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Background: Mesenchymal stromal cells (MSCs) and fibroblasts show similar
morphology, surface marker expression, and proliferation, differentiation, and
immunomodulatory capacities. These similarities not only blur their cell identities but
also limit their application.

Methods: We performed single-cell transcriptome sequencing of the human umbilical
cord and foreskin MSCs (HuMSCs and FSMSCs) and extracted the single-cell
transcriptome data of the bone marrow and adipose MSCs (BMSCs and ADMSCs)
from the Gene Expression Omnibus (GEO) database. Then, we performed quality control,
batch effect correction, integration, and clustering analysis of the integrated single-cell
transcriptome data from the HuMSCs, FMSCs, BMSCs, and ADMSCs. The cell subsets
were annotated based on the surface marker phenotypes for the MSCs (CD105+, CD90+,
CD73+, CD45−, CD34−, CD19−, HLA-DRA−, and CD11b−), fibroblasts (VIM+, PECAM1−,
CD34−, CD45−, EPCAM−, and MYH11−), and pericytes (CD146+, PDGFRB+, PECAM1−,
CD34−, and CD45−). The expression levels of common fibroblast markers (ACTA2, FAP,
PDGFRA, PDGFRB, S100A4, FN1, COL1A1, POSTN, DCN, COL1A2, FBLN2, COL1A2,
DES, and CDH11) were also analyzed in all cell subsets. Finally, the gene expression
profiles, differentiation status, and the enrichment status of various gene sets and regulons
were compared between the cell subsets.

Results: We demonstrated 15 distinct cell subsets in the integrated single-cell
transcriptome sequencing data. Surface marker annotation demonstrated the MSC
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phenotype in 12 of the 15 cell subsets. C10 and C14 subsets demonstrated both the MSC
and pericyte phenotypes. All 15 cell subsets demonstrated the fibroblast phenotype. C8,
C12, and C13 subsets exclusively demonstrated the fibroblast phenotype. We identified
3,275 differentially expressed genes, 305 enriched gene sets, and 34 enriched regulons
between the 15 cell subsets. The cell subsets that exclusively demonstrated the fibroblast
phenotype represented less primitive and more differentiated cell types.

Conclusion: Cell subsets with the MSC phenotype also demonstrated the fibroblast
phenotype, but cell subsets with the fibroblast phenotype did not necessarily demonstrate
the MSC phenotype, suggesting that MSCs represented a subclass of fibroblasts. We also
demonstrated that the MSCs and fibroblasts represented highly heterogeneous
populations with distinct cell subsets, which could be identified based on the
differentially enriched gene sets and regulons that specify proliferating, differentiating,
metabolic, and/or immunomodulatory functions.

Keywords: fibroblast, mesenchymal stromal cells, integration analysis, pericytes, single-cell transcriptome
sequencing

INTRODUCTION

Mesenchymal stromal cells (MSCs) are multipotent adult stromal
cells that are used for tissue repair (Maqsood et al., 2020) and
immunomodulation (Mo et al., 2016). MSCs have been applied to
the treatment of a variety of diseases, such as steroid-refractory
graft-versus-host disease (Le Blanc et al., 2004), diabetes
(Bhansali et al., 2017), multiple sclerosis (Cohen et al., 2018),
cardiac ischemic injury (Qayyum et al., 2017), systemic lupus
erythematosus (Wang et al., 2014), inflammatory bowel disease
(Dhere et al., 2016), osteoarthritis (Lamo-Espinosa et al., 2018),
and sepsis (Simonson et al., 2015). MSCs were first isolated from
the bone marrow (Friedenstein et al., 1974) and subsequently
from other sources, such as the umbilical cord Wharton’s jelly
(Mitchell et al., 2003), adipose tissue (Zuk et al., 2001), foreskin
(Najar et al., 2016), synovial fluid (De Bari et al., 2001), dental
pulp (Gronthos et al., 2000), and endometrium (Schwab et al.,
2008). MSCs derived from different tissues consist of
heterogenous cellular populations with distinct biological
properties (Mattar and Bieback, 2015). Fibroblasts are the
most common type of stromal cells found abundantly in the
connective tissues; they secrete proteins that constitute the
extracellular matrix and play an essential role in wound repair,
tissue development, and fibrosis (Muhl et al., 2020). Fibroblasts
have also been isolated from various tissues, such as the cornea,
skin, adipose tissue, heart, skeletal muscle, intestine, and bladder
(Chang et al., 2002; Muhl et al., 2020).

MSCs are isolated based on the International Association for
Cell Therapy (ISCT) criteria (Dominici et al., 2006), which
includes (1) adherent growth in plastic Petri dishes; (2) high
expression of surface markers such as CD73, CD90, and CD105
and low expression or absence of HLA-DR, CD11b or CD14,
CD19 or CD79a, CD34, and CD45 expression; and (3) the ability
to differentiate into osteoblasts, chondrocytes, and adipocytes
in vitro. The fibroblasts demonstrate adherent growth in plastic
Petri dishes with a spindle or wide flat shape (Alt et al., 2011).

Fibroblasts also express CD73, CD90, and CD105 and lack the
expression of HLA-DR, CD11b or CD14, CD19 or CD79a, CD34,
and CD45 (Chen et al., 2007; Haniffa et al., 2007; Alt et al., 2011;
Blasi et al., 2011; Soundararajan and Kannan, 2018). Moreover,
fibroblasts demonstrate the potential to differentiate into
osteoblasts (Chen et al., 2007; Blasi et al., 2011), chondroblasts
(Chen et al., 2007; Alt et al., 2011), and adipocytes (Chen et al.,
2007; Blasi et al., 2011) under specialized growth conditions.
Therefore, fibroblasts show significant similarity with the MSCs
based on the ISCT criteria. Furthermore, both MSCs and
fibroblasts exert immunosuppressive effects through cell–cell
interactions and paracrine mechanisms (Soundararajan and
Kannan, 2018; Ugurlu and Karaoz, 2020). MSCs and
fibroblasts also show similarities in cell morphology (Alt et al.,
2011), multipotent differentiation and replicative ability (Alt
et al., 2011), gene expression profile (Bae et al., 2009), and
immunosuppressive functions (Haniffa et al., 2007). Besides,
MSCs and fibroblasts also show similar plasticity and stemness
as they can be induced to differentiate into hepatocytes,
cardiomyoblasts, islet cells, muscle cells, and germ cells (Chen
et al., 2015; Maldonado et al., 2017; Zhang et al., 2019; Ugurlu and
Karaoz, 2020) and can be reprogrammed into induced
pluripotent stem cells (iPSCs) (Takahashi and Yamanaka,
2006; Buccini et al., 2012). It is also postulated that the
differences in methylation patterns between the MSCs and
fibroblasts (de Almeida et al., 2016) are related to the donor’s
age and long-term culturing (Koch et al., 2011). Furthermore,
fibroblast surface markers have been reported in senescent MSCs
(Soundararajan and Kannan, 2018). This suggests that both cell
types are essentially the same type of cells in different life cycle
stages; that is, fibroblasts may represent aging MSCs, and MSCs
may represent naive fibroblasts (Soundararajan and Kannan,
2018). In contrast to this view, some studies suggested that
fibroblasts do not represent aging MSCs and were
differentiated from the MSCs under certain conditions
(Mishra et al., 2009; Chan et al., 2019). Regardless of these
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conflicting views, it is generally accepted that fibroblasts are
closely related to MSCs. However, it is important to clearly
distinguish the MSCs from the fibroblasts because MSCs are
used for several clinical applications. Therefore, in this study, we
performed comprehensive bioinformatics analysis of integrated
single-cell transcriptome sequencing data from the human
umbilical cord mesenchymal stromal cells (HuMSCs), foreskin
mesenchymal stromal cells (FSMSCs), bone marrow
mesenchymal stromal cells (BMSCs), and adipose
mesenchymal stromal cells (ADMSCs) to identify distinct cell
subsets that show similarities or differences in gene expression
patterns, biological functions, and transcriptional regulatory
networks between the MSCs and fibroblasts.

