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BRAF in papillary thyroid carcinoma

Salvatore Giovanni Lanzilotta, Luciano Grammatica, Angelo Paradiso and Gianni Simone ∗

Abstract. Novel genetic findings about papillary thyroid carcinoma identify BRAF gene as a subject of great interest. Involve-
ment of BRAF gene in pathogenesis of PTC, diagnostic value and the putative prognostic significance of its T1799A mutation are
summarized in this article. Furthermore, a particular attention is focused to the role of pre-operative detection of BRAF mutation
in the FNAB specimens of thyroid nodules and to the use of this gene as target for an effective cancer therapy.
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1. Introduction

Thyroid cancer is the most prevalent malignant en-
docrine tumor and papillary thyroid cancer (PTC),
derived from follicular epithelial cells, accounts for
approximately 80% of all thyroid malignancies [60].
Fine-needle aspiration (FNA) of thyroid nodules is the
main tool for the optimal diagnostic and therapeutic
management of thyroid nodular pathology. However,
cytological examination is often inconclusive because
of suboptimal quality material or the limited ability to
discriminate between benign and malignant lesions; it
provides an indeterminate diagnosis [59] and is subject
to inter-observer variability [8,63].

The indeterminate diagnostic class (Thy3), as de-
scribed by Poller [49], is a cytological finding that lim-
its resort to surgery and suggests further analysis be-
fore total thyroidectomy. Cyto-histological correlation
studies showed that 3–52% of indeterminate nodules
were malignant tumors [42,58,72]. This means that nu-
merous patients with no malignant tumor are subjected
to an invasive procedure that exposes them to compli-
cations like hypoparathyroidism or laryngeal nerve in-
jury, besides hypothyroidism. A method that can en-
hance the diagnostic accuracy of cytological examina-
tion would be of benefit to a large percentage of pa-
tients.

Useful information to refine indeterminate FNAs
could be provided by the understanding of genetic al-
terations involved in thyroid neoplastic transformation
and the application of biomolecular assays to cytolog-
ical material.
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2. PTC Pathogenesis

A pivotal role in the pathogenesis of PTC seems to
be played by alterations of mitogen-activated protein-
kinase (MAPK) pathways (Fig. 1).

Mitogen-activated protein kinase (MAPK) pathways
are important within cells for the transduction of ex-
tracellular signals to the nucleus to allow appropriate
response to external stimuli. The main components of
these pathways are tyrosine kinase cell surface recep-
tors, such as Ret, a small G-protein (Ras) and three ki-
nases: Raf protein, MEK and ERK. This pathway per-
mits the signal to move via phosphorylation and ac-
tivation of the kinases ultimately to ERK, which can
then affect transcription factors such as ELK, SAP, and
other substrates involved in cell growth, differentia-
tion, and survival. The ERK pathway has been found
to be hyperactivated in about 30% of all cancers; three
members of this pathway, Ret, Ras and Raf, are known
oncogenes [6].

Ras is frequently mutated in many cancers, includ-
ing cancer of the pancreas, lung, colon, thyroid, liver,
and testis [17]. Ret is a receptor tyrosine kinase that,
is essential for the development of the sympathetic,
parasympathetic and enteric nervous systems, and the
kidneys of mice [57]. When it is deregulated Ret
can become a potent oncoprotein; germline mutations
in Ret cause three related dominantly inherited can-
cer syndromes: multiple endocrine neoplasia type 2A
(MEN2A), MEN2B, and familial thyroid carcinoma
(FMTC).

Somatic chromosomal rearrangements of the Ret
gene, resulting in a constitutively activated chimeric
form of the RET protein (RET/PTC), are genetic hall-
marks of PTC [67]. They have been reported to be
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Fig. 1. Diagram of MAPK pathway.

present in 5–87% of PTCs depending on the authors
and detection methods [5,55]. Different translocations
or inversions that cause recombination of the intracel-
lular kinase-encoding Ret domain with heterologous
genes are known [25], and their formation in vivo and
in vitro induced by irradiation has been demonstrated
[44]. A higher rate of this alteration has been found
in populations exposed to external radiation [36,61]
but also in benign conditions such as adenomas and
Hashimoto’s thyroiditis [18].

Another protein involved in the MAPK pathway
is RAF, a serine/threonine kinase that acts as an im-
mediate downstream effector of RAS. RAF transmits
signals from RAS to the mitogen-activated protein-
kinase (MAPK) pathway through mitogen-activated
protein/extracellular signal-regulated kinase (ERK) ki-
nase (MEK) and ERK (RAS-BRAF-MEK-ERK) [14].
In mammalian cells, three isoforms of RAF have been
identified: ARAF, BRAF and CRAF, each having a
different tissue expression [13]. Among these three
isoforms, BRAF has a higher affinity for MEK and
a greater ability to activate the MAPK pathway [41]
(Fig. 1). The BRAF gene is composed of 18 exons
spanning a region of 190284 bp mapping to 7q34. It
transcribes a 2478 base mRNA.

