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Abstract 
Human adipose-derived stem cells (ASCs) have shown immense potential for regenerative medicine. Our previous work demonstrated that 
chitosan nano-deposited surfaces induce spheroid formation and differentiation of ASCs for treating sciatic nerve injuries. However, the under-
lying cell fate and differentiation mechanisms of ASC-derived spheroids remain unknown. Here, we investigate the epigenetic regulation and 
signaling coordination of these therapeutic spheroids. During spheroid formation, we observed significant increases in histone 3 trimethylation 
at lysine 4 (H3K4me3), lysine 9 (H3K9me3), and lysine 27 (H3K27me3), accompanied by increased histone deacetylase (HDAC) activities and 
decreased histone acetyltransferase activities. Additionally, HDAC5 translocated from the cytoplasm to the nucleus, along with increased nu-
clear HDAC5 activities. Utilizing single-cell RNA sequencing (scRNA-seq), we analyzed the chitosan-induced ASC spheroids and discovered 
distinct cluster subpopulations, cell fate trajectories, differentiation traits, and signaling networks using the 10x Genomics platform, R studio/
language, and the Ingenuity Pathway Analysis (IPA) tool. Specific subpopulations were identified within the spheroids that corresponded to a 
transient reprogramming state (Cluster 6) and the endpoint cell state (Cluster 3). H3K4me3 and H3K9me3 were discovered as key epigenetic 
regulators by IPA to initiate stem cell differentiation in Cluster 6 cells, and confirmed by qPCR and their respective histone methyltransferase 
inhibitors: SNDX-5613 (a KMT2A inhibitor for H3K4me3) and SUVi (an SUV39H1 inhibitor for H3K9me3). Moreover, H3K9me3 and HDAC5 
were involved in regulating downstream signaling and neuronal markers during differentiation in Cluster 3 cells. These findings emphasize 
the critical role of epigenetic regulation, particularly H3K4me3, H3K9me3, and HDAC5, in shaping stem cell fate and directing lineage-specific 
differentiation.
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Graphical Abstract 

Significance Statement
This study unravels the pivotal role of histone trimethylations and HDAC5 in regulating spheroid subpopulations and differentiation signaling 
of human adipose-derived stem cells on the chitosan surface. In transient state (Cluster 6) cells, KMT2A (H3K4me3) and SUV39H1 
(H3K9me3) increase RARRES1, IGF, FGF7, and PTGES to initiate stem cell reprogramming. In endpoint state (Cluster 3) cells, H3K9me3 
and HDAC5 upregulate RARRES2, GDF15, MDK, and GPNMB to guide stem cell fate decisions. Other differentiation-related genes such 
as APOE, DUSP1, NUPR1, NEUROG1, and SOX4 are also upregulated in both Clusters 3 and 6, leading to neuronal lineage cells. By 
understanding the epigenetic mechanisms involved in shaping stem cell fate and guiding lineage-specific differentiation, our findings 
may contribute to advancing regenerative medicine and therapeutic strategies for treating sciatic nerve injuries and other neurological 
disorders.

Introduction
Adipose-derived stem cells (ASCs), a subset of bone marrow 
mesenchymal stem cells (BMMSCs), can be relatively easily 
harvested from subcutaneous adipose tissue through liposuc-
tion surgery, offering a high yield with minimal donor-site 
morbidity.1,2 The use of human ASCs in regenerative medi-
cine is highly attractive due to ethical advantages over embry-
onic stem cells (ESCs). Additionally, numerous studies have 
explored the safety and efficacy of implanting ASCs in dif-
ferent animal models.3,4 With similar differentiation ability to 
BMMSCs, the transplantation of ASCs has been reported to 
promote repair and regeneration in neural,5–7 bone,8,9 vocal 
fold,10 and cardiovascular tissues.11 ASCs have also exhibited 
the potential to differentiate toward mesodermal (adipocytes, 
osteoblasts, and chondrocytes), ectodermal (neurons and glial 
cells), and endodermal (hepatocytes and pancreatic β-cells) 
lineage upon in vitro induction.1,12–14 High-density culturing 
of ASCs in neurobasal medium (NBM) supplemented 
with B27 induces the formation of compact free-floating 
neurospheroids,15 which can be further differentiated into 
neuronal, glial, and oligodendrocyte cells by adding epi-
dermal growth factor (EGF), basic fibroblast growth factor 
(bFGF), and brain-derived neurotrophic factor (BDNF).16–18 
The differentiation of BMMSCs into neurospheres can also 
be achieved by seeding cells on ultra-low-attachment surfaces 
in NBM supplemented with B27, EGF, bFGF,19 and further 
differentiated into Schwann-cell-like cells, oligodendrocyte 
precursors, or sensory neuron.20–22 Morphological changes 
and the induction of spheroid formation can also be trig-
gered by seeding the ASCs on chitosan nano-deposited sur-
face, resulting in a mixed population of neural linage cells 
expressing nestin, neural filament heavy chain (NFH), and 

glial fibrillary acidic protein (GFAP).17,23–25 The addition of 
FGF9 during spheroids formation further promotes fate com-
mitment toward Schwann cell linage via FGF9-FGFR2-Akt 
signaling pathway.17

Differentiation, reprogramming, and direct 
reprogramming of stem cells are accompanied by drastic 
changes in both gene and epigenetic regulations. Epigenetic 
factors, including histone modifications, DNA methylation, 
and non-coding RNA-mediated regulations, are known to 
play a pivotal role in controlling stem cell fate for differ-
entiation, reprogramming, and direct reprogramming.26 
Chromatin regulation is a fundamental mechanism un-
derlying stem cell pluripotency, differentiation, and the es-
tablishment of cell type-specific gene expression profiles. 
Histone methylation and acetylation are two major 
modifications acting as gene transcriptional regulators for 
various cellular functions and responses. Histone methyla-
tion can activate or repress gene transcription, depending on 
which residue is methylated. Most histone modifications in-
volve sites within the first 30 amino acids of the N-terminal 
domains of histones, such as histone 3 at lysine 4 (H3K4), 
lysine 9 (H3K9), and lysine 27 (H3K27).27 Methylation of 
H3K4 is the most common modification to active transcrip-
tion genes, whereas the methylation of H3K9 and H3K27 
is usually associated with gene silence.26 A chromatin land-
scape analysis reported that human ESCs have abundant 
acetylation marks at H3K9, H3K56, H4K5, H4J48, H4K12, 
and H4K16, whereas in differentiated cells have high levels 
of the repressive marks at H3K9me2/me3, H3K27me1/me2, 
H3K35me2, and H4K20me2.28 The H3K27me3 is critical 
to the “stemness” of stem cells, as H3K27me2 triggers cel-
lular differentiation.29 Additionally, H3K4 and H3K27 are 
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associated together as a ‘‘bivalent” chromatin signature to 
mark genes that are repressed in hESCs but poised to allow 
for alternative fate.29–31 Dynamic changes in histones H3K4, 
H3K9, and H3K27 trimethylation on nestin locus after the 
stimulation of EGF, bFGF, and B27 have been reported.32 
However, the detailed mechanism underlying the histone 
trimethylation-mediated differentiation of ASCs during 
spheroid formation is not yet fully understood.

