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A B S T R A C T   

Osteosarcoma (OS) therapy faces many challenges, especially the poor survival rate once metastasis occurs. 
Therefore, it is crucial to explore new OS treatment strategies that can efficiently inhibit OS metastasis. Bioactive 
nanoparticles such as zinc oxide nanoparticles (ZnO NPs) can efficiently inhibit OS growth, however, the effect 
and mechanisms of them on tumor metastasis are still not clear. In this study, we firstly prepared well-dispersed 
ZnO NPs and proved that ZnO NPs can inhibit OS metastasis-related malignant behaviors including migration, 
invasion, and epithelial-mesenchymal transition (EMT). RNA-Seqs found that differentially expressed genes 
(DEGs) in ZnO NP-treated OS cells were enriched in wingless/integrated (Wnt) and hypoxia-inducible factor-1 
(HIF-1) signaling pathway. We further proved that Zn2+ released from ZnO NPs induced downregulation of 
β-catenin expression via HIF-1α/BNIP3/LC3B-mediated mitophagy pathway. ZnO NPs combined with ICG-001, a 
β-catenin inhibitor, showed a synergistic inhibitory effect on OS lung metastasis and a longer survival time. In 
addition, tissue microarray (TMA) of OS patients also detected much higher β-catenin expression which indicated 
the role of β-catenin in OS development. In summary, our current study not only proved that ZnO NPs can inhibit 
OS metastasis by degrading β-catenin in HIF-1α/BNIP3/LC3B-mediated mitophagy pathway, but also provided a 
far-reaching potential of ZnO NPs in clinical OS treatment with metastasis.   

1. Introduction 

Osteosarcoma (OS) occupying the first-place incidence rate in pri
mary bone tumors, is prevalent in 10–20-year-old adolescents charac
terized with easy recurrence, strong invasion, and early metastasis [1,2]. 
Although the application of neoadjuvant chemotherapy combined with 
extensive surgical resection has obviously improved the survival rate of 
OS patients, there are still some thorny problems, such as drug resis
tance, strong side effects, and poor survival improvement of patients 
with metastasis [3,4]. In fact, 10–20% of patients clinically diagnosed 

with OS develop lung metastasis with a sharp decrease in survival time 
despite of active treatment [5,6]. Therefore, it is important to explore 
alternative treatments that can inhibit tumor metastasis and improve the 
prognosis of OS patients. 

In recent years, bioactive nanoparticles (NPs) have gradually become 
a research hotspot of anti-tumor therapy because of their tumor tar
geting and superior curative effect, such as silver NPs, copper oxide NPs 
and iron oxide NPs. Zinc oxide nanoparticles (ZnO NPs), regarded as a 
“Generally Recognized as Safe” (GRAS) pharmaceutical excipient, are 
widely used in the biomedical field, such as antibacterial materials and 
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sunscreen [7]. In recent decade, multitudes of studies also demonstrated 
that ZnO NPs can selectively inhibit the growth of various tumors, which 
are expected to replace traditional chemotherapy drugs for clinical 
tumor treatment [4,8,9]. However, few researches explore the effect and 
mechanism of ZnO NPs on tumor metastasis. 

Autophagy is a normal physiological process that mediates the 
degradation of intracellular components to maintain intracellular ho
meostasis, which can be divided into selective and non-selective auto
phagy [10]. Selective autophagy includes mitophagy, peroxisome 
autophagy, endoplasmic reticulum autophagy, ribophagy, etc [11]. In 
general, activation of autophagy in tumor cells enhance resistance to 
external mutagenic environments, while excessive activation reversely 
induces cell death [12,13]. In our previous study, we have clarified that 
ZnO NPs inhibited OS cell proliferation via activating HIF-1 pathway 
induced mitophagy [14]. However, whether HIF-1 pathway further 
regulates tumor metastasis still need to be verified. 

Among numerous signaling pathways, the pivotal regulatory role of 
the Wnt pathway has been emphasized in regulating tumor metastasis 
performance, such as epithelial mesenchymal transition (EMT), migra
tion and invasion [15,16]. Normally, β-catenin, a critical protein in the 
Wnt pathway, forms a complex with E-cadherin protein expressing in 
the cell membrane to mediate cell adhesion. However, in tumor cells, it 
will translocate to the cytoplasm, and eventually enters cell nucleus to 
combine with the DNA affinity protein lymphoid enhancer factor/T cell 
factor (LEF/TCF), activating targeted genes that promote tumor 
metastasis [17,18]. However, whether the Wnt pathway played a key 
role in ZnO NP-induced tumor metastasis is rarely to be discussed. 

Based on above all, we choose OS as a model to evaluate the anti
tumor metastasis properties of bioactive ZnO NPs. Series of in vitro 
experiments proved that Zn2+ released from ZnO NPs could trigger HIF- 
1 and Wnt pathway activation to inhibit OS cell metastasis by inducing 
degradation of β-catenin via HIF-1α/BNIP3/LC3B-mediated mitophagy 
pathway. Meantime, our in vivo results also observed that ZnO NPs 
combined with targeting the Wnt pathway showed a synergistic effect on 
OS lung metastasis with good biosafety. In addition, tissue microarray 
(TMA) of 78 OS patients also detected higher β-catenin expression, 
which also provided a far-reaching potential in clinical OS treatment 
with metastasis. 

