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a  b  s  t  r  a  c  t

Ameloblastoma  is  benign  odontogenic  tumours  that  mainly  occur  in  the  jawbone.  This  tumour  induces
aggressive  invasion  into  the surrounding  bone  and  has  a high  recurrence  rate after  surgery.  Therefore,
mandibular  resection  is performed  in  many  patients  with  this  tumour,  causing  aesthetic  and  functional
problems.  It  is  necessary  to develop  a  novel  treatment  strategy  for ameloblastoma,  but  there  are  cur-
rently  no  innovative  treatments.  Although  our understanding  of the molecular  biological  mechanisms
of  ameloblastoma  is  still  insufficient,  there  have  been  many  recent  reports  of  new  molecular  biological
findings  on  ameloblastoma.  Therefore,  bioactive  factors  that  have  potential  for  novel  therapeutic  meth-
ods, such  as molecular  targeted  therapy,  have  been  discovered  in  ameloblastoma.  In this  review,  we
summarize  the  molecular  biological  findings  of ameloblastoma  reported  over  several  decades,  focusing

on factors  involved  in  invasion  into  surrounding  tissues  and  disease-specific  gene  mutations.  We  also
mention  the effect  of the  interaction  between  tumour  cells  and  stromal  components  in ameloblastoma
on  tumour  development.

Scientific  field  of dental  Science:  Oral surgery,  Odontogenic  tumor,  Ameloblastoma.
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1. Introduction

Ameloblastoma is representative benign odontogenic tumour
that commonly occurs in the jawbone. This tumour is thought to
arise from the remaining cells of the dental lamina, the epithelial
cell rests of Malassez, or the basal cell layer of the epithelial surface
[1]. Most patients with ameloblastoma are between the ages of 30
and 50 years, and this tumour occurs with equal frequency in men
and women, with 80% occurring in the mandible [2,3]. Ameloblas-
toma develops invasively [4], and recurrence rates are higher if they
are not adequately resected during surgery [5,6]. Extended resec-
tion of the jaw is effective in controlling recurrence, but it presents
significant aesthetic and functional problems [7].

Over the past few decades, many research groups have car-
ried out molecular biological studies on ameloblastoma, and our

understandings of this tumour has been dramatically improved.
However, many points of the molecular mechanisms of the inva-
sive development of ameloblastoma have not been clarified,
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nd surgeons usually empirically decide on the treatment plan.
meloblastoma is a rare disease, and the primary culture of
meloblastoma cells is difficult. Previously, there were few stud-
es using immortalized ameloblastoma cell lines, and many studies
ocused on histological verification. However, recently, many stud-
es using primary cell cultures and immortalized ameloblastoma
ell lines have been reported. Harada et al. [8] established AM-1
ells, which are an immortalized cell line derived from the plex-
form type of human ameloblastoma using papillomavirus. Kibe
t al. [9] also established AM-3 cells, which are an immortalized
ell line derived from the follicular type of human ameloblas-
oma, using a lentivirus. In addition, several research groups
erformed in vitro experiments using novel immortalized cell

ines of ameloblastoma and reported various molecular biologi-
al findings [10–12]. Regarding ameloblastoma, a stable animal
xperimental model is necessary for preliminary experiments of
ovel molecular targeted therapy. However, there are few reports
f animal experimental models of ameloblastoma. Possible rea-
ons are the difficulty of primary culture, the immortalization of
meloblastoma cells, and the rarity of this tumour. Zhang et al.

13,14] established an experimental model of ameloblastoma by
ransplanting ameloblastoma tissue and primary culture cells into
mmunodeficient mice. In addition, our research group trans-
lanted immortalized ameloblastoma cells derived from follicular
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and plexiform types subcutaneously into the heads of immunod-
eficient mice and established stable animal experimental models
of two different types of ameloblastoma [15]. By using such exper-
imental animal models, we expect progress in the development
of a novel therapeutic method for ameloblastoma. Recently, gene
mutations of BRAF and SMO  specific to ameloblastoma have been
reported [16–18]. We  consider that research on the factors involved
in the control of tumour development, including these mutant
genes and factors related to invasion, will progress in the near
future.

