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Abstract The 4th edition of the World Health Organiza-
tion’s Classification of Head and Neck Tumours was pub-
lished in January of 2017. This article provides a summary
of the changes to Chapter 4 Tumours of the oral cavity and
mobile tongue and Chapter 8 Odontogenic and maxillofa-
cial bone tumours. Odontogenic cysts which were elimi-
nated from the 3rd 2005 edition were included in the 4th
edition as well as other unique allied conditons of the jaws.
Many new tumors published since 2005 have been included
in the 2017 classification.

Keywords Odontogenic cysts - odontogenic tumors -
Gnathic conditions - Gnathic bone tumors - WHO
Classification - Update on WHO Classification of
odontogenic tumors

The next edition of the WHO’s classification of odonto-
genic cysts, tumors and maxillofacial bone tumors was
published in early 2017 (Table 1). The new edition, like
those earlier, has a profound impact on the practice of head
and neck surgical pathology throughout the world. The
goal of this paper is to summarize the changes in the new
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classification since the 2005 edition. Like all classifications,
the final product was a consensus of invited experts from
around the world with extensive experience with odonto-
genic cysts and tumors as well as bone pathology. The final
classification represents a consensus only of those selected
to participate at a fixed point in time. Debate at times was
lively, and we acknowledge the inclusion of some subjec-
tivity depending on the experience and training of those
selected. WHO invited participants in the Consensus and
Editorial Panel included Prof Takashi Takata, Japan, Chair;
Prof Daniel Baumhoer, Switzerland; Prof Samir El-Mofty,
USA,; Prof Edward Odell, United Kingdom; Prof Paul Spei-
ght, United Kingdom; Prof John Wright, USA, Prof Rosnah
Zain, Malaysia. The panel was guided by the principles of
simplicity, clinical relevance, scientific validity and util-
ity for nonspecialist pathologists. Numerous changes were
considered and incorporated to provide a contemporary,
consensus classification that should provide the practicing
worldwide community of head and neck pathologists with a
working framework for the diagnosis of odontogenic cysts,
tumors and other allied bone tumors at this point in time.
Odontogenic cysts, conceptually inseparable from odon-
togenic tumors which can be cystic, were omitted from
the 2005 classification. Odontogenic cysts have been rein-
corporated into the 2017 classification and updated sig-
nificantly from the 1992 classification. The overall clas-
sification of odontogenic tumors focuses on those that are
biologically benign and those that are malignant. The 2005
classification divided the benign tumors into “Odontogenic
epithelium with mature, fibrous stroma without odon-
togenic ectomesenchyme, Odontogenic epithelium with
odontogenic ectomesenchyme, with or without hard tissue
formation, and Mesenchyme and/or odontogenic ectomes-
enchyme with or without odontogenic epithelium.” While
accurate, this seemed overly complex and the 2017 version
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Table 1 WHO Classification of Odontogenic tumors,
cysts and allied lesions

Malignant odontogenic tumors
Ameloblastic carcinoma
Primary intraosseous carcinoma
Sclerosing odontogenic carcinoma
Clear cell odontogenic carcinoma
Ghost cell odontogenic carcinoma
Odontogenic carcinosarcoma
Odontogenic sarcomas
Benign odontogenic tumors
Ameloblastoma
Ameloblastoma, unicystic type
Ameloblastoma, extraosseous/ peripheral type
Metastasizing (malignant) ameloblastoma
Squamous odontogenic tumour
Calcifying epithelial odontogenic tumour
Adenomatoid odontogenic tumour
Ameloblastic fibroma
Primordial odontogenic tumour
Odontoma
Odontoma, compound type
Odontoma, complex type
Dentinogenic ghost cell tumour
Odontogenic fibroma
Odontogenic myxoma/myxofibroma
Cementoblastoma
Cemento-ossifying fibroma
Odontogenic Cysts
Dentigerous cyst
Odontogenic keratocyst
Lateral periodontal and botryoid odontogenic cyst
Gingival cyst
Glandular odontogenic cyst
Calcifying odontogenic cyst
Orthokeratinized odontogenic cyst
Nasopalatine cyst
Chondrosarcoma
Gl
G2/3
Mesenchymal chondrosarcoma
Osteosarcoma, NOS
Intraosseous well differentiated osteosarcoma
Chondroblastic osteosarcoma
Parosteal osteosarcoma
Periosteal osteosarcoma
Chondroma
Osteoma
Melanocytic neuroectodermal tumor of infancy
Chondroblastoma
Chondromyxoid fibroma

