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Abstract Background/purpose: Adenomatoid odontogenic tumor (AOT) is an odontogenic tu-

mor histologically characterized by duct- and rosette-like structures. Although having distinct

histologic features, AOT may show whorled cellular masses resembling morules seen in WNT

pathway-altered odontogenic tumors (WNT-OTs). This study aimed to investigate the expres-

sion of morular markers in AOT.

Materials and methods: Twenty-four odontogenic tumors, consisting of 11 AOTs, 6 developing

odontomas, and 7 WNT-OTs, were included. Special AT-rich sequence binding protein 2

(SATB2), β-catenin, CD10, and CDX2 immunohistochemistry was performed and evaluated

for each histologic component by tumor type. Whole-exome sequencing was performed in 3

AOTs.
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Results: In AOT, a nodular growth pattern was highlighted by CD10 positivity in circumferential

cells, and aggregates of small duct-like structures composed of cuboidal cells were revealed by

β-catenin immunohistochemistry. Duct- and rosette-like structures in AOT were both positive

for SATB2 and β-catenin, showing similar immunohistochemical profiles to ameloblast-lineage

cells in developing odontoma. Two immunohistochemically distinct cell types were identified

in nodules in AOT, and both cell types showed different immunohistochemical profiles from

morules in WNT-OTs. The fibrous capsule of AOT showed similar SATB2 and CD10 expression

patterns to the dental follicle in developing odontoma. In AOTs associated with a large cyst,

the change in SATB2 expression was found in the basal layer of the cystic lining connected

to the tumor. All 3 AOTs studied harbored the KRAS G12V mutation without other pathogenic

mutations.

Conclusion: SATB2, β-catenin, and CD10 immunohistochemistry provides novel insights into the

histopathologic patterns, cellular differentiation, and tumor development of AOT and may aid

in its diagnosis.

ª 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

Adenomatoid odontogenic tumor (AOT) is a benign epithe-

lial odontogenic tumor characterized by its unique histo-

pathologic features. AOT is mainly surrounded by a thick

fibrous capsule and consists of variably sized nodules of

epithelial cells. Neoplastic epithelial cells are cuboidal,

columnar or spindle in shape. Cuboidal and columnar cells

may form duct- or rosette-like structures, imparting an

“adenomatoid” appearance, and spindle cells are usually

observed between these structures. Anastomosing strands

of epithelial cells are mostly located at the periphery of

nodules. Some AOTs contain cystic lining composed of non-

keratinized stratified squamous epithelium, as seen in

dentigerous cyst.1—4 These diverse histologic components

may be seen to varying degrees in individual cases.

Several immunohistochemical studies have been con-

ducted in AOT, primarily focusing on its expression of in-

termediate filament proteins, including cytokeratins and

vimentin, and extracellular matrix proteins, including

enamel and dentin matrix proteins.3,4 In duct- or rosette-

like structures, cytokeratin 19 was strongly positive in

columnar ameloblast-like cells but negative in other

cells.4,5 Vimentin was generally negative in nodular cells

but consistently expressed in the periphery of nodules,

including anastomosing strands.3,4 This intratumoral het-

erogeneity of immunohistochemical markers may highlight

underrecognized histopathologic patterns and demonstrate

the process of tumor development. In addition, immuno-

histochemical profiling may provide insights into the

cellular differentiation of AOT if tested along with its

possible tissues of origin, including tooth germ, odonto-

genic epithelial rests, and cystic lining.1,2,5

WNT pathway-altered odontogenic tumors (WNT-OTs)

represent a genetically distinct group of odontogenic tu-

mors that harbor mutations in WNT pathway genes and

share histologic features, such as ghost cells, dentinoid,

and whorled cellular condensations known as morules.1,6—8

It has been recently demonstrated that several morular

markers, including special AT-rich sequence binding protein

2 (SATB2), caudal type homeobox 2 (CDX2), and CD10, may

be useful in differentiating WNT-OTs from their histologic

mimics, ameloblastoma or ameloblastic carcinoma.9

Intriguingly, AOT may also show “whorled cellular masses”