Histone acetylation is dynamic and reversible through two 
antagonistic enzymes: histone acetyltransferases (HATs) and 
histone deacetylases (HDACs), which open chromatin struc-
ture or inactive the transcription, respectively.33 HATs can 
maintain the stemness property of many stem cells, including 
ESCs,33,34 MSCs,35 neural stem cells (NSCs),36 and hemato-
poietic stem cells.37 Dysregulation of HAT-mediated histone 
acetylation leads to a reduced potential of self-renewal in 
stem cells.38 There are 18 HDACs in mammalian genomes, 
classified into 4 classes: Class I (HDAC1, HDAC2, HDAC3, 
and HDAC8), Class IIa (HDAC4, HDAC5, HDAC7, and 
HDAC9), IIb (HDAC6 and HDAC10), Class III (SIRT 1-7), 
and Class IV (HDAC11). In Class I HDACs, HDAC1 and 
HDAC2 are expressed in the nuclear and formed multiprotein 
enzyme complexes for cell division and stem cell self- 
renewal by maintaining pluripotent transcriptional factors.39 
HDAC1 and HDAC2 are also essential for differentiating 
neuronal precursors into neurons.40 Class II HDACs can 
shuttle between the nucleus and cytoplasm, depending on 
their phosphorylation status, and have tissue-specific expres-
sion patterns. Class IIa HDACs contain a myocyte enhancer 
factor-2 (MEF2) binding site to repress MEF2-mediated tran-
scription, thereby controlling the differentiation of cardiac, 
neural, and dental pulp stem cells.41 HDAC5 is implicated 
in neuronal differentiation by decreasing acetylated tubulin 
to promote axon regeneration in injured dorsal root ganglia 
(DRG) neurons.42 HDAC6 and HDAC10 of Class IIb HDACs 
are primarily located in the cytoplasm. Until now, the his-
tone modification mechanisms underlying ASCs, especially 
during morphological change or differentiation, are largely 
unknown.

Differentiation of stem cells is correlated with terminal 
mitosis and cell cycle exit.43–45 The cyclin A and B are mi-
totic cyclins that promote the S/M phase entry and the G2/M 
transition for mammary stem cell division, respectively.46 
Knockdown of cyclin A, cyclin B, cyclin E, or CDKs results 
in loss of pluripotency and triggers cell differentiation.47,48 
However, the regulatory relationship between cell cycle, 
epigenetic modification, and differentiation during sphe-
roid formation of ASCs is still unknown. In this study, the 
subpopulations and gene expression profiles in spheroids de-
rived from ASCs, as well as its cell cycle and reprogramming 
signaling network that is regulated by epigenetic factors, were 
investigated. Our finding revealed the interplay between the 
H3K4me3, H3K9me3, and HDAC5 epigenetic modifiers 
and their regulatory enzymes (KMT2A and SUV39H1) 
in promoting the ASCs’ reprogramming potential during 
chitosan-induced spheroid formation.

Materials and Methods
All details pertaining to the chemicals and materials used 
in this study are shown in Supplementary Table S1. The 
details of Nuclear/Cytosol fractionation, HATs/HDACs ac-
tivity assay, Western blotting analysis, RNA extraction and 

real-time quantitative PCR, and immunofluorescent staining 
are shown in Supplementary Methods.

Primary Culture of Human Adipose-Derived Stem 
Cells and Spheroid Induction
Human ASCs, which are human mesenchymal stem cells 
harvested from normal human adipose tissue, were purchased 
from Promocell GmBH (C12977). ASCs were cultured in a 
mixture of 25% mesenchymal stem cell (MSC) growth me-
dium (Gibco) and 75% Dulbecco’s modified Eagle’s medium 
high glucose (DMEM-high), supplemented with 10% fetal 
bovine serum (FBS) and 1% penicillin/streptomycin in a 5% 
CO2 humidified incubator at 37 °C. To induce spheroid for-
mation from ASCs, we followed the protocols described in 
previous studies for the differentiation of neural lineage-like 
cells (NLCs), a spheroid neural regeneration model, using a 
chitosan-deposited surface.17,24,49 Briefly, 1% w/v chitosan 
acetic acid was coated onto Petri dishes. The nano-deposited 
dishes were then washed with 1N NaOH solution, PBS, and 
MQ water. ASCs were seeded onto the chitosan-coated sur-
face at a density of 1 × 106 cells/10 mL for 72 hours to in-
duce spheroid formation. Subsequently, the induced spheroids 
were harvested for analysis.

Single-Cell RNA Sequencing (scRNA-seq) Assay
Preparation of a Single Cell Suspension
ASCs and spheroids were digested with 0.05% trypsin 
(Invitrogen) for 1 and 10 minutes, respectively. Subsequently, 
cells were centrifuged at 500 x g for 5 minutes, and the pellets 
were resuspended in growth media containing 10% FBS. 
The cell concentration was determined by Countstar (Aber 
Instruments Ltd). The target cell concentration of 1 × 106 cells 
per milliliter was achieved by adding appropriate volumes of 
growth medium with 10% FBS.

Single-Cell RNA-seq Library Preparation and Sequencing
Using the Chromium Next GEM single-cell 3ʹ v3.1: cell mul-
tiplexing protocol (10x Genomics), single cells from ASCs 
and Spheroids were labeled with Cell Multiplexing Oligos 
(CMO) for grouping. The labeled cells were loaded onto the 
10x Genomics Single Cell Chip G cartridge, where they were 
encapsulated within droplets containing barcoded gel beads. 
This process generated single-cell Gel Beads-in-Emulsion 
(GEMs) and facilitated reverse transcription. Inside the 
droplets, mRNA capture occurred using a 30 bp oligo-dT 
after cell lysis. Barcodes (14 bp) were provided to index cells 
and transcripts (10 bp UMI). Following reverse transcription, 
the cDNAs tagged with both CMO and UMI barcodes were 
amplified, and a library was constructed using the Chromium 
Next GEM Single Cell 3ʹ Reagent Kits v3.1_Dual Index (10x 
Genomics). The resulting libraries were sequenced on an 
Illumina NextSeq 2000 System using a 2 × 150 bp configura-
tion (Illumina, Inc.).