3. PTC Histologic sub-types

Many histological PTC variants have been described
other than the conventional or classic papillary carci-
noma, like follicular variant (FVPTC), tall cell vari-
ant and the rarer Warthin-like variant, microcarcinoma,
oncocytic variant, diffuse sclerosing PTC, columnar
variant, hyalinizing trabecular and mucoepidermoid
thyroid tumors [4,53] which feed a continuous de-
bate regarding the optimal classification, prognosis and
treatment [11,35,40]. Moreover FVPTC, which is the
most diffuse variant after the conventional PTC, ap-
peared to be a heterogeneous disease composed of
two distinct groups: an infiltrative/diffuse subvariant,
which resembles classic papillary carcinoma in its
metastatic lymph node pattern and invasive growth,
and an encapsulated from, which behave more like
FTC [39]. It should pointed out that an accurate and
shared definition of the sub-types is needed to compare
results reported by different authors and to define the
correlation between phenotype and genetic events in-
volved in PTC pathogenesis.

4. BRAF Mutations

BRAF somatic mutations have been reported in sev-
eral cancers. They mainly cluster to exons 11 and 15
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Fig. 2. Spectrum of BRAF mutations.

Table 1

Prevalence of the BRAF T1799A mutation in thyroid cancer

Reference PTC FTC Oncocytic ATC MTC Benign neoplasm

carcinoma

Kimura E.T. et al. 2003 28/78 (36%) 0/10 0/10 0/26

Cancer Res.

Soares P. et al. 2003 23/50 (46%) 0/18 0/74

Oncogene

Cohen Y. et al. 2003 24/35 (69%) 0/13 0/3 0/3 0/20

J. Natl. Cancer Inst.

Cohen Y. et al. 2004 36/95 (38%) 0/2 2/2 0/1 0/32

Clin. Cancer Res.

Fugazzola et al. 2004 18/56 (32%) 0/5 0/1 0/6

Clin. Endocrinol.

Carta C. et al. 2006 24/43 (56%) 0/4 0/1 0/3

Clin. Endocrinol.

Sapio M.R. et al. 2006 19/43 (44%) 0/27

Eur. J. Endocrin.

which are included in the kinase domain [14,51]. A
spectrum of BRAF mutations is reported in Fig. 2.

In particular, the BRAF mutation in exon 15,
T1799A, resulting in a valine-to-glutamate substitution
(V600E), seems to mimic phosphorylation in the acti-
vation segment and to cause constitutive activation of
the kinase thus conferring transforming and oncogenic
functions [14].

In the past few years the T1799A mutation has been
investigated in many studies and has been shown to
be particularly frequent (from 29 to 83%) in thyroid
cancer [2,9,19,26,37,56,69]. The mutation is the most
prevalent of the known common oncogenic mutations
in thyroid cancer and has been found in histologi-
cally proven PTCs (in micro PTCs, as well), in proba-
bly PTC-derived anaplastic thyroid cancer (ATC), but
never in follicular thyroid cancer (FTC), medullary
thyroid cancer (MTC), in benign thyroid neoplasms or

in thyroiditis [69]. This means that the detection of a
BRAF T1799A mutation in the setting of papillary thy-
roid cancer has a diagnostic specificity of 100% (Ta-
ble 1).

Its role in initiation and progression of PTC has been
clarified by its ability to induce this cancer in trans-
genic mice in which expression of the T1799A muta-
tion in thyroid cells was targeted [32]. BRAF T1799A
induction of in vitro expression in thyroid cell lines
conferred a growth advantage activating DNA synthe-
sis. It was not sufficient to transform the normal cells
because of the concomitant induction of apoptosis.
However, T1799A also induced chromosomal insta-
bility, as evidenced by micronuclei and mitotic bridge
formation that may facilitate the acquisition of trans-
forming secondary genetic events [43]. Further studies
showed that the T1799A mutation is mutually exclu-
sive with other genetic alterations sharing the MAP ki-
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nase pathway as RAS mutation [21,46,55] while only
two cases, to the date, showed a co-presence of BRAF
mutation and RET/PTC rearrangements [15,16]. The
T1799A BRAF mutation can be therefore considered
an independent oncogenic event for PTC tumorigene-
sis.

The probability to detect somatic BRAF T1799A
mutation in thyroid cancer is age-related and in-
dependent from previous radiation-exposure, unlike
RET/PTC. An analysis of data published about this
BRAF mutation in PTC in different populations high-
lighted an overall prevalence of 6 and 4% in radiation-
exposed and non-exposed pediatric PTC, respectively
[69]. Data regarding RET/PTC rearrangements showed
an overall prevalence of 53 and 52% in radiation-
exposed and sporadic pediatric PTCs, respectively,
and has been found in over 60% of post-Chernobyl
PTCs [68].

The BRAF mutation is a frequent event in sporadic
adult PTCs but is rare in cancers in subjects exposed
to radiation during their childhood (0 to 6%) [12,34,
38]. If the link between radiation and chromosomal
rearrangements as RET/PTC, specially in children, is
clear, the association of BRAF mutation and age re-
quires further investigations.