Osteoid osteoma

Table 1 (continued)

Osteoblastoma
Desmoplastic fibroma
Ossifying fibroma

Fibrous dysplasia
Cemento-osseous dysplasia
Osteochondroma

Central giant cell granuloma
Peripheral giant cell granuloma
Cherubism

Aneurysmal bone cyst
Simple bone cyst

Solitary plasmacytoma

will recognize only epithelial, mesenchymal (ectomesen-
chymal), and mixed odontogenic tumors.

Malignant Odontogenic Tumors

The 2005 classification divides ameloblastic carcinoma into
three types; primary and secondary intraosseous tumors
and secondary peripheral tumors. Primary peripheral
lesions which do exist were not included. There seemed lit-
tle justification to divide such a rare tumor which in 2017
continues simply as a single entity; ameloblastic carci-
noma. In 2005, primary intraosseous squamous cell car-
cinoma was divided into entities based on their histogen-
esis. In 2017, this group of lesions will be represented by a
single entity; primary intraosseous carcinoma. There is no
clinical relevance for the histogenesis of these carcinomas
at this time and while many of the intraosseous carcinomas
show squamous differentiation, not all do.

Sclerosing odontogenic carcinoma has been added to the
2017 classification. First reported in 2008 [1, 2] approxi-
mately ten cases have been published to date. Sclerosing
odontogenic carcinoma is a cytologically bland epithelial
tumor with significant stromal sclerosis (Figs. 1, 2) and
characterized by aggressive infiltrative growth into muscle
and nerve. The epithelial component tends to be small sin-
gle-file cords and strands, which are variably conspicuous
on routine sections and best demonstrated with cytokera-
tin IHC (Fig. 3). To date, no cases have metastasized and
all patients are alive with only one recurrence after initial
curettage.

Clear cell odontogenic carcinoma has been continued
with updated IHC and genetic profiles. More than 80% of
cases demonstrate EWSRI rearrangement, most often with
ATFI [3, 4].

While sensitive, the translocation is not specific and has
been documented in hyalinizing clear cell carcinoma of sal-
ivary origin as well as other clear cell malignancies.
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In 2005, odontogenic carcinosarcoma was eliminated
from the classification because many if not most of the
reported cases predated IHC confirmation and many of the
reported cases likely represented epithelial-mesenchymal
transition into spindle cell carcinoma. Odontogenic car-
cinosarcoma was reinstituted in the 2017 classification as
improved documentation reconfirmed the existence of the
lesion [5-7].

The group of odontogenic sarcomas have been contin-
ued in 2017 as “odontogenic sarcomas” because of the lack
of evidence showing clinical relevance to subclassification.
Lastly, it is important to note that odontogenic carcinoma
with dentinoid was introduced as a new entity in 2014, [8]
but it was not included in the 2017 classification in order to
allow more time for additional cases to be published with

Fig. 1 Sclerosing odontogenic carcinoma with slender cords of epi-
thelium in a desmoplastic stroma (H&E Original mag x 33)

Fig. 2 Sclerosing odontogenic carcinoma where the epithelial com-
ponent shows minimal cytologicatypia (H&E Original mag X 66)
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Fig. 3 Sclerosing odontogenic carcinoma (IHC AE1/3)

peer review. Odontogenic carcinoma with dentinoid is dis-
cussed with clear cell odontogenic carcinoma.

Benign Odontogenic Tumours: Epithelial
Ameloblastoma

Ameloblastoma has undergone modifications in terminol-
ogy and classification with introduction of prospective
views based on updates on current genetic studies. The
debate of benign vs malignant ameloblastoma was debated.
Acknowledging its local aggressiveness and propensity to
recur, ameloblastoma remained benign, despite the incred-
ibly rare variant known as malignant ameloblastoma.

