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Abstract

Odontogenic tumors (OTs) are a heterogeneous group of lesions that range from hamartomas to

benign or malignant neoplasms. The present study aimed to review the literature regarding the
molecularand geneticaspects from some benign OTs. Based on the review of the included studies, it
is supported that genetic background may play an important role in the etiology and pathogenesis
of OTs. However, the body of evidence on the subject still does not allow to conclude the definitive
mechanisms involved in the development and progression of OTs. It is suggested the develop-
ment of further molecular and genetic studies evaluating significant samples of OTs to establish

its etiopathogenesis, facilitate its diagnostic process and enrich the therapeutic approaches.
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Resumen

Los tumores odontogénicos (TOs) son un
grupo heterogéneo de lesiones que incluyen
hamartomas hasta neoplasias benignas o ma-
lignas. El presente estudio tuvo como objetivo
revisar la literatura sobre los aspectos mole-
culares y genéticos de algunos TOs benignos.
A partir de los estudios revisados, se apoya la
idea de que las causas genéticas pueden tener
un papel importante en la etiologia y en la pa-
togénesis de algunos TOs. Sin embargo, las in-
vestigaciones sobre el tema alin no permiten
concluir de manera sélida los mecanismos de-
finitivos involucrados en el desarrollo y en la
progresion de los TOs. Se sugiere el desarro-
llo de mas estudios moleculares y genéticos
que evalien muestras significativas de TOs
para establecer su etiopatogenia, facilitar su
proceso diagnoéstico y enriquecer su abordaje

terapéutico.

Resumo

Os tumores odontogénicos (TOs) sdo um gru-
po heterogéneo de lesdes que variam desde
hamartomas até neoplasias benignas ou ma-
lignas. O presente estudo teve como objetivo
revisar a literatura sobre os aspectos molecu-
lares e genéticos de alguns TOs benignos. A
partir dos estudos revisados, apoia-se que as
causas genéticas podem desempenhar um pa-
pel importante na etiologia e patogénese de
alguns TOs. No entanto, as pesquisas sobre o
assunto ainda ndo permitem uma conclusao
sélida sobre os mecanismos definitivos envol-
vidos no desenvolvimento e progressao dos
TOs. Sugere-se o desenvolvimento de mais
estudos moleculares e genéticos para avaliar
amostras significativas de TOs para estabele-
cer sua etiopatogenia, facilitar seu processo
diagnostico e enriquecer sua abordagem te-

rapéutica.

Palabras clave: Tumores odontogénicos,
Patologia molecular.

Palavras-chave: Tumores odontogénicos,
Patologia molecular.

Introduction

Odontogenic tumors (OTs) are rare pathological
entities arising from odontogenic tissues or their
remnants in the gnathic bones.!’ OTs are a he-
terogeneous group of pathologies ranging from
hamartomatous lesions to benign and malignant
neoplasms, with highly heterogeneous clinical
and histopathological behaviors.?® The related
epidemiological data vary according to the geo-
graphic region and the population studied. Its
reported prevalence is less than 1% among all
tumors affecting the head and neck region. The
classification of OTs is a hotly debated topic in
science. The World Health Organization (WHO)
published its classification in previous editions
(1992 and 2005). The classification was revised

and updated in 2017.®® Throughout the study of
OTs, attempts have been made to simplify the
classification of this heterogeneous group of le-
sions based mainly on their histogenesis.®

There have been advances in immunohisto-
chemical studies, molecular biology, genetic
knowledge, and the clinical and epidemiological
follow-up of OTs. Therefore, in 2017 the WHO
modified its classification to discard clinically
irrelevant lesion subtypes.Y This publication
distinguishes between benign and malignant
OTs. According to their origin, benign OTs were
subdivided into epithelial, mixed (epithelial and
mesenchymal), and mesenchymal, significantly
more frequent than malignant odontogenic le-
sions.*® Malignant OTs are classified into car-
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cinomas, sarcomas and odontogenic carcinosar-
coma. These arise de novo or from a previous
benign odontogenic lesion.””) This classification
is dynamic as new entities are included and
others are eliminated as our knowledge about
OTs advances (Table 1).

New studies have researched the molecular and
genetic basis of OTs, enriching the knowledge
about its potential etiopathogenesis.®® Frequent
specific mutations have been reported in speci-

fic odontogenic lesions that would have clinical
significance.”?) However, the etiopathogenesis
of this heterogeneous group of lesions is not
completely established. In this context, this na-
rrative literature review aims to determine the
clinicopathological aspects and review the main
findings of the molecular pathology of OTs in the
context of WHO'’s latest classification published
in 2017.

Table 1: Classification of benign odontogenic tumors according to the World Health Organization
(2017).

