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Abstract. Ameloblastoma is a common odontogenic benign 
tumor located in the jaws and is characterized by severe local 
bone destruction. The current study aimed to investigate the 
effect of interactions between tumor cells and bone marrow 
stromal cells (BMSCs) on osteoclast formation in ameloblas-
toma. The impact of ameloblastoma/BMSC interactions on 
cytokine production, gene expression and osteoclastogenesis 
was examined using an immortalized ameloblastoma cell line 
that the authors' previously established. The results demon-
strated that interactions between ameloblastoma cells and 
BMSCs increased interleukin (IL)‑8 and activin A secretion 
by BMSCs. IL‑8 expression in BMSCs was modulated by 
tumor‑derived tumor necrosis factor‑α and IL‑8 contributed to 
osteoclast formation not only directly but also by stimulating 
receptor activator of NF‑κB ligand (RANKL) expression in 
BMSCs. Activin A secretion in BMSCs was stimulated by 
ameloblastoma cells via cell‑to‑cell‑mediated activation of 
c‑Jun N‑terminal kinase activation, acting as a cofactor of 
RANKL to induce osteoclast formation and function. The 
present study highlights the critical role of communication 
between BMSCs and ameloblastoma cells in bone resorption 
in ameloblastoma.

Introduction

Ameloblastoma (AM) is a benign but locally invasive odon-
togenic tumor, accounting for ~1% of oral tumors and 11‑18% 

of odontogenic tumors  (1). In the 4th edition of the World 
Health Organization Classification of Head and Neck Tumors 
published in 2017, AM was classified into three main types: 
AM, unicystic, and extraosseous/peripheral types, among 
which classic AM is the most common accounting for 91% of 
all cases (2). AM initially presents as a concealed central bone 
lesion, which gradually leads to bone and tooth root resorp-
tion. If ignored further, the bone can become perforated and 
the tumor will eventually invade the soft tissue (3).

Previous studies of the invasiveness of AM in the bone 
have mainly evaluated the following aspects: Cell cycle 
proliferation (4,5), apoptosis (6,7), invasiveness (8) and matrix 
metalloproteinases (9‑11). However, bone represents a particu-
larly mineralized harsh environment for tumor progression 
characterized by a high rigidity and modulus. Although the 
invasive capacities of tumor cells are important for tumor 
progression, the stimulation of bone resorption by tumor cells 
is required to invade the skeleton (12). It is widely accepted 
that osteolytic lesions predominantly result from increased 
osteoclast recruitment, activation, differentiation and func-
tion (13,14). In the current study, numerous osteoclasts were 
detected in osteolytic lesions of AM, which were located not only 
adjacent to tumor cells but also at more distant sites, indicating 
the potential role of osteoclast formation in AM development 
in the bone. However, coculture of osteoclast precursors with 
AM cells resulted in only a slight increase in osteoclastogenic 
activity. Therefore, whether other possible mechanisms underlie 
osteoclast activation in AM was evaluated.

Previously, interactions between tumor cells and cells in 
the bone microenvironment have been proposed as potential 
drivers of tumor progression in the bone (15). The understanding 
of these interactions has mostly been derived from studies 
of bone metastatic diseases, including breast cancer (16,17), 
prostate cancer (18) and bone malignancies including multiple 
myeloma (19‑24). During these interactions, the bone marrow 
microenvironment is enriched by a variety of inflammatory 
factors including parathyroid hormone‑associated protein, 
tumor necrosis factor‑α (TNF‑α), interleukin 1 (IL)‑1, IL‑6, 
IL‑8, IL‑11, activin A and receptor activator of NF‑κB ligand 
(RANKL) (16‑26), which further stimulate tumor growth and 
osteoclastogenesis or inhibit osteoblast formation, supporting 
tumor progression in the bone.
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RANKL is the final extracellular mediator that promotes 
osteoclast precursors to differentiate into mature osteoclasts 
in the presence of macrophage‑colony stimulating factor 
(M‑CSF), an indispensable factor for early development of 
osteoclasts and survival of mature osteoclasts (27,28). Bone 
resorbing factors, including IL‑1, IL‑6, IL‑8, IL‑11 and IL‑17, 
have been reported to trigger RANKL expression in bone 
marrow stromal cells  (14,15,29). Osteoprotegerin (OPG) 
produced by stromal cells acts as a soluble decoy receptor 
for RANKL and prevents osteoclast formation by interfering 
with the interactions between RANKL and its receptor 
RANK (27,28).

In AM, communication between tumor cells and host cells 
and the underlying cellular and molecular mechanisms remain 
poorly understood. A previously study by Fuchigami et al (30) 
suggested that direct interactions between tumor cells and 
stromal fibroblasts support proliferation of tumor cells in AM.

The aim of the present study was to clarify the role of the 
interactions between AM cells and bone marrow stromal cells 
in osteoclastogenesis. The present study provides experimental 
evidence demonstrating that IL‑8 and activin A were induced 
in stromal cells following interacting with AM cells. These 
two factors, in combination with RANKL, served critical roles 
in osteoclastogenesis in AM.

Materials and methods

Reagents. Anti‑TNF‑α, activin A and IL‑8 antibodies, as well as 
recombinant RANKL, OPG, activin A and nonspecific mouse 
immunoglobulin (Ig)G were purchased from R&D Systems, 
Inc., (Minneapolis, MN, USA). Anti‑RANKL, cathepsin K, 
and acid phosphatase 5, tartrate resistant (TRAP) antibodies 
were purchased from Abcam (Cambridge, UK). Anti‑JUN 
N‑terminal kinase (JNK), anti‑phosphorylated (p)‑JNK and 
anti‑nuclear factors of activated T‑cells (NFATc‑1) antibodies 
were purchased from Cell Signaling Technology, Inc., (CST; 
Danvers, MA, USA). Recombinant human IL‑8 and recom-
binant murine M‑CSF were purchased from Sino Biological 
(Beijing, China). The JNK pathway inhibitor SP600125 was 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany).

