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Abstract

Adipose-derived stem cells (ASCs) exhibit self-renewal and pluripotency. The differentia-
tion potency of ASCs has been reported to deteriorate with aging; however, relevant stud-
ies used ASCs that were isolated and subcultured several times. It is still unclear whether
subcultured ASCs accurately reflect the in vivo state. To address this question, we used
freshly isolated stromal vascular fractions (SVFs) and performed comprehensive single-
cell transcriptome analysis. In this study, we identified three cell populations as putative
ASC candidates in SVFs and three novel ASC-related genes: Adamts7, Snai2, and
Tgfbr1, that are reported to be negative regulators of cell differentiation. Moreover, we
identified age-associated high gene expression levels of Adamts7, Egfr, and Igfbp4 in the
earliest differentiation stage of ASCs. These results suggest that aging may make it
impossible to maintain the stringency of the regulation of the expression of some genes
related to ASC differentiation.

Introduction

Adipose-derived stem cells (ASCs) are highly convenient multipotent mesenchymal stem cells
for clinical application in human regenerative medicine because they are easily isolated from
adipose tissues [1-4]. Isolated ASCs can be stably subcultured in large quantities at the same
time and be induced to differentiate into adipogenic, osteogenic, chondrogenic, and angio-
genic cells [3].

Many patients who receive regenerative medicine are elderly people, so the isolation of
ASCs from adipose tissue is likely to be more common in elderly people. Therefore, it is very
important to ensure that ASCs from elderly people are comparable to those from young people
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regarding cell characteristics such as differentiation ability and the maintenance of stemness
and with respect to more specific gene expression patterns in ASCs.

There have been several reports comparing ASCs from elderly people with ASCs from
young people [5-8]. Liu et al. [5] compared ASCs from three different age groups (children,
young adults, and elderly people) and revealed that ASCs from elderly people exhibited a low
differentiation potential and poor migration abilities compared with ASCs from young people.
Moreover, Maredziak et al. [7] reported that ASCs from elderly people presented decreased
proliferation rates, decreased chondrogenic and osteogenic potential, and increased senes-
cence features. Thus, ASCs from elderly people show reduced differentiation and proliferation
abilities compared with ASCs from young people. However, these studies used ASCs that had
been isolated from adipose tissues and subcultured several times. To minimize the effect of
subculture of ASCs on gene expression, we used isolated stromal vascular fractions (SVFs)
including ASCs that were not cultured or passaged and performed comprehensive single-cell
transcriptome analysis to identify ASCs in SVFs.

In this study, we identified ASCs in SVFs via single-cell transcriptome analysis and exam-
ined the age-associated changes in the transcriptome of ASCs from young and old mice. We
identified age-associated changes in gene expression in non-cultured ASCs for the first time.
These findings will greatly contribute to the development of regenerative medicine.

Materials and methods
Animals

Animal experiments were conducted in accordance with the animal care and use protocol
approved by the Institutional Animal Care and Use Committee of the Tokyo Metropolitan
Institute of Gerontology (TMIG, Tokyo, Japan) (Permit Number: 18028) and the Guidelines
for the Care and Use of Laboratory Animals of TMIG. Male mice of the C57BL/6NCer strain at
6 and 29 months of age were obtained from the animal facility of TMIG. All mice were fed
CRF-1 (Oriental Yeast Ltd., Tokyo, Japan) [9] ad libitum. Throughout the experiments, the
animals were maintained under a 12-h light/dark cycle in a controlled environment. The num-
ber of animals that was used was kept to the minimum necessary for a meaningful interpreta-
tion of the data, and animal discomfort was kept to a minimum.

Isolation of the SVF

SVF was isolated enzymatically from excised fat tissue by digestion with collagenase using the
method of Sugii et al. [4], as illustrated in S1 Fig. Briefly, epididymal adipose tissues were
removed from one 6-month-old and one 29-month-old male mouse that had been perfused
with phosphate-buffered saline through the left ventricle to remove hematopoietic cells from
epididymal adipose tissues and digested by incubation with 2 mg/mL type I collagenase
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) in Hank’s balanced salt solution con-
taining 1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA), 200 nM adenosine
(Sigma-Aldrich), and 50 pg/mL glucose (VWR International, Radnor, PA, USA) at 37°C for 1
h with gentle agitation. After centrifugation for 5 min at 1,450 rpm, floating mature adipocytes
were removed. The cell pellet was suspended in Hank’s balanced salt solution, followed by fil-
tration through a 100 um nylon mesh filter (Corning, Corning, NY, USA) and then centri-
fuged at 1,450 rpm for 5 min. Thereafter, the pelleted cells were treated with ammonium-
chloride-potassium lysing buffer (Lonza, Alpharetta, GA, USA) to remove remaining erythro-
cytes, followed by centrifugation at 1,450 rpm for 5 min. The cell pellet was washed with phos-
phate-buffered saline and then used as SVF for single-cell transcriptome analysis.
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Next-generation 1-cell sequencing (Nx1-seq)

Single-cell transcriptome analysis, which we referred to as Nx1-seq, was performed as
described previously [10] and is illustrated in S2 Fig. This Nx1-seq approach can provide digi-
tal gene expression data for hundreds or thousands of single cells. Briefly, poly(dT) barcoded
beads were first added to a microwell slide (1.6 x 10> wells, 2 x 2 mm) at 1 bead/well. Cells
were allowed to settle into the 20-pL wells of a polydimethylsiloxane slide via gravity. The
slides were covered with a dialysis membrane and then incubated with a cell lysis solution con-
taining detergents. After lysis, poly(dT) barcoded beads with bound cellular mRNA were col-
lected in a microtube, and cDNA was synthesized with reverse transcriptase. The cDNA was
stored at —30°C until use.

Generation of the next-generation sequencing library

The cDNA amplified by PCR was fragmented by an M220 Focused-ultrasonicator (Covaris
Inc., Woburn, MS, USA), and then a sequence-ready library was produced by following the
instructions of the Illumina TruSeq™ library prep kit (Illumina, San Diego, CA, USA). The
quality and quantity of the library were confirmed with an Agilent 4200 TapeStation (Agilent,
Santa Clara, CA, USA) and Roche™ KAPA Library Quantification Kits (Merck KGaA, Darm-
stadt, Germany). The single-cell RNA sequencing results were read with a NextSeq 500/550
High Output v2 Kit (75 cycles) (Illumina), and we used the paired-end sequencing mode
(read1 25 cycles, read2 60 cycles) with custom primers based on our bar-coded beads [10].

Read alignment and gene expression quantification

The Nx1-seq data were aligned and annotated as described previously [10]. Briefly, barcode
sequences were extracted from the read 1 fastq files. The read 2 fastq files, which included each
cell mRNA, were directly aligned to Refseq transcript sequences (ftp://ftp.ncbi.nih.gov/refseq/
H_sapiens/mRNA_Prot) using bowtie 2.2.6 [11]. The aligned reads were linked to their paired
extracted barcode sequences. By counting mapped reads per barcode, the gene count data in
individual cells were obtained and the transcripts per million of each gene were calculated in
each cell.

The gene count data in individual cells obtained from SVF were analyzed using Seurat 2.4
software [12]. We implemented a series of quality controls as follows: First, any gene expressed
by less than 3 cells at less than 3 counts per million were removed. Second, we filtered out the
cells that satisfied the following conditions: the number of genes detected was less than 400 or
more than 8,000, or the percentage of mitochondrial gene counts was more than 5. After filter-
ing, we finally obtained 1,286 cells and 19,936 genes for further analysis. Next, we classified
cells into 11 clusters using the t-distributed stochastic neighbor embedding (t-SNE) method
[13].