consisting of neoplastic epithelial cells,2 warranting further

investigation into its possible expression of morular

markers. β-catenin is another morular marker, and its nu-

clear translocation, a classic hallmark of WNT pathway

activation, is consistently observed in all types of WNT-OTs;

however, nuclear β-catenin expression has also been

frequently identified in odontogenic tumors without WNT

pathway mutations (non-WNT-OTs), including amelo-

blastoma and odontoma.9—12 Thus, further studies on other

types of non-WNT-OTs, such as AOT with a higher preva-

lence of KRAS G12 mutations,13 are needed to determine

the diagnostic value of β-catenin immunohistochemistry.

In this study, we investigated the immunohistochemical

expression of SATB2, β-catenin, CD10, and CDX2 in AOT,

compared to other odontogenic tumors, to identify its his-

topathologic patterns and cellular differentiation.

Materials and methods

Tissue specimens

A total of 24 odontogenic tumors, consisting of 11 AOTs, 6

developing odontomas, and 7 WNT-OTs, were included in

this study. The 7 WNT-OTs consisted of 5 dentinogenic ghost

cell tumors (DGCTs) and 2 adenoid ameloblastomas (AAs),

which were previously studied.9 Non-decalcified, formalin-

fixed, paraffin-embedded (FFPE) tissues were retrieved

from the pathology archives of the authors’ institutions. All

diagnoses were confirmed according to the World Health

Organization (WHO) classification.1 This study was per-

formed in accordance with the Declaration of Helsinki and
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was granted exemption by the Institutional Review Board of

Seoul National University Dental Hospital (No. ERI22030).

SATB2, β-catenin, CD10, and CDX2

immunohistochemistry

Immunohistochemical staining for SATB2, β-catenin, CD10,

and CDX2 was performed using a Leica BOND-MAX autos-

tainer (Leica Biosystems, Newcastle Upon Tyne, United

Kingdom) and in vitro diagnostic antibodies against SATB2

(clone EP281; 1:200; 384R-14, Cell Marque, Rocklin, CA,

USA), CDX2 (clone EP25; ready-to-use; PA0375, Leica Bio-

systems), CD10 (clone 56C6; ready-to-use; PA0270, Leica

Biosystems), and β-catenin (clone 14; 1:100; 224M�14, Cell

Marque) as previously described.9

Immunohistochemically stained slides were evaluated

for each histologic component by tumor type. Cells showing

strong/clear nuclear (SATB2, β-catenin, CDX2) or membra-

nous (CD10) staining were considered positive, whereas

weak/faint staining was considered negative. The histo-

logic components in each slide were scored based on the

percentage of positive cells as follows: 0 (negative), < 1 %;

1 (rare), 1 %—9%; 2 (focal), 10 %—49 %; 3 (diffuse), � 50 %.

Each histologic component by tumor type was finally scored

based on the percentage of positive cases (score � 1, rare

to diffuse) as follows: � (negative), < 10 %; ∓ (occasion-

ally positive), 10 %—49 %; � (frequently positive), 50 %—

89 %; þ (mostly positive), � 90 %.

Next-generation sequencing

To determine the presence of KRAS mutations and the inde-

pendence between nuclear β-catenin expression and WNT

pathway mutations in AOT, whole-exome sequencing was

performed to identify somatic mutations in 3 AOT cases with

sufficient tissueavailable, as previously described.6,7 Genomic

DNA was extracted from FFPE tissue sections using the QIAamp

DNA FFPE Tissue kit (Qiagen, Hilden, Germany) according to

manufacturer’s instructions. Exome capture was performed

using the SureSelect Human All Exon V8 (Agilent Technologies,

Santa Clara, CA, USA), and libraries were sequenced on an

Illumina Hiseq platform (Illumina, San Diego, CA, USA).

Sequence reads were aligned to the hg38 human reference

genome using the Burrows-Wheeler Aligner (BWA-0.7.19).

Variants were called and filtered using the Genome Analysis

Toolkit (GATK v4.0.5.1) and annotated using SnpEff (v.5.0e).

