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Abstract

Background: There are still some controversies about the results of anti-BRAF

V600E-specific antibody immunohistochemistry in ameloblastomas. This study aimed

to examine the accuracy of V600E-specific antibody immunohistochemistry in detec-

tion of BRAF V600E mutation in ameloblastoma tissue sections of different ages.

Methods: The BRAF V600E status of 64 ameloblastoma specimens was assessed

using both Sanger sequencing and V600E-specific antibody immunohistochemistry,

and the sensitivity, specificity, positive predictive value, and negative predictive value

were calculated. The difference in V600E-specific antibody immunohistochemistry

staining intensity among the three groups of ameloblastoma tissue blocks of different

ages was evaluated by chi-square test. The consistency between V600E-specific anti-

body immunohistochemistry and DNA sequencing results and the V600E-specific

antibody immunohistochemistry staining intensity of 15 paired newly-cut and

3-month storage sections of the same 15 ameloblastomas were also compared.

Results: For detection of BRAF V600E mutation, the V600E-specific antibody immu-

nohistochemistry had high sensitivity (98.21% 55/56), specificity (87.5% 7/8), posi-

tive predictive value (98.21% 55/56), and negative predictive value (87.5% 7/8).

Heterogeneity of the staining intensity was observed in the same tissue section, but

all or none expression pattern was noticed in the solid tumor nests. The storage time

of paraffin tissue blocks ranging from 2 to 14 years did not affect the V600E-specific

antibody-positive staining intensity. However, the three-month storage sections

showed a significant diminishment of V600E-specific antibody-positive staining

signals.

Conclusions: The BRAF V600E-specific antibody immunohistochemistry is suitable

for routine detection of BRAF V600E mutation in ameloblastomas. The all or none

expression pattern suggests the BRAF V600E mutation may be an early event in the

pathogenesis of ameloblastoma.
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1 | INTRODUCTION

Since 2014, several studies revealed that activating MAPK pathway

(FGFR2-RAS-BRAF) mutations play a predominant role in the patho-

genesis of ameloblastoma.1–4 Moreover, the most common mutation

identified is BRAF V600E mutation, which is almost mutually exclu-

sive from RAS and FGFR2 mutations, and the combined incidence

from the initial studies is about 62.7% (96/153).1–4 In addition to ame-

loblastoma, numerous neoplasms possess BRAF V600E mutation at

different percentages, including melanoma,5 papillary thyroid

carcinoma,6 colorectal cancer,7 non-small cell lung cancer,8 and so

forth. The detection of BRAF V600E mutation is helpful in diagnosis

and evaluation of the feasibility for BRAF inhibitor-targeted therapeu-

tics in these patients with BRAF V600E mutation.

The common approaches to identify BRAF V600E mutation can be

divided into two ways: (1) molecular methods, such as Sanger

sequencing,5 real-time PCR,9 and next generation sequencing,10 and

(2) immunohistochemistry (IHC) using monoclonal antibody against BRAF

V600E-mutated protein (clone VE1).11,12 Many studies have compared

the consistency between molecular and VE1 IHC assays to detect BRAF

V600E mutation in various tumors. Good concordance for assessment of

BRAF V600E mutation status is observed between DNA sequencing and

VE1 IHC results in melanoma,13 colorectal cancer,12 papillary thyroid

carcinoma,14 and lung cancer.15 Due to the high sensitivity and specific-

ity, the VE1 IHC is considered as a reliable technique for the routine

detection of the BRAF V600E mutation in the aforementioned diseases.

