
High-Sensitivity BRAF Mutation Analysis: BRAF V600E
Is Acquired Early During Tumor Development but Is
Heterogeneously Distributed in a Subset of Papillary
Thyroid Carcinomas

Dario de Biase,* Valentina Cesari,* Michela Visani, Gian Piero Casadei,
Nadia Cremonini, Greta Gandolfi, Valentina Sancisi, Moira Ragazzi,
Annalisa Pession, Alessia Ciarrocchi,* and Giovanni Tallini*

Department of Medicine (D.d.B., V.C., G.T.), Anatomic Pathology Unit, Ospedale Bellaria, University of
Bologna, 40139 Bologna, Italy; Department of Pharmacology and Biotechnology (V.C., M.V., A.P.),
University of Bologna, 40100 Bologna, Italy; Anatomic Pathology Unit (G.P.C.) and Endocrinology Unit
(N.C.), Ospedale Maggiore, 40133 Bologna, Italy; and Molecular Biology Laboratory (G.G., V.S., A.C.)
and Anatomic Pathology Unit (M.R.), Istituto di Ricovero e Cura a Carattere Scientifico-Arcispedale Santa
Maria Nuova, 42123 Reggio Emilia, Italy

Context: The homogeneous distribution of BRAF V600E in papillary thyroid carcinoma (PTC) has
been called into question by recent reports. These studies claim that BRAF V600E is heterogeneous
and is limited to tumor cell subsets in the majority of PTCs.

Objective: The objective of the study was to understand the allele distribution of BRAF V600E by
evaluating the percentage of mutated neoplastic cells in a group of PTCs using two different highly
sensitive analytical approaches: allele-specific locked nucleic acid PCR and 454 next-generation
sequencing targeted to BRAF exon 15.

Study Design: BRAF V600E was investigated using allele-specific locked nucleic acid PCR on 155
consecutive samples of PTC. Mutated cases were reanalyzed by 454 next-generation sequencing
and immunohistochemistry. Because the evaluation of genetic heterogeneity in tumor samples can
be profoundly biased by contamination with normal cells, all mutation frequency data were nor-
malized to the real amount of neoplastic cells within each tumor.

Results: Eighty-five of 155 PTCs (54.8%) were BRAF V600E mutated. The distribution of mutated
neoplastic cells within the tumor was as follows: greater than 80% in 37 of 85 (43.5%), 30–80% in
39 of 85 (45.9%), and less than 30% in 9 of 85 (10.6%). In most of the PTCs with less than 80% BRAF
V600E-positive neoplastic cells, the mutation was present in large neoplastic cell subpopulations.
Tumors with less than 30% mutated neoplastic cells were smaller than tumors with a percentage
of mutated cells greater than 80% or between 30% and 80% (P � .05).

Conclusions: BRAF V600E is heterogeneously distributed in some PTCs. The large BRAF V600E
neoplastic cell subpopulations found in mutated cases is consistent with the view that the BRAF
V600E is acquired early during PTC development. (J Clin Endocrinol Metab 99: E1530 –E1538,
2014)
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The BRAF (v-Raf murine sarcoma viral oncogene ho-
molog B1) gene encodes for a protein kinase belong-

ing to the MAPK cascade (1). Activating mutations in the
BRAF gene frequently occur in several types of solid tu-
mors, to the point that a large effort has been undertaken
to develop effective treatment strategies that target this
molecule in tumors (2, 3). Papillary thyroid carcinoma
(PTC) is the most common malignancy of the endocrine
system (4). Approximately 45%–50% of PTCs harbor ac-
tivating mutations in the BRAF gene. More than 90% of
the BRAF-mutated PTCs are characterized by a T1799A
transversion that results in the V600E aminoacidic sub-
stitution within the activating domain of the protein (5).
This mutation results in constitutive activation of kinase
activity. Expression of BRAF V600E mutated protein in
the thyroid gland of mice leads to the development of thy-
roid cancer with high penetrance and short latency, sug-
gesting that mutations in BRAF may function as initial
transforming event during thyroid tumor development
(6). If this were the case, the cancer model of clonal evo-
lution would imply that most of the cancer cells in a given
tumor should harbor this mutation. However, clonality of
BRAF V600E mutation in PTCs has been recently called
into question by reports in which the allele percentage of
this mutation was estimated using pyrosequencying, a sen-
sitive and semiquantitative sequencing method. These
studies have shown that BRAF V600E is heterogeneously
distributed and limited to a fraction of tumor cells in most
PTC samples (7, 8). Understanding the allele distribution
of the mutation is important to confirm the molecular
basis of PTC development. Because genetic heterogeneity
is a feature of aggressive tumors and may cause resistance
to targeted molecular therapy, the analysis of the propor-
tion of the BRAF V600E alleles may also have important
consequences for patient treatment with specific BRAF
inhibitors.