Tissue samples and cell culture. The AM tissues were obtained 
from 2 male patients (27 and 29 years old) and 2 female patients 
(23 and 24 years old) treated at the Department of Oral and 
Maxillofacial Surgery (Hospital of Stomatology, Sun Yat‑sen 
University, Guangzhou, China) from June 2017 to February 2018. 
Informed consent was obtained according to a protocol approved 
by the Ethical Committee of the Guanghua School of Stomatology, 
Hospital of Stomatology and Sun Yat‑sen University [Guangzhou, 
China; ERC‑(2017)‑5]. Principles outlined in the Declaration 
of Helsinki were followed. All AM tissues were resected from 
the mandible, two were from plexiform and two were from 
follicular AM (Table SI). Normal bone tissue was obtained from 
a 24‑year‑old female patient with dento‑maxillofacial deformities 
during the orthognathic surgery.

Primary culture of AM cells was performed as previously 
described (31). Briefly, the specimen was diced into pieces at 
an approximate size of 1 mm3 following removing the soft 
connective tissue, placed into plates coated with collagen I 

(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) and incubated at 37˚C in a 5% (v/v) CO2 atmosphere 
for 5 h. Dulbecco's modified Eagle's medium (DMEM; Gibco; 
Thermo Fisher Scientific, Inc.) containing 15% (v/v) fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) 
was added and used for subculture of the proliferative cells. 
The epithelial cells were purified and collected with a differ-
ential adhesion method.

Mouse bone marrow‑derived monocyte/macrophage 
precursor cells (BMMs) were isolated as previously described 
with slight modifications  (32). Briefly, bone marrow cells 
were collected from the femur and tibiae of 12 6‑week‑old 
female C57BL/6J mice (mean weight, 17.2 g). The mice were 
purchased from the Laboratory Animal Center of Sun Yat‑sen 
University. Following washing, the cells were resuspended 
in α‑minimum essential medium (Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% FBS. Following 16 h of culture, 
the nonadherent cells were collected and incubated in M‑CSF 
(25 ng/ml) at a density of 3x105 cells/ml in flasks. The cells 
were used as BMMs following 3 days of culture. The study 
was performed in accordance with the Guidelines laid down 
by the National Institute of Health (Bethesda, MD, USA) in the 
USA regarding the care and use of animals for experimental 
procedures, and in accordance with local laws and regula-
tions. Adequate measures were taken to minimize the pain or 
discomfort of the mice. The experiment was approved by the 
Institutional Animal Care and Use Committee of Sun Yat‑sen 
University (IACUC‑DB‑2017‑0605).

The AM cell line, hTERT‑AM, was previously established 
by the authors' group (31). HS‑5, a human bone marrow stromal 
cell line, was purchased from the American Type Culture 
Collection (Manassas, VA, USA). The cells were cultured in 
DMEM containing 10% FBS at 37˚C in a 5% (v/v) CO2 atmo-
sphere.

Cocultures of hTERT‑AM cells with HS‑5 cells. The 
hTERT‑AM cells and HS‑5 cells were directly cocultured 
in 1:1 ratio or independently cultured at a density of 
2.5x105 cells/ml for 24 h. For indirect cocultures, HS‑5 cells 
(1.5x105 cells) were seeded in the lower chamber of a 24‑tran-
swell plate (0.4‑mm pore size; Corning‑Costar; Conig, Inc., 
Corning, NY, USA) and 100 µl medium containing 5x104 AM 
cells was added to the upper chamber. Cells were cultured 
for 24 h. The culture media (CM) was collected and stored at 
‑80˚C until use. Cells were used for RNA extraction.

Cytokine array. A commercial antibody‑based protein microarray 
assay was performed using G‑Series Human Bone Metabolism 
Array 1 (RayBiotech Life, Norcross, GA, USA). In brief, array 
glass slides were incubated in serum‑free media from HS‑5 
cultures, hTERT‑AM/HS‑5 cocultures and hTERT‑AM cultures 
(500 µg/ml) for 2 h. Following washing, the glass slides were 
incubated with a cocktail of 31 biotinylated antibodies and the 
remaining experimental procedure was carried out following the 
manufacturer's protocol. The intensity of the signal was normal-
ized to that of the internal positive control.

ELISA. The serum‑free medium from cell cultures were 
collected and the level of TNF‑α (cat. no. C SB‑E04740h; 
Cusabio, Wuhan, China), IL‑8 (cat. no. D8000C; R&D Systems, 
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Inc.), and activin A (cat. no. DAC00B; R&D Systems, Inc.) were 
analyzed in accordance with the manufacturer's protocol.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted using TRIzol (Invitrogen; 
Thermo Fisher Scientific, Inc.) and reverse synthesized to 
cDNA using a PrimeScript RT Reagent kit (Takara Bio Inc., 
Otsu, Japan). The following thermal cycling steps were used: 
37˚C for 15 min, 85˚C for 5 sec, and store at 4˚C. GAPDH was 
used as internal control. The primers used in the present study 
are presented in Table SII. Amplification of the cDNA template 
was conducted using LightCycler 480 SYBR-Green I Master 
(Roche Diagnostics, Basel, Switzerland). PCR cycles were run 
as follows: 95˚C for 5 min, 40 cycles of 95˚C for 10 sec, 60˚C 
for 20 sec and 72˚C for 20 sec. Finally followed by 95˚C for 
5 sec and 65˚C for 1 min. Following RT‑PCR, the PCR products 
were separated on a 2% agarose gel and stained with a new 
type of DNA dye GoldView (cat. no. G8140; Beijing Solarbio 
Science & Technology Co., Ltd., Beijing, China), which is an 
ideal substitute for ethidium bromide. Expression of each gene 
was normalized to that of GAPDH as a loading control.

