
Abstract. Papillary thyroid carcinoma (PTC) is the most
common type of thyroid malignancy and includes several
histological variants. Patients suffering from PTC usually
have a good outcome. However, a group of PTC patients
still encounter high rates of recurrence and mortality. The
BRAFV600E mutation is the most common genetic alteration
identified in PTC, ranging from 29 to 83%, with the average
rate about 40%. To date, a growing body of evidence has
suggested that the BRAFV600E mutation plays an important
role in the carcinogenesis of PTC, and it tends to be associated
with special subtypes of PTC and predicts poor prognosis.
Therefore, mutant BRAF has become an attractive cancer
target for PTC. This article is focuses on reviewing the impact
of the BRAFV600E mutation in the tumorigenesis of PTC,
differences in the prevalence of the BRAFV600E mutation in
variants of PTC, and its detection methods. The novel
advantages of the BRAFV600E mutation-targeted therapies in
studies of PTC are also discussed.
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1. Introduction

Thyroid cancer represents the most common malignant tumor
of the human endocrine system and its incidence has
increased significantly during the past decades in many area
of the world (1,2). The traditional classification of thyroid
carcinoma divided these malignancies into four groups,
including papillary, follicular, medullary and anaplastic
carcinomas (3). Among the above four types of thyroid carci-
noma, papillary thyroid carcinoma (PTC) is the most prevalent
type, accounting for approximately 80% of all thyroid malig-
nancies in western countries (4) and more than 90% in Japan
(5). PTC shows an excellent overall survival rate of greater
than 90% and particularly for patients younger than 45 years
old (3). Although it is relatively indolent and highly curable,
up to 10% of patients with PTC eventually die as a result of
this disease (6).

PTC is associated with characteristic genetic alterations,
which have been shown to play an important role in thyroid
carcinogenesis. These include rearrangement of the tyrosine
kinase receptor oncogenes RET or NTRK1 (7,8) and point
mutations of the RAS and BRAF genes (9-11). Among these,
BRAFV600E mutation is the most common genetic change in
PTC and is present in about 29-83% of cases (12). Recently,
a growing body of reports in the literature indicates that the
distribution of the BRAFV600E mutation shows a clear
genotype-phenotype correlation. It has been suggested that
the BRAFV600E mutation has a strong association with classic
papillary structure and tall cell variant of PTC but not related
to the follicular variant (13). This may be one of the most
important reasons to explain the variety of prevalences of the
BRAFV600E mutation in different reports, because they analyzed
different sub-histological compositions of PTC without
additional subtype stratification. Although direct sequencing
has been considered as the gold standard method for detecting
the BRAFV600E mutation, a variety of other methods have also
been demonstrated to be highly sensitive and specific, which
may be one factor contributing to wide discrepancies in reports
on the BRAFV600E mutation frequency (14-21).

Although a majority of studies showed a significant
association of the BRAFV600E mutation with one or more
conventional high-risk clinicopathological characteristics
and/or poor prognosis of patients with PTC (22), some contro-
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versial findings were also reported by other investigators
(23-25).

This article will focus on reviewing the BRAFV600E mutation
in the carcinogenesis of PTC, the association between the
BRAFV600E mutation and different histological subtypes of
papillary thyroid carcinoma, the types of methods available
to detect the BRAFV600E mutation, its prognostic significance,
and finally the novel advantages of BRAFV600E mutation-
targeted therapy of PTC is also discussed.

2. The BRAFV600E mutation in the carcinogenesis of
papillary thyroid carcinoma

The RAS-RAF-MEK-ERK signaling pathway (MAPK path-
way) is a classical conserved intracellular signaling pathway
that plays a fundamental role in cellular proliferation,
differentiation, apoptosis, and survival. When activated
aberrantly, it can induce tumorigenesis (12). This signaling
pathway is particularly important for thyroid cancer because
it harbors several genetic alterations in this pathway with a
high prevalence, including rearrangement of the tyrosine
kinase receptor oncogenes RET or NTRK (7,8) and point
mutations in the RAS or RAF genes (9-11). Indeed, these
mutations are found in ~70% of all PTC cases and rarely
overlap in the same tumor (11,26,27). Specific rearranged
forms of RET were detected in PTC and are the result of
double-stranded DNA breaks (mostly radiation-induced),
which lead to erroneous reparative fusion of the 3' portion of
the RET gene to the 5' portion of a constitutively expressed
unrelated gene, named RET/PTC (28). Approximately 17
different hybrid oncogenes have been reported and the most
prevalent variants are RET/PTC1 and RET/PTC3, accounting
for >90% of all rearrangements (29). Similar rearrangements
of neurotropic receptor tyrosine kinase type 1 (NTRK1) have
also been described in a proportion of PTC patients (29).
RAS point mutations are another genetic alteration in thyroid
cancer. These involve specific sites (codons 12, 13 and 61) of
the N-RAS, H-RAS or K-RAS genes and were frequently
detected in follicular thyroid carcinoma (FTC, 40-50%) (30)
but relatively infrequently in PTC (~10%).

