ORIGINAL ARTICLE

Crossmark Basic Medical Sciences

click for updates

TKMS

http://dx.doi.org/10.3346/jkms.2014.29.8.1054 « J Korean Med Sci 2014, 29: 1054-1060

Clinicopathological Features of Rare BRAF Mutations in Korean
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The most common BRAF mutation in thyroid cancer is ¢.1799T > A (p.Val600Glu), and
other BRAF mutations are rarely reported. We investigated the clinicopathological features
of thyroid cancer with rare BRAF mutations. A total of 2,763 patients with thyroid cancer
underwent molecular testing by direct DNA sequencing for mutations in BRAFexon 15.
Among them, 2,110 (76.4%) had BRAF mutations. The ¢.1799T > A mutation was found
in 2,093 (76.9%) of 2,722 papillary carcinomas and in one of 7 medullary carcinomas.
Sixteen cases (0.76%) harbored rare mutation types. Five cases had single-nucleotide

substitutions, 5 cases had small in-frame deletion or insertion, and one harbored a two-
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nucleotide substitution. Of these mutations, 2 were novel (c.1797_1798insGAGACTACA,
¢.[1799T > A; 1801_1812del]). The ¢.1801A > C mutation was identified in 4 follicular
variant papillary carcinomas and one follicular carcinoma. None of the patients with the
¢.1801A > C mutation showed extrathyroidal extension or lymph node metastasis. The
prevalence of rare BRAF mutations was 0.76% of all BRAF-positive thyroid cancers, and
the rare mutations were associated with less aggressive pathologic features. Although
BRAF mutations are detected exclusively in papillary carcinoma, they are also found in

medullary carcinoma and follicular carcinoma.

Funding: This research was supported by the Basic Science
Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science, ICT and Future
Planning (2013R1A2A2A01068570).

INTRODUCTION

Mutations in the BRAF gene are the most common genetic al-
teration in papillary thyroid carcinomas (PTC) and are present
in 30%-87% of these carcinomas in different populations (1).
The spectrum of mutations in this gene includes point mutations,
small “in-frame” deletions or insertions, and chromosomal re-
arrangements. Among those, the most common mutation is a
point mutation that involves a thymine to adenine substitution
at position c.1799 of the BRAF gene, which results in a valine-
to-glutamate substitution at amino acid codon 600 (pVal600Glu;
V600E). BRAF V600E represents almost 99% of all BRAF muta-
tions in thyroid cancer (2). We previously reported that BRAF
mutations were found in 835 (80.2%) of 1,041 Korean patients
with PTC (2). Most PTCs with the BRAFV600E mutation showed
papillary growth pattern, either classic or tall cell variants (3, 4).
The second most common mutation was a single nucleotide
substitution of adenine to guanine at position 1801 (c.1801A > C),
which leads to lysine to glutamate substitution at residue 601
(p.Lys601Glu; K601E). BRAF K601E has been reported in about
1% of PTCs, especially the follicular variant of PTC (FVPTC),
and in 2 cases of follicular adenoma (3, 5). Other BRAF point
mutants are very rare in thyroid cancers.

We investigated the type and prevalence of rare BRAF muta-
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tions and their clinicopathologic characteristics in a large num-
ber of thyroid cancer cases. Furthermore, we report novel com-
plex mutations of the BRAF gene that were identified in PTC.

MATERIALS AND METHODS

Patients
A total of 2,763 consecutive patients with thyroid cancers who
had surgery at Seoul St. Mary’s Hospital between October 2008
and June 2013 were retrospectively reviewed including the 1,041
PTC patients used in our previous study (2). Thyroid cancer slides
were reviewed by an endocrine pathologist and classified ac-
cording to the World Health Organization classification.

Genomic DNA was extracted from two 10-um sections of for-
malin-fixed, paraffin-embedded archival tissue blocks. The re-
presentative tumor areas were marked and manually microdis-
sected under a stereomicroscope. The largest tumors were cho-
sen for the study from cases with multifocal lesions. After depa-
raffinization, genomic DNA was extracted using the QIAamp
DNA Mini Kit (Qiagen, Hilden, Germany) according to manu-
facturer’s instructions.