Western blot analysis. Total cellular proteins were extracted 
with Radioimmunoprecipitation assay lysis buffer (cat. 
no. P0013B; Beyotime Institute of Biotechnology, Shanghai, 
China) containing 10 mg/ml aprotinin, 10 mg/ml leupeptin 
and 100 mM PMSF. The bicinchoninic acid assay was used for 
protein quantification. The aliquots (containing 40 µg protein) 
were separated by 8% SDS‑PAGE, transferred to polyvinyli-
dene difluoride membrane. The membranes were incubated at 
4˚C overnight with antibodies against TRAP (cat. no. ab191406; 
Abcam; 1:1,000), NFATc‑1 (cat. no.  8032; CST; 1:1,000), 
Cathepsin K (cat. no. ab187647; Abcam; 1:1,000), RANKL 
(cat. no. ab97864; Abcam; 1:1,000), JNK (cat. no. 9252; CST; 
1:1,000) and p‑JNK (cat. no. 4668; CST; 1:1,000). Anti‑β‑actin 
(cat. no. 4970; CST; 1:1,000) was used as a loading control. 
After washing, the membranes were incubated with IRDye® 
800CW goat anti‑Rabbit IgG (cat. no. 926‑32211; LI‑COR 
Biosciences, Lincoln, NE, USA; 1:10,000) or Alexa Fluor® 
680 goat anti‑rabbit IgG (cat. no. ab175773; Abcam; 1:10,000) 
for 1 h at room temperature. The target proteins were visual-
ized and quantification was performed with the Odyssey Clx 
Infrared Imaging System (LI‑COR Biosciences) and Image 
Studio 5.0 software (LI‑COR Biosciences).

Osteoclast formation assay. Isolated BMMs (3x104 cells/well) 
were cultured in a 96‑well plate in medium containing M‑CSF 
(25 ng/ml), RANKL (50 ng/ml), IL‑8 (100 ng/ml), activin A 
(50 ng/ml), the culture mediums of hTERT‑AM cells, HS‑5 
cells and the coculture medium with or without corresponding 
antibodies for 5 days. The cultures were fed every 2 days 
with fresh medium. To detect osteoclast formation, the cells 
were subjected to TRAP staining using an Acid Phosphatase 
Leukocyte kit (Sigma‑Aldrich; Merck KGaA). In addition, 
multinucleated TRAP‑positive cells (≥3 nuclei) were counted 
as osteoclasts.

Pit formation assay. BMMs (3x104 cells/well) were seeded onto 
6 mm‑diameter dentin slices in 96‑well plates and cultured in 
medium containing M‑CSF (25 ng/ml), RANKL (50 ng/ml) 

with or without activin A (50 ng/ml), or the CM from HS‑5 
cells, hTERT‑AM cells and HS‑5/hTERT‑AM cocultures for 
15 days. CM was changed every 2 days. The cells were lysed 
with 0.25% ammonia water and the slices were stained with 
toluidine blue for 4 min at room temperature. To evaluate 
bone resorption, the areas covering the pit were calculated by 
counting the number of mesh squares (100x100 µm) with a 
light microscope (magnification, x100; Olympus Corporation, 
Tokyo, Japan).

Statistical analysis. Statistical analysis was conducted using 
SPSS version 23.0 software (IBM, Corps., Armonk, NY, USA). 
Data are presented as the mean ± standard deviation. Student's 
t‑tests were used in two‑group comparisons. One‑way analysis 
of variance with multiple comparisons followed by Tukey's 
test was used for multiple groups comparisons. All tests were 
two‑tailed and a value of P<0.05 was considered to indicate 
a statistically significant difference. Each experiment was 
performed in triplicate.

Results

Osteolysis and osteoclasts in AM. A total of two subtypes of 
AM were first tested for their ability to form osteolytic lesions 
and induce osteoclast formation. The histological examination 
results indicated a follicular and a plexiform AM, respec-
tively (Fig. 1A). The sections were then stained with TRAP, 
a specific enzyme of osteoclasts. TRAP‑positive osteoclasts 
were located adjacent to tumor cells, but were more commonly 
demonstrated at more distant sites from tumor cells, forming 
resorption pits. However, the normal bone demonstrated 
no TRAP‑positive cells and a smooth cortical bone surface 
(Fig. 1B). Additionally, The AM tissues and primary AM cells 
as well as hTERT‑AM cells were screened for the expression 
of osteoclast‑activating factors including RANKL, M‑CSF, 
IL‑1α, IL‑1β, TNF‑α, IL‑6 and IL‑8 by RT‑PCR. Due to 
different sources or conditions of the tissues and cells, these 
factors demonstrated various expression levels among the 
specimens; however, RANKL expression was only detected in 
AM tissues rather than in AM cells (Fig. 1C).

Coculture medium of AM cells and bone marrow stromal cells 
induces osteoclast differentiation and function. Mouse BMMs 
were treated with culture media from hTERT‑AM. A slightly 
increased number of TRAP‑positive cells was observed 
[Fig. 2A(c)], suggesting that the soluble factors released from 
AM cells have a limited potential to stimulate osteoclast forma-
tion. It was observed that osteoclasts were mostly located in 
the bone marrow far from the tumor cells, which prompted the 
investigation of whether cells in the bone microenvironment, 
particularly BMSCs, serve a role in osteoclastogenesis in AM. 
Therefore a cell‑to‑cell coculture of hTERT‑AM cells, HS‑5 
cells and a human BMSC line was established and the coculture 
medium was added to the culture of mouse BMMs. Notably, 
the average number of TRAP‑positive cells was identified to be 
significantly increased when mouse BMMs were treated with 
culture medium from the coculture [P<0.05; Fig. 2A(d) and B]. 
However, BMSCs plated in the absence of hTERT‑AM cells 
did not induce osteoclast formation [Fig. 2A(b)]. A pit forma-
tion assay was further performed to investigate the potential 
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Figure 1. AMs develop osteolytic lesions and induce osteoclastogenesis. (A) Hematoxylin and eosin staining of histological sections of the tumors from two 
patients: One FT and a PT. Scale bar, 250 µm. (B) TRAP‑positive cells were presented on the surface of the bone adjacent to tumor cells (blue arrowhead), but 
more commonly located at a distant site from the tumors (black arrow). Scale bar, 250 µm. (C) Expression of osteoclast‑activating factors in AM tissues and 
cells. The polymerase chain reaction products were separated on a 2% agarose gel and stained with gold view and expression of each gene was normalized to 
GAPDH, which was used as a loading control. The experiment was performed in triplicate. PAM, primary AM cells; FT, follicular type; PT, plexiform type; 
NB, normal bone tissue; T, tumor; CB, cortical bone; BM, bone marrow; RANKL, receptor activator of NF‑κB ligand; IL, interleukin; TNF, tumor necrosis 
factor; M‑CSF, macrophage‑colony stimulating factor; AM, ameloblastoma; TRAP, acid phosphatase 5, tartrate resistant.

