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A B S T R A C T

Osteosarcoma (OS) has strong invasiveness, early metastasis, high drug resistance, and poor
prognosis. At present, OS still lacks reliable biomarkers, which makes early diagnosis of OS more
difficult. AOC3 is highly expressed in OS and highly correlated with lung metastasis. qRT-PCR
could identify mRNA levels of genes. Immunohistochemistry and Western blot assays could
detect protein levels. Immunofluorescence and ELISA assays were applied to evaluate the acti-
vation of neutrophils. Additionally, transwell and wound healing assays evaluated cell migration
and invasion abilities. Tube formation and sphere-forming assays were applied to detect the
angiogenesis. C57BL/6 mice were injected with OS cells to establish a xenograft tumor model to
observe the lung metastasis of OS. Flow cytometry is used to evaluate the ability of tumor cells to
recruit neutrophils. AOC3 was significantly overexpressed in OS, and down-regulation of AOC3
could inhibit OS migration, invasion, and angiogenesis. AOC3 could increase tumor development
and lung metastasis of OS in vivo experiments. The promoting effect of AOC3 on tumor lung
metastasis was achieved by recruiting tumor neutrophils. Activated NETs could up-regulate the
metastatic ability of OS cells. Tumor neovascularization also played a role in metastasis, and
AOC3 supported tumor neovascularization. AOC3 accelerates lung metastasis of OS by recruiting
tumor-related neutrophils and utilizing NETs and tumor vascularization formation.

1. Introduction

OS, osteosarcoma, is the most common primary bone sarcoma and bone malignancy [1,2]. OS is commonly found in the proximal
tibia, distal femur, and humerus [3]. OS often causes pathological fractures and severe pain because of its highly invasive ability [4]. It
is characterized by early metastasis, increased drug resistance, and poor prognosis [5]. According to statistics, 15%–20 % of OS pa-
tients have lung metastasis and about 40 % of OS patients grow metastasis at an advanced stage of the disease [6,7]. At present, the
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treatment effect of surgery and chemotherapy on metastatic OS is very limited, with a long-term survival rate of less than 30 % [8,9].
Thus, OS still lacks reliable biomarkers, which makes early diagnosis and treatment of OS more difficult.

AOC3, also called VAP-1, is the non-classical endothelial adhesion molecule in leukocyte recycling, can promote leukocyte
adhesion [10,11]. Abundant studies have highlighted the important role of AOC3 in inflammation and cancers. For instance, in the
inflammatory process, AOC3 participates in the transfer of white blood cells from the blood to inflammatory tissue, where these cells
amplify the inflammatory response [12–16]. In OSCC, AOC3 knockdown represses tumor growth andmetastasis [17]. In breast cancer,
AOC3 is reported to be positively associated with distant metastasis [18].

Neutrophils are polymorphonuclear white blood cells that serve as the innate immune system’s 1st line guardians [19]. Under
normal circumstances, neutrophils (not activated) move in the peripheral blood circulation [20]. When pathogens invade or endog-
enous stimuli are released, inflammatory reactions occur and neutrophils are activated [21,22]. Neutrophils, also as a selective mo-
lecular promoter, have dual effects in promoting and anti-tumor effects [23–27]. Neutrophils and other mesenchymal factors jointly
promote tumor angiogenesis to promote tumor growth in certain types of cancer [24,28]. A previous study has shown that AOC3 acts in
renal ischemia injury’s pathophysiology by improving the infiltration of neutrophils and generating local H2O2 gradients [29]. Also,
AOC3 down-regulation prevents the growth and metastasis of OSCC cells via suppressing neutrophil infiltration [17]. However,
whether AOC3 makes an impact on OS related to neutrophils remains unknown.

In this study, we first detected AOC3 expression in OS tissues and cells. Then, we investigated whether AOC3 exerted a role in the
lung metastasis of OS and the action mechanism.

2. Materials and methods

2.1. Specimens

The tumor tissues and normal tissues in pairs (n= 20 pairs) were obtained from OS patients (12 patients with lung metastasis and 8
patients without lung metastasis) at Beijing Cancer Hospital from March 2019 to October 2021. Histological diagnosis of patients was
conducted blindly by two experienced pathologists. Tissue samples were surgically collected from these patients before the
commencement of chemotherapy or radiotherapy. All samples were preserved in liquid nitrogen for long-term storage. This study
acquired the Ethics Committee’s Ethics approval of Beijing Cancer Hospital (2023KT39) and informed consent was obtained from all
the patients. All procedures performed in studies involving human participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable
ethical standards.

