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Abstract
Background  The BRAF p.V600E genetic variant facilitates the pathogenesis of various tumors by triggering tumor prolifera-
tion and progression. The aim of this study was to analyze the prevalence of BRAF p.V600E in benign mixed epithelial and 
mesenchymal and malignant odontogenic tumors. In addition, we discussed the different detection methods used to assess 
for aberrant BRAF.
Methods  This systematic review followed the PRISMA guidelines and was registered in Prospero (CRD42023445689). A 
comprehensive search of the PubMed/MEDLINE, Scopus, Web of Science, and Embase electronic databases was performed 
to answer the question “What is the prevalence of the BRAF p.V600E mutation in benign mixed and malignant odontogenic 
tumors?” The methodological quality of the selected studies was assessed using the JBI’s Critical Appraisal Tool.
Results  Initially, 387 records were identified, but only 11 articles met the inclusion criteria. A total of 70 patients with benign 
mixed epithelial and mesenchymal odontogenic tumors and 63 with malignant odontogenic tumors were included in the 
analysis. We found that the BRAF p.V600E mutation had a prevalence of 31.42% in mixed tumors and 26.98% in malignant 
odontogenic tumors. Moreover, immunohistochemistry showed high concordance with DNA-based molecular methods.
Conclusion  In general, the BRAF p.V600E variant exhibited a prominent prevalence in mixed and malignant odontogenic 
tumors. However, most of the findings are based on small cohorts of patients and further studies with larger cohorts are 
needed.

Keywords  Odontogenic tumors · Mixed odontogenic tumor · Malignant odontogenic tumor · BRAF V600E

 *	 Marianne de Vasconcelos Carvalho 
	 marianne.carvalho@upe.br

	 Raisa Jordana Geraldine Severino‑Lazo 
	 raisa.severinolazo@upe.br

	 Camilla Porto Campello 
	 camilla.campello@gmail.com

	 Sandra Lúcia Dantas Moraes 
	 sandra.moraes@upe.br

	 Belmiro Cavalcanti do Egito  Vasconcelos 
	 belmiro.vasconcelos@upe.br

	 Eduardo Piza Pellizzer 
	 ed.pl@uol.com.br

1	 Department of Oral and Maxillofacial Pathology, School 
of Dentistry, University of Pernambuco (UPE), Recife, 
Brazil

2	 Department of Hebiatrics, School of Dentistry, University 
of Pernambuco (UPE), Recife, Brazil

3	 Department of Prosthodontics, School of Dentistry, 
University of Pernambuco (UPE), Recife, Brazil

4	 Department of Oral and Maxillofacial Surgery, School 
of Dentistry, University of Pernambuco (UPE), Recife, Brazil

5	 Department of Dental Materials and Prosthodontics, Dental 
School of Araçatuba, São Paulo State University (UNESP), 
Araçatuba, Brazil

6	 Integrated Anatomic Pathology Center–Hospital 
Universitário Oswaldo Cruz, Rua Arnóbio Marquês, 310–
Santo Amaro, Recife, PE 50100‑130, Brazil

7	 Hospital Universitário Oswaldo Cruz, Rua Arnóbio Marquês, 
310–Santo Amaro, Recife, PE 50100‑130, Brazil

http://orcid.org/0000-0003-4963-308X
http://orcid.org/0000-0002-6815-5696
http://orcid.org/0000-0001-6689-5466
http://orcid.org/0000-0002-3154-5092
http://orcid.org/0000-0002-6515-1489
http://orcid.org/0000-0003-0670-5004
http://crossmark.crossref.org/dialog/?doi=10.1007/s12105-023-01601-6&domain=pdf


1001Head and Neck Pathology (2023) 17:1000–1010	

1 3

Introduction

Odontogenic tumors (OT) comprise a heterogeneous group 
that develops from remnants of epithelial or ectomesen-
chymal tissues associated with odontogenesis. This group 
encompasses a wide range of lesions, including both 
benign and malignant neoplasms [1, 2]. The World Health 
Organization’s (WHO) Classification of Head and Neck 
Tumors categorizes odontogenic tumors into epithelial, 
mesenchymal, and mixed epithelial and mesenchymal 
types based on their tissue of origin. Furthermore, the 
fifth edition of the WHO Classification of Tumors provides 
essential and desirable diagnostic criteria for each entity 
[3]. In certain cases, molecular studies may be required to 
differentiate between these tumor types.

