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KEYWORDS Abstract Background/purpose: Mutations in mitogen-activated protein kinase (MAPK) and
Ameloblastoma; sonic hedgehog (SHH) pathways are the most common genetic changes reported in ameloblas-
MAPK pathway; tomas. This study tried to find the mutational landscape of ameloblastomas in Taiwan and
SHH pathway; clarify the role of SHH pathway in the pathogenesis of ameloblastoma.
BRAF V600E Materials and methods: Sanger sequencing of the mutation hot spots in BRAF, KRAS, FGFR2,
mutation; and SMO genes were performed in 77 ameloblastomas. Real-time RT-PCR and double immuno-
GLIT; histochemistry were performed for measurement of glioma-associated oncogene homolog 1
CK17 (GLIT) mRNA expression levels and detection of GLI1 protein and cytokeratin 17 (CK17) expres-

sions in 30 ameloblastomas, respectively.

Results: BRAF V600E mutations were identified in 77.9 % (60/77) ameloblastomas. No FGFR2
(C382R), KRAS (G12R), or SMO (L412F or W535L) mutation could be identified in this cohort.
GLIT mRNA expression in ameloblastoma was significantly associated with older age of the pa-
tient, recurrent tumor, and keratin formation. Furthermore, significantly higher GLI7T mRNA
expression level in acanthomatous ameloblastomas than controls and other histological
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subtypes of ameloblastomas, indicating a positive correlation between the GL/T mRNA expres-
sion level and keratin formation in ameloblastomas. The double immunostains demonstrated
the juxtaposition, instead of co-localization, of GLI1 and CK17 expression in the ameloblasto-
ma tumor nest, suggesting a paracrine control of keratin production by the GLI1 protein in

ameloblastoma.

Conclusion: The concomitant activation of both the MAPK and SHH pathways is frequently
found in ameloblastomas. GLI1 may stimulate the keratin production through a paracrine reg-
ulatory mechanism. SHH pathway is most likely a later event in the pathogenesis of ameloblas-

tomas.

© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Digital
Commons. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Ameloblastoma is the most common benign odontogenic
neoplasm and is characterized by locally aggressive
behavior and a high recurrence rate."? Consequently, wide
surgical resection is the recommended treatment,
frequently resulting in significant functional and esthetic
impairment of the craniofacial complex. Although multiple
genetic alterations in ameloblastomas have been identified
recently,> ¢ the knowledge of pathogenesis of amelo-
blastoma remains limited. Elucidation of the cellular and
molecular mechanisms underlying the pathogenesis of
ameloblastoma is therefore critical for the advancement of
targeted and less morbid therapeutic strategies.

According to the 2023 World Health Organization (WHO)
classification, ameloblastomas are categorized based on
locations and histopathology as solid/multicystic (92 %),
unicystic (6 %), and extra-osseous (2 %)." Histopathologi-
cally, six subtypes of ameloblastoma are recognized:
follicular, plexiform, acanthomatous, granular cell, des-
moplastic, and basal cell types. Notably, these histologic
patterns demonstrate preferential anatomic distribution
and distinct genetic alterations.® Follicular types occur
more frequently in the mandible and are associated with
BRAF V600E mutation, whereas plexiform types are more
often found in the maxilla and have been linked to SMO
mutations.® However, the subsequent larger studies have
suggested that tumor location (mandible vs. maxilla) cor-
relates more strongly with mutation profiles than histologic
subtype, with BRAF mutations predominating in the
mandibular and non-plexiform tumors.>* In addition to
BRAF and SMO mutations, few mutations in KRAS, NRAS,
HRAS, FGFR2, PI3KCA, CTNNB1, and SMARCB1 have also
been reported.*®