PTCs harboring this mutation may be characterized
by a slower growth than cancers with RET/PTC which
present a later clinical onset. Currently this is only a
hypothesis that need to be further investigated for sup-
portive evidence.

BRAF T1799A mutation prevalence showed a char-
acteristic pattern in the different PTC subtypes, with a
higher rate in classic PTC (45–65%), tall cell variant
(33–88%), Warthin-like PTC (75%), oncocytic vari-
ant with conventional pattern (55%), while a lower
prevalence was detected in FVPTC (14%) [64,65,71].
In a study of BRAF mutational status in histologic
subtypes, an alternative BRAF mutation, A1801G
(K601E), was detected in 7% of FVPTCs, in only
a case of follicular adenoma but never in conven-
tional PTC, follicular carcinoma and nodular goiter
[65]. A1801G BRAF mutation is mutually exclusive
both with T1799A mutation and with other mutation
frequently detected in FVPTC like PAX8-PPARγ re-
arrangement and RAS mutations [3]. These data con-
firm the close relationship between genetic alteration
of BRAF gene and PTC, and furthermore, between two
morphological types of papillary thyroid carcinoma
(PTC with papillary or mixed follicular/papillary ar-
chitecture and with a follicular growth pattern) and two
specific BRAF gene mutations (T1799A and A1801G,
respectively).

Other BRAF mutations in thyroid cancer have been
occasionally reported regarding a fusion with the
AKAP9 gene through a paracentric inversion of the
long arm of chromosome 7 [7,22], an in-frame inser-
tion of three bases at codon 599 resulting in the inser-
tion of an additional valine [2], and a triplet deletion in
a case of PTC displaying a predominantly solid growth
pattern (VK600-1E) [66].

5. BRAF T1799A mutation analysis

A limit to the molecular detection of the BRAF mu-
tation on thyroid FNA specimens could be “contami-
nation” by normal thyrocytes. Different methods allow
detection of the BRAF T1799A mutation and each has
its advantages and limitations.

Direct sequencing and dHPLC can detect novel un-
known mutations in the gene, but, they require mini-
mum 20% of mutant allele. This involves an enrich-
ment or selection of cancer cells present in the spec-
imen, using for example laser microdissection mi-
croscopy.

Real-time allele-specific PCR [24], colorimetric de-
tection based on shifted termination assay [9,70],
and mutant-allele-specific PCR amplification (MASA)
[56] permitting detection of 1% mutated allele in a
DNA sample are alternative methods for identifying
the BRAF T1799A mutation.

Finally, an evolution of the gap ligase chain-reaction
technique was used to detect point mutations in the
presence of up to 10000-fold excess of wild-type allele
DNA in a study concerning detection of BRAF muta-
tion in primary biliary tract cancers [23].

6. Diagnostic value

Because of the remarkable prevalence and the 100%
specificity of the BRAF T1799A mutation in papillary
thyroid carcinoma, this genetic alteration is considered
a powerful marker which supplements and completes
thyroid FNA cytology. Therefore, many studies have
investigated the diagnostic applicability of BRAF mu-
tation detection on FNA specimens [2,26,56,69].

An analysis of the data published until 2005 showed
an overall 44% prevalence of the BRAF T1799A mu-
tation in FNAs from histologically confirmed PTCs
whereas no mutation was detected in FTC or benign
neoplasms. Moreover in 12/69 (17%) cytologically in-
determinate cases with insufficient material, detection
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Table 2

Association of the BRAF T1799A mutation with prognostic factors

Reference Association

Nikiforova et al. 2003 Extrathyroidal invasion

J. Clin. Endocrinol. Metab. 16/38 m vs 13/66 wt (p = 0.03)

Namba et al. 2003 Stages of tumor and distant metastasis

J. Clin. Endocrinol. Metab. 7/38 m vs 5/88 wt (p = 0.03)

Kim et al. 2004 Neck lymph node metastasis

Yonsei Medical Journal 39/58 m vs 4/12 wt (p = 0.05)

Fugazzola et al. 2004 No association with prognostic factors

Clin. Endocrinol.

Puxeddu et al. 2004 No association with prognostic factors

J. Clin. Endocrinol. Metab.

Xing et al. 2005 Extrathyroidal invasion (p < 0.001)

J. Clin. Endocrinol. Metab. Lymph node metastasis (p < 0.001)

Advanced tumor stage III/IV (p = 0.007)

Fugazzola et al. 2006 Age of diagnosis (p = 0.001)

Endocr. Relat. Cancer Classic variant (p = 0.0001)

No association with prognostic factors

Kim et al. 2006 Gender (p = 0.006)

Clin. Endocrinol. Tumor size (p = 0.005)

No association with prognostic factors

of the BRAF mutation led to a diagnosis of PTC that
was confirmed by post-operative histology [69].

