammals have three kinds of RAS genes, HRAS, KRAS, and NRAS, each of 
which codes a 21-kD GTP-binding protein (small G protein). RAS is localized in 
the cell membrane, functioning as a switch protein that controls the transduction of 
signals from growth factor receptors. Like other G proteins, the small G protein 
exists as an active GTP-binding form or inactive GDP-binding form, and has 
GTPase activity. In normal cells, upstream signals convert RAS from the inactive 
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GDP-binding form to the active GTP-binding form II). This reaction is promoted by 
guanine nucleotide exchange factor (GEF). Binding of GTPase-activating protein 
(GAP) to active GTP-RAS enhances GTPase activity, and GTP-RAS undergoes 
hydrolysis to become inactivatedli). Many of the RAS point mutations found in 
cancers are miss-sense mutations at codons 12, 13, and 61 13). Since these mutations 
reduce the GTPase activity of RAS, levels of GTP-RAS form becomes predominant, 
activating the downstream MAPK cascade. 

The frequencies of RAS mutations in thyroid cancer greatly vary according to 
reports and have been suggested as being 0-50% in papillary cancers, 14-62% in 
follicular cancers, 0-60% in undifferentiated cancers, and 0-85% in follicular 
adenomas. Many studies on the spectrum of mutations have reported that muta
tions are common in codon 61 of HRAS and NRAS, being rare in other codonsI4•15). 

PCR-direct sequencing of our series showed mutation rates of 0 in 80 papillary 
cancers, 4 (50%) in 8 follicular cancers, and 2 (33%) in 6 undifferentiated cancers; all 
were NRAS Q61R mutations. 

The Raf gene was first identified as a murine protooncogene. RAF genes are 
found in various eukaryotes including Caenorhabditis elegans, Drosophila 
melanogaster, Xenopus laevis, chickens, mice, rats and humans_ Its human 
homologs ARAF, BRAF, and RAF -1 (CRAF) have been cloned. The BRAF gene is 
located on chromosome 7q34, and has a genomic DNA size of about 190 kb, consist
ing of 18 exons I6). These three RAFs contain three conserved regions, CRl, CR2, 
and CR3l7). CRI contains a GTP-RAS binding domain and cysteine-rich domain 
that form a zinc finger structure, and is considered important for activation of RAF 
by RAS binding. CR2 is rich in serine/threonine residues, of which S364 is a 
regulatory phosphorylation site and CR3 is a kinase domain with the highest 
homology. S445, D448, T598, and S601 are regulatory phosphorylation sites; the 
former two correspond to exon 11, and the latter two are present in the region called 
the activation segment, corresponding to exon 15. The phosphorylation of T598 and 
S60l plays a central role in the activation of BRAf18 ). 

In 2002, BRAF mutations were reported in 66% of malignant melanomas3 ). 

Later, BRAF mutations were also confirmed in 1-3% of lung cancers and 5% of 
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Figure 2. Domain structure of the BRAF. 

Phosphorylation of S364, S445. D448, T598 and S601 are important for the regula
tion of activation. 
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Figure 3. Mutations in the BRAF gene. 

TACAGHGAAAT 
80 

Papillary thyroid cancer 

Sequence electropherogram from tumor DNA shows a heterozygous missense 
mutation (T1796A/V599E). Nucleotide sequence in the corresponding normal 
tissue shows a wild type. 
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colorectal cancers3 - S). Eighty-nine percent of the BRAF mutations detected in 
these cases were present in the activation segment, and 90% were V599E mutations. 
In addition, V599D, L596V, L596R, and F594L mutations were observed, although at 
low frequencies3). Eleven percent of BRAF mutations are found in glycine residues 
(G463, G465, and G468) in the G-loop of the N-terminallobe of the kinase domain; 
therefore, exons 11 and 15 are hot spots for BRAF mutations. 

Many studies, including ours, have reported BRAF mutations in thyroid can
cers6 - 1O). We analyzed 114 thyroid tumors (80 papillary carcinomas, 8 follicular 
carcinomas, 7 undifferentiated carcinomas, 9 medullary carcinomas, and 10 follicular 
adenomas) for BRAF mutations in exons 11 and 15 using peR-sequencing. Of 80 
papillary carcinoma, 43 (54%) had heterozygous mutations gene at codon 599 
(V599E) resulting from a T to A change at nucleotide 1796 (T1796A) (Figure 3). 
BRAF mutations were not observed in other types of thyroid carcinoma. Other 
studies have also reported BRAF mutations, exclusively V599E, in 29-69% of 
papillary carcinomas, but not in follicular carcinomas or adenomas (Table 1). 