To address the issue of BRAF V600E distribution
within PTC, we evaluated the percentage of BRAF V600E-
mutated cells using two different analytical approaches,
allele-specific locked nucleic acid PCR (ASLNAqPCR)
and 454 next-generation sequencing (NGS). Both are
highly sensitive and have been previously used to quantify
mutated allele percentages of tumor samples (9–11).

Because the evaluation of genetic heterogeneity in tu-
mor samples can be profoundly biased by contamination
with normal cells, we normalized the frequency of mu-
tated alleles to the real amount of neoplastic cells present
in each tumor. To the best of our knowledge, this is the first
study that has systematically taken this important issue
into consideration.

Materials and Methods

Selection of cases
A total of 155 consecutive PTCs diagnosed at the Anatomic

Pathology Units of the Bellaria and Maggiore Hospitals (Bolo-
gna, Italy) were analyzed for the BRAF V600E mutation. Eighty-
five of 155 samples carried the BRAF V600E mutation (see be-
low). The details of the cases selected are reported in the http://
press.endocrine.org/doi/suppl/10.1210/JC.2013-.4389/suppl_
file/JC-13-4389.pdf. Supplemental Materials and Methods, and
their clinicopathological features are summarized in Supplemen-
tal Table 1.

Assessment of neoplastic cell content in the
samples for mutation analysis

The details of the assessment of neoplastic cell content in the
samples submitted to sequence analysis are reported in Supple-
mental Materials and Methods. The proportion of neoplastic
cells was expressed as a percentage, after careful microscopic
evaluation of the area marked on the hematoxylin and eosin slide
used as control for DNA extraction by two pathologists (G.P.C.
and G.T.), who were blinded to the results of mutation analysis.

BRAF mutational analysis

Allele-specific locked nucleic acid PCR
All 155 cases of PTCs were assessed for the presence of BRAF

T1799A (BRAF V600E) by a mutation-specific real-time PCR
method that uses locked nucleic acid-modified allele specific
primers and a locked nucleic acid-modified beacon probe to
achieve high sensitivity and specificity. This method,
ASLNAqPCR, has been previously described (10, 12) and allows
the reliable quantification of the percentage of mutated alleles in
a given DNA sample (see Supplemental Materials and Methods
and Supplemental Figure 1).

Next-generation sequencing
In30casespositive for theV600EmutationafterASLNAqPCR,

the 454 GS-Junior next generation sequencer platform (Roche Di-
agnostics) was used for parallel sequencing of BRAF exon 15, ac-
cording to previously established protocols (9). The 454 NGS pro-
tocol is summarized in the Supplemental Materials and Methods.
Next-generation sequencing of target DNA sequences (reads) not
only allows the identification of a mutation with very high analyt-
ical sensitivity but also accurately quantifies the percentage of mu-
tatedamplicons inthesampleanalyzed(seeSupplementalMaterials
and Methods and Supplemental Figure 1).

Immunohistochemistry
Immunohistochemistry was performed as previously described

(8)onroutinely fixed,paraffin-embedded tissue sections, according
to a standard immunoperoxidase protocol with a Ventana Bench-
mark XT autostainer (Ventana Medical Systems). The mouse an-
tihuman BRAF V600E monoclonal antibody (clone VE1; Spring
Bioscence) was used to identify mutated cases.

