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Abstract
Background  Lactate, as an end product of glycolysis, plays an important role in cellular metabolism and signal 
transduction, and recent studies have shown that it is closely related to cellular differentiation, but its potential role in 
osteogenic differentiation has not yet been fully investigated.

Methods  We obtained two datasets containing human mesenchymal stem cells and human osteoblasts, GSE12266 
and GSE18043, from the GEO database, which contained a total of 14 samples with sequencing data, and searched 
for lactate metabolism-related genes from the Genecards database. Ten differentially expressed core genes related 
to lactate metabolism were identified by differential expression analysis, protein interaction network analysis, and 
correlation expression analysis, and determined to play a key role in osteogenic differentiation. The effects of hub 
genes on the immune microenvironment of osteogenic differentiation were explored by enrichment analysis 
and immune infiltration analysis, and the significant effects of the key gene TYRO Protein Tyrosine Kinase-Binding 
Protein(TYROBP) on the characterization of bone marrow mesenchymal stem cells (BMSCs) were experimentally 
verified, and it was determined by drug sensitivity analysis that TYROBP may be a regulatory target of certain drugs 
affecting osteogenic differentiation.

Result  We successfully screened 10 differentially expressed hub genes related to lactate metabolism, and their area 
under the curve AUC values for predicting osteogenic differentiation were all highly favorable. Enrichment analysis 
showed that lactate metabolism may affect osteoblast differentiation through immune infiltration, and the immune 
infiltration results confirmed the strong association between hub genes and osteoblast immune infiltration status. It 
was verified that decreasing TYROBP expression promoted cell viability, proliferation and migration ability of BMSCs. 
Drug sensitivity analysis showed that TYROBP may be a major regulator of drug-induced MSC differentiation.
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Introduction
Osteogenic differentiation is a key step in the process 
of osteogenesis and plays an important role in bone tis-
sue regeneration and repair [1, 2]. Osteogenic differen-
tiation is mainly regulated by fibroblast growth factors 
(FGFs), bone morphogenetic proteins (BMPs), and 
Wnt/β-catenin signaling pathways, which work together 
to induce the maturation of osteogenic precursor cells by 
promoting the expression of transcription factors such 
as RUNX2 and Osterix [3–7]. In addition, biochemical 
factors in the microenvironment, such as calcium ion 
concentration, oxygen concentration and lactate concen-
tration, also have a significant effect on osteogenic differ-
entiation [8–12]. Although existing studies have revealed 
many key mechanisms, a large number of unanswered 
questions remain. How to optimize the regulatory mech-
anisms of bone tissue regeneration in the clinical setting 
still requires further research, especially for application 
in pathological conditions such as osteoporosis [13–15]. 
Traditionally, lactate has been regarded as a metabolic 
waste product, which is mainly produced from pyruvate 
through lactate dehydrogenase (LDH) catalysis [16, 17]. 
Lactate is able to enter and leave cells via monocarboxylic 
acid transporter proteins (MCTs), maintain intra- and 
extracellular pH balance, and be converted to glucose 
in the liver or reused as an energy source by other tis-
sues via the Coris cycle [18, 19]. In recent years, global 
studies have revealed that lactate is not only a metabolic 
by-product, but also an important signaling molecule, 
which is widely involved in a variety of cellular physi-
ological processes, including the regulation of cellular 
metabolism, the maintenance of redox homeostasis, and 
the influence of immune response and cell differentiation 
[20–22]. More and more studies have been conducted to 
demonstrate that lactate metabolism plays a key role in 
stem cell differentiation and tumor microenvironment 
[23–25]. Mathias et al. [25] found that mitochondrial 
pyruvate uptake directs metabolic flexibility to guide T 
cell differentiation and anti-tumor responses; Li et al. 
[26] found that restriction of glycolysis contributes to 
the generation of secretory profiles from ISCs of intesti-
nal stem cells, and that dysregulation of glycolysis subse-
quently disrupted the balance between self-renewal and 
differentiation of ISC; Dong et al. [27] demonstrated that 
proteolysis, regulated by intracellular lactate, contributes 
to self-renewal of ESCs from embryonic stem cells, and 
revealed the potential mechanism of proteolysis in the 
differentiation of extraembryonic endoderm stem cells. 

In addition, recently, lactate metabolism has been con-
tinuously found to affect the osteogenic differentiation of 
human mesenchymal stem cells (hMSCs). For example, 
the study of Nuno et al. [28] demonstrated that hMSCs 
osteogenesis is dependent on glutamine catabolism and 
lactate metabolism, but the existing studies have not 
elucidated the targets and mechanisms by which lactate 
metabolism affects osteogenic differentiation, and this 
area is still highly explorable. Therefore, our study aimed 
to explore the potential targets of lactate metabolism 
affecting osteogenic differentiation. We identified 10 hub 
genes that may be important targets for lactate metabo-
lism to regulate osteogenic differentiation and experi-
mentally verified the effects of TYROBP on bone marrow 
mesenchymal stem cells (BMSCs) properties. In addition, 
we discuss the correlation between key genes, immune 
microenvironment, and drug sensitivity.

Materials and methods
Data collection
We obtained two datasets, GSE12266 and GSE18043, 
from the GEO database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​
e​o​/), containing a total of seven human BMSCs samples 
and seven human osteoblasts samples, and the samples 
contained genome-wide expression matrices. All sam-
ples’ names, sample types, and corresponding datasets 
are shown in Table  1. We obtained 5802 lactate metab-
olism-related genes (genes with a set relevance score > 1 
and encoding proteins) from the Genecards website 
(https://www.genecards.org/).

Screening for differentially expressed genes related to 
lactate metabolism
We used the R package “limma” to de-batch the 
GSE12266 and GSE18043 datasets, and then performed 
differential expression analysis (|log2foldchange| > 1, 
p-value < 0.05) on BMSCs and osteoblast samples to 
obtain differentially expressed genes (DEGs). And the 
intersection of DEGs and LRGs was taken to obtain dif-
ferentially expressed lactate metabolism related genes 
(DELRs).

Biological pathway enrichment analysis
The obtained DELRs were subjected to Gene Ontology 
(GO), Kyoto Encyclopedia of Genomes (KEGG) enrich-
ment analysis and Gene Set Enrichment Analysis (GSEA) 
using the R package “clusterProfiler” (screening criteria: 
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adjusted P-value less than 0.05) to investigate the possible 
involvement of biological pathways.