Sample Demultiplexing, Barcode Processing, and UMI 
Counting
Sample demultiplexing, barcode processing, and UMI 
counting were performed using the official 10x Genomics 
pipeline Cell Ranger v3.1.0 (https://support.10xgenomics.
com) (10X Genomics). Raw base call files generated by 
Illumina sequencers were demultiplexed into reads in FASTQ 
format using the “cellranger mkfastq” pipeline. The raw reads 
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were trimmed from the 3ʹ end to obtain the recommended 
number of cycles for read pairs (Read1: 26 bp; Read2: 98 
bp). The reads from each library were then processed sep-
arately using the “cellranger count” pipeline to generate a 
gene-barcode matrix for each library. During this step, the 
reads were aligned to a human reference genome (version: 
GRCh38-3.0.0). Cell barcodes and UMIs associated with 
the aligned reads were corrected and filtered. As a param-
eter related to cell barcode filtering, the expected number of 
recovered cells was set to 8000 in this study.

Dimensional Reduction, Clustering, and UMAP 
Projection
Based on expression and dispersion, we selected 1889 highly 
variable genes (log2FC threshold = 0.25). The data on these 
genes were then subjected to dimensional reduction through 
principal component analysis (PCA). We used the first 30 
principal components to cluster the cells into subpopulations 
using a graph-based unsupervised clustering approach 
implemented in Seurat v5. This approach utilizes clustering 
algorithms to group cells with similar gene expression profiles 
into distinct clusters. These clusters can then be annotated 
or labeled based on known cell type markers, allowing for 
the identification of different cell types or subpopulations 
within the dataset. After the clustering step, the same prin-
cipal components obtained from the clustering analysis were 
used to project the clustered cells onto a two-dimensional 
(2D) map. To achieve this projection, we used the Uniform 
Manifold Approximation and Projection (UMAP) technique, 
a robust method for reducing the dimensionality of high-
dimensional data. UMAP effectively captures the local struc-
ture of the data and maps it onto a lower-dimensional space, 
facilitating clear visualization of relationships and patterns 
among the clustered cells.

Gene Set Enrichment Analysis and Pathway 
Analysis
Genes with log2FC ≥ 0.5 or log2FC ≤ −0.5 and P-value < .05 
were selected for further analysis. To explore cell fate and 
cluster associations, Monocle 2 software50 was used for trajec-
tory analysis, cross-analyzing cell differentiation trajectories 
between clusters from ASCs and spheroids. Additionally, 
Ingenuity Pathway Analysis (IPA, QIAGEN Inc.) software 
was used for gene expression pattern analysis, canonical 
pathways, and directional predictions.

Statistical Analysis
Statistical analysis was performed using Prism 8 software 
(GraphPad, La Jolla). A P-value < .05 was considered statisti-
cally significant in this study. The specific statistical methods 
for each figure were indicated in the respective figure legends.

Results
Spheroid Formation Arrests the Cell Cycle and 
Increases Epigenetic Regulations
During stem cell differentiation, the timing of terminal mi-
tosis and cell cycle exit is closely linked, and this process 
is associated with a decrease in the expression of cell cycle 
markers, including cyclin A and cyclin B.44 In the specific con-
text of chitosan-induced spheroid formation, the expression 
of cyclin A1 and cyclin B1 was found to be reduced within 16 
hours and sustained at a low level for 72 hours in spheroids 

compared to the regular culture of ASCs (Fig. 1A; quantifica-
tion results were shown in Supplementary Fig. S1A).

Chromatin regulation drives stem cell pluripotency, dif-
ferentiation, and cell-type-specific gene expression through 
dynamic changes in histone trimethylation. Given that the 
N-terminal domains of histones are highly associated with 
histone modifications in stem cells, we measured the his-
tone trimethylation of H3 in ASCs and its differentiated 
spheroids using western blotting of H3K4me3, H3K9me3, 
and H3K27me3. The spheroids showed significant increases 
in H3K4me3, H3K9me3, and H3K27me3 soon after seeding 
ASCs on the chitosan-coated surface for spheroid formation 
(Fig. 1B; quantification results were shown in Supplementary 
Fig. S1B). In addition, histone acetylation and/or deacetylation 
were further analyzed using HAT and HDAC enzymatic activ-
ities assays, respectively. Compared to the increases of HAT 
activities in ASCs during different time points of cell culture, a 
decrease in HAT activity was observed at 72 hours after sphe-
roid induction (Fig. 1C). The reduction of HAT at 72 hours 
agreed with the cell cycle arrest protein expressions shown in 
Fig. 1A during spheroid formation. Interestingly, the HDAC 
activities were increased at 16 hours and maintained at high 
activity levels during spheroid induction (Fig.1D).

We further dissected the expression profiles of Class I and 
IIa HDACs using whole-cell lysates for western blotting. 
The expressions of Class I HDACs (HDAC1, HDAC2, and 
HDAC3) showed no differences between ASCs and spheroids 
(Fig. 1E; quantification results were shown in Supplementary 
Fig. S1C). However, the Class IIa HDACs, particularly the 
HDAC5 and p-HDAC4/5/7 were significantly increased 
during spheroids formation (Fig. 1E, Supplementary Fig. 
S1C). Since Class IIa HDACs are a group of transcriptional 
regulators and can shuttle between cytoplasm and nucleus, 
we further examined the subcellular localization of HDAC5. 
Immunofluorescent staining (IF) of HDAC5 showed translo-
cation of HDAC5 into the nuclear in spheroids (Fig. 1F; quan-
tification results were shown in Supplementary Fig. S1D). 
Immunoblotting of cytosolic and nucleus proteins confirmed 
the HDAC5 translocated into the nucleus at 48 and 72 hours 
after induction, whereas other Class II HDAC of HDAC4 and 
pHDAC4/5/7 remained in the cytosol (Fig. 1G; quantification 
results were shown in Supplementary Fig. S1E). After nucleus 
translocation, the HDAC5 activity in the cell nucleus was 
significantly increased in spheroids (Fig. 1H). These results 
suggested that chitosan-induced ASCs spheroid formation 
exhibits the characteristics of cell cycle arrest and highly ep-
igenetic modifications for potential stem cell reprogramming 
and/or differentiation.