The pathogenesis of OT is intimately linked to altera-
tions in components of signaling pathway, primarily within 
the mitogen-activated protein kinase (MAPK) pathway, 
which may represent a pivotal early event in odontogenic 
tumorigenesis. [2, 4] This prototypical MAPK cascade, 
Ras-Raf-MEK-ERK, is frequently dysregulated in vari-
ous human cancers [5]. Among these components, BRAF 
stands out as the most potent activator of the MAPK path-
way [4, 6]. Ordinarily, BRAF is activated in response to 
growth signals, initiating a series of molecular events 
that govern controlled cell proliferation. In the context of 
BRAF p.V600E, B-Raf becomes hyperactive and remains 
persistently activated, independent of growth signals. This 
abnormal activation leads to an excessive flow of signal-
ing through the MAPK pathway, resulting in uncontrolled 
cell growth, proliferation, and cell survival [7]. The sub-
stitution of valine (V) for glutamic acid (E) at codon 600 
(BRAF p.V600E) is responsible for approximately 90% of 
all BRAF gene mutations [4, 8]. This genetic variant has 
been identified as a broad driver neoplasia, including OT 
[2, 5].

Initially, the BRAF p.V600E was identified in benign 
epithelial OT, such as ameloblastoma, the most extensively 
studied, and adenomatoid odontogenic tumor. This led to 
the assumption that the mutation was confined to the epi-
thelium [9]. However, recent studies have also revealed the 
presence of BRAF mutation in the mesenchymal compo-
nent [10, 11]. Consequently, mixed epithelial and mesen-
chymal OT have been included in the spectrum of tumors 
harboring BRAF p.V600E mutation. To the best of our 
knowledge, there is no comprehensive report in the litera-
ture that systematically assesses the incidence of BRAF 
mutations in these specific groups of mixed and malignant 
OT.

Hence, the aim of this study is to enhance our compre-
hension of the occurrence and prevalence of the BRAF 
p.V600E in patients with benign mixed epithelial and 

mesenchymal tumors as well as malignant odontogenic 
tumors. Furthermore, this study outlines the different 
methods employed for the detection of BRAF p.V600E. 
The insights gained from this data may pave the way for 
improved diagnostic and therapeutic strategies.

Materials and Methods

Registry Protocol

The present study followed the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
2021 guidelines to identify, select, appraise, and synthesize 
studies [12]. The methods for this systematic review were 
recorded on the International Prospective Register of Sys-
tematic Reviews (CRD42023445689).

Eligibility Criteria

The studies selected for this review met the criteria based on 
the population, exposure, comparison, outcome, and study 
design (PECOS) strategy as follows:

P: Patients with benign mixed and malignant odontogenic 
tumor
E: Expression of BRAF p.V600E
C: No expression of BRAF p.V600E
O: The prevalence of BRAF p.V600E
S: Observational studies

The inclusion criteria for the studies considered in this sys-
tematic review were as follows: (a) human studies; (b) obser-
vational studies (case–control, cohort, or cross-sectional) 
that evaluated for BRAF p.V600E in patients with benign 
mixed and/or malignant odontogenic tumors; and (c) studies 
that used immunohistochemistry (IHC) or molecular meth-
ods to assess for BRAF p.V600E.

The exclusion criteria were as follows: (a) studies 
reported in animals; (b) studies reported as review papers, 
practice guidelines, letters to the editor, editorials, commen-
taries, case reports, and pilot studies; (c) studies that do not 
report the diagnostic methods for detecting BRAF p.V600E; 
and (d) studies that did not report data relevant for the pur-
pose of this study.

Information Sources and Search Strategy

A comprehensive search of studies published up to August 
15, 2023 was performed by two independent authors 
(RJGSL and CPC), in the PubMed/MEDLINE, Scopus, Web 
of Science, and Embase electronic databases and ProQuest 
platform (non-peer-reviewed literature). No restrictions on 
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language or publication date were applied. The search strat-
egy applied in each database is described in Table 1.

After searching each database, duplicates were removed 
using a software (Rayyan Management Software). The two 
authors listed and screened the publications based on title 
and abstracts and assessed their eligibility. Each potentially 
eligible article was then read in its entirety. Disagreements 
were resolved through analysis by a third author (MVC), and 
consensus was reached through discussion.

The same authors conducted a manual search for arti-
cles in specific oral pathology journals, including Head and 
Neck Pathology, Journal of Oral Pathology and Medicine, 
Journal of Oral Medicine and Oral Surgery, and Journal 
of Oral and Maxillofacial Surgery, Medicine, and Pathol-
ogy. Additionally, the authors reviewed the reference list of 
included studies to identify other relevant studies.

