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Objective: Long non-coding RNA plays an important role in osteogenic differentiation. Nuclear enriched abundant transcript 1 
(NEAT1) has been revealed to promote osteogenic differentiation in human bone marrow mesenchymal stem cells (hBMSCs), but the 
underlying regulatory mechanism remains unknown in acute suppurative osteomyelitis of children.
Methods: Osteogenic medium (OM) was used to induce osteogenic differentiation. Quantitative real-time PCR and Western blotting were 
used to evaluate gene expression. The effects of NEAT1, microRNA 339–5p (miR-339-5p), and salmonella pathogenicity island 1 (SPI1) on 
osteogenic differentiation were assessed in vitro using alizarin red S staining assays and alkaline phosphatase activity. Interactions between 
NEAT1, miR-339-5p, and SPI1 were identified using immunoprecipitation, luciferase reporter assays, and chromatin immunoprecipitation.
Results: During osteogenic differentiation, expression of NEAT1 was up-regulated in hBMSCs, and miR-339-5p level was down 
during osteogenic differentiation. Knockdown of NEAT1 reduced the osteogenic differentiation of hBMSCs, and down-regulation of 
miR-339-5p may counteract the effect of NEAT1 silencing. SPI1 was a target of miR-339-5p by luciferase reporter assay and was also 
a transcription factor of NEAT1 by chromatin immunoprecipitation. A positive NEAT1-miR-339-5p-SPI1 feedback loop was found to 
be present during osteogenic differentiation in hBMSCs.
Conclusion: It was the first study to reveal that the NEAT1-miR-339-5p-SPI1 feedback loop can promote osteogenic differentiation 
in hBMSCs and shed a new light on the role of NEAT1 during osteogenic differentiation.
Keywords: NEAT1, miR-339-5p, SPI1, osteogenic differentiation

Introduction
Osteomyelitis is a very common orthopedic disease, often in children, that can cause severe bone loss and destruction due 
to a bacterial infection, resulting in progressive bone destruction.1 Staphylococcus aureus (SA) is believed to be the most 
common causative bacterium of osteomyelitis in pediatric patients.2 Staphylococcal protein A (SPA) is a protein present 
in the cell wall of SA and is the main virulence component of SA. SPA plays an important role in promoting the 
occurrence of osteomyelitis.3 Inflammation, new formation, and bone remodeling are the three main phases in the process 
of bone regeneration process for the repair of osteomyelitis.4 Pathological changes in osteomyelitis are mainly char-
acterized by bone destruction and bone defects, and are always associated with an imbalance between osteoblasts and 
osteoclasts during bone remodeling. Human bone mesenchymal stem cells (hBMSCs) have a strong ability to differ-
entiate in vitro and can be induced to differentiate into chondrocytes, osteoblasts, nerve cells or myocardial cells, and are 
considered ideal grafts for bone tissue engineering.5 However, in order to maintain bone homeostasis, osteogenic 
differentiation plays a critical role.6 Therefore, it is important to explore the mechanisms of osteogenic differentiation 
in hBMSCs. Nowdays, hBMMSCs are treated with SPA to construct the cell models of osteomyelitis.7,8
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Long non-coding RNA (lncRNA), is a type of RNA that has a length of more than 200 nucleotides and does not have 
the ability to encode proteins; Mounting evidence has demonstrated that osteogenic differentiation in hBMSCs involves 
multiple factors, including lncRNA.9 Nuclear enriched abundant transcript 1 (NEAT1) has been suggested to play 
a crucial role in biological differentiation and proliferation.10,11 Previous studies have found that NEAT1 modulates 
BMP2 in renal interstitial fibroblasts and promotes osteogenic differentiation in humans.12 In addition, another study in 
hBMSCs revealed that NEAT1 expression is up-regulated and promotes osteogenic differentiation by modulating the 
miR-29b-3p/BMP1 pathway in hBMSCs.13 However, it remains to be further explored how NEAT1 regulates osteogenic 
differentiation in hBMSCs in childhood osteomyelitis. MicroRNA 339–5p (miR-339-5p) has been found to potentially 
affect osteogenic differentiation, down-regulation of miR-339 promotes differentiation of hBMSCs, and alleviates 
osteoporosis in human by targeting DLX.14 Salmonella pathogenicity island 1 (SPI1) has also been found to act as 
a hub gene in osteoporosis patients, which promotes osteogenic differentiation.15 However, the role of NEAT1, miR-339- 
5p and SPI1 in osteomyelitis is unclear.

