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Abstract. The cancer stroma regulates bone invasion in oral 
squamous cell carcinoma (OSCC). However, data on normal 
stroma are limited. In the present study, the effects of gingival 
and periodontal ligament tissue‑derived stromal cells (G‑SCs 
and P‑SCs, respectively) and human dermal fibroblasts 
(HDFs) on bone resorption and osteoclast activation were 
assessed using hematoxylin and eosin and tartrate‑resistant 
acid phosphatase staining in a cell line‑derived xenograft 
model. The results demonstrated that G‑SCs promoted bone 
invasion and osteoclast activation and inhibited osteoclast 
proliferation following crosstalk with the human OSCC 
HSC‑3 cell line, whereas P‑SCs inhibited bone resorp‑
tion and promoted osteoclast proliferation in vitro but had 
a minimal effect on osteoclast activation both in vitro and 
in vivo following crosstalk with HSC‑3 cells. Furthermore, 
the effects of G‑SCs, P‑SCs and HDFs on protein expression 
levels of matrix metalloproteinase (MMP)‑9, membrane type 
1 MMP (MT1‑MMP), Snail, parathyroid hormone‑related 
peptide (PTHrP) and receptor activator of NF‑κB ligand 
(RANKL) in HSC‑3 cells in OSCC bone invasion regions 
were assessed using immunohistochemistry. The results 
demonstrated that G‑SCs had a more prominent effect 
on the expression of MMP‑9, MT1‑MMP, Snail, PTHrP, 
and RANKL, whereas P‑SCs only promoted RANKL and 
PTHrP expression and exerted a minimal effect on MMP‑9, 
MT1‑MMP and Snail expression. The potential genes 
underlying the differential effects of G‑SCs and P‑SCs on 

bone invasion in OSCC were evaluated using a microarray, 
which indicated that cyclin‑dependent kinase 1, insulin, 
aurora kinase A, cyclin B1 and DNA topoisomerase II alpha 
underlaid these differential effects. Therefore, these results 
demonstrated that G‑SCs promoted bone invasion in OSCC 
by activating osteoclasts on the bone surface, whereas P‑SCs 
exerted an inhibitory effect. These findings could indicate a 
potential regulatory mechanism for bone invasion in OSCC.

Introduction

Oral squamous cell carcinoma (OSCC), especially gingival 
OSCC (GOSCC), frequently invades the mandible or maxilla; 
jawbone destruction due to OSCC decreases the quality of 
life of patients (1‑4). OSCC invades subgingival connective 
tissue, destroying the jawbone via vertical infiltration or 
reaching the periodontal ligament (PDL) tissue via hori‑
zontal infiltration. OSCC induces osteoclasts that produce 
bone resorption in and around cancerous tissue, destroying 
the jawbone as they progress deeper into the jaw (5). The 
nature of OSCC bone destruction is hypothesized to be a 
result of differential activation of osteoclasts by cancer cells, 
but the mechanism is unknown. To date, several studies have 
reported mechanisms of bone resorption in OSCC, which 
were relevant with the size of OSCC and the expression level 
of osteoprotegerin (3,4). However, the complete picture of 
bone resorption in OSCC is not yet clear. Multiple animal 
models are available for the study of OSCC bone resorp‑
tion (6). Histologically, bone destruction by OSCC is directly 
mediated by osteoclasts rather than by cancer cells (7,8); 
In bone invasion of OSCC, osteoclastogenesis is mediated 
by receptor activator of nuclear factor κB (RANK), RANK 
ligand (RANKL) and osteoprotegerin, which belong to the 
tumor necrosis factor (TNF) family (9‑12). OSCC cells 
promote expression of RANKL in stromal cells (SCs) and 
osteoclasts near OSCC bone invasion regions by secreting 
factors such as parathyroid hormone‑related peptide 
(PTHrP), interleukin (IL)‑6, IL‑11, TNF‑α and prostaglandin 
E2 (13‑16). Furthermore, SCs in the tumor microenvironment 
of OSCC secret IL‑6 to promote RANKL production in 
fibroblastic SCs (17). Therefore, it is necessary to study the 
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potential regulatory mechanisms of bone invasion to improve 
treatment and prognosis of patients with OSCC.

Solid tumors are composed of parenchymal and stromal 
components, which are hypothesized to regulate cancer 
progression by crosstalk with each other. In OSCC, an epithe‑
lial tumor, the interaction between the tumor parenchyma and 
stroma also serves a role in tumor progression (18,19). However, 
previous studies on the tumor stroma have only reported that 
the cancer parenchyma subordinately dominates the stroma 
and contributes to the progression of cancerous tissue (18,19); 
therefore, the mechanisms underlying the effect of the cancer 
stroma on the parenchyma are not clear. Our previous studies 
reported that the cancer stroma regulates bone invasion of 
human OSCC cell lines, HSC‑2 and HSC‑3 cells (20‑23). 
Therefore, not only gingival cancer but also tongue cancer 
induces bone invasion. The behavior of OSCC is hypothesized 
to depend on its location; however, the mechanisms remain 
unknown (5). The tumor microenvironment of gingival 
epithelium‑derived OSCC is complex and changes depending 
on direction of invasion (5). To the best of our knowledge, 
however, the effect of gingival‑(G‑) and PDL tissue‑derived 
(P‑)SCs in the GOSCC microenvironment on bone invasion in 
OSCC of different origins have been poorly investigated.

