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Abstract
Autologous bone transplantation which is a common treatment method for bone defects needs a large quantity of bone cells. 
In order to develop new treatments to regenerating bone tissues, this research aimed at identifying the key genes and finding 
their mechanism in human adipose-derived stem cells (hADSCs) osteogenesis. GSE63754, GSE89330 and GSE72429 were 
downloaded to perform GO functional and KEGG pathway analyses, construct a competing endogenous RNA (ceRNA) 
network, construct a PPI network and identify hub genes. The expression level of LMO3 during the osteogenesis of hADSCs 
was examined by quantitative reverse transcription polymerase chain reaction and western blot. Lentivirus transfection was 
used to knock down or overexpress LMO3, which enabled us to investigate the effect of LMO3 on osteogenic differentia-
tion of hADSCs. Wortmannin were used to identify the mechanism of the LMO3/PI3K/Akt axis in regulating osteogenic 
differentiation of hADSCs. Moreover, ectopic bone formation in nude mice was used to investigate the effect of LMO3 on 
osteogenesis in vivo. In this study, we found the expression of LMO3 was significantly upregulated during the osteogenic 
differentiation of hADSCs. LMO3 knockdown remarkably suppressed osteogenic differentiation of hADSCs, while LMO3 
overexpression promoted osteogenic differentiation of hADSCs both in vitro and in vivo. Moreover, we discovered that the 
enhancing effect of LMO3 overexpression on osteogenic differentiation was related to the activation of PI3K/Akt signal-
ing pathway. Inhibition of PI3K/Akt signaling pathway with wortmannin effectively blocked the stimulation of osteogenic 
differentiation induced by LMO3 overexpression. In conclusion, based on transcriptomic analysis, we identified key genes 
involved in regulating the osteogenic differentiation of hADSCs. In addition, we found that LMO3 might act as a positive 
modulator of hADSC osteogenic differentiation by mediating PI3K/Akt signaling pathway. Manipulating the expression of 
LMO3 and its associated pathways might contribute to advances in bone regeneration and tissue engineering.
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Introduction

Bone defects caused by tumors, infections and trauma affect 
tens of millions of patients around the world, and its repair 
and treatment is one of the major clinical problems. There 
are more than 10 million bone transplant operations world-
wide each year, and it is still growing at a rate of 10% per 
year (Vos et al. 2020). At present, the treatment of bone 
defects and nonunion mainly includes two surgical meth-
ods: autologous bone transplantation and allogeneic bone 
transplantation (Si et al. 2015). Autologous bone transplan-
tation is a usual method of treatment for bone defects, but 
the application is limited by its lack of source, poor plastic-
ity, and causing damage to the donor site (Liu et al. 2021). 
The incidence of postoperative complications in patients 
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with allogeneic bone transplantation is significantly higher, 
which has exceeded 30%, including fractures, insufficiency, 
infections, etc. (Wu et al. 2020). Therefore, a new treatment 
strategy with limited secondary trauma, low immunogenicity 
and ideal functional recovery is urgently needed.

Bone tissue engineering aims to develop bone graft sub-
stitutes which overcome the shortcomings of natural bone 
grafts (Duttenhoefer et al. 2013). Meantime, it should have 
the characteristics of being able to be shaped on demand and 
can be prepared in large quantities. These constructed bone 
graft substitutes are usually composed of good-performing 
scaffolds, abundant seed cells and osteoinductive factors. 
Tissue engineering has undergone substantial development, 
and human adipose-derived stem cells (hADSCs) have the 
capacity for multilineage differentiation and can perform 
paracrine functions (Chun et al. 2019; Hu et al. 2019; Park 
et al. 2020). hADSCs are an ideal source of seed cells for 
regenerative applications and tissue engineering, because 
of their convenience of access, large reserves in the body, 
absence of ethical issues and other characteristics. hADSCs 
transplantation have been recently studied as a prospective 
treatment due to their multiple sources, ease of collection 
and multipotency (Cheng et al. 2020; Paspaliaris and Kolios 
2019). More importantly, hADSCs isolated from aged or 
osteoporotic humans or animals maintain their capability for 
osteogenic differentiation and are thus relatively promising 
for being used in autologous cell-based therapy to repair 
bone trauma. The osteogenic differentiation of hADSCs 
is regulated at the transcriptional, posttranscriptional and 
epigenetic levels (Kang et al. 2020). In the process of bone 
tissue repair, in addition to osteogenesis-promoting scaffolds 
and seed cells, high-efficiency osteoinductive factors are also 
required. Therefore, the development of efficient osteoin-
ductive factors has become our research focus. The precise 
molecular mechanisms related to osteogenesis thus require 
further investigation.

In this study, three original microarray datasets, 
GSE63754, GSE89330 and GSE72429, which were selected 
from Gene Expression Omnibus (GEO) database were 
used to identify differentially expressed genes (DEGs). A 
total of 63 upregulated mRNAs common to these data-
sets were selected. Then, Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses, and protein–protein interaction (PPI), 
lncRNA–miRNA–mRNA networks were constructed to 
evaluate the molecular mechanisms underlying osteogenic 
differentiation. In addition, the roles of the central node 
gene LMO3 in the regulation of osteogenic differentiation 
by hADSCs were evaluated, and the role of LMO3 in the 
regulation of hADSC osteogenic differentiation was further 
investigated in vivo and in vitro. Our study might provide a 
theoretical basis for the application of effective osteoinduc-
tive factors in bone tissue engineering.