Single-Cell RNA Sequencing Identified Distinct 
Subpopulations in Spheroids
To reveal detailed stem-cell information and characteristics 
during ASCs spheroid formation on the chitosan surface, 
scRNA-seq libraries of ASCs and spheroids were analyzed 
using the 10x Genomics 3ʹ CellPlex multiplexing platform. 
The scRNA-seq process involved dissociating ASCs and 
spheroids into individual single cells and included procedures 
for encapsulating, labeling, and sequencing (Fig. 2A). The cells 
from ASCs and spheroids were visualized in a 2D UMAP plot, 
clearly showing 2 distinct groups of cells (Fig. 2B). The cells 
were further clustered into 8 subpopulations using a shared 
nearest neighbor (SNN) modularity optimization-based 
clustering algorithm with a resolution of 0.45 (Fig. 2C). The 
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Figure 1. Cell cycle arrest and epigenetic regulations during spheroid formation of ASCs. (A) Representative western blotting analysis of cyclin A1 and 
B1 expressions in chitosan-induced spheroids (Sph) from ASCs (control) after different time points of 16, 24, 48, and 72 hours induction. (B) Western 
blotting analysis of H3K4me3, H3K9me3, and H3K27me3 expressions in chitosan-induced Sph at different time points. (C, D) Comparison of HATs 
activities (C) and HDACs activities (D) in Sph after spheroid formation. (E)Western blotting analysis of HDAC1, HDAC2, HDAC3, p-HDAC3, HDAC4, 
HDAC5, and p-HDAC4/5/7 expressions in Sph after 16-72 hours of induction. (F) Representative confocal immunofluorescence images of ASCs and 
spheroids stained with anti-HDAC5 antibody and DAPI. (G) Representative western blotting expressions of HDACs in cellular and nuclear extracts 
from spheroids. GAPDH and Lamin A/C were used as markers and loading controls for cytoplasm and nucleus, respectively. (H) HDAC5 activities in 
cytoplasm and nucleus of spheroids after 72 hours of chitosan induction. Data in bar graphs represent mean ± SEM of at least 3 independent repeats 
and were analyzed by 2-way ANOVA with Sidak’s multiple comparisons post-test in (C) and (D). Data in (H) were analyzed by Student’s t test. *P < .05 
and **P < .001 versus the ASC control group at 16 hours. ♯P < .05 and ♯♯P < .001 versus the ASC control group at each time point. Quantification 
and statistical analysis of Western blot assays in (A), (B), (E), (G), and HDAC5-nuclear translocated cells within confocal images in (F), are shown in 
Supplementary Fig. S1.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad090#supplementary-data
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Figure 2. Single-cell RNA-sequencing reveals different cell subpopulations and gene profiles of chitosan-induced spheroids and ASCs. (A) Workflow of 
single-cell RNA-sequencing experiments and analysis. (B) Distribution of cells from ASCs and spheroids in a 2D UMAP plot. (C) 2D UMAP plot showing 
8 color-coded clusters of ASCs and spheroids. The right panel indicates the percentage distribution of clusters in ASCs and spheroids. (D) Heat map 
displaying the top 10 genes with the highest average log2 fold change of each cluster. (E) Single-cell trajectory analysis using Monocle 2 software. The 
top 300 genes with the highest expression were used to construct the pseudotime tree. Cells on the tree are colored by Seurat cluster assignment 
(upper panel). In the lower panel, the arrangement of trajectory inference shows that cells on the left side of the tree are less differentiated than those 
on the right side.
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detailed percentages of cells in each cluster were listed, with 
ASCs showing significant proportion in Cluster 0 (31.94%), 
1 (26.31%), 2 (19.87%), and 5 (9.5%). Spheroids exhibited 
major subpopulations in Cluster 0 (19.42%), 2 (10.97%), 3 
(30.24%), 4 (21.64%), and 6 (8.71%). The top 20–30 genes 
(fold change > 1.5, log2 FC > 0.58) for each cluster are listed 
in Supplementary Table S4. The heatmap highlights the ex-
pression levels of the top 10 genes in each cluster, emphasizing 
differentially expressed gene profiles (Fig. 2D).

Cell fate trajectory analysis revealed the transition of 
ASCs to spheroids at single-cell resolution, displaying a con-
tinuum of cells leading to one branch point and three dis-
tinct fates. Cluster 1 cells in ASCs were found at two distinct 
ends of the trajectory, while Cluster 3 cells in spheroids were 
located at the third end. Cluster 6 cells were positioned be-
tween the branch point and the Cluster 3 end (Fig. 2E, upper 
panel). Overlaying of cluster trajectory distribution with 
the pseudotime tree map indicated that Cluster 3 cells in 
spheroids differentiated from Cluster 1 cells in ASCs (Fig. 
2E, lower panel). Cluster 6 cells aligned with the trajectory 
fate of Cluster 3 but did not reach the trajectory end of cell 
fate. Furthermore, several genes in Cluster 6 cells were as-
sociated with the gene profile of Cluster 3 (Supplementary 
Table S4). These results suggested a transient subpopulation 
of Cluster 6 cells shifting toward the Cluster 3 cell lineage 
during chitosan-induced ASCs spheroid formation. In ad-
dition to the cell fate association among Clusters 1, 3, and 
6 in ASCs and spheroids, another association was observed 
between Clusters 0 and 4, which is highly associated with 
mitochondria function between ASCs and spheroids (this will 
be reported in a separated paper). Together, the scRNA-seq 
results provided detail information confirming the presence of 
multiple populations, particularly the gene profile related to 
neuronal lineage differentiation, during the spheroid forma-
tion of ASCs on the chitosan-coated surface.

Identification of Potential Targets on Epigenetic 
Regulations in Clusters 3 and 6 Cells
The epigenetic regulatory mechanism was investigated by inte-
grating the scRNA-seq gene profiling, histone trimethylation, 
and HDAC5 into the IPA software. Prior to network associ-
ation, the specificity of gene expression in Clusters 6 and 3 
cells was confirmed by superimposing the expression levels 
among different subpopulations. Specifically, for Cluster 6 
cells (red circle population), the retinoic acid receptor re-
sponder 1 (RARRES1), amphiregulin (AREG), IFG binding 
protein 5 (IGFBP5), FGF7, and prostaglandin E Synthase 
(PTGES), transglutaminase 2 (TGM2) were identified as the 
major upregulated genes among the top 30 genes on UMAP 
(Fig. 3A). RARRES2, midkine (MDK), growth differentia-
tion factor 15 (GDF15), glycoprotein non-metastatic gene B 
(GPNMB), cathepsin K (CTSK), and cellular communication 
network factor 5 (CCN5) were highly expressed specifically in 
Cluster 3 cells (Fig. 3B, red diamond population). Some genes, 
including apolipoprotein E (APOE), serpin family F member 
1 (SERPINF1), dual specificity phosphatase 1 (DUSP1), SRY-
Box transcription factor 4 (SOX4), superoxide dismutase 
2 (SOD2), chitinase 3 Like 1 (CHI3L1), and microfibril-
associated glycoprotein 4 (MFAP4), were expressed in both 
Clusters 6 and 3 cells (Fig. 3C, red rectangle populations).