Evaluation of the proportion of neoplastic cells
with the BRAF V600E mutation

The percentage of mutated alleles obtained by the
ASLNAqPCR analysis was normalized to the proportion of neo-
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plastic cells (vs contaminant non-neoplastic cells) in each tumor
using the following formula: percentage of mutated neoplastic
cells � (R/X � 100), where R is the ratio of BRAF mutated vs
wild-type alleles (R � 2�(CtMut�CtWT)), where Ct is the threshold
cycle, Mut and WT are mutated and wild-type alleles, and X is
the estimated percentage of neoplastic cells, respectively.

The percentage of neoplastic cells obtained using NGS was
similarly normalized to the proportion of neoplastic cells in each
tumor using the following formula: percentage of mutated neo-
plastic cells � [(MR � 2)/X] � 100, where MR is the percentage
of mutated reads according to NGS and X is the estimated per-
centage of neoplastic cells. For all cases BRAF V600E was pos-
tulated to be heterozygous and the tumor euploid.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0

tool. Results with a value of P � .05 were considered to be

statistically significant. Statistical tests
used for each analysis are described in the
text or reported in the figure legends.

Results

Distribution of BRAF V600E in
PTC samples after ASLNAqPCR

One hundred fifty-five PTC samples
were genotyped for the presence of
BRAF V600E using the ASLNAqPCR
technique. Eighty-five of 155, corre-
sponding to 54.8% of the samples,
were positive for the mutation (Figure
1A). This frequency is in line with the
numbers reported in the literature for
the BRAF V600E mutation in PTCs
(13). ASLNAqPCR is a quantitative
technique that allows a reliable assess-
ment of the percentage of a mutated
allele within a population of DNA
molecules (10, 12). Thus, we used this
method to evaluate the percentage of
BRAF V600E cells in each of the sam-
ples positive for the mutation.

The analysis of genetic heterogene-
ity in tumors can be profoundly biased
bycontaminationofnontumoral cells.
To reduce this bias, we estimated the
proportion of neoplastic cells vs non-
neoplastic cells (ie, contaminant endo-
thelial, stromal, and inflammatory
cells) for eachsample.The twopathol-
ogists (G.P.C. and G.T.) who did the
evaluation had a concordance rate of
88.2%, corresponding to 75 of the 85
samples. In the 10 cases with discor-
dant estimates, the percentage of neo-

plastic vs non-neoplastic cells used for the study was the
mean of the values estimated by each pathologist (Supple-
mental Table 1). All 10 cases were tumors that were either
associatedwitha largenumberof infiltrating lymphocytesor
that were of small size, making it difficult to define the pro-
portion of non-neoplastic cells collected with the tumor cells
for DNA analysis.

Assuming that BRAF mutations are heterozygous (that
is, they are present in only one of the two alleles, as is the
case for nearly all mutated oncogenes), the percentage of
mutated cells corresponds to the double of the mutated
allele percentage obtained by ASLNAqPCR (Figure 1, B
and C). This percentage of mutated cells was then nor-
malized to the proportion of neoplastic cells in the area

Figure 1. BRAF V600E mutation analysis in PTC. A, Percentage of mutated (mPTC, PTC CL, PTC
FV, PTC TC) and wild-type (WT) samples. PTC CL, PTC-classic; PTC FV, PTC-follicular variant; PTC
TC, PTC-tall cell variant. B, Hematoxylin and eosin sections of three representative tumors with
BRAF V600E (PTC cases 67, 69, and 65, from left to right) in which the mutation is present in
virtually all neoplastic cells. C, Hematoxylin and eosin sections of three representative tumors with
BRAF V600E (PTC cases 24, 7, and 6, from left to right) in which the mutation is present in a minority
of neoplastic cells. The boxes in panels B and C show the percentage of neoplastic cells in the tumor
(Tumor Cell %), the percentage of BRAF V600E-mutated alleles after ASLNAqPCR (Mutated Allele
%), and the percentage of BRAF V600E-mutated cells after the normalization to the estimated
proportion of neoplastic cells within the tumor (Normalized Mutated Cell %).
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dissected for DNA analysis, as outlined in Material and
Methods. We reasoned that the percentage of the mutated
neoplastic cells calculated after normalization should bet-
ter reflect the real distribution of BRAF V600E within the
tumor than an analysis that is not normalized.