Epithelial

Mixed

Mesenchymal

Ameloblastoma

Ameloblastoma, unicystic type

Ameloblastoma, extraosseous/peripheral
type
Metastasizing ameloblastoma
Squamous odontogenic tumor
Calcifying epithelial odontogenic tumor

Adenomatoid odontogenic tumor

Methods

The following electronic databases were con-
sulted: PubMed, Web of Science, Embase, and
Scopus. They were selected considering studies
previously published in the literature on OTs
until August 2020 (no pre-set start date). The
following keywords were used for the search:
“odontogenic tumors” in the first stage; “odon-
togenic tumors” AND “review” in the second
stage; and “odontogenic tumors” AND “molecu-
lar” in the final stage. In addition, terms specific
to each type of OT were included in the search.
Finally, we reviewed the secondary references
identified in the literature of the primary publi-
cations found in the databases. The articles were
selected by convenience, randomly by title and
abstract, and organized by topic according to OT
type. The criteria for choosing the articles were
based on OT molecular research. The articles
were included in the relevant groups according

Ameloblastic fibroma

Primordial odontogenic tumor

Odontoma, complex type

Composite odontoma

Odontogenic fibroma

Odontogenic myxoma

Cementoblastoma

Cemento-ossifying fibroma

Dentinogenic ghost cell tumor

to OT type for further analysis and extraction of
the primary data.

Literature review and discussion

Main molecular and genetic aspects of
odontogenic tumors

Various studies suggest that molecular and ge-
netic changes might be involved in the devel-
opment and progression of OTs.®® Changes in
oncogenes and tumor suppressor genes may
participate in the etiopathogenesis of OTs.!?
This section addresses some classical and recent
evidence on the molecular and genetic aspects of
OTs, highlighting the involvement of oncogenes,
tumor suppressor genes, DNA repair genes,
growth factors, cell cycle regulators, apoptotic
factors, regulators of tooth development, cell ad-
hesion molecules, extracellular matrix degrada-
tion proteins, angiogenic factors, and osteolytic
cytokines.

DNA repair genes, such as MSH2 and MHL1, act
by adjusting potential errors related to DNA rep-
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lication and repair. In the immunohistochemi-
cal study conducted by Castrilli et al.,"® hMSH2
and hMLH1 proteins were expressed in amelo-
blastoma neoplastic cells. This suggests that the
tumor’s development/progression does not de-
pend on defects in the DNA maintenance system.
Growth factors play a role in controlling prolifer-
ation and differentiation. In this sense, dysfunc-
tions in growth factors can lead to pathological
conditions. According to previous studies, some
growth factors potentially involved in the ori-
gin of OTs are transforming growth factor alpha
(TGF-a), EGFR, and TGF-f.12. Kumamoto et al.
61 ran immunohistochemistry tests and demon-
strated positive expression of hepatocyte growth
factor (HGF) and TGF-f and its receptors in tooth
germs and OTs of epithelial origin. Therefore,
these growth factors might have potential action
in epithelial cells. Furthermore, the authors de-
tected altered expressions of these growth factors
in epithelial OTs. Therefore, they also conclude
their potential influence on the differentiation of
odontogenic neoplastic epithelial cells. Yamada
et al. 29 demonstrated that TGF-B1 growth fac-
tor-B1 and interleukin-1la produced by odonto-
genic cysts and OTs induce osteoclastogenesis
by inducing the expression of receptor activator
ligand for nuclear factor kappa-B (RANKL) in the
stroma. This evidence may reinforce the poten-
tial involvement of various growth factors in the
biological behavior of OTs.

Oncogenes promote neoplastic transformation
by activating gene amplification, mutation, or
translocation. The products of these genes func-
tion as growth factors and growth factor recep-
tors, such as epidermal growth factor receptor
(EGFR), fibroblast growth factor (FGF), throm-
bocyte-derived growth factor (PDGF), HER-2,
and signal transducers (Ras).!? These factors
are involved in proliferation and differentiation
events. In OTs, products encoded by the Ras on-
cogene, p21Ras, for example, are involved in the
transduction of external growth factor-induced
stimuli and may be more highly expressed in OTs

than in normal odontogenic tissue. In addition,
genetically modified mice bearing the Myc and
H-Ras oncogenes—potentially involved in cell
proliferation events—had a high incidence of
OTs.1112 The above results may suggest a poten-
tial connection between oncogenes and the etio-
pathogenesis/biological behavior of OTs.