Gene ontology (GO) terms

The GO terms of genes were searched using the functional annotation of the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) version 6.8 [14, 15]. Official
gene symbols were uploaded to DAVID. We also used DAVID to search GO terms in the
module and extracted gene sets that were assigned GO terms whose p-values were lower than
0.05 in the GOTERM_BP_DIRECT category.
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Pseudotime analysis

The R package Monocle 3 version 0.2.0 was used to search for highly expressed genes using R
version 3.6.1 [16]. The data were treated by preprocessing, reduction of dimensions, clustering,
and plotting to uniform manifold approximation and projection (UMAP) [17]. Monocle 3
provided a path in the UMAP space using a principal graph-embedding procedure based on
the SimplePPT algorithm [18, 19]. Pseudotime was calculated based on Euclidean distance in
the UMARP space after artificially setting the start and end points of the pseudotime course
[20]. Genes whose expression changed significantly along with pseudotime were extracted
using Moran’s I test for spatial autocorrelation [21] and were clustered into modules. The
modules consisted of genes whose expression patterns were similar. Heat maps were visualized
for the expression of every module and hierarchical clustering analysis.

Gene set enrichment analysis (GSEA)

GSEA version 4.0.2 was applied using two databases, GO (c5.all) and REACTOME (c2.all) [22,
23]. Gene expression data presented as gene symbols were converted to the Mouse Genome
Informatics (MGI) ID [24] provided by Jackson Laboratory (Bar Harbor, ME, USA) based on
the GRCm38 dataset in the Ensembl Gene 98 database using BioMart provided by Europe’s
flagship laboratory for the life sciences, the European Bioinformatics Institute (EMBL-EBI).
After ranking and rearranging the genes based on expression data using the Signal2Noise met-
ric, the enrichment scores of the gene sets were calculated using a weighted scoring scheme.
NES was calculated with 1,000 permutations. Gene sets with nominal p-values less than 0.05
were selected.

Protein-protein interaction (PPI) analysis

STRING version 11.0 was used to analyze protein—protein association networks with high con-
fidence (more than 7.0 confidence score) [25]. Four evidence data, such as (i) co-expression,
(i) text-mining, (iii) biochemical/genetic data (“experiments”), and (iv) previously curated
pathway and protein-complex knowledge (“databases”) of STRING were used to calculate the
interaction scores of each network edge.

Accession numbers

The Nx1-seq data have been deposited in the DNA Databank of Japan (DDB]) with the acces-
sion number DRA009598.

Data availability

The datasets generated and/or analyzed during the current study are available from the corre-
sponding author upon reasonable request.

Results

Single-cell transcriptome analysis of mouse SVFs

To identify and compare the ASCs in SVFs from 6-month-old (young) and 29-month-old
(old) mice, we performed comprehensive single-cell transcriptome analysis. In this study, we
used one young and one old mouse to eliminate individual differences. SVFs from mouse epi-
didymal white adipose tissues were isolated by collagenase digestion and centrifugation to
remove low-density fatty mature adipocytes, as described in the Methods and illustrated in

S1 Fig. The isolated SVFs were subjected to our previously developed single-cell transcriptome
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analysis using bar-coded beads and processed microwells, which we refer to as Nx1-seq [10],
as illustrated in S2 Fig. To identify ASCs in SVFs, we first performed clustering analysis and
obtained t-SNE plots using the combined single-cell gene expression data from the two age
groups (Fig 1A and 1B). The cell populations of the SVFs were classified into eleven groups
(Groups 0 to 10).

Identification of ASC candidates in SVFs

To identify the cell types present in these eleven groups, we searched GO terms using the func-
tional annotation of the DAVID version 6.8 [14, 15] (S1 and S2 Tables). We inferred the corre-
sponding cell types of these eleven groups as shown in S2 Table, and we considered Groups 1,
3, and 5 to be major ASC candidates because 18 genes (including gelsolin (Gsn), C-type lectin
domain family 3, member b (Clec3b), glutathione peroxidase 3 (Gpx3), follistatin-like 1 (FstlI),
phosphatidic acid phosphatase type 2B (Ppap2b), dipeptidase 1 (Dpep1), haptoglobin (Hp),
peptidase inhibitor 16 (Pi16), chemokine (C-X-C motif) ligand 1 (Cxcl1), sulfotransferase fam-
ily 1E, member 1 (Sultlel), biglycan (Bgn), HtrA serine peptidase 3 (Htra3), matrix metallo-
peptidase 2 (Mmp2), indolethylamine N-methyltransferase (Inmt), nidogen 1 (NidI), SPARC-
like 1 (Sparcll) and, angiotensinogen (serpin peptidase inhibitor, clade A, member 8) (Agt))
out of the 28 genes identified in these groups were listed as genes that are highly expressed in
ASCs in a report by Burl et al. [26] (Fig 1 and S2 Table). Moreover, typical ASC marker genes
such as Gsn, Cxcll, collagen, type I, alpha 2 (Col1a2), collagen, type V1, alpha 1 (Col6al),
Mmp2, and matrix metallopeptidase 14 (membrane-inserted) (Mmp14) [27], showed high
expression levels in Groups 1, 3, and 5 combined (as indicated in X in Fig 2A) compared with
the other eight groups (as indicated in Y in Fig 2A) (Fig 2A and 2B). From these results, we
concluded that Groups 1, 3, and 5 were the major ASC candidates in SVFs.

Age-associated changes in the percentage of cells positive for ASC marker
gene expression

The total cells of Groups 1, 3, and 5 from young and old mice accounted for 50% and 37% of
the SVF cells, respectively. We next examined the age-associated change in the percentage of
cells positive for the expression of ASC marker genes, such as Gsn, CxclI, Colla2, Col6al,
Mmp2, and Mmp14, in Groups 1, 3, and 5 (Fig 3). In Group 1, the percentages of CxclI- and
Mmp2-expressing cells in old mice were higher than those in young mice. Moreover, in Group
5, the percentage of Gsn-expressing cells in old mice was higher than that in young mice. How-
ever, no age-associated changes were observed in the percentages of Colla2-, Col6al-, and
Mmp14-expressing cells between young and old mice.

Differentiation stages of ASCs

To clarify and compare the differentiation stages of Groups 1, 3, and 5, we examined the
expression levels of genes expressed in preadipocytes and white adipocytes, such as lipoprotein
lipase (Lpl), epidermal growth factor receptor (Egfr), epidermal growth factor-containing fibu-
lin-like extracellular matrix protein 1 (Efernpl), insulin-like growth factor binding protein 4
(Igfbp4), peroxisome proliferator activated receptor gamma (Ppary), fatty acid binding protein
4, adipocyte (Fabp4), and CCAAT/enhancer-binding protein (C/EBP), alpha (C/ebpa) [28]
(Fig 4). The expression levels of Egfr, Efemp1, and Igfbp4 in Group 1 were significantly lower
than those in Group 5. Moreover, the expression levels of Lpl, Egfr, Efemp1, and Igfbp4 in
Group 3 were significantly lower than those in Group 5. However, no significant difference
was observed in any of the genes examined between Groups 1 and 3. Moreover, the expression
levels of Lpl, Egfr, Efemp1, Igfop4, Ppary, Fabp4, and C/ebpc in Group 3 exhibited the greatest
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Fig 1. Clustering analysis and t-SNE plots of transcriptome data obtained from 6-month-old (young) and
29-month-old (old) mice. (A) SVF cell populations from young (cell number, n = 271) and old (cell number,

n = 1015) mice were classified into eleven numbered groups (Groups 0 to 10) using the package Seurat version 2.4. A
heat map for the genes that were differentially expressed in each of the 11 groups is shown. (B) The t-SNE plot of SVFs
from young and old mice is colored according to the group number (left) and age (right).