Figure 2. Coculture medium of hTERT‑AM cells and HS‑5 cells increases osteoclast formation and function. (A) Mouse BMMs (3x104 cells/well) were 
cultured in osteoclastogenic medium with 25 ng/ml M‑CSF, or in the same medium containing either 50 ng/ml RANKL or CM from HS‑5 cells, hTERT‑AM 
cells and hTERT‑AM/HS‑5 cultures at 50% dilution for 5 days. Scale bar, 250 µm. (B) TRAP positive multinucleated cells (≥3 nuclei) were counted as mature 
osteoclasts. (C) BMMs were seeded onto 6 mm‑diameter dentin slices in 96‑well plates and cultured in medium as described above for 15 days. Culture 
media was altered every 2 days. Then, pit areas were measured by counting mesh numbers. (D) mRNA expression of PU.1, MITF, NFATc‑1, DC‑STAMP, 
cathepsin K, integrin β3 and TRAP in BMMs were determined by reverse transcription‑quantitative polymerase chain reaction. *P<0.05 vs. BMMs treated 
with M‑CSF, #P<0.05 vs. BMMs treated with M‑CSF+hTERT‑AM CM. (E) NFATc‑1, cathepsin K and TRAP proteins in BMMs were detected by western 
blotting. β‑actin was used as loading control. The experiment was performed in triplicate. CtsK, cathepsin K; M‑CSF, macrophage colony stimulating factor; 
TRAP, acid phosphatase 5, tartrate resistant; NFATc‑1, nuclear factors of activated T‑cells; BMMs, bone marrow‑derived monocyte/macrophage precursor 
cells; CM, conditioned medium; RANKL, receptor activator of NF‑κB ligand.
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of the multi‑nucleated cells to resorb calcified tissue. The 
results demonstrated that the formation of resorption pits 
was seen on the dentin slices treated with hTERT‑AM CM 
or HS‑5/ hTERT‑AM CM and the pit area of wells containing 
HS‑5/hTERT‑AM CM was ~4‑fold greater than those seeded 
with hTERT‑AM CM (Fig. 2C). Furthermore, mRNA expres-
sion of regulatory genes of osteoclast proliferation (PU.1), 

differentiation (NFATc‑1), fusion (DC‑STAMP and MITF) and 
function (Cathepsin K, integrin β3, and TRAP) were identified 
to be elevated in BMMs following treatment with HS‑5/AM 
CM (Fig. 2D). These, in combination with an elevated protein 
level of NFATc‑1, Cathepsin K and TRAP (Fig. 2E), which 
suggested that interactions between AM cells and BMSCs are 
essential for osteoclast differentiation and function.

Figure 3. Interactions between AM cells and BMSCs stimulated secretion of IL‑8 and activin A. (A) Cytokine array of the conditioned media of HS‑5 cells, 
hTERT‑AM cells and the coculture of the two cell types. The hTERT‑AM cells and HS‑5 cells were directly co‑cultured in 1:1 ratio or independently cultured 
at a density of 2.5x105 cells/ml for 24 h, the serum‑free mediums were collected for array analysis. A1‑A4: POS1; A5‑A8: POS2; A9‑A12: Activin A; B1‑B4: 
FGF‑1; B5‑B8: Amphiregulin; B9‑B12: bFGF; C1‑C4: BMP‑4; C5‑C8: BMP‑9; C9‑C12: E‑Selectin; D1‑D4: CD54; D5‑D8: IGF‑1; D9‑D12: IL‑1α; E1‑E4: 
IL‑1β; E5‑E8: IL‑6; E9‑E12: IL‑8; F1‑F4: IL‑11; F5‑F8: IL‑17A; F9‑F12: MCP‑1; G1‑G4: M‑CSF; G5‑G8: MIP‑1α; G9‑G12: MMP‑2; H1‑H4: MMP‑9; H5‑H8: 
MMP‑13; H9‑H12: Osteoactivin; I1‑I4: P‑Cadherin; I5‑I8: RANK; I9‑I12: Stromal‑cell derived factor‑1α; J1‑J4: Sonic hedgehog‑N; J5‑J8: TGFβ1; J9‑J12: 
TGFβ2; K1‑K4: TNF‑α; K5‑K8: CD106; K9‑K12: CDH5. A heat map (right) demonstrating the semiquantitative results of cytokine levels. (B) Protein levels of 
IL‑8 in the serum‑free culture media from AM cells (hTERT‑AM cells, primary AM cells), HS‑5 cells or direct or Transwell co‑cultures measured by ELISA. 
*P<0.05 vs. wells containing HS‑5 cells or the corresponding AM cells. (C) hTERT‑AM cells and HS‑5 cells were cultured separately with a Transwell plate 
for 24 h, RT‑qPCR was performed to detect relative mRNA expression of IL‑8 to GAPDH. *P<0.05 vs. HS‑5 monoculture. (D) Protein levels of activin A in the 
serum‑free culture media from AM cells (hTERT‑AM cells, primary AM cells), HS‑5 cells or direct or Transwell co‑cultures measured by ELISA. *P<0.05 vs. 
wells containing HS‑5 cells or the corresponding AM cells. (E) hTERT‑AM cells and HS‑5 cells were cocultured for 24 h. Following cell separation, RT‑qPCR 
was performed to detect relative mRNA expression of INHβA to GAPDH. *P<0.05 vs. HS‑5 monoculture. The experiment was performed in triplicate. pAM, 
primary AM cells; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; IL, interleukin; CD, cluster of differentiation; BMP, bone morpho-
genic protein; AM, ameloblastoma; MMP, matrix metalloproteinase; TGF, transforming growth factor; TNF, tumor necrosis factor; bFGF, basic fibroblast 
growth factor; SDF, stromal‑cell derived factor.
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Interactions between AM cells and BMSCs triggers IL‑8 
and activin A expression. A total of 31 cytokines and growth 
factors potentially involved in bone metabolism were screened 
for in the culture media of monoculture of hTERT‑AM 
cells, HS‑5 cells and coculture of the two cell lines using a 
cytokine array. The analysis indicated that certain cytokines 
were relatively abundant in the HS‑5/ hTERT‑AM cell cocul-
ture medium. Notably, the expression of IL‑8 and TNF‑α 
in the CM of hTERT‑AM cells was significantly increased 
compared with HS‑5 cells and a markedly elevated level of 
activin A was observed in the coculture medium of the two 
cell lines (Fig. 3A and Table SIII). These three factors were 
previously observed to be involved in the process of bone 
resorption (13,33,34).

