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ARTICLE INFO ABSTRACT

Key words: Odontogenic tumors (OGTs), which originate from cells of odontogenic apparatus and their remnants, are rare
Primary intraosseous carcinoma NOS (PIOC) entities. Primary intraosseous carcinoma NOS (PIOC), is one of the OGTs, but it is even rarer and has a worse
Mandible

prognosis. The precise characteristics of PIOC, especially in immunohistochemical features and its pathogenesis,
remain unclear. We characterized a case of PIOC arising from the left mandible, in which histopathological
findings showed a transition from the odontogenic keratocyst to the carcinoma. Remarkably, the tumor lesion of
this PIOC prominently exhibits malignant attributes, including invasive growth of carcinoma cell infiltration into
the bone tissue, an elevated Ki-67 index, and lower signal for CK13 and higher signal for CK17 compared with the
non-tumor region, histopathologically and immunohistopathologically. Further immunohistochemical analyses
demonstrated increased expression of ADP-ribosylation factor (ARF)-like 4c (ARL4C) (accompanying expression
of B-catenin in the nucleus) and yes-associated protein (YAP) in the tumor lesion. On the other hand, YAP was
expressed and the expression of ARL4C was hardly detected in the non-tumor region. In addition, quantitative
RT-PCR analysis using RNAs and dot blot analysis using genomic DNA showed the activation of Wnt/p-catenin
signaling and epigenetic alterations, such as an increase of 5mC levels and a decrease of 5ShmC levels, in the
tumor lesion. A DNA microarray and a gene set enrichment analysis demonstrated that various types of intra-
cellular signaling would be activated and several kinds of cellular functions would be altered in the pathogenesis
of PIOC. Experiments with the GSK-3 inhibitor revealed that p-catenin pathway increased not only mRNA levels
of ankyrin repeat domainl (ANKRD1) but also protein levels of YAP and transcriptional co-activator with PDZ-
binding motif (TAZ) in oral squamous cell carcinoma cell lines. These results suggested that further activation
of YAP signaling by Wnt/f-catenin signaling may be associated with the pathogenesis of PIOC deriving from
odontogenic keratocyst in which YAP signaling is activated.
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YAP
Odontogenic keratocyst
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1. Introduction

Odontogenic tumors (OGTs), which originate from cells of odonto-
genic apparatus and their remnants, are rare, constituting < 1 % of all
oral tumors [1]. Most OGTs are benign, and malignant OGTs are low
incidence rate with 0.3-5.7 % of all OGTs [2]. Both benign and malig-
nant OGTs are subclassified into epithelial tumors, mixed epithelial and
mesenchymal tumors and mesenchymal tumors. In addition, malignant
OGTs are classified into odontogenic carcinoma, odontogenic carcino-
sarcoma and odontogenic sarcoma. Odontogenic carcinoma consists of
ameloblastic carcinoma, primary intraosseous carcinoma NOS (PIOC),
sclerosing odontogenic carcinoma, clear cell odontogenic carcinoma
and ghost cell odontogenic carcinoma [1].

PIOC, which frequently occurs in the posterior body and ramus of the
mandible, cannot be categorized as any other type of carcinoma. Car-
cinoma arising in the oral mucosa and infiltrating the mandible, an
antral primary and metastatic carcinoma must be excluded, and ulcer-
ation to the oral cavity is normally considered to preclude definitive
diagnosis [1]. PIOC is a rare entity and cases arising in cysts are more
common in the mandible [3,4]. In PIOC occurrence, radicular/residual
cysts are the most common precursors, followed by dentigerous cysts
and odontogenic keratocysts [1]. Radiographically, cases arising in cysts
may produce an apparently multilocular or scalloped radiolucency.
When the tumor is detected early, the radiological features appear
benign one and the carcinoma is an incidental histological finding on
enucleation [5,6]. When cases arise in odontogenic cysts, there may be a
histological transition between the benign precursor and the carcinoma.
Although an insufficient number of cases has been reported to determine
outcome, prognosis is generally poor [1]. Several reports have demon-
strated that the 5-year survival rate of reported case with PIOC is 52 %
[5,6]. Therefore, new anticancer therapies based on the molecular
mechanisms underlying PIOC tumorigenesis are needed.

We recently reported several activated intracellular signaling mole-
cules, such as ADP-ribosylation factor (ARF)-like 4c (ARL4C) [7-9] and
yes-associated protein (YAP) [10,11], may be not only specific markers
of oral epithelial tumors but also exerting an oncogenic role in their
tumorigenesis. However, the characteristics of PIOC, including its
immunohistochemical features, such as ARL4C and YAP expression, are
unclear.