Data Collection Process

Data from the included studies were collected by one author 
(RJGSL) and cross-checked by the second author (CPC) to 
ensure the accuracy and completeness of the contents. The 
collected data included authorship, year of publication, study 
design, sex and age of the patients, pathology diagnosis, 
sample size, place of the lesion, method used to detect BRAF 
p.V600E, and expression of BRAF p.V600E.

Quality Assessment of Included Studies

To assess the methodological quality of the included stud-
ies, two review authors (RJGSL and CPC), working inde-
pendently and blinded to each other, used the JBI’s Critical 
Appraisal Tool for Analytical Cross-Sectional Studies. Any 
disagreements were resolved through discussion between the 
two review authors and, if necessary, by involving a third 
review author (MVC).

The tool covers important domains such as assessing 
the definition of inclusion criteria, providing descriptions 
of study subjects and setting, measuring exposure validity, 
controlling for confounding factors, measuring outcomes, 
and conducting statistical analysis, in eight questions. 
These questions should be answered as either “Yes,” “No,” 
“Unclear,” or “Not applicable.”

Additional Analysis

An assessment of inter-rater agreement (Kappa coefficient) 
[13] was conducted during the inclusion of studies. The 
obtained scores were analyzed as follows: 0 (no agree-
ment), < 0.8 (moderate agreement), or ≥ 0.8 (near perfect 
agreement). Any disagreement between the investigators 
were resolved through discussion to reach a consensus.

Table 1   Search strategy in each electronic database

PubMed

#1 ((B-Raf V600E) OR (BRAF V600E)) OR (BRAF V600E mutation)

#2 ((((((“Odontogenic Tumors”[MeSH]) OR (Odontogenic Tumors)) OR (“Odontogenic Tumors/diagnosis”[MeSH])) OR (Odon-
togenic Tumors/diagnosis)) OR (“Odontogenic Tumors/genetics”[MeSH])) OR (Odontogenic Tumors/genetics)) OR (Mixed 
Odontogenic Tumors)

#3 #1 AND #2
Scopus
#1 (ALL (“B-Raf V600E”) OR ALL (“BRAF V600E”) OR ALL (“BRAF V600E mutation”))
#2 (ALL (“odontogenic tumors”) OR ALL (“odontogenic tumors/diagnosis”) OR ALL (“odontogenic tumors/genetics”) OR ALL 

(“mixed odontogenic tumors”))
#3 #1 AND #2
Web of Science
#1 ((ALL = (“B-Raf V600E”)) OR ALL = (“BRAF V600E”)) OR ALL = (“BRAF V600E mutation”)
#2 ((((ALL = (“Odontogenic Tumors”)) OR ALL = (“Odontogenic Tumors-diagnosis”)) OR ALL = (“Odontogenic Tumors-epide-

miology”)) OR ALL = (“Odontogenic Tumors-genetics”)) OR ALL = (“Mixed Odontogenic Tumors”)
#3 #1 AND #2
Embase
#1 ‘braf gene’/exp OR ‘braf v600e gene’/exp OR ‘braf v600e mutation’/exp
#2 ‘odontogenic tumor’/exp OR ‘benign odontogenic tumor’/exp OR ‘malignant odontogenic tumor’/exp
#3 #1 AND #2
ProQuest
#1 “Braf v6ooe” OR “B-raf v600e” OR “Braf v6ooe mutation” OR “B-raf v600e mutation”
#2 “Odontogenic Tumors” OR “Odontogenic neoplasia”
#3 #1 AND #2
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Results

Literature Search

The initial search of the databases identified 387 articles, 
including 65 in PubMed/MEDLINE, 215 in Scopus, 26 in 
Web of Science, 17 in Embase, and 64 in ProQuest. After 
removing duplicate articles, 224 articles remained. The 
titles and abstracts were read, and the eligibility criteria 

were applied, resulting in the analysis of 14 articles. After 
full-text reading, three articles were excluded for the fol-
lowing reasons: no assessment for BRAF p.V600E (n = 1) 
and no benign mixed or malignant OT (n = 2). Thus, 11 
articles were included in this systematic review. A flow-
chart detailing the search strategy is presented in Fig. 1.

Cohen’s Kappa coefficient was used to calculate the inter-
rater agreement during the article selection phase, and it 
showed “near perfect agreement” between the reviewers 
RJGSL and CPC (kappa = 1.00).

Fig. 1   PRISMA flow diagram
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Description of the Studies

Details about the 11 included studies in this systematic 
review are presented in Table 2. All included studies were 
cross-sectional that assessed BRAF p.V600E expression in 
benign mixed epithelial and mesenchymal or malignant OT 
using IHC and/or DNA-based molecular methods. A total of 
133 patients were evaluated, with 70 having benign mixed 
epithelial and mesenchymal OT and 63 having malignant 
OT.