To validate the findings of the cytokine array, IL‑8 levels 
were quantified by ELISA in the 24‑h serum‑free culture media 
from the HS‑5 cells, AM cells, or coculture of the two cell types. 
The results revealed that AM cells secreted increased amounts 
of IL‑8 compared with HS‑5 cells and a dramatic increase in 
the production of IL‑8 protein was observed following direct 
or indirect co‑culture of the two cell types (Fig. 3B). To define 
the source of IL‑8 in the coculture, RT‑qPCR was performed to 
compare IL‑8 expression in AM cells and HS‑5 cells cultured 
separately using a Transwell plate. The results revealed a 

significant increase in IL‑8 expression in HS‑5 cells following 
indirect coculture with hTERT‑AM cells, whereas IL‑8 expres-
sion in hTERT‑AM cells remained nearly unchanged (P<0.05; 
Fig. 3C). These data indicate that AM cells stimulated the IL‑8 
secretion of BMSCs either though cell‑cell contact or soluble 
factors.

In addition, activin A production was observed to be rela-
tively high in HS‑5 cells, but was nearly undetectable in AM 
cells. Only a direct interaction between AM and HS‑5 cells 
could increase activin A production in the coculture medium 
(Fig. 3D). To investigate the source of activin A, RT‑qPCR was 
used to examine the expression levels of inhibin‑βA subunits, 
in which activin A is a dimer. The results indicated that the 
upregulated activin A was derived from BMSCs (Fig. 3E). 
These findings suggest that cell‑to‑cell contact was essential 
for triggering activin A secretion in BMSCs.

Furthermore, ELISA analysis verified increased produc-
tion of TNF‑α in AM cells compared with in HS‑5 cells and 
that coculture of AM and HS‑5 cells did not lead to alteration 
in TNF‑α protein level (Fig. S1).

Neutralization of IL‑8 or activin A results in decreased 
osteoclastogenesis induced by AM/BMSCs CM. To investigate 
the role of AM/BMSCs CM‑derived IL‑8 and activin A in 

Figure 4. Neutralization of IL‑8 or activin A resulted in decreased osteoclastogenesis induced by AM/bone marrow stromal cells CM. (A) Mouse bone 
marrow‑derived monocyte/macrophage precursor cells were cultured in osteoclastogenic medium with 25 ng/ml M‑CSF, or in the same medium containing 
the CM from HS‑5/hTERT‑AM cocultures at 1:1 dilution. Anti‑IL‑8 antibody (1 µg/ml) or anti‑activin A antibody (100 ng/ml) was added to some of the 
CM‑containing wells, the cells were cultured for 5 days. (a) +M‑CSF, (b) +M‑CSF+AM/HS‑5 CM, (c) +M‑CSF+AM/HS‑5 CM+anti‑IL‑8, (d) +M‑CSF+AM/HS‑5 
CM+anti‑activin A and (e) +M‑CSF+AM/HS‑5 CM+ immunoglobulin G. Scale bar, 250 µm. (B) The number of TRAP+ MN cells (≥3 nuclei) was indicated. 
*P<0.05 vs. cells treated with M‑CSF, #P<0.05 vs. wells containing M‑CSF+AM/HS‑5 CM. The experiment was performed in triplicate. IL, interleukin; 
M‑CSF, macrophage‑colony stimulating factor; CM, conditioned media; AM, ameloblatoma; TRAP, acid phosphatase 5, tartrate resistant; MN, multinucleated.
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osteoclastogenesis, CM from hTERT‑AM/HS‑5 cocultures, 
with or without IL‑8 or activin A neutralizing antibodies, 
were added to the culture of mouse BMMs in the presence 
of M‑CSF. It was demonstrated that osteoclast formation 
provoked by the coculture medium was decreased either by 
neutralization of IL‑8 or activin A (Fig. 4), which ascertained 
that the two proteins are involved in osteoclastogenesis 
induced by AM/BMSCs interactions and that IL‑8 seems to 
serve a more important role in osteoclastogenesis in AM.