Sanger sequencing

To further validate the presence of KRAS mutations, Sanger

sequencing was performed as previously described.14

Primers for polymerase chain reaction (PCR) and

sequencing were designed to amplify exon 2 of the KRAS

gene (forward: 50-GTGTGACATGTTCTAATATAGTCA-3’;

reverse: 50-GAATGGTCCTGCACCAGTAA-30). PCR was per-

formed as follows: initial denaturation at 95 �C for 5 min, 35

cycles of amplification (denaturation at 95 �C for 30 s,

annealing at 58 �C for 30 s, and extension at 72 �C for 60 s),

and final extension at 72 �C for 7 min. PCR products were

sequenced using the Applied Biosystems 3730XL DNA

Analyzer (Applied Biosystems, Foster City, CA, USA).

Sequencing results were analyzed using Variant Reporter

Software version 2.1 (Applied Biosystems).

RAS G12V immunohistochemistry

To identify the expression of KRAS G12V protein in KRAS

G12V-mutant AOTs, immunohistochemistry was performed

using a Leica BOND-MAX autostainer and a rabbit mono-

clonal RAS (G12V mutant) antibody (clone HL169;

GTX635623; GeneTex, Irvine, CA, USA) according to the

manufacturer’s instructions. To further validate the speci-

ficity of the antibody to RAS G12V proteins, a KRAS G12D-

mutant ameloblastoma15 and a wild-type KRAS oral squa-

mous cell carcinoma were used.

Results

The results of SATB2, β-catenin, CD10, and CDX2 immuno-

histochemistry studied are summarized in Table 1.

Table 1 Results of Special AT-rich sequence binding pro-

tein 2 (SATB2), β-catenin, CD10, and CDX2 immunohisto-

chemistry in this study.

SATB2 β-

catenin

CD10 CDX2

Adenomatoid odontogenic

tumor

Central nodular cells þ — — —

Large duct-like structures þ/� þ/� — —

Small duct-like structures þ þ — —

Rosette-like structures þ þ — —

Circumferential nodular

cells

— — þ —

Peripheral anastomosing

strands

þ — þ/� —

Cystic lining þ

(basal)

— þ

(upper)

—

Fibrous capsule þ — þ

(inner)

—

Developing odontoma

Inner enamel epithelium �/þ þ — —

Preameloblasts — þ — —

Presecretory ameloblasts þ þ — —

Reduced enamel

epithelium

— þ/� — —

Odontoblasts þ — — —

Dental papilla þ þ/� þ/� —

Dental follicle þ — þ

(inner)

—

Adenoid ameloblastoma &

dentinogenic ghost cell

tumor

Morules þ þ þ þ/�

Around ghost cells �/þ þ �/þ —

Clear cells þ/� þ — —

Dentinoid cells þ — — —

—, negative; �/þ, occasionally positive; þ/�, frequently pos-

itive; þ, mostly positive.
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Histopathologic patterns highlighted by

immunohistochemistry in adenomatoid

odontogenic tumor

A nodular growth pattern in AOT was highlighted by CD10

immunohistochemistry, which was negative in central cells

but positive in circumferential cells surrounding the central

nodular cells (Fig. 1A and B). Morphologically, CD10-positive

circumferential cells were spindle in shape, while CD10—

central cells were generally cuboidal. Duct- and rosette-

like structures, consisting of cuboidal or columnar cells,

were also negative for CD10 (Fig. 1C—F).

In AOT, β-catenin immunohistochemistry revealed ag-

gregates of small duct-like structures composed of cuboidal

cells with nuclear staining, in contrast to adjacent central

or circumferential nodular cells with only cytoplasmic

staining (Fig. 2). Although small duct-like structures con-

taining eosinophilic material were recognizable in hema-

toxylin and eosin-stained slides by thorough histologic

examination (Fig. 2A and C), these characteristic histo-

pathologic patterns were more easily detectable by β-cat-

enin immunohistochemistry (Fig. 2B and D).