2.2. Cell lines

HOS, U2OS, Well5, KHOS, hFOB1.19, and HUVECs were bought and passaged in DMEM media with 10 % FBS and 1 % penicillin/
streptomycin in a 5 % (v/v) at 37 ◦C in CO2 humidified environment.

2.3. Cell transfection

The pcDNA3.1-AOC3, short hairpin RNA (sh)-AOC3, pcDNA3.1-NC, and sh-negative control (NC) were obtained. Incorporation of
OS cells (2 × 105 cells) was done with 2 μg pcDNA3.1-AOC3 (OE-AOC3), pcDNA3.1/NC (OE-NC), sh-AOC3, sh-NC according to the
guidelines of Lipofectamine 3000. The cells were subjected to other tests following their 2 d-incubation period.

2.4. qRT-PCR

We isolated total RNA from OS cells and hFOB1.19 cells and quantified. Next, RNA was used as a template to form cDNA by means
of the reverse transcription kit. The qRT-PCR was done with the SYBR® Green qRT-PCR Kit (Promega, USA). PCR conditions were
maintained as follows: 5 min at 95 ◦C, 95 ◦C for 10 s at 40 cycles, 60 ◦C for 30 s, and 72 ◦C for 15 s. The primers of AOC3, CD31, VEGFA,
and GAPDH are listed in Table 1. The AOC3, CD31, and VEGFA mRNA expression levels were estimated with the 2− ΔΔct method. We
used GAPDH as the endogenous control.

Table 1
The primer sequences for qRT-PCR in this study.

Genes Sequences (5’~3′)

AOC3 Forward CGGTGCTGGCGAGAAGTTTG
Reverse TCTGCCCAGGCCCAGTTCTTC

CD31 Forward CACAACAAACAAGCTAGCAAGA
Reverse TTTGGCTGCAACTATTAAGGTG

VEGFA Forward ACCATGAACTTTCTGCTGTCTTGGGTGCAT
Reverse TCACCGCCTCGGCTTGTCACATCTGCAAGT

GAPDH Forward ACCACAGTCCATGCCATCAC
Reverse TCCACCACCCTGTTGCTGTA
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2.5. Mouse tumorigenesis assay

C57BL/6 mice (wild-type, 8-wks-old, male) were acquired and housed for one week to make them well-adapted to the environ-
ment. To mimic tumor metastasis, after transfected with sh-AOC3/sh-NC, we injected KHOS cells (5 × 106 cells in 200 μL of PBS,
labeled by LUC) into the tail vein of each mouse (n = 3/group).

To construct an orthotopic transplantation tumor model, we suspended KHOS cells (5 × 106) transfected with OE-AOC3/OE-NC in
PBS (200 μL) and injected into the tibial bone marrow cavity using a microliter syringe. In one group of mice (n= 3/group), anti-Ly6G
(BE0075-1, BioXCel, USA) was injected via intraperitoneal injection to consume neutrophils. Mice were given two initial intraperi-
toneal injections (200 μg/mouse) of anti-Ly6G every 3 days before injecting tumor cells and then maintenance injection twice a week.

After a period of four weeks, the IVIS Lumina Series III (PerkinElmer, USA) system was used to observe OS metastasis of mice to
their lungs. According to the manufacturer’s recommendation, Cyanine 5.5 (Lumiprobe, Hunt Valley, MD, USA) labeled the anti-AOC3
was injected into mice via tail vein injection. After 1 d, mice were imaged to analyze the lung metastasis of OS. Finally, mice were
euthanized with an overdose of pentobarbital. The Ethics Committee of Beijing Viewsolid Biotechnology Co. Ltd. (VS2126A00157)
approved the animal experiments. All methods are reported in accordance with ARRIVE guidelines.

2.6. Immunohistochemistry (IHC) staining

We fixed, embedded, and sliced tumor tissues into segments (4-μm-thick). Afterward, these segments were deparaffinized and
rehydrated. Antigen restoring was conducted using citrate buffer (high temperature; pH 6.0). These sections were incubated with
primary antibodies: anti-VAP1 (ab42885, dilution: 1 μg/mL), anti-Ki67 (ab15580, 0.1 μg/mL), anti-Myeloperoxidase (MPO) (ab9535,
dilution: 1/25) and anti-CD31 (ab28364, dilution: 1/50) at refrigeration temperature. On the next day, we incubated these segments
with the secondary antibody Goat F(ab’)2 Anti-Rabbit IgG F(ab’)2 (HRP) (ab6112, dilution: 1: 500) for 30 min. Segments were stained
with diaminobenzidine and hematoxylin and examined the results by means of a microscope.