Materials and methods

Data collection

In the present study, we sifted datasets from the publicly 
available Gene Expression Omnibus (GEO) database 
(http:// www. ncbi. nlm. nih. gov/ geo/). Filters of publica-
tion date was set to be before April 22, 2020, as well as 
the organisms were characterized as ‘homo sapiens’. All 
selected datasets were collected for the fact that all the 
ADSCs were from human tissues and these cells under-
went osteogenic induction. Finally, the following three 
independent datasets were screened: the mRNA dataset 
GSE63754 contained three undifferentiated ADSCs and 
three osteogenic differentiated ADSCs (Daniunaite et al. 
2015); the miRNA dataset GSE72429 contained four 
undifferentiated ADSCs and four osteogenic differenti-
ated ADSCs (Daniunaite et al. 2015); the LncRNA and 
mRNA dataset GSE89330 included four undifferenti-
ated ADSCs and four osteogenic differentiated ADSCs 
(Huang et al. 2017). The series matrix files of GSE63754, 
GSE89330, and GSE72429 were based on the platforms 
GPL17077 (Agilent-039494 SurePrint G3 Human GE v2 
8x60K Microarray 039381), GPL16956 (Agilent-045997 
Arraystar human lncRNA microarray V3) and GPL16770 
(Agilent-031181 Unrestricted_Human_miRNA_V16.0_
Microarray), respectively.

Identification of DEGs

The differentially expressed genes (DEGs) between dif-
ferentiated hADSCs and undifferentiated hADSCs in 
the GEO datasets were identified using GEO2R (https:// 
www. ncbi. nlm. nih. gov/ geo/ geo2r/). P < 0.01 and log2 
fold change (log2FC) > 2 or <  − 1 were the thresholds 
for DEGs to be considered statistically significant. The 
volcano plot and heatmap were constructed to present 
the expression difference of DEGs in different samples. 
A Venn diagram tool was used to identify the overlap-
ping DEGs between GSE63754 and GSE89330 (includ-
ing 63-overlapping upregulated DEGs and 46-overlapping 
downregulated DEGs).

GO and KEGG enrichment analyses

To further analyze the potential biological processes 
(BPs), cellular components (CCs), molecular functions 
(MFs), and pathways of the 63-overlapping upregulated 
DEGs, GO analysis and KEGG pathway enrichment 
analysis were performed with the online tools Database 

http://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://www.ncbi.nlm.nih.gov/geo/geo2r/
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for Annotation, Visualization and Integrated Discovery 
(DAVID; https:// david. ncifc rf. gov/; Chen et al. 2020.) and 
Metascape (http:// metas cape. org; Li et al. 2019.). P < 0.05 
and count > 2 were set as the threshold values. R software 
(version 3.5.3, https:// www.r- proje ct. org/) was used to 
construct a diagram.

PPI network construction and module analysis

PPI network analysis of the 63-overlapping upregulated 
DEGs was conducted via the STRING online database (ver-
sion 11.0; https:// string- db. org/). The network was visual-
ized using Cytoscape software, a broadly used tool for the 
visual exploration of interaction networks among numerous 
biomolecules, including proteins and genes. The Molecular 
Complex Detection (MCODE) plugin was used to identify 
the most significant module in the PPI networks.

Construction of a competing endogenous RNA 
(ceRNA) network

DIANA-LncBase (http:// carol ina. imis. athena innovation.
gr/diana_tools/web/index.php?r = lncbasev2/index-pre-
dicted) was used to predict lncRNA–miRNA interactions. 
mRNAs were retrieved with TargetScan version 7.2 (http:// 
www. targe tscan. org/ vert_ 72/). A lncRNA–miRNA–mRNA 
ceRNA network was constructed. The interactions and visu-
alizations were conducted in Cytoscape software (https:// 
cytos cape. org/).

Cell culture

Human subcutaneous adipose tissue was collected from 
healthy people (average age: 25 years old) by liposuction 
aspiration and processed as previously described (Bunnell 
et al. 2008; Gaur et al. 2019). In brief, tissue samples were 
cut into 1–1.5  mm3 pieces. Adipose tissue was incubated 
with 0.2% collagenase (Solarbio, Beijing, China). After 
digestion, tissue was centrifuged at 200×g for 4 min, which 
separated it into three layers: the upper layer (lipids and 
undigested adipose tissue), the middle layer (the superna-
tant), and the lower layer (a precipitate of mixed cells, such 
as hADSCs and red blood cells). The upper and middle lay-
ers were discarded, and the cell precipitate was resuspended 
in 2 ml of basal medium (low-glucose Dulbecco’s modi-
fied Eagle’s medium (HyClone, Logan, UT, USA) supple-
mented with 20% fetal bovine serum (Gibco, New York, NY, 
USA) and 100 U/ml penicillin–streptomycin). The culture 
medium was changed 36 h after resuspension and every 
3 days thereafter. Cells were passaged at a 1:3 ratio at 80% 
confluence. Passage 3 cells were used for all experiments 
in this study. All protocols for human tissue collection and 
handling were approved by the Research Ethics Committee 

of Cancer Hospital of China Medical University (approval 
no: (2020G0328)). All patients included our study signed 
the informed consents.