BRAF is a member of the RAF family of serine-threonine
kinases, which include ARAF, BRAF and CRAF (RAF-1).
Among the three isoforms of these RAF family members,
BRAF has substantially greater basal kinase activity toward
MEK than ARAF or CRAF. This difference between these
isoforms of RAF kinase may due to CRAF and ARAF
containing four distinct RAS-GTP-dependent phosphorylation
sites for maximal activation, whereas BRAF has only two of
these sites (31). This may be the molecular shortcut of BRAF
to become activated by a single amino acid substitution.
Recently, mutations in the BRAF gene were identified in a
large-scale screen for genes mutated in human cancers. The
BRAFV600E mutation, a T1799A transversion mutation
(formerly referred to as the BRAF T1796A) in exon 15 of the
gene, which causes a V600E (formerly termed V599E) amino
acid substitution in the protein, is the most frequently reported
BRAF mutation (>90%) (32). A few other activated BRAF
mutations have been reported in a small proportion of thyroid
carcinomas, such as AKAP9-BRAF (33), K601E (34),
V599ins (35), V600E+K601del (36,37), V600D+FGLAT601-

605ins (37), and a recently characterized new type of BRAF
mutation, T599I-VKSR(600-603)del found in a follicular
variant of PTC (38).

Recently, the mechanism of BRAF activation has been
elucidated (39). The BRAFV600E mutation and most other
mutations involve either the activation loop or the P loop
(glycine-rich phosphate-binding loop) in the kinase domain.
In the wild-type BRAF protein, the hydrophobic interaction
between the activation loop and P loop maintains the protein
in an inactive conformation. The presence of negatively
charged glutamate in mutant BRAF destabilizes the regulatory
interaction between the activation loop and P loop, resulting
in hyperactivation of BRAF and hence the mitogen-activated
protein kinase kinases MEK1 and MEK2. Activated MEK
continues the cascade of phosphorylation events by activating
extracellular signal-regulated kinase, ERK1 and ERK2. Once
it is phosphorylated, ERK is translocated across the nuclear
membrane, resulting in the activation of numerous transcription
factors, which finally regulate the expression of a series of
genes involved in proliferation, angiogenesis, metastasis, dedif-
ferentiation, and anti-apoptosis of cancer (Fig. 1) (40-42).
The carcinogenic ability of the BRAFV600E mutation was
elegantly demonstrated by in vitro and in vivo experiments. It
can induce thyroid cell transformation in vitro and induce
PTC in transgenic mice upon targeted expression of the
BRAF V600E protein in the thyroid gland (43,44).

BRAFV600E mutations have been found at all stages of
tumor progression, including micro-carcinoma, poorly
differentiated thyroid carcinomas (PDC), and anaplastic
thyroid carcinomas (ATC) that contain areas of well
differentiated PTC and were believed to arise from PTC (45).
In these poorly differentiated and anaplastic thyroid
carcinomas, the BRAFV600E mutation is detected in both
poorly or anaplastic tumor areas and well differentiated
papillary parts, demonstrating that the BRAFV600E mutation
occurs in the early stage of carcinogenesis and predisposes
the cells to tumor dedifferentiation (41).

3. The BRAFV600E mutation in common type and histo-
logical variants of PTC

The BRAFV600E mutation is the most common genetic event
in sporadic PTC. A prominent finding on the BRAFV600E

mutation is its exclusive occurrence in PTC and PTC-derived
ATC, and it does not occur in follicular thyroid carcinoma
(FTC), medullary thyroid carcinoma (MTC), or benign thyroid
tumors (adenoma or hyperplasia) (22). As reviewed by Xing
et al, the prevalence of the BRAF mutation ranges from 29
to 83% in PTC, with an average rate of approximate 40%
(13). This strikingly wide variation in the prevalence of the
BRAFV600E mutation reported by different authors can be
explained by the different histological subtype distribution of
PTC.

Some PTC show special histological features, that is to
say, a combination of certain growth patterns, cell types, and
stromal reactions. Therefore, PTC can be further classified
into several histologically distinct subtypes in accordance
with the WHO classification of thyroid tumors, mainly
including follicular, tall cell, columnar cell, oncocytic, diffuse
sclerosing, solid, and clear cell variants (3). In 1995, Apel et al
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reported 13 cases of a new variant of PTC and termed it as
Warthin-like papillary carcinoma, owing to its close histo-
logical resemblance to Warthin tumor of salivary glands (46).
In addition, in some schemes, PTC measuring <10 mm in
diameter, which is termed papillary thyroid microcarcinoma
(PTMC), is also considered as a variant of PTC (47-49).