Early studies suggested that BRAF and SMO mutations
were nearly mutually exclusive, implying two independent
molecular pathways in ameloblastoma tumorigenesis.®
However, subsequent large-scale analyses demonstrated
frequent coexistence of SMO mutations with alterations in
RAS and FGFR2,? and occasional overlap with BRAF muta-
tion (37 %, 32 % and 16 % of SMO mutated cases, respec-
tively).> Given the substantially higher overall mutation
rates within the FGFR2-RAS-BRAF-MAPK pathway (approxi-
mately 88 %) compared with SMO mutations (16 %—39 %),

https://jds.ads.org.tw/journal/vol21/iss2/59

and the frequent coexistence of SMO mutations with MAPK
pathway alterations (85 % of SMO mutated cases), it has
been proposed that MAPK pathway activation represents a
primary oncogenic driver, whereas sonic hedgehog (SHH)
pathway activation may occur as a later event.>

Clinically, several case reports and small series have
demonstrated encouraging responses to MAPK pathway in-
hibitors in patients with BRAF-mutated ameloblastomas.” "
Nevertheless, residual tumors,”"" squamous differentiation
following therapy,®'®"" tumor recurrence or relapse,”'°
resistance to MEK inhibitor, > and in vitro resistance to BRAF
inhibitors have all been reported,’® underscoring the need
for a more comprehensive understanding of the pathway
interactions in ameloblastoma.

In the present study, we aimed to characterize the
mutation profile of ameloblastomas in Taiwan and to
further elucidate the role of the SHH pathway in their
pathogenesis. Although BRAF V600E mutation was identified
in majority of cases, no mutations in FGFR2, KRAS or SMO
(L412F or W535L) were detected. We therefore investi-
gated GLI1, the key downstream transcription factor of the
SHH pathway, at both the mRNA and protein levels. We
further explored the relationship between GLI1 expression
and keratin production using cytokeratin 17 (CK17) as a
marker. Our findings provided evidence for the concomitant
activation of MAPK and SHH pathways and suggested that
SHH signaling might represent a late, progression-
associated event in ameloblastoma.

Materials and methods
Clinical samples

Non-decalcified formalin-fixed paraffin-embedded (FFPE)
samples from 77 ameloblastomas (30 follicular, 19 plexi-
form, 25 unicystic, two granular cell, and one desmoplastic
types) were included. One syndromic odontogenic kerato-
cyst (OKC), one calcifying odontogenic cyst (COC) and four
radicular cysts used as positive or negative controls were
also included. All cases were diagnosed at National Taiwan
University Hospital (NTUH) between 2007 and 2016. Clinical
data, including age, gender, root resorption, recurrent
history, and follow-up information were collected.
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Keratinized areas were quantified using ImageJ.' This
study was approved by the Research Ethics Committee of
NTUH (No. 201412058RINA, 201608088RINA, and
201901034RIND).

DNA and RNA extraction

Tumor areas were macrodissected from two to five 10 um-
thick FFPE sections, ensuring more than 80 % tumor con-
tent. DNA and RNA were sequentially extracted using the
AllPrep® DNA/RNA FFPE Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Nucleic acid
concentrations were measured using a Nanodrop Lite
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA; USA).

PCR and sanger sequencing

Hot-start PCR was performed using AmpliTag Gold poly-
merase (Thermo Fisher Scientific) to amplify BARF V600E,
FGFR2 (C382R), KRAS (G12R), and SMO (L412F, W535L). The
following primers were used: BRAF (600)-F-TGCTTGCTCT
GATAGGAAAATG; BRAF (600)-R-AGCATCTCAGGGCCAAAAAT;
SMO (412)-F-GATGGGGACTCTGTGAGTGG; SMO (412)-R-T
GTTGCCCAACTGGTCCT; SMO  (412)-nested-F-GGGATTT
GTTTT GTGGGCTA; SMO (412)-nested-R-GCCTGGTCTTCACT
CACCTC; SMO (535)-F-CCCATCCCTGACTGTGAGAT; SMO
(535)-R-CAGGTACGCCTCCAGATGAG; KRAS (12)-F-TTTATTAT
AAGGCCTGCTGAAAATG; KRAS (12)-R-AGAATGGTC CT
GCACCAGTAATA; FGFR2 (382)-F-TCGGCACAGGATGACTGTT
A; FGFR2 (382)-R-AATCTAGCGCCTGGAAGAGA. The PCR
temperature settings were as follows: 95 °C for 5 min and
then 30 s in each cycle for denaturation, temperature in-
crease from 50 °C to 60 °C (according to the melting tem-
peratures of the specific primers) for 30 s for annealing, and
72 °C for 30 s for extension. The PCR products were purified
with Rapid PCR cleanup Enzyme Set (New England BioLabs,
Ipswich, MA, USA) and sequenced at the NTUH Sequencing
Core Facility.