2. Materials and methods 

2.1. Cells and cell culture 

Two OS cell lines (U2OS and 143B) and human osteoblast cells 
(hFOB1.19) were purchased from American Tissue Culture Collection 
(ATCC). OS cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) under condition of 5% CO2 at 37 ◦C. hFOB1.19 cells were 
cultivated in a DMEM/Ham’s F12 culture medium combined with G418 
under condition of 5% CO2 at 34 ◦C. All media were added with 10% 
fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 mg/ml 
streptomycin. 

2.2. Drugs and antibodies 

ZnO NPs were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
CoCl2 and LiCl were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). YC-1, ICG-001, 3 MA, EDTA and MG132 were purchased from 
Selleck Chemicals (Houston, TX, USA). FluoZin-3 staining dye was 
purchased from Invitrogen (Karlsruhe, Germany). Antibodies against N- 
cadherin, E-cadherin, vimentin, HIF-1α, β-catenin, LC3B, lamin A, 
tubulin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
were purchased from Cell Signaling Technology (Beverly, MA, USA). 

2.3. Characterization of ZnO NPs 

ZnO NPs were dissolved in ultrapure water at a concentration of 1 

mg/ml, and treated under 200 W ultrasonic treatment for different times 
(2, 5, 10 min). The obtained solutions were captured and dispersions of 
ZnO NPs were observed under scanning electron microscope (SEM) and 
evaluated with Zetasizer nano ZS. Transmission electron microscope 
(TEM) was also performed to further confirm the ZnO NPs morphology. 
The X-ray diffraction (XRD) pattern of ZnO NPs was further analyzed by 
X-ray powder diffractometer (Rigaku SmartLab SE), scanning from 5◦ to 
90◦ at a scan rate of 2◦/min. 

2.4. CCK-8 experiment 

OS cells at a density of 1 × 104 cells/well were inoculated on a 96- 
cell culture plate, with 100 UL medium in each well, and then sub
jected to the different treatments after overnight culture. Next, each well 
was added with 10 μL CCK-8 (KeyGEN, China) reagent for another 2–4 h 
at 37 ◦C, and optical density (OD) values were measured at 450 nm by 
spectrophotometer. Cell viability (%) was calculated according to the 
following formula: Cell viability (%) = [OD (intervention group)-OD 
(blank control group)]/[OD (control group)-OD (blank control 
group)] × 100%. 

2.5. Wound healing assay 

OS cells at a density of 5 × 104 cells/well were inoculated on 6-well 
plates, and scratches were created by a 10 μL pipette tip for wound 
healing assay. Then, the cells were subjected to the different treatments 
for the designated time points. The scratch distances at different time 
points were dynamically measured under an inverted microscope to 
evaluate cell migration ability using the following formula: Cell migra
tion rate (%) = [D (control group)-D (intervention group)]/D (control 
group) × 100% (D means Distance). 

2.6. Invasion assay 

Precooled filtered distilled water was used to dilute Matrigel (BD 
Biosciences) to a concentration of 25 μg/50 μL, and then quickly 
transferred into the upper chamber with 8 μm size pore for solidification 
at room temperature (RT). Cells were starved in DMEM medium without 
FBS overnight, and then transferred into the upper chamber with DMEM 
mixed with 10% FBS in the lower chamber. After different interventions, 
4% polyformaldehyde was added to fix the cells before 0.4% crystal 
violet staining. Stained cells were counted under an inverted 
microscope. 

2.7. Transcriptome sequencing (RNA-Seq) 

Briefly, total RNA was isolated by TRIzol® reagent (Thermo, USA) 
after 143B OS cell treated with ZnO NPs (15 μg/ml) for 12 h. Then, RNA- 
Seq was conducted by OE biotech Co., Ltd. (Shanghai, China). The reads 
containing poly-N and low-quality reads were removed to obtain clean 
reads, which were then mapped to reference genome by HISAT2. The 
fragments per kilobase of exon model per million mapped fragments 
(FPKM) value and the read count of each gene were calculated by Cuf
flinks and HTSeq-Count, respectively. The threshold of [log2FC]>1 and 
p < 0.05 were identified for significantly differentially expressed genes 
(DEGs). Enrichment pathways and functions of DEGs were respectively 
analyzed by KEGG (Kyoto Encyclopedia of Genes and Genomes) 
database. 

