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A B S T R A C T   

Adipose-derived stromal cells (ADSCs) can be induced to differentiate into neurons, representing 
the most promising avenue for cell therapy. However, the molecular mechanism and genomic 
characteristics of the differentiation of ADSCs into neurons remain poorly understood. In this 
study, cells from the adult ADSCs group, induction 1h, 3h, 5h, 6h, and 8h groups were selected for 
single-cell RNA sequencing (scRNA-Seq). Samples from these seven-time points were sequenced 
and analyzed. The expression of neuron marker genes, including NES, MAP2, TMEM59L, PTK2B, 
CHN1, DNM1, NRSN2, FBLN2, SCAMP1, SLC1A1, DLG4, CDK5, and ENO2, was found to be low 
in the ADSCs group, but highly expressed in differentiated cell clusters. The expression of stem 
cell marker genes, including CCND1, IL1B, MMP1, MMP3, MYO10, and BMP2, was the highest in 
the ADSCs cluster. This expression decreased significantly with the extension of induction time. 
Gene ontology (GO) enrichment analysis of upregulated genes in the induced samples showed 
that the biological processes related to neuronal differentiation and development, such as 
neuronal differentiation, projection, and apoptosis, were significantly upregulated with a longer 
induction time during cell cluster differentiation. The results of the cell communication analysis 
demonstrated the gradual formation of complex neural network connections between ADSC- 
derived neurons through receptor and ligand pairs at 5h after the induction of differentiation.   

1. Introduction 

Neurons, as highly differentiated cells, are irreversibly damaged during neurological disorders, resulting in progressive neuronal 
degeneration and necrosis [1]. Neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral 
sclerosis lack clinically effective treatments. The most promising treatments are neural regeneration and brain function reconstruction 
methods such as cell transplantation, which have become a hot spot for current research [2]. However, embryonic cells and bone 
marrow stromal cells, essential sources of stem cells, are more challenging to research and apply due to their difficulty and expense of 
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obtaining and the ethical considerations involved [3–5]. In the early 21st century, Zuk et al. isolated adipose-derived stromal cells 
(ADSCs) from human adipose tissue and demonstrated the ability of ADSCs to differentiate in multiple directions and induce differ-
entiation into a variety of target cells, including osteoblasts, chondrocytes, cardiomyocytes, adipocytes, and neurons [6,7]. Meanwhile, 
scholars have attracted considerable interest from ADSCs due to their numerous advantages, including a comprehensive source, easy 
access, low immunogenicity, and fewer ethical issues [8]. A significant body of evidence has demonstrated that ADSC-derived neurons 
exhibit typical neuronal cellular morphological features, ultrastructure, and electrophysiological functions [1,9]. This provides a 
theoretical basis for using such neuronal cells to treat degenerative nervous system diseases [2]. 

During cell-induced differentiation, there is a degree of heterogeneity between cells due to changes in gene expression profiles. 
However, the genomic changes in these cells are not well characterized. The advent of single-cell RNA sequencing (scRNA-Seq) 
technology has provided a technical foundation to understand the heterogeneity and genomic changes at the single-cell level [10]. It 
can detect differential expression in specific cell subpopulations by elucidating gene expression changes during cell differentiation or 
at different time-courses at single-cell resolution, and cluster expression profiles to infer gene regulatory networks (GRNs) and 
intercellular communication relationships [11]. In this study, we employed scRNA-Seq technology to sequence cells in the process of 
the ADSC-induced differentiation into neurons to reveal the genomic changes characterized during the ADSC-induced differentiation 
response, thus providing a theoretical basis for further improving the efficiency of this induced response and for clinical application. 

2. Materials and methods 

2.1. Extraction and culture of ADSCs 

According to the method of Zhang et al. [12], ADSCs were extracted from the waste adipose tissue obtained by needle aspiration 
after liposuction of a healthy adult female patient aged 20–35 years in Jinrong Aesthetic Plastic Hospital. Adipose tissue was digested 
using 0.1 % type I collagenase (Sigma, USA) and incubated for 20 min. The digestion was terminated by the addition of an equal 
volume of complete DMEM medium (composition: 1 % double-antibody, 15 % fetal bovine serum (FBS) (Gibico, USA), and 84 % 
high-sugar DMEM (HyClone, USA)). Subsequently, the mixture was then centrifuged at 1000 rpm for 10 min. The upper waste solution 
was discarded, and the cells were incubated in a complete DMEM medium at 37 ◦C in a humidified incubator with 5 % CO2. Sub-
sequently, the medium was changed every 2 days. When the cells covered the bottom of the culture flask, the cells were passaged 
according to the ratio of 1:2 and continued to be cultured. All experiments on human subjects were conducted in accordance with the 
Declaration of Helsinki and that all procedures were carried out with the adequate understanding and written consent of the subjects. 
The study protocol was approved by the Ethics Committee of Kailuan General Hospital. 

