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SUMMARY

Somatic stem cells are advantageous research targets for understanding the
properties required to maintain stemness. Human bone marrow-mesenchymal
stromal cells (BM-MSCs) were separated into pluripotent-like SSEA-3(+) Muse
cells (Muse-MSCs) and multipotent SSEA-3(�) MSCs (MSCs) and were subjected
to single-cell RNA sequencing analysis. Compared with MSCs, Muse-MSCs ex-
hibited higher expression levels of the p53 repressor MDM2; signal accep-
tance-related genes EGF, VEGF, PDGF, WNT, TGFB, INHB, and CSF; ribosomal
protein; and glycolysis and oxidative phosphorylation. Conversely, MSCs had
higher expression levels of FGF and ANGPT; Rho family and caveola-related
genes; amino acid and cofactormetabolism;MHC class I/II, and lysosomal enzyme
genes thanMuse-MSCs. Unsupervised clustering further dividedMuse-MSCs into
two clusters stratified by the expression of cell cycle-related genes, and MSCs
into three clusters stratified by the expression of cell cycle-, cytoskeleton-, and
extracellular matrix-related genes. This study evaluating the differentiation abil-
ity of BM-MSC subpopulations provides intriguing insights for understanding
stemness.

INTRODUCTION

Somatic stem cells comprise several cell types with various differentiation abilities ranging from pluripo-

tent-like to multipotent and unipotent. Mesenchymal stromal cells (MSCs) can be harvested as adherent

cells from diverse tissue sources, such as the bone marrow (BM), adipose tissue, umbilical cord, and dental

pulp, and are defined by the following criteria: plastic-adherent when maintained in standard culture con-

ditions; positive for CD105, CD73, and CD90, and negative for CD45, CD34, HLA-DR, CD14 or CD11B, and

CD79A or CD19; and differentiate into adipogenic-, chondrogenic-, and osteogenic-lineage cells by cyto-

kine induction in vitro (Caplan, 1991; da Silva Meirelles et al., 2006; Dominici et al., 2006). According to the

current criteria, non-clonal cultures of MSCs are heterogeneous, containing stem cells with different multi-

potential properties, such as committed progenitors and differentiated cells (Caplan and Hariri, 2015; Gal-

derisi et al., 2022; Mastrolia et al., 2019; Pittenger et al., 1999).

Multilineage-differentiating stress enduring (Muse) cells are stress-tolerant endogenous stem cells found

as cells positive for the pluripotency surface marker stage-specific embryonic antigen (SSEA)-3 in the BM,

as well as in the peripheral blood and connective tissues of nearly every organ (Acar et al., 2021; Alessio

et al., 2017; Aprile et al., 2021; Kuroda et al., 2010; Sato et al., 2020; Wakao et al., 2018). They express plu-

ripotency markers such as POU5F1,NANOG, and SOX2 at moderate levels compared with embryonic stem

(ES) and induced pluripotent stem (iPS) cells, and are able to spontaneously differentiate not only into adi-

pogenic-, chondrogenic-, and osteogenic-lineage cells, but also into other mesodermal-lineage cells (cells

positive for desmin [DES], NK2 homeobox 5 [NKX2.5] and actin alpha 2 [ACTA2]), as well as into endo-

dermal- (GATA binding protein 6 [GATA6], keratin 7 [KRT7], and alpha-fetoprotein [AFP]), and ectodermal-

(microtubule-associated protein 2 [MAP2] and RNA binding Fox-1 homolog 3 [NeuN]) lineage cells from a

single cell in vitro without cytokine induction (Kuroda et al., 2010; Ogura et al., 2014; Uchida et al., 2017;

Wakao et al., 2011). Such single-cell-based triploblastic differentiation is reproducible over generations,

indicating that the cells are self-renewable (Kuroda et al., 2010; Ogura et al., 2014). In addition to sponta-

neous differentiation, they also differentiate in vitro into triploblastic lineage cells at a high rate (�80–95%)

when supplied certain sets of cytokines in a stepwise manner; i.e., cardiac- (cells positive for troponin I
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[TNI1]), hepatic- (protein delta homolog 1 [DLK1], hepatocyte paraffin 1[HepPar1], and albumin [ALB]) and

neural- (Tuk1 [TUBB3]) lineage cells, as well as adipocytes, osteocytes, keratinocytes, and melanocytes

(Amin et al., 2018; Ogura et al., 2014; Tsuchiyama et al., 2013; Wakao et al., 2011; Yamauchi et al., 2017).

On the basis of these characteristics, Muse cells are considered pluripotent-like (Wakao et al., 2018).

Beyond their differentiation ability, Muse cells have characteristic properties such as selective accumula-

tion at injury sites mediated by the sphingosine-1-phosphate (S1P)-S1P receptor 2 axis when intravenously

administered to disease models (Abe et al., 2020; Fujita et al., 2021; Yamada et al., 2018).

SSEA-3(+)-Muse cells are also collectable as several percent of BM-MSCs (Kuroda et al., 2010). Therefore,

Muse cells are double-positive for the pluripotency marker SSEA-3 and mesenchymal markers such as

CD105, CD73, and CD90. Cells other than Muse cells in BM-MSCs, namely SSEA-3(�) MSCs, are negative

for SSEA-3 but positive for mesenchymal markers. In SSEA-3(�) MSCs, pluripotency marker expression

levels are under the limits of detection or at very low levels; differentiation ability is confined to adipo-

genic-, chondrogenic-, and osteogenic-lineage cells by cytokine stimulation; and they do not differentiate

into mesodermal-lineage cells other than osteocytes, chondrocytes, or adipocytes; nor do they differen-

tiate into ectodermal- or endodermal-lineage cells (Acar et al., 2021; Guo et al., 2020; Ogura et al.,

2014; Wakao et al., 2011). Therefore, the properties of SSEA-3(�) MSCs are similar to those of conventional

multipotent MSCs.

Single-cell RNA sequencing (scRNA-seq) analysis makes it possible to analyze cells at single-cell resolution,

assess population heterogeneity, identify rare cell populations, and reveal characteristic gene expression

networks (Nomura et al., 2018; Vijay et al., 2020). Recent studies applied scRNA-seq to characterize sub-

populations of MSCs that exhibit multipotent differentiation into adipogenic-, chondrogenic-, and osteo-

genic-cells, and to compare MSCs from different tissues, such as the BM, umbilical cord, adipose tissue,

and synovium (Baryawno et al., 2019; Brielle et al., 2021; Hou et al., 2021; Huang et al., 2019; Zhou et al.,

2019). No studies to date, however, have used scRNA-seq to compare Muse cells that exhibit triploblastic

differentiation ability and MSCs other than Muse cells that show regular differentiation into osteogenic-,

chondrogenic-, and adipogenic-lineages. Therefore, in the present study, SSEA-3(+)-Muse cells (Muse-

MSCs) and SSEA-3(�)-MSCs (MSCs) were analyzed by scRNA-seq to investigate differences in their gene

expression. Shedding light on the underlying differences between these two populations may provide

new insights for understanding the stemness of BM-MSCs.

RESULTS

Generating single-cell transcriptome profiles from Muse-mesenchymal stromal cells and

mesenchymal stromal cells

In this study, four clones (clones 1–4) of BM-MSCs were used. The cell age was described as the population

doubling level (PDL). Cells, as received from the supplier, were set as PDL = 0. SSEA-3(+)-Muse-MSCs and

SSEA-3(�)-MSCs were isolated from human BM-MSCs by fluorescence-activated cell sorting (FACS). The

average percentage of SSEA-3+ cells in BM-MSCs varied by clone: 3.3 G 0.17% (clone 1), 4.6 G 0.18%

(clone 2), 1.3 G 0.07% (clone 3), and 3.3 G 0.09% (clone 4). The SSEA-3-positivity, however, did not largely

differ from PDL = 3–9 in each clone (Figure S1). qPCR experiments to determine the expression of plurip-

otency markers showed significantly higher expression of POU5F1,NANOG, and SOX2 in Muse-MSCs than

in MSCs among all four clones (Figures 1A and S2). Approximately a third (33.0 G 2.5%) of isolated Muse-

MSCs from clone 1 BM-MSCs at PDL = 7 formed single cell-derived clusters in suspension. These clusters

(n = 36) were individually transferred to gelatin-coated adherent culture for two weeks to allow the cells to

expand without cytokine stimulation. Among cells expanded from the single cell-derived cluster, 1.1 G

0.5% of the cells spontaneously expressed neurofilament-M (NEFM; ectodermal marker), 8.9 G 1.2% ex-

pressed a-smooth muscle actin (ACTA2; mesodermal marker), and 5.5 G 1.4% expressed keratin-7

(KRT7; endodermal marker) (Figure 1B). On the other hand, MSCs did not form single cell-derived clusters

in suspension and thus the expression of NEFM, ACTA2, and KRT7 in gelatin-coated adherent culture could

not be examined (data not shown). Muse-MSCs and MSCs isolated from clones 2, 3, and 4 showed similar

results. These data suggested that Muse-MSCs and MSCs isolated from clones 1–4 have similar character-

istics. Muse-MSCs and MSCs (from clones 1 and 2, respectively, both at PDL = 7) were first subjected to

single-cell library construction using a 10x Genomics Chromium platform (Figure 1C), and then Muse-

MSCs (n = 300) and MSCs (n = 415) were sequenced using the Illumina Hiseq2500. Of these, we analyzed

the 270 Muse-MSCs and 381 MSCs that passed quality control (Figure S3).
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Figure 1. Basic characteristics of Muse-MSCs and MSCs

(A) Relative expression level of pluripotency markers in Muse-MSCs andMSCs isolated from BM-MSCs at PDL = 3 (clone1)

that were normalized by b-actin (ACTB) in qPCR. Muse-MSCs expressed pluripotency markers at nearly 10 times higher

levels than MSCs. Cells, as received from the supplier, were set as PDL = 0. Data are represented as mean G SEM.