In the 85 mutated PTCs analyzed in our study, the ratios
[R � 2�(CtMut�CtWT)] calculated according to ASLNAqPCR
were between 0.01 and 0.82 (mean value 0.32, median
value 0.29). Without normalization, only one sample dis-
played a percentage of mutated neoplastic cells greater
than 80%, whereas the rest showed a lower percentage of
neoplastic cells with the mutation (Figure 2A). These re-
sults are similar to those previously reported in PTCs
based on pyrosequencing analysis of the BRAF mutation
(7, 8). These data change drastically when the proportion of
neoplastic cells within the samples was taken into consider-
ation (Figure 2, B–F). After normalization to the proportion
of neoplastic cells within the tumor, the percentage of neo-
plastic cells carrying BRAF V600E ranged from 4% to
107.1% (mean value 67.5%, median value 65.0%) (Figure
2, B and C). Mutant allele-specific imbalance may explain
why a normalized proportion of neoplastic cells within tu-
mor samples can result in figures greater than 100% (14). It
should also be considered that the percentage counts for the
proportion of neoplastic cells represent an estimate of their
real content within each tumor. In our study, the calculated
proportion of BRAF V600E neoplastic cells was slightly
above the 100% mark in less than 10 samples of the entire
series, strengthening the validity of our approach.

Three groups of tumors could be clearly identified: tu-
mors with less than 30% of BRAF V600E mutated neo-
plastic cells (9 of 85 cases, 10.6%), tumors with a per-
centage of mutated neoplastic cells between 30% and
80% (39 of 85 cases, 45.9%), and tumors with more than
80% mutated neoplastic cells (37 of 85 cases, 43.5%).
Many PTCs showed a percentage of mutated neoplastic
cells greater than 80% (Figure 2, B and C). In the rest of
the samples, BRAF V600E was present in a variable frac-
tion of tumor cells, often in large cell subpopulation. A
single case showed less than 10% BRAF V600E mutated
neoplastic cells (Figure 2, B and C).

Thirty-four of the 85 BRAF-mutated samples were
papillary thyroid microcarcinomas (mPTCs; PTC �1 cm
diameter). In the 34 BRAF V600E-mutated mPTCs, the
percentage of mutated neoplastic cells, after normaliza-
tion to the proportion of neoplastic cells within the tumor,
ranged from 4% to 106% (mean 63.8%, median 65.6%).
The percentage of mutated tumor cells in mPTCs after
normalization is shown in Figure 2B (white bars) and in
Figure 2, D and F. The normalized percentage of mutated
neoplastic cells in mPTCs had a distribution very similar
to that observed for PTC samples greater than 1 cm (Figure

2, C–F), and the same three groups of tumors (with �30%,
30%–80%, and �80% BRAF V600E mutated neoplastic
cells) were observed (Figure 2D).

Targeted resequencing of BRAF V600E by 454 NGS
confirms ASLNAqPCR data

To strengthen the validity of our analysis, we confirmed
the data obtained by ASLNAqPCR using a second quan-
titative technique, 454 NGS, with parallel sequencing of
BRAF exon 15 (Figure 3, A–C). Thirty of the 85 PTCs
mutated after ASLNAqPCR were examined by 454 NGS
(Figure 3A). The presence of the mutation was confirmed
in all 30 cases, with good sequence coverage and all sam-
ples analyzed. The number of reads ranged from 160 to
1859, with an average of 876 and a median of 882 reads.
No mutations other than the V600E were identified. Over-
all, the number of mutated cells after normalization to the
estimated proportion of neoplastic cells within the tumor
was similar with both methods. The mean and median of
normalizedBRAF-mutatedneoplasticcellsafterASLNAqPCR
were 67.4% and 65.0%, respectively. They were 72.3% and
83%, respectively, after targeted NGS. Importantly, a re-
gression analysis showed a strong correlation between the
percentage of mutated cells detected by ASLNAqPCR and
the value obtained by NGS (r2 � 0.6152, P � .0002, Spear-
man test) (Figure 3B). The paired t test showed no statistical
difference between the results of BRAF mutational analysis
performed by ASLNAqPCR and NGS (P � .1064, Wilcoxon
signed rank test) (Figure 3C).