Cellular differentiation of the histologic

components in adenomatoid odontogenic tumor

In AOT, large duct-like structures (Fig. 3A and B), rosette-

like structures (Fig. 3C and D), and small duct-like struc-

tures (Fig. 3E and F) were distributed within nodules in

AOT, all of which were positive for SATB2 and β-catenin but

Figure 1 Nodular growth pattern in adenomatoid odontogenic tumor observed by hematoxylin and eosin (A, C, E) and CD10 (B, D,

F) staining. (A, B) Nodules of varying sizes and shapes are surrounded by CD10-positive circumferential cells. (C—F) Spindle-shaped

circumferential nodular cells are positive for CD10, whereas central nodular cells and duct- and rosette-like structures are negative

or only weakly/faintly positive for CD10. C and D are the high-magnification images of the boxed areas in A and B, respectively.

Original magnification � 40 (A, B); � 200 (C—F).
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negative for CD10 and CDX2, demonstrating shared immu-

nohistochemical profiles between these histologically

distinct structures. In addition, similar immunohistochem-

ical features (SATB2 þ/β-catenin þ/CD10 � /CDX2 � )

were also seen in presecretory ameloblasts in developing

odontoma (Fig. 3G and H). These immunohistochemical

findings suggest that duct-like structures, regardless of

their size, and rosette-like structures may share cellular

differentiation into ameloblast-lineage cells.

Nodules in AOT consisted of two immunohistochemically

distinct cell types: central nodular cells (SATB2 þ /β-cat-

enin � /CD10 � /CDX2 � ) and circumferential nodular

cells (SATB2 � /β-catenin � /CD10 þ/CDX2 � )

(Fig. 4A—E). On the other hand, morules in WNT-OTs (DGCT,

AA) showed different immunohistochemical profiles (SATB2

þ/β-catenin þ/CD10 þ/CDX2 �) from the two types of

nodular cells in AOT (Fig. 4F—J). These findings indicate

that nodular structures in AOT and morular structures in

WNT-OTs represent two distinct processes of tumor cell

differentiation.

The fibrous capsule of AOT was positive for SATB2, and

its inner part, adjacent to neoplastic epithelial cells, was

positive for CD10 (Fig. 5A and B). Likewise, the dental

follicle observed in developing odontoma was positive for

SATB2 and CD10, the latter of which was also limited to the

inner part (Fig. 5C and D). These findings suggest that the

fibrous capsule of AOT may show cellular differentiation

similar to the dental follicle, in the same context with the

well-known radiological and macroscopic characteristics of

the tumor.1

Tumor development from the cystic lining in

adenomatoid odontogenic tumor

In 4/11 (36.4 %) AOT cases examined, a large cyst histo-

logically identical to dentigerous cyst was observed in close

association with the tumor (Fig. 6A—C). CD10 was

expressed in the upper layers of the cystic lining (Fig. 6D),

including the areas in close proximity to the AOT tissue

(Fig. 6E). On the other hand, while SATB2 was negative in

all layers of the cystic lining located away from the tumor

portion (Fig. 6F), the basal layer connected to the AOT

tissue showed SATB2 staining, indicating the change in

protein expression to the immunohistochemical profile of

the tumor (Fig. 6G). These findings suggest that a subset of

AOTs may develop from a pre-existing odontogenic cyst.

Genetic alterations in adenomatoid odontogenic

tumor

All of the 3 AOT cases studied using whole-exome

sequencing harbored the KRAS p.G12V (c.35G > T) muta-

tion (Supplementary Table 1). No other pathogenic muta-

tions were observed in MAPK (including BRAF, NRAS, HRAS,

FGFR2), WNT (including CTNNB1, APC, NEDD4L, SMURF1),

Figure 2 Small duct-like structures in adenomatoid odontogenic tumor. Aggregates of small duct-like structures are more easily

detectable by β-catenin immunohistochemistry (B, D) than by routine hematoxylin and eosin staining (A, C). Nuclear β-catenin

expression is found in cells forming duct-like structures, whereas adjacent nodular cells show only cytoplasmic staining (B, D).