Screening of hub genes
We performed protein-protein interaction (PPI) net-
work analysis of DELRs using the STRING database and 
visualized the results using Cytoscape software (ver-
sion 3.9.1) (setting a minimum interaction score of 0.5). 

Betweenness, Closeness, Degree, Maximum Clique Cen-
trality (MCC), and Maximum Neighborhood Compo-
nent (MNC) scores were used to sort the top 50% and 
take the intersection as the criteria for screening hub 
genes. Table 2 demonstrates the definitions and biologi-
cal significance of the different screening metrics.

Immune microenvironment analysis
To explore the association of osteogenic differentiation 
and hub genes with the immune microenvironment, we 
analyzed the immune infiltration of BMSCs and osteo-
blasts using the R packages “GSVA” and “xCell”, respec-
tively, and explored the differences between the two 
results. The GSVA method is used to study the global 
regulatory patterns of immune function and to assess 
changes in the overall activity of the immune-related 
gene set in a sample. xCell method’s reference data inte-
grates gene expression profiles from normal and tumor 
tissues, and its algorithm is more tolerant of heterogene-
ity in non-tumor samples, and thus serves as a comple-
ment to the GSVA method. We analyzed the correlation 
between hub genes and immune scores using the R pack-
age “limma”, and assessed the impact of osteogenic differ-
entiation on the BMSCs immune microenvironment.

Exploring the effect of hub genes on osteogenic 
differentiation
The R package “ROCR” was used to calculate the AUC 
values of hub genes for predicting osteogenic differ-
entiation, and the R package “ggpubr” was used to plot 
the box plots of the effects of hub gene expression levels 
on immunity scores. The R package “ggplot2” was used 
to plot the correlation between TYROBP and differ-
ent immunization scores, and the correlation between 
TYROBP and other hub gene expression levels.

Drug sensitivity analysis
The Connectivity Map (CMap, https://clue.io/) is a 
database of gene expression profiles based on cellular 
responses to perturbations or interventions [29], which 
can be used to screen for potential interventional com-
pounds associated with genes and diseases. To explore 
the association between hub genes and drug sensitivity, 
we used the R package “limma” to identify DEGs between 
different hub gene expression subgroups, and screened 
the 10 genes with the largest positive and negative logFC 
values (p < 0.05), respectively, and submitted them to the 
CMap database. In the obtained result files, the potential 
interventional drugs of hub genes were screened accord-
ing to the absolute Score values. The 2D and 3D struc-
tures of the drugs were also accessed at the pubchem 
database (​h​t​t​p​​s​:​/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​​i​.​n​l​​m​.​​n​i​h​.​g​o​v​/).

Table 1  Generalization of BMSCs and osteoblast samples
Data set Sample name Cell type
GSE12266 GSM308067 BMSC

GSM308071
GSM308075
GSM308079
GSM308070 Osteoblast
GSM308074
GSM308078
GSM308082

GSE18043 GSM250019 BMSC
GSM250020
GSM250021
GSM451159 Osteoblast
GSM451160
GSM451161

Table 2  Network centrality metrics for hub gene identification: 
definitions and biological significance
Screening Metric Definition Biological Significance
Betweenness The frequency at which 

a node acts as an inter-
mediary in the shortest 
path between other 
nodes

Genes with high 
Betweenness Centrality 
often bridge distinct 
functional modules, 
coordinating global 
signaling pathways

Closeness The reciprocal of the 
average shortest path 
length from a node to 
all other nodes

Genes with high Close-
ness Centrality are 
typically centrally posi-
tioned in the network, 
enabling rapid response 
to environmental stimuli

Degree The number of direct 
connections (edges) 
a node has within the 
network

High-Degree genes 
are frequently core 
members of functional 
modules

MCC The difference between 
the size of the largest 
connected component 
containing the node 
and the connectivity of 
its neighbors

High-MCC genes reside 
in tightly intercon-
nected subnetworks, 
stabilizing modular 
functional units

MNC The size of the largest 
connected subgraph 
within a node’s neigh-
borhood, reflecting local 
network density

High-MNC genes often 
serve as core com-
ponents of localized 
functional clusters (e.g., 
protein complexes 
or signaling pathway 
branches)

https://clue.io/
https://pubchem.ncbi.nlm.nih.gov/
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Cell culture and gene transfection
Human BMSCs were obtained from Cyagen Biosci-
ences. BMSCs were cultured in Human Bone Marrow 
Mesenchymal Stem Cell Complete Medium (Cyagen 
Biosciences, HUXMA-90011) supplemented with 
1% penicillin-streptomycin at 37  °C in 5% CO₂. The 
TYROBP knockdown group was recorded as siRNA, 
and the negative control group was recorded as siRNA 
nc (transfection reagent alone), both synthesized by Bai-
qiandu Biotechnology Co. The untreated control group 
was recorded as Control. siRNA constructs were trans-
fected into BMSCs with Lipofectamin 2000 (Invitrogen, 
USA). Mitomycin C was added to TYROBP-knockdown 
BMSCs to inhibit cell proliferation, and it was recorded 
as siRNA + MMC group. Table 3 lists the alternative four 
siRNA sequences, and the siTYROBP#4 sequence with 
the highest knockdown efficiency was selected to knock 
down TYROBP.

Quantitative Real-time PCR (qRT-PCR) detection
Total RNA was extracted from the cells using the High 
Pure RNA Isolation Kit (Invitrogen, California, USA) 
and an equal amount of RNA was reverse transcribed to 
cDNA using the PrimeScript RT kit (TaKaRa, PR037A, 
Japan). qRT-PCR analysis was performed subsequently. 
The primer sets used are shown in Table 4.

Western blot
We isolated chondrocyte proteins by lysis using RIPA 
(Boster) and then determined their concentration using 
the BCA Assay Kit (Boster). Proteins were separated by 
8% SDS-PAGE and transferred to PVDF membranes, 
which were closed with 5% skimmed milk for 1  h and 
incubated with primary antibodies. The membranes were 
incubated overnight at 4 °C and immunoblotted with the 
appropriate secondary antibody the next day. We per-
formed optical density analysis of each Western blot from 
3 separate experiments using Image J software. Expres-
sion of each protein was normalized and presented as the 

ratio of the intensity of the signal for the protein to that 
of the loading control.