METHODS

Data Collection and Ethical Approval
The single-cell transcriptome data of the BMSCs and ADMSCs
were extracted from the GEO database [BMSCs: GSE115149
(Jitschin et al., 2019) and GSE162692 (Ruoss et al., 2021);
ADMSCs: SRP148833 (Liu et al., 2019)]. These data were
available for the public and did not require ethical approval.
Furthermore, the collection of umbilical cords and foreskin
tissues was approved by The Second Affiliated Hospital of
Shantou University Medical College of China (Institutional
Review Board approval numbers: 2020-11 and 2021-89). The
white connective tissues of the umbilical cord and the dermal
tissues of the foreskin were cut into small pieces and cultured
with Dulbecco’s Modified Eagle Media/Nutrient Mixture F-12
(Gibco, United States) containing 10% fetal bovine serum
(Gibco, United States) to generate the primary HuMSCs
and FSMSCs, respectively. MSCs from the third passage
were subjected to single-cell transcriptome sequencing using
the 10× Genomics Chromium sequencing platform. The
sequencing data of the HuMSCs and FSMSCs were
processed with the 10× Genomics Cell Ranger software
(version 3.1.0) (Zheng et al., 2017) and registered at the
Mendeley database (https://data.mendeley.com/datasets/
f4b2ykfv56/1).

Quality Control and Integration
The gene expression data of the BMSCs from the control and
unprocessed groups were obtained from the GSE115149
(platform: 10× Genomics Chromium, passage: 3) and
GSE162692 (platform: 10 × Genomics Chromium, passage:
unknown) datasets. The gene expression data of the ADMSCs
were obtained from the SRP148833 dataset (platform: 10 ×
Genomics Chromium, passage: 3) using the 10× Genomics
Cell Ranger software (Zheng et al., 2017). Then, the Seurat
objects for the BMSCs, ADMSCs, HuMSCs, and FSMSCs were
created using the Seurat R package (version 4.0.0) (Hao et al.,
2020). The quality control screening included retaining high-
quality cells after excluding data for cells that contained less than
200 genes or more than 20,000 genes and/or greater than 20%
mitochondrial genes. Finally, we merged all the filtered Seurat
objects from the high-quality cells.

Data Processing
Themerged data were normalized and standardized to correct the
sequencing depth of each cell. The principal component analysis
(PCA) was performed based on the 2,000 genes with high
variability to acquire the first 50 principal components (PCs),
which were then subjected to batch effect correction using the R
package harmony (version 1.0) (Korsunsky et al., 2019). The first
50 harmony dimensions were used for t-distributed stochastic
neighbor embedding (TSNE) with a resolution of 0.5. The cluster
tree for the cell subsets of cells was constructed using the
BuildClusterTree function of Seurat, and the cell subsets were
annotated.

Analysis of the Cell Subsets
The expression levels of the marker genes representing the MSC,
fibroblast, and pericyte phenotypes were calculated for the
different cell subsets using the Findallmarker function of the R
package Seurat with an adjusted p-value <0.05 and an absolute
value of log2 fold change (Log2FC) ≥1. Then, gene set enrichment
analysis was performed to evaluate the potential biological
functions of the cellular subsets by calculating the enrichment
scores and p-value of the hallmark gene sets in different cell
subsets using the R package msigdbr (version 7.2.1) (Dolgalev,
2020) and singleseqgset (version 0.1.2.9000) (Cillo, 2021). The
gene sets with a p-value <0.5 were regarded as statistically
significant. Finally, the differentiation degree of each cell
subset was calculated using the R package CytoTRACE
(version 1.8.0) (Gulati et al., 2020).

Analysis of Gene Regulatory Networks
The co-expression modules of different transcription factors and
their target genes were analyzed from the gene expression data
using the python package pySCENIC (version 0.10.3) (Aibar
et al., 2017). Then, the significant motifs in the co-expression
module were analyzed by the motif enrichment analysis after
deleting the target genes with low scores. The target genes and
their corresponding transcription factors in the co-expression
module were considered as a regulon. The regulon activity score
(RAS) of each regulon in a cell was calculated. Then, the RAS
threshold of each regulon was estimated. If RAS was greater than
the threshold, the regulon in the cell was considered as activated.
Otherwise, the regulon was considered as silent. The RAS matrix
was transformed into a binary matrix based on the “0/1” scoring
according to the threshold value to eliminate technical bias and
identify the differences. Finally, the regulon-specific scores (RSS)
of different regulons in the cellular subsets were calculated using
the R package philentropy (version 0.4.0) (HG, 2018). The first
five regulons (highly expressed) in different cell subsets were then
filtered and analyzed.

RESULTS

Quality Control
Seurat objects were created for BMSCs, ADMSCs, HuMSCs, and
FSMSCs, and quality control parameters were set to retain cells
with expression readouts between 200 and 2,000 genes and ≤20%
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mitochondrial genes per cell. Subsequently, we identified
5,180 high-quality BMSCs (median UMI: 12,340; median
genes: 3,058), 29,178 high-quality ADMSCs (median UMI:
40,208; median genes: 5,602), 13,386 high-quality HuMSCs
(median UMI: 14,854; median genes: 3,797), and 7,432 high-
quality FSMSCs (median UMI: 33,022; median genes: 5,463).

Integration Analysis
Themerged data were normalized and standardized to correct the
sequencing depth of each cell. We identified the first 50 PCs using
PCA based on 2,000 genes with high variance. Then, the 50 PCs
were used to correct the batch effect, and the first 50 harmony
dimensions were identified. The reduction plot between PCA

FIGURE 1 |Characterization of the 15 cell subsets derived from ADMSCs, BMSCs, FSMSCs, and HuMSCs using various bioinformatics analysis methods. (A) The
PCA plots show the distribution of ADMSCs (blue), BMSCs (red), FSMSCs (green), and HuMSCs (yellow), which are derived from different tissues before and after
correcting the batch effects. The TSNE plot shows distribution of the 15 cell subsets (C0–C14). The clustering tree shows similarity between the 15 cell subsets. (B–D)
The violin plot shows the expression status of (B) MSC-related markers, (C) fibroblast-related markers, and (D) pericyte-related markers in the 15 different cell
subsets. (E) The violin plot shows the expression of classical fibroblast markers in the 15 different cell subsets. (F) The bubble plot shows the differential expression of the
top three highly expressed genes in each cellular subset among all the 15 cellular subsets. The size of the bubble is inversely proportional to the p-value; that is, the larger
the bubble, the smaller the p-value. The expression level is color coded, with dark red representing high expression and blue representing low expression.
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dimensionality and harmony dimensionality showed a significant
overlap between MSCs derived from the same tissue and partial
overlap between MSCs derived from different tissues
(Figure 1A). This suggested an effective correction of the
batch effects from different datasets and resulted in
identification of biological differences between the MSCs
derived from different tissues. The first 50 harmony
dimensions were also used for TSNE plots with a clustering
resolution of 0.5, and 15 major cell subsets were identified
(Figure 1A). The cluster tree was constructed by the
BuildClusterTree function of the R package Seurat to analyze
the correlations between the 15 cell subsets, and the tree plot was
displayed using the R package ggtree (version 2.4.1) (Yu, 2020)
(Figure 1A).

Biological Annotations
The 15 cell subsets were annotated based on the surface marker
expression profiles of MSCs (CD105+, CD90+, CD73+, CD45−,
CD34−, CD19−, HLA-DRA−, and CD11b−) (Dominici et al., 2006)
(Figure 1B). The expression of CD105, CD90, and CD73 was
significantly high, and the expression of CD45, CD34, CD19,
HLA-DRA, and CD11b was significantly low or absent in 12 cell
subsets, namely, C0–C7, C9–C11, and C14. This suggested that
these 12 cell subsets were the MSCs. C8 and C13 subsets showed
lower expression of CD90 and CD105, respectively. Therefore, C8
and C13 did not show the classical MSC phenotype. The 12 cell
subsets expressed VIM but did not express PECAM1, CD34,
CD45, EPCAM, and MYH11 (Figure 1C). This suggested that
all the 12 cell subsets also showed the fibroblast phenotype.
Furthermore, we observed the expression of fibroblast markers
such as ACTA2 (Muhl et al., 2020), FAP (Sunami et al., 2020),
PDGFRA (Muhl et al., 2020), PDGFRB (Muhl et al., 2020),
S100A4 (Meng et al., 2020), FN1 (Meng et al., 2020), COL1A1
(Meng et al., 2020), POSTN (Meng et al., 2020), DCN (Guerrero-
Juarez et al., 2019), COL1A2 (Meng et al., 2020), FBLN2
(Guerrero-Juarez et al., 2019), DES (Sunami et al., 2020), and
CDH11 (Tarbit et al., 2019) in one or more cellular subsets
(Figure 1E). This demonstrated that the cell subsets could not
be distinguished using a single classical fibroblast marker. The
pericyte surface markers such as CD146+, PDGFRB+, PECAM1−,
CD34−, and CD45− (Crisan et al., 2008; Crisan et al., 2012) were
expressed in some cell subsets. C10 and C14 highly expressed
CD146 and PDGFRB but did not express PECAM1, CD34, and
CD45, suggesting that both of them met the pericyte phenotype
(Figure 1D). This suggested that some cell subsets represented
overlapping pericyte and MSC phenotypes.