The valine at codon 599 of the BRAF gene is located in the evolutionarily 
conserved activation segment of the kinase domain. An amino acid change from 
valine to glutamic acid (V599E) is thought to produce a negative charge, which 
mimics phosphorylation of the regulatory phosphorylation sites T588 and S60l, 
resulting in elevated kinase activity3.18). Indeed, the basal kinase activity of the 
V599E mutant of BRAF has been shown to be elevated in cos cells that can trans
form NIH3T3 cells3). These findings suggest that BRAF V599E mutations activate 
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Table l. Prevalence of BRAF mutation in thyroid cancer 

BRAF V599E 
Ref. 

PTC FTC 

6 43/ 80 (43%) 0/ 8 (0%) 

7 49/170 (28.8%) 0/11 (0%) 

8 21/ 56 (38%) ND 

9 24/ 35 (69%) 0/13 (0%) 

10 28/ 78 (35.8%) 0/14 (0%) 

ND: not determined 
PTC: Papillary thyroid cancer 
FTC: Follicular thyroid cancer 
A TC: Anaplastic thyroid cancer 
UTC: Undifferentiated thyroid cancer 

ATC or UTC 

0/9 (0%) 

2/6 (33.3%) 

ND 

ND 

ND 

the MAP kinase cascade, thereby playing an important role in the carcinogenesis of 
papillary thyroid carcinomas. 

In our series and other studies, no cases of simultaneous BRAF and RAS 
mutations were found. In addition, it has been reported that the microinjection of 
RAS-neutralizing antibody does not inhibit the proliferation of cells with the V599E 
BRAF mutation3 ). These results suggest that activation of the MAP kinase path
way does not depend on RAS mutations; this is even the case in thyroid cancer cells 
with BRAF mutations. 

Thyroid stimulating hormone (TSH) stimulates the proliferation of thyroid 
follicular epithelial cells and differentiated thyroid cancer cells. TSH receptors are 
G-protein-coupled receptors, and binding of TSH to the receptors elevates intracel
lular cAMP levels to promote proliferationI9). This cAMP-dependent mitogenic 
pathway is known to activate BRApO). The same scheme applies to melanocyte
stimulating hormone and the melanocortin receptor21), where binding increases the 
intracellular cAMP level and activates BRAF. In both melanoma and papillary 
carcinoma of the thyroid, increased BRAF activity due to the V599E mutation may 
simulate the mitogenic signal transmitted from the receptors, and thus may explain 
why BRAF mutations occur at higher rates in these cancers than in other cancers. 

RET jPTC rearrangement is a genetic abnormality that is known to occur in 5-
30% of papillary thyroid carcinomas22). Since there have been no reported cases of 
simultaneous RET jPTC rearrangement and BRAF mutation, these two genetic 
abnormalities are considered to be abnormalities with independent pathways23). 

The detection rate of RET jPTC rearrangement was higher (40%) and the preva
lence of BRAF mutations was lower (12%) in papillary thyroid carcinomas after the 
Chernobyl nuclear plant accident than in sporadic counterparts24). A recent study 
reported that 11% of patients who developed radiation-induced thyroid cancer soon 
(5-6 years) after radiation, had BRAF rearrangement involving para centric inver
sion of chromosome 7q. It has been shown that BRAF rearrangement results from 
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in-frame fusion between exons 1-8 of the A-kinase protein 9 (AKAP9) gene and 
exons 9-18 of the BRAF gene, and that the fusion protein increases kinase activity25). 

These findings suggest that BRAF is the target of genetic abnormalities in both 
radiation-induced and sporadic cases, and that activation of the MAPK cascade 
plays an extremely important role in the carcinogenesis of papillary thyroid car
cinoma. 

THE APPLICATION FOR THE THYROID CANCER THERAPY 

BRAF mutations are found at high frequency in papillary thyroid carcinomas, 
and appear to be involved in carcinogenesis; therefore, BRAF is a promising target 
for molecular targeted drugs. Bis-aryl urea has been confirmed to inhibit Raf 
activity in vitro and in mouse xenografts, and clinical trials using melanomas are in 
progress26). Triarylimidazole has also been confirmed to inhibit Raf activity in 
hematopoietic celllines27). The therapeutic effects of these compounds on papillary 
thyroid carcinoma are awaited with interest. 

CONCLUSION 

In our study, BRAF mutations were detected exclusively in papillary cancers (43 
in 80 cases: 54%), and were exclusively V599E. Our results suggest that BRAF 
mutation may play a critical role in carcinogenesis of papillary carcinoma of 
thyroid. However, how BRAF mutations induce changes in downstream signal 
transduction and expression of target genes, and how these changes are ultimately 
involved in carcinogenesis remain unknown. Similarly, the mechanism by which 
papillary cancers develop without BRAF mutations requires clarification. Clues to 
the answers to these questions might be found in the profile provided by mutational 
analysis of other factors involved in the MAPK cascade and by comprehensive 
analysis of the transcriptome and proteotome; however, the details need clarified in 
further studies. 
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