Immunohistochemical analysis with the BRAF
V600E antibody

Twenty PTC samples positive for the BRAF V600E
mutation by ASLNAqPCR (five of which also tested by
454 NGS) were stained by immunohistochemistry with a
BRAF V600E-specific antibody. Two of the 20 mutated
samples did not show any immunostaining with the anti-
body, most likely due to poor antigen preservation. In 11
of the remaining 18 cases, there was correspondence be-
tween the percentage of mutated cells identified after
ASLNAqPCR and the extent and distribution of positive
staining within the tumor. Seven of the 11 samples had a
percentage of mutated cells of greater than 80% and
showed strong and diffuse immunoreactivity throughout
the tumor. Four of the 11 samples had heterogeneous dis-
tributionof BRAFV600E-immunoreactive cells andaper-
centage of mutated cells of less than 80% (Figure 3, D and
E). In these samples BRAF V600E-positive cells were ei-
ther interspersed with negative neoplastic cells (Figure 3D)
or clustered together and closely adjacent to negative tu-
mor cell clusters (Figure 3E). This observation indicates
that the heterogeneous distribution of the immunoreac-
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tivity is not due to poor antigen preservation or fixation
artifacts. In the remaining samples, we did not find a cor-
respondence between the percentage of mutated cells de-
tected by ASLNAqPCR and the extent of immunostaining
because the number of immunoreactive cells was greater
than the one expected based on DNA analysis.

Correlation of BRAF-mutated alleles and
clinicopathological features of PTCs

We investigated the correlation between the proportion
of BRAF-mutated cells and clinicopathological features.

The distribution of PTC subtypes in
the three BRAF V600E groups is
summarized in Table 1. The mPTCs
were statistically associated with the
tumor group featuring less than 30%
BRAF V600E mutated cells (�2 test,
P � .0440; Fisher’s exact test, P �
.0238, �30% vs 30%–80% BRAF
V600E mutated cells; P � .0582,
�30% vs �80% BRAF V600E mu-
tated cells; P � 1.000, 30%–80% vs
�80% BRAF V600E mutated cells).
Most classic PTCs (17m of 29 cases)
belonged to the 30%–80% BRAF
V600E group (Fisher’s exact test,
P � .1107). Most tall cell PTCs (11
of 17 cases) belonged to the greater
than 80% BRAF V600E group
(Fisher’s exact test, P � .0596).

The link between the proportion
of BRAF V600E-mutated cells
within the tumor and tumor size was
statistically analyzed. There was a
trend for larger tumors to have a
higher proportion of BRAF-mutated
cells (Figure 4A). The Spearman test
did not reach statistical significance
(P � .1121); however, an ANOVA)
with the Kruskal-Wallis test (P �
.012) showed a positive association
between the tumor size and the pro-
portion of BRAF V600E-mutated
cells: tumors with less than 30% mu-
tated cells were preferentially
smaller (mean 6.33 mm, median
5.00 mm) than tumors with a per-
centage of mutated neoplastic cells
between 30% and 80% (mean 11.48
mm, median 11.00 mm, P � .05,
Dunn’s multiple comparison test),
and when compared with tumors
with greater than 80% mutated cells

(mean 14.03 mm, median 20.00 mm, P � .05, Dunn’s
multiple comparison test). No significant difference was
observed between the size of tumors with 30%–80% mu-
tated cells and that of tumors with greater than 80% mu-
tated cells.

Patient age (Spearman test, P � .4891; Kruskal-Wallis
test, P � .9738) (Figure 4B) and tumor stage (Spearman
test, P � .3089; �2 tests, P � .05) (Figure 4C) were not
statistically associated with the percentage of mutated
neoplastic cells within the tumor. Also, no statistical