Biological Function Analysis
The Findallmarker function of R package Seurat filtered out
3,275 statistically significant genes using the adjusted
p-value < 0.05 and the absolute value of Log2FC ≥ 1
(Supplementary Table S1). This included 80, 65, 91, 127,
146, 139, 215, 39, 35, 554, 80, 44, 931, 502, and 227 genes in the
C0, C1, C2, C3, C4, C5, C6, C7, C8, C9, C10, C11, C12, C13,
and C14 subsets, respectively. The bubble plot shows the top
three highly expressed differential genes from each cell subset
(Figure 1F).

Then, the hallmark gene set enrichment analysis was
performed using the R package msigdbr and singleseqgset. The
enrichment scores and p-values of all hallmark gene set were
compared between the 15 cell subsets. We identified 305
differentially expressed gene sets using an adjusted p-value of
less than 0.05 as the cutoff (Figure 2; Supplementary Table S2).
The C0, C1, C2, C3, C4, C5, C6, C7, C8, C9, C10, C11, C12, C13,
and C14 cell subsets showed significant differences in the
expression of genes belonging to 41, 33, 8, 41, 29, 13, 18, 3,
16, 15, 16, 10, 29, 16, and 17 gene sets, respectively. The biological
functions of different cell subsets are shown in Figure 2. The gene
set analysis showed that the C3, C4, C5, C7, C10, and C14 cell
subsets demonstrated both MSC and fibroblast phenotypes.
Proliferation-related gene sets such as “E2F Target genes” and
“G2M Checkpoint genes” were enriched in the C3, C5, C7, and
C14 subsets. The metabolism-related gene sets belonging to
“Oxidative Phosphorylation,” “Bile Acid Metabolism,”
“Reactive Oxygen Species Pathway,” “Fatty Acid Metabolism,”
“Protein Secretion,” “Hypoxia,” “Glycolysis,” and “Heme
Metabolism” were downregulated in the C0, C2, C1, and C11
subsets. The “Protein Secretion” gene set was upregulated in the
C3 and C5 subsets. Immune-related gene sets belonging to
“Interferon Alpha Response” and “Interferon Gamma
Response” were enriched in the C4, C10, and C13 subsets.
The C13 subset demonstrated only fibroblast phenotype with a
high expression of HLA-DRA and absence of CD80 and CD86
expression (Supplementary Figure S1).

The differentiation status of the cell subsets was evaluated
using the R package CytoTRACE. The batch effect correction was
performed using the iCytoTRACE function. The CytoTRACE
scores of different cell subsets are shown in the TSNE plots
(Figures 3A,B) and box plots (Figure 3C). The differentiation
status was considered lower when the CytoTRACE score was
closer to 1.0. C8, C12, and C13 cell subsets showed CytoTRACE
scores closer to 0.0 and were considered to belong to a higher
differentiation state. C8, C12, and C13 demonstrated only the
fibroblast phenotype and did not show characteristics of the MSC
phenotype. This suggested that MSC characteristics are lost as
they undergo differentiation. Furthermore, the differentiation
status of the C14 and C10 cell subsets was not low despite
showing the pericyte phenotype.

Gene Regulatory Networks Analysis
We identified 384 regulons by integrating the single-cell
transcriptomic data using the pySCENIC python package.
Each regulon contained a transcription factor, a significant
motif, and the corresponding target genes (Supplementary
Table S3). Regulon activity scores (RASs) of different regulons
in each cell were evaluated. The RAS threshold of each regulon
was also calculated separately. The regulon was considered as
activated when the RAS value of the regulon was greater than its
RAS threshold. Otherwise, the regulon was considered as silent.
The RAS matrix was transformed into a binary matrix to
highlight the differences between different cell subsets and
eliminate the technical bias based on the threshold value.
Furthermore, the regulon specificity score (RSS) of each
regulon was calculated in different subsets using the
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philentropy R package (Figure 4A). The heatmap shows the top
five regulons in each cell subset based on the regulon specificity
scores (Figure 4B). The C3 subset showed high expression of
DNA replication regulators such as SMC3 (Gregson et al., 2001)
and E2F2 (Lukas et al., 1996; Delgado et al., 2011) (Figure 4C).
The cells in the C3 subtype were mainly derived from the
umbilical cord tissue. The C4 subset showed high expression
of IRF2 (Figure 4C), which exerts anti-inflammatory effects
through inhibition of pro-inflammatory factors that are
induced by lipopolysaccharide (Cui et al., 2018). The cells in
the C4 subset were mainly derived from the foreskin tissue.

DISCUSSION

Traditional bulk transcriptome sequencing detects differences in
gene expression between groups of cells, whereas single-cell

transcriptome sequencing detects differences in gene
expression between individual cells (Yan et al., 2021).
Therefore, single-cell transcriptome sequencing technique
demonstrates the composition of cells with differential
functions in heterogeneous cell groups such as tumor cells,
MSCs, and fibroblasts. In this study, we comprehensively
analyzed the integrated single-cell transcriptome data of MSCs
derived from four different tissues, namely, BMSCs, ADMSCs,
HuMSCs, and FSMSCs and identified 15 cell subsets. Then, we
performed cluster annotation of these 15 cell subsets based on the
surface expression characteristics of MSCs (CD105+, CD90+,
CD73+, CD45−, CD34−, CD19−, HLA-DRA−, and CD11b−),
fibroblasts (VIM+, PECAM1−, CD34−, CD45−, EPCAM−, and
MYH11−), and pericytes (CD146+, PDGFRB+, PECAM1−,
CD34−, and CD45−).

We identified MSCs based on the ISCT criteria, which is
commonly used in most studies (Dominici et al., 2006). However,

FIGURE 2 | Hallmark gene set enrichment analysis of the 15 cell subsets. The heatmap plot shows the enrichment scores and p-values of different hallmark gene
sets among the 15 different cellular subsets. The color of the grids denotes the enrichment scores of the gene set, with red representing high enrichment and blue
representing low enrichment. The bar graphs (top) represent different molecular phenotypes (fibroblasts, MSCs, and/or pericytes) represented by the 15 different cell
subsets and is shown with different colors. The asterisk indicates that the p-value was less than 0.05. The bar charts (below) represent the cell cycle phases of
different proportions of cells in the 15 cell subsets.
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CD34 expression is observed sometimes in the early passages of
freshly isolated ADMSCs (Baer et al., 2013). This suggested that
the CD34 expression was highly variable between the donors.
ADMSCs from some donors were CD34+, whereas those from
other donors were CD34−. Moreover, CD34 expression decreased
with the increasing number of passages of ADMSC cultures
in vitro. Another single-cell RNA-sequencing study showed
that 0.008% of cultured human ADMSCs were CD34+ (Liu
et al., 2019). Furthermore, one review hypothesized that
in vitro cultured MSCs were CD34−, whereas tissue-resident
MSCs were CD34+ (Lin et al., 2012). The minimal ISCT
criteria suggest that CD34 positivity in the MSCs must be
≤2% based on the flow cytometry analysis. This suggests that
the proportion of CD34+ cells in the in vitro culturedMSCs is low.
In our study, MSCs of all the datasets were cultured in vitro.
Therefore, CD34 was used as a negative marker for determining
the MSC phenotype.