A 224-bp fragment of exon 15 of the BRAF gene was ampli-
fied using polymerase chain reaction (PCR) with the following
primers: forward (5°-TCATAATGCTTGCTCTGATAGGA-3") and
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reverse (5 -GGCCAAAAATTTAATCAGTGGA-3"). Thermo cy-
cling was performed as follows: 35 cycles at 94°C for 30 sec, 55°C
for 30 sec and 72°C for 30 sec. Amplicons were evaluated by 2%
agarose gel electrophoresis and purified by QIAquick PCR puri-
fication kit (Qiagen).

Mutational analysis of BRAF genes

We performed direct Sanger sequencing using the previously
reported primers (2). For the tumors with rare mutations, the
following additional methods were used to confirm the authen-
ticity: 1) re-amplification of the exon and bidirectional direct
sequencing on a different day, 2) repeat DNA sequencing with
the re-isolated genomic DNA from the same tissue block and
different tissue block (if available), 3) bidirectional sequencing
using 2 new primer sets specific to the 209 bp and 191-bp frag-
ments of BRAF exon 15. In order to identify the nucleotide com-
position of novel mutations, PCR amplicons were cloned using
the TOPO®TA Cloning Kit (Invitrogen, Carlsbad, CA, USA), as
we described previously (2).

Nomenclature of the novel mutations

The descriptions of the mutations are assigned according to
“Guidelines for mutation nomenclature” from Human Genome
Variation Society (6). For BRAF gene analysis, NBCI reference
sequences-NG_007873.1 and NM_004333.4 were used (www.

ncbi.nlm.nih.gov/nuccore).

Ethics statement
The study protocol was approved by the institutional review
board of Seoul St. Mary’s Hospital, The Catholic University of

Table 1. Clinicopathologic features of thyroid carcinomas with rare BRAF mutations

Korea (KC14RISI0016). Informed consent was exempted by the
board.

RESULTS

The cohort consisted of 2,722 (98.5%) PTCs, 33 (1.2%) follicular
carcinomas, 7 medullary carcinomas, and one undifferentiated
carcinoma. Of a total of 2,763 patients with thyroid cancers, 2,110
(76.4%) had BRAF mutations, which were found in 2,108 (77.4%)
of 2,722 PTCs, one of 33 follicular carcinoma, and one of 7 med-
ullary carcinomas. Nearly all BRAF mutations were the ¢.1799T
> A (V600E) mutation except for 16 cases (0.76%). Other types
of rare mutations were as follows: 1) 5 cases with single nucleo-
tide substitution, c.1801A > C (K601E); 2) 3 cases with silent
mutation, c.[1797A > G; 1799T > A]; 3) 2 cases with in-frame in-
sertions, ¢.1797_1798insGAGACTACA and c.1794_1795insGTT;
4) 2 cases with in-frame deletions, c.[ 1799T > A; 1801_1812del]
and c.1799_1801del; and 5) 4 cases with rare mutation types that
we previously reported (c.[1770_1795dup26; 1795_1796insA],
¢.[1742-10T > C; 1799T > A], c.[1796C > G; 1799 T > A], and
¢.1799_1800TG > AA (2).

The clinicopathologic features of the 16 patients with rare
types of mutation are summarized in Table 1. The c.1801A > C
(K601E) mutation was found in one case of minimally invasive
follicular carcinoma and four cases of encapsulated follicular
variant of PTC. All PTCs with BRAF K601E mutations were en-
capsulated follicular variant and did not show extrathyroidal
extension or lymph node metastasis. The patients were all young-
erthan 45yr.