Cell counting Kit-8 (CCK-8) assay
The cell viability of BMSCs was evaluated using the 
CCK-8 (Beyotime, China) according to the manufactur-
er’s instructions. BMSCs were seeded into 96-well plates 
at a density of 2 × 10^4 cells/mL (100 µL/well) in different 
experimental groups, with three technical replicates per 
group. After 24 and 48 h of incubation, 10 µL of CCK-8 
working solution was added to each well. To prevent 
evaporation, sterile PBS was added around the peripheral 
wells. The plates were then incubated for 2.5 h at 37 °C in 
the dark. The absorbance was measured at 450 nm using 
a microplate reader (BioTek Instruments, USA). Wells 
containing medium and CCK-8 without cells served as 
blank controls. All experiments were performed in tripli-
cate and data were expressed as mean ± SD.

5-Ethynyl-2’-deoxyuridine (EdU) assay
Inoculate an equal volume of the prepared cell suspen-
sion into a 6-well plate and incubate in an incubator 
(37℃, 5% CO2) for 24  h. The cells were covered with 
fixative and fixed for 15 min at room temperature, then 
washed 2–3 times with PBS buffer. EdU reaction liquid 
and DAPI were added according to the instructions for 
the staining of cell nuclei, respectively, and the cells were 
washed with PBS buffer and then observed under a fluo-
rescence microscope.

Transwell assay
We inoculated transfected BMSCs in 6-well plates and 
placed them in a 37 °C, 5% CO₂ incubator. Subsequently, 
we prepared cell suspensions using serum-free medium 
and inoculated them uniformly into Transwell chambers 
pre-laid with matrix gel. Next, we added 500 µL of com-
plete medium containing 10% fetal bovine serum (FBS) 
to the lower chamber and subsequently placed the cell-
loaded chambers vertically into the lower chamber using 
sterile forceps. After incubation under standard culture 
conditions (37  °C, 5% CO₂) for 24  h, we gently rinsed 
the migrated cells by PBS, stained them using 0.1% crys-
tal violet solution for 15 min, and finally observed them 
under a microscope for observation and image acquisi-
tion. After completing transfection in the siRNA + MMC 
group, we added 10  µg/mL mitomycin C to the culture 
medium before cell suspension preparation and pre-
treated the cells at 37 °C for 2 h to inhibit cell prolifera-
tion. Subsequently, we washed the cells gently by PBS for 
3 times and centrifuged (1000 rpm, 5 min) to remove the 
drug residues thoroughly, and replaced with fresh serum-
free medium for cell suspension preparation before 
subsequent Transwell experiments. The rest of the exper-
imental steps were consistent with the other groups.

Table 3  The sequences of SiRNAs
SiRNA Targets Sequences
siTYROBP#1 sense 5′- CCCGUACAGGCCCAGAGUGTT − 3′
siTYROBP#2 sense 5′- GAAGGGACCCGGAAACAACTT − 3′
siTYROBP#3 sense 5′- ACAGAGGCAAUAUUACAGATT − 3′
siTYROBP#4 sense 5′- CUGGGUGACUUGGUGUUGATT − 3′

Table 4  The primer sequences for qRT-PCR
Gene Primer Sequence (5′-3′)
actin-F ACTGCCGCATCCTCTTCCT
actin-R TCAACGTCACACTTCATGATGGA
TYROBP-F CTGGCTGGGATTGTTCTGGG
TYROBP-R TAAGGCGACTCAGTCTCAGC
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Wound-healing assay
We inoculated transfected BMSCs at a density of 4 × 10^5 
per well in 6-well culture plates and placed them in a 
37  °C, 5% CO₂ incubator for 24  h until cell monolayer 
fusion reached 90%. Before scratching we pretreated the 
siRNA + MMC group by adding complete medium con-
taining 10 µg/mL mitomycin C for 2 h, followed by gentle 
rinsing with prewarmed PBS (5 mL/dose) for 3 times to 
completely remove drug residues. Subsequently, we used 
a 200 µl sterile pipette gun tip to make standardized hori-
zontal line scratches vertically on the cell surface of the 
monolayer. To remove detached cells, we gently rinsed 
the culture wells 3 times with PBS pre-warmed to 37 °C, 
and finally changed to serum-free medium. We mea-
sured the change in scratch width under the microscope 
at 0, 12, and 24 h after scratching and took photographs, 
respectively.

Flow cytometry
We inoculated different groups of BMSCs in 6-well plates 
after 7 days of transfection treatment. We added LPS 
(1 µg/mL) for 24 h of stimulation to induce inflammatory 
factor secretion. Brefeldin A (1 µg/mL) was added for the 
last 4  h of LPS stimulation to block cytokine secretion 
into the extracellular compartment. We then collected 
cells, fixed them in 4% paraformaldehyde for 15  min at 
room temperature, and ruptured the membranes with 
0.1% Triton X-100 for 10  min. We then incubated the 
cells with APC anti-human IL-10 Antibody (501409, Bio-
legend, USA) and FITC anti-human TNF-α Antibody 
(376207, Biolegend, USA) for 30  min at 4  °C, protected 
from light.The cells were washed twice with PBS, and 
resuspended in 200 µL PBS, then analyzed using flow 
cytometry.

Cell stainingWe stained different groups of BMSCs 
when they were cultured in Mesenchymal Stem Cell 
Oseogenic Differentiation Medium for 7 and 14 days.

For ALP staining: we washed the BSMCs with PBS for 3 
times, fixed them using 4% paraformaldehyde for 20 min 
at room temperature, and subsequently washed them 
well with distilled water.The ALP staining procedure was 
as follows: add ALP incubation solution and incubate for 
6 h at 37 °C protected from light; after incubation, rinse 
them with distilled water for 2 min, and uniformly cover 
the samples with the co solution for a 5-minute reac-
tion at 37  °C. Subsequently, we added sulfide working 
solution dropwise to cover the samples and incubated 
them at 37  °C away from light until a black precipitate 
was generated, and rinsed them with distilled water for 
3 times (3 min each). The stained samples were dried at 
room temperature, then sequentially subjected to xylene 
transparency for 5  min, and sealed with neutral gum.
ALP-positive areas (gray-black granules/clumps of pre-
cipitates) were observed by light microscope and images 

were captured. Three independent replicates were set up 
for each group of the experiment.