Standardized identification criteria do not exist for fibroblasts
despite being isolated, cultured, and characterized prior to the
MSCs. Few reports suggest that fibroblasts can be identified based
on vimentin (VIM) expression (Chang et al., 2002; Tarbit et al.,
2019). VIM is the main structural component of the intermediate
filaments in cells and is responsible for biological functions such
as cell contraction, migration, and proliferation. However, VIM is
also expressed in the endothelial cells, epithelial cells, and
immune cells. Therefore, markers for endothelial cells
(PECAM1), hematopoietic cells (CD34), immune cells (CD45),
epithelial cells (EPCAM), and smoothmuscle cells (MYH11) need
to be tested alongside VIM to classify fibroblasts. A report also

showed that fibroblasts express HLA-DR (Olsson et al., 1994).
However, a comparative study showed that unstimulated
fibroblasts and MSCs were both negative for HLA-DR (Denu
et al., 2016). This suggested that HLA-DR expression was
heterogeneous in the fibroblasts and was not necessary for
identifying fibroblasts.

In our study, cluster annotation demonstrated that all the 15
cell subsets expressed fibroblast-related markers. However, only
12 cell subsets (C0, C1, C2, C3, C4, C5, C6, C7, C9, C10, C11, and
C14) expressed MSC-specific markers. The remaining three cell
subsets, namely, C8, C12, and C13, exclusively expressed
fibroblast-specific markers. This suggested that MSCs may be
derived from the fibroblasts or may represent a subclass of
fibroblasts. However, MSCs are not equivalent to the
fibroblasts because our single-cell transcriptome analysis
demonstrates subtle differences in gene expression between the
MSCs and the fibroblasts. Furthermore, the expression of classic
fibroblast markers (ACTA2, FAP, PDGFRA, PDGFRB, S100A4,
FN1, COL1A1, POSTN, DCN, COL1A2, FBLN2, COL1A2, DES,
and CDH11) was not uniform among the 15 cell subsets. Hence, a
single classic fibroblast marker was not sufficient to sort out all the
cell subsets that show the fibroblast phenotype. Therefore,
multiple classic fibroblast-specific markers are required to sort
out all the fibroblast subsets because individual markers may not
be expressed in some fibroblast subsets.

The C10 and C14 cell subsets with the MSC phenotype also
demonstrated the pericyte phenotype. The expression ofNG2was
positive in C10 and negative in C14. This was consistent with a
previous study that reported NG2 expression in only few pericyte

FIGURE 3 | Evaluation of the differentiation status of cells in the 15 cellular subsets. (A) TSNE_plot shows the distribution of the 15 different cell subsets with
different color codes in the low-dimensional space. (B) TSNE plot shows the distribution of the 15 different cell subsets based on the degree of differentiation. The degree
of differentiation is denoted by the color code, with red representing low differentiation status and blue denoting high differentiation status. (C) The box plot shows the
differentiation status of all cells in the 15 different cell subsets. The cells are ordered from low to high degrees of differentiation.

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 7983317

Fan et al. Correlation Between MSCs and Fibroblasts

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


subsets (Crisan et al., 2012). NG2 is mainly distributed on the
surface of vascular pericytes, MSCs, hematopoietic stem cells, and
other pluripotent stem cells, which participates in angiogenesis
process and regulates stem cell differentiation, stemness
maintenance, and self-renewal. Our study demonstrated some
overlap between the pericytes and MSCs.

We also analyzed the differences in the status of differentiation
between the 15 cell subsets. C8, C12, and C13 subsets that
demonstrated only the fibroblast phenotype were more

differentiated than the other 12 cell subsets, which
demonstrated both fibroblast and MSC phenotypes. This
implied that MSCs represented a more primitive cellular stage
that gradually disappeared as the cells underwent differentiation.
Furthermore, C10 and C14 cell subsets with the pericyte
phenotype did not represent the least differentiated cells. This
finding was not consistent with a previous study, which suggested
that MSCs were derived from the pericytes (Crisan et al., 2008).
This suggested that MSCs may be derived from multiple lineages.

FIGURE 4 | Identification of key gene regulatory networks in the 15 cell subsets. (A) The scatter plots show expression of the top five highly expressed regulons in
each of the 15 cell subsets. (B) The heatmap plot shows expression levels of the top five highly expressed regulons in the 15 different cell subsets. SMC3, E2F2, and IRF2
regulons are labeled. (C) The plots show the putative binding motifs of SMC3, E2F2, and IRF2, as well as their corresponding expression levels in different cells among
the 15 cell subsets.

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 7983318

Fan et al. Correlation Between MSCs and Fibroblasts

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


We then analyzed the differences in the biological functions
between the 15 cell subsets. Our results showed that although the C3,
C4, C5, C7, C10, and C14 subsets demonstrated both MSC and
fibroblast phenotypes, the proliferation-related gene sets such as
“E2F Targets” and “G2MCheckpoint”were enriched only in the C3,
C5, C7, and C14 subsets. This suggested that cells in the C3, C5, C7,
and C14 subsets were proliferating and in the G2M or S phase of the
cell cycle. The C5 and C3, C14, and C7 subsets were mainly derived
from the umbilical cord, bone marrow, and adipose tissues,
respectively. Our data suggested that the proliferation activity of
the HuMSCs, BMSCs, and ADMSCs was significantly higher than
the FSMSCs. The C2 subset was mainly derived from the umbilical
cord; C9 andC6 subsets weremainly derived from the bonemarrow;
the C10 subset wasmainly derived from the adipose tissue. However,
proliferation-related “E2F Target” and “G2M Checkpoint” gene sets
were not enriched in these four cell subsets. This suggested that
MSCs and fibroblasts consisted of heterogeneous cell populations
with different biological functions. These findings were consistent
with previous reports (Dunn et al., 2021; Plikus et al., 2021; Wruck
et al., 2021; Zou et al., 2021). In the C0, C1, C2, and C11 subsets,
metabolism-related genes belonging to “Oxidative
Phosphorylation,” “Bile Acid Metabolism,” “Reactive Oxygen
Species Pathway,” “Fatty Acid Metabolism,” “Protein Secretion,”
“Hypoxia,” “Glycolysis,” and “Heme Metabolism” gene sets were
downregulated. These four cell subsets weremainly derived from the
adipose tissues. This suggested that ADMSCs were metabolically
inactive. The “Protein Secretion” gene set was upregulated in the C3
and C5 subsets, which were mainly derived from the umbilical cord.
This suggested that the exocrine functions were activated in the
HuMSCs. The immune-related “Interferon Alpha Response” and
“Interferon Gamma Response” gene sets were enriched in the C4
and C10 subsets, which are derived from the foreskin tissues. The
interferon alpha and interferon gamma response genes are essential
components of the immune response to viral infections. This
suggested that the foreskin-derived MSCs may play an important
role in response to inflammation (González-Navajas et al., 2012).
Furthermore, foreskin is a source of immunotherapeutic MSCs
(Najar et al., 2016). MSCs derived from the foreskin tissue
significantly promote the increase of the proportion of Th17 cells
(Najar et al., 2021). Moreover, in our unpublished manuscript
(Supplementary Material), we demonstrated through in vitro
experiments that the immunomodulatory capacity of the FSMSCs
was significantly higher than the HuMSCs. This suggested the
potential clinical significance of FSMSCs in treating diseases
related to immune regulation. The C13 cell subset that
demonstrated only the fibroblast phenotype was enriched with
both “Interferon Alpha Response” and “Interferon Gamma
Response” gene sets. Furthermore, the C13 subset showed high
expression of HLA-DRA, thereby indicating stronger
immunogenicity. However, the expression of co-stimulatory
factors, CD80 and CD86, was not detected in the C13 subtype.
This suggested that theHLA-DRA+ phenotype of the fibroblasts does
not directly correlate with immunogenicity. HLA-DRA seemed to
indicate that C13 might possess stronger immunogenicity.