In the 2005 WHO, Ameloblastomas were classified as
solid/multicystic, — extraosseous/peripheral, desmoplas-
tic and unicystic types. Currently, the classification has
been simplified and narrowed to ameloblastoma, unicystic
ameloblastoma and extraosseous/peripheral types. The
adjective “‘solid/multicystic” for the conventional amelo-
blastoma was dropped because it has no biologic signifi-
cance and can lead to confusion with unicystic ameloblas-
toma. Desmoplastic ameloblastoma will be reclassified
as a histologic subtype and not a clinicopathologic entity.
Despite its unique clinical and sometimes radiographic
features, it behaves like any conventional ameloblastoma.
Odontoameloblastoma was included in the classification in
2005. The association of ameloblastoma with odontoma is
well established and accepted, but the consensus group did
not think it justified being separated as an entity. There is
no evidence that these tumors begin as odontoameloblas-
tomas or recur as odontoameloblastomas; they recur as
ameloblastomas. We believe that these ameloblastomas
arise in an odontoma from primitive ectoderm just as they
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arise from primitive ectoderm involved in odontogenesis.
Accordingly, the association is discussed under ameloblas-
toma and is more accurately described as an ameloblastoma
arising in an odontoma, not odontoameloblastoma.

The year 2014 constituted a turning point in our under-
standing the etiopathogenesis of ameloblastoma as impor-
tant studies on the genetics of this tumor were published
[9-11]. These studies reported the identification of highly
recurrent somatic, activating mutations in the signaling
pathways of the mitogen-activated protein kinase (MAPK)
and Hedgehog in ameloblastoma. The interest in these
two pathways was stirred as they are known to be active
during tooth development [12-14] and more specifically,
mutations in MAPK components (i.e., BRAF, KRAS and
FGFR2) have been identified in both benign [15] and
malignant tumors [16—18] In 2015, an additional investi-
gation regarding BRAF and Hedgehog related-SMO muta-
tions was published, which examined not only ameloblas-
tomas (ameloblastoma and unicystic ameloblastoma), but
also a series of odontogenic carcinomas [19].

Within the MAPK pathway, BRAF has the role of a
serine-threonine kinase. The V60OE mutation is the most
frequent and it has been identified in many cancer types,
such as melanoma, hairy cell leukemia, papillary thyroid
carcinoma and colorectal cancer [16]. The mutated BRAF
constitutively activates downstream signaling that finally
results in increased cell proliferation, survival and neoplas-
tic transformation.

According to the cytogenetic studies on ameloblastoma
performed so far, using real-time PCR often enhanced
by Sanger sequencing, the incidence of the BRAFV600E
mutation ranged from 43% [10] to 82% [19] with a com-
bined frequency from all studies of 59% [9-11, 19]. Other
MAPK-related mutations comprised mainly of RAS and
FGFR-2 showed a combined incidence of only 28% [10,
11] Collectively, the incidence of BRAF, RAS and FGFR-
2 mutations in the studied cases of ameloblastoma was
approximately 79%. Furthermore, these mutations were
mutually exclusive, but for one case that showed simulta-
neous BRAFV600E and FGFR-2 mutations [10]. It is sug-
gested that mutations in the MAPK pathways are an early
and critical event in the etiopathogenesis of ameloblastoma
[20].

On clinical grounds, patients with BRAFV600E amelo-
blastoma have a mean age at diagnosis of 34.5 years com-
pared to 53.6 years in BRAF wild-type cases [11].

The SMO mutation in ameloblastoma was either
absent [19] or ranged between 17% [11] and 39%, [10]
with a combined incidence of 22%. More interestingly,
all BRAFV600E mutations and SMO mutations showed
mutual exclusivity except two cases, [10, 11] suggesting
that these genetic alterations may define two independent
genetic etiologies for ameloblastoma [10]. Ameloblastoma

with SMO mutations are predominantly found in the max-
illa (57%) while those with BRAF mutations are mainly
located in the mandible (75%) [10, 11, 19]. The emerging
genetic dichotomy between the mandibular and maxillary
tumours in regard to BRAF and SMO is not yet elucidated.
The microenvironment of the different anatomic sites could
participate in the divergent mutations although from the
published cases, it cannot be determined if SMO and BRAF
mutations correspond to histologic subtypes. Correlations
between the mutational status of the ameloblastoma and
clinical outcomes await further studies with large, multi-
center series. Since the mutational status of BRAFV600E
usually conforms to the immunohistochemical staining of
its protein product, including fixed tissues that have under-
gone decalcification, [9, 11]. it is expected that comprehen-
sive data on clinico-pathological correlations will be avail-
able in the near future.