Original magnification � 200.
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and SHH (including SMO, PTCH1) pathway genes, reported

to be altered in other types of odontogenic tumors.1,6,7,16,17

The presence of the KRAS p.G12V (c.35G > T) mutation was

also identified by Sanger sequencing in all of the 3 AOTs

(Fig. 7). The results of RAS G12V immunohistochemistry are

summarized in Supplementary Fig. 1.

Figure 3 Special AT-rich sequence binding protein 2 (SATB2) (A, C, E, G) and β-catenin (B, D, F, H) staining in adenomatoid

odontogenic tumor (A—F) and developing odontoma (G, H). Cells forming large duct-like structures (A, B), rosette-like structures

(C, D), and small duct-like structures (E, F) are all positive for SATB2 and β-catenin. (G, H) Similar immunohistochemical profiles are

observed in ameloblast-lineage cells, especially in presecretory ameloblasts (arrowheads). SATB2 is also expressed in odontoblasts

producing dentin matrix and dental papilla mesenchymal cells (G), and β-catenin shows strong/clear staining in a subset of dental

papilla mesenchymal cells and weak/faint staining in odontoblasts (H). Original magnification � 400.
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Discussion

Among the histologic components seen in AOT, duct- and

rosette-like structures may be most representative of the

tumor and, accordingly, are widely used for its definition.1

Interestingly, the histologic transition between duct- and

rosette-like structures has been demonstrated in a previ-

ous study by using serial sections.3 In a similar context, the

shared immunohistochemical features characterized by

SATB2 and β-catenin positivity were also identified

Figure 4 Comparison of hematoxylin and eosin (A, F), Special AT-rich sequence binding protein 2 (SATB2) (B, G), β-catenin (C, H),

CD10 (D, I), and CDX2 (E, J) staining between adenomatoid odontogenic tumor (A—E) and adenoid ameloblastoma (F—J). (A—E)

Central nodular cells (SATB2 þ/β-catenin � /CD10 � /CDX2 � ) and circumferential nodular cells (SATB2 � /β-catenin � /CD10 þ

/CDX2 � ) are seen in adenomatoid odontogenic tumor. (F—J) Whorled cellular condensations called morules (SATB2 þ /β-catenin

þ/CD10 þ/CDX2 �) are noted in adenoid ameloblastoma. Original magnification � 400.

Figure 5 Special AT-rich sequence binding protein 2 (SATB2) (A, C) and CD10 (B, D) staining in adenomatoid odontogenic tumor

(A, B) and developing odontoma (C, D). The fibrous capsule of adenomatoid odontogenic tumor is positive for SATB2 (A), and its

inner part (arrowheads) is positive for CD10 (B). The dental follicle shows similar expression patterns of SATB2 (C) and CD10 (D).

Original magnification � 100 (A, B); � 200 (C, D).
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Figure 6 Adenomatoid odontogenic tumor arising in a dentigerous cyst. (A) A low-power histologic image shows a large cyst with focal

epithelial proliferation. (B) The cystic lining consists of a thin layer of non-keratinized stratified squamous epithelium as seen in dentig-

erous cyst. (C) Adenomatoid odontogenic tumor is seen in close proximity to the cystic lining. (D, E) CD10 is positive in the upper layers of

the cystic lining. Special AT-rich sequence binding protein 2 (SATB2) is negative in all layers of the cystic lining located away from the tumor

(F) but positive in the basal layer of the cystic lining (arrowheads) connected to the tumor tissue, which also shows SATB2 positivity (G).
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between the two structures in this study. In addition,

immunohistochemical staining highlighted aggregates of

small duct-like structures composed of cuboidal cells,

which were previously underrecognized in the litera-

ture,2,4 as well as well-known large duct-like structures

composed of columnar cells with polarized nuclei. It has

been postulated that cells forming duct-like structures in

AOT are derived from the inner enamel epithelium at the

presecretory stage based on ultrastructural findings.18 In

support of this assumption, we demonstrated that

ameloblast-lineage cells, particularly presecretory ame-

loblasts, show immunohistochemical profiles analogous to

those observed in the duct- and rosette-like structures.

Collectively, these results suggest that the formation of

these distinctive histopathologic patterns in AOT may be

attributable to the differentiation of tumor cells into

ameloblast-lineage cells.