2.2. Recovery of cryopreserved cells 

The ADSCs were stored in a − 80 ◦C refrigerator and rapidly thawed in a 37 ◦C thermostatic water bath. The action should be as fast 
as possible (the purpose is to minimize the toxic effect of the freezing solution on the cells), and then the thawed cells will be 
transferred into a 15 mL centrifuge tube, and 5 mL of culture medium was added and mixed well, and then centrifuged (1000r/min, 5 
min). Subsequently, the upper layer of waste liquid was aspirated and discarded, and the lower layer of cell precipitate was retained. 5 
mL of fresh medium was added again, gently pipetted and mixed, then transferred to a new medium, labeled, and placed in the 
incubator. 2 days later, the first medium change was carried out to remove the floating dead cells. 

2.3. Preparation of pre-induction solution 

The storage bottles containing high glucose DMEM solution, FBS solution, and glass bottles containing β-mercaptoethanol (β-ME) 
were sterilized under light-proof conditions and placed in the biosafety cabinet under UV light irradiation for 60 min. 10 mL of FBS 
solution and 3.5 μL of β-ME were injected into sterile 50 mL centrifuge tubes with a sterile pipette, and 40 mL of high glucose DMEM 
solution was added into centrifuge tubes with a pipette pump. The solution was agitated for 1 min and then filtered through a sterile 
filter. The solution’s final concentration was 1 mmol/L. The solution was sealed with a sealing film and stored at 4 ◦C under light-proof 
conditions. 

2.4. Preparation of induction solution 

The storage bottle with high glucose DMEM solution and the glass bottle with β-ME were sterilized under light-proof conditions and 
placed in the biosafety cabinet under UV light for 60 min. 17.5 μL of β-ME was injected into a sterile 50 mL centrifuge tube with a sterile 
pipette, 50 mL of high glucose DMEM solution was injected into the centrifuge tube with a pipette pump, and the solution was blown 
and mixed for 1 min. The mixture was sterilized by a filter filtered. The final concentration of the miscible liquids is 5 mmol/L. The 
solution was stored at 4 ◦C and kept away from light. 

2.5. ADSC-induced differentiation reaction experiment and grouping 

The 3rd generation of vigorously growing ADSCs was taken, the original stale medium was discarded, and cells were gently rinsed 3 
times with preheated saline, and 5 mL of pre-induction solution stored away from light was added dropwise into a culture bottle, 
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labeled, and continued to culture. After pre-induction for 24h, the cells were pre-induction group. After 24h, the pre-induction solution 
was discarded, cells were rinsed 3 times again with saline, 5 mL of induction solution was added dropwise, and the cells were formally 
inducted for 1h, 3h, 5h, 6h, and 8h. The morphological changes of the cells at different time points were observed microscopically, 
where the 3rd generation ADSCs were used as the uninduced group, the control group. 

2.6. Preparation of cell suspensions 

The biosafety cabinet was sterilized by applying UV light for 60 min. The trypsin, saline, and complete DMEM culture solution 
storage bottles were transferred to a 37 ◦C constant temperature water bath for 60 min to preheat and set aside. The pre-warmed 
solution storage bottles and culture bottles of ADSCs, inducted pri-1d, 1h, 3h, 5h, 6h, and 8h groups, were placed in the sterilized 
biosafety cabinet for operation. Firstly, the old complete culture medium was discarded, and the cells were washed gently with saline 
three times, then 700 μL of trypsin was pipetted into the culture flasks, sealed, and shaken gently, and the flasks were placed under an 
inverted phase contrast microscope to observe the cell status, and 5 mL of the complete culture medium was added after a large number 
of cells were suspended in the culture medium and transferred to a 15 mL centrifuge tube. 