Unpaired Student’s t-test, *p < 0.05; **p < 0.01. n = 3.

(B) Immunocytochemistry for cells positive for neurofilament (NEFM) that belong to the ectodermal lineage, a-smooth

muscle actin (ACTA2) that belong to the mesodermal lineage, and keratin-7 (KRT7) that belongs to the endodermal

lineage. Cells were expanded from a single-Muse-MSC-derived cluster on a gelatin-coated dish (clone1; PDL = 7; bar =

50 mm). Percentage of positive cells for each marker (meanG SEM) is shown in the middle column. Therefore, Muse-MSCs

differentiated into triploblastic lineage cells at a single-cell level. n = 3.
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Expression of mesenchymal stromal cell markers and markers related to the undifferentiated

state

The expression of conventional MSC markers was analyzed (Figure 1D) (Dominici et al., 2006). scRNA-seq

revealed that both Muse-MSCs and MSCs expressed the representative MSCmarkers ENG (CD105),NT5E

(CD73), and THY1 (CD90), with MSCs expressing higher levels than Muse-MSCs (all with p < 1.0 3 10�10).

On the other hand, expression of CD34, ITGAM (CD11B), PTPRC (CD45),CD14, CD79A, andCD19, which is

negative in conventional MSCs, was under the detection limit or at low levels in both populations

(Figure 1D). Human leukocyte antigen (HLA)-DRA, HLA-DRB1, and HLA-DRB5, whose expression is re-

ported to be negative in conventional MSCs at the protein level, was detected in MSCs but not in Muse-

MSCs at the gene expression level (Figure 1D) (Dominici et al., 2006). In FACS analysis, HLA-DRA, HLA-

DRB1, and HLA-DRB5 were under the detection limit in MSCs (PDL = 7; data not shown), consistent with

previous reports (Dominici et al., 2006; Yamada et al., 2018).

We also examined the expression of markers related to the undifferentiated state other than POU5F1,

NANOG, and SOX2 (Loh et al., 2015). Compared with MSCs, Muse-MSCs had significantly higher expres-

sion levels of signal transducers such as CDH2 (N-cadherin; p < 0.05) and CTNNB1 (beta-catenin;

p < 1.0 3 10�10), as well as transcriptional regulator MBD3 (p < 1.0 3 10�50), and transcription factors

such as ID1 (1.03 10�10), ID3 (p < 1.03 10�50), TBX3 (p < 1.03 10�50), and ZFX (p < 1.03 10�10) (Figure 1E).

Other than MSCs and Muse cells, the BM contains several somatic stem cell types such as hematopoietic

stem cells (HSCs), neural crest cells (NCCs), and very small embryonic-like stem cells (VSELs) (Coste et al.,

2017; Shin et al., 2012; Sonoda, 2021). We examined the expression of specific genes for each of these stem

cell types in Muse-MSCs and MSCs (Coste et al., 2017; Shin et al., 2012; Sonoda, 2021).

Among the HSC-positive marker genes CD34, CD59, THY1 (CD90), and PROM1 (CD133), Muse-MSCs ex-

pressed lower levels ofCD59 and THY1 compared withMSCs (both p < 1.03 10�10), while the expression of

two other marker genes (CD34 and PROM1) was under the detection limit in both populations (Figure 2A)

(Sonoda, 2021). HSC-negative marker genes CD38, KIT (CD117), CD19, and MS4A1 (CD20) were detected

at low levels in both populations (Sonoda, 2021).

NES, SOX9, TWIST1, TWIST2, and SNAI2, which are expressed in NCCs, were detected in bothMuse-MSCs

andMSCs, with significantly higher expression ofNES (p < 0.05) and SOX9 (p < 1.03 10�10) in MSCs than in

Muse-MSCs (Figure 2B) (Coste et al., 2017). Other NCC marker genes such as NGFR, POU4F1, and MSI1

however, were under the detection limit in both populations Figure 2B) (Coste et al., 2017).

VSELs are defined as cells positive for NANOG, POU5F1, and CXCR4, as well as epiblast- (GBX2, FGF5,

NODAL) and primordial germ cell-related (DPPA3 [Stella], PRDM1 [Blimp1], PRDM14) markers, while nega-

tive for PTPRC (CD45) (Shin et al., 2012). Neither Muse-MSCs nor MSCs expressed these marker genes

except for FGF5, which was more highly expressed in MSCs than in Muse-MSCs (p < 1.0 3 10�10)

(Figure 2C).

Differential expression gene and pathway analysis in Muse-mesenchymal stromal cells and

mesenchymal stromal cells

Muse-MSCs and MSCs were plotted as distinct clusters on the basis of their gene expression by t-distrib-

uted stochastic neighbor embedding (t-SNE) dimension reduction, a commonly used cell visualization

Figure 1. Continued

(C) Schematic images of single-cell analysis. SSEA-3(+)-Muse-MSCs and SSEA-3(�)-MSCs were isolated from BM-MSCs

(PDL = 7) by FACS, single-cell RNA sequencing was conducted using the 10x Genomics platform, and the data were

analyzed and visualized by bioinformatics analyses such as DEG analysis and WGCNA.

(D) Expression of MSC-positive and -negative markers in Muse-MSCs and MSCs. Muse-MSCs and MSCs expressed

representative MSC markers such as ENG (CD105), NT5E (CD73), and THY1 (CD90), while expression of MSC-negative

markers such as CD34, ITGAM (CD11B), PTPRC (CD45), CD14, CD79A, and CD19 was under the detection limit. Other

MSC-negative markers, HLA-DRA, HLA-DRB1, and HLA-DRB5 were detected in MSCs. MAST algorithm, *p < 0.05;

**p < 1.0 3 10�10; ***p < 1.0 3 10�50; ****p < 1.0 3 10�100. Muse-MSCs (n = 270), MSCs (n = 381).

(E) Expression of markers related to the undifferentiated state in Muse-MSCs and MSCs. Muse-MSCs expressed those

markers at significantly higher levels than MSCs. MAST algorithm, *p < 0.05; **p < 1.0 3 10�10; ***p < 1.0 3 10�50;

****p < 1.0 3 10�100. Muse-MSCs (n = 270), MSCs (n = 381).
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method in the scRNAseq analysis (Figure 3A) (Jamieson et al., 2010). A heatmap showing the top 10 DEG

between the two populations is presented in Figure 3B. Markers specific to Muse-MSCs included secretory

proteins such asWNT7B, IL11, INHBA, and BMP2, and those specific to MSCs includedmajor histocompat-

ibility complex (MHC) components (HLA-B, HLA-DRB1, and HLA-DRA). DEG analysis revealed the

A

B

C

Figure 2. HSC-, NCC-, and VSEL-marker expression in Muse-MSCs and MSCs

(A–C) Expression of genes known to be positive and negative for HSCs (A), NCCs (B), and VSELs (C) in Muse-MSCs and

MSCs in scRNA-seq. With regard to HSC markers (A), neither Muse-MSCs nor MSCs expressed HSC-positive markers

CD34 and PROM1, or negative markers CD38, KIT, CD19, and MS4A1, while CD59 and THY1, known to be positive in

HSCs, were detected at higher levels in MSCs than in Muse-MSCs. Among markers that are positive for NCCs (B), NGFR,

POU4F1, and MSI1 were under the detection limit in both cell types, while NES, SOX9, TWIST1/2, and SNAI2 were

expressed at either similar levels in both cell types (TWIST1/2, SNAI2) or at a higher level in MSCs than in Muse-MSCs

(NES, SOX9). As for VSELs (C), PTPRC, which is negative in VSELs, and CXCR4, GBX2, NODAL, DPPA3, PRDM1, and

PRDM14, which are positive in VSELs, were not expressed in either cell type. FGF5, positive in VSELs, was detected at a

higher level in MSCs than in Muse-MSCs. MAST algorithm, *p < 0.05; **p < 1.0 3 10�10; ***p < 1.0 3 10�50; ****p < 1.0 3

10�100. Muse-MSCs (n = 270), MSCs (n = 381).
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Figure 3. DEG and pathway analyses

(A) Muse-MSCs (n = 270) and MSCs (n = 381). plot as distinct clusters on a t-SNE plot, suggesting that they have different

gene expression signatures.

(B) Heatmap of the top 10 DE-Gs. Top 10 DEG were specific for Muse-MSCs and MSCs, respectively.

(C) Volcano plot displaying gene expression levels in Muse-MSCs compared with MSCs. DE-Gs were defined as those

with a fold-change >1.5 times or <0.67 times in Muse-MSCs compared with MSCs, with p < 0.05. Upregulated genes are

shown in red, downregulated genes are shown in blue. The black lines show the boundary for the identification of up- or

downregulated-genes based on the p value and fold-change. Gene expression levels differed significantly between

Muse-MSCs and MSCs. DEG analysis revealed the upregulation of 1077 genes and the downregulation of 912 genes in

Muse-MSCs compared with MSCs. Statistical values were calculated by the MAST algorithm.

(D and E) GO analysis; upregulated (D) and downregulated (E) genes in Muse-MSCs are listed. GO analysis revealed that

upregulated or downregulated genes were related to specific functions. P-value was calculated by Fisher exact test.