In this study of osteomyelitis in children, gene expression analysis was performed. Our findings suggest that the axial 
feedback loop of NEAT1/microRNA 339–5p/SPI1 contributes to osteogenic differentiation in acute suppurative osteo-
myelitis in children.

Materials and Methods
Statement of Ethical
This research was conducted in accordance with the principles of the Declaration of Helsinki and was approved by the Ethics 
Committee of The Lianyungang No. 1 People’s Hospital, affiliated to Xuzhou Medical University (December 2021; approval 
no. 20210303), and all legal guardians of the children provided written informed consent.

Patients and Specimens
Blood samples were taken from children with bacterial osteomyelitis. All osteomyelitis patients with positive bacteremia 
results were confirmed by at least one of percutaneous puncture, surgical sample, and blood culture. Blood samples were 
collected from 12 children with bacterial osteomyelitis prior to surgery or treatment; at the same time, blood samples 
were also taken from 12 healthy volunteers.

Cell Culture
The hBMSCs were obtained from the American Type Culture Collection and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; Gibco, 
Thermo Fisher Scientific, Inc) and also with 100 U/mL of penicillin in a humidified incubator containing 5% CO2 at 
37°C. The hBMSCs were grown in an osteogenic medium (OM), supplemented with 0.05 mmol/L ascorbate, 100 mmol/ 
L dexamethasone, and 10 mmol/L b-glycerophosphate for osteogenic induction, and not for osteogenic induction, only in 
growth medium (GM). hBMMSCs were treated with SPA (1 mg/mL) (Aladdin Corporation, Shanghai, China) to 
construct the cell models of osteomyelitis.

RNA Extraction and Quantitative Real-time PCR (RT-qPCR)
The total RNA was extracted from hBMSCs and blood using the TRIzol reagent (Invitrogen, CA, USA). Subsequently, 
the PrimeScript RT reagent kit (Thermo Fisher Scientific, Inc) was used to reverse transcription of the RNA into the 
complementary DNA. RT-qPCR was subsequently performed on the Applied Biosystems Prism 7900 system (Thermo 
Fisher Scientific, Inc) in accordance with the instructions of the SYBR-Green Master Mix kit (Thermo Fisher Scientific, 
Inc). The used primers were listed in Table 1.

Cell Transfection
The siRNA oligos for NEAT1 (si-NEAT1) or SPI1 (si-SPI1) were commercially designed and obtained from 
GenePharma Inc (Shanghai, China).These oligos were then transfected into hBMSCs with Lipofectamine 3000 
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(Thermo Fisher Scientific, Inc.) for knockdown experiments. The miR-339-5p mimics, miR-339-5p inhibitor and 
miRnegative controls were commercially designed and obtained from Genepharma Inc (Shanghai, China). They were 
then directly transfected into hBMSCs with Lipofectamine 3000 (Thermo Fisher Scientific, Inc.).

Western Blot Assay
Western blotting analysis was performed as we previously reported.16 Total proteins were extracted from hBMSCs using 
RIPA buffer (Biosharp, Chongqing, China) and protein quantitation using Bradford protein assay (Bio-Rad, Hercules, 
CA, USA). Electrophoresis was performed using a 12% SDS-PAGE gel, which was then transferred to a PVDF 
membrane and 5% fat-free milk was blocked at room temperature for 2 h. Membranes were incubated with primary 
antibodies overnight at 4°C. The secondary antibodies were then incubated at room temperature for 1 h. Pierce™ ECL 
Western Blotting Substrate (cat. no. 32109; Thermo Fisher Scientific, Inc.) was used to visualize the bound antibodies. 
Protein levels were evaluated using a chemiluminescence detection system (GE Healthcare Biosciences).The antibodies 
used were listed in Table 2.