2.7. Sequencing with the BD Rhapsody system 

2.7.1. Sample pretreatment 
The prepared single-cell suspension was centrifuged at 300 g for 5 min to remove the cell supernatant, 500 μL of sample buffer (BD 

Rhapsody) was added, and centrifuged again at 300 g for 5 min to remove the cell supernatant; 500 μL of sample buffer was added, and 
the cells were resuspended and placed on ice. 

2.7.2. Cell counting and activity assays 
Cells were resuspended by filtration with a cell sieve to remove cell clumps. Pipette 10 μL of cell suspension from the collection tube 

and add 10 μL of AO/PI (Acridine Orange/propidium iodide, Countstar), then drop the cell suspension into a cell counting plate and 
place it on a fluorescent cell counter Countstar (Countstar RigelS2) for 60 s for cell counting and activity assay. 

2.7.3. Sequencing 
Single cells were captured by randomly distributing a single-cell suspension in 200,000 microwells. Beads with oligonucleotide 

barcodes were added to saturation so that a bead was paired with a cell in a microwell. A cell-lysis buffer was added so that poly- 
adenylated RNA molecules could be hybridized with the beads. Beads were collected into a single tube for reverse transcription. 
During cDNA synthesis, each molecule is tagged with a unique molecular identifier (UMI) [13] at the 5′ end and a cellular barcode to 
indicate its cellular origin. The BD Rhapsody single-cell whole transcriptome amplification process was applied to prepare the library. 
The second strand of cDNA was synthesized and then ligated to the WTA junction for universal amplification. PCR amplification of 
cDNA products. Sequencing libraries were quantified using a high-sensitivity DNA microarray (Agilent) on a Bioanalyzer 2200 and a 
Qubit high-sensitivity DNA analyzer (Thermo Fisher Science). Each sample library was sequenced by HiSeq XTen (Illumina) at 150bp. 
Chao Wang, a technician from Shanghai Liebing Biological Company, China, completed the experiments of this sequencing project. 

2.8. Sequencing data analysis 

2.8.1. Data preprocessing 
Using the default parameters of fastp [14]to filter the adapter sequence and remove low-quality reads. Data generated by the BD 

platform was applied to the UMI tool (v1.0.0) to identify cell barcodes. Raw data were mapped using STAR (v2.5.2b), which has default 
parameters in the UMI tool standard guide, to obtain UMI counts for each sample. All analyses used the human genome (ensemble 
hg38, v91) as a reference. We calculated quality control indicators for each cell: percentage of mitochondrial genes and number of total 
genes expressed. We kept cells with less than 10 % mitochondrial gene expression and more than 200 and less than 10,000 expressed 
genes. Mitochondrial genes were removed from the gene expression list [15–17]. 

2.8.2. Data normalization 
Import the gene expression matrix results into the R (v3.5.1) statistical environment for further analysis. Data normalization was 

performed using scran (v1.10.2) in the R package. The nearest neighbor method of the fastMNN function was used to correct batch 
effects between samples [18,19]. 

2.8.3. Dimension reduction of scRNA-Seq data 
The standardized and batch-corrected data were imported into Seurat (v2.3.4) for downstream analysis and visualization, and the 

integrated data matrix was subjected to principal component analysis (PCA) [16]. Using the Elbowplot function of Seurat, the top 10 
PCs were selected for downstream analysis, and the cells were clustered using unsupervised clustering based on the Graphcluster 
algorithm with a default resolution setting of 0.8 (res = 0.8) [20]and visualized using t-distributed stochastic neighbor embedding 
(t-SNE) [21]. Then, cell type identification was performed based on marker genes [22]. 
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2.8.4. Gene enrichment analysis 
Gene ontology (GO) was used to annotate the biological processes (BP) of differentially expressed genes (DEGs) with up-regulated 

expression of each time group during ADSC-induced differentiation to obtain all GOs in which genes were involved. The Fisher test was 
used to calculate the significance level of each GO (P -Value), thus screening the significant GOs for gene enrichment [23,24]. 

2.8.5. Branch expression analysis modeling (Beam) analysis 
After Monocle simulates the time of differentiation that each cell was at, Beam analysis could show a map of gene expression 

distribution that gradually increases or decreases with the time of differentiation [16,25]. 