Tumor suppressor genes reduce the likelihood
that specific cells will become cancerous. When
these genes are inactivated, usually by a genetic
mutation, their mechanism of action is deregu-
lated, and tumors may develop. Examples of tu-
mor suppressor genes involved in the develop-
ment of neoplasms are p53 (the most frequently
altered gene in tumors and with a major role in
response to genomic damage), retinoblastoma
(Rb), WT-1, adenomatous polyposis coli (APC),
and patched (PTC).®® Previous studies demon-
strated increased p53 immunoexpression in be-
nign and malignant OTs.®31%. The APC gene and
its product have been linked to the Wnt signaling
pathway and inhibition of cell proliferation. In
this context, one study demonstrated that APC
immunohistochemical reactivity was lower in
ameloblastoma cases than in tooth germs.(!”)
Cell cycle regulators are related to cell prolifera-
tion events and may be involved in tumor devel-
opment when deregulated. OT proliferation has
been evidenced by numerous proliferation and
cell cycle markers, such as proliferating cell nu-
clear antigen (PCNA), Ki-67, and DNA topoisom-
erase Ila.?’*Y Shahela et al. ®¥ evaluated the
cellular kinetics of dentigerous cysts, radicular
cysts, odontogenic keratocysts, and ameloblas-
tomas to study the differences between these
odontogenic lesions through the immunohis-
tochemical expression of the cell cycle antigen
PCNA. The study showed that the odontogenic
keratocyst presented the highest protein expres-
sion values among the odontogenic cysts evaluat-
ed. Furthermore, ameloblastoma presented the
highest PCNA expression values. This proves the
potential connection between cell cycle markers
and the growth patterns of odontogenic lesions.
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Apoptotic factors are also studied in the molecu-
lar pathology of odontogenic neoplasms. Apop-
tosis may be regulated by tumor necrosis factor
(TNF), Bcl-2, and the inhibitor of apoptosis pro-
tein (IAP). Apoptotic cells have been observed
in some OTs, suggesting that apoptosis is invol-
ved in oncogenesis and cell differentiation of
the odontogenic epithelium.?® Mascitti et al. ¢
evaluated the expression of p73 (apoptosis-re-
lated) protein and TNF-related apoptosis-indu-
cing ligand (TRAIL) in odontogenic tumors and
cysts. They showed that imbalances in apoptotic
pathways might participate role in OT develop-
ment. Also, p53 may act in apoptotic induction
in cases of irreversible genetic damage. Tenorio
et al. @7 studied the expression of p53 and other
apoptosis and cell cycle regulatory proteins (Bcl-
2, Bax) in odontogenic epithelial lesions. They
found various expression patterns in different
lesions and their potential connection with their
biological behaviors.

Various regulators of tooth development, which
determine positioning and shape (Msx-1 and -2,
DIx-2, Barx-2), and tooth morphogenesis and
cytodifferentiation (Sonic hedgehog [SHH], bone
morphogenetic proteins [BMP], Wnt), may also
be involved in OT pathogenesis.®?® In the study
conducted by Zhang et al.*® the SHH signaling
pathway, which has a role in tooth development,
and its receptor PTC, SMO, and transcription
factor GLI1, were predominantly located in the
epithelial component of various types of OTs.
This suggests their potential involvement in the
proliferation of epithelial components in OTs.
Even in this context, Santos et al. % suggested
the involvement of Regy, Wnt-1, and (-catenin
proteins in the pathogenesis of benign epithelial
odontogenic lesions. Finally, other factors poten-
tially involved in OT development and progres-
sion are cell adhesion molecules, extracellular
matrix degradation proteins, angiogenic factors,
and osteolytic cytokines.®® Carre6n-Burciaga et
al. ®Y showed differences in the expression of cell
adhesion molecules E-cadherin and Syndecan-1

in different types of ameloblastomas associated
with tumor size and recurrence. This suggests a
potential connection between the expression of
these cell adhesion molecules and the potential
aggressiveness of these tumors. Kumamoto and
Ooya®? demonstrated that BMP and associated
molecules might play a role in the cytodifferen-
tiation of the normal and neoplastic odontogenic
epithelium through epithelium/mesenchyme
interaction. Kumamoto and Ooya® demons-
trated that vascular endothelial growth factor
(VEGF) can be considered a major molecule in
the regulation of angiogenesis in epithelial OTs
and that its overexpression can be associated
with neoplastic or malignant changes in odon-
togenic epithelial cells. Sa et al. ¥ suggested the
potential involvement of IL-a, TNF-a, and IL-10
in the pathogenesis of odontogenic tumors and
cysts. Osteolytic factors have a higher immuno-
histochemical expression in tumors with more
aggressive biological behavior. Andrade et al. ¢
demonstrated the expression of bone metabo-
lism regulators RANK, RANKL, and osteoprote-
gerin (OPG) in different OTs. This suggests their
potential association with local bone resorption
events in these tumors. In brief, extensive scien-
tific evidence shows various molecular, genetic
and epigenetic aspects potentially involved in
the etiopathogenesis of OTs. Below we present
the results of molecular analyses in some specific
types of benign OTs.