https://doi.org/10.1371/journal.pone.0242171.9001
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Fig 2. ASC marker gene expression in SVFs. (A) The gene expression levels of Gsn, Cxcl1, Colla2, Col6al, Mmp2,
and Mmp14 in Groups 1, 3, and 5 combined (as indicated in X) (cell number, n = 461) and eight other groups (as

indicated in Y) (cell number, n = 825) are shown. (B) Heat maps of Gsn, Cxcll, Colla2, Col6al, Mmp2, and Mmpl4 in
t-SNE plots are shown. Values are presented as the means + standard error of the means (SEMs). The statistical
analysis was performed using the two-tailed Welch’s t-test. *p<0.001.

https://doi.org/10.1371/journal.pone.0242171.9002

reduction compared with those in Groups 1 and 5, but no significant differences were
observed. Ppary expression was not detected in Group 3. Based on these results, we considered
Group 3 to represent the earliest differentiation stage, followed by Group 1, while Group 5 rep-
resented the most advanced differentiation stage of ASCs.

Pseudotime analysis

To investigate the differentiation stages in more detail, we used transcriptome data from only
Groups 3 (assumed to represent the earliest stage of ASCs) and 5 (assumed to represent the
most advanced stage of ASCs) and reanalyzed these data using Monocle 3 [16]. After the
reduction of dimensions by UMAP [17] and clustering analysis, the cell populations were clas-
sified into three numbered clusters (Clusters 1, 2, and 3) (Fig 5A). In addition, the cell popula-
tions from young and old mice were individually plotted (Fig 5B). The UMAP plots showed
that Cluster 1 included most of the transcriptome data from Group 5, while Clusters 2 and 3
included most of the transcriptome data from Group 3 (Fig 5A and 5C). Furthermore, heat
map plots of preadipocyte marker genes such as Lpl, Egfr, Efemp1, and Igfbp4 showed higher
expression levels in group 5 than in group 3 (Fig 5E-5H). Therefore, we inferred that the dif-
ferentiation stages of ASCs progressed from Group 3 to Group 5, and the calculated pseudo-
time indicated that Group 3 represented the starting point (Fig 5D).
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Fig 3. Age-associated changes in ASCs expressing ASC marker genes. The percentages of cells positive for the
expression of Gsn, CxclI, Colla2, Col6al, Mmp2, and Mmp14 in Groups 1, 3, and 5 from young (blue) and old
(orange) mice are shown. G1: Group 1 (cell number, n = 191), G3: Group 3 (cell number, n = 136), G5: Group 5 (cell
number, n = 134).

https://doi.org/10.1371/journal.pone.0242171.g003

Search for specific genes associated with pseudotime

We next explored specific genes whose expression levels changed along with the elapsed pseu-
dotime using Moran’s I test for spatial autocorrelation [21], and the results are listed in S3
Table. We further performed hierarchical clustering analysis of the modules with similar gene
expression patterns based on expression correlations (Fig 5I). In particular, Module 6 showed
remarkably higher expression levels in Group 3 than in Group 5 (Fig 5I and S4 Table). More-
over, the functional annotation of DAVID version 6.8 [14, 15] provided GO terms from Mod-
ule 6 and identified three interesting genes related to cell differentiation: a disintegrin-like and
metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 7 (Adamts7) gene, a
snail family zinc finger 2 (Snai2) gene, and a transforming growth factor, beta receptor I
(Tgfbrl) gene (GO term, negative regulation of chondrocyte differentiation, as shown in

Fig 5]). ADAMTS?7 is a metalloproteinase that inhibits chondrocyte proliferation and
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https://doi.org/10.1371/journal.pone.0242171.9004

differentiation through the inactivation of progranulin [29]. SNAI2 is a transcription factor
that represses the differentiation of human epidermal progenitor cells and adipocytes [30, 31].
TGFBR1 is the receptor of TGF-B and represses osteogenic differentiation in rat bone mar-
row-derived mesenchymal stem cells [32]. Furthermore, heat map, pseudotime, and violin
plots of Adamts7, Snai2, and Tgfvorl showed higher expression levels in Group 3 than in Group
5 (Fig 5K-5M), suggesting that these three genes are characteristically expressed in the early
differentiation stage of ASCs.

Age-associated changes in pseudotime

We next assessed the age-associated changes in pseudotime for Adamts7, Snai2, and Tgforl
and preadipocyte marker genes such as Lpl, Efemp1, Egfr, and Igfbp4 between young and old
mice. Age-associated changes with elapsed pseudotime were observed in the Adamts7, Egfr,
and Igfbp4 genes; however, there were no noticeable differences in the Snai2, Tgfbr1, Lpl, and
Efemp1 genes with aging (Fig 6).
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https://doi.org/10.1371/journal.pone.0242171.9006

GSEA and PPI analysis

Finally, we focused on Group 3 of the SVF because we considered Group 3 to represent the
earliest differentiation stage of ASCs. We performed GSEA [22, 23] to compare young and old
mice and found that four gene sets, corresponding to heterochromatin organization, coat pro-
tein complex I (COPI)-coated vesicle membrane, histone H3 deacetylation, and the forkhead
box O (FOXO)-mediated transcription of oxidative stress metabolic and neuronal genes were
enriched in old mice compared with young mice, and the corresponding normalized enrich-
ment score (NES) was 1.68, 1.52, 1.48, and 1.54, respectively (Fig 7A-7D). These gene sets are
listed in S5 Table. On the other hand, three gene sets, corresponding to the structural constitu-
ents of ribosomes, cytosolic ribosomes, and extracellular matrix structural constituents confer-
ring tensile strength, were enriched in young mice compared with old mice, and the NESs of
these sets were -2.04, -2.00, and -1.93, respectively (Fig 7E-7G). These gene sets are listed in S6
Table. Furthermore, we performed PPI analysis using STRING [25], and observed protein-
protein interactions among the core enriched genes (Fig 7A-7G).

Discussion

In this study, we performed a comprehensive single-cell transcriptome analysis to identify
ASCs in SVFs from young and old mice and investigated the age-associated changes in ASC-
related gene expression using various bioinformatic approaches. We distinguished three influ-
ential cell populations, classified as Groups 1, 3, and 5 out of eleven cell populations in the
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https://doi.org/10.1371/journal.pone.0242171.g007
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SVF, as putative ASC candidates, and we identified age-associated high gene expression levels
of Adamts7, Egfr, and Igfbp4 in the earliest differentiation stage of ASCs by pseudotime analy-
sis. Moreover, four gene sets identified by GSEA, corresponding to heterochromatin organiza-
tion, the COPI-coated vesicle membrane, histone H3 deacetylation, and the FOXO-mediated
transcription of oxidative stress metabolic and neuronal genes, were more enriched in the
early stage of ASCs from old mice than in those from young mice.

Three cell populations (Groups 1, 3, and 5) expressed highly typical ASC marker genes,
such as Gsn, Cxcll, Colla2, Col6al, Mmp2, and Mmp14, compared with the other eight groups,
strongly suggesting that these three cell populations in the SVF were the most likely ASC can-
didates. In addition, the percentages of cells that were positive for the expression of these ASC
marker genes were different among these three groups, indicating that these three groups rep-
resented different cell populations showing different gene expression patterns. Furthermore,
although the percentages of cells that were positive for the expression of Cxcll and Mmp2 in
Group 1 and Gsn in Group 3 in old mice were higher than those in young mice, no marked
age-associated differences were observed for other genes or other groups. These results sug-
gested that the change in the percentage of cells that were positive for the expression of ASC
marker genes with aging was not particularly large.