AM‑derived TNF‑α upregulates IL‑8 expression in BMSCs 
and IL‑8 directly induces osteoclast formation. Studies have 
demonstrated that IL‑8 production can be induced in response 
to multiple signals including IL‑1α, IL‑1β and TNF‑α (30,35). 
In the present study, TNF‑α was observed to be highly 
expressed in hTERT‑AM cells (Fig. 3A), therefore anti‑TNF‑α 
antibody was added to the culture medium of hTERT‑AM 
cells to examine the effect of TNF‑α on IL‑8 expression in 
HS‑5 cells. The results demonstrated that neutralizing TNF‑α 
significantly downregulated IL‑8 expression in HS‑5 cells 
induced by AM cells (P<0.05; Fig. 5A). ELISA analysis further 
indicated that the protein level of IL‑8 in the coculture medium 

of the two cell lines was significantly inhibited by addition of 
the anti‑TNF‑α antibody (P<0.05; Fig. 5B). Additionally, it was 
also identified that IL‑8 directly induced osteoclast formation 
in vitro (Fig. 5C and D), which was consistent with previous 
studies (36,37).

Upregulated IL‑8 from the coculture system triggers RANKL 
expression in BMSCs. RT‑qPCR was performed to examine 
whether AM‑derived CM could induce RANKL expres-
sion in BMSCs. The results revealed that CM derived from 
hTERT‑AM cells significantly increased RANKL expression 
in BMSCs (P<0.05). The expression of OPG, the decoy receptor 
of RANKL, was not altered (Fig. 6A). Additionally, adding 
OPG to the coculture medium slightly decreased osteoclast 
formation in mouse BMMs (Fig. 6B and C). Furthermore, it 
was identified that recombinant IL‑8 induced RANKL level 
in BMSCs (Fig. 6D and E) and addition of anti‑IL‑8 antibody 
to AM‑derived CM significantly decreased RANKL expres-
sion in BMSCs (P<0.05; Fig. 6E). These results indicate that 
hTERT‑AM cells upregulated the expression of RANKL in 
HS‑5 cells in an IL‑8‑dependent manner and RANKL further 
influenced osteoclast formation.

Figure 5. AM‑derived TNF‑α upregulated IL‑8 expression in bone marrow stromal cells and IL‑8 directly triggered osteoclastogenesis. (A) HS‑5 cells were 
treated with CM from hTERT‑AM with or without TNF‑α antibody for 24 h and reverse transcription‑quantitative polymerase chain reaction was performed to 
detect IL‑8 expression in HS‑5 cells. *P<0.05 vs. cells treated with M‑CSF, #P<0.05 vs. wells containing M‑CSF+AM/HS‑5 CM. (B) HS‑5 Cells and hTERT‑AM 
were cultured independently or directly cocultured with or without TNF‑α antibody (50 ng/ml) for 24 h, IL‑8 levels in the culture media were detected by 
ELISA. *P<0.05 vs. control, #P<0.05 vs. coculture of HS‑5 and hTERT‑AM. (C) Osteoclast formation stimulated by recombinant IL‑8 or RANKL. Bone 
marrow‑derived monocyte/macrophage precursor cells were cultured in osteoclastogenic medium with 25 ng/ml M‑CSF, or in the same medium containing 
RANKL (50 ng/ml) or IL‑8 (100 ng/ml). Scale bar, 250 µm. (D) TRAP positive MN cells (≥3 nuclei) were counted as mature osteoclasts. *P<0.05 vs. cells 
treated with M‑CSF. The experiment was performed in triplicate. IL, interleukin; M‑CSF, macrophage‑colony stimulating factors; TNF, tumor necrosis factor; 
RANKL, receptor activator of NF‑κB ligand; AM, ameloblastoma; CM, conditioned media; TRAP, acid phosphatase 5, tartrate resistant; MN, multinucleated; 
Ig, immunoglobulin.
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Figure 6. Upregulated IL‑8 from the coculture system supported RANKL expression on bone marrow stromal cells. (A) HS‑5 cells were cultured in the 
CM of hTERT‑AM for 24 h. RT‑qPCR was performed to detect expressions of RANKL and OPG in HS‑5 cells. *P<0.05 vs. untreated HS‑5. (B) Mouse 
bone marrow‑derived monocyte/macrophage precursor cells were cultured in osteoclastogenic medium with 25 ng/ml M‑CSF, or in the same medium 
containing the CM from HS‑5/hTERT‑AM cocultures at 1:1 dilution. OPG (100 ng/ml) was added to some of the CM‑containing wells. (a) +M‑CSF, 
(b) +M‑CSF+AM/HS‑5 CM, (c) +M‑CSF+AM/HS‑5 CM+OPG, (d) +M‑CSF+AM/HS‑5 CM+ IgG. Scale bar, 250 µm (C) The number of TRAP+ MN cells 
(≥3 nuclei) was indicated. *P<0.05 vs. cells treated with M‑CSF, #P<0.05 vs. wells containing HS‑5/hTERT‑AM CM. (D) HS‑5 cells were cultured with or 
without recombinant IL‑8 (100 ng/ml) for 24 h. Cells were harvested to analyze RANKL by western blotting. (E) HS‑5 cells were treated with recombinant 
IL‑8 (100 ng/ml) or CM from hTERT‑AM with or without IL‑8 antibody for 24 h. RT‑qPCR was performed to detect RANKL expression in HS‑5 cells. *P<0.05 
vs. HS‑5, #P<0.05 vs. cells treated with hTERT‑AM CM. The experiment was performed in triplicate. RT‑qPCR, reverse transcription‑quantitative polymerase 
chain reaction; IL, interleukin; BMSCs, bone marrow stromal cells; RANKL, receptor activator of NF‑κB ligand; OPG, Osteoprotegerin; CM, conditioned 
medium; Ig, immunoglobulin; AM, ameloblastoma; TRAP, acid phosphatase 5, tartrate resistant; MN, multinucleated.