2.7. H&E staining

We fixed mice lung tissues in neutral formalin (10 %) and embedded them in paraffin. We cut tissues into 4 μm segments and
stained them with H&E. The findings were detected under a microscope.

2.8. Neutrophil isolation from peripheral blood of healthy individuals

We isolated peripheral blood’s neutrophils by density centrifugation employing a Pancoll™ gradient. In brief, we diluted 10 mL
blood containing EDTA in 10 mL PBS and layered on pancoll™ (10 mL). Following centrifugation for 30 min, we separated neutrophils
via dextran sedimentation from the erythrocyte-rich pellet and eliminated residual erythrocytes by hypotonic lysis and re-suspended
neutrophils in DMEM with low endotoxin bovine serum albumin (0.5 %). We assessed neutrophil purity by forward and side scatter
flow cytometric analysis.

To explore whether AOC3 mediated the release of neutrophil extracellular traps (NETs), isolated neutrophils were treated with
ASP8232 (AOC3 inhibitor) for 1 d before exposure to KHOS cells.

For investigating the effect of NETs on OS cells, isolated neutrophils were treated with hFOB1.19 or KHOS cells for 12 h in the
absence and presence of DNase I (25 U/mL; Sigma-Aldrich, Shanghai, China).

2.9. Chemotaxis assay

We utilized a transwell chamber for evaluating the neutrophils’ chemotactic activity. Neutrophils were placed in the upper
chamber from the peripheral blood of individuals (healthy status; activity and purity above 95 %). The supernatant of sh-AOC3/sh-NC
transfected KHOS cells was assembled and placed in the bottom chamber (200 μL). The neutrophils were cultivated at 37 ◦C for 2 d.
Next, we removed the upper chamber’s cells with cotton swabs. We exposed the bottom chamber’s cells to crystal violet (0.2 %) for
staining for 5 min. Then, we utilized a microscope (inverted) to count the neutrophil number.

2.10. Transwell assay for detection of KHOS cell invasion and migration

To evaluate the invasion and migration capabilities of KHOS cells, KHOS cells (2 × 104 cells) in the medium were inoculated in the
top chamber (with or without a 2 mg/mL Matrigel-coated membrane). About 500 μL complete medium was appended to the bottom
compartment. After 3 d incubation, we removed the cells using a cotton swab and mixed the cells moving to the bottom of the
membrane employing 4 % formaldehyde for 10 min. Finally, we stained the cells with crystal violet (0.5 %) for 15 min.

2.11. Flow cytometry

Peripheral blood was collected frommice, and 1 mL of 1× RBC buffer was used to dissolve the red blood cells and incubate them at
room temperature until the sample became semi-transparent. The sample was neutralized with PBS and centrifuge at 4 ◦C for 5 min.
We cultured the sample with APC-labeled anti-CD11b antibody (ab8878, Abcam, dilution: 0.1 μg for 106 cells) and PerCP-labeled anti-
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Ly6G antibody (ab238132, Abcam, dilution: 1/600) in Brilliant stain buffer on ice for 1/2 h. We washed the sample with PBS and then
centrifuged it at 4 ◦C, 400×g for 5 min, and discarded its supernatant. We filtered the debris with a mesh and analyzed the percolated
cells using an Attune flow cytometer (Applied Biosystems, USA).

2.12. Immunofluorescence (IF) assay

We performed an IF assay for detecting MPO and Cit-H3 expression levels associated with tumor-associated neutrophils (TANs)
infiltration and the NET generation. On the glass slide, We cultured KHOS cells or neutrophils to 70 % confluence. After washing two
times with 1 × PBS, the cells were fixed with paraformaldehyde (4 %) for 1 h. Next, cells were permeabilized with 0.2 % Triton X-100
(#X100) in 1× PBS for 15 min at 37 ◦C and closed by normal goat serum (10 %) at 25 ◦C for 1 h. We incubated cells with an Anti-MPO
antibody (ab45977, dilution: 5 μg/mL) and Anti-Histone H3 (citrulline R8) (ab219406, Abcam, dilution: 1/1000) at 1 d at 4 ◦C. The
cells were incubated with the goat anti-mouse IgG Alexa 488 conjugated fluorescence secondary antibody (R37120, dilution 1/1000)
for 1 h at 25 ◦C following washing PBS. Ultimately, the cells were stained with DAPI and studied by means of a microscope.