2. Effects on bone remodelling in ameloblastoma

Ameloblastoma invades aggressively into the surrounding bone.
Therefore, it is considered that the role of osteoclasts in bone
resorption of ameloblastoma is important. Receptor activator
nuclear factor kappa B (RANK), receptor activator nuclear factor
kappa B ligand (RANKL), and osteoprotegerin (OPG) in osteoclast
formation are crucial for bone remodelling [19,20]. RANK is a
central activator of NF-kB that regulates DNA transcription and
is a signal transduction receptor of RANKL. RANKL is normally
membrane-bound to osteoblasts, binds to RANK on the surface of
pre-osteoclasts, and stimulates osteoclast differentiation and acti-
vation. OPG is a soluble decoy receptor for RANKL that inhibits the
pre-osteoclastic interaction between RANKL and RANK, thereby
inhibiting bone resorption [21]. The balance of these factors is
important in controlling bone remodelling [22]. The RANKL, RANK,
and OPG systems have also been shown to be aberrantly regulated
in several osteolytic lesions, including neoplastic lesions [23–26].

Several reports have pointed out the expression of RANKL,
RANK, and OPG in odontogenic diseases, including ameloblastoma,
and pointed out the role of osteoclast regulators in the progres-
sion of odontogenic lesions [27–30]. da Silva et al. [27] showed that
both RANK and RANKL were more highly expressed in ameloblas-
toma than in odontogenic keratocysts. This finding supports the
phenomenon that ameloblastoma have a higher degree of bone
invasiveness and a higher recurrence rate than odontogenic ker-
atocysts [27]. In contrast, Tekkesin et al. [28] reported that the
expression of RANKL in radicular cysts and odontogenic kerato-
cysts and ameloblastoma is the same in all three diseases, and
the variable factors that determine osteoclast formation depend
on RANK expression. da Silva et al. [27] found that stromal cells
in solid/multicystic ameloblastoma have higher levels of RANK
expression than unicystic ameloblastoma, and the rate of positive
cells for RANKL and OPG was high in solid/multicystic and unicystic
ameloblastoma. The balance of OPG, RANKL, and RANK expression
regulates osteoclast activation, leading to tumour-induced bone
and tooth resorption, and may  be involved in the clinical behaviour
of ameloblastoma.

Sandra et al. [31] suggested that ameloblastoma can induce
osteoclastogenesis by secreting soluble RANKL and tumour necro-
sis factor � (TNF-�).  They also found that RANKL was  contained
in the culture supernatant of AM-1 cells, a human ameloblas-
toma cell line, and induced osteoclast differentiation [31]. However,
Yoshimoto et al. [32] reported that RANKL expression sufficient
for osteoclast differentiation was not detected in the ameloblas-
toma cell line AM-1. Kumamoto et al. [33] reported that RANKL
expression was scarcely observed in both plexiform and follicular
ameloblastoma. Previous studies have reported that RANKL-
positive cells are more distributed throughout the stroma than
ameloblastoma tumour cells [27,32]. These indicate that both

tumour cells and stromal components may  act as a source of
osteoclastogenic factors in ameloblastoma. Liu et al. [34] revealed
that the interaction between AM cells and bone marrow stromal
cells (BMSCs) induces osteoclastogenesis by upregulating inter-
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eukin (IL)-8 and activin A. In our study, the interaction between
meloblastoma cells and stromal fibroblasts promoted the produc-
ion of cytokines such as IL-6 and IL-8 from stromal fibroblasts
nd promoted tumour growth and osteoclast differentiation [35].
he overexpression of IL-6 and IL-8 is known not only to correlate
ith tumour growth and metastasis and angiogenesis but also to

lay an important role in osteoclast formation [36–38]. These find-
ngs suggest that the interaction between ameloblastoma cells and
he surrounding stromal cells may  influence the bone invasion of
meloblastoma.

Although there are many studies on the effects of ameloblas-
oma on bone remodelling, most of them focus on osteoclast
ifferentiation and activation, and there are few studies investi-
ating the suppression of osteogenesis. Sathi et al. [39] reported
hat sFRP-2 is strongly expressed in ameloblastoma tissue and AM-

 cells, and sFRP-2 derived from ameloblastoma cells can lead
o decreased osteogenesis. The same group also suggested that
meloblastoma cells secrete sFRP-2, RANKL, and IL-6 to create a
avourable environment for the inhibition of bone formation and
one resorption [40].