2.8.6. Transcriptional regulation analysis 
The GRNs in cells were analyzed using single-cell regulatory network inference and clustering (SCENIC) to calculate the number of 

regulated genes and their regulatory strength (AUCellScore) for each transcription factor in the cell and to assess the activity of each 
regulon (group of transcription factor-binding target genes) in the cell [17]. Through this analysis, we can get the regulation of 
transcription factors in different cell populations and find the specific transcription factors of each cell Cluster [26]. 

2.9. Cellular communication analysis 

CellPhoneDB (v1.1.0) is a public database of ligands, receptors, and their interactions, which enables systematic analysis of 
intercellular communication molecules. The membrane, secretory, and peripheral proteins were annotated at different time points 
[27]. The average value and cellular communication significance were calculated according to the cell matrix obtained by interaction 
and Seurat standardization. 

3. Result 

3.1. PCA dimensionality reduction and cell clustering visualization techniques control sample cell quality and data 

In this study, the number of cells captured in ADSCs, pri-1d, inducted 1h, 3h, 5h, 6h, and 8h samples were 5325, 7368, 5283, 3324, 
4971, 6569, and 6988, respectively, for a total of 39828 cells, and their average Reads per cell assay were 42499, 44358, 38139, 
57070, 61298, 37446, and 28353, 61298, 37446, 28353, respectively. The genomic mapping rate of all samples was greater than 90 %, 
indicating good data quality. The total number of cells after filtering was 38453, and the number of cells in ADSCs, pri-1d, inducted 1h, 
3h, 5h, 6h, and 8h samples was 5325, 7091, 5106, 3266, 4843, 6417 and 6405, respectively. Then, scRNA-Seq technology was applied 
to build a library of transcriptome information of single cells. In this study, based on the Seurat Package, PCA, a commonly used 

Fig. 1. Results of the 7-time points cell samples with t-SNE visualization presentation. 
(A) t-SNE visualization showing the distribution of cells among different samples, with each point in the plot representing a cell and different colors 
representing different sample sources. (B) The clustering results of all cell t-SNE visualizations, each point represents a cell and the number in the fig. 
represents the Cluster number of that cell population, divided into 14 Clusters in total. 
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Fig. 2. t-SNE scatter plots and violin plots of the distribution of major neuronal marker genes in each cell cluster. 
(A) Scatter plots showing the t-SNE distribution of major neuronal marker genes in each cell cluster. (B) Violin plots showing the distribution of 
major neuronal marker genes in each cell cluster. 
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Fig. 3. Beam analysis plots of neuronal and stem cell marker genes. 
(A) Beam analysis plots of major neuronal marker genes. (B) Beam analysis plots of the main marker genes of stem cells. 
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unsupervised linear dimensionality reduction method, was used to reduce the dimensionality of the quality control filtered and 
normalized data, extract the main features, and the relationship between single cells for t-SNE visualization. Important PCs were 
selected based on the expression of the most critical gene population occupying the greatest weight in all single-cell samples, and the 
two principal components (PC1, PC2) that have the most significant impact on individual cells of different samples were localized in a 
face. The cells of each sample were evenly distributed in each Cluster, and the distance between ADSCs and I-1h was the farthest in the 
t-SNE plot after inducing them into neurons due to the change of cell type of ADSCs after inducing differentiation (Fig. 1A). All 38453 
cells were divided into clusters 0–13 (Fig. 1B), with cells in the ADSCs group mainly distributed in Clusters 5, 8, and 11, cells in the pri- 
1d group distributed in Clusters 4, 6 and 13, cells in the induction 1h group mainly distributed in Clusters 2, 9 and 12, cells in the 
induction 3h group were distributed in clusters 7 and 9, the cells in the induction 5h group were mainly distributed in cluster 1. The 
cells in the induction 6h and 8h groups were mainly distributed in clusters 0, 3, and 10. 

3.2. Pseudo-temporal expression results of major neuronal marker genes in each cell cluster 

The t-SNE distribution scatter plots and violin plots of neuron marker genes NES, MAP2, TMEM59L, PTK2B, CHN1, DNM1, NRSN2, 
FBLN2, SCAMP1, SLC1A1, DLG4, CDK5, ENO2 were shown in Fig. 2. Fig. 2A is the scatter plots of t-SNE distribution of these neuronal 
marker genes, and Fig. 2B is the violin plots of the distribution of these neuronal marker genes. 