In the present report, we conducted a study using a rare case of PIOC
pathological specimen, which appeared to be derived from odontogenic
keratocyst, and cell lines to elucidate the role of Wnt/p-catenin-YAP axis
in the pathogenesis of PIOC.

2. Material and methods
2.1. Patients and immunohistochemistry

A 79-year-old female, the case of this person is mentioned below, and
total of 5 patients with odontogenic keratocyst diagnosed for treatment
at the Department of Oral and Maxillofacial Surgery, Kyushu University
Hospital, Japan from May 2021 to May 2023 were examined. Details for
each patient were as follows; #1, 65-year-old, male, mandible; #2, 21-
year-old, female, mandible; #3, 40-year-old, female, mandible; #4, 26-
year-old, female, maxilla; #5, 75-year-old, female, mandible. The pro-
tocol for this study was approved by the ethical review board of the
Local Ethical Committee of Kyushu University, Japan (#22433).

All specimens for histological examination were fixed in 10 % (v/v)
neutral buffered formalin solution and embedded in paraffin blocks. The
paraffin-embedded specimens were sliced into 4-um-thick sections,
stained with HE, and examined by three experienced pathologists to
confirm the diagnoses. Immunohistochemical staining was performed
on 4-um-thick paraffin-embedded sections. Antigen retrieval, elimina-
tion of the endogenous peroxide activity, and blocking were carried out
as previously described [11]. The sections were then incubated with
each primary antibody (used at 1:300 for Ki-67, used at 1:100 for YAP,

Pathology - Research and Practice 260 (2024) 155420

used at 1:100 for ARL4C, used at 1:2000 for CK13, used at 1:100 for
CK17, used at 1:400 for B-catenin) at 4 °C overnight. The details of the
antibodies used are mentioned below. The sections were incubated with
secondary antibody (Histofine Simple Stain MAX PO, Nichirei, Tokyo,
Japan) for 1h at room temperature (RT). The immunoreactivity was
visualized with a DAB substrate solution (Nichirei). Subsequently, the
sections were counterstained with hematoxylin.

2.2. Cell lines and reagents

Human oral squamous cell carcinoma (OSCC) cell lines HSC-2 and
HSC-3 (Japanese Cancer Research Resources Bank) were used in this
study. HSC-2 and HSC-3 cells were maintained in a-MEM (Invitrogen,
Carlsbad, CA, USA) with 10% fetal bovine serum (Invitrogen) and
contained 100 IU/ml penicillin and 100 mg/ml streptomycin (Invi-
trogen). All of these cell lines were incubated at 37 °C in a 5% CO
atmosphere. When necessary, CHIR99021 (FUJIFILM Wako, Osaka,
Japan) was added [12].

Anti-Ki-67 (M7240) (for immunohistochemistry), anti-p-catenin
(M3539) (for immunohistochemistry) and anti-CK17 (M7046) (for
immunohistochemistry) antibodies were obtained from Dako (Carpen-
taria, CA, USA). Anti-CK13 (ab16112) (for immunohistochemistry) and
anti-double strand (ds) DNA (ab27156) (for dot blot) antibodies were
purchased from Abcam (Cambridge, UK). Anti ARL4C (HPA028927) (for
immunohistochemistry) antibody was obtained from Atlas Antibodies
(Voltavagen, SWE). Anti-YAP (sc-101199) (for immunohistochemistry)
antibody was purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Anti-5mC (39649) (for dot blot) and anti-5hmC (39769) (for dot
blot) antibodies were obtained from Active Motif (Carlsbad, CA, USA).
Anti-B-catenin (610154) (for western blotting) antibody was purchased
from BD biosciences (San José, CA, USA). Anti-YAP/TAZ (D24E4) (for
western blotting) antibody was obtained from Cell signaling technology
(Beverly, MA, USA). Anti-p-actin (A5441) (for western blotting) anti-
body was from Sigma-Aldrich (St. Louis, MO, USA).