Quantitative real-time RT-PCR

Thirty ameloblastomas with sufficient RNA quality (12
follicular, 6 plexiform and 12 unicystic cases), along with
control lesions, were analyzed. cDNA was synthesized using
a High-Capacity Reverse Transcription Kit (Thermo Fisher
Scientific). GLI1 expression was quantified using TagMan

assays, normalized to g-actin (Hs00171790_m1 and
Hs99999903_m1; Thermo Fisher Scientific), and expressed
relative to the COC sample.

Double immunohistochemistry for GLI1 protein
and CK17

Double immunohistochemical staining for the GLI1 and
CK17 was performed on 4-um FFPE sections using a Ventana
Benchmark XT autostainer. Antibodies included rabbit
polyclonal antibody against the GLI1 protein (1:400 dilu-
tion, Novus Biologicals, LLC, Centennial, CO, USA) and a
mouse monoclonal antibody against the CK17 (1:40 dilution,
clone E3, DAKO, Agilent Technologies, Santa Clara, CA,
USA).

Statistical analysis

Associations between GLI1 expression and clinicopatholog-
ical parameters were evaluated using Mann—Whitney U and
linear regression tests. Statistical analyses were conducted
using IBM SPSS Statistics for Windows, Version 20.0 (IBM
Corp., Armonk, NY, USA). The P-value <0.05 was consid-
ered to be significant.

Results

BRAF V600OE mutations were identified in 60 of 77 amelo-
blastomas (77.9 %). Mutation frequencies were 83.3 % (25/
30) in follicular, 78.9 % (15/19) in plexiform, 76.0 % (19/25)
in unicystic, and 50.0 % (1/2) in granular cell types,
whereas the desmoplastic case was wild type (Table 1). No
FGFR2 (C382R), KRAS (G12R), or SMO (L412F or W535L)
mutations were detected.

GLI1T mRNA expression was significantly higher in ame-
loblastomas than in negative control lesions (P = 0.002)
(Fig. 1; Table 2). Some of the ameloblastoma cases even
showed higher GLI1 expression than the syndromic OKC
case. Expression levels varied among histologic subtypes
(P = 0.014) and were significantly higher in solid/multi-
cystic tumors (P = 0.016, Fig. 2), older patients
(P = 0.004), and recurrent cases (P = 0.005). No significant
associations were observed with root resorption, bone
perforation, tumor location, or BRAF mutation status
(Fig. 2).

Interestingly, the higher GLIT mRNA expression level was
found in acanthomatous ameloblastomas than in other

Table 1 Data summarize the BRAF V600E mutation status and ameloblastoma subtypes.

Ameloblastoma subtype BRAF BRAF V600E Total numbers of cases Mutation rate
Wild type Mutant type

Follicular 5 25 30 83.3%

Plexiform 4 15 19 78.9 %

Unicystic 6 19 25 76.0 %

Granular 1 1 2 50.0 %

Desmoplastic 1 0 1 0%

Total 17 60 77 77.9 %
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Figure 1  Relative GLI/T mRNA expression level and BRAF mutation status in 30 ameloblastomas, one calcifying odontogenic cyst
(COCQ), four radicular cysts, and one syndromic odontogenic keratocyst (OKC).