In the present study, the role of G‑SCs and P‑SCs in bone 
invasion in OSCC and their potential regulatory mechanisms 
were assessed. The differences in bone resorption capacity 
between gingival connective tissue and the PDL with respect 
to osteoclasts, MMPs and epithelial‑mesenchymal transition 
(EMT) and RANKL and PTHrP, which have been reported 
as associated with bone resorption (22), were evaluated. The 
human OSCC HSC‑3 cell line was selected for use as a cancer 
cell model as it is a moderately to poorly differentiated oral 
cancer cell line with bone invasion ability and is widely used in 
bone invasion studies (17,22). Similarly, the murine leukemia 
RAW264.7 cell line was selected for use as an osteoclast cell 
model based on its reported applications in bone invasion 
research (22,24). Human dermal fibroblasts (HDFs) were 
selected for use as a negative control for G‑SCs and P‑SCs 
as they are normal fibroblasts that remain unaffected by the 
cancer cells (23). The role and function of G‑SCs and P‑SCs 
in bone invasion of HSC‑3 cells both in vitro and in vivo were 
evaluated. The present study will provide a potential regula‑
tory mechanism for bone invasion in OSCC.

Materials and methods

Establishment of primary normal SCs. The human OSCC 
HSC‑3 cell line (cat. no. JCRB0623), HDFs (cat. no. CC‑2511) 
and the murine macrophage RAW264.7 cel l l ine 
(cat. no. RCB0535) were purchased from the Japanese 
Collection of Research Bioresources Cell Bank, Lonza Group, 
Ltd. and RIKEN BioResource Center respectively. G‑SCs 
and P‑SCs were isolated from normal gingival tissue and the 
root surface of the tooth, respectively, of a male patient (age, 
50 years), which were stored cells from the previous study (5). 
HSC‑3 and RAW264.7 cells, G‑SCs, P‑SCs and HDFs were 
cultured in α‑MEM (Thermo Fisher Scientific, Inc.) containing 
10% fetal bovine serum (Biowest) and 1% antimycotic antibi‑
otic (Thermo Fisher Scientific, Inc.) in a cell culture incubator 
at 37˚C in a humidified atmosphere of 5% CO2. The present 

study was approved by the Ethics Committee of Okayama 
University (approval no. 1703‑042‑001). Written informed 
consent was obtained from the patient.

Tartrate‑resistant acid phosphatase (TRAP) staining of cells. 
When cell density reached 90%, RAW264.7 and HSC‑3 cells 
were collected using EDTA (Thermo Fisher Scientific, Inc.) 
and G‑SCs, P‑SCs and HDFs were collected using Accutase® 
solution (Invitrogen; Thermo Fisher Scientific, Inc.) respec‑
tively. RAW264.7, G‑SCs/P‑SCs/HDFs and HSC‑3 were 
mixed at a ratio of 3:3:1. The combined cells were added to 
a 6‑well plate containing coverslips (22x22 mm) at a density 
of 3.5x105 cells/well. After 3 days in the cell culture incubator 
(37˚C), the slides were washed three times with Tris‑buffered 
saline (TBS) and fixed with 4% paraformaldehyde (PFA) for 
15 min in room temperature. The slides were stained using 
a TRAP staining kit (cat. no. AK04F; Cosmo Bio Co., Ltd.) 
in a 37˚C incubator overnight after washing three times with 
TBS. The percentage of positive osteoclast cells (defined as 
the percentage of TRAP‑positive cells) and proliferation of 
osteoclast cells were calculated from ten images acquired 
using a BX51 bright‑field microscope (magnification, x40; 
Olympus Corporation) and ImageJ software (version 1.53; 
National Institutes of Health). Independent experiments were 
performed three times.

Generation of HSC‑3/SC xenograft mouse model. Animal 
research was performed in accordance with the guidelines 
and regulations (20) of the Animal Care and Use Committee, 
Okayama University (approval no. OKU‑2022354). Anesthesia 
was performed as reported in Laboratory Animal Anesthesia, 
3rd edition (ketamine hydrochloride, 75 mg/kg body weight; 
medetomidine hydrochloride, 0.5 mg/kg body weight) (25,26). 
Anesthetization of mice was confirmed by assessing whether 
mice returned to a prone position when placed on their backs. 
Following intraperitoneal anesthesia, 200 µl mixed cells 
(HSC‑3, 1x106, 100 µl mixed with G‑SCs, P‑SCs or HDFs, 
3x106, 100 µl) were injected into subcutaneous tissue on the 
top of the head of 20 healthy female BALB‑nu‑nu mice (age, 
4 weeks; mean weight, 15 g; Shimizu Laboratory Supplies 
Co., Ltd.), as previously described (27). All mice were kept 
in the animal center of Okayama University, Okayama, Japan 
(25˚C; 50‑60% humidity; 12/12‑h light/dark cycle) and had 
free access to food and water. The health and behavior of mice 
were assessed by daily. The animals were kept for 4 weeks 
after cancer cell transplantation. If the transplanted tumor 
reached ≥10 mm in diameter or animals exhibited weight loss 
≥20% over a 3‑day period or decreased food and water intake 
or motility, the experiment was terminated immediately and 
the animal was euthanized. The mice were divided into four 
groups (n=5) as follows: i) HSC‑3; ii) HSC‑3 + G‑SCs; iii) 
HSC‑3 + P‑SCs and iv) HSC‑3 + HDFs. The data from one 
mouse in each group with poor tumor formation were removed 
based on the size of tumor and the pathological diagnosis and 
the data from the remaining four mice in each group were 
retained for analysis.

Hematoxylin and eosin (H&E) staining. Mice were euthanized 
by excess inhalation of isoflurane (concentration >5%) after 
4 weeks. Cardiac arrest was confirmed by pulse palpation prior 
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to cervical dislocation. The complete heads of the mice were 
collected, fixed with 4% PFA for 12 h in room temperature and 
soaked in 10% EDTA for 4 weeks at 4˚C. The samples were 
processed using paraffin wax and cut into 5 µm sections, which 
were used for H&E staining (Carrazi' hematoxylin, Muto Pure 
Chemicals Co., Ltd, 5 min and room temperature; eosin, Muto 
Pure Chemicals Co., Ltd, 7 min and room temperature) and 
imaged using a BX51 bright‑field microscope (magnification, 
x40; Olympus Corporation).

