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Abstract. Forkhead box N3 (FOXN3) has been reported to 
be downregulated in numerous cancers, including laryngeal, 
oral squamous cell and hepatocellular carcinomas, and diffuse 
large B‑cell lymphoma. FOXN3 was proposed to serve as a 
tumor suppressor; however, the function of FOXN3 in osteo-
sarcoma (OS) remains unknown. The present study suggested 
that FOXN3 was notably downregulated in OS tissues 
compared with in adjacent normal tissues, and the expres-
sion of FOXN3 was negatively correlated with tumor size, 
metastasis and tumor, node and metastasis stage. Additionally, 
low expression levels of FOXN3 predicted a poor prognosis 
of patients with OS. Additionally, the present study revealed 
that FOXN3 was also downregulated in OS cells. Numerous 
functional experiments, including colony formation, Cell 
Counting Kit‑8, wound healing and Transwell invasion assays, 
were performed. The results of the present study revealed that 
FOXN3 suppressed the proliferation, migration and invasion 
of OS cells. SIRT6 has been reported to serve a key role in OS; 
chromatin‑immunoprecipitation (ChIP) and quantitative ChIP, 
as well as a luciferase reporter assay, demonstrated that SIRT6 
was transcriptionally regulated by FOXN3. Furthermore, 
FOXN3 also regulated matrix metalloproteinase‑9 secre-
tion via the regulation of SIRT6 expression. The findings of 
the present study indicated that FOXN3 serves as a tumor 
suppressor in OS and proposed FOXN3 as a prognostic 
predictor and a therapeutic target for patients with OS.

Introduction

Osteosarcoma  (OS) has been reported as one of the most 
common aggressive types of bone tumor (1). Children and 
young adults (<20‑years‑old) exhibit a high incidence of 
OS (2). In the past decades, with the application of neoadju-
vant chemotherapy using doxorubicin, cisplatin, doxorubicin 
and ifosfamide in OS treatment, the 5‑year survival rate has 
increased to ~50‑80% (3,4); however, the prognosis of OS 
remains poor and the majority of patients succumb to mortality 
due to metastases following surgical resection or intensive 
chemotherapy (5‑7). Therefore, it is necessary to identify a 
sensitive molecular biomarker and therapeutic target for the 
treatment of OS.

Forkhead box N3 (FOXN3), also known as checkpoint 
suppressor 1, was first reported in yeast as a suppressor of 
check point defects (8). FOXN3 belongs to the forkhead box 
family, a novel family of transcription factors. The FOX 
family has been classified into 15 subclasses, including FOXA 
and FOXS (9). Numerous studies have demonstrated the physi-
ological roles of FOXN3 in embryonic development (10,11). 
Previous investigations revealed that FOXN3 expression was 
notably downregulated in numerous cancer tissues compared 
with in adjacent non‑cancerous tissues, including laryngeal, 
oral squamous cell and hepatocellular carcinomas, and diffuse 
large B‑cell lymphoma (12‑16). This evidence indicates that 
FOXN3 may serve a key function in cell proliferation and 
apoptosis within human cancer via the regulation of gene 
transcription. Similar to other members of the forkhead 
transcription factors, FOXN3 has also been reported to bind 
with several nuclear proteins, including histone deacetylase 
(HDAC)1, HDAC2 and multiple endocrine neoplasia type 
1  (9). Previously, it was demonstrated that FOXN3 regu-
lated cell proliferation by suppressing PIM2 and protein 
biosynthesis  (17), or by downregulating E2F transcription 
factor 5 (E2F5) in human cells to control the cell cycle (9); 
however, the function and underlying mechanisms of FOXN3 
in OS is poorly understood.

Sirtuin 6 (SIRT6) belongs to the SIRT family of proteins 
and has been notably identified as a critical regulator in a 
variety of physiological and pathological processes, including 
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life span, glucose metabolism, DNA damage repair and 
cancer (18). SIRT6 has been reported to deacetylate histone 
H3K9 at the promoter of numerous genes involved in lipid 
metabolism and glycolysis (19). A recent study revealed that 
SIRT6 contributes to the migration and invasion of OS cells 
via the extracellular signal‑regulated kinase (ERK)1/2/matrix 
metalloproteinase‑9  (MMP‑9) pathway  (20); however, the 
upstream molecules of SIRT6 signaling in OS remains 
unknown.