From the above, it was suggested that ameloblastoma realize
ggressive invasion by promoting bone resorption and suppressing
one formation. Factors involved in these mechanisms may  be tar-
ets for the regulation of tumour development in ameloblastoma.

. Digestive proteinase: matrix metalloproteinase

Matrix metalloproteinases (MMPs) are a family of zinc-
ependent proteinases that mediate the degradation of extracel-

ular matrix (ECM) and basement membrane and are classified into
elatinases, matrilysin, collagenase, stromelysin, and membrane-
ound MMPs  (MB-MMPs) [41]. The degradation of extracellular
atrix and basement membrane components promotes the
igration of tumour cells and the entry into adjacent tissue com-

artments. There are numerous reports on the role of MMPs  in
he invasion of ameloblastoma. Among them, there are many
eports that MMP-2 and MMP-9 are expressed in ameloblastoma
42–48]. MMP-2 and MMP-9 are expressed in various cancers
nd are involved in angiogenesis and tumour growth, and many
eports suggested a relationship with tumour aggressiveness and
linical course [49–51]. MMP-2 degrades type IV collagen, one
f the major components of the basement membrane, and pro-
otes tumour invasion, and its importance is well known [52].
igh expression and activity of MMP-2 have been documented

n many tumours, and many studies of ameloblastoma indicate
imilar findings [53]. In particular, high expression and activity of
MP-2 have been shown to be associated with aggressive invasive

ehaviour in ameloblastoma [13,53,54]. Wang et al. [55] reported
hat the suppression of MMP-2 expression in ameloblastoma cells
y RNA interference inhibited MMP-2 activity and the invasion
f ameloblastoma cells. MMP-9 is considered to be involved in
he process of tumour invasion by mediating basement membrane
egradation and ECM remodelling [56]. Several studies have pro-
osed that MMP-9 is associated with the local invasiveness of
meloblastoma, and they found its expression in ameloblastoma
pithelial and stromal components [54,57]. Qian et al. [58] found

 large discrepancy in MMP-9 expression levels in many patients
ith ameloblastoma. They further argued that there was a correla-

ion between the levels of MMP-9 expression and the histological
ype and biological behaviour of ameloblastoma [58]. Kibe et al. [9]
valuated the activity of MMP-2 and MMP-9 in AM-1 cells derived

rom the plexiform type and AM-3 cells derived from the follic-
lar type of ameloblastoma. As a result, the activities of MMP-2
nd MMP-9 from AM-3 cells were more active than those from
M-1 cells [9]. Kumamoto et al. [59] evaluated the correlation
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of the expression of MMP-9 and tumour growth in ameloblas-
toma and concluded that MMP-9 plays a role in regulating tumour
progression. However, it was reported that tissue inhibitor of met-
alloproteinase (TIMP)-1, which is a selective inhibitor of MMP-9,
did not show a significant inhibitory effect on bone resorption
of osteoclasts, and the results suggest that MMP-9 may  not be
involved in the degradation of bone matrix [58]. Similar to other
findings, the expression of other MMP  types, such as MMP-1, MMP-
13, and MMP-14, has also been reported in ameloblastoma [60–62].
Statistically, there is a difference in recurrence rate and prognosis
among the histological types, and it has been suggested that the
difference in invasion ability is the factor [57,63]. The difference in
MMP expression may  be the cause of the difference in aggressive-
ness in various ameloblastoma.

TIMPs are key regulatory molecules that inhibit MMP  expres-
sion and activity [41]. Several reports have shown the expression
of TIMPs in ameloblastoma, such as TIMP-1 and TIMP-2 [45,59].
Zhang et al. [64] found that the relative expression levels of TIMP-2
and MMP-14 were significantly higher in recurrent ameloblastoma
than in primary ameloblastoma. Furthermore, Nunia et al. [57] sug-
gested that the expression of TIMP-2 in stromal components plays
a role in the regulation of tumour progression by its inhibitory
effect on MMP-9 in ameloblastoma. TIMPs counteract the effects
of MMPs, and the relationship between the expression of TIMPs
and the behaviour of ameloblastoma is unclear. The imbalance of
the expression of MMPs and TIMPs may  influence the progression
of ameloblastoma.