Ameloblastoma

Recently, researchers have detected associations
of mutations responsible for the dysregulation
of various cellular functions in the mitogen-ac-
tivated protein kinase (MAPK) pathway. This is
the case especially in B-Raf oncogene (BRAF), in
approximately 60% of cases of ameloblastomas;
in the BRAF activating protein called RAS, which
includes KRAS, NRAS, and HRAS; and in fibro-
blast growth factor receptor 2 (FGRF2), which
activates the MAPK signaling pathway (Figure
1).3¢38) QOther studies have also addressed the

potential associations between gene changes to
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repair DNA damage and the development of ame-
loblastomas.®? Sweeney et al. ® identified BRAF
mutations that resulted in a valine to glutamic
acid substitution at codon 600 in 46% of cases
in an ameloblastoma sample. Surprisingly, SMO
mutations exhibited a marked preponderance in
maxillary ameloblastomas, whereas BRAF mu-
tations exhibited a reverse pattern, with higher
frequency in mandibular cases. Various studies
have detected this mutation in ameloblastoma
cases. Fregnani et al. % studied if BRAF-V600E
expression would be associated with a more ag-
gressive clinical presentation or molecular pat-
tern in ameloblastomas. A large immunohisto-
chemical panel (cytokeratins [CK], EGFR, PTHrP,
syndecan-1, Ki-67, p53, and BRAF-V600E) was
performed on 73 cases of ameloblastomas, and
several clinicopathological parameters were
collected to assess potential associations. This
study found BRAF-V600E mutations in 34 ca-
ses (46%). This was statistically associated with
CK8, CK16, PTHrP, and p53 expressions, with
recurrences, multilocular radiographic appea-
rance, and cortical bone disruption. In addition,
univariate analyses showed that BRAF-positive
cases were associated with lower disease-free

survival rates. Therefore, the study suggests as-
sociations between BRAF-V600E positivity and
parameters related to greater clinical aggressi-
veness in ameloblastomas. Lapthanasupkul et al.
1 also evaluated the frequency of BRAF-V600E
mutations in conventional and unicystic amelo-
blastomas in a group of Thai patients. Cases of
ameloblastoma with clinicopathologic informa-
tion were selected for immunohistochemical
evaluation of anti-BRAF V600E antibody. The
authors demonstrated BRAF-V600E positivity in
72.5% of the conventional ameloblastomas eva-
luated and found no association with any of the
clinicopathologic parameters evaluated. Unicys-
tic ameloblastoma samples showed a 95.5% po-
sitivity rate. Given the high BRAF-V600E positi-
vity of the cases considered, the authors suggest
the possibility of future BRAF-targeted thera-
pies to manage mutated ameloblastomas. Other
studies have also shown associations between
BRAF-V600E-positive ameloblastomas with a hi-
gher disease-free survival rate.(® This shows the
importance of further studies with a significant
number of ameloblastoma cases to better eluci-
date the lesion’s molecular aspects.

Figure 1: Diagram of the mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) pathway of some of the mutations observed in the ameloblastoma.
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In a study on molecular events in ameloblasto-
mas, Amaral-Silva et al. *? evaluated the expres-
sion pattern of proteins responsible for iden-
tifying and correcting DNA damage (hMSH2,
hMSH3, and hMSH6) in developing human odon-
togenic tissues, ameloblastomas, and ameloblas-
tic carcinomas. The authors sought to determine
whether the expression of these proteins could
be associated with the prognosis of ameloblas-
tomas. For that purpose, samples were organi-
zed to evaluate protein expression, and 73 other
cases of ameloblastoma with clinicopathological
information and BRAF-V600E mutations were si-
multaneously evaluated with tissue microarray.

HMSH2 and hMSH6 expression was significant-
ly lower in ameloblastomas than in developing
human tooth samples. In addition, hMSH2 and
hMSH3 expression was significantly associated
with BRAF-V600E mutation. Cases with simul-
taneous expression of the studied proteins were
associated with recurrence but without an as-
sociation with predicted disease-free survival.
These results show that the proteins evaluated
were less expressed in ameloblastomas and
were associated with recurrence but without
the ability to predict disease-free survival. This
study allows us to infer a connection between
changes in the proteins responsible for identi-
fying and correcting DNA damage and amelo-
blastoma development. This reinforces the need
for further studies on the subject and shows the
controversies around the definition of the mo-
lecular aspects of OTs. In this context, another
study by Bologna-Molina et al. *® analyzed the
immunohistochemical expression of DNA re-
pair proteins hMLH1 and hMSH2, and Ki-67 in
ameloblastomas and tooth germs. The study in-
cluded 40 conventional ameloblastomas, 40 uni-
cystic ameloblastomas, and 5 tooth germs. Uni-
cystic ameloblastomas showed higher hMLH1
and hMSH2 expression than conventional ones.
Ki-67 expression was inversely proportional to
the expression of DNA repair proteins. In addi-
tion, the expression of HMLH1, hMSH2, and Ki-

67 was significantly higher in tooth germs than
in the ameloblastomas in the study. The authors
concluded that the expression of DNA repair
proteins and Ki-67 could be correlated with the
biological behavior of ameloblastomas and the
physiological mechanisms of tooth germs.