The present study demonstrated that FOXN3 was downreg-
ulated in OS tissues and cell lines. In addition, the expression of 
FOXN3 was negatively associated with tumor size, metastasis 
and tumor, node and metastasis (TNM) stage. The results of 
the present study suggest that FOXN3 suppressed the prolif-
eration, migration and invasion of OS cells. Furthermore, 
FOXN3 was proposed to transcriptionally suppresses SIRT6 
expression, thereby inhibiting MMP‑9 secretion. Therefore, 
FOXN3 may serve as a prognostic predictor and a therapeutic 
target for patients with OS.

Materials and methods

Cell culture. Human OS cell lines, including U2OS and 
MG‑63, and the osteoblast cell line, hFOB1.19, were purchased 
from the American Type Culture Collection (Manassas, 
VA, USA). All cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM; HyClone; GE Healthcare Life 
Sciences, Logan, UT, USA) supplemented with 100  U/ml 
penicillin and 100 µg/ml streptomycin, and fetal bovine serum 
(10%; HyClone; GE Healthcare Life Sciences). Cell were 
cultured in an incubator containing 5% CO2 humidified atmo-
sphere at 37˚C.

Clinical samples. A total of 78 pairs of clinical OS and adja-
cent normal tissue specimens were obtained from patients who 
were diagnosed with OS in the Department of Orthopedics, 
Yidu Central Hospital of Weifang (Weifang, China) during 
2010 to 2016. A total of 45 males and 33 females aged between 
12‑28‑years‑old, with a mean age of 18.4 years were employed 
in the present study. All tissues were obtained prior to the 
administration of immunotherapy, chemotherapy or radio-
therapy. The majority of the obtained samples (>86%) were 
collected between 2010 to 2013. The survival data of some 
patients were of <5 years; however, the majority of patients' 
survival data were of 5  years. All patients had provided 
written informed consent. The present study was approved by 
the Research Ethics Committee of Yidu Central Hospital of 
Weifang (LK2017012). All specimens were stored in liquid 
nitrogen prior to use.

Transfection. A total of ~5x105 U2OS or MG‑63 cells were 
placed into 6‑well plates and incubated for 24 h at 37˚C. 
Subsequently, cells were transfected with 2.5  µg vector 
(pcDNA3.1), pcDNA3.1‑FOXN3 and/or pcDNA3.1‑SIRT6 or 
50 nM small interfering (si)RNAs using Lipofectamine® 2000 
reagent (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) according to the manufacturer's protocols. After 
transfection for 48 h, successful transfection was determined 
using reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) and western blot analyses. The vector 

(pcDNA3.1), pcDNA3.1‑FOXN3 and pcDNA3.1‑SIRT6 were 
purchased from Vigene Biosciences, Inc. (Rockville, MD, 
USA). The human FOXN3 and SIRT6 gene sequences were 
retrieved from the NCBI gene bank (https://www.ncbi.nlm.
nih.gov/nuccore; NM_001085471 and NM_001193285.2, 
respectively) SiRNAs were purchased from Sigma‑Aldrich 
(Merck KGaA, Darmstadt, Germany). The sequence of the 
siRNAs was as follows: SiFOXN3, 5'‑GUA​CCU​UCU​UCA​
AGA​GAA​AUG‑3' and scramble siRNA (siControl), 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​U‑3'.

RT‑qPCR. Total RNA was extracted from tissues or cells 
by using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocols. 
Subsequently, 2 µg RNA was used to synthesize cDNA using 
SuperScript III Reverse Transcriptase kit (Invitrogen; Thermo 
Fisher Scientific, Inc.). The reverse transcription conditions 
were as follows: 5 min at 25˚C, 30 min at 50˚C and 15 min 
at 70˚C. Finally, qPCR was conducted using the SYBR Fast 
qPCR kit (Takara Bio, Inc., Otsu, Japan) on an ABI 7500 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The RT‑qPCR conditions were as follows: 5 min at 98˚C, 
denaturation at 98˚C for 30 sec, annealing at 55˚C for 30 sec 
and extension at 72˚C for 20 sec, performed for 30 cycles. The 
primers were as follows: FOXN3 forward, 5'‑CCC​TTC​TCC​
AAG​ATC​CTG​AC‑3', reverse, 5'‑GCT​GTA​GTT​GTG​ATC​CTC​
CT‑3'; SIRT6 forward, 5'‑GTT​CGA​CAC​CAC​CTT​TGA​G‑3', 
reverse, 5'‑ACG​TAC​TGC​GTC​TTA​CAC‑3' and GAPDH 
forward, 5'‑ATT​TCC​TGG​TAT​GAC​AAC​GA‑3' and reverse, 
5'‑GGA​GAT​TCA​GTG​TGG​TGG‑3'. GAPDH was used as an 
internal control. Each experiment was performed in triplicate. 
As presented in Table I, the mean value of FOXN3 mRNA 
expression in tumor cells considered as the standard; higher 
values than the standard was denoted as high expression and 
values lower than the standard values were considered as low 
expression. The stage of OS was according to tumor, node 
and metastasis (TNM) staging system (21). The relative gene 
expression was measured using 2‑∆∆Cq method (22).