(F) Pathway analysis of upregulated genes in Muse-MSCs suggested activated pathways in Muse-MSCs. P-value was

calculated by Fisher exact test.
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upregulation of 1077 genes and the downregulation of 912 genes in Muse-MSCs compared with MSCs

(Figure 3C, Table S1). Gene ontology (GO) analysis revealed that upregulated genes in Muse-MSCs

were related to protein synthesis (ribosome biogenesis, rRNA processing, and RNA splicing), negative

regulation of growth, cell-cell adhesion, and lipid biosynthetic processes (Figure 3D), while downregulated

genes in Muse-MSCs were related to cell adherence, antigen presentation (lysosome and peptide antigen

binding), and insulin growth factor binding (Figure 3E). Overall, Muse-MSCs were characterized as cells

with enhanced protein and lipid syntheses, suppressed cell division and antigen-presenting abilities,

and expression of different subsets of genes relevant to cell adhesion, compared with MSCs. In pathway

analysis, pluripotency-regulating pathways, as well as vascular endothelial growth factor (VEGF) signaling,

oxidative phosphorylation, 50 AMP-activated protein kinase (AMPK) signaling, and mitogen-activated pro-

tein kinase (MAPK) signaling-pathways were activated in Muse-MSCs compared with MSCs (Figure 3F).

scRNA-seq is applicable for measuring only mRNA expression levels but not protein expression levels or

signal pathway activities such as phosphorylation. To evaluate signaling pathway activities, we analyzed

the gene expression levels of ligands and receptors that stimulate each pathway. The heatmap shown in

Figure 3G shows representative factors that were up- or downregulated in Muse-MSCs compared with

MSCs. Expression of ligands and receptors for the epidermal growth factor (EGF), VEGF, platelet-derived

growth factor (PDGF), WNT, transforming growth factor b (TGFB), inhibin beta (INHB), and colony-stimu-

lating factor (CSF) was higher in Muse-MSCs than in MSCs. Among the growth factors that stimulate the

MAPK cascade, expression levels of EGF, VEGF, and PDGF were increased, while fibroblast growth factor

(FGF) and angiopoietins (ANGPT) were decreased in Muse-MSCs. Nerve growth factor (NGF), interleukin-6

(IL-6), and insulin-like growth factor (IGF) did not tend to be more highly expressed in one cell type over

another. Overall, genes related to EGF, VEGF, PDGF, WNT, TGFB, INHB, and CSF signaling pathways

were more highly expressed in Muse-MSCs. Furthermore, the inputs of the MAPK signaling pathway

differed between Muse-MSCs and MSCs.

Evaluation of subpopulations by unsupervised clustering

Based on unsupervised clustering analyses, Muse-MSCs and MSCs were further segregated into five clus-

ters (clusters 1–5); Muse-MSCs dominated in clusters 1 and 2, while MSCs dominated in clusters 3, 4, and

5 (Figure 4A). Clusters 1 and 2 were named Muse-MSC-1 and -2 clusters, respectively, and clusters 3, 4,

and 5 were named MSC-1, -2, and -3 clusters, respectively (Figure 4B). In the DEG analysis, a heatmap

revealed the top 10 DE-Gs between clusters (Figure S4). Altogether, 2660 genes were detected as

DE-Gs among the five clusters, and hierarchical clustering divided these genes into 12 gene clusters

(GC) (Figure 4C). Representative genes are shown in Figure 4C and the results of GO analyses of each

GC are listed in Figure 4D. According to the heatmap and listed representative genes, genes related

to glycolysis (HK1, PFKM), lipid synthesis (FASN, GPAM), anti-apoptosis (HDAC1, IER3), mitochondria

ribosome (MRPS12, MRPL12), electron transport (UQCRQ, NDUFAF4), and mitochondrial metabolism

(TIMM10, TOMM40) were upregulated in both the Muse-MSC-1 and -2 clusters, while genes related to

the extracellular matrix (COL1A2, LAMC1), cathepsin (CTSB, CTSD), cytoskeleton (CAV1, ANXA2), tubulin

(TUBA1B, TUBB2A), and MHC class II (HLA-DRA, HLA-DRB1) were downregulated in both Muse-MSC

clusters compared with the three MSC clusters (MSC-1, -2 and -3) (Figure 4C). GO analysis also sug-

gested genes functioning similarly to those shown in Figure 4C, but in addition to these, the expression

of genes related to oxidation-reduction processes was higher in Muse-MSCs and the expression of

genes related to glutathione metabolism was higher in MSCs (Figure 4D). Notably, the expression of

GC5-GC7, which was upregulated in the Muse-MSC-2 cluster, but not in the Muse-MSC-1 cluster, was

also upregulated in the MSC-3 cluster (Figure 4C). According to the GO analysis, genes in GC5-7

were related to DNA replication and cell division (Figure 4D). The MSC-2 cluster had higher expression

of GC-3, which included anti-apoptotic genes, and lower expression of GC-8 and GC-11, which relate to

the extracellular matrix and tubulin genes, respectively, compared with the other two MSC clusters

(MSC-1 and -3 clusters) (Figure 4C). Altogether, MSCs comprised three populations with different

gene subsets related to the cell cycle, anti-apoptosis, extracellular matrix, and cytoskeleton.

Figure 3. Continued

(G) Gene expression level of ligands and receptors included in upregulated pathways in Muse-MSCs. The left column

indicates protein type (ligand or receptor) encoded by each gene. Right column indicates fold-change in the gene

expression level in Muse-MSCs compared with that in MSCs. Genes related to EGF-, VEGF-, PDGF-, WNT-, TGFB-, INHB-,

and CSF-signaling pathways were more highly expressed in Muse-MSCs than in MSCs.
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Characterization of the mesenchymal stromal cell subpopulations by differential expression

gene analysis

The results of the DEG analysis (Figures 4C and 4D) suggested that MSCs other than those in the mitosis

phase comprised two subpopulations (MSC-1 and -2 clusters) with different gene expression levels

related to specific functions. On the basis of cell cycle analysis, the estimated cell cycle ratio in each clus-

ter is shown in Figure 5A. The majority of cells in the Muse-MSC-1, MSC-1, and MSC-2 clusters were in

the G1 phase, while those in the Muse-MSC-2 and MSC-3 clusters were in the S and G2M phases (Fig-

ure 5A). This finding is consistent with the results of the DEG analysis in which cells in the Muse-MSC-2

and MSC-3 clusters highly expressed cell cycle-related genes (Figures 4C and 4D). The MSC-1 and -2

clusters, in which the majority of cells were in the G1 phase, were segregated by functional gene

expression.

A B

C

D

Figure 4. Evaluation of subpopulations by unsupervised clustering

(A) Percentage of Muse-MSCs and MSCs in each cluster. Each cluster consisted primarily of either Muse-MSCs or MSCs,

except cluster 4.

(B) t-SNE plot of Muse-MSCs (n = 270) andMSCs (n = 381). Clusters were named according to themajor cell type: Cluster 1

as Muse-MSC-1, cluster 2 as Muse-MSC-2, cluster 3 as MSC-1, cluster 4 as MSC-2, and cluster 5 as MSC-30. Muse-MSCs

were segregated into two clusters and MSCs were segregated into three clusters.

(C) Heatmap shows the expression level of DE-Gs across cell clusters. Hierarchical clustering divided DE-Gs into 12 gene

clusters (GC). Representative genes in each GC are listed.

(D) Each GC included characteristic GO terms in each GC. P-value was calculated by Fisher exact test.
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To clarify the differences between the MSC-1 and -2 clusters, we conducted DEG analysis. We found that

186 genes were expressed at higher levels, and 247 genes were expressed at lower levels in theMSC-2 clus-

ter than in theMSC-1 cluster (Figure 5B, Table S2). GO analysis showed that theMSC-1 cluster was enriched

in genes related to the cytoskeleton (structural constituents of cytoskeleton, actin, and keratin type1),

secretory proteins (IGF-binding protein, EGF-like domain), and focal adhesion (Figure 5C). In contrast,

A B

C D

E

Figure 5. Characterization of MSC subpopulations by DEG analysis

(A) Percentage of estimated cell cycle phase in each cluster. Muse-MSC-2 and MSC-3 mainly comprised cells in the S

phase and G2M phase.

(B) Volcano plot displaying differences in gene expression between MSC-1 and MSC-2 clusters. Genes shown in red were

upregulated in the MSC-2 cluster, and those shown in blue were downregulated in the MSC-2 cluster. DEG analysis found

that 186 genes were expressed at higher levels, and 247 genes were expressed at lower levels in the MSC-2 cluster than in

the MSC-1 cluster. Statistical values were calculated by the MAST algorithm.

(C and D) GO analysis of upregulated genes in the MSC-1 cluster (C) and of upregulated genes in the MSC-2 cluster (D).

Each cluster expressed characteristic genes associated with specific functions. P-value was calculated by Fisher exact test.

(E) The gene expression levels of genes related to pluripotency regulatory pathways were visualized by color intensity on

t-SNE plots.
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the MSC-2 cluster was enriched for genes related to MHC class II, growth factor, signaling pathways regu-

lating pluripotency of stem cells, basic-helix-loop-helix transcription factor, extracellular matrix, and the

ERK-signaling pathway (Figure 5D). Next, we focused on the genes in pluripotency regulatory pathways

and examined the expression of individual genes. When we visualized the expression levels of genes

related to pluripotency regulatory pathways such as WNT5A, BMP2, CTNNB1, ID3, and TBX3 by color in-

tensity on t-SNE plots, these genes were more highly expressed in the MSC-2, Muse-MSC-1, and Muse-

MSC-2 clusters than in the MSC-1 and -3 clusters. Therefore, the pluripotency cascade is suggested to

be more enhanced in the MSC-2 cluster than in the other two MSC clusters (Figure 5E).