Figure 7. HS‑5 cells secretion of activin A was induced by hTERT‑AM cells via JNK pathway activation. (A) HS‑5 cells were cocultured with fixed hTERT‑AM 
cells and harvested at the indicated time points to analyze JNK phosphorylation by western blotting. (B) hTERT‑AM cells and HS‑5 cells were cocultured for 
24 h. In the last 15 h, JNK inhibitor (SP600125, 10 µM) or 0.1% DMSO was added. The supernatants were analyzed for activin A levels by ELISA. *P<0.05 
vs. HS‑5 CM, #P<0.05 vs. hTERT‑AM/HS‑5 CM. (C) Activin A stimulates RANKL‑stimulated osteoclast differentiation. Mouse BMMs were differentiated 
to osteoclast with RANKL (50 ng/ml) and M‑CSF (25 ng/ml) with or without activin A (50 ng/ml), and cultured for 3 days. (D) TRAP+ multinucleated cells 
(≥3 nuclei) were counted. Scale bar, 250 µm. (E) BMMs were seeded onto 6 mm‑diameter dentin slices in 96‑well plates and cultured in medium with RANKL 
(50 ng/ml) and M‑CSF (25 ng/ml) with or without activin A (50 ng/ml for 15 days). Culture media was changed every 2 days. Pit areas were measured by 
counting mesh numbers. *P<0.05 vs. cells treated with M‑CSF, #P<0.05 vs. wells containing M‑CSF+RANKL. The experiment was performed in triplicate. 
JNK, c‑Jun N‑terminal kinase 1; M‑CSF, macrophage‑colony stimulating factor; RANKL, receptor activator of NF‑κB ligand; BMMs, bone marrow‑derived 
monocyte/macrophage precursor cells; TRAP, acid phosphatase 5, tartrate resistant; AM, ameloblastoma; CM, conditioned medium.
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JNK activation is associated with AM‑induced secretion 
of activin A in BMSCs. Previous studies demonstrated that 
activin A secretion was regulated by p38‑dependent and 
JNK‑dependent pathways, and that a highly conserved 
c‑Jun‑binding sequence was present in the INHβA 
promoter (38). Whether activation of the JNK pathway was 
associated with activin A production was therefore investigated 
by coculture of HS‑5 cells and hTERT‑AM cells. The results 
indicated that direct coculture of the two cell lines activated 
the JNK pathway, as phosphorylation of JNK was observed 
in HS‑5 cells in the presence of fixed AM cells (Fig. 7A). It 
was also demonstrated that adding the specific JNK inhibitor 
SP600125 significantly reduced activin A secretion in the 
coculture medium (P<0.05; Fig. 7B). Furthermore, although 
activin A itself did not stimulate osteoclast formation, it 
did slightly support RANKL to induce osteoclastogenesis 
(Fig. 7C and D). Furthermore, the pit formation assay revealed 
that the area of resorption pits on the dentin slices treated 
with RANKL and activin A was about 1.3‑fold greater than 
those seeded with RANKL alone (Fig. 7E). This suggests that 
activin A acts as a cofactor of RANKL to induce osteoclast 
formation and function and has a more effective triggering 
function of osteoclasts.

Discussion

The present study revealed that interactions between AM cells 
and BMSCs trigger osteoclastogenesis by upregulating IL‑8 
and activin A. Production of IL‑8 in BMSCs was enhanced 
by AM‑derived TNF‑α and IL‑8 further induced osteoclast 
formation directly or by upregulating RANKL expression in 
BMSCs. It was also demonstrated that activin A secretion was 
stimulated in BMSCs via activation of the JNK pathway in 
the presence of AM cells; furthermore, activin A acted as a 
cofactor of RANKL in stimulating osteoclast formation and 
function.

RANKL is known as an essential factor for osteoclast 
differentiation. It can be released in soluble form from tumor 
cells and can stimulate osteoclast formation directly in the 
absence of stromal cells (39). Sandra et al (3) revealed that 
10X CM of AM‑1 cells, an AM cell line, stimulated osteoclas-
togenesis because of RANKL secretion. However, the results 
of the present study demonstrated only a slight increase in 
osteoclast formation of osteoclast precursors in response to 
AM cells and no evidence of RANKL expression in AM cells. 
Yoshimoto et al (40) also failed to observe detectable expres-
sion of RANKL in AM cells. Interestingly, clear expression 
of IL‑8 was observed in AM cells and neutralization of IL‑8 
prevented osteoclastogenesis induced by the CM of AM cells 
(data not shown), suggesting that tumor‑derived IL‑8 is a key 
factor that directly induces osteoclast differentiation in AM 
and that the soluble RANKL in the 1X CM of AM cells is too 
low to induce osteoclastogenesis.

Previous studies have emphasized the importance of 
tumor‑microenvironment interactions in tumor cell growth 
and invasion as well  as osteoclastogenesis in a variety of 
tumors (15,16,41). For example, adhesion of myeloma cells 
to BMSCs stimulated IL‑6 expression by BMSCs, which 
was further involved in modulating tumor growth and inva-
siveness. Interactions between multiple myeloma cells and 

stromal cells induced osteoclastogenesis by upregulating IL‑8 
expression in stromal cells (13). Consistent with these findings, 
Fuchigami et al (30) demonstrated that reciprocal cell‑cell 
interactions between tumor cells and stromal fibroblasts 
resulted in increased production of IL‑6 and IL‑8 by fibro-
blasts, and increased proliferation of AM cells. In the present 
study, it was observed that the interaction between AM cells 
and BMSCs led to augmented secretion of IL‑8 and activin A.