Identification of hADSCs

Phenotypic characterization of hADSCs was performed as 
previously described (Bourin et al. 2013; Dominici et al. 
2006). Briefly, hADSCs were harvested and washed three 
times in PBS. The cells were suspended in PBS and incu-
bated with PerCP-conjugated anti-CD45, PE-conjugated 
anti-CD105, FITC-conjugated anti-CD44, and FITC-con-
jugated anti-CD73 antibodies (BD Biosciences, CA, USA) 
in the dark for 30 min at 37 °C. Cells were then washed and 
resuspended in PBS before detection via flow cytometry (BD 
Biosciences). The results were analyzed in FACSDiva Ver-
sion 6.2 software (BD Biosciences).

Cell differentiation and staining

hADSCs were seeded in basal medium at a density of 2 ×  105 
cells/well in six-well plates. After cells reaching 75–85% 
confluence, the basal medium was replaced with osteogenic, 
adipogenic, or chondrogenic induction medium (Cyagen, 
Guangzhou, Guangdong, China). For osteogenesis induc-
tion, the medium was replaced with complete osteogenic 
medium when the cells reached 80% confluence, and was 
changed every 2 days for 14 days. Cells were harvested for 
further experiments at days 14. For adipogenic induction, 
the medium was replaced with complete adipogenic medium 
when the cells reached 75% confluence and was changed 
every 2 days for 14 days. For chondrogenesis induction, the 
cells were placed in a 15 mL centrifuge tube and cultured 
in chondrogenesis induction medium for 21 days. The cell 
pellets were taken to make paraffin sections. Cells were 
stained with Oil Red O (Sigma, MO, USA) for adipocyte 
detection, with Alizarin Red S (Santa Cruz Biotechnology, 
CA, USA) for osteoblast detection, and with Alcian Blue 
Solution (Cyagen) for chondrocyte detection.

Lentiviral transfection and cell treatment

In order to overexpress  LMO3, the lentivirus express-
ing LMO3 and the scramble negative control (NC) were 
purchased from GenePharma Co. (Shanghai, China). 
For LMO3 knockdown, recombinant lentiviruses target-
ing LMO3 (shLMO3) and the non-targeting negative control 
(shNC) were also purchased from GenePharma Co. For virus 
transfection, cells were exposed to the lentiviral supernatant 
with the addition of polybrene (5 μg/mL, Sigma-Aldrich) 
for 24 h. After 72 h, antibiotic selection was conducted by 
adding puromycin (5 μg/mL, Sigma-Aldrich) to transfected 
cells. To inhibit PI3K signaling, the hADSCs in the Lv-NC 

https://david.ncifcrf.gov/
http://metascape.org
https://www.r-project.org/
https://string-db.org/
http://carolina.imis.athena
http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
https://cytoscape.org/
https://cytoscape.org/
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group or Lv-LMO3 group cultured in complete osteogenic 
medium were treated with 0.5 μmol/L wortmannin (phos-
phatidyl inositol-3 kinase (PI3K) inhibitor; Solarbio; Bei-
jing, China), as indicated in each experimental design. The 
hADSCs were divided into the following groups: the Control 
group,

LV-NC group, LV-LMO3 group, wortmannin group, 
LV-NC + wortmannin group, and LV-LMO3 + wortmannin 
group.

qRT‑PCR

TRIzol® reagent (TaKaRa, Tokyo, Japan) was used to 
extract total RNA. First-strand cDNA was synthesized with 
a PrimeScript™ 1st Strand cDNA Synthesis Kit (TaKaRa). 
Real-time PCR was carried out using a SYBR® Green PCR 
kit (TaKaRa). Gapdh RNA levels were used for normaliza-
tion as an endogenous reference. The primer sequences are 
shown in Table 1.

Western Blot

Total protein extraction kit (KeyGen, Nanjing, China) 
and BCA protein determination kit (KeyGen) were used 
to extract and quantify total protein. The protein samples 
were mixed with loading buffer, boiled for 5 min, separated 
by SDS-PAGE, and transferred to polyvinylidene fluoride 
membranes (PVDF, Millipore, Billerica, MA, USA) in turn. 
The PVDF membranes were then incubated with 5% bovine 
serum albumin in Tris-buffered saline-0.5% Tween-20. 
Using primary antibodies against Runx2 (1:1000, Cell Sign-
aling Technology), ALP (1:5000, Abcam), OSX (1:10,000, 
Abcam), LMO3 (1;2000, Abcam), phosphorylated-PI3K 
(1:1000, Cell Signaling Technology) or phosphorylated-
Akt (1:1000, Cell Signaling Technology), the membranes 
were incubated at 4℃ overnight. After incubating the mem-
brane with the horseradish peroxidase-conjugated second-
ary antibody, the ECL kit (Pierce, Rockford, IL, USA) was 
used to observe the antigen–antibody complex. An enhanced 
chemiluminescence detection system (Bio-Rad, Hercules, 
USA) was used for protein quantification. Protein levels are 
presented as the fold change normalized to an endogenous 
reference (β-actin protein).

