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Abstract

Odontogenic tumors are rare entities, often derived from the epithelial remnants in the gnathic bones following odontogen-
esis. This brief manuscript will seek to address recent developments pertaining to odontogenic tumors as well as particularly
uncommon odontogenic tumors and the difficulties in their diagnosis.
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Introduction

Odontogenic tumors are rare entities, often derived from
epithelial remnants in the gnathic bones following odon-
togenesis. Surgical excision is the mainstay of treatment
for most tumors, though even some “benign” odontogenic
tumors may require large oncologic-type resections, result-
ing in significant morbidity or with conservative enuclea-
tion resulting in incomplete excision and associated high
recurrence rates [1]. Until recently, little was known about
the molecular pathogenesis of odontogenic tumors. While
this understanding still needs to be expanded tremendously,
ultimately the hope is that this may allow for diagnostic
and even therapeutic improvements. This brief manuscript
will address recent developments pertaining to odontogenic
tumors as the new found understanding of their molecular
pathogenesis raises the exciting possibility of a future for
targeted therapy. We will also discuss uncommon odonto-
genic tumors, their differential diagnosis, and diagnostic
difficulties.
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Recent Developments in Our Understanding
of Odontogenic Tumor Pathogenesis

The decreasing cost and increased throughput capabili-
ties in next generation sequencing (NGS) have led to rapid
advances in the understanding of molecular pathogenesis
of tumors including odontogenic tumors [2]. Various sign-
aling pathways regulate the process of odontogenesis, of
these, the three pathways with gene mutations most clearly
implicated in the pathogenesis of odontogenic tumors and
odontogenic cystic neoplasms include the mitogen activated
protein kinase pathway (MAPK), the sonic hedgehog (SHH)
pathway, and the Wnt signaling pathway (Fig. 1) [3]. The
MAPK pathway is implicated in ameloblastoma and adeno-
matoid odontogenic tumor, the SHH pathway implicated in
ameloblastoma and odontogenic keratocyst, formerly termed
keratocystic odontogenic tumor (OKC/KCOT), and the Wnt
signaling pathway in the family of odontogenic ghost cell
tumors [4-9].

Ameloblastomas are locally aggressive neoplasms with a
strong mandibular predilection and if incompletely excised
a high recurrence rate is seen [10]. Several studies have
characterized mutations in the MAPK pathway as well as
the SHH pathway in the pathogenesis of ameloblastomas
[4-6]. The MAPK pathway is important in odontogenesis
and ameloblast development. The SHH participates in odon-
togenesis regulating tooth growth and shape, but it is also
involved in tumorigenesis mediating epithelial mesenchymal
interaction [11].
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Fig. 1 A schematic of signaling pathways implicated in the pathogenesis of odontogenic tumors

The most common mutation in ameloblastoma is BRAF
V60OE, present in 62.7% of mandibular ameloblastomas
[12]. Clinically, the presence of BRAF V600E mutation is
an independent predictor of recurrence free survival, is
seen more frequently in younger patients, and is associ-
ated with the presence of cortical expansion [4, 13]. Other
mutations in the RAS family (KRAS, HRAS, NRAS) as well
as FGFR?2 (a receptor that activates the MAPK pathway)
have been seen in ameloblastoma less frequently and are
usually mutually exclusive of BRAF V60OE mutations.
Interestingly, the molecular profile of ameloblastomas
is strikingly different between the maxilla and mandi-
ble, with SMO mutations the most common mutation in
maxillary ameloblastomas, often in conjunction with an
additional RAS family or FGFR2 mutations. Notably, a
higher recurrence rate is seen in ameloblastomas with a
higher mutational burden [13]. Additionally, of the his-
tologic subtypes seen in conventional ameloblastoma, a
correlation between pattern and mutation is noted; that is
the plexiform patterned ameloblastoma more frequently
has a SMO mutation and follicular ameloblastomas more
frequently have BRAF V60OE mutations [5, 13].

