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Abstract

Differentiated papillary thyroid cancer (PTC) is the most common cancer of the endocrine
system. PTC has a very good prognosis and a high 5 year survival rate; however, some
patients are unresponsive to treatment, and their diagnosis eventually results in death.
Recent efforts have focused on searching for prognostic and predictive factors that may
enable treatment personalization and monitoring across the course of the disease. The
presence of the BRAF mutation is considered to contribute to the risk of poor clinical course,
according to American Thyroid Association (ATA) recommendations. The method used for
genotyping can impact the predicted mutation frequency; however, ATA recommendations
do not address this issue. We evaluated the molecular diagnostic (BRAF p.V600E mutation)
results of 410 patients treated for PTC. We thoroughly analyzed the impact of three different
BRAF mutation detection methods, Sanger Sequencing (Seq), allele-specific amplification
PCR (ASA-PCR), and quantitative PCR (qPCR), on the frequency of mutation detection in
399 patients. Using Seq, we detected the BRAF mutation in 37% of patients; however, we
were able to detect BRAF mutations in 57% and 60% of patients using the more sensitive
ASA-PCR and gPCR technologies, respectively. Differences between methods were partic-
ularly marked in the thyroid papillary microcarcinoma group; BRAF p.V600E mutations were
found in 37% of patients using Seq and 63% and 66% of patients using ASA-PCR and
gPCR, respectively. We also evaluated how these different diagnostic methods were
impacted by DNA quality. Applying methods with different sensitivities to the detection of
BRAF p.V600E mutations may result in different results for the same patient; such data can
influence stratification of patients into different risk groups, leading to alteration of treatment
and follow-up schemes.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179691

June 21,2017 1/12


https://doi.org/10.1371/journal.pone.0179691
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179691&domain=pdf&date_stamp=2017-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179691&domain=pdf&date_stamp=2017-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179691&domain=pdf&date_stamp=2017-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179691&domain=pdf&date_stamp=2017-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179691&domain=pdf&date_stamp=2017-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179691&domain=pdf&date_stamp=2017-06-21
https://doi.org/10.1371/journal.pone.0179691
https://doi.org/10.1371/journal.pone.0179691
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Evaluation of molecular diagnostic approaches for the detection of BRAF p.V600E mutations in PTC

Introduction

Differentiated thyroid cancer is the most common cancer of the endocrine system. In recent
decades, the incidence of this type of cancer has increased 3-fold [1, 2]. In Poland, however,
the incidence of this type of cancer has quadrupled (http://onkologia.org.pl/). The most com-
mon histological type of differentiated thyroid cancer, representing 80-85% of all cases, is pap-
illary thyroid cancer (PTC) [3]. PTC has a very good prognosis and a high 5 year survival rate;
however, some patients are unresponsive to treatment, and their diagnosis eventually results
in death. Recent efforts have focused on searching for prognostic and predictive factors that
may enable treatment personalization and monitoring across the course of the disease. Previ-
ously recognized PTC prognostic factors include tumor size, histological type, age, gender,
the presence of distant or regional lymph node metastases, and incomplete tumor resection
[4]. In terms of genetic susceptibility, the most important molecular variant is the BRAF p.
V600E mutation, encoded by the c.1799T>A change in the BRAF gene, which causes the
protein to become constitutively active. BRAF is part of the MAPK pathway, which blocks
apoptosis and regulates proliferation and invasiveness [3]. Mutations in BRAF have been
detected at different frequencies in different populations, with 36-67% of all PTC cases in
the United States and Europe, and 90% in Korea, reported to carry mutations in this gene
[3, 5-9]. The prognostic significance of BRAF mutations remains a topic of debate, and it
has not been possible to unambiguously assess the clinical relevance of these mutations to
the clinical progression of PTC [8-10]. Furthermore, the method used for genotyping can
impact the detected mutation frequency. Depending on the technique applied, the fre-
quency of mutations identified ranges from 37% for Sanger Sequencing (Seq), single-strand
conformation polymorphism (SSCP), or mutant allele-specific PCR amplification (MASA);
to 66% for quantitative PCR (qPCR); 68% for pyrosequencing; and 90% for peptide nucleic
acid clamp real-time PCR [9, 11-14]. Using immunohistochemistry (IHC) to predict the
presence of the p.V600E variant has yielded ambiguous results [15, 16]; however, a recently
published mutation analysis by IHC revealed promising results, although further validation
is required [17, 18]. Another factor that hinders the assessment of methodology for p.
V600E mutation detection and its clinical significance is the clonality of tumor tissue in
PTC, which necessitates the use of more sensitive methods, such as qPCR or pyrosequen-
cing, rather than Seq [19-22].

In the latest recommendations of the American Thyroid Association (ATA), the presence
of the BRAF p.V600E mutation is one of the factors taken into account in stratification for the
risk of a poor clinical course in PTC; hence the results of screening for p.V600E have an impact
on patient monitoring. Nevertheless, at present, the ATA recommendations do not take into
account the methodology used to assess BRAF mutation status [23].

The goal of this investigation was to compare three genotyping methods, allele-specific
amplification PCR (ASA-PCR), qPCR, and Seq, for detection of the BRAF p.V600E variant in
410 PTC cases. In addition, we analyzed the relationship between DNA quality, genotyping
technique, and molecular diagnosis. We also assessed the impact of tumor tissue clonality, and
calculated the mutation detection rate depending on the diagnostic method used.

Materials and methods
Ethics statement

All of the study procedures were approved by the Institutional Review Board at Holycross
Chamber of Physicians in Kielce and performed according to the Declaration of Helsinki. All
patients provided signed, informed consent before enrolling in the study.
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Patients

We collected formalin fixed paraffin embedded tissue blocks between January 2013 and June
2014 to analyze the BRAF mutation status for 410 patients treated for PTC at the Endocrinol-
ogy Clinic of the Holycross Cancer Center (Kielce, Poland). Three hundred and sixty-one of
the patients (88%) were women, and 49 (12%) were men. The mean age of the patients at the
time of diagnosis was 50 years (SD = 12 years; range: 15-80 years).