Elucidation of the activated molecular pathways opens
exciting opportunities for targeted therapy, either adjunc-
tively or perhaps exclusively. It has been shown that in the
AM-1 ameloblastoma cell line that carries the BRAFV600E
mutation, the abnormally activated MAPK pathway has
been abolished by pharmacological inhibition of BRAF
[10, 11]. Similarly, human ameloblastoma are potentially
responsive to molecularly targeted therapies, like those
that have already been in clinical use against BRAFV600E
mutation [21]. BRAF and SMO pathways are illustrated in
Fig. 4.

The unicystic ameloblastoma (UAM) was recognized
as a distinct subtype of ameloblastoma about 4 decades
ago, based on clinical and radiological features as well as
distinct histopathological findings [22]. At that time the
separation seemed warranted as UAM responded satis-
factorily to conservative approaches in contrast to its con-
ventional counterpart that demanded extensive surgery.
UAM was divided into three subtypes according to the
pattern of proliferation of the ameloblastomatous epithe-
lium: luminal, intraluminal and mural. Since then, there has
been a general agreement that while the first two subtypes
“deserve” to be treated conservatively, the latter (i.e., the
mural type) should be treated as ameloblastoma [23, 24].
(Fig. 5) In 2000, mural involvement in UAM was shown to
have a recurrence rate after conservative surgical removal
approaching that of conventional ameloblastoma and the
luminal variants showed recurrence under 10% [25]. As a
consequence, in the 2017 WHO, it is recommended that
mural infiltration in UAM be recognized as having the
same biological aggressiveness as conventional amelo-
blastoma. Whether this should be classified as a variant of
UAM or as conventional ameloblastoma will require fur-
ther documentation.

The mutation status of BRAF has been examined in a
small number of unicystic ameloblastomas (n=15) [11,
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Fig. 4 Schematic illustration of BRAF a and Sonic Hedgehog b
pathways that are involved in the pathogenesis of ameloblastoma

15, 19] and that of SMO in even a smaller number (n=7)
[19]. In total, 73% of the examined unicystic ameloblasto-
mas (all located in the mandible) were found to bear the
BRAFV600E mutation, however none of them showed
mutations in SMO. The BRAF mutation was found in all
histopathological subtypes of unicystic ameloblastoma,

@ Springer

Fig. 5 Unicystic ameloblastoma with mural infiltration (H&E stain
Original magx33)

implying that a direct relationship to the biological behav-
ior of the tumor is not always present. It can be suggested
that additional factors, such as those related to tumor
microenvironment [26], may contribute to the aggressive-
ness of these tumors.

Squamous odontogenic tumor, -calcifying epithelial
odontogenic tumor, and adenomatoid odontogenic tumor
have been updated but without significant modifications.