There seems to exist a tendency that the different genetic
alterations in the MAPK pathway are associated with distinct
phenotypes of PTC (34). It was found that the RET/PTC1
arrangement is usually associated with the common type of
PTC (50-52), whereas the RET/PTC3 is most often found in
the solid and tall cell variants of PTC, particularly in the
post-Chernobyl setting (53-55). Moreover, the activating
point mutations of the RAS gene are particularly frequent in
follicular variant of PTC (30).

Similarly, the distribution of the BRAFV600E mutation in
PTC also shows a clear histological subtype-related pattern
(34). To date, several studies have addressed the BRAFV600E

mutation according to the histological subtype (24,34,56-62).
Lee et al determined that BRAFV600E mutation was present in
337 of 570 common type PTC (59%), in 34 of 43 tall cell
variant (79%), and in 29 of 172 follicular variants (17%) (63).
It has been suggested that the BRAFV600E mutation has a strong
association with the classic papillary architecture and tall cell
variant of PTC but was detected less frequently in the follicular
variant.

PTC often occurs as a microcarcinoma with the diameter
<10 mm. Most reports have shown that papillary thyroid
microcarcinoma (PTMC) followed an indolent course. In the
most recent study, Lee et al demonstrated that a significant
number of PTMC cases exhibited highly aggressive
clinicopathological characteristics, such as extrathyroid
extension, lymph node metastasis, and advanced disease stage
(61). They detected the BRAFV600E mutation in 64 cases of
PTMC and found the frequency of this mutation was 37.5%
(24/64). Similar results have been reported by other investi-
gators using smaller numbers of PTMC cases. Trovisco et al
analyzed the BRAFV600E mutation in different subtypes of PTC
and detected this mutation in 4 out of 10 PTMC cases (34).
Subsequently, they enlarged their previous series and found
that the BRAFV600E mutation was detected in 43% of all
PTMC cases (60). In addition, Lee et al also reported a similar
frequency of BRAFV600E mutation in the PTMC patients they
analyzed (56). Among all the PTMC studies by Lee et al, the
BRAFV600E mutation was more frequent and statistically
significant when PTMC exhibited stage T3/4, extrathyroid
extension, and lymph node metastasis, which suggested that
the BRAFV600E mutation may be a predictor of highly aggres-
sive PTMC. In addition, the BRAFV600E mutation of PTMC
was reported to show a more aggressive subtype-related
pattern, which could also support the relationship between the
BRAFV600E mutation and PTMC with poor prognosis (34,60).
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Figure 1. The RAS-RAF-MEK-ERK signaling pathway (MAPK pathway) and molecular inhibitors targeting BRAF mutations. Binding of extracellular signal
proteins (for example, growth factors) to the extracellular domain of their membrane tyrosine kinase receptor induces receptor dimerization leading to RAS-
activation. The active form of RAS, in turn, recruits to the cell membrane and activates RAF family proteins (including BRAF), which trigger the sequential
phosphorylation and activation of MEK and ERK. Finally, ERK induces the phosphorylation of several substrates (for example nuclear transcription factors)
that ultimately lead to the expression of proteins playing important roles in cell proliferation, angiogenesis, apoptosis, metastasis and differentiation. When
BRAF mutation occurs, BRAF kinase is activated and leads to deregulated activation of the downstream pathway and finally to the induction of tumorigenesis
and tumor progression. Recently, progress has been made on targeted therapy for mutant BRAF. siRNA, ALL881/LBT613, PLX4032/4720 BAY-43-9006
(Sorafenib), directly targeting mutant BRAF and present different inhibiting potentials. Because recent studies demonstrated that BRAF mutation predicts
anti-tumor sensitivity to MEK inhibition, several small inhibitors, such as CI-1040, AZD6244/ARRY142886, and PD0325901, were also studied as effective
compound for targeted therapy of mutant BRAF.
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Additional studies focused on BRAFV600E mutation distri-
bution in relatively rare histological subtypes of PTC have
also been performed recently. The oncocytic variant of PTC
(also known as Hürthle cell carcinoma) is characterized by
eosinophilic cytoplasm and may have a papillary or follicular
architecture (3). Trovisco et al reported that the BRAFV600E