We previously reported 3 novel complex mutations (cases 13,

a3 Nucleotide change* Amino acid change® Age Sex UTe e Diagnosis H|sto_log|c Extrathy_rmd Multifocality LN meta
No. (yr) (cm) variant  extension
1  ¢1801A>C p.Lys601Glu 38 Female 1.2 PTC EFV Absent Absent NA
2 ¢1801A>C p.Lys601Glu 43  Female 1.3 PTC EFV Absent Absent NA
3 ¢1801A>C p.Lys601Glu 43 Male 45 PTC EFV Absent Absent Absent
4  ¢1801A>C p.Lys601Glu 42 Female 45 PTC EFV Absent Present  Absent
5 ¢1801A>C p.Lys601Glu 70  Male 8 FTC Minimally ~ Absent Absent NA
invasive
6  c.[1797A > G; 1799T > A] p.[(=; Val600Glu)] 46 Femae 0.7 PTC Classic Present Present  Present
7 C[1797A > G; 1799T > A] p.[(=; Val600Glu)] 60 Male 0.7 PTC Classic Present Absent Present
8  C.[1797A > G; 1799T > A] p.[(=; Val600Glu)] 55 Female 1 PTC Classic Present Absent Absent
9 ¢.1797_1798insGAGACTACA' p.Thr599_Val600insGluThrThrt 47 Female 2 PTC EFV Present Present  Present
10 ¢.1794_1795insGTT p.Ala598_Thr599insVal 54  Female 1.2 PTC EFV Present Absent Present
11 ¢.[1799T > A; 1801_1812del]" p.[(ValBOOGIu; Lys601_Trp604del)]” 50 Female 0.9 PTC Classic Present Present  Absent
12 ¢.1799_1801del p.Val600_Lys601delinsGlu 54 Male 8.3 PTC EFV Absent Absent Absent
13 ¢.[1770_1795dup26; 1795_1796insA] p.[Lys591_Ala598dup; Ala598_ 46 Female 0.8 PTC Classic Absent Absent Absent
Thr599insLys]
14 ¢.[1742-10T > G; 1799T > A] p.Val600Glu 38 Female 1.5 PTC Classic Absent Absent Absent
15 ¢[1796C > G; 1799 T > A] p.[(Thr599Arg; Val600Glu)] 44 Female 0.8 PTC Classic Absent Present  Absent
16 ¢.1799_1800TG > AA p.Val600Glu 56 Female 0.3 PTC Classic Absent Absent  Present

*Nomenclatures are assigned according to the system of the Human Genome Variation Society (www.hgvs.org/mutnomen); ‘These are novel complex mutations that have not
been reported in thyroid cancer. PTC, papillary thyroid carcinoma; FTC, follicular thyroid carcinoma; EFV, encapsulated follicular variant; LN meta, lymph node metastasis.
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Fig. 1. Electropherograms of case 9 harboring a mutation of ¢.1797_1798insGAGACTACA. (A) Direct sequencing of BRAF exon 15 PCR product shows 9-bp tail sequence in
its electropherograms. (B) Subcloning demonstrates newly inserted nucleotides (GAGACTACA) in between nucleotides positions ¢.1797 and ¢.1798.

14 and 15) and additionally found 2 novel BRAF mutations,
¢.1797_1798insGAGACTACA and c.[ 1799T > A; 1801_1812del]
(case 9 and case 11, respectively). Sequence analysis of case 9
showed 9-nucleotide GAGACTACA insertion between posi-
tions ¢.1797 and ¢.1798 (c.1797_1798insGAGACTACA). This
mutation leads to the insertion of 3 amino acids, glutamate-
threonine-threonine, between codons 599 and 600 (p.Thr599_
Val600insGluThrThr) (Fig. 1). The mutation in case 11 consisted
of the usual T to A substitution at position ¢.1799 (c.1799T > A),
followed by deletion of 12 nucleotides from ¢.1801 to c.1812.
These mutations lead to a substitution from valine to glutamate
at codon 600 and in-frame deletion of 4 amino acids from co-
dons 601 to 604 (p.[(Val600Glu; Lys601_Trp604del)]) (Fig. 2).
Cloning and subsequent sequence analysis of the PCR ampli-
con demonstrated that both mutations were located within the
same allele.

Interestingly, a 61-yr-old female with medullary carcinomas
at bilateral lobes showed BRAF ¢.1799T > A mutation (Fig. 3).
The tumors were confirmed as pure medullary carcinomas based
on the immunohistochemical findings of diffuse positivity for
calcitonin, carcinoembryonic antigen and chromogranin (Fig. 3).

DISCUSSION

Our study summarizes data on 16 patients with rare mutations
in BRAF, detected by direct sequencing of BRAF exon 15, in
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Fig. 2. Electropherograms of case 11, harboring a mutation of ¢.[1799T>A; 1801_
1812del]. Direct sequencing shows a complex mutation of ¢.1799T>A and ¢.1801_
1812del overlapped with the wild-type allele peaks (above). Deletion of 12 nucleo-
tides ("AAATCTCGATGG) and, a substitution at nucleotide position ¢.1799 are located
on the same allele. Subcloning reveals substitution and deletion mutations of the mu-
tant clone, confirming that both mutations are located on the same allele (below).