2.8. Quantitative real-time PCR (q-PCR) 

To verify the effects of ZnO NPs on Wnt signaling pathway related 
gene mRNA transcription, we performed qPCR on 143B OS cells. 143B 
OS cells were treated with ZnO NPs for 12 h at a concentration of 15 μg/ 
ml. Then, specific steps in the following were described according to our 
previous study [14]. The Wnt4, FZD7, β-catenin and c-Myc mRNA levels 
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were normalized to that of GAPDH. The corresponding primers were 
synthetized from Sangon Biotech Crop (Shanghai, China) and the cor
responding sequences for Wnt4, Frizzled 7 (FZD-7), β-catenin, c-Myc, 
and GAPDH are as follows: Wnt4 (5-TCGTGTACGCCATCTCTTCG-3) 
(Forward), (5-CTGACCACTGGAAGCC CTG-3) (Reverse); FZD7 
(5-ATATCGCCTACAACCAGACCAT-3) (Forward), (5-AGGAACG 
GCACGGAGGAA-3) (Reverse); β-Catenin (5-ATGCGTTCTCCTCA
GATGGTGTC-3) (Forward), (5-CAGAATCCAC TGGTGAACCAAGC-3) 
(Reverse); c-Myc (5-CAGC GACTCTGAGGAGGAACAA-3) (Forward), 
(5-CCAGCAGAAGGTGATCCAGACT-3) (Reverse); GAPDH 
(5-CAGCCTCGTCCCGTAGACAA-3) (Forward), (5-GCCGTG AGTGGAG 
TCATACTG-3) (Reverse). 

2.9. Western blot 

Total, nuclear, and cytoplasmic proteins were extracted by RAPI, 
nucleoprotein and cytoplasmic protein extraction kit (Beyotime), 
respectively. After purification, protein concentrations were quantified 
by bicinchoninic acid (BCA) protein assay kit. Protein samples (40 μg) 
were separated using 5%–10% SDS-PAGE at 80–120 V, and then 
transferred to a nitrocellulose membrane. After blocking with 5% 
skimmed milk for 1 h, the membranes were incubated with the primary 
antibodies overnight at 4 ◦C followed by the secondary antibodies for 
another 1 h at RT in the dark. Odyssey system (Biosciences, USA) were 
used to detected and analysis protein expression. 

2.10. Immunofluorescence confocal microscope 

OS cells at a density of 3 × 104/well were added to the confocal 
dishes. After adhesion, cells were divided into different groups and 
treated for 12 h. After treatment, cells were fixed with 4% para
formaldehyde for 15 min, and then infiltrated with 2% Triton X-100 for 
another 15 min. Then, the antigen was blocked with 5% bovine serum 
albumin (BSA) at RT for 1 h. The primary antibody with dilution of 
1:200 was cultured with cells overnight, and corresponding fluorescent 
secondary antibody (1:100) was incubated at RT for another 2 h before 
4′,6-diamidino-2-phenylindole (DAPI) staining. Finally, images were 
observed and photographed by laser scanning confocal microscope. 

2.11. Co-immunoprecipitation (Co-IP) assay 

OS cells at a density of 2 × 107 cells/plate were inoculated on a 10- 
cm plate. Cells were lysed using radio immunoprecipitation assay 
(RIPA). After high-speed centrifugation, the cell supernatant was 
collected and mixed with protein A/G agarose beads in the presence of 
0.05% BSA for 2 h. A small portion (1%) of the lysate was taken and 
levels of β-catenin and LC3B expression were detected by WB. The lysate 
was incubated with a β-catenin monoclonal antibody at a 1:100 con
centration at 4 ◦C for 12 h, and then protein A/G agarose beads were 
added and incubated at 4 ◦C for 4 h before the immunoprecipitation 
complex was obtained by centrifugation. Finally, precipitates mixed 
with HIF-1α or LC3B monoclonal antibodies were then analyzed by WB. 

2.12. Intervention experiments 

2.12.1. Inhibitor intervention experiment 
The selected concentrations of the Wnt pathway activator LiCl (10 

mM) and inhibitor ICG-001 (10 μM), hypoxia activator CoCl2 (200 μM) 
and inhibitor YC-1 (100 μM), autophagy inhibitor 3 MA (10 mM), pro
teasome inhibitor MG132 (100 nM) and zinc ion chelating agent EDAT 
(1 mM) were pre-incubated with OS cells for 2 h before ZnO NPs 
treatment. Then, proliferation, migration and invasion were evaluated 
by CCK-8, wound healing and transwell assays, respectively. 

2.12.2. siRNA intervention experiment 
Non-targeting siRNA and LC3B targeting siRNA were obtained using 

the GenOFF siRNA silencing Kit (Ribbio, China), as described in our 
previous articles. The effect of siRNA LC3B on ZnO NP-induced OS cell 
proliferation inhibition, LC3B and β-catenin expression were evaluated 
using CCK-8 and WB assays, respectively. The target sequence of siRNA 
LC3B as follows: LC3B siRNA-I (accaaaatcccggtgataataga). 

2.13. Intracellular Zn2+ levels by FluoZin-3 staining 

OS cells at a density of 3 × 104/well were added to 24 well plate. 
After adhesion, cells were divided into different groups with other 12 h 
treatment. Then, cells were loaded with FluoZin-3 (2 mM) for another 
30 min. Then, cells were washed with PBS for 2 times. Images were 
observed by fluorescence microscope. 