Among a cohort of stem cell surface markers, stem cell antigen-1 (Scal; Ly6A/E) was origi-
nally identified as a cell surface protein that allows the identification of hematopoietic stem
cells [33, 34] and mesenchymal stem cells, including ASCs [35, 36]. Scal/Ly6A is encoded by
the Ly6a gene, the prototypical member of the Ly-6 superfamily, and the Ly6a gene has two
alleles, Ly6A and Ly6E [34, 37]. Cross-reactive antibodies have been widely used to evaluate
the expression of these proteins in stem cells, and these allelic variants are often referred to
together as Ly-6A/E [38]. In this study, the clustering analysis of single-cell gene expression
datasets from two different age groups did not reveal Ly6a and Ly6e genes as highly expressed
genes in ASCs. Therefore, we originally checked Ly6a and Ly6e gene expression levels in
Groups 1, 3, and 5 for comparison with the other eight groups distinguished from SVFs and
found that Ly6a showed high expression levels in Groups 1, 3, and 5 (as indicated in A in S3
Fig); however, Ly6e showed higher expression levels in the other eight groups than in Groups
1, 3, and 5 (as indicated in B in S3 Fig). Thus, the regulation of Ly6a and Ly6e gene expression
must differ in each cell type.

According to the preadipocyte and white adipocyte marker gene expression levels and t-
SNE plots of Groups 1, 3, and 5, we estimated that Group 3 represented the earliest differentia-
tion stage, exhibiting strong stem cell properties of ASCs, followed by Group 1, while Group 5
represented the most advanced differentiation stage. After building and drawing pseudotime
paths using Monocle 3 [16], we identified three novel genes, Adamts7, Snai2, and Tgforl,
which were expressed in Groups 3 and 5. These three genes are negative regulators of cell dif-
ferentiation and were highly expressed in Group 3 compared with Group 5. ADAMTS7
(Adamts7) is a metalloproteinase that belongs to the ADAMTS family and inhibits chondro-
cyte proliferation and differentiation by inactivating progranulin, which a secreted protein in
cultured ASCs [29, 39, 40]. However, it is still unclear how ADAMTS?7 is involved in the differ-
entiation and inactivation of progranulin in ASCs. In this study, high expression levels of
Adamts7 were observed in the early differentiation stage of ASCs, after which its expression
levels decreased greatly in the advanced differentiation stage of ASCs according to the kinetic
plot of the pseudotime analysis. These results strongly suggest that ADAMTS7 might function
as an ASC differentiation suppressor to maintain the stemness of ASCs via the inactivation of
progranulin. Interestingly, the high expression levels of Adamts7 observed in the early differ-
entiation stage of ASCs from old mice were not greatly reduced in the kinetic plot of the pseu-
dotime analysis, suggesting that ASCs from old mice might show difficulty in progressing
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smoothly to cell differentiation when needed compared with young mice. SNAI2 (Snai2) is a
transcription factor that represses the differentiation of human epidermal progenitor cells and
adipocytes [30, 31]. Additionally, TGFBR1 (TgfbrI) is the receptor of TGF-f and represses
osteogenic differentiation in rat bone marrow-derived mesenchymal stem cells [32], but the
relationship between TGFBR1 and ASC differentiation remains unclear. Concerning Snai2
and Tgfbrl, we could not identify large age-associated changes in gene expression in the kinetic
plot of the pseudotime analysis.

In this study, we identified age-associated changes in the pseudotime path for Adamts7, as
described, and for Egfr and Igfbp4 between young and old mice. EGFR (Egfr) is the receptor
for epidermal growth factor (EGF) and activates several intracellular signal transduction path-
ways involved in cell differentiation and proliferation [41]. In cultured human ASCs, EGF
treatment activates genes related to cell cycle progression, including the cell-cycle regulator
cyclin D1 (CCND1), cyclin-dependent kinase 2 (CDK2), cyclin-dependent kinase 6 (CDK6),
E2F transcription factor 1 (E2FI), and high mobility group AT-hook 1 (HMGA1), and adipo-
genesis-related genes such as PPARy, peroxisome proliferator-activated receptor-y coactiva-
tor-1a (PGCla), and C/EBPe [42]. In this study, a high Egfr expression level was observed in
the early differentiation stage of ASCs from both young and old mice; however, the Egfr
expression level was greatly reduced only in the ASCs from young mice and then rapidly
increased in the advanced differentiation stage of ASCs according to the kinetic plot of the
pseudotime analysis. On the other hand, ASCs from old mice showed little change in Egfr
expression levels according to pseudotime analysis. These results suggest that the ability to
switch between the proliferation and differentiation of ASCs may have declined with aging.
Additionally, IGFBP4 (Igfbp4) is highly expressed in adipocytes and osteoblasts and acts as an
inhibitory binding protein of insulin-like growth factor 1 (IGF1), which is an important regu-
lator of adipose tissue development in vitro [43-45]. In this study, the gene expression of
Igfbp4 was higher in ASCs from old mice than in those from young mice during the early dif-
ferentiation stage. These results suggest that the expression of genes that control differentiation
may be loosely regulated in ASCs from old mice. These pseudotime analyses revealed the
expression patterns of several genes during the differentiation of ASCs into preadipocytes in
vivo for the first time and clarified age-associated changes.

Moreover, we performed GSEA using only the transcriptome data of Group 3 because we
considered this group to represent the earliest differentiation stage of ASCs from young and
old mice and found that four gene sets, corresponding to heterochromatin organization, the
COPI-coated vesicle membrane, histone H3 deacetylation, and FOXO-mediated transcription
of oxidative stress metabolic and neuronal genes were enriched in the early differentiation
stage of ASCs from old mice compared with those from young mice. Regarding the hetero-
chromatin organization set, we found high mobility group AT-hook 1 (HMGA1), DNA poly-
merase epsilon 3, accessory subunit (POLE3), and chromatin accessibility complex subunit 1
(CHRACI) in this gene set, as shown in S5 Table and Fig 7A. The CHRAC1/POLE3 heterodi-
mer enhances ATP-dependent nucleosome sliding for chromatin remodeling and is involved
in DNA double-strand break repair [46, 47]. HMGA1 is crucial for senescence-associated het-
erochromatic focus formation [48]. In the gene set related to the COPI-coated vesicle mem-
brane, COPI is a master regulator of Golgi cisternal maturation and dynamics and consists of
7 subunits (o, B, B, 7, 8, €, and {) [49]. In this study, the ., B, v, €, and { subunits of COPI were
identified in ASCs from old mice. These results suggest that aging causes structural destabiliza-
tion and dysfunction of retrograde transport by COPI. Regarding histone H3 deacetylation,
we found sirtuin 1 (SIRT1), sirtuin 2 (SIRT2), and histone deacetylase 6 (HDACS) in the cor-
responding gene set. SIRT1 and SIRT?2 are protein deacetylases targeting p53, DNA methyl-
transferase 1, and the FOXO family [50]. SIRT1 knockdown decreases human ASC
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proliferation and differentiation [51], and SIRT2 knockdown promotes 3T3-L1 preadipocyte
differentiation into adipocytes [52]. PPI analysis revealed that HDACS interacts with SIRT1
and SIRT2, as shown in Fig 7C. HDAC6/SIRT1 attenuated nucleotide excision repair through
deacetylation of replication protein Al in eukaryotic cells [53]. Enriched CHRAC1, POLE3,
SIRT1, and HDAC6 might suggest that DNA double-strand break repair processes are pro-
moted in the early differentiation stage of ASCs from old mice. The FOXO-mediated tran-
scription of oxidative stress metabolic and neuronal gene sets included FOXO1, FOXO3,
FOX04, FOXO6, and superoxide dismutase 2 (SOD2). PPI analysis revealed two interactions
between FOXO1 and SOD2 and among FOXO1, FOXO3, and FOXO4, as shown in Fig 7D.
FOXO1 and SOD2 regulate adipocyte differentiation [54, 55], whereas FOXO4 is involved in
cell senescence through the inhibition of p53-induced apoptosis via direct binding and is a tar-
get for the development of senolytic drugs [56, 57].