In the benign mixed OT group, the ages ranged from 3 
to 23 years. In addition, 15 of the patients were female, 14 
were male, and for 41 cases, this data was not reported. The 
location of the tumors was reported in 29 cases, with the 
mandible being the most frequent site in 22 cases (31.43%).

In the malignant OT group, the ages ranged from 14 to 
91 years. There were 19 cases in females, 31 in males, and 
in 13 cases, the sex was not reported. As in the previous 
group, the location of the malignant tumors was reported 
with a higher incidence in the mandible in 36 cases, while 
12 were reported in the maxilla and 15 did not report this 
data. Furthermore, 47 of the cases were malignant tumors 
of epithelial origin and 16 of mixed origin.

Among the 11 included studies, only 6 provided infor-
mation on the recurrence of these tumors, with 5 in malig-
nant OT, namely clear cell odontogenic carcinoma (CCOC), 
ameloblastic carcinoma (AC), and the odontogenic sarcoma 
subtype: ameloblastic fibrosarcoma (AFS). Bologna et al. 
were the only ones to report this information in a mixed OT, 
the primordial odontogenic tumor (POT), in which recur-
rence was negative [14].

Expression of BRAF p.V600E and Detection Method

Of the 11 included studies, 6 reported the assessment of 
BRAF p.V600E using DNA-based molecular diagnostic 
methods [5, 10, 11, 15–17], 1 using IHC alone [14], and 
4 reported using both methods [2, 4, 8, 18]. The monoclo-
nal antibody used in IHC was VE1, with only one study by 
Bologna et al. [14] using a different antibody, RM8. Detailed 
results of this assessment are presented in the Supplemen-
tary Material.

In the benign mixed epithelial and mesenchymal OT 
group, BRAF p.V600E was reported in ameloblastic fibroma 
(AF), ameloblastic fibrodentinoma (AFD), ameloblastic 
fibro-odontoma (AFO), odontoameloblastoma (OA), odon-
toma (Od), and primordial odontogenic tumor (POT). IHC 
was performed in 4 tumor types (AF, AFO, Od, and POT), 
out of the 6 reported. BRAF p.V600E by IHC was detected 
in 2 of them, AF (20%), and AFO (10%). Meanwhile, by 
molecular methods, it was expressed in 48.1% of AF, 60% 
of AFD, and 26.3% of AFO, as well as in the only case of 

OA, while in the 17 cases of Od, the mutation was wild-type 
Table 3.

Moreover, when BRAF p.V600E was evaluated by both 
methods, only Oh et al.[2] reported differences. In the case 
of AF, the same result was obtained in 11 of the 15 reported 
cases, while the other 4 cases were negative by IHC and 
mutant type by molecular methods. Similarly, in the AFO, 
out of 10 cases in which both methods were performed, 2 
cases showed discordant results, negative by IHC and mutant 
type by molecular method.

In the malignant OT group, BRAF p.V600E was reported 
in clear cell odontogenic carcinoma (CCOC), ameloblastic 
carcinoma (AC), ghost cell odontogenic carcinoma (GCOC), 
and the odontogenic sarcoma subtype: ameloblastic fibrosar-
coma (AFS). IHC was performed in 3 tumor types (CCOC, 
AC, and AFS). BRAF p.V600E was detected by IHC in 
22.2% of AC and in 50% of AFS. On the other hand, by 
molecular methods, it was expressed in CCOC in 14.2%, AC 
in 41.6%, and AFS in 81.6%, while the only 2 reported cases 
of GCOC were wild type. No differences were reported 
when the mutation was evaluated by both methods. A sum-
mary of the 11 selected studies and their association with the 
BRAF p.V600E variant is summarized in Table 3.

Quality Assessment of Studies Included

The risk of bias was analyzed using the JBI’s Critical 
Appraisal Tool. According to this assessment, the over-
all quality of the 11 included studies was generally good, 
with almost all the records scoring “yes” for most domains, 
related to participant selection, exposure measurement, and 
outcome assessment. In two studies, Oh et al. [8] and Togni 
et al. [4] confounding factors were identified, and strategies 
to address them were described. However, Brown et al. [11] 
and Oh et al. [2, 8] did not provide information on patient 
details, such as age, sex, and the location of the lesion. All 
studies showed “Not applicable” in terms of statistical analy-
sis used. JBI’s assessment of cross-sectional studies for risk 
of bias and concerns regarding the applicability of studies 
for this systematic review are available in Table 4.