Network analysis

A weighted correlation network analysis was conducted using WGCNA to detect clusters of genes called

"modules" on the basis of correlation patterns (Langfelder and Horvath, 2008). A total of 6368 genes with

more than 10 counts in one cell by a normalized unique molecular identifier count were used for the

WGCNA. Consequently, 12 co-expression gene modules were identified, and eigengene expression pro-

files, which are the first principal component of each module in all cells, were calculated. The Pearson cor-

relation coefficient between the eigengene of each cluster and cell traits, such as the classification assigned

by the unsupervised clustering (Muse-MSC-1 and -2, MSC-1, -2, and -3) and cell cycle phase (G1, S, and

G2M phase), are shown by heatmap (Figure 6A). The p values and correlation coefficients are listed in

Table S3. Modules with a p value of <0.05 and a correlation coefficient of >0.1 or < -0.1 were considered

significantly correlated modules. Module-3 (M3) and M4 showed a significant positive correlation in com-

mon with the trait "Muse-MSC-1 and -2." On the other hand, M6, M7, M8, M10, and M11 showed a signif-

icant negative correlation in commonwith the trait "Muse-MSC-1 and -2.’’ M6 andM7were positively corre-

lated with traits "MSC-1 and -2," M10 with "MSC-1 and -3," M8 with "MSC-2," and M11 with "MSC-1." M9

was highly correlated with "S phase" and "G2M phase" and correlated with "Muse-MSC-2" and "MSC-3,"

which were at the cell division phase (Figure 5A). No module was commonly expressed in all three MSC

clusters. GO analysis revealed that M9 was enriched for genes related to the cell cycle and cell division (Fig-

ure S5). Thus, M9 was suggested to be related to the cell cycle. M1, M5, and M12 showed no clear corre-

lation with any particular trait. Based on these results, we focused onM3, M4, M6, M7, M8, M10, andM11 as

modules that may determine the properties of Muse-MSCs for further analysis. GO analysis revealed that

each module was enriched for genes with specific functions (Figure S6). The function of each module was

estimated as follows in relation to the enriched GO term: M3 as p53 signaling pathway, M4 as mitochon-

dria/respiratory chain, M6 as energy metabolism, M7 as antigen presentation, M8 as protein synthesis, M10

as cytoskeleton, and M11 as amino acid metabolism. By plotting the expression of the modules on the t-

SNE plot, we found that themodules expressed in specific clusters were significantly correlated (Figure 6B).

We performed a subnetwork analysis to identify hub genes that strongly correlated with other genes

including those in the same module. Because the hub gene expression also correlated with the module

expression, hub genes were considered to play a central role in regulating the function of the module.

Consequently, M3 was found to relate to MDM2 and CDKN1A, M4 to RPS26, M6 to MT-ATP6, M7 to

HLA-B, M8 to RPL3, M10 to ANXA2 and CAV1, and M11 to PSAT1 (Figures 7A and S7). The correlation be-

tween expression levels of hub genes and eigen genes of each module indicated that hub gene expression

levels strongly reflected the expression levels of each module (Figure S8). Expression of hub genes that

were suggested to characterize Muse-MSCs was significantly higher or lower in Muse-MSCs than in

MSCs (Figure 7B). Subnetworks included genes with a specific function; the M3 network (p53 signaling

pathway) included MDM2, RPS27L, and PPM1D, which control the activation state of p53 and CDKN1A,

a major target of p53 (Figure 7A). The M7 network (antigen presentation) included MHC class I component

genes (HLA-A, HLA-B, and HLA-C), MHC class II component genes (HLA-DRA and HLA-DRB1), and lyso-

somal enzymes (CTSK, PSAP, and HEXA) (Figure 7A). The M10 network (cytoskeleton) included cytoskel-

eton structure genes (MYL6, MYL12A, and TAGLN), caveola regulating genes (CAV1, CAV2, and CAVIN1),

and cytoskeleton regulators (TMSB4X, ANXA2, RHOA, and RHOC) (Figure 7A). The M11 network (amino

acid metabolism), including PSAT1, ALDH1L2, and SHMT2, plays an essential role in one-carbon meta-

bolism and aminoacyl-tRNA synthetase (YARS, SARS, and MARS) (Figure 7A).

Multiple passages are known to generate senescent cells (Liu et al., 2019). The activity of the senescence-

related enzyme, senescence-associated beta-galactosidase (SA-b-gal), did not differ among PDL = 3, 6,

and 9 in BM-MSC clone 1 (used for Muse-MSC collection) or clone 3, or between BM-MSC clones 1 and
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A

B

Figure 6. Detection of modules that contribute to Muse-MSCs

(A) The Pearson correlationmatrix revealed a correlation betweenmodules and cell traits. The corresponding correlations

between module expression and cell traits are shown according to the legend. Module (M) 3 and M4 showed a significant

positive correlation with the trait of "Muse-MSC-1 and -2." On the other hand, M6, M7, M8, M10, and M11 showed a

significant negative correlation with the trait of "Muse-MSC-1 and -2.’’ M6 and M7 positively correlated with the trait

of "MSC-1 and -2," M10 with "MSC-1 and -3,"M8 with "MSC-2," andM11 with "MSC-1."We further analyzedM3,M4,M6,

M7, M8, M10, and M11 as modules that may determine the properties of Muse-MSCs.

(B) The expression levels of each module were visualized by color intensity on t-SNE plots. Each cluster showed high

expression of modules with significant positive correlations.
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A

B

C

Figure 7. Hub gene network analysis

(A) Hub gene networks of module (M) 3, 7, 10, and 11. Node size reflects the degree of connection with the other nodes.

Hub genes indicated above networks are in the center of the gene network and highly correlated with other genes in the

same module. Each network includes genes (red rectangles) with the same function.

(B) Expression levels of hub genesMDM2 andCDKN1A fromM3,HLA-B fromM7,ANXA2 andCAV1 fromM10, and PSAT1

from M11, in Muse-MSCs and MSCs. Muse-MSCs expressed hub genes at significantly higher (MDM2 and CDKN1A) or

lower levels (HLA-B, ANXA2, CAV1, and PSAT1) than MSCs. MAST algorithm, *p < 0.05; **p < 1.0 3 10�10; ***p < 1.0 3

10�50; ****p < 1.0 3 10�100. Muse-MSCs (n = 270), MSCs (n = 381).

(C) Relative expression level of hub genes in M3, 7, 10, and 11 in Muse-MSCs andMSCs collected from BM-MSCs from the

four clones; clones 1 and 2 at PDL = 7; clones 3 and 4 at PDL = 3. Expression levels were normalized by b-actin (ACTB) and

compared with those of each MSC clone. Muse-MSCs from the 4 clones commonly expressed MDM2 (M3) and CDKN1A

(M3) at significantly higher levels than MSCs, and commonly expressed HLA-B (M7), ANXA2 (M10), CAV1 (M10), and

PSAT1 (M11) at significantly lower levels than MSCs. Therefore, differences in gene expression between Muse-MSCs and

MSCs in the scRNAseq analysis were reproduced by different donor-derived BM-MSCs. Data are represented as meanG

SEM. Unpaired Student’s t-test, *p < 0.05; **p < 0.01. n = 3.
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2 (used for MSC collection), both at PDL = 9 (Figure S9). Therefore, the senescent cell ratio did not largely

differ by PDL.

Because Muse-MSCs and MSCs were isolated from different clones at the same PDL = 7 in the scRNA-seq

analysis, the results of scRNA-seq may reflect differences between clones rather than between Muse-MSCs

andMSCs. Therefore, we isolatedMuse-MSCs andMSCs from clones 1 and 2 at PDL = 7, and clones 3 and 4

at PDL = 3, respectively, and examined the expression of hub genes by qPCR. The positive expression of

MSC-positive markers ENG,NT5E, and THY1, and the negative expression (either under the detection limit

or faintly expressed) of the MSC-negative markers PTPRC, CD34, CD14, ITGAM, CD79A, CD19, HLA-DRA,

HLA-DRB1, and HLA-DRB5, were confirmed in Muse-MSCs and MSCs in all four clones (Figure S10). Muse-

MSCs from clones 1–4 commonly expressed MDM2 and CDKN1A (M3) at significantly higher levels than

MSCs from clones 1–4 and commonly expressed HLA-B (M7), ANXA2, and CAV1 (M10), PSAT1 (M11) at

significantly lower levels than MSCs (Figure 7C). For RPS26 (M4), MT-ATP6 (M6), and RPL3 (M8), however,

the differential gene expression revealed by scRNA-seq was not consistent among clones (Figure S11).

These data suggested that M3, 7, 10, and 11 are the fundamental differences between Muse-MSCs and

MSCs across the clones. The expression of M4, 6, and 8 differed between Muse-MSCs and MSCs, but

with less consistency across the clones.

To investigate how proteins synthesized from hub genes affect cellular function, we used STRING, the data-

base of known and predicted protein-protein interactions (Szklarczyk et al., 2019). We used CAV1 and

ANXA2, the hub gene of M10, as a query for network analysis by STRING. This analysis revealed that

CAV1 interacts with receptors, such as the EGF receptor (EGFR) and insulin receptors (INSR), andmediators

of signal transduction, such as insulin receptor substrate 1 (IRS1), glycogen synthase kinase 3 beta (GSK3B),

and FYN (Figure S12A). Annexin A2 (ANXA2) interacts with signal transduction modulators, such as synde-

can binding protein (SDCBP), MAPK1, and ribosomal protein S6 kinase A1 (RPS6KA1) (Figure S12B).

DISCUSSION

Muse cells and MSCs are advantageous research targets for understanding stemness because they can be

obtained from living bodies, do not require gene manipulation, and maintain their stem cell potential by

naturally occurring mechanisms (Sato et al., 2020; Toyoda et al., 2019; Wakao et al., 2018). Interestingly,

Muse cells have been isolated from the synovium of 72-year-old patients, suggesting that they have the

capacity to maintain their pluripotent-like properties for over 70 years under certain circumstances (Toyoda

et al., 2019). MSCs, SSEA-3(�) cells among MSCs, exhibit the properties typical of conventional MSCs on

the basis of their repertoire of surface markers and gene expressions, as well as their differentiation into

osteogenic-, chondrogenic-, and adipogenic-lineage cells by cytokine induction (Ogura et al., 2014).

Consistent with previous reports, the present study confirmed that Muse-MSCs expressed representative

pluripotency markers POU5F1, NANOG, and SOX2, and differentiated into endodermal-(KRT7), ecto-

dermal-(NEFM), and mesodermal- (ACTA2) lineage cells from a single cell, and thus, SSEA-3(+)-Muse-

MSCs were considered pluripotent-like and SSEA-3(�)-MSCs were considered multipotent (Kuroda

et al., 2010; Ogura et al., 2014; Wakao et al., 2011, 2018).