ALP Activity Measurement
After osteogenic induction successfully, 1 million hBMSCs were collected and subjected to 5 min of lysis with PIPA 
lysis buffer (Beyotime biotechnology, China), then 3 min centrifugation at 4°C to obtain the supernatant. A 5 mL ALP 
substrate buffer (BD Biosciences Clontech, USA) was then added to the 5 mL supernatant. The detection of ALP activity 
was performed using a colorimetric analysis of the mixture and a 1h reaction.

ARS Staining
The mineralization was measured using ARS staining. The cells were first fixed with 4% paraformaldehyde for half 
an hour, and then washed twice with phosphate buffered saline (PBS). Subsequently, the cells were stained with ARS 
stain solution (Leagene Biotech., China) at room temperature for 10 min. Finally, 10% acetic acid (Sigma, USA) was 
used to extract ARS and then the OD was measured at an absorbance of 540 nm for quantitative analysis and imaging.

Nuclear-Cytoplasmic Fractionation
PARIS™ Kit (Invitrogen, USA) was applied to separate nuclear and cytoplasmic RNA in hBMSCs in order to explore 
cellular location of NEAT1. The extracted RNA was analyzed using a qRT-PCR assay.

Table 1 Quantitative Polymerase Chain Reaction Primers for Reverse Transcription

Primer Forward (5’-3’) Reverse (5’-3’)

NEAT1 TGGCTAGCTCAGGGCTTCAG TCTCCTTGCCAAGCTTCCTTC
miR-339-5p CGCTCTCCCTGTCCTCCA GCACACGTGAGCTCCTGG

SPI1 ATGAAGGACAGCATCTGGTGG TTCACCTTCTTGACCTCGCCC

RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA
OSX GAAGAAGCTCACTATGGCTC GAAAAGCCAGTTGCAGACGA

ALPL GAAAAGCCAGTTGCAGACGA GTGGAACATC-GGTCCGGGTA

β-actin TCACCCACACTGTGCCCATCTACGA CAGCGGAACCGCTCATTGCCAATGG
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

Table 2 The List of the Antibodies Used for Western Blotting

Antibody Catalog Number Host Dilution Ratio Company

RUNX2 ab236639 Rabbit 1:1000 Abcam
GAPDH ab9485 Rabbit 1:1000 Abcam

Anti-rabbit lgG ab150077 Goat 1:4000 Abcam
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Fluorescence in situ Hybridization (FISH)
An FISH kit (C002; Gefan Biotechnology, China) was used to perform the hybridization assay. First, 4% paraformalde-
hyde was used to fix hBMSCs, then 100 nM NEAT1 probes was added and incubated at 37°C for 12 h. Finally, the nuclei 
were stained with DAPI. The profiles were detected by an inverted fluorescence microscope (Shanghai Dianying Optical 
Instrument, China).

RNA Immunoprecipitation (RIP)
The RIP kit (Millipore Sigma, USA) was used to detect the ability of NEAT1 to bind SPI1. The hBMSCs were lysed with 
RIPA lysis (Beyotime Biotechnology, China) in an ice bath for 5 min. The cell extract was incubated with SPI1 (1:1000, 
ab227835) or IgG (1:100, ab109489) antibodies as input and the remainder was co-precipitation. A magnetic substrate 
was then used to collect the bead protein complex. Finally, protease K was used to detach the RNA from the co- 
precipitated bead protein. The expression of NEAT1, miR-339-5p and SPI1 was assessed by RT-qPCR.

Dual-Luciferase Reporter Assay
After hBMSCs were cultured for 24h, the wild type (wt) and mutant type (mut) NEAT1 sequence were cloned into 
pmirGLO reporters (GenePharma, China) containing the predicted binding sites of miR-339-5p and SPI1 using 
a Lipofectamine 2000 kit (GenePharma, China) with renilla luciferase served as an internal normalizer. 48 h post 
transfection, a dual-luciferase reporter system (GenePharma, China) was used to examine luciferase activities.