However, there are still some controversies about the perfor-

mance of VE1 IHC in ameloblastomas. The initial VE1 IHC study done

by Brown et al. in 50 cases of ameloblastoma showed 100% concor-

dance between allele-specific PCR and VE1 IHC results.2 However,

some discrepancies are reported by the later studies. One false-

negative VE1 IHC case was observed by Kurppa et al. in 20 solid/

multicystic ameloblastoma cases.3 Pereira et al. further stated incon-

sistency between VE1 IHC and Sanger sequencing results in amelo-

blastomas based on three false-positive cases out of eight

ameloblastomas in their study.16 Recent two studies related to the

diagnostic utility of VE1 IHC in ameloblastomas showed 100% speci-

ficity and 83.8% sensitivity in one study17 and 100% specificity and

95% sensitivity in the other study.18

This study aimed to test the feasibility of the VE1 IHC in amelo-

blastomas by evaluating the sensitivity and specificity of 64 ameloblas-

toma tissue specimens in which both VE1 IHC and Sanger sequencing

were performed. To facilitate clinical application, we used the fully-

automated BenchMark system and VENTANA BRAF V600E (VE1)

assay from Roche Molecular Diagnostics (Rotkreuz, Switzerland)

which has been proved for in vitro diagnostic (IVD) use. A DNA

sequencing-proved BRAF V600E mutated papillary thyroid carcinoma

and a BRAF V600 wild-type dental follicle were used as positive and

negative controls, respectively. In order to find out the best VE1 IHC

condition for ameloblastoma, we used formalin-fixed and paraffin-

embedded (FFPE) cell pellets of two ameloblastoma cell lines, AM-1

and AM-3, which are BRAF mutant and wild type, respectively, for

adjusting staining protocol first. Moreover, considering the BRAF

protein might degrade with time, we wondered the decline in BRAF

V600E protein level might have a negative influence on the sensitivity

of VE1 antibody in ameloblastoma. Therefore, the examination of

staining intensity of VE1 IHC in the 64 FFPE ameloblastoma speci-

mens according to the years of diagnosis was performed. Moreover,

15 paired newly-cut and 3-month storage sections from DNA

sequencing-proved BRAF V600E-mutant FFPE ameloblastoma sam-

ples were also used to compare the VE1 IHC results.

2 | MATERIALS AND METHODS

2.1 | Tumor specimens

Sixty-four non-decalcified FFPE tissue specimens of ameloblastoma

were included. The 64 specimens consisted of 25 follicular, 15 plexi-

form, 23 unicystic, and one granular cell ameloblastomas. All tissue

blocks were obtained from the Department of Oral Pathology,

National Taiwan University Hospital (NTUH), Taipei, Taiwan, from

2005 to 2017. The diagnosis was based on histological examination of

hematoxylin and eosin-stained tissue sections by three board-certified

oral pathologists (Chun-Pin Chiang, Julia Yu Fong Chang, and Yi-Ping

Wang). The detailed epidemiologic data were summarized in Table S1.

One dental follicle and one DNA sequencing-proved papillary thyroid

carcinoma were used as negative and positive control, respectively.

This study was approved by the Research Ethics Committee of NTUH

(No. 201412058RINA, 201608088RINA, and 201901034RIND).

2.2 | DNA extraction, PCR, and Sanger sequencing

Two to five 10 μm-thick FFPE tissue sections were used for macro-

dissection of tumor components for DNA extraction. More than 80%

of the tumor components of ameloblastoma were obtained in the

dissected-off tissue samples. DNA extraction, PCR, and Sanger

sequencing was performed as described previously.19 Then, the

sequencing data were analyzed with sequence alignment software

(Bioedit Ltd., Manchester, UK).

2.3 | Cell lines and cell culture

Ameloblastoma cell lines (AM1 and AM3) were generous gifts from

Dr. Shosei Kishida from Kagoshima University in Japan. These cells

were cultured in KSFM (Defined Keratinocyte serum-free medium;

Gibco, Billings, MT; Thermo Fisher Scientific) in a humidified incubator

with 5% CO2 at 37�C.

2.4 | BRAF VE1 immunohistochemistry

IHC was performed on 4 μm tissue sections using Ventana Bench-

Mark GX autostainer (Ventana, Tucson, AZ). This automated process
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included deparaffinization by EZ prep (Ventana) and a CC1-based

antigen retrieval using Cell Condition 1 solution (CC1; Tris-EDTA

buffer [pH 8.0]) (Ventana) for 64 min. The slides were incubated with

anti-BRAF V600E (clone VE1, Roche Molecular Diagnostics) ready-to-

use antibody for 16 min. The VE1-positive cytoplasmic staining

intensity was recorded as 0 (negative), 1+ (weak), 2+ (moderate), and

3+ (strong) cytoplasmic staining. Labeling was detected with the Opti-

view DAB Detection Kit (Ventana) and then the immunostained sec-

tions were counterstained with hematoxylin.