2.13. Western blot

Protein extraction was conducted based on instructions from a radioimmunoprecipitation assay kit (Beyotime, China). We sepa-
rated extracted proteins through SDS-PAGE and then transferred them to the PVDF membrane. After membranes were blocked for 2 h,
they were incubated with primary antibodies like Anti-VAP1 (ab42885, Abcam, dilution: 1 μg/ml), Anti-Histone H3 (citrulline R8)
(ab219406, dilution: 1/1000) and anti-GAPDH (ab9485, dilution 1/2500) at 4oC for 1 d. Next, we added a peroxidase-labeled sec-
ondary antibody (anti-rabbit IgG, ab6721, dilution 1:2000) to incubate for 2 h. Finally, we observed protein bands with the chem-
iluminescence system (ECL) and evaluated them via Image J Software.

2.14. ELISA

Neutrophils (1× 105) re-suspended with complete medium (300 μL) were placed in 96-well plates. The supernatant was collected 3
days later. We performed ELISA to identify the MPO-DNA complex according to the instructions of a Cell Death ELISA kit (Roche
Diagnostics, Germany). We recorded the absorbance value when the value of 450 nm.

2.15. CCK-8 assay

The proliferative capability of HUVECs was assessed by means of a Cell Counting Kit-8 (Beyotime, Shanghai, China). HUVECs (1 ×

103/well) treated with KHOS cell culture medium were seeded in a 96-well plate for incubating 1 d, 2 d, and 3 d. Afterward, the Cell
Counting Kit solution (10 μL) was added into each well for incubating for another at 37 ◦C for 2 h. A microplate reader (Molecular
Devices, USA) could determine the optical density (OD) value at 450 nm.

2.16. Wound healing assay

HUVECs (3× 105 cells/well) were plated in 6-well plates, which were cultured with a complete medium that included extracellular
matrix molecule (10 μg/mL). After that, a cell monolayer formed. To generate a wound, a pipette tip (200 μL) was used to scratch a
straight line on the plate bottom, and the wound distance at 0 h was recorded. Next, HUVECs were cultured with a serum-free medium
at 37 ◦C for 1 d. Finally, we observed the wound distance at 1 d and photographed it via an inverted microscope (Carl Zeiss, Ober-
kochen, Germany). The formula for calculating the cell migration rate is as follows: (1–24 h wound distance/0 h wound distance) ×
100.

2.17. Transwell assay for evaluation of HUVEC invasion

HUVECs in serum-free medium were inoculated in the top chamber with a Matrigel-coated membrane (2 mg/mL). Meantime, 500
μL complete medium was added to the bottom chamber. We removed HUVECs from the top of the filters using a cotton swab and
HUVECs moved to the bottom of the membrane and fixed with 4 % formaldehyde for 10 min after incubation for 2 d. Finally, HUVECs
were dyed with crystal violet (0.5 %) for 15 min.

2.18. Tube formation assay

We inoculated HUVECs (2 × 104 cells/well) into the 96-well plate that was coated with Matrigel. The KHOS cells’ supernatant was
added. After 8 h culture, the HUVEC’s tubular structure was observed under an inverted microscope.

2.19. Statistical analysis

Data were displayed mean ± standard deviation of at least three replications. GraphPad Prism 7.0 (GraphPad Software, USA) was
utilized for data analysis. We analyzed multiple group differences using a one-way ANOVA. We performed Single group comparisons

L. Qi et al.



Heliyon 10 (2024) e37070

5

by means of a student’s t-test. P < 0.05 indicated statistical significance.