Table 2  Statistical analysis of relative GLIT mRNA expression level according to the clinicopathological parameters.
Relative GLI1 Ameloblastoma Ameloblastoma subtype Age (<20 vs. Recurrent vs. BRAF mutation
mRNA vs. negative Follicular vs.  Solid multicystic 21-44 vs. non-recurrent status
expression control plexiform vs.  vs. unicystic >45) Gender .
level unicystic Root resorption
Bone
perforation
Post-operation
prognosis
9P-value 0.002 0.014 0.016 0.004 0.005 >0.05

2 Mann—Whitney U test.

histological types of ameloblastomas. This finding indicates
a positive correlation between the GLIT mRNA expression
level and keratin production in ameloblastomas. To verify
our findings, the areas of keratin products were calculated
and the relationship between GLIT mRNA expression level
and the amount of keratin was analyzed. Representative six
ameloblastoma cases with the highest and lowest GLI1
expression levels were shown in Fig. 3. The linear regres-
sion model revealed the high correlation coefficient
(R = 0.919) and a significant positive correlation (P = 0.01)
between the GLIT mRNA expression level and the keratin
production in the ameloblastomas.

To elucidate whether the GLI1 expressing cells are ker-
atin producing cells, the double immunohistochemical
stains for the GLI1 protein and CK17 were performed. A
syndromic OKC was served as the positive control and
revealed strong brown nuclear staining of GLI1 protein in
the basal cells of the lining epithelium and red cytoplasmic
staining of CK17 in lining epithelial cells from the

https://jds.ads.org.tw/journal/vol21/iss2/59

suprabasal to keratin layer (Fig. 4A). In contrast, a radicular
cyst was used as negative control and revealed weak GLI1
protein expression and absence of CK17 staining in the non-
keratinized stratified squamous lining epithelial cells
(Fig. 4B). Adding secondary antibody without primary
antibody was used as negative control (Fig. 4C).

By the double immunostains for the GLI1 protein and
CK17, these 30 FFPE ameloblastoma samples showed various
densities and numbers of GLI1 protein-positive brown nu-
clear staining and CK17-positive red cytoplasmic staining in
ameloblastoma cells (Fig. 5A—F). The plexiform type ame-
loblastoma revealed less GLI1 protein-positive cells and
scanty to weak CK17 positive cells (Fig. 5A) than in follicular
type ameloblastoma (Fig. 5B—F). The GLI1 protein was
expressed mainly in the peripheral cells of ameloblastoma
tumor nests and the CK17 expression was mainly detected in
the central acanthomatous cells and keratin pearls of ame-
loblastoma tumor nests (Fig. 5B—F). The CK17 expression in
the central acanthomatous cells was commonly
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Relative GLIT mRNA expression in ameloblastoma (AMT) according to clinicopathologic parameters. Box-and-whisker

plots demonstrated relative GLIT mRNA expression levels in ameloblastoma tissues compared with control odontogenic tissues
(AMT vs. control), stratified by patient age, histologic subtype, tumor status (primary vs. recurrent), root resorption, bone
perforation, tumor location, and BRAF V600E mutation status. GLI1 expression was significantly higher in ameloblastoma than in
control tissues and showed significant associations with older patient age, solid/multicystic histologic type, and recurrent tumors.
No statistically significant differences were observed with respect to root resorption, bone perforation, tumor location, or BRAF
V600E mutation status. Boxes represent the interquartile range, the central line indicates the median, whiskers denote the
minimum and maximum values, and dots indicate individual outliers. Statistical significance is indicated as *P < 0.05, **P < 0.005,

and ***P < 0.001.

accompanied with the GLI1 protein expression in the pe-
ripheral cells of the same ameloblastoma tumor nests but
there was rare co-localization of both GLI1 protein and CK17
in the same individual ameloblastoma cells (Fig. 5B—F).