2.5 | Double immunohistochemistry for BRAF VE1
and SOX2

The double immunohistochemical stains for the BRAF VE1 and

SOX2 using the above staining protocol to stain BRAF VE1 first,

and then a rabbit polyclonal antibody against the SOX2 protein

(1:100 dilution; 3579 S; Cell Signaling, Danvers, MA) and

EnVision Doublestain System (DAB+/Permanent Red) were used

in Ventana BenchMark GX autostainer (Ventana) on the same

sections.

2.6 | Statistical analysis

Assuming BRAF V600E sequencing is the gold standard for the identi-

fication of the gene mutation, the analysis of concordance between

VE1 IHC and DNA sequencing was measured as sensitivity, specific-

ity, positive predictive value, and negative predictive value. The

association of categories of ameloblastoma subtypes (follicular,

plexiform, and unicystic) and BRAF V600E mutation status was evalu-

ated by chi-square test. The VE1 IHC staining intensity in three tissue

block groups of different years including 2005–2008, 2009–2012,

and 2013–2017 was also evaluated with chi-square test. All analyses

were performed using SPSS, version 20 (IBM Corp., Armonk, NY). A

p-value <0.05 was considered significant.

F IGURE 1 The histologic,
BRAF VE1
immunohistochemistry, and BRAF
DNA sequencing of
ameloblastoma cell lines. (A and
B) Hematoxylin and eosin-stained
section of AM1 (A) and AM3
(B) cell pellet; scale bar = 20 μm.
(C and D) BRAF VE1

immunohistochemistry for AM1
(C) and AM3 (D) cell pellet; scale
bar = 20 μm. (E and F) BRAF DNA
sequencing results for AM1
(E) and AM3 (F)
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3 | RESULTS

3.1 | Establishment and verification of BRAF
V600E automated immunohistochemistry protocol

As recommended by IVD level of BRAF V600E diagnostic kit, estab-

lishment and verification of the BRAF V600E automated IHC protocol

was required for each laboratory and instrument. We first used Sanger

sequencing results as the gold standard, BRAF V600E mutated amelo-

blastoma cell line AM1 and wild-type BRAF ameloblastoma cell line

AM3 cell pellets as positive and negative controls, respectively, to ver-

ify the staining protocol of the diagnostic kit (Figure 1). Later, we used

a DNA sequencing-proved BRAF V600E mutated papillary thyroid car-

cinoma as positive control and a BRAF wild-type dental follicle as neg-

ative control to further verify the staining efficacy (Figure 2A,B). Only

the granular cytoplasmic staining was interpreted as VE1-positive

staining. No background staining in the stromal tissue in our protocol

was seen. Thus, even weak VE1-positive staining could still be identi-

fied and interpreted as positive result without doubt. Representative

immunostained microphotographs for negative, weak, moderate, and

strong BRAF V600E staining patterns were shown in Figure 2C–F.

3.2 | Comparison of BRAF V600E
immunohistochemistry and DNA sequencing

The 64 FFPE samples of ameloblastoma were examined for BRAF

V600E status using Sanger sequencing, and 56 (87.5%) of the

64 samples were identified with BRAF V600E gene mutation. The

mutation rate was 88.0% (22/25) for the follicular type, 86.7%

(13/15) for the plexiform type, 87.0% (20/23) for the unicystic type,

and 100% (1/1) for the granular cell type ameloblastomas. No statisti-

cal difference in the mutation rate among the three main subtypes

(follicular, plexiform, and unicystic) was noted (p > 0.05; Table S1).

Almost identical results were observed between VE1 IHC and

BRAF V600E sequencing. Among the 56 sequencing-positive cases, 55

cases were correctly recognized by the VE1 IHC with the sensitivity

of 98.21% (55/56). In the eight sequencing-negative cases, seven

cases were correctly diagnosed by the VE1 IHC; therefore, the speci-

ficity was 87.5% (7/8). The positive predictive value and negative pre-

dictive value were 98.21% (55/56) and 87.5% (7/8), respectively

(Table S2).