There are several reports on factors that promote MMP  expres-
sion in ameloblastoma. Yang et al. [12] suggested that hydrostatic
pressure on ameloblastoma cells causes the upregulation of
MMP-2, MMP-9, and RANKL via the Wnt/�-catenin pathway in
ameloblastoma. Kibe et al. [9] found that ameloblastoma cells
enhanced MMP-9 expression in response to Wnt3a. Additionally,
Ohta et al. [65] reported that TNF-� promotes the expression of IL-
6 and MMP-9 in ameloblastoma cells. da Rosa et al. [10] reported
that epidermal growth factor (EGF) activated tumour-cell-derived
MMP-2 and MMP-9 to enhance the invasive ability of ameloblas-
toma. They showed that epidermal growth factor receptor (EGFR)
signalling downstream of EGFR regulates the migration, invasion,
and MMP  secretion of ameloblastoma-derived cells.

Controlling MMPs  may  lead to effective control of invasion into
surrounding tissues of different types of ameloblastoma. However,
MMPs  were originally proteolytic enzymes with an important role
in biological functions, including tissue remodelling, and the inhi-
bition of MMP  activity using an MMP  inhibitor causes many side
effects. Therefore, further studies are needed for disease control by
MMP  inhibition in ameloblastoma.

4. Gene mutations in ameloblastoma: BRAF and SMO

Kurppa et al. [16] found frequent mutations in the BRAF gene in
ameloblastoma, and they indicated V600E mutations in all cases.
BRAF is a component of the mitogen-activated protein kinase
(MAPK) pathway, which is the intracellular signal transduction
pathway, and other studies have also reported high-frequency
MAPK pathway mutations in ameloblastoma [17,18]. The BRAF
V600E mutation was found in many neoplasms, and the muta-
tion can promote cell growth and neoplastic transformation via the
activation of BRAF, MEK, and ERK signalling in cancer [66]. Brown
et al. [18] found that the BRAF V600E mutation was detected in 62%
(31/50) of ameloblastoma and that the mutation was  not only in the

BRAF gene but also in the RAS gene (KRAS, 8%, NRAS, 6%, HRAS, 6%)
and FGFR2 (6%). Brown et al. [18] indicated that BRAF V600E was
more common in mandibular ameloblastoma, whereas ameloblas-
toma containing wild-type BRAF occurred more frequently in the
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axilla and showed earlier recurrence. Other reports also sug-
ested a low recurrence rate in cases of ameloblastoma with the
RAF V600E mutation [16–18]. This result suggests a role for
he BRAF V600E mutation as a prognostic marker for ameloblas-
oma, and maxillary ameloblastoma are typically considered to
e more aggressive. Regarding histological types, Sweeney et al.
17] suggested that mutations in SMO  and BRAF tend to be mutu-
lly exclusive and that these changes may  define two  independent
enetic aetiologies of ameloblastoma. They also showed that most
ases of follicular type ameloblastoma carried either SMO  or BRAF
utations, whereas almost all plexiform cases of ameloblastoma

ad SMO  mutations [17]. do Canto et al. [67] suggested that the
RAF V600E mutation is common in mandibular ameloblastoma,
specially in tumours larger than 4 cm and in the posterior region
f the mandible, in which mutations may  occur regardless of his-
ological type, age, sex, and radiographic profile. Thus, although

any studies have suggested the superiority of BRAF mutations
n mandibular ameloblastoma, there are also reports that BRAF
600E activating mutations occur regardless of the site or type of
meloblastoma [68,69].

It has also been reported that SMO  is the most commonly
utated gene other than BRAF in ameloblastoma and is involved

n the aetiology of these tumours [17,18]. Sweeney et al. [17] indi-
ated that SMO  mutations were more frequently found in maxillary
meloblastoma than in mandibular ameloblastoma, whereas BRAF
utations were more frequently found in mandibular ameloblas-

oma. The SMO  gene encodes the hedgehog pathway protein
moothened (SMO). Hedgehog pathway activation was indepen-
ent and suggested to be synergistic with MAPK pathway activation
18]. The expression of Sonic Hedgehog (SHH), PTCH1 and SMO in
meloblastoma has been reported [70,71]. Commonly, the mem-
rane protein PTCH1 suppresses SMO  activity in the absence of SHH
roteins. Kanda et al. [72] investigated the association between
HH signalling and cell proliferation of ameloblastoma cells using
M-1 cells. As a result, they found that AM-1 cells express SHH
nd PTCH, and their growth was  suppressed by SHH antibody or
yclopamine. This result indicates that SHH plays an anti-apoptotic
ole in the growth of ameloblastoma cells [72]. The relationship
etween the aforementioned SMO  gene mutation and the over-
xpression of a protein involved in the SHH signalling pathway
s unknown, but both of them may  affect the characteristics of
meloblastoma.