2,763 thyroid cancer samples. Thus, 0.76% of BRAF-mutated
tumors exhibited a rare mutation type.
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Fig. 3. Histological and immunohistochemical aspects of the medullary thyroid carcinoma case (A, B) and electropherogram of its BRAF mutation (C). (A) The tumor shows a
characteristic appearance with the presence of round to polygonal tumor cells with fibrosis and amyloid deposition (Hematoxylin and eosin stain, x 200). (B) Calcitonin immu-
nohistochemical stain reveals diffuse and strong positivity in tumor cells (x 200). (C) Forward electropherogram show overlapping peak at the nucleotide position ¢.1799. Mu-

tant peak demonstrates a T to A transversion.

Regarding the prevalence of mutation other than BRAFV600E,
BRAF K601E was found the most common mutation, which is
in agreement with a past report (1). The K601E mutation results
from a substitution of A to G at the base position 1801 and has
been reported to be associated with a FVPTC. In the FVPTC,
the BRAF V600E mutation rate ranged from 9.6% to 26%, and
the rate of BRAF K601E mutation has been reported to be as
high as 9% (3, 4, 7). In our study, there were 4 cases of FVPTC
harboring a BRAF K601E mutation. Another case, which was
also mentioned in our previous report, was minimally invasive
follicular carcinoma harboring the BRAF K601E mutation (2).
Overall, the incidence of FVPTC with BRAF K601E mutation in
Korea seems to be lower than incidences reported in Western
countries (8). In our study, all 5 thyroid cancers with BRAFK601E
showed less aggressive pathologic features (e.g., extrathyroidal
extension and lymph node metastasis) compared with those
harboring BRAF V60OE. It is well known that there are 2 types of
FVPTC: infiltrative and encapsulated forms. These forms show
different clinical behaviors, and the presence of tumor capsule
in the encapsulated follicular variant (EFV) is associated with
excellent prognosis (4). All BRAF K601E-mutated tumors in our
series belonged to EFV. Castro et al. (9) analyzed somatic muta-
tion of 40 FVPTCs and found 3 cases harboring BRAF K601E.
The tumors with BRAF K601E had no extrathyroidal extension,
multifocality nor vascular invasion.

Penelli et al. (10) reported a case of follicular carcinoma with
BRAFK601E and PIK3CA E5451 mutations in a 78-yr-old male.
The tumor showed capsular and multiple vascular invasions
and a poorly differentiated component. Schulten et al. (11) re-
ported the BRAF K601E in one case each from minimally inva-

http://dx.doi.org/10.3346/jkms.2014.29.8.1054

sive follicular carcinoma, classic PTC, and a follicular variant of
PTC. We found a BRAFK601E in 70-yr-old male patient with an
8 cm-sized minimally invasive follicular carcinoma (Table 1, case
5). The tumor was composed of microfollicles and focally inva-
ded the fibrous tumor capsule. No angioinvasion or extrathyroi-
dal extension was found. These results suggest a link between
BRAF K601E and follicular histology subtypes encompassing
PTC and follicular carcinoma. BRAF mutation should be includ-
ed as part of the molecular pathogenesis of follicular carcinoma
although the mutation itself rarely occurs in the tumor.

Three classic PTCs were associated with nucleotide substitu-
tion at the base position 1797 and 1799, resulting in the common
V600E mutation. The tumors were all less than 1 cm in size, but
showed extrathyroidal extension. Among these cases, lymph
node metastasis was found in 2 cases (Table 1).