3.3 | Heterogeneity in VE1-positive staining
intensity and all or none staining pattern

Due to the heterogeneity in VE1-positive staining pattern that might

raise the concern of resistance to target therapy in the future, we par-

ticularly paid attention to the heterogeneity in VE1-positive staining

intensity and pattern. Among 55 (because there was one false-nega-

tive) VE1 IHC positive cases, 40 (40/55, 72.7%) cases displayed het-

erogeneity in their staining intensities, but all of these cases showed

all or none staining pattern (Figures 2C–F and 3A–F).

Some strong VE1-positive staining areas seemed to show budding

features (Figure 3A,B). To elucidate whether these strong

F IGURE 2 Representative microphotographs for BRAF VE1 immunohistochemistry. (A) Papillary thyroid carcinoma as positive control.
(B) Dental follicle as negative control. (C) VE1-negative stain. (D) Weak VE1-positive cytoplasmic stain (1+). (E) Moderate VE1-positive
cytoplasmic stain (2+). (F) Strong VE1-positive cytoplasmic stain (3+) (scale bar = 20 μm)
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VE1-positive staining budding areas also harbor stem cell property,

double staining of SOX2 and BRAF V600E were performed. Interest-

ingly, these stronger VE1-positive staining areas also demonstrated

strong SOX2-positive staining (Figure 3D,E).

We also recognized the histopathologic patterns frequently dis-

playing heterogeneous staining intensity, such as the tumor cells of

mural nests showed stronger staining than luminal lining cells

(Figure 4A,B), the ameloblast-like cells showed weaker VE1-positive

staining intensity than immature cells or other cell types (Figure 4C,D,

arrows) and tumor cells in inflamed areas (Figure 4E) or in areas fused

with mucosal surface epithelium showed weaker VE1-positive stain-

ing intensity (Figure 4F). Notably, smudged cells easily lost or reduced

their VE1-positive staining (Figure 5A,B) and might affect the interpre-

tation. Occasionally, VE1-positive nuclear staining areas were

observed (Figure 5C, arrow), but only the granular VE1-positive

cytoplasmic staining was interpreted as positive based on the manu-

facturer's instruction.

3.4 | The correlation between VE1-positive
staining intensity and the year of FFPE ameloblastoma
samples

The 64 FFPE ameloblastoma samples were divided into three groups

according to the diagnosis year of these cases, including group I:

2005–2008, group II: 2009–2012, and group III: 2013–2017. The

VE1-positive staining intensity of the three groups was shown in Fig-

ure 6. The distribution of the four grades of VE1-positive staining

intensity (0, 1, 2, and 3) was similar in these three groups and there

was no statistical difference among the three groups.

3.5 | The influence of timing of section cutting on
VE1-positive staining intensity in ameloblastomas

The 15 paired newly-cut sections and 3-month storage sections from

the same paraffin blocks had distinct VE1 IHC results. The 15 newly-

cut sections all revealed positive VE1 IHC results, but 9 (60%) of the

15 3-month storage sections showed negative cytoplasmic staining

and 6 VE1-positive staining cases displayed much weaker staining

compared to their counterpart newly-cut sections.

4 | DISCUSSION

Ameloblastoma is a locally aggressive odontogenic neoplasm and has

a high risk for recurrence, so surgical resection is often required to

avoid the subsequent operations. A definitive diagnosis of the biopsy

specimen is important for doing a proper treatment. So far, BRAF

V600E mutation is thought to be the most frequent genetic alteration

in ameloblastomas, although some other odontogenic tumors with

ameloblastic features also have been reported to harbor BRAF V600E

mutations.20 Detection of BRAF V600E status is also beneficial in dif-

ferential diagnosis of odontogenic lesions, especially in small biopsy or

severe inflamed cases in which the histopathological pattern is dis-

turbed. Moreover, with several studies bringing insight into the

F IGURE 3 Representative microphotographs for BRAF VE1 immunohistochemistry demonstrating heterogeneous intensities. (A–C) BRAF
VE1-positive staining sections with heterogeneous intensities. (D-F) BRAF VE1 (brown cytoplasmic stain)/Sox2 (red nuclear stain) double
immunohistochemical staining sections with heterogeneous intensities (scale bar = 20 μm)
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molecular pathogenesis of ameloblastoma recently, the development