For VonKossa staining: we washed the BSMCs three 
times with PBS, fixed them with 4% paraformalde-
hyde for 20 min at room temperature, and subsequently 
washed them well with distilled water.The steps of 
Vonkossa staining were as follows: silver nitrate solu-
tion was added dropwise to the slides, and the slides were 
illuminated with UV light for 2 h and then rinsed three 
times with distilled water, incubated with Hematoxylin 
staining solution for 3–5  min, and rinsed three times 
with distilled water. Subsequently, we used differentiation 
solution to differentiate for 5  s. Then we added reblue 
solution to reblue for 5  s. 85% alcohol was immersed 
for 5 min, and then 95% alcohol was added for 5 min to 
dehydrate. We added eosin staining solution to incubate 
for 5  min, discarded the staining solution, and added 
anhydrous ethanol to soak for 15 min and repeated three 
times, respectively.The samples were dried at room tem-
perature, and then sequentially subjected to xylene hyal-
uronanization for 5  min, and neutral gum sealing. The 
areas of calcium salt deposition were black or brownish 
black, the nuclei were blue, and the background was red. 
The images were observed and captured by light micro-
scope. Three independent replicates were set up for each 
group of the experiment.

Statistical analysis
Statistical analysis of this study was performed using 
R software (version 4.4.2). Cell experiments were per-
formed in three independent biological replicates (n = 3). 
Expression profiling microarray data of samples were 
obtained from the GEO database ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​​n​c​b​​​i​.​n​​​l​m​.​​
n​​i​​h​.​​g​o​v​/​g​e​o​/). Differences between subgroups were ​a​n​a​l​
y​z​e​d using a two-tailed t-test, with P < 0.05 indicating a 
statistically significant difference.

Results
Screening of DELRs
Figure 1A, B shows the visualized box line plots before 
and after de-batch effect for the two datasets GSE12266 
and GSE18043, respectively. Figure  1C shows volcano 
plots of DEGs for BMSCs and osteoblasts with gene 
names labeled for the 24 genes with the largest absolute 
value of log2FoldChange, respectively. Figure  1D shows 
the expression heat map of DEGs. Figure 1E shows that 
5802 LRGs were significantly enriched in a large number 
of lactate metabolism-related pathways such as HIF-1 
signaling pathway, Carbon metabolism, Insulin signal-
ing pathway, Insulin resistance, Glycolysis / Gluconeo-
genesis, Pyruvate metabolism, Citrate cycle (TCA cycle), 
Peroxisome, Fatty acid degradation, Oxidative phosphor-
ylation. Figure 1F shows the Venn diagram of the inter-
section of LRGs and DEGs.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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Functional resolution and mechanism exploration of DELRs
Differential expression box line plots drawn for the 35 
DELRs are shown in Fig. 2A, B. All 35 DELRs were sig-
nificantly differentially expressed in BMSCs and osteo-
blasts. Correlation expression heatmaps (Fig.  2C) were 
drawn for the DELRs to explore the expression patterns 
and correlations among them, and strong positive or 
negative correlations were found for most genes. We per-
formed GO, KEGG, and GSEA enrichment analysis on 35 
DELRs to explore the potential mechanisms or pathways 
by which these genes affect osteogenic differentiation. 
Figure 3A-C shows the results of GO enrichment analy-
sis, DELRs were significantly enriched in Regulation of 
ossification, response to cAMP, BMP signaling pathway, 
response to BMP, positive regulation of angiogenesis, 
phospholipase C activity, response to fatty acid, response 
to reactive oxygen species, glycosaminoglycan binding, 
RAGE receptor binding, and a large number of other 
pathways related to lactate metabolism, osteogenic differ-
entiation, and immunity. Figure  3D-F shows the results 
of KEGG enrichment analysis, DELRs were significantly 

enriched in immune-related pathways, including Che-
mokine signaling pathway, complement and coagula-
tion cascades, Cytokine-cytokine receptor interaction, 
IL- 17 signaling pathway and so on. Figure  4 shows the 
results of GSEA enrichment analysis, DELRs were signifi-
cantly enriched in immune infiltration-related pathways, 
including fatty acid binding, oxidative damage response, 
superoxide process, macrophage activation, neutrophil 
activation involved in immune response, B cell activation, 
Dendritic cell maturation and so on.

Screening of hub genes
We mapped the PPI network to explore the hub genes 
of DELRs. The results showed that TYROBP, MMP9, 
CD163, and CCR1 were the top 4 sorted by Closeness 
score (Fig.  5A). Figure  5B shows the top 50% of DELRs 
sorted by MCC, with TYROBP having the highest score. 
Figure 5C shows the histogram sorting of Degree values 
of 35 DELRs, with the top three being TYROBP, CD163, 
and MMP9. we took the intersection of genes sorted in 
the top 50% of Betweenness, Closeness, Degree, MCC, 

Fig. 1  Acquisition of DELRs. Visualized box line plots of two datasets, GSE12266 and GSE18043, before (A) and after (B) de-batch effect. (C) Volcano plots 
of DEGs from BMSCs and osteoblasts. (D) Heatmap of DEGs expression in BMSCs and osteoblasts. (E) 5802 LRGs were significantly enriched in a large 
number of lactate metabolism-related pathways such as HIF-1 signaling pathway, Carbon metabolism, Insulin signaling pathway, Insulin resistance, 
Glycolysis / Gluconeogenesis, Pyruvate metabolism, Citrate cycle (TCA cycle), Peroxisome, Fatty acid degradation, Oxidative phosphorylation. (F) Venn 
diagram of the intersection of DEGs with LRGs
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Fig. 3  GO and KEGG enrichment analysis of DELRs. (A) Categorical histogram of GO enrichment analysis results. (B) Circle plots of GO enrichment analysis 
results. (C) Pathway annotation of GO enrichment analysis circle diagram. (D) Radiogram of KEGG enrichment analysis results. (E) Circle diagram of KEGG 
enrichment analysis results. (F) Pathway annotation of KEGG enrichment analysis circle graph

 

Fig. 2  Expression patterns of DELRs. (A, B) Box line plots of differential expression of 35 DELRs. (C) Correlation heatmap of the expression levels of the 
35 DELRs
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and MNC scores, and obtained a total of six hub genes, 
which were CCL4, VSIG4, C3AR1, CCR1, TYROBP, 
CD163.