The purpose of our analysis was to assess the impact of BRAF mutations on clinical course.
Patients were divided into two groups: the first group included patients with papillary micro-
carcinoma (PTMiC; tumor diameter <10 mm) and without extrathyroidal extension; the sec-
ond group included patients with papillary macrocarcinoma (PTMaC; tumor diameter >10
mm). We performed molecular studies using postoperative material.

Molecular methods

We used three techniques (Seq, ASA-PCR, and real-time qPCR) to test for the presence of the
p-V600E mutation in BRAF. The details of these techniques have previously been described in
the literature [13, 15].

The pathologist marked the area containing PTC tumor cells on a hematoxylin- and eosin-
stained slide. Then, the tumor tissue on matched unstained slides was deparaffinized and the
pathologist-selected area was transferred to a tube for DNA isolation using the QIAamp DNA
FFPE Tissue kit, according to the manufacturer’s instructions (Syngen, Wroclaw, Poland).

We amplified a 224 bp segment of BRAF exon 15 containing codon 600 using the following
PCR primers: BRAFek15f (5'-TCATAATGCTTGCTCTGATAGGA-3') and BRAFek15r (5~
GGCCAAAAATTTAATCAGTGGA-3'). After purification of the PCR products, sequencing was
performed using a BigDye Terminator v1.1 Cycle Sequencing kit (Life Technologies, Warsaw,
Poland) and an ABI 3130 Automatic Capillary DNA Sequencer (Applied Biosystems, USA).
We discriminated among three different types of result: mutation present, mutation absent
(wild-type; WT), and ambiguous (sequencing results not clearly interpretable; Fig 1).

Allele-specific PCR uses three types of primers. Common forward and reverse primers
amplify a DNA fragment with the mutation in the center. The third primer is typically a forward
primer that perfectly matches the mutated allele and amplifies it efficiently. By contrast, the mis-
matched allele is poorly amplified, if at all, by the mutation-specific primer. Unlike qPCR,
ASA-PCR is an endpoint reaction. We performed allele-specific PCR using the BRAFek15f and
BRAFekl15r primers noted above to generate a 224 bp control band and a p.V600E mutation-
specific primer (BRAFek15mutA 5 -GGTGATTTTGGTCTAGCTACAGA-3') together with
BRAFI15r to amplify a 126 bp mutant fragment. We included positive and negative controls in
each experiment. When the control band was not visible (possibly due to DNA degradation),

Fig 1. Sequencing chromatograms representing three different types of results: a) mutation BRAF ¢.1799T>A (p.V600E) present; b) ambiguous
result; c) wild-type.

https://doi.org/10.1371/journal.pone.0179691.9001
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the results were uninterpretable. ASA-PCR products were visualized using MultiNA automatic
chip based electrophoresis (Shimadzu, Kyoto, Japan) (Fig 2).

We performed a qPCR assay targeting a 68 bp region of BRAF exon 15 using Rotor-Gene Q
(Qiagen, Syngen-Biotech, Poland) with the primers, forward 5'-agacctcacagtaaaaatag
gtgattttgg-3'andreverse 5’ -gatgggacccactccatcg-3, and BRAF mutant-specific
(6FAM-CTACAGAGAAATC-MG-BNFQ) and BRAF WT allele-specific (VIC-CTACAGTG
AAATC-MGB-NFQ) probes (Fig 3).

Statistical analysis

McNemar’s test was used to compare paired proportions. Chi-squared test with Yates” correc-
tion was used to compare independent proportions. Two-tailed p values <0.05 were considered
statistically significant. Bonferroni correction was applied to correct for multiple comparisons.
All computations were performed using the statistical package, R, version 3.1.2 (Vienna, Aus-
tria) [24].

Results

In January 2010, we started molecular diagnostics of the BRAF mutation p.V600E in PTC
using the Seq method. Subsequently, in early 2012, due to reports in the literature of a higher
incidence of this mutation in PTC, we complemented our diagnostic algorithm with the more
sensitive method, ASA-PCR, which helps to resolve the ambiguous results that can be pro-
duced by Seq. In 2013, for automation and to increase the sensitivity of BRAF p.V600E muta-
tion detection, a third method, qPCR, was added.

Four hundred and ten cases were selected that had been screened for the p.V600E mutation
between 2013 and 2014, and the results were subjected to detailed statistical analysis. We
planned to test the detection of the p.V600E variant using each of the three methods; however,
no tests were carried out in eight cases (six PTMiC and two PTMaC) due to a lack of DNA. In
three cases (two PTMiC and one PTMaC), there was insufficient DNA material for the qPCR
examination. After excluding these 11 cases, 399 cases (206 PTMaC and 193 PTMiC) were
subjected to further analysis (Tables 1 and 2).

Analysis of the entire data set (n = 399 cases) revealed that the detected mutation rate was
dependent on the analysis method used. Seq detected 37% of mutations; however, the use of
ASA-PCR and qPCR increased the mutation rate to 57% and 60%, respectively (p < 0.0001;
Table 1). After Bonferroni correction for multiple testing, the p.V600E mutation rate only dif-
fered significantly between Seq and ASA-PCR and Seq and qPCR. The WT genotype was
detected most frequently using Seq (47%). The difference in the incidence of the WT genotype
was statistically significant between Seq and ASA-PCR (p < 0.0001), Seq and qPCR (p <
0.001), and ASA-PCR and gPCR (p < 0.0009) (Table 1). The frequent detection of the absence
of the p.V600E mutation by qPCR (39%) compared with ASA-PCR (35%) was due to the fact
that gPCR found no p.V600E mutations in the majority of cases where there was a failed reac-
tion for the ASA method. The frequency of failed reactions in the entire study group (n = 399
cases) differed significantly between Seq and qPCR (p < 0.0001) and between ASA-PCR and
gPCR (p < 0.0001) (Table 1).