Heterotopic osteogenesis animal model

Eighteen male BALB/c nude mice (5 weeks) obtained from 
the Vital River Laboratory Animal Technology Co. Ltd. 
(Beijing, China) were housed under the Specific Pathogen 
Free conditions at the Department of Laboratory Animal 
Science of China medical University. All animal studies 
were approved by the Animal Care and Use Committee of 
China Medical University (IACUC-2020012). The nude 
mice were divided into three groups (n = 6); Control (the 
hADSCs without transfection but osteogenic differentiation 
in vitro for 3 days), LV-NC, and LV-LMO3. After trans-
fection, hADSCs were induced osteogenic differentiation 
in vitro for 3 days. Bio OSS collagen scaffold was cut into 
5 mm × 5 mm × 5 mm pieces and incubated with 5 ×  105 
hADSCs at 37 ℃ for 1 h. Then, the scaffold and hADSCs 
were transplanted into the armpit region. Eight weeks after 
injection, mice were sacrificed and the transplants were 
extracted and fixed in 4% paraformaldehyde in PBS. Speci-
mens were fixed, decalcified, dehydrated and processed for 
paraffin embedding, and cut into 4 μm thick slices. The path-
ological sections of each group were evaluated by Hematox-
ylin and eosin staining (H&E, Beyotime, China), Masson’s 
trichrome staining, and images were captured with a light 
optical microscope (Olympus, Japan). Computer-assisted 
histomorphometric measurements of the newly formed 
bone were obtained using an image analysis system (IBAS, 
Contron, Erching, Germany). The percentages of the newly 
formed bone within the specimen outline were then calcu-
lated. For the histomorphometric analysis, the significant 
differences for the amount of new bone formed were identi-
fied by ANOVA (analysis of variance). Data were considered 
significant with a P < 0.05, and the statistical analysis was 

Table 1  Primer sequences used 
in this study

The relative expression of transcripts was determined using the  2−∆∆CT method

Genes Forward primers (5′–3′) Reverse primers (5′–3′)

ALP ACG TGG CTA AGA ATG TCA TC CTG GTA GGC GAT GTC CTT A
Runx2 AAC AGC AGC AGC AGC AGC AG GCA CCG AGC ACA GGA AGT TGG 
GAPDH GGG AAA CTG TGG CGT GAT GAG TGG GTG TCG CTG TTG A
LMO3 GAC ACC AAG CCG AAA GGT TG ATG CCA GTA TTT GTC CAG TGC 

Fig. 1  The commonly and differentially expressed genes between 
GSE63754 and GSE89330. Volcano plot and heatmap of significant 
differential gene expression in GSE63754 (A and B) and GSE89330 
(C and D). For the volcano plot, the x-axis shows the gene expres-
sion differences as log-transformed fold changes, while the y-axis 
shows significance as –log10-transformed p-values. A gene was con-
sidered to be significantly differentially expressed if its |log (FC)|> 1 
and P-value < 0.05. Red dots represent upregulated genes, while green 
dots represent downregulated genes. E and F Results for overlapping 
upregulated DEGs (E) and downregulated DEGs (F) in the indicated 
GEO datasets

◂
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performed using the statistical software package, SPSS 16.0 
software (SPSS Inc., Chicago, IL, USA).

Statistical analyses

Statistical differences between groups were analyzed using 
Student’s t-test or one-way ANOVA by using SPSS 16.0 
software (SPSS Inc., Chicago, IL, USA). The results were 
presented as the mean ± SD of three separate experiments. 
Values of P less than 0.05 were considered statistically 
significant.

Results

Identification of DEGs expressed during osteogenic 
differentiation

The GEO2R online analysis tool was used to investigate 
the DEGs in the selected GEO datasets. Volcano plots 
and heatmaps were constructed to visualize the results of 
the differential gene expression analysis (Fig. 1A–D). The 
63-overlapping upregulated DEGs between the GSE63754 
and GSE89330 datasets were shown in Fig. 1E. The 46-over-
lapping downregulated DEGs between the GSE63754 and 
GSE89330 datasets were shown in Fig. 1F. These genes 
were selected and presented in a Venn diagram. The DEGs 
are listed in Table 2.

Table 2  A total 63 upregulated and 46 downregulated genes were 
identified from GSE63754 and GSE89330 datasets

DEGs Genes name

Up-regulated A2M, ABLIM2, ADH1A, ADH1C, ALPL, 
ANGPT1, APOB, APOD, AREG, AVPR1A, 
C7, CCDC68, CD163, CD82, CFD, 
CHST2, CIDEC, CNR1, CORIN, EFNB2, 
ERVMER341, FKBP5, FMO2, FOXO1, 
FRZB, GPM6B, GPX3, GRIA1, HP, 
IGFBP2, IL1RL1, ISM1, LAMA3, LEP, 
LINC00472, LMO3, LPL, MAOA, MAOB, 
MAP2, MAP3K5, MMP7, MYPN, NEDD9, 
OMD, PLXNA4, RANBP3L, RASGRP2, 
RCSD1, RERG, SAA1, SAA2, SAMHD1, 
SMOC2, SRPX2, STEAP4, STON1, 
GTF2A1L, SULT1B1, SUSD2, TIMP4, 
TMEM171, ZBTB16