Chromatin Immunoprecipitation (ChIP) Assay
Magna ChIP™ A/G kit (Millipore, USA) was used in hBMSCs to conduct ChIP assay. Formaldehyde was first used to 
cross-link the cells, followed by 125 mM glycine for 10 min before stopping. After that, the cells were re-suspended and 
sonicated. Later, anti-SPI1 or anti-IgG was immunoprecipitated to extract chromatin. Finally, qRT-PCR was used to 
evaluated ChIP DNA after cleaning, eluting and de-crosslinking.

Statistical Analysis
All experiments were repeated three times. GraphPad Prism 8.0 software (GraphPad Software, USA) was used to analyze 
the data. The comparison between two groups was expressed as mean ± standard deviation and conducted using unpaired 
t-test. Pearson correlation was used to assess the correlation between two different variables. The diagnostic value of 
NEAT1 for acute suppurative osteomyelitis in children was analyzed by the receiver operating characteristic (ROC) 
curve. P < 0.05 was deemed statistically significant.

Results
Low Expression of NEAT1 in Acute Suppurative Osteomyelitis of Children
qRT-PCR was performed to explore whether NEAT1 expression level was lower in the whole blood of children with 
acute suppurative osteomyelitis compared to healthy controls, and it was shown that NEAT1 expression was relatively 
lower in the blood of children with osteomyelitis compared to health controls (Figure 1A). The results of the ROC 
analysis, based on the expression level of NEAT1, indicated NEAT1 is a sensitive marker for the diagnosis of acute 
suppurative osteomyelitis in children (P=0.001, AUC=0.889) (Figure 1B). It was found that the expression of NEAT1 
gradually increases during osteogenic differentiation in hBMSCs, which was confirmed by RT-qPCR assay (Figure 1C). 
RUNX2, OSX, and ALPL are three key osteogenic genes. Their expression levels indicate the degree of osteogenic 
differentiation in hBMSCs, so we detected their expression levels at days 0, 3, 7, 14 and 21 after incubation. It was found 
that in hBMSCs incubated in OM, RUNX2, OSX, and ALPL expression levels were progressively higher than that in 
GM (Figure 1D-G).
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Figure 1 NEAT1 expression levels in osteomyelitis. (A) NEAT1 expression at mRNA level was lower in children with acute suppurative osteomyelitis; (B) Receiver 
operating characteristic curve of NEAT1 for acute suppurative osteomyelitis in children; (C) Relative mRNA levels of NEAT1 were examined by RT-qPCR assay in hBMSCs 
after 0, 3, 7, 14, and 21 days of incubation in an osteogenic medium (OM) relative to a growth medium (GM); (D) Relative mRNA levels of RUNX2 were examined by RT- 
qPCR assay in hBMSCs after 0, 3, 7, 14, and 21 days of incubation in OM relative to GM. (E) Relative protein levels of RUNX2 were examined by Western blotting assay in 
hBMSCs after 0, 3, 7, 14, and 21 days of incubation in OM relative to GM. (F and G) Relative mRNA levels of OSX and ALPLwere examined by RT-qPCR assay in hBMSCs 
after 0, 3, 7, 14, and 21 days of incubation in OM relative to GM.*P < 0.05, **P < 0.01, ***P < 0.001.
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Knockdown of NEAT1 Inhibited Osteogenic Differentiation
NEAT1 plasmids were transfected into hBMSCs to inhibit NEAT1 expression. Efficiency knockout of NEAT1 was explored 
using RT-qPCR (Figure 2A). RUNX2, OSX and ALPL were also found to be suppressed when NEAT1 was knockdown 
(Figure 2B-E). It was also shown that after NEAT1 knockdown, both ALP activity and ARS staining were reduced compared to 
the control group, suggesting that silencing NEAT1 may inhibit the osteogenesis in hBMSCs (Figure 2F and G). Using the 
lncLocator website: lncATLAS, NEAT1 was found to have different cellular sublocalization in different cell lines; either in the 
cytoplasm or in the nucleus (Figure 3A). Next, in hBMSCs, we found that NEAT1 is predominantly located in the cytoplasm, 
suggesting that post-transcriptional regulation is the key role of NEAT1 in hBMSCs (Figure 3B). In addition, FISH was performed 
to locate NEAT1. It has also been shown that the expression of NEAT1 is present in the cytoplasm (Figure 3C). The putative 
binding sites of NEAT1 and miR-339-5p were predicted using the starbase website (Figure 3D). It was found NEAT1 and 
miR-339-5p expression has a significant negative correlation in children with acute suppurative osteomyelitis by pearson’s 
correlation analysis (P=0.047, r=-0.581) (Figure 3E). Consistent with this, we found a decrease in miR-339-5p expression levels 
during osteogenic differentiation (Figure 3F). And miR-339-5p levels were up-regulated upon NEAT1 silencing (Figure 3G).