2.14. Inductively coupled plasma-mass spectrometry (ICP-MS) 

Briefly, OS cells were added into 6-well plates at a density of 5 × 105/ 
well. After overnight culture, cells were treated by different groups for 
24 h, and then intracellular Zn2+ levels were detected by ICP-MS as 
described previously [19]. 

2.15. Nude mouse tibia orthotopic OS model 

All animal procedures were performed in accordance with the 
Guidelines for Care and Use of Laboratory Animals of Beijing Jishuitan 
Hospital and approved by the Animal Ethics Committee of the Beijing 
Jishuitan Hospital. Five-week-old blab/c male nude mice (HFK Bio- 
Technology Co., Ltd, Beijing, China) were raised in the Department of 
Laboratory Animal Science of Peking University Health Science Center. 
The mice were randomly divided into the control and treated groups. 
Each group contained five mice. 

To establish the tibia orthotopic OS model, 143B cells with a density 
of 1 × 106/50 μL PBS were injected into the right tibial medullary cavity. 
When the tumor volumes reached 100–150 mm3, ZnO NPs (5 mg/kg; 50 
μl) was given by intratumoral injection and ICG-001 (50 mg/kg; 200 μl) 
intravenously administrated via tail vein every other day. The body 
weight and tumor volume were recorded every other day according to 
the formula: (width2 × length)/0.5. One representative mouse in each 
group was killed after continuous intervention for another two weeks. 
Tumor legs, lungs, and important organs (heart, liver, spleen, kidney) 
were collected, photographed, and weighed followed by formalin fixa
tion for apoptosis, proliferation and biosafety evaluation by tunnel, ki- 
67 and hematoxylin-eosin (H&E) staining. Lung node numbers were 
counted by the gross and microscopic observation. Simultaneously, the 
main organs were also collected (heart, liver, spleen, and kidney) and 
examined by H&E staining. Finally, the remaining mice in each group 
continued to be observed and described the survival curve until the day 
50 after tumor inoculation. 

2.16. Tissue microarray (TMA) 

A total of 80 formalin-fixed paraffin-embedded OS specimens were 
placed in the TMA (two tissues were invalid) and the TMA was pur
chased from Xi’an Alena Biotechnology Ltd., Co. The expression of 
β-catenin was detected using an IHC assay with an evaluation criterion 
as follows: (1) the color development intensity of the cells: no staining 
was negative [− ], light brown was weakly positive [+], brown was 
moderately positive [++], and chocolate-brown was strongly positive 
[+++]; (2) the number of positive cells: less than 10% [− ], 10–25% [+], 
between 26% and 49% [++], and more than 50% [+++]). Finally, 
results of the qualitative and semi-quantitative coloring intensities were 
obtained by comprehensive evaluation according to the above two re
sults. At least 5–10 high power fields (HPFs) were randomly observed 
and the corresponding mean values were calculated. 
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2.17. Statistical analysis 

Data were analyzed by GraphPad Prism 9. All values are represented 
as the mean ± standard deviation (SD). Comparisons between groups 
were analyzed by Student’s t-test and one-way analysis. p value < 0.05 
was considered statistically significant (*p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001). 

3. Results and discussion 

3.1. Characterization of ZnO NPs 

We first confirmed the phase ZnO NPs with XRD (Supplementary 
Fig. S1). The diffraction peaks of ZnO NPs were consistent with the 
standard PDF card (No: 65–3411), indicating that ZnO NPs were in 
crystal state and hexagonal structure. As shown in Fig. 1, ZnO NPs 
showed different dispersion abilities after ultrasonic treatment. We can 
see that 2 min of ultrasound treatment is not enough to disperse the ZnO 
NPs (Fig. 1a). According to the SEM observation and particle size dis
tribution (Fig. 1a–c), the ZnO NPs showed best dispersion and particle 
size distribution after 5 min of ultrasound treatment, and there were no 
visible changes in the solutions between 5- and 10-min ultrasound 
treatments (Fig. 1d). TEM images further confirmed the morphology of 
ZnO NPs after 5 min ultrasound treatment (Fig. 1e). Thus, the 5 min 
ultrasound treated ZnO NPs were chosen for following in vitro and in 
vivo experiments. 

3.2. Inhibition ability of cell migration and invasion in OS of ZnO NPs 

Although many studies have reported the killing effect of ZnO NPs on 
various tumors [4,8], few studies have systematically explored the effect 

and mechanisms on tumor metastasis. Our previous research has also 
confirmed the safety and effectiveness of ZnO NPs on OS growth, which 
provide a good experimental basis for the application of ZnO NPs in the 
clinical OS treatment [14,20,21]. However, some chemotherapeutic 
drugs with definite tumor killing effect have been reported to make 
tumor cells acquire stronger invasive and metastatic abilities [22], 
which make it necessary for researchers to further evaluate the meta
static abilities of a new chemotherapy drug with confirmed tumor 
cell-killing ability. Tumor cell migration and invasion are prerequisites 
for tumor metastasis, which enable cells to break through vascular 
endothelial cells into the blood circulation [23]. Therefore, in this study, 
the effect of ZnO NPs on OS cell migration and invasion were evaluated 
by wound healing and transwell assay. 