Among the 11 ambiguous results generated by the Seq method, 10 were identified as having
p-V600E mutations by both ASA-PCR and qPCR (Table 1).

Also, for both tumor types (PTMaC and PTMIC) there was a trend toward more frequent
p-V600E mutation detection with the ASA-PCR and gPCR methods than the Seq approach
(Table 2). The greatest disparity in the mutation detection rate among the methods was for
PTMIiC; the qPCR method detected nearly twice the number of cases than Seq (p < 0.0001;
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Fig 2. BRAF c.1799T>A (p.V600E) mutation genotyping results using the ASA-PCR method visualized
by MultiNA chip electrophoresis (Shimadzu, Japan). X1, molecular weight marker; A1, no template
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control; A2, negative control (sample without the BRAF p.V600E mutation; WT); A3, negative control sample
without mutation (K-); A4, control sample with BRAF p.V600E mutation (K+); A5—A7 and C1, tested samples.
224pz, reaction control band; 126pz, band indicating the presence of the p.V600E mutation.

https://doi.org/10.1371/journal.pone.0179691.9002

Table 2). Using Seq, p.V600E mutations were detected in PTMiC and PTMaC at almost identi-
cal frequencies (37% and 38%, respectively). By contrast, depending on the method used
(ASA-PCR or gPCR), the variant was more frequently detected in PTMiC (63% and 66%,
respectively; p = 0.03) than PTMaC (52% and 53%, respectively; p = 0.011). For both tumor
groups, the frequency of the WT genotype differed significantly based on the method used
(PTMIC: Seq vs. ASA-PCR, p < 0.00001; Seq vs. qPCR, p < 0.0001; ASA vs. qPCR, p = 0.043;
PTMaC: Seq vs. ASA-PCR, p = 0.026 and ASA vs. qPCR, p = 0.016). Comparing between
tumor types, the frequency of the WT genotype differed significantly between PTMiC and
PTMaC using ASA-PCR (p = 0.01) and qPCR (p = 0.008), but not when Seq was used. In addi-
tion, samples failed genotyping more often when Seq or ASA-PCR was used rather than qPCR
(p < 0.0001), which affected the number of WT results (Table 2).

Mutations other than p.V600E were more frequently detected using Seq in PTMaC than
PTMIiC (6% vs. 2%); however, this difference was not statistically significant (p = 0.18). Simi-
larly, ambiguous results occurred more frequently in PTMiC than PTMaC (4% vs. 2%); again,
the difference was not statistically significant (p = 0.47).

Discussion

PTC is the most commonly diagnosed cancer of the thyroid gland. It is characterized by a gen-
erally mild course, which is reflected in a very high 5 year survival rate (>95%). Unfortunately,
some patients die due to PTC, despite seemingly adequate treatment; therefore, it remains crit-
ically important to discover biomarkers that can stratify patients into groups based on their
predicted prognoses [10, 25-27]. One extensively studied molecular marker is the p.V600E
mutation in the BRAF gene [9]. According to the current ATA 2015 recommendations (pub-
lished in 2016), the presence of the BRAF p.V600E mutation does not alter the way patients
are treated; however, together with other clinical factors, it is included in risk stratification for
poor clinical course. In PTMIC, the presence of the BRAF p.V600E mutation is not useful for
estimation of recurrence risk. However, for PTMaC, the risk of recurrence of structural disease

Trreshod

10 18 2 2 B 3 ) s 0
cyce

Fig 3. Results of genotyping the BRAF c.1799T>A (p.V600E) mutation using qPCR. Black, no template
control sample; green, control sample without the BRAF p.V600E mutation; red, control sample with the
BRAF p.V600E mutation; blue, test samples.

https://doi.org/10.1371/journal.pone.0179691.g003
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Table 1. Genotyping results depending on the diagnostic method used (S, Seq; A, ASA-PCR; q, qPCR) in the entire cohort of 399 cases.

Failed reaction

p-V600E mutation

wT

Detected mutation other than p.V600E

Ambiguous result

*Generated using McNemar's test.

https://doi.org/10.1371/journal.pone.0179691.t001

Method p value*

S A q Svs.A Svs.q Avs.q

36 32 5 0.58 <0.0001 <0.0001
(9%) (8%) (1%)

149 229 238 <0.0001 <0.0001 0.03
(37%) (57%) (60%)

186 138 156 <0.0001 0.001 0.0009
(47%) (35%) (39%)

17 - - - - -
(4%)

11 - - - - -
(3%)

in the presence of this mutation is estimated at approximately 10%, while in the absence of the
mutation the risk is about -5% [23].

In this study, we compared the results of three methods for genotyping the p.V600E muta-
tion in 399 PTC patients. Large differences in the frequency of this mutation, depending on
the population studied and the method of detection used, have been noted in the literature [9,
28]. In the current comparative study, we found that p.V600E was detected in 37% of PTC
cases using the Seq method; however, when we used more sensitive techniques (ASA-PCR and
qPCR), mutation frequencies increased to 57% and 60%, respectively. Prior to this study,
mutations in the Polish population had been analyzed by two research groups [29, 30]. In one
study, mutations were detected in 12/25 PTC cases (48%) using SSCP and real-time quantita-
tive ASA-PCR. We attribute these comparatively lower mutation frequencies to the interpreta-
tion of the genotyping test results, although the differences may also be due to the small size of
the study group in the previous report [29]. In the second Polish study, the authors performed

Table 2. Genotyping results according to tumor size (PTMiC or PTMaC) and diagnostic method (S, Seq; A, ASA-PCR; q, qPCR).