Vemurafenib and dabrafenib, which are selective inhibitors
f mutant BRAF, and trametinib, which is a MEK  inhibitor, are
pproved for the treatment of BRAF mutation-positive metastatic
elanoma [73]. Ameloblastoma cells carrying the BRAF V600E
utation have been shown to be sensitive to vemurafenib treat-
ent in vitro, suggesting that mutant BRAF inhibition may  be

ffective for ameloblastoma [17,18]. Furthermore, several groups
ave already reported the use of mutant BRAF inhibitors in patients
ith ameloblastoma [74–76]. Tan et al. [74] reported that pre-

perative therapy with dabrafenib was given to patients with
ecurrent BRAF-mutant mandibular ameloblastoma and that these
retreated ameloblastoma lesions showed a >90% reduction in
umour volume. Kaye et al. [75] also reported that patients with
meloblastoma with the BRAF V600E mutation were treated with

 combination of dabrafenib and trametinib and showed a dramatic
esponse after eight weeks of treatment. These reports suggest that

APK pathway inhibitors should be evaluated as a novel treat-
ent for ameloblastoma. However, the reports of the therapeutic

ffect of BRAF inhibitors on ameloblastoma remains scarce, and
o large scale studies have yet reported. Vismodegib, which is a

pecific inhibitor of SMO, has been approved for the treatment of
asal cell carcinoma [77]. In addition, there is a report that itra-
onazole and arsenic trioxide (ATO), which are hedgehog pathway
nhibitors, inhibit the growth of medulloblastoma and basal cell
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carcinoma in vivo and in Phase II clinical trials [78]. However, there
is a report that vismodegib and itraconazole have been shown to be
ineffective at inhibiting the activity of SMO  mutants in ameloblas-
toma [17]. Thus, it is necessary to verify the utility of these agents
for ameloblastoma. The number of cases of ameloblastoma is gen-
erally small. In addition, the tumor size and the general condition
of the patient should be taken into account in the treatment with
molecular targeted agents. Therefore, the number of patients who
can participate in clinical trials may  be smaller and proving the
therapeutic efficacy of these agents may  require a longer study
period.

The elucidation of gene mutations in ameloblastoma may  help
to develop novel non-invasive treatments for ameloblastoma. We
expect that the gene mutations in ameloblastoma will be bet-
ter understood and that an excellent therapeutic method for this
tumour will be developed in the future.

5. The role of stromal components in ameloblastoma

Ameloblastoma is composed of odontogenic tissue and abun-
dant tumour stroma. Recently, it has been reported that stromal
cells play an essential role in various diseases. For example, var-
ious types of cancer cells and stromal fibroblasts secrete soluble
factors such as cytokines and growth factors into the microenvi-
ronment, and these factors upregulate the growth and invasion
of cancer [79,80]. These studies indicate that the interaction
between ameloblastoma cells and surrounding stromal cells, such
as fibroblasts, may  contribute to the pathogenesis of ameloblas-
toma.

The authors’ research group hypothesized that ameloblas-
toma cells and stromal fibroblasts might be reciprocally activated
via cytokines and co-ordinately create a microenvironment that
promotes the growth of ameloblastoma. We  indicated that the
IL-1�-mediated interaction between ameloblastoma cells and stro-
mal  fibroblasts increased the production of IL-6 and IL-8 from
fibroblasts [35]. Furthermore, IL-6 and IL-8 from fibroblasts pro-
moted cell motility and the proliferation of ameloblastoma cells
[35]. It has been reported that IL-6 and IL-8 are associated with
invasive growth and metastasis by activating tumour cell prolif-
eration and cell motility in various malignant tumours [81–84].
Goh et al. [85] suggested that the overexpression of IL-1� in
ameloblastoma may  play a role in the promotion of bone resorption
and local infiltration. They also indicated that tumour parenchy-
mal  and stromal components of ameloblastoma interact through
IL-1� and IL-6 to create a microenvironment that promotes
tumour progression [85]. Furthermore, as described above, Liu
et al. [34] showed that ameloblastoma cells and stromal cells
interacted with each other and induced the expression of IL-
8 and activin A from stromal cells. They suggested that the
expression of these factors may  play an essential role in osteo-
clastogenesis in ameloblastoma [34]. Additionally, Jiang et al. [86]
indicated that IL-6 secreted from stromal cells may  promote the
EMT of ameloblastoma cells, promote tumour-like epithelial stem
cell formation and play an essential role in the progression of
ameloblastoma. These reports suggest that ameloblastoma cells
and stromal components interact with each other to form a spe-
cific microenvironment, which may  significantly influence tumour
characteristics.