The plasticity of MSCs and fibroblasts may be a likely source of
heterogeneity (Lindsay and Barnett., 2021; Plikus et al., 2021;
Rauch and Mandrup, 2021). The gene regulatory networks play a

vital role in maintaining the plasticity of the MSCs and
fibroblasts. The C3 subset showed high expression of the cell-
cycle-related regulons, SMC3 and E2F2, whereas anti-
inflammatory-related regulon IRF2 was highly expressed in the
C4 cell subset. This suggested that cells in the C3 subset were
proliferative, whereas cells in the C4 subset may play an essential
role in the inflammatory responses. We speculate that the
differences in the transcriptional regulatory networks may be
responsible for the diversity of biological functions observed in
distinct cell subsets derived from the same source or within cells
demonstrating either MSC or fibroblast phenotypes.

Both MSCs and fibroblasts are multipotent stromal cell
populations that can be induced to differentiate into various
kinds of cells under different microenvironments or culture
conditions. Besides, MSCs and fibroblasts demonstrate
different gene expression patterns under subtle changes in
oxygen concentrations and culture conditions. Therefore, it is
challenging to distinguish MSCs from fibroblasts. However, our
single-cell transcriptomic analysis demonstrates distinct
differences between different subsets of MSCs and fibroblasts
despite the intrinsic heterogeneity of gene expression, biological
functions, and transcriptional regulation.

CONCLUSION

Our study showed significant differences and similarities between
15 different cell subsets derived fromHuMSCs, BMSCs, FSMSCs,
and ADMSCs based on comprehensive analysis of integrated
single-cell transcriptome data. Our study also demonstrated that
several molecular markers were shared by distinct cell subsets and
may be linked to their biological functions. Therefore, the single-
cell transcriptome sequencing technique shows great promise in
detecting the heterogeneity between cellular populations,
classification of different cellular subsets, and elucidating the
differences in biological functions between different subsets in
a heterogenous population of cells. However, the single-cell
technology is not perfect and needs further development. For
example, it is limited for detecting low-expression genes that may
have significant biological relevance. Moreover, it cannot
postulate interactions between different cell subsets.
Nevertheless, single-cell technology has enabled significant
progress in cellular research and shows significant potential in
broader clinical applications.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. The data
can be found here: BMSCs (GEO database: GSE115149,
GSE162692); ADMSCs (GEO database: SRP148833); HuMSCs
and FSMSCs (Mendeley database: https://data.mendeley.com/
datasets/f4b2ykfv56/1. The treatment of two samples is
detailed in an unpublished article. This unpublished article is
another relevant work and submitted to another journal.
Meanwhile, the copy of the unpublished article is available in
Supplementary Material).

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 7983319

Fan et al. Correlation Between MSCs and Fibroblasts

https://data.mendeley.com/datasets/f4b2ykfv56/1
https://data.mendeley.com/datasets/f4b2ykfv56/1
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


AUTHOR CONTRIBUTIONS

CF, ML, and LX performed the main bioinformatics analysis;
LH, SL, SC, XS, and YW were responsible for project
administration and language editing; HW, MW, YL, YW,
and HG wrote the original draft of the manuscript; and
HY, YL, TW, and LM guided, reviewed, and edited the
manuscript.

FUNDING

This research was funded by grants from the National Natural
Science Foundation of China (Grant No. 81070478), Shenzhen
Key Projects of Basic Research (Grant No.

JCYJ20200109150618539), National Science and Technology
Major Project (Grant No. 2017ZX09304029004), Science and
Technology Projects of Guangdong Province (Grant No. 2020-
53-112), Shenzhen Industry and Information Committee
“Innovation Chain and Industry Chain” integration special
support plan project (Grant No. 20180225103240819), and the
Sanming Project of Medicine in Shenzhen (Grant SZSM
202011005).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2022.798331/
full#supplementary-material

REFERENCES

Aibar, S., González-Blas, C. B., Moerman, T., Huynh-Thu, V. A., Imrichova, H.,
Hulselmans, G., et al. (2017). SCENIC: Single-Cell Regulatory Network
Inference and Clustering. Nat. Methods 14 (11), 1083–1086. doi:10.1038/
nmeth.4463

Alt, E., Yan, Y., Gehmert, S., Song, Y.-H., Altman, A., Gehmert, S., et al. (2011).
Fibroblasts Share Mesenchymal Phenotypes with Stem Cells, but Lack Their
Differentiation and colony-forming Potential. Biol. Cel 103, 197–208. doi:10.
1042/bc20100117

Bae, S., Ahn, J. H., Park, C. W., Son, H. K., Kim, K.-S., Lim, N.-K., et al. (2009).
Gene and microRNA Expression Signatures of Human Mesenchymal Stromal
Cells in Comparison to Fibroblasts. Cell Tissue Res 335, 565–573. doi:10.1007/
s00441-008-0729-y

Baer, P. C., Kuçi, S., Krause, M., Kuçi, Z., Zielen, S., Geiger, H., et al. (2013).
Comprehensive Phenotypic Characterization of Human Adipose-Derived
Stromal/stem Cells and Their Subsets by a High Throughput Technology.
Stem Cell Dev. 22 (2), 330–339. doi:10.1089/scd.2012.0346

Bhansali, S., Dutta, P., Kumar, V., Yadav, M. K., Jain, A., Mudaliar, S., et al. (2017).
Efficacy of Autologous Bone Marrow-Derived Mesenchymal Stem Cell and
Mononuclear Cell Transplantation in Type 2 Diabetes Mellitus: A Randomized,
Placebo-Controlled Comparative Study. Stem Cell Dev. 26 (7), 471–481. doi:10.
1089/scd.2016.0275

Blasi, A., Martino, C., Balducci, L., Saldarelli, M., Soleti, A., Navone, S. E., et al.
(2011). Dermal Fibroblasts Display Similar Phenotypic and Differentiation
Capacity to Fat-Derived Mesenchymal Stem Cells, but Differ in Anti-
inflammatory and Angiogenic Potential. Vasc. Cel 3 (1), 5. doi:10.1186/
2045-824X-3-5

Buccini, S., Haider, K. H., Ahmed, R. P. H., Jiang, S., and Ashraf, M. (2012). Cardiac
Progenitors Derived from Reprogrammed Mesenchymal Stem Cells Contribute
to Angiomyogenic Repair of the Infarcted Heart. Basic Res. Cardiol. 107 (6),
301. doi:10.1007/s00395-012-0301-5

Chan, T.-S., Shaked, Y., and Tsai, K. K. (2019). Targeting the Interplay between
Cancer Fibroblasts, Mesenchymal Stem Cells, and Cancer Stem Cells in
Desmoplastic Cancers. Front. Oncol. 9, 688. doi:10.3389/fonc.2019.00688

Chang, H. Y., Chi, J.-T., Dudoit, S., Bondre, C., van de Rijn, M., Botstein, D., et al.
(2002). Diversity, Topographic Differentiation, and Positional Memory in
Human Fibroblasts. Proc. Natl. Acad. Sci. 99 (20), 12877–12882. doi:10.
1073/pnas.162488599

Chen, F. G., Zhang, W. J., Bi, D., Liu, W., Wei, X., Chen, F. F., et al. (2007). Clonal
Analysis of Nestin(-) Vimentin(+) Multipotent Fibroblasts Isolated from
Human Dermis. J. Cel Sci. 120 (Pt 16), 2875–2883. doi:10.1242/jcs.03478

Chen, H., Tang, Q.-L., Wu, X.-Y., Xie, L.-C., Lin, L.-M., Ho, G.-Y., et al. (2015).
Differentiation of Human Umbilical Cord Mesenchymal Stem Cells into Germ-
like Cells in Mouse Seminiferous Tubules. Mol. Med. Rep. 12 (1), 819–828.
doi:10.3892/mmr.2015.3528

Cillo, A. (2021). Singleseqgset: Single-Cell Gene Set Enrichment Analysis.