Method p value*

S A q Svs.A Svs.q Avs.q

p.V600E PTMaC > 10 mm (n = 206) 78 108 110 <0.00001 <0.00001 0.683
(38%) (52%) (53%)

PTMiC <10 mm (n =193) 71 121 128 <0.00001 <0.00001 0.023
(37%) (63%) (66%)
pvalue** 0.91 0.030 0.011

wT PTMaC > 10 mm (n = 206) 98 84 94 0.026 0.627 0.016
(47%) (41%) (46%)

PTMiC <10 mm (n =193) 88 54 62 <0.00001 0.0001 0.043
(46%) (28%) (32%)
pvalue** 0.768 0.01 0.008

Failed reaction PTMaC > 10 mm (n = 206) 14 14 2 1.00 0.003 0.001
(7%) (7%) (1%)

PTMiC < 10 mm (n =193) 22 18 3 0.453 <0.00001 0.0003
(11%) (9%) (2%)
pvalue** 0.15 0.456 0.942

*Generated using McNemar's test.

**Test of the proportion of independent samples (PTMaC vs. PTMiC).

https://doi.org/10.1371/journal.pone.0179691.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0179691 June 21, 2017 7/12


https://doi.org/10.1371/journal.pone.0179691.t001
https://doi.org/10.1371/journal.pone.0179691.t002
https://doi.org/10.1371/journal.pone.0179691

@° PLOS | ONE

Evaluation of molecular diagnostic approaches for the detection of BRAF p.V600E mutations in PTC

a molecular analysis of 88 PTC cases using the Seq method [30] and reported a mutation fre-
quency of 43%, which is higher than that found in the current study using the same method;
however, Czarniecka et al. did not consider ambiguous results, indicating that their method of
results interpretation differed from ours. The Seq results generated in the current study were
very similar to those from American and European studies that have used this method [7, 9].
Additionally, our results obtained using more sensitive methods (QPCR and ASA-PCR) are
similar to those obtained by other groups. For example, Huang et al. detected BRAF mutations
in 55% of subjects using amplification-refractory mutation system PCR, compared with our
result of 57% [31]. In the articles discussed above, the authors focused on determination of the
limit of sensitivity of the techniques applied using dilutions of DNA samples carrying the
¢.1799T> A mutation derived from cell lines [11, 14, 31]. The specificity of p.V600E mutation
detection by PCR based methods was assessed by inclusion of follicular thyroid carcinoma, fol-
licular adenoma, and normal thyroid among the test samples, in which p.V600E mutations
were not detected [11, 31].

Guerra et al. reported p.V600E mutation rates of 36.9% and 53.6%, detected using Seq and
pyrosequencing, respectively [21]. Other researchers detected the p.V600E mutation in 73% of
an American population, using qQPCR based methods [32]. These results confirm the trend
observed in this study, where a higher mutation frequency was noted when more sensitive
methods were used. By contrast, the extremely high mutation rates (66-90%) observed in the
Korean population cannot be explained only by the use of a more sensitive genotyping
method. In particular, the p.V600E mutation was detected in 68% of cases by pyrosequencing
[12, 14]; however, it should be noted that this mutation was detected at a frequency of 53.6-
56.9% by an Italian group using pyrosequencing, with a cut-off point of 5%, compared with
the 3.2% value used in the Korean studies [12, 19, 21]. Ethnic, geographical, and environmen-
tal factors, as well as diet (consumption of large amounts of iodine in the form of seaweed),
may have a substantial impact on the frequency of the BRAF p.V600E mutation in Eastern
populations [12, 14]. For example, Chinese researchers reported an overall BRAF p.V600E
mutation rate of 62% using the Seq method [33]. The authors observed a relationship between
the dietary supply of iodine and the frequency of mutations, with mutation frequencies of 69%
in regions with diets rich in iodine and only 53% in regions with iodine-deficient diets [33].
Additionally, only one of the studies described above used fresh tumor tissue samples alone
[29]. Application of FFPE material in molecular studies is justified due to simpler established
workflows for sample processing in pathology departments. In addition, collection of frozen
material (often tumors are <10 mm in diameter) requires a great deal of effort, in terms of
organization and equipment. Guerra et al. [21], who used frozen and FFPE samples, did not
report any differences between the genotyping results from the two sample types. Further-
more, in all the above-mentioned studies, the frequencies of detection of the p.V600E muta-
tion were consistent with the results obtained in this study, according to the methods used.

In the current study, using more sensitive methods (QPCR and ASA-PCR), approximately
15% of cases that were classified by Seq as having the WT allele actually proved to be carriers
of the mutation (Table 1). Possible explanations for this finding include heterogeneity of the
tumor tissue and the amount of normal cell contamination of tumor cells in the material used
for genotyping. In our cohort, all but one of the samples had more than 10% of tumor cells in
the tissue sample. The percentage of tumor cells in the studied cases was in the range 10-95%
(mean 58%, median 60%). We did not find any significant differences between mutation call-
ing when we compared the results from cases with 10-20% tumor cells with those with 25-
95% analyzed by the same molecular test (Seq, ASA, qPCR). As the DNA extraction step was
preceded by histopathological evaluation of the tumor cell content of the sample, the differ-
ences in detection rates may correspond to the heterogeneity of the tumor cell populations. In
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the context of tumor cell heterogeneity, it is preferable to use the most sensitive method for
BRAF p.V600E mutation detection. In our hands, qPCR was the most sensitive technique for
BRAF p.V600E mutation detection, because it could detect the mutation even when samples
were very heterogeneous. Application of sensitive genetic methods (qQPCR, next-generation
sequencing (NGS), MassARRAY, or pyrosequencing) and IHC has demonstrated that there is
considerable heterogeneity in the presence of the BRAF p.V600E mutation in populations of
PTC tumor cells [20, 21, 34].