Western blotting. Total protein was extracted from tissues 
and cells using radioimmunoprecipitation assay lysis buffer 
(Beyotime Institute of Biotechnology, Haimen, China). The 
concentration of protein was measured via a Bicinchoninic 
Acid (BCA) protein assay kit (Beijing Solarbio Science & 
Technology Co., Ltd., Beijing, China) according to the manu-
facturer's protocols. Protein samples (45 µg) were loaded and 
then separated by 10% SDS‑PAGE, and then the protein was 
transferred to polyvinylidene difluoride membranes (Merck 
KGaA). The membranes were blocked with 5% skimmed milk 
at room temperature for 1 h and then incubated with primary 
antibodies at 4˚C overnight. Following washing with PBS with 
0.1% Tween‑20 (PBST) three times, the membranes were incu-
bated with horseradish peroxidase (HRP)‑conjugated second 
antibodies at room temperature for 1 h and washed with PBST 
three times. The blots were identified using Western Blotting 
Luminol Reagent (Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA). The anti‑FOXN3 polyclonal antibody (1:2,000; ab50756) 
and anti‑SIRT6 polyclonal antibody (1:1,000; ab62739), 
HRP‑conjugated anti‑rabbit antibody (1:5,000; ab6721) and 
HRP‑conjugated anti‑mouse antibody (1:5,000; ab6789) were 
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purchased from Abcam (Cambridge, UK). The anti‑β‑actin 
antibody (1:5,000; A3854) was purchased from Sigma‑Aldrich 
(Merck KGaA).

Cell counting kit‑8 (CCK‑8) assay. A CCK‑8 assay was used 
to investigate the roles of FOXN3 on cell proliferation. Briefly, 
~3,000 transfected cells were resuspended in 200 µl DMEM 
and placed into 96‑well plates; 20 µl CCK‑8 reagent (Beyotime 
Institute of Biotechnology) was added to each subset well at 
0, 24, 48 and 72 h. Cells were cultured at 37˚C for 1 h. The 
optical density was quantitated at 450 nm using a microplate 
reader. Each experiment was performed in triplicate.

Colony formation assay. A colony formation assay was 
performed to determine the effects of FOXN3 on cell prolif-
eration. In brief, ~5x103 transfected U2OS and MG‑63 cells 
with serum‑free DMEM were plated in 6‑well plates, and 
cultured for 14 days at 37˚C. Cells were fixed with 4% para-
formaldehyde solution at room temperature for 15 min and 
stained with 0.5% w/v crystal violet (Sigma‑Aldrich; Merck 
KGaA) at room temperature for 15 min. Colonies (>50 cells) 
were counted under a light microscope (magnification, x20). A 
total of 5 random fields were analyzed. Each experiment was 
performed in triplicate.

Wound healing analysis. Following transfection for 48 h, 
cells were plated into 24‑well plates. Wound healing analysis 
was performed to determine the effects of FOXN3 on 
the migration of U2OS and MG‑63 cells. In brief, cells at 

90% confluence were wounded with a 10‑µl sterile pipette tip, 
washed with PBS three times to remove the detached cells, and 
cultured in serum‑free DMEM at 37˚C. Following wounding 
for 48 h, the images were captured under a light microscope 
(magnification, x20). The migratory distance was measured 
using Image‑Pro Plus software 6.0 (Media Cybernetics, Inc., 
Rockville, MD, USA). Each experiment was performed in 
triplicate.

Transwell invasion assay. In brief, Transwell chambers 
(Corning Costar; Corning Incorporated, Corning, NY, USA) 
were coated with 80 µl Matrigel and warmed at 37˚C prior to 
use. Transfected U2OS and MG‑63 cells (2x105) were resus-
pended in 500 µl serum‑free DMEM and placed in the upper 
chambers. The lower chambers were filled with 500 µl DMEM 
supplemented with 10% FBS. The cells were incubated at 37˚C 
for 18 h. The cells on the surface of the chamber were removed 
with a swab and then stained with 0.1% crystal violet at room 
temperature for 15 min. The number of cells on the underlayer 
of chamber were counted under a light microscope (magnifica-
tion, x20); 5 random fields were analyzed. Each experiment 
was performed in triplicate.