Finally, it has been showed that detection of the
BRAF mutation could be useful to verify inter-observer
variations, with 13% of cytologically benign FNA
specimens and 7% of FNAs thought to be thyroiditis
that were rediagnosed as PTC [1].

In summary , when one considers the findings also
from the more recent studies, the prevalence of BRAF
mutated PTCs approximates ≈ 50% [2,56].

Hence, failure to detect the BRAF mutation in a
FNA specimen of a single patient has no diagnostic
value, while, detection of the BRAF T1799A mutation
establishes a clear diagnosis of PTC.

7. Prognostic value

Several studies have focused on the prognostic value
of the BRAF mutation often providing discordant re-
sults (Table 2) [29,45,47,50]. A multicenter study on
a series of 219 PTCs showed a significant associa-
tion between the BRAF mutation and the presence
of extrathyroidal invasion, lymph-node metastatis, ad-
vanced tumor stage and cancer recurrence at a me-

dian follow-up of 15 months [71]. These findings were
not confirmed by an Italian multicenter study involv-
ing 260 sporadic PTCs with different histological vari-
ants in which an association was found between the
BRAF mutation and older age at diagnosis (p = 0.001)
and the classic variant of PTC (p = 0.0001) but not
with gender, tumor nodal metastasis and stage at diag-
nosis, at a median follow-up of 72 months [20]. An-
other study examined 203 conventional PTC patients
and reported an association of BRAF T1799A with
male gender (p = 0.006) and tumor size (P = 0.005)
at a median follow-up of 7 years. Statistically, only uni-
variate analysis evidenced an association of the BRAF
mutation with tumor recurrence, whereas multivari-
ate analysis adjusted for clinicopathological prognos-
tic factors such as age, gender, tumor size, extrathy-
roid extension, multifocality and lymph node metasta-
sis failed to show any statistical association, indicating
that BRAF T1799A was not an independent predictor
[30]. Considering the association between the different
PTC histologic subtypes and BRAF mutations preva-
lence, part of the controversy among these studies may
be due to the differences in sample size, particularly
regarding the PTC subtypes , and in statistical analysis
approach.
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Other investigations focused on the role of the
BRAF T1799A mutation in the biological events
linked to the prognosis of thyroid cancer. A recent
study investigated the role of the BRAF T1799A mu-
tation and the MAPK pathway in thyroid cell dediffer-
entiation, particularly in Na+/I− symporter (NIS) im-
pairment. The loss of NIS function disrupts the nor-
mal uptake of I− on the thyreocytes. Evaluation of a
set of 60 PTC samples to assess for NIS immunoreac-
tivity and BRAF mutation showed a significantly low
NIS expression and impaired membrane targeting in
BRAF-positive samples (3.5% vs 30%; p = 0.005).
These results suggested that BRAF T1799A correlates
with a high risk of recurrence and less differentiated
tumors due to the loss of NIS-mediated radioiodine up-
take [52].

Other studies have suggested that BRAF gene mu-
tation may have a place in the prognosis of the dis-
ease. Vascular endothelial growth factor (VEGF) ex-
pression, which was closely correlated with tumor size,
extra-thyroidal invasion and stage, was upregulated in
PTCs carrying BRAF T1799A mutation (OR = 2.5,
CI = 1.1–5.6, p = 0.03) [27].

These findings suggest that detection of the BRAF
mutation on FNA specimens is not only useful for di-
agnostic purposes, but may also yield prognostic infor-
mation permitting proper risk evaluation and leading to
improved clinical management of PTC.

8. BRAF as therapeutic target

Thyroid cancer is usually curable with the stan-
dard surgical treatments, often followed by adjuvant
radioiodine therapy, However, an effective novel treat-
ment is strongly needed for inoperable cases and/or
neoplasias with impaired active transport of I− in thy-
roid follicular cells.

Targeted cancer therapies attempt to disrupt path-
ways that are inappropriately regulated in cancer cells.
Among solid cancers, thyroid carcinomas represent a
promising paradigm for targeted therapy because of
the adequate knowledge of many oncogenic events in-
volved in initiation and progression of tumorigenesis,
particularly regarding the MAPK pathway.

Obviously BRAF is the major candidate for a role
as the target of PTC treatment because of its preva-
lence, specificity and association with undifferentiated
and anaplastic forms.

Bis-aryl urea (BAY43-9006) is a potent and effec-
tive RAF inhibitor in vitro and in mouse xenografts and

it is presently being tested in clinical trials for other
forms of cancer [33]. This compound is a CRAF in-
hibitor although its inhibitory power has been demon-
strated in wild-type and T1799A mutated BRAF [28].
BAY43-9006 treatment blocks kinase signaling down-
stream to RAF kinase, inhibits BRAF-stimulated DNA
synthesis and cell proliferation, induces apoptosis in
melanoma cells harboring the BRAF mutation, and de-
lays the growth of melanoma tumor xenograft in mice.