2.3. RNA extraction, DNA extraction and quantitative RT-PCR

The total RNAs were isolated using the SV Total RNA Isolation Sys-
tem (Promega, Madison, WI, USA), and cDNAs were generated from
isolated total RNAs using synthesized using ReverTra Ace qPCR RT
Master Mix (TOYOBO, Osaka, Japan) according to the manufacturer’s
instructions. Then, the cDNA was used for quantitative PCR analysis
[13]. Forward and reverse primers were as follows: human CK13,
5’-CCAACACTGCCATGATTCAG-3’ and 5’-TCTGGCACTCCATCT-
CACTG-3’; human CK17, 5-GCTGCTACAGCTTTGGCTCT-3’ and
5’-TCACCTCCAGCTCAGTGT-3’; human Axin2, 5’-CTGGCTCCAGAA-
GATCACAAAG-3’ and 5’-CATCCTCCCAGATCTCCTCAAA-3’; human
Wntl, 5’-CGGCGTTTATCTTCGCTATC-3° and 5’-GCCTCGTTGTTG
TGAAGGTT-3’; human Wnt2b, 5’-AAGATGGTGCCAACTTCACC-3’ and
5’-GCCACAGCACATGATTTCAC-3’; human Wnt3, 5-ACTTTTGT-
GAGCCCAACCCA-3’ and 5’ -TTCTCCGTCCTCGTGTTGTG-3’; human
Wnt4, 5’-GCTGTGACAGGACAGTGCAT-3’ and 5’-GCCTCATTGTTGTG-
GAGGTT-3’; human Wnt7a, 5’-CCCACCTTCCTGAAGATCAA-3’ and
5’-ACAGCACATGAGGTCACAGC-3’; human Wnt8a, 5’-CCATTGTC-
TATCCCCATTC-3° and 5’-GTGGGTGGAGAGCTGAAGAG-3’; human
Wnt8b, 5’-TCGGAGAGGCGATTTCCAAG-3’ and 5’-GTTGTGCAGGTT-
CATGGCTG-3’; human Wnt10a, 5’ -AAGCTGCACCGCTTACAACT-3’ and
5-ATTCTCGCGTGGATGTCTCT-3’; human Wntl0b, 5’-GAAAACCT-
GAAGCGGAAATG-3’ and 5-GGGTCTCGCTCACAGAAGTC-3’; human
Wntl16, 5-GCTCCTGTGCTGTGAAAACA-3° and 5-TGCATTCTCTG
CCTTGTGTC-3’; human ARL4C, 5’ -CTAACATCTCGGCCTTCCAG-3’ and
5-TCTGCTTGAGGGACTTCCTG-3’; human ANKRD1, 5’-ACGCCAAA-
GACAGAGAAGGA-3’ and 5 -TTCTGCCAGTGTAGCACCAG-3’; human
SNAI2, 5-CTTTTTCTTGCCCTCACTGC-3° and 5’-ACAGCAGCCA-
GATTCCTCAT-3’; human DLX1, 5-CAAGGCGGTGTTTATGGAGT-3’
and 5’-TGCTGACCGAGTTGACGTAG-3’; human DLX2,
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5’-GCACATGGGTTCCTACCAGT-3° and 5’-TCCTTCTCAGGCTCGT
TGTT-3’; human IFT74, 5-GGAAATAGCCAGCATGGAAA-3° and
5’-GTGCTCCAAGAGTGCAACAA-3’; human SIX1, 5’-CTCCTCCTCCAA-
CAAGCAGA-3° and 5-CTGTTAAGCCCGGGAGAGAA-3’; human
GAPDH, 5’-GCACCGTCAAGGCTGAGAAC-3’ and 5’-TGGTGAAGACG
CCAGTGGA-3'.

2.4. Plasmid construction and infection using lentivirus harboring a cDNA

The YAP>® plasmid, CSII-CMV-MCS-IRES2-Bsd/FLAG-YAP*SA, was
used [10,14]. The vectors were transfected along with the packaging
vectors, pCAG-HIV-gp (RDB04394) and pCMV-VSV-G-RSV-Rev
(RDB04393), into X293T cells using the Lipofectamine LTX reagent
(Invitrogen) to generate lentiviruses [15]. To generate OSCC cells that
stably express YAP®S* parental cells (5 x 10* cells/well in a 12-well
plate) were treated with lentivirus and 10 pg/ml polybrene. The cells
were then centrifuged at 1080 x g for 1h, and incubated for another
24h. The cells that demonstrated stable expression of YAP**A were
selected and maintained in culture medium containing 5 pg/ml Blasti-
cidin S (FUJIFILM Wako).

2.5. Dot blot analysis

Dot blot analysis was performed as previously described [7,11] with
modification. Genomic DNA was diluted to 50 ng/ul in 20 ul total vol-
ume. 2.5 pl of 1 M NaOH was added to each sample and then the samples
were incubated at 95 °C for 5min. The samples were put on ice and
neutralized with 3.3 pl of 5M ammonium acetate. 2.1 pl and 1.05 ul of
each mixture were spotted onto a nitrocellulose membrane and allowed
to air dry for 10 min. The membrane was baked for 2 h at 80 °C and then
blocked with 5% milk for 2h at RT. Anti-5hmC antibody (1:10000),
anti-5mC antibody (1:1000) or anti-ds DNA antibody (1:1000) was
incubated at 4 °C overnight, and subsequent incubation with goat
anti-rabbit IgG-HRP or goat anti-mouse IgG-HRP for 2 h. ECL Western
Blotting Detection Reagents (GE Healthcare, Chicago IL, USA) were used
for detection.