3.3. Results of Beam analysis of pseudo-time trajectory expression of marker genes in neurons and stem cells 

NES, MAP2, TMEM59L, PTK2B, CHN1, DNM1, NRSN2, FBLN2, SCAMP1, SLC1A1, DLG4, CDK5, ENO2 of neuronal marker genes 
and CCND1, IL1B, MMP1, MMP3, MYO10, BMP2 of stem cell marker genes of the results of Beam analysis of the expression char-
acteristics along with the pseudo-time trajectory were shown in Fig. 3. With the extension of induction time, the marker genes of 
neurons gradually showed an upward trend (Fig. 3A), the marker genes of stem cells gradually showed a downward trend (Fig. 3B). 

3.4. Results of up-regulation of BP function in gene-enriched GO of differentiated cells in each group compared to the ADSCs group 

The samples from the pri-1d, induction 1h, 3h, 5h, 6h, and 8h groups were compared with ADSCs, and 1874, 1905, 1958, 2539, 
2174, and 2199 differential genes were screened with P < 0.05 as the threshold criterion, and 912, 955, 1004, 1164, 1058, and 1066 

Fig. 4. BP function of up-regulated gene enriched GO for each time point sample compared with ADSCs group. A1-A6 show the BP function 
of upregulated gene-enriched GO in pri-1d, induction 1h, 3h, 5h, 6h, and 8h groups compared with ADSCs group, respectively (red represents 
significant entries, P < 0.05; blue represents non-significant entries). 
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differential genes were up-regulated in expression compared with the ADSCs group, respectively. The latter were subjected to BP 
functional analysis of gene enrichment GO, and the significant entries with P < 0.05 associated with neurons were selected and plotted 
in the tube diagram in Fig. 4. Fig 4A1 shows the BP function of up-regulated gene-enriched GOs in the pri-1d group compared with the 
ADSC group, and Fig. 4A2-A6 show the BP function of up-regulated gene-enriched GOs in the induced 1h, 3h, 5h, 6h, and 8h groups 
compared with the ADSC group, respectively. 

3.5. Results of activation analysis of gene set expression of cell clusters in each group 

Samples at each time point in the heat map presented according to QuSAGE analysis differed in the degree of significant activation 
in different gene sets. Cluster 0 (induction 6h and 8h) was significant in protein digestion and absorption gene set; cluster 1 (induction 
5h) was significant in neuroactive ligand-receptor interaction and fat digestion and absorption gene sets; clusters 2 and 9 (induction 1h 
and 3h) were significant in synaptic vesicle cycle gene set; and the cluster 3 (induction 6h and 8h) were significant in DNA replication, 
mismatch repair, and homologous recombination gene sets; the cluster 5 (ADSC) was significant in mineral absorption, IL-17 signaling 

Fig. 5. Heat map of the activation level of different gene sets in each cluster of cells.  

X. Yuan et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e33079

9

pathway, cytokine-cytokine receptor interaction, and TNF signaling pathway gene sets; cluster 8 (ADSC) was in Ribosome biogenesis 
in eukaryotes, RNA transport gene sets; and cluster 11 (ADSC) was significant in protein export and protein processing in endoplasmic 
reticulum gene sets (Fig. 5). 

3.6. Regulatory intensity of the most strongly expressed transcription factors in each group in each cluster of cells 

SCENIC analysis of differential regulation of transcription factors showed that the most strongly regulated transcription factors in 
each group were JUN in cells of the ADSCs group, MSX1 in cells of the pri-1d and induction 1h groups, DDIT3 in cells of the 3h group, 
MAFB in cells of the 5h group, and EZH2 in cells of the 6h and 8h groups, respectively (Fig. 6A). In addition, the STAT1 transcription 
factor had a low regulatory effect in the ADSCs group of cells, but it had a robust regulatory effect in all groups of cells after induction 
(Fig. 6B). 