In our series, one of 7 medullary carcinomas had the BRAF
V600E genetic alteration. Hereditary medullary carcinoma, aris-
ing in multiple endocrine neoplasia type 2, harbored activating
germ-line mutations of the RET proto-oncogene. Somatic RET
mutations were detected in 46%-60% of sporadic medullary
carcinomas, and somatic RAS mutations were also found in the
tumors. However, BRAF mutation of medullary carcinoma has
been reported only in a study by Goutas et al. (12). A Greek me-
dullary carcinoma cohort of 44 patients analyzed BRAF status
with an enriched PCR-restriction fragment length polymorphism
method (PCR-RFLP) and found the BRAF V600E mutation in
30 samples (68.2%). One possible reason for such high frequen-
cy may be that the erroneous high mutation rate was made by
the technical defect of PCR-RFLP method. PCR-RFLP utilizes
restriction endonuclease for digestion of wild type and mutant
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type PCR productions. Therefore, when enzymatic activity is in-
sufficient on the PCR products, false positive result may occur.
In the sequencing analysis studies of large number of MTC sam-
ples (total 95 cases), no mutation of BRAFwas found (13). How-
ever, the reason for such disparity remains to be clarified. In the
present study, authenticity of the mutation was confirmed by
repeat bidirectional DNA sequencing with the re-isolated ge-
nomic DNA using 2 different primer sets.

Table 2 summarizes rare exon 15 BRAF mutations previously
reported in the literature with description of nucleotide chang-
es. All rare BRAF mutations in thyroid cancers, except for the
K601E, have been detected in PTC. Next to BRAF K601E muta-
tion, 3-nucleotide (thymidine-guanine-adenine) deletions from
the base positions 1799 to 1801 were found in 7 cases of PTC.
This mutation results in deletion of 2 amino acids (pVal600_
Lys601) and insertion of glutamate. Interestingly, in one case
studied by Oler et al. (14), the mutation was present exclusively
in lymph node metastases. The authors suggested that it could
be an additional cumulative genetic event in tumor progression
or aresult of metastasis from a different primary focus.

BRAF is a serine-threonine kinase and is a part of MAPK sig-
naling pathway. Once BRAFis translocated to the cell membrane
and activated by RAS, it phosphorylates and activates MAPK
pathway. This signaling pathway regulates various processes
including cell proliferation, differentiation and survival (1). On-
cogenic mutations of BRAF act by constitutive activation of MA-
PK pathway and they mostly affect residues located within the
kinase domain of the protein; glycine-rich phosphate-binding
loop (P loop, residues 462-471) and activation loop (A loop, res-
idues 593-622). Activation of wild-type BRAF kinase needs phos-
phorylation of residues Thr599 and/or Ser602 which takes posi-

tion in the activation segment. Under basal condition, hydro-
phobic interactions between A-loop and P-loop stabilize the
protein. Oncogenic BRAF mutations of residue Val600 destabi-
lize this inactive conformation, thereby triggering constitutive
activation of the enzyme. Cancer-associated BRAF mutations
can be divided into 3 categories according to their function. High
kinase activity group (exemplified by V60OE and K601E in A loop),
low kinase activity group (exemplified by Gly464Glu in P loop
and Phe595Leu in A loop), and rare impaired activity group (ex-
emplified by Asp594Val in A loop). In the case of BRAF K601E,
although it is in the high activity group, its kinase activity is 40%
of that of BRAF V600E (15). Hou et al. (16) functionally charac-
terized mutation caused by deletion and insertion (c.1799delins
ATTTTGGTCTAGCTACAG). Like classical BRAF V600E, the
new mutation resulted in constitutive activation of the kinase
activity and also caused transformation of transfected cells (16).
Several researchers also analyzed functional activity of the rare
BRAF mutations, suggesting their important role in PTC tumor-
igenesis (17-20). These results support that the nucleotide se-
quence around position c.1799 is vulnerable to genetic altera-
tions and disturbance of the electric charge in amino acid in
this region converts BRAF into the oncogenic kinases (1).

There has been an association between BRAF V600E muta-
tion and aggressive histologic characteristics of PTC, including
extrathyroidal extension, lymph node metastasis, more advanc-
ed stage at the time of diagnosis and poor prognosis (4). More-
over, this mutation has been associated with a higher recurren-
ce in low-risk stage I-1I PTC patients (21). Although such results
has not been found in some studies (7) and the conclusion is
still a matter of debate, the clinical significance of the BRAF mu-
tation in regard to tumor aggressiveness and as a poor prognos-

Table 2. Clinicopathologic features of rare BRAF mutations of thyroid tumors previously reported in the literature