In this study, Muse-MSCs expressed not only POU5F1, NANOG, and SOX2, but also other markers related

to the undifferentiated state, such as CDH2, CTNNB1, MBD3, ID1, ID3, TBX3, and ZFX at significantly

higher levels than MSCs. Both Muse-MSCs and MSCs expressed MSC-related marker genes ENG

(CD105),NT5E (CD73), and THY1 (CD90). Therefore, Muse-MSCs expressed both pluripotency and mesen-

chymal marker genes, whileMSCs expressed only mesenchymal marker genes and not pluripotencymarker

genes.

The BM contains several types of stem/progenitor cells such as MSCs, HSCs, NCCs, VSELs, and Muse cells

(Caplan, 2008; Coste et al., 2017; Dominici et al., 2006; Galderisi et al., 2022; Kiel et al., 2005; Kucia et al.,

2006). To check whetherMuse-MSCs are a distinct cell type fromHSC, NCC, and VSELs, we selected several

representative markers for HSCs, NCCs, and VSELs and examined the expression of these markers in Muse-

MSCs and MSCs. With regard to HSC markers, neither Muse-MSCs nor MSCs expressed HSC-positive

markers CD34 and PROM1, or negative markers CD38, KIT, CD19, and MS4A1. CD59 and THY1, known

to be positive in HSCs, were detected to a higher extent in MSCs than in Muse-MSCs. Among the markers

positive for NCCs, NGFR, POU4F1, and MSI1 were under the detection limit in both cell types, while NES,

SOX9, TWIST1/2, and SNAI2 were expressed at similar levels in both cell types (TWIST1/2, SNAI2) or at
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higher levels in MSCs than in Muse-MSCs (NES, SOX9). PTPRC, which is negative in VSELs, and CXCR4,

GBX2, NODAL, DPPA3, PRDM1, and PRDM14, which is positive in VSELs, were not expressed in either

cell type. FGF5, positive in VSELs, however, was detected at a higher level in MSCs than inMuse-MSCs (Fig-

ure 2). Therefore, Muse-MSCs and MSCs are suggested to be distinct from HSCs, NCCs, and VSELs.

Fundamental difference betweenMuse-mesenchymal stromal cells andmesenchymal stromal

cells

The analyses clarified other differences between Muse-MSCs and MSCs, as follows: 1) Expression of the

p53 repressor MDM2 was higher in Muse-MSCs than in MSCs, reflecting different activities of the p53

signaling pathway between the 2 cell types. 2) Signal acceptance-related genes, EGF, VEGF, PDGF,

WNT, TGFB, INHB, and CSF, were highly expressed in Muse-MSCs, whereas FGF and ANGPT were highly

expressed in MSCs. 3) Genes related to glycolysis and oxidative phosphorylation, which were related to

energy metabolism, were both more highly expressed in Muse-MSCs than in MSCs. 4) Rho family and cav-

eola-related genes, involved in cytoskeletal regulation, were more highly expressed in MSCs than in Muse-

MSCs. 5) Genes related to amino acid and cofactor metabolism, such as folate metabolism and one-carbon

metabolism, were more highly expressed in MSCs than in Muse-MSCs. 6) Genes for MHC class I and II, and

lysosomal enzymes were more highly expressed in MSCs than in Muse-MSCs.

Suppression of p53 enhances epigenetic instability and differentiation plasticity and is involved in the dif-

ferentiation potential of pluripotent stem cells (Levine and Berger, 2017). In fact, p53 is suppressed in many

kinds of stem cells, such as ES cells, iPS cells, and HSCs (Asai et al., 2011; Yi et al., 2012). AsMDM2, a repre-

sentative suppresser of p53 was more highly expressed in Muse-MSCs than in MSCs, we speculate that p53

is more suppressed in Muse-MSCs to control the epigenetic state for maintaining pluripotent-like stem-

ness. The different p53 activation states might be a fundamental difference between pluripotent-like

Muse-MSCs and multipotent MSCs.

Signal transduction that activates or inhibits specific cascades leads to remarkable changes in cell proper-

ties and functions. In stem cells, maintenance of an undifferentiated state and/or induction of differentia-

tion are both achieved by supplying specific factors to the culture medium and thus, the expression of re-

ceptors can elucidate the essential aspects of stem cells. Notably, WNT, TGFB, and EGF, highly expressed

cascades in Muse-MSCs, are involved in the maintenance of pluripotency (Dravid et al., 2005; Loh et al.,

2015). Muse-MSCs might maintain their pluripotent-like state via these signals.

Genes related to energy metabolism also differed between Muse-MSCs and MSCs. Expression of genes

related to oxidative phosphorylation was generally higher in Muse-MSCs in both the DEG and network

analysis, while few genes related to oxidative phosphorylation were highly expressed in MSCs in the

network analysis. Consistent with the fact that glycolysis is dominant in pluripotent human blastocysts,

ES cells, and iPS cells (Varum et al., 2011), Muse-MSCs also exhibited a dominance of glycolysis because

expression of HK1 and PFKM, the rate-limiting enzymes for glycolysis, was higher in Muse-MSCs than in

MSCs. MSCs were suggested to have a lower total energy metabolism, both glycolysis, and oxidative phos-

phorylation, compared with Muse-MSCs. Conversely, the upregulation of glycolysis-related genes sug-

gested that Muse-MSCs have a metabolic tendency similar to that of pluripotent stem cells.

Cytoskeletal proteins and their regulators control the polarity of receptors on the cell membrane that affect

the responsiveness of the receptors and intracellular signaling mediators, leading to properties of stem-

ness, such as responsiveness to the stimuli that induce differentiation into various cells and/or maintaining

stemness (Lauer et al., 2021). CAV1, a cytoskeletal protein that regulates self-renewal and differentiation of

MSCs by modulating receptor-mediated signaling pathways on the cell membrane, and rhodopsin family

genes (RHOA, RHOB, and RHOC) upstream of the Rho-associated coiled-coil containing protein kinase

pathway essential for the survival and proliferation of stem cells such as ES cells, were more highly ex-

pressed in MSCs than in Muse-MSCs (Baker et al., 2012; Ohgushi et al., 2010). Alterations of these genes,

which contribute to self-renewal, may support Muse-MSC stemness through cytoskeletal regulation.

Muse-MSCs and MSCs have different expression levels of genes related to amino acid and folic acid meta-

bolism, including one-carbon metabolism. One-carbon metabolism, the pathway that synthesizes

S-adenosylmethionine, works as a methyl group donor when DNA and histone are methylated (Shyh-

Chang et al., 2013). This methylation contributes to control the epigenome structure by regulating the
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supply of methyl groups, and stemness and self-renewal in ES cells (Wang et al., 2009). This difference be-

tween Muse-MSCs and MSCs may reflect their different stemness characterized by epigenetic control via

methyl residue supply.

While MHC is not directly relevant to stemness, compared with MSCs, Muse-MSCs expressed MHC class II

genes at marginal levels and MHC class I genes at lower levels. When allogenic Muse-MSCs were intrave-

nously administered in animal disease models, they integrated into the damaged site via S1P signaling and

survive for up to six months without immunosuppression (Yamada et al., 2018). This is partly explained by

the expression of HLA-G, a core factor related to immunotolerance in the placenta (Yamada et al., 2018).

Low expression of MHC class II in MSCs suppresses immunorejection (Ankrum et al., 2014). In the present

study, low expression of MHC class II genes in Muse-MSCs was revealed, newly suggesting that low expres-

sion of MHC class II genes contributes to the immune privilege of Muse-MSCs in recipient tissues. In addi-

tion to this, BM-MSCs exhibit increased expression of HLA and MHC class II by inflammatory activation

stimulated by inflammatory cytokine administration (Romieu-Mourez et al., 2007). The same mechanism

may be working in Muse-MSCs in vivo after intravenous injection. Compared with MSCs, Muse-MSCs

secrete anti-inflammatory cytokine such as IL10 and TGFB at higher levels (Figure 3G) (Kinoshita et al.,

2015). If so, these anti-inflammatory cytokines may suppress the effect of inflammatory activation on

Muse-MSCs in an autocrine manner, leading to the lower immunorejection of Muse-MSCs than of MSCs

(Romieu-Mourez et al., 2007).

Unsupervised clustering of Muse-mesenchymal stromal cells and mesenchymal stromal cells

Unsupervised clustering was used to divide Muse-MSCs into Muse-MSC-1 and -2 clusters, and MSCs into

MSC-1, -2, and -3 clusters. The Muse-MSC-1 and -2 clusters were distinguished mainly on the basis of cell

cycle gene expression. Similarly, the MSC-3 cluster was distinguished from the other two MSC clusters on

the basis of cell cycle gene expression, while MSC-1 and -2 clusters were distinguished by gene expression

related to the cytoskeleton and extracellular matrix.

Interestingly, the MSC-2 cluster was characterized by higher expression of genes related to pluripotency

regulatory pathways (WNT5A, BMP2, CTNNB1, ID3, and TBX3) and lower expression of cytoskeleton com-

ponents (TUBA1B, TUBB2A), suggesting that the MSC-2 cluster is more similar to Muse-MSCs than to the

other twoMSC clusters. TheMSCs contained undefined subpopulations and thus comprise heterogeneous

populations with different gene expressions.

Limitations of the study

We analyzed Muse-MSCs and MSCs from cultured BM-MSCs. A previous study demonstrated that Muse

cells directly collected from the human BM aspirate exhibit pluripotency gene expression, triploblastic dif-

ferentiation, and self-renewability, similar to Muse cells collected from BM-MSCs (Kuroda et al., 2010). If

confirmed, the characteristic gene expression of Muse-MSCs shown in this study is assumed to be main-

tained in endogenousMuse cells, such as BM aspirate-Muse cells. This should be explored in a future study.