Chromatin immunoprecipitation (ChIP) and quantitative 
(qChIP) assays. ChIP analysis was performed using a ChIP 
Assay kit (Beyotime Institute of Biotechnology) according 
to manufacturer's protocols. Briefly, U2OS and MG‑63 cells 
were cultured to 90‑100% confluence, and washed with 
cold‑PBS three times and chemically cross‑linked with 

Table I. Clinicopathological variables in 78 patients with osteosarcoma.

	 FOXN3 protein expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables	 Patient no. (n=78)	 Low (n=43)	 High (n=35)	 P‑value

Sex				  
  Male	 45	 23	 22	 0.405
  Female	 33	 20	 13	
Age				  
  <18	 50	 30	 20	 0.248
  ≥18	 28	 13	 15	
Tumor size 				  
  <8 cm	 42	 14	 28	 0.001a

  ≥8 cm	 36	 29	   7	
TNM stage				  
  I‑III	 44	 19	 25	 0.016a

  IV	 34	 24	 10	
Metastasis				  
  Yes	 42	 30	 12	 0.002a

  No	 36	 13	 23	
SIRT6 expression				  
  High	 42	 33	   9	 0.001a

  Low	 36	 10	 26	

SIRT6, sirtuin 6. aP<0.05.
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1% formaldehyde at 37˚C for 30 min. Subsequently, cells were 
lysed with 2 ml lysis buffer at 4˚C for 90 min and sonicated 
under 4x15 times at 4˚C. FOXN3 antibody (1:200, ab50756, 
Abcam) and anti‑rabbit IgG (1:200, ab171870, Abcam) were 
added to the lysis solution and incubated at 4˚C overnight. 
Protein A beads were used to isolate FOXN3‑ or IgG‑interacted 
DNA fragments. Following elution with 120 µl elution buffer 
(10% SDS, 10% 1 M NaHCO3, 80% ddH2O), crosslinking was 
reversed with elution buffer containing 0.2 M NaCl and 2 µl 
RNase A (10 mg/ml; Sigma‑Aldrich; Merck KGaA) at 65˚C 
overnight. After incubation with 4 µl proteinase K (10 mg/ml; 
Sigma‑Aldrich; Merck KGaA) at 60˚C for 1 h, the bound chro-
matin was purified using a PCR Purification kit (Qiagen, Inc., 
Valencia, CA, USA) according to manufacturer's protocols, and 
qPCR was performed. The qPCR conditions were as follows: 
5 min at 98˚C, denaturation at 98˚C for 30 sec, annealing at 
55˚C for 30 sec and extension at 72˚C for 20 sec, performed 
for 30 cycles. The primer sequences were as follows: SIRT6 
forward, 5'‑AAT​AAG​AAG​GGC​CTG​ATG​GC‑3', reverse, 
5'‑TGT​ATG​TGG​GAG​AAA​GAA​GC3' and E2F transcription 
factor 5 (E2F5) forward, 5'‑TCT​TCA​GCA​GGA​TCT​ATT​AG 
T​GG‑3' and reverse: 5'‑TGT​AGT​CAT​CTG​CCG​GGG​TA‑3'. 
IgG was used as internal control; E2F was used as positive 
control (9). Each experiment was performed in triplicate.

Luciferase reporter assay. The promoter region (‑2000, +200) 
of SIRT6 was cloned into pGL3‑basic plasmid (Biofeng, 
Beijing, China). U2OS and MG‑63 cells (5x105) were seeded in 
6‑well plates and transfected with vector or pcDNA3.1‑FOXN3 
(0, 0.5, 1 or 2 µg), together with 1 µg pGL3‑basic plasmid 
or pGL3‑SIRT6 and 0.5  µg Renilla plasmid (Promega 
Corporation, Madison, WI, USA) using Lipofectamine® 2000 
reagent (Invitrogen, Thermo Fisher Scientific, Inc.). Following 
transfection for 24 h, Renilla luciferase and firefly activities 
were determined using a dual‑luciferase reporter system 
(Promega Corporation) according to the manufacturer's proto-
cols. Renilla luciferase was used as internal control. Each 
experiment was performed in triplicate.