2.6. DNA microarray analysis and gene set enrichment analyses

DNA microarray analysis was performed using RNAs extracted from
the tumor lesion and the non-tumor region of PIOC. The gene set
enrichment analyses (GSEA) analysis was performed as previously
described [16]. The raw data reported in this study were deposited in
NCBI GEO under the accession number (GSE24459003).

2.7. Immunofluorescence staining

HSC-3 and HSC-2 cells were fixed in 4 % (w/v) paraformaldehyde
buffered by phosphate buffered saline (PBS) for 30 min at RT. After that,
cells were permeabilized in PBS containing 0.5 % (w/v) Triton X-100
and 40 mg/ml BSA (FUJIFILM Wako) for 10 min at RT, and then blocked
with 1 % BSA to prevent non-specific binding for 30 min at RT. The cells
were incubated with primary antibody (used at 1:300 for f-catenin) for
3h at RT, and then with secondary antibody (Jackson) and Hoechst
33342 (Dojindo, Kumamoto, Japan) for 2h at RT. The samples were
viewed with an All-in-one Fluorescence Microscope BZ 9000 (Keyence,
Osaka, Japan) [17,18].

2.8. Immunoprecipitation

Immunoprecipitation was performed as described previously with
modification [19]. HSC-3 cells expressing YAP®SA (10 cm diameter dish)
were lysed in 400 pl of NP40 buffer (20 mM Tris-HCl pH 8.0, 10 %
glycerol, 137 mM NaCl and 1 % NP40) with protease inhibitors (2 %
Protease inhibitor cocktail (Sigma-Aldrich), 1 pM Clasto-Lactacystin
p-Lactone (Sigma-Aldrich), 25mM pB-glycerophosphate
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(Sigma-Aldrich), 1 mM NagVO,4 (Sigma-Aldrich) and 1 mM phenyl-
methanesulfonyl fluoride (FUJIFILM Wako)) for 10 min on ice. After
centrifugation, the supernatant was collected and incubated with anti-
body for 1h at 4 °C and further incubated with 40 pl of 50 % slurry of
protein G Sepharose beads (GE healthcare) for 1 h at 4 °C. Beads were
washed three times with 1 ml of NP40 buffer and were dissolved in
Laemmli’s sample buffer.

2.9. Statistical analysis

Statistical analyses were performed using JMP Pro 16 software.
Significant differences were determined using one-way ANOVA with
post hoc Tukey’s test. P value of < 0.01 was considered to indicate
statistical significance.

2.10. Additional assays

Western blotting was performed as described previously [20] and
data were representative of at least three independent experiments.

3. Results
3.1. Clinical features and histological findings

A 79-year-old female visited at the Department of Oral and Maxil-
lofacial Surgery at Kyushu University Hospital (Fukuoka, Japan) with
exophytic swelling and pain in the left mandible, and fistula on the skin
(Fig. 1A; left panel). She had no clinical evidence of cervical lymph-
adenopathy and no medical history of any significant diseases. An oral
examination revealed the bulge of the left mandibular molar area
without ulceration. A panoramic radiograph showed multilocular
radiolucency (Fig. S1A). Computed tomography (CT) revealed a well-
defined multilocular cystic lesion with high-density areas. Their den-
sity was approximately 100 Hounsfield Unit (HU), indicating a keratin-
like material (Fig. 1A; right panel). Based on these findings, the lesion
was clinically diagnosed as a benign lesion, such as odontogenic kera-
tocyst or ameloblastoma, with no apparent findings with malignant
tumors.

A biopsy was performed under local anesthesia. HE-stained sections
showed cyst wall-structures lined by stratified squamous epithelium.
Palisading of basaloid cells was seen in the lining epithelium and many
keratin materials were observed in the cavity (Fig. 1B; left panels),
which are histological findings similar to odontogenic keratocysts. In
addition, the lesion included hyperparakeratinized lining epithelia, such
as atypical verrucous hyperplasia with advanced stage, and budding-like
elongation of rete ridges with atypical epithelial cells into subepithelial
layer (Fig. 1B; right panels). Therefore, the lesion was histopathologi-
cally diagnosed as squamous cell carcinoma. Immunohistochemically,
non-tumor region showed moderate Ki-67 index (24.2 % at the hot spot)
(Fig. 1C; upper left panel). In contrast, the Ki-67 index was significantly
elevated (69.3 % at the hot spot, P<0.0001) in the tumor lesion (Fig. 1C;
upper right panel).