Furthermore, three gene sets, corresponding to the structural constituents of ribosomes,
cytosolic ribosomes, and extracellular matrix structural constituents conferring tensile
strength, were enriched in young mice compared with old mice. Here, we found that the colla-
gen type VI alpha (COL6A) family in the gene set of extracellular matrix structural constitu-
ents conferred tensile strength. Collagen type VI is a primary component of the white adipose
tissue extracellular matrix [58] and plays important roles in adipocyte development through
the self-renewal or differentiation of ASCs [59]. Deficiency of COL6A in knockout mice
induces adipocyte hypertrophy and fragility of the white adipose tissue extracellular matrix,
although the total fat weight is lower than in wild-type mice [59].

PPI analysis indicated no interactions between collagen type VI alpha 5 chain (COL6A5)
and other members of the COL6A family of proteins, as shown in Fig 7G. However, the role of
COL6AS5 in ASCs remains unclear. In this study, although no age-associated differences were
observed in the percentage of cells positive for the expression of Col6al, the expression of
other genes of the COL6A family may be attenuated with aging.

Conclusions

Collectively, these results strongly suggest that with aging, the stringency of the regulation of
the expression of some genes related to the differentiation of ASCs may not be maintained.
These findings will greatly contribute to the development of regenerative medicine.

Supporting information

S1 Fig. Isolation of the SVF. Epididymal adipose tissues were removed from 6-month-old or
29-month-old male mice and digested by incubation with 2 mg/mL type I collagenase. The cell
pellet was washed and then used as the SVF for single-cell transcriptome analysis.

(TIF)

S2 Fig. Nx1-seq. Cells were allowed to settle into the wells of a polydimethylsiloxane slide via
gravity. The slides were covered with a dialysis membrane and then incubated with a cell lysis
solution containing detergents. After lysis, poly(dT) barcoded beads with bound cellular
mRNA were collected in a microtube, and cDNA was synthesized with reverse transcriptase.
The single-cell RNA sequencing results were read with a NextSeq 500/550 High Output v2
Kit.

(TIF)

S3 Fig. ASC marker gene expression in SVFs. The gene expression levels of Ly6a and Ly6e in

Groups 1, 3, and 5 combined (as indicated in A) (cell number, n = 461) and eight other
groups (as indicated in B) (cell number, n = 825) are shown. Values are presented as the
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means + SEMs. The statistical analysis was performed using the two-tailed Welch’s ¢-test.
*p<0.001.
(TIF)

S1 Table. Gene ontology terms of eleven groups in SVFs.
(XLSX)

S2 Table. A list of gene ontology terms and differentially expressed genes in eleven groups.
(XLSX)

$3 Table. A list of genes whose expression levels changed along with the elapsed pseudo-
time tested by Moran’s L.
(XLSX)

S$4 Table. A list of genes in Module 6.
(XLSX)

S5 Table. Gene sets enriched in old mice compared with young mice.
(XLSX)

S6 Table. Gene sets enriched in young mice compared with old mice.
(XLSX)

Acknowledgments

We are grateful to Dr. Shigeki Sugii (Singapore Bioimaging Consortium) for teaching us how
to isolate the stromal vascular fraction from mouse fat tissue. We thank Ms. Tomoko Ishii for
technical assistance.

Author Contributions

Conceptualization: Yuta Doshida, Haruka Sano, Sadahiro Iwabuchi, Toshiro Aigaki,
Masayuki Yoshida, Shinichi Hashimoto, Akihito Ishigami.

Data curation: Yuta Doshida, Sadahiro Iwabuchi, Akihito Ishigami.

Formal analysis: Yuta Doshida, Haruka Sano, Toshiro Aigaki, Masayuki Yoshida, Shinichi
Hashimoto, Akihito Ishigami.

Funding acquisition: Akihito Ishigami.

Investigation: Yuta Doshida, Haruka Sano, Akihito Ishigami.

Supervision: Toshiro Aigaki, Masayuki Yoshida, Shinichi Hashimoto, Akihito Ishigami.
Writing - original draft: Yuta Doshida, Haruka Sano, Akihito Ishigami.

Writing - review & editing: Yuta Doshida, Haruka Sano, Sadahiro Iwabuchi, Toshiro Aigaki,
Masayuki Yoshida, Shinichi Hashimoto, Akihito Ishigami.

References

1. Gimble JM, Katz AJ, Bunnell BA (2007) Adipose-derived stem cells for regenerative medicine. Circ Res
100: 1249—-1260. https://doi.org/10.1161/01.RES.0000265074.83288.09 PMID: 17495232

2. Gonzalez-Cruz RD, Darling EM (2013) Adipose-derived stem cell fate is predicted by cellular mechani-
cal properties. Adipocyte 2: 87-91. https://doi.org/10.4161/adip.23015 PMID: 23805404

3. Mizuno H, Tobita M, Uysal AC (2012) Concise review: Adipose-derived stem cells as a novel tool for
future regenerative medicine. Stem Cells 30: 804—810. https://doi.org/10.1002/stem.1076 PMID:
22415904

PLOS ONE | https://doi.org/10.1371/journal.pone.0242171  November 25, 2020 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242171.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242171.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242171.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242171.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242171.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242171.s009
https://doi.org/10.1161/01.RES.0000265074.83288.09
http://www.ncbi.nlm.nih.gov/pubmed/17495232
https://doi.org/10.4161/adip.23015
http://www.ncbi.nlm.nih.gov/pubmed/23805404
https://doi.org/10.1002/stem.1076
http://www.ncbi.nlm.nih.gov/pubmed/22415904
https://doi.org/10.1371/journal.pone.0242171

PLOS ONE

Transcriptomes in non-cultured ASCs with age

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Sugii S, Kida Y, Berggren WT, Evans RM (2011) Feeder-dependent and feeder-independent iPS cell
derivation from human and mouse adipose stem cells. Nat Protoc 6: 346—358. https://doi.org/10.1038/
nprot.2010.199 PMID: 21372815

Liu M, Lei H, Dong P, Fu X, Yang Z, et al. (2017) Adipose-Derived Mesenchymal Stem Cells from the
Elderly Exhibit Decreased Migration and Differentiation Abilities with Senescent Properties. Cell Trans-
plant 26: 1505-1519. https://doi.org/10.1177/0963689717721221 PMID: 29113467

Shan X, Roberts C, Kim EJ, Brenner A, Grant G, et al. (2017) Transcriptional and Cell Cycle Alterations
Mark Aging of Primary Human Adipose-Derived Stem Cells. Stem Cells 35: 1392—-1401. https://doi.org/
10.1002/stem.2592 PMID: 28211118

Maredziak M, Marycz K, Tomaszewski KA, Kornicka K, Henry BM (2016) The Influence of Aging on the
Regenerative Potential of Human Adipose Derived Mesenchymal Stem Cells. Stem Cells Int 2016:
2152435.