ELISA. Briefly, after transfection for 48 h, cells were seeded 
into 6‑well plates at a density of 3x105  cells/well with 
serum‑free DMEM. Cell culture supernatants were harvested 
72 h later, and centrifuged at 2,000 x g for 15 min at 4˚C. The 
effects of FOXN3 on the secretion of MMP‑2 and MMP‑9 into 
the supernatant from U2OS and MG‑63 cells were determined 
using corresponding ELISA kits (cat. nos. CSB‑E04675h and 
CSB‑E08006h; Cusabio, Wuhan, China) according to the 
manufacturer's protocols. Each experiment was performed in 
triplicate.

Gelatin zymography. Secreted MMPs in conditioned 
medium (serum‑free DMEM) were affinity‑adsorbed with 
gelatin‑Sepharose as previously described (23). The concen-
tration of protein was measure using a BCA protein assay kit 
(Beijing Solarbio Science & Technology Co., Ltd.). SDS sample 
buffer lacking dithiothreitol was added and proteins (10 µg/ml) 
were resolved on 10% acrylamide, SDS gels contained polym-
erized gelatin (0.5‑2 mg/ml). MMPs were renatured via two 
detergent exchange washes (2.5% Triton X‑100, 50 mM Tris 
HCl, 5 mM CaCl2, 1 µM ZnCl2; 1% Triton X‑100, 50 mM Tris 

HCl, 5 mM CaCl2, 1 µM ZnCl2). Gels were incubated for 48 h 
at 23˚C for MMP‑mediated degradation of gelatin, which was 
followed by staining with Coomassie brilliant blue at room 
temperature for 1 h. Gels were destained with destaining solu-
tion (40% methanol, 50% acetic acid, 10% ddH2O) at room 
temperature, and scanned and inverse images were quantified 
using ImageJ software 1.8.0 (National Institutes of Health, 
Bethesda, MD, USA), with relative grayscale values for 
MMP‑9 normalized to cell lysate FOXN3/β‑actin ratios.

Statistical analysis. Data were presented as the mean ± stan-
dard deviation. Prism 5 software (GraphPad Software, Inc., La 
Jolla, CA, USA) was used for statistical analysis. Comparisons 
between cancer and adjacent normal tissue were performed 
using a paired‑samples t‑test based on a bi‑directional hypoth-
esis for continuous variables. The Kaplan‑Meier method and a 
log‑rank test were used to analyze survival curves. A Student's 
t‑test was applied to analyze the differences between two 
groups. Differences between multiple groups were analyzed 
by analysis of variance followed by a Tukey's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

FOXN3 expression is significantly downregulated in OS. To 
determine the expression profile of FOXN3 in OS, 78 pairs 
of OS and adjacent normal tissues were obtained to detect 
the expression of FOXN3 by RT‑qPCR and western blotting. 
The results of RT‑qPCR and western blotting revealed that the 
mRNA levels of FOXN3 were significantly downregulated 
in tumor tissues, compared with adjacent normal tissues; the 
protein expression levels were notably downregulated in the 
OS tissues compared with in the adjacent normal samples 
(Fig. 1A). In addition, the association between the expression 
of FOXN3 and the clinical information of patients with OS was 
analyzed, which demonstrated that the expression of FOXN3 
was negatively correlated with tumor size, metastasis and 
TNM stage (Table I). These findings indicated that FOXN3 
may serve as a tumor suppressor in OS.

Additionally, the present study analyzed whether FOXN3 
expression was associated with the prognosis of OS via 
Kaplan‑Meier analysis. The results suggested that patients who 
possessed high expression levels of FOXN3 exhibited better 
prognosis than patients with low FOXN3 expression levels 
(P=0.041; Fig. 1B). Furthermore, the expression of FOXN3 in 
OS cells (U2OS and MG‑63) was examined. The osteoblast 
cell line hFOB1.19 was used as a control. Similar results 
were observed to that of OS and adjacent normal tissues. The 
expression levels of FOXN3 were significantly lower in U2OS 
and MG‑63 cells compared with in hFOB1.19 cells (Fig. 1C). 
Collectively, these data indicated that FOXN3 expression is 
downregulated in OS and may serve as a tumor suppressor.