A previous study that conducted a comparative proteome analysis of Muse cells and non-Muse cells in BM-

MSCs by liquid chromatography-tandemmass spectrometry showed that Muse cells had higher expression

of oxidoreductase process- and ATP synthesis-related proteins (Acar et al., 2021), consistent with our re-

sults. On the other hand, our results demonstrated different outcomes in antigen presentation- and

RHO GTPase-related proteins than the proteome analysis reported by Acar et al. This might be due to dif-

ferences in the expression levels between mRNA and protein, as well as differences in the sensitivity be-

tween the transcriptome and proteome analyses (Mateos et al., 2014; Ostlund and Sonnhammer, 2012).

The fundamental differences between Muse-MSCs and MSCs should be clarified in future studies by mul-

tiple approaches, including a phosphorylation assay and epigenetic analysis.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Material availability

ll
OPEN ACCESS

iScience 25, 105395, November 18, 2022 15

iScience
Article



B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Human BM-MSCs

B Human dermal fibroblasts

B Human peripheral blood mononuclear cells

d METHOD DETAILS

B Cellular senescence

B Isolation of Muse-MSCs and MSCs

B HLA-ABC and HLA-DR expression analysis

B qPCR

B Single-cell suspension culture

B Immunocytochemistry

B Single-cell RNA library preparation and sequencing

B Bioinformatics analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.105395.

ACKNOWLEDGMENTS

This study was supported by the Japan Society for the Promotion of Science, Grant-in-Aid for Scientific

Research (B) (20H04510) and Grant-in-Aid for Exploratory Research (19K22648).

AUTHOR CONTRIBUTIONS

Conceptualization, Y.O. and M.D.; Investigation, Y.O., S.W., and Y. Kuroda; Formal Analysis, Y.O., Y. Kur-

oda, and Y. Kushida; Writing – Original Draft and Writing – Review& Editing, Y.O. and M.D.

DECLARATION OF INTERESTS

S. Wakao, Y. Kushida, Y. Kuroda, and M. Dezawa are parties to a co-development agreement with Life Sci-

ence Institute, Inc. (LSII; Tokyo, Japan). S. Wakao andM. Dezawa have a patent for Muse cells, and the isola-

tion method thereof is licensed to LSII.

Received: August 10, 2021

Revised: July 22, 2022

Accepted: October 14, 2022

Published: November 18, 2022

REFERENCES
Abe, T., Aburakawa, D., Niizuma, K., Iwabuchi, N.,
Kajitani, T., Wakao, S., Kushida, Y., Dezawa, M.,
Borlongan, C.V., and Tominaga, T. (2020).
Intravenously transplanted human multilineage-
differentiating stress-enduring cells afford brain
repair in amouse lacunar strokemodel. Stroke 51,
601–611. https://doi.org/10.1161/STROKEAHA.
119.026589.

Acar, M.B., Aprile, D., Ayaz-Guner, S., Guner,
H., Tez, C., Di Bernardo, G., Peluso, G., Ozcan,
S., and Galderisi, U. (2021). Why do muse stem
cells present an enduring stress capacity? Hints
from a comparative proteome analysis. Int. J.
Mol. Sci. 22. https://doi.org/10.3390/
ijms22042064.

Alessio, N., Ozcan, S., Tatsumi, K., Murat, A.,
Peluso, G., Dezawa, M., and Galderisi, U. (2017).
The secretome of MUSE cells contains factors
that may play a role in regulation of stemness,
apoptosis and immunomodulation. Cell Cycle 16,

33–44. https://doi.org/10.1080/15384101.2016.
1211215.

Amin, M., Kushida, Y., Wakao, S., Kitada, M.,
Tatsumi, K., and Dezawa, M. (2018).
Cardiotrophic growth factor-driven induction of
human muse cells into cardiomyocyte-like
phenotype. Cell Transplant. 27, 285–298. https://
doi.org/10.1177/0963689717721514.

Ankrum, J.A., Ong, J.F., and Karp, J.M. (2014).
Mesenchymal stem cells: immune evasive, not
immune privileged. Nat. Biotechnol. 32, 252–260.
https://doi.org/10.1038/nbt.2816.

Aprile, D., Alessio, N., Demirsoy, I.H., Squillaro,
T., Peluso, G., Di Bernardo, G., and Galderisi, U.
(2021). MUSE stem cells can be isolated from
stromal compartment of mouse bone marrow,
adipose tissue, and ear connective tissue: a
comparative study of their in vitro properties.
Cells 10. https://doi.org/10.3390/cells10040761.

Asai, T., Liu, Y., Bae, N., and Nimer, S.D. (2011).
The p53 tumor suppressor protein regulates
hematopoietic stem cell fate. J. Cell. Physiol. 226,
2215–2221. https://doi.org/10.1002/jcp.22561.

Baker, N., Zhang, G., You, Y., and Tuan, R.S.
(2012). Caveolin-1 regulates proliferation and
osteogenic differentiation of human
mesenchymal stem cells. J. Cell. Biochem. 113,
3773–3787. https://doi.org/10.1002/jcb.24252.

Baryawno, N., Przybylski, D., Kowalczyk, M.S.,
Kfoury, Y., Severe, N., Gustafsson, K., Kokkaliaris,
K.D., Mercier, F., Tabaka, M., Hofree, M., et al.
(2019). A cellular taxonomy of the bone marrow
stroma in homeostasis and leukemia. Cell 177,
1915–1932.e16. https://doi.org/10.1016/j.cell.
2019.04.040.

Brielle, S., Bavli, D., Motzik, A., Kan-Tor, Y., Sun,
X., Kozulin, C., Avni, B., Ram, O., and Buxboim, A.
(2021). Delineating the heterogeneity of matrix-
directed differentiation toward soft and stiff

ll
OPEN ACCESS

16 iScience 25, 105395, November 18, 2022

iScience
Article

https://doi.org/10.1016/j.isci.2022.105395
https://doi.org/10.1161/STROKEAHA.119.026589
https://doi.org/10.1161/STROKEAHA.119.026589
https://doi.org/10.3390/ijms22042064
https://doi.org/10.3390/ijms22042064
https://doi.org/10.1080/15384101.2016.1211215
https://doi.org/10.1080/15384101.2016.1211215
https://doi.org/10.1177/0963689717721514
https://doi.org/10.1177/0963689717721514
https://doi.org/10.1038/nbt.2816
https://doi.org/10.3390/cells10040761
https://doi.org/10.1002/jcp.22561
https://doi.org/10.1002/jcb.24252
https://doi.org/10.1016/j.cell.2019.04.040
https://doi.org/10.1016/j.cell.2019.04.040


tissue lineages via single-cell profiling. Proc. Natl.
Acad. Sci. USA 118. e2016322118. https://doi.
org/10.1073/pnas.2016322118.

Caplan, A.I. (1991). Mesenchymal stem cells.
J. Orthop. Res. 9, 641–650. https://doi.org/10.
1002/jor.1100090504.

Caplan, A.I. (2008). All MSCs are pericytes? Cell
Stem Cell 3, 229–230. https://doi.org/10.1016/j.
stem.2008.08.008.

Caplan, A.I., and Hariri, R. (2015). Body
management: mesenchymal stem cells control
the internal regenerator. Stem Cells Transl. Med.
4, 695–701. https://doi.org/10.5966/sctm.2014-
0291.

Coste, C., Neirinckx, V., Sharma, A., Agirman, G.,
Rogister, B., Foguenne, J., Lallemend, F., Gothot,
A., and Wislet, S. (2017). Human bone marrow
harbors cells with neural crest-associated
characteristics like human adipose and dermis
tissues. PLoS One 12, e0177962. https://doi.org/
10.1371/journal.pone.0177962.

da Silva Meirelles, L., Chagastelles, P.C., and
Nardi, N.B. (2006). Mesenchymal stem cells reside
in virtually all post-natal organs and tissues. J. Cell
Sci. 119, 2204–2213. https://doi.org/10.1242/jcs.
02932.

de Hoon, M.J.L., Imoto, S., Nolan, J., andMiyano,
S. (2004). Open source clustering software.
Bioinformatics 20, 1453–1454. https://doi.org/10.
1093/bioinformatics/bth078.

Dominici, M., Le Blanc, K., Mueller, I., Slaper-
Cortenbach, I., Marini, F., Krause, D., Deans, R.,
Keating, A., Prockop, D., and Horwitz, E. (2006).
Minimal criteria for defining multipotent
mesenchymal stromal cells. The International
Society for Cellular Therapy position statement.
Cytotherapy 8, 315–317. https://doi.org/10.1080/
14653240600855905.

Dravid, G., Ye, Z., Hammond, H., Chen, G., Pyle,
A., Donovan, P., Yu, X., and Cheng, L. (2005).
Defining the role ofWnt/beta-catenin signaling in
the survival, proliferation, and self-renewal of
human embryonic stem cells. StemCell. 23, 1489–
1501. https://doi.org/10.1634/stemcells.2005-
0034.

Finak, G., McDavid, A., Yajima, M., Deng, J.,
Gersuk, V., Shalek, A.K., Slichter, C.K., Miller,
H.W., McElrath, M.J., Prlic, M., et al. (2015). MAST:
a flexible statistical framework for assessing
transcriptional changes and characterizing
heterogeneity in single-cell RNA sequencing
data. Genome Biol. 16, 278. https://doi.org/10.
1186/s13059-015-0844-5.

Fujita, Y., Komatsu, M., Lee, S.E., Kushida, Y.,
Nakayama-Nishimura, C., Matsumura, W.,
Takashima, S., Shinkuma, S., Nomura, T.,
Masutomi, N., et al. (2021). Intravenous injection
of muse cells as a potential therapeutic approach
for epidermolysis bullosa. J. Invest. Dermatol.
141, 198–202.e6. https://doi.org/10.1016/j.jid.
2020.05.092.