Alt EU, Senst C, Murthy SN, Slakey DP, Dupin CL, et al. (2012) Aging alters tissue resident mesenchy-
mal stem cell properties. Stem Cell Res 8: 215-225. https://doi.org/10.1016/j.scr.2011.11.002 PMID:
22265741

Iwama M, Amano A, Shimokado K, Maruyama N, Ishigami A (2012) Ascorbic acid levels in various tis-
sues, plasma and urine of mice during aging. J Nutr Sci Vitaminol 58: 169-174. https://doi.org/10.3177/
jnsv.58.169 PMID: 22878386

Hashimoto S, Tabuchi Y, Yurino H, Hirohashi Y, Deshimaru S, et al. (2017) Comprehensive single-cell
transcriptome analysis reveals heterogeneity in endometrioid adenocarcinoma tissues. Sci Rep 7:
14225, https://doi.org/10.1038/s41598-017-14676-3 PMID: 29079795

Li H, Durbin R (2010) Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinfor-
matics 26: 589-595. https://doi.org/10.1093/bioinformatics/btp698 PMID: 20080505

Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, et al. (2019) Comprehensive Integration of Sin-
gle-Cell Data. Cell 177: 1888—1902 e1821. hitps://doi.org/10.1016/j.cell.2019.05.031 PMID: 31178118

Jamieson AR, Giger ML, Drukker K, Li H, Yuan Y, et al. (2010) Exploring nonlinear feature space
dimension reduction and data representation in breast Cadx with Laplacian eigenmaps and t-SNE. Med
Phys 37:339-351. https://doi.org/10.1118/1.3267037 PMID: 20175497

Huang DW, Sherman BT, Lempicki RA (2009) Systematic and integrative analysis of large gene lists
using DAVID bioinformatics resources. Nat Protoc 4: 44-57. https://doi.org/10.1038/nprot.2008.211
PMID: 19131956

Huang DW, Sherman BT, Lempicki RA (2009) Bioinformatics enrichment tools: paths toward the com-
prehensive functional analysis of large gene lists. Nucleic Acids Res 37: 1-13.

Cao J, Spielmann M, Qiu X, Huang X, Ibrahim DM, et al. (2019) The single-cell transcriptional land-
scape of mammalian organogenesis. Nature 566: 496—502. https://doi.org/10.1038/s41586-019-0969-
x PMID: 30787437

Mclnnes L, Healy J, Melville J (2018) UMAP: Uniform Manifold Approximation and Projection for Dimen-
sion Reduction. arXiv e-prints. <https://ui.adsabs.harvard.edu/abs/2018arXiv180203426M>.

Mao Q, Yang L, Wang L, Goodison S, Sun Y (2015) SimplePPT. In: Ye J, Venkatasubramanian S, edi-

tors. A simple principal tree algorithm: Society for Industrial and Applied Mathematics Publications. pp.
792-800.

Qi M, LiW, Tsang IW, Yijun S (2017) Principal Graph and Structure Learning Based on Reversed
Graph Embedding. IEEE transactions on pattern analysis and machine intelligence 39: 2227-2241.
https://doi.org/10.1109/TPAMI.2016.2635657 PMID: 28114001

Qiu X, Mao Q, Tang Y, Wang L, Chawla R, et al. (2017) Reversed graph embedding resolves complex
single-cell trajectories. Nat Methods 14: 979-982. https://doi.org/10.1038/nmeth.4402 PMID: 28825705

Moran PAP (1950) NOTES ON CONTINUOUS STOCHASTIC PHENOMENA. Biometrika 37: 17-23.
PMID: 15420245

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, et al. (2005) Gene set enrichment
analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl
Acad Sci USA 102: 15545. https://doi.org/10.1073/pnas.0506580102 PMID: 16199517

Mootha VK, Lindgren CM, Eriksson K-F, Subramanian A, Sihag S, et al. (2003) PGC-1a-responsive
genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes. Nat
Genet 34: 267-273. https://doi.org/10.1038/ng1180 PMID: 12808457

Bult CJ, Blake JA, Smith CL, Kadin JA, Richardson JE, et al. (2019) Mouse Genome Database (MGD)
2019. Nucleic Acids Res 47: D801-D806. https://doi.org/10.1093/nar/gky1056 PMID: 30407599
Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, et al. (2019) STRING v11: protein-protein associa-

tion networks with increased coverage, supporting functional discovery in genome-wide experimental
datasets. Nucleic Acids Res 47: D607-D613. https://doi.org/10.1093/nar/gky1131 PMID: 30476243

PLOS ONE | https://doi.org/10.1371/journal.pone.0242171  November 25, 2020 17/19


https://doi.org/10.1038/nprot.2010.199
https://doi.org/10.1038/nprot.2010.199
http://www.ncbi.nlm.nih.gov/pubmed/21372815
https://doi.org/10.1177/0963689717721221
http://www.ncbi.nlm.nih.gov/pubmed/29113467
https://doi.org/10.1002/stem.2592
https://doi.org/10.1002/stem.2592
http://www.ncbi.nlm.nih.gov/pubmed/28211118
https://doi.org/10.1016/j.scr.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22265741
https://doi.org/10.3177/jnsv.58.169
https://doi.org/10.3177/jnsv.58.169
http://www.ncbi.nlm.nih.gov/pubmed/22878386
https://doi.org/10.1038/s41598-017-14676-3
http://www.ncbi.nlm.nih.gov/pubmed/29079795
https://doi.org/10.1093/bioinformatics/btp698
http://www.ncbi.nlm.nih.gov/pubmed/20080505
https://doi.org/10.1016/j.cell.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31178118
https://doi.org/10.1118/1.3267037
http://www.ncbi.nlm.nih.gov/pubmed/20175497
https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1038/s41586-019-0969-x
https://doi.org/10.1038/s41586-019-0969-x
http://www.ncbi.nlm.nih.gov/pubmed/30787437
https://ui.adsabs.harvard.edu/abs/2018arXiv180203426M
https://doi.org/10.1109/TPAMI.2016.2635657
http://www.ncbi.nlm.nih.gov/pubmed/28114001
https://doi.org/10.1038/nmeth.4402
http://www.ncbi.nlm.nih.gov/pubmed/28825705
http://www.ncbi.nlm.nih.gov/pubmed/15420245
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1038/ng1180
http://www.ncbi.nlm.nih.gov/pubmed/12808457
https://doi.org/10.1093/nar/gky1056
http://www.ncbi.nlm.nih.gov/pubmed/30407599
https://doi.org/10.1093/nar/gky1131
http://www.ncbi.nlm.nih.gov/pubmed/30476243
https://doi.org/10.1371/journal.pone.0242171

PLOS ONE

Transcriptomes in non-cultured ASCs with age

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Burl RB, Ramseyer VD, Rondini EA, Pique-Regi R, Lee YH, et al. (2018) Deconstructing Adipogenesis
Induced by beta3-Adrenergic Receptor Activation with Single-Cell Expression Profiling. Cell Metab 28:
300-309 e304. https://doi.org/10.1016/j.cmet.2018.05.025 PMID: 29937373

Tokunaga M, Inoue M, Jiang Y, Barnes RH, Buchner DA, et al. (2014) Fat depot-specific gene signature
and ECM remodeling of Sca1(high) adipose-derived stem cells. Matrix Biol 36: 28—38. https://doi.org/
10.1016/j.matbio.2014.03.005 PMID: 24726953