Given the importance of angiogenesis for tumor
maintenance, growth, and spread, Montezuma et
al. ¥ studied if the expression of cyclooxygena-
se-2 (COX-2)—a molecule associated with an in-
creased number of blood vessels in pathological
processes—is related to microvascular density
and tumor aggressiveness in ameloblastomas.
The authors used immunohistochemical techni-
ques with COX-2 and CD34 in 63 ameloblastoma
cases with clinicopathologic information collec-
ted from patients’ medical records. BRAF-V60OE
expression was obtained from a previous study
conducted by the same research group. Of the
cases evaluated, 28 (44.4%) were positive for
COX-2 with a mean microvascular density of 2.2
vessels/mm2. Specific statistical analyses were
conducted. Then, the authors observed asso-
ciations between COX-2 immunohistochemical
expression and recurrence and BRAF-V600E ex-
pression. In addition, a lower microvascular den-
sity was associated with conservative therapy in
the ameloblastoma cases evaluated. Finally, COX-
2 expression was significantly associated with a
lower five-year disease-free survival rate, but wi-
thout an association with higher microvascular
density. These molecular studies on ameloblas-
tomas suggest various molecular approaches po-
tentially involved in their etiopathogenesis.
Assessing genetic changes in ameloblastomas
has also yielded significant results related to a
potential role in the pathogenesis of this type
of OT. Various molecular and genetic dysregula-
tions can affect the development and oncogenic
transformation of the odontogenic epithelium
into ameloblastoma.> Numerous signal trans-
duction pathways are closely associated with the
occurrence, development, and prognosis of ame-
loblastoma. MAPK transduces intracellular sig-
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nals and is reported to contribute significantly to
the pathogenesis of ameloblastomas. It also me-
diates BRAF V600E activation.“® In the research
of genetic alterations involved in the etiopatho-
genesis of ameloblastomas, some studies have
also evaluated the influence of the phosphatase
and tensin homologous gene (PTEN), which con-
trols cell migration and proliferation and moni-
tors Akt level, in ameloblastoma pathogenesis.
Narayan et al. 7 studied the genetic changes in
exon 5 of the PTEN gene in patients with ame-
loblastoma by extracting genetic material from
paraffin-embedded biopsies of 20 conventional
ameloblastomas and 10 tooth germs. Of the 20
ameloblastomas, 5 showed genetic alterations.
Of these, 3 (15%) showed silent mutation, 1
(5%), change in amino acid sequence from va-
line to glutamic acid, and 1 (5%), mRNA decay.
This study showed a 25% somatic mutation of
frequency in exonic region 5 of the PTEN gene,
which may indicate a potential role in the patho-
genesis of ameloblastoma. Therefore, genetic pa-
thways might be involved in the pathogenesis of
ameloblastomas.

Adenomatoid odontogenic tumor

In Reichart et al’s review “® on the immuno-
histochemical profile of adenomatoid OTs, the
authors state that this type of lesion has been
extensively studied, as reported in several stu-
dies. Regarding the etiology of adenomatoid OTs,
the authors say that the lesion seems to derive
from the dental lamina or its remnants. Further-
more, the immunohistochemical pattern update
performed in this review seemed sufficient to
explain that adenomatoid OTs may be more of
a hamartomatous nature than neoplasms per
se. This conclusion was based on the following
main points listed in the study: (1) Cytokeratin
profiles and some integrin types are invasion
related in ameloblastoma but not in adenoma-
toid OTs; (2) High expression of p53 protein in
ameloblastoma, but not in adenomatoid OTs;
(3) Preferential or much increased levels of the
proliferative marker MDM2 in ameloblastoma

are not as readily demonstrable in adenomatoid
OTs; (4) Lower labeling indices of cell prolifera-
tion and anti-apoptosis markers Ki-67 and Bcl-2
in adenomatoid OTs; (5) Metallothionein levels
in ameloblastoma are significantly higher than in
adenomatoid OTs, conferring lower recurrence
risk and recurrence potential; (6) Lower levels of
matrix metalloproteinase levels in adenomatoid
OTs correspond to lesser degrees of local aggres-
siveness.

