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Abstract: Stem cells have shown great application potential in wound repair, tissue regeneration, and disease treatment.

Therefore, a full understanding of stem cells and their related regulatory mechanisms in disease treatment is conducive to

improving the therapeutic effect of stem cells. However, thus far, there are still many unsolved mysteries in the field of

stem cells due to technical limitations, which hinder the in-depth exploration of stem cells and their wide clinical

application. Single-cell sequencing (SCS) has provided very powerful and unbiased insights into cell gene expression

profiles at the single-cell level, bringing exciting results to the stem cell field. At present, SCS has been widely applied

in the field of stem cells, covering various aspects, including lineage tracing the development of stem cells, identifying

new stem cell types, exploring cellular heterogeneity, and identifying internal functional subpopulations. In this paper,

we focus on the latest research progress and discuss the application of SCS technology in stem cells.
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PRKAA2 Protein kinase AMP-activated catalytic subunit
alpha 2

DMD Dystrophin
DDAH1 Dimethylarginine dimethylaminohydrolase 1
YAP Yes-associated protein
VEGF Vascular endothelial growth factor
LRRC75A Leucine-rich repeat-containing 75A
PDGF Platelet derived growth factor
CXCL12 C-X-C motif chemokine ligand 12
GAS6 Growth arrest-specific protein 6
PRDM1 PR domain zinc finger protein 1

Introduction

Cells are the basic units of the structure and function of
organisms. Each cell has a unique phenotype and function,
including morphology, genome, epigenome, and other
aspects. Therefore, research at the level of single cells will
bring new perspectives and different results. In general,
traditional high-throughput sequencing can only be carried
out at the bulk-population level, which means the average of
the gene expression of cell populations or only represents
the life activity information of the dominant cells in number
[1,2]. However, it cannot accurately reflect information
about the heterogeneity of cells in the sample and may lead
to ignoring the differences in gene expression regulation
between cells [3].

Over the past decade, genomic analyses of single cells
have become possible based on the development of
sequencing technology, cell isolation, and whole genome
amplification technology. Single-cell sequencing (SCS) has
emerged as a revolutionary and powerful new set of
technology that sequences the genome at the single-cell level
[4–6]. In brief, SCS is promising biotechnology to sequence
the genome, transcriptome, and epigenome at the single-cell
level with high throughput and use bioinformatics analysis
to mine the biological significance of genes at the single-cell
level to reveal the gene structure and gene expression status
of a single cell. The results of SCS can reflect the
heterogeneity between cells and trace the lineage path of
cells or the evolutionary relationships of the cells [7,8]. At
present, the research achievements of SCS technology
involve various research fields and various cell types, such as
the tumor microenvironment [9,10], immunotherapy
[11,12], embryonic development [13], disease occurrence
and development mechanisms [14,15], and stem cell biology
[16,17], which not only bring new and gratifying results to
related fields but also bring novel inspiration, insights and
solutions to solve problems in biomedicine.

Stem cells are multipotent cells with self-renewal ability,
which can be divided into embryonic stem cells (ESCs) and
adult stem cells (ASCs) [18]. As undifferentiated and
immature cells, stem cells have the potential to repair and
even regenerate various tissues and organs. Therefore, since
the discovery of stem cells, their related research has been
widely studied, and stem cells are considered to have broad
application prospects in regenerative medicine [19,20],
developmental biology [21], pharmacology [22], and other

fields [19,23]. However, it is undeniable that thus far, the
related research on stem cells still has limitations, and it has
not reached expectations in some fields, which hinders
researchers’ further research on stem cells and the wide
clinical application that can be achieved [18,24,25]. For
example, the mechanism and regulation of the origin,
development, and differentiation of stem cells are still not
fully understood; the lack of in-depth understanding of the
functional heterogeneity of stem cells has seriously
hampered the effective and reproducible clinical applications
of stem cells. Therefore, it is urgent to find relevant
solutions to improve the understanding of stem cells and
help realize the clinical application of stem cells.