Targeting RNA-directed miR degradation (TDMD) is a novel discovery model that can inhibit miR function.17 In this study, 
we explored the possibility that NEAT1 may inhibit miR-339-5p through this mechanism. Following the successful mutation of 

Figure 2 Knockdown of NEAT1 inhibits the mineralization ability of hBMSCs. (A) RT-qPCR analysis of the transfection efficiency of si-NEAT1 in hBMSCs. (B) RUNX2 
mRNA levels were detected by RT-qPCR assay in hBMSCs after NEAT1 knockdown; (C) Relative protein levels of RUNX2 were examined by Western blotting assay in 
hBMSCs after NEAT1 knockdown; (D and E) ALPL and OSX mRNA levels were detected by RT-qPCR assay in hBMSCs after NEAT1knocdown; (F) ALP activity assays were 
conducted to measure the ALP activity upon the knockdown of NEAT1 in hBMSCs after osteogenic transduction; (G) ARS staining assays were performed on hBMSCs after 
osteogenic induction to examine the effect of mineralized bone matrix formation on ectopic NEAT1 expression. ***P < 0.001.
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Figure 3 NEAT1 could inhibit miR-339-5p through TDMD mechanism. (A) NEAT1 was found to have different cellular sublocalizations in different cell lines via the 
lncLocator website: lncATLAS; (B) The localization of NEAT1 in hBMSCs was identified by subcellular fractionation assay and qRT-PCR; (C) FISH revealed that NEAT1 is 
highly expressed in the cytoplasm; (D) Potential miRs capable of binding to NEAT1 were predicted by using starBase; (E) Correlation between expressions of NEAT1 and 
miR-339-5p in children with acute suppurative osteomyelitis; (F) Relative mRNA levels of miR-339-5p were examined by RT-qPCR assay in hBMSCs after 0, 3, 7, 14, and 21 
days of incubation in an osteogenic medium (OM) relative to a growth medium (GM); (G) The levels of miR-339-5p in hBMSCs after NEAT1 knockdown were detected by 
RT-qPCR assay; (H) The binding sites of lncRNA NEAT1 and miR-339-5p; (I) RNA pulldown assays were performed to confirm the physical interaction between NEAT1 and 
miR-339-5p in hBMSCs; (J) An RIP assay was performed to confirm the association of NEAT1 with miR-339-5p. *P < 0.05, **P < 0.01, ***P < 0.001.
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NEAT1 (Figure 3H), an RNA pulldown assay was performed and miR-339-5p was subsequently found to be enriched in the Bio- 
NEAT1-wt group, while no significant change was observed in neither the Bio-NC nor Bio-NEAT1-mut group, (Figure 3I), 
providing preliminary evidence for our conjecture. Following this, RIP assays were performed, and it was found that both NEAT1 
and miR-339-5p were enriched in the anti-AGO2 group compared to the anti-IgG group, suggesting coexistence of RNA-induced 
silencing complexes (RISCs) in them (Figure 3J). Altogether, NEAT1 may inhibit miR-339-5p in hBMSCs via the TDMD 
mechanism.