Bello et al. “?) studied the immunohistochemical
expression pattern of FAK, paxillin, and PI3K in
ameloblastomas and adenomatoid OTs to assess
the connection between these major proteins
and the development of neoplasms. Immuno-
histochemical techniques were used to study
FAK, paxillin, and PI3K in 45 ameloblastomas, 7
adenomatoid OTs, and 2 developing human tee-
th. The authors observed weak FAK expression
in adenomatoid OTs and variable expression in
ameloblastomas (from weak to strong). The ex-
pression of paxillin and PI3K was relatively si-
milar in the two tumor types evaluated. In tooth
germs, FAK and paxillin expression was strong in
all the components of the enamel organ, whereas
PI3K expression was strong in the inner epithe-
lium of the enamel organ. The authors conclu-
ded that the immunohistochemical expression
of these proteins in tooth germs would suggest
a significant role in odontogenesis. As for the
tumors, the study found weak FAK expression
in adenomatoid OTs compared to strong expres-
sion in some ameloblastomas. This suggests that
this molecular difference might be involved in
the patterns of biological behavior of these two
types of lesions: the more indolent behavior of
adenomatoid OTs compared to the more aggres-
sive profile of ameloblastoma. This relationship
may be justified by the association between FAK
and tumor aggressiveness, local invasion, and
metastasis in various studies of malignant neo-
plasms.©®%5) However, this study evaluated im-
munohistochemical expression patterns in spe-

cific lesion samples. Further studies assessing
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other samples of this type of OT are needed to
draw more conclusions about these results.

As noted, the pathogenesis of adenomatoid OTs
is not fully established. Some studies point to a
potential genetic alteration involved in the de-
velopment of adenomatoid OTs, especially in the
KRAS gene.®? The protein encoded by the KRAS
gene is related to the EGFR transduction casca-
de and its mutation has been demonstrated in
various neoplasms.®® A study by Bologna-Mo-
lina et al. ®¥ studied the frequency of the KRAS
mutation and its association with the presence
of the MAPK/ERK signaling pathway in adeno-
matoid OTs. Genetic material was collected from
nine cases of adenomatoid OTs. In addition, ge-
netic mutations related to 50 genes associated
with neoplasm development were evaluated
with next-generation sequencing in one case.
Mutations in the RAS family (Luminex assay)
were considered in the other eight cases. Fina-
lly, immunohistochemical tests for KRAS, CRAF,
BRAF, EGFR, ERK, MEK, and BRAFV600E were
performed in all cases. The study showed a KRAS
gene mutation at codon 12 but not in the stro-
mal tissue of the lesions. KRAS G12V and KRAS
G12R mutations were detected in two and four
cases, respectively. Regarding the immunohisto-
chemical tests, all cases were positive for EGFR,
KRAS, BRAF, and CRAF, one case was negative
for ERK, and another case was negative for MEK
and ERK. The study concluded that the activa-
ted MAPK/ERK signaling pathway accompanied
by the KRAS gene mutation at codon 12 might
be a pathogenic factor involved in adenomatoid
OT development. Several studies evaluate the
mechanisms potentially involved in the etiopa-
thogenesis of adenomatoid OTs. However, more
scientific evidence is needed to understand the
molecular aspects of this lesion.

Calcifying epithelial odontogenic tumor

Some studies have evaluated the participation
of matrix proteins expressed during tooth ena-
mel formation (enamelin, amelogenin, amelotin,
ameloblastin, and ameloblast-associated odon-