IL‑8, a member of the CXC chemokine family, was 
originally described as a chemoattractant of neutrophils (42). 
It is highly expressed in a variety of human cancer cells 
with high metastatic potential (36). Overexpression of IL‑8 
not only correlates with tumor growth, angiogenesis and 
metastasis (43,44), but also serves a critical role in osteoclast 
formation (36,37,45). To investigate the role of upregulated 
IL‑8 in the coculture system in osteoclastogenesis, the neutral-
izing anti‑IL8 antibody was tested on osteoclast formation. 
The findings demonstrated a dramatically reduced osteoclast 
formation induced by AM/BMSCs coculture medium. These 
findings again verified that IL‑8 is a vital regulator of osteo-
clastogenesis in AM. According to previous studies, IL‑8 
production can be induced in response to multiple signals 
including IL‑1α, IL‑1β and TNF‑α  (30,35). TNF‑α is a 
proinflammatory cytokine that has been implicated in inflam-
matory and immune responses (46). It was demonstrated to 
regulate tumor growth and invasiveness by upregulating IL‑6 
and matrix metalloproteinase‑9 in AM cells (34). The expres-
sion of TNF‑α was increased in AM cells compared with in 
BMSCs, prompting investigation of the role of tumor‑derived 
TNF‑α in IL‑8 secretion in AM. The data demonstrated 
that neutralizing TNF‑α partially inhibited IL‑8 production 
in hTERT‑AM/HS‑5 coculture, indicating that AM‑derived 
TNF‑α is critical in modulating osteoclastogenesis through 
upregulation of IL‑8 secretion in BMSCs.

Previous studies demonstrated that RANKL‑positive 
cells were more commonly distributed throughout the stroma 
than in tumor cells in AM  (40,47,48). The results of the 
present study indicated that RANKL mRNA was positively 
expressed in AM tissues rather than in AM cells, confirming 
that stromal cells are the major source of RANKL in 
AM. In addition, hTERT‑AM/HS‑5 coculture increased 
RANKL expression in BMSCs and RANKL‑neutralization 
suppressed osteoclast formation induced by the coculture 
medium. These findings verified the role of stromal‑derived 
RANKL in osteoclastogenesis in AM. Similarly, studies 
demonstrated that multiple myeloma cells (21‑24) can stimu-
late osteoclastogenesis by increasing RANKL production in 
BMSCs and osteoblasts. Furthermore, RANKL is triggered 
by multiple bone‑resorbing factors including parathyroid 
hormone‑associated protein, IL‑1, IL‑6, IL‑8, IL‑11 and 
IL‑17 (14,15,29). Interestingly, neutralization of IL‑8 in the 
AM/BMSCs coculture medium suppressed RANKL expres-
sion in BMSCs, suggesting that interactions between the AM 
cells and BMSCs induced RANKL expression through an 
IL‑8‑dependent pathway.

Activin A is a member of the transforming growth 
factor (TGF)‑β superfamily, which was identified as a regu-
lator of the pituitary follicular stimulating hormone  (49), 
embryogenesis (50), cell proliferation (51), apoptosis (51,52) 
and differentiation (53). Interestingly, this factor was also 
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proposed to be involved in bone remodeling because of 
its dual role in stimulating osteoclast formation  (33,54) 
and inhibiting osteoblast differentiation  (25). The results 
of the present study demonstrated that activin A secretion 
was increased by direct interactions between AM cells 
and BMSCs. As previous studies revealed that a highly 
conserved c‑Jun‑binding sequence was present in the INHβA 
promoter (38) and that cell‑to‑cell contact triggers activa-
tion of the JNK signaling pathway (55), the role of the JNK 
pathway on activin A production by AM/BMSC coculture 
was further investigated. The results indicated that adhesion 
between BMSCs and AM cells activated the JNK pathway in 
BMSCs and the JNK inhibitor reduced activin A secretion in 
the coculture, confirming involvement of the JNK pathway 
in activin A production by BMSCs in response to AM cells. 
Additionally, neutralization of activin A in coculture resulted 
in decreased osteoclast formation. Furthermore, although 
activin A could only slightly enhance osteoclast formation 
in BMMs in the presence of RANKL, it increased the poten-
tial of osteoclasts to resorb calcified tissues, suggesting that 
activin A acts as a synergist for RANKL, which serves a 
greater role in stimulating osteoclast function than osteo-
clast formation. However, further research should be done 
in the future to elucidate the possible mechanisms of this 
phenomenon.

The limitation of the present study may be that CM from 
human cells is used to stimulate the BMMs from mice to 
evaluate their ability to induce osteoclast formation. Indeed, it 
would be more convincing if human BMMs were used in this 
experiment. However, normal human BMMs are hard to obtain 
in the authors' institution. Previous studies have conducted 
cocultures of cells from humans and other species including 
mice (3,56‑58), rats (59) or rabbits (60) to investigate their 
interactions. This approach was therefore used in the current 
study. As expected, it was identified that the coculture medium 
from human AM cells and BMSCs increased osteoclast 
formation from mouse BMMs. Detailed analysis of organs, 
tissues, cells and molecules exhibits a number of similarities 
between humans and mice, ranging from embryonic develop-
ment to diseases including diabetes and cancer, despite their 
striking anatomical difference. In addition, for ~99% of mouse 
genes, a counterpart can be identified in the human genome, 
which indicated high homologly between the mouse and 
human genomes (61). Furthermore, most cytokines, including 
fibroblast growth factor (62), and neurotrophin [brain derived 
neurotrophic growth factor (DNF), Glial cell DNF and ciliary 
neurotrophic factor) (63), TGF‑β (64)], are highly conserved 
molecules, exhibiting strong cross‑species bioactivity among 
different species. These results further support the feasibility 
of this method. However, there are a few exceptions. For 
example, human IL‑6 can bind to the human IL‑6 receptor 
(IL‑6R) and the mouse IL‑6R, while mouse IL‑6 only binds 
to the mouse IL‑6R (57). Therefore, to overcome this potential 
limitation, the authors' intend to choose cells from the same 
species to check their communication in future research.

In conclusion, the results of the present study support that 
tumor‑microenvironment interactions induce osteoclasto-
genesis and the process was modulated by upregulated IL‑8, 
and activin A. IL‑8 is a key regulator of osteoclast formation, 
which not only induced osteoclast differentiation directly 

but also triggered RANKL expression. In combination with 
activin A, which acted as a synergist of RANKL, a favorable 
microenvironment was established for AM invasion in the 
bone.
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