Galderisi, U., Peluso, G., and Di Bernardo, G.
(2022). Clinical trials based on mesenchymal
stromal cells are exponentially increasing: where
are we in recent years? Stem Cell Rev. Rep. 18,
23–36. https://doi.org/10.1007/s12015-021-
10231-w.

Georg, P., Astaburuaga-Garcı́a, R., Bonaguro, L.,
Brumhard, S., Michalick, L., Lippert, L.J., Kostevc,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat IgM, kappa Isotype control BioLegend Cat# 400801; RRID:AB_326577

Anti-stage specific embryonic antigen-3

antibody

Biolegend Cat# 330302; RRID:AB_1236554

Anti-cytokeratin 7 antibody Agilent Cat# M7018; RRID:AB_2134589

Anti-smooth muscle actin antibody ThermoFisher Scientific Cat# MS-113-P0; RRID:AB_64001

Anti-neurofilament-M antibody Millipore Cat# AB1987; RRID:AB_91201

Alexa 568-conjugated donkey anti-mouse IgG

antibody

Thermo Fisher Scientific Cat# A10037; RRID:AB_2534013

Alexa 647-conjugated donkey anti-rabbit IgG

antibody

Jackson ImmunoResearch Labs Cat# 711-606-152; RRID:AB_2340625

FITC-conjugated goat anti-rat IgM antibody Jackson ImmunoResearch Labs Cat#112-095-075; RRID:AB_2338198

Biotin-conjugated HLA-ABC Thermo Fisher Scientific Cat# 13-9983-82; RRID:AB_467021

Biotin-conjugated HLA-DR Thermo Fisher Scientific Cat# MA5-18020; RRID:AB_2539404

Biological samples

Human bone marrow-derived mesenchymal

stem cells

Lonza Cat#PT-2501

Normal Human Dermal Fibroblasts Lonza Cat#CC-2509

Human peripheral blood mononuclear cells Lonza Cat#CC-2702

Human bone marrow total RNA Clontech Cat#636592

Chemicals, peptides, and recombinant proteins

Human FGF-2 Miltenyi Biotec Cat#130-093-840

Pacific Blue-conjugated streptavidin Invitrogen Cat#S11222

poly 2-hydroxyethyl methacrylate MilliporeSigma Cat#P3932

Critical commercial assays

Chromium Controller 10x Genomics Cat#1000204; RRID:SCR_019326

Chromium Single Cell 30 Kit v3 10x Genomics Cat#PN-1000092

HiSeq2500 System Illumina RRID:SCR_020123

RNeasy mini kit Qiagen Cat#74104

Super-Script III Reverse Transcriptase Invitrogen Cat#18080044

PowerUP SYBR Green Master Mix Applied Biosystems Cat#A25742

7500 Real-Time PCR System Applied Biosystems RRID:SCR_018051

BZ X-710 fluorescent microscope Keyence Cat#BZ-X710; RRID:SCR_017202

FACSAria II Cell Sorter BD Cat#650036B2; RRID:SCR_018934

CytoFLEX S Beckman Coulter Cat#CytoFLEX S

Cellular Senescence Detection Kit - SPiDER-

bGal

Dojindo Cat#SG03

Deposited data

Single-cell RNA-sequencing This study ArrayExpress: -MTAB-10854

Oligonucleotides

Primers This study See Table S4

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Requests for additional information and resources should be directed to Yo Oguma, MD (y-oguma@med.

tohoku.ac.jp).

Material availability

This study did not generate new unique reagents.

Data and code availability

d Single-cell RNA-seq data have been deposited at ArrayExpress (EBI-based functional genomics) and are

publicly available as of the date of publication. Accession numbers are listed in the key resources table.

Other all data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human BM-MSCs

Human BM-MSCs were purchased from Lonza (Basel, Switzerland). In this study, four BM-MSC clones

(clones 1–4) were prepared. Clone 1, 2 and 3 were derived from female. Clone 4 was derived from male.

All four BM-MSC clones were seeded at a density of 1.1x104 cells/cm2. Cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS; Hy-

Clone, Logan, UT, USA), 1 ng/mL basic fibroblast growth factor (b-FGF; Miltenyi Biotec, Bergisch Glad-

bach, Germany), 0.1 mg/mL kanamycin (Invitrogen), and 1% GlutaMAX (Invitrogen) at 37�C, 5% CO2.

When the cell density reached 2.3x104 cells/cm2, the cells were collected by trypsin (Invitrogen) treatment

for 5 min and transferred to a new culture dish at a 1:2 ratio. The cell age was described as the population

doubling level (PDL). Cells as received from the supplier were set as PDL = 0. The cell number was 1.97 G

0.09 (SD) fold between any passages. Based on this, the PDL was increased by one for each subculture of

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

JMP Pro 16 JMP Statistical Discovery LLC. RRID:SCR_014242; https://www.jmp.com/

en_us/home.html

Seurat Stuart et al., 2019 RRID:SCR_007322; https://satijalab.org/

seurat/get_started.html

Weighted Gene Co-expression Network

Analysis

Langfelder and Horvath, 2008 RRID:SCR_003302; http://www.genetics.ucla.

edu/labs/horvath/CoexpressionNetwork/

Cluster 3.0 de Hoon et al., 2004 http://bonsai.hgc.jp/�mdehoon/software/

cluster/software.htm#ctv

JAVA Treeview Saldanha, 2004 https://jtreeview.sourceforge.net/

Kyoto Encyclopedia of Genes and Genomes

(KEGG)

Kanehisa and Goto, 2000 RRID:SCR_012773; https://www.genome.jp/

kegg/

Database for Annotation, Visualization, and

Integrated Discovery (DAVID)

Huang et al., 2009 RRID:SCR_001881; http://david.abcc.ncifcrf.

gov

Search Tool for the Retrieval of Interacting

Genes (STRING)

Szklarczyk et al., 2019 RRID:SCR_005223; https://string-db.org

Cytoscape Shannon et al., 2003 RRID:SCR_003032; https://cytoscape.org/

CellRanger 10x Genomics RRID:SCR_017344; https://support.

10xgenomics.com/single-cell-gene-

expression/software/pipelines/latest/what-is-

cell-ranger
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cells. Clone 1 was used for Muse-MSC isolation, as well as for quantitative polymerase chain reaction

(qPCR), triploblastic differentiation, single-cell RNA-sequencing (scRNA-seq) library construction, and

cellular senescence assay. Clone 2 was used for MSC isolation, as well as for qPCR, scRNA-seq library con-

struction, human leukocyte antigen (HLA) expression by fluorescence-activated cell sorting (FACS) analysis,

and cellular senescence assay. Clone 3 was used for qPCR and a cellular senescence assay. Clone 4 was

used for qPCR.

Human dermal fibroblasts

Human dermal fibroblasts were purchased from Lonza. Seeded at a density of 4.0x104 cells/cm2. Cells were

cultured in DMEM (Invitrogen) with 10% FBS (HyClone), 1 ng/mL b-FGF (Miltenyi Biotec), 0.1 mg/mL kana-

mycin (Invitrogen), and 1% GlutaMAX (Invitrogen) at 37�C, 5% CO2. When the cell density reached

8.0 3 104 cells/cm2, the cells were collected by trypsin (Invitrogen) treatment for 5 min and transferred

to a new culture dish at a 1:2 ratio.

Human peripheral blood mononuclear cells

Human peripheral blood mononuclear cells were purchased from Lonza (Basel, Switzerland).

METHOD DETAILS

Cellular senescence

Senescence-associated b-galactosidase (SA-b-gal) activity was measured using a Cellular Senescence

Detection Kit – SPiDER-bGal (Dojindo, Kumamoto, Japan) according to manufacturer’s instructions.

Stained cells were analyzed using a CytoFLEX (Beckman Coulter, Brea, CA, USA). A positive control for

the SPiDER-bGal assay was prepared by treating BM-MSCs with hydrogen peroxide (H2O2; Wako, Osaka,

Japan) as follows: BM-MSCs (clone1) were treated with 25 mM H2O2 for 1 h at 37�C. The cells were washed

with DMEM and cultured in culture medium (DMEM) with 10% FBS (HyClone), 1 ng/mL b-FGF (Miltenyi Bio-

tec), 0.1 mg/mL kanamycin (Invitrogen), and 1%GlutaMAX (Invitrogen) at 37�C for 23 h. The H2O2 treatment

was repeated 3 times.

Isolation of Muse-MSCs and MSCs

HumanMuse-MSCs andMSCs were isolated from BM-MSCs (PDL = 3–9) by FACS as follows, based on pre-

viously reported method (Kuroda et al., 2013). BM-MSCs at 2.7x104 cells/cm2 were collected by trypsin

treatment and suspended cells with FACS buffer (0.5% BSA [Nacalai Tesque, Kyoto, Japan], 2mM EDTA

[Nacalai Tesque] in FluoroBrite DMEM [Invitrogen]) at < 1.0 3 106 cells per 100 mL. Cells were divided

into two groups and incubated with rat IgM isotype control antibody (1:1000; BioLegend, San Diego,

CA, USA) and rat anti-stage specific embryonic antigen (SSEA)-3 antibody (1:1000; BioLegend) for 1 h at

4�C with rotation, respectively. The tubes were centrifuged at 400 x g for 5 min at 4�C. The cell pellets

were washed with 1 mL of the FACS buffer for three times. After washing, cells were incubated with

FITC-conjugated anti-rat IgM (1:100; Jackson ImmunoResearch Laboratoriesh, West Grove, PA, USA) for

1 h at 4�C with rotation and washed three times. SSEA-3(+) cells were collected as Muse-MSCs and

SSEA-3(�) cells as MSCs using a FACSAria II cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA).