mutation was present in 6 of 15 cases of the oncocytic variant
of PTC (40%). All of the 6 mutant cases were found in the 11
cases of the oncocytic variant of PTC with a conventional
(papillary or mixed papillary/follicular) growth pattern (55%),
whereas no BRAFV600E mutation was detected in the 4 cases
with a follicular pattern (34). These findings reinforced the
strong association between the presence of this mutation and
papillary architecture. Warthin-like PTC was first described
by Apel et al (46) and is closely related to oncocytic variant
PTC but is known as a distinct subtype of PTC in some
schemes. They found that the epidemiologic features of
this special variant of PTC were similar to the conventional
PTC. Only a few studies have analyzed this variant as an
independent entity and the BRAFV600E mutation was detected
in 6 out of 8 cases of Warthin-like PTC (34,60). The diffuse
sclerosing variant of PTC is a rare subtype, accounting for
~1.8% of PTC cases in a larger series (62). This subtype tends
to occur in young patients and exhibits a higher frequency of
cervical and distant metastasis, which is associated with a
worse prognosis. However, in contrast to these findings, a
prognosis similar to that of conventional PTC has also been
reported recently (64,65). In their study, Sheu et al reviewed
the 7 reported cases of diffuse sclerosing variant PTC and
analyzed them for the BRAFV600E mutation. The BRAFV600E

mutation present in only 2 out of 3 cases reported by Salvatore
et al (66), whereas 4 other cases lacked the BRAFV600E

mutation. In accordance with the previous findings, all eight
diffuse sclerosing variant PTC cases examined in the study of
Sheu et al were negative for this mutation but had a relatively
high frequency of RET/PTC rearrangement, which may
represent the initiating genetic event of this special variant of
PTC (62).

As reviewed above, different histological subtypes of PTC
have been demonstrated to be associated with different
frequencies of BRAFV600E mutation. When analyzed without
subtype stratification in various reports, the prevalence of the
BRAFV600E mutation may show a wide variation (13).

4. Prognostic value of the BRAFV600E mutation

Although it is relatively indolent and highly curable, up to
10% of patients with PTC eventually die as a result of this
disease (6). Therefore, appropriate initial treatment of
patients upon accurate risk stratification and prognostic
evaluation are important for reducing the recurrence rate as
well as the morbidity and mortality of thyroid cancer (22).
Recently, Bai et al reported a novel histological grouping
and the identification of two risk groups that were signifi-
cantly correlated with prognosis and predicted patient out-
come in terms of tumor recurrence and cancer-related death
(67). Because the BRAFV600E mutation plays an important
role in the carcinogenesis of PTC, it is conceivable that this
genetic alteration may be a determinant of the clinical and
pathological behavior of PTC and could have prognostic

significance for this cancer. Until now, many studies have been
performed focusing on the relationship between the BRAFV600E

mutation and high-risk clinicopathological characteristics and
the prognosis of PTC (22-24,45,58-61,63,68-81). Although
some investigators have failed to reveal a significant associ-
ation between them, most of the studies from various ethnic
and geographical backgrounds have demonstrated a significant
association of the BRAFV600E mutation with one or more
aggressive clinicopathological characteristic or poor prognosis
of PTC. For example, in 2007, 12 studies with a total of 1168
patients of PTC were subjected to meta-analysis by Lee et al
(63). Their results clearly indicated that the BRAFV600E

mutation of PTC is significantly related to the histological
subtype, extra-thyroidal invasion, and advanced clinical stage
but not associated with race, age, sex or tumor size. These
data strongly supported the view that the BRAFV600E mutation
is an important and useful prognostic molecular marker for
PTC. This conclusion has been confirmed by another compre-
hensive review (22). Xing et al analyzed the pooled prognostic
data from all published studies and found a significant relation-
ship between the BRAFV600E mutation and extrathyroid
invasion, lymph node metastasis and advanced stage of PTC
(III-IV), which is in accordance with the previous study.
Most recently, in order to further verify the prognostic signi-
ficance of the BRAFV600E mutation in PTC patients, Elisei et al
studied 102 PTC patients with a median follow-up of 15
years, which to the best of our knowledge is the longest
follow-up reported to date (81). Their study also clearly
demonstrated that the BRAFV600E mutation is an independent
poor prognostic factor in mutation-positive patients, who
were not only at a high risk for no cure, but also of death.

Although most studies, as reviewed above, support a
relationship between the BRAFV600E mutation and high risk
clinicopathological characteristics and worse prognosis, it is
noteworthy that some other studies have revealed opposing
results (23,24,69,70,76,78). For example, recently, Ito et al
analyzed 631 cases of PTC for the BRAFV600E mutation with
83 months follow-up on average in Japan. Their results
indicated that the BRAFV600E mutation is not related to high-
risk clinicopathological features or patient prognosis (23). So
far, there is no definitive explanation for these conflicting
results, but it might be due to differences among the study
populations in terms of case numbers, size, age-distribution,
PTC histological subtype variants, underlying genetic back-
grounds, and follow-up period (22,81,82).

On the whole, the prognostic value of BRAFV600E mutation
has been demonstrated by the majority of the studies and it
seems to be a potential useful molecular marker and may add
a new dimension to the traditional risk evaluation of PTC.
With this novel dimension, it will be possible to medically
manage patients with PTC more appropriately and further
reduce the recurrence rate as well as morbidity and mortality
of PTC patients.