Figure 2. Distribution of BRAF V600E-mutated neoplastic cells in PTC and mPTC. A and B,
Percentage of BRAF V600E mutated cells before (A) and after (B) normalization to the estimated
proportion of neoplastic cells within the tumor in all of the 85 PTC samples. Black bars, tumors
greater than 1 cm; white bars, tumors 1 cm or less (mPTC). C and D, Scatter plots showing the
percentage of BRAF V600E-mutated neoplastic cells, in all samples (C), and in the mPTC subset
(D). Three groups of tumors are recognizable in panels C and D: tumors with less than 30% of
BRAF V600E-mutated neoplastic cells, tumors with 30%–80% mutated neoplastic cells, and
tumors more than 80% mutated neoplastic cells. Dotted lines indicate 30% and solid lines
indicate 80% of BRAF V600E-mutated neoplastic cells, respectively (A–D). E and F, Diagrams
showing the distribution of the number of cases according to the percentage of BRAF V600E-
mutated neoplastic cells in all samples (E) and in the mPTC subset (F).
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correlation between the number of mutated neoplastic
cells and the presence of lymph node metastases was
observed (Mann-Whitney test, P � .7172) (Figure 4, D
and E).

Discussion

Most of our knowledge on the status of BRAF V600E in
thyroid cancer is based on Sanger sequencing, which has low

Figure 3. BRAF V600E mutational analysis using ASLNAqPCR, NGS, and immunohistochemistry with a BRAF V600E-specific antibody. A,
Percentage of BRAF V600E-mutated neoplastic cells in 30 samples after parallel analysis with ASLNAqPCR, and NGS; the dotted line indicates 30%
and the solid line indicates 80% of BRAF V600E-mutated neoplastic cells, respectively. B, Correlation between the percentage of BRAF V600E-
mutated neoplastic cells established after ASLNAqPCR and NGS analysis (P � .0002, Spearman test). C, Box plot of the percentage of BRAF
V600E-mutated neoplastic cells identified after ASLNAqPCR and NGS analysis: there is no statistical difference in the results obtained after
ASLNAqPCR and NGS analyses (P � .1064, Wilcoxon signed rank test). D and E, Immunohistochemistry with a BRAF V600E-specific antibody of
two representative PTCs with heterogeneous distribution of the BRAF-mutated protein (case 15, D; case 7, E). Mutational analysis of these samples
performed by ASLNAqPCR showed a percentage of BRAF V600E-mutated cells after normalization to the estimated proportion of neoplastic cells
within the tumor of 36% (case 15, D) and 22.5% (case 7, E), respectively.
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analytical sensitivity and does not provide quantitative in-
formation on the proportion of mutated alleles. The advent
of new sequencing methods, which have higher analytical
sensitivity compared with standard Sanger sequencing and
whichallowsemiquantitativeevaluation,permits toestimate
the fraction of mutated alleles within a tumor and is thus
opening new opportunities to explore genetic heterogeneity.

Quantification of genetic heterogeneity can be difficult
due to non-neoplastic cells within tumor samples. A rig-
orous assessment of BRAF V600E heterogeneity needs to
take into account the effect of allele contamination due to
the presence of stromal, endothelial, and inflammatory
cells. In this study we quantified BRAF V600E allelic fre-
quency using the BRAF V600E ASLNAqPCR and parallel
next generation BRAF sequencing targeted to exon 15 and
then normalized all results of DNA analysis to the pro-
portion of neoplastic cells in each tumor sample. After
normalization, we observed three groups of tumors. One,
corresponding to approximately 40%–45% of our cases,
has a percentage of mutated neoplastic cells greater than
80%, implying that in these tumors BRAF V600E occurred
at the very beginning of the natural history of the tumor and
thenpropagatedclonally toall neoplastic cells. In thesePTCs
BRAF V600E is most likely the founding genetic alteration.
By contrast, in a second small group of tumors (approxi-
mately 10% of our cases), we found a low number of BRAF-
mutated neoplastic cells, less than 30%. These PTCs, which
would have been negative for BRAF V600E after Sanger
sequencing, are likely to originate from a different oncogenic
event and to have acquired BRAF V600E as a late adaptive
mutation during tumor progression. Intriguingly, we found
a third group, corresponding to approximately 45%–50%
of our cases, with heterogeneous distribution of BRAF

V600Ethatwaspresentwithinmany,butnotall, tumorcells.
In most of the PTCs in this group, more than 40% of the
neoplastic cells carried BRAF V600E, implying that, even if
not the founding event, the V600E mutation happened early
during tumor development. However, the mutation was not
early enough to be present in all of the neoplastic cells, re-
sulting in a heterogeneous, subclonal distribution of the mu-
tation during tumor growth.