SCS technology has been successfully and widely used in
related research in stem cells, which has laid a good technical
foundation and provided the possibility to solve the above
problems (Fig. 1). Using SCS technology has successfully
helped us in-depth study the origin and development of
stem cells [26,27], confirm the heterogeneity of stem cells
under different states [16,28], discover the functional
subpopulations of stem cells and find key regulatory genes
[29,30]. The relevant research results provide a basis for
further promoting the application of stem cells and enable
researchers to recognize the microscopic appearance of stem
cells from a new perspective [17,31,32]. More importantly,
researchers have created online resources using single-cell
sequencing data, which can help scientists identify genetic
networks and functions in many kinds of individual stem
cells. In this paper, we discuss the application of SCS
technology in stem cells and highlight challenges and
limitations in the application of SCS in stem cell-related
studies. In contrast to other articles that focus on the
technology itself, we place more emphasis on new
conclusions and insights into the field of stem cells based
on SCS.

Biological Applications of the SCS in Stem Cells

Application of SCS in stem cell developmental biology
At present, multiple types of stem cells have been discovered
and studied, but due to technological limitations, scarcity of
tissue samples, or insufficient sample cell size, the
development and origin of some types of stem cells have not
been fully studied, which remains an unsolved mystery in
this field [33]. The emergence of lineage-tracing approaches
in SCS technology has compensated for technological
limitations and further improved research on the
development and origin of stem cells [34].

In general, it is believed that mesenchymal stem/stromal
cells (MSCs) come from a mesodermal origin, and the same
applies to MSCs isolated from endodermal organs [35].
However, this concept has been challenged. Based on the
SCS and related experiments, it has been proven that
human pluripotent stem cell-derived endoderm progenitors
could differentiate into MSCs, which emerged from
definitive endoderm (DE) during in vitro culture [36]. DE-
MSCs express classic MSC markers, including CD44, CD73,
CD105, and CD271, have inflammatory regulatory effects in
an ulcerative colitis mouse model [36]. Therefore, with the
help of the SCS, these results indicated that definitive
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endodermal cells can be a source of MSCs for disease
treatment.

Hematopoietic stem cells (HSCs) have the self-renew
ability and undergo multilineage differentiation in the
human body, playing a critical role in maintaining the
function of the blood system and in the treatment of
hematology and immune system diseases [37,38]. However,
due to technical limitations and material rarity, the current
understanding of the human early embryonic hematopoietic
system and HSC development is still insufficient, which
hinders the formation of truly functional HSCs induced in
vitro for scientific research or disease treatment and has
become the focus and difficulty in the field of hematopoietic
development research [39–41]. To precisely understand the
cellular and molecular programs and interactions that
underlie the generation of the first HSCs from hemogenic
endothelial cells (HECs), Zeng et al. based on a 10×
genomics platform, performed single-cell RNA sequencing
(scRNA-seq) on cells in the aorto-gonado-mesonephric
(AGM) region of different Carnegie stages (CS). The first
genome-level gene expression landscape covering the
transition of endothelial cells to HSCs during human
embryogenesis was constructed [42]. They found that CD44
could be used as a cell surface marker to enrich HECs from
AGM ECs, and the group of CD44+ cells present in the
embryos with the time window of HSC production showed
clear arterial characteristics. The researchers accurately
analyzed the multiple stages of HEC-targeted HSC fate
transformation and revealed a set of genes specifically
upregulated in the HEC stage, including endomucin
(EMCN), protein C receptor (PROCR), and RUNX1 partner
transcriptional co-repressor 1 (RUNX1T1), which tend
towards transient upregulated expression upon the moment
hemogenic fate choice of arterial ECs. The related results
reveal that the process of arterialization is a necessary
pathway for HECs to obtain functional HSCs and

arterial-featured HECs as the source of the first batch of
HSCs in the AGM region.

Zeng et al.’s study focused on the early development of
HSCs, while other studies used a single-cell transcriptomics
technique to track the development and migration of HSCs
from early pregnancy to birth and to clarify the relationship
between HSCs and HECs [43]. The molecular characteristics
of HSCs in the AGM region of CS14-CS15 embryos were
RUNX1+HOXA9+MLLT3+MECOM+HLF+SPINK2+. With
the development of embryos, HSCs are enriched from the
AGM, placenta, yolk sac, umbilical cord, and yolk sac
vascular region to the fetal liver at CS17 [43]. This means
that HSCs grow in multiple tissues outside the embryo
before entering the circulatory system or colonizing the
liver. In addition, by comparing AGM (CS13-17) SCS data
with embryo and yolk sac (CS10-11) data, it was found that
HECs that could transform into HSCs were derived from
metabolically quiescent IL33+ALDH1A1+ arterial
endothelium. In addition, a single-cell transcriptomic
landscape of human fetal bone marrow (BM) and spleen
was constructed, which indicated that the first functional
HSCs are present in human fetal BM at 12 weeks post-
conception but not in the spleen [44]. These data fully
establish a detailed molecular map of human HSC
development and help us track HSCs as they emerge from
hematopoietic endothelial tissue and migrate through
different sites during development. Undeniably, SCS will not
only help to understand the ins and outs of HSCs but also
lay a foundation for further understanding the molecular
mechanism of related blood diseases. Moreover, SCS makes
it possible to successfully generate fully functional HSCs in
vitro [34].