5. Detection of the BRAFV600E mutation

Because the BRAFV600E mutation plays a major role in tumori-
genesis and has a significant prognostic value in PTC, clinical
application of BRAFV600E mutation detection might be a reliable
tool to improve preoperative diagnosis and guide patient
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management, especially with routine fine-needle aspiration
biopsy (FNAB) samples. FNAB is the primary means of
distinguishing benign from malignant carcinomas and of
guiding therapeutic intervention in thyroid nodules. However,
10-30% of PTC with indeterminate cytology in FNAB needs
genetic diagnostic methods to refine the diagnosis (20,83).

Because of the initial discovery of the BRAFV600E mutation
occurring in a large series of human cancers (32), much work
has been done focusing on the detection BRAF mutations in
thyroid tumors recently (15,16,19,20,84-86) (Table I). Direct
automatic sequencing is widely accepted as the gold standard
for the detection of BRAF mutations. Although this method
has high specificity and sensitivity in detecting the BRAFV600E

mutation, it is very time consuming. For this reason, novel
mutation detection techniques are needed. Detecting the
BRAFV600E mutation by polymerase chain reaction restriction
fragment length polymorphism (PCR-RFLP) was performed
on 137 specimens of FNAB of thyroid nodules by Chung et al
(85). The BRAFV600E mutation was present in 93 (83%) of 112
thyroid cancers. Direct sequencing was demonstrated to be a
more reliable method with a sensitivity of 83% and a speci-
ficity (96%), than PCR-RFLP assay with a sensitivity of 78.6%
and specificity of 80%. In 2006, a simple and rapid method
to detect the hot-spot point mutation of the BRAFV600E

mutation in thyroid cancer was reported by Matsukuma et al
(84). They simplified universal heteroduplex generator
technology (UHG) using single-stranded oligonucleotides
with an internal deletion as the generator of loop-bearing
heteroduplexes. This modification yields two bands to indicate
heterozygosity and one band for homozygosity, enabling
more straightforward analysis. This method, designated as a
loop-hybrid mobility shift assay (LH-MSA), was developed
to detect the BRAFV600E mutation in 25 PTC cases. The
presence of the mutation was observed in 64% (16/25) of
cases, which was consistent with the previous sequencing
results. This simple LH-MSA detection system may enable
rapid and low-cost screening of the BRAFV600E mutation in
PTC cases. Xing et al evaluated a new colorimetric mutation

detection method for thyroid tumors. They demonstrated
100% sensitivity and 100% specificity in comparison with
conventional DNA sequencing as the gold standard. They
also found this novel technique was even more sensitive in
detecting the BRAFV600E mutation in FNAB specimens than
conventional sequencing (19). Mutant allele-specific PCR
amplification (MASA) for detection of the BRAFV600E mutation
was reported by Sapio et al. The MASA assay proved to be a
more sensitive method than SSCP and DNA sequencing. It
was proved that MASA is a specific, sensitive, and reliable
method to detect the BRAFV600E mutation in DNA extracted
from different sources (20). Rowe et al and Hay et al
reported on the same BRAFV600E mutation detection method;
LightCycler PCR with allele specific fluorescent probe melting
curve analysis (LCPCR) (15,16). They detected the same
BRAFV600E mutation in PTC, and the results were in 100%
concordance with the previous DNA sequencing results.
Most recently, Liao et al reported a square wave stripping
voltammetry (SWSV) technique and suggested that it is also a
successful method for the detection of BRAF mutations (86).

Although all these detection methods have been demon-
strated to be rapid, simple, specific, and sensitive at detecting
the BRAFV600E mutation, there is no single, generally accepted
technique for detecting the BRAFV600E mutation. Furthermore,
the variation of detection methods may be another reason
to explain the striking variation in the prevalence of the
BRAFV600E mutation that has been reported in different studies
on PTC.

6. Novel advantages in BRAFV600E mutation-targeted
therapy

PTC is not particularly life threatening. Generally in western
countries, patients with PTC are treated with thyroidectomy,
and then radioiodine (131I) is administered to remove residual
tumor tissue and treat metastatic diseases (22,87). Conse-
quently, the majority of PTC patients can be cured routinely
and have relatively good prognosis, with an average 40-year
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Table I. Development of detection methods of BRAF mutation in thyroid cancer.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Frequency/concordance
Report Tissue Method with DSa (%) Refs.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

1 Thyroid and Loop-hybrid mobility shift assay (LH-MSA) 64/100 (84)
lung cancer

2 Thyroid cancer Polymerase chain reaction-restriction fragment length 83/83.3 (85)
polymorphism assay (PCR-RFLP)

3 Thyroid cancer Colorimetric mutation detection method 50/100 (19)
4 Thyroid cancer Mutant allele-specific PCR amplification (MASA) 44.2/100 (20)
5 Thyroid cancer LightCycler PCR with allele specific fluorescent 62.2/100 (16)

probe melting curve analysis (LCPCR)
6 Thyroid cancer The same as no. 5 42.9/100 (15)
7 Thyroid cancer Square wave stripping voltammetry technique (SWSV) -/- (86)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aDS, direct sequencing.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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relative survival rate of 84% (88). In some patients, thyroid
cancer is incurable with current treatments and is associated
with increased morbidity and mortality either because the
tumors are inoperable or fail to absorb radioiodine. In addition,
some PTC progresses from well differentiated PTC to PDC
or ATC. Because it is difficult to treat these poorly differen-
tiated or anaplastic carcinomas, these patients also have
significantly reduced survival rates (87). Therefore, it is
important to find new therapeutic approaches for these PTC
patients.