Cohen, J. A., Imrey, P. B., Planchon, S. M., Bermel, R. A., Fisher, E., Fox, R. J., et al.
(2018). Pilot Trial of Intravenous Autologous Culture-Expanded Mesenchymal
Stem Cell Transplantation in Multiple Sclerosis. Mult. Scler. 24 (4), 501–511.
doi:10.1177/1352458517703802

Crisan, M., Corselli, M., Chen, W. C. W., and Péault, B. (2012). Perivascular Cells
for Regenerative Medicine. J. Cel. Mol. Med. 16 (12), 2851–2860. doi:10.1111/j.
1582-4934.2012.01617.x

Crisan, M., Yap, S., Casteilla, L., Chen, C.-W., Corselli, M., Park, T. S., et al. (2008).
A Perivascular Origin for Mesenchymal Stem Cells in Multiple Human Organs.
Cell Stem Cell 3 (3), 301–313. doi:10.1016/j.stem.2008.07.003

Cui, H., Banerjee, S., Guo, S., Xie, N., and Liu, G. (2018). IFN Regulatory Factor 2
Inhibits Expression of Glycolytic Genes and Lipopolysaccharide-Induced
Proinflammatory Responses in Macrophages. J. Immunol. 200 (9),
3218–3230. doi:10.4049/jimmunol.1701571

De Bari, C., Dell’Accio, F., Tylzanowski, P., and Luyten, F. P. (2001). Multipotent
Mesenchymal Stem Cells from Adult Human Synovial Membrane. Arthritis
Rheum. 44 (8), 1928–1942. doi:10.1002/1529-0131(200108)44:8<1928:aid-
art331>3.0.co;2-p

Delgado, I., Fresnedo, O., Iglesias, A., Rueda, Y., Syn, W.-K., Zubiaga, A. M., et al.
(2011). A Role for Transcription Factor E2F2 in Hepatocyte Proliferation and
Timely Liver Regeneration. Am. J. Physiology-Gastrointestinal Liver
PhysiologyGastrointestinal Liver Physiol. 301 (1), G20–G31. doi:10.1152/
ajpgi.00481.2010

Denu, R. A., Nemcek, S., Bloom, D. D., Goodrich, A. D., Kim, J., Mosher, D. F.,
et al. (2016). Fibroblasts and Mesenchymal Stromal/Stem Cells Are
Phenotypically Indistinguishable. Acta Haematol. 136, 85–97. doi:10.
1159/000445096

de Almeida, D. C., Ferreira, M. R. P., Franzen, J., Weidner, C. I., Frobel, J., Zenke,
M., et al. (2016). Epigenetic Classification of Human Mesenchymal Stromal
Cells. Stem Cel. Rep. 6 (2), 168–175. doi:10.1016/j.stemcr.2016.01.003

Dhere, T., Copland, I., Garcia, M., Chiang, K. Y., Chinnadurai, R., Prasad, M., et al.
(2016). The Safety of Autologous and Metabolically Fit Bone Marrow
Mesenchymal Stromal Cells in Medically Refractory Crohn’s Disease - a
Phase 1 Trial with Three Doses. Aliment. Pharmacol. Ther. 44, 471–481.
doi:10.1111/apt.13717

Dolgalev, I. (2020). Msigdbr: MSigDB Gene Sets for Multiple Organisms in a Tidy
Data Format.

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., Krause,
D. S., et al. (2006). Minimal Criteria for Defining Multipotent Mesenchymal
Stromal Cells. The International Society for Cellular Therapy Position
Statement. [Journal Article]Cytotherapy 8 (4), 315–317. doi:10.1080/
14653240600855905

Dunn, C. M., Kameishi, S., Grainger, D. W., and Okano, T. (2021). Strategies to
Address Mesenchymal Stem/stromal Cell Heterogeneity in
Immunomodulatory Profiles to Improve Cell-Based Therapies. Acta
Biomater. 133, 114–125. doi:10.1016/j.actbio.2021.03.069

Friedenstein, A. J., Deriglasova, U. F., Kulagina, N. N., Panasuk, A. F., Rudakowa, S.
F., Luriá, E. A., et al. (1974). Precursors for Fibroblasts in Different Populations

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 79833110

Fan et al. Correlation Between MSCs and Fibroblasts

https://www.frontiersin.org/articles/10.3389/fgene.2022.798331/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.798331/full#supplementary-material
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1042/bc20100117
https://doi.org/10.1042/bc20100117
https://doi.org/10.1007/s00441-008-0729-y
https://doi.org/10.1007/s00441-008-0729-y
https://doi.org/10.1089/scd.2012.0346
https://doi.org/10.1089/scd.2016.0275
https://doi.org/10.1089/scd.2016.0275
https://doi.org/10.1186/2045-824X-3-5
https://doi.org/10.1186/2045-824X-3-5
https://doi.org/10.1007/s00395-012-0301-5
https://doi.org/10.3389/fonc.2019.00688
https://doi.org/10.1073/pnas.162488599
https://doi.org/10.1073/pnas.162488599
https://doi.org/10.1242/jcs.03478
https://doi.org/10.3892/mmr.2015.3528
https://doi.org/10.1177/1352458517703802
https://doi.org/10.1111/j.1582-4934.2012.01617.x
https://doi.org/10.1111/j.1582-4934.2012.01617.x
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.4049/jimmunol.1701571
https://doi.org/10.1002/1529-0131(200108)44:8<1928:aid-art331>3.0.co;2-p
https://doi.org/10.1002/1529-0131(200108)44:8<1928:aid-art331>3.0.co;2-p
https://doi.org/10.1152/ajpgi.00481.2010
https://doi.org/10.1152/ajpgi.00481.2010
https://doi.org/10.1159/000445096
https://doi.org/10.1159/000445096
https://doi.org/10.1016/j.stemcr.2016.01.003
https://doi.org/10.1111/apt.13717
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1016/j.actbio.2021.03.069
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


of Hematopoietic Cells as Detected by the In Vitro colony Assay Method. Exp.
Hematol. 2 (2), 83–92.

González-Navajas, J. M., Lee, J., David, M., and Raz, E. (2012). Immunomodulatory
Functions of Type I Interferons. Nat. Rev. Immunol. 12 (2), 125–135. doi:10.
1038/nri3133

Gregson, H. C., Schmiesing, J. A., Kim, J.-S., Kobayashi, T., Zhou, S., and
Yokomori, K. (2001). A Potential Role for Human Cohesin in Mitotic
Spindle Aster Assembly. J. Biol. Chem. 276 (50), 47575–47582. doi:10.1074/
jbc.m103364200

Gronthos, S., Mankani, M., Brahim, J., Robey, P. G., and Shi, S. (2000). Postnatal
Human Dental Pulp Stem Cells (DPSCs) In Vitro and Invivo. Proc. Natl. Acad.
Sci. 97 (25), 13625–13630. doi:10.1073/pnas.240309797

Guerrero-Juarez, C. F., Dedhia, P. H., Jin, S., Ruiz-Vega, R., Ma, D., Liu, Y., et al.
(2019). Single-cell Analysis Reveals Fibroblast Heterogeneity and Myeloid-
Derived Adipocyte Progenitors in Murine Skin Wounds. Nat. Commun. 10 (1),
650. doi:10.1038/s41467-018-08247-x

Gulati, G. S., Sikandar, S. S., Wesche, D. J., Manjunath, A., Bharadwaj, A., Berger,
M. J., et al. (2020). Single-cell Transcriptional Diversity Is a Hallmark of
Developmental Potential. Science 367 (6476), 405–411. doi:10.1126/science.
aax0249

Haniffa, M. A., Wang, X.-N., Holtick, U., Rae, M., Isaacs, J. D., Dickinson, A. M.,
et al. (2007). Adult Human Fibroblasts Are Potent Immunoregulatory Cells and
Functionally Equivalent to Mesenchymal Stem Cells. J. Immunol. 179,
1595–1604. doi:10.4049/jimmunol.179.3.1595

Hao, Y., Hao, S., Andersen-Nissen, E., Mauck, W. M., Zheng, S., Butler, A., et al.
(2020). Integrated Analysis of Multimodal Single-Cell Data. Cell 184,
2010–2020. doi:10.1101/2020.10.12.335331

Hg, D. (2018). Philentropy: Information Theory and Distance Quantification with
R. J. Open Source Softw. 3 (26), 765.doi:10.21105/joss.00765

Jitschin, R., Böttcher, M., Saul, D., Lukassen, S., Bruns, H., Loschinski, R., et al.
(2019). Inflammation-induced Glycolytic Switch Controls Suppressivity of
Mesenchymal Stem Cells via STAT1 Glycosylation. Leukemia 33 (7),
1783–1796. doi:10.1038/s41375-018-0376-6