SCS helps identify new types of stem cells
Stem cells have been found in many tissues or organs and have
been extracted for study both in vivo and in vitro. With the

FIGURE 1. Application of single-cell sequencing technology in stem cell biology. SCS has been applied in a variety of stem cells, which has
successfully helped us in-depth study the origin and development of stem cells, confirm the heterogeneity of stem cells under different states,
discover the functional subpopulations/heterogeneity of stem cells, and find key regulatory genes.
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deepening of research and the development of experimental
technology, new types of stem cells are still being
discovered, identified, and isolated, especially with the
application of single-cell sequencing technology, which
provides us with a powerful tool. Stem cells in the thymus
[45], bone [46], and other tissues have been found based on
SCS technology [45–47] (Table 1).

It has long been thought that the thymus does not
contain “true” epithelial stem cells but only progenitor cells
produced during fetal development. However, a recent study
detected the presence of true epithelial stem cells with
atypical signatures in the human thymus for the first time
[45]. Thymic epithelial stem cells exhibit unique
transcription spectrum and phenotype characteristics,
including pleiotropic multilineage efficacy, which can
generate a variety of cell types not previously considered to
have a common origin, such as epithelial cells, myoid cells,
and neuroendocrine cells. In addition, they found niches of
stem cells in two locations in the thymus: the subcapsular
and perivascular spaces around the medulla [45]. In the
analysis of salivary gland single cells in embryonic tissue, a
new type of salivary gland striated duct-derived stem cell
with the ability to regenerate acinar groups was discovered,
which obtained the expression of many genes associated
with stem cell-like identity, including proliferation, self-
renewal and DNA repair [47].

In addition to glandular tissues, stem cells in the skeleton
have also been discovered based on SCS. In 2015, scientists
found evidence of the existence of mouse skeleton stem cells
(mSSCs) through lineage tracking and cloning analysis
[48,49]. Recently, with the help of scRNA-seq, human
skeletal stem cells (hSSCs) have been identified and analyzed
for the first time [46]. The signature proteins of hSSCs are
Podoplanin (PDPN), CD146, CD73 and CD164. Purified
PDPN+ CD146− CD73+ CD164+ hSSCs have the ability to
self-renew in vitro, and multilineage ossicles can be

differentiated after transplantation under the mouse renal
capsule [46]. As a result, hSSCs lineally transition into early
bone, cartilage, and stroma progenitors, which then give rise
to osteoprogenitors and chondroprogenitors prior to
eventually forming bone, cartilage, and stroma. Notably,
hSSCs do not differentiate into adipocytes. Further
quantitative analysis showed that there were differences in
gene expression during the differentiation of fetal and adult
hSSCs, which could partly explain the different proportions
of cartilage and bone in ossicles formed from different
hSSCs [46]. Another study mapped a comprehensive human
embryonic skeletogenesis cell and identified a group of
embryonic skeletal stem/progenitor cells (eSSPCs) located in
the embryonic perichondrium by scRNA-seq transcriptomic
and functional analyses [50]. The eSPPC-associated markers
PDGFRAlow/− PDPN+ CADM1+ were also identified [50].
These studies helped by SCS are of great significance for
further understanding human bone development and
damage repair mechanisms, as well as developing novel
stem cell-based therapies to promote bone regeneration.