TRAP staining of tissue. The 5‑µm sections from each 
group were used for TRAP staining using a TRAP staining 
kit (cat. no. AK04F; Cosmo Bio Co., Ltd.) according to the 
aforementioned method. A total of five images of bone inva‑
sion regions were acquired using the bright‑field microscope 
(magnification, x40) for TRAP‑positive cell counts using 
ImageJ software.

Immunohistochemistry (IHC). The 5 µm thick sections 
from each group were subjected to antigen retrieval [micro‑
wave 1 or 8 min (350 W); 0.01 M tri‑sodium citrate buffer 
(pH 6) and 0.01 M Dako Target Retrieval Solution (pH 9; 
cat. no. S2367; Agilent Technologies, Inc.)], blocked with 
10% normal serum (Vector Laboratories) for 20 min at room 
temperature. Sections were incubated with primary antibodies 
as follows: Mouse anti‑MMP‑9 (1:20; cat. no. F‑69; Kyowa 
Pharma Chemical Co., Ltd.), anti‑membrane‑type 1 MMP 
(MT1‑MMP; 1:20; cat. no. F‑86; Kyowa Pharma Chemical 
Co., Ltd.), anti‑Snail + SLUG (1:200; cat. no. ab180714; 
Abcam), anti‑RANKL (1:100; cat. no. bs‑0747R; BIOSS) 
and anti‑PTHrP (1:100, cat. no. 10817‑1‑AP; ProteinTech 
Group, Inc.) overnight at 4˚C. The secondary antibodies were 
avidin‑biotin complexes from mouse (cat. no. PK‑6102) and 
rabbit (cat. no. PK‑6101) ABC kit; Blocking serum (normal 
serum, diluted with TBS, at 1:75); biotinylated secondary anti‑
body (diluted with normal serum, at 1:200); reagent A (avidin, 
ABC Elite, vector Laboratories, Inc.) and reagent B (bioti‑
nylated HRP, ABC Elite, Vector Laboratories, Inc., diluted 
with TBS, at 1:55) were added and incubated for 1 h at room 
temperature after washing with TBS three times and visual‑
ized using Histofine DAB substrate (Nichirei Biosciences, 
Inc.) at room temperature. A total of ten images (magnifica‑
tion, x40) of each mouse was acquired using a bright‑field 
microscope to assess MMP‑9, MT1‑MMP, Snail, PTHrP and 
RANKL protein expression levels using IHC score by ImageJ 
software (version 1.53; National Institutes of Health). IHC 
scores were calculated as follows: IHC score=positive cell 
percentage score x intensity score. The positive cell percentage 
score was defined as follows: 0, <1; 1, 1‑24; 2, 25‑49; 3, 50‑74 
and 4, 75‑100%. The intensity score was defined as follows: 
0, negative; 1, weak (light yellow); 2, moderate (brown) and 
3, strong staining (dark brown) (28). The staining results were 
assayed by two independent pathologists and and calculated as 
the mean value if the results were different between the two 
pathologists.

Bioinformatics analysis of microarray data. RNA was 
extracted from the cultured G‑SCs and P‑SCs by miRNeasy 
micro kit (Qiagen, Inc.) and quantified using NanoDrop 
One (NanoDrop; Thermo Fisher Scientific, Inc) and 

BioAnalyzerRNA6000 Nano (Agilent Technologies, In). 
cDNA synthesis, cRNA labeling and amplification were 
conducted using the Low Input Quick Amp Labeling Kit 
(Agilent Technologies, Inc.), and the purification of labeled 
cRNAs was conducted using RNeasy mini spin column 
(Qiagen, Inc.). Finally, the microarray (SurePrint G3 Human 
8x60k ver.3.0; Agilent Technologies, Inc.) was scanned using 
a G4900DA Microarray Scanner (Agilent Technologies, Inc.). 
The differentially expressed genes (DEGs) in P‑SCs compared 
with those in G‑SCs were analyzed using GeneSpring GX14.9.1 
(Agilent) with a cut‑off value of LogFC >1 (ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE174595). Gene Ontology (GO) 
enrichment analysis was performed to define the biological 
process of upregulated (up)‑DEGs in P‑SCs using Cytoscape 
3.7.2 (cytoscape.org/) with a cut‑off value of adjusted P<0.05. 
The protein‑protein interaction (PPI) network was produced 
to identify the hub genes using STRING (string‑db.org/) 
and cytoHubba (version 0.1, cytoscape.org/apps/cytohubba) 
plugin for Cytoscape 3.7.2 with the cut‑off value of combined 
score >0.4.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 9 (GraphPad Software, Inc.). The cell experi‑
ments were repeated three times and the animal experiments 
were repeated in five independent mice. One‑way ANOVA 
followed by Tukey's post hoc test was used for parametric 
data analysis (mean ± SD). Kruskal‑Wallis followed by Dunn's 
test was used to analyze non‑parametric data (median and 
interquartile range). P<0.05 was considered to indicate a statis‑
tically significant difference.