WNT-OTs generally show the histologic component known

as morules, which are also referred to as “whorled cellular

condensations,”1,6,7 and a somewhat similar term “whorled

cellular masses” is sometimes used in the literature to

describe a nodular growth pattern in AOT.2,19 In this study,

however, the differences in immunohistochemical expres-

sion were confirmed between morules in WNT-OTs and

nodular cells in AOT, representing two distinct differentia-

tions of odontogenic tumor cells. In WNT-OTs, it has been

speculated that the consistent expression of SATB2 by tumor

cells may be involved in the formation of dentinoid, given its

function in odontoblastic differentiation and association

with WNT pathway activation.9,20,21 In AOTs investigated in

this study, SATB2 expression was observed in most histologic

components except circumferential nodular cells. It is

noteworthy that the expression of SATB1, comprising special

AT-rich sequence-binding protein (SATB) family proteins

along with SATB2,22 has been reported in ameloblast-lineage

cells in mouse teeth, with the highest intensity in pre-

secretory ameloblasts,23 which is similar to the expression

pattern of SATB2 in ameloblast-lineage cells in developing

odontoma observed in this study. As mentioned above, AOT

shows differentiation into ameloblast-lineage cells in part,

and its eosinophilic secretory material has a histologic

resemblance to enamel matrix.1,24 Consequently, it can be

inferred that SATB2 may play a role in the production of

enameloid by neoplastic epithelial cells in AOT.

It has been reported that nuclear translocation of β-cat-

enin, a hallmark of WNT pathway activation, can be identi-

fied in the absence of WNT pathway mutations in

odontogenic tumors. In ameloblastoma, β-catenin immuno-

histochemistry shows nuclear staining frequently in follicular

islands and cystic structures.9—11 A previous study on odon-

toma demonstrated nuclear β-catenin in odontogenic

epithelial rests.12 In this study, nuclear β-catenin expression

was observed in epithelial cells, including ameloblast-

lineage cells and reduced enamel epithelium, in devel-

oping odontoma and, additionally, in cells forming duct- and

rosette-like structures in AOT, with no WNT pathway muta-

tions detected. Taken together, WNT pathway activation,

mediated by nuclear β-catenin, seems to be involved in the

development of specific histologic components in some

odontogenic tumors, not as a result of genetic alterations

but rather in the context of tumor cell differentiation.

AOT has well-known radiological and macroscopic fea-

tures characterized by a well-defined, unilocular radiolu-

cency involving the crown of an unerupted tooth and a thick

fibrous capsule easily identified during gross examina-

tion.1,2 The results of this study demonstrated similarities

in the expression patterns of SATB2 and CD10 between the

fibrous capsule of AOT and the dental follicle, suggesting

that the formation of the fibrous capsule may result from

the proliferation of the odontogenic mesenchyme rather

than adjacent non-odontogenic fibrous tissue. Whether this

finding represents a neoplastic or reactive process remains

to be elucidated. In our previous study, aberrant SATB2

expression has also been identified in the stroma of WNT-

OTs and ameloblastomas.9 Therefore, further studies are

warranted to determine the biological nature of fibrous

connective tissue seen in odontogenic tumors, which may

be facilitated by evaluating the expression of proteins such

as SATB2. In addition, although comprehensively analyzing

the expression of morular markers in odontogenic neo-

plasms, this study is limited by the lack of normal odonto-

genic tissues, such as tooth germs, in the cases studied.

In conclusion, SATB2, β-catenin, and CD10 immunohis-

tochemistry provides novel insights into the histopathologic

patterns, cellular differentiation, and tumor development

of AOT and may aid in its diagnosis.
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Figure 7 The KRAS c.35G > T (p.G12V) mutation is identified

by Sanger sequencing in both forward (A) and reverse (B)

directions.