Syamala et al. [87] reported the presence of �-SMA-positive
myofibroblasts in the stromal components of odontogenic cysts and
tumour. They also found that ameloblastoma showed the highest

number of myofibroblasts compared with dentigerous cysts and
odontogenic keratocysts [87]. Mudaliar et al. [88] also found that
solid/multicystic ameloblastoma contain more myofibroblasts in
the stroma than unicystic ameloblastoma. Myofibroblasts are vari-
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nts of fibroblasts that express �-SMA; are found in both fibroblasts
nd smooth muscle cells; and secrete cytokines, growth factors,
nd abundant extracellular matrix [89]. Therefore, the association
f myofibroblasts with invasiveness has been pointed out in var-

ous malignant tumours [89]. There are still many unclear points
bout the role of myofibroblasts in ameloblastoma, but they may
nfluence the progression of these tumour-like stromal fibroblasts
escribed above.

As mentioned above, ameloblastoma is characterized by differ-
nt histological types, such as the follicular type and the plexiform
ype. However, the factors that affect invasive growth patterns are
ot clear in ameloblastoma. Our research group focused on the role
f stromal components as described above and considered that the

nteraction between ameloblastoma cells and stromal cells might
nfluence the invasion behaviour of ameloblastoma cells. We  evalu-
ted the behaviour of two  different ameloblastoma cell lines (AM-1
ells derived from the plexiform type and AM-3 cells derived from
he follicular type) in collagen gel and the role of fibroblasts in this
rocess using a double-layered collagen gel hemisphere (DL-CGH)
ystem, which is a three-dimensional (3D) culture method [90]. As

 result, AM-1 and AM-3 cells had different invasive patterns, and
he presence of fibroblasts changed the invasive form of ameloblas-
oma cells, promoting more aggressive, collective cell invasion [90].
hese results suggested that ameloblastoma cells from different
ypes indicate different collective invasion patterns and that the
xistence of fibroblasts influences the behaviour of ameloblastoma
ells [90]. Moreover, the difference in the properties of the stromal
omponents may  be responsible for the various invasive forms in
meloblastoma.

These reports suggest that the stromal components of
meloblastoma are involved in tumour proliferation, invasion, his-
ological pattern (growth pattern), and osteoclast differentiation.
n the future, it will be possible to establish effective treatments
or various types of ameloblastoma through the clarification of the
ffect of stromal components on the behaviour of ameloblastoma.

. Conclusion

We  summarized the molecular biological findings that may
e related to the aggressive invasion of ameloblastoma in this
eview. In recent years, the detailed molecular mechanisms for the
haracter of this tumour have been investigated, and the biolog-
cal factors that cause invasive development have become more
pparent. These findings indicate that tumour cells secrete fac-
ors related to bone resorption and invasion, such as MMPs  and
ANKL, and interact with surrounding stromal components to con-
truct a microenvironment favourable for tumour development in
meloblastoma (Fig. 1). Even so, there are many unclear points
bout this tumour, and the generating mechanisms of ameloblas-
oma and the factors that cause the difference in histological type
re still unknown. Currently, invasive surgery, such as jaw resec-
ion including surrounding tissues, is often performed to reduce the
isk of recurrence, causing many problems in patients. Therefore, it
s desirable to develop a novel non-invasive treatment including

olecular targeted therapy with less postoperative QOL reduc-
ion in patients. There are several reports that molecular targeted
herapy with inhibitors against mutant BRAF is significant, as men-
ioned in this review. In addition to BRAF, candidates for therapeutic
arget factors have been reported, and we expect further research
esults in the future.
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