Using the IPA software, potential regulatory pathways 
were explored by connecting histone methylation enzymes, 
HDAC5, and the aforementioned target genes specifically 

expressed in Cluster 3 and/or 6, using the IPA molecule ac-
tivity predictor (IPA‐MAP tool). This allowed us to predict 
the activated and inhibited effects of the signaling pathways 
for stem cell reprogramming potential and linage differentia-
tion during ASCs spheroid formation. In Cluster 6, the major 
upregulated genes were found to be downstream signals close 
to KMT2A, SUV29H1, and EZH2, which are specific his-
tone methyltransferases (HMTs) for H3K4me3, H3K9me3, 
and H3K27me3, respectively. Additionally, HDAC5, a his-
tone deacetylase, was also identified. (Fig. 4A). From the 
IPA‐MAP tool, the major upregulated genes predicted for 
Cluster 6 cells during spheroid induction included the home-
obox genes (HOX) family (HOXA7, HOXB5, HOXB6 and 
HOXB7), sclerostin (SOST), high mobility group AT-Hook 
2 (HMGA2), neurogenin-1 (NEUROG1), cyclin-dependent 
kinase inhibitor 1 (CDKN1A), FGF7, RARRRES1 IGFBP4, 
IGFBP5, PTGES, and SERPINF1. The major signals associ-
ated with the transient subpopulation of Cluster 6 were linked 
to KMT2A and SUV29H1 (Fig. 4A). In Cluster 3, the major 
predicted genes in the network were GDF15, MDK, CTSK, 
GPNMB, CCN5, RARRES2, NEUROG1, MFAP4, tumor 
protein p53 (TP53), nuclear protein 1 (NUPR1), matrix 
metallopeptidase 1 (MMP1) (Fig. 4B). The major predicted 
signals in Cluster 3 shifted toward differentiated cells and/or 
reprogramming factors, indicating a late-stage subpopulation 
compared to the transient cell status in Cluster 6. This finding 
agreed with the cell fate trajectory analysis of Clusters 1, 3, 
and 6 in Fig. 2E. To further confirm the predicted signaling 
network in spheroids, we measured the expression of these 
target genes using qPCR analysis and showed the mean fold 
change on each gene in spheroids compared to ASCs (Fig. 
4C; the relative fold changes represented in the bar chart are 
shown in Supplementary Figs. S2–S8). Although the qPCR 
results measured the whole population of spheroids, increases 
in these target genes were still observed after seeding ASCs on 
a chitosan-coated surface for 72 hours.

H3K4me3 and H3K9me3 Played a Dominant Role in 
Reprogramming and Differentiation of ASC-Derived 
Spheroids
To further validate the role of epigenomic regulators, specifi-
cally histone trimethylation at H3K4, H3K9, and H3K27, as 
well as the HDAC5, we used specific inhibitors to investigate 
their involvement in these upregulated genes and pathways 
during spheroid formation. The inhibitor SNDX-5613, which 
targets KMT2A (MLL1) and is also known as Revumenib, 
was used to decrease MLL1 chromatin binding by disrupting 
the interaction between MLL1 and Menin, thereby re-
ducing the enzymatic product of KMT2A on H3K4me3. We 
used the SUV39H1 inhibitor Chateocin (SUVi) to specifi-
cally block the H3K9me3, which is catalyzed by SUV39H1, 
the human homolog of the Drosophila Su(var)3-9 histone 
methyltransferase. GSK126 was used to inhibit EZH2, re-
sponsible for H3K27me3, and LMK235, an HDAC5 inhibitor, 
was used to study the role of HDAC5 on the identified genes 
and pathways in Clusters 3 and 6. The effects of different 
inhibitors were summarized as relative fold changes in gene 
expression compared to spheroids without inhibitors (Table 
1). Relative gene fold changes are shown in Supplementary 
Figs. S2–S8 after testing at varying dosages during spheroid 
formation (Supplementary Figs. S9–S12).

The qPCR results revealed that in the Cluster 6 
subpopulation, the expression of HOX family genes (such as 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad090#supplementary-data
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HOXA7, HOXB5, HOXB6, and HOXB7), known as driving 
factors in stem cell differentiation, as well as genes specifically 
expressed in Cluster 6 (such as IGFBP4, IGFBP5, RARRES1, 

FGF7, and PTGES), were significantly inhibited by 70 μM 
SNDX-5613 and 25 nM SUVi, respectively (Table 1, Cluster 6 
genes; relative gene fold changes are shown in Supplementary 

Figure 3. Expression and distribution map of top genes in Clusters 3 and 6. Genes highly and specifically expressed in (A) Cluster 6, (B) Cluster 3, and 
(C) both Clusters 3 and 6 after spheroid formation are overlaid in the 2D UMAP plot.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad090#supplementary-data
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Figure 4. Interactive network of histone modification enzymes and differentially expressed genes. IPA prediction of the interactive network between 
the histone H3 modification enzymes and differentially expressed genes in transient subpopulation of cluster 6 (A) and late-stage subpopulation of 
cluster 3 (B). The Network is overlaid with the scRNA-seq gene expression dataset of clusters 6 and 3 using the IPA-MAP tool to predict the activation/
inhibition state of signal pathways. (C) Network mapped with qPCR results of relative gene expressions as compared spheroids to ASCs. Numbers next 
to the molecules represent the fold change.
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Table 1. Gene expression profiles in response to inhibition treatment.

Genes Inhibitor of KMT2A
(SNDX-5613)

Inhibitor of 
SUV39H1
(Chaetocin)

Inhibitor of 
EZH2
(GSK126)

Inhibitor of 
HDAC5
(LMK235)