3. Results

3.1. AOC3 is up-regulated in OS tissues, especially in lung metastasis tissues

The data were sourced from the TARGET and GEO accession number: GSE14359. The TARGET database identified 191 DEGs in
metastatic and non-metastatic OS, of which 65 were highly expressed and 126 were lowly expressed. GSE14359 (OS dataset in GEO
database) included a total of 20 samples, including 10 samples from OS, 8 samples from patients with lung metastasis of OS, and 2
samples from the normal control group. There were 164 co-up-regulated and 34 co-down-regulated genes. Only AOC3 and vWF genes
were up-regulated in lung metastasis compared with primary OS and normal bone tissue (Fig. 1A). Prognostic analysis has suggested
that high AOC3 expression level is closely associated with poor prognosis (vWF prognosis is not significant and not presented)
(Fig. 1B). The result of qRT-PCR showed that AOC3 expression was evidently boosted in non-metastatic OS tissues when comparing
with the normal tissues, and AOC3 expression was significantly boosted in metastatic OS tissues when comparing with non-metastatic
OS tissues (Fig. 1C). IHC staining also revealed that AOC3 expression was higher in the metastatic group when compared with the non-
metastatic group (Fig. 1D). We then detected the expression level of AOC3 in hFOB1.19, Well5, KHOS, HOS, and U2OS. AOC3 had a
higher expression level in Well5, KHOS, HOS, and U2OS cells compared to hFOB1.19 cells (Fig. 1E).

Fig. 1. AOC3 was up-regulated in OS tissues, especially in lung metastasis tissues (A) TARGET and GSE14359 databases screened differentially
expressed genes in OS. T-Tumor, M-Metastasis, C-Control. (B) Analyzing the relationship between high expression of AOC3 and poor prognosis by
TARGET database. (C) qRT-PCR was used to detect the mRNA levels of AOC3 in normal tissues, OS tissues, and metastatic OS tissues. (D)
Immunohistochemical assay was used to detect the protein levels of AOC3 in normal tissues, OS tissues, and metastatic OS tissues. (E) qRT-PCR was
used to detect the mRNA expression of AOC3 in osteoblast lines (hFOB1.19), metastatic cell lines (Well5, KHOS), and non-metastatic cell lines (HOS,
U2OS). *P < 0.05, **P < 0.01, ***P < 0.001. Each experiment was executed in triplicate.
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3.2. AOC3 promotes lung metastasis of OS

Western blotting assay could verify the transfection efficiency of sh-AOC3 in KHOS cells, and the AOC3 level in the sh-NC group was
significantly higher than compared with the sh-AOC3 group (Fig. 2A). IVIS showed the metastasis of OS to the lungs, indicating a
decrease in lung cancer cell signaling in the sh-AOC3 group (Fig. 2B). Quantification of lung metastasis in mice OS revealed a decrease
in lung metastasis after AOC3 knockdown (Fig. 2C). According to HE staining analysis of lung tissues, compared with the sh-NC group,
the sh-AOC3 group showed decreasing lung inflammatory infiltration in mice (Fig. 2D). The immunohistochemical results confirmed a
decrease in the Ki67 level in the sh-AOC3 group, indicating that AOC3 down-regulation inhibited tumor metastasis (Fig. 2E).

3.3. AOC3’s promoting effect on lung metastasis by neutrophils

Timer 2.0 database was used to predict a significant correlation between AOC3 expression and neutrophil infiltration in sarcoma
(Fig. 3A). The number of neutrophils infiltrating the bottom chamber in the sh-AOC3 group was reduced compared with the sh-NC
group. The OE-AOC3 group significantly increased compared with the OE-NC group, suggesting that AOC3 significantly influenced
the chemotactic activity of neutrophils (Fig. 3B). IHC staining showed that the MPO (a marker of neutrophils) in the metastatic group
was higher than the non-metastatic group, indicating that metastatic tumors recruited more neutrophil infiltration than primary

Fig. 2. AOC3 promotes lung metastasis of OS (A) The transfection efficiency of sh-AOC3 was verified by Western blotting. (B) KHOS cells were
injected into the tail vein to construct an OS mice model, and the lung metastasis of OS was observed by IVIS.(C) The number of pulmonary nodules
in mice was recorded. (D) HE analysis of mouse lung tissue. (E) Immunohistochemical experiments were used to detect Ki67 expression in lung
tissue of mice. **P < 0.01. Each experiment was executed in triplicate.
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tumors (Fig. 3C). Flow cytometry analysis proved that overexpression of AOC3 increased the percentage of neutrophils with CD11b+

and Ly6G+ in mice bearing orthotopic transplanted tumors, while knocking down AOC3 reduced its percentage (Fig. 3D). We validated
whether AOC3 participated in lung metastasis of OS through the recruitment of granulocytes. Constructing an orthotopic transplant
tumor model, specific depletion of neutrophils in mice with anti-Ly6G can reverse AOC3-induced lungmetastasis, leading to a decrease
in lung metastasis in mice and prolonging survival (Fig. 3E and F).