FOXN3 inhibits the proliferation of OS cells. To evaluate 
the roles of FOXN3 in the progression of OS, FOXN3 was 
ectopically expressed or downregulated in U2OS and MG‑63 
cells; the expression of FOXN3 was analyzed via RT‑qPCR 
and western blotting. The mRNA expression levels of FOXN3 
in the overexpression group were significantly upregulated 
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compared with in the vector‑transfected group; however, cells 
transfected with siFOXN3 exhibited significantly decreased 
expression levels compared with in the siControl group. 
Additionally, the expression levels of FOXN3 protein were 
notably increased and decreased in the overexpression and 
downregulated groups, respectively, compared with in the 
corresponding controls (Fig. 2A). As of the negative correla-
tion between FOXN3 expression and tumor size reported in 
the present study, the effects of FOXN3 on cell proliferation 
were determined via CCK‑8 and colony formation assays. 
The results of the CCK‑8 assay demonstrated that ectopic 
expression of FOXN3 significantly decreased and knockdown 
of FOXN3 significantly increased cell proliferation compared 
with in the vector and siControl groups, respectively (Fig. 2B). 
Subsequently, a colony formation assay was conducted, which 
revealed that overexpression of FOXN3 significantly reduced 
the number of colonies, and knockdown of FOXN3 signifi-
cantly increased the number of colonies compared with in the 
corresponding control groups (Fig. 2C). The findings of the 
present study suggested that FOXN3 inhibits the proliferation 
of OS cells.

Downregulation of FOXN3 expression promotes the migration 
and invasion of OS cells. In the present study, the roles of 
FOXN3 on cell migration and invasion were analyzed. A 
wound healing assay was performed to determine the effects of 
FOXN3 on cell migration, which revealed that FOXN3 overex-
pression significantly suppressed cell migration compared with 
in the vector group; however, inhibition of FOXN3 expression 
significantly promoted cell migration compared with in the 
siControl group (Fig. 3A). In addition, a Transwell invasion 
assay was conducted to determine the effects of FOXN3 on 
cell invasion, which demonstrated that FOXN3 overexpression 
significantly decreased the number of invaded cells compared 
with in the vector group; however, downregulation of FOXN3 
increased the number of invaded cells compared with in the 
siControl group (Fig. 3B). These data indicated that FOXN3 
suppressed the migration and invasion of OS cells.

FOXN3 transcriptionally regulates SIRT6 expression. A 
recent study reported that SIRT6 contributed to the migration 
and invasion of OS cells via the ERK1/2/MMP‑9 pathway (20); 
however, the upstream effectors of SIRT6 in OS remains 

Figure 1. FOXN3 expression is significantly downregulated in OS. (A) RT‑qPCR and western blotting were performed to determine the mRNA and protein 
levels of FOXN3 in the 78 pairs of OS and adjacent normal tissues. Tumor tissues vs. *P<0.05 vs. adjacent normal tissues. (B) Kaplan‑Meier analysis and a 
log‑rank test were used to analyze survival curves. P=0.041. (C) RT‑qPCR and western blot analysis of FOXN3 expression in OS cell lines; the osteoblast cell 
line hFOB1.19 was used as a control group. *P<0.05 vs. hFOB1.19. FOXN3, forkhead box N3; OS, osteosarcoma; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction.
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Figure 2. FOXN3 inhibits the proliferation of osteosarcoma cells. (A) Reverse transcription‑quantitative polymerase chain reaction and western blot analyses 
of FOXN3 expression in U2OS or MG‑63 cells transfected with vector, FOXN3, siControl, siFOXN3. *P<0.05 FOXN3 vs. vector, siFOXN3 vs. siControl. 
(B) Effects of FOXN3 on cell proliferation was assessed using a CCK‑8 assay. *P<0.05 FOXN3 vs. vector, siFOXN3 vs. siControl. (C) Colony formation assay 
was performed in U2OS or MG‑63 cells transfected with vector, FOXN3 or siControl, siFOXN3 Magnification, x20. *P<0.05 FOXN3 vs. vector, siFOXN3 vs. 
siControl. FOXN3, forkhead box N3; si, small interfering RNA.
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unknown. In order to determine whether FOXN3 regulates 
SIRT6 expression, FOXN3 expression was upregulated or 
silenced in U2OS and MG‑63 cells, RT‑qPCR and western blot 
analyses were conducted. The results revealed that the expres-
sion levels of SIRT6 mRNA were significantly downregulated 
when FOXN3 was overexpressed compared with in the vector 

group; FOXN3 silencing significantly increased the expres-
sion of SIRT6 compared with in the siControl group (Fig. 4A). 
Additionally, ChIP and qChIP assays were performed, which 
revealed that FOXN3 may bind the promoter region of 
SIRT6 in U2OS and MG‑63 cells; E2F5 was used as a posi-
tive control (9) (Fig. 4B). Additionally, the results of the dual 