The RAS-RAF-MEK-ERK signaling pathway (MAPK
pathway), relays extracellular signals from the cell mem-
brane to the nucleus via a cascade of phosphorylation events
ultimately promoting cancer initiation and progression. This
MAPK pathway is particularly important in PTC because it
harbors several activating mutations in the pathway with high
prevalence (89). The BRAFV600E mutation is the most frequent
genetic alteration in the MAPK pathway in PTC. For its
high prevalence and high specificity for PTC, the BRAFV600E

mutation plays a unique and fundamental role in PTC. Its
mutant protein leads to kinase activity 10.7 times higher than
occurs in normal cells and induces hyperactivity of the MAPK
pathway promoting tumor development (31,32). Therefore,
much work has been done in recent years to investigate the
therapeutic potential of targeting mutant BRAF in human
thyroid cancers (22).

A recent study by Salvatore et al used RNA interference
to evaluate the effect of BRAF knockdown in human anaplastic
and papillary thyroid cell lines (90). By siRNA-mediated
BRAF knockdown, they showed that BRAFV600E mutation-
expressing thyroid carcinoma cells depend on continuous
BRAF activity for intracellular signaling and cell proliferation.
Liu et al used BRAF-specific siRNA expression vectors and
were able to establish cell clones with stable knockdown of
BRAF (91). They were able to demonstrate that stable BRAF
siRNA transfection persistently suppressed the proliferation
of thyroid cancer cells carrying the BRAFV600E mutation even
after long-term culture. Inhibition of thyroid cancer cell trans-
formation and growth of xenograft tumors harboring the
BRAFV600E mutation was also demonstrated by this approach.
In another recent study by Liu et al, they showed the
restorability of the expression of several key thyroid iodide-
metabolizing genes by silencing BRAF in thyroid cancer
cells using stable siRNA transfection (92). Thus, all these
studies provide the proof-of-concept that BRAF is an
important therapeutic target in BRAF-mutation-harboring
thyroid cancer. In addition, although RNA interference offers
an effortless tool for investigating biological systems by
selectively silencing genes, key technical aspects, such as
optimization of selectivity, stability, in vivo delivery, efficacy,
and safety need to be investigated before RNA interference
can become a successful therapeutic strategy. Nevertheless,
this area shows a huge potential for the pharmaceutical
industry around the globe (93), and this approach may become
a useful therapeutic tool for treating thyroid cancer harboring
the BRAFV600E mutation.

Using pharmacologic small molecular inhibitors is another
potential approach to suppress activated kinases by inter-
fering with expression of the kinase or interaction with the
substrate. To date, various BRAF inhibitors have been reported

in thyroid cancer research (90). Examples of such inhibitors
are the RAF inhibitors ALL881 and LBT613. Quyang et al
examined these inhibitors in rat thyroid PCCL3 cells that had
been previously modified to express the BRAFV600E mutation,
a panel of human thyroid cancer cell lines that expressed
mutant BRAF, and finally, tumor xenografts (94). Both com-
pounds inhibit human thyroid tumor cell proliferation in a
dose-dependent manner, and in nude mice both retard the
growth of thyroid tumor xenografts expressing mutant
BRAF. Although ALL881 and LBT613 were demonstrated
to affect cell proliferation and tumorigenicity in thyroid
cancer cell lines and nude mice, they are reasonably toxic,
which has hindered their clinical development (87). Therefore,
the development of BRAF inhibitors with low toxicity, high
specificity, and high efficacy will be needed for further clinical
investigations.