Down-regulated RTKN2, ADAM12, MEX3B, RDH10, MSC, 
CCDC110, MMP3, VEPH1, PSG8, INHBA, 
SAMD12, POSTN, DYSF, COL15A1, SDC1, 
FNDC1, CDH10, BDKRB1, KLHDC7B, 
TRH, ITGA8, PKIB, SCRG1, NEK7, 
SERPINB2, IL33, SULF1, SYT15, ELN, 
PSG6, SLIT3, GLI1, STAC, GABRE, TPM1, 
GALNT12, PI16, IGFBP3, GPR1, NTRK3, 
NRG1, SGCG, TGFBI, SCN9A, DACT1, 
LYPD1

Fig. 2  GO and pathway enrichment analysis. A–C Significant biolog-
ical processes of overlapping upregulated genes, including biological 
processes (A), cell components (B), and molecular functions (C). D 

Significant biological pathways of the overlapping upregulated genes. 
E Significantly biological process of overlapping upregulated genes
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GO enrichment and KEGG pathway analyses

To investigate the biological classification of the 63-over-
lapping upregulated DEGs, all genes in the two datasets 
were identified using DAVID and Metascape software. The 
cutoff criterion was established as P < 0.05. The 63-over-
lapping upregulated DEGs were significantly enriched in 
the BP terms organism process, response to stimulus, cel-
lular component organization or biogenesis and cell dif-
ferentiation (Fig.  2A). The 63-overlapping upregulated 
DEGs were significantly enriched in the CC terms mem-
brane and extracellular region (Fig. 2B). The 63-overlap-
ping upregulated DEGs were significantly enriched in the 
MF terms protein binding, receptor binding and oxidore-
ductase activity (Fig. 2C). The KEGG pathway enrichment 
analysis results were visualized using a bubble chart; the 
overlapping upregulated DEGs were enriched in metabo-
lism-associated pathways, including tyrosine metabolism, 
phenylalanine metabolism, histidine metabolism and drug 
metabolism–cytochrome P450 (Fig. 2D). Metascape soft-
ware was used to evaluate the biological classification of the 
overlapping downregulated DEGs. As shown in Fig. 2E, the 
overlapping downregulated DEGs were enriched in muscle 
structure development, extracellular structure organization 
and muscle tissue development.

Construction of a PPI network and module analysis

To further investigate the interactions among the 63 upregu-
lated DEGs, the PPI network of the 63 upregulated genes was 
constructed with the STRING and Cytoscape (v3.1.2) tools 

(Fig. 3A). We identified two significant modules via cluster 
analysis of the PPI network with the Cytoscape MCODE 
plugin based on the degree of importance (Fig. 3B). Spe-
cifically, the central node genes in significant module 1 
were LOM3, SAA1, SAA2, HP, APOB, and the central 
node genes in significant module 2 were ADH1C, ADH1A, 
MAOB, MAOA. The central node genes might potentially 
play an important role in regulating ADSC osteogenic differ-
entiation. We then performed GO and pathway enrichment 
analyses of the genes in these modules. The genes in these 
two modules were mainly enriched in tyrosine metabolism, 
retinoid metabolic process, binding and uptake of ligands by 
scavenger receptors, drug catabolic process and G alpha (i) 
signaling events (Fig. 3C).

Construction of lncRNA–miRNA–mRNA network

The GSE89330 and GSE72429 datasets were used to iden-
tify upregulated lncRNAs and downregulated miRNAs 
(Fig. 4A, B). A total of 240 upregulated lncRNAs and 11 
downregulated miRNAs were identified. The DIANA-
LncBase (www. micro rna. gr/ LncBa se) and TargetScan ver-
sion 7.2 (http:// www. targe tscan. org/ vert_ 72/) databases were 
used to predict the binding between lncRNAs and the mRNA 
transcripts of miRNAs. The intersection of the predicted 
lncRNAs and mRNAs with the upregulated lncRNAs and 
mRNAs mentioned above was determined to identify the 
lncRNAs in the ceRNA network. Among the genes in the 
network, we found LMO3 are upregulated in osteogenic dif-
ferentiation (Fig. 4C).

Fig. 3  Construction of a PPI network and module analysis. A Protein–protein interactions network of overlapping upregulated genes. B and C 
Hub genes network and hub genes biological process

http://www.microrna.gr/LncBase
http://www.targetscan.org/vert_72/
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Fig. 4  Construction of lncRNA–miRNA–mRNA network based on 
GSE89330 and GSE72429. A and B Volcano plot and heatmap of 
significance gene expression difference in GSE72429. C Construc-
tion of lncRNA–miRNA–mRNA regulatory network. The lncRNA–
miRNA–mRNA regulatory network included 10 lncRNAs, 10 miR-
NAs and 40 mRNAs

◂

Identification and osteogenic differentiation 
of hADSCs

Using flow cytometry analysis, we found CD73, CD44, 
and CD105 but not CD45 expressing in hADSCs (Fig. 5A). 
hADSCs could be induced to differentiate into adipocytes, 
osteoblasts, or chondrocytes in the appropriate induction 
culture medium (Fig. 5B–E). Cells were stained with Oil 
Red O for adipocyte detection, Alizarin Red S for osteo-
blast detection, and Alcian Blue Solution for chondrocyte 
detection.