HLA-ABC and HLA-DR expression analysis

Human BM-MSCs (PDL = 7) were incubated with two antibodies: anti-SSEA-3 antibodies (1:1000;

BioLegend) and biotin-conjugated HLA-ABC or HLA-DR (1:400, ThermoFisher Scientific, Waltham, MA,

USA) for 1 h at 4�C. After three washes, the cells were further incubated with FITC-conjugated anti-rat

IgM (Jackson ImmunoResearch) for SSEA-3 and Pacific Blue-conjugated streptavidin (Invitrogen) for

HLA-ABC or HLA-DR for 1 h at 4�C. After three washes, the cells were analyzed by using a FACSAria II

cell sorter (Becton Dickinson).

qPCR

Total RNA was collected using a RNeasy mini kit (Qiagen, Hilden, Germany). cDNA was synthesized using

Oligo(dT)20 primers (Invitrogen) and Super-Script III reverse transcriptase (Invitrogen) according to the

manufacturer’s instructions. DNA was amplified with a real-time PCR system (7500 Fast real-time system,

Applied Biosystems, Waltham, MA, USA) and SYBR green master mix (Applied Biosystems). The primers

used in this study are listed in Table S4. The qPCR data were recorded using the DDCt method. After

normalizing the RNA levels of each sample with ACTB, relative gene expression was calculated. RNA
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extracted from NHDFs was used as a positive control for ENG, NT5E, and THY1, and a negative control for

PTPRC, CD34, CD14, ITGAM, CD79A, CD19, HLA-DRA, HLA-DRB1, and HLA-DRB5. RNA collected from

PBMCs was used as positive control for PTPRC, CD14, ITGAM, CD79A, CD19, HLA-DRA, HLA-DRB1,

and HLA-DRB5, and a negative control for ENG, NT5E, and THY1. Human bone marrow total RNA (Takara

Bio USA, Mountain view, CA, USA) was used as a positive control for CD34.

Single-cell suspension culture

Culture dishes for single-cell suspension culture were first coated with poly-2-hydroxyethyl methacrylate

(poly-HEMA; MilliporeSigma, St Louis, MO, USA) to avoid attachment of cells to the bottom of a dish. In

brief, 600 mg of poly-HEMA was dissolved in 40 mL of 95% ethyl alcohol by shaking at 37�C and 40 mL

was added to each well of 96-well plates, and the dish was air-dried overnight on a clean bench.

Gelatin-coated dishes for adherent culture of clusters were prepared by incubating with 0.1% gelatin in

PBS (PBS) for 1 h at 37�C.

Muse-MSCs and MSCs (PDL = 7) were subjected to single-cell suspension culture in poly-HEMA-coated

96-well plates after limiting dilution in Minimum Essential Medium alpha modification (a-MEM;

MilliporeSigma) with 10% FBS (HyClone), 1% kanamycin (Invitrogen), 1% GlutaMAX (Invitrogen), and

1 ng/mL b-FGF (Miltenyi). The number of cells transferred in each well was determined by visual inspection

using a phase-contrast microscope, and empty wells or wells with more than one cell were excluded from

the analysis. After one week, every single cell-derived cluster was picked up and directly plated individually

onto gelatin-coated 4-well plates. The clusters were allowed to expand in DMEM (Invitrogen) with 10% FBS

(Hyclone) and 1% kanamycin (Invitrogen) by adherent culture. Cells expanded from the cluster proliferated

as a single layer. After two weeks, the cells were subjected to immunocytochemistry without subculture.

Immunocytochemistry

Expanded cells were fixed with 4% paraformaldehyde in 0.1 M PBS for 30 min at 4�C and washed three

times. Fixed cells were reacted with blocking solution (PBS with 20% BlockAce [KAC, Kyoto, Japan], 5%

BSA [Nacalai Tesque], and 0.3% Triton X-100 [Wako]] for 30 min at room temperature. The following pri-

mary antibodies were used: ectodermal marker, neurofilament M (NEFM; 1:200; Millipore, Burlington,

MA, USA); endodermal marker, cytokeratin 7 (KRT7; 1:100; Agilent, Santa Clara, CA, USA); andmesodermal

cell marker, smooth muscle actin (ACTA2; 1:500: ThermoFisher Scientific). Primary antibodies were diluted

in primary antibody dilution buffer (PBS with 5% BlockAce [KAC], 1% BSA [Nacalai Tesque], and 0.3% Triton

X-100 [Wako]) and incubated with cells for overnight at 4�C. After three washes, the cells were incubated

with Alexa 568-conjugated donkey anti-mouse IgG antibody (1:500: ThermoFisher Scientific), Alexa

647-conjugated donkey anti-rabbit IgG antibody (1:500: Jackson Immuno Research) diluted in secondary

antibody dilution buffer (PBS with 0.2% Triton X-100 [Wako]) for 1 h at room temperature. Cells were

also stained with 40,6-diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, OR, USA). Samples

were imaged under a fluorescent microscope (BZ-X710; Keyence, Osaka, Japan) at 400x magnification.

Single-cell RNA library preparation and sequencing

Muse-MSCs were isolated from clone 1 BM-MSCs and MSCs were isolated from clone 2 BM-MSCs, both at

PDL = 7. Sequencing libraries were prepared using the Chromium Single Cell 30 Kit v3 (10x Genomics,

Pleasanton, CA, USA) and sequenced on HiSeq2500 (Illumina, San Diego, CA, USA). Transcripts were map-

ped with CellRanger Pipeline v3 (10x Genomics). Library construction, sequencing, and initial analysis were

performed by GENEWIZ (South Plainfield, NJ, USA).

Bioinformatics analysis

Single-cell RNA sequencing analysis was performed using the Seurat R package v3.2.2 for filtering, normal-

ization, dimensionality reduction, differential expression gene (DEG) analysis, and cell-cycle analysis (Stuart

et al., 2019). The percent of mitochondrial RNA and the number of genes expressed have been used in

many studies as thresholds for filtering low quality cells (Georg et al., 2022; Wang et al., 2021). The

threshold for the percent of mitochondrial RNA is �10%, while the threshold for the number of genes ex-

pressed depends on the cell type of the sample but is determined to remove outliers. In this study, the

threshold for the percent of mitochondrial RNA was set as 10%. The number of gene expressions was

set as >4500 and <10,000 to include the major population and to exclude highly expressed cells suspected

of doublets. Cells with low number of expressed gene have a high percent of mitochondrial RNA and are
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usually considered damaged cells during the scRNA-seq process, such as cells that had leakage of RNA

from the cytosol, or cells that are already dead. Genes that were detected in fewer than 3 cells were

removed. The ‘‘merge’’ function was used to merge Muse-MSC and MSC data. Using the Seurat ‘‘SCtrans-

form’’ function, sequencing depth was first corrected, and then cell-to-cell variance was corrected by re-

gressing out the percentage of mitochondrial RNA. Unsupervised clustering was performed by the Seurat

"FindClusters" function with the parameter "Dim = 30, Res = 0.85" (Hafemeister and Satija, 2019). To visu-

alize cell-to-cell variations, principal component analysis dimensionality reduction was performed using

the Seurat "RunPCA" function, and the top 30 principal components were used to generate a t-stochastic

neighbor embedding plot of scRNA-seq data using the Seurat "RuntSNE" function. We used MAST to

identify DE-Gs among Muse-MSCs and MSCs or each cluster (Finak et al., 2015). Genes with a fold-change

greater than 1.5 or smaller than 0.67 times and p% 0.05 were considered to be upregulated or downregu-

lated, respectively. The Seurat "CellCycleScoring" function was used to determine a cell cycle score for

each cell according to its gene expression of G2/M and S phase markers (Tirosh et al., 2016). The cell cycle

phase was decided on the basis of this score. Cluster 3.0 and JAVA Treeview were used to perform hierar-

chical clustering with correlation distance and complete linkage, respectively (de Hoon et al., 2004; Salda-

nha, 2004). The Database for Annotation, Visualization, and Integrated Discovery (DAVID: http://david.

abcc.ncifcrf.gov) was used for the gene ontology (GO) analysis (including biologic process, cellular compo-

nent, and molecular function categories) and Kyoto Encyclopedia of Genes and Genomes pathway enrich-

ment analysis (Huang et al., 2009; Kanehisa and Goto, 2000). Characteristic GO terms and KEGG pathways

were extracted using "functional annotation chart". GO terms or KEGG pathways with p < 0.05 were

considered statistically significant.

Genes with more than 10 corrected unique molecular identifier counts in at least one of the samples were

used to construct a signed network using the WGCNA R package (Langfelder and Horvath, 2008). The soft

power threshold was decided by the WGCNA "pickSoftThreshold" function and applied to construct a

signed network and calculate module eigengenes using the WGCNA "moduleEigengenes" function.

The Pearson correlation coefficient of module eigengenes and cell traits was calculated by the "corPva-

lueStudent" function. A threshold for statistical significance was set as a p value of less than 0.05 and a cor-

relation coefficient greater than 0.1 or smaller than �0.1. To visualize the module networks, Cytoscape

v3.2.3 with "prefuse force-directed layout" was used (Shannon et al., 2003). Node size reflected node cen-

trality, defined as the sum of within-cluster connectivity measures. The protein-protein interactions network

analysis of hub genes was performed by an online search tool, Search Tool for the Retrieval of Interacting

Genes (STRING) database (https://string-db.org) with a confidence score >0.70 (Szklarczyk et al., 2019).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean G SEM. Unpaired Student’s t-test was used to evaluate the significance of

differences between 2 groups. One-way factorial ANOVA and Tukey’s honestly significant different test

were used to evaluate the significances of differences among more than 2 groups. Data represent 3 inde-

pendent experiments. A p value of less than 0.05 was considered significant. Computational analyses were

performed using the R programming environment (version 4.0.2) (R Core Team, 2020) and JMP Pro 16 soft-

ware (SAS Institute, Cary, NC, USA).
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