SCS can effectively detect cellular heterogeneity in inter/intra
stem cells
Stem cells have cellular heterogeneity, which is reflected not
only between stem cells from different tissues or periods but
also between single cells within the same kind of stem cell,
including the cell cycle, cell state (apoptosis, senescence,
etc.), and gene expression [29,52–54]. Deep exploration of
the heterogeneity of stem cells is important for achieving
stem cell-based disease treatment and tissue regeneration.
However, there is still a lack of a full understanding of the
heterogeneity of stem cells at present. For example, multiple
MSC-based clinical trials have been registered aimed at
developing MSCs-based disease treatment therapy, but only
limited clinical conversion applications have been achieved,
which may partly be attributed to cellular heterogeneity

TABLE 1

New types of stem cells identified by SCS

Stem cell Tissue source Function/characteristics Reference

Thymic epithelial stem
cells

Human thymus Thymic epithelial stem cells display Polykeratin traits, extensively
expand as clones in culture, and retain self-organizing capacity upon
functional differentiation.

[45]

Human skeleton stem cells
(hSSCs)

Human fetal and adult
bones

hSSCs could lineally transition into early bone, cartilage, and stroma
progenitors, which then give rise to osteoprogenitors and
chondroprogenitors prior to eventually from bone, cartilage, and stroma

[46]

Salivary gland striated
duct-derived stem cell

Human salivary gland
striated duct

The salivary gland striated duct-derived stem cell acquired expression of
a host of genes associated with stem cell-like identity and may have the
capability of regenerating acinar groups.

[47]

Embryonic skeletal stem
and progenitor cell
(eSSPC)

Perichondrial regions of
embryonic long bones

eSSPCs exhibit high clonogenic capacity, which self-renew and undergo
osteo-chondrogenic but not adipogenic differentiation.

[50]

Corneal epithelial stem
cells

Rabbit limbal epithelial
side population cells

They represent a novel population of corneal epithelial stem cells
distinct from conventional epithelial stem cells, which exhibited
significantly enhanced expression of mesenchymal/endothelial cell
markers rather than epithelial cell markers.

[51]
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[55,56]. Fortunately, the research in this field has attracted
attention and has been extensively studied using SCS
technology.

The minimal criteria of MSCs had been published by the
International Society of Cell Therapy (ISCT) in 2006, despite
it is widely used and accepted, it cannot reflect the
heterogeneity of MSCs from different tissues [57]. Although
cell surface marker expression and multidirectional
differentiation potential indicate that MSCs are both
homogenous populations, using scRNA-seq, we can clearly
identify extreme variability in gene expression levels
between individual cells within a certain MSC type.
Researchers have even explored novel potential markers for
MSC purification to demonstrate cellular heterogeneity and
related biological roles [16]. A study with more than
130,000 single-MSC transcriptomes from 4 kinds of human
tissue-derived stem cells, including adipose mesenchymal
stem cells (ADSCs), bone marrow stem cells (BMSCs),
dermis-derived MSCs (DMSCs) and umbilical cord-derived
MSCs (hucMSCs) was constructed and analyzed at the
single-cell level, confirmed that MSCs from different tissues
have prominent transcriptomic heterogeneity [58]. Genes
related to lineage differentiation, immune regulation, and
senescence are heterogeneously expressed in different tissue-
derived MSCs. In addition, these results indicated that the
extracellular matrix (ECM) highly contributes to
heterogeneity between different MSCs. MSCs from the
dermis or umbilical cord have stronger antiaging properties,
and a specific subpopulation of hucMSCs has advantages in
immunomodulation properties, which is similar to other
studies comparing gene expression models between human
Wharton’s jelly MSCs (WJ-MSCs) and BMSCs using
scRNA-seq [59]. Human dental pulp stem cells (hDPSCs)
and human periodontal ligament stem cells (hPDLSCs) are
both derived from teeth isolated from dental pulp and the
periodontal ligament, respectively [60]. However, analysis at
the single-cell level revealed that hDPSCs mainly exhibited
osteogenic and neurogenic populations, while hPDLSCs,
mainly comprised osteogenic and myofibroblastic
populations [61]. These results can be used as valuable
resources and compelling evidence for the development of
the “most suitable/effective stem cell”-based therapy.