Fig. 6. Regulatory intensity heat plot, t-SNE plots, and violin plots of transcription factors expressed in different samples. 
(A) SCENIC analysis reveals the transcription factors with the highest intensity of regulation in each group. (B) t-SNE plots and violin plots of the 
transcription factors with the highest intensity of regulation in each group. 
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3.7. Results of intercellular communication between receptors and ligands for each cluster of cells in each group 

CellPhoneDB results of ligand-receptor interactions between cells showed that cluster 1 (5h group) had the most robust ligand- 
receptor interactions with clusters 1, 0, 3, and 10 (5h, 6h, and 8h groups), followed by stronger ligand interactions with clusters 4, 
6, and 7 (pri-1d, 3h groups) for cluster 1. The ligand-receptor interaction was more vital for clusters 0 and 3 (6h and 8h groups). Among 
them, the FN1 ligand of cluster 0 interacted more strongly with the a8b1 complex receptor of clusters 5 and 8, and the PDGFRB and 
PDGFR complex receptors of cluster 0 interacted more strongly with the PDGFD ligand of cluster 1 (Fig. 7A). The LAMC1 ligand of 
cluster 1 interacted more strongly with the a7b1 complex receptor, and the a7b1 complex receptor of cluster 1 interacted more strongly 
with the LAMC1 ligands of clusters 0, 3, 10, 4, 6, and 7. The FN1 ligand of cluster 3 interacted more strongly with the a8b1 complex 
receptor of clusters 5 and 8, respectively, the PDGFRB and PDGFR complex receptors of cluster 3 interacted more strongly with the 
PDGFD ligand of cluster 1, and the FGFR1 receptor of cluster 3 interacted more strongly with the FGF1 ligand of clusters 2 and 4. The 
FN1 ligand of cluster 10 interacted more strongly with the a8b1 complex receptor of clusters 5 and 8, the CD99 receptor of cluster 10 
interacted more strongly with the ligands of clusters 5 and 8, the APP receptor of cluster 10 interacted more strongly with the CD74 
ligands of clusters 1, 4 and 6, and the a10b1 complex receptor of cluster 10 interacted more strongly with the COL12A1 ligand of 
cluster 1 (Fig. 7B–I). 

4. Discussion 

Our previous studies found that ADSC-induced differentiated neurons have typical neuronal cell morphology, ultrastructure, and 
neurophysiological functions [1,5,9]. However, the characterization of its genomic changes during this induction response is unclear. 
We used scRNA-Seq technology to construct a single-cell transcriptome information library, and t-SNE visualization localization was 
performed to visualize the relationship between ADSCs differentiation into neurons. The t-SNE visualization results at each time point 
of ADSCs differentiation into neurons were displayed, and these cells were divided into 0–13 clusters. The gene expression charac-
teristics of the cells in each cluster were further analyzed. The neuronal marker genes NES, MAP2, PTK2B, CHN1, DNM1, NRSN2, 
FBLN2, and SCAMP1 [24,28–34] gradually increased with the induction time, while TMEM59L, SLC1A1, DLG4, CDK5, and ENO2 
[35–39] peaked in the induction 5h cell cluster but significantly decreased in the induction 8h cell cluster. However, the expression of 
CCND1, IL1B, MMP1, MMP3, MYO10, and BMP2 [40–46], stem cell marker genes, were highest in the ADSC cluster and significantly 
decreased in their differentiated cell clusters with increasing induction time. Meanwhile, the BP functions related to neuronal dif-
ferentiation and development, such as neuronal differentiation and projection and apoptosis, dendritic morphogenesis, axonogenesis, 
guidance, extension, protein transport and damage response and regeneration, synaptic assembly, cell transport and regulation of 
endocytosis in their differentiated cell clusters were significantly up-regulated with longer induction time. The pattern of genomic 
changes during the induction of differentiation of ADSCs into neurons and the evolutionary characteristics of its cellular functional 
processes were elucidated. This is crucial to reveal the molecular biological mechanism of its induction of differentiation response. 