Recent investigations have studied different mole-
cules. The effects of AAL-81 and LBT-613, two in-
hibitors of RAF kinase activity, have been exam-
ined on RAF-MAPK/extracellular signal-regulated ki-
nase (ERK) kinase (MEK)-ERK activation in thy-
roid PCCL3 cells after conditional induction of BRAF
T1799A expression [48]. These two molecules were
shown to potently block RAS and RAF-dependent
MEK phosphorylation in poorly differentiated human
thyroid cancer cell lines with either RET/PTC1 or
BRAF T1799A.

Inhibition of the pathway involved in thyroid cancer
has been also tested using small inhibitory duplex RNA
which causes BRAF knockdown in human anaplastic
thyroid carcinoma cell lines carrying BRAF T1799A
[54]. The results showed that BRAF knockdown inhib-
ited the mitogen-activated protein kinase signaling cas-
cade and the growth of cell lines carrying the BRAF
T1799A mutation.

9. Conclusions

The BRAF mutation is an important discovery that
promises to significantly enhance our knowledge of the
molecular mechanisms by which thyroid cancer ini-
tiates and progresses. The perfect positive diagnostic
value of this mutation in PTC makes it a powerful tool
for improving the accuracy of preoperative fine-needle
aspiration biopsy cytology. Since BRAF T1799A does
not have a high prevalence in papillary carcinomas, a
test for its detection together with additional sensitive
and specific molecular assays may increase the pro-
portion of PTCs that can be identified by molecular
analysis. The development of increasingly more sensi-
tive detection techniques may lead to the performance
of BRAF T1799A tests in blood, thus surmounting
the need for fine-needle aspiration and cytological ex-
amination. Finally, clinical trials testing the different
BRAF-inhibitors may provide new prospects for effec-
tive targeted cancer therapy.



S.G. Lanzilotta et al. / BRAF in papillary thyroid carcinoma 275

References

[1] Z. Baloch, M.S. Kumar, M. Lai et al., Rate of BRAF and N-Ras
mutations in thyroid nodules undergoing fine needle aspiration,
Thyroid 14 (2004), 745.

[2] C. Carta, S. Moretti, L. Passeri et al., Genotyping of an Italian
papillary thyroid carcinoma cohort revealed high prevalence of
BRAF mutations, absence of RAS mutations an allowed the
detection od a new mutation of BRAF oncoprotein (BRAF),
Clin. Endocrinol. 64 (2006), 105–109.

[3] P. Castro, A.P. Rebocho, R.J. Soares et al., PAX8-PPARγ re-
arrangemet is frequently detected in the follicular variant of
papillary thyroid carcinoma, J. Clin. Endocrinol. Metab. 91
(2006), 213–220

[4] J.K. Chan, Papillary carcinoma of thyroid: classical and vari-
ants, Histol. Histopathol. 5 (1990), 241–257.

[5] C.C. Cheung, S. Ezzat, L. Ramyar, J.L. Freeman and S.L. Asa,
Molecular basis of Hurthle cell papillary thyroid carcinoma, J.
Clin. Endocrinol. Metab. 85 (2000), 878–882.

[6] H. Chong, H.G. Vikis and K.L. Guan, Mechanisms of regulat-
ing the Raf kinase family, Cell Signal 15 (2003), 463–469.

[7] R. Ciampi, J.A. Knauf, R. Kerler et al., Oncogenic AKAp9-
BRAF fusion is a novel mechanism of MAPK pathway activa-
tion in thyroid cancer, J. Clin. Invest. 115 (2005), 94–101.

[8] K.M. Clary, J.L. Condel, Y. Liu, D.R. Johnson, D.M. Grzy-
bicki and S.S. Raab, Interobserver variability in the fine needle
aspiration biopsy diagnosis of follicular lesions of the thyroid
gland, Acta Cytol. 49 (2005), 378–382.

[9] Y. Cohen, E. Rosembaum, D.P. Clark et al., Mutational analysis
of BRAF in fine needle aspiration biopsies of the thyroid: a
potential application for the preoperative assessment of thyroid
nodules, Clin. Cancer Res. 10 (2004), 2761–2765.

[10] Y. Cohen, M. Xing, E. Mambo, Z. Guo, G. Wu, B. Trink, U.
Beller, W.H. Westra, P.W. Ladenson and D. Sidransky, BRAF
mutation in papillary thyroid carcinoma, J. Natl. Cancer Inst.
95 (2003), 625–627.

[11] P. Collini, F. Mattavelli, A. Pellegrinelli, M. Barisella, A. Fer-
rari and M. Massimino, Papillary carcinoma of the thyroid
gland of childhood and adolescence: Morphologic subtypes, bi-
ologic behavior and prognosis: a clinicopathologic study of 42
sporadic cases treated at a single institution during a 30-year
period, Am. J. Surg. Pathol. 30 (2006), 1420–1426.

[12] B.J. Collins, A.B. Schneider, R.A. Prinz and X. Xu, Low fre-
quency of BRAF mutations in adult patients with papillary thy-
roid cancers following childhood radiation exposure, Thyroid
16 (2006), 61–66.