Discussion

This systematic review included articles that analyzed 
BRAF p.V600E in patients with benign mixed epithelial 
and mesenchymal and malignant odontogenic tumors and 
the methods by which the mutation is detected. Consider-
ing the inherent genomic stability of benign tumors, it is 
possible to identify remarkably distinct genetic fingerprints 
that identify specific molecular changes that are most likely 
responsible for tumor development or it can shed light on 
important aspects of neoplastic progression [19].
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Table 2   Characteristics of the studies included in the review

NR not reported; F female; M male; Md mandible; Mx maxilla; OT odontogenic tumor; AF ameloblastic fibroma; AFD ameloblastic fibrodenti-
noma; AFO ameloblastic fibro-odontoma; OA odontoameloblastoma; Od odontoma; POT primordial odontogenic tumor; CCOC clear cell odon-
togenic carcinoma; AC ameloblastic carcinoma; GCOC ghost cell odontogenic carcinoma; OS odontogenic sarcoma; AFS ameloblastic fibrosar-
coma
a Classification according to the 5th edition of the WHO Classification of Head and Neck Tumors
b Tumors reclassified in the New WHO Classification of Head and Neck Tumors (5th ed., 2022)

Author and year Country Type of OTa Pathological 
Diagnosis

Sample size Sex Mean Age Place of the tumor Recurrence

Brown et al. (2014) USA Mixed AF 2 NR NR NR NR
Mixed AFDb 1
Mixed OAb 1
Malignant CCOC 5
Malignant AC 1

Diniz et al. (2015) Brazil Malignant CCOC 1 M 64 Md Regional metastasis
Malignant AC 8 2F

6 M
48 ± 16.49 6 Md

2 Mx
2 Regional metastasis
2 No
3 Death
1 NR

Malignant GCOC 2 2 M 42 ± 15 1 Md
1 Mx

1 No
1 Death

Diniz et al. (2016) Brazil Malignant AC 1 M 16 NR NR
Bologna et al. (2015) Mexico, Brazil 

and Guatemala
Mixed POT 4 3F

1 M
9.25 ± 6.50 3 Md

1 Mx
No

Agaimy et al. (2019) Germany Malignant OS: AFS 7 4F
3 M

30.14 ± 12.38 4 Md
2 Mx
1 NR

6 No
1 NR

Niu et al. (2020) China Malignant AC 15 7F
8 M

51.27 ± 15.94 13 Md
2 Mx

11 Yes
4 No

Coura et al. (2020) Brazil Mixed AF 10 6F
4 M

10.5 ± 5.54 9 Md
1 Mx

NR

Mixed AFDb 4 2F
2 M

12.75 ± 6.02 2 Md
2 Mx

Mixed AFOb 6 1F
5 M

13.5 ± 4.99 4 Md
2 Mx

Mixed Od 5 3F
2 M

13.8 ± 0.98 4 Md
1 Mx

Malignant OS: AFS 3 2F
1 M

23.67 ± 7.41 3 Md

Oh et al. (2021) South Korea Mixed AF 7 NR NR NR NR
Mixed AFOb 2
Mixed Od 4
Malignant CCOC 1
Malignant AC 5

Togni et al. (2022) Italy Malignant CCOC 3 3F 79.33 ± 1.70 2 Md
1 Mx

1 Yes
2 No

Malignant AC 5 5 M 63 ± 20.54 2 Md
3 Mx

3 Yes
2 No

Malignant OS: AFS 2 2 M 46 ± 6 1 Md
1 Mx

2 No

Oh et al. (2022) South Korea Mixed AF 8 NR NR NR NR
Mixed AFOb 8
Mixed Od 8
Malignant OS: AFS 1

Magalhães et al. 
(2022)

Brazil Malignant OS: AFS 3 1F
2 M

28.33 ± 8.73 3 Md 1 Yes
2 NR
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Overall, we found a prevalence of the BRAF mutation 
in mixed OT of 31.42% out of the 70 cases included and 
26.98% in malignant OT out of the 63 cases included in this 
study. This suggests a possible association with more aggres-
sive behavior since the mutation induces an increase in cell 
proliferation, tumor invasion, and progression. However, no 
clinical information has been reported in the studies ana-
lyzed. Among OT, benign epithelial tumors were the first to 
report this mutation. Ameloblastoma, being the most studied 
OT in relation to BRAF p.V600E, with a reported preva-
lence between 60 and 80%, predominantly in the mandible 
[20]. To the best of our knowledge and research, we are not 

aware of any reported cases of mesenchymal odontogenic 
tumors harboring BRAF p.v600E in the literature. Therefore, 
it was thought that the mutation was limited to epithelial 
tissue only. However, Brown et al. reported the mutation for 
the first time in a benign mixed epithelial and mesenchy-
mal tumor. This prompted further investigations to identify 
tumors with this mutation, and indeed, additional data are 
needed due to the rarity of these lesions. It should be noted 
that within malignant OT, there are those of epithelial, mes-
enchymal, and mixed origin, so finding the mutation in these 
tumors was also an important factor in understanding their 
pathogenesis. Further, these findings raise the possibility of 