It has been shown that cells can change from one functional "state" to another during cell growth and development in response to 
various stimuli [25,47,48]. When cells shift between states, a reorganization of transcription occurs in which some genes are silenced, 
and others are activated so that the genes are activated and expressed differently in cells in different states [49–52]. Monocle is a classic 
tool for ScRNA-seq analysis, enabling the study of the sequence of gene expression changes each cell must undergo during cell state 
transitions. Once the overall "trajectory" of gene expression changes is known, Monocle can place each cell in the appropriate position 
in the trajectory [53]. After determining the differentiation starting point of ADSCs, Monocle can simulate the differentiation time of 
each cell, find the heat map and distribution map of gene expression that gradually increases or decreases with the differentiation time, 
namely Beam analysis, and then obtain the determinant genes related to differentiation [54]. Beam analysis of neuronal marker genes 
and stem cell marker genes in this study showed the trend of gene expression during the differentiation of ADSCs into neurons. 
Previous studies have shown that this ADSCs induction response has differentiated into mature neurons by 5h, while continued in-
duction up to 8h results in degenerative aging or even death changes in differentiated cells [1]. This study revealed that CCND1, IL1B, 
MMP1, MMP3, MYO10, and BMP2, marker genes of stem cells highly expressed in ADSCs, decreased significantly and gradually with 
increasing induction time. However, the expression of neuronal marker genes such as NES, MAP2, TMEM59L, PTK2B, CHN1, DNM1, 
NRSN2, FBLN2, SCAMP1, SLC1A1, DLG4, CDK5, ENO2, etc., although low in ADSCs, increased significantly and gradually in 
differentiated cells as the induction time increased, with MAP2, TMEM59L, SLC1A1, DLG4, CDK5, ENO2 TMEM59L, SLC1A1, DLG4, 
CDK5, and ENO2 peaked in the cell clusters at 5h of induction but decreased significantly by 8h of induction. This suggests that the 
latter gene could serve as a marker gene for mature neurons. It also confirms the characteristic of gradual activation of neuron-related 
genes and gradual silencing of stem cell-related genes in ADSCs during the differentiation of ADSCs into neurons. However, the 
expression of the proteins corresponding to these genes during the differentiation of ADSCs into neurons is still unclear, which needs to 
be verified in the next step of the study to provide more options for future studies on selecting neuronal markers. 

Fig. 7. Cell communication results of receptors and ligands between clusters of cells in each group. 
(A) Relationship heat map when different clusters are used as ligand and receptor respectively. (B, C) Results of the first 50 relationships in cellular 
communication with Cluster0 as the rank ascending sequence of ligand and receptor, where the size of the ball represents the p-value and the color 
shade represents the regulatory strength of the relationship. (D, E) Results of the first 50 relationships in cellular communication with Cluster1 as the 
rank ascending order of ligand and receptor. (F, G) Results of the first 50 relationships in cellular communication with Cluster 3 as the rank 
ascending order of ligand and receptor. (H, I) Results of the first 50 relationships in cellular communication with Cluster10 as the rank ascending 
sequence of ligand and receptor. 
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GO analysis in ScRNA-seq is annotated by calculating whether differential genes in the regulatory process are significantly clus-
tered at three levels: cellular component, molecular function, and biological process [55]. Studies have shown that ADSC-induced 
differentiation of 5h cells has typical neurons’ cytomorphological features and electrophysiological functions of typical neurons 
[2]. However, only some other functional studies on such ADSC-derived neurons have been reported. Our BP results from this dif-
ferential gene enrichment GO with neuron-related significant entries of upregulated expression of differentiated cell clusters during the 
induced differentiation response showed that the functions upregulated in pri-1d were mainly neurite protrusion maintenance and 
development, axonogenesis and extension, axon-dendritic cell transport, and axon sheath and so on. Upregulated at 1h of induction 
were mainly the positive regulation of endocytosis, regulation of neuronal apoptotic processes, maintenance and regulation of synaptic 
structures, organization of the postsynaptic actin cytoskeleton, and neuronal development. Upregulated at induction 3h are mainly 
positive regulation of microtubule aggregation, actin cytoskeleton reorganization, and negative regulation of oxidative stress-induced 
neuronal death. The main functions upregulated at induction 5h are involved in axon guidance, postsynaptic neurotransmitter re-
ceptor internalization, dendrite morphogenesis, negative regulation of neuron differentiation, nervous system development, neural 
tube development, regulation of neurotransmitter receptor localization to postsynaptic specialization membrane, axon target recog-
nition, axon midline choice point recognition, ciliary neurotrophic factor-mediated signaling pathway, regulation of axon extension, 
regulation of synaptic vesicle priming, positive regulation of neuron differentiation. Upregulated at 6h of induction is mainly the 
establishment of vesicle localization, the regulation of membrane repolarization during action potentials, the modification of the 
postsynaptic actin cytoskeleton, and the regulation of chemical synaptic transmission. The main functions upregulated at induction 8h 
are the positive regulation of synaptic vesicle aggregation, synaptic maturation, synaptic vesicle endocytosis, and positive regulation of 
excitatory postsynaptic potentials. This suggests that differentiated cells at different times during this induction differentiation re-
action have different functions associated with neurons and that differentiated cells at 5h of induction already have the structure and 
function of neurons. Therefore, termination induction response can be performed on 5h cells in the following studies to obtain cells for 
functional verification and provide a new source for cell transplantation therapy. 