Discussion

This study identified a high prevalence of BRAF V600E mu-
tations in ameloblastomas from Taiwan. Although the
observed mutation rate was higher than that reported in
earlier studies, 33,6,15,16 which showed an average preva-
lence of 62.7 %, as ethnicity has been shown to influence the
prevalence of ameloblastomas,'”~ " and the present findings
were consistent with findings from other East Asian pop-
ulations.’’ %2 The absence of FGFR2, RAS, and SMO muta-
tions may reflects, at least in part, the predominance of the
mandibular lesions in this cohort, as well as the ethnic
factors.

In our series, no SMO (L412F or W535L) mutation could
be detected in 77 ameloblastomas. However, our amelo-
blastomas demonstrated a significantly higher GL/T mRNA
expression level than the COC and radicular cysts and GLI1
mRNA expression level was unrelated to the BRAF mutation
status. The frequent overexpression of GLI1T mRNA in
ameloblastomas supports the hypothesis that activation of

Published by Journal of Dental Sciences, 2026

the SHH pathway still plays a role in the pathogenesis of
ameloblastoma even without SMO mutation. Moreover, the
GLI1T mRNA overexpression is significantly higher in solid/
multicystic type than unicystic type ameloblastomas
(P = 0.016). This result is similar to the study of Giiltekin
et al.,”> which showed that in 57 ameloblastomas, eight
SMO mutations are found in plexiform and mixed types and
no SMO mutation can be detected in unicystic type ame-
loblastoma. Interestingly, we discovered that the GLI1
mRNA overexpression was significantly associated with
ameloblastomas in elder patients (P = 0.004) and recurrent
ameloblastomas (P = 0.005), indicating that the GL/T mRNA
overexpression and the concomitant activation of the SHH
pathway may be a late event in the pathogenesis of ame-
loblastoma, which supports the theory held by Brown et al.*
Although Sweeney et al.® stated that activating MAPK
pathway and SMO mutations in the SHH pathway represent
two molecular subclasses of ameloblastoma. In their
research, 8 of the 11 SMO mutations still coexist with ge-
netic alterations in the MAPK pathway (3 cases with RAS, 3
cases with FGFR2, and 2 cases with BRAF mutations). Even
though no mutation can be identified in the MAPK pathway
for the 3 ameloblastomas with SMO mutation solely,® the
activation of MAPK pathway is still possible present through
the EGFR overexpression, which has been shown in Kurppa
et al.’s study.'® However, it is still possible that the
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Figure 3

Histopathologic microphotographs of the representative cases showing the correlation between keratin production and

GLI1T mRNA expression level. The portion of keratin production in the ameloblastoma tumor nests had positive correlation with the
GLI1 mRNA expression level (R = 0.919, P = 0.01). The higher GLIT mRNA expression level could be detected in ameloblastomas
with more keratin production than in ameloblastomas with less keratin production. (Original magnification; A-F, 100 x ).

Figure 4

Double immunohistochemical staining for GLI1 protein and CK17 in positive and negative controls. (A) Positive control of

a syndromic odontogenic keratocyst showing the GLI1 protein-positive brown nuclear staining in the basal cells of the lining
epithelium and the CK17-positive red cytoplasmic staining in the suprabasal and spinous cells of the lining epithelium. (B) Negative
control of a radicular cyst demonstrating the GLI1 protein-positive weak brown nuclear staining and none of the CK17-positive red
cytoplasmic staining in the stratified squamous lining epithelial cells. (C) No primary antibody negative control showing no GLI11
brown nuclear staining and CK17 red cytoplasmic staining. (Original magnification; A-C, 400 x ).

pathogenesis related to SMO mutation and activation of
SHH pathway through GLI1 overexpression is different.
Further studies to elucidate this question are still needed.