In addition to exploring the heterogeneity between stem
cells of different tissue origins at a deeper level, SCS has also
been widely applied to analyze the heterogeneity of a kind
of stem cells, which depends on the ability of SCS
technology to examine gene expression profiles at the level
of individual cells in an unbiased manner (Table 2). To
date, multiple stem cells, such as ADSCs [62], hucMSCs
[63], cartilage stem cells [28], and BMSCs [16], have been
detected to be heterogeneous by SCS. This heterogeneity is
reflected in multiple aspects; for example, the proliferation
and aging status of their internal cells are not completely
uniform; when exerting biological functions and disease
treatment effects, not all cells but a certain subgroup of stem
cells play a crucial role. To avoid the impact of in vitro
culture on cell characteristics, Zhang et al. investigated
freshly isolated, uncultured hucMSCs by scRNA-seq [64].
Although the isolated MSCs meet the stem cell surface
labeling criteria defined by ISCT, the scRNA-seq data reveal

that the cells can be separated into different groups based
on differentially expressed genes. One group was enriched
in immune regulation, muscle cell proliferation and
differentiation, stemness, and oxidative stress, while the
main functions of the other group were extracellular matrix
production, osteoblast and chondrocyte differentiation, and
bone and cartilage growth. Another study also found that
there are several distinct subpopulations of hucMSCs that
exhibit diverse functional characteristics related to
proliferation, development, and inflammatory responses
[65]. In addition, by sorting the cells with the expression of
CD142, it was shown that despite CD142− hucMSCs only
accounting for approximately 20% of the total cells, this
subgroup presented higher proliferation capacity and
“wound healing” potential. These results of single-cell
sequencing compensate for the current one-sided definition
of stem cells by ISCT at the molecular and functional level;
on the other hand, they also help us to identify
heterogeneity more completely.

SCS helps identify functional subgroups of stem cells
As not fully differentiated cells, stem cells have
multidifferentiation abilities and can play a critical role in
tissue repair or disease treatment. However, we have also
mentioned above that a large amount of evidence indicates
that stem cells, especially MSCs, have intrinsic heterogeneity
in phenotype and function [66], which divides stem cells
into subgroups with different functions. This is also one of
the biological bases for MSCs to have multidirectional
differentiation ability, immune regulation ability, and other
biological characteristics. These functional subsets contribute
to improving the therapeutic efficiency and stability of stem
cells [67]. Using single-cell sequencing to identify the
functional subsets of stem cells and their surface molecular
markers, gene expression characteristics, and other
information will help overcome the limitations of
heterogeneity and promote stem cell-based disease therapy
to a new level [68] (Table 2).

After scRNA-seq analysis and gene ontology analysis of
ADSCs, five subgroups of ADSCs were identified, including
multipotential differentiation subgroup, self-regulatory
subgroup, self-renewal subgroup, immunoregulatory
subgroup, and metabolism- and hematopoiesis-associated
subgroup [69]. The “immunoregulatory subgroup” was
marked by the expression of CD200 (CD200+ ADSCs)
mainly enriched in genes related to immune regulation,
such as negative regulation of the T-cell receptor signaling
pathway and tumor necrosis factor-mediated signaling
pathway [69]. More importantly, in vitro and in vivo studies
revealed that CD200+ ADSCs attenuated intestinal
inflammation in colitis mice by promoting macrophage M2
polarization via the Mer/phosphoinositide3-kinase (PI3K)/
RAC-alpha serine/threonine-protein kinase (Akt)/glycogen
synthase kinase-3β (GSK3β) signaling pathway, which offers
a new treatment for inflammatory bowel diseases [69].
Similarly, the heterogeneity of WJ-MSCs also hinders their
clinical translation [70]. Recently, a study mapped the first
comprehensive large-scale spatial and single-cell
transcriptomic atlas to decipher the heterogeneity of WJ-
MSCs, and a superior functional subgroup screening scheme
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TABLE 2

The functional subgroup/heterogeneity of the stem cells identified by the SCS

Stem cell Subgroup Tissue
source

Markers Main findings Reference

Wharton’s jelly
mesenchymal
stem cells (WJ-
MSCs)

Biofunctional-
type_MSCs

Human
umbilical
cord

S100A9+ CD29+ CD142+ The biofunctional-type_MSCs have
promising wound repair properties by
promoting the migration of human
dermal fibroblasts and human
umbilical vein endothelial cells. The
S100A9+ CD29+ CD142+ MSCs were
more enriched in the fetal segment of
the umbilical cord

[29]

Wharton’s jelly
mesenchymal
stem cells (WJ-
MSCs)

CD142+ WJ-MSCs Human
umbilical
cord

CD142+ CD142+ WJ-MSCs exhibited lower
proliferation capacity and higher
wound healing potency than CD142−

MSCs

[65]

Adipose-derived
stem cells
(ADSCs)