LMO3 knockdown inhibited osteogenic 
differentiation of hADSCs

Among those key genes, we found that LMO3 was one of 
the central node genes in significant module 1 generated by 
the PPI network. In addition, in the competing endogenous 
RNA (ceRNA) network, we found LMO3 is a key upregu-
lated node in osteogenic differentiation. To further verify 
our analysis results, we successfully induced the differen-
tiation of hADSCs. We demonstrated that the expression of 

LMO3 was upregulated during the osteogenic differentiation 
of hADSCs by quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) (Fig. 6A). After knocking down 
LMO3 expression, the expression of ALP and RUNX2 was 
decreased (Fig. 6B-D). In addition, Alizarin Red S staining 
and ALP staining after osteogenic induction for two weeks 
revealed that the number of calcium nodules was signifi-
cantly lower in the LMO3 shRNA group than in the shNC 
group and control group (Fig. 6E). Besides, it was detected 
by Western blot that the endogenous RUNX2, ALP and 
OSX levels showed a clear decrement in hADSCs which 
were transfected with shLMO3 on 14 days of differentiation 
(Fig. 6F).

LMO3 overexpression enhanced osteogenic 
differentiation of hADSCs

The effect of LMO3 on osteogenesis was further evalu-
ated by overexpressed LMO3 in hADSCs. Western blot 
showed the expression level of LMO3 increased by more 
than 2.5 folds in the LV-LMO3 group in comparison to the 
control or LV-NC group (Fig. 7A, B). After culturing the 
infected hADSCs in osteogenic medium for 14 days, West-
ern blot was performed to detect the protein expression 
levels of osteogenic markers, which showed that LMO3 
overexpression promoted the expression of RUNX2, ALP, 
and OSX(Fig. 7A, C–E). ALP staining and ARS staining 
further supported the trend found in Western blot analysis 
(Fig. 7F).

Fig. 5  Human ADSC characteristics. A Flow cytometry analysis 
showing positive and negative expression of hADSC surface mark-
ers. B Representative photomicrographs of hADSC morphological 
characteristics. Scale bar, 120 μm. C Adipogenesis shown as red lipid 
droplets in the cytoplasm after 14 days of adipogenic induction (oil 
red O staining). Scale bar, 120 μm. D Osteogenesis shown as orange-

red mineralized nodule formation after 21 days of osteogenic induc-
tion (Alizarin Red staining). Scale bar, 120  μm. E Chondrogenesis 
shown as round, multilayered cells with blue nuclei and cytoplasm 
after 21 days of chondrogenic induction (Alcian Blue solution stain-
ing). Scale bar, 20 μm
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Fig. 6  LMO3  knockdown inhibited osteogenic differentiation of 
hADSCs. A The expression level of LMO3 was significantly upregu-
lated in hADSCs undergoing osteogenic differentiation. B Dramatic 
downregulation of mRNA expression of LMO3 following shLMO3 
transfection. C and D Inhibition of the expression of osteogenic dif-
ferentiation markers by LMO3 downregulation. qRT-PCR demon-
strated that the mRNA levels of ALP and RUNX2 were suppressed 
in shLMO3 hADSCs undergoing osteogenic differentiation. Bars 
indicate SD. NS refers to no statistical significance between groups. 
*Refers to statistical significance between groups (P < 0.05). **Refers 
to statistical significance between groups (P < 0.01). E Alkaline phos-
phatase (ALP) staining and Alizarin Red S staining in control, shNC 
and shLMO3 groups. Scale bar, 100 μm. F and G Inhibition of the 
expression of osteogenic differentiation markers by LMO3 downregu-
lation. Western blot demonstrated that the protein levels of LMO3, 
ALP, Runx2 and OSX were suppressed in shLMO3 hADSCs under-
going osteogenic differentiation. Bars indicate SD. NS refers to no 
statistical significance between groups. *Refers to statistical signifi-
cance between groups (P < 0.05). **Refers to statistical significance 
between groups (P < 0.01)

◂

Fig. 7  LMO3  overexpression enhanced osteogenic differentiation of 
hADSCs. A and B Dramatic upregulation of LMO3 expression fol-
lowing LMO3 overexpression. C–E Western blot demonstrated that 
upregulation of the expression of osteogenic differentiation markers 

by LMO3 overexpression. (*P < 0.05, **P < 0.01, compared with the 
control group). F Alkaline phosphatase (ALP) staining and Alizarin 
Red S staining in the control, LV-NC and LV-LMO3 groups. Scale 
bar, 100 μm