The previous studies showed that the GLI1 protein may
mediate CK 17 expression in oral squamous cell carcinoma
(0SCC) due to unknown mechanisms.?* Our study also
revealed a positive correlation between the GLI1 protein
expression and keratin production in the tumor nests of
ameloblastomas. Although a high level of GLIT mRNA
expression was found in acanthomatous ameloblastomas,
the double immunohistochemical stains for the Gli1 protein
and CK17 showed no co-localization of the Gli1 protein and

https://jds.ads.org.tw/journal/vol21/iss2/59
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CK17 expressing cells in the majority of the ameloblastoma
tumor cells. Our results suggest that the GLI1 protein may
regulate CK17 expression by a paracrine mechanism.
Further studies are needed to elucidate the exact mecha-
nisms in which GLI1 regulates CK17 expression and keratin
formation in ameloblastomas.

Based on our results, both the MAPK and SHH pathways
may have an impact on the pathogenesis of ameloblastoma
because there is a high prevalence of concomitant presence
of the BRAF V600E mutation and the GL/T mRNA and protein
overexpression in our ameloblastoma cases. Evidence of a
crosstalk between MAPK and SHH pathway and therefore
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Figure 5

Double immunohistochemical staining for GLI1 protein and CK17 in ameloblastomas. (A) A plexiform ameloblastoma

demonstrating scattered GLI1 protein—positive peripheral tumor cells, accompanied by CK17-negative central cells. (B—C)
Follicular ameloblastomas showing increased GLI1 protein expression, characterized by brown nuclear staining in the peripheral
cells of tumor nests, with weak and focal CK17 red cytoplasmic staining in the central stellate reticulum—like cells. (D—F)
Acanthomatous ameloblastomas exhibiting prominent GLI1 protein—positive brown nuclear staining in both peripheral and central
tumor cells, together with strong CK17 red cytoplasmic staining in the acanthomatous cells within the tumor nests. (Original

magnification: A—F, 400 x .)

affects the treatment outcome has been reported in many
tumor types, including skin cancer, melanomas, colon
cancers, breast cancers, etc.?’

In spite of the obvious response to the MAPK pathway
inhibitors in treating ameloblastomas, residual diseases are
present in these case reports after various durations of
mutant-specific targeted therapies,” '""2¢?” which raises
the question of possible drug resistance. Notably, the in-
teractions between the MAPK and SHH pathways and their
influences to the prognosis have been well elucidated by
many researches in different kinds of neoplasms.?® ' The
drug resistance in ameloblastomas may also arise from
crosstalk of the MAPK and SHH pathways. Recent case
report® and case series'' have both documented the path-
ologic findings of squamous differentiation of the tumor
from the removed residual ameloblastoma specimen status
post BRAF-targeted (dabrafenib) or duo BRAF/MEK

Published by Journal of Dental Sciences, 2026
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inhibitors (dabrafenib/trametinib) therapy, which is
possible through the activation of the SHH pathway. This
finding also indicates the possibility of concomitant acti-
vation of both the MAPK and SHH pathways in amelo-
blastomas. As the odontogenic keratocyst is recognized for
its activation of the SHH pathway,*?>* with the majority of
cases exhibiting identifiable PTCH mutations in both spo-
radic and syndromic instances,*” we propose, in parallel
with the use of SMO inhibitors in Gorlin syndrome patients,
that if resistance to drugs or a suboptimal response is
observed in the treated ameloblastomas following the
administration of MAPK pathway inhibitors, consideration
may be given to block the SHH pathway. This recommen-
dation stems from the frequent coexistence of GL/T mRNA
and protein overexpression, as well as BRAF mutation,
observed in a substantial number of ameloblastomas in
Taiwan.
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In conclusion, our study demonstrated a frequent
concomitant presence of BRAF V600E mutation and GLI1
mRNA and protein overexpression, suggesting a potential
crosstalk between the MAPK and SHH signaling pathways,
particularly in the acanthomatous subtype of amelo-
blastoma. Moreover, increased GLIT mRNA expression is
significantly associated with the older patient age, tumor
recurrence, and keratin formation, supporting the notion
that activation of the SHH pathway may represent a later
event in the tumor evolution and may contribute to a more
aggressive biological behavior in ameloblastoma.
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