Cawthorn WP, Scheller EL, MacDougald OA (2012) Adipose tissue stem cells meet preadipocyte com-
mitment: going back to the future. J Lipid Res 53: 227-246. https://doi.org/10.1194/jir.R021089 PMID:
22140268

Bai X-H, Wang D-W, Kong L, Zhang Y, Luan Y, et al. (2009) ADAMTS-7, a direct target of PTHrP,
adversely regulates endochondral bone growth by associating with and inactivating GEP growth factor.
Mol Cell. Biol 29: 4201-4219. https://doi.org/10.1128/MCB.00056-09 PMID: 19487464

Mistry DS, Chen Y, Wang Y, Zhang K, Sen GL (2014) SNAI2 controls the undifferentiated state of
human epidermal progenitor cells. Stem cells (Dayton, Ohio) 32: 3209—3218. https://doi.org/10.1002/
stem.1809 PMID: 25100569

Pérez-Mancera PA, Bermejo-Rodriguez C, Gonzalez-Herrero |, Herranz M, Flores T, et al. (2007) Adi-
pose tissue mass is modulated by SLUG (SNAI2). Hum Mol Genet 16: 2972-2986. https://doi.org/10.
1093/hmg/ddm278 PMID: 17905753

Shen GY, Ren H, Shang Q, Zhao WH, Zhang ZD, et al. (2019) Let-7f-5p regulates TGFBR1 in glucocor-
ticoid-inhibited osteoblast differentiation and ameliorates glucocorticoid-induced bone loss. Int J Biol Sci
15: 2182-2197. https://doi.org/10.7150/ijbs.33490 PMID: 31592234

Spangrude GJ, Heimfeld S, Weissman IL (1988) Purification and characterization of mouse hematopoi-
etic stem cells. Science 241: 58-62. https://doi.org/10.1126/science.2898810 PMID: 2898810

van de Rijn M, Heimfeld S, Spangrude GJ, Weissman IL (1989) Mouse hematopoietic stem-cell antigen
Sca-1is a member of the Ly-6 antigen family. Proc Natl Acad Sci U S A 86: 4634—4638. https://doi.org/
10.1073/pnas.86.12.4634 PMID: 2660142

Morikawa S, Mabuchi Y, Kubota Y, Nagai Y, Niibe K, et al. (2009) Prospective identification, isolation,
and systemic transplantation of multipotent mesenchymal stem cells in murine bone marrow. J Exp
Med 206: 2483-2496. https://doi.org/10.1084/jem.20091046 PMID: 19841085

Welm BE, Tepera SB, Venezia T, Graubert TA, Rosen JM, et al. (2002) Sca-1(pos) cells in the mouse
mammary gland represent an enriched progenitor cell population. Dev Biol 245: 42-56. https://doi.org/
10.1006/dbio.2002.0625 PMID: 11969254

Palfree RG, Dumont FJ, Hammerling U (1986) Ly-6A.2 and Ly-6E.1 molecules are antithetical and iden-
tical to MALA-1. Immunogenetics 23: 197—-207. https://doi.org/10.1007/BF00373821 PMID: 3957415

Whitmire JK, Eam B, Whitton JL (2009) Mice deficient in stem cell antigen-1 (Sca1, Ly-6A/E) develop
normal primary and memory CD4+ and CD8+ T-cell responses to virus infection. Eur J Immunol 39:
1494—-1504. https://doi.org/10.1002/€ji.200838959 PMID: 19384870

Tsuruma K, Yamauchi M, Sugitani S, Otsuka T, Ohno Y, et al. (2014) Progranulin, a major secreted pro-
tein of mouse adipose-derived stem cells, inhibits light-induced retinal degeneration. Stem Cells Transl|
Med 3:42-58. hitps://doi.org/10.5966/sctm.2013-0020 PMID: 24233842

GuoF, Lai Y, Tian Q, Lin EA, Kong L, et al. (2010) Granulin-epithelin precursor binds directly to
ADAMTS-7 and ADAMTS-12 and inhibits their degradation of cartilage oligomeric matrix protein. Arthri-
tis Rheum 62: 2023-2036. https://doi.org/10.1002/art.27491 PMID: 20506400

Jorissen RN, Walker F, Pouliot N, Garrett TPJ, Ward CW, et al. (2003)—Epidermal growth factor recep-
tor: Mechanisms of activation and signalling. In: Carpenter G, editor. The EGF Receptor Family. Bur-
lington: Academic Press. pp. 33-55.

Ai G, Shao X, Meng M, Song L, Qiu J, et al. (2017) Epidermal growth factor promotes proliferation
and maintains multipotency of continuous cultured adipose stem cells via activating STAT signal
pathway in vitro. Medicine 96: e7607—e7607. https://doi.org/10.1097/MD.0000000000007607
PMID: 28746211

Janecka A, Kolodziej-Rzepa M, Biesaga B (2016) Clinical and Molecular Features of Laron Syndrome,
A Genetic Disorder Protecting from Cancer. In Vivo 30: 375-381. PMID: 27381597

Kras KM, Hausman DB, Martin RJ (2000) Tumor Necrosis Factor-a Stimulates Cell Proliferation in
Adipose Tissue-Derived Stromal-Vascular Cell Culture: Promotion of Adipose Tissue Expansion by
Paracrine Growth Factors. Obes Res 8: 186—193. https://doi.org/10.1038/0by.2000.20 PMID:
10757205

Maridas DE, DeMambro VE, Le PT, Mohan S, Rosen CJ (2017) IGFBP4 |s Required for Adipogenesis
and Influences the Distribution of Adipose Depots. Endocrinology 158: 3488—3500. https://doi.org/10.
1210/en.2017-00248 PMID: 28938423

PLOS ONE | https://doi.org/10.1371/journal.pone.0242171  November 25, 2020 18/19


https://doi.org/10.1016/j.cmet.2018.05.025
http://www.ncbi.nlm.nih.gov/pubmed/29937373
https://doi.org/10.1016/j.matbio.2014.03.005
https://doi.org/10.1016/j.matbio.2014.03.005
http://www.ncbi.nlm.nih.gov/pubmed/24726953
https://doi.org/10.1194/jlr.R021089
http://www.ncbi.nlm.nih.gov/pubmed/22140268
https://doi.org/10.1128/MCB.00056-09
http://www.ncbi.nlm.nih.gov/pubmed/19487464
https://doi.org/10.1002/stem.1809
https://doi.org/10.1002/stem.1809
http://www.ncbi.nlm.nih.gov/pubmed/25100569
https://doi.org/10.1093/hmg/ddm278
https://doi.org/10.1093/hmg/ddm278
http://www.ncbi.nlm.nih.gov/pubmed/17905753
https://doi.org/10.7150/ijbs.33490
http://www.ncbi.nlm.nih.gov/pubmed/31592234
https://doi.org/10.1126/science.2898810
http://www.ncbi.nlm.nih.gov/pubmed/2898810
https://doi.org/10.1073/pnas.86.12.4634
https://doi.org/10.1073/pnas.86.12.4634
http://www.ncbi.nlm.nih.gov/pubmed/2660142
https://doi.org/10.1084/jem.20091046
http://www.ncbi.nlm.nih.gov/pubmed/19841085
https://doi.org/10.1006/dbio.2002.0625
https://doi.org/10.1006/dbio.2002.0625
http://www.ncbi.nlm.nih.gov/pubmed/11969254
https://doi.org/10.1007/BF00373821
http://www.ncbi.nlm.nih.gov/pubmed/3957415
https://doi.org/10.1002/eji.200838959
http://www.ncbi.nlm.nih.gov/pubmed/19384870
https://doi.org/10.5966/sctm.2013-0020
http://www.ncbi.nlm.nih.gov/pubmed/24233842
https://doi.org/10.1002/art.27491
http://www.ncbi.nlm.nih.gov/pubmed/20506400
https://doi.org/10.1097/MD.0000000000007607
http://www.ncbi.nlm.nih.gov/pubmed/28746211
http://www.ncbi.nlm.nih.gov/pubmed/27381597
https://doi.org/10.1038/oby.2000.20
http://www.ncbi.nlm.nih.gov/pubmed/10757205
https://doi.org/10.1210/en.2017-00248
https://doi.org/10.1210/en.2017-00248
http://www.ncbi.nlm.nih.gov/pubmed/28938423
https://doi.org/10.1371/journal.pone.0242171