One series reported a 100% concordance between IHC
and NGS results of BRAF V600E on non-decalcified mate-
rial (Fig. 2) [4]. Immunohistochemical testing for BRAF
V600E on decalcified material may yield false negative
results [14]. Other “ameloblastic” lesions (such as periph-
eral ameloblastoma, unicystic ameloblastoma, ameloblastic
fibroma, and ameloblastic fibro-odontoma) have been shown
to have BRAF V60OE positivity [13, 15, 16].
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Ameloblastic carcinoma can arise de novo or alterna-
tively, result from malignant transformation of a long stand-
ing ameloblastoma. Histologically, it may be impossible to
make this distinction, which additionally, is not usually clini-
cally relevant. Thus, in the fourth edition of the WHO Clas-
sification of Head and Neck Tumours, this distinction has
been eliminated [17]. Ameloblastic carcinoma has shown a
considerably lower rate of BRAF V60OE mutation than con-
ventional solid multicystic ameloblastoma, with combined
results across four series demonstrating a rate of 26.3%
(5/19) [4, 15, 16, 18]. Regarding MAPK pathway mutations
in general as well as SHH pathway mutations, ameloblastic
carcinoma also still shows a lower rate than conventional
solid multicystic ameloblastoma (22.2% [2/9] and 11.1%
[1/9], respectively). While data are limited, it appears that
there is a third group of tumors in ameloblastic carcinoma
that shows fairly non-specific alterations, including TP53,
PIK3CA, CDK2NA mutations [18].

Some ameloblastic neoplasms fail to exhibit frank fea-
tures of malignancy (marked cytonuclear atypia, perineu-
ral invasion, angiolymphatic invasion, necrosis, or distant
metastases), but do exhibit increased mitotic activity or
at most moderate pleomorphism. These can be termed
‘atypical ameloblastomas.” Ameloblastic lesions can be
considered to occur on a spectrum, with ameloblastomas
at one end, ameloblastic carcinoma at the other, and atypi-
cal ameloblastomas would fall in the middle. Supporting
this notion is preliminary data demonstrating the molecular
profile of atypical ameloblastoma more is more in line with
ameloblastic carcinoma than conventional solid multicystic
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Fig.2 a Hematoxylin and eosin G574
of a recurrent follicular amelo- &.a "‘4
blastoma previously treated ! b,
with curettage. b BRAF V600OE
immunohistochemical staining
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Fig. 3 Hematoxylin and eosin of an adenomatoid odontogenic tumor
presenting in an 18 year-old female around the crown of an impacted
canine. Spindled epithelial cells are arranged in sheets with whorls
and focal rosette formation. Amyloid deposition is present with dis-
placement of calcified massed leading to sectioning artifact

ameloblastoma in terms of distribution of pathway altera-
tions [18].

Adenomatoid odontogenic tumor (AOT) is a benign
odontogenic tumor characterized by spindled shaped epi-
thelial cells arranged in whorls or rosettes, duct-like struc-
tures, amyloid, and mineralization may be present (Fig. 3).
Similar to ameloblastoma, AOT also harbors mutations in

the MAPK pathway. Targeted NGS revealed KRASG12V
mutations in 7 of 9 AOTs [8]. While both AOT and amelo-
blastoma have mutations in the MAPK, the clinical behavior
is markedly different. AOTs are characterized by indolent
clinical behavior; as well encapsulated lesions they are ame-
nable to simple curettage, with recurrence unlikely.

The family of odontogenic ghost cell tumors is comprised
of calcifying cystic odontogenic tumor (re-classified in 2017
as calcifying odontogenic cyst) (CCOT/COC), dentinogenic
ghost cell tumor (DGCT), and odontogenic ghost cell carci-
noma (OGCC). While CCOT/COC are by far the most com-
mon odontogenic ghost cell tumors, representing the vast
majority of odontogenic ghost cell tumors (93%), DGCT
and GCOC represent 5 and 2%, respectively [19]. Tumors of
this group (CCOT/COC, DGCT, and GCOC), are associated
with CTNNBI (f-catenin) mutations in the Wnt signaling
pathway (Fig. 4) [20, 21].  -catenin functions as a transcrip-
tional activator of the Wnt signalling pathway. Key steps in
the WNT pathway include, Wnt ligand activates transmem-
brane frizzled receptor, subsequently, f-catenin accumulates
and translocates to the nucleus, complexing with LEF-1. In
one series, 91% (10/11) cases of CCOT/COC demonstrated
CTNNBI point mutations, with one additional case having
an APC mutation [22]. LEF-1 is reported to be positive in
64% (7/11) of CCOT/COC [23]. CCOT/COC is a benign
cystic neoplasm of odontogenic origin that is usually cystic
in nature, characterized by an ameloblastoma-like epithe-
lium with pale eosinophilic anucleate ghost cells that may
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Fig.4 a Hematoxylin and eosin of a calcifying odontogenic cyst/cal-
cifying cystic odontogenic tumor exhibiting abundant ghost cells as
well as ameloblastic epithelium b f-catenin exhibits nuclear positiv-