Our results indicate that Seq and ASA-PCR are equally dependent on the quality of the
tumor sample. In the current study, the genotyping failure rate ranged from 1% to 9%
(Table 1) depending on the diagnostic method used. Similar results were obtained by Ilie
etal. (2-9%) [18]. Our results revealed that the qPCR method is less sensitive to degrada-
tion compared with Seq and ASA-PCR, probably due to the length of the fragments ampli-
fied in each method; for qQPCR, the amplified fragment was only 68 bp, compared with 224
bp for both Seq and ASA-PCR. The results presented by Ilie et al., who used Seq, pyrose-
quencing, and SNaPshot techniques, were similar [18]. This phenomenon is associated
with DNA modification and degradation during formalin fixation and paraffin embedding
[35, 36].

Based on our results, the incidence of the BRAF p.V600E mutation in PTC in the patients
tested may be similar to that indicated by the results of qPCR genotyping (i.e., approximately
60%) [37]. The qPCR method has been validated in a multicenter and multinational study
[15] and is currently the method of choice in our department for BRAF ¢.1799T> A genotyp-
ing. The drawback of this approach is its inability to analyze other mutations; however, such
mutations are rare (3% in the current study), and it is unclear whether they are clinically sig-
nificant [38]. Furthermore, to date, there are no inhibitors available to effectively block these
mutations. We cannot exclude other mutations in the p.V600 codon or nearby that were not
detected by qPCR because of lack of complementarity of the TagMan probe. Problems related
to tumor clonality and the presence of different mutations in the BRAF gene may be solved by
NGS, which is a robust technology that could, in the future, function as a substitute for other
techniques (qQPCR, Seq, pyrosequencing) because of its superior sensitivity and ability to com-
prehensively assess mutation composition in tumor tissue in a single analysis. NGS may also
yield information about the proportion of cells carrying a given mutation, which could help to
infer the clonal composition of the tumor tissue. Furthermore, NGS should be invaluable for
targeted therapy stratification. Assessment of more genes could better refine diagnoses and
may be helpful for prognostication purposes [39].

Conclusions

Our analysis revealed that the BRAF p.V600E mutation rate detected in PTC cases depends on
the sensitivity of the genotyping method used; in the current study, the frequency ranged from
37% (Seq) to 60% (qPCR). Additionally, qPCR proved to be the least dependent on the quality
of the DNA used for the genetic diagnostics. Accordingly, the method of choice for the analysis
of the BRAF p.V600E mutation should be one with sensitivity in the order of 1-5%, that is
robust to DNA degradation (e.g., qPCR or pyrosequencing).

The use of different methods to detect the BRAF mutation can yield significantly different
results for the same patient, and this is particularly evident for microcarcinomas. The presence
of the BRAF mutation is taken into account in ATA risk stratification for structural disease
recurrence, and impacts the intensity of further treatment and follow-up for patients. There-
fore, it is necessary to clearly specify which method is appropriate for BRAF p.V600E mutation
testing and to ensure that the results have predictive value [23].

PLOS ONE | https://doi.org/10.1371/journal.pone.0179691 June 21, 2017 9/12


https://doi.org/10.1371/journal.pone.0179691

@° PLOS | ONE

Evaluation of molecular diagnostic approaches for the detection of BRAF p.V600E mutations in PTC

Acknowledgments

We would like to thank the patients, who provided informed consent for study enrolment and
use of their clinical data.

Author Contributions

Conceptualization: A. Kowalik A. Kowalska.

Data curation: A. Kowalik AW JK DGP IP.

Formal analysis: M. Chrapek.

Funding acquisition: SG.

Investigation: RC EW M. Chiopek LP KG EN.

Methodology: A. Kowalik RC EW M. Chlopek LP.

Project administration: A. Kowalik.

Resources: A. Kowalska A. Kowalik AW JK DGP IP RC EW M. Chlopek LP KG EN.
Software: M. Chrapek A. Kowalik.

Supervision: A. Kowalska A. Kowalik SG.

Validation: A. Kowalska A. Kowalik SG.

Visualization: A. Kowalik M. Chrapek.

Writing - original draft: A. Kowalik A. Kowalska.

Writing - review & editing: A. Kowalik A. Kowalska DGP SG.

References

1. ChenAY, Jemal A, Ward EM. Increasing incidence of differentiated thyroid cancer in the United States,
1988-2005. Cancer. 2009; 115(16):3801-7. https://doi.org/10.1002/cncr.24416 PMID: 19598221.

2. LiN, Du XL, Reitzel LR, Xu L, Sturgis EM. Impact of enhanced detection on the increase in thyroid can-
cer incidence in the United States: review of incidence trends by socioeconomic status within the sur-
veillance, epidemiology, and end results registry, 1980-2008. Thyroid: official journal of the American
Thyroid Association. 2013; 23(1):103-10. https://doi.org/10.1089/thy.2012.0392 PMID: 23043274;
PubMed Central PMCID: PMC3539256.

3. Nikiforov YE, Nikiforova MN. Molecular genetics and diagnosis of thyroid cancer. Nature reviews Endo-
crinology. 2011; 7(10):569-80. https://doi.org/10.1038/nrendo.2011.142 PMID: 21878896.

4. American Thyroid Association Guidelines Taskforce on Thyroid N, Differentiated Thyroid C, Cooper
DS, Doherty GM, Haugen BR, Kloos RT, et al. Revised American Thyroid Association management
guidelines for patients with thyroid nodules and differentiated thyroid cancer. Thyroid: official journal of
the American Thyroid Association. 2009; 19(11):1167—214. https://doi.org/10.1089/thy.2009.0110
PMID: 19860577.