3.4. Tumoral AOC3 mediates the release of NETs

Immunofluorescence assay could detect MPO and Cit-H3 expression levels (markers of NETs) in OS samples, and the high AOC3
expression level in tumor cells was associated with the infiltration of tumor neutrophils and the increase in NETs production (Fig. 4A).
Neutrophils were treated with the supernatant of KHOS or hFOB1.19 cells for 12 h from peripheral blood of healthy individuals.
Immunofluorescence and ELISA results showed that in comparison with the neutrophils in the hFOB1.19 group, the neutrophils in the
KHOS group exhibited phenotypes similar to those derived from their tumor tissues, increased Cit-H3 expression, and increased NETs
release (Fig. 4B and C). In addition, neutrophils were treated with ASP8232 (AOC3 inhibitor) before exposure to KHOS. Compared with
the KHOS group, their tumor-induced MPO and Cit-H3 in the KHOS + ASP8232 group were up-regulated and DNA release was
markedly antagonized (Fig. 4D and E).

3.5. NETs can enhance the metastatic ability of OS cells

Immunofluorescence assay showed that DNase I could effectively disrupt NET release exposed to KHOS (Fig. 5A). Transwell assay
showed that compared to the KHOS group, neutrophils exposed to KHOS had stronger migration activity, while DNase I partially
reversed the promoting effect of KHOS (Fig. 5B).

3.6. AOC3 promotes tumor neovascularization

HUVECs were incubated with a KHOS culture medium. CCK-8 results showed that AOC3 silencing significantly reduced the number
of live cells in HUVECs (Fig. 6A). The transwell assay and wound healing assay confirmed that the invasion and migration capabilities
of HUVECs were significantly inhibited after knocking down AOC3 (Fig. 6B and C). In addition, we determined that the low level of
AOC3 prevented angiogenesis partly, presenting as a reduction of tube formation and the down-regulation of VEGFA (endothelial
growth factor) expression in HUVECs (Fig. 6D and E). Immunohistochemical and PCR assays were conducted on the tumor tissue of the
mice, which displayed that the expression of CD31 (a marker of vascular endothelial cells) and VEGFA in the sh-AOC3 group was
reduced when compared with the sh-NC group (Fig. 6F and G).

4. Discussion

OS is characterized by strong invasion, early metastasis, high drug resistance, and poor prognosis [1,3,4,30–32]. AOC3 is
abnormally expressed in various cancers. For example, in colorectal cancer, low AOC3 expression level is related to poor prognosis
[33]. In breast cancer, AOC3 is highly expressed and positively correlated with lymphatic invasion and distal metastasis [18]. In
particular, AOC3 is highly expressed in tumor tissues of glioma patients, and its expression is related to the poor prognosis of glioma
patients [34]. Consistent with this report, our results have displayed that AOC3 is highly expressed in OS tissues and cells, especially in
metastatic OS, and high expression of AOC3 was closely related to the poor prognosis of OS patients. Subsequently, we silenced AOC3
in KHOS cells and established an OS mice model. We found that AOC3 down-regulation significantly weakened the spontaneous
metastasis of OS to the lungs. The experimental results we obtained were similar to the following studies. Silencing of AOC3 inhibits
OSCC cell proliferation and tumor metastasis in vivo [17]. Inhibiting AOC3 and inhibiting endothelial cell activation can reduce tumor
cell survival and metastasis, and AOC3 recruits myeloid cells to facilitate lung metastasis of breast cancer and colorectal cancer in mice
[35]. AOC3 can exacerbate tumor malignancy by enhancing leukocyte recruitment and is associated with OS immune infiltration [36,
37]. In this study, we predicted using TIMER2.0 and found a significant correlation between AOC3 expression and neutrophil infil-
tration in sarcoma. Overexpression of AOC3 enhanced the chemotactic activity of neutrophils toward tumor cells, especially toward
metastatic tumor cells, while knocking down AOC3 reduced this chemotactic activity. Tumor cells recruit TANs and play a key role in
the metastasis and incidence of many cancers [38]. Therefore, we validated whether AOC3 participated in lung metastasis of OS
through neutrophil recruitment. When we specifically consumed neutrophils in mice using anti-Ly6G, we found that AOC3-induced
lung metastasis was reversed, leading to a decrease in lung metastasis and prolonging survival. These findings suggested that the
silencing of AOC3 prevented lung metastasis via reducing neutrophil recruitment in OS. Our findings were similar to a previous study,
which indicates that AOC3 down-regulation inhibits the growth and metastasis of OSCC cells by suppressing neutrophil infiltration
[17].