Cluster 6 genes

  RARRES1 0.27 ± 0.04** 1.11 ± 0.10 0.15 ± 0.03** 0.54 ± 0.01*

  AREG 0.64 ± 0.04* 0.68 ± 0.05* 1.16 ± 0.30 2.25 ± 0.30*

  IGFBP5 0.15 ± 0.07** 0.12 ± 0.06** 0.26 ± 0.06** 0.52 ± 0.05**

  IGFBP4 0.49 ± 0.08** 0.33 ± 0.08** 0.72 ± 0.09 0.69 ± 0.09

  FGF7 0.69 ± 0.08** 0.77 ± 0.03** 1.36 ± 0.14 1.09 ± 0.03

  PTGES 0.61 ± 0.07* 3.42 ± 0.43** 3.36 ± 1.12* 1.37 ± 0.12**

  HOXA7 0.40 ± 0.08** 0.42 ± 0.04** 1.02 ± 0.07 1.12 ± 0.12

  HOXB5 0.71 ± 0.10* 0.48 ± 0.05** 1.10 ± 0.02 0.86 ± 0.13

  HOXB6 0.55 ± 0.05* 0.55 ± 0.05* 1.18 ± 0.03 1.04 ± 0.08

  HOXB7 0.60 ± 0.06* 0.41 ± 0.03** 1.00 ± 0.04 0.85 ± 0.05

Cluster 3 genes

  RARRES2 0.63 ± 0.06* 0.23 ± 0.11** 0.67 ± 0.08* 0.68 ± 0.10*

  MDK 0.34 ± 0.11* 0.42 ± 0.03* 1.07 ± 0.28 1.07 ± 0.21

  GDF15 0.48 ± 0.06* 0.45 ± 0.05* 1.39 ± 0.30 1.50 ± 0.32

  GPNMB 0.58 ± 0.08* 0.31 ± 0.05** 1.14 ± 0.04 0.55 ± 0.09*

  CTSK 0.33 ± 0.02** 0.21 ± 0.02** 1.23 ± 0.16 0.43 ± 0.11**

  CCN5 0.62 ± 0.02* 0.15 ± 0.02** 0.96 ± 0.15 0.36 ± 0.07**

Clusters 6 and 3 genes

  APOE 0.67 ± 0.10* 1.37 ± 0.17 1.19 ± 0.07 3.05 ± 0.44

  DUSP1 0.55 ± 0.06* 1.30 ± 0.10 1.83 ± 0.19 1.13 ± 0.05

  SERPINF1 0.43 ± 0.05* 0.16 ± 0.02** 0.89 ± 0.14 0.44 ± 0.15*

  SOX4 0.67 ± 0.04* 0.36 ± 0.01** 1.15 ± 0.06 0.40 ± 0.04**

  MFAP4 0.95 ± 0.19 0.02 ± 0.01** 0.70 ± 0.16* 0.13 ± 0.07**

  NEUROG1 0.60 ± 0.05* 0.44 ± 0.13** 0.88 ± 0.18 1.42 ± 0.15

  NUPR1 0.61 ± 0.10** 0.14 ± 0.06** 0.98 ± 0.12 0.34 ± 0.05**

  SOST 0.46 ± 0.12** 1.16 ± 0.14 1.30 ± 0.32 1.22 ± 0.30

  IER2 0.68 ± 0.13* 0.46 ± 0.08* 1.02 ± 0.13 1.16 ± 0.02

  IER3 0.48 ± 0.08* 1.58 ± 0.36 1.29 ± 0.30 1.01 ± 0.12

  FOS 1.02 ± 0.03 1.00 ± 0.05 0.47 ± 0.02** 1.55 ± 0.79

IPA predicted regulator

TP53 0.53 ± 0.13* 0.56 ± 0.08* 0.85 ± 0.05 0.65 ± 0.08*

  CYP1B1 0.34 ± 0.05** 0.56 ± 0.07* 1.07 ± 0.05 0.89 ± 0.09

  IGF1 0.33 ± 0.14** 0.29 ± 0.23** 0.81 ± 0.09 0.82 ± 0.09

  IFNG 0.61 ± 0.11* 0.62 ± 0.13* 0.87 ± 0.11 0.98 ± 0.08

  CDKN1A 0.48 ± 0.03** 0.55 ± 0.09*  0.75 ± 0.05* 1.45 ± 0.19

Neural lineage markers

  NR2E1 0.60 ± 0.14* 0.52 ± 0.08* 0.97 ± 0.16 1.10 ± 0.03

  ADRA1A 0.48 ± 0.10* 0.45 ± 0.04** 0.91 ± 0.24 0.90 ± 0.10

  ADRA1B 0.49 ± 0.11*  0.41 ± 0.03** 0.81 ± 0.05  0.83 ± 0.03

Yamanaka factors

  OCT4 0.27 ± 0.07** 0.38 ± 0.06** 1.24 ± 0.28 1.18 ± 0.10

  SOX2 0.65 ± 0.13* 0.34 ± 0.06** 1.10 ± 0.17 1.15 ± 0.04

  KLF4 0.75 ± 0.02* 0.26 ± 0.07** 1.11 ± 0.19 1.12 ± 0.11

  MYC 1.00 ± 0.05 0.34 ± 0.08** 0.83 ± 0.17 0.74 ± 0.08

  Nanog 0.26 ± 0.03** 0.44 ± 0.06** 1.37 ± 0.38 1.33 ± 0.08

This table summarizes the gene expression profiles of Clusters 3 and 6 genes from scRNA-seq analysis, along with the IPA predicted genes observed 
following the inhibition of KMT2A, SUV39H1, and EZH2 for the HMTs responsible for trimethylation at H3K9, H3K4, and H3K27, respectively. The 
inhibitions were achieved by treating 70 µM SNDX-5613 (KMT2A inhibitor), 25 nM SUVi (SUV39H1 inhibitor), and 10 µM GSK126 (EZH2 inhibitor) 
during spheroid formation. The 500 nM LMK235 was applied to inhibit the HDAC5 expression and activity. The value represents fold change in inhibitor-
treated group divided by the spheroid treated with vehicle control. All data are represented as the mean ± SEM of at least 3 independent repeats and 
analyzed by Student’s t test. *P < .05, and **P < .001 versus the spheroid. The corresponding bar chart figures are shown in Supplementary Figs. S2–S8. 
Red color indicates decreased numbers.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad090#supplementary-data
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Fig. S2). This suggests that KMT2A (H3K4me3) and SUV39H1 
(H3K9me3) are involved in the differentiation process within 
the Cluster 6 subgroup. In contrast, EZH2 (H3K27me3) 
and HDAC5 showed less significant regulation of gene ex-
pression and had a lesser impact on the differentiation po-
tential in this specific transient subpopulation. Although both 
H3K4me3 and H3K9me3 enzyme inhibitors exhibited inhib-
itory effects on many stem cell potency and differentiation 
genes, slight differences were observed between the SNDX-
5613 (KMT2A inhibitor) and the SUVi (SUV39H1 inhibitor). 
For instance, the RARRES1 and PTGES were only inhibited 
by blocking the KMT2A signaling on H3K4me3, not by the 
SUVi for SUV39H1 inhibition on H3K9me3 (Table 1, Cluster 
6 genes). On the other hand, the regulation of stem cell poten-
tial and lineage in Cluster 3 cells was primarily influenced by 
KMT2A (H3K4me3), SUV39H1 (H3K9me3), and HDAC5 
(Table 1, Cluster 3 genes; relative gene fold changes are 
shown in Supplementary Fig. S3). Certain genes in Cluster 3, 
such as CTSK, GPNMB, and CCN5, were inhibited by SUVi 
(H3K9me3) and HDAC5 inhibitor, but not by the KMT2A 
(H3K4me4) inhibitor. This indicates that the translocation of 
HDAC5 into the nucleus during spheroid formation is more 
involved in Cluster 3 gene regulation. The trimethylation at 
H3K9 has more impact than trimethylation at H3K4 in the 
endpoint state spheroid subpopulation. In genes expressed in 
both Clusters 3 and 6 cells, the major regulatory mechanism 
shifted to H3K9me3 and HDAC5 (Table 1, Clusters 3 and 6 
genes; relative gene fold changes are shown in Supplementary 
Fig. S4). These findings emphasize the potential importance of 
epigenetic regulation, particularly H3K4me3, H3K9me3, and 
HDAC5, in shaping the differentiation potential of cells and 
directing their commitment to specific lineages.