The issue of tumoral heterogeneity in thyroid tumors is
considered controversial (7, 8, 15). In this study the mean
number of mutated neoplastic cells within the tumor was
approximately 67% with ASLNAqPCR and approximately
72% by targeted NGS, corresponding to approximately
35% of the mutated alleles, considering the mutation
heterozygous. These numbers are in general agreement with
the recentNGSdataofNikiforovaetal (11)and thoseofThe
Cancer Genome Atlas (https://tcga-data.nci.nih.gov/tcga/).

Our results, before normalizing BRAF V600E to the per-
centage of neoplastic cells within the tumors, are also in
agreement with those obtained by Guerra et al (7) and Gan-
dolfi et al (8), who used a different method (pyrosequencing)
to specifically analyze tumor heterogeneity. The proportion
of mutated alleles in this study is higher than that reported by
them (7, 8) due to the normalization of individual values to
the percentage of neoplastic cells. The impact of this nor-
malization is clearly illustrated in Figure 2, A and B. Thus,
three different techniques based on completely different
methods ASLNAqPCR, NGS (this study), and pyrosequenc-
ing [previous work by Guerra et al (7) and Gandolfi et al (8)]
point to the existence of a subset of PTC with heterogeneous
distribution of the BRAF V600E mutation.

The strength of our data is supported by the remarkable
correlation between our two independent analytical meth-
ods and by the normalization procedure. A correspondence
between the percentage of mutated neoplastic cells obtained
with our analytical techniques and the extent and distribu-
tion of positive immunohistochemical staining with a BRAF
V600E-specificantibodywithinthetumorwasalsoobserved
inmost cases. In someof them,heterogeneousdistributionof
BRAF V600E within the tumor was clearly detected by both
immunohistochemistryandthequantitativeanalyticalmeth-
ods. In those cases in which immunohistochemical results
were discordant with the quantitative DNA evaluation, we
found a proportion of BRAF V600E-immunoreactive cells
greater than that expected based on DNA analysis. This dis-
crepancy is puzzling. Immunohistochemistry is a qualitative
rather than a quantitative method and assessing the extent
and distribution of positive staining is observer dependent.
We used an automated immunostaining platform and the
VE1 commercial clone. Preanalytical variables that may ex-
plain the discrepancy include nonspecific attachment of the
antibody to free aldehyde groups in the tissue section and/or

Table 1. Distribution of PTC Subtypes in the Three
BRAF V600E-Mutated Cells Groups

PTC
Subtypes

Distribution of PTC Subtypes in the
BRAF V600E-Mutated Cells Groups

<30%
(n � 9)
(Frequency)

30–80%
(n � 39)
(Frequency)

>80%
(n � 37)
(Frequency)

PTC 2 (0.22) 26 (0.67) 23 (0.62)
PTC Cl 2 17a 10
PTC TC 0 6 11b

PTC FV 0 3 2
mPTC 7 (0.78)c 13 (0.33) 14 (0.38)

Abbreviations: PTC CL, PTC-classic; PTC FV, PTC-follicular variant; PTC
TC, PTC-tall cell variant.
a The majority of classic PTCs (17 of 29 cases) belongs to the 30%–
80% group (Fisher’s exact test, P � .1107).
b The majority of tall-cell PTCs (11 of 17 cases) belongs to the greater
than 80% group (Fisher’s exact test, P � .0596).
c The mPTCs are associated with the less than 30% BRAF V600E tumor
group (�2 test, P � .0440).
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diffusion of the BRAF V600E epitope (16). Our study con-
firms the suitability of the BRAF V600E-specific antibody to
identify the mutation, but we did not find it useful for an
accurate quantitative analysis of the percentage of mutated
alleles.