S. Jung, A.-Y. Kwon, J.-H. Kim et al.

710

9

Jung et al.: Special AT-rich sequence binding protein 2 (SATB2), ?-catenin, an

Published by Journal of Dental Sciences, 2026

https://doi.org/10.1016/j.jds.2025.11.003


References

1. WHO classification of tumours editorial board. Head and neck

tumours [Internet]. Lyon (France): International Agency for

Research on Cancer; 2023 [cited Sep 23, 2025]. (WHO classifi-

cation of tumours series, 5th ed.; vol. 9). Available from:

https://tumourclassification.iarc.who.int/chapters/52.

2. Neville BW, Damm DD, Allen CM, Chi AC. Oral and maxillofacial

pathology-E-Book. Elsevier Health Sciences, 2023.

3. Barnts K, Feng JQ, Qin C, Zhang H, Cheng YL. Adenomatoid

odontogenic tumor: evidence for a mixed odontogenic tumor.

Oral Surg Oral Med Oral Pathol Oral Radiol 2022;133:675—83.

4. Passador-Santos F, de Oliveira CRR, Teixeira LN, et al. Adeno-

matoid odontogenic tumor: features of ameloblastic-like

epithelial cells differentiation, secretion, and the nature of

tumor cells products. J Oral Pathol Med 2023;52:644—53.

5. Oh KY. Adenomatoid odontogenic tumor arising from a den-

tigerous cyst in an elderly patient: an unusual presentation. J

Dent Sci 2025;20:1977—9.

6. Oh KY, Hong SD, Yoon HJ. Adenoid ameloblastoma shares clin-

ical, histologic, and molecular features with dentinogenic ghost

cell tumor: the histologic spectrum of WNT pathway-altered

benign odontogenic tumors. Mod Pathol 2023;36:100051.

7. Oh KY, Kim JH, Yoon HJ. Calcifying odontogenic cyst demon-

strates recurrent WNT pathway mutations and so-called

adenoid ameloblastoma-like histology: evidence supporting

its classification as a neoplasm. Mod Pathol 2024;37:100484.

8. Magliocca KR. Proceedings of the 2023 North American society

of head and neck pathology companion meeting, New Orleans,

LA, march 12, 2023: odontogenic tumors: have we achieved an

evidence-based classification. Head Neck Pathol 2023;17:

313—24.

9. Oh KY, Kim JH, Yoon HJ. Diagnostic utility of SATB2, CDX2,

CD10, and beta-catenin immunohistochemistry in WNT

pathway-altered odontogenic tumors. Arch Pathol Lab Med

2025;149:1027—32.

10. Sekine S, Sato S, Takata T, et al. Beta-catenin mutations are

frequent in calcifying odontogenic cysts, but rare in amelo-

blastomas. Am J Pathol 2003;163:1707—12.

11. Miyake T, Tanaka Y, Kato K, et al. Gene mutation analysis and

immunohistochemical study of beta-catenin in odontogenic

tumors. Pathol Int 2006;56:732—7.

12. Fujii S, Nagata K, Matsumoto S, et al. Wnt/beta-catenin

signaling, which is activated in odontomas, reduces Sema3A

expression to regulate odontogenic epithelial cell proliferation

and tooth germ development. Sci Rep 2019;9:4257.

13. Bologna-Molina R, Ogawa I, Mosqueda-Taylor A, et al. Detec-

tion of MAPK/ERK pathway proteins and KRAS mutations in

adenomatoid odontogenic tumors. Oral Dis 2019;25:481—7.

14. Oh KY, Kim JH, Cho SD, Yoon HJ, Lee JI, Hong SD. BRAF V600E

and previously unidentified KRAS G12C mutations in

odontogenic tumors may affect MAPK activation differently

depending on tumor type. Genes Chromosomes Cancer 2022;

61:481—90.

15. Oh KY, Hong SD. Novel NRAS G12D mutation in extra-

osseous/peripheral ameloblastoma: case report and review of

mitogen-activated protein kinase pathway mutations in

extraosseous/peripheral and intraosseous ameloblastomas. J

Dent Sci 2024;19:1892—3.

16. Oh KY. beta-catenin nuclear translocation and WNT pathway

mutations in ghost cell odontogenic carcinoma: a literature

review and proposal of a new molecular-based classification

"WNT pathway-altered malignant odontogenic tumor". Oral

Oncol 2024;155:106907.