calcify. DGCT is characterized by a benign solid epithelial
component, ghost cells, and sheets of dentinoid [22]. Abun-
dant mitoses, perineural, or angiolymphatic invasion are fea-
tures that may be present in GCOC; however, the distinction
between DGCT and GCOC may be challenging when overt
features of malignancy are lacking [9]. GCOC may arise de
novo or from malignant transformation of DGCT or COC/
CCOT. In a systematic review that included 35 cases of
GCOC, 12/35 (34.3%) patients had a history of previously
diagnosed COC/CCOT [21]. GCOC are associated with a
higher recurrence rate (63.4%), and treatment often involves
surgical resection with adjuvant chemoradiation [21].
While odontogenic ‘tumors’ are the focus of this man-
uscript, the pathogenesis of the cystic neoplasm OKC/
KCOT should be mentioned for the sake of completeness,
as the SHH pathway is implicated in their pathogenesis [7].
PTCH] is a transmembrane receptor that inhibits SMO in
the absence of sonic hedgehog protein or other activating
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ity in tumoral cells ¢ LEF-1 exhibits nuclear positivity in tumor cells
as well as pre-B and T lymphocytes

mutations. PTCH] has been found to be mutated in approxi-
mately 85% of syndromic OKC/KCOT (occurring in asso-
ciation with Nevoid Basal Cell Carcinoma syndrome) lead-
ing to constitutive active signaling [24, 25]. Other SHH
pathway mutations such as PTCH2 and SUFU are seen in
patients with Nevoid Basal Cell Carcinoma syndrome, at
lower rates [26, 27]. PTCHI mutations are also present in
sporadic OKC/KCOT, although reported at lower rates (30
to 84%) [25].

Uncommon/Diagnostically Challenging
Odontogenic Tumors

As odontogenic tumors are rare, some entities are infre-
quently encountered, making the diagnosis more difficult.
Adenoid ameloblastoma was initially described by Charles
Waldron in 1959, as “an essentially adenoid type growth
which is not typical of either salivary gland tumors or
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as ameloblastomas as they are usually recognized” [28].
In 2015, a more recent article by Loyola et al. brought
adenoid ameloblastoma to the forefront presenting 5 addi-
tional cases and, to date, less than 40 cases have been
reported with numerous reports occurring in the last five
years [28—42]. Given the small number of cases, it is dif-
ficult to draw conclusions, but these tumors appear to pre-
sent in a wide age range (19-79, mean 43 years), as large
tumors with a mean size of 4.4 cm, with a maxillary pre-
dilection (67%), and have a relatively high recurrence rate
(10/13, 77%) [28, 32—-42]. The histologic features include
a cribriform architecture with duct-like structures, periph-
eral columnar cells with reverse polarity, clear cells, ghost
cells (that may calcify), variable amounts of dentinoid/
osteoid, increased mitotic activity, pseudopapillary areas,
and distinctive whorls/morules (Fig. 5 a and b). Adenoid
ameloblastoma is challenging diagnosis as it exhibits fea-
tures of a dizzying array of odontogenic tumors as well
as salivary tumors including: adenomatoid odontogenic
tumor, adenoid cystic carcinoma, basal cell adenocarci-
noma, adenomatoid odontogenic tumor, ameloblastoma,
ameloblastic carcinoma, the ghost cell family of tumors,
clear cell odontogenic carcinoma, and odontogenic car-
cinoma with dentinoid [43]. Adenoid ameloblastoma is
positive for CK14, P63 and AE1/3, but negative for S-100,
CK7, and P53 [29, 42]. Immunohistochemical studies
eliminate biphasic salivary entities from the differential
diagnosis (including adenoid cystic carcinoma and basal
cell adenocarcinoma) as adenoid ameloblastoma is mono-
phasic. Diagnosis of adenoid ameloblastoma can be made
on the unique constellation of previously mentioned his-
tologic features.

Calcifying epithelial odontogenic tumor (CEOT) is one
of the least frequently encountered odontogenic tumors [44].
CEOTs:s are characterized by sheets of polygonal, pleomor-
phic epithelium with eosinophilic cytoplasm, prominent
intercellular bridging, and variable amounts of amyloid and
concentric calcifications (Fig. 6a). While not a difficult diag-
nosis per se, CEOT-like features can be found within other
odontogenic lesions and over interpretation of focal features
should be discouraged. Small odontogenic rests have been
reported in the wall of dental follicles in 79% of cases with
calcification present in 37% [45]. Thus, CEOT-like change
in the fibrous connective tissue wall of a dental follicle is a
common, incidental, well recognized focal finding (Fig. 6b)
[46]. While a diagnostic pitfall, these areas are small and
occurring in the context of a developmental odontogenic
cyst. The clear cell variant of CEOT (CCCEOT) is an
uncommon variant of CEOT, representing only 10.7% of
CEOQTs, it is debated in the literature as to whether CCCEOT
behaves more aggressively that conventional CEOT [47-49].
On small biopsy material CCCEOT can be mistaken for
clear cell odontogenic carcinoma (CCOC). A lack of EWSRI
rearrangement, a feature of nearly 90% of CCOC, may be
especially useful in this context [50]. CEOT-like areas may
be seen in conjunction with AOT (Fig. 6¢) [51]. Clinically,
these combined CEOT/AOT lesions will have the same
indolent behavior as AOTs, and surgeons should be advised
they are to be managed as such.