Recently, the development of specific kinase inhibitors
targeting BRAF and the V600E allele in particular, has been
achieved. One of these is PLX4032, as reported by Sala et al
(40). PLX4032 is a highly selective inhibitor of BRAF kinase
activity with an IC50 of 44 nmol/l against the BRAFV600E

mutant. In their study, Sala et al tested this novel compound
on melanoma cell line A375 and on three thyroid cell lines
ARO, NPA and TPC-1 (A375, ARO and NPA harbor the
BRAFV600E mutation). An efficient anti-proliferative activity
of PLX4032 was indicated in all cell lines, including A375,
ARO and NPA carrying the BRAFV600E mutation. The com-
pound was most potent against mutant BRAF in A375 cells
whereas thyroid cancer cell lines ARO and NPA were less
sensitive and showed similar inhibition. TPC-1 showed an
approximately 50-fold higher IC50. This significant difference
can be related to the presence of alternative signaling pathway
activated by RET/PTC-1 in the TPC-1 cell line. In addition,
PLX4032 promoted apoptotic death in a dose-dependent
manner in the melanoma cell line A375; in contrast, in
thyroid cancer cell lines NPA and ARO, very little evidence
of apoptosis but only an arrest in G1 and a decrease in S and
G2-M phase were observed. In TPC-1 cells, neither apoptosis
nor cell cycle alteration were observed. Furthermore, the
difference in outcome of BRAF inhibition between the
melanoma cell line and thyroid cancer cells lines may be
explained by the finding that the expression of p21CIP1/WAF1

was regulated in the opposite direction in melanoma and
thyroid cancer cells. All of the above results were consistent
with the data of silencing of mutant BRAF by short hairpin
RNA (shRNA) in the same study. Consequently, combined
with its low toxicity, the novel small molecular inhibitor
PLX4032 can be a useful therapeutic agent for treating
melanoma and thyroid cancer carrying the BRAFV600E

mutation. In fact, PLX4032 is currently undergoing a safety
study in patients with solid tumors (40).

Another example of these specific kinase inhibitors
targeting BRAF, and the V600E allele in particular, is
PLX4720, as reported by Tsai et al (95). They utilized a
structure-based small molecular discovery approach to screen
>20,000 compounds in an effort to identify specific kinase
inhibitors that selectively targeted the BRAF V600E allele.
Indeed, co-crystallization of candidate molecules with the
kinase and subsequent biochemical analysis revealed that
PLX4720 was selective for the BRAF allele compared with a
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diverse panel of kinases. The compound inhibited BRAF
V600E at low concentration, with weaker effects on the wild-
type protein. More importantly, this compound inhibited
downstream kinase activity, decreased growth rate, and
initiated an apoptotic response only in melanoma cell lines
harboring the BRAFV600E mutant. In addition, in tumor
xenograft models carrying the BRAFV600E mutant, PLX4720
substantially blocked tumor growth without showing toxicity
to the mice. Thus, PLX4720 selectively targets the activated
mutant BRAF in melanoma cell lines and subsequently
blocks proliferation and causes tumor regression. Although,
to date, no study has used this novel inhibitor on thyroid
cancer, a similar effect in thyroid cancer cell lines and tumor
models may be expected. These findings strongly supported
the view that PLX4720 is a promising candidate for human
clinical trials; however, to date, no report focusing on its
clinical evaluation has been made.

Although the above studies do address the importance of
mutant BRAF protein as a therapeutic target in thyroid cancer,
several questions still remain (87). BAY43-9006 (Sorafenib)
is a multi-kinase inhibitor with potent activity against RAF,
VEGF-2, VEGF-3, PDGFRß, FLT-3, and c-KIT kinases
(30). BAY43-9006 at doses >1 μM in vitro was effective in
inhibiting pERK and growth in BRAF mutant thyroid cancer
cell lines (90). Unfortunately, clinical trials using BAY43-
9006 to target BRAF signaling have not been effective except
for renal carcinoma (96). Although phase II results for
BAY43-9006 in differentiated thyroid cancer have not yet
been published, this inhibitor had little or no activity in
melanoma patients in a phase II trial, including patients
with the BRAFV600E mutation (97). Discrepancies between
preclinical and clinical trials results in terms of effectiveness
of shrinking tumors after BRAF inhibition are serious and
controversial issues that need resolution (98). Recent pre-
clinical studies combining BAY43-9006 with other agents to
increase its efficacy are thought to be a new strategy for
making BRAF therapy clinically effective (98). For example,
BAY43-9006 has been combined with Rotterlin, a protein
kinase C inhibitor, leading to increased synergistic inhibition
of cell proliferation and apoptosis in glioma cells (99).
Similarly, systemic liposomal ceramide has been shown to
enhance the efficacy of BAY 43-9006 (100). Therefore,
targeting mutant BRAF using BAY43-9006 may be more
effective in combination with other therapeutic agents rather
than alone. However, it still remains to be determined whether
these combinations would be more effective in clinical practice
(98).