Results

G‑SCs promote and P‑SCs inhibit bone resorption. As both 
GOSCC and other origins of OSCC induce bone invasion or 
metastasis, the human OSCC HSC‑3 cell line was selected as 
a model to assess the association between G‑SCs/P‑SCs and 
different origins of OSCC. The effects of G‑SCs, P‑SCs and 
HDFs on bone resorption of OSCC cells in vivo were assessed 
using H&E staining. The length of bone resorption in the 
HSC‑3 + G‑SCs group was markedly higher than that in the 
HSC‑3, HSC‑3 + HDFs groups and HSC‑3+P‑SCs groups. 
In addition, a notable keratinized area was observed in the 
HSC‑3 + P‑SCs group (Fig. 1A and B). Clinically, there are 
three types of bone invasion: Erosive, infiltrative and mixed. In 
erosive type of bone invasion, there is stroma between cancer 
cells and the bone. In infiltrative bone invasion, the cancer 
cells directly touch bone tissue without any stroma between 
them. Mixed bone invasion involves both erosive and infiltra‑
tive bone invasion (7). The remaining bone tissue of the HSC‑3 
and HSC‑3 + G‑SCs groups demonstrated erosive areas, which 
were bone resorption areas caused by cancer stroma and 
infiltrative areas that were directly resorbed by cancer cells. 
The HSC‑3 + HDFs group also demonstrated both erosive 
and infiltrative areas; however, the bone resorption area was 
primarily within the erosive area. Moreover, the HSC‑3 + 
P‑SCs group demonstrated only erosive areas (Fig. 1C). Since 
these cell line‑derived xenograft (CDX) models contained 
erosive and infiltrative areas, they demonstrated histological 
findings similar to those of actual human OSCC (7); therefore, 
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these CDX models were appropriate to mimic bone resorption 
in OSCC. Based on bone resorption length and invasion type, 
G‑SCs exerted a promoting effect on bone invasion of OSCC, 
whereas P‑SCs exerted an inhibitory effect and HDFs exerted 
a minimal effect.

G‑SCs exert a more prominent promoting effect on invasion 
and EMT of HSC‑3 in the erosive area of OSCC bone invasion 
region than P‑SCs in vivo. IHC staining was used to assess 
MMP‑9 and MT1‑MMP protein expression levels to evaluate 
the effects of G‑SCs, P‑SCs and HDFs on invasion of HSC‑3 

cells in the OSCC bone invasion region (Fig. 2A and C). IHC 
scores of MMP‑9 and MT1‑MMP were significantly higher 
in the HSC‑3 + G‑SCs group compared with the HSC‑3 and 
HSC‑3 + P‑SCs groups and there was little difference between 
the HSC‑3, HSC‑3 + P‑SCs and HSC‑3 + HDFs groups 
(Fig. 2B and D). Furthermore, osteoclasts on the bone surface 
were both MMP‑9‑ and MT1‑MMP‑positive and the intensity 
of MMP‑9 and MT1‑MMP in the HSC‑3 + G‑SCs group was 
markedly higher than that in the other groups. IHC staining 
was used to assess Snail protein expression levels to evaluate 
the effects of G‑SCs, P‑SCs and HDFs on EMT of HSC‑3 cells 

Figure 1. H&E staining to assess the effects of G‑SCs, P‑SCs and HDFs on bone invasion in OSCC in vivo. (A) H&E staining was used to assess bone mass. 
Black line, bone resorption. (B) Quantification of length of bone resorption. Data are presented as mean ± SD (n=4). Statistical analysis was performed using 
one‑way ANOVA followed by Tukey's post hoc test. (C) H&E staining was used to assess the type of OSCC bone invasion. Black arrow, erosive area; white 
arrow, infiltrative area. H&E, hematoxylin and eosin; G‑SCs, gingival tissue‑derived stromal cells; P‑SCs, periodontal ligament tissue‑derived stromal cells; 
HDFs, human dermal fibroblasts; OSCC, oral squamous cell carcinoma; ns, not significant.
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Figure 2. Effect of G‑SCs, P‑SCs and HDFs on invasion and EMT of HSC‑3 cells in OSCC bone invasion region. Immunohistochemical staining was used to 
(A) assess and (B) quantify effect of G‑SCs, P‑SCs and HDFs on protein expression levels of MMP9. Immunohistochemical staining was used to (C) assess 
and (D) quantify effect of G‑SCs, P‑SCs and HDFs on protein expression levels of MT1‑MMP. Immunohistochemical staining was used to (E) assess and 
(F) quantify effect of G‑SCs, P‑SCs and HDFs on protein expression levels of Snail. Black arrow, osteoclast. Data are presented as median and interquartile 
range (n=4). Statistical analysis was performed using Kruskal‑Wallis followed by Dunn's test. *P<0.05 and ****P<0.0001. G‑SCs, gingival tissue‑derived stromal 
cells; P‑SCs, periodontal ligament tissue‑derived stromal cells; HDFs, human dermal fibroblasts; OSCC, oral squamous cell carcinoma; ns, not significant; 
EMT, epithelial‑mesenchymal transition; MMP, matrix metalloproteinase; MT1‑MMP, membrane type 1 MMP.
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in the erosive area of OSCC bone invasion region (Fig. 2E). IHC 
score in the HSC‑3 + G‑SCs group was significantly higher 
compared with HSC‑3 and HSC‑3 + P‑SCs groups but there 
was little difference between other groups (Fig. 2F). These 
results demonstrated that G‑SCs promoted invasion and EMT 
of HSC‑3 cells in the erosive area of the OSCC bone invasion 
region, whereas P‑SCs and HDFs exerted a minimal effect.