The amyloid rich variant of central odontogenic fibroma
(COF) is perhaps the most difficult differential diagnosis for
CEOT and this distinction remains controversial (Fig. 6d)
[52]. COF have a predilection for females, presenting most
commonly as a well-defined radiolucency in the maxillary

A
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Fig.5 a Hematoxylin and eosin of adenoid ameloblastoma demon-
strating at low power a cribriform architecture, with subtle palisading
of the cells at the periphery of the tumor nests. Amorphous, anucleate
areas representing ghost cell keratinization (solid arrow) are present,

as well as more basophilic areas of cellular condensation or mor-
ules (open arrow). b In other more solid areas, cellar clearing is noted
with masses of dentinoid
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Fig.6 a Calcifying epithelial odontogenic tumor exhibiting sheets
of polygonal epithelial cells with interspersed amyloid and concen-
tric calcifications. b A focal area of calcifying epithelial odontogenic
tumor-like change in the wall of a hyperplastic dental follicle sur-
rounding an impacted mandibular molar in a 14 year-old male. ¢ A

anterior region in a peri- or inter- radicular region, depres-
sion of the palatal bone may be present; histopathologi-
cally, COF are characterized by moderately cellular con-
nective tissue with islands or strands of epithelium [53,
54]. The amyloid in the amyloid-rich variant of COF is the
same odontogenic ameloblast-associated protein as found
in CEOT. The amyloid rich variant of COF exhibits a net-
work of dendritic cells that may be highlighted by CD1a
or S100. A non-calcifying Langerhans cell-rich variant of
CEOT has been described [55-57], with morphologic fea-
tures that overlap with amyloid rich variant of COF. The
distinction between amyloid rich variant of COF from the
non-calcifying Langerhans cell-rich variant of CEOT is clin-
ically relevant, as COFs are generally expected to behave
non-aggressively with low rates of recurrence after treat-
ment with curettage. Lack of calcifications radiographically
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focal calcifying epithelial odontogenic tumor-like area occurring in
an adenomatoid odontogenic tumor in a 21 year-old female in the
anterior maxilla. d Hematoxylin and eosin of amyloid rich variant of
central odontogenic fibroma. Abundant amyloid is present with small
islands of odontogenic epithelium

as well as histologically, anterior maxillary location, inter-
radicular location, and female gender are features that favor
an amyloid rich variant of COF over the non-calcifying
Langerhans cell-rich variant of CEOT. While controversy
remains, several authors argue that these tumors are better
classified as a variant of COF rather than a variant of CEOT
classification, to avoid overtreatment [52-54].

The pathogenesis of CEOT is not clearly characterized,
with proposed mechanisms conflicting. It has been theorized
the SHH pathway is implicated in the pathogenesis of CEOT
[58, 59] ; however, initial NGS data does not support this
[18, 60]. Five CEOTs analyze with NGS revealed mutations
in tumor suppressor genes PTEN and CDKN2A as well as
oncogenes MET and JAK3 and mutations [60]. We have
reported NGS results on two CEOTs, one with mutation
of the MET oncogene and another CEOT that was multiply
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recurrent, and clinically aggressive with mutations of mul-
tiple tumor suppressor genes (ATRX, CDK2NA, RB1) [18].
Additional studies are required to more fully characterize the
molecular pathogenesis of CEOT.

Conclusions

The advances in understanding of the molecular pathogen-
esis of odontogenic tumors have many potential ramifica-
tions including: diagnostic value, affording greater preci-
sion in the diagnosis of challenging cases, prognostication
of tumor behavior based on characteristics of the mutational
burden, and prediction of the response to potential therapeu-
tic targets. There is exciting potential for the use of targeted
therapies in the treatment of odontogenic tumors. This may
lead to reduced surgical morbidity and decreased recurrence
rates; given the accessibility of the anatomic region, local
delivery systems may be considered. Odontogenic tumors,
as a whole, are rare, and the combination of their infre-
quency with their morphologic overlap makes diagnosis
challenging.
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