of molecule-targeted therapy is foreseeable. Clinically, to examine the

feasibility of BRAF-targeted therapy for ameloblastoma patients, the

first step is to investigate whether there is BRAF V600E mutation in

the ameloblastoma. Therefore, to find out a credible method for

routinely identifying BRAF mutation status in ameloblastoma is critical.

Some studies have compared the VE1 IHC and BRAF DNA

sequencing in ameloblastomas.1–3,17,21–23 The highest sensitivity and

F IGURE 4 Representative
microphotographs for BRAF VE1
immunohistochemistry
demonstrating heterogeneous
intensities in different conditions.
(A and B) Moderate VE1-positive
staining in the tumor cells of
mural nests and weak
VE1-positive staining in luminal

(arrow head) epithelial cells; A:
200�, B: 400�. (C and D) Weak
VE1-positive staining in secretory
ameloblast-like cells (arrows), C
and D, 200�. (E and F) Weak
VE1-positive staining in
(E) inflamed area (star) and
(F) areas fused with mucosal
surface epithelium (stars), E
and F, 100�.

F IGURE 5 Representative microphotographs for BRAF VE1 immunohistochemistry demonstrating loss of stain and nuclear staining pattern.
(A and B) VE1-negative staining in areas with smudged cells and nuclei (arrow heads). (C) VE1-positive nuclear staining pattern (arrow). (A–
C, 400�)
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specificity can reach 100%,2 however, VE1-positive staining was

observed in DNA sequencing-negative cases of ameloblastoma and

even in a case of dentigerous cyst in one report.16 The concordance

between VE1 IHC and BRAF DNA sequencing was extensively exam-

ined and discussed in the initial verification of VE1 IHC in melanomas,

thyroid papillary carcinoma, and colorectal carcinomas.12,24–26 The

results of these investigations indicate that rigorous in-house antibody

validation is required in each laboratory before using the VE1 IHC for

confirmation of BRAF gene mutation in clinical practice. Therefore, we

first established and validated the staining protocol and evaluated the

concordance of VE1 IHC and BRAF DNA sequencing. Due to frequent

weaker VE1-positive staining in ameloblastomas comparing to the

papillary thyroid carcinomas, which might interfere with the interpre-

tation if any background existed, our setting was none of background

staining in the normal thyroid follicular cells, and connective tissue

parts in thyroid, dental follicle, and ameloblastoma. Thus, we could still

clearly recognize and interpret the VE1-positive staining without

doubt even in cases with very weak VE1-positive staining intensity.

In this study, considering DNA sequencing was the gold standard

method for identification of BRAF V600E mutation, we observed that

the VE1 IHC result was quite consistent with BRAF V600E DNA

sequencing result. The high sensitivity (98.21% 55/56) and specificity

(87.5% 7/8) were discovered. Only two mismatched cases were

found, including one false-negative and one false-positive sample. The

false-negative case was a follicular ameloblastoma. Prominent crushed

artifact was noted in this section, and this might affect the accuracy

of VE1 IHC result. The false-positive case was a unicystic ameloblas-

toma. Due to the difficulty in macro-dissection and low tumor con-

tent, the DNA sequencing signal from the scanty epithelial

component might be overridden by stromal negative signal. In addi-

tion to low tumor content, Sanger sequencing is known as an assay

with lower sensitivity than pyrosequencing and allele-specific PCR

assays.12,27 Thus, this might result in spurious false-positive results on

VE1 IHC, which in turn to cause an inaccurately low measurement of

specificity.