Cross-Talk Between Epigenetic Regulators and 
Spatial Distribution of Subpopulations
To confirm the spatial distribution of Clusters 3 and 6 cells 
in the subpopulations of spheroids, we used the GFAP and 
KMT2A as demonstrated by superimposing cluster target 
gene (Fig. 3) to represent the cells of Clusters 6 and 3, re-
spectively (Fig. 5A). The immunofluorescent staining was 
performed by labeling the positive staining of GFAP (FITC, 
green color) and KMT2A (TRITC, red color) in spheroids. 
The co-localization of KMT2A and GFAP suggested the 
driving force of H3K4me3 to facilitate the stem-cell potential 
and differentiate toward glia-positive precursor cells during 
spheroid formation. The trimethylation of H3K9me3 was also 
confirmed by FRET reporter assay of H3K9me3 using FRET 
confocal microscopy. The FRET activation image exhibited a 
distribution in the central core of the spheroid, indicating the 
region of H3K9me3 (Supplementary Fig. S13).

To further investigate the potential interaction of these 
inhibitors, we performed Western blotting assays to study 
the specificity and potential crosstalk between the dif-
ferent inhibitors. The SNDX-5613 effectively inhibited the 
trimethylation of H3K4 and H3K9 but had no effect on 
H3K27me3, HDAC5, and pHDAC4/5/7 (Fig. 5B; quantifi-
cation results are shown in Supplementary Fig. S14A). The 
SUV39H1 inhibitor chaetocin (SUVi) not only inhibited the 
H3K9me3 but also inhibited the levels of H3K4me3 and 
H3K27me3 (Fig. 5C; quantification results were shown in 
Supplementary Fig. S14B). Furthermore, SUVi inhibited both 
the expression of HDAC5 (Fig. 5C) and the nuclear transloca-
tion of HDAC5 (Supplementary Fig. S15). Both SNDX-5613 

and SUVi inhibited the expression of KMT2A and abolished 
the differentiation as illustrated by no expression of GFAP 
during spheroids formation (Fig. 5D). These findings provide 
additional insight into epigenetic regulation into the spatial 
distribution of these subpopulations within the spheroid 
structure.

Discussion
Our results highlight the critical roles of epigenetic regulation, 
specifically H3K4me3 (KMT2A) and H3K9me3 (SUV39H1), 
in Cluster 6 during the transient state of spheroid forma-
tion (Graphical Abstract). Moreover, H3K9me3 and HDAC5 
play major regulatory roles in Cluster 3, corresponding to 
the end stage of spheroid formation and neural differentia-
tion in ASCs. The unique gene expression patterns observed 
in Cluster 6 (RA, RARRES1, IGF, PTGES, and FGF7) and 
Cluster 3 (GDF15, MDK, GPNMB, RARRES2) potentially 
enhance the sensitivity of spheroids toward cellular fate 
determination and differentiation signals. Notably, genes 
highly upregulated in both Clusters 3 and 6, such as APOE, 
NUPPR1, DUSP1, NEUROG1, and SOX4, are associated 
with neural differentiation (Graphical Abstract), highlighting 
the significance of these clusters in promoting neural lineage 
commitment. However, HDAC5 inhibitor LMK235 showed 
less significant regulation of gene expression in Cluster 6 
cells and was more associated with the differentiation of the 
endpoint state of Cluster 3 cells. These results suggest the 
HDAC5 translocation from the cytoplasm to the nucleus may 
later phase differentiation in ASCs spheroids.

Among these orchestrating inductions in Clusters 6 and 
3, numerous growth factors and signaling activations of 
receptors were identified as contributors to stem cell potential 
and differentiation. For instance, FGF7, which exhibited high 
expression in Cluster 6 in our current study, has been reported 
to play a crucial role in cell reprogramming (Figs. 3A and 4A). 
It facilitates the conversion of differentiated cells into induced 
pluripotent stem cells (iPSCs) and other reprogrammed cell 
types by promoting mesenchymal-to-epithelial transition.51–53 
FGF7 interacts with FGFR2, initiating a signaling cascade 
that alters cell morphology, gene expression, and cellular 
properties, enabling reprogramming and the acquisition of 
self-renewal and differentiation abilities.53 Previous findings 
of our research demonstrated increased expression of FGFR2 
and FGFR4 during spheroid induction,17 suggesting their po-
tential involvement in FGF7-mediated spheroid processes, 
potentially through activation of the FGFR2 or FGFR4 
signaling pathways. Another important component in stem 
cells is PTGES (prostaglandin E synthase), which is respon-
sible for producing PGE2. PGE2 is crucial for enhancing the 
pluripotency factors OCT4, SOX2, and Nanog via cAMP-
PKA and Wnt/β-catenin signaling to promote stem cell self- 
renewal and help maintain their undifferentiated state.54 It 
also facilitates the early phase embryonic development and 
implantation of a fertilized egg.55 In this study, we observed 
high expression of PTGES in Cluster 6 (Figs. 3A and 4A), 
and its expression was regulated by H3K4me3 (Table 1), 
suggesting the potential role in enhancing reprogramming 
and stemness potential during spheroid formation.

Regarding neuronal lineage differentiation on chitosan-
coated surface, we revealed several potentials signaling factors 
during ASCs spheroid formation. RARRES1 and RARES2 
are genes that respond to retinoic acid (RA) signaling, which 
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is involved in the differentiation of stem cells into specific 
lineages (Figs. 3A, 3B, 4A, and 4B). RA acts dually in stem 
cell differentiation, promoting differentiation by binding to 
retinoic acid receptors that form complexes with retinoid X 
receptors (RXRs) and bind to retinoic acid response elements 
in the nucleus.56,57 However, short-term exposure to RA 
inhibits differentiation and sustains pluripotency in human 

iPSCs.58 RARRES1 is critical for maintaining pluripotency 
and preventing differentiation through interactions with epi-
genetic modifiers. Dysregulation of RARRES1 can affect stem 
cell fate decisions and differentiation.59 On the other hand, 
RARRES2, a lineage-specific transcription factor, exhibits 
high expression in dormant neural stem cells during differ-
entiation into neural and glial cell fates60 and in pancreatic 

Figure 5. Inhibition of epigenetic regulators and spatial distribution of subpopulation in spheroids. (A) Confocal microscope images of 
immunofluorescent staining for GFAP-KMT2A. Nuclei were stained with DAPI. (B, C) Interactions between inhibitors of epigenetic regulators were 
shown in Western blotting analysis by inhibiting the histone methyltransferases of H3K4me3 and H3K9me3 using SNDX-5613 (B) and SUVi (C). (D) 
Representative immunofluorescence images of spheroids treated with SNDX-5613 or SUVi and stained with anti-GFAP, anti-KMT2A , and DAPI. 
Magnification 60×. All experiments were repeated at least 3 times as independent replicates.
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development from pluripotent stem cells.61 Our findings 
of RARRES1 in Cluster 6 and RARRES2 in Cluster 3 in-
dicate specific expression patterns and coordination be-
tween these two subpopulations of cells. Additionally, the 
increased expression of RARRES1 was predominantly inhib-
ited by an H3K4me3 inhibitor, while the increased expres-
sion of RARRES2 was inhibited by an H3K9me3 inhibitor 
(Table 1), further suggesting their distinct roles in transient 
reprogramming and specific lineage guidance of later-stage 
cells through different H3 trimethylation regulators.