Immunoregulatory
subgroup

Human
adipose
tissue from
omentum
majus

CD200+ CD200+ ADSCs have excellent
immunomodulatory effects. Growth
arrest-specific protein 6 (GAS6)
derived from CD200+ ADSCs
attenuated intestinal inflammation of
colitis mice by promoting macrophage
M2 polarization via the Mer/PI3K/
Akt/GSK3β signaling pathway

[69]

Skeletal stem cells
(SSCs)

Msx1+ SSCs
subpopulation

Mouse/rat
skeleton

Msx1+ Msx1+ SSCs have excellent osteogenic
ability and acquired an endochondral
bone formation capacity for injury
repair, rather than a direct
intramembranous ossification

[71]

Skeletal stem/
progenitor cell
(SSPCs)

Cd168+ SSPCs Mouse
embryonic
and
postnatal
long bones

Cd168+ SSPCs have highly replicating capacity
and osteochondrogenic potential

[72]

Hematopoietic
stem cells (HSCs)

Lin-PU.1dimGATA-
1-(LPG) subgroup

Mouse
femurs
marrow

Lin-PU.1dim GATA-1- Bone marrow cells gated by LPG
exhibit haematopoietic reconstitution
activity which is comparable to that of
classical Lin- Sca1+ c-kit+ . LPG defines
a population of mouse bone marrow
HSCs with the capacity to reconstitute
multiple haematopoietic lineages

[73]

Vascular stem
cells (VSCs)

Sca1+ VSC
population

Adventitial
layer of
artery walls

Sca1+ PDGFRa+ After severe injury, Sca1+ VSCs can
migrate into the medial layer and
generate de novo smooth Muscle cells,
which subsequently expand more
efficiently compared with pre-existing
smooth muscle

[74]

Neural stem cells
(NSCs)

Nestin+ NSCs
outside the central
canal

Mouse
spinal cord

Nestin+ Nestin+ NSCs outside central canal
were NSCs that activated upon spinal
cord injury and may thus serve as
endogenous NSCs for regenerative
treatment of spinal cord injury

[75]

Vascular stem/
progenitor cells
(VSPCs)

VSPC1 and VSPC2 Mouse and
human
adipose
tissue

VSPC1: CD45-Tie2+

PDGFRa-CD31+

CD105hiScalo VSPC2: CD45-
Tie2+ PDGFRa+ CD31-
CD105loScahi

Cotransplantation of VSPC1 and
VSPC2 is required to form functional
vessels and rescue ischemic damages
in vivo

[76]

(Continued)
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for stem cells with high wound healing ability was established
[29]. Single-cell transcriptomics analysis identifies 4 WJ-
MSCs subpopulations, including the proliferative subgroup,
niche-supporting subgroup, metabolism-related subgroup,
and biofunctional-type subgroup. Importantly, the
biofunctional-type subgroup, with S100A9, CD29, and
CD142 as marker genes, has been proven to have superior
wound repair ability after functional verification in vivo and
in vitro. Finally, it was found that the
S100A9+CD29+CD142+ subgroup was enriched in the fetal
end of the human umbilical cord, which indicates that
biological functional stem cells from the fetal end may be an
ideal MSCs source for wound treatment. This study defined
the functional subgroups of WJ-MSCs and provided an
outstanding resource and solution for further development
of MSCs-based cell therapy. Moreover, the functional
subgroup of SSCs and markers have also been studied, such
as the CD168+ skeletal stem/progenitor cell population and
Msx1+ skeletal stem cells, both of which have excellent
osteogenic or chondrogenic ability [71,72].

SCS can describe the relevant functions of stem cell
subpopulations by identifying cell markers and related
molecules, as well as by detecting and identifying relevant
transcription factors (TFs). The scRNA-seq analyze results
from HSCs with Lin−Sca1+c-kit+ population have two HSC
clusters, which can be distinguished by spleen focus forming
virus proviral integration oncogene (Spi1) and GATA binding
protein 1 (Gata1) expression level [73]. One cluster highly
expresses the myeloid and lymphoid lineage-specific TF
genes early growth response 3 (Egr3) and Gata3, indicating
the multipotency of this cluster; while the other one is
characterized by upregulated expression of the erythroid
lineage-specific TF genes, such as B-cell-specific Moloney
murine leukemia virus insertion region 1 (Bmi1), growth
factor independence 1b (Gfi1b) and Gata1, which indicates
the erythroid-biased differentiation potential [73].