Immunohistochemical analyses showed that the cyst lining epithelial
cells were positive for CK13 and weakly positive for CK17 in the non-
tumor region (Fig. S1B; upper and middle left panels). Pathological
meanings of this weak positive for CK17 in the non-tumor region
remained unclear. In contrast, decreased signal for CK13 and increased
signal for CK17 were noted in the tumor lesion (Fig. S1B; upper and
middle right panels). As OSCC is characterized by an increase in CK17
and a decrease in CK13 [21-23], it is suggested that the lesion exhibits
malignant potential, immunohistochmically. $-catenin was detected in
the cell membrane of squamous cells both in the non-tumor region and
in the tumor lesion (Fig. S1B; lower panels). Based on these histological
and immunohistochemical findings, the lesion was suspected as PIOC,
potentially derived from odontogenic keratocyst.

To profile the tumor lesion, further immunohistochemical analyses
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Fig. 1. Clinical features and histological findings of the primary intraosseous carcinoma NOS. (A) A mass (white arrowheads) in the left mandible was shown in a
clinical photograph (left panel). Image of CT (right panel). Black arrows indicate keratin-like material in the cystic lesion of the left mandible. (B) HE staining of the
biopsy of the left mandibular molar area with non-tumor region and tumor lesion. The solid box and the dashed box indicate enlarged images. Non-tumor region and
tumor lesion in the Fig. 1B and 1C are consecutive sections. (C) The sections of (B) were stained with anti-Ki-67, YAP and ARL4C antibodies and hematoxylin. Ki-67
index was shown in the upper left. (D) A macroscopic photograph of the surgical resection sample, which were 87 x 59 x 73 mm (left panels). HE staining of the
surgical resection sample of area 3 (right panels). The samples of area 1 and area 2 were used in Fig 2A. The solid box and the dashed box indicate enlarged images.

Scale bars, 10 mm (D; left panels), 200 um (B; upper panels and D; upper middle panel), 100 um (B; middle panels and D; lower middle panel), 20 um (B; lower
panels, C, and D; right panel).
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Fig. 2. Characterization of the primary intraosseous carcinoma NOS. (A) The surgically resected specimens with non-tumor region and tumor lesion (indicated in
Fig. 1D) were stained with anti-CK13, CK17 and f-catenin antibodies as well as hematoxylin. (B) CK13 and CK17 mRNA levels were measured in non-tumor region
and tumor lesion of PIOC. CK13 and CK17 mRNA levels were normalized by GAPDH and expressed as fold-changes compared with levels in non-tumor region. (C)
Axin2 mRNA levels were measured in non-tumor region and tumor lesion of PIOC. Axin2 mRNA levels were normalized by GAPDH and expressed as fold-changes
compared with levels in non-tumor region. (D) Wntl, Wnt2b, Wnt3, Wnt4, Wnt7a, Wnt8a, Wnt8b, Wnt10a, Wnt10b and Wnt16 mRNA levels were measured in non-
tumor region and tumor lesion. These mRNA levels were normalized by GAPDH and these levels in tumor lesion were expressed as fold-changes compared with levels
in non-tumor region of PIOC. (E) Analysis of 5mC and 5ShmC levels in genomic DNA isolated from non-tumor region and tumor lesion of PIOC was performed by dot

blot assay using an anti-5mC and anti-5hmC antibodies. Anti-ds DNA antibody was probed as a control. Scale bars, 20 pm. Results are shown as means =+ s.d. of three
independent experiments. **P<0.01.
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were performed. The Hippo pathway regulates cell proliferation through
the nuclear localization of major downstream effectors, YAP and tran-
scriptional co-activator with PDZ-binding motif (TAZ), resulting in the
induction of target gene transcription [24,25]. We have recently
demonstrated that YAP signaling regulates OSCC cell proliferation [10].
Indeed, YAP was detected in the nucleus of the atypical epithelial cells in
the tumor lesion, suggesting YAP activation in these cells (Fig. 1C;
middle right panel). Surprisingly, YAP was also detected in the nucleus
of the parabasal and/or basal layer in the non-tumor region (Fig. 1C;
middle left panel). Previous report demonstrated that YAP was espe-
cially detected in the nucleus of basaloid cells in the pathological
specimens of odontogenic keratocyst [26], which was confirmed by our
immunohistochemical analyses (Fig. S2; second panels from the left).
B-catenin was detected in the cell membrane of squamous cells in the
region (Fig. S2; rightmost panels). These data suggested that the
immunohistochemical characteristics of epithelial cells in the non-tumor
region might be similar to those of odontogenic keratocyst (Fig. 1C;
middle left panel).