[13] G. Daum, I. Eisenmann-Tappe, H.W. Fries, J. Troppmair and
U.R. Rapp, The ins and outs of Raf kinases, Trends Biochem
Sci. 19 (1994), 474–480.

[14] H. Davies, G.R. Bignell, C. Cox et al., Mutations of the BRAF
gene in human cancer, Nature 417 (2002), 949–954.

[15] J. Di Cristofaro, M. Marcy, V. Vasko, F. Sebag, N. Fakhry, D.
Wynford-Thomas and C. De Micco. Molecular genetic study
comparing follicular variant versus classic papillary thyroid
carcinomas: association of N-ras mutation in codon 61 with
follicular variant, Hum. Pathol. 37 (2006), 824–830.

[16] R. Domingues, E. Mendonca, L. Sobrinho and M.J. Bugalho,
Searching for RET/PTC rearrangements and BRAF V599E
mutation in thyroid aspirates might contribute to establish
a preoperative diagnosis of papillary thyroid carcinoma, Cy-
topathology 16 (2005), 27–31.

[17] J. Downward, Targeting RAS signalling pathways in cancer
therapy, Nat. Rev. Cancer 3 (2003), 11–22.

[18] R. Elisei, C. Romei, T. Vorontsova et al., RET/PTC rearrange-
ments in thyroid nodules: studies in irradiated and not irra-
diated, malignant and benign thyroid lesions in children and
adults, J. Clin. Endocrinol. Metab. 86 (2001), 3211–3216.

[19] L. Fugazzola, D. Mannavola, V. Cirello, G. Vannucchi, M.
Muzza, L. Vicentini and P. Beck-Peccoz, BRAF mutations
in an Italian cohort of thyroid cancers, Clin. Endocrinol. 61
(2004), 239–243.

[20] L. Fugazzola, E. Puxeddu, N. Avenia et al., Correlation be-
tween B-RAF V600E mutation and clinicopathologic parame-
ters in papillary thyroid carcinoma: data from a multicentric
Italian study and review of literature, Endocr. Relat. Cancer 13
(2006), 455–464.

[21] T. Fukushima, S. Suzuki, M. Mashiko et al., BRAF mutations
in papillary carcinomas of the thyroid, Oncogene 22 (2003),
6455–6457.

[22] A. Fusco, G. Viglietto and M. Santoro, A new mechanism of
BRAF activation in human thyroid papillary carcinomas, J.
Clin. Invest. 115 (2005), 20–23.

[23] D. Goldenberg, E. Rosenbaum, P. Argani et al., The V599E
BRAF mutation is uncommon in biliary tract cancers, Mod.
Pathol. 17 (2004), 1386–1397.

[24] A. Jarry, D. Masson, E. Cassagnau, S. Parois, C. Laboisse,
M.G. Denis, Real-time allele-specific amplification for sensi-
tive detection of the BRAF mutation V600E, Mol. Cell. Probes
18 (2004), 349–352.

[25] S.M. Jhiang, The RET Proto-oncogene in human cancers,
Oncogene 19 (2000), 5590–5597.

[26] L. Jin, T.J. Sebo, N. Najamura et al., BRAF mutation analysis
in fine needle-aspiration (FNA) cytology of the thyroid, Diagn.
Mol. Pathol. 15 (2006), 136–143.

[27] Y.S. Jo, S. Li, J.H. Song et al., Influence of the BRAF V600E
mutation on expression of VEGF in papillary thyroid cancer, J.
Clin. Endocrinol. Metab. 91 (2006), 3667–3670.

[28] M. Karasarides, A. Chiloeches, R. Hayward et al., B-RAF is
a therapeutic target in melanoma, Oncogene 23 (2004), 6292–
6298.

[29] K.H. Kim, D.W. Kang, S.H. Kim, I.O. Seong and D.Y. Kang,
Mutations of the BRAF gene in papillary thyroid carcinoma in
a Korean population, Yonsei Medical Journal 54 (2004), 818–
821.

[30] T.Y. Kim, W.B. Kim, Y.S. Rhee et al., The BRAF mutation
is useful for prediction of clinical recurrence in low-risk pa-
tients with conventional papillary thyroid carcinoma, Clin. En-
docrinol. 65 (2006), 364–368.

[31] E.T. Kimura, M.N. Nikiforova, Z. Zhu, J.A. Knauf, Y.E. Niki-
forov and J.A. Fagin, High prevalence of BRAF mutations in
thyroid cancer: genetic evidence for constitutive activation of
the RET/PTC-RAS-BRAF signaling pathway in papillary thy-
roid carcinoma, Cancer Res. 63 (2003), 1454–1457.



276 S.G. Lanzilotta et al. / BRAF in papillary thyroid carcinoma

[32] J.A. Knauf, X. Ma, E.P. Smith et al., Targeted expression of
BRAF V600E in thyroid cells of transgenic mice results in pap-
illary thyroid cancer that transition to undifferentiated carcino-
mas, in: The 76th American Thyroid Association Annual Meet-
ing, 2004.