An alternative strategy to block the RAF-MEK-ERK
pathway in cancer carrying the BRAFV600E mutation has
focused on the inhibition of MEK (101). MEK1 and MEK2
appear to be the most critical downstream mediators of V600E
BRAF signaling (102). Recently, Solit and colleagues demon-
strated that BRAF mutation predicts sensitivity to MEK
inhibition in a panel of human cancer cell lines of different
lineages using the MEK inhibitor CI-1040 (103). Their study
showed that pharmacological MEK inhibition potently
impaired tumor growth in BRAF mutant xenografts, whereas
RAS mutant tumors were only partially inhibited. They used
the NCI 60 cell line panel, which does not include thyroid
cancer cell lines (104). Following these observations, and

while this study was in progress, three groups examined the
effect of MEK inhibitors CI-1040, AZD6244 and PD0325901,
respectively, on panels of thyroid cancer cell lines with various
genotypes of the MAPK pathway and their tumor xenografts
(89,101,104). In their study, Liu et al showed that tumor
cell proliferation was potently inhibited by CI-1040 in cells
harboring the BRAFV600E mutation or RAS mutation but not
in cells carrying RET/PTC rearrangement or wild-type alleles.
Down-regulation of cyclin D1 and re-expression of some
thyroid specific genes were also induced by CI-1040 in some
BRAFV600E mutation-harboring cells, and transformation was
inhibited in all cells. CI-1040 also inhibited the growth of
xenografts in nude mice (89). This is the first study that
demonstrated the potent inhibitory effects of the MEK
inhibitor CI-1040, on thyroid cells with BRAF mutation or
RAS mutation. As a potent MEK inhibitor, CI-1040 entered
phase I and II clinical trials with several human cancers (89).
Although excellent patient tolerance, safety profiles, and
bioavailablity were observed, disappointingly, no consistent,
significant anti-tumor activity was shown, although disease
stabilization was seen. This modest response to CI-1040 in
these clinical trials might be explained by the fact that the
cancers included in the clinical trials mainly included non-
small cell lung, breast and pancreatic cancer, which all
infrequently harbor the BRAFV600E mutation. Therefore, given
the high prevalence of the BRAFV600E mutation in thyroid
cancer and combined with these preclinical studies, Liu et al
encouraged a clinical trial on CI-1040 in thyroid cancer
patients. Similar results were observed in the studies using
other MEK inhibitors, AZD6244 (ARRY-142886) and
PD0325901 (101,104). Above all, given the high prevalence
of BRAF mutations, these novel MEK inhibitors hold great
promise as potentially effective therapeutic agents for thyroid
cancers carrying BRAF mutation (22).

7. Conclusion and perspective

All of the reviewed clinicopathological and molecular studies
strongly indicate that the BRAFV600E mutation has a unique
and fundamental role in tumorigenesis and the progression
of PTC. It is found at all stages of progression of PTC. The
prevalence of the BRAFV600E mutation has a clear association
with the histological subtype of PTC. It has been demon-
strated that BRAFV600E mutation has a strong association with
the classic and tall cell variants of PTC. Although the
prognostic significance of the BRAFV600E mutation in PTC is
still controversial, the majority of studies with relatively long
periods of follow-up suggested that the BRAFV600E mutation
is significantly associated with high-risk clinicopathological
characteristics and poor prognosis. BRAFV600E mutation
analysis of FNAB specimens could theoretically help to
distinguish between benign and malignant tumors when
cytology is indeterminate. Whereas, knowing that poorer
prognosis correlated with the mutation, preoperative
BRAFV600E mutation detection might also be useful for
treatment and follow-up planning. Detecting BRAF mutant
status is very important, and to date various methods have
been proposed with different sensitivities and specificities.
However, for widely used diagnostic methods on FNAB
specimens, a rapid, simple, and generally accepted method
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should be defined. Finally, this review examined the novel
advantage of BRAFV600E mutation targeted therapy in thyroid
cancer. Although it still has some technical challenges, siRNA
was demonstrated to be effective by knocking-down the
BRAF signal pathway and inducing anti-tumor activity in
thyroid cancer cell lines and tumor xenografts. Some small
molecular inhibitors were reported to be effective in BRAFV600E

mutation targeting experiments, but most of them were
characterized by significant toxicity, which limited their clinical
utility. Very recently, an exciting discovery of a group of
small molecular inhibitors with specificity for the V600E
BRAF mutant protein was reported. Because of their high
specificity and low toxicity, these inhibitors were demonstrated
to be a promising candidate for clinical trials in targeting
therapy against tumors with the BRAFV600E mutation.
Although a lack of clinical efficacy using BAY43-9006 as a
mono-therapy may raise doubts of its therapeutic utility for
mutant BRAF, recent preclinical studies combining BAY43-
9006 with other agents were demonstrated to be more
effective than using it alone. This combined therapy may be a
better choice for inhibiting the BRAF signaling pathway in
clinical trials in the future. In addition, potent MEK
inhibitors were also demonstrated to be a therapeutic target in
thyroid cancer cell lines harboring the BRAFV600E mutation.
This is another important strategy for treating aggressive
PTC and ATC. Therefore, by taking advantage of the novel
development of small molecular inhibitors, treatment for
aggressive PTC and ATC may be available in the near future.
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