When neutrophils become strongly activated, these cells can form NETs [29]. More importantly, AOC3 overexpression is reported
to increase the extravasation of neutrophils to inflammatory sites [10,12]. Here, we detected the expression of MPO (as a maker of
neutrophils) and Cit-H3 (as a maker of NETs) in OS samples, indicating that overexpression of AOC3 in tumor cells is associated with
increased neutrophil infiltration and NETs production. However, when neutrophils were treated with ASP8232 (an inhibitor of AOC3)
when compared with the group treated with KHOS alone, the expression of Cit-H3 was up-regulated and the release of NETs was
significantly antagonized. The above experimental results confirm that AOC3 mediates the process of tumor neutrophils releasing
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NETs. According to previous studies, NETs can promote tumor metastasis by promoting cancer cell invasion, capturing circulating
tumor cells, and awakening dormant cancer cells [27,39–41]. Similarly, we found that DNase I could block the release of NETs from
neutrophils exposed to KHOS cells and then prevent the migration of KHOS cells.

Fig. 3. Promoting effect of AOC3 in lung metastasis is mediated by neutrophil (A) The TIMER2.0 database was used to predict the correlation
between AOC3 expression and neutrophil infiltration. (B) Transwell assay for detecting neutrophil chemotactic activity. (C) Immunohistochemical
evaluation of MPO (neutrophil marker) levels in both metastatic and non-metastatic groups. (D) Flow cytometry analysis of the percentage of
CD11b+ and Ly6G+ neutrophils. A microliter syringe was used to inject KHOS cells into the tibial bone marrow cavity of mice to construct an
orthotopic transplant tumor model, and specifically consume neutrophils in mice using anti Ly6G antibodies. (E) The lung metastasis of OS was
observed by IVIS. (F) Survival analysis was conducted on mice in the OE-AOC3+IgG, OE-AOC3+α-Ly6G, and OE-NC + IgG groups. ***P < 0.001,
#P < 0.05. Each experiment was executed in triplicate.

Fig. 4. Tumoral AOC3 mediates the release of neutrophil extracellular traps (NETs) (A) Immunofluorescence evaluation of MPO (red) and Cit-H3
(green) levels in OS samples. (B) Immunofluorescence assay was used to detect the expression intensity of Cit-H3 in control neutrophils exposed to
hFOB1.19 and neutrophils exposed to cancer cells. (C) The concentration of MPO was evaluated by ELISA. (D) The Western blot assay detected the
expression level of Cit-H3 in neutrophils that exposed to KHOS and treated with ASP8232 (AOC3 inhibitor). (E) ELISA detected the MPO level in
neutrophils that exposed to KHOS and treated with ASP823. *P < 0.05, **P < 0.01, #P < 0.05,##P < 0.01, ###P < 0.001. Each experiment was
executed in triplicate. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Tumor neovascularization acts in tumor invasion and metastasis [42,43]. We further investigated whether AOC3 regulated
angiogenesis in OS and found that AOC3 down-regulation caused a significant decrease in live cell number. The abilities of migration
and invasion, and the number of angiogenesis in HUVECs. These outcomes indicate that AOC3 supports tumor neovascularization,
providing an outlook for developing new approaches to improve the efficacy of antiangiogenic therapy.

There are some limitations in our study. First, upstream regulatory mechanisms of AOC3 expression are not investigated in this
study. Second, the mechanisms by which AOC3 overexpression affects tumor-associated neutrophil recruitment, neutrophil extra-
cellular trap formation, and tumor vascularization are not explored. Thus, further studies on these aspects are still required.

Fig. 5. NETs can upregulate the metastatic ability of OS cells Analysis of clinical pathological characteristics data of patients. (A) Immunofluo-
rescence evaluation of the inhibitory effect of DNase I on the release of NETs by neutrophils. (B) Migration ability of KHOS cells was detected by
Transwell assay. ***P < 0.001, ##P < 0.01. Each experiment was executed in triplicate.
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(caption on next page)
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5. Conclusions

AOC3 was highly expressed in OS and affected lung metastasis by mediating the NETs release from neutrophils and influencing the
formation of tumor neovascularization. Our research provides new targets for early OS diagnosis and treatment.
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