[33] M. Kohno and J. Pouyssegur, Targeting the ERK signaling
pathway in cancer therapy, Ann. Med. 38 (2006), 200–211.

[34] A. Kumagai, H. Namba, V.A. Saenko et al., Low frequency of
BRAF T1796A mutations in childhood thyroid carcinomas, J.
Clin. Endocrinol. Metab. 89 (2004), 4280–4284.

[35] A.K. Lam, C.Y. Lo and K.S. Lam. Papillary carcinoma of thy-
roid: a 30-yr clinicopathological review of the histological vari-
ants, Endocr. Pathol. 16 (2005), 323–330.

[36] D.L. Learoyd, M. Messina, J. Zedenius, B.G. Robinson et al.,
Molecular genetics of thyroid tumors and surgical decision-
making, World J. Surg. 24 (2000), 923–933.

[37] J.H. Lee, E.S. Lee, Y.S. Kim, N.H. Won and Y.S. Chae, BRAF
mutation and AKAP9 expression in sporadic papillary thyroid
carcinomas, Pathology 38 (2006), 201–204.

[38] J. Lima, V. Trovisco, P. Soares et al., BRAF mutations are not a
major event in post-Chernobyl childhood thyroid carcinomas,
J. Clin. Endocrinol. Metab. 89 (2004), 4267–4271.

[39] J. Liu, B. Singh, G. Tallini, et al., Follicular variant of papillary
thyroid carcinoma: a clinicopathologic study of a problematic
entity, Cancer 15 (2006), 1255–1264.

[40] R.V. Lloyd, L.A. Erickson, M.B. Casey et al., Observer vari-
ation in the diagnosis of follicular variant of papillary thyroid
carcinoma, Am. J. Surg. Pathol. 28 (2004), 1336–1340.

[41] K.E. Mercer and C.A. Pritchard, Raf proteins and cancer: B-
Raf is identified as a mutational target, Biochimica et Biophys-
ica Acta 1653 (2003), 25–40.

[42] B. Miller, S. Burkey, G. Lindberg, W.H. Snyder 3rd and F.E.
Nwariaku, Prevalence of malignancy within cytologically inde-
terminate thyroid nodules, Am. J. Surg. 188 (2004), 459–462.

[43] N. Mitsutake, J.A. Knauf, S. Mitsutake, C. Mesa Jr, L. Zhang
and J.A. Fagin, Conditional BRAF V600E expression induces
DNA synthesis, apoptosis, dedifferentiation, and chromosomal
instability in thyroid PCCL3 cells, Cancer Res. 65 (2005),
2465–2473.

[44] T. Mizuno, K.S. Iwamoto, S. Kyoizumi et al., Preferential
induction of RET/PTC1 rearrangement by x-ray irradiation,
Oncogene 19 (2000), 438–443.

[45] H. Namba, M. Nakashima, T. Hayashi et al., Clinical implica-
tion of hot spot BRAF mutation, V599E, in papillary thyroid
cancers, J. Clin. Endocrinol. Metab. 88 (2003), 4393–4397.

[46] M.N. Nikiforova, R. Ciampi, G. Salvatore et al., Low preva-
lence of BRAF mutations in radiation-induced thyroid tumors
in contrast to sporadic papillary carcinomas, Cancer Letters
209 (2004), 1–6.

[47] M.N. Nikiforova, E.T. Kimura, M. Gandhi et al., BRAF mu-
tations in thyroid tumors are restricted to papillary carcinomas
and anaplastic or poorly differentiated carcinomas arising from
papillary carcinomas, J. Clin. Endocrinol. Metab. 88 (2003),
5399–5404.

[48] B. Ouyang, J.A. Knauf, E.P. Smith et al., Inhibitors of Raf
kinase activity block growth of thyroid cancer cells with
RET/PTC or BRAF mutations in vitro and in vivo, Clin. Can-
cer Res. 15 (2006), 1785–1793.

[49] D.N. Poller, A.K. Ibrahim, M.H. Cummings, J.J. Mikel, D.
Boote and M. Perry, Fine-needle aspiration of the thyroid, Can-
cer 90 (2000), 239–244.

[50] E. Puxeddu, S. Moretti, R. Elisei et al., BRAF (V599E) muta-
tions is the leading genetic event in adult sporadic papillary thy-
roid carcinomas, J. Clin. Endocrinol. Metab. 89 (2004), 2414–
2420.

[51] H. Rajagopalan, A. Bardelli, C. Lengauer, K.W. Kinzler, B. Vo-
gelstein and V.E. Velculescu, Tumorigenesis: RAF/RAS onco-
genes and mismatch-repair status, Nature 418 (2002), 934.

[52] G. Riesco-Eizaguirre, P. Gutierrez-Martinez, M.A. Garcia-
Cabezas, M. Nistal and P. Santisteban, The oncogene
BRAFV600E is associated with a high risk of recurrence and
less differentiated papillary thyroid due to the impairment of
Na+/I− targeting to the membrane, Endocr. Relat. Cancer 13
(2006), 257–269.