Effect of LMO3 on hADSCs osteogenic 
differentiation in nude mice

To validate our findings in vitro, we examined whether 
LMO3 could affect the bone formation ability of hADSCs 
in vivo. There was trabecular bone as well as an amorphous 
calcified matrix in all the samples. The trabeculae included 
many osteocytes and were regularly lined with many osteo-
blasts, indicating bone-forming activity. There was no evi-
dence of inflammation or foreign-body reaction in the host 
tissue adjacent to the new bone, nor was there any evidence 
of cartilage generation. As shown in Fig. 8A, HE staining 
and Masson staining revealed nude mice implanted with LV-
LMO3 hADSCs showed much more bone-like tissue. Fur-
thermore, quantitative measurements confirmed that the 
volume of newly formed bone was increased in LV-LMO3 
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hADSCs (Fig. 8B). The percentages of newly formed bone 
were 11.1% ± 0.6% in the control group, 10.7% ± 0.81% in 
the LV-NC group, and 68.2% ± 1.7% in the LV-LMO3 group. 
These results indicated that LMO3 might promote osteo-
genic differentiation of hADSCs in vivo.

LMO3 overexpression promoted osteogenesis 
by mediating PI3K/Akt signaling pathway

To further explore the mechanism by which LMO3 regulates 
osteogenic differentiation, we examined several osteogen-
esis-related signaling pathways and found the expression 
of phosphorylated Akt (p-Akt) and phosphorylated PI3K 
(p-PI3K) were upregulated after LMO3 overexpression 
(Fig. 9A–C). We hypothesized that PI3K/Akt signaling 
might be involved in LMO3- mediated osteogenic differen-
tiation. To further clarify the specific mechanism by which 
LMO3 regulated osteogenic differentiation of hADSCs, 
the PI3K inhibitor (wortmannin) were added in. The hAD-
SCs were divided into the following groups: the Control 
group, LV-NC group, LV-LMO3 group, wortmannin group, 
LV-NC + wortmannin group, and LV-LMO3 + wortmannin 
group. Western blots were performed on Day 7 after treat-
ment (Fig. 9D). The level of OSX were significantly upregu-
lated in the LV-LMO3 group, and significantly downregu-
lated in the wortmannin group (Fig. 9E). The level of p-PI3K 
and p-Akt were upregulated in the LV-LMO3 group com-
pared with the control group. The level of p-PI3K and p-Akt 
in the wortmannin group and LV-NC + wortmannin group 
was significantly decreased by treating with wortmannin 
(Fig. 9F–G). The wortmannin-induced inhibition of p-PI3K 
and p-Akt expression was attenuated by LMO3 overexpres-
sion (Fig. 9F–G). These data suggested that LMO3 overex-
pression might activate PI3K/Akt signaling pathway.

Discussion

That hADSCs have self-renewal ability, high prolifera-
tion ability and pluripotency, makes them an attractive cell 
resource for repairing bone trauma. It is important to find 
the key molecules that promote the osteogenic differentia-
tion of hADSCs. In this study, we identified 63 significantly 
upregulated mRNAs common to the three selected data-
sets. Among these genes, LMO3 was selected for further 
study. Based on GO and pathway enrichment analyses of 
the significantly upregulated genes common to GSE63754 
and GSE89330, the BP terms organism process, response to 
stimulus, cellular component organization or biogenesis and 
cell differentiation had the highest enrichment scores, indi-
cating that these processes play active roles in the osteogenic 
differentiation of hADSCs. Among the CC terms, membrane 
and extracellular region had the highest enrichment scores. 
Interestingly, the top eleven CCs most strongly associated 
with hADSC osteogenic differentiation were located in 
either the cell membrane or the extracellular space, indicat-
ing that cell‐to‐cell signaling is critical for the osteogenic 
differentiation of hADSCs. The most highly affected MF 
terms were protein binding, receptor binding and oxidore-
ductase activity.

Fig. 8  Effect of LMO3 on hADSCs osteogenic differentiation in nude 
mice. A At 56  days post-transplantation, Heterotopic osteogenesis 
animal model demonstrated that LMO3  overexpression promoted 
bone formation capacity of hADSCs., as determined by HE staining 
(HE) and Masson staining (Masson). Scale bar, 100  μm. B Quanti-

tative measurements of bone-like tissue showed the area of bone-
like tissue was significantly increased in  LV-LMO3 group. Scale 
bar = 20 μm. Bars indicate SD. NS refers to no statistical significance 
between groups. **Refers to statistical significance between groups 
(P < 0.01)

Fig. 9  LMO3  overexpression promoted osteogenesis by mediating 
PI3K/Akt signaling pathway. A–C key proteins of PI3K/Akt sign-
aling pathway analysed by Western blot after LMO3 overexpres-
sion (*P < 0.05, **P < 0.01, compared with NC). (D-G) Western 
blots were performed on Day 7 after the PI3K inhibitor (wortman-
nin) were added in. Bars indicate SD. NS refers to no statistical sig-
nificance between groups. *Refers to statistical significance between 
groups (P < 0.05). **Refers to statistical significance between groups 
(P < 0.01)

◂
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In the KEGG analysis, the top significantly altered path-
ways were related to metabolism-associated pathways, 
including tyrosine metabolism, phenylalanine metabolism, 
histidine metabolism and drug metabolism (Tang et  al. 
2017)-cytochrome P450. The tyrosine metabolism-related 
molecules Src homology-2 (SH2) domain-containing phos-
phatase 1 (SHP-1) and tyrosine-rich amelogenin peptide 
(TRAP) have been reported to affect the process of osteo-
genic differentiation (Amin and Ethier 2016), indicating 
that tyrosine metabolism has an important influence on the 
osteogenic differentiation of hADSCs.