Based on the manufacturer's initial investigation and

instruction,12 the VE1 IHC would be interpreted as positive when

unequivocal diffuse cytoplasmic staining in more than 85% of tumor

cells. In this study, the VE1-positive staining intensity expressed in

tumor cells was scored in a 0–3 scale. Our study showed common

heterogeneity in VE1-positive staining intensity with frequent weak

staining, but all cases demonstrated all or none expression pattern in

ameloblastomas, suggesting that BRAF V600E mutation may be an

early event in the pathogenesis of ameloblastomas. One of our cases

displayed both nuclear and cytoplasmic VE1-positive staining patterns

in some tumor cells. We interpreted the VE1-positive nuclear staining

as negative. However, because of the existence of VE1-positive cyto-

plasmic staining, BRAF V600E mutation was confirmed in this case.

Based on the manufacturer's instruction, VE1-positive nuclear staining

was sometimes observed in normal or neoplastic colonic epithelial

cells, and this VE1-positive nuclear staining was considered to be neg-

ative.21 The VE1-positive nuclear staining pattern has also been

reported in some ameloblastomas.16,17,28 One case has solely

VE1-positive nuclear staining without VE1-positive cytoplasmic

staining,17 which might cause some difficulties in interpretation. The

significance of VE1-positive nuclear staining pattern is unclear.12

Therefore, further molecular studies to confirm the status of BRAF

mutation in these cases with solely VE1-positive nuclear staining pat-

tern are mandatory before starting the targeted therapy.

In this study, we noted some common factors affecting the

VE1-positive staining intensity: (1) tumor cells of the mural nests

showed stronger VE1-positive staining than luminal lining cells, (2) the

ameloblast-like cells revealed weaker VE1-positive staining than

immature cells or other cell types, and (3) tumor cells in inflamed areas

or in areas fused with mucosal surface epithelium displayed weaker

VE1-positive staining intensity. Interestingly, some tumor cell budding

areas which showed strong VE1-positive staining were also enriched

in the SOX2 expression. Our previous study also demonstrated the

enrichment of Sox2-positive cells in BRAF V600E mutated and recur-

rent ameloblastoma.19 Future studies to investigate whether the

F IGURE 6 The illustration of BRAF VE1 immunohistochemical results in formalin-fixed and paraffin-embedded tissue sections with different
ages. 0—negative staining; 1—1+ weak; 2—2+ moderate; 3—3+ strong staining intensities
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ameloblastoma is started with Sox2-positive cells which subsequently

acquire BRAF V600E mutation may be beneficial to understand the

pathogenesis of ameloblastoma.

We also tried to understand the factors affecting the accuracy of

VE1 IHC results. Notably, smudged cells mainly caused by crushed or

cautery artifacts easily lost or reduced their VE1-positive staining, and

this might affect the accuracy of VE1 IHC. Previous report also men-

tioned the absence of VE1-positive staining in areas with desmoplas-

tic phenotype.17 We further analyzed whether the age of the tissue

blocks and the 3-month storage tissue sections would affect the accu-

racy of VE1 IHC. Interestingly, we found that the age of the paraffin

tissue blocks did not affect the VE1-positive staining intensity, but the

3-month storage tissue sections showed significantly effaced or

reduced VE1-positive staining intensity. It is possible that because our

environment was humid and hot, and thus the antigens in thin sec-

tions might be easily destroyed. Therefore, the use of freshly-cut tis-

sue sections to perform VE1 IHC is recommended. Furthermore, the

manufacturer's original article has examined the fixation condition for

proper VE1 IHC results and suggests that the tissue specimen within

2 h of cold ischemic time should be fixed in 10% neutral buffered for-

malin for 12–24 h.12

In conclusion, our study showed good concordance of VE1 IHC

with DNA sequencing. Vigorous in-house antibody validation is

required in each laboratory before using the VE1 IHC for determina-

tion of the presence of BRAF V600E mutation for clinical practice.

The VE1 IHC can be used as an initial screening test for determination

of the presence of BRAF V600E mutation in ameloblastomas. Freshly-

cut tissue sections are needed for performing the VE1 IHC. Areas with

smudged tumor cells and nuclei can affect the accuracy of VE1 IHC

staining and should be interpreted with caution. The VE1-negative

staining or nuclear staining cases should be further evaluated using

the molecular assays to detect the BRAF V600E mutation in

ameloblastomas.
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