We firstly used CCK-8 assay to verify the effect of ZnO NPs on OS 
proliferation (Supplementary Fig. S2) [20]. Then we selected a low and 
medium concentration of ZnO NPs on OS cell proliferation, of which the 
low concentration had negligible effect while the medium concentration 
showed obvious inhibitory effect [20]. Results showed that low dose of 
ZnO NPs could not effectively inhibit cell migration in wound healing 
assay, and the inhibition ability were generally enhanced with the 
increasing concentration of ZnO NPs (Fig. 2). We also found that the 
number of cells penetrating the transwell chamber were significantly 
decreased when compared to that in the control group (Fig. 3a–d). These 
results indicated that ZnO NPs have the potential to inhibit OS metas
tasis with suitable dose administration. 

3.3. ZnO NPs inhibit EMT in OS cells 

In malignant tumors, EMT is commonly considered as a vital process 
for tumor metastasis. During the process of EMT, levels of epithelial 
markers, like E-cadherin and tight junction protein zonula occluden-l 

Fig. 1. Morphologies of ZnO NPs with different ultrasonic treatments. (a) Representative SEM images of ZnO NPs after ultrasonic treatment for 2, 5, 10 min (Scale 
bar: 300 nm). (b, c) Particle sizes and distribution of ZnO NPs after ultrasonic treatment for 2, 5, 10 min. (d) Representative image of ZnO NPs (1 mg/ml) after 
ultrasonic treatment for 2, 5, 10 min. (e) Representative TEM images of ZnO NPs after ultrasonic treatment for 5 min. 
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(ZO-1), are downregulated, and correspondingly levels of mesenchymal 
proteins, such as vimentin and N-cadherin, are upregulated, resulting in 
epithelial cell polarity lost, looser intercellular connections and cyto
skeletal protein recombination, which eventually enable tumor invasion 
and metastasis [24]. Therefore, targeting EMT is a hot topic in tumor 
treatment. In general, EMT is believed to be a metastasis-related step in 
epithelial tissue-derived tumors. However, in recent years, studies have 

also found that EMT plays an important role in interstitial tissue-derived 
OS metastasis [25–27]. More and more studies verified that the process 
of EMT in OS is the main process for many drugs [28]. In this study, we 
found that both low and medium concentrations of ZnO NPs can 
significantly downregulate vimentin and N-cadherin and upregulate 
E-cadherin in OS cells (Fig. 3e), suggesting that ZnO NPs may target the 
process of EMT to inhibit OS cell metastasis. 

Fig. 2. Effect of ZnO NPs on cell migration in OS cells. (a, b) Wound healing assay showed that the distance of cell migration in U2OS and 143B cells were both 
decreased after ZnO NPs treatment in a dose and time-dependent manner (Scale bar: 100 μm). (c, d) Cell migration rates in (a, b) were plotted by respective his
togram. Each bar represents the mean ± SD of three independent observations. (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). 

Fig. 3. Effect of ZnO NPs on cell invasion and EMT in 
OS cells. (a, b) The number of U2OS and 143B cell 
invasion were both significantly decreased after ZnO 
NPs treatment (Scale bar: 100 μm). (c, d) U2OS and 
143B cell invasion rates in (a, b) were plotted by 
respective histogram. (e) ZnO NPs significantly 
downregulated mesenchymal phenotype proteins 
(vimentin and N-cadherin), and upregulated epithe
lial phenotype protein (E-cadherin) expression in 
U2OS and 143B OS cells. Each bar represents the 
mean ± SD of three independent observations. (*p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).   
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3.4. RNA-Seqs analysis of ZnO NP-treated OS cells 

Total RNA of 143B cells before and after ZnO NPs treatment were 
collected for RNA-Seqs analysis. Our results showed that the number of 
DEGs treated with ZnO NPs was 2768 (1628 genes were up-regulated 
and 916 genes were down-regulated) (Fig. 4a–c). KEGG pathway 
enrichment analysis found that the Wnt and HIF-1signaling pathway 
were significantly enriched (Fig. 4d). Our previous study has verified 
that HIF-1 pathway was activated in ZnO NP-treated OS cells, and 
related DEGs mRNA expression in the Wnt signaling pathway after ZnO 

NPs treatment were also verified by qPCR. We found that compared to 
the control group, Wnt4, FZD7, β-catenin and c-Myc mRNA transcription 
activity in ZnO NP-treated group were significantly upregulated 
(Fig. 4e). 

Those above results confirmed that the Wnt signaling pathway was 
activated in ZnO NP-treated OS cells. However, our results unexpectedly 
detected that ZnO NPs significantly downregulated β-catenin expression 
in U2OS and 143B OS cells in a dose-dependent manner, and further 
observed obvious downregulation in cytoplasm and even rarely to be 
detected in nucleus in 143B OS cells (Fig. 4f and g). Based on above, we 

Fig. 4. Differentially expressed genes (DEGs, a cutoff value of [log2FC] >1 and P < 0.05) were analyzed by RNA-Seq in ZnO NPs-treated (15 μg/ml) 143B cells 
compared to the untreated control group. DEGs were exhibited by (a) volcano plot, (b) heatmap, and (c) MA plot. (d) Pathways enrichment of DEGs based on KEGG 
enrichment analysis was showed by bubble chart plot. (e) Genes expression in Wnt pathway detected by qPCR. (f) ZnO NPs significantly decreased total β-catenin 
expression in 143B OS cells in a dose-dependent manner. (g) ZnO NPs significantly decreased β-catenin expression both in cytoplasm and nucleus of 143B OS cells in 
a dose-dependent manner, especially in nucleus which was nearly undetectable. Each group was determined for triplicate times. 