Crosstalk between G‑SCs and HSC‑3 cells induces osteo‑
clastogenesis more effectively than crosstalk between P‑SCs 
and HSC‑3 cells. TRAP staining was used to test the effects 
of G‑SCs, P‑SCs and HDFs on activation, differentiation and 
proliferationn of osteoclasts in vitro. There were only small 
round osteoclasts with a single nucleus in the RAW264.7 
group as well as RAW264.7 cells with G‑SCs and P‑SCs 
(Fig. 3A). The percentage of TRAP‑positive osteoclasts in 
the RAW264.7 group was significantly higher than in the 
RAW264.7 + HDFs, RAW264.7 + G‑SCs and RAW264.7 + 
P‑SCs groups. There was no significant difference between 
the RAW264.7 + G‑SCs and RAW264.7 + P‑SCs groups 
(Fig. 3C). The total number of osteoclasts was counted to 
assess the effects of G‑SCs, P‑SCs and HDFs on osteoclast 
proliferation in vitro. The total number of osteoclasts in the 
RAW264.7 + G‑SCs and RAW264.7 + P‑SCs groups was 
markedly higher than that in the RAW264.7 + HDFs group 
and significantly higher than that in the HSC‑3 group. There 
was no significant difference between RAW264.7 + G‑SCs 
and RAW264.7 + P‑SCs groups (Fig. 3E). TRAP staining was 
used to assess the effects of G‑SCs, P‑SCs and HDFs on acti‑
vation and cell proliferation of osteoclasts after crosstalk with 
HSC‑3 cells in vitro. A previous study reported that differently 
shaped osteoclasts exert different effects on bone resorp‑
tion; therefore, the shapes of osteoclasts in different groups 
were evaluated (29). The RAW264.7 + HSC‑3, RAW264.7 + 
HSC‑3 + P‑SCs and RAW264.7 + HSC‑3 + HDFs groups 
primarily presented round‑shaped osteoclasts whereas the 
RAW264.7 + HSC‑3 + G‑SCs group presented round and 
triangular‑shaped osteoclasts (Fig. 3B). The percentage of 
TRAP‑positive osteoclasts in the RAW264.7 + HSC‑3 + G‑SCs 
group was significantly higher than that in the RAW264.7 + 
HSC‑3 and RAW264.7 + HSC‑3 + P‑SCs groups and markedly 
higher than that in the RAW264.7 + HSC‑3 + HDFs group. 
There was no significant difference between the RAW264.7 + 
HSC‑3 and RAW264.7 + HSC‑3 + P‑SCs groups (Fig. 3D). The 
total number of osteoclasts in the RAW264.7 + HSC‑3 + P‑SCs 
group was significantly higher than that in the RAW264.7 + 
HSC‑3 and RAW264.7 + HSC‑3 + G‑SCs groups and was 
markedly higher than that in the RAW264.7 + HSC‑3 + HDFs 
group (Fig. 3F). TRAP‑positive cells in the RAW264.7 + 
HSC‑3, RAW264.7 + HSC‑3 + G‑SCs, RAW264.7 + HSC‑3 + 
P‑SCs, and RAW264.7 + HSC‑3 + HDFs groups were mark‑
edly larger than those in RAW264.7, RAW264.7 + G‑SCs, 
RAW264.7 + P‑SCs and RAW264.7 + HDFs groups. TRAP 
staining was used to assess the proportion of activated osteo‑
clasts on the bone surface to evaluate the effects of G‑SCs, 
P‑SCs and HDFs on osteoclast activation following crosstalk 
with HSC‑3 in vivo. The HSC‑3 group presented mainly round 
and ellipse‑shaped osteoclasts on the bone surface. HSC‑3 + 
P‑SCs primarily presented ellipse‑shaped osteoclasts and 
HSC‑3 + HDFs mainly presented round and ellipse‑shaped 

osteoclasts. The HSC‑3 + G‑SCs group presented round, ellipse 
and triangular osteoclasts (Fig. 3G). There was little difference 
in size of osteoclasts between groups (Fig. 3G). The number of 
TRAP‑positive osteoclasts on the bone surface in the HSC‑3 + 
G‑SCs group was the highest, and there was no marked differ‑
ence between the HSC‑3, HSC‑3 + P‑SCs and HSC‑3 + HDFs 
groups (Fig. 3H). Therefore, these data suggested that G‑SCs, 
P‑SCs and HDFs promoted cell proliferation and inhibited 
activation of osteoclasts and there was little difference 
between the effects of G‑SCs and P‑SCs. Following crosstalk 
with HSC‑3 cells in vitro, G‑SCs promoted activation and 
inhibited proliferation of osteoclasts, whereas P‑SCs promoted 
proliferation of osteoclasts and exerted minimal effect on the 
activation of osteoclasts. HDFs exerted a minimal effect on 
activation and proliferation of osteoclasts following crosstalk 
with HSC‑3 cells. These data suggested that crosstalk between 
HSC‑3 cells and normal stroma may have increased size of 
activated osteoclasts in vitro. Moreover, the crosstalk between 
G‑SCs and HSC‑3 promoted activation of osteoclasts on the 
bone surface in the erosive area of the OSCC bone invasion 
region by regulating the shape and number of osteoclasts, 
whereas P‑SCs and HDFs exerted a minimal effect in vivo.

G‑SCs exert a more prominent promoting effect on RANKL 
and PTHrP protein expression levels in HSC‑3 cells in the 
erosive area of OSCC bone invasion region than P‑SCs. As 
RANKL regulates osteoclast activation (13), IHC staining 
was used to assess the effects of G‑SCs, P‑SCs and HDFs on 
RANKL protein expression levels in HSC‑3 cells in the OSCC 
bone invasion region (Fig. 4A). IHC score in the HSC‑3 + 
G‑SCs group was markedly higher than that in the HSC‑3 + 
HDFs group and significantly higher than in the HSC‑3 and 
HSC‑3 + P‑SCs groups. There was no significant difference 
between the HSC‑3 and HSC‑3 + HDFs groups (Fig. 4B). As 
PTHrP not only recruits osteoclasts from peripheral blood but 
also regulates RANKL expression (30), IHC staining was used 
to assess the effects of G‑SCs, P‑SCs and HDFs on PTHrP 
protein expression levels in HSC‑3 cells in the erosive area 
of OSCC bone invasion region (Fig. 4C). IHC score in the 
HSC‑3 + G‑SCs group was higher than that in the HSC‑3 + 
P‑SCs group and markedly higher than that in the HSC‑3 and 
HSC‑3 + HDFs groups. There was no significant difference 
between HSC‑3 and HSC‑3 + HDFs groups (Fig. 4D). These 
data demonstrated that both G‑SCs and P‑SCs promoted 
RANKL and PTHrP expression in HSC‑3 cells in the OSCC 
bone invasion region. G‑SCs exerted a significant promoting 
effect compared with P‑SCs, whereas HDFs exerted no signifi‑
cant effect.