Keratocystic Odontogenic Tumor

The most controversial decision in the 2017 classification
was to move keratocystic odontogenic tumor back into the
cyst category as odontogenic keratocyst (OKC). The con-
sensus panel acknowledged that there was some evidence
to reclassify the cyst in 2005, but we did not believe the
evidence was sufficient at the time to justify the reclassi-
fication as a neoplasm. The evidence for reclassification
was based on “aggressive growth”, recurrence after treat-
ment, the rare occurrence of a “solid” variant of OKC, and
most importantly, mutations in the PTCH gene. PTCH gene
mutations have been documented in up to 85% of syndro-
mic (Nevoid basal cell carcinoma syndrome, NBCCS) and
around 30% of nonsyndromic OKCs [27-33]. Because
the NBCCS is caused by PTCH mutation, every nucle-
ated cell in the body would contain the mutation in verti-
cally transmitted syndromic patients. Accordingly, finding
PTCH mutations in OKCs of syndromic patients is not
only not surprising, it’s predictable. The roughly 15-20%
of syndromic patients in which the mutation cannot be
demonstrated can be explained by acquiring the pheno-
type through somatic mutation. That leaves the justifica-
tion for neoplastic pathogenesis based on the mutation in
nonsyndromic patients in which the majority of patients
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do not show the mutation. Additionally, because odonto-
genic cysts were not included in the 2005 classification, it
was unclear if the authors intended to classify the mutated
cysts as neoplasms and the nonmutated ones as cysts. The
mutations in OKCs are not limited to PTCH, as mutations
in CDKN2A, TP53, MCC, CADMI and FHIT have also
been reported [34—-36]. While there has been a sea change
in our understanding of the molecular pathogenesis, which
underlies neoplasms, currently neoplasia continues to be
defined by clinical phenotype in all medical dictionaries
and current medical pathology texts. Almost every defini-
tion includes the concept of autonomy with the neoplasm
continuing to grow after the stimulus which produced it is
removed. Neoplasms should not regress spontaneously and
yet, OKCs are well documented to completely regress fol-
lowing decompression [37] and the lining of many decom-
pressed cysts appears more like oral mucosa than OKC his-
tologically. While the material and methods were not “gold
standard,” loss of heterozygosity has been demonstrated
in other odontogenic cysts [38]. Cutaneous cysts identical
histologically to OKCs have been reported in both syndro-
mic and nonsyndromic patients and yet reclassification as
neoplasms in the medical or dermatopathology communi-
ties has not be recommended. It is important to note that
the consensus panel is not necessarily saying OKCs are not
neoplastic but we believe the evidence currently is lack-
ing to justify the continuation of keratocystic odontogenic
tumor as a tumor.

Mixed Odontogenic Tumors

There is considerable evidence that some ameloblastic
fibromas (AF) are neoplastic and do not produce dental hard
tissues while other histologically identical lesions begin to
mature and ultimately produce dental hard tissues, matur-
ing into odontomas with time. BRAFV600E mutations and
low frequency of fractional allelic loss of tumor suppressor
gene loci have been reported in AF [39, 40]. Maturation is
characterized by morphologic as well as functional changes
and when dental hard tissue are produced, the tumors have
been referred to as ameloblastic fibro-dentinoma (AFD) or
ameloblastic fibro-odontoma (AFO). While it was agreed
that a small number of AFDs and AFOs could conceptually
be neoplastic because of their exceptionally large size, the
consensus was that once dental hard tissues are produced,
these tumors are likely maturing into odontomas. Accord-
ingly, it was concluded that there was little evidence to jus-
tify classifying AFD and AFO as independent entities and
the decision was made to group them under odontomas as
developing odontomas as others have suggested [41-43].
Odontomas, both compound and complex have been
updated but remained relatively unchanged with the

exception of recognizing AFD and AFO within the histo-
logic spectrum of developing odontomas.

The ghost cell lesions presented a similar challenge
because the 2005 classification moved the calcify-
ing odontogenic cyst into the tumor classification and
renamed it calcifying cystic odontogenic tumor. The nar-
rative which accompanied calcifying cystic odontogenic
tumor offered little to no justification for including the
cystic lesions as neoplasms. While not as contentious as
the OKC debate, the consensus panel were unanimous in
returning the calcifying cystic odontogenic tumor to the
cyst classification. An international collaborative study
in 2008 reviewed the WHO classification of ghost cell
lesions and suggested further work needed to be done to
define their biologic behavior [44]. This same interna-
tional group showed that just under 90% of all ghost cell
lesions are either entirely cystic or associated with odon-
tomas, lesions for which there is no justification for clas-
sifying as neoplastic. The 2017 classification clarifies the
relationship of COC to odontomas and other odontogenic
tumors which was not addressed in 2005.

The solid tumor containing ghost cells was updated
and continued as dentinogenic ghost cell tumor.

A new odontogenic tumor described as primor-
dial odontogenic tumor in 2014 will be included in the
2017 classification [45, 46]. Only seven cases have been
reported and most have been in children and affected
the mandible. All cases have been well circumscribed
pericoronal radiolucencies. Histologically, most of the
tumor consists of an immature loose fibrous connective
tissue resembling dental papilla or cellular odontogenic
ectomesenchyme. The entire surface of the tumor is
rimmed by cuboidal to columnar epithelium resembling
the inner enamel epithelium of the enamel organ (Figs. 6,

Fig. 6 Primordial odontogenic tumor with primitive ectomesenchy-
mal stroma lined by odontogenic epithelium (H&E stain Original
mag X 6.6)
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Fig. 7 Primordial odontogenic tumor showing cellular detail of the
stromal and epithelial components (H&E Original magx33)

7). Tumors have been removed conservatively with no
recurrences reported.