Exploration of the effect of hub genes on immune 
infiltration
In order to explore the effect of DELRs on the immune 
microenvironment of BMSCs and osteoblasts, we ana-
lyzed the immune infiltration of 14 samples using the R 
software packages “GSVA” and “xCell”, respectively. Fig-
ures  6A and C show the heatmaps of immune infiltra-
tion by GSVA and xCell methods, respectively, and the 
results showed that the immune infiltration was worse 
in the osteoblast group samples. We used the R soft-
ware package “ggplot2” to plot the correlation heat map 
between hub genes and immune scores. Figure 6B shows 
that in the GSVA method, hub genes were significantly 
and positively correlated with the immune scores of TIL, 
T cell co-inhibition, Neutrophils, Macrophages, HLA, 
Check-poingt, and B cells. Figure  6D shows that in the 
xCell method, hub genes were significantly associated 
with a large number of immune cells such as Plasma 

cells, Neutrophils, Macrophages, Macrophages M1, iDC, 
GMP, Memory cells, DC, Class-switched memory B cells, 
B cells, aDC, and Adipocytes. We correlated TYROBP, 
which has the highest MCC score, with a variety of GSVA 
immunity scores, and the results showed that TYROBP 
was significantly and positively correlated with Check-
point, HLA, Macrophages, Mast cells, Neutrophils, T 
cell co-inhibition, Th1 cells, and TIL (Fig. 6E). Figure 6F 
shows that TYROBP was significantly positively cor-
related with xCell immune scores such as Plasma cells, 
MPP, Macrophages, Macrophages M1, and Adipocytes. 
Both immune infiltration analysis methods showed that 
TYROBP was significantly positively correlated with 
Macrophages and Neutrophils. xCell further indicated 
that TYROBP was significantly positively correlated with 
M1-type Macrophages (pro-inflammatory macrophages). 
TYROBP was lowly expressed in osteoblasts, and heat 
maps obtained by both immune infiltration analysis 
methods showed that poorer immune infiltration in the 
osteoblast group. It is suggested that TYROBP is likely to 
promote immune infiltration of BMSCs and osteoblasts.

Fig. 4  GSEA enrichment analysis of DELRs showed that DELRs were significantly enriched in lactate metabolism and immune infiltration related path-
ways including fatty acid binding, oxidative damage response, superoxide process, macrophage activation, neutrophil activation involved in immune 
response, B cell activation, Dendritic cell maturation and so on
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Exploring the mechanism of the effect of the hub genes 
TYROBP and CD163 on osteogenic differentiation
In order to explore the effects of the hub genes TYROBP 
and CD163 with the highest MCC, Closeness, and Degree 
values on osteogenic differentiation, we used the R pack-
age “ROCR” to calculate the AUC values of TYROBP 
and CD163 for predicting osteogenic differentiation 
as 0.755 and 0.694, respectively. We plotted the scatter 
plots of the correlation between TYROBP and other hub 
genes, and the results are shown in Fig. 7A, which shows 
that TYROBP is significantly positively correlated with 
VSIG4, C3AR1, CCR1, and CD163. In order to deeply 
explore the potential mechanisms by which TYROBP 
and CD163 affect osteogenic differentiation, we per-
formed differential expression analysis (log2FoldChange 
was set to 2, and p-value was set to 0.05) of different 
TYROBP and CD163 expression subgroups, respectively, 

and subjected the differentially expressed genes to GO 
and KEGG enrichment analysis. The results, as shown 
in Fig. 7B, showed that the DEGs of TYROBP were sig-
nificantly enriched in pathways related to cell cycle, 
osteogenic differentiation, and immune infiltration, such 
as cell chemotaxis, cell junction disassembly, meiotic 
nuclear division, meiotic cell cycle, positive regulation of 
cell cycle checkpoint, macrophage activation, osteoblast 
development, negative regulation of cell adhesion. Dif-
ferentially expressed genes were then subjected to GSEA 
enrichment analysis. As shown in Fig.  7C, the DEGs of 
TYROBP were significantly enriched in cell cycle-related 
pathways, such as cell cycle and nuclear chromosome 
segregation, which suggests that TYROBP may affect 
the osteogenic differentiation of BMSCsby influenc-
ing cell cycle and immune infiltration. Figure  7D shows 
that the DEGs of CD163 are significantly enriched in the 

Fig. 5  Screening for hub genes. (A) 35 DELRs were mapped for PPI network by Closeness value. (B) Network map of the top 8 DELRs based on MCC 
values, with TYROBP scoring the highest. (C) Histogram of the 35 DELRs sorted according to their Degree values, with the top three being MMP9, CD163, 
and TYROBP. (D) DELRs ranked in the top 50% in terms of Betweenness, Closeness, Degree, MCC, and MNC scores were taken for intersection, yielding 6 
hub genes, which were CCL4, VSIG4, C3AR1, CCR1, TYROBP, CD163
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Cytokine-cytokine receptor interaction, Complement 
and coagulation cascades, Rheumatoid arthritis, Legio-
nellosis, IL- 17 signaling pathway, Alcoholic liver disease, 
TNF signaling pathway, Chemokine signaling pathway, 
NF-kappa B signaling pathway, Lipid and atherosclerosis. 
Figure 7E shows the results of GSEA enrichment analysis 
of CD163, we got GOBP_CELL_CHEMOTAXIS, CELL_
CYCLE, GOBP_MITOTIC_NUCLEAR_DIVISION, 
NUCLEAR_CHROMOSOME_SEGREGATION, which 
suggests that CD163 may influence osteogenic differen-
tiation by regulating cell cycle-related pathways.

Drug sensitivity analysis
To further explore potential small molecule compounds 
that may intervene in TYROBP gene expression patterns 
and influence osteogenic differentiation, we imported 
DEGs from different TYROBP expression subgroups into 
the CMap database. The 10 compounds with the high-
est absolute Score values were obtained including dan-
tron, ethoxsalen, necrostatin-1, immepip, SB-206,553, 
eugenitol, dichloroacetic-acid, butylparaben, TCS-359, 
and verrucarin-a. These 10 compounds are considered 
as potential drugs to intervene in TYROBP. Figure  8A 
illustrates the histogram of the 10 drugs after sorting 
them according to the absolute Score values. The 2D and 

Fig. 6  Association of hub genes with the immune microenvironment. Heatmap of immune infiltration analysis of BMSCs and osteoblast samples using 
GSVA (A) and xCell (C) methods. Correlation heatmap of hub genes with immune scores obtained by GSVA (B) and xCell (D) methods. (E) TYROBP was 
significantly positively correlated with Check-point, HLA, Macrophages, Mast cells, Neutrophils, T cell co-inhibition, Th1 cells, and TIL in the GSVA immune 
infiltration analysis. (F) TYROBP was significantly positively correlated with Plasma cells, MPP, Macrophages, Macrophages M1, and Adipocytes in xCell 
immune infiltration analysis
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3D structures of these 10 drugs are shown in Fig.  8B-K 
(available from the PubChem database).