Cylin‑dependent kinase 1 (CDK1), insulin (INS), aurora kinase 
A (AURKA), cyclin B1 (CCNB1) and DNA topoisomerase 
IIα (TOP2A) are potential genes underlying the differential 
effects of G‑SCs and P‑SCs on OSCC bone invasion following 
crosstalk with HSC‑3 cells in vivo. The differential effects 
between G‑SCs and P‑SCs were evaluated using microarray 
analysis of DEGs. The biological processes of up‑DEGs in 
P‑SCs were analyzed by GO enrichment analysis, which 
indicated that these up‑DEGs were primarily associated 
with biological processes such as ‘cell differentiation’, ‘cell 
migration’, ‘blood vessel development’ and ‘skeletal system 
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Figure 3. Effects of G‑SCs, P‑SCs and HDFs on activation of osteoclasts following crosstalk with HSC‑3 cells both in vitro and in vivo. (A) TRAP staining was 
used to assess the effects of G‑SCs, P‑SCs and HDFs independently on activation and cell proliferation of osteoclasts in vitro. (B) TRAP staining was used to 
assess the effects of G‑SCs, P‑SCs and HDFs on activation and cell proliferation of osteoclasts following crosstalk with HSC‑3 in vitro. Black arrow, round 
osteoclast; red arrow, triangular osteoclast. (C) Quantification of the percentage of TRAP‑positive osteoclasts in RAW264.7, RAW264.7 + G‑SCs, RAW264.7 
+ P‑SCs and RAW264.7 + HDFs groups. (D) Quantification of the percentage of TRAP‑positive osteoclasts in RAW264.7 + HSC‑3, RAW264.7 + HSC‑3 + 
G‑SCs, RAW264.7 + HSC‑3 + P‑SCs and RAW264.7 + HSC‑3 + HDFs groups. (E) Quantification of osteoclasts proliferation in RAW264.7, RAW264.7 + 
G‑SCs, RAW264.7 + P‑SCs, and RAW264.7 + HDFs groups. (F) Quantification of osteoclasts proliferation in RAW264.7 + HSC‑3, RAW264.7 + HSC‑3 + 
G‑SCs, RAW264.7 + HSC‑3 + P‑SCs, and RAW264.7 + HSC‑3 + HDFs groups. Data are presented as mean ± SD (n=3). (G) TRAP staining was used to assess 
the effects of G‑SCs, P‑SCs and HDFs on activation of osteoclasts on the bone surface following crosstalk with HSC‑3 in vivo. Black arrow, activated osteo‑
clast. (H) Quantification of TRAP‑positive osteoclasts. Data are presented as mean ± SD (n=4). Statistical analysis was performed using one‑way ANOVA 
followed by Tukey's post hoc test. **P<0.01 and ****P<0.0001. G‑SCs, gingival tissue‑derived stromal cells; P‑SCs, periodontal ligament tissue‑derived stromal 
cells; HDFs, human dermal fibroblasts; TRAP, tartrate‑resistant acid phosphatase; ns, not significant.
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development’, which are associated with bone invasion 
(Fig. 5A). The degree of differentiation leads to differential 
effects of G‑SCs and P‑SCs on OSCC bone invasion following 
crosstalk with HSC‑3 cells in vivo and ‘cell differentiation’ 

was the most relevant biological process. Furthermore, hub 
genes in ‘cell differentiation’ were identified using the PPI 
network; CDK1, nucleolar and spindle associated protein 1 
(NUSAP1), centromere protein F (CENPF), assembly factor 

Figure 4. Effects of G‑SCs, P‑SCs and HDFs on the protein expression levels of RANKL and PTHrP in HSC‑3 cells in the erosive area of OSCC bone invasion 
region. Immunohistochemical staining was used to (A) assess and (B) quantify effect of G‑SCs, P‑SCs and HDFs on protein expression levels of RANKL. 
Immunohistochemical staining was used to (C) assess and (D) quantify effect of G‑SCs, P‑SCs and HDFs on protein expression levels PTHrP in HSC‑3 
cells in the erosive area of OSCC bone invasion region. Data are presented as median and interquartile range (n=4). Statistical analysis was performed by 
Kruskal‑Wallis followed by Dunn's test. *P<0.05, ***P<0.001 and ****P<0.0001. IHC, immunohistochemistry; G‑SCs, gingival tissue‑derived stromal cells; 
P‑SC, periodontal ligament tissue‑derived stromal cell; HDFs, human dermal fibroblasts; OSCC, oral squamous cell carcinoma; ns, not significant.
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Figure 5. Identification of potential genes underlying the differential effects of G‑SCs and P‑SCs on OSCC bone invasion following crosstalk with HSC‑3 
cells in vivo. (A) Biological processes associated with upregulated differentially expressed genes in P‑SCs was assess using Gene Ontology enrichment 
analysis (only presenting the potential biological process underlying the differential effects of G‑SCs and P‑SCs on OSCC bone invasion following crosstalk 
with HSC‑3 in vivo). (B) Protein‑protein interaction network was used to identify the hub genes in biological process of ‘cell differentiation’. G‑SC, gingival 
tissue‑derived stromal cells; P‑SCs, periodontal ligament tissue‑derived stromal cells; OSCC, oral squamous cell carcinoma; CDK1, cylin‑dependent kinase 1; 
INS, insulin; AURKA, aurora kinase A; CCNB1, cyclin B1; TOP2A, DNA topoisomerase IIα; NUSAP1, nucleolar and spindle‑associated protein 1; CENPF, 
centromere protein F; ASPM, assembly factor for spindle microtubules; ANLN, anillin actin binding protein; RACGAP1, Rac GTPase activating protein 1.
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for spindle microtubules (ASPM), AURKA, INS, CCNB1, 
TOP2A, anillin actin binding protein (ANLN) and Rac GTPase 
activating protein 1 (RACGAP1) were the top 10 hub genes 
involved in cell differentiation (Fig. 5B). As demonstrated 
by coloration of the hub genes, CDK1, INS, AURKA, CCNB1 
and TOP2A were more relevant to ‘cell differentiation’, which 
suggested that they may underlie the different effects of G‑SCs 
and P‑SCs on OSCC bone invasion following crosstalk with 
HSC‑3 cells.