G. He et al.                                                                                                                                                                                                                                       



Bioactive Materials 19 (2023) 690–702

696

can infer that although ZnO NPs can upregulate β-catenin mRNA tran
scription, it also induces β-catenin protein degradation, which ulti
mately inhibit OS cell metastasis. 

3.5. The role of key pathways verified in ZnO NPs-induced OS metastasis 
inhibition 

Increasing evidences have shown that there is an intimate relation
ship between the autophagy and Wnt pathway [29,30]. For example, 
studies have reported that the Wnt pathway activation can negatively 
regulate autophagy by downregulating beclin-1 expression [31,32]. In 
contrast, other studies have also reported that the autophagy-related 
protein LC3B can bind the LC3-interacting region (LIR) of β-catenin to 
form the LC3B/β-catenin complex, ultimately resulting in β-catenin 
degradation in the autolysome [33]. In our previous study, we have 
confirmed that ZnO NPs induced OS cell death via HIF-1α/B
NIP3/LC3B-mediated mitophagy pathway. Therefore, there might exist 
an intimate relationship between HIF-1α/BNIP3/LC3B-mediated 
mitophagy and the Wnt/β-catenin pathway in ZnO NP-treated OS. 

Firstly, we used LiCl (a β-catenin activator), and ICG-001(a β-catenin 
inhibitor) to verify the function of the Wnt/β-catenin pathway in ZnO 
NP-induced OS metastasis inhibition. Our results showed that LiCl could 

significantly reverse the ZnO NP-induced OS cell proliferation, migra
tion, invasion and EMT inhibition, while ICG-001 showed the reversed 
effect (Supplementary Fig. S3a; Fig. 5). We further evaluated the effect 
of CoCl2 (a HIF-1 pathway activator) and YC-1 (a HIF-1 pathway in
hibitor) on ZnO NP-induced OS cell metastasis inhibition. Our results 
also showed that CoCl2 can further inhibit ZnO NP-induced OS cell 
proliferation, migration, and invasion, while YC-1 showed the opposite 
effect (Supplementary Figs. S3b, S4, S5). These above results suggested 
that both HIF-1α/BNIP3/LC3B-mediated mitophagy and the Wnt/ 
β-catenin pathway played vital roles in regulating ZnO NP-induced OS 
metastasis inhibition. 

3.6. Mechanism of β-catenin downregulation in ZnO NP-treated OS cells 

Previous studies have reported that HIF-1α can compete with TCF-4 
to combine with β-catenin, resulting in forming HIF-1α/β-catenin com
plex and promoting tumor cell proliferation and metastasis [33]. 
Therefore, it is generally believed that HIF-1α activation will upregulate 
β-catenin expression. However, our current study unexpectedly detected 
that ZnO NPs induced downregulation of β-catenin expression, which 
seemed to contradict with previous studies. In fact, researchers have 
verified that β-catenin can also bind to LC3B via its LIR to be degraded 

Fig. 5. ZnO NPs inhibited 143B OS cell migration, invasion and EMT by regulating Wnt/β-catenin pathway. (a) Wnt/β-catenin pathway activator LiCl (10 mM) 
reversed ZnO NPs-induced cell proliferation, migration, and invasion inhibition, while inhibitor ICG-001(10 μM) showed the opposite effect (Scale bar: 100 μm). 
(b–c) Cell migration and invasion rates in (a) were plotted by respective histogram. (d) Wnt/β-catenin pathway activator LiCl (10 mM) reversed ZnO NPs-induced 
mesenchymal phenotype proteins (vimentin and N-cadherin) downregulation, and epithelial phenotype protein (E-cadherin) expression upregulation, while the 
inhibitor ICG-001(10 μM) showed the opposite effect. Each bar represents mean ± SD of three independent observations. *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. 1–8 respectively represent: Control, 15 μg/ml, LiCl, LiCl +15 μg/ml, Control, 15 μg/ml, IC G-001, ICG-001 + 15 μg/ml. 
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by a proteasome-independent autophagy pathway [31]. Therefore, we 
speculated that the seemingly contradictory phenomenon that ZnO NPs 
induced HIF-1α upregulation but β-catenin downregulation may be the 
result of HIF-1α/BNIP3/LC3B-mediated mitophagy degradation 
pathway. 