TYROBP inhibits the proliferation and migration ability of 
BMSCs
To verify the effect of TYROBP expression level on 
BMSCs, we knocked down TYROBP and transfected 
BMSCs cells for subsequent experiments. As the results 

are shown in Fig.  9A, the siRNA group successfully 
knocked down TYROBP. siRNA nc group was trans-
fected with empty plasmid, and there was no significant 
difference in TYROBP levels between siRNA and Control 
groups. Figure  9B-C shows a significant increase in cell 
viability in the siRNA group after 24 and 48 h of cell pro-
cessing, respectively, indicating that the TYROBP expres-
sion level had a significant effect on the cell viability of 

Fig. 7  Exploration of the mechanism by which TYROBP affects osteogenic differentiation. (A) Scatter plot of the correlation between TYROBP and other 
hub genes. TYROBP was divided into different expression subgroups for differential expression analysis, and the DEGs obtained were subjected to GO 
enrichment analysis (B) and GSEA enrichment analysis (C). CD163 was divided into different expression subgroups for differential expression analysis, and 
the DEGs obtained were subjected to GO enrichment analysis (D) and GSEA enrichment analysis (E)
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BMSCs. Figure  10 shows a significant increase in the 
proliferative capacity of BMSCs after TYROBP knock-
down. Figures 11 and 12 showed that the migration abil-
ity of BMSCs in the siRNA group was significantly higher 
than that in the Control and siRNA nc groups. While 
the siRNA + MMC group inhibited cell proliferation, the 
migration ability of BMSCs was still higher than that of 
Control and siRNA nc groups, indicating that the knock-
down of TYROBP could still enhance the migration 
ability of BMSCs after excluding the effect of cell prolif-
eration. The above results indicated that TYBOBP had a 
significant effect on the proliferation and migration abil-
ity of BMSCs.

TYROBP promotes secretion of inflammatory factors and 
inhibits osteogenic differentiation of BMSCs
To further verify the effect of TYROBP on the immune 
microenvironment of BMSCs, we detected the inflam-
matory factor secretion of BMSCs in different groups. 
The results are shown in Fig.  13A, B the proportion of 
IL-10 and TNF-α positive cells in the siRNA group was 
significantly lower than that of other two groups, sug-
gesting that the knockdown of TYROBP decreased the 
secretion of inflammatory factors by BMSCs, that is, the 
level of inflammatory factor secretion was positively cor-
related with TYROBP. In addition, to verify the effect of 
TYROBP on osteogenic differentiation of BMSCs, we 
performed ALP and Vonkossa staining on BMSCs cul-
tured at 7 and 14 days to detect the osteogenic differen-
tiation ability. the results of ALP staining are shown in 
Fig. 13C, D the alkaline phosphatase level of the siRNA 

Fig. 8  Correlation analysis between TYROBP expression levels and drug sensitivity. (A) Histogram of 10 drugs sorted by absolute Score values. (B-K) 
2D and 3D molecular structures of dantron, ethoxsalen, necrostatin-1, immepip, SB-206,553, eugenitol, dichloroacetic-acid, butylparaben, TCS-359, and 
verrucarin-a
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group was higher than that of the other two groups at 
both 7 and 14 days. The results of Vonkossa staining are 
shown in Fig. 13E, F and the BMSCs in the siRNA group 
also showed a stronger osteogenic differentiation abil-
ity at both the 7- and 14-day time points. Both staining 
results indicated that knockdown of TYROBP promoted 
osteogenic differentiation of BMSCs. The above results 
suggest that TYROBP has a significant effect on both the 
immune status and osteogenic differentiation ability of 
BMSCs.

Discussion
With the aging of the global population and the increas-
ing incidence of bone-related diseases such as osteoporo-
sis and fractures, how to effectively promote bone tissue 
regeneration has become one of the focuses in the field 

of bone science research [30–32]. hMSCs not only have 
the ability to differentiate into osteoblasts at the site of 
bone injury, but also secrete a variety of growth factors, 
which can promote the generation of bone matrix and 
help accelerate the process of bone repair [33]. The pro-
cess of osteogenic differentiation is regulated by several 
signaling pathways and molecular mechanisms, and it 
is known that the key regulators include BMPs, Wnt/β-
catenin signaling pathway, and so on, but so far, the regu-
latory mechanism of osteogenic differentiation has not 
been fully elucidated [3, 5, 34, 35]. Therefore, an in-depth 
study of the molecular mechanisms of osteogenic differ-
entiation in hMSCs could help develop new therapeutic 
strategies to better cope with complex bone injury situa-
tions. Lactate is the end product of the glycolysis process 
and has traditionally been considered a waste product of 

Fig. 9  qRT-PCR and western blot results of BMSCs. (A) qRT-PCR confirmed that the expression level of TYROBP was successfully knocked down in BMSCs. 
(B, C) Cell viability of BMSCs at 24 h and 48 h. (D) Western blot confirmed that the expression level of TYROBP was successfully knocked down in BMSCs. 
(E) Western blot confirmed that the expression levels of hub genes CD163, C3AR1, and TYROBP were lower in osteoblasts than in BMSCs
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metabolism under hypoxic conditions. However, recent 
studies have shown that lactate is not only a by-product 
of energy metabolism, but also plays a regulatory role 
within the cell through multiple pathways [17]. Lactate 
can enter or leave cells via MCTs, regulate extracellular 
pH, and act as a signaling molecule to influence gene 
expression, cellular metabolism, and epigenetic regu-
lation [36–38]. Especially under hypoxic or metabolic 
stress conditions, elevated lactate levels are thought to 
be able to influence the differentiation fate of stem cells 
by modulating cellular metabolic reprogramming and 
signaling pathways [39–41]. For example, lactate metab-
olism can regulate macrophage differentiation through 
the HIF-1α/SRC/LDHA pathway in early normal preg-
nancy [42], whereas lactate-accumulating LDHB can also 
regulate myogenic differentiation of C2C12 myoblasts 
through the glycolytic pathway [43]. However, current 
studies on the effects of lactate metabolism on osteogenic 
differentiation of hMSCs are still in the exploratory stage. 
the study of Nuno et al. [28] initially found that the osteo-
genic differentiation of hMSCs was dependent on gluta-
mine catabolism and lactate metabolism, but the existing 
studies did not elucidate the targets and mechanisms by 
which lactate metabolism affects osteogenic differen-
tiation. Exploring the molecular targets and regulatory 
mechanisms between lactate metabolism and osteogenic 
differentiation is necessary for the development of bone 
tissue regenerative medicine.