NEAT1 Negatively Regulated miR-339-5p in vitro to Inhibit Osteogenic Differentiation
miR-339-5p has been found to attenuate osteogenic differentiation according to a previous research.18 In hBMSCs, the efficiency 
was confirmed by RT-qPCR, when miR-339-5p mimics or inhibitor was transfected (Figure 4A). We found that RUNX2, OSX 
and ALPL levels decreased after transfection with miR-339-5p mimics, while they were elevated when transfected with miR-339- 
5p inhibitor (Figure 4B-E). In addition, rescue assays were performed and it was found that miR-339-5p inhibitor may partially 
counteract the effect of NEAT1 silencing on RUNX2, OSX, and ALPL expression (Figure 4F-I). Consistently, miR-339-5p 
inhibition may partially rescue the reduction in ALP activity caused by NEAT1 silencing (Figure 4J). Similarly, ARS staining, 

Figure 4 NEAT1 negatively regulated miR-339-5p to inhibit osteogenic differentiation in vitro. (A) miR-339-5p expression in hBMSCs transfected with miR mimics and miR 
inhibitor; (B) RUNX2 mRNA levels were detected by qPCR after transfected with miR-339-5p mimics or inhibitor in hBMSCs; (C)Relative protein levels of RUNX2 were 
examined by Western blotting assay after transfected with miR-339-5p mimics or inhibitor in hBMSCs; (D and E) ALPL and OSX mRNA levels were detected by qPCR after 
transfected with miR-339-5p mimics or inhibitor in hBMSCs; (F) RUNX2 mRNA expression was determined by RT-qPCR assay in hBMSCs transfected with si-NC, si- 
NEAT1, si-NEAT1 plus NC inhibitor and si-NEAT1 plus miR-339-5p inhibitor after osteogenic induction; (G) RUNX2 protein levels were determined by Western blotting 
assay in hBMSCs transfected with si-NC, si-NEAT1, si-NEAT1 plus NC inhibitor and si-NEAT1 plus miR-339-5p inhibitor after osteogenic induction; (H and I) ALPL and 
OSX mRNA expressions were determined by RT-qPCR assay in hBMSCs transfected with si-NC, si-NEAT1, si-NEAT1 plus NC inhibitor and si-NEAT1 plus miR-339-5p 
inhibitor after osteogenic induction; (J) ALP activity assays were carried after osteogenic transduction under different transfection conditions; (K) ARS staining assays were 
performed following osteogenic transduction under different transfection conditions. ns, no significance, *P < 0.05,**P < 0.01, ***P < 0.001.
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previously reduced by NEAT1 depletion, can be restored by miR-339-5p inhibitor (Figure 4K). In other words, NEAT1 miR-339- 
5p was negatively regulated by NEAT1 to inhibit the osteogenic differentiation in hBMSCs.

The Target of NEAT1/miR-339-5p Axis Was SPI1during Osteogenic Differentiation
The binding site between miR-339-5p and SPI1 was found by bioinformatics analysis (http://213.82.215.117:9999) 
(Figure 5A). Compared with NC, it was found in hBMCs, when co-transfection with miR-339-5p mimics, SPI1 
expression decreased, while it increased in the miR-339-5p inhibitor (Figure 5B). Afterwards, it was found that, SPI1 