We found that PTCs of larger size tend to have a greater
proportionofmutatedneoplasticcellswithinthetumor, sim-
ilar to what reported by Guerra et al (17). This supports the
hypothesis that the BRAF V600E mutation promotes tumor
growth. Interestingly, the correlation is particularly signifi-
cant for small tumors, including those classified histologi-
cally as mPTCs. This is the first study that has specifically
investigated the distribution of BRAF-mutated alleles in mi-
crocarcinomas. The same three groups of tumors (with

�30%, 30%–80%, and �80% mu-
tated neoplastic cells) were identified
in both small (mPTC) and larger tu-
mors. However, larger tumors tend
to be less heterogeneous with respect
to the BRAF V600E mutation when
compared with microcarcinomas.
Considering that at least some
mPTCs are papillary carcinomas di-
agnosed at a very early stage, we may
speculate that during tumor growth,
cell clones harboring the mutation
expand at a relatively higher rate
when compared with wild-type cells.
We also found that tall-cell PTCs, a
tumor subtype known to be associ-
ated with BRAF V600E (13), have a
high proportion of BRAF V600E-
mutated cells (�80%) within the tu-
mor. No definite correlation be-
tween the percentage of BRAF
V600E-mutated neoplastic cells and
stage, age at presentation, or pres-
ence of lymph node metastasis was
demonstrated in this study.

Tumoral heterogeneity can be intra-
tumoral, intermetastatic, intrameta-
static, or interpatient (18), and sub-
clonal populations of mutated cells
have been identified in metastatic mel-
anoma (19), breast carcinoma (20),
lung cancer (21, 22), and colorectal
carcinomas (23, 24). Subclonal as well
asclonalmutationsare importanttoun-
derstand tumor evolution (25), and ef-
forts to individualize treatment accord-
ing to the knowledge of the genomes of
cancer patients are also based on an ap-
preciation of this heterogeneity.

In addition to PTCs, intratumoral BRAF V600E hetero-
geneity has been described in several neoplasms, notably
colorectal carcinoma (26) and melanoma (19, 27, 28). Only
a few studies have provided quantitative data on the fraction
of mutated alleles. In that of Yancovitz et al (19), the per-
centageofmutatedalleles inmelanomarangedfrom4.9%to
81.2%, but values were not normalized to the proportion of
neoplastic cells within the tumor. We are not aware of other
studies, apart from our present one, that have systematically
adjusted the fraction of mutated alleles to the proportion of
neoplastic cells within samples. Notably, the mean percent-
age of BRAF V600E-mutated neoplastic cells in this series of
PTCs (�70%, range 4%–107%) is comparable with the

Figure 4. Correlation of the percentage of BRAF V600E-mutated neoplastic cells with
clinicopathological features. A–C, Tumor size (A): larger tumors tend to have a higher proportion
of BRAF-mutated cells; the Spearman test did not reach statistical significance (P � .1121), but
ANOVA with the Kruskal-Wallis test showed that tumor size and the proportion of BRAF V600E-
mutated cells are statistically associated (P � .012). Patient age (B) (Spearman test, P � .4891;
Kruskal-Wallis test, P � .9193) and tumor stage (C) (Spearman test, P � .3089; �2 tests, P � .05)
are not statistically associated with the percentage of mutated neoplastic cells within the tumor.
D and E, Percentage of BRAF V600E-mutated neoplastic cells in PTC cases with (N1) and without
(N0) lymph node metastases: there is no statistical association (P � .7172, Mann-Whitney U test).

doi: 10.1210/jc.2013-4389 jcem.endojournals.org E1537

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 31 December 2014. at 10:55 For personal use only. No other uses without permission. . All rights reserved.



mean percentage of BRAF-mutated neoplastic cells that we
find in melanoma using the same quantitative methods and
the same normalization procedure (�80%, range 7.5%–
105%; data not shown).

In conclusion, our work demonstrates that the BRAF
V600E is present in virtually all neoplastic cells in many
PTCs and that homogeneous distribution of the mutation
is the rule in many cases. In these cases BRAF V600E is
most likely the founding genetic alteration. However, we
also show that in an approximately equal number of
PTCs, BRAF V600E is present in many, but not all, neo-
plastic cells, and it is therefore heterogeneous within the
tumor. The large BRAF V600E neoplastic cell subpopu-
lations found in mutated cases is consistent with a model
in which, even if not always the founding alteration, BRAF
V600E is acquired early during PTC development.
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