PLOS ONE

Transcriptomes in non-cultured ASCs with age

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kukimoto |, Elderkin S, Grimaldi M, Oelgeschlager T, Varga-Weisz PD (2004) The Histone-Fold Protein
Complex CHRAC-15/17 Enhances Nucleosome Sliding and Assembly Mediated by ACF. Mol Cell 13:
265-277. https://doi.org/10.1016/s1097-2765(03)00523-9 PMID: 14759371

LanL, Ui A, Nakajima S, Hatakeyama K, Hoshi M, et al. (2010) The ACF1 Complex Is Required for
DNA Double-Strand Break Repair in Human Cells. Molecular Cell 40: 976-987. https://doi.org/10.
1016/j.molcel.2010.12.003 PMID: 21172662

Narita M, Narita M, Krizhanovsky V, Nufiez S, Chicas A, et al. (2006) A Novel Role for High-Mobility
Group A Proteins in Cellular Senescence and Heterochromatin Formation. Cell 126: 503-514. https://
doi.org/10.1016/j.cell.2006.05.052 PMID: 16901784

Ishii M, Suda Y, Kurokawa K, Nakano A (2016) COPI is essential for Golgi cisternal maturation and
dynamics. J Cell Sci 129: 3251. https://doi.org/10.1242/jcs. 193367 PMID: 27445311

Hornsby PJ (2007) Senescence As an Anticancer Mechanism. J Clin Oncol 25: 1852—1857. https://doi.
org/10.1200/JC0.2006.10.3101 PMID: 17488983

Yuan HF, Zhai C, Yan XL, Zhao DD, Wang JX, et al. (2012) SIRT1 is required for long-term growth of
human mesenchymal stem cells. J Mol Med (Berl) 90: 389—400. https://doi.org/10.1007/s00109-011-
0825-4 PMID: 22038097

Wang F, Tong Q (2009) SIRT2 suppresses adipocyte differentiation by deacetylating FOXO1 and
enhancing FOXO1’s repressive interaction with PPARgamma. Mol Biol Cell 20: 801-808. https://doi.
org/10.1091/mbc.e08-06-0647 PMID: 19037106

Zhao M, Geng R, Guo X, Yuan R, Zhou X, et al. (2017) PCAF/GCN5-Mediated Acetylation of RPA1
Promotes Nucleotide Excision Repair. Cell Rep 20: 1997—-2009. https://doi.org/10.1016/j.celrep.2017.
08.015 PMID: 28854354

Nakae J, Kitamura T, Kitamura Y, Biggs WH, Arden KC, et al. (2003) The Forkhead Transcription Fac-
tor Foxo1 Regulates Adipocyte Differentiation. Dev Cell 4: 119-129. https://doi.org/10.1016/s1534-
5807(02)00401-x PMID: 12530968

Higuchi M, Dusting GJ, Peshavariya H, Jiang F, Hsiao ST-F, et al. (2013) Differentiation of human adi-
pose-derived stem cells into fat involves reactive oxygen species and Forkhead box O1 mediated upre-
gulation of antioxidant enzymes. Stem Cells Dev 22: 878-888. https://doi.org/10.1089/scd.2012.0306
PMID: 23025577

Wang F, Marshall CB, Yamamoto K, Li G-Y, Plevin MJ, et al. (2008) Biochemical and Structural Charac-
terization of an Intramolecular Interaction in FOXO3a and Its Binding with p53. J Mol Biol 384: 590—
603. https://doi.org/10.1016/j.jmb.2008.09.025 PMID: 18824006

Baar MP, Brandt RMC, Putavet DA, Klein JDD, Derks KWJ, et al. (2017) Targeted Apoptosis of Senes-
cent Cells Restores Tissue Homeostasis in Response to Chemotoxicity and Aging. Cell 169: 132—147.
e116. https://doi.org/10.1016/j.cell.2017.02.031 PMID: 28340339

Divoux A, Clément K (2011) Architecture and the extracellular matrix: the still unappreciated compo-
nents of the adipose tissue. Obes Rev 12: e494—e503. https://doi.org/10.1111/.1467-789X.2010.
00811.x PMID: 21366833

Khan T, Muise ES, lyengar P, Wang ZV, Chandalia M, et al. (2009) Metabolic Dysregulation and Adi-
pose Tissue Fibrosis: Role of Collagen VI. Mol Cell Biol 29: 1575-1591. https://doi.org/10.1128/MCB.
01300-08 PMID: 19114551

PLOS ONE | https://doi.org/10.1371/journal.pone.0242171  November 25, 2020 19/19


https://doi.org/10.1016/s1097-2765%2803%2900523-9
http://www.ncbi.nlm.nih.gov/pubmed/14759371
https://doi.org/10.1016/j.molcel.2010.12.003
https://doi.org/10.1016/j.molcel.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21172662
https://doi.org/10.1016/j.cell.2006.05.052
https://doi.org/10.1016/j.cell.2006.05.052
http://www.ncbi.nlm.nih.gov/pubmed/16901784
https://doi.org/10.1242/jcs.193367
http://www.ncbi.nlm.nih.gov/pubmed/27445311
https://doi.org/10.1200/JCO.2006.10.3101
https://doi.org/10.1200/JCO.2006.10.3101
http://www.ncbi.nlm.nih.gov/pubmed/17488983
https://doi.org/10.1007/s00109-011-0825-4
https://doi.org/10.1007/s00109-011-0825-4
http://www.ncbi.nlm.nih.gov/pubmed/22038097
https://doi.org/10.1091/mbc.e08-06-0647
https://doi.org/10.1091/mbc.e08-06-0647
http://www.ncbi.nlm.nih.gov/pubmed/19037106
https://doi.org/10.1016/j.celrep.2017.08.015
https://doi.org/10.1016/j.celrep.2017.08.015
http://www.ncbi.nlm.nih.gov/pubmed/28854354
https://doi.org/10.1016/s1534-5807%2802%2900401-x
https://doi.org/10.1016/s1534-5807%2802%2900401-x
http://www.ncbi.nlm.nih.gov/pubmed/12530968
https://doi.org/10.1089/scd.2012.0306
http://www.ncbi.nlm.nih.gov/pubmed/23025577
https://doi.org/10.1016/j.jmb.2008.09.025
http://www.ncbi.nlm.nih.gov/pubmed/18824006
https://doi.org/10.1016/j.cell.2017.02.031
http://www.ncbi.nlm.nih.gov/pubmed/28340339
https://doi.org/10.1111/j.1467-789X.2010.00811.x
https://doi.org/10.1111/j.1467-789X.2010.00811.x
http://www.ncbi.nlm.nih.gov/pubmed/21366833
https://doi.org/10.1128/MCB.01300-08
https://doi.org/10.1128/MCB.01300-08
http://www.ncbi.nlm.nih.gov/pubmed/19114551
https://doi.org/10.1371/journal.pone.0242171