In this study, by querying the microarray data from the 
GEO database, we obtained two datasets, GSE12266 and 

GSE18043, which contained a total of 7 BMSCs samples 
and 7 osteoblast samples after de-batch effect for subse-
quent studies. The necessity of FDR control as the gold 
standard for reducing false positives in routine tran-
scriptome analysis has been validated in a large number 
of studies [44, 45]. In this study, the homogeneity of the 
gene expression matrix was elevated after merging the 
datasets by de-batching effect, which relatively com-
presses the effect value of real biological differences. 
Therefore, if traditional FDR/Bonferroni correction is 
used in this scenario, it may over-penalize genes with low 
to medium effect values but with biological significance, 
significantly increasing the risk of false negatives. We also 
tried to screen DEGs with FDR, Bonferroni method and 
found that the result was not even a single DEG. Con-
sidering that the empirical Bayesian shrinkage corrects 
for small-sample variance bias in the differential expres-
sion analysis performed with the limma package, which 
makes the raw p-value closer to the true error rate, we 
finally chose the p-value as the screening criterion for 
DEGs. Lactate metabolism-related genes were obtained 
from the Genecards database. After taking the intersec-
tion of lactate metabolism-related genes and osteoblast 
differentially expressed genes to obtain 35 DELRs, we 
explored these genes in depth. We drew correlation heat-
maps for the DELRs to visualize the expression patterns 
of these genes. The 35 DELRs in the heatmap were clearly 
divided into two clusters, suggesting that they may have 
two strong co-expression patterns and regulate opposite 
biological functions. Subsequently, we performed GO, 

Fig. 10  Regulation of BMSCs proliferation by TYROBP expression level
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KEGG, and GSEA enrichment analyses of the DELRs 
to explore the molecular mechanisms and biological 
pathways involved in them. The GO enrichment results 
showed that the DELRs were enriched in a large num-
ber of biological pathways related to lactate metabo-
lism, osteogenic differentiation, and immune infiltration, 
including Regulation of ossification, response to cAMP, 
BMP signaling pathway, response to BMP, positive regu-
lation of angiogenesis, phospholipase C activity, response 
to fatty acid, response to reactive oxygen species, glyc-
erol, and other biological pathways. reactive oxygen spe-
cies, glycosaminoglycan binding, and RAGE receptor 
binding. KEGG enrichment analysis also yielded a large 
number of immune infiltration-related pathways, includ-
ing Chemokine signaling pathway, completion and coag-
ulation cascades, Cytokine-cytokine receptor interaction, 
IL-17 signaling pathway. GSEA enrichment analysis also 
showed that these genes were significantly enriched 
in lactate metabolism and immune-related pathways, 
including Fatty acid binding, oxidative damage response, 

superoxide process, macrophage activation, neutrophil 
activation involved in immune response, B cell activation, 
and Dendritic cell maturation. The immunoinfiltration 
heatmaps obtained by the two methods GSVA and xCell 
also showed that the immunoinfiltration of osteoblasts 
was significantly lower than that of BMSCs. These results 
strongly reflect that DELRs may affect osteogenic differ-
entiation by influencing the immune infiltration status 
of cells. The relationship between osteogenic differentia-
tion and immune infiltration has also been a hot research 
topic at the intersection of bone biology and immunology 
in recent years [46]. Existing studies have shown that the 
process of osteogenic differentiation involves complex 
intercellular signaling, and the immune cell infiltration 
status also plays a key role in this process [47, 48]. The 
process of bone tissue formation and repair is not only 
dependent on osteoblast differentiation, but also signifi-
cantly regulated by immune cells [49, 50].

To explore the key genes of lactate metabolism affect-
ing osteogenic differentiation, we performed a secondary 

Fig. 11  TYROBP knockdown significantly increased the invasive capacity of BMSCs
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screening of 35 DELRs using the STRING database and 
Cytoscape software. We constructed PPI networks for 
DELRs and calculated to get their Betweenness, Close-
ness, Degree, MCC, and MNC scores. We obtained the 
top 50% of the score sorted genes respectively to take the 
intersection, and we got 6 hub genes in total, which are 
CCL4, VSIG4, C3AR1, CCR1, TYROBP, CD163. It has 
been shown that MMP9 may be involved in the regula-
tion of osteogenic differentiation of BMSCs. TYROBP 
has been found to trigger osteoclastogenesis in coopera-
tion with DAP10 and MDL-1 [51]. CD163 significantly 
upregulates the TGF-ß/BMP signaling pathway and 
osteogenesis-related gene expression in osteoblasts [52]. 

Fu et al. [53] found that CCR1 inhibitors may control 
bone destruction in patients with multiple myeloma via 
osteoblast/osteoclast coupling. Megan et al. [54] found 
that the C3a/C3aR signaling axis may act as a novel regu-
latory signaling axis in young bone. Lee et al. [55] noted 
that CCL4 enhances osteoclast recruitment to bone at an 
early stage, and that a reduction in CCR5, the receptor 
for CCL4, promotes osteoclastogenesis when RANKL 
is prevalent. Miao et al. found that VSIG4 inhibited 
RANKL-induced osteoclastogenesis by enhancing Nrf2-
dependent antioxidant responses to reactive oxygen spe-
cies production [56]. We heatmapped the correlation of 
these 6 hub genes with immune scores and found that 

Fig. 12  TYROBP knockdown significantly increased migration of BMSCs
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Fig. 13  TYROBP regulates inflammatory factor expression and osteogenesis of BMSCs. (A, B) Effect of TYROBP knockdown on the proportion of IL-10 
and TNF-α positive cells. (C, D) Effect of TYROBP knockdown on ALP staining results of BMSCs. (E, F) Effect of TYROBP knockdown on Vonkossa staining 
results of BMSCs
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most of the hub genes were significantly and positively 
correlated with TIL, T cell co-inhibition, neutrophils, 
Macrophages, HLA, Check-point, and B cells, which 
was highly consistent with the results of previous enrich-
ment analysis. MCC refers to the identification of nodes 
with centrality of gene sets in the largest clusters, and it 
is often used by researchers to screen hub genes [57, 58]. 
We selected TYROBP with the highest MCC score for 
more in-depth functional profiling.