5. Kim KH, Kang DW, Kim SH, Seong |0, Kang DY. Mutations of the BRAF gene in papillary thyroid carci-
noma in a Korean population. Yonsei medical journal. 2004; 45(5):818-21. PMID: 15515191. https://
doi.org/10.3349/ymj.2004.45.5.818

6. Kim SJ, Lee KE, Myong JP, Park JH, Jeon YK, Min HS, et al. BRAF V600E mutation is associated with
tumor aggressiveness in papillary thyroid cancer. World journal of surgery. 2012; 36(2):310-7. https://
doi.org/10.1007/s00268-011-1383-1 PMID: 22190222.

7. Xing M, Liu R, Liu X, Murugan AK, Zhu G, Zeiger MA, et al. BRAF V600E and TERT promoter mutations
cooperatively identify the most aggressive papillary thyroid cancer with highest recurrence. Journal of
clinical oncology: official journal of the American Society of Clinical Oncology. 2014; 32(25):2718—-26.
https://doi.org/10.1200/JC0.2014.55.5094 PMID: 25024077; PubMed Central PMCID: PMC4145183.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179691 June 21, 2017 10/12


https://doi.org/10.1002/cncr.24416
http://www.ncbi.nlm.nih.gov/pubmed/19598221
https://doi.org/10.1089/thy.2012.0392
http://www.ncbi.nlm.nih.gov/pubmed/23043274
https://doi.org/10.1038/nrendo.2011.142
http://www.ncbi.nlm.nih.gov/pubmed/21878896
https://doi.org/10.1089/thy.2009.0110
http://www.ncbi.nlm.nih.gov/pubmed/19860577
http://www.ncbi.nlm.nih.gov/pubmed/15515191
https://doi.org/10.3349/ymj.2004.45.5.818
https://doi.org/10.3349/ymj.2004.45.5.818
https://doi.org/10.1007/s00268-011-1383-1
https://doi.org/10.1007/s00268-011-1383-1
http://www.ncbi.nlm.nih.gov/pubmed/22190222
https://doi.org/10.1200/JCO.2014.55.5094
http://www.ncbi.nlm.nih.gov/pubmed/25024077
https://doi.org/10.1371/journal.pone.0179691

@° PLOS | ONE

Evaluation of molecular diagnostic approaches for the detection of BRAF p.V600E mutations in PTC

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Russo M, Malandrino P, Nicolosi ML, Manusia M, Marturano |, Trovato MA, et al. The BRAF(V600E)
mutation influences the short- and medium-term outcomes of classic papillary thyroid cancer, but is not
an independent predictor of unfavorable outcome. Thyroid: official journal of the American Thyroid
Association. 2014; 24(8):1267-74. https://doi.org/10.1089/thy.2013.0675 PMID: 24787545.

Xing M, Alzahrani AS, Carson KA, Shong YK, Kim TY, Viola D, et al. Association between BRAF V600E
mutation and recurrence of papillary thyroid cancer. Journal of clinical oncology: official journal of the
American Society of Clinical Oncology. 2015; 33(1):42-50. https://doi.org/10.1200/JC0O.2014.56.8253
PMID: 25332244; PubMed Central PMCID: PMC4268252.

Ito Y, Yoshida H, Kihara M, Kobayashi K, Miya A, Miyauchi A. BRAF(V600E) mutation analysis in papil-
lary thyroid carcinoma: is it useful for all patients? World journal of surgery. 2014; 38(3):679-87. https://
doi.org/10.1007/s00268-013-2223-2 PMID: 24052184.

Sapio MR, Posca D, Troncone G, Pettinato G, Palombini L, Rossi G, et al. Detection of BRAF mutation
in thyroid papillary carcinomas by mutant allele-specific PCR amplification (MASA). European journal of
endocrinology / European Federation of Endocrine Societies. 2006; 154(2):341-8. https://doi.org/10.
1530/eje.1.02072 PMID: 16452550.

Kang SH, Pyo JY, Yang SW, Hong SW. Detection of BRAF V600E mutation with thyroid tissue using
pyrosequencing: comparison with PNA-clamping and real-time PCR. American journal of clinical pathol-
ogy. 2013; 139(6):759-64. https://doi.org/10.1309/AJCPN3ULHE6YWBHPH PMID: 23690118.

Walczyk A, Kowalska A, Kowalik A, Sygut J, Wypiorkiewicz E, Chodurska R, et al. The BRAF(V600E)
mutation in papillary thyroid microcarcinoma: does the mutation have an impact on clinical outcome?
Clinical endocrinology. 2014; 80(6):899-904. https://doi.org/10.1111/cen.12386 PMID: 24354346.

Jeong D, Jeong Y, Park JH, Han SW, Kim SY, Kim YJ, et al. BRAF (V600E) mutation analysis in papil-
lary thyroid carcinomas by peptide nucleic acid clamp real-time PCR. Annals of surgical oncology.
2013; 20(3):759-66. https://doi.org/10.1245/s10434-012-2494-0 PMID: 23179992.

Lasota J, Kowalik A, Wasag B, Wang ZF, Felisiak-Golabek A, Coates T, et al. Detection of the BRAF
V600E mutation in colon carcinoma: critical evaluation of the imunohistochemical approach. The Ameri-
can journal of surgical pathology. 2014; 38(9):1235—41. https://doi.org/10.1097/PAS.
0000000000000229 PMID: 24832158; PubMed Central PMCID: PMC4134735.

Koperek O, Kornauth C, Capper D, Berghoff AS, Asari R, Niederle B, et al. Immunohistochemical detec-
tion of the BRAF V600E-mutated protein in papillary thyroid carcinoma. The American journal of surgi-
cal pathology. 2012; 36(6):844-50. https://doi.org/10.1097/PAS.0b013e318246b527 PMID: 22592144.