The expression of ARL4C is upregulated in several tumors and
associated with tumorigenesis [8,14], and promotes proliferation in
OSCC cells [9]. Consistent with these reports, the expression of ARL4C
was highly detected in cytoplasm at the invasion front of the tumor
lesion but its expression was only seen in the basal cells of the non-tumor
region (Fig. 1 C; lower panels). The expression of ARL4C in the present
non-tumor region appeared to be higher than those of the specimens
with odontogenic keratocyst (Fig. S2; second panels from the right),
suggesting that the characteristics of the present non-tumor region
might be different from those of odontogenic keratocyst. However, its
pathological meanings remained unclear. Based on these immunohis-
tochemical analyses, the tumor lesion may exhibit malignant potential.
Therefore, after 1 month later of the biopsy, a surgical resection was
carried out and HE-stained section, of which section was indicated as
area 3 in the picture, showed an invasive growth of carcinoma cells into
the bone tissue (Fig. 1D). Based on the results from the histological and
immunohistochemical analyses, the lesion was diagnosed as PIOC. In
addition, we observed that both YAP and ARL4C signaling were acti-
vated in the tumor.

3.2. Characterization of the PIOC

From the surgical resection sample, we collected tissues from non-
tumor region, (area 1, Fig. 1D; left panels), and from tumor lesion,
(area 2, Fig. 1D; left panels). The tissue samples were clinically diag-
nosed and collected by an oral surgeon. We divided each sample into
two specimens with or without formalin fixation.

Immunohistochemical analyses showed that the cyst lining epithelial
cells were positive for CK13 and negative for CK17 in the non-tumor
region (Fig. 2A; upper and middle left panels). In contrast, decreased
signal for CK13 and increased signal for CK17 were noted in the tumor
lesion (Fig. 2 A; upper and middle right panels). To assess the expression
of CK13 and CK17, RNA was extracted from the non-fixed specimens.
Consistent with the immunohistochemical findings, CK13 mRNA
expression was decreased and CK17 mRNA expression was increased in
the tumor lesion and vice versa in the non-tumor region (Fig. 2B). YAP
was detected both in the nucleus of the atypical epithelial cells in the
tumor lesion and the parabasal and/or basal layer in the non-tumor
region (Fig. S3; upper panels). The expression of ARL4C was detected
in cytoplasm at the invasion front of the tumor lesion but its expression
was only seen in the basal cells of the non-tumor region (Fig. S3; lower
panels). Consistent with the findings of the biopsy, these analyses
demonstrate that the PIOC tumor lesion shows features of OSCC.

Wnt/p-catenin signaling has been reported to be involved in the
disease pathogenesis as well as in the developmental processes [27,28].
As no mutations in components of Wnt/f-catenin signaling have been
identified in OSCC pathological specimens or cell lines [29-31], the
activation of Wnt/f-catenin signaling would be unlikely to be involved
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in OSCC tumorigenesis. Here, p-catenin was sparsely detected in the
nucleus of the tumor lesion (Fig. 2A; lower right panel) and the
expression of Axin2 (a direct target gene of the Wnt/f-catenin signaling
[32]) was increased in the lesion (Fig. 2C), suggesting focal activation of
the Wnt/B-catenin signaling in PIOC. Wnt ligand consists of 19 members
[28]. Among them, the expression of Wnt ligands, which activates
Wnt/f-catenin-dependent signaling [33], such as Wnt1, Wnt2b, Wnt3,
Wnt4, Wnt7a, Wnt8a, Wnt8b, Wnt10b and Wntl16, was higher in the
tumor lesion than in the non-tumor region (Fig. 2D). Based on these
results, PIOC was characterized by focal activation of Wnt/f-catenin
signaling potentially due to increased expression of some Wnt ligands.

Furthermore, as changes in DNA methylation are associated with
tumorigenesis [34], the global DNA methylation status in the tumor
lesion was analyzed. 5-methylcytosine (5mC), a global DNA methylation
marker, was increased in the tumor lesion, while 5-hydroxymethylcyto-
sine (5hmC), which is converted from 5mC to promote transcriptional
activity [35], was reduced (Fig. 2E). These results suggested that PIOC is
associated with epigenetic changes which may affect gene expression in
the tumor cells.