Mesenchymal Odontogenic Tumors

In 2005 the odontogenic fibroma was defined as “a rare
neoplasm characterized by varying amounts of inactive-
looking odontogenic epithelium embedded in a mature,
fibrous stroma” and divided into an epithelium poor type,
referred to as the simple type, and an epithelial rich type,
often called the WHO type. After considerable debate, the
consensus group concluded that the epithelial poor or sim-
ple type was poorly defined and documented, and decided
to drop the subclassification. In 2017, the odontogenic
fibroma is defined as “a rare neoplasm of mature fibrous
connective tissue, with variable amounts of inactive-look-
ing odontogenic epithelium with or without evidence of
calcification.”

Odontogenic myxoma and cementoblastoma have been
updated and continued in the 2017 classification.

In 2005, ossifying fibroma was not included in the clas-
sification of odontogenic tumors. It was however discussed
under “bone related lesions.” There is no debate that an
ossifying fibroma occurs in the jaws, perhaps exclusively
in the jaws, which is neoplastic and histologically distinct
from juvenile trabecular or juvenile psammomatoid ossi-
fying fibromas. The tumor is arguably of periodontal liga-
ment origin and therefore odontogenic. Although the only
definition of cementum is based on its anatomic association
with tooth roots and the matrix produced by the tumor has
no clinical or biological significance, the cemento-ossifying
fibroma will be included in the 2017 classification under
odontogenic tumors to distinguish it from the juvenile cate-
gories of ossifying fibroma, but for practical reasons, it will

@ Springer

Fig. 8 Buccal bifurcation cyst which is typically buccal to an erupt-
ing first or second mandibularmolar

be discussed with the other ossifying fibromas under fibro-
osseous lesions in Chap. 8.

Odontogenic Cysts

The most significant change affecting odontogenic cysts
was the reincorporation of odontogenic keratocyst and cal-
cifying odontogenic cyst in the cyst classification when they
had been classified in 2005 as neoplasms. There were addi-
tional significant changes since other cysts had not appeared
in the WHO classification since 1992. Under inflammatory
cysts, inflammatory collateral cysts are included which
defines and subdivides these cysts into paradental cysts
and buccal bifurcation cysts. Paradental cysts are typically
found distal to mandibular third molars and buccal bifurca-
tion cysts are typically found buccal to erupting mandibular
first or second molars in children (Fig. 8). Primordial cysts
have been dropped and are no longer used synonymously
for odontogenic keratocysts. Orthokeratinized odontogenic
cysts are now recognized as an odontogenic cyst distinct
from OKC. The cystic lining consists of a mature strati-
fied squamous epithelium without rete ridge development
which exhibits orthokeratosis and a prominent granular
cell layer. The basal cells tend to be flattened to cuboidal
but not palisaded and hyperchromatic. In contradistinction
to OKCs, orthokeratinized odontogenic cysts are not par-
ticularly aggressive biologically, do not have a significant
recurrence rate after removal and are typically not associ-
ated with the nevoid basal cell carcinoma syndrome. Most
of the other odontogenic cysts have been updated but not
significantly altered. New diagnostic criteria for glandular
odontogenic cysts (GOC) are presented, and the histologic
overlap between GOC and cystic mucoepidermoid carcino-
mas acknowledged, with caution expressed in providing a
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definitive diagnosis based on a small incisional biopsy. Ini-
tial studies have not shown MAML?2 gene rearrangements in
GOCs that are seen in many mucoepidermoid carcinomas
[47]. The only non-odontogenic cyst included in the 2017
classification is incisive canal cyst.