Figure 3. Downregulation of FOXN3 expression promotes the migration and invasion of osteosarcoma cells. (A) U2OS or MG‑63 cells were transfected 
with vector, FOXN3, siControl and siFOXN3, respectively. Following 48 h post‑transfection, a wound healing assay was performed. The relative distance of 
wound healing was measured under a microscope. *P<0.05 vs. FOXN3 vs. vector, siFOXN3 vs. siControl. Magnification, x20. (B) FOXN3 was overexpressed 
or downregulated in U2OS or MG‑63 cells. A Transwell invasion assay was performed to detect the effects of FOXN3 on cell invasion. *P<0.05 FOXN3 vs. 
vector, siFOXN3 vs. siControl. FOXN3 (magnification, x20), forkhead box N3; si, small interfering RNA.
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Figure 4. FOXN3 transcriptionally regulates SIRT6 expression. (A) U2OS or MG‑63 cells were transfected with vector, FOXN3, siControl or siFOXN3, 
respectively. After 48 h post‑transfection, the expression of SIRT6 was detected by RT‑qPCR and western blotting. *P<0.05 FOXN3 vs. vector, siFOXN3 
vs. siControl. (B) Binding of FOXN3 to the SIRT6 promoter in U2OS or MG‑63 cells was analyzed by ChIP and quantitative ChIP assays using antibodies 
to FOXN3 and IgG, and RT‑qPCR was used to analyze the SIRT6 promoter. E2F5 was used as a positive control. *P<0.05 vs. IgG. (C) Activity of the 
SIRT6 promoter following transfection of FOXN3 into U2OS or MG‑63 cells was detected via a luciferase reporter assay. *P<0.05 vs. vector + pGL3‑SIRT6. 
(D) RT‑qPCR analysis of SIRT6 expression in osteosarcoma cell lines and the osteoblast cell line, hFOB1.19, which was used as a control group. *P<0.05 vs. 
hFOB1.19. ChIP, chromatin immunoprecipitation; FOXN3, forkhead box N3; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; si, small 
interfering RNA.
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luciferase reporter assay suggested that FOXN3 significantly 
suppressed SIRT6 expression via transcription compared 
with in vector‑transfected cells (Fig. 4C). In addition, the 

expression of SIRT6 in U2OS and MG‑63 OS cells, and the 
osteoblast cell line, hFOB1.19 were determined. The results 
revealed that SIRT6 expression was significantly upregulated 

Figure 5. FOXN3 suppresses MMP‑9 secretion via the regulation of SIRT6 expression. (A) FOXN3 was downregulated in U2OS or MG‑63 cells; MMP‑9 or 
MMP‑2 secretion was detected using MMP‑9 and MMP‑2 ELISA kits. *P<0.05 vs. siControl. The expression of MMP‑9 was determined via western blotting. 
(B) U2OS or MG‑63 cells were transfected with FOXN3, in the presence or absence of SIRT6 overexpression. The secretion of MMP‑9 was detected using 
an MMP‑9 ELISA kit. *P<0.05 FOXN3 vs. vector, FOXN3 + SIRT6 vs. FOXN3. The expression of MMP‑9 was determined via western blotting. (C) FOXN3 
was downregulated in U2OS or MG‑63 cells; zymography experiments were performed in triplicate, quantified and analyzed via a Student's t‑test. *P<0.05 
vs. siControl. (D) U2OS or MG‑63 cells were transfected with FOXN3, in the presence or absence of SIRT6 overexpression. Zymography experiments were 
performed in triplicate, quantified and analyzed via analysis of variance. *P<0.05 FOXN3 vs. vector, FOXN3 + SIRT6 vs. FOXN3. FOXN3, forkhead box N3; 
si, small interfering RNA; SIRT6, sirtuin 6.
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in U2OS and MG‑63 cells compared with in hFOB1.19 cells 
(Fig. 4D). Furthermore, the expression of SIRT6 in OS tissues 
was negatively correlated with FOXN3 expression (Table I; 
P<0.05). Collectively, the expression of SIRT6 was proposed 
to be regulated by FOXN3 in OS.