Koch, C. M., Suschek, C. V., Lin, Q., Bork, S., Goergens, M., Joussen, S., et al.
(2011). Specific Age-Associated DNA Methylation Changes in Human Dermal
Fibroblasts. PLoS One 6 (2), e16679. doi:10.1371/journal.pone.0016679

Korsunsky, I., Millard, N., Fan, J., Slowikowski, K., Zhang, F., Wei, K., et al. (2019).
Fast, Sensitive and Accurate Integration of Single-Cell Data with Harmony.
Nat. Methods 16 (12), 1289–1296. doi:10.1038/s41592-019-0619-0

Lamo-Espinosa, J. M., Mora, G., Blanco, J. F., Granero-Moltó, F., Núñez-Córdoba,
J. M., López-Elío, S., et al. (2018). Intra-articular Injection of Two Different
Doses of Autologous BoneMarrowMesenchymal Stem Cells versus Hyaluronic
Acid in the Treatment of Knee Osteoarthritis: Long-Term Follow up of a
Multicenter Randomized Controlled Clinical Trial (Phase I/II). J. Transl Med.
16, 213. doi:10.1186/s12967-018-1591-7

Le Blanc, K., Rasmusson, I., Sundberg, B., Götherström, C., Hassan, M., Uzunel, M.,
et al. (2004). Treatment of Severe Acute Graft-Versus-Host Disease with Third
Party Haploidentical Mesenchymal Stem Cells. The Lancet 363, 1439–1441.
doi:10.1016/s0140-6736(04)16104-7

Lin, C.-S., Ning, H., Lin, G., and Lue, T. F. (2012). Is CD34 Truly a Negative Marker
for Mesenchymal Stromal Cells. Cytotherapy 14 (10), 1159–1163. doi:10.3109/
14653249.2012.729817

Lindsay, S. L., and Barnett, S. C. (2021). Therapeutic Potential of Niche-specific
Mesenchymal Stromal Cells for Spinal Cord Injury Repair. Cells 10 (4), 901.
doi:10.3390/cells10040901

Liu, X., Xiang, Q., Xu, F., Huang, J., Yu, N., Zhang, Q., et al. (2019). Single-cell
RNA-Seq of Cultured Human Adipose-Derived Mesenchymal Stem Cells. Sci.
Data 6, 190031. doi:10.1038/sdata.2019.31

Lukas, J., Petersen, B. O., Holm, K., Bartek, J., and Helin, K. (1996). Deregulated
Expression of E2F Family Members Induces S-phase Entry and Overcomes
p16INK4A-Mediated Growth Suppression. Mol. Cel. Biol. 16 (3), 1047–1057.
doi:10.1128/mcb.16.3.1047

Maldonado, M., Huang, T., Yang, L., Xu, L., and Ma, L. (2017). Human Umbilical
Cord Wharton Jelly Cells Promote Extra-pancreatic Insulin Formation and
Repair of Renal Damage in STZ-Induced Diabetic Mice. Cell Commun Signal 15
(1), 43. doi:10.1186/s12964-017-0199-5

Maqsood, M., Kang, M., Wu, X., Chen, J., Teng, L., and Qiu, L. (2020). Adult
Mesenchymal Stem Cells and Their Exosomes: Sources, Characteristics, and

Application in Regenerative Medicine. Life Sci. 256, 118002. doi:10.1016/j.lfs.
2020.118002

Mattar, P., and Bieback, K. (2015). Comparing the Immunomodulatory Properties
of Bone Marrow, Adipose Tissue, and Birth-Associated Tissue Mesenchymal
Stromal Cells. Front. Immunol. 6, 560. doi:10.3389/fimmu.2015.00560

Meng, S., Lv, J., Chanda, P. K., Owusu, I., Chen, K., and Cooke, J. P. (2020).
Reservoir of Fibroblasts Promotes Recovery from Limb Ischemia. Circulation
142 (17), 1647–1662. doi:10.1161/CIRCULATIONAHA.120.046872

Mishra, P. J., Mishra, P. J., Glod, J. W., and Banerjee, D. (2009). Mesenchymal Stem
Cells: Flip Side of the coin. Cancer Res. 69 (4), 1255–1258. doi:10.1158/0008-
5472.CAN-08-3562

Mitchell, K. E., Weiss, M. L., Mitchell, B. M., Martin, P., Davis, D., Morales, L., et al.
(2003). Matrix Cells from Wharton’s Jelly Form Neurons and Glia. Stem Cells
21 (1), 50–60. doi:10.1634/stemcells.21-1-50

Mo, M., Wang, S., Zhou, Y., Li, H., and Wu, Y. (2016). Mesenchymal Stem Cell
Subpopulations: Phenotype, Property and Therapeutic Potential. Cell. Mol. Life
Sci. 73 (17), 3311–3321. doi:10.1007/s00018-016-2229-7

Muhl, L., Genové, G., Leptidis, S., Liu, J., He, L., Mocci, G., et al. (2020). Single-cell
Analysis Uncovers Fibroblast Heterogeneity and Criteria for Fibroblast and
Mural Cell Identification and Discrimination. Nat. Commun. 11 (1), 3953.
doi:10.1038/s41467-020-17740-1

Najar, M., and Lagneaux, L. (2017). Foreskin as a Source of Immunotherapeutic
Mesenchymal Stromal Cells. Immunotherapy 9 (2), 207–217. doi:10.2217/imt-
2016-0093

Najar, M., Merimi, M., Faour, W. H., Lombard, C. A., Moussa Agha, D., Ouhaddi,
Y., et al. (2021). In Vitro cellular and Molecular Interplay between Human
Foreskin-Derived Mesenchymal Stromal/Stem Cells and the Th17 Cell
Pathway. Pharmaceutics 13 (10), 1736. doi:10.3390/pharmaceutics13101736

Najar, M., Raicevic, G., André, T., Fayyad-Kazan, H., Pieters, K., Bron, D., et al.
(2016). Mesenchymal Stromal Cells from the Foreskin: Tissue Isolation, Cell
Characterization and Immunobiological Properties. Cytotherapy 18 (3),
320–335. doi:10.1016/j.jcyt.2015.11.013

Olsson, M., Rosenqvist, M., and Nilsson, J. (1994). Expression of HLA-DR Antigen
and Smooth Muscle Cell Differentiation Markers by Valvular Fibroblasts in
Degenerative Aortic Stenosis. J. Am. Coll. Cardiol. 24 (7), 1664–1671. doi:10.
1016/0735-1097(94)90172-4

Plikus, M. V., Wang, X., Sinha, S., Forte, E., Thompson, S. M., Herzog, E. L., et al.
(2021). Fibroblasts: Origins, Definitions, and Functions in Health and Disease.
Cell 184 (15), 3852–3872. doi:10.1016/j.cell.2021.06.024

Qayyum, A. A., Mathiasen, A. B., Mygind, N. D., Kühl, J. T., Jørgensen, E., Helqvist,
S., et al. (2017). Adipose-Derived Stromal Cells for Treatment of Patients with
Chronic Ischemic Heart Disease (MyStromalCell Trial): A Randomized
Placebo-Controlled Study. Stem Cell Int. 2017, 1–12. doi:10.1155/2017/5237063

Rauch, A., and Mandrup, S. (2021). Transcriptional Networks Controlling Stromal
Cell Differentiation. Nat. Rev. Mol. Cel Biol 22 (7), 465–482. doi:10.1038/
s41580-021-00357-7

Ruoss, S., Walker, J. T., Nasamran, C. A., Fisch, K. M., Paez, C. J., Parekh, J. N., et al.
(2021). Strategies to Identify Mesenchymal Stromal Cells in Minimally
Manipulated Human Bone Marrow Aspirate Concentrate Lack Consensus.
Am. J. Sports Med. 49 (5), 1313–1322. doi:10.1177/0363546521993788

Schwab, K. E., Hutchinson, P., and Gargett, C. E. (2008). Identification of Surface
Markers for Prospective Isolation of Human Endometrial Stromal colony-
forming Cells. Hum. Reprod. 23 (4), 934–943. doi:10.1093/humrep/den051