The basis of cell heterogeneity is the difference in cell transcription state, and the heterogeneity of transcription state is determined 
and maintained by GNRs dominated by transcription factors [56]. Therefore, the analysis of GRNs in single cells can help to explore the 
biological significance behind cellular heterogeneity and provide valuable clues for the study of disease diagnosis, treatment, and 
developmental differentiation. SCENIC is an algorithm for GRNs developed specifically for single-cell data that identifies highly 
reliable GRNs dominated by transcription factors by inferring gene co-expression networks [57]. To analyze the GRNs during 
ADSC-induced differentiation into neurons, the results of our SCENIC study showed different transcription factors with the highest 
specific expression at different time points, suggesting a large variability in the regulation of transcription factors between samples at 
each time point. The most strongly regulated transcription factor in ADSCs was JUN, while in differentiated cells at 1h of induction of 
differentiation, the reaction was MSXI, at 3h was DDIT3, at 5h was MAFB, and at 6h and 8h was EZH2. Meanwhile, although STAT1 
had a low regulatory role in ADSCs, the regulatory role increased significantly and gradually with the prolongation of the induction 
response time. This indicates that different transcription factors regulate cells during the induction differentiation response at different 
times. JUN is a crucial transcription factor for maintaining the function of ADSCs. In contrast, MSXI, DDIT3, MAFB, EZH2, STAT1, and 
other transcription factors play critical regulatory roles during this induction differentiation response, resulting in differentiated cells 
with different cell morphology and functions at different times. 

In addition, cell communication studies based on the CellPhoneDB database have revealed that specific ligand-receptor interactions 
occur between clusters of cells during this induced differentiation response. The results showed the most robust ligand-receptor 
interaction between the 1 cluster of cells at induction 5h and the 1, 0, 3, and 10 clusters of cells at induction 5h, 6h, and 8h, with 
the most substantial communication-linkage effect between cells within the induction 5h group, followed by the ligand-receptor 
interaction between the 5h group and the cells at induction 6h and 8h, and the ligand-receptor interaction between the cells at in-
duction 6h and 8h.This was followed by a more vital receptor interaction of the 1-cluster ligand with the 4, 6, and 7 clusters of cells that 
are pri-1d and induction 3h. This is mainly reflected by the strong interaction between LAMC1 ligands of cluster 1 and a7b1 complex 
receptors, the strong interaction between PDGFD ligands of cluster 1 and PDGFRB and PDGFR complex receptors of cluster 0, and the 
strong interaction between a7b1 complex receptors of cluster 1 and LAMC1 ligands of clusters 0, 3, 10, 4, 6, and 7. The PDGFD ligand 
of cluster 1 interacts more strongly with the PDGFRB and PDGFR complex receptors of cluster 3. The COL12A1 ligand of cluster 1 
interacts more strongly with a10b1 complex receptors of cluster 10. However, this cellular communication link between pri-1d, in-
duction 1h, and 3h differentiated cells was weak. The results of the cell cluster gene set expression activation analysis in this study also 
confirmed the significant activation of the neuroactive ligand− receptor interaction gene set between cluster 1 of cells at induction 5h. 
The results indicate that this complex neural network pathway of interconnection between ADSC-derived mature neurons is gradually 
formed through receptor-ligand pairs. This neural network pathway is formed mainly in the form of cellular communication links 
between cellular ligands and receptors starting at 5h of the induction of the differentiation response. Also, the interaction of this mode 
of communication between the clusters of cells plays a vital role in this induced differentiation response. However, the above analysis 
results need to be further verified to reveal the diversity and complexity of ADSC-derived neurons further and provide a new direction 
for cell research and treatment in the future. 

5. Conclusion 

In summary, scRNA-Seq was applied to discover the genomic changes in ADSC-induced differentiation into neurons, revealing that 
this complex neural network of interconnections between ADSC-derived neurons through receptor-ligand pairs is gradually formed 
mainly from 5h of the induction response, which provides a theoretical basis to clarify the molecular biological mechanism of this 
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induction response. 
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