Figure 5 miR-339-5p can negatively regulate SPI1 in hBMSCs. (A) The putative binding sites between miR-339-5p and SPI1 were predicted by bioinformatics analysis; (B) miR-339- 
5p negatively regulated SPI1 in hBMSCs; (C) An RIP assay was conducted to confirm the association of miR-339-5p with SPI1; (D) The miR-339-5p was targeted at SPI1 3’UTR; (E) 
Luciferase reporter gene assays were performed to detect the fluorescence activity of the SPI1 3’UTR in hBMSCs co-transfected with wild-type SPI1 3’UTR or mutational type SPI1 
3’UTR and miR-339-5p mimics/ inhibitors, respectively; (F) The SPI1 mRNA expression levels were detected by qRT-PCR in hBMSCs co-transfected with SPI1 siRNA and miR-339- 
5p inhibitor; (G) RUNX2 levels were detected by qRT-PCR in hBMSCs co-transfected with SPI1 siRNA and miR-339-5p inhibitor; (H) RUNX2 protein levels were determined by 
Western blotting assay in hBMSCs co-transfected with SPI1 siRNA and miR-339-5p inhibitor; (I and J) OSX and ALPL levels were detected by qRT-PCR in hBMSCs co-transfected 
with SPI1 siRNA and miR-339-5p inhibitor; (K) ALP activity assays were detected in hBMSCs co-transfected with SPI1 siRNA and miR-339-5p inhibitor; (L) ARS stainings were 
performed in hBMSCs co-transfected with SPI1 siRNA and miR-339-5p inhibitor. *P < 0.05, **P < 0.01, ***P < 0.001.
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and miR-339-5p were enriched in the anti-AGO2 group compared to the anti-IgG group based on an RIP assay, 
suggesting their coexistence in RISCs (Figure 5C).Then, after a successful mutation of SPI1 (Figure 5D), it was found 
that the luciferase activity of the cells was altered according to the luciferase reporter assays (Figure 5E). Moreover, 
based on the results of RT-qPCR assays, SPI1 expression was found to increase when miR-339-5p was silence 
(Figure 5F). In addition, we confirmed that RUNX2, ALPL and OSX show reduced expression when SPI1 is silenced, 
whereas their expression is increased by miR-339-5p inhibitor in hBMSCs (Figure 5G-J). Consistently, both ALP activity 
and ARS staining were reduced upon SPI1 silencing, while they can be enhanced in hBMSCs when co-transfection with 
miR-339-5p inhibitor (Figure 5K and L). Therefore, it was fair to say that the NEAT1/miR-339-5p axis is targeted by 
SPI1 in the osteogenic differentiation of hBMSCs.

SPI1 Constituted a Positive Feedback Loop in hBMSCs with NEAT1/miR-339-5p
The binding motif of SPI1 was predicted using JASPAR (Figure 6A). From the ChIP assay, it can be shown that SPI1 has 
a strong affinity for the NEAT1 promoter in hBMSCs (Figure 6B). Using the HumanTFBD website (http://bioinfo.life. 
hust.edu.cn/), we obtained the promoter sequence of NEAT1 and searched for potential SPI1 binding sites on the NEAT1 
promoter (Figure 6C). Later, luciferase reporter assay results showed that when SPI1 is depressed in hBMSCs, NEAT1 
promoter-wt has reduced relative luciferase activity compared to NEAT1 promoter-mut of (Figure 6D). In summary, the 
up-regulation of NEAT1 in hBMSCs may be caused by SPI1-induced transcriptional activation. Taken together, SPI1 and 
NEAT1/miR-339-5p formed a positive feedback loop in hBMSCs and contributed to osteogenic differentiation in acute 
suppurative osteomyelitis of children (Figure 6E).

Discussion
Osteomyelitis is an infectious disease that causes progressive bone destruction and is primarily caused by S. aureus.1 

Bone destruction and bone defects are the main pathological changes in osteomyelitis, where the imbalance between 
osteoblasts and osteoclasts breaks down during bone remodeling.19 hBMSCs have been reported to possess osteogenic 
differentiation by generating osteoblasts, the main progenitor cells of bone, which play a crucial role in bone tissue 
regeneration.20 Currently, the role of miRs and lncRNAs in the process of osteogenesis has been demonstrated, namely 
by regulating the growth or differentiation of osteoblasts.9,12

According to previous related studies, NEAT1 functions were mostly concentrated in cancer and played a tumor 
promoting role.21,22 In bone diseases, the function of NEAT1 has also been studied. In malignant bone tumors, NEAT1 
has been found to be highly expressed and involved in the formation of osteosarcoma in humans.23 One study found that 
overexpression of NEAT1 reduced bone mass in mice by stimulating the osteoclast.24 In non-cancerous bone diseases in 
humans, however, the role of NEAT1 has been controversial. One report showed that NEAT1, as a competing 
endogenous RNA, can adsorb miR-23b-3p in steroid-induced necrosis of the femoral head, which subsequently 
suppresses osteogenic differentiation in hBMSCs.25 However, investigations into osteoporosis have revealed that 
NEAT1 may promote osteogenic differentiation in hBMSCs by regulating the miR-29b-3p-BMP1 axis.13 Our study 
found that the expression of NEAT1 decreases in osteomyelitis and plays a catalytic role in the process of osteogenesis.