To verify the above assumption, we firstly used TEM detected the 
changes of cell ultrastructure after ZnO NPs treatment. TEM directly 
observed that the endocytosis of NPs and autophagosome containing 
mitochondria (Fig. 6a). We further found that pan-autophagy inhibitor 
3 MA rather than pan-proteasome inhibitor MG132 succeed to reverse 
ZnO NP-induced cell proliferation inhibition (Fig. 6b). Correspondingly, 
we detected that 3 MA but not MG132 successfully reversed ZnO NPs- 
induced β-catenin degradation (Fig. 6c). Furthermore, we used siRNA 
to verify the role of autophagy in ZnO NP-induced β-catenin degrada
tion. Results showed that LC3B siRNA obviously reversed ZnO NP- 
induced cell proliferation inhibition and β-catenin downregulation 
(Fig. 6d–f). 

Moreover, we conducted immunofluorescence confocal and Co-IP 
assays to clarify the relationship between β-catenin and LC3B in OS 
cells. Immunofluorescence result observed that co-localization of 
β-catenin and LC3B was significantly enhanced after ZnO NPs treatment 
(Fig. 7a). Co-IP further detected that LC3B immunoprecipitated with 
β-catenin was enhanced by ZnO NPs treatment (Fig. 7b). Based on above 
all, we can conclude that ZnO NPs activated HIF-1α/BNIP3/LC3B- 
mediated mitophagy in OS cells, which can degrade β-catenin via being 
bonded and dragged by LC3B, resulting in OS metastasis inhibition. 

3.7. Zn2+ released from ZnO NPs triggers anti-osteosarcoma biological 
effect 

Previous studies have showed that low concentration of intercellular 

Zn2+ can promote the cancer occurrence and development, but high 
concentration reversely show a killing effect [34,35]. We also proved 
that OS proliferation, autophagy and apoptosis inhibition were medi
ated by Zn2+ releasing from ZnO NPs [20]. In this study, we further 
observed that zinc chelators EDTA can significantly reduce the con
centration of intracellular Zn2+, reverse the inhibition of OS cell pro
liferation, migration and invasion, block HIF-1a upregulation and 
β-catenin downregulation (Supplementary Fig. S6; Fig. 8), which sug
gested that it is the Zn2+ released from ZnO NPs triggered HIF-1 and Wnt 
pathway activation to inhibit OS cell metastasis by HIF-1α/B
NIP3/LC3B-mediated mitophagy degradation pathway induced degra
dation of β-catenin (Fig. 9). 

3.8. ZnO NPs inhibit tibia orthotopic OS growth and lung metastasis 

The lung is the most common organ of OS metastasis. Once it occurs, 
the survival time of OS patients will be significantly reduced. Therefore, 
it is very important to further evaluate drugs with definite tumor killing 
effect whether can also effectively inhibit OS metastasis. In this study, 
143B cells were used to construct tibia orthotopic OS model. After ZnO 
NPs, ICG-001 or ZnO NPs + ICG-001 treatment, we observed that tumor 
volumes and weight in the intervention groups obviously decreased 
after two-week treatment, especially in ZnO NPs + ICG-001 group 
(Fig. 10a–c), which showed significant difference compared with ZnO 
NPs or ICG-001 alone groups. 

Correspondingly, Tunel and IHC staining detected that apoptosis 
ratio obviously increased and ki-67 expression significantly decreased in 
the ZnO NPs and ZnO NPs + ICG-001 groups, especially in ZnO NPs +
ICG-001 group (Fig. 10d). Meantime, the gross and microscopic obser
vations found that numbers of lung metastatic nodules in the interven
tion groups were obviously reduced compared to the control group, 

Fig. 6. β-catenin was degraded in a protease- 
independent mitophagy pathway in ZnO NPs-treated 
143B OS cells. (a) Left: Changes of Cell morphology 
after ZnO NPs treatment observed by TEM (Scale bar: 
2 μm). Right: a further magnification of the small 
black square of left, the white star and arrows 
respectively represent destruction of nucleus and 
autophagosomes containing mitochondria (Scale bar: 
1 μm). (b, c) Pan-autophagy inhibitor 3 MA (10 mM) 
significantly succeed to rescue ZnO NP-induced cell 
proliferation but not protease inhibitor MG132. (d) 
Pan-autophagy inhibitor 3 MA (10 mM) significantly 
reversed ZnO NP-induced β-catenin degradation but 
not MG132 did (100 nM). (e) LC3B siRNA success
fully knockdown LC3B protein expression. (f, g) LC3B 
siRNA reversed ZnO NPs induced cell proliferation 
inhibition and β-catenin downregulation. Each bar 
represented the mean ± SD of three independent 
observations. (*p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001; NPs refer to ZnO NPs with a 
concentration of 15 μg/ml).   
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especially in the ZnO NPs + ICG-001 group (Fig. 10e–h). During this 
process, we did not observe loss of body weight and obvious damage to 
important organs in the treated groups compared to the control group 
(Supplementary Figs. S7 and 8). 

In addition, we further observed that mice (3/5) in the ZnO NPs +
ICG-001 group survived for over 50 days, which was significantly longer 
than that in other groups (Fig. 10i). These above results confirmed that 
ZnO NPs combined with targeting Wnt/β-catenin pathway can exert 
synergistic inhibitory effects on OS growth and lung metastases with 
good biosafety. 