Simonson, O. E., Mougiakakos, D., Heldring, N., Bassi, G., Johansson, H. J., Dalén,
M., et al. (2015). In Vivo Effects of Mesenchymal Stromal Cells in Two Patients
with Severe Acute Respiratory Distress Syndrome. Stem Cell Transl Med 4,
1199–1213. doi:10.5966/sctm.2015-0021

Soundararajan,M., andKannan, S. (2018). Fibroblasts andMesenchymal StemCells: Two
Sides of the Same coin. J. Cel. Physiol. 233 (12), 9099–9109. doi:10.1002/jcp.26860

Sunami, Y., Häußler, J., and Kleeff, J. (2020). Cellular Heterogeneity of Pancreatic
Stellate Cells, Mesenchymal Stem Cells, and Cancer-Associated Fibroblasts in
Pancreatic Cancer. Cancers 12 (12), 3770. doi:10.3390/cancers12123770

Takahashi, K., and Yamanaka, S. (2006). Induction of Pluripotent Stem Cells from
Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell 126
(4), 663–676. doi:10.1016/j.cell.2006.07.024

Tarbit, E., Singh, I., Peart, J. N., and Rose’Meyer, R. B. (2019). Biomarkers for the
Identification of Cardiac Fibroblast and Myofibroblast Cells.Heart Fail. Rev. 24
(1), 1–15. doi:10.1007/s10741-018-9720-1

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 79833111

Fan et al. Correlation Between MSCs and Fibroblasts

https://doi.org/10.1038/nri3133
https://doi.org/10.1038/nri3133
https://doi.org/10.1074/jbc.m103364200
https://doi.org/10.1074/jbc.m103364200
https://doi.org/10.1073/pnas.240309797
https://doi.org/10.1038/s41467-018-08247-x
https://doi.org/10.1126/science.aax0249
https://doi.org/10.1126/science.aax0249
https://doi.org/10.4049/jimmunol.179.3.1595
https://doi.org/10.1101/2020.10.12.335331
https://doi.org/10.21105/joss.00765
https://doi.org/10.1038/s41375-018-0376-6
https://doi.org/10.1371/journal.pone.0016679
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1186/s12967-018-1591-7
https://doi.org/10.1016/s0140-6736(04)16104-7
https://doi.org/10.3109/14653249.2012.729817
https://doi.org/10.3109/14653249.2012.729817
https://doi.org/10.3390/cells10040901
https://doi.org/10.1038/sdata.2019.31
https://doi.org/10.1128/mcb.16.3.1047
https://doi.org/10.1186/s12964-017-0199-5
https://doi.org/10.1016/j.lfs.2020.118002
https://doi.org/10.1016/j.lfs.2020.118002
https://doi.org/10.3389/fimmu.2015.00560
https://doi.org/10.1161/CIRCULATIONAHA.120.046872
https://doi.org/10.1158/0008-5472.CAN-08-3562
https://doi.org/10.1158/0008-5472.CAN-08-3562
https://doi.org/10.1634/stemcells.21-1-50
https://doi.org/10.1007/s00018-016-2229-7
https://doi.org/10.1038/s41467-020-17740-1
https://doi.org/10.2217/imt-2016-0093
https://doi.org/10.2217/imt-2016-0093
https://doi.org/10.3390/pharmaceutics13101736
https://doi.org/10.1016/j.jcyt.2015.11.013
https://doi.org/10.1016/0735-1097(94)90172-4
https://doi.org/10.1016/0735-1097(94)90172-4
https://doi.org/10.1016/j.cell.2021.06.024
https://doi.org/10.1155/2017/5237063
https://doi.org/10.1038/s41580-021-00357-7
https://doi.org/10.1038/s41580-021-00357-7
https://doi.org/10.1177/0363546521993788
https://doi.org/10.1093/humrep/den051
https://doi.org/10.5966/sctm.2015-0021
https://doi.org/10.1002/jcp.26860
https://doi.org/10.3390/cancers12123770
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1007/s10741-018-9720-1
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Ugurlu, B., and Karaoz, E. (2020). Comparison of Similar Cells: Mesenchymal
Stromal Cells and Fibroblasts. Acta Histochem. 122 (8), 151634. doi:10.1016/j.
acthis.2020.151634

Wang, D., Li, J., Zhang, Y., Zhang, M., Chen, J., Li, X., et al. (2014). Umbilical Cord
Mesenchymal Stem Cell Transplantation in Active and Refractory Systemic
Lupus Erythematosus: a Multicenter Clinical Study. Arthritis Res. Ther. 16, R79.
doi:10.1186/ar4520

Wruck,W., Graffmann, N., Spitzhorn, L.-S., and Adjaye, J. (2021). Human Induced
Pluripotent Stem Cell-Derived Mesenchymal Stem Cells Acquire Rejuvenation
and Reduced Heterogeneity. Front. Cel Dev. Biol. 9, 717772. doi:10.3389/fcell.
2021.717772

Yan, R., Fan, C., Yin, Z., Wang, T., and Chen, X. (2021). Potential Applications of
Deep Learning in Single-Cell RNA Sequencing Analysis for Cell Therapy and
Regenerative Medicine. Stem cells (Dayton, Ohio) 39 (5), 511–521. doi:10.1002/
stem.3336

Yu, G. (2020). Using Ggtree to Visualize Data on Tree-Like Structures. Curr.
Protoc. Bioinformatics 69 (1), e96. doi:10.1002/cpbi.96

Zhang, T., Wang, H., Wang, T., Wei, C., Jiang, H., Jiang, S., et al. (2019). Pax4
Synergistically Acts with Pdx1, Ngn3 and MafA to Induce HuMSCs to
Differentiate into Functional Pancreatic β-cells. Exp. Ther. Med. 18 (4),
2592–2598. doi:10.3892/etm.2019.7854

Zheng, G. X. Y., Terry, J. M., Belgrader, P., Ryvkin, P., Bent, Z. W., Wilson, R., et al.
(2017). Massively Parallel Digital Transcriptional Profiling of Single Cells. Nat.
Commun. 8, 14049. doi:10.1038/ncomms14049

Zou,M.-L., Teng, Y.-Y.,Wu, J.-J., Liu, S.-Y., Tang, X.-Y., Jia, Y., et al. (2021). Fibroblasts:
Heterogeneous Cells with Potential in Regenerative Therapy for Scarless Wound
Healing. Front. Cel Dev. Biol. 9, 713605. doi:10.3389/fcell.2021.713605

Zuk, P. A., Zhu, M., Mizuno, H., Huang, J., Futrell, J. W., Katz, A. J., et al. (2001).
Multilineage Cells from Human Adipose Tissue: Implications for Cell-Based
Therapies. Tissue Eng. 7 (2), 211–228. doi:10.1089/107632701300062859

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Fan, Liao, Xie, Huang, Lv, Cai, Su, Wang, Wang, Wang, Liu,
Wang, Guo, Yang, Liu, Wang and Ma. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 79833112

Fan et al. Correlation Between MSCs and Fibroblasts

https://doi.org/10.1016/j.acthis.2020.151634
https://doi.org/10.1016/j.acthis.2020.151634
https://doi.org/10.1186/ar4520
https://doi.org/10.3389/fcell.2021.717772
https://doi.org/10.3389/fcell.2021.717772
https://doi.org/10.1002/stem.3336
https://doi.org/10.1002/stem.3336
https://doi.org/10.1002/cpbi.96
https://doi.org/10.3892/etm.2019.7854
https://doi.org/10.1038/ncomms14049
https://doi.org/10.3389/fcell.2021.713605
https://doi.org/10.1089/107632701300062859
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Single-Cell Transcriptome Integration Analysis Reveals the Correlation Between Mesenchymal Stromal Cells and Fibroblasts
	Introduction
	Methods
	Data Collection and Ethical Approval
	Quality Control and Integration
	Data Processing
	Analysis of the Cell Subsets
	Analysis of Gene Regulatory Networks

	Results
	Quality Control
	Integration Analysis
	Biological Annotations
	Biological Function Analysis
	Gene Regulatory Networks Analysis

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