Table 3   The frequency of BRAF p.V600E correlated with the detection method

WT wild-type, OS odontogenic sarcoma

Odontogenic tumor Immunohistochemistry DNA-based molecular method

Sample size BRAF p.V600E expres-
sion

Positive% Sample size BRAF p.V600E 
expression

Mutant %

Positive Negative Mutant WT

Benign mixed epithelial and mesenchymal odontogenic tumor
Ameloblastic fibroma 15 3 12 20% 27 13 14 48.1%
Ameloblastic fibrodentinoma NP 5 3 2 60%
Ameloblastic fibro-odontoma 10 1 9 10% 16 5 11 26.3%
Odontoameloblastoma NP 1 1 0 100%
Odontoma 12 0 12 0% 17 0 17 0%
Primordial odontogenic tumor 4 0 4 0% NP
Malignant odontogenic tumor
Clear cell odontogenic carcinoma 4 0 4 0% 7 1 6 14.2%
Ameloblastic carcinoma 9 2 7 22.2% 24 10 14 41.6%
Ghost cell odontogenic carcinoma NP 2 0 2 0%
OS: Ameloblastic fibrosarcoma 4 2 2 50% 14 9 5 81.8%

Table 4   Quality assessment of 
studies included through JBI’s 
critical appraisal tool

(1) Were the criteria for inclusion in the sample clearly defined? (2) Were the study subjects and the set-
ting described in detail? (3) Was the exposure measured in a valid and reliable way? (4) Were objective, 
standard criteria used for measurement of the condition? (5) Were confounding factors identified? (6) Were 
strategies to deal with confounding factors stated? (7) Were the outcomes measured in a valid and reliable 
way? (8) Was appropriate statistical analysis used?

Author, year Questions

1 2 3 4 5 6 7 8

Brown et al. (2014) Yes No Yes Yes No No Yes Not applicable
Diniz et al. (2015) Yes Yes Yes Yes No No Yes Not applicable
Diniz et al. (2016) Yes Yes Yes Yes No No Yes Not applicable
Bologna et al. (2015) Yes Yes Yes Yes No No Yes Not applicable
Agaimy et al. (2019) Yes Yes Yes Yes No No Yes Not applicable
Niu et al. (2020) Yes Yes Yes Yes No No Yes Not applicable
Coura et al. (2020) Yes Yes Yes Yes No No Yes Not applicable
Oh et al. (2021) Yes No Yes Yes Yes Yes Yes Not applicable
Togni et al. (2022) Yes Yes Yes Yes Yes Yes Yes Not applicable
Oh et al. (2022) Yes No Yes Yes No No Yes Not applicable
Magalhães et al. (2022) Yes Yes Yes Yes No No Yes Not applicable
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modified, targeted therapeutic options for patients harboring 
mutated BRAF.

Odontogenesis is controlled by reciprocal signaling 
between epithelium and ectomesenchyme and is entirely 
dependent on MAPK/ERK, WNT/ β-catenin, and Sonic 
Hedgehog signaling pathways. Since the majority of patho-
genic mutations in OT disrupt these pathways, it is likely 
that persistent activation of these pathways plays a role in 
the tumorigenesis of these lesions [1, 19, 21]. Although the 
molecular basis of the pathogenesis of OT remains poorly 
understood, studies in recent years have described patho-
genic mutations in components of the MAPK pathway cas-
cade in OT. The success of neoplastic cells may be depend-
ent on changes in the MAPK pathway since it is closely 
involved in the control of key cellular activities, such as 
proliferation, survival, growth, metabolism, migration, and 
differentiation [21].

The MAPK signaling pathway is activated by the B-Raf 
protein, which is encoded by the BRAF gene, the only RAF 
gene family member that is regularly mutated in human neo-
plasia [21]. OT have been shown to harbor a high frequency 
of BRAF p.V600E, which induces cell proliferation and is 
capable of promoting transformation, and is therefore clas-
sified as an oncogene. Oncogenic mutations, long thought 
to be exclusive to cancer, can be detected in benign and 
potentially malignant tumors [7, 19].