Zagzag J, Pollack A, Dultz L, Dhar S, Ogilvie JB, Heller KS, et al. Clinical utility of immunohistochemistry
for the detection of the BRAF v600e mutation in papillary thyroid carcinoma. Surgery. 2013; 154
(6):1199-204; discussion 204-5. https://doi.org/10.1016/j.surg.2013.06.020 PMID: 23931769; PubMed
Central PMCID: PMC4100700.

llie MI, Lassalle S, Long-Mira E, Bonnetaud C, Bordone O, Lespinet V, et al. Diagnostic value of immu-
nohistochemistry for the detection of the BRAF(V600E) mutation in papillary thyroid carcinoma: com-
parative analysis with three DNA-based assays. Thyroid: official journal of the American Thyroid
Association. 2014; 24(5):858-66. https://doi.org/10.1089/thy.2013.0302 PMID: 24417277.

Guerra A, Sapio MR, Marotta V, Campanile E, Rossi S, Forno |, et al. The primary occurrence of BRAF
(V600E) is a rare clonal event in papillary thyroid carcinoma. The Journal of clinical endocrinology and
metabolism. 2012; 97(2):517-24. https://doi.org/10.1210/jc.2011-0618 PMID: 22170714.

de Biase D, Cesari V, Visani M, Casadei GP, Cremonini N, Gandolfi G, et al. High-sensitivity BRAF
mutation analysis: BRAF V600E is acquired early during tumor development but is heterogeneously dis-
tributed in a subset of papillary thyroid carcinomas. The Journal of clinical endocrinology and metabo-
lism. 2014; 99(8):E1530-8. https://doi.org/10.1210/jc.2013-4389 PMID: 24780046.

Guerra A, Fugazzola L, Marotta V, Cirillo M, Rossi S, Cirello V, et al. A high percentage of BRAFV600E
alleles in papillary thyroid carcinoma predicts a poorer outcome. The Journal of clinical endocrinology
and metabolism. 2012; 97(7):2333—40. https://doi.org/10.1210/jc.2011-3106 PMID: 22508706.

Gandolfi G, Sancisi V, Torricelli F, Ragazzi M, Frasoldati A, Piana S, et al. Allele percentage of the
BRAF V600E mutation in papillary thyroid carcinomas and corresponding lymph node metastases: no
evidence for a role in tumor progression. The Journal of clinical endocrinology and metabolism. 2013;
98(5):E934—42. https://doi.org/10.1210/jc.2012-3930 PMID: 23533235.

Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov YE, et al. 2015 American Thy-
roid Association Management Guidelines for Adult Patients with Thyroid Nodules and Differentiated
Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and Dif-
ferentiated Thyroid Cancer. Thyroid: official journal of the American Thyroid Association. 2016; 26(1):1—
133. https://doi.org/10.1089/thy.2015.0020 PMID: 26462967; PubMed Central PMCID: PMC4739132.

R Core Team R: A language and environment for statistical computing. Vienna, Austria R Foundation
for Statistical Computing. 2014.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179691 June 21, 2017 11/12


https://doi.org/10.1089/thy.2013.0675
http://www.ncbi.nlm.nih.gov/pubmed/24787545
https://doi.org/10.1200/JCO.2014.56.8253
http://www.ncbi.nlm.nih.gov/pubmed/25332244
https://doi.org/10.1007/s00268-013-2223-2
https://doi.org/10.1007/s00268-013-2223-2
http://www.ncbi.nlm.nih.gov/pubmed/24052184
https://doi.org/10.1530/eje.1.02072
https://doi.org/10.1530/eje.1.02072
http://www.ncbi.nlm.nih.gov/pubmed/16452550
https://doi.org/10.1309/AJCPN3ULH6YWBHPH
http://www.ncbi.nlm.nih.gov/pubmed/23690118
https://doi.org/10.1111/cen.12386
http://www.ncbi.nlm.nih.gov/pubmed/24354346
https://doi.org/10.1245/s10434-012-2494-0
http://www.ncbi.nlm.nih.gov/pubmed/23179992
https://doi.org/10.1097/PAS.0000000000000229
https://doi.org/10.1097/PAS.0000000000000229
http://www.ncbi.nlm.nih.gov/pubmed/24832158
https://doi.org/10.1097/PAS.0b013e318246b527
http://www.ncbi.nlm.nih.gov/pubmed/22592144
https://doi.org/10.1016/j.surg.2013.06.020
http://www.ncbi.nlm.nih.gov/pubmed/23931769
https://doi.org/10.1089/thy.2013.0302
http://www.ncbi.nlm.nih.gov/pubmed/24417277
https://doi.org/10.1210/jc.2011-0618
http://www.ncbi.nlm.nih.gov/pubmed/22170714
https://doi.org/10.1210/jc.2013-4389
http://www.ncbi.nlm.nih.gov/pubmed/24780046
https://doi.org/10.1210/jc.2011-3106
http://www.ncbi.nlm.nih.gov/pubmed/22508706
https://doi.org/10.1210/jc.2012-3930
http://www.ncbi.nlm.nih.gov/pubmed/23533235
https://doi.org/10.1089/thy.2015.0020
http://www.ncbi.nlm.nih.gov/pubmed/26462967
https://doi.org/10.1371/journal.pone.0179691

@° PLOS | ONE

Evaluation of molecular diagnostic approaches for the detection of BRAF p.V600E mutations in PTC

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nam JK, Jung CK, Song BJ, Lim DJ, Chae BJ, Lee NS, et al. Is the BRAF(V600E) mutation useful as a
predictor of preoperative risk in papillary thyroid cancer? American journal of surgery. 2012; 203
(4):436—41. https://doi.org/10.1016/j.amjsurg.2011.02.013 PMID: 21803329.

Li C, Aragon Han P, Lee KC, Lee LC, Fox AC, Beninato T, et al. Does BRAF V600E mutation predict
aggressive features in papillary thyroid cancer? Results from four endocrine surgery centers. The Jour-
nal of Clinical Endocrinology & Metabolism. 2013; 98(9):3702—12.