In short, these studies based on the SCS exploring the
subgroup of stem cells define the functional subpopulations
inside stem cells from a new perspective. At same time, it
also reflects the consistency of gene expression and function

for the stem cells and their subgroup. These results also
suggest that in future research and clinical practice, it may
not be the choice of which stem cells are more suitable for
the treatment of a certain disease but the choice of which
functional subgroup of stem cells is more appropriate (Fig. 2).

SCS explores the function and mechanism of stem cells in
different states or microenvironments
The biological function of stem cells can change with
multigeneration culture, microenvironment changes and
disease state, but the specific mechanism and significance
are still unclear, which hinders the regulation of the cell
state and plays a role in disease treatment [79–82]. Routine
sequencing is performed at the bulk-population level and
may obscure critical and tiny information. With the help of
SCS, we can more comprehensively analyze the molecular
mechanisms by which stem cells play a role in physiological
and pathological processes and the expression of related
genes. More importantly, it will provide help for the future
to achieve precise regulation of stem cells to play an ideal
role. At present, the research on the function of stem cells
based on SCS has covered many aspects, such as aging [83],
angiogenesis [84], osteogenesis [85], and drug sensitivity [86].

In general, to achieve the needed cell numbers for clinical
application, stem cells typically need to be expanded in vitro
for a long time, which will cause the stem cells to enter a
senescent phenotype [87,88]. A study based on the SCS first
analyzed the process of replicative senescence of healthy
proliferative ESC-derived mesenchymal stem cells (esMSCs)
in vitro [89]. In the process of expansion, esMSCs
successively transform into cells characterized by the
expression of metabolic and oxidative stress genes, enter a
presenescent state characterized by the expression of
endoplasmic reticulum stress and p53 regulation of age-
related genes, and finally transform into cells undergoing
aging [89]. Subsequently, this population splits into either
deep senescent cells with strong senescence-associated
secretory phenotype (SASP) secretions or into cells with
SASP and oncogene signatures. The results of this single-cell
sequencing analysis revealed the different aging subsets in

Table 2 (continued)

Stem cell Subgroup Tissue
source

Markers Main findings Reference

Mesenchymal
stem/stromal
cells derived from
placenta
(PMSCs)

Immunomodulatory-
potential
subpopulations

Human
placenta

— This subgroup of PMSCs highly
expressed immunomodulation-
associated genes. Transcription factor
PR domain zinc finger protein 1
(PRDM1) might play a crucial role in
maintaining PMSCs
immunomodulatory capability by
activating PRDM1-regulon loop

[77]

Bone marrow
stem cells
(BMSCs)

— Human
fetal bone
marrow

LIFR+ PDGFRB+ CD45-
CD31-CD235a-

LIFR+ PDGFRB+ CD45-CD31-
CD235a-MSCs could form bone
tissues and reconstitute the
hematopoietic microenvironment
effectively in vivo

[78]
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the process of stem cell replication senescence and provided a
time-sequential cell subpopulation transition process.
Another study established a “TF-miRNA‒target” regulatory
network to describe the replicative senescence of MSCs
cultured in vitro [83]. Seven gene signatures, including
Prune homolog 2 (PRUNE2), iodothyronine deiodinase 2
(DIO2), carboxypeptidase A4 (CPA4), protein kinase AMP-
activated catalytic subunit alpha 2 (PRKAA2), dystrophin
(DMD), dimethylarginine dimethylaminohydrolase 1
(DDAH1) and GATA6 have been considered possible
candidate markers for estimating MSCs in vitro senescence.
In addition, pathways related to oxygen and ECM might
play pivotal roles in regulating the aging and anti-aging
characteristics of MSCs. These results of single-cell
sequencing analysis revealed the different aging subsets in
the process of stem cell replication senescence, provided a
time-sequential cell subpopulation transition process, and
described relevant markers and regulatory networks,
providing new insights as well as evidence to further
identify and intervene in the process of replication
senescence of stem cells. However, there are still many
unsolved mysteries about stem cell senescence, such as
senescent drift of the stem cells [90,91]. In future research,
it is expected to obtain answers to these problems with the
help of SCS technology, by which to guide the accurate and
effective application of stem cells.