Non-odontogenic Maxillofacial Bone Tumors

Most bone pathology can be seen in the gnathic and crani-
ofacial bones. There were no new entities introduced and
most lesions were updated, particularly as the genetic land-
scape of all neoplasms has evolved since 2005. A summary
of the genetic alterations reported in odontogenic and max-
illofacial bone tumors in presented in Table 2.
Chondrosarcoma grading is discussed and its relation-
ship to prognosis. IDH1/2 mutations have been demon-
strated in approximately half of the cases of chondro-
sarcoma [48]. Mesenchymal chondrosarcomas show
HEY-NCOA?2 fusion rather than mutations of IDHI/2

[49]. Osteosarcoma and its histologic variants have been
updated. MDM?2 amplification and the utility of MDM?2
and CDK4 IHC is discussed. This appears most useful and
relevant to aid in distinguishing low grade well differenti-
ated osteosarcomas from benign fibro-osseous lesions [50].
Gnathic osteosarcomas are less aggressive and metasta-
size considerably less frequently than those of the extrag-
nathic skeleton. The role of neoadjuvant therapy for gnathic
tumors is discussed and questioned.

Chondroma, osteoma, and melanotic neuroectodermal
tumor of infancy were updated without significant change.
Chondroblastoma shows specific H3F3B driver point muta-
tions [51]. Chondromyxoid fibroma, osteoid osteoma, and
osteoblastoma are updated. Desmoplastic fibroma shows
driver mutations of CTNNBI or APC [52, 53].

The ossifying fibromas, including cemento-ossifying
fibroma, juvenile trabecular ossifying fibroma and juve-
nile psammomatoid ossifying fibroma, were discussed
as a group because of their similar and overlapping fibro-
osseous appearance histologically. Fibrous dysplasia (FD)

Table 2 Summary of genetic alterations in odontogenic and gnathic bone tumors

Class of lesions Tumour

Genetic alteration

Odontogenic carcinomas

Clear cell odontogenic carcinoma

Ghost cell odontogenic carcinoma

Benign epithelial odontogenic tumours Ameloblastoma

Squamous odontogenic tumour
Calcifying epithelial odontogenic tumour

Benign mixed epithelial and mesenchymal Ameloblastic fibroma

odontogenic tumours
Odontogenic cysts

Malignant maxillofacial bone and cartilagi- Chondrosarcoma

nous tumours
Osteogenic sarcoma

Benign maxillofacial bone and cartilaginous
tumours Chondroblastoma

Desmoplastic fibroma

Fibro-osseous lesions Ossifying fibroma
Fibrous dysplasia
Osteochondroma
Giant cell tumours and simple bone cyst Cherubism

Aneurysmal bone cyst

Ameloblastic carcinoma

Odontogenic keratocyst

Mesenchymal chondrosarcoma

Melanotic neuroectodermal tumour of infancy BRAF

BRAF
EWSRI, ATF1
SHH pathway*, UBR5, APC

BRAF, KRAS, NRAS, FGFR2, SMO, SMARCBI,
CTNNBI, PIK3CA

Notch pathway receptors and ligands
PTCHI**

PTCHI

IDHI1/2

HEYI-NCOA?2 fusion

MDM? (low-grade and parosteal types)
H3F3B

CTNNBI, APC

CDC73 (previously known as HRPT2)

GNAS (monostotic, polyostotic and McCune-
Albright types)
EXTI—sporadic cases

EXTI, EXT2—hereditary multiple osteochon-
dromas

SH3BP2

CDH11-USP6 fusion (primary lesions)

Other fusion possibilities for CDHI11: COLIAI,
OMD, THRAP3 (also known as TRAP150),
CNBP (previously known as ZNF9)

*Findings reported in a single case
**Not part of basal cell carcinoma nevoid syndrome
***Findings reported in 2 cases
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was updated and linked to postzygotic GNAS! gain of func-
tion mutations [54].Most patients who develop malignancy
associated with FD have been previously radiated but
spontaneous transformation has been reported [55]. The
cemento-osseous dysplasias were updated, as was osteo-
chondroma. Mutations of EXTI or EXT2 occur in osteo-
chondroma [56].

The giant cell lesions of the jaws were updated and
peripheral and central giant cell granulomas discussed.
The H3F3A mutation in giant cell tumors of bone are not
found in gnathic giant cell granulomas [57]. Cherubism,
which is autosomal dominant, shows a strong association
with SH3BP2 mutations [58]. A strong association with
CDHI]11 and/or USP6 mutations is/are seen in primary, but
not secondary, aneurysmal bone cysts [59]. Simple bone
cysts and solitary plasmacytomas of bone were included
and updated.
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