Lee WS, Palmer BJ, Garcia A, Chong VE, Liu TH. BRAF mutation in papillary thyroid cancer: A cost-util-
ity analysis of preoperative testing. Surgery. 2014; 156(6):1569—78. https://doi.org/10.1016/j.surg.2014.
08.051 PMID: 25444226

Rowe LR, Bentz BG, Bentz JS. Detection of BRAF V600E activating mutation in papillary thyroid carci-
noma using PCR with allele-specific fluorescent probe melting curve analysis. Journal of clinical pathol-
ogy. 2007; 60(11):1211-5. https://doi.org/10.1136/jcp.2006.040105 PMID: 17298986; PubMed Central
PMCID: PMC2095462.

Brzezianska E, Pastuszak-Lewandoska D, Wojciechowska K, Migdalska-Sek M, Cyniak-Magierska A,
Nawrot E, et al. Investigation of V600E BRAF mutation in papillary thyroid carcinoma in the Polish popu-
lation. Neuro endocrinology letters. 2007; 28(4):351-9. PMID: 17693984

Czarniecka A, Rusinek D, Stobiecka E, Krajewska J, Kowal M, Kropifiska A, et al. Occurrence of BRAF
mutations in a Polish cohort of PTC patients-preliminary results. Endokrynologia Polska. 2010; 61
(5):462—6. PMID: 21049459

Huang T, Zhuge J, Zhang WW. Sensitive detection of BRAF V600E mutation by Amplification Refrac-
tory Mutation System (ARMS)-PCR. Biomarker research. 2013; 1(1):3. https://doi.org/10.1186/2050-
7771-1-3 PMID: 24252159; PubMed Central PMCID: PMC3776245.

Gouveia C, Can NT, Bostrom A, Grenert JP, van Zante A, Orloff LA. Lack of association of BRAF muta-
tion with negative prognostic indicators in papillary thyroid carcinoma: the University of California, San
Francisco, experience. JAMA otolaryngology—head & neck surgery. 2013; 139(11):1164—70. https:/
doi.org/10.1001/jamaoto.2013.4501 PMID: 24030686.

GuanH, JiM, Bao R, YuH, Wang Y, Hou P, et al. Association of high iodine intake with the T1799A
BRAF mutation in papillary thyroid cancer. The Journal of clinical endocrinology and metabolism. 2009;
94(5):1612-7. https://doi.org/10.1210/jc.2008-2390 PMID: 19190105.

Ghossein RA, Katabi N, Fagin JA. Immunohistochemical detection of mutated BRAF V600E supports
the clonal origin of BRAF-induced thyroid cancers along the spectrum of disease progression. The Jour-
nal of Clinical Endocrinology & Metabolism. 2013; 98(8):E1414-E21.

Srinivasan M, Sedmak D, Jewell S. Effect of fixatives and tissue processing on the content and integrity
of nucleic acids. The American journal of pathology. 2002; 161(6):1961-71. https://doi.org/10.1016/
S0002-9440(10)64472-0 PMID: 12466110; PubMed Central PMCID: PMC1850907.

Tokuda Y, Nakamura T, Satonaka K, Maeda S, Doi K, Baba S, et al. Fundamental study on the mecha-
nism of DNA degradation in tissues fixed in formaldehyde. Journal of clinical pathology. 1990; 43
(9):748-51. PMID: 2120290; PubMed Central PMCID: PMC502754.

Cancer Genome Atlas Research N. Integrated genomic characterization of papillary thyroid carcinoma.
Cell. 2014; 159(3):676-90. https://doi.org/10.1016/j.cell.2014.09.050 PMID: 25417114; PubMed Cen-
tral PMCID: PMC4243044.

Barollo S, Pezzani R, Cristiani A, Redaelli M, Zambonin L, Rubin B, et al. Prevalence, tumorigenic role,
and biochemical implications of rare BRAF alterations. Thyroid: official journal of the American Thyroid
Association. 2014; 24(5):809-19.

Nikiforova MN, Wald Al, Roy S, Durso MB, Nikiforov YE. Targeted next-generation sequencing panel
(ThyroSeq) for detection of mutations in thyroid cancer. The Journal of clinical endocrinology and
metabolism. 2013; 98(11):E1852-60. https://doi.org/10.1210/jc.2013-2292 PMID: 23979959; PubMed
Central PMCID: PMC3816258.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179691 June 21, 2017 12/12


https://doi.org/10.1016/j.amjsurg.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21803329
https://doi.org/10.1016/j.surg.2014.08.051
https://doi.org/10.1016/j.surg.2014.08.051
http://www.ncbi.nlm.nih.gov/pubmed/25444226
https://doi.org/10.1136/jcp.2006.040105
http://www.ncbi.nlm.nih.gov/pubmed/17298986
http://www.ncbi.nlm.nih.gov/pubmed/17693984
http://www.ncbi.nlm.nih.gov/pubmed/21049459
https://doi.org/10.1186/2050-7771-1-3
https://doi.org/10.1186/2050-7771-1-3
http://www.ncbi.nlm.nih.gov/pubmed/24252159
https://doi.org/10.1001/jamaoto.2013.4501
https://doi.org/10.1001/jamaoto.2013.4501
http://www.ncbi.nlm.nih.gov/pubmed/24030686
https://doi.org/10.1210/jc.2008-2390
http://www.ncbi.nlm.nih.gov/pubmed/19190105
https://doi.org/10.1016/S0002-9440(10)64472-0
https://doi.org/10.1016/S0002-9440(10)64472-0
http://www.ncbi.nlm.nih.gov/pubmed/12466110
http://www.ncbi.nlm.nih.gov/pubmed/2120290
https://doi.org/10.1016/j.cell.2014.09.050
http://www.ncbi.nlm.nih.gov/pubmed/25417114
https://doi.org/10.1210/jc.2013-2292
http://www.ncbi.nlm.nih.gov/pubmed/23979959
https://doi.org/10.1371/journal.pone.0179691