Angiogenesis and vessel repair are accompanied by a
variety of physiological and pathological processes,
especially during tissue/organ repair and regeneration
[92–94]. Moreover, peripheral vascular disease and ischemia
remain clinical problems worldwide [95]. Although many
studies have been devoted to the role of stem cells in this
process, the mechanisms involved are not fully understood.
Rapid regeneration and repair of smooth muscle after

vascular injury is crucial for blood vessels. By means of SCS,
it was found that resident vascular stem cells (VSCs)
characterized by Sca1+PDGFRa+ in the outer cortex of
arteries, which can generate new smooth muscle cells
(SMCs) after the injury response, and Yes-associated protein
(YAP) is needed during the vascular repair process [74].
Using single-cell transcriptome analysis, a cell
subpopulation associated with vascular endothelial growth
factor (VEGF) secretion in human BMSCs under ischemia
was identified, which also highlighted the critical role of
leucine-rich repeat-containing 75A (LRRC75A) in inducing
VEGF secretion under ischemia [96]. In another study, two
vascular stem/progenitor cells (VSPCs) were identified from
ADSCs, including VSPC1 which forms stunted vessels, and
VSPC2, which could form both vessels and fat [76]. Only
cotransplantation of VSPC1 and VSPC2 can effectively form
functional vessels and improve perfusion in a mouse
hindlimb ischemia model [76]. scRNA-seq was used to
characterize distinct vessel-forming populations and their
interactions, and a complex signaling regulation of VSPC1
to VSPC2 populations, including Platelet derived growth
factor (PDGF), C-X-C motif chemokine ligand 12 (CXCL12)
and other signals were revealed. Moreover, PDGF signals
may act as unidirectional stromal cues from the VSPC1
subfraction to guide VSPC2 form vessels. These results
acquired through the SCS are encouraging and promote the
field of stem cell therapy.

Current Limitations

As an emerging technology, SCS can achieve single-cell level
research on stem cell types, cell heterogeneity and the role
of different biological processes and has achieved
meaningful results. Nevertheless, we think that there are still

FIGURE 2. Using single-cell sequencing to identify the heterogeneity and functional subgroups of MSCs. Through single-cell sequencing, the
functional subgroups of MSCs are analyzed, so as to select suitable functional MSCs subgroup to treat a certain disease or tissue regeneration to
exert the desired effect.
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some limitations in this field: 1. Currently, the number of
applications of SCS technology in the field of stem cells is
still limited, so the accuracy and effectiveness of current
results still require time and research to verify. 2. The state
of stem cells is influenced by multiple factors [97], including
tissue source and culture environment. In different studies,
these factors will inevitably affect the accuracy and
scalability of SCS results, especially for stem cells cultured in
vitro. 3. Although multiple studies have been conducted on
stem cells using SCS, it is well known that stem cells
function through the combined action of the
microenvironment, surrounding cells, and other factors
[82,98]. However, research on this aspect is relatively
limited and weak at present, which hinders our in-depth
understanding of the function and mechanism of stem cells,
which needs to be explored further.

Conclusion and Perspective

Through the literature review mentioned above, we can see
that SCS technology has been widely used in the research of
stem cells, covering various aspects, such as stem cell
genesis, development, identification, and application. By
summarizing the current relevant literature, it has been
shown that SCS technology can effectively track the
development of stem cells and draw developmental maps,
identify new stem cell types, explore internal heterogeneity
of stem cells at individual cell level, identify the internal
functional subpopulations of stem cells, enhance their
biological function and disease treatment efficiency, and
analyze the biological roles and molecular mechanisms of
stem cells in different states or physiological processes.
Compared to conventional population-level sequencing
techniques such as transcriptomics, RNA-seq, and
microarrays, SCS has elevated our understanding and
application of stem cells to a new level, providing a strong
theoretical basis for stem cell-based disease treatment and
regenerative medicine. In this article, we briefly summarize
the current application of single-cell sequencing technology
in the field of stem cells. Considering the relevant progress
and limitations of SCS technology in stem cells, for next
step, it is necessary to further combine the current SCS
research on stem cells with multiomics analysis, such as
spatial transcriptomics and DNA methylation omics, to
obtain more comprehensive and accurate results. In
addition, more attention should be given to the changes and
mechanisms of stem cells in various microenvironments
while coordinating with simulated in vivo experiments,
animal model experiments, and other validation results to
promote the transformation and application of relevant
results in the clinic.
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