In Cluster 3, highly expressed genes such as GDF15, MDK, 
and GPNMB, along with RARRES2, are considered differ-
entiation factors involved in cell-fate specification (Fig. 3B). 
GDF15, a secreted protein, has been implicated in promoting 
retinal ganglion-cell differentiation in the developing retina 
in rodent retinal progenitor cells and human embryonic stem 
cells.62 MDK, a heparin-binding growth factor, plays a signif-
icant role in the maintenance of pluripotency in stem cells63 
and the regulation of lineage commitment in various devel-
opmental contexts.64 It serves as a regulator in the neural 
specification and promotes survival of differentiating cells. 
GPNMB, a transmembrane glycoprotein, has been shown 
to facilitate the differentiation of neural progenitor cells into 
mature neurons65,66 and to promote the odontoblastic dif-
ferentiation of human dental pulp cells.67 Collectively, these 
genes in Cluster 3 likely contribute to the regulation of stem 
cell differentiation processes, particularly in the context of 
spheroid formation and neural differentiation (Fig. 4B). The 
higher responses of these upregulated genes to the H3K9me3 
inhibitor further suggested the importance of H3K9me3 in 
regulating the signaling network for neural lineage differenti-
ation in Cluster 3 cells during spheroid formation (Table 1).

The high expression of APOE, DUSP1, NUPR1, 
NEUROG1, and SOX4 genes in both Clusters 3 and 6 
suggests that chitosan-induced spheroids are also involved in 
various processes related to neuronal differentiation, matura-
tion, and function (Fig. 3C). APOE, a multifunctional protein 
involved in lipid metabolism and transport, plays a critical 
role in neuronal development, synaptic plasticity, and repair 
following injury.68 In the adult central nervous system, APOE 
is mainly expressed by astrocytes and acts as a negative reg-
ulator of cell proliferation. However, during development, 
APOE expression by neural stem cells promotes neurosphere 
formation and gliogenesis.69,70 DUSP1 plays a crucial role in 
regulating signaling pathways essential for neurogenesis, neu-
ronal differentiation, and apoptosis.71 NUPR1, an upstream 
regulator of p53, is implicated in neurogenesis and neuronal 
differentiation.72,73 NEUROG1 is a transcription factor that 
promotes neuronal fate determination.74 Furthermore, SOX4 
is a transcription factor known for its important roles in 
regulating neural stem cell maintenance, neuronal differentia-
tion, and gliogenesis.75 It controls gene expression that directs 
the fate determination of neural stem cells, promoting their 
self-renewal and preventing premature differentiation.76 The 
combined percentage of Clusters 6 and 3 cells accounts for ap-
proximately 40% of the spheroid population. The inductions 
of the aforementioned genes indicate the inclination of ASCs 
toward neuronal lineage following exposure to a chitosan-
coated surface (Fig. 4C).

ASCs spheroid formation is a spontaneous cell assembly 
process that occurs after seeding cells on the chitosan-
coated surface in the current study. Self-assembly happens 
during embryogenesis, morphogenesis, and organogenesis 

that can be modulated by chemical, cellular, and mi-
croenvironmental factors.77 Various methods have been 
developed to promote sphere formation of MSCs, in-
cluding the hanging drop, gel embedding, magnetic lev-
itation, and spinner culture. Spheroid culture of ASCs or 
MSCs promotes the expression of stemness marker such 
as Oct4 and Nanog transcription factors and secretory 
factors important for cell viability, migration, and tissue 
regenerations.78,79 Cadherin and integrin-related signaling 
networks play important roles in the formation of multi-
cellular spheroids by aggregating single suspending cells to 
form loosely adhesive cells and then creating homophilic 
binding through E-cadherin and β-catenin complex to form 
strong adhesion in spheroid.80,81 The multicellular systems in 
3D, such as organoids, assembloids, and/or organ-on-chip 
models, have been viciously developed to mimic the organ 
function for studying cancer, genetic disorders, infectious 
diseases, and neurological diseases.82,83 Brain region-specific 
organoids and/or spheroids have been established to study 
the functional cell–cell interactions for artificial fetal fore-
brain,84 neural circuits,85 and cortico-motor interactions.86 
Transplantation of MSC spheroids induced by BDNF 
transfection promotes motor recovery in mice with tho-
racic spinal cord injury.87 Although recent developments 
in scRNA-seq and other spatial imaging transcriptomics 
approaches have allowed for the study of cell heteroge-
neity and the identification of specific cell populations 
using tools like CellPhoneDB, NicheNet, iTalk, CellTalker, 
and CellChat,82 the detailed understanding of cell-cell 
interactions and cell-microenvironmental interactions in 
spheroids and organoids, particularly regarding the epi-
genetic regulation, still needs further investigation. This 
study provides insights into the epigenetic regulatory 
mechanisms during spheroid formation and can be used 
to promote the development of neurospheroids for nerve 
repair. Furthermore, the identified gene responsible for 
driving stem cell differentiation into the neural lineage, as 
well as the isolation of subpopulations within clusters 6 and 
cluster 3, hold promise as potential therapeutic strategies to 
target specific gene expression and regulatory pathways to 
enhance neural repair and regeneration.

Conclusion
Histone trimethylation at H3K4, H3K9, and H3K27 was 
robustly induced during the formation of spheroids by 
ASCs, accompanied by an increase in histone deacetylase 
expression and a marked reduction in histone acetylation. 
The translocation of HDAC5 from the cytoplasm to the 
nucleus further confirms its involvement in this process. 
Through single-cell RNA sequencing and rigorous cell 
fate trajectory analyses, we have identified distinct cell 
populations within the spheroids. Notably, Cluster 3 cells 
represent the endpoint state, while Cluster 6 cells tentatively 
signify a transient subpopulation during chitosan-induced 
spheroid formation. Inhibition experiments using spe-
cific inhibitors further validated the significance of histone 
trimethylation and HDAC5 in neural spheroid formation 
and revealed specific genes involved in stem cell differen-
tiation and lineage commitment. Our findings discovered 
the dominant role of H3K4me3 in governing the transient 
state, as exemplified by Cluster 6 cells, while H3K9me3 and 
HDAC5 preside over the endpoint stage observed in Cluster 
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3 cells. Taken together, these findings underscore the crucial 
role of epigenetic regulation, particularly H3K4me3 and 
H3K9me3, in shaping cell fate and directing lineage-specific 
differentiation.
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