In the present study, qRT-PCR was used to detect NEAT1 expression levels in the whole blood of patients with 
bacterial osteomyelitis or controls with no osteomyeliti. The results showed that NEAT1 expression levels were 
significantly down-regulated in osteomyelitis compared to healthy controls. The AUC was found to be 0.889 based on 
the ROC curve, implying that NEAT1 can be used as a predictor of osteomyelitis diagnosis. After hBMSCs were cultured 
in OM for 21 days, the expression levels of NEAT1 were found to be significantly up-regulated. And during osteogenic 
differentiation in hBMSCs, the expression of NEAT1 gradually increased, indicating that NEAT1 play a key role in the 
process of osteogenic differentiation. At the same time, the expression of osteogenic related genes (RUNX2, ALPL, and 
OSX) was observed to be up-regulated after osteogenic induction. Similarly, a previous report also found that NEAT1 
plays an active regulatory function in the osteogenesis process.26

Our study found that NEAT1 is located in the cytoplasm of hBMSCs, suggesting that NEAT1 is involved in post- 
transcriptional regulation. We predicted miRs with specific loci to NEAT1 via the Starbase website and then found that 
miR-339-5p was a target of NEAT1. Later, dual luciferase reporter assay confirmed the interaction between NEAT1 and 
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miR-339-5p. At the same time, a study has demonstrated that miR-339-5p participants in osteogenic differentiation in the 
bones of osteoporotic patients.18 In agreement with previous studies, we also found a decrease in miR-339-5p levels 
during osteogenic differentiation compared to OM group. And in acute suppurative osteomyelitis of children, a negative 
correlation was disclosed between NEAT1 and miR-339-5p expression in this study. Here, we confirmed that miR-339-5p 
levels show a downward trend during osteogenic differentiation in hBMSCs, consistent with the previous studies that 
have shown a negative correlation between miR-339-5p and osteogenic differentiation.

Later, SPI1 was identified as a putative target gene for miR-339-5p. In addition, it was worth noting that SPI1 can 
function as a transcription factor according to previous literature.27,28 For example, it has been reported that SPI1 can act 

Figure 6 SPI1 formed a positive feedback loop with NEAT1/miR-339-5p/SPI1. (A) The binding motif of SPI1 was obtained from JASPAR; (B) The affinity of SPI1 in the 
promoter region of NEAT1 was assessed using ChIP assay; (C) Predicted binding sites of SPI1 in the promoter region NEAT1; (D) Luciferase reporter assay demonstrated 
the effect of SPI1 on the transcriptional activity of NEAT1; (E) Graphical summary of the NEAT1/miR-339-5p/SPI1 feedback loop in osteogenic differentiation. ns, no 
significance,***P < 0.001.
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as a transcriptional activator of SNHG6, facilitating non-small cell lung cancer cellular processes through its association 
with SNHG6.29 Here we predict that SPI1 can bind to the NEAT1 promoter. We then experimentally verified the binding 
capacity between them and found that SPI1 promotes the transcription of NEAT1. Moreover, SPI1 was able to activate 
the transcription of NEAT1 by binding to its promoter. These data suggested that NEAT1/miR-339-5p/SPI1 may form 
a positive feedback loop and suppress osteogenic differentiation in hBMSCs.

There were also some limitations in our study, where we only discussed the effects of NEAT1 in vitro. Therefore, 
in vivo assays should be performed in our future studies and the function of NEAT1 in osteogenesis should be directly 
validated. Despite the shortcomings, our study shed light on the novel mechanism of the NEAT1 for osteogenic 
differentiation in hBMSCs. Taken together, our research has identified a novel competing endogenous RNA pathway 
(NEAT1-miR-339-5p-SPI1) in hBMSCs. Our findings may contribute to the understanding of the pathogenesis in 
children with acute suppurative osteomyelitis and hopefully provide novel diagnostic and therapeutic targets for the 
treatment of osteomyelitis.
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