To further clarify the characteristics of the present PIOC, a DNA
microarray analysis was performed from the RNA, which were used in
quantitative RT-PCR analyses (Fig. 2B and 2C). Fig. 3A shows scatter-
plots representing differences in gene expression amounts comparing
the tumor lesion and the non-tumor region. As we recently identified the
target molecules and signaling using the DNA microarray analysis based
on the criteria of which expression is 1.5 fold change [12,13], we fol-
lowed these criteria in this study. The expression of 389 genes was
upregulated and the expression of 581 genes was downregulated in the
tumor lesions. Especially, the expression of CK17 was higher and the
expression of CK13 was lower in the tumor lesion (Fig. 3A). These
expression patterns were consistent with previous our report [9] and the
data with immunohistochemical findings and quantitative RT-PCR
analysis (Fig. 2A and 2B), suggesting that the current DNA microarray
data would reflect genetic background in the present PIOC. We further
conducted GSEA analysis. The gene sets “WNT BETA CATENIN
SIGNALING”, “NOTCH SIGNALING”, “KRAS SIGNALING”, “P53
PATHWAY”, “MTORC1 SIGNALING”, “TGF BETA SIGNALING”, “COM-
PLEMENT”, “INFLAMMATORY RESPONSE”, “HYPOXIA” and
“APOPTOSIS” were significantly upregulated in the tumor lesion
(Fig. 3B). Among them, Notch signaling pathway was ranked as an
activated gene set in the tumor lesion (Fig. 3B). Notch signaling pathway
is involved in tumorigenesis including OSCC [36,37]. The expression of
Notch signaling pathway target genes, such as SNAI2, DLX1, DLX2,
IFT74 and SIX1, was indeed upregulated in the tumor lesion by quan-
titative RT-PCR analysis (Fig. S4). These data suggested that various
types of intracellular signaling would be activated and several kinds of
cellular functions would be altered in the pathogenesis of PIOC.

3.3. Wnt/p-catenin signaling activates YAP signaling in OSCC cells

In this PIOC, squamous cell carcinoma cells were invaded into the
subepithelial layer and the bone tissue (see Fig. 1B; right panels and
Fig. 1D). We have recently demonstrated that YAP signaling is activated
in OSCC cells [10]. It has been reported that Wnt/f-catenin signaling
regulates YAP activity at the protein or transcriptional level [38,39].
Since the effect of Wnt/p-catenin signaling on YAP signaling remains
unclear in OSCC, we used OSCC cell lines to investigate its effect. Human
OSCC cells, HSC-2 and HSC-3 cells were treated with the GSK-3 inhib-
itor, CHIR99021, which is an activator of the p-catenin pathway [19,
40]. The protein levels and nuclear translocation of B-catenin were
increased by CHIR99021 treatment (Fig. 4A and Fig. S5A). Consistent
with previous reports [8,14], treatment with CHIR99021 induced the
expression of ARL4C (Fig. 4B; left graph and Fig. S5B; left graph). In
addition, the treatment increased the mRNA levels of ankyrin repeat
domainl (ANKRDI1, a direct target gene of the YAP signaling) (Fig. 4B;
right graph and Fig. S5B; right graph), and the protein levels of YAP and
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Fig. 3. The characteristics of the primary intraosseous carcinoma NOS by a DNA microarray analysis. (A) Scatterplots representing differences in gene expression
amounts comparing the tumor lesion and the non-tumor region of PIOC. (B) GSEA plots show enrichment of “WNT BETA CATENIN SIGNALING”, “NOTCH
SIGNALING”, “KRAS SIGNALING”, “P53 PATHWAY”, “MTORC1 SIGNALING”, “TGF BETA SIGNALING”, “COMPLEMENT”, “INFLAMMATORY RESPONSE”, “HYP-
OXIA”, and “APOPTOSIS” related genes between tumor lesion and the non-tumor region of PIOC.

TAZ (Fig. 4C and Fig. S5C). Furthermore, consistent with a previous
report [38], YAPSSA, a constitutively active form of YAP [10], formed a
complex with endogenous f-catenin in OSCC cells (Fig. 4D). These re-
sults suggested that the p-catenin signaling may promote YAP signaling
in OSCC cells.

4. Discussion

PIOC is a diagnosis of exclusion. Therefore, histological, radio-
graphical and clinical information is required to exclude metastasis,
malignant odontogenic tumors of specific types, carcinomas of the
maxillary antrum and nasal mucosa, and intraosseous salivary gland
neoplasms [1]. Because the histopathological findings demonstrated a