Brunner et al. reported that a BRAF mutation was con-
sistently absent in stromal components, suggesting that the 
mutation appeared to be exclusive to epithelial component 
[9]. However, this has been strongly refuted, as new studies 
have shown the presence of a concomitant mutation in the 
mesenchymal component [2, 4, 8, 10, 11, 14, 17, 18].

Regarding benign mixed epithelial and mesenchymal 
odontogenic tumors, AF is a rare neoplasm, representing less 
than 2% of all OT cases. Based on our analysis, it showed 
20% positivity for the BRAF p.V600E by IHC, while the 
DNA-based molecular methods yielded a higher percent-
age, 48.1%. However, it should be noted that the sample 
size for the molecular method was almost twice as large, 
which could explain these results. The mutation has usually 
been reported as limited to the mesenchymal component, 
but Coura et al. detected it in the epithelial component in 
one case. However, the authors suggested that the apparent 
epithelial mutation could probably be explained by contami-
nation with mesenchymal tissue and the high sensitivity of 
the qPCR assay, supporting that only the mesenchymal com-
ponent harbors the BRAF mutation and suggesting that both 
components be evaluated separately [10].

Based solely on histopathological features, distinguishing 
between AF and early-stage Od is not possible until they 
differentiate and mature. This differentiation is important to 
avoid potentially destructive, unnecessary surgery. Thus, the 
detection of BRAF p.V600E is important for the differential 

diagnosis [7]. On the other hand, lesions previously diag-
nosed as AFD and AFO have previously been classified as 
developing stages of Od. The histological and molecular 
overlap makes it unclear whether AFD and AFO are sepa-
rate entities, intermediate lesions, or a mixture of develop-
ing Od and AF [3, 22]. The status of these tumors has been 
debated for decades, and the current classification as Od is 
not consistent with the presence of BRAF p.V600E, which 
suggests a relationship with AF rather than with Od, that 
lacks this mutation.

In accordance with our results, BRAF p.V600E has been 
detected in AFD (3/5) and AFO (5/16) by molecular meth-
ods and only one case of AFO was positive by IHC (1/10). 
On the other hand, all cases of Od analyzed by both meth-
ods did not harbor the mutation [2, 8, 10]. Odontomas are 
the second most common tumor, without gender predilec-
tion [3]. However, the molecular processes involved in its 
pathogenesis have not yet been elucidated, with no reported 
genetic alterations.

OA is another entity that has been excluded from the 
prior WHO classification of Head and Neck Tumors. His-
torically, odontoameloblastoma was so-named because it 
was reported that ameloblastoma could arise in association 
with an odontoma. However, the WHO considers OA to rep-
resent a histologic variant of conventional ameloblastoma 
[23]. Furthermore, the only case reported by Brown et al. in 
which BRAF p.V600E was assessed by allele-specific PCR 
was wild-type [11]. A mutated BRAF (p.V600E) has been 
reported in 60–80% of conventional ameloblastoma, mostly 
in the mandible [3]. However, in the aforementioned case 
of OA, no further epidemiological information has been 
reported, so no further analysis can be performed and will 
require additional studies with a larger cohort of this rare, 
ameloblastoma subtype.

POT is a rare tumor, which was first described in 2014, 
and subsequently included in the WHO Classification of 
Head and Neck Tumors in the group of benign mixed epithe-
lial and mesenchymal neoplasms. The name was coined due 
to its possible development from the early stages of odon-
togenesis [3, 14]. No mutations were identified by NGS of 
151 cancer-associated genes and 42 odontogenesis-associ-
ated genes and therefore, their molecular basis remains to 
be clarified [1, 3]. Furthermore, this tumor does not harbor 
BRAF p.V600E in the 4 cases evaluated by Bologna et al.
[14] It was the only study where other than monoclonal anti-
body VE1 was used, the RM8, which has few studies in the 
literature and for which no data on its sensitivity or specific-
ity are not yet available [24]. The BRAF mutation was nega-
tive in both the mesenchyme and the epithelial component. 
Therefore, the absence of BRAF p.V600E positions POT 
in a different category with respect to ameloblastic lesions.

Comprehensive molecular investigation of malignant OT 
is hampered by their rarity, even though they are the most 
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clinically important because of their increased morbidity 
and mortality. In recent studies, malignant OT have also 
been included in the spectrum of tumors harboring BRAF 
p.V600E. However, most findings are based on isolated 
cases or small cohorts of patients.