FOXN3 suppresses MMP‑9 secretion via the regulation of 
SIRT6 expression. MMP‑9 can digest gelatins or denatured 
collagens (24), and has been reported to promote metastasis 
in some types of cancers  (25,26). In addition, SIRT6 was 
proposed to regulate MMP‑9 expression in OS and non‑small 
cell lung cancer (27). As FOXN3 was determined to regulate 
SIRT6 expression in the present study, it was hypothesized that 
FOXN3 may also regulate MMP‑9 secretion. The results of 
ELISA demonstrated that FOXN3 knockdown significantly 
increased the secretion levels of MMP‑9 in U2OS and MG‑63 
cells compared with in the siControl group; FOXN3 silencing 
was observed to have no notable effect on MMP‑2 secretion 
(Fig. 5A). FOXN3 overexpression significantly reduced the 
secretion levels of MMP‑9 in U2OS and MG‑63 cells compared 
with in the vector group (Fig. 5B), which were significantly 
reversed when cells simultaneously overexpressed FOXN3 
and SIRT6 (Fig. 5B). Furthermore, the gelatin zymography 
assay demonstrated that FOXN3 significantly suppressed 
MMP‑9 secretion compared with in the vector group, which 
was reversed following overexpression of SIRT6 (Fig. 5C 
and D). The findings of the present study demonstrated that 
FOXN3 may suppresses MMP‑9 secretion via the regulation 
of SIRT6.

Discussion

At present, the biological roles of FOXN3 are still poorly 
understood. Numerous studies have demonstrated the physi-
ological roles of FOXN3 in the craniofacial development of 
mouse and eye development of xenopus laevis (28,29). FOXN3 
has been reported to be downregulated in HCC and other 
cancer types (9); however, the roles of FOXN3 in OS require 
further investigation.

In the present study, the expression pattern of FOXN3 in OS 
was analyzed. Downregulation of FOXN3 expression in OS 
tissues was observed at the mRNA and protein levels, which 
suggested that FOXN3 expression may be a novel diagnostic 
marker of OS. Additionally, FOXN3 was also downregulated 
in the OS cell lines, U2OS and MG‑63, compared with in the 
osteoblast cell line, hFOB1.19. The expression of FOXN3 was 
negatively correlated with tumor size and metastasis, as well 
as TNM stage, suggesting that FOXN3 may serve as a tumor 
suppressor in OS. Furthermore, low expression of FOXN3 
may predict a poor prognosis for patients with OS.

A recent study revealed that FOXN3 inhibited the prolif-
eration of HCC cells  (9). In the present study, numerous 
functional experiments, including colony formation and 
CCK‑8 assays were performed, which revealed that FOXN3 
also suppressed the proliferation of OS cells. In addition, 
wound healing and Transwell invasion assays also suggested 
that FOXN3 inhibited the migration and invasive abilities of 
OS cells.

A recent study proposed that SIRT6 was overexpressed in 
OS tissues and cell lines (20). SIRT6 facilitated the migration 

and invasion of OS cells (20); however, the upstream effec-
tors of SIRT6 in OS have not yet been reported. The present 
study demonstrated that FOXN3 could regulate SIRT6 expres-
sion at the mRNA and protein levels, which suggested that 
FOXN3 may transcriptionally regulate SIRT6 expression. 
Subsequently, ChIP and qChIP, as well as a luciferase reporter 
assay suggested that SIRT6 was transcriptionally regulated by 
FOXN3. In addition, the secretion of MMP‑9 was suppressed 
by FOXN3, which may occur via the regulation of SIRT6.

However, there are limitations to the present study. Firstly, 
the expression of FOXN3 in OS tissues should be detected 
via immunohistochemistry staining. Additionally, experi-
ments should be performed to determine whether FOXN3 
suppresses the migration and invasion of OS cells in vivo. 
Furthermore, it is necessary to determine the upstream effec-
tors of FOXN3 in OS. A previous report indicated that the Wnt 
signaling pathway could reduce FOXN3 expression (30). In 
addition, the Wnt/β‑catenin signaling pathway was reported 
to be activated in OS tissues and cells, and aberrant activation 
may serve a central role in the tumorigenesis, metastasis and 
chemotherapeutic responses of OS (31,32). Numerous reports 
have revealed that microRNAs regulate the Wnt signaling 
pathway in OS (33‑35), indicating that microRNAs may be the 
upstream molecules involved in FOXN3 signaling.

In summary, the present study revealed that FOXN3 may 
serve as a tumor suppressor in OS and that FOXN3 may be 
considered as a novel prognostic predictor and therapeutic 
target for the treatment of OS.
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