[53] J. Rosai, Rosai and Ackerman’s Surgical Pathology, 9th edn,
Mosby, 2004, pp. 532–541.

[54] G. Salvatore, V. De Falco, P. Salerno et al., BRAF is a therapeu-
tic target in aggressive thyroid carcinoma, Clin. Cancer Res. 12
(2006), 1623–1629.

[55] G. Salvatore, R. Giannini, P. Faviana et al., Analysis of Braf
point mutation and RET/PTC rearrangements refines the fine-
needle aspiration diagnosis of papillary thyroid carcinoma, J.
Clin. Endocrinol. Metab. 89 (2004), 5175–5180.

[56] M.R. Sapio, D. Posca, G. Troncone et al., Detection of BRAF,
mutation in thyroid papillary carcinomas by mutant allele-
specific PCR amplification (MASA), Eur. J. Endocrinol. 154
(2006), 341–348.

[57] A. Schuchardt, V. D’Agati, L. Larsson-Blomberg, F. Costantini
and V. Pachnis, Defects in the kidney and enteric nervous sys-
tem of mice lacking the tyrosine kinase receptor Ret, Nature
367 (1994), 319–320.

[58] G.M. Sclabas, G.A. Staerkel, S.E. Shapiro et al., Fine-needle
aspiration of the thyroid and correlation with histopathology in
a contemporary series of 240 patients, Am. J. Surg 186 (2003),
702–709.

[59] D.L. Segev, D.P. Clark, M.A. Zeiger and C. Umbricht, Beyond
the suspicious thyroid fine needle aspirate. A review, Acta Cy-
tol. 47 (2003), 709–722.

[60] S.I. Sherman, Thyroid carcinoma, Lancet 361 (2003), 501–
511.

[61] P. Smyth, S. Finn, S. Cahill, E. O’Regan, R. Flavin, J.J.
O’Leary and O. Sheils, ret/PTC and BRAF act as distinct mole-
cular, time-dependent triggers in a sporadic Irish cohort of pap-
illary thyroid carcinoma, Int. J. Surg. Pathol. 13 (2005), 1–8.

[62] P. Soares, V. Trovisco, A.S. Rocha, J. Lima, P. Castro, A. Preto,
V. Maximo, T. Botelho, R. Seruca and M. Sobrinho-Simoes,
BRAF mutations and RET/PTC rearrangements are alternative
events in the etiopathogenesis of PTC, Oncogene 22 (2003),
4578–4580.

[63] E.B. Stelow, R.H. Bardales, G.S. Crary, H.E. Gulbahce, M.W.
Stanley, K. Savik and S.E. Pambuccian, Interobserver variabil-
ity in thyroid fine-needle aspiration interpretation of lesions
showing predominantly colloid and follicular groups, Am. J.
Clin. Pathol. 124 (2005), 239–244.

[64] V. Trovisco, I.V. de Castro, P. Soares et al., BRAF mutations
are associated with some histological types of papillary thyroid
carcinoma, J. Pathol. 202 (2004), 247–251.



S.G. Lanzilotta et al. / BRAF in papillary thyroid carcinoma 277

[65] V. Trovisco, P Soares, A. Preto et al., Type and prevalence of
BRAF mutations are closely associated with papillary thyroid
carcinoma histotype and patient’s age but not with tumour ag-
gressiveness, Virchows Arch. 446 (2005), 589–595.

[66] V. Trovisco, P. Soares, R. Soares, J. Magalhaes, O. Sa-Couto
and M. Sobrinho-Simoes, A new BRAF gene mutation de-
tected in a case of a solid variant of papillary thyroid carci-
noma, Hum. Pathol. 36 (2005), 694–697.

[67] G. Viglietto, G. Chiappetta, F.J. Martinez-Tello et al.,
RET/PTC oncogene activation is an early event in thyroid car-
cinogenesis, Oncogene 11 (1995), 1207–1210.

[68] D. Williams, Cancer after nuclear fallout: lessons from the
Chernobyl accident, Nat. Rev. Cancer 2 (2002), 543–549.

[69] M. Xing, BRAF mutation in thyroid cancer, Endocr. Relat.
Cancer 12 (2005), 245–262.

[70] M. Xing, R.P. Tufano, A.P. Tufaro et al., Detection of BRAf
mutation on fine-needle aspiration biopsy specimens: a new
tool for papillary thyroid cancer, J. Clin. Endocrinol. Metab. 89
(2004), 2867–2872.

[71] M. Xing, W.H. Westra, R.P. Tufano et al., BRAF mutation pre-
dicts a poorer clinical prognosis for papillary thyroid cancer, J.
Clin. Endocrinol. Metab. 90 (2005), 6373–6379.

[72] P. Zeppa, G. Benincasa, A. Lucariello and L. Palombini, Asso-
ciation of different pathologic processes of the thyroid gland in
fine needle aspiration samples, Acta Cytol. 45 (2001), 347–352.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