TYROBP is known as Transmembrane Immune Sig-
naling Adaptor, also called DAP12 (DNAX Activating 
Protein of 12  kDa) or KARAP (Killer Cell-Activating 
Receptor-Associated Protein). This gene encodes a trans-
membrane signaling polypeptide which contains an 
immunoreceptor tyrosine-based activation motif (ITAM) 
in its cytoplasmic domain. It can bind non-covalently 
to activation receptors on the surface of a wide range of 
immune cells to mediate signaling and cell activation fol-
lowing receptor-ligand binding [59]. The encoded pro-
tein may associate with the killer-cell inhibitory receptor 
(KIR) family of membrane glycoproteins and may act as 
an activating signal transduction element. This protein 
may bind zeta-chain (TCR) associated protein kinase 
70  kDa (ZAP-70) and spleen tyrosine kinase (SYK) and 
play a role in signal transduction, bone modeling, brain 
myelination, and inflammation [60]. TYROBP deficiency 
significantly attenuates AC16 cell viability loss, LDH 
release, and apoptosis [61], and the TREM2/TYROBP 
axis modulates the ratio of M1/M2 subtypes of macro-
phages and increases the release of LDH and ROS, which 
are involved in the regulation of lactate metabolism and 
inflammation [62]. Correlation analysis of TYROBP 
with other hub genes showed that the expression level of 
TYROBP was significantly and positively correlated with 
C3AR1, CCR1, CD163, and VSIG4. Also, TYROBP was 
significantly positively correlated with the immune scores 
Check-point, HLA, Macrophages, Mast cells, Neu-
trophils, T cell co-inhibition, Th1 cells, and TIL. Both 
immune infiltration analysis methods, GSVA and xCell, 
showed that TYROBP was significantly positively corre-
lated with Macrophages, Neutrophils, and xCell further 
indicated that TYROBP was significantly positively cor-
related with M1-type Macrophages (pro-inflammatory 
macrophages). TYROBP was lowly expressed in osteo-
blasts, while the heat maps obtained by both immune 
infiltration analysis methods showed poorer immune 
infiltration in the osteoblast group. This suggests that 
TYROBP is likely to promote immune infiltration in 
BMSCs and osteoblasts. Based on the expression level of 
TYROBP, high and low expression subgroups were clas-
sified, and then GO enrichment analysis of their differ-
entially expressed genes revealed significant enrichment 
in a large number of cell cycle, osteogenic differentiation, 
and immune-related pathways, including cell chemotaxis, 

cell junction disassembly, meiotic nuclear division, mei-
otic cell cycle, positive regulation of cell cycle checkpoint, 
macrophage activation, osteoblast development, nega-
tive regulation of cell adhesion. More in-depth GSEA 
enrichment analysis also revealed that the differentially 
expressed genes were significantly enriched in cell cycle-
related biological pathways, including cell cycle, nuclear 
chromosome segregation. these results strongly sug-
gest that TYROBP may influence osteogenesis and dif-
ferentiation by regulating cell cycle and immune-related 
processes. differentiation. We used the CMap database 
to find 10 potential intervening drugs for TYROBP, 
including dantron, ethoxsalen, necrostatin-1, immepip, 
SB-206,553, eugenitol, dichloroacetic-acid, butylparaben, 
TCS-359, and verrucarin-a. Existing studies also sug-
gest that some of these drugs are highly correlated with 
osteogenic differentiation. For example, methoxsalen 
attenuates diabetes-induced osteoporosis by down-reg-
ulating osteoclast metabolism in mice [63]; Feng et al. 
[64] found that necrostatin-1 administration reduced the 
incidence of osteonecrosis and the osteogenic response 
in the subchondral region, and that necrostatin-1 inter-
vention restored bone remodeling in the necrotic area of 
the femoral head in rats; Yan et al. [65] also showed that 
necrostatin-1 pretreatment improved the osteogenic dif-
ferentiation of periodontal ligament stem cells (PDLSCs) 
and effectively promoted the ectopic regeneration of 
odontoblast-like structures in nude mice PDLSCs; Hu et 
al. [66] found that butylparaben significantly promoted 
the adipogenic differentiation of pluripotent mesenchy-
mal stem cells, but inhibited osteogenic and chondro-
genic differentiation. Combined with the present study, 
the intervention of the above drugs in osteogenic dif-
ferentiation may be realized through TYROBP targets. 
However, the drug sensitivity analysis in this study was 
not validated using experiments, so this conclusion is 
highly speculative and needs to be further explored in the 
future.

To further validate the effect of TYROBP on BMSCs, 
we knocked down TYROBP in BMSCs, followed by 
CCK8 assay, EdU assay, Transwell assay and wound 
healing assay. The results showed that cell viability, pro-
liferation and migration of BMSCs were significantly 
increased after TYROBP expression was down-regu-
lated. We added a set of siRNA + MMC to the Transwell 
assay and wound healing assay, that is, we added mito-
mycin C to inhibit cell proliferation in TYROBP knock-
down BMSCs to exclude its effect on the detection of 
migratory ability of BMSCs, making the regulatory role 
of TYROBP on the migratory ability of BMSCs clearer. 
Our results showed that alkaline phosphatase activity 
was significantly higher in the siRNA group than in the 
other two groups at the 7- and 14-day time points. Since 
ALP activity is positively correlated with the degree of 
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early osteogenic differentiation, our results confirm that 
BMSCs with knockdown of TYROBP have more active 
osteogenic differentiation. VonKossa staining results 
demonstrated that calcium salt deposition was signifi-
cantly higher in TYROBP knockdown BMSCs than in the 
other two groups at different time points, suggesting that 
TYROBP was able to regulate the extracellular matrix 
mineralization ability of BMSCs. Flow cytometry experi-
ments also confirmed that TYROBP could promote the 
secretion of inflammatory factors in BMSCs, indirectly 
indicating that TYROBP could affect the immune status 
of BMSCs. The above experiments indicate that TYROBP 
can regulate the cellular functions of BMSCs, especially 
the osteogenic differentiation ability, and is an impor-
tant regulatory target for the osteogenic differentiation of 
BMSCs.

Due to the limited amount of BMSCs and osteoblast 
samples in the database, we were unable to externally 
validate the effect of TYROBP on the immune micro-
environment, and we are planning to collect samples of 
human BMSCs and osteoblasts for sequencing analysis 
to make up for the scarcity of public databases on such 
samples. We did not perform promoter assay to confirm 
the regulatory role of TYROBP on the osteogenic differ-
entiation pathway, which is a limitation of this study, and 
we look forward to more scholars to explore this topic 
in depth in the future. In conclusion, our study provides 
new insights into the osteogenic differentiation of BMSCs 
from the perspective of lactate metabolism, identifies the 
regulatory role of the key gene TYROBP on BMSCs, and 
provides new ideas for studies related to the regulation of 
osteogenic differentiation.

Conclusion
Our study reveals the critical role of lactate metabolism 
in osteoblast differentiation, identifies the role of the key 
gene TYROBP in the regulation of BMSCs, and provides 
new insights for studies related to the regulation of osteo-
blast differentiation.
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