transition from odontogenic keratocyst to carcinoma, this case was
diagnosed as PIOC, taking the clinical findings into account. In the
present case, retrospective radiographical features showed no findings
suspicious for malignancy. Considering the current findings, even in
cystic cases in which malignancy is not suspected clinically, it is
necessary to perform routine biopsy and pathological examination.
The immunohistochemical findings (Fig. S6), quantitative RT-PCR
data and a DNA microarray analysis revealed that several oncogene-
related pathways, such as Wnt/B-catenin signaling (accompanying
increased expression of ARL4C), YAP signaling and Notch signaling,
were activated in the present PIOC. It is generally accepted that tumor
cell genomes are more hypomethylated compared to non-tumor cells
[41]. Additionally, several reports have demonstrated that alterations in
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24 h. (A) Cell lysates were probed with anti-p-catenin and anti-f-actin antibodies (left panels). After the culture, the cells were stained with anti-p-catenin (Green) and
Hoechst 33342, and then cells in which p-catenin localizes to the nucleus and Hoechst 33342-stained cells were counted, respectively (right panels and graph). (B)
ARL4C and ANKRD1 mRNA levels were measured by quantitative RT-PCR. Relative ARL4C and ANKRD1 mRNA levels were normalized by GAPDH and expressed as
fold-changes compared with levels in control cells. (C) Cell lysates were probed with anti-YAP/TAZ and anti-p-actin antibodies. (D) Lysates of HSC-3 cells expressing
YAP®SA were immunoprecipitated with control IgG or anti-FLAG antibody and the immunoprecipitates were probed with the f-catenin antibody. Scale bars, 20 pm.

Results are shown as means + s.d. of three independent experiments. **P<0.01.

DNA methylation occur in cancer, including hypermethylation of tumor
suppressor genes and hypomethylation of oncogenes [42-47]. An in-
crease of 5mC levels and a decrease of 5hmC levels were observed in this
study (see Fig. 2E), indeed suggesting a global increase in gene
methylation, and thus potentially suggesting a decrease in the expres-
sion of many genes in PIOC. Consistently, the expression of 581 genes
was downregulated in the tumor lesions based on DNA microarray data.
On the other hand, the expression of 389 genes was upregulated (see

Fig. 3A) and cell proliferation was dramatically enhanced (see Fig. 1C;
upper panels) in the tumor lesions. In this study, we aimed to identify
gain-of-function changes in the cellular signal transduction pathways
that drive PIOC cell proliferation. Therefore, we concentrated on upre-
gulated genes and pathways, such as Wnt/p-catenin signaling, YAP
signaling and Notch signaling in DNA microarray and GSEA analyses.
The data from the dot blot analysis represents global changes in DNA
methylation, and it would require considerable efforts to analyze the
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methylation status of individual genes. At present, we can conclude that
PIOC is associated with epigenetic regulation in the methylation level,
but here is no direct data to conclude how these epigenetic changes
contribute to the pathogenesis of PIOC. Further studies should assess
how the decreased expression of genes that are methylated in PIOC are
involved in the development of PIOC.

Since it has been reported that Wnt/p-catenin signaling does not play
a role in OSCC tumorigenesis [29-31], we hypothesized that
Wnt/p-catenin activation observed may be related to the rarity of PIOC.
Further studies should assess the association of these signal transduction
pathways and/or epigenetic changes to PIOC tumorigenesis using large
PIOC patient cohort.

Reportedly, Wnt/f-catenin signaling promotes YAP activity at the
protein or transcriptional level [38,39]. Our present data demonstrated
that Wnt/B-catenin signaling could induce YAP activity at protein level,
which might be regulated through the protein association of f-catenin
and YAP (see Fig. 4C and D), because CHIR99021 treatment did not
affect mRNA level of YAP in OSCC cells (data not shown).

Odontogenic keratocyst is a developmental cyst derived from
odontogenic epithelium, but is previously classified as neoplastic lesions
based on their potential aggressive and infiltrative behavior [48]. This
neoplastic-like potential of odontogenic keratocyst may be supported by
the frequent YAP expression and its nuclear localization with high
positive rate of Ki-67 staining (see Fig. 52). It is intriguing to speculate
that YAP signaling is activated in odontogenic keratocyst, and the
activation of Wnt/p-catenin signaling may further activate YAP
signaling, which may be involved in the pathogenesis of this PIOC. In
contrast, a recent report showed that Wnt/p-catenin signaling sup-
presses YAP signaling, which would be mildly activated, in odontogenic
epithelial cells [12]. In this study, we used OSCC cells to investigate the
relationship between Wnt/f-catenin signaling and YAP signaling. Since
Wnt/p-catenin signaling is inactivated while YAP signaling is hyper-
activated in OSCC cells [10,29-31], it is reasonable to use OSCC cells
than odontogenic epithelial cells to clarify the etiology of PIOC, at least
in a SCC type, derived from odontogenic keratocyst, where YAP
signaling is highly activated, immunohistochemically (see Fig. 1C;
middle left panel). Further studies are needed to generate an odonto-
genic keratocyst-derived cell line and verify our hypothesis.

In summary, we characterized a case of PIOC arising from odonto-
genic keratocyst by immunohistochemical analyses and proposed that
further activation of YAP signaling by Wnt/f-catenin signaling may be
involved in the pathogenesis of PIOC.
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