PPI network analysis is considered a powerful tool for 
developing a mechanistic understanding of the functions of 
complex biological systems in health and of their dysfunc-
tions in disease. We constructed 2 subnetworks containing 9 
nodes via the Cytoscape MCODE plugin. In subnetwork 1, 
the central node genes were SAA2, LMO3, APOB, SAA1, 
and HP, and those in subnetwork 2 were ADH1C, ADH1A, 
MAOA, and MAOB.

lncRNAs, miRNAs and mRNAs form large-scale ceRNA 
crosstalk networks, which have interesting implications on 
posttranscriptional gene regulation during multiple physi-
ological and pathophysiological processes (Ala et al. 2013; 
Gu et al. 2017; Salmena et al. 2011; Wang et al. 2015). The 
expression of some lncRNAs is altered during osteogenic 
differentiation in different types of MSCs (Dong et al. 2014). 
For example, the lncPCAT1/miR-106a-5p/E2F5 axis can 
regulate the osteogenic differentiation of periodontal liga-
ment stem cells (Jia et al. 2019). In our study, we found 
240 lncRNAs upregulated during osteogenesis in hADSCs. 
Through ceRNA network analysis, we identified 10 lncR-
NAs that are upregulated during osteogenic differentiation 
in hADSCs and may regulate the expression of 40 mRNAs, 
thus promote osteogenic differentiation.

In our study, we constructed a lncRNA–miRNA–mRNA 
network which is composed of the associated genes. In this 
network, LMO3 was upregulated during osteogenic dif-
ferentiation. LIM-only proteins (LMO), which consist of 
LMO1, LMO2, LMO3, and LMO4, are involved in cell fate 
determination and differentiation during embryonic develop-
ment (Aoyama et al. 2005). Sun et al. reported that LMO3 
promoted human preadipocyte differentiation by enhancing 
peroxisome proliferator-activated receptor γ (PPARγ) tran-
scriptional activity, which is the master regulator of adipo-
genesis. Wagner et al. reported that LMO3 was a new key 
player in the development of human adipose tissue, acting 
as a new partner in GC-dependent signaling to modulate 
the key adipogenic master switch PPARγ in human, but not 
mouse, visceral adipose progenitors (Wagner et al. 2021). 
In this study, we first showed that LMO3 overexpression 
enhanced hADSC osteogenesis through PI3K/Akt signaling. 
Combining with the previous researches, we speculated that 

LMO3 might play important role in the hADSC stemness. 
However, we didn’t explore in this study.

The PI3K/Akt pathway is an intracellular signaling 
pathway of great importance in the cell cycle process 
(Xie et al. 2019). In recent years, many researches have 
reported that the PI3K/Akt signaling pathway was associ-
ated with cell proliferation and differentiation (Dong et al. 
2016; Meng et al. 2006; Peltier et al. 2007). This axis has 
also been proven to be a key regulator in the differentiation 
of mesenchymal stem cells (Gao et al. 2021). However, it 
is not clear whether LMO3 could promote osteogenesis 
through the PI3K/Akt axis. Accordingly, the experiment 
explored whether LMO3 regulated the osteogenic differ-
entiation of human adipose derived stem cells via PI3K/
Akt signaling pathway. We overexpressed LMO3 in hAD-
SCs, and found that the protein expression of phospho-
rylated Akt and phosphorylated PI3K were both upregu-
lation. Wortmannin is an effective inhibitor of PI3K/Akt 
(Yang et al. 2021), and it can reduce the expression of 
phosphorylated Akt (Ahmed et al. 2021). Then our study 
proved that wortmannin successfully blocked the PI3K/
Akt signaling pathway. We detected the related indicators 
and found that the activating of the PI3K/Akt signaling 
pathway due to overexpression LMO3 was significantly 
inhibited with wortmannin pretreatment. These results 
suggested that LMO3 could promote osteogenesis through 
the PI3K/Akt axis.

With the development of tissue engineering to this day, 
more and more biocompatible scaffolds are used in the 
repair of bone defects. Thus, it can be seen that the devel-
opment of effective osteoinductive factors is essential. 
These studies prove the reliability of our analysis results. 
In addition, we demonstrated that the expression of LMO3 
was upregulated during the osteogenic differentiation of 
hADSCs. LMO3 expression affected the osteogenic poten-
tial of hADSCs in vivo. We provided the first evidence 
that LMO3 can regulate the osteogenic differentiation of 
hADSCs via the PI3K/Akt axis. Our research provides a 
new therapeutic target for bone defect repair.

Conclusions

In conclusion, based on transcriptomic analysis, we iden-
tified key genes involved in regulating the osteogenic dif-
ferentiation of hADSCs. In addition, we found that LMO3 
might act as a positive modulator of hADSC osteogenic 
differentiation by mediating PI3K/Akt signaling pathway. 
Manipulating the expression of LMO3 and its associated 
pathways might contribute to advances in bone regeneration 
and tissue engineering.
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