Discussion

The results of the present study suggested that both G‑SCs 
and P‑SCs exerted differential effects on the bone invasion of 
OSCC, which may cause by their differential effects on the 
differentiation degree of OSCC. CDK1, INS, AURKA, CCNB1 
and TOP2A have much potential to underlie this differential 
effect on the differentiation degree of OSCC. However, the 
effect of G‑SCs and P‑SCs on the bone invasion of OSCC need 
to be examined on the other types of oral cancer cell lines and 
the detail function of different size and shape of osteoclasts in 
the OSCC bone invasion need to be further studied. Finally, 
the detail role and function of CDK1, INS, AURKA, CCNB1 
and TOP2A in G‑SCs and P‑SCs on bone invasion of OSCC 
need to be further investigated.

Epithelial tumors influence neighboring normal stroma and 
utilize it for tumor tissue extension (5). However, the effects 
of different properties of the normal stroma on bone resorp‑
tion have not yet been fully elucidated. Our previous studies 
assessed the effect of different subtypes of cancer stroma 
on bone invasion of both HSC‑2 and HSC‑3 cells (20‑22). 
Furthermore, our previous study also assayed the effects of 
normal stroma G‑SCs and P‑SCs on bone invasion of OSCC 
but did not provide a detailed description of the bone invasion 
type and potential regulatory mechanism (5). In the present 
study, G‑SCs and P‑SCs were mixed with HSC‑3 in a 3:1 ratio 
and were used to generate an animal model. Bone invasion 
of OSCC is classified into three types: Erosive, infiltrative 
and mixed (31,32). A previous study reported that the interac‑
tion between cancer‑associated fibroblasts and cancer cells 
promoted bone invasion and prognosis of OSCC (27). The 
present study demonstrated that bone invasion of the HSC‑3 
+ G‑SCs group was of the mixed type, whereas the bone inva‑
sion of the HSC‑3 + P‑SCs group was erosive. This suggested 
that P‑SCs induced change of bone invasion of HSC‑3 cells 
from a mixed to erosive type. Based on degree of bone resorp‑
tion, G‑SCs promoted bone invasion, whereas P‑SCs exerted 
an inhibitory effect. Furthermore, keratinized cancer cells 
were observed in the bone invasion region of the HSC‑3 + 
P‑SCs group. This type of cancer cell has low invasion and 
migration ability, which makes it difficult for them to approach 
the bone surface by EMT and results in bone invasion type 
changing from the mixed to erosive type (20). Moreover, 
HDFs in the present study were selected as controls; there was 
no significant difference between the HSC‑3 and HSC‑3 + 
HDFs groups. These results demonstrated that HDFs exerted a 
minimal effect on bone invasion of HSC‑3 cells in vivo.

Bone invasion in OSCC is mediated by osteoclasts (33). 
A previous study generated animal models using the 
human tongue SCC SCC‑25 cell line and reported different 

osteoclast shapes on the bone resorption surface (29). Our 
previous study demonstrated that the HSC‑3 + squamous 
cell carcinoma‑associated stromal cells (SCC‑SCs) group 
contained triangular and round osteoclasts, whereas the 
HSC‑3 + verrucous SCC‑SCs group presented round, ellipse 
and triangular osteoclasts. In the present study, there were only 
round and ellipse‑shaped osteoclasts in HSC‑3 and HSC‑3 + 
HDFs groups. Therefore, triangular osteoclasts demonstrated 
the best bone invasion ability, which indirectly confirmed the 
results of the aforementioned study (29). In the present study, 
RAW264.7 + G‑SCs and RAW264.7 + P‑SCs groups primarily 
presented round osteoclasts. Following crosstalk with HSC‑3 
cells in vitro, only the RAW264.7 + HSC‑3 + G‑SCs group 
demonstrated triangular osteoclasts and only round osteoclasts 
were observed in the other groups. Triangular osteoclasts were 
also demonstrated in the HSC‑3 + G‑SCs group in vivo and 
only round or ellipse‑shaped osteoclasts were observed in the 
other groups. The crosstalk between G‑SCs and HSC‑3 cells 
promoted activation of osteoclasts and inhibited cell prolifera‑
tion, whereas the crosstalk between P‑SCs and HSC‑3 cells 
promoted proliferation of osteoclasts and exerted a minimal 
effect on activation of osteoclasts. Crosstalk between HSC‑3 
cells and normal stroma exerted a more prominent promoting 
effect on the size of activated osteoclasts than the RAW264.7, 
RAW264.7 + G‑SCs, RAW264.7 + P‑SCs and RAW264.7 + 
HDFs groups in vitro. To the best of our knowledge, the 
present study is the first to demonstrate that normal stroma 
surrounding OSCC and experimental cancer stroma derived 
from OSCC induce similar responses in osteoblasts, which 
suggested that normal stroma may also serve a functional role 
in bone remodeling in OSCC. In the animal experiments, the 
number of activated osteoclast cells was significantly higher 
in the HSC‑3 + G‑SCs group and there was little difference 
between other groups. These data suggested that G‑SCs 
promoted bone invasion of OSCC by regulating the shape, 
number and size of osteoclasts on the bone surface, whereas 
P‑SCs exerted a minimal effect on the shape and number of 
osteoclasts on the bone surface. It has been previously reported 
that exposure to RANKL facilitates osteoclastogenesis in the 
murine macrophage cell line RAW264.7 (34). However, the 
association between OSCC bone invasion and osteoclasts from 
peripheral blood requires further investigation.