Nucleotide change Amino acid change Diagnosis Histologic variant Reported cases Reference
c1801A>C p.Lys601Glu PTC FV, Classic 0.8-9.4% of FVPTCs (3,4,7,9
FTC NA 2 (10,11)
¢.1799_1801del p.Val600_Lys601delinsGlu PTC Solid 1 (23)
PTC Classic 4 (14,16, 24, 25)
PTC Trabecular 1 (4
PTC EFV 1 (24)
¢.1796_1809delinsTC p.Thr599_Arg603delinslle PTC EFV 2 (19
€.1794_1795insGTT p.Ala598_Thr599insVal PTC Classic 1 (20)
¢.1799delinsATTTTGGTCTAGCTACAG p.Val600delinsAspPheGlyLeuAlaThr PTC NA 1 (16)
c1793C>T p.Ala598Val PTC Fv 1 (26)
¢.[1796C > T;1798_1799insCTT] p.[Thr599lle;Val600delinsAspLeu PTC Solid 1 (27
¢.1799_1814delinsATGT p.Val600_Ser605delinsAspVal PTC Fv 1 (28)
NA p.Gly474Arg PTC Fv 1 9
c1834C>T p.GIn612Ter PTC NA 1 (29)
¢.1798delinsTACA p.Val600delinsTyrMet PTC Classic 4 (18)
€.1799_1800TG > AA p.Val600Glu PTC NA 2 (17)
¢.1795_1797dup p.Thr599dup ATC* - 11 (30)
PTC aggressive (11)
¢.1794_1796delTAC p.Thr599del FA NA 1 (11)

*The tumor was mixed ATC/PTC type. FV, follicular variant; PTC, papillary thyroid carcinoma; FTC, follicular thyroid carcinoma; EFV, encapsulated follicular variant; LN meta, lymph
node metastasis; ATC, anaplastic thyroid carcinoma; NA, not available; FA, follicular adenoma.
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tic factor is generally accepted. However, only a small number
of cases have been reported regarding the clinicopathologic fea-
tures of the rare BRAF mutations and further studies are need-
ed to determine the significance of these mutations.

Less is known about the exact cause of PTC carcinogenesis,
but one of the well-established risk factors is an ionizing radia-
tion exposure. Among thyroid cancer mutation mechanisms,
chromosomal rearrangements are strongly associated with ion-
izing radiation exposure (1). There have been only a few studies
on the molecular epidemiology of thyroid cancer. According to
a recent study, the increase in the incidence of thyroid cancer
over the past 4 decades is strongly related to the increase in BRAF
mutation in classic PTC and the increase in RAS mutation in
FVPTC. In contrast, the frequency of thyroid cancer-specific
chromosomal rearrangements is decreasing (22). Along with
this general epidemiologic trend, the exceptionally high frequ-
ency of BRAF mutation in PTC of the Korean population implies
that the recent increase in PTC incidence in Korea may be as-
sociated with the causes of BRAF mutation. There is some evi-
dence supporting the role of environmental factors, including
iodine diet and chemical influence, in BRAF mutagenesis (1),
but further studies are still needed.

Direct sequencing is accepted as the gold standard method
for the detection of genetic alterations and it can detect muta-
tions at any gene position. However, other assay methods (e.g.,
pyrosequencing, colorimetric assay or shifted termination as-
say, real-time PCR, etc.) are mostly designed to detect point mu-
tations in BRAF codon 600. The present study demonstrates
that point mutations in codon 600 comprise more than 99% of
all BRAF mutations. Based on this result, assay methods that
screen for the “hot spot” BRAF ¢.1799T > A mutation seem to
be reasonably sufficient for BRAF mutation screening in Kore-
an thyroid cancer patients.

In conclusion, several BRAF mutation types other than BRAF
V600E mutation exist but their prevalence is very low at around
0.76% among all BRAF mutation positive Korean thyroid can-
cers. BRAF K601E is the most common type of rare mutations.
Although limited by the small number of BRAF K601E-mutated
tumors, BRAFK601E may be associated with less aggressive pa-
thologic features, when taken together with previous reports.
We add 2 novel mutations to the list of BRAF mutations found
in PTC. Further studies are needed to characterize the roles of
rare BRAF mutations in thyroid cancers.
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