17. Oh KY. Treatment options for advanced ameloblastoma in the

era of precision medicine: a brief review. Oral Oncol 2023;146:

106585.

18. Poulson TC, Greer Jr RO. Adenomatoid odontogenic tumor:

clinicopathologic and ultrastructural concepts. J Oral Max-

illofac Surg 1983;41:818—24.

19. Narayan B, Kumar P, Priya B, Urs AB, Augustine J. Adenomatoid

odontogenic tumor: a histopathologic profile of 43 cases with

evidence supporting a mixed odontogenic origin. Pathol Res

Pract 2024;257:155322.

20. Chen Q, Zheng L, Zhang Y, et al. Special AT-rich sequence-

binding protein 2 (Satb2) synergizes with Bmp9 and is essential

for osteo/odontogenic differentiation of mouse incisor

mesenchymal stem cells. Cell Prolif 2021;54:e13016.

21. Xin T, Li Q, Bai R, et al. A novel mutation of SATB2 inhibits

odontogenesis of human dental pulp stem cells through

Wnt/beta-catenin signaling pathway. Stem Cell Res Ther 2021;

12:595.

22. Naik R, Galande S. SATB family chromatin organizers as master

regulators of tumor progression. Oncogene 2019;38:

1989—2004.

23. Zhang Y, Zheng L, Le M, et al. SATB1 establishes ameloblast

cell polarity and regulates directional amelogenin secretion for

enamel formation. BMC Biol 2019;17:104.

24. Roza A, Carlos R, van Heerden WFP, et al. An international

collaborative study of 105 new cases of adenomatoid odonto-

genic tumors. Oral Surg Oral Med Oral Pathol Oral Radiol 2021;

132:327—38.

Journal of Dental Sciences 21 (2026) 702—711

711

10

Journal of Dental Sciences, Vol. 21 [2026], Iss. 2, Art. 4

https://jds.ads.org.tw/journal/vol21/iss2/4

https://tumourclassification.iarc.who.int/chapters/52
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref2
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref2
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref3
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref3
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref3
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref4
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref4
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref4
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref4
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref5
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref5
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref5
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref6
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref6
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref6
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref6
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref7
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref7
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref7
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref7
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref8
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref8
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref8
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref8
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref8
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref9
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref9
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref9
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref9
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref10
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref10
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref10
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref11
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref11
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref11
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref12
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref12
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref12
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref12
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref13
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref13
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref13
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref14
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref14
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref14
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref14
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref14
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref15
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref15
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref15
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref15
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref15
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref16
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref16
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref16
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref16
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref16
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref17
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref17
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref17
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref18
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref18
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref18
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref19
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref19
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref19
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref19
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref20
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref20
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref20
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref20
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref21
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref21
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref21
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref21
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref22
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref22
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref22
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref23
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref23
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref23
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref24
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref24
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref24
http://refhub.elsevier.com/S1991-7902(25)00402-7/sref24

	Special AT-rich sequence binding protein 2 (SATB2), β-catenin, and CD10 immunohistochemistry provides insights into the histopathologic features and cellular differentiation of adenomatoid odontogenic tumor
	Recommended Citation

	Special AT-rich sequence binding protein 2 (SATB2), β-catenin, and CD10 immunohistochemistry provides insights into the his ...
	Introduction
	Materials and methods
	Tissue specimens
	SATB2, β-catenin, CD10, and CDX2 immunohistochemistry
	Next-generation sequencing
	Sanger sequencing
	RAS G12V immunohistochemistry

	Results
	Histopathologic patterns highlighted by immunohistochemistry in adenomatoid odontogenic tumor
	Cellular differentiation of the histologic components in adenomatoid odontogenic tumor
	Tumor development from the cystic lining in adenomatoid odontogenic tumor
	Genetic alterations in adenomatoid odontogenic tumor

	Discussion
	Declaration of competing interest
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