The bone invasion of OSCC is divided into initial, bone 
resorption and final phase (30). MMPs and EMT serve a key 
role in the bone invasion of OSCC. Cancer cells disrupt extra‑
cellular matrix by secreting MMPs and approach the bone 
surface via EMT (35‑37). Our previous study suggested that 
cancer stroma promotes expression of MMP‑9, MT1‑MMP and 
Snail in HSC‑3 cells in the OSCC bone invasion region (22). In 
the present study, G‑SCs promoted MMP‑9, MT1‑MMP and 
Snail protein expression levels in HSC‑3 cells in OSCC bone 
invasion regions, whereas P‑SCs exerted a minimal effect. 
These data suggested that G‑SCs caused promote cancer 
cells to approach the bone surface by secreting MMP‑9 and 
MT1‑MMP and, promoting EMT, whereas P‑SCs exerted a 
minimal effect.

The bone resorption phase is mediated by activated 
osteoclasts (30). Osteoclast activation is regulated by 
colony‑stimulating factor 1 and RANKL (38). A previous 
study reported that both oral cancer cells and cancer‑associated 
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fibroblasts promote osteoclastogenesis by enhancing RANKL 
expression (39). Our previous study demonstrated that cancer 
stroma promotes RANKL expression in HSC‑3 cells in 
OSCC bone invasion regions (22). In the present study, G‑SCs 
and P‑SCs promoted RANKL expression in HSC‑3 cells 
in the OSCC bone invasion region, with G‑SCs exerting a 
significantly greater effect than that exerted by P‑SCs. PTHrP 
mediates RANKL expression (38) and recruitment of osteo‑
clasts from circulating blood (30). In the present study, both 
G‑SCs and P‑SCs significantly promoted PTHrP expression 
in HSC‑3 cells in OSCC bone invasion regions compared with 
HSC‑3 cells, with G‑SCs exerting a significantly greater effect 
than P‑SCs. P‑SCs exerted a minimal effect on the initial 
phase of the bone invasion based on the MMP9, MT1‑MMP, 
and Snail expression; however, they had a promoting effect on 
bone resorption phase of bone invasion of OSCC based on the 
RANKL and PTHrP expression, which suggested that little 
bone invasion occurred in the HSC‑3 + P‑SCs group. These 
data suggested that P‑SCs exerted an inhibitory effect on bone 
invasion of OSCC cells. Previous studies have also reported 
that PDL cells regulate bone resorption and formation by 
secreting cytokines (40,41). Here, however, P‑SCs exerted an 
inhibitory effect on bone resorption in oral cancer, rather than 
a promoting effect, as observed in conditions such as inflam‑
mation and diabetes (42,43). Therefore, it can be hypothesized 
that bone invasion in OSCC was primarily caused by cancer 
rather than PDL cells and P‑SCs indirectly affected OSCC 
bone invasion by interacting with cancer cells instead of 
directly regulating bone resorption.

The effects of G‑SCs and P‑SCs on bone invasion in OSCC 
were caused by effects on the degree of differentiation of HSC‑3 
cells in the OSCC bone invasion regions. P‑SCs promoted 
differentiation of HSC‑3 cells in the bone invasion regions, 
whereas G‑SCs exerted an inhibitory effect. Therefore, G‑SCs 
were used as the control group to assess DEGs in P‑SCs using 
microarray analysis. The biological processes of up‑DEGs 
in P‑SCs were evaluated using GO enrichment analysis. The 
biological processes associated with differentiation, migration, 
vessel formation and bone development are considered to affect 
bone invasion in OSCC (22,23,30). Therefore, the biological 
processes were assessed and the most up‑DEGs were enriched in 
‘cell differentiation’. PPI was used to identify hub genes involved 
in ‘cell differentiation’, which indicated that CDK1, NUSAP1, 
CENPF, ASPM, AURKA, INS, CCNB1, TOP2A, ANLN and 
RACGAP1 were the top 10 hub genes. CDK1, INS, AURKA, 
CCNB1 and TOP2A were most relevant to cell differentiation.

In conclusion, G‑SCs promoted bone invasion in OSCC, 
whereas P‑SCs exerted an inhibitory effect. The differential 
effects of G‑SCs and P‑SCs on bone invasion in OSCC were 
assessed using differentiation of HSC‑3 cells in OSCC bone 
invasion regions. CDK1, INS, AURKA, CCNB1 and TOP2A 
were potential genes that underlie the differential effects on 
differentiation of HSC‑3 cells in OSCC bone invasion regions. 
To the best of our knowledge, the present study is the first 
to provide in vivo and in vitro evidence that normal stromal 
characteristics serve a key role in bone invasion in OSCC. The 
present data suggested that the normal stroma may be prom‑
ising as a novel therapeutic target for bone invasion. These 
findings may provide a potential regulatory mechanism for 
normal stroma regulation of bone invasion of OSCC.
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