togenic protein) in odontogenic neoplasms. The
expression of these proteins may be significant
markers for understanding the functional diffe-
rences between different types of OTs. Crivellini
et al. ®® evaluated the immunohistochemical ex-
pression of these proteins in adenomatoid OTs,
calcifying epithelial OTs, odontomas, ameloblas-
tomas, calcifying odontogenic cysts, ameloblas-
tic fibromas, myxomas, odontogenic fibromas,
and reduced enamel epithelium. Considering
the heterogeneity of OTs and the pluripotent
nature of the odontogenic tissues involved, the
results of this study on calcifying epithelial OTs
showed immunohistochemical expression of
amyloid substances and part of neoplastic cells
for odontogenic ameloblast-associated protein.
Immunohistochemical expression of amelotin
was restricted to the cell cytoplasm of some neo-
plastic cells, and the ameloblastin marker was
positive in one of the tumors and in some neo-
plastic cells. Finally, amelogenin expression was
observed around some calcified structures. The
immunohistochemical expression patterns of
the odontogenic ameloblast-associated protein
are addressed in other studies. Crivellini et al. >
suggest that the expression of this protein in cal-
cifying epithelial OTs is due to the stimulation of
mineral formation that occurs in this type of OT.
In addition, the authors state that calcifying epi-
thelial OTs probably originate from ameloblastic
cell lines because the affinity of the odontogenic
ameloblast-associated protein for the minerali-
zed structure only occurs in odontogenic epithe-
lia with this cell type. The authors draw several
conclusions on the histopathogenetic theories
based on the expression of the proteins evalua-
ted. For instance, they report that the epithelium
of calcifying epithelial OTs, adenomatoid OTs,
and odontomas showed specialized secretory
activity inherent to ameloblasts and different
from that observed in ameloblastomas, amelo-
blastic fibromas, and odontogenic fibromas. In
this same scenario, Perdigio et al’s study *® eva-
luated the ameloblastin gene in different types of
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OTs. The protein expressed by this gene is related
to the differentiation and proliferation of odon-
togenic cells. The authors sequenced the coding
regions of this gene in one case of calcifying epi-
thelial TO, two cases of calcifying odontogenic
cysts and one case of ameloblastic fibroma. They
found that the genetic sequencing was altered
only in the calcifying epithelial OT. Therefore, the
authors suggest that this genetic alteration may
be relevant in the pathogenesis of this type of OT.
Sousa et al. 7 evaluated mutations in oncogenes
and tumor suppressor genes in calcifying epithe-
lial OTs. In this study, 50 genes commonly muta-
ted in neoplasms were sequenced in 9 calcifying
epithelial OTs with next-generation sequencing.
The study showed that only one case evaluated
harbored mutations in the PTEN and CDKN2A
suppressor genes and in the JAK3 and MET on-
cogenes. As this occurred in a single tumor, the
authors suggest that these changes are proba-
bly unrelated to mutations in calcifying epithe-
lial OTs. Peacock et al. also evaluated the genetic
profile of calcifying epithelial OTs. *® They de-
tected changes in the PTCH1 gene with immuno-
histochemical techniques and genetic material
sequencing. PTH1 is a tumor suppressor gene
whose mutation is associated with some syn-
dromes and the sporadic development of some
neoplasms. The authors suggest that this genetic
alteration may be involved in the pathogenesis of
calcifying epithelial OT.

Odontogenic myxoma

Santos et al. % evaluated potential genetic mu-
tations in odontogenic myxomas by evaluating
50 genes commonly mutated in neoplasms. The
authors evaluated nine odontogenic myxoma
samples with next-generation sequencing. They
showed that there were no cases with pathoge-
nic genetic mutations. Variations in KDR, TP53,
PIK3CA, KIT, and JAK3 were detected. Therefore,
the authors concluded that odontogenic myxo-
mas do not appear to have genetic mutations
that commonly occur in malignant neoplasms or
may appear in alow proportion of cases. Odonto-

genic myxomas may present mutations in other
genes that were not evaluated in this study or the
variations presented may have a specific patho-
genic role in this type of lesion.

Odontogenic myxomas can present myofibro-
blastic differentiation and myxoid areas similar
to intraosseous myofibromas. Siqueira et al. (¥
compared cases of odontogenic myxomas with
myofibromas. Recent studies have demonstra-
ted mutations of the PDGFRB gene in single and
multiple cases of myofibromas. The authors se-
quenced exons 12 and 14 of the PDGFRB gene in
15 cases of odontogenic myxomas. The study de-
tected a typical pattern of the sequenced gene in
all odontogenic myxoma samples. This suggests
that the PDGFRB gene does not play a role in the
pathogenesis of this type of OT. Furthermore,
the authors conclude that this may be a differen-
tial marker between odontogenic myxomas and
myofibromas.

Odontogenic myxomas can present local aggres-
siveness and a high recurrence rate. Osteoclasto-
genesis is important in terms of neoplasm grow-
th. In this context, Gonzalez-Galvan et al’s study
1) evaluated the immunohistochemical expres-
sion pattern of the proteins related to OPG,
RANK, and RANK-L osteolytic events in odonto-
genic myxomas. The study included 18 cases of
odontogenic myxomas—4 small and 14 large—
and 18 dental follicles. The authors demonstra-
ted significant differences in RANK expression
in odontogenic myxomas compared to dental
follicles, and in the comparison between small
and large lesions. The RANK-L and OPG markers
showed no statistically significant differences.
However, the authors mention a pattern of hi-
gher marker expression in large odontogenic
myxomas. They concluded that RANK/RANK-L/
OPG activation would participate in the mecha-
nism of osteolytic regulation and tumor growth
in cases of odontogenic myxomas. In this context,
changes in this signaling pathway could be invol-
ved in the more aggressive mechanism of bone
invasion in some cases of odontogenic myxomas.
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Bologna-Molina et al. (» evaluated the immuno-
histochemical expression pattern of VEGF and
ORM-1 protein—whose concentrations are re-
lated to homeostasis disorders and tumor grow-
th—in 33 cases of odontogenic myxomas and in
3 tooth germs. Immunohistochemical tests were
performed to evaluate proteins in tumor cells,
endothelial cells, and the extracellular matrix.
Over half of the cases did not present VEGF im-
munoexpression in the extracellular matrix, and
ORM-1 expression was strong in endotheliocytes
and tumor cells and positive in the extracellular
matrix of odontogenic myxomas, varying from
moderate to strong in all cases. With these re-
sults, the authors suggest that VEGF and ORM-1
expression may be associated with angiogene-
sis and structural viscosity that influence tumor
growth in odontogenic myxomas.