3.9. The effect of ZnO NPs on β-catenin expression in OS cells 

To confirm the clinical relevance of this study, we further evaluate 
β-catenin in human samples. Related studies have reported that pro
portion of β-catenin expression in OS tissues can reach 50%–70%, which 
is obviously higher than that in normal bone tissues [36,37]. In this 
study, we used TMA to observe and evaluate the characteristic of 
β-catenin expression in OS tissues. Results showed that positive β-cat
enin expression in OS tissues was 51.2% (40 of 78), and widely 
distributed in the cell membrane (25/78), cytoplasm (34/78), and nu
cleus (9/78) (Fig. 11a–d), which was consistent with our in vitro results. 
The results confirmed the potential of β-catenin as a target in osteosar
coma metastasis inhibition and suggested that the ZnO NPs therapy 
provides promising options for clinical OS therapy. 

4. Conclusions 

This study focused on the effect and regulatory mechanism of 
bioactive ZnO NPs on OS metastasis. Series of in vitro and in vivo ex
periments proved that Zn2+ released from ZnO NPs could trigger HIF-1 
and Wnt pathway activation to inhibit OS cell metastasis by HIF-1α/ 

BNIP3/LC3B-mediated mitophagy degradation pathway induced 
degradation of β-catenin. The in vivo results also confirmed that ZnO 
NPs combined with blocking Wnt/β-catenin pathway showed a syner
gistic effect on OS growth and lung metastasis. Thus, ZnO NPs may be 
used as an adjunctive therapeutic agent together with ICG-001. Our 
current study further explored a novel mechanism of ZnO NP-induced 
OS metastasis inhibition, providing a solid theoretical and practical 
foundation for the future application of ZnO NPs in anti-osteosarcoma 
metastasis. OS tissue microarray (TMA) from OS patients also detected 
higher β-catenin expression, which further indicated a far-reaching po
tential of ZnO NPs in clinical OS treatment with metastasis. 
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Fig. 7. Interaction between LC3B and β-catenin was 
enhanced by ZnO NPs treatment in 143B OS cells. (a) 
Immunofluorescence confocal observed that there 
existed a co-localization of β-catenin and LC3B after 
ZnO NPs treatment compared to the control group 
(Scale bar: 25 μm). (b) Co-IP confirmed that there 
existed an interaction between β-catenin and LC3B, 
which can be significantly enhanced by ZnO NPs 
treatment. NPs represented as ZnO NPs with a con
centration of 15 μg/ml. Each group was determined 
for triplicate times.   
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Animal experiments. 

Chairman: Xieyuan Jiang. 
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Fig. 8. ZnO NPs activated HIF-1 and Wnt pathway, 
inhibited migration, and invasion in 143B OS cells 
were triggered by Zn2+. (a, b) EDTA significantly 
decreased the level of intercellular Zn2+ under ZnO 
NPs treatment observed by immunofluorescence mi
croscope and ICP-MS (Scale bar:100 μm). (c–f) EDTA 
reversed cell migration and invasion induced by ZnO 
NPs (Scale bar:100 μm). (g) EDTA significantly 
reversed ZnO NP-induced HIF-1α upregulation and 
β-catenin downregulation. Each bar represented the 
mean ± SD of three independent observations. (*p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).   

Fig. 9. Mechanism of ZnO NPs-induced OS cell 
metastasis inhibition. Under non-ZnO NPs treatment, 
HIF-1α/β-catenin activation pathway is stronger than 
HIF-1α-BNIP3/LC3B/β-catenin degradation pathway, 
resulting in β-catenin upregulation and translocating 
into nucleus to promote OS EMT and metastasis. 
Under ZnO NPs treatment, HIF-1α/BNIP3/LC3B/ 
β-catenin degradation pathway is stronger than HIF- 
1α/β-catenin activation pathway, resulting in β-cat
enin degradation to inhibit OS EMT and metastasis.   
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Fig. 10. The effect of ZnO NPs combined with ICG-001 on 143B tibial orthotopic OS growth and lung metastasis. (a) Tumor growth curve during the therapy. (b, c) 
Representative images of OS tibial orthotopic tumor and tumor weight at day 27 after corresponding treatments. (d) Representative TUNEL staining and IHC staining 
show the apoptosis ratio and ki-67 expression in tumor tissues after different treatments (Scale bar: 200 μm). (g, h) The gross and microscopic observations showed 
the inhibitory effect of different treatments on OS lung metastasis (typical nodules of metastasis were circled). (e, f) Number of lung nodes in (g, h) were plotted by 
respective histogram. (i) Survival time after different treatments. Control group, PBS; ZnO NPs group, 5 mg/kg ZnO NPs; ICG-001 group, 50 mg/kg ICG-001; ICG-001 
+ ZnO NPs group, 50 mg/kg ICG-001 and 5 mg/kg ZnO NPs. Each bar represents mean ± SD of three independent observations. (*p < 0.05, ***p < 0.001, and ****p 
< 0.0001). 
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