CCOC is a malignant tumor with a high recurrence rate of 
40% [3]. However, of the 11 included cases, BRAF p.V600E 
was only identified in 1 case by qPCR and confirmed through 
Sanger sequencing by Diniz et al. [5] On the other hand, the 
same author evaluated the rare malignant GCOC, of which 
only 50 cases have been described in the literature, most 
of them in the Asian population. BRAF mutation was only 
evaluated in 2 cases by molecular method, which showed the 
mutation as wild-type [5].

The new edition of the WHO Classification of Tumors 
positions AC as an entity unrelated to ameloblastoma [3]. 
However, AC also harbors BRAF p.V600E like other amelo-
blastoma-related tumors, ranging from 22.2 to 41.6%, by 
IHC and DNA-based molecular methods, respectively. It is 
also noteworthy that the sample size evaluated by molecular 
methods is almost 3 times larger and that the results obtained 
by IHC coincide with those obtained by PCR and Sanger 
sequencing. Furthermore, in the studies by Diniz et al. [5] 
and Niu et al. [16], 87.5% of BRAF mutation-positive cases 
were in the mandible and among males. Ameloblastic car-
cinomas frequently exhibit locally aggressive growth [3], 
which means that they can infiltrate and destroy surround-
ing structures in the mandible or maxilla. In addition, they 
might be capable of metastatic dissemination. Treatment of 
ameloblastic carcinomas usually involves extensive surgery 
to remove the tumor and nearby affected tissue. Therefore, 
BRAF mutation-related findings may encourage targeted 
therapy as an innovative approach in future.

It has been reported that the Odontogenic sarcoma sub-
type AFS could be caused by malignant transformation 
of AF [10, 18]. This is a rare, aggressive neoplasm char-
acterized by an ameloblastic epithelial component and a 
malignant mesenchymal spindle cell stroma [3]. According 
to our analysis, BRAF p.V600E appeared restricted to the 
sarcomatous area, ranging from 50 to 81.8%, by IHC- and 
DNA-based molecular methods, respectively [2, 4, 10, 17, 
18]. Coura et al. [10] reported a case where an AFS contain-
ing a benign AF region was examined. Both (AFS and AF) 
included the BRAF mutation in their mesenchymal compo-
nents, supporting a malignant development from a benign 
AF precursor, as well as the limitation of the mutation to the 
mesenchymal component. The molecular data supported the 
long-held view that the mesenchymal component causes the 
growth of mixed odontogenic tumors.

Odontogenic tumors, among other lesions, have signifi-
cant genetic patterns that have been identified due to rapid 
advances in DNA sequencing technologies. However, IHC 
cannot be neglected, as it remains an accessible method with 

a high concordance rate with molecular methods. Further-
more, the use of formalin-fixed, paraffin-embedded tissues 
is a way to circumvent the challenges posed by these lesions, 
as these samples are widely available. Moreover, in recent 
decades, improved techniques have been developed to assess 
DNA, RNA, proteins, and metabolites in FFPE tissues.

This systematic review provides a comprehensive analysis 
of odontogenic tumors offering insights into their genetic 
changes and potential diagnostic and prognostic markers. 
However, it is essential to acknowledge the study’s limita-
tions. The rarity of these tumors restricted the cohort size, 
preventing in-depth statistical analysis. Furthermore, varia-
tions in BRAF mutation assessment methods and the number 
of assessors interpreting IHC results may introduce potential 
biases to be considered in future investigations. In contrast, 
the studies reviewed consistently demonstrated good quality 
according to the JBI Critical Appraisal Checklist for Analyti-
cal Cross-Sectional Studies. This systematic review encom-
passed internationally recognized databases, enhancing its 
credibility by presenting a comprehensive overview of the 
literature. Additionally, each study involved more than one 
pathologist with expertise in the diagnosis of oral pathology, 
particularly when addressing rare malignant tumor cases, 
like CCOC. All included studies have been published in 
reputable journals and further underscore the study’s reli-
ability of this review. Nevertheless, the study’s limitations 
stem from the small sample sizes due to the rarity of the 
tumors, restricting the inclusion of images for all cases. 
Future research endeavors with more extensive sample sizes 
are warranted to further explore the implications for BRAF 
p.V600E in OT. These genetic markers associated with such 
lesions have the potential to provide clinicians with invalu-
able insights to improve prognostic accuracy, refine diag-
noses, and facilitate informed decision-making, ultimately 
resulting in improved patient outcomes.

Conclusion

In summary, OT are rare lesions that remain poorly under-
stood and require further investigation. The data analyzed 
in this systematic review revealed that the BRAF p.V600E 
variant exhibits a significant prevalence in benign mixed and 
malignant odontogenic tumors.
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