Primordial odontogenic tumor

Mosqueda-Taylor et al. 3 described six cases
of primordial odontogenic tumors. Immuno-
histochemical study of the lesions showed that
mesenchymal tumor cells labeled positively for
vimentin and negatively for a-smooth muscle
actin, desmin, S100, and CD34. Ki-67 expres-
sion was low, and the epithelial component was
strongly positive for AE1/3 and CKs 5 and 14
immunoexpression. Azzi et al. Y conducted a
systematic literature review to update the data
on primary OTs. In this work, 18 cases of primor-
dial OTs were identified. The mean age obser-
ved was 11.58 years, with cases ranging from 2
to 19 years and a slight preference for the male
sex (61.11%). Asymptomatic enlargement of the
posterior mandible was the most common cli-
nical feature. The most common radiographic
finding was well-defined uni- or multilocular ra-
diolucent lesions, and most cases were surgically
enucleated. In this context, Bologna-Molina et al.
) performed an extensive immunohistochemi-
cal test on four instances cases of primordial OTs
to study their potential histogenesis and biologi-
cal behavior. The study showed that the epithe-
lial component lining the surface of the tumors

was positive for CKs 14 and 19. The expression of
amelogenin, glut-1, MOC-31, caveolin-1, PITX2,
p53, Bax, Bcl-2, survivin, and PTEN showed fo-
cal variations. The mesenchymal component was
positive for vimentin, syndecan-1, PITX2, CD105,
CD34, cyclin D1, Bax, Bcl-2, survivin, and p53.
PTEN and CD90 were moderately positive. BRAF
V600E and calretinin were negative in all four
samples. Ki-67 and MCM-7 were expressed in
less than 5% of tumor cells. The study concluded
that primordial OTs are benign tumors whose
histogenesis involves epithelial and mesenchy-
mal activities.

To investigate the pathogenesis of primordial
OTs, Mikami et al. ©® evaluated six cases with
DNA and transcriptome analysis with next-gene-
ration sequencing. In addition, immunohistoche-
mical tests of amelogenin, ameloblastin, and den-
tin sialophosphoprotein were performed. The
evaluation of the results showed no genetic mu-
tations in any gene related to odontogenesis or
neoplasm development. Genes encoding enamel
(Amelx, Ambn, and Enam) and dentin (Collal,
Dspp, Nes and Dmp1) proteins were expressed.
Genes associated with dentinogenesis (Bglap,
Ibsp, and Nfic) were weakly expressed or nega-
tive, suggesting inhibition of dentin formation
in primordial OTs. Expressions of amelogenin,
ameloblastin, and dentin sialophosphoprotein
were detected. This study concluded that the pa-
thogenesis of primordial OTs can be considered
genetically different from the other types of OTs.
It is suggested that the inhibition of enamel and
dentin formation may be related to defects in the
dentinogenesis process.

Conclusions

Several controversial points related to the classi-
fication, etiopathogenesis, and molecular aspects
of OTs are constantly discussed in the scientific
arena. This literature review lists various mole-
cular, genetic, and epigenetic alterations poten-
tially involved in the development and progres-
sion of odontogenic lesions. However, based on
the range of results of the multiple studies pre-
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sented, determining the etiology of OTs remains
a challenge. This variability of results may be jus-
tified by the characteristic heterogeneity obser-
ved in the group of OTs. Therefore, further mo-
lecular and genetic studies evaluating significant
samples of OTs are suggested to consolidate the
knowledge on the etiopathogenesis of odontoge-
nic lesions. A better understanding of the etiolo-

may facilitate diagnosis and enrich therapeutic
management. Additionally, a better understan-
ding of the underlying molecular mechanisms
will help predict the course of odontogenic tu-
mors. It will also help develop new therapeutic
applications for odontogenic tumors, such as
molecular targeted therapy and patient-tailored
therapy.